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ABSTRACT

PnBuuI¡II,RY STUDIES INTo THE DEvELqPMENT OF NEw PROCEDURES FOR THE

COVIM¡,TT ATTICNUNUT OF DYES TO WOOL FIBRE

The continual search for improved dyeing methods in the wool

industry prompted an investigation into the development of new

procedures for the covalent attachment of dyes to wool fibre. It

was anticipated that advantage could be taken of the nucleophilic

residues in wool fibre for their covalent attachment to imide-based

chromophores. The chromatic properties of imide-based

fluorophores are well established in the literature. Phthalimide

and naphthalimide were used as analogues of this wide class of

imide chromophores in the studies performed.

Difunctional derivatives of 1,4-dimethyl-2,5-piperazínedione were

examined as potential spacers to link imide chromophores to wool

fibre. Initial studies involved dibromination of the dione and

subsequent substitution with phthalimide to establish the

feasibility of using diketopiperazines to form covalent links with

imide dyes. To the extent that methanol mimics wool fibre, the

potential of linking diketopiperazines to wool was established by

the production of a. dimethoxy-substituted diketopip erazine.

Regioselective bromination of a phthalimido-substituted

diketopiperazine and subsequent displacement of the bromine by

methanol produced a. difunctional píperazinedione which

established the feasibility of using diketopiperazines as spacer

molecules.
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Incorporation of the spacer molecule into the N-substituent of the

imide was also considered. The preparation of several N -

substituted naphthalimides is described. These compounds possess

either alkenyl or halogen functionality which were anticipated to

be susceptible to addition or substitution reactions with wool fibre.

During the course of the work, the anomalous reactivity of N-(1,8-

naphthalimido)-glycine methyl ester towards bromination was

discovered. This anomaly was further investigated by considering

the halogenation of the simpler N-alkylnaphthalimides, N-methyl-

1,8-naphthatimide and N-ethyl-1,8-naphthalimide. N-Methyl-1,8-

naphthalimide was successfully brominated with N -

bromosuccinimde. N -Ethyl- 1 ,8 -naphthalimide, like the glycine

methyl ester analogue, was found to be inert towards radical

bromination. This lack of reactivity was rationalised in terms of a

stereoelectronic effect, evidence for which was provided in the

form of X-ray crystallographic studies, molecular modelling

calculations and comparison with the less sterically hindered five

membered analogues, N -methylphthalimide and N -

ethylphthalimide. A similar, though less marked stereoelectronic

effect was also found in the chlorination of N-ethyl-1,8-

naphthalimide and N-methyl- 1,8-naphthalimide.

Addition and substitution reactions of N-substituted imides with

both oxygen and sulphur nucleophiles were examined in an

attempt to model the attachment of imide dyes to wool. In the case

of N-chloromethyl-1,8-naphthalimide, a preference was observed

for reaction with sulphur nucleophiles, indicating the potential for

dyes based on this structure to covalently link to prereduced wool.

In an endeavour to apply the coupling procedures to free amino
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acids, peptides and proteins, the use of cyclodextrins to increase the

solubitity of naphthalimides in aqueous solution was examined.

The equilibrium constants for the complexation of N-methyl-1,8-

naphthalimide, N-(3-bromopropyl)-1,8-naphthalimide and N-(3-

hydroxypropyl)-1,8-naphthalimide with a, range of cyclodextrins

were determined using a method based on the ultraviolet

absorption of the imides. Dimethyl-p-cyclodextrin was found to be

the most efficient in improving the solubility of the imides

investigated and hence was used in attempts to couple N - ( 3 -

bromopropyl)-1,8-naphthalimide to both cysteine and lysine. The

concentration of the bromide in aqueous solution was however at a

level insufficient for ioupling. Methanol was investigated as a

suitable solvent for the attachment of N-substituted
naphthalimides to free amino acids. N-(3-bromopropyl)-1,8-

naphthalimide was successfully linked to both cysteine and

homocysteine using this solvent. Under the same reaction

conditions, N-(3-bromopropyl)-1,8-naphthalimide was found to be

inert towards both lysine and serine, indicating the potential of

imide dyes based on the N-(3 -bromopropyl)- 1,8 -naphthalimide

structure to selectively react with sulphur nucleophiles in the

presence of oxygen and nitrogen nucleophiles in wool fibre.
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The wool textile industry in Australia is of major importance to

the national economy, accounting for 57o of the annual gross

domestic product.l Maintenance of this industry requires new

and improved procesSeS to meet changing market forces and

customer demands.

The importance and value of wool is a reflection of its versatility

as a textile fibre, which is inherent in its structure and

composition. Wool fibre is structured as an outer cuticle of

flattened cells and an inner cortex of elongated cells (Fig. D.2 The

Cuticle Cortex

Figure 1

major component of these cells is a protein called keratin,

comprised of a random mixture of eighteen constituent amino

acids.3 The peptide chains of keratin are linked together by both

covalent bonds, in the form of intermolecular cystine bridges, and

electrostatic attraction, mainly between the cationic ammonium
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groups and the anionic carboxylate groups present at the end of

the peptide chains (Fig. 2).

H3
+
N

S_S = Peptide Backbone

Figure 2

The unique stlucture of wool requires chromogens of a specific

nature in order to dye the fibre. The compounds used to dye

wool fibre may be classified according to their modes of

application, as determined by their chemical structures.4 For

example, acid dyes are anionic dyes that are applied to wool fibre

under mildly acidic conditions.5 During the dyeing process, as

depicted in Scheme 1, the carboxylate groups of the peptide ale

protonated, and the cationic charge of the ammonium ions of the

peptide neutralised with the counterion. Subsequent ion-

exchange of the colourless counterion with the anionic acid dye

leads to the dyed wool fibre.

Anionic dyes fall under the category of reversible dyes, as they

are not stable to the conditions the dyed wool may experience in

its lifetime. Other examples of reversible dyes are direct dyes,5,6

disperse dyesT and basic dyes8 which, as a result of their

H3



Introduction 3

structure, ate bound to wool fibre vía forces such as hydrogen

bonding, van der Waals forces, and ionic attraction.9

+
N

+
H3 coo- NH3x cooH

HX

Acidification

cooH

A- (Acid dye)

lon-exchange

+
HsA

A

Scheme 1

Irreversible dyes, in contrast to the reversible ones, afe held to

wool fibre by a linkage that is considered stable under the

conditions normally experienced by the textile. As a direct result

of the more stable linkage of irreversible dyes with wool fibre,

the wet fastness of irreversible dyes is far superior to that of

reversible dyes.

The term, irreversible dyes, encompasses several groups of

compounds of which the vat, metallated and reactive dyes are

just three examples. Vat dyes,5 ,10 t.g., indigo (1),1 1 are water

insoluble compounds that, during the dyeing process, are reduced

H3N
+

i
NH. x

H3N
+

H
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CT

tHl

-o H

(1) leuco lorm

to their corresponding leuco forms, which afe soluble in aqueous

alkaline solutions. Immersion of wool fibre into a solution

containing the leuco form of a dye and subsequent oxidation of

the dye in air returns the dye to its water insoluble state. The

regenerated dye is then trapped as aggregates within the fibre

(Fig. 3). A disadvantage with vat dyes, however, is the inability

to obtain bright shades on textile fabÅc.\2

@

@

o H
N

H
N

N
H

toIN

H o

@

@

@
@

Soluble form of vat dye

Vat dye = @

Figure 3

Metallated dyes are bound to textile fibres in the form of metal

complexes. With one subclass of metallated dyes, the mordant

dyes,l2 the fibre to be dyed is pretreated with a soluble metal

Aggregates trapped
in wool fibre
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salt and entrapment of the metal within the textile fibre is

accomplished by transforming the metal into its insoluble

hydroxide on the addition of an alkali. Subsequent treatment of

the fibre with ^ chromophore that complexes to the metal

hydroxide produces the dyed material.

Azo chromogens, in conjunction with a variety of metal ions, form

a large class of commercially important premetallated dyes.12,l3

l:2 Chromium III azo complexes, for example, have been used to

dye wool fibre.l2 They ate stable complexes that can tolerate a

cH3s02
Nlt

N

(2)

wide range of pH conditions. CI Acid Violet 78 (2) is one such

dye. A disadvantage of metallated dyes, however, is that the

metal ion used to complex the dye generally causes a'

bathochromic shift (a shift to longer wavelength) of the colour of

Na*

lt

3
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the chromopþe¡s.5,l2 This effect can be seen, for example, with

Ligand#
N

HOS02 N NHz

so3H

(3)

ct

N

*-*

^

oN
I

N

#The "Ligand" depicted above in the fourth coordination site of the violet

dye is generally either an aliphatic amine or urea that is used simply to

improve the aqueous solubility of the copper dye.

the violet metallated dye (3), a. constituent of CI Reactive Violet

2,I2 and its red non-metallated precursor. The colour change is

due to co-ordination of the copper ion with the major donor and

acceptor groups, hydroxy and azo respectively. The fi-electron

distribution of the chelated chromophore is different to the

unchelated analogue and hence its chromatic properties are also

different.

Reactive dyes 14 aÍe also irreversible dyes but they have the

characteristic feature that they form covalent bonds with

reactive sites along the peptide chain of wool keratin during the

dyeing process.5, 15 The substantivity of reactive dyes is

therefore not dependent on physical forces of adsorption



Introduction 7

between the dyes and wool fibre. In addition, the wetfastness of

these dyes, as a result of their mode of attachment, is not

dependent on low rates of diffusion of the dyes from the fibre, as

is the case with the dyes mentioned previously. Reactive dyes

therefore exhibit very high wetfastness to washing and other

treatments.l6 The structure of the chromophoric portion of a

reactive dye is also subject to less stringent limitations resulting

in a greater choice of colour. Reactive dyes can be quite small in

size enabling them to quickly penetrate the wool fibre, during the

dyeing process, hence offering a shorter application time than

that experienced with other classes of dyes.

Wool protein contains a large percentage of constituent amino

acids, such as cysteine, serine, tyrosine, lysine and histidine,

whose side chains have been established as potential sites for

reaction with reactive dye5.17 The first reactive dye for wool,

Supramine Orange R (4),18'19 appeared on the market in the mid-

1930's and reacts with wool fibre via its labile chlorine.20 Since

then a variety of reactive dyes have appeared, which can be

divided into two groups, depending on their mode of reaction

NHCOCH2Ct
:[rl

HO3S

(4)
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with wool f1bre.21 Substitution with the nucleophilic moieties in

wool protein is one mode of reaction, such as that exemplified by

Supramine Orange R (4),2O the other being addition reactions.

The addition feactions generally involve attack of a nucleophile

in wool fibre to a polarised double bond present in the dye, i.e., a

Michael-type addition. The Remalan dyes,4,19 first marketed by

Hoechst in 1952, afe a classic example of a range of dyes that act

in this manner (Scheme 2). The Remalan dyes afe based on

SO2CH2CH2OSO3- Na+

Base

so2cH=cH2

Wool-XH

so2cH2cHzx-wooL

Scheme 2

p-sulphatoethyl sulphones and vinyl sulphones. Under alkaline

conditions the p-sulphatoethyl sulphones are converted into the

corresponding vinyl sulphones. Addition of nucleophilic residues

in wool fibre to the terminal double bonds of the vinyl sulphones

couples the dye to the wool fibre via covalent linkages.

Use of a spacer molecule to link a dye to wool fibre is a variation

of the above approaches. Commercially important examples of

Chromo

Chrom n

Chro
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this procedure are based on 2,4,6-irichloro-s-triazine (5). The

dyes, for example, developed by Rattee and Stephen, and

marketed by ICI (Imperial Chemical Industries) as the Procion

H

NHz N

cr N cl

(5)

Wool-X-

Wool- cr

Scheme 3

range of dyes, utilise the s-triazine (5) as a spacer molecule to

couple a chromophore to *oo1.4,22 The Procion dyes were

prepared by the replacement of one chlorine of the triazine (5)

with an amino containing chromophore.l 2 Subsequent

substitution of a second chlorine by nucleophilic residues in wool

fibre led to the covalently dyed material (Scheme 3).

Latent reactive dyes23 are a refined version of reactive dyes.

Their advantage lies in their ability to be uniformly distributed

H

Chromo en

Chromo en

Chro en
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throughout the wool, before they react irreversibly with the

fibre, resulting in a more evenly dyed fibre. The reaction of the

dye with the wool is triggered by an external factor e.g., changing

the pH or the temperature of the dyeing solution. The Hostalan

dy es,24 marketed by Hoechst, are prime examples of latent

reactive dyes. Like the Remalan dyes, they afe based on the

vinyl sulphone as the reactive form of the dye. At 80-90 oC, the

dyes exist in the non-reactive zwitterionic form (6) and hence

can be evenly distributed throughout the fibre without covalent

attachment. At higher temperatures, however, they decompose

to form vinyl sulphones which, like the Remalan range of dyes,

bind covalently to the wool via nucleophilic addition reactions.

so2cH2cH2
+
N HCH2CH2SOã

CHs

(6)

The chromatic propef ties of compound.s containing the

1,8-naphthalimide nucleus have been extensively documented.25

The 1,8-naphthalimide nucleus has been used in disperse dyes,

€ .B ., the amino-substituted naphthalimide (7 a),5 and vat dyes,

€.g., C.I. Vat Red 23 (8).5 The highly coloured vat dyes based on

the perylenetetracarboxylic acid diimide structure ale generally

prepared either by treatment of the corresponding perylene-

3 ,4,9,10-tetracarboxylic acid anhydride with the appropriate

hromo en
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Rr o
H3c

I

N

o
I

R

(7)

N
I

CHg

(8)

o(a) R-Ph, Pl =NH,

(b) R=CHg, Rl =OCHg

Variables such as fabric

manufacturing procedures and

structure and comPosition,

fashion, a dictator of market

amine or by alkali fusion of the appropriate naphthalimide

derivative (Scheme 4).5 Derivatives of naphthalimide, €.8., the

methoxy-substituted naphthalimide (7b¡,Ze have also been used

as optical brighteners of synthetic materials. Optical brighteners

are compounds that fluoresce in the violet to blue region of the

ultraviolet/visible spectrum (4250-4450,Ä.). 'Woo1, in the

preparation for dyeing, undergoes a general cleaning and

degreasing process which leaves it with a slightly yellow colour.

It, therefore, has a blue reflection deficit. Compensation of this

deficit by optical brighteners makes the use of these compounds

appticable to the "whitening" of wool ¡i6¡".2'26



Introduction 12

o

OH-/Oxidation RNH2

o

Scheme 4

demand, alt provoke a constant need for dyes with new and

improved properties. Imides, to date, have not been used as

reactive dyes, therefore, the work described in this thesis

involved an investigation of procedures for the covalent

attachment of imide dyes to wool fibre. Both l,8-naphthalimide

(12) and its simpler analogue, phthalimide (9), were chosen as

the models of the imide dyes on which to base the work.

o

NH

o

R
I

N

N
I

R

N
I

R

(s)



I ntroduction 13

1,8-Naphthalimide (LZ) is generally synthesised from

acenaphthene (10) (Scheme 5). Oxidation of acenaphthene (10)

with either a chromium or manganese species yields

1,8-naphthalic anhydride (lD.2l'28 Subsequent treatment of the

anhydride with ammonia produces the naphthalimide (12).29-32

This approach has also been used for the synthesis of ring-

substituted naphthalimide derivatives.32-34

NHs

o o

(10) (1 1)

Scheme 5

In an analogous manner to that of the s-triazine-based dyes, it

was anticipated that 1,4-dimethyl-2,5-píperazinedione (14) could

be used to link imide chromophores to wool fibre. It is prepared

by the condensation of two molecules of sarcosine (13) with the

net loss of two molecules of water (Scheme 6).35 The sarcosine

derivative (14) was chosen as the basis of the investigation as it

is an N -protected piperazinedione and the G -centres of the

molecule aÍe available for further elaboration. The dibromide

(15) and the dimethoxide (16) have both been previously

prepared from 1,4-dimethyl-2,5-piperazinedione (14) (Scheme

toI

N
H

(12)
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cH"
l"

o

I

CHg

(14)

Y2X coo
H3

(13)

o

N- Bromosuccinimide

cH"
l"

I

cH"
l"

I

CHg

(16)

cH3oH
o

ocH3

CHs

(15)

Scheme 6

6).36,37 As depicted in Scheme 7, it was anticipated that these

difunctional piperazinediones (15) and (16) would be suitable

derivatives to undergo nucleophilic substitution. Selective

displacement of one of the attached functional groups with a dye

molecule and the other with a nucleophilic residue in wool would

covalently link the dye to the peptide. An investigation into this

approach is described in Chapter 1 of the Results and Discussion.

In Chapter 1 and Chapter 3, methanol is used as a model for the

oxygen nucleophiles in wool. As reasoned by Shore,38 alcohols

are a simple model of oxygen nucleophiles in wool fibre and can

be used in a preliminary examination into the reactivity of the



Introduction 15

dyes. If the results appeared promising then a more detailed

investigation could be executed.

3CH
I

N

H3c
I

N

Y-
e

N
I

CH

N
I

CHs

Wool

3

Wool

X N

H3CHo
l"

H3

N
I

c

c
I

N

N
l

CH

Dye

3

Scheme 7

As an alternative approach to using a discrete difunctionalised

molecule to link the imide based chromophore and wool fibre,

functionalising the imide dye itself so it would be susceptible to

nucleophilic attack by wool fibre was also considered. One

example of this would be to incorporate a functionalised N-alkyl

substituent in the imide. On this basis, radical addition of a thiol

residue in wool to the terminal double bond of the

N-allylnaphthalimide (17), for example, would covalently attach

the imide (17) to the fibre. Reaction of sulphur centred radicals

with unsaturated compounds is well documen1s6.39,40
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Br

(17) (18)

Nucleophilic substitution at the electrophilic centre of an imide

such as the N-(3-bromopropyl)naphthalimide (18) could also be

used to attach the naphthalimide chromophore to the wool fibre.

In another variation of this approach, the N-alkyl substituent of

the naphthalimide chromogen can be functionalised subsequent

to the alkylation procedure. It was anticipated, for example, that

functionalisation of the N-naphthaloylglycine methyl ester (19)

with N-bromosuccinimide, using the method employed by Lidert

and Gronowitz4l to brominate N -acyl derivatives of glycine

methyl esters, would yield the bromide (20). The bromide (20),

thus obtained, was expected to be suitable for reaction with wool

through nucleophilic substitution (Scheme 8).

N-Substituted derivatives of the naphthalimide (I2) in general

can be prepared v ia two routes, either from the naphthalic

anhydride (11) or from the potassium salt of naphthalimide (2t)

(Scheme Ð.29'30,33,42,43 Treatment of the naphthalic anhydride

(11) with alkylamines, using the method developed by Allen and



N-Bromosuccinimide

Introduction I1

ooN

(
o o

coocH3

(1 1)

RNH2

Wool coocH3

Scheme I

RX

Br coocH3

(20)

(12)

KOH

(21)

Å

(1e) Wool

o

^

oN

K+
oo

I

R

o

Scheme 9
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Reynolds,43 produces the corresponding alkylnaphthalimides in

good yield. Alternatively, the potassium salt (21) can be

prepared by deprotonation of the naphthalimide (12) with

aqueous potassium hydroxide.42,44 Subsequent treatment of the

potassium salt (2L) with an alkyl halide yields the corresponding

alkylnaphthatimi6s.42,45 The approaches described here for the

N-substituted derivatives of the naphthalimide (I2) are general

procedures that can be applied to a wide variety of ring-

substituted naphthalimide derivatives.46,47 On that basis, the

preparation of a series of N -substituted derivatives of the

naphthalimide (I2), containing functionalised side-chains, was

undertaken and that work is described in Chapter 2 of the

Results and Discussion.

An assessment of the ability of the imides, prepared as described

in Chapter 2 of the Results and Discussion, to undergo either

substitution or addition reactions, and an evaluation of the

potential of these imides as reactive dyes is described in Chapter

3 of ¡he Results and Discussion.

In order to dye wool fibre through coupling with imide reactive

dyes, the dyes must be soluble in polar solvents capable of

wetting the wool protein. N-Alkylnaphthalimides aÍe, however,

of limited solubility in polar solvents of this type. With many

dyes, water solubility is obtained by the incorporation of at least

one salt-forming group. The most common of these is the

sulphonic acid gloup. Current reactive dyes for wool generally

require one to four sulphonic acid groups.5 Dispersing agents also
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improve the solubitity of dyes.48 Ordinarily, dispersing agents

are similar to detergents in both structure and mode of action,

i.e . , they possess both a hydrophobic and a hydrophilic

component. The individual molecules of the dispersing agent are

adsorbed onto the surface of the dye v ia the hydrophobic

component of the dispersant, effectively encapsulating the dye.

The hydrophilic groups of the dispersant are solvated by the

water, thereby ensuring the solubility of the dye.

The use of cyclodextrins, non-toxic oligosaccharides, to solubilise

a large variety of organic compounds in aqueous solution is well

documented in the literature.49,50 Cyclodextrins are cyclic

1,4-linked oligomers of D-glucopyranose, each glucopyranose unit

being in the chair conformation. p-Cyclodextrin (22) consists of

seven D -glucopyranose units, whereas cr- and y-cyclodextrin

consist of six and eight, respectively.5O The chair conformation of

the sugar units, the restricted rotation of the glucopyranose units

about the glycosidic bonds and intramolecular hydrogen bonds

betwqen the secondary hydroxyl groups of glucopyranose units,

culminates in stable truncated cone shaped molecules. The

primary hydroxyl groups of the glucopyranose units are situated

at the truncated end of, the cone and the secondary hydroxyl

groups af the larger end of the molecule. The diameters of the

internal cavities of cr-, p- and y-cyclodextrin are 5.J,7.8 and 9.5

Å, respectively,5 1 expanding with the increasing number of

glucopyranose units.
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HOC o

OH cH20H

HOCH 2

o HO

OH

HO H20H

HOCH2 OH
HO o

OH

OH

cH20H o
cH20H

(22)

Cyclodextrins afe a by-product of the corn starch industry and

hence aÍe cheap and readily available. Starch degradation, by

the enzyme cyclodextrin transglycosylase (EC 2.4.1.1Ð52 isolated

from the bacterium Bacillus macerans, results in a mixture of

predominantly cr-, B-, and y-cyclodextrin, in addition to smaller

amounts of the larger cyclodextrins and linear dextrins.

As a consequence of the shape and the hydrophobic nature of the

annuli of cyclodextrins, they can form inclusion complexes in

aqueous solutions, âs first discovered by Schardinger.5 3 The

equilibrium constant, Ke q, is a measure of the extent of

complexation of a cyclodextrin with a guest molecule. For a

OH
H

H
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k1

+
k2

free dye free cyclodextrin# dye-cyclodextrin
complex

Scheme 10

#A t*ncated cone as depicted in Scheme 10 is commonly used to represent

the various cyclodextrins54 and will be used throughout this thesis.

reversible reaction, chemical equilibrium occurs when the Íate of

the forward reaction equals the rate of the reverse reaction. At

this point, the concentration of the reactants and products

remains constant and the ratio of the concentrations is defined by

the equilibrium constant, KeQ. Hence, for the encapsulation of

dye by cyclodextrin (Scheme 10), the equitibrium constant, K"n, is

as shown in Equation 1.

K"q = k1 lk2=
[dye-cyclodextrin]

[free dye] [free cyclodextrin]

Equation 1

The inclusion of a compound in the cavity of a cyclodextrin

changes the guest's physicochemical properties as a result of a

change in its microenvironment. Substances that have only

timited solubility in aqueous solutions often exhibit an increased

solubitity on complexation with cyclodextrins.5 5 It was
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anticipated therefore, that cyclodextrins may be used to improve

the solubility of imide dyes in aqueous solution and hence

improve the efficiency of the wool-dyeing process. The

advantage of this approach is that it would not be necessary to

alter the structure of the dyes in order to confer a, greater water

solubility and hence the chromatic properties of the dyes are

unaltered.

The stability of the inclusion complex is a reflection of the nature

of the cyclodextrin cavity and the dye to be included. Modified

cyclodextrins such as dimethyl-F -cyclodextrin5 6 and

Molecusoln¡57 were, therefore, also of interest.

Dimethyl-p-cyclodextrin has the C-2 and C-6 oxygens randomly

methylated. The internal diameter is therefore identical to

p -cyclodextrin but the alkylation results in an extended

hydrophobic cavity. Molecusolru is 2-hydroxypropyl-substituted

p-cyclodextrin. It is prepared by treatment of p-cyclodextrin

with propylene oxide, to randomly alkylate the hydroxy

groqps.58 As with dimethyl-p-cyclodextrin, the

hydroxypropylation of p -cyclodextrin results in an extended

hydrophobic cavity. The solubility of both dimethyl-

B -cyclodextrin and Molecusolru is considerably greater than that

of P -cyclodextrin, due to the lower level of intramolecular

hydrogen bonding and hence lower crystal lattice energy of each

of the alkytated cyclodextrins. The solubility limits of various

cyclodextrins of interest are given in Table 1.59,60
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cyclodextrin

p-

cyclodextrin

ï-

cyclodextrin

dimethyl-p-

cyclodextrin

Molecusolru

t4.5 1 .85 23.2 57 >50
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Table 1. Solubility of cyclodextrins in water (g/100m1; 25 'C)

In the work described in Chapter 4 of the Results and Discussion,

the equilibrium constants, KeqS, of the complexation of select

representative N -alkylnapthalimides by cyclodextrins were

determined to constitute a preliminary study into the effect of

cyclodextrins on the solubility of imide dyes in aqueous solution.

The values that were obtained are discussed and rationalised, as

is the ability of cyclodextrins to solubilise naphthalimides.

Brown and coworkers6l have reported a method of calculating

stability constants of various drugs included in cyclodextrins.

The method used was based on UV-visible spectroscopic studies.

Using Naproxen with p-cyclodextrin as an example, it was found

that the UV spectral absorbance due to a specific concentration of

Naproxen differed from that of the same concentration of

Naproxen in the presence of cyclodextrin. It was concluded that

the cyclodextrin altered the microenviroment of the guest to such

an extent that the spectral characteristics of the free drug were

not identical to that of the bound drug. By using cyclodextrin

solutions and drug solutions in the reference cell of the UV

spectrometer, they were able to calculate the proportion of the

absorbance due to the drug-cyclodextrin complex and the
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proportion due to the uncomplexed drug at any given

concentration of cyclodextrin. Brown and coworkers6l calculated

the extinction coefficient of the free Naproxen in solution and the

extinction coefficient of Naproxen complexed with cyclodextrin.

Using these molar extinction coefficients, they were able to

determine the stability constant for the drug-cyclodextrin

complex.

In the event that complexation by the cyclodextrin does not alter

the spectrum of the guest, an alternative method to determine

complexation stability constants is required. The method chosen

in the present work involved the use of a series of buffered

aqueous solutions containing varying amounts of cyclodextrin

which were each saturated with the appropriate imide. The plot

LUoz
cc¡
É.o
U)o

AR

Ao

Absorbance due to
complexed guest in solution

Absorbance due to
free guest in solution

I

cYcLoDEXTRIN CONCENTRAT]ON (M)

Figure 4
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of the concentration of the cyclodextrin in each solution against

the measured absorbance for that sample then yields a graph

analogous to that shown in Figure 4. The absorbance due to the

free imide in a saturated solution is constant and is represented

on the graph by the value Ag The absorbance due to the

complexed guest is represented by the value An-Ag and changes

as the concentration of the cyclodextrin changes. The

concentrations that the absorbance values Ag and An -A o

represent can be determined by the relationship given in

Equation 2.62 Using Equations 1 and 2, an expression, Equation 3

(Appendix 5), can be obtained that relates the slope of the graph

above with the equilibrium constant for complexation of the

cyclodextrin and guest in question. The slope of the appropriate

graph, the absorbance value obtained for the sample solution in

^_ A

t'n"t

Equation 2

the absence of cyclodextrin, 40, and the appropriate extinction

coefficient, can all be inserted into Equation 3. In this way, the

1

K"o
1

Ao

11
slope tr"*

Equation 3
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the equilibrium constant, K" q, of the imide-cyclodextrin

combination can then be calculated.

There are many experiments described in the literature that

have been employed to determine which amino acid residues

covalently bind with reactive dyes.38,63 Both model compounds

of wool fibre (e.g., thiols, amines and alcohols) and wool fibre

itself have been used in these studies. The general trend appears

to be that regardless of the type of reactive dye used, cysteine,

lysine, histidine and the N-terminal residues of wool ate the main

sites of reaction. As previously mentioned, wool is made up of

peptide chains of keratin that are linked by intermolecular

cystine bridges. The intermolecular cystine bridges in wool can

be reduced to cysteine units, thereby increasing the number of

cysteine moieties being available for reaction with dyes. The

most common reducing agents are thiols and phosphines. In the

thiol category, the most frequently used reducing agents are

thioglycollic acid, 2-hydroxyethanethiol and benzyl mercaptan.

These thiols reduce wool via the two reversible nucleophilic

displacement reactions shown in Scheme 11.64

WOOL-S-S-WOOL + RS WOOL-S-S-R + WOOL-S

-
WOOL-S-S-R + RS-- RSSR + WOOL-S

Scheme 1l
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One of the most effective phosphines used to reduce wool fibre is

tri-n-butylphosphi¡s.65,66 The mechanism of action65,67 of this

and many other phosphines is as shown in Scheme 12.

WOOL-S-S-WOOL+ RgP+H2O 

-2WOOL-SH 

+ R3PO

Scheme 12

In the work described in Chapter 5 of the Results and Discussion,

the utility of cyclodextrins to couple imide dyes with free amino

acids has been studied. Cysteine was chosen as it was predicted

that it would mimic the properties of reduced polypeptides in

wool fibre.

At present, water is the most common solvent for dyeing wool.

Water causes the wool fibre to swell, thus promoting the

penetration of dye into the fibre.9 It was anticipated that

methanol would be of sufficient polarity to also "wet" the

hydrophilic wool fibre. Methanol would have the added

advantage of being able to solubilise the imide dyes to a greater

extent than water, hence allowing a better dispersion of the dye

through the wool fibre. On this basis, the use of methanol rather

than water for the coupling of imide dyes with free amino acids

was also investigated and the potential application of this

procedure to dyeing wool fibre is discussed in Chapter 5.
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RF'SIII TS ANN NISCUSSION

USE OF ADIKETOPIPERAZINE AS A SPACER MOLECULE

In this Chapter, an investigation into the use of 1,4-dimethyl-2,5'

piperazinedione (14) as a spacer molecule to covalently link

imide dyes to appropriate models for wool fibre is described. It

was envisaged that the dibromide (15)36'68 would be a suitable

derivative of the dione (14) on which to base the work. An

investigation, therefore, into the susceptibility of the dibromide

(15) to reaction with imides was carried out by attempting to

prepare the diphthalimide (23) according to Scheme 13. As

outlined in the Introduction, phthalimide (9) was used as a model

of the broad class of imide dyes.

CHo
l"-Y

I

o

(15)

o
NEt3 N-
(e)

Phth

CHs

(23)

Scheme 13

o

The starting diketopiperazine (14) was prepared by condensation

of sarcosine (13) in ethylene glycol at reflux for t h.35 Sp"tttul

Phth =
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and physical properties of the piperazinedione ( 14) wef e

consistent with those reported.69,70 Badran and Easton3 6

prepared the dibromide (15) by treatment of the piperazinedione

( l4) with slightly more than two equivalents of

N-bromosuccinimide. This reaction affords the imide, succinimide,

as a by-product. In the present work N-bromophthalimideTl was

chosen, in preference to N-bromosuccinimide, as the brominating

agent, in order to avoid the production of succinimide and instead

to generate the imide, phthalimide (9), in situ.

Accordingly, the dibromide (15) was prepared by treatment of

the piperazinedione ( 14) with two mole equivalents of

N -bromophthatimide in dichloromethane at reflux under

nitrogen. Dichloromethane was used aS the solvent since the

piperazinedione (14) is insoluble in carbon tetrachloride, the

usual solvent for radical bromination reactions. The mixture was

irradiated with ultraviolet light for 35 min. An aliquot of the

reaction mixture was concentrated under reduced pressure and

analysis of the residue by 1g nmr spectroscopy showed

characteristic signals for the dibromide, that were consistent with

those previously reported.36 Signals for only one diastereomer of

the dibromide (15) were observed, consistent with the reported

diastereoselective formation of the thermodynamically more

stable syn-isomer in this reaction.T2 It has been suggested by

BadranTZ that the formation of the dibromide (15) proceeds as

shown in Scheme 14. Axial attack of the intermediate radical

(24) by the bromine under stereoelectronic controlT 3 could lead
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to both a syn- and an antí-diastereomer. As rationalised by

WilliamsT4 however, for other 3,6-disubstituted piperazinediones,

the syz-diastereomer is preferred as the boat-like conformation

adopted by N,N-disubstituted piperazinediones which places the

3- and 6-substituents in a pseudoaxial position thereby

minimising their steric interaction with the substituents on the

H CH
Ha H

a

N

,C/

CHg

Br
CHg

HsC

N

o

o

H

H

H

o

o(24)

Br

b

¡-- CHg

r
H

Hgc- N

H

H"c/
Br

Scheme L4

nitrogen atoms, is less strained than the chair conformation. As

noted by Badran,T 2 the dibromide (16) is unstable at room

temperature and hence it was used in the following reaction
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without purification.

A reaction mixture prepared as described above and containing

the crude dibromide (15) was stirred with two mole equivalents

of triethylamine at room temperature for 3 h. Work-up of the

reaction mixture, followed by recrystallisation of the solid that

was obtained from chloroform yielded the diphthalimide (23), in

l6Vo yield based on the starting piperazinedione (14). The 1g

nmr spectrum of the diphthalimide (23) showed characteristic

resonances at ô 6.14, corresponding to the two methine groups of

the piperazinedione ring, and at õ 2.97, due to the N-methyl

substituents. The phthalimide ring protons gave rise to a

multiplet at ô 7 .77 -7 .91. The 13 C nmr spectrum showed a

characteristic resonance at õ 62.6 due to the o¿ carbons. The

phthalimido groups gave rise to signals at õ 124.1, 131.3, and

134.9, due to the aromatic carbons, and at õ 161.0, due to the

carbonyl carbons. Mass spectral analysis gave a molecular ion at

mlz 432 and a fragment ion corresponding to loss of phthalimide

(10) from the molecular ion. The low yield for the formation of

the diphthalimide (23) is presumably a, reflection of the

instability of the starting dibromide (15). In general,

N-(cr,-haloalkyl)-amides are unstable,l2,7 5,7 6 presumably due to

o
R'

Figure 5
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elimination of the halide as shown in Figure 5. As with the

dibromide ( 15 ), only one diastereomer of the

diphthalimidopiperazinedione (23) was formed, as indicated by

the lH and 13C nmr spectral data. Using an analogous afgument

cH"t"

N
I

CHs

(15)

CH"
I"

o
-Br

Br

CHg

o

cH"
l"

o

1+ (23)

3

(25)

Scheme 15

to that given for the preferential formation of the syn-isomer of

the dibromide (15), it is proposed that the single diastereomer of

the diketopiperazine (23) also has the syn-stereochemistry.

I

CH

o
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Presumably the mechanism of formation of the diphthalimide

(23) is as shown in Scheme 15.

Synthesis of the diphthalimide (23) from the dibromide (15)

indicates the feasibility of using bromodiketopiperazines to form

covalent links with imide dyes. Displacement of the halogens

from the dibromide (15) with the types of nucleophiles present

in wool would indicate the feasibility of linking diketopiperazines

to the fibre. In this regard, displacement of the bromines of the

dibromide (15) with methanol to produce the dimethoxide (16)'

has already been reported (Scheme 6).36,37 Accordingly, the

crude dibromide (15) was prepared, as described above, by

treatment of the diketopiperazine (14) with two mole equivalents

of N -bromophthalimide. After removal of the by-product,

phthalimide (9), by filtration from the cooled reaction mixture,

the resulting solution was concentrated in vacuo and the residue

was treated with methanol in the presence of sodium acetate.

The resulting solution waS stirred at room temperature

overnight. Work-up of the reaction mixture gave the dimethoxide

(16) in SlVo yield. Both the spectral characteristics of the

dimethoxide (16) and its diastereomeric ratio (3:1) were in

accord with that repo¡¡s6.37,72

The dimethoxide (16), itself, may also be viewed as a potential

spacer molecule. In order to investigate this potential, the

substitution of a methoxy group by phthalimide (9), the model of

the imide dyes, was considered. The use of cr-methoxy-amino

acid derivatives as the souf ce of electrophiles is well
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documen ¡s6.77,78 Zoller and Ben-Ishai,78 for example, have

reported the reactions of thiols with ø-methoxy-glycine

derivatives (26) under acid catalysis to produce the

corresponding o-alkylthioglycine derivatives (28) (Scheme 16).

It is thought that the reactions proceed via the N-acyliminium

oc Fb

H3COCO NHCOR
+
NHCOR

(26) (27)

SR'

R'SH
NHCOR NHCOR

(28)

Scheme 16

ions (27). It was anticipated that in the presence of acid, the

dimethoxide (16) would form the corresponding N-acyliminium

cH"
l"

o

OMe

CHs

Hl

+

(2e)
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ion (29) which could then undergo subsequent nucleophilic attack

by phthalimide (9). Hence a mixture of the dimethoxide (16), one

mole equivalent of phthalimide (9) and a. catalytic amount of

p-toluenesulphonic acid was stirred in dichloromethane at room

temperature for 36 h. The reaction mixture was concentrated

under reduced pressure and analysis of the residue by I ¡1 nmr

spectroscopy showed only the unchanged starting

piperazinedione (16). The Lewis acid, zinc chloride, was also used

in an attempt to catalyse the removal of a methoxy substituent of

the dione (16) and subsequent incorporation of phthalimide (9).

A mixture, therefore, of the dimethoxide (16), phthalimide (9)

and zinc chloride in dichloromethane was stirred at room

temperature overnight. Analysis of the reaction mixture by thin

layer chromatography again showed only the unchanged starting

material (16).

In order to investigate whether the substitution of phthalimide

(9) was inhibited by its low nucleophilicity or by steric factors, an

exchange reaction using the sterically smaller nucleophile,

ethanol, was examined. Replacement of a methoxy group of the

dimethoxide (16) by an ethoxy group of ethanol would be

analogous to a transacetalation (Scheme 17). Transacetalation

generally proceeds readily under acidic conditions since loss of

the protonated alkoxy group leads to the stable carbocation

(30).79 It was anticipated that acidic conditions would promote

the loss of a methoxy group of the dimethoxide (16) to form the

resonançe-stabilised iminium ion (29) which would then react
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R1OH / H+ +
OR

OR OR

(30)

oR1

OR

Scheme l7

with the ethanol present. On this basis, the dimethoxide (16) in

dichloromethane was treated with an excess of ethanol and a

catalytic amount of p-toluenesulphonic acid. The mixture was

stirred at room temperature for 48 h and then concentrated

under reduced pressure. Analysis of the residue by 1H nmf

spectroscopy however showed only the starting material (16).

The lack of displacement of a methoxy substituent of the

dimethoxide (16) by phthalimide (9) indicates that under the

conditions used, alkoxy-substituted diketopiperazines are not

suited as spacer molecules for the covalent attachment of imide

dyes to wool fibre. In contrast, the conversion of the dibromide

(15) to the diphthalimide (23) and the dimethoxide (16) shows

that bromodiketopiperazines have more potential in this regard'

On this basis, the preparation of the phthalimido- and methoxy-
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cHot"
o

H3c
I

N

(15)

N-Bromo-
(14)

phthalimide

Br

CHs

(25)

N-Bromo-
hthalim¡de

(31)

cH"t"

(33)

CH"l"..Y

I

o

I

CHgCH 3

(32)

Scheme 18

substituted piperazinedione (31) was undertaken (Scheme 18).

Synthesis of the piperazinedione (3 1) would establish the

feasibility of linking imide dyes to wool fibre using this approach,

as depicted in Scheme 7.

Two approaches were considered for the preparation of the

disubstituted piperazinedione (31). It was envisaged that

selective displacement of one bromine of the dibromide (15) with

a. phthalimide moiety would produce the piperazinedione (25)'



Results and Discussion Chapter / 38

Subsequent reaction with methanol would yield the dione (31).

Alternatively, the monobromide (32) could be prepared.

Substitution of the halogen of the bromide (32) with phthalimide

(9) and subsequent bromination at the cr -carbon of the

phthalimido-substituted piperazinedione (33) would yield the

disubstituted dione (25), from which to prepare the disubstituted

diketopiperazine (31) (Scheme 18). The former approach relies

on selective nucleophilic substitution of one of the halogens of the

dibromide (15), for which there is no literature precedent. The

latter approach relies on selective monobromination of the

diketopiperazine (14) to give the monobromide (32), which has

been reported by Badran and Easton.3 6 Regioselective

bromination of the phthalimido-substituted diketopiperazine (33)

to give the bromide (25) also has literature precedent in the

selective bromination of c-unsubstituted amino acid derivatives

reported by Easton and associates.S0 The latter approach was

therefore attempted.

The bromide (32) was synthesised using the method described

by Badran and Easton36 except that N-bromophthalimide was

used instead of N-bromosuccinimide. The piperazinedione (14) in

dichloromethane was treated with slightly less than one mole

equivalent of N-bromophthalimide and the mixture was heated

at reflux for I h whilst being irradiated with a 300W ultraviolet

lamp. Analysis of the crude reaction mixture by I ¡¡ nmr

spectroscopy (60 MHz) showed the presence of the bromide (32),

with a singlet at õ 6.00, due to the methine group, and an AB spin
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system (J = 18 Hz) at ô 3.80 and 4.10, due to the methylene

group. Characteristic resonances due to the dibromide (16) were

also observed. By comparison of the signals in the I ¡¡ nmr

spectrum, the bromides (32) and (15) were calculated to be

present in a ratio of l2:1. There was no evidence by 1¡1 nmr

spectroscopy of the starting material (14) which could be

attributed to precipitation of the starting piperazinedione (14)

under the conditions used.

The phthalimide (33) was prepared by stirring the reaction

mixture containing the crude bromide (32) and the by-product

phthalimide (9) with an excess of triethylamine, at room

temperature overnight. Work-up of the reaction mixture and

recrystallisation of the crude product from ethyl acetate gave the

phthalimide (33) in 23Vo yield, based on the starting

piperazinedione (14). Analysis of the phthalimide (33) by

1H nmr spectroscopy showed a peak at õ 5.86, due to the

methine group. The diastereotopic hydrogens on the cr' carbon

appeared as two doublets, one at õ 3.98 (J = 17 }Iz) and the other

at ô 4.44 (J = 17 Hz). The arornatic protons appeared as a

multiplet at ô 7.75-7.88. The l3 C nmr spectrum showed

characteristic resonances at õ 52.0, due to the methylene, and

ô 63.0, due to the methine of the piperazinedione ring. Mass

spectral analysis indicated a molecular ion at mlz 287 and a

fragment ion at mlz 140, corresponding to loss of phthalimide

from the molecular ion. Satisfactory microanalytical data

confirmed the identity of the substituted diketopiperazine (33).
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It is presumed that the low yield for the formation

phthalimido-substituted diketopiperazine (33) is largely

the instability of the bromide (32).

of the

due to

It was important to establish that there is no interaction of the

piperazinedione ring and the imide that would affect the

chromatic properties of an imide. The conjugation between the

phthalimide ríng and the amide moiety of the diketopipetazine

(33) depicted in Scheme 19 was considered a remote possibility.

o N o

o o
HO

Scheme 19

There was no evidence of the tautomerism by I ¡¡ nmr

spectroscopy, i . e . ,. the resonance at room temperature

corresponding to the methine proton adjacent to the phthalimide

substituent had an integration equivalent to one proton and no

resonance was seen for the hydroxyl group of the enolic

tautomer. This was confirmed by X-ray crystallographic analysis

of the phthalimide (33).# Defining the plane of the phthalimide

# Eastoo, C.J.; Gulbis, J.M.; Hoskin¡, B.F.; Scharlbillig, I.M.; Tiek¡nk, E.R.T. Z
Krist.1992,199, 249.
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(33)
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ring as the plane of the imide moiety and the plane of the

diketopiperazine ring as the plane of the amide moieties, it was

found that the rings were rotated 87o with respect to each other

(Appendix 1). The two ring systems are therefore essentially

perpendicular to each other and hence conjugation between the

two rings cannot occur. As further evidence for the lack of

tautomerism of the piperazinedione (33) it was found that the

carbon of the diketopiperazine moiety that is directly bonded to

the phthalimide component (C3) showed no sp2 character. The

bond angles a¡ound the C3 carbon are between 107.2o and 1ll.1o

which are closer to the angles of an sp3 hybridised atom (109.5").

Attaching an imide dye to the piperazinedione ring should

therefore cause little or no change to its chromatic properties

through conjugation of the type discussed.

As outlined in Scheme 18, the disubstituted piperazinedione (25)

was prepared by treating the phthalimide (33) with a slight

molar excess of N -bromophthalimide, at reflux and while

irradiating with ultraviolet light, for 1.5 h. The phthalimide (9)

by-product was removed from the cooled product mixture by

filtration. Excess methanol and triethylamine were added to the

concentrated filtrate and the resulting solution was stirred for

48 h at room temperature. The dione (31) was obtained as a

single diastereomer as evident by the lH nmr spectral data of the

concentrated reaction mixture. V/ork-up of the reaction mixture

gave the 3-methoxy-6-phthalimido-substituted piperazinedione

(31) in 4% yield, based on th.e phthalimido-substituted
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diketopiperazine (33). The I g nmr spectral analysis showed

characteristic resonances at ô 5.15 and 6.02, due, respectively, to

the hydrogen attached to the carbon bearing the methoxy group

and the hydrogen attached to the carbon bearing the phthalimido

group. The signal due to the hydrogens of the methoxy

substituent appeared at ô 3.47 and the aromatic protons gave rise

to a multiplet at õ 7.76-7.88. The non-equivalent methyl groups

resulted in singlets at ô 2.91 and 3.07. The 13C nmr spectrum

showed a peak at ô 62.3. This was assigned to the carbon bearing

the phthalimido group by comparison with the value of õ 62.6

obtained for the analogous carbon of the diphthalimido-

substituted dione (23). Hence the peak at õ 56.9 was attributed

to the methoxy carbon and the peak at ô 85.6 attributed to the

carbon bearing the methoxy substituent. Mass spectral analysis

did not show a molecular ion at mlz 317, however, a peak at mlz

302, corresponding to loss of a methyl group from the molecular

ion, was recorded. Satisfactory microanalytical data confirmed

the elemental composition of the disubstituted piperazinedione

(31).

The reaction of the bromide (32) with phthalimide (9) and

subsequent halogenation with N-bromophthalimide to yield the

piperazinedione (25) was successfully undertaken. Displacement

of the bromine from the diketopiperazine (25) wirh merhanol

resulted in the preparation of the phthalimido- and methoxy-

substituted piperazinedione (3I). The approach therefore of

using 1,4-dimethyl-2,5-piperazinedione (14) as a spacer molecule
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to couple imides to wool fibre seems feasible, Further

development of this approach however is required. In particular,

brominated diketopiperazines may be too labile for reaction with

wool fibre, preferring perhaps to react with oxygen centred

nucleophiles of the type found in solvents commonly used to wet

wool fibre in the dyeing process. The resulting alkoxy-

diketopiperazines, on the other hand, are too inert. Due to the

problems therefore, associated with the reaction pathways

described in this Chapter, other potential methods of attaching

dyes to wool fibre were examined.
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RESULTS AND DISCUSSION

P nnp¿nIrION OF N-Su¡Sr¡TUTED NryvTuLIMIDES

As an alternative approach to the use of a spacer molecule to

couple the imide chromophore to wool, it was anticipated that the

spacer molecule could be incorporated as an N-substituent of the

imide. The preparation of reactive dye models based on

functionalisation of the imide nucleus is discussed in this Chapter.

Both N-allyl-1,8-naphthalimide (17) and N-(3-bromopropyl)-1,8-

naphthalimide (18) were prepared as model reactive dyes.

N-Allyl-1,8-naphthalimide (17) was prepared using a method

based on that employed by Allen and Reynolds43 to prepare

other N-alkyl-substituted naphthalimides. Naphthalic anhydride

(11) was heated with excess allylamine at reflux. Work-up of the

reaction mixture gave the allylnaphthalimide (17) in 87Vo yield.

The lH nmr spectrum of the allylnaphthalimide (17) showed a

doublet at ô 4.80, due to the methylene adjacent to the nitrogen,

and a multiplet characteristic of the methine of the allyl moiety

appeared at õ 5.93-6.06. The terminal methylene gave rise to a

multiplet between õ 5.19-5.35. A satisfactory 13C nmr spectrum

for the allylnapthalimide (17) was obtained. Mass spectrometric

analysis yielded a molecular ion aÍ. mlz 237. The elemental

composition of the naphthalimide (17) was confirmed by
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satisfactory microanalytical data.

The N-(3-bromopropyl)naphthalimide ( 18) was prepared from

the allylnaphthalimide (17) using the method described by

Ward81 to add hydrobromic acid to N-phthaloyl-2-allytglycine

methyl ester. A mixture of the allylnaphthalimide (17) and

hydrogen bromide dissolved in carbon tetrachloride was

irradiated in the presence of 2,2'-azobis(2-methylpropionitrile). /'

After work-up of the reaction mixture, the pure bromide (18)

was obtained in 56Vo yield. The I ¡¡ nmr spectrum of the

naphthalimide (18) gave a triplet at ô 3.51, due to the protons on

the carbon bearing the bromine. A quintet at õ 2.34, due to the

methylene group P to the nitrogen, was also observed, in addition

to a triplet at ô 4.34, due to the protons on the carbon cr, to the

nitrogen. Satisfactory 13C nmr, mass spectral and microanatytical

data confirmed the identity of the bromopropylnaphthalimide

(18).

It was anticipated that the 3-bromopropylnapthalimide ( 1 8)

could also be prepared from the corresponding hydroxy

derivative (34) v i a an ionic mechanism in contrast to its

preparation described above, i.e., from the allyl derivative via a

radical mechanism. This alternative method was investigated.

The hydroxypropylnaphthalimide (34) was prepared in 88Vo

yield from a mixture of the naphthalic anhydride (11) and

3-amino-1-propanol with acid catalysis.S2 The alcohol (34) was

identified from its I ¡1 nmr spectrum which showed a quintet af

õ 1.97, due to the methylene p to the nitrogen, a broad singlet at
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o

OH

(34)

õ 2.96, due to the hydroxyl proton, a triplet at ô 3.56, due to the

protons on the carbon bearing the hydroxyl group, and a triplet

at õ 4.32, due to the methylene adjacent to the nitrogen. The 13C

nmr spectrum showed peaks at ô 30.9, 36.7, and 58.8 due to the

carbons of the propyl chain. In the mass spectrum of the

hydroxypropylnapthalimide (34) a molecular ion was observed

at mlz 255. Fragment ions at mlz 237, corresponding to loss of

water from the molecular ion, and at mlz 224 and zLO,

corresponding to the loss of both the hydroxyl group and

successive losses of methylene groups from the propyl chain

were also detected.

The bromopropylnaphthalimide (18) was then prepared from the

alcohol (34), using the method employed by Fierz-David and

RossiS3 to prepare the analogous N-(2-bromoethyt)-
naphthalimide. Hence treatment of the

hydroxypropylnaphthalimide (34) with aqueous hydrobromic

acid in the presence of sulphuric acid gave the bromide (18) in
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867o yield after work-up. The spectral and physical properties of

the bromide (18) obtained in this manner were identical to those

of the sample prepared through hydrobromination of the

allylnaphthalímide (17).

Comparing the two methods of preparation of the bromide (18),

it appeared that simply on the basis of overall yield, the ionic

preparation of the bromide vía the alcohol (34) was preferable.

The naphthaloylglycine methyl ester (19) was also prepared and

the subsequent functionalisation with N-bromosuccinimide to

produce the corresponding model reactive dye (20) was

investigated. Preparation of the naphthaloylglycine methyl ester

(19) was carried out as outlined in Scheme 20. The

N -carboethoxynaphthalimide (35) and the intermediate

naphthaloylglycine (36) were prepared using the method

employed by Nefkens et a1.84 to prepare the analogous phthaloyl

compounds. Potassium naphthalimide (2I)28,29,42,44 was heated

with an excess of ethyl chloroformate under anhydrous

conditions. Once the reaction mixture had cooled to room

temperature, it was filtered and the filtrate was concentrated

under reduced pressure. The solid that was obtained was

recrystallised from ethyl acetate to give colourless needles of the

naphthalimide (35), in SlVo yield. The 1¡¡ nmr spectrum showed

the characteristic resonances of the ethyl group as a triplet, at

ô 1.51, and a quartet, at õ 4.62. The 13C nmr spectrum showed

resonances at ô 14.5 and õ 66.6, due to the ethoxy group, and a¡

õ 151.6, due to the carbonyl of the carboethoxy substituent.



Results and Discussion Chapter 2 48

Hg*N coo-

N
I

coocH2cH3
cooH

(35) (36)

cH3oH
soct2

(21) (1e)

Scheme 20

Mass spectral analysis showed a molecular ion at mlz 269 and a

characteristic fragment ion af mlz 224, corresponding to loss of

the ethoxy group from the molecular ion. Satisfactory

microanalytical data on the product (35) was also obtained.

The naphthaloylglycine methyl ester (19) was then prepared

from the carboethoxynaphthalimide (35). Glycine was heated

with the N-carboethoxynaphthalimide (35) under alkaline

conditions for 4 h. The intermediate naphthaloylglycine (36)

that was obtained, after work up of the reaction mixture, was

then esterified without further purification in a similar manner

to that carried out by El-Naggar et al. for the 4-bromo

anal ogus.47 The naphthaloylglycine (36) was stirred with

methanol and thionyl chloride under anhydrous conditions. The

o o
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solution was concentrated under reduced pressure and the solid

that was obtained was recrystallised from ethyl acetate to yield

the N-naphthaloylglycine methyl ester (19) in 46Vo yield, based

on the starting carboethoxynaphthalimide (35). The 1¡¡ nmr

spectrum of the glycine derivative (19) showed a singlet at ô

3.79, due to the methyl group and another singlet at õ 4.97, due

to the methylene of the glycyl moiety. The 13 C nmr spectrum

showed resonances at ô 52.5, due to the methoxy carbon, and at

õ 41.2, due to the methylene. The carbonyl carbon of the methyl

ester moiety gave rise to a resonance at ô 168.6. By mass

spectrometry, a molecular ion was found a,t mlz 269. A

characteristic fragmentation ion at mlz 238, corresponding to

loss of a methoxy group from the molecular ion, was also found.

Satisfactory microanalytical data was obtained.

Bromination of the N-naphthaloylglycine methyl ester (19) was

attempted by irradiating a mixture of the glycine derivative (19)

with a slight molar excess of N-bromosuccinimide in carbon

tetrachloride for 4 h. Analysis of the crude reaction mixture by

I H nmr spectroscopy however showed only the presence of the

starting naphthaloylglycine methyl ester (19) and there was no

evidence of bromination.

While both the imido and methoxycarbonyl substituents of the

glycine derivative (19) might have been expected to facilitate

bromination at the c-contre,85 during the course of this work, it

was reportedT 6 ,8 6 that the effect of these substituents on

reactivity was in fact counteractive. Bromination of an imido-
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substituted reactant occurred in preference to reaction of one

that was methoxycarbonyl- and imido-substituted. For example,

Phth Phth

N-Bromosuccinimide

Phth coocH3 Phth coocH3

(37) (38)

Scheme 2l

the N¿,Nr-diphthaloyllysine derivative (37) reacted exclusively at

the carbon adjacent to the phthalimido group of the side chain to

give the bromide (38) (Scheme 2l). On that basis, bromination of

the simpler N-alkylnaphthalimides, N-methylnaphthalimide

(39a) and N -ethylnaphthalimide (39b), was considered

(Scheme 22).

The N -alkylnaphthalimides (39a) and (39b) were prepared by

reaction of the appropriate alkyl iodides with potassium

naphthalimide (2I) in N,N-dimethylformamide rt reflux

overnight.45 Purification of the crude N-alkylnaphthalimides

(39a) and (39b) could not be achieved by recrystallisation. It

was necessary to dissolve the crude solids in a large volume of

dichloromethane and heat the solutions in the presence of

decolourising charcoal for a minimum of 0.5 h. Filtration and

Br
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N-Bromosuccinimide
o

(3e)

The N -methylnaphthalimide (39a) was

N -bromosuccinimide in carbon tetrachloride at

mixture was irradiated with ultraviolet light

treated with

reflux and the

for 6 h. The

NN

RR

o

(40)

o
(a) R=H

Br R
(b) R - cHs

(41)

Scheme 22

concentration of the solutions and subsequent recrystallisation of

the concentrates from ethanol gave the methylnaphthalimide

(39a) in SOVo yield and the ethylnaphthalimide (39b) in 63Vo

yield. The spectral and physical data of the naphthalimides (39a)

and (3 9b) was consistent with that previously

reported. 29,42,44,45,87
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reaction mixture was a relatively dilute solution (-24 mM) âS, on

the basis of empirical observations, it was noted this tended to

reduce the decompostition of the material in the reaction mixture

caused by localised heating from the ultraviolet lamp. Afrer

work-up of the reaction mixture, the brominated derivative

(ala) was isolated in 54vo yield. Evidence for the brominated

product (ala) was obtained from the lH nmr spectrum which

showed a singlet at ô 5.96 corresponding to the methylene

adjacent to bromine. The l3C ntff spoctrum showed a peak at

ô 34.9 due to the carbon bearing the bromine atom. Mass

spectral analysis gave molecular ions at mlz 289 and 29L. The

major fragmentation of the molecular ion involved loss of

bromine to give a peak at mlz 210. The identity of (4la) was

confirmed by satisfactory microanalytical data.

Analysis of the crude reaction mixture of lV-methyl-1,8-
naphthalimide (39a) with N -bromosuccinimide by I g nmr

spectroscopy showed the bromide (41a) and the starting methyl

naphthalimide (39a) to be present in r ratio of approximately

1 :1. An attempt was made to improve the yield of the reaction

by extending the reaction time, however, only a corresponding

increase in the amount of decomposition products resulted. In

addition, a larger excess of N-bromosuccinimide was used in an

attempt to improve the yield but again incomplete bromination

of the naphthalimide (39a) resulted. on that basis, bromination

of the N -ethylnaphthalimide (39b) was considered. It was

predicted that treatment of rhe ethylnaphthalimide (39b) with
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N -bromosuccinimide would produce N-( 1 -bromoethyt)- 1 ,8 -

naphthalimide (41b). It was anticipated that this reaction would

be more facile and hence faster than bromination of the

methylnaphthalimide (39a), as the intermediate would be the

secondary radical (40b), in contrast to the primary radical (a0a)

in the case of the methylnaphthalimide (39a).

Bromination of N-ethyl-1,8-naphthalimide (39b) was therefore

attempted under conditions similar to those used to brominate

the N -methylnaphthalimide (39a). A mixture of the

N -ethylnaphthalimide (39b) and a slight molar excess of

N-bromosuccinimide in carbon tetrachloride was heated to reflux

under nitrogen. Once at reflux, the solution was irradiated with a

300V/ ultraviolet lamp for 4 h. The lH nmr spectrum of the

crude reaction mixture showed only peaks corresponding to the

starting material (39b), and there was no evidence of formation

of the bromide (41b). The N-ethylnaphthalimide (39b) was

recovered in virtually quantitative yield after the reaction.

Longer reaction times were tried, however, still no bromination

of the ethylnaphthalimide (39b) was detected. Benzoyl peroxide

was also used as the radical initiator in an attempt to form the

bromide (41b), however, the starting ethylnaphthalimide (39b)

remained unchanged.

In order to dismiss the possibility of the ethylnaphthalimide

(39b) containing an impurity that interfered with the radical

bromination with N-bromosuccinimide, a competitive reaction

was performed on a mixture of the alkylnaphthalimides (39a)
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and (39b). An equimolar mixture of the N-alkylnaphthalimides

(39a) and (39b) and one mole equivalent of N-bromosuccinimide

in carbon tetrachloride was irradiated with ultraviolet light for

4 h. The N -methylnaphthalimide (39a) proceeded to react to

form the bromide ( 1a) and the N-ethylnaphthalimide (39b)

remained unchanged. The three imides (39b), (39a) and (41a)

were present in a ratio of 5:4:1 and hence it was assumed that no

significant decomposition was taking place as the

ethylnaphthalimide (39b) was still present in equimolar

proportion to the combined amount of the methylnaphthalimide

(39a) and the bromide (ala).

The complete lack of reactivity of the ethylnaphthalimide (39b)

is in contrast to that found by TanT 6 in the analogous lysine

system (37) mentioned previously (Scheme 2l). In order to

investigate further the nature of the anomalous behaviour of the

N -alkylnaphthalimides (39a) and (39b) towards radical

bromination, the reactivity of the N-alkylphthalimides (42a) and

(42b), the five-membered ring analogues of the

(a) R=H

(b) p = cHs
o o

Br R

oo

R

(42) (43)

N-alkylnaphthalimides (39a) and (39b), with
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N-bromosuccinimide was studied.

The N-alkylphthalimides (aza) and (42b) were prepared by the

condensation of o -phthaloyl dichloride with the appropriate

l,3-dialkylureas at 130 oC for 2 h as described by Losse et a1.88

N -Methylphthalimide (42a) was obtained in 66Vo yield and

N-ethylphthalimide (42b) in 6IVo yield. The spectral data was

consistent with the structures of the phthalimides (42a) and

(42b). The physical data obtained was consistent with that

previously reported.88,89

Treatment of N-methylphthalimide (aLa) with a slight molar

excess of N-bromosuccinimide in carbon tetrachloride at reflux

for 4 h, with ultraviolet irradiation to initiate the reaction, gave

the bromide (a3a) in 38Vo yield. The identity of the bromide

@3a) was confirmed by comparison of its spectral and physical

data with that reported in the literature.7Ù,gO

N-Ethylphthalimide (42b) appeared to react more readily than its

methyl analogue Ø2a) under identical conditions, to give the

bromide (43b) in T lVo yield. The 1 ¡¡ nmr spectrum of the

bromide (43b) showed a quartet at ô 6.41, corresponding to the

methine group adjacent to the nitrogen and a doublet at ô 2.32,

corresponding to the methyl group. Spectral and physical

characteristics of the bromide (43b) were in agreement with

those reported by Kaupp and Matthies.9 I

In order to compare directly the relative reactivities of the

phthalimides (aZa) and (42b) and the naphthalimides (39a) and
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(39b), in the bromination reaction, competitive experiments were

performed. The ratio of the rates of reaction of two substrates X

and Y can be calculated using Equation 480 ,92 '93 where the

concentration of each substrate after reaction (t=1) is compared

to the original concentration (t=0) of that substrate.

k^/ky = ln ([X]t=r/[X]t=o)/ln ([Y1,=r/[Y]t=o)

Equation 4

This method of calculation is only valid when the reactions of the

substrates X and Y aÍe irreversible and provided neither

substrate X nor Y is produced during the reaction. These

conditions are satisfied in the reactions of the imides (39a),

(39b), @2a) and (42b) with N-bromosuccinimide.

Firstly, the greater reactivity of N -ethylphthalimide (42b) in
comparison to N -methylphthalimide @2a) was confirmed in

competitive experiments using N -te rr-butylbenzamide as the

internal standard. An equimolar mixture of both the

phthalimides (aza) and (42b) in carbon tetrachloride was treated

with one mole equivalent of N -bromosuccinimide and the

solution was irradiated with ultraviolet light for 4.5 h. The ratio

of the rates of bromination of the phthalimides @2a) and (42b)

was then calculated to be 2:9.

Before significant changes in the ratio of starting materials of the

pertaining competitive reaction have occurred, the ratios of the

rates of reaction of two substrates X and Y can also be
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determined by calculating the quotient of the products ratio and

reactants ratio. This can be expressed as Equation 5 where X and

Y are the substrates and X1 and Y1 are the products derived from

X and Y, respectively.

kxlky - [Xt]t=t [Y]t=o/[X]t=0[Yt ]t=l

Equation 5

Using that approach, the ratio of the rates of reaction of the

phthalimides (aza) and (42b) was calculated to be 2:7. The lower

ratio obtained v ia Equation 5 was to be expected as in the

experiment carried out, the bromination of the ethylphthalimide

(42b) had proceeded to almost 507o, a level which limits the

applicability of Equation 5.

In a similar manner to that described for the phthalimides (aza)

and (42b), the rates of reaction of N-methyl-1,8-naphthalimide

(39a) and N-methylphthalimide (aza) with N-bromosuccinimide

were compared. An equimol ar mixture of the

methylnaphthalimide (39a) and methylphthalimide (42a), in the

presence of N -terr-butylbenzamide, was heated to reflux with

one mole equivalent of N -bromosuccinimide in carbon

tetrachloride and the mixture was irradiated with ultraviolet

light for 4 h. By comparison of the relative rates of consumption

of the starting materials (39a) and (42a), and formation of the

products (4la) and (43a), the relative rates of bromination were

determined to be I.7:l and 1.6:1, respectively, in favour of the
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phthalimide @2a).

The competitive experiment between the naphthalimides (39a)

and (3 9b), described ea¡lier, indicated that the

ethylnaphthalimide (39b) in comparison to the

methylnaphthalimide (39a) did not react with the

N -bromosuccinimide within the limits of detection. A

conservative estimate of the minimum relative rate value able to

be calculated is 1:100.

The relative reactivity of the imides (39a), (39b), (2a) and (42b)

based on consumption of the reactants is summarised in Table 2.

As can be seen from that Table, the relative reactivity of the

ethylphthalimide (42b) and the methylphthalimide @2a) is as

expected on the basis of radical stability. The secondary radical

S ub s trate kr"l

N-Ethyl-1,8-naphthalimide (39b) < 0.01

N-Methyl- 1,8 -naphthalimide (3 9a) 1r

N-Methylphthalimide (42a) t.7

N-Ethylphthalimide (42b) 8

TAssigned as unity

Tabte 2. Relative rates of reaction of the imides (39a), (39b),
(42a) and (42b) with N-bromosuccinimide, based on consumption
of starting materials.
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(44b) formed from the ethylphthalimide (42b) during the

bromination reaction is more thermodynamically stable than the

analogous primary radical @ a) f ormed from the

methylphthalimide (a2a). Production of the secondary radical

(44b) and hence the bromoethylphthalimide (43b) is therefore

faster than that of the primary radical @aa) leading to the

bromomethylphthalimide (a3a). In contrast, the relative rate

values obtained from bromination of the alkylnaphthalimides

(39a) and (39b) appeared incongruous on the basis of radical

(a) R=H

o (b) R = CHg

R

(44)

stability. The greater reactivity of the methylnaphthalimide

(39a) in comparison to the ethylnaphthalimide (39b) indicates

that the primary radical (40a) is formed more readily than the

secondary radical (40b).

The existence of a. stereoelectronic sffsç¡73,94 would account for

this anornalous behaviour of the naphthalimides (39a) and (39b).

The conformation of N-methyl-1,8-naphthalimide (39a) in the

ground state (Fig. 6a) was calculated using the theoretical

modelling software program PCMODEL.@ 9 5,96 Based on
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cH3

H

(a) (b)

o o

(c)

Figure 6. Newman projections along the C(ct)-N bond in:

(a) the ground state and stereoelectronically preferred
conformation of the N-methylnaphthalimide (39a),

(b) the ground state preferred conformation of the
N-ethylnaphthalimide (39b) and

(c) one of the stereoelectronically preferred orientations of the
N-ethylnaphthalimide (39b).

stereoelectronic considerations, this conformation is surmised to

also correspond to the minimum energy transition state

conformation adopted by the naphthalimide (39a) in the course

of bromination with N-bromosuccinimide. The orientation of the

hydrogen in this conformation allows maximum overlap of the

semi-occupied p-orbital of the developing radical with the imide

system of the naphthalimide ring. In contrast, theoretical

modelling indicated that the ground state conformation of

H

ooo

HHH

H

H
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almost perpendicular to the plane of the
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methyl substituent

naphthalimide ring

20

10

0 100 2m 300 400 500

Dihedral angle about N-C(a) (")

Figure 7. Graph showing the difference in conformer energy (kJ
mol-l) of the N-ethyl-1,8-naphthalimide (39b) as the N-C(c)
bond is rotated.

(Fig. 6b). The stereoelectronically preferred conformation of

N-ethyl-1,8-naphthalimide (39b), however, in the t¡ansition stare

of the bromination reaction requires the hydrogen to be cleaved

oriented perpendicular to the plane of the naphthalimide ring

(Fig. 6c). Achievement of this conformation however is inhibited

by steric interactions between the N -alkyl substituent and the

carbonyl oxygens of the imide system. An energy difference of

18.4 kJ mol-l was calculated between the ground state (Fig. 6b)

of the ethylnaphthalimide (39b) and the stereoelectronically

preferred conformation (Fig. óc) (see Fig. 7 and Appendix 3).
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Figure 8. Two views of the crystal structure of the
N-ethylnaphthalimide (39b).

To the extent that an X-ray crystal structure can be used to infer

solution conformation, X-ray crystallographic analysis of the

N-ethylnaphthalimide (39b) (Appendix 2) (Fig. 8)# confirmed the

proposed conformation of its ground state. In relation to the

essentially planar naphthalimide ring, the C(cr)-C(Ê) bond is at an

angle of 87o. This angle is consistent with the value obtained

using the energy minimisation program.

The lack of a stereoelectronic effect in the bromination of the

phthalimides (42a) and (42b) is presumably due to their relative

lack of conformational preference. Calculations on the

conformations of N -ethylphthalimide (42b) and the

# Easton, C.J.; Scharfbillig, I.M.; Tiekink, E.R.T. Z Kríst.1993,205, 137.
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N-ethylnaphthalimide (39b) indicate that there is much less of

an energy difference between the various orientations of the

C(cr)-C(P) bond of the ethylphthalimide (42b) in comparison to

10

0 100 2n 300 400 500

Dihedral Angle about N-C(o) (")

Figure 9. Graph showing the difference in conformer energy (kJ
mol-l) of the N-ethylphthalimide (42b) as the N-C(ø) bond is
rotated.

that of the ethylnaphthalimide (39b). Calculations show that

there is only 8.7 kJ mol-1 difference between the most stable

ground state conformation of the ethylphthalimide (42b) with

the C(a)-C(P) bond oriented perpendicular to the plane of the

imide ring, and the stereoelectronically preferred conformation

with a C(cr)-H bond oriented perpendicular to the plane of the

imide ring (see Fig. 9 and Appendix 3). For the analogous

orientations of the terminal methyl group of the

N-ethylnaphthalimide (39b), there is 18.4 kJ mol-l difference.
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The low energy difference between the various orientations of

the ethyl substituent in N -ethylphthalimide (42b), compared

with the naphthalimide analogue (39b), may be accounted for by

the different imide ring sizes. The imide moiety of the

naphthalimide (39b) is pa¡t of a six membered ring system and

hence the oxygens of the imide are closer in space to the N-alkyl

substituent than they would be in the five membered ríng

system of the phthalimide (42b). The crystal structure shows

that the average distance between the o-carbon and the carbonyl

oxygens of N-ethyl-1,8-naphthalimide (39b) is 2.714, compared

with 2.91/. in N-(2-imídazol-4-ylethyl)phthalimide (45),97 a

H

ì

o

(45)

representative N-alkylphthalimide. The greater distance in the

representative phthalimide (45) indicates a lower level of steric

interactions for the carbon and attached hydrogens, P to the

nitrogen, of the phthalimide (4?b) compared with the

naphthalimide (39b).

Radical chlorination of the N-alkyl-1,8-naphthalimides (39a) and

(39b) with sulphuryl chloride was also investigated in order to

evaluate any stereoelectronic effects present. A solution of the

o

N
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methylnaphthalimide (39a), an excess of sulphuryl chloride and a

catalytic amount of benzoyl peroxide in carbon tetrachloride was

heated at reflux and irradiated with ultraviolet light for 3 h.

This method produced the chloride (46) in 637o yield. The

identity of the chloride (46) was confirmed by the appearance of

a characteristic singlet resonance at ô 5.99 in the 1¡¡ nmr

spectrum, corresponding to the methylene group. The mass

spectrum showed molecular ions at both mlz 247 and 245, due

to the two common isotopes of chlorine.

o

cr

(46)

Chlorination of the ethylnaphthalimide (39b) was attempted

under similar conditions used to prepare the

chloromethylnaphthalimide (46). After 2 h, the crude

chlorination reaction mixture was analysed by I ¡¡ nmr

spectroscopy. Characteristic resonances in the 1¡¡ nmr spectrum

due to the ø-chloroethylnaphthalimide (47) were a doublet at

õ 2.2L, due to the methyl moiety, and a quartet at õ 7.17, due to

the methine group adj acent to the nitrogen. The

p-chloroethylnaphthalimide (48) also appeared to be present as

evident by the characterístic triplet at õ 3.85, due to the protons
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on the p-carbon, and a triplet at ô 4.56, due to the protons on the

c -carbon. On the basis of the I g nmr spectrum of the crude

reaction mixture, the c¡- and p-chloroethylnaphthalimides (47)

and (48) were present in a ratio of approximately 1:1. In order

to confirm the identity of the chlorides (47) and (48), attempts

were made to separate them by chromatography. Under these

conditions however, the a-chloroethylnaphthalimide (47) proved

to be unstable. The mixture of the chlorides (47) and (48) was

dissolved in dichloromethane and subsequently treated with

cr cH3o

cl

ooNoN

(47) (48) (4e)

methanol and triethylamine at room temperature overnight. The

cr -chloroethylnaphthalimide (47), in preference to the

p -chloroethylnaphthalimide (48), reacted with methanol, to

produce the methoxide (49). The two naphthalimides (48) and

(49) could then be separated by chromatography on silica. The

methoxide (49) was isolated in 257o yield, based on the starting

ethylnaphthalimide (39b). The I ¡¡ nmr spectrum of the

methoxide (49) showed a doublet at ô1.87, due to the merhyl

substituent P to the nitrogen, and a quartet at ô 6.38, due to the



Results and Discussion Chapter 2 67

methine adjacent to the nitrogen. The methoxy protons appeared

as a singlet at õ 3.40. The l3C nmr spectrum showed a peak at

ô 19.6, due to the methyl P to the nitrogen. A resonance

corresponding to the methoxy carbon appeared at ô 56.7, and

that of the methine group adjacent to the niuogen, at õ 82.7. The

mass spectrum showed a molecular ion a¡. mlz 255. The chloride

(48) was isolated in 34Vo yield. The spectral and physical

characteristics of N-(2-chloroethyl)-1,8-naphthalimide (48) were

consistent with those previously reported for the sample

prepared f¡om the corresponding hydroxy analogue.T0'83

In order to investigate the relative rates of formation of the

radicals (aOa) and (40b) in the reaction of the two

naphthalimides (39a) and (39b) with sulphuryl choride, a

competitive experiment was carried out. The two

naphthalimides (39a) and (39b) in carbon tetrachloride were

treated with one equivalent of sulphuryl chloride and a catalytic

amount of benzoyl peroxide and the mixture was heated at reflux

for 0.5 h whilst being irradiated with ultraviolet light. Using

Equation 5, the relative rates of formation of the chlorides (46)

and (47) was determined to be 2.3:1. The slower rate of

formation of the o-chloroethylnaphthalimide (47), compared to

the chloromethylnaphthalimide (46), is analogous to, though less

marked than the stereoelectronic effect described for the

bromination reactions of the alkylnaphthalimides (39a) and

(39b). The reduced stereoelectronic effect may be rationalised in

terms of- the grcatcr rcactivity of the chlorine radical in contrast
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to the bromine radical, making the chlorination reaction less

susceptible to stereoelectronic effects.9 8

In view of the stereoelectronic effect described above, it is

proposed that the reason for the lack of reactivity of the

naphthaloylglycine derivative (19) towards bromination referred

to on page 49 is analogous to that found for the

ethylnaphthalimide (39b). Thus it is anticipated that the ground

state conformation of the naphthaloylglycine derivative (19) has

the carbomethoxy group perpendicular to the plane of the

naphthalimide ring, r position unfavourable towards radical

H3

o

H H

Figure 10. Proposed ground state conformation of the
napthaloylglycine methyl ester (19).

bromination (Figure l0).

In summary, the radical reactions of the naphthalimides (39a)

and (39b) with N -bromosuccinimide and sulphuryl chloride

provide convincing evidence of stereoelectronic effects in

hydrogen atom transfer reactions of these compounds and

illustrate the important influence of conformational effects on

reactivity in these systems.
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RFSULTS AND DISCUSSION

AnnrcIOU AND SUNSTITUTION REACTIONS OF N-SU¡ STITUTED

NAPHTHALIMIDES

In the previous Chapter, the prepafation of several N-substituted

naphthalimides was described. These compounds possess either

alkenyl or halogen functionality and hence should be susceptible

to addition and substitution reactions, fespectively. In the work

described in this Chapter, reactions of those types were

examined, in order to model the attachment of imide dyes to

wool, through reaction of N-substituted imides with functional

groups present in the fibre.

It was anticipated that the bromide (a1a) prepared from the

methylnaphthalimide (3 9a) would f eact by nucleophilic

substitution. Similar reactions of analogous imides with

nucleophiles in wool would then be suitable for covalent

attachment of dyes to the fibre.

In preliminary investigations, methanol was used as a simple

model of oxygen nucleophiles in wool fibre. Hence, the bromide

(41a) in dichloromethane was treated with an excess of methanol

and triethylamine and the mixture was stirred for 24 h at foom

temperatuf e. Work up of the f eaction mixture and
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chromatographic purification on silica afforded the methoxide

(50) in 87o yield. The 1II nmr spectrum revealed a singlet at

õ 5.64, due to the methylene group. The methoxy protons gave

rise to a fesonance at ô 3.50. Characteristic resonances in the l3C

nmr spectfum of the methoxide (50) included a peak at õ 57.8,

due to the methoxy carbon, and another at ô 71.1, due to the

methylene carbon. The mass spectrum showed a peak for the

molecular ion at mlz 24I and a characteristic peak at mlz 226,

due to loss of a methyl group from the molecular ion.

o

ocHs

(50)

The chloride (46) was also treated with methanol, using

conditions similar to those used to prepare the methoxide (50)

from the bromide (41a). The reaction mixture, containing the

chloride (46) in benzene and an excess of methanol and

triethylamine, was stirred at room temperature for 24 h. The

sample obtained after work-up of the reaction mixture was

analysed by 1¡1 nmr spectroscopy however only the unreacted

chloride (46) was evident and no indication was found for the

formation of the methoxide (50). It is presumed that the

chloride (46) did not undergo a nucleophitic substitution reaction

N
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with methanol in contrast to the bromide (ala) because chloride

is not as good a leaving group as bromide.99

The reactivity of the chloride (46) with the thiolate anion

generated from benzyl mercaptan was also investigated. A

solution of benzyl mercaptan in benzene was stirred with one

mole equivalent each of 1,8-diazabicyclo[5.4.Qlundec-7 -ene and

the chloride (46) at room temperature overnight. After work-up

and purification on silica the thioether (51) was obtained in 757o

yield. The thioether (51) was identified from its 1 g nmf

spectrum which displayed a singlet at õ 4.01, due to the benzylic

methylene group, and another singlet at õ 5.26, due to the

methylene group adjacent to the nitrogen. The aromatic protons

of the benzene ring gave rise to a multiplet at õ 7.12-7 -27 . In

the 13 C nmr Spectrum, a resonance at õ 36.9, due to the

methylene group adjacent to the benzene ring, and another at

o

Ph

(51)

õ 41.4, due to the carbon adjacent to the nitrogen, wefe observed'

The mass spectrum of the thioether (51) produced a peak at mlz

S
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333, due to the molecular ion, and a characteristic peak at" mlz

242, due to loss of the benzyl gfoup from the molecular ion.

The reactivity of the chloride (46) towards nucleophilic attack by

the thiolate anion, generated from benzyl mercaptan, and the

lack of reactivity with methanol indicates that the chloride (46)

has the potential for selective reaction with thiols in the presence

of oxygen nucleophiles.

The bromopropylnaphthalimide (18) was also anticipated to react

with nucleophiles via substitution reactions and hence the

reactivity of the bromopropylnaphthalimide (18) with a thiolate

anion was investigated. Accordingly the bromide (18) was

treated with benzyl mercaptan under the same conditions as

oo

Ph

(52)

those used to prepale the thioether (51) from the chloride (46)'

'Work-up of the feaction mixture gave the sulphide (52) in 867o

yield. The sulphide (52) was analysed by 1g nmr spectroscopy
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and a characteristic triplet fesonance at ô 2.71, due to the

methylene group T to the nitrogen, was observed. The benzylic

protons gave rise to a singlet in the spectrum at ô 3.73. The

protons of the phenyl substituent appeared as a multiplet at

ô 7.09-7.30. The signals due to the two methylene groups c¡ and

P to the nitrogen were observed as a triplet at õ 4.22 and a'

quintet at ô 2.01, respectively. The l3C nmr spectrum of the

sulphide (52) showed four signals at ô 27.2,28.3,35.4, and 39.2,

due to the methylene carbons. Mass spectral analysis showed a

peak at mlz 361, due to the molecular ion of the sulphide (52)-

A characteristic peak was observed at mlz 270, due to loss of the

benzylic group from the molecular ion.

The coupling of the bromide (18) with benzyl mercaptan v ¡ a

nucleophilic substitution indicates that analogous dyes may be

covalently linked to wool fibre-

As an alternative to the nucleophilic substitution reaction used to

produce the thioether (52), radical addition was also considefed.

It was anticipated that addition of the thiol radical, generated

from benzyl mercaptan, to the double bond of the

allylnaphthatimide ( 1 7 ) would produce the sulphide (52).

Similar reactions of imide-based dyes bearing alkenyl moieties

with thiol radicals generated in wool would provide an

alternative mode of covalently linking the dye to the fibre.

O n that basi s,

allylnaphthalimide

benzyl mercaptan

(17) under similar

was added

conditions

to the

to those
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outlined by LeBel and associatesl00 16 add thiolacetic acid to

2-chloro-4-t-butytcyclohexene. A mixture of the

allylnaphthalimide (17), a ten fold excess of benzyl mefcaptan

and a half mole equivalent of 2,2'-azobis(2-methylpropionitrile)

was heated at reflux in benzene under a dry nitrogen

atmosphere for 4 h. Whilst at reflux the solution was irradiated

with a 300W ultraviolet lamp. The reaction mixture was then

allowed to cool to room temperature. Analysis of the reaction

mixture by thin layer chromatography indicated that the reaction

had not gone to completion. A further half mole equivalent of

2,2'-azobis(2-methylpropionitrile) was therefore added to the

reaction mixture and the solution was heated at reflux under r

dry nitrogen atmosphere and irradiated with a 300W ultraviolet

lamp for an additional 4 h. Concentration of the reaction mixture

under reduced pressure and purification of the residue by

chromatography on silica gave the sulphide (52), in 58Vo yield,

and the unreacted allylnaphthalimide (17), in 377o yield. Benzoyl

peroxide was also used as the radical initiator in place of

2,2'-azobis(2-methylpropionitrile), however, after a, reaction time

of 8 h, analysis of the crude reaction mixture indicated that the

sutphide (52) and the starting allylnaphthalimide (17) were

present in an approximate ratio of l:2.

In order to effect the production of the sulphide (52), the

nucleophilic feaction of the bromide (18) with benzyl mercaptan

was better than the radical addition reaction of the

allylnaphthalimide (11), in terms of both the higher absolute
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reaction yield, not corrected for starting material and the mofe

moderate conditions required to effect the reaction. As a

consequence, it appears that the coupling of wool to imide-based

dyes would be more effective using nucleophilic substitution

reactions in contrast to radical addition reactions.

The halides (46) and (18), on the basis of their high yielding

reactions with benzyl mercaptan and the thiolate selectivity

exhibited by the chloride (46), were chosen for further studies to

investigate their reactivity with other thiolate anions.

Accordingly, an attempt was made to couple the halides (46) and

(1S) to N-acetylcysteine methyl ester (53), using the same

methodology developed to prepare the sulphides (51) and (52).

N-Acetylcysteine was synthesised using the literature procedure

outlined by Smith and 6s¡i¡.101 Subsequent esterification was

carried out using the procedure of van Bladeren et al.'l02 ¡s give

N-acetylcysteine methyl ester (53) with spectral data consistent

with that previously reported.102

A mixture of N-acetylcysteine methyl ester (53), the chloride

(46) and diazabicyclol5.4.Q]undec-J -ene in benzene was stirred

overnight at room temperature under a nitrogen atmosphere.

Concentration of the resulting reaction mixture in vacuo and

chromatography of the residue on silica produced the cysteine

derivative (54) in 48Vo yield. The cysteine derivative (54) was

analysed by 1g nmr spectroscopy and characteristic resonances

were observed, such as a singlet at õ 5.31, due to the methylene
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group adjacent to the imide nitrogen. The diastereotopic

p-hydrogens of the cysteine moiety gave rise to two doublets of

doublets, at õ 3.28 (J = 6 and 14 Hz) and 3.31 (J = 5 and 14 Hz).

The doublet of doublets of doublets in the spectrum at ô 4.97

SH

cH3coNH coocH3

(53)
(46)

Diazabicyclo[5. 4. 0] u ndece ne-7-e ne
coocH3

NHCOCH3

(s4)

o

(J = 5, 6 and 8 lfrz) was due to the non-aromatic methine group.

A singlet at õ 3.76 was observed, due to the methoxy protons,

and another singlet at ô 2.00, due to the methyl gfoup of the

acetyl moiety, was also observed. The amide hydrogen gave rise

to a doublet at ô 6.67. The 13C nmr spectrum showed peaks at õ

23.0,34.5 and 42.1, due, respectively, to the methyl of the acetyl

group, the methylene carbon of the cysteine moiety and the

methylene adjacent to the imide nitfogen. On the basis of a DEPT

experiment, it appeared that the methoxy caf bon and the

methine of the cysteine moiety were coincident at ô 52.6. The

mass spectrum of the cysteine derivative (54) indicated peaks at

mlz 387, due to the protonated molecular ion and a¡" mlz 386,
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due to the molecular ion. The base peak in the spectrum

occurred at mlz 210, corresponding to loss of the cysteine unit

from the molecular ion.

Treatment of the bromide (18) with the N -acetylcysteine

derivative (53) using similar conditions to those used to prepare

the sulphide (54) afforded the sulphide (55) in 88Vo yield. The l¡¡

nmr spectrum of the sulphide (55) showed a triplet resonance at

E 4.20, due to the methylene group adjacent to the imide

nitrogen, and a quintet resonance at õ 1.94, due to the methylene

oocH3

NHCOCHs

(5s)

group p to the imide nitrogen. The methylene group T to the

imide nitrogen produced a triplet resonance ît õ 2.58. The

diastereotopic hydrogens on the carbon P to the amide nitrogen

gave rise to two doublets of doublets, one at E 2.95 (J = 5 and 14

IJz) and the other at ô 3.01 (J = 5 and L4 Hz). The methine

group adjacent to the amide nitrogen gave rise to a doublet of

o
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doublet of doublets resonance at õ 4.77 (J = 5, 5 and 8 Hz). A

singlet at ô 3.68, due to the methyl group of the ester moiety,

was observed in addition to a singlet at õ 2.01, due to the methyl

group of the acetamide moiety. A doublet resonance, due to the

amide hydrogen, appeared in the spectrum at ô 6.68. The 13C

nmr spectrum showed peaks at ô 27.6, 30.3 and 39.1, due to the

carbons of the propyl chain of the thioether (55). The methylene

and methine carbons of the cysteine moiety gave rise to peaks at

ô 34.0 and 52.5, respectively. The mass spectrum of the cysteine

derivative (55) yielded a peak at mlz 415, due to the protonated

molecular ion, and a peak at mlz 238, due to loss of a cysteine

unit from the molecular ion.

The successful preparation of imides covalently linked to the

cysteine derivative (53) exemplifies the potential of dyes of this

type to covalently link to prereduced wool fibre. The chloride, in

particular, shows a. potential for selective reaction with thiols in

the presence of oxygen nucleophiles.
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RESULTS AND DISCUSSION

CHAPTER FOUR

USE OF CYCTOONXTRINS TO IMPROVE THE SOTUNNITY OT N-SUNSTITUTED

NAzHTHALTMTDES t¡'t ASUÛOUS MEDIA

The nonpolar organic solvents used in the procedures described

in Chapter 3, for coupling amino acid derivatives with

naphthalimides are unsuitable for use with free amino acids,

peptides and proteins, which they neither dissolve nor wet. A

polar solvent was therefore required to apply the procedures

with free amino acids. 'Water was the obvious choice due to its

cost and availability, but naphthalimides are virtually insoluble

in water. It was anticipated that cyclodextrins could be

employed to increase the solubility of naphthalimides in aqueous

solutions. To examine that possibility, the complexation and

solubilisation of the N -methylnaphthalimide (39a), the

N -(3 -bromopropyl)naphthalimide ( 18) and the

N-(3-hydroxypropyl)naphthalimide (34) were investigated. The

three model naphthalimides (39a), (18) and (34) were used as

they were readily available and provided a, starting point in this

preliminary study into the effect of cyclodextrins on the

solubilisation of naphthalimides.

The equilibrium constants, K

imides (18), (34), and (39a)

the complexation of the

various cyclodextrins in

eeS, of

with
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aqueous media were calculated, in order to quantify the level of

solubility enhancement. The method for calculating the extent of

cyclodextrin-guest complex formation based on the ultraviolet

absorption spectrum of the imides (18), (34) and (39a) in

phosphate buffer was implemented, as described below.

When a compound in solution is included into the cavity of a

cyclodextrin,. the environment of that compound changes and

hence changes in the ultraviolet spectrum may result. A check

was carried out to determine whether the tmax values of the

imides (18), (34) and (39a) were independent of complexation

with cyclodextrin. When a solution containing a cyclodextrin and

saturated with a guest is diluted, the ratio of complexed to free

guest species changes. The ultraviolet spectrum of the guest will

only vary linearly as a function of the dilution if the spectral

characteristics of the free and bound guest species îre identical.

That was always the case in the present work. Thus, it could be

seen that the method of Brown and coworkers6l would not be

suitable for determining the equilibrium constants in the present

work and hence the alternative method that was outlined in the

Introduction was used.

A stock solution of the appropriate cyclodextrin in 0.1 M, pH 7.4

phosphate buffer was prepared. Dilution of the stock solution

yielded a series of solutions of varying cyclodextrin

concentration. The imides (18), (34) or (39a) were then added to

the aqueous cyclodextrin solutions and the resulting suspensions

were sonicated for several hours. Sufficient amounts of the
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imides (18), (34) and (39a) were added to ensufe excess

remained undissolved after sonication. The sonicated

suspensions were allowed to equilibrate at 20xl oC overnight,

filtered to remove the excess undissolved imides (18), (34) and

(39a), and the ultraviolet spectrum of each solution recorded

against a buffer reference solution from 450 nm to 190 nm. The

absorbance at 344 nm, the î.6¿¡ of the naphthalimide derivatives

(18), (34) and (39a), was used in subsequent calculations.

In ofder to ensure that the solutions were Saturated with the

imides (18), (34) and (39a), they were resonicated with mofe of

the appropriate imide (18), (34) or (39a) and the ultraviolet

Spectra were ferun. This was repeated until no further increase

in the absorbance at 344 nm was noted. A series of spectfa was

thus obtained, varying as a function of cyclodextrin

concentration. A graph of the absorbance as a function of the

cyclodextrin concentration was plotted using the software

package Cricketgraph@ which gave the line of best fit and the

correlation coefficient (R2). An example of such a graph is given

in Figure 11. From the absorbance of the sample solution when

the cyclodextrin concentration is zeÍo, the concentration of the

free imide (18), (34) or (39a) in solution can be calculated using

the tmax of the imide. The increase in absorbance observed for

solutions containing cyclodextrin represents the level of complex

formation of the cyclodextrin with the imide (18), (34) or (39a).

On that basis, the concentration of imide-cyclodextrin complex
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01020

CYCLODEXTRIN CONCENTRATION (M x10-3)

Figure 11. Graph of ultraviolet absorbance versus cyclodextrin
concentlation of the solutions of dimethyl-p-cyclodextrin
saturated with the N-methylnaphthalimide (39a).

can be calculated. The concentration of free cyclodextrin in

solution can be determined from the difference between the total

cyclodextrin concentration and the concentration of the imide-

cyclodextrin complex. Then using the derived Equation 3

(Introduction, p. 25), the equilibrium constant, Kee, can be

determined.

In order to ensure the validity of the method, various checks

were made. Precipitation of the cyclodextrin-imide complex

would invalidate the above method of determination of

complexation constants as it would alter the total concentration

of cyclodextrin in solution. That possiblity was precluded in each

case however, by determining that the ultraviolet absorbance

varied as a linear correlation with the cyclodextrin concentration.

Had the concentration of the complex reached saturation, there
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would have been no further increase in ultraviolet absorbance as

the cyclodextrin concentration increased.

It was necessary to determine the tmax values of each imide in

0.1 M phosphate buffer, pH 'l .4, in order to calculate their

respective equilibrium constants, Keqs, of complexation with the

cyclodextrins. In contrast to the hydroxypropylnaphthalimide

(34), both the N-(3-bromopropyl)naphthalimide (18) and the

N -methylnaphthatimide (39a) were insufficiently soluble in

0.1 M phosphate buffer, pH 7 .4 to prepare standard solutions

from which to calculate their extinction coefficients. As an

alternative therefore, solutions, of known concentration, of the

respective imides (18) and (39a) in ethanol, were prepared.

Dilution of the ethanol solutions with 0.1 M phosphate buffer, pH

7.4 yielded l7o ethanol solutions. The ultraviolet spectra of these

solutions were used to calculate the tmax values of the imides

(18) and (39a). It was assumed that the l7o ethanol present in

the standard phosphate solutions would not be sufficient to

affect the ultraviolet absorption spectra of the imides ( 1 8) and

(39a). The hydroxide (34) was sufficiently soluble in 0.1 M

phosphate buffer, pH 1.4 in order to prepare a stock solution.

From the absorbance of the stock solution the tmax value could

be calculated. The t','¿¡ values obtained for the imides (18)' (34)

and (39a) are given in Table 3.

study were

dimethyl-P -

The cyclodextrins that were

o -cyclodextrin, P -cyclodextrin,

u sed in thi s

y-cyclodextrin,



Compound
Êmax

(M-1cm-1)

N-Methyl-1,8-naphthalimide (39a) 1.36 x 104

N-(3 -Bromopropyl)- 1 ,8-naphthalimide ( 1 8) 7.9 x lO3

N-(3-Hydroxypropyl)-1,8-naphthalimide (34) 1.23 x 104
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Table 3. Molar extinction coefficients, Êmax'S of the imides (18),
(34) and (39a).

cyclodextrin, MolecusolrM, and the N,N'-bis-(64-deoxy-64-p-

cyclodextrin)-succinamide (56).103 The succinamide-linked

p-cyclodextrin (56) has each nitrogen of succinamide substituted

with p-cyclodextrin, attached via a C-6 position. The stability

NHCOCH2CH2CON

(56)

constants of the inclusion complexes formed with the imides

(18), (34) and (39a) that were calculated aÍe summarised in

Table 4. The reliability of these results is given by the linear

correlation coefficient (R2 ) as determined using the



Host Guest Keo (M-1)

c[-

Cyclodextrin
N-Methyl-1,8-naphthalimide (39a) Not

measurable

p-

Cyclodextrin
N-Methyl-1,8-naphthalimide (39a) Not

measurable

Dimethyl-p-
Cyclodextrin

N-Methyl-1,8-naphthalimide (39a) r23

MolecusolrM N-Methyl-1,8-naphthalimide (39a) 96

Dimethyl-p-
Cyclodextrin

N-(3 -Bromopropyl)- 1 ,8 -

naphthalimide (18)
203 4

MolecusolrM N-(3 -Bromopropyl)- I ,8-
naphthalimide (18)

649

Dimethyl-p-
Cyclodextrin

N-(3 -Hydroxypropyl)- 1 ,8 -

naphthalimide (34)
3412

MolecusolrM N-(3 -Hydroxypropyl)- 1 ,8 -

naphthalimide (34)
227

Cyclodextrin
Dimer (56)

N-(3 -Bromopropyl)- 1, I -

naphthalimide (18)
59

v-
Cyclodextrin

N-(3 -Hydroxypropyl)- 1 ,8 -

naphthalimide (34)
Not
measurable
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Table 4. Calculated equilibrium constants of complexation of
selected cyclodextrins with the imides (18), (34) and (39a).

Cricketgraph@ software program. All linear correlation

coefficients were greater than or equal to 0.996.
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Complexation studies of the N-methylnaphthalimide (39a) were

carried out with cr-cyclodextrin, p-cyclodextrin, dimethyl-B-

cyclodextrin and Molecusol.ru Dimethyl-p-cyclodextrin and

MolecusolrM were the most efficient at complexing the imide

(39a) as evident by the higher stability constants and hence

were subsequently used in complexation studies with both the

N -bromopropylnaphthalimide ( 18) and the

N-hydroxypropylnaphthalimide (34). The succinamide-linked

Þ -cyclodextrin (5 6) was examined with the

N -bromopropylnaphthalimide ( 18). The succinate-linked

p-cyclodextrin (56) was a gift103 and only sufficient amounts for

one set of complexation studies were available. It was examined

with the N-bromopropylnapthalimide (18). Due to its high cost,

only a small amount of y-cyclodextrin was available for use. Its

complexation properties were only examined with the

N -hydroxypropylnaphthalimide (34). The alcohol (34) was

chosen in this case as it was observed to have had the greatest

inherent solubility in aqueous solution and hence small

percentage variations in the alcohol (34) concentration caused by

the 1-cyclodextrin corresponded to large changes in the

ultraviolet absorption of the solutions.

cr -Cyclodextrin did not appear to complex the

N- methylnaphthalimide (39a) in phosphate buffer (0.1 M,

pH I .Q to any significant degree as indicated by the lack of

perturbation of the spectra obtained for the solutions of varying

cyclodextrin concentrations. The dimensions of the
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naphthalimide nucleus (Fig. l2), determined from X-ray crystal

data (Appendix 2) of the ethylnaphthalimide (39b) indicate that

the diameter of the internal cavity of a-cyclodextrin (5.7 Äl is

too small to accommodate the naphthalimide (39a).

In contrast to cr -cyclodextrin, the diameter of the annulus of

B-cyclodextrin (7.8 Ål is of a suitable size to accommodate the

naphthalimide (39a). Nevertheless, no significant complexation

was detected and, by analogy with the data represented

in Figure 11, a complexation constant considerably less than

100 M-l would have been measurable.

Dimethyl-p-cyclodextrin, in contrast, was more efficient in

complexing the imide (39a). The internal diameter of dimethyl-

p -cyclodextrin is identical to that of p -cyclodextrin but the

methylation of the 2- and 6-hydroxyl groups creates an increase

in the length of the hydrophobic annulus of dimethyl-p -

cyclodextrin. It is assumed therefore that dimethyl-p -

cyclodextrin can form a more stable complex with the imide

(39a) than is possible with p-cyclodextrin.

On the basis of the dimensions of the naphthalimide nucleus (Fig.

12), two orientations of the imide (39a) in the cavity of

dimethyl-p-cyclodextrin ate possible. Either the N-alkyl-

substituted imido moiety can penetrate the cavity of the

cyclodextrin (Fig. 13a) or in the orthogonal orientation, part of

the aromatic SyStem and an oxygen moiety can be included
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7.76 
^

7.54 

^
Figure 12. Dimensions of the naphthalimide nucleus

(Fig. 13b). It is anticipated that the former orientation however

is preferred. The dipole moment of dimethyl-p-cyclodextrin is

such that the end bearing the C-2 and C-3 carbons is slightly

negative. The naphthalimide (39a) is also negatively polarised at

the imido end of the molecule. The inclusion therefore of the

N -alkyl substituted imido portion of the imide (39a) into the

(a) (b)

Figure 13. Possible orientations of N-methyl-1,8-naphthalimide
(39a) in the cavity of dimethyl-B-cyclodextrin.
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cavity of dimethyl-p -cyclodextrin allows for the preferred

matching of the host and guest dipoles.

The equilibrium constant of the complexation of the

bromopropylnaphthalimide (18) with dimethyl-p-cyclodextrin

was much greater than that found with the

N -methylnaphthalimide (39a). The difference in the stability

constants may be rationalised by consideration of the orientation

of the imides (18) and (39a) in the cavity of dimethyl-p -

cyclodextrin. Assuming that the imide (18) includes in the cavity

of dimethyt-p -cyclodextrin in the same orientation as that

proposed for the methylnaphthalimide (39a) (Fie. 13a), the

longer N-alkyl chain of the propylimide (18) would facilitate

greater hydrophobic interactions thereby promoting a larger

association constant. In addition, the equilibrium constant is a

reflection of the slightly lower solubility of the

bromopropylnaphthalimide (5 mg/L) (18) in the aqueous

solution. The imide (18) as a result of its long N-alkyl chain is

marginally less soluble in aqueous media than the

methylnaphthalimide (39a) (6 mg/L), favouring a larger

association constant.

A lower equilibrium constant was expected for the complexation

of the dimethyl-p -cyclodextrin with the

hydroxypropylnaphthalimide (34) than that with the

bromopropylnaphthalimide ( 1 8) as the imide (34) is more

soluble in water (91 mg/L) and hence less likely to complex with

the cyclodextrin. This was however not the case. Assuming that
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the imide (34) includes in the cyclodextrin in the manner shown

in Figure I3a, it is surmised then that the complex is stabilised

through specific interaction of the hydroxyl group of the imide

(34) with the cyclodextrin. Alternatively, the N-alkyl chain may

penetrate through the cyclodextrin allowing solvation of the

hydroxyl moiety by water molecules. Either of these proposals

would account for the high stability constant obtained.

MolecusolrM did not complex the alkylnaphthalimides (18), (34)

and (39a) to the same extent as did dimethyl-p-cyclodextrin.

The complexation of the bromide (18) with MolecusolrM was

greater than that found with the methylnaphthalimide (39a).

This may be rationalised, as described for dimethyl-p -

cyclodextrin, by both the greatef hydrophobic intefactions

possible with the propytnaphthalimide (18) compared with the

methylnaphthalimide (3 9a) and the slightly greater

hydrophobicity of the imide ( 1 8) compared with the

methylnaphthalimide (39a). The equilibrium constant of the

complexation of MolecusolrM with the alcohol (34) was higher

than that obtained with the methylnaphthalimide (39a). This is

presumably due to the greatet hydrophobic interactions between

MotecusoltM and the longer N-alkyl chain of the

propylnaphthalimide (34). The complex of MolecusolrM and the

alcohol (34) was much less stable than the analogous complex

with the bromide (18) as expected on the basis of the lower

hydrophobicity of the alcohol. Stabilisation v ia hydrogen

bonding of the hydroxyl group of the imide (34), analogous to
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that proposed with dimethyl-p-cyclodextrin, may be inhibited by

the large isopropanolic substituents of Molecusoltt.

The succinate-linked cyclodextrin (56) is generally very

successful in complexing organic molecules that have either two

aromatic or hydrophobic regions or extended such regions.l 0 4

Generally high equilibrium constants can be obtained as the two

p -cyclodextrins of the succinate-linked molecule (56) can

cooperatively bind the guest. In this case however, the ability of

the succinate-linked p -cyclodextrin (56) to complex the

bromopropylnaphthalimide (18) was low.

y-Cyclodextrin produced complex perturbations in the series of

spectra obtained indicating multiple forms of binding of the

guest with the y-cyclodextrin and hence an equilibrium constant

could not be calculated. It is presumed that although the cavity

of y-cyclodextrin is wide enough to accommodate the imide (34)

(9.5 Å), the volume of the cavity is perhaps too large to achieve

rhe close fit with the imide (34) which is important for the

development of strong van der Waal dispersion force interactions

between the cyclodextrin and the Buest.105 In addition, it is

possible that more than one molecule of the naphthalimide (34)

includes in the cyclodextrin.

Using graphs plotted of absorbance versus cyclodextrin

concentration of each of the cyclodextrins with the three imides

(18), (34) and (39a), the concentrations of the imides (18), (34)
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Host Guest Conc'n

(mg/L)

Increase
in conc'n

(7o)

Dimethyl-p-

cyclodextrin

N-Methyl-1,8-

naphthalimide (39a)

r3 tt7

Molecusol
TM N-Methyl- 1,8-

naphthalimide (39a)

t2 100

Dimethyl-p-

cyclodextrin

N-Bromopropyl- 1 ,8 -

naphthalimide (18)

t02 1,940

Molecusol
TM N-Bromopropyl- 1 ,8 -

naphthalimide (18)

37 640

Dimethyl-p-

cyclodextrin

N-Hydroxypropyl-
1 ,8 -naphthalimide
(3+\

1488 1,535

MolecusolrM N-Hydroxypropyl-
I ,8 -naphthalimide
(3+¡

267 t93

Cyclodextrin
Dimer (56)

N-Bromopropyl-
naphthalimide (

1,8-
18)

8 60

Table 5. Concentrations of the imides (18), (34) and (39a) ît
saturation in solution at a cyclodextrin concentration of 0.01 M,
and their respective percentage increases in concentration
compared with solutions containing no cyclodextrin'
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and (39a) at saturation in solution, given a cyclodextrin

concentration of 0.01 M, are shown in Table 5.

As can be seen in Table 5, the cyclodextrins were able to increase

the solubility of the imides (18), (34) and (39a). The level of

enhancement however varied considerably. In the case of the

succinamide-linked p -cyclodextrin (56) with the

N-bromopropylnaphthalimide (18), the enhancement was 60Vo.

In contrast, dimethyl-B -cyclodextrin was able to increase the

solubility of the bromide (18) almost 20 fold. With a 0.01 M

dimethyl-p-cyclodextrin concentration, a concentration of

approximately O.l eL of the bromide (18) was obtained,

compared with 0.005 g/L in the absence of cyclodextrin.

On the basis of the results discussed in this Chapter, it was

anticipated that cyclodextrins such as dimethyl-B-cyclodextrin

could be used to increase the availability of alkylnaphthalimides

in aqueous solutions to a level suitable for coupling with amino

acid residues similar to those found in wool protein. The

availibility of alkylnaphthalimides in aqueous solution is

increased in the presence of cyclodextrins as once the free

alkylnaphthalimide has reacted, the reservoir of

alkylnaphthalimide in bound form allows f or rapid

re-establishment of the level of free alkylnaphthalimide in

solution.
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RESULTS AND DISCUSSION

CHAPTER FIVE

Couptr¡,Ic OF N-SUBSTITUTED NIPNTNNLIMIDES WITH FREE AUIWO ACIOS

On reviewing the increases in solubility of the imides (18), (34),

and (39a) in aqueous solution in the presence of various

cyclodextrins, dimethyl-B-cyclodextrin was considered the most

effective with regards to solubilising imides in aqueous solution.

Dimethyl-p-cyclodextrin was therefore used in trial reactions

aimed at coupling naphthalimides in aqueous solution with free

amino acids. Having prepared the cysteine derivative (55) from

the bromide (18) as described in Chapter 3 of the Results and

Discussion, attempts were made to couple cysteine to the bromide

(18) in aqueous solution. In a typical experiment, sodium

hydroxide was added to a deuterium oxide solution of dimethyl-

p-cyclodextrin and cysteine until the solution was balanced at pH

9.0. At this point, both the cr-carboxylate and the sulphydryl

group would be in the basic ¡ot-.106 An excess of the bromide

( 18) was then added and the resulting suspension was sonicated

at room temperature under a nitrogen atmosphere for t h. The

reaction was carried out in deuterium oxide so that the reaction

could be monitored directly by lH and 13C nmr spectroscopy.

Although the resonances due to the dimethyl-Þ -cyclodextrin

made it difficult to interpret the 1g nmr spectrum conclusively

there did not appear to be any resonances due to the sulphide
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(57). It appeared that the cysteine had oxidised to cystine,

characterised by resonances centred at ô 2.80 and 2.97, due to

the methylene group of cystine. The resonances due to the

methine group of cystine were presumably masked by the

resonances due to dimethyl-p-cyclodextrin between õ 3.2-4.2.

The l3C nmr spectrum of the mixture showed characteristic peaks

at ô 45.0, 56.3 and 182.2, due to cystine. In addition to the

coo

+ NHg

(57)

resonances of dimethyt-p-cyctodextrin, peaks af ô 30.9, 33.8 and

39.0 were observed, characteristic of the three methylene groups

of the unreacted bromide (18). Resonances due to the sulphide

(57) were not detected. In order to confirm the pfoduction of

cystine, an authentic sample of cystine and dimethyl-p -

cyclodextrin in deuterium oxide was also analysed by both 1¡1

and 13 C nmr Spectfoscopy. The resonances detected were

consistent with those observed in the analysis of the previous

oo
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experiment, confirming that only cystine had formed. It is

presumed that the cystine is produced by the oxidation of

cysteine by adventitous oxygen in the presence of base.107 ¡¡e¡

production of the sulphide (57) could be simply due to

insufficient concentrations of the bromide (18) in the reaction

medium. Alternatively, the coupling reaction to form the

sulphide (57) is too slow to compete with the oxidation of

cysteine to cystine.

Lysine, anothet nucleophilic amino acid present in wool fibre, is

thought to form covalent bonds with reactive dyes vi¿ its a

amino group under basic conditions. Hence as an alternative to

cysteine, in an attempt to circumvent the problem of oxidation of

the cysteine under basic conditions, lysine was treated with the

bromide (18) under similar conditions as those described above

for the cysteine. Hence a solution of lysine in deuterium oxide

was balanced at pH 10, at which pH the cr-amino group of lysine

would be in the basic form. The mixture was sonicated with an

excess of the bromide (18) for 24 h at room temperature.

Comparison of the 1g nmr spectrum of the mixture with the 1¡1

nmr spectrum of lysine in the presence of dimethyl-p -

cyclodextrin balanced at pH 10 however indicated that the

starting lysine substrate remained unchanged'

The bromide (18), encapsulated within dimethyl-p-cyclodextrin,

is inert and unfortunately, it appeared that the cyclodextrin was

unable to promote a concentration of the free bromide (18) in

deuterium oxide at a level sufficient for carrying out the coupling
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reaction with the amino acids used as models for wool fibre.

An alternative solvent was therefore sought in which to cafry out

the coupling of the bromide (18) with cysteine. The solvent had

to be sufficiently polar to solubilise cysteine and also be efficient

in solubilising the imide (18). Methanol was chosen as the most

likely solvent to possess both these properties. It was

anticipated that methanol would also be capable of both "wetting"

wool fibre and solubilising imide dyes sufficiently for the dyeing

process.

Adapting the method given by Hayden and coworkers,l0 8

cysteine was added to a. solution of dty methanol under a

nitrogen atmosphere and the solution was balanced to pH 9.0 by

the addition of sodium. An excess of the bromide (18) was added

to the homogeneous solution and the resulting suspension was

stirred overnigh f at room temperature under a nitrogen

atmosphere. Analysis of the reaction mixture by thin layer

chromatography (solvent system: isopropanol : acetic acid : water,

7 : 1 : 3 ) indicated the presence of a compound (Rr : 0.68) that

was active under ultraviolet light and turned purple on contact

with ninhydrin, indicating that the coupled product (57) was

present. The reaction mixture was filtered to remove the excess

bromide (18) and the filtrate was balanced to pH 7.0 with dilute

hydrochloric acid. The precipitate that formed was collected by

vacuum filtration and dried under high vacuum. Electron impact

mass spectrometry failed to produce a spectrum of the

precipitate however fast atom bombardment mass spectrometry
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produced a peak at mlz 359, due to the protonated molecular ion

of the thioether (57). Other peaks in the spectrum occurred at

m I z 238 and 210, due to loss of the cysteine moiety and

subsequent or concomitant loss of an ethylene moiety,

respectively, from the molecula¡ ion. Analysis of the solid in 2HO-

DMSO, by 1¡¡ nmr spectroscopy, showed peaks characteristic of

the sulphide (57). A quintet resonance, due to the methylene

group P to the imide nitrogen, was observed at ô 1.90. The

triplet, due to the methylene group ^l to the imide nitrogen,

appeared at õ 2.64. Two doublet of doublets resonances

appeared, one a¡ õ 2.74 (J = 9 and 14 Hz) and the other at ô 3.04

(J = 3 and L4 Hz), which \ryere attributed to the diastereotopic

protons of the methylene group of the cysteine moiety. The

other doublet of doublets that appeared in the spectrum at ô 3.32

(J = 3 and 9 Hz) was attributed to the methine group of the

cysteine moiety. The two hydrogens on the carbon adjacent to

the imide nitrogen gave rise to a triplet resonance at õ 4.14. The

resonances due to the aromatic protons were observed a¡ ô 7.88,

8.46 and 8.51.

An attempt was also made to couple the chloride (46) to cysteine

using the same conditions as those used to prepare the thioether

(57). Analysis, by fast atom bombardment mass spectrometry, of

the solid obtained from work-up of the reaction mixture, showed

a characteristic peak at mlz 353, characteristic of a. combination

of the molecular ion of the thioether (58) and sodium. Another

peak at mlz 331 was observed, due to the protonated molecular
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o

coo-

+NHs

(58)

ion. The 1¡1 nmr spectrum of the crude product unfortunately

could not be resolved very well aS the resonances due to the

cysteine moiety were obscured by an impurity which gave rise to

a broad peak at õ 3.51. A peak, observed at õ 5.30, was

tentatively attributed to the methylene group adjacent to the

imide nitrogen. The chemical shift of the peak is consistent with

the expected value when compared with the chemical shift of the

fesonance for the corresponding hydrogens in the sulphide (54)'

The naphthyl protons gave broad signals at ô 7.75-8.05 and 8-30-

S.ZO. The solid was insufficiently soluble in 2H6-DMSO or any

other solvent to obtain a 13C nmr spectrum.

An attempt was also made to couple homocysteine with the

bromide (18) to prepare the conjugate (59). Using the same

method as that employed to prepare the sulphide (57), the crude

product obtained after work up of the reaction mixture was
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+NH3 cocr

(5e)

analysed by fast atom bombardment mass spectrometry. A

characteristic peak at m I z 373 was observed, due to the

protonated molecular ion. Peaks at mlz 238 and 210 were also

observed, due to the fragment ions resulting from loss of the

homocysteine moiety and subsequent or concomitant loss of an

ethylene moiety. The 1¡1 nmr spectrum showed characteristic

peaks at ô 1.17, due to the hydrogens on the p-carbon of the

homocysteine moiety. A quintet fesonance at ô 1.90 was

observed, due to the methylene group Þ to the imide nitrogen' A

triplet resonance at õ 2.58 was attributed to the methylene group

on the carbon Y to the imide nitrogen. The diastereotopic

hydrogens on the 1-carbon of the homocysteine moiety gave rise

to doublets of doublets at E 2.67 and 2.98 . The o-proton of the

cysteine moiety gave rise to a triplet at õ 3.39 - The resonance at

ô 4.16 was attributed to the methylene moiety adjacent to the

o
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imide nitrogen.

In view of the reactivity of the bromide (18) with the thiolate

nucleophile of cysteine, it was thought important to also consider

the reactivity of the bromide (18) with nitrogen and oxygen

centred nucleophiles, which aÍe also found in wool fibre. Based

on sulphur being in general more nucleophilic than nitrogen and

oxygen,99 it was considered possible that the bromide (18) may

f eact selectively with sulphur-based nucleophiles. This

possibility was investigated. Accordingly, lysine in methanol was

balanced at pH 10 with sodium. At this pH, both the cr-amino and

ø -carboxylic acid groups of lysine afe in the basic form. The

resulting solution was treated with the bromide (18) and the

suspension was stirred overnight under nitrogen. The suspension

was worked up in the Same manner aS that used to prepare the

conjugate (57). Analysis of the solid that was obtained by fast

atom bombardment mass spectroscopy failed to show any

evidence of conjugate formation.

The reactivity of the bromide (18) in the presence of the oxygen

nucleophile of serine was then investigated. Serine was treated

with the bromide (18) using the same reaction conditions as

those used in the attempt to couple lysine with the bromide (18).

At pH 10, the cr-amino and cr-carboxylic acid groups of sefine

would be in the basic form as was the case with lysine. The

hydroxyl group of serine would remain in the neutral form. The

reaction mixture was worked up in the Same manner aS that used

in the preparation of the conjugate (57). Analysis of the solid by
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fast atom bombardment mass spectrometry failed to show any

evidence of conjugate formation.

The lack of reactivity of the lysine and serine residues under

conditions where the cysteine residue reacts with the bromide

(18) indicates the potential of the naphthalimide (18) for

selective reaction with thiols in the presence of oxygen and

amino nucleophiles. Similar selectivity of the thiol residue of

cysteine in the presence of other potentially reactive nucleophiles

has been previously reported. The thiol moiety of the

tetrapeptide H-Ser-Lys-Cys-Phe-OH (60) has been selectively

alkylated in good yield by Or and associateslOg using alkytating

agents such as benzyl bromide or ethyleneimine (Scheme 23).

The selective reaction of cysteine moieties with naphthalimide

derivatives is potentially useful for the fluorescent labelling of

cysteine residues in proteins. The successful coupling of

naphthalimide derivatives to free cysteine indicates the potential

of the methodology developed here for coupling imide dyes to

wool fibre.
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CONCLUSION

In accordance with the aims of this research project, new

procedures for the covalent attachment of imides to wool

analogues were developed. In particular, a method was

established for the coupling of N -substituted naphthalimides

with both cysteine and homocysteine. N-(3-Bromopropyl)-1,8-

naphthalimide was found to couple to cysteine and homocysteine

under which conditions it was unreactive with oxygen and

nitrogen nucleophiles. This indicates the potential of dyes based

on the bromide structure to be used for the fluorescent labelling

of cysteine residues in peptides and proteins.

Functionalised diketopiperazines have been successfully used as

Spacer molecules to link analogues of imide-based dyes to wool

models. The success of the linking reaction is dependent on the

functionalisation of the piperazinedione. Methoxy groups aÍe not

labile enough to act as suitable leaving groups for the linking

reaction. Bromine functionalisation of diketopiperazinediones

and successive nucleophilic substitution was however established

as a potential method of covalently attaching dyes to wool fibre.

Addition and substitution reactions were investigated in terms of

coupling naphthalimide derivatives to wool fibre analogues. The

substitution couplin g reactions generally proceeded in high

yields under mild reaction conditions. Coupling via a radical



Conclusion 105

addition mechanism required much harsher reaction conditions

and was characterised by a much lower yield.

During the course of the project, the radical reactions of both N-

methyl-1,8-naphthalimide and N-ethyl-1,8-naphthalimide with

N-bromosuccinimide and sulphuryl chloride were investigated.

Convincing evidence was found for stereoelectronic effects in

hydrogen atom transfer reactions of these naphthalimides which

illustrate the important influence of conformational effects on

reactivity in these systems.

The use of cyclodextrins to increase the solubility of N -

substituted napthalimides in aqueous solution was investigated.

Cyclodextrins were able to increase the aqueous concentrations

of the imides tested significantly above the corresponding

concentrations in the absence of cyclodextrins.

The results obtained indicate that the coupling of N-substituted

imide-based dyes to wool fibre warrants further investigation.

The work in this thesis encompasses only the most simple

naphthalimide systems. Although it is beyond the scope of the

work described in this thesis, there does exist the potential to

extend the work to chromatic ring-substituted naphthalimides.
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GENERAL EXPERIMENTAL

Melting points are uncorrected and were recorded using a Kofler

hot stage microscope.

lH nmr spectra were recorded using either a Bruker CXP300 (300

MHz), a Bruker ACP300 (300 MHz) or a Varian T60 (60 MHz)

spectrometer. 13 C nmr spectra were recorded using either a

Bruker CXP300 (15.5 MHz) or a Bruker ACP300 (75.5 MHz). All

nmr spectra, unless otherwise stated, were recorded as dilute

solutions in deuteriochloroform. The chemical shift (õ) is given in

ppm relative to the internal standard, tetramethylsilane. The

coupling constants (J) aÍe given as Hertz (Hz) and the signal

multiplicities ate abbreviated as follows: s - singlet, d - doublet, t

- triplet, q - quartet, quin - quintet, m - multiplet.

Electron impact mass spectra were recorded on a Hitachi RMU 7D

mass spectrometer operating at 7OeV. Fast atom bombardment

mass spectra were recorded on a Vacuum Generators ZAB 2HF

spectrometer. The ion masses (mlz) are given as dimensionless

numbers. The peak intensity of each ion mass value is given in

percent relative to the base peak of the spectrum. Only peaks

with high intensity or especially characteristic peaks are given.

Ultraviolet spectra were recorded on a Pye Unicam SP I 100

spectroph otometer.
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Solvents were purified

mentioned in the text

point 30-50 oC.

standard methods.

to that fraction

using

refers

Light

having

petroleum

a boiling

Chromatography was carried out on a Chromatotron 79247

(Harrison Research, Palo Alto/TC Research, Norwich) using Merck

silica gel 60 PF25q, with eluting agents as stated in the text.

Microanalyses were performed by the Canadian Microanalytical

Service Ltd., Vancouver.

The statement that an organic solution was "dried" refers to the

removal of water by the addition of anhydrous magnesium

sulphate and subsequent gravity filtration.
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EXPERIMENTAL

CHAPTER ONE

] .4-DIMETHYL-2.5 -PIPERAZINEDIONE ( I 4I

Prepared using the literature procedure35 for the synthesis of the

| ,3 ,4,6-tetramethyl- substituted analogue.

A mixture of sarcosine (13) (45g, 0.5 mmol) and ethylene glycol

(200 ml) was heated at reflux for I h. The solution was then

allowed to cool to room temperature and then further cooled to

-5 oC overnight. The crystals of the dione (14) obtained were

collected by vacuum filtration.

Ethylene glycol was then distilled from the filtrate and the

residue recrystallised from ethanol/water to yield a second

fraction of the diketopiperazine (14). The two crystal fractions

were combined to give 1,4-dimethyl-2,5-piperazinedione ( 14)

(11.90 g, 34Vo).

mp t46-I47 'C 11i1.61 I47 -148 'C)

lH nmr (60 MHz) ô 3.02 (s, 6 H, 2 x CH3), 4.00 (s,4 H, 2 x CH2)

The spectral and physical data was consistent with that

previously reported.69 ,7 0
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? Ã_r)rRpn^rn_ l/1 AIATÊ'TLIVI 
' 

< ÞTÞÊP Á7 t-trt'l^tE /l<l

Prepared using the literature procedure outlined by Badran and

Easton36 but by replacing N -bromosuccinimide with

N- bromophth alimide.

A mixture of 1,4-dimethyl-2,5-piperazinedione (14) (0.5 9,3.5
mmol) and N -bromophthalimide (1.59 E, 7 mmol) in

dichloromethane (60 ml) was heated to reflux under a nitrogen

atmosphere. Whilst refluxing, the solution was irradiated with a

300W ultraviolet lamp for 35 min. The solution was allowed to

cool to room temperature and an aliquot concentrated under

reduced pressure. The residue was analysed by 1g nmr

spectroscopy. Characteristic resonances in the 1¡1 nmr Spectrum

of the crude mixture due to the dibromide (15) were observed at

õ 3.10 (s, 6 H, 2 x CH3), 6.15 (s, 2 H, 2 x CH).

The spectral data obtained for the crude dibromide (15)

consistent with that previously reported.3 6

was

1 .4 -p r M ET HY L-3 .6 -p I P HTH ALI M I D O -2 .5 -P I P ERAZI N ED I O N E (2 3,)

The dibromide (15) in dichloromethane, prepared as described

above, was treated with triethylamine (1 ml, 7 mmol). The

solution was stirred at room temperature for 3 h. The volume of

the reaction mixture was increased by the addition of

dichloromethane (30 mt) and the organic solution was washed

with water and dried. The organic solution was then



Experimental for Chapter 1 1 10

concentrated under reduced pressure and the solid that

obtained was recrystallised from chloroform to yield

colourless diphthalimide (23) (0.246 E, 16%o-based on

diketopiperazine (14)).

was

the

the

mp 168-169 oC

lH nmr õ2.97 (s,6 H,2 x CH3),6.14 (s, 2 H,2 x CH), 7.77-7.91 (m,

8 H, arom.H's)

13C nmr ô 31.3 (2 x CH¡), 62.6 (2 x CHN), 124-1, 131.3, 134.9

(arom. C'.), 161.0, 166.8 (4 x C=O)

mass spectrum, mlz (relative intensity): 432 (M*, 20), 302 (13),

286 (20), 285-(100), 258 (11), 257 (38), 189 (18), 188 (11), 187

(15), t7O (29), 148 (16), 147 (20), t32 (15), 130 (18), lO4 (47)

Exact mass calcd for CzzH t oN +O o (M+ ) 432-10698, found

432.10500

? Á-NTAIFTHÔ -I ¿-DIATtrTHYI -2 \-PIPtrR A7.T ¡|/tr/.)TNNF / I6I

The crude dibromide (15) in dichloromethane was prepared as

previously described by treatment of a solution of 1,4-dimethyl-

2,5-piperazinedione (14) (3 g, 2I mmol) in dichloromethane (260

ml) with N-bromophthalimide (9.49 g, 42 mmol) for t h. Once

the solution had cooled to room temperature, the insoluble

phthalimide was removed by filtration. The filtrate was then

concentrated under reduced pressure and the residue dissolved
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in methanol (595 ml). Sodium acetate (11.90 E, 145 mmol) was

added and the resulting solution stirred overnight at room

temperature. The solution waS concentrated under reduced

pressure and the residue dissolved in chloroform. The

chloroform solution was washed three times with water, dried

and concentrated under reduced pressure to yield the

dimethoxide (16) (3.44 g, 8l7o).

1H nmt (60 MHz) Major isomer: ô 3.05 (s,6 H,2 x NCH3), 4'55 (s,

6H,2 x OCH3), 4.73 (s,2IJ^,2 x CH); Minor isomer: õ 3.05 (s,6 H,

2 x NCHg),3.43 (s,6 H,2 x OCH3),4.88 (s,2 H,2 x CH)

The ratio of the diastereomers of the dimethoxide (16) was 3:l on

the basis of the lFI nmr spectrum. Spectral properties of the

dimethoxide ( 1 6) were consistent with those previously

reported.3 7

p-TOLUENESULPHONIC AS AN ACID CATALYST

A mixture of 3,6-dimethoxy-1,4-dimethyl-2,5-piperazinedione

(16) (202 ffig, 1 mmot), âtr excess of ethanol (20 ml) and a

catalytic amount of p -toluenesulphonic acid was stirred in

dichloromethane (20 ml) for 48 h. Concentration of the solution

under reduced pressure and analysis by 1g nmf spectroscopy

showed only resonances consistent with the starting dimethoxide
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( 16)

2.í-PIPERAZINEDIONE (16.1 WITH PHTHALIMIDE (9.1 USING ZINC

CHLORIDE AS AN ACID CATALYST

A mixture of 3,6-dimethoxy-1,4-dimethyl-Z,5-piperazinedione

(16) (100 ffig, 0.49 mmol), phthalimide (9) (728 ffig, 4-94 mmol),

dichloromethane (2O ml) and zinc chloride (2M solution in THF,

0.25 ffiI, 0.49 mmol) was stirred overnight. Analysis of the

reaction mixture on silica (TLC) showed only unchanged starting

materials.

PIPERAZINEÙIONE (16) WITH PHTHALIMIDE (9,t AND AN ACID

CATALYST

A mixture of the dimethoxide (16) (350 ffig, 1.7 mmol),

phthalimide (9) (254 ffig, 1.7 mmol) and a catalytic amount of

p -toluenesulphonic acid was stirred in dichloromethane (20m1)

for 36 h. The mixture was concentrated under reduced pressure

and the residue analysed by 1g nmr spectroscopy. The

dimethoxide (16) however had remained unchanged'
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?_Rpnií ,1 NTATFTIfVT -) 5 DTPtrP ATINFT'¡T
^n7 

/ ?') |

Treatment of 1,4-dimethyl-2,5-pipetazinedione (14) (3 E, 2l

mmol) with N -bromophthalimide (4 .27 g, 1 8.9 mmol) in

dichloromethane (260 ml), as described above for the

preparation of the bromide (15) although using a reaction time of

t h gave the monobromide (32). lHnmr (60 MHz) õ 3.06 (s,

3 H, CH¡), 3.13 (s, 3 H, CH¡), 3.80 and 4.10 (2 H, AB dd,

J = 18 IJz, CHz), 6.00 (1 H, S, CH).

Spectral characteristics of the bromide (32) wefe consistent with

those previously reported.36 Full characterisation of the bromide

(32) was carried out by subsequent preparation and

characterisation of the phthalimido derivative (33).

Characteristic resonances were also observed in the 1 g n m f

spectrum due to the dibromide (15). By comparison of the

signals in the lH nmr spectrum, the bromides (32) and (15)

were calculated to be present in a ratio of l2:1. The bromides

(32) and (15) wefe not analysed by mass spectrometry as they

were too unstable.

I .4 -p I M ET HY L- 3 - P HTH ALI M I D O -2 .5 -P I P ERAZIN ED I O N E ( 3 3,1

The dichloromethane solution, prepared as described above,

containing the bromide (32) and the by-product, phthalimide (9)'

was treated with triethylamine (6 ml) and the solution stirred

overnight at room temperature. The solution was washed twice
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with dilute hydrochloric acid, twice with water and then was

concentrated under reduced pressure. The crude solid that was

obtained was recrystallised from ethyl acetate to yield the

phthalimido-substituted dione (33) (L.26 E, 23%o-based on the

starting piperazinedione (14)).

mp 203-205 oC

lH nmr õ 2.93 (s, 3H, CH¡), 3.02 (s, 3H, CHg), 3.98 (d, 1 H, J = l7

Hz, C!!H), 4.44 (d, 1 H, J = 17 Hz, CH!!), 5.86 (s, 1 H, CH), 7.15-7.88

(m, 4 H, arom. H's)

13C nmr ô 31.2, 33.8 (2 x CH3), 52.O (CHz), 63.0 (NCH), 124.0,

131.3, 134.8 (arom. C"), 160.8, 164.5, 167.O (4 x C=O)

mâss spectrum, mlz (relative intensity) 287 (M+, 22), I40 (100),

ttz (20), 42 (22)

Exact mass mlz for Cr¿Ht¡NgO+ (M+): calcd 287.0906L, found

281 .09169

Anal. Calcd for C14H13N3O4: C, 58.53 H, 4.56 N, 14.63, Found: C,

58.46; H, 4.52; N, 14.53

I .4-DIM T] TH OXY -6-P HTH A T.IMIDO.2 5-

PIPERAZINEDTONE (31.)

A mixture of 1,4-dimethyl-3-phthalimido-2,5-piperazinedione

(33) (1.26 g, 4.39 mmol) and N-bromophthalimide (1.09 g, 4-82
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mmol) in dichloromethane (130 mt) was heated to reflux under

nitrogen. The refluxing solution was then irradiated for 1.5 h.

The solution was cooled to -5 oC and phthalimide (9) which

precipitated out was removed by filtration. The filtrate was

concentrated under reduced pressure to approximately 50 ml

and then cooled once again to -5 oC. Phthalimide (9) was again

removed and the solution waS concentrated under reduced

pressure. The residue was dissolved in díchloromethane (10 ml),

treated with methanol (20 ffiI, 15.8 E,0.49 mol) and

triethylamine (1.1 ffiI, 0.80 E, 7.89 mmol) and the mixture was

stirred for 48 h at room temperature. The solution was

concentrated under reduced pf eSSure and the residue waS

separated on silica using a gradient of light petroleum,

dichloromethane and ethyl acetate as eluants. The solid that was

obtained was subsequently recrystallised from ethyl aceta¡,e and

light petroleum to yield 1,4-dimethyl-3-methoxy-6-phthalimido-

2,5-piperazinedione (31) (60 ffig,  %o-based on the starting

piperazinedione (14)).

mp 169-110 oC

lH nmr õ 2.91 (s, 3 H, NCH3),3.07 (s, 3 H, NCH3),3.41 (s, 3 H,

OCH3), 5.15 (s, 1 H, CHOCHg), 6.02 (s, 1 H, CHPhth), 1.16-7.88 (m, 4

H, arom. H's)

13C nmr õ 30.6, 30.9 (2 x CH3), 56.9 (OCH3), 62.3 (NCHN), 85.6

(OCH), 723.9, 131.0, 134.7 (arom. C's), 161.0, 163.3, 166.5 (4 x

c{)
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mass spectrum, mlz (relative intensity) 302 (M*-CH¡, 40), 286

(11), 285 (16), 258 (12), 257 (11), 189 (32), 188 (14), 187 (12),

t7t (11), l7O (100), 155 (19), 148 (19), 132 (16), 130 (19), 127

(14), lO4 (32), lO2 (11)

Exact mass for Cr+HrzN¡O5 (M+-CHg): calcd 302.07770, found

302.07 845

Anal. Calcd for Cl5HtsNgOs: C,56.76 H, 4.77 N, 13.25- Found: C,

56.90; H, 4.63; N, 12.99
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EXPERIMENTAL

CHAPrTER TWO

N-ALLYL- I .g-NAPHTHALIMTDE ( 17 r

Synthesised using the method described by Allen and Reynolds4 3

for the preparation of N-alkylnaphthalimides.

A mixture of the naphthalic anhydride (11) (5 9,25 mmol) and

allylamine (70 ml, 53 B, 0.93 mol) was heated at reflux for 0.5 h.

Once cooled to room temperature the excess allylamine was

removed under reduced pressure to yield the crude product.

This solid was recrystallised from ethanol to give the colourless

allylnaphthalimide (17) (5.2 B, 87Vo).

mp 132-134 oC

lH nmr õ 4.80 (d,2 H, J = 6 Hz,NCH2), 5.19-5.35 (m, 2II, =CHz),

5.93-6.06 (m, 1 H, =CH), 7.73 (t, 2 H, J -- 8 H.z, arom. H's), 8.19 (d, 2

H, J = 8Il.z, arom. H'r),8.58 (d,2H,J =8}l2, arom. H's)

l3 C nmr õ 42.3 (NCH2), II7 .5 (=CHz), 122.5, L26.9, 128.1

(arom. C's), 131.2, 131.5 (=CH, arom. C), 132.1, 133.9 (arom. C's),

163.8 (2 x C=O)

mass spectrum, mlz (relative intensity) 238 (M++l , 20), 237 (M*,

100), 236 (46), 222 (35)
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Exact mass mlz for CrsHltNOz (M+): calcd 237.07898, found

231 .07 8 10

Anal. Calcd for ClsHrrNOz: C, 75.92 H,4.68 N, 5.91. Found: C,

76.00; H, 4.69; N, 5.97

N -(3 -BROMOPROPYL,)- I .8-NAPHTHALIMIDE ( I B,t

PnnptntrloN FRIM N-ALLYL-1,8-¡,tlpnrHALIMIDE ( 17 )

Prepared using the

addition of hydrogen

methyl ester.

procedure outlined by WardS 1 for the

bromide to N-phthaloyl,-2-al,lylglycine

A solution of the N-allylnaphthalimide (17) (0.70 g, 2.94 mmol)

and a catalytic amount of 2,2'-azobis(2-methylpropionitrile) in

carbon tetrachloride (50 ml) was stirred at room temperature.

Hydrogen bromide gas was bubbled through the solution for

0.5 h whitst it was irradiated simultaneously with a 300W

mercury lamp. The hydrogen bromide flow was stopped and the

solution irradiated for a further 30 min after which the solution

was concentrated under reduced presSure. The residue waS

dissolved in dichloromethane and washed consecutively with a

saturated solution of sodium bicarbonate (150 ml), water (2x)

and then dried. The solvent was removed under reduced

pressure and the residue was recrystallised from ethyl acetate to

give colourless crystals of N-(3-bromopropyl)naphthalimide (18)

(0.53 g, 56Vo).
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mp 142-143 oC

lH nmr õ2.34 (quin,2H, I =J Hz, CIlzCHzBr),3.5I (t,2 H, J = 7 }Iz,

CH2Br), 4.34 (t, 2 H, J = lHz, NCH2), 7.77 (t, 2 H, J = 8 Hz, arom.

H's), 8.23 (d, 2 H, J = 8 H:z, arom. H's), 8.61 (d, 2 H, J = I Hz, arom.

H's)

lH nmr (d6-DMSO) ô 2.20 (quin, 2 H, I = J }lz, Cfl2CH2Br), 3.62 (t, 2

H, J = 7 }lz, CH2Br), 4.16 (t,2H,J =7 }lz, NCH2),7.85 (t,2 H, J = 8

Hz, arom. H's), 8.44 (t,4 H, J = 8 Hz, arom. H's)

13C nmr õ 30.5, 31.3 NqHzQHz), 39.2 (CHzBr), 122.3, 126.9, 128.0,

131.3, 131.5, 134.0 (arom. C't), 164.1 (2 x C=O)

mass spectrum, mlz (relative intensity) 319 (M+, 9), 317 (M+,9),

239 (18), 238 (100), zLl (23), 210, (27) 180 (53), r52 (13), r27

(16), 126 (18), 4r (23)

Exact mass mlz for CrsHrzT9BrNOz (M+): calcd 317.00514, found

317 .00663

Anal. Calcd for C15H12BrNO2: C, 56.60 H, 3.80 N, 4.40. Found: C,

56.42; H, 3.53; N, 4.18

N-(3 -HYÙROXYPROPYLI- I .g-NAPHTHALIMIDE (34)

Prepared using the procedure of Shirosaki and KurosawaS2 for

the preparation of N-alkylnaphthalimides.

A mixture of the naphthalic anhydride (11) (2 g, 10 mmol),
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3-amino-l-propanol (0.86 E, 0.88 ml, ll.5 mmol) acetic acid (0.1

mt) and ethanol (100 ml) was heated at reflux for 6 h. The

solution waS then concentrated under reduced pfessure and the

solid that was obtained was recrystallised from ethyl

acetate/light petroleum to yietd the colourless alcohot (34) (2.27

g,887o).

mp 123.5-124.5 oC

lH nmr ô 1.97 (quin, 2 H, J = 6 }lz, CIIzCHzOH), 2.96 (broad s, I H,

OH),3.56 (t, 2IJ,J = 6Hz, CII2OH), 4.32 (t,2H,J = 6Hz, NCHz),

7.73 (t, 2 H, ! = 8 }Jz, arom. H's), 8.19 (d, 2 H, J = 8 Hz, arom. H't),

8.58 (2 H, d, J = 8 Hz, atom. H's)

13C nmr ô 30.9 (NCH2), 36.7 (NCHzeHz), 58.8 (CH2OH), 122.2'

I27.O, 128.0, 131.5, 131.6, 134.3 (arom. C's), 164.7 (2 x C=O)

mass spectrum mlz (relative intensity) 256 (M++1, l8), 255 (M+,

100), 237 (14), 225 (26), 224 (26), 222 (68), 2ll (94), 210 (34),

198 (44), r97 (44), 180 (66), 153 (34), r52 (52), r27 (40), 126

(44)

Exact mass mlz for C15H13NO3 (M+): calcd 255.08954, found

255.08909
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N-(3 -BROMOPROPYL)- 1 .]-NAPHTHALIMIDE ( I 8l

pRE.ARATTON FROM N-(3 -nVOROXYPROPYL)- 1,8-¡,tApnrntLIMIDE (34 )

Prepared using the literature procedurs83 for the ethyl analogue

Concentrated sulphuric acid (3.1 ml) was added to a solution of

48Vo hydrobromic acid (6.2 ml) at 0 oC. The

3-hydroxypropylnaphthalimide (34) (0.5 g, 1.96 mmol) was then

added followed by a further addition of concentrated sulphuric

acid (1.4 ml). The resulting solution was heated gently for

approximately 0.25 h until a precipitate formed. The solid was

collected by vacuum filtration, washed with water and

recrystallised from ethanol to yield the bromide (18) as

colourless needles (0.54 g, 86Vo).

Spectral and physical properties of the bromide

were identical to those reported above for the

prepared from N-allyl-1,8-naphthalimide (17).

(18) obtained

bromide (18)

POTASSIUM NAPHTHALIMIDE (21 )

Prepared according to the literature ¡ns¡¡s1.29,44

Potassium hydroxide (1 E, 0.02 mol) was dissolved in ethanol (20

ml) and the resulting solution was added to a hot ethanolic

solution of l,8-naphthalimide (12) (3 E, 0.02 mol). The resulting

mixture was stirred whilst gently heated until a precipitate

formed. The precipitate was collected by vacuum filtration,
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washed with ethanol, dried in an oven (approx. 100 "C) and used

without further purification.

N -CARBOETHOXY- 1 .g-NAPHTHALI MIDE (3 5.t

Prepared according to the literature procedureS 4 for the

preparation of the phthalimide analogue.

A mixture of the potassium naphthalimide (21) (1.2 g, 5.1 mmol)

and ethyl chloroformate (27.2 B, 24 ml, 0.25 mol) was heated at

reflux overnight under a calcium chloride drying tube. The

mixture was then allowed to cool to room temperature. The

precipitate that formed was removed by vacuum filtration and

the filtrate retained. The precipitate was then washed with

dichloromethane and both the dichloromethane washing and the

the organic filtrate that was previously retained were combined.

Concentration of the resulting solution under reduced pressure

yielded a colourless solid which was recrystallised from ethyl

acetate to give the carboethoxynaphthalimide (35) (1.12 g, SlVo).

mp 16l-162 oC

lH nmr ô 1.51 (t, 3 H, J - 7 Hz, CH3), 4.62 (q, 2H, J = 7 }Jz,CHz),

7.80 (t, 2 H, J = 8 Hz, arom. H's), 8.30 (d, 2 H, J = 8 }lz, arom. H's),

8.61 (d, 2 H, J = 8 Hz, arom. H's)

13C nmr ô 14.5 (CH¡), 66.6 (CHz), 122.3, 127.7, 129.2, 132.3,

132.5, 135.9 (arom. C't), 151.6 (OC=O), 162.7 (2 x C=O)
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mass spectrum, mlz (relative intensity) 269 (M*, 60), 224 (20),

r97 (100), 153 (70), 140 (30), 126 (30)

Exact mass mlz for ClsH r rNO+ (M+): calcd 269.06881, found

269.06800

Anal. Calcd for C15H11NO 4; C, 66.90 H, 4.12 N, 5.2O. Found: C,

67.O1; H, 4.17; N, 4.99

N-( I .8-NAPHTHALOYLTGLYCINE METHYL ESTER (19t

The preparation of the 1,8-naphthaloylglycine (36) precursor was

carried out using the literature procedureS4 for the phthatimide

analogue.

The esterification of the 1,8-naphthaloylglycine (36) was carried

out using the literature procedure4T for the esterification of the

4-bromo analogue.

A mixture of glycine (160 hg, 2.L mmol), sodium carbonate

(312 mg, 2.9 mmol) and water (12.5 ml) was prepared.

N-Carboethoxynaphthalimide (35) (300 ffig, 1.1 mmol) was added

to the mixture which was then heated at reflux for 4 h. The

solution was allowed to cool to room temperature after which the

product was precipitated out using 6 M hydrochloric acid and

collected by vacuum filtration. The residue was washed with

water and dried under high vacuum to yield the crude

naphthaloylglycine (36) (194 ffig, 68Vo).
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A mixture of the naphthaloylglycine (36) (169 h8, 0.66 mmol) in

methanol (2.6 ml) was cooled to -5 oC. Thionyl chloride (87 ffig,

0.05 ml, 0.73 mmol) was added dropwise and the solution stirred

for 4 h at -5 oC under a calcium chloride drying tube. The

solution was then allowed to warm to room temperature and

stirred overnight. The mixture was concentrated under reduced

pressure, diluted with methanol and concentrated once again

under reduced pfessure to yield a white solid which was

recrystallised f¡om methanol to give white needle-like crystals of

the naphthaloylglycine methyl ester (19) (I2O ffig, 677o).

mp 163.5-165 oC

lH nmr ô 3.79 (s, 3 H, CH¡), 4.97 (s, 2 H, CH2),7.17 (t,2 H, J = 8 Hz,

arom. H'.),8.25 (d,2IJ,J = 8 Hz, arom. H's),8.62 (d,2}{, I =8II2,
arom. H's)

13C nmr õ41.2 (CHz), 52.5 (CHs), 122.1, 127.0, 128-3, 131.6, 13L.7,

L34.4 (arom. C's), 163.8 (2 x C=O), 168.6 (OC=O)

mass spectfum, mlz: (relative intensity) 269 (M*, 16), 238 (8),

2t5 (76), 2rO (50), 198 (13), 188 (24), 154 (2r), 133 (29), 126

(24), 103 (37), 101 (34), 75 (100), 73 (58)

Exact mass mlz for ClsH t tNO+ (M+): calcd 269.06881, found

269.06800

Anal. Calcd for ClsHrtNO4: C, 66.90 H,4.12 N, 5.2O. Found: C,

66.74; H, 3.97; N, 4.96
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N-METHYL-1.9-NAPHTHALIMIDE (39at

Prepared according to the literature procedure.4 5

A mixture of potassium 1,8-naphthalimide (2I) (4.43 g, 18.8

mmol) iodomethane (5.4 g, 2.35 mls, 31 .1 mmol) and

N,N-dimethyl-formamide (53 ml) was heated at reflux overnight.

Upon cooling to room temperature, water was added to

precipitate out a pale yellow solid which was then collected by

vacuum filtration and washed with water.

The solid was then dissolved in dichloromethane (200 ml) and

boiled for 0.5 h in the pfesence of decolourising charcoal. The

charcoal was subsequently removed by hot filtration and the

solvent removed under reduced pressure to yield a colourless

solid. The solid was recrystallised from ethanol to give the

N-methylnaphthalimide (39a) (3.2 E, 8O7o).

mp 2t1.5-212'C 11i1.+s 206.5 'C)

lH ntnr ô 3.53 (s, 3 H, CH¡), 7.70 (t, 2H, J = 8 Hz, arom. H's), 8.16

(d, 2H, J = 8 Hz, arom. H't), 8.53 (d, 2H, I = 8 Hz, arom. H's)

13C nmr õ 26.9 (CH¡), 122.5, 126.8, 127.9, 131.0, 131.4, 133.7

(arom. C's), 164.2 (2 x C=O)

mass spectrum, mlz: (relative intensity) Zll (M+, 100), 183 (36),

167 (22), t27 (26), 126 (28), 63 (24)

Exact mass mlz for ClgHqNOz (M+): calcd 211.06328, found

2tt.o6324
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N-ETHYL-1.8-NAPHTHALIMIpE (39b)

Prepared according to the literature procedure.4 5

A mixture of potassium l,8-naphthalimide (21) (2 g, 8.51 mmol)

iodoethane (2.5 g, 1.3 ml, 16.03 mmol) and N , N -

dimethylformamide (24 mI) was heated at reflux overnight. The

work-up of the reaction mixture and subsequent purification of

the sotid obtained was as described above f or the

methylnaphthalimide (39a) to yietd pale yellow crystals of

N-ethylnaphthalimide (39b) (1.21 B, 637o).

mp 161-162.5 "C llit.+z 157 "C)

lH nm¡ õ 1.33 (3 H, t, J = 7 Hz, CHg), 4.20 (2 H, q, J =7 Hz),7.68 (t,

zIJ, J = 8 Hz, arom. H's), 8.14 (d, 2}J, J = 8 Hz, arom. H's), 8.52 (d,

zIJ,J = I Hz, arom. H's)

13C nmr õ 13.2 (CH:), 35.3 (CHz), 122.5, 126.7, 127.8, 130.8,

131.3, 133.6 (arom. C's), 163.7 (2 x C=O)

mass spectrum, mlz: (relative intensity) 225 (M*, 7l), zLO (26),

198 (22), r97 (100) 180 (28), 155 (33), t54 (29), 153 (68), 152

(38), t27 (67), 126 (58), 91 (25)

Exact mass mlz for C1¿HttNOz (M+): calcd 225.01898, found

225 .O7 932
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N -(BROMOMETHYL)- I .9-NAPHTHALI MIDE (4 I a.)

A mixture of the N-methylnaphthalimide (39a) (200 ñ8, 0.95

mmol) and N-bromosuccinimide (186 flg, 1.1 equiv., 1.04 mmol)

in carbon tetrachloride (40 ml) was heated to reflux under

nitrogen. The refluxing solution was irradiated with a 300W

ultraviolet lamp for 6 h. The cooled solution was concentrated

under reduced pressure to give a solid which was recrystallised

from ethyl acetate to give the colourless

N-bromomethylnaphthalimide (4la) (144 ffig, 54Vo).

On the basis of the I g nmr of the crude reaction mixture, the

unreacted starting material (39a) was present in an approximate

ratio of 1:1 in comparison with the bromide (ala).

mp 227 "C

lH nmr õ 5.96 (s, 2 H, CHz), 7.78 (t, 2 H, I = 8 Hz, arom. H's), 8.25

(d, 2 H, J = 8 Hz, arom. H't), 8.65 (d, 2}{, J = 8 Hz, arom. H's)

13C nmr õ 34.9 (CHz), 12L.6, 127.1, L28.3, 131.7, 132.0, 134.8

(arom. C's), 162.7 (2 x C=O)

mass spectrum, mlz: (relative intensity) 291 (M*, 3),289 (M*, 3),

2r0 (100), tzt (22), 126 (42)

Exact mass mlz for Ct¡H879BrNOz (M+): calcd 288.97386, found

288.97475

Anal. Calcd for Cl3HgBrNO2: C, 53.80 H, 2.78 N, 4.83. Found: C,

53.73; H, 2.57; N, 4.62
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COMPETITION REACTION OF N-METHYL-] .g-NAPHTHALIMIDE

(39a) AND N-ETHYL-1.8-NAPHTHALIMIDE (39b) WITH

N-BROMOSUCCINIMIDE

A mixture of the N-methylnaphthalimide (39a) (99 ffig, 0.47

mmol), the N -ethylnaphthalimide (39b) (l2O ffig, 0.41 mmol),

and N-bromosuccinimide (87 ffig, 0.49 mmol) was heated to

reflux in carbon tetrachloride (10 mt). The mixture was

irradiated with a 300W ultraviolet lamp for 4 h. After cooling to

room temperature, an aliquot of the reaction mixture was

analysed by both thin layer chromatography (developing solvent:

dichloromethane) and lg nmt spectroscopy. By comparison with

the 1 g nmr spectra of the bromide (al a), the

methylnaphthalimide (39a) and the ethylnaphthalimide (39b)

obtained previously, the 1g nmr spectrum of the competitive

reaction mixture showed that the N-ethylnaphthalimide (39b)

failed to react with N-bromosuccinimide and only bromination of

the N-methylnaphthalimide (39a) occurred. On the basis of the

lH nmr spectrum, the imides (39b), (39a) and ( la) were present

in a ratio of 5:4:1. The ratio of the ethylnapthalimide (39b)

present compared with the combined amount of the

methylnaphthalimide (39a) and bromide (ala) present at the end

of the reaction time was still 1:1 and hence there was no

evidence to suggest that any of the starting materials or products

were undergoing any significant decomposition. A conservative

estimate of the minimum relative rate value able to be calculated

is 1 :100, based on the competition reaction described here and
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other attempts at bromination of N-ethyl-1,8-naphthalimide

(39b) with N-bromosuccinimide.

N -M ETHY LP HTHALI M I D E (42 a,t

Prepared according to the procedure of Losse et a1.88

A mixture of o-phthaloyl dichloride (2 g, 10 mmol) and 1,3-

dimethylurea (0.88 g, 10 mmol) was heated for 2 h at 130 oC.

Upon cooling the mixture solidified and was recrystallised from

ethanol/water to yield white crystals of N-methytphthalimide

@2a) (1.06 g, 66Vo).

mp 134-135 'C (tit.89 135 "C)

lH nmr ô 3.17 (s,3 H, CHg), 1.67-7.74 (m,2 H, arom. H's), 7.80-

7.86 (m, 2 H, arom. H's)

13C nmr õ 23.8 (CH¡), 123.0, 132.1, 133.8 (arom. C's), 168.4 (2 x

CÐ)

mass spectrum, mlz: (relative intensity) 161 (M*,100), ll7 (35),

104 (48), 76 (52), 50 (33)

Exact mass ml z for C9H 7N O z (M+): calcd 161.04768, found

161.04800
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N -ETHYLPHTHALI MID E (42b.)

Prepared according to the procedure of Losse et a1.88

A mixture of o-phthaloyl dichloride (2 E, 10 mmol) and 1,3-

diethylurea (1.2 g, 10 mmol) was heated for 2 h at 130 oC. Upon

cooling to room temperature, the reaction mixture solidified and

the solid obtained was recrystallised from ethanol/water to give,

as white needles, the pure ethylphthalimide (42b) (1.07 E, 617o).

mp 75-76.5 oC (lit.89 78 'C)

lH nmr õ 1.25 (t, 3 H, J = 7 Hz, CH3), 3.72 (q,, 2 H, J = 7 }lz, CHz),

7.66-1.71 (m, 2 H, arom. H't), 7.80-7.82 (m, 2 H, arom. H's)

13C nmr õ 14.0 (CHz), 32.9 (CHz), 123-1, 132.2, 133-9 (arom. C't),

168.3 (2 x C=O)

mass spectrum, mlz: (relative intensity) I75 (M*, 63), 160 (100)'

105 (18), 76 (24), 50 (20)

Exact mass mlz for C16H9NO2 (M*): calcd 175.06333, found

t7 5.06369

N -B ROM OM ETHY LPHTH ALI M I D E (43 al

A mixture of the N-methylphthalimide (aza) (51.3 ffig, 0.32

mmol) and N-bromosuccinimide (61 ffig, 0.34 mmol) in carbon

tetrachloride was heated to reflux under nitrogen. Whilst at

reflux, the solution was irradiated with a 300W ultraviolet lamp



Experimental for Chapter 2 131

for 4 h and then allowed to cool to room temperature. Filtration

of the solution to remove the succinimide and subsequent

concentration under reduced pressure yielded a. crude sample of

the product. Recrystallisation of the solid from ethanol yielded

the bromomethylphthalimide @3a) (29 ffig, 38Vo).

mp 150-151 "C llit.eo ß2 "C)

lH nmr õ 5.46 (2 H, s, CH2), 7.76-7.80 (2 H, m, arom. H's), 7.88-

7 .94 (2 H, ffi, arom. H's)

Spectral and physical data of the bromide @3a) obtained was

consistent with that previously reported.TO,9O

N -( I -B RO MOETHY LtP HTH ALI M Ip E ( 43 b.I

A mixture of N-ethylphthalimide (42b) (100 DB, O.51 mmol) and

N-bromosuccinimide (ll2 ffig, 0.63 mmol) in carbon tetrachloride

(10 ml) was heated at reflux under nitrogen whilst being

irradiated with a 300W ultraviolet lamp for 4 h. After the

solution was allowed to cool to room temperature, the

succinimide was removed by filtration and the filtrate

concentrated under reduced pressure. The solid obtained was

recrystallised from ethanol to yield N-(1-bromoethyt)phthalimide

(43b) (103 mg, 7I7o)

mp 103-104 oC (lit.sl t0+ "C)

lH nmr õ 2.32 (3 H, d, J = 7 }lz, CH¡), 6.41 (1 H, e, I - 7 Hz, CH),
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7.68-7.7I (2 H, m, arom. H's), 7.80-7.83 (2 H, m, arom. H's)

Spectral and physical characteristics of the bromide (43b) were

found to be consistent with those previously reported.9 I

COMPETITION REACTION OF N-METHYLPHTHALIMIDE (42a) AND

N-ETHYLPHTHALTMIDE (42bt WITH N-BROMOSUCCINIMIDE

A mixture of N-ethylphthalimide (42b) (16 ffig, 0.43 mmol),

N -methylphrhalimide (2a) (70 ffig, O.43 mmol),

N -bromosuccinimide (77 mg, 0.43 mmol) and N -tert-

butylbenzamide (8.3 ñg, 0.05 mmol) in carbon tetrachloride (10

ml) was heated to reflux under nitrogen. The refluxing solution

was then irradiated with a 300V/ ultraviolet lamp for 4.5 h. The

solution was allowed to cool to room temperature.

N -tert-Butylbenzamide remained inert under the above reaction

conditions. Analysis of the reaction mixture by 1g nmr

spectroscopy was carried out and by consideration of the

integration of the resonances due to both the products and the

substrates present (Table 6), the percentage of substrate

remaining was: N -methylphthalimide @2a): 85Vo i

N-ethylphthalimide @2b):477o and hence k(42a):k(a2b) was

calculated as 2:9 using Equation 4.

Using Equation 5

as 2:7.

the relative rate k(a2a)lk(42b) was calculated

As can also be seen from Table 6, the relative concentration of
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the internal standard, N-tert-butylbenzamide, as compared to the

methylphthalimide @2a) and its derivative @3a) and as

compared to the ethylphthalimide (42b) and its derivative (43b)

remained constant (=l2%o). It was deduced from this that no

significant decompostion of the phthalimide derivatives (42a),

(43a), (42b) and (43b) had occurred during the course of the

reaction as described above.

Resonance Relative
IntegrationT

Phth-CH z Ø2a) 67

phth-CHr-CHj (42b\ 35

Phth-CIb.Br (43a) 8

Phth-CH(Br)-CIlc (43b) 39

(CHc)qCNHCOPh 28

t I H nmr peak integration of signals due to protons underlined

Table 6. Integration of selected 1¡1 nmr resonances from
compounds in the competition reaction of N-methylphthalimide
(42a) and N-ethylphthalimide (42b) with N-bromosuccinimide.

COMPETITION REACTION BETWEEN N-METHYLPHTHALIMIDE

(42a) AND N-M ETHY L-I .8-NAPHTHALIMIDE (39at W I T H

N-BROMOSUCCINIMIDE

A mixture of N-methylphthalimide (aza) (62 hg, 0.36 mmol),
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N -methylnaphthalimide (3 9a) (7 5 ffi9, 0.36 mmol),

N -bromosuccinimide (63 ñ9, 0.36 mmol) and N-tert-
butylbenzamide (6.3 ffi9, 0.036 mmol) in carbon tetrachloride

(10 ml) was heated to reflux under nitrogen. The refluxing

solution was then irradiated with a 300W ultraviolet lamp for

4.5 h. The solution was allowed to cool to room temperature.

N -tert-Butylbenzamide remained inert under the above reaction

conditions. Analysis of the reaction mixture by I ¡¡ nmr

spectroscopy was carried out and by consideration of the

integration of the resonances due to both the products and the

substrates remaining (Table 7), the percentage of substrate

remaining was: N -methytphthalimide @2a): 80Vo;

N-methylnaphthalimide (39a): 88Vo and hence k(42a):k(39a) was

Resonance Relative
¿

lntegratron I

Naphth-Cllg (39a) 33

Phth-CH z @2a) 34

Naphth-CHrBr (4la) 3

Phth-CIlr.-Br (43a) 5.5

(CII¡)aCNHCOPh t2

t lH nmr peak integration of signals due to protons underlined

Table 7 . Integration of selected 1¡¡ nmr resonances from
compounds in the competition reaction between the
N-methylnaphthalimide (39a) and N-methylphthalimide $2a)
with N-bromosuccinimide.
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calculated as 1.7:l using Equation 4 and 1.6:l using Equation 5.

As can also be seen from Table '1, the relative concentration of
the internal standard as compared to the methylphthalimide

@2a) and its derivative (a3ù and as compared to the

methylnaphthalimide (39a) and its derivative @ra) remained

constant (=lovo). It was deduced from this that no significant

decompostion of any of the imide derivatives (42a), (43a), (39a)

and (ala) had occurred during the course of the reaction as

described above.

THE N-ETHYLNAPHTHALIMTDE (39b.t

The molecular modelling software package PCMODEL@ was used\
to calculate ù" minimum energy ground state conformation of
N-ethylphthalimide (42b) and N-ethylnaphthalimide (39b). The

dihedral angle between the nitrogen-carbonyl carbon bond and

the c(o)-c(B) bond of the N-alkyl substiruent was rhe varianr

considered. Using the dihedral angle drive of the modelling
program at 5" intervals, a set of values corresponding to the

energy difference between the various orientations of the C(a)-
c ( B ) bond was calculated. The energy values obtained were

plotted against the dihedral angles (see Fig. 7 and 9). The

rotational barrier for the C(cr)-C(Þ) bond of the imides (4zb) and

(39b) was calculated as 8.7 kJ mol- I and 1g.4 kJ mol- 1,

respectively.
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The data used to plot the graphs shown in Fig. 7 and 9 is given in

Appendix 3.

N -C H LO RO M ETHY L- I .8-N AP HTH ALI M I D E (46 r

A mixture of the N-methylnaphthalimide (39a) (1 E, 4.7 mmol),

sulphuryl chloride (0.75 ml, 1.26 g, 9.3 mmol), carbon

tetrachloride (2OO ml) and a catalytic amount of benzoyl peroxide

was heated to reflux under nitrogen. The refluxing solution was

irradiated with a 300W ultraviolet lamp for 3 h. The solution

was allowed to cool to room temperature and then concentrated

under reduced pressure. The residue was dissolved in

dichloromethane, activated charcoal was added and the solution

heated at reflux for 0.5 h. Once cooled to room temperature, the

charcoal was filtered by gravity and the yellow solution was

concentrated under reduced pressure. The residue was

recrystallised from ethyl acetate to yield colourless crystals of

N-chloromethyl-1,8-naphthalimide (46) (729 mg, 63Vo).

mp 223-224 oC

lH nmr ô 5.99 (s, 2 H, CHz), 7.78 (t, 2 H, J = 8 }Jz, arom. H's), 8.26

(d, 2 H, J = 8 Hz, arom. H't), 8.65 (d, 2 H, J = 8 Hz, arom. H's)

13C nmr õ41 .5 (CHz), 121.7,126.9, 127.7,131.8, 134.6 (arom. C's),

162.7 (2 x C=O)

mass spectrum, mlz (relative intensity) 247 (M+, 10), 245 (M+,
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30), 1.80 (14), t54 (13), l2l (14), 126 (23), 83 (20), 81 (34), 77

(23),73 (20),69 (80), 57 (40), 55 (49),43 (51), 41 (63), 29 (24),

18 (100), r7 (40)

Exact mass mlz for Cr:Hs3sClNOz (M+): calcd 245.02436, found

245.02359

REACTION OF THE N-ETHYLNAPHTHALIMIDE (39b) WITH

SULPHURYL CHLORIDE - SYNTHESIS OF N-( I-CHLOROETHYLT-1 .8-

NAPHTHALIMI E (47). N-(2-CHLORO ETHYI.I-1.8-

N APHTH ALI M I F. (4RI AND N-( I -METHO YYP.THYI.I-I 8-

NAPHTHALTMIDE (49,)

A mixture of the N-ethylnaphthalimide (39b) (200 ffig, 0.8

mmol), sulphuryl chloride (0.07 Dl, 0.8 mmol) and a catalytic

amount of benzoyl peroxide in carbon tetrachloride (40 mt) was

heated to reflux under nitrogen. The refluxing solution was then

irradiated with a 300V/ ultraviolet lamp for 2 h. The feaction

mixture was allowed to cool to room temperature after which it

was concentrated under reduced pressure.

The lH nmr spectrum (CCl¿) (60 MHz) of the residue showed the

presence of both the N-(1-chloroethyl)naphthalimide (47) and

the N -(2-chloroethyl)naphthalimide (48) in a ratio of

approximately 1:1. The characteristic resonances are given below.

The resonances due to the aromatic protons occurred at õ 7.69-

8.59.
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N-(1-chloroethyt)-1,8-naphthalimide (47): 1H nmr õ 2.21 (d, 3 H,

J -'l Hz, CH3), J .17 (q, 1 H, J = 7 Hz, CHCI)

N-(2-chloroethyl)-1,8-naphthalimide (a8): 1H nmr ô 3.85 (t,2 H,

J = 7 Hz, CI{2CI), 4.56 (t,2 H, J = 7 Hz, NCHz)

The N-(1-chloroethyl)naphthalimide (47) was not stable towards

chromatography on silica and hence was derivatised to the more

stable methoxide (49) as described below.

The reaction mixture containing both the chlorides (47) and (48)

was treated with an excess of methanol (40 ml) and

triethylamine (1 ml). The solution was then stirred at room

temperature overnight. After the resulting mixture was

concentrated under reduced pressure, the residue was purifed on

silica using a gradient of dichloromethane and ethyl acetate. The

methoxide (a9) (51 ffig, 25Vo), in addition to the chloride (48) was

isolated (70 mg, 34Vo).

N-( 1-methoxyethyl)- 1 ,8 -naphthalimide (49):

mp 114-116 oC

lH nmr ô 1.87 (d, 3 H, J = 6 Hz, CHCH3), 3.40 (s, 3 H, OCH3), 6.38 (q,

1 H, J =6Hz,CH),1.15 (t,2H,J -7 Hz, arom.H'r),8.21 (d,2H,J =

7 IJz, arom. H't), 8.60 (d, 2 H, J =7 }lz, arom. H's)

13C nmr ô 19.6 (CH¡), 56.7 (OCH3), 82.7 (CH), 122.7, 127.0, 128.4,

131.3, 13I.4, 133.9 (arom. C's), 164.3 (2 x C=O)

mass specrrum, mlz (relative intensity) 255 (M*, 15), 224 (21),
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198 (70), 181 (100), 153 (64), 126 (27), 59 (27)

Exact mass mlz for C15H13NO3 (M+): calcd 255.08954, found

255.08895

N-(2-Chloroethyl)-1,8-naphthalimide (a8): mp 205 oC (lit.8¡ 206-

207 "C)

The N-(2-chloroethyl)naphthalimide (48) obtained had physical

and spectral properties consistent with those previously

reported.T0'83

COMPETITION REACTION OF N.METHYL- 1 .g-NAPHTHALI MI DE

(39a.t AND N-ETHYL-1.8-NAPHTHALIMIDE (39b.t WITH

SULPHURYL CHI.ORIDE

A mixture of the N-methylnaphthalimide (39a) (63.3 hg, 0.3

mmol), the N -ethylnaphthalimide (39b) (67 .5 ñ8, 0.3 mmol),

sulphuryl chloride (0.024 ffiI, 40 ñ9, 0.3 mmol) and î catalytic

amount of benzoyl peroxide in carbon tetrachloride (10 ml) lvas

heated to reflux under nitrogen. The refluxing solution was then

irradiated with a 300W ultraviolet lamp for 0.5 h. The solution

was allowed to cool to room temperature. Analysis of the

reaction mixture by lg nmr spectroscopy was carried out and

integration of the resonances due to the products and substrates

present is shown in Table 8. Considering the amount of the

starting materials, (39a) and (39b) remaining after reaction with

sulphuryl chloride, k(39a):k(39b) would be approximately l: l.
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Reaction of the erhylnaphthalimide (39b) with sulphuryl chloride

gives rise to the rwo chlorides (47) and (48), whereas the

methylnaphthalimide (39a) gives rise to only one product, the

chloride (46). The relative rare of formation of the chlorides (46)

and (47), using Equation 5 is 2.3:1. The reaction of the

naphthalimides (39a) and (39b) with sulphuryl chloride has

proceeded to approximately 8O7o but the method of calculation is

still valid as the ratio of starting materials remains at

approximately 1:1.

Resonance Relative
IntegrationT

Naphth-CFI3 (39a) 15

Naphth-CHz-CHt (39b) 15

Naphth-CII2Cl (46) 45

Naphth-CH(CI)-CH3 (47) 25.5

Naphth-CHz-CHz-Cl (48) 2T

T 1H nmr peak integration of protons underlined

Table 8. Integration of selected 1¡1 nmr resonances from
compounds in the competition reaction between
N-methylnaphthalimide (39a) and N-ethytnaphthalimide (39b)
with N-bromosuccinimide.
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F'XPERIMENTAT

CHAPTER 3

N -M ETHOXYM ETHY L- I .8-N AP HTH ALI M I D E (50.t

The crude bromide (41a) was prepared as described previously

from the N-methylnaphthalimide (39a) (149 ffig, 0.71 mmol) and

N -bromosuccinimide (138 hB, 1.1 equiv., 0.78 mmol). The

reaction mixture containing the crude bromide (a 1a) was

concentrated under reduced pressure and the residue dissolved

in a mixture of dichloromethane (20 ml) and methanol (20 ml).

The resulting solution was then treated with triethylamine (l ml)

and stirred for 24 h at room temperature. Concentration of the

resulting reaction mixture under reduced pressure and

purification of the residue on silica gave colourless crystals of the

methoxide (50) (14 ú9, 87o-based on the starting

methylnaphthalimide (39a)).

mp 152-154 oC

lH nmr õ 3.50 (s,3 H, CHg),5.64 (s, 2H,CH2),7.18 (t,2F{, J = I Hz,

arom. H's), 8.23 (d, 2 H, J = 8 Hz, arom. H's), 8.63 (d, 2 H, J = 8 Hz,

arom. H's)

l3C nmr ô 57.8 (OCH3), 7L.l (CHz), 122.4, I27.0, 131.6, 134.3

(arom. C's), 164.4 (2 x C=O)
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mass spectfum, mlz: (relative intensity) 24L (M+, 16), 226 (32)'

ztt (27), 210 (32), 199 (16), 198 (100), 181 (28), 180 (45), 154

(16), 153 (26), 152 (27), 127 (25), 126 (31)

Exact mass mlz for Cl4HttNOg (M+): calcd 241.07389, found

24t.07 428

N -B ENZYLTH I OM ETHY L- I .8 -N AP HTH ALI M I D E (5 I )

A solution of benzyl mercaptan (10 mg, 0.08 mmol) in benzene (1

ml) was treated with 1,8-diazabicyclo[5.4.0]undec-7-ene (12 ffig,

0.08 mmol) at room temperature under a nitrogen atmosphere.

The N-chloromethylnaphthalimide (46) (20 ñ8, 0.08 mmol) was

then added and the reaction mixture was allowed to continue

stirring overnight. The reaction mixture was then concentrated

undef reduced pressure and the residue purified on a

chromatotron using a gradient of light
petroleum/dichloromethane to yield N -benzylthiomethyl- 1 ,8 -

naphthalimide (51) (20 ffig, 757o).

mp l3l-t325 oC

lH nmr ô 4.01 (s, 2 H, CHzPh), 5.26 (s, 2 H, NCHz), 7 .12-7.27 (m, 5

H, arom. H"), 7.77 (t,2}I, I = 8 Hz, arom. H's), 8.23 (d, 2 H, J = 8

Hz, arom. H's), 8.62 (d,2 H, I = 8 Hz, arom. H's)

13C nmr ô 36.9 (CH2Ph), 4L.4 (NCH2), 122.3, L26.7, 126.8, 128.0,

128.3, 128.9, 131.4, 131.5, 134.2, 138.4 (arom. C's), 163.9 (2 x
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c{)

mass spectrum, mlz: (relative intensity) 333 (M+, 4), 242 (82),

ztr (82), 2lO (71), 198 (100), 180 (47), 152 (41), r27 (24), 126

(29), 91 (41)

Exact mass mlz for CzoHl5NO2S (M+): calcd 333.08235, found

333.08330

N -(3 -BENZYLTHIOPROPYLT- I .g-NAPHTHALIMIDE (52,)

vrA NUCLEOPHILIC SUBSTITUTION OF N-(3 -BROMOPROPYL)-l ,8-

NAPHTHALIMIDE (18) BY BENZYL MERCAPTAN

Benzyl mercaptan (0.036 ñ1, 38 flg, 0.31 mmol) in benzene (5

ml) was treated with 1,8-diazabicyclo[5.4.0]undec-7 -ene (46.5

ffig, 0.31 mmol) at room temperature under a nitrogen

atmosphere. N-(3-Bromopropyl)-1,8-naphthalimide (18) (100

hg, 0.31 mmol) was then added and the resulting solution was

stirred overnight. Concentration of the reaction mixture under

reduced pfessure and subsequent chromatography on silica,

using a gradient of light petroleum/dichloromethane as the

eluant, yielded the solid N-(3-benzylthiopropyl)naphthalimide

(52) (96 mg, 867o).

mp 94-95 oC

lH nmr õ 2.01 (quin, 2IJ,J =J Hz, NCHzCIIz),2.71 (t,2 H, J = 7 Hz,

CIJ2C 2S),3.73 (s,2 H, CH2Ph), 4.22 (t,2H, I =7 }lz, NCHz), 7.09-
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7.30 (m, 5 H, Ph) 7.70 (t, 2 H, J = 8 Hz, arom. H's), 8.15 (d, 2 H,

J = 8 Hz, arom. H'r), 8.52 (d, 2 H, J = 8 IIz, arom. H's)

13C nmr E 27.2,28.3 (qHzeHzS), 35.4 (qH2Ph), 39.2 (NCH2), 122.I,

126.5, 126.6, r27.6, 128.1, L28.6, 130.8, 131.1, 133.6, 138.0

(arom. C's), 163.7 (2 x C=O)

mass spectrum, mlz: (relative intensity) 361 (M+, 6), 271 (12),

270 (57), 239 (14), 238 (19), 222 (20), 2lr (31), 210 (53), t99

(14), 198 (100), 197 (16), 180 (33), 154 (10), 153 (11), 152 (20),

t27 (15), 126 (18), 9t (69)

Exact mass mlz for CzzHlgNO2S (M+): calcd 361.11365, found

361.11240

N - ( 3 -B ENZY LTH I O P RO PY L,t - I .8 -N AP HTH ALI M I D E ( 52 |

VIA RADICAL ADDITION OF BENZYL MERCAPTAN TO N-ALLYL-1,8.

NAPHTHALIMIDE (17)

A mixture of the allylnaphthalimide (17) (200 û8, 0.84 mmol),

benzyl mercaptan (1.0 g, 1 ml, 8.5 mmol) and 2,2'-azobis(2-

methylpropionitrile) (69 mg, 0.42 mmol) in benzene was heated

at reflux under a flow of dry nitrogen for 4 h. Whilst heating, the

solution was also irradiated with a 300V/ mercury lamp' The

solution was allowed to cool to room temperature and analysed

by thin layer chromatography (devetoping solvent:

dichloromethane). Both the unreacted allylnaphthalimide (17)
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(Rr 0.34) and the thioether (52) (Rr 0.05) were visible under

ultraviolet light.

2,2'-Azobis(2-methylpropionitrile) (0.069g, 0.42mmol) was

added to the solution and the reaction mixture was irradiated at

reflux for an additional 4 h under a dry nitrogen atmosphere.

The reaction mixture waS concentrated under reduced pressure

and the residue purified on silica, eluting with a gradient of light

petroleum, dichloromethane, ethyl acetate and ethanol. The

colourless sulphide (52) (177 ffig, 58Vo) and the

allylnaphthalimide (17) (74 ffig, 37Vo) were isolated.

The spectral and physical properties of the sulphide (52) wefe

identical to those obtained previously for the sample afforded by

the reaction of the bromide (18) with benzyl mercaptan.

M

N-Acetylcysteine was prepared using the procedure outlined by

Smith and 6oti¡.101 The esterification of N-acetylcysteine was

carried out using the procedure outlined by van Bladeren and

coworkers.102

A mixture of cystine (20 g, 0.08 mol) and potassium hydroxide

(12g, O.2l mol) in water (200 ml) was cooled with stirring to 0 oC.

Acetic anhydride (43.3 g, 40 ffiI, 0.42 mol) was added dropwise

over 0.5 h. The solution rwas then allowed to stir for an

additional t h at room temperature after which it was heated to
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55 oC. Zinc dust (8 E, 0.12 mol) was added and the resulting

suspension was stirred for 0.25 h. The reaction mixture was then

allowed to cool to foom temperature. An aliquot (2 ml) of the

teaction mixture waS removed and filtered under vacuum.

Addition of a 1M lead acetate solution gave a yellow precipitate

to indicate the presence of the N -acetylcysteine. The reaction

mixture was then acidified to pH 1, extracted with ethyl acetate

(3x) and the organic layer washed with water and dried.

Concentration of the organic layer under reduced pressure gave a

colourless oil which crystallised on standing (approx. 48 h) to

give a crude sample of N-acetylcysteine (13.52 g, 5O7o).

Thionyl chloride (15.I7 g,9.3 mI,0.13 mmol) was added

dropwise to crude N -acetylcysteine (13.52 g) in methanol (250

ml) and the resulting solution stirred under a calcium chloride

drying tube for t h. The solution was then concentrated under

reduced pressure and the residue dissolved in chloroform. The

organic solution was washed with both a saturated solution of

sodium bicarbonate and water and then dried. The solution was

concentrated under reduced pressure and the residue purified by

flash chromatography on silica using a 1:1 mixture of

d ic hlorometh ane and ethyl acet ate as the elu ant.

N-Acetylcysteine methyl ester (53) was obtained as a colourless,

viscous oil (8.20 g, 28 7o).

lH nmr (60 MHz) õ 1.5 (t, 1H, J = 8 Hz, SH),2.08 (s,3 H, CH3CO),

2.98 (dd, 2 H, J = 4 Hz and 8 lFrz, CH2), 3.80 (s, 3 H, OCH3), 4'66-

5.00 (dt, I H, J = J Hz and 4 Hz, CH), 6.86-7.33 (d, 1 H, J = 7 Hz,
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NH)

The spectral properties of N-acetylcysteine methyl ester (53)

were consistent with those previously reported.l02

NAPHTHALIMIDE (54)

N -Acetylcysteine methyl ester (53) (64 h8, 0.36 mmol) in

benzene (10 ml) was treated with diazabicyclol5.4.0]undec-7-ene

(42 pl, 42.7 flg, 0.28 mmol) at room temperature under a

nitrogen atmosphere. N-Chloromethyl-1,8-naphthalimide (46)

(69.8 ñg, 0.28 mmol) was added and the magenta coloured

solution was stirred overnight. The resulting brown-orange

solution was concentrated under reduced pressure and the solid

obtained was purified on silica using a gradient of

dichloromethane/ethyl acetate to give the cysteine derivative

(54) (49 mg, 48Vo).

mp 132-134 oC

lH nmr ô 2.00 (s, 3 H, CH¡CO), 3.28 (dd, 1 H, J = 6 and 14 Hz,

SCILH), 3.31 (dd, 1 H, J = 5 and 14 IIz, SCHII), 3.76 (s, 3 H, OCH3),

4.gl (ddù 1 H, J = 5, 6 and 8 IFrz, NHCH), 5.31 (s, 2 H, NCH2), 6'67

(d, 1 H, J = 8 Hz, NH), 7.78 (t, 2 H, J = 8 IJrz, arom. H't), 8.26 (d, 2 H,

J = 8 Hz, arom. H's), 8.62 (d, 2 H, J = 8 Hz, arom. H's)

13C nmr ô23.0 (CH¡CO),34.5 (SeHzCH), 42.1 (NCHz),52'l (NHCH
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and OCH3), 122.0, 127.O, 128.O, 131.5, 131.6, 134.5 (arom. C'.),

163.8, 170.0, 171.2 (2 x C=O)

mass spectrum, mlz: (relative intensity) 387 (M++1, 2), 386 (M+,

2),327 (19), 210 (100), t97 (23), 180 (35), 153 (33), t26 (37)

Exact mass ml z for Cr gH r sN 2O aS: calcd 386.09364, found

386.09277

N - ( 6 - AC ET AM r p O - 6 - M ET H OXy C ARB O Ny L - 4 -T H r AH EXy L | - 1 .8 -

NAPHTHALTMTDE (ss )

A solution of N-acetylcysteine methyl ester (53) (100 hg, 0.56

mmol) and 1,8-diazabicyclo[5.4.0]undec-7-ene (84 pl, 85.5 ffig,

0.56 mmol) in benzene (10 ml) was treated with N - ( 3 -

bromopropyl)-1,8-naphthalimide (18) (180 hg, 0.57 mmol). The

resulting magenta coloured solution was stirred at room

temperature overnight under a nitrogen atmosphere. The now

yellow-brown solution was concentrated under reduced pressure

and the residue was purified on silica to give colourless crystals

of the cysteine derivative (55) (189 ffig, 88Vo).

mp 132-133 oC

lH nmr ô 1.94 (quin, 2 H, J = 7 }Jrz, NCHzCIIz),2.01 (s, 3 H, CH3CO),

2.58 (t, 2 H, J = 7 IJz, SCH2CH2), 2.95 (dd, 1 H, J = 5 and 14 IIz,

SCHHCH), 3.01 (dd, 1 H, J = 5 and 14 }Jz, SCHIICH), 3.68 (s, 3 H,

OCH3), 4.2O (t, 2 H, J = 7 }Jz, NCH2), 4.77 (ddd, 1 H, J = 5, 5 and
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8 Hz, CH), 6.68 (broad d, I H, J = 8 Hz,NH), 7.68 (t, 2 H, I = 8 Hz,

arom. H's), 8.14 (d, 2 H, I = 8 IJz, arom. H's), 8-53 (d' 2 H, J = 8 IIz,

arom. H's)

13C nmr õ22.9 (qH¡CO), 27.6,30.3 (qHzeHzS), 34.0 (SgHzCH)' 39.1

(NCH2), 51.6 (OCIFr),52.5 (CH), 122.3, 126-8, 127.9, 131.1, l3I'4 ,

133.9 (arom. C's), 164.0, 170.0, 171.2 (4 x C=O)

mass spectrum, mlz: (relative intensity) 414 (M+, 1), 355 (14)'

323 (10), 27r (11), 238 (100), 224 (7), 222 (9), 2rr (50)' 2ro

(41), 197 (60), 180 (30), 152 (23), 127 (20), 126 (30)

Exacr mass mlz for C21H22NZOSS (M+): calcd 414.L2494, found

4t4.t2584
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F'YPF'RIMENTAL

CH'PTFR 4

O.I M PHOSPHATE BUFFER. PH 7.4

Prepared according to the literature procedure.l 1 0

Potassium dihydrogen phosphate (3.08 g, 22.6 mmol) and di-

sodium hydrogen phosphate dodecahydrate (8.40 8,23.5 mmol)

were dissolvçd in MILLI-Q water and the volume made up to

2000 ml. The pH of the resulting solution was checked and found

to be as required.

(39a.1

A 3.79 x 10-3 M stock solution

methylnaphthalimide (39a) (2O

Further dilution of the ethanol

was prepared by dissolving the

ñg, 0.095 mmol) in ethanol.

solution with 0.1 M PhosPhate

buffer, pH 7.4 yielded a lVo ethanol solution of the naphthalimide

(39a) (3.79 x 10-5 M). The absorbance of this solution and two

other freshly prepared solutions from the stock ethanolic solution

were measured with respect to a phosphate buffer reference

(0.1 M, pH 1.4). The measurements obtained were as follows:

0.514, 0.516, 0.514 and hence an average absorbance of 0.515
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was obtained. Using Equation 2 (Introduction, p. 25) an

extinction coefficient of 1.36 x 104 M-lcm-l was calculated for the

methylnaphthalimide (39a).

EXTTNCTION COE FFICIF.NT F N-( ] -BROAíOPROPY .t-t R-

NAPHTHALIMIDE (181

Using a solution (l7o erhanol in 0.1 M phosphate buffer, pH 7.4) of

rhe bromide (1S) of final concentation 6.80 x 10-6 M, the

extinction coefficient of the bromide (18) was calculated as

described above for the methylnaphthalimide (39a)- The

absorbances recorded for the buffer solutions weÍe 0'0521,

0.0566 and 0.0524. An avefage absorbance of 0.0537 therefore

yielded an extinction coefficient of 7.90 x 103 M-1cm-1'

NAPHTHALIMIDE (341

A 9.41 x 10-5 M stock solution of the alcohol (34) was prepared

by dissolving the naphthalimide derivative (34) (2.40 ñ8, 9-41

mmol) in 0.1 M phosphate buffer, pH 7 -4 (100 ml)' The

ultraviolet spectrum of three freshly prepared solutions of this

concentration were run against a phosphate buffer to give

absorbance values as follows: 1.159, 1.153, 1.155. The avefage

absorbance of the solution was calculated to be 1.156 and hence

an extinction coefficient of 7.23 x 104 M-lcm-l was calculated'
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CALCULATION OF THE EOUILIBRIUM CONSTANTS. Kqo,QL[EE

N -AI.KYLNAPHTHALIMIDES ( 8) (?41. AND (19a1 WITH

VARIOUS CYCI.ODÐffRINS

A stock solution of the appropriate cyclodextrin in 0.1 M
phosphate buffer, pH 7.4, was prepared. Dilution of the stock

solution yielded a series of sample solutions of varying

cyclodextrin concentrations. The ultraviolet absorbance at 344

nm of the stock solutions \t,as measured and the absorbance due

to the cyclodextrins was noted to be zeto. Excess amounts of the

appropriate N-alkylnaphthalimide were added and the resulting

suspensions sonicated for 6-8 h at 20 oct l. The solutions were

allowed to equilibrate at 20 oct I overnight. The suspension was

then filtered to remove the excess imide. The ultraviolet

spectrum of each sample solution was recorded against a 0.1 M

phosphate buffer, pH 7.4, reference. The absorbance at 344 Dffi,

the l,¡¡¿¡, was noted. In order to ensure that the sample solutions

were at saturation point with the imides, they rwere resonicated

with a further excess of the N -alkylnaphthalimide and the

ultraviolet spectra rerun after equilibration. This was repeated

until no further increase in the absorbance at 344 nm was noted.

In the case of N-(3-hydroxypropyl)-1,8-naphthalimide (34), the

absorbances of the sample solutions were too great to be

measured accurately. Aliquots of the sample solutions were

therefore diluted by a factor of 10 just prior to measurement.

These absorbance values were then multiplied by l0 and used in

the subsequent analysis of data. A graph of the absorbance
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vefsus the concentration of cyclodextrin in each sample solution

was ptotted and the line of best fit determined using the software

program, Cricketgraph.@ The graphs obtained and their linear

correlation coefficients, R^2's, ate shown below. The y-intercepts

of the graphs correspond to the absorbance values of a saturated

solution of the appropriate alkylnaphthalimide in phosphate

buffer (0.1 M, pH 7.4) in the absence of cyclodextrin. The slope

of the appropriate graph, the corresponding Ag value, and the

corresponding extinction coefficient, calculated as described

above, were all inserted into Equation 3 (Introduction, p. 25).

The equilibrium constant, Keq, of the

cyclodextrin/N -alkylnaphthalimide combination was then

calculated. The values obtained by this method are given below.

The absorbance and concentration data that was used to plot the

graphs below is given in Appendix 4. The derivation of Equation

3 is given in Appendix 5.

DTMETHYL - p- CYC LODEXTRIN/

N-METHYL-1,8-NAPHTHALIMIDE (39a)
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DTMETHYL- Þ-cYcLoDExrRIN/

N-(3-BROMOPROPYL)-1,8-NAPHTHALIMIDE (18)

10 20

CONCENTRATION (M xe-4)

Keq = 2034

DIMETHYL- p-cYcLoDExrRIN/

N-(3-HYDROXYPROPYL)-1,8-NAPHTHALTMIDE (34)
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MOLECUSOLTM/

N-METHYL-L,8-NAPHTHALIMIDE (39a)

1.4
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K =96eq

MOLECUSOLTM/

N-(3-BROMOPROPYL)-1,8-NAPHTHALIMIDE (18)
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MOLECUSOLTM/

N-(3-HYDROXYPROPYL)-I,8-NAPHTHALIMIDE (34)

10

1

CONCENTRATION (M xe-2)

K - 227eq
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F\TPERIMENT^L

CHAPTER 5

P RESEN C E O F D IM ETHY L- þCYCLO D EXTRI N

Powdered sodium hydroxide was added to a mixture of

dimethyl-p-cyclodextrin (100 ñ8, 0.75 mmol) and cysteine (18

ffig, 0.15 mmol) in deuterium oxide (1 ml) until the solution was

balanced at pH 9.0. An excess of the bromide (18) (100 mg,0.31

mmol) was added to the solution and the resulting suspension

was sonicated under a nitrogen atmosphere for t h. The solution

was then filtered to remove the excess of the bromide (18) and

the filtrate was analysed by nmr spectroscopy.

The 1g nmf spectrum showed resonances at õ 2.80 and 2.97,

which were attributed to the methylene group of cystine. The

13 C nmr spectrum showed peaks at õ 45.0, 56.3 and t82.2,

characteristic of cystine. Comparison of these peaks with that of

an authentic sample of cystine and dimethyl-p -cyclodextrin in

deuterium oxide confirmed the presence of cystine. Peaks at

õ 30.9, 33.8 and 39.0 were attributed to the unreacted bromide

(18) in solution. On comparison with the literature, any cysteine

remaining would have been evident by a peak at ô 33.36, due to

the methylene group of cysteine,T0 however there was no such
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resonance. There was no evidence of any peaks that could be

attributed to the sulPhide (57).

P RESEN C E O F D I M ETHY L- þCY C LO D EXTRI N

A mixture of dimethyl-B-cyclodextrin (0.1 E, 0.075 mmol) and

lysine hydrochloride (14 ffig, 0.075 mmol) was dissolved in

deuterium oxide (1 ml). Sodium hydroxide (lÙ7o solution) was

then added to the mixture until a balance of pH 10 was reached'

The mixture at this point was analysed by 1¡¡ nmr spectroscopy

for future reference. An excess of the bromide (18) (50 ffig,

0.16 mmol) was added and the suspension was sonicated under

nitrogen for 24 h. The suspended material was then removed by

filtration and confirmed by 1g nmr spectroscopy to be the

bromide (18). The filtrate was analysed by l¡¡ nmr spectroscopy'

The spectrum was identical to that obtained above for the

mixture of the dimethyl-p -cyclodextrin and the lysine under

basic conditions. There was no evidence for reaction of the

lysine.

(s7)

Cysteine (87 ñ8, 0.12 mmol) was dissolved in dry methanol (5

ml) under nitrogen by the addition of sodium to the reaction
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mixture until the solution was balanced at pH 9.1-9.4. The

solution was then stirred at room temperature for 15 min. N-(3-

Bromopropyl)naphthalimide (18) was added to the reaction

mixture at regular intervals so as to maintain a. saturated solution

(approx. 500 mg, total). The suspension was stirred for a total of

24 h at room temperature under nitrogen. The suspended solid

was filtered from the solution and the filtrate was then

concentrated under reduced pressure. 'Water was added to the

residue and the resulting solution neutralised with dilute

hydrochloric acid to precipitate out the sulphide (57) (60 hg,

23Vo).

mp 199-202 "C (dec.)

lH nmr (2H6-DMSO) ô 1.90 (quin,2H,J =7 Hz, NCHzCH.2), 2.64 (t,2

H, J ='7 lHz, SCH2CH2),2.74 (dd, 1H, J = 9 and t4Hlz, SCIIHCH), 3.04

(dd, 1 H, J = 3 and 14 Igrz, SCHIICH), 3-32 (dd, 1 H, J - 3 and 9 llz,

CH), 4.14 (t, 2 H, J ='7 Ifirz, NCH2), 7.88 (t, 2 H, J = 8 FI2, arom' CH's),

8.46 (d, 2IH., J = 8 Hz, arom. CH's),8.51 (d, 2f{, J = 8 Hz, arom'

CH's)

FAB mass spectrum, mlz (relative intensity) 359 (M++1, 90), 238

(100), 2r0 (34)

CYSTEINE
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Cysteine (81 hg, 0.72 mmol) in dry methanol (5 ml), balanced at

pH 9.0, was treated with an excess of the

N-chloromethylnaphthalimide (46) using the same reaction and

work-up conditions as those employed above for the preparation

of the cysteine derivative (57) to yield a crude solid (148 mg).

Attempts to purify the solid by recrystallisation were not

successful. The lH nmr spectrum (zffo-nUSO) of the crude solid

showed a peak at õ 5.30, which was tentatively artributed to the

methylene group adjacent to the imide nitrogen of the thioether

(58). Broad signals at õ 7.75-8.O5 and ô 8.30-8.70 were

attributed to the naphthyl protons of rhe thioether (58). All
other signals were obsured by impurities in the sample. No 13C

nmr spectrum was recorded as the solid was insufficiently

soluble in 2Ho-DMSO.

FAB mass spectrum, mlz (relative intensity) 353 (M++23 , 26),

33L (M++1, 31), 210 (100)

N - ( 6 - AM r N O - 6 - C ARB OXy - 4 -T H r AH E p Ty L.) - I .8 - N Ap H T H ALI M r p E

(s9 |

Similar treatment of homocysteine (99 ffig, OJ3 mmol) with the

bromide (18) as described above for the preparation of the

cysteine derivative (57) followed by work-up of the reaction

mixture gave the cysteine derivative (59) (70 ffig, 36Vo).

mp 246 'C (dec.)
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lH nmr €Il¿-tvteoH) õ 1.17 (m,2 H, CHCIL2), 1.90 (quin, 2H, I - 7

Hz, NCHzCHz), 2.58 (t,2 H, J = '7 llz, NCHzCHzCHz), 2.67 (dd, I H,

I =9 and 14 }lz, SCILHCHzCH), 2.98 (dd, 1 H, J = 4 and 14 IIz,

SCHHCH¡CIJ),3.39 (t, 1H, J =7 IJz, CH),4.16 (t,2H,I =7 Hz, NCH2),

7.69 (t,2}J', J = I Hz, arom. CH's),8.23 (d,2 H, J = 8IIz, alom.

CH's), 8.44 (d, 2 H, I = 8 }J.z, arom. CH's)

FAB mass spectrum, mlz (relative intensity) 373 (M++1, 100),

238 (56), zt0 (34)

ATTEMPT AT CO(TPLING LYSINE WITH N-(3-BROMOPROPYL.I-T.8-

NAPTHALIMIDE ( ] 8)

Lysine hydrochloride (62 ffig, 0.34 mmol) in dry methanol (2.5

ml) under nitrogen was balanced at pH 10 with sodium. The

resulting solution was treated with the bromide (18) and worked

up under the same conditions as those used to prepare the

conjugate (57). Analysis of the solid that was obtained by fast

atom bombardment mass spectroscopy failed to show any

evidence of conjugate formation.

NAPTHALIMIpE ( 18t

Serine (36 ffig, 0.34 mmol) in dty methanol (2.5 ml) under

nitrogen was balanced at pH 10 with sodium. The resulting
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solution was treated with the bromide (18) and worked up under

the same conditions as those used to prepare the conjugate (57).

Analysis of the solid that was obtained by fast atom

bombardment mass spectroscopy failed to show any evidence of

conjugate formation.
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A PPF NnI\¡ ONF'

The following crystal structure data has been published: Easton,
C.J.; Gulbis, J.M.; Floskins, B.F.; Scharfbillig, I.M.; Tiekink, E.R.T. Z.
Krist. 1992,33, 5613.

PTPFRAZINI\IAryE ß? I

Bond Lengths (Â)

c (2)

c (32)

c (l)
c (6)

c (4)

c (3)

c (3e)

H (lB)

c (3)

H (4A)

H (4C)

H (6A)

c (33)

c (38)

c (35)

c (36)

o (2) t.2t3 (6)

o (32) t.203 (8)

N (t) r.467 (11)

N (1) r.42e (e)

N (4) t.468 ( t 0)

N (31) 1.463 (8)

N (31) r.427 (e)

c (1) 1.040 (81)

c (2) r.s22 (10)

c (4) 1.13s (80)

c (4) O.eez (76)

c (6) 1.150 (71)

c (32) t.st7 (e)

c (33) t.372 (10)

c (34) 1.387 (ll)
o (35) 1.385 (t2)
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c (s)

c (3e)

c (2)

c (3)

c (5)

c (32)

H (14)

H (lc)
H (3)

H(4B)

c (6)

H (68)

c (34)

H (34)

H (3s)

H (36)

H (37)

c (3e)

c (36)

c (37)

o (s)

o (3e)

N (l)
N (4)

N (4)

N (3r)

c (1)

c (1)

c (3)

c (4)

c (5)

c (6)

c (33)

c (34)

c (35)

c (36)

c (37)

c (38)

1.388

1.390

1.209

1 .190

1.367

1.457

1.340

r.402

0.806

0.882

1.110

1.009

l .516

0.958

1.392

0.996

0.914

t.120

1.039

t.47 6

(11)

(10)

(e)

(8)

(e)

(e)

(e)

(e)

(80)

(81)

(6e)

(8 1)

(11)

(71)

(10)

(67)

(66)

(ó5)

(68)

(10)

Bond Angles (deg.)

c (2)

c(6)
c (5)

N (l)
N (l)

N (4)

c (1)

c (2)

c (3)

t2s.0 (7)

t23.4 (6

124.3 (6



c (32)

c (3e)

H (lB)

H (1C)

H (1C)

c (3)

N (31)

c (2)

H (3)

H (44)

H (48)

H (4C)

N (4)

c (6)

H (6A)

H (68)

H (68)

c (33)

c (34)

c (38)

c (3s)

H (35)
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c (37)

H (37)

c (38)

c (3e)

c (3)

c (3)

c (3)

c (4)

c (4)

c (4)

c (5)

c (5)

c (6)

c (6)

c (6)

c (32)

c (33)

c (33)

c (34)

c (35)

c (3s)

c (36)

c (37)

c (37)

c (38)

c (3)

c (32)

N (1)

N (t)

H (1B)

o (2)

N (4)

N (3r)

N (31)

N (4)

H (4A)

H (44)

o (s)

N (4)

N (1)

N (1)

H (64)

o (32)

c (32)

c (34)

c (33)

c (34)

H (35)

c (3s)

c (36)

H (37)

c (33)

t24.0

112.6

111.3

l 18.6

12t.5

118.7

111.1

108.6

107.2

106.5

106.9

123.1

tl7.r
109.9

r06.8

108.3

131.3

t29.3

122.4

116.3

107.2

131.1

12t.6

r23.O

120.0

110.r

N (31)

N (31)

c (1)

c (2)

c (l)

c (1)
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(6

(6

(4s)

(55)

(7 4)

(7)

(6)

(6)

(32)

(40)

(se)

(se)

(8)

(8)

(3s)

(43)

(53)

(7)

(7)

(7)

(8)

(47)

(46)

(8)

(36)

(36)

(6)

111.0
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N (31)

c (38)

c (6)

c (4)

c (5)

c (3e)

H (14)

H (lB)

H (lc)
N (1)

c (3)

c (2)

H (3)

H (3)

H (48)

H (4C)

H (4C)

c (6)

c (5)

H(64)

H (68)

N (31)

c (33)

c (38)

H (34)

c (35)

c (36)

c (3e)

c (3e)

N (1)

N (4)

N (4)

N (3r)

c (1)

c (l)

c (1)

c (2)

c (2)

c (3)

c (3)

c (3)

c (4)

c (4)

c (4)

c (s)

c (6)

c (6)

c (6)

c (32)

c (32)

c (33)

c (34)

c (34)

c (3s)

o (3e)

N (31)

c (1)

c (3)

c (4)

c (3)

N (1)

H (14)

H (14)

o (2)

N (1)

N (4)

N (4)

c (2)

N (4)

N (4)

H (4B)

o (5)

N (l)
c (5)

c (s)

o (32)

N (31)

c (32)

c (33)

H (34)

c (34)

124.3 (ó)

104.6 (6)

t1,7.4 (7)

rts.7 (7)

Lte.4 (7)

t23.2 (6)

10e.5 (64)

e4.0 (67)

96.4 (78)

124.7 (7)

116.4 (7)

1t6.2 (6)

104.8 (34)

108.6 (34)

118.7 (46)

1 I 1.9 (46)

100.9 (64)

rr9.7 (8)

115.e (7)

10e.6 (35)

106.0 (43)

124.2 (6)

104.5 (6)

108.2 (6)

l18.6 (41)

t23.6 (41)

tzr.s (8)



H (36)

c (37)

c (38)

c (37)

c (3e)

c (38)

N (4)

N (4)

c (2)

c (2)

c (36)

c (36)

c (37)

c (38)

c (38)

c (3e)

c (35)

H (36)

c (36)

c (33)

c (37)

o (3e)

119.8

l 18.6

1r6.9

t21.2

128.7

131.1
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(33)

(34)

(8)

(7)

(7)

(7)

Dihedral Angles (deg.)

c (3)

c (3)

c (3)

c (3)

N (31)

N (3r)

N (31)

N (31)

c (32)

c (3e)

c (32)

c (3e)

-70

116

59

-115

X.RAY CRYSTAL STUCTURE OF T .4-DI M ETHYL-3 -PHTHALIM IDO-

2 5- PTPERAZINDIONE (33 |

c(4)

o(3e) N(4) o(s)

) q3) c(s)
q38)

q34 N{31) c.(6)

q32) q2)
o(36) q33) N(1)

c(34) o(32) o(2)q3s)
c(l)
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THE TORSION ANGLE (87'I BETWEEN THE PLANES OF THE TWO

RING.S.
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APPF'NDIX TWO

The crystal structure data given below has been published:

Easton, C.J.; Scharfbillig, I.M.; Tiekink, E.R.T. Z. Krist.1993, 205.

t37.

c Ry ïTAL p ATA O F N -ETHY L- I .8 -N AP HTH ALI M I D E ( 3 gb.t

Bond Lengths (Ä)

c (11) ---
c (11) -- -
c (13)

c (e)

c (3)

c (4)

c (10)

c (6)

H (5)

H (6)

H (7)

c (12)

c (14)

H (t42)

H (1s2)

c (r2)

c (t2)

o (rl)
N (12)

N (12)

c (1)

c (2)

c (3)

c (4)

c (s)

c (5)

c (6)

c (7)

c (8)

c (13)

c (13)

c (14)

o (13)

N (12)

r.215

1.402

1.482

r.433

1.390

t.354

1.447

1.353

0.880

0.973

0.928

1.466

1.516

0.995

1.004

1.223

1.398

(6)

(6)

(7)

(7)

(7)

(55

(54

(7)

(8)

(55)

(55)

(6)

(67)

(7)

(8)

(8)

(ss )

)

)
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(s)

(4)

(5)

(5)

(34)

(30)

(6)

(6)

(33)

(36)

(6)

c (2)

c (11) ---
H (2)

H (3)

H (4)

c (10)

c (7)

c (8)

c (e)

c (10)

c (141)

H (151)

H (153)

c (t2)

c (13)

c (1r)

c (3)

H (2)

H (3)

c (10)

H (4)

H (4)

H (5)

c (7)

c (l)

c (1)

c (2)

c (3)

c (4)

c (5)

c (6)

c (7)

c (8)

c (e)

c (13)

c (151)

c (14)

1.380

T.461

0.858

1.003

o.917

1 .418

t.397

1.384

t.4t4
1.424

1.053

r.005

1.004

(7)

(7)

(s4)

(s4)

(s2)

(7)

(8)

(8)

(7)

(7)

(s5)

(57)

(56)

Bond Angles (deg.)

N (12)

N (12)

c (1)

c (2)

c (2)

c (3)

c (4)

c (4)

c (4)

c (5)

c (6)

c (11)

c (12)

c (1r)

c (1)

c (3)

c (2)

c (3)

c (3)

c (10)

c (6)

c (s)

t25.0

I 18.4

12t.2

t21.9

tzt.L

119.3

IzL.L

Lzt.t

t15.7

t29.8

r20.2
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H (6)

H (7)

c (e)

c (12)

c (10)

c (5)

c (e)

c (1)

N (12)

c (8)

H (141) -

H (r42) -

H (142) -

H (152) -

H (153) -

H (153) -

c (13)

c (e)

H (11)

H (2)

c (4)

H (3)

H (4)

c (10)

H (5)

H (6)

c (8)

c (6)

c (7)

c (8)

c (8)

c (e)

c (10)

c (10)

c (11)

c (12)

c (12)

c (13)

c (13)

c (13)

c (14)

c (14)

c (14)

N (12)

c (1)

c (1)

c (2)

c (3)

c (3)

c (4)

c (5)

c (s)

c (6)

c (7)

c (7)

c (6)

c (7)

c (e)

c (1)

c (4)

c (5)

o (rl)
o (13)

N (12)

N (12)

N (12)

H (141)

c (13)

c (13)

H (ls2)

c (11)

c (2)

c (e)

c (l)

c (2)

c (4)

c (3)

c (6)

c (10)

c (5)

c (6)

tr7.4 (32)

124.6 (33)

118.e (5)

120.6 (5)

120.2 (5)

124.2 (5)

I r 8.3 (6)

t22.2 (5)

l le.s (s)

116.e (4)

108.4

r05.7

106.5

108.4

t09.7

107.8

116.9

1 18.7

r20.r

1r7.0

r20.7

r20.0

r23.2

121.2

108.9

t22.2

12t.4

(2e)

(31

(43)

(3 1)

(3 1)

(41)

(4)

(5)

(4)

(34)

(6)

(30)

(33)

(6)

(35)

(33)

(6)



H (7)

c (12)

c (8)

c (10)

c (e)

N (12)

c (1)

c (8)

c (14)

H (141) -

H (142) -

H (r51) -

H (152) -

H (153) -
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(33)

(5)

(5)

(5)

(5)
(5)

(s)

(5)

(5)

(30)

(3 1)

(3 1)

(43)

(43)

c0)
c (8)

c (e)

c (e)

c (10)

c (11)

c (11)

c (12)

c (13)

c (13)

c (13)

c (14)

c (14)

c (14)

c (8)

c (7)

c (1)

c (8)

c (4)

o (11)

N (12)

o (13)

N (12)

c (14)

c (14)

c (13)

H (151)

H (151)

I 13.5

t20.5

120.0

119.8

t17.4

r20.7

1r7.1

123.5

111.3

ttl.7
113.0

108.6

I 16.3

105.9

Dihedral Angles (dee.)

c(l l) N(12) C(13) C(14) -e2

c(t2) N(12) C(13) - C(14) 87
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APPENDIX THREE

The energy values listed below are values that the program

PCMODEL@ give to each conformation, they are not absolute

values. In plotting the graphs shown in Figures 7 and 9, the

minimum energy value was plotted as 0 kJ and all other energy

values ate relative to this. The dihedral angle is defined by the

four atoms C-N-C'-CB in both the ethytnaphthalimide (39b) and

the ethylphthalimide (42b).

ENERGY VAT,TIES AND DIHED RAT. ANGT.E otr

Dihedral

Angle

Energy (kJ)

86 15.92

9t 75.91

96 7 6.34

I 0 1 11.06

106 7 8.10

111 79.40

116 80.86

121 82.62
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r26 84.38

131 86.18

136 88.02

t47 89.70

r46 9r.t6

151 92.37

156 93.25

161 93.80

t66 94.09

1 1 I 94.26

t76 94.22

181 94.22

186 94.r7

191 94.05

r96 93.8 8

20r 93.50

206 92.92

2tl 91.91

2t6 90.51

22t 8 8.94

226 81 .23

23r 85.34

236 83.58

24r 81.87

246 80.28
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25r 7 8.85

256 11 .12

26r 16.16

266 76.18

27r 7 5.92

21 6 16.05

281 7 6.68

286 11 .68

29r 19 .06

296 81.07

301 83.17

306 85.42

311 81 .64

3t6 8 9.65

32r 9r.r2

326 92.25

33r 93.09

336 93.50

34t 93.92

346 94.06

351 94.r3

3s6 94.22

361 94.26

366 94.r3

31 I 94.05
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376 93.92

381 93.7 6

386 93.3 8

39r 92.61

396 9r.7 9

40t 90.45

406 88.82

4tr 86 .11

4t6 84.46

42r 82.25

426 80. 19

43r 18.48

436 77.r4

44r 7 6.30

446 15.92
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ENERGY VAL TTtr.,S AND DIHEDRAL NGT.F,,S Otr

N -ETHYLPHTHALIMIDE (42b) CALCULATED USING PCMODET.@

Dihedral

Angle

Energy (kJ)

89 90.1 6

94 90.24

99 90.45

ro4 90.7 4

109 9t.24

lr4 9r.81

119 92.7 |

124 93.63

t29 94.12

t34 95.81

139 96.77

144 97 .6t

t49 98.19

r54 98.51

159 98.78

r64 98.82

t69 98.82

t74 98.82

269 90.20

274 90.24
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21 9 90.3 6

284 90.6 6

289 9r.r2

294 91 .83

299 92.7 9

304 93.88

309 95.09

314 96.21

3r9 91 .r9

324 97 .94

329 98.40

334 9 8.65

339 98.82

344 98.82

349 98.82

354 98.82

359 98.82

364 98.82

369 98.82

374 98.86

319 98.82

384 98.14

389 98.53

394 98.15

399 9l .52
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404 96.69

409 95.60

4t4 94.38

4t9 93.2r

424 32.2r

429 9r.37

434 90.83

439 90.45

444 90.28
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APPENDIX FOUR

ABSORBANCES OF SUIBSTITUTED NAPHTHALIMIDE DERIVATIVES

D I M ET H Y L - þ-CY C LO D E XT RI N /
N -METHY L-I ,8-N AP HTHALIMIDE (39a)

Concentration

(xl0-3¡

Absorbanc e

0 0.388

2.252 0.490

4.506 0.624

6.159 0.6 95

9.0r2 0.8 00

rr.260 0.92t

13.520 1.030

r5 .110 r.144
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DI MET HY L- p-CY C LO DE XT RI N /
N-(3 -BROMOPROPYL)-1,8-NAPHTHALIMIDE (18)

Concentration

(x10-4 )

Abso rbanc e

0 0.t27

3.608 0.2t5

7.2t6 0.28 5

r4.430 0.47 5

1 8 .040 0.555

zr.650 0.648

25.260 0.131

D I M ETHY L - p-CY C LO DE XT RI N /

N-(3 -HYDROXYPROPYL)-1,8-NAPHTHALIMIDE (34)

Concentration

(xl0-t¡
Abs or banc e

0 4.34

3.51ó 6.40

6.313 8.61

9.469 11.08

r2.63 r2.49

15.78 r5.34

18.94 t] .r5
22.09 19. 10
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MOLECUSOLTM I
N-METHYL-1,8-NAPHTHALIMIDE (39a)

Concentration

(xIo-2)

Abs orbanc e

0 0.386

0.3 84 0.495

0.7 61 0.658

1.151 0.8 25

t.534 0.942

1.918 1.055

2.301 1.252

2.685 1.333

MOLECUSOLTM/
N-(3-BROMOPROPYL)-1,8-NAPHTHALIMIDE (18)

Concentration

(x10-3 ¡

Absorbance

0 0.r24

r.342 0.242

2.61 I 0.329

4.0r3 0.423

5.342 0.522

6.684 0.662

8.013 o .712

9.354 0.850
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MOLECUSOLTM I
N-(3 -HYDROXYPROPYL)-1,8-NAPHTHALIMIDE (34)

Concentration

(x10-2 ¡

Ab s orbanc e

0 4.34

0.3 08 6.15

0.616 9.41

0.924 r2.03

t.232 14.74

t.541 18.17

1 .849 20.0 8

succrNAMIDE-LINKED 7-CYCLODEXTRIN (s6)/

N-(3 -BROMOPROPYL)-1,8-NAPHTHALIMIDE (18)

Concentration

(xl0-2¡

Abs o rbanc e

0 0.t24

1.786 0.255

3.51r 0.392

5.357 0.543

1.r43 0.682

8.923 0.835

r0.7 r4 0.933

t2.499 1.054
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APPENDIX FIVE

DERIVATION OF EOUATION 3

The derivation below relates to Figure 4 (Introduction, p. 24) and

the following abbreviations have been used:

A0 = absorbance of free imide in solution

An - Ao = absorbance of complexed imide in solution

tCDl = cyclodextrin concentration in solution

tmax = extinction coefficient of the imide

slope = slope of the graph (Fig. 4) of absorbance of imide (Ap) vs.

cyclodextrin concentration in solution tCDl.

DERIVATION

Iimide-cyclodextrin]
K"q = k1 lkz= (from Equation 1)

[free imide] [free cyclodextrin]

An-Ao

t.ut

Ao

tt.,



=>1Ao

+1
Ao

Ao

1

tr"*Ao

An-Ao

tcDl 1

An - Ao trn",

1

slope

Appendix 5 198

Equation 3

An-Ao

1

-1

1
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Crystal stracture I Naphthalimide derivative I Conformation

Abstract. The crystal structure of N-ethyl- l,8-naphthalimide,
(C,+H,,NOz). has been determined at 180 K. The colourless compound

crystallizes in the monoclinic space group C2lc with unit cell dimensions

o: A.XZ(I). å: 18.663(4). c:16.469(2) A. É:98.04(1)'-Z:8 and D.:
1 .418 Mg m - i. The structure was solved by direct-methods and refìned by

a full-matrix least-squares procedure on 753 reflections to fìnal R : 0.056.

The molecule is essentially planar with the exception of the terminal methyl

group which lies to one side of the plane and the two methylene H atoms

which lie to the other side. The crystal structure determination enables the

rationalization oI the chemical reactivity of this class oIcompound.

Introduction

As a part of a study of the synthesis of novel fluorescent probes through

free-râdical halogenation of N-alkylnaphthalimides we observed that while

N-methyl-1,8-naphthatimide reacted with N-bromosuccinimide to give

the N-bromomethyl-substituted derivative, the corresponding N-ethyl-
naphthalimide was completely inert under the reaction conditions. This

observation was unexpected because the naphthalimidomethyl radical,

produced as an intermediate in the reaction of N-methyl-1,8-naphthalimide,

Correspondence to: Dr. E. R. T. Tiekink. Department of Physical and Inorganic

Chemistry, University of Adelaide' Adelaide. S- A. 5001. Australia.

https://doi-org./10.1524/zkri.1992.199.14.249
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should be less stable and form less readily than the more substituted
l-naphthalimidoethyl radical, erpected as an intermediate in the reaction
of the N-ethylnaphthalimide.

one explanation to account lor this anomaly is that the reaction of
N-methylnaphthalimide is under stereoelectronic control (Beckwith,
Easton and Serelis, 1980; Beckwith. l98t: Easron, 1983) such that the

energy co N-ethylnaphthalimide is likely to be that in
which the substituent is perpendicular to the plane o[
the napht steric interactions are likely to prevent the
lormation n suitable for hydrogen abstraction under
stereoelectronic control. To test this hypothesis, a crystal structure analysis
olthe title compound. N-ethyl-1.8-naphthalimide. u'as underraken to deter-
mine the prelerred conlormation of the molecule.

Experimental

Crystals of N-ethyl- 1,8-naphthalimide. prepared by arkyration olpotassium
1.8-naphthalimide with iodoethane and recrysrallized from ethanol
(Devereux and Donahoe, 1960), are weakly scatterin_s at room-temperature.
The results presented in this report represent the better of three structure
determinations for this compound, namely with a data set collected at
180 K. Intensitv data were measured (Enral-Nonius cAD-4F dii-
fractometer controlled by a PDPS/A computer) employing graphite-
monochromated MoKz radiation Q. :0.7107 ,{) and the o_¡:n _1d scan tech-
nique;the optimum value oln was determined to be 1 on the basis olthetai
omega scans performed on representative reflections. Metric crystal data
aregiven in the Abstract. A total of 3196 reflections were measured up to
maximum Bragg angle of 25', of these 1871 were unique and 753 satisfìed
the 1> 2.5o(l) criterion of observability. Although a number of direct-
method strategies were employed to solve this structure in the space group
c2i<'. none yielded a satisfactory solution. However. E-maps generated lor

ng MI
fthea
t resul
ggeste

were centrosymmetrically related. a feature which was supported by strong
correlation effects observed between the corresponding parameters o[ thã
two molecules during the course of the refìnement. A subsequent least-



Crlstal structure of C1¡H¡ ¡NO; 25r

Table l. Fractional atomic coordinates and B.o values (A:) B.q = 8n2(lLtt t Lt2. +
L/¡ ¡) -ì for N-ethyl- 1,8-naphthalimi<le.

Atom -r 8cq)

o(il )

o(12)
N(12)
c(l)
c(2)
c(3)
c(4)
c(s)
c(6)
c(7)
c(8)
c(e)
c(10)
c(il)
c( l2)
c(r3)
c(14)

0.0079(2)
0.1 327(2)
0.07r l(2)
0. l 300(3)
0.1 333(3)
0. r e67(r)
0.2ó0e(3)
0.3109(3)
0._1114(3 )

0 2671(3)
0.20 1 6(3 )

0.2002(3)
0.265ó(l)
0.0ó60(3)
0.1 348(r)
0.0032(3)

- 0.02 77( 3 )

-0.21Q(2)
- 0.03ó4{2)

- 0 r 5óo(3)

- 0.28ó3(3)

- 0.3706(3)

-0 4r 50(4)

- 0.3765(4)

- 0.24-18(4)

-0.r6r0(.1)
- 0. il 77(4)

-0.rs75(3)
- 0.2438(3 )

- 0.2E83(3)

- 0.2408(3)

-0 l I l0(3)

-0 1l l l(3)

-0 0782(4)

- 0 2508(6)

- 0. I 200(6)

-0.1731(6)
- 0.265 r (7)

-0 _il 25(8)

- 0.13e7(8)

- 0.3214(9)

- 0.2545( l0)

-0 2162(9)

-0.1854(10)
- 0.1 e86(8)

- 0.2465(9)

- 0.27 50(8)

- 0.21 r r(8)

-0 l6l6(8)
-0 l24l(9)
-0.3001(r0)

2.29
2.'n
l.E4
I .50
t90
2.29
2.61

2.45
2.53
2.ó1

1.90
1.74
2.2t
r.58
1.90
2.t6
2.71

Teble 2. Selected bond distances (Ä) and angles (deg.) lor N-ethyl-1,8-naphthalimide

N(r2)-C(r1)
N(t2)-C(1r)
c(r2)-o(r2)
c(8)-c(r2)
c(r r)-N(12)-c(r2)
c(r2)-N(r2)-C(13)
N(r2)-C(11)-C(l)
N(r2)-C(12)-O(12)
o(r2)-c(12)-c(8)

N(l2) - C(r 2)
c(il)-o( il)
c(r)-c(il)
c(r3)-c(r4)
c(r r)-N(r2)-c(13)
N(12)-C(il)-O(1r)
o(il)-c(11)-c(l)
N(12)-C(r2)-C(8)
N(12)-C(r3)-C(r4)

1.402(6)
r 482(7)
1.223(6)
1.466('t)

1 2s.0(5)
r 18 1(4)
1 r 7.1(5)
r r 9.s(5)
I 23.5(5)

r.398(6)
1 .21 5(6)
t.46t(7)
1.516(8)

1 16.9(4)
r 20.7(5)
r22.2(s)
11ó.9(4)
r I 1.3(5)

squares refinement in the C2lc space group, alter an appropriate shift in
origin. confìrmed that this was the true space group; the refìnement in-
volved 128 parameters and was based on F(Sheldrick, 1976). The N and
O atoms as well as the C atoms ol the ethyl group were refined with
anisotropic thermal parameters; thç remaining atoms were refined iso-
tropically. The H atoms were located from a difference map, assigned a

common isotropic thermal parameter, and refined. A weighting scheme of
the form, ¡+' : kllot(F) + glFl2l was introduced and the refinement
continued until convergence; R:0.056, wR:,0.060, k: 1.85 and g:
0.0018. No extinction correction was applied and the analysis of variance
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o(t 2)

5
It

7

I

r3 14

10

N(12)

l1

1

o(11)

-tf',,

--J
14

Fig. l. Two views of the N-ethyl- 1.8-naphthalimide molecule showing the crystallographic
numbering scheme.

showed no special features. The maximum and minimum residual electron
density peaks in the final difference map were +0.37 and -0.26 eÄ-3,
respectively. Scattering factors for all atoms were as incorporated in
SHELXT6 (Sheldrick, 1976). Atomic parameters are given in Table 1, selec-
ted interatomic parameters in Table 2 and the numbering scheme used is
shown in Figure 1 which was drawn with ORTEP (Johnson, 1976) using
arbitrary thermal etlipsoids. Listings of thermal parameters, all bond dis-
tances and angles and Tables of 4u. have been deposited. t

Results and discussion

The structure determination conltrms the stoichiometry ol the compound
as N-ethyl-1,8-naphthalimide as shown in Fig. 1 which gives the atomic

t Additional material to this paper can be ordered from the Fachinformations-
zentrum Energie-Physik-Mathematik, D-'1514 Eggenstein-Leopoldshafen 2. F'RC. Please
quote relerence no. CSD 5502ó. the names of the authors and the title of the paper.

3
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numbering scheme. The structure is molecular. there being no signifìcant
intermolecular contacts in the crystal lattice. Although the molecule does

not possess cry'stallographic symmetry, there is a pseudo mirror plane

bisecting the molecule. As can be seen from the lower view ol Figure 1,

the three fused six-membered rings are essentially coplanar. The equation
for the least-squares plane through these atoms is 0.994X + 0.043Y -
0.0102 : -0.5'l2and the maximum deviation lrom this plane is 0.046(4) Å'

for the N(l2) atom. The O(11) and O(12) atoms lie 0.077(a) and 0.006(4),Å.
out of this plane in the direction of the C(14) atom. Consistent with the
planarity of this system is the extensive delocalization of n-electron density
over the heterocyclic portion of the molecule, as indicated by the systematic
variation of bond distances and angles about these atoms. Tbus, the C(1) -
C(11) and C(8)-C(12) bond distances (1.461(7), 1.466(7) Ä¡ are shorter
than normal C-C single bond distances (Table2) and the C:O bond
distances (1 .21 5(6), 1.223(6),Â.¡ are longer than expected. While the N(1 2) -
C(I3) bond length is normal atl.482(7) Ä, the N(12)-C(11) and N(12)-
C(12) bond lengths (1.402(6), 1.398(6) Ä) are signihcantly shorter than this
distance. The conjugation does not extend to the ethyl substituent. The
remaining bond distances and angles associated with the molecule are as

expected and are not discussed further, The approximatc nr-symmetry in
the molecule is emphasized in the values of the two torsion angles for
C(l 1 ) - N(l 2) - C(1 3) - C(14) and C(12) - N(1 2) - C(l 3) - C(14) ol -92.2
and 86.6'. respectively. The main interest in the structure is the disposition
of the N-bound ethyl substituent.

[n the absence ol signifìcant intermolecular contacts (see above), one
may conclude that the solution state structure of the molecule resembles

closely the structure found in the solid state and therefore it is possible to
draw conclusions about the lack of reactivity of the molecule on the basis

of the X-ray structure. The C(13) atom lies 0.154(6) Ä out ol the least-
squares plane through the fused rings and the terminal methy[ C(14) atom
ties t .213(7) Ä out of this plane in a direction opposite to the C( l3) atom.
Thus. the conformation ol the molecule lends support to the hypothesis
that the reaction of N-methyl-naphthalimide is under stereoelectronic con-
trol. The disposition of the ethyl substituent in the N-ethyl analogue pre-

cludes such a mechanism and hence the crystallographic analysis provides
a plausible explanation for the observed inertness of this compound.

.ltknotledgemerr. The Australian Resear.h Council is thankeC lor support.
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c(4)

o(3s) N (4) o(s)

c(s)

N(31)

c(32) c(21
q36)

c(33) N(l)

c(3s)
c(34) o(32) o(2)

c(1)

Sou¡ce of material: see ref. 1.

The structure determination shows the molecule to exist as a dione. The

C(39)N(31)C(3)N(4) torsion angle of ll6.f indicates no conjugation in the

N(31!'C(3) bond.

Monoclinic,Pl2¡|cl (no I4), a:14.913(7), b:9.142(2), c: I0.210(3) Åt,0:
109.63(4)', V:1311.1 Å.3, Z:4, R:0.064.

q6)

https://doi.org/10.1524/zkri.1993.205.12.137
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T¡ble l. Parameters used lor the X-ray data collection

Diff¡actometer
type:
Wave length:

Crystal
characteristics

Temperature ol
measurement:
20^,':

Enral-Nonius CAD4
Mo K, radiation
(0.7r07 A)
colourless. spherical
crystal of approximate
diameter 0.30 mm

293 K
45"

Number of unique
ref'lections:
Criterion lor unob-
served reflections:
Number of refined
parameters:
Scan mode:
l¡:
Structure solution
program used:

r7r3

F" < 6ø(F.)

230
at2€
0.68 cm - t

SHELX

Table 2, Final atomic coordiûates and displacement parameters (in Ä,2)

A(om r t U-iU,t U¡¿ U,, U u,, uÐ

o(2)
o(s)
oß2)
o(19)
N(l)
N(4)
N(]l)
c(1)
Hll {)
H(rB)
HilC)
c(2)
c(3)
H(])
c(4)
H(4A)
H(48)
H(4C)

c(s)
c(6)
H(6A)
H(óB)
c(32)
c(ll)
c(34)
H(]4)
c(r5)
H(15)
c(16)
H(ló)
c(3?)
H(37)
c($)
c(3e)

0 I 980{4)

0,0794(4)

0 l2l4(r)
0 Jl27(4)
0 l r 5l(4)
0 r518(4)
0 J04r (4)

0 oslt(ó)
0 04.r{6)

0 ùó5(5)

0.r29(ó)
0 r73t(5)
0.2005(4)

0 r 80(4)

0 l 692(7)

0 r óó(5)

0.r 27(6)

0 2ll(5)
0 r 103(5)

0_r0r r(6)
0 r 52(s)
0 037(5)

0 -r574(5)
0.4ó02(5)

0.5412( 5)

0 540(5)

0 ó179(5)

0.ó7ó(5)

0.6293{ó)

0 6Ð(5)
0.54ó0(5)

0 545(4)

0.4ó09(5)

0 3ó25(5)

0 r 512(7)

-0 r93(6)
0 0?76{6)

-0 2r r0(7)
0 r2ó9(7)

-0 l7l l(7)

-0 092ó(ó)

0 2r4{l )

0 197(9)

03r7(9)
0 142(9)

0 0?93(9)

- 0.08r 7(r)

-0 ß2(7)

- 0 J29l(9)

- 0 lóó(r)

- 0,197(9)

- 0.r59(9)

-0. r 172(9)

0.047r(9)
0_û9r (7)

0 06ó(8)

- 0 03lo(r)

- 0 06r4{E)

-0.0311(e)
0.01r(8)

-10?5(t)
-0 0,l](E)

-0.1¡tl( l )

-0 t73(7\

- 0. r 70ó(9)

-0 220(7)

-0 t3r0(E)

-0. l 515(9)

- 0 0ór 7(ó)

0 268r(6)
0 l0:1(5)

-0_66ó(ó)
0 æe2(7)
0 rill(ó)
0 09ó0(ó)
o,079( I )

0 09¡t¡91

-0 0:.t{9)
0.l,ll9)
0 0r r7(r)
0 0349(8)

- 0 0?0(7)
0.rot(r)
0 mq9)
0,r 3r{r)
0 f 7lE)
0.r%3(9)
0 ær 4(e)

0.roóG)
0.197(Ð
0.¿sl(E)
0_237r(8)
0 l4t7(9)
0 ¡::( ?)

0 tlril)
0.407(7)
0.2r 0( r )
0, r 99(6)
0 ræE(9)
0.m9(7)
0 r r9r(r)
0.02¡1t(9)

0 0ól¡l)
0_0ó5(4)

0 039(t)
0.04E(l)
0,04o(3)

0 039(r)
0 0ró(l)
0 042(5)

0_0ó9(t )

0 0ó9(r)
0 0ó9(8)

0 032(4)

0.02(4)
0 046(5)

0 0?1(ó)

0 0óe(8)

0 0ó9(8)

0 oóe(E)

0 04q4)
0 019(4)

0 057(7)

0 057(7)

0 013(4)

0 0ll(4)
0 04r(5)
0 0415)
0 0?9(4)

0.ü6(5)
0 01ó(5)

0 04ó(5)

0,04ó(5)

0 04ó(5)

0 034{4)

0.010(4)

0 07r(4)
0.073(4)

0 06r (4)

0 0e2(5)

0-042(4)

0.o{2(4)
0 04r(4)
0 056(Ð

0 074{4)

0.051(4)

0_044i])
0.017(4)

004r(4)
0 0r8(4)
0 037(4)

0 ú2(1)

00r2fl)
-0 0o9(l)

0 mr(r)
0,0r 0(J)
0 007(r)
0 0m(3)
0 002(l)
0.00914)

0 05t1)
0 0:rt.l)
00:ltl)
0.019ß)
0 0r 913)

0.01 l( t)
0 0r 7(3)

0,0t ó( 5)

0 022f4)
0 0r ?(4)

-0 0r J(l)
-0 024{4)

0 000(r)

-0 00t(3)

-0 m8(3)

- 0.00ó(5)

0 ole(ó) 0 052(7) 0.004{4) o @(5) - 0 002(5)

0.050(5)

0.0J1(5)

0 05r(ó)
0.0óo(ó)

0_045{5)

0.0115)
0.055(6)

0.072(ó)

0.05f 6)

0 054(5)

0_044(5)

0 052(t

0 04r (5)

0_030(4)

0 037(5)

0 ßr(5)

0 mr(4)
0 007(l)

0 002(4)

-0 004{4)

0 0r2(4)
0-æ7(r)

0.01li4)
0.023(4)

0.0r 2(4)
0.0tt¡r)
00t7({)

0 0r 7(4)

0.01t{¡l)

0 001(5)

0 0æ(4)

0.002(4)

0.0m(5)

0 mr(4)
0.0r 0(4)

- 0.009(5)

0 000(4)

- 0 0oó(5)

0 044{5)

0.0415)
0 04e(6)

0.0?5(7)

0 0e2(e)

0 05ó(ó)

0 046(ó)

0.øl(5)

-0 003(4)

0.0014)

- 0 009(4)

0.004(3)

0 00{4)

-0.010(4) 0 0lti.t) 0.004{6)

0 003(4) 0.012{6) 0 001ó)

0.007(4) 0.0ry5) -0 001(5)
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Further details of the structure determination (e.9. structure factors) hare been deposited within
the relevant database and can be accessed as Collection No 3204E7 or ordered from the
Fachinformationszentrum Kartsruhe, D-75 I 4 Eggenstein-Leopoldshafen.
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