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Abstract

The main aims of this project was to prepare derivatives of halogen and nitro substituted

phenyl azides and characterise them using the following analytical methods :-

1. Infrared spectroscopy

2. Raman spectroscopy

3. Elemental analysis

4. Multinuclear NMR. spectroscopy (‘H "°C “N BN PF)
5. X-ray structural analysis

The structures of all prepared halogen and nitro substituted phenyl azides were computed usig
the Gaussian98 programme and were fully optimised and the vibrational frequencies and zero
point energies computed using a semiempirical calculation carried out at the semiempirical
PM3 level of theory using a VSTO-3G basis set and ab initio at the self consistent HF level
of theory using a 6-31G(d) basis set. The structures, vibrational frequencies and zero point
energies for the molecules that contained either bromine or iodine were also calculated ab
initio at Hartree-Fock (HF) using a quasirelativistic Stuttgart/Dresden (SDD) pseudopotential
for the core electrons was applied with a Dunning/Huzinaga D95-type valence basis for the
bromine or iodine atoms.

The thermal decomposition of the prepared compounds was studied experimentally using gas-
phase IR spectroscopy and mass spectrometry. The explosive nature of all the prepared
compounds was tested, and those that exhibited a explosive nature had the temperature of
explosion measured and were also used for drophammer experiments.

The detonation velocities of the prepared nitrophenyl azides were calculated using the
Rothstein equation. This equation was also used to predict the detonation velocities of some
as yet unprepared nitrophenyl azides

Another aim of this work was to prepare pentazole derivatives using a series of halogen
substituted anilines and nitro substituted anilines as starting materials. It was hoped to be able
to crystallise the pentazole derivatives prepared. The low temperature Raman spectra and '*N

NMR spectra of these derivatives were also measured.



1 Introduction

1.1 Azides —Introduction

The first organic azide, phenyl azide, was synthesised by Peter Griess [1] from

benzenediazonium perbromide and ammonia.

® O
5Ng Br, + NH3 ———> C.HgN; + 3HBr

CegH 3 6

The discovery by Curtius in 1890 of the rearrangement of acyl azides to isocyanates [2]
stimulated interest in organic azides and as a consequence most of the general synthetic

methods were soon elucidated.

RCON3—> [RCON:] + No — > RN—C—0

Since Curtius obtained benzyl azide from benzyl iodide and silver azide [2] not only halo but
also sulfate, nitro, hydroxyl, nitrate, iodoxy and alkoxy groups have been found to enter into

displacement reactions with metallic or hydrogen azides.

Other methods of preparing organic azides related to later work in this thesis

1. Nucleophillic substitution.

Aryl substrates containing suitable leaving or activating groups react readily with moderately
strong nucleophiles such as the azide ion and a number of aromatic azides have been prepared
in this manner. SyAr reactions of the azide ion proceed more readily in dipolar aprotic

solvents , the use of which is thus preferred with substrates of low reactivity.



2. Reaction of diazonium compounds with nucleophiles.

Aromatic azides can be synthesised from diazonium compounds using hydrazoic acid or the
azide ion as the nucleophile. This reaction may be used in all cases in which a primary amine
undergoes diazotization. This procedure is widely used in the synthesis of aromatic and
heteroaromatic azides and the yields are usually high and often quantitive. Different
procedures have been developed for this reaction, and the method used is determined by the

basicity of the amine involved or the solubility of its salts.

3. Reaction of hydrazoic acid with nitroso compounds.

The synthesis aryl azides in high yields and under mild conditions by the reaction of aromatic
nitroso compounds with hydrazoic acid was first reported by Maffei et al/ [3]. If the quantity
of hydrazoic acid used is less than that represented in the equation below, the yield of azide

decreases accordingly and the unreacted nitroso compound is present with the product.

@
Ar—N—/70 + HN3 —> [Ar—N=N/| ()He + N2

HN,
AN; + N, + H0

It appears that the intermediate formed from the reaction of the nitroso compound with the
first molecular equivalent of hydrazoic acid interacts more rapidly with hydrazoic acid than

does the nitroso compound.

Interest in the azido group has continued until the present day with the increasing awareness

of the scope of reactions involving azide intermediates. For example azides react with



electrophiles and nucleophiles and undergo 1,3 dipolar addition reactions with olefins [4].
Futhermore, the controlled thermal or photoytic decomposition of azides yields nitrene via the
elimination of nitrogen [S5]. Azides have found increasing application in bio-organic
chemistry, particularly in the introduction of protecting groups during peptide synthesis, the
formation of the peptide link without racemisation and stereospecific syntheses of amino

derivatives of steroids.

Azides — Structure

In picturing covalent azides as resonance hybrids between structures (I),(II) and (III), Pauling
[6] discards structure (III) as not being a major contributor based on a consideration of the

adjacent charge rule

()] (11 (1)

The resulting hybrid predicts a bond order of 2.5 for N, -N3 and a bond order of 1.5 for N;-N,
(see fig IV).



Me

(V)

This prediction is in excellent agreement with the structure of methyl azide (IV) which was
determined by Livingston and Rao using electron diffraction techniques[7]. The structural

parameters for methyl azide are:-

N,-N;= 1.12 £0.01 A

N;-Np= 124 £0.01 A

C-N;= 147 £0.02 A
Z (CNIN,) = 120 +2°

The angle Z(CNN;) agrees well with the resonance hybrids ( I <> II ), since the

non-bonded electron pair on N; should force the system into near trigonal (sp”) hybridisation
about Nj. The linear configuration of the azido group agrees with the (sp’) hybridisation
indicated by the lack of non-bonded electron pairs on Nj.

Considerable data on the dipole moments of organic azides are available (see table 1:1) and
the data clearly support the linear structure of azido group. The dipole moment of phenyl
azide is found to be 1.44 D ( this is about the value of the C-N dipole contribution ) and this
low value is consistent with the opposing dipoles of the contributing structures (I) and (II),
and suggests that the contributions of the two limiting structures are nearly equivalent. The

negative end of the dipole is directed away from the benzene ring.



Table 1:1 Dipole moments of organic azides [8]

Azides u Debye
CeHsN; 1.44
p-CH3CcH4N3 1.90
m-CH3CsH4N3 1.75
0-CH3C6HaN; 1.39
p-CIC¢H4N; 0.01
m-CICsH4N3 1.45
0-CICsHuN; 2.37
P-NO2CH4N; 2.90
m-NO,C¢HaN; 3.56
0-NO,CcH4N3 4.46

Sidgwick has used empirical bond energy values for nitrogen—nitrogen multiple bonds,
(corrected for deviation due to non-bonded electron pairs) to estimate the heats of formation
of the hypothetical limiting forms (I) and (II) ( with R = H ) [9]. His estimates yield values
of 277 kcal mol™ and 288 kcal mol for structures (I) and (II) respectively. These estimates
are sufficiently close to confirm the similarity in energies of the contributing structures, both
of which lie below the measured value of 318.6 kcal mol™ for the heat of formation of
hydrazoic acid. This confirms the validity of the estimate, since the heat of formation of the
(more stable) hybrid ( I <> II ) should exceed the hypothetical heat of formation of either
contributing structure.

Molecular orbital calculations have been of immense value in the study of organic structural
problems and Roberts [10] has studied the structure of organic azides by this approach.
Organic azides could have configurations (V), (VI) and (VII) ( fig below). Of these, structure
(VI) represents the best picture of an organic azide and satisfies the experimental

observations. .
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The m-bond delocalisation energies of the forms (V), (VI) and (VII) have been calculated by
Roberts, who used this data with the known greater stability of (VI) to estimate limits on the
energy associated with the conversion of an electron pair associated with a t-bond to a lone
pair of electrons. The calculated energies of the three forms are 8o + 5.668, 6 + 4.83f3 and
4o+ 2.83 respectively. In these forms each differ from its neighbour by one Q unit. Form

(VII) differs from (VI) by only one Q unit because of the 2p* unshared pair on Nj associated
with energy 2a.. Thus, while going from (VI) to (VII) , N3 does not undergo any change in
hybridisation. Since organic azides have the configuration (VI) one could squeeze Q between

200+ 0.83 and 200 + 2B. Q has been taken as 2o + (1.4 + 0.4) B assuming that organic azide



do not go over to configurations (V) and (VII), the B value for N-N bonds lying anywhere
between 10 and 30 kcal mol”'. The important inference from these studies is that the bending

of the nitrogen chain of an organic azide does not require much energy.

Azides — electrical properties

The azide group exerts an inductive electron withdrawing effect as shown by the acid
strengths of azido aliphatic acids and azido-substituted aromatic carboxylic acids. The
inductive effect of the azide group has been estimated to be between that of the bromo and
iodo groups from the measurement of the dissociation of substituted aromatic acids and
anilinium ions [11]. Smith ef al have determined the Hammett substituent (G) constants for
the meta- and para- azido groups to be about 0.35 and 0.10 respectively: These sigma values
for the azido group are comparable to those of the fluoro group.

In the case of electrophilic substitution reactions of aromatic rings , the azido group acts as an
electron donor e.g. the nitration of phenyl azide takes place in the ortho and para positions.
Three nitro groups can be introduced to the benzene ring by nitration. The nitration of o and 3

naphthyl azides takes place on the ring bearing the azido group.

Azides- Characterisation

Infrared spectra of organic azides

The azido group is characterised by the asymmetric stretching frequency in the region 2160-
2090 cm™ , the symmetric stretching frequency in the region 1340-1180cm™ and the bending
frequency around 680 cm™. The azide asymmetric and symmetric stretching bands of certain
azides often appear as doublets or triplets . This has been explained on the basis of Fermi
resonance interaction of the fundamentals with the overtones or combination tones of certain
low lying frequencies [12]. Conjugation appears to be generally present in all azides showing
azide band splittings , and the C-N stretching vibration seems to be involved in the Fermi
interaction. Many organic azides show weak bands in the region of 2400 cm™, due to

overtones or combination bands of the symmetric stretching vibration.

10



Table 1:2 Infrared Frequencies for Organic Azides [13]

RN;, R= N3 Asymmetric N3 Symmetric
(em™) (em™)
n-butyl 2083 1256
n-decyl 2092 1256
benzyl 2088 1256
cyclopentyl 2083 1256
phenyl 2114 1287
p-tolyl 2092 1261
p-bromophenyl 2110 1287
p-nitrophenyl 2114 1285
m-chlorophenyl 2096 1288
p-chlorophenyl 2088 1297

Ultraviolet spectroscopy

Organic azides have been studied by ultraviolet absorption techniques since the early 1930's
[14]. Alkyl azides are characterised by two relatively low intensity transactions [15]. These
solvent insensitive bands centred at 287 nm and 216 nm have been described as mty —m,* and

s-px — m,* , respectively. Closson and Gray also mention that the substitution of
electronegative groups in the alkyl portion would lower the energy of the electrons via
induction on the nitrogen atom bonded to the carbon [15]. This would increase the energy
(shift to shorter wavelength) of transactions. As one would expect, the ultraviolet spectra of
aromatic azides is decidedly more varied. Generally it can be said, that the intensity of the

long wavelength band (ca 285 nm ) is substantially increased.

11



N NMR Spectroscopy

"N NMR spectroscopy is one of the most suitable methods for the characterisation of organic
azides in solution. Organic azides show three nitrogen resonance signals corresponding to the

three non-equivalent nitrogen atoms.

R—N, — N,= N

Assignment of the shifts may be made from a comparison with the shifts observed for the
azide ion and the changes in the position of the highest-field (lowest frequency) resonance
upon changing the R group. In no case has "*N-""N spin-spin coupling been observed
presumably owing to the large quadrupole moment of the nitrogen, although it has been
estimated that the coupling for azide to be less than 30 Hz. The '*N chemical shift for some

aromatic azides are given in the table 1.3

Table 1.3 "N NMR Chemical shift for selected Organic Azides ( ref. to MeNO»).
Azide Solvent Sd(Ny) O(Np) S(Ne)
PhNNN Benzene -286 -135 -194
PhCONNN Benzene -322 -140 -237
p-MeCsH4SO,NNN  Neat -304 -152 -209
p-NO,CsH4sNNN Benzene -310 -139 211

12



Explosive properties of azides

In the view of the explosive and toxic nature of hydrazoic acid and its derivatives; it is
pertinent to discuss the hazards of handling azides. Heat, mechanical shock or exposure to
certain chemical reagents will decompose organic azides. Molecular dinitrogen is formed and
the process is accompanied by the release of large amounts of energy. During controlled
decomposition in solution this energy is absorbed by the solvent. In the absence of a solvent,
an explosion may occur unless this energy is dissipated over the organic fragment. The larger
this fragment the more effective this energy transfer becomes, hence the generally higher
thermal stability of aryl azides compared with alkyl or acyl azides. In this context it has been
suggested by P.A.S. Smith [4] that a threshold value is given by the ratio of (C+ O )/ N and
that a violent decomposition may occur when this ratio is lower than 3:1. Consequently
organic azides have been extensively investigated as both composite explosives and initiators.
Reports of the explosive character of azides have been numerous and it is therefore necessary
to adopt suitable safety measures whenever handling azido compounds. Indeed some
compounds, especially low molecular weight azides are so treacherous that explosions may

occur for unknown reasons during procedures which have previously proved uneventful.

1.2 Aromatic nitro compounds — Introduction

The preparation of aromatic nitro compounds is most often achieved with reagents capable of
forming the nitronium ion , NO,". The reagents capable of producing this ion are numerous,
and the conditions employed are as varied as the aromatics being nitrated. Besides the
common sulphuric acid nitric acid combination for the production of NO,", nitronium
fluoroborate and other nitronium salts as well as nitrate ester, N,O4, N,Os and metal nitrates
plus sulphuric or Lewis acids, are reagents which are believed to involve the nitronium ion as
the nitrating species. Typical procedures for the introduction of a nitro group into aromatic
systems consist of oxidation of nitroso and amino compounds, replacement of a diazonium
ion, rearrangement of nitramines, nucleophilic displacement by aryl anions on nitrate esters
and other suitable reagents such as N,O4 and tetranitromethane, and free-radical processes
involving NO,. These procedures are employed most often to overcome problems of
orientation, but the sensitivity of some aromatic systems to oxidation by the usual nitrating
media necessitate other method of preparing the nitroarene.

Preparative electrophilic nitration can be done in a variety of media, but the most often

employed are mixed acid (nitric + sulphuric), aqueous nitric acid and nitric acid in acetic

13



acid. Nitronium fluoroborate ( and the corresponding P, As and Sb salts) and dinitrogen
pentoxide are excellent nitrating agents whose preparative value would be greater if they were
more readily available and easier to prepare.

Nitrations which are predominately nucleophilic in nature are possible with suitably electron-
rich aromatics i.e .phenoxides can be nitrated with tetranitromethane. Diazotisation of
aromatic amines followed by treatment with sodium nitrite , in the presence of a copper
sulphite catalyst, is a similar method to peroxide oxidation for the conversion of an amino
group to a nitro group. The replacement of the diazonium group by nitrite ion can only be
effected in neutral or basic conditions.

The oxides, N,O3, NO,, N,O4 and N,Os, when dissolved in sulphuric acid or combined with
certain Lewis acids, give rise to the nitronium ion which obviously will nitrate aromatic
compounds. In non-ionising solvents or in the gas phase, the use of the oxides of nitrogen in
the higher oxidation states may offer some advantage over the normal methods of nitration.
Isomer distribution in the products is often quite different depending on the nitrating media.
Aside from the problem of orientation in nitration, experimental conditions such as time,
temperature, solvent, concentration and reagents must be selected for the proper degree of
nitration of a particular aromatic compound.

It should be noted, that explosions may occur in many of the procedures in the preparation of
aromatic nitro compounds, and it is therefore necessary to adopt suitable safety precautions

whenever preparing these compounds.

Nitro-compounds Characterisation

Infrared spectroscopy

The nitro group has two identical NO bonds which vibrate asymmetrically , causing a strong
absorption at 1556-1645 cm™ in aliphatic nitro compounds, and symmetrically causing
somewhat weaker absorption at 1390-1355 cm™. Electronegative substituents such as
halogens on the a-carbon cause the nitro stretching frequencies to diverge. Aromatic nitro
groups absorb strongly in the 1530-1500 cm™ region and some what weaker in the 1370-1330
cm” region. In addition, aromatic nitro compounds usually have strong aromatic ring
absorptions between 760-705 cm™. The usual o-m-p bands in the 900-700 cm™ region are
upset in the nitro aromatics and not very reliable, probably due to interaction with the out-of-
plane NO, bending frequency. Steric effects which destroy the nitro-ring coplanarity and thus

reduce conjugation make aromatic nitro groups resemble aliphatic nitro groups. The

14



frequency of the asymmetric NO, stretch in p-substituted nitrobenzenes has been correlated
with the electron donating or withdrawing characteristics of the substituent. In nitroanilines,
for example, the electron withdrawing properties of the nitro group and the electron donating
properties of the amino group cause a large amount of resonance to occur in the ortho and
para isomers which weaken the N-O bonds relative to the mefa isomers, where this
mesomeric effect does not occur. The strongest band in the IR spectra of nitroanilines
probably involves the NO, symmetric stretch since it shifts as expected from mesomeric
effects and the C-N(H;) band which in an alternative assignment would be expected to shift
the other way. It occurs in the pure materials at 1350 cm™ in meta, 1305 cm™ in para and
1245 cm™ in ortho isomers. The usual strong nitro aromatic band near 740 cm™ is also
different in the ortho and para isomers. In aromatic nitro compounds some nitro group
bending bands can be confused with the aromatic bands. In aromatic nitro compounds bands
are usually between 890-835 cm™ (NO, scissors deformation), 785-300 cm™ (NO, out-of-
plane wag) and 580-520 cm™ (NO, in-plane rock).

Organic nitrates R-O-NO, are characterised by strong bands in the 1660-1625 cm™ (NO,
asymmetric stretch), 1285-1270 cm-1 (NO, symmetric stretch ), 870-840 cm™ (N-O stretch)
and 710-690 cm™ (NO, deformation) regions.

N NMR Spectroscopy

The '*N chemical shifts of the nitro group in aromatic nitrogen compounds fall within the
narrow range of — 6 to — 40 ppm. The '*N chemical shifts of selected aromatic nitro
compounds are given in the table 1.4. The nitrogen nuclei in the NO, group attacthed to an
unsaturated system of carbon atoms or to an aromatic ring are more shielded than in
nitroalkanes except those containing a strongly electron-attracting substituent and the nitro
group on the same carbon atom. There is also evident a high field (low frequency) shift for the
aromatic NO, group if the benzene ring is substituted with electron-attracting groups , like
additional NO, groups , CHO or COR. However, there is no significant dependence on the
position of the substituents. It seems that inductive rather than conjugative effects play the
most important role in the determination of the magnetic screening of the NO, group nitrogen
nuclei in aromatic systems. Attention is drawn to the fact that the shifts of ortho substituted
nitrobenzenes where the nitro group may be forced out of the plane of the benzene ring, do

not differ experimentally from the shifts of the corresponding meta and para substituted

15



isomers. Thus from the point of view of the '*N chemical shifts of the NO, group, aromatic
rings behave as electron-attracting groups with no apparent conjugative effects. The "N
resonance signals of the NO, group attached to a nitrogen or oxygen atom as in nitramines
RoNNO; and nitrate R-ONO; occur at higher magnetic fields (lower frequencies) when
compared with C-nitro compounds. This is in accord with the general trend in '*N chemical

shifts for the NO, group.

Table 1.4 N NMR Chemical shifts for Nitroaromatic compounds (ref to MeNO,) [16]

Compound Solvent chemical shift
(ppm)

Nitrobenzene acetone -9.3
1,2 dinitrobenzene acetone -13.7
1,3 dinitrobenzene acetone -14.7
1,4 dinitrobenzene acetone -13.7
1,3,5 trinitrobenzene acetone -18.5
2.4,6 trinitrotoluene acetone -14.0
hexanitrobenzene dichloromethane -38.5

1.3 Nitrocarbons- Introduction

Nitrocarbons represent a small group of polynitro compounds composed only of nitro groups

attached to carbon at the nitrogen atom. Until recently only five nitrocarbons were known:-
tetranitromethane,hexanitroethane,tetranitroethylene,hexanitrobenzene and decanitrobiphenyl.
Hexanitrobenzene was the first aromatic nitrocarbon to be prepared. This high-melting,
somewhat stable but reactive compound, is one of the most energetic explosives known. The
preparation of hexanitrobenzene was first described by Nielsen and co-workers in 1979 [17],
and is readily obtained by the oxidation of pentanitroaniline in 20% oleum with

peroxydisulphuric acid.

16



NH2 NO2

>

O,N NO, 20% oleum O,N NO,
NO, NO>

The structure of hexanitrobenzene was determined by x-ray diffraction techniques by
Akopyan et al in 1966 [18], as noted earlier, this publication preceded any published report on
the method of synthesis. The crystals are monoclinic belonging to the 12/c space group. Bond
lengths observed are C-C = 1.39 A, C-N = 1.45 A and N-O =1.23 A. The benzene ring is
planar with co-planar C-N bonds. However each of the nitro groups is twisted out of the plane
by 53°. The infrared spectrum (KBr) reveals asymmetric and symmetric NO, stretching
frequencies at 1560 and 1320 cm™ respectively. A strong molecular ion peak is observed at
348 m/e in the mass spectrum (chemical ionisation (CHy)) with very little fragmentation. The
BC NMR spectrum in CD,Cl, shows a signal at 138.7 & (ref. to TMS) and the “N NMR
spectrum in CD,Cl, reveals a signal at —36.1 ppm (ref. to nitromethane). The density of

hexanitrobenzene (2.01 g/cm’

at 25°C) is the highest reported for any explosive, and
contributes to its high energetic properties [19].

The azide ion reacts efficiently with hexanitrobenzene. A solution of hexanitrobenzene in
benzene reacts with aqueous sodium azide at 25°C to form pentanitrophenyl azide. Unlike
the reactions of halide ions , no acid catalyst is required for this synthesis. Two crystalline

forms of this powerful, very brisant explosive were isolated by crystallisation from carbon

tetrachloride.

NO, N3
O2N NO2 NaNj3 O2N NO2

O2N NO, benzene O2oN NO,
NO, NO,

Nitrocarbons represent a very small group of compounds, only 4 new members of this class of
compounds have been synthesised since tetranitromethane was first reported in 1861 [20].

They are of special interest as high energy explosives and propellant ingredients. Except for

17



tetranitromethane they are rather difficult to synthesise and (except tetranitromethane) they
are somewhat thermally liable , slowly evolving NO, at ambient temperatures. The correlation
of energetic properties of known nitrocarbons and their polynitro precursors with the structure
is of great value in selecting new target nitrocarbons and other explosives. Theoretical
calculations are important in predicting many properties of unknown nitrocarbons, including

energy, density, structure, thermodynamic and kinetic stability and reactivity.

1.4 Explosives -Introduction

The use of energetic additives, mainly binders and plasticisers, is considered to be one of the
practical ways to improve the energy level and other technical performances of solid
propellant and gun propellants. In this aspect organic azides are attracting researchers
attention more and more. Since 1970 organic azides as energetic binders or plasticers for
advanced solid propellants have been studied extensively in many countries. Organic azides
possess a number of advantages, replacement of binders and/or plasticizers presently in use
with energetic azides, including those containing other energetic groups, cannot only make a
significant energy contributions to propellants but can also reduce or minimise the amount of
flame and smoke in the exhaust gases generated during propulsion phase of solid propellants.
Therefore, azides are suitable ingredients for minimum-signature propellants. During the past
two decades a large number of organic azides that can or may find applications in propellants
or plastic bonded explosives have been synthesised and examined. They included
azidopolyethers, azidonitramines, azidonitro compounds, azidoalkanes and azidoesters. As
stated above, energetic ingredients (including binders and plasticizers) used in formulating
solid propellants, gun propellants or explosives, increase energy levels and appear to be the
emerging tendency for the next generation of high energy dense materials (HEDM).

Since highly toxic lead azide is still widely used as an initiator in amunition, there is a great
demand to find suitable non-toxic, heavy metal free substitutes which can be used as
detonators. Equally important, most solid-rocket fuels are still based on mixtures of
ammonium perchlorate, aluminum and epoxy resins, which consequently generate exhaust
plumes which contain large amounts of HCI and aluminum oxides. The presence of these
compounds is both environmentally not desirable and, the trace of such rockets can easily be
detected by radar [21].

A large number of explosives have been reported in the recent past. The selection of an

explosive is made in the light of stability, reliability, safety, application and mission
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requirements. At the time of development of a new explosive it is essential to keep in mind
such factors, as indigenous availability of starting materials, ease of method of preparation,

purity of explosive and its cost-effectiveness, in addition to its impact on the environment.

Calculating detonation velocity from molecular formula and structure.

The detonation velocity determines the characteristics and utility value of explosives and
propellants. Methods of calculating the detonation velocities of a variety of explosives on the
basis of their molecular formulae have been evolved by Rothstein. [22] The calculation
involved making use of a factor F which can be correlated readily with the detonation
velocities. Rothstein calculated the F factor values for a series of explosives i.e.
nitroaromatics, nitrate esters, azides, etc and correlated with the detonation velocity D at
TMD ( theoretical maximum density ) as in equation below.
F— 0.26
0.55

D =

where F is given by

nHl, A n[B] n[C] n[D]  nIE]
nO1+nN]-(3p10)+ 3 - 775 - 25 - 4 - 5 |-G

Mw

F=[100 x

where

G = 0.4 for liquid explosives , G = 0 for solid explosives
A = 1 if the compound is aromatic , A = 0 otherwise
n[O] = number of oxygen atoms

n[N] = number of nitrogen atoms

n[H] = number of hydrogen atoms

n[B] = number of oxygen atoms in excess of those already available to form CO, and H,O
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n[C] = number of oxygen atoms doubly bonded directly to carbon as in carbonyl
n[D] = number of oxygen atoms singly-bonded directly to carbon
n[E] = number of nitrato groups existing either in a nitrate ester configuration or as a

nitric acid salt such as hydrazine mononitrate

In this equation, F values are derived only from molecular formulae and structures. The
detonation velocities predicted for various explosives based on this equation were found to be
in good agreement with those observed [22]. Since the F factor depends solely on the
molecular formula and structure and since it has a direct relationship with D, it would be
possible to optimise D by selecting the required number of substituents that may be attached
to a potential skeleton. In this way, efficient high energetic materials with optimum detonation
velocities can be predicted, and these compounds will be very good synthetic targets. The
method is, of course a qualitative technique without differentiating isomeric compounds
which would introduce differing strain energies due to conformational repulsions and

attractions.

1.5 Introduction to theoretical calculations

Programs

All semiempirical (PM3), ab initio (HF) and hybrid-DFT (B3LYP) calculations were carried
out using the program package Gaussian 98 [23] with the input files (z matrices) being
generated using the program package HyperChem [24]. All structures were fully optimised
without symmetry constraints and the vibrational frequencies computed using the optimised
structures. The molecular structure diagrams were generated from the Gaussian output files

for the fully optimised structures using the Resview program [25].

Semiempirical PM3 Computations

Semiempirical calculations are characterised by their use of parameters derived from
experimental data in order to simplify the approximation of the Schrodinger equation [26].

As such, they are relatively inexpensive (cpu time) and can be applied to large molecules.
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Semiempirical methods may only be used for systems where parameters have been developed
for all of the component atoms. This, fortunately, is the case for the organic type C, H, N, O,
X compounds (X = halogen) studied in this thesis.

All calculations in this thesis were carried out with the program package Gaussian 98W [23]
at the semiempirical PM3 level of theory using a VSTO-3G basis set [27-32]. For the
semiempirical calculations the PM3 method was chosen (which differs from AMI only in the
values of the parameters) since the parameters for PM3 were derived by comparing a much
larger number and wider variety of experimental versus computed molecular properties. The
PM3 is a reparametrization of AM1, which is based on the neglect of diatomic differential
overlap (NDDO) approximation. NDDO retains all one-center differential overlap terms

when Coulomb and exchange integrals are computed.

Ab initio Computations

Since the quality of a semiempirical calculation also strongly depends on the nature of the
compounds which have been used to fit the computed (versus the experimental) parameters,
semiempirical calculations are often limited with respect to the prediction of molecular
properties of new classes of compounds [26,33]. Therefore, it was decided also to calculate
the structures and energies also ab initio at Hartree-Fock (HF) level of theory using a standard
split-valence double-zeta 6-31G Pople basis set. In calculations for molecules containing
iodine and bromine a quasirelativistic Stuttgart/Dresden (SDD) pseudopotential for the core
electrons was applied for these elements (Br, I) with a Dunning/Huzinaga D95-type valence
basis set [34-36]. The energy-consistent pseudopotentials are semi-local pseudopotentials
adjusted to reproduce atomic valence-energy spectra. The adjustment of the pseudopotential
parameters has been done in fully numerical calculations, valence basis sets have been
generated a-posteriori via energy optimisation. The complete set of potentials includes one-
component (non-relativistic and scalar-relativistic) effective-core potentials (ECP) [34].

HF calculations are very useful as a predictive tool for many systems and to compute the
structures and vibrational frequencies of stable closed-shell molecules. However, the neglect
of electron correlation makes the HF method unsuitable for accurate modelling of the
energetics of reactions and bond dissociation. To overcome this problem, it was decided to
compute the total energies for those molecules for which reaction energies were to be

predicted at hybrid-DFT level of theory (see below).
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Hybrid-DFT Calculations

The density functional theory (DFT) methods achieve significantly greater accuracy than HF
methods (see above) at only a moderate increase in cost (cpu time). This is achieved by
including some of the effects of electron correlation much less expensively than traditional
correlated methods (e.g. MP2). In DFT, the exact exchange (HF) for a single determinant is
replaced by a more general expression, the exchange-correlation functional, which can
include terms accounting for both the exchange energy and the electron correlation, which is
omitted from HF theory. (N.B. A functional is defined in mathematics as a function of a
function. In DFT, functionals are functions of the electron density which itself is a function
of co-ordinates in space) [27]. In other words, DFT methods compute electron correlation via
general functionals of the electron density. DFT functionals partition the electronic energy

into several components which are computed separately:

(1) the kinetic energy

(i1) the electron-nuclear interaction,

(iii))  the Coulomb repulsion

(iv)  the exchange-correlation term for the remainder of the electron-electron interaction

which is usually itself divided into separate exchange and correlation components.

In this work, the so-called hybrid DFT method was applied in which a hybrid functional,
which defines the exchange functional as a linear combination of HF, local, and gradient-
corrected exchange terms is used. This exchange functional is then combined with a local and
gradient corrected correlation functional. In this study Becke’s three-parameter functional
(B3LYP) was applied where the non-local correlation is provided by the LYP correlation
functional (LYP = Lee, Yang, Parr) [37-40].

For reaction energy calculations, all structures were fully optimised at PM3/VSTO-3G level
of theory with the energies computed at B3LYP/6-31G(d) level (single point calculations),
notation: B3LYP/6-31G(d)//PM3/VSTO-3G.

For a simple definition of the terms ab initio, basis sets, Hartree-Fock and DFT, including the

Gaussian (Pople) notation of basis sets see ref. [41].
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1.6 Pentazoles

The history of pentazoles began in 1903 when Hantzsch [42] tried to form phenylpentazole by
the rearrangement of benzenediazonium azide. (Note that formerly the azide structure was
assumed to be a three membered ring. This is documented on the Curtius monument in

Heidelberg, Germany. )
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Dimroth and de Montmollin [43] also had no luck when they planned to prepare

phenylpentazole from a chain of six nitrogen atoms.

_ — N
N N—NH—CgH; N \N o
7 > - ve"'s
N—N-—NH —CgHg N\N/
+ C6H5NH2
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Then in 1915, Lifschitz [44] believed he had synthesised pentazole acetic acid amidrazone
from tetrazolecarbonitrile. But in the same year came the rebuttal from Curtius et a/ [45] with
the title Die sogenannten Pentazol-Vebindungen von Lifschitz

(The so-called pentazole compounds of Lifschitz). They did not mince their words :-

Ein derartiger Reaktionsverlauf wire im hochsten Grade iiberraschend ... Lifschitz glaubt die
Richtigkeit seiner Auffassung mit vollkommer Sicherheit folgern zu miissen .... ohne weitere
Priifung in das Reich des Unmoglichen zu verweisen ... daf3 alle seine Beobachtungen und

Folgerungen auf Irrtum beruhen .... von Pentazole keine Rede sein kann.

(Such a course for the reaction would be extremely surprising ... Lifschitz believes he must
conclude that his interpretation is correct in perfect confidence .... without further proof it
must be relegated to the realm of the impossible ... all his observations and conclusions are

based on error.... there can be no question of pentazoles in this case.)
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Curtius verdict hit hard and it was almost half a century before anyone again ventured to
search for pentazole. Huisgen and Ugi [46,47] thus solved a classic problem in 1956 when
they proved that they could link the benzenediazonium ion with the azide ion to

form benzenediazoazide, which on ring-closure yielded phenylpentazole.

© @
(N==N==N) + N==N—CgHg

The X-ray structure of 4-dimethylaminophenylpentazole was determined by X-ray diffraction
techniques in 1983 by Dunitz and Wallis [48] and to date this is the only known X-ray
structure of a pentazole compound. The N-N bond distances in the structure lie in the range

1.30 -1.35 A, intermediate between single bonds (1.449 A ) and double bonds (1.252 A) thus

the pentazole ring with 67 electrons can be regarded as aromatic.
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"“N'NMR evidence for the pentazole ring structure.

In 1975 Witanowski et al [49] predicted the "N NMR chemical shifts for the pentazole

compound to be

\
‘ N,—R
Nl

N(1) +75x9 ppm (upfield from CH3NO; as internal standard)
N(2),N(5) -7x15ppm
N(3),N(4) +13 £ 14 ppm

They then attempted to record the '*N NMR spectra of 4-dimethylaminophenylpentazole, but
once the compound was dissolved in solution it immediately began to evolve gaseous
dinitrogen which posed a problem in recording the spectrum. Several solvents were tried, but
in all cases the only '*N spectrum they obtained was that of 4-dimethylaminophenyl azide. It
was eventually found that the evolution of nitrogen gas was relatively slow in a 1:1 mixture of
methanol and dichloromethane. The '*N NMR spectrum of this solution measured within a
few hours shows a sharp signal at +70 ppm which gradually diminishes with time. This is as
expected for the pyrrole type nitrogen N(1) in a decomposing pentazole. The rest of the

spectrum was too weak for the broader signals to be observed.
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2 Halogen substitued phenyl azides

2.1 2,4,6- tribromophenyl azide

The first halogen substituted phenyl azide to be prepared in this work was 2,4,6-
tribromophenyl azide which was prepared by the reaction of 2,4,6-tribromoaniline with
sodium nitrite in a mixture of glacial acetic acid and sulphuric acid at 8 °C to yield the
diazonium salt. The diazonium salt was then reacted with sodium azide at 8 °C to yield 2,4,6-

tribromophenyl azide as shown in the scheme below.

®

Br. Br Br Br
NaNO, 8°C
CH3COOH H2SO4

Y

Br Br

Br Br

Br

2,4,6-tribromophenyl azide was isolated as a pink solid and was then recrystallised from
ethanol to give pink needles with a melting point of 70 - 71°C. The elemental analysis for the
2,4,6- tribromophenyl azide was in agreement with the theoretical values, (found C, 20.0 ; H,
0.7; N, 11.8 %. calculated C, 20.2 ; H, 0.6 ; N, 11.8 %). The IR spectrum showed a strong
absorption at 2109 cm™ for the asymmetric stretching vibration of the azide group and a
strong absorption at 1303 cm™ for the symmetric stretching vibration of the azide group. The

IR spectrum also showed a weak absorption at 3055 cm'which is characteristic for C-H
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vibrations in an aromatic ring, a strong absorption at 1534 cm™ for the asymmetric stretching
vibration of the C-C bond in the aromatic ring, a peak at 1370 cm™ for the symmetric
stretching vibration of the C-C bond and a weak absorption at 573 cm™ for the deformation
of the carbon bromine bond. The Raman spectrum showed two peaks at 2143 and 2100 cm™
for the asymmetric stretching vibration of the azide group, a strong peak at 1301 cm™ for the
symmetric stretching vibration of the azide. The Raman spectrum also showed a peak at 3058
cm™ which is characteristic for C-H vibrations in an aromatic ring, a peak at 1554 cm™ for the
asymmetric stretching vibration of the C-C bond in the aromatic ring, a peak at 1370 cm™ for
the symmetric stretching vibration of the C-C bond and a medium peak at 573 cm™ for the
deformation of the carbon bromine bond. The ab initio calculation of the vibrational
frequencies for 2,4,6-tribromophenyl azide was carried out at the self consistent HF level of
theory using a 6-31G(d) basis set. There is a very good agreement between the calculated
frequencies and the observed IR and Raman frequencies. The calculated and observed IR and

Raman frequencies are shown in Table 2:1.

Table 2:1 Comparison between the calculated and the experimental observed vibrational
frequencies for 2,4,6-tribromophenyl azide

Assignment Calculated Observed Observed
Frequencies Raman LR.
HF/6-31G(d) (cm™) Frequencies (cm™) Frequencies (cm™)

v (CH) 3068 3058 3055
Vas (NNN) 2397* 2143 2143
v (CC) 1545 1554 1534
v (CC)+v (CN) 1447 1435 1430
v (CC) 1360 n.o. 1370
Vem (NNN) 1307 1301 1303
8 (CC) 1168 1148 1146
§ (CC) 807 827 828
v (CC) 729 730 729

* see footnote at the end of this chapter
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The structure of 2,4,6-tribromophenyl azide was fully optimised and the vibrational
frequencies and zero point energy computed using a semiempirical calculation carried out at
the semiempirical PM3 level of theory using a VSTO-3G basis set and ab initio at the self
consistent HF level of theory using a 6-31G(d) basis set for hydrogen and carbon and a
quasirelativistic Stuttgart/Dresden (SDD) pseudopotential for the core electrons of bromine
with a Dunning/Huzinaga D95-type valence basis set [34]. The fully optimised structure of

2,4,6- tribromophenyl azide is shown in the figure 2.1 below.

Figure 2.1 Molecular structure of 2,4,6-tribromophenyl azide fully
optimised at HF/6-31G(d) level of theory

The 2.,4,6-tribromophenyl azide was isolated as a pink solid which was then recrystallised
from ethanol to give pink needles which were used for the x-ray structure determination.

A crystal (0.08 x 0.04 x 0.03 mm) of 2,4,6-tribromophenyl azide was mounted on Siemens
SMART Area-detector with Mo-Ka radiation at 213 K for the crystal structure analysis. The

cell dimensions were derived from the least-squares analysis of 25 independent reflections.
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Intensities of 4990 reflections were surveyed in the range € 3.80-58.10 and 1509 independent
reflections satisfied the criterion F > 4 ¢ (F). The crystal structure was solved by direct
phasing using SHELXS [50]. H atoms were located in difference fourier synthesis. Full-
matrix least squares calculations were performed on F with anisotropic thermal parameters
for C , N, and Br atoms and isotropic for H atoms using SHELXL [51]. Least-squares
convergence at R = 0.0284, R, = 0.0582 .The crystals are monoclinic, with space group
P21/n and cell dimensions a = 3.918(1), b = 14.6728(4), ¢ = 15.6992(5), B = 95.898(4).

Br3

Figure 2.2 - ORTEP drawing of 2,4,6-tribromophenyl azide with the thermal ellipsoids
of the C, N and Br atoms drawn at 25% probability level, H atoms

are represented by spheres of radius 0.1A.
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In 2,4,6 tribromophenyl azide the bond length between the terminal nitrogen and the central
nitrogen is 1.133 A and the bond length between the central nitrogen and the nitrogen
attached directly to the ring is 1.242 A. The azide group is not linear. The angle at the central
nitrogen atom is 171.3°. The angle at the nitrogen of the azide that is attached directly to the
ring is 116.2° which is slightly less than the expected value of 120°.

The molecular geometries of 2,4,6-tribromophenyl azide are comparable with the structures of
other 2,4,6-tribromophenyl compounds, i.e. 2,4,6-tribromoaniline, 2,4,6-tribromobenzene and
2,4,6-tribromocyanobenzene [52-54]. The ring carbon — carbon bond lengths are 1.377 —
1.390 A in 2,4,6-tribromophenyl azide, 1.360 — 1.385 A in 2,4,6-tribromoaniline, 1.392 —
1.402 A in 2,4,6-tribromobenzene and 1.414 — 1.474 A in 2,4,6-tribromocyanobenzene. The
carbon — bromine bond lengths are 1.889 — 1.894 A in 2,4,6 tribromophenyl azide, 1.867 —
1.895 A in 2,4,6-tribromoaniline, 1.855 — 1.861 A in 2,4,6-tribromobenzene and 1.838 —
1.895 A in 2,4,6-tribromocyanobenzene. The Z(C — C — C (ring)) angles are 118.1 — 122.1° in
2,4,6-tribromophenyl azide, 118.5 — 121.7° in 2,4,6-tribromoaniline and 115.7 — 123.0° in
2,4,6-tribromocyanobenzene.

The crystal packing diagram of 2,4,6 tribromophenyl azide shows that terminal N(3) atom of
the azide group has two intermolecular contacts with two bromine atoms of symetrically
related molecules within the unit cell. The intermolecular distances are N(3) to Br(2)* ( x —
0.5, -y-0.5, z-0.5 ) 3.605 A and N(3) to Br(1)* (x+ 1,y, z) 3.881 A. These distances are
both below the sum of the van der Waals radii of both atoms.. The crystal packing diagram of
2,4,6-tribromophenyl azide is shown in the figure 2.3
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Figure 2:3 - The crystal packing diagram of 2,4,6-tribromophenyl azide showing the two

intermolecular contacts between N(3) symetrically related bromine atoms.

There is a very good agreement between the calculated bond lengths and angles and the bond
length and angles in the structure determined at 213 K. The comparison of bond lengths and
angles between the calculated HF/6-31G(d) structure and the X-ray structure determined at
213K of 2,4,6-tribromophenyl azide are shown in tables 2.2 and 2.3.
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Table 2.2  Comparison of bond lengths (values given in A) between the calculated
PM3/VSTO-3G structure, HF/6-31G(d) structure, HF/SDD structure and
the X-ray structure determined at 213K of 2,4,6 tribromophenyl azide.

Bond X-ray PM3 HF/ 6-31G(d) HF/ SDD
Br(1)-C (2) 1.889 (4) 1.864 1.926 1.939
Br (2)-C (6) 1.889 (4) 1.858 1.916 1.930
Br(3)-C4) 1.894 (4) 1.854 1.920 1.934
N(1) -N(@2) 1.242 (5) 1.275 1.256 1.272
N(1) -C(1) 1.430 (5) 1.418 1.409 1.427
N(2) -N@3) 1.133 (5) 1.125 1.109 1.118
C(1) —C(6) 1.390 (5) 1.397 1.394 1.402
C(1) -C(2) 1.399 (6) 1.392 1.390 1.400
C@2) -C@3) 1.379 (6) 1.385 1.382 1.391
cC3 -CH“ 1.385 (5) 1.383 1.375 1.386
CH4 -C() 1.377 (6) 1.387 1.379 1.388
C(5) —-C(6) 1.386 (6) 1.380 1.377 1.388
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Table 2:3  Comparison of angles (°) between the calculated PM3/VSTO-3G
structure, HF/6-31G(d) structure, HF/SDD structure and the X-ray
structure determined at 213K of 2,4,6 tribromophenyl azide.

Angle X-ray PM3 HF/6-31G(d) HF/ SDD
N@2)-N(1)-C(1) 116.2 (3) 123.49 121.20 118.27
N(1)-N@2)-N@3) 171.3 (4) 165.86 167.25 169.39
CO-C(1)-C2 117.4 (4) 117.23 116.93 117.30
C@6)-C(1)-N() 118.1 (4) 114.90 115.92 117.21
C2)-C()-N() 124.3 (3) 127.87 127.09 125.26
cC@3-Cc@-Cc 122.1 (3) 122.43 121.90 121.83
C3)-C@2)-Br(1) 118.0 (3) 117.72 116.44 116.92
C(H-C@)-Br(1) 119.8 (3) 119.85 121.63 121.21
c@2-Cc3-CcH 118.1 (4) 117.27 119.30 119.02
co-cE-CcQ 122.0 (4) 123.38 120.64 120.95
C6)-C#-Br(3) 118.6 (3) 118.29 119.68 119.50
cC3)-C#)-Br(3) 1193 (3) 118.33 119.67 119.55
CH@)-C(5)-C(6) 118.5 (4) 116.99 119.25 119.17
CB)-Co-C(1) 121.8 (4) 122.71 121.97 121.71
C()-C(6)-Br(2) 118.2 (3) 117.19 117.78 117.80
C((1)-C(6)-Br(2) 120.0 (3) 120.09 120.25 120.49

The "H NMR spectrum shows one resonance at 7.66 ppm for the two ring hydrogens. The *C
NMR spectrum shows four resonances at 136.0, 135.2, 119.2, and 119.1 ppm. for the
aromatic carbons. The "“N NMR spectrum shows three resonances for the azide Ng, ( 8 = -280

ppm), Ng (0 =-145.2 ppm) and Ny ( 8 =-155.0 ppm).
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2.2 2.4.6- trichlorophenyl azide

The next halogen substituted phenyl azide to be prepared was 2,4,6-trichlorophenyl azide
which was prepared by the reaction of 2,4,6-trichloroaniline with sodium nitrite in a mixture
of glacial acetic acid and sulphuric acid at 8°C to yield the diazonium salt. The diazonium salt
was then reacted with sodium azide at 8°C to yield 2,4,6-trichlorophenyl azide as shown in

the scheme below.

®
NH, N>

Cl Cl Cl Cl
NaNO, 8°C

CH;COOH H,SO,

Y

Cl Cl

NaN3 8°C

Cl Cl

Cl

The 2,4,6-trichlorophenyl azide was isolated as a brown solid and was then recrystallised
from ethanol to give brown needles that darken if exposed to continuous sunlight. The
elemental analysis for the 2,4,6-trichlorlphenyl azide was in agreement with the theoretical
values, (found C, 32.3 ; H, 0.9 ; N, 19.0. % C¢ H,CI3N3 calculated C, 32.4 ; H, 0.9 ; N, 18.9
%).The IR spectrum showed a strong absorption at 2130 cm™ for the asymmetric stretching
vibration of the azide group and a strong absorption at 1316 cm™ for the symmetric stretching

vibration of the azide group. The IR spectrum also showed a weak absorption at 3065 cm™
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which is characteristic for C-H vibrations in an aromatic ring, a strong absorption at 1568 cm’
! for the asymmetric stretching vibration of the C-C bond in the aromatic ring, a peak at 1373
cm™ for the symmetric stretching vibration of the C-C bond and a weak absorption at 598

cm™ for the deformation of the carbon chlorine bond. The Raman spectra showed a peak at
2127 cm™ for the asymmetric stretching vibration of the azide group, a strong peak at 1317
cm’ for the symmetric stretching vibration of the azide. The Raman spectrum also showed a
peak at 3068 cm™ which is characteristic for C-H vibrations in an aromatic ring, a peak at
1570 cm™ for the asymmetric stretching vibration of the C-C bond in the aromatic ring and a
peak of medium intensity at 599 cm™ for the deformation of the carbon chlorine bond. The ab
initio calculation of the vibrational frequencies for 2,4,6-trichlorophenyl azide was carried out
at the self consistent HF level of theory using a 6-31G(d) basis set. There is a very good
agreement between the calculated frequencies and the observed IR and Raman frequencies.

The calculated and observed IR and Raman frequencies are shown in Table 2.4.

Table 2.4 Comparison between the calculated and the experimental vibrational
frequencies for 2,4,6-trichlorophenyl azide

Assignment Calculated Observed Observed
Frequencies Raman LR.
HF/6-31G(d) Frequencies Frequencies

(cm™) (cm™) (cm™)

v (CH) 3055 3068 3065

Vas (NNN) 2396* 2127 2130

v (CO) 1573 1570 1568

v (CC) +v (CN) 1433 1449 1441

Vsym (NNN) 1299 1317 1316

Y (CC) 794 n.o. 807

* see footnote at the end of this chapter

36



The structure of 2,4,6-trichlorophenyl azide was fully optimised and the vibrational
frequencies and zero point energy computed using a semiempirical calculation carried out at
the semiempirical PM3 level of theory using a VSTO-3G basis set and ab initio at the self
consistent HF level of theory using a 6-31G(d) basis set. The fully optimised structure of
2,4,6- trichlorophenyl azide is shown in figure 2:4 below.

Figure 2.4 Molecular structure of 2,4,6-trichlorophenyl azide fully
optimised at HF/6-31G(d) level of theory

2,4,6- trichlorophenyl azide was isolated as a brown solid and was then recrystallised from
ethanol to give brown needles. A crystal (0.30 x 0.16 x 0.08 mm) of 2,4,6,trichlorophenyl
azide was mounted on Siemens SMART Area-detector with Mo-Ko radiation at room
temperature (293 K) for structure determination. The cell dimensions were derived from the
least-squares analysis of 25 independent reflections. Intensities of 862 reflections were
surveyed in the range 6 5.00-49.90 and 628 independent reflections satisfied the criterion

F > 4 ¢ (F). The crystal structure was elucidated by direct phasing using SHELXS [50]. H
atoms located in difference fourier synthesis. Full-matrix least squares calculations were

performed on F with anisotropic thermal parameters for C, N, and Cl atoms and with isotropic
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for H atoms using SHELXL [51]. Least-squares convergence at R = 0.0382 , R,, = 0.0875.
The crystals are monoclinic, with space group P21 and cell dimensions, a = 3.835(5), b =

13.29(1), ¢ = 8.349(7)A, B = 103.06(2)°.

Figure 2.5 ORTEP drawing of 2,4,6-trichlorophenyl azide with the thermal ellipsoids
of the C, N and Cl atoms drawn at 50 % probability level and H atoms
are represented by spheres of radius 0.1A.
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In 2,4,6-trichlorophenyl azide, the bond length between the terminal nitrogen and the central
nitrogen is 1.107 A and the bond length between the central nitrogen and the nitrogen
attached directly to the ring is 1.242 A. The azide group is not linear, the (NNN) angle at the
central nitrogen atom is 169.7°, whereas the angle at the nitrogen of the azide that is attached
directly to the ring is 119.6° which is close to the expected value of 120°.

The molecular geometries of 2,4,6-trichlorophenyl azide is comparable with the structures of
other 2,4,6-trichlorophenyl compounds, i.e. 2,4,6-trichloroacetanilide, 2,4,6-trichlorobenzene
and 2,4,6-trichloroocyanobenzene [55-57]. The ring carbon — carbon bond lengths are 1.374 —
1.398 A in 2,4,6-trichlorophenyl azide, 1.375 — 1.403 A in 2,4,6-trichloroacetanilide, 1.373 —
1.413 A in 2,4,6-trichlorobenzene and 1.381 — 1.413 A in 2,4,6-trichlorocyanobenzene. The
carbon — chlorine bond lengths are 1.721 — 1.740 A in 2,4,6-trichlorophenyl azide, 1.721 —
1.736 A in 2,4,6-trichloroacetanilide, 1.708 — 1.714 A in 2,4,6-trichlorobenzene and 1.711 —
1.747 A in 2,4,6-trichlorocyanobenzene. The Z(C — C — C (ring)) angles are 117.0 — 122.1° in
2,4,6-trichlorophenyl azide, 116.8 — 123.0° in 2,4,6-trichloroacetanilide and 117.5 — 124.6° in

2,4,6-trichlorocyanobenzene.

There is a very good agreement between the calculated bond lengths and angles in the
structure determined at room temperature. A comparison of bond lengths and angles between
the calculated HF/6-31G(d) structure and the structure determined using x-ray diffraction

techniques at room temperature of 2,4,6 trichlorophenyl azide are shown in tables 2.5 and 2.6
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Table 2:5 Comparison of bond lengths (values given in A) between the calculated
PM3/VSTO-3G structure, HF/631G(d)structure, and the structure
determined using x-ray diffraction techniques at room temperature of

2,4,6-trichlorophenyl azide

Bond X-ray PM3 HF/ 6-31G(d)
Cl(1)-C(2) 1.721 (6) 1.683 1.802
Cl(2)-C (4) 1.740 (7) 1.682 1.798
Cl1(3)-C (6) 1.723 (7) 1.679 1.792
N (1) =N (2) 1.242 (8) 1.268 1.259
N (1) -C (1) 1.410 (9) 1.433 1.412
N(Q2) -N@3) 1.107 (8) 1.126 1.109
C (1) —C (6) 1.396 (9) 1.404 1.393
Cc(l) -C(2) 1.398 (10) 1.402 1.390
CQ) -CQ3) 1.379 (9) 1.392 1.380
C(3) —-C(4) 1.374 (9) 1.392 1.376
C 4) —C(5) 1.377 (10) 1.392 1.379
C(5) —C (6) 1.379 (9) 1.393 1.378

40



Table 2:6 Comparison of bond angles (°) between the calculated PM3/VSTO-3G
structure, HF/6-31G(d) structure, and the X-ray structure determined

at room temperature of 2,4,6-trichlorophenyl azide

Angle X-ray PM3 HF/ 6-31G(d)
N@2)-N({1)-C(() 119.6 (6) 122.41 119.76
N(1)-N@2)-N@3) 169.7 (8) 168.87 168.20
CO-C(1)-C(2) 117.0 (6) 119.24 116.72
C6)-C(H)-N(1) 116.0 (7) 116.43 117.10
C2)-C(H-N(1) 126.9 (6) 124.08 126.05
Cl3-C@-Cc 122.1 (6) 120.53 122.36
cCl3)-C@-cCi 117.5 (5) 118.20 117.13
c(H-Cc@-C1( 120.4 (5) 121.27 120.48
cC@-Cc3-CH 118.6 (6) 119.38 118.71
cCo-CcCE-Cc@B 121.6 (6) 121.02 121.15
Co-CH-Cl2 119.5 (5) 119.51 119.42
C3-CH-Cl2 118.8 (6) 119.47 119.43
CE4-C()-C(6) 118.9 (6) 119.49 118.90
Co)-Co-C() 121.7 (6) 120.33 122.14
C(®)-C6)-CI1(3) 118.5 (5) 118.77 117.85
C()-C(6)-Cl(3) 119.7 (5) 120.90 120.00
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The "H NMR spectrum shows one resonance at 7.30 ppm for the two ring hydrogens. The "*C
NMR spectrum shows four resonances at 133.0, 131.2, 129.9, and 128.9 ppm for the
aromatic carbons. The '“N NMR spectrum shows three resonances for the azide Ny, ( 0 = -287

ppm), Ng (6 =-144.7 ppm) and Ny ( 8 =-154.0 ppm).

2.3 2.5.6-trichlorophenvl azide

The two halogen substituted phenyl azides previously described consisted of the halogen
atoms in symmetrical positions i.e. 2,4,6 trisubstituted. Therefore the next halogen substituted
phenyl azide to be prepared was 2,5,6-trichlorophenyl azide, in which the halogen atoms are
in the non-symmetrical positions. 2,5,6-trichlorophenyl azide was prepared by the reaction of
2,5,6-trichloroaniline with sodium nitrite in a mixture of glacial acetic acid and sulphuric acid
at 8°C to yield the diazonium salt. The diazonium salt was then reacted with sodium azide at
8°C to yield 2,5,6-trichlorophenyl azide.

The 2,5,6-trichlorophenyl azide was isolated as a brown solid and was then recrystallised
from ethanol to give tan-coloured needles. The elemental analysis for the 2,5,6-
trichlorlphenyl azide was in agreement with the theoretical values, (found C, 32.3 ; H, 1.1 ;
N, 18.5 % calculated C, 32.4 ; H, 0.9 ; N, 18.9 %). The IR spectrum showed a strong
absorption at 2129 cm™ for the asymmetric stretching vibration of the azide group and a
strong absorption at 1293 cm’ for the symmetric stretching vibration of the azide group. The
LR. spectrum also showed a weak absorption at 3077 cm™ which is characteristic for C-H
vibrations in an aromatic ring, a strong absorption at 1555 cm™ for the asymmetric stretching
vibration of the C-C bond in the aromatic ring, a peak at 1353 cm™ for the symmetric
stretching vibration of the C-C bond and a weak absorption at 622 cm™ for the deformation of
the carbon chlorine bond. The Raman spectrum of the tan coloured needles of 2,5,6-
trichlorophenyl azide was not obtained as the compound fluoresced. The Raman spectrum of
a saturated solution of 2,5,6-trichlorophenyl azide in acetone was obtained, however. the only
peaks other than solvent peaks that were observed after 2000 scans were at 1304 cm™ for the
symmetric stretching vibration of the azide and 1581 cm™ for the asymmetric stretching
vibration of the C-C bond in the aromatic ring.

The '"H NMR spectrum shows two resonances at 7.27 and 7.24 ppm for the two ring
hydrogens. The BC NMR spectrum shows six resonances at 120.9 , 124.0 , 128.9, 131.6,
131.9 and 137.0 ppm for the aromatic carbons. The N NMR spectrum shows three
resonances for the azide N, ( 8 =-286 ppm), Ng ( & =-141.9 ppm) and Ny ( 6 = -153.0 ppm).
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2.4 2.4-dibromophenyl azide

2,4-dibromophenyl azide was prepared by the reaction of 2,4-dibromoaniline with sodium
nitrite in a mixture of glacial acetic acid and sulphuric acid at 8°C to yield the diazonium salt.
The diazonium salt was then reacted with sodium azide at 8°C to yield 2,4 - dibromophenyl
azide.

2,4-dibromophenyl azide was isolated as a brown solid and was recrystallised from ethanol to
give brown needlelike crystals The elemental analysis for the 2,4-dibromophenyl azide was in
agreement with the theoretical values, (found C, 25.8 ; H, 1.1 ; N, 15.1.% calculated C, 26.2
:H, 1.1 ; N, 15.2 %). The IR spectrum showed two strong absorption at 2135 and 2103 cm’™
for the asymmetric stretching vibration of the azide group and a strong absorption at

1302 cm™ for the symmetric stretching vibration of the azide group. The LR. spectrum also
showed a weak absorption at 3077 cm which is characteristic for C-H vibrations in an
aromatic ring, a strong absorption at 1573 cm™ for the asymmetric stretching vibration of the
C-C bond in the aromatic ring, a peak at 1380 cm™ for the symmetric stretching vibration of
the C-C bond and a weak absorption at 527 cm™ for the deformation of the carbon bromine
bond. The Raman spectra showed a peak at 2107 cm™ for the asymmetric stretching vibration
of the azide group, a strong peak at 1310 cm™ for the symmetric stretching vibration of the
azide. The Raman spectrum also showed a peak at 3054 cm™ which is characteristic for C-H
vibrations in an aromatic ring, a peak at 1572 cm” for the asymmetric stretching vibration of
the C-C bond in the aromatic ring, a peak at 1382 cm™ for the symmetric stretching vibration
of the C-C bond.

The "H NMR spectrum shows three resonances at 7.60, 7.46 and 7.25 ppm for the three ring
hydrogens. The BC NMR spectrum shows six resonances at 114.6 , 117.8 , 120.5, 131.6,
136.2 and 138.1 ppm for the aromatic carbons. The N NMR spectrum shows three
resonances for the azide Ny, ( 8 =-280 ppm), Ng ( & =-139.5 ppm) and Ny ( 6 = -143.8 ppm).
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2.5 2.4-dichlorophenyl azide

2,4-dichlorophenyl azide was prepared by the reaction of 2,4-dichloroaniline with sodium
nitrite in a mixture of glacial acetic acid and sulphuric acid at 8°C to yield the diazonium salt.
The diazonium salt was then reacted with sodium azide at 8§°C to yield 2,4-dichlorophenyl
azide

The 2,4-dichlorophenyl azide was isolated as a brown solid and recrystallised from ethanol to
give very thin brown needles. The elemental analysis for the 2,4-dichlorlphenyl azide was in
agreement with the theoretical values, (found C, 38.1; H, 1.6 ; N, 22.4 %. calculated C, 38.3
; Hy 1.6 ; N, 22.4 %). The IR spectrum showed a strong absorption at 2119 cm’ for the
asymmetric stretching vibration of the azide group and a strong absorption at 1306 cm™ for
the symmetric stretching vibration of the azide group. The I.R. spectrum also showed a weak
absorption at 3084 cm™ which is characteristic for C-H vibrations in an aromatic ring, a
strong absorption at 1568 cm™ for the asymmetric stretching vibration of the C-C bond in the
aromatic ring, a peak at 1388 cm™' for the symmetric stretching vibration of the C-C bond and
a weak absorption at 596 for the deformation of the carbon chlorine bond. The Raman spectra
showed a peak at 2121 cm™ for the asymmetric stretching vibration of the azide group, a
strong peak at 1306 cm™ for the symmetric stretching vibration of the azide. The Raman
spectrum also showed a peak at 3059 cm™ which is characteristic for C-H vibrations in an
aromatic ring, a peak at 1581 cm™ for the asymmetric stretching vibration of the C-C bond in
the aromatic ring and a peak at 1389 cm™ for the symmetric stretching vibration of the C-C
bond.

The "H NMR spectrum shows three resonances at 7.59, 7.44 and 7.26 ppm for the three ring
hydrogens. The BC NMR spectrum shows six resonances at 120.4, 125.8, 128.1, 130.5, 130.6
and 136.1 ppm for the aromatic carbons. The "N NMR spectrum shows three resonances for

the azide Ny, (& =-278 ppm), Ng (& =-139.5 ppm) and N, ( § = -144.9 ppm).

2.6 2.4.6-trifluorophenyl azide

The next 2,4,6 trisubstituted phenyl azide to be prepared was 2,4,6-trifluorophenyl azide
which was prepared by the reaction of 2,4,6-trifluoroaniline with sodium nitrite in a mixture
of glacial acetic acid and sulphuric acid at 8°C to yield the diazonium salt. The diazonium salt
was then reacted with sodium azide, the solution was stirred at 8°C for one hour then poured

on ice cold water. This solution was then extracted three times with chloroform. The organic
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layer was then washed twice with water and 2M sodium carbonate, then dried over
magnesium sulphate. The chloroform was slowly and carefully removed by distillation to
yield 2,4,6-trifluorophenyl azide as red oil. Further purification of this red oil by fractional

distillation was attempted but the compound decomposed on heating.

®
NH2 N2

NaNO,  8°C
CH;COOH H,SO,

Y

NaN; 8°C

The IR spectrum showed a strong absorption at 2135 c¢m™ for the asymmetric stretching
vibration of the azide group and a strong absorption at 1309 cm™ for the symmetric stretching
vibration of the azide group. The IR spectrum also showed a weak absorption at 3086 cm
which is characteristic for C-H vibrations in an aromatic ring, a strong absorption at

1630 cm™ for the asymmetric stretching vibration of the C-C bond in the aromatic ring, a peak
at 1376 cm™ for the symmetric stretching vibration of the C-C bond and a weak absorption at
576 cm™ for the deformation of the carbon fluorine bond.

The Raman spectra showed a peak at 2136 cm™ for the asymmetric stretching vibration of the
azide group, a strong peak at 1310 cm™ for the symmetric stretching vibration of the azide.

The Raman spectrum also showed a peak at 3088 cm™ which is characteristic for C-H
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vibrations in an aromatic ring, a peak at 1636 cm™ for the asymmetric stretching vibration of
the C-C bond in the aromatic ring, a peak at 1374 cm™ for the symmetr