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Abstract:

1,8-Dimethylnaphthalene, perinaphthane and pleiadanc
were synthesized to form, with ascenaphthene, a group of
structurally analogous hydrocarbons. Acenaphthene was
brominated under a variety of conditions and the distribut-
ions of the product isomers were measured by vapor phase
chromatography. A selection of the brominating conditions
was then tried on the group of hydrocarbons in an endeavour
to relate the isomer distributions to the structural differ-
ences between the hydrocarbons. PFinally, pairs of the
hydrocarbons were brominated to determine their order of

reactivify.

The inferences that may be drawn from the results are

discussed together with thelr reproducibility and reliability.
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Preface

Introduction: The carboxylic acids of a series of methylnaphthalenes
had been studled in this department% This series included -
1,8-dimethylnaphthalene and acenapnthene (I) and led to these two compounds
. . 2,3,4 . ] .
being further studied here .  X-Ray crystallography has been usecd
to show that acenaphthene and 3-bromo-i,8-dimethylnaphthelene contain

distorted naphthalene nuclei. The established structures sre drawn below:

IS

It can be seen that the distortions are of the same order, although in

different directions,

Acenaphthene can be considered as a member of
{CH‘)n a series of tri-cyclic compounds, generalised
in the figure. Two other members of this
}<::::> sexries are known, perinaphthane (n = %) and
pleiadane (n = 4) but compounds corresponding to
n=1, 5& 6 have yet to be prepared.
1,8-Dehydronaghthalene (n = 0) has been postulated as a reaction inter-

mediate 7,



Perinaphthane is now more correctly knowm as 'Z,5-dihydvophensicene' ©
(which has supplanted the terms 'perinaphthindane' and 'Z,d-dihydro-1iH
benzonaphthene) but the writer agrees with Mieser and Hershberg (19s8) 9
that 'perinaphthane', an abbreviation of peri-trimetnylenerapntislenc’
is more consistent with the sitructure than a name that supgesits a bengenc
derivative. The term ’plolaaane‘ is used in place ol the more correct,
but bulkier.'7,8,9,10- tetrahydrocyolohepta(de)nuphthrlunc The shoerter
term was mnvented by Boekelheide (1951) and it must not ve confused with

'pleiadene’ (II)0»31,

(1)

1,8-Dimethylnaphthalens, acenaphthene, perinapnthene and pleisdane
form a series of closely related, substituted naphthalenes so it was not
expected that they would have markedly different chemical properties, but
it was reasoned that the isomer ratios obtained when they were reacted,

should ref'lect the varying structural differences at the peri positions.

The conventional numbering of these structures, shown below, complicates

generalised statements anut the group.

\ @




For this reason, the positions on the paphthalene nuclel are considered
relative to the peri positions and terwed ortho, meta and para (o, m, & o)

for this work.

Effects involved: Three directive effects need to be considered for
substitution reactions of alkylmaphthalenes, these are
steric interference, inductive and hyperconjupgation er'fects. It is
generally recognized that alkyl groups tend to relezse electrons to
adjacent groups. The inductive (+I) effect can be illustrated by the
decreasing acid strengths in a series of acids of the type RCCoH, where

'R represents an alkyl group:l2

R H e Bt iso~-Pr 1, -Bu

10%K, 17.7 1.75 1.58 1,38 0.89

This tabulation shows, from left to right, an increasing inductive effect.

When the alkyl groups are attached to unsaturated systems the reverse
order of electron release is sometimes observed, for example the rate of

solvolysis of p-alkylbenzhydryl halides (p-R.Ph.CHPh.CL):2

R H Me Et * dso-Pr t~Bu

Rate 2.8 83.5 62.8 47.0 55.9

It was suggested that the electron pair of & carbon-hydrogen bond
could behave like a lone electron-pair and conjugate with the unsaturated’
system, If this is the case, the same steric requirements should be involved
and it followsvthat a carbon-hydrogen bond in the plane of the unsaturated

system should give a negligible effect.



"Courtaul&“ scale molecular models of the four hydrocarbons and
their ortho- and para-bromo isomers were constructed to facilitate
comprehension of the possible extent of hyperconjugaticn and steric
repulsion in the systems. In these models hydrogen was represented as a
hemisgphere and bromine as & modif'ied hemisphere. The aromatic ring carbons
were triangular prisms and the aliphatic ring carbons were feirahedra. The
manufacturers scale the hydrogen atoms to a radius of 1.04. which they
consider 1s a more practical value for their models than Feuling's wvalue of
1,24, An estimation of the interactions was obtained by measuring the
minimam distances between the surfaces of neighbouring hemispheres. The

distances of interest were:

1. the p-H/p-H distence in the hydrocarbons
2. the p-H/p-Br distance in the p-bromohydrocarbons
8. the o-H/nearest neighbour distance in the hydrocarbons

4. the o-Br/nearest neighbour distance in the o-bromohydrocarbons.

The following set of drawings illustrate the results obtained:

peri-

substituents THastances

p-H/p-H  p-H/p-Br

1,8-Dimethylnphth. 0,20" or
Acenaphthene 0.52" G.18"
Perinaphthane 0,54" o
Pleiadane 0. 50" o
X%,/ distance . Scale: lem = 1" of model
measured = 1.2bA.




o-Bromo~1,8-Dimethylnaphthalene

Two stable orientations of the methyl groups are possible in the
Iydrocarbon, but.one (the line sketch) is more strained in the
o-bromo compound than the other (top and bottom sketches). Lven
in the latter model there is contact between the o-hydrogen and a

hydrogen atom of the methyl group.

0.5"

3

o-H/nearest neighbour distence in the hydrocarbon

o0.08"

[}

o-Br/nearest neighbour distance in the bromohydrocarbon



o-Bromoacenapnthene

(D

N/

1.0"

4

g—H/nearast neighbour distance in the hydrocarbon

o-Br/nearest neighbour distance in the bromohydrocarbon = 0.34"

{The nearest neighbour is teken to be in the peri-group and never

as the m-hydrogen atom. )



o~Bromoperinaphthane

fl

o-H/nearest neighbour distance in the hydrocarbon 0. 34"

On

B

o-Br/nearest neighbour distance in the bromohydrocarbon



8.

o~-Bromopleiadane

//”"“\

The line sketch shows the shape of the seven-membered ring.

o-H/nearest neighbour distance in the hydrocarbon

i

Q.11"
o-Br/nearest neighbour distance in the bromohydrocarbon

i}

O!I

All the drawings are approximately to scale, but they were drawn

primarily to illustrate the quantities measured and not to be

measured themselves.
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The most strained hydrocarbon model is the acenaphthene one, the model
of 1,8~-dimethylnaphthalene is not nearly so strained and the models of the
other two hydrocarbons are not significantly strained at all. The rigid
seven-membered ring in the pleiadane model suggests that ring substituted
pleiadanes might exist as optical isomers, whereas the six-membered peri

ring in the perinaphthane model is comparitively mobile.

Both acenaphthene and 1,8-dimethylnaphthalene have four carbon-hydrogen
bonds that could be involved in hyperconjupation but not as effectively as
the two carbon-hydrogen bonds in perinaphthane that lie in planes
perpendicular to the plane of the naphthalene rings. The equiwvalent two
bonds in pleiadane are probably less eff'ective because they have been

rotated out of these perpendicular planes.

Hyperconjugation would tend to favour the para positions?®® and
induction, the ortho positionsi5b. It could be expected that 1,8-dimethyl~

naphthalene would be the least activated by the inductive effect and that

the other three would be closely grouped.

Room at the ortho positions decreases in the order: acemaphthene,
1,8-dimethylnaphthalene, perinaphthane, pleladane. But room at the para
positions decreases in the order: acenaphthene, perinaphthane, pleiadane,

1,8-dimethylnaphthalene.

Predictions are complicated, but if the electronic eff'ects can be
ignored as giving only minor differences, the ortho/para ratios (and therefor
the percentage of the ortho compound) for mono-substitution should decresse

in the order: acenaphthene, 1,8-dimethylnaphthalene, perinaphthane, pleiadanc



10.

ratios of the
This is deduced from th?Anearest~neighbour distances at the two positions,

the cubes of these ratios are probably more relevant, but they would give

the same order.

Scope: The available quantities of perinaphthane and pleiadane, in
particular, meant that the chosen reactions would have to be
done on a seﬁi—mioro scale. The differences in the isomer distributions
were expected to be small, so it was essential that the reactions could
be standardised, and to aveid the confusion of di-substitution, it was
also essential that the hydrocarbon should be in excess of the reagent,
Purther complications could be avoided iff the chosen reactions were

irreversible.

Nitration, bromination and chlorination appeared to be suitable
reactions so it was originally intended to try each, but the nitro-
acenaphthenes could not be resolved on the available vapor phase chromsto-
~ graph which wae the only suitable analytical tool. The chloro- and bromo-
isomers could be resolved, but it was more difficult to hanalé chlorine
solutions on a semi-micro scale than it was to handle bromine solutions.
Bromination were tried initially and when it was found that the use of various
solvents gave different, but reproducible, isomer disiributions, it was

decided to limit the investigations to brominations.

The following considerations predict that the amount of m-bromo-
hydrocerbon will be small and probably negligible. With the parent
hydrocarbon, naphthalene, the "meta" and "orthe" positions are equivalent

and bromination gives very little Z-bromonaphthalenel4. In the peri-alkyl



naphthalenes, the aikyl groups activate the ortho and para positions,
but not the meta positions, towards electrophilic attack. It follows that
bromination of these hydrocarbons will give small amounts of the o~-bromo-

compound, but much less of the m-bromo.



Experimental

Outline of the Prepaxation of the Hydrocarbons:

Only three of the four alkyl nsphthalenes studied hed to be prepared

since acenaphthene is evailable commercially.

The synthesis used for 1,8-dimethylnaphthalene was a standard
departmental method. Naphthalic anhydride was reduced with lithiun
_aluminium hydride to 1,8-di(hydroxymethyl)naphthalene which yields the
di-bromomethyl compound when treated with phosphorus tribromide.
Further use of lithium aluminium hydride then reduced this di-bromo

compound to the hydrocarbon.

HOHy S HoOH
TiAll i pﬁrs
— @@
ii L1A1H4

This scheme, with the variations upon which it is based, appears in
15,16,17,18

the literature

The synthesis of perinaphthane had previously been attempted in the
department by the reduction of perinaphthanenone, a method reported ¥ to
give a high yield; but 6nly carbonaceous products had been obtained. This
reduction attempt used a hydrogenater made in the department. A commercial
model was ordered, but in the interim period, between ordering it and it

arriving, another plan for the preparation was investigated.

perinaphthenone



1o,

Simple cyclic ketones can be enlarged with diazomethane, although
another reaction, the formation of the epoxide, may sometimes dominate.

Thus, whereas cyclohexanone yields 65% cycloheptanone and 15% epoxide (III),
)19,2@

2-hydroxy~-cyclohexanone yields 95% epoxide (IV
OH

(11I) (1V)

Tt waes wondered if acensphthenone (V) could be converted to peri-

naphthanone(s) which could then be reduced to the hydrocarbon:

&5 &5 - &y — &

Acenaphthenone was prepared from acenaphthene by acctoxylation with
the equivalent of lead tetra-acetate, hydrolysis or" the ester obtalned

and then oxidation of the resulting alcohol to the ketone 21’22’25.

05C .CHg
Pog0y i hydrolysis
GO Eh == o

Diazomethane is usually produced by the asction of alkali on one of

a variety of compounds containing the N-methyl,N-nitroso group. N-Methyl,
Nénitroso,g;toluenesulphonami&e (MNTS) was available in this department,
80 1t was tried first. Gutsohego states that in situ generation of diazo-
methane is preferable to ex situ generation, for cyclic ketone ring
enlargements. However, the conditions required to generate diazomethane
from MNTS (heating in a solution of alcoholic potassium hydroxide) cause

acenaphthenone to condense to biacenone (VI)( .



i%,

BEx situ generation of the diazomethane from MNTS gave & yellow ether
~ solution which showed little reactivity when added to a sciution of
acenaphthenone in methanol and ether. Methanol generslly catalyses the
reactions of¥diazomethanezo the rate of which can be estimated from the
amount of nitrogen evolved. The use of boron trifluoride is mentioned in
the 1iteratur32ﬁ’26 for the improved homologization of cycloasliphatic
ketones, so its addition, in the form of boron trifluoride etherate, was
tried. Processing such mixtures only led to the conclusion that boron

trifluoride, like alcoholic alkali solutions“® , hydrochloric acid in
pie]
boiling alcohole, and even ortho-anthranilic e.c:id‘3 , facilitates the

formation of biacenone from acenaphthenone.

Because the diaszomethane solutions obtained from MNI3 gave only mild
effervescence with substances like benzoic acid which should react vigor-
ously, another source of the reagent was tried. N-Methyl,N-nitroso-urethan
in methanolic solution, needs only traces of sodium carbonate for it to
Jiberate diazomethanezo, and under such mildly alkaline conditions the
formation of biacenone from acenaphthenome was found to be negligible.
When methanolic solutions of the two reagents were mixed a distinct
effervescence was observed, but the material recovered from the reaction
wag almost entirely acenaphthenone. Yet when the residue obtained by re-
crystallising a higher boiling fraction was analysed by v.p.c., the traces
showed a component peak possessing the same retention time as an authentic

sample of perinaphthanone on two stationary phases, one non-polar and the



other of medium polarity.

Hence, acenaphthenone, like the structurally analogous tetral—1~one39’éo

gives only trace reaction products with diazomethans. This contrasts with
the reaction between acenaphthenequinone (VII) and diazomethane which gives
)SL

a perinaphthane derivative (VIII Usuallyau, 1,¢=-quinones add diazo-

methane to give a cyclic di-ether (IX).

‘ CHgN | O |
& = &5

(viI) (VIII)

.

()
Because of the trouble that had been experienced with rieser &

Hershberg's method® of preparing perinaphthane, the methods in the
literature were reconsidered before their method was re-attempted. Peri-
naphthane has been made by the reduction of perinaphthanequinone, peri-

naphthenone and perinaphthanone.

Fleischer & Retze (1922)52 reacted naphthalene with malonyl bromide in
the presence of aluminium chloride and reduced the quinone obtained with
ibdine and red phosphorus. They then dehydrogenated the product, presume-
ably tatrahyﬂroperihaphthane, over copper at 500°, The product, if peri-
naphthane as claimed, must have been impﬁre, since the picrate mclted at

134~5°, the accepted value is 151° °,

Most perinaphthanone preparations are based on the cyclisation of
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3(1-naphthyl )propenoic acid or its acid chloride (these compounds can be
obtained from naphthalene in three or four stepaﬁﬁ). iayer {1922)64
treated the acid chloride with aluminium chloride and claimed te have
obtained perinaphthanone (m.p. 86°), but Cook & Hewett (1954)55 showed that
repeated recrystallisation of such material gave perinaphthnenone (m.p. 158~
1540); the same product that they obtained by cyclising the propanoic acid
with tin tetrachloride. Yet Darzens & Levy (1955)58 also used aluminium
chloride on the acid chloride and demonstrated that their product is
perinaphthanone by giving the correct melting point of the oxime. WFieser &
Gates (1940)55 suggested that the confusion may be due to different
investigators cyclising different acid chlorides, they themselves used

hydrofluoric acid to cyclise the propanoic acid in high yield to peri-

naphthanone end obtained as a by-product 4,5-benzhydrindan-l-one (X).
\_
@ QIO

Fieser & Gates reduced perinaphthanone by the Clemmensen method, but did not

0

quote a yield. Topsom (1962)5? found that this reduction gives a low yileld
(12%).  Heidelberger & Straube (1951)58 reported that the catalytic
hydrogenation of perinaphthancne gave a higher yield of perinaphthane than

did the catalytic hydrogenation of perinaphthenone.

Three cases are recorded for the reduction of perinaphthenone.
Zil'berman & Barkov (1958)59 used zinc and hydrochloric acid and then
distilled the resulting compound with zinc dust. The melting point of the

piorate (182.5°) shows that the material obtained was, at best, impure.

Fieser & Hershberg(1958)9 and Treibs & Heyner (196&)40 hydrogenated



17,
perinaphthenone over a copper chromite catalyst,

Because perinaphthenone is more readily available than perinaphthancne
and because the latter's reduction is not necessarily straightiorward, the
copper chromite réduction of perinaphthenone was still found to be the
equal of any method in the literature for preparing perinaphthane. So,
since by this {ime a modern 'rocking-bomb' autoclave had arrived in the

department, it was decided to re~investipgate the method.

Fieser & Hershbergg dissolved perinaphthenone in dioxan, added a small
amount of copper chromite catalyst '37KAF' (the significance of this
symbolism is not known) and heated it at 250-260° for ten hours. The
initial hydrogen pressure was 1800 psi. The cooled solution separated
into two layers and dioxan was added to make the mixture homogeneous bef'ore
the catalyst was filtered off and the solvent removed. The courss of the

hydrogenation was assumed to follow the scheme:

65 — & — do— &

D &

The perinaphthenone preparation that they used was that of Kunz &
Kochendoefer (1955)41.' A mixture of 2-naphthol, glycerol, sodium nitro-
benzenesulphonate and sulphuric acid is heated for an hour at 1355-140°.
The cooled mixture is poured into water and perinsphthenone is extracted

from the resulting black tar. The yield is low.



i8.

, ka ,
A better method is that of Ldttringhaus & Kacer (19%6; = in which the
sodium enolate (XI) formed by reacting together l-acetylnaphthalene,
ethyl formate and sodium, is condensed, by sulphuric acid, to peri-
45,40

naphthenone in good yield.  Later workers have preferred this method

and it was thé one used for this work.

(x1)
‘Several attempts to duplicate the work of Pieser and Hershberg,

following their instructions as closely as possible, resulted in mainly

carbonaceous material from which could be extracted varying quantities of
benzene-soluble substances. The extracted material was largely a mixture
of perinaphthane and perinaphthanone. A run, tried with no catalyst gave
a similar intractable taxr, but the amount of exiractable solid was much

less. The other extreme was then tried. A comparatively large amount of
catalyst was used and the result was a clear liquid, the major component
of which was shown to be tetrahydroperinaphthalene. Because of this the

nature of the catalyst was studied more closely.

It appearséé’that the catalyst is,essentially,black cupric oxide
atabilised by the presence of chromium oxide against reduction to inert,
red cuprous oxide. The stabilisation is further assisted by the presence
of alkaline earth oxides such as barium oxide. The solvent most recommended
for use with thé catalyst is dioxan and the best form of the catalyst, for
use in a rocking-bomb, is obtained by the thermal decomposition of copper

barium ammonium chromate. The activity of the black powder so obtained is



1d.

entirely unaffected by exposure to air and moisture. In generul, double-
bonds and aryl rings are not affected by the catalyst, but poly-nuclear
ring systems can be partiaily reduced. Thus, the catslyst will reduce
naphthalene to tetralin if the temperature is above 200°, It is recommonded,
for the reduction of ketones, that 2-4% of the catalyst should be used,

but Grundmann44 points out that, whereas 2.5g. of catalyst may bLe necessary
for 50g. of -ketone, 10-12g. might be quite sufficient for 500g. Now
Fleser & Hershberg used only 0.28% of catalyst and their results infer

that a high temperature is required to dehydrate perinaphtnol to peri-
naphthene. Under such conditions, over-hydrogenation beyond perinaphthane
tends to occur, so a minimum amount of catalyst was used. It follows that
the amount of catalyst is c¢ritical and sltering the reaction parameters

{ ©.g. the quantities of the reagents and possibly the bomb dimensions)

will change the optimum amount.

After allowances had been made for the numerous mechanical shortcomings
of the sutoclave, which complicated run %o run comparisons, there still
seemed to be another reaction vardable'besides the amount of .catalyst. One
p&rticularly satisfactory perinaphthenone preparation yielded such a clean
product of excellent melting point it was not distilled before a sample of
it was hydrogenated. The conditions usea for this hydrogenation had yielded
satisfactory results bef'ore, but this time only a tar was obtained. However,
tbe hydrogenation of a distilled sample of this batch gave excellent resulis.
It appears that the undistilled perinaphthenone contained a catalyst poison

and possibly the distilled samples also contained varying amounts of it.

Because the optimum amount of catalyst seems to depend upon the batch



of perinaphthenone, it is suggested, if' a guantity of perinuphthane is to

be prepared by this method, that a large quantity of perinuphinenone should
be accumilated and well mixed, beif'ore samples of it are used to {'ind the opti-
mam amount of catalyst. From the thirt&—four hydrogenations attempted only
60g. of perinaphthane resulted, mainly because the purity of the ketone,

and consequently the optimum quantity of catalyst, fluctuated. It

actually may be simpler to use a large excess of catalyst to ensure a

clean, if over-hydrogenated product and then dehydrogenate it over a
palladium or platinum catalyst (tetrahydroperinaphthalene over palladium-
carbon can yield 80% perinaphthane45). It was interesting to observe that
a higher yield of tetrahydroperinaphthane was obtained, using just copper
chromite, than was obtainéd by Treibs & Heyner4o, who used copper chromite

first and then Raney nickel.

Gilmore & Horton (1951)46 were the first to prepare pleiadanc although
derivatives of it have been known since 1927 47a To establish its structure
they prepared it two ways, firstly they started from tetralone and cyclised
on to it a seven-membered ring and secondly they started from benzosubexone
and cyclised on to it the other six-membered ring. The products of these
two paths were shown to be identical. The method based on tetralone gave the
higher yield so it was the one followe&.\ A Reformatsky reaction between
tetralone and&bromo—methylcrotqnate gave, upon distillation of the initial
product, a di-ene ester. Hydrogenation over platinum, followed by hydrolysis
of the ester group, yielde@ a butyric acid that was cyclised to tetrahydro

pleiadanone with polyphosphoric acid. A Clemmensen reduction of the ketone

and dehydrogenation of the product over palladium, yielded pleiadane. The



N

overall yield, based on tetralone and the optimum yiclds for cach step, was

855%. The scheme is outlined below:

[::]:%:] Br.CHyCH=CH. COgCHg O10
. Fa,/C

The intermediste ketone (XII) has also been prepared by the cyclisation

i hydrogenation

ii hydrolysis

of trens-8-phenyloct-5~enoic acid (XIII) with polyphosphoric.acid48, but
although this reaction is interesting and of reasonable yield, the above

method is still the best seen in the literature.

o
Q0

(XII1)



Experimental Details of the Hydrocarbon FPreparations:

1,8-Dimethylnaphthalene:- Lithium aluminium hydride (50g.) was part
suspended, part dissolved in anhydrous ether (1l.)
by stirringvthe refluxing mixture for two houwrs in a two litre f'lange vessel.
The mixture was allowed to cool and anhydrous benzene (200ml.) was added,
followed by.a slurry of naphthalic anhydride (100g.) in anhydrous benzene
(250ml. ) added over two hours. WNo external heat was applied and the mixture
was stirred continuocusly. Three hours of refluxing the mixture completed
the reaction and then most of the ether was distilled off. The excess
lithium aluminium hydride was destroyed by the cautious addition of ethyl
acetate before concentrated , aqueous potassium hydroxide solution (5O0ml.)
was added to precipitate aluminium hydroxide. Usually, the precipitate is
sufficiently coagulated for decanting to be the most efficient method of
extracting the organic product, but the writer found it hscessary to use
the more arducus filtration. The inorganic materiel was extracted by
refluxing it with benzene (500ml.) and ethanol (50mL.) and then filtering;
this cycle being repeated three times. The organic solutions4wero combined
and concentrated to 250ml. ’Mbre ethanol (250ml.) was added and the solution
was agein concentrated to about 250ml. The di-alcohol was precipitated by
the addition of 10%'su1§huric acid, filtered off, washed thoroughly with
water and dried. The yield was 76g.(82%, m.p. 154°) and recrystallisation
from ethanol left 67.2g.(m.p. 156-7°, lit. value 15&015). Yields of up to

87% have been obtained in the department.

The di-alcohol was dissolved in a mixture of anhydrous benzene and ether

(11.: 200ml.). Then, whilst this sclution was being stirred, a solution of



- phosphorus tribromide (67.2¢.) in anhydrous ether (200ml,) wes added over

‘ twoyhours. This addition was followed by an hour of refluxing the mixture
before it was poured on to crushed ice (2Kg.). The organic layer that
separated was washed with an excess of sodium bicarbonate solution, then
with water, dried over anhydrous magnesium sulphsate, concentrated to about

100mlL. and finally diluted with more ether (100ml.) to prevent precipitation

of the product.

This solution of di-~bromomethylnaphthalene was added, over two hours,
to a solution of lithium aluminium hydride (20g.) in ether (1200mL.) which
had been previously prepared by stirring the components under reflux for
two hours. The mixture was given a further hour of refluxing af'ter the
addition was complete., The mixture was worked up in a similar fashion to
that used for the di-alcohol. The organic solution obtained was evaporated
to dryness and the residue was distilled under reduced pressure. The
crude material (m.p. 49.5°, b.p. 182-4° at 70nm) was recrystsllised from
ethanol to yield 49.5g. (88%, m.p. 61-62°), Analysis by v.p.c. showed no
significant amount of impurity. Yields of 87-90% (m.p. 61-52°, 62.5°

after one recrystallisation) have been obtained in this department.

Perinaphthane (unsuccesful attempt):- The acenaphthenone necded for this

‘ ; | attempt was obtained from acenaphthene
by the following route 2. Acenaphthene (154g.) was partially dissolved,
partially suspended in hot (60°) glacial acetic acid (1100mi.) by constant
stirring. The acetic acid had previoualy been distilled from potassium
permangsnate to remove oxidizable impurities. Red lead was added in

approximately 850g. portions, over one hour, until 820g. had been used.



Stirring was continued during this addition and the temperature was kept

in the 60-70° range by external cooling. The colour of the resulting syrup
was brown and not the red mentioned in the literature. Fieser & Cason ot
estimated that their red lead was 85—-90;’4% pure, if' the sample used is less .
than 83.6% pure, 820g. will not be an excess and the i'inal solution will not
be red. The syrup was poured into Waﬁer (21.) and extracted with ether

( 8 x 200ml.). The ether solution was washed with water (100wl.), brine

( 300ml,) and then dried over anhydrous sodium sulphate. Filtration,
extraction of the drying agent with more ether ( 8 x 50ml.) and evaporation
of the combined ether solutions, yilelded the crude acetate as an oil.

Distillation under reduced pressure gave 134g. of product (tepe 144-150°

at approximately 2um.). The reported yield is €0-82%.

The acetate(164g.) was dissolved in methanol (275ml.) and refluxed with
a solution of sodium hydroxide ( 40g. in 400ml. water) for two hours.
This mixture was cooled to room temperature and the solid that precipitated
was filtered off and dried to yield 130g. of crude acenaphthenol. This
acenaphthenol was dissolved in benzene (21.) and refluxed with decolorising
carbon (Bg.). The carbon was removed by filtration and the sclution was
concentrated to one litre. Crystallisation, filtration and washing the
collected solid with cold benzene yielded 110g.(83%, m.p. 144-5°) whercas

the literature yield of acenaphthenol is 85-88 % (m.p. 146°).

Acenaphthenol (100g.) was kept suspended in glacial acetic acid (300ml.)
by constant 8tirfing whilst a solution obtained by dissolving chromic
anhydride (43g.) in the minimum amount of water and diluting with acetic

acid (240ml.), was added over approximately an hour.
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External cooling kept the reactants in the temperature ranpe 28-57°.

After a further hour under the same conditions, the recaction mixture was
poured into ice-water (61.). The precipitate was collected, washed with
water and dried. It is claimed®! that the best method of purif’ying the
crude acenaphthenone is steam distillation, the processes of recrystal-
lisation and vacuum distillation being found %o be unsatisfactory. The
steam distillation requires the collection of 35 litres of condensate, which
is cooled to room temperature before the solid is filtered off. The writer
found it more convenient to col;ect and treat the condensate in portions.
The yellowish solid collected (61.5g. or 62%) had a low melting point
(113°) so it was recrystallised several times (twice from benzene/petroleum
ether mixtures and once from ethanol) to give 38g. (m.p. 119-120.5°).
Fieser & Cason obtained 64.5g.(directly from the gteam distillation,

m.p. 118.1-120.5°),

Lettre & Stratmann™> reported a higher yield (75%) for the oxidation,
but they used small quantities, solutions ten times as dilute, and potassium

dichromate. .

Diazomethane reaction: Acenaphthenone (16.8g.) was dissolved in methanol
(800ml, ) and a little sodium carbonate was added
(0.2g.). N;Methyl,N-nitroso~urethan (15.2g.) in methanol (50ml.) was added
slowly to the cooled solution (10°), with stirring, over one hour. The
mixture was allowed to stand overnight.A The solution was then evaporated
and the solution distilled under reduced pressure (11.9g/1567-160°, 2g/170-
2000 at lmm). The large fraction was shown to be acenaphthenone and more of

it was recrystallised from the small sample. Thne residue from these recrys-

tallisations was analysed by v.p.c., as has been mentioned on page 14.



Perinaphthane (successful attempt):

Copper chromite catalyst:- When the commercially available naterial did not
give satiéfaotory results for the perinaphthenocne

hydrogenations, a fresh sample was prepared. The method used was essenti&i—

1y that given in the literaturefx{ A solution of ammonium dichromate (25.2g.

dissolved in 120ml. distilled water) was oonvértedato ammonium
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the addition of ammonia (30ml. of 2 %Qj()This solutiogfwas poured, in a fine
stream, into a solution of barium nitrate (5.2g dissolved in 18UmL. hotwater)
in which copper nitrate (43.6g.) had been dissolved. The solution was
stirred during the addition and for a few mimites afterwerds. The red-brown
precipitate of copper barium ammonium chromate was ['iltered off and dried at
100°, The pulverised dry solid was placed in a large porcelain crucible and
covered with a glass. An exothermic reaction was then initiated by the
application of heat at the side of the crucible. Gases were vigorously
evolved and the reaction was completed by further heating., The activity of
the resulting powder was increased by washing it with dilute acetic acid

(3 x 240ml., 10%) before washing it with distilled water ( 4 x 240ml.) and

drying it at 1109. The yield (26g.) was comparable with the literature's.

Perinaphthenone:- The writer recommends that the ethyl formate used for
this preparation should first be refluxed over sodium
carbonate and fractionally distilled (b.p. 55»55.505 to remove the hydrolysis
‘products that will react with sodium. 1-Acetylnaphthalene (170g., 1 mole)
was dissolved with ethyl formate (120g., an excess) in anhydrous ether (200ml)

and the solution was slowly added to sodium wire (30g., an excess) under
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ether (1200ml.). Stirring was continued throughout the addition and the
one hour of refluxing that followed it. The solid that had been precip-
itating during the reaction was filtered from the cooied ether solution
and dried. The ether-free salt weighed 233g. which exceeds the litcraturé
yield (2 x 114g.)45 and the theoreticel yield (2¢0g.) and hence contained

other sodiwn compounds.

Because of the gquantities of reagents needed, the next step wag done in
sections. A portion (100g.) of the finely ground sodium selt was suspended
in carbon tetrachloride (2400ml.) contained in a five-litre beacker. 4
few floating black specks were removed and shown to be sodium. Diluted
sulphuric acid ( 70ml. water in 600mlL. 98% sulphuric acid) was added over
50 minutes with very wvigorous stirring. The stirring was continuved for
another 30 minutes before the mixture was poured into water (121.) contained
in a series of five-litre beakers and well mixed with the water by further
vigorous stirring. The agueous layers were decanted off and the organic
layers were washed with more water and then with sodium carbonate solution,
before they were combined and dried over calcium chloride. The remaining
quantity of sodium salt was similarly treated and the product solutions were
combined. Eveporation of most of the carbon tetrachloride by distillation
and recrystasllisation of,the precipitated perinaphthenone from ethanol
yielded 87.5g. of the yellow crystals (meps 155-6°). The combined ethanolic
and carbon tetrachloride residues were concentrated and distilled under
reduced pressure to yield a further 28g. (mep. 154-5°, b.p., 180-185° at fmm).
It was noticed that when the vacuum pump could not reach O0.5mm, and therefore
the boiling point was much higher thanA185°, the perinaphthenone tended to

sublime and to contaminate the vacuum line. The combined yield was 115.5g
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(64%). The literature claims an 80% yield (m.p. 149°) but assumes that
the acetylnaphthalene contains 40% of the 2-isomer. It was shovm (v.p.c)
that the acetylnaphthalene used for the above preparastion contained 20%: of

2-isomer, so the yield was effectively 80Y.

perinaphthane:~ Pieser & Hershberg 9 obtained satisfactory results by
dissolving perinaphthenone (20;.) in peroxide free dioxan

(26ml.) and adding copper chromite catalyst '37KAl'(80mg.). This mixture

was placed in a glass liner, the lot placed in the bomb, and the hydro cnation

was conducted at an initial hydrogen pressure of 1800psi and at 250-Zcu”

for ten hours.

The autoclave available was of the 'rocking-bomb' type with a variable
angle of inclination of the bomb and a range of rocking speeds. The glass
liner wes an elongated flask fitted with a porous stopper. When loaded, the
free volume of the bomb was approximately 700ml. The amount of solvent used
is determined by this free volume since too small a quantity will mean
complete vaporisation of the solvent at the temperature of hydrogenation.

To prevent needless splashing of the contents of the glass liner, half of the
dioxan used was poured outside the glass liner, but, like several other
factors concerning this hydrogenation, it was not practical to test the

velue of this practice.

From the first few attempts some perinaphthane (m.p. 68°, m.p. of picrate
149-149,5°) and perinaphthanone were isolated from the product tar. The
perinaphthanone (m.p., 81-81.5°, cf.82~§3$%as shown (v.p.c.) to be contamin-
ated with perinaphthane, but its identity was confirmed by the preparation

of its oxime (m.p. 125-124°, cf.127-8°). These early attempts showed that



too much material was escaping from the zlass liner during the rcaction
so the quantities were reduced to half of the literature ones, except
for the volume of dioxan used. The dioxan used for all the runs was

purified by refluxing it with sodium until the sodium remained bright.

The following illustrates a satisfactory run. Yerinsphthenone (10g.)
was dissolved in dioxan (15ml.) contained in the glass liner, alony with the
catalyst (90mg.). More dioxan (15ml.) was placed in the bomb., The initial
pressure was 1700psi and it took approximately an hour for the bomb to
reach 250-255°, During this time, and the following seven hours, the
contents of the bomb were agitated by moderate rocking., After this time
the rocking was stopped and the bomb was allowed to cool.  Fentane (50ml.)
was added to the liner's contents ( a liquid with & greenish fluorescence)
and the mixture was poured into water (50ml.) contained in a separating
furmmel. The organic layer was separated, washed with more water and then
dried over anhydrous magnesium sulphate. The pentane solution was evap-
orated and the residue was distilled under reduced pressure to give peri-
naphthane (7.5g. or 80%, m.p. 56°, b.p. 120° at O.5mn). The/runs ot this

type gave varisble yields (6.5g. - 8.5g.).

In one run, the above conditions were used except, 0.2z, of catalyst
per 10g. of ketone was reacted for ten hours., The product solution
lacked the fluorescence mentioned above and yielded tetrahydroperinaphthane
(6.2g., or 65%, b.p. 107-108° at O.5mm) plus some higher boiling material
(meinly perinaphthane). The main product gave a satisfactory analysis
(G 91.10% H 9.00%, for CysHig C 90.70% H 9.32%). A higher yield

could probably be obtained if sought for (Treibs & Hoyner obtained a 45, 5%



yield from their two-stage hydrogenation of perinaphthenone).

The amassed stock of perinaphthane was fractioned through a spinning
band column (length 18")under reduced pressure to give material of
reasonable purity‘(m.p. 650, the major impurity had been the tetrahydro
derivative). Repeated recrystallisations from methanol gave purer material
(m.p. 85°) as did the use of a 'preparative' gas chromotograph, but it was
less wasteful to recrystaliise its picrate and then recover it (m.p. ©4.59)
from the purified complex (m.p. 151°). The trace impurity, tetrahydro-
perinaphthane, is not known, or expected, to form a picrate. The literature?

states that pure perinaphthane melts at 65.1-61.4° and its picrate at

150-151°.

Pleiadane:

Tetralone:~ The commercial product was initially used for the Reformstsky

" reaction, but when stocks dwindled more was prepared by the
method of Thompson o1, 1In this very economic preparation tetralin is
oxidised by air and the resulﬁing peroxide is decomposed to the ketone
by treating it with sodium hydroxide. It has since been discovered®?
that tetralol contaminates the tetralone produced this way . This probably
explains the initial relﬁctance to react, but subsequent ebullition,

observed in the later runs of the Reformatsky reaction.

¥ Bromo methylcrotonate: The preparation of Bailey & Bello56 was used. It
was necessary to prepaxre some of the N-bromo-
succinimide and for this the method described by Vogels4was used.

The carbon tetrachloride used had been purified by shaking it, in turn,



with: a solution of potassium hydroxide, water and ethanol {twice),

water, concentrated sulphuric acid until the washings were no longerngreen,
bicarbonate solution and finally water. The purified solvent was dried
over anhydrous magnesium sulphate and distilled from phosphorus pentoxidé.
Methyl crotonate (150g., 1.5 moles) was added to a mixture of N-bromo-
succinimide (163g., 0.915 moles) in refluxing carbon tetrachloride (10£0mL. ).
Freshly recrystallised benzoyl peroxide (0.75g.) was used &s a cabtalyst.
When the precipitation of succinimide seemed complete (af'ter 2 hours), the
mixture was aliowed to cool, the solid wes filtered off ana the liquid was
washed with dilute sodiuwn hydroxide and water. The carbon tetrachloride
sclution was then dried over anhydrous magnesium sulphate and evaporated
down. The residue was distilled under reduced pressure to give $oromo-

jsuceinimide, b.p. 90-92°

methylcrotonate (110g. or 67% based on N-brom

at 17mm). Other runs gave 75-84% (1it. yield 83%, v.p. 84-85° at 12mm).

Reformatsky reaction:- The zinc used was AnalaR grade that had been
washed successively with dilute hydrochloric acid,

distilled water and methanocl, aﬁd then dried in a hot air oven. It was
used the same day it was prepared. YBromo-methylcrotonate (66.5g.), zinc
(60g.) and a crystal of iodine were added to a solution of tetralone (75g.)
in a mixture of benzene and ether (250ml. of each anhydrous solvent ). The
stirred solution was brought to reflux and over three hours, more ester
(80g.) and more zinc (75g.) were added. The mixture was left to reflux
for another twelve hours before being Left at room temperature for twenty
hoursi Stirring was continued throughout the thirty-five hour pcriod. The
precipitated zinc complex was then dissolved by the addition of a little

acetic acid and meﬁﬁanolss before the mixture was poured into a dilute



solution of acetic acid. The separated organic layer was washed with

water and ammonium hydroxidé before being dried over anhydrous magnesium
sulphaté, and concentrated., Dehydration of the hydroxy-ester wans effected
by distilling the concentrate under reduced pressurc and coliccting the
fraction (56.5g., 487 ct'. 52245) voiling over the rarge 140-158° at 0. 504,

a range which is inconsistent with that given by Gilwmore « llorton (177-183°
at 0.15mm). * The oily product was characterised by hydrolysing scme of it to
the acid. The ester (2g.) was refluxed for one hour with potassium
hydroxide in aqueous ethanol (2g. in 20ml. of each solvent). Acidifying

the resulting solution, extracting with ’benzene, evaporating and recryst&l—v
lising the material obtained from carbon tetrachloride gave white crystals,

mep. 197° (Gilmore & Horton quoted 194-59).

Hydrogenation:- The literature gave the following details., The hydrogen-
ation confirmed the presence of two double bonds, was run
over platinum, tock 45 minutes and, af'ter saponification of the ester group,
gave a 98% yield. Further experimental detail is not given. In a typical
run, the writer dissolved the ester (124g.) in acetic acid (100mi.) and
added it slowly to a magnetically stirred suspension cf platinum bliack
(obtained in situ from 1.9g. PtOg) in mor§ acetic acid (250ml.). The
reaction system had been previously fiushed with nitrogen and then hydrogen
to avoid contémination of the system with atmospheric oxygen. The hydrogen
was fed into the reaction flask at slightly above atmospheric pressure and 
over two days approximately 28 litres of hydrogeﬁ was used. The hydrogen-
ation of a similar quantity of the unsaturgted ester téok five days when
the solvent was ethanol. A gas wash-bottle inserted betweeen the hydrogen

source and the reaction allowed hydrogen uptake to be followed and when the



reaction was #irtually complete, the mixture was tiltered guickdy through a
sintered-glass funnel. The catalyst collected was washed with acetic acid
and water and then left moist. The acetic acid solution was diluted with
water and extracted several times with benzene. The combined benzene
extracts were washed with water and sodium bicarbonate solution, dried over
anhydrous magnesium sulphate and evaporated down. Concentrated potassium
hydroxide solution (120g. in 240ml. of a 1:1 mixture of agueous ethanol)
was added to the concehtrate and hydrolysié was effected by rerluxing this
mixture for five hours. The cooled solution was poured into water and
extracted with benzene. This benzene extract was evaporaﬁed to 7.6g. of an
oil that was discarded. The agueous alkalina;solution was neutra;ized,ana
extracted with benzene. Concentrating the dried benzene solution and distil-
ling the residue under reduced pressure gave the butyric acid (95g., ?8.5%
b.p. 190-195° at 2-35mm, cf. 2i2° at 12mm58) as an oil. Crystals were
obtained from pentene (m.p. 37~37.5° of. 56~58.546) and a Samplc was
analysed (C 76.77%, H 8.52%, O(by difference) 14.71% : values for Cy4H;g0g,

C 77.05%, H 8.26%, 0 14.67%).

Polyphosphoric acid cyclisation:~ The literature®’ records that poly-
phosyhﬁrio acid containing 83% of
phosphorus’pentoxide is fhe best for cyclisation reactions, It was found
that phosphoric acid does not dissolve phosphorus pentoxide very readily
80 the mixtures were heated for two hours and the material that had not
dissolved was ignored. if the temperature was allowed to rise much above

180° +the solutions went dark.

The butyric acid (10g.) was added to a solution of phosphorus pentoxide
(250g. ) in orthophosphoric acid (238g. of 88-98%) to give a light brown



solution which was heated on a boiling waterbath for twe hcurs. I'requent
swirlings of the reaction flask gave adequate mixing of the reactants.

The cooled solution was poured into an ice and water mixture (11.) which
was atirred to dissipate the syrupy polyphosphoric acid. This mixture

was extracted with benzene ( 4 x 50ml.). ‘The benzene solution was washed
with dilute alkali and then with water, combined with the benzene solutions
from seven similer runs, dried over anhydrous magnesium sulphate and
evaporated down. Distillation of the concentrate under reduced pressure
gave tetrahydropleiadanone (50.6g., 69%, b.p. 144-145° at igﬁmm) in a
comparitively low yield (1it. 85-95%, b.p. 128-33 at O.&uu) but some
unreacted butyric acid (20.7g.) was recovered from the alkaline washings.
Redistillation of this acid followed by its cyclisation yielded more

ketone (13.4g.) and increased the yield to 87%. The ketone was recrystal-
lised from’hexane and characterised by its melting point (61.5-82° cf.
61.5-65%46, 60-5048) and by its 2,4-dinitrophenylhydrazone (u.p. 163-4% cf.

162-165°%%  167-889%%).

Clemmensen reduction: The method used was a modification of that used

for the reduction of (XIV) (94% yield)sg.

Tetrahydropleiadanone (57g.) was dissolved in toluene (145ml.) and acetic
acid (750ml,), and added to a mixture of‘hydrochloric acid (300ml. of &%)
and amalgamated zinc (50g.)(which hed just been prepared by mixing zinc (L0g. )
and mercuric chloride (5g.) with dilute hydrochloric acid, stirring for a

few minutes and finally, decanting off the liguid.). The ketone mixture
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was refluxed for 24 hours, poured into water (8i.) and the product was
extracted with ether (5 x 50ml.). The ether solution was washed with

sodium carbonate solution and water, dried over anhvdrous magnesium
sulphate and evaporated down. The doncgntrate wa.s disti}ied ga@er reduced
pressure to yield tetrahydropleiadane (46g., 87%, b.p. 1i8—12§° at iﬂémm

of. 1lit. 93%, b.p. 156-8°’at 25mm%® ). A repeat preparation gave a yield of

89%.

Preparation of palladium catalyst:- Purifiied carbon was warmed with dilute
| niﬁric acid until fumes of nitric
oxide were observed. The mixture was then filtered and the carbon was
washed thoroughly with water and ethanol before being dried in a hot air
oven (1100); This activated carbon (1.5g.) was added, with formaiin (3ml. ),
to a hot solution.of palladium chloride dihydrate (iv.) in dilute hydro-
chloric acid (0.6ml. 33% acid in 6mL. water). fhis mixture was cooled and
50% potassium hydroxide solution (éml.) was added slowly and the reaction
was completéd by warming it for ten minutes on a water-bath., The catalyst
was filtered off and washed first with dilute acetic acid and then more
extensively with water and finally with‘ethanol, before being dried.Y?

This catelyst should contain approximately 30% of palladium,

Pleiadane:- The method of dehydrogenation used was based on a method that
has been used for a variety of substituted tetralins o9
Tetrahydropleiadane (13g.) was heated under nitrogen With 30% palladium
.carbén.(O.Sg.) iﬁ a modified Claisen flask. The side-arm of the flask
was fitted with a cold-finger condenser. Gas emission, as indicated by

a gas-wash bottle connected to the flask, began at 260°nd had virtually
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f‘inishea at 3009, these temperatures being those of the silicone oil

bath surrounding the flask. The cocled product was dissolved in pentane,
filtered free of catalyst and evaporated down. The products of two runs
were combined and fractionally distilled using a spinning band colwan (18")
and reduced pressure to yield pleiadane (2ig. 82.5%, b.p. 142-152 at 2mm,
m.p. 54.5-55.5 cof. 79.5% yield 46), Another run gave a yield of u8,5%.
Two recrystallisations from ethanol gave material oi' nighlus r:;'elting point
(57-58°, of 55.5-70 %0 57.580%°), A sample was anaiysed (C 92,07%,

H 7.95% , calculated for CygH,4, C 92.30%, H 7.69%).



General Notes on the Prominations

The semi-micro apparatus shown in fig.1 was used for all the

brominations except for cases that will be mentioned.

water level

glass stirrer

fig. 1

In genersl, the hydrocarbon (0.005moles) was carefully washed into
the flask with the chosen solvent (10ml.) and then the apparafus was
placed in a ther@ostat bath kept at 20° 4 0.2°, The bath contained a
dilute solution of black ink to ensure that the quantity of light
reaching the immersed reaction vessel was negligible, The brominating
solution\(0.00BSmoles of'brominating entity in spproximately Sml.) was
added to the dropping funnel from a 20ml., 'A' grade burette and made up
to 5ml. with the appropiate solvent. The apparatus, loaded with the
reactants was allowed ten minutes in the bath, to approach thermal
equilibrium, before the brominating solution was added to the stirred
hydrocarbon sclution over the course of thirty minutes. After a further
thirty minutes of being stirred the flask contents were washed into a
separating funnel and shaken with benzene (20ml.) and sodium sulphite
solution (10ml. of 10%). The benzene layer was separated, washed with
water, dyried over anhydrous sodium carbonate and evaporated by means of

& rotary evaporator. The concentrate was taken up in a little ether and



set aside to await analysis. It was found that even purc samples of

bromoecenaphthene darkened under these conditions but that the addition
of & small quantity of acetaldehyde, which is very easily oxidised,

stabilised the reaction mixtures againast darkening, for several weeks.

Fach set of conditions chosen was repeated three times and then the
products were analysed to give a total of nine v.p.c. traces. The
repetitions’used the same standard solution of brominating agent and

were performed the same day.



Purities of Solvents Etc.

The hydrocarbons were tested by v.p.c. and perinaphthune, the most
impure (m.p. 68°), was estimated to be 98% pure. Ferinaphthane of higher

purity (m.p. 64.5°) was used for the comparitive runs.

Bromine: 'AnalaR' material was dried and distilled at room temperature
by passing a stream of nitrogen through bromine and then
sulphuric acid, over phosphorus pentoxide and through a bed of calcium
chloride, and finally through a flask cooled by an acetone-dry ice mixture.
The calcium chloride was intended to serve as z spray trap. The ovromine was

stored in a glass-stoppered bottle kept in a desiccator, over sitica-gel.

Iodine Moncbromide: This was from a freshly opened vial suppilied by

the British Drug Houses.

N-Bromosuceinimide: This was twice recrystallised, and carefully dried,

commercial material.

Acetic Acid: This was refluxed for ten hours over an excess of chromiua
trioxide and then fractionated in the preseﬁce of' excess
acetic anhydride (AnalaR grade) up a four foot column packed with glass
helices. The first fraction was rejected gnd the material used froze at

the accepted temperature (16.5-16.6°),

Carbon Tetrachloride: The purification was the same as that given on
page 3l. The fraction distilling at 76.5° was

used.

Dimethyl Formamide: This was supplied by 'Eastman Organic Chemicals'. It

was redistilled before it was used (b.p. 149.5-150°

80
of, 155° ).



Dioxan: This was 'Fluka' grade that had been shaken with ferrous sulphate
solution, dried over potassium hydroxide pellets, reiluxed with

sodium until the sodium remained bright, and then distilled (b.p. 101°).
Pyridine: 'AnalaR' material was refluxed over sodium hydroxide pellets
for an hour and then distilled (b.p. 114-115°). It was stored over
sodium hydroxide pellets.
Nitromethane: This was dried over calcium chloride and fractionated up a
one foot column packed with glass helices (bep. 100.6-100.8

of. 100.5°& 101.5°%9),

Perchloric Acid: This was teken from a fresh bottle of 'Riedel de Haéin AG'

material (70%).



Tabulated Results

1. Solvent: carbon tetrachloride
Additive: 5 drops of saturated iodine/CCly solution per run.
Brominating solution: Bromine (4.17g.) in CCl, solution (50ml.)

4.80ml. used per run.

Run Wt. of | 1000,/( 0+p)
" No.  Acenaphthene ist 2cnd Srd trace
1 0.770g. , 7.8 7.9 7.6
2 0.770g. 7.9 8.1 7.8
5 0.770g. 7.9 7.8 8.1
Average = 7.88

2. Solvent: carbon tetrachloride
Additive: none
Brominating solution: Bromine (4.36g.) in CCly solution (50ml.)

4,59ml, used per run.

Run Wt. of 1000/(o+p)

No.  Acenaphthene 1st Zend drd trace
1 0.770g. 7.9 8.1 8,8

2 0.770g. 7.8 8.2 8.1

5 0.770g. | | 8.1 8.2 8.5

Average = 8.11



J. Bolvent: carbon tetrachloride
Additive: none
Brominating solution: 4 saturated solution of iodine monobromide in
carbon tetrachloride, estimated by titration
against sodium thiosulphate to contain 0,0465 moles of IBr per 5ml, the
volume used per run. The reaction: ArH + 2IBr = ArBr + HBr + Ig,
illustrates how only half the bromine in iodine bromide cen be utilised

for bromination.

Run Wt. of 1000/(o+p)

No.  Acenaphthene is%t Zond ord trace
i 0.770g. 10.6 10.8 16,7

2 0.770g. 10.8 10.8 0.5

3 0.770g. 10.3 10.5 10.7

Average = 10,83

4. Solvent: glacial acetic acid
Additive: none
Brominating solution: Bromine (4.86g.) in acetic acid solution (50ml.)

4,12ml. used per run.

Run Wt.of 1000/ 0+p)

No.  Acenaphthene ist 4end Srd trace
1 0.770g. 5.4 8.5 3.4

2 C.770g. 8.5 Sed ‘ S

5 0.770g. 5.4 5.5 5.5

Average = 8.42



5. Solvent: glacial acetic acid

Additive: 3 drops of saturated iodine/HCAc solution per run.

Brominating solution: As for case 4. above.

Run Wt, of 1000/(0+p)

No.  Acensphthene ist Z2end 3rd trace
1 0.770g. 3.3 3.5 3.5

2 0.770g. 3.3 3.8 3.3

3 0.770g. 5.3 5.5 5.5

Average .= 35.40

6. Solvent: glacial acetic acid
Additive: 0.304g. of water per 50ml. of brominating scolution.
Brominating solution: Bromine (4.40g) in acetic acid solution (Suml.)

4, 54ml. used per xrun.

Run Wt. of ' 1000/ (0+p)

No.  Acensphthense ' 1st Zend Srd trace

1 0.770g. 8.7 3.7 5.8

2 0.770g. 8.7 5.6 3.6

3 0.770g. 5.7 3.8 3.8
Average = 38.71

Note: Case 6. was actually investigated after bromine in acetic acid
had been tried on the group of four hydrocarbons (see page 53)

and had given a slightly different value from case 4.'s. At this gage

a second sample of bromine was being used and it now seems more Llikely

that this caused the difference and not the use of wet acetic acid.



7. Solvent: nitromethane
additive; & drops of saturated iodine/CHsNOZ solution per run.
brominating solution: Bromine (4.17g.) in nitromethane solution{50mL.)

4.80ml. used per run.

Run Wt. of -1000/(0+p)

No.  Acenaphthene 1st 2end drd trace

i 0.770g, 5.8 6.1 5.6

2 0.770g. 5.8 6.1 6.3

5 0.771g. 6.0 5.7 5.8
Average = 5.93

8. Solvent: pyridine
additive: none
brominating solution: Bromine (4.56g.) was added to pyridine cooled
by & dry ice-acetone bath. The solution was

allowed to reach room temperature and was then topped up to 50ml.

Run W&, of 1000/(o+p)

No.  Acenaphthens ist " 2cnd &rd trace
1 0. 770g 4.9 4.7 4.9

2 0.770g. 4.8 4.9 : 5.1

3 | 0.770g. 4.9 4.8 4.8

Average = 4,87



9. Solvent: dimethylformamide
Brominating solution: Bromine (4.65g.) in dimethylformamide soln. (50ml.)

4.30ml. used per run. (except for run 3)

" Run Wt. of 1000 /{ o+p)
No.  Acenaphthene ist Zend drd trace
1 0.771g 6.s 6.5 Sk
2 0.771g 6.3 6.3 Gk
8 0.770g 6ed 6.8 6.6
Average = £.55

Note: An accident ocourred with the original third run and the
replacement third run was obtained two months at'ter the others

with a different solution of bromine.

10. Solvent: dimethylformeddide
Brominating solution: N-Bromosuccinimide (0.0025 moles) dissolved in

dimethylf ormamide (5ml. )

Run Wt. of Wt. of 1000/(0+p)

' No. homph. N-BrS. st 2end Srd trace
2 0.770g. 0.445g. 4.8 5.0 5.5

8 0.770g. 0.445g. 5.5 5.2 4.8

5 0.770g. 0.445g. 5.0 5.1 4.9

Average = 5.04

Note: Dimethylformamide solutions of N-bromosuccinimide slowly go

 yellow.



11. Solvent: carbon ﬁetraohlori&e
brominating solution: Silver acetate (4g.) was suspended in carbon
tetrachloride (160ml.) at 0° and bromine (dml.)
in more solvent (20ml.) was added over 30 minutes. The mixture wes
shaken for 90 minutes before the precipitate pf silver bromide was
allowed to settle and samples of the pale yellow solution were drawn of't
and titrated. against 0.1N sodium thiosulphate. It was calculated that
25ml, samples contained 0.0025 moles of bromine acetate.
method: Acenaphthene (0.005 moles) was dissolved in carbon tetrachloride
(25ml.) contained in a 100ml. flask immersed in the waterbath
(20°). Bromine acetate solution (25ml.) was added over 50 minutes to the
stirred solution, the addition period being followed by a further 30
minutes stirring, The reaction was worked up in the same fashion as for
the previous cases. The first set were done in subdued daylight and the

second set were done at night under dark-room conditions.

Run Wt. of ‘ 1000/(o+p)

No.  Acensphthene lst 2cnd 3rd

1 0.770g. 1.5 11.4 11.6

2 | 0.770g. 8.5 8.8 8.5

5 0.770g. ;8.9 8.5 9.1

1! ~ 0.770g. 9.7 9.8 10.0

2 0.770g. 9.6 9.7 (8.7) 9.5

5! 0.770g. 7.7 7.6 7.9

Note: For the second set, 25ml. samples of the bromine acetate sclution

were estimated to contain 0.0025 moles of brominating entity.
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12. A parallel of case 11. was attempted with silver trimethyl acetecte
substituted for silver acetate, but the resulting carbon tetrachioride
solution gave very low titres with sodium thiosulphate. An attempt was
also made to prepare a solution of bromine acetate in acetic acid,
reacting bromine (4g.) with silver acetate (5g.) in 50ml of soiution,

but the solution was too unstable t0 be of use.

13. - Solvent: pyridine
Brominating solution: Bromine dipyridine nitrate (8.750g.) in

pyridine solution (25ml.). 5ml. used per run,

Bromine dipyridine nitrate was prepared by adding a bromine sclution.

(4g. in 10ml. CClg) at 0°, to a mixture of silver nitrate in pyridine

(5g. in 5ml. pyridine) also at 0°.  The mixture was shaken until the

colour remained constant before more carbon tetrachloride (5ml.) was

added and the mixture was fiitered from the precipitated silver bromide.

The slow addition of cold petroleum ether (100ml.) gave two layers. When
crystallisation did not occur, even on cooling the mix in a dry ice/acetone
bath, a small quantity of each layer was shaken with ether, and the crystals
obtained were used to seed the bulk quantity. The filtered solid was light
yellowy melting at ?6-770‘(1it%15 whitq crystals, m.p. 78-78.5°). The solid

slowly decomposes if left to stand.

Run Wt. of : 1000/(o+p)

Noo_ Acenaphthene 1st . Z2end Srd trace
1 0.770g. 5.9 5.9 5.8

2 0.770g 5.8 5.9 5.8

5 - 0.770g. 6.2 6.1 5.7

Average = 5.90



14. Solvent: Acetic acid & pyridine
Reagent: This was presumed to be bromine dipyridine acctate.

Bromine (4.49g.) was dissolved in glacial acetic acid (45mi. )
and shaken with silver acetate (5g.) dissolved in pyridine (&wl.). The
precipitated silver bromide was filtered off and samples (bmi.) of the
light orange solution were used for brominations. It was later cslculated
that the quantity of pyridine added was insufficient to give a bromine
dipyridine complex if a silver dipyridine complex precipitated. For the
second set of runs, a solution preparéd as follows was used. Silver nitrate
(5.59g.) was placed in a volumetric flask (50ml.) with pyridine (10mi.) and
acetic acid (20ml,). This solution was chilled before bromine (4.28g.)
was added. The volumetric flask was topped up with acetic acid. The
mixture was then shaken well and the precipitate of silver bromide was
allowed to settle. Samples (5ml.) of the light orange solution were used
for brominations. When a portion of this solution was shaken with water
and carbon tetrachloride, a. colorless organic layer and a light orange,
aqueous layer were obtained. - The addition of dilute nitric acid decolorised
the agueous layer and subsequent addition of sodium bromide liberated bromine.
Whereas when a solution of brominé in pyridine was shaken with water and
carbon tetrachloride, a tinted organic layer was obtained which turned red

upon the addition of dilute nitric acid.

Run Wt. of 1000/(o+p)

No.  Acenaphthene ist 2cnd Srd trace
1 Oo??Og. ‘ 3.5 ) 547

2 0,770g, 5.6 5.7 5.7

5 0.770g. ‘ 5.7 5.8 3.7
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i 0.770g. 3.4 8.2 3.3

A 0.770g. 5.6 3.7 5.5
8 0.770g. 5.4 3.6 3.4
Average (18 traces) = 3.56

15. Solvent: 75% acetic acid (v/v).

Brominating solution: Hypobromous acid

Method: Bromine (B8g.) was shaken with distilled water (400ml.) and then

with a suspension of silver sulphate (9g.) in water (100ml.)

until the solution was virtually colorless, The resulting hypobromous acid
was distilled under reduced pressure (40-50° at approximately 1Ocm) in
apparatus protected against light and with the receiver immersed ii. ice.
The distillate was pale yellow. Before it was used, the solution was
shaken with carbon tetrachloride, allowed {o settle and samples 9f the ‘

agueous layer were titrated against standard sodium thiosulphaté: This

method gave an approximately O.1M solution of hypobromous acid.

Acenaphthene (0.005 moles) was partially dissolved in a mixture off
acetic acid (75ml.) and dilute perchloric acid (2ml. 70% perchloric acid,
28ml, water ). The solution was approximately O.23M with respect to per-
chloric acid. Over a period of 30 minutes a solution of hypobromous acid
(25ml of 0.084M) in a mixture of acetic acid (75ml.) and perchloric acid
(2ml.) was added under dark-room conditions, with stirring. The reaction
flask, but not the dropping funnel, was immersed in a water-bath held a£
20°(for this case, and for the two cases following, the room temperature
was very close to 20°). The reaction was stirred for another 30 minutes

and left to stand overnight. At the end of the reaction virtually all the
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‘acenaphthene had dissolved. ’It was found that simple dilution of the
reaction mixture with water, extraction with benzene, washing of the
benzene extract with aqueous sodium sulphite and drying it over sodium
carbonate, sometimes gave dark residuss when the benzene solution was

evaporated. This was avoided if acetaldehyde was added prior to the

evaporation.

Run W, "of 1000/ o+p)

No.  Acenasphthene lat 2cnd , 3rd trace
i 0.770g. 21.3 © 22,2 21,5

2 0.770g. 22.9 22.2 25.4

3 0.770g. - 26.0 24.8 25.6

16. This was as for case 15. but the solutions were approximately 0.02M

with respect to sodium scetate and contained no perchloric acid.

Run Wt. of 1000/(0+p)

No. aoemphthqne lst Zcna Srd trace
1 - .0.770g. ,' 2%.4 21.8 21.9

2 0.770g. 21.9 21.7 22,1

5 0.770g. 25,7 22.9 24.0

Dibromination was detected in both cases 14. & 15. which means that the

‘ 1000/(o+p) values obtained are, at best, approximate.

17. Solvent: 75% dioxan (v/v)
Method: Apart from the change of solvent, case 17. was the same as case
14 The hypobromous acid used was 0.10M. An error of
Judgement gave the firat run twice as much perchloric acid as was used

for the other two.
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Run Wt, of 1000 /(o+p)

No.  Acenaphthene ’ ist 2end ard trace
1 0.770g. 52.5 31.9 52.7

2 0.7702. 52.6 32.3 32,8

3 0.770g. 32.2 32,1 52,5

Average = 52,4

With this variation, the acenaphthene dissolved completely and no

dibromination was observed.

Comparative Brominations of the Pour Hydrocarbons:

Ceses 2, 4, 10 & 17 were selected as being interesting to try on the
four hydrocarbons. As a check on reproducibility of the results, and as

a check on a second sample of bromine that had to be used, acenaphthene

was re-brominated.

The conditions used for these reactions were the same as those used
before, including the amount of hydrocarbon (0.005moles). The reaction
solutions from perinaphthane and pleiadan seemed more prone to darkening

than did the solutions deriwed from acenaphthene and 1,8-dimethylnaphthaiene.



Brominstion with molecular bromine in carbon tetrachioride:

Wt. of hydrocarbon

0.770g.
0.770g.
0.780g.
G.780g.
. 780g.
0.840¢g.
0, 840¢g.
0. 840g,
0.91Cg.
0.910g.

0.910g.

Acenaphthene
#
1, 8~-dimethylnphth.
11
¥
Perinaphthane
141
it
Fleisdane
i

b

4‘.8

4.7

4.6

602

1000/ (o+p)

8’2

6. %
6.8
6.7
5.4
5.5

5.3

7.9
7.8
4.7
4%
4.5
6.1
€.6
6.8

5.2

5.4

5.2

Average

Average

Average

Average

it

i

52.

8.44



Bromination with molecular bromine in glacial acetic acid:

Wt. of hydrocarbon

0.770g. Acenaphthene

0.770g.
0.780g.
0.780g.
0.780g.
0.840g,
0.840g.
0.840g.
0.910g.
0.91Qg.

0.910g.

"
f1
1"
Perinaphthane
]
3]

Pléiadane

5.5

3.6

4.5

4"4'

3.9

4.1

4.1

5.2

5.5

5.3

1000 /(0+p)
3.7
3.5
4.5
4.4
4.7
4.0
5.7
4,2
5.8
5.8

5.8

5.5

0.6

4.5

5.1

6.2

506

Average

Average

Average

Average

i

(&3

4. 44

o

4.01

5.58



Bromination with N-Bromosuccinimide in dimethylformamide:

Wts. of hydrocarbon,

0.770g.
0.770g.
0.770g.
0.780g.
0.780g.
0.780g.
0.840g.
0,.840g.
0.840g,
0.910g.
0.910¢.,

0.910g.

Acenaphthene
]
3t
1,8-DiMeNphth.
9
1
Perinaphthane
u
11
Fleladane
n

#

N-BrS.

0.445¢.
0.445g.
0. 445g.
O.445g.
0.445g.
0. 445g.
0.445¢g.
0.445¢.
0.445g.
0.445g.
0.445g,

O. 4‘45g¢

3.9
Sek
3.0
5.3
5.5
5.6

1000/{0+p)

5.5
5.5
5.6
6.7
6,0
6.8
5.8

(4.8)
5.6
5.5
5.7

5.6

&

54.

5.485
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Bromination with hypobromous acid in the presence of perchloric acid

in 75% dioxan.

Wt. of hydrocarbon | 1000/(o+p)

a 0.770g. Acenaphthene 30.6 31.3 51.0
b 0.770g. t 32.1 32.2 31.8
¢ 0.780g. 1,8DiMeNphth. 29.8 29.5 28,5
d 0.780g. " 7 50.8 30.6 50.3
e 0.840g, Perinaphthane 56,2 56.5 36,8
f 0.840g. " 40,4 40.1 40.7
g 0.910g. Fleiadane 36.8 55.9 36.7
n 0.910g. " 40.2 39.7 9.9

Notes: The eight reactions were run the same night using the same aolu%ion
of hypobromous scid. They were done in pairs in the order: f & h,

b&d, e & g, 8 & ¢c. This order was used to minimise false deductions

in the event of the hypobromous acid solution decomposing. In these

traces, the component peaks had chafacteristic shapes as well as characteristic

retention times so, for example, there was nc possible confusion between

the pairs e & f and g & hs No pesks corresponding to disubstitution

were observed.

Competitive Studies

Tt was observed from studying the retention times of the bromo-hydrocarbons
that if pairs of suitably selected hydrocarbons were brominated, it was
possible tc analyse the mixtures. The retention times indicated that

mixtures of perinaphthane and each of the other three hydrocarbons in turn



()
()]
*

would give the least overlap of peaks. This idea was tested by analysing

pairs of the product mixtures cbtained for the hypobromous acid brominations
above.

Two cases were selected for competitive studies, hypobromous acid in 75%
dioxan and bromine acetic acid. The hydrocarbons were weighed out accurately
(0.0025 moles of each) into small flasks. After these small flasks had had
their contegts washed into the reaction flasks, they were dried in an oven
and then (af'ter being allowed to reach equilibrium with the room) reweighed

to check the amounts of the hydrocarbons that were actually used.

HOBr in 75% dioxan:

The six reactions were done the same night, using the same solution of

hypobromous acid, in pairs, in the order: a & ¢, e &b, 4 & f.

Wts. of  Hydrocarbons 1000 /(o+p) Peak-area ratios

a 0.590g. 1,8-diMelNph. 84.2 4.5 0.444 0.459
0.420g. Perinaph. 0.5 80.8

b 0.590g. 1,8-diMeNph. | 35.6 55.6 B35.8 0,444 0,444 0.423
0.419g. Perinaph. 29.2 28.8 28,5

¢ 0.588g. Acenaph. 25.8 2.1 25.7  5.12 B5.10 8.12
0.418g. Perinaph. 44,4 44,4 44,7

d 0.384g. Acenaph. 24,4 24,9 24.0 2,89 2.95 2,82
0.420g. Perinaph. 44.5 44.9 44.4

e 0.455g. Fleiadane 41,8 42.1 41.5  0.695 0.696 0.699
0.420g. Perinaph 35,5 B35.6 35.5

f 0.445g. Pleiadane 42.0 43.3 42.1  0.687 0.714 0.690
0.420g. Perinaph. 54,9 34.5 54,0



b?h

The area ratios tabulated were obtained by dividing the sum of the arees of
the bromoperinaphthane peaks in a trace into the corresponding quantity ror
the other bromo-hydrocarbons. The results are arranged so that, for

example, the peaks that gave the 1000/(o+p) values of 54.2 & 50.5 (set a)

gave the area ratlic of 0.444.

Molecular bromine in acetic acid:

1000/(0+p)

Peak-area ratios

Wis of  Hydrocarbons

a 0.390g. 1,8-diMeNph. - 0.275 0.284 0,282

b 0.420g. Perinaph. 8.4 5.6 3.8
c 0.590g. 1,8~diMeNph. - - - 0.284 0,278 0,275
d 0.420g. Perinaph. 3.8 3.7 3.4

e 0.385g. Acenaph. 3.7 3.7 5.3 9.12 9.13 9.46

£ 0.420g. Perinaph. - - -

g 0.585g. Acenaph. 5.5 5.5 3.4  8.68 9.50 9.28

h 0.420g. Perinaph. - - -

i 0.455g. Pleiadene - - - 0.581 0.577 0.595
J 0.420g Perinaph. - - 3.5

k 0.455g. Pleiadane - - 5.4 0.567 0.608 0.586
1 0.420g. 5.5 5.6 5.8

Perinaph.

Trailing effects prevented all the 1009/(9fp) values being determined.
Thus, with sets ef & gh the base-line did not straighten out between the
very large p-bromoacenaphthene peak and the very small o-bromoperinaphthane
peak, even without the increased sensitivity normally used for the measure-
Because of this the peak-area ratios are taken as

ment of the ortho peaks.

the ratios of the para peak areas and the small ortho peak areas are neglected.
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Determinastion of Isomer Distributions

The Pye Argon Chromatograph:- When using this, a small liquid sample of
about one micro-~litre is placed at the top
of a suitably packed glgss column (length 4ft., bore 4mu) and conveyed down
the column by a stream of argon. Resolution of the cémponcnts occurs because
of their differing volatili;ies and polarities. The degree of resclution
and the retention times can be altered by increasing the ges pressure,
increasing the temperature of the column or by changing the column paciing.
When the resolved components leave the column they enter a detector
chanber containing a source of ionizing radiation (strontium 90). In such
a chamber argon atoms can be ionized or excited to a higher energy state.
The excited atoms are unusually long-lived and have an excitation potential
which is higher than the ionization potentials of most organic molecules.
Therefore when organic molecules enter the chamber they are ionized by
collisions with excited srgon atoms, and since a potential is applied
acrogss the chamber, an increase ih the number of ions will mean an increase
in the ionization current. Such changes are amplified and fed out to the
recorder.  Because of the desigq of the machine, the detector response
varies linearly with the amount of organic material in the chamber and the
areas of the peaks drawn by the recorder are directly proportional to the
amounts of the components in the mixture. But this does not mean that the
response is identical for different substances and it is usual practice to
calibrate the machine using known mixtures of the pﬁre components. The
manuf'acturers supply the following plot of relétive mass sensitivity against

molecular weight, and this plot indicates that above a molecular weight of
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Molecular weight

Vertical axis: Mass sensitivity relative to l-pentanol

Pig. 2.

150, the response is directly proportional to the mass of a component and

is independent of the molecular sPeciesﬁl. (See also ref,bd,)

Peak~Area Measurements:- The recorder used was fitted with an integrator
but its use was best limited to well-resolved
peaks with well-defined base-lines. The peaks studied were not éntireiy
resolved and the first peak of a pair was generally measured at ten times
the detector sensitivity as used for the second. The amount of gecmetrical
construction required to get useful results from the integrated trace meant'
it was simpler to derive the area ratios directly from the unintegrated
peaks. Three simple ways of estimating peak areas are: counting squares
when the traces are drawn on closely ruled graph paper, cutting out peaks
and weighing them (testing the density of the paper at intervals), approx-
imating the peaks to triangles. Because of the numborxof peaks involved

triangulation was the only practical method.



Three variations of this method are illustrated below:

h
n n
1
zh
-____.___.——/ .—L R e —
Area = Zwh irea = wh AYes = wh

Fach requires the contruction of a baseline. The first requires additional
construction which is likely to introduce error. The second cannot be
usea if the peak trails, a difficulty that is overcome by the third
variation since the width at half the height is a sharply defined gquantity.
This method of area estimation disregards the peak shape 80 comparisons

of peak areas so obtained are accurate only if the peaks are of similar

shape. This can be illustrated by considering two peaks A and B.

If peak A is divided into n (where n is very large) sections perpendicular

i=n
to its baseline, the area of the peak is very close toiﬁgwi.hi (where hy = .

height, and wi = width of the ith. section). If peak B can be divided into
n sections (with;ki;= height, and vy = width of the ith. section) such that
vi ? awy and ki = bhj, it follows that the areas of peaks A and B differ
by a factor of a.b « It also follows thatAthe product of the peak height and
the width at half this height for peak A will differ from the equivalent

Aquantity for peak B by the same factor a.b, and that this applies regardless
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of the common peek shape. The peak shape is largely determined by the
stationary phase. The non-polar APL gives more symmetrical peaks than the

more polar FEGA, probably because of an adsoption effect.

Purther details of the area measurements are best explained with the

sid of a diagram.

base-line type (ii)

base-line type (i)

In this example, drawn with exaggerated defects, peak A is represented as.
being obtained at ten times the detector sensitivity as used for peak B,
The base-line for peak B is obtained by a simple back extrapolation, but
that for peak A is less well~define@. The extra sensitivity magnifies
bage-line irregularities, such as a permanent downward drift and the
trailing of preceding peaks. The question arises as to whether type (i),
which assumes thaf the base-line levels out, or type (ii), which assumes a
continued drift, should be used. Type (ii) is more likely but possibly the
behaviour is intermediate between the two forms. If the resoliution is
poor, it may be necessary to use thgxwidth at two-thirds or at three-

quarters of the peak height.

Choice of Stationary Phase:- The boiling points of tﬁe naphthalene
derivatives involved are high and it was

found necessary to have the chromatograph working in the region 1800 to

225° (its maximum). The variety of stationary phases for this range is

limited. The two most useful were Apiezon L (APL) and polyethylene-glycol-
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adipate (PEGA). APL is non-polar and can be used up to 2500 whilst PEGA is
more polar and can be used up to 180°. On ro%'columns at the maximam
temperatures, with an argon pressure of 15psi, the retention times were
approximtely, 15-25 minutes for the bromoacenaphthenes, 25-50 minutes for
the bromoperinaphthanes and 30-40 minutes for the bromopleiadanes. The
retention times obtained on the PECA columns were larger than those obtained
on AFL columns. The resolution of the bromodimethylnaphthalene isomers was
very poor at the maximun temperatures. At lower temperatures the resolution
on PEGA was promising but a smell impurity pesk obscured thebeginning of the
small ortho pesk. This impurity peak gave no trouble on APL at lower
temperatures but here the resolution of the isomers was still unworkable.

A variety of stationary phases were tried e.g. FPEG 20M, PDEAS, APT, SE-ﬁj,
but the best was found to be a mixture of 73% FEGA - 23% APL which gave

sufficient resolution at 175° and with an argon pressure of 10psi .

The majority of the‘bromoaoenaphthena cases were analysed on a 10% PEGA
and these results refute claims made®® that peaks with a scale deflection
of more than 70% could not be used for quantitative area ratio studies
since peaks covering 90% of the soaie gave no irregularities. However,
when 10% APL columns were used, marked discrepancies were noted., The
following figures were obtained by using a 10% AfL column arda bromo-

acenaphthens sample kept as a standard.

peak heights - 1000/(o0+p)

o D o
8.50" 5.90" 9.1 Pull scale deflection was
5,44" 5.48" 7.2 eleven inches.

4.62" 5.14" 7.7

2.88" 5.50" 6.6



It was noted that with APL columns, but not with PEGA columns, there
was & tendency for peaks to split. This phenomenon is generally attributed
to over-load of the detector and therefore should be independent of the
column. Buf non-polar columns can presumeably adsorb less material than
polar columns, and if the amount of component exceeds, at any stage, the
limit, peak irregularities are to be expected. To test this idea, a glass
column of approximately twice the normal bore was packed with 10% APL.
The same sample size was used, so this column was expected to give more

consistent results:

peak heights 1000/{0+p)
o P

7.14" 8.36" 6.7

6. 52" 7.66" 6.5

5.16" 6.26" 6.7

3. 54" 4.36" 6.6

1.97" 2.50" 6.6

Average = 6.62

After this investigation, every new column used was tested with the

standard to determine the reliable range.



Reproducibility of Results

The results show that sufficient reproducibility is obteined if the
the reaction conditions are standardised. The following show the eifects

for varying the conditions for one case, molecular bromine in acetic acid.

Run No. Temperature 1000 /(o+p)

1 . 1g0 3.5 5.4

2 18° 3.5 3.3

3 20° 3.6 3.4

4 22° 5.6 3.7

5 22° 5.5 5.6 Average = 5.49

Each run used 0.005 moles of acenaphthene and 0.0025 moles of bromine

(same sample of bromine as used for case 4.).

Varying the initial concentrations of the reagents gave more serious

divergencies:

Wt. of Volume of ' 1000/(o+p)

Acenaphthene Bromine solution

0.770g. ' 2.15ml. 2.9 3.1
0.770g. 2.13ml. 2.9 2.9
0.770g. 1.07ml. 2.7 2.5
0.770g. 1.07ml. 2.5 2.7

(0.770g of acenaphthene = 0.005 moles, the bromine solution contained

0.0025 moles per 4.27ml.)

Varying the initial concentration of acenaphthene was also tried.
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Wt. of Volume of 1000/ o+p)

Acenaphthene Bromine solution

0.770g. 1.98ml. 3.0 , 5.2
0.770g. 1.98ml. 5.3 5.5
0.585g. 1.98ml. 5.1 5.1
0.385g. 1.98ml. 3.3, 8.4

(Here the quantity of bromine solution contained 0.0025 moles of bromine.)
In the above tables, the volumes given for the bromine solutions were

made up to Sml. by the addition of acetic acid bef'ore the brominations

took plece.

Justification of Pesk Identification:

When each of the hydrocarbons was brominated under conditions expeocted
to produce some mono~nuclear bromination, the v.p.c. trace of the reaction
mixture contained three peaks. The first peak was readily.assigned to the
hydrocarbon. This left a small pealk followed very closel& by a much
laxrger peak. In each case, the compound corresponding to the big peak
was isolated and shown by analysis to be a mono-bromohydrocarbon. Since
the bromoacenaphthene and the bromodimethylnaphthalene could be identif'ied
as the para isomers by their melting p§ints, it was plausible to assume th;t

the remaining two bromchydrocatbons were also para isomers.

A small quantity of authentic o-bromoacenaphthene had baen'prepared and
this settled the identity of the small peak in the brominated-acenaphthene
traces. It is known that bromination of substituted benzenes with hypobromous

acid (in the presence of strong acids) increases the percentage of the ortho
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compounagg? This method of bromination greatly increased both the yield
of o-bromoacenaphthene and the size of all the small peaks in the traces
of the brominated hydrocarbons, which supports the view that the small
peaks correspond to the o-bromohydrocarbons. Isomers should give approx-
imately the same response to a Pye argon detector unit and exactly the
same response to a gas-density unit, and therefore (if the two peaks are

identified as the ortho and para isomers) the two detectors should give

about the same value for 1000/(o+p). This is shown to be the case in the

calibration section that follows.

Because small samples of m-bromoacenaphthene and m-bromodimethyl-
naphthalene were available 1’2, it was possible to show that m- & p-
bromoacenaphthenes ﬁave almost identical retention times and that m-bromo-
dimethylnaphthalene has a slightly shorter retention time than the para
isomer. Although the amount of ggzg‘product from these brominations was

almost certainly minute, it was better that it should add to the area of

the large para pesk than to the small ortho peak.

It was important to ensure that di-bromination did not occur since
this would almost certainly affecﬁ the mono~bromo isomer ratios. Di~bromin-
ation waé only detected when aceﬁaphthene was brominated with hypobromous
acid in 75% acetic acid, and then the di-bromoacenaphthene peaks were first
detected because they upset the baseline in consecutive runs. The identity
of ghe di-bromoacenaphthene peaks was estéblished by reacting acenaphthene

with excess bromine.

Under the reaction conditions (200, derkness, often hydroxylic solvents

used) side-chain bromination was not expected, especially since acenaphthene
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has been nuclear-brominated by one worker11QU@er conditions more suitable
for side-chain bromination (i.e. use of N-bromosuccinimide in refluxing
carbon tetrachloride) although other workers get the expected product 396,
Small amounts of side-chain bromination should not make much dif'ference to
’the ratio of nuclear products, but with the hydrocarbon mixtures one might
be preferentially removed or deactivated by such a process. The side-chain
brominated products, except for bromomethyl,methylnaphthalene, would be

expected to eliminate hydrogen bromide on a hot chromatographic column.

Side~-chain brominations of {the fouwr hydrocarbons were attempted, using
refluxing carbon tetrachloride, N-bromosuccinimide, benzoyl peroxide and
U.V. radiation. Acenaphthylene was detected and identified ( on a 109 ATL
column at 1750, no resolution occured at 2250) in the products from the
acenaphthene reaction, but not in selected samples from the previous
acenaphthene brominations. The results for the other cases were less def-
‘inite. The pleiadane case produced a large new peak close to the plicadane
peak. The perinaphthane case gave a small, badly trailing pesk which dimin-
ished when the rapidly darkening product mixture was left to stand. The
dimethylnaphthalene case produced a small new peak which was shown to be
different from the small peak which hindered the measurement of the bromo

peaks.

Celibretion:

Samples of the pars-bromo hydrocarbons were prepared by reacting each
hydrocarbon (0.04 moles) dissolved in acetic acid (200ml.), with bromine
(0.04 moles) diluted with acetic acid (50ml.), The bromine solution was

added over six hours, with stirring, at room temperature. The flask was



e
[T

vrapped in silver foil to hinder photo-bromination. The solution was left
to stand overnight and then it was poured into water (500ml.) and extracted
with benzene (5 x 25ml.). The benzene solution was dried over anhydious
sodium carbonate and evaporated down to give a good yield(v.p.c.) of the

bromohydrocarbon.

The crude bromohydrocarbons were distilled under reduced pressure

to give olly products that were crystallised and recrystallised from

pentane~ethanol mixtures:

compound melting point
p-bromoacenaphthene 53-55.5¢
p-bromodimethyinaph- 31-31.5°
thalene
p-bromoperinaphthane 24-24,5°
p-bromopleiadane 26.5-27°

A small quantity of o-bromoacenaphthene was prepared from o-smino-
acenaphthene by a diazotisation method. The o-aminocacenaphthene had been
obtained, in an undergraduate laboratory, by nitrating a large quantity
of acenaphthene, recrystallising out the small amount of ortho isomer
formed and reducing it 64’65. The sample of o-bromoacenaphthene obtained

had a low melting point (65° cf. 78°6é) yet v.p.c. indicated it was nearly

pure and its analysis was satisfactory.

Analyses % Br Obtained % Br Calculated
o-bromoacenaphthene 55.97 54455
p-bromoacenaphthene 54,52 54,35
p~bromodimethylnaphthalene 58.76 54,04
p-bromoperinaphthane 52.62 32.40

p-bromopleiadane ~ 50.65 50.66



Calibration of 'Pye A':

For acenaphthene, o & p-bromoacenaphthenes:

lst mix: 0.0697g. acenaphthene, 0.0959g. o-bromoacenaphthene,

0.154%g. p-bromoacenaphthene. o:p = 0,713, HC:p = 0.518

Trace values: Relative Kesponses
o':p' 0.769 0.765 0.792  Av = 0.775 o%ip'foip = 1,09
= 1.48

Ho':p' 0,795  0.734  0.775 Av = 0,767 HC':p'/iC:p

Zend mix: 0.0520g. acenaphthene, 0.0610g. o-bromoacenaphthene,

0.0597g, p-bromoacenaphthene. o:p = 1.535, HC:p = 1.310

Trace values: Relative Responses

o'ip' 1,705  1.650 - 1.880 Av = 1.879 o':p'Jo:p = 1.09
FC':p' 2.18 1,84 1.995 Av = 2,00 HC':p'/HC:p = 1.53
For the p-bromohydrocarbons:

ist Mix: Relative aress Relative
Wt. of  bromohydrocarbon  1st  2cnd Brd Av. Responses
0.1141g. bromodiMeNph. 1.05 1.09 1.10 1.08 G.982
0.1087g. bromoperinaph. 1.00 4,00  1.00  1.00  1.00
' 0,1336g. bromopleiadane 1.23 1.22 1.26 1.24  0.96
Zcnd Mix:

0.0742g. DbromodiMeNph. 0.505 0.525  0.508 0,513 0.987
0.1428g. bromoperinaph. 1.00 1.00 1.00 1.00 1.00

0.1856g. bromopleiadane 1,15  1.146 - 1.141 1,145 °© 0.955



drd Mix: Relative areas Rels tive
Wt. of  bromohydrocarbon ist Zend 3rd A, Responases
0.1226g. bromoacenaph. 1.13 1.085 1.15 1.13 1.045
0.1134¢. bromoperinaph. 1.00 1.00 1.00 1.00 1.00

4th Mix:

'0.0826g. bromoacenaph. 0,751  0.756  0.762 0.750  1.07
G.1181g. bromoperinaph. . 1.00 1.00 1.00 . 1.00 1.00

The relative areas are the peak areas with the corresponding bromo-
perinaphthane peak areass taken as unity. The relative response is given
by the expression:

relative area x

(wt. of bromohydroc&rbon)‘i
wt. of bromoperinaph.

The retention times involved made bromoperinaphthane the most convenient

standaxd.

A gas chromatograph fitted with a gas-density detector had been made
the department and the traces from this detector were superior to those
from the 'Pye Argon' detector in that they did not require calibration.
But the rest of the machine was inferior to the Pye Argon chromatograph.
It geve much longer refenﬁion timas,ﬁﬁoorer resolution and unpredictable
base~lines. Although it could not be used to determine the small ratios
involved in this work, it was used to analyse selected samples, rich in
ortho-bromo compounds, that had also been analysed on the Pye Argon

chromatograph., The results are given coverleaf:

70,
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(1000/(0+p) values are being considered)

for bromoacenaphthenes:

Av, of 'Pye Argon' traces

RN Relative Response

for bromoperinaphthanes;:
Av. of 'Pye Argon' traces

.

.. Relative Response

for bromopleisdanes:

Av. of 'Pye Argon' traces

L]

. Relative Response

The ‘'gas-density' chromatograph did not give sufficient resolution

1}

it

56.51

1.01

41.8

~1.01

Av. of 'Gas-densily' traces

Av. of 'Ges-density' traces

Av. of 'Gas-density' traces

bromodimethylnaphthalenes for a similar comparison to be made.

74,

54,5

il

41.3

1t

of ﬁhe‘

Af'ter allowances have been made for experimental errors, it can be seen

that the responses for the bromohydrocarbons are virtually identical.

It has therefore been confirmed that the 'Pye Argon' response, for the

bromohydrocarbons, is directly proportional to the mass of the components

and therefore the relative areas obtained for the competitive reactions

mist be corrected to give the relative molar amounts:



Results for hypobromous acid in 75% dioxan (p. 56):

Bromohydrocarbons Averaged
bromodimethylnaphthalenes
bromoacenaphthenes
bromoperinaphthanes

bromopleiadanes

Resulits for molecular bromine in

Bromohydrocarbons Averaged
p-bromodimethylnaphthalene
p~bromoacenaphthene
p~bromoperinaphthane

p-bromopleiadane

relative areas
0.439
5.00
1.00

0.696

scetic acid (p. 57):

relstive areas
0.279
9.19
1.00

0.58&6

Rel. molar amounts

RéL. inolar sysounts
0.295
9.74
1.00

0. 555



Yield 3tudies:

When the 1@03/(3ﬁg) values were being measured for the various
acenaphthene brominations, p/AC velues were also taken (p/MHC = crea of

p~bromoacenaphthene peak/area of hydrocerbon peak.

The brominations can be represented by the equation:
HC *+ Bry . = BrC + HBr
(2-a) (1-a) (a) (a) relative molar concns.
The yield would be given by 100a. The area ratio (p/C; must be
corrected to a mass ratio (x 1.50/1.00, see p. 89.) which can be corrccted
to a mole ratio (x 154/253). As it happens, these correction factors cancel,

within the accuracy of the measurements so: a = 2(p/HC).(1 + p/jic)-1

Case No. Resction type p/HC 1CVa
1 CCly/Bre 0.595 74,8
4 HOAc/Brg ‘ 0.626 77,1
5 HOAc/Bro/Ig ‘ - 0.7086 £2.8
7 Nitromethane /Brg 0.526 49, 2
8 Pyridine /Bro 0.087 . 16 |
9 Dimethylf ormamide /Brg 0.107 19.5
10 Dime thylf ormemide /N-BrSucc. 0.107 19.5
1% Pyridine/ BrBygNOs 0,187 51,5
14 i " HOAe/ BrPypOAc , 0.346 5l.4
ii " 0.545 51.4
17 75% Dioxan/HOBr /HC1O4 0,735 84.5

The yields are of limited accuracy (probably + 10%) because the narrow

acenaphthene peaks could be measured only to + 5%.



Discussion:

The reaction of an aromatic hydrocarbon in sclution with a resgent
such as bromine is surprisingly complex. The following pages present an

outline of the complexities.

Types of Mechanism: Two mechanisms can be postulated for electrophilic
substitutionae% One involves a transition state (Xv)
where the ﬁ}éledtrons of the aromatic ring are polarised by the change but
take no paxrt in the formation of the new bond. The other is the two stage
mechanism which involves an intermediate (possibly like (XVI), in which
two of the w electrons of the aromatic system are now used in bonding and
the conf'iguration at the centre of substitution is approximately tetra-
hedral). This intermediate, which need not be capable of isolation, can

lose BY to give back the starting material, or lose a proton to give product.

(xv) (xvI)
If tritium were substituted for hydrogen, an isotope effect would

be expected with the {irst mechanism, but not necessarily with the second.
Isotope effects are not generlly observed with nitrations and brominations,
although small effecés have been detected with sulphonations. This suggests
the second mechanism is more 1ikely66?

W~ & o~ Complexes: Two extremes have been considered for the intermediate

(XVI) and these are patterned on the x- and o-complexes.



In x-complexes the electrophile is loosely bound to the whole aronstic
system without being associated with any particular carbon atom. Strictly
this explanation only applies when the aromatic‘systcm is as symmetriczl
as benzene, and in less symmetrical types the eleoctrovhile is pictured sas
geing as close as possible to the highest W-electron density. These
complexes are known to occur between sromatics and: halogens, inter-
halogens, hydrogen halides, silver ions, picric acid and related compounda“3“5C
The We-complexes that could be reacticn intermediates are gencrally too
unstable to be isolated, but their existance can be inferred from changes
in absorption spectra and other physical properties. Their structures sre
of interest. Infra-red studies on bengene solutions of the halogens
favour an axial model with the halogen atoms on the six-fold axis.A X~Ray

studies on the solid benzene-bromine complex divulged a similar structure,

87
-Br-Fi)~Br-Br Br-Br-ES}-Br-Br—— common 6-fold axis
N\ ‘

drawn below:
However, the structure in the solid state need not persist at all in the liguic
state and Mullikenéﬁghas suggested that in solution the bromine molecule is

slightly inclinedto the six~f'old axis.

The existence of W-complexes may be incidental to the reaction path.
Kinetic measurements would not indicate their degree of involvement unless

their formation were rate-determining,

Complexes between hydrogen halides and eromatics are similar to the
halogen/aromatic complexes unless aluminium halides are addedbbd} At Llow

temperatures toluene does not react with aluminium chloride unless hydrogen



chloride (or another hydrogen halide) is added and then two series of
complexes can be obtained:  (ArH) HCL.AlCly & (fri) FCL ALCLy
These compounds can be formed reversibly and analogous complexes can be

isolated e.g.: (i-xylene)sHBr.AlgBrg (m.p. 52-549)

The hydrogen halide /aromatic complexes are colourless non-concucto:s
of electricity and if deuterium chloride is added to them no exchange ol
the ring hydrogens with.deuterium is observed. Conversely, the coumplexes
involving aluminium chloride are highly coloured, conducting and ring

hydropgen exchange is observed i’ deuterium chloride is added.

This suggests the existence of a second complex type, the o-complex,
in which the W~electirons of' the aromaiic ring are more deeply interfercd
with than in the p~complexes. It has been suggested that o- and y-complexen
are extremes of a continuum. The structure suggested for the o-complexes

is of the samwe pattern as the one postulated for the reaction intermediate

(XIV) e.g.:

Me

The Intermediate in Aromatic Halogenations: Having established that two

types of complexes can exist
it femains to show what part they play in the reaction mechenism. The
usual approach has been to compare the rates of reaction for a group of
substituted benzenes with the ;tabilities of Y- and o~complexes between
the same group of benzene derivatives and reageﬁts as close in nature as

possible to the reagent used in the rate studies. The halogenation rates



of alkyl benzenes correlate very well °%® with the relative equilibriwn
constants for complexing of the same alkyl benzenes with hydrogven {'luoride/
boron trifluoride, but less well with the stabilities of the hydrogen chloride
complexes. This suggests a o~complex is involved in halogenation but such
correlations can be misleading. TITodine chloride,/methyl bvenzene complexes,
known to be W-complexes, have stabilities that correlate equally well with

the rates of halogenation and with the stabilities of' the hydrogen fluorides
boroﬁ trifiuoride complexes., It is more profitable to consider the spread
of the stabilities since the stabilities of the o-complexes vary much more

than those of the W-complexes with changes of the substituents e.¢.:

Relative Stabilities

Complex toluene o-xylene m-xylene mesitylene (benzene)
ArH. IBr (W) 1.2 1.8 1.8 5.8 1
ArH.HF.BF5 (0) 1 2x 102  2x10° 3 x10° -

In going across this series the nuclear electron density is increased and
therefore it is to be expected that the stabilities of both 7- and o=
complexes will increase. It is not surprising then that mesitylene is more
reactive towards electrophilic attack than the xylenes. However, m-xylene
is invariably substituted faster than o-xylene, which suggests c-couplexes
are more fundamental to substitution than are wW-complexes. Furthermore, the
stabilities of T-complexes increase in the order Clg< Bryg< Iy, the reverse
of the order of reactivity. This is all evidence that c=complexes
dominate electrophilic halogenations, but T-complexes cannot be completely
dismissed. When G-salt (XVII) is brominated by either molecular bromine or

"Br+' the rate is, anomalously, much the same and is not affected by

varying the bromide ion concentration (which génerally affects brominations
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with molecular bromine) or by varying the pH (which generally alficcts

k)

brominations with "Br+"). When molecular bromine is used the upinke is
rapid but the bromine can be recovered by ledemetric titration, although
the titre volumes slowly decrease if 1he solution is 1left to stond.

Careful N.M.,R. studies have shown that s sitructure analogous to a o-complex
is dnvolved.  G-salt reacts with lodine in a similar fashion except that(
all the iodine can be recovered, even after the solution has stoed 'or o
week., N.M.R. work infers that a w~complex is obtained; the spectrum being
quite different from the bromine case. Unn these results it was postulated
that the bulky iodine can only reach the A-complex stage but browmine can
go further to the o-complex and then reaction slowly occurs to give the
substitution product. The formetion of a T-complex followed by o-conplex

formation and reaction could be the general patiern.

—

8'5

Q0

S04~
(xvII)
Selectivity in Aromatic Halogenation: Assocleted with the problem of the
structure of the intermediate is

the question of selectivity. The ratio of overall reactivity of toluene

to benzene is about 600 in bromination, about 25 in nitration and less +than
bl in~alkylation, and furthermore, the amount of meta product incresses in
this order. This indicates that bromination is the most discriminating

of these three reactions, both to aromatic substrate and to positions on

]

A A
the aromatic nucleus. 99



(n the simplest basis it might be expected that tic faster the resoiion
the less selective it would be. But several exsmples are known ol slow
reactions that are less selective than other similar, more rapid reactions.
Thas the rate of chlorination of toluene in acetic acid is increased by the
addition of water, but the positional selectivity is not apprecisbly altered,
and the reaction is faster but more selective in acetonitrile than in acctiic

., 09 Y . . o o
acid . This lack of correlation beilween absolute rate and selectivity is

attributed to the major importance of prior equilibris and solvation effects.

It might also be expected that substrate and positional selectivities

would be more closely related than they are. The relative rates for ihe
with
nitration of toluene vary,comparatively little variation in the isomer

Py

X . . 86y -
distribution of the products:

Reagent relative rate o% bl ok

HNO3z in HOAc 28.8 56.9 2.8 40.3
HNOz in TMS 17 61.9 3.5 34.7
NOgtBELT  in TS 1,67 65.4 2.8 51.8
NOo*C104™ in TMS 1.60 66.2 5.4 30.4
NOo*PRg™  in TMS ~ 1.40 87.6 1.4 51.0
NOg*AsFg™ in THS 1.52 ¢ 65.5 2.6 531.9
NOg*+AsPg= in nitromethane 0.97 66.6 2.1 51.5

™3 = tetramethylene sulphone

(all rates obtained from competitive nitrations of benzene/toluene mixtures)
If NOg*AsPg™ (in THMS) is the least selective reagent it should have the
isomer distribution closest to 40%o 40%n 20%p. IFour of the reagénts involve

nitronium ions and low selectivities are expected with positive iong.
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The behaviour has been explained

in terms of the rate -determining
step being the formation of a ¥~ and not e c-complex. 'The nitration rates
do parallel the stabilities of w-complexes in their common lack of spread
and discrimination. It was subsequently deduced that thesc nitrations do
not involve free nitronium ions, but probably nitronium salts since it has
been shown that NC.TBF,” exists in tetramethylens sulphone as procticalls

: 2 P4 £ S ¥
undissociated ion pairs~(its conductivity is now attributed to ion triplets

, 71 o . . . -

rather than to free ions ). The need for the nitronium ion to dis-cngape

itgelf from the ion pair, and from solvent molecules, makes it understandable

The ferric chloride catalysed bromination of a series of methyl benzenes
relative
in nitromethane is also interesting since theArates have very little spread

(average value, depending on the conditions of mixing the reapents, 2-4 with

-

-

the value for mesitylene being exceptional, 10~15y£;and this suggests a W~
complex is involved in the rate determining step. The relative rate ror
toluene is 5.6 (isomer distribution 68.7%  1.80m  29.5%p) which contrasts
with the relative rates for brominaticon with molecular bromine in acetic
acid (600, isomer distribution 32.9%  0.3%m 66.8??13_3?5&1’1& with "pBrt

(36, isomer distribution 70.3% 2. 8% 27.4%2}?4

In general, electrophilic substitutions involve owcomplex transition
states, but in some cases it is possible that separate transition states
may be involved, one corresponding to a rate determining W-complex f'ormation,

the other to a product-determining o-complex formation®Sh,



Solvent BEffects: Not nmuch work has been done on the effect of solvent on

reaction rates and isomer distributions, but toluene nas

~

been chlorinated in a variety of different solvents:

Solvent Isomer %'s kp/kg kp(rescaled)
Acetic acid gb 2@ 540 1.0

EOAc, 15,81 Hy0 61 59 - -

HOAC, 20.8H Hg 63,5 38.7 522 5 x 109
CRaC0gH 87 35 464 4.6 x 109
Hz0, 5M HCL 69 31 - | -
t-Butanol 59 41 - -
Nitromethane 34 66 2020 ' 4.0
Z-Nitropropane 47 53 - -
Lcetonitrile 38 62 1680 0.6
Ethylene dichloride 41 59 - -

kT/kB = relative rate of toluene with respect to benzene.

75
It has been suggested  that the reagent is probably a complex

between molecular chlorine and the solvent.

.

It has been claimed for sometime (since 1909) that brown solutions ot
iodine contain 1:1, iodine:solvent cémplexes and that violet iodine solutions
do not. The suggestion’that the colour difference is due to different
'cage' ef'fects does not explain why the addition of a small quantity of
ethanol (in which iodiné gives a brown solution) to & violet solution of

77 the complexes of

iodine gives a brown solutionfrz More recently (1952)
iodine with aromatic compounds, ethers, alcohols, water and ketones have

been studied by absorption spectroscopy. Although the deductions made



about the structures of these complexes have not becn coufirmed by the

s

-

L 67 . o . )
X-ray studies of Hassel , this does not alter the fact that the compleoxes
were shown to exist and that bocause the spectral changes ('or bromine
solutlons were similax, that analogous bromine complexes also exist. IU
Pz
bromine complexes with acetic acid, and there is evidence that it does 7,
this would explain why the mesitylene /bromine complex is four times as
G6o .
stable in carbon tetrachloride as it is in acetic acid and why the benzene/
bromine complex can be detected in carbon tetrachloride, but not in acetic
L 79 . . . . N
acid. It would seem that the acetic acid/bromine complex is more stable than
some aromatic hydrocarbon/bromine complexes. Cn a Firmer basis is the
complex (at low temperatures) between acetone and bromine which consists ol

chains of the type drawn balow:

AN AN

e e Me Me .

A well-established bromine/solvent complex is dioxan dibromide (a
&0
fairly stable orange solid, m.p. 60° ) which has been used for the
bromination of a variety of compounds, including naphthalene. Iis

structure has been determined and it is drawn below:

3

"Br—8?~O:::;Q"Br~Br~Qf::;;O~Br~Br~



3table couplexes between thio-ethers and bromine ave also known, za
well as the moderately stable complexes between compounds like pvridine,
ard halogens or interhalogens { in all of which, a linear arranycuoeni of

N-X-X has been observed67}.

vechanism(s) of Arowatic Helogenation: The following is an attcunt to
correlate the avellable data into

a mechanism for halogenation,

On the simplest basis, a molecule of halogen would react with a
molecule of hydrocarbon and the kinetics would be of second corder. Sccond
order kinetics are cbserved for chlorinations with moleculaxr chlorine ia
acetic acid, nitrobenzene and chloroform, but brominations with molecuinr
bromine seldom give such simple kinetics. This simple model would predict
an isomer distribution that was independent of the solvent but it is round

that isomer distributions, for both brominstions and chlorinations, vary

with the solvent.

It is reasonable to assume that chlorination and bromination will
have similar mechanisms. The diagram on p. 84 covers several possibilities
that may occur soldy or simaltaneously. The main difficulty is to devise
& path witg which isomer distributions will vary with solvent and still be
consistent with third order (and higher) rate equations observed with

brominations.

Alkyl substituénts can affect substitution by activating the ring by
induction or by hypercenjugation, or by taking up space. In the table on

p. 8% only toluene is considered so the inductive and spacial effects



Possible Resction Paths for Aromatic Halogenation:

;{2 ' R’ ;‘(2
Xg.solvent Xo.salvent
> X3

W -complex
5
XX =
41 5 9 8
. X-X.solvent

X@"'
KXo XX X

6! 7
X=X X-K.solvent s———-

//X

—— O

o~complex product

Steps:

1. formation of various W-complex combinations

2. transformation of T-complex to an”incipient o-complex"

5. direct formation of an "incipient o-complex"

4.-9. various scquisitions and losses, to and from, the "incipient &-complex"
10.formation of the o-complex

1l.proton loss and product formation



are censtant. It has =lso been deduced, from chlovinations of toluenc

and t-butylbenzene in agueous scetic acid soluticns, thal hyperconjugaiion
&l

does not have its crigin in solvation phenomens. This supcests that the

e

isomer distribution variations are determined mainly by the reagent's asine
and polarity {or possibly its polariseability). The substitution involves

the rupturing of the hslogen-halogen bond end this can probably be ascisted
by the solvent, but it is not suificient to regard the solvent just as an
aid to this fission, for unless a halogen/solvent combination exists bolore
the orientation is determined, there can be no variation in the isomer

distribution.

.
¢

The diagram considers the possibility of a M-couwplex being involved.
This is not a necessary step and most of the combinations can be prcdictca
to have little stabllity, especially when chlorine is considered since iis
T-complexes are known to have less stability than the bromine equivalents.
It does, however, provide a neat path for the formation of the c-complex.
The halogen unit in the w-complex can be iwagined as mipgrating to the
substitution centre and rotating about it to eventually give (after the rupiure

of the X-X bond) the o-complex.

R R R
. w1 w\
capture of . X-X
e —d . —— [
halo entity '
K ~complex o=complex

A more likely approach considers direct attack by the reagent to give
an "incipient o-complex" which can be thought of as a completely de-central-
ised W-complex. To explain isomer effects in terms of this Yincipient

o~complex" it mey be necessary to assume it has a fairly long life. With



chlorination, attack by a Cly.solvent entity is consistent with the ob-

served second order kinetics, but attack by a Iry.solvent eantity (which

could give variable iscmer distributions, depending on the sclvent) would

bromine could assist the Er-Tr rupture and Jive the observed kinetic ovder.

Atback by Brg  would give an invariant isomer distribution and aitacik by

a Brg.solvent entity seems unlikely.

The structures of the postulated entitics are not palpable., There

[
=

appears to be no evidence that T4 exists in solution and Brs would be more
. . . 5 : - . . o
unlikely. There is evidence that Drz™ is a brominating agent and tetra

methylamine nonabromide (MegWBrg) has been izolated (..

to be a better brominating agent than the tribromide (ﬁcé’?w
bromine hydrobromide is another mild brominating agent which preswmcably

&4
contains the equivalent of Brx™. The tribromide ion is linesar and nuclear
quadrupole moment studies indicate that it has the charge more concentrated
over the end atoms than the central oneev. Its equilibrium constant for its
formation from bromine and bromide is 23.6 moles/litre at 25°, The
equivalent chlorine entity is probably much more unstable since the equiiib-
rium constant for the formation of BroCl—, from bromine and chloride, is

only 1.47 moles/litre at 950, B

It is difficult to see how a negative ion can be an electrophile,; but
in non-aqueous solutions it is most likely present in some largely undisso-
ciated form, such as HBrg. It is relevant that whilst neither iodine nor
dioxan have a dipole moment, the ccmplex-containing entity &oes, This

suggeats that the lcdine end of the complex is more negative than in un-



complexed iodine., On the assumption that bromine behaves similerly it is

strange that dioxan dibromide is a belter brominating agent than Lromine

%o be

vig: Br-Br ——(C 1.0 arainst -

5.

¢
o

Although such a charge distribution ia not consistent with the structure

. ~ o . . . =
in solid dioxan dibromide (see 1. 82).

¥hen aryl ethers are brominated with dioxan dibromide in benzene tho
- 2

rate is proportional to Ldioxan dibromide} Eﬁ-@?ﬁ] whilst bromination ot

anisole with bromine in carbon tetrachloride gives a rate proporiional to

BV 86,79 o o e
[Br} {R~0Eh] . Carbon tetrachloride is unlikely to complex with broaine
20 the reagent at the Br-Br bond breaking step is probably Brg but if, with

dioxan dibromide, the inital step is the formation of (XVIYI) the dioxan

\
%
i

unit has to be removed before enother BrollsHzC (or a Brg molecule) can be

e . N R, A
substituted to give a Brg chain. “.BT—BT.CCQHgO (XVIIT)

AF

Naphthalene is brominated much faster in acetic acid than in carbon
. L, 88 e P . :
tetrachloride. Since the kinetics for both are of high order, the writer
suggests an ArH.Br,.H0Ac linkage may be involved in the acetic acid

gg 4

bromination, which might give more rapid Br-Br bond fission than ArH.Br,

{unsolvated in carbon tetrachloride).

Although it now seems unlikely that the variations in the isomer
distributions are caused by changes in the dielectric coﬁstant of the
solvent’? it is possibleithat volar medis increase the rate, which is
consistent with an ionic mechanism. The third order kinctics observed
when brominating toluene with molecular bromine in acetic acid, changes to

second order in 50% aqueous acetic acid. This can be interpreted as a



preference for the resction to go by an Avil.Bry(iy path (acceicraied oy the
increassd polarity of the medium) rather than by an Lril Hrgsolvent onc.
This general solvent ef'fect is probably the reason why the absolute ratles

of chlorination of benuene and toluene in sgueous acctiic acld and triflunoro-
acetic acid are much higher than the rates of chlorination in glacial acetic
acid (see p. @i). Porther, the bromination of mesitylene in carbon tetra-
chloride is catalysed by“moiéture and hydrogen bromide, but not by nydrozen
bromide alone?g Since the tribromide ion ( from Bro + Br” = Frz7) is

not such an active brominating species . as molecular bromine, this suggests

catalysis by an increase in the polarity of the solvent.

is the rates and composition of a solution change a significant
variation in the isomer distribution is expected., This is not really the
case for the chlorination of toluene in various agueous solutions of
acetic acidgl . The writer suggests that this is probably because the
predominating attacking entity is the same, molecular chlorine, even though
the bond rupture may be assisted by the solvent. The lower percentage of
o-chlorotoluene obtained in nitromethane (see p.81) could be consistent
with initial attack by the larger CLloCHxNO2 entity. The nitromethane
unit should help the CL-Cl bond rupture and accelerate the rate. The
bromine /acetic acid complex would probably be more stable and a low
ortho bromo percentage might be expected. The increased rate of bromin-
ation of toluene in nitromethane (x 1000 that in acetic acidgoj suggesis
that a complex of the type ArH.Brg.CHzNOg is involved, but since the rate
is proportional to [Arﬁj[grzji's types ArH.Brg.CHzNOy and ArH.Bry

might also be involved.
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The Addition-Flimination Sequence: The sbove sectlon considers the cnse when

the reaction is a straighiforward sub-
stitution, in some cases it is possible that helegenation proceeds by on
addition followed by an eliminstion. When dry chlorine is wmixed with
i
naphtralene at ordinary temperatures an addition compound is l'ormed — which

is thought to be 1,2-dichloro,l,2-dihydronaphthalene (XIX), and when this

is heated, l-chloronaphthalene is obtained:

ﬁ(ﬁ{ N
+ Clo —<L LRl
AN
(xTX)

4 is possible that some 2-chloronaphthalene is also formed. The product{s)
may be formed via a o-complex, but the distribution will depend upon the

equilibria:

Considering\the small amounts of ortho brome isomers measured for this
thesis it/is feasible that addition reactions could give misleading results.
Portunately the ad&itiogf%ot so proncunced with bromine. With naphthalene
in carbon tetrachloride it was found that addition was catalysed by lipght
and peroxides, but in the absence of these substitution dominated {up to
85%). rurther, substitution was favoure@ by more polar solvents and by
higher concentrations of bromine. In 50% aqueous acetic acid it has been

established that bromination of naphthalene gives 1% of the 2-isomer and
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the only other product is the major one92(1—bromonaphthalene}.

Summary: It is suggested that the transition state in aromatic
brominations usually involves a Bry entity which ﬁay ve complexed
with solvent species. fhis would explain the observed second order kinetic
dependence on molecular bromine and also the variation of the isomer dis-
tributions with solvent. In solvents of high dielectric constant the

cbserved lower crder dependence on bromine can be correlated with a trans-

ition state involving a solvated Brg entity.

Chlorination appears to involve only Clg, although this may be complexed
with the solvents. This would reconcile the observed first order kinetic

dependence on molecular chlorine with the variations in the isomer dis-

tributions.

Whereas addition followed by elimination is a possible alternstive
to direct substitution, this is more likely for chlorination than for
bromination, and is unlikely to be a complicating factor in the presen

- work.
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Tnternretation of Fresent Viork:

N

Bromination of Acenaphthene (5 solvents/Brz); Two of the soLvents, acctic

| acid and carbon tetrachioride
were chosen because they are commonly used for brominations. Hitromethane
was chosen because it has been shown75 that its use pave low yields of
o-chlorotoluene and it was thought that it would probably also give low
percentages of o-bromo compounds. Dimetnylformamide was chosen so that
the effect of bromine could be compared with the effect of N-bromosuccin-
imide in this solvent. Iyridine was chosen partly because it has the
reputation of being a catalyst for brominationsgSaand partly becsuse bromine
dipyridine compounds were to be itried as brominating ageats, and bromine

in excess pyridine is probably " bromine dipyridine bromide .

The results of the brominations in these solvents is sumnarised in

the following table:

Solvent | Jo~bromoacensphthene - yield of bromo products
CCly, 8.11 74,3 {(high)

acetic acid 5,42 77,1 (high)
nitromethane 5.93 49. 4 (medium)
dimethylformamide 6.53 19.5 (Low)

pyridine 4,87 18.0 (Low)

Thne yield figures are based on the amount of brominated product obtained
after one hour of reaction (pp. 37 & 73) and therefore give a measure of the
rate of reaction. Since they were not obtained under especially standardised

conditions it may e better to group them into high,medium or low yilelds.



Cn pp. 64-85 the effcet of varying the dnitial concentrations of
bromine and aceraphthene are shown. There is a small ftrerd towards lower
o-bromoscenaphthene percentages as the concentrations o the reagents ere
decreased. To winimise the effect of these variations when dif'l'crent
solvents weres being considered, care was takén to ensure thatl the iniiial
concentrations were as comparable as was feasible. Jor this rezuon it is

considered that the variations in the isomer percentages tabulated on p. 91

arve, although small, xreal.

I the isomer distribution wvariaticps result from changes in the
size of the attacking entity, the specles in the carbon tetrachloride
solution wag, no doubt, the simplest and the'sﬁailcst, probably Brgor Bry.
Bry is provably linear and therefore of similar bulk along its axis to Brg.

The bulkiest reagent appears to have been the one in acetic acid viz:

Q\
bok //o
Br~Pre O . BTy e=C
SN 0=0 o \c}x,_
&

b,
The reagent in nitromethane could have been expected to be more compact, -
as the ortho % indicates, but the complex with dimethylformamide might
have been expected to be bulkier, and therefore to have given the smallest
percentage of o-bromoacenaphthene. A smaell percentage, as was found,
would alsc have been expected with the pyridine solution. The reagent,
most likely pyridine perbromide (which has been used for brominations WQ}

would have significant bhulk.

With this group of brominations the lower ylelds can be attributed to
competition between acenaphthene and the solvent Por the bromine; one to

react with it, the other to complex with it.
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Catalysis by Iodine: As could be predicted from previous considerations,
the addition of iodine complicates the issue. Since
iodine monobromide is largely undissociated in chlorof'orm and cscbon tefa-
. T =
chloride solutions , iodine added to bromine solutions is largely rresent
2s iodine bromide . Todine chloride is normally an iodinating acent
{chlorination can oceur in such sterically hindered molecules as penta-

95
methyl benzene - ) so iodine bromide would slso ve expected to be an -

iodinating agent. It can be (antipyrine is largely iodinated by it?ﬁbut
usually its brominating properties dominate. It has been suggested that
iodo compounds are Formed reversibly and the more stable bromo conpounds
dominate the products?7 A more likely supgestion considers asttack vy a
bromine entity and Br-Br bond fission being assisted by iodine or iodine
bromids.

It is curious that the bromination of naphthalene in acetic acid is
strongly catalysed by ilodine but that the reaction is reported as being
checked by the addition of ilodine bromidegg. The addition ofyhydrogen
bromide and alkali metal bromides also check the reaction but hydrochloric
acid and sodium acetate have no effect. It could be relevant that naph-
thalene and mesitylene ére less readily brominated with lodine bromide itself
than they are with molecular bromine 99.

If, as has been suggested, brominafion in é&rbon tetrachloride involves
an entity containing Bry, the addition of iodine could involve Brg.Is and
with iodine bromide all the combinations: BrgBrg, Brglg, Brl.Brg & Brl.BErl
could be involved. If the aromatic hydrocarbon is particularly activated

the differences between entities of the type BroXo might be negligible.

100
Acenaphthene is highly activated — and no significant difference in the



isoher distributions was noticed in this work when a trace of iodinec was
added either to the carbon tetrachloride solution (p. 41) or tc the acetic
acid solution (p. 43). The percentage of o-bromoscenaphthene (1U.65{ )
obtained with iodine bromide in carbon tetrachloride indicates the int'luence
of a different entity from the one involved in bromination with molecular
bromine in the same solvent (8.11% o). An iodine bromide molecule would be
larger then a bromine molecule so the increased ortho percentape cannot be
explained in terms of reagent size unless the attacking entity in the first

case is IBr and in the second, Bry.

Bromination with Bromine Aéetate: Vhen silver acetate is shaken with a
solution of carbon tetrachloride and
bromine the resulting solution can reacgfg%gouble bond to pive & 1,%-bromo-
acetate 101 . This suggests bromine acetate can exist in carbon tetra-
cnloride soiution. Since a standard method of bromo~decarboxylation
consists of heating the silver salt of the acid with bromine (Humdiecker
Reaction), bromine acetate would not be expected to be stable enough to be
isolated. DProbably the inductive effect of the three methyl groups
accounts for the lower stability of bromine pivalate, which the writer

could not obtain, even in solution (p. 47).

108,103
Two groups of workers have used bromine triflucroacetate to

brominate toluene. In excess toluene a high yield of bromotoluene (90%)

was obtained but none of the ortho or meta isomers could be detected from

infra-red studicsioa. The yield in carbon tetrachloridet®? was lower (75%)

but again only the para isomer appeared to be produced. This is incon~

sistent with thevolain}Oéthat bromine trifluorcacetate is a source of

t
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positive bromine since this is known to give ?O.Qy;ggbromotoluena” and
even molecular bromine in aqueous acetic acid wgives 32.9% Q—brcmotolucne./o
Por this reason, a neutral entity is probably involved at the orientation

determining stage.

Bromine acetate has bheen found to be less reactive than bromine tri-
Iluorcacetate and bromine trichloroacetate was not so convenient to use

because the silver salt is light sensitive and silver chloride tends to

102
formed .

The results for the brominaéion of acenaphthene with bromine acetate
(p. 46) could reflect the instability of the reagent. The lower o-bromo-
acenapnthene percentage obtained with molecular bromine in the same solvent
suggests that bromine acetate, although bulkier than bromine (Zrg or Brg)
is less selective because it is a more vpowerful electrophile. There is

the possibility that the following cycle might be involved:

Br (trace) + ArH = HBr + ' ArBr

H

BrOglCHz 4 HBr HOYCCHy + Brg

This suggests that bromine acetate wight be just a source of bromine (Bry)
but this does not agree with the above results nor with the recent (i@ﬁz)dahn
that bromine acetate is at least 20,000 times more reactive than bromine

in the bromination of bipheny1104.

Bromination with N-Bromosuccinimide: Because brominations with N-bromo-
succinimide in non-polar sclvents,
usually carbon tetrachloride, give mainly side-chain bromination products,

it is considered that a free radical mechanism is involved in these solvents.



It is now thought that succinimidyl radicals are not invoived in the

reaction but that the process is as i‘ollow:;:loa
Bre +  RH =  IBr +  Re
Br-Sucec.  «+ Hbr = H-Buce., + Bry,
Brg + R = RBr  + Br-

There is, however, sirong evidence that this is not the only way
in which N-bromosucciniﬁide can brominate, It has been shown that an
ionic mechanism involving a non-atomic bromine entity better rits the
nuclear substitutions of H-bromosuccinimide. With N-bromosuccinimide in
carbon tetrachloride or benzene fluorene gives a high yield (84 ) of
9-bromoflucrene. When boron trifluoride is included in the benzene mixture,
‘a good yield of Z-bromofluorene is obtained and this ig also obtained in
propylene carbonate without the addition of boron trifluoride etherate.
That fluoréne is not Just being brominated by Bromine (from Pr-Suce. +
HBr = H-Suce. + Brg, Brg + ArH = ArBr + HBr) is shown by the rate
of this reaction being faster ( x 25) than the fluorene/bromine reaction
run under the same conditions. Propylene carbonate was chosen as a solvent
for this reaction because a more polar solvent than carbon tetrachloride
was required. Water or alcohols could not be used since it is claimed that
these would give hypobromous acid ana alkyl hypobromites. Dimethylform-
amide was also used as a solvent and when acenaphthene was brominated in it
the resulits were almost identical as when propylene carbonate was used 106,

+
In 1946 Schmid suggested a cationoid complex of the type RolH.Br was

involved when N-bromosuccinimide wzs used to substitute benzene and toluene

207
in the presence of concentrated sulphuric acid, Lambert et al (19856) also
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used sulphuric acid and N-bromosuccinimide on toluene and obtained an

isomer distribution very similar to the one obtained with "positive

bromine". But they claimed that "it is patently fallacious to draw
strong mechanistic conclusions from this correlation“108 and they pointed
109

out that N-chloromorpholine apparently chlorinates via a protonated
species, Winstein et al (1950)110 mention, without further detail, that
they have used N-bromosuccinimide for several years as a source of positive

bromine in hydroxylic solvents (e.g. acetic acid), and this conflicts with

the above claims that a cationoild complex is involwved.

In this work, the percentage of ortho compound obtained when acenaph-
thene was brominated with N-bromosuccinimide in dimethylformamide is less
than when bromine was used (5.04-5.46% against 6.353%), but the yields of’
total bromoacenaphthene were actually the same., Conparisons of these low
percentages of ortho compound with the much higher percentages obtained
with positive bromine entities (pp. 49-51) and with the above results of
Lambert et al on toluene indicates that positive bromine is certainly not
involved under the conditions used, either as the simple cation or as the-
cationoid complex. The low ortho percentage indicates a large, selective
entity is involved and this is most likely to be molecular N-bromosuccin-
imide.l However, the results from the present work must be treated with
caution, since N-bromosuccinimide soiutions in dimethylformamide deteriorate
on standing and the effect of such deterioration is unknown. Dimethyl-
formamide was used as the solvent because propylene carbonate was not

available.
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Bromination with Dipyridine Entities: Iromine nitrate has been prepared

A

but its stability is very low.l
Bromine dipyridine nitrate is mich more stable and belongs to a sericstt?
of bromine dipyridine saslts which include the acetate, the porchlorate,
the fluoride, Br(Py)oSbFg & Br(Py),SOzF. Since the simple salts could
not be used it was thought that brominating with the dipyridine equivalents

might be interesting.

Bromine dipyridine nitrate was isolated and then reacted with ace-
naphthene in pyridine, but bromine dipyridine acetate was not isolated
before it was reacted in acetic acid solution (see pp. 47-49). The bulk
of the dipyridine bromo entity would prevent it rorm reacting directly
with the acenaphthene nucleus and the low ortho percentages obtained are
. not consistent with attack by a tree bromine cation . Because the ortho
percentage obtained with the acetate compound in acetic acid is very
similar to the result for bromine in acetic acid (3.56% cf'. 4.4Z%, pp. 42,

49) it is possible that the following scheme applies:

BrPyoOAc  + Br~

it

Brg.2Py  +  Ohc”

It

Bro2Py  + HOAc Brz.HOAc + 2Py

il

Bro.HOAc  + ArH products (including HBr)

An equivalentpath leading to Brg.nPy (n = 1 or 2) in the pyridine solution
is unlikely for the nitrate and would not explain the higher ortho per-
centage (5.9% against 4.87%) or the higher yield (31.5% against 16%) above

those obtained when bromine in pyridine itself was used.



Bromination with "Positive Bromine” : It 1s now generally acceptes that
bromination by hypobromous scid in
the presence of strong acid, in water, aqueous acetic acid or acueous

. . s o, R15,498b ) e 5
dioxan involves a positive entity . This entity is either the

‘ . . - . - & - \
bromine cation (Br') or a solvated variant (probably BrlHy,) which would

be more stable.

Recently (1964) Clah et al have shown that bromination oif' toluene in
nitromethene with bromine in the presence of ferric chloridekgives virtually
the same isomer distribution as that obtained when either hypobromous acid
or N-bromosuccinimide are used in the‘presence of a strong acid. These

results are tabulated below:

Reagent %o, gm p
Bry, FeCly in nitromethane 7i.1 1.6 7.8 obtained uncer
different mixing
68.7 1.8 28,5 conditions
HOBr, HC104 in 50% dioxan 76.5 2.3 27.4
N-Bromosuccinimide in HoSO04 87 2 31

They have also shown that the ferric chloride catalysed brominstions of

a series of methyl benzenes have rates that correlate better with the
stability of X~complexes than with o?cemplexes. Similar evidence has been
used to deduce that W-complexes are involved in nitrations and then the
partial rate factors of less than one ( which infer deactivation with
respect to a position on benzene) observed in all cases of meta nitration,
were explained as a mis-application of the theory. It was suggested that
partial rate factors are only meaningful when individual positions compete

directly for the electrophile and that they'lbse theixr meaning when molecules
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compete first and the individusl positions later. Reversing this train
of fhought, partial rate factors of less than one at meta positions or
activated molecules may indicate that the reaction goes by a W-complex.
When biphenyl is brominated by hypobromous acid in 50 dioxan in the
presence of perchloric acid, the partial rate factor for the metu position
114

is 0.28.

If a W-complex is involved with these high activity brominations it
may not be the simpliest ArHBr® type since Olah et al noticed the o/p
raﬁio increased when the reactants were diluted, suggesting scme degree of

solvation occurs.

De la Mare et al noticed a marked dependence, when biphenyl was

bromirated by hypcbromous acid in acetic acid, of the isomer distribution
104
upon the acidity of the medium and this is illustrated in the table below:

Molarity of perchloric acid 0.0 0.008 G.11 0.16 0.20
% of p-bromobipheryl 75 68 47 46 46‘
Molarity of sodium acetate 0.005 0.01

% of p-bromobiphenyl 79 79

(In 50% aqueous dioxan/HC1O4 the isomer distribution was 41.7%p 1.5%n  58.8%

o)
In this work, when acenaphthene was brominated by hypobromous acid in
75% acetic acid, no such dependence was observed which suggests that
acenaphthene may have more of an affinity for the reagent than has biphenyl,
and is therefore less dependent upon the acidity of the solution. The
“higher percentage of o-bromoacenaphthene formed in 75% dioxan, compared with

that obtained in 756% acetic acid (32.4% compared with approximately 25%)
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may be due to a solvation effect similar to that observed by Ciah (vide
supra ).

The exceptionally high percentages of o-bromoacenaphthene obtainea
with hypobromous acid is additional evidence that a different mechanism
may be operating with this reagent. Conventional attack by a solvated
Brt entity, to pive a ¢~complex, would require it to have very high
activity to overcome its size and to give the observed high ortho percentage.
The initial formation of 7r-complex followed by the loss of the bulky solvent
molecule and then subsequent formation of the isomer-~distribution deter-

mining stage, might be more plausible.
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Comparison of the four Hydrocarbons: “The results for when molecular bromine
and N-bromosuccinimide were used are

tabulated below:

0% 's
Hydrocarbon Acenph. DiMelNph. Perinph. Pleiladane
Solvent
CClyg (Brg). 8.01 4,82 Godd 5,54
HOAe (Brg) . 3.58 4,44 4,01 5.33
DiMe-formamide (N-Brs.) 5.48 6.50 .61 5.45

Bromine in carbon tetrachloride is the simpliest reagent and therefore
the corresponding results are probably the most easily interpreted. The
order observed : % o  acenaphthene ) perinaphthane ) pleiadane y1,8-di-
methyl naphthalene, has 1,8-dimethyl naphthalene displaced {'rom the
order predicted from consideration of possible steric eff'ects (p. 9).
Within each solvent system the attacking entity should be the same,
independent of the particular substrate being studied. It is disturbing
to £ind that the order of‘ggihg‘percentages changes drastically with change
in solvent. Whereas in carbon tetrachloride acenaphthene gives the highest
ortho percentage, in acetic acid it gives the lowest and in dimethyl-
formamide it is intermediate., Clearly there is no simple explanation,

based solely on steric effects, which can explain these resulis.

. The results for bromination with hypobromous acid (p. 56) are similarly
obscure, although they suggest that the attacking entity is less selective
towards the positions in perinaphthane and pleiadane than it is towards the

positions in acenaphthene and 1,8-dimethylnaphthalene,



Competitive Studies: More definite information is given by the competitive
studies. These do not give a full picture of ihe range
of reactivities since, for exampie, near the end of the reaction invoiving
scenaphthene and perinsphthane, the reagent is more likely to react with
the then more available perinaphthane than the more reactive, but largely
reacted acenaphthene. Since the same order of reactivity is given by the
most selective and by the least selective of the reagents investigated
during this series of brominations, the crder is definite and in decreasing
order of reactivity is: acenaphthene, perinaphthane, pleiadane, .,8-dimethyl-
naphthalene. It is interesting to note that Beriiner (i965§052nﬁioncd
that the partial rate factor for the para bromination {in aqueous acetic
acid) of 1,8-dimethylnaphthalene is 257 times smaller than that for
scenaphthene. The increased reactivity is ascribed to internsl strain in

the acenaphthene molecule and a comparison is made with asnalogous anomalous

strain and reactivity in Lluorene.

An interesting effect was noted with the brominations with hypobromous
acid. The more reactive member of the pair of hydrocarbons gave a
depressed velue of 1000/(o+p), and the less reactive, an exhalted value
(compared to the results obtained when the individual hydrocarbons were
brominated separately). This effect was most marked with the acenaphthene:
perinaphthane pair where the reactivities were most different. The writer
suggests that the hypobromous acid contained some free bromine. Since the
main reagent (a positive entity) is relatively unselective it would attack
either hydrocarbon with little discrimin&tion, but when it was used up the
more discriminating bromine would attack mainly the more reactive hydrocarbor

to give a low 1000/(o+p)value for this hydrocarbon which lower the overall

size of this value.
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