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Abstract: 

1,8-Dimethylnaphthalene, perinaphthane and pleiadD.nc 

were synthesized to form, with acenaphthene, a group of 

structurally a.'>"Jalogous hyd:i::'ocarbons. Acenaphthene vms 

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 dil'fer-

ences between the hydrocarbons. Finally, pairs or~ the 

hydrocarbons were brominated to determine their order of 

reactivity. 

The inferences that may be drawn from the results are 

discussed together with their reproducibility and reliability. 
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Preface 

Introduction: 'fue carboxylic acids of a series of mcthylna:pht.nc,luncs 

fl..ad been studied in this dep,::'U'tmcnt~ This scr·:i.cs included · 

1, 8-dimethylnaphthalene and acenaphthene (I) and led to thcs~: two compoumis 

being further studied here 2
'
3 ' 4

• X-Ray crystalloGraphy has been used 

to show that acenaphthene and 3-bromo-1,8-dimethylnaphthalcne contain 

distorted naphthalene nuclei. The established structures are dravm below: 

ref. 5 

rer'. 4 l'Cf. 6 

Br (I) 

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

dif'ferent directions. 

Acenaphthene can be considered as a member of 

a series of tri-cyclic compounds, generalised 

in the figure. Two other members of this 

series are known, perinaphthane (n = 3) and 

pleiadane (n = 4) but compounds corresponding to 

n = 1, 5 & 6 have yet to be prepared. 

1,8-Dehydronaphthalene (n - 0) has been postulated as a reaction inter

mediate 7. 



Perina ph thane is now rnore correctly kno;'m as ' :.::. 1 .Lt:nc' 8 

(which has supplanted the terms 'perinaphthindane' <tnd '2,3-ciihyuro-lH 

that 'perinaphthane', an abbreviation of thylcnol'kll)lltfl.t) .. lcnc 1 

is rriorc consistent with the structure tr.an a nar::e th~1 t a ben!;jcnc 

derivative. The term 'pleiadane' is used in place or' the r:1ore correct, 

but bulkier. '7 ,8,9 ,10-tetrahydrocyclohepta(de )naphthn.lenc'. The shcrtcr 

term was invented by Boekelheide (1951) and it must not be confused with 

'pleiadene' (II)10 ,11• 

(II) 

1,8-Dimethylnaphthalene, acenaphthene, perinaphthane and pleiadane 

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 reflect the varying structural differences at the peri positions. 

The conventional numbering of these structures, shovm below, complicat(}s 

generalised statements about the group. 

16~· b[QJQ)~ 
s 'f 



For this reason, the positions on the T'.aphthalene nuclei are considered 

relative to the peri positions and terH1ed £!'tho, meta and 

f'or this work. 

Effects involved: Three directive effects need to be co:o..sidered !'or 

substitution reactions of alkylnn.ph"thalencs, these are 

steric interference, inductive and hyperconjuzation effecb. It i:;; 

generally recognized that alkyl groups tend to reles.;:;c electrons to 

adjacent groups. The inductive (+I) effect can be illustrated by the 

decreasing acid strengths in a series of acids of the type :\CC2H, where 

•R' represents an al~Jl group:12 

R H 

17.7 

Me 

1.75 

Et 

1. 55 

iso-Pr t-Bu 

1.58 0.89 

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

Vlhen the alkyl groups are attached to unsaturated systems tho reverse 

order of electron release is sometimes observed, for example the rate of 

solvolysis of :e.-alkylbenzhydryl halides (:e.-R.P.n.CHPh. Cl): 1 2 

R 

Rate 

H 

2. 8 

Me Et 

62.6 

iso-Pr t-Bu 

47.0 35.9 

It was suggested that the electron pair of a carbon-hydrogen bond 

could behave like a lone electron-pair and conjugate with the unsaturated" 

system~ If this is the case, the same sterio requirements should be involved 

and it follows that a carbon-hydrogen bond in the plane of the unsaturated 

system should give a negligible effect. 



11Courtauld 11 scale molecular models of the four hydrocoxbom> cmd 

their ortho- and. ~-bromo isomers were constructed to facilitate 

comprehension of the possible extent of hypcrconjugation Clnd stcric 

repulsion in the systems. In these models was repre:::>ented a~:> t:L 

hemisphere and. bromine as a modified hemisphere. 'l'h.e arornatic carbons 

were triangular prisms and the alipha tio ring carbons were tetrahedra. 'l'rw 

manufacturers scale hydrogen atoms to a radius of' l.O.h.. which they 

consider is a more practical value for their models than fb.ulinr's value ol' 

1. 2A. An estimation of the interactions vms obtained by mettsuring the 

minimum distances between the surfaces of neighbouring 'l'he 

distances of interest were: 

1. the E,-H/:e.-H distance in the hydrocarbons 

z. the E_-H/:e.-Br distance in the E_-bromohyd.rocarbons 

3. the ~-H/nearest neighbour distance in the hydrocarbons 

4. the ~-Br/nearest neighbour distance in the ~-b:r:omohydrocarbons. 

The following set of drawings illustrate the results obtained: 

substituents Distances 

p_-H/:e.-Br 

1 1 8-Dimethylnphth. 0. 2Qt1 0" 

Acenaphthene 0.52" 0.16 11 

Perina ph thane 0.34" 0" 

Pleiad.ane 0.50 11 0" 

Scale: 1cm = 1 11 of model 

:... 1.25A. 



5. 
o-Bromo-1,8-Dimethylnaphthalcne 

j-H 
H 

Two stable orientations of the methyl groups are possible in the 

hydrocarbon, but one (the line sketch) is more strained in the 

~-bromo compound than the other (top and bottom sketches). Bvcn 

in the latter model there is contact between the £-hydrogen and a 

hydrogen atom of the methyl group • 

.2,-H/nearest neighbour distance in the hydrocarbon ::: 0. 3" 

_2,-Br/nearest neighbour distance in the bromohydrocarbon = 0.08" 



2_-Bromoacenaphthene 

0 

£-H/nearest neighbour distance in the hydrocarbon 

£-Br/nearest neighbour distance in the bromohydrocarbon ;;;; 0 • .34" 

(The nearest neighbour is taken to be in the ~-group and never 

as the ~-hydrogen a tom. ) 



£-Bromoperinaphthane 

o-R/nearest neighbour distance in the hydrocarbon 

£-Br/nearest neighbour distance in the bromohydrocarbon 

;;;; 0.3411 

::: 0" 



B. 

9_-Bromopleiadane 

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

£-H/nearest neighbour distance in the hydrocarbon 

£-Br/nearest neighbour distance in the bromohydrocarbon 

;;; 0.11 11 

= ou 

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

primarily to illustrate the quantities measured and not to be 

measured themselves. 



9. 

The most strained hydrocarbon model is the acenaphthene one, the model 

of 1,8-dimethylnaphthalene is not nearly so strained and the models of tht 

other two hydrocarbons are not significantly strained at all. 'l'he rigid 

seven-membered ring in the pleiadane model sugs~sts that ring substituted 

pleiadanes might exist as optical isomers, whereas the six-membered peri 

ring in the perinaphthane model is comparitivcly mobile. 

Both acenaphthene and 1,8-dimethylnaphthalcne have fot~ carbon-hydrogen 

bonds that could be involved in hyperconjugation but not as ci'.f'cctively as 

the two carbon-hydrogen bonds in perinaphthane that lie in planes 

perpendicular to the plane of the naphthalene rings. Tho equivalent two 

bonds in pleiadane are probably less effective because they have been 

rotated out of these perpendicular planes. 

Hyperconjugation would tend to favour the ~ positionsl3a and 

induction, the ortho positions15b. 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: acenaphthene, 

1,8-dimethylnaphthalene, perinaphthane, pleiadane. But room at the ~ 

positions decreases in the order: acenaphthene, perinaphthane, pleia.dane, 

1,8-dimethylnaphthalene. 

Predictions are complicated, but if the electronic effects can be 

ignored as giving only minor d:i..fferences, the ortho/~ ratios (and therefox 

the percentage of the ortho compound) for mono-substitution should decrease 

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



ratios of the 

1
1~ u. 

This is deduced from the/\nearest-neighbour distances at the two positions, 

the cubes o:f these ratios are probably more relevant, but they would give 

the same order. 

Scope: The available quantities of perinaphtr.~arw and pleiadane, in 

particular, meant that the chosen reactions would have to be 

done on a semi-micro scale. The dii'f'erences in the isomer distributions 

were expected to be small, so it was essential that the reactions c.ould 

be standardised, and to avoid the confusion o:f di-substit,Jtion, it was 

also essential that the hydrocarbon should be in excess of the rca~:,cnt. 

Further complications could be avoided if' 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 chrotnato-

graph which was the only suitable analytical tool. The chloro- and bromo-

isomers could be resolved, but it was more di:f':ficult to handle 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 di:f:ferent, but reproducible, isomer distributions, it was 

decided to limit the investigations to brominations. 

The foll~dng considerations predict that the amount of' m-bromo-

hydrocarbon will be small and probably negligible. With the parent 

hydrocarbon, naphthalene, the "meta" and "ortho 11 positions are equivalent 

and bromination gives very little 2-bromonaphthalene14. In the peri-alkyl 



naphthalenes, the aLkyl groups activate the ortho and~ positions, 

but not the meta positions, towards electrophilic attack. It follows that 

bromination of these hydrocarbons will give :::~mall amounts of the o-bromo

compound, but much less of the ~-bromo. 



Experimental 

Outline of' the Preparation of the Hydrocarbons : 

Only three of the four alkyl naphtha.J.enes studied had to be prepared 

since acenaphthene is available commercially. 

The synthesis used for 1,8-dirnethylnaphthalene was a standard 

departmental method. Naphthalic anhydride was reduced with lithium 

. 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. 

LiA1H4 

This scheme, with the variations upon which it is based, appears in 
15,16,1.7,18 

the literature • 

The synthesis of perinaphthane had previously been attempted in the 

9 
depat~tment by the reduction of perinaphthanenone, a method reported to 

give a high yield, but only 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 



16. 

Simple cyclic ketones can be enlarged with dia.zorr.cthanc, although 

another reaction, the formation of the epoxide, may sometimes dominate. 

Thus, whereas cyclohexanone yields 657~ cycloheptanone and 1.5~, epo:x:ide (III), 

2-hydroxy-cyclohexanone yields 95~1: epoxide ( rv) ~9 ':c,Q. 

OJ o; 
(III) (IV) 

It was wondered if acenaphthenone (V) could be converted to peri-

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

65 or 

(V) 
Acenaphthenone was prepared from acenaphthene by acctoxylation with 

the equivalent of' lead tetra-acetate, hydrolysis o.t' the ester obtained 

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

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

a variety of compounds containing the N-methyl,N-nitroso group. N-Methyl, 

N-nitroso,£-toluenesulphonamide (~mTS) was available in this department, 

so it was tried first. 20 Gutsche 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 
. 24 

acenaphthenone to condense to biacenone (VI) • 



14.-. 
0 

(VI) 

Ex situ generation of the diazomethane from M.;~TS gave a yellow ether 

solution which showed little reactivity when added to a solution of 

acenaphthenone in rrethanol and ether. Methanol generally catalyses the 
. LO 

reactions of::diazomethane the rate of' which can be estimated from the 

amount of nitrogen evolved. The use of' boron trifluoride is rr~ntioned in 
::::5 :C::6 

the literature ' for the improved homologization of cycloaliplw.tic 

ketones, so its addition, in the form of boron trifluoride ethcrate, was 

tried. Processing such mixtures only led to the conclusion that boron 

trifluoride, like alcoholic alkali solutions~4 , hydrochloric acid in 

boiling alcohol27 , and even ortho-anthranilio aoid~8 , facilitates the 

f'ormation of biacenone from acenaphthenone. 

Because the diazomethane solutions obtained from M1-ITS gave only mild 

effervescence with substances like benzoic acid which should react vigor-

ously, another source of the reagent was tried. N-Ymthyl,N-riitroso-urethan 

in methanolic solution, needs only traces of sodium carbonate for it to 

liberate diazomethane 20, and under such mildly alkaline condi tiona the 

formation of' biacenone from acenaphthenone was f'ound to be negligible. 

When methanolic solutions of the two reagents were mixed a distinct 

effervescence was observed, but the material recovered f'rom the reaction 

was almost entirely aoenaphthenone. 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 



15. 

other of medium polarity. 

29 50 Hence, acenaphthenone, like the structurally analogous tetral-1-onc ' 

gives only trace reaction products with dia.zomethane. This contrasts with 

the reaction between acenaphthenequinone (VII) and diazomcthanc which gives 

a perinaphthane derivative (VIII) 31• Usually20 , 1,~-quinones add diazo-

~ethane to give a cyclic di-ether (IX). 

(VII) 

OH 

~0 
(VIII) 

.·.<x:_c_H_21f_2_,_... 
l 

···.~ 
~·~ 

• I 

'(rx) 

Because of the trouble that had been experienced with L''icser & 

Hershberg's method9 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 

iodine and red phosphorus. They then dehydrogenated the product, presume

ably tetrah;y'droperinaphthane, over copper at 500°. '£he product, if peri-

naphthane as ala.imed, must have been impure, since the picrate melted at 

154-5°, the accepted value is 151° 9 

Moat perinaphthanone preparations are based on the cyclisation of 



16. 

5(1-naphthyl)propanoic acid or its acid chloride (these compounds can be 

obtained from naphthalene in three or four steps33 ). 
1 / , 34 l1ayer \,l'd:C.2) 

treated the acid chloride with aluminium chloride and claiwcd to have 

obtained perinaphthanone (m.p. 86°), but Cook & Hewett (1934) 35 showed that 

repeated recrystallisation of' such material gave perinaphtncnone (m.p. 153-

1540); the same product that they obtained by cyolising the propanoic acid 

with tin tetrachloride. Yet Darzens & Levy (1935) 36 also used aluminium 

chloride on the acid chloride and demonstrated that their projuct is 

perinaphthanone by giving the correct melting point of the oxime. tieser & 

Gates (1940) 33 suggested that the confusion may be auc to different 

investigators cyclising different acid chlorides, they themselves used 

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

naphthanone and obtained as a by-product 4,5-benzhydrindan-1-one (X). 

(X) 

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

quote a yield. Topaom (1962) 57 found that this reduction gives a low yield 

(1~). Heidelberger & Straube (1951) 38 reported that the catalytic 

hydrogenation of perinaphthanone gave a higher yield of perinaphthane tl.an 

did the catalytic hydrogenation of perinaphthenone. 

Three cases are recorded for the reduction of perinaphthenone. 

Zil'berman & Barkov (1958) 39 used zinc and hydrochloric acid and then 

distilled the resulting compound with zinc dust. The melting point oi' the 

picrate (152.5°) shows that the material obtained was, at best, impure. 

Fieser & Hershberg(i938)9 and Treiba & Heyner (1961)40 hydrogenated 



17. 

perinaphthenone over a copper chrornite cntalyst. 

Because perinaphthenone is more readily available than pcrinaphthanone 

and because the la ttcr 's reduction is not necessarily s trair;htforword, the 

copper chromite reduction of perinaphthenone was still found to be the 

equal of any method in the literature for preparing perinaphthane. So, 

since by this time a modern 'rocking-bomb' autoclave had arrived in the 

department, it was decided to re-investigate the method. 

Fieser & Hershberg9 dissolved perinaphthenone in dioxan, added a small 

amount of copper chromite catalyst '37KAF' (the signi.fica:1ce 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 bci'on) 

the catalyst was filtered off and the solvent removed. The course of the 

hydrogenation was assumed to follow the scheme: 

~] 
The perinaphthenone preparation that they used was that of Kunz & 

( )
41. Kochendoefer 1935 • A mixture of 2-naphthol 1 glycerol, sodium nitro-

benzenesulphonate and sulphuric acid is heated for an hour at 135-1400. 

The cooled mixture is poured into water and perinaphthenone is extracted 

from the resulting black tar. The yield is low. 



18. 

A better method is that of Lftttrin~1aus & Kacer (19~6)~~ in which tho 

sodium enolate (XI) formed by reacting together 1-acetyll~phthalcno, 

ethyl formate and sodium, is condensed, by sulphuric acid, to pcri-
·Jj ,'10 

naphthenone in good yield. Later workers have preferred this method · 

and it was the one used for this work. 

(XI) 

Several attempts to duplicate the work of Fieser and Hcrshberg, 

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 tar, but the amount of extractable 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 

ot which was shown to be tetrahydroperinaphthalene. Because ·of this the 

nature of the catalyst was studied more closely. 

44 It appears that the catalyst is,essentially,black cupric oxide 

stabilised 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 sol vent most recommended 

for use with the 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 



h.l. 

entirely unai'fected by exposure to air and moisture. In gener;_,l, double

bonds and aryl rings are not a.ff'ected by the catalyst, but poly-nuclear 

ring systems can be partially reduced. Thus, the catalyst will reduce 

naphthalene to tetralin if the temperature is above 200°. It is recommended, 

for the reduction of ketones, that 2-4~ of the catalyst should be used, 

but Grundma.nn44 points out that, whereas 2.5g. of catalyst may be necessary 

for 50g. of-ketone, 10-~2g. might be quite sufficient for 500g. Now 

Fieser & Hershberg used only 0.25% of catalyst and their results infer 

that a high temperature is required to dehydrate perinaphthol to pcri

naphthene. Under such oonditior~, over-hydrogenation beyond perinaphthane 

tends to occur, so a minimum amount of catalyst was used. It follows that 

the amount of catalyst is critical and altering the reaction parameters 

( e.g. the quantities of: the reagents and possibly the bomb dimensions) 

will change the optimum amount. 

After allowane,es had been made for the numerous mechanical shortcomings 

of the autoclave, which complicated run to run comparisons, there still 

seemed to be another reaction variable besides the amount of catalyst. One 

particularly 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 used for this hydrogenation had yielded 

satisfactory results bei:ore, but this time only a tar was obtained. However, 

the hydrogenation of: a distilled sample of this batch gave excellent results. 

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 batoh 



:1.._,. 

of perinaphthenone, it is suggested, it' a qua.'1ti ty of pcrinaphti:mne i~ to 

be prepared by this method, tha.t a large quantity of l)eririDJ;lltnenone shoald 

be accumulated and well mixed, before samples of it are used to t'ind the opti

mum amount of catalyst. l"rom the thirty-four hydrogenations attempted only 

60g. of perinaphthane resulted, mainly because the purity of' the ketone, 

and consequently the optirm.lm quantity of catalyst, :fluctuated. It 

actually may be simpler to use a large excess or catalyst to ensuro a 

clean, if over-hydrogenated product and then dehydrogenate it over a 

palladium or platinum catalyst (tetrahydroperinaphtha.lene over palladium

carbon can yield 80% perinaphthane 45
). It was interesting to observe that 

a higher yield of tetrahydroperinaphtharw was obtained, using just copper 

chromite, than was obtained by Treibs & Heyner40 , 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 47 ~ 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 f'rom benzosuburono 

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 followed. A Reformatsky reaction between 

tetralone and~bromo-methylcrot~nate gave, upon distillation of the initial 

product, a di-ene eater. Hydrogenation over platinum, followed by hydrolysis 

of the ester group, yielded 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 
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overall yield, based on tetralone and the optimum yields for each step, was 

55%. The scheme is outlined below: 

1. hydrogcnntion ~oi.tl(gdo _cu ~;:@. . 
- H~O Q i i_h_y_ar_" _o_l_y_s_i_s __ 

(XII) 

Clem. 

redn. 

Pd/C 

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

of trans-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~ 
(XIII) 



E;x:;pcrimental Details of the Hydrocarbon Fre"C'.arahons: 

1 1 8-Dimethylnaphthalene:- Lithium aluminium hydride (50g.) ~~s 

' ' '"·~. 

suspended, part dissolved in anhydrous ether (~1.) 

by stirring the refluxi:h.g mixture for two hours in a two litre !'lange vessel. 

The mixture was allowed to cool and anhydrous benzene ( :GOOml. ) was added, 

followed by.a slurry of naphthalic anhydride (100g.) in &~1ydrous benzene 

(250ml.) added over two hours. No external heat was applied and the nli.xture 

was stirred continuously. Three hours of refluxing the mixture completed 

the reaction and then most of the ether was distilled off. 'rhe excess 

lithium aluminium hydride was destroyed by the cautious addition of ethyl 

acetate before concentrated, aqueous potassium hydroxide solution (50ml.) 

was added to precipitate aluminium hydroxide. Usually, the precipitate is 

sufficiently coagulated for decanting to be the most efficient rnethod of 

extracting the organic product, but the writer found it necessary to use 

the more arduous filtration. The inorganic material was extracted by 

refluxing it with benzene (500ml.) and ethanol (50ml.) and then filtering; 

this cycle being repeated three times. The organic solutions were combined 

and concentrated to 250m.l. lvfore ethanol (250ml.) was added and the solution 

was again concentrated to about 250ml. The di-alcohol was precipitated by 

the addition of 10% sulphuric acid, filtered off, washed thoroughly with 

water and dried. The yield was 76g.(82%, m.p. 154°) and recrystallisation 
15 

from ethanol left 67.2g.(m.p. 156-7°, lit. value 158° ). 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 solution was being stirred, a solution of 



ph<;>sphorus tribromide (67. 2g.) in anhydrous ether ( 200ml.) was added over 

two hours. 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 sulphate, concentrated to about 

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

of the product. 

This solution of di-bromo~rethylnaphthalene was added, over two hours, 

to a solution of lithium aluminium hydride (20g.) in ether (1200m1.) which 

had been previously prepared by stirring the components under reflux for 

two hours. The mixture ~as given a further hour of refluxing after 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 70nrm) was recryst<:llised from 

ethanol to yield 49. 5g. ( 88%, rn. p. 61,-62°). Analysis by v. p. c. showed no 

significant amount of impurity. Yields of 87-90~, (m. p. 61-620, 62.5° 

after one recrystallisation) have been obtained in this department. 

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

21 
by the following route ~ 

attempt was obtained from acenaphthene 

Acenaphthene (154g.) was partially dissolved, 

partially suspended in hot (60°) glacial acetic acid (1100mt.) by constant 

stirring. The acetic acid had previously been distilled from potassium 

permanganate to remove oxidizable impurities. Red lead was added in 

approximately 50g. portions, over one hour, until 820g. had been used. 



Stirring was continued during this addition and the temperature was kept 

in the 60-700 range by external cooling. The colour of tho resulting syrup 

was brown and not the red mentioned in the literature. . 21 :22 l1eser & Cason ' 

estimated that thoir red lead was 85-00~:, pure, i.t' the sample used is less 

than 85. 6~{ pure, 820g. will not be an excess and the final solution will not 

be red. The syrup was poured into water (21.) and extracted with ether 

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

( OOOml.) and then dried over anhydrous sodium sulphate. l"iltration, 

extraction of the drying agent with more ether ( 5 x 50ml.) and evaporation 

of the combined ether solutions, yielded the crude acetate as an oil. 

Distillation under reduced pressure gave 164g. of product (l>.p. 144-1500 

at approximately 2mm. ) • The reported yield is 80-82;)( .• 

The acetate(164g.) was dissolved in methanol (275ml.) and rcfluxed 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 (8g.). The carbon was removed by filtration and the solution was 

concentrated to one litre. Crystallisation, filtration and washing tho 

collected solid with cold benzene yielded 110g.(85%, m.p. 144-5°) whoreas 

the literature yield of acenaphthenol is 85-88 % (n4p. 146°). 

Acenaphthenol (100g.) was kept suspended in glacial acetic acid (500nil.) 

by constant stirring whilst a solution obtained by dissolving chromic 

anhydride (45g.) in the minimum amount of water and diluting with acetic 

acid (240m1.), was added over approximately an hour. 



External cooling kept the reactants in the temperature ranr;e 28-370. 

After a further hour under the srune conditions 1 the reaction mixture was 

poured into ice-water (61.). The precipitate was collected, washed with 

water and dried. It is olaimed 21 that tho best method oi' purifying the 

crude acenaphthenone is steam distillation, the processes of recrystal-

lisation and vacuum distillation being found to be unsatisfactory. 'rho 

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 collect and treat the condensate in portions. 

The yellowish solid collected (61.5g. or 62%) had a low meltint: point 

(1130) 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 steam distillation, 

49 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 (10.2g.) in methanol (50ml.) was added 

slowly to the cooled solution (10°), with stirring, over one hour. The 

mixture was allowed to stand overnight. The solution was then evaporated 

and the solution distilled under reduced pressure (11.9g/157-160°, 2g/170-

200° at 1mm). The large fraction was shown to be acenaphthenone and more o.f 

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

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



Ferinaphthane(successful attempt): 

Copper chromite catalyst;- Vihen the comrnercially available n:aterial did not 

give satisfactory results for the pcrir.aphthcnone 

hydrogenations, a fresh sample was prepared. The method used v1as c~sential

ly that given in the literature 50• A solution of ammonium dichronute (25. 2g. 

dissolved in 120ml. distilled water) was converted to ammonium chromate_,by 
e-o , ( -~ · // t3" --,-" 

the addit;i.on·of annnonia (30ml. of 28~{). This solution was poured, in a fine 

stream, into a solution of barium nitrate (5. 2g dissolved in lovml. hot water) 

in which copper nitrate (45.6g.) had been dissolved. The solution was 

stirred during the addition and for a few minutes afterwards. 'l'hc red-brown 

precipitate of copper barium anrrnonium chromate was filtered 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 co}'llpleted by further heating. The activity of 

the resulting powder was increased by washing it with dilute acetic acid 

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

drying it at 1100. 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. 55-55.5°) to remove the hydrolysis 

products tqat will react with sodium. 1-Acetylnaphthalene (1'70g., 1 mole) 

was dissolved with ethyl formate (120g., an excess) in anhydrous ether (:.:DOml) 

and the solution was slowly added to sodium wire (50 g. , an excess) under 
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ether (1200ml.). Stirring was continued throughout the addition and the 

one hour of refluxing that followed it. 'fhe solid that had been precip-

itating during the reaction was filtered from the cooled ether solution 

and dried. The ether-free salt weighed 233g. which exceeds the literature 

yield (2 x 114g.) 43 and the theoretical yield (2::::0;,:;.) and hence contained 

other sodium compounds. 

Because of the quantities ot' reagents needed, the next step wus done in 

sections. A portion ( 100g.) of the :finely ground sodium salt was su::>pended 

in carbon tetrachloride (2400ml.) contained in a five-litre beacker. A 

few floating black specks were removed and shown to be sodium. Diluted 

sulphuric acid ( 70ml. water in 600ml. 98% sulphuric acid) was added over 

30 minutes with very vigorous stirring. The stirring was continued 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 aqueous 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. Evaporation of most of the carbon tetrachloride by distillation 

and recrystallisation of the precipitated perinaphthenone from ethanol 

yielded 87.3g. of the yellow crystals (m.p. 155-60). The combined ethanolic 

and carbon tetrachloride residues were concentrated and distilled under 

reduced pressure to yield a further 28g. (m.p. 154-5°, b.p. 180-185° at tmm). 
It was noticed that when the vacuum pump could not reach 0.5~n, and therefore 

the boiling point was much higher than 185°, the perinaphthenone tended to 

sublime and to contaminate the vacuum line.. The combined yield was 115.3g 



(64%). 
4.-r,:-

'l'he literature claims an 80% yield (rn.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 preparation contained :C.O~, of 

2-isomer, so the yield was effectively 807(. 

perinaphthane:- l<""~ieser & Hershberg 9 obtained satisfactory results by 

dissolving perinaphthenone (:C.Og.) in peroxide free diox.an 

( 25ml. ) and adding copper chromi te catalyst '3'1KAJ.l'' (50 mg. ) . 'fhis mixtm~c 

was placed in a glass liner, the lot placed in the bomb, and the hydroj~I1B. tion 

was conducted at an initial hydrogen pressure of 1800psi and at 250-2civ0 

for ten hours. 

The autoolave 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 was an elongated flask fitted with a porous stopper. \Vhen 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 hydro~nation, .it was not practical to test the 

value of this practice. 

From the first few attempts some perinaphthane (m.p. 65°, m.p. of picrate 

1.49-149.5°) and perinaphthanone were isolated from the product tar. The 

55 
perinaphthanone (m.p. 81-81.5°, cf.82-5~ was shown (v.p.c.) to be contamin-

ated with perinaphthane, but ita 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 t:lass liner durinl' the reaction 

so the quantities were reduced to half of the literature ones, except 

~or the volume of dioxan used. The dioxan used for all tho runs was 

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

29. 

The following illustrates a satisfactory run. Ferinaphthenotlc (lOg.) 

was dissolved in dioxan (15ml.) contained in the glass liner, along with the 

catalyst (90mg.). More dioxan (15ml.) vms placed in the bomb. The initial 

pressure was 1700psi and it took approxiwately an hour for the bomb to 

reach 250-2550. furing this time 1 and the following seven hours, tho 

contents of the bomb were agitated by moderate rocking. After this time 

the rocking was stopped and the bomb was allowed to cool. F + . (50" ml.) -cn .. ane 

was added to the liner's contents ( a liquid with a greenish fluorescence) 

and the mixture was poured into water (50ml.) contained in a separating 

funnel. The organic layer was separated, washed with more vmter and then 

dried over anhydrous magnesium sulphate. The pentane solution was cvap-

orated and the residue was distilled under reduced pressure to give peri

naphthane ( 7. 5g. or 80%, m, p. 56° ~ b. p. 1roo at 0. 5mm). 'l'he- runs of this 

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

In one run, the above conditions were used except, 0.2g. of catalyst 

per lOg. of ketone was reacted for ten hours. The product solution 

lacked the fluorescence mentioned above and yielded tetrahydroperinaphthane 

(6.2g., or 65%, b.p. 107-1080 at 0.5mm) plus some higher boiling material 

(mainly perinaphtha.ne). The main product gave a satisfactory analysis 

(0 91.10% H 9.00%, for c13~6 C 90.70% H 9.32%). A higher yield 

could probably be obtained ie. sought for (Treibs & Heyner obtained a 43.5~~ 
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yield £rom their two-stage hydrogeration of perinaphthenone). 

The amassed stock of perinaphthane was fractioned through a spinning 

band column (length 18 11 )under reduced pressure to give material of' 

reasonable purity (m.p. 63°, the major impurity had been the ~ctrahydro 

derivative). Repeated recrystallisa tions from methanol gave purer matcrio.l 

(m.p. 65°) as did the use of a 'preparative' gas chromatograph, but it was 

leas wasteful to recrystallise ita picrate and then recover it (m.p. o4.5°) 

from the purified complex (m.p. 151°). The trace impurity, tetrahydro

perina.phthane, is not known, or expected, to form a picrate. The literature 9 

states that pure p·erinaphtbane n~lts at 65.1-61.4° and its picrate at 

150-151°. 

Pleiadane: 

T.etralone:- The commercial product was initially used for the Heformatsky 

reaction, but· when stocks dwindled more was prepared by the 

method of Thompson 51. In this very economic preparation tetralin is 

oxidised by air and the resulting peroxide is decomposed to the ketone 

by treating it with sodium hydroxide. It has since been discovered52 

that tetralol contaminates the tetralone produced this way • This probably 

explains the initial reluctance to react, but subsequent ebullition, 

observed in the later runs of the Reformatsky reaction. 

n-Bromo methylcrotonate: The preparation of Bailey & Bello53 was used. It 

was necessary to prepare some of the N-bromo

suocinimide and £or this the method described by Vogel54was used. 

The carbon tetrachloride used had been purified by shaking it 1 in turn, 
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with: a solution of potassium hydroxide, water and ethanol (twice), 

water, concentrated sulphuric acid until the ,,;ashings we:t·c no longer green, 

bicarbonate solution and finally water. The~purified .solvent was dried 

over anhydrous magnesium sulphate and distilled i'rom phosphorus pentoxidc. 

Methyl crotonate (150g., 1.5 moles) was added to a ;nixture of I\'-bromo

suocinimide (163g., 0. 915 ;noles) in refluxing carbon tetrachloride (10Wml.). 

Freshly recrystallised benzoyl peroxide (0. 75g.) ;vas used as a c~,tal.yst. 

When the precipitation of succinimide seemed complete (at''ter 2 hours), the 

mixture was allowed to cool, the solid was filtered of!' ana. the liquid was 

washed with dilute sodium hydroxide and water. The carbon tetrachloride 

solution was then dried over anhydrous magnesium sulphate and evaporated 

down. The residue was distilled under reduced pressure to give '6oromo

methylcrotonate (110g. or 67% based on N-bron:Psucci,.imide, b, p. 00-92° 

at 17mm). Other runs gave 73-84% (lit. yield SiS%) 'b.p. 84-860 at 12mm). 

Reformatsky reaction:- The zinc used was AnalaR grade that had been 

washed successively with dilute hyarochloric acid, 

distUled water and methanol, and then dried in a hot air ove,n. It was 

used the same day it was prepared. Y~romo-methylcrotonate (66.5g.), zinc 

(50~0 and a crystal of iodine were added to a solution ef tetralone ( 75g.) 

in a mixture of benzene and ether ( 250ml. of each anhydrous sol ~.ent). 'l'he 

stirred solution was brought to reflux and over three hours, more ester 

(50g.) and more zinc (75g.) were added. The mixture was lel't to reflux 

tor &other twelve hours before beingt:eft at room temperature f'or twenty 

ho'llirfi Stirring was continued throughout the thirty-t'i ve hour period. The 

precipitated zinc complex was then dissolved by the addition of' a little 

acetic. acid and me~:ljanol55 before the mixture was poured into a dilute 



solution of acetic acid. The separated organic layer vras vr£csl:e'-': wL tl: 

water and ammonium hyoroxide before being dried ever anhydrous 

sulphate, and concentrated. Dehydration of' the hydroxy-ester WitS cl'fcctcd 

by distilling the concentrate under reduced pre<)surc: ccnd -::c.L.cct the 

fraction (56.5g., 48J: cr. 525'"46) boiling over the ra,~c;e 140-1ob0 at 0.5;:,1, 

a range which is inconsistent with that given by Gilmore ,\: iiorton (1'1'1-1830 

at 0.15mm). · The oily product was characterised by hydrolys 

the acid. The ester (2g.) was refluxed for one hour with 

some of it to 

ium 

hydroxide in aqueous ethanol ( 2g. in 20ml. of each sol vent). Acid ifyinf~ 

the resulting solution, extracting with benzene, evaporating und recryst£:,1-

lising the material obtained from carbon tetrachloride gave white crystals, 

m.p. 197° (Gilmore & Horton quoted 194-5°). 

Hydrogenation:- The literature gave the following details. The hydrogen-

ation confirmed the presence of two double bonds, was run 

over platinum, took 45 minutes and, after saponification oi' the ester group, 

gave a 98% yield. i''urther experimental detail is not given. In a typical 

run, the writer dissolved the ester (124g.) in acetic acid (lUOrnl.) and 

added it slowly to a magnetically stirred suspension of platinum bLack 

(obtained in situ from 1. 9g. pt02) in more acetic acid (250ml.). 'l'he 

reaction system had been previously flushed with nitrogen and then hydrogen 

to avoid contamination 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 hydrogen was used. The hydrogen

ation of a similar quantity of the unsaturated ester took 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 virtually complete, the mixture was filtered quick.Ly through a 

aintered-glasa :funnel. The cataJ.yst collected was washed wi t11 acetic acid 

and water and then left moist. The acetic acid solution wu.s diluteci with 

water and extracted several times with benzene. 'l'he combined benzene 

extracts were washed ~th water and sodium bicarbonate solution, dried over 

anhydrous magnesium sulphate and evaporated dovrn. Concentrated potassium 

hydroxide solution (120g. in 240ml. of a 1:1 mixture of aqueous ethanol) 

was added to the concentrate and hydrolysis was effected by rer'luxing this 

mixture for five hours. The cooled solution was poured into water and 

extracted with benzene. This benzene extract was evaporated to 7. 6g. at' an 

oil that was discarded. The aqueous alkalin~'solution was neutralized,and 

extracted with benzene. Concentrating the dried benzene solution and distil

ling the residue under reduced pressure gave the butyric acid (93g., 78.5~6 

b.p. 190-195° at 2-Bmm, cf. 212° at 12mm56) as an oil. Cr.ystals were 

obtained :from pentane (nkp. 37-57.5° cf'. 36-38.546) and a sample was 

analysed (C 76.77%, H 8.52%, O(by difference) 14.71% : values for C14Hls0z, 

C 77.05%, H 8.26%, 0 ~4.67%). 

Polyphosphoric acid cyclisation:- The ~iterature5'7 recorda that poly-

phosphoric acid containing 83;K of 

phosphorus pentoxide is the best for cyclisation reactions. It was found 

that phosphoric acid does not dissolve phosphorus pentoxide very readily 

so 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 

150° the solutions went dark. 

The butyric acid (10g.) was added to, ,a solution of' phosphorus pentoxide 

(250g.) in orthophosphoric acid (258g. of 88-95%) to give a light brovrn 



solution which was heated on a boiling waterbath i'or two hcurs. .L•'rcquent 

swirlings of the reaction flask gave adequate mixing of tl:e reactants. 

The cooled solution was poured into an ice and water mixture ( 11. ) which 

was stirred to dissipate the syrupy polyphosphoric acid. ':'his mixture 

was extracted with benzene ( 4 x 50ml.). 'l'he benzene solution was washed 

with dilute alkali and then with water, combined w·ith the benzene solutions 

from seven similar runs, dried over anhydrous 1nagnesium sulpha to and 

evaporated down. Distillation of the concentrate under reduced pressure 

gave tetrahydropleiadanone (50. 6g., 69~~, b.p. 144--14 .. 1P at 1-2•nm) in a 

comparitively low yield (lit. 85-95~~' b.p. 128-33 at 0.3:ma) but some 

unreacted butyric acid (20. 7g.) was recovered from the alkaline washinss. 

Redistillation of this acid followed by its cyclisation yielded more 

ketone (13.4g.) and increased the yield to 87%. 'l.'he ketone was recrystal-

liaed from hexane and characterised b? its melting point (61.5-62° cf. 

61.5-63°46, 6o-ao48) and by its 2,4-dinitrophenylhydrazone ( ''· p. 163-4° cf. 

:l.62-165o46 ,187-88o48 ). 

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

for the reduction of (XI'b ( 94% yield) 58• 

~0 (XIV) 

Tetrahydropleiadanone (57g.) was dissolved in toluene (1~5m1.) and acetic 

acid (750ml.), and added to a mixture of hydrochloric acid (500ml. o.t' 3:;.,/v) 

and amalgamated .zinc (50g.) (which had just been prepared by mixing zinc (bOg.) 

and mercuric chloride (5g.) with dilute hydrochloric acid, stirring for a 

few minutes and finally, decanting off the liquid,). The ketone mixture 



was refluxed for 24 hours 1 poured into water ( 61. ) and tl18 product was 

extracted with ether (5 x 50ml. ). 'l'he ether solution :was vn,siwd with 

sodium carbonate solution and water, dried over ar~'lv(:rous l11[cgnesium 

sulphate and evaporated down. The c'oncentrate was distilled under reduced 

pressure to yield tetrahydropleiadane (46g., 87%, b.p. 1H:>-1::D0 at 1-2mm 

cf. lit. 95%,, b.p. 156-8° at 23mm46 ). A repeat preparation gave a yield of 

Preparation of palladium catalyst:- J?urified carbon was warmed with dilute 

nitric acid until fumes of' nit:dc 

oxide were observed. The mixture was then filtered and the carbon was 

washed thorou~ftly with water and ethanol before being dried in a hot ail~ 

oven (110°). This activated carbon (1.5g.) was added, with formalin (3rnl.), 

to a hot solution of palladium chloride dihydrate ( . ) in dilute hydro-

chloric acid ( 0. 6m1. 55% acid in 6m1. water)~ T.his mixture wa.s cooled and 

50% potassium hydroxide solution (6m1.) was added slowly and the reaction 

was completed by warming it for ten minutes on a water-bath. The catalyst 

was filtered off and washed fi:r·st with dilute acetic acid and then more 

extensively with water and finally with ethanol, before being dried.59 

This catalyst should contain approximately 30% of palladium. 

Fieiadane:- The method of dehydrogenation used was based on a method that 

has been used for a variety of substituted tetralinsb~ 

Tetrahydropleiadane (15g.) was heated under nitrogen with 50% l)B.lladium 

. carbon (0.5g.) in a modified Olaisen 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°and had virtually 
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finished at 300'A, these temperatures being those of' the silit:;onc oil 

bath surrounding the flask. The cooled product was dissolved in pentane, 

filtered free of catalyst and evaporated down. '.i'he product:;; of two runs 

were combined and fractionally distilled using a spinninL band colw1m (18 11
) 

and reduced pressure to yield pleiadane (21g. 82. 5~·<, b. p. 1<1·2-152 at 2mn, 

m.p. 54.5-55.5 cf. 79.5% yield 46 ). .Another run gave a yield of C3B.57~· 

Two recrystallisa tions from ethanol gave rna terial ol' nigL(!.~.- :;,el ting point 

(57-58°, of 55.5-70 46 , 57-58°
1
.!:
8 ). A sample was ana..~.ysed (c 92.07~Z,, 

H 7.93% , calculated for o14H14, C 92.30%, H '7.69%). 



General Notes on the Bromina tiona 

The semi-micro apparatus shown in i'ig.1 was used for all the 

brominations except for cases that will be mentioned. 

B19 BlO 
water level 

glass stirrer-------H 

fig. 1 

In general, the hydrocarbon (0.005moles) was carefully vmshed into 

the flask with the chosen solvent (10ml.) and then the apparatus was 

placed in a thermostat bath kept at 20° ± 0.2°. The bath contained a 

dilute solution of black ink to ensure that the quantity ot' light 

reaching the immersed reaction vessel was negligible. The brornina ting 

solution (0.0025moles of brominating entity in approximately 5ml.) was 

added to the dropping funnel from a 20ml. , 1 A 1 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 solution over the course of thirty minutes. After a .Curther 

thirty minutes of being·a~irred the·flask contents were washed into a 

separating funnel and shaken with benzene (20ml.) and sodium su+phite 

solution (10ml. of 10%). The benzene layer was separated, washed with 

water,~~ied over anhydrous sodium carbonate and evaporated by means or 

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



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

bromoacenaphthene darkened under these conditions but that the addition 

of' a small quantity of acetaldehyde, which is very easily oxidised, 

stabilised the reaction mixtures against darkening, for sevoral weeks. 

Each set o:t' conditions chosen was repeated three times and then the 

products were analysed to give a total of nine v.p.c. traces. 'l'he 

repetitions used the same standard solution of brominating and 

were performed the same day. 

.. ,,., 
vO. 
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Purities of Solvents Etc. 

The hydrocarbons were tested by v.p.c. and perinaphthn.ne, the most 

impure (m.p. 650), was estill'atcd to be 98~,, pure. Perinaphthnnc of 

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 throuzh a bed of calciwn 

chloride, and finally through a flask cooled by an acetone-dry ice mixture. 

'l'he calcium chloride was intended to serve as a spray trap. The 'orurnine was 

stored in a glass-stoppered bottle kept in a desiccator, over s 

Iodine Monobromide: This was from a freshly opened vial supf;lied by 

the British Drug Houses. 

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

commercial material. 

Acetic Acid: This was refluxed for ten hours over an excess of chromiwa 

trioxide and then fractionated in the presence of' excess 

acetic anhydride (AnalaR grade) up a four foot column packed with glass 

helices. The first fraction was rejected and the material used froze at 

the accepted temperature (i6.5-16.6°). 

Carbon Tetrachloride: The pur:i.:f'ica tion was the same as that given on 

page 5i. The fraction distilling at 76.50 was 

used. 

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

was redistilled before it was used (b.p. l49.5-150° 
60 

ct'. 153° ). 



Diox:a.n: This was 11"luka' grade that had been shaken with fe1-rous sulphate 

solution, dried over potassium hydroxide pellets, rel'luxed with 

sodium until the sodium remained bright, and then distilled (b.p. 101°). 

Pyridine: 'Ana.laR' material was refluxed over sodium hydroxide pellets 

for an hour and then distilled (b.p. 114-115°). It was stored ov<:r 

sodiurn hydroxide pellets. 

Nitromethane: '.rhis was dried over calcium chloride and fractionated up a 

one foot column packed with glass helices (b.p. ~oo.o-100.8 

of. 100. & & 10ct. 5° 60). 

Perchloric Acid: This was taken from a fresh bottle of 'Riedel de Hatln AG' 

ma. terial ( 70%) • 



Tabulated Results 

1. Solvent: carbon tetrachloride 

Additive: 3 drops of saturated iodine/CC14 solution por run. 

Bromina.ting solution: Bromine (4.17g.) in 0014 solution ( 50ml.) 

4.00ml. used per run. 

Run Wt. ·of 100o/(o+p) 

· No. Acena.phthene 1st 2cnd .Srd trace 

1 o. 770g. 7,8 7.9 7.13 

2 o. 770g. 7.9 8.1 7.8 

5 o. 7?0g. 7.9 7.8 8.1 

Average = 7.88 

2. Solvent: carbon tetrachloride 

Additive: none 

Brominating solution: Bromine (4.56g.) in 0014 solution (50ml.) 

4.59ml. used per run. 

nun Wt. of 100o/(o+p) 
No. Aoenaphthene 1st 2ond 5rd trace 

1 0.770g. 7.9 8.1 8.5 

2 0.770g. 7.8 8.2 8.1 

5 0.770g. 8.1 8.2 8.5 

Average = 8.11 

41 .. 



o. Solvent: carbon tetrachloride 

.Additive: nono 

Brominating solution: A saturated solution of' iodine monobrornide in 

carbon tetrachloride, estimated by titration 

against sodium thiosulphate to contain 0.0465 moles of IBr 5ml, the 

volume used per run. The reaction: ArH + ZIBr = ArB:c + HBr + 

illustrates how only hal.f' the bromine in iodine bromide can be utilised 

f'or bromination. 

Run Wt. ot' lOOo/(o+p) 

No. Acenaphthene ist :&end brd trace 

1 0.770g. 10.6 10.8 10.7 

2 0.770g. 1.0.8 8 10.5 

3 0.770g. 10.3 10.5 10.7 

Average = 10.63 

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' 100o/(o+p) 

No .. Aoenaphthene 1st Zcnd 3rd trace 

1 0.770g. 3.4 3.3 3.4 

·2 0.770g. 5.5 3.4 5.4 

3 0.770g. 3.4 3.5 3.5 

Average = 3.42 



5. Solvent: glacial acetic acid 

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

Brominating solution: As for case 4. above. 

Run Wt. of 100o/(o+p) 

No. Acenaphthene 1st 2cnd 3rd trace 

1 o. 770g. 3.3 3.5 3.5 

2 0.770g. 3.3 3.3 3.3 

3 o. 770g. 3.3 3.5 3.5 

Average . - 3. 40 

6. Solvent: glacial acetic acid 

Additive: 0.304g. of water per 50ml. of brominating solution. 

Brominating solution: Bromine ( 4.40g) in acetic acid solution ( 5vmL.) 

4.54ml. used per run. 

Run Wt. of 100o/(o-t-p) 

No. 

1 

2 

5 

Acenaphthene 1st 2cnd 5rd trace 

o. 770g. 5.7 3.7 5.8 

o. 770g. 5.7 5.6 3.6 

0.770g. 5.7 3.8 3.8 

Average = 3.71 

Note: Case 6. was actually investigated after bromine in acetic acid 

had been tried on the group of four hydrocarbons (see page 55) 

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

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

that this caused the difference and not the use of.' wet acetic acid. 
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7. Solvent: nitromethane 

additive; 3 drops of saturated iociine/CH3No2 solution i_)Cr run. 

brominating solution: Bromine ( 4.17g.) in nitromethane <:JOl.Ution(50ml.) 

4. 80ml. used per run. 

R1m Wt. of 

No. Aoenaphthene 

1 o. 770g. 

2 o. 770g. 

3 0.771g. 

8. Solvent: pyridine 

additive: none 

1st 

5.8 

5.8 

6.0 

Average 

·lOOo/(o+p) 

2cnd 3rd trace 

6.1 5.b 

6.1 6.3 

5.7 5.8 

= 5,93 

brominating solution: Bromine (4.56g.) was added to pyridine cooled 

by a dry ice-acetone bath. 'fhe solution was 

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

Run Wt. of 100o/(o+p) 

No. Aoenaphthene 1st 2cnd 3rd trace 

1 0.770g 4.9 4.7 4 .. 9 

2 0.770g. 4.8 4.9 5.1 

5 0.770g. 4.9 4.8 4.8 

Average = 4. 87 
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9. Solvent: dimethylformamide 

Brominating solution: Bromine ( 4. 6Sg.) in dimethyUormamidc soln. ( 50rnl.) 

4. 30ml. used per run. .t'or run 3) 

Run Wt. of lOOoj(o+p) 

No. Acenaphthene 1st 2cnd 3rd trace 

1 

2 

3 

0.77lg 6.3 6.3 o.l 

0.771g 6.3 6.3 o.4 

0.770g 6.4 6.3 6.6 

Average = 6. 53 

Note: .An accident occurred with the original third run and the 

replacement third run was obtained two montr~ after the others 

with a different solution of bromine. 

10. Solvent: dimethylformamide 

Brominating solution: N-Bromosuccin.L'nide (0.0025 moles) dissolved in 

dimethylt:ormamide (5ml.) 

Run Wt. of Wt. of 100o/(o+p) 

No. 

1: 

2 

3 

Acnph. N-BrS. 1st 2cnd. 5rd trace 
I 

0.770g. 0.44Sg. 4.8 5.0 3 

o. 770g. 0.445g. 5.3 5.2 4.8 

o. 770g. 0.445g. 5.0 5.1 4.9 

Note: Dimethylt:ormamide solutions of N-bromosuccinimide slowly go 

yellow. 



11. Solvent: carbon tetrachloride 

brominating solution: Silver acetate (4g.) was suspended in carbon 

tetrachloride ( 160ml. ) at 0° and bromine ( 1rnl. ) 

in more solvent (20ml.) was added over 50 minutes. The mixture vrd.s 

shaken for 90 minutes before the precipitate of silver bromide was 

allowed to settle and samples of the pale yellow solution were drawn ot'l' 

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 tetracluoride 

(25ml.) contained in a 100ml. flask immersed in the waterba.th 

( 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 Vlt. of 100o/(o+p) 

No. Acenaphthene 1st 2cnd 3rd 

1 o. 770g. 11.5 11.4 11.6 

2 o. 770g. 8.5 8.8 8.5 

5 0.770g. 8.9 8.5 9.1 

1.' o. 770g. 9.7 9.6 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 solution 

were estimated to contain 0.0025 moles of brominating entity. 
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12. A parallel of case U. was attempted with silver trimethyl accthte 

substituted for silver acetate, but the resulting carbon tetrachLoride 

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 50rcl of soLution, 

but the solution was too unstable to be of use. 

13. Solvent: pyridine 

Brominating solution: Bromine dipyridine nitrate (5.750g.) in 

pyridine solution (25~1.). 5m1. used per run. 

Bromine dipyridine nitrate vms prepared by adding a bromine solution. 

(4g. in 10ml. 0014) at 0°, to a mixture of silver nitrate in pyridine 

(5g. in 5ml. pyridine) also at 0°. 1'he mixture was shaken until. the 

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

added and the mixture was fiLtered f'rom 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 

yellow,, melting at 76-77° (lit~15 white crystals, m.p. 78-78. 5o). The solid. 

slowly decomposes if lett to stand. 

Run Wt. of 100o/(o+p) 

No. Acenaphthene 1st 2cnd 5rd trace 

1 o. 770g. 5.9 5.9 5 .. 8 

2 0.770g. 5.8 5.9 5.8 

3 0.770g. 6.2 6 .. 1 5.7 

Average = 5.90 
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14. Sol vent: Acetic acid & pyridine 

Reagent: This was presumed to be bromine dipyridine acctat6. 

Bromine ( 4. 49g.) was dissolved in glacial acetic acid ( 45m.L.) 

and shaken with silver acetate (5g.) dissolved in pyridine (5.,'J.. ). '£he 

precipitated silver bromide was filtered off and samples (5m1...) of the 

light orange solution were used for brominations. It was later calculated 

that the quantity of pyridine added was insufficient to give a bromine 

dipyridine complex if a silver dipyridine complex precipitated. r'or the 

second set ot' runs, a solution prepared as follows was used. ;~il vcr n1.trate 

(5.59g.) was placed in a volumetric flask (50ml.) with pyridine (lOnu.) and 

acetic acid (20ml.). This solution was chilled before bromine (4.~8g.) 

was added. The volumetric flask was topped up with acetic acid. The 

mixture was then shaken well and the precipitate ot." silver bromide was 

allowed to settle. Samples (5ml.) of the light orange solution were used 

for brominations. When a portion of this solution was shrucen with water 

and carbon tetrachloride y a.. colorless organic layer and a light orange, 

aqueous layer were obtained. ·The addition of dilute nitric acid decolorised 

the aqueous layer and subsequent addition of sodium bromide liberated bromine. 

Whereas when a solution of bromine 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 100o/(o+p) 

No. Acenaphthene 1st 2cru1 5rd trace 
" 

l. 0.7?0g. 5.5 5.5 5.7 

2 0.770g. 5.6 5.7 5.7 

3 0.?70g. 5.7 5.5 5.7 
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1' o. 770g. 5.4 5.2 5.-±-

2' o. 770g. 5.6 5.7 5.5 

3' o. 770g. 3.4 5.6 5.4 

Average (18 traces) = 3.56 

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

Brominating solution: Hypobromous acid 

Method: Bromine (8g.) was ar..aken with distilled water (400ml.) and then 

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

until the solution was virtually colorless. The resulting hypobromous acid 

was distilled under reduced pressure (40-50° at approximately 10cm) in 

apparatus protected against light and with the receiver immersed iL ice. 

The distillate was pale yellow. Before it was used, the solution was 

shaken with carbon tetrachloride, allowed to settle and samples of tho 

aqueous layer were titrated against standard sodium thiosulprwte. This 

method gave an approximately 0.1M solution of hypobromous acid. 

Acenaphthene (0.005 moles) was partially dissolved in a mixture of( 

acetic acid (75ml.) and dilute perchloric acid (2ml. 70% perchloric acid, 

25ml. water ). The solution was approximately 0.23M with respect to per-

ohlorio acid. Over a period of 50 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 at 

a:>0 (f'or this case, and for the two oases following, the room temperature 

was very close to a:>0 ). The reaction was stirred for another 50 minutes 

and lett to stand overnight. At the end of the reaction virtually all the 



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 residues when the benzene solution was 

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

evaporation. 

Run wt. ·or 100o/(o+p) 

No. Aoenaphthene 1st 2cnd 3rd trace 

1 0.770g. 21.5 22.2 21.3 

2 o. 770g. 22.9 22.2 23.4 

5 o. 770g. 25.0 24.8 25.6 

16. This was as for case 15. but the solutions were approximately 0.021.{ 

with respect to sodium acetate and contained no perchloric acid. 

Run Wt. of 100o/(o+p) 

No. Aoenaphthene 1st 2crui 5rd trace 

1 ,.0. 770g. 22.4 21.8 21.9 

2 o. 770g. 21.9 21.7 22.1 

~ o. 770g. 25 .. 7 22.9 24.0 

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

100o/( o+p) values obtained are, at beat, approximate. 

17. Solvent: 75% dioxan (v/v) 

50. 

Method: Apa.rt from the change of solvent, case 17. was the same as case 

The hypobromous acid used was 0 .10M. An error of 

judgement gave the first :run twice as much pe:rohloric acid as was used 

for the other two. 



Run Wt. of 100o/(o+p) 

No. Acenaphthene 1st 2cnd 3rd trace 

1 o. 770g. 52.5 51.9 32.7 

2 0.770g. 52.6 52.3 52.8 

5 o. 770g. 52.2 32.1 32.5 

Average ; 52.4 

With this variation, the acenaphthene dissolved completely und no 

dibromination was observed. 

Co~ative Brominations of the Four Hydrocarbons: 

Cases 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, acenuphthenc 

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 

51. 

than did the solutions der:f:v-.ed from acenaphthene and 1,8-dimethylnuphthalene. 
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Bromination with molecular bromine in carbon tetrachloride: 

Wt. of' hydrocarbon 100o/(o+p) 

o. 770g. Acenaphthene 8.0 8.2 7.9 

o. 770g. II 8. 2 8.0 7.8 Average ;::;; b.01 

o. 700g. 1,8-dimethylnphth. 4.8 4.8 4.7 

o. 780g. u 4.7 1;,.7 4.4 

(J. 780g. II 4.6 4.4 4.5 Average ::;; 'l:. 62 

0. 8<10g. Perina ph thane 6.2 6.1 6.1 

o. 840g. n 6.6 6 • .5 6.6 

o. 840g. II 6.6 6.7 6.8 Average :::; 6.44 

o. 910g. Pleiadane 5.4 5.4 5.2 

0.910g. !I 5 .. :5 5.5 5.4 

0.910g. II 5 • .5 5.5 5.2 Average = 5 • .54 



Bromination with molecular bromine in glacial acetic acid: 

Wt. of hydrocarbon 100o/(o+p) 

o. 770g. .Acenaphthene 5.5 5.7 5.5 

0.770g. II 5.6 5.5 5.6 .Average = 5.58 

o. 780g. 1,8-dimethylnphtp. 4.6 4.5 4.5 

o. 780g. II 4.5 4.4 4.5 

o. 780g. 11 4 .. 4 4.7 4.5 .Average ::; 4.44 

o. 840g. Perina ph thane 5.9 4.0 4.2 

o. 840g. II 4.1 5.7 5.9 

o. 840g. II 4.1 4.2 5.8 .Average :::. 4.01 

o. 910g. Plciadane 5.2 5.5 5.1 

0.910g. II 5.5 5.5 5.2 

o. 910g. II 5.5 5.5 5.6 Average :::. 5.53 



Bromination with N-Bromosuccinimide in dimethylformaffiide: 

Wts. of hydrocarbon, N-BrS. lOOo/(o+p) 

o. 770g. Acenaphthene 0.445g. 5.4 5.~ 

o. 770g. II 0.445g. 6.5 5.5 

o. 770g .. II o. 445g. 5.9 5.6 Av~ = 5.46 

0. 780g. 1,8-DiMeNphth. 0.445g. 6.0 6.7 ti.5 

0. 780g. II 0.446g. 5.7 6.0 6.4 

o. 780g. II 0.445g. 6 .. 4 6.6 6. 5 Av. ::: 6.00 

0 .. 840g. Perina ph thane 0.445g. 5.9 5.8 3.5 

0.840g. II 0.445g. 5.4 (4.5) 3.5 

o. 840g. II 0.445g. 5.0 5.6 o. 6 Av. 5.61 

o. 910g. Pl.e iad.a.ne 0.445g. 5.5 5.5 5 .. 5 

0.910g. II 0.445g. 6.:; 5.7 5 .. 5 

o. 910g. II 0.445g. 5,6 5.6 5.4 .ftv. ,; 5.45 
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Bromination with hypobromous acid in the presence or. perchlcric acid 

in 75% dioxan. 

Wt. of hydrocarbon 100o/(o+p) 

a o. 770g. Acena.phthene 50.6 51.5 51.0 

b 0.770g. II 52.1 32.2 51.8 

c o. 780g. 1, 8DL'A:eNph th. 29.8 29.5 29.5 

d 0.780g. II 50.8 50.6 50.5 

e o. 840g. Perina ph thane 36.2 56.3 .56.8 

f o. 840g. tl 40.4 40. :1. 40.7 

g o. 910g. Pleiadane .56.8 55.9 56.7 

h o. 910g. II 40.2 39.7 59.9 

Notes: The eight reactions were run the same night using the same solution 

of hypobromous acid. They were done in pairs in the order: f & h, 

b & d, e & g, a & 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 characteristic shapes as well as characteristic 

retention times so, for example, there was no possible confusion between 

the pairs e & f and g & h. 

were observed. 

Competitive Studies 

No peaks corresponding to disubstitution 

It was observed from studying the retention times of the bromo-hydrocarbons 

that if pairs of suitabl~ selected hydrocarbons were brominated, it was 

possible to analyse the mixture$. The retention times indicated that 

mixtures of perinaphthane and each of the other three hydrocarbons in turn 
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would give the least overlap of peaks. This idea was tested by ar~lysing 

pairs of the product mixtures obtained for the hypobromou~ acid bromir~tions 

above. 

Two cases were selected for com:peti ti ve studies, hypobromous acid in 757:, 

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 contents washed into the reaction flasks, they were dried in an oven 

and then (after being allowed to reach equilibrium with the room) rewei£)1ed 

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 & c, e & b, d & f. 

Wts. of Hydrocarbons 100.2/(£.+:V Peak-area ratios 

a o. 590g. 1,8-diMeNph. .54.2 .54.5 0.444 0.459 

0.420g. Perina ph. .50.5 .50.8 

b 0 • .590g. 1' 8-diMeNph. .55.6 35.6 .55.8 0.444 0.444 o. 423 

0.419g. Perina ph. 29.2 28.8 28 • .5 

c 0 • .586g. Acenaph. 25.8 24.1 25.7 3.12 5.10 5.12 

0.418g. Perina ph. 44.4 44.4 44.7 

d o. 384g. Acenaph. 24.4 24.9 24.0 2.89 2.95 2.82 

0.420g. Perina ph. 44.5 44.9 44.4 

e 0.455g. Pleiadane 41.8 42.1 41.5 0.695 0.696 0.699 

0.420g. Perina ph 33.5 53.6 35.5 

f 0.445g. Pleiadane 42.0 43.3 42.1 0.687 0.714 0.690 

0.420g. Perina ph .. 34.9 34.5 34.0 
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The area ratios tabulated vrere obtained by dividing the sum of the arces of' 

the bromoperinaphthane peaks in a trace into the corresponding quantity i'or 

the other bromo-hydrocarbons. The results are arranged so that, for 

example, the peaks that gave the 100sV(.£+E) values of 54. 2 & 50. 5 (set a) 

gave the area ratio of 0.444. 

Molecular bromine in acetic acid: 

Wts of Hydrocarbons 

a 0,590g. 1,8-diMeNph. 

b 0.420g, Perinaph. 

o 0.590g. 1,8-diMeNph. 

d 0. 420g. Perinaph. 

e 0.585g. Acenaph. 

f 0.420g. Perinaph. 

g 0.585g. Acenaph. 

h 0. 420g. Perinaph. 

i 0.455g. Pleiadane 

j 0. 420g Perinaph. 

k 0.455g. Pleiadane 

l 0.420g. Perinaph. 

1oov<.~_+E) 

5.4 5.6 

3.8 3.7 

5.7 3.7 

3.5 3.6 

5.5 

3.4 

3.3 

5.4 

3.5 

5.4 

3.8 

Peak-area ratios 

0.275 0.284 0.282 

0.284 0.~78 0.273 

9.12 9.13 9.46 

8.68 9.50 9.28 

0.581 0.577 0.595 

0.567 0.608 0.586 

Trailing effects prevented all the 100£/(£+!0 values being determined. 

Taus, with sets ef & gh the base-line did not straighten out between the 

very large £-bromoacenaphthene peak and the very small £-bromoperinaphthane 

peak, even without the increased sensitivity normally used for the measure

ment of the ortho peaks. Because of this the peak-area ratios are taken as 

the ratios of the ~peak areas and the small ortho peak areas are neglected. 
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Determination of Isomer Distributions 

The Pye .Argon Chromatograph:- Vihen using this, a small liquid sample of 

about one micro-litre is placed at the top 

of a suitably packed glass column (length 4ft., bore 4mm) and conveyed down 

the colunm by a stream of argon. Resolution of the components occurs because 

of their differing volati~ities and polarities. The degree of resolution 

and the retention times can be altered by increasing the gas pressure, 

increasing the temperature of the column or by changing the column packing. 

~nen the resolved components leave the column they enter a detector 

chamber 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 vdth excited argon atoms, and since a potential is applied 

across the chamber, an increase in 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 design 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 pure components. The 

manufacturers supply the following plot of re~tive mass sensitivity against 

molecular weight, and this plot indicates that above a molecular weight of 
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150, the response is directly proportional to the mass of a component and 

61 ti~ 
is independent of the molecular species • (See also ref. .) 

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 entirely 

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 geometrical 

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 number of peaks involved 

triangulation was the only practical method. 



Three variations of this method are illustrated below: 

h 

L 
w 

Area = ~wh Area = ~wh Area = wh 

w. 

Each requires the contruction of a baseline. The first requires additional 

constructionwhich is likely to introduce error. The second cannot bo 

used if the peak trails; a difficulty that is overcome by the third 

variation since the width at half the height is a sharply defined quantity. 

This method of area estimation disregards the peak shape so comparisons 

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

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

A 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 to 5wi.hi (where hi=. 
i2l 

height, and Wi =width of the ith. section). If peak B can be divided into 

n sections (with,ki;= height, and Vi = width of the ith. section) such that 

Vi = awi and ki = bhi, it follows that the areas of peaks A and B differ 

by a factor of a. b • It also follows that the product of the peak height and 

the width at half this height for peak A will differ from the equivalent 

quantity for peak B by the same factor a. b, and that this applies regardless 
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of the common peak shape. The peak shape is largely determined by the 

stationary phase. The non-polar APL gives more synunetrica.l peaks tr.an the 

more polar PEGA, probably because of an adsoption effect. 

llurther details of the area measurements are best explained with the 

aid 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-defined. The extra sensitivity magnifies 

base-line irregularities, such as a permanent downward drift and the 

trailing of preceding peaks. The ques~on arises as to whether type (i), 

which assumes t:rJ8.t 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 resolution is 

poor, it may be necessary to use the. 'width at two-thirds or at three

quarters of the peak height. 

Choice of Stationary Phase:- The boiling points of the 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 ~seful were Apiezon L (APL) and polyethylene-glycol-
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adi:pate (PEGA). APL is non-polar and can be used up to 250° whilst Pl<:G-A is 

more polar and can be used up to 190°. On 10JG columns at the waximwn 

temperatures, with an argon pressure of 15psi, the retention times were 

approximately, 15-2.3 minutes for the bromoacenaphthenes, 25-30 minutes for 

the bromoperinaphthanes and 30-40 minutes for the bromopleiadanes. 'l'he 

retention times obtained on the PEGA columna were larger than those obtained 

on APL columns. The resolution of the bromodimethylnaphthalene isomers was 

very poor at the maximum temperatures. At lower temperatures the resolution 

on PEGA was promising but a small impurity peak obscured thebeginning of the 

small ortho peak. This impurity peak gave no trouble on il.PL at lower 

temperatures but here the resolution of' the isomers was still unworkable. 

A variety of stationary phases were tried e.g. PEG 20M, PDEAS, APJ, SB-.30, 

but the best was :found to be a mixture o:f 7i% PEG.A - 2i% APL which gave 

sufficient resolution at 1750 and with an argon pressure of 10psi . 

The majority of' the bromoacenaphthene cases were analysed on a 10r. PEGA 

and these results refute claims made65 that peaks with a scaLe deflection 

of' more than 70% could not be used for quantitative area ratio studies 

s.ince peaks covering 90% of the scale gave no irregularities. However, 

when 10% APL columns were used, marked discrepancies were noted. The 

following :figures were obtained by using a 10% APL column ania bromo-

acenaphthene sample kept as a standard. 

peak heights 100o/(o+p) 
0 p 

8.50 11 6.90" 9.1 Full scale deflection was 

5.44 11 6.48" 7.2 eleven inches. 

4.6211 6.14" 7.7 

2.88 11 5. 5Q11 6.6 
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It was noted that with .APL columns, but not with PEGA columns, there 

was a tendency for peaks to split. This phenomenon is generally attributed 

to over-load of the detector and therefore should be independent of the 

column. But non-polar columns can presurneably 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. 

'J:he same sample size was used> so this column was expected to give more 

consistent results: 

peak heights 

0 

7.14 11 

6.32 11 

5.16 11 

3.5411 

1.97 11 

p 

8.36 11 

7.66 11 

6.26 11 

4. 36 11 

2.50 11 

100o/(o+p) 

6.7 

6.5 

6.7 

6.6 

6.6 

Average = 6.62 

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

standard to determine the reliable range. 
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Reproducibility of Results 

The results show that sufficient reproducibility is obtained li' the 

the reaction conditions are standardised. The following show the effects 

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

Run No. Temperature 100o/(o+p) 

1 18° 5.5 5.4 

2 18° 5.5 5.5 

5 2)0 5.6 5.4 

4 22° 5.6 5.7 

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 100o/(o+p) 

Acenaphthene :Bromine solution 

0.770g. 2.15ml. 2.9 3.1 

o. 770g. 2.15ml. 2.9 2.9 

o. 770g. 1.07ml. 2.7 2.5 

o. 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 aoenaphthene was also tried. 



Wt. of Volume of 

Aoenaphthene Bromine solution 

o. '170g. 1.98ml. 

o. 770g. 1.98ml. 

0.385g. 1. 98ml. 

0.585g. 1. 98ml. 

3.0 

3.3 

3.1 

3. 5, 

100o/(o+p) 

3.2 

3.5 

3.1 

3.4 

65. 

(Here the quantity of br?mine solution contained 0.0025 moles of bromine.) 

In the above tables, the volumes given for the bromine solutions were 

made up to 5m1. by,the addition of acetic acid before the brominations 

took place. 

Justification of Peak Identification: 

When each of the hydrocarbons was brominated under conditions expected 

to produce sorr~ 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 peak followed very closely by a much 

larger peak. In each case, the compound corresponding to the big peak 

was isolated and shown by analysis to be a mono-bromohydrocarbon. Since 

the bromoaoenaphthene and the bromodimethylnaphthalene could be ident:ii'icd 

as the para isomers by their melting points, it was plausible to assume that 

the remaining two bromohydrocarbons were also ~ isomers. 

A small quantity of authentic £-bromoacenaphthene had been prepared and 

this settled the identity of the small peak in the brominated-acenaphthene 

traces. It is k~own that bromination of substituted benzenes with hypobromous 

acid (in the presence of strong acids) increases the percentage of the ortho 



d93b compoun. • This method of bromination greatly increased both the yield 

of s:-bromoacenaphthcne and the size of all the srnall peaks in the traces 

of the brominated hydrocarbons, which supports the view that the small 

peaks correspond to the s:-bromohydrocarbons. Isomers should give approx-

irnately the same response to a Fye argon detector unit and exactly the 

same response to a gas-density unit, and therefore (if the two peaks arc 

identified as the ortho and ~ isomers) the two detectors should ~ivo 

about the same value for 100£/(s:+£)• This is shown to be the case in the 

calibration section that follows. 

Because small samples of ~-bromoacenaphthene and E!-bromodimethyl

naphthalene were available 1 ' 2, it was possible to show that m- & 
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bromoacenaphthenes have almost identical retention times and that m-bromo-

dimetlzylnaphthalene has a slightly shorter retention time than the para 

isomer. Although the amount of meta product from these brominations was 

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

the large para peak than to the small ortho peak. 

It was important to ensure that di-bromination did not occur since 

this would almost certainly af'fect the mono-bromo isomer ratios. Di-bromin-

ation was only detected when acenaphthene 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 the di-bromoacenaphthene peaks was established by reacting acenaphthene 

with excess bromine. 

Under the reaction conditions (20°, dar~ess, often hydroxy1ic solvents 

used) side-chain bromination wa~ not expected, especially since acenaphthene 
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has been nuclear-bromina ted by one wo,t-ker 11Ehna.er condition$ more sui tu blc 

for side-chain bromination (i.e. u.se ot N-bromosuccinimide in rcfhndng 

carbon tetrachloride) although other workers get the expected product 106. 

Small amounts of side-chain bromination ~hould not roake much dii'f'croncc to 

the ratio of nuclear products, but with the hydrocarbon mixtures one mig)1t 

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 four hydrocarbons were attempted, using 

refluxing carbon tetrachloride, N-bromosuccinimide, benzoyl peroxide and 

U.V. radiation. Acenaphthylene was detected and identified ( on a 10? APL 

column at 1?50, no resolution occured at 225°) 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 plieadane 

peak. The perinaphthane case gave a small, badly trailing peak which dimin

ished when the rapidly darkening product mixture vms left to stand. The 

dimethylnaphthalene case produced a small new peak which was shovr.n to be 

different from the small peak which hindered the measurement of the bromo 

peaks. 

Calibration: 

Samples of the Eara-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 vms 



wrapped in silver foil to hinder photo-bromination. The solution was lei't 

to stand overnight and then it was poured into water (500ml.) and extracted 

with benzene (3 x 25ml. ). The benzene solution was dried over anhydJ.·ous 

sodium carbonate and evaporated down to give a good yield ( v. p. c. ) o.t' the 

bromohydrocarbon. 

The crude bromohydrocarbons were distilled under reduced pressure 

to give oily products that were crystallised and recrystallised from 

pentane-ethanol mixtures: 

compound melting point 

£-bromoacenaphthene 53-53.5° 

E-bromodimethylnaph- 31-31.5° 
thalene· 

£-bromoperinaphthane 24-24.5° 

E-bromopleiadane 26.5-27° 

A small quantity of' £_-bromoacenaphthene was prepared from £_-amino-

acenaphthene by a diazotis~tion method. The £_-~~noacenaphthene 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' £_-bromoacenaphthene obtained 

had a low melting point ( 65° cf'. 78° 64) yet v. p. c. indica ted it was nearly 

pure and its analysis was satisfactory. 

Analyses % Br Obtained % Br Calculated 

£_-bromoacenaphthene 35.97 54.55 

£-bromoacenaphthene 54.52 34.35 

£-bromodimethylnaphthalene 53.76 54.04 

£-bromoperinaphthane 52.62 32.40 

£-bromopleiadane 50.65 50.66 



For acenaphthene, 9.. & r:.-bromoacenaphthenes: 

1st mix: 0.0697g. acenaphthene, 0.0959g. £-bromoacenaphthene, 

0.1345g. r:.-bromoacenaphthene. £:£ = 0.713, HC:r:. 0.518 

Trace values: 

o' 0.769 

HC I :r:.' o. 795 

0.765 

0.'734 

Relative Responses 

0.792 Av = 0.'7'75 o' 

0.7'75 Av=0.767 HC':.e_' 1.48 

2cnd mix: 0.05:.::0g. acenaphthene, 0.0610g. ,£-bromoacenaphthene, 

0.0597g. r:.-bromoacenaphthene. ~:£ = 1.555, HC:£ = 1.510 

'I'race values: Relative Responses 

£' :r:.' 1.705 1.650 1.600 Av = 1.679 9..' :r:.' 19..=£ = 1.09 

HC I :E_' 2.16 1.84 1.995 Av :::: 2.00 HC' :r:.'/HC ;;:: 1. 55 

For the r:.-bromohydrocarbons: 

1st Mix: Relative areas Relative 

Wt. of bromohydrocarbon 1st 2ond 5rd Av. Responses 

0.1141g. bromodiMeNph. 1.05 1.09 1.10 1.08 0.982 

0.105'7g. bromoperinaph. 1.00 1.00 1.00 1.00 1.00 

0.1.356g. bromoplei.ad.ane 1.23 1..22 1.26 1.24 0.96 

2cnd Mix: 

0.0742g. bromodiMeNph. 0.505 0.525 0.508 0.515 o. 98'7 

0.1428g. bromoperinaph. 1.00 1.00 1.00 1.00 1..00 

0.1556g. bromopleiadane 1.15 :1..145 ·1.141 1.145 0.955 



5rd Mix: Relative areas Relative 

Wt. of bromohydrocarbon 1st 2cnd 5rd Av. Rcspon;.ws 

0.1226g. bromoacenaph. 1.13 1.065 1.15 1.13 l.O,io-5 

0.1134g. bromoperinaph. 1.00 1.00 1.00 l.OU 1.00 

4th Mix: 

0.0826g. bromoacenaph. 0.731 0.756 0.762 o. 750 1.07 

0.1181g. bromoperinaph. 1.00 1.00 1.00 1.00 1.00 

The relative areas are the peak areas with the corresponding bromo-

perinaphthane peak areas taken as unity. The relative reSilOnse is givcrl 

by the expression: 

relative area x (wt. of bromohydrocarbo~.) -i 
wt. of bromopcrinaph. 

The retention times involvedmade bromoperinaphthane the most convenient 

standard. 

70. 

A gas chromatograph fitted with a gas-density detector had been made in 

the department and the traces from this detector were superior to those 

from the 'eye Argon' detector in that they did not require calibration. 

But the rest of the machine was inferior to the Fye Argon chromatograph. 

It gave much longer retention times, poorer 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 overleaf: 
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(100£/(£+£) values are being considered) 

for bromoacenaphthenes: 

Av. of' 'Pye .Argon' traces ;;: 31.0 Av. of 'Gas-density' traces 

Relative Response ;;: 1.06 

for bromoperinaphthanes: 

Av. of 'Pye Argon' traces = .36 • .Sl Av. ot' 'Gas-density' traces 

Relative Response = 1.01 

for bromopleiadanes: 

Av. of 'Pye Argon' traces = 41.6 Av. of 'Gas-density' traces 41.3 

Relbtive Response = '1.01 

The 'gas-density' chromatograph did not give sufficient resolution of the 

bromodimethylnaphthalenes for a similar comparison to be made. 

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

that the responses for the bromohydrooarbons are virtually identical. 

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

bromohydrooarbons, is directly proportionaJ. to the mass of' the components 

and therefore the relative areas obtained for the competitive reactions 

must be corrected to give the relative molar amounts: 



Results for hypobromous acid in 757~ dioxan (p. 56): 

Bromohydrocarbons Averaged relative areas 

bromcdimethylnaphthalenes 

bromoacenaphthenes 

bromoperinaphthanes 

bromopleiadanes 

0.439 

5.00 

1.00 

0.696 

Results f'or molecular bromine in acetic acid (p. 57): 

Bromohydrocarbons Averaged relative areas 

.E_-bromodimethylnaphthalene 

~bromoacenaphthene 

:e_-bromoperinaphthane 

.E_-bromopleiadane 

0.279 

9.19 

1.00 

0.586 

Rel. molar amounts 

0.462 

3.18 

1.00 

0.659 

Rei. molar ru,1ounts 

0.295 

9.74 

1.00 

0.555 



Yield Studies: 

'Nhcn the 100~/(~+Q.) values were being measured for the various 

acenaphthene brominations, :E}HG values were also taken (e/HC ::: erca ot' 

E_-bromoacenaphthene peak/area of hydrocarbon peak. 

The brominations can be represented by the c~uation: 

HG 

(2-a) 

+ Br2 

(1-a) 

:;::: BrC 

(a) 

+ 1-IBr 

(a) relative molar concrM. 

The yield would be given by 100a. The area ratio (:e/riC) must be 

corrected to a mass ratio (x 1. 50/1.00, see p. 69.) which can be corrcctcd 

; . 

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/liC)-1 

Case No. Ree.ction type £/HC 10Ua 

1 CCl4/Br2 0.595 74.3 

4 HOAc/Br2 0.626 77.1 

5 HOAc/Br2/I2 0.706 82.8 

7 Nitromethane/Br2 0.526 49.2 

8 Fyridine/Br2 0.087 16 

9 Dimethylformamide/Br2 0.107 19.3 

10 Dimethylformamidefii-BrSucc. 0.107 19.5 

15 ~ridine/ BrFy2N05 0.187 . 31.5 

14 i HOAc/ BrPyzOAc 0.346 51.4 

ii !I 0.346 51.4 

17 75% Dioxan;HOBr;HCl04 0.733 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 solution with a 

such as bromine is surprisingly complex. The following pages present an 

outline of the complexities. 

Types of }/lechanism: Two mechanisms can be postulated for electrophilic 

6Ga 
substitution One involves a transition state (X\f) 

where the '1\--electrons of the aroma tic ring are polarised by the change but 

take no part in the formation of the new bond. The other is the two stage 

mechanism which involves an intermediate (possibly like (A.'VI), in v1hich 

two of the '!\ electrons of the aromatic system are now used in bonding and 

the configuration at the centre of substitution is approximately tetra-

hedral). This intermediate, which need not be capable of isolntion, can 

lose E+ to give back the starting material, or lose a proton to give px·oJuct. 

~ +~' ;r}+ 
' ' 

0 
(XV) (XVI) 

If tritium were substituted for hydrogen, an isotope effect would 

be expected with the first mechanism, but not necessarily with the second. 

Isotope effects are not geneW..ly observed with nitrations and brominations, 

although small effects have been detected with sulphonations. This suggests 

66b 
the second mechanism is more likely 

'11- & et- Complexes: Two extremes have been considered for the intermediate 

(XVI) and these are patterned on the '1\- and a--complexes. 



In '1'\-complexes the electrophile is loosely bound to the whole aro::stic 

system without being associated with any particular carbon atom. 

this explanation only applies when the aromatic system is as sy:n .. 'l1etric~::.l 

as benzene, and in less syntmetrical types th~ OJ.octrophile is 

being as close as possible to the highest ~-eiectron density. These 

complexes are known to occur between aroma. tics and: halogens, inter-

halogens, hydrogen halid~s, silver ions, picric acid and related compounds ,;,;c 

The 'll-complexes that could be reaction intermediates are generally too 

unstable to be isolated, but their existance can be inferred from changes 

in absorption spectra and other physical properties. Their structures arc 

of interest. Infra-red studies on benzene solutions of the halogens 

favour an axial model with the halogen atoms on the six-fold axis. X-Ray 

studies on the solid benzene-bromine complex divulged a sirr~lar structure, 
67 

drawn below: 

-Er -o-Br-Br-o-Br-Br -o-Bi·-Br- connnon 6-fold axi n 

However, the structure in the solid state need not persist at all in the liquic 

state and Mulliken 68 has suggested that in solution the bromine molecule is 

slightly inclinedto the six-fold axis. 

The existence of li'-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 aromatics are similar to the 

halogen/aromatic complexes unless aluminium b.!i..lides are added fiod. At low 

temperatures toluene does not react with aluminium chloride unless hydrogen 
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chloride (or another hydrogen halide) is added and then two serieB of 

complexes can be obtained: (ArH) nHCl. AlCl3 & (ArH) 1. Al 

These compounds can be formed reversibly and analogous cor:rplexes can 

'l'he hydrogen halide/aromatic complexes are colourless non-conGucto; s 

o1' electricity and if deuterium chloride is added to them no exchu.ngc oL' 

the ring hydrogens with deuterium is observed. Conversely, the cu:nplc:xcs 

involving aluminium chloride are highly coloured 1 conducting ami ring 

hydrogen exchfu'1Q;e is observed if deuterium chloride is added. 

This suggests the existence of a second complex type, the o-complcx 1 

in which the /(-electrons of' the aromatic ring are more deeply interfered 

with than in the /\-complexes. It has been suggested that o-- and !f-co:nplexcs 

are extremes of a continuum. The structure suggested for the cr-complcxcs 

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

(XIV) e. g. : 
E 

1" ~Ae 

.Al014-

I 
Me 

The Intermediate in Aromatic Halogenations: Having established that two 

types of complexes can exist 

it remains to show what part they play in the reaction mechanism. The 

usual approach has been to cornpare the rates of reaction for a g:roup of 

substituted benzenes with the stabilities of~- and ~-complexes between 

the same group of benzene derivatives and reagents as close in nature as 

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



oi' alkyl benzenes correlate very well 66e with the relative 

constants for complexing of the same alkyl benzenes with hydrot~en i'luorLdel 

boron trifluoride, but less well with the stabilities of the hyili·o1r,en chloride 

complexes. 'i'his suggests a <1-complex is involved in halo1:~cnation but :.mch 

cox-relations can be misleading. Iodine chloride 1~nethyl benzene 

known to be 'K-complexes, have stabilities that correlate equally well vrith 

the rates of halogenatio:o and with the stabilities of the hydro:sen l'luor 

boron trifluoride complexes. It is more profitable to consider the 

of the stabUities since the stabilities of the a-complexes vary much more 

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

Relative Stabilities 

Complex toluene .2_-xylene !!!_-xylene mesitylene (' ' oen:::cnc) 

.ArH. IBr (rr) 1.2 1.8 1.8 .'3.5 1 

.ArH. Hl!'. BF0 (a) 1 2 X 102 2 X 105 3 X 105 

In going across this series the nuclear electron density is increased and 

therefore it is to be expected that the stabilities of both 11- and a--

complexes will increase. It is not surprising then that rnesitylene is more 

reactive towards electrophilic attack than the xylenes. Hov1ever, !!!_-xylene 

is invariably substituted faster than a-xylene, which suggests a--complexes 

are more £undamental to substitution than are ~-complexes. b\lrthermore, the 

stabilities of '71-cornplexes increase in the order Cl2< Br2< I~, the reverse 

of the order of reactivity. This is all evidence that a--complexes 

dominate electrophilic halogenations, but 7\-complexes cannot be completely 

dismissed. Vfuen 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 generally affects brominations 
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with molecular bromine) or by varying the pH (which generaLLy E.<l'i'ccts 

brominations with 11 Br-~' 11 ). 'Nhen molecular bromine is used the ; ke l~_; 

rapid but the brorninc can be recovered by icdornetric titration, ELl. 

the titre volumes slowly decrease if' the solution iB left to stn nd. 

Careful N.M.R. studies ha.ve shown that a structure analogous to a X 

is involved. G-salt reacts with iodine in a similar fashion except that 

all the iodine can be recovered, even after the solution has stoc<l !'or a 

week. N .Ni.R. work infers that a '?t-complex is obtained; the spectrum 

quite different from the bromine case. On these results it \'Vas pos tuh:. ted 

that the bulky iodine can only reach the /\-complex stage but bro;;;ine can 

go further to the a-complex and then reaction slowly occurs to give the 

substitution product. 'rhe forroo.tion of a 7f-complex followed by a-complex 

formation and reaction could be the general pattern. 

Selectivity in Aromatic Halogenation: Associated with the problem or' 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 

5 in alkylation, and furthermore, the amount of meta product increases in 

this order. This indicates that bromination is the most discrilninating 

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

the aromatic nucleus. 66f~ 



On the simplest bas:i.s it might be OX'_t)ected that L;:; t'o.sto:r t1'c :r:c::; on 

the less selective it would. be. But seve:cal examples are knom1. · slew 

reactions that are less selective than other similar, more rcac t io:1s. 

Thus the rate of chlorination of toluene in acetic acid is increased t,bc 

addition of water, but the positional selectivity is not bly altered; 

and the reaction is faster but ;nore selective in acetonitrile than in ;:,cc tic 

()9 
acid 'l'his lack o.f correlation between absolute rate and selectivi is 

attributed to the major importance of prior equilibria and sol.vation cl'l'ects. 

It might also be expected that substrate and positional solectivitic::; 

would be more closely related than they are. The relative rates l'or ti:e 
with 

nitration of toluene vary"comparatively little variation in the isomer 

distribution 

Reagent 

HN05 in HOAc 

HN05 in r.r:MS 

No2+BF4- in 

No2+c1o4- in 

No2+PF6- in 

No2+As:Fl6- in 

\36CJ 
of the products: 6 

relative rate 

28.8 

17 

TMS 1.67 

TMS 1.60 

TJ.VJ.S 1.40 

TlVIS 1.52 

0.97 

TMS = tetramethylene sulphone 

& 
21'-' !!_§i: n" 

A.J 

56.9 2.8 40.5 

61.9 5.5 54.7 

65.4 2.8 31.8 

66.2 3.4 30.4 

67.6 1.4 51.0 

65.5 2.6 51.9 

66.6 2.1 51.3 

(all rates obtained from competitive nitrations of benzene/toluene mixtures) 

If N02+AsF6- (in TNJ.S) is the least selective reagent it should have the 

isomer distribution closest to 40%£ 401~ 20?cE· Four o~ the reagents involve 

nitronium ions and low selectivities are expected with positive ions. 



w. 

t...~ • h b l . ' 70 . t . th t ' . The bcuav~our as con exp a~neo. ~n ernlS or e ra e acte::. 

step being the forrration of a11- and not a cr-complex. 'i'ho nitrn.tion 1.·atcs 

do parallel the stabilities of ?r-cornplexes in their common luck ot' 

and discrirnil."ation. It was subsequently deduced that these ni"Lnl.tion~; 'tO 

not involve f'ree nitronium ions, but probabl_y nitronium salts ::;incc it im:; 

been shown that N0 2 +m"'4- exists in tetramethylene sulphone as pructically 

undissociated ion pairs ·(its conductivity is now attributed to ion 

rather than to free ions 
71

). 'rhe need for the nitroniwn ion to uis-onr:a,~."o 

itself f'rom the ion pair, and from sol vent molecules, rrukes it undex·s tamb ble 

why this step should be rate determining. Thus the anions have littLe cft'oct 

upon the isomer distributions but influence the relative rates considerably. 

'l'he ferric chloride catalysed bromination of a series of methyl ber:zcno:; 
relative 

in nitromethane is also interesting since thel\rates have very little s.prcC:Jd 

(average value, depending on the conditions of mixing the reaumts, :C-4· with 

the value :t'or mesitylene being exceptional, 10-15J
2 

and this sug8csts 8. 11-

complex is involved in the rate determining step. The relative rate .!:'or 

toluene is 3.6 (isomer distribution 68.77~£ 1.8~;.~ 29. 55;}2) which contrasts 

with the relative rates for bromination with molecular bromine in acetic 

acid (600, isomer distribution 32.9~£ 
73 

0. 3~~~ 66. B>~p) and with 

(36, isomer distribution 70.5f~ "'7 40? . 74 
~ • roE)· 

In general) electrophilic substitutions involve 0'-complex transition 

states, but in some cases it is possible that separate transition states 

may be involved, one corresponding to a rate determin;ing· !(-complex .t'orrn::ttion, 

the other to a product-determining 0"-complex formation 66h. 



Sol vent Effects: Not much work has been done on the effect oi' sol 'lent 

reaction rates and isomer distributio:~s, but toluene' :,&s 

75 been c"b.J.orinated in a variety of different solvents: 

Solvent Isomer J{,' s 
0 1J 

6o -"-

Acetic acid 40 34{) 1.0 

HO.Ac, 15.5M H20 61 39 

HOAc, 20.8111: H~ 6'3. 3 56.7 322 

Cl<'3C02E 67 53 464 4.-.o x 106 

H20, 5.M: HCl 69 31 

t-Butanol 59 41 

Nitromethane 34 66 2020 4-.0 

2-Nitropropane 47 55 

Acetonitrile 38 62 1650 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. 

76 
It has been claimed for sometime (since 1909) that brovm solutions or 

iodine contain 1:1, iodineisolvent complexes and that violet iodine solutions 

do not. The suggestion that the colour difference is due to different 

'cage' effects does not explain why the addition of a small quantity of 

ethanol (in which iodine gives a brown solution) to a violet solution of 

· a· · b 1 t· 77 
~o ~ne g~ves a rown so u ~on • More recently (1952/7 the complexes of 

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 been con:t'irmccl the 

67 
X-ray studies of Hassel , this does tlot ~1l ter the !'act th.a t t!1o 

were shown to exist and that because the spectral changes J.'or oro:ninc 

solutions were similar, that analogous bromine complexes also cxi::d;. It' 

bromine complexes vv"i th acetic acid, and there is evidence tna t it doe '/ :. , 

this would explain why the mecd.tylenc ;1n·ominc complex is four time'; a:; 

66c 
stable in carbon tetrachloride as it is in acetic acid n.nd "~he 

bromine complex can be detected in carbon tetrachloride, but not in n.cctio 

79 
acid. It would seerl1 that the acetic acid/bromine complex is mor·e stable t!llln 

some aromatic hydrocarbon/bromine complexes. Cn a firmer basis is the 

complex (at low temperatures) between acetone and bro;nine which consists oi' 

chains of the type drawn bEllow: 

Ue Me 

Br 
/ 

Br 

" / c 
~ . . ~ . ·. 

Br. 
'-... 

A well-established bromine/solvent complex is dioxan dibromide (a 

80 
fairly stable orange solid, m.p. 600 ) which has been used for the 

bromination of a variety of compounds, including naphthalene. Its 

structure has been determined and it is drawn below; 

,> 

··Br-Br·~~ .. Br-Br .. ~O··Br-Br·· 



Stable complexes between thio-ethers and brornino are also ;•r:c,..,n,, 

well as tho moderately stable oomplexe::; between co:nr;ounds like 

and halogens or interhalogcns ( in all o:t,' which, a linear arn:tn1_~c, .ant of 

N-X-X has been observed67). 

r-.::echanism(s) of .P.romatic Hs.logon.o.tion: The followinlj is an utte to 

correlate the available &ta 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 order. ;;ccond 

order kinetics are observed for chlorinations with molecular chlurinc :i..1 

acetic acid, nitrobenzene and chloroform, but brominations w:i.th molecuL 

bromine seldom give such simple kinetics. 'l'his simple :nodel woul.o ict 

an isomer distribution that was independent of' tho solvent but it is ::\.Jund 

that isomer distributions, for both brominations and cr~oriratior~, vary 

with the solvent. 

It is reasonable to assume that chloril'l.ation and bromination will 

have similar mechanisms. The diagram on p. 84 covers seve:cal possibilities 

that may occur solely or simultaneously. The main dif'ficulty is to devise 

a path with which isomer distributions w~ll vary with solvent and still be . . 

consistent ·with third order (and higher) rate equations observed with 

brominations. 

Alkyl substituents can affect substitution by activating the ring by 

induction or by hyperconjugation, or by taking up space. In the table on 

p. B:t only toluene is considered so the inductive and spacial effects 



Steps: 

Possible Re:;tction Thths for .f..rornatic Halogenation: 

v-complex 

x2 
X2. solvent 

1 ---->-

2 

X-X ~ ~ 
4 5 

X-X. sol vent::£} 

11 

1\ -complex 

9 8 

product 

1. formation of various '1\-complex combinations 

2. transformation of '!\-complex to an nincipient cr-complex" 

3. direct forli'ation of an "incipient o--complex11 

sol vc:;t 

4. -9. various acquisitions and losses, to and from, the "incipient 0"-comple:x" 

iO.formation of the v-complex 

11.proton loss and product formation 



are constant. It has also b0en deduced, r'rom chlorine. tions c-,l' toluene 

a.nd !_-butylbenzene in aqueous acetic acid solutions, t!mt h~n:;crco; 

bl 
docs no•G have its origin in solvation phenomena .. '!_'his 

isomer distribution variations are de-ccr:rlincd ma.inly by the: ru .. cgc11t 1 s ....: 

and polarity (or possibly its polariscability). . 'l'he substi ;;ution involves 

tho rupturing of the bond and this can be asi;.;istccl 

by the solvent, but it is not suf'ficient to regard the solvent a:..; an 

aid to this fission, for unless a halogen/solvent combination exists bci'ore 

the orientation is determined, there can be no variation in the isomer 

distribution. 

The diagram considers the possibility of' a '7\'-complex be involved. 

This is not a necessary step and most of the combinations can be prcdict;c,·t 

to have little stabil:L ty, especially when chlorine is consido:red !:>ince: i t:J 

TI'-complexes are lmovm to have less stability than the bromine cqu:i. valCrl~;S. 

It does, however, provide a neat path for the forrnation of the cr-cornplcx. 

The halogen unit in the IT-cornplex can be Lr.agined as migrating to the 

substitution centre and rotating about it to eventually give (af\ter the rupture 

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

0 capture of' 

halo entity 

1\-complex 

R 

-
CJ-complex 

A more likely approach considers direct attack by the reagent to give 

an 11 incipient o<-complex" which can be thought of as a completely de-central-

ised I\ -complex. To explain isomer effects in terms of this If incipient 

O"'-complex11 it may be necessary to assume it has a fairly long lif'e. With 



chlorin.s.tion, attack by a sol vet,t entity is cons is tent with tl;c 

2orved second ordel" kinetics, but attack \ wl1 :i ch 

could vnriablc isomer distributions, or1 tl1c sol vc ) ·wcul(l 

necessi ts.te the removal oi' the sol vent rnolcculc ·e:ci'c1·c no 

bromine could assist the :Er-E~c ru1~ture and the observecl k:ir:ctic Ol'dc:L 

.,:.ttack would an invariant iso;ner O.istribution and u~ tn.ck by 

a Br4. sol vent entity seems 

~he structures of the entities are not pal:po.blc. There 

a})pears to be no evidence tha.t I.1. exists in solution and l:rr, ywuld bt.: JnOl'c 

m:likely. 'l'here is evidence that Br0- is a 

rncthylaminc nona bromide ) has been isolated (m.p. 56. n.nd r" otlnd 

to be a better brominating than the tribromide 

·bromine hydrobromide is another mild brominating 

84 

)b3. line 

which presumcub 

contains equivalent of The tribromidc ion is lir>etiT and. nuclcur 

quadrupole rr:oment studies indicate that it has the charge more concentrated 

~7 

over the end atoms than the central one 0 
• Its equi.J.ibrium constant fo:c its 

formation from bromine and bromide is 23.6 moles/litre at 25°. 'l'he 

equivalent chlorine entity is probably much more unstable since the equiJ..iL-

rium constant for the formation of Br:;pl-, from bromine and chloride, is 

only 1.47 moles/litre at 25o. 
85 

It is diff'icult 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 h'Br5. It is relevant that whilst neither iodine nor 

dioxan have a C.ipole moment, the complex-containing entity does. This 

suggests that the iodine end of the complex is more negative than in un-



complexed iodine. On the that bromine behaves it is 

that dioxan dibror:J.ide is a better bromina agent than b:comine 

~~e 
Br-Br-+-- }3r-B:r· 

.Although such a charge distribution is not consistent with the structure 

in solid dioxan dibromide (see p. 

Vi11cn aryl ethers are brominated Viith dioxan dibromide in benzene the 

rate is proportior1al to [dioxan dibromide] 
2[R-0Fh] whHst bro:ni.na tion of 

anisole with bromine in carbon tetrachloride gives a rate proportional to 

,, 86 79 
[ Br }c; [R-O?li} ' . Carbon tetrachloride is unlikely to complex with bro aine 

so the reagent at the Br-Br bond breaking step is probably Br,l. but H', wi tlJ 

dioxan dibrornide, the ini tal step is the forma.tion of (XVIII) the dioX£,_n 

unit has to be removed before another Br2CC,jtsO (or a Br2 molecule) can be 

substituted to give a Br4. chain. 
(XVIII) 

Naphthalene is brominated much faster in acetic acid tl1an in carbon 

88 
tetrachloride. Since the kinetics £'or both are of high order, the vvri tor 

suggests an ArH. HOAc linkage may be involved in the acetic acid 

bromination, which might give more rapid Br-Br bond f'ission than ArR.Br,1 

(unsolvated in carbon tetrachloride). 

Although it now seems unlikely that the variatio11S in the isomer 

distributions are causeu by changes in the dielectric constant of the 

solvent 75 it is possible that polar media increase the rate, which is 

corillistent with an ionic mechanism. The third order kinetics observed 

when bromir..ating toluene with molecular bromine in acetic acid, changes to 

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



pref'erence f'or the reaction to so by an .AxiL (accelcl"'ntt:d the 

increased polarity of' the medium) rather than by 0-n I.:di. l..VCn one .a. 

'I' his solvent ei'foct is probably the reason why the nbsolutt:: rni.<;3 

of chlorination of benzene and toluene in aqueous ac0tic acicl u.ncl tril'luoro-

acetic acid are much tban the rates of chlorination in glaci11l L<ceti.c 

acid (seep. 21). ~'urther, the bromina:tion oi' rnesitylcne in cal-bon tetra-

chloride is catalysed by ·moisture and hydrogen bromide, but not by hydro1~en 

gu 
bromide alone."' ;)ince the tribromide ion ( f'ro:n Br2 + llr- ;;:. -) is 

not such an active brominating species,as molecular bromine, this cug~:Y,ests 

catalysis by an increase in the polarity of' the solvent. 

As 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 aqueous solutions of 

t . . "S1 ace ~c ac1a . The vr.riter suggests t:r..at this is probably because the 

predominating attacking entity is the same, molecular chlorine, even 

the bonc1 rupture ma.y be assisted by the solvent. The lower percentae;e of 

£-Chlorotoluene obtained in nitrometl~ne (see p.81) could be consistent 

with initial attack by the larger Cl ~H0N02 entity. The ni tromethane 

unit should help the 01-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 nitrometP..ane (x 1000 that in acetic acia 90) suggests 

that a complex of the type fi...rH.Br2.CH3N02 is involved, but since the rate 

. t' 1 t [' H-j[B ]1. 5 l.s proper ~ona o Ar" r 2 

might also be involved. 



The Addi tion-Elimitk'ltion Sequence: 'l'he cbovc considers 

the reaction is a 

stitution, in some cases it is possible tr.at halogenation proceccL;; by ~ n 

addition followed by an eli.rninB.tion. When dry chlorine is 1nixcd with 

~)1 
naphthalene at ol~dinary tm:'es an addition compound is l'onncu ·;:hich 

is thoug;ht to be 1, 2-dichloro ,1, 2-d.ihydrona.phthalene (XIX), and when this 

is heated, 1-chlororta.pht!lalenc is obtained: 

00 
(XIX) 

is possible that some 2-chloronaphthalene is also formed. The product(s) 

may be farmed a cr-cornple:x, but the distribution will upon the 

equilibria: 

Considering the Slnall amounts of ortho bromo isomers measured for this 

thesis it is feasi-ble that addition reactions could give misleading rcsul ts. 

l:!'ortunately the additiol
8
not so pronounced with bromine. With naphthalene 

1\ 

in carbon tetrachloride it was found that addition was catalysed by lig~t 

and peroxides, but in the absence of these substitution dominated (up to 

85%) . .Purther, substitution vras favoured 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 



nl t ' ' t . . 1 • 9 2( .. b htl .. ) the o· y o ncr prouuc ~s t.1c maJor one j_- romonap 1aJ..enc . 

Su:rn:mary: It is suggested that the transition state in arorra-cic 

brominations usually involves a entity which rn..CJ..y be cor:ll>lexocl 

with solvent species. This would explain the observed second order kinetic 

dependence on molecular bromine and also the variation of' the isomer is-

tributions v~th solvent. In solvents of high dielectric constant the 

observed lower order dependence on bromine can be correlated with a trans-

ition state involving a solvated Brz entity. 

Chlorination appears to involve only c12 , although this rray be complexed 

with the solvents. This would reconcile the observed first order kinetic 

dependence on molecular chlo~ine with the variations in the isomer dis-

tributions. 

vrnereas addition followed by elimination is a possible alternative 

to direct substitution, this is more likely for chlorination than for 

bromination, and is unlikely to be a complicating factor in the present 

work. 



Bromination of' Acenaphthene (5 solvents;'Br2 ): 'l'vro of the so.Lvonts, acetic 

acid and carbon tetracluoride 

were chosen because they are commonly used for bromin.a tiOflS. :;i trorncti1alw 

VIas chosen because it has been shovm75 that its use 13ave low y1elds or 

o-chlorotoluene and it was thought that it would probtlbly also low 

percentar:..es of o-bromo compounds. Dimetcwlforrramide was chosen so that 

the effect of bromine could be compared with tho ef:t'ect of' l'!-bro"losuccin-

imide in this solvent. Pyridine vtas chosen partly because it !Jas the 

- _.. . . 93a . , 
reputatio-'1 of being a catalyst I or brom~natlons ana part1y because bromine 

dipyridine compounds were to be tried as brominating agents, and bromine 

in excess pyridine is probably 1
' bromine dipyridine bromide " 

The results of the bromil".a tions in these sol vents is summarised in 

the following table: 

Solvent 'f.:.£-bromoacena.ph thene yield of bromo products 

COl 4 8.1~ 74.3 (hif3h) 

acetic acid 5.42 77.1 (high) 

nitromethane 5.93 49.2 (medium) 

dim.ethylformamide 6.53 19.3 (low) 

pyridine 4.87 16.0 (low) 

The 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 be b~tter to group them into high, medium or low yields. 



Cn pp. 61-65 the effect of varying the initial co:1cent:r:ation::. of 

bromine and acer.aphthcne e.rc shovm. There is a small tr<Jr:d towards lower 

.2_-bromoacenaphthene percentages as the concentrations or' the 

decreased. To minimise the effect of these variations when dil'l'c~·e1:t 

solvents were being considered, care v.cas taken to ensure tllo.t ini.tiul 

concentrations vwre a.s conrr.ara ble as vras f' eas ible. ~·'or this rcn::.; on it is 

considered that the variations· in the isomer percentages tabulated or. p. 81 

are, although small, real. 

If' the isomer distribution Variations result from cJ:>.anE,eS in the 

size of the attacking entity, the species in the carbon tetrachloride 

solution was, no doubt, the simplest and the smallest, probably Br~ m· Br4 . 

Br4 is probably linear and theret'ore of similar bulk alonu; its axis to !~r 2 • 

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

or 

The reagent in ni tromethane could have been eX}Jccted to be more compact, . 

as the ortho% indicates, but the complex with dimethylformamidc might 

have been expected to be bulkier, and therefore to have t;iven tho smallest 

percentage of o-bromoacer.aphthene. A small percentage, as was found, 

would also have been expected with the pyridine solution. 'l'he reagent, 

most likely pyridine perbromide (which has been used for brominations 84' ) 

would have significant hulk. 

With this group o£' bromina tions the lower yields can be a ttri bu ted to 

competition between acenaphthene and the solvent for the bromine; one to 

react with it, the other to complex with it. 



Catalysis by Iodine: As could be predicted from previous considerations, 

the addition of iodine complieD. to s the issue. Since 

iodine monobromide is largely undissocia.ted in chloroform and cs.rbon teht-

94 
chloride solutions , iodine added to bromine solutionc> is pl'O;;;ont 

as iodine bromide Iodine chloride is normally an iodinating a~·ot1t 

(chlorination can occur in such sterically hir::.dercd molecules as l'cnta-
95 

methyl benzene · ) so ioc~ine bromide ·would also be expected to be nn 

96 
iodin.B.ting agent. It can be (antipyrine is largely iodinated by it) out 

usually its brominating properties dominate. It has been suggested tr1at 

iodo compounds are formed reversibly and the more stable bromo co:npounds 

97 
dominate the products. A more likely sur;gestion considers attack :1y a 

bromine entity and Br-Br bond fission being assisted by iodine or iodine 

bromide. 

It is curious that the bromination of naphthalene in acetic acid is 

strongly catalysed by iodine but that the reaction is reported as being 

98 
checked.,by the addition of iodine bromide . The addition of hydrogen 

bromide and alkali metal bromides also check the reaction but hydrochloric 

acid and sodiu.'ll acetate have no effect. It could be relevant that naph-

thalene and mesitylene are less readily brominated with iodine bromide itself 
99 

than they are with molecular bromine 

If, as has been suggested, bromination in carbon tetrachloride involves 

an entity containing Br4, the addition of iodine could involve Br2 .I2'and 

with iodine bromide all the combinations: Br2Br2, Br2I2, Bri.Br2 & Bri.Bri 

could be involved. If the aroma.tic hydrocarbon is particularly activated 

the differences between entities of the type Br2x2 might be negligible. 

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



isomer distributions was noticed in this work when a trace of iodine r,,ss 

added either to the carbon tetrachloride solution (p. 41) or to the acetic 

acid solution (p. 43). 'l'he percentage of .9_-bromoacenaphthene (1u. d5~.) 

obtained with iodine bromide in carbon tetrachloride indicates the ini'Lucnce 

of a dii'ferent entity £'rom the one involved in bromination vdth molecular 

bromine in the same solvent (8.11~~ ,9_). 1\n iodine bromide molecule wou.ld be 

larger than a bromine molecule so the increased ortho yercentage cannot be 

e:>..'Plained in terms of reagent size unless the attacking entity in the first 

case is IBr and in the second, Br4. 

Bromination with Bromine Acetate: 

bromine the resulting solution can 

vn1<m silver acetate is shaken vri th a 

solution of carbon tetrachloride and 

with 
reactl\a double bond to rive a 1,2-bromo-

acetate 
101 

This suggests bromine acetate can exist in carbon tetra-

chloride solution. Since a standard method of bromo-decarboxylation 

consists of heating the silver salt of the acid with bromine (Hunsdiecker 

Reaction), bromine acetate would not be expected to be stable enough to be 

isolated. Probably 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). 

102,105 
'lwo groups of workers have used bromine trifluoroacetate 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 

·~P d t a· 105 ~.ura-re s u 1es • The yield in carbon tetrachloride102 was lower (75%) 

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

sistent with the claim102that bromine trif'lu~roacetate is a source of 



positive bromine since this is known to 
' IiI'{ 

'70. 3~' _£-bromotoluenc' ~ und 

even molecular bromine in aqueous acetic acid s 32. 9y~ ~-bromotolucne. '/~') 

l<'or this reason, a neutral entity is prol;ably involved at the orientation 

determining stage. 

Bromine acetate has been found to be less reactive than bromine t:ri-

fluoroaoetate and bromine trichloroacetate was not so convenient.. to use 

because the silver salt is light sensitive and silver chlm·idc tends to 

102 
formed • 

The results for the bromination of' acenaphthene with browinc acetate 

(p. 46) could reflect the instability of the reat;ent. The lower o-bromo-

acenaphthene p.ercentage obtained with molecular bromine in the same :solvent 

suggests that bromine acetate, although bulkier than bromine (Br2 or Br,h) 

is less selective because it is a more powerful electrophile. There is 

the possibility that the following cycle might be involved: 

Br (trace) 

BrO~CH5 

+ .ArH 

HBr 

HBr + ArBr 

= 

This suggests that bromine acetate might be just a source of bromine (Br~) 

but this does not agree with the above results nor with the recent (1962)c\aim 

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-

auccinimide in non-polar solvents, 

usually carbon tetrachloride, give mainly side-chain brornination products, 

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



It is nov1 thought that succinimidyl radicals are not involved in the 

t · b hat th · ·· 11 
100 reac ~on ut t e process J.S as I o ovi::,: 

Br· + RH = HBr + 

Br-Succ. ·r HBr 

+ RBr + Br· 

There is, however, strong evidence tf>.at this is not the only way 

in which N-bromosuccinimide can brominate. It has been shown that an 

ionic mechanism involving a non-atomic bromine entity better l'its the 

nuclear subs ti tut.ions of N-bromosuccinimide. \Vi th N-brornosuccini1nide in 

carbon tetrachloride or benzene fluorene gives a high yield ( 8/,r~.) of 

9-bromofluorene. Vlhen boron trii'luoride is included in the benzene, lilixturc, 

a good yield of 2-bromofluorene is obtained and this is also obtained in 

propylene carbonate without the addition or boron trifluoride etherate. 

That fluorene is not just being brorninated by bromine (from Br-Succ. + 

ITBr = H-Succ. + Brz, Brz + ArH = ArBr + HBr) is shown by the rate 

of this reaction being faster ( x 25) tr.an 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 and alkyl hypobromites. Dimethylform-

amide was also used as a solvent and when acenaphthene was brominated in it 

the results were almost identical as when propylene carbonate was used 1°6. 

+ 
In 1946 Schmid suggested a cationoid complex of the type R2~n.Br was 

involved when N-bromosuccinirnide was used to substitute benzene and toluene 
107 

in the presence of concentrated sulphuric aci'd. Lambert et al (1865) also 



used sulphuric acid and N-bromosuccinimide on toluene and obtained an 

isomer distribution very similar to the one obtained with "posi ti vc 

87. 

bromine 11
• But they claimed that "it is patently fallacious to draw 

strong mechanistic conclusions from this correlation"108 and they llointed 

out that N-chloromo:rpholine109 apparently chlorinates via a protonated 

species. Winstein et al (1950) 110 mention, without further detail, that 

they have used N-bromosuccinimide for several year& as a source of positive 

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

the above claims that a cationoid complex is involved. 

In this work, the percentage of ortho compound obtained when acenaph

thene was brorninated with N-bromosuccinirnide in dimethylformamide is less 

than when bromine was used (5.04-5.4651c against 6.3351~), but the yields or 

total bromoacenaphthene were actually the same. Comparisons of' these low 

percentages of ortho compound with the much higher percentages obtained 

with positive brom:i.ne entities (pp. 4.·9-51) 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. However, the results from the present work must be treated with 

caution, since N-bromosuccinimide solutions in dimethylformarnide deteriorate 

on standing and the effect of such deterioration is unknown. DL~ethyl

formamide was used as the solvent because propylene carbonate was not 

available. 



Bromim.tion with Dipyriciine Entities: :3romine nitrate has been prepa:x:cd 

but its stability is very low.l..L.i. 

:;u. 

'' 2 
Bromine di:pyridine 'nitrate is much more stable and belongs to a serics.lJ. 

of bromine dipyricline solts which include the acctatc 1 the perchlorate, 

the fluoride, Br(Py) 2SbF6 & Br(Py) ~S001!'. 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 somtion (sec pp. 47-49). The bulk 

of the di:py-.ddine bromo entity would prevent it form reacting directly 

with the acemphthene nucleus and the low ortho percentages obtained arc 

not consistent with attack by a free 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 (3.561~ cf. :5.1~'}:;, pp. 42, 

49) it is possible that the following scheme applies: 

:: 

+ ArH products (including HBr) 

An equivalentpath leading to Br2.nPy (n = 1 or 2) in the pyridine solution 

is unlikely for the nitrate and would not explain the higher _9rtho per

centage ( 5. 9~s against 4. 879~) or the higher yield ( 31. 5jo against 16j£) above 

those obtained when br.omine in pyridine itself was used. 
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Bromination with 11Positive Brominc 11 It is now generally thr: t. 

bromination by hypobromous acid in 

the presence of strong acid, in v>ater, aqueous acetic acid or aqueous 
115,93b 

dioxan involves a positive entity This entity is either the 

bromine cation (Br+) or a solvated variant (probably Br[H~) which would 

be more stable. 

Recently ( 1964) Olah et al ha vc shown that bromina tion oi' toluene in 

ni tromethane with bromine in the presence of !'erric c:r.loridc sivcs virtunlly 

the same isomer distribution as that obtained when either hypobro;,;ous acid 

or N-bromosuccinimide are used in the presence of' a strong acid. 'l'hese 

results are tabulated below: 

Reagent %£ o! 
;~:£ 

Br ~, J.<'eC1 3 in ni tromethanc 71.1 1.6 27.3 obtained unccr 
dii'f'crent mixing 

68.7 1.8 ::::9.5 conditions 

HOBr, HCl04 in 50% dioxan 70.5 2.5 27.4 

N-Bromosuccinimide in H2S04 67 2 31 

They :have also shown that the ferric chloride catalysed brominations of 

a series of methyl benzenes have rates that correlate better with the 

stability of'T(-complexes than with 0'-oomplexes. Similar evidence has been 

used to deduce that rr-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 oases 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'lose their rnea:~ng when molecules 



100. 

compete first and the individual positions later. Reversing this train 

of thOU£~ht, partial rate factors of less than one at meta positiOJ<S or 

activated molecules may indicate that the reaction goes by a "11-complcx. 

V/'.nen biphenyl is bromina ted by hypobromOUS acid in 50f diOY.an in the 

presence of perchloric acid, the partial rate factor for the met<"' position 
114 

is 0. 28. 

Ji' a 7r-complex is involved with these high activity brolllillations it 

may not be the simpliest AriiDr+ type since Olah et al noticed the 9)2. 

ratio increased when the reactants were diluted, suggesting some degree ol' 

solvation occurs. 

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

brominated by hypobromous acid in acetic acid, of' the isomer distribution 

1011-
upon the acidity of the medium and this is illustrated in the table bcl.ow: 

:Molarity of perchloric acid o.o 0.008 0 •. 11 0.1G 0. 20 

% of E-bromobiphertyl 75 68 47 46 46 

Molarity of sodium acetate 0.005 0.01 

% of E-bromobiphenyl 79 79 

(In 50% aqueous dioxanjHCl04 the isomer distribution was 41. 7/~E. 1. 5~,;!E. b6. 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 f'or the reagent than has biphenyl, 

and is therefore less dependent upon the acidity of the solution. The 

higher percentage of ~-bromoacenaphthene formed in 75% dioxan, compared with 

that obtained in 75% acetic acid (52.4% compared with approximately 257-\) 



may be due to a solvation efi'ect similar to that ob::;erved by Olah (vide 

supra). 

The exceptionally high percentages of ~-brornoacenaphthene obtaineci 

with hypobromous acid is additional evidence that a difr'erent mechanism 

ma.y be operating with this reagent. Conventional attack by a solvated 

101. 

Br+ entity, to give a Cf'-complex, would require it to have very hi1:)1 

activity to overcome its size and to give the observed hi~~ orth~ percentage. 

The initial formation of /'f-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 Hydroe<:D.'bons: 'l'he rcsul ts for when molecular bro1dne 

tabulated below: 

Hydrocarbon 
Solvent 

HOAc (Br2) 

DiMe-formamide (N-BrS.) 

Aeon ph. 

8.01 

5.58 

5.4-6 

and N-bro:nosuccininri.dc were used are 

£ 1{, 's 

DU!:oNph. Perinph. Pleiadanc 

4.62 (j. 4-'1· 5. ,St.l-

4.44 4.01 5.53 

6.50 5.61 5.45 

Bromine in carbon tetrachloride is the simpliest reagent and therefore 

the corresponding results arc probably the most easily interpreted. The 

order observed : Js _e. aoenaphthene > perinaphthane) pleiadane ) 1, 6-di

methyl naphthalene, has 1,8-dimethyl naphthalene displaced i'r·orn the 

order predicted from consideration of possible steric efi'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 find that the order of 9rth£ percentages changes drastically with change 

in solvent. Wnereas in carbon tetrachloride acenaphthene gives the highc~t 

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 results • 

. 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. 
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Coropeiili:ve Studies: More d.efini te inforwa tion is given by tho co:npcti U.ve 

studies. These do not give a full picture of the range 

of reactivities since, for exampLe, near the end of the reaction invoLving 

acenaphthene and perinaphthane, the reagent is :nore 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 investir;atod 

during this series of bromina tions, the order is d.efini te ami in decrea" ing 

order of reactivity is: acenaphthene, perinaphthane, pleiadane, ~ ,8-ciimethyl-· 
100 

naphthalene. It is interesting to note that Berliner (1965) mcnti.oncd 

that the partial rate factor for the para bromination (in aqueous acetic 

acid.) of 1,8-dimethylnapht~~lene is 257 tiroos smaller than that for 

acenaphthene. The increased reactivity is ascribed. to internal strain in 

the acenaphthene molecule and a comparison is made with analogous anomalous 

strain and reactivity in fluorene. 

An interesting effect was noted. with the brominations with hypobromous 

acid. The more reactive member of the pair of hydrocarbons gave a 

depressed. value of 10031(£+£), 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 discrimination, but when it was used up the 

more discriminating bromine would attack mainly the more reactive hyd.rocarbor 

to give a low 100.2/(£+E)value for this hydrocarbon which lower the overall 

size of this value. 
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