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1. INTRODUCTION

Tetrahydrophthalic acids and their anhydrides, as well
as tetrahydrobenzoic acids, are readily accessible com-
pounds, being obtained by diene synthesis from conjugated
diene hydrocarbons with maleic anhydride, its homologues
and cyclic analogues, and hence with cinnamic acids:

1
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The chemical and physical properties of tetrahydro-
phthalic acids of various structures have been reviewed by
Buckles!, who examined methods for their preparation,
reactions involving addition at the double bond, reactions
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of the carboxyl groups, oxidative reactions, and also
reactions involving isomerisation and dehydrogenation.

The present review surveys the conversion of 1,2,3,6-
-tetrahydrophthalic (cyclohex-4-ene-1,2-dicarboxylic) acids
and their anhydrides and alsoof 1,2,5,6-tetrahydrobenzoic
(cyclohex-3-enecarboxylic) acids into aromatic hydrocar-
bons.

2. AROMATISATION OF ADDUCTS OF DIENE SYNTHESIS
— TETRAHYDROPHTHALIC ACIDS AND THEIR AN-
HYDRIDES — BY DECARBOXYLATION AND DEHYDRO-
GENATION

Aromatisation of the adducts from diene synthesis is
usually accomplished in three successive stages: (I) tetra-
hydrophthalic anhydride is dehydrogenated, the resulting
aromatic anhydride is converted into the acid or a salt, and
the product then subjected todecarboxylation; alternatively
(IT) the initial tetrahydrophthalic anhydride is first con-
verted into tetrahydrophthalic acid or a salt thereof, a
hydroaromatic hydrocarbon (or a mixture of isomeric
hydrocarbons) is obtained by decarboxylation, and then the
hydrocarbon is dehydrogenated to an aromatic hydrocarbon;
or finally (III) the adducts undergo simultaneous decarboxy-
lation and dehydrogenation:

C\O > 7 N ( cooH 7N
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Thus the first reaction sequence (I) has been used for
the synthesis of phenanthrene and 3,4-cyclopentenophenan-
threne 2:

quinoline

Decarboxylation of calcium phenanthrene-1,2-dicarboxylate
by heating with copper carbonate in quinoline gave, instead
of phenanthrene, a substance of undetermined structure.-

Dehydrogenation of Adduct from Diene Synthesis

Dehydrogenation of adducts by heating with sulphur has
been described by other workers too3~5. Some adducts
are resistant to heating with sulphur (for example 1,2,3,4-
~-tetrahydro-1,2-dimethylphenanthrene-3,4-dicarboxylic
anhydride), but are readily dehydrogenated by selenium<.
When adducts are heated with selenium, however, dehydro-
genation may be accompanied, depending on their structure,

by decarboxylation, for exampleS$:
OK
\co ‘ ‘ (N,)
(CHJ)3 {CHs3)y C(CHjy)s C(CHan

or else decarboxylation alone may take place:

%{) C

/CO-
CO" AN /—CH
(A)

Tetrahydrophthalic acids and their anhydrides can be
dehydrogenated in other ways. Thus the anhydride (A),
which on being heated with selenium was decarboxylated
and converted into methylcyclohexenochrysene, was not

" decarboxylated but dehydrogenated on being heated with
lead tetraacetate”:

0 ~

c 7 Pb (OCOCH,), _,
7
0\ -
co—\/ 3

(A)
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1’,2/,3' 4’ -Tetrahydro-p -terphenyl-2',3’ -dicarboxylic
anhydride was converted into a salt of 3,6-diphenylphthalic
(p-terphenyl-2’,3’ -dicarboxylic) acid by heating with
potassium ferricyanidet (in sodium carbonate solution)8:

?. H, CeHg
‘ o X Fe(CN), ‘ COOK
Ne,CO, COOK
|
oHs CeHy

This same anhydride was dehydrogenated by heating in
nitrobenzene !0,

The partial dehydrogenation of fused hydroaromatic an-
hydrides by heating them with bromine in acetic acid has
been described !:

Diene synthesis in nitrobenzene yields aromatic an-
hydrides directly. Thus when 1,2,4-triphenylbuta-1,3-
-diene was heated with maleic anhydride in nitrobenzene,
only 3,4,6-triphenylphthalic anhydride was isolated 2

CaHs CeHs
7 CO  CeHsNO,  H,C, o
+ —~0 — ? o]
[ o co
CgHs CgHs

1,2~-Diphenylpenta-1,3-diene and maleic anhydride under
these conditions yielded 3-methyl-5,6~diphenylphthalic an-
hydride 2:

CyH, CeHs
co SIZAN
Hy + “ No  cHNo, | PG @0
0 0 '
1
CHs cH
3

Diene synthesis with 9-cyclopentenylphenanthrene and
maleic anhydride in nitrobenzene took place in an analo-
gous manner %

’!
O - e
()

.t The action of this reagent on tetrahydrofluoranthenedicarboxylic
acid produced decarboxylatiorf as well as dehydrogenation, with
the formation of fluoranthene® (see p.577).
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Many multifused aromatic hydrocarbons (perylene!3,
ovalene 4, 2,3:4,5-dibenzocoronene %), which do not give
adducts with maleic anhydride when heated in inert sol-
vents, form adducts of aromatic structure on being heated
in nitrobenzene, for example:

e

Anhydrides of aromatic structure can be obtained also
by heating the components of diene synthesis in the pre-
sence of chloranil 6=20;

2
| ¢
OO co chloranil OO
o=

s
“O “O

Decarboxylation of Aromatic Dicarboxylic Acids, Salts,
and Anhydrides Obtained by Dehydrogenation of Adducts
of Diene Synthesis

Such decarboxylation has been carried out in various
ways — by dry distillation with zinc dust in the presence.
of calcium oxide?, by heating with copper powder in the
presence of sodium carbonate and calcium oxide?! or bar-
ium oxide #!! or hydroxide®, by heating with calcium
hydroxide 22»23, or by prolonged heating with caustic potash
in an autoclave ?,
or boiling in quinoline with copper !!,15-18,2! or copper car-
bonate 3s7.

Decarboxylation is most often effected by dry distilla-~
tion with soda lime and boiling with copper powder in
quinoline. The reaction can go in different ways depending
on the structure of the initial compound and on the reagent
employed. Heating fluoranthene-3,4-dicarboxylic anhy-
dride with calcium hydroxide at red heat, for example, gives
a 50% yield of fluoranthene; when the same anhydride is
boiled with copper bronze in quinoline, only partial decar-
boxylation occurs, the reaction product being fluoranthene-
-3-carboxylic acid?2:

3-p-Biphenylyl-6-phenylphthalic anhydride on being
heated with copper carbonate in quinoline was converted

dry distillation with soda lime8s'3-15,17-18

into a 31% yield of quaterphenyl®; whereas when an aro-
matic anhydride having a fused polycyclic system was
heated under these conditions, only partial decarboxylation
took place, the product of the reaction being the corres-
ponding monocarboxylic acid”:

CuCO
Cs“sCch oHy ———
quinoline

C‘ICOS “
quinnline
#CO HOOC
He CHy

1,2,7,8-Tetrahydro-3,4: 5,6-dibenzophenanthrene-9,10-
~-dicarboxylic anhydride on decarboxylation by heating with
copper in quinoline gave the tetrahydro-3,4:5,6-dibenzo-
phenanthrene; when this anydride was heated under the
same conditions but with the addition of barium hydroxide,
decarboxylation was accompanied by dehydrogenation and
pyrocondensation with the formation of 1,12-benzoperylene;
when barium hydroxide and zinc chloride were added to the
reaction mixture, the anhydride underwent decarboxylation
and dehydrogenation, but in this case 3,4: 5,6-dibenzophen-
anthrene was isolated as the final product of the reaction!!:

The anhydride of 1-1’-naphthylphenanthrene-2,3-dicar-
boxylic acid can also undergo decarboxylation in various
ways 2! depending on the conditions and the reagents used:

el O
=9 O‘O

CeHsCsHiCeHiCoHs §
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The adduct of perylene and maleic anhydride on being
heated with copper powder in a vacuum underwent break-
down, the original perylene being re-formed !$:

Coronene-1,2-dicarboxylic anhydride was decarboxy-
lated to only an insignificant extent on being heated with
copper in quinoline; successful decarboxylation of this an-
hydride to coronene (as also of the maleic anhydride adduct
of perylene to benzoperylene ') was accomplished by heat-
ing with soda lime (in a current of nitrogen at 400°)8;

When soda lime is used as decarboxylating agent, reac-
tion usually occurs in only one way, with formation of the
corresponding aromatic hydrocarbons (in higher yields than
when copper in quinoline is used). Thus a good yield of
p~terphenyl has been obtained by distilling potassium 3,6-
-diphenylphthalate with soda lime®:

NaOH.CaO

HCe—< S—CgHy ————— C¢HyCoH,CsHs.

e
KOOC COOK

Decarboxylation with soda lime of dehydrogenated adducts
of diene synthesis has been used to obtain many fused poly-
cyclic aromatic hydrocarbons. Clar synthesised ovalene
by distilling with soda lime (at atmospheric pressure and
400°) the adduct of 1,14-benzobisanthene and maleic an-
hydride or the adduct of bisanthene with two molecules of

maleic anhydride !4;
pese

00 e .

Analogous reactions have been used to convert 2,3 : 8,9-
~-dibenzoperylene into 1,12:2,3: 8,9-tribenzoperylene 14,
and 2,3:10,11-dibenzoperylene into 1,12:2,3:10,11-tri~

benzoperylene '¢:

0

+ EZ%U 0 NaOH, ;
A 6 Ca0

chloranil O

CO
4 chloranil

2,3:4,5-Dibenzocoronene has been obtained by heating
2,3 :4,5-dibenzocoronene-9,10-dicarboxylic anhydride with
soda lime at 500° (in a vacuum) in a current of hydrogen !5:

i OO‘ Qo tuok:_

When the dianhydride resulting from the interaction of
di-1,8-naphthyleneanthracene (tetrabenzopentacene) and
maleic anhydride in the presence of chloranil is heated
with soda lime (under the conditions described for the pre-
paration of coronene!®), formation of the normal reaction
product, dinaphthoperopyrene, is accompanied by that of
yet another polycyclic aromatic hydrocarbon [“circum-
anthracene” (Ed. of Translation)]!%:

.O
L

From the published results above it can be concluded
that the conversion of adducts of diene synthesis into aro-
matic hydrocarbons by dehydrogenation followed by de-
carboxylation has been accomplished by many workers
using various techniques and various dehydrogenating and
decarboxylating agents. But methods which have been
used successfully for the aromatisation of some adducts
prove unsuitable for other adducts, sometimes of similar
structure, and therefore the reactions which have been
described (and the reagents employed in them) are not of
general validity.

In the work of Fieser®:24726, Sen-Gupta2?~2%, and their
coworkers, and also in the work of other investigators?3?,
conversion of adducts of diene synthesis into aromatic
hydrocarbons has been achieved by dehydrogenation and
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decarboxylation in a different sequence: the initial adducts
(or acids and salts obtained from them) were subjected
first to decarboxylation and then to a subsequent dehydro-
genation. This route (II) (p. 571) would have advantages
over the first series of reactions (I), as it might be em-
ployed for the synthesis of hydroaromatic hydrocarbons.
However, dibasic hydroaromatic acids or their anhydrides
on decarboxylation usually yield a mixture of isomeric
hydroaromatic hydrocarbons. Thus decarboxylationi of the
potassium salts of dibasic acids of the hexahydrochrysene
or hexahydrophenanthrene series (by heating them with
excess of caustic potash) yields a mixture of hydrochrys-
enes or of tetra- and hexa-hydrophenanthrenes respec-
tively 6,24726

COOK
R R R
R xom R Se R
O —_— O cook T hydrophenanthrenes ——= ‘ :
R, R,

Rl
(R=H,CH; ; R, =H, C(CHy);)

R R
R gon R ROH
— —=———= hydrochrysenes ——
COOK
R
R

330 - 360°
Se . .
N\ (R=H,CHj)

When the calcium salts of dibasic acids obtained from
adducts of various diene hydrocarbons with cyclopent-1-
-ene-1,2-dicarboxylic anhydride were distilled with calc-
ium hydroxide, a mixture of hydroaromatic hydrocarbons
was also formed, dehydrogenation of which gave the cor-
responding individual fused aromatic hydrocarbons contain-
ing the indane system, for example 27-29;

o co-cf®mof-

OO

Thus the method is not suitable for the synthesis of
individual hydroaromatic hydrocarbons of this structure:
furthermore, subsequent dehydrogenation of hydroaromatic
hydrocarbons is sometimes accompanied by cyclisation,
aromatisation, or dealkylation. Hence the aromatisation of
diene adducts by decarboxylation followed by dehydrogena-
tion is of only limited application.

00K

Ca(OH)2 mixture of hydrocyclopentenophen=

anthrenes

Depending on their structure, some diene adducts can be
converted into aromatic hydrocarbons by simultaneous de-
carboxylation and dehydrogenation (III) (p. 571). Such a
reaction is effected by the action of catalysts, such as
platinum and palladium blacks 3!, palladium on carbon 32~
and others?30,83-48

1 Decarboxylation was accompanied by partial dehydrogenation
and decarbonylation, and also elimination of potassium formate
and oxalate %

Thus the calcium salt of the dicarboxylic acid obtained
by hydrolysis of the adductof 1-vinylnaphthalene an.d methyl-
maleic (citraconoyl) anhydride has been converted into
1-methylphenanthrene by heating with palladium black in a
current of nitrogen at 310°;:3t

(/ -—CH,.
|,

UH b

3,4-Dihydro-6—methoxy-1-vinylnaphthalene on reaction
with methylmaleic anhydride forms a mixture of isomeric
(“ortho” and “meta’’) adducts, the structures of which were
proved by heating them each with palladium on charcoal (in
a current of nitrogen at 300°-315° or 320°), when they were
converted respectively into 7-methoxy-1(and 2)-methyl-

phenanthrene 32,37;
OOH Ha
7 CHa
A CH,0 CH;0
CHy Hs
O0OH H)
COOH _Pd/C
CH;0 l CHO OO

Butz and his coworkers subjected to aromatisation the
dianhydride of steradiene-6,7,11,12-tetracarboxylic acid
— the adduct of cyclohexenylcyclopentenylacetylene with
two molecules of maleic anhydride — by heating it to 340°-
390° with palladium on carbon (in the presence or absence
of calcium hydroxide), with the aim of preparing 1,2-cyclo-
pentenophenanthrene 33 34;

(o]
\ £
g\p "‘—"""1 S Pd/C
io
OC—

The structurally analogous dianhydride of tetradeca-
hydrochrysene-5,6,11,12-~tetracarboxylic acid on being
heated under the same conditions was converted only into
an insignificant yield of chrysene35:

N\ —coo

—COO
=

oéo‘co
q\@ ve [cgo el ’ *
(R=H,CHy) o(‘%go

The adduct of cyclohexylbuta-1,3-diene and maleic an-
hydride has been converted into bipheny! by heating its
benzene solution in the presence of 10% palladium on car-
bon in an atmosphere of nitrogen at 300° for 7 h: 36

AN

N\ (J

/
i \ Pd,C
)+ /0 —_— /\— C O
% “ }
—CO

CeHsCeHs

TN
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The structure of 1,2-dimethylenedecalin has been proved
by converting its adduct with maleic anhydride into phen-
anthrene (in 67% yield) by heating it in the presence of 10%
palladium on carbon and a copper—chromium oxide cata-
lyst at 275° for 35 h: 4

O0C—q -

co
H’ O
H, Q Pd/C
—_ B
®=( + @° Cu, CrO; .

It is interesting that the vacuum distillation of the adduct
of 1,2-dimethylene-3,4-diphenylcyclobutane with maleic
anhydride in the presence of a mixed catalyst (10% pallad-
ium on carbon together with barium oxide) gives a mixture
of two hydrocarbons, o-dibenzylbenzene and its dehydro-
genation product, 9-phenylanthracene *:

H, co HCe CcO
N\
HiCe I]ic + 2 l >0 puc
H, —_— K —CO
Co i,

8Ce——

C.H,,CH, ‘
C.«,H,CH,

In a study of the condensation products formed by
1-vinylcyclohexene with methylmaleic anhydride, Nazarov
converted the isomeric acids obtained by hydrolysis of the
“ortho” and “meta” adducts into methylnaphthalenes. Aro-
matisation was effected by heating benzene solutions of the
acids in the presence of 10% palladium on carbon in an
autoclave at 360°-370° for 18 h:3®

/\/\

ﬁ . |\[ S O/Cg:;, Y
Q

Under the same conditions isomeric methylnaphthalenes
were obtained from acids, themselves obtained by hydro-
lysing diene adducts of 1-vinylcyclohexene with dimethyl
mesaconate °;

c1-18

+ CHy00CCCH;
HCCOOCH;

When the dicarboxylic acid obtained by hydrolysis of the
adduct of cis-3,4,5,8,9,10-hexahydro-6,9-dimethyl-1-vinyl-
naphthalene with methylmaleic anhydride is heated over
5% palladium on carbon in an autoclave (1 h at 140°-150°
and 2 h at 340°-350°), decarboxylation and dehydrogenation

576

areaccompanied by partial demethylation, the methyl group
in the ring-fusion position being split off with the formation

of 1,7-dimethylphenanthrene %: N
CH, lCOOH ‘
O U A
HC H’C‘\/\/ HyC— [

Similar demethylation took place in the aromatisation of
7,13-dimethyl-A %8 -decahydrophenanthrene-1,2-dicarboxy-
lic acid. This acid, which has a similar structure to the
above, was converted into 2-methylphenanthrene on heating
over 10% palladium on carbon under more severe condi-
tions (370° for 11 h), but the yield was only 4% 38:

ﬂ \\—-COOH (\/
fﬂ; \—COOH pac /\)L

HCA N\ “-‘C‘\/’

Thus this method for the aromatisation of the adducts of
diene synthesis in the presence of catalysts also is not of
general application, often giving low yields of aromatic
hydrocarbons and being accompanied by side-reactions,
including dealkylation.

Aromatisation with decarboxylation over palladium on
carbon is characteristic not only of tetrahydrophthalic acids
(or their anhydrides), several hexa- and di-hydrophthalic
acids undergoing a similar reaction. For example, hexa-
hydro-2,3-dimethylphthalic acid, obtained by hydrogenation
of the adduct of {vans-pentadiene with methylmaleic an-
hydride, was converted into o-xylene by heating with 10%
palladium on carbon in a sealed tube at 320° for 24 h;
heating under the same conditions for 16 h produced only
partial decarboxylation with the formation of 2,3-dimethyl-
benzoic acid*?:

Hi Hs
P, ﬁcu, CHy
CQ —~COOH P10,y
+ 0 —> —» —_—t
N | C5O cooH  (CH3COUH)
C
COOH Pd/C \i‘

Several substituted dihydrophthalic acids (obtained by
hydrolysis of the adducts of dienes with acetylenedicar-
boxylic ester) have been converted by heating them with
palladium on carbon in the presence of a copper—chromium

V4 *COOC2H,
R [

oxide catalyst3,44,50:
R— COOH  pyc
R=H, CH,),
+“_ COOGH, R—(][}ECOOH Cucr0s [ j( )
(\r\l/ I‘l_l:COOCzHo /W/j EZOOH Pd/C t\r”\"/\
+ ——— )
FA VAN COOC,H, NN \J OOH Cu—Cr0, /\/\)
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An interesting reaction is the oxidative decarboxylation
of dihydrophthalic acids. Lohaus converted 3,6-dihydro-
-3,6-diphenylphthalic acid (from the adduct of 1,4-diphenyl-
butadiene with acetylenedicarboxylic ester) into the theore-
tical yield of p-terphenyl by heating it with K, Fe(CN), in
alkaline solution“®:

(Cde CIHI
COOC,Hs COOH
+ l[ —— ] ] ———— CHyCHCHs.
COOC,Hs COCH
CeHy C.H,

McDonald and Campbell used the Lohaus method (with-
out isolating the products of diene synthesis from the reac-
tion mixture) to obtain high yields of polyphenyls: p-ter-
phenyl (in 60% yield), 4-methyl-p-terphenyl (70%), 4,4"-di-
methyl-p-terphenyl (42%), quinquephenyl (52%), and 4,4""-
and 2’, 3"’ -dimethylquinquephenyl 4%

CeHeR,

7’ COOC,H, N\ —COOH
¥ m: —_—— ) —— RCHCHCHR,
COOCsH, —COOH
C¢H4Ra

c.H.R,

CHRs

(Ry=Rs=H, CH; Ry =H , Ry=CH,).

CHR C1H4R

Rl— L —COOH

A o ——
He COOC;Hs H,

c.
E]—coon
R,—\_Y--coon
HR dHR
__-—.RC,H.—<;;>—C,H‘ ¢ D-CHR
R, 8

(R=R,=H; R,=H, R=CH; R=H; R;=CH,.

The substituted 1,2,3,6-tetrahydrophthalic anhydride
formed by reaction of maleic anhydride with the trans-diol,
itself obtained from acenaphthenequinone and methylmag-
nesium ijodide, also underwent oxidative decarboxylation
on being heated with alkaline K,Fe(CN), solution, and was
converted into fluoranthene (in 50% yield)®:

CH, CH,

o ' OH
A\ + 2CHy M Br + @
Y (CH3C0)20

( 0

KyFelCN)y
NaOR

e

Y

This reaction probably represents only a particular
case, since the same workers employed a different scheme
to prepare substituted fluoranthenes (7,10-dimethylfluor-
anthene, 1-bromofluoranthene, 7,8-benzofluoranthene, and

2,5-di-p-tolyl-8,9-benzofluoranthene), although these com-
pounds were obtained by them in considerably smaller
yields (12-25% %), for example:

l + 2CH;MgBr
—_———
Br

=

Several cases have been reported of the simultaneous
decarboxylation and dehydrogenation of tetrahydrophthalate
salts in the presence of zinc dust. Dry distillation of
calcium 3-phenyltetrahydrophthalate with zinc dust and
calcium oxide gave biphenyl:

chloranil
xylene

/Bt

-
\—~Co0
l |: >c; & CeHGiHs.
~cod

The same reaction has been used to convert calcium
tetrahydrophenanthrene-1,2-dicarboxylate into phenan-

threne 2:
coo\Ca
o m ‘
(1 =00
/\ /NS

Distillation of sodium 3,6-diphenylhexahydrophthalate
with zinc dust and caustic soda gave p-terphenyl:

HC—( —CeHs

1
NaOOC COONa

Zn

NaOH CIHlC‘HICIHB .

Diene adducts in which the anhydride group is combined
with tertiary carbon atoms are also able to undergo simul-
taneous decarboxylation and dehydrogenation on being
heated with soda lime in a vacuum. Thus the adducts of
dienes with cyclopent-1-ene-1,2-dicarboxylic anhydride§

§ Cyclopent-1-ene-1, 2-dicarboxylic anhydride gives with tetra-
substituted cyclopentadienones adducts which, on being heated in
tetralin, readily split off the endo~carbonyl group, being converted
into dihydroindanedicarboxylic anhydrides; these last compounds
are in turn decarboxylated and simultaneously dehydrogenated on
being heated with soda lime in a vacuum, also forming aromatic
hydrocarbons containing the indane system 5%

R, : R,
R~ R
o + 0<§ —_— —_—
Ri—\ Rs =co
R,
By
R NaOH , R,
Ry Ca0 Ry
Ry

R,

577
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have been converted into aromatic hydrocarbons containing
an indane group %:

Apart from the usual products of diene synthesis -~
1,2,3,6-tetrahydrophthalic anhydrides ~ the products ob-
tained by reaction of dienes with two molecules of maleic
anhydride can also be converted into aromatic hydrocar-
bons. Thus Wagner-Jauregg obtained 1-phenylnaphthalene
by distilling with zinc dust or barium hydroxide the adduct
of 1,1-diphenylethylene with two molecules of maleic an-
hydride %:

0 g
(¢}
* 2E$§0 2Zn, N
——— ——
O N\ Ba (OH)y PN
oHs Hs

When these “double” adductsT are heated with sulphur,
they split off one of the maleic anhydride molecules and,
being dehydrogenated, are converted into anhydrides of
arylnaphthalenedicarboxylic acids; the latter have in turn
been converted into their barium salts, which on decar-
boxylation by heating with copper bronze are converted into
1-arylnaphthalenes (in yields of 22—90%) 5%:%6:

T Aromatic and hydroaromatic hydrocarbons of the “styrene”
type on reaction with maleic anhydride may form “double” adducts
of different structure (of the Schmitz~Josten type), which on dry
distillation split off acrylic acid and are converted into lactones of

hydroxynaphthylacetic acid "%
?"’
?o
o ——o
2 /
—t | /c,o + CHy=CHCOGH.

H~ Hn
0 —
N\ C\O/
DO”

578

3,4-Benzophenanthrene has been obtained by a similar
series of reactions:

@OOO cgo_s_. oo_-.-m.:..
5

To obtain fused aromatic hydrocarbons of complicated
structure, Clar used addition products of non-benzenoid
fused polycyclic hydrocarbons with maleic anhydride.
These compounds, which are substituted succinic anhy-
drides, undergo aromatisation on being melted with sodium
chloride and zinc chloride, with the elimination of carbon
dioxide and water. Mesobenzanthrene has been converted
by this method into 1,2-benzopyrene (contaminated with

Similar schemes have been used to obtain 1,2:4,5-di-
benzopyrene ®, 1,12:10,11-dibenzoperylene®, and 2,3-ben-

zofluoranthene®, for example:
fa e O
e O‘O w4 QOO0
ZnCIg ’
7
\' V
It is evident from the published results which have been

quoted that only tetra(and hexa- and di)-hydrogenated
bhthalic acids and their anhydrides — the adducts of
dienes with maleic anhydride, its homologues and cyclic
analogues ~ have been converted into polycyclic aromatic
hydrocarbons by successive or simultaneous decarboxyla-~-
tion and dehydrogenation.

+ NaC
+ie. O e,
H—CQO

Hc6

The present reviewer has shown that tetrahydrobenzoic
acids - the adducts of dienes with acrylic, cinnamic, and
p-phenylcinnamic acids - can also be converted into aro-
matic hydrocarbons by simultaneous decarboxylation and
dehydrogenation without the use of any chemical reagents
or catalysts. This thermal aromatisation of tetrahydro-
benzoic acids is achieved simply by heating in an autoclave;
adducts with acrylic acid (at 500°) have given benzene and
alkylbenzenes 52:

| ) i
4 AN
]\ + I_cooH —— j'\ /'—coou = ﬂ

| | |
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Adducts of dienes with cinnamic acid have been decar-
boxylated and dehydrogenated by heating them in an auto-
clave to 400°, hydrocarbons of the biphenyl series being

::/ N—"

formed ©3:
R—( N
| | coon”
R—U )
4 R

{R=R;=H, CH;; R=H, R;=CH,).

NN

—CO i
—2H; R

Separate experiments established that the first stage in
the reaction is decarboxylation with the formation of cyclo-
hexenes, which are then dehydrogenated. Thus when
1,2,3,6-tetrahydro-2-phenylbenzoic acid (the adduct of
butadiene and cinnamic acid) was heated in an autoclave at
300°, it was merely decarboxylated with the formation of
cyclohex-3-enylbenzene; when the latter was heated in an
autoclave to 400° (i. e. under conditions for the aromatisa-
tion of 2-phenyltetrahydrobenzoic acids), it was readily
dehydrogenated to biphenyl %:

—CgH;
l —COOH

Adducts of p-phenylcinnamic acid already split off
hydrogen and carbon dioxide at 300°, being converted into
p-terphenyl and its homologues %4

R,—kjicsﬂ.cms

— /__\

anoe \ —CeHj 00°
X . /| O CHCH,

1

'f
/ C‘HAC(HD
+
| ’——COOH
R

Ry Ry

N
Inie

:=Ry=R(=H; R;=R =H, CHs, Ry=Ry=CH;, H; R;=Ry=R;=H,
R,=CHjy; Ri=Rs=R,=H, Ry=CHj).

(R,=R

Hydrocarbons of the benzene, biphenyl, and p-terphenyl
series can also be obtained in a single stage, by directly
heating under the above conditions the original components
of the diene synthesis (diene hydrocarbons with acrylic,
cinnamic, and p-phenylcinnamic acids respectively); yields
of the hydrocarbons are increased if the initial reaction
mixture is first heated in an autoclave under the optimum
conditions for obtaining the given adduct, and then at 500°,
400°, or 300° respectively %28

Dicyclic hydrocarbon ring assemblies — 1,1’-bi(cyclo-
hexenyl) and 1,1’-bi(cyclopentenyl) — yielded by the same
reaction polycyclic hydrocarbons containing the p-ter-
bhenyl system (2,3 : 4,5-dicyclohexeno-p-terphenyl and
2,3:4,5-dicyclopenteno-p -terphenyl) ©5:

{CH2)n

3. AROMATISATION OF ADDUCTS OF DIENE SYNTHESIS
— TETRAHYDROPHTHALIC ACIDS, THEIR ANHYDRIDES,
AND TETRAHYDROBENZOIC ACIDS — BY DECARBONY-
LATION AND DEHYDRATION

In all the methods described above, the conversion of
1,2,3,6-tetrahydrophthalic anhydrides (or acids) into aro-
matic hydrocarbons has been accomplished by successive
or simultaneous decarboxylation and dehydrogenation.

A fundamentally different route for the aromatisation of
such anhydrides is reaction with phosphorus pentoxide,
involving the simultaneous elimination of carbon monoxide

and water:
[:L No P, O+ 2C0+H,0.

This reaction, discovered in 1953 %, is now a general
method for preparing aromatic hydrocarbons of various
classes — alkylbenzenes, biphenyls, polyphenyls, and
fused aromatic and hydroaromatic hydrocarbons (tetralins,
indanes, fluorenes, phenanthrenes, octahydrophenan=
threnes, and chrysenes).

The aromatisation of 1,2,3,6-tetrahydrophthalic anhy-
drides by means of phosphorus pentoxide is distinguished by
its experimental simplicity (a mixture of the anhydride and
the pentoxide is heated in a Wurtz flask, and the resulting
hydrocarbon is distilled off), it gives high yields (40-90%),
and permits the preparation of aromatic hydrocarbons
having substituents in definite positions, uncontaminated
by isomeric hydrocarbons. Thus the maleic anhydride
adducts of the isomeric alkadienes CgH,, (hexa-2,4-diene,
2-methylpenta-1,3-diene, and 2,3-dimethylbuta-1,3-diene)
gave on aromatisation over phosphorus pentoxide the
isomeric xylenes %

CH, CH,
CO —CO PO,
C[3 —'r 3 —*O
co

|
CH, éHs
VAN
Hed HC—(N—C0  po, e o
b} k + ”_' \0 — u I >0 —_— '3 ‘ D'
J—co \
ch, CH,

H,C——T/

H,C—\

[3—2]

Q0 ro, HC
o, ,
Hel 1o HyC )
3 \/ N

Not only the anhydrides but the tetrahydrophthalic acids
themselves and their esters undergo similar cleavage under
the influence of phosphorus pentoxide, losing water and
carbon monoxide (and in the case of esters also eliminating
ethylene) and being converted into aromatic hydrocarbons.
Thus o-xylene has been obtained from 4,5-dimethyltetra-
hydrophthalic acid and its ethyl ester®":

HeC—"N\—COOH p,0, HyC—(
! N | +2C0+2H,0,
HyC— COOH HC

HyG—"N\—COOC,H; mo, HsC
|| — ‘ +2C0+-2H,0+4-2C3H,.
HC—{_)—CO0CH, HyC—
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It might be supposed that the first stage in the reaction 2"-
between phosphorus pentoxide and tetrahydrophthalic an- R— ¢ - R"l oo\ PO —CH,
hydrides is dehydration with the intermediate formation of R— +L_c 8 __c, R=H, CHy.
the corresponding diketens, which then undergo decarbony- N CHs N
lation with simultaneous intracyclic redistribution of hy- CH,

drogen and formation of a stable aromatic ring:

For aromatisation to take place via the intermediate for-
mation of diketens, it is necessary that hydrogen atoms
should be present in position 1, i.e in the a position with
respect to the carboxyl groups; reaction should not have
taken place with tetrahydrophthalic anhydrides having an
alkyl group in one of these positions. It was found, how-
ever, that in this case the reaction took place normally,
with the formation of aromatic hydrocarbons: adducts of
2,3-dimethylbuta-1,3-diene with alkylmaleic anhydrides
gave 1,2,4-trialkylbenzenes (1,2,4-trimethylbenzene,
ethyldimethylbenzene, and butyldimethylbenzene) 87,8;

T —r

(R=CHy, CsHs, GeHy).

From this it was concluded that the formation of aro-
matic hydrocarbons by the reaction of tetrahydrophthalic
anhydrides with phosphorus pentoxide is due to simultane-

ous dehydration (involving hydrogen atoms in the g positions

with respect to the carboxyl groups) and decarbonylation,
and does not involve the intermediate formation of diketens %":

| paeadin |
CH—} :

1 '0
CH— )

| )

Adducts of dienes with dialkylmaleic anhydrides can
also undergo aromatisation in the presence of phosphorus
pentoxide. This method has been used to synthesise tetra-
methylbenzenes (using dimethylmaleic anhydride as the
initial dienophil)®, ethyltoluene and ethyltrimethylbenzene
(using ethylmethylmaleic anhydride as dienophil) ™, and
also diethylpolymethylbenzenes (using 3,4-diethylhexa-2,4-
-diene as a suitable diene, and maleic anhydride and its
homologues as dienophils) 7s72;

-2¢0

Ry CH, IR‘ ?'
% ‘K . |/~—C3 Ry '/ _c?; PO, Ry CH,
R;—\ /0——’ Ry— C6 Ry / Hs
to H
R, \cHs : R,

(Ry=R¢=H, CH;; R;=R,=CH,, H; R,=R,=H, Ry=R,=CH,),
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ca, I
— Reo P0, CaHy—? DR
L >°""c,H.—‘\ /\ >°_—’c‘n. l—R;

{
AH, Hs CH,
(R=R;=H,CH,; R=H,, R;=CH,).

The aromatisation of tetrahydrophthalic anhydrides in
the presence of phosphorus pentoxide has also been used
to obtain tricyclic hydroaromatic hydrocarbons of fused
structure. The initial diene hydrocarbons were the
bi(cycloalkenyls): 1,1’-bi(cyclohexenyl), 1,1’-bi(cyclopent-
enyl), and 1-(cyclopent-1-enyl)cyclohexene>™. With
1,1’-bi(cyclohexenyl) as initial diene hydrocarbon, and
maleic and alkylmaleic anhydrides as dienophils, octa-
hydrophenanthrene andits homologues have been prepared 3:

®R=R;=H, CHy;

1,2,3, 6,7, 8-Hexahydro-as~indacene and its homologues
have been obtained from adducts of 1,1’-bi(cyclopentenyl)
with maleic, methylmaleic, and dimethylmaleic anhy-
drides 73:

R=H, R,=CH,).

(R=R;=H, CH;; R=H, R,=CH,).

The adduct of 1-{cyclopent-1-enyl)cyclohexene with maleic
anhydride has been converted by reaction with phosphorus
pentoxide into 4,5-cyclohexenoindane, which was then
dehydrogenated to 1,2-cyclopentenonaphthalene by heating
with selenium74:

l l
Lo ELCO/ ~ i}i % :
(S N/ @

In the synthesis of hydroaromatic polycyclic hydro-
carbons the dienophils used were cyclic analogues of
maleic anhydride — the 1,2-dicarboxylic anhydrides of
cyclohexene, cyclopentene, indene, and 3,4-dihydronaph-

3inall j\
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The products resulting from reaction of adducts of these
dienophils with phosphorus pentoxide were polycyclic aro-
matic hydrocarbons — tetralins, indanes, fluorenes, and
9,10-dihydrophenanthrenes. Their formation also involved
elimination of carbon monoxide and water, and in all cases
it was only the six-membered ring containing a double bond
which became aromatic.

The adducts of butadiene and its homologues (isoprene
and 2,3-dimethylbuta-1,3-diene) with cyclohex-1-ene-1,2-
-dicarboxylic anhydride on being heated with phosphorus
pentoxide gave tetralin and alkyltetralins 78:

)~ = (0

(R=R;=H,CHy;R=H, R/ =CHy).

Aromatisation by means of phosphorus pentoxide of
adducts of cyclohex-1-ene-1,2-dicarboxylic anhydride with
dicyclic diene hydrocarbons - 1,1’-bi(cyclohexenyl) and
1,1’-bi(cyclopentenyl) — yielded hydroaromatic fused
polycyclic hydrocarbons containing a tetralin ving system
(1-12-dodecahydrotriphenylene and dicyclopentenocyclo-
hexenobenzene), which were then dehydrogenated (by heat-
ing with sulphur or selenium) to triphenylene and 1,2: 3,4~
~dicyclopentenonaphthalene 75:

(CH)a (CH3)a
) XX e
{CHa)n (CHy)x

ZH:)A§ »
{CHy)n
{n=1,2)

The use of 1-(cyclopent-1-enyl)cyclohexene as initial
diene component enabled a polycyclic aromatic hydrocar-
bon containing the indane ring system (dicyclohexenocyclo-

pentenobenzene) to be obtained; it was dehydrogenated, by
heating with selenium, to 9,10-cyclopentenophenanthrene ™:

<D

Adducts of another cyclic analogue of maleic anhydride
— cyclopent-1-ene-1,2-dicarboxylic anhydride — have
been converted, by heating with phosphorus pentoxide, into
indane and its homologues, as well as into polycyclic
hydrocarbons containing the indane system — 4,5:6,7-di-
cyclohexenoindanet and 4,5 : 6,7-dicyclopentenoindane
(tricyclopentenobenzene) ™:

(-G~ (0@ - 10

(R=R,=H, CH; ; R=CHy,R=H),

T As mentioned in the previous paragraph, this hydrocarbon has
also been obtained by using phosphorus pentoxide in a different
123
way

{CH2)a H 1):-
Fé Se-xs
(CHa)n (x=2,1) (CHada (CHa)a

Thus aromatisation in the presence of phosphorus pent-
oxide can be used to convert adducts of diene hydrocarbons
with cyclic analogues of maleic anhydride into high yields
(44-84%) of dicyclic and also — with bi(cycloalkenyls) as
dienes — polycyclic hydroaromatic hydrocarbons, which
can then be dehydrogenated in the usual way to the corres-
ponding aromatic hydrocarbons.

A study has been made of the reaction with phosphorus
pentoxide of adducts of diene hydrocarbons with dienophils
of more complicated structure (indene-1,2-dicarboxylic
and 3,4-dihydronaphthalene -1,2-dicarboxylic anhydrides).
Under the influence of phosphorus pentoxide (at 160°-300°)
these adducts, like those of cyclohex-1-ene-1,2-dicar-
boxylic and cyclopent-1-ene~1,2-dicarboxylic anhydrides,
underwent aromatisation, eliminating carbon monoxide
and water and being converted into fluorenes” and
9,10-dihydrophenanthrene 7 respectively:

n,c <0 _Pa0s ,c
HsC & \CO U H,c

T ﬂ<2:‘~ ‘ 3 s “

In the case of one of the adducts of 3,4-dihydronaphthal-
ene-1,2-dicarboxylic anhydride, it was shown that heating
the reaction mixture with phosphorus pentoxide to 350° for
several hours resulted in the appearance of a secondary
reaction, dehydrogenation of the normal reaction product
(a homologue of dihydrophenanthrene). Thus when the
adduct from 2,3-dimethylbuta-1,3-diene was heated with
phosphorus pentoxide at 320°-350° for 6 h, instead of the
expected 9,10-dihydro-2,3-dimethylphenanthrene, only its
dehydrogenation product, 2,3-dimethylphenanthrene, was
isolated ™:

HyC ,co L
HyC T RC
HiC

H,C H:C
O - O

Adducts of the same dienophil with dicyclic diene hydro-
carbons proved most resistant to the action of phosphorus
pentoxide: their decomposition was carried out at 300°-
400° for 10 h, but neither 1,2: 3,4-bi(cyclohexeno)- nor
1,2: 3,4-bi(cyclopenteno)-9,10-dihydrophena.nthrene (nor the
corresponding phenanthrenes) were found among the reac-
tion products, both adducts giving only naphthalene-1,2-di-
carboxylic anhydride and naphthalene. The formation of
these substances can be explained by decomposition of the

_Pa0s__
- 2C0

—
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adducts at the high temperatures (300°-400°) into the origi-
nal diene (which resinifies under the influence of the phos-
phorus pentoxide) and the dienophil, 3,4-dihydronaphthal-
ene-1,2-dicarboxylic anhydride; the latter is converted
(by a type of irreversible catalysis) into a mixture of naph-
thalene-1,2-dicarboxylic anhydride, which does not change
further and is among the final products of the reaction, and
1,2,3,4-tetrahydronaphthalene-1,2-dicarboxylic anhydride,
which in the presence of the phosphorus pentoxide undergoes
the usual aromatisation, splitting off carbon monoxide and
water and being converted into naphthalene (second reaction

product) 7:
(CHy)n (CHy)a
o C co P20;
S N - +
O (CHgln {CHa)n
0C—0\ resinifies
0
+ O co
o0

Thus adducts of dicyclic diene hydrocarbons with 3,4-di-
hydronaphthalene-1,2-dicarboxylic anhydride, in contrast
to adducts of these dienes with the other cyclic dienophils
studied, undergo breakdown onbeing heated with phosphorus
pentoxide.

Depending on the structure of the diene adducts, their
reactionn with phosphorus pentoxide may not yield dihydro-
genated derivatives of aromatic hydrocarbons but the fused
aromatic hydrocarbons — phenanthrenes and chrysenes —
directly (in one stage).

The initial diene components used in the preparation of
hydrocarbons of the phenanthrvene series were 1-vinylnaph-
thalene and 1-propenylnaphthalene, the adductsi of which
with the simplest dienophils — maleic and methylmaleic
anhydrides — were made to react with phosphorus pentox-
ide %0;

(H!)ll
=
+
B
(CHan
_C (rn=2,1)

l

(R=R,=H, CHy; R=H, CH,, R,=CH,;, H).

The formation only of 1-methylphenanthrene (from the
adduct of 1-vinylnaphthalene) and 1,3-dimethylphenanthrene

i Adducts of 1-vinylnaphthalene and its homologues with some
dienophils are unstable: in acid medium or on prolonged heating
they isomerise readily into a more stable isomer, with migration
of the double bond into the naphthalene ring, Under the conditions
of diene synthesis employed?® all the adducts obtained were anhy-
drides of 1, 2, 3, 4-tetrahydrophenanthrene-1, 2-decarboxylic acid.

582

(from the 1-propenylnaphthalene adduct), not mixed with
isomeric hydrocarbons having a different orientation of the
methyl groups, provides in addition a proof of the “ortho”
structure of the adducts of these dienes with such unsym-
metrical dienophils as methylmaleic anhydride.

The synthesis of chrysene from 2-cyclohexenylnaph-
thalene was accomplished in a similar manner to that of
phenanthrenes from adducts of 1-vinyl- and 1-propenyl-
-naphthalene. 4b,5,6,62,7,8,9,10-Octahydrochrysene-5,6-
-dicarboxylic acid, obtained by hydrolysing the adduct of
2-cyclohexenylnaphthalene with maleic anhydride, was
heated with phosphorus pentoxide. Decarbonylation and
dehydration of the acid by the phosphorus pentoxide took
place only on gradual and prolonged heating (from 210°
to 350° during 6-7 h), 1,2,3,4-tetrahydrochrysene being
formed; a small amount of chrysene was also isolated from
the reaction products, its formation being due to simultane-
ous dehydrogenation8':

COOH
AN o HOO A
] +r >0—— /\/\/\J ~0
NS o
NS
/\I/\ |/\/)

N \/ NS (\/ l\/ N

— (000

The synthesis of homologues of chrysene by the same
method necessitated the use either of homologues of
2-cyclohexenylnaphthalene as the initial diene component,
or of homologues of maleic anhydride as the dienophil.
However, these last homologues do not react even with
2-cyclohexenylnaphthalene itself, and therefore chrysene
homologues were obtained by a synthesis involving a larger
number of stages but from more readily available compo-
nents.

2,3-Dimethylchrysene was synthesised by the reaction
of phosphorus pentoxide with 1,4,4a,11,12,12a-hexahydro-
-2,3-dimethylchrysene-4a,12a-dicarboxylic anhydride,
which was obtained by a two-stage diene synthesis: reac-
tion of 1-vinylnaphthalene with bromomaleic anhydride gave
3,4-dihydrophenanthrene-1,2-dicarboxylic anhydride, and
the latter then entered into a diene synthesis with 2,3-di-
methylbuta-1,3-diene in the presence of picric acid and
phenothiazine 8:

0 C6 + \ 3
—HBr

. oo’® -——- -

The tetrahydro-2,3-dimethylchrysene formed as an inter-
mediate was immediately and completely dehydrogenated
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under the conditions of the reaction (whereas tetrahydro-
chrysene was only partly dehydrogenated).

2,3,12-Trimethylchrysene could not be synthesised in a
similar manner using 1-propenylnaphthalene as the initial
diene: when the 1,4,4a,11,12,12a-hexahydro-2,3,12-tri-
methylchrysene-4a,12a-dicarboxylic anhydride obtained by
a similar two-stage diene synthesis was heated with phos-
phorus pentoxide, it resinified, and only on being heated
with palladium on carbon to 330°-340° could it be converted
into 2,3,12-trimethylchrysene®::

tion

e

It is evident from the above that the initial dienes
used in the synthesis of dicyclic and polycyclic aromatic
hydrocarbons have included alkadienes, bi{cycloalkenyls),
alkenylnaphthalenes, and alkenylcycloalkenes. Alkadienes
and alkenylcycloalkenes are in many cases obtained by
dehydration of the corresponding pinacols. In the syn-
thesis of several tetralin and indane hydrocarbons, the
adducts for aromatisation with phosphorus pentoxide have
been obtained in a single stage, by heating unsymmetrical
pinacols with maleic or methylmaleic anhydride in acetic

anhydride 82;
AN
)
Z 0OH —CO 2.CO _P0
(CHysb—OH TCHCOO J
HyC— N
tH
(R=H, CHy ’
CcO
U o U \
1-OH 0 <o |
(CHas—C—OH {CH,C0)0 l go PO, ) .
—C—
HLC CH,

The 5,8-dimethyltetralin and the 1,4-dimethylnaphthal-
ene obtained from it were uncontaminated with the isomeric
hydrocarbons 5,7-dimethyltetralin and 1,3-dimethylnaph-
thalene respectively, which could have been formed if the
initial anhydride had been contaminated with a small quan-
tity of the isomeric “meta” adduct, the anhydride of
Af-octahydro-2,4-dimethylnaphthalene-1,2-dicarboxylic
acid.

The use of pinacols enables the stage of preparing the
diene hydrocarbons to be avoided, the latter often being
unstable and polymerising readily under the conditions of
diene synthesis; the above method for obtaining several
homologues of tetralin and indane is simpler than the
method described earlier (p. 581).

The preparation of aromatic hydrocarbons from adducts
in which the diene component is a pinacol has been applied
also to the synthesis of methylphenanthrenes. Thus

9-methylphenanthrene has been obtained from the adduct of
the mixed pinacol of acetone and cyclohexanone with 3,4,5,6~
-tetrahydrophthalic anhydride®:

= Qo™

The aromatisation of diene adducts in the presence of
phosphorus pentoxide can be employed for the synthesis
not only of fused dicyclic and polycyclic aromatic-hydro-
carbons but also of non-fused hydrocarbons — biphenyls
and p-terphenyls. Thus 4-aryltetrahydrophthalic anhy-
drides, in which the aryl substituent is remote from the an-
hydride group (the behaviour of the 2- and 3-aryl anhy-
drides, inwhich the aryl substituent is located closer to the
anhydride group, will be considered below), behave in a
similar manner to alkyltetrahydrophthalic anhydrides on
being heated with phosphorus pentoxide, simultaneous de-
carbonylation and dehydration yielding aromatic hydrocar-
bons of these series 83,3 ’

R-C)*( I 5 R—Q@—co>o

Ry

R e
R,

+ (Lcge

(CH3C0)30
(CHy)s—C—OH

R=R,=H; Ry=CH,; R=H, CH,, CsHy, C,H,", C,H,}, C,H,).

A general method for synthesising alkylbiphenyls having
the unsymmetrical structure of 4’-alkyl-3-methylbiphenyls
(R = Alk, R, = CH,) involves the reaction of phosphorus
pentoxide with adducts of 2-arylpenta-1,3-dienes and maleic
anhydride. Here, too, there is no need to isolate the
2-arylpentadienes on formation from the corresponding
unsaturated alcohols: it has proved possible to make
maleic anhydride react (in the presence of acetic anhydride
and potassium hydrogen sulphate) with unsaturated aro-
matic alcohols — allylarylmethylmethanols — which are
readily obtained from p-alkylacetophenones, magnesium,
and allyl chloride, and are dehydrated (with simultaneous
migration of the double bond) in the process of diene syn-
thesis itself®:

Mg, CH,=CHCH,CI
pR—CoH,COCH, i

p-R—C.H.-—CI (CH) CH,CH = CH, —
OH

So
Ao

(CH,CO),0
—— [n-R——c.H.—c—CH ~CHCH, ] —C.H.T N —CO\O
-y i
CH, —co”
du,

(R=H, CHs, CiHy, CiH,%, GH,}, CH,).

Halogenaled tetrahydrophthalic acids and their anhy-
drides — the adducts of halogenated dienes with maleic and
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methylmaleic anhydrides — can also undergo decarbonyla-
tion and dehydration in the presence of phosphorus pent-
oxide 85:

x—/

X1]\+[ >0 — ]] :zz > 2o, L) +2C0+H,0

(X=Cl, Br, X,=H; X=X,=Cl),
CHg,

a’ /__co\O . c—" \i}é’oo;{ po. Cl—\—CH,§.
|\ o’ (k/__cooﬂ — I

Further study of the reaction of halogenated tetrahydro-
phthalic acids with phosphorus pentoxide gave unexpected
results: 4-chloro-1,2,3,6-tetrahydro-5-methylphthalic
anhydride (the adduct of methylchloroprene and maleic
anhydride) yielded, instead of the expected o-chlorotolu-
ene, p-toluic acid (with the elimination of hydrogen chlor-
ide and one molecule of carbon monoxide):

This type of anomalous reaction was found to be charac-
teristic of other halogenated tetrahydrophthalic acids. For
example, 3-chloro-1,2,3,6-tetrahydrophthalic anhydride
(the adduct of butadiene and chloromaleic anhydride) and
the corresponding 3-bromo derivative are converted into
benzoic acid on reaction with phosphorus pentoxide; but
in these two cases, in contrast to the preceding case, the
corresponding benzoyl halides were also isolated from the
reaction products:

"N\—COOH
)|( ! +CO+HX
O
L
CO

Thus if halogenated tetrahydrophthalic acids and their
anhydrides readily split off hydrogen halide, their aro-
matisation under the influence of phosphorus pentoxide does
not result in the formation of aryl halides.

N\ _cox
| " +CO+H0

Thus the two consecutive reactions — diene synthesis
using maleic anhydride, its homologues, and cyclic ana-
logues asdienophils followed by aromatisationof the adducts
by the action of phosphorus pentoxide — represent a con~
venient and fairly general route for the synthesis of mono-,
di-, and poly-cyclic aromatic and hydroaromatic hydro-
carbons of fused and non-fused structure, such as alkyl-
benzenes and their halogenated derivatives, tetralins,

8 The infrared absorption spectrum showed that the resulting
m~-chlorotoluene was contaminated with the para isomer, but
insufficient of the latter was present to be detected by chemical
methods (for example, by oxidation). The preferential formation
of the “meta”’ adduct in the reaction of chloroprene with methyl-
maleic anhydride is perhaps due to the fact that it was prepared
by heating in propionic acid, whereas the “para’ adducts of
chloroprene described by other workers *¢7** were obtained by
heating in non-polar solvents (benzene, toluene) or else in the
absence of solvent.
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a—¢ ——co Cl—"\—co #\—CooH
+ N — , oL | +C)4HCl.
HyC— & Hell 1o He Y

indanes, fluorenes, including polycyclic hydrocarbons con-
taining the tetralin, indane, and fluorene systems, and also
phenanthrenes and hydrophenanthrenes, chrysenes, bi-
phenyls, and p-terphenyls.

The above survey shows that all the reactions undergone
by adducts of diene synthesis (alkyl-, cycloalkenyl-, and
some aryl-tetrahydrophthalic anhydrides) under the influ-
ence of phosphorus pentoxide consist in simultaneous de-
carbonylation and dehydration. This represents the first¢
type of avomatisation veaction of adducts of diene syn-
thesis 83,

Apart from preparative purposes, the aromatisation of
diene adducts by means of phosphorus pentoxide can also
be used to establish the structure of the original diene
system. Thus this reaction has been employed by Kazan-
skii and his coworkers?! to identify the individual compo-
nents in the mixture of diene hydrocarbons obtained by the
dehydration of 3,4-dimethylhexane-3,4-diol (the pinacol
from ethyl methyl ketone):

HCr(7 +l$0 Hy Q p,0;  HsC /I
Hy! HsCy ) HyCr,

CH,

e Hy Hy
oHs
ur—é—ou _ 2H0 H,c 7 +leg® e %D P05 HsC
,c—i HsCr H:C;
2Ms
7 c" Hs Q. _e0y H;c
J(' N\

In order to establish the structure of alloocimene, its
maleic anhydride adduct was also subjected to aromatisa-
tion with phosphorus pentoxide: the product of the reaction
was 2,3,6-trimethylnaphthalene, the formation of which
was represented as follows %;

Hy HiC ?H;

% By O
i D ——
i oI,

\C7H21H

\j/cu, iHy
H, CHy CHy

The reaction of diene adducts with phosphérus pentoxide
— their conversion into easily identifiable aromatic.hydro-
carbons — is of value also for elucidating the spatial
direction of diene synthesis with dienophils of unsymmetri-
cal structure. This method has been used, for example,
to demonstrate the “ortho” structure of the adducts of
1-vinyl- and 1-propenyl-naphthalene with methylmaleic
anhydride ®, the preferential formation of the “para” adduct
of this same dienophil with the mixed pinacol of cyclohexa-
none and acetone ®2, and finally the preferential formation
of the “meta” adduct in the reaction of chloroprene with
methylmaleic anhydride in propionic acid®s.

Since the aromatisation of tetrahydrophthalic anhydrides
under the influence of phosphorus pentoxide consists in
decarbonylation accompanied by dehydration involving
B-~hydrogen atoms ® (see p. 580), a formal analogy can pro-
bably be drawn between this reaction and the pyrolysis of
xanthates, esters, and acetyl derivatives of amines, which
also results in the formation of a double bond as a result
of B-elimination®,%, In the last three reactions, however,
a C-0 or a C-N bond undergoes cleavage, whereas in the
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aromatisation of tetrahydrophthalic anhydrides in the pre-
sence of phosphorus pentoxide it is a C~C bond which is
broken, formic acid or its anhydride is split off, and de-
composes into carbon monoxide and water:

R T(1co),0]

R.
[2HCOOH] \Y
> .

3 C%o —— +
2C0O + 2H,0 e] 2CO +7H,0

The above scheme gives grounds for assuming that the
course of this reaction may depend on certain spatial
factors — the mutual disposition of the §-hydrogen atoms
which are to be eliminated and the anhydride grouping in
the reactant tetrahydrophthalic anhydride molecule, or of
the carboxyl groups in tetrahydrophthalic acids. Thus the
reaction with phosphorus pentoxide, like several pyrolytic
reactions %94 might prove stereospecific in the case of
3-alkyl- or 3,6-dialkyl-tetrahydrophthalic anhydrides,
which can exist in different spatial conformations.

However, the stereoisomeric 1,2,3,6-tetrahydro-3,6-di~
methylphthalic (cis and ¢rans) anhydrides, and also the
stereoisomeric (cis and trans) 3,4:5,6-dicyclohexeno-
-1,2,3,6-tetrahydrophthalic anhydrides, show identical
behaviour with phosphorus pentoxide: on being heated to
150°~160° they are converted into the corresponding hydro-
carbons (p-xylene and octahydrophenanthrene) in practi-
cally the same yield®%:

cgo P;Osv’ P,0s Qo
) 805 5% 6

€Q, P:Os 205 _
C6 45 9% 40%

The fact that in these cases the reaction with phosphorus
pentoxide is unaffected by the spatial configuration of the
adducts can, however, be explained by the possibility of
interconversion of these stereoisomeric anhydrides, reac-
tion with phosphorus pentoxide being preceded by isomeri-
sation with preferential formation of the reactive configura-
tion.

cQ
60 .

The stereoisomeric 1,2,3,6-tetrahydro-1,2,3,6-tetra-
methylphthalic anhydrides obtained by diene synthesis from
hexa-2,4-diene and dimethylmaleic anhydride® and having
trans-cis-trans and cis-cis-cis configurations (the “exo”
and “endo” configurations respectively) react differently
with phosphorus pentoxide: only one of these anhydrides,
that possessing the “exo” configuration, undergoes aro-
matisation readily with conversion into 1,2,3,4-tetramethyl-
benzene®®, since in this particular case cis-elimination
takes place (of g-hydrogen atoms and the anhydride group),
which is the preferential direction in many pyrolytic pro-
cesses %%

CH, H,C

P20s_ ] Hs | 9o + 10 ; 0 2%+ ynchanged:
—cH,
H, H,¢” “H

Thus the first type of reaction involving aromatisation
of adducts of diene synthesis under the influence of phos-
phorus pentoxide can be employed not only for the purposes
mentioned above (to synthesise aromatic hydrocarbons of
various classes, establish the structure of the original

dienes, and establish the structural direction of the diene
synthesis), but in certain cases also to establish the spatial
configuration of the diene adducts®S.

As has been reported above (see p. 583) aryltetrahydro-
phthalic anhydrides in which the aryl substituent is remote
from the anhydride group undergo the first type of aromati-
sation in the presence of phosphorus pentoxide, carbon
monoxide and water being split off with the formation of
polyphenyls.

Aryltetrahydrophthalic anhydrides in which the aryl
group occupies a different position can undergo aromatisa-
tion in a different way (without elimination of carbon mon-
oxide) under the influence of phosphorus pentoxide, with
the formation of hydrocarbons of the fluorene series.

Thus 1,2,3,6-tetrahydro-3-phenylphthalic anhydride (the
adduct of 1-phenylbuta-1,3-diene and maleic anhydride), in
which the phenyl substituent is next to the anhydride groupf,
gave fluorene (in 21% yield) on reaction with phosphorus
pentoxide. The reaction probably passes through inter-
mediate stages involving intramolecular acylation of the
benzene ring, resulting in formation of tetrahydrooxofluo-
renecarboxylic acid, which is then decarboxylated to tetra-
hydrofluorenone %, the latter being converted into fluorene
under the influence of the phosphorus pentoxidet:

00 |

|
7 "‘—C{’ —CO
S D
N ,0

[?\ Ej N
- [\(C\::Hrcr'[’j>w W@\-/“j

An analogous transformation is undergone by 1,2,3,6-
-tetrahydro-1-phenylphthalic acid, obtained from the

T It must be noted that 1, 2, 3, 6-tetrahydro-3-mesitylphthalic
anhydride — the adduct of 1-mesitylbuta-1, 3-diene and maleic
anhydride — in which the phenyl ring at the side of the anhydride
group contains ortho substituents, underwent aromatisation under
the conditions of reaction with phosphorus pentoxide by splitting
off carbon monoxide and water, being converted into 2,4, 6-tri-
methylbiphenyl 3:

A )
/gﬂ\ AN
/7 C AN Ve
Oy — (3 o
¢ o

t Many published data support the possibility of each of the
above reactions taking place in the presence of phosphorus pent-
oxide. Hydroaromatic ketones of different structures — with the
ketone group inside or outside the ring and with the double bond in
the y6 or the of position relative to the ketone group — are con-
verted into aromatic hydrocarbons on being heated with phos-
phorus pentoxide, the yield depending on the structure of the
original ketone 7,%8,
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adduct of butadiene and phenylmaleic anhydride (yield of
biphenyl 50%) 8:

S ey

The conversion of aryltetrahydrophthalic acids and their
anhydrides into fluorenes under the influence of phosphorus
pentoxide has been termed the second type of aromatisa-
tion reaction of adducts of diene synthesis®3.

Since an intermediate stage in the above synthesis of
fluorene from the adduct of butadiene and phenylmaleic
anhydride is the splitting off of a carboxyl group from the
adduct, this reaction was subsequently simplified by
replacing the 2-phenyltetrahydrophthalic anhydride with
1,2,3,6-tetrahydro-2-phenylbenzoic acid, the adduct of
butadiene and cinnamic acid. @When this adduct was heated
with phosphorus pentoxide, fluorene was obtained in higher
vield (63%) 95,%:

(L2 - (01~ (00

The adducts of cinnamic acid with isoprene, penta-1,3-
-diene, 2,3-dimethylbuta-1,3-diene, and hexa-2,4-diene
yielded respectively 3-methylfluorene, 1-methylfluorene,
2,3-dimethylfluorene, and 1,4-dimethylfluorene %+99;

R, CeHy — Rl'_/\.""c'Hs ‘i’&_,Rl—(\—
R(+ [cow R—”\ )-cooa R—\/”\ JO

(R=H; R;=CHj R=R;=CHy)

R i
0, NN\
T =00

P |
C¢Hs I —CsHs
+ “___COOH /*COOH
!
R, Ry R

The preparation of 3-methylfluorene instead of the iso-
meric 2-methylfluorene from the adduct of isoprene and
cinnamic acid, and also of 1-methylfluorene (not 4-methyl-
fluorene) from the adduct of penta-1,3-diene and cinnamic

~acid, confirms the structure of these adducts as respec-
tively 1,2,3,6-tetrahydro-4- and -6-methyl-2-phenylbenzoic
acids.

The adducts of cinnamic acid with 1,1’-bi(cyclohexenyl)
and 1,1’-bi(cyclopentyl) gave 1,2: 3,4~dicyclohexenofluo-
rene and 1,2 : 3,4-dicyclopentenofluorene °¢:

(CH (CHy), (CHy)n
P O
’)Ki + [CaHs sHs P05 P
COOH OOH Y
X
(CHa)a (=2, (CHya (CHala

An advantage of this reaction for the preparation of
fluorenes compared with those mentioned previously (see
p. 581 and this page above) is that it makes use of more readily
available dienes (alkylbutadienes instead of arylbutadienes)
and a more accessible dienophil (cinnamic acid instead of
indene-1,2-dicarboxylic or phenylmaleic anhydride).

The reaction with phosphorus pentoxide has been
carried out also with 2-aryltetrahydrobenzoic acids of
more complicated structure, with p-biphenylyl as the aryl
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substituent (acids of this type have been obtained by diene
synthesis using p-phenylcinnamic acid, which has proved
an active dienophil) 1°°;

I

J
R’ | CHCells R HCsHs o, ( R~
R—\ OOH R OOH =H0 T | Ry Hs |

l_ <o
RJ 3 3
Ry

~H0 R ' CsHs

(Ri=Re=R3=H; R =R,=CH;,Ry=H;
Ri=Ry=H,Ry=CHyf; R, =Ry=H; Ry =CH, 1).

With p-phenylcinnamic acid as the initial dienophil, and
the dicyclic diene hydrocarbons 1,1’-bi(cyclohexenyl) and
1,1’ -bi(cyclopentenyl) as dienes, polycyclic aromatic
hydrocarbons can be obtained containing the 2-phenylfluor-
ene system — 2-phenyl-5,6:7,8-dicyclohexenofluorene
and 2-phenyl-5,6: 7,8-dicyclopentenofluorene respec-
tively 55:

{CHy)
P
+ i

(CHa)w:

Py0s
7,
sHs ' Hs»

(CHaln

sHCeHs
Al
O0H

(CHa)

Tetrahydro-2-phenoxybenzoic acids, the adducts of
dienes with p-phenoxycinnamic acid, react in a similar
manner with phosphorus pentoxide, being converted into
2-phenoxyfluorenes *°1;

R—/ T—C‘H‘OC‘HE R_/\ P,0O,
R _l\ + L coon T R—l /‘—coou E J\--oc.H5 ——’
NN
o

(R=H, CH,.

The second type of aromatisation is undergone also by
2-benzyl-1,2,3,6-tetrahydrobenzoic acids (obtained by re-
ducing aroyltetrahydrobenzoic acids — the adducts of
diene hydrocarbons and aroylacrylic acids — with amal-
gamated zinc in hydrochloric acid), which are converted
into dihydroanthracenes, subsequent dehydrogenation of
which (by heating with sulphur) yields anthracenes 2, This
synthesis of anthracenes could be simplified by carrying
out the aromatisation of the benzyltetrahydrobenzoic acids
by heating them with phosphorus pentoxide in the presence
of sulphur, the dihydroanthracenes formed under these
conditions being completely dehydrogenated to the corres-
ponding anthracene hydrocarbons 0%;

COCHR,y

R—/ —COCHR, R~ Zn
NG I 5
R_(\/CH' \r\ po. ReNANAN
— | I == 1]
N/ \cooH \/\Rl \/\/\/\Rl

(R=R,=H, CHy; R=CH, R,=H; R=H, R,=CHy).

1 The structure of these adducts (as “ortho” and “meta” adducts),
obtained from unsymmetrical dienes and dienophil, was proved by
converting them (by decarboxylation followed by dehydrogenation
in the presence of platinum) into 3- and 4-methyl-p-terphenyls
respectively.
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Different behaviour is shown by 1,2,3,6-tetrahyaro-2-l’ -
-naphthylbenzoic acid, obtained when 1’-naphthylacrylic
acid is employed as dienophil. In this case carbox dioxide
is split off on reaction with phosphorus pentoxide, with the
formation of 1-cyclohex-3’'-enylnaphthalene 103;

/'J

¢y
(ﬁ [ —-U_@,@ e L |

Aromatisation of aryltetrahydrobenzoic acids by the
second method is prevented by the presence of bromine
atoms in the phenyl ring adjacent to the carboxyl group.
Thus when 2-p~bromobenzyl-1,2,3,6-tetrahydrobenzoic acid
(obtained by the reduction of p-bromobenzoyltetrahydro-
benzoic acid, the adduct of butadiene and p-bromobenzoyl-
acrylic acid) is heated with phosphorus pentoxide and sul-
phur, i.e. under conditions under which benzyltetrahydro-
benzoic acids are converted into anthracenes, it is almost
completely resinified 1%4;

COC.H‘Br H,CeH, Br

COC4H,Br

COOH IL
/\cooH

*, resin forma-

Py
k s tion.
/" \COOH

(-C

When this reaction was carried out in toluene, 2-bromo-
-9-tolylanthracene was obtained: under the influence of
the phosphorus pentoxide, intermolecular acylation of the
toluene by the p-bromobenzyltetrahydrobenzoic acid took
place with the formation as intermediate of a hydroaro-
matic ketone, which then underwent dehydrogenation (under
the influence of the sulphur) and cyclic dehydration (under
the influence of the phosphorus pentoxide), being converted
into the corresponding bromoanthracene 1%

C.H.CH,
/CHyCH,Br
Q +CH.C.H. JI j—Br s
p.o.
COOH / \CH,
'CH.C-H.
c.H.CH, _
Br +m Br
\CH
CH.C.H.OH CH,C.H. C.H.CH,

3‘“' CCO 1000

Fused aromatic and hydroaromatic hydrocarbons —
tetralins, indanes, fluorenes, phenanthrenes, anthracenes,
and also polycyclic hydrocarbons containing these systems
— are chemically active compounds, capable of undergoing
many chemical changes leading to substances having valu-
able physical properties and physiological activity.

Thus hydrocarbons of the tetralin series have been
employed in the production of derivatives of 4-methyl-1,2-
-benzanthracenes, which are highly carcinogenic 19,

Indane can be used as an additive in high-grade motor
fuel containing cycloalkenes and alkadienes as the principal
ingredients!%. Alkylindanes are used as starting materials
inthe synthesis of compounds possessing a musk odour 107-112,
The use of indanes in the synthesis of azulenes has been
reported (in the photochemical reaction with diazomethane
and diazoacetic ester) !13-117,

Several fused hydrocarbons containing the fluorene sys-
tem are of interest for possible use as anti-cancer drugs.
For example, 1,2:5,6-dibenzofluorenes are known to be
biological antagonists of carcinogenic hydrocarbons such
as 3-methylcholanthrene; these hydrocarbons suppress
the growth of tumours grafted in mice!!s; 3,4-benzofluor-
enes exert an inhibiting action on mouse sarcoma?!e,

1,7-Dimethylfluorene, the so-called “gibberene”, is a
product of the dehydrogenation of gibberellins (a most
important group of plant-growth-promoting substances) 12,

Several hydrocarbons of the phenanthrene series are
also physiologically active: they exert anti-malarial 12!-!%,
oestrogenic 1?4~127  sedative !?8:12% , and carcinogenic !30~132
effects. Hydrocarbons containing a phenanthrene ring have
been used in studying the conjugation of an exocyclic double
bond with an aromatic ring133=135  the stability of free radi-
cals 136,137 and other phenomena!3®, In synthetic chemi-
stry phenanthrene and its homologues serve as intermediates
in the preparation of 1,2-cyclopentenophenanthrene 13014t
chrysene %2 14 triphenylene#~146, and 1,2-benzanthra-
cene 148,147 .

Aromatic hydrocarbons of non-fused structure — bi-
phenyls and p-terphenyls — are also of practical interest;
during recent years, for example, p-terphenyl has acquired
great value in the preparation of liquid and plastic phos-
phors for scintillation counters!48. Anthracene also finds
some application as a scintillator !*, and comparatively
recently 9,10-diphenylanthracene has been shown to be a
more effective scintillator than p-terphenyl?!5°,

Biphenyl and 4-isopropylbiphenyl have found application
as high-temperature organic heat-transfer media!s. Bi-
phenyls together with various polyphenyls can be employed
as moderators and coolants in atomic reactors 52,

Thus polycyclic aromatic hydrocarbons of the above
classes are objects of theoretical studies !5 and have vari-
ous practical applications!5%. It is therefore natural that
considerable attention should be paid in the chemical
literature to the search for new routes and methods for
their synthesis, as is reflected in the present review.
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