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i.

SUMMARY

Asobenzens and a series of substituted derivativea have
vsen photochemically oyclodehydrogenated in strong aulphuriec
acid to give benso{gleinnolines. The reaction involves a
disproportionation as products from the acid-catalyzed re-
arrangement of the corresponding hydraze compound werc &lso
obtuined. Asobenzene and its L-s:betituted and L,4'-
disubstituted derivatives gave benso[glainmmolins,
2-gubatituted benzolgleinnolines, and 2,9-disubstituted
benzolgleinnolines respectively. 3-Subastituted and
3,3'=disubstituted azobenzenes gave 1= and 3=sudbatituted
and 4,10-, 1,8=, and 3,8-disubatituted benzolgleinnolinece
respectively. Irradiation of agobenzene-3-carboxylic aecid
gave 1-hydroxybensolg)cinnoline=10~carboxylic acid lactone
as woll as bensolglecinnoline~3-cerboxylic scid. Azcbenzenes
with an grtho substituent photooyclized with some elimination
of the aubatituent. 2-Substituted 2scbenzenes gave
L~substituted bensolgleinnolines and some unsubstituted
bcnso[g]c!n@lino, and 2,2'=disubstituted asobonzenes gave
li,7-dlsubstituted and Le-substituted bensolglcinnolines,
2,44,6=Trimethylasobensens gave 2,L-dimethyl~ and a little
1,2,4=trimethylbenzolgloinnoline; the formation of the latter
compound presumably invelved migration of a methyl group.
Irradiation of many of the azo compounds gave combined ylelds
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of benzolcloinnolines neer 50%; attempts to increase the yield

were unsuccesaful.

Unusual rearrangement producte were obtained from the
irradiation of 4-methyl- and 2,4,6-trimethylasobensene. These
wers 4-(4'-aminophenyl)=i~methylcyclohaxe~2,5=-dicnone and
L4=(4'~eminophenyl)-2,4,6~trimethylecyclohexa~2, 5~-di encne
respectively, and were presumably formed by abnormal re-
arrangement of the corresponding hydrazo compounds, followed
by hydrolysis. Both dienones underwent dienone-phenol
rearrangement in & mixture of acetic anhydride snd sulphurie
acid.

Spesctroscople rate studies showed that the gis-asec
ecompound was the species which photooycliszed. The quantun
yield for the photocyelisation of ascbenzene was determined
ac a fanction of the sulphuric scid concentration (14=-24N),
the wavelength of irradiation (436 and LO5 mp), and the
temperature (45 and 25°). The gquantum yleld wss 0.016 in
14 acid and decreassed with increased acid concentratioen.
Temperature and wavelength of irradiation hed only e slight
effect. Quantum ylelds for the cyelization of L~chlore-
and 4-methylagcbenszene at 25° and 436 mp were lower than for
agcbenzene and these also were found to decrense with an
incremse in the acid concentration. Por the accurate
determination of quantum ylelds, a apeclal method was

developed to determine the photoequilibrium compoasition
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of the gis~-trans mixture.

The eyoclization of a short-lived, ionic, photoexelted
state of the glg-esso compound is proposed to explain the
effect of acid concentration and of substituents, The
fate of eliminated asubstituents iz also discuased.
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CHAPTER I - \ i

INTR I0

Photochemical cyclodehydrogenation reactions have

been known for many yeara,1

and in pertieular the photo-
chemieal cycligzation of stilbene (I) to phenanthrene

(IT) has received conaiderable attention by many research
groups very recently, It was in 1960 that a similar
reaction, namely the photochemical cyclization of azobenz-
ene (III) to benzolglcinnoline (IV), was first reported.
Le'132’3 performed the reaction in strong sulphuric

acid, and in the same year Hugelshofer, Kalvodea, and

(1) (11)

(IT1) (1v)
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Schatrncrh photoasyclised azchbensens in scetic acid, in
the preaence of ferric chloride. However, about thirty
years before this, aszobensene and soms of its derivatives
hed been cyclized to bensolglocinnolines in a melt with
aluminiam ehlerido.5 Furthermore, when stilbene is
passed through a red hot tube, some phenanthrene is

6

formed, together with toluens. In fact it has been

said that most photochemical reactions will proceed

thermally to aome dcgroo.T

The important questions
which therefore arise are concerned with the eesential
differences between photochemical reactions and thermal
reactions, and with the synthetic value of photechemistry

when the same reactions may occur thermally.

In anawer to the first guestion it may be pointed
out that a thermal reection gains its activation energy
by molecular collision, giving rise to increaases in the
vibrational energy levels of the reacting molecules. A
photochemical reaction however, gains its activation
energy from the light, which gives rise to an increase
in the electronic energy levels, as well as vidbrational
energy levels of the reacting moleculss. Thus there is
often 8 considerable wastage of energy in photochemiocal
reactions, which is important because light usually is =
more expensive form of energy than heat, unless of course

sunlight may conveniently be used.
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In answer to the guestion on the synthetic value
of photeochemistry, it must be pointed out that there are
many chain reactions which can be imnitisted photochemically.
Hence a large yield of product may be obtained from a
relatively small expenditure of light energy. Even 1if
this is not so, the waatage of energy in s photochemical
process is not always very serious, because only an
isolated part of the reacting molssule may be involved
in the activation prosess. Thermal sctivation would
result in the whole molecule bDeing activated more or less
i{ndiscriminately, and this could lead to decomposition at
points which would be relatively unactivated in a photo~
chemical process. Thus a photochemical reaction may
provide a short, convenient route to a particular product,

which otherwise could be difficult to synthesisze.

For a photochemical reaction te occur, several primery
oonditions must be fulfilled. Light of sufficient energy
muat be shsordbed by the reacting aystem, sither directly
by the reactants, or by a sensitizer which then passes the
energy to the reactants. The energy of the light guanta
absorbed (given by E = hv, where h is Planck's constant,
and ) is the frequency of the light) must be sufficient to
bring about the molecular changes involved. Even if
these conditions are fulfilled, a photochemlceal reaction

need not ceccur, as intersystem erossing from an excited
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singlet to a triplet state may be required. This process
may not ococur to any significant extent. Also the elec~
trontcally excited molecules may lose thelr energy by
internal conversion or flaoreacence sc rapidly that they

have insufficlent time to undergo a chemical reaction.

Several photochemical processes often occur simul-
taneously, or consecutively, in the one system, This 18
true for the resction of azobenzene as described by Lewis,”
where photochemical gis-iraps equilibration occurred as well
ss photocyclization. Photochemical gis-trans equilibra-
tion 18 a very common phenomenon among systems of the type
R-A=B=R', where R and R' may be alkyl or aryl groups, and
A=B gan be CX=CY, CH=N, or N=N, X and Y can be a com-
bination of H, aryl, CK, or halogens, etc. An snalogous

process occurs with conjugated polyenes of the type

Re{CH=CH ) nK .

If we restrict ocurselves to the compounds with R and
R' es aryl groups, there sre many examples where photo-
chemical cyelodehydrogenation (presumably of the
gcig-1somers) slso ococurs. For exampls, it is well known
that stilbene and many of its derivatives may be photo-

eyelized to phenanthrenes.u’a’12

Also 1,4~-diphenylbuta-
1,3-aiene (V) and 1,6-diphenylhexa-1,3,5-triene (VII) have
been photocycliszed to 1-phenylnaphthalene (VI) and chrysene

(vrrr) respcctivoly;13 Recently Perkampus and Sengur1“
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(V1)
=
N
b7
(vir) (VIIT)

reported photochemical studies on trens-1,2~dipyridylethyl-
enes, which presumsbly gave phenanthrolines, although

only spectroscopic evidence was put forwerd. Recently,
most investigstors have clnimed11'15'17 that the presence
of an oxidizing agent such as oxygen or fodine is essential
for the photochemical cyclodehydrogenation of diarylethyl-
enes. Other workers heave saiah"3 that oxidising agents
aesist the cyclodehydrogenation, but are not essential.
%hen oxygen has been used as the oxidiszing asgent, hydrogen

16

peroxide has been detected. Free hydrogen was formed
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when atilbene was photocyclized to phenanthrene in the

17 The various mechanisma proposed for the

vapour phase.
photochemical cyocligation of stilbene and related com-

pounds are discussed in Chapter IV,

So far there has been no report of a succeasful
photochemical cyclization of compounds of the type
Ar-CH=N-Ar' to give phenmanthridines, although there have

L,18 It is of interest to note thet

been some attempts.
the ¢is forms of these anils appe=r te be very unstable
at room temperature, requiring low temperatures for satis-

factory study.19

20 21

Both aliphatic and aromatic azo compounds are
known to undergo photochemical g¢ig-irans ilsomerization.
However, at this point the similarity in their photo-
chemistry ends, #¥{th aliphstic azo compounds, C-N
fission occcurs to give free nitrog.n,2° but no C-R
fission oceurs with arometic azo compounds, In common
organic solvents no photochemical reaction other than
gis-trans isowerization normally occursa; but photo-
chemical cyeclodehydrogenation of agobengens will occur in
strong sulphuric acld.a or in acetic acid with rerric

chloride addod.h

Lewis showed” thst under the strongly acidic con-
ditions he used, both gis-azobengene (IX) and trans-
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agobengene (X) were virtually completely monoprotonated.
Spectroscopic studies showed that an equilibrium mixture
containing approximately 55% gis—~ end L45% iraps-asohensene
was produced on irradiation, whether one started with pure
¢is~- or pure trans-azobenzene. Continued irradiation
resulted in the consumption of the azobensene to give
benzolglcinnoline at a rate approximately 100 times less

than the rate of gis-trans equilibration.

22 benzidine sulphete was

In later experiments,
isolated from the reaction mixture when mors concentrated
solutions of agobenzene in 22K 10% v/v ethanolic sulphuric
acid were irradiated. It was concluded that the hydrogen
eliminated in the cyclization process must have reacted
with the remaining azobensenes to form hydrazobensene {XI),
which then rearranged in the acid solution to give benz-
idine (XII), Necsmeyanov hms found azobenzene in strongly
scidic solutions to be a very powerful abstractor of hydride

23

ions. This therefore rationalizes the proposed inter-~

mediaste formation of hydrazobensene.

In a photocyeclization rather similar t6 that of
azobenzene, 2,3~diphenyltetrazolium salts (XITI) have been
photocyclized in ethanol to give 2,3-diphenylenetetrazolium
salts (XIV) which, on hydrogenation, gave benzo[g]cinnolinea.zu
This reaction is further discussed in Chapter II,
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The imvestigations en the photochemistry of asobensenes
which are deseribed in this thesis have had two mein aspects.
Firstly, the photochemical formetion of bensolgleinnoline
from asobensens has led to a study of the synthetic value
of the reasction. This espect is discussed in Chapter II.
Secondly, an investigation on the mechanism of the re-
action was especially timely, because of the vigorous
interest {n the mechanism of the photochemical cyclization
of stilbene. To this end, kinetic studles on the reaction
have been made and these ere described im Chapter III. A
discussion on the mechanism of the cyclization of asobensenes

is given in Chapter IV.
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CHAPTER II

PREPARATIVE PHOTOCHEMISTRY OF AZOBENZENE
AND SOME DERIVATIVES

2:1__Cutline

It hes been shown that it is possible to prepare a
geries of substituted phenanthrenes, or benzolglcinnolines,
by photochemical cyclodehydrogenstion of the appropriate
stildenes, or 2,3~dlaryltetrazolium salts. Therefore, it
wea considered important to test the generality of the
cyclization of substituted azobenzenes, and also to inves-

tigate the intermediate formation of hydrazo compounds.

In the initial work of Lewi.,2'3 the photochemical
eyclization of asobeénzene was carried out in ethanolic
sulphuric scid. In the investigations described in this
thesis, similar conditions have been used, but it was con-
sidered desirsble to omit the ethanol to remove the
posaibility of side reactions with ethanol.

The progrees of the cyclization resctions wns easily
followed from the ultraviolet spectra of the irradiated
solutions. In 22K sulphuric acid, azobenzene showed an
intense broad band at 420 mp, which eventuslly disappeared

on irradiation of the solution. The final spectrum showed
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Optical density

0 | (7 | | )

220 250 200 350 400 L50
Wavelength (mp)

Fig. 1.— The electronic absorption spectra of
2.0 x 10™°M azobenzene in 22N sulphuric acid before
( ) and after (+¢<++¢) exposure to sunlight.
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peaks at 252 and 365 mp, which are characteristic of
benso{glcinnoline in asid solution. The spectra ef
azobensene in 22H sulphuric acid before and after irrad-
fation are shown in Pig. 1. Marked bleaching of the
strong yellow colour of the asohensene solution also
indicated the occurrence of cycligzation. The use of

very dilute solutions made this test very sensitive.

In a gsneral survey of various substituted aso-
benzenes, it was found that the preaence of hydroxy,
alkoxy,'amlne. or dimethylamino substituents prevented
any significant reaction. Simple methyl-, halogeno-,
or carboxy-asobenszenes, however, were rapidly bleached in
the acid solution, on exposure to sunlight. Their elec-
tronic absorption spectra also underwent the characteristie

change, similar to that of azobenzens,

The photochemiatry of the three symmetrical
dimethylazobensenes, and & series of monosubstituted
anﬁhcnzomol was investigated. The monosubatituents were
methyl, chloro, iodeo, and carboxy. From each azo compound
one or more benzolg]ocinmnolines were cbtajned, as well as
productes from the ecid-catalysed rearrangement of the
corresponding hydrazo compound,. In two instances unusual
roarransemﬁnt products were isolated. During the inveat-~
igations it was found that griho-substituents (including
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methyl) were eliminated to some extent, and therefore the
photochemistry of 2,4,6-trimethylazobensene was also ex-
amined. These studiees on the preparative photochemistry of

agobenzenss heve led to the publication of two papara.25'26
al Rea Azob

Generelly the irradietions were carried out at room
tempereture in 2 water-cooled Pyrex apparatus, with a
Philips HPK 425W meroury-quarts lamp. The radirstion
passed through a water-jacket before it entered the
solution of the aso compound. The solution was not
stirred, but the small amount of heat from the lamp which
managed to reach the solution waa found to produce suf-
ficleont mixing due toc conveetion currents. In almoat
every case the ago compound was irradiated to completion,
as Judged from the ultraviolet spectrum of a sample from

the reasction mixture.

The photochemical reactions of substituted azobenzenes
cen be conveniently grouped according to the position of the
substituenta. Thus aszobengzene and 1ts L-substitutcd and
L,L4'-disubstituted derivatives gave one benso[gleinnoline,
3~substituted and 3.3'-disubst1tuted azobensenes gave the
sxpected mixtures of benzo[gleinnolines, and 2-substituted
and 2,2'-disubstituted azcbensenes all showed some elimina~
tion of the g-substituent.
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Benzidine sulphate had been isolated from the
irradiation of azobenszene in ethanoclic sulphurie eoid;zz
this reaction was repeated using 228 sulphuric acid to
determine the ylelds of the products. During the
irradiation, benszidine sulphate crystallized from the
solution. On completion of the reaction, benzolgleinnoline
was obtained in 48% yileld, and benszidine in 35% yield

(after reorystallization). Paper chramatogruphyz7.or

the crude rearrangemsnt products suggested the presence

of a small quantity of 2,4'-diaminobiphenyl (XV), with e

smaller smount of g-benzidine (XVI). Both these compounds

Nﬂz NH, H2N

(xv) (XvI)

are known to be formed {n small quantities by acid catalysed

rearrangement of hydrazobenzonc,za

and it has been shown
that the yleld of bensidine decreases as the acid con-
centration 1is increased.29 This may be one reason for

the yleld of bensidine being considerably less than 50%.
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With p-substituted azobenzenes, the yield of sud-
stituted benzolg]ecinnoline occasionally exceeded 50%.
This 18 to be expected as rearrangement of p-substituted
hydragobenzenes often occurs with soms disproportionation
to give the azo compound and fission bases (substituted
anilines).°C The fission bases were usually obaerved
in the products from these p-substituted aszobenzenes,
and were removed from the other rearrangement products

by steam distillation.

4,4 -Dimethylazobensene {XVII) gave 2,9-dimethyl-
bensolgleinnoline (XVIII) in 57% yleld; and
2-amino-L',5~dimethyldiphenylamine (XIX), which 1s the
expected rearrangement product from L,4'-dimethyl-

hydragzobenzene, was also dbtainod.31

On irradistion, L-methylaszobensene (XX, RuCﬂs) gave
the expected 2-methylbenzo[gloinnoline (XxI, R,-CBB) in 50%
yield. The rearrangement product, however, was found to
be L=(4'-aminophenyl)-L-methylcyclohexa~2,5-dienone (XXII),
This is an unusual product and {t presumably arose by
Rop-rearrangement of L-methylhvdrascbenzene to give the
imine (XXIII), which then hydrolysed to give the dlenone
(XXII). According to Jacobuon,jz the normal resrrange-

ment product from L~methylhydrazobenzene is the g-semidine,



(xvII) (XVIII)
3 L
OO e
CHB‘ o
(XIX) (xx)
R
YO0
‘ VN CH} | ¥
(xx1) (XxII)
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2-amino-5-methyldiphenylamine (XXIV) (isolated ns a
derivative). This g-semidine has now been obtained by
adding solid L-methylhydrazobenzene %to 22N sulphuric scid,
and working up the product by Jacohson's method.>2
Apparently Jacobson laolated the diemone (XXII) on one
eecaoion.32 but he counld not repeat the work and wes
unadle to identify the product. His compound was
obtained as.slightly yellowish crystals, m.p. 167° (ef.
this work, m.p. 167-168%), and gave an analysis for carbon
end nitrogen which would fit the dienone (XXII) approx-
imately. The formation of the dienone by irradiation
of L-methylhydrazobenzene was repeated satisfactorily,
and the structure was established by infrared sand n.m.r.
spectroacopy. The infrared spectrum showed a strong
bend at 1665 cm | which is conasistent with the presence
of an G,B-CF,B'-unsaturatod carbonyl group.33 The
n.m.P. spectrum showed 2 sharp singlet at T 8,38 (3
protons) arising from the non-aromatic methyl group, and
two quartets of four protons eech, arising from the four
dienene protons, and the four asromatic protons of the
p-disubstituted aromatic ring. The structure was con-
firmed by a dienone-phenol rearrangement to a
methylhydroxyaminobiphenyl, presumebly (XIV).chh

The position of the hydroxyl group could not be



18.

deternined unambiguously from the ultraviolet or n.m.r.
spectra, and it was initially proposed®’ that methyl
migration occurred to give L-amino-l'-hydroxy-2'~
methylbiphenyl (XXVI). Mechanistically, however, it
seems more probadle that, under the conditions of the
resrrangement, the acetylaminophenyl group would migrate,
to give (after hydrolysis) L-smino-3'-hydroxy-2'-
methylbiphenyl (XXV). The probable mechanism of the

disnone-phenol rearrangement is shown in

CH 3 CH3

HO
(xxv) (XXVT)

Scheme 1. It is noteworthy that the dienone ias stadble
in strong sulphuric acid alone. The positive charge on
the eminophenyl substituent probably inhibits re-~
arrangement. Thus agetylation of the amino group would
be necessary as the firat step. Some assiastance in the
rearrangement would no doubt be provided by the acetyl-
amino group (cf. nitration of acetanilide).

At first sight it 1s surprising that the dienone
(XX1I) did not 1tself undergo a photochemical reaction as
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SCHEME { — Mechanism of dienone~phenol
rearrangement
0 0
A;UZO' - CH
CI-I3 3
NH2 I‘IHCOCH3
(xx1I1)
HO
CH

NHCOCH , +NHCOCH
Ac 0
H,00C0 HO
CH
NaOH 3
NHCOCH H,
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ef 34 1h fact spectroscopic tests

soon a8 it was formed.
showed that the dienone in 22N sulphuric acid was changed
photochemically when irradiated in a thin-walled scda-glass
teat tube, & mercury-quartg lamp dbeing used as the source.
The nature of the change was not investigated. The
spectrum of the dienone in 22N sulphuric acid showed a
shoulder of sabout 320 mp, and it ecould be argued that the
normally strong 313 mp emiasion lines of the meroury lamp
could have caused some reaction. However, the emission
spectrum of the mercury lamp through the water-cooled
jecket of the photochemical reactor showed that very
little of the 313 mp lines was transmitted, when com-
pared with the transmitted emission at 365-366, LO5, and
4L36 m. There was only weak transmitted emission at

334 mn, none at 8ll below the 313 mu lines, and a
negligible emount of continuous radlation transmitted
below 330 mi. The 2-methylbenzolgleinnoline would also
heve acted as a strong internal filter for radiation from
adout 330 to 390 mu, and wavelengths higher than this were
well outside the absorption range of the dlenone. Hence
comparatively little actinic radiation would have been
shsorbed by the dienone, compared with the sctinic light
absorbed by the rescting azo compound. Nevertheless, the

yield of recrystallized dienone was small, and some may have
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undergone a photochemical reaction during the long period
of irradiation. Suitable filters would prevent thie,
unless the reaction was photoaensitized by the azo ocom~

pound or by the 2-methylbenszolg]cinnoline formed.

It is far from clear why the rearrangement of
L-methylhydragobenzene (XXVIT) should have taken an
unusual esurse during the photochemical reaction. As
mentioned earlier, the expected g-semidine (XXTV)32 was
obtained when L-methylhydragobenzene was added to 22H
sulphuric acid, so that the high scid concentration is
not the answer in 1tself, slthough 1t may be a factor,
Assuming diprotonation of the n-complex (XXVIII), the
prebeble mechanism of the abnormal rearrangement of
L=-methylhydrazobenzene is shown in Scheme 2. It
would seem that the only complication is some ateric
hindrance between the medhyl group and the hydrogen
atom in the L'-position of the other ring. Once the
o-complex (XXIX) has been reached, the loss of a proton
irreversibly would lead to the dienone (XXII) by way of
the protonated imine (XXX). Nevertheless it seems
that extrs energy must be found to favour this par-
_ticular o-complex (XXIX). This energy may result in
apeeding up the process of forming the S-complex, allow-
ing insufficient tims for rotational isomerism of the
Ti=complex (XXVIII) to occur. Normally, rotation of the
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SCHEME 2, — ‘Mechanism of abnormal rearrangement of

CH

2—2

(XXVII)

H,C

(o)

L-methylhydrazobenzene.

on*

§+

|

H,O

(XXII)

K>

%-ﬁ-

(XXVITIY)

+
NH

)

3
\

/
(
\8!
G,

( XxIX)
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T~complexes from hydrazo compoundis would probebly ocour

faster than collapse to the producta.35

There sare several possible sources for the extra
energy. Firstly, in the photochemical reaction the azo
compound i3 already protonated beiore it is reduced,
whereas in most reductive rearrangements of aro compounds,
the acid strength is insufficient to cause much protona-
tion, This could give the resulting hydrazo compound &
higher energy than normel, and as reesrrangement would be
almost instantaneous under the strongly acidic conditions,
this energy would probably be retained long enough to
influence the course of the rearrangement. Secondly,
the rearrangement might be photosensitized by the azo
compound or by the 2-methylbenszo[glcinnoline (XxI, RaCH3).
It mey be that, in the reduction of the L-methylazobenzense,
extra energy is donsted by the newly formed dilhydro~
benzo{gloinnoline (see Chapter IV); dbut this hypothesis
‘'would not explain Jacobson's unusual product.32 The
hydrazo compound itself would not absorb any radistion
before or during the resrrangement, unless the T~complex
(XXVIII) had an extremely strong sbsorption in suitable
regions of the apectrum. Even then the lifetime of the
intermedintes would be too short for significent photo-

activation.
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The third possibility is that photoactivated aso
compound undergoes the reduction step. This would imply
that the cyclisation step is non-photéchoaﬁcal, because
the reaction has been found to be first order with respect
to the light absorbed {see Chapter III). If direct
pheotoactivation 1s the answer, 1t is Aifficult to see
how Jasobson could have sccidentally obtained the dteneue.32
The reduction of ago compounds with stammous chloride in
hydrochloric aocid 1s quite repid, and it is inconceivadle
that sufficient 1ight could have been abaorbed by Jacob-
son's 10 g of L-methylazcbensene in 150 ml of solution to

cause any noticeable arffect.

The photochemistry of the other p-substituted
ageobenzenes was reasonably straightforward. L-chloro-
asobenzens (XX, R=Cl) gave 2-chlorobensolglcinnoline
(XXI, R=Cl) in 53% yleld. S5-Chloro-2,4'~-diaminodiphenyl
(XXXI, B=Cl) end a smell gquantity of bensidine were also
obtained. The latter compounds are expected as re~

arrangement products from h—ohlorohydrasoboﬁs'no.36

Similarly, L-iodoasocbenzene (XX, R=I) gave
2-iodcbenzol gJcinnoline (XXI, R=l) (characterised as
an N-oxide), 2,4'-diaminc-5-iodobiphenyl {XXXI, R~T)
(characterised as salicylidens and p-nitrodbensylidens
derivatives), and a very small gquantity of bensidine.
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(Xxx1)

The diphenyline (XXXI, K=T) is the rearrangement product
expected from u-lodohydrasdbanzeno.37 The formation of
some benszidine is not very surprising es L-chloro-
hydragsehensene rearranges with some eliminotion of the
chloro substituent>® (see mbove). The yleld of the
2-10dobensolglcinnoline (XXI, Ral) was only 34%; this
may have been due to the fact that the L-fodoazobenzene
solution was irradiated in sunlight (esummer), without
cooling. The mixture became very hot, and somes de-
composition of reactant or products may have occurred.
The solar reactor was used becsuse of the very slow

rats of the photochemical reaction.

On irradiation, asobensene-lj~carbvoxylic acid
(xx, Racozn) gave benzolgleinnoline-2-carboxylic ectid
(XXI, R=CO,H); but it was found more convenient to isolate
this as the methyl eater. Benzidine was also 1solated,
and this was expected as the rearrangement of hydrazo-~
benzene-l~carboxylic acid is known to occur with a con-

siderable amount of decarboxylatioa.38 The other
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possible rearrangement product, namely 2,4'-diemino-
biphenyl-5-carboxylic scid (XXXI, Rscozu), may heve been
present, but {t was not isolated.

The products cbtained from the photochemical re-
actions of azcbenzene and its p-substituted derivatives
are summarized in Table 4. It should be pointed cut
that the ylelds of the resrcangement producta of hydrazo
compounds are frequently poor, and furthermore, quanti-

tetive isolation of the producta is often tedious.

TARLE 1,
Products from the irradiastion of azoben
-substituted an '-disubstituted derivatives

228 _sulphuric acid
Agobenzene Yield of substituted Rearranzement products |
derivative bengolgleinnoline. Type yield | Bensidine

(#) (%) (%)
Azobenzene L8 benzidine 35 —
Lo4'~-Dimethyl- 57 g-semidine 5 e
l=Methyl~ 50 dienone Lo =
4~chloro- 53 diphenyline 23 8
Lh-Iodo~- 34 diphenyline 14 C.h4
L=-Carboxy- uh' — 29

4+ Isolsted mas the methyl ester.
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(v) 3-Substituted sand 3,3'-disubstituted azobenzenes

All the expected iaomeric benzo[glcinnolines were
obtained by irradistion of p- subatituted azcbenzenes.
5,3';D1methy1asobonzane gave three {somers, and the mono-
sﬁbatituted agobenzenes gave two isomers. It was assumed
that the cyclized products would be obteined in yields
depending on the degree of steric strain in the product.
Substituents in the 1~ and 10-positions are well known to
clesh esterically, in fact L,7-diamino-1,10-dimethyl-
venso[gleinnoline {XXXIXI) has been resolved into its

optical lnomerl.39 The ultraviolct spectra of

N\

N

N,

(XXXII)

1,10-a1substituted benzo{glcinnolines also reflect this

strain.'® It seemed 1likely that benze[gloinnolines with
a sudbstituent in ths 1-position only would also be formed
in lower yield, and this has been confirmed. Generally,
assignment of the structure of the Sensa[g]otnnollnes was
made on the basis of the relative yields of the preducts.

In addition it was noted that for a given substituent,
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the order of incressing yield psralleled the order of
increasing melting points of the bensolglcinnolines,
without exception. With two of the aszo compounds; some
difficulty was experienced in guantitatively separating
and isolating all the benzo[gleinnolines, but generally
the total yield of cyclized producte approached 50%. In
addition, the expected substituted benzidine was isolated
following irradiation of each azo compound. The products
obtained from the irradiation of 3-substituted and

3,3"'-disubstituted azobenzenes are summarized in Table 2.

Ascbensene Benzo[gleinnolines (%) Sudsti-
Derivative 3,8~ 1,8- 1,10~ Total 322:?-
dimethyl | dimethyl | dimethyl | yield | dines
or 3-R — or 1-R %
3,3'-Dimethyl- | 46 7 3 32 12
3-Hethyl- 27 13 L7 34
3=Chloro- 35 1" 50 29
3-Todo- 35 1° 50* | u3*
3-Carboxy- T 10*** | — 2k

< Yield based on aso compound consumed.
44+ Losses ocourred in isolatiocn of this product.

O 1-Hydroxybonzo,[&;ctnnonne-iO-carboxync acid
lactone (XLII).
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On irradiation, 3,3'~dimethylazobenzene {XXXIII)
gave 3,8-dimethylbenzolg]cinnoline (XXXIV), 1,8-dimethyl-
bengo[gleinnoline (XXXV), ana 1,10-dimethylbenszolglcinnoline
(XXXVI). The identity of the 3,8- and 4,10- isomers was
established by direct comparison with suthentic samples
from Dr. P. F. Holt,"C and hence the other tsomer was
assumed to be ;,B-dlmothylbanzo[gloinnoliho. As expected,
the 3,8-isomer was formed in highest yield snd the 1410=-
isomer in the lowest yleld. An intermediate yisld of the
1,8-180omer was obtained which shows that {1-substituted
benso{g]cinnolines are formed in a yteld lower than
benso[gleinnolines which have no substituente in the 1
or 10-positions. It 18 interesting to note that the
dimethoxyphenanthrene analogous to 1,10-dimethyl-
benzo[gleinnoline was not isolated from the photo-
oyelisation of 3,3'-dimethoxystilbene, although the other
two isomers wers 1ablatad.h In addition to the three
benso{gleinnolines, 2,2'-dimethylbenstdine (XXXVII) was
1solated as the rearrangement product of 3,3'-dimethyl-
lxycu"asabcmzon:e.L‘1 It was identified by the preparation
of its dibenszylidene, disalicylidene, end diacetyl

dcrivattve-.h1

3-Methylasobensene {XXXVIII, R-Cﬁ,) geve a mixture
of 3-methylbenso[gloinnoline (XXXIX, R=CH,) and 1-methyl-
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bensolgleinnoline (XL, R-cﬂj). 1-Nethylbenzo{g]einnoline
was formed {n the smaller yield and was identified by
direct comparison with an authentic lp@oimon.ho This
further confirms the finding that {-sudbstituted
bonzo[gleinnolines ere formed in lower yleld. 2-Methyl-
bensiaine (XLI, R-Cﬂj) was also obtained and it wss
characterized as its dlacetyl, disaliocylidene, and

dibenzylidene derivatives.>2

Irradiation of 3-chloroszobensene {XXXVIII, R=Cl)
gave a mixture of 3-chlorobenzolglcinnoline (XXXIX, R=Cl)
and 1-chlorobenszolgloinnoline (XL, R=Cl). Tt seems certain
that the major product was the 3-isomer (as shown by
previous examples), and 1t therefore seems that the com-
pound reported by Jerchel and Ftechcrzu as 3-chloro-
bensolgleinnoline, m.p. 141-142°, was actually the {-isomer.
They hed prepared it by the photochemical oyclisation of a
2,3-diaryltetraszolium salt which should have given both the
1= and 3-{aomera, and their supposed 3-isomer was obtained
from ethanol in rather low yleld. The 4-1somer obtained
in the present work hed m.p. 145-146%; the 3-isomer had
BePe 189.5-190,5° and was very sparingly soludble, even in
bolling ethanol,

The rearrangement product, 2-chlorobenzidine (XLI, R=Cl)



32.

was obtained and was shown to be identical with an
authentic specimen prepared by reductive rearrangement

of 3-¢hloroazobcnscnc.“5 L3

According to the literature
2-chlorobenszidine (XLI, R=Cl) has m.p. 113°, but the

samples prepared in this work both had m.p. 101.5-102.5°.

Irradiation of 3-iodoazebenzene (XXXVIII, R=I) gave
a mtxture of 3-iodobenszolglcinnoline (XXXIX, ReI),
1-1odobenzolglcinnoline (XL} E=1), and 2-iodobensidine
(XLI, R=l). The latter compound was characterizcd as
its K,N'-dibensylidene derivative. The starting material
(XXXVIII, R=X) was sparingly soluble in the 228 sulphuric
acid, especially after some products had formed, and it
was not pocsaible to carry this reaction to completion.
However, the unused aso compound was easily recovered and
the total yleld of bonzo[g]einnolines was L9%, based on

the amount of azo compound consumed.

Azobenzene-3-carboxylic ecid {XXXVIII, R«CO/H) on
{rradintion gave a mixture of benselglcinnoline-3-
carboxylic acid (XXXIX, Racozﬁ) (characterized as the
methyl ester) and {1-hydroxybensolgleinnoline-10-carboxylic
acid lactone (XLII), but no bensolg)oinnoline~1-carboxylic
acia (XL, anozﬁ) was isolated. Some losses were en-
countered in the isolation of the benzolglcinnoline-

3-carboxylic acid {XxXXIX, u=cozn) and the yield of 4L¥
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does not give a true indication of the actual yield of thias
compound. The mecheniam of the formation of the lactone is
not clear, Its structure was deduced from fts 2nalysis and
its infrared spectrum in ohlororornrvhich ahnwcd no bands in
the region L000-2000 ci". apert rron‘a sharp pesk around
3000 om”! (aromatic C~H and chloroferm C-H stretching fre-
quencies), but showed strong bands at 1740 (lectone C=0)

and 1125 om~' (lactone =0-C). Also the compound (yellow
needles) was insoluble in ecold sodium hydroxide soluilon,
but dissolved on boiling to give a2 red solution. The
lactone wes re-formed on acidification. The expected re-
arrangement product from hydrascbensene-3-carboxylic acid,
nemely benszidine-2-carboxylic meid (XLI, R=COJH), was also

i{solated from the reaction mixturo-38

Some elimination of an g-substituent occurred with all
the g-substituted azchenzenes investigated. 2,2'-
Dimethylagobensene (XLIII) geve L,7-dimethylbenszo[glcinnoline
(XLIV), Y4-methylbensol{gleinnoline (XLV, n-caj), a very small
quantity of another dimethylbenszolgleinnoline (XLVI), and
some tar. Ko unsubstituted benzolglcinnoline was de-
tected. In addition 3,3'-dimethylbenzidine (g-tolidine;
XLVII) weas obteined. This is the expected re-
arrangement product from 2,2'-dlmethylhydrasobonséno.“h
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L, 7-Dimethylbenso[glcinnoline (XLIV) im 22K sulphuric secid
was found teo be stable under irradiation. Thus L-methyl-
benzolgleinnoline (XLV, R-CHS) could not have arisen from
L, 7-dimethylbenzolglcinnoline.

L4=Nethylbenzolg]cinnoline was obtained from 2,2'-
dimethylazobensene in the greatest yield, indicating that
cyclization with methyl elimination occurred more extensively
than cyclization without elimination. The structure of
the monomethylbenso{g]cinnoline was confirmed by direct
comparison with a sample obtained from the cyclization of
2-methylazobenszene (see later). The identity of
L,7-dimsthylbenzo[gleinnoline (XLIV) wes asupported by
thin-layer chromatography on silica-gel using 5% ether
in bengzene 28 solvent., L,7-Dimethylbenso{gleinnoline had
e much higher Rf value than L-methylbenso{glcinnoline or
the dimethylbenzolg]cinnoline obtained in very small yleld.
The high Rf values 18 attributed to the shielding of the two
nitrogen atoms by the L4~ end 7-methyl groups. Also more
vigorous conditions were required to form L,7-dimethyl-
benzo(gleinnoline~5-oxtde (XLVIII), compared with
benzolglcinnoline-5-oxide (IL). The hindering effect
of L4L-, and 7- substituents to N-oxidation of
benzol{glcinnolines has been cbserved by other workera, 42

The structure of the dimethylbenzo{gleinnoline (XLVI),
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obtained in very small yield, could not be estasblished
unambiguocusly. Its n.m.r. spectrum showed two sharp
singlets at 7 6.93 and 6.83 assigned to two non-
equivalent methyl groups, a sharp singlet at v 2.33 (two
protons), and two multiplets at about * 2,25 and 1.35 (two
protons each).‘ Probably one methyl group is in the
L-poaition, but the poaition of the other methyl group is
not clear. Also it 1s Adifficult to see how the singlet
at T 2,33 ariases. It seems to indicate the presence of
two 1solated aromatic protons resonating in the same rleld.
The multiplet at 7 1.35 {8 probably due to protons in the
4= and 10~ positions or in the 1~ and 7= positions, as
protons in these poaitions would be deshielded to the great-
est extent. It is probeble that the formation of this
dimethylbenzo[glecinnoline involved the migration of at
least one methyl group.

On irradiation, 2-methylazobenzene (L, R-@ij) gave
4-methylbenzo{g]cinnoline (XLV, Rscaj) with some unsub-
stituted benzo{g]cinnoline, as well as 3-methylvenzidine
(L1, Recns) which was the expected rearrangement product
from 2-mathy1hydrazobonzono.hs Some tar was elso formed.
The structure of L-methylbenzolglcinnoline wes assumed from
the method of formation.
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NH,

(L) (LI)

Similarly 2-chlorascbenszene (L, R=Cl) gave L-chloro-
bensolg)cinnoline (XLV, R=Cl) with some unsubstituted
benzo[glcinnoline, as well as 3-chlorobenzidine (LI, R=Cl)
which wes the expected resrrangemsent product from
2—chlorohydra:obenzeno.k7 No chloride ion could be

detected in the reasction mixture.

2=-Icdoasobensene (L, i=I) on irrsdiation gave
h-todobenzol[glcinnoline (XLV, R=I), a little unsubstituted
benso[¢]cinnoline, end 3~iodcbenszidine (LI, R=I) as the
rearrangement product. The reasction was not taken to
completion due to the low solubility of the arzo compound
in the acid solution, especially after soms products had
been formed. The combined yield of cyoclized product was

43% when based on the ago compound consumed.

On irradiation, asdbensone-z;cafboxylic escid (L, Racozn)
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gave benzolglcinnoline-L~carboxylic acid (XLV, R:COaﬂ) and

e little unsubstituted benzo[gleinnoline. The rearrange-

ment products were benzidine and bensidine-3-carboxylic

acia (LI, Rncoaﬂ), both of which are expected following

rearrangement of hydragohenzene-2-carboxylic acid.38

The products obtained from the irradiation of

g-subatituted azobenzenes are summarized in Table 3.

TABLE 3
Pr irradinti - 8 nd
242'-disubstituted szobenzenes in 22N _sulphurie
aeid.
Azobenszene Benzo[g{g}nnolinea Subatl-
derivative Tio elim= Tlimin- | Others | Total | tuted
ination of | etion of
Substit- one 3gb- Benzi-
nents atituent
dines
(%)
2,2"-dimethyl 10 19 o.4* | 30 2
2-methyl=- 23 11 = 35 14
2=-chloro- 37 12 — L9 30
Sdades 5704 6" — hB" 38*’
2=-carboxy~ 35 6 —-— ) LT

+ Unidentified dimethylbenselgleinneline.

*4 Yields based on ago compound consumsd.

++4+ Some unsubstituted benzidine (67) was also formed.
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It is noteworthy that slithough carboxy, iodo, and
chloro substituents are much better leaving groups then
methyl subatituents, the extent to which cyclization
occurs with eliminetion of a substituent bears no re-
lationship to this property. Rather it seems that the
sige of the substituent 1s important in determining the
degree of cyclization with elimination. Apparently
there is adequate energy to expel a variety of sub-
stituents from the 2-position of aszobensene. Thus the
yield of unsubstituted benzo{g]cinnoline probedly depends
on the proportion of the appropriate conformation of the
gig-isomer in the photosxcited state. The dletribution
of the éoarcrmatlona of the gis-azobenzenes 1s probably
not the same in the photoexaited state as it is in the
ground state of the gis-isomers. However, this would
depend on the rate of cyclization of the photoexcited
gig-azo compound (see Chapter IV).

" The fate of the eliminated substituent was not
estrblished for any of the g-substituted azcbenzenes
mentioned above. It was first thought that in the
eyclization of 2,2'-dimethylazobenzene (XLIII) teo give
L-methylbenzolg]cinnoline (XLV, Racrlj), some N-methyl-g-
hydrazotoluene (LII) could have formed. This is known
to rearrange to give K-methyl-g-tolidine™® (LITI); but
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none of the latter compound was isolsted. The formation

of methane is unlikely as no evolution of gas occurred.

i, CH, CHy ot
— H.N
é; g 5 NHCH3
B
(LII) (LIII)

In faet 90 ml of methane would be required to account for
all the methyl groups eliminated in the formation of
L-methylbenso[g]cinnoline from L g of 2,2'-dimethyl-
azobenzene. In one experiment, 2,2'-dimethylazobenzene
was irredisted in vacyo in a sealed system. No evolution
of gas was observed dwing the irradiation and the vacuum

was "intact” at the end of the irradiation.

Chloride iona eould not be detected in the producte
from 2-chloroascbensene, and this suggests that the species
eliminated (etther C1* or C1:) attacked sither the azo
compound or the organic products of the reaction. Thin-
lajer chromatography (on silica-gel) of the crude re-
arrangemsnt prohucts suggested that traces of compounds
other than 3-chlorocbenszidine (LI, R=Cl) might have been

present. The crude rearrangement products were
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chromatogravhed and subjected to countercurrent dis-

tribution, but no additional products were obtained.

Probably the cerboxy group was eliminated as

carbon dloxide, although no gas was observed.

(a)

The lack of information on the fate of the eliminsted
anbltzinants {especisally methyl) prompted an investigation
of the photochemistry of 2,4,6-trimethylazobenszene (LIV)},
Two compounds of special interest were obtained, namely,
1,2,4~trimethylbenzolgleinnoline (L¥V) (2%) ana
h4=(4'~aminophenyl)-2,L,6-trimethyleyclohexa~2,5~41 enone
(Lv1) (178%). The major product was the expected
2,4-dimethylbenszolgloinnoline (20%) (LVII). A con-
siderable amount of tar (30%) was also cbtained. This
irradiation was performed in 20,5 K sulphuric acid aa
the reaction proceeded too slowly in 22N acld.

The structure of the trimethylbenzolglcinnoline wes
deduesd from its ultraviolet and n.m.r. spectra. Its
ultraviolet spectrum waa characteristic of a
benzolgJeinnoline, and ite n.m.r. spectrum showed three
sharp singlets at v 7,50, 7.25, and 6.98 of three protons
each, Thess were assigned to methyl groups in the
2-, 4=, and 1-positions respectively. It waa expected
from the method of formation thet two of the methyl groups
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(LIX)
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would be in positions 2- end L=. There was only one
aromatic singlet (at ¥ 2,58, one proten), which confirmed
that all three methyl groups were sttached to the seme
benzo ring. This aromatic singlet was assigned to a
proton in the 3-position rather than the t-position
because of the relatively high fleld at which it occurred
compared with the other aromatic peaks. Thus, this con-
firmed the presence of the third methyl group in the
41-poaition, The remaining srometic psaks consisted of
two multiplets which were assigned to the four aromatic

protons on the other benzo ring.

The structure of the trimethylbenzo{gleinneline (LV)
suggests that a {1,2-shift of a methyl group ocourred during
oyclization; but this does not account for the methyl groups
actually elimineted during the formation of 2,4-dimethyl-
benzolglcinnoline (LVII),

Acoordingly the rearrangement products were
chromatographed; but the only product obtained in sig-
nificant yield was the trimethylcyclohexadienone (LVI),
Presumsbly this was formed from the imine (LVIII) by en
sbnormal rearrangement of 2,4,6~trimethylhydraszcbenzene
(LIX) analogous to the abnormal rearrangement of L-methyl-
hydrazobenzene (see p. 15). The atructure of the
trimethyldienone was established by infrared and n.m.r.

spectroscopy, and by dienone~-phenol rearrangement to
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4-amino=-3'~hydroxy-2',4',6'-trimethylbiphenyl (LX).

(LX)

The n.m.r. spectrum of the dienone showed a sharp singlet

at r 8.47 assigned to the L-methyl group, esnd a sharp singlet
at T 8.47 assigned to the 2- and 6-methyl groups. The
dienone protons (3~ and 5-) gave a sharp singlet at v 3.48,
and the four aromatic protons geve & gusrtet centred at

about v 3.3.

The structure of the phenol (LX) was estsblished by
infrared, ultraviolet, and n.m.r. spectroscopy. Ite
n.mr*. spectrum showed thﬁt the hydroxyl group must be in
the 3'-poaition (cf.p.18 ). To show this it is importent
to note that a hydroxyl group in a bengzene ring causes a
shift of +0.37 ppm in the resonance of g-, Q@~, and
p-eromatic pro%ona,hg and it is probdbadble that there 18 ean
equsl (but smaller) effect on the resonance positions of
g-» B~y 2nd p-aromatic methyl protons. Hence the sharp
singlet at T 7.75 (three protons) may be assigned to the
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4'-methyl group snd the sharp singlet at 7 8.05 (eix
protons) must be due to the methyl groups in the 2'- and
6'-positions, twisted into the shielding region of the
aminophenyl ring. The fact that there were no aromatie
protons below 7 3.43 supports the presence of a 2',6'-
dinnthylbtﬁhsnyi structure.

If the methyl group had migrsted in the dienone-phenol
rearrengement, the product would have been L-amino=-4'-
hydroxy=2,3,5=-trimethylbiphenyl (LXI). Here one would

CH :
CH
3 3
CH .

expect a 3,5-dimethyl singlet (six protons) to ocour at a
field lower than a 2-methyl singlet {three protons).

Thus the fate of the eliminated methyl groups has not
been elucidated. Thhe formation of tar, however, appears
to be a feature common to the photochemical ecyclization
g-methylascbensenes, and the yield of tar appears to

increase as the proportion of methyl slimination increases.
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Moreover the total yleld of cyclized product decreases
with an increasing proportion of methyl elimination (see
Teble 4). In fact the tar may hold the answer to the
fate of the eliminated methyl groups; for no tar was
obtained from easzo compounds other then 2,2'-dimethyl-

azobenzene, 2-methylaszobentens, and 2,4,6-trimethyl-

asohensene.

Agobensene Benzo[glctnnolines (%)
derivative Ro elime | Elimina- | Rearrange- | Total
ination tion mont
2-Methyl- 23 41 st 35
2,2'-Dimethyl- 10 19 0.4 30
2,4,6-Trimethyl- — 20 2 22
(e) Attempts to ingrease the vield of benzolslginnelipes

The fermation of the rearrangoment products of
hydrazobenzenses in the photochemical cyclization of aso~
benszenes has no synthetic value, except perhaps for the
production of the unusual dienones. To reduce the yield
of the intermediate hydraszobenszenes several dehydrogenating

agents were added to compete with the protonated aszobenszens.
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- Nitrobenszene, p-nitrobensaldehyde, chloranil,
9,10-phenanthraquinone, lLi~dimethylaminoazobenszene, and
L4-methoxyasobensene in turn were irradiated with asobengene
in 228 sulphuric acid on a spectroscopic scale. Where
necessary, some ethanol was added as a co-solvent. There
was, however, no indication of an increased yield of
vensolgloinnoline, except for the possibility of a alight
{mprovement in the yleld when using a 50-fold molar excess
of nitrobengene. This would be useless for preparative

work,

The addition of benzil and of 1,2-naphthoquinone—i-
sulphonic acid to the reaction mixture was investigeted on
e preparative scale. The latter oompbund 1tsell appeared
to undergo a photochemical chenge in the sulphuric acid and
was therefore unsatisfactory. #ith bensll as the added
dehydrogenating agent, the resction was performed in 89%
w/w sulphuriec acid, the strength of which was just sufficient
fo dissolve the bensil. When 0.3 g of agobensene was used
the reaction required three montha exposure to sunlight for
completion. Benzil was recovered unchanged and the yielad
of benzo[gleinnoline was only 44%. There was no sign of

any phenanthraguinone in the recovered bensil.

There appears to be a considerable problem in competing
with the protonated azobenzene as the dehydrogenating agent.
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Agobensene in sulphuric scid was found to abstract hydride
ions from 2 number of organic compounds such es f-hexans,
ecyclohexane, oyclohexanone, acetone, benzaldehyds, formie
scid, acotic scid, succinic aclid, nitrobensene, benzene,
thiocphene, dibutyl ether, and benszyl alechol.2? A more
fruitful investigation could involve the use of dshydro-
genating sgents in solvents which would not protonete the
ago compound. This would more eclosely resemble the
photochemical cyclization of azobenzene desoribed by
Hugelshofer, Kalvoda, and Scharfner.h

(£} Separs

In the study of the preparative photochemistry of
g~ and pg-substituted asobenszenes it wes necessary to
deviae satisfactory methods for separation of the mixtures
of benso[gloinnolines. Fractional crystallisation was
generally found to be unsatisfactory as yields could not
be determined with sny precession. Chromatography on
alumine was useful only for the separation of L,7-dimethyl-
benszolgleinnoline (XLIV) from L-methylbenzol[glcinnoline
(xLv, 3-033) and the unknown dimethylbenzo[gleinnoline
(XIVI). With other compounds little or no separation was
schieved and the use of silica-gel as sbsorbent gave no
advantage,

It wes found that the distribution coefficients of a
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pumber of methyl- snd dimethylbenso(gleinnolines differed
widely when using the system hexane-dilute hydrochlorie
acid, and that the distribution coefficients could dbe
adjusted to an appropriate range by verying the acid con-
centration. Countercurrent distribution using thls type
of aystem was very satisfactory. Separation of
benzo[gleinnoline mixtures generally appeared to depend on
the solubility of the compenents in the light petroleum,
provided that the components had approximately equal
basicities, For exsmple, in the separation of products
from g-substituted asobenzenss the solubility of the com-
ponents in light petroleum paralleled the degree of steric
strain in the molecule, and in fact the componenis were
separated in this order. The solubility of both 1- and
3-1odobenso[glcinnoline in light petroleum was very low,
anﬁ benzene-light petroleum was used as the moving layer.
However, this eliminated all sepsration and the distribution
hed to be repeated using hexane end LN hydrochloric acid.

When there were considerable differences in the
basicity of the components, the less basic component
usually moved faster than the more basic one. For example,
{n the separation of L-halogenobenzo[g]oinnolines from
benzolgleinnoline, the latter was s 1little more soluble in
the organic layer than the L-halogenobensolgleinnolines.
The L-halegenobenzolgleinnolines apparently were much less
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basic, and in the countereurrent distribution they moved
faster thhn vensolgletnnoline. llere the use of benzene

{in the moving leyer 4Ald not upset the separation.

Some investigations with paper and thin-layer
chromatography were also carried out, as it was desirable
to have & method for testing the efficiency of the separa-~
tions when using countercurrent distribution. Psrtially
acetylated paperso and thin-layers of partially acetylated
cellulose®' gave negligible separation of benszolgleinnolines
using the systems methanol-ether-water (Li4341) or ethanol-:
toluene-water (17:431). Paper chromatography using butanol-
3K hydrochloriec acid also geve no separation. With scetic
acld-water-hexane mixtures, sireaky chromatograms were
produced. The moat satisfactory syatem was thin-layer
chromatography using silica-gel with benzene—-ether in
varying proportions, sccording to the compounds being used.
Nevertheless, the degree of separation of components in a
mixture was often very small, and the Rf values were
noticeably dependent on the load of meaterial.

golcleinnolines

To assess the photochemical formation of bensolglcinnolines
from ascbensenes as a synthetic method, it is necessary to

examine the other methods which have been used to prepere
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bensolg]oinnolines. There are two logical approaches.
First, starting from a biphenyl, an azo linkage has to be
formed scross the 2,2'-position. Secondly, starting with
8 ~NaN- or =N-N- linkage between two aryl groups, cyelo-
dehydrogenation has to be effected st the 2,2'-positions.
The first approach has been used to & far greater extent

than the second.

Tauber”2 first prepared benzo[g]ecinnoline by reduction
of 2,2'-dinitrobiphenyl (LXTI) with sodium enalgem and
methanol. Ever since, the reduction of 2,2'-dinitrobiaryle
has been the most important method for the preparation of
benzo[a]oinnollnes and also many polycyeclic cinnolines. A
large number of reducing methods have been used. They ineclude
electrolytic roduetion,”'5b chemical reduction with sinc dust
and alkali,52'55'55 sodium amnlgnm,52'56'57 lithium aluminiom
hyaride,?%058+59 rorrous oxide,5° 1ron, ana catalytic

hydrogenation with platinum oxide,62 or Haney niek.1.63

In the reduction of 2,2'-dinitrobiphenyl, other products
along the reduction sequence may be formed, such as
benzo[g]leinnoline d1-N-oxtde (LxIII),”? benzolgleinnoline
B-oxtde (11),%2+%% apa 5, ¢-atnyarcbenzolglotnnoline (Lxrv), 55
The extent of reduction is probably very sensitive to the
reaction conditions because different results have been

obtained when different groups of workers have used the same
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methodn.55’58 In certain cases, reduction has ylelded
2,2'-diaminobiaryls. This occurred in the reduction of
2,2'=dinitrobiphenyl with Raney nickel®” or with sinc and
hydrochloric acid;52 2,2'=dlaminobiphenyl (LXV) was formed.
The most reliable methods appear to be the reduction of a
2,2'-dinitrobleryl to a benso{glcinnoline FN-oxide using
sodtum aulph.ldosh or sodium polysulphldo,56 followed by
reduction to the benzo[g]cinnoline eleotrolyticn11y6a or
with 1lithium aluminium hydrldo,ss or direct reduction of
the nitro compound clectrolytically,53’5h or with lithium
alumintum hydrtde.56'58’59 The yields are generally very

good.

The aso linkage has also been formed across the
2,2'=position of biaryls from 2,2'-diaminobiaryls. The

methods include reduction of the tetrazotized biaryl with

66,67

sodium arsenite and copper sulphate, or direct

oxidation of the diaxinoblaryl with sodium perborato.sa
Oxidation with hydrogen peroxide in acetic acid has been
shown to give benzo{glcinnoline Eroxldoa.sa” The yields in
these oxidations were excellent for ihe preperation of simple
benzolg]einnolines, but only moderate to poor for higher

68

polyeyclic einnolinea. The oxidation method 18 adven-

tageous when the reduction of a 2,2'~-dinitrobiaryl would
remove labile groups (e.g., some hnlogona).69 The

=N=xN-linkage has heen formed from 2-am1n6-2'-nltrobiphenyls.70
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Very recently Dewar reported a new synthesia of
benso[ejcinnollnc.71 10=-¥ethoxy-10,9-borasorophenanthrene
(LXVI) waa diazotized to give the dlasoarylborenic acid
(IXI1) which on standing gave benso[glcinnoline in 98%
yield. Polyeylic cinnclines were prepared sirv:i].ax-lgr.f"'1
Borazarophenanthrenes may be prepared by heating
2-aminobiphenyl (LXVIII) and boron trichloride in benzene
to give 2=biphenylylaminoboron dichloride (LXIX) which then
undergoes a Friedel-Crafts cyclization with aluminium
chleride to give {0O-chloro-{0,9-boragarophenanthrene (LXX),
The chloro compound is readily hydrolysed to the hydroxy
compound (LXXI) which may be diazotized directly, or first

methylated.,

The advantege of the mathod is that only one functional
group is initially required where the F=N linkage 1s to be
farmed. Difficulty could be experienced, however, in
preéparing benzolgleinnolines substituted in the L~ or
7-positions as the Friedel~Crafts ocyclization to give the
boragzaro compound s inhibited by g—nubstttuent..72 More-
over, substituents in the gortho-position of 2-aminobiphenyl
are nown to prevent the Friedel-Crafts cyclization, presumasbly
because of sterio hindrance to coplanerity in the blpheny1.73

The main disadventage of these methods involving biaryls
is that the Ullmann reaction, by which they are usually
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prepared, often gives a very low yleld,
synthesis of somes benso{glcinnolines requires mixed
Ullmann reactions, giving mixtures of biaryls which are

difficult to separate,

The second main method for the preparation of
bensolglcinnolines involves the cyclization of compounds of
the type Ar-é-%-Ar, where a new C-C bond {8 formed between
the 2- and 2"-positions. This has been accomplished by
the thermal or ghotochsmioal cyclization of azo compounds,
by the photochemical cyclization of 2,3-diaryltetrazolium
salts, and by the cyclodehydration of cyclohexane-1,2-dione-
41-arylhydrazones, followed by catalytic dehydrogenation.

Severel aso compounds have been cvceclized in & melt
of aluminium chloride and sodium chlorido5 or by heating an
820 compound with aluminium chloride in dichloromethane

under reflux. T

A summary of the reaction conditions and
ylelds of some benzolg]einnolines obteined by this method is
shown in Table 5. In sddition te sodium chloride, potassium
chloride and sodlum fluoride have been used to lower the
melting point of aluminium chloride nixtures.???’ Polyeyclic
cinnolines have been successfully prepared from asonaphthalenes
and 2-phenylasonaphthalena.7h The advantage of the cycliza-
tion of azo compounds is that they can he prepared in good

yields from readily accessible starting materials, Un-



TABLE 5.
Thermal formstion of benzolclginnolines from azobenzenes

Azobenzene Medium Temper- | Time | Benzolgleinnoline Refer-’

derivative ature (nr) | derivative and yleld | ence

Agobenzene A1C1,, FaCl 1206__ 20 Benzo[gleinnoline 5
(under nitrogen) (60%)

Azobenzene Alclj, FaCl, KC1, 60° 30 Benzolg]einnoline 5
NaF (under oxygen) (45%)

Agobenzene AlC1,, KeCl, 90° 6 Bensolg]cinnoline 5
KC1, MnO, (L,07%)

Azobenzene AlC1,, 80° 12 Benszolgleinnoline 5
trichlerobengene (20%)

Azobenzene AICIB, pyridine 140° 48 Benzolglcinnoline 5
(10%)

3,3"-Dimethyl- A1C1, ¥aCl 100° 0.5 3,8-Dimethyl= 5
(25%)

L=Dimethylamino- AIC1 , NaCl, 88-93° | 3.5| 2-Dimethylamino- 57

KC1l, NaF (30-31%)

°LS
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symmetrical azo compounds are aleo simple to prepere. The
main disadventage of the method 1is that pg-substituted

agobenzenes may glve mixtures of bonsa[gﬂcinnollnes.

2,3,5-Triphenyltetrasolium chloride (1XXII) in agueocus
solution has been shown to undergo & photochemical change
to give the formasan (LXXITI).’” 1In ethanolic solution,
'howover, the tetrazolium salt photocyclizes to give
2,3-d1§honylone—5—phony1tetra:olluu chloride (LXXIV),
Reduction of thie photoproduct with Raney nickel gives
venzolgloinnoline in almost quantitative yield.?* Table
6 shows e summary of the benszol[g]cinnolines which have been
obtained by this method. The benso{gleinnolines so obtained
served to prove the structures of the photoproducts. For
prepargtivo purposes the yteld on h ydrogenation and sub=-
sequent isclation could possibly be improved. The
tetrazolium salts may be prepered by the reaction of an
arylhydrasone of an aliphatic or aromatic aldehyde with
en aryl diasonium salt to give a formasan. The formazan
ray be oxidiged to the 2,3-diaryltetraszolium salt with
nitric acid in ethyl scetate, lead tetraacetate in
chloroform, K-bromosuccinimide in ethyl acetate, or amyl
nitrite and hydrochloric acid in ehlororern.zh’76'77 The
synthesis 18 4{llustrated in Scheme 3. The ylelds of

tetrasolium salts are usually very good, and a wide range



" Tetrazolium salt Yield (%) of | Irradiation Hydrogenation products
Anion and scale in parenthesis | Photoproduct | time (nr) Yield (%) in parenthesis
2,3,5-Triphenyl- 80 2k Benso[g]cinneline
(chloride, 5 g) (Almest quentitative)
2,3<Diphenyl-5=methyl~ L2 8 Benzo{gleinnoline
(ehloride, 1.9 g) (Almost quentitative)
2,3=Diphenyl- 69 Lo Benszolg]einnoline
(bromide, 4 g) (A1most quaﬂtltativo)
2-(4~chlorophenyl)=3,5-diphenyl- 73 30 2-Chlorobenzol g)cinnoline
(nitrate, 1 g) (53)
2-( 3=chlorephenyl)-3,5=4iphenyl 85 15 4~Chlorobensolgleinnoline?
(nitrate, 2 g) (32)

+ Jerchel and Fischer considered thia product to be

3-chlorobenzolglcinnoline but it now seems that it

is the {-isomer (see p. 3¢ ).

*6S



TABLE 6.

(Continued)
Tetraszolium salt Yield (%) | Irrediation Hydregenation products
Anion end scale in parenthesis | of photo- | time (hr) Yield (%) in parenthesis
product
2+( 3,4~d1chlorophenyl)~3,5~ Lo 60 2,%= and 1,2=dichlorobenzolg]=-
diphenyl- (nitrate, 1 g) cinnolines (No yield stated)
2,3=D1~( 3-chlorephenyl)=5-phenyl~ 35 Lo 3,8~ and 1,8-dichlorobenzolg]-
(nitrate, 1 g) cinnolines. (47)
2=( 3=methoxyphenyl) =3,5= 40 80 1= and 3-methoxybenzo[g]-
diphenyl- (nitrate, 1 g) cinnolines. (46)
2=( =carboxyphenyl)=3,5= 65 24 Benzolgleinnoline-2-carboxylic
diphenyl- (bromide, 2 g) acid. (40)
2«(=ethoxycarbonylphenyl) =3,5 83 8 Methyl benzo[g]cinnoline-a-
diphenyl= (bromide, 2 g) carboxylate, (9y)

‘09
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/N-"N : —N
N=—N e
+ +
(LXXTI) Cc1 (LXXIV) Cl
=
N=—¥N
(LXIII)

SCHEME 3 —— Formation of 2,5-diary1tetrazolium salts.

//N'—NH—AI‘ . N—NH — Ar
R—ocH —+ —— R .
. :N —_— AP
N =—N=—Ar
+
Oxidation
_ Ar
—x
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of derivatives can be made. Certain tetrasclium salts
felled to undergo & photochemiesl oyelisation.? These
had biphenylyl, 4~ or 2-naphthyl, p-nitrophenyl, or
p-methoxyphenyl substituents in the 2~ or S-poiition of
a tetrazolium halide. |

1,2,3,4=Tetrahydrobensolg]oinnolines may be formed by
the oycleodehydration of cyolehexane-{,2-dione~{-phenylhydra-
sones, using concentrated sulphuric acid (see Scheme l;)..’a
SGHEIE by
1,203, =tetrahydrobensolgJeinnolines.

Formation of

R

R
oQR — HO
N/I_q

H

N’/'N

H,SO
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When Rs=methyl, an 35% yield was obtained, but when E=H only
a 15% yield of tetrahydrcbenzo{glecinnoline was obtained.
Braithwaite and Robinson’® have used the method to prepare
higher tetrahydro polyeyclic cinnolines in moderate yields.
Th;so were dehydrdgenatod with palladium on carbon in boil-
inz naphthalene to give the fully aromatic compounds in
good ylielad. The scope of this method has not been very

well explored.

Once the bensolglcinnoline nucleus has been formed,
several substituted derivatives may be odbtained by nitra-
tion with subsequent reactions invelving the nitro group.
Direct bromination has not besn very satiafactory as much
starting material was recovered, and 1-Bromobenzo{glcinnoline

(XL, R=Br) was obtained in only 27% yiold.hs

Several groups of workers have shown that
benso(gleinnoline undergoes nitration with nitric and
sulphuric scide to give 1-nitrobenzolglcinnoline (XL, nsnoz)
end some L-nitrobenzo[gloinnoline (XLV, R=NO,). The ratio
of the two isomere was about L34 reapectivoly.so and no
3-nitrobenzolgleinnoline {XxxxIX, Rauoé) was found.S!
Nitration of benzolgleinnoline K-oxide with nitric acid
and sulphurtic scid geve 1~ and L-nitrobenzolgleinnoline
5-011633,81 but when fuming nitric acid alone was used

2-nitrobenzo{glcinnoline N-oxide was formed in good

y1014.8782  puriner nitration of benso{g)oinnoline
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affected the i-isomer only, yielding 1,10-dinitro-
benzolg]cinnoline (1xxv), 83

O N
NO

N

(Ixxv)

The nitro end dinitrobenszo{g]lcinnolines and their
H-oxides have been reduced to the corresponding
amindbenso[g]cinnolines, and the amino groups have been

replaced with halogens in many examplgg.80081185

In conclusion it may be said that the syntheais of
unsyrmetrical bensolg]cinnolines from compounds of the
type Ar-i-é-Ar has the advantage over the method using
biaryls; but this adventage is lost when cyclization cen
occur to give mixtures. The photochemical cycliszation
of aszobenzenes et present appears to have no partiocular
synthetic advantage over the thermal cyclizaticn of
azobensenses or the photochemical oyclisation of

tetrasolium salte.



3,5'-Dimcthylazobensonesh and L-iodoazobenzene were
kindly sapplied by Cr. G. E. Lewis. The asobenszene-i-
carboxylic acid used was a recrystallized commercial
sample. The other azo compounds wefe prepared by
standard methods. 2,2'~Dimethyl- and L,4'-dimethyl-
azobenzene were prepsred by reduction of the appropriste
nitrotoluenes. The monosubhstituted asohenzenes were
obtqinod by condensation of nitrosocbenszene with the
appropriate substituted aniline. ¥hen 2-substituted
anilinealvere used it was often necessary to warm the
mixtar§ to effect the condensation. This caused some
of the nitrosobenzene to decompose. All the aso com=~
pounds, however, were chromatographed on alumina, followed
by recrystallization or distillation. Azobenzene-~2~
- carboxylic scid and agobenzene-3-carboxylic acld were
prepered via their ethyl esters so that the esters
could be purified by chromatography on alumina before
being hydrolysed to the acids.
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CHAPTER IIT

PHOTOCHEMICAL KINETICS

3e1 _Introdyction

The usual aim of a kinetic study of a photochemical
reaction 1z to determine its quantum yleld. This may de
defined as tie number of molecules formed (or transformed)
per gquantum of light abaorbed by the reacting aystem.
Modification of thie definition may be necessary in a com-
plex reaction where the reactant or reactants may give
several products in different molar preportions. Thus 1t
should be specified as to which product or reactant the
quantum yield refers. Allowance for competitive abeorpticn

by non-reactlive species may also be Nnecessary.

Quantum yields can provide valuable informstton on the
mechaniem of a photochemical reaction, espeeially if the
effect of temperature, concentration of reactants, wavelength
of light used, light intensity, and the medium are determined.
It was conaidered important to measure t:ue quantum yield of
the photochemical cyclization of azobenzene, and some deriva-
tives. Azobengzene and its 4-chloro~ and 4-methyl- derivatives
were investigated because only one cyclized product was
obtained from each compound and the corresponding cis-azo
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oompounds were known. The rate of resction was found to be
proportional to the rate of light abasorption. Moct of the
quantum yields were determined at 25° ueing the 436 ]
mercury line. The quantum vield was found to decrease with
an increase in the s:lphuric sclid concentration, and there
wAS no apparent ﬁelatlonship between the guantum ylelds and
the liammett ¢ -constants of the substituents. Azobenzene
was also irradiated at 15% with 436 ma light and at 25° with
LO05 mz light, but for 2 given acid concentration, any change

in the quantum yield was amall.

These investigations did not cover all the variasbles,
8o there are gaps in the understanding of the reaction.
Nevertheless, some difficulties in the accurate measurement
of the quantum yields were overcome and hence further work

should be somewhat more straightfeorward.

Ascurate, msaningful guantum yields should be measured
with monochromatic light, as the extinction coefficient of
the reactant and the guantum yield may vary with wavelength.
Nercury lamps are generally used and the desired emission
line (or lines) is selected with a prism monochromater or
appropriste filters which sbaorb the unwanted emission. For
this work appropriate filter solutions were used in conjunction
with a high pressure mercury lamp. To measure tne quantum

yield, the rete of the photochemical reaction and the rate of
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abaorption of light quanta by the aystem muet be determined.
Spectrophotometric measuremont was used to measure the rate

of the photochemical resction of thes azobenszenes.

The rate of absorption of gquanta may be determined with
a calibrated thermopile, or photocell, or by chemical sctino-
retry. A thermopile can be calibrated againat the emission
from a true black body, but this 1s difficalt in practiec.85
A gtapdsrd lemp, for which the totel emission has been
determined, can be used to calibrate a thermopile-galvano-
moter syatem, The ralponic of a photocell is dependent on
the wavelength of the light, and hence it cannot be calibrated
with a gtenderd lagp. However, 1if a sultable monochromatic
source is used, a photocell may be celibrated against a prop-
erly calibrated thermoplile for the particuler wavelength used.

When either a thermopile or a photocell is used to
measure the absclute value of the incident radiation, measure-
ments must be made aystematicelly over the entire cross-
sectional area of the light beam entering the reaction vessel.
The intenslity must be integrated over this arec and also with
respect to time, as fluctuations in the lamp ocour almost
invariably. If all due care 1s used, an accurate value of

the incident radiation in guenta per unit time can be obtained,

An actinometer consists of & chemical aystem which under-

goes a photochemical reactien of known quantum yield for a
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given wavelength, Originally the quantum yield would have

been determined by exhaustive comperisons with a ealtbratodr
thermopile at various wavelengths, The peroentage absorption
of the actinometer system should be measured ét the wavelength
being used, as the obvious correction must be applied to

allow for the light transmitted by the actinometer, If the
percent age absorption changes during exposure of the actinometer
to light, the absorption would have te be integrated over the
exposure time. For slight changes in the abaorption, the
arithmetic mesn of the initial and final values would be
sufficiently accurate, provided that the products in the actinrc~
meter reaction do not absorb significantly at the wavelength .
of irradiation,

The use of an actinometer to determine the incident
light intensity has meny advantages over the thermopile or
photocell, Integration over time and area of the light beam
occurs naturally if the entire beam is sbsorbed by the
actinometer and if the time of exposure is long, relative to
fluctuations in the light source. Furthermore, if the
actinometer cell and reaction cell are placed in en identical
environment with respect to the ltghq source, the reflection
losses at the cell faces may be neglected. If, however, the
actinometer cell is placed behind the reaction cell, as is
often denc.35 then a correction for reflected light must be

made {f accurate results are to be obtained.
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The actinometer system most commonly used for many

years has been uranyl oxalate.a6

This eystem has many
desirable features, o.g. small variastion of guantum yleld
with wavelength, small temperature depeadence, a rate of re-
action proportional to the first power of the light inteneity,

and no troudlesome side reactions. It involves the reaction

vo_**
HWO  CO_, ¢ CO

2

HC20, T 2+ 2
and at 25° the quantum yield for the disappearsnce of oxalate
ranges from 0,60 at 254 ma to 0,58 et 436 mp with a minimum
of O.49 at 366 mp. It is an exceptionally useful system for
measuring lerge quantities of light. Normally the uranyl
oxalate is titrated with potassium permanganate before end
after irradiation; the difference hetween the two titrations
allows the light intenasity to de calculated. The sensi-~
tivity may be improved greatly by the addition of excess
cerieo sulphate, which oxidizes the residusl oxalate, The
unuaed cerie ion can ve estimated apectrophotematrical!y.37
Reoently, gas chromatography has besen used to measure the car-
bon monoxide formed, and this has increased the sensitivity

of the system by a factor of about 3000.88

For the study of the photochemistry of azobenzenca, the

86

uranyl oxalate system as normally used, and also with the

aeric sulphate nodlflcation,aT was considered insufficiently
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sensitive. The method using carbon monoxide annlyalssa was

considered too senaitive. Furthermore, the absorption of
uranyl oxalate in @ 1 cm cell is inconveniently low at 436 ma,

at which wavelength most of this work was to be carried out.

Potassium trisoxalatoferrate(III) {potessium ferrioxal-
atc), however, appsared well suited as an actinometer uyltem,sg
and was found to be very satisfactory. The reaction proceeds

according to equation (3.1). The system is virtually

2[?.(020u)3]3‘ — 2Pe(C,0)) < 3[020u]2‘ + 200, (3.1)

{naensitive to oxygen, and is cleimed to have a linear
response to the light abaorbed, up to 72% decompoaition.go
The ferrous ion formed is estimated aspecirophotometrically

using 1,10-phenanthroline.

The ferrioxalate system is more sensitive than the ceriec
sulphate modification of the uranyl oxalate system for several
reasons. Its quentum yield is ebout twice thet of the uranyl
oxalate system; below 450 mp it absorbs more strongly than
uranyl oxalete, which is important when cell paths of only
4 cm are being used; and the extinction coefficlent of
ferréns phenanthroline at its A is sbout twice that of

ma X,
the ceric ion at 1tas Amnx .

The rate of the photochemical cyclization of azchenseneca
eould be obtained either from the rate of diceppearance of the

azo compound, or from the rate of formation of the products.
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It waa much more convenient to measure the dissappearance of
the azo compound as these mesmurements were made at the seame
wavelength as the irradiating light. From the preparative
studies described in Ghaptgr»II it may be assumed that the
rate of disappearance of azo compound is linearly related to
tho:rgta.ot formation of eyeliszsed product, although the con-
version factor would have to be determined. A suitablé
differentinl equation was rcquired to relaste ti.e observed rate
of decrease of the absorption to the proportion of incident

1ight sbsorbed by the reacting species.

As a first approximation, ebsorption of 1light by the
reaction products was neglected. At 436 mp, this is a
remsonably geod approximation. Equation (3.2) is the required
differential equation and ite derivation is described in

Appendix I. D is the messured optical density at the wave-

_g% = K(1=10"D) (3.2)

length of irradiation, t is the time, end K 18 the rate constant
having units of time~'. Integration of eguation (3.2) gives

equation (3.3), whers D_ is the initial value of D.

log,(1070-1) - log,g(10"-1) = Kt (3.3)

Agzobenzene in 22N svlphuric acid was irradiated with a
conatant source of 436 mp light and D was measured at this

wevelength as a function of time. A graph of -log(idn-ﬁ)
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against time gave a straight line after the gis-trane
equilibriam had been reached, but toward the end of the run,
there was a deviation from linearity. Aceordingly, allocwance
was made for the absorption due to benzolgleinnoline formed
in the reection. The derivetion of the improved differentiel
equetion (3.4) is desecribhed in Appendix IT; b is the fraction

_g% e 25(1-%"%)(1-10"’) (3.4)
of light adsorbed by the rescting species relative to the
1ight sbsorbed by all the a2zo0 compound, X is the rate constant

for the actuul cycliszation process in units tlﬁo-i

s 5 is the
yield fraction of the cyclized product, and D, is the value of
the opticml density after all the aso compound has been con-
sumed. Since thias work was carried out, Kling, Nikoleieki,
and Schlifer’' have publiehed & similar derivation which

agrees with the one described in Appendix II.

Equation (3.4) does not integrate to give an elementary
solution, and it was found convenient to integraste 1t numer-
1cally, using an I.B.M. 1620 computer. Tables of

-SD ar
3 (1-%‘)(1-10"’)
for values of D, ranging from D, = O to 0.30 at 0.01 intervals

were computed. The integrstion range of 3 to D was choaen
ardbitrarily as, in this work, an initial optical density of

3 would not be exceeded. For each value of D, the intervals
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of D were 0,2 from 3.0 to 2.0, O.1 from 2.0 teo 1.0, and 0,0t
from 1.0 to D, ¢« 0.0i. A graph of the eppropriate integral
egainst time was found to give s straight line (slope = bk/=)
after cig~-trens equilibrium had been reeched, and showed no
significant deviation from linearity towards the end of the
run. This helped to confirm the validity of equation (3.l4).

At gis~-trans equilibrium, b is assumed to be conatant
and may be determined experimentally. As the constent s may
be measured, the value of k (time™) may be determined from
the sleope of the linear portion of the graph. The rate
constant of the cyeclisation reaction, k', (moles. tlme‘*) is
given by

k' = EY o 31020e2eY (3.5)
€%1 £%.v.1
where €% 1 the decadic molsr extinction coefficient of the
esquilibriam gig-trens mixture, 1 is the length of the opticel
path i{n the reaction cell (cm), and v 1s the volume of the
ﬁalutian in the reaction cell (1.). The quantum yield of

the eyelization process (&), ias given by

®=Xk'/qQ (3.6)
where Q 18 the amount of light entering the reaction solution
1

with units einsteins. time~'. An einstein is Avogadro's
number of quanta (1.e. 6.023 x 1023).



(a) Apparatus

The sccuracy of all volumetric glesaware was checked
with water at 20', and the maximum error allowed was 2 0.2%,

The irradiations for the determination of gquantum yields
were performed i{n an appsratus illustrated in Pig. 2 {approx~
imately helf scale). The light source (1), a Philips HPK
125% high preassure mereury lamp, was enclosed in a housing (2)
which allowed some ventilation. The light passed through a
series of masks (3) to remove reflected light, end then passed
the shutter (L) inte a 1 om glass cell (5) which centasined
water to remove moat of the heat., The 0.5 em filter cell (6)
contained the appropriate solution to select the desired
mereury line. Both filter cells (5) and (6) were masked to
prevent reflection from their side wallas. The filtered light
was pasaed-through two identiocal slots (7), each with an
effective area of approximately 1.6 ag. em. The slots were
symmetrically placed in the light deam to divide the latter
fnto two equal portions, and had e width of 0.8 em se that the
twe light beams were not reflected by the side walls of the
metched 1 em gquarts cells (8). The cells each had a con-
stricted neck, designed for a ground glass stopper. In a

glven experiment, one cell weas used for the actinometer and
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Fige 2. =— Plan of apparatus f‘or rate measursments.
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the other for the aso compound. The contents of each cell
was stirred by a Teflon stirrer, powered by & amall electiriec
motor. The stirrera were arranged so that they did not
project into the path of the light beam, The matched cells
(8), as well as a solvent cell (3), were contained in the
cell carrisge (10) from a Hilger Uvispek Spestrophotemeter.
Both the cell oarriage and the filter cells (5) end (6) were
surrounded by & metal water jacket (14) through which
thermostatted water {4 0.1%) was circulsted yis the two pipes
(12), It ts probadble that the temperature variation of the
solutions in the quarts eslls was greater than g 0.4° The
114 of the cell compartment contained the two stirrers and
could be removed easily to allow periodic removal of the cell
ecarriage (10) for measurements in the Uvispek spectrophotometer.

The 4,36 wp mereury line was iselated with an ethanolic
solution of crystal vielet (0.02%) and nitromesitylene (3%),
which transmitted 70% of the incident light at 436 wa in the
0.5 em cell (6). In the imitial experiments, p-nitroteluene
(10%) wes used in place of the nitmm&itylwo (3%), bat it
was found that the high concentration of p-nitrotoluene caused
leakage in the epoxy resin used in the construction of the
filter cell, Isolation of the 405 mn 1line was effected using
s solution of L-dimethylaminoezobensene (O0,02%) and
8-methylquinoline {(0.5%) in 3.5} sulphuric seid, and had a
transmittance of 30% at LO5 mp. Both the filter systems were
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found to be stable to irradiation for many hours in the
spparatus described. Emission spectra of the mercury lamp
were taken through the two filter aystems in turn,_antng an
Optica CPh Recording Spcctrophctoneter{ The transmitted
emission from mercury lines other than thoae at 436 or 4O5
mp respectively was negligible.

All manipulations of photosensitive materials were per-
formed in a dark-room {lluminated by two Kodak OB safelights
{25W each), and by qiffuse light from & sodium vapour lamp.
Exposure of all solutions to these lights was kept to a
minimam, especially solutions containing gig~-azo compounds,
as their absorption tailed off rather slowly toward longer
wavolensths, During normal manipulstions, however, there
were no significant photochemical changes induced by the

asafelights or the sodium lamp.

A calibration graph of opticel density of ferrous phen-
anthroline at 510 mp against molar concentretion of ferrous ion
wvas conatructed using ferrous ammonium sulphate of known con-
centration. The method of Hatchard and Parkarag wae modified
slightly to adapt to the conditions used in the rate measure-~
mont s, A series of ferrous ammonium sulphate sclutions were
prepared in 0.1} sulphuric acid with concentrstions 0, 0.5, 1.0,
1¢5 eavee L0 x'10'h!,vlth respect to ferrous ion. Froam each
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freshly prepared solution in turn, 8 2 ml aliquot was pipetted
into a 10 ml volumetric flask and treated with an asqueous O.1%
solution of 1,10-phenanthroline monohydrate (1.0 ml) and sodium
acetate bnfrerag (2.5 ml). The volume was made up to 40 ml
with dietilled water, the solution was well mixed, and allowed
to stand for 1-1% hr. The optical density was measured at

510 mp in the Uvispek spectrophotometer, and corrected for the
blank reading, given by the solution which contained no added
ferrous ion. After the initisl rapid increase, the optical
densities remsined constant over several hours. The graph of
nett optical density against moles of ferrous ion per ml was &
straight line; the slope (least squares) gave an extinction co-
efficlent of 10900 for ferrous phenanthroline (1it.”2 11050).
The concentration of ferrous ion (Cp ++ moles/ml) in the 2 ml
aligquot was related to the optical density of the ferrous
phenanthroline at 510 mp (0719 vy equation (3.7).

Cpgt+ = ke59 x 1077 x 0210 (3.7)
Potassium trisoxalatoferrate(III) was prepared,90 and a
0.00601 ¥ solution in O.1N sulphuric scid was used for actino-
metry. Approximately 2.8 ml waa reguired to fill one of the
guarts cells; the actual volume was determined from the weight
of the solution and its density (1.001 g/ml at 25°). After
the irradiation of actinometer solution in the apparatue des-

cribed above, a 2 ml aliquot was pipetted into a 10 ml vol- .
umetrie flask which conteined 0.1% aqueous 1,10-phensnthroline
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(1 m1) ana scetate buffer®?(1 ml), and the volume was made up
te 10 m1 with water. The solution was well mixed and allﬁwad
to stand for at least % hr, after which p°'0 yas measurea.

A 2 ml aliquot of non-irradiated ferrioxalate solation was
treated similarly, to determine the blank velus for Dﬁqo.

After an initiel repid increass in 9510, the solutions prepared
both from irradiated and non-irradiated ferrioxalate showed a
very slow but significant increase in 95’0 which continued for
at least a week. Hence & second reading was alwaya made
several hours after the first reading, eand extrapolated to
gero time. The extrapolated blank reading was subtracted from
the extrapolated reading for irradisted ferrioxalate. The
resultant nett value of D10 yas used to caleulate the number |
of quanta per minute (R%) in einsteins which entered the

actinometer cell (equation 3.8); v 1s the volume of the
10 -7 “
DT X459 x10 XY
Qa = Ds ' (305)
: & x (41-T) x ¢

sctinometer solution (nl), 2% 1a the guantum yileld of the
actinometer -y'tca,89 (1=T) 1s the fraction of inoident light
sbsorbed by the sctinometer solution at the wavelength of
irrsdiation, and t 1s the duratien of irradiation (min).

An alternative progedure for the use of the ferrioxalate
sctinometer was tried at 436 mp, but was found to be unsatis-
factory. It involved the measurement of the decrease in the
optical density of the 0,00601 } ferrioxalate solution at L36 mp
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at intervals during irradiation. . The final value of the
optical density (D, ) was measured after the solution had
been exposed to sunlight for some time, and the appreopriate
tabulated function

-Ss (122 ) (1-107)

wags plotted againat time of irrediation. A streight line was

obtained only fer the initial portion of the run; thereafter
the slops of the function deereased, probably due to a side
reaction which may ooccur after a significant quantity of
ferrous ion has been formed.®T* 39993  nge, this metnoa of
analysis was proven unsatiefactory, but the experiment
demonstrated that it was desirable to decompose only a smmll
part of the ferrioxalate solution when the 1,40-phenanthroline
was used to estimate the ferrous ion formed.

(0) Re

A stosk solution of traps-easo compound was prepared in
258 sulphurie acid (for azcbensens and L-chloreesobensens) or
20X sulphuric scid (for 4-methylazobensene), end diluted with
the appropriate quantities of sulphuric acid and water to give
a series of solutiona, the normality of which ranged from 912 to
24 at 2} intervals. The conosntration of aso compound was
arranged to give an optiesl density of between 0.6 and 1.0 at

4,36 or LO5 mp. Approximately 2.8 wml of solution was used in
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each run and the actual volume was determined from the weight
of the solution and the density of the acid at the particulsr

normality.

The optical density of the solution of agze compound was
measured et the irradiation wavelength, as & function of the
irradietion time. During the firat pert of each run, the ase
compound was irradiested for short time intervala. As the repid
gis-trang equilidbration proceeded, the rate of change of the
optiocal deneity decreased, and thus the exposure time was
gradually increased, until it was of a magnitude suitable for
the irradietion of the actinometer in the adjacent compartment.
The aim was to decompose sufficient ferriexslate so that the
ferrous phenanthroline gave D510 near 0.5, which could be
measured with a high degree of accuracy in the Uvispek
spectrephetometer. After irradietion of the actinemeter and
the subsequent manipulation to form the ferrous phensnthroline
(see sdove), the irradistion of the aszo compound was continued;
measurements of the optical density were made at suitable

intervals,

When the optical density had droppod'to near 0,20, a
second determination was made with the mctinometer in the
ad jacent cell eompnrtﬁont. The number of guanta per minute
which entered the actinomster cell was calculated for both
determinations and averaged. The two values ususlly Aaiffered

by not more than a few per cent, due mainly to a slow decline
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in the emisaion of the meroury lamp. After the second
actinometer determination, the run wes terminated and the
solution of partly decomposed &30 compound wes irradiated to
completion in sunlight or diffuse daylight to detqrﬁlns Do
The seme value of Dy, was obtained when the solution was expesed
to direct sunlight, diffuse daylight, direct light from the

mercury lemp, or light from a 200% tungsten lamp.

In & second run, the above procedure was repeated,
except that the pesitiona of the cell containing aso compound
and the actinometer cell werse interchanged. This allowed a
correction to be made for the slight difference detween the
number of quanta per minute which entered eech cell (see

Section 3.3).

The solutions of irang—-aso compounds were stable in the
dark for many weeks, except at lower acid concentrations (12,
14 and 165) where a significant decrease in the optical density
weas observed after one or two days. Thus for rate measure-
ments, freshly prepared solutions were used. L =Chloro~
agobensene was the most susceptible and L-methylasobensene
the least susceptible to this slow reaction, which wmay have
been hydrolysis of the azo compounda. Spectral measurements
definitely showed that benzo[glcinnolines were mot formed in

the process.

(a) Yield weasuremeuts

In the photochemical reaction of ascbenzenes, some 2s0
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compound was consumed by reduction to the hydrezo compound.’
Thus te determins the quentum yield of the sctusl photo-
cyclization process, the yleld fraction (s) of eyclised pro-
duct wes measured spectroscopically., YNessurements were
made at the long wavelength band of the appropriate
benso[g]eirnoline (1.e. near 370 mp) as the other reasction
products did not sbsord in this region. - The & of the
appropriate bensolgleinnoline was determined in this region
in sulphuric acid with normalities of 4L to 24 at 2N inter-
vals, and also in 12} acid with 2-methylbenszo[gleinnoline.

Solutions of ipens-ezo compounds were prepered in sul-
phurie acid of the same strengths as listed sbove (including
12N for L-methylazcbenzene), and were irradiated to completion
in pyrex volumetric flasks with sunlight or 4diffuse deylight.
The concentration of ago compound was such that the final
optical density in the region of 370 mp was near 0. 5. The-
hypothetical Enal'zvaluns were calculsted from this optical
aensity and the initial molar concentration of ago compound;
the yield fraction (s) was given by

€ _  from irradiated azo compound
.-——-m'

snn:;t°’ the benze(gleinnoline produced

. (3.9

The wavelengths of the two Emnx. values were always found to
correspond to the nearest mp. Optical densities were also
measured at 405 and 436 mp and the value of s so obtained
agreed approximately with the value from measurements at

the )\mxo ¢
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(e) Measurement of the position of cie-trans gquilibrium

From equation (3.5) it is clear that the product £%b must
be determined, where £ 18 the extinction coefficient of the
gig-trans equilibrium mixture and b is the fraction of the
light sbsorbed by azo compound which is in turn sbeorbed by
the renctive species (preasumsbly the gig~isomer). It can be
shown (see Appendix III) that if the gis-isomer is the cyclising
species, then

€% (gis) -EE?-L—‘E-E-:)- (3.10)

where €% and €% are the molar decadic extinection coefficients
of ¢ig- and tirang~azo compounds respectively. Thus the
determination of €%, €%, and £* was required. The accurate
determination of £° posed a considerable problem, the solution
of which 18 described in Appendix IIT,.

€' was determined in sulphuric ecid solutions where the
normality ranged from 14 to 24 at 2N intervale. 12N acid was
also used for traps-li-methylasobenzens. The concentratien of
ago compound was arranged so that the optical density at 436
end 405 mp was near 0.5 (gf. 1.7 to 2.0 x 10'?!)-~

It was found that direct dissolution of solid gig-azo
compound in sulphuric aecid caused appreciable isomeriszation.
Therefore £€ wes determined b the following procedure.

Preshly recrystallized gis-azo compound (see Chapter V) was
used to prepare a stock solution {n 95y ethanol (gs. 6 x 10'3M)
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which was immediately plsced in an ice=-aalt bath to reduce .
thermal gig-irans isomeriszation. An sliquot of 0,1 ml was
added to each of several solutions of sulphuric aeid (40 ml)
at room temperature, so that on mixing, the normality ranged
from 14 to 24 at 2R intervals with respect to sulphurie eacid.
With gig-l-methylasobensene, 12i acld was also used. The time
of mixing was noted, and optical densities were measured at

L36 and 405 mp at room temperature.

Because of thermel isomerization of the gig-isomers,
the optical densities of the solutions graduelly increased
and a second reading was taken at each wavelength to allow the
true optical density of pure gis-isomer to be obtalned by
extrapolation back to the time of mixing. It was found that
negligible isomerization oceurred in the cold, stock ethanolic

solution, during the determinsations.

The use of &8 0,4 ml pipette and aleo of the very cold
ethanolic solution caueed irregular variations in the concen~-
tration of the gig-acgo compound. The accurate concentirations
were determined at the end of the experiment by irradiation of
the solutions of gis-azo compound to completion. The optical
densities at the Auax. near 370 mp were measured, and the
original concentrations were calculated by comparison with the
results obtained in the yleld measurements. It was assumed

that the presence of 1% ethanol would not affect the results.
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In all experiments the caleulated concentration agreed within
a few per cent of that obtained on the assumption that the
0.4 ml pipette regularly delivered an accurate volume. The
velue of £° was then caleculated.

3.3 Resylts apd Disgussion

From the rate measurements on the aso compounds the

fanction

e _dy

5 (19 (1-10")

D
(hereafter abbreviated to -S. (Dy) ) wae plotted against

3
time, for the appropriate value of D, (to the neareet 0.01).

A typical result is shown in Pig. 3, obtained from irradia-
tion st 436 mp of 3. 99 x 1072} trans-esobenzene (2.84 ml) in
44X sulphuric acid at 25°; Dﬁ?s was 0,034,

The initial ateep portion of the graph represents the
rapid irans-g¢is photolisomerization, which caused a fall in the
optical density at 436 mp (Dbjs). The linear portion
repreaents the rate of disappesrance of azobengens due to
cyclisation and reduction, after gis-trans equilibrium has
been ostablished, snd shows the reaction to be first order
with respect to light sbsorbed. An approximate value for ge

ecould be obtained by extrapolation of the linear portion of
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irradiation of 3,99 x 10'53 azovenzene in 14N sulphuric acid
at 25° with 436 mp 1light. . ' /
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the graph to sero time {see Appendix IIX). The slope of the
line is equal to bk/= (equation 3.4). To determine b it

was necessary to establish whether or not only gis-azobenzens
could photeocyclise dirsctly. It had been shown for stilbene
thet only the gig-isomer gould photomnn.% Several rete
runs had suaggested that esobensens underwemt the cyclization
process most rapidly im 16X sulphuriec ecid, and hence this
solvent was chosen for an experiment te determine whether or
not irans-~-aszodbenxzene could photoeyclise directly, on abseorption
of light at 436 mu.

A selution of 3.83 x 10'51 irana-asobensene in 16N
sulphuric acid was irradiated et 436 mp as described in the
experimental section, but in addition to manrme.nta of Dh36,
readings of the optical density at 252 mm (D2°2) were also
made, in order to follow the formation of benzolglcinneline.
It was necessary to use the hydrogen lamp of the apectro-
photometer for the measurement of Dhjs, as the hydrogen and
tungsten lemps could not be operated simultaneously. A alit
width larger than normal was therefore reguired for 1'.)"‘36

measurements,
ph36
A graph eof -S {0.03) against time had & slepe at

3 -
m-ﬁ_:_'%m equilibrium of 4L.37 x 90 3 nin"'. The graph of

-S (0.00) had an initiasl slepe of 93 x 10> min~'.
3
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252
®

be 20.7 x 10”2 min~! at the beginning of the run, and sbout
10.5 x 10°3 min™! during gig-trans equilibrium. A3% gas the
fraction of light sbsorbed at 436 mp. At 436 ma, £¥(436) =
23800, £%(436) = 6770, €%(L436) for the gle-trans equilibrium
mixture =12000 (approx.), £wo(L36) for the final irradiation

: 252
was determined graphically and g%' ‘/Ahjs was found to

products = 800, b(trans) = 0,60 during gig-iraps equilibrium,
and therefore b(gis) = 0.40. At 252 mp, £¥(252) = 1250,
£%(252) = 4900, £%(252) = 3800, end € (252) = 34300,
Determination of Q was not necessary as the problem was
dlscuased from the point of view of relative rates, and it

wes only necessary to have constant illumination throughout

the experiment. Actinometer measurements showed the illumina-

tion to be constant to within 2%,

If the unlikely aasumption is made thst only trans-
agobenzens could photocyclize directly, then the rate of
disappearance of asobenzene (31) during gis~traps equilidriam
would be given by

R o _ 187 31073 (3.41)
' €%(u36) x v(grans)

= 6.8 x 10"/ moles. litres~'. min~'.

At the beginning of the run, the rate of decrease of Du36 (Rz;
corrected for complete absorption) due to cyclization and

reduetion would be given by
B, = 31[€*’(u36)- € .(136)]) = 16 x 10> min~t.  (3.12)
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The residusl rate of decrease in ph36 (23), due to trans-~

cls photolscnerizatlon would be glven by
. Ry =93x1070 =R, =TT x 107> mn™', (3.13)
Thus the rate of incremse in D272, due to trans-gis
photoisomerization (Rh) would be given by
£9(252)-€%( 252)

3 :
€%(136)-€°(436)
The residual raste of increaae of D252 (RS) would be given by

R = 1605 X '!0.3 min-1- (3'1'4')

u:R

Rg = 20,7 x 107> - R, = k.2 x 1077 min™", (3415)
This residue (RS) should be due te photoreaction of irans-
azobenzene to form benzolgloinnoline and bensidine, snd the
rate of formation of products (RG) would be glven by
R = _u_;;m"_
Ex(252)=L"(252)
= 1.3 x 1077 moles. liirea™ ', min~!

(3.16)

This quantity (R;) ie much less then the expected value (R,),
or RT' obtained from the rate of lncroaSe of D252 during

__10.5 x 107
7 ef252)-£%(252)
-1

= 5.8 x i0'7 moles. lltrcu'i. min .

R (3.17)

gig~trans equilibrium (equation 3.17). The difference be-

tween R‘ and R7 i{s probably due %o inaccuracy in the graphical
T nl2he :
measurement of g% at gig~trans equilibvrium. The grest
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disparity between R, (or R7) and R, shows that the original
assumption, that only grang-azobensene can photocyclize

directly, 13 inecorrect.

If an alternative assumption is made that only ¢ig-
agobenzene may photocyclize, then the initial rates of change
of D38 (93 x 107> mtn™!) ana of D252 (Ry) would be due to
irang~cis photoisomerization alone, and they should be
related by equation (3.18).

_ 93 x 4073 x [€%252)-€%(252)] (3.18)

Rg
€¥(436)-€%(436)

= 19.9 x 107> min~',

The residusl rate of increase in D272 (Rg) would be given by

Rg = 20,7 x 107> - Ry = 0.8 x 107> mtn™',  (3.19)
In view of the experimental errors, especially in the deter-~
mination of £%(252), Rg must be considered negligible. This
confirms that the initial rate of formation of
benzo[gleinnoline and benzidine from irans-azobenzene is zero.
The possibility of direct cycligation of a very small fraction
of the exclted irans-azobenzene cannot be excluded in view of
experimental accuracy. In the rest of the discussion,

however, this posaibility is neglected for the three azo
compounds examined.

In each rate measurement on the aszo compounds, the two

actinometer determinstions were averaged to give the average

—a
number of guanta per minute (Q ) which entered the actinometer
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ooll., To determine Q for the light entering the solution

of sgo compound, 5‘

must be multiplied or divided by a
constart Q, where Qis defined as the ratio of the smount of
light entering the right hand side (RHS) ecell to the light
entering the left hand side (ILHS) cell (Fig. 2), per unit

1

time, The relationship between Q and @ is shown in equations

(3.20) ena (3.21). Rate determinations were mede in psirs,

Saus™ Qa}'as (3.20)
e
Srss™ qmHs (3.21)

with interchange of the positiona of the sctinometer eell and
the cell of aso compdnnd. Ir RRHS and BL&S are the rates of
reaction of the aso compound in the respective light beams,

then QG 1s givenm by
1
R . ,
Q= [M}i (3.22)
Qv _.R
LHS®* " LHS

Generally Q ranged between 4.03 and 1.05, the variations beting
due to disturdbamce of the filter cell block when the filter

solution was renewed. It was not necessary to sssume that

the output from the lamp wes the sams for each run of a pair.

The constants £%, £°, ena 3, for asobensene,
L=gchlereasobenszene, and L-methylasobensens are given in Table

Te The constants for ascbensene were assumed to be valid both



TABLE 7

Extinction coefficients of trans-(£%) and o1s-(£%) ezo compounds in sulphuric eeid,
and the yield fraction (2®) of the corresponding benzoleleinnolines
Sulphuriec | WYavelength Azobenzene L=Chlorocagzobensene | 4L4-Methylazobenzene
acta (N) mp ¢t ge o gt ce o™ gt ge S
12 L436 - - - - - = 29940 84140 O0.L492
14 L36 22700 6550 0.501 | 30020 8069 0.538 [ 34290 8270 0.496
16 436 23800 6770 0.504 | 32070 8280 0.545 | 341820 8330 0.503
18 L36 24500 6820 0,510 [ 32540 8380 0.559 31940 8460 0,509
20 L4136 25200 6840 0,541 | 33060 8LBO 0.573 | 32180 8520 0.519
22 L36 25900 7040 0,563 | 33440 8570 0.582 | 32290 8590 0.534
2, 436 26500 6920 0.596 | 33820 8670 0.539 |32590 9020 0.566
16_ Lo%s 25700 6820 0.504 - - - - = -
»

s was determined with polychromatiec light (e.g. sunlight).

*h6
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at 159 and 25'. It 18 interesting to note the marked increase
in z, toward higher acid eoncontfatians. This would probadbly
be due to an increase in the extent of Aisproportionation
of the hydrazo compound, although the reason for this is not

clear.

Rate mezsurements on azobensens were made in 14-24N
sulphuriec aeld. The guantum yields (8) for photocyclization
of gig-asobensene with 436 mp light at 25°, together with the
associated data, sre given in Table 8. At esch moid con-
centretion, the first line of data was obtained with the azo
compound in the right hend cell, and the sescond line of data
with aszo compound in the left hend cell (see Fig. 2). For
the determinations in 14, 16, and 18Y acid, the values of the
extinction coefficient of the gis-irans equilibrium mixture
(€®) were determined by the computer method (see Appendix III),
whereas in 20, 22, and 24X secid the values of £° were deter-
mined (less precisely) by exﬁragolatlon to zero time of the

linear portion of the graph -g (D, ) against time. The term

co is the initial molar concentration of the ago compound,

® was determined for each set of data with the use of egquations
(3.5) and (3,10). Somewhst less accurate determinations of

§ were alse made in 1k, 16; and 18K eulphurie acid with

2,03 xk10'5 ¥ asobensene, using the simple extrapolation
procedure to determine £%. These results were up to 5%
higher than the corresponding ones shown in Table 8.



TABIE 8

¢ t ields a elat ats for t 10tochemical cyelizat f azobenzene i
sulphuric acid at 25° with 436 mp light
Sulphuric C, v €% |€%(gia) | S1ope | Rate (k') Q
acid (F) (M x 10° | 1. x 10° ' min~' |moles.min™! | E.min™? ]
x 10° x 109 x 107
3.99 2,85 11220 L4660 6.01 1.84 1.189 0.0455
L 3.99 2.84 11270 | L6UO | 5.87 | 1.80 1160 | 0.0155
' 3.99 2.82 11550 L3870 6.16 1.80 1.199 0.0150
3.99 2.83 11700 L4810 5e 81 1.72 1.129 .53
3 3.99 2. 84 11900 4860 5.80 1.7 1.204 0.0142
3.99 2.83 11720 4930 5.47 1.60 1.132 0.0142
2.03 2.88 42840 4620 5.62 1.90 1.266 | 0.0450
= 2.03 2.87 12840 L620 5.36 4.80 1.206 0.0450
2.03 2.89 13200 L710 h.92 1.70 1.268 0.0134
- 2,03 2.89 13200 L7190 L.76 1.6k 1.227 0.0434L
2.03 2¢91 13L50 L4510 L. 00 1.50 1.307 0.0115
. 2.03 2. 88 13450 L4610 3.69 1437 1.205 0.011L

396
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Similarly, Table 9 shows the guantum ylelds and related
data for the photooyeclization of azobensene at 15° with 436
mp 1ight and at 25° with 4O5 mp light. Tables 10 and 14
show the gquantum yields and assocoiated data for the photo-
eyclisstion at 25° with L36 mp light of L-chloroazobenzene
and h-mathylazohen:eno respectively.

The quantum yields for the eyclization of azobenszene,
li=chloroaszobensene, and L-methylazobengzene are shown as a
function of the normality of the sulphuric acid in Fig. L.
An increase i{n acid cencentration caused a decreese in the
quantum yield. In the region of room temperature, the
qusntum yield for azobenszene et a given acid strength was
relatively inasensitive to temperature changes. The reasonably
close agresment between the guantum ylelds at LO5 and 436 mp
for azobensene indloates at the most only a small wavelength
dependence, within this region of the absorption band. This
behaviour is typical « many photochemical reactions, and to
detect any atgairiennt temperature or wavelcngth erfects,
tho range of those varlables would have to be considerably
ex%ended. This ideal eould be restricted in the cese of
temperature veriation, as at higher temperatures, the rate
of thermai‘g;grigggg isomsrization would greatly increase,
and at lower temperatures, the freesing point of the
sulphuriec acid solutions would be reached.



TABLE 9

EfL ft rature a avel h of irradist on the guen r t
ho 1izat f azgbe e sulphuric a
Sulphurie | C_ v €® |€%(cis) | Slope | Rate (k') q 3
seid ¥ x10° [1. x 10° mn~! | moles.min™! | E.min™?
N x 100 | x 107 x 107

Temperature, +5°; wavelength of irradiation, 435 mpu.

096

g 3. 87 2,30 12180 L4620 5.07 1¢55 0. 951 0.0163
1 ~
3.87 2.82 12240 4600 be 63 1.43 0.869 0.0165
5 3.87 2.79 12000 4820 4.82 1.40 0.977 0.0143
1
3.87 2,82 12180 L750 Ty 133 0.892 0.0149
Temperature, 25°; wevelength of irradiation, LO5 mp.
6 3.33 2. 84 12050 4930 1.302 | 0.37L 0.2289 |[0.0163
1
3.33 2.33 12050 4930 1.258 | 0.364 0.2212 |0.0165




TABLE 10

Que i ) d relate ate for i hotochemical eyclizati of L-c roazobenzene
su ic a a © with L36 light
sulphuric | C, v €% |c®v(gin) | Slope [ Rate (x') Q e
acid M x10° [1. x10° min~! | moles.min”! | B.min”
K x 105 x 1010 x 107
2.01 2.78 140 | 5730 2.56 6.68 1.128 0. 0059
1 2.1 2.82 14440| 5730 2.49 64 60 1.097 0. 0060
.6 2.05 2.79 15620 5730 2.39 6¢ 35 ‘14135 0. 0056
2.05 2. 81 15670| 5740 2,22 5¢96 1.054 0. 0057
- 2.06 2.78 15870| 5780 2.19 5. 89 1,115 0. 0053
2. 06 2. 81 16020| 5730 2014 5.78 1.07h4 0. 0054
2.05 2.80 16330| 5770 217 6.03 1.247 0. 0050
“ 2,05 2.83 16140| 5840 1.94 539 1.087 0. 0050

"66



TABLE 11

a and relat ats for the photochemical cvelizastion o - lazobe
in _sulphuric acid at gﬁo with L36 mp 1ight
Sulphurie Co v €® |€®v(eisn) | 5lope | Rate (k') qQ ]
acid ¥x10° |1, x 10° min~' | moles.min™? | E.min™!
N x 10° | x 10*° x 107
2. 76 2.80 14010 | 5950 2.45 5.67 1.131 0.0050
' 2.76 2.82 14220 | 5870 2.4L5% 579 1.132 0. 0051
2.76 2. 80 15060 | 5830 2. 34 5¢50 1.136 0.00L8
B 2.76 2.82 15350 | 5730 2.08 5.08 1.023 0. 0050
2.76 2.30 15750 | 5700 2.10 5.19 1.0M 0.0048
° 2. 76 2,33 15600 | 5750 1.95 L.83 1.011 0. 0048
2.76 2.79 15860 | 5790 1.87 L.58 1.059 0,0043
B 2.76 2.83 15930 | 5770 1.69 Le22 0.957 0. 00LY

‘00t
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Fig. L.— Quantum yields for the cyclization of azobenzenes
at 25° and 436 mp: 2 x 10™7M azobenzene, 0—0; U x 1072M
azobenzene, x——Xx; 2 X 10_52&_ L-chloroazobenzene, @—[3;

2.8 x 107°M L-methylazobenzene, e—e: at 15° and 436 my,

L x 10 °N azobenzene, +-——+,
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Ho obvlous dependence of the guantum yield on the
nature of the p~gubstituent i3 apperent from Fig. kL. The
qusntum yielis are discussed in relaetion to the mechaniem

of the resction in Chapter IV,

The quantum yields for trans-¢is photelsomerization
(lt) were calculated rrom the initisl rates of disappearance

of the trengs-azo compounds which were determined from the

_ TARLE 12
Syentum yields for trans-cis apnd cis-trans photeisomerization
of azobenzenesg
Sulphuric | Temp.| A Azobenzene h=Chloro- | L-NMethyl-
acid ¢ mp rgobenzene | azcbenzene
)] e o at ¢ [ 2t €
12 25 h}e - - - - 0.18 0026
14 25 (436 | 0.46 C.23 0e17 0.26 | 0,45 0.25
16 25 |436 | 0.19 0.26 0e15 0.26 | 0,45 0.25
16 1% |436 | 0.18 0,30 - - - -
16 25 h% 0017 0. 25 - - -r =
18 25 |L436 | 0.48 0.26 0.45 0.27 | 013 0.23
18 145 |436 | 0.48 0,27 - - = -
20 25 |L36 - - 0.45 0.26 - -

D
graphs of -S (0.00) arainst time. These were effectively
3
the same as graphs of -10310 (10D-1) sgatnat time. The in-
1{tial slopes were measured and the rates (k') were calculated

from equation (3.5), where k 18 the initial slope, 1 = 1, and
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€° 1a replaced by £¥-£C at the wavelength of irradistion.
Guantum ytields (It) were then caleulated from equation (3.6).
There was some inaccuracy in the measurement of the initial
sleopes so that the resultant guantum ylelds wers not as

accurate as those for the cyclisation reaction,

The quantum ylelds for gis-irans photolsomerization (%°)

wers determined from the equilibrium econdition
v(gin).#® = v(irang).s* (3.23)

where b{trens) = 1-v(gis), The values of #° ana ¥° for
asobengene and its L-chloro- and lL-methyl- derivatives eare
summariszsed in Table 12, Each line of data was obtained from
the average of two determinations. Because of the praehable
errors, it is not possible to determine the dependence of
It and 8° on aela concentration, temperature, or wavelength

of irradiation with any certainty.
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CHAPTER IV

MECHANISM OF THE CYCLIZATTION

4.1 Introdustign

Before the mechanism of the photooyclization of
asobenzenes is discussed it is desirable to examine the
present knowledge on the mechanism of the photocyelization
of atilbenes., Thiz should include an examination of the
gls~trens photoisomarisation of stilbenes, which has been
ectively studied by many workers in recent years, and has
provided some information on the photosxcited states of
stilbene.

The photocycliszation of stildbene is gensrally thought
to occur by interasl coupling of the diradieal (LXXVIII).
In the mechanism proposed by Schaffner and co-!erkcrs,h a
common intermediate excited stats, which had the gis~-
configuration (LXXVI), was proposed for the gig~-trans
photoisomerisation of atilbene. This intermediaste would
have other resonance forms, one of which would be (LXXVIII).
It was propo-odu that cyeclization occurred to give the
dihydrophenanthrene (LXXIX) which was dehydrogenated te
phenanthrene (II). Stegemeyer, ™ nowever, showed that the
initial rate of formation of pheananthrene from irang-
stilbene (I) was sero, whereas from gis-etilbene (LXXVII)



(LXXIX)
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it was finite. He proposed that the first exoited singlet
state of glg-stilbene could be represented by the diradical
(LXXVIII) which cyclised to give the dihydrophenanthrene
(LXXIX), and then underwent dehydrogenation to give
phenanthrene, or that the cyclization of the diradical
proceeded with concerted elimination of hydrogen to give
phenanthrene directly. The singlet state wes required

for the formation of the new C=C bond, and because oxygen
enhances the rate of reaction, it is unlikely that triplet

states sre involved in the cyclization, as these are quenched

by oxygen.

Moore gﬁ_ggpis obtained spectroscopic evidence for the
existence of the dihydrophenanthnrene (LXXIX). A yellow

substance with Amn , W7 mp was produced on irradiation eof

x
gis- or trans-stildbens with wavelengths less than 310 mu.

This substance rescted with oxygen, to give phenanthrene

and hydrogen peroxide, and it dissppeared slowly in the
absence of light and oxygen to give mainly gis-stilbene.

The yield of this substance was greater ot lower temperatures.
A trang~configuration has been favoured for the two tertiary
hydrogens in the dihydrophsnanthrene (LXXITX.)15 produced by
irradiation in solution, but Srinivapysan and Powars17
favour a gis-configuration for irradiation of stilbene in
the vapour phasae. There is, however, no resl evidence in

either case.
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Further evidence for the existence of the dihydro-
phenanthrene (LXXIX) was obtained from the irradiation of
some (,}-disubstituted stilbenes (1.XXX) in the abasnce of
oxygen. The corresponding 9,10-dihydrophenanthrenes

{ LXXXY) were 1solatod,11

and ne.m.r. studies suggested a
gis-configuration for the hydrogens st the 9- and 10~
positions, The fully arometic phensnthrenes were readily
ohtained on reerystallizstion or fusion of the dihydro-

phenanthrens,

It seems that an oxidising agent is required to con-
vert the dihydrophenanthrene (1LXXIX)} te phenanthrene, and
reports to the contraryh'15 heve been ascribed to the
presence of traces of oxideant being inadvertently p@euont.’s
There is evidence that atilbene iteelf does not act as the
dehydrogenating sgent. Stegemuyergh fatled to detect any
bibenzyl in the preducts. Srinivarsan and Powora'T
reported the possible formation of bibensyl from the
irradiation of gig-stilbene in thoroughly degassed
eyclohexane solution. 34eyclohexyl wss slso found and
therefore the bibenzyl need not have 2risen from a reaction
between dihydrophenenthrene (LXXIX) snd stilbene. No

phenanthrens was detected, bhut the accuracy in the eatima-

tion of phenanthrene waa very poor.

2

Kinstic atudiea1 on the photocyclization of

triphenylethylenes (LXXXII) to give 9-phenylphenanthrenes
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(LXXXIV) showed that the quantum yield for the formstion

of the proposed dihydro intermediate {LXXXIII) was linearly
dependent on the Hammeit p-6-constent of the substituent X,
It was concluded that an snmergy barrier, dependent on X,
existed between the first exoited singlet state and the
dihydro intermediate (LXXXIII), The more electron with-
drawing substituents reduced the guantum yield and this was
interpretcd to mesn that electron withdrawal from the

T =system was required to form the new C-C bond. FPre-
liminary experiments showed a very small temperature
dependence, and the most electron withdirawing substituent
(chlero) produced the largest temperature dependence, which
agreed with the interpretation of the substituent effect.

Quantum ylelds for the photocyclization of stilbene in
solution are low (e.g. 0.02'7). This 1s not surprising as
the first excited singlet state (which presumably cyclizes)

1 thought to have a very short 11rfe> (10713 to 10714 sec?®).
The evidence for this short life ia the lack of fluorescence,
lack of fine strusture in the absorption spectrum {except

at 20°%%6), and the inebility of gis-stilbene to photodimerise.
The quantum yield for gclg~irans photoisomerisation is much
higher than for cyclization (0.3.97 ga. 0.3), and as triplet
states are probably responsible for photoisomeriszation (see
below), gims-singlet-triplet conversion probably competes
heavily with the cyclization.
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It is clear that gig- end irapg-stildene cannot have &
common first excited singlet state, because the gig-isomer
has its longest wavelength absorption band at shorter wave-
lengths than the ijraps-isomer. However, there has been
some argmtgs‘ga on whether or not the gig-trans
photoisomerization proceeds through a common intermediate,
derived from the glg~- and trapg-singlets. It seems fairly
well establiehed 't.hat the intermediate or intermedlates are
triplet atates. Very good quantitative asgreement was
obtained between sensitized and unsensitised photoisomerisa-
t1om of stilbene and some derivatives.*99 Dyok ana WeClure,’®
however, have calculated for stilbene that there ere
probably four triplet states of lower energy than the first
exoited singlet state, any one of which may be involved in
the cig-trans photoisomerisation.

The mechanism of gis-trans photolisomerisation of
azobensene is also not fully understood. It has been
said‘oo that a common intermediate is not involved because
the sum of the guantum yields for trans-gis and gia-transg
photoisomerization is less than unity. Fiachsr1o1 found
that the energy barrier to trans-gis was greater than for
glg-trans photoisomerization, but the problem of whether
or not a common transition state exists has not been

unambiguously resolved.

As with gis-stilbens, no fine structure is usually
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observed in the electronic absorption spectra of gls-aso
compoundise. The long-wavelength sbsorption band in both
cis~ and frans- azobenzene is ascribed to a n transition
and the strong band at shorter wavelengths to a T

102

transition. Both bands are active in the promotion of

cis-trans photoiaomerisatiens.‘oo No detalled discussion
on the nature of the intermediates has been given and 1t

hes not been demonatrated as to whether triplct states are
involved. The absence of luminescence with most age com=
pounds makes the problem a little more diffisult than with
stilbene, but photosensitized isomsrigation of aso compounds
with sultable aensitisers could determine whether or not
triplet states are involved. The 1odine photoaensitized
isomerization of gig-stilbene reported by Yamashita

et al.$03 does not appear to resclve the problem.

4.2 Digougsion

The quantum ylelds for the photocyclization of
agobengence were found to be of the order of 0.0, It
‘should first be established whether or not it 1s possible
that the small guantity of free base in the acid solutions
could absord light and photooyelise. The function of
the protonated aso compound would them be to act as
dehydrogensting agent.23 The relationahtp‘oh

B, = oK, — log, [ PE] (1)
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vhere H_ is the Hammett acldity function, snd {BH*] ana [B]
are the molar concentrations of protonated and unprotonated
agobenzene respectively, was used to determine the ratio of
free base to conjugete acid. The pxa of g;gf.sobenscnos
was taken to be -1.6 and the ratilo Ena¢/€n as hs1; €
represents the appropriate extinction coefficient at the
wavelength of irrediestion. In 20N sulphuric scid a gqusntum
yleld of 100 would be required to acecount for the cbserved
rate of cyclization. Parthermore the values of the ob-
served quantum yield bore no relationship to the ratieo of
free base to conjugate acid. It may therefore bo safely
assumed that the protonated glg-isomer absorbed the light

responaible for the creliszation.

To interpret the quantum ylelds for the cyelization
reaction, it 1s necesaary to examine the prasent-knowledgo
on the nature of electronic edbsorption epectira of
monoprotonated gig- and irans-asobenzenes. Jaffé considers
that the longest wavelength sbsorption band (at 420 mp) is

dus to & 7T tramsition.'0?

Even though at the time
Jaffé erronecusly considered the conjugate acid of
ascbengene to have the gig-configuration, this agsignment

is probably still valid as his arguments for band assignment
did not depend on the configuration. The conjugate acid
of gis-azobenzene also has a broad, relatively intense,

absorption band at about 420 ma which slso probably involves
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a 77 transition. If this is so, the T n transition
probably ocours near 300 mp where a banﬁ of low intensity

can be observod.3 Jaffe considers the i n transition to
occur in this region.'®2 Thas, on protonation, the n"w
band of gig-azobenzene wonid have undergone a large
bathochromic ahiff which could be relsted to a large increase
in basicity in the photoexzoited atato.'os

If, however, the band at 420 mp in protonated gig-
agocbensens is due to an enhanced ﬁ#n transition, there
would be & slight hypsochromic shift on protonastion of
gig-azobensene, and therefore a slightly lower basicity in
this photoexscited stsate. This second hypothesis is less
likely than the first, but is worth some consideration.

For example one could explain the decrease in gquantum

yield with an increase in acidity on the necessity for the
protonated g;g-isomcr to lose the proton before cyclization
could occur, probasbly yla a2 diradical, as in the oyclization
of stilbene. The dependence of the quaﬁtum yield on the
substituent would be complex, es an electron donating
substituent (e.g. methyl) would reduce deprotonation but
ernhance cyclization, and an electron withirawing substituent
(e.g. chloro) would enhance deprotenation but inhibit
cyclization, For a given cempound, however, it would de
expected that deprotonetion would l;e linearly dependent on
H_, but consideration of oquattonv(u.i) showed that the
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quantum yield 414 not decrease nearly faast enough as the

acildity was increased.

. The other more probable hypothesis mentioned sbove
involves an increase in basicity in the first excited astate
of protonated gig-stilbene, compared with the grnnnd State.
This favours a polar mechanism for thc cyclization for the
following reasons. A large increase iﬁ Baaicity implies
that the positive charge has moved from the aso nitrogen
to one or both of the arometic rings. If such a shift may
be repreaented by normal electronic movements as understood
in the ground atate, then the pesitive charge ia likely to
be concentrated on the ring furthest from the original
protonated nitrogen atom. This process ia outlined in
Scheme 5. Structure (LXXXV) is only one of three similar
resonance forms which are assumed to predominate in the
photoexcited state, whereas their contribution is presumsdbly
small in the ground state. Such an excited state would
resdily underge 2,2'-ring closure with considerable
assistance from the lone pair of electrons on the ap3
hybridiged nitrogen atom (Schems 6). It may be noted here
that because of the N=N single bond in the proposed excited
state, this i{ntermediate could be involved in gig-irans

{isomeriszation.

The effect of the acid concentration on the guantum yleld

for eyclization could dbe explained by competitive protonation
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on either of the two nitrogen atoms in (LXXXV)., Protona-
tion on the ap} hybridized nitrogen would remove the lone
pair and presumably would prevent cyclization completely.
protonation on the sp> hybridised nitrogen would probably
reduce the availa>ility of the lone pair on the other
nitrogen by an inductive effect and would thus reduce the

rate of cyclization.

The probable steps which follow cyclization are shown
in Scheme 7. Two hydrogen atoms are effectively trans-
ferred from the tertiary carbon atoms to the nitrogen atoms.
The loss of the protons is probably fast and irreversible
because of the resonance energy geained st each :tep. It
18 unlikely that the reverse of the formstion of
$,6-dihydrobenzo{ gleinnoline (LXIV) would occur as protona-
tion at the nitrogens would be much more likely than at the
ring junctions which originally bore the two hydrogens.
5,6=Dihydrobenso[glcinneline is kmown to be readily
oxidi:ed,52 and is not 1isoclated in the pure state because
of this fact. ©Under the reaction conditions it would bve
present as a salt which would be Igan readlly oxtdl:od,52
but in view of the strong oxidising power claimed for
asobengzene in strongly acldic aolution,23 it would be

expected that the rate of oxidation would etill be rapid.

Thus the rate determining step is almost certainly the
actual photocyclization process (Scheme 6). A aimple
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attempt to relate the obeerved quantum yield, &{obs), to
the competition caused Ly protonation of the intermediates
gave ,
| #(obs) = B — @.107"® 0 (be2)
where lo represents the gquantum yield without competition
from protonation and "a" is a constant. In no case d4id

the data fit the above equation because the celculated
competition from protonation increased too rapidly as the
acid strength increased. Because of the complex nature of
the proposed competition to cyclization, it seemed of little
use to attempt to explain the dependence of quantum yield on

acid concentration guantitatively.

With lL=chloro- and l-methylasobenzene the polar
cyclizastion as described for azobensene is more complex
because there is ambiguity in the position of protonation.
One nitrogen would probably be favoured but a mixture is
likely on consideration of the NH-oxidation of mono-
subatituted azobenzenea where mixtures of H-oxides can he
dbtatnod.1°6 Thus it is necessary to consider the fate of
each possible apecies. The probable electron redistributions
leading to cyolizations are shown for L-chloro- and

L-methylazobenzene in Schemes 8 and 9 respectively.

In strusture (LXXXIX), the nett electron density at the
Positions gptho to the NH group would be reduced by the ~I
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effect of the chlore group. With structure (XC) the
contridbution from the resonsnce structure with a positive
charge on the chloro group is probably large and so the
positions grthg to the spz hydridised nitrogen would be
loss positive. In both cases a decrease in the rate of
cycligation of Q-chloroazdbonscno compared with azcbensens
should result, and this is ocbserved.

In structure (XCI) the electron denaity at the positions
grthe to the NH group would be enhanced by the inductive
effect of the methyl group and the rate of cyclization
should inorease. With (XCII), hyperconjugation involving
the methyl éroup would probably reduce the positive charge
at the positions grghe to the sp> hybridiszed nitrogen and
the rate of cyclisation should be lowered. On resonance
considerations, the basieity of the nitrogen atom furthest
from the methyl group should be higher and therefore
structure (XCII) should predominate. This allows the low
quantum yield with L-methylasebenzene to be rationalized.
Unfortunately ft is not poesible to catimate the meny
veriables {n this scheme and a qualitative treatment is all
that the present data will allow.

Quantum yields from a greater variety of substituted
azo compounds may be of assistance in testing the mechanism
outlined above. There 13 & 1limit, however, to the number
of substituents which allow cyclization in sulphuric secid,
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e.g. amino, dimethylamino, hydroxy, and alkoxy substituents
provented cyclization completely. It i3 well known that
these substituents decrease the thermal stability of
glg-azobenzenes in acld aolntton.i°7 Collins and Jaree!0®
studied the spectra of conjugate aclds of several gis-
azobensenes (inélndlng L-methoxyasobenszene) in perchlorie
asid-scetic acid mixtures and claimed that the gig-isomers
were stable during tp§ period of spectral measurement.

This system may be suitable for the photochemical cyclo-~

dopydregtnation of ascbhenszenes.

In common with gls-stilbene and gis-azobensens,
protonated gig-azobensene has a very broed, structurseless
long-wavelength absorption maximam and so ite first exclted
singlet state is also likely to have a very short life. It
is not possible to say with certainty that it is this state
which cyclizes, but if this 18 so, the arrangement of the
substituents in the cyolised products would reflect the
conformation of the gig-eso compound in the ground state.
It should be noted that the phenyl rings in gis-azobenzeno
are twisted adbout 56° out of the plane of the azo granp.1°9
Thus substituents in the 3,3'-positions of a gis-azobensene
with a conformation such as to give & 1,10-disubatituted
venso{glcinnoline would net interact as such in the aso

compound @8 in the benzolgleinnoline, otherwise the
1,10-d1substituted benzo[cleinnoline would probebly not form.
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A similar consideraticon would apply with 2-substituted
azobenzenes, Blthough with 2,2'-dimethylazobensens, the
steric hindrance in the conformation with both methyl
groups in the eyclization positions would probably be
prohibitively great. Also the gain in resonance energy

in forming an isolated phenyl ring may not be sufficlient to
allow ejection of the firat methyl group (see below) Thus
1t is not surprising that no unsubstituted bensolg]cinnoline
was isclated from 2,2'-dimethylazobenzene.

Following the polar mechanism for cyclization, grtho
substituents would be sjected as posltive tona. The energy
for such 2 drastlic process as elimination of a methyl group
probably comes from the resonance energy gained on ejection
of the substituent, as well as from photoactivation energy.
Probably the proton is lost. Tirast in a fast, irreversible
reaction, The substituent could then be lost in a slow,
{rreversible resction without affecting the overall rate
of cyclization. The resonance energy gained in the formae-
tion of the biphenyl system would greatly asaist the
elimination of the substituent. The methyl carbonium lon
probably attacks products and reactant to form the ters
observed. c1 ana ) od may form substitution products, and
the speciles coza‘ would be expected to give cardon dloxide.

It s of interest that Grellmann 31,21,110 have proposed
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an ionic mechaniam for a photochemical reaction of
diphenylamines which apparently gave a dihydrocarbagole
(XCIV) a8 a transient species, yie tne intermediate (XCIII).

+ +

N'/ - N"

|

R R
(XCIII) (xCcIV)

The transient species (XCIV) underwent 2 reaction with
oxygen to give a cerbazole. Further work"’ showed that
this species (XCIV) was formed from a triplet state of the
diphenylamine which was in turn formed from tae firat

excited singlet atetes

If the analogy for this reaction is carried to the
photocyclization of azobenzenes, the intermediate formation
of a triplet state would mean that the excited azo molecule
would probably have time to assume a new conformation with
respect to its substituents and elso a new acid base
equilibrian, If the triplet state is represented by such.
structures as (LXXXV) and similer forme, then gis-trans
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isomerisation would alse ocour. Protonation of this triplet
would be sufficient to prevent its cycliszation, se that if |
the polar wmechanism proposed earlier i{s true, then cyclization
of very short-lived singlet atate should be involved. The
fact that monoprotonated irans-azobenzene did not photo-
eyclize could also suggest that the cyclizing species 1s too
short~lived to allow photoactivated itrang-isomer to sssume a

glg-configuration in a stete capable of ecyclization.

A suggeeted mechaniam for the methyl migration in the
irradiation of 2,4,6-trimetihylazcbenszene is shown in Scheme
10. The only rationalization for thias process is that it
avoida the ejection of a methyl group. Alternatively the
migration could occur before cyeclization, by analogy with
the photomigrations of slkyl groups in alkyl henscnes,‘12'113

which have been shown to have 1ntramoleou1ar‘?2

and non-free
radieal113 mechaniams. It should be noted, however, that
the {somsrizationa in the alkyl benzenes were effected with
1ight of much shorter wavelength than that used for the

irradiation of 2,4,6~-trimethylazobensens.

It is of interest to compare the photochemical
cyclization of asobenszenes in sulphuriec sacid with the
cyclization in scetiec a2cid and ferriec chlor!de,u and the
thermal cyclization with aluminium chlorido.5 It 1s possible
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that a polar mechaniam, aimilag to the one ocutlined above,
may apply, with ferric chloride or aluminium shloride acting
as Lewis acids in place of protons. The ferriec chloride
could also sct as oxidizing egent. There is, however,
insufficliant evidence to speculate further on the mechsniesm

of these cycliszations.

In conclusion it may be seid that the polar mechanism
explains most of the known charecteristics of the photo-
cyclization of azobenzenes, Further work should include
determination of queantum ylelds st much lower temperatures
(i this is possible) to determine the activation enmergy fo:
the cyclization step and alse quantum ylelds should dbe
meaaured for irradistion in the othor;absorption bands of
cis-azobenzene at 300 and 230 qp.’ Flash phoetolysis
technigues could be useful in the study of the g¢ls-transg
photoisomerization; and if 5,6-dlhydrobenszolg]einnoline
is formed, it should be possible to follow itn rate of
oxidation to benzolgleinnoline. At low temperatures it
also may be possible to follow the ejection of a suhstituent
in the cyclization of a 2-gubstituted aio compound,
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CHAPTER V

2.1 Generel

¥eltipz Pointe
All melting polints were determined in cepillaries and

are uncorrected.

Photochemical Resgtor

Unless otherwise specified the photochemical reactions
were carried out in a Pyrex reactor consisting of 2 Philips
HPK 4125%W mersury lamp surrounded by a water jacket which in
turn was aurrounded by & jacket of 150 ml capeecity containing
the solution to be irradiated.

r D utl
#¥here countercurrent distribution was used to separate
mixtures, 8 Guickfit automatic 50-tube spparatus with

stetionary and moving phases of 25 ml each was employed.

Spegtre

Infrared apectra were determined with a Perkin-Elmer
Infracord; ultraviolet spectra were determined with an Optica
CFh recording apectrophotomster, The n.wm.r. spectra were
determined by Dr. T. M, Spotawood with a Varian DPAO

spectrometer, using a 60 Mc/sec oseillator. Tetra-
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methyleilene was used &8 an internal atandard.

L4,4'-Dimethylasobensene was prepared by reduction of
p-nitrotoluene with zinc dust and sodium hydroxide in
methanol. After three recrystallizations from ethanol, the
product was chromatographed in hexsne on alumina, and then
recrystallized from ethanol., L,4'-Dimethylazobenzene was
obtained as orange-yellow needles, uhﬁ. 14k, 5=145.5° (114,118
14°),

3,3'-Dimethylazobensene wse obtained from Dr. G. E.
Lewis,%" and nhea m.p. 53° (11¢.11Y 5,9),

2,2' -Dimethylagzobensene was prepared by sodium
hypobromite oxidation of 2,2'-dimethylhydrascobenzens which
was obtained by reduction of g-nitrotoluene with szinc dust
and sc¢dium hydroxide. The crude aso compound was washed,
dried, and chromatographed in hexane on alumina. Re=
orystallization of the product from methanol gave
2,2'-dimethylazobensene as red needles, m,p. 54-55°
(118, 118 55°),

Nethvlagobeuzenes

L-Methyl-, 3-methyl-, and 2-methylazobenszenes, were pre-
pared by the condensation of nitrosobenzene (5.0 g) with
appropriate toluidine (5.0 g) in glacial acetio acid (20 ml).

When necessary, the resction weas moderated by cooling in an
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{ce-water bhath. After 5-7 days water was added, the organic
product collected, washed, dried, and chromatographed in
hexane on basic alumina, Finel purification was effected
by recrystallization or distillation. L-¥Methylazobenzene
was recrystallized from ethanol and formed orange plates,
MeDs 70-T1.5° (11%;’15 74=-72°).  3-Methylazobengzene was
obtained ms s bright red liguid, b.p. 180-185°/14 mm

(11.%.."‘2 b.p. 175°/49 mm). 2-Mcthylszobenzene was obtained
@s & bright red liquid, b.p. 178%/45 mm (lit.hs bep. 180-181°
(corr.)/20 mm).

Chloroazobenzenecs

L4=Chloro~, 3=-chloro-, and 2-chleroa2zobenzenes were
prepared by condensing nitrosobenzene (5.0 g) with the
appropriate chloroaniline (6.0 g) in glacial acetic asctd
(10 m1). In the prepsration of 2-chloroazobenzens it was
necessary to heat the reaction mixture at 70o for 12 hr to
effect condensation, The erude aszo compounds were
chromatographed in hexane on baaic alumina, L=Chloreazo-
benzens was obtained from ethanol as orange-red needles,
mep. 86-87.5° (11%.116 87.5°). 3-Chloroazobenzene was
obtained from ethanol as orange needles, m.p. 66.5-67°
(11t.1‘6 67.5%). 2-Chloroaszobenzene was recrystallized
from ethancl-methenol (with cooling te =15°) and was

obtained as red prisms, m.p. 31.5° (11t. 479117 33° 29.349),
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This compound was obtained from Dr. G. E. Lewis, wheo
had prepared it by condensation of i-iodoaniline with
nitroscbenzens in glacial acetic ecid to give l~-iodo-
azobensene as orange plates, m.p. 106-106.5° (11t.2! 105°).

s=lgodoagobanzens
3=-Iodoaniline was prepared frém g-nitroaniline by the

118 3éIodoah111na (5.0 g) was added to

method of Baeyer.
a solution of nitroscbenzens (2.5 g) in glacial acetic actd
(2.5 ml), the mixture was allowed to stand overnight at room
temperaturs, warmed to 50-60° for 1 hr, and then dissolved
in benzene (4100 ml). The solution was washed with several
portions of 6§ hydrochloric acid (tar being filtered off),
then with 1% sodium hydroxide solution, and finslly with
water, The benzene was evaporated and the residue
chrometographed on setiveted alumina, elution being effected
with 10% benzene in hexane. The first band was collected,
the solvent eveporated and the orange solid (3.9 g, 56%)
recrystallised from ethanol-methanol to glve 3-icdoagzobenzens

as orange needles, m.p. 71-71.5° (11t.119 72-73%).

2=Icdgagobenssne

A mixture of nitroscbensene (4.28 g) and 2-1odoaniline
(8.76 g) was dlssolved in glacisl scetic acid (40 ml),
maintatned at 70-80° for 7 hr, and then set aside overnight.
The mixture was shaken with light petroleum, b.p. 60-90°,
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and washed with water, 18N sulphuric acid, and then water
again. The petroleum layer was evaporated and the product
chrometographed on alumina with light petroleum, b.p.

60-90°, Evaperation of the eluate of the first band save

a deep red solid (5.76 g. L7%). Recrystellization from
ethanol and then from hexsne, with cooling in dry lce-ethanol,

gave 2-iocdoaszobenzens as orange-red needles, m,p. 62° (Pound:
C, L4713 H’ 2.9; ﬂ, 8-8%. C12ﬂ91E2 r:‘q_ﬂirc‘ C, '46.83
H, 2.9; B, 9.1%).

A coamercial semple (L. Light) was recrystallized twice

from ethanol and formed red plates, m.p. 2&8—2&8.5° (11t.38
247°).

‘Ethyl 3-aminobensoate (8.26 g) and nitroscbenszene (5.40 g)
were condenssd in glacial acetic acid (6 ml). After 20 hr
the mxture was shaken with light petroleum, b.p. 60-90°, and
the solution washed with water, 5§ hydrochloriec ecid, dilute
aqueocus sodium carbonate, and water. Evaporation of thne
solvent gave a dark red oil which was chromatographed on
alumina with benzene-light petroleum (13h). Evaporation of
the solvent gave a bright red liquid which was hydrolysed
with refluxing ethanoclic sodium hydroxide. The solution
was diluted with water acidified with hydrochloric acid, and

the product recryatallized from ethanol teo give azobensenw~
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3=carboxylic acid (L.77 g, 42%) as orange needles, m.p.
170.5-474.5° (11t.72° 170-171%).

A a i

Fthyl anthranilate (412.4 g) was added to 2 solution of
nitroscbenzene (8.0 g) in glacial acetic acid (8 ml) and the
mixture warmed at 65° for zh’hr. The cooled mixture was
extracted with light petroleum and the extract washed with
wéter; 6N hvdrechloric acid, dilute aqueous sodium carbonate,
aﬁd water; nThornolvent wes evaporated to give a residue
which was chromatographed on alumina with benzene~light
petroleum (1:4). The red oil (9.5 g) obtained from the
eluate was refluxed with sodium hydroxide (1.6 g) in ethanol
(50 mi) for 1% hr; the solution waa diluted with water
(300 m1) and bolled to remove most of the ethanol. The
cooled solution was extracted with ether (to remove non-
acidic material), and the agueous layer then acidified with
hydrochloric acid. The precipitated solid was sud jected
to countercurrent distribution between 18N sulphuric acld
and benzene; fractions near the solvent front were collected
and evaporated. Recrystallization of the product from
ethanol gave azobensene-2-carboxylic acid (5.5 g, 33%) as
orange priams, m.p. 92-93° (11¢.121 959),

Fitromesitylene was prepared by nitration of

122

mesitylene, and then reduced with tin and hydrochlorie
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acid to give mesidine which was condensed with nitroscbenzene
(equimolar proportiocns) in gleciel acetic acid at 20° ror 36
hr, The mixture was diluted with water and extracted
soveral times with light petroleum, b.p. 4O-70°. The
extract was washed with 10% aqueous sodium hydroxide snad
then 2§ hydrochloric scid, and chromstographed on sciivated
slumina, elution being effected with light petroleum, b.p.
40=70°. Evaporation of the eluate, gave n'bright red oil
which solidified on cooling below 0°. Recrystallization
from methanol-ethanol (131) with cooling below 0° gave
lagobonsene as red noedles, m.p. 19.5%° (Foundt
C, 80,555 H, 7.15; K, 12.5%. C,gH, N, requires G, 80.3;

H, 7.23 N, 12,5%).

A solution of azobensene (5.0 g) in 22K sulphuric acid
(420 ml) was irradiated in the mercury lamp reactor until
1ts ultraviolet spectrum showed the reasction to be virtually
complete (72 hr). The mixture was then partially neutral-
1sed (with cocling in ice-water) with sodium hydroxide (70 g)
in water. The resulting solid was collected, washed with
dilute sulphuric scid and then ethanol, and then treated with

excess sodlum hydroxide solution. Reerystallization of the
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product from aqueous ethanol gave benzidine (1.7 g) eaa buff
plates, m.p. 125° (11t. 127°), alone or admixed with an
aathentic specimen. Ita ultraviolet and infrared spectra
were identicel with those of an suthentic sample.

The acidic filtrate end washings were extracted with
benzene, and the bengzene solution washed, dried, snd
evaporated to give a yellow solid (2.37 g, 48%). Re-
crystallization from benzene gave bénzc[g]oinnoline as pale
yellow needles (2.22 g, L5%), m.p. 156-156.5° (11,78 156°),
alone or admixed with an suthentic spescimen. Its ultra-

violet and infrared spectra were identical with those of an

authentic specimen.

A solution of L,lL'~-dimethylagobengene (3.06 g) in 22}
sulphuric acid (400 ml) was irradiated in the mercury lamp
reactor for 550 hr. The solution weas then basified, with
cooling, with concentrated agueoua sodium hydroxide, 2nd the
mixture extracted with ether. The residue obtained by
evaporation of the ethereal solution was chromatographed in
benzene on basic alumina. Unchanged azo compound (0.07 g)
was sluted first, Evaporation of the following fractions
gave 2-amino-l’',5-dimethyldiphenylamine (O.tL g). On
recrystallization from aqueous ethanol it formed colourleas

plates, m.p. 107.5-108° (11%.>' 107°). It was characterised
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by conversion inte 6-methyl-2=-phenyl-i-p-tolylbensimidezole;
after three recrystallizations from agueous ethanol this
formed light-brown plates, m.p. 187-188° (11t.' 185°).

Further elution of the column gave 2,9-dimethylbenszolg]cinndline
(1.75 g, 57%); after recrystallization from bensene-hexane

it formed pale yellow needles, m.p. 190-191° (11t.'2?> 187°)
(Pound: C, 81.05; H. 5.85; N, 13.4%. Cale. for C, H, N,

C, 80.75; Hy 5.8; N, 13.45%). The melting point wes not
depressed by admixture with an suthentic specimen donated

by br. P. W, 1i01t%° snd the infrared spectra {chloroform)

of the two samples were identical.

4-Methylazobenzene

A solution of L-methylazobensene (3.01 g) in 22N sul-
phurtc acid (135 ml) was irradiated in the mercury lamp
reactor for 105 hr. The mixture was then partially
neutralized, with cooling, with a solution of eodium
hydroxide (80 g) in water. The cold solution was extracted
with benzene and the benzene solution evaporated to give the
crude product (1.50 g, 50¥). Recrvstallization from benszene
gave 2-methylbengolglcinneline as pale yellow prisms, m.p.
137-138° (Founa: C, 80.25; H, 5.45 N, 14.55%. C,H,qN,
requires C, 80.4; H, 5.2;3 K, 14.4%).

After henszene extraction, the acldic solution was made
slightly alkaline with agueous sodium hydroxide, snd steam
distilled. The residusl liquors {and solid) were extracted
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with ether and the ether evaporated to give a red-brown solid
(1.22 g). Reeorystalliszation from ethanol geve

-(}'- h -lj= lohexa~ as very
pale yellow prisms, m.p. 167-168° (Founa; C, 78.5; H, 6.5;
Hy 725 0, 8.1%3 mol. wt. 207. 013ﬁ13!0 requires C, 78.4;
H, 6.6; W, 7.0; O, 8.0%; mol. wt. 199). Its infrared
spectrum (chloroform) showed bands at 3500 and 3430 cn"(ﬂﬂz),
and at 1700 and 1665 em'1(0-0). Tts ultraviolet spectrum
(95% ethanol) showed A, 8t 2u5 amd 290sh mp; in 1N
hydrochlorie acid it showed A . at 238 and 320sh mp. Ite
n.m.r. apectrum was determined in cnclj and showed a sharp
singlet at T 8.38 (3 protons) assigned to a methyl group
atteched to a guaternary carbon estom but not directly to an
aromatic ring, a broad singlet at 7 6.45 (Nuz), and two
quartets at 7 3.92, 3.75, 3.25, end 3.08 (4 protons, J ga.

10 c/8) assigned tb the dlenone protons and T 3.52, 3.37,
3.03, and 2.88 (L protons, J ga. 9 c/s) assigned to the
pere~disubstituted aremntie ring. A diazotized solution

of the diencne coupled with a cold solution of 2-naphthol

in 10% sodium hyﬁroxiée to élve e bright red dye.

The above dienone (57 mg) was treated with acetic
enhydride (1 ml) and concentrated sulphuric scid (0.04 ml)
at room temperature for 40 hr.9§’3u The resulting mixture
was then refluxed with sodium hydroxide (3 g) in water (10 ml)
for 13 hr. It was then diluted with water (20 ml), extracted

with ether (to remove non-phenolic material) and then
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ascidified with dilute sulphuric acid and again extracted
with ether (to remove non-basic meterials). Sodium
carbonete was added to give pi 8.5 (indicator paper) and
the mixture again extracted with ether. Evaporation of
the ether gave a light dbrown gum. Recrystalligation from

benzene gave the product, presumably Le-smino-3'-hydroxy-
2'-methylbiphenyl (25 mg) es pals buff needles, m.p.
122.5-123° (Pound: C, 77.9; H, 6.5; N, 7.0%, C, i, 40
requires C, 78.43 H, 6.6; N, 7.0%).

Its infrared spectrum (chloreform) showed bands at
3650 om™ ! (oH), and 3430 em~! (KH). TIte ultraviolet
spectrum in 95% ethanol showed }‘m. 234, 262, end 287sh mp;
in 1X hydrcchloric seid it showed Am. 24,0sh and 288 mp.
A diasotised solution coupled with a cold solution of
2-naphthol in 10% sodium hydroxide to give a bright red dye.
The n.m.r. spectrum of the biphenyl in CDCl, showed 2 singlet
at v 7.85 (3 protons) sasigned to a methyl group attached to
an sromatic ring, a broad singlet at 7 5.55 (ma and OH), a
quartet st 7 3.38, 3.25, 3.02, and 2.90 (4 protens, J ga.
8 ¢/s) assigned to the psre-disubstituted sromatic ring, and
further partislly resolved bands in the same region (3 protons)
assigned to the trisubstitutsd aromatic ring.

L-¥ethylazocbensene was reduced with ginc dust and sodium

hydroxide in bolling methanol, and the orude product was
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recrystallized from cyclohexane to yield colourless plates,
m.p. 88-89% (111.720124 g5 g7, 94°),

Rearrengement of Y-Methylhydrazobenzene in 22N Sulphuric =¢id
Solid L=methylhydrasovenzene (1.18 g) was added to 22§

sulphuric acid (25 ml) at room temperature over 5 min with
vigorous stirring. The mixture was allowed to stand over-
night and was then worked nb according to the method of
Jacobson and Liachko,52 to give the picrate of
6-methyl=-1=phenylbenzimidasole, m.p. 201-202, 5% (decomp.)
(11¢.°2 198-200°).

L=Chlorgazobensene
A solution of 4=-chloroazobenzene (2.50 g) in 22N

sulphuric ecld (120 ml) was irradiated in the mercury lamp
reactor for 8¢ hr. The resulting mixture was partly
neatralized with sodium hydroxide (30 g) in water (300 ml),
with the temperature below 35°. The resulting precipitate
was collected and the filtrate (A) set aside.

The precipitate (1.80 g) wae dissolved in concentrated
hydrochloric acid (20 ml), diluted to 100 ml with water,
shaken with benzene (20 ml), and filtered, The solid was
washed with hot benzene (6 x 20 ml) which was then used to
extract the filtrate. The extracts were combined and
evaporated. The erude product, m.p. 215-216°, (1.30 g, 53%)

was recrystallized from toluene, and 2-ch10robcnzo[g]ciunoline
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obtained as yellow neecdles, m.p. 245.5-216° (ltt.zu 211°)
(Founds C, 67.05; H, 3,43 C1, 16.73 N, 13.3%. Calc. for
¢, H-C1N,1 C, 67.155 H, 3.3; Cl, 16.5; N, 13.05%). After
the benzene extraction, the hydrochloric acid solution was
besiflied with sodium hydroxide and extracted with ether,
Evaporation of the ether gave a dark crystalline product
(0.20 g) which was heated with salicylaldehyde (0.20 g) in
benzene. The resulting disalicylidenebensidine (0.21 g)
separated from toluene (uning cherceoal) as orange-yellow
plates, m.p. 258.5-=260.5%, alone or admixed with en
authentic specimen. The infrared spectra of the two samples

in Nujol were identical.

The filtrate (A) waa basified with sodium hydroxide,
steam~distilled {(to remove 2 amall guantity of volatile
amines) and the non-volatile residue extracted with ether.
Evaporation geve a viscous oill (0.58 g) which was heated with
salicylaldehyde (0.65 g) and ethanol (10 ml) on a steam=bath
for ¥ hr. The solid product was collected snd washed with
methanol (yteld 4.04 g). Reorystallization from benszene
with charcoal gave N,i'-disalicylidene-5-chlero-2,4'~
diaminobiphenyl eas orange needles, m.p. 167.5-168° (nt.36
166-167°). A sample of this material (0.23 g) waa boiled
with water (20 ml) and concentrated sulphuric acid (2 ml)
until no odour of salicylaldehyde could be detected. The
solution was basified with sodium hydroxide and extracted
with ether to give S-chloro-2,4'-diaminobiphenyl as an oil
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(0i11 g) on evaporation of the ether. Its dibenzylidene
derivative had m.ps 105.5-106.5% (11t.72% 104°), 1ts
diacetyl derivative, m.p. 210.5-211.5° (11t.'25 204°),
end its diformyl derivative, m.p. 192-193° (118,125 491,°).
L-Iodosgobensene

L=Todoazobengene (3.00 g) was suspended in 22N sulphurie
actd (120 ml) in a glass culture-jar (30 x 23 x 6 cm) and
exposed to sunlight (summer) for 9 days. The ultravielet
absorption spectrum then indiceted thnt virtually no azo-
compound remained. The solution was diluted with water
(100 ml) and partly neutralized with sodium hydroxide (75 g)
in water (200 ml), the temperature being kept near 45°. The
mixture was immediately shaken with bensens (500 ml), filtered
to remove solid (S), and the aqueous filtrate extracted
several times with benszens. The combined benzene extracts
were washed with dilate agueous sodium carbonnte, but neo
{odine was detected with starch iodide paper upon mcid-
ification of the eodium carbonate solution, even though an
odour of free lodine had been noticed immedietely after the
irradistion. The benzene solution was evaporated and the
solid (1.02 g, 347) reerystallised from bensene to give
2:19g§§gnin[c]ggnngllng as yellow needles, m.p. 217.5-218°
(Founds C, 4,7.05; H, 2.4; N, 9.1%, C1éH7IN2 requires
Co L7.1; H, 2.33 N, 9.15%).

The solid (8) was shaken with dilute aqueous sodium
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hydroxide and extracted with ether. Evaporation of the
ether and recrystellization of the product from agueous
ethanol gave bensidine {(0.013 g, O.4%) as buff plates, m.p.
and mixed m.p. 122-123°. Ite ultraviolet and infrared
spectra were 1dertical with those of an authentic specimen.
The solution was basified with sodium hydroxide solution,
steam~distilled to remove volatile basea, and the non-
volatile residue extracted with ether, Evaporation gave
ecrude 2,&'-diémlnoos-iodebiphenyl (0.42 g, 14%) as a brown
gum which was characterized as its salicylidene derivative
m.Pe 150.5-154.5% (11t.77 $5¢°) and 1ts p-nitrobenzylidine
derivative, m.p. 215.5-216° (11t.°7 213°),

2-Iodobenszol e]cinnoline-N-oxide
2-Iodobenzo[gc]leinnoline (61 mg) was dissolved in glacial

acetic acid (6 ml) and heated with 27.5% w/¥ hydrogen peroxide
(0.9 m1) at 60° for 2 hr. The product was precipitated with
water and washed with water to give the crude product (63 mg).
On recryatallization from benzene, 2-iodobvensolcleinnoline-N-
oxide was obtained ss very pale yellow needles, m.p. 221.5~-
222.5°, insoluble in hot sodium hydroxide solution (Found:

Cy LS.1; H, 2.55; N, 8.6%. 012371820 requires C, LL.75;

H, 2.2; N, 8.7%).

Ag arbd 1
Agobenzene-i-carboxylic acid (2.50 g) wes suspended in
22N sulphuric actd (135 ml) and irradisted in the mercury lamp
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reactor for 360 hr. The resulting mixture of so0lid and
solution was diluted with water (250 ml) and extracted with
bensere (100 ml) to give unchanged ascbenszene-l-carboxylic

scid (0.068 g), on evaporation of the benzene.

After the extrection with benzene, the strongly acidie
mixture remaining was partly neutralized with sodium
hyaroxtde (80 g) in water (450 ml), with cooling to keep
the temperature hHelow 40°, The mixture wes then cooled to
room temperature, the solid collected and bolled with con-
centrated hydrochloric scid (200 ml) and methanol (450 ml)
antil all the methanol had besn evaporated. The mixture
was then diluted with water (650 ml) and extracted with
be-zene (B1), The agueous layer was basified with sodium
hydroxide and then extracted with ether, Evaporation of
the ether gave a buff solid (0.58 g, 29%) which on re-
crystallization from aqueous ethanol gave bensidine ss
buff plates, m.p. and mixed m.p. 125° (1tt. 127°). 1Its
ultraviolet and {nfrared spectra were identical with those
of an authentic specimen. The aquecus layer remaining
after the ether extraction was adjusted to pH 7 with
phoaphoric acid and evaporated to dryness, precipitating
the inorganic selts in stages with excess methanol. The
final residue was refluxed for 15 hr with methanol (400 ml)
contalning dry hydrogen chloride; the mixture was then

diluted with a large excess of water and extracted with



12,
benzene (B2). The agueous layer was again evaporated to
dryness and refluxed with methanol (25 ml), containing
hydrogen chloride, then diluted with water and extiracted
with benzene (B3), Bvaporetion of the benzene extracts
(B4, B2, and B3) gave the crude product (1.15 g, Lu%),
Recrystallization from ethanol gave methyl henzo{g]cinnoline-
2-carboxylate as yellow needles m.p. 185.5° (lit.zu 179°%)
(Pound: C, 70.45; H, L.35; N, 11.5%  Cale. for C, H,  N,0,t
C, 70.63 H, Le25; N, 11.75%). liydrolysis of the ester was
effected with alkali, Successive dissolution in dilute
sodium bicarbonate and reprecipitetion with acetic acid

gave banzo[g]elnnoltneoz-catboxylic acid as yellow micro-

needles, m.p. 363-364° (in vacue) (11t.2h 362°).

(b) m-Dertivatives
'-Dimethyle

A solution of 3,3"-dimethylazobenzene (2.50 g) in 22N
sulphuric acid (140 ml) wes irradiated in & plate glass
reactor {30 x 30 x 0.1 cm) for 11 days in sunlight. The
solution was then basified, with cooling, with concentrated
aquecus sodium hydroxide, and the mixture extracted with
ether. Evaporation of the ethereal solution gave a residue
which was sub jected to countercurrent distribution between
1-butenol and 0.5N hydrochloric aeid (25 transfers). The
contents of the tubes contalining the yellow benzo[g]einnolines
were combined, evaporated, and the product chromatographed
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in bensene on elumina; but no significant separation was
achieved. The solvent was evaporated and the residue
(0,79 g, 327) submitted to countercurrent distribution
between hexane and 1.58 hydrochloric acid. The fractions
neer the atarting tube gave 3,8-dimethylbenzolgleinnoline
{o.y0 - 99 16%); after recryatallization from benzene~hexane
it formed yellow needles, m.p. 188°,(11t,6h 188°%) (Founmd:
Cy 80.95; Hy 5.75; W, 13.55%). Cals. for C,,H, N,
C, 80.75; Hy 5.8; N, 13.45%). The m.p. wes not depressed
by admixture with an authentic specimen donated by Dr., P.F.
Holt.uo end the infrared spectra (in chloroferm) of the two
samples were identical. The fractions nearer the solvent
front gave 1,8-dimethylbensolcleinneline (?) (0.18 g, 7%);
after recrysiallization from hexane it forﬁsd yellow needles,
e pe 118.5-119% (Pounds C, 80.7; H, 5.9; K, 13.3% €y M
requires C, 80.75; H, 5.8; N, 13.45%). The fractiona near-
est the solvent front were sgain sub jected to ecountercurrent
distribution and geve 1,10-dimethylbenzolgjeinnoline (0.082
8, 3%); after recrystallization from hexane it formed yellow
needles, m.p. 114.5° (11¢.4% 142-143°) Pouna: C, 80.8;
Hy 5.85; N, 13.4%. Cale. for Cy) By gWp% Cp 80.75; H, 5.8;
N, 13.45%). The m.p. was not depressed by admixture with a
assmple donated by Dr. P.F. Holt.ho

After the removal of the benzolg]einnolines, the remain-
ing fractions from the butanol-0.5N hydrochloric acid separa-

tion were combined, basified, and extracted with ether. The
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ethereel solution was evaporated and the residue dissolved
in ethanol and treated with anhydrous stannous chloride
(2 g) tn concentrated hydroshleric scid (6.5 ml). The
80113 was collected, dissolved in water, treated with
acidiflied sodium sulphide solution and riltered. The
filtrate was treated with aqueous sodium sulphate and the
resulting precipitate collscted and treated with excess
aqueous sodium hydroxide, The mixture was extracted with
ether and the ether evaporated to give 2,2'-dimethylbenzidine
(m-tolidine) se a colourless glass (0.30 g) which fatled to
crystallize after several weeka. Its dibenzylidene
derivative had m.p. 172-173° (11¢.% 172-173°), 1ts
disalicylidene derivative had m.p. 201-202,5° (11t.!

198—199°), and its diacetyl derivative had m.p. 289°
(118,47 284°),

A solution of 3-methylazobenszene (3.00 g) in 22§
sulphuric actid (135 ml) was irrediated in the mercury lamp
reactor for 89 hr. The solution was then almost neutral-
ised, with cooling, with ;queona sodi um hydroxi&e, énd the
aolid_oolléeted and washed with warm dilute sulphuriec aéid.
The solid iaa then ireated with excess aqueous sodiunm
hydroxide, and the mixture extracted with ether.
2-Methylbenszidine (1.03 g) was ohtained as red-brown oil.
Its diacetyl derivative had m.p. 310° (11t.42 300%); 1te
diealicylidene derivative, m.p. 157-158.5° (ltt.hz 160°);
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and its didbenzylidene derivetive, m.p. 110-111° (11t.“2
111-112%).

The acidic filtirate and waahings were basified with
sodium hydroxide, the mixture extracted with ether, and
the product subjected to countercurrent distribution
between hexane and 13 hydrochloric acid. The fractions
nearer the solvent front yielded 1-methylbenso[g]einnoline
(0.37 g, 13%). After recrystallization from cyclohexane
it formed yellow necdles, m.p. 117.5° not depressed by
admixture with a sample provided by Ir. P.F. Holtuo
(Found: C, 80.3; H, 5.4 K, 14.2% Calec. for °13“1o“2‘

C, 80.4; H, 5.25 N, 14.4%). The infrared spectra of

the two compounds in chloroform were also identicel. The
fractions nearer the starting tube gave J-methyl-
benzolelginnoline (0.79 g, 27%). After recrystallization
from benzene-cyclohexane it formed yellow plates, m.p.
125-125.5% (Found: C, 804 ki, 5.3; Ny 14.25%.  C,JH, N,
requires C, 80.4; H, 5.2; N, 14.4%). From the "overlap”
region, a mixture {0.23 g) of the two benszolgloinnolines
was obtained, giving an overall yleld of 1.39 g (47%) of

venzo[gleinnolines.

=G 8z
A solution of 3-chloroazobenzene (3.10 g) in 22K
sulphuric ecid (135 ml) was irradiated in the mercury lamp
reactor for 88 hr. The preduct was diluted with water
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(150 wl) and pertly neutraliszed with sodium hydroxide (80 g)
tn water (300 ml), with the temperature below 4O°, The
cooled mixture was shaken with benzene (150 ml), filtered,
and the solid (S) washed with benzene (5 x 50 ml) which
was then used to extract the aqueous filtrate, All the
benzene solutions were combined and evaporated to give a
yellow solid (1.54 g, 50%), m.p. 141-164°, which was sub-
Jected to countercurrent distribution between hexane and
L4¥ hydreciiloric acid. From the first fractions at the
solvent front, starting material (27 mg) was obtained.
Later fractions gave i-chlergbenzglcleinnoline (ﬂ£s2u)
(0.32 g, 11%) which separated from methanol as yellow
needles, m.p. 145-146° (Found: G, 67.35; H, 3.3; C1,16.6;
R, 43.05%. 012E7CIH2 requires C, 67.15; H, 3.3; 01,16.5;
N, 13,05%). From the fractions nearer the startin- tube,
3-ghlorobenszel cleinnoling (of.®) (1.04 g, 35%) was
obtained. Recrystellization from ethanol gave yellow
needles, m.p. 139.5-190.5%° (Found: C, 67.0; H, 3.45;

Cl, 16.13 R, 13.15%. 012375152 requires C, 67.15;

H, 3.3; C1, 16.5; N, 13.05%).

The Bolid (8) (1.98 g) was treated with squeous sodium
hydaroxide and then extracted with ether. Evaporation of
the ether and recrystallisation from aqueous ethanol gave
2-chlorobensidine (0.91 g), m.p. 101.5-102.5°. An
authentic specimen, prepared by reduction of 3-chloro-
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agcbensgene with stannous chloride and hydrochlorie acid,
had m.pe. 101.5-102.5° and the mixed m.p. showed no de-
pression. Aceording to the literature this compound has
mpe 113°.4  The infrared spectra (cuc1,) and ultra-
violet spectra (95%) ethanol) of the two sanplén were

identical. The ultraviolet apectrum shcwed Amax. at
27 mp (logf L.37).

3=Iodoagobensene

3-Iodoazobensens (3.00 g) was suspended in 22K sul-
phuric acid (120 ml) and irradiated in the mercury lamp
reactor for 96 hr, during which time the mixture was warmed
twice to assist the dissolution of some of the remaining
azo compound. Unchanged starting material (0.85 g, 28%)
was first removed. The irradisted mixture was diluted
with water (100 ml) and partially neutralized with acdium
hydroxide (70 g) in water (200 ml). the temperature being
kept below K0°. The cold mixture was sha%en with bengene
(300 ml) and the solid (S) was filtered oft. The aqueous
layer was extracted several times with benszene (B), the
agqueous layer was basified with sodium hydroxide solution,
extracted with ether, and the ether evaporated to give a
brown oil (0.12 g) which was not investigated further.
The solid (S) was dissolved in & mixture of hot concentrated
hydrochloric acid (50 ml) and water (100 ml) and the solu-
tion was extracted with several portions of benzene.

These were combined with the benzene (B) and evaporated to
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give a yellow solid (1.07 g) which was sudbjected to counter-
current distribution between benszene-light petroleum b.p.
60-90° (13:1) and 4K hydrochloric scid. The first 100
fractions of yellow solution were collected and the rest

of the material in the machine was isolated separstely,
recrystallized from ethanol, and the mother liquor was
combined with the sbove 400 fractions, This coﬁﬁincd
materiel was subjected to countercurrent distribution
between hexane and LN hydrochloric acid. Prom the
fractiona nearer the solvent front j~iodcbenselclginnoline
(0.29 g, 10%) was obtained. On recrystallization from
methanol it formed yellow needles, m.p. 122° (Pound:

Co LT.35; Hy, 2,553 I, 41.2; N, 8.95%. 012117182 requires
Cy U47.4; Hy 2.33 I, L41.45; K, 9.15%). The material
isolated from the tubes nearer the starting tube was com-
bined with the product from the above ethanol recrystalliza-
tion to give 3-iodobenzolcleinneline (0.76 g, 25%). ©On
recrystallization from ethanol 1t formed yellow needles,
m.p. 193-193.5° (Founds G, 47.4; H, 2.45; I, 40.9; K, 8.95%.
C, JHi,IN, requires C, L7.1; U, 2.3; I, L1.45; K, 9.15%) .

After benzene extraction, the hydrochloric acid solution
was basified with sodium hydroxide solution and extracted
with ether to give a brown gum (0.92 g, 31%) on evaporation
of the ether. The gum failed to crystallize and wes

characterized as a bengylidene derivative by refluxing
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with bengaldehyde in ethanol for 10 min. Recrystalliza-~
tion of the product from cthanol gave K,N'-divenzylidene-
2-iodobengzidipe as very pele yellow plates, m.p. 157=157.5°
(Founds C, 64.0; H, L.15; N, 5.45%. 026319132 requires

Cy 6L4.2; H, 3.95; K, 5.75%)

Agohensene-3~carboxylic Acid

A solution of azobenzene-3-carboxylic ectd (3.00 g) in
228 sulphuric acid (120 ml) was irradisted in the mercury
lemp reactor for 72 hr, then diluted with water (100 ml)
and partly neutralized with sodium hydroxide (70 g) in
water (250 ml), with the temperature below 40°. The
mixture was cooled to room temperature, the precipitate
collected, and the agueous layer extracted with ethyl
acetate. The e0lid was digested in hot concentrated
hydrochloric acid (120 ml)}, then diluted with water (300 ml),
extracted with ethyl acetate (totalling 1 1l.), and the
aqueous layer set aside (A). Evaporation of all the
abovemontioned ethyl acetate extracts gave 2 yollow solid,
sparingly soluble in ethyl acetate, which was dissolved
in concentrated hydrochloric acid {60 ml) and diluted with
water (60 ml). The mixture of solid and solution was
sub Jected to countercurrent distribution between benzens
end 68 hydrochloric acid. After a clear separation of
two yellow colour regions, the products were isolated,

From the region nearer the solvent front the product was
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1solated from the actid layer by evaporation of most of the
acid, dilution with water, and extraction with several
portione of ethyl acetate. Eveporation of the extract
gave a yellow solid which was recrystallized from n-but:1l
acetate to give {-hydroxybenszolelginneline-10-garboxylic
acid lagtone (0.31 g, 10%) as yellow needles, m.p. 329-
330° (Found: C, 70.3; H, 2.7; N, 12.3; 0, 1k.bL%. C, HgH,0,
requires C, 70.3; H, 2.7; N, 12.6; 0, 14.4%). The infrared
spectrum (CHCIJ) showed a very strongs band at 1740 om~ !
(lactone C=0), a strong band at 1125 em”~' (lactone C=0-),
but no mexime im the 4000~-2000 om™’ region, except for a
sharp band at gg. 3000 om™' (C-H). It was ineoluble in
cold 10% sodium hyaroxide, but dissolved on boiling to
give a red solution and was recovered unchanged on
ecidification of the solution. From the countercurrent
tubes at and near the starting tubes a solid acidic sub-
stance was obtained which was dissolved in hot dilute
sodium carbonate solution and reprecipitated with acetic
acid. The resulting pale fawn solid (0.42 g) was teo
insoluble for recrystallization. A portion (0.32 g) was
refluxed for 11 hr with methanol (50 ml) containing dry
hydrogen chloride, then diluted with water (250 ml), and
the mixture extracted with bhenzene. SYvaporation of the

benzene gave & yellow solid which was recrystallized from

ethanol to give methyl bengololeinnoline-3-cerboxylate
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(O.Zh g) as psle vellow plates, m. Do 177° {Found: C, 70.55;
H, 4.5; Ny 11.5% °1u31o”2°2 requires C, 70.63 H, 4.25;
N, 14.75%).

The aqueous hydrochloric acid solution (A) was con-
centrated by boiling to 5 ml, diluted to 50 ml, and elari~
fied with chareoal. The filtrate was treated with sodium
acetate (5 g) in water (10 ml) end the resulting bensidine-
2-carboxylic acid (0.73 g, 24%) obtained as very pale buff
mioro-needles, m.p. 271.5-272.5° (in vaguq) with nc de-
composttion (11t.°0 269° decomp.). The mixzed m.p. (also
in vecyo) showed no depreasion, and the infrared spectra

(Nujel) of the two specimens were identical,

(e) o-Derivatives

2,2'-Dinathylagobensene

A solution of 2,2'-dimethylazobenzene (4.0 g) in 22N
sulpharie scid (120 ml) was irradiated in the meroury lamp
reactor for 104 hr, The solution was partially neutralized,
with cooling, by the addition of sodium hydrexide (70 g) in
water, Some tar was observed in the mixture, but was not
inveatigated. The ecold solution was filtered and the
filtrate extractsd with benzene. The solid (8) was
dlssolved in 3K hydrochloric acid and the solution extrscted
with benzene, The combined benzene extracta were chrom~

atographed in bensene on baaic alumina. The first fractions
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gave 4,7-dimethylbenzolc]einnoline (0.39 g, 10%); after
reorystallizstion from hexane it formed yellow needles,
meP. 169-170° (Founds C, 80.6; H, 5.75; N, 13.5%.

C, 4, ¥, requires C, 80.75; H, 5.8; N, 13.45%). A |
mixture of bensolglcinnolines was then eluted. This was
sub Jected to countercurrent distribution betwaén hexane
end 18 hydrochloric scid. The fractions nearest the
starting tube gave L-methvlbensglclginneline (0.76 g, 19%);
after recrystallisation from cyclohexane it formed yellow
needlesa, m,p. 129°, alone or admixed with e specimen pre-
pered from 2-methylazobenzcns. Tho infrared specﬁra of
the two specimens were identiocal. The fraction nearer
the solvent front gave a amall gquantity of a
dimethylbenzo[gleinnoline, m.p. 128.5-129.5° (Found:

C, 80.2; U, 5.8; W, 13.35%. C, H, N, requires C, 80.75;

H, 5.8; N, 13.45%). Its n.m.r. spectrum in CDC1,-CC1

3 b

(1:4) showed two sharp singlets at ~ 6.93 and 6.83 (3
protons each) assigned to two non-equivalent methyl groups,
a sharp singlet at v 2,33 (ga. 2 protons), & quartet st

T 238, 2.27, 2,22, and 2.10 (ca. 2 protons), and a quartet
at 7 1.43, 1,38, 1.3, and 1.28 (2 protons). The peaks
froa T 2,38 to 2,10 integrated for L protens exactly. |

After benzene extraction of the solution of the solid
(8), the remaining aqueous acidic solution was basirfied,
and the mixture extracted with ether. The solid (0.85 g,

21%) obtained by eveporation of the ether was recrystalliszed
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from agqueous ethanol to give 3,3'=dimethyldbensidine
(grtclidine)hh as fawn needles, m.p. 126-123° (11¢.}
129°)., Its dibensoyl derivative h@d m. Pe 268-270°

26

(11t.‘27 265°%), and ita diealicylidene derivative had
s Po 206"2060 5° (llt . 1 26 202°) »

A solution of L4,7-dimethylbensolgleinnoline (26 mg)
in 228 sulphuric acid (5 ml) was irrediated in a Pyrex
flask in sunlight for 3 days. The solution was then
basified with sodium hydroxide solution (with cooling),
extracted with ether, and the ether evaporated to give a
yellow soliad (25 mg), m.p. 166~168°, not depressed by
admixture with pure Y,7-dimethylbenzo(gleinnoline.

La.7-Dimethylbengol clginnoline=-5-oxide
L,7-Dimethylbenzolgleinnoline (50 mg) was heated with
glactial acetic acid (3 ml) end 27.5% w/v hydrogen peroxide
(0.8 m1) at 70° for 7 hr. The mixture was diluted to 10 ml
with 1§ hydrochloric acid end the product collected. Re-
crystallization from benzene gave 4,7-dimethyl-
bensel cleinnoline-5-0x1dg (47 mg) ms pele yellow needles,
mep. 214-214.5% (Founds C, Th.95; H, 5.3%.  C, H N0
requires C, 75.0; H, S.4%). It was insoluble in bolling
10% aqueous sodlum hydroxide.

2=Methylagocvensens
A solution of 2-methylazobenszene (3.01 g) in 22§
sulphuric acid (135 ml) wes irradiated in the mercury lamp
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resctor for 78 hr. The solution was then basified (with
cooling) with concentrated agueous sodium hydroxide; the
mixture extracted with ether, the etheresal solution washed,
dried, and eveporasted, and the residue sub jested to counter-
eurrent distribution between hexane and 1K hydreshloric seid.
The fractions nearer the solvent front gave L-methyl~
naenzoleletinnoline (0.68 g, 23%). After recrystallization
from cyclohexane it formed yellow needles, m.p. 129° (Found:
C, 80.25; H, 5.,2; N, 14.5%. 0133,°l2 requires C, 80.4;

Hy, 5¢23 H, 1h4.4%). The fractions nearer the atarting tube
gave bensolgleinnoline (0.32 g, 11%); on reerystallisation
from bdbenszene it formed y‘llow needles, m.p. 155.5-4550.
elons or admixed with an authentic specimen, and its infra-
red spectrum was identical with that of sn authentic specimen.
From the “overlap" region a mixture (0.033 g) of the two
benso[glcinnolines was cbtained, Some tar was observed in

the starting tube, but was not investigated.

The contents of the first few tubes of the counter-
current machine were combined, basified, and extracted with
ether. Evaporation of the ether gave a residue which was
dissolved in ethanol and treated wtthranhydrous stannous
chlortde (2 g) in concentrated hydroehlorie acid (6.5 ml).
The resulting stannous chlorid§ double aaltus was collected,
dissolved in water, and treated with acldified sodium
sulphide (to remove the tin). The filtrate was then treated
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with concentrated aqueous sodium sulphate and the
precipitate collected, It was suspended in water, the
solution basified, and then extracted with ether. Evap-
oration of the ether gave a light brown o1l {0.33 g) which
was identified as 3-methylbensidine by formation of its
dibensylidene derivative, m.p. 13h.5-135° ()A.t.l‘6 13,%).

2=Chlorssobonsens

A solution of 2-chloroasobenzens (3.00 g) in 22N
sulphuric acid (120 ml) was irradieted in the mercury lsmp
reactor for 182 hr, The mixture waas diluted with water
(250 ml), pertly neutralized with sodium hydroxide (70 g)
in water (300 ml), with the temperature below 40°, shaken
with benzene (150 ml), and filtered. The solid (S) was
washed with benzene (4 x 50 ml) which was then used to
extract the aqueocus filtrate. Evaporation of the benzene
gave a yellow solid (1.58 g), m.p. 155=-167° which was sub-
Jected to countercurrent distribution between light pet-~
roleum, b.p. 60-90°, and 3 hydrochloric acid. The fractions
somewhat behind the solvent front gave Y-chloreo-
benzolclcinnoline (1.40 g, 37%). Recrystsllization from
1{=butanoel gave yellow needles, m.p. 19*!-192° (Found:
C, 66.95; lI, 3.3%53 Cl, 46.7; K, 13.3%. C1ZB7DIN2 raquire-
C, 67.153 H, 3.3; €1, 16.5; N, 13.05%). The fractions
nearer the starting tube gave bensolgloinnoline {0.29 g,
12%), meDe 155=155.5° alone or admixed with an authentie
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specimen.

The solid (S) was treated with agueous sodium hydroxide
and extracted with ether. Evaporation gave a gum {0.91 g)
which wag recrystallized from aqueous ethanol and then from
bensene~hexane to give 3-chlorobensidine as pale yellow
needles, m.p. 7The5-75° (118,47 75°). Ite infrared spectrum
{n chloroform showed bands at 3500 and 3430 om™ (mi,), ana
at 1620 and 1490 em~! (aromatic ring); its ultraviolet
spectrum in 95% ethanol showed A _ 286 mp (logf L.L6)
(Ajeg, fOr bensidine, 285 mp). A portion of the crude
3-gchlorobenzidine and residues from its recrystallization
were chromatographed on silica-gel with benzene-ether in
varying proportions as eluate, and also subdjected to
countercurrent distribution between 2% aqueous acetic acid
and benzene-light petroleum, b.p. 60-90° (4314). No product

other than 3~chlorobensidine was isolated.

In & eeparate experiment, a solution of 2-chloro-
azobenzene (0.20 g) in 228 sulphuric actid (45 ml) was
irradiated in sunlight (winter) until the ultraviolet
spectrum of the sclution showed the remction to be complete
(7 weeks). The solution was then diluted with distilled
water (100 ml), extracted with benrene, snd the benzene
evaporated. Thin-layer asilica-gel chromatography (using
ether-benzene (1:10)) showed that the product matnly con-
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sisted of L-chlorohensolgleinnoline but contained some
unsubstituted benzol{gleinnoline. The aquecus aeldic layer
gave a negative halide teat with silver nitrate; addition
of a trace ({1 mg) of potsesium chloride to the tested
oolntian prodnc&d,a definite precipitate.

2=lodonzobenzene

A mixture of 2-iodoszobensene (3.00 g) and 22N sul-
phuric acid (120 ml) was irremdiated in the mercury lamp
reactor for 200 hr, during which time the mixture was heated
twice for & short time to aid dissolution of the aso compound.
The mixture was diluted with water (100 ml), partially
neutralized with sodium hydroxide (70 g) in water (200 ml),
the temperature being kept bdelow u0°, immediately ashaken
with bensene (B) (300 ml), and filtered to give a soltd (S).
The aqueous layer of the fi{lirate was extracted with benzene
until the former was almest colourless; it was dbasified with
sodium hydroxide solution, extracted with ether and the
ether evaporated to give a brown gum (0.11 g, 4%) which was
not investigated further. The solid (8) was boiled with
concentrated hydrochloric acid {50 ml), diluted with water
(100 ml), end extracted with benzene until the extracts
were colourless. These extracts and the benzens extracts
(B) were combined and evaporated to give a yellew solid
which wes sub jected to countercurrent distribution dbetween

benzene and 6§ hydrochloric acid. On evaporation, the
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fractions at the solvent front gave a solid (0.67 g, 22%),
which, on recrystallization from ethanol, gave
2-iodoazobenzene as red needles, m,p. and mixed M. p. 61°.
After 550 transfers a cleaer separation of two yellow
regions had occurred. The faster-moving component
(0.87 g, 29%) was recrystallized from benzene to give
L-iodobensolglcinnoline as yellow necdles, m.p. 193.5~
194° (11¢.%Y 190.5-191.5%) (Found: C, L7.0; H, 2.3;
N, 8.95% Cale. for C, H,IN,: C, U7.1; H, 2.3; N, 9.15%).
From the tubes nearer the starting tube benso[glcinnoline
(0.086 g, 5%) was obtained. On recrystallization from
bengene-hexane 1t formed yellow priems, m.p. 154 5=455°

alone or admixed with an authentioc specimen.

After the benzene extraction, the hydrochloriec acid
leyer was basified with sodium hydroxide solution, extracted
with ether, and the ether evaporated to give a brown gum

(0.90 g, 30%). On recrystallization from squecus ethanol

3=iodobenzidine was obtained as colourless needles, m.p. 70°
(Found: C, U46.5; H, 3.7; H, 8.75%. C, M, IN, requires
C, U6.53 H, 3.6; N, 9.0%),

Azobengzene~2~carboxylic acid (3.00 g) was dissolved in
warm 22K sulphuric acid (120 ml), irradtated in the mercury
lamp reactor for 140 hr, diluted with water (150 ml), and
partly neutralized with socdium hydroxide (70 g) in water
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(200 ml), with the temperature below 40°, The mixture
was well cooled in an ice-water bath, shaken with benzene
(400 m1), end the solid collected. The aqueous layer was
extracted several times with benzene and all the benzene
extracts combined (B). The solid was boiled with con-
ecentrated hydrochloric acid (50 ml), diluted with water
(300 m1), shaken with benzene (100 ml), snd filtered to
remove the solid (S8). The aqueous portion of the filtrate
was extracted with several portions of benzene to leave an
agueocus layer (A). The benzene extracts were combined
with the previous extracts (B), end extracted with ailute
sodium cerbonate solution until the agueous extracts were
colourless. The bengene layer was evaporated and the
resulting yellow solid was chromatographed on 2 short
column of basic alumina; the green fluorescent band was
oluted with 20% ether-in-benzene. Evaporation of the
eluate gave benzolgleinnoline (0.4 g, 6%) as yellow
needles, m.p. 15&-155° alone or admixed with an authentie
specimen (lit.se 156°). The infrared spectra of the two
samples in chloroform were tdentical. The sodium cearbonate
extract was made slightly acidic with acetioc acid, boiled
down to half 1ts original bulk, and extracted with ethyl
scetate until the aqueous layer was colourless, After
evaporation of the ethyl acetate, the residue was cowbined
with the solid (S), dissolved in hot sodium carbonate
solution, filtered, and acidified with acetic acid. The
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#0lid waas collected and washed with a little ether to give
the crude product (1.05 g, 35%). On recrystallisation
from i~butanol and then toluene, bengelcleinneline-i-
28r9oxylic scid was obtained as yellow needles, m.p.
283.5-285° (4n vagyo) (Found: C, 69.85; H, 3.85; N, 12.4;
Oy 1heT%. G13K8H202 requires C, 69,653 H, 3.6; N, 12.5;
0, 1L.37%).

The hydrochlorie acid solution (A) wes concentrated by
boiling, basified with sodium carbonate, and extracted with
ether. After evaporation of the ether, bensidine (0.1l g,
6%) was obtained as fewn plates which, on recrystallization
from squeous ethanol, had m.p. 123-124° alone or admixed
with en authentic specimen (1it. 127°). The infrarea
spectra (CHCIJ) of the two samples were identical. After
the ether extraction, the agueous layer was slightly acid-
ifled with acetic acid to precipitate the crude product
(0.92 g, 31%), m.p. 202-204° (4n vegue). This was purified
by diesolution in hot dtlute hydrochloric scid, treatment
of the solution with charcoal, and addition of excess sodium
acetate to the filtered solution. Bengidine=3=carboxylic
acid was obtained ss pale fawn needles, m.p. 205-206°
(in_yvegue), alone or admixed with an authentic specimen
(11t.38 207~-208° decomp.). The infrared spectra (Bujol)
of the twe samples were identical.



2,4,6=Trimethylazobenzene (3,06 g) was dissolved 1in
20.5K sulphuric acid (145 ml) and irradiated in the mereury
lamp reactor for 213 hr, The resulting solution was
diluted to sbout 300 ml with water and partially neutral-
1zed with sodium hydroxide (90 g) in water (250 ml). with
oooling,‘so that the temperature did not rise above h0°.
The cooled mixture was extracted with benzene (600-700 ml)
in several portions so that no more yellow colour was
extracted into the benzene. During the benzene extractions
a black tar was filtered off. This tar (0.96 g) wes
precipitated during the partial neutralization, but was
not investigated. Evaporation of the benzene extract
gave 8 brownish-yellow solid (0,94 g) which was sudjected
to countereurrent dietribution between hexune and 1}
hydrochloric actid. Fractions nearer the solvent front
were re=-sub jected to countersurrent distribution hetween
11ght petroleum, b.p. L0-70%, and 1.5N hydrochleric seid.
From the fractions nearer the starting tube in both dis~
tributionas a yeilow solid (0.57 g, 20%) was obtained.
Recrystallization from hexane gave 2,L4-dimethy}l-
benzoleleinnoline as yellow needles, m.p. 121.5° (Founds
C, 80.85; U, 5.8; N, 13.2%. O1uﬁ12H2 requires C, 80.75;
H, 5.8; K, 13.45%). Ite ultraviolet spectrum (cyclohexane)
showed )\ et 235sh, 258, 307, 318, 350, 367, and LO9 mp,
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and was characteristic of a benzolglcinnoline. From the
second distribution, fractions nearer the solvent front
yielded 1,2,i-trimethvivengolclginneline (0.056 g, 2%) as
yellow needles, m.p. 146+.5-147.5° on recrystallization from
hexane (Found: C, 81.55; H, 6.35; N, 12.4%. Cy 5ty Np
requires C, 81.05; i, 6.35; N, 12.6%). Its ultraviolet
spectrum (eyclohexane) showed Amaxa at 253 (logf L.62),
27ush (L4,22), 317 (4.00), 327 (L.02), 357 (3.26), 37ush
(3.16), 4O3sh mp (2.61); in 28 hydrochloric acid it showed
Apay, ot 259 (b.52), 269sh (h.43), 292eh (3.88), 383 (L.04),
and 445 m (3.69). Its n.m.r. spectrum was determined in
GD013-001h (134) and showed three sharp singlets at v 7,50,
725, and 6.98 (3 protons each) assigned to methyl groups

in the 2=, 4=, and 1-positions respectively, & sharp singlet
at v 2.58 (1 proton) sssigned to a proton in the 3-position,
and two multiplets at about 7 2.25 and 1.35 (2 protens each)
assigned to protons in the 8-, 9~ and 7~, 10-positions

respectively.

After the benzene extraction, the partially neutralized
aqueoud layer wes basified with sedium hydroxide solution
and steam dictllled until no aminea oould be detected in
the distillate (ebout 4 1l.). Ether extraction of the
dietillate gave & brown oil (0.21 g), which presumebdly
contained aniline end mesidine (fission bases), which was

not investigated further, The residue from the steam
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distillation was extracted with ether to give a black tar
(0.89 g) on evaporation of the ether. Chromatography of
this tar on 100-mesh silica gel, and elution with bensene
and then up to 30% ether-in-benzene, gave minute quintlties
of many compounds. The main component wes eluted with 407

ether-in-bengene and was shown to be 4-(4'-aminophenyl)-2.L, 6=
irimethylcyelohexa=-2,5~dienone (0.50 g, 17%). On re-

eryatallization from aqueous ethenol it formed colourless
needles, m.p. 133.5-134° (Found: C, 79.2; H, 7.7; N, 6.2%
(average). CygHy 90 requires C, 79.25; H, 7.55; N, 6.15%).
Its ultraviolet spectrum (95% ethanol) showed Amax.at 248
and 292 ma; in 1K hydrochloriec aoid it showed A =&t 248
mp. Its infrared spectrum (GCIh) showed bands at 3480 and
3380 (Rﬂz), and at 16865 om™! (dlenone C=0). Its n.m.r.
spectrum (CCIh) showed a sharp singlet at » 8,47 (3 protons)
assigned to a methyl group in thes L-position, a sharp
singlet at v 8.17 (6 protons) assigned to e methyl group in
the 2- and f-positions, & broad singlet at v 6.35 (nuz),

a quartet at v 3.63, 3.47, 3.15, and 3.00 (J ga. 10 c/s)
esgigned to a p-disubstituted benszene ring, and a sharp
singlet at v 3.48 assigned to the 3= and 5-dienone protons.
The peaks at v 3.63, 3.48, end 3.47 integrated for 4 protons,
and those at v 3.15 and 3.00 for 2 protens. A diazotised
solution of the dienone coupled with a solution of
2-naphthol in cold 10% sodium hydroxide to give an orange-
red dye.
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Dienone-Fhenol Rearrangement

The sbove dienone (96 mg) was trested with a mixture
of scetic anhydride (2.5 ml) and concentrated sulphurie
ecid (0.1 ml) at room temperature for 24 hr.°f* 3l e
whole mixture was then refluxed with sodium hydroxide
(6 g) in water (30 ml) for 2 hr, acidified with hydro-
chloric asgid, the moidity sdjusted to pH 8 with sodium
sarbonate solution (indiecator paper), and the solution
dtluted to 100 ml, and extracted with ether. A brown
solid (87 mg) was obtained efter evaporaticn of the ether.

Reoryatallization from benzene zave L-amino-3'-hydroxy-
21" ,6'=trimethylbipheny] as buff needles, m.p. 163°

(Foundst N, 6.1%. C, 5,740 requires K, 6.2%). Its infra-
red spectrum (03013) showed bands at 3600 (OH), 3470sh and
3380 (nuz), and 1620 om~' (aromatic ring). Its ultraviolet
gectrum (95% ethanol) showed A, at 239 anda 283 mp; in

1} hydrechloric acid 1t showed )\ at 283 mp. Its n.m.r.
spectrum (CDClj) showed a sharp singlet at 7 8.05 (6 protons)
asaigned to methyl groups in the 2'~- and 6'-positions
twisted into the ghlelding region of the aminophenyl ring,

a sharp singlet at v 7.75 (3 protons) assigned to the methyl
group in the 4'-position, a singlet st v 6.10 (3 protons)
assigned to the Rﬂz and OH protoms, agd a complex multiplet
at 7 3.15 (5 protons) aesigned to the five aromatic protons.
A dlasotized solution of the phenol coupled with a solution
of 2-naphthol in cold 10% sodium hydroxide to give a bright
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red dye.

5.4 Preparation of cis-Azobengenes

All manipulations of the gig-isomers were cesrried out
in diffuse light from a sodium vapour lamp, under which
the gis~isomers appeared colourless. A solution of the
trens-nzo compound in benzene-light petroleum, b.p. 60-90°,
(1:4) was irradiated in the mercury lamp reactor for abous
1 hr while the sclution wes stirred magnetically. The
solution waa run through a shert column of activated
alumina and the trans-isomer was sluted with benzene-
1light petroleum (134) and re-irradiated in the resctor.
This process was repeated several times to accumulate
gig~-isomer on the top of the columm. All traces of
irans-isomer were then eluted from the columm with benzene-
1ight petroleum (1:4) and the gig-isomer was eluted with
ether, The sthereal solution was evaporeted rapidly
under reduced pressure and the product recrystalliszed to
constant m.p. from light petroleum, b.p. 40-70°, with
cooling in an ice~salt bath. gig-Azobensene was obtained
as red prisms, m.p. H=71.5° {11%.128 71°); cls-
L-chloroagobenzens was obtained as red prisms, m.p.
36-37° (11,129,130 32, 38%); gig-Li-methylazobenszene
was obtained as orange needles, m.p. 36.537.5° (11.t.128
L2-45°),
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AFPPEXNDIX X
A Phgtgggm] cal Rote Equation where there is no
C ve Absorpt by Res on P 8

For a simple photochemical reaction in which a single
reactant undergoes a unimoleculsr photochemical change to
give products, let it be assumed that the rate of dis~-
appearance of reactant is proportional to the number of
quanta absorbed per unit time by the reactent. If the
reactant {8 the only sbsorbing Bpecies, then for constant
1llumination with monochromatic light

A8 e(4em) (A I.1)
at

where A {8 the number of moles of reactant, t is the time
of irradiestion, X' i{s a rate constant with units moles.

-q

time ', and T is the trensmittance at the irradistion wave-

length. If Beer's law 1a obeyed then

A = 4D ¥

where D i{s the optical density of the absorbding system
defined 88 =D = log,yTs v 18 the volume of the aystem (1.),
€1s the molar decmdic extinction coefficient of the reactant,
and 1 1s the path of the reaction cell (ecm). Thus

F =D
.gf = K(1~107") (A 1.3)

whers K = X' 1/v and has units time™'. This equation
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(A I.3) 18 similar to eguation (3.8) in the paper by Kiling
31,51.91. Integration of equation (A I.3) gives

log, 4(10°°-1)-log, 5(10°=1) = Kt (A 1.1)

where D° is the initial optieal density.

If the initlal assumptions are correct, a graph of
“l0g,,(10°-1) against time should give a straight line with

slope K.

APPENDIX 1IX

A h al Ra % e r ] e

Absor by Reaction Proc

In the photochemical cyelization of azobenzenes as
described in Chapter III, the preducts absorbed in the regions
of irradistion. For constant irradiation with monochromatic
1ight, let 1t be asaumed that the rete of cyclization is
proportional to the rate of absorption of quante by the
reacting species, which 1is assumed to be the gis-isomer.

The quantity b(gig) may be defined as the fraction of light
absorbed by the gig-isomer, relative to the total 1light
absorbed by ¢ig- and trans-isomers; b(gcis) is given by
equation (A II.q),9%131

b(gia) = P¢/(D° o DY) (A II.1).
where D° and D% are the optical densities of gis- and irans-

isomers respectively at the wavelength of irradiation. The
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fraction of the total light absorbed which is in turn
absorbed by gis-isomer would be b(cis).(D® + p%)/D, where |
D 1s the totel optical density (inoluding products) at the
waveiength of irradiation. Because the gis-trans
lsomerization is much faster than cyclization, the general
equation for the rste o/ disappearance of azobenzenes in

sulphuric acid ies given by
Ao + 2% _ k(0% ¢ D)y _y4-D) (a 11.2)
dat 2 D
where k is the rate constant (time ') for the actual eycliza-
tloﬁ process and ¢ is the yleld fraction of the cyclization
reaction. Equatien (A IT,2) may be rewritten as

.QLAO 4 At) - ;9 Ec*tl..kgnc & Dt)(’-so-n) ’(A IIoS)
at sv D

(of. equation A I.2), where (A% + A%) 1s the total molar
concentration of azo compound, k is the rate constant for
the cyclization resction (moles. time™ '), £¢*t {4 the molar
extinction cooffictont for the gig~-trans composition, 1 is
the cell path (em), and v is the volume of the solution (1.).

Let the optical density of the products at the wavelength
of irradilation at time t be x, and let the hypothetical
initial optical density for g¢is~trans rhotoeguilibrium be
Dg. The term'"hypothetical“ is used dbecause irradiation
experiments were commenced with pure irans-iasomer, and not
with a gis-trans photoequilibrium composition. While the

optical density due to azo compound decreases to zero, that
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of the products increases to the final value, D,. Thus

dx = .QMLER : | (A TI.N)
dt at oP

The rate of change of the total optical density (D) 1s given

by
g% n 1(2_:.2_“ gf . (A 11.5)
A combination of equations (A II.2,L and 5) gives
(] t
- 42 =« RkD oD (y Bo)(4907D) . (A IL.6)
°

The funotions (D° ¢ D) and x are relsted by equations
(A II.7 and 8).

D -(0® + D) = xD /D, (A I1.7)

Da=x+ (D% o p¥) (A 11.8)
Thus

1° ¢ 0% a Do (D-D,,)/(D_~D,,) (A 11.9)

and squation (A IX.6) beoomes
o (1 22)(4-10"D),
-2 . BE- (4.5%) (1-107). (A I1.40)

Equation (A II.10) is similar to equation (2.7) in the paper
by Kling gt 21’9&

An additional refinement which could be made involves a
correction for the light reflected back into the solution by
the reer wall of the reaction cell. The differential equation

would then become

AR . By 4 £1070)(122) (1-10"D) (A TT.14)

where r is the fraction of the transmitted light reflected
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back inteo the eoltl..‘32 The value of r changes with wave~
length and solvent, but for a quarts ecell filled with water,
r = 0,06 réom L36 to 3566 qp.152 In this work, however,

the actinometer cell and reaction cell wers identical and
the aversge absorption of actinometer and aso solutions

was similar. Thus the error dus to back reflection would

have almost canscelled out.

APPENDIX ITX

Composition at cis-trans Ehotoequilibrium
At first sight it might be thought that the initial
hypothetical optical density (Dﬁ) for the ¢is-irang photo-
equilibrium composition could have heen determined by
extrapolation (to zero time) of the linear portion of
the graph of | | |

D
-g ay
3 (1-3“)(1-10’7)

against time (rig. 5). From the interoept on the Y-axis,
the corresponding value of D could have been obtained from
the tsble of integrals. Thie method, however, neglects
the fact that the rate of cyclization for pure jrang-aso
compound was found to be zero, or very nearly so (see Chap~-
ter ITI). If an extrapolation method were to be used, one
would have to determine a time (t') such that the emount of

oyelization which ccourred from time = O to t' was equal
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Fig. 5. —— Graph of integral against time (c.f, Fig. 3,
p. 88): calculated integral, .....; experimental points, 0;
experimental linear extrapolation, ==-<-,
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to the "deficiency” in the smount of cyclization (relative
to gig~-%rang equilibrium conditiona) which occurred from
time = ¢’ to the point‘at which gig~trans photoequilibrium
wag reached. The value of the integral at this time t°,
obtained by extrapolation, would give Dﬁ, using the tebles
of integrals. Accurate determination of t' seemed to be

e difficult problem, and so a different approach was used.

The rate of the eyclization process presumably was
directly proportional to b(gig) which for pure trane-
isomer, was sero at zero time, and increesed to its

equilibrium value during irradiation.

The aim of the procedure was to calculate the rate of
reaction from an equation for b{(gis) and & rough estimate of
Dg, obtained by visual estimation of t' from the graph of
the integral ageinst time (e.g. see Fig. 5). For any

cig-trens composition d(cis) may be calculated from

b(gig)= o fé:(gfﬁ -1) (A ITX.4)

where £° and ¥ are the extinction coeffictents of gis- and
irapng-azo compound respectively, C i{e the total moler con-
centration of aso compound, and D is thc total optical
density of gig~ and traps-isomers. The equilibrium value
of b(gle) wes thus calculated with D = DX and C = C_, where
co is the initial concentration of the pure irang-isomer.
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Equation (A III.1) may be derived ss follows. For any
mixture of gis~ and trapg-isomers, the extinction coefficient
(€) for the mixture at a given wavelength is given by

£ g_ = €% o (4-f)E® (a 111,2)

where f 1s the mole fraction of glg-isomer, end thus

f = (E%-€)/(E£¥-€°). It nas already been stated that b(gis)
= D%/D (of. equation (A IT.4) where D = D° ¢ p%)., Since
D% = €%,D.f, b(gla) is given by

€8 c.(€5-€) ]
blate) = s i (A TTI,.3)

which may be rewritten as equation (A TIIT.1).

From the slope of the linear portion of the graph of
the integral against time (Fig, 5) a tentative value of
k/s was calculeted, beceuse slope = b(gls).k/s. The rate
of the cyclization process could then be calculated from
b(gla).k/2 at any time if b(gis) could be determined, 1.e.
from equation (A ITI.4) if values of C were known for
meagured values of D, The initial contribution of
cyclization products to D was small and was neglected in

this discussion.

A stepwise procedure was used to calculate h(gig).k/z
a5 a function of time, with an I.B.M, 1620 Computer. Small
time increments (e.g. O.i min) were taken, At time at,

b(gis) was calculated from equation (A TIT.4) with C = Cqo



174
and a value of D obteined by interpolation between experi-
mental values. The method of interpolation wae suzgested
by Mr, K. Lamacraft and involved the fitting of a paradbola
to each group of tliree adjacent experimental values of D; the
average w”s taken where two parabolas hed two points in
common. The celeulated value of b(gig).k/z was plotted
for th: value of At and the amall piece of curve so gen-
erated was integrated with reaspect to time by the computer.
This emall integral was added to the integral corresponding
to Dg (obtained from the tables of integrala), and from the
sum of the two integrals, the corresponding value of th was
found from the tables. The concentration at time at, i.e.

cnt’ was obtalned from

C,y = “gs .ccfbg . (A TIL.4)

To calculate the value of b(gis)for the next point at t = 2at,
the value of C used was Cot'r(co'cAt)’ {.e, the difference
between consecutive values of C was assumed to be approximately
the same, This was found to be nearly correct, but the
factor r (where r = 0,99) was introduced to prevent over-
correction for the decrease in C with irradiation time,

This cyclic process wes repeated until the calculations
resched a specified point (t = X) within the gis-irans
pliotoequilibriam region. A comparison was then made between
the calculated value of b{glg).k/s and the experimental value.
A high estimmte of Dg w#as found to give a high calculated
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values of b{(gig).k/s. The error was used to correét the
initial valus of D, with a convergence factor, and the
whole cyole was repeated with the new Db, until DD was
obtained to the desired sccurscy (g4 0.0002), The com-
parisons of b(gis).k/s corresponded very closely with
matehing the position of the caleulated integral curve with
the linear portion of the experimental graph. A caloulated
integral curve is shewn im Fig, 5.
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