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. ABSTRACT

-

The thes§s consists of two parts, which have been combined in the
Introduction and Discussion sections. s

Part A. Isoindenes .

8 .
Transient isoindenes absorbing in the 400-550 nm range have been

observed in the flash photolysis of a series of 1,1-diarylindenes They have
i

-

been studied by ultraviolet spectroscopy,low temperature nmr, chemical
trapping, and flash photolysis techniques. Irradiation of 1,1,3-triphenyl-

indene at 254 nm in cyclopentane at -70°C gives_pn orange solution (Amax

478 nm) which contains 1,2,3-triphenylisoindene whose methine and Qinylic
proton resonances in the amr occur at 4.45 and 6.80 ppm respectively.

Reaetion of 1,2,3-triphenylisoindene with 4-phenyl-1,2,4-triazoline-3,5- -
dione at -70°C, gave a Diels-Alder adduct.The isoindene formed 1,2,3-triphen-
ylindene quantitatively on warming to 20°C. The kinetics of the 1,5-hydrogen
shift by which a series of isoindenes rearrange to stable indenes were studied

by flash photolysis. The transient decay was first order, and rate constants

1

(deoxygenated hexane, 20°C) are: 1,2-diphenylisoindene, 36 s~ '; 1«phényl-

2-p-cyanophenylisoindene, 14 s-]; 1-phenyl-~2-p-bromophenylisoindene, 27 541;

1—phenyl—2-p-methoxypheny]isoindené, 44 s“l

“1.21 571,

and 1,2,3-triphenylisoindene,
Kinetic isotope effects of k, /ky = 3.7 and 6.5 for the decay of

1,2,3-triphenylisoindene and 1,2-diphenylisoindene (Q-H and 2-D) respectively

show that the H- shift is rate determining. The 1,5-hydrogen shift in . .

1,2-diphenylisoindene has Ea= 13.1 kcal/mo1 an& AS°+=—9.Q eu, and in 1,2,3-
triphenylisoindene has Eaﬁ 11.8 kcal/mol and AS°*= ~19.6 eu. The ground
state energy of isoindene relative to indene is estimated to be 20 kcal/mol,

“which is compared with theoretically calculated values.

t I '
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Part B. o-Xylylenes:

A

o-Xylylene derivatives have been generated in the flash photolysis
of four indan-2-ones. Thus, 1,1,3,3-tetramethylindan-2-one gives 7,7,8,8-
tetramethyl-o-xylylene while 1,1-dimethylindan-2-one gives 7,7-dimethyl-
o‘xyly]ene.’éoth these transients decay (therma1]yland photochemically) by
a 1,5-hydrogen shift to yield alkyl isopropenylbenzenes. The rates of

! and 0.038 s'], for the-tetra- and dimethy})

thermal decay are 0.002 s~
compounds respectively, at ca. 20°C in deoxygenated hexane. The decay of
tetramethyl-o-xylylene showed a kinetic isotope effect (kH/kD) of 5.4.
Activation parameters were: Ea= 19 kcal/mol, as°¥= 7.7 eu (tetramethyl
o-xylylene); Ea= 15.5 kcal/mol, 25°¥=-13.9 eu (dimetbyl—o-xy]ylene)fglow .
temperature photolysis ( -70°C, 254 nm) show absorption maxima at 350 nm,

for the tetrapethy] compound, and 360 nm for the dimethyl compound.
Photolysis of ?,f;3,3~tetramethy1-4,5-ben21ndan-2—one g?ves the thermgi]y,
staﬂ}e é,Q,lO,]O-tetramethy1?132—naphthoquinodimethane, which decays
photochemically to 1-isopropenyl-2-isopropylnaphthalene. A transient w;th a
lifetime of about 1 us could be obse}ved in the flash photolysis of
1,1,3,3-tetramethyl-5,6-benzindan~2-one, which gives two pﬁotoproducté,
2-isopropy1—3~isopropeﬁylnaphtha]ene and 3,3,4,4-tetramethylnaphtho(blcyclo-
butene. Tﬁe rates of thermal decay 6; the transients are consistent with
thermocﬁemibal calculations. Spectroséopic evidence, together with theoretical
calculations, indicates that the transients are twisted about the ‘essential’
;inglé bonds of the nen—aromaiic ring, and cannot adopt the planar geometry
necessary for the allowed suprafacial 1,5-H shift. This together with

the photolability of the transients, suggests that the thermal decay may

invblve the previously unknown antarafacial 1,5-hydrogen shift.

iv
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.
General

- a

Organic photoéhgmistry is the study of the interaction between
compounds of carbon and e]ectromagnetiq.radiation, generally in the pear
“ultraviolet (200-400 nm) and visible (400—860 nm) regions. Examples of
this interaction include photosynthesis, vi§1on, bioluminescence, action
of/sun?ight on organic environmental pollutants, and photochemotherapy.
Hgé%g, this is an area of wide app]{cability, deserving systématic study.

In order to react photochemically, a molecule should initially
ébsorb 1ight and thereby become promoted to a state of higher electronic
energy, an i;xcited" state. Then, it may undergo a chemical transformation.

Considerable cdrrent interest has been focused on the detailed
" mechanisms of photoreactions. The techniqde of Flash Photolysis] developed

™~

by_Nobel Taureates Norrish and Porter has made a substantial contribution
ip this direction. In this technique, a reactant i; irradiated with an
intense flash of light, of duration shorter than that of ensuing reactions

to be stud}eé. The spectroscopic properties and concentrations of the
resulting transient (intermediate) species can then be measured as a function

of time, using physical methods of observation.

ough originally applied
‘so1é1y for the study of free radicals in the gas phase, cur nt]y,.the
greatest activity is in organic reactions in solution. In principle, the
investigator should ;B rve the electronic excited states, free radicals,
and all other intermediatéfstages in thd photochemical transformation. in
-praétice, this is Qaré]y attained, due to shart 1ifetimes, weak absorptions,
and overlapping spectra. Seome applications of this technique will be de-

. . . i T ——
scribed in subsequent sections. «



The next section reviews some recent work on o-xylylene and its

. > _
derivatives. The last two sections deal with the two techniques used

in the present work to generate deriiii}ves of o-xylylene.

Biradicaloid hydrocarbons

o-Xylylene (1) can be represented as a resonance hybrid of the
structures la ~ l¢c, and i% is considered to be a biradicaloid hydrocarbon.
The adjective biradica]oidzlis used to describe "those molecular geometries
at which a simple molecular orbital picture of the species shows two approx-
imately nonbonding molecular orbitals containing a total of two electrons

in the ground state, irrespective of the nature of their distribution in

the ground state".

L o0 ol ©or

1 la 1b

— e —

In the Huckel molecular orbital approximation, o-xylylene has a
HOMO-LUMO gap equal tp 0.59 B (cf. butadiene, 1.24 8)3. Such biradicaloid .
species serve as good models fot biradipaig, which are an important class
of intermediates in many thermal and pggt;chemica1 reactions. Most molecules &
in the ‘excitéd state possess biradicaloid.geometries (e.g., the twisted
form of ethy]ene%, and at the time they return to the ground state, they

would be expectéa to possess the same geometry, thus influencing the nature

of the final products.‘2



There has been considerable recent interest in the structures and

properties of o-xylylene and the related isoindene (2).

oY ©

4 3
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Theoretical calcu]ations4

on 1 show considerable biradical character

at the terminal methylene groups. Michl and F]ynn2 generated 1 in an EPA

(diethyl ether, isopentane and ethanol in a VOlum; ratio of 5:5:2, respectively)

matrix at 77K by the irradiation of 1,4-dihydrophthalazine (3). Its electronic

spectra were accounted for by semiempirical n-electron calculations. It did

not show a half-field electron paramagnetic resonance spectfum. indicating

that it is a ground state singlet. It dimerised rapidly when‘the matrix

softened, giving 4. Irradiation of_i at -196° gave benzocyclobutene (5).
Isoindene (2) has not yet been isolated in a matrix. However,

experiments to utilise the diketone 6 to generate isoindene in matrix

isolation studies. are currently in progr_ess.5 .6, upon irradiation at 254 nm,

produéed indene (7) in 70% yield. Irradiation in the presence of N-methyl

[ 3

maleimide gave the endo-adduct of type 8. Irradiation at -50° suppressed

i -

the formation of indene at the expense of dimerisation of the isoindene

nuc1eus.5
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The observation‘of naphthoq&fnodimethane_lg was first reported
in 1976. Thus, Gisin and Wirz® irradiated 9 in a rigid EPA matrix at
77K to give 2,3-naphthoquinodimethane (12). Its absorption spectrum
(2 = 541 nm) and lack of emission were accounted for by theoretical

max
calculations. Irradiation of 9 in the presence of air, produced the

dioxin 11. . D

00T~ >00C!

9 10 ' 1

o
-Some other types of reactions used to generate these biradicaloid
species in matrix isolation studies, are the photochemjcaT ring-opening
of the benzocyclobutene 137, deha1ogenat%on of the dihalide lg?,_and

photo]ysis.of o-ky1ene.4g

-
- W



O | hv’

12 13
CHZBr
Na . ~
SN
' CHZBr
14 1

Some o-xylylenes have been isolated at ambient temperatures. Alder

and Fremery9 synthesised 1,3-diphenyl-2,2-dimethylisoindene (16) by the

dehalogenation of 15. 16 was purified by distillation.

Ph - Ph
Br
Zn/Hg

J—Br
Ph Ph &
15 16

— ——

Michl, Dolbier and their co-workgrs]Q have studied 2,2-dialkyliso-
indenes of the type 18, which wére synthegised by the thermolysis or
photolysis of azoxy compound 17. 18 (R=Me) was indefinitely stable at

" .

room temperature in EPA solution. It aromatised by methyl.migration at

. Nigher temperatures. Irradiation (A > 285 nm) of 18 at temperatures below

PR
4



0°C resulted in the benzobicyclopentene 20, which reverted to 18 upon warming
.to 20°. The stability of the 2,2-dialkylisoindenes indicate the higher
activation energy for alkyl migration, compared to hydrogen. Jones 2nd
Kneenll have synthesised several sterically stabilised o-xylylenes of the
type 21, where the phgnyl substituents lie orthogonal to tﬁa o-xylylene

system where they provide steric rather than conjugative stabilisation.




.Flash photolysis has been used in detecting transient o-xylylenes.
Quinkert et a].]z observed the transitory 7,7,8,8-tetraphenyl-o-xylylene
(23) in the flash photolysis of the benzocyclobutene (22). 23 cyclised -

rapidly to 22 (« = 36 us at 23°C).

Ph
Ph
O Phhy ‘ ~~ “Ph
Ph A h
Ph b
22 X 23

fmibuily

r/;> Porter and Tchir]3 studied the photoeno]isai?on of ortho-a]ky]-
substituted benzophenones by flash photolysis, and were able to observe
the enol 25 ardsing from intramolecular hydrogen abstraction in the ketone

excited state. 25a decayed to 24 with a lifetime of 3.9 s (ca..20°C).

hv e
. 0 —_— R
) ™ 1
24 ph E - ‘
R,

jov
=
—1
1

= OH, R2 =‘Ph

OH

——

b: Ry. = Ph, R,

G

Chemical trapping has been widely used to indirectly show the intermediacy

-y

of o-xylylenes in various reactions. Thus, tﬁermo]ysis of the sulfone 2614,

———

and irradiation of the styrene_gg}s and the benzophenone 39}6 in the presence

of dienophiles, give rise to the adducts 27, 29 and 31 respectively.



,{1,_ 0
/ N-Phenyl
E maleimide
26 - 27
Ph
, - Ph 0
N . hv
fateic 0. ;
anhydride i !
28 29 :
T -
Ph Ph  OH
CO, Me
- 2 .
o hv
Dimethyl ¢
: acetyiene Cone
10 dicarboxylate

0 31

Two other major routes to o-xylylenes are the photodecarbonylation
of iﬁdanones, and the rearrangeménts of the indene system. These two routes
‘¥ have been used in the present study; and will be discussed in detail in the .
next two sections- of the introduction. .
| The synshetic utility of ao-xylylenes is exemplified in the work of

17

Oppolzer. oJXyiilenes generated in situ. by the thermo]ysis of benzo-

cyc}obutenes have been used to synthes1se condensed r1ng systems, with

2
stereochem1ca1 control, v1a (n s+ s) processes 9
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32

Rearrangements of the indene system

*

A sigmatropic reaction of order [i,j] is defined as the migration
of a o-bond, flanked by one or more wn-electreon systems, to a new position
whose termini are (i-1) ;;d (j-1) atoms removed-from its original bonded
}oci, in an uncatalysed intramolecular process. For example, the re-
arrangement of 5-methylcyclopentadiene to 1-methy1&yc1opentadiene is a [1,5]

sigmatropic shift.

Invisible thermal rearrangenfents of indene were first revealed by

18

Alder ', who isplated the adduct 38 (X=H) in the thermal reaction between

indene and malgic anhydride. ‘A more comprehensive trapping study by

Isaau:'::]9

‘showed that 2-deuterioindene §§_(X=D) produced a maleic anhydride
adduct with ~ 90% of the deuterium intact on the bridge methylene. These

results are consistent with aﬁmechanism where an isoindene intermediate 36



is formed from indene, by a formal [1,5] sigmatropic hydrogen shift.

maleic
anhydride

The thermal rearrangements of phenyl substituted indenes were
originally detected by Koelsch and Johnsonzo.who equilibrated 1,3-, 1,2-,
and 2,3-diphenylindene at 470°C.

Ph Ph
OO = O = O
. Ph Ph ]
t )
39 ot a 41

Mi]]e?ZI compared the migratory aptitudes of phenyl, hydrogen and
methyl in the thermal rearfangement of these groups from the 1- to the 2-
position qf indene, and found them to be'hydrogen > pheny] >‘methy1.
Kinetic stud%es gave first ofder rates, unaffected by added acid, base,
or free radical scavengers. The data were consistent with a sigmatropic
> k

“shift, with k > K.,

2 ] 1

R

N
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The migratory aptitude series was attributed to the greater bridging
capability of hydrogen, compared to carbon, in the transition state leading
to the isoindene.

22

McCullough™™ studied the photochemical rearrangement of~l,1-diphenyl-

indene (45) to the two products 40 and 41 in the ratio 1:3. In this case,

— . ——

Ph
hv H ]
O - ph | ,
- O
" Ph h Ph
45 46 Ph 4

L4

the postulated isoindene 46, which would form by an excited'state phepyl
migration, would further react by a thermal hydrogen shift to give the
isolated products. ” )
McCullough and McClory23 studied the migratory aptitudes of sub-
stituted éryl éroups in the diphenylindenes 47a-c in an attempt to prabe

the structure of the transition state leading to the isoindene. Both

lnd :Hf{
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oy s
; b, X =CN
ph Ph(px)
_E) X = OMe
47

The product mixture was treated with diethylamine in pyridine to convert
the 1,2- to the 2,3-isomers, and the ratio, of products arising from
p-X-phenyl migration to phenyl migration, was measured. In ®every case,

preferential migration of the substituted phenyl group was noted (Table 1).

TABLE 1
X Ratio (X-Ph/Ph) ™
Excited State CN 98: 2
Br 86:14 o
. OMe 95: 5
Ground étate " CN © 82:18
Br 52:48
OMe 50:50

1

Strikingly, the excited state process was more selective (favpuring
migration of p-X Pﬁ) than the ground stat; process. These results were
interpreted in terms of charge-transfer interactions which are more important,
in the excited state. Such interactions between the nonconjugated chromo-

phdres in the excited state of 47 could make the substituted group the better



14

migrator.

The photochemical studies described above assume the intermediacy
of isoindenes. Part of the present work is concerned with verifying this

assumption.

Photodecarbonylation of indan-2-ones

Irradiation of indan-2-one derivatives results in the efficient
extrusion of cdrbon monoxide to give substituted o-xylylenes. For example,

Jones and Kneen]] prepared the stable o-xylylene 21 by photodecarbonylation

’ ph h
Me 0 Me ¢
hv
QL e == LI S
0 ‘ Me
Ph Ph 0

48 21

of 48.

Quinkert et al.24 irradiated the diphenylindan-2-ones 49a, b at
-189°C giving 3 isomeric 7,8-diphenylsubstituted o-xylylenes 50-52. They

found that under the reaction conditions 49a showed photostereomutation

Ph Ph Ph
0 hv = Ph ~ + -
———35 +
Ph 50 51 52
— - — Ph
49 3°C
hv
a, cis -
Ph .
b, trans (::)
g Ph

a, cis

]“r
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(i.e. cis-trans isomerisation). When the irradiation was performed at

13°C, a mixture of benzocyclobutenes §§§; Q_(forged by cyclisation of 50-52)
were obtained. The product composition was unaffected by the presence of
piperylene, a ketone triplet quencher. The observed non-stereospecificity
did not necessarily indicate the non-concertedness of the decarbonylation
since the jsomerisation of 50-52 could not be ruled out. However, the fact ’
that photostereomutation and photodecarbonylation in 49a result from the

same singlet ifcited state, verified the stepwise nature of the CO elimi-
nation. ' /)

l«leissz5 prepared the twisted o-xylylene 55 by the photodecarbonyfﬁtion
of the benzobicyclo[3.2.1]octenone 54. 55 could be trapped as a one to one
Diels-Alder adduct on irradiation of 54 in the presence of maleic anhydride.

In the absence of a dienophile, it produced mainly 58 by 1,5 suprafacial




fy

16
hydrogen shift. Studies at low temperatures showed that 56 and 57 formed
by photgchemica] ring closure and cycloaddition respectivel;. Thgs,‘the
results showed that, in spite of twisting, the o-xylylene 55 did not exist
as a biradical, and that its reactions were concerted ones go&erned by

orbital symmetry.

Mechanistically, photodecarbonylation is a consequence of a-cleavage

26

of the excited ketone. Thus, a ketone in its excited singlet or triplet

* state may homolytically rupture a C-C bond adjacent to the carbonyl function
(a-cleavage) giving a radical pair. In the case of a cyclic ketone, a

biradical is obtained. This may collapse to ground state ketone, or react

ke "

0 0

4 0
hv
L — _— l . -
(cHy) ] N

(CHZ)n’*——‘ (CHZ)n_____L Products

by several possible routes which include hydrogen abstraction (intramolecularly,

or from the solvent), loss of CO, and ring closure to an oxacarbene.27 Starr

and Eastman28 studied the structural features facilitating the photodecarbo-
nylation of cyclic ketones and found that g,y-unsaturation and a-alkyl sub-
! stitution enabled facile decarboﬁy1ation. 1,1,3,3-Tetramethylindan-2-one

(59) meets both the above requirements and produces the styrene 61 in 95%

yieid.zs
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hv = ~
i : -
AN
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o2 60 61
Part of the present work concerns the intermediate o-xylylene 60.
Hence, it is opportune fo discuss in greater detail, the work done by Starr

2

_and Eastman 8 on 89. These authors proposed that the intermediate was the

biradical 62, which gave the styrene 61 by intramolecular hydrogen absfraction.

~
(] <7- —

T8 63 .@1/
Thus, irradiation of 59 in tetrahydrofuran-d8 showed no deuterium incor-
poration in the styrene, ruling out hydrogen abstraction from the solvent,
by 62. Also, the absence of products such as 63 and 64 ruled out inter-
molecular processes, between two biradicals such as 62, or between 62 and
the ketone, 59. The inability to observe the o-xylylene 60 was attributed
to the fact that it either did not form at all, due to loss of aromatic

resonance energy, or was short lived due to thermal or photochemical in-

stability.
y

Part of the present work was initiated to verify the intermediacy

‘jpf the o-xylylene 60, by the flash photolysis of the indénone_ég.
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PART A. ISOINDENES
The objectives of the work described were to characterise str-
ucturally and study the decay kinetics of transients (intermediates)
which° might be formed in the photolysis of 1,1-diarylindenes 65. The '
general scheme would involve the intermediacy of the isoindene 66 (see

pages 12-14).

R
s hv gr‘OUnd
\ Ar state
Ph Ar

65 67

— —— ——

a, R=H, Ar=Ph .
by R=Ar=Ph

¢, R=H, Ar=Ph(p-CNT"

d, R=H, Ar=Ph(p-Br)

e, R=H, Ar=Ph(p;0Me)

Scheme 1.

Irrad1at10n of 1,1,3- triphenylindene (65b)

Photolysis of 65b in hexane at 20°C caused polymeric material to
precipitate on the walls Qf thg vessel. éowever, when the photo]ys1s Was
carried oui at -70°C, in dilute solution, the only product isolated was
that resulting from phenyl migrétfon; i.e.,.1,2,3~triphenylindene (67b).
Yield, 78%. "

19




N " 20

Structural evidence for the identity of the intermediates

(a) “Electronic spectra

Flash photolysis of hexane solutions of thé 1,1-diaryilindenes
{65a-e) (2 x 10‘4M) showed the presence of transients with 1ifetimes in
the range 20-850 ms. The absorption of transients from 6b5a, c-e are
similar, and are at 400-500 nm, while that from 65b absorbs at longer
wavelength (400-550 nm) consistent with the additional conjugated phenyl
group.

- An electronic absorption spectrum of the transient from 1,1,3-
triphenylindene (65b) was also obtained at -70°. Irradiation of 65b,
with 254 nm 11éht, in pentane at -70°C gave an orange solution with‘

A = 478 nm, which was attributed to the transient 1,2,3-triphenyliso-

max

indene 66b. The orange colour faded to yellow (A = 440 nm) on warming

max
to room temperature and the yellow colour bleached completely in 1-2
hours. The identity of the species responsibfe for the long-lived yellow
colour -is unknown at present. However, it had vinylic proton resonances
in the nmr (see Figure 1), and its presence was noted in the flash photo-
lysis of 1,1,3-triphenylindene (see kinetics section). Attempts to isolate
or trap this species were failures. Some speculation on its identity is
included in the discussion (p. 72 ). »

For spectral comparison with 66b, a sample of 2,2-dimethyi-1,3-
diphenylisoindene (16) was prepared: The NMR Spect}um of the sample of
lg_(gee‘Experimenta1) showed more than one methyl resonance, and this was

.attributed to contamination by 68, formed by methyl migration30 (Scheme 2).

Irradiation of 68 in hexané produced a yellow colour which was stable for

-
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several hours at 20°C, under argon. Aerating the irradiated solution

caused the yellow colour to decay in ca. 2h., It was attributed to 69,

Ph ' Ph Ph

A hv
<X — — IO
Ph
Ph Ph
16 ' 68 69
Scheme 2.

formed from §§_By phenyl migration. The electronic spectral data for |

66a, b, l§_and'§g_are summarised in Table 2,

Table 2. Comparison of electronic spectra of isoindenes with model systems

H
Compound - ‘ Absorption Emission
Anax (nm) Mnax (nm)
1,2,3-Triphenylisoindene . 478 _ 572
(66b)° - '
1,3-Diphenyl-2,2-dimethyl- 444 o _b
isoindene (i6) ) ~
11,2-Diphenylisoindene "(66a) -C : 522
1,2-Dipheny1-2,3-dimethy1- 448 555
isoindene (69)
\ .

2 see Figure 1. ;b Blue fluorescence. °C Absorbs in the ranée 400~500 nm.
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¢(b) Nuclear magnetic resgnance Spéctrum

Irradiation of 65b in cyclopentane at -70°C (in a quartz nmr tube)

>

gave the orange colour described above. The proton nmr spectrum of this

”

_solution at -70°C is shown in Figure 2(A). In Figure 2(B) the spectrum

e

of the same solution which had been warmed to 20°C and recooled to -70°C
is shown. This contained reactant 65b and product 67b only; tﬁ; absence
of resonances HB and HC assigned to the transient isoindene will be noted.
Figure 2(C) shows the spectrum of the transient solution from 2-deuterio-
1,1,3-triphenylindene photolysis. While the methine resonances at higher
field are absent, the singlet assigned to the four vinyl protons (HB) at
6.808 in the transient is unchanged. These changes are consistent with
the presence qf 66b in the lTow temperature spectra. The nmr spectrum of
the 2,2-dimethylisoindene 16 also showed a broad singlet at -70°C at
6.906, attributed to the four viny]%c protons. At room temperature, this
resonance appeared as a complex multiplet, which simplified to a pattern
similar to the vinylic proton resonance in 1,3-cyclohexadiene, on irradi-
ation of the methylene protons in a decoupling experiment. Thus, these
multiplets were assigned to the’simiiar AA'BB' systems in 16 and in
cyclohexadiene (see Figure 3).

{c) Trapping of isoindene 66b

Intermediate o-xylylenes and isoindenes have been trapped in several

systems, by utilizing their reactivity in Diels-Alder reactions. However,

in the photolysis of 1,1-diarylindenes, it was found that the better di-
énophiles such as maleic anhydride, acrylonitrile or acetylene dicarboxylic
esters, acted as quenchers of the photochemical reaction, and attempts to

AN

trap the proposed isoindenes failed. The discovery that 1,2,3-triphenyl-



i 1

1
7.0 6.0 5.0
Figure 2. 100 MHz nmr spectra of 65b irradiated in cyclopentane at -70°
showing
-~ A. reaction mixture immediately after irradiation
B. the same mixture after warming to room temperature and

re-cooling to -70° and

C. reaction mixture impediately following a similar low-
temperature irradiation of 1,1,3-tr" '~ (T -2-D.

24



(c) ‘/\NM“
(b) _/W)/\AV"\ ’
T Qﬁ\ -

L - 2

Figure 3. Comparison of the nmr signals of the olefinic protons in
(1) cyclohexa-1,3-diene and (2) 1,3-diphenyl-2,2-dimethy]-
-isoindené.The dé¢coupling of the methylene protons increases

from (b) to (c)/ (a) is not decoupled.



/

26

isoindene was long-lived at -70°C suggested an alternative way of chemically
trapping the intermediate. Thus, when a ﬁreirradiated solution of 1,1,3-
triphenylindene (65b) in pentane was treated with the highly reactive
dienophile 4-phenyl-1,2,4-triazoline-3,5-dione (70), at -70°C, an adduct

assigned the structure 71 was obtained (Scheme 3).

- “
Ph pj Ph o Ph
hv H| -70°
- , ——> 0
-70 Ph
0
P i Ph |y U “~ph
65 bbb ” N—ph AR
i
0
70
Scheme 3.

The adduct 71 had mp 269°C. It showed infrared bands at 1787 and

-

1731 cm'],(cyc1ic imide) and peaks in the mass spectrum at m/e 519(2)
(parent = C35H25N302), 344(100), 343(91) and 267(29). The last three would

result from retro Diels-Alder fragmentation.

]

The 'H nmr (CDC13) spectrum showed multiplets at 7.8-7.56 (7 H),

7.4-7.26 (10 H), and at 7.1-6.85 (5 H). A doublet of doublets showed at
6.385 (2 H, J = 8.0 and 2.0 Hz). A singlet at 4.08s (1 H) is assigned to

13

the methine hydrogen. The "'“C nmr spéctrum (CDC13 or CDZC12) showed

resonances at 157.56 (C=0 groups), at 127.9-123.3s (aromatic system) and
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at 82.86 and 80.15, under conditions of proton decoupling. On removal
of the decoupling field, the resonance at 82.85 remained a singlet while
that at 80.18 became a doublet. The former i§ assigned to the two brigge-
head carbons, whi the latter is assigned to the single carboncbrédge.
The apod/}é ‘

-

e results provide ample evidence for the identity of the
transient from photolysis 6f 65b. Unfortunately, because of their shorté{
lifetimes, sim%lar Tow #emperature experiments did not allow characteri-.
zation of the transients from 65a or 65¢c-e. It is assumed in the following
section on kinetic spectroscopy, that the species whose absorption was
monitored are the isoindenes analogous to 66b.

Kinetic studies

The lifetimes of the transients were determined by kinetic absorp-
tion spectroscopy (the transmitt&nge of the solution in the region of the
absorption by the transient was observed at times after the photolysis
flash). A1l the transients in hexane solution disappeared by first order
kjnetics (in the photolysis of 65b an absorption due to an additional long-
lived intermediate was present). The exper%menta] conditions, lifetimes
and rate constants are shown in Table 3. Usually the decay of the;transient
was monitored. However, the absorption of 67a. from the photolysis of 65a
could be distinguished easily from that of the transient and reactant. In
this case it was found that the rate constant for the disappearamce of
transient ggé_was within the experimental error of the rateﬂgonstant for
the appearance of the product 67a. It was shown that treatment of the 1,1-
diphenylindene solution and the photolysis cell with either acid (3N H2504)
or base (3N NaOH)Kprior to flash photo?ysis did nop affect the decay times

of the transients.
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Table 3. Results of kinetic spectrophotometry

Expt® Reactant Wavelength Transient Rate _

monitored/nm lifetime/ms constants/s
1 65a 450 28 36
2 65a 450 22 46
3P 65a 340 25 40

4 65b 475 850 1.21

5 69¢ 450 72 14
6 65d 450 37 27
7 6% 450 23 . 44

2 A1l runs were in purified, deoxygenated hexane at 20°, except run 2

in which the solution was oxygen saturated.
b Appearance of product was monitored.
The nature of the rate determining step in the removal of the
isoindene was investigated by studying the rate constants for the decay

of 66a (2-D and 3-D) and 66b (2-D), relative to the non-deuterated species
(see Table 4).

Table 4. Kinetic isotope effects in isoindenes 66a, b.

Structure k (23.4°C) (s7) ky/ kg
66a (2-H) | 42 -
(2-D) 6.5 © 6.5
(3-D) 40 1.0
66b (2-H) 3.1 -
 (2-0) 0.84 ‘ 3.7
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Fuéther information on the nature of £he species involved in the
rearrangement can be deduced from measurements on the series of diphenyl-
indenes 65a, c-e which involve different substituents on one of the phenyl
rings. On irradiation of these izaenes, the substituted phenyl groﬁp
migrates (see p. 13). The first order rate constants observed for the
deéay o% the isoindene in deoxygenated hexane at 20°C are shown in Table

"3. Figure 4 shows the appropriate linear free energy plot, in which the

logarithm of the decay rate constant for the substituted isoindené is

n 31

plotted vs. o". The o" values® are: H, 0.000; CN, 0.674; Br, 0.265;
OMe, -0.111. The line shows a small negative slope (0 = -0.6).

The rate constants increase with temperature as shown in Table 5,
and may be interpreted in terms of the Arrhenjus equation (Figures 5 and 6).

The activation parameters are listed in Table 6.

Table 5. Variation of rate constants (k) with temperature (T).

i) 1,2-Diphenylisoindene (66a)

T (°c) Ck(sTh) 103/1™") n k
42.2 165.0 3,17 5.11
29.9 66.6 3.30 4.20
19.8 32.3 3.41 3.48

10.1 14.8 3.53 © 2.69

0.8 . 7.0 ~ 3.65 1.95




ii) 1,2,3-Triphenylisoindene (66b)

T(°C) k(s™) 10377 n k
38.3 4,90 3.21 1.59
29.5 2.40 3.30 0.875
20.1 1.15 3.41 0.140
10.0 0.74 3.53 -0.301
O
Table 6. Activation parameters

‘ Ea AS®¥
Compound (kcal mo1-1) {cal - mol'])
1,2-Diphenylisoindene (66a) 13.1+0.5 25.910.8 -9.0
1,2,3-Triphenylisoindene (66b) 11.8+1.0 20.6:1.7 -19.6
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Figure 4. Correlation of rates of re-aromatisation of

isoindenes 66e,a,d and ¢ with o".
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5.0L ‘
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n k = (-6.58) 103/T + (25.94)
i ’
4.0l
i
In k
3.0
el
2.0
‘1 i 1 1 1
3.1 3.7 1.3 T —""1.5 5 7

Figure 5. Arrhenius plot

1031 Y - - ,
for the decay of 1,2-diphenylisoindene.
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Figure 6. Arrhenius plot for the decay of 1,2,3-triphenylisoindene.
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PART B. o0-XYLYLENES . .
The objecti¥es of the work described were to synthesise the
indan-2-ones 59, 74,-80 and 86, study their phoprroducts, and any
intermediates that might be fofmed in their photolysis (see Table 7,
p. 42 for the structural formulae of the compounds).

Synthesis of the ketones

1,1-Dimethylindan-2-one (74) was synthesised by the oxidation of
1,1-dimethy11ndene32 using performic acid, yield, 63% (Scheme 4).

HCOO
OH ——-——r 0 (63%)
HCO H. O. steam ) '
distil .
72 73 | 74
Scheme 4.

A similar oxidative procedure was used in the synthesis of 4,5--
benzindan-2-one (79). Thus, a mixture of the isomer%c benzindene§33 75
and 76 (50:50) was similarly oxidised to 79 in-6% yield (Scheme 5). Since
the formation of the formate esters 77 and zg_éPpeared to be in reééonab]e n
yield, the low overall yield is probably due to the acidnsenéitiviiy of 79.
The low volatility of Zg_cou1d also lower its recovery by steam distillation.
_ 79 was methylated to the tetramethyl derivative §g.in’90% yield.
Due to the low yield fp the oxidation of benzindéneé, entirely -

different approaches to the synthesis of 5,6-benzindan-2-one 84 and its



H30 ' Mel : '
- (6%) ~——s (90%)
steam

t-BuoK-
distil 50

—

Scheme 5.

tetramethyl derivative 86 were investigated (Scheme 6). Naph{ha1ene
diacetonitrile C§1}34 was cyclised in 70% yield using sodium ethoxide.
“However, it was not possible to convert 82 to the desired ketone §i

by acid hydrolysis, due to the acid sensat1vxty of the latter.

OO 200 ;z:::

83(87%) : 85(27%)

‘NaOEt . .. | Pyrolise ‘ .
. ; barium salt T

82 (70Z) CN - 84 (3%) 86(77%)

~Scheme 6.
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was hydrolysed in 87%<yield to the diacid 83. Based on the ready conversion
of benzene-1,2-diacetic acid (potassium salt) to indan-2-one on treatment

35, the same procedure was appiied to the naphthalene-

with acetic anhydride
diacetic acid 83. Surprisingly the only product isolated was the acetyl
derivative 85 of the desired ketone 84. The desired benzindanone 84
was finally synthesised by the pyrolysis of the barium salt of the diacid
83 under vacuum, in 3% yield. 84 decomposes on heating &t 130°; hence
/thé low yield is not surprising for a pyrolytic generation. Another reason
for the low yield is that §§:was always accompanied by a large percenfage
of 2,3-dimethylnaphthalene in the crude sublimate from the pyro]ysis.36
This necessitated purification by chromatography_on si]ica'gel ~ a process
which servéd to reduce an already low &iéld. ‘84 was methylated to give 86
in 77% yield. The tetramethy1a£ed ketone §§'wa§ thermally ‘stable.: It
~ melted sharp?y’at 176°. This fact prompted a new route to 86 which did not °
réduire the intermediacy of the unmethylated ketone 84 (Scheme 7)., Thus,
the‘2-keto-tetrahydrganihracene §Z_was‘converted_to the diacid 88 by the

-

procedure of Barclay et a}.37( The purification of 87, prior to this reaction,

88

Pyrolise
barium salt

édheme 7. ' T
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involved chromatography in contrast to the simple literature procedure.37

"Hence its synthesis 1is reported in the experimental section.) Pyrolysis
of the barium salt of 88 under vacuum resulted in the sublimation of rel-
atively pure 86 in 45% yield.

Irradiation of the ketones

Based on the work of Starr and Eastman28 (p.17) on 59, the photo-
products from 74, 80 and 86 were those expected. Thus, irradiation of the -
carbonyl group of 1,1-dimethylindan-2-one resulted in éhe‘formation of a,2-
dimethylstyrene (90), c1ean1y, up to ca. 70% conversion of the ketone.

' Irradtat1on of 1,1,3 3~tetramethy1 -4,5-benzindan-2-one (80) produced

a single product up to ca. 60%- conver51on, after which secondary products

began to appear. Thus, irradiation was stopped at 60% conversion. The

product waé identified as l-isopropényT—Z-isopropylnaphthaiene (92).
1,1,3,3—tetramgthyT75,6~benzindan—2-one (86) wag‘photo¥y§g¢ to

‘give two products, 2-isopropyl-3-isopropenylnaphthalene (94) and 3,3,4,4-tétra-

methylnéﬁhtho[b}byc]obuténe (95), The product ratio varied with the time

of reaction (Figure~7).

Flash;gboto]ys1s : : .

Flash photo]ys1s of the ketones 59, 74 and 80 show trans1ents
(1ntermed1ates) absorb1ng in the range 300-400 nm. The transzent from 86 absorbed’
from 390~540nm. These transients have been assigned the structures shown
in Table 7, for reasons to be discussed later.

The f1rstgorder rate constants for decay of the transients 60 and
89 determined by kinetic spectrophotometry are given in Table 8. The
correspondtngAArrhentus Plots are shown in Figures 8 and 9 InterMédiate‘ R

gl_survsves ‘fndefinitely in the dark. It was faund that the rates of decay -
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time}hrs.)
Figure 7. The generation of 2-isopropyl-3-isopropenylnaphthaiene (O) and
°3,3,4,4—tetra=methy1naphthoc_yc.‘loputene (©) in the irrad1iatibn of
1,1,3,3-tetramethyl-5,6-benzindan-2-one (.’), ‘us"ing RPR éoogA
Tamps. Aliquats were aésayed:by glc. It was assumed that the

— : L .
detector response was similar- for all three compounds, and that

the sum of their concentrations remained constant throughout the

reaction. :Initial ketone concentration, ca. 10'3!1,
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6.0 pu

“Tn k = (9.64) 103/T - (26.6)

-In kK
4.0
39 —= 3i - ! 3.4

3.3

%

}igqre 8.”Arrﬁen{u§ plot for the decay of 7,7.8.8;tetraﬁethy]-o-xnyTene. .
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3.0

“In k = (7.81) 103/T - (23.5)

1 1 - L

0.04

3.2 3 3.3 .. . 3.4
1097 (k') -

.

Figure 9. Arrhenius plot for the decay: of 7,7-dimethyl-o-xylylene (§_9_)
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of the transients dePend on the intensity of the light in the monitoring
beam, i.e. that the transients are susceptible to secondary photolysis.
Hence, the data refer to 1imiting values at low intensitiés of the
monitoring beam. It was also shown that the decay rates did not change
on the addition of acid or base.

To characterise the decay process for these transients, the
hydrogen kinetic isotope effect and activation parameters were measured.

These are in Tables 9 and 10 respectively.

Spectral evidence for thé identity of the intermediates

Since the intermediates weré photolabile, in order to obtain a
suéficient?y high concentration of these species for‘obtaining an absor-
ption spectrum, it was necessary to irradiate the ketones 59 and 74 .
f%rough a filter which absorbed in the range 300-400 nm,ﬂwhile trans-
mitting well at 254 nm. A N1$04 solution filter was used for this purpose,
and by photolysis at -78°C it was possible to obtain the absorption sbect?g
of 60 and 89. The emission spectra of these species were also obtained,
and are shown in Table 7. Attempts to generate these intermeéiates in

concentratiogs sufficient for nmr, failed.

Attempts to trap the intermediates 60 and 89

A1l attempts to trap the o-xylylenes 60 and 89 as Diels-Alder
adducts, were failures. The dienobhiTZs used were Maleic‘anhydr%de, —~———-
wtetrgcyanoetﬁylene and a-chloroacrylonitrilie. In all cases, intractéb]e
material was obtained when the ketone (59 or 74) was irradiated in a
solution containing the dienophile. Reasons for these failures are
infTUded in the discussion.

Y

3
|
i t
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Table 7. Preoducts and intermediates in the photolysis of indan-2-ones.

Products x (nm)
Indanone Intermediate “ isolated absorpt1on emission

~ <
. 350 440
60 61
~ X3
360 430
@@f
89 90

372 ¢

95

“excitation for 60, 89, and 91 was at 313,366, and334 nm, respectively.
bMax1mum obscured by ketone absorption. Transient abserpt1oa tails to 360 nm.
“Absorbs in the range 390-540 nm.

* -
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Table-8. Variation of rate constants with temperature for the o-xylylenes

i) 7,7,8,8-Tetramethyl-o-xylylene (60)

T(°C) 103k (s~ 12 1037k ) Sink
21.2 2.01 3.398 6.21

26.9 3.86 3.333 5.56 ;
29.6 6.22 3.304 5.08

36.2 10.8 - 3.233 4.53

46.1 26.2 3.133 © 3.64

ii) 7,7-Dimethyl-o-xylylene (89)

T(°C) 10%(s™1)2 1037k -1n K
18.3 37.5 y.432 3.28
26.3 75.3 3.340 2.59
29.0 94.8 3.310 2.35
37.6 202 3.219 - 1.6

45.8 37 3.136 0.99

1

awave}ength monitored, 366 nm. Filters used were Kodak CS 7-37, 3% neutral

density and 366 nm interference.



Table 9. Kinetfc isotope effect for the o-xylylene 60
an N
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o-Xylylene k(s™')(38.5°C) " ku/%p .
CHy
s :
0.013]
Xy CHa
CH e
3 £
) ﬁ 5-4 i
03 §
7 \
0.00242 b
) A D3 )
i
CDy

LY

.

MR

Table 10. Activation parameters for the'décax of q-xy1y1enes

. Ea AS°*
Compound " (kcal mo]']) In A (cal K1 mo]-lf
7,?,8,8-Tetramethy1-o- - .
«ylylene (60) 19.164.0 © 26.621.7 -7.7
7,7-Diméthyl-o-xylylene (89) 15.5:0.6  23.541.0 -13.9
& . ) '
e

e



Attempts to thermally generate the intermediates ’

Since discovering fhat the o-xylylene intermediates were photo-
chemically labile; it seemed qonvenient to "find means of generating
them non—photbchemica11y. In such‘an attempt to generate the dimethyl-o-
xylylene 89, (oimethyTpheny])dimethy¥ carbinol (96) was converted to the

38

chloride 97 with dry HC1,™" and brominated in the methyl Qroup to yield

the dihalide 38 in ca. 89% yield (Scheme 8). Treating the dihalide with

(89%)~

Scheme 8.

zinc{ama1gam produceﬂ\the exbected styrene 90 in 19% yieid. It seems
. - .
1ikély that this reaction proceeded via the Xylylene. Similar dehalo-

s

~ genation reactions to gjve b-xyly]enes are known (see p. 6).

'CeVa and co-&orkerssg

have synthesised the naphthocyc]dbutene
100 by pyrolysis of the -sulphone 99 (Scheme 9). Smnce this reaction
probab?y proceeded via 2,3- naphthoqu1nod1methane (_ﬂ), 1t seemed worth-

. wh11e‘to pyrolyse the tetramethy]su]phcne ]O] to generate the tetramethyl

naphthequ%nodlmethane gg, gg_was metgglated in 63% yield. However, the

45
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tetramethylsulphone 101 was stable to heat and to irradiation. Its
thermal stability, though disappointing,‘ correlated well with the
thermal stability of the tetrameth_y]-5,6—benzindyanone 86, which is a’
stable compound, compared to the much more reactive unmethylated

derivative 84. .

100

. _r0 ' A - - -
~———————3> no reaction
@@ AN . . '
. o . .

Scheme 9.

46
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Identification of the photoproducts

The irradiation of 1,1-diarylindenes has been shown to give
products arising from the migration of an aryl group from ;he 1- to 2-

position of the indgne system.zz

Thus, the 1,1-diarylindenes 65a, c-e
give 1,2- and 2,3-diarylindenes (p. 13), while 1,1,3-triphenylindene gives
1,2,3-triphenylindene upon photolysis.

;ﬁe irradiation of in&an—Z—ones éesults in the loss of carbon mono-
oxide.‘ The most commonly encountered products are isopropenyia]kx]bgnzen;s,
while in one case, a naph@hocyc1obutene was also formed. Thus, P’]’3’3'.
tetramethylindan-2-one has been shown to give 1—isopropyl-2~%sopropeny1- ‘
benzene (gl) as the only sfgnificaﬁt product (§.717).’ Similarly, 1;1,—
dimethylindan-2-6ne g%ves 1-méthy]-Z-isopropeﬁyTbenzeng (90) which was ,
indgpendent]; syﬁthesised by the dehydration of (o-methylphenyl) dimethyl-

carbinol (96). The nmr signals (see experimental) for the isopropeny! -

group of?gg_were very simi1§ﬁ to those of 1—iéopropyi-Z-isopropenylbenzene.z8
“+ Both styrgnes; gg_aqd 61, dé not show charaéteristic styrene absorption_jn
the ultraviolet due, presumably, to steric hindrance tq.cdplénarity of the -
two chroméphores. ' The ab;orptjﬁn of 90 tails doyn‘to.3ob'ﬁm, with log ¢ =
"2.4Vat 270 nm. A similar absokption is shown by a,2,436-tetﬁaﬁethy1styrené.sa‘

" The bén;indanone 86 gives two photoproducts; the styrene 94 -and ?he'

A

L3S
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cyclobuterie 95. The variation of the ratio of these products with time
(p.38 ) is consistent with Scheme 10, where the photolabile styrene is
converted to the stable cyclobutene, and k] > kz. There is precedence

for the photochemical transformation of a styréne to an o-xy1y1ene.]5$;{

QIOL —| LK

Qo

Scheme 10. . .

" (see the conversion ‘of 28 to 29 on p. 9). The product ratio depends also

on the wavelengfh oﬁjir?adjatioh, Thus, flash photolysis of a solution of
§§_showeé ca, 3% conversioﬁ of the ketone, to the two products gﬂ_&nd 95

in the ratio 3:2. This %nc0n§istency with Figure .7 (p. 38 ) riay be dué to
the fact that while the flash photoTys1s lamp 1rrad1ates down to 220 . -nm, the
RPR 30Q0A lamps used to generate the products in Figure 4, emit on1y 1n the

280-340 nm range. The nmr data for the styrene 94 are shown in Table 11.

Irradiation of 1,1,3,3- tetramethyl -4,5-benzindan-2-one (80) gives

'1 isopropeny]-Z 1sopropy1naphtha]ene (ggé_rather than the isomeric 1-iso-

propy?-z lsopropenylnaphthalene (102). The distwnct1on between these two

possibilities was made using spectral evidence. The nmr data for 92

% =
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Table 11. Comparison of the proton nmr chemical shifts of the styrenes

with model systems.

1-isopropylnaphthalene o . 3.62
2-isopropylnaphthalene . 2.97

1.31 .-
1.30 -

Compound . ﬂgﬁez. QQQCH _Me-C= =CH2
1-isopropyl-2-isopropenylbenzene (61) . 3.7  1.20 2.02. 5.14, 4.80
2-isopropyl-3-isopropenyinaphthalene (94) 3.22 1.7 2.30 5.18,4.90 |
}—isopropeny]—2—isepr0py1nabhtha1ene (92). 3.30 1.12, 1 27 2. 08 5.42, 4.89

-
-

a
H

(Tab]e 11) show that the two methy1 groups of the 1scpropy1 group are

diastereotopic (i.e., chemfcai]y non-equivalent).

-

Th1s was verified by

a spin-decoupling experiment. Irradiation of 92 at 3.30 ppm caused the

pair of doubTets at 1.12 and 1.27 ppm to collapse to ‘a pair of singlets.

2
P

Molecular models indicate that réstricted rotation is more likely in 92,

where the isopropenyl group is constrained-to lie orthogbna] to the naphth-

alene nucleus due to repﬁlsion by the alkyl group and the perf-hydrogen,

and also, free rotat1on-of the isopropy]l gfpup is preventéd

In ]023 the

xsopropeny1 group is ab1e to rotate (though with some d1ff1cu1ty) and the

methyl groups would therefore be equ:valent The u.v. spectrqm is a]sg
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consistent with the orthogonality of the two chromophores; only the
naphthalene absorption is seen. Thus, while 94 absorbs to 355 nm, 92
absorbs only to 330 ﬁm. In the nmr spectrum, one of the methyl groups,
of the isopropyl group, is shifted upfield (by 0.15 ppm),due probably to

shielding by the olefinic linkage, while one of the olefinic protons (the

‘ong nearer the peri-hydrogen) is shifted downfield due to deshielding by

the' ring current. The methine proton resonance is approximately the same

in both 92 and 94. Comparison with the rodel isopropyl naphthalenest’

indicate that the methine proton in 102 would resonate at lower field.

Identification of the o-xylylene type intermediates

The o-xylylene type intermediates that were gehefated by excited
state phenyl migration and photodecarbonylation were identified mainly by
their absorptions in ihe thravio1et/vﬁsibTe region of the spectrum. Only
in the case of 1,2;3-tfipheny1isoindéne was\it possible to employ a more
diagﬁostic spectr&scopic teehnique such as nmr_and also chemical trapping.-
Since both these methods have been dealt with in fair detail in the Results
section, this sect{on will deal mainly with the results of absorption,spectro-
SCOpYy.. .
(a) Isoindenes

The absorption maximum of 1,2,3-t§3pheny1}soindene (66b) occurs at

' 478 nm (p.-21 ) and hence shows a 34'nm red shift relative to the stable

1,31dipheny1isoindene 16. This red shxft is more apparent in the emission
spectra; 16 shows ‘a b1u1sh-green f?uorescence whlle that of 66b 1s br1ght

orange Hence the presence of a pheny] group at the 2- posit1on affects the”

‘spectra1 propertzes drastlcally, in spite of the fact -that it is not con-

Jugated {in the classica] sense) w1th the isoindene chromophore On the other

‘hand there is reasonabTy good spectral agreement between the trans1tory
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1,2-diphenylisoindene (ﬁha) and the more stable 69, both of which show
identical pheny] substitution. Jones30 has also observed a red shift
in the 1,3-diphenylisoindene spectrum ubon introducingxsubstituents

containing p-orbitals at the 2-position. Thus, the cyclic ketal 103

is a violet-red colour (Amax 537 nm). The red-shift in 103 and 66b

Ph Ph
(o< o
Ph Ph
16 66b 103

i v
c;_’! o

is consistent with a spiro-interaction ('spirbconjugation')4 between

the termini of the isoindene n-system and the acetal oxygen atoms or

the sp2 carbon atom attached to the spjro'centre (Figure 10) respectively.
The fact that the red shift is less in 66b compared to 103 is cgnéistent
with the lesser stereochemical rigidity of the phenyl g;oup andlthé Iessef
substitution at the spiro centre of 66b. There is no precedence for
similar changes in absorption speétra due to a spiroconjugated phenyl
group. However the electron paramaghetic resonance spettrum 6f ‘the mono-

anion rad1ca? of 9,9'- pxrob1f¥uo?§na (104) is cons1stent with delocali-

sation of the odd electron over the perpend1cu1ar btphenyl systems.42

This observat1on cam be accounted for by sparoconaugation. Finally, it



e

Figure 10. 7Spiroconjugaticn'in 1,2,3-triphenylisoindene. (Some p-

. orbitals have been omitted for clarity.)

.

z

is noted that the "charge traaéfer interaction" invoked by McCullough

and McClory (p. 13) to expiéin the greater selectivity of the excited

state process in the rearrangement of substituted diphenylindenes,

1

b

53
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could be related to sgiroéonjugation observed in the isoindene inter-
mediates.

(b) o-Xylylenes

The alkyl-substituted o-xylylene derivatives generated by
"~ photodecarbonylation show long wavelength absorption maxima at shorter

wavelengths than the parent o-xy1y'|ene2 (x = 373 nm). This blue-

max
shift, in spite of alkyl substitution, strongly suggests that their

structures are non-planar, dué to steric repulsion of the alkyl sub-

43 of thé

stituents, and are twisted about the “essential” single bonds
non aromatic ring. Inspection of models confirms that the large van der
Waals reputsion between the "endo" allylic methyl groups in the planar
geometry, is relieved most efficiently by ring puckering combined with

a small conrotatory torsion of the isopropyTidéne groups. The con-

figuration of the tetramethyl-o-xylylene 60 is sho@n in Figqure 11.

3

-of-7,7,8,8-tetranmethyl~-o-xylylene.
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Huckel molecular orbital (HMO) caicu]ations3 were performed to verify
the effect of twisting on the HOMO-LUMO gap of o-xylylene. Since the

resonance integral (Gij) between adjacent p orbitals i and j varies with

the angle between the orbitals (eij)aas 44

Gij(@) = Gij(o) Cos ©

(i.e. G decreases with increasing 6), the effect of © on the HOMO-LUMO
gap (and hence the absorption maximum) may be approximately ascertained.
These calculations (Table 12) show the increase of the HOMO-LUMO with
twisting consistent with experimental observatién of a blue shift.

Table 12 also shows that the z-electron stabilisation energies do not
decrease appreciably with twisting, and that in general, 1,2-naphtho-
quinodimethane is the least biradicaloid specjeé, while the 2,3-deri-

2

vative the most.”™ This is consistent with the formation of a cyC16butene

product in the latter case.

On the basis of twisting, one expects_the absorption of -the tetra-

methyl-d~xy]ylepe 60 to resemble that o% 1,1.:jé-tetramethyi-i,3,5;7-
C

45 Assuming that

43

tetraene. The unmethylated tetraené absorbs at. 304 nm.

-

four methy] substituents would shift the maximum to 324 nm, = we find
reasonable agreemenf betweeﬁ'the noncyclic tetraené aﬁd the twisted cyclic
compbund 60, whose maximum is at 350 nm. Similarly, the tetramethyl 1,2-

ﬁaphthoquinodimethane 91 whose maximum is obscured by the absorption of

its precursor, the ketone 80, should reseéb}e the styrene 105 which

‘probably shows a maximum below 320 nm. Thé tetramethyl.2,3-naphthoquinodi-
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Table 12. The effect of twisting about the "essential” single bonds

on the HOMO-LUMO gap (aE) and the n-electron energy (En) of o-xylylenes.

0,
Z
2
X
O3
Structure @? 95 e; AE(R) Ew(B)
o-Xylylene 0 0 0 - 0.58992 9.95396
- . 15 30 15 0.61912 9.79072
B 30 60 30 0.71084  9.39596
?
2,3-Naphthoquino- 0 0 0 0.33874 15.53152
dimethane
30 60 30 0.38930 14.96240
1,2-Naphthoquino- 0 0 0 0.72132 15.80206
dimethane
30 60 30 0.85838 15.26962

methane 93 absorbs at ca. 390-540 nm. This absorption is at shorter wavelengths

than that of the unmethylated spécies 10, which is at 420-590 m®

An alternative mode of twisting was also considered in attempts ke
to rationa]ise the absorption characteristics~of the o-x&]y]enes. In
this mode, the exocyclic methylene groups were twisted, wh}Te fhe ring
was kept in a planar geohetry (1d). These calculations showed that .the
HOMO-LUMO gap (AE) would decrease with twisting. “For example, for 04 = 30°,

LE = 0.4926. This would cause the’absorption maximum to shift to longer
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wavelengths, in contrast to observations. Hence this form of twisting,
if present, would be of 1ittle significance.

The ihability to chemically trap any of the o-xylylenes generated
by photodecarbonylation could be due to a variety of reasons. In general,
tetrasubstituted dienes.gre not very susceptible to Diels-Alder trapping
reactions, dué to steric factors. The fact that the o-xylylenes are
twisted, make them even less likely to be trapped. Since they are
photolabile, it was not possible to build up an appreciable steady state
concentration by low temperature photolysis, as was possibTe with tri-
phenylisoindene. The use of filters to inhibit the photolysis of the o-
xylylenes while not affecting/ the photolysis of &he ketones, was attempted
unsuccessfully. The irradiation of a solution of the ketone containing
a dienophile usually gave rise to a large number of non-crystalline
products indicating that even the photochemical generation of the o-
Xxylylene may have been prevented by interfereﬁce by the dienophile. For
example, irraQiation of the dimethyl or teframethy] indanone in tetra-
hydrofuran containing an excéss of maleic anhydridefyieldéd-an(intractab1e~

mixture of products whose nmr seemed to indicate products derived from- the

solvent. When the solvent was changed to aceténitrile, only polymeric

products were obtained. In another attemp ,“the dienophile 1-chloro-.

s
i
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acrylonitrile was used in tertiary butyl alcohol. The resulting product
mixture showed nmr and i.r. signals consistent with oxetanes. 'Qne would

expect the dimethyl-o-xylylene to be trapped more readily than the tetra-

- methyl species, in spite of the shorter 1$fetime of the former, since

steric hindrance and twisting is much greater in the‘t@frame%hyl7compound.

-
W b
(.

Decay kinetics

T AR T

A]}ﬂthe o-xylylene typ® intEFﬁediaté%, encountered in the present .
work, decay to aromatic compounds, with an associated gain in resonance
stabilisation energy. The mode of decay is usually a 1,5-sigmatropic
hydrogen shift.Y In one case, however, ;yclisation of the o-xylylene to
a benzbc¥c105utene derivative was oEserved.

(a) Kinetic 1sotope effects

In several cases, the nature of the rate determ1n1hg step in the

.

removal of the isoindene was investigated by measur1ng the k}net1c,1sot0pe

effect for the decay process. 1,2-Diphenylisoindene and 1,2,3~tri§heny1;

L

isoindene show kinetic %sotope effects of 6.5 and 3.7 respectively, and
the 1,5-hydrogen shift is determining the k1netic§ of the decay of the

isoindenes. The primary isotbpe effect is Within“the range of values

observed in symmetry allowed, concerted,‘sigmatrop1c rearrangements.46

-

Stud1es;on 3-deuterio-1,1-diphenylindene showed that the secondary isotope
effect is very smali. These results on the kinetic tsotope effect are
especially important in view of the reqént report on the skeletal re-

47

arrangement of .1 1—d§methy3indene Irradiation of a dilute solution

of 1,1-dimethylindene (72) at 0-10°C resulted in 2 2- dimethy]xso1ndene

2(108) in 10-15% concentration re}atave to 72. This reactton is much 1ess

efficient than the pheny1 magrat1on 0f%1,1 d1pheny11ndene,5and has been

Ve ¥
proposed to proceed via an ent1re]y different mechan1sm (Schemégfi)
. L

<

L

r,m



59

w’_
¥
e -
' 108

o . - - -

_ Scheme 11 ; o
. \
An initia} photqcyc}isation to lgg_jssf011owed by a l,3-sigmqtrobic
alkyl shift to give 107, where aromaticity hasibeen restored. The
intermediate 107 then opens to the isoindene 108. '

-- If a simiTar mechan1sm operates in the case of 1 1—d1pheny11ndene,
the transient observed in fTash.photolys1§ could be 2,2-diphenylisoindene
(109), whose aﬁsorption may extend to 500;nm due to spjroconju;ation Qf
the two phenyl substituents with the 1so1ndene chromophore. However, the

# decay of 109 to 1 2-d1pheny11ndene (6 7a) would not show an 1sotope effect .
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as high.as 6.5, since secondary isotope‘effects are usually close to unity.48

Similarly, thé kinetic isotope effect for the decay of the tetra-
methy1~o-xy1y]ene‘§g_was 5.4, and showed that the decay process was not
likely to be cyc]%sat1on to a benzocyélobutene, which is an alternative
decay pathway. It is noted that the value of kH/kD in this case will have

a substantial contribution from secondary effects, since the conversion of

110 to 111 involves the change in hybridisation at a carbon centre containing

two deuterium atoms.48 Assuming a secondary isotope effect of 1.2 per

deuterium a'tom,48

the £ota1 secondary effect would be 3:22?;i;e. 1.4.

No secondary isotope effect is expected to arise due to the other deuterium
substituents, since the carbons they ére bonded to do not change their
hybridisation in the t;ansition state for the deuterium shift. Hence, the
primary isotope'effect in ]10 is ca. 5.4/1:h, i.é. 3.9. Similar reasoning

shows that the secondary isotope effect for the cyclisation of 110 is

0
=

expected to be unity.

(b} Activation parameters

Activation parameters are also useful in charactérising the decay
process. Concerted reactions usually have low activation energies since

there is no formation of free radicals or ions, and the bond making'process



commences before the bopd breaking process is completed, thus 16wering
the energy of-the transition state. Also, concerted reactions invoive

a great degree of order in the transition state, resulting in a decrease
in entropy. The values of the Arrhenius parameters for 1,2-diphenyliso-
indene are Ea_=-13.1 kcal 501'1 and Tn A= 25.9. This corresponds to an
entropy of activation, AS°+ of -9.0 cal K'1 mo1—1 evaluated using A =

as°¥/R

(eKT/h)e The corresponding values for .1,2,3-triphenylisoindene

-1 -1 -1

are E, = 11.8 kcal mo1™', In A = 20.6 and 45°* = -19.6 cal K™' mol

These values support a concerted mechanism for the 1,5-hydrogen shift.
It is noted that the Iopger lived transient, 1,2,3-triphenylisoindene,
has the ]ower attivation energy; and its slow decay rate is due to a
large negative entropy of activation. These values for the phenyl sub-
stituted isoindenes can be compared with the data on the 1,5—formyi

shift in methyl substituted indenes. Fiel&, Jones, and Kneen49 have

-1 -1

reported aHe ¥ =.22.1 kcal mo1”! and A§°§5 -11.4 cal mol - for the

1,5-formyl shift in 1—formy1-1,3—dim€tﬁ§?§;;ene in dibheny1ether solution.

50

The results of Reth”" on the hydrogen shift in SH-perdeuteriocyclopent-

-1 mo1"}, while those of MacLean

adiene give a value of. 25°% = 212 cal K~
and Hayne55] on the hydrogen shift “in 1-methy1cyc10pentad1ene and 1,5-
dzmethy?cyc]opentadiene yield values of -10.and -4 cal K~ -1 mol -1 res-
pectively. Even more d1rect1y related to our work are the data of Miller

21

and Boyer®™ on the H-shift in 1-phenylindene. They showed that the

“hydroéen—shift in dipheny]ether as a solvent had‘AS°* = -2.3 cal K~ -1
mol']. A1l the act1vat10n entrop1es are negative va]ues, but the magni-
tudes’ differ marked1y in the various moTecutes. "All these molecules in

which hydrogen sﬁi%ts occur are effectively planar, yet the.activation
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entropxes are still very sensitive to the specific substitution in the
system. It is possible that the large negative AS°* for 1,2, 3 tr1pheny1—
isoindene is due to freezing of rotational motion in the substituent pheny]_
groups at the transition state.53 '

The methyl-o-xylylenes which have longer lifetimes than the iso-
" indenes, show larger activation energies. The activation pa}ameters are:

k.
7,7-dimethyl-0-xylylene, E, = 15.5 kcal mo1”! T o1 Y,

-1

, 85°% = -13.9 cal K
7,7,8,8-tetramethyl-o-xylylene, Ea = 19 kcal mo]'], as°¥ = 7.7 cal K
mol"l. These activation energies are reasonable since Ea for a 1,5-

52 45 35.4 kcal mol”l.

hydrogen shift in 1,3-pentadiene The latter process
Tacks ther}jving force towérds aromatisation, and its Ea is hjghef. It
is noted that the Targe difference in ase¥ between the dimethyl- and
tetramethyl-o-xylylenes could possibly be due to different types of
transition states involved in the two cases. The conformation of the
tetramethyl sbecies is ideally suited for an antarafacial 1,5-hydrogen
shift, and the formation of such a trans1t1on state would involve relati-
vely 1}tt1e loss of entropy. The d1methy1-o-xy1y1éne cou]d decay via a .

suprafacial 1,5-hydrogen shift, resulting in greater entropy loss. =%

(¢} Substituent effects

' The structure‘of the transition state for the hydrogen-shift was -
further investigated using a series of substi@uted 1,1—&?pheny]indenes.
The small negative slope (-0.6) of the 1ine indicates fhat the transition
state for the 1,5-hydro§en shift is elect%on‘deficient at C-2 of tﬁe five
membered ring (the migration start), and that the mjgratiﬁé hydroden has
a s?1ght "hydr1de 1on" character. The extent of electron withdrawé? f;om

C-2 is rather small, as ev1denced by the small negative value of p. Thﬁs
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value of -0.6 is similar to p for the decomposition of t-butylperbenzoates
(112) (-0.5 - —0.9),31b a reaction in which charged species are not formed,

but much less than p for quaternarization of anilines (113) (-3.0 - --4.0).3_]b

A .
@k D e
Y

Y 1

—————

RX +
NH,, L ———— NH,R (X7)
Z

( R= 2,4-dinitrophenyl; X= CT, F )

(d) Orbital symmetry considerations

In the proposed structures for the tetramethyl o-xylylenes, the

molecule cannot adopt the planér geametry necessary for the symmetry allowed

Asuprafacia} 1,5-hydrogen shift, and it adopts a nearly ideal configuration

for antarafacial ,b-hydrogen transfer ksee‘Figure 11, p.54 ). . This suggests

that the therma} decay may 1nvo]ve the previously unknown antarafacza] 1,5-

.29

hydrogen sh1ft which is a symmetry d1sallowed (forb1dden) process. The

_fact that the transient decay is accelerated on irradiation 13 consistent

£

with the antarafacial T ,5-shift be1ng a photochemical?y a?!owed process,
for which there is precedence in the work of Kiefen and co-workers.s4 Thus,
irradiation of the tetramethy]allene dimer 114 resulted in the clean for-

mation of the 1somer1c 116. It was suggested that geometrica1 constra1nts in

—————tny,
., N
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11

J ———

11

—

114 forced it to adopt a nearly ideal configuration for antarafacial 1,5-
hydrogen shift, and that the réaction proceéeded via 115.

" Since a symmetry disaf]owed process is invoked in the present work,
it is oppqrtﬁné to discuss some of the references to syﬁmetry disallowed
processes in the recent literature. Since the pr1nc1ple of the conservat1on
of orbital symmetry in concerted react1ons was postu]ated by Noodward and

55° several workers have put forward alternative theoret1ca1 schemes

56

Hoffmann,
to explain concerted reactTOns. Another major deve1opment in the field
was the réalisaticn that some reactions apparently violated the Noodward-
Hoffmann rules. It is stressed that all other-factors béing equal, thé
symmetry a]lowed,prqcess ts favoured over the symmetry forbidden one. It

is only when, for example, géometrical cohstrain@s make the'symmetrj allowed
pathway of prohibjtivéTy high energy that .the possibili?y of forbidden ’
processés or diradical intermedjates arises. Syﬁmetry disallowed reactions
"have been exp1a§ned in one of two ways. One recognises the role of orbital
1nteractfons other than front;er orbital 1nteractlons in stab111szng the

57

" transition states of symmetry forb1dden processes. The othgr recognises

the fact that when,conf1guratlon interaction (C1). is considered in describing
‘the electronic nature of molecules, and transition state complexes, one could

accgunt'foé Tow activation energy symmetry disallowed processes.58

-
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Configuration interaction is important in compounds with low lying electro-
nically excited states, such as those with extended » systems.
| Biradicaloid compounds, which contain two approximately non;\ R
bonding MOs require configuration interaction to sat1sfactorily describe

their electronic states.2

Nonpolar biradicaloid species have three low-
lying singlet states, each of which is described as a mixture of threeq
electronic configurations,2 shown in Figure 12. The lowest energy electronic

configuration (G) has both electrons in the more bonding frontier orbital.
" The other two configurations are singly (S) and doubly (Dégsfgigggggbn:
figurations. The Towest energy'singlet state So, correspbnds to an out-

ETM_F—_}FIE
S S

Figure 12, Three electronic configurations of a biradicaloid species.

:

-

of-phase (G-D) combination of the two configurations G and D. The state S

corresponds to the configuration S, an& the state S, to the combination '
(G+D). The relative energies of 5, and S2 depends on the HOMO-LUMO gqp‘(AE).

- (As AE is very large, as in "normal® mo]eéu]es, thé ordering of ehergies is

S < S} < 52, and S and S2 are wel] represented by pure G and D canfxgurat1ons,
respectively.) Hence as molecules become more b1rad1ca101d there is greater
conf1gurat1on 1nteract10n, and hence it 13 more likely that there 1s a Tow
Tylng excited state of the right symmetry such that the energetzc d1fference

- between ‘forbidden and allowed processes is minim}sed:

"
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Berson and Sa]em57’59 have shown that in the 1,3-sigmatropic

alkyl shift, the symmetry forbidden process is of iower energy, than

the "d{radica]"dprocess {(non-concerted), due to transition state

stabilisation by the interaction of the migrating p orbital with

the subjacent bonding allyl orbital (wT) (Figure 13). More directly

¥3 S

SRR I BN NTE
- v . /

.

2s + 25 ( thermally %Qrbidden )

3

Figure 13. Qrbital energies of the‘suﬁrafacia1 1,3-sigmatropic rearrangement

transition state for the thermally forbidden mode.
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related to our work are the theoretical calculations, of Bingham and Dewar,60

of the activation energies for allowed an& %orbidden 1,5-hydrogen shifts.
These workers used a MO theory in which CI with the first doubly excited
configuration was included (MINDO/CI). The inclusion of CI was crucial,
since the transition states of antiaromatic (Symmeiry forbidden) concerted

‘reactjons are biradicaloid, due to the fact that during an antiaromatic

- Suntori g WY

pericyclic reaction, the HOMO and LUMO must cross at some point, at or near

the transition state.60~ The ‘calculations were performed for the 1,5-shift

in cis-piperylene (117 + 119), and showed that the activation energies for

»

+

the suprafacial (allowed) and antarafacial (forbidden) shifts were 28.3 and

37.0 kcal mo]'] respectively. Hence we. find that the difference in E, is

1

only 8.7 kcal mol '. The corresponding difference for the tetramethyl-o-

g

xylylene 60 is expected to be less, due to the presence of Tow lying excited
states. 1t is possibﬁe that for the 2,3-naphthoquinodimethane gg, the allowed
and forbi&den processe$ hévé very similariactivgtion energies. f§;~thé~other
hand, the 1,2-naphthoqu§nod§methane,gl_which is the least b%radicalofd may
have an‘uhsurmoqntably large Ea’ cauéﬁng its t%ermal stability. These argu-

ments sﬁpportvthé feasibility of a Symmé%ry forbidden process in ﬁheitetra-

\\'

N

"methylzo-xy]y1enes 60 and 93.
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{(e) Thermochemical calculations

Thermochemical calculations were performed to estimate the driving
force towards aromatisation of the tetramethyl o-xylylenes. The method of
group additivitys1 was employed (see Appendix). The results (Table 13)
show that the enthalpy changes for conversion of 89, 60, 91 and 93 to their
respective products are -30.4, -28.4, +3.2 and -48.2 kcal hol'] respectively.
These are consistent with the thermal stability of 91, and the very short life-
time of 93 . 93, which is the most biradicaloid species studied, has a large
driving force to aromatise two rings. It could barely be abserved at the

detection limit of our instrument, =5 microseconds.

Table 13. Thermochemical calculations

Compound AHf AAHf
(kcal/mol)

7,7-Dimethyl-o-xylylene (89) 59.12 30.4
1-Methyl1-2-isopropenylbenzene (90Q) 19.70
7,7,8,8-Tetramethyl-o-xylylene (60) 37.04 284
1-Isopropy1-2-isopropenylbenzene (61) ' 8.64 e
9,9,10,10-Tetramethyl-1,2-naphthoquinodimethane (91) 21.77 . 3.2
1-Isopropenyl-2-isopropylnaphthalene (92) 24.92 )
9,9,10,10-Tetramethy1-2,3-naphthoquinodimethane (93) 73.16 ta2

2-Isopropy]73-1sopropeny1naphth§1ene (84) 24.9?7
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(f) Ground state energy of 1,2-diphenylisoindene

The activation eneray data for the decay of the isoindenes are

véry interestijg, in that they can be used with literature data to estimate,
for the first

ime, the difference in energy between an isoindene and an
indene. Miller and BoyerZ] report an activation eneray of +33.2 kca?'mo]’1
for the thermal conversion of 1-phenylindene to the isoindene. One can
obtain the ground state energy of the isoindene with respect to that of the
indene from the difference in the activation eneraies of the forward and
reverse reactions. The compound chosen to model the reverse reaction should
have a phenyl group at the 1-position since Miller and BoyerZ] found that
the substitution of a phenyl group for a hydrogen atom at the start position
of an H-migration in the thermal Feaction incregses the rate by about 130
(due to the change. in the conjugation of the phenyl aroup at the 1-position
from nonconjugated in the reactant to conjuagated in the isoindene, and so "

to conjugated in the transition state). 1,2—dipheny(ig§ene was chosen as

the model compound, and it‘was assumed that the activation energy, EaII of

Figure 14 for the thermal conversion of the diphéhylindene, is the same as

that measured by Miller and Boyer21 for 1-phenylindene. This leads to a

value of about 20 kcal mo]'1

for the difference in the energies of 1,2~
diphenjiindéne and 1,2-djphenylisoindene. , &
As the value reported above for the eneray difference between the
diphenylisoindene and the diphenylindene is the only value availabTé that .
is based on experimental data, it was worthwhile to estimate that energy
difference using other techniques. The exper%menta? value was determined

21

using hexane as a solvent. However,"Miller and Boyer ' have shown that

the ?,5-hydrogen shift in 1-phenylindene does not depend on “the identity

of the solvent, in aareement with results on other 1,5-hydrogen shifts.sz

‘
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1
Thus the solvent, in ﬁhis instance, appears to fill the role of merely ,2
occupying space, rather than being directly invo]vedﬁin the solvation of

&

the reactant or the transition state. Accordingly, the techniques proposed

by Bensonm"63

to estimate the differences in the enthalpies of species
"in the gas phase, using éroup additivity methods, might be relevant to the
case of the,isoindene-indene conversion in solution. Initially the standard
enthalpy change at 298°K was estimated for the conversion of the unsubstituted
indene to the isoindene from the values for the standard entha]pieS‘pf for-
mation, 42.0 and 68.6 kcal mol" respectively. In this case all the group
additivity values were avajlable Qnd the estimate led to a value of AH =
26.8 kcal mol'1. Not a]l-the group additivity values were available to
estimate directly the standard enthalpies of formation of 1,2-diphenylindene
and 1,2-diphenylisoindene, but‘one could estimate a value by assuming that
C-(Cd)z(CB)(H)=—’E.5 and C-(CB)Z(Cd)(H)=~l. This approximation led to an
estimate of 26 kcal mo]-] for the difference in enthalpies of 1,2-diphenyl-
indgne and 1,2-diphenylisoindene. The estimate from the group additivity
method for calculating enthalpies of formation in the gas phase is thus in
reasonable agreement with the value, 20 kcal m01°], calculated from the
experimental data in solution. Part of the discrepancy could be due to ;he
~ use of the activation energy of 1§pheny11ndene as a model. for the diphenyl-
indene thermal conversion. It would be expected that the activation energy
of theKdiphenylindene thermal conversion would be greater than that for the
1-phenylindene conversion (because of the loss of conjugation‘of the phenyl

group at the 2-position).
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Other considerations

(a) The long-lived intermediate from 1,1,3-triphenylindene

Irradiation of 1,1,3-triphenylindene gave rise to a Tong-lived

yellow coloured (xm = 440 nm) intermediate. Its presence was noted in

ax
flash photolysis and it showed vinylic resonances in the low temperature

A

nmr spectrum. Attempts to isolate this species by Tow temperature chroma-
tography of the photolysed products gave rise to a fast-moving yellow band,

seperated from thé 1:1,3- and 1,2,3-triphenylindenes. However, analysis
¢ ¥

of the yellow species {(which turned to a colourless compound on warming)

showed the starting indene, 1,1,3-triphenylindehe. Attempts tJ trap this
tong-1ived species using N-phenylitriazolinedione were failures.

On thiS’basis it is possible to speculate the structure of this
species ?s 120, formed from 1,1,3-triphenylindene by a phofbchemica] pheny1-

. . ¢
shift. It is easy to see that it would rearomatise t

o 1,1,3-triphenylindene,

. . )
at a rate/much slower than the hydrogen shift of 1,233

Ph
>
Ph |
| Ph
120
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(b) Synthetic aspects

Most syntheses described in this thesis are quite straightforward,

-~ -

and will not be discussed here. However, the unexpected formation of 1-

acetyl-5,6-benzindan-2-one (85) in the reaction of the dipotassium salt of

naphthalene-2,3-diacetic acid (83) with acetic anhydride tempts one to
postulate a mechanism based on the greater acidity of protons a to naphth-
alene, compared to benzene. (The corresponding reaction with benzene-1,2-

35).

diacetic acid yields indan-2-one. Cyclisation of the dianhydride of 83

would yield the indanone derivative 121. This could react with acetate to

"0Ac G‘ |
= QIO > o

122 'COOAc
KOAc l . |
COMe
QIO -
85

yield 123 (as was hoped!)\\;r 122, by losing a proton o to the naphthalene .
1

ring. Intramo]ecﬁiaf nucledphilic attack in 122, followed by ready decarboxy-

lation of the g-keto acid formgd,\wou]d yield the acetylated indanone 85.

Alternatively, the desired indanone could have formed, and then reacted with.

-»

£

_acetic anhydride to yield 85.

a8 "’Q

x
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The pyrolysis of the barium salt of naphthalene-2,3-diacetic acid

gives 2,3-dimethylnaphthalene in addition to 5,6-benzindan-2-one. The
former product probgb]y arose by the decarbonylation of the indanone, which

is thermally unstable. The resulting o-xylylene derivative could abstract

@® —— g
[ 0

10

8 + Zﬁl, ﬁ_—

QIO

124

hydrogen atoms from the barium salt to yield dimethylnaphthalene. A similar

generation of o-xylene from.o-xylylene is known.lA
The thermal instability of the indanone 84 and the analogous sulphone
99 in contrast to the thermal stability of the corresponding tetramethyl

compounds 86 and 101 seem to 1nd1cate'that tetramethylation confers stab111ty‘

towards the elimination of CO or SO2 This is consistent wyth a concgrted

elimination reaction which would be a disrotatory process.zg The meth}]
substituents wou]d sterica11y hinder such a process.
Conclusion , i

. . These studies have shown that o-xylylenes, and the refated iso-

indenes, _can be generated as’trénsiénts by aryl migration in the photolysis

E

of su1tab1e 1ndenes and by photodecarbonylat1on of indan-2-ones. The

transxents can be 1nvest1gated by var1ous phygical techniques (nmr and

- -
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ultraviolet-visible sbectrophotometry), and their lifetimes are in a
range where‘the kinetics .can be determined by flash photolysis experiments.
Hence, the present work provides for the first time, compe}ling physical
evidence for the 1ntérmediagy of o-xylylene type species in the photo-
chemical phenyl migratton in 1,1-diarylindenes and the photodecarbonylation
of tetramethylindan-2-ones, |

Activatipn energy studies have enabled tﬁe estimation of the
eneréy-differenbe between an isoindene and an indene, for the first time.
Thus, 1,2~diphenylindene has been estimated to be only 20 kcal/mol 1ower
1n energy than 1 2-dtphenyliso1ndene, 1nd1cating a moderate amount of
resonance stab111sat10n in the isotndene system. '

The tetramethyl o-xle:enes range from a thermally stable one
to a very hibhiy ?gbile one with.a 1ifetime of microseconds. Th3s large
difference‘in reactivity can be rationalised on the basis of their energies
relative to stable products and the qxient of their biradigafbid

¢haracter.
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Materials
A1l solvents were reagent gré&e and were distil]ed before use.
Hexane was. purified by stirring for 24 h with fuming su]phuﬁic~acid (30%
S0,). followed by washing with water, sodilm carbonate solution, and water.
The hexane was dried over ‘sodium sulphate and disti1]ed. It showed negligible

absorption above 240 nm (absorbance of 1 cm at 230‘nm, 0.05). Tetrahydro-

:~ furan and benzene were distilled from lithium a1uminuh hydride. Tertiary .

" otherwise stated

Pl

" Boyer.

Starr.

butyl alcohol was .distilled from calcium hydride.

1,1,§-Tripheny1indene, 2-deuterio-1,1,3-triphenylindene and 2-
d9uterio-1,1-djppeny1indene were brepared bj the procedures of Miller and
21 Thejdi&nyf{ndenes (3c-e) were prepared as’dgscrjbed.zg 1,1,3,3-
Tetramethylindan-2-one was synthesised by the proce&urg of Eastman and
, 28 ‘The corv;es‘)pmr\ci'ing*d-|2 compound was made similarly, except that

CH3I was replaced by CDsi (99.5% D-Stohler iSotope Chem.). A1l the abbve

.materials had the reported melting points.

Photochemical and\angTytical methods

A1l photolyses were done un#ér argon (Canadian ‘Liguid Air, cer%ified

grade) in a Srinivasan-Griffin Photochemical reactor (Rayonet), unless

4

Co]umn chromatography was on s111ca gel (60-200 mesh), 'Baker R

. Analysed' reagent grade, or a!um1aa (F1sher certifaed, neutral, 80-200

.~ mesh).’

Ana?ytlcaT gas 11quid chromatography (g]c) was performed on a
Varian-Aerograph Ser1es 200 or a Tracor ‘560 dua1 column, 1nstrument with

flame ionisat1on detéctors The columns used on the Varian 1nstrument

) ‘»’were (a) 5t x 178" of 102 Carbowax 20 M on 60/80 mesh c;hromosorb Wi and-
“i’”“ﬁb) 57'x 1/8" of-5% QF-1 on’ Fﬁrcmosorb 'W. The Tragor instrumept was used
. T L LT T S. "‘, - oo . T , N ] . i y '

3 v—— -

-, - e P



~:'

78
with a 6' x 1/6" column of 8% QF-1 on B0/100 Chromosorb W. The flow rate
of the carrier gas (helium) was ca. 30 ml/min. Integration of glc peak

areas were performed using a Varian Aerograph model 485 Electronic Digitatl

%

Integrator. ' ‘ . | %@%
Preparative glc was on a Aerograph Model 200 dual column instrument

with thermal conductivity detectors. A helium flow rate of ca. 60 m]/min

was used with a 5' x 1/5" column of 7% QF-1 on Chromosorb N.‘
Proton ndc]ear‘magnetiq resonancé (nmr) spectra were obtained at

100 MHz on a Varian HA-100 spectrometer or at 90 MHz on a Varian EM-390

spectrometer. 19

C nmr spectra were at 22.62 MHz on a Bruker ' WH-90 Féurier
Transform Spectrometerl fhe soivent was chloroform-d, unless otherwise
stated. The chemical shifts are s values (p.p.m.) measured downfield from
tetramethylsilane which was the internal standard.

Infra-red (i.r.) spectra wereﬂrecorded with a Beckman IR-5 or a
Perkin-Elmer 283 spéctrophotometer. The solvent as spectéograde chloroform,
“unless stated.otherwise. Ultraviolet spectra were on a Cary 14 spectrof
photometer. Fluorescence spectra were;taken using an Aminco Bowman Speétro-
fluorometer utilising a xenon—merqury 1amp*%or excitation. Mass spectfg
weée obtained using a CEC 21-110 &asé spectrqméter.- M§1£ing Eoiqts (mp} |
, Were on a 'Kofler' Hot stage appa?atus and are uncorhecied. ,TEmperatures‘ N
are in °C. ‘

Elemental analyses were.by Galbraith Laboratories, Knoxvj]]g,

s

Tennessee. |,
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PART A. ISOINDENES

Irradiation of 1,1,3-triphenylindene (65b)

A solution of 1,1,3-triphenylindene (45 mg, 0.13 m mole) in hexane
(150 m1) was irradiated at —7§°C, under argon, with a Hanovia type L 100
watt mercury lamp in a centrally placed quartz immersion well. The latter
was double walled, and the space between the walls was evacuated. The lamp
was cooled with a current of air. The irradiation was continued for 15 min,
and the resulting orange solution was warmed to room temperature and left
for 3 hr. Apalysis by glc on QF-1 at 220°C showed that 90% of the 1,1,3~
triphenylindene had reacted, and a single pﬁodugﬁ had been formed. The
solvent was distilled and the mixture was chromatographed on 4.0 x 35 cm
of silica gel, slurry-packed in hexane. Elution was with 10% benzéne—hexane
and 75 ml fractions were collected. Fractions 7-10'contained 1,2,3-tri-
phenylindene, mp 132-134° (Lit®® 132-134°), from ethanol, yield 78%.

Attempt to isolate the 'long-lived' intermediate from 1,1,3-triphenylindene

65b . - 5

The ab?ve irradiation was repeated for 10 min., the sq]ution concen-
trated under vacuum at -10°C, and chromatographed at -5°C on 4 x 15 ¢cm silica
gel, slurry packedainﬁhexane. g]ution was with hexane containing a trace
of ether and 40 ml fractions were collected. The yellow species was etuted
first, seperated from 65b and 67b by 2 fractions. However, removal of-

solvent at -10°C yiélded 1,1,3-triphenylindene.

Low—température NMR spectra

‘A so]utiaﬁ of 1,1,3-triphenylindene (}O’mg) in ca. 0.7°ml of cyclo-.
pentane was transferred to a quartz nmr tube (tube no. 703 PQ, wilﬁéd Glass

-
. Y
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Co., Inc., Buena, N.J.). The ]H nmr spectrum of the solution was run at
-78° on the HA-100 spectrometer. The solution was then purged with argon
for 10 min at raoom temperature, and was cooled again to -78° ir a bath of
ethanol. The ethanol was contained in a partly silvered, quartz Dewar,
and was cooled w}th a "Flexi-Cool" refrigeration system (FTS systems, Inc.,
Stone Ridge, N.Y.). The cold sample was irradiated in the cooling bath
for 40 min in a Rayonet Photoreactor, using 9 RPR 2537 R lamps.

The sample was quickly transferred to the precooled probe of the
spectrometer, and the spectrum of 1,2,3-triphenylisoindene was taken.
Finally, after warming to room tempgrature, the spectrum of the product
solution was obtained at -78°C. In all of the above, the singlet resonance
of the solvent (cyc]opeqtane) at 1.516 served as reference and lock. The ‘
spectra of irradiated 2;deuterio-1,1,3—triphenylindene were obtained
similarly. The spectra are shown in Figure 2.

Low- temperature visible absorption spectrum

A solution of 1,1,3-triphenylindene (3.0 mg) in cyclopentane (~ 0.7
mi) was irradiated at -78° for 5 min, and described above for the nmr -
experiments. Théigrradiated solution was poured into a vaéuum-jacketed
ab;orpésoﬁ cell, of 4.5 cm path length containing 70 ml of iigpentane at
-78°C. The absorption spectrum was taken. The spectrum had Apax = 478 ﬁm,
approximate log € = 4.6 (see Figure 1).

Fluorescence Spectra

. A sample of 1,1,3-triphenylindene (or 1,1-diphenylindene) in cyclo-
*pentane in the nmr tube was irradiated asfdescribeﬂAfor the absorption h
spectrum. The sample was kept at -78°C§using the quartz dewar, normally
used for phosphorescénce spectra, which contained dry-ice-methanol. The

fluorescence spectrum was obtained with the Aminco-Bowman Spectrofluorimeter. -
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Excitation was at 546 or 436 nm for triphenylindene and at 436 nm for
diphenylindene.
Trapping of 1,2,3-triphenylisoindene (66b)

A solution of 4-phenylurazole {500 mg) in methylene chloride
(25 m1) was cooled to -3°C and treated with 2.0 g of lead tetraacetate66
(Alfa Inorganics, containing 10% of acetic acid). After stirring for
3 min, the red solution was cooled to -78°C. Tripheny]indené (100 mg)
in tetrahydrofuran (disti]]ed from LiAlH4) (125 ml) was purged with argon
for 15 min, cooled to -78°C, and irradiated with the 100 W Hanovia lamp
and vacuum jacketed immersiqn&weT] described above, for 30 min. The cold
solution of dienophile was then added, tﬁé mixéure was kept at -78°C for
2 hr and then was warmed to room temperature. Evaporation gave a brown
soiid which was washed with successive 25 ml portions of water, 0.1 N

HNO, and 0.1 N NaOH. The solid was dissolved in acetone, boiled with

3
charcoal and filtered through celite. Evaporation and recrystallization
from methanol gave white crystals (50 mg) hp 268-259°C. Anal. Found:
C, 80.74; H, 4.78; N, 8.19.

| 635H25N302 requires C, 3&.90; H, 4.85; N, 8.09. )
Attempt to trap the 'long-lived' intermediate from 1,1,3-triphenylindene

The above irradiation was repeated for 25 min, and the -temperature
was raiggd_to -50°C, when the oﬁaﬁgg cc]gur was bleached. To the resulting
yellow solution which was recooled to -70°C was added the cold solution of
dienophilé (gbove) and the who]é warmed slowlyhto room temperatuthl Removal
of solvaﬁt yielded a pale brown solid which was partially soluble in methanol.
The methanol extract contained essentially 1,2,3-triphenylindene while the

residue did not melt at 360° and was highly insoluble.

-,
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-

Preparation of 1,3-diphenyl-2,2«dimethyl-isoindene (16)

This isoindene was prepared by the method of Alder and Fremery.9
A yellow oil was obtained on evaporation of the filtered reaction mixture,
as reported. This showed three methyl group rescnances at 1.746, 1.706

and 1.686 (100 MHz, CDC1, solvent). In an attempt to purify 16 by dis-

3
tillation, it was heated to ca. 240°C at 10™* torr, and the distillate
(166-168°C) was collected. The nmr spectrum showed that the resonance at
1.706 had disappeared complietely, while those at 1.748 and 1.688 remained.
The latter are attributed to 68 formed from 16 by a methyl group shfft.BO
68 was distilled giving a pale yellow viscous oil.

Irradiation of 1,3-diphenyl-1,2-dimethylindene (68)

A solution of 68 (4 mg) in 3 ml hexane was transferred to a 1 cm
quartz cell, purged with argon, and irradiated in a Rayonet photoreactor
using six RPR 2537 A lamps, for 2 min. The absorption and fluorescence
spectra were obtained. Excitation was at 436 or 450 nm.

Flash photolysis

All flash measurements were made using cylindrical, jacketed Vycor
cells of 25 cm path length and 50 ml capacity. Temperature coﬁtro] (+ 0.1°)
was achieved by circulating water or methanol uéing a Forma Scientific Inc.
constant-temperature bath. Solutions of the various iannes (2 x IO“AM)
were deoxygenated using oxygen-free nitrogén immediately prior to bei?g
flashed.

An energy input of 750 J/flash was discharged through a cylindéica]
f1a§h-?amp, 70 c¢m long and containjng xenon at 100 torr, w?ich was parallel
to the long-axis of the photolysis cell. The excitation flash lamp had a
ha1f~11%e of 30 ” se¢. The absorption spectra of the transients were

obtained after a pre-determined delay. Light from the monitoring flash ~
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(180 J) was dispersed in a medium quartz spectroaraph (Hilger E 498.7) and
recorded on photographic film (I1ford FP4).

Decay of the isoindene intermediates was followed quantitatively
by monitoring the transmittance of the light filtered from a continuous
xenon lamp (Oriel Corp., Model 6137) placed in front of the photolysis
cell. A Jarrell Ash, Model 82-410 monochromator and a 1P 28 photomulti-
plier connected to a Biomation Model 805 Waveform Recorder permitted the
recording of the transmittance at a particular wavelength as a function of
time. The data were transferred from the Waveform Recorder to punched tape
and processed on the CDC 6400 compﬁter. The decays followed first order
kinetics, anh thé rate constants were determined at temﬁeratures in the
range 0 to 40°C. The errors in the activation enerqy and the pre-expon-
ential factor were propacated in the usual manner and were significantly
greater than the precision of the“data§3’67

Investigation of effect of acid and base:-on decay time

A stock solution (200 m1) of 1,1-diphenylindene in purified hexane
(5 mg indene/100 m1) was prepared. This was divided into three equal
portions. One of these was used as a control sample. The second por%ion
was shaken with 3N sto4 (2 x 20 m{) separated, and dried. This was
Tlashed in the usual cell which had been rinsed with 3N H2304 and dried,
The third portion was similarly treated with 3N NaOH and flashed in a base-
treated cell. Good first order decay plots were obtained from all three
solutions. The rate constants (22°C, deoxygenated solution) were: control,

38 s']; acid treated, 35 3'1; base treated, 35 s .

1 '



84

PART B. 0-XYLYLENES

Syntheses
1,1-Dimethylindan-2-one (74)

74 was synthesised according to the method of Horan and Schiessler.58

l,l—Dimethylindene32 (10 g+ 69 mmoles) was added dropwise to a
solution of 30% hydrogen peroxide (10 ml, 96 mmoles) in 50 ml 90% formic
acid at 50°C. The resulting red solution was stirred at 55°C for 6 hours.
The removal of solvent under reduced pressure yielded a viscous red oil.
This oil was adﬁed to a boiling solution of 7% sulphuric acid, steam was
introduced and the steam distillate was collected in an ice-cooled receiver.
The distillate (300 m1) was extracted usina methylene chloride (2 x 60 ml),
the extracts dried (Na2804) and concentrated givfng 8 q yellow 0il @hich
was purified by vacuum distillation (49°C/0.1 torr). The yield of colourless
liquid was 7 g (63%).

The u.v. absorption maxima (in 95% ethanol)' occur at 274, 267 and
261 nm with extinction coefficients of 1160, 1060 and 720 respectively.

The i.r. spectrum includes peaks at 1750 (strained carbonyl), 1377 and
1354 cn”' (gem dimetnyl).  The nmr signals are at 7.14 (s, 4H) 3.38
(s, 2H) and 1,20 (s, 6H).

Anal. CqqH,,0 requires C, 82.46; H, 7.55. Found: C, 82.47; H, 7.50.

- 4,5-Benzindan-2-one (79)

The method used was the same as that for 74. Thus, a mixture
(ca. 50%) of 4,5- and 6,7—benz1’ndenes33 (1a, 6 mmoles) in 10 ml CH2C12
was added dropwise to a solution of 30% hydroaeﬁ pe%oxide (1 m1, 9.6 mmole) < -

15 ml on¥ =--
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8 hrs and concentrated uﬂger vacuum giving a pale brown solid (0.8 a),
which was added to 150 ml boiling 7% sulphuric acid and steam distilled.
The distillate (600 m1) was filtered giving 70 mg (6%) white crystals.
Extraction of the filtrate with metéy!ene chloride did not yield additional
material. Recrystallisation from ethanol aave colourless needles of 79
melting at 112-113% (11t2%112-113%).

The 1.r. spectrum shows the carbonyl absorption at 1751 cm']. The
nmr signals are at 3.70 (s, 2H); 3.80 (s, 2H) and 7.3-8.0 {(m, 6H).

1,1,3,3-Tetramethyl-4,5-benzindan-2-one (80)

300 mg (7.7 mmoles) potassium and 5 m1 (54 mmoles) dry tert-
butyl alcohol in 10 ml dry tetrahydrofufan was heated to reflux under a
nitrogen atmosphere till all the po&assium had dissolved. The solution
was cooled in ice, and to 1t was added,oiﬁ rapid succession, 170 ma (0.93
mmoles) 79 in 5 ml tetrahydrofuran, and 1 ml (16 mmoles) methyliodide.
The mixture was refluxed for 3 h, cooled, and added to 100 ml water, which
was then extracted with methylenechloride (3 x SQ ml). The combined
organic extracts were washed w?fh 5% HC1 and water, dried (anhyd. Na2504)
and concentrated giving 270 ma crude §g_wﬂ1ch was purified by rgcrysta]-
lisation from aqueogus ethanol, giving colourless crystals. Yield, 200 ma -
(90%). An analytical sample Qas prepared by sublimation, mp 124-124.5°,
The 1i.r. ‘absorptions are at 1746 (carbonyl), 1382 and T562 en! (gem di-
methyl). The nmr signals are at 8.2-7.3 (6H, m), 1.65 (6H, s), and 1.40
(64, s). The u.v. maxima (log ) in hexane: 272 (3.7), 279 (3.8),7291
(3.6), 308 (3.0), 314 (2.9), 322 (3.2).

[ 3

" Anal. y;H 40 requires C, 85.67; H, 7.61. Found: €, 85.91; H, 7.68.
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2-Amino-3-cyano-5,6-benzindene (82)

-

The method of Moore and Thorpe was used7.0 0.5 g (2.4 mmoles)

3 in 20 ml 'super dry' ethanol, was heated

naphthg]ene-2,3-diacetonitr1]e
to reflux under oxygen free nitrogen and 0.5 ml of a solution’of 100 mg
sodium in 2 ml dry ethanol was added. After 45 min at reflux, the mjkture
was cooled and filtered giving 400 mg yellow crystals. Recrysta]lfigtion
from ethanol géVe 350 mg yellow crystals, mp 260° {(d.); yield 70%] The

\
nmr sianals (acetone-dG) are at 3.77 (2H, s), 7.0 (2H, s), and 7.2-7.9 4

\

(6H, m). The i.r. absorptions included 3420, 3340, 3250 and 1650 (Nﬁg);

and 2200 (CN) cm’]. An analytical sample was obtained by sublimation, ™

mp 260° (d.) \‘*»\\\

Anaf} CldHloNZ requires C,81.53; H,4.89; N,13.58. Found: (,81.43; |
.5

H,4.91; N 4.

AN

Naphthalene-2,3-diacetic acid (83)

5.2 g {25 mmoles) naphthalene-2,3-diacetonitrile in 25 ml each of
sulphuric acid, acetic acid and water was refluxed for 45 min. The mixture
was added carefully to 150 ml cold water and the resulting solid filtered
and driéd giving 5.7 g crude 8. Recrystallisation from aqueous ethanol
gave 5.3 g colourless needles (87%), mp 220-237°C. Repeated recrxstallisatlon
did not improve the melting range. The nmr absorptions of the methylene

protons are at 3.93 (in acetone-ds). The i.r. signal appeared at 1705 em™)
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with a shoulder at 1730 cm .
Anal. C]4H1204 requires C, 68.84; H, 4.9%. Found: C, 69.05;
H, 5.06.

1-Acetyl-5,6-benzindan-2-one (85) .

200 mg (0.82 mmoles) of the diacid 83 was converted to the di-

~ potassium salt by titration with potassium hydroxide }n methanolic solution,
to a phenolphthalein end-point. Concentration under vacuum yielded the

dry salt, which was added to 1.5 ml acetic anhydride (distilled from anhyd.
NaQAc). The mixture was heated slowly to 105°C when it darkened considerably.
The mixture was cooled,;ﬁ5 ml water and 1 g calcium carbonate added and
extracted with methylene chloride (3 x 20 ml). The combined organic extracts
were washed with sodium bicarbonate, water, dried (Na2504) and evaporated
giving 100 mg brown solid. Sublimation yielded 50 mg pale yellow solid, mp
115°-120°C; yield 27%. Thegf.r. spectrum shows a broad signal at 1750 cm'].
The nmr signais are at 3.76 (2H, s)5 2.27 (3H, s), 6.73 (1H, s), and 7.3-7.9
(6H, m). The mass spectrum showed Mt = 224,

Anal. C,cH,,0, requires C,80.33; H,5.3% Found: C,80.45; H,5.40.

5,6-Benzindan-2-one (84)

0.5 g (2 mmoles) of diacid 83 was mixed intimately with 0.8 g (2.5
mmoles) hydrated barium hydroxide and a drop.of Qater. The resulting paste
was dried and heated to 400°C in a sublimation apparatus under 0.1 torr.
The sublimate (90 mg) waé essentia¥ly a mixture of 2,3-dimethylnaphthalene

and the desiyed ketone 84. Its ketone content depended on the individual
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experiment, and varied from 25-75%. The sublimate from various runs (900
mg) was combined and chromatographed on 3.0 x 30 cm of silica gel. Elution
with 25% benzene-hexane yielded 2,3-dimethylnaphthalene, while the indanone
84 was eluted with 25% ethyl acetate-hexane. 84 was further purified by
sub]imat%on yielding 120 mg colourless crystals mp 130°C (d.) (sealed

capillary). Estimated yield ca. 3%.

1

The i.r. showed a signal at 1755 cm . The nmr : 3.77 (s, 4H),

<

7.4-8.0 (m, 6H).

Anal. C 0 requires C, 85.69; H, 5.53. Found: C, 85.53; H, 5.66.

130
1,1,3,3-Tetramethyl-5,6-benzindan-2-one (86)

86 was synthesised by two different routes; (a) the procedure used
was the same as that for 80. Thus, 90 mg (0.49 mmoles) indanone 84 was
methylated using 0.5 ml (8 mmoles) methyliodide and 200 mg (5 mmoles) potassium
in 5 ml tert-butyl alcohol /10 ml tetrahydrofuran. Sublimation of the crude
reaction product yielded 90 mg (72%4kof‘pa1e yellow crystals. Recrystallisation
from acetone: methanol yielded colourless ﬁeed]es mp 176-177°C (sealed capillary).
nmr: 1.43 (s, 6H), 7.4-8.0 (m, 6H). The i.r. showed 1745 (C=0), 1360 and 1380

(gem-dimethy1) cm—1.

U.V. maxima (log ¢) in hexane: 319 (3.19), 304 (3.15),
294 (3.53), 283 (3.70), 272 (3.66), 262 (3.53).

Anal. C 80 requires C, 85.67; H, 7.61. Found: C, 85.97; H, 7.59.

17t
(b) 650 mg (2.2 mmoles) diacid 88 and 880 mg (2.8 mmoles) hydrated barium

"hydroxide were mixed intimately with a drop of water, dried, and pyrolysed
at 350°Cain a sublimation apparatus under 0.1 torr. The crude sublimate
(330 mg) was recryéta]iiﬁed from acetone: methanol yielding 240 mg (45%)

colourless crystals, which were identical with those formed as described in

(a) above.
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1,1,3,3-Tetramethyl-1,3-dihydronaphtho[2,3-c]thiopene-2,2-dioxide (101)

10 g 50% NaH (0.2 moles) (Baker Chem. Co.) was washed with light
petroleum and placed under 50 ml dry tetrahydrofuran in a nitrogen atmosphere.

To this was added dropwise, 2 g (9.2 mmo%es) sulphone gg?g

and 6 ml (97 mmoles)

methyliodide in 300 ml tetrahydrofuran. The mixture was stirred at 20°C for
20 min and refluxed for 5 h. Excess NaH was destroyed us{ng ice, and the
solution concentrated under vacuum. The residue was dissolved in methylene-
chloride, washed with 7% HCI and‘water, dried (Na2504) and concentrated giving
yellow crystals. Recrystallisation from benzene/ligroin yielded 1.6 g (63%)
pale yellow crystals. Sublimation gave white crystals mp 190-192°C. The
nmr: 7.4-8.0 (m, 6H), 1.73 (s, 12H). The i.r. shows 1375, 1390 (gem dimethyl),
1310, 1180, 1150, 1122 and 1102 (sulphone).

Anal. C]GH]SOZS requires C, 70.04; H, 6.61; S, 11.69. Found: C,

70.21; H, 6.71; S, 11.60.

Pyrolysis of the sulphones 99 and 101

100 mg of 99 or 101 in.10 ml n-butylphthalate was heated to 300°C.
A thin stream of nitrogen was passed over the solution and then through 3 ml
water so as to dissolve any evolved S0,. With 99, the reaction mixture
darkened while the water turned acidic (pH less than 2) and decolourised a
dichromate solution. However, with 101, the reaction mixture remained clean
and the tests for SO2 proved negative.g#galphone 101 could be recovered from
the reaction even after prolonged refluxing in n-butylphthalate (330°C).

2-Keto-1,1,4,4-tetramethyl-1,2,3,4-tetrahydroanthracene (87)
37

The method of Barclay et al~’ was used. Thus, naphthalene (32 g,
0.25 moles), 2,2,5,5-tetramethyltetrahydrofuran-2-one (35 g, 0.25 moles)
and aluminium chloride (anhydrous, 68 g, 0.51 moles) in 250 ml carbon di-

sulphide was stirred at 20° for 8 h. The lower viscous complex layer was
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added to ice, extracted with ether, dried (NaZSOAT{;;d concentrated.
Distillation of the residue under 0.1 torr yielded 20 g viscous oil (bp
140°-180°C). Chromafography on 15 x 9 cm silica gel was effective in
purifying 87. Thus, elution with 20% benzene-hexane removed some impurities.
The ketone 87 was eluted u;ing 2% ethyl acetate-benzene. Removal of solvent
and crystallisation from ligroin yielded A g (6.3%) colourless crystals mp
84-85°. (14t 84-85°).

o-Bromomethyl-(2-chloro-2-propyl)-benzene (98)

Dry HC1 gas was passed over 1.5 g (10 mmoles.) 2-(o-methylphenyl)-

38 at 0°C for 0.5 hr until two layers seperated out. The lower

propan-2-ol
layer was removed using a'fine capillary and dried with CaCiz. Dissolved
HC1 was removed by pumping for 10 min at 0.1 torr. The nmr showed the product

to be 2-(o-methylphenyl)-2-chloropropane (97).38

It was dissolved in 30 ml
CC]4 and 1.7 g (9.6 mmoles) N-BYomosuccinimide and 2 drops of bromine were
added. The mixture was stirred at 20°C under nitrogen, while being irradiated
by a 100 W tungsten lamp for 1 h. The resulting succinimide was filtered, and
‘the filtrate was concentrated giving 2.2 g 98, as a pale yellow oil. (Yield
from alcohol, 89%). The nmr shows § 7.5-7.0 (m, 4H), 4.9 (s, 2H), 2.0 (s,

6H). The mass spectrum showed m/e: 246 (100), 248 (125), 250 (32) consistent

" with one chloro- and one bromo-substituent.

The reaction of 98 with zinc-amalgam

_1.25 g mercury (6.2 mmoles) and 120 mg (1.8 mmoles) zinc uﬁder dry
benzene and nitrogen were heated at reflux with a crystal of iodiné until
the purple colour had discharged. The mixture was cooled to 20°C and 100 mg
(0.4 mmoles) &iha]ide 98 in dry benzene was added. After stirring at 20°

for 10 min the solution was filtered and concentrated. Preparative glc on

—
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QF-1 at 90° yielded 10 mg (19%) a,2—dimethy1§tyrene (90) (retention time,
2 min at 80 ml/min). &

Steady State Photochemistry

Irradiation of 1,1-dimethylindan-2-one (74)
™S

282 mg 74 in 20 ml purified hexane (0.09 M) contained in a quartz

tube was purged with argon and irradiated using sixteen RPR 3000 3 Tamps.

A slow stream of argon was maintained through the solution throughout the
entire irradiation. Aliquots were withdrawn periodically and assayed by

glc on carbowax at 130°. The irradiation was stopped after 5 h when ca.

70% conversion to a single product was shown. The solution was concentrated
and filtered through alumina (11 x 0.5 cm), giving 75 mg colouriess oil,
1dentical with the dehydration product from 2(o-methylphenyl)propan-2-ol

by nmr, i.r. and retention time on g'lc?"l Nmr: 6 7.11 (m, 4H), 5.16 (m, 1H),
4.82 (m, 1H), 2.29 (s, 3H), 2.02 (d, J=2Hz, 3H). The i.r. included peaks

at 1645, 900 (terminal CH,=), 1490 and 765 (ortho-disubstituted benzene ring).

Irradiation of 1,1,3,3-tetramethyl-4,5-benzindan-2-one (80)

A solution of 110 mg 80 in 70 ml purified hexane (6.6 x 10_3 M)
contained in a pyrex tube, under argon, was irradiated using sixteen RPR
3000 A lamps, for 8 h. Assay by glc on QF-1 at 150°C shoyed ca. 80%
conversion to a main product and ca. 5% of secondarykgiqdact. The main
product was isblated by preparative glc on QF£1 at 120°.0 (Retention time
6 min, at a flow rate of 60 ml/min) yielding 35 mg (36%) pale yellow crystals.
Recrystallisation from 95% ethanol, followed by sublimation to a cold-finger
condensor at —7$°C gave an anglyfical sample mp 110°-112°. The nmr spectrum
(CC14) shows 8.0-7.é'(m, 6H), 5.42 (m, 1H), 4.89 (m, 1H), 3.30 (septet,
J=7Hz, 1H), 2.08 (triplet, J=1Hz, 3H), 1.27 (d, J=7Hz, 3H), and 1.12 (d,

J=THz, 3H), i.r. (€C1,): 1645, 1250, 1290, 1420, 880 P

-
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b

Anal. C]6H18 requires €, 91.37; H, 8.63. Found: C, 91.40; H, 8.45.

Irradiation of 1,1,3,3-tetramethyl-5,6-benzindan-2-one (86)

115 mg 86 i? 25 m1 7% benzene-hexane contained in a quartz tube
was purged with argon and irradiated using sixteen RRR 3000 A Tamps. Aliquots
were wjthdrawn periodically and assayed by glc on QF-1 with temperature
programming from 175° to 225°C. The irradiation was stopped after 6 h when /)
ca. 98% conversion to two products‘has seen. The products were separated
by preparative gic on QF-1 at 110°, with a flow rate of 35 ml/min. The
retention times were 62 min and 72 min, for the two products, identified as
2-1sopropenyl-3-isopropylnaphthalene (94) and 3,3,4,4-tetramethyinaphtho-
[blcyclobutene (95), respectively.

The styrene 94 was purified by preparative glc on QF-1 at 150°,
giving 30 mg {30%) colourless oil. The nmr (CCl,): 7.2-7.8 (m, 6H), 5.17
" (m, 1H), 4.89 (m, 1H), 3.21 (septet, J=6Hz, 1H), 2.10 (d, J=1Hz, 3H), 1.27
(d, J=6Hz, 6H). The i.r.: 1635, 1421, 1285, 1245, 860 and 690 cm'i. The
u.v. spectrum in hexane showed essentially naphthaiene type absorptien,
tailing to 355 nm. The high resolution mass spectrum showed the'parent ion

at 210.1395. requires 210.1408.

CreMis

Anal, C]6H]8 requires £,91.37; H,8-63. Found: C,91.41; H,8.59.

The cyclobutene 95 was recrystallised from aqueous ethanol giving
10 mg (10%) rhombic crystals, mp 91-93°. The nmr (CC14): 7.2-7.8 (m, 6H)
and 1.33 (s, 12H). The i.r.: 1500-1400, 1375, 1370, 1290, 1250, 860, 690
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cm']. The mass spectrum(60°C,R0eV) showed prominent peaks at m/e 210

-

(parent) , 195 and 165 (loss of methyl groups).
Anal. C,cH,q requires C,91.37; H,8.63. Found: C,91.20; H,8.76.

Low temperature absorption spectrum

A solution of 1,1,3,3-tetramethylindan-2-one (9 mg) in cyclopentane

(0.7 ml), contained in a quartz nmr tube was purged with argon and cooled
to -78° in a quartz dewar, normally used for phosphorescence spectra,

which contained dry-ice-methanol. The dewar was immersed in a 0.45 M
solution of NiSO4. in 3N HZSO4, contained in a quartz beaker. The whole
?ssemb1y was irradiated using eight RPR 2537A lamps for 2.5 h, and the
sample was poured ?nto a vacuum-jacketed absorption cell, of 4.5 ¢m path
length containing 70 ml of hexane at -782. The absorption spectrum was

measured.

Flash photolysis .

The experiments were conducted as described in section A, except
that the Biomation waveform recorder was repiaced by a Hewlett-Packard
model 7047 A X-Y recorder which facilitated the measurement of slower
rates. The decay curves were obtained on chart and processed manually.
Computation of the first order rate constants (k) was on the HP-3000 com-
putor. 4 _

The effect of acid and base on decay time was studied as in Pary
A, using a stock solution of 5 mg 1b in 100 ml hexane. Good first order
decay plots wefé obtained. The rate constants (36.4°, deoxygenated

1

solution) were: control, 0.0131 s ; acid treated, 0.0126 5_3; base treated,

0.0129 s"].
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APPENDIX <

Additivity of gr0ugfthermochemica]Aprgpgrtiesﬁl

A molecular property is considered to be composed of contributions
due to groups. The nomenclature followed in the table identifies first the
polyvalent atom and then its ligands. Thus C—(H)3(C) represents a C atom
connected to three H atoms and another‘C atom, i.e. a primary methyl group.

Group valuesS] for AHzfjstandard states'%f ideal gas at 1 atm and ZSOC)

1n_kcal/mol

Group AH? Group X AH;
C-(H)5(C) -10.20 C-(Cy) (C)(H), - 4.76
C-(H)2(C)2 - 4.93 C—(Cd)Z(H)2 - 4.29
C-(H)(C),4 - 1.90 C-(CH) (Cg) (H), - 4.29
C-(C)y 0.50 C-(Cg)(C)(H), - 4.86
Cd-(H)Z 6.26 C'(Cd)(C)Z(H) - 1.48
Cd-(H)(C) 8.59 c'(CB)(C)Z(H) - 0.98
cq-(C), 10.34 C-(Cy ) (C)y 1.68
C4-(C4) (H) 6.78 C-(Cg)(C)y 2.81
C4-(C4)(C) 8.88 Cg-(H) 3.30
C4-(Cg) (H) 6.78 Ca-(C) 5.51
Cqm(Cg)(C) 8.64 Cg-(Cy) 5.68
Cy-(Cg)y 8.00 Cg=(Cq) 4.96
C4-(Cq)y 4.60 Cae-(C5)o(Cqe) 4.80

i

Cd represents a double bonded C atom, CB the C atom in a benzene ring and

CBF the C atom in a fused ring system such as naphthalene.
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Non-next-nearest neighbour correct1on56]

Group ‘ AH?
Alkane gauchgjtorrection - 0.80
Alkene gauche correction 0.50
Cis-correction - 1.00°
Ortho- correction ) 0.57

a When there are two cis-corrections around one double bond, the total

X

correction i1s 3.00.

Corrections to be applied to ring compound estimatessl

Ring . AH?
Cyclobutene 29.8
Cyclopentadiene 6.0

Cyclohexa-1,3-diene 3 4.8

Sample calculation

C-(H)5(C4) + Cy-(H)(C) + Cy-(H),
= -10.20 + 8.59 + 6.26

o
AHf (CH

3-CH=CH2)

L]

4.65 kcal/mol



10.

11.
12.

97

REFERENCES
G. Porter and M.A. West, "Techniques of Chemistry", A. Weissberger,
Ed., John Wiley & Sons, Inc., New York, N.Y., Vol. 6, Pt. 2, 3rd
Ed., 1974, pp. 367-462.

C.R. Flynn and J. Michl, J. Am. Chem. Soc., 96, 3280 (1974).

C.A. Coulson and A. Streitwieser Jr., "Dictionary of n-electron
Calculations", Pergamon Press Inc., 1965.

a) A.J. Namiot, M.E. Dyatkina and 1.K. Syrkin, Compt. rend. Acad. Sc1.

URSS, 48, 285 (1945); b) M.E, Dyatkina and I1.K. Syrkin, Acta Physicochim,

URSS 21, 421 (1946); ¢) J.D. Roberts, A. Strertwieser, Jr., and C.M.

Regan, J. Am. Chem. Soc., 74, 4579 (1952); d) J. Koutecky and V. Bonacic-

Koutecky, Chem. Phys. Let,, 15, 558 (1972); e) N.C. Baird, J. Am. Chem

Soc., 94, 4941 (1972); f) J. Baudet, J. Chim. Phys. Physicochim. Biol.,

68, 191 (1971); g) E. Miairdicyan and J. Baudet, J. Am. Chem. Soc., 97,

7400 (1975).
R.N. Warrener, R.A. Russell, and T.S. Lee, Tet. Let.., 49 (1977).

M. Gisin and J. Wirz, Helv. Chim. Acta., 59, 2273 (1976). -

R.D. Miller, J. Kolc, and J. Michl, J. Am. Chem. Soc., 98, 8510 (1976).

K.L. Tsena and J. Michl, ibid., 99, 4840 (1977).

s
- ¥,
1

K. Alder and M. Fremery, Tet., 14, 190 (1961).

W.R. Dolbier, Jr., K. Matsui, J. Michl, and D.V. Horak, J. Am. Chem. Soc.,

99, 3876 (1977).
D.W. Jones and G. Kneen, Chem. Comm., 1356 (1971); 1038 (1972).

K.H. Grellmann, J. Palmowski, and G. Ouinkert, Ancew. Chem. Int. Ed.,

10, 196 (1971),

AN
\



13.
14.
15,
16.
17.
18.
19.
20.
21,
22.
23.
24.

25.
26.

27.

28.

29.

30.
31.

32.

98

. Porter and M.F. Tchir, J. Chem. Soc. (A}, 3772 (1971).

G
M.P. Cava and A.A. Deana, J. Am. Chem. Spc., 81, 4266 (1959).
A.C. Pratt, J, Chem. Soc. Chem. -Comm., 183 (1974).

=

.C. Yang and C. Rivas, J. Am. Chem. Soc., 83, 2213 (1961).

x

. Oppolzer, ibid., 93, 3833 (1971).

K. Alder, F. Pascher, and H. Voiaht, Chem. Ber., 75, 1501 (1942).

P

.S. lsaacs, Can. J. Chem., 44, 415 (1966).

-

C.F. Koelsch and P.R. Johnson, J. Am. Chem. Soc., 65, 567 (1943).

*
—

L.L. Miller and R.F. Boyer, J. Am. Chem. Soc., 93, 650 (1971).

J.J. McCullough, Can. J. Chem., 46, 43 (1968).

J.J. McCullough and M.R. McClory, J. Am. Chem. Soc., 96, 1962 (19748).

G. Quinkert, J. Palmowski, H.P. Lorehz, W.W. Niefsdorff, and M. Finke,

Angew. Chem. Int. Ed., 10, 198 (1971).

D.S. -Weiss, J. Am, Chem. Soc., 97, 2551 (1975).

N.J. Turro, J.C. Dalton, K. Dawes, G. Farrinaton, R. Hautala, D. Morton,

M. Niemczyk and N. Schore, Acc. Chem. Res., 5, 92 (1972).

P. Yates and R.0. Loutfy, ibid., 8, 209 (1975).

J.E. Starr and R.H. Eastman, J. Org. Chem., 31, 1393 (1966).

R.B. Woodward and R. Hoffmann, "The Conservation of Orbital Symmetry",

Academic Press, New York, N.Y., 1970,

< J.M. Holland and D.W. Jones, J. Chem. Soc. Perkin I, 927 (1973).

a) L.P. Hammett, "Physical Oraanic Chemistry", 2nd Ed., McGraw-Hill
Book Co., New York, 1970, p. 356. b) J.E. Lekffler and E. Grunwald,
"Rates and Equilibrium of Organic Réactions", Wiley, New York, N.Y.,
1963, pp. 178-182.

3

A. Bosch and R.K. Brown, Can. J. Chem., 42, 1718 (1964).




33.
34.
£35.
36.

Y -

38.

39.
40.

a1.
A2
43.
44.

45,
46 .

47.
48.

, o 99

E. Marechal and G. Chatntron, Bull. Soc. Chim. Fr., 1967, 987 (1967).

,;\,u. Ried and H. Bodem, C
H. Waldmann and P, Pits
'See ref. 14 for the con
L.R.C. Barclay, G.R. Ni
47, 4313 (1969).
H.C. Brown, J.D. Brady,
1897 (1957). -~
M.P. Cava and R.L. Shir
H. Van Bekkum, Th. J. N

B.M. Wepster, Rec. Trav

hem. Ber., 83, 708 (1956). s

chak, Ann., 527, 183 (1937).
version of o-xylylene to o-xylene.

xon, H.M. Foote, and S.L. Barélay, Can. J. Chem.,

M. Grayson, and W.H. Bonner, J. Org. Chem., 79,

ley, J. Am. Chem. Soc., 82, 654 (1960).

jeuwstad, J. Van Barneveld, P. Klapwijk, and

. Chim., 88, 1028 (1969).

a) H.E. Simmons and T.

Fukunaga, J. Am. Chem. Soc., 89, 5208 {1967);

t

b) R. Hoffmann, A. Imamura, and G.D. Zeiss, ibid., 89, 5215 (1967).

N
~

a) J.H. Weisburger,pE.K. Weisburger, and F.E. Ray, ibid., 72, 4253 (1950);

b) R.D. Cowell, G. Urry, and S.I. Weissman, J. Chem. Phys., 38, 2028 (1963).

H.ﬂ. Jaffe and M. Orchi
Spectroscopy™, John Wil
A. Streitwieser, Jr., "
John Wiley & Sons? Inc.
G.F. Woods and L.ﬁf\ﬁg?

n, "Theory and Applications of Ultraviolet

ey, New York, N.Y., 1964,-pp. 389-423.
Molecular Orbital Theory for Oraanic Chemists",
, N.Y., 1961, p. 105.

wartzman, J. Am. Chem. Soc., 71, 1396 (1949).

T.L. Gilchrist and R.C:\Storr,aﬂﬂrganic Reactions and Orbital Symmetry",

TN
Cambridge University’ﬁ}
F.J. Palensky and H.A.
R.P. Bell, "The Proton

Ithaca, N.Y., 1973.

/

ess, Cambridge, 1972.
Morrison, J. Am. Chem. Soc., 99, 3507 (1977).

in Chemistry", 2nd. Ed., Cornell Univ. Press,

e



49.
50.
51.

52.
53.

54.

55.

56.

57.
58.
59. .
60.
61.

62.

63.

64.

o 100
D.J. field, D.W. Jones, and G. Kneen, Chem. Commun., 754 (1975). ¢

W.R. Roth, Tet. Let., 1009 (1964).

S. McLean and P. Haynes, Tetrahednon, 21¢ 2329 (1965); Tet. Let.,
2385 (1964).

W.R. Roth and J. Konig, Justus Liebigs Ann. Chem., 699, 24 (1966).

S.W. Benson, "Foundations of Chemical Kinetics", McGraw-Hi11, New York,

N.Y., 1960.

a) £E.F. Kiefer and C.H. Tanna, J._Am. Chem. Soc., 91, 4478 (1969);
b) E.F. Kiefer and J.Y. Fukunaaa, Tet. Let., 993 (1969).

R.B. Woodward and R. Hoffmann, J. Am. Chem. Soc., 87, 395 (1965);

Acc. Chem. Res., 1, 17 (1968).

a) K. Fukui, ibid., 4, 57 (1971); b) H.E. Zimmerman, ibid., 4, 272

(1971); ¢) H.C. Longquet-Hiaains and E.W. Abrahamson, J. Am. Chem. Soc.,

87, 2045 (1965); d) L. Salem, Chem. Phys. Lett., 3, 99 (1969); e) M.J.S.

Dewar, Angew. Chem. Int. Ed. Engl., 10, 761 (1971).

J.A. Berson, Acc. Chem. Res., 5, 406 (1972).

J.E. Baldwin, A.H. Andrist, and R.K. Pinschmidt, ibid., 5, 402 (1972).
J.A. Berson and L. Salem, J. Am. Chem. Soc., 94, 8917 (1972).

R.C. Bingham and M.J.S. Dewar, ibid., 94, 9107 (1972).
S.W. Benson, "Thermochemical Kinetics", 2nd Ed., John Wiley, New York,

N.Y., 1975,

a) A.P. ter Borg and H. Kloosterziel, Rec. Trav. Chim., 82, 741 (1963);

ibid., 88, 266 (1969); b) R.W. Murray and M.L. Kaplan, J. Am. Chem. Soc.,

88, 3527 (1966).
M.R. Martinez, QCPE Program #244, Quantum Chemistry Program Exchange,
Indiaﬁa University.

M.S. Newman and N.C. Deno, J. Am. Chem. Soc., 73, 3644 (1951).




65.
66.

67.

68.
69.

70,
71.

L.L. Miller and R.F. Boyer, J. Am. Chem. Soc., 93, 646 (1971).

-—

a) R.C. Cookson, S.S.H. Gilani, and 1.D.R. Steyens, Tet. Let., 14,
™

615 (1962); b) B.T. Gillis and J.D. Hogalrtz, J. Ora. Chem., 32, 330
{(1967).

a) D.A. Skoog and D.M. West, "Fundamentals of Analytical Chemistry",
Holt, Rinehart and Winston, New York, N.Y., 1963; b) S.W. Benson and
H.E. O'Neal, "Kinetic Data on:Gas\Phase Unimolecular Reactions"”.
NSRDS-NBS 21, p. 8 (1970). | T

J.E. Horan and R.W, Schiessler, Org. Synth., 41, 53 (1961).

A. Tuinman, é. Iwasaki, K. Schaffner and 0. Jeger, Helv. Chim, Acta.

—

51, 1778 (1968).
C.W. Moore and J.F. Thorpe, J. Chem. Soc., 186 (1908).

E. Bergmann and A. Weizmann, Trans. Faraday Soc., 32, 1327 (1936).

101

*





