Western University

Scholarship@Western

Digitized Theses Digitized Special Collections

1987

Part I Total Synthesis Of (+,-)-hirsutene Part Ii
Photochemical And Photophysical Properties Of
N-benzoylindoles

Bimsara Wijesekara Disanayaka

Follow this and additional works at: https://irlib.uwo.ca/digitizedtheses

Recommended Citation
Disanayaka, Bimsara Wijesekara, "Part I Total Synthesis Of (+,-)-hirsutene Part Ii Photochemical And Photophysical Properties Of N-

benzoylindoles" (1987). Digitized Theses. 1593.
https://irlib.uwo.ca/digitizedtheses/1593

This Dissertation is brought to you for free and open access by the Digitized Special Collections at Scholarship@Western. It has been accepted for
inclusion in Digitized Theses by an authorized administrator of Scholarship@Western. For more information, please contact tadam@uwo.ca,

wlswadmin@uwo.ca.


https://ir.lib.uwo.ca?utm_source=ir.lib.uwo.ca%2Fdigitizedtheses%2F1593&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/digitizedtheses?utm_source=ir.lib.uwo.ca%2Fdigitizedtheses%2F1593&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/disc?utm_source=ir.lib.uwo.ca%2Fdigitizedtheses%2F1593&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/digitizedtheses?utm_source=ir.lib.uwo.ca%2Fdigitizedtheses%2F1593&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/digitizedtheses/1593?utm_source=ir.lib.uwo.ca%2Fdigitizedtheses%2F1593&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:tadam@uwo.ca,%20wlswadmin@uwo.ca
mailto:tadam@uwo.ca,%20wlswadmin@uwo.ca

-

National Library
of Cenada ou Canade

K1A ON4

CAI,ADIAN THESES

'\

NOTICE™ -

. The qualityof this dependent upon the

Quaiity of the original thesis for microfiming. Every

effort has been made 10 quality of reproduc-
ﬂoqpocdbla.

If pages are missing, contact the university which,granted the

,Wﬁ

mmwmwmwnmm
mmqmdwm-poawmbmornmm
sity sent us an inferior photocopy.

tests, etc.) are not fiimed.

Repromguonhulo:hpmotmsﬂNanov«mdbym
CU'sdmCOWWACLRS.C 1970, c. osb

‘0_.

. . THIS DISSERTATION
+  HAS BEEN MICROFILMED.
,  EXACTLY AS RECEIVED

8L -339 (¢ 53/08) '

Bibiothéque nationale

assurer une qualité supérieure de

THESES CANADIENNES

N\

AVIS
La quaiité de cette microfiche dépend g de la qualité
de la thdee soumise au microfimage. mmfaﬂpoyf

S‘nmmquodospeocs Mﬂezcammiqueraveciumvef
sité qui & conféré le grade. .

La qusiité. dimpression de certaines pages peut laisser &

Oéeirer, surtout 8i les pages originales ont été dactylographiées -
+ & laide d'un ruben usé ou si F'université nous a fait parvenir | ..

- une photocople de qualité inférieure.
ﬁwmwpwwmmwmmm .

mmumwrmdwmdm(m
de revue, examens publiés, etc.) ne sont pas microfimés.

fa gpproduction, méme partielie, de ce microfilm est soumise

4 ia Lol canadienne sur e drolt "auteur, SRC 1970, ¢. C-30

+ @

LA THESE A ETE
MICROFILMEE TELLE QUE
NOUS L'AVONS REGUE

. '-( f:an' a(ﬁ‘\ .

\.}

.
.. o e o -
\




3

!

| | :

} | PART 1
i

y TOTAL SYNTHESIS OF (%)-HIRSUTENE .

' P 11

.-
s el w e

PHOTOCHEMICAL AND PHOTOPHYSICAL PROPBRTIBS OF
’ N-BENZOYLINDOLES

by
mesara W. Disanayaka

Department of Chémxstry ) :
Submisted 1n partial fulfillment

of the requirepents for the degree of
'\ . Doctor of Philosophy

Paculty of Graduate Studies

. . Londen, Canada
’ S

February 1987
L

s Coo © Bimsara W. Disanayaka 1987

" .

el
-

"~ ¢he University of Western Ontario : h

PP




R
~

Permission has been granted
to the National Library of
Canada to microfilm this
thesis and to lend or sell
copies of the film.

The author (copyright owner)
has reserved other
publication rights, and
neither the thesis nor

extensive extracts from it

may be printed or otherwvise
reproduced without his/her
written permission.

L'autorisation a &té accordée
4 la Bibliothdgue nationale
du Canada de microfilmer
cette thése et de préter ou
de vendre des exemplaires du.
film. '

L'auteur (titulaire du droit
d'auteur) se réserve les
autres droits de publication;
ni 14 thése ni de 1longs
extraits de celle-ci ne
doivent @&tre imprimés ou
autrement reproduits sans son "
autorisation écrite.

ISBN #-315-36061-5

A




— e e

o & -

o ABSTRACT
PART ONE

The synthesis of polycyclic compounds ueually
requires Qerious synthetic approaches to construct the
required carbon skeletons. Thts thesis describes 3
sequence which leads to the preparation of the
tricylo{6.3.0.03-‘]undecane skeleton found in a number of
p%yaioiogicaihfungal metabolites. The key steps in this
eequence are\photochenical cycloadditien of the enol of
5.5—dimethyl;yclohexane—1.3-dione to a cyclopentene,
followed by intramolecular reductive coupling of the dione
with a low valence titanium compound. A formal synthes.is
of the fungal metabolite hirsutene is described using this
procedure. The route involves the photochemical (2 + 2}
cycloaddition of 5.S-dimethylcyclohexane-l.3—dione to.
Z—methyl -2-cyclopentenol, followed by the treatment of the

silylated photoadducts with a low valence titanium reagent

resulting in intramolecular reductive coupling Lo give the.

hirsutene carbon skeleton with the desired regiochemistry.
Desilylation with fluoride ion, followed by sequential
catalytic hydrogenation and Jones' oxidation completed the
formal eynthesis by yielding the norketone, ohbtained by

ozonolysis of hdrsutene ] -
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This part of the thesais Gescrzpeﬁ the?stééxes
performed td detefnxne the  nature, and the reactive species
in the photoannelation reactiocn of N—bonzoylxﬁdolo with
;yclopontone which was foqu to proceed via a triplet g

state. The existence of a solvent polarity dependent

. charge-transfer triplet excited state, in addition to a

solvent polarity independent triplet state, was proposed to

rationalize the rate consﬁant values obtained for

N-benzoylindole from a combination of dilution, quenching

»

and triplet counting experiments. : . -

’

) Tﬁo fluorescence éroporti;s of various N-carbonyl
substitued indoles 142a and 156-162 were examined. The
N-benzoylindole derivatives -142a and 158-160 were shown to
fluoresce weakly at anomalously long wavelgngthg and wér;r -
dopcndogz on the polarity of the soivont used. [t was
concluded that the initially formed singlet excited state
is non-emissive and can xdlax to-an-iétramolocular

charge-transfer state which is weakly tluoréaceng. The

LIL P LUV VSRSV | A R

solvent ipduced shifts in the wavelength of the
- - .
fluorescence emission correlate well with Lippert equation.

A peor correlation with the empiricallég(30) solvent

polarity parameter was pbserved.
. . P ,‘ ‘ P
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INTRODUCT ION

1.1 INTRODUCTION

Sesquiterpenoids are defined as the group of C,
compounds derived by the assembly of three i1soprenoid units
and they are found in many forms of living systems of which
highor.piants ar; the praincipal momber.‘ The historical
background to sesquiterpencids can be traced back to the
early nineteenth century, but the foundation stone of
terpencid chemistry in general was laid by Ruzicka w;th the
proposal of the Biogenetic lsoprene Rule.. There has been a
considerable amount of work done in the field of _ )
sesquiterpenoids during the past 25 years and undoubtedly
one of the major highlights has been the development of

outstanding syntheses.

. i mpita s -

In dealing with the difficult problems of skeletal .
construction and stereochemical control associated with
some of these syntheses, new methcds have been used which
have equipped the synthetic organic chemist with a new
array of armaments tqr'tuture use. Hirsutene, shown in
Scheme 1, possesses a tricyclo(6.3.0.02+%]Jundecane carbon
skeleton with cis-anti-cis stereochemistry, and is a

sesquiterpene which is derived from humulene.

o]
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N
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The biogenesis of the humulene-derived
sesquiterpencids comprises ll different skeleton types
which are shown in Scheme 1. Humulene, which arises by
cyclizaﬂion of farnesyl pyrophosphate, can be further
cyclized to:the hirsutane skelston (path a) or to the
protoilludane skeleton (path b). Rearrangement of a
protoilludane cation may give rise to the illudane skeleton
(plth'd), the sterpurane skeleton (paths e,f or d,g) or the
marasmane skeleton (path h). Bond cleavage of a suitable
protoilludane intermediate leads to the formannosane
skeleton (path b,c) or to the illudalane skeleton (paths 1
or d,j), whereas further bond cleavage of an 1lludalane
gives the secoilludalane skeleton (path k). Rearrangement
of a marasmane leads Eo the lactarane skeleton (path 1), '
while rearrangement of a sterpurane gi§es rise to an
isolactarane skeleton (path m). Bond cleavage of a
lactarane (path n) gives the secolactaranes. The results
ot sovoral'biosynthetic investigations are consistent with

this general scheme.l

?-_-‘

1.2  STROCTURAL ELUCIDATION OF HMGEITENE
Foe
In 1947, Heatley2 report a2t a fungus, first
encountered as a chance contamin A an agar plate and

identified as stereum hirsutum, -produced a number of acidic
metabolites, some of which had antibiotic properties. In
1965 Scott et al32-C re-examined thlt? products and by a

004

3
!
!



‘f; 0032
combination of x-ray and chemical studies established the
structure of the major metabolite, hi;sutic acid.

Ir and nmr analysis of hirsutic acid (C,gH;90,) (1)
showed the presence of CH-OH, C=CH,;, —COOH and 2CH,
groups. Oxidation of methyl hirsutate (2) with manganese /

dioxide in chloroform afforded an a,S8-unsaturated ketone
which proved to be an exo-methylene gyclopentanone.
Reduction of methyl hirsutate by litﬁIﬁm aluminum hydride
gave a triol in which two hydrogen atoms had been added, in
addition tb those required for reduction of the ester
function. Acetylation of the triol formed a diacetate.
From this information it was concluded that the fourth
oxygen of hiksutic acid was present as an epoxide which was

reduced to yield a tertiary alcohol.

v

(1) R =0OH, R? =R =H

(2) Rl = OH, R2 = H, RI = CH3
(3) R! = OH, R? = H, R3 = pBrCgH,COCH,
(11) R! , R? = O, R? = H '
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The complete structure of hirsutic acid (1) was QQCs
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established by x-ray Q§ttractxon studies of 1ts
p-bromophenacyl qste}ﬁ(S)t3°

Japanese nushré;ﬁs, Coriolus consors, produce the
sesquiterpenes coriolin (4),%r5 ;oriolin B (5) and
coriolin C (6). These sesquiterpenes possess a

nirsutan;-typo carbon skeleton and exhibit antibiotic and —

antitumor activity. The stfhcturos of these compounds were

Tt e e e peans oo e

assigned based upon the results of chemical degradation,
spectroscopic analysis and biogenetic coesidorat;ons. The
absolute configuration of coriolin (4) was determined by
x~ray analysis of its hexahydro-p—-bromobenzoate

derivative (7).

4 R! , RZ2 - O, R} = H
5 R_l - OH' RZ = H, RJ = COC1H15

6 R!', R2 = O, R? = COCHOHC¢H,,
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In 1976 Nozoe et alfP isolatad hirsutene (8) from the °

extract- of Coriolus consors. ersdtone has been proposed
as a biogenetic prﬁfursor of coriolin.(4),7 and the
presence ofrhdmulene and caryophyllene in trace amounts in
the hirsutene coﬁtainxng extracts of C. consors further
supports the hypothesis that the hirsutane-type .
se;;uiterpenes arise .via a farnesyl precursor.’'8
Matsumoto et al%-10 have described the 1nvolvement
?t a sequence of tearrangeﬁents.dopictaﬁ in Scheme 2 1n the
transformation of A7-protailludene (9) ané.7-k;t0413—
norprotoil}udane (1Q) into compounds possessing the
hirsytene (8) skeleton. This préééhs involved a t}iple

skeletal rearrangement (Scheme 2) as the key step. -

»

1.3 BIOé!NTH!SIS or HIRSUTE?E

Barly.wovk on the biosynthesis of the hirsutene
s&squiictpfrgq was htnde{oh by the inability of aubiequent
workers to isolate hirsutic a;id from cultures of
S. hlrsutuy'uaing the “procedure originally reported by
Héatléy et al2 in 1947. However, the isolation of
hlrsqt;nei from Stereum complicatumll and C. consorsl2
removed this obstacle. In 1967 scoft et all3d put forward a ~
sgh;;o (Scheme 3) for the biogenesis of hirsutic acid (1)
through a roarrangenént of a farﬁosy@ precursor via

humulene and hi:;uteno (d).
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The te.r;:enoid nature of these motabolites was
demonstrated by the incorporation of {2-14C]-mevalonic acid
into ['4c]-hirsutic acid.' In 1974 Mellows et alﬁh\
forward exgerimntal evidence Fo support the t.:heory of
enzymic construction of the hirsutene skolet’ion from' .
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farnesyl pyrophosphate. He used !3C labelling pafterns of
hirsutic acid’ and complicatic gcxdll as evidence for the
biosynthetic pathway. In this stuéy sodium [1-13C]-acetate
and sodium [2-!3C)-acetate were fed 1n parallel to cultures
of S. complicatum. The proton docouplod 13C nmr of the
compduads 1solatéd from the cultures exhibited the
labelling pattern as shown in Scheme 4.

The results show consxsteniy with a mechanism
xnvoiv;ng an i1nitial formation of a humulene-type precursor
(12) from tarnésyl pyrophosphate and proceeding through the
carbonium ion intermodxate (14). Several routes for the

formation of (14) from (12) satisfy the labelling pattern-

T

in harsutic acaid (1l); pathway (a) involves. an abridged form .

of route (b) as suggested by Sc;tt et al,13 and
(c) involves intermediacy of the protoilludane precursor
(19) which was shown to be involved in the b;osynthesxs of
the 1lludinsl5 and marasmic aéid.15 Y, |

In another study doubly-labelled [1,2-13C]-acetatel’
"was used to establish thd® biosynthetxc‘pathway to the
hirsutane skeleton. The 13g nmr spectrum of coriolins
obtained from*{1l,2-'3C]~acetate fed C. consors showed the
presence of ;ix intact acetate units in the hirsutane

carbon skeleton (Scheme 5).

From humulene to the tricyclic coriolin metabolites
three cyclization routes are possible. Each involves the

initial protonation of humulene at C-10 followed by
’

. formation of the C-2~-C-9 and C-3-C-7 bonds.
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The resulting C-3 cationic species could then react
further by one of these pathways to give, affer a series of
Wagner -Meerweir shifts, the coriolin ring system. The only
route with [1,2-13C)}-acetate as a substrate that retains
the s1x intact acetate units 1s path a (Scheme 5), which

clearly established the hiosynthetic pathway for coriolin.

1.4 SYNTHESIS OF HIRSUTENE

Since the discovery of the linearly fused
tricyclopentanoid carbon skeleton of hirsutanes by
Scott et al3a-C {n 1965, synthetic chemists around the
world have shown a keen interest in synthesizing hirsutanes
and their efforts have resulted in development of a wide
variety of interesting new synthetic methods.

One of the key problems in the synthesis of
hirsutene 18 the creation of the tricyclopentanoid carbon
skeleton with the correct stereochemistry. Several
successful methods which involve different approaches have
been reported. Nozoe et alb used the Cope rearrangement
(Schemes 6) of the bicyclooctane derivative (18) to give
(19); selective cleavage of the terminal olefin of (19)
yi1elded (20), and subsequent cyclization of the acid
chloride derivative of (20) gave the chloroketone (21) with
the dgtired carbon skeleton and'storcochemistry. Reductive
removal of chlorine and Wittig methylenation then provided
hirsutene (8). Lansbury et all8.19 have reported two
synthetic approaches leading to hirsutic acid (1) using the

13

[y
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Clai1sen rearrangement as a key step. Both syntheses lead
to a nown degradation product of hirsutic acid and involve
alkylation of a suitably functionalized bicyclic octanone,
Clai1sen rearrangement, hydrolysis and aldol cyclizagion

(e.8. Scheme 7).

SCHEME 7

Stqthers et al20a,b ysed a S-enclate rearf&ngement
as the ;;y step to generate the ring system and the desired
stereochemistry of hirsutene. A major feature of this
synthesis is that the stereochemistry at three of the four

chiral centers is established essentially at the outset of

the sequence and the constraints are such that the

0158
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S-enolate rearrangement specifically generates the correct
configuration at the fourth center exclusively (Scheme 8).
The ring expansion of the siarting material,
dicyclopentadiene (22), wis achieved by ketonization of the
cyclopropoxide derived from (23) and this was followed by
the skeletal rearrangement of (25) through a g-enolate to
yield (26), which was eventually converted to (27), an
intermediate in a published synthesis of hirsutene.2l3-c
Hudlicky et a1223,b have described an intermolecular
cyclopropanation rearrangement sequence of dienic diazo
ketones which provides facile access to bicyclo(3.3.0]1-
octanes, and this has been applied to the synthesis of
hirsutene (Scheme 9).

The cyclopropane (30) was generated as a single
stereoisomer by refluxing a dilute solution of (29) in
benzene containing 10 mol % of Ca(acac);. Pyrolysis of
(30) by flash evaporation of the sample through a properly
conditioned Vycor tube at reduced pressure gave (31b). '
This rearrangement was found to be sensitive to slight
variat}ons in pyrolytic conditions which could alter the
ratio of diasiereoisomers (31a) and (31ib). Enhanced
stereoselectivity was observed using (C3H,)3;Rh(acac); this
catalyzed the bond reorganization of (30) to the
cis-anti-cis fused epimer (31a) preferentially, which
suggests an intermediate of type (33) is involved and

determines final stereochemical outcome.

I T
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Photochemistry is another discipline organic
chemists have applied to obtain carbon skeletons and
stereochemistries which are not easily accessible by ground
state organic synthetic methods. Tatsuta et al23a.b have
reported a stereocontrolled synthesis of hirsutene and
coriolin which provides a new entry to éhe cls-anti-cis-
tricyclo{6.3.0.03+%jundecane series. The key step in this
approach is a skeletal rearrangement of a tricyclic 6-4-5

fused ring to a cis-anti-cis-tricyclic 5-5-5 fused ring

(Scheme 10).
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Photochemical cycloaddition of ﬁhe ethylene ketal of
4-acetoxy-6,6-dimethyl-2~cyclohexanone with
2-methylcyclopentane—-1,3-dione enol acetate (Scheme 11)
gave the starting tricyclic compound (34): This was shown
to be a head-to-hedd adduct of cis,trans stereochemistry
which was determined by x-ray crystallographic analysis of
the p-bromobenzoate of the corresponding alcohol (35).
Heating compound (36) with potassium carbonate in aqueous
acetone resulted in the skeleﬁel rearrangement to give
(37), which had the desired cis-anti-cis stereochemistry
confirmed by x-ray analysis. Th? synthesis of hirsutene
was compléted by functional groub modification of (37) to
form norketone (38) which had previously ﬂzen transformed
to hirsutene.$

Wender et al24a,b have utilized arene-olefin
photochemical cycloaddition to provide a facile entry into
the linear tricyclopentanoid skeleton (Scheme 12).

L4
Photolysis of (39a) gave, after deacetylation of the crude

Ve
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mixture, four ideniifiable cyeloadducia (40a-d) resulting

from "meta® cycloaddition of the alkene to the benzene ) 'f;
ring. Photolysis of the unprotected alcohol prec;reor’
:(39b) gave identitied.products but in somewhat reduced
‘yield.< The next step in'ﬁhi;-eyntheaxe is cxcloﬁropane
. cleavage which cou‘p»be induced by development of electron
'deficieAzy at 'c-2 or c-9 (see 40a). Oée might al;B‘e;pect
anync‘ stabikization in:olving the olefin at C-8,C-9 to
provide a bias towarda the desired cleavage of bond av
which indeed was the case. Thus acid cetalyZed dehydraggon
and: rearrangement of (40a) gave (41) Suitable
manipulation of (41)‘q.mp1eted the synthea;s of hirsutene.
‘Mehta et 125a b have propoeed a general protocol
for the synthesis of lineer tr;quina.p natural products.- )
The key element in ghiz approach was a stepwise -
(photothermalj metathesis of Diels-Alder adducts deriyed
from l,é-cyclopenteﬁiene and a p-benzoqdinone (Sc¢heme £3).
This mé;hodolbgf’was applied to ihe total symthesis of:
ﬁirsutene, capnellene and coriolin. Diels—Alder reaction
of cyclopentadiene and 2,5-dimethyl-p-benzoquindne gives
(42) in high yields, which acquires the cis-syn-cis-
tricyclopentanoid frame (44) by employing light and heat as
the reagents. Thermal equilibretiop of (44) by refluxing
' in benzylbeneeate gives the required cis-anti-cis system
(46); catalytic hydrogenation followed by regioselective )
1alﬁyiaéibn furnished (47) which was eventually converted to

hirsutene.

-
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Little et al2l3-C employed a regiospecific and

highly stereoselective intramolecular diyl trapping

reaction to construct the required linearly fused
tricyclopentanoid ring system of hirsutene. In this

process two new carbon-carbon bonds are formed with

‘ creation of two five-membered rings, and the

stereoselective géneration of four asymmetric centers with
proper relative stereochemistry for further elaboration to

hirsutene (Scheme 14).
1]

R H \\T(/ -
- Ra CHL(CH)CHCH=CHCQCH,

q;, R=CQCHCCL

- SCHEME 14
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The bicyclic azo compound (49) was prepared by a

Diels-Alder addition aof a fulvene and bis- -
trichderocethylazodicarboxylate, followed by selective
hydrogenation to give the bicyclic bis-carbamate (48).
Electrochemical transformation of (48) gives the bicyclo
azo compound (49), and thermolysis gives the
trxc}clopentanoid ring-containing system (50), which 1is

then converted to hirsutene by a series of steps.
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Greene?® has reported a three carbon annulation
procedure which has been applied to the synthesi1s of’
hirsutene (Scheme 15). Bicyclochloroketone fSl) was
prepared by thermal (2+2) cycloaddition of
dimethylcyclopentene with methylchloroketene followed by
ring expansion with diazomethane. Compound (51) was then
r?&uced to chlorohydrin followed by transformation to an
olefin (52) utilizing chromous perchlorate. The third ring
was stereo~ and r.egipselectively; joined to (52) using
dichloroketene to pr&éugé;f‘dicﬁloroéyclobutanone;
Sequential treatment with aiazomethane. sodium borohydride
and chromous perchlorate égve.the vinyl chloride (54).
Acid hydrolysis gave the known ketone (38) which has
previously been Eyansformed to hirsutene.é Punk et al2’a
used astrategy to synthesize hirsutene® in which two
substituted cyclopentanes were joined together to create
the central five-membered ring and thus complete the-
triquinane skeleton (A + C — AC — ABC) (Scheme 16).

The correct stereochemistry of the hirsutene
skeleton is obtained by an intramolecular nitrone-olefin
cycloaddition which gives exclusively thq‘ghti 1somer . The
nitrone precursor (55) was prepared by inverse addition of
a mixture of 4,4-dimethyl-2-methylenecyclopentanone and
TiCl; to 3-trimethylsilyl-2-methylcyclopentene in CH,Cl,
(Scheme 17). Treatment of (55) with MeNHOH and sodium
elhéxfde gave (56) via cycloaddition of the intermediate

’

nitrone.

026
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Methylation, hydrogenation and oxidation to the
corresponding amine oxide of (57) followed by Cope
,elimination yielded (58) as the only product. The
syﬁthesis was concluded by oxidation of alcohol (58)
followed by stereospecific hydrogenation to furnish the
ketone (38), a known precursor to hirsutene.6

Although several total syntheses*of (t)-hirsutene
have been reported, the absolute éonfiguration of
(#)-hirsutene remained unknown, until Hua et al2’b-reported
the uynLhcuis of (+)-hirsutene. This was achieved by a
route involving a chiral sulfinylallyl anion and a facile
ring closure of enol thioether and enol acetate moieties
(Séheme 18). Treatment of (+)-(R)—allyl-p—tolfl sulfoxide

(59) with LDA at -78°C followed by 2-methyl-cyclopentenone
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6: RxS-Tot,RsH, KR = 0
62:RoH,RESTol, R0
63:R=S-Tol,R2H, REOH e H

~ SCHEME 18
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HMPA provided the 1,4-adduct (60). The absolute
configuration and optical purity of (60) was determined by
tranforming 1t into bicyclo[3.3.0]octancl (63), where a
1%fF nmr method was applied. The diastereocisomers (61) and
(62) were then.gbtained from (-)-(S)-allyl-p—tolylaulfoxxde
(59) and were transformed to the enone (64) by oxidatien
and desulﬁ:rylation followed by allylic oxidation.
l,4-adﬂxt;on of cuprats (66) to (H4) gavo\the ketone (65).
Deoxygenation of (65) to the corresponding tricycloundecane
followed by deprotection yielded the norketone (38), a
Kknown precursor of hirsutene.® P

Ley et al28 have reported a short synthesis of
(t)-harsutene utilizing an organoselenium mediated
cyclization reaction as thq;%iy synthetic iﬁep. Addition
of' unsaturated bromide (67) via its cuprate to methyl
2-oxocyclopsntanecarboxylate gave (68) (Scheme 19) which
was smoothly cyclized to a readily separable mixture of syn
(69) and anti (70) stereoisomers using
N-phenylselenophthalimide and SnCl,. Reduction of (70)
follow;d by protection of the ketone as its enolate and
reduction gave (71). FPinal elaboration of (71) to the
known ketone (35) was performed by conversion of the
primary hydroxy-group to the cérrospondxng phenylselenide
followed by reduction. ¢

Curran et Alég reporfed total synthesis of

(£)-hirsutene via a tandem radical cyclization (Scheme 2§).
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SCHEME 19

The vinyl lactone (73) was easily prepared from acetylated
Z-methylcyclopentggol (72). Subsequent SN2’ addition to
the vinyl lactone (73) gave the acid product (74) which was
reduced to the corresponding diol and converted to the
diiodide (75). Since both hexenyl radical cyclizations

(Scheme 20) must proceed in a cis fashion, the Sy2'-ant1:
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opening of (73) ogfectxvely ensures the cis-anti-cis
stereochemistry present 1n hirsutene. Treatment of (75)
with tri-n-butyltinhydride gave hirsutene as the single
major non-tin containing product. .

Magnus et al30a.b nave synthesized'ﬁi{;ﬁéene using
organosilicon-mediated reactions as the key steps.
l-(trimethylsilyl)-1l-(phenylthio)ethylene results in a
regiospecific electrophilic substitution 1n the presence of
silver tetrafluoroborate to give the bicyclic enone (76)
(Scheme 21). The incorporation;bt;the required four-carbon
unit to make (78) was achieved by the reactioh of (77) with
the cuprate derivative of
l-tert-butyldimethylsilyl-3-bromo - 3-butene. Treatment of
the p-toluenesulfonate ester of (78) with
lithiohexamethyldisilazane giv&-the tricyclic ketone (79)

which was then converted to hirsutene.
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CHAPTER 2

MODEL STUDIES LEADING TO THE TOTAL SYNTHESIS OF
' (+)-HIRSUTENE

2.1 PROPOSED SYNTHETIC ROUTE
The different synthetic approaches directed towards
the total synthesis of (+)-hirustene which have appeared :in

the literature were discussed in Chapter 1. The main

. Ay

objoctivekéf the work doscribeé here was to develop a short
ster?ospeci!ic and regiosﬁecitic synthetic route leading to
(t)-ﬁirsutono.

The proposed route to the tricyclo(6.3.0.032,6]-
undecane skeleton utilized photochemical cxploadlelon of
2-methyl-2-cyclopentenol to an enolized

cyclohexane-1l,3~-dione (the de Mayo Reaction) followed by

[ Q-

intramolecular reductive cgupling of the diketone
photoproduct with a low valence éitanium‘spccidﬁ‘(McMutry's
. reagent), as shown in Scheme 22. "The first key step in the
reaction pathway proposed for the total synthesis of
hirsutene tis photochemical cfcloaddition. Subseunnt to .

the first report of the photochemical cycloiddition of an

AR L e T ] g PN IS - Sy
*

enolized 1,3-diketone to\an alkene32/ (Scheme 23), numerous

examples have appeared in the literature of the use of such

reactions in synthesis.32a-c
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\ In this reaction an excited a,B—unsathrated ketone
\>%n668 with a ground state alkene to form a cyclobutane
ring, which collapses under the reaction conditions to a
1,5-dione via a retro-aldol process. The reactive excited
states involved 1n the cycloaddition of cyclic enones are
triplets33 with very short lifetimes.34 The lifetimes are
short because the excited state can relax to the ground
state by twisting around the carbon-carbon double bond of
the enone. In the case of acyclic enones this twisting
mode of decay is not constrained Sy the presenceg of a ring
and the excited state lifetimes become sufficiently shdrt
tﬁat no intermggecular photochemical cycloaddition occurs.

In the case of acyclic enolized 1,3-diketones <:Ch as
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acetylacetone it 1s believed that intramolecular

hydrogen-~bonding prevengf rotation around the carbon-carbon
double bond and lengthens the lifetime so that
photochemical cycloaddition could occur. The cis-trans
isomerization of cyclic a,f-unsaturas#ed ketones 1s
apparently‘;;t an effective ?ath for deactivation of the
excited state, whereas excy{ed acyclic a,8-unsaturated
ketones are deactivated by cis-trans isomerization with a
near unity quantum yield.3$

Cyclic a,8-unsaturated ketones exhibit two
electronic transitions in the ultra-;iolet region, a weak
band at 325 nm region, “assigned to an n — #" transition
and intense band at 225 nm assigned to a 7 — 7°
trankition. It is the excitation of the n#" band which is
most frequently used in synthetic p@otochemistry.
Following excitation, the ketone can decay via several
reaction pathways: -(a) 2+2 cycloaddition ejither at the
carbonyl group or at the double bdnd to yield 1:1 adducts;
(b) reaction with solvent molecules; (c;'akeletal
rearrangement to an isomer; (d) cleavage of the molecule.

The use of inert solvents and dilute solutions
combined with the slow quantum efficiency of skeletal
iearrangement of cyclic enones leave (a) a8 the major mode
of decay of excited state. A generalized mechanistic
scheme for a,d-unsaturated keéone cycloaddition to alkenes

has been proposed by de Mayo34 and is presented below
(Scheme 24) where X, O and BIR are the enone, olefin and
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biradical, respectively. There are different fates

proposed for the triplet excited enone mo}ecule: (a) decay -
back to the starting material (including cis-trans
isomerization) represented by kq°®; (b) self-quenching by
enone molecﬁles poss{bly leading to dimer formation;
(c) excited complexes (exciplex) formation with alkenes.
The exciplex intermediate (3KO) can decay back to
the ground state components or to a triplet biradical
intermediate (BIR), which then undergoes spin inversion and
bonding to give the cyclobutane products or the dtarting
encne and olefin. The eno&ized form of dimedone undergoes
photbchemical nr® excitalion at a wavelenglh of 254 nm in/
ethanol. The resulting singlet excited state is then
assun;a to undergo intersystem crossing to yield the
triplet exciteq state. The photochemical cycloaddition 1s
thought to proceed from the triplet via a diradical

intermediate such as ¢t to yield the cyclobutane adduct m as
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intermediate such as L to yield the cyclobutane adduct n.:s
shown 1n Scheme 22. V-
In the photochemical cycléaddxtxon of an unsaturated
ketone to an unsymmetrical olefin two types of adducts may
be obtained; the head-to-head or the head-to-ta:l
product.36 In the head-to-tail adduct the polar
substituent originally present on the alkene 1s sxtua;ed on
the newly formed cyclobutane ring diagonally opposite to
the carbonyl function of the enone, whereas 1in the
head-to-hsad adduct 1t 18 adjacent to the carbonyl
!hnctxon- In the proposed synthesis of hirsutene two
regilolsomer ic sets of photoadducts’are possible; (A) having

the head-to-head configuration and (B) having the

head-to-tail configuration.

OH 0

OH OH
(A) (B)

OH

[t 18 the head-to-tail adduct (B) which is required for the
synthesis of hirsutene. it was reported by de Mayo37a,b

that the ratio of the regioisomer.c adducts formed in enone

cycloaddition was solvent dependent.

40
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(c) (D)

In a system analogous to that proposed i1n Scheme 24 for the
synthesis of hirsutene, the enol acetate of
2-methylcyclopentan-1,3-dione was photochemically added to
the ethylene ketal of cyclohexanone to.nge both the’
head-to-tail adduct (C) and the head-to-head adduct (D).

de Mayo's studies showed that irradiation 1in hydfocarbon
solvents gave isomer (D) almost exclusively. Irradiation
in polar solvents such as meghanél or acetonitrile yielded

approximately equal amounts of both isomers (C) and (D).

-
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The explanapion for the observed orientation
involves the 1dea originally proposed by Corey et a£33 that
the preferred orientation of an iptermediate complex in the
reaction 1s that in which oppositely polarized ends of the
;eactxng double bonds are closest together. Thus
considering only the dipoles of the two interactxgg species
the head-to-head aéduct should predominate, as seen with
hydrocarbon solvents. By changing the solvent to ones of
increasing dielectric constant the solvént can exert an
insulating effect on the dipole interactions so that both
adducts are obtained. Based upon these arguments the
solvent to be used in the hirsutene synthesis should be one
9! high dielectric constant i1n order to obtain the required
head-to-tail adduct i1n maximum yield, and 1t 1s to be
expected that it will most probably require separation from
the undesired head-to—-head adduct.

The three rings of hirsutene have a cis-anti-cis
steresochemistry. Cyclopentene yields phogoadducts in which
the ring junction is always cis,35 and thus the
stersochemistry of one of the ring junctions of hirsutene
is determined 1n this step. The initially formed
cyclobutane adduct obtained from the S-diketone and the
olefin spontansously rearranges by a retro-aldol opeéning of
the cyclobutane ring to give the 1,5-diketone,32a.37a

conserving the cis fused ring junction, as will be

discussed below.
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Reductive coupling of the l,5-diketone can be
brought about in a number of ways. The method proposed in
this scheme i1nvolves coupling via "McMurry's
reagent”.39a,b, 40

In 1974 McMurry et al3%a.b.40 reported a reductive
dimerization of an a,S-unsaturated ketone (80) in the
presence of TiCl,;/Li1AlH, {Scheme 25), which he discovered
unexpectedly while trying to transform (80) to éhe '
corraspondxqg’AIXEﬁe without the migration of the double

bond.

TiC /LiA|H4.

13

SCHEME 25

In the approach Eowarda the’;g;Q} synthésxs of
(¢)-hirsutene described here, the intramolecular couplaing
of a 1,S-dik9tone plays a crucaial role, and it was hoped to
achieve the transformation using McMurry's reagent
(TiCl,/K).

Active titanium metal, produced in a finely divided
form by reduction of TiCl, with eithcr potassium-or LAH

reductively couples ketones and aldehydes to olefins. This

043



) ‘ 044
type of coupling occurs i1ntermolecularly as well as

intramolecularly. The intermolecular coupling works best

when two 1dent :cal carbonyls are coupled to a symmetrical

oy
.

product, but selective unsymmetrical coupling can alsoc be
carried out 1in certain cises. The nature of the active
titanium metal has beeén studied by scanning electronic
n;croscopy, and it 1s Qelxeveé that the coupling reaction
occurs on the syrface of the active titanium particle.
These types of coupling reactions have also been observed
with systems such as TiCl,/zn4l and Ticl,/Mg.42

The overall coupling reaction takes place in two

steps: aﬁ initial carbon-carbon bond forming step, which
15 followed by a deoxygenation step. The carbon-carbon
bond forming step is simply a pinacol reaction.43 The
titanium reagent donates one slectron to the ketone to
generate a ketyl radical anion, which dimerizes, yielding

the intermediate pinacol following protonation (Scheme 26).
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Pinacols have -been isolated from titanium-induced 043
couplings 1f the réactions are carried out below room
temperature and are quenched after a sufficiently brief
period of time that deoxygenation has not yet occyrred.
Treatmoﬁt of pinacols with the titanium reagent yields the
deoxygenation products which confirm this. However the
deoxygenation process is not concerted; mixtures of
3eoa;trical igsomers are produced starting from
stereochemically pure 1,2-diols, although some of the
steresochemistry is preserved. Hence the second step can be

postulated as given below (Scheme 27), which i1nvolves

coordination of the diol of the surface of a heterogeneous

]
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Ti(0)
HO OH ol- . OI
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SCHEME 27

Cleavage of the two carbon-oxygen bonds then occurs
stopwigo, yielding the olefin and an oxidejcoatod titanium
surface.

The intramolecular coupling of the diketone (n) was

sxpected to proceed via the cis diol intermediate (o) \S

-
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(Scheme 24) to yield the olefin (p). Photochemically
produced 1,5-diketones have been shown to undergo reductive
coupling photochemically31,32a-c,37a to yjeld a diol such
as intermediate (o), but the syntﬁetic efficiency of the
reaction has not been exﬁmined. Vicinal diols may be
converted to olefins by a number of methods of reduction.%4
The olefin (126) has been reported in the
literature, and is ciaimed to be readily hydrogenated by
hydrogen gas and platinum oxide from @he more hindered
side.2238 The olefin (p) has a hydroxyl group on the more
hindered side of the molecule, hence we'could also gxpect
the hydroxyl group to hold the platinum surface on the more
hindered side resulting in "cis® hydrogenation from that
side. .Therefore the reduction of the olefin (p) with
hydrogen gas and platinum oxide yields the cis-anti-cis-
tricyclo(6.3.0.02r6)jundecane carbon skeleton of the

hirsutene faﬁily.

2.2 MODEL STUDY WITH THE USE OF CYCLOPENTENE AS THE
ALKENE .

The viability of the proposed route to obtain the
triéyclic undecane skeleton through/ﬁy intramolecﬁlar
1,5-diketone coupling was initially examined by
Weedon et al.45 Irradiation of a 1% methanolic solution of
5,5-dimethylcyclohexane-1,3-dione (dimedone) and - -
cyclopentene using uv light of wavelength 254 nm resulted

in complete conversion of the diketone to a mixtur,! of two

)




products, the cyclooctanedione (82) (S0%) and the
cylohexanedione (83) (10%) (Scheme 28).

The separation of the two compounds was achieved by
removal of the salvent under reducod pressure tgllowod by
the extraction of (83) into aqueous base. The compound
(83) was characterized as its enol acetate. The removal of

(83) with base resulted 1n partial epimerization of (82) to

(86).

The cyclooctadione (82) was 1solited as a white
crystalline solad (m.ﬁf 114-115°C). The structure was
assigned from the 'H nmr, !3C nmr, ir and mass spectra and
by analogy with the products of photocaddition between
dimedone and cyclohexene and between cyclopentene and
cyclohexane-1,3-dione.32b,46 The cis stereochemistry of
cyclooctane-cyclopentane .ring fusion of (82) was confirmed
by epimefization (triethylamine or p-toluenesulfonic acid
in refluxing benzepe) to the more stable40 trans-fused |
system (86) (m.p. 62.5-53'0).

Refluxing of a solution of anhydrous titanium
trichlprido in dry THF with potassium metal under dry
nitrogem gave a black air-sensitive mixture which rapidly
converted the diketone (82) to the diol (87) as the only
product. The exact stereochemistry of this compound could
not be deduced from the Aygilablo data. Purther refluxing
of the above reactton mixtyre (6 days) resulted in the

cloan‘conversion of the diol.(87j to the olefin (88) as the

only product. This was purified by preparative gas

-
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chromatogrpahy and the structure was confirmed by 'H nmr,
13C nmar, ir and mass spectral data.

These transformations provide a neQ.éhtfy into the
tr;cyclo[6.3.0.03v‘]undecane system. As part of the work
described 1n this thesis, repeated attempts to obtain the
desired tricyclo(6.3.0.02/¢}jundecane system using initial
photoaddition of 2-methyl-2-cyclopsnten-l-ol to
cyclohexane-1,3-dione followed by TiCly 1i1nduced coupling of
the 1,5-dione formed proved unsuccessful. Thls’xs

discussed in detail in Chapter 3. The preliminary

Jz‘hclusion drawn was that the synthesis of the target

i

molecule (x)-hirsutene required further investigation of
the effects of the hydroxy!and methyl groups‘!f the
cyclopentene on the rogiocgéhigtty of the photochemical
cycloalidition. In addi;ion, it was concluded that the ring
opening of the photoproduct in the basic titanium
trichloride/potassium reaction mixture, by a retro-aldol
process might be into;foring with the desired course of Ehe
teaction. Consequently it was decided to examine a model .

system in which 2-cyclopentene-1-ol was used as the alkene

rather than 2-methylcyclopent-2-en-1-ol. This model study

. will be discussed in this chapter. As will be seen in

Chapter 3, the model study became essential for the <o
Qassignmont of the stereochemistries of the intermediates 1in

the hirsutene synﬁhqsis.
~— 7
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MODEL STUDY WITH THE USE OF 2-CYCLOPENTENE-1-OL AS .
THE ALKENE

In solution, cyclohexane-1,3-dione is in equil&brzum

with its enolized form 3-hydroxycxclohex-z—ene-1—one and
the use of polar solvents such as methanol increases the
amount of the latter present in the equilibrium. The
non-enolized dione poéseases a saturated carbonyl chromo-
phore (\Ampax-~ 290 nm) whereas thé enoclized form absorbs at
~ 250 nm (n — =" transition) and at ~ 310 nm (n — #"
transition). Thus, irradfation of dimedonc in methanol at
252 nm (in"a ngonét‘apparatua) results in efficient ’
excitation of the enolized form selectively. If an alkene
is present then adduct formation32b,47,48 occurs via
-intergction of the alkene with the triplet ;xcited'state of -
.di?edone. Uniess the enél is stabilized by deribdatization,
tﬁe 1n1t1ai-adduc; u;dergoes qpontanebug rétro-aldol ring
é;:;ening under the reaction conditions to 31v§ a &
cyolooctanedione as the isolated product32g-37 (Sch;me 24)-.
Nhen'i 1% methanolic solution of .
'5,$-d1mathy1cyclohexaﬁe-1.34dione and 2-cyclopentene-1-ol
was irtadiated using uv light of wave;en%fh 254 nm, gas
chromatographic analysis indicated 98% conversion of the
diketone to a mixturfe cont;inins approximately equal.l
a-o;ntd of two produéts which were subsequentiy assigped
,the.ltrucﬁurpu (89) and (§0) kécheme 29). Removal of the
so;vent'under ré@ucéd pressure followed by column
_cﬁrona;ograbhic sepa;ation-uoing silica é;l resulted in the

f_—

" isolation of pure crystalline .(89) (38%) (m.p. 91-94°G,
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diethyl ether/hexane), and (90) (49%) (m,p. 103°C, diethyl 032
othoé/hexlno). Comparison of the !3C nmr spectrum of the -
crude reaction mixture with the spectra of 1solated (89) ’

and (90) suggested that partial loss of compound (89) had .

occurred during the process of separation. This may be due
to either retro-aldol ring opening on the occurrence of
enclization-epimerization of the species (89) on the silica
gel surface_(Scheme 30).

M;aa spectroscoplic analysis of both of these
compounds i1ndicated a precise mass of 224.141 which
corresponda to speciles with the formula of (89) and (90).
Ir data indicated the presence of a saturated ketone group
and a nom-hydrogen bonded -OH group. The !3C nmr spectra
indicated that each compound possessed 18 carbon atoms and
compar ison with the APT632 and DEPTO3D spectra indicated
that these comprised 2 -CHy, 5 -CH;~, 3 -CH, 1 C and 2 C=0
in (90). This is consistent with the expected structures.

The stereochemistries of the ring fusion positions
of compounds (89) and (90) were assigned as cis on the
basis of the kriown course of the cycloaddition reaction in
closely related analogues.39:45.49,.50 The regiochemistries .
of adducts (89) and (90) were determined by comparison of
their 13C nmr spectra with that of the non-hydroxylated
analogue (821< and by !H nmr decoupling experiments. The
13¢ nmr chomL;ll shifts of the methines at position 1,

which 1s a to a‘carbonyl gfoup. and position 8 of compound

(82) appeared at 58.8 and 38.4 ppm, respectively. In
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cycloaikanols the hydroxyl group deshields the a carbons
(8-effect) and shields the 8 carbon atom (v-effect);51
this effect was taken into account to determine the
regiochemistries of the two species (89) and (90). The
presence of an -OH group a} position 11 would cause the
chemical shift of methine carbon 1 to move downfield and

the methine carbon 8 to move upfield whereas a -OH group at

position 9 will shift the methine carbon 8 downfield and

carbon 1 to high field (Table I).

82 89 90

c-1 - 58.8 ppm 65.8 ppm 56.1 ppm
c-8 38.4 ppm 36.6 ppm 46.8 ppm .

TABLE I: 13C nmr chemical shifts of C-1 and C-8 of
. compounds (82), (89) and (90)

Thgse changes in chemical shifts were observed in compounds

(89) and (90). Hence unambiguously the dione with methine

carbons at 65.8 dnd 36.6 ppm was a;signed as compound (89)

and the compound with methine carbons at 56.1 and 46.1 ppm

was assigned (90). These assignments were further ‘

confirmed by H nmr decoupling experiments; irradiation of .
the hydroxymethine (i.e. the hydrogen at position 11 in

(89) and position 9 in (90)] revealed the chemical shift

. a
and splitting pattern of the ring fusion methine at
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position 1 in (89) and position 8 in (90). The methinc

hydrogen at position 8 in the 1somer assigned as (90)
appeared at o 2.95 as a multiplet (J - 1.5, 4, 6 and 10 H2)
split by the four adjacent hydrogen atoms; only compound
(90) can have a methine hydrogen a/éo the hydroxymethine
with four adjacent hydrogen atoma#f The methine at position
1l in the isomer assigned atructu}é (89) appeared at o 2.85
and was split 1nto three lines (ﬁ = 8 Hz) by the adjacent
hydrogen atoms; only species (86) can have a methine
hydrogen atom a to the hydroxymethine with only two
adjacent hydrogen atoms.

Oxi1dation of tg: product mixture of (89) and (90) -
with Jones' reagent at 0°C gave a mixture of products with
one component predominating, as determined by gas
chromatography. 7The column chromatographic 'separation of
thé crude reaction mixture using silica gel and hexane/
diethyl ether as the solvent gave only one isolated
component, a white crystalline sol}id (m.p. 130.5-131°C

hexane/diethyl ether). This compound showed a precise mass

\which corresponds to either compound (91) or (92). Ir data é

indicated the presence of a saturated ketone and the
absence of a hydroxy}l group. The }3C nmr spectrum
indicated the presence of 2 CH;, 5 CH,;, 2 CH; and 1 C,
along with 3 C=0 at 214.07, 209.8 and 209.3 ppm. The
carbonyl group shows a stronger a effect and a stronger

A effect than a hydroxymethine. Oxidation of the hydroxyl

group of compound (89) to a carbonyl group will shift the ‘

4
e i
H
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methine carbon 1 downfield and the meéthine carbon at
position 8 to high field whereas oxidation of (90) will
move the methine carbon at position 8 to low field and the
carbon at position 1 to high field. The triketone obtained
has two methine carbons, one at 56.7 ppm and one at

49.7 ppm. This i1ndicates that the crystalline oxidation
product is (92), and not (91), since the chemical shift of
the methine carbon at position 8 has been moved downfield
following oxidation. This was further confirmed by 1H nmr
decoupling experiments. The 1H.nmx spectrum of (92) shows
the methine proton at position 1 as a multiplet at 2.5 ppm
(J = 12, 10 and 7.5 Hz) and the methine proton at

position 8 as a double Erxplot at 2.87 ppm (J = 12, 12 and
3 Hz). Both are coupled to each other (12 Hz) and no
doublet 1iu obsvrved, which would be expected for the
methine proton at position 1 of compound (91). These
spectral data prove the absence of compound (91) and
confirm the structure of the crystalline b§1dation product
as (92). The failure to observe or isolate compound (91)
could be due to rotro-;ldol ring opening of (89) under the
conditions of the oxidation reaction, or due to a
hydrolytic cleavage process in the triketone.

" With the photoadducts in hand, and their
regiochemistries known, the intramolecular diketone
coupling reaction with McMurry's reagent was performed on a
mixture of the cycloadducts using the conditions found to

be succesaful for (82). This involved refluxing the

Wi e witad. Ateead o =t e mon
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photoadducts (89) and (90) with a suspension of McMurry's

reagent 1n dry tetrahydrofuran under N, fo® 6 days. But,
contrary to expectations, the desired products could not be
i1isolated in good yield from the reaction mixture. Further
investigation of the reaction suggested 1nitial formation
of the desired products (93) and (94) along with the
disappearance of starting mater:als, with the yield of the
products reaching a maximum after 4 days; how;ver, further
retluxing of the reaction mixture apparently led to a
decrease 1n the yield of the products. This could be

explained by the possibility of dehydration of products

\693) and (94) to give hydrocarbons (97) and (98) which were

‘isolated in small amounts and confirmed by mass spectral

data.

The possibility of dehydration is turthor conf irmed

by the 1solation of dehydrated starting materials (99) and

(100) from the reaction mixture.
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The resaction was repeated; the mixture of (89) and
(90) was refluxed with McMurry's reagent 1in dry
tetrahydrofuran under dry N, for 4 days only in order to
avoid secondary reactions of the desired products. The
reaction mixture was concentrated and extracted with ether;
the concentrated ether extract was then separated by column
chromatography. One product predominated as determined by
glc. This compound showed a precise mass which
corresponded to either compound (93) -or (94). Ir data
indicated the pfo-.nce of a hydroxy group. The 13¢" nmr .
spectrum indicated the presence of 2 CH,, 5 CH,;, 3 CH and
3 C. The !3C nmr spectra of species (88) (Scheme 28)
showed two methine carbons, one at 47.12 and the other ;t
46.55 ppm which were assigned to carbons at positxoﬁs 1 ana
8. The a-effect arising from the presence of a oxyl
group at the 11 or 9 ﬁoaitiona will move the methine carbon
a to the hydroxyl group downfield. The !3C nmr spectra of

the compound obtained from reduction of the mixture of

(89) + (90) showed the hydroxy methine at 79.9 ppm and two




other methine carbon atoms at 45.2 and 56.3 ppm (me£hine
carbon a to hydroxy group). Because the chemical shift
difference of mfthine carbons 1 and 8 in compound (88) is
so small, it is difficult to assign the structure of the
compound derived from the mixture of (89) and (90) on the
basis of the 13C spectrum. Hence lH nmr decoupling
experiments were used to deduce*the structure. Irradxatxog
of the hyﬁroxy methine (3.95 8 m, 4, 4 and 2 Hz) revealed
the chemical shift and splitting pattern of the ring fusion
methine a to t@e hydroxy group, which. appeared at

2.85 6 (m, 8, 8, 2 and 4 Hz). The splitting pattern
indicated that it was coupled to four adjacent hydrogen
atoms. If this compound were species (93) then the methine
hydrogen at position 1 should appear as a(double doublet,
whereas in (94) it should spiit by four adjacent hydrogen
atoms. Thus the observed coupling pattern for the methine
adJacént to the hydroxymethine indicates structure (94) for
thé product of reductive coupling of (89) and (90). This
was supported by the observation of the second ring
junction methine at 3.6 ppm, which appeared as a double
triplet (J = 8, 8 and 2 Hz). This methine would be coupled
to four protons in (93). The spectral data indicated the
product as the regioisomer (94), which ia not the

regioisomer required for the syntheais,of hirsutene. The

absence of the regioisomer (93) is consistent with
retro-aldol ring opening of the diketone (89) in the basic
potassium/titanium trichloride/ tetrahydrofuran reaction
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of the hydroxy .group was necessary 1n order to inhibit the

| 4 .-
retro-aldol ring ogening.

L4 .

the protection of hydroxyl groups.53 The silylation of

There have been several useful methods published for

organic compounds has been recognized as an important
method in both organic chemistry and biochemistrf, because
of the rosultihg protection afforded functional groups, and
% also because of increased therm&l stability, solubility in

non-polar solvents and reactivity towards attacking

— t

reagents, whether at the site of the newly 1ntroduced s1lyl

substituent or in adjacent positions.54 Many excellent

general purpose reagents and procedures have been developed
. (e.g- trimethylchlorosilane (TMCS), trimethylsilylimidazole
(TMS]1), hexamethyldisilazane (HMDZ), and other silylamines,
N\O-bia(tfimethylsilyl)acetamide (BSA) and the
. corrasponding monosilylated derivative (MTSA),
biq(trinothylsilyl)trifluoroacetam{do, bis(trimethylsilyl)- i
—~ "ufoa (BSU) and trimethylsilyldiphenylurea (TDPU)) and are %
widely used to introduce the trimethylsilyl group.55 i
Mitscher et alS56 have‘reporﬁod the use of trimethylsilyl —
enol othori of acetyl acetone (1l0l1l) to prepare

|
<
|
trimethylsilyl ethers of allylic alcohols.56 - ‘
Cyclopent-2-ene-1-0ol is an allylic alcohoi and ‘so 4

Mitscher's procedure using the trimethylsilyl ether of
v
acetyl acetone (10l1) was used to prepare the corresponding

-

.
- ah LS W

trimethflsilyl ether of cyclopent-2-ene-l-ol.
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‘was decided to silylate the cycloadduct products (89) and

‘McMurry's reagent.

061
_Z ~0Si— I
I + ROH  —> R O0Si— +
: |
101
L aad
Irradiation of a 1% methanolic solution of °*
5,5-dimethylcyclohexane- 1,3-dione and the silylated
2-cyclopentene-1-0l uaing uv light of wavelength 254 nm
resulted in low conversion (20-32%) of the diketone to
cycloadduct products. The low conversion could be due to
the increase in steric hindrance in the (2+2) -cycloadd:ition v

step following tho-int;oductipn of the bulky trimethylsilyl
group. Repeated attempts to increase the yiol&, for
example by chnngin& the solvent to acetonitrile, hexane, j

tetrahydrofuran of'ééhanol, proved unsuccessful. Hence 1t

(90) in the crude 1rrad1ition'm1xture obtained. Because of

the possibility of retro-aldol isomerization of i
hydroxyketonos2 (89) under basic conditions, trimethylsilyl

chloride was used to affect the reaction. However,

treatment of tha'ailylated mixture of (89) + (90) in Brder ' f
to obtain the tricyclic undecane system revealed that the

trimethylsiloxy ether unstabl& to the conditions of

rimethylsilyl group;, although widely :




used, are frequeﬁtly too susceptible to solvolysis in
protic media (either in the presence of acid or base) to be
broadl; useful in synthesis. The dimethyl-tert-butylsjiloxy
- group is 104 times more stable54 than the trimethylsiloxy
group, and yet can be cleaved rapidly with -

/ .
tert-n-butylanﬂonium fluoride in tetrahydrofuran at 25°C.

These characteristics convinced us to investigate ihe use
of the dimethyl-tert-butylsiloxy group as the protecté; of
the -OH group in (89) + (90).

The mixture of hydroxy diketones (89) and (90) in
methylene chloride gave, upon treatment with dimethyl-tert-
butylsilyl chloride and imidazole in éinethyl formamide at
25°C for 12 hr, a mixture of silyl ethers (83%)

(Scheme 31). Separ;tion by co;unh chromatography gave two
major products, as indicated by glc. Both these compounds
exhibited a precise mass mxe‘of 338.228 which corresporgs
to speciés (102) and (103): The 13C nmr spectra iﬁdicated
the presence of 19 carbon atoms in each compound consisting
of 7 CHy, § CH;, 3 CH, 2 C and 2 carbonyi carbons. fhe
stereochemistries of th; ring)thsion positions of both
these conpouhds were assigned as cis on the basis of the X
known course of the cycloadditionm reactibn.in clésely
related.analogues4‘9v‘5-5°'.rhe regiochemistries were
determined by comparison of the 33C nar spectra with those
of (89) an@!(90). Tﬁ; lac nmf'chemical shiftszggfmethinea
at positions 1 and 8 of compound (szixabpggrgd at 58.8 and
38.4 ppm. The presence of a -OSiMe,YBu group at
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position {1-would cause the chemical sh1ft of the mething
. carbon at pos‘iti;:g_;& moye downfield due to the 8 effect,
L a.nd the -ethine carbon at position 8 to move upfield due to
e the y effeot, conversely. a -OSiue,tBu at poésition 9 will
« ahif.t t.he nethine carEon at pog;tzon 8 downfield and carbon
1 to high field.S1 s ch.anges in chemical shifts were
observed F the s}.lylated conpounds and“allowed their
~ 'a:aigmlent as":j.egioisoners (12_2) and (103) (Table II).

M ~

- . 82" S 102 ¢ 103

.‘ Yo ‘ i
T c-1> o -58.8ppa 55,9 ppm . 65.9 ppm
c-8 . . - '38.4 ppm - 47.3 ppa " . 37.4 ppm
"TABLE II: 13C nmr. cal shifts of 'C-1 and C-8 of’
- , compounds ( ), (102) and (103) , \ -

- . “ - A -
- t

- - - v -
.

" .Hence the dione with methine carbonseat- 65.9 and 37.4 ppm
- .

T, | was ansigned as ‘*caupound (103) and was obsained in 39%,

-

while the regioiaoner with methine carbons at 55 9 and .
47, Tpﬂ.wu assi.gned .a8 (102) and was obtained in 43% . . )
\ yul.q ‘suu],ar changes in chcpical\shtfts were observed in ,
_the cdrretppnding regioisomers (89) and (9P). The close .
 wimilarity of the cnetucal shifts of the C-1 and C-8 Y
". _.. Iqt.hlnes oﬁ (89)- and- (103) sugge.ta that they posaeaa t.hec

- . -!-,e.stcreocbtqiotries at the rin‘ junction and argues

. agaﬂut thb occurronpr pf any epiﬁerizatton at C-H, during ’
" @; the ptlylatloﬂ' procesi P S ..
, o ', L
LT o et N
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Ref luxing the mixture of (102) and (103) with

McMurry's reagent in dry tetrahydrofuran under dry N, fore ’
48 hrs gave a mixture of dimethyl-tert-butylsiloxy olefins

(59%) which were subsequently assigned the structures (ld;)

and (10S) (Scheme 31). The timé required for the complete
conversion to olefins in this instance seems much shorter

—

/" than for other cases (2 days as opposed tc 4 and 6 days for

L\- / (89), (90) and (82), respectively! Extended‘ exposure .of

/ ‘ the reaction mixture to the reactron conditions (more than

2 .days) resulted 1in des}lylation of the dimethyl-tert-
- but}lsiloxy olefin. The de#i.t;pd products proved to be
& difficult to separate from ;ho polar reaction mixture:
however, with the( dimethyl-tert-butylsiloxy group still
present the products were of much reduced pol;rity and were
readily separated from the polar reaction mixture. Column
chromatographic separation of the dimothyl-ter.t—butylnloxy ’
olefin mixture gave three compourfds.

These compounds showed a precise mass which

cﬁrroapond‘od to either ;pocus (IM) or (105). The 33C nmr -
data were consistent with this and showed that each

) .
compound contained 19 carbon atoms, comprising 7 CH,, -~

]
L

5 CH;. aCH, 2;8 and two alkene carbon atoms. The }3C nmr

spectrum of g\ydtocarbon (88) showed two methine carbons,

s oy o ey
.

.. one at 47.12 ppm and the other at 46.55 ppa, 'which
. . . . ’ . .
scorrespond to C~1 and C-8 in (104) or (105). Although the,

presence of a -OSiMe,tBu group at either of positions 11

~pn wny Ve

\ ‘and 9 will move the a methine carbon downfield and the’ IR S

. " L ‘ - ' ’ ) "
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8 methine carbon upfield, the difference in !3C nmr

chemical shifts of the methine carbons of the model (88) 1s
too small to identify which position has changed 1its
chemical shift in the products assigned at (104‘ and
(105). The methine carbons of the three cqmpoundd
(identified as X, !‘End Z) are given in Table III;

2 — 2
= Siloxy Methine Methine a to CH
(ppm) -0S iMe ;'8 ppm) ippa)
X ®  8l.3 \ £6.3 45.7
Y 76.0 57.9 45.4
_—
Z 75.5 50.5 45.5 °

“u

TABLE II1: 13C nmr cf'mnical shifts of methine carbons of
compounds (104a), (105a) and (105b)

Hence it was decided to use the H nmr decoupling - - -
expori'monts to det;r 'ﬂe,ér.ﬁ regiochemistry of these three .

compounds. Irradiation of the ‘nloxy methine (4.0 ppm, 3,

3 .and 3 Hz) of compound X revealed th? chemical shifts and

the Qpliﬁting pattern of the ring fusion methine a to the
-OSiHo,tBu‘group. which appeared at 2.9 ppm (3,.8, 8 and

3.5 Hz). The observation of 4 doupling conatantg'indicatés

that this methine ;a split by t;ur anacont hydrogen

atoms. Tho. other methine proton appeared at 3:1 ppm (m).

Only spociol- (105) can have a methine hydrogoﬁ’.aqto the ,4

siloxy group with four adjacent hydrogen atoms; and hence .

specles X 18 assigned as regioisomer (105). The coupling J

L4 - - .
’

emae e ke
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The other methine proton app?ired at 3.25 ppﬁ {(tq 8, 8, 8,

067
constant between the siloxy methine and the methine

hydrogen a to the siloxy group 18 3 Hz which indicates that
the two hydrogens are trans to each other. Thus the
structure of X 1s assigned as (105a), which 1s not the
regioisomer required in the hirsutene synthesais.

The irradiation of the siloxy methine (4.05 ppm, 3,
3 and 2 Rz2) Pt compound Y showed the chemical shifts and
splitting pattern of the ring fusion methine a to the
-0SiMe, Bu group. It appeared at 2.95 ppm (2 and 8 Hz) and
so is coupled to two adjacent H-atoms. Only species (104)

can have a methine hydrogen a to the siloxy group with two © =™

.

© adjacent hydrogcn’atoms,'dxsclosxng the structure of Y as
: s

(104). The coupling constant between the siloxy moéhine .
and the methine hydrogqn a to the siloxy group 18 2 Hz
which suggests that the two hfhrogons are trans to each
other. Hence the structu?o of Y is’ansxgned as (l104a).
3 and 3 Hz). * " ) R
Sim{larly, éﬁo irradiation of th9 sxlpxy methine
(4:6 ppm;: 5, 3 and é Hz) of compound Z showed the chemical
shift and splitting pattern of the rxdg fUsion methene a to
the -OSLMe,tBu gréup which appeared at 3.05 ppm (8, 8, 4
and 7 Hz) showing ié as being cbup%od to four adjacent
hydrogen atoms. Th; coupllnz constant between the sxlox? f .
methine and the ﬁothxno hydrogen @ to the siloxy grouﬁ 18 /,/
8 Hz whiéh confirms that the two hydrogens are cis to eac”)

other. The other methine proton. appeared at 2.95 ppm (m).

1
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These spectral data support the assignment of compound Z as
the regioisomer (10SDb).

Desilylation of (104), followed by hydrogenation
will give the corresponding alcohol (407) (Scheme 32) (both

of these steps are described i1n Chapter 3). .

104 desilylation H/Pt
OH
106
SCHEME 32

The species (107) is an intermediate in published synthes.s
of hirsutene.2l These results cle&rly demonstrate that the
protection of the hydroxyl group'by the_dimethyl-;ert-.
butylsiloxy graup effectively inhibited the ptesuﬁed
retro-aldol isomerization of the regioisomer (103), ;nd the
reduced polarity of the olefin mixture following treatment
with McMurry's reagent made it 93;11y separable from tée
polar reactiom mixture. .

The above model study clearly demonstrated that the
photochemical cycloaddition/reductive cyclization sequence
can be otfoétivoly utilized to synfhosizg the hirsutene
skeleton. It &xlso suggosts that this methodology éoulﬁ be
applied to the synthesis of more complex naturally

occurrzng'iricyclo undecane systeons. .

Poss
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CHAPTER 3

TOTAL SYNTHESIS OF (+)-HIRSUTENE

3.1 SYNTHESI[S OF 2-MBTHYL-2-CYCLOPENTENE-1-ONE
2-uothyl-2—cyclopentgne-1-0Pe (111) 1s a useful

synthetic starting maéerxal and many routes for its
preparation have been reported.27ar57 However, the
majority of thoée routes are inconvenient in terms of time
or expense, os.acxally if large quantztxes are required.
Porhaps the simplest and most economic route described
hitherto involves modqupoxidation of methylcyclopentadiene
toll&wed by hydrolysis, dehydration, and rearrangement to
gilve a mixture of 2-methyl-2-cyclopentene-l-one and .
3-mothleE-cyclo?enteﬁbni in the ratio 9:1.57°

' Gassman et ;158 reported a method which involves
chlorihation-dehydrochlorination of 2-methylcyclopentanone
(Scheme 33) and proceods in 79% yxold This route requires
condenaatxon of dxothyladzpato to yield '
2-carboothoxycyclopont:kone (108{, Methylation of (108)
using NaOMe and I-l~ngos 2-methylcyclopentanocne (109).

lntroductxon of the a,S8~unsaturation was brought abqut

069
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_"-)g: Attempted repetition 3: this method gave low yields,
possibly due to the prdblem of nucleophilic ring opening of
the five-membered ring during tHe methylation step, and due
also to polymerization of the a,S8-unsaturated ketone during
the dehydrochlorination step. The' alternative published
routes also proved to be somewhat troublesome and

j: time-consuming. This led us to attempt to develop a new

% simple, fast and inexpensive route to.z-mothyl-Z*

i cyclopentene-l-one (1ll1).

The dye-sensitized photo-oxygenat fan of ’
mono-olefins results in formation of a dioxetane or a
hydropeyoxide. The reduction of the hydroperoxide yields
an allylic alcohol. The reaction between an olefin and

s .
singlet oxygen can follow two distinct courses. Singlet

oxygen cidn attack eithdf the double bond directly to give a
dioxet#na, or the all?%ic C~H bond, whereupon an
allylically rearraeged hydroperoxide is formed via the

_so-called "ene fhaction'. Dioxetanes are usually formed

. .
~ae. "l .

from strained or electron-rich double bonds.59a:b However,
the production of hydroperoxides requires not only the

presence of an allylic C-H bond, but that it effectively

7 R, = P AEEPEPIT TN

conjug;tol with the adjacent double bond. The formation of
the allylic hydfop:roxidos involves a mechanism where the
-1nq}ot'oxygon approaches the allylic hydrqgon and the
terminal vinyl carbon atoms simultaneocusly and concerted

formation of the C-O and O-H bonds occurs (Scheme 34). The

reaction was propo-oqéir the main step in a new synthetic

’ .
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route to 2-methyl-2-cyclopentene-l-one.
l-Msthylcyclopentene (112) was preparsed by the Gf ignard
reaction of cyclopentanone with methyl iodide followed by
dehydration in the prosen‘co of. [, and subaoquit
isomerization in the presence of p—toluonosu.{fonxc acid
(Scheme 35). l-mthylcyclopentene_ (112) was then reacted
with singlet oxygen to give a mixture of hydroperoxides
which was reduced to give three alcohols (ll4a, 1l14b and
ll4c). Although the required alcohoi (114a) was formed,
the yield was found to be low and the separation of the
mixture of alcot}ols was proved aifficult. which made t-hxs
mqthod fn-s\atisfactory. An alternative two-step synthe@:ic
rodte te 2-methyl-2-cyclopentene-1-oneb0 s shown in the

scheme below (Scheme 36).

+
0 phNHMe : .8
CFyC0; RACI, 3H,0
(HeHO)n. CHOH -
THF 118 reflux - i
reflux - : e
SCHEME 36
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The scheme consists of the con&ensatxon of formaldehydse

with cyclopontanonb to give {-mothyleqqcyclopentanono,
followed by RhCl,.3ﬁ;O catalyzed reaxrangengg; of the
endocyclic isomer.

Gras has reported®l that 2-methylenecyclopentanone
can be prepidred in quantitative yields by treatment of
cyclopentanone with trioxane in tetrahydrofurgn 1n the
presence of the trifluorcacetic acid salt of
N-methylaniline (TAMA). Unfortunately, this reaction could
not bq reproduced; all attempts resulted in no reaction.
However, substitution of p;:aformaldehyde for triokane. d1d
result in the formation of 2wmethylenecyclopentanone (115)
as the major product. This suggegts that the. rsport by
Gras'thag trioxane is suitable as a source of ;6tmaldehyde
in this reaction is in error. 2-Rethylenecyclopentanone is
a very labile species and undorgqes polymer ization under
acidic conditions at higher temperatures and at Higher
concentrations. 2-Methylenecyclopentanone was prepared
under an acidic environment at 67°C (boiling poxqt of ,,
tetrahydrofuran) which was the ideal situhtion for
polynérization. Longer reaction times lead to higher
conversion of the starting materials to products wieh the
exponsg.ét product polymerization. Hence it was ﬁ;CQ;:z:;
to obtain the optimum conditions Which were instituted as
14 min of ro(luxing‘tino or 60% conversion. I[ncrease of

cyclopontaQyna concentration, toos led to higher 'product

formation but again had to encounter the problem of

074
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polymerization. After further experimentation the optimum
formation (as indicaé;d b& gas-liquid chromatography) of
the product 2—ncthylenecyclopenianone.could be obtained at
a molar ratio of 0.288:0.119 of N-methylanilinium-
trifluorocacetate and cylopentanone. Ahother obstacle was
the low solubility of paraformaldehyde -(the source of \
formaldehyde) in tet;ahydrpturan. 'This could be done

e

f ‘ either by increasing the temperature, which is out of the

f ; question, or by changing the solvent. Replacement of. THF .
» by dimethylformamide and dinethylsultoxide (in both these

' solvents the aolubility of paraformaldehyde was hxsher

compared to THF) gave exthcr no or very low ~<}
RN

‘Z-nethylanecyclopentanone formation. Increasing th volume
of tetrahydrofuran also increased the yield of the/product,
which may be due to the ‘enhanced solubility of ‘
\parl£0tnaldehyde and slower polynerization of the p{pduct

.
[T *Y

-due to low concentrytion of 2-methylenecyclopentanone.

Hbugver the volume of tetrahydrofuran was limited to 250 mL

LT P

for 10 g of cyclopentanone due to the difficulty of
‘handling large volumes in making large §uantities of
2-methylenecyclopentanone.
The role of N-methylaniltniumtrifluoroaégiite is

.

catalytic (Scheme 37) and both aniline and tritluorcacetict

acid are retained at the end of the reaction. Pollowing

e T s o A

14 min of .refluxing the reaction mixture was diluted with g
diethyl ether, foliowed by cooling in ite and successive
wasﬁing with 50% aqueous hydrochldric acid and saturated -
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~aqmzous sodium hydrogen carbonate to which exceoo soliﬁ
‘sodium hydrogen carbonate was added in porrionk to ensure
complete neutralization of acid and to inhibit any
polymerization. Pollowins the aqueous work-up the crude
2-methylenecyclopentanone (contaminated with unconverted

cyclopentanone) was onooth.l'oorlverted to Z-neihyl-

2-cyclopentenone by refluxing an ethanolic solution with a
catolytic quantity of rhcdium'frichloride The catalyst,

which is moderately expensive. can be recovered by simple ‘
filtration at the end ot the reaction The use of‘ﬁl,O, ‘as
the catalyst instead of rhodium trichloride did not lead t;

the desired products. Andrieux et a162 have reported this

e g e e e ——s TP e 712

procedure for the conversion of 2~ alkylidenecycl%fﬁntanone.
to 2- alkylcyclopent*2-en—1-oneo in less than'one day.
overall yield of isolated product (101) following

*diatillation was 15- 203. and is higher if allownnce is made

- : - for recovered cyclopentanone. The reaction can also be

performed in "one pot' if desired by adding rhodium. '

trichloride to the reaction mixture after condensation of

formaldehyde with cyclopentanone, but yields are lower and
the catalyst 13 1eoo easily recovered

4 .

i ° ¢’  2-Methyl-2-cyclopentenone was reduced with lithium
5 .

aluminium hydride to give the‘correoponding alcohol
2-methyl-2-cyclopentene-1-ol in quantitative yields.
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3.2  PORMAL SYNTHRSIS OP (&)-HIRSUTENE |,

Irradiation of alxﬂlmhon of 5,5-dwnethyl-
cyclohexane-1, 3—§xone And ZJmethyl 2- cyclopentene-l -0l
t
' using uv light of wavelength 254 nm gave a mixture of two

products as tﬁalyzod by glc (Scheme 38).

(Y

SCHEME 38
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Gas-li1quid chromatographic/mass spectral coupied analysis
‘shéwed that the majorety of products had masses .

corresponding to species (116) and (1l17); but attempts to

-
Ll

separate these products were unsuccessful.
’ Comparison of the 13¢ nmx-spoc?ra of the crude
reaction ni;turo w1£§ that‘of the separated products showed
a marked difference 1n the !3C nmr chemical shifts. As T
explained in Chapter 2, tﬁ: cyclobutane adduqﬁ’obtaxhéa !
from the light-xhduded.c?cloaddxtxon of the B-dxkﬁfona and
the olefin, rearranges spontaneously by a tetro-aﬂbol
;poning of the cyclaiuﬁane ;ing to give a 1,5-diketone,
retaining the cis-fused ring junction. Althqugh the
stereochenistry could.g?‘co?aorvod due to the presence of
the angular methyl grdﬂs at €;e;r1ng junction preventing
enolization and epimerization tﬁore 18 the possibility' of
. rotr;-aldbl ring opening leading to undesired products
. (achcno 39). This type of ring opening could‘eas1ly occur
and ie known to occur on the silica gel surface.
Treatment of the crﬁéQumixfare of cycloadducts with
McMurry's reagent did not lead to the~;;36ucts expected.
lcinrry's’roaction was carried out under basic conditions
known tp induce isomer izat ion52 and ring'opening. With the
lQll‘Of ci- sto}oochomlstry at the ring junction the
1,5-diketone is not'acccs‘gplo for the reductive coupixng.
- These results ciearly demonstrated the necessity to proﬁect
the -OH group to inhibit the loss of iteroochoﬁistrr’at the

ring junction. (This was discussed in detail in

- -

: "_ ' ‘ 'Y
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Chapter 2. It was at this point we ;ecided'to do a model
study to examine the foasibilit; of the proéoscd route.)
The crude cycload&ﬁct product mixture which
consisted of the hydroxy q1ketones (116) and (117) ;;s
silylated with tert-butyldimethylsilyl chlor;de to produce
a mixture of tert-butyldimethylsilyl derivatives in a ’
combined yield of 89% (8ch0m9140); separation by column
chromatography gave three major compounds as analyzed by
glc (the.three compounds were named L, M and N for
simplicity). Mass spectral datg showed all thpee compounds
having a precise mass wﬁich corresponded to the regio-
isomers (120) and (121). 'The 13¢ nmr spectra of the three
compounds indicated each compound contained 20 éarbon atoms
including 8CH,-,. S5CH;, 2CH, 3C and 2 carbonyl carbon atoms.
The regiochemistries of these compounds were determined by

comparising the 13C nmr spectra with those of (102) and’

(103). The 13C nmr chemical shifts of the methine carbons

and the quaternary carbon a to the siloxy methine are given

in Table V.

L M N 103 102
Siloxy Methine, 81.1 82.5 80.6 72.6  79.9
’Quatornary Carbon . 1 '
a to Siloxy CH . 70.65 47.5 47.9 65.9 47.3
CH 8- to Siloxy CH 53.4 60.3 '58.9 . 37.4  55.9

!

TABLE [V: 13C nmr chemical shifts of compounds (102),
©(103), (120) and (1)
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: ' 13¢ nmr chemical shifts of methine carb$h§ at P
positions l.and 8 of compound ({93) appeared at 65.9 ppm

A and 37.4 ppm. Having a nethyl'groﬁp,a§ position 1 Qill.'

f ¢ Bake the chemical shifts of methine carbare—t—and 8 move
downfield.5l The chemical shift shov% by compound L with a
quaternary carbon at.70.65 ppm and a methine atﬂ53.4 ppm
agrees with the changb in chemical shifts predicted by

having an angular methyl group at ﬁos1tion 1 of compound

(103). Hence compoﬁnd L was assigned the structure (120)
(29%). The H nmr shows tpe siloxy ﬁothxne protéh at
4.05 ppm (dd, 6 and 8.5 Hz) and another methine proton at
3.23 ppm (m, 1 and 1.5 Hz). But from thqse data the exact
stereochemistry q& the tert-butyldimo@hyléiloxy group could ; . -
i not be identifed. !3C nmr chemical lhxfts‘SE methine '

carbons at positiona 8 and 1 of compound (102) appeared at

47.3 ppm and 55.9 ppm. Since compound (103) has an angular

methyl group at position 8, the chemical shifts of methine

carbons 1 and 8 will move downfield.52 The chemical shifts

shown by compound M (quatornary';arbon at 47.5 ppm ;nd a

methine carbon at 60.3 ppm) agree wi;h the changes 1&4

chemical ;hifts prodictod: Hence compound N was assigned.

the structure (121) (29%). The 'H nmr shows the sxlo;y - !

methine proton at 3.75 ppm (dd, 8.5 and 6.5 Hz) and the ,
- methine at p&sition 1 appears at‘3.05 ppm (dd, 8.5 and

6.4 Hz); but these apectral data dld not prévide:sutfxcxent

information to determine the exact stereochemistry of the .. E

tert-butyldimethylsiloxy group.
[ 3

«




Althoush both epxners of the regioisomer (121) (59%§°
-4
were isqlated, only onhe could be isolated for the
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regioisomer (120) (29%). By comparison with the model
gtpdy, (102) and (103) diﬁ not show a difference in the
13C nmr chemical shifts tpr the epimers, which could be
seen in the compounds, (104) and ¢105), which are rigid
molecules. Tﬁese results shot,that'compound (121) is a

relatively rigid msolecule. ﬁénce the presence of only one
epimer isolated in the regioisomer (120) could be due to:
a) a more tlexib}e wmolecule compared to tpe
species (121); | -

b)\ only ‘orre epimer is obtained in the

initial cycioadditton step;
¢) steric effects presen§ iﬁ the silylation
step. ,' o -
The chcnicalfahifta shown by compound N, with a quaternary
carbon at 47.9 ppm and & methine carbon at 58.9 ppm, agree
wiﬁh thc'chanse; in chemical ghifts éredipted by h{ying an
angular nztb&l group’gt pésition 8 of compound (102).
Hence conpoundfu was a;signed the structure (121)' (29%).
The 1H nmr shows the ‘siloxy méthine proton at 3. 7ppm (ad,
-8 and 6 Hz) and another methine proton @t 3.0 ppm (dd,
9 and 4. S Hz). Again from these data the exact '
« atereochentstry of the tert-butyldf/ methylsiloxy group could
not be identified. Both coupoundl M and N have the same
regioisomeric structure. This shows that M and N are the

two epimers of the regioisomer (121). Refluxing the
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mixture of (121) and (120) with McMurry's reagent in dry

Tl o

tetrahygioturan under dry N; positive pressure for 24 h
resﬁltgd in complete conversion to a product mixture.

: \
Comparison with the model studies (Chapter 2) revealed that

the time required for the coupling step is much shorter

(24 h as compared to 6 days and 2 days).. As reasoned
earlier this may be due to enhanced steric effects.

4 Separation of the product mixture revealed that it
consisted of tw6 compounds (the two compounds were named

S and T for convenience). Mass spectral studies of both
compounds showed a precise mass which corresponded to
species (122) 6r (123). The 13C nmr spectra revealed both
species having 20 carbon atoms consisting of 8CH;, SCH,,

2CH, 3C and two alkene carbon atoms. 33C nmr chemical

' ahifts of the methine carbons and the quaternary carbon «
| to the siloxymethine are given in Table V. In the case of

L]

: s T 104a  105a  105b
2

- 8iloxy Methine 81.29 81.57 76.0 81.3 75.5

} CAigpﬁ a to ‘ " ‘ T e
\ Sildxy CH " 59.2 §7.2, 57.9 56.3  50.5
CH # to Siloxy CH * §3.2 526  45.4  45.7  45.5 ‘ -

.
O T

TABLE V: 13C nmr chémical shifts of compounds (104),
(10S), (122) and (123)

compound (105) the presence of a methyl group at position 8.
wi}l move the chemical shift of the siloxy ngthine 9 and

-

)

)
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the methine carbon 1 downfield. Similarly in compound
(104), having an angu;fj/mnthyl group at‘pesition 1 will
move the siloxy methine 11 and the methine 8 downfield.

But in these compounds, especially in (104éa) and (10Sa),

the chemical shift differences of both methine carbons are
»

too small to predggfrthe regiochemistries of species S and

[
T. H nar decoupling experiments of compound S showed the

P it e g e s s ¥ §
.

siloxy methine proton at 3.69 ppm (t, 4 and é Hz) and the

1 methine proton at’z.zs ppm (3.5, 9 and 1 ﬁz). Compound T
showed the siloxy methine proton at 3.7 ppm (5, 5 and

0.5 Hz) and the 1 methine proton at 2.6 ppm (2.7, 1.5,

3 and 3 Hz). None of this information could distinguish
the regiochemistries of tng'two compounds . :Hence it was
decide& to regenerate the starting material (the siioxy
diketone) by the ozonoleis of the siloxy alkenes.‘

“The siloxy alkene S was dissolved in methylene
chioridelaqd ozone was passed through it at -5°C.
Subsequent treatment with Zn dust and acetic acid gave a
single conbound. The 13C nmr and H nmr apectra.of this
compound were identical with those of (121).' This shows -
; that compound S is obtained from the head-tail
1 cycloaddition product and is assigned as (123) (38%).

3 . Compound T was therefore assigned the regioisomeric
ntruczhre (122) (17%). 1In bothlthese regioifomera the

oot L S 34

stereocheniptry of the tert-butyldimethylsiloxy group could
not be determined from the ivailable data.

"_--
-
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To reach the objéctive of synthesizing df-hirsutene

" the siloxy alkene (122) had to be desilylated. Several

desilylating agents were used; but the use of tetra-n-

" butylammonium fluoride in dry tetrahydrofuran 'gave almost.

complete deailylatlonss to givé a single compound as
analyzed by glc. But the separation of this from.the rest
of the reaction mi;ture proved quite difficult and resulted
in w-low recovery percentage (53%). Mass spectral studies
showed the product to have a brecise mass of 206.1668
corresponding to compound (124). The !3C nmr spectrum
showed 14 carbon atoms including 3CH;, SCH,, 2CH, 2C and
two alkene carbons. The 13C nmr chemical shifts were quite
similar to (122) and included a quaternary carbon at \
57.5 ppm and a methine carbon a? 53.3 ppm. As the reactant
was compound (122) the structure of the product was . .
undoubtedly assigned as (124). Similarly desilylation of
f123) gave a compound which had a precise mass
corresponding to species (125). The 13C nmr spectrum
showed 14lcarbon atoms including 3CH,, 5CH,, 2CH, 2C and
two alkene carbons. The 13é nar chemical shifts were
similar to (123). Hence the product was assigned as (125).
Oxidition of (124) with Jones' reagent at 0°C gave a
single compound as analyzed by glc. The isolation of this
compound srovod difficult and was. found to be unstable on
silica gel and at room temperature. GClc coupled with mass
spectral studies showed that the compound, which h;a a

precise mass of 204.1516, corresponded to species (126).
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5711 attempts to isolate this compound proged unsuccessful. (090
This could b; reasoned due to the possibility of
nucloophilo-initiated ring opening ta give an allylic anxor;"

or the acid catalyzed migration ot’ the CH; group leading to

the allylic cation resulting in undesired éroducts'

(Scheme 41).. Similarly oxidation of (125) gave a yellow-
coloured reaction mixture which was separated and purified

using a silica goi column to give a single product. Mass
spectral stﬁdiou ;ndicnbg%~a precise mass corresponding to
species (127). 13C nmr spectral studies showed the

presence of 14 carbons includ;ng a cgrbonyl carSon at 226.0

ppm. Oxidation of (125) will give a carbonyl carbon at

position 9; this Qill make the quaternary carbon 8 shift
downfield and the methine carbon 1 shift upfield.52 These
chemical shifts were observed in the compound, where the .
quaternary darbon has shifted from 58.69 ppm to 65.8 ppm

and the methine carbon 1 was shifted from 53.1 ppm to _51.\5/\,_/
ppm. These spectral data confirm the structure of the
produ&t as (127). The-difficulty in obtaining the
regioisomer (126) shows the instability of it (séhcna 41)
as compared tov(127). But it is the regioisomer (126)
which is required for the synthesis of hirsutene. The
difficulties experienced in isolating the desired’ isomer
(126) resulted in the synthetic scheme being altered , asl

shown in Scheme 42.




/Pt
MeOH
TR
, | Jones
< ’ ; _ rE%?ent
ﬁ'.
‘ - SCHEME 42 :

e

As stated earlier the presence of the guaternary carbon in
'h.twnén two sp? carbon atoms may make it susceptible to
‘rearrangements (Scheme 41). One ,pproach to.overcoming
this problem was to reduce ého‘double bond C,-C¢ -prior té
t:.ho oxidation of ‘the hydroxyl group. Reduction of the’
Aéo?blo bond utilizing PtO3/H; may then give cis

hydrogenat ion22 resulting fn the steraochemically more
dtable cis-anti-cis carbon skeleton (129).
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Oxidation of (129) will produce the’ norketone (38) which 1is
an intermediate in a previous published synthesis of
hirsutene.

Reduction of compound (124) in methanol in the
presence of Pt0O,; under a positive hydrogen pre;duré gave
one major compound as analyzed by glc. The 13C nmr data of
the crude reaction mixture confirmed the reduction of the

092

C3-C¢ double bond, with-the disappearance of the quaternary

spectral analysis showed this cogpound.to have a precise
mass corresponding to conpoEpd (129).‘ Neither the. !H nmr
nor 130 n-r.chznical shifts could unanbiguoudly prove the
stereochemistry of the two -;thiﬂ; protons at. 2 and 6

positiornis, although literature prédédent‘prediptd that theﬂ

reduction shauld give the cis-anti-cis products. 52 Hence.
it was decided to oxidize the crude reaction mixture
containing (129) to obtain the norEttone (38) since t
spectral data of (38) has been reported in the ‘

lliterature 21b \ .

Oxidation of . thn crude reaction mixture contaxnxng

carbona_ap 145.3 ppm and 142.0 ppm of compound (124). Mass

‘/"\ .

e

(129) with Jonea' reagent at 0°C gave a single compound as *

‘analyzed by glc Puritication and 1solation ot,this proved

Hitticult and hznce resulted in a low yield uais spectral
studies of lhc pxoduct showed a prgc;,t naaa correapoqping

/'

to (38). The 13C ‘nmr spectral data indicated the preaence'

of "14 carbon atonq including a carbonyl carbon at 224.5 ppm

and a quatef?ary carbon at 59.4 ppm. The 13C nmr
- M ‘4 . R ~ *
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nmr and ''H nmr spectral data of this compoundile

identical to those of the norketone (38) whiclPwere
provided to us by Professor T. Hudlicky. This confirm that
oxidation product was indeed (38) and also the cis-anti-cis
stereocheaistry in . (129). The formal afﬁthosis'of
hirsutene is completed with this steﬁ since norketone (38)
is an intermediate in a previously published synthesis of

hirsutene.




melting point apparatus. I[r spectra were recorded with a

recorded on a Cary 118 uv-visible spectrometer and on a

‘and those of pure—sanples were obtained with Varian XL-200

oy W

Melting points and boiling points are uncorrected.

Melting points were determined on a Koffler hot stage
Beckmann 4250. spectrometer. Ultra-violet spectra were

Hewlett Packard 8450A diode array spectrophotometer. Mass
Bgectrl were pbtained on a Varian MAT-311A spectrometer at
70 eV (direct inlet). D?termined eiact masses are reported
for molecular ions. Routine proton magnetic reaonancé

spectra (1H nmr) were obtained on a Varian T-60 instrument,

and XL-300 spectrometers.  Both bf‘ihese instruments were
\ ’ -
used to obtain the 13C nmr spectra. Methyl, methylene,

methine and quaternary signals were identified by comparing

the fully decoupled spectra with the APYT633 and DEPT.63D

The chemical shifts are given in parts per million (ppm)
downfield from tetramethylsilane (Me Si) in & units and .

coupling constants are given in cycles per second (Hz):

The data is reported as: chemical shift, multiplicity
(s = linglet..d = doublet, t = triplet, q = quartet,

. m = multiplet, dd = double doublet, dt = double triplet,

094
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etc.), number of protons, coupling constants and °

assignments.

Gas-liquid chromatogrpahy (gic) analyses were done
using 0.2' x 6" glass and copper columns p?cked with
S% S.E. 30 on Chemisorb W columns with Varian 2400, Varian
J0-P and Aerograph ASO-P3 1netrunonts,‘and with a Hewlett

Packard 3390A integrator. All retention times were

" recorded with a flow rate of 30 AL min~!. Thin layer

chromatogrpahy (tlc) was done on Kiesel gel 50 F,,, s
plates. Thick layer chromatography (plc) was performed
using Kiesel gel P,;, on glass plates. Open-column

chromatography was performed using Kiesel gél. All
. * .

. irradiations were performed using a Rayonet resactor

equipped with a low pressure dorcury lamp. Solutions were
degassed with dry nitrogen: gas before irradiation and were
irradiated in quartz tubes and the course of the reaction
was followed by gas-liquid chromatography (glc).

“ Reagent grade solvents were used for all reactions.

Tetrahydrofuran was freshly distilled before use from

o R ot b B o

sodium and benzophenone. Anhydrous ethyl ether was Baker
\<oggont grade and was used without further purification.
All anh&drous reactions wore’portormpd‘under a dry nitrogen
atmqsphere‘with all glassware belpg drioq‘overnlght in a
drying oven at 150°C prior to use. Assembly of the
reaction apparatus wn; cdﬁducted under a flow of dry~

nitrogen with the glassware being heated with a hot gun

before being closed to the atmosphere. The drying agent

¥ " ' . ‘
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© 130-200°C (10°C/min] in the column 5% S.E. 30 on Chemisorb

used in all reactions was potassium carbonate aﬁhydrous
(K3CO; an) 'Baker Analyzed' reagents. : .
23kyclopentenol

2-Cyclopentenone was prepared by the reaction of
cyclopeytene with singlet oxygen in the presence of acetic
anhydride and pyridine in methylene chloride utilizing
tetratolylporphyrin as the sensitizer insteadhof
4- (dimethylamino)pyridin as reported in the literature.359P '
2-Cyclopentenone was rgducbd with LiAlH, in dry diethyl
ether under positive dry nitrogen pressure to give
2-cyclopentenol.

(89) and Bicyclo(6.3.0)-4,4-dimethyl-9-hvdroxvundecane-
L.6-dione (90)

Irradiation of a solution of
S,5-dimethylcyclohexane-1,3-dione (dimedone) (250 mg, ‘/// .
1.78 mmol) in methanol in the presence of excess
2-cyclopentenol (1.9 g, 1.9 mmol) using uv light of
wavelength 254 nm resulted in complete conversion (12 h) of
the diketone to a mixture of products as analyzed by glc;

retention times 7.49 and 8.01 at program temperature

W. The reaction mixture was concentrate& at reduced

pressure at room temperature to give a yellow-coloured-

P

oil. 13C nmr of this showed the presence of two major

compounds . These (235 mg) were separated using 50 g of
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;ilica gel (60-200 mesh, Baker Analyzed reagent) using
hexane/diethyl ether/methanocl as”solvents, to give 89

(72 mg) and 90 (92 mg).

89; a crystalline ‘white solid (recrystallized from
n-hexane). M.p. 91-94°C. H nmr (CDCl,;): 4.6 ppm (g, 1H,
8 Hz, Y1CH.OH), 8 3.1 (m, 1H, 8CH), 2.85 ppm (t, 1H,

J =8 Hz, CH),-2.7S ppm (d, 1H, J = 12 Hz, SCH,), 2.45 ppm
(d, J.H: J = 12 Hz, 5CH;), 2.4 ppm (d, 1H, J = 12 Hz,
3CH;), 2.‘6 ppm (d, 1H, J = 12 Hz, 3CH;), 1.05 ppm (s, 3H,
CH;), 2.5 ppm (m, 2H, CH,;), 1.4-1.5 ppm (m, 4H, CH;).

Ir (NaCl, film) 1680 cm~}:, 3550 cm™t. 13C nmr (,CPClg). ’

71.4 (CH.OH), 658 (2CH), 53.0, 52.4 and 49.9 (CHy a to

C=0), 36.6 (*CH), 35.4 (¢C), 30.6 and 30.1 (CH;), 32.5 and
27.6 (CH,), %11.5 and 210.5 (C=0); exact mass m/e 224.14101.

90; crystalline white solid (recrystallized from

n—hexaneb. M.p. 160-103'0. " 1H nmr (CDCl1,): 4.0 ppm (dt,
1H, J = 1.57, 5.75 Hz, %CH), 3.45 ppd (dt, 1H, J = 6, 8 Hz,
ACH), 2.95 ppm (m, 1§, J = 6, 1.57, 4 and 10, °CH), 2.7 ppm
(d, 1H, J = 12, CH; a to C=0), 2.6 ppm (d, 1H, J = 12, CH,
a to C=0), 1.1 ppm (s, 6H, CHy), 2.0-2.2 (4H, CH; a to

Q’D‘)’v ‘1':5-1.8 pm (m' ‘H. Cﬂz)- It’ (N.Cl, fillll) 1690 Cm—‘.

3580 cm~!; 13C nmr (CDCl,), 56.1 (!CH), 211.1 and 210.2
(C=0), 52.2, 52.6 and 45.3 (CH; @ to C=0), 35.3 (4C), 6.8

" (CH), 79.4 (CH.OH), 20.5 and 32.0 (CH), 32.8 and 27.3

(CH;); exact mass m/e 224.14098.
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J = 12 Hz, %CH;), 2.06 ppm (m, 2H, !!CH;), 1.12 ppm (s, 3H,

.3.0]1-4.4 hylundecane-2,6,1l-trione (91) and 098

.3.0]1- =d e e-2,6,9-trione (92)

A mixture of 89 and 90 (350 mg) was dissolved in

LS e
15 mi, of acetone at 0°C, 4 m 1 of Jones' r ent (6.7 g of
CrO, in 15.5 miL of H,O and 5.8 mL of H,SO??illﬁdndded

slowly, maintaining the temperature until the reaction
mixture .lgccano orang'o. Stirring continued for 1l/2 h, addod\\

a few drops ot'z-propanol until the reaction mixture became

green, which was then diluted with diethyl ether, filtered,
and concentrated under reduced pressure. This was again
extracted with ether, several times; combined ether
extracts were dried évor K,C0; (an) and concentrated under
reduced pressure (506 mq). The reaction was followed by
glc on a 5% S.E. 30 on Chemisorb W column, with a retention
time of 6.67 min at program thporaturo 130-200°C
(10°C/min]. Column éﬁromatographic soparfﬁkon of the crude
reaction mixturs using 50 g of silica gel and hexane/

diethyl ether as the solvent system, gave one major

compound as analyz2ed by glc.

"ty 4 A

¢
-

- iy

92; cr}stalline whitg dolid (recrystallized by hexane/
diethyl ether). M.p. 130.5-131°C. 3H nmr (CDCly): 3.05
ppm (dd, 1H, .J = 16 and 3 Hz, 'CH;), 2.76 ppm (m, 1lH,

J = 12, 10, 7.5 Hx, CH), 2.48 ppm (d, lH, J = 12 Hz,
SCH;), 2.39 ppm (4, 1H, J = 12 Hz, %CH;), 2.26 ppm (dd, 1H,
J = 12 and 12 Hz, 7CH;), 2.24 ppm (dd, 1H, J = 12 and 9.5

Hz, 19CH,;), 2.19 ppm ¢m, lH, 19CH;), 2.12 ppm (d, lH,

|l
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CHy), 1.09 ppm (s, 3H, CH;). Ir (NaCl, film); 1690 cm;l.

1730 cm=1. i3Cramr (CDCl,: 214.07, 209.9 and 209.29 (€=0),
56.7 (1CH), 43.7 (%CH), 52.3, 50.47, 45.1 and 36.0 (CH; a

to c=0), 36.1 (C), 22.6 (CHy), 30.7 and 29.3 (CHi

4, -Dlnothzl-z,5-dohzgro-ll-hzgrogytricycloLG 3.0.02-6]-
mslmm_(ss) m_ 1-2,6-dehydro-9-
ricyclof[6.3.0.04-%] ecane (94)

Potassium metal washed with dry tetrahydrofuran

(3.3 g) was added to a stirred slurry of TiCl, (3.6 g) 1in
150 mil of dry tetrahydrofuran aé room temperature under d;y
nitrogen. After refluxing for 1 h the black. reaction )
mixture was coélod to room temporit;re and a crude reaction
mixture of cyéloadducts consisting of 89 and 90 (323 mg) 1in
S mL of dry totrahydroturan-wlt added; the mixture was
refluxed under dry nitrogen for 4 x 2; h and was monitored
by glc; cooled in ice, added methanol (75 mL) to quencihr the
reaction, filtered through celite, concentrated under .
reduced pressure and the concont;atod reaction mixture was
extracted with 3 x 50 ml of dry diethyl ether. The ether
extracts woré concentrated under ;oducod pressure to givo a
yellow oil (252 mg). GClc analysis shows prodominantl&'one
compound with a retention time of 3.7 iin on prograﬁ-
temperature 130-200°C°(10°C/min] in the column 5% S.E. 30
on Chonisorb W. Column chromatographic separation;usxng

10 g of silica gel and 10% diithyl‘other/hexane‘di the

solvent gave one major compound, 94.

o et At WS G




" AH, CH;), 1.1 ppm (s, 3H, CH;), 1.05 ppm (s, 3H, CH,).

consisting of 89 and 90 (244 mg) in methylene chloride

e ?

*
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p’..v N
Xy |
1 0(1\
94; H nmr (CDCl,): 3.95 ppm (dt, 1H, J = 4 and 2 Hz, T

SCH), 3.6 ppm (dt, 1H, J = 8 and 2 Hz, 1CH), 2.85 ppm (dat,
1H, J = 8, 2 and 4 Hz, SCH), 2.5 ppm (dd, 1H, J = 16 and

8 Hz, 7CH;), 1.95-1.85 ppm (m, 5H, CH;), 1.55-1.3 ppm (m,

Ir (NaCl, £ilm); 3610 cm~!. 13C nmr (CDClyj: 146.0 and

141.1 (C=0), Bl.3 ('CH.OH), 56.2 (CH), 46.4 (®CH), 45.4
(C), 45.8, 44.5, 35.6, 34.2 and 27.1 (CHz), 31%.3 and 31.1

(CH;); exact mass m/e 192.15182.

«
-~

Bicyclo[6.3.0]-4,4-dimethyl-1l-(tert-butyldimethylsiloxy)-
undecane-2,6-djone (103) and Bicyclo[6.3.0]-4,4(dimethyl)-
(tert-butyldimethylsiloxy)-undecane—2.6-dion (102)

Tert-butyldimethylsilyl chloride (1.6 g, 1.8.eq) and

imidazole (1.5 g, 36 eq) was dissolved in
dimethylformamide (1 mL) at room temperature; after 10 min

this was added to the cycloadduct product mixture

(5 mL) at 0°C, stirred for 12 h at room temperature,
diluted with diethyl ether (50 mL), washed with H,0

(3 x 10 ml.), dried the ether layer with K;CO, (an),
concentrated under reduced pressure at room temperture to
give a yellow 0il. Glc analysis showed this as a mixture
of two major compounds (1.16 g); retention times of 9.8 and
10.5 min at program tomporntutoll30-200'c {10°C/min} Ln.the
column 5% S.E. 30 on Chemisorb W. This was separated using

N

150 g of silica gel (§0-200 mesh) and S0% diethyl

~
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' 101
chorﬁ/glbontano as the solvent to give 103 (140 mg, 39.5%)

ARA 102 (156 mg, 43%).

oy Y
L.

103; !H nmr (CDCl,): 4.55 ppm (dt, lH, J = 6.5, 6 Hz,
CH.08itBuMe,), 3.0 & (m, 1H, %CH), 2.8 ppm (dd, 1H, J = 6
and 8 Hz, ICH), 2.85 ppm (d, l1H, J = 12.5 Hz, CH; a to
C=0), 2.4 ppm (d, 1lH, J = 12.5 Hz, CH; a to C=0), 2.35 ppm

(4, 1H, J = 12.5 Hz, CH; a to C=0), 2.25 ppm (d, 1lH,

J = 12.5 Hz, CH; @ to C=0), 2.1 ppm (d, 2H, J = 12.5 Hz,
7CH;), 1.7-1.5 ppm (m, 4H, CH;), 1.05 pm (s, 6H, CH,),

§ 0.85 ppm (s, 9H, t-Bu), 0.05 ppm (s, 6H, CHy). 13C nmr
(CDCl;): 65.9 (LCH), 215.9 and 210.8 (C=0), 51.7, 54.2 and

50.4 (CH; a to C=0), 37.4 ("CH), 30.9 and 32.4

(CHz), 72.6 (11CH), 27.5 and 32.6 -(CH3), 17.9 (C), 25.7

(t-Bu), -4.4 and -4.6 (Si-CHz), 3576 (4C).

102; 'H nmr (CDClz;): 3.9 ppm (dt, 1H, J = 1.5 and 4 Hz,
’ CH), 3.3 ppm (dt, 1H, J = 8 and 6 Hz, 1CH), 2.9 ppm (m,
iH, J = 9, 1.5, 6 and 4 Hz, SCH), 2.6 ppm (d, 2H,
J = 12.5 Hz, CH; @ to C=0), 2.3-2.1 ppm (4H, CH, a to C=0]},
b N
-1.6-1.2 pgl,(m, 4H, CH;), 1.05 ppm (s, 6H, CH;), 0.85 ppm
wl '
(s, 9H, tFBu). 0.05 ppm (s, 6H, CHy). !3C nmr (CDCl,;):
12.9 and 211.7 (C=0), 35.1 (C), 47.3 (®CH),

L 4
79.9 (%CH), 32.3 and 20.5 (CH,;), 27.5 and 32.5 (CH;), 17.9

(c), 25.7 (t-Bu), -4.7 and -4.8 (Si-CH,).
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£ , 102

4,4-Dimethyl-2,6-dehydro- 8A-dihydro-l1ll8-(tert-
utz;g;!gthxlsilo;z)-trigzclo[6 3 0.02r%jundecane, (104a):

4:4-Dimethyl-2, 6-dehydro-]15-88-dihydro-lla-
gtegt-ggtz;g;gg;hz;g;Lg;z) E:ngclols 3.0. O2 ' $ lundecane,
(loib)= 1;i:ﬂ1!!&h!1:2;§:ﬂshzgzezll‘Ql_ﬂibxgxgzgé_
d i -tri 1o 6 3.0.0%r%jundecane
(105a); -2, 6-dek 88-d4 ro—9a—

(tert- butzld;ggthzlsiloxy) tricyclo[B 3.0.04/%jundecane,
(10%b)

" Potassium metal (3.3 g) was waadid with dry
tetrahydrofuran to remove oil and was added to a stirred
slurry of TiCl, (3.6 g) in dry tetrahydrofosan (200 mL) at
room tempsrature under dry nitrogen gas. After refluxing
for 1 h the black reaction mixture was cooled to room
temperature and a mixture of silylated cycloadduct products
consisting of 102 and 103 (872 mg) in dry tetrahydrofuran
(5 mL) was added. A:tor*refluxing for 48 h under dry
gitrogon, the reaction mixture was cooled to room
temperature, added methanol (50 mL) to quench the reaction,
filtered through Celites, concentrated under reduced -
pressure and the concentrated product was extracted with
dry J&oth&l ether (3 x 50 mL). Tﬁo combined ether extracts
were concentrated under reduced pressure to give a yellow
oil (414 mg). Glc analysis shows this as a mixture of two
compounds with retention times of 7.05 and 7.8 min on
program temperature 130-200°C [10‘C/qin] in the column
5% S.E. 30 on Chemisorb W. Colu;n chromatographic
separation using 40 g of silica gel and hexane as the
solvent gave three compounds, 105a, 105b and 104a 1n the

ratio 21:28:10 (combined yield of 59%).
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' 45.2 (4C), 45.4, 43.7, 34.8, 34.0 A 26.7 (CH;), 30.9 and

103

104a; H nmr (CDCl;): 4.05 ppm (dt, lH, J = 3 and 2,

.CH-OSitBuMe,), 2.95 ppm (dd, 1H, J = 2 and 8 Hz, ICH),
".%: 8.25 ppm (tq, 1H, J = 8 and 3 Hz, %CH), 2.05-1.9 ppm (m,

6H, CH;), 1.7-1.5 ppm (m, 4H, CH,), 1.24-1.20 ppm (s, 6H,
CH,) ., 0?9 ppm (s, 9H, -But), 0.05 ppm (s, 6H, CH;).

13C nmr (GPCly): 144.4 and 143.3 (C=C), 76.0
(CH-0SitBuMe,), 57.9 (3CH), 45.4 (®CH), 44.1 (%C), 45.2,
38.0, 34.5, 32.3 and 26.6 (CH;), 30.8 and 3C.6 (CH,), 26.0
(t-Bu), 18.3 (C), -4.3 and -4.5 (S1~CH;); exact mass m/e

306.2379.

105a; iH nmr (CDCl,): 4.0 ppm (q, J = 3 Hz, CH-OSitBuMe,),
2.9 ppm (m, 1H, J = 3, 8 and 3.5 Hz, %CH), 3.1 ppm (m, 1H,
1CH), 1.85-1.75 ppm (m, 5H, CHz), 1.7-1.45 ppm (m, 4H,
CH;), 1.18-1.1 ppm (s, 6H, CH;), 0.9 ppm (s, 9H, t-Bu),
0.33 ppm (&, 6H, Si-CH;). 13C nmr (CDCl,): 146.0 and

141.1 (C=C), 81.3 (CH-0SitBuMe;), 56.3 (%CH), 45.7 (lCH),

30.6 (CH3), 26.0 (t-Bu), 18.3 (C), -4.3 and -4.4 (Si-CH,),
exact mass m/e 306.2379.9

1058b; 'H nmr (CDCl;): 4.1 ppm (m, l1H, J = 5, 3 and 8 Hz,
CH—OSitBuMo,),fa.O ppm (m, 1H, 1CH), 2.05-1.85 ppm (m, 6H,
CH;), 1.6-1.45 ppm (m, 4H, CH,;), 1.1 ppm (8, 6H, CH,),r
0.9 ppm (s, 9H, t-Bu), 0.05 ppm (s, 6H, Si-CHj). 13C

nmr (CDCly): 144.8 and 143.5 (C=C), 75.5 (CH-0SitBuMe;).

-

50.5 (%CH), 45.5 (1CH), 45.3 (C), 44.5, 43.4, 32.9, 29.2 i




~

and 27.3 (CH;), 30.9 and 30.6 (CHy), 26.0 (t-Bu), 18.3 (C),

-4.5 and -4.7 (Si-CH;): exact mass m/e 306.2379.

l-Methylcyclopent-l-ene

The reaction of cyclopentaﬁone with methyl iodide
and magnosiua_turninga in dry diethyl ether gave
l-methylcyclopent-1l-ol (Grignard reaction).
l-Methylcyclopent-1-oP (86.2 g) and iodine (0.36 g) were
placed in a 250 mL flask fitted with a claisen distilling
head and a condenseér. The flask was heated at 120°C and
%@o snspected olefin-water distillate (73.2 g) was
collécﬁod~tn a4 receiver cooled in ice. This was dried by
sending through a Na,SO, (an) column to give a crude
reaction mixture of olefins 244.8 g). The H nmr spectra
of the crude mixture indicated a major compound and an 8%
impurity; !'H nmr showed a proton at 5.2 ﬁpm which is due to

the methylene hydrogen of the endo-cyclic ’

l-methylcyclopent-l-ene and a suall'poak at 4.7 ppm du; to
the exo-cyclic isomer mpthyloneéyclopcnton. a -
l-Methylcyclopent-l-ene (44.5 g) (contdminated with 8%
methylenecyclopentene), glacial acstic acid- (57 mlL) and
. p~toluemesuTfonic acid (1.18 g) were heated under reflux'

for 1 h, cooled and washed with H;0 (3 x 100 sL) and.

— saturated agqueocus ;odium bicarbonate solution (3 x 75 mi) -
arid dried over anhydrous magnesium sulphate. The dried

solution (27.9 g) was distilled through a 15 imach vigreux

-
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column to give pure l-methylcyclopent-l-ene (24.6 g) as
analyzed by \glc.

2-Methyl-2-cyclopenten-1l-ol
1-Methylcyclopent-l-ene (5.0 g) and methyleneblue

.sensitizer (0.0128 g) were dissolved in acetonitrile (40mL)
(Eho concontrnti;n-of the methyleneblue sensitizer was

© 1073 M) and placed in-an irradiation cell. Air was
replaced by O, and allowed fo come to thermal equilibrium.
The reaction mixture was photo-oxygenated using a 500 W
tungsten filament 11-6 (Sylvania) as the light source. ' The
lamp was turned on and the reaction was carried out at a
positive O, pressure of 1 cm Hg higher than the atmospherac

pressure. The amount of O, abiorb,d (cm?) was measured

D

after 97% completion of the reaction determined by the

,with respect to time. The reaction cell was cooled

contiguously by air. The photo-oxygenation was stopp

amount of O, absorbed. The reaction mixture was treated
with sodium borohydride (5.0 g) in methanol (40 mL) and was
kept at room temperature. After 30 min water (95 ﬁﬁ) was
added and extracted with diethyl ether (3 x 75 mL), washed
the combined ether extracts with H,0 (50 nﬂs, dr ied over
MgSO, (an)'and was concentrated under reduced pressure to
give a nixtuf; of brbducts (4.6 g) as analyzed by 14 nmr.
Tho 1H nmr gpectrum ot the alcohol mixture tndicatod a peak
at 5 7 ppm and at 4.6 ppm which are duo to the hydroxy

mothino proton and the olofinic,pioton of compound 1l4a,

7/

-
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respectively. The 'H nmr also i1ndicated peaks at 4.4'ppm
and 4.8 ppa (olefinic protons of compound ll4c) and at

4.5 ppm and 5.9 ppm which are due to the two olefinic
protons 6: compound ll4b. Integration of the fH nmr
spectrum of the vinyl alcochol mixture indicated the ratio
of ll4a:114b:ll4c ~ 33%:44%:22%. Several attempts were
made to separate the three alcohols by distillation and by

glc, which proved unsuccessful. Hence this method of

preparation was abandoned as pure alcohol ll4a 18 needed
for the cycloaddition and contamination of others could
lead to undesirable products and complications in the

sepixation of cycloadduct products.

2-Methyl-2-cyclopenten—-l1l-one

Cyclopentanone (10 g, 0.119 mol), N-methylanilinium-
trifluoacetate (63.3 g8, 0.288 mol) and paraformaldehyde
(9.8 g) were reflg’Ld together with stirring in dry
tetrahydrofuran (;;0 mal) for 14 min.. The reaction was

followed by glc (10% OV 101 at 70°C). At the end of 14 min

the glc analysis indicated 60% conversion of cyclopentanone

and further reactjion time resulted in substantial

polymer ization of the product. After 14 min of refluxing
the reaction mixture was cooled in ice, diluted with
diethyl ether (200 mL), and succéssively washed with 50%
aqueous hydrochloric aci nl.), and saturated aqueous

-,

sodium hydtogen‘éarbonato (50 ML) to which excess solid

sodium hydrogen carbonate (59:'g) was added. The aqueocus
) .

. | . .
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phases were back oxtractqd with diethyl ether (3 x 25 ml),
combined ether oxtraéts’, were dried with magnesium )
sulphate, and concentrated under £educod pressure‘at room
temperature. To the crude Z-mofhylenecyc1opentanono 95%
ethanol (10 ml) and rhodium trichloride (0.090 g of the
trihydrate, 0.34 mmol) was added and the mixture was
refluxed for 90 min during which time glc analysis
indicated conpiete conversion to <
2-methyl-2-cyclopenten-l-one. Ether (100 mL) was added to
the cooled reaction mixture, filtered, dried with magnesium
sulphate, and concentrated under reduced pressure (30%
yield).: Distillation through a short vigreux column gives
2-methyl-2-cyclopentene-l-one (14-20% yield).

B.p. 59°C/16 torr. IH nmr (CDCl,): 7.30 ppm (m, 1H,
olefin proton), 2.2-2.7 ppm (m, 4H, CH,;), 1.7 ppm (8, 3H,

CH,) .

Bicyclo[6.3.0]-4,4,1-trimethyl-1ll-hydroxyundecane-2, 6-dione
Y116) and Bicyclo[6.3.0]-4,4,8-trimethyl-9-hydroxyundecane-
2,6-dione (117)

<

Irradatiation of a solution of
5,S-dimothylcyclohoxano-l;3'dione ({250 mg) in methanol 1in
the presence of excess 2-methyl-2-cyclopentene-l-ol (1l g,
11.9 mmol) using uv light of wavelength 254 nm resulted in
conversion of the diketone to a mixture of products (the
irradiation was stopped at 70% conversion as analyzed by
g8lc to St?p sbcondary irradiation of the products; .

5 x 24 h); retention times of 7.85 and 8.55 min at program

~ A
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temperature 130-200°C {10°C/min] in the column 5% S.E. 30
on Chemisorb W. The roc'ct.ion mixture was concentrated at
room tempsrature under reduced pressure to give a
yellow-coloured oil. Glc/mass spectra analysis showed the
majority of products having the desired carbon skelotoﬁ:

exact mass m/e, 238.1569.

Bicyc .3.0)-4,4,88-trimethyl-9-(tert-
y - cane-2,6-dione (121) and
6.3.0]1-4,4 ~trimethyl-ll-(tert-
bytyldimethylsiloxy)-88-hydroundecane-2,6-dione (120)

Tert-butyldimethylsilylation of a mixture of 116 and
117 was performed in the same procedure as reported earlier
(for compounds 100 and 101). Gas-liquid chromatographic
malys.is of the product mixture (1.3.3) ‘showed the
presence of three compounds; retention times of 11.09,
12.20 and 12.92 min' at program temperature 130-200°C

L3

{l10°C/min] ‘in the column 5% S.E. 30 on Chemisorb W. This
- . i’

was separated using 150 g of silica gel (60-200 mesh) and

40% diethyl ethsr/hexane as the solvent to give 121 [M],

4
' 121 [N} and 120.

\ a
120; 3H nmg (CDC13): 3.7 ppm (dd, 1H, J = 6 and 8.5 Hz,
1iCcH-0S1tBuMe,), 2.95 ppm (m, lH, SCH), 2.35-2.25 ppm (m,
2H, 'CH3), 2.15-1.77 pm (m, 4H, CH; a to C=0), 1.8-1.55 ppm
(m, 4H, CH;), 1.15-1.0 ppm (s, 9H, CH3), 0.9 ppm (s, 9H,
t-Bu), 0.05 ppm (s, 6H, Si-CHy). 33C nmr (CDCl,): 210.99
and 216.2 (C=0), 81.1 (CH-OSiMe,Bu), 70.65 (1lC), 53.4
(%CH), 32.8 (%C), 55.2, 51.3, 46.1, 33.9 and 21.1 (CH;),

frwe W A LTS
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31.6, 27.2 and 20.3 (CHy), 25.7 (t-Bu), 18.0 (C), -4.3 and

~4.9 (CHy).

121 (M]: 'H nmr (CDCl;): 3.75 ppm (dd, 1H, J = 6.5 and
8.5 Hz, *CH-OSiMe,tBu), 3.05 ppm (dd, 1H, J = 8.5 and-
6.5 Hz, lCH); 2.7-2.25 ppm (m, 6H, CH; a to C=0),
2.05-1.9 ppm (m, 4H, CHj), 1.1-1.0 ppm (s, 9H, CHy),

0.9 ppm (s, 9H, t-Bu), 0.05 ppm (s, 6H, Si-CHy). 13C

nmr (CDCl,): 211.7 and 212.7 (C=0), 60.3 (lCH), 82.5
(CH-@S1tBuMe;), 47.5 (*C), 54.5, 50.3, 45.6, 30.3 and 21.1
> (CHy), 35.6 (%C), 31.2, 29.8 and 25.6 (CHy), 25.8 (t-Bu),

-4.39 and -.49 (Si-CHg), 18.0 (C). |

121 (N]; H nmr (DCDly): 3.7 ppm (dd, 1H, J = 8 and 6 Hz,
- SCH-OSiMe,tBu), 3.0 ppm (dd, 1H, J = 9 and 4.5 Hz, 1CH),
2.77 ppm (d, 1H, J = 13.5Re, 3-5CH;), 2.5 ppm (s, 2H
TCHy), 2.35 ppm (d, 1H, J = 13.5 Hz, 3:5CH,), 2.3-2.2 ppm
(d, 2H, J = 13.5 Hz, 3:5CH;), 1.85 ppm (m, 2H, CH,),
1.5 ppm (m, 2H, CH;), 1.1-1.0 ppm (s, 9H, CH,;), 0.9 ppm (s,
9H, t-Bu), 0.05 ppm (s, 6H, Si-CH,;). 13C nmr (CPCl,):
210.65 and 214.66 (C=0), 80.6 (*CH-OSiMe;tBu), 58.89 (lCH),
47.9 (*C), 55.4, 55.2, 51.5, 30.7 and 22.85 (CHy), 34.4

(4C),-32.5, 28.7 and 21.1 (CH,), 25.79 (t-Bu), 17.79 (C),

.
e e P NG gy

-4.3 and -4.9 (Si-CH,).
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4.4 - thyl-2,6—dehydro-88-hydro-11-
clo 6.3. O 03:8jundecane

utxldintnxlsilom-trigzclols 3.0.04. ]undecme (123)

Coupling of the diketone reaction mixture of 120 and

121 (266 mg) with McMurry's reagent was performed in the

same procedure as reported earlier (for compounds 103 and

- 102) except the time of refux, 24 h as opposed to 48 h.

(Purther refluxing leads to undesired products.) GClc
analysis of the product mixture show? the presence of two
compounds, with retention times of 7.03 and 7.95 min on
program temperature 130-200°C [10°c/min] in the column S%
S.E. 30 on Chemisorb W. Chromatographic separation using
S0 g of silica gel and hexane as solvent gave two compounds

122 and 123.

122; 'H nmr (CDCly): 3.7 ppm (m, lH, J = § Hz, 0.5 Hz,
CH-OSitBuMe,), 2.6 ppm (ddt, J = 2.75, 1.5 and 3 Hz, SCH),
2.0-1.8 ppm (m, 6H, CH;), 1.7-1.35 ppm (m, 4H, CH;),
1.15-1.1 ppm (8, 9H, CH;), 0.9 ppm (s, 9H, t-Bu), 0.05 ppm
(s, 6H, Si-CH;). 3C nmr (CDCl,): 144.2 and 142.6 (C=C),
81.5 (CH-OSitBuMe,), 5712 (1C), 52.59 (®CH), 43.6, 37.9,
33.3, 29.7, 27.8 (CHz), 30.8, 30.5 and 25.1 (CH,;), 25.9

(t-Bu), 18.2 (C), -4.4 and -4.8 (Si-CH,), 44.3 (*C).

123; H nmr (CDC1l,): 3.69 ppm (t, 1H, J = 4 Hz,
CH-0S1tBuMe,), 2.25 ppm (m, 1H, J = 3.5, 9 and 1 Hz, ICH),
1.95-1.9 ppm (m, 4H, CH;), 1.85-1.75 ppm (m, 2H, J = 16 H%,

Cﬁ;); 1.65-1.15 ppm (m, 4H, CH;), 1.15-1.1 ppm (s, 9H,

»
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CHy), 0.9 ppm (s, SH, t-Bu), 0.0S ppm (s, 6H, Si-CH,).
13C nmr (CDCl,): 145.9 and 139.7 (C=C), 81.3
(YCH-OSitBuMe,), 59.2 (*C), 53.2 (1CH), 44.4 (4C), 45.4,
44.07, 44.05, 34.04 and 26.4 (CH;), 30.8, 30.5 and 23.3
(CHy), 25.9 (t-Bu), 18.2 (C), -4.4 and -4.8 (Si-CH,).

-

Ozonolysis of (123)

Compound 123 (20 mg) was dissolved in methylene
chloride (S mL) and O, was sent through it at -5°C (dry
ice/acetone) which gave a purple coloured solution. After
30 min O; was sent through it to degass the dissolved O,
wﬁich made the decolourization of the solution. Zn dust
(500 mg) and glacial acetic acid (4 mL) was added to the
reaction mixture, after 10 min chloroform (gé mL) was
added, filtered, extracted the reaction mixt&re with H;0,
dried over K,CO; (an) and concentrated undog;raduced
pressure to give a yellow coloured oil (19 mg). This was
purified by a silica gel column (4 g) and diethyl '
ether /hexane solvent. Gas-liquid chromatographic analysis
of the product shows a retention time of 12.15 min on
program temperature 130-200°C [l1l0°c/mirni] in the column
5% S.E. 30 on Chemisorb W. Mass spectral, !H nmr and

13C nmr analyses of this compound agree with-121.

.
> ———— ——— R pa e e c——— e —
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4,4,18-Tr imethyl- 2‘S-dggzgro-sgfhydro-ll-hxgrogx—
ri clo[6.3.0.04- ecane (1l24) and
-Tr thyl-2,6-dehydro-18-hydro-9-hydro ricyclo-
[6 3.0.0%-%Jundecane (125)
Compound 122 (57 mg) was dissolved in dry
tetrahydrofuran (2 mL) and 0.1 M tert-butylammoniumfluoride

(1.5 mLL) was added and stirred for 12 h, diluted with
k3

. methylene chloride (10 mL) and extracted with H,;0

(2 x 3 mL). The H;0 iayer was extracted with methylene
chloride (2 mi) and was combined with the CH;Cl; layer,
dried over K;CO, (an) and ¢ ed under reduced
preasure. Glc Ahaly317 showed a retention time of 2 69 min
on progran temporature 130 200°C [10°c/min] in the column
5%$S.E. 30 on Chemisorb W. Purification of the product was
performed by using thi¢k layer plates and 30% diethylether/
hexane solvent.

-
124; !H nmr (CDCl;): 3.95 ppm (broad dd, lH, J = S and
2.5 Hz, CH.OH), 2.6 ppm (m, 1H, SCH), 2.05-1.30 ppm (m,
11H, CH; and OH), 1.15-1.05 ppm (s, 9H, CH;). !3C nmr
(cne1§3: 145.3 and 142.0 (C=C), 81.5 (CH.OH), 57.3 (1C),
53.2 (%CH), 44.3 (*C), 43.5, 37.5, 33.2, 29.3 and 27.5
(CHz), 30.8, 30.6 and 25.2 (CH,).

4 -

125; 3H nmr (CCly): 3.9 ppm (t, lH, J = 4 Hz, CH.OH),
2.5 ppm (m, 1H, J = 8.5, 2.5 and 1 Hz, I1CH), 2.0-1.4 ppm
(m, 1l1H, CH; and OH), 1.15-1.05 ppm (s, 9H, CH,).

}3C nmr (CDCl,): 145.6 and 139.8 (C-C); 8l.1 (CH.OH),
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58.69 (®C), 53.1 (!CH), 45.3, 44.2, 43.9, 33.5 and 26.3

(CHy), 44.1 (*C), 30.7, 30.5 and 22.1 (CH,).

4

4.4,8-Trimethyl-2,6-dehydro-9-oxotricyclo(6.3.0.02-¢]-
undecane (127)

Compound 125 (41 mg) was dissolved in achtone (5 mL)

and was kopt at 0°C in an ice bath. Jones' ;eagent

(1.5 mL) (6.7 g of CrO3 in 15.5 mL of H;0 and 5.8 mL of
CH;S0,) was added slowly at 0°C to maintain the
temperature, until the reaction mixture became orange 1in
colour. The stirring continued for 80 min and the green
coloured CrO; precipitated, added few drops of 2-propanol
until the orange colour disappoarodl extracted with
acetone, dried ove; K;C0; an, concentrated undgf reduced
pressure to give a yellow oil. This was re-extracted with

mdthylene chloride (2 x 10 mL) and concentrated under

rteduced pressure. Purification 6£ this was performed using

"'silica gel, thick layer plate and 35% diethyl ether/hexane

solvent which gave compound 127.

127; *H nmr (CDCl;): 2.3-1.35 ppm (m, 1lH, CH; and CH),
1.15-1.0 ppm (8, 9H, CH;). !3C nmr (CDCl,): 226.0 (C=0),
65.8 (%C), 51.6 (CH), 144.7 and 143.7 (C=C), 45.3, 43.5,

41.9, 36.4 and 21.9 (CH;), 30.9, 30.3 and 20.8 (CH;) .
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4,4, 15-Trimetrhyl-2a,6a,88-trihydro—~ll-oxotricyclo- -
[6.3.0.04:%Jundecane (38)

Compound 124 (52 mg) was dissolved in methanol

(20 mL) and PtO; (12 mg) was added. This was stirred for
10 h under positive hydrogen pressure, filtered the
reaction mixture, dried over K,CO, (an) and concentrated at
room temperture under reduced pressure to give an oi1l. The
oxidation of this oil with Jones' reagent yielded a single
compound followed by glc. This was purified by thick layer
chromatography to give compound 38. The spectral data of
38 matched that of norketone which was provided to us by

Professor T. Hudlicky.

38; H nmr (CDCly): 3.2-2.6 ppm (m, 13H), 1.05-.095 ppm
(s, 9H, CHy). 13C nmr (GNCly): 224.5 (C=0), $9.3 (1C),
46.8, 41.9, and 43.4 (CH), 34.2, 37.7, 29.7, 22.4 and 48.9

"(CHa), 29.3, 26.6 and 17.3 (CHj;), 41.2 (4C).
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PHOTOCHEMICAL AND PHOTOPHYSICAL PROPERTIES OF
N-BENZOYLINDOLES
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PART 11

CHAPTER S
NBCHANISl OF PHOTOANNELATION REACTION OF N-BENZOYLINDOLE
WITH CYCLOPENTENE
5.1 INTRODUCTION .

The subject of this chapter 1s the
photocycloaddition reactions of N-derivatized indoles,
specifically the photochemical reactions of
N-benzoylindoles with cyclopentene. The fairst
investigation of the photocycloaddition reactions of
N-derivatized indoles was reported by Julian et al.b4
Irradiation of benzophenone in the presence of
N—p—chlorobenzoyiindole (130) gave the.corresponding
oxetane (13i). These types of oxetanes are also obtained
from the photocheﬁical reaction of aromatic hotcrocycles-
such as furans®5 and 2,5-d1mothyltﬂ?bphene with
benzophenome’. Similarly N-acetylindole (132) gave the
oxetane (133).66

Thiqphene, pyrrole, oxazol‘e. indole and jgoxazole do
not undergo such cycloadditiohs.57 Their failure to react
may reflect greater resonance energy in the heterocyclic
w-system, or possibly quenching of the excited ketone by
the non-bonded electrons on the hetero-atom. Thus an

unreactive aromatic heterocycle such as indole appears to

116
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be rendercd more reactive by placing an electron

L% R .
withdrawing group on the nitrogen atom to interact with the
non-bonding pair and make it less available for donation or

delocalization through the aromatic system.

g @
N
: . - K
@_O:R:p-G-C‘H‘ . 131: R p—Cl‘C‘H.,R= R=Ph
132: ReMe 133: ReMe, RaR’=Ph

No oxetane formation was observed when acetophenone,
benzaldehyde, acetone or propionaldehyde were irradiated
with N-benzoylindole. However, benzoylformamide¢ and methyl
benzoylformate gave oxetanes. These results suggest that -
only ketones with‘triplet-energies of less thén 68 kcal/mol
add to (130): This implies that the triplet energy of
(130) is greater than 68 kcal/mol and that the triplet
excited ketones add to the ground state indole. Thus those
ketones with higher triplet egergies are unreactive because
they are quenched by the indole derivative. Sato et al68
reported that irradiation of indoles in the presence_o§

acrylonitrile yields the corresponding cyanoethylated

——
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products via complex intermediates. Thus irradiation of
indole with acrylonitrile in methanol yielded 3-(2-cyano-
ethyl) indole (134) and 4-(2-cyanoethyl)indole (135). Note-
worthy characteristics of this photochemical reaction are
(a) NH-indo%es undergo photocyanocethylation
in both nethaﬁ:::and acetonitrile,

whereas N-methylindoles react with

acrylonitrile only in protic solvents

L A v

such as methanol, indicating that

proton transfer either from the solvent

or from the NH group of indoles of *~
'gcrylonitrile may be involved in the
formation of the products.

(b) Addition of piperylene had no

* significant effect -on the

| photocyanocethylations.

(¢c) The fluorescence emission of indole was
strongly quenéhed by acryloniirile at
room temperature. '

These observations ;ere used to draw the

>

conclusions that this photochenfllcal reaction may

L]

proceed Qia singlet exciplexes as 1nterpédiates gnd
that an important step in the decay'pf the
exciplexes may involve proton £raﬁ§ter to the
acrylonitrile group. Observed reactivities of the

3- and 4-positions of the indole nucleus in the
o
¢
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photocyanoethyiation reaction are interpreted in

'tgrns of the calculated spin densities of indole

AN

cation radical®9—(Scheme 43).

e
8 - ’ ? ) v ‘ |
» RIn(S,) +AN = [RIn:AN] =—> Rin +AN
a proton : T
T . transter
. . - .
Rz=H . R=HMe
ROH
MeCN
I‘
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In:CH | .- . CH
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Julian et al70 also reported the photochemical

cycloaddxtxoﬁ of oclefins to the 2,3-double bond of
N-derivatized-indoles to produce a cyclobutane ring. For
example, irradxatxon of N-p-chlorobenzoylindole (130) and
methylacrylate i1n acetonitrile using acetophenone as
sensitizer yielded exo- and endo-adducts (136). Direct
irradiation gave ;1mxlar results. No reaction was observed
when methylacrylate was irradiated with indole or »/
N-methylindole i1n benzene, either directly or sensitized by

acetophenone; therefore, the N-acyl protecting group 1s

craitical.
\
R =p-Cl Ph
X==Cgﬁe
1;*\ X: exo, endo
3 0” ™R
136

Acrylonitrile, acrylamide and ethyl vinyl/ether also added
to (130),.yielding the corresponding exo- and
endo-adducts. In a competitive reaction between ethyl
vinyl ether and acrylonitrile, compound (130) added almost
entirely to the nxt;ile, which suggests that the '
photoaddition is more efficient with.electron—deficxent

olefins. The fact that the reaction was capable of being
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sensltized, along with the observation that product
formation could be quenched by naphthalene addition led to
the suggestion that the trxpiet excited state of indole 1s
involved. *
Hino et al’l reported the photodimerization of
l1,3-diacetylindole (137) to givo the cyclobutane derivative
(138). The analogous photodlmérxzation of indene,
benzofuran and benzothiophene 1,1-dioxide’2 with or without
a sensitizer to form cyclobutane derivatives, has also been
reported. arradxatxon of 1,3-diacetylindole (137) 1in
ethanol precxpxtate& the dimer (138) and the molécular

structure was determined by x-ray analysis. {

Me o
COMo_ CO H N
¢o C'.‘ co
137 e 138

No other i1someric dimers were 1solated, even when
benzophenone was used as a sensitizer or when the solvent
was changed to methanol, tert-butanol, benzene or acetone.
Also, 3-acetyl, l-acetyl or i—benzonesulfonylxndolos d.d
not give the corresponding dimers under similar conditions.
Ikeda et al73’75_used the cycloadduct product (139),

derived from N-benzoylindole and methylacrylate, as the

121
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initial species 1in the synthesis of lH-l-benzazepines
(Scheme 44). Alxalimae hydrolysis of (139) followed by
’ oxi1dative decarboxylation with lead tetra-acetate and
- : reduction with lithium aluminium hydride at room
: temperature gave (140). Thermal ring opening of (140)
v
i yislded lH-l-benzazepine (1l41).
]
hy
\ ﬁ
N ‘cQMe’ :
°4\A
. : o (i) OH
(i) Pb(OAC),
‘ UH)LIAIH‘
: = )
a

‘ /' —

N )
! 141
§ — ﬁH 140 ﬁH
Ph Ph

. [keda et al’b also investigated the regio- and
L
stereoselectivities in the (2+2) photocycloaddition of a

- series of N-benzoylindoles with vinyl acetate and

methylacrylate. Irradiation of a sqlution of the

- EEES .em—- - ————
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N-benzoylindoles (l42a-3j) and an excess of olefin in
degassed benzene, 1n the presence of acetophenone as a
triplet sensitizer in the case of vinyl acetate, or wxéhout
acetophenone in the'case of methyl acrylate, with a 350 W
high-pressure mercury lamp in a Pyrex tﬁbe aB;oided'a‘
mixture of products (l43a-c and l44a-c), which were not

separable (Scheme 45).

2 Ac !
R® A D
v
N [ 3
oo - ' \\ ) vi:vl
. Y ,
i te N R
. N aceta A
1420-j E}u-c
a R« R.-H
b: RMe.R3 H - *
c;:?H.::Mc
d: R:H, R3CHO a  QAC
e R'“HGRIAC R
f. RsH . R'-CN
9: RCN.RaH o
h: RxH, RE0A¢ \
i: RaM  RaSMe : N R
j: R'eH, RACI ‘ B2
1440-9
SCHEME 45 ‘

Pure samples of the acetates were obtained by alkaline
hydrolysis of the crude mixture, separation of the
resulting alcohols (l45a-c¢ and l46a-c) by column

chromatogrpahy and reacetylation (Scheme 46).

‘ . e
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The structures of the acetates were elucidated by oxidation
4

of each alcohol to the corresponding cyclobutanone (147a-c¢).
. The yields and ratios of the adducts showed that the

addition of vinyl acetate to the N-benzoylindoles.
particularly those with an electron withdrawing group at
the 3-position, proceeded in high yield. with high
regioee}ecﬁivity (formation of the 1-substituted isomers

only) but low~stereoeelectiv1ty (formation of 1:1 mixture

" of endo and exo-isomers); on the other hand, methyl

acrylate added to N-benzoylindoles in moderate yields only,
but with high regioselectivity (formation of the

l-substituted isomers as the major pro&ucte) and high ,
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stereoselectivity (formation of the l-exo-i1somers as the

125

major products).

These regiochemical sele¢tivities are similar to
thﬂpe-observed in the photocyclbaddition of 2-quinolones,’’
1-isoquinolones,’8 coumarins,/9 indenes80 and

thionapthene-1,1-diog 88l to unsymmetrical olefins (which

all give one regi pfedominantly, regardless of the
nature of the olefin) and i1s in contrast to the results of
the photocycloaddition of cyclic a,8-unsaturated ketones to
unsymmetrical olefins.82

Neckers et al33 have reported the photochemical
reaction of N-‘ethylindole ;o dimethyl acetylene-
Qica>éoxylatd'(DHAD) which results in direct formatiorr of
N-motﬁyl-3,4-d1carbomethyoxybonzoazepine (147)
(Scheme 47). The product 1s derived from a w28 + n2s

cycloaddxlion process and subsequent thermal ring opening

at room temperature.

SCHEME 47
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The 1solation of the initial cyclobutane adducts 1i1n the
N-alk;TLndole systems has been accomplished by using fused
indoles to prevent cyclobutane ring opoﬁxng. The
photoreactions of l-methyl-2,3-trimethyleneindole (148,

n = 3) and 6,7,8,9-tetrahydro-l-methylcarbazole (149,

n = 4) demonstrate this point. Direct cycloaddition to
produce the cyclic adduct (150) would not likely be

by ring opening to the benzazepines (151) since 1n
these cases the

ived benzazepine would have two

bridgehead double bonds.
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The photochemical cycloaddition of N-derivatized indoles to

alkenes has potential synthetic applications. In view of
this potential it was decided to i1nvestigate the mechanism
of photochemical cycloaddition of N-derivatized indoles to

alkenes so that synthetic limitations could be predicted.

5.2 GENERAL. PROPERTIES OF Q'BENZOYLINDOLE

In all solvents indole shows principal absorption
max 1ma ;t circa 225 nm (€ = 25000) and 270 nm (¢ = 6000);
vibrational stihéture 1n these 6;nda is also observed. The
appearance of the absorption spectrum of i1ndole 18 quite
characteristic and 18 used to i1dentify indole alkaloids.
The absorption spectrum of tryptophan is the most intense
of the three naturfl aromatic aqjﬂﬁ'acids, tryptophan,

tyrosine and phenylalan1ne,34 and the spectra of proteins

"are largely the result of their tryptophan content.

The absorption spectra of N-benzoylindoles are quite
different from that of indole. N-Benzoylindole e;hxbxts
two characteristic absorption bands in the ultra-violet
spectrum; an intense band (e « 24000) in the region of
247 nm, and a weaker band (¢ ~ 8000) in the region of
302 nm (Pig. 1). In addition, there 18 no pronounced
vibrational structure.

It is the gxcitation of the weaker band at 30; nm
which has been used in the photochemical cycloaddition

reactions employing a medium pressure mercury lamp.b4 ¢
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Changing the solvent from non-polar hexane to polar
acetonitrile results in virtually no shift 1; the
wavelengths of the absorption maxima. This suggests that
the absorption maxima do not correspond to a simple n — n*
transition localized on the bonzoyl/c;fbonyl group. The
absorption maxima of N-benzoylindole in different solvents
are given in Table VIII.

Several pathways are potentially available for the
excited N-benzoylindole (NBI) molecule to undergo
deactivation to the ground state;

-

(i) cycloaddition reactions, either o
to the c3-c; double bond or to the
carbonyl group, to yield
1l:1 adducts. In principle this
could proceed from either the
singlet or triplet excited state.

(il) reaction with solvent molecules;

(iii) radiative decay to the ground

state;

{iv) non-radiative decay to the ground

state.

(v) dimerization with a ground state
N-benzoylindole moleculs.

The solvent generally used in this work was spectrgl

grade, doubly-distilled benzene purged with dry nitrogen

gas. This solvent was found to be inert with respect to

*
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addition to photochemically excited N-benzoylindoles, so
that mode (ii1) of deactivation 18 unimportant.

Hino et al’l have observed photochemical
dimer ization of 1,3-diacetylindoles as described above: no
such reaction occurred with N-acetylindcoles and
N-benzenosﬁltonylindoles. In the work which will be
described in this theJ{s evidence was found to indicate
that inefficient quenching of the N-benzoylindole triplet
excited state by the ground state N-benxoylindole molecgle
occurred, but no dimer ization products were detected. That
iﬁefficient self ~quenching occurred was determined by
measur ing the change in the qﬁantum yield of cycloaddition
of NBI with cyclopentene as a function of the NBI
concentration (tﬁis is:discusaed in detail lgter in this
chapter). It can be concluded, therefore, that .
dimer ization proce;ses do not represo;t a major pathway f6
decay of the excited NBI molecule.

It was ob;;¥vad during the work described in this
thesis that N—benzoylinaole exhibited fluorescence at room
temperature; however, ig’waa very much weaker (the
fluorescence gquantum yield was determined to be 4.1 x 1072
in hexane) than that of indole itself, and was qbserved at
anomalously long wavelength. ;t was also observed that the
position and 1§Fangity of e emission was exceedingly
solvent dopend;nt (this is discussed in detail in
Chapter 6). The intensity of the fluorescence was

unaffected by the presence of alkenes (cyclopentene,

N
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1,3—cycloﬁexadxene and l,3$bentadxene) and i1t was thus
caoncluded that the emitting stato'was not 1i1nvolved 1in.
cyclqp&ﬁitién and th&t~fadiat1vu decay is not a major mode
of do&ctivati;n of the NBI singlet state.

' N-bfggoylindole was also found to exhib:it
phosphorescence in frozen so}utiéns at 77°K which from the‘
posltion of’ the 0-0 band of the emission indicated the

presence of a triplet state of energy 67 kcal/mol (Figure

- N

3). Traiplet céaﬁting experiments, which will be described
in detail later, indicated that the NBI tr:iplet state 1s

populated efficiently. The quantum yield of ' intersystem

crossiﬁg was solvent dependent, and was of the ordar of
1073 or greater.
In additisn to the various normal .modes of
xjd}ationloas doéay open to NBI, the presencd of the
* conjugated, but conformationally mobile benzoyl group,
suggested that rotation of the latter might provide an

_ - - .
additional mode of decay. Evidence for this process is

discussed later in this chapter.

-

The fjrat step taken to deduce the mechanism of the
~N

“»,
phbtoadd&;ion reaction of NBI was to identify the reacting

(Y

»

state. In order to do this the addition of c¢yclopentene to

NBl was chosen as gho reaction to be studied.

. L
~

5.3 STRUCTURE AND STEREOCHEMISTRY OF CYCLOADDUCT PRODUCTS
“Cyclopontono’ytt/zaoson as the alkene 9nrtne;

b;causo .T its symmetrigal structure and the relative

. 3

“

-
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simplicity of the cycloadduct products. Non-symmetrically
substituted alkenes can yleld regioisomeric cycloadducts
(1.e. head-tail or head-head adducts), whereas no
Yegioi1somer1sm 18 possible with cyclopentene.

N-Benzoylindole and cyclopentene were 1rradiated 1in
nitrogen purged benzene using a Pyrexefxitered med ium
pressure mercury lamp. Gas ch}omatographlc analys:is
indicated the apparent conversion of NBI to a single
product. Column chromatographlc separation using silica
gel resulted 1n the 1solation of a pure crystalline
compound. The molecular i1on i1n the mass spectrum of this
compound showed a precise mass of 289.1464 which
‘ .corresponds to the cycloadduct products (152) and (153).

‘ /‘The 13C nmr spectrum of the crystalline product 1in
deuterochloroform indicated the presence of 20 carbon atoms
including four methine carbon afgms at 63.6, 45.0, 46.2 and
47.9 ppm. The }H nmr spectrum of this compound in CDCl,
showed four peaks distinctly separated from the rest of the
spectrum; at 4.0, 3.35, 2.84 and 2.70 ppm. Each of these
peaks cof}osponded to one hydrogen atom, and they were
assigned to the four methine protons of structures (152) or
(153). ¥

Of these four protons the lowest chemical shift
appeared at 4.0 ppm as a broad unstructured signal and was
assigned as Hy (gee structures (152) and (153)) since the

proton adjacent to the nitrogen atom would\ be expected to

aptzggrat lowest chemical shift compared tb Hp, He and Hyg.

.
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The broadness of the signal 1s ascribed to the longer

relaxation time of the nitrogen atom. Irradiation of Hy
decoupled the peak at 3.35 ppm which collapsed to a doublet
and revealed 1its coupling constants (dd, J = 7.5 and

3 Hz). Irradiation of Ha also decoupled the peak at

2.84 ppm which collapsed to a broad triplet (bdt, J = 3 and
7 Hz). Hence the peak at 3.35 ppm was assigned as Hp since
only Hp would appear as a doublet on irradiation of Hj.

The signal at 2.84 ppm was accordingly assigned as Hg.
Irradiation of Hp and Hg indicated that the peak at 2.7 ppm
(bdt, J = 3 and 7 Hz) }ould be assigned as Hc. The !H and
13C nmr chemical shifts relative to TMS and the
proton-proton coupling constants of each of the methine

carbons and protons are given in Table VI.

lH nmr 13C nmr J, Jz
Ha 4.0 ppm 63.6 ppm Ja,p = 7.5
Hp 3.35 ppm 45.0 ppm Jb,c = 3.0
He 2.7 ppm 46.0 ppm Je,d = 7.0
™ 2.84 ppm 47.8 ppm Jg.a = 3.0

TABLE VI: H nmr and !3C nmr chemical shifts of the -
: cyclobutane ring of compound (152) ' '

Compar 1son of the above coupling constants with

those obtained from the Karplus equations using dihedral
-l

- e - e S ——
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angles est:mated from mo&els of structures (152) and (153)
indicated that both Ha -and Hp, and He and Hg are cis to
each other. The‘s;milar coupling constants observed
between Hy and Hg. and Hc and Hp 1ndicated them to be trans
to each oghar and hsnce the sterecchemistry of the
crystalline adduct was assigned as cis-anti-cis and has

structure (152). g

» He H, H.

H, H, H H,
OJ\CH cA\ >

CH
téz 153

Comparison of the !3C nmr spectrum of the crude
reaction mixture with the spectrum of the 1solated
crystalline adduct (152) suggested the oixstence of another
adduct with the same retention time on gas-liquid -
chromatographic column as that of 152, but which failed to
crystallize out of the mixture. Two-dimensional nmr
* spectral analysis of the non-crystalline compound i1ndicated
this to bs the cis-syn-cis adduct® (153). ‘

(3: D. Hastings and A.C. Weedon, unpublished work. ] .




5.4 MULTIPLICITY OF THE EXCITED STATE INVOLVED IN THE
CYCLOADDITION REACTION OF N-BENZOYLINDOLE WITH
ALKENES

The éycloaddition could, 1in principle, occur from
eifher a singlet state or a triplet excited state. Direct
‘e:citat1on of NBI (long wavelength maxima at 302 nm) should
yield the S, state with an energy of 94.7 kcal/mol. The
observed fluorescence of NBI (discussed in detail 1in
Chapt?r 6) is from a lower-lying charge-transfer state
whose energy is solvent dependent (65 kcal/mol in hexane,
52.9 kcal/mol in CH3;CH). The phosphorescence emission of
NBI at 77 K was not solvent dependent, and fr;m the
position of the 0-O band, a‘tfiplet energy of 67.7 kcal/mol
was indicated. A typical phosphorescence spectruﬁ is shown
in Pigure 3. .

Ikeda et al7’3-75 observed the cycloaddition of NBI
and methyl acrylate in the presence and absence of
acetophenone triplet sensitizer, which enabled us to
H speculate that the cycloaddition reaction occurs from EES
, " triplet excited state. Preliminary quenching experiments

indicated that the cycloaddition of cyclopentene to NBI was
; quenched by typical triplet quenchers (piperylene
| Ey = 56 kcal/mol, isoprene Ey = §9 kcal/mol) and sensitized
by sensitizers having triplet energies abofe 73 kcal/mol.
Thesg,facta led us to conclude that the ti;plet excited
state of NBI is involved in the cycloaddition reaction but !
did not rule out the possibility that the singlet eicited

states were also reactive. Triplet-counting experiments
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(described 1n detail at the end of this chapter) using
trans-piperylene 1ndicate& that the yield of triplet NBI
(.. ®; 5.¢.) is higher than 1ts quantum yield of
cycloaddition with cyclopentene. This 18 consistent with
the exclusive involvement of the triplet state in the
cycloaddition p}ocess but does not-rule out a parallel
singlet excited state pathway.

The fluorescence of NBI was not quenched in the

~presence of alkenes such as cyclopentene, piperylene and

isoprene; this eliminated the possibility of the
involvement of the fluorescing singlet state in the ‘
cycloaddition reaction. However as mentioned above, this
state appears to be a charge-transfer state produced by the
relaxation of the intially formed singlet excited sFate;
the fact that it is not quenched by alkenes does not rule
out the possibilty that the first formed singlet excited
state is reactive. As will be described below, more
conclusive evidence for non-involvement of the singlet
excited state is given by the observation of a linear
Stern-Volmer plot obtained from quenching'of the
photochemical cycloaddition of NBI and cyclopentene.

If it is assumed that the singlet excited state of
NBI is unreactive, then a simple form of cycloaddition
mechanism involving NBI and cyclopentene can be proposed
and is summarized in Scheme 48. This proposes direct
formation of a triplet biradical (BIR] resulting from the

interaction of triplet excited NBI with ground state

- - e @ i eeeme . = acesme’

139

s




. O e £ T P e W - P -~ WL TTE g . -

alkene. The biradical will eventually result 1in thé: 140
formation of the products following spin i1nversion. The;
biradical intermediate 18 1ncluded so as to provide a me;nsA
for the system to proceed from the trxpl;t surface to the -
singlet surface. The structure of the biradical will be
considered further below. This scheme 18 similar to that
for enone cycloaddition, and by analogy allowance 15 made
for the biradical to collapsé to the starting alkene and

the ground state indole.

. k:O] s
(NBI]+ 0 == [(BIR]
-8
hy . s
k.&Nal] p,; k‘ k1 | ka
¢
. prod
N8I+ 0
SCHEME 48

where NBI, O and [BIR]) are NBI, olefin and bxradxc;l.

reﬁszzbmvely. . .
* = k ‘

Kq p * Ka * kq (Q]

where ko = rate constant for phosphorescence

kg = rate constant for radiationless decay e
kq = rate constant for quenching _

kKgq = rate constant for bimolecular self-quenching.:
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5.5 DERIVATION OF THE KINETIC EQUATIONS

The s:imple scheme for cycloaddition from the

triplet state only can be rewritten as follows:

INBI

INBI

INBI

INBI + Q

INB] + NBI

INBI + O

.t

[BIR])

(BIR)

INBI

3NBI

NBI + heat

NBI + lhy

NB1 + 3Q

dimer

{BIR])

INIBI + O

NBI + O + heat

Rate

Io

kKi.s.c.[NBI]

kq[3NBI ]

Xp [3NBI ]

kq(Q) (NBI]

kgq[(NBI](3NBI]

kg (O]} (NBI]

k-g[BIR]

K, [BIR]

141
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K2
(BIR} ————— prod k; [BIR) 10
The symhols NBI, O, Q, ®; . s.c. and [BIR] refer to NBI,
olefin, quencher, intersystem crossing quantum yield and
the biradical, respectively. N
If it is assumed that the 3INBI and BIR each achieve
a steady state concentration, then an expression for the
quantum yield of product formation i1n absence of quencher
(8°p) can be derived, and has the form:
. kakglO) &1 5. ¢.
d°p = — ‘ 11
(kytkytk-g) (kgtkotky o [INBI)) + kglOl(k,+k;)
inversion of this equation results in the more useful form:
1 = (kytkatk-g) (kg+kp+kyq (NBII) 1 1 4;
L L kg . ®1.5.¢. o} '
(ky+kg) 1
+ 12
k3 ® . s.c.
-1
kz ka 1 \ 1
K,+kz+k-g Kg+Kg+Kgq (NBI] 1 s c. o1
+ (kx*kz) 1
. -— 13
K3 ®1.5.¢c. >
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kz
where ————————— represents the fraction of the
(kl+kz+k-g

intermediate biradicals giving the observed products and

Kg/(Kg+tkgtkgq[NBI)) represents the efficiency of formation

-of the i1ntermediate biradical from the triplet NBI. Thus a

linear relationship should be observed between 1/®°, and
1/{0]. 1If a quencher is introduced which can selectively
quench the triplet excited NBI, then an expression for the
quantum yield of product formation, ®;, 1n the presence of
the quencher can be derived, and has the form:
’ —_—
kakg(0] @1 s .¢c.

(kytky+k-g) (kgtkgtks o [NBIJ+kq[Q]) + Kkg([0] (ky+k3)

Division of Equation 1l by Equation 14 leads to the

Stern-Volmer expression:

L (kytka+k-g)kq(Q]) s
®p (kytkytk-g) (kgtkptky[NBI]) + kg(k,tk;) (0]

»

The slope (M) of the Stern-Volmer equation 1s

(kKytkatk-g) (kgtkptkeq[NB1]) + kg(ky+k;)[0]
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where

1 (kd*kp*‘kgq[NBI]) kg (k;+k3) (0]
- = T 4
M kq. (kl*k2+k—a)kq

Examination of Equation 17 reveals that a plot of 1/M vs
(0} should have an intercept equal to (kg+kKptkgqINBIl)/kg,
where the expression (kg+kp+Kyaq(NBIl), which describes the
decay of the triplet state, should be a function of NBI
on;y,and independent of the olefin conce tratibns. For

exo-thermic quenching, the value of kg, the rate constant

for quenching, can be assumed to be approximately equal to

the diffusion rate constant, kg ¢¢-
This can be calculated approximately by means of the Debye

equation:

8RT
Kq = Kgjty = ——— ‘ 18
3 x 103 ¢ -

where n is the viscosity in Poise, R = 8.31 x 107

erg/mol K, T is the temperature in degrees Kelvin. Using
this expression kq was found to be 1.1 x 10710 M™! 571 jp
benzene at 25°C. The intercept of Equation 17 can be
determined experimentally by measurement of the gradients
of the Stern-Volmer plots (described by Equation 15)
obtained for the reaction of NBI withhcyclopentené in the

presence of a quencher at a variety of different values of

L 4
‘s

—




v (Q). If the Stern-Volmer gradients are also measured for
various values of (NBI] at constant (0], then values of K44
/;nd the triplet lifetime 7 (= 1/kptkgq) can also be
determined. Experimental measurement of the gradient of
Equation 17 will also give the rate of forma;ion of the
biradical from the triplet excited state (i.e. kg), if it

is assumed that there is no reversal of the biradical

intermediate to the triplet state (i.e asTuming k-g = 0;

this assumption will be discussed further below).

<

5.6 QUENCHING STUDIES

The phosphorescence spectrum of NBI indicated that
it has a triplet state energy of 67.7-kcal/mol at 77 K.
Assuming a similar value at room temperature, then the
readily available dienes with triplet energies in the range
5§3-60 kcal/mol should be convenien% ana efficient quenchers
for the cycloaddition of NBI with an alkene. Dienes which
fulgill this criterion ére 1,3-pentadiene,
1.3-cyclohexa&iene and isoprene. These have been widely

. @
used as quantitative quenche:s of excited triplet states.

Care must bfégzgfaiséa‘iahugjng these quenchers, however,

because they can also quench singlet excited states. For
example, Cantrell et al85,86 have found that
2-cyclopentenone.and é—cyclohexenone undérgo (2+2)
\\photochemical cycloaddition to conjugated dienes with
moderate efficiency in competition with diffusion

controlled quenching of the enone triplet excited states by
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taking kq to'be 1.1 x 10!?® M™! 8”1 in benzene at room  *

the dienes. The products are mainly cyclobutanes resulting ?'

«from (2+2) cycloaddition of one of the diene double bonds

to the enone C-C double bond. However, these results were

P

obtained at very high concentrations of the diene, and the
reactions possibly result from i1nteractions with the enone
singlet excited states; by using low concentrations of the
diene this problem can easily be overcome. Interactions of
diene quenchers with the singlet excited state, as well as
the triplet, can be readily detected by the observation of
curvature 1n the Stgrn-Volmer plots. //">kv////§—“//j::;1
| . J

5.7 STERN-VOLMER QUENCHING EXPERIMENTS

Stern-Volmer quenching experiments were pe'ormed by
measur ing the rolég}gg quantum yield.of adduct formataion
when N-benzoylindole was irradiated with varying
.cyclopentene concentrations in both the absence and the
presence of various concenttatton{ of the quencher

1,3-cyclohexadiene. The resu}fs are shown in FPigure 4.
L

The Stern:Yolmer expressiyon is given by Equation 15. |If

the slope of the SterntVolmer plot ,184 represented by M

(Equation 16), then the reciprocal ¢gf the gradient (1/M)
will give the more useful form s wn in Equation 7. The
plot of 1/M against alkene concentkation, [O] (Pig. 5),

gives the value of the intcrcept‘Qk¢+k9+k.q(NBI])/kq. By

tomperaturo'(aquation 18) the expression (kgt+tkp+tkgq[NBI])

was calculated to have the value (6.0 £ 0.6) x 1l0°¢ 81,
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FIGURE 4: * Quenching of NBI-cyclopentene
. reaction with 1,3-cyclohexadiene.
Lines 1 to- S are for cyclopentene
concentrations of 0.35 M, 0.53 M,
0.92 M, 1.12 M and 1.41 M,
respectively.
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PIGURE 5: Plot of the reciprocal of
Stern-Volmer gradients of
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. hence, 1t was estimated that

then a linear relationship should be cbserved between the

-

By. independent measurements (discussed later in the
chap.t';or), Kyq whs estimated to be (1.21 ¢ 0.18) x 107 M!
s”!, and hence kyq[NBI] 18 (2.4 £ 0.3) x 10% s~! whach 1s
only 4.0% of the term (Kg+Kp+Ksq[NBI]). Hence the lifetime
of triplet excited state of NBI. was estxmat?d to be
(1.74 £ 0.15) x 10”7 g. The slope of the plot of 1/M
against {O] (1.e. Equation 17) was found to be

(5.8 £ 0.5) x 107¢ and represents kg(k;+k;)/(ky+k;+k-g)kg:

’

- (6.4 £ 0.5) x 10¢ g~1!

kp(k,+k3)

(k1+k2 fk..a)
If no reversal of the biradical 1s assumed then k.g = 0 and
the above exprossxq??reduces to kg. the rate constant for

formation of the biradical. _stng this assumption, ‘kg 1s

therefore estimated to be (6.4 £ 0.5) x 106 M~! s;xz This
18 the minimum rate kg could have; 1f there were re‘grsal
of the biradical to the triplet state (1.e. k-g > 0) then
kg would be larger than this value‘by fhe factor
k-g/(kitkyz).

%

5.8 VARIATION OF QUANTUM YIELD OF CYCLOADDITION WITH
SUBSTRATE CONCENTRATION.

[f the kinetic scheme shown in Scheme 48 18 correct,

reciprocal of the quantum yield of adduct formation between
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. " NBl and cyclopentone,'and the reciprocal bf cyclopentene 150
N concentration, as predicted Bx Equation 12.

The absolute quantum yxeld of the reaction was

measured at various alkene concqntrabxons. The direct plot

e

of the quantum yi1eld of cyloaddition for NBI with
cyclopentene agaxnat the substrate concentratiqn 1n henzene

at room teuperature should follow Equation 11, and show a

curve. This 1S~observed, &8 can be seen 1n Pigure 6.
Similarly, a plot of 1/® vs l/;O] shows the straight line
expected 1f Equation 12 hol@s, as can be seen in Figure 7.
The slope of the plot was found to be equal to 149 * 2 and

.

corresponds to

~

R R e

(ky+tkk-g) (kgtkpkygq[NBI]) 1
i k3 kg . ®1.s.c.
i Theé intercept corresponds to
(ky+k3) 1 ’
. .

Ka ®1.5.C.

o

and was found to be 16.0 £+ 0.8. Prom traplet counting

I e e

s exper iments the value of ®; s . for NBI in benzene was
: found to be equal to 0.39 & .01 at room temperature (this

will be discussed later in this chapter). The value of

®;.5.c. 15 independent of the substrate, and the value

measured by other means such as triplet counting can be

R b L P L
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used directly. Hence the fraction of the biradical leading

to products,

k2

Ki+k,

18 equal to 0.160 = .008, which indicates that only 16% of
the biradicals formed lead to products.

The quantum yield of cycloaddition of NBI to
cyclopehtone 1n benzene at room temperature (which varies
with cyclopentene concentration) therefore 18 0.062 + .003
at infinite alkene concentration. Under this condition

*(i.e. at infinite alkene concentration), of the various
routes for decay of the triplet excited state, processes
kKo, kg and process k_g are non-competitive. The
discrepancy between the quantum yield of product formation
and the quantum yield of intersystem crossing (®; . s.c.
which gives the yﬁold of triplet excited states, and which
18 determined as 0.39 ¢+ 0.06) is exclusively due to
collapse of the intermediate biradical to the starting
materials. Thus, only 16% of the biradical intermediates
proceed to adduct, while 84% revert to the ground state NBI
and alkene molecules.

The proportion of the biradicals formed which goes
back to the starting materials as compared with that
proceeding to products with the formation of the

cyclobutane ring depends on the activation energy for each

153
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process. If only 16X of the bairadicals go to the products
then the activatfsn energy for the cyclobutane formation
should be greater than for the activation energy for the
bierical going to the starting materials. Although there
1s evidently & quite large (5-fold) difference between the
rates of the two processes the same cannot be said
regarding the activation energies. Studies of variation of
quantum yield of cyclobutane formation of cylohexenone with
various alkenes as a function of temperature34,87-89 haye
indicated that the difference in activation energies for
the two processes is less thﬁn 1 kcal/mol and‘that
approximately half of the biradicals formed proceed to
products with the rest collapsing to startihg ﬁaterials.
The relationship between the relative rate and
difference of activation parameters between the two

reactions is given by

ka
AE, =~ 1.37 log —
Kp
where AE, is the difference in activation energy between .

the two reactions and k, and kp are the rates of the two

processes.

kz kl
therefore — = 6.142
k,
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hence AE, = 1.37 log H5.142

. - 1.08 kcal/mol and 298 K.

This i1ndicates that even though there 18 a relatively large
: difference i1n the rates of reaction of the biradical, the
activatien parameters that correspond are rather small.

Hence a small change 1n activation energy, which could

eas1ly result from a minor change in the structure,

P WO e

temperature or solvent, could eas:ly change the percentage
4 { of biradicals reacting to yield products mather than
reverting to the starting materxali.

In the photochemical annelation reaction of NBI and
cyclopentene two biradical intermediates are possible, and

have the structures shown in (154) and (155).

o e W Ry s A —— e s -

[

As mentioned earlier, the cycloaddition occurs from the
triplet excited state of NBI; hence the multiplicity of the
initial biradical formed is triplet. This triplet . j

-1 . biradical could take part in several processes:

P Ll
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156
: (a) ihtorsystem crossing to the singlet biradical:
f
(b) i1nterconversion among biradical chain conformers;
(c) product formation from singlet biradical (Scheme 49).
: 3 s
. [
i
{ .
s - A ¢hain
. R dy'nomtcs = 1 N
(triplet)
154 or 155
ISC
1sc ~ H
1 chain :
> dynamics S I~ b
(singlet) -
products
. + .
disproportination ~
-

SCHEME 49

. g Er A TN

At room temporéure, intersystem crossing (I1.S5.C.) 18 the
rate determining step in the decay of small, flexible
triplet biradicals in fluid solutions,90-92 It has also
been found that there is a change in the rate-determining
step for biradical decay from 1.S.C. at high temperature to

chain dynamics at low temperature.33 At 25°C in fluid’

v -
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l : solution, [.S.C. 18 typically the rate determining step for

biradical decay, chain dynamics 18 faster and product .
L ﬁ formation from the singlet biradical 18 fastest of all.
i J.C. Scaiano et al%% have found the lifetime of the
l,4-biradical (156). which has a similar biradical

structure to that of (155).

156

?he lifetime of (156) was found to be 97 ns 1n methanol and

in benzene it was estimated to be 42 ns. Hencs it is

reasonable to assume the indole biradical (155) to have a o
lifetime of the order of 42 ns, and the rate of decay of

the biradical should be in the order of 107 s~!. It was

estimated above that the minimum rate of biradical

formation from triplet excited NBI and cyclopentene 1is

6.¥x 10¢ s~!, which is similar to the rate for decay of

G e sae e b e TN S Sl

the biradical. !

5.9 EVALUATION OF THE RATE CONSTANT FOR SELF-QUENCHING

As noted above, the photochemical dimerization of

4

indole der ivatives such as 1l,3-diacetylindole has been

~ A
-
R

e

-
e
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observed,’3 but no such reactions were detected for 158
N-acetylindoles, N-benzenesulfonylindole or
N-benzoylindole. The quantum yield of cycloaddition of NBI
with cyclopentene (®°) was found in this work to change
with NBI concentration; this was ascribed to a

- self quenching process, with a rate constant ksq, which was

incorporated into Scheme 48 and which was used to derive

Equation 11. Inversion of this equation gives:

~-

1 (ki +ka+kog) (kq+kp+kyq(NBI]) 1
®° k3 kg ®1.s.c.(0)
(k;tk;) 1l <
+ - 12
k3 ®r.s.c.
]

1.of
1 (ky+ka+tk-g)kgq [NBI] X
- = ” d + const
L 2Ke(0)®1.5.¢C.

If it is assumed that the biradical iqtetmodiate does not
reverse back to the NBI excited state (i.-e. k-g = 0) then
Equation X becomes .

-

—_ - _ + const Y
Kakg{0)®; s .c.

’,
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The quantum yield of cycloaddition (0') of NBI with

cyclopentene was measured for a variety of [NBI]. A plot
N

of 1/®° vs [NBI) (Fig. 8) gave a straight line whose

gradient was calculated to be 13.6 £t 1.6 M2, Thus from

L

Equation Y,

J / , -
/ (kytk,)

- H®yq = 13.6 % 1.6
kkg(0)®;.s.¢c.

Using the assumption that there is no reversal of the
biradical intermediate (i.e. k-g = 0) kg was determined
above to be (6.4 + 0.5) x 106 s~1, and the value
(ky+kz)/ka®;. 5. c. was estimated to be 16.0 t 0.8
(Equation 12); hence kgq = (1.2 + 0.8) x 107 s~1.
éhe value of ky;q determined ié inaccurat;,.and thas
reflects the shallowness of the gradient of the plot 1/0°
ve [NBl]. Also, it could be argued that the change in ‘
quantum yield of cycloaddition with changing [NBI] does not \\\1;

arise from self-quenching but could be attributed instead -

_to the presence of an impurity in NBI which would also

produceg the data obtained.  The important cénclusions,
however, are that the process which results in a diminished
® as (NBI]) increase, is relatively inefficient, and that
the product of k:q~and [NBI] is small relative to k4 and kp
in Bquation 1l2. Thus, in the work described in this

thesis, it can be assumed that the sog{—quanching process

is négligible and can be- ignored for the purposes of

i;
r RN ‘
i
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determining the rate constants for the decay and reaction 161
processes of the triplet excited state of NBI.
L4 v . ‘
. S. 10\ cmﬁ&nﬂw OF THE POSSIBILITY OF INVOLVEMENT OF AN
P _/ EXCIPLEX IN THE CYCLOADDITION MECHANISM
The rate constant for reaction of the ‘
.o R ot
s e X N-bonzoylindolo triplot excited state with cylopen}:one
- (kg in Equation 7) was determined to be 6.4 x 10% s~1.

,gCoqurim of reactivity of radicals with adXkenes indicate

a much slower reaction rate35-97 ¢Table VII).
L1 . -

~

D e et e B e, 3
- [SI

v

~»
Rate Constant (s~ 1)

. N -CH; -t ethylene 4.5 x 10¢
. N -CH,*CH, + ethylene , 3.5 x.10¢
' -CH(CH,)3 + ethylene C 2.2 x 10¢
) ‘C(CHy); + ethylene | - 8.9 x 10
N -C(Ph)CHy~ + CH; == CHPh “ . 5.5 x 101
o ©. 7 -CH{OAC):CH;- + CM; == CH(OAc) ‘1.0l x 103
. W . . . .
. IR . -
£ e ;
5 o : TABLE VIi: Rate-constant for the reactivity of radicals
. V- o . s With alkonoa ¢
G\ ) ‘ - ’ * -t )
E P % . : B \
L _ o ‘Tho rar.o of tormt.ion ot tho biradical xntormodxate from ,
;' SRR the tr iplet oxcxtod state of NBI*with cyclopentene is at
) T \ least 3 orders o' ugnitudo largor than t:hat observed in L
- s i the reaction of radicals with alkenes. It it is assumed
3t K l, . that the NBI triplet excited state should have a reactivity
g 4.\. .. / ) ‘ ‘ . ) . N : [ 4
T Ne v b ) ' _A . . - . . 4 . .
- y . . R -, Lo e

LA 7 s oy # ok Sene W



comparable with that of a radical, then the cycloaddition

of NBI and cyclopentene must 1nvolve an excited state
’ ]

complex or an exciplex in order to explain the observed
. .

rapid rate. This reasoning has heen used previously to

explain the observed rapid rate i1n enone (2+2)

C
photocycloaddition reactions and the Paterno-Buchi reaction

-~ of ketones with alkenes. b

A revised mechanism for the photochemical
" . < ) r
cycloaddition of NBI and cyclopentene which allows for, the
possibiiiﬂy of exciplex formation 1s given 1n Scheme 50.

B |

0
nerl s 0 2 (wsio0), ¢

P
-r
" hy . .
k“(Nal o k, k, k,
I a
K, K,
[NBI}]+0 &——— [BIR] ——>» prod:
[ 'S -
SCHEME 50

Y

The exciplex is proposed to be formed from the

interaction of excited NBI with the ground state flkeqo,

O: - The exciplex subdbquontly collapses to the btradxcal‘

which ca? thon rasult in the formation of tho product Ih

“ the schona, INBI], (O], [NBIO], ([BIR], are MBI, olofxn, the
‘“exciplox and biradical concentrations, rospgctxvely The

N
I

162
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triplet excited state
= the rate
= the rate
= the rate

= the rate
L J

rate constant k4 , which describes the decay process of the 163

of NBL, 1s equal to Kp+kg+Kq[Q] where
constant for phosphorescence

constant for radiationless decay

ci?stant for quenchxgg by a quencher Q

constant for ‘bimolecular

self-quenching. The kinetic scheme for cycloaddition which

indicates an exciplex

’

can be written as

Rate

1o

xq{3NBI]
Xp [ INBI )

kq(Q)(3NBI)

kyq(NBI]{3NBI)

% (0] [NBI)

S
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(NB1O] —m—

[(NBIO] ——»

(NB[O)] —————

[f it is assumed that (INBI) and [NBIO) achieve a steady

state concentration then an expression for the quantum

[BIR} ————

(BIR] ————

INBI + ©

NB! + O

{BIR]

NBI! + O + heat

prod

ORI RS S ORI i e -

kK-, [NBIO]

Ko [NBIO]

k!g(NBIO)

X, (BIR)

-

X, [BIR]

20

21

22

10

yield of product formation (® ;) in the absence of quencher

can be written as

kgk,{O0]®; . 5.¢.

kl‘"kz

(K-rtkq+kig) (Kgtkptkeq[NBI]) + k. (O] (ketklg)

inversion of the equation results in

»

23
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N
= (Ky+k3) (k- +kqtkg) (kq+kp+kyq(NBI)) 1 165

0| -
[ ]

b k3 klgke®1 . s.c. (0}

(ki+tky) (ketkig) 1
= - 24
L3 klg ®r.s.c.
\
The expression for the quantum yield in the presence of
quencher can be written as
® = *
25
. : - \
k; ' klgk,(0]®; 5.c. .

K, +k; (k_r+k.+k13)(k¢+kp+k,q[NBI] + kKq(Q)) + k- [O)(ke+tkly)

Division of Equation 23 by Equation 25 leads to the

Ste}n—Vqlmor expression:

-
®°p kq[Q]
— =1 +. ~ . 26
. . . ' (k.+kla+k—r)
L J
The reciprocal or.tho slope (M!) of the SE.rn—Volmer plot ‘.
_is F{vdn by:
1 (kqgtkptkgaq(NBI.]) (ketkig)k, (O]
— - -+ 4 27
ui - Kq (Ketklgtk-p)Kkq -
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Earlier 1n this chapter, Stern-Volmer quenching
exper iments were described in which the relative quantum
yields of adduct formation boéﬁoen NBI and cyclopentene
were measured at various alkene concentrailons in the
absence and presence of various concentrations of a
‘quencher (1.3-pont;§iene). The data was analyzed assuming

the wplxcpilit¥/ of Scheme 48, which committed an exciplex

l Lntermodxa?e, ané was plotted according to Equations 15 and
17 as shown in Pigures 4 and 5. This data was now plotted 3
according to Equation 26; no deviation from linearity of
Stern-Volmer plots w.as observed. In fact the plots were
identical with those shown i1n Figure 4 since the qnly

v difference in form between Equations 26 and 15 is 1in the

' .definition of the rate constants in the intercept and

gradient. Similarly the plot of reciprocal of the
Stern-Volmer gradients, M!, agiinst (O] gave a plot ‘

. igentical to that shown in Figure 5 where 1/M, rather than

1M, is plotted against [0). However, f.he gradient

(measured to be (5.8 £ 0.5) x 107%) now corresponds to

(kotklp)ke
) . (5o+k10*k"‘)kﬂ

H

- -

b d

Assuming kq.to be 1.} x 1010 M~1 s-1 1n benzene at
. /
,room temperature (Bquati}rr 18), then the minimum rate of !

e~ ey

exciplex formation (k.} is calculated to be.

(6.4 ¢+ 0.5) x 10% M~ }/s™1 1f 1t 1s also a;iumod that no
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i reversal of the exciplex to the triplet indole occurs
i :
i (1.e. k- ~ 0). The intercept of the data plotted to
)
{
b Equation 27 was determined as (5.5 t GFS) x 10°¢* M and t¥is
5 corresponds to
(kg+kp+kgq [NBI])
Kq p
i (kgtkptkao[NBI] is the sum of rate constants for decay of
\\\vs the triplet state, which is only a function of [NBI].
- ~Division of the intercdpt by the gradient of Equation 27 s

gives:

4

(kgtkptkgq (NBI]) (k- +kqetklp)

= (0.94 2 0.17 M) 28
ke (Kqtklg) .
~
L2
[ k-r
if — = C 29
kl"'fk.
g then Equation. 28 becomes
i
] (Kq+Kp+kyq (NBI]) (1+C)
- (0.94 % 0.17 M) 30

ke

- e e e

Pigure 7 shows the data obtained when the quantum

yield of formation of éycloadduct was measured as a

t function of cyclopentene concentration. If it is assumed
\
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. that Equation 24 now describes this data, rather than

Equation 12 which did not take into account the‘possxbzlxty

of exciplex formation, then the slobe and 1ntercept are

given by
o <
: (kytky) (k—r*kc*kla)(kc*kp*ksq[NBx])
gslope = 149 ¢t 2 M =
L3 kigke®p 5. c.
, k,+k; kgtkly 1
intercept = 16.0 ¢ 0.8 =
3} klg ®1.5.c.
. -y
kz kla .
Ut p - ' 31
(kytkj) Ko +k!s

where p 1s the fraction of the exciplex leading to

'produg§s. then
: ~

DY (ksq(NBI] + kq+kp) K,
slope = (L + —— ) 32

P ®r.s.c. o ke ketklg

1 (Kgq[NBI] + kgtky)(1+4€)
- T

P®.s.c. ke

. 1 }
and intercept = ——— = 16.0 ¢ 0.8 ,/)

POr.s.c.
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Using the valqe of ®; s .. determined by triplet
couaixng (this 18 described below), the fraction of the
Tteaction 1ntermediates leading to products 18 calculated to
be (0.16 ¢+ 0.008), which indicates thaq’only 16% of the
reaction intermediates (1.e. the exciplex and biradical)
lead to products. Division of the slope by the intercept

of Equation 24 gives
(kgtkp+kyoq[NBI]) (1+C)

)

/

-9.3+0.5M 34
Kr :

The rat}o of the gradient to the intercept of
Equations 27 and 24 should be identical. However,
compar ison of Equitions 30 and 34 shows that a large
discrepancy exists. The numerical value in Equation 30 was
obtained from experimental data arising from Sgern—Voimer
quenching experiments in which -the rqﬂltive quantum yield

of cycloadduct formation was obtained as a function of

added quencher concentration, whereas the numerical value

» L]

in Equation 34 was obtained from data from experxients 1n
which the absolute quantum yield qf'crcloaﬁ&uct formation
was determined at varmous alkene concongggtiona, no
quencher g'ln' added.

Pos:;blo explanations for ihe discrepancy betwee
Equations 30 and 34 ia-thdt'thore is another mode of decay

of the triplet excited state of NBI which 1s also effedted

T
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by the presence of a quencher. For example, 1f the triplet

excited state of NBI[ 18 in bquxllbrxum with another state,
which 18 unreactive with alkene, but which 18 quenchable,
then in the Stern-Volmer experiments the triplet excxfed
state has another mode of decay, making the numerator 1in
Equation 30 larger and so resulting in a larger numerical
value as compared.w;th Equation 34. This possibilaity,

along with others, will be examined in the next section.

5.11 POSSIBILITY OF THE EXISTENCE OF A CHARGE-TRANSFER
TRIPLET STATE

g In the previous section it was shown that the data -
obtained froh the Eyn different sets of experiments were 1n
qualitative ad%eement with the mechanism proposed in
Scheme 50 for the photocycloaddition of NBI with ."3
cyclopentene. Thus linear Stern-Volmer plé‘s wé%d'%éta;ned
when the relative quantum yield of “adduct formation was
measured as a function of added quencher, and the expected '
linear dependency of the reciprocal of the absolutg’quantum
yield of adduct formatioh upon the réciprocal of alkene

concentration was observed. However, the values of é

(Kg+Kp+kgq[NBI]) (1+C)

kr * o

calculated from the results of each set of experiments were
substgntially different, apparently indicating that some

other process is open to the-triplet excited

A

=TT
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N-benzoylindole molocul; which 18 affected by the presence 17
of a quencher.

Scheme §0 shows only one mod? of decay of the
triplet excited state of NBI which 1s affected by the
quencher. In addition there are two other obvious
possibilities:

. (a) the quenching of the singlet excited NBI
(b) the quenching of the proposed éxciplex
intermediate .

As will b; discussed below, the initially fqrmed
singlet-excited state oleB[ 18 non-fluorescent, but
relaxes to a charge transfer (C.T.) state whxcp does
tluore;ce. The NBI C.T. tluérescence was found to be
unaffecfed by the presence of the triplet quenchers
ciclohoxadiene, 1l,3-pentadiene or the alken?, Eyclopentene,
indicat:ng the absence of NBI C.T. singlet state quenching
by these triplet quenchers. The fluorescent lifetim; of
the C.T. singlet state was found to be 0.5 ns using the
single photon counting technique, and it can be expected
that the initially formed singlet excited state will havéla
lifetime of 0.5 ns or lower. Por the quencher
concentration range used in the Stern-Volmer exper.ments,
these lifetimes mean that qgngxqgle;~¢£ate quenching would
be expected and so possibility (a) above can be discounted.

}he triplet exciplex energy, while‘not known, is
expected to be close to and slightly lower, than that .of

the NBI triplret excited state. The repulsion i1n the ground
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state between NB! and cyclopentené 1s unlikely to be large, °

and hence the exciplex vertical excitation energy 1is not
éxpocted to drop below that St a diene quencher's triplet
energy. Therefore, the exciplex should 1n principle be
quqnchable.gé The Stern-Volmer expression for the
quenching of two sequential species has the general form:

d , .
— = (1+kq([Q)7,) (1+kq(QlT3) 35
® :

where in this case 7; and 7, are the NBI triplet and
exciplex lifetimes, respectively, and are given by

Ty = 1/(Ketkgtk-r), T3 = 1/k¢" + k. (O]

Since kq is near diffusion controlled and essentially

identical in both processes, 34 then at high quencher

concentrations the Stern-Volmer plots should be

non-linear. However the Stern-Volmer plotirobtained for ?
the cycloaddition of NBI and cyclopentene showed linearity '
(Pig. 4), which suggests the absence of qugnching of the

exciplex within the concentration range the tri?let

quencher used (cyclohexadiene). Thus e second

possibility to explain the discrepancy outlined at the

start of this section can be discounted.

A third possibility to explain the observed
) _—

discrepancy is that the triplet excited state of

N-benzoylindole is in equilibrium with another state, which

c -
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cyclopentene. This would serve to provide another mode of
decay of the triplet excited state, which requires the
presence of a quencher. Thda in the Stern-Volmer

exper iments described above the numerator of Equation 26
would be increased relative to that in Equation 24 which
refers to the experimonts in which the gquantum yield of '
cycloaddition was measured in the absence of a quencher.
This simple-minded aPproach would explain the larger
numerical value of the expression in Eguation 26 relative
to BEquation 24. If thia’explhnation/ia correct, then the
new quenchable, unreactive state must be idé:tified; a good
candidate is a triplet charge transfer corresponding to the
singlet charge transfer state of N-benzoylindole which has
bo;n identified in this work and which is discussed :in
Chapter 6. / | ) ‘

The results described in Chapter 6 demonstrate the
presence of a singlet cﬁhrge £r;nster (C.T.) state
(S;(C.T.)) which is lower in energy than the normal siﬁhlet
excited state (S,). '

As will™be discussed in detail, the position of the
absorption maxima of NBI does not chané; with changing
solvgﬁi polar(fy, suggesting that the initially tonmeﬁ
excited state possesses a similar degree of charge
aeparaéion to the ground state molecule; in contrast the

fluorescence emission shows a large Stokes' shift and a

marked solvent dependence of the emission wavalengﬁh was

aha - -
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observed, suggesting an emitting singlet sxcited state

possessing a large degree of C.T. qharacter99 (f‘g. 9).

4

S  ——

FIGUR‘ 9: Energy levels of the singlet excited states of
NB1

.
Given the presence o% a singlet.g.r. state, it 1is

reasonable to propose the sxistence of a triplet C.T. state

[i,(c.r.)] in addition to the normal triplet excited state

(Ty). The energy of the Tl(c.’r.)h"st‘ate (p-olm be expected

to be.cloag in energy to that of the S8,(C.T.) state and

would also be expected to show solvon; &opqndonce (F1g. lQ).'

. [
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FIGURE 10: Energy levels of excited states of
NBI in polar and non-polar solvents
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. In hexane at 77 K NBI showed a phosphorescence emission at

' slightly higher 1n energy than the C.T. singlet state. tThe

"marked dependence of emission wavelength on the _polarity of

- / * - 178
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425 nm (FPrg. 3) and the C.T. fluorescence was at 440 nm -at
> ! ‘ . [N
rooq.tgsieratuxe, indicating that NBI has a triplet state
‘ . »
proposed charge transfer triplet state would then be
expelted to be slightly lower 1n energy than the triplet

state (T,). Since.the C.T. fluorescence of NBI showed a
~

4
-

the solvent, indicating the lowg?;ng of thé‘egergy of .the
$,(C.T.) state with increase 1n polarity, a similar sﬁxft
in the energy of 'the T,(C.T.) séqte with changing solvent
polarity should be observed. The phosph;}escepce emiss 10N
of NBI showed né significant change of emission wavelength

with respect to increase 1in polarity of the solvent. Thus

1n ‘hexane NWBI showed. phosphorescence maxima at 423 nm,

and when the solvent was changed to -acetonitrile a

bathoch&@mxc shift of only 2 nm was observed. This

3

Lndxcatéq that the phosphorescence emission arises fifom a
tr;naxtxon between states which do not change much 1n
relative energy 1n difé’;ent solvents at 77 K.

The existence of a éharge—trénsfer triplet state
whose energy would‘pe expected to decrease with 1ncreasing :
polarity of the solvent gives rise to .the possibility of a
change 1n triplet lifetime, and intersystem crossing
quantum yield (°x.sicﬂ) as the solvent polarity 1is

chﬁhged. Triplet counting experiments (described later in

3
this chapter) enabled the determination of the triplet

. b y
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excited state lifetimes and values of'(ol.s_c_) for NBI in

e

different solvents (Table VIIi)‘and the results are ,
.

consistent with the exxﬁtence of a charge—transfer‘t{apiet
state. Table VII!I shows that an apparent shortening of the

triplet excited state lifetime and a lowering of the value

\ : -7
of (®;.5.c.) for MBIl occurs when the polarity of™the a

Bolvent 18 increased, as determined by triplet counting:

l,3-peptadiene (E; = 58 kcal/mol)4was’uﬁpd as the triplet
’ !

quencher. This quencher was chosen because 1t possessed a
, R , i
»
lower triplet energy than N—b;nzoylxndole (the

indicated that 1t possessed

a triplet energy of 67 kcal/mol). However, the presemce of

a charge-transfer trlplei state whose energy 1s solvent

s
— .

dependong may mean that 1,3-pentadiene quencher will only’
be of low o%ough energy to gquench both the normal triplet
and thg C.T. erxplet_xn non-polar solvents, whereas 1n
polar solvents the energy of the proéosed C.T. triplet
state may drop below that of the quencher and so not be
quonchﬁd. thus yielding a changed value of (®; s ¢.) 1n

polar solvents. .

'Comparison of E;(3g0) valuesl00.10l (a measure of

solvent polarity) shows diethyl ether (E;(30) = 34.6) to

have a Er(30) value only slightly higher than that of

. benzene (E;(30) = 34.5), which indicates that diethyl ether

and. benzene have similar polarities. The C.T. fluorescence
spectrum of NBI 1n benzeng could not be obtained due to

complicatiohs arising from the(;bsorptxon by benzene

e
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itself. However 1n diethyl ether, NBI CIT. fluorescence

X

was observed at 480 nm which corresponds t8 an energy of

§9 xcal/mol fpr the C.T. singlet stat®.

=

Based upon ;hls pes&%ﬁ the énergy of the proposed
charge transfer trlglet state can be estimated to be of the
order of 60 kcal/mol 1n benzene or ether. Using the values
of the energy of the singlet charge transfer state in
benzene, methylene chloride and acetonitrile (obtained from
the position of the fluorescence C.T. emi1ssion as de;crxbéd

in Chapter 6) the energy of the proposed charge transfer

triplet state can be estimated to be circa 60, 55 and

: 53 kcal/mol, respectively, in these solvents.
i T, 67 1,——67 T— 67 ¢ M
LTI T :
‘ -
(cr)zz__60 - .
- 58 1 3-penigdiene . 58 1,3 pentadiene
V (CT)T, =53
1 .
] . S. I So " SO So
. f hexane benzene Gﬂsh MeCN

<

FIGURE 1l1: Variation of the T,;(C.T.) state of NBI 1n
solvents of different polarity

.-
)

Of the three solvents for which triplet lifetimes and

®; . . of NBl were obtained, only in benzene would _
N \ _//’

SN ey e e - e
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1.3-pentadiene. be expected to qyénch péfh the T, and

T,(C.T.) states, and 1n both CH,Cl, aﬁp MeCN only the T,
state will be quenched. ?hu; éﬁe.(oljs.ch) valuas obtained
for NBI in the solvents CH,Cl, and MeCN should be different

, .
from that obtained 1n benzene, and tﬁxs 1s what .s observed

as shown in Table VilI.

: It wéuld be possible to confirm these conclusions by
usi1ng stilbene as the triplet quencher instead of
1,3;pent§dxene‘xn the triplet counting experiments. The

“triplet energy of cis and trans-stilbene are 57 and
50 kca}/mol. reapectx;ely. Hence the use of trans-stilbene
as the triplet quepchgr w1ll ensure complete quenching of

both T, and T,(C.T.) states of NB[ in the solvents benzene,
. .

CH;Cl,; and MeCN, and should give the saimilar values;fér

intersystem crossing quantum yields 1in all three solvents.

In addition to.yhe effect upon (®; s5.c.), changing
the solvent from benzene to MeCN results in a ten-fold
reduction of the Nél'trlplet li1fet1me. The lifetimes of
triplet excited state are quite susceptible to impurities
present, and one can reason that the quenching i1n lifetime

may be due to different levels §£ impuritiaes in the
t

solvents. On the other hand, an increase 1n polarity of

the solvent will decrease the energy of the T,(C.T..) state,

reducing the energy gap between the T,(C.T.) and the ground
o ' «. - ' -

state and increasing the energy separation of the two

triplet states; this ccduld possibly enhance the rate of

v
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decay of the triplets to the.grcand state and so ghortsen

~

theQ€r1plc€ lifet 1mes.

Population of the S,;(C.T.) state by the T, state
éouLd alao account £or the observed shortenxng of the NBI
triplet lifetime (Fi1g. 12). "In polar aolvents ‘the S,(C T.)
state:xs stabilized and its energy 1s lowsred. Hence py
anc:oaaxng th? polarity of the sdlwontvthe energy of<the
S1(C, T.) state could drop below that of the normal triplet
state and populatrbn of the 8,(C.T.) state by the T, state
through 1htersystem crossing could occur. This vpuld
.provide an extra mgde of decay for the T, state and reduce

its lifetime i1n more polar solvents, as is observed 1n

Table VIIi. The C.T. fluorescence of NBI 1n CH,Cl, 1s,

»

observed at 550 nm whereas the phosphorescence i1s observed

at, 425 nm.

Sg—

NON POLAR
SOLVENT SOLVENT

e - ,
FIGURE 12: Variation of 5,(C.T.) state of NBI in polar and
) non-polar solvents ‘




If the C.T.ASLHSlet and C.T. trlpiet states are of similar
energy then the triplet C.T. state should have an energy
well below tﬁét of the T, state. If the decay of T, s
accelerated by energy transfer from T; to $;(C.T.}. then it
shoulq be possible to quench the C.T. fluorescence using

~

Ehe same concentration of l,3-pentadiene as was used 1in the
triplet counting exper;;ent to gquench the triplet. However
quenching studies usxﬁg the same concentrations of
trans-piperylene as ;ere used :n the triplet counting
procedure showed no effect on the C.T. fluorescence,
indicating the absence of 1.5.C. from T, to the SL(C.T.)
state. Thus this can be ruled out as-an explanatlon for
the reduced triplet lifetime in polar solveéts.

The Qhortenxng of the-trxplet lifetime of NBI, as
observed by tﬂe triplet éountxng procedure, as the solvent
polarity was 1ncreased could also arise from intersystem
crossing from the triplet excited state to the charge-
transfer singlet state. As was noted above, t" triplet
state 1s slightly higher 1n energy than the C.T. singlet
state 1in pon:polar solvents, but the energy of*the latter
drops below the tyxplet state 1n polar solvents.

If this process 1s. operating then 1t would be
exégfted to lead to delayed fluorescence from the singlet
C.T.,state; thus t rme-resolbed observ;txon of the
fluorescent" emission of NBI would be expected to reveal

normal fluorescent emission from the C.T. state populated

directly from S,, and a delayed emission resulting from the

..
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C.T. state populated from th; triplet. The {lucrescence
would be delayed by é time comparable to the triplet
lifetime, which for NBI 1s of the order 50 ns. from the
triplet counting and Stern-Volmer quenching studies.

‘ Attempts to observe delayed fluorescence were,
however, unsuccessful. Thé time resolved fluorescence of
NBI was measured by the single photon counting techn;que
indicating a 51ngl! decaying species only, with a lifetime

of 0.5 ns. Also, attempted measurement of the fluorescence

T

spectrum of NBI using a chopper to eliminate the normal,
non-delayed fluorescence did not reveal any emission. Thus
the reduction of the triplet excited state lifetime with
increasing solvent polarity cannot be attributed to -
enhanced intersygtem.crossxng from the triplet to the

charge-transfer sxnglet'xn the more polar solvents.

- 5.12 MEASUREMENT OF THE INTERSYSTEM CROSSING QUANTUM
» YIELDS OF N-BENZOYLINDOLES

Lamola and Hammondl102 have developed an elegant,
simple method for determining quantum yields of triplet
formation (1.e. quantum yields of lntersysteh cro§51ng) n
solution by measuring the quantum yields of photosensitized
trans — c1s 1somerization of piperylene and other olefins
in which analytical measurements were made with high
accuracy using vapour—phase'chromatography. They found
that with piperylene as the acceptor ®.,/®:5. = 1.24 for .

different, high-energy sensitizers, where ®.,; 18 the

quantum ylield of photosensitized cis — trans isomerization
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of piperylene and ®.,. !s the quantum yieid of
photosensitized trans — C18 1somerization. When a
piperylene solution contalnlng a sultable triplet energy
donor 1s continuously irradiated, a photostationary state

(p.s.s.) 18 eventually reached., 1n which

(transjy 4.s.
= 1.22 % 0.05

(c18]p.5.3.

Using thevassumptxon that the [.8.C. efficirency of
benzophenone was unity, (®,,.) for 1l,3-pentadiene 1n
beni?ne at room temperature was evaluated as 0.44. The
1ntersystem crossing yleld of a variety of compounds were
then determined, by measuring the efficiency with which
they sensitized the trans to cis 1somerization of
1,3-pentadxene (®eae) -

The sensitization of the i1somerization by NBI, or

any other sensitizer, may be represented by an equation of

the form
c 1 1

m - - 1 + 36
t-c ®l.5.C. kur[Q]

~ .

where 7 1s the NBI triplet lifetime, [Q] 1s the piperylene
concentration, kg .s the rate constant for energy transfer,

c 1s the quantum yield of formation of ci1s piperylene from



piperylene triplet (found to be 0.44 1n benzene), and
d; .. 15 the intersystem crossing quantum vield for the
sensitizer (1in this case'NBI).

Solutions of NBI 1n benzene containing varying
concentrations of trans-piperylene were 1rradiated in a
manner such that all received the samq number of phoﬁons.
The amount of cis-pxperylene formed 1n each solution was
then determined and th; value of c/ofgz calculated. The
parameters of c/o:f: were then plotted against the
reciprocal of trans-piperylene goncentration (FPigs. 13, 14,

15 and 16). The plot gave an intercept equal to 1/®; s .

as predicted i1n Egquation 36. From the slope the triplet

i lifetime of NBI may be derived using the assumption that
the guenching rate kq can be approximated by the diffusion

rate constant kg, ¢4. This rate constaﬁt 1s calculated by ¢

means of the Debye equation (Equation 18). The values of

the triplet lifetime and ®; s . for NBI, and also for

N

several other N-substituted indoles, are gilven. 1

- ..
L ]

Table VII1. The values of ®; g _ . and tripléﬁ‘llfetzme of

‘ NBI are solvent dependent, and this was discussed above 1n

-

1 relation to the possible existence of a triplet charge-

transfer state. The values of ®; ¢ . for. the other
compounds shown 1n Table VII] are quite variable.

This variation of ®; ¢ . with structure will be discussed
1n Chapter 6 since 1t 1s of relevance to the efficiency of

population of the singlet C.T. state discussed there.
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The positions of the maxima 1n the phosphgtescence

spectra of NBIl and relat mpounds are also sh ; N
Table VIII. The phospho:'?;'}nce of NBI exhxbxtedv /
vibrational structure; the difference between the (0-0) and
(0-1) bonds corresp?nded to 1509 cm!, which 1s less than
the carbonyl stretching frequency of NBI which occurs at
1650 ip‘l. Thus the triplet state of NBI would not appear
to possess sxmp}e n — 7" character. The position of the
phosphorescence of NBI was not very solvent dependent:; an
increase in solvent polarity shifted the phosphorescence
wavele;gth maxima {Xpnes) ©f NBI to the longer wavelength
from 422 nm 1n hexane to 424 nﬁ ln acetonitrile at 77 K.
fhis also ézgues‘agaxnst the NBI triplet state having

n — 7" character since an ppposxte:shxft 1in the wavelength
maximum 1s expected for an n — n" transition.

. Compound (159) did not show a detectable
phosphorescence emission, nor. did'compound (162). Although
(159) did sh0ﬁ49ﬂr. fluorescence, the fluorescence émxssxon
quantum yield was calculatqd‘to be small (0.06), and since
®;.5.c. 1s also low for this compound the singlet excited
state mugt be deactxvatgd mainly by means other “than
emission and i1ntersystem crossing. Rotation of the behzoyl
group 18 one of the possible modes of decay for th;s
molecule and the possible meorCance'of this 19" made clear
by a'comparxéon of (157) an%’the cyclic analogue (162). In
the case of thxs‘paxr‘xt would be expected that (157) would

be more able to decay by rotation of the acetyl group and
L
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hence to have a low @, g . value relative to (161).

)

However,, contrary to expectations,.(157) was found to have a

much higher value of &, g ¢. (0.56) than the rigid compound

(161) (0.05).

It should be noted ;hat 1f zhe postuiated C.T.
triplet state described in this work ex1sts then the
observed phosporesélng triplet state represents an upper
triplet excited state. If this 1s so then the lifetime of
the phospdrescxng state measured 1n this work by triplet™®

counting 18 exceptionally and unprecedentedly long for a T,

state.
| §
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CHAPTER 6 ) -

CHARGE-TRANSFER FLUORESCENCE OF SOME N-BENZOYLINDOLES

. -
6.1 INTRODUCT ION \ — .
In the-preceﬁlng chapter the photochJQ}cal
cycloaddition reaction between N-benzoylindole and
cyclopentene'was examined. [n an attempt to determine
whether or not the singlet excited state of the lndole
der:vative was 1nvolved 1n the reaction, 1its fluorescence
emisslon was examined Ln‘the presence of alkenes. No
¢ quenching of>the fluorescence inmensity by the alkene was

’ observed, which 1nd1cated:that the emitting stét; was not
appafently 1nJ§lved in the reaction. However, 1t w;s
notxceé that the fluodescence occurfed at very long
wavelength and with an unusually large Stokes' shift.
Furthermore, the magnitude of the shift was found to be"

highly sensxthe to the polarity of the solvent. [t was

decided to examine this further, and the results are

’ ! s

preéented and discussed Ln.thxs chapter.
Indole 1tself shows princepal absorption maxima at
. 225 nm (€ - 25000)-and-270 nm (€ = 6000); vxbratldnal
structure 1s also obéikved (P1g. 1). [t 1s relgtxvely .

ugreactive photochemically and the major route for decay of

the excited state produced by uv light 1rradiation is

through fluorescence. The electronic absorption spectrum

r
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of indole 1s qulte sensitive to changes 1n solvent.
Solvent effects are also ohserved 1in the. fluorescence

»

spectra of i1ndoles and unusually lafge Stokes' shifts have

been observed,103.104 particularly for 1ndoie-5-carboxyllc . .
acid, 1n polar solvents. These solvent effects have been

the subject of many 1n&estxgatlons. Walker et allOS

sugges®¥gd that the large Stokes' shift ofllndole in polar

solvents, partxcularl? 1in ethanol, methanol and n-butyl

alcohol, 18 due to a specific soluté-solvent excited state V4
complex (exciplex). Donket et all0é reported a poor

correlation between the magnitude of the Stokes' shxft and -

the dielectric constants of the solvents and proéosed this

as evidence for a specific, as opposed tb a general,’

solvent effect. He also estimated the stabilization energy \,/
of the excited state due to H-bonding with water to be of

the order 1800 cm~l. Lippert et all07 proposed that'a L'
reversal of the !L, and !L, states of indole can occur and

suggested that this could be responsible for the increased

Stokes' shift on going from non-polar to polar'medla.

-0

Mataga et all0B and Suzuki et a1l08 proposed a similar
mechanism, and suggested that thé 1n1tially formed second
excited singlet state of indole (!L,) becomes the
fluorescent state in polar media because 1t 1s more
strongly stabilized by the solvent-solute relaxation than

the S, (!Lp) state; in non-polar solvents the lL, state of

indole derivatives 1s usually a few hundred wave numbers

e

v
m. PO,
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below the ‘L. state, tﬁe precise energy gap befng dependeo&
on the nature and posation of the substxtuents.£b9 ..

A number of variable temperature studies have been
reported. Esr example, Lakowicz and BulterllO have
measured the time-resolved fluorescence spectra of
N—acetyltryp;ophanamxde in propylene glycol from 205 to
313 K. Lamilill %as measured the fluorescence lifetime of
indole and 2,3-dimethylindole 1n glycerol down to 213 K,
and Meech et alll2 pave observed the time-resolved
fluorescence spectra and fluorescence decay of
1,3-dimethyl-indole 1n l-butanol from 85 to 280 K. In all
of these cases, the fluorescence spectrum was observed to
be blue shifted as the temperature was lowered. They
concluded that the fluorescéence 1in flu’d polar solvents at
high temperature arises not from the pure 1L, state but
from a state with significant intramolecular charge-
transfer character.

Large changes 1n the polarity of molecules on

electronic excitation had been predicted by Forsterll3 and

observed 1in charge-transfer (C.T.) complexes by Mullikenllé
and 1n compoundf.formxng 1ntramqlecular‘charge-transfer
species (1.C.T.) by Nagakura.lls Support for the
charge-transfer nature of these transitions came from
measurements of excited-state dipole moments, either using

the theory of solvent shifts (LLppert)lO7 or by means of

electro-optical methods.106
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163 164 . 165
N

p-Cyanc-dimethylaniline (163), as well as a numper
of analogues possessing other substituents on the
nitrogen-atom (164, 165), pr substituents in the ring, L13
exhibit two .fluorescent bands 1n fluid solvents (Fig. 17) .
of medium or high polarity. Using a theory based on
solyent induced shifts in the positions of the emission
bands Lippert et a1107'ascr1bed the lower energy emission
to a polar state.

The double luminescence of (163) has been
'sat;sfactorxly explained 1n terms of rotation of the
N(CHy),; group in the excited state to a perpendicular
conformation in which the nitrogen non~bona:;; palir 1s no
longe? ir conjugation with the benzene ring. ([t has been

Op;oposed that the twisted conformer of (163) 1s responsible
for the lower gnergy polar emission and has some degree of
charge tranfer character, whereas the.hxgher energy
fluorescence arises from the untwisted precursor. This
hyéothesxs 18 known as the "twisted i1ntramolecular

charge-transfer"l18 model (TICT).
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FIGURE 17:

B
vyl em? .

Absorption and double

f luorescence of
3-methyl-4-cyano-. )
N,N-dimethylaniline 1in

several solvents: . (a) 1n more
polar solvents; (b) less polar
ones. 1) methyl-cyclohexane;
2) CH;CI:: 3) CHlCN,

primed-f luorescences.
Absorption spectrum i1n CH;CN 1s
nét shown as 1t 1s very close to
curve 2.

3

FIGURE 18:

15

S S
v/10cm

Corrected ahd normalized
fluorescence quantum spectra of
(167) and (168) 1n n-hexane
{(—-) and acetonitrile (---)
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R
fe‘%-TICT model seems to be applicable to various
classes

uymolecular donor -acceptor molgcules (D-A)

exhibiting a nearly full electron transfer from D to A 1in

sufficiently polar solvents. The TICT dodei predicts that
ln some cases, where D and A are lxnked‘kogether by a
formally single bond, the most favourable conformation for
the charge-transfer excited state 1s cne 1n which the
n-systems of D and A are perpendicular, so minimizing their
overlap. .

N Tﬁe compound 4—(9—&n§hryly—N.N—dLmethylanflxne
(ADMA) (166) also undergoes a solvent-assisted rapid

relaxationlld of its initially formed excxtea singlet state

to a more polar, lower energy fluorescent state.

197
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This phenomenon has also been explained by the "twisted
intramolecular charge-transter” (TICT) model, which
requires that the anthryl and dimethylaniline components
rotate to a mutually perpendicular conformation 1in orde; to
stabilize the charge separation. An alternative
explanation proposes that enhanced polarizability in the
excited state enables the solvent to i1nduce the electronic
charge flow without any structural changes of the solute
molecule. 120

The fluorescence behaviour of carbazole derivatives

has also been 1nvestigated.lZll

%@@E@

-0
of
0
s

167 168 169 170

Compounds (167), (168), (169) and (170) have been stgdled.
in this series the donor moliety 1s heid constant and only
the acceptor properties were changed. se compounds show
only one fluorescence band, whereas the other compounds
discussed earlier exhibited dual fluorescence. The
fluoresceﬁce spectra of (167) and (lﬁBJﬁln polar and

non-polar aprotic solvents are compared 1n Figure 18. !

-
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For (167) there 1s only’'a slight red shift and loss

of vibrational structure 1n the emission when the solvent
1s changed from hexane to acetonitrile; however, a large
red shift 1s observed for (168) and the loss -of vibrational
structure 1s complete when the solvent 1s changed from
hexane to acetonitrile. For (167), TICT states are not vyet
energétxcally favourable but their formation can be
switched on by changing the acceptor part of the biaromatic
system. This 1s :theved 1n (168) by introducing an
electron attracting substituent 1nto the acceptor part, and
in (166) and (167) by replacing the phenyl acceptor moiety
with an aromatic system with better accepting properties.
In the case of (167) only locally excited state
fluores;ence 18 observed because the TICT state 1s higher

in energy and thus efficlently depopulated to S; according

to Kasha's rule.

P _ X
O=§-0 HN H
- p ' N
Q0 QO x
%S .
LD 172

In water the naphthalene derivatives (171) and (172)

are almost non-fluorescent but 1n non-polar organic
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solvents, or when bonded to proteins, they exhibit a strong
fluorescence and a blue shift of the fluorescence maximum
as compared with that in water. Kosower et alll2a.b nRave
investigated the photophysical pathways of (172),
absorption of light leads to a naphthalene-excited state,
S, for which the fluorescence maxima and quantum yields
va:; very little with solvent and substituent change. The
initially formed excited state 1s then transformed into a
charge-transfer state Slc . for which the fluorescence
maxima and quantum yield vary greatly with solvent and
substituent change. The photaﬁhy31cal transformations are
summarized 1n Equation 57. The radiative rate for the

S1 . T'ant:ate decreases slightly with 1nc;eased solvent ’
polarity but the non-radiative decay via intramolecular
electron transfer increases éreatly in rate. Thus, the

fluorescence of (172) derivatives 1s quenched 1in ‘polar

solvents.

np np c.T. np

In the light of these literature precedents the
anomalously long wavelength fluorescence of N-benzoylindole
and related compounds was 1nvestiga£ed as part of the’'work
described 1in this thesis. In order to determine the

structural factors responsible for the long wavelength

-
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emission compounds (157, 158, 159, 160, 161 and 1l62) were
synthesi1zed and the:r photophysical propert:i:es examined.

The absorption spectrum of NB[ was found to be
different from that of i1ndole and exhibited a strong band
at 250 nm (€ « 5 x 105%) along with a weaker band at 300 nm
(e = 8000) which showed some possible evidence of
vibrational structure (Fig. l1). The absorption spectra of
(157-162) were also changed from that of i1ndole in an
analogous manner.

’ The emission spectra of compounds (157-162) were
also examined. At room temperature N-acetylindole (157)
and the cyclic analogue (161) did not emit detectably
whereas compounds (NBI, 158, 159 and 160) fluoresced weakly
and with very large Stokes' shifts. Compound (162) ~ .
fluoresced strongly but thh a much smaller Stokes' shift

. than the’ other éompounds. The wavelength and 1ntén51py of
the emission of NBI, and (158-160) was highly solvené
dependent. Generally, the more polar the solvent, the
broader and weaker was the emLSS}on and the longer the

wavelength of maximum intensity. The position of the

emission maxima and some quantum. yields of emisSion were

.

determined and are given 1in Tableé [IX and XI. . The
normalized fluorescence spectrum‘of NBI 1n solvents-of

different poli}xty 1s 1llustrated in Figure 19. The

+

position of the fluorescence maxima were not concentration

dependent and the excitation spectra 1n all cases were 1in

agreement with the emission being derived from the compound




Compound Solvent Aabs Apa Yabs vea E.(30) At
. nm nm em kcal/mol
142a n-pentane 302 4&&0 10390 32.¢4 .0101
" n-hexane 302 &4&0 10390 33.1 . 0000
" Et,0 302 480 12280 34.6 1671
" 1,4-dioxane 303 504 13270 36.0 .0203
” THP 302 506 13350 37.4 .2097
" CH,CO,EL 301 . 504 13270 38.1 .1997
" HCO,Et 302 503 13230 &0.9 .2205
- (1-Pxr),0 302 L76 12100 34.4 . 1450
" (MeOCH,; ), 302 504 13270 38.6 2141
- (n-Bu),0 302 468 11750 32.0 .0959 ¢
" n-PrcN 302 521 13920 &3.1 .2751
~ MeCN 302 S40 14590 + &6.0 . 3055
" CHC1, 303 519 13850 39.1 L1492
" ccl, 304 466 11650 33.6 .0l19
" CH,Cl, 303 518 13800 &l. 1 L2171
- Cl1CH,CH,Cl 303 520 13880 &1.9 .2208
<" mcc’;, 303 490 12700 36.2 R
187 ' n-hexane 299 -
160 n-hexane - 314 452 9723 33.1 . 0000
-~ Et,0 314 496 11690 34 .6 1671
- THP 314 518 12540 37.4 .2097
" MeCN N 314 560 13990 4&6.0 . 3055
" CH,Cl, 318 540 13230 4.1 L2171
159 n-hexane 288 518 15420 33.1 Q000
" Et,0 288 - . :
- MeCN 289 -
" CH,Cl, 289 -
158 n-hexane 302 418 9189 33.1 . 0000
" Et,0 301 - 456 11290 34.6 .1671
" THP 302 474 12020 37.4 .2097
" eCN 301 514 13770 6.0 . 3055
" CH,Cl,, 302 496 12950 &1.1 L2171
161 n-hexane 290 -
162 n-hexane 359 460 6116 33.1 . 0000
* MeCN 35 494 7768 46.0 . 305%
- CH,Cl, 36 492 7453 41.1 2121
NOTES : .
Absorption and emission épectra were recorded on sgolutions of ca 10°* M
concentration.
Aaps 1S the wavelength of the lowest absorption maximum.
) . Agn 1S the wavelength of maximum emission ..
Vaos-¥es 18 (1/A pq-1/A,, expresed in cm"*t ..
E£;(30) 15 4he Kosower solvent polarity parameter (see Text)
Afq e-1 a7l
2e+l 2n3+) .
TABLE 1X: Wavelengths of Absorption and Fluorescence Emission for

- 0

Compounds 142a and 157-162 1n Various Solvents
A
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udaer study, and not from any -strongly emitting 1mpurity.
The phosphorescence emission spectrum of NBI (Fig. 2) at
77 K-was different from that of the fluorescence and did

\
not change with the variation of the solvent polarity.

6.2 CHARGE -TRANSFER FLUORESCENCE .

The absorption spectrum of NBI showed no dependence
on the solvent polarity. This suggests that -the absorption
does not correspond to an n.——a 7" transition since this
would be expected to produce a blue shift of the absorption
maximum with increased solvent polarity. The

phasphorescence emission at 77 K showed a small (2 nm)

shift of the wavelength of maximum emission when the

solvent was changed from hexane to acetonitrile
} (Table VIII). This contrasts with the fluorescence
emissi1on at room temperature; for example, 1n the case of

N-benzoylindole the position of maximum fluorescefice

emission 1otensity shifted 100 nm when the solvent was

changed from hexane to acetonitrile. The possibility that

the emission 1s due to an excim#dr specles was considereg,

* “
¢ and can be excluded since at the concentrations of the *

N—benzoylindole used (10”5 M) the singlet excited state C -

would have 1nsufficient time to form as exciplex with a
1 )

ground state molecule. (The lifetime of NB! fluorescence

was measured to be 0.5 ns).

The fact that for NB{ the positions of the

absorption maxima do not change with solvent polarity
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. molecule. In contrast, the large Stokes' shift of the

suggests that the 1nitially formed excited state possesses

a simllar degree of charge separation as the ground state

f luorescent emission, along with the marked solvent

dependence of the emission wavelength suggests that the

emitting specles is a S}nglet stage passessxng a large

degree of charge-transfer character, which 1s formed from

the intially formed singlet excited state. Hence as the

solvent polarity 1ncreases the charge-transfer state

becomes more stablllz;d relative to the noq-polar ground

state, and therefore emits ﬁo longer wavelength. This type’

of- long wavelength fluorescence has been gbserved ~

previously in systems where potential electron donating

systems are con“gated with chromophores capable of
accepting charge. Examples of such systems were discussed
earlier 1n this chapter. -
-

6.3  INTRAMOLECULAR CHARGE-TRANSPER MODEL

Long wa;elength f luorescence occurring from.a
;gérge-transfer staﬁe has been obferved in various classes
of Lntramo%ecular donor—;ccept?y molecules (D-A). In the
case of NBIlthe indole and the benzoyl group can be
ident1fi1ed as the donor and the adceptor, respectively. in
order to confirm ﬁhxs the effect of the structural changes
1n compouynds NBI and (157-162) were.examxned.

NBI fluoresces at 440 nm 1n hexane which cbr}esponds

to emission from a state 65.0 kcal/mol above the ground

-
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= O kel
158 142a 160

OMe | — - NG,
f
|l Xﬂ 418 nm 440 nm 492 nm 518 nm i
E:, 68.4 keamol 65.0 kcat/mol 633 keal/mol §5 2 kcalrmo

TABLE X: Substitution effect on N-benzoylindole charge
separation

e state (Table X). Byihavxng a methoxy group at the para
position of the benzoyl group of NBI (compound 158) a
g;psochromlc shift of the fluorescence emission maxima was
observéd whereas the presence of a methoxy group at the
é-posxtxon oE the 1ndole group of NB[ (160), or presence of
an electron withdrawing nitro group at the para position of

~
] the benzoyl group of NBI (159), results in a bathochromic

aaw

shift of the fluorescence emission. The hypsochromic shift
~

of the fluorescence maxima indicates destabilization of the

fluorescing chArge-transfer singlet state (i1ncrease 1n the

singlet state energy) by the electron donating methoxy

éroup pr;sent at the para position of the benzoyl group.

The bathochromic shift 1nduced by the presence of a methoxy

AT ST PSPPI -+ s - v 0

group at the 5-position of indole i1ndicates a stabilization

of the charge-transfer singlet excited state (lowering 1in

(A e

A\
energy).” These observations are consistent with the indole

\ group acting as the electron donor 1n the charge-transfer

~ b ey

WU I T ¢
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state. The stabilization of the charge-transfer singlet
state 1nduced by'the presence of an electron withdrawing
nitro group at the para position of the benzovyl group
supports the_acceptor character of ﬁhe benzoyl group 1in the
formation of the charge separated molecule.

This rationalizat:ion 1s also consistent with the
failure of N-acetylindole (157) and 1its cyclic analogue
(161) to fluoresce since no charge-transfer would be
expected 1f the delocalized n-system of the benzoyl group
15 necessary to'accept the charge.

l/
6.4 FLUORESC%NCE PROPERTIES OF 6H-ISOINDOLE(Z2,1-a)

The cycg%c analogue of the N-benzoylxnéole compound
(162), showed loﬁger wavelength absorption (359 nm 1n
hexane) than the other compounds studied. This compound
was also found to be very hlghly.fluorescent, with a
fluorescent quantum yield of 0.9 in hexane. This 1s vastly
greater than the quantum yields of fluorescence of the
other compoundé studied, as will be discussed below. The
Stokes' shift of (162) was much smaller than the other
fluorescing compourids; also, a 32 nm shift occurred on
changing the solvent from hexane (A¢y; = 450 nm) to
acatonitrile (A¢; = 492 nm). Thus 1t 1S much less solvent
sensitive than NBi, and more reminiscent of indole 1itself.

~The dlgierent fluoreﬁcence properties of (lBZi, as
compared with N-benzoylindole, may arise from two factors.

One explanation 1s that the benzoyl group of (1l62) 1s held

207
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planar and this may prevent stabilization of a
charge-transfer state of a perpendicular orientation of the
indole and benzoyl group required 1in this state.
Alternatively, the conjugation of the phenyl ring through
the 2-position of the i1ndole may cause the excited staté
properties to resemble those of a 2-phenylindole and lessen

the 1mportance of the nitrogen carbonyl substituent.

Several different synthetic approaches were examined
for the preparation of compound (173} in which the benzoyl
group 1s held relatxvek§ planar with respect to the.xndole~
ring, but in which the phenyl group 15 not conjugated
through the i1ndole 2-position. Thxg would have
distinguished between the two alternatives given above.

Unfortunately, all attempts to synthesize (173) were

unsuccessful.

6.5 FLUORESCENCE QUANTUM YIELDS
The quantum yields of fluorescent emission fcr

compounds (1l1l42a, 159, ,160 and 163) (Table Xl) i1ndicate that
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thé efficirency of emission drops with 1ncreasing solvent
polarity. Thxs(effect can be explained as being due to a
lowering of the energy of the charge-transfer singlet state
with i1ncreasing salvent polarity. This will deerease the
energy gap between the charge-transfer excited state and
the relatively non-polar ground state. The energy gap law
which dominates tran81t13ns between ‘electronic states of
like multiplicity predicts that this should accelerate the
rate of internal conversion to the ground state so that

emission from the charge-transfer state competes less

effect g. 20).

G — g
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FIGURE 20: Energy levels of excited NBI

Another explanation for the decreased fluorescence
yield with 1ncreasing solvent polarity 1s that as the
charge-transfer state 1s stabilized Qy 1ncreasingly polar
solvents the energy gap between 1t and the 1nitially formed
and non-poiar S, state will be i1ncreased. Again, because
of the energy gap law, this will slow down the rate of

formation of the charge-transfer state, and the charge-
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transfer process will become less competitive with
lntersystem crossing to the triplet state. Thus iess of
the charge-transfer state will be formed and the quantum
yield of fluorescence from 1t will be reduced. This
explanation assumes that the-triplet state 1s non-polar and
80 1ts energy 18 not solvent dependent. Since the position
of the phosphorescence emission of N-benzoylindole was
found not to change'wltp solvent polarity, this would
appear to be a correct assumption. In addition, the
triplet excited state cannot be populated from the charge-
transfer state because 1n all the solvents examined the
lat;er 18 lower 1n energy than the triplet state

(Table VIII). Thus the variation i1n fluorescence quantum
y1ield with solvent does not arise from 1ntersystem crossing
from the charge-transfer state to the triplet state being

more favourable i1n solvents where, say, the two states

become close 1n energy.

C

6.6 CORREiATION OF THE PLUORESCENCE EMISSION WITH THE
LIPPERT EQUATION

The fluorescence emission spectra of many compounds
are quite sensitive to the polarity of their environment
although they are usually not as sensitive a compound as
N-benzoylindole. The emission from singlet excxt?d states

generally occurs at wavelengths which are longer than those

of light absorption. The loss of energy between absorption’

and emiss:ion of light, called the Stokes' shift, 1s due to

several processes. These processes 1include energy loss due

210



Compound Solvent Qea
142a n-hexane .041
- MeCN .018
- CH,Cl, .ozé‘
157 n-hexane 0.c &
158 n-hexane .13
- CH,Cl, .15
159 n-hexane .08
160 n-hexane .07
. MeCN (1072 b
. CH,Cl, .03
161 n-hexane 0.0 &
162 n-hexane '.9
° MeCN .44
«
. CH,Cl1, .62
ANo em1ssion was observed.
EThe emission was too weak to be quantified. \j

TABLE XI:

Compounds
Solvents

Quantum Yields of Fluorescence (®.,) foOr

(l42a) and (157-162) in Various
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to d1551pat10n of vibrat:ional energy. redistribution of
electrons 1n the surrounding solvent molecules induced by
the change of dipole moment of tﬁe'excxted species,
reorientation of the solvent molecules around the excited
state dipole and, finally,.specific interactions between
the fiudﬁophore and the solvent. For the fluorescent
charge-transfer states which have been observed previously
for molecules capaﬁle of i1ntramolecular electron transfer
between con]ugatea groups, the effect of solvent
1nteractions upon the energy, and hence the wavelength of
emission have been classified 1nto specific solvent
1nte;actlons (e.g. hydrogen bonding, etc.) and general
solvent effects, which refers to the way 1n which the
solvent reorganizes to ;tabxlxze the charge separaﬁed ’
state. Absorption of light occurs 1n about 107!% s, a time

L]
x
too short for significant displacement of nucle.

(Prank—CondoA principle). Often the electronically excited
states of aromatic compounds possess dipole moments (u”)
which are different than in the ground state (). As a
result the absorption of a photon by the molecule results

in the formation of a new dipole, which perturbs the
environment of the excited species and the solvent responds
by a reorganization of the solvent cage, For non-hydrogen
bonding solvents, the stabilization of the cha;ge-transfer
state 13 presumed to arise from the ger’l type of solvent®
interactions, and Lippert123,124 nas derived an equation in

which the energy difference between the ground and the
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excited charge-transfer states (in cm~!) 1s a propérty of
the refractive index (n) and di1dtectric constant {e) of the

solvent. The Lippert equationl23.124 takes the form shown

1n Equation 38.

_ _ 2 € -1 nz -1 (™ - u)?
Vabs ™ Vea = — - + const
’ hc 2e + 1 2n2 + 1 v3
or
- ) 2 (o® - w)?
Vabs ™ Vegq = — - Ofp - —— + const 38
hc v

where v,ps and ves represent the absorption and emission
energies 1n cm !, respectively, h 1s Plank's constépt, c 1S
the speed of light, € 1s the solvent dielectric constant,

n 1s the solvent refractive index, v ;s the Ons#ger radius,
which 1s the radius of the sphere occupied by the molecule
in the solvent, and u and u” are the dipole moments of the
ground state and emitting excited state, respectively.

By plotting the degree of solvent stabilization of
the excited state (1.e. er, - Vaa) against the solvent
polarizability function Af, 1t 1s poss;ble to obtain a
value of the change 1n dipole moment 1n going from the

initially formed excited state of the charge-transfer state

1f a value of the Onsager radius, v, can be estimated.
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Such a plot 1s shown for N-benzoylindole in Ffigure 21, and

simllar plots were ohtained for the substituted derivat:ives
(158) and (160). The data point corresponding to dioxane
was found to be off the line. This has been observedl?d in
othef'systems and 1t has been proposed that the dioxane
molecule may alter i1ts conformation and hence 1ts effect:ive

dielectric effect 1in

Compound (u*-u)/r? a (w*-u) E
142a 13700 £ 500 ) 15 D
158 14800 = 800 20 D
160 13900 £ 700 20 D

4From the gradient of the Lippert plot, omitting djoxane
and chlorinated solvents.

bassuming values of the Onsager radius, r, of 5.5 A (l42a)
and 6.5 A for (158) and (160).

TABLE XII: Dipole Moment Changes Derived from the Lippert
Plots for Compounds (l42a), (158) and (1l60).

the process of solvation of the charge-transfer complexes.

o p e L

From other solvent polarizability-fluorescence wavelength

correlations 1t has been foundlZ5 that the effective

4
dielectric constant of dioxane 18 6 or 7. Hence by using a
value of this order, the dioxane point also falls onto the

line 1n Fig. 21. 1In addition to dioxane, the data points

NAL AN WSO s gy AW

for tﬁe:chlorlnated solvents examined did not fall on the o

I8
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line and were not 1ncluded 1n Figure Z21. When they were

plotted separately (Fig. 22) a correlation was also
observed. Presumably these solvents'stabilize the charge-
transfer state of a slightly different solvent interaction.
With the exception of $ioxane, the data obtained 1in
the 12 non-chlorinated solvents examined give a good fit to
the Lippert equation. This supports the assignment of a
charge—tran;fer state to the fluorescence emission of
compounds (l42a) and (158-160). The change 1in dipole
moment 1n going from the 1nitially formed singlet excited
state to the charge-transfer state was cai&ulated and s
gi1ven 1in Table xfl. The Onsager radius, v, used was
estimated from models to be approximately 5.5 A for NBI and
6.5 A for (158) and (160). The cHange 1n dipole moment 1is
thus calculated to be of the order of 15 Debye for (1l42a)
and 20 Debye for (158) and (160). Since 4.8 Debye
corresponds :6 the separation of a unit charge by one &,
these values of tée chrange 1n dipole moment correspond to a
movement across the molecule of 3 A 1n (l42a) and 4 A 1n
(158) and (160). These distances are of the order of the
separation of the mago} chromophores 1n the
Nfbenzoylxndoles and are consistent with the conclusion
that the charge-transfer occurs between the i1ndole nucleus

and the benzoyl ring.
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6.7 CORRELATION OF PLUORESCENCE EMISSION OF NBI WITH
E7(30) VALUBS

Attempted correlations between the fluérescence
maxima of compounds and various parameters of solvent
polarity such as the Rlchard—Dxmr!!h Er(30).parameter125;
and Kosower Z valuel27 have been met with varying degrees
of success. These parameters are derived from the solvent
dependence of the electronic spectra of dyes whose
absorption maxima shift to lower energy in_solvents of‘
increasing polarity. Correlations have been made between
the energy of the emitting states of charge-transfer
fluorescing compounds, as determined from the position of
the fluorescence maximum, and the empirical solvent
polar:ty parameter E;(30). The E;(30) parameter for a
solvent 1s obtained by measuring the position of the
absorption maximum of the charge-transfer transition of a .
pyridipium betaine dissolved 1n the solvent. I[n some cases
these correlations are linear and 1n others the correlation
takes the form of two 1ntersecting lines, which has been

interpreted as being due to two emitting states, 122P one

>
charge-transfer in nature and the other relatively
non-polar. Correlation of the charge-transfer fluorescence
maxima of NBI with E;(30) values indicated a non-linear
plot. Thus, 1t was thought that, in principle, the
exi1stence of more thAn one emitting state could Slso apply
to the NBI sygtem described here.

>

The plot of energy of the emitting state of NBI

against the solvent E;(30) values 1s given 1n Fig. 23. [t
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FIGURE 23: Plot of energy of the S, — S,
‘ transition 1in kcal/mol of NBI
against the solvent E;(30) value
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FIGURE 24: .Plots of energy of the Sg — S5,

transition 1n kcal)mol of NBI

. against the solvent E[(30) value

(full circles) and solvent
E;r(30) value against the
Lippert Af, (open circlaes)
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would appear that at low solvent polarities the position of

the ‘fluorescence 1s' highly sensitive to the changing
solvent polarity, and that at high polarity the position of
the emission band 1s less dependent. This 1s the reverse
of the trend which would be expected and would correspond
to an unidentified non-polar, low-lying electronic sﬁate of
the NBI molecule.

According to the model outlined earlier 1n this
chapter (Fig. 20), in non-polar solvents the
charge-transfer state will be highly destabxl{Fed and it 1s
60551ble for this stage to li1e near or ;bove tg; singlet )
excited state (S,). With increasing polarxéy the
charge-transfer singlet state will be gtabilized (lowered
in energy) and drop .lower i1n energy than the 1nitially
fqrhed si1nglet excited §ta§s. Hence ihe wavelength of the
»emlssxon observed from the non-polar singlet excxﬁed state
will be relatxvely.xnsensxtxve to solvent polaraity. -
However, xﬁ hign polarxty~sol¢ents tHé emLSSLQH will be

derived from the charge-transfer staté and the wavglength'
magxhum.wxll be highly depéndeﬁt on’'the changing solvent
polarity. Thereforé, n aiblbt of solvent E;(30) values
agéxnst'the emiss1lon wavelength, 1t would be expected that,
1f the charge~transfer state 1s above the initially formed
singlet state in non-polar solvents, then a line would be
obtained wh;ch would be Hear ﬁérxz;ntal-xn low polarity

solvents and of greater slope for high polarities,

corresponding to solvation of the charge-transfer state.

st
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. Since the plot of Ey(30) vs emission wavelbngth

indicated the reverse trend to that expected, 1t was
decided to examine the reliability of the E;(30) par ameter
by plotting 1t against the polarizabiltiy function Afp
(F1g. 24). This showed a curve which mirrors that for the
Er(30) vs emission ploﬁ for NBl. This would suggest that
the curvature seen in the E;(30) vs emission energy plot 1s
;n artifact éf the Ey (30) paramete; and does not relate to
a change 1n the emitting state. These observations suggest
that care should be exercised 1n correlating the E; (30)
parameter with the emission energy when large solvent -
polarity ranges and solvents of widely varying chemical

p) structure are used.
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CHAPTER 7

EXPERIMENTAL

Melting points and bolling polnts are uncorrected.
Melting points were determlﬁed on a Koffler hot stage
melting point apparatus. fr spectra were recorded with a
Beckmann 4250 spectrometer. Ultra-violet spectra were
recorded on a Cary 1ll8 uv visible spectrometer and on a
Hewlett PAackard 8450A diode array spectrophotometer.
Steady state fluorescence spectra were recorded on a
Perkin-Elmer 650-40 fluorescence spectrometer and quantum
ylelds of fluorescence were measured on this ".nstrument
relative to 1ndole. Phosphorescence spectra were recorded
on a Perkin-Elmer MPF-4 emission speétrometer. Time-~-
resolved fluorescence measurements were conducted with a
PRA single photon counting instrument using a coherent
picosecond lasef system consisting of a Model CR-8 argon
1on laser pump, and'a Model 590 dye laser equipped with a
Model 7210 cavity dumper. The laser pulses were frequency-
doubled and the resulting wavelength of 287 nm was used for
excitation. The efféctive time width of the laser pulses,
including the 1Astrument response, was below 300 ps. Mass
spectra were obtained on a Varian MAT-31lA spectrometer at
70 eV (direct 1nlet). Routine proton magnetic resonance
épectrum (1H nmr) were obained on Varian XL-200 and -300

223
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spectrometers. Both i1nstruments were used to obtain the
13Cc nmr spectra. Methyl, methylene, methine and quaternary
si1gnals were i1dentified by comparing the fully decoupled
spectra with the APT633 and DEPT63D spectra. The chemical
shifts are given 1n parts per million (ppm) downfield from
tetramethylsilane (Me,S1) i1n & units and coupling constants
are given 1n cycles per second (;z). The data 1s reported
as: chemical shift, multiplicity (8 = singlet,
d = douSlet, t = triplet, g = quartet, m = multiplet,
ddz = double doublet, dtz = double triplet., etc.), number
of protons, coupling constants and assignments. -
Gas:lxquxd chromatography (glc) analysis was
performed using 0.2" x 6' glass and copper columns packed
with 5% S.E. 30 on Chemisorb W and 29{ diethyleneglycol
succinate on Chemisorb W columns with Varian 2400, Varian
90-P and Aerograph AS0-P3 Lnstruﬁents equipped with a
Hewlett Paékard 3390A 1ntegrator. All retention times were
recorded with a flowrate of 30 mL/min. Thin layer
chromatography (tlc) was done on Kiesel gel 60 F,q,
plates. Thick layer chromaéogrpahy (plc) was performed
using Kiesel gel F,;5, on glass plates. Open-column
chromatography was performed uS}ngJﬁxesel gel. Solutions
were degassed with dry nitrogen gas before irradiation and
were irradiated i1n Pyrex tubes using a medium pressure

mercury lamp as the light source. The course of the

reaction was followed by gas-liqu:id chrohatography (glc).

224
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Reagent grade solvents were used for all reactions.
Anhydrous ethyl ether was Baker reagent grade and was used
without further purification. All the solvents used for
f lucrescence and phosphorescence measurements were glass
distilled spectral grade solvents. The solutions were -
generally 1075 M 1n indole derivative for fluorescence and

phosphorescence measurements.

N-Benzovlindole (1l42a)

To a stirred solution of indole (5 g, 0.043 mol),
powdered NaOH (5 g, 0.125 mol) and (Bu) NBr (0.2 g) 1in dry
methylene chloride (150 mL), a solut;on of benzdyl chloride
(9.25 é, 0.088 mol) 1in methylene chloride (25 mL) was added
via a dropping funnel over 15 min., The reaction was cooled
with 1ce during the reaction. After 1.5 h water was added
(S50 mL) to quench the excess benzoyl chloride, and. the )
N-benzoylindole was extracted into methyl;ne chloride. The
extracts were washed with water, dried over K,CO,;, filtered
and the methylene chloride removed‘under reduced pressure
to give a red o1l, which was recrystallized from -
ether/hexane to give 142 as a white crystall:ine solid:

!
8.6 g, 91% yield.

For 142a; M.p. 63-64°C.123 Y4 nmr (CDCl,): 6.7 ppm (d,
1H, J = 3.5 Hz, 3H), 8.5 ppm (m, 1H, 2H), 7.3-7.9 ppm (m;
9H); exact mass m/e 221.0840. L3¢ nmr (CDCl,;): 131.9,

129.1, 129.1, é28.6, 128.6, 127.6, 124.9, 123.9, 120.8,
L

P
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116.4 and 108.5 ppm (CH), 136.0, 134.6 and 130.7 ppm (C),

168.7 ppm (C = 0).

N~ (p-Methoxybenzovl)-i1ndole (158)

The synth351s.of N-(p-methoxybenzoyl)-indcle was
performed using the same procedure as descrxbgq for the
synthesis oflﬁ-benzoylxndole, except for the use of
p-anlsoylchlorlde instead of benzZoyl chloride. 158 was

obtained as a crystalline white solid (recrystallized from

diethyl ether).

For 158; M.p. 134-137°C. H nmr (CDCl,): 6.7 ppm (d,.lH,
J = 3.5 Hz, ¥H), 4.0 ppm (é, 3H, “OCH,;), 8.4 ppm (m, 1lH,
2H), 7.0-7.9 ppm (m, 8H); exact mass m/e 251.0947. :
3¢ nmr (CDCL,):‘~55.S ppm (OCH,), Ll31.6, 131.6,_127‘7,
124.6, 123.6, 120.8, 116.2, 113.8, 113.8 and loé.o ppm
(CH), 162,6, 136.1,'130.6 and 126.5 ppm (C), 168.2 ppm -
(C = 0). | | y

N—gQ—Nxtrobenzoyl)—xndole (159)

The gynthes;s of N-(p-nitrobenzoyl)-indole was
conducted using the same procedure as described for the
synthes1s of NBI, g%cept for the use og p-nitrobenzoyl
chloride instgad of benzoyl chloride. A yellow o1l was
obtained. The products weré gSeparated by column

cftomatography using 50 g of silica gel (60-200 mesh, Baker

-
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Analyzed reagent) and ether,CH,Cl, as the elutlng\soldent

to give 159 as a yellow crystalline solid.

For 156: M.p. 165-167°C (n-hexane/CH,Cl,). !H nmr

(CDCl,;): 6.7 ppm (m, H, 3H), 7.1-8.5 ppm (m, 9H); exact

mass m/e = 266.0689: 13C nmr (CDCl,;): 129.99, 129.99,
D

126.5, 135.5, 124.6, 123.9, 123.9, 121.2, 116.4 and

-
T e o

110.0 ppm (CH), 149.5, 140.2, 135.8 and 130.8 ppm (C),

™

166.4 (C = 0).

v

N-Benzovl-5-methoxyindole (160)

: ; : The synthesis of N-benzoyl-5-methoxyindole was

carried out using the same procedure as described for the
- synthes;s of NBl, except for the use of S-methoxyindole

instead of 1indole, to yield a white crystalline solid.

For 160; M.p. 107-109°C (diethyl ether/hexane). 'H nmr

14

(CDC1l,3): 6.6 ppm (d, 1H, J = 3.5 Hz, 3H), 8.4 ppm (m, lH,

oy AN Y .

2H), 3.9 ppm (S, 3H, OCH,), 7.0-7.9 ppm (m, 8H); exact mass

()

/
m/e = 251.0436. !3C nmr (CDCl,): 131.7, 129.1, 129.1,

W

; ©128.5, 128.5, 128.2, 117.2, 113.3, 108.5 and 103.5 ppm

(CH), 156.6, 134.5, 130.6 and 128.1 ppm (C), 55.6 (OCH,) ,

169.1 (C = 0),

i

N-Acetvylindole (157)

The synthesis of N-Acetylxndole 157 was perfbrmed

\
using the. same procedure as described for the synthesis of

Te NN T W e,
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ﬂB[ except for the use of acetyl chloride instead of <28

benzoyl chloride to yield a brown o1l which was distilled
at reduced pressure to yield a viscous liquid.

For 157; B.p. 128°C/1.8 nml2® of Hg. H nmr (CDCl,):
2.65 ppm (S, 3H), 6.65 ppm (d, 1H, J = 3.5 Hz),
7.13-7.67 ppm (m, 4H), 8.53 ppm (m, lH); exact mass

m/e = 159.0685.

6H-Isoindolof{2.1l-ajindol-6-one (162)

Compound 162 was synthesized according to the

procedure described by Zimmer et al.l28

For 162; M.p. 152-153°C (EtOH). !H nmr (CDCl,): 6.55 ppm
(S, 1H), 7.1-8.0 ppm (m, 8H); exact mass m/e = 219.0684.
13c nmr (CDC1,): 133.7, 128.8, 126.3, 125.3, 123.9, 122.3,
121.2, 113.3 and 103.; ppm (CH), 138.9, 134.7, 134.5, 133.4
and 133.4 (C), 1l62.6 (C = 0O).

ey
N~ (O-Hydroxymethylphenyl)-2-succinimide (1l61la)

O-Aminobenzyl alcohol (0.065 mol) and succinic
anhydride (0.065 mol) were refluxed 1n 250 mL of chloroform
for 3 h during which time a white precipitate formed. The
reaction mixture was cooled and filtered to give lb6la as a

white solid (yield = 63.3%).
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For 16la: (cv; <O CDy: 2.6 ppm (S, lH, OH), 2.7 ppm (S,
4H, CH,;CH3), 4.7 ppm (S, 2H, CH,0H), 7.0-7.4 ppm (m, 3H),
7.9 ppm (m, lH), 9.0 ppm (1lH, NH), 11.6 ppm (S, 1lH).
13C nmr (CD,4-CO-CD,); 53.3, 53.4, 62.8 ppm (CH,), 129.8,
13010, 130.3 and 131.4 ppm (CH), 1313 and 133.5 ppm (C),

171.9 and 176.7 ppm (C = 0O); exact mass m/e = 223.0399.

N-[2-(Chloromethyl)phenvl]lsuccinimide (1l61lb)

. Compound 1l6la (0.04 mol) 1n a 250 mL flask fitted
with a refluxing condenser, was treated with thionyl
chlor}de (2 eq) at room temperature. After 30 min CHCl,

(100 mL) was added and the solutien was refluxed for

.
2
i
i

10 min. The major portion of the CHCl,; was distilled out

v

and more CHCl; was added. This was repeated several times
to ensure removal of éxcess thionylchloride. The reaction

- i mixture was extracted with saturated potassium bicarbonate
solutlon,‘dr1ed over potassilum carbonate and concentrated

: to ngé a yellow semi-solid. This was purified using 50 g
of silica gel (60-200 mesh, Baker Analyzed reagent) and
CHC1,/CCl, as the solvent to give a yellow solid

<“ (yield = 83%).

é ’ Por 161b; 'H nmr (CDCl,): 2.8-3.0 pp£~:;:T\;H). 4.4 ppm

§ (S, 2H), 7.1-7.7 ppm (m, 4H). 13C¢ nmr (0NCl,): 28.6, 28.6

é and 43.0 ppm (CH,), 130.7, 129.8, 129.8 and 129.2 ppm (CH).,

‘ | ©134.6 and 131.3 ppm (C). 176.1 arid 176.1 (C = 0): exact

. mass m/e = 223.0399, /
. /

.



1,2-Dihydro-3H-pyrrolo-(1,2-al-1dol-3-one (161)

A chloroform solution of N-(2(chloromethyl)phenyl
succinimide and .triphenylphosphospirine (1.1 éﬁ) ;as
refluxed overnight. The volume was reduced,” ethyl ether
added: and the resultxng-prec1p1§ate (2-;ucc1n1m1dobenzyl)-
trxphenyipﬁosphonxum chloride was collected, yield 85%.
t-Butyllxthxum (1.1 8q) was added to a tetrahydrofuran

.solutlon of (2-succ1n1£1dobenzoyl)érxphenylphosphonlum
chloride under a nitrogen atwmosphere sﬁd the reaction
mixture was heated to reflux for 18 h. The product was
separated by liquid chromatography using 40 g of silica gel
(60-200 mesh, %aker Analyzed reagent) and CHCl; as the

'solvent to yield 61% as a crystalline solid.

>‘Por:161; M.p. 150-151‘& (recrystallized from MeOH). !H nmr
~—.. (€DCl,;): 3.2 ppm (bs, 4H), 6.3 ppm (S, 1H), 7.3-7.6 ppm
. :t(§;'3H){ 8.0-8.1 ppm (m, 1H),; exact mass m/e = 171.069.
(CH), “34:9 and 19.7 ppm (CH;), 143.6, 135.3 and 130.7 (C),
. 189.5 (C =70).

~
- L}

otol it ion of N-bengoylindole and Cyclopentene
. -N-beﬁié&lindolé“(Z.Sig. 0.011 mol) was dissolved 1in
benzene (250 nL)~previuusLx:pufged with nitrogen. To th:s

~solution distilled cyc{?pehteneugs.s 8, 0.125 mol) was

added and the solution was' irradiated using Pyrex and water

L

filtered Light from an Hanovia'ﬁed;um Pressure Hg lamp.

| ¥3¢ mir (CDCly): 124.0, 123.3, 120.5, 113.6 and 100.4 ppm

230

Cdhirnn < wrid A0



ey ge— b -

LE T

.

(=

r "'

-~

gfter 22 h gas chromatographic analysis indicated 55%
conver5102>of the 1ndole to products. The benzene solution
was concentrated. under reduced pressure to yield 2.7 g of
yellow o1l. This was purified using 100 g of silica gel
(60-200 Mesh, Baker Analyzed reagent) and 30/70, diethyl
ether /hexane as the solvent to give 152 as a white solid

which was crystallized from ether (yield 21.1%).

For 152; M.p. 124-126°C. ~3*H nmr (CDCly): 1.1-1.9 ppm .m,
6H), 2.7 ppm (m, lH,‘J/:/:, 7 Hz), 2.84 ppm (m, lH, J = 3,
7 Hz), 3.35 ppm (dd, 1lH, J = 7.5 and 3 Hz), 4.0 ppm (bs,
lH, J = 7.5, 3.0 Hz), 7.1-7.7 ppm {(m, 9H): exact mass m/e =
289.1465. 13C nmr (CDCl,y): 30.9, 32.3 and 25.3 (CHj).
129.9, 128.3, 127.1, 127.5, 126.8, 124.7,,124.6, 124.5,
118.2, 63.6, 47.8, 46.0 and 45.0 (CH). 157.4, 136.6 and

130.0 (C), 169.8 (C=0). -

153; Examination of the mother liquors later revealed the
presence of an equal quantity of the oi1ly ci1s-syn-cis
adduct 153. This compound was characterized by.

Mr. D. Hastings and was shown to have the same gas

chromatographic retention time as the stereoisomer 152.
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Stern-Volmer Plots

Quenching of NEI-cyclopentene Cycloaddition Reaction with
Cyclohexadiene

The following solutions were prepared:
{1) 2.5 x 18”2 M cyclohexadiene in benzene: and (11) 136.8
mg of octacosane 1in 100 mL 1n benzene.

All the solutions used were purged with nitrogen

gas, and mixing and transferring of solutions was performed,

under a nitrogen atmosphere. NBI (225 mg). octacosane
standard solution (8 mL), and 1.2 g of cyclopentene were
mixed and made up to 40.0 mL with benzene. For guenching
experiments 4.0 mL of this solution and samples of the
cyclohexadiene solution (0, 0.2, 0.4, 0.6, 0.8, 0.9 and
1.0 mL) were pipetted 1nto each of seven Pyrex
Merry-Go-Round tubes. Benzene was added to make the volume
1n each tube up to 5.0 mL. The solutions were degassed and
irradiated using light from a Pyrex and water filtered
Hanovia Medium Pressure Hg lamp 1n a Merry-Go-Round
apparatus at 20 ¢ 1°C. The 1irradiation was stopped at less
than 3% conversion. For each tube the amount of adduct
formed relative to the améunt of octacosane was determined
using gas-liquid chromatography (5% S.E. 30 on

Chemisorb W). Th; amount of adduct 1n tube 1 (where no
cyclohexadiene was present) was divided by the amount of
adduct formed 1in each tube containing a quenchef. This
ratio, designated ®°/®, was calculated for each.of the
tubes and was plotted against tﬁe quencher concentratioff,

(Q). A linear Stern-volmer plot was thereby obtained,
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Stern-Volmer plots were also obtained for cyclopentene
concentrations of 0.35 M, 0.53 M, 0.82 M, l.12 M ana.

1.41 M. The slope and intercept of each plot are given 1in
Table XIIl (P1gs. 4 and 5). The whole experiment was
repeated and the results were found to be reproducxble:
Similar Stern-Volmer plots were also obtalned when 1soprene

was used as the quencher instead of cyclohexadiene.

Dilution of NB] and Cyclopentene in Benzene at 20°C

The following solutions were prepared: (1) 590 mg
of NBl 1n 10 mLL of benzene and (11) 136.8 mg of octacosane
In 100 mL of benzene. 1 mL of the NBI solution, 2 mL of
the standard octacosane solution and different volumes of
cyclopentene (1.0, 2.0, 3.0, 4.0 and 5.0 mL) were added
into a 10 mL volumetric flask. Benzene was added to make
the volumes up to the mark. All solutions were purged with
nitrogen before mixing, and 3 mL of each sample were
irradiated 1n a quartz cuvette (1.00 cm path) at 313 nm
using a Photon Technologlies Inc. Quantacount quantum
counter :instrument for 3 h. After 1rradiation the amount
of adduct formed was determined using gas-liquid
chromatography (10% S.E. 30 on‘Chemxsorb W). The photon
flux absorbed by the sdlution in these expe}xments was
determined by actinometry u51ng potassium ferrioxalate, aﬁd
using this ;alue the quantum yield of adduct formation was

calculated for each of the cyclopentene concentrations.

¥
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The results are plotéed in Figures © and 7 and summar i1zed

1n Table XlV:

(CYCLOPENTENE ) ®p
5.69 M 3.31 x 1072
4.55 M 1.97 X 1072
3.41 M 1.70 X 10-2
2.28 M 1.24 X 1072
1.14 M 0.67 X 1072

TABLE XIV: Quantum ylelds of photoaddition of NBI at
various cyclopentene concentrations

®p - quantum yield of product formation.

FPig. 7; Slope = 148.8 ¢+ 1.6 M

Intercept = 16.0 = 0.8

Coefficient of Correlation = (0.9996 .
Rate of Self-Quenching
The following solutions were brepared: (1) 1.50 g

of NBI 1n 25 mL of benzene, and (11) 136.8 mg of octacosane
in 100 QL of benzene. A sample of the octacosane standard
solution (2.0 mL), cyclopentene (ETB mL) and different
volumes of the NBI! solutions (1.0, 2.0, 3.0, 4.0 and

5.0 mL)‘were added into a 10 mL. volumetric flask. Benzene
was added to make the volumes up to the mark. All
solutions Qere purged with nitrogen gas and 3 mL of each

sample were 1rradiated i1n a quartz cuvette at 313 nm 1in

Photon Technologies }nc. Quantacount (PT[)quhntum counter
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instrument for 2500 counts so that each soluti1on received
the same number of photons. After i1rradiation, the amount
of adduct formed was determined using gas-liqu:id
chromatography (l0% S.E. 30 on Chemisorb W) and the quantum
yield of adduct formation was calculated using the known
photon flux of the PTI Quantacount. A plot of 1/® vs NBI
concentration was obtained, where ® 1s the quantum yield cof
cycloaddition of NBI and cyclopentene (Fig. 8).

Intercept = 19.1 ¢ 0.15 M !

slope = 13.6 ¢ 1.7 '

Coefficience of Correlation = (0.9642

Quantum Yield of Traiplet Formation.

Quantum Yield of Sensitized Isomerization of Piperyline
with Benzophenone 1n Benzene al 20°C

1.5 mL of a 2.4 x 107! M solution of
trans-piperylene in benzene, 1.0 mL of a 3.53 x 107! M
solution of cycloheptane i1n benzene and 1.0 mL of a
.18 x 10! M solution of benzophenene in benzene were
mixed 1n a 25.0 miL volumetric flask which was then made up
to the mark with benzene.” All the solutions were puréed
with nitrogen gas. 3 mL sf the mixture were transferred to
a quartz cuvette and were irradiated at 313 nm 1n a Photon
Techologies Inc. Quantacount quantum counter instrument.

The 1irradiation was carried out at about 4% conversion to

~ci1s-piperylene. The amount of cis-piperylene formed form

trans-piperylene was determined using gas liquid

chromatography. (15% 8,8-oxydipropionitrile on Diatoport-S

236

BB . e =



» e et f g

S A v T——

. . N .
il o lm N T~ S TP 1y, - Y

‘ 237
column, 25" x 1/8%, at 20°C) from which ®;,. = 0.44 ¢+ J.003

was calculated. Using the same procedure as described . %
above the quantum yield of séésxtlzed 1someri1zation of
trans-piperylene was calculated tg be 0.44 ¢ 0.503 and

0.40 t 0.003 1n acetonitrile and CCI]" solyents,

respectively.

Measurement of the Quantum Yield of Triplet Formed from
Direct Irradiation of NBI 1n Benzene
’ ’ . . .
1.0mL of a 2.67 X 107! M solution of NBI 1in hexane,

[
-

0.4 mL of 3.53 x 10™1M cycloheptane standar? penzene
solution and different volumes of 2.4 x 1071 M
trans-piperylene benzene solutions (0.2, 0.3, 0.4 and
0.6 mL) were added 1nto a 10 mL volumetric flask. Benzene .
was adged to make the volumes up to the mark. All

solutions were purged with nitrogen gas. 3 mL of each, )

sample were 1rradiated i1n a quartz cuvette at 313 nm using

a Photon Technologies Inc. Quantacount quantum coumiter
instrument. All the 1rradiations were carried out at less
than 5% conversion. After 1rradiation the amount of
cis-piperylene formed from trans-piperylene was determined
using gas- liquid chromatography (15%

i B,8-oxydipropionitrile on Diatoport S at 20°C). &,,. was
determined us 1n3he expression

moles of cis-piperylene formed

e -
photon flux .
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Plots of C/®;,. vs 1/{Q)} were obtained (Figs. 13, 14, 15
and 16), from which the quantum yleld of triplet formation
of NB! in benzene was calculated (Table VIII). The above
procedure wasﬂusea to determine the &®; ¢ . of compounds
157, 158 and 160 in benzene and NBI 1in CH,;Cl; solution

(P1gs. 13 and 15, Tables VIII and XV).

Quantum Yield of Trlgggg Formation of NBl in Acetonitrile
0.1l mL of a 2.67 x 107! M solution of NBI 1in
acetonitrile, 0.4 mL of a.3.53 x 107! M cycloheptane
standard acetonitrile solution and different volumes of
2.4 x 10"! M solution of trans-piperylene 1n acetonitrile
(0.2, 0.3, O.4_and 0.6 mL) were added into a 10 mL
volumetric flask. Acetonitrile was added to make the
volumes up to the mark. All solutions were purged with
nitrogen gas. 3 mL of each sample were 1irradiated on an
optical bench using a Pyrex filter, 1n a quartz cuvette at
20°C for 40 min. The amount of cis-p:iperylene formed Erdm
trans-piperylene was determined using gas:l1qu1d
chromatography at 20°C. A plot of C/Ol,ss?_ of NBI 1i1n
acetonitrlle was determined (Tables VIII and XV, Fig. l;).
' .
The above procedure was utllized to determine the ®; g .
of componds 159, 161 and NBI, all 1in benzene solutxoa. The
time of 1irradiation was 120 min for compounds 159 and 161
and 3 min for NBI (Fig. 16, Tables VIII and XV). The"~
®; s.c. value for NBI 1n benzené obtained in both

) I
procedures agreed to wit@in the experimental error.

. . C

4
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Megasurement of Emission Spectra

NB!l and compound 160 were recrystallized three times
from diethyl ether/hexane; 158 three times from diethyl
ether; 159 five times from n-hexane/CH;Cl,; 162 three times
from ethanol, and lél five times from methanol.

All solvents used were distilled and shown to be
non-f luorescent at the wavelengths used. Solvents
n-pentane, n-hexane (Fisher, spectroscopic grade),
acetonitrile (Aldrich, Spectroscopic grade) were used
without further purification. Solvents anhydrous diethyl
ether, l.4-dioxane, n-proplonitrile (Baker Analyzed,
spectroscopic grade), chloroform, carbontetrachloraide,
methylene chloride (Fisher. Spectroscopic grade),

ClCH,;CH,-Cl. CH;-CCl; (B.D.H., Spectroscopic grade), ethyl

acetate, ethylformate, di-i1sopropyl ether, di-n-butyl ether

and glyme (B.D.H. reagent grade) were distilled before use

to ensure the absence of fluoreécxng lmpur ities. R
; Tetrahydrofuran was freshly distilled before use from
¢
L]

sodium and benzophenone.

; The absorption and fluorescence spectra were
¢ recorded on solutions of ca 1075 M concentrations, and were
prepared 1mmediately before use. Oxygen-free solutions
were prepared by pdrgxng nxt;ogen-gas through the sample‘
, 1mmeélately before the measu}ament. The 1Mt ime -

measurements were performed on oxygen-free solutions. All

measurements were performed at 20°C unless otherwise noted.
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The quantum yield of fluorescence for each compond 24°

was measured relative to we This was done ‘by
preparing a solution of i1ndole Ln.the same solvent, such
that 1t had the same absorption (to within 2%5 of that of
the solution of N-benzoylindole (°1075 M) at 287 nm. Both
solutions were 1irradiated at 287 nm and the areas under the
corrected emission spectr; were compared in order to

~

calculate the quantum yield of fluorescence.

The phosphorescence spectra were recorded on
solutions of ca 1075 M concentrations 1in quartz nmr tube at

77 K and were prepared i1mmediately before use. All

t

solutions were purged with nitrogen gas immediately before

the measurement. -

Possible Quenching of Charge-Transfer Pluorescence of NBI

1.0 mL of a 2.5 x 10”¢ M solution of NBI in n-hexane
and different volumes of 2.4 x 107! M trans-piperylene :

. solutions (0.2, 0.3, 0.4 and 0.6 mL) were placed in a 10 mL

IemA T v

volumetric flask. Hexane was added to make the volumes up

to the mark. All sclutions were purged with nitrogen gas.

s

The absorption and the emission spectra of each sample 1in

.-

the presence and absence of trans-piperylene were then
measured and compared. The fluorescence quantum yield of
- NBI 1n the presence of the quencher was calculated for each
sample, and was found to be identical, 1nd1cat1né the

absence of fluorescence quenching. The above procedure was

.. c e
also performed for NBI 1in acetonitrile, diethyl ether and

i
§I
§ .
|
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me&hylene chloride, and was repeated with the use of*
’ >
A 1,3-cyclohexadiene and cyclopentene as the qpencher.
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