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SCOPE AND CONTENTS:
| This thesis describes several attempts to determine the multiplicity
of the excited states inyolved in the photoisomerization of 2,6,6-
trimethylcyclohepta-2,4-dienone, eucarvone. At;empts were made to quench
any triplet state involved in the photorearrangement of protonated eucarvone
(1H). However, in view of the Tow triplet energy of 1H, it ﬂas qot possible
by this method to'prbve o;.ru1e out any involvement of a triplet excited
state, | s
v o

.A further method used was to try and\incorporate a heavy atom into
eucarvone and so proﬁote intersystem crossing. To this end the preparation,
thermal stability and photochemistry of the boron trihalide complexes of

eucarvone, 1-BX3 (X = F, C1 and Br) have been studied. Eucarvone reacts

with various Lewis acids to generate o-complexes in which the Lewis acid
is bonded to the carbonyl oxygen. The zwitterions have been characterized

using pmr, ]3C nmr and UV spectroscopy. These zwitterions exhibit teﬁperature
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X dependent pmr and

‘ ‘
13C nmr spectra Th1s can best be explalned 1n terms :
of a non- p1anar seven-membered r1ng ‘and the 1nterconvers1ons of two con-"
format1ons o R -j'. T,

An 1nvest1gat10n of the photo1somer1zat1ons of I -BX3 has shown

that a new photoproduct, 2-methyl-6- 1sopropyTphenol was obta1ned after
quenching the so]utions of the complexes. The photoisomerizations of
protonated eucarvone and the ﬁ?é and BC13 complexes of eucarvone a:e
similar at least in as much as the same. types of products are_fonned.
The photoisomerizetion of the BBré complex of eucafvone is more complicated
in view of the extreme photo1ability of one of the photoproducts, namely
the complex of 3,7,7- tr1methy1b1cyclo[4 1.0Jhept2-en-4- -one. The photo-
chemical and thermal stab111ty of the other photoproducts of 1- BX3 were
examined.

A mechanism has been sugdested to account for the formatioh of

e et *

photoproducts of. 1-BX3.

-

> | tid

4

£
o



L 7.7 ACKNOWLEDGEMENTS © - 5 7. :

iI»ﬁbﬁTd‘]f\  £6“éxtend'my;éinqéfe”gfatitude‘to my‘superviSor,”i
Dr. R.F. Child ,‘:zijkéz khdw]edgeab]e'édvice,“ﬁétience, énéourﬁﬁ%hent,
and critical appraisal throughout tﬁg;éourse of this work. 1 am also.
indebted to my ?rigﬁds and the members qf oﬁr research gfoup, especially *
Ivan Piku11k,.for their Help aﬁd‘friend1y cqoperation. |

I wish to thank Mr. Brian Sayer for funning the Bruker WHI0 MHz
pmr spectra and-22-63.MHz V3¢ nnr gpeé;ra; I would also like to thank
Mr. Ian Thompson for running the- 100 MHz.pmr spectré and Mr. Claus Schonfeld
for technical assistance. | , _

Finally, 1 would like to thank Mr. Jack Whorwood for photographing
and printing the pmr spectra and Miss Beverley Erskine for typing the

manuscript with speed and accuracy.

- 5
\
,‘ 8-
. (3
. »
<

v



-

o TABLE OF CONTENTS

o ';7 . AR C _5'f' S P;geﬂo.:. \
" sCopE AND.CPNTENTS;'-- e o w
ACKNOHLEDGEMngs'J : J-_" E— R
LIST OFFIGURES - . Vit
LIST OF TABLES -+ - I VA
: QART I: INTRODUCTION . ‘l - o]
General review of the_photochemistry'of eucarvone N
and -protonated eucarvone, : o '
PART 2: RESULTS AND DINBBSION - 14
1(a). The jrradiatién‘of protbnated'eucarvone - 15
. {b). Attéﬁpted quenching with S0, | . 15
' 2(1)- :Comp1exatioﬁ of eucarvone with Lewig acids. 19
(i1). Charge distriﬁution in i:Eil Complexes | . 24

(iii). Low temperafure pmr and 13C nmr studies of the 25
Lewis acid complexes of 1.

3. Irradiation of the boron trihalide complexes of 31
Eucarvone. - .
* (). Product identification. 3]

(1). Product distribution with extensive conversion 39
of ]-BXa.'., ' '

(111).'-Therma1 and photochemical stabilities of the BClj
complexes of 12, 8 and 13 in CHoC12.

(iv). Thermal and photochemical stabilities of boron 45
trihalide compiexes of 6. . ' -

(v). Thermal stability of protonated-cqrvoné, 2. . 47

(vi}. - Product distribution with low conversion of I-BXB.Sj y

SRR LT




- comp1ex of 4. T S

i (v111) React1on of Bicyc]o [3 2 0] Heptenone. 9 w1th K

PART 3:
PART 4:

(v11) Thermal and photochem1ca1 stab111ties of BC]3

BCl3. _ . |
So1vent effect upon product d1str1bution of ] -BX3.

5.- Quenching StuQiest

6.l Possible mechanisms for the formation of products.
* CONCLUSIONS

EXPERIMENTAL SECFAON

1. Instrumenta].: |
Reagentﬁ.

General t?chniques.

W N

Synthesis of ketones and\phenols.
5. Photochemical experiments.

(i) Photoisomerizafion of protonated eucarvone in FSO5H.

(ii) Photoisomerization of protonated eucarvone in F503H/502.

(iii) Preparative scale frradiation of eucarvone-BC13 complex
in CH2Cl2.

(iv) Low temperature irradiation of eucarvone-boron
"~ trihalide complexes.

6. Control experiments. | ' ¢

*

({) Thermal stability of the Lewis acid complexes of
eucarvone. > :

(ii) Thermal stability of the BCl3 complexes of eucarvone
photoproducts in CHpCla.

(¥i1) Photochemical stability of the BC13 complexes of
eucarvone photoproducts in CHpCl2. -

Vi

. 59

62

65

‘81

81

81

83

i



" :. page No. .t;f

(iv) Low temperature 1rrad1at1on of boron tr1ha11de 84
- complexes of 6 in CH2012 R
(v) Protonat1on of carvone, 2. R 3 . 85
(vi) - Thermal and photochem1ca1 stab111ty of 4- BC13 85 a
(Qii) Comp1exat1on of b1cyc1o[3 2. Q]heptenone, 9, - - 86
- with BC13.
7. Quench1ng studies on Lewis acid compIexes of 1 - 86
. . with cyclohexa-1,3-diene. _
PART 5: BIBLIOGRAPHY. o B | 87
. r [l

T

vif



~t

10 -

11

12

T LIST OF FIGURES

. o

&)

Ihe-fqrmétion of 2.

Q§e formation of 4 according to Hurst and Whitham.
The formation of 5-as sugggstéd by Schuster.

-

Photoisomerization of eucarvone -#nh polar media.

Hart's and Takino's proposed mechanism for the

formation of 6. . ' ’

Photoisomerization of edcarvone in“FSO3H.

2
= X
M

. Childs' and Hine's proposed relatianship between the

formation of 2, g_andzig,

. '-""‘f-p,

Photoisomerization of cyclohepta—z,h;-dienone.

Complexation and protonation of eucarvone.

Temperature‘dependent pmr spectra of lfBFa.

Pmr spectrum of the aromatic protons of 2-methyl-6-

-r

1$opropy1pheno1.

Il

13

24

26

Products obtained on irradiation of Eucarvone-Leyis_acid 40

complexes.’

viii

. ST =

[SPIPERPRSE RS2 1



14

15

.16

17

.Proposed meéhahiém*fof-thé.fbnﬁa{ionJof’thtOprodUcté :

.ffom the Lewis acid complexes of 6.
Protonation of carvone.
Primary photoproducts of Eucarvone-Lewis acid complexes.

\~Stepwiseland concerted mechanism for the format

6H suggested bQ‘Hiner,ah_,/

Suggested mechanistic scheme for-broduction of primary

products.

50

58

66

67-68



0

o oLIST OF TABLEST |

4

" conformations of 1-BCls.

e S L | Page Nb.;f
product ‘distribution as a function of solvent acidity. n
éffec% of S0, on the photoproduct distribution .of ~ 16
' protoﬁated‘eucarvone in FSO:H. |
Effect ofk§02 on the relative,quantum efficiency of 16
irradiation of pro { #lcarvone in FSOH.
..' L \-\. '
_Effect of halogep substitugion 1in naphthalene on the 18
rates of intersystem crossing.
- 3
Pmr spectra of eucarvone, protonated eucarvone, and 20
Lewis acid complexes of eucarvone.
Carbon-13 nucieér magnetic resonance'spectra.of eucarvone 21
. and Lewis acid complexes of eucarvone.
Change in ]3C chemical shifts on protonation or compleXx- 22"
ation of eucarvone. '
U‘V. spectra of eucprvone,'protonated gucarvohe, and 23
,ng{é acid :complexes of eucarvone.
Rate constants for interconversion of the different 27
conformations of 1-BFs.
Rate constants for interconversion of the different 28



] Table - : \sj = :" ? : f‘ o ‘j' -7 -

n - Pmr spectra of the products resu1t1ng from quench- : T
1ng solut1on5 of. thg 1rradiated\Eucarvone-Lewis acid .~ . - :
complexes. ' L : R o 0 - 0 \\,//;
12" 13 nmr spectra of the isomerig phefiols 8, 13, 14 36
.+ and 15. ]
‘ . , ) . : NI,
13 . Pmr spectra of phenols 14, 115, 13 and protonated 13. 38 " °
.- e . o f N
14 Product d1str1but1on with exten51ve convers1on of the 41{ :
Lewis acid complexes of eucarvone in CH2C12 .
15 Prodhct\distribution obtained on irradiation of 6-BXj 46
B . . . yoe
. in €HaC15. ¢« - ., °
16 - #?;;;ct distribution with low conversion of thé Lewis 51 -
acid complexes of eucarvone in CHZCIZ.
: ) . . * ‘ a
17 Comparison of the re]ative.ratesuof photoisomerizations 52

of the Lewis acid comp1exe§ of 1 and 6 in CH,CI,.

»

18 Pmr spectra of neutral, protonated and BC1; complexes of 56
4 and 8. .
19 ' Solvent effect upon the product distribution of the 60
irradiation of 1-BX5 complexes. f::;'
I} ’ . ’ ” | ’ Fa

20 ” Effect§ of cyclohexa-1,3-diene n product distribution 63 »

obtained on irradiation of the 1—BX3 complexes.. o :

———
{

‘&

-~

coxi ' !



F

; Page'No;

Gipc retention times of the photoproducts (after

. quenching) of 1H and 1-BX; r¥lative to I.

xid

82



IHTRODUCTION

The photochemical;i&g\\rizations of unsaturated mo]ecﬁ]eséhave

>

rece1ved ‘tonsiderable. int rest‘aﬁd.iitent1on by organic chemists. Recent. E
examples of such studies ,incfu tﬁg'photo1somer1zat1ons of congugated
d1enones], cross conjugated d1enone52, conjugated d1enes3, a-B unsaturated
ketones4 and cyclic ketones?. Among ‘the most facile and yet fgsc1nat1ng]y
‘complex photocheﬁiéa1 rearrangements known are those 1nvolv1ng the dienones.
Especially striking are the results of the studies of 2.6,6-tr1methy1cyc1ohepta—
2,4 dienone, eucarvone.

The extreme pﬁopeﬁsity‘of Eucarvone, 1, to undergo light-induced '
transformations was noted in the literature as early as 1960. Buchj and
Burgess, who investigated the photolysis of 1 in 95% ethanol, reported
that two isomeric ketones, 2 and 3, were formed on irradiations. The
former was shown to originate from the irradiation of 1, whi1e the latter

derived from further reaction of 2. The two isomers could be equilibrated

photochemically in n-hexane, containing some triethy]amine, to a mixture of»

0

hv o \ | ——Jjjl—?4~ \

- 95%
ethanol




.

 _four.part§ Of‘Z*aod ooe part ofi3 Th1s photo1somer12at1on (2 +3) was
the f1rst reported examp]e of a photolytlc 1 3-acyl m1gration 1n a B,Y-"
onsqturated ketone. In refluxing benzene conta1n1ng a. small amount of

e a:to]ueneSU]foniC acid, 2 rearranged thermally to 3. It was claimed -
that this aoid—catalyzed-reaction provided evidence for a cis riog_juncture
in 2. . |

Quantitative studies reported by Schuster on the conversion of -

1 to 2 indicated that this is a rather inefficient process'{ﬁ benzene
solution (¢ = 0.0025). Moreover, Schuster found that the efficiency of
the photoisomerization of 1 was increased with so]vent‘po]arity7. Quench-
ing and sensitization stud1es-;uggested that 2 was formed from both a
s1ng]et state (60%) and a triplet staJe (40%) of 1, the energy of the
1atter state being 61 * 1 kcal/mole. The format1pn of 2 from 1 can be
thought of as 1nvolv1ng a symmetry allowed cTosure which would be pre-

dicted to occur photochemica]]y in a disrotatory fashiona.

However,
recent results of Hart9 would suggest that the formation of 2 could
involve a photo cis/trans isomerization of eucarvone followed by a thermal

cycToaddition.

Figure 1: The formation of 2.




S _ | . )

) Subsequent to the work of Buch1 and Burgess, Hurst and Nh1tham
reported that another product was obta1ned on 1rrad1at1on of 1 in 40%
aqueoas acetic acgid with sun11ght]0. This new product was 1dent1f1ed

as 1,5,5-trimethyl- -norborn-2-en-7-one, 4, and was formed in approx1mate1y

Ll

0 g

v
4

equal amounts with 2. The authors postulated that since. 4 was only pro-
duced in acidic solvents, its formation might involve a protonated (m,1%)

excited state of 1.

Figure 2: The formation of 4 according to Hurst ,and Whitham.

E i ]
J + '
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Stud1es by others demonstrated that the photochem1stry of euearvone L

'was’even-more complex. Schuster reported that another photoproduct,

as formed in a. var1ety of so]vents As

‘ident1f1ed as dehydrocamphor, 5, W

the product d1str1but1on was observed to vary w1th the so]ventn

shown below,

-

1 LA T+ 24+ 3+ 4

95% ethanol or glacial
acetic acid or aqueous 5

——

acetic acid : ‘ ‘
(10-25%} (10-20%) (45-79%) (5-12%) (1-20%)
L
- To account for the formation of these products, Schuster proposed
that either an ionic intermediate was involved or several competing pro-

cesses participated concurrently, the rates of which depended upon the

nature of the solvent. L

suggested by Schuster..

Figure 3: The formation of 5 as
| &
o) |
\ , Y .5
L - 4
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| Several years 1ater, Tak1no and Hart'Iz fouod;that the;oosorptiOn -
::max1mum of 1 in the u]travzolet reg1on was’ red-sh1fted from 303 nm in
ethano1, to 310 nm in tr1f1uoroethano1 and to 318 nm when: absorbed on
~si1ica-gel in cyc]ohexane. No apprec1ab1e change in 1ntens1ty was detected
as the solvent was changed. These workers reported that when solut1ons -
‘of 1 1n a s111ca -gel cyclohexane slurry or in tr1f1uoroethanol were photo-
Jyzed, a comp1e§qg%§sure of’products resulted In addition to the prev1ously

reported'products WO new products were observed and 1de9t1f1ed as 6 and 7.

-

The_photoisomerization of 1 in silica-gel cyclohexane or tri fluorodthanol
was found to be more efficient than that in cyclohexane and moreover 1o
the'non-polar solvent, cyclohexane, only the isomerization of l_to'g_was
observed. In separate 1rrad1atio;sq1t was found that the new product 6
rearranged in s1lica-ge1 cyclohexane to give 5 and 7. The authors con-
[H:Iuded that 1 isomerized 1n highly polar media v1a two routes that resulted

n only 2 and § as primary products. The other products were considered

to arise by further photoreactions of 2 and 6.

i
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" Figure 4¢ Photoisomerization of éueafyone-in.polar media

——

solvents \30% '_ —

Severa1 months later, Hart and Tak1no pub11shed a full paper in
which they e]aborated on the1r earlier resu]ts]3. $ince it was found. that
neither cyclohexa-1,3- d1ene nor piperylene could apprec1ab1y quench the
formation of 2 and 6, it was suggested that the two products might come
from the same excitgﬂ_sing]et state of 1 or from two different sfatés. N
close in energy. /)’ - -

Since 6 was not obtained in acidic solvents, it was further
suggested that tr1f1uoroethano1 or silica-gel cyc]ohexane did not act
as proton donors and that a protonated excited state of l_was‘not involved
in the formation of 2 and 6. Instead the authors postulated that these

highly polar solvents might have changed the relative energies of the




ol

‘(n ﬂ*) and (n n*) exc1ted states of eucarvone and that.the products 2
'and 6 m1ght ar1se from d1fferent exc1ted states ;, ;,’ : AU ?-"
| " The fonnat1on of 6 was suggested to occur via a stepw1se process
“involving, probably, sqvera1 jonic. 1ntermed1ates, F1gure 5 A concerted
994 + n2 pathway was disfavoured on the bas1s that 6 was obta1ned in
~ polar media. ' .

Figure 5: Hart s and Tak1no s proposed mechan1sm'for the format1on of 6.

At the time of Hart efid Takiho's work, Chitds and Hine had invest-
igated the photochemistry of eucarvone in FSO:‘;_H]4 ond observed a parallel
between the photoiscmerization of the protonated and neutral dienone. The
absorption maximum of 1 in the u1trav101et region was reported to have
¢hifted bathochromically from 303 nm in methanol to 400 nm in 96% H250;
Upon low temperature irradiation (-75°, x > 370 nm), protonated 1 (1H)

. cleanly rearranged to give three products which, after'quenchiog the acid

solution, were identified as 6, 8 and 3. Separate experiments indicated




that 9H was a thermal pfoduct of 4H in FSOSH (tgit 10 min at -55°) and

th;t 44 and not gﬂ_was fﬂe‘initiéT product,_F{gu;e 6. Although the major

product Qﬂﬁcould be isomerized tolgﬂ_either thermally (t; = 16 min at -15°)

or photochemically in‘FSO3H, it was found to be stable under the conditions

of the photoisomerization of 1H. The protonated phenol 8H was then the

only new photoproduct, probably der%ved from the same iﬁtermediate that

also leads to Qﬂ:]4
As the protonation of a carbonyl compound, such as an aldehyde

or a ketone, is known to invert the relative energies of the n,r* and

¥ statesls']z it is expected that in FSOSH all the .products formed

must gderive from (v,n*) state or states. Thus the absence of any products

related to prétonated 2 in the pﬁotoisomerization'in F503H, was suggesti@e

that in more conventional media, 2 had its origin in a (n,n*) state (or

states). Conversely, products'such as 6 most likely derived from a (w,m¥%)

state (or states).

~
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- In the 1nvest1gat1on of the photochem1ca] behaviour of eucarvone
1n buffered methanol1c so]ut1ons of constant po]ar1ty but d1ffer1ng 3
ac1d1ty. Ch1]ds and H1ne observed a new photoproduct in add1t1on to’ 2
4 and QLIB Thls new product which was identified as 10, gave 4H when

dissolved in £§03H-50201F at ~75°.

’

OH ;, O

+ 3
\ ..?._}—_i_) -;-‘;
— . : — ' R a'l

0CHy
0 11H 4

It was suggested that 10 was produced in the irradiation of 1 via a
'nuc1eophilic'capture by methano] éf an ionic intermed{ate, 114, which
" could also lead to LLR S1nce 4 and 10 were obtained in more acid solvents
and exclusively at the expense of 2 (Table 1), the authors proposed that
they arose from the same excited state as g”and that they occurred in
the protonation of the (n.w*)3 stafé of 1. In the absence of protonation,
this triplet state led to 2. Schuster had suggested that the lowest

triplet would have a (w,n*} configuration on the basis of the absorption

spectrum of 1,7' The overall mechanistic scheme proposed is shown in

Figure 7. ' R

L gt
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n'fTable-IE‘“Prbductnbistribdtioh a§:a:Functibn qfﬁéb]@ént'hcidityl?.  f..c o

- — e

H S ' . Product ratios %
P " Recovery . Conversion 2 4 .6 10

6.16 98 9.5 73 nd 27 ad

b : '

3.34 98 8.5 70. <0.5. 29. <0.5

162 100 - 85 53 2 21 18 | g
0.70 97 8.5 43 4 28 23 i
‘a. Results taken from reference 18. o
b. Non-detectable ' y

Figure 7: Childs' and.Hine'§.prop65ed ré1ationship between the form-
.

ation of 2, 4 and 10.

' . OH
. H : i

1Lv—> l'(n:rr".)1 I 1 rar™) —= | + |
\ / stOH

2 4 10 OCH3
The results given in Table 1 show that protonation is essential
© for the formation of 4 and 10. Their .formation can be considered to occur

N L I
"~ by a disrotd%ory motion resulting in bonding between C1 and C5 in a prptdnatedh

3
1



i

eXcited'etaie of 1. Thxs proceks was fhought to be of h1gher energy

than the alternate route, i. e. CZ-C5 bond1ng to form 2, unIess prior
protonat1on of the exc1ted state. occurred 18 o >

/

Other ReJated-Systems\

Several other dJenones]Q are known to undergo photoisome%%:;i?aﬂ

reactions and aga1n a para]]e] seems to exist between the photoiso riz-

L

ation of the d1enones and their protonated ana]ogues.20 As is shown.
in Figure 8, cycloheptadienone shows a similae‘type of photochemical
behaviour to ﬁhat of eucarvone.21=
The aiy/;f the work described in this thesis was to 1nvest1gate
the mu1t1p11c1ty of the excited states of eucarvone thay give rise to

the various products. In particular, it was intended to eit the pro- -

posed scheme of Childs and Hine and to determine whether co
originated fromi a triplet excited state of protonated eucarvone.
results of several approaches to this problef will be described in thi

thesis.

" . ' P o . - - .- PR— . . . L ' - N . : . B
ERE - B . . . . T ‘ - T L L ' T .-

o .
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RESULTS AHD DISCUSSIOH

One wide]y emp]oyed metng of determining the sp1n mu1t1p11c1ty

of the exc1ted state respons1b1 for a photothem1ca1 react1on is to

exam1ne the effect of quenchers on the react1on 2, 23 For examp]e,

4 4—d1methy] -2-cyclohexenone g1ves QWO pr1ma;y products on irradiation.
In the presence of a triplet quencher,'dﬂji butyl nitroxide, the yields .
of the two products were decreased as %he concentrati f the quencher
was 1ncreased A linear relationship was found betwe:ifghe amount of

product}formed and the concentration of the nitroxide.24

hy
t-BuOH ~

-

/

Although quenching is a useful technique in regular media, it
cannot be‘easily employed in a super acid system since the acid is usually
_capable of protonet;ha\any suitable quencher. Sulfur diqxide is a known
triplet quencher'25 that can dissolve in FSO3H without being protonated.

The energy of the first tr1p1et state of SO2 is reported to be 73.5 kca]/mo]e%6

.



.which is h1gher than that est1mated for the f1r t tfip et state of pro-
tonated eucarvone, 55 % 1 kca]/mole Ba Nevert eless.fén view of the :
uncerta1nty 1n this est1mate of the tr1p1et energy of. protonated
eucarvone, the effect of the addition of 502 upon the photo1somer1zat1on

was examined. ‘ -

1(a) The Irrad1at1on of Protonated Eucarvone ..

The addition of 1 to FSO H at -78° resulted in the format1on of
the cation 1H, the pmr spectrum of thlS deep yellow solution, Table 5,
_.was identical to that previously reported 14 N

Solutions of 1H in FSO3H, contained in clear-walled nmr tubes,
were irradiated under the same cond1t10ns as reported by Childs and Hine
(-75° with Tight of A > 370 nm). Low temperature neutra]1zat1on of the
acid solution yielded 4, 6 and 8 as previously r'epor‘ted.]4 However, the
product ratio 1:7:2 respectively, which was completely reproducible,is

different to that previously reported, 1:15:4 respectively. The reason

for the dissimilarity «in product distribution is not known.

(b} Attempted ‘Quenching with S0 /

The irradiations of 1H in FSOH were repeated under identical
conditions to those described'above but with varying amounts of 50,
added:' The results of this study are given in Tab1e502 and 3.°

The results in Table 2 show that as far as can be detected, the
addition of S0, to the FSO4H solution of 1H does not alter the product
distribution at all. The ratio of the three photoproducts does not change

Fl

“evén when very large amountsegf SO2 were added to the acid. However, as

P

15

o it TR T

-



Table 2: Effect of ‘SO, on the Photoproduct Distribution of Protonated~ -

Eucarvone in FSOst

150, Added iy %ai D
0 2z o
10 72 18 10
15 - 73 17 N
20 70 19 M
30 69 20 1

a. 2%

Table 3: Effect of 502 on the Relative Quantum Effic%ency of Irradiation

of Protonated Eucarvone in FSO3H.

]
b4 SO2 added - 10% 201 - 30%
% conversion 71 “70 70
with SO2 added
% conversion% 40 46 a4

without 502

a. I of 1 reacted.

L
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.15 shown 1n TabIe 3 the felat1ve quantum eff1c1ency of the phu?::sonan1z-”'i -
ation of 1H 1s altered as 502 Js added. The re]at1ve quantum eff1c1enc1es'
were measured by p]ac1ng 1dent1ca1 nmr. tubes containing the same amount
of 1H d1sso1ved in the same vo1ume of either FSO3H or FSO H/SOZ,in a light
beam for identical length of times. Although some fluctuation in the
output of the Tamp could have been expected, the resu]ts.obtained by this
procedure could be reproduced to 2% and consistant]y‘showed\that the
amount of 1H isomerized was increased as S0, was added to F304H.

The lack of change in the ratio of the bhotoproducts_and enhance-
ment in the overall quantum efficiencyiof the photoisomerization of 1H @
clearly shows that SO2 is not quenching a triplet state of 1H that leads
to'a photoproduct. This does not, however, rule out the involvement of
such a triplet state as if it were of lower energy than the triplet state
of 502, then no quenching could be expected. It is not certain at.this
stage why SO2 alters the relative quantum efficnency of thjs‘photoisomeriz—
ation. Under the cond%tion of the experiment it would not be expected
that 502 could be absorbing any of the incident light, sinte the first
allowed absorption band of SO, is reported to lie between 2400 and 3200 a2

An altermative technique that has been used to probe the multiplii-
city of excited state involved in a photochemical reaction is to examine
the effect of the introduction of heavy atoms into the system.' It has been
estabhshe% that heavy atoms can enhance the rate of intersystem cr'ossing.za’29

For instance, the results in Table 4 show28 that substitutian of naphthalene

by one iodine atom increases the ratio of the quantum yields for phosphorescence

4

and fluorescence (¢p[¢f)c%y a factor of near]y 107. This is thought to

result main]y from the increased probability of the occurrence of intersystem

et e e =



- dcro'ss"in'g of the" S] to"_'r] state of n'ap_hi;,ha‘lé_ne a& fodine is ,i."trodueed' DR

-

into the moTecule.-__ A VL

' Table 4: Effect of Ha]ogen Subst1tut1on in. Naphthalene on the Rates of

Intersystem Cross1ng.

o . ,‘

Cempounds _ ¢p/¢f ' ) . -
. _g_ N
Naphthalene 5 0.09

1<F1poronéphtha1ene -

1-Ch10ronaphtha1ene - 5.2
1-Bromonaphthalene i 164
.1-Iodonaphthalene >1000

= Data are from teferentelZS.
¢p’¢f = quantum yield for phosphorescence and f]udrescence,\
respectively.. s
Thus an a]ternative;ﬁpproach to the question of the excited states
involved in the photoisomerization ot protonated eucarvone would be to
examine the effect of the introduction of a series of halogen atoms into
the mo]e;hje One possible way that this could be done is to use a series
of Lewis acids, bearing different ha]ogen atoms, to complex with the
oxygen of 1. As the preparation of boron trihalide complexes of certain
ketones30 -33 has been descr1bed and these complexes appear to be well
behaved, it was decided to 1nvest1gate the preparation and photochemistry
of boron trihalide complexes of eucarvone. Subsequent sections of this

thesis deal with these studies.

a8
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2(9) Comp1exat1on of Eucarvone with Lewxs Acids

i Eucarvone, 15 was reacted w1th the boron tr1ha11des, BX (X = F. .
C1, and Br) by ‘condensing the appropr1ate boron - tr1halide 1nto a so1ut1on'
of 1 in CDC13 or CHZCI2 at —78° . These react1ons were carried out on a
high vacuyum line to ensure that water was kept out of the solutions. The

spectroscopic properties of the resulting yellow solutions 1nd1cated

that the var1ous boron tr1ha11des had, in each case. formed a complex with 1.

 Dilute solutions of these complexes were stabie at room temperature
and could be quenched at 0°_in a suspension of NaHCO3 in ether, to quant-
itative]y'regenerate the original ketone. The complexes slowly decomposed -
on stand1ng at room témperature for a few hours. This decohposition
was somewhat‘qore rapid when BBr3 was used as the Lewis acid or when the
concentration of the complexes was increased.

" The pmr spectra of the solutions of l_comp1exed'with the various
Lewis acids,were not found to change as more than an equimolar amount of
the Lewis acid wae added. This would indicate that only a 1:1 adduct
between the Lewis acid and the ketone is formed. This 1:1 adduct form-
ation is not unexpected in view of other reported studies of ketone: boron
trihalide complexes?4'36. ‘

In all cases, the formation of a Lewis acid complex of 1 was shown
by the downfield shift of the nmr signals of the complex as compared to
those of the neutral ketone. Tables 5, 6 and 7. The pmr spectra of IH
and thg three complexes. 1_5533 are all very similar. This would clearly
1ndicate that the Lewis acid has coordinated with the carbonyT oxygen and
not to the diene moiety of 1. : aJ

*
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“Table 5: _Pmr“Spectra'of Eucarvone, Prdtdna;ediEuparvohe,and Lewfs'Acid_."

Complexes of Eucarvone.® -

. Chemical Shifts (ppm) | \c°ug11n§

Compound

- B x Constantsb “

H H H H € Cg onsta .

3 4 J 7. metﬁy] methyls (Hz) 1

1© . 6.36 5.68 5.90' 2.53 1.84°  1.03 3,4 =80 :

e 7.86 6.87 6.50 3.33 2.22  1.28  J34= 8.2 o

. = 11.5 3

(o . Y5 1 :

1-BBr 7.62 6.68 6.3¢ 3.72 2.4 1.27 J34=80" |

l : J4’5 = 1]-5 I_:

1-8C1,° 7.53 6.62 6.27° 3.62 2.1  1.21 J3,4 = 8.0 N

| - Jg,5=11.5 |

1-8F 7.50 6.60 6.24 3.64 2.10  1.20 J3.4 = 80 i

J4’5 = 11.5 %

L4 . ‘i
a/ HA-100 spectra using TMS (& 0.00) for 1 and CH,Cl, (6 5.30) for 1H,

1-8Br3, 1-BCl3, and 1-BF5 as internal standards.

b/ + 0.3 Hz. : o
¢/ in CDCI3 at room temperature.
d/ in FSOH at -50°.
e/ in COCl, at -50°.
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© Table 6: Cafbdn;TBﬂNﬁtiéak Magnetic ReSonanEe\Spéttra'qf Edcérvdné anjl"“‘ '
| L L iszcid'Complexe§ bf'EucatVQné.? -
o, . . vy .

~

Chemical Shifts (ppm)

. Carbon d
1b 1-BF,¢  1-BCIgD ., 1-BBrS
| " 200.1 210.6 . 210.9 209.8
2 1385 138.0 138.3 138.2
3 1338 1575 156.8 159.9
4 j22.2 1247 124.7 125.3
5 148.8  159.7 - 159.6 161.0
6 33.1 33.4 33.5 33.3
7 . 541 47.2 47.6 47.1
C, methy 19.9. 20,2 20.] 20.3 -
Cg methyls 26.9 . 245  24.8 24.3

a/ ZZfEEJMHz Spectra in CbC13 using TMS (0.00 ppm) for 1 and
CDCl4 (77.21 ppm) forithe Lewis acid complexes.of 1,as internal
standards. | |

b/ at room temperature.

¢/ at -40°.

d/ carbon resonances were assigned on the basis of gated decoupling

and selective proton decoupling spectra.
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Table 7: Change in 13C Chemical Shifts on Protonation or Complexation

of Eucarvone:®

Cdrbon:Shifts‘(ppm)

W P 1-8F3

——

1-BCl3

1-BBT3 : ;

- 10.5 10.8 9.7

- 0.5

™~
1

£
[ pN ]

- 0.2 - 0.3

3 32.6 23.7 23.0 26.1
4 3.9 2.5 2.5 3.1
5 19.5 ~ 10.9 10.8 12.2
6 1.5 0.3 0.4 0.2
7 - 4.6 - 6.9 - 6.5 - 7.6
C, methyl - 2.2 0.3 0.2 0.4
Cg methyl - 3.3 - 2.4 - 2:1 - 2.6

a/ +0.1 ppm, negative sign indicates upfield shift.

b/ Results taken from reférence 40.

A




~The sim11ar1ty of the structure of IH and the three complexes o

18 also shown by the1r comparab1e ultraV1o1et absorpt1on Spectra Tab1e

8. This" prov1des further support for the zwitter1on1c nature of the

complexes and ‘the s1te of coordinat1on

A shift of this magnltude of

1\”“_‘\what\wou\o appear to be a m-r" band, is consistent either-with O-

Ty

\

\
.

' coord1nat{\h\ or protonatian

38

Table 8: U.V) Spectra of Eucarvone, Protonated Eucarvone and Lewis

Tl .ff~Ae{d - Comp]exes of Eucarvone.?
LN :

Compounds Solvent Anax crm) log ¢

: 1P CH40H 303 3.93

T 964,50, 400 3.63

1-8F3 CH,Cl, 389 3.85 ‘
1-BC1 CH,CT, 389 '3.89 ; .
1-8Br, CH,C1, 400 3.93
a/ at 25°

) b/ Restlts taken from reference 14.

& Taken together, the evidence preseﬁted above clearly shows that

the structure of the complexes formed on reaction of the various Lewis

acids with 1 is 1-BX3, as shown in Figure 9.

(
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Figure 9:

(i1) Charge Distribution in 1-BX3 Complexes

It has been suggesfed that the changes occqrﬁﬁng in the positions of

the ]3C chemical shifts of the protonation of an enone reflect the‘changes in

charge distribution in the mo1ecu1e39. In Table 7, the ghanges in chemical

shifts of the vagious caybon atoms of ] are shown as the ketone is reacted

with either a proton, BF3, BCl4 or BBr3. The largest shifts were associ-
ated with the resonances of C3, C5 aﬁd C],which were all substantia]ly
* 'deshielded on reaction. This would suggest that the bulk of the positive

charge resides on these carbons and oxygen rather than on 02 and C4. The




.\ - : -5 . Cos :
much Iarger desh1e1d1ng observed fpr the resonance of C3 than that of C5

n 1H, has led Corne]1s and Lazzalo40 te SUQQESt that a counter 1on, FSO3,

is spec1f1ca11y assoc1ated w1th the ‘central carbon of ihe pentad1enyl

.unit, hus inducing more pos1t1ve charge at this s1te. Th1s 5pec1f1c

4

ey

solvation wou]d seem to be unlike]y in medla such as FSQ3H with its very
high dielectric constantql and is rendered untenab]e by the s1m11ar effect

noted with the 1-BX3 complexes,where the counterion is not free to

associate at this position. - ' ’:.' '

It will alsa be noticed on exanination of tde data giyen!iq
Tables 5 add 7, that the downfield shifts experienced b& the'varipue .
resonances of protons and carbons of T on complexatjdfi are somewhat less
than those observed on brotonation This would 1nd1cate that less charge
1s 1nduced on’ the d1eny11c part of the molecule whpn.Lew1s acids rather ]

[

than a proton are coordinated to the carbonyl oxygen.

(iii) Low Temperature Pmr and 136 nmr Studies of the Lewis Acid Compiexeé of 1

-

The ninr spectra of the boron trihalide complexes of 1 were foumd
to exhibit a reversible temherature dependence. n particular, a broad-
o P
ening of the resonances attributed to the o-methylene protons and C6 methyl

protons was observed at very low temperatures. In order to oQFain spectra

- of 1-BF3 and 1-BCl3 at lower_temperatures than was possible in CH2012 or '

——

CDCl3, 1 was complexed with the Lewis acids using al:1 CD,C1, and'CHC1F2

- (Freon 22) mixture as the solvent.

As is shown in Figure 10, at -105.5°, the pmr spectra of the BF 4

.compﬁex of 1 showed two fairly broad resonanqes}fer the C6 gem-dimethyl

s - >
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pfotone and an AB quartet attﬁibutab1e to the resbnahces of. the-ufmethyfenef,”.‘

pretohé”(d = 16 75‘Hi) - No broaden1ng of the C2 methyT proton

“other than that expected for a genera] v1scos1ty effect cou]d be detected
As the samp]e was warmed up slowly, the resonances attr1butab1e to the CG
methyl protons broadened, coalesced at —84\5q and becamehqmetggle_sharp
line at Righer temperaturesl It was difficult to follow the«chaﬁges .
occurring with the C, methylene proton_resonances, however, at

~ temperatures only a-single sharp signal-.was again observed for these
tﬁo protons. The separation of the;twb'methy] resgnances at Varioes

temperatures was measured and the rate constants for exchange were calcul-

ated using the slow exchange approximation.42

are given in Table 9. -

Table 9: Rate Censtants for Interconversion of the Different Conformations

of 1-BF3.

™~

resonance,

high

The results so obtained

Separation of Cg meth

Temperature °C proton resonances (sz Bate Conetant sec

-1

-105.5° 19.0 -
T . | > ‘
-9 .7 18.0 - f ' N
) =390 P 16.0 _ 23
- 84,5 Coalescence ™ 42

a/ obtained using a Bruker WHSO

b/ assumed to be limiting Tow temperature spectrum.

- The free energy of activation, aFf, associated with this inter-

conversion at the coalescence temperature was calculated to be 9.4 kcal/mole.
. L 4 .

o

/’f_{Eg - ) ! “ | i o )
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:[ﬁjﬁ;;e variable temperature V3¢ amr spectra of TQBFS aTso.exhihitéd'a .

temperature dependence. Thus the’ resonance attributable to the Cg methyl

carbons was observed to broaden at Tow tembérétures. Below -80°, two“
singlets at 33.1 ppm and 20.1 ppm were observed for these methyl carbon
resonances whereas above -40° only‘ﬁ single ayeraged resonance was seen,

Ho changes of the other carbon resonances were detected.”

Similarly, the pmr spectrum of 1-BC13 was shown to exhibit directly

comparable changes to those outIinéd above for 1-BF3. The rate constants:
T

for the interconversion in‘this complex were evaluated in the same way
as those for 1-BF3 and are shown in Table 10. In this case, the coalescence
of fhencs'methyl proton resonances occurred at -89° and AFf was calcul-

ated to be 9.2 kcal/mole.

Table 10: Rate Constants for Interconversion of the vifferent Conformations

of 1-BC13. _ -~
ferperature  SRATALIIN of g vethy]  fate Congtant
-109.5° 19:25 R
- 99.5 17.5. . 18
- 95.5 . ‘ - 16.0° 24
-.92.5 183 28
- 89.0 Coalescence 43
a/ using Bruker WHI0, ‘ i ¢

L

b/ assumed to be limiting low temperature spectrum.
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S1m11ar temperature dependenc1es of the pmr spectra of the CG

'methy1 proton resonances of 1-BBr3, 1H and even 1 1tselfrha?e been

observed however, quant1tat1ve data has not yet been obta1ned
Two poss1b1e exp]anat1ons have been considered in qrder to account
for th1s temperature dependence; e1ther it could be dqe to a cis-trans

interconversion of the Lewis acids about the partial double bond of

- | éXg
-0

- -

Ccls trans

thelcerbonyl group or to conformational inversion of a non planar seven-
membe red, r1ng The former explanation seems untenable since the C2 methyl
proton resonances do not change at all as.the temperature is lowered nor
do the ]3C resonances of CZ’ Cz methyl, and 57 carbons change at all as the
signa]s due to the methy]l carbons on C broaden, and split into two separate
~ signals at low temperature. .

It would appear that the seven-membered ring of the 1:E§§'comp1exes
is not completely flat. Models indicate that it most likely exists in a
puckeree sﬁape with the five carbone of the pentadienyl unit tending to be

somewhat flat and with C, and'C6 respectively above and below the plane of

i



the other ring carbons. ~As such the two‘methyiene hrbtons and twd C6 methyl

rd

4

-éXS

CHy “CH3 oh
+BX3A -BX3B
groups would be expected to be non-equivalent and at low temperature

exhibit distinct pmr resonances. The magnitude of the coupling constant

between the two methylene protons (J = 16.75 Hz) is just that expected

D

for the coupling between two noh-equivalent methylene protons in such-a system.43

At higher temperatures, the ring can flip between 1-BX3A and 1-BX3B and
in doing so will make the two methylene protons and two CG methyl protons
equivalent on a time averaged basis. ‘The changes in the ]3C spectra are

also completely consistent with an intercpnversion between such conformations.
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3. Irrad1at1on of the Boron Tr1ha11de Eucarvone Comp1exes <T“

(i} Product Ident1f1cat1on

' So]utions of T-BX3 wéré irr didf - in cTear-wa]léd nmr

tubes at temperatures below - 90° w1th light of\} > 370 nm. The

reactlons were monitored by pmr which showed that a m1xture of products

was being formed. The solution cont ining the photoproducts was care-
o

fully neutralized at - 90° to give,'a

r work up, an oil, the glpc
analysis of which suggested that five products were present. - The
distribution of these products varied with the Lewis acid employed and
with the irradiation time.; A1l the photoproducts were séparated and
collected by preparative glpc.

The first product, which was the major product obtained with
the BF3 and BC'I3 complexes of 1, was shown to be & by comparison of its-

12 14

pmr, Table 11,and ir* spectra with those reported by Hart = and Hine

ThiS product was identical in all respects to an authentic samqle of &
obtairfed by the procedure of Childs and H1ne'l4
The second major product, which was particularly dominant when
BBr3 was used as the Lewis acid, was shown to'be 2-methyl-5-isopropy]
phenol, 8, on the basis of its pmr,Table 11,and ir speﬁtra. which resembled

those of the aughentic carvacrol in every respect.

*1r spectra of all photoproducts are given in experiméntaf'section.

S
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The third major product, whose ir spectrum {1670 and 1640 cm'])
suggested.that‘it was an a,8-unsaturated ketone, was shown to be carVone.
12. Comparisoq/pfwjls pmr, Table 11, and ir spectra to those of authentic
carvone confirmed the assignment. '

Thé fourth photoproduct;which was forme& consistently in very
small amounts, ca. 1%.w1th all the Lewis acid complexes, was shown to be
“dehydrocamphor, 5, by comparison of its pmr, Table 11, and ir spectra
with those reported by Schuster.n An authentic sample of 5, prepared by
K.E. Hine using the procedure of Schuster,had identical prope?ties'to the

material isolated from the photochemical reactions.

i
!
i
t
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. A fifth product, whwch ocurred to the extent—of some 8—10% on
“the 1rrad1at10n of al] the Lewls ac1d complexes of 1, was’ demonstrated
'to be - 2-methy1 6 1sopropy1pheno] 13 on the follow1ng evidence. . It

was shown to be isomeric with 1 by mass spectroscopy (m[e 150)'and it

had a strong 1r band at 2690 cm -1

but no carbonyl absorpt1on Its pmr
‘.spectrum, TabTe 11, wh1ch differed very little from that of 8 suggested
it to be an isomer of 8. The high field region cons1sted of a singlet and a:
doublet, corresponding to three and $ix protons respectively. These were
assigned to the‘C2 metﬁyl and the.C6 isopropyl methyls. The‘isopropy1
methineoprotoo resonance was observed.at 4.24 5 as a Septet; .The ‘
re]atively broad peak near the viny],reoion was assigned to the hydroxy)
proton. The aromatic regiop consisted ot Tesonances attributable to three
protons which were extensively coupled. At 100 MHz, these protons appeared.
%o be mutually coupled and gave.the complex spectrum as shown in Figure n.
A simulated pmr spectrum of the aromatic protons of 13 was
generated with a Nicolet 1080 Mini- Computer. using the Nuclear Hagnetic
Resonance Spectrum Calculation Program (NMRCAL NIC-80/S- 7117 D). The
calculated spectrum was very similar to that observed for 13, Figure 11.
The chemical shifts and coupling constants for the three protons were
found to be Hy = 66.67, Hy = 66.82 and H, = 66.92, J,p = 7.54 Hz,
JAc = 7.74 H; and'JBC = 1.66 Hz. These values are completely consistent
with that expected for a 1, 2 and 3 substituted benzene
The ]BC nor spectrum of 13, Table 12, which was very similar to
that of 2,6~dimethy1pheooi, was quite consistent with the formulation of

the structure of the product as 13.

L)
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Hhile the spectroscop1c evidence presented above strongly ,

suggests that the structure of th1s photoproduct 1s 13, 1t does not
rigorously prove it. Alternat1ve structures 14 and 15. were also

con51dered

e

14 o 15

—————
b————

The former can be eliminated because the pmr spectrum of the authentic

thymol, 14, Table 13, particularly the pattern of the aromatic protons

differs from that obs%ived for 13. 15 is known a4 but no nmr data are

-

reported.. It was synthesized by the procedure of Carpenter and Eastﬁr

and its structure was confirmed by 13§ nmr, Table 12 and pmr, Table 13.
|

‘The pmr spectrum of 15 showed no similarity in the aromatic region to that

. observed for 13. Moreover, 15 had a much longer glipc retention time than

that of 13 and it is clear that the product isolated from the irradiations
of the complexes of 1 is not 15.

Strong supportive evidence for the assigned structure of 13 was

hES

obtained by recording the pmr spectrum of protonated 13. It is generally

found that when a phenol is unsubstituted at the para position, protonation

45

takes place at this site Solution of 13 in FSO3H gave a solution whose

pmr .spectrum, Table 13, indicated that only one cation was present. The
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posit1on of the proton resonances of\th1s cat1on wh1ch were very simllar |

to those of protonated 2,6- d1meth_y1pheno]4 s were ent1re1y cons1stentl _

with its formu]at1on as 13H. Final proof of the assigned structure of 1;;-' ’
‘ o ) ’ Voo e . Co

a | o

—

was obta}ned by prepération of, an authentic sample using a-similar procedure
to that of Sowa®’. , R

All the phétoproducts had identical gfpc retention times cto
those of the c;;;étgpnding iuthentic compoundd. The broducts obtained on

the irradiation of the Lewis acid complexes of'l are summarized in Figure 12.
. |

(ii) Product Distribution with Extensive Conversion of 1-BX3

&

Small quantities (10-16 mg) of 1 complexed with the Lewis acids
in CHZC]2 were irradiated ‘at -90° w1th 1ight of wavelength >370 nm for
30-45 minutes The resulting so]ut1ons were quenched with an ether/HCO3
slurry at -90° and aﬁa]yied by glpc. It was observed on the basis of
the re]ative retention times that the recovered oil consisted of 5, 1,

6, 12, 13 and 8 Using cyclpheptanone as an-internal standard, it.was

L
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determ1ned ‘that the total recovered y1elds of the products and unreacted
Qere above 90% It m1ght well be expected that there WOU]d be some

smal] manipulat1on loss of material during thes quenching and worknup of

h fgheseagepetions anq no further non-volatile or ether insoluble products

: wereflooke&,for. |

Table 14: ' Product Distribution with Extensive Conversion of the Lewis

Acid Complexes of Eucarvone in CH2C12.

H

Lewis Recoverya " Conversion ProductfRatjo % b

Acid % % s 6 12 135 8

BF3< 9% % . 1 68 3 \1/(}/18
" ] BC1, 92 . 83- 1 29\22 10 38 .

BBry 95 61 , 0.5 7 25 8 60

a/ -total .recovery of unreacted 1 plus total products.
b/ expressed as percentage of total products.

Listed in Table 14 are the observed product distr utions as a

&re not found to be

“ function of the Lewis acid used. The product ratio
sensitive to the way the: complexes were maee. Fq example, samples of

the complexes made ejther using a high.vacuum system, under a N2 atmosphere
-or without any épeciel precautions to e]iminate water,gave a similar product
distribution upon irradiation. It is quite clear from the results in

Table 14 that the product ratio is marked?& dependeﬁt on the Lewis acid

used. At this stage it was imperative to establish_whether the photo-
ad S :
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- products were a¥l primary products. There_afe_two possib]é reasons why
" they need not be: (i) thermal instability of any initié1Lpfdducts and
. A : N . . l‘\ w
(ii) further photochemical reactions of the primary products. Consequently,
‘1t was necessary to invéstigéte the therimal and photochemical stabilities .

of the photoproducts of "the 1-Bx3 complexes and other possible isomeric products

which could also have been formed.

+ )

d

]

(iii) Thermal and Photochemical Stabilities of the BC13 Comptexes of 12,
8 and 13 in CHpClp

i

Reaction of 12 with BCl4 in CHéC]2 at -78°% resulted in the form-

ation of the corresponding complex, 12-BC13. The pmr'speétrpm of the
pale yellow solution of this complex indicated that the Lewis acid was
again coordfnated to the carbon;l oxygen. The complex was stable at -20°
for a long period of time, however it decomposed on standing at room
temperature: On irradiation of a solution-of the complex at -75° under

similar conditions to those used for the isomerization of 1-BX3, no re-

arrangement could be detected by pmr. lg_could‘be recovered in good'yield

by quenching this so]utioﬁ with an ether/HC05 s]urry.

LS

0BCY

BCly ,CHzClz,-78° _ 6188

<

\ G_uench

Hh'HS'HG 52.78

§7.81 §1.69



',: Rea t1on of pheno1s 8 and 13 with BC13 in CH2C12 at “78° _gave
pale yel]ow\solut1ons whose pmr spectra were qu1te compllcated A1though
the pmr speétra of these comp1exes were not qu1te rEproduc1b1e, quenching
these so]utﬂons at 0° with ether/HCO3 regenerated the phenols §_and 13,
respect1ve1y,1n good y1e1d The areas of the resonances attributable to
the aromatic\protons of the two.complexes corresponded to approx1mate1y
three proton% in each case, suggesting that the BC13 might perhaps be

coordinated tp the phenolic oxygen.

BCly , CHyCly , 78

8-B 0[3 ’
Quench —

BCly, CHyCly , 782

A

> 13-BCy

Quench
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Koptyug and Goloumn48 have reported that pheno]s substltuted in

\4,,‘_

" -the meta pos1t1on w1th a, methyl group, react with A12C16 to form a “Type, 1"

complex, in whrch the phenol has tautomer12ed to dts keto form. They also

found that without.a meta substituent phenols reacted w1th A12C16 to form
predominant]y compléxes of the aromatic hydroxy form, which were ca]]ed

. “Type 2" complexes. ~

— -+_; '
OALC  H-DAlCy
S
R R H ‘H
R H. R
Type 1 Type 2 °

Similarly, Alder and Taylor have studied the reaction of BF4 with
certain phenols and have found that the Lewis acid is always coordinated %Vj
with the oxygen atom.49= Subsequent tautomerization of the initial adduct

was found in some cases, as is shown below.
OH . Pﬁ“Ej3E§Fi3
BF4
sutpholane

\'%

BF3

sulpholane
HO Phoane 1o




In view of the comp11cated pmr ‘spectra- obta1ned w1th 8- BC]3 and :

13 BC]3, 1t is not certain what She structure of these comp1exes are , and
probably, a m1xture of comp]exes is being formed. To clarify this
question further 1nvest1gat1on is needed These complexes were found

to be photochemically stabie when_1rrad1ated under the conditions used

fqr'the isomerization of ]-BX3.

-

(iv) Thermal and Photochemical Stabilities of Boron Trihalide Complexes of 6

Compound 6 needed for this study,was'obtained by irradiating
euearvone in a FSO04H/S0, mixture in a comparable manner to the procedure

described by Childs and Hine'?. Reaction of 6 with BCl5 at -90° in CH,C1,,
resulted in the formation of the correeponding complex, §:§El§. The pmr

of this zwitterion, which ie‘very similar to that of protonated §,14 clearly
showed tﬁat the Lewis acid wae coordinated to the carbonyl oxygen. E:EEL;

was found to be stable at —bOi since careful quenching of this complex at

-90° regenerated 6 in high yield. However, at -78° it decomposed slowly

to give a solution witﬁ a very complicated pmr spectrum. The product of

this decomposition could not be characterized. After quenching this resulting

decomposed solution with an ether/HCOS slurry, no product could be isotated.

0

BCL3 , CHQClZ -90°

-——

\

Quench , -98°

Me's 60.88,1.47,1.88

5 - 8BCy




el

Reaction of 6 with BF3 and BBr3 proceeded 1n a comparable manner

to that described above to g1ve 6- BF3 and 6-BBr3, respective]y The pmr , .

;pectra of the BF3‘and BBr3 comp}exes of_g_were not recorded. ,However.‘on‘.i.

quenching these comp]exes'at -90°, §;was fegeﬁerated in geed;yier in

each case. The thermal stabilfties of'tﬁe BFB"and BBr3 complexes of §;were

not checked. ATl three Lewis acid complexes of §_were'1rfadiated at -90%

using.identical conditions to those -described for the photoisomeriiation

of the l:Eii complexes,and in each case two products were formed. The

irradiated solutions were quenched and the product; were 1dén;if1ed as
J}éfanq 8 on the basis of their g]pé retention times. The product dis-
Stributions, determined by glpc, are listed in Teb1e 15.

0BCl | 0 OH
; ). hv, A>370nm

'- =T +
Q CHCl

| 2). Quench \
680g . 12 8

Table 15: Product Distribution Obtained on Irradiation of 6-BX3 in CH2C12a

?

Product Ratio (¥)P

Lewis Acid
128
BF3 44 56
BC13 | ~43 57
BBr3 © 60 40

a/ after quenching ; b/ expressed as % of total products. °
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It would seem that the product forMEd.on 1rrad1ation of 6- Bxa o g
prior to quench1ng must be 12- BX3 and 8- Bx3 Mechanist1ca11y, the form-' |

ation of these products is 1nterest1ng. Possib]y, as 15 shown in Fiqure

: - . 4
13, a cationic diradical may be 1nv01ved'as an 1ntermediate generated photo- .
“chemically from 6-BX3 The formation of 12- Bxgcould be thought of in |
terms of a 1,4 hydrogen mig#gt on from C8 to’ C],wh11e 8- BX3 may arise as

" a result of 1,2 hydrogen shift fhag Cg to Cg.°

It is interesting to note tﬁét.the Lewis acid complexes of §
_and protonated 6 appear to undergo different thermal and photochemical

14

isomerizations. 6H was reported by Hine ' to thermally rearrange in{

FSO4H to 8 in high yield at -15°, while as has been shown earlier, 6- BC13

decomposed in.CH,C1, at -78°. . One possible reason for this difference
in the behaviour may perhap$ be the uolarity of the so]vents used and
the stabilization of any intermediate or transition state involved in the.
isomerization of 6H in the highly polar,strong acid medium.
Photochemically, 6H was found to isomerize 1n_FSO3H to give only
8H, while it has been shown here that 6-BX3 gives 12-BX3 and 8-BX3. One

possible explanation for this different photobeﬁ%viour coqu be that,in
' FSO3H, 12 may be unstable and rearrange to 8H. To check th1s the proton-
L]

ation of 12 was examined.

(v) Thermal Stability of Protonated Carvone, 12

Addition of 12 to FSO3H at -78° gave a ¢lear yellow solution whose
pmr at ~60° indicated that more than one cation was present. The pmr

.spectrum of this acid so]ution s 1 81. 2.04, 2.55-3.4, 8.24, showed some

-4
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s1m11ar1ty to that of 12- BC]a. which suggested that 0 protonation had -
' ;occurred to some extent ~In add1t1on to these signals. a further set of
resonances at s 1 32, 2.25, 4 06, 7.17 and’ 8 13 were also observed and
the Iatter corresponded to those found for BH The_ratio of the -two pat1ons
formed did not change whi]e the sample wWas kept-at ~60°. On warming this
sample to -4b°, a rearrangement-of all the material to 8H was observed. -

The isomerizdtiqn could be'followed by pmr and.it was fobnd to_have a

half 1ife c% some 10 minutes at -40°. No product other than gg;c uld
be detected by pmr after ‘completion of the rearrangement. On quen. ing
this resulting acid solution with an ether/HCOS slurry, 8 was obtained.

As illustrated 1ﬁ Figure 14, protonation of 12 could occur at two
sites, the carbonyl oxygen-and the alkene moiety, to yield the respective

cations 12H and 12H'. While 12H might be expected to be thermodynamic-

ally more stable” than 12H', kinetically both could be produced. It would
seem that‘isomer1eat16n of 124' to BH could be a fast process at -60°
and cempete with the isomerization of 12H' to 12H. The rearrangement of-
12H to 8H could be thought of proceeding via a further protonation of 12H
.at Cg to give the dicatfon 12H", followed by a'thenmal 1,2 hydride -shift’
from C5 to C8 and deprotonation. The involvement of dicationic interﬁeei-
ates in rearrangement of unsaturated ketones hes,been'previously spggested.S]
It is therefore quite possibfe that 12H is also formed in the
irradiation of 6H but that under the reaction conditions 1t thermally

Tsomerizes to give 8H, the only product detected.,
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(vi) Product Distribut1on with Low Conversion of 1-BX3

- Since it wou]d appear. that 8- BX3 and 12-BX3 might not be the

'primary products of 1 -BX3 but dertve from further photochem1ca1¢reaot1ons

of 6-BX3, attempts were made .to m1n1mize 1f not e]iminate this secondary -

reaction. The Lewis acid complexes of 1 in CH2C12 were 1rrad1ated under
.the same cond1t1ons as before but for much shorter lengths of time 50 as

to ensure low conversion of 1- -BX3 (less than 5%). The resulting solutions

were quenched very carefully at -90° with an‘ether/Hcoa slurry and analyzed
by gipc. The results of these studies are given in Table 16. With the
photoreactions of the BF, and BC'I3 complexes of 1, no ]2 Was now detected and
the prSENQt distributions were similar in each case. However, 1th the

irradiation of 1-BBr3, carvone, 12, was still formed and the product ratio

-was found to be identical to that obtained with higher percentage conversions

R
of 1-BBr3.

1

Table 16: ﬁroduct Distributions with Low Conversion of the Lewis Acid

Complexes of fucarvone in CHpCla.

Product Ratios % P

X Recoverya Conversion

' 5 6 12 13 8
F 94 5 1 69 nd.® 10 20
Cl 95 : 4 1 6 n.d.© 10 20
Br 94 4 0.5 7 25 8 60

a/ total recovery of unreacted 1 plus all products.
b/ expressed as-relative percent, 22%.

¢/ not detected -<Q.5%.
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It would appear from the resu]ts g1ven in.Table 16 that 12- 3 (12)

_could be a dlrect photoproduct of 1- BBr3 but not 1 BF3 and 1 BC13 However,
a comparison of the relative rates of photoisomerizat1ons of the com-
plexes of 1 and 6 gives some further insight 1nto the possibie origin

of the prodicts. A comparison of the rates of photo1somer1-

zation of 1-BX3 and 6-BX3 was made by determining the amount of 1-BX3 reacted..
per unit time as compared to that of .6-BX3.  This was done by irradiating at

-90° known amounts of 1-BX3 or 6-BX3 for known periods of time.\ With the

apparatus we had available, these irradiations had to be carried out con-
secutively and could thus be susceptible to fluctuation in the intedsity
~of the light source. To minimize this, each irradiation was carried out

_ twice and the results shown in Table 17 were found to be reproducible.

Table 17: Comparison of the Relative Rates of Photoisomerization of the

Lewis Acid Complexes of 1 and 6 in CH2C12

ki:;s Compounds A;lﬁli]al Irrg?&:tiop Conve;sionb IsgﬁgngZd, mﬁ?ﬁ?ﬁ
: (mg) (min} {mg)

BF5 I 1 45 | 74 . 8.1 0.18
6 13.3 20 15 2.0 0.10
BCl, 1 2 30 83 0 0.3
6 13.1 30 35 4.6 0.15
BBr3 | 1 15.8 40 61 9.8 0.25
6 13 10 : 70 Q.f 0.91

a/ Initial weight of ketone used. ' c/ Calculated on the basis of

. b/ Estimated by glpc. percent conversion: -3
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The results in Table 17 showed thet'thé rate of conversion of

6- -BF g kas'rather slow compared to that of .1- BFj’ Hence for short

- {rradiation, it would not be expected to compete with the primary iso-
merization of 1-BF3. The same argument seems to hold for the"BCl3 com-’

plexes of'l_anq 6. On the contrary.‘G-BBr3 isomerized much more rapidly

-then 1-BBry. Its rate of conversioh was elmost 4 times as fast as that
| of 1--BBr3 It is then possible that once 6-BBr3 is formed by-the iso-
merization of 1- -BBr, it may be further reacted to give 12- BBra and 8-BBrj3.

However, in view of the uncertainty of the absorption maxima of 6 BBr3

and that 1- 1-BBr3 being the predominant species would be absorbing most if
‘noéha11 of the incident light, it is st111 not clear whether 13_5__3 is
‘a_ primary photoproduct. '
A comparison of the product distributions obtained in the 1r'rad1'-'-
ations of. the BX, complexes of 1 with that of protonated 1,suggests a

parallel between the photochemistry of 1-BF3, 1-BCl3 and iﬂ, g_and'grwe?e

formed in similar yields in the isomerizations of 1-BF3, 1-BC13 and 1H.

However, the Lewis.acid cohplexes differ from the protonated systems in the
formation of phenol 13 (]3-BX3) and the norbonenone 4 (4- BX3) hrotonated 13 (13H)
“was stable in FSO3H and would have been observed 1f 1t had been formed in

the photoisomerization of 1H. To estab]ish whether __EEli.wOU]d have been
observed if it had been formed photochemically, the complexation of 4 and

its thermal product in FSO3H.12, were investigated.

(vit) Therma1'and Phoi:Zhemica1 Stabilities of the 8C13 Complex of 4 ;r

Compound 4 needed for this study,was. obtajned by the irradiation
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Cof 1 in 50 % acetic aéid according to the prpceduré:of Hurst and Whitham'D.

. ?
L2 .

Identification ofrthis compound was made on the basis of its ﬁhr. Table )8,

and ir spectra in comparison to thbée'ﬁreviously;fepbrted} '
Addition of 4 to BCl, in EH2C12 at -78° gave a yellow solution

whose;pmr, Tap]e 18, was very similar to that of the pfotpnated 4, 1ndicatiﬁg

that the 4-BC13 was formed. On quenching this so]ufiqn with ether/HCO; ,

4 was regenerated in high yield. The complex was thermally stable at -15°
for 2 hours but decomposed at room temng%atg;e. Photochehica]]y. it was
stable to rearrangement when irradiated under identical conditions to
those used for the isomefizations of 1:5523

It was rather Suhprising that ﬂ:EEl;:was so stable in comparison
to 4H, which quantitatively isomerized to gﬂ_in'FSO3H at -55° (t

7
10-15 min). 58

The difference in the behaviour of 4~BC14 and 4H may be due to the polarity .

of the solvent used and the consequent stabilization of the intermediate

or transition state involved in the isomerization. Another possible. .

reason may perhaps be the difference in the charge distributions in 4-8C13
- i N | .

)



-and 4H In the case of 4H, there may be more posit1ve charge deve]oped
gt -
on the carbony] carbon that in the case of 4 BC13 where .a greater fraction

of the positive charge resides on .the carbonyl -oxygen.
. ‘ .

{

(viii)Reaction df'BﬁcyQ1o [3.2.0] Hepterione, 9., with BCl3

9 was obtainedkby irradiating 1-in a‘FSO3H/SO2 mixture in a compar-
able manner to that described-by H1ne_1é
Reaction of 9 with BC]3 at -78° resulted in the formation of

9 -BC13 whose pmr, Table, ]8 was very 51m11ar to that of protonated 9.

Quenching this solution at -45° with ether/HCO3. recnvered 9 in good yield.

The thermal and photochemical stabilities of 9-BCl3 have not been examqqﬁH.

' f | - pBClG
BCly,CHyCh, 78 /

/ Quench —

o

It was quite clear that 13-BCl3 did not derive from 4-BC13, either

thermaliy or photochemical]y. Moreover.fHB-BX3 is formed in consistent

amount in the 1rrad1at10ns of 1-BX3 regardiess of the length of irradiation

time. It would thus seem 11ke1y that 13-BX3 is a primary photoproduct of

the Lewis complexes of 1.

—

S T e e e e
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... * - Table 18: Pmr Spectra of Neutral, Protonated and BCl3 Complexes of 4 and 8.%
. . . - “ 'S c 2 . . : : . L .

¥
i

A - o

Chemican?hifté (ppmj 57 Coub]ing b j
Compound - - . : . Constants ¢
Hy Hy Wy Hg o Hg o My Hethyls (iz) !
4 s38 638 2.40 - 1.0 - -1.17;1007,0.90 J, 5= 3.5
aK° 6 d0 6.0 3297 - 1.96 - 1.40,1.17,1.06 3, 5= 2.7
1.61 - Jg 60 = 12:2
) : .
d ]
v oagcry? 667 N6.67 368 - 167 - 1.24,1.10,0.82 Jp g 2.5
| 1.60 9 g1 =10
9 - 6.15 ‘1:45 2.62 - 4.70 1.33,1.20,0.88 J§.|_= 5.5
| - ! Jg 5 * 30
9° - 7.20 9.08  3.50 - 2,42 1.44,1.42,0.91 . J3 4= 5.5
- - .86 L. g 28
IJ7 7| =']3.0 “
9-8C1 4 . 763 8%0 3.3 - 2.25 1.42,1.40,0.90 Jg 4= 6.0
1.76 Jg 5 = 2.0
Jg g1 = 12.5

+

a/ 100 Miz spectra, ketones in CCIJ\fTﬁS as~nternal reference, § 0.00)
at +37°. Camplexes in CHpClp at -50° with CHaClp (& 5.30) as tnternal

~ reference. . . !
.':‘ ) . ‘

b/ % 0.3 Hz. L //(

¢/ Data taken from reference Ba , /

d/ 60 Miz spectrum. :
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It,ha?rnot been determ1hed ﬁhether § is an 1n1t1a1 photoproduct

" However, it appEared to be so0, since 1t was present in s1m11ar

amounts in all 1rrad1at1ons of the Lewis acid complexes of 1.

In summary, it would appear that 5, 6, 13 and 8 are all primary
photoproducts of_ the boron trihatide comp1exes of eucarvone, Figure 15.

The possibility that 12 (12~BBr3) is also a direct photoproduct of 1-BBr3 .

———
e —————

. cannot be comp]etely ruled out. -

One factor which could be largely negating the effect of the pro-

N

gressive introduction of a heavy atom in these boron trihalide complexes

of eucarvone is the solvent used. Methylene ch]or1de.*CH2C12, which. is
présent in con51derable excess, conta1ns two ch]orine atoms and it is

any 1ntramolecu1ar heavy atom effect is being swamped

////-conce1vab1e that
~ by the presence of an intérmo]ecu]ar interaction between solute and

solvent. Consequently,‘these photoreactions were re-examined with -sotvents

which contained no heavy atom substituents.

-
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4. Solven Effect Upon Product D1stribut1on 2

o~

Ta&le 19 lists the resu]ts of a study of ‘the effect of so1vent

(_nhﬁﬁ§es on the distribution of products resulting from the 1rrad1at1on

of l:__Jl in solvents which just contalned C, H, F and no other heavier
elements. Photoisomeriz;t1ons qf the degassed solqtions of the complexes
were carried out to less than 5% conversion of 1:533 to minimize the form- '
ation of decondary p;oducts. The products were aﬁé]yzed by glpc after
quenching the reaction mixtures. '

As the results in Table 19 show, the fluorinated solvents had no
appreciable effect on the product distribution for the BF3 and BC13 com-
plexes of. ] but had a marked influence on that obtained with l_EE:1

Three additional products were obtained uponl1rrad1ation of l:EEEi
in CH4CH,F and_CH4CHF,. Two'of these were identified as 4 and 15 on the
basis of a comparison of their glpc retention times with\those of authentic
compounds. The jdentification of the other photoproductﬂ\which had a
different retention time to ‘that of any of the photoproducts of 1, was not

pursued.

4 | 15

It 1s not clearif 15-BBr3 is a primary photoproduct of 1-8Bry in’

the fluorinated solvents. The irradiation of G-BBr3 in these solvents may




~Table 19: _Splyent‘Effeﬁt.Upbn'the Product Distribution on the Irradistion .~

of*1-BX3 Complexes.® .

LN

60

So]Qents _BX3

Product Distribution % P

4% 5. .6 13 8 12 15¢ Unidentified -

CH,C1, BFy - 169 19 20 - - 3

BC1, 1 69 1020 - - )

BBry - 0.5 7 8 60 25 - -
CHyCH,F By - 1 63 10 20 - - .

BCly - 1 .70 0 19 - - .

BBry 2 3 43 7 19 12 6 8
CHiCHF,  BFy . - 1T 9 06 - - )

BCl; - 1 72 8 19 - - -

BBry 2 3 4 5 13 12 4 19

a/ lrradiated at -90°, x > 370 nm.

b/ Expressed as relative percent, £2%.

c/ ldentified on the basis of relative retention time.
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',cast further light as to the possib]e or1gin of 15~BBr3 However, this.
experiment has not- yet been attempted - e 1-1
It must be remembered that 4 was not detected on' the 1rrad1at10n

_ and subsequent quenching of 1-BBry when CHZC12 was used as the solvent.

One possible explanation is that 4-BBr3 may indeed arise from a triplet

;state of 1, as former]y suggested by Childs and Hine. Hhen CH C]2 is used
as the solvent, the external heavy atom (chlorine) which is’ present in

high concentrations may have increased the rate of intersystem crossing of

T +.So-to the point whare the\formation of 4-BBrj cannot compete with the
decay of the triplet.>? ' ‘

Interestingly. 4 was not detected on the irradiation and quenching
of 1-8F3 and 1-BCly in any of the solvents used. Even in the case of

luBBra. very little 4-BBrj 1s produced as compared to the amount of 4H

obtained on irradiation of 1H.
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Quenching Stud1es

-

. ‘To further pfobe for the 1nvolvement of a triplet excited state
" in the photoisomerization of l___;_ severa1 experiments were performed )
with these Lewis acid complexes in both CH2C1 and CH3CHF2 using cyclohexa- '
1,3-diene as a triplet quenching agent The choice of quenching agent |
was not un11m1ted in that 1t had to be stab]e to any possible reaction .
with tHe excess BX, present in the solution; soluble at low temperatures -
in the solvent used. not absorb any of the 1nc1dent 1ight and have a ]ower
triplet energj than 12551' |

" Pphotoisomerizations of the degassed solutions of the Lewis acid
complexes of 1, eonta1n1ng cycTohexa-l 3-d1ene et -§0° with 1ight of
A > 370 nm,were carried out to 1ess than 5% conversion of l___l The
results of this study are shown in Table 20.

If one or another of the products of the photoisomerization of 1:551

had or1ginaféd from a quenchable triplet state, then a change 1n_the
product distribution would be anticipated. As can be seen from a comparison
of the results given in Tables 19 and 20, the product distribution obtained
on irradiation of 1-BX3 was not altered when cyclohexa-1,3-diene was added
to the solutions. However, this failure tn detect any quenching cannot be
taken to imply that triplet states are not 1nvoleed in these photoisomeriz-
ations. In particular, it {s possible that the complexation of 1 with the
| Lewis acids may have lowered the energy of the triplet excited state of 1
to a point where energy transfer to cyc]ohexa—].B—diene (ET = 54 kcal/mole) 53
is endothermic. We can get an idea of the tripiet energy of l:gii from
related work on benzophenone.



D'Tablg'ZO Effects of Cyc]ohexa-l 3 Diene Upon Product Distribution
Obtained on Irradiation of the 1~ BX3 Complexes

. - “ .- : ‘.l b
Solvent Lewis . Product Distribution % .
o Acid ‘ ——e |
B 2 & 1l 13 8
CHplly | BRy L { T [ NS
BCl4 Rl 6 - 10 19
BBry trace 7 25 8 60

a/ In all cases, the solution was 0.0123 M in cyclohexa- -

1,3-diene. Reactions were carried out to <5% completion.

b/ Expressed as relative percent, £2%.

g
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Leermakers reported that the near edge of the phosphorescence .

| band of benzophenone shifted from 385 nm in ethy1ene-glycol-water to

432 nm 1n_98%.H2804.16 Using_the relationship shown in the equation_ |

below, one may ca1§u1até that the energy of the triplét state has beeﬁ

. reduced by some 8 Ecal/mo1e.53
N . |
g = 2:86 x 107 (kcal/mole)

x(R)

w3

If we assume that a c0rtespond1ng decrease could occur with
eucarvone aﬁd that. complexation Qith boron trihaljides would'give a similar
energy lowering, then the triplet éneréy of 1-8X, wqu]d:be expected to -
be [{(61 + 1) - 8] = 53 kcal/mole: While this estimate is very ¢rude,
this value is comparable to the triplet energy of the diene. In.order
to observe qdenching. the energy of the dongr must be at Teast 3 kcal/mole
higher than that of the acceptor.24

One of the obvious experiments.that should be qbne is to find
a triblet quencher that has a‘triplet'energy of some 50 kcal/mole or less.
However, as was po1nted'out at the outset of this section, the choice is

not unlimited. Molecular oxygen does not seem to have any effect on the

product distribution obtained in the irradiation of thesé complexes.
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-6.. Possib]e Mechanisms for the Formation of Products S

The format1on of GH from 1H must 1nvolve the rupture of the 66 C7 |
'bOnd and bond_ formation between C6 and C4. and C2 and Cg- 8 1nis process
-could occur in stepwise or concerted fashion as is 111ustnated in Figure |
16. Since the production of bicyclq.[4.1.0]-heptenones_occurred on]y in
" polar media13 and did not occur'in the photoieomerization of cyciohepta-
- 2,4-dienones unsubstituted at CS' Hine-suggested tnat the formation of.«6
or 6H did net-proceed in a concerted fashion.8a '

The open chain, delocalized cation, 17H was disfavoured by Hine
as an intermediate since no protoneted vinyl cyclopentenone, which would
be thé expected product dbtained from such an open chain 1ntermed1ate54 56
was detected in the irradiations of 1H. Hine suggested that the format1on
of 64 from 1H involved only the inpermediate 16H.

In view of the similarities in the spectral properties, charge

delocalization and the photoproducts of 1H and 1-BX3 complexes, it is

felt that the photoproducts were formed in a similar manner. The form-

ation of 5-BX3, 6-BX3, 8-BX3 and 13-BX4 may involve the intermediate 16-BX3,

asjﬁ11ustrated in Figure 17.

The recent results of Hart9 would suggest that the formation of the
intermediate 16-8x3 could be thought of es involving a 1,2 atkyl shift
of C7 to Cs at some stage during, or after, a light-induced cis/trans iso-

merization of 1-BX3. The formation of 6-BX3 may involve the subsequent

formation of the C4-C8 bond, while the formation of the isomeric phenols could

proceed through the intermediate 18. This intermediate could result from
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Figure 16 Stepwise and Concertéd Mechanism for the Formation of 64

e

- Suggested by Hine.
ST STEPWISE

CONCERTED

o 2a+72a
-
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", Figure17: _Po§5jl'b1e._Iflec'han_isti'c.:.Schéme for the Production of Prvim_a‘rjr“Prddﬁclts.
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" Figure 17 (cyntinued)
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a 1 2 hydride shift from C5 to C8 of 16-BX3 as shown in Figure 17.

. Nh11e 18’wou1d be expected to glve 8 on quench1ng of the CH261
soiljtion of compTexes. it is probab]e that ¥ would rearrange to give
.-thermodynamiiziiy\more stable products. For examp]e. it is known that
protonated 2,3,4,5,6.6;7Examethy1cyc1ohexa -2,4-dienone is thennodynamic-

ally less stable then, and rearranges to th correspond1ng symmetrical

protonated d1en0n’e.57

The occurrence of a 1 .2 {or 1,6) hydride shift with 18 would
giQe\'g_and a further hydride shift would give 20. By analogy with the
protonation of 8, 20 would be expected to be more -stable than 18 and
would give 8 on reaction with ether/HCO 14
gopropy groups are known to be capab]e of readily undergoing
1,2 igrations in cationic systems.58 A competing reaction of 19
wouldbe A frjpyl m19rat1on to give e1ther 2] or 22. As is indicated

From all that is known about cations such as 1959 60

21 cou]d ultimately lead to a complex which on quenching

123
AT
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in the photoigonerizatibns bf 1-BF5 éhd-l?BC13, aanon]y detécted in- the

'irrad1at10n of 1- BBr3 in £H3CH2F and CH3CHF2 Evea in this latter case

—
At wild be remembereﬁ that thefe was. some doubt as to whether 15 was a

primary product. It is not complete]y‘clear at th1s stage why 15 is ot
detected as a product of these 1somer1zat10ns One possible exp1anation.
which has hot been tested. is thatlE—Efé'is thermodynamically unstab]e
and. reverts back to 19 and thence 20 and gl.ﬁo . '

It is interesting that protonated 13 (13H), is not a product of
the photoiso&érizatiqa-of'1H. This would possibly be the result of an
1nterm01ecu1ar mechanism being involved in the 1somer12at1on of 18H to

20H rather than an intramolecular process involving a cation such as 19H 61

There, is ‘ample precedent for intermolecular hydrjde shifts occurring with

| S
benzenonium ions in media such as FSBaH.Bz.

\ : . . - .

<




" CONCLUSTONS

. The results presented in this thesis have demohétrated that the photo-
1somer12ations of the Lewis acgd complexes of unsaturated ketones can
indeed be studied and that such irradiations can lead to clean 1someriz-

ation reactions. ; : B ;

The ph0t0150nmr1zations of the BF3 and. BC13 complexes of eucarvone are
quite similar to those found for protonated eucarvone. In view of th\S
simitarity, it would seem,as was suggested by Hine, that the photoproductirﬂ,'

are derived from a singlet state.

The BBr3 complex of eucarvone is a more complicated system in view of
the e sensitivity of one of the products to further photoisomeriz-
atio oreover, additional products are formed to those found with the

irradiation of 1-BF3 and l—BC13.'_However. at this stage it cannot be

——

stated positively whether a triplet excited state is involved in the

photoisomer1zat1on§ of 1JBBr3. LT

;
/
The results of this study also show that the phqﬁé-behaviour of proton-

ated eucarvone may be more complicated than was previously thought,

especially in the products formed in the 1rradia{1on of 6H.

The study of photoisomerization of the Lewis acid complexes of
eucarvone is complicated by the large array of products that are formed.
It would probably be better to 1ﬁvestigate a simpler system with & view

to devefop1ng suitable techniques to dlean-information about the multi-

¥
o
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© .plicity of the excited states involved Tnithe'photoisomerizatidn of
complexed or protonated ketoﬁsf. | | -
-
: N
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" 1. Instrumental -

| EXPERIMENTAL SECTION o -

Te

Pmr spectra were obtained on Varian HA—iOO. A-60 and T-ﬁd‘spectro—
meters, the first twO'Seing equipped with variable temperature probes.
Probe temberature.wgs measured with a copper ;onstantqh thermocouple
connected to a standardized potentiometer. Carbon-13 nmr spectry were
measured by thé pulsed Fourier transform technique on a Bruker WH90
spectrométer. The Pmr chemical ghifts in CCl, were referred to
internal TMS (s 0.00); those in-FSO,H and of the boron trihalide-.
complexes to finternal CH,C1, (5 5.30). The '°C chemicl shifts of neutrad
compounds in CDCI3 were recorded relative to internal TMS (§ 0.00) while
those of the Lewis acids-complexes to ingernal €ocl, (s 77.21). " Infrared
spectra were obtained on a Perkin-Elmer Mode] 337 grating spectrophotometer
using NaCl cells. The 1601 ana 1028 cm'] bands of pobystyrene were used
to calibrate the spectra. Ultraviolet spectra were recordéd with a Cary 14
spectrémeter. Varian Aerograph 204 (analytical) and Aerograph A-90-P3
(preparat1vef gas chromatographs were used. Helium was used as a carrier
gas at 50-60 ml/m'ln.‘r Several glpc columns were employed and these are
subsequently referred to by a letter code: Coluhn A, 10 ft. x 1)8 in.

20% carbowax 2000 M on chromosorb W, 60-80imesh; Column B, 10 ft. x 1/4 in,
15% SE 30 on chromosorb W, 60-80 mesh; Column C, 13 ft. x 1/4 in. 20%

carbowax 2000 M on chromosorb W, 60-80 mesh.

T
AR

2.7 Reagents ’.
FSO,H {All1ed chéﬁica]s) was distilled first from sodium fluoride



R

A gn for 400'm1) ano then'(without NaF) through e-lz“'g1as§,colunn._t1t o
: was stored 1n 1 ml a]iquots in sealed g1ass ampou1es Reaoent grede

methylene ch]oride was purified by the procedure of Nood and Jones. 63

Roagent grade chloroform was. puriﬁed64 by washing with concentrated ‘

H 504. dflute NaOH and fina]ly three times with disti]]ed water. It was

then dried over K2C0 and redist111ed twice from PZOS' b. P. 61° Acetic .

acid was refluxed with acetic anhydride and distilled, the fragt1on

boiling at 118° being collected. n-Pentane was purified by treatment

with_fum{ng HZSO4 and distilled, b.p.--'35°-36°.Ba Diethyl ether, spectral-

. £
~ grade carbon tetrachloride, sulfur dioxide and the boron trihalides were

use's supplied. o /P

A}
3. General‘Techniques

(1) Protonation

Method A - Protonations were carried out by slowly adding pre-
cooled (- 78“) FSO 3t (~0. 5 ml) to a dry nmr tube which contained the cation
precursor (ca. 20 mg) and which was, kept in a dry-ice- acetone bath. Solution
was effected by agitating the sample with a precooled (1iquid N ) 2 mm

quartz rod.

(1) Quenching of the Acid Solution

Method B - The acid solution of the cation was added dropwise to a
rapidly stirred suspension of sodfum bicarbonate {5 g) in ether (25 ml) ~
kept at -78°. Upon warming- to 0°, ice water‘(s mt) was added, the mixture

was stirred and fiitered unoer suction. The organic layer was washed



with brine so]ution until neutral to litmus and then dried (MgSO4)
products were recovered by carefu1 evaporation of the so1Vent at atmospheric
hpressure through a 6" Vigreux co]umn aDﬁ analyzed by : vapor phase chrom-

atography

(111) Preparétion of Complexes

Method C - Vacuum Line Technique ‘ }'
The ketone or phenol (10-20 mg) to be compjexed was weighed into
a nmr tube hhich was then attached to a high vacuum line and-evacuated.
The tube was‘cooled with 11qu1d'N and the appropriate so]venh,.e.g.‘CH2C12
(~1,0 m1), was ‘distilled into 1t This mixture was warmed to‘roomltemper;f
ature to allow the compound to go into solution, cooled once more w1th
11quid N2 and evacuated.‘ A known amaunt of the desired hor_on trihalide . @
was condensed directly from a calibrated volume into the tube. The
resulting mixtuhe was warmed until the solvent melted to allow reaction
‘with the Lewis acid (e.g. -78° with CH,Cl, as solvent). The nmr' tube

was sealed under vacuum.

For complexes which are not stable at -78°, the mixture was only

,,_H::::§§IOWEd to warm up to ~ -95° (1iquid Ny-toluene bath) and the nmr tube
5 ain sealed under vacuum. ' |

Method D - For Complexes Which Were Relatively Stable at -78°
The comp]e; was formed by slow dropwise addition of the precursor'
dissolved in the approprihte solvent, e.qg. CH2C12.(20 mg in ~0.5 ml), along
“the {nner wall of a nmr‘tube containing the Lewis acid (BF3'or 3013. ca. 25 mg)

and kept at .78°, buring the addition, a slow stream of N2 was passed into the

"




R T

"ﬁME'tube fb'minimize the absokption of‘hoisiere from;the air. The so]ution T

o of. the comp]ex.was mixed by agitation with a precooled 2 nn1quartz rod.‘

i

Method £ - For Comp]exes Nhich Nere Relative]y Unstab]e at -78° |

| The comp]ex was formed as above except that .the nmr tube contain- | : | .
ing the Lewis acid _precooled to a temperature below -90° (liquid N2 '
toluene bath). o " A S

Method F - Eor'U.V. ﬁeasufemente

The complexes were prepafed as described in Method C ekcept that
a 200 m! reaction flask equipped with a stirrer bar and fitted with a s!de
_arm 1ead1ng to a2 nm quartz cuvette was used. CH2C12 was used as the
solvent. After the comp]ex was formed, the flask was detached frem the
vacuum line and placed in 2 sufficiently Iange Dewar vesse] conta1ning a
dry-ice-acetone mixture,so that the side arm with the quartz cuvette could
also be cooled to'-78°. Some of the solution was trapsferred into the

cuvette by tilting the flask and the cuvette was sealed under vacuum.

(1v) Quenching of Complexes

Method G - A mixture of NaHCO, (0.5 g) 16 ether (25.m1) was stirred
and cooled to -90° in a 11quad N24to1uene bath. A preccoled 2 mm quartz rod
(in 1iquid NZ) was inserted into the nmr tube and the,solut1qn stirred while
some of the precooled ether/HCOS sturry (ca. 2 ml) was slowly added dropwise.
- down the wall of the nmr tube. "The quenched solution was quickly transferred
into the remaining ether/HCO3 solutian. Upon warm1ng to 05 1ce water (5 ml)
was added to the ether slurry, the mixture swirled and filtered under suction.
The organic layer was washed with brine Unt11‘neu£re1 (11tmus) and dried (MgSO4). R
The products were worked ge as in Method B and analyzed by gipc.

iy



i'(v) Detormination of Product Ratios B

= These were determined by analytical gipc. fbe-areas offtﬁe appro?1\

priate peaks were measured either by triangulation or cutting and weighin
the peaks of the origina] trace or its photocopy. An interna] standard ,

'cycioheptanone was used to calibrate the detector for several of the

products to ensure that all had identicai detector responses. This was
done by injecting a preweighed amount of cycioheptanone into a _ | ' A
mixture of known amounts of eucarvone (1), carvone (12), and carvacrol’ -
(8). The mixture of these 4 compounds was analyzed by gipc. This experiment
was repeated several times with different amounts of each_compOund and the

detector was found'to'give identical response for eacb compound. The. f %
!

results of all analyses were reproducibie to x2% and the average of 2 or 3

injections is gquoted in the various tables. : _ !

(vi) Photochemical Experiments

With the eucarvone complexes, several separate irradiations were

. performed. The first set of experiments was used to determine‘the length

. of time required for photochemical isomerization. Having achieved this,

a second set was carried on preparative scale to identify the photoproducts. .
Subsequent experiments were conducted in a more quantitative manner to

examine the product stabiiity and gny change in product ratios with

irradiation time. . ' .

Method H - Irradiation of Protonated Ketones or Complexes at Low Temperature.
All irradiations were’ performed on sampies contained 1in c1ear. thin

walled nmr tubes which cut off light at wavelengths <260 nm. The cooling

=
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e | system. which is capabie of maintaining a constant temperature over a

;range of -95 to 55° has been previousiy described 82,60 The temperature
fof the samp]e was measured with a copper constentan thermocoupie connected )

' to a standardized potentiometer. " To avoid corrosion of ‘the wire, the
thermocouple was covered with a glass ‘tube befbre it was inserted into . » ?\
the sample. When the 1ight source was switched on the temperature of

the sample increased by about 5°.

Light Source - The 1ight ‘from a Phillips Sp-500 high pressure lamp

was passed along a highiy polished aluminum tube. through a glass filter,

\

and focussed by a semi-cylindrical quartz lens upon the sampie. " A Corning
#3850 filter was used in all irradiations and this cut of f 1ight at wave-

lengths less than 370 nm.B&

4. Synthesis of Ketoned and Phenols

(1) Eucarvone, 1, was prepared in 70% yield from carvone (Eastman)
by the procedure of Corey and Burke.ss' The spectral properties of this

matarial were identical to those reported ear]ier.66

(1) Bicyclo [4.1.0]} heptenone. 6, and Bicyclo [a.z.oj_heptenone. 9,

were obtzined by irradiating eucarvone, 1, in a FSO H/SO mixture in a

comparabie manffer to that described by Hine 14

It was found that 6 was

not stable for long periods of time when dissolved in the ether: obtained
directly from the work up procedure (1t reacted s]ow]y to give two compoundsl
as indicated by glpc analysis). When purified n- pentane was used to replace

the ether in the fina] work up step, no such instebiiity was found 6and 9



. had 1dentica1 propert1es to those prev1ously reported 13 ]4

(111) Norbornenone. 4, was prepared by 1rrad1at1ng eucarvone 1
10

in -50% acetic acid using the procedure of Hurst and Nhitham It was

coT]octed by preparative glpc (Column C). 1Its spectra] properties were

1dent1ca1 to those reported earlier. 10 ]4 T ST

;

{1v) 2-methy1-6-isopropy1pheno]. 13, was prepared from a-cfeso1,1h

a comparable manoer to that described by Sowa.47 BF3‘(2.4 g) was passed
‘into a mixture of isopropyl alcohol {6 g, 0.1 hole) and o-cresol {10.8 g,
0.1 mole). “The mixture was heated under reflux for 1 hour. The reaction
was cooled, the upper layer c011ected aod then distilled at 0.5.mm. The
fract1on boiling between 30° and 50° was co]]ected dissolved in benzene-
(60 m1) and extracted with 15% aqueous potassium hydroxide solution (2 x
60 m1). The combined aqueous layers were acidified with dilute hydrochloric
acid and the phenolg‘extracted into oenzene (60 m}. The benzene layer
was dried (MgSO4) and the solvent removed in vacuo~to give anloil (5 g).
Glpc analysis (Column C) showed three compoundsAto be present and these
were collected and'analyzed by pmr: The last two were each shown by pmr

to have two isopropyl groups present and they were not further identified.

The first peak was shoen to be 2-methyl-6-isoprofylphencl by spectroscopic
means. Pmr Table 11; 1r (CC14) 3690, 3090, 30QU, 2900, 1460, 1375, 1300,

1220, 1169, 1119, 1068, 965, 930, 910, 630, 600, B80, 550 cn™ '3 '°C v
Table 12. |

(1) 2 methyl-4-isopropylphenol, 15, was prepared from‘p-1sopropy1pheno1 '

by the four-step procedure out1lined by Carpenter and Easter. f4 Pmr Table 13
13c nmr Table 12.

v . .
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‘5;_ Photochemical Experiments |

obtained was separated by glpc (Column B) to give compound l_and five -

ra

'(i) Photoisomerizat1on of Protonated Eucarvone 1n FSO3H

samples of 1H (25 mg) in FSO3H (0.5 m]) were 1rrad1a%ed 1n nmr

‘tubes at 75° for about an hour .according to Method H. The resu]ting

acid so]ut1ons of the products were’ quenched as described in Method B.

Analysis of the products by glpc on Co]umn A showed 4 (11%), & (72%),~

and 8 (17%) to be present.

¢

(11) Photoisomerization of Protonated Eucarvone in FSO3H/S02

Samples containing equal concentrations of 1H (20 mg) 1n‘FSD3Hand
2 F503H/SO2 mixture were irradiated for the same length of time at -75°
as described in MEthod H. The solutions wér@’quenched (Method é) and

analyzed by glipc, Column A. The results are shown in Tables 2 and 3.

(111) Preparative\§ca1e irradiation of Eucarvone-BCl3 Complex in CH2C12

A}
Compound 1 (200 mg) in CHyCl, (2 ml) was reacted with BCl4 as
described in Method C and jrradiated (Method H) at -90° for four to five

hours. The progress of the reaction was monitored by pmr. The photoproducts

were quenched at -90° with ether/HCO; as described in Meth d%6. The oil

other products. Enough. of each was collected for spectroscopic identification.
The following compounds were -isolated: 5, pmr-Table 113 ir (CC14) 3000,

2800, 1740 cm™ '3 6, pmr Table 115 ir (CClg) 3015, 2950, 2930, 1665, 1390,
1285, 1250, 1120, 1050 cm' 12, pmr Table 11.“1r (CC14) 3000, 2950, 2900,
1700, 1670, 1640, 1440, 1350. 1270 1128 (CSZ) 930, 810 cm -1, ; 13, pmr Table

L .
] . } s

!




m,

. 712, 694, 638 e

’C eminable 12; ir (given in pfeviogé&ectidd);'a pmr Table 11, 1
(CC]4) 3500 2950 2930, ]300 ]230 1172, 11]5 995 938, (CSZ) 850 812:
' 1 13 .

13

(4v) Low Temperature Irradiation of Eucarvone-Boron Trihalide Complexes

™/ Samples of 1 (10-19 mg) i CHyCl, (~0.5 ml} were reacted with the

boron trihalides as described in methods C or D and {rradiated- in nmr

tubes at -90° for 2 to 45 minutes (Methed H). The resulting solutions

‘were quenched at -90° with ether-bicarbonate solution as described in

oY

Method G. Analysis by glpc on Column A showed compounds 5, 1, 6, 12, 13

and g to be present. The product distributions are given 1n Tables 14

and 16. The relative retention times of these_mater1a1s-are given in

Table 21.

6. Control Experiments

(1) Thermai Stability of the Lewis Acid-Complexes of Eucaivone

Samples of 1 (ca. 20 mg) in CH2C1é (ca. 0.5 ml) were reacted with
each boron triha]ide (Method C). The resulting so]eeions were examined
by pmr at temperatures between- -50° and room temperature {+37°). The probe
temperature was increased by increments of 20° until room temperature was
reached. Mo changes 1n the pmr spectra (Table 5) of the three Lewis acid
comp]exes of 1 were detected at room temperature The solutions of the
complexes were quenched with ether'/HCO3 (Method B), and 1 was regenerated
in high yfeld (981) in each case.

C nmr Table 12. ' o &ﬁ
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- Table Zi: G]pc Retent1on Times of the’ Photoproducts (After Quenching)
| " of W and 1-8¢3 Relative to 1.2

. ‘)' -

AR

ead T on

" Relative Retention

Compounds Times (min}
) 1 &
4 0.46
.5 0.76
6 1,55
8 (\11.17
9 0.90
.
12, : 1.94
. 4
13 4.48
18 10.69
a/ Column used: 20% carbowax (Column A) "

3
. Column temperature: 155°,

Flow rate: 60 ml/min.
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(11) Therma1 Stability ofd;h’—ﬁtﬁgLComplexes of Eucarvone Photoproduf%s 1n CH2612

Compounds 6, 12‘ 13 and B (la 25 Tg) were 1nd1v1dually dissolved
1n CHZCIZ.(ca. 0.5 mI) and reacted ‘with BCl,4 according to Methods C, D and_;
E. The resulting sol 1on§ were exemined by pmr atltempera;ures‘between
‘-905 and_room temﬁé?ature‘(+379). The probe temperatqse uas-iﬁcrqased from -
the Towest value by increments of {5° unt;l_either an isomerization was
observed or room temperature was reached.

At -50°, the BC13 complexes of 13 and 8 each exhibited 5 complex
and irreproducible pmr spectrum. The solutions of these complexes were
quenched with ether/HCO; at -78° (Method B) and 13 or 8 respectiveTy were
recovered in high yifld ' |

When the solutions of 13-BCl3 or 8 -8C13 were warmed to room- temper-

ature, no change in their pmr spectrum was detected. The solutions of

13-Bt13 or 8-BC14 after beiﬁg warmed to rooﬁ-temperature were'quenched at
0° (Method B) and tﬁe original phenols, 13 or 8, were regenerated.

At -50°, the pmr spectrum of 12-BC13 showed signals at & 7.81, 4.81,
2.78 (broad), 1.88 and,1.69.  This complex Pas stéblé at -15° but decomposed
at room temperature as fndicated by a change in its pmr spectrum At room |
temperature, its pmr spectrum showed only two broad s1gnals at 6 4.65
and 1.70. -

6-BC13 was unstable at -78°. Itsslowly decomposed as 1nd{cated by \

the change of color from yellow to reddish brown. Its pmir spectrum at
~50° was different from that at -90° (see text) and showed s1g/a%”
§ 8.03, 6.68 (broad), 2.73 (broad), 2.08, 1.93 1.52 (broad): 1.32, 1.20,

— "' . ,/)
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1.0, 0.77. Nothing cou]d-befeko#ered'uﬁbn qubnching solutions_of‘sihb13',.‘

(Methﬁd B) after 1t had decomposed

—
-

(iii) Photoc;::bca1 Stability of - the BC13 Complexes dszucarVOne Photo-
% productg”in CHgClz ' :

"The ploducts 2, 13 and 8 (ca 20 mg) were each reacted w1th BC]
in CHZC1é according to Method C. The resu1t1ng complexes were 1rraq1ated

at -90° as described in Method H. The progress of the irrad{ation was

| J .
checked by pmr. A complex was considered as photochemically "stable"”

if its pmr spectrum d1d not chanée on irradiation for more than two hours.
The irradiated solutions were quenched with ether/HCO (Method B} the
;eCovered materials were either identified by their pmr spectra/éigtj
their glpc retention times (Column A). '

The BC]3 complexes of 12, 13 and 8 were #ound to be photochemically

stable under the irradiation condition.

(iv) Low Temperature Irradiation of Boron Trihalide-Complexes of 6 in CH2C12

Samples of 6 (10-16 mg) in CHZCI2 were reacted with each boron
trihalide at -90° {Method C or £). Each complex solution was then quenched
at -90° with ether/HCO; (Method G) and 6 was recovered in 95% yield in |
each case as indicated by the glpc analysis.

Samples of known amounts of 6-BF3, 6-BC13 and 6-BBrj were irradiated

at -QDé;as described in Method H, for known lengths of time (the light source
was switched on an hour before the commencement of any 1rrad1at1oq\ he

irradiated solutions of the complexes were quenched w1th ether/HCO (Method G)

L4




‘to give an 011 1n each case The 011 obtained was analyzed by glpc (Co1umngf5af;”57

ﬂA) wh1ch showed that tWO prcducts were*present Tha retent1oh t1mes of theﬂ~ﬁfff§;fg

;. products?were 1dent1ca1 to those of 12 and 8 The product rat1os are g1venffif}_ N

in able ]5 The re1at1ve rates of the photochem1ca1 reactions of 6 BX3

ere.ggta1ned by ca1cu1at1ng the amount of 6 converted per un1t t1me and '

arq given in Tab1g 17,0 N

.(})'Rrotonation of Carvone, 12 -

/eg;vohe, 12 (ca.E?ﬁ mg), was.photonated in F§b3H at .-78° using the
procedure described in Method A. The resulting solution was examihed by
pmr. At -60°, its pmr spectrum'showég sighais at & 1.81, 1.32, 2.04, 2,25,
9.5513.4, 4,06, 7.17, 8.13 and 8.24. On warming the acid solution-to -40°,
the pmr spectrum 0n1} Showed signals at ].32,.2.25, 3.06, 4.06, 7.17 qnd
8.13. When the probe temperatuhe was raised to -20°, no funrther changé
in the pmr spectrum-cou]d be detected. -The resulting soiut]on was quenched
at 0° ¢(Method B) and the pmr spectrum of the resulting product showed that

~only 8 was present.

.

(vi) Therma} and Photochemical Stability of 4-BCl3

. e
Samples of 4 (25 mg) in CH2C12 were reacted with BCI3 according to

Method E. The resulting complex-was examined by pmr (Table 18) and fqund
" to be- thermally sfable'up to -20°. It decomppgéd at room temperaturekgs

indicated by the change in pmr spectrum. N
On irradiation of the complex at -75° (Method H) for 3 hours, no

changé fn the pmr spectrum could be detected. The solution was quenched
-



e (Method B) and gave back the orig1na1 compound as’ ind1cated by pmr and* ‘

e

'_ g1pc ana]ys1s RO B

(v11) Comp]exat1on of B1cyc1o [3 2. 0] Heptenone 9 with BC13
. \
\\:) Ketone 9 (ca 20 mg) was reacted w1th BCI3 at _78° (Method C}) and

CORL
the resulting comp1ex was examjned by pmr at -50° (Table 18).- On quench1ng

" the solution at -45° (Method B), 9 was regenerated in high yield.

7/
7. . Quenching Studies on Lewis Acid gdmplexes of 1 With Cyclohexa-1,3-Diene

samples of 1 (10-14 mg) disspived in CH,Cl, or CH4CHF, (ca. 0.5 ml)
were reacted with the appropriate Le@is acids at -78° according to Method C.
Cyclohexa-1,3-diene (1 mg) was adqgg in each case. The resulting solutfons
were irradiated at -90° (Methoa‘ﬂi for Iess‘than five minutes. The solutions
were then each gquenched with ethar/HCOB (Method G) and analyzed by glpc,

Column A. The results are shown in Table 20.

| | \f
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