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SCOPE AND COVTENTS
s
This thes1s has resolved some rathetffundamental and

t.

rudimentary‘questions concern1ng the photochemistry "of . 7

A%

'cycLohepta—Z,d-dienonesf .t

)

. - . : ' ,
A new approach has been taken to assessS the role of

(sv,e0*) excited statés in the phétoisomerizations of 2,6,

- 6- trxmethylcvclohepta 2,4- d1en6ne, eucarvone It involved

an investigatxon of the low tempcrature photorcarrangcmcnts,

of protonatcd cucarvone in fluorosulphurxc "acid. The
. “

rcsults, in add1t10n to those obtalned from a TE- exam1nat1on

" of neutral eucarvone photochcmxstrv, have demonstrated that

-

'both (n,1-r’) and (ﬂ,n’)\states are involved in th;/format10n

-of‘primary photoproducts.; A schcme‘has been formulatcd

uhxch relates thesc products to thesc exc1ted states.

- F3

‘An 1nvest1gatxon “of the photozsomerzzations of

jcyclbheptdkz,4-dienonc and ’-methylcyclohcpta 2,4- dicnonef

has revealcd that substitucnts have 2 profound influencc

‘upon the node of react:on of . the (ﬂ;nﬂ) states of this

dicnonc systen. thrcns eucnrvonc was found to producc -
’ R - ee
. . i




3,7,7-trimethylbicyclo[4.1.0}hept-2-cn-4-one from this

state, the less substituted systems yielded only bicyclo

[2.2.1]hept-2-en-7-ones. This substituent effect has been
interpreted mechanistically in terms of an intermediate in

the ecucarvone reaction in which positive charge is developed
-1

upon the carbon bearing the two methyl groups. ' .

A novel svnthesis of cyclohepta-2,4-dienone has been
. N ‘
developed which involved as the key step the thermal iso-
merization of protonated cyclohepta-3,5-dienone. | -,
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INTRODUCTION

3

Sihce earliest times man has had an irresistible

T

urge to carefully define and categorize cverx_dbject within

his reach. .As he progressed, the development of more réﬁincd

probes increased his sphere of influence. The telescope

penetrated the heavens in search of other celestial bodies ;.

the microscope invaded the private world of unicéellular

creatures with their system of organclles. Rapid techno-

logical advances during the last ccntury; no doubt abetted

by the wars of 1914 and 1939, have permitted the invektigation

-
4 —

of subcellular species. Many branches of @qigﬁcc :ow.

w— e

respond to man's insatiable desire to study properties of

atoms and molecules and nowhere is man's inherent penchant.

for organization more evident. . .

~

.

- . . i ‘ . e :;' - _‘ - . ) .
~ THis thesis records~the results of an investigation:
. . .4‘ . . . f . L) .

~ . ’

whiéhxhﬁs résolved somg of the fundamental questions concern-
ing the ﬁhoto:hcmistry of 2,6,6-trimethylcyclohepta-2,4- -
dichonc,eucarvgpg. A new -approach has been taken to evalu-

“ate the role of (gr.7v*) excited statés which involves the.

study of the photorecarrangements of protonatcd cucarvone.

- " The introduétion‘déscgiﬁcs this approach in a general sensc:

and examines some basic principles involved in photoiso- .o
- . z . “\. -—
nerizations of unsaturated kctones and prbtgpﬁtcd ketones.

¥ ' ) : ' 1 | \

. B . o



GENERAL PRINCIPLES INVOLVED IN THE PHOTOCHEMIg‘TRY OF
UNSATURATED I\ETO‘\ES \ .

L}

-

(1) The Nature of the Excited State

Absorption éf ultraviolet radiation by a .ketone
results in the promotion of an electronrfroh a bonding or ' -
n&n-bonding qrbitll to an antibonAing‘orbital. 0f the.
nunber of\bogsible eiectronic éransitions, only'two are of
significance in solution. Bikitatidn of an ﬁ electron on
oxXygen ‘to Ehe.loweSt{vaeant w* orbital results in the forma-
tion of an (n,m*) singlet state; the promotion of an
electron;in the Hdﬁding ™ orbital to the samejr*.orbifal

- - c . . ) : .
forms a @r,e*) singlet. Transitions which involve a change

in éhe spin -of the elcétron are forbidden. Sinc; most

orghnic molecules haye singlet groﬁ;d states, only singlet’ - i

— singlet tran#itiops are'iﬁportant in absorption uﬁder

’ normal_irradi#;ion“conditions. fTriplet states are ﬁofmally s

pOpulntcdhby a prdcess called intersystém crossing from thc

s1nglet manifold. 1 |
- filbsorption spectra of cyclic unsnturnted ketones,

in npn;polar-solventsgcneral{: display two- characteristic

bands. The low intensity (€ 100) one found_be:uecn Joo

and 350 nm cor;cspondé to ng—.n" eicitdtion wheTteas Ehé
greater intensity (€ > 1000) band at)highef.oncréics is thc
resﬁit_of w—1m:* excitatidn}"Very geééraliy'thc relatiyc
. enérgy levels of excited singlets and triplets are as

3 _ 1
Tepresented in Figure 1. _The energy difference between



triplets of opposite configuration is'zfﬁs than that for
singlets.2 Although the\(n.n*)3 is shbwn hqfe‘as being lower
. 13 this oL |

in -energy than the {w,w*)", this I3 not always the case and

considerable effort has been expended tq'determine the

! e

relative energies of these states in many systems. The

a

natural lifetime.of triplet states with respect to radiative

or non-radiative conversion to the ground state is much

¢

greater (factor of,gg-los) than that of excited singlets.

o
~ .

Figure 1. Solvent Effects on Relative Energiés_of'Excited.\
States :

| Y o
NON-POLAR ' . . POLAR

———A- .. - | -| ﬁ

()l S ¢ N

»



t . 4
The photochemistry of ketones in solution is B
characterized by the fact that rad1at1onless processes called {
internal conversion are almost. 1nvar1ab1y so, rapid that the
lowest excited singlets and triplets are reached:before re-
action occurs. For singlft reactions in non-polar solvents
it is normalk? the {n,w*) state which is re5p0n51b1e. How-
\k:r, in hydrogen bondlng, polar solvents such as water or
alcohols, the excitation energy of (nar Y states is in-
creased (termed blue shift) while that of the (w,r*) states
is decredsed (red shift). This change in energ} associated

with solvent pola&ity, investigated in some detail by

Kosower, iﬁrmore_o;rless a gengraldphenomenon.3 In some
caées, the effect ﬁsAso pronouncgd that the energy ;eveis:a
will‘be'inver;ed,'as'in the cé$e §f the triplefs ip Figure 1.
Reactions in these solvents may orhmay.not gxciusivelyg\~
_involve {n v') stafes. ) | |

.'. It has been observed that both emission character-

istics and reaction pathway can be considerably altered\i§\\\\
~y A

‘a change in. solvent polarity Quite dramaticallv f&f_

-';cxample, acetophenonc d1splays n phOSphorescencc §pectrun in

: O
non- polar solvcnts which is charactcr1stic of an (n,x')

state. In polar solvents this band is rcplnccd by a longcr-

lived" featureless band character:stxc of cmxssion from a R

(o) state.4 Similar ecffects have been rcportcd for

i A

'cyclopcntcnqncs.s Spectroscopic studies of steriodal

cyclohexe;lnes, cycloheindicnoncs; and related systens



indicate that the lowest triplet is (mw,y*) in nature.® In a

g

number of these studies, it has been found that the phoio}
chemically reactive state is a tripléto

The effec{ of solﬁent'polarity upon product
disgribution has been observed in the case of cyclohexa;z,d

-dienones’ and cyclohexenones,8 for example. Especially

-

striking are the results of a study of the dienone 1.’3

ﬁ@% hexane, irradiation ‘led to products resulting from a ring-

opening reaction to the ketene, whereas in polar sblvents

v

direct isomerization to the bicyclic product was observed.

//0'
wo P

' non-polar

C -
"These solvent effects have been explnined in terms of
changes brought about in the relat1ve energies of thc
excited stntes For example, if ketonc A is known to vield
\

product P1 in non- polar solvents from a singlct, iu is

presuned that an (n,a').stntq_ls the ronctive specxe;. 1£

I3 . : L



1 //
A 4 ) -7 6
e -
é// : X
t -same ketone gives products P1 and/or P2 in polar solvents
it 1s suggested .that a (iw,r*) state may be the genesis of ?

P2 Eﬁﬁﬂperhaps Pl,g Figure 2.

Figure 2. Solvent Effects Upon Product Distribution
: 3

7 -

h -

non-polar

" IR R
Phdtoéhémists have expendediconsiderhhlé cffort to
qlucidatcrthc'nituré of the excited state.in photochemical
rearrangemeht rc;ctiﬁns. Oﬁe-pfobe.has been the cxnminafion{ W;ff
of goiveht"cffccts':s outlined above. Evidence to.
corrpborafc’thcrrole of (w,r*) chenistry is generally
lpckink ;ndlit has 'been suggested that réar%angcmcnts fron
. this state would bc of.rclativeiy minor SignjfiénnCQ'in
ketone photéchgmiétry.lo Some sqpporf;for_the solvent cffect
'probé has been realized fhrough cd?gsipn studies. Corrcla-

- =]

tions betwecen spectral and photochemical propertics would ~
R . -3 - - :

requirte that the spcctroscopic measurenents and the



AN

photoechemical experiments be carried out under comparable
conditions of Zolvent and temperature. This,is not generally
the case, however, as most emission studies are conducted

upon ketones frozen in a solvent glass at 77°K. NeveftheléssJ
]

even if these requirements are met, one qdhnot be completel¥y

certain that the radiative state will be the photochemlcally

reactive one.l1 In addition, solvent polarity changes have

been obseer&_to affect rates of intersystem crossing, so

Vs

that alterations in the nature of products may be a result
; _ X
e 12 ’
of multiplicity factors. .

(%j "The Nature of Photochemical Rearrangements of Unsaturated
Ketones: Gencral Approaches-to Mechanism.

One of the earliest discovered photocﬂcmical TCarrange-

-

ments -of cycli¥c unsaturated ketones were the light induced

\ N ) . - -

transformations of the sesquiterpene qantonip.ls' Since that

time it has'hegr found that a large number of related systems

undergo a vaniety of structural rearrangements upon ' i

.

1rrad13t1on. - The nature of these reactions have attractcd

interest from both a synthetic and mcchanxstic p01nt of

View. In many cascs'thcsc isomerizations havc-provxdcd .

casy and versatile routes to conbounds not cenveniently

o . -
IS

prepared bv classical mcthods. :

One of the 'nost fundumentnlly 1ntcTcst1ng problens
in the field‘of nechanistic organic photochcmxstry involves

the description of the reaction pathway pursucd by'an

\/ E;



A~

excited state in a photochemical reaction. Solely for

didactic reasons, let us consider excitation of ketone A to v

v

¥
its excited state A*. Reaction to.product could occur in
- Ay

either a concerted or a stepwise fashion through the inter-

mediate I, Figure 3.

il

a

Figure 3. Possiblé'Rgaction Pathwafs for Excited States .

g

hv —\ -

concerted

o™~ A® .

stepwise - - ,

-

. - . -

-

In & concerted reaction bond rupture takes piacc_
simultnneoﬁsly with formation in a process not involvi-g an
intermediate. . Coﬁccrtcd‘rcaéfionﬁ dTe'genernlly stérbo-
specific and arc charactcrizcd by a low cntropy ‘of activation,

A numbcr of thcrmnl renctzons are known which appeur ta
fulfi! both stereochcnica] and thermochenical klnetic criterin,'

for conccit@dncss.14 Perhaps .the mbs;-ubiqultous is the

uninolecular_cyclobutcné-butndiﬁre reaction examined by \\

i



}Vogel,ls C;'iegee,'l6 and mpst recently, Frey.17 ‘Contrary to
! | '

general beliefs, COﬁffjtéﬁ reactions do not necessarily

follow orbtrital symﬁétry considerations, and strong cases have

been ::om-:truc:ted“18 to show that concerted reactiéss may be
"forbidden" according to the Woodward-Hoffmann rules.19
Although a number.of photochemical reactions of

unsaturated ketones would appear to satisfy the tenets of

! .
orbital. symmetry COﬁServation;lg definite evidence is

generally lacking to prove that they are concerted.
’ N ’
Normally, reactions w?ich are observed to proceed sterco-
i . _ .2
‘chemically in agreement with these rules, or show fn

,indiffereﬂae to substituent or solvent effects are classified,
‘however correétly, as being concerted. Epiotis, through a

w vt

series of molecular orbital_eaicdlations,*ﬁas suggested that
most photocyclizations are concerted, in those cascs where
strongly electron withdrawing substituents are present in‘///

the olefin. He concludes, howevcr,-that the Woodward-

n

- . s
Hoffman rules apply to only part of the 242 and 4+2

>eﬁgtions studicd}20 o . N

. N . ! ":. .
For the most part, photochemical reactions have ‘been .
I [ A -

.

déscribcd]in'tcrms of stepwiéc-pathways."For example, the -
well-known Norrish "Type I" and "Type 11" photoreactions

of ketones have been discussed in terns of free radical type

interncdiates.la”ﬁ- Intramolecular photorqguctibﬁ of the

"
-

catbonyl group is genmerally considercd as a diradical

N 9

proccss,la although® Srinivasan and coworkers scen to favour

.
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2

§ 21 . : .
a concerted pathway. Formation of oxetanes via 2+2

addition of ap.olefin and a carbonyl éroup has also been *

-

rationalized ‘through biradical intermediates, 22 powever it

’

appears that these could be preceded by the format1on of a’
23 ‘

charge transfer complex.

o

<

unsaturated keto?;;’??éld rearrangement products upon irrad-

iation which wou seem to result from Teactions character-
istic of electron deficient species,such.as hydrogen and

- . : L . 1 i
alkyl migrations. To explain these apparent carbonium ion

-

processes, two theories have been advanced.

. . . o . .
In 1963, th@pman24‘suggesteduthat excitation of a °

'ketbne resulted in a dipolar (n,m*) excited state. _This

zﬁi&igxionic species was assumed.to undergo rearrangements.

In many cases, it has been OBServed‘thng-coniugated

“typical of carbonium ions.. At‘approximately'the same timc,:

'Chapman's Polar State Concept

. A . ., L K ..‘.

3 e e I3

. - “hY - - 'ﬂh .

_-—-“\y___(): ___;;_ef_’ j:'f::§ (57 | . 1__- D‘F)f

ﬁiﬂé'
Zimmerman?s advnnced a more detailed approach to: thgs -

2

phénomenon It wds proposed that the rearrangemcnts of -

-~

ketones could be accountcﬁ for in four steps as, outlaned

0 2z -

-

bclow. without'going‘into-the detnxls=pf"21nn§rqgn_s‘ o

o
T n
Lo -

-
<
o

N,

-

'-fatfonnrc,'it mqy“bc.pointed-outfthn; the basicudiffétenéps

<
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. .
‘ ° 1t
. . - .
-
1 T -
N 1

in thqsé‘approachés is the chronology of the steps. Nhereas"

Chapman considers a highfy pelarized (n,w*) excited state, o

Zimmerman views polarization occurring after demotion of the

Eﬁciteﬂ §tgﬁe.: Although both can be used to explain photo-
rearrangements, the latter scheme dges ‘succeed - in rational- S s
I v ~ . * . . -

Y. - - R - oL 2

‘- izing the question of the‘sﬁronglx polarized 6 (n.w‘)’gtate

e
3

. _advénced by Chapman. e _ o H

a

-

T . .

.+ _The Zimmerman Apprdach

. . B L8
3 hil - T
.-intersystem crossing 5
o —— 2 2
n-v* {(isc)’ 1 L
excrtation T 2 : .
- ¢ ¢ - '. - 1‘
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~Zimmerman has provided excellent evidence for the

intermediacy of zwitterions in the photorearrangements of
cycloheia-z,S—Qienones,and,bicyc10[3.1.0] hexenones using

techniques such as migratory aptitudes and Zphotochemistry
- +

" ; . 27 .
without light" experiments.™ A study of the migratory
behaviour of substituents in cyclohexenone photoisomeriza-

tions suggest that ground state zwitterions are not involved

. . . . 2
and that rearrangement occurs in a diradical excited state. 8

Despite the comprehensive nature of.his work, he has not
29

3

escaped criticism or opposition.

-

~ There 'is no general method which permits an unam-

: "
biguous assessment of the nature of the excited state and

", f

intermediates in photochemical rearrangements of unsaturated

[

ketones. Those methods developed\by Zimmerman are extremely

'powerful ﬁor specific systems under301ng a spec1f1c Tre-

“

arrangement. The solvent effect approgch has been- used most.

-often but is by no means without difficulties and ambiguatxes.

. T -
-

One apprdach to ovércoming.this problem;would be,to_

"forcc" the. ketone to undergo rearrangements of an.electron .

~

'def1c1ent nature from a (w.ﬂ‘) state and comnnre the nfoducts-
‘bbtaincg with those from d1rect 1rradiation. An analogy to . .
. . - . . . T4

 this idea is theé uelx;known Sensitizdtion techmique Which is

employed to dctermine the mult1p11c1ty of an excited stnte.so

By "sensxtivxng" the ketpne is forced to react. from its *

lowest”’ trxplet state and the products obtaxncd from this

- wr

- -

route’ are COnparcd to those in unsensiti:ed Tuns. With

LEEaPS



13

regards to the present case, it appeared interesting to

determine whether one could induce (m,w*) type rearrange-

r

- ments by exciting the corresponding protonated'ketone.

— A *
FN—0H = |

~
- —

..‘ 2- : . V . "

To get an idea of the potential of this téchnique it

is necessary to examine the formation of the hydroxy cations

and their fate upon excitation.
) ® .

Unsaturated ketones dissolve in super acids such as ’
fluorosulphuric, ﬁﬁosﬁ, to form the corresponding protonated

"ketone, 2, Figure 4.;1 The difference in Ho of the_hrotonated

-

base and FSOSH; ca. 108, will cffccpivelyhcnsure;that the

32

equilibrium lies far to the right. By using light of suit-.

o

able wavelength, irradiation of these splutions can result

-

in cxcitation of only the cation.

-]

’

Figure 4. Protonation of lUnsaturated Kctones:.
. . \ - . “n

FSOSM'

TN=0 - —  TPN\—0H

'ir

~
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It has been pointed out earlier that both n —w* and
Tr—-ﬂ? transitions are possible upon excitation of ketones
in solution. In polar, hydrogen bonding-or acidic solveﬁts
the non-bonding electrons on oxygen becqye-coordinéted toAthe
solvent and hence require more energy to excite.3 In strong
ac;ds such as FSOBH, these electrons enter intq/a bb#ﬂ with
a proton.31 The energy’ﬁecessary to cause a transition of
the n electrons exceeds that'required for the fr eiectrons.

No (n,m*) band is observed in the ultraviolet absorption

- y . ' - . .
spectrun of hydroxy.cations at low energies; instéad one
L

" observes a relatively high intensity, low energy band duc to

w1 transitions°3’34,Figurc 5. The .excited state which

k}

forms as a result will be (w,x*) in nature. Spin conservation

-

laws shguld ensure that the initially reached state be a

e

singlet. Jntcrs?stcm crossing from this state to the §riplet

nanifold could givefise .to the (w,»*) triplet of the
hydroxy catiqn.‘=§ﬁﬁchUent reaction from eithe{J(ﬂuw') state
uould‘bc cxpccicd to. be characteristic of an clectron 2-

defxcxent.spec1cs Figurc 6. - _ \
F1gure 6. Excxted Statcs of a Protonatcd Unsaturatcd kctonc
:1?'\\h__ rfv o 1_ Ifsc: 3
OH — (m.o )t = (m, =)

u——.-
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If the-photoisomgrization of the protonated ketone

‘and the corresponding ketone yield identical products, a
parallel may exist in the nature of the excited stateé
'infolﬁed.and the_mechanisﬁ of the reactions. If ti&s
.parallel is shown’, then one can readily discern how this
approach woﬁld be'of general applicability to assess the
Tole of (n;ﬁ') excited states and ioniclggtermediatés in the
photochemistry of the neutral ketone.

5-5- Is there any evidepce to indicate that Fuch a

comparison may exist? -

L]

(3)' The Photochemistry of Protonated Ketones

Photochemical reactions of stable carbonium ions

'have'only:recently received any seriou51atteﬁtion.35 Th?

1

. 3
interest in this field has no doubt hkeen abett;é\by the

development of "techniques capabléﬁbf observing carbonium ions

under long-lived conditions. Work pioneered by Mécr@ein36

37

_‘and furthered by Olah and Gillespie38 hés made accessible . ,f 

a series of extremely stable carbonium ion systems.

The first example of the photoisomeri:ationi/of R

protonated ketones, was - reported by.Childs.sa. This work gas'

continued by Parringtbnssc and is iﬁportant in that it S t

‘, i ) . T
.appears to define the nature of the photorcactions of some

protdﬁated cyclohcxndienonés in FSOSH, Without compre-
r'hensivciy reviewing this work, it is possible to draw

o

attention to the close parallel between these reactions and -



e

L

those of analogous ketones}//'
It was observed that ifradiation of the protonated
hexamethyl cyclohexa-2,4-dienone, 3H, yielded the-b&cyclic
isomer, 4H, which underwent further photoreaction under
these conditions.~ Of a number of a priori mechanisms, it
was concluded from a study of substituent éffects that the
rearrangement proceede& via initial elosure to the inter-
mediate, which then thermally isomerized to the prudﬁct,

Figure 7. Earlier, Hart hédfsgggested that the corresponding

. ketone reacted from the (s,o*) singlet-in trifluoroethanol

via the zwitterion intermediate/to give the hexamethyl

' : : . "5 7b . .
bicyclo[3.1.0] hexenone, Figure 7. The. comparison is
: \.,_/ ’ i

LS

striking considering the disparate nature of the reactants.”
Interestingly, the photoisomerization of protonated
4,4-dimethy1cyclohexafZ,S-dienone. iﬂ, to protonated 6,6

-dimethyl-bicyclo[3.1.0] hexenone reported Bf-Parrington.and

39

Childs parallels tﬁ?‘ of the neutral ketone, 5, studied by"

29b

Swenton'inﬂ1968. Swenton concluded that ienic inter-

mediates were not involved in the gas phase photorearrange-
ment to the bicyclic ketone. This conclusion contradicted
those proposhls made by Zimmermnnlo and would appear to be

in-direct contrast to the apparent nature of the re;ction'

N o
Py

inoFSOSH.- His deduction was made on the assuoption that,
in the absence of solvation, ionic¢ intefngdiatei would be of
too high energy in the gas phase., The validity 'of this

assunption nmust be questioned in

[ A

“

view of the. results obtained

s
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!

Figure 7. Photoisomerization of a"Dienone and a Protonated
: Dienone I

OH

hv

w

3

3H | |
0 -

3

.Figure 8., Photoisomerization of a Dienone :and a Protonated

oA

Dienone II

~ QH

v

<>
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ﬁy Hoffmann in which he calculafed; using extended Huckel

calculations, that cyclopropanone'is expected to be less

stable than the oxyallyl zwitterion.40

In this. study, Parrington reported two fur'ther

products not observed by Swenton,. It was suggested that the

isomeric phenols shown in Figure 9 arose as a

result of 1,2-methyl shifts in ‘the intermediate generated

photochemically from protonated 6,6-dimethylbicyclo[3.1.0]
hex-3-cn=*2-onc.35C Somewhat related to this,‘Zimmérman had

observed that irradiation of 6,6~diphenylbicyclo[3.1.0]

*

hex-3-en-2-one in buffered acidic dioxane yielded two isomeric

phenols whose ratio was dependent upon’thc apparent pH of the

solvent. Zimmerman concluded that thesc phencls were

formed yia a 1,2-pheny]l migration in the protonated zwitterion
. \ . N
(Figure 9).

There appeared to exist a relétionship\bctwcen the

photorcactions of some unsaturated ketones and their pro-
- ; ,

“tonated analogues, -although in only one casc were (ﬂ,ﬂﬂ‘staxés.-

implicated in the photochemical rcaction of the ketone. If a
. ' ‘ 1y -

study of the photoisomerization of a protonatcd kctdné is to

"l}bc meaningfully applxcd to the qu;§t1on of (qr.a7) chcmxstr)

and 1on4c 1ntcrmcdintcs. the- rclnt1onsh1p, such as those

assembled above, nust be exanined nore systcmatically and in_""

-
“

grcater dctaii.- The remhindcrlof this thesis describes the
results and in lications of such an invcstigatlbh into ihese

questions pcrtaxnzng to the photochcnistrv of thc

cycltohepta-2,4- dxenonc. cucarvone 6.
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Figure 9. Photoisomerization of an Enone and a Protonated
Enone '
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PART 2.
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- 7
THE PHOTOCHEMISTRY OF EUCARVONE :

AND PROTONATED EUCARVONE
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RESULTS AND DISCUSSION

INTRODUCTION

In 1960 Buchi and Burgess reported that i;radiafidn
of eucarvone in 95% ethanol resulted in the formation of two

isomeric ketones, 7 and 3_12

The former was shown to arise
directly from 6 whe;ﬁas 8 resulted-from further reaction of «
7. Separate'irradiﬁtion of either 7 or g'yielded the same

4:1 mixture. In refluxing benzene containing a trace of _ .

para-toluenesulphonic acid, 7 rearranged thermally to 8.

-f\O ’ L :
r o l + I .

95% Ethanolv j : 7\ » | /\ -

O

100

‘ ' ‘ /
The .authors claimed that this acid-catalyzed rcaction

provided the evidence for a cis ring juncture in'z; A
nunber of other tycloheﬁtn-Z;J-dienones are known to photo-
.chemically react in an analogous fashion although details of

"these reactions were not__rcportcd.43

/- 21
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CH30 .

Schustgf furthered the investigation of the 6 to 7

—

reaction and found that it was a somewhat inefficient

- . b . - ) . A Y
_process in benzene (¢ = 0.0025) but that the rate of forma-
tion of 7 incrcas%g with solvent pola'rity..‘N Quenching and .

4
sensitization studies suggested that this reaction occurred’

!

from both a singlet s;éte ﬁpa}Saand_a triplet state- (40%)
of 6. The formation of.zifrom cucarvone gan be reasohab;y

thought of in tefms of a symmetry allowed W2+w2 closure.

wvhich photochemically would occur in a disrotatory fnshiop.lg

Studies by others demonstrated the cbmﬁiexity of |

cucarvone photochemistry. Hurst and Whithan reported that

trfudint{on of 6 in §0V aqueous acetic acid yielded ltwo



The Formation of 7

1

products which were scparated"on,aluminiap45 Formed in

-approximately equal amounts, .they were identiféed as 7 and

the norbornenone 9. These authors speculated .that since 9
S < - - . . .

. .'- . : V : . . - . . ) |". ‘
was obtained only in acidic solvents, its formation could
‘ ’ o ‘ ’ = . S . s
. ] . ‘ P 3 - [4 B . - . * . K
occur via a protonated {w,m*). excited state of 6. Considering
- . . N J ' .

the chemistry of o:har.cycloHcptn-?,#-dicndnqs, ¢his-reagction - 'ﬁ

- kould_appcar unique to 6. Perhaps solvent agidity hnd/or

€

substitucnts were.a.necessary prcrcqutsftc. although no . . -
I3 : R : . .. [ ) ‘
informqy(bn was available, . N ,
b3 '- - .
& R ]
s .
. 0 -
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- The qu%ffﬁon of awirotoqated {ar.m*) state is
) o H oo ) ' P : . .
inferesting'and.further comment is appropriate. At the tiﬁc

s,

of Hurst s and hh1tham 5 work 1t had been establashed that the

>

ba51c1t1es of the cxc1tcd 'states of aromat1c carbonvl compounds

o N - B -]
Y .

weTe: ordens of magnltude greatcp,than that of the

2 -
-

46

.'corrcspondlng ground statcs. As an cxamplq, the pka of

showed,similar enhancemcnts.

~"states could undérgo acid- base rcact:ons not nornallv

ncctthenone is, 1mqreascd bv a factor of 10S h 1;s-cxc1tcd Y
A . ’ '

statc;{fh -Othcrfkctoncs“and relatod ca;bonyl-compounds. T

a7, ft'haa bcen;dcﬁbﬁstrated that

protonat1on and dcprotonat1on could be sufflcxcntly rapxd

processcs that they could’ occur durzng the_average lifetime .

of a=singlct (le scc) oT tr1p1ct (10 6scc) stat'c.“:?n v

°® .

. Accordxngly, it is'a reasonable thcsis mhat cxcxtcd‘
:‘ N .- . '...-\_ .
) _

-

e - - ®

-

PRV -

v - s

mebrtant for thc1r ground 5:3&0 precursors. Dcspxt&imﬁe

’ O
number of photochCn1cal rcactxons whxch appcar to be

q ’ o . N .y b
cataly cd by ;acid, 48,3 the' arca has not been treated with

- » -
1 »

P

’ a

cthe sane degfce of rinour which othcr fxelds of L, )

. B - -
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A

photochemistry have experienced. Two reasonable approaches

v

" have been formulated to explain a frequent}y observed depend-

ence of photochemlcal transformations of enones and dienones

[d

- upon solvent acidity, Figure 10,

Protonation of an-excited singlet or triplet state ///m
has been suggested, as in the eucarvone example, to ngiion—

alize the formation of additional products obtained only in

. : : . \
b ) ) : ’ . B - }
acidic solvents. 'Presumably, proton transfer to an excited

state could affect its lifetime, energy, or electron distri- =
_ P ; _

bution, which in turn could alter its reaction course. The

alternative viewpoint, which enjoys more'suPﬁort‘in the

LIV

. literature, is that protonat1on would occur upow the

-

zwitterionic 1ntermed1atc,_so often proposed in Letonc
photoisomcrizations. It would secem that the'subscqucnt Te-  ©
: e i . -

. i ' ) i . = I.
arrangements of these dipolar species can be modified via
. . ) - .
protonation of thc electron rich oxyg_cn.\4 With regard to :

S L : . f

Figure 10. Excited. State Protonation Verscs Zwitterion ; ¥
Protonatlon o . E .k

- e M7 ‘f]b s - }4+ -
AL AL A A T A A —/74\H

. /

, : > . /

:

the excited -state protonation route, it is jntcrbgting:to

‘quéstidn the relationship between this proposal ‘for éucarvone
oL . ’ ) . . e .‘/’ - '
and the potential rearrangement of the corresponding vro-

-/
/
/

tonated ketone upon excitation. ~
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Subsequept to the work by Hurst and Whitham, another

photoproduct was obtained from eucarvone, in a variety of
: -

solvents, and identified as dehydrocamphor, lgse. As shown

below, the product ratios were observed to vary with the

solvent,

E ~hy -

gé 95% Ethanol, /

glacial_ acetxc

acid; aqueods '
acetlc ac1

......

¢

(10-25%) ‘ _ (10-20%)  (45-79%) (5-12%) (1-20%).

®

_ The gomplexity of eucarvone‘photochemistry was
J . . N h 3 ’ -
recognized by Schuster. He suggested either that one inter-

mediate (ionic or radicqi?] partitioned to Z, 8, 9, and 10,

‘or that several competing processes occurred concurrently,
the rates of which depended upon the nature of the solvont.

Several years Iattr, the situation was somewhat &ciineatqd
S1 '

—_ . <

by Takino and Hart.

" It was reported by tﬁesc'worker;,that'thc.absorption :
-anhnum of 6 was tedéshifted from 303 nm in ethano!l to-SIO’hﬁ 5
in trifluoroethanol and to 318 nm in 'sitica- -gel cyclohcxanc . .
with no apprecinble chango in- intensity When. solutions of |

6 adsorbed on silica- gel in: cvclohexane were irrndiated

complex mixture of products was obtained. 1In addition to

~



27

. those already reported, they discoyered two previously

undetected ketones which were identified as 11 and 12.

\

n 12

Interestingly, under comparable irradiation times in cyclo-

. . [
hexane without 'silica gel, the reaction of 6 was slower and

produccd only 1!; In independent runs it was established

that this new photoproduct ll photoisomerized in silica-gel
-cyclohexane to 10 and 12. Hart concluded'ffom these experi-

N ‘
~ments that 6 rearranged in highly polar solvents via two

‘ routes whichhyieldﬁduonly 7 and 11 as primary products. The -
others observed ﬁc;e considcred to arise from a syPsequcnt
photorcaction of.z or 11, Figure 11; ‘
Itfwnsfnt'thjs stﬁge in the inJcsttgation of c#carvonc
that thé.pf%scnt study of proféhated cucarvone photochemistry
Qas.comﬁdnccd. ‘S;veral‘months later Hart publishcd‘a full
paper in which he eiaborn;cd SH‘ﬁfs.earlicf_rcsult§.sg Since
it was found that ncither'pipc;ylcnc nor fyclohcxa-T,S-dicnc'
appr;ciabiy quenched the formation offz and 11, it was

2
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- Figure ll.. Photoisomerization of Eucarvone in Polar Media
0
70% hb )
— ] — 8
= -—
hY N
0 —— 0 ,
hv
30% , — 10+ 12

r -

suggested that they may arise from the samé excited singlet

available to allow a distinction between these alternatives.

of 6 or from two states close in ‘energy No evidence was

&

In addition, since 11 was not formed in acidic solvents it

was proposed ;hggus{lica-gelrcyclohcxanc or trifluorcethanol

did not act as proton donors and effeca isomerifation';hrough

' ) : - g
the (w,w*) state of the protonated dienone. Instead, Hart k

- ‘advanced that these polar solven;s'invertgd the relative

’

: energies of the (n,n‘) and (ﬁ.u‘) excited states.

Mechanistically the formation of 11 from 6 was

vieuedsz as a'stepiisc'process involving, perhaps, several . _33&
:witterionic internediates. A concerted ¢2a+fr2a pathway

.was di;favoured in lfght of the solvént-effcct;sz : ) :



However, it was not possible to maké a choite.among the
. \ . )

a

threc pathways shown _above.

:The_objeétive of the work describcd“in this'thesis
was to examine theqphotoisomcriiation of pro£onhted cucarvone
with the intention of ‘assessing the role of (") excited

statcs and nossxblc ionic intermecdiates 1mp11catcd in thc

-

complex photochcmxstrv of the necutral kctonp. Since

protonated eucarvone perforce would reacy from a (4v,*) stntc,

such a study could definitely elucidate thc natur¢ of thc

—-

cxcited states leading . to 7, 11, and 9.

’
L

To discuss properly the'implications of this
investigation, it was found necessary to re-cxamine scveral

aspects of neutral eucarvone photochenistry and -to establish

‘ 1




the nature of the intermediates involved in the (1,fyY*) Toute i

of both ketone and protonated ketone. Subsequent sections
of this thesis deal wkth these studies. .

L3
- ;
“ ’ l
. .
. : N
o o '
; _ .
- -:{;3, -
) : !
e k]
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{2) PHQTOISOMERIZATION OF PROTONATED EUCARVONE
"y

(1) The Protonation of Eucarvone

 Addition of 6 to FSO.H at -78° resulted in a deep
. 3
yellow solutien whose spectroscopic properties were indic-

ative of the formation of the corresponding protonated ketone

6H.

A comparison ‘of the pmr spectra in €CI, and F503H at

4
+37° revealed that the protons in 6H were shifted to lower : § 

field, Table 1. fhis deshielding effect which is most pro-
nounced for the viny! hydrogens indicates substantial
positive charge upon’ the dienyl moiety and is fully consist-
ent with the delocalized hydroxy dienylic nature shown in

Fikure 12.. -~ o

T
A

'

\ . ‘ . : a
TABLE 1. Pmr Spectra of Eucarvome and Protonated Eucarvone—

[+

- C2- Co- b
.Compd H3 .-Hd . HS H7_ Methyl Methyls Coupling Coastantf .
] 3.64 4.32 4.10 7.47 8.16 8.97 J3'4-8;0.w£5'§f11.3
| ! | = . "’r” ‘ = g -
\Qﬂ - 2.14. 3.50 3.13 6.67 --?.78 ) 8772 ,33’4 3-41@34'5 11.5
A 1

1]

HAl00 sﬁcctra-uﬁingfintbrnal THS(fl0.0U) for 6 and CH2C12(74.70)
for 6H as standard rgfercnccs. - i

0.3 W, R | o L ‘}

-2
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Figure 12, he Protonation of Eucarvone

FSOSH, -78

b 4

0 X

G Quench, 0°

The proton bonded to C4 experiences the greatest de-

A

shielding suggesting that this carbon atom bears the largest
fraction of positive charge. We can get an idea of the

charge deénsity at Cq through a consideration of the 13¢ amr

53
/

spectrum, Table 2, of 6H. The rclationship between charge’

density and carbon shift has been evaluated at ca. 160 bpm

per unit charge. >4 Ssince C, is dcshieldcd by 32.6 ppm53 it

can bc estimated that 0.20 posxtzve charge rc51dcs on th1§

atom, Cs echr1cnccs a. somcwhat smallcr cffcct (19.5 ppmﬂ

correSponding(to 0.12. The remainder of thc charge must be
13 ~

on oxygen as the C shifts of C1 Cz, :md-c4 remain

csscntlall) unchangpd upon protonation.

—

Thc nature of thc chnrge dclocall*atxon 15 in

(

completc agreement with that of similar protonntcd %}enoncs

which have been studicd-.31 55 The major resonance contribu-

tors to 6l are shown below. It has been suggcsted thc b11s
W —

in the chur&c d1etribut10n aight dcrzvc fron. a prcfcrcncc of

. 53

the countcrixon. FSO

3 for the~C3,position.
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33

13

TABLE‘Z. C Protonation Shifts for Eucarvone
‘Position 3¢ shifts (ppm)®’® |
1 7.1
2 - 4.2
3 32.6 .
4 3.9 |
5 19.5
6 1.5
7 - 4.6 :
R 8 > 2.2 " {.A;‘/:‘"
9,10 - 3.3 -
. i
: "
: oa PpPB

Results. taken.from reference 53, negatiy’
-sign indicates upfield shifrt. '

r | . | | - 7

1
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ca. 10 is-unprotonated in this acid. . _ - y

Resonance Contributors to the-Structure of 6H

OH o—o OH — @w

Once important aspect of the pmr spectra of 6 and 6!l

is the similarity in olefinic pattern and vinylic coupling . o !
. : | 5. '

constants. This emphasizes the fact that protonation occurs

upon oxvgen and not upon the diene fragment of the molecule.

”~

The pXa of protonated euc%rvbne‘hés been determined as

»

H,

-4.9 in the HO scalc.56 /Eonsidcring the acidity of FSO

3
Ho = —15,57 it.can be¢ readily scen that only one molecule in

10

A conmparison of the ultraviolet absorption spectra

-

of 6 and éﬂ provides further sdpport for the ibnqunpture of

protonated cucarvone, Taﬁic 3. A shift of this ngnitude_for , .

e W > . ' ... 31a,58 |

the T—w* band is consonant wiith O-protonation. .
B ! ~ . .

P Neutralization of the acid solution containing 6l

with aqueous sodium bicarbonate at 0° recovered 6 unchanged”
in quantitative yield. In FSO.M, 6H was stable at +23° for

at least 24 hours but at temperaturcs exceeding +60° -

rearrangement. and decomposition took place.
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TABLE 3. Ultraviolet Spectra of 6 and 6HZ

Compd - uv max (nm) log€
6 2 303 3.93
. ) _
6H & 400 3.63

2 4t 23° .2 in methanol £ in 96% H,SO,

2 2

‘ : -1
its spcctra} properties. Table 4, Vc_o = 1665 cg , to

.by the procedure of Hnrt.

(ii) The Irradiation of Protonated Eucarvone

Solutions ofAGH in FSO 5t contained in clear-walled

nor tubes were irradiated at temperatures below -75° with

)

light of A)S?O nm. After two hours all 6H had reacted and

the pmr spectrum of the resultant acid solution suggcsted a_-~

mixture ‘of products Low tempcraturc ncutralization ylelded

o

an oil which glpc analysis indicated that xt ccntaxncd three

products in the ratio of 1:4:15. All photoproducts were

ey

collected by preparative glpc_qs~oxls.

The mwjor productfdhs“shown to.be 11 by comparing
* ) L]

59

51 and 7abza for 11.- Thi; product

thosa rcportcd by Hnrt

was ident1ca1 in nll rcspects to authentic material obtaxned
51, 52~

o
The 20\ product had a noleculnr ion ln tho nass

spectrun at /e =150 oand a strong absorption in the ir at




1

B

3600 cm-l but no carbonyl band. The pmr spectrum, Table 4,

suggested this prbduct ﬁas'2-methy1—S-isbpropylphenol,rli.

T oW

N, . 13
Comparison of these spectral prbﬁerties with those of
authentic carvacrol, 13, confirmed the assignment. Both had

identical ir and pmr spectra and identical, glpc retention

times.

-

The th1rd photoproduct uhxch was formcd couszstcntly

o

in. very minor nmouﬁts,ngg. 5%, was shown by combustion and
spectral data to bé the bicyclb[3.2.0]hépten6n¢jli.

Compound 14 was isomeric with g (m/e = 150, Y C = 79.98,
l'.

Y - R _
A H = 9.44) and displayed an ir §pcctrgh,'vc=0 = 1715 c¢cno-
CH _OH

and uv spectrun, A mai 2 236mmloge = 3.75 u;hich suggested
a cycioPentcnon9¢50’6l ‘The vinyl region of the par spectrum,

-

Table 4, consisted of two, one proton multiplets "alsost
identical in pattern and chemical shift to that reported by’

Paqucttc60 for the paront bicvclo[3.-.0]hcpt 3-en-2-one, 15.

Therhigh rckion was cduallv . inforaztive. Three sharp

singlcts cach correSponding to three hydrogens were assigned

to the threc onethyl g:oups. The one proton nultiplet,
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o

Jd;s = 3.0 ﬂz,dwas assignedftq the C. h;idgchpéd pgS%tion;
and the two proton broad Singlet at T 8.30 to “the Cf
‘methylene ‘group. e ;

Each of 11, 13, and 13. could, be‘reprotbﬁated in

.

HFSQSH at -78° to form the correspond1ng hydroxy cations -

114, 13H, .and 14H -as- shown -in Figure 13 Thc pmr spectrum

L 4

is consxstent thh Q- protonag1on and ‘a - deldcali cd

of 1

—

pos1t1ve ch}rgc Protonatxon of 13 0CCuTS upon the para’

position of the ring to glvc the hvdroxy d1enylic cation.

Similar rcsults werc obtaincd for -.5 dxncthvlphchol 35¢

. The extrencly dcshieldcd V\nyls of 14H are charnctcrxstic
' 31c '

.of protonnted cvclopentenones reported by Olah and -
: Ch:lds 6'-t3t -30 thcsc cafions=werc stnBLe to(;carrnngencnt
nnd deco@position fér nt least one hour. PR

-

a

'f/,. The photoiﬂoneri'ntion of protonated eucarvone could

be sunuari:ed as in Figure 13, By using 3etrape}hylanaonlun .
. ;»& H'_.? 'fi . :_ : o ,1_ ‘

. | N L ' i . : o

» v "o L oen )
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chlqoride as internal standard in the acid solutions it was

observed that only ca. 5% material loss occurred during

irradiation. Careful neutralization could recover the

products in high yield (90%).

The tatio of 11H to 13H did not change during the

course of thesé irradiations and prolonged photolysis of the

product mixture did not result in
of additional products. Hdwever,
11H demonstrated that it could be

thermally (tl 16 min at -15°) or

decomposition or formation
independent experiments on
. :

isomerized to 13H either

photochemically by

1rrad1at1on through a pyrex filter, AD280 nm. At this time

it must be empha51zed that under those cond1t10ns used for

isomerization of 6H, 11H was stable to rearrangement. In

addition, any product formed which ¢omprised less than®5% of

the final mixture normally would not be detected in these

latter experiments as all analyses were performed by pmr

spectroscopy.

The results shown in Fxgure 13 would strongly

indicnte that photo1somerizat1on of protonatcd eucarvone,

b=

contrast to that of neutral eucarvone, does not producc 7

or any cation corrosponding to it.

To reinforcejthis point,

it was absolutely necessary to investigate the thermal

stability of 7 (and 8,79, 10, 12)

in FSOH under the

irrndintion'conditiqns; In addition.it was imperative to

-

establish whether 14H was a primary photoproduct of 6H or =

in

-
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thermal product of 7 - 12.

(iji) Thermal Stability of 7, 8, 9, 10, and 12 in FSO3H

~The ketones.needed for this study were obtained from
the irradiation~of eucarvone awcording to the proéedures of
Hart52 dand Hurst and,Hhitham4S. }deptification of these
\\fompoundé was made on the basis of their pmr (Table 5) and
ir (experimental section) spgcnra in comparison to those
préviously reported. All compouqu_used wéne.greater than
95% pure (glpc analysfg). i
 Protonation of 7 at -120° in SO,CIF : FSOH
(2:1 Y/v) gave a pale yellow solution whose pmr spectrum,
Table 5, at -85° was identical tv that obtained via proton-
ation of 8 under analogous conditions. At -60° 8H-remained
unchanged for an hour but at temperatures greater than _45°
ra#ia ;;opéri:atign took place to what appéarcﬁzto be a
L I R A 9
< N | '-—"';'f" | = |

7~

CgH

I~
joo

-45° | x = 2.5x1077 sec”?

-

| : . Products S -

7~ 7N
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mixture of cations. The pér signals of this mixture were
qulte distinct and were def1n1te1y not observed upon ir-
radiation of 6H. Neutralizatior. at -45° gave an oil, wh1ch

~ glpc analysis showed. that it consisted of three volatile
compounds in the ratio of 1'1'8. The -glpc retention times

of these products were dissimilar to those of 11, l}; and 14
under identical conditions. Ident1f1cat1on of these compounds
was not pursued fyrther. "It was clear that 7H or 8H were not

produced from 6H.

Dehydrocamphoy, 10, dissolved in F503H at -78° to -

give 10H. Neither heating (1 hr, -25°)'hon jrradiating

(6 hr, A>280 nm) solutions of 10H caused any:.c‘han'ge in the ‘3{{
poT spectrum. Quenching this solution recovered 10 in high
yield. : } o

-~

[ ]

. f:. 3&)*4 '.

A

0 -~ 10

——

: - . -\
The cyclobutanene,: 12, readily dissolvcd in‘FSO H or

SOZCIF:F503H (2:1) at'-78° to give 12H which: rcnrrnngcd
v i
at -55°, k -'7:10'4sec‘1. to one product whose pnT spectrum

was cons1stcnt with the protonated cyclohepta-2,4-dienone

16H. This ncid solution was quenched to give an oil whose
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. CH ,OH
ir¥__, = 1665 cm™ and uv,A_ = = 310 nm, loge= 3.7,

suggested a'cyclphepta-z,d-dienone. Further support for
this mode of reaction was provided by the observation that
the pareﬂt cation,lgirearranged in FSOSH:502C1F at -75°

to give, exclusively, protonated cyclohepta—2,4-dienone.63

ANOH | COH 0

<12

—

-

of paramdunf importance was the observation that SH
quantitatively isomerized to 14H in FSO.H at -55°

(tL = 10-15 min). The identity of 14H was sccured beyond all
3 . _ _ — |

reasonable doubt by comparing the spectral properties of

this prodﬁct with those of 14H (and 14) obtained from 6H.

Since it appeared that gﬂ,and’nbt 144 tould be the primary
photopfoduct of 6H, snall quantities.(s-; ng) of 6 were

irradiated in‘FSOSH at :; -7%° for 15 minutes. _The resultant
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FSOSH ~ Quench
~
———— +| —————— l
~55° | -45°

9H © 14H 14

solutions were quenched extremely carefully at --65° and
analyzed by glpc It was observed that the oil consisted of
9 (1.5%), 14 (0 $%), 6 (50%), 11 (40%) and 13 ( .8%) on the

basis of retention times. To be certa1n of 9, small quant1t-

ies of authent1c material were added to this mixture.

<

Subsequent analysis revealed an increase in the relat1ve
gmount of 9, and in addition the:glpg peak corre§gond}ng to-
this product remained uniform-under_coﬁditions which doubiled
its rete;tiéﬁ time. .Nﬁen these s%nli scate irradiations
were repcatéd but allowed to warm up to -4S°_f6rh53.‘15
minutés'beforc quendhiﬁg, glpc analysis showed 9 {<0.5%),. .
14 (2%), 6 (50%). 11 (40%), 13 (8%).

In summary, it can be uncquxvocallv stated thnt only

-

11, 13, and 9 are the primary pho oproducts of protonated

eucarvone, F1gure 14. - ' : s



45

HO

059-

:nomu

.

-

suoAlBong peieucioxd jo sionpoxdoloyd muueﬁum ‘y1 eanByy



e8! | ’ .

. —

A

6 " . -
< paA1asqo 30U 4 .58~ 3P w oSZ- le :womu ca‘u | 0 0L~ p .66~ It 5 il £°0 qQ
asTMIDYl0 pPIBIS S553TUN :momu"mﬁuNow Uy sSuojiIe|d .Hmzhv qﬂuu.hK\Mocouox..uE 00t 3V ,
.Y _
s =Y %r oug‘oLBreze m.o.: - - v8'gf  ¥v'v - g o'y SHel
0-81 = /4 fr .
L1 pes Bz L Lo , -
'L = r ‘s*'s = r 88°8°98°8°SL"8 V6" 9 - - 89"V Ly'y - 26°L z1
§'9 = r egf - . — oy ’ . . — _ —
o $8°8°S5,°8°29°8 _ Wy Ttz TR 889 | - HOT
voor = /& Ep ) ) .. ,
‘ ‘ ’ ‘ , 064 —_
gog =985 g =5 orve‘vore've's - 27°8 - - o1
. [} . ¥ - . » —
A A S A0 g s g v6°8°€8°8°09°8 - - 0g ¢ 0£°€ - czm
s'c = £ % or1'6't6'8‘s8s - z9°¢  29'¢ - G
qu ,. . .. - Nﬂ.h/ . —
0°zZ = -~ °f 88°8°89°8°¢0"8 €0 ¥ - . €L°9 - L€°9 - S8°S 1F]
‘ - 5
c'g I ) : 0L _
0°91 = ¢+ °r 90°6'28°8°81°8 1 G - LTL = 0£ "8 - £€0°L -8
0°L1 = ,§°¢ , ‘ . .
. SRR , 0Z"¢L
g - L9 € — 9°§ . gt . . . . 0 . iy
87 = r ‘o°t = Iy BO'6°Z6°8°08 "8 v6'€ 89°¢ €y L - 0g°8 - - -
s3u3suo)y 3ufrdnoy STAYION gt 41 2t Yy i " Ty pduop

3

* v

L SuU0L3IeD 3utpuodsaiao) 110y3 pue sionpoadojoyy ouoarroniy Jo e1id0ds 1uy ‘¢ q1dvi



s

47

(3) A RE-EXAMINATION OF EUCARVONE PHOTOCHEMISTRY

(i) Solvent Effects Upon Product Distributibn

The results of the previous section in comparison to
earlier studies of eucarvoné photochemistry suggested a
parallel between the'photoisomerizations of protonated
eucarvone and the neutral ketone. The major rroduct result-
ing from a (w,w*) state of 6H was shown to be identical to

the éfhduct'which was suggested by Hart to have arisen from

a (m ) state of 6.°07°% 1In addition, both 6H and 6

yielded minor amounts of the compound 9, originally assumed

45

by Hurst and Whitham to have been produced from a proton-

~

ated (w,q*) state of the ketone. However, it seemed

puzzlfpg, in ﬁiew'of the formation of"11H from 6H, that no
Y. : . ‘ —— oo )
11 was obtained from 6 in solvents suchpas acidic dioxane

where proton transfer would certainly be important. At this

stage, it was felt that a‘neaningful discussion of these‘

result%}could.bc made only if a thorough knowledge of the

products in aqueous acid was obtained.

Table 6 lists the results of, 3 comprehensive study
of solvent effects on product distribution. Recactions were
carried out to < 5% completion to dininize the forpation ff

the s@é%qdary products. Independent runs in nethanol and

aqueous acetic acid showed that irradiatioen of 7 ylelded 8

‘ o . : 52
and 11 yielded 10 and 12 as was previously reported.

> A
where small amounts of these products werq produced

>




3] v

TABLE 6. Solvent Effects on'Product Distributiona

Solv Relative Percent
. 7n ]
Ether ' : | 99 -1 n.d. b
Methylene chloride - . 94 6 n.d.
Metﬁanol ‘ - 81 _ i9 n.d.
‘k/‘ 90% Methanoll - 10% H,0 78 22 n.d.,,i' |
80% Methanol - ZQ% H20 i 77 23 n.d. i
70% Methanol - 30% H,0 72 28 n.d.
953 Acetic Acid>- 1% H,0 T 76 22 2 \
75% Acetic Acid - 25% H,0 69 24 7 *
60% Acetic Acid - 40% H,0 63 . 28 9
96% Dioxane - 4% 1.8N H,SO, 715 6 23
Silica gel ;.' Cyé_lbhexanec 3 70" 30 trace .
Trifluoroethanol® ’ 66 3'4| n.d.
— -
a

all irradiations at 350 no through pyrex

b not deteétcd (( 0.5%)

€ L IS,
Hart's results, referenceé 52.

!\



49

they are included in th; relative percentage of 7 and-l1.
Glpc analyses were cenducted only when the yield of rTecovered
6 and prodicts was essentially quantitative,;BQS%.fjfhe
numbers re?grted in Table 6 ;re the relative percent of
products and were generally reproducible to 1%,

There are a number of important observations from

-

this study which must be peinted ::f.

(1) The formation of 9 occurred ly in acidic solvents.

(2} The formation of 11 occurred in all solvents studied,
including acidic and relatively non-polar ones. The

results of Table 6 qualitatively indicate a gradual increase
in the relative, amount of 11 with solvent polédrity. To

obtain a.somewhat more quantitatige idea of this observation,

—

a plot of Y verses percent 1l was drawn, Figure lg}"%he

. -
graph shows a straight line correlation betweed. .the amount
' 64

o

of 11 and-an established measure of solvent palarity.

(3) The results obtained in strongly polar, hydrogen bonding

) g 52
solvents were identical to those reported by Hart." (See

-

. . v 1
Table 6 for Hart's re;plts.) |

- In preparative scale runs additional minor_p?oddcts
(10%) u;re obtaineq‘aff;r prolonged photolysi; of eucarvone
and the reaction produét mixture.  For ciauple, after 53..
50% fenction of i, three kgtones Vc_o n 1780, 1700, and

1 P

1675 o:t:.'1 and a phenolvc'_(o = 3600 cm =~ (<€1%) u[e:"e isolated

by glﬁc. The ir spectrum of the latter conpound was identical,

y

bt
*
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to that of carvacrol, 13. (

41
L

13

. . . . ’ ‘ &
The results of Table 6, albeit important, do not

’ ' ”‘ . e - . .
provide any evidence concerning possible relationships

betweéen the photoproducts in acidic media.- For instance, it

i
i

could not‘bcmestablishcd whethcr 9 originaxed independently

of 11 or: 7 or uhcthcr its forna¢1on had a direct relation-

"ship to either of {hcsc prlnarv products. To morc systen-
t

atxcallv probe the: cffcct of solvept ac1d1tv upor the photo-

.1somcri-ation of cucarvonc produqt studxcs wcrckgg ' in a

series of buffcrcd colbtxons ofic nstant polarity.

- . ‘ . - . B -
. .
»
I . -~
'

(ii) Photoisémcrizatﬁbn of Eucartivone in Buffered Solvents .-

-

< Ll

These ‘buffer solutions wgre prcparcd by diluting

s o . -

f30.0\ml of stand1rd aqucous pho phatc guffcrsfyxth 70,0 nl o‘

-

‘methanoT nccordlng to &»procedxrc analogous to that reported

by Zimﬁgrmnnafl_‘Thc pﬂ rgpgrtcd'bc}os. and Iatcr in Table 7,
i#aa }cc;rdqﬁ‘nftééidiip;ion. Explo;atdrv 5rradintxons of 6
in solutions of pH’ 155 ksvc, ;n addition to thosc products )
obtaxncd 1n 60. ucetzc JZxd a new photonroduct which

-
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time.

52

Al

consistently comprised 20-25% of the product mixture. It

was collected 6} preparative gipc as a clear, colourless oil
and assigned the's;ructure,lllon spectral, analytical, and
chemical evidence. The structure of this photoproduct is

sufficiently significant to rate detailed attention at this

’

4

ﬁ'f\V.‘ ‘ N S ~
70% Neon, pn.1.6 ‘

350 nm ‘ ] | \OCHa

* 4
1~
4_/
=
-+
o

.

.
. o . . h .
- . T N . .
1 v -
- .

(a) Identification of the New PhbtoPrdﬂuct

. ! ‘ ) .. \ 7 + .
The mass spectrum ( /e = 8’) and elemental analysis

( % C = 72 28 L. H = 9.81), indicative of xhe formula

- C H 0 suggestcd an add1t10n of methanol to' the elements

117°18°2°

rQf eucarvone. Its uv spectrum was featurgless ‘above 220 nm

and the ir spectrum displavcd a broad intense band between
3550 cm -1 and 3150 cmr1 hut no carbonyl absorption. " Taken
together, the data suggests a bicvclic ncthoxv nlcohol

" The poaT spectrum wns fully consistcnt with the

o

.assigned structure. . Four sharp singlets, each thrcc protons,

=
‘ [ -

H
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implied methyls. Those at 7 6.87 and 78.26 are character;
istic of a methoxy group and vinyl methyl respectively. The
two high field-singiets were assigned to the aliphatic gem-
dimethyls on Cé. One vinylic hydrogen aﬁ T 4.43 waé shown

by decoupling exper;ments to be goupled to the Cz.methyl:\\

J =

1.7 Hz. The C, allyl proton was a broad singlet at

.17 whlch was shown to be coupled to the vinyl hydrogen,

i Hz, but not to thc_br1dgehead, Csproton, at ¥ 7 Ql
< 0.5 Hz. The remainder éf tthSpectrum consisted of the
hydroxv profon as a 51ng1et at T 6.80 and thc gem1na1-f
hydrogens as an AB quartet T 8.08 and‘rs 33 J = 12.0 Hz.
One reasonable explanation for the d1fference in
chemical shift of the C6 methyls can be formula£ed through- a
 cons1derat1on of shielding effects of.the double bond. An
inspection of a molecular model of 17 revealed’ that one
methyl was positioned closely above the ﬂ-electron c]oud ;f
the olefinic bond!l Thistgroup; which wqulé expcrrence a
“shiclding influéncc}ﬁs was assigncd to %hc higher ficld
51nglct at'tg 17. Quite slmllar effects have been rcportcd
for the gcmlnal methyls of thetx plnenc svstcn IS 65 The
shlclded methyl. group in this case 1is locatcd at 9. 15 clo;c
,to the correspondlng onc in 17. Remarkablv enough, the other
methyl of this E__ drmethvl gfgﬁﬁxxnck-pxnenc has exactly
" the same chemical sh:ft as 1ts analoguc in 17. o

£y

The stctéoéhcmistry of the C, mcghoxy group- has
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been 3551gnedkas syn to the hydroxy group at C1 based upon

the small value, £0.5 Hz, of the vicingl Jhtﬁ;ling

constant. According to the Karplus rule, this value

corresponds roughly to an angléaof 90° between the C4H and

C5H bonds.66 'Inspectibn of a model of 17 would place this

angle'af 100 t5“".“If‘th methoxy group were anti to the
hydroxy group, the modgl revealed that"thé‘vicingl angle

3 - .
would be ca. - 0° and correspondingly,-a non-zero coupling

constant would be. predlcted Some idea of the magnitude of

this coupling constant can be obtaxned from thc study of- the'
!

pmr spectra of the b1cyclo[3 2 O]hept -6-en-2-ols 19a and

19b reported by Whitham in 1967. 67 In 19a ‘the CIH C2H

"-angle, as *in the ‘case of 17, is ca. 90° -100 and it -was _\\ —
reported that "no appurcnt coup11ng" occurrcd between the

C, and C protonst On the other hand when thzs aﬁglc is-

1
‘hccgfnscd.to about 0° al in 19b, ‘the Clﬂ—C,H coupling



pconstant was reported to be 9.4 Hz. Quite similar results

were obtained for the re{ated bicyclo[%}i2.0]heptenone system

and some simple derivatives.68’69

19a 19b 17

—————

-Strong supportive evidence for the spectral assign-
ment of 17 and its ‘relationship to 9 was provided by the

reaction of 17 in acid. Solutlon of 17 in SO CIF FSO ., H

(2:1) .at -110° followed by examination by pnmr four minutes R
later at -75° shawed that 17 hﬁd éompletely reacted to giVe

only 9” plus protonated méthanol. The identity of 9if was

sccured by‘comparxng its pmr spectrum to that of authentic 8H and
obsecrving its known rearrangement to liﬂ at -55{, Figure 16.
Protonated methanol was obseerd as a three .protpn singlet

at T4.20. This is close to the value found for methanol in

K 4

' 70
FSOH at -55“,'74.32,nnd reasonably near to. the reported

chemical shfft of the methyl group in‘Fsosﬂ-SbFS;SO, at

-60°, T = 4.70, Simjiarly, when 17 was refluxed in pH 0.7
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Figure«l@l Thermal Isomerization of Photoproduct 17 in\ﬁcid

»

L - OH
oty y

‘&-‘
~J

) — + Ay DL
| CHy0H;
20 aH ‘

——— Eearters

o ¥

v -
buffer solution for 45 minutes it was converted to 9.

" The reaction of 17 to 9 can be viekcd'a;,occurring
via profonatlon on oxygen of the methoxy grgup, elimination
of methanol to g1ve the 1ntermedlate 20, followed by a
Vl,‘-alkvl shift as shown above<}‘Thcre exists ample pre-
cedent for—this mechanism and¥the invocation of the cationic
“"“:in%efaedia%c;lﬂ‘%_Eor example, Winstein and coworkers have

obecrvcd the direct 1somer1zat10n of the .
blcvclo[3._.0]heptadlenv1 cations 21 to the 7- norbornad1cnv1
systems, 22, by pmr'at low tcmpcratures.71The reaction of'
the proposed 1ntermedlatc 20 would bé expected to occur’ at
a raFc comparably rapid relative to thosc s%ownafo 21, In
o, .qtfbili'ation of the positive chargc could-be
accomp11shcd -not onlv‘v1a a.homoallv11c.intcraction as in

Jbut also by plncxng thc chargc on a carbon adjacent’ to a

‘ ‘ 72,73 .
hydroxy function. . Rcactlon of ;1 to 9 in weaker acid
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syétgms is quite analogous to the solvolysis of the
para-tolJcneéulphonate defivatives of lggfand 19b to the {
corresponding bicyﬁloiZ.2.1]hept-2—en—7-acetate5.67 The
relationship of 17 to 2 quite stréngly suggests that the
former is produced in the irradiations of 6 via a nucleo-

philic capture by methanol of an intermediate leading to 9.

~ This intermediate may structurally be very similar to 20.

‘

SOZCIF:FSOSH A
B —~ 1+ —

. -100° W

R OH R

: 4
Y _ .
. . 71 d
Rate of Isometrization of 21 , )
\ R. - Temp (°C) - Kk (sec-l)
| ' .2 o
H | ' .120° k= 1x10
o, o Sos® - k = 2.0x107
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In control experiments it was shown that 17 did not

‘{

arise from 7, 9, or 11 under the 1rrad1at10n cond1t10n9

Compound 9 was thermally and photochem1cally stable;

compound 7 gave 8 %ither,by'irradiat1ng or heatlng solutions

of 7. No decomposition or thermal isomerization of eucarvone

could be detected by pmr spectroscopy upen heating solutions

(pH 1.62) of 6 for 22 hr at +60°.

(b) Effects of Solvent Acidity on Product"Dis;rihuEAOn T

One percent solutions of 6 in the methanolic
. |
buffers were irradiated at 350 nm in a merry-go-round

apparatus to insure equal exposure to all samplcs. The ' . S
p:oducts and unreacted 6 were recovercd'u1>96a vield and

: > ’ - ¢
analyzed by glpc. Using chlorobenzene as internal standard -

it was’determ%ncd'that no products cécnﬁ%d detection. Table
7 lists the product d1stribution-asﬂa“funCtioh~of the
apparent pH. These reﬁults indicate that the’, format1on of
9 and 17 occurs only in relatively ac1d1c solut1ons at the’
exclusive expense of photoproduct 7. Neithér the rate of
disappearance of‘6 nor‘tﬁc"rate of formation of 11 was

_ : R
affected by acidity within thc 11m1ts of dctcct1on, -2%.

N

L
El

1 is 1ndopendent of thoqe

qutc clcarlv the formapion of

pathwavs leadlng to. 7, —g; and 17.
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£
o

TABLE 7. Product Distribution as a Function of Solvent,
Acidity
i a
pH Recovery Conversion Product Ratios
: v P s o w
6.16 98 ) 9.5 73 n.d.© 27 n.d
3.34 98 8.5 70 0.5 29 0.5
1.62 100 8.5 ‘53 18
0.7 97 . 8.5 ., 45 . 23
N, d 96 - 72 n.d.®

a .
y expressed as relative percent

total peréent includes photop;oducts of 7 and 11

€ <«0.5%

¢ 70%'CH30H -30% HZO as solvent

. €
'~ not detected

™
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{4) QUENCHING STUDIES

A number of eiperiments were p;rformed using
cyclohexa-1,3-diene and piperylene as quenchers in acidic
solvents to obtain some information concerning the multi-
plicity of the excited state of 6 involved in the production
(of 9 and 17. The Tesults™are shown in Tables 8, 9, and 10
and Figure 17."Their significance is discussed iIn the

‘next sectionl
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TABLE 8.. Quenching Results in 96% dioxane-4% water’

-t

[Q]m1." % b
0 7 1.00
0.0025° - . 1.13
0.005S ' | 114 E
0.0094 , 1.30
0.0175 | 1.33
0.0294 : 1.39
0.055 S . 1.52 3

3 using cyclohexa-1,3-diene, at 350 nm
b measured after 2% reaction
c LY

ratio of 7 to internal{cycloheptanone measuféd by
glpc analysis - 2%, : :

G

~— *_ﬁ\ i
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TABLE 9. Effects of 0.05 M piperylene on Product Ratios®

[ Q ] tn.l."1 % reactionb % recovery Relative é\E\\

9+ 17 7 11
/ =]
0 - 11 , 96 18.4 48.3 33.3
0.05 29 _ 19.5 45.3 35.2
a . ) o :
in pH 1.6, at 350 mm.
>
by 6 relative to products
c

T2y
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TABLE 10. Effects of Cycloﬁexa-l,Swdiene in Acidic
Dioxane?

{ Q] m.1.7! Relative.$ °*°€
' 92 1
0 25.8 74.2
0.0065 26.5 75.5
0.0082 - 26.2 73.8
0:0113 | o 24.0 ©76.0 .-
0.0298 24.0 76.0
0.0537 26.0 - 74.0

a

. - % . A . ’
96% H2504 "4 1.8N stod at 350 no

b glpc analysis T2, 9 and 7 comprised 95% of the
product'mixture,_S% was 11 .
© % rchﬁcry'i; each case was 80-85%. LA ' i
- - : | .-,- -r—-—
f- . -
'.L-. k)
-8
5 .

,\
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e ‘
(5) DISCUSSION: THE RELATIONSHIP BETWEEN THE PHOTOISOMER-
IZATION OF EUCARVONE AND PROTONATED EUCARYONE

The Qesu!ts of the previous sections have demonstrated
that one can obtain identical products by irradiating a
ketone in polar,; acidic solvents or the corresponding pro-
tonated ketones 1in PSOQH. There can be only two a prior:
reasopable and chemically rational explanations for this

observation. On, the one hand it might be considered that

the reactant in each case is the same. Alternatifely. the

reactive excited states and/or intermediates bear a close

"y

relationship. : ot

If we examine the natiyre of eucarvone in aqueous

7

methanol or acet1c a01d verses fluorosulphurlc ac1d little

support for the first proposal can be gained. Both the uv
-~

and pmr spectra in these solvents indicate that in one case

P

‘thé ketone i3 being 1rrad1ated and in the other onlv the
.protonated_ ketonc is the-reactive spccxes. Upon exc1tation

of 6 an excited state is reached which reacts to give 11.

. 5
This-stnte must be of a similar naturc as that derived fron

protonated eucarvone. ) x
P

It was or1g1nallv suggestcd by Hart that the forma--

tion of 11 from 6 most rcasonablv occurrcd from a ' (er. ")

sthte whose encrgv was sufficiently lowered bv polar ncd:a

to permit signif1cant popu&ation upon excitation of 6.

’

Considering the red shift of the (ghff] absorption band of

’ +

. T

A - -

oo -

4 u
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eucarvone 1n silica-gel=cyclohexane, this wqyﬂd appear to be
'a reasonable assert1on. There exists abundant evidence in
the form of spectroscopic studies on: analogous ketones

<j whlch suggests an energy: lowerlng of the (qr,7t*) excited

states under these condltlons of solvent polar1tv,74As‘we11,
- . \

kY

the. solvent acidity is not an 1mpo?tant feature for the N

v

production of 1Y since only cas 6% of th1s product was _ 3

obtainedcin'96%wdioxane-4% 1.8N H,S0, compared to 30% in the

comparably acidic but more polar acidic aqueous methanol
. v : '
solvents. T ; T o JER

Nonétﬁéless, one problem Wthh Hart was*unablc to

e

_rcsolvc conccrned the formatlon of ‘about 70% photoproductg

7 from 6 in these polar solvents.. The data Wthh he could

=, - -

.

“.obtain from‘@ls studv d1d not prOV1dc evxdence tO[lﬂdlCﬂtC

whcthcr it arose from the same st"te as- 11 or from ‘one- closc - “

[t
o

in cncrgv, poselbIV'(n ff) The studv of the photochem1<trv'

Il

SN

of protonated cucarvonc can prov;de an ansuer to -this

Jqucqnon. Slncedlt .reacts exclus1xe1x via 11- n ‘ch1tataon,

‘no amblgu;tv can arlse over thc nature of the exc1tcd st1tq

"  :1nVo1ved in’ thq product1on of 11H (or 113;? Thus, by = ; )

| .

Eextrapolatang tncse results to those of ncutral eucarvonc e ——

.:wc may conclude bhat 11 and 7 are formed/from d1fferqnt

‘g'} exc1ted statef _the latter £rom an (n n*) aﬂd thc formcr °.g

?.

from nn (ﬂwﬂ*) state. |' :-: ..i' - ‘7.‘o._
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In FSOBH,‘the energy difference Between the (ﬁ,ﬂ*)l

and (n,T*) excited states is of‘gufficieﬁi magnitude that ’

\

pepulation of, and subsequent reactlon from, only the lower
energy (r.1*) state occUurs upon excitation. Clearly, the

use of this solvent system as a means of pérturbing the

<

relative energles of these states is far superiof to
alcohol water mixtures or silica- gcl slurries whereln thc
™ N

. 3
eXC1ted states have comparable encrgles.

3 The assertion that a relat1onsh1p exists between

he'h7ﬂ1*) states of a ketone and a protoﬁatcd ketone is

‘x ° i -

o
not cons1dered unjust1f1ed In .an elégant studv,

Lecrmakers has shown that a marked-change in the naturec of .

l .,

thc lowcst exclted state of benzophenonc takes place when

subjcctcd to extremes of 501vcnt ac1d1tv and polarltv
The 1ncrease in the phOSphorcscence 11fet1mb and the

dccrease in thewavelength of the phosphoresccnce band

Tablc 11 is con51stent wlth 2 change from an’ (o ) to a
G, 8 n‘) w1th solvent polarlty and ac1d1ty : The enhanccd

thT*) charactcr of the trlplet 15 also dxsplayed bvathe

o =’

‘  . 10ss of v1brat1onal structurc of these omlss1on bands.

. : |' B

Sxm;lar type of results for the fluoresccncc and absorptlon("
: 2 _

FRRE S \

.

‘L:' spe§ Ta suggest comparable chénges for the s1ng1et states

- —— . . o - - . e & "

.'as well;'
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TABLE 11. Phosphorescence Data for Benzophenoness i

T

Solv , | Tr (sec)a i(nm)

Methylcycfohexaﬁe (MCH) . 0.005 . 390
Ether—Pentaﬁe-Alcohol : 9.006_ N 396
,EthyleneJélycol-wafér : 0.677 .. - 385
Silica-gel-MCH | © 0.12 380/‘
. 85% 'H PO, | - 0.66 375‘5:_=
70% HC10, o o . 0.95 432

.o ‘ . 1.03 . 432
79% HS0; _ 1

=
" ~
I
. ) ‘
T a ! - o
Measured at 77° K
9-‘ .
* e Vi .
5
4]
L
B -
u
- - N -
1 -
£ i
. T 2 . B ,
. ' a
) ’
- ¢ ' . 3
K . . \‘ T~ — v
.D . . B . . ) ; . )
- ‘Zﬁ\mﬁl\ * . o
SN . _l.
. \." o E . r .
SN ; : ~ ‘
. £y - .
-~ ‘ B L ;
! o .7 ,"'.\ v B -
v . Ve
. .
xé?{ : v .
EE R 54
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When the efféEtS of solvent on’the relative amount
of 11 produced werTe examined it wﬁs found that the relative. )
percent of this product increased proportionally with the
polarity of the solvent. Such an observ;tion is formally

analogous to Leermakers' results for benzophenone.

benzophenone

Y -

Eucarvone reacts from a “protonated" excited state

FSOSH in the sensé that a proton 1s bonded to the
carbonvl oxygen. Tt is 1nterest1ng, however.;to; _1  R
note that 11 15 formed from G«wzth cqual fac11it) in ac1dic .
oT néué}al‘ cdla ;f compardblc polgr1tv. In this case,

o protonatlon would not appcar to be. a necessarv stcp 1n thc T
'react1on~of 6 to 11 and 1t 15 qulte rcasonable that\
zthterlonlc 1ntcrmed1utes.‘as advanccd by Hartso, c¢ould bé'
1nvc1ved These results suggest that one of the controllxng
‘factors for th1q\react1oﬁ is thc electron def1c1encv of the Y

o

,ﬂ'System~of 6 or subsequent 1ntermed1at&s and mot the. nature'
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l\ i . - .
of the charge on?oxygen? However, as shall be pointed out

in a subsequent section concerning mechanism (II1-4), the

charge on oxygen most+ probably determines the amount of

¢arvacrol 13 produced from the (r,15*) state of 6.

k3
'

It would appear that the photoisomerization of

protonated eucarvone could serve as a model for the

-
. -

(far*) chemistry of the neutral ketone. Neverthegpss, if

the results.of 6H can be meaningfully extrapolated to those

of 6, one must be able ‘to accommodatc the format1on of 13H

A

and 911 in strong acid. The obvious relat10nsb1p between

'I3H and 11H sugigests that both could arise from a common

\

1ntcrmcd1ate- ‘Discussion of this p01nt is best reserved Sy

until the reqults of some mech n1st1c experlmcnts havc»//

been dcscribbd in the next sect1on.' However, the formatxon

" of 9H from 6H would seem to be somewhat incbngruous. The,

\. P -

strong acid results 1mp1y that both 11H and QH arise from

a h151 ) state, )ct the product1on of g (and 17) from 6

. was: demonstrated to take’ ﬁlace at thc exclusfﬁc expense of

7, an (n'n*) product. he can obtaxn a rat1onalu for this
'apparent contrad1ct1on.by ConSider;ng thc naturc oF-mhe‘f

‘react1on to 9 in more detail.

o

Qu' Schuster hgd rchrted that in ben.cne 7 is derived
1

‘60% ﬁnom a singlet, state of 6 and 40% from a traplcﬁ on ‘the.

-l

i

-_bas1s of quench1ng experlmentﬁ Hlth cyclohcxa 1 3-ﬂ1cnc nnd
Plpcrylenc.df From, the slope of the tr1p1ct portion of the_

K




Y
Stern-Volmer plot he calculated that the_lifetime of the

. -8 : ‘
triplet was 7.6x10 sec. Rate constants for the isomer-

ization and decay. of this state were calculated to be

1.4x104 sec_1 and 1.3x107 sec

quantum yield of: 03x1l£)_3 for the triplet reaction.

"af

Schu;ﬁer also suggested that the lowest triplet would have

, respectively, from the

a (™) conflguratlon on the basis of the absorptlon
spectrum of eucarvone. No definite evidence such as

quctfoécopic data was available to support this view,
Under the conditions specified in Table 7, where .

N

- neutral eucarvone was absorbing-all irradiatioh, about

20-25% of 7 could be diverted'ﬁo 9 anﬁ 17 in acidic medi@.

One reasonable explanatlon for the formation of ‘these’

— a.

products 1s that protonat1on of the\presumed (ﬂyﬂ*) of 6..

may occur before reactlng to 7 and ultlmntely produce 9 and

- 1
B B

17. To‘test.th1s proposal, shoun below, some studles were:

conducted to ascértain’whether a‘tr1p1et_of'§uparVan could "

be involved in acidic solvents. . : - o

- ..
N rs

_Poséibie'Rélétiﬁﬁship“betwcéﬁ-ihe Formation of 7kqnd 9

v -

' 6H(1rﬂ) '

L5
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Table 6 indicated that 23% of 9 is formed in

96% dioxane-4% 1.8N H,50,. Quenching studies were carried
P

out initially in neutral 96% dioxane-4% water}v/%he results

1

with cyclohexa 1,3-diene a5 quencher, ‘using internal

cycloheptanone as-a standard, are shown in Table 8 and in
the’Sterthofmer plot, Figure 17. The effects of triplet
. quenchers in this solvent, althoughsmall, are consistent

with efficient quenching of a triplet state at low diene-’

I

concentrations and perhaps a singlet at higher concen-

— -

e

“trations.’” One conclusion from these results -is that

formation of 7 can occur from both singlet and triplet
_ \ ' - : o . Y
states of 6. By extrapolating'the straight.lrne portion to <
. , i “,

zero d1ene concentratlon, one can obtaln a value for {he

amount of tr1p1et contr1but10n to’ the react1on, in thls a“ﬂ.

case it appears to be ca. 30». ‘These results are closc to

_those reported by Schuster.44 Thus, sxnce a trlplet state

r
r

of 6 1s 1mp11cated in the forma:xon of 'z in neutral d1oxane,

rd

it is poss1b1e that protonatxon of this state could give

rise ‘to 9 in ac1d1c dioxane. Interest1ngly enbugh thc:

- 1

amount of 9 produced;-ZS%. is close 1o the amount of . «

~ w

triplet contr1bution ‘to ‘the formation of 7. - “” I

-

Attempts were made to observe quenchxng of 9 and

r .

11.. Ln.buffer solution le 6, 0 DS M p1pery1ene had no .

‘ cffect uﬁ&n the product rad‘;s but d1d appear to accclerate

5?‘\ the rate of dxsappearance of eucarvone, Table 9,.




: £
Similarly . the ratio of 7:9 was unaffected over a quencher

concentration range of ten in acidic dioxane, Table 10.
For both cases, the concentration of diene was kept low to

preclude any possibility of singlet quenching.
. i
The lack of quenching in acid might appear to

discount triplet state protonation in the formation of 9

and 17. HoweVer,-proton transfer to emcited states can be

extremely fast'r actions, k > 1619 sec™?

ce1Veab1y comple effectively with energy transfer to

, and could con- .

d1enes, Whlch takes place at, ot close-to, d1ffu51on controlled‘
rétes,'k = 10 -1010 ec -1 13’16 ;Protonation of this state
‘may lower 1ts energy to the po1nt where energy transfer to

cyclohexa 1,3-diene . (Et ='54 kcal/mole) le is. endothcrm1c

Thus, attempts wcre made to observe phosphorescence from
~

3

eucarvone to obtaln.some ipfqrmatxon of ;h15-p9551b1e cncrgy
-change upon protonatlon ‘However, as in the dﬂse'of most .

other 51mp1e d1enones no emission’ could ‘be seen from

eué%rvone at 77°K in 1 1 ether ethanol or 96% H SO

'_Nevertheless we can get some idea of thc trlplet -energy )
. / ‘ 7 . f : _ o
lower1ng from relnted work on ben:ophcnone. . B

- Leermakcrs reported ‘a Shlft of the near edge of thc

‘phosphorescence band fron 385 nm in- ethylene glycol water

‘to 432 nm in 93% }{2504 33 Us;ng the relatxdnship shown 1n ' .;

equat1op (1)- s one can calculate an’ energy lowering of

: , S oA,
7.2 kcal/mole. If we‘assume_thaf?f correspond1ng decrease'?gi "

N .
. . - . -, ) . b h
- . , . - .

- 3 ° ' ' R - . N T .y

e et T e e
AFS P < T T T P S
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could odcur in the case of eucarvone, then upon protonation

| E(kcal/mole) = 2.86x10" LM
i : (mp) a

the energy will be lowered from 61-1 kcal/mole44 to

ca. 54-55 kcal/mole?® This value is comparable to the triplet

. energy of the dienes. In order to observe quenching the

A "
energy of the donor must be at least 3 kcal/mole higher than

the acceptor.

e

Some effort was made to measure t?f basicity of

excited state eucarvone using the well-known Forster Cycle

technique.46’47. The relat10nsh1p which is requ1red is

shown in equatidn (2). From thls, one can obtaln the
exc1ted state pKa hav1ng a knowledge of the 0-0 frequencies
in absorptlon and em1551on from both the base form .of the

H

excited state,and‘xts pyotonated form. The lack of cmxss1on

.

pka* = pKa ¥ 0.625 ( A'lb,- al (2)
: T . -
. ) .
. « : ' ’ ' k]
pKa = excited state pkKa _ .~
pKa._a;ground state pKa ' 0 . &
T = temperature & =~ | T .
Ay = 0- 0 freqdlncy of base form . L | |
zBH+ = o 0 frequ ncy of protonated form S

from eucarvone precluded any &alculations. Since‘numcrous'

2carbony1 compounds have been shown to experlence large
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46,47

enhancements in basicity upon excitation, it is not
s .

unreasonable to expect similar effects for eucarvone.
i

Excited 6 may be sufficiently basic ta be protonated 1in
pH 0.7 or 1.6 solutions but not in pH 2 3.34. Flavdne,
for example, wWas shown to have a pKa* of 6.75. It

fiuoresced strongly from its unprotonated form in 0.001,

Jl

0.002, and '0.01 N hydrochloric acid and in 2 buffer of pH 6.

In 2N H,50,, the emission spectrum of it corresponded to

47c¢

that from a protonated state.

In conc1u51on, 1t is felt that the proposcd qchcnc

for 9 and 17 .can cxplaln thelr formatxon in acidic solvcnts

-

at the exclu51v0'cxpcnsc_0f 7. 1t rcasonablv corroborateq

thc resultsrof protonatcd eucarvone wherc'(fnfr).statcs

are certainly ;nvolved in the product1on ot -minor—aRouRt-S——

“u

Y

The ncxt sectzon of thxs thcsxs dcals Hlth tho

mechanxsm cf the formntlon of 11 13; ‘and 9 from 6 and 6H

_.—-

" This part adds some fundamcnfally 1mportant knowledge to the

e ' e T ' é&ﬂ? '
s

]
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understanding of cYclohepta-2,4—die}‘one photochemistry and
. /
further demonstrates the parallel between 6 and 6H.
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. — MECHANISTIC STUDIES
&Y

(1) INTRODUCTION

/ [
In the previous iection of this thesis it was shown

that thﬂrghoto1somer1zatlon of protonated eucarvone produced

: a‘major photoproduct 11 which was 1dent{£3l,bo—ehéy formed
from a (qr,4v) state of neutral eucarvone.. At that time it

was stated that thé excited state precursors were of a

3

=

similar nature and possibly could have reacted 1n an

analogous fash1on. In this part, some mechanistic aspects

of these reactions will be descr1bed -

.

Hart proposed ‘that the format1on of 11 could take

Y

place either-via a concerted 6’a+ﬂ1a reactlon oT a stcpwxse
pathway 1nvolv1ng, perhaps, the zw1tter1on1c;1ntcrmcd1atq;

.;23 and-24y(FfEhre IE). He tentatxvelv dxsfavourcd the

2 .
concerted reactlon on the basis that 11 was formed only 1n“

pelar media but could state 11tt1e else gn the avallahle

" , ‘ 6. :
ev1dcnee. ‘ o o A : Co C I

ool
o+

- Prxor to Fart s publ1catlon 1t was lndepkodently s
rec0gn1zed that the productlon of 1H fron 6H could be
' i B0 &
,descrzbed in a somewhat analogous fashxon. In simplest

vterms, thls react1on 1nvolves 1n1txal rupture of the-

7

TCe -C. bond followed byukond formatxon between"CG,eno C,

P




11t

E addzng thc electrons from the 1owest unoccupxed moleculnr

E orbltal of the o bond. to the hlghest occupied molecular».

L_photochcmzcal the ten¢ts of orbxtal
N vole e

,dictate that thzs addf&ion occurs

‘,
Figure 18. Hart's Proposed Mechanism fof the Formation
of 11
6 —— S
’.

s - : - ”\ - - . . . " Wt . - :
- R : a " p . L .
- Lo - - . . . R . - . .
ol ' v S . =i . : 3 ‘
e : _ ‘ : . ) . | . . . . .
- ,o : . . ; . — -
‘ 7 R . . . ‘
a | . - , s : . | M . - .. .
: B A : - R
.

'4;and C7 and C';ﬁ This'process cbn take'plﬁéé iﬁ«either a~

- A o

: .StchJSc or concertcd fash:on as- 1i1ustrated in Fxgure 19; '

' The latter mechan15t1c p0551b111ty can bc thought-of aso

o .
Ed

s [

orbltal of the pentadlenyl system.. hhen th? react1on is

ar

ymmotry conservatlon

.

an’ antarafac1al manner.
. )

78

fInvers1on of conf1guration takes pla e- at C6 and retention-” B

) 0 - . . . - . A
e R BT : : B Dore e,
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.Figure 19. St‘*e‘éwise and Conce'-rted,r-fechanism for the Formation

S : of I1H ! o
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at C, with additioﬁito the 1Y 'system occurring from opposite |

directions. The alternate routé 1nvolves format1on of one,

- »

or perhaps two, 1ntérmed1ates which could react-as shown.in =~ *

~

Figure 19. .On the basis of-available'evidence no bias cgn

be pladgd upon either pathyay'b:_upon the relative merits of

25 or 26. . .. . : - o e T Ty ¢ .

— - ' . Yy - d

HoweveT, one way. to examine these possibilities- '
L - .

-~

would be to obserme'what-cfféqt the methyl substituenfs at

C6 would,have'upon thc'productipﬁ”of'bfcyclo[d.l.O]heptgnoﬁcs

{i.e., 11 or IH)'fromﬁtyé{ghppta-Z,4-ﬂien6ncsl .For example,

- - 1]

in the absence of Staﬁiliziﬁg groups'at-this‘posi;ioh; one

R 4
hOUId prcdlct that ‘an 1on1c 1ntcrmed1atc descrlbcd by 24 . .

.\ R4 L

or 25 would be of relatlvcly h1gh energy 51ncc a pfinary

-~

'

carbonium 1on is gcncratcd at CG . As a rcsult _onc mlght

cxpcct that the rate of formatlon of compounds corrcspondlngn

i to 11 or 11H wculd be decrcased in favour of othcw products.
On the othcr hand if opcn cha1n, dclocali cd canions wcrc<f"
8 : ke PR

1ntcrmcdlatcs,_pr 1f 3 conccrtcd mcchanlsm werc operntxve,_

thc production of hicyclo{d 1. 0] conpounds should occur 7 Co

.cqunlly wcll from C)clohcpta 2 d dlcnoncs unsubstitutcd at

I
“

To study the cffccts of thc gcm-dincthyl SVSTcn on Y

\ . ..'.

-

‘\; thc photoxqomcri ations of cyclohcpta 2 4 dicnonos tHb '_._%.f' g S
Parcnt svstem: ’7 nnd its 2 ncthvl derivntivc 28 were T

s\nthcsx'ed and;thcir photochcnistry investxgatcd

. . - . L . -
- . N - - .

- - ; SR R ‘fl', <N
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(2) SUBSTITUENT EFFECTS . , B
~
) : L
(i }\\IiigPhotolsoncr1-atzon of Cyclohepta-2,4-dienonc :
[ - _J - . .
' (a) In~greutral and weakly acidic solvcnts . :

AN ' : o
Coqpq:?d 27 was prcpared by a’rather novel proccdurc_;

described in the“litcrature7§;79 and latcr 1n\thas thcsxs-

Irradiatiomof 27 in ncutral solvcnts such as ethcr ‘or
. oo R -

methanol prbdﬁécd only the 1somcr1c b1CVclo[a 2. O]hcpt -6-cn- \\\
_ . o _

2—onc,'Zg!_Figuré 20. . The ir of thls product had. idcntxcal

bands-at 3050, 2060, 1735, 1270, 1163& 870, 862 cn 1406 thosc'_' '
e . T B

-rrbortcd by Stofv.for 22{80. A dcta1lcd examxnatxon of xts‘ SR

[

pnr spcctrun Tablc 12 in:éonpafison to.thosc of 7 nnd 8 - o - L fﬁﬂ

addcd-furt

CT SUpnort for thc structurq 6f‘this product.j;, -

\

Subscqac t to pub11cat1on of‘thxs work.81 Schustér[rcportcd

the cxclusch”for"atzon of 29 frOm ’7 1n a rclatcd photo-f

chemical studv = lt Sust bc enphasx'cd that thcsc ‘
. 1nVcstxgatxons wcrc condugtcd conplctclv indepcndcn{ of onc —';:'T.‘ S
_ﬂ,ann$hfr. . e e ST _ e ‘ RS —
o R - - o ) - - - “
i “~ ; 1 ) '\ '_'. .
, N G A
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Figure 20. Photoisomeriz4dtion of Crclohepta-2,4—diendne
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No other products weTe formed in neutral solvents

undér these conditions. Specifically, it was denmonstrated T

2

py glpc¢ analysis that néitﬁér of the two possiﬁle prSductﬁ
shown below wefe produced. Authentic samples. were

éypth;sized and their.glpc re;gntionhtime§~checked to make
certain that they were not e1hted.simultﬁneéusly with 29. -
In 50% acetic:atid, irfadiatipn of zl‘yieldéd the.photﬁ-.

-product 30 in mimnor amounts (< 1%) after complete photo-

Al

- isomcr1zat1on-of 27. Compound 30 was’ 1dent1f1ed by comparlnE//////

e
its glpc retentlon t1me to. that of authentxc naterial nrenared

by another route.. The small ‘amounts of 30 produccdryre-

clqded isolatxon and . spectroscopzc 1dcnt1f1cat1on. }n 50%

-

acetic acid both“29 and 30 were. photostable ‘under conditions“
nh1ch pcrmlttcd complete 1somer1zat10n of 77 In all thcsc
cxpcrzmcnts,‘-sscnt1ally all matcrlal could bc recovercd‘

(>u97%). Pmr, iT ; and glpc annlyses showed no othcr products.
=] : . -
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(b) In“FSOH . : - .

T

Cycrohepta— ,AAdienone readlly dissolved in FSO g

T -
at -78° to'/orm solut1ons whosewpmr and uv spectra were
o ' ' .
fully con51stent “with the 0-protonated.ketone 27H, Tables . o
13 and 14. The pmr 5pectrum was assigned with t?e aid of
- decoupling expériments. ‘These are described in a later ,
section of the thesis, Figures 31 and 32.{'._ . . o '
TABLE 13. UVJSpECtra.of Cyclohepta-2,4-dienones . {
' and Protonated Cyclohepta—2,4-dienonesa ..
" Compd - gy max (mm) = ° log € | . ’
27 H 204 S 380 o s o
27H ) 375 : | 389 5 At
© .28 o300 . . 3.9% R
28H : fégs ST T e

¢ 8t,z3°._kétbﬁcsfiﬁﬁmefhanoi? cations in 96% H2504(7

The 1rradiatxoﬁ\;f 27H w *‘arriéd'out phdéf”thc .

. same conditions as these for 6H. After 50- 40 ninutes all__'

f_ stnrt1ng//htxon had photoreactcd to give a product uhoseT. L ..“f;*
,puf-;;;ctrqm_at -45"was sufficiently simple to suggcst
only 64@ ?¥6du¢£;l-Thisgspectrpm. Tablc 15, was identical .iﬁf”
| e L | 3 _ ST _-0“‘..‘-
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1n-all respects to .that obtained for authent1c*
bicyclo[2.2.1]hept-2- -en-7-one, 30H in FSO.H, and agreed very

2

\ . S
" well with that reported by R1chey for 30H 83 No other ) o
-~ : ' '

product could be detected 1n the pnr spectrum of the photo—-

"product and by using CH2C12 as~1nterna1 standard, little or

no material loss was observed "In these determinations any
¢ -

product ,< 5% would have remalned unnotzced.P/Quench1ng th1s

ac1d solution gave an oil whose ir spectrum matched that

of authentlc*‘so and glpc ana';g1s showed -no- other product S, ;7°{
N . . | C s
(2% limit). . . . ‘- —_— - o i
- . R - : Lo . ) . . ',. . ) l—.':.,
In FSO4H 30H was stable to about -20° at which ' 2%
L

temperature a dlsappearance (t 1/2 ca. }0 min;) of the pmr

. ’ - M .’-‘ :; '.
A sxgnals was observed. Irradlatlon of SOH for 20 mlnutes at B

~—

'
v
.

<-60° caused no ‘reaction- R ' - o -

¢
'y

R

{
P

L4 T

LT 7 "y

v (3) THE PHOTOISO“ERIZATION OF 2 HETHYLCYCLOHEPTA 2,4-
DIENONE ' ‘ ‘ .

@

" TFo nake absolutely certa1n that the szethyl was
.not 1nvolved in the fornatlon of lI or 11H from eucarvono,
2- methvlcvcloheptn -2, 4 dtenone, (Tables 13 and fd),
-'ﬁrcparcd and its: photoisonerxzations iﬁvcstigated Al{‘

2 . ."  ' o —;_ S A l

T

* Preparcd. by an alternnte route by Drs. F. Clark and S.
Xorn, McMaster Unxvers:ty (see dxperinentn& scction)
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rradiations were. carried out as in the experihents on 279
and 6. To av01d descriptive repetltlon of deta1ls, the
_re;ults‘are summarized in Figure 21 and Table 16. ~ Ident-
'1f1c?t10n of all products was based on analyixcal and

spectroscop1c data obtained for nure samples of 31, g&, and

33. As full descr1pt1on of this data is carried out in the

A .

TABLE 16. Product Dlstrlbutlon from the Photo;somerxzat1on
‘ of 282 7 )
. Solv % Conversion Relative % of Products
" of 28 0 3e+32 . 33

Ether . 1 2 100 . n.d.
P Mc}hanoi T -20 - ' )' 100‘ n.d.” .

50% Aqueous '(\ N . . .

Acetic Acid gQ , . 86 > 14

‘at 350 nm, in a_merryfgo-round apparatus..

s
expcrzmcntal section where the ir and mass_spectra and

elemcntal analyses are. recordcd. Ih addxtion. it was shown

thnt BT\u hotochcmrcally converted to 32 as in tﬁﬁ:tasc;
Of 7 - 3.‘ ance thcrreaction of al to 3’ dccurrcd nt 350 nn'

| undcr thc conditions uhich resu}tcd in reacttdn Qf 3&,,it is

likely that 31 is the primary photoproduct of
2- ncthylcycloheptn -2, 4-dicnonc. .(“,4”'5
Tho identity of 33ﬁ+produced,fron ZBHJuqs based on

e -

o
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. /

the compari‘son . of its pmT spectrum %n_FSO3H with that
. . 3 L ' L0 : . . :
obtained upon protonation of Ei i5o0lated from the neutral ) f

ketone irradiations. In addition the pmr of“photochemically
produced 33H was very 51m11ar to thoSe of the correspond1ng T ¢
bicyclo[2.2. l]heptenones 9H and 30H (Table 15)

Compound 31 could be-prbtonated‘in.SQQCIF FSOsH at

-110° to give a solution whose pmr spectrum was cons1stent
with 31H. °~ At higher temperatures this cation rearranged ’
. A " - e - ) ' B

quantitatively to a new species wh%gﬁlon the basis of its -

van
-
»

spectrum was. 32H This-is completelyiaﬁalogous fo,the'

15£merlzat1on of ZH to SH descrxbed earlaer 1n the._ the51s.

-

Catjon,32H-was‘stab1e at - SQ for 7 hours. L L e

o

N . -
. - . . .

-400 P ‘? _
— © ’ ) l.: :
" P) — . K . :
3 . 2 "(:.". s . ]
(4) "n'l'scussmN, e T o b
. - " T o v

, It is clenr from these results that irradiation of

’7 -and’ 28 or thexr protonntcd nnnloguesdbqsqgt rd“ult 1n thc
: ]

formntlon of bicvclo[4 1 O]hcptcnone products correspondinz

7,
to 11 or 11H. Since thcse experincnts verc»perforncd undcr

- -



’

3

- -synthcsx.c d cyclohepta 2 4 dienone w;th an nsynnctr;c

LY

92

-
! o 5
Fl

identical conditions as those for eucarvone, there can be

flittlc doubt that the gem#dimethyi,system‘ot C6 is a ne¢e55_

ary structural feature for this reaction. The”results of

th;ﬁ study have prov1ded ‘strong evidence for the view that

intermediates lcadlng to 11 and 11H from eucarvone have

‘substant1al pos1t1ve charge deVelopmont at C It is

3

1n¢cndo¢sto show that the most reasonable structure for

thse 1ntermcd1ates are 24 and 25 respect1ve1v.‘

PO W ..
o

S o
Both. the sub5t1tucn¢ effects and thc solvent effects b

L

"'-‘,f'

(for 6) poxnt to the conc1u51on that the format1on of ll L
~angd. llH does not occur in a concerted fash:on.o ch uould

not havc expccted the lack of C6 methyl groups to, couplctciy

[

Tat

prccluﬂc thc formatxon of bicyclo[4 1. O]hcptenoncs. Never-'

“theless, topxovc thlS unequxvocaldy. one would havc to

- ‘N
5 - 1'_ - (R ] -« :

centre at C6 of known stcreochemzstry and. cxnnine its"
2 ; o

bchav1ouf upon 1rradxation. “As shown in Figurc 19 = . “.‘

thc conccrtcd rcaction uould bc cxpectcd to produce onlv}

] . o

onc-s;crcoisomcr.. Although two gc%fral synthctic routcs .

63 79

into this systcm havc bocn chelopcd consxdcrably

porc cff%rt uould undoubtodly be- rcquired for thls proycct.

]

" The fornatxon of 0pcn chnin,interucdxntcs sach_as_*

L]
[y

’3 and 26 in tho photochcnistry of eucarvone is an 1ntcrcst-&

S - - a

Cing proposnl although the rcsults do not seen to nocessitatc

thcjr 1ntcrvcﬁtxon. Hnwe?er ‘if forncd, thcy nust cvcli.c.
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’

' ultlmately, to a bicyclo[4 1. 0] product according. to the

mechan1sms whxch have been advanced Fjgures 13 and 19.
“This mode of cyc11zation is in’ marked contrast to that
. establzshed for heptatrienyl catmns.s4 Sorensen has shown

that in- all cases studied these 1ons thermally isomerized

exclus1vely o cyclopentenyl cations. Appnrently.‘the 1light

in the laboratory accelernted these reactlons.gakif

.oh

 _t1/2 4o mip
125%, 90N M50,
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Recent interest in the question of ﬁpen chain
interquiates in related systems has provided evidence to
show that hydroxy heptatrienyl éatibns cyclize in a2 corres-
ponding manner. Figﬁre 22 illustrates the‘?@sults obtained

by Nofori for the photoisomérization of,protonaied '
cydléhepta-2,6~dienone, 34H, ‘to the protonated vinyl

' cyclopentenbne-ééﬂ.ss The ;uggested mode oﬁ_format1on of

this product involved a photochem1ca1 rupture of the C4 C

:bond in iigito.give‘the open chain species 36H wh}ch then

-tﬁermélly closed. The'possibiiitj that this reaction could:

be mechan1st1ca11y 1nterpreted as a concerted 1,31 .

v

sigmatrop1c shift in a non- planar excxted state ‘was’ reason-.
ably dxscounted on the basis that ‘only’ one product was

i

. obta1ned 1n the case where R=CH3

Figurc 22; :Rhotp{someriigtioq of'C?qlohepta-?;6edienonc85

. o - a M )
34H R=H o 35H Ra=H
AN .
N
&
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In a related study, Hart repotted that -the ir%adiatjon

95

-

of protonated 2,7,7-trimethylcyclohepta-2,4-dienone 37H in

’at -78° produced excl

cyclopentenone 38H.86 The jopen ¢thain Specieb 39ﬁ was

ively the'protonated f}nyl

suggested‘as'a plausible ifmtermediate which could cyclize

to the observed produot; igure 23. Hart neglected to

mention the possibility pf a concerted [1,3] sigmatropic

- - b ¥ " .
sh1ft. However, an exanination .of a molecular model reveals

that if such a reaction occurs, 1t nust take place from an

excited state wh1ch is cons1derabty‘dlstorted One vef?‘

interesting aspect of Hart s study was that he - obtalned 66%
\

of the correspondlng ketone 38 via the 1rrad1at1onlof the

~

ketone 37 in tr1f1uoroethanol. S1nce polar solvents
apparently favoured the format:on of 38\1t was belxeved to

arise frou a Gn,ﬂ*) state of 37. Thls uork again suggests

the very c105e relatxonshxp between the (ﬂ,ﬂ"] photoche:nstry

“of cycxohepta 2 4- dxenones and thnt of the corresyond1ng ,

-~

o3y -
T . — = S
protonated d1enones- L T
e lf ue extrapolate ‘the vork of Sorensen, Noyori 'and IR
Hnrt to the eucarvone’ case,’ then an open chain internediate -fbﬁ :

-

such as 26 should have cycli’ed to. the protonat .’/inyl

t of th1s type was

.

cyclopentenone as shown belou. Nq pto
dexected in the irradiations of 6H and considering Hnrt s
N . / Piad

" work it is - reasonable to assune that snch a product uould

have been sufficxently stable to. be isolated and o
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N ) J 'h
characte?ized; For these reasoms, it is felt 'that the
. ) - 11

-

formation of 11H from 6H involggs/ﬁﬁi;-the intermediate 25.

A oH

F
4

The direct formation of 25 takes place #ssentiallyp
via a 1,2- alkyl shxft of C; to Cg.  Since protbnated
cucarvonc is thermally stable under. the 1rradzat10n cond1tzons,
this rcactlon must occur 111 the (ﬂ,ﬂ*) excn‘.ed state.
Mechanlstlcally thlS react1on can be: v1&wed ‘as follows.:
Exc1tat10n to the (fnﬁ ) s1nglet results in somc .
degree of p051t1Ve charge localizathn on C of the

3b, 2Th

° . _
protonated dxenone system.. A subscqucnt, or - pcrhapsa

5

f1vourab1c 1ntcract1on bctwecn tﬁe electrons 1n thc CG C

concurrcnt, tw1sting uboq} ‘the C C bond. vould pcrmxt a

sxgma bOnd w1th thc electron defxcxent orbital on C5

“kond1ng betwccn C7 and Cslwould localizc the charge upon the
: cnrbon atom bcaring the methyl RTO“PS
j Therc is: cortaxnly nbundant cvidenco to indicatc.

that tulstlng occurs. in cxcited stntcs of nedium ring

unsaturatcd ketoncs. YExccllent chcmxcal and spectrosCOpic

% : '



observatlons demonstrate that trans -enones are the prlnarv
‘rrradlat1on products of cyclooc -2 enone and cyclohept 2;.
enone.87 Calculatlons by Devaquet upon acroleln sugge

that twlstxng around the ethylenelc double bond resul;{:;
stab1lzzat10n of both s1nglet and trxplet ﬁuﬂj*) states.8
Very recently Chllds has provxded conc1u51ve evzdence tor

. show that double bond rotat1on takes place upon irradintxon
"of a cationic system.qg. Photolysis of protonated 35333;'
crotonic acxd ins 96% sto4 resulted in a cis EZEEE s

3

isomerxzatxon to givc a photoequ;librrum consisting of 42\

cis and 58% trans.

Somc preccdent for a sinilar type of 1,2-alkyl
v

_shift in a related systen can be found in very recent uork

by Childs and coworkers.go R 4 - was. observed that protonated
r
4 4- dinethylcyclohcxenone, GOH' vns photoisonerized to a.

-

CER SR . . . ‘ ) B
o . R L . . A . 3 .

98

K
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P

;'dcmotxon of the excited state to the ground stntc tnkes

-‘placc aftcr formatxon of - the C5 - C bond and localxzation  _

;ho defznito reason for this can be statod at this time,,

100

VT

n
‘r.

- a
Sy

m1xture of protonated 6,6- dlmethylblcyclo[S 1.0}hexan-2- -one,

41H, and protonated 3-1sopropy1cyclopentenone. 42H, Figure
- * ll .
24. These rTesults are,formally_analogous-to the formation

3

of 11H and 13H from 6H, the important difference being that
40H must' give the intermediate directly. Nﬁ‘open chain
species can be involved. in this case. Interestingly enough,

undci;similar conditions protonated cyclohexenone and

e

. .- !
4-metﬂy1cyclohex¢none_did not.undergo any isomerization.

: !
The effect of the,two methyl groups no doubt is to stabilize

]

a positive charge devéIOped upon. C,.

3

The photoisdmerization of the neutral ketbnc 40,

studied by'Chapman,gl is also shown in Fxgure 24.- The -

parallel bctween thcse two. reactions is strlking, especially

.Ssince rcarrangcments of s1mp1e enones such as 40 most .
lxkely take place from (ﬂmn*) 'states g Q e

Rcturn;ng to the formatlon of 25, it is felt that

of the charge oﬁ C6 The subsequent reactions of 25 are

typxcal catxonic proccsses._ hc predominancc of 11H ovcr
134 is ‘possibly the rcsult of a fnster ratc of 6:' C- _':wg
S AN
bond. formatlon ‘verses al,2- hydridc shift (Figu c lq] "

: nlthough it is uorthwhlle to note that the rute of a

1,2- hydr:de shift to - givc 13H uould be. dcpcndcnt Upon thc
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i

dihedral anglé between the electrons in the migrating bond

and thg\po;itive lobe on the adjacent carbon atom.92 ¢ :
( T ) M - ' .

——

In the absence of the gem-dimethyls at Ce
twisting about the C4 - Cs bond may be an irportant proces§
in the (mw*) excited states of 27H and 28H. However,,
CS - G, bonding would be a relativelg‘high encrgy route
compared to the alternate, and ostén51b1y equally favourable
g:'_ Cibo;d formation. This latter process is dxscussed
intthe next'sectiqﬁ-conkerning the formation of the

bicyclof2.2. l]hcptenones. _ ~ B ' . ~ __{

- The lack of any b1cyc10[4 1. thnpt -2-en-4-ones from

the neutral ketones 27 and .28 suggests that the C methyl
group; are essent1a1 fon thls type of reaction. Intcr-
mediates 1nvolvcd in the formatxon of 11 from 6 mus t be

-, "cﬂaractcr1zed by an clectron def1c1ent C t;ls felt thnt
the most rcasonable representat1on for thls/J;ec1es, accord-
-1ng to the arguments above, ‘is the structure 24. ,The vcry R
nodest amounts of carvacrol (<:1%) formed from 6 in mcthanol
cay be a.rcsult of the zwztterionxc nature of 24.~-0he_[
would cxpcct that the dzenolate mo1ety of thas intq&gcdxate‘
bc1ng more nucleoph111c than thc dxenol.

e electrophilxc centre on Cm-‘_‘~

conpctc more~ favourably B

shift proécss. >

o



T cations,62 protonnted cyclohexadxenones
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-

(5) A DISCUSSION OF THE MECHANISM INVOLVED IN THE. FORMATION
OF BICYCLO[2.2.1]HEPTENONES FROM CYCLOHEPTA-2,4-DIENONES

There are } number of reasons for including this
section. Although-only ﬁino? amounts of ihese.products are
obtained from euearvene, they are:the'exclusife products of.
glﬂ_an& Zﬁﬂ'.the lees substituted oycloheﬁta—é,ﬁ-di?nones.
Tﬁe Tesults éf the previeus'seCtioné have prof}ded some
evidence for the meqhaﬁi;m of these_reactione which should
be discussed.

The most probable méchanism’for the,formation of

bicxclo[z 2 l]heptenones from protonated cyclohepta -2, 4-

dienones must 1nvolve 8 photochemQCally allowed disrotatory

t

closure ﬁn Fhe excxted.state of_Ehe 53319 . . B '
intermediate Tepr | genernlly as 43H, Figure-zs;_ L

ar. photochen:cnl closures'have ‘been postulnted as

initial steps in the photorearrangements of tropylium-'

35¢ and other

svstems,gsand nnple supporting proof is nvnilahlc at this 

time. The interncdiate 43H cnn then be considcred to under~

-

go a ‘therm 1 1 Z-nlkyl shlft of C7 to-C2; Such a step has
' nnple p ccedent in’ the uork reported by Hinstein nnd

_Brookhart7l whxch was discussed carlier in this thosis. o .

) - - B "
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(Part 2 - iib). In the case of 43H, there will exist a
strong driving force to place the positive charge upon the

&

In addition to the reaction in strong acid, tRere

carbon bearing the hydroxy group.

3
is con51derab1e evidence to support the view that 1nter— {

<

-

mediates analogouq,'or perhaps 1dent1ca1 to 434 are formed B
PR . .- M ’__)__)___—"
in the formation of bicyclo[Z.2.1]heptenohgs’frﬁﬁffﬁe neutral

- d / -

cyclohepta—Zij;disnﬂﬂfETﬂff; will be recalled that in’
_-—"_____—_’—7- ' '

/ 3 3 .
. buffered methanol an additional photoproduct of ‘eucarvone

was. obtained and identified as 17. Thciobuious relation- . @

[y

-sh1p of 17 toég led to ‘the proposal that there existed a

common 1ntermed1ate for. these products.— It is the conV1ct10n :
-

]
. ),_,'/ .
T

‘ 17 OCH3 Sy kN

— . . ° 3 : 1

at?

of this author that this internediatc is best feprfscnted ‘ u
as 44“. The formntion of 44H could occur (ns in the case o
for 43H) via a photochemicai closurc of a protonated o ._f
(er.er®) state’ of 6 : In unnkly acidic solvents. nuclcoPhilic

f u Icapture.nt_c4 courd conpete with the - 1 2 nltyl shlft to _f  i* i

producc 17, Figurp.26ﬂ :

—— ) ) - ! ' 5
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2

o 'Nucleophilic“trappihg of 1ntqrmedia£es involvéd.in

s

photochemical 1somerizations of unsaturated ketones have
2

been reported. quite frequently in the chem1cal

. o . 49b¢,92,9
lxterpture. : € 9 ﬁ;‘ Almost wlthout exception these authors
‘ 33 )
have offered the'form ion” of the thus formed adducts as
. . & T
*  proof for the format1on onlc 1nterned1ates. For'the

! . S Vs
eucarvone exampl;, the add1t1onal observatlon that protonated

N eucarvone y1e1d5 g most certainly 1mp11cates ionic inter-

mcd1ates in thd format1on of 1, 5 5 trxmethylblcyclolz 2.1]-

hept-Z-en-?-one.‘.The comparrson bﬁgueen the ketone and

- - . o

protonatcd“kctone is agaxn str1ki hnd sugge ts the 4§

further

operatxon of. a s1m1lar mechan1sm.

r'

stud1es w111 1nd1cate that the formatxon of 30 anJ 33 from

oI

The stcreochemlstry of the mefhoxy group r@ 17. h

-bceﬁ ass1gned as ’x to the hwdroxy group on the basxs of

o coup11ng constan; afﬁuments. No other adducE was obtaancd

téQNngest that ¢ anre at C2 occurrcd as well ﬁn these

l"renctxons, althbu h any pro#uct ‘,0 5% uns npt furthcr
' hy .

- invcstlgated ‘ Examination of a nolccularunodql qf 17
réve#ls that thc approach of nethnnol to’ the "topside of
thc catxon 15 stprically more fnvourable than nttack fron T

l!) '{ ' . Rl f PR v | )
thc "underside"=where the C7 nethyl group providesf'

._-s.}, -

considcrnbﬁe steric hfnderunce. In llne vith thls thought,

1; is perhnps ROt surprising thnt no product vas dctccted

v

£
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which resu{ted from capture at Cz. Steric congéstion
resulting fraom the close proximity of the hydroxy group maj

play a part, (Figure 27).

Figure 27. .Steric Effects in the Formation of &7
4

H

"Before-tefmihaéing this discusSion.eit°is of inter-
3 - . f|

o est’ to consider why protonatxon is a necessary step in the

‘production of 9 and 17u If we accept the fact thnt pho{g--
chemxcal cLosure is the initinl process which ocCcuTs - “in this
”reaction, then C C éonding 1n a zwitterion1c species such.
as 45 w111 rocalize chﬁrge upon oxygen and the nllyl
systen.: This chnrge separation vould be expected t0 be n‘”
\relntlvely high energr’rouge with respect to nlternntuvc

'processes such as C -C bending which would form 1. ;Ihe

“imoleculan:notions invelved in bonding between C5 and C1 or

o »



'108

C, are closely related and it will be recalled that 9 and

17 were produced at the expense .of 7. It is felt that unless

. prior protonation of the excited state occurs, then the

energy barrier to closure would be too high for 1-C .
bonding and would favour the alternate C2~C5 process.

E/g;;; barriers in the reactions:of‘excited étatcs'
have been demonst;ated 1n recent work published by
Zimmerman. 95 The quantum yield for tbe photochemical rL-

arrangcment of 4, a- dlphenylcyclohexenone 1§ to tis-and

“ trans-5,6- dzphenylbicyclo(S 1. O]hcxnn -2-one was shown to

rncrcase wzth reaction tcmperature.. For example, n-SOf

rise in temperature enhanced the quantum yleld of phenyl'
nigratlon by sixfeld.: Independent expcrinents shoued ‘that
this was not\due to changes in solvent viscosity as the
.qunntun yicld at. 20' in hexnne was tho same: as in thc ) ‘_-ﬂ: " ???

. fivefold uorq viscous n- dodecano. By deternining R c. ~
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Stern-Volmer pléts at di%ferétt temperatures he was able to
obtain the changes in rates of triplet reaction, k_, and

~
decay, kd, with temperature. The :?§u1t5,‘reproduced below
in Table 17, show a sixteenfold accelératio* for kr and a

_twofold increase for k. ,This.correSponds to an activation

energy of 10.5 kcal/mole for the reaction. of the ts}plet-

state.

TABLE 17. Temperature Dependence of Excited .State React1on

. . Rates96
13 ! ‘ 3\ .
' oy -1 -1 o
Temp (°C) kr (sec ) kd (sec )
20, 7.1x10° 2.7x10%
75 . 1.oz2xae® . s.mxod

The dlfference in’ relative amount of bicvc&%[z 2. l] T

hept- 2 en-7-ones produced from 27 nnd 28 ln sot aqueous’ N

\

acctic acid can also be rationalizcd in tern5(of an excitedk

state cncrgy barrxer to reaction.‘ During the-C5“~ C1 bonding

proccss,.posztive chargo is localizcd on the nllyl systcn
.consisting of Cz, CS’ and C4 A nethyl substitutod systcn
uould be cxpccted to nccomnodnt&’n positive chargc nore‘

readily thun an unsubstituted one.
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CONCLUSIONS

1). This study -has demonstrated thatlcn;n‘)‘excited states,
most probably singlets, are defini;ely’iﬁvblvéd in the -
formation of 11; from 6. ‘fhe bicyclo[S.2.0]hept~6;en-2-0ne
‘1 results from an energetically similar (n;ﬂ‘)l and fronAa
(“;n*)3. In acidic solvents thc latter state is proton;ted

and diverted to 9. These conclusions are represented in

Figure 28.

2) Thc format1on of 11 and 9 from 6 and 6H involves jonic

type intermediates.  The most reasonablc representatxons of
S . )
‘these species are gi,and‘gi.for_ll_and 44H and 43H for 9.

'3 Substituents play-ahfimportanturole in dqternining the
‘ subsequent. reactions of: (ﬂ;“’) cxcited states- of

.cyclohepta-z,ﬁ-d;annes and thelr protonated analogucs

n

(Figure 2. -

4) The results of thxs thesis ‘have: dcuonstratcd that a . 
stayy of the photochemlstry of a. protonated ketone can

provxde considerablc infornation concerning thc nature of thc
: ’ ,

excitcd states 1nvolvod in photoisoueri ations of the corrcsp-

‘onding ketonc.. The gonerality “of this npproach hns begun to.

90 86

energe fron further studies by Ch11ds and Hart
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Figure 29. Substituent Effects upon the Photoisomerization
: of Protonated Cyclohepta-2,4-dienones -

=H, R_,=H or CH

Ry=R 3‘{ a s

1 72

.

N RymRyeCHg, RymH &
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THE PREPARATION oF CYCLOHEPTA-2,4-DIENONE

(1) INTRODUCTION

. . During the course of the work on eucarvone it

became necessary to study the photoisomerizations of - :

cyclohepta- 2 4-dienone 27 and its Z-methyl derivative for

reasons already;p01nted out.  However, the only reported
) -

preparation of 27 did not appear particularly convenient -

3

for synthesizing large quant1t1es 1n a state of high

purx;y.96 .In add1t1on, this method was not suitable for

_ preﬁaring 28." One approach uhxch dzd seen extremely v1ab1c

was to.iéomefize“the readxly av;:lable cycloheptafs.s -dienoncs

4

. . o

o

._ N J [N ’ . . 48 - ) .' N A . _. .

pl

o)

p——

Thernnl 1nterconversion of 47 and 27 had bcon'

. 98

rcportcd to- takc place i solution above 60 At 80°

+

-!14
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: A ‘
B equilibrium was reached'wﬁich consisted of 35% ilxaed 65%
27. Despite-the‘apparent_sihplicity of this reaqtion, it
was not particulariy attractive in terms of a synthetic
precedure because the fiﬁal step required the separation of

double bond isomers. Furthermore, as this isomerization was

shown to proceed via a 1,5-hydride shift;97 there Qas
compelling ‘evidence to suggest that 48 would produce 28 and- '
the isomeric 7- methylcyclohepta -2,4- d1cnone 49 by thxs

“Toute.gg o - - (/ S -

A -

-

It is evident that & thermodynanic equilibrium of

the ketones will be reached irrespective of the manner in
: A , N

which isomerization is carried out. A potential-solution

to this problen might be to structurally modify both 47 and 1

e T e e i e A e Ty,

48 so that 1somerlzat1on of the modified forms would yxeld
. H

solely the linear conjugated 1somews 27 and. 28.. A clue to

-

the mode of this structural nodif1cat1on was prov1&ed in a
paper by Hogeveon published in’ 1968.106 .
' In this study, Hogeveen reported -the observﬁtiow

. that‘cyclohex 3-en-1- one was very rnpidly isomerized t°.

cyclohex -2-en- -1-one 1n HF- SbFS It thus appeared that

non- conjugated unsnturnted ketones could/be isoneri ed to

the fﬁlly con;ugated systen via thernnl renctions of the

dxygen protowated forms. One night expect then thnt the { -

structurnl change which vas requircd in the case of the o

cyclohepta 3 S-dienones’ uns protonation of the carbonyl
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oxygen. With this in mind, a study was made of the thermal

3

reactions of 47 and iﬁ in E&O H.

A

ST w

RESULTS AND DISCUSSION

N . R = - o

(2) THE PROTONATION OﬁxCYCLOHEETA—S,S-DIENONES

Compounds il and 48 were readfly protonated in
fluorosulphuiic acid to form éolution$ whose pmr spectra
(Tablé"l&) we;é comp;etely“consistent witﬁ the hydroxy catign
structures ilﬂ and igﬂ,“respecgively, Recqvery<of.the

ketones unchdnged could be'pffectedAby careful,"lbu teppéra-"

ture (-45°) neqtraliza;ioﬁldf the acid solutiops; Figure 30,

-

e

Figure 30. The Protonation of Cyclohepta-§,5-dieﬁpncs

‘ e : e
FSOGH, -78° =y
——e :
-45" . )
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JTh1s value agrees very well w1th the 1. 0 ppn Shlft Olah

"Howevet,'tho C3 and C6 hydrogens-appeareé to have exper1enced

‘electroph111c carbon, 1, w1%h th@ relatxvely electron rich

* €, and C and C while poss1b1e, uouid be’ energetrcally

.pmr spectrum of 47H would suggest thag this over!ap is: ofc_ IR

_ A . : : . 118
E . - hd N R .
%
\

)Exam1nat10n of the pmr. spectrum ‘of 47H revealed that

"

-
the C, and C. protons ‘had moved to lower field by 0.85 ppm.

&

reported for the oC -protons of cycloheptanone and : /

cyclohexanone‘upon protonaf1on of“the carbonyl o:tygen:lcma

L L

’In addltlon, the. protons on C and C. were found to be

5
substantzally desh1e1ded relat1ve to thEIT pos1t10n in 47.

A

<

an uPsh1e1d sh1f€ inte reasonably, 1f onjy 1ngu&t1ve,

*
‘ [

effccts were, operatlve, one wquld have expected a more

pronounccd deshreldlng effcct for the protons bonded-tu

-"=C3'and 66 than for those on C and C ;“ B ﬂ“. , o
_— - To' expla1n these observatlons, 1t 15 reasOnable to.

'_propose tliat theTe exlsts an interactlon between the.

*
».F

_dlenc fragnent; A symmetrxcal type of interactxon betJeen

.ai M

}' 3

. nfavourabie be1ng a cycllcly delocal:zed systqm f 417 L

<

102

L
electrons. Am alternatwtapproach ,uh1ch ¢an. expla:n the

(3

) ﬂ .
an unsymmetrical n&gure nnd that . thc resonance forns.

S 9o - \.. ° A

_4?H a- b contribute sxgnificnntly td the sprutture of .

— .‘
. ¢ 'ﬁ
o

M-S

Support for thls vxew can bevobtained fron the uv

Spectrun of 47H As 1ndicated in Tabbtwkgp 47“ diSP‘“VCd

‘— + 0

6/a broad fairly intense absorptloninaxxnuu of 31& nn in
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TABLE 19. Uv hSpectra'of Cyclohepta-3,5-dienones and Pro-
tonated Cyclohepta-3,5-dienones ’
Compd Solv Temp(°C) A max(nm) loge.
: 2N
47 _ CHSOH - 25 227‘. . 3.62@?
a7w . - FSO, -50. . 318  ca. 3.0-3.3
b. 48 .+ CH,OH 25 228 " 3.64 i
48H . FSO.H =50 315 ca. 3.0-3.3
HS0, 25 333475
: Lo ..F P - .
2 Taken from/reference 103. _ T
- f . i - . '- . ';'_ : '_.-- .
|":‘: AY
4. I’ .
R / ;
) f
s '[ -
.'J °O .
! _ [
/ -
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&

FSO, M at -55°.‘ Similarly, 48H was observed to produce a.“

band at 315 nm. ance protonated ‘saturated ketones show no

P

,absorptlon above 220 nm, 104 and since the Tr—1r* band of

thc ketones are at 30 nm, these maxima in FSOSH must be

«

¢ue to a cyclopropyl allyl type of 1nteraction. The uv

spectra of some cyclopropyl allyl cat1ons have been reported

103

by Deno to contain bands at gg. 330 pm. One example.is -

given in Table 19,

£3) THERHAL ISO“ERIZATION OF PROTONATED CYCLOHEPTA 3 5-
e DIENONES :
_;/,/”*\_ - Nhen solutions of 47H were hentod to 0 gn clenn
. N | ‘
) . 1 1 K
g isomeriz ntion toor place.‘k = 8. 5:1011 sec' . ;o give 2 new . .

cation whosc pmr Spectrum showed the sane ratio of olcfinic
. \
" to aliphatic protons. The 100 HH: spectrun of this cation

is reproduccd in Figures 51 and 32. Thesg are nctunl,Xgrgg
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copies of the spectrum. The eoopling pattern of the vinyl

region'of this pro&uet;hasfbeen analyzed in Figure

31 and

. ' . . \
is completely consistent with that expected for protonated

cyclohepta 2,4-dienone, 27H. H is the lowest field proton,
! L3

3

as in eucarvone, and is coupled to Hz, J = 11.8 Hz

s, and

further split by H,, J = 7.9 Hz. The five line multiplet

at T 2.72 is Hs, coupled to-Hd, J = 11.0, and the two

protens on H., J = 6.9 Hz. The remainder of the vinyl

region consisted of a doublet for ﬁz at €3.09 and H, a
doublet of doublets at¥3. 19. Figure 32 §hows ‘the aliphatic

reg1on. Thxs, being exceedlngiv conplxcated was less

informative and vas not further analyzed. In fact

3

assignment was made on the basls of decoupl1ng experinents.

shown in Figutes 33 and 34. When the multiplet at

was 1rra¢1ated the five lxne pattern for Hs was observed to

collapse into a doublet. On the other hand uhen the ' lower

the

T7.18

f1e1d nultxplet was 1rrad1nted little,ﬂor'no, chaoge took

place in the v:nyl regxon. Figure 34.. J

Quench1ng thxs ac:d solut1on yielded an ornnge oil

which was sﬁoun by glpc nnalysis to be contaninnte

other products and only ca 0. 5% 47 The ir uv.

d uith no

nnd pnr

spectra (see experinentol and Tnble 14) were identical to :

those reported for cycloheptn 2,4- dxenone.

agreed very well. with those obta:ned for 27 obtained by

the author via’ the thernnl isonerx.ntion of 47

96, 98 105

They
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FSOsﬁ. | : Hcos‘,
) 0° ’ 0° Vt Q
/
i+ oy -
| - QH | 0
| o0 21

accordiné'to thé proceduré of terBorg.9

Solut1ons of 48H° rearranged in FSOsﬂ'at a somewhat

slowet rate at 0 , k = 3.7x10 { sec™), to give a pmr

spectrum whose vinyl reglon was simi}ar to that for ZTHfaﬂ_“

. 1
o

The high-’ f1eld reg1on dlsplayed two methyl pcaks, one

singlct at T7. 74 and one doublet._J = 7 0' at‘t8.59. Thi§
suggested that both protonated 2- oethyl and 7- methvlcyclo;
hepta-2,4- d1enone had been formed Quenching the solution

gave an oil thCh glpc analYSiS T°V°31°d €hat it c°"515t°dm““

of two products with very sinilar retcntiggifimes. Repented

- St S SR - _
TR B s A

glpc sepnration at lou tenperatures (+85 manaﬁod to yield

reasonnbly puro conpounds (>80\ by pnr) vhose spectral

propcrtros were consistent with 2- nethylcyclohopta 2 4-. | B

dienonc, ;E and the 7 nethyl isoncr 49 ¥ No intorconversion'

‘ -

of 28H and 49H occurred at 050 for two duy; 10”550357
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‘
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X

O
L
O

L

~
0.
I

S (35%) 49H (s5%)

1
|

In contrast to ‘the isomerization of the ketones,

\

rearrangemcnt'oﬁnthe protonated forms results in ‘an
'-cquilxbraum mxxture consxsting of 27H. (99 5%} and 47H
(0. 5\)  This d1fference 1n the equil1briun position must

be due to a greater need for delocnli ntdon within thc

£

‘charged spccics. Since scaling up these rencticns prcsents

no problems, this renction forms the bnsis for a slnplc

-4

.‘and convenlent preparation of 27. Attonpts to extend this-

G -

reaction'to unsymnctrtcnjly substituted systons uqre ulthout

a
%

LT ey,
.oy
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puch success however, owing to the formation of isomeric
products. Isomerization of 48 was.studied in concentrated;
stod'in an attempt to selectively produce 28.

In 963 sto4 48 was protonated on oxyéen to give a
solution whose pmr was identical to that of 48H in FSO,H. o
Rearrangement‘took place at room temperature to give a
seemingly compllcdled mixture of cations. Closer
examination revealed the presence of ggg and 49H- (50%) plus
a new product (50%). Quenching the acid solution gave an .

oil which was separated by preparatlveaglpc to give a

mixture of 28 and 49 plus a pale yellow o0il., The pmr

Tspectrum in CCi4 and FSO.H suggested that it could'be

[}

2-methylcyclohepta-2,6-dienone, 50, (Table 20 and Figure_l

\ 3

35). Both the 1r and uv spectrun were - consistent with this
structure (experimental section). To confxrm the structure .

of this product, the Spectral data were conpared t0"'

El

cyclohepta-2 'G-dienonc. 34, which was prcpared by the .

’ sta:dord procedure from cycloheptanone.ros'

]
— thi results in Tnble 20, a favourable conpnrison wes:

As indiCoted bv

obtained. “In nddxtion\\at ﬁvs shoun that 47H yielded 10\

. ~
‘ R .

o

of 34H in 96\ H2504

The product d1stribution resulting fron 1soneri*nm
tion of 48H in 2 series of H 804-H20 nixtures is givon in,
Table . 21, These results are bnsed upon the initial oroduct

ratios (reaction tize ca. 30°nin at ’3 1, as prolongéd o
. . : oo . . ¥y : o
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.. 96% H,SO - - S
. 2 47 ¥y -
>
23° +
P T .
- OH .OH
34H
) e
. - e
g
For compar1sqn sake, the resultf obtalncd for FSO! H and -

~ 2

. Fso H ng as solvcnts are lndlcataﬂ An thxs tablc Ouife

clearly thc§c rcact10ns are’ unsultable for pTcparativc_

purposes’ o e |

" ) oL . . t ~ . . ° .
I o L t P : - . . . -

- " %o,

TARLE 21. Product sttrlbution Rcsultxng from the Isomor-.

. 1znt10n'of 48H o -
oy ] ‘:- N ~ - . A_ : T
. Yoo PRODUCT DISTRIBUTIO\ CL
SOLVENT ™ /””;” s In Ac1d * . After Qucnchxng A
o 280 49H sont- "“'vaoag R 50
- L o ' ' . .o
[ V 3 . - o - :' -..l . ‘ -'
_esym,so, . 36 150 4% 59 . 50
W ’ g - S
ﬁSbt'n2804 U - S - 64 - 35 65
Sav M.so. - .1s 8T 7T 20 . . B0 L -
R 2 d‘, o - * i o' . »1‘ '. - . N » b - . .-.- .
-FSO M- L~ T ss. e . 0. 1000 -0 T
. o o o-q,' o L . . . “‘ - ‘.A
F593H-SbFf C.c 035 65 < 0 ;_‘;p}oo,a_ s 00
. 7 ' > . a"n T V -- ' ... . P . h l. N
el T - 2 _ _

2 arv 23, Ef“’llclati\re: percentagc of producg cations nnn3urcd
- by par. 5' Gipc analysis, 28 and 49 were not well teparated,

undcr the conditions enplovca—and°arc rcportcd togcthez. T

o T ' S o T L e AP .
> v ° .- ., " - ) ot
¥ I . a N
El . < " -
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It is ifiteresting tornote at this time that good- )
yields (85- 90%) of flmethylcyelohepta-z 4§ﬂiehone'were
eventuhlly obtalned by 1somer1z1ng the 375 1somer on ‘neutral
aluginia,/ activity 1T at. 23°. Prepared in thls manner, 28"
could be 1solated about 95% pure (pmr), although the
results were mot always reproduc1b1e. Th1s was a rather'

fortunate dlSCOVerY which the author st111 falls, in a

number of respects, to completely under

- . R

(4) THE MECHANISM.OF THE~ISOMERIZATION OF PROTOWATED -t _ 2
CYCLOHEPTA 3, 5-DPENONE TO PROTONATED. C{CLOHEPTA -2,4-DIENONE SR q

N

One can. suggest at least thxee reasoﬁable‘possiﬁii—'
! - o

. ities fon,the~mechan1sm of thxs react1on in FSO H., \ ?. . &
Concc1vab1y the 1somer1zat1on could proceed via a suproe X
‘facial 1, S hydn1de sh1ft as’ has been formulated for the s

- 98 .
- somewhat analogous react1ons of the neutral ketones.- - Ine
_acid however _one nght expect a stepu;se process 1nvolv1ng
R |
either 1n1txal enol1zation to 51 and subsequent reprotonatzon

;.-or an in1t1al protonat1on of 47H at C3 or C6 to. the dicatxon
. .
52 folloued by deprotonation. These ‘three proposals‘nre

sumpari:ed~in-ﬂtgqre;36 and are labelled paths A, B, and C

)

"respectzvtly - Evidence thht t;k§latter methanxsn is

operat1Ve in FSOSH has been: provzded by deuteriun o

Voo '

incorporatxon studles and by acidity effects upon ther -1 *i_ S

reaction rate, N . , : , .
P ar . PERERC I ' CE ' . B
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«

Figure 36: Possible Mechanisms for the Formation of 27H
from 47H

o —
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In FSO3D, 47-0-d rearranged to 27-0-d w1th the
incorporation of a single deuterium atom at C6' This

reaction was followed by pmT spectfoscopy and it was observed

-

that the relative intensity of the high field ﬁultiplet at

€ 7.18 decreased by one proton. .No exchange of the C2 or C7

protons of il-O-&’occufred 4uring the course of the
jsomerization ‘which was rTun at +15° (t 1/2 ca. 30 min).

These results e11m1nate the possibility of an

intramolecular 1,5-hydride shlft. Although they appear to

implicate path C, we cannot rule out the enolizationm

mcchanism'on this basis, for reprotonation of the enol

1ntermed1ate 51 may occur at C6 muchtfaster than exchange

at C2 oT C?. Howcver, as is shown in Table 22 the rate of

Y

isomer1zat1on of 48H jncrcased with increasing ac1d1tv ofa

the solvent. The magn1tude of the rate acgéleratlon is wlthxn'
thc cxper1mental limits. The ‘amount of SbP addcd to ;
increasc the ac1d1ty57 was purposcly kept low to precludc

any complxcat:ons arxsxng from the p0551b111ty of complexing

107

"the ketone w:th SbFS Thxs rate cnhanccmcnt with

1ncrc351ng ac1d1ty 1;>1ﬁ nccord wlth path €. If path B _i .“.' o
.wcrc opcrat1ve one would expect that dcprotonation.ftom fﬁﬂ
.Hould cause a rate decclcration. ) S _

Thc ratio of 28H fo 49H thch did not ch#ngéxwith |
. solvc;t acxd:ty, is consistent with the, fornation of . |

dication type intcrnedintcs Both products nust arisc from
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TABLE 22.

- a
FSOSH.SbF5

-Rate of Isomerization of 48H in FSO

b

135

3H and

107 k (sec-l)d

4 b
Mole % SbFS HO

Ratio

3.7 o -15
5.0 - 1.5 -18
5.4 - 8.5 -18.5

at 0 L 1°.

3 All isomerizations were carried out with
the same batches of FSOzH and SbF_-using a constant
ketone concentration, 4% (wt/wt).

b : . o -
See reference 57.

€ Measured 'by pmr..

d

"I 10%

e
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two different dications 525 and 52b respectively. The

predom1nance of 49H could result from the greater stablllty
of 52b, for it has been suggested-:that allyl cation
stability decreases with alkyl substitution upon the

adjacent methylene groups.108 -

- The formetiOn of an enol intermediate in Fsdgﬁ can
be fufther eliminated from confention by considering the
folloﬁing results. Both Gafbisch 106 and Parh.amlog have
shown that acid hydrolysis of the trienol ether 33 proceeded

" with attack at C2 to give cyclohepta-3,5-dienone. Somewhat °

related to this, Novce demonstrated that the acid-catalyzed .
H.0
—————— . .
hydrolysis _ :

~isomerization of cyclohex—S-enone_to-cyclbhex-z-enone"in

: 101b
nqueous sto (ca. 10- 35%) involved a dxenol intermediate

‘Dcuterxum exchange exper1ments in 02504 020 shoued thdt tqc
rate of protonation at C2 ‘was about 50 tinmes the rnte of
: protonation at the X p051tion.‘ Accordingly,‘onc night'.

expect that the proposed intermediatc 51 vould prcfcrentially

reprotonatc at C rather’ than at’ C nnd thus. 1n deutcrutcd ‘

acid, exchange of C2 and.C in 47H should have becn faster

.__-1‘_‘



Thermal Isomerization of 48H in FSOH
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than isomerization to 27H,

To test this,;the reaction of 47H to 27H wds run in
a deuterated acid,weakér‘than FSOSD where enolization nmay
be a possipility. Thus, 47-0-d- in the weaker 98% 02504
underwent coq?lete exchange of the 4 hydrogens ;ﬁ Cz and C
without any rearrangement’ being detectable.. This rraction

was examined by pmr spectroscopy and any product less, than 5

ca. 5% would not have been observed. Conceivably, this ¢

;\ 98% 0280 .
’

2 - 00 . ]
27

e

/

'cxchangc reaction would proceed via enollzabxonnand'rc-

protonatxon at Czl Perhnps thc formatxon of cvclohcpt:- 6=

:dxcnones result from subSequent react}on of an enol

& A -

1ntcrmedxatc 1n conccntrated sulphurxc ac1d.

- (8) ‘concLUSIOs‘(Figp;e'sv)f

The isoacri ation of protonntcd cvclohcpta 3, S-f

d:cnone in FSO H providcs a sin Ie and selectz\e routc to '°“K‘_

cyclohepra-2,4-dicnon ) ‘eparcd in this fashion 27 ii) R




>99% pure. Mechanistic experiments imply that this

reaction proceeds through a dicationic intermediate.

Y
Figure 37. The Preparation of Cyclohepta-2,4-dienone

*a
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EXPERIMENTAL SECTION

(1)75;N5TRUMENTAL

Pmr spectra were obtained onﬁyariaﬁ HA10Q, A60, and
T60 spectrometers, the former two being equipped with
(:variaﬁﬁe-temperature probes. Probe temperature was measured

with a methanol sample or a thermocouple inserted into a

nonspinning pnmr ﬁube containing an inert liquid; The

chemical shifts in CCi are teferred to internal THS(tlo;OO]; _
- L 4

those in FSOSH to internal CH,CI1, (xd.70). In allucascs,

~the infra red spectra were recorded on Perklnwﬁlmer Hodcls

521 and 337 grating spectrophotoneters using. NaCl or ¥8x .

&y
cclls; Calxbration was carrxed out usxng the 1601 and 1028

'crn'l bands of polystyrene. Ultraviolct spcctra were

-obtn1ned with a Cary 14 spect;ometer and mass spectra from
"a Hitachi Perkln Elmer RMU 6A mass spcctromcter.h Varinn
,Aerogrnph 204 (unnlytical) nnd Acrogrnph AQO P3 (preparatzve]
gns chromatographs uere used. In all cnses, helium uas'
-used as a carrier gas at 50 60 nl/nin.‘ Glpg cplung§:n;e-
refcrred to by a le er codq:- Colunn A, iﬁftxlléjih 10$ |
SE-30 on tprOQAQAfs 60-80; Column B, 12£tx1/8 in-20% S

Carbowax "2000 M on Chromosorb 60-80; coxunn-;- x1/4 in.

: < R P
15% Carbowax 2000 M on Chromosorb 60-80; Column D,

a0

'5f;x1[a in



»' 5% QF-1 on E€Ehromosorb 60-80.

Elemental analyses were performed by Galbraith
Laboratories in Knoxville, Tennessee. Samples were usually

b
n5ealed under vacuum in clean 1/8 in. glass tubing.

(2) REAGENTS

FSOSH (Kllied Chemicals) was distilled once from
sodium fluoride (400 ml/1lg) and then 2 second time (no NaF
" (A;ERFd) through a 12" glass colunn and stored in 1 ml ii_v

aﬂiquots in sealed glass anpoules. Antimony pentafluoride

was distiiled before use and stored in a neoprenc container.

A

Sulphurxl fluorochlor1de (Allxef) was used as supplied.
Both 96% H,s0, and 98% D SO were uscd as supulied
i Aqucous sulphurxc acid solutlons were preparcd by dxssolving
the rcquxrcd amount of 964% sto4 in distilled watcr
_Acetic Acxd (3 1) -was refluxed withe ncctiC~anhydr1de
(100 ml1) and . distilled, bp 118°% Carbon dxsulphxdc was

y dxthllcd bcforc use bp 45’1 Both carbon tctrachloride~

and mcthylcne chlor1de were’ refluxcd thh anhvdrous
potassium carbonatc and dxstlllcd bp 76° and 40 4"
respcctxvcly; onxane was d1siillcd fron lithiun alunxnxun'

: hvdr1d:, b§'100° Ethanol (3 l) wns rcfluxcd vith nngncSium
{Sg) and iodine (0.1g) for -4 hrs nnd dxstllled bpa}s

“cthanol was distillcd in drv glasswnrc. bp ﬁ?_ Pentane

was purificd“by trcutncnt with- funing sulphufic‘q;ld gnd‘ TN

.

- s ~ . " - P )
. . . . .o
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:—70\ met@nﬁol solutions.
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distilled, bp 35-37°. Diethyl ether was used as suppliea.

BUFFER SOLUTIONS

L4

For pH "values above 3.3, a buffer solution as

described by Rob1nson was used.110

f

0.04 M in phosphor1c and acetic acids was added varying

To 100 ml of a soclution

volumes of 0.2 M sod1um hydroxide: for pH 3.34, 2.5 m};
pH 4.65, 17.5 ml; pH 616, 31.0 ml; pH 8.86, 52.0 ml.
For pH 1.62, 25 ml of 0.2 M potassiumﬂchlor%de'was added
to 67.0.ml of 0.2 N hydrochloric Qﬁid. A buffer sblution
of 25.0 ml1 of 0.2 M potassium bisulphate and 67.0 ml of -
2N sulphuric acid was used for pH 0.7. The pH-values,

obtained using glass and calomel clectrodes, afe showh

below. The apparent pﬂ;recorded in Table 7 fs of the

-

pH (before dilution) ‘pH (after'dildtion with 70% MeOH)

. 0.02 - | < 0.70
&y 0.95S ‘ 1.62
L 1.95 . 3.34
2,90 ‘ . 4,65 - .

"6.95 . . . 8.86

-




143

(3) GENERAL TECHNIQUES

(i) Protonations T

¢
METHOD A. For cations which were relatively stable at -78°,
protonations were effected by slowly adding precooled

a.
‘_{778°) FSOSH (0.5 ml) toAclean and dry nmr tube containing

% [

the cation piecursor.(gg. 35 mg) in a dry-icé-acefone'hath.

Complete solution was then achieved by agitation of the acid

with a 1/16 in quartz. rod. .

- . N5
it -

METHOD B. The préparation of cations “which were relatively

. v .

’..

unstable at -78% was accomplished as follows. Tob an nor

tube containing a solution (0. 3 ml) of SO C1F:FSO H

(2: 1 v/v) cooled to ca. -120 was qﬁdcd a solutioq of the
prccursor (25 mg- in 0.1 ml CDZCIZ). Thorough 'solution was
achieved as above w1th a precooled -196°, quartz rod.

METHOD C. To prepare cation solutions in concentrnted . :

H2504. normally the acid (0. 4 ml) in an nmor tube was cooled

5

ai“-5° for at lcast 30 min nnd thcn to this uas addcd a

solution of the precursor (35 ng in pentanc or CDZCIZ,

0.1 m1}). Stirring to effect conplete solution was perforned.

4]

~

as usual.

(i}) Quenching.Acid Solutions

These techniques doscribcd bclov worc used in por

scale expcriucnts (SS‘ng in 0. S ul acid)

"

L

W
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METHOD D. The acid solution of the cation was added i !

dropwise to a rapidly.stirred suspension of sodium bicarbon-:

ate (5 g ) in ether (20 ml) maintained at < -45°, ,Up;n
warming to 0%, the resultant ﬁixture was added to ice water
(5 mii, sw}rled,'and‘filfe:ed in facuo: The ether layer
‘waskwashed:;ith briﬁe*dnti} hgutrér andithen dr{gd.(&g504).
ﬁrﬁducis‘werleeEovefed‘by eﬁaporation quthe~solven;'and

pur1f1ed by chromatography

o
[

METHOD E. For relntively stable catlons, the écidisolutions

were neutral1zed by adding them dropwise to a rapidly
st1rrcd solut1on of NaHC03 (5 g) in ice_water (25 ml) at’
0°, f1lter1ng in:vacuo, nnd then cxtractxng with pcntane or

cther. ~Work-up was continued as in Method D. v -

@ . . ;' '_‘~ t’,

-y

(iii) Determination of Product Rat{gif ;

¥

(B)‘Bz pmr. Product ratios were obtnined by repcatcd

wintcgrat1on of well sepnrated (2520 Hz )gsignals Nornnlly

the lxmit of this tcchnique was -St fo; low tennornture work

and 3% for rou;ine snmples at +37° .fl_ ' . T S

- -

(b) By annlvtical glpc. Product rntios wore cnlculatcd

[

Ta

by triangulqtion or cutting ﬂnd ucighing “the pcnks of thc'

original chronntngrnm or &’ pﬁ%tocopy ‘Results uere‘

reproduciblc to -2& in- all annly;cs rcportcd and gcnera11y~

l' - l'

'uerc the average of twe or threo injections.. Szgcc S .

-

@
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N -
- [

products obtained were almost. always isomeric, the reason-

~> c e -
able assumption-was made that they had identical detector ™

- . "o . . 4 - i -
. Tesponses. lFS\_ o . g ‘ -

3

(iv) Irradiation of Keténes

In’ the experzments on the three major ketones

studied in th;s thes1s, g, 27, and 28 at-least_four separate
irradiations were ;arried/éuil The first one was always of
an'explozatory nature to determine the length of time’

needed for photodhem1cal 1somer1zatzon. Having established

this, the second set of experamentg/yere conducted on a

T *

»preparative'stale to"deterp1ne the 1dent1ty "of the photo-

_products. Subseéquent experiments were run in-a more

\J ~

quantitktive mann to examine effects -of solreng.polarity

and acidit product stab111ty and any- change in® product'

ratio'ufth-1rrad1at1on3t1me.- In all cases . the nunbers

]

\ (=

reported-in Tables wereffromianalyses_conducted on Dixtures
of products and starting material which were recovered in

- . .

97% yxcld or better. Lo P o (,- .
f“METHOD F.d A Typfcal Preparative Scale Irradiation'

kN

The ketone (1 g) ‘was dissolved in a suitable ’ '{_

solvcnt (100 ml) and plnced 1n a 200 nl pyrex. test tube.

The resultant solution was flushed vith zthrean of drv

nitrogcn gas for nt Ieast 60 n:nutes ‘and then stoppered

- .

§uith s cotk or rubber bung wrnpped 1n an 1nert zateria!.
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The pyrex vessel was suspended in the Rayonet Photochemlcol
apparatus equ1pped with sirteen, 350 nm lamps and 1rrad1ated,
Aliquots were withdrawn periodically to check the pfpgress

of the reaction. When the desired time had elapsed, the \\'
solvent was carefuliy Témoved ano the reoidual 0il, contain- ‘

ing products, was purified by distillation or chromatogranhy.

METHOD G. Low Temperature Irradiation of Protonated Ketones
] . . .

All irradiations woré carried out updn FSO_H, '

solutions contained in clear, thin-walled pmr tubes which

o

cut off light of wavelength <260 nm. Solutions of cations

were.prepared as in Method A:

Cool1ng Apparatus ] - Lo -8

\The 1rrad1at10n of protonated ketones requ1red a
reason&ﬁry eff1c1ent system to mainta1n the solutions at
low temperatures,,generally betweéﬁ>-85 and -65‘. The pmr
tube conta1n1ng the sam le was: suspended in a doubTe- wallcd .‘ e

ﬂquartz conta1ner as shcwn 1n Figure 38. This apparatus was

fxtted tlghtly into a two-holed rubber stopper whjch was -

v :
secured in the mouth of a 2 gallon dewar of liquid nitrogen
The other hole accommodatod ‘an electrzcal lead from a.
;var1ab1e resistance power supply to a 250 watt heatcr
placed at the bot%om of tho liquid nitrogen in the dewar.

By passrng current through the henter the liquid nitrogcn

. "aé_bOiled.up ‘through .the inside of the quartz container

over the sanple,? The rate of bOiling-nnq hcnoc:thc amount
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of cooling was controlled by a'sotting on the power supply
box which governed the current passing through the heator.

A thermistor, placed just bcﬁow the sample, connected into

" the circuit, functionod to maintain a steady rate of cooling.

Thc'gcmperature of the sauple was measured by a

copper constantan wire (thermocouple) connected to a pre-
standardized potentiometer.'TF’avoid instant solutionqof
‘the wire, the tip was covered to a depth of 1" by a sealed

glass capillary tube before insertion into the acid.

Temperotureb could be controlled to :5° for several hours.

Irradiation Apparatus (Figure 38)

-’

The light from a Ph111ips SP- 500 h1gh pressure"

irradiation source was concentrated along a hzghly polishod

a}umin1um tubc, through a glass filter, and focussed by a

-

semi-cylindriCal quartz lens’ upon the sample. - The filter
used in a11 1rrad1at10 s was ‘a Cornlng l3850 uh1ch - -
effectively cut off 11ght of "A<370 nm. Since the lamp

produced suff1c1ent heat to crack this glass filter, it

-

was cooled by c1rculat1ng cold water ahout 1t at a.rate of

'about 1 IJm1n. For this purpose, the filter was cnclosod

\

in the aluminium, box cquzpped with 1 1/2 dfamctcr quartz

~

windous.
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(v) HOD H. Kinetic Studies N\

A1l rate studies wére performed on solutions -
contained in pmr tubes. The %hmple was taken from a low-
temperature bath (< -78°) and inserted isko the probe of the
nmr spectrometer whose temperature had been pre-set at the
desired temperature for at least 15 minutes prior to the
start of ihe'reactioh. The prﬁgresé of-%#qfisomefization
was then follqned 5y observing the appropriate changes in
the pﬁf spectrém wiﬂﬁ timef‘ Rate constants;were,calculated

for each time interval from the corrected height -of a

product or reactant pmr signal according to equation (3).

~

k, = h -\ . (3)
LN c
"Ah = height of signal at timentn+1 minus height of same .
. ?eak-at tn. . o | .
T oAt =t -t

n+l n

The rate constant for the reaction, k, was then calculated

according to eguatidn (4). | TR : -
- . l . )

/ k.”n'l Zki m_; (4)

LY
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In most casés at least two separate runs were

’

performed and the rate constants k calculated for each. !

The reported rate in.each case is the average of these

values. Because of the fluctuation in temperature of the

pmr probe, Tates could normally be reproduced to only

I10s. . N

(4 SYNTHESIS OF KETONES : )

~

?

(1) Eucarvone (6) was prepared in 66% yield from carvone

(Eastman) by he procedure of Corey and Burke. 111 4y (thin

film) 3030, 2970, 2930 2860, 1660, .1450 1400 1100 and

750 cm_%; uv max (MeOH) 303 -nm, loge = 3.85. The pmr,

Table_l; was 1dentica1 to that reported earlier 112 _The

position of thefuv max'changed'eply slightly with solreﬁ%:
; - ' e '
(pentane) 299, (70% MeOH) 308, _(CHiCIZI 300,

(60% acetrc acid) 309 nm.

e i o113
(ii) Tropone was synthesized by tHe procedure of Radlick _

" from.cyclohepta-1,3, 5 triene (Baker) oo
\ . |

(iii) Cyclohepta-3,5- d1enone, 47. A benzene solution of
: .
~sodium &?& (2 methoxyethoxy) alum1num hydride (0. 17m) was

added over 1 hr to a rapidly stlrred solution of tropone
.(9 Og. 0. SSm] in @nhydrous ether (400 ml) at. 0° The - - -
'reactlon was st1rred for 1 hr q; room, temperature, cooled

" to 0° and worked up,_ by the procedure described by "" o :.ip

N

J— . r

T .
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. 114 C .
Schuster et al. to give 47 as a{colorless liquid, 1.5g,

bp 22-24° (0.5 mm). Analysis by élpe { column D) ir and nmr

. showed no other isomer to be present._ﬁif (thinﬂfflmi 3030,

2970, 2860, 1710, 1380, 1043, 892, 833 cm"); uv max (MeOH)
227 nm (& 3.62).

(iv) 2-Methylcyclohepta-3,5-dienone, 48, was prepared in

t

72% yield by the method of Nozoe.and coworkers.?9% J
Distillation of the crude oil at low temperatugyes gave 48;

a pale yellow oil, bp 23° (0.7 mm); ir (thin film) 3020,
[y i . . ]

»

2965, 2860, 1712, 1375, 1050, 927, 840 cm '; ‘uv max (MeOf)

228 nm (€ 3.64).

~{v) Cyclohepta—z 4-dienone,'gl.‘_Cyelohepta;S,S—diendnei
= .
47 (lg) was added dropw1se as a 90% solutlon 1n CH2C12 to

rapidly stlrred FSO H (10 ml1) at -78 After addition was
completed, 15 min., the solution was. warmed to "25° and

stirred for 4 hrs. After complete 1somer12atxon had been

-

checked by runn1ng a nmr spectrum, ‘the acid solution was

added dropwise to a rapldly st1rred suspensxon of NaHCOQ .

(203) in water (50 ml) kept at 25° to 0°. The resultnntﬁ

m1xture was extracted w1th ether (3 x 50 ml) - it was v

" sometlmes necessary to f11ter off the 1norgan1c precxpxtate
undeﬁ vacuum to fac111tate this. extractxon, the SOlld
collccted was washed well thh ether. " The combined ether:'
extracts Here washed uith wnter until neutral and dr:cd ovVET

. 9~~

-
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MgS0,. Careful removal of the ether in vacuo gave an orange
0il which was distilled throohh a short column to give 27,
0.8g (80%), bp 30° (0.5 mm); purity: 99.5% (par); ir

(thin £ilm) 3050, 2960, 2900, 1660, 1410, 1270, 685 en !

uv max (MeOH) 294 nm (€ 3.§).

(vi) Z-Methylcyclohepta-z,4—dienone, 28. 2-methy1efclo-

Hepta 3,5-dienone Elg) was placed at the'top of a 1/2%
dlameter column of neutral aluminia (Fischer) activity Il
(ISOg) and eluted w1th pet ether (bp= 45 ). | fter ten
\\ﬁ(ioo m1)_fract1ons were collected (9p mrn), g eLﬁgﬁ oil
was eluted in the mext 100-200 ml of solVent.l&Eeeporatioo

Y

of the pet ether and d1st111at1on of the oil y1e1dea

“‘2-m"eth"ylcy\clohepta-Z;4-dleﬂ°“& (0.75g).. It (thin film)

| 3040, 2980, 1653, 1435, 1360,-1228, 705 cn~Y;  uv max (MeOH)

300 nm (loge. 3.95).
: (Vil) Cyclohepta 2,6- dienone, 34 was; prepared by the: four

106 -
step procedure from cycloheptanone reported by Garbxsch. S

Por (Table 20).. Ir (CCl ) 3032 2928,.1648,_16l0, 1405L

1080, 860, 790 em .

(Viil) B1cyclo[2 “2.1]hept-5-en-2-one was prepared by the.

'procedure descr1bed by Cr:stol1 > from-bic?cloTzfz.l]hoptf
S-en-2- 01 (Aldrich) bp 32~ 36 (10 om). Ir (thlp film)

. & B

-3070.' 975, 2948, 1748, 1325, 99;,=3sa, 770 em ©.  Por

>

CoTy o _ . =W
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(cCi,) 2H (vinyls T 3.5, 3.94); 2H (bridgeheads) ¥6.86,7

7.13; A4HT7.8-8.4.

(ix)-Bicyclo[3.2.0]hept—3—en—6—one was obtained from the

irradiatiop of bicyclo[2.2.1lhept-5-en-2-one according to
the procedure of Schuster.116 purification was easily

‘ efgected-by chfomatbgraphy on basic aluminia. ItT (Céi4)
;1780 cm‘l; pmT (C614) 2H. (vinyls) T 4.13, 4.40; 1H

(bridgehead) T 5.79; SHT6.6-7.8.

(x) Bicvclo[2.2. I]hept -2-en-7-one was donated by Professor

J. Warkentin. It was prepared by Prs. F. Clark and S. Korn

: 117 ' t
by a standard procedure.

(xi) 2-Methylcyclohepta-2, 6 - dlenone, 50. 24methy1cyc19—

hepta-S,S-dienone,iﬁ (1.0 g) dlssolved in. CH Cl (1 ml)

was added dropwlse to rapidly stirred 96% sto (8 m1) at
0°. The solutlon was stlrred for 1 hr at 25°, - "After this
time, the resultant solutlon was worked up by adding it

to. exCess NaHCO /H 0 at 0° as. preV1ously dcscrlbed.

- ‘_\ ~

Dlst111at10n of the yellow 011 obtalned gaVe 0. 92g (bp 34°
at 0.6 mm) of a m1xture of 28 (45- 50%) and 49 and 50 -
(50-555).' Preparat1Ve glpc (Column C)readlly gpve 50

~0.4g (40%) 99% purlty‘. ir (th1n fllm) 3035, 2930',- 1650,

1615, 1435, 1405, 1378, 1280,‘1220, 1030 865, 792 cn’ 1.;

uwv max (EtOH) 240 nm ( €3.89), 275 no (@3.40); mass"

t

)
7

&
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spectrum (70 ev) m/e (rel intensity) 122 (90), 107 (25) and

=

79 (100).

Anal. Calcd. for CgH 0; C, 78.65; H, 8.25. - Found C,

78.60; H, 7.99.

r Ll

(5) EXPERIMENTS

(i) (a) Preparative Scale Irradiation of Eucarvone in 60%
Acetic Acid

Compound 6 (1.5g) was dissolved in 60% acetic acid-
(125 ml) and irradiated according to the procedure of
Method F. After .24 hours analysis showed 10% reaction. The

solvent was distilled off to-leaté an oil (1.3g) which was

vacuum transferred to give a m1xture of 6 and products,

:free of acet1c acid and any non-volatile components (1. Og)

This o0il was separated by*preparative glpc ( columns A and C)
to y1e1d eucarvone and six products. Ehough of each was
collected for spectroscoplc 1dent1f1cat1on (15 -40 mg)

The pmr spectra-of 7 8, 9, 10, 11, and 12 are recorded in

T S |
Tables 4 and 5. Ir’ spectra (cC1,) VC = 0 : 7. 1732 cm °;

81730 cn”}; ' 9 1782 ‘em -1.° 10 1740 cm l} 1 1665 cn ';

12 1775 cn !, The fetehtioﬁ'times'(ﬁin} of each product -
‘on column C 135 60 m1/min He, were 43,'72,_37,'59, 79,

and 48 respectlvely. |

(b) Preparatxve Scale Irradiation of Eucarvone ‘in
Buffered Methanol Nater Solution

Eucarvdge (2. Gg) in pH 0 7 solvent (150 ml) was
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irradiated at 350 nm according té Method F. -gffer 18-20 -
hours the solution was poured into water (200 ml1) and extra- l
cted with ether (3x50 ml). The organic layer was washed
with brine until neutral to pH paper and dried (MgS0,).
Evaporation of the solvent left 1.8g of an o0il which was
distilled to remove solvent and any. non-volatiles. -Aﬂalysis
(column B) sgowed 6 (90%), 7 —» 12, plus ahpfher product
\Jidentified as 17. Compound 17 was collected by preparativé
glpc as an oil: pmr Table 23; It 3550 - 3150, 3040, 2948,
2930, 2870, 2818, 1640..1532, 1440, 1455, 1348,.1355, 1240,
rzoo,riozs, 940 cm 1. Anal. Calcd for C,,H. .0 c, 72.47'

11717 2
H, 9.94. Found: c,72.28; H, 9.81. omBounds 7 —+.ﬁ_ were

identified on the basis of their glpc retention times- in

compaTrison to authentic ‘materials. ‘

(ii)(a) Low Temperature Irradiétion of Protonated Eucarvone

Samples of 6H (35 mg) in F803H (0.4 ml) were

1rrad1ated in pmr tubes at <-65° for between one and two

-
L
¥

hours accord1ng to Method G. In each case thngyog;c;s of
//Afﬂc reaction was monitored by pmT. tThg #éid SSIutiohs of

the products were qucnched at quz in ether-bicarbonate as

described #n Method D. The 011 obta1ned 1nreach run was. |

separated 1nto three components bv preparat1ve glpc and’

»¢collected as 0115. !dcn11f1cat10n was carrxcd out by

- —‘ " o } ‘ ) 9 ‘,
. v R : / . N X " [. E.1
L ' ’ : : 4 , R ' : .



156

L]

-\

sousuosexr o1dyx3l pus oan:ov mcwms_ovma.mucoﬁnmﬁmm<

L TS0 g
.sjusrIodxe
"oLE + 3% ZHH O0IVH 4

v

0°2l-= ,LLp . o . \
L1°6 (zHL T=r) ££°8 . -
S0>Sv, op o VS gur9 - 489 sL'¥ 9T'8 80°8  T6°L LT'9 7 SV'Y
| faoo 7o Zs : Sy ST
ﬂu:mumcou Suirdno) Ax0Ip4AH mﬁx:umz

suo3joxd Suiy

o SLT u:vouaouo:m 3o muuuokw iug

'

‘£¢ mqm<k



157

\,

spectroscopic techniques. Compound 11: (75% of mixture);
pur Table 4; it (CS,) 3015,.2950, 2930, 1665, 1390, 1285,

1250, 1120, 1050 cm‘l; Compound 13: (20% of mixture); pmr

Table 4; ir (CS3) 3600, 2960, 2930, 1300, 1230, 1172, 1115,

995, 938,.860, 812, 712, 694, 638 cm '; mass spect, m/e

150(78}), 135(80], 107€100). (Relative intensity in
Qrackets.). Aﬁthenfic carvacrol purchased from J. T. Baker
Co; had identical pmr and }r ;pectra; Compound 14: (S%);
pmr Table 4; ir.(Cszl 3022, 29606, 1715, 1398, 1345, 12 6,

1250, 844 cm'. Anal. Caled for C,H,,0:C 79.96; H, $:39.

Found: C 79.98, H 9.44. Uv, 3°73% 236, 1og € = 3/7s. /
T max -
By using internal TMAC as a standard in these

¥

irradiations it could be established that ca. 5% material

loss occurred. This was accomplished by obtaining the

ratic of the height of the methyls in Qﬂ to that_of.TMAC-at '73ﬁ
the start and comparing it to the sum of the methyl peaks‘
of the products to the same TMAC peak at the end of the

‘

irradiation. 1In addition, the crude mikture of ll, 13, and
- 14 obtained as'described_above could be téprotonated in
FSO.H at -73: to give a por spectrun which was identical in

composition to that obtained upon photolysis of 6H. -Th:

ratio, of 11H 13H:14H measured by pmr (lS 4:1) was s;nxlar

to thnt of 11-13-14 measured by-glpc (75-20-5)- The chlds
"of recovered 011 from quenching thc acid solution were

between 80-90% bnsed on. weight of recovercd products verses
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weight of starting material. Considering the evid&nce above,

it is felt that losses occufred during work-up.

(i1) (b) Small-Scaleylow-Temperature Itradiation of 6H

Compound g'(3-4 mg) was 'dissolved in FSO3H (0.4 ml)
at -78° and irradiated at -65° for 15 minutes according to

Method G.? After this time, the. sample was quenched

L

+

- immediately in a suspension of NaHCO, (5 g) in ether (15-
20 ml) at -75°. Upon{warming to room temperature the
resultant mixture wﬁs filtered washed with water kaS El)
and dried\(HgSO ). The ether layer was then f11tered and

carefully evaporated to 0.1 ml Analy51s by glpc on column

B showed 9 (1. 5%), 14 (0.5%), 6 (50%), 11 (40%), .and
213 (8%). Inm separate Tuns. on the same scale, the 1rrad1ated

solutxons were placed in the probe of -the pmr spectrometer ; R

o -

(-45°) for 1S minutes before quenchlng " This was intcnded

o

to dUpllcatc the cond1t1ons used for larger scale exper1mcnts.
Aftct this time, the solutions were worked up as above and
analyzed by glpc Under the same conditxons on column B the -

recovered oil was shown to consist of 9 (<:0 5%), li (2»),

- e
J) 6 (sos), 11 (40%), and 13 (st)
(iii) Control’Expcfimcnts-?bf (ii)
S
(a) Low Temperaturc Irrndintion of 11H -
’ Compound 11“170 ng) was: dissolved in F503H ut -78i

)
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1 -

(Meihod A) and irradiated for 30 minutes at < -65° using
light 6fA>370 nm, Method G. No change was observed by pmr. S

This irradiation was repeated for the same time With no ,

-

éktectable 1somer1zat10n‘ However, when 11H was photolyzed
With light of'wavelength:>280 nm, a react1on took place
after one hour to g1ve a product whose pmT spectrum in

FSO H was 1dent1ca1 t6 that of 13 cher minor products

(5-10%) were not further 1nvest1gated

- - . - . ' . »

R . - A . R [
“T (b) Thermal Stab111ty of Eucarvpne Photoprbducts 11—7'11- _ )
. N H' “in. F803H S - o . _— AR

« - T . " T .
. _.u . ., - E . Y .
« N . . -

e v

Each ketone (ca. 20. mg)-was d1ssolve4?1n the super_} :E__La i

o "

e aczd med1a accbrd1ng to Methods A or B. The resultaht

¢

solutlons were examlned by pmr at var1ous temperatures between

--85 and ca mIO g Normally, the probe temperature was

'1ncreased from the lowest value by 1ncrements of. 10° unt11

B -

P an 1somcrlzat1on took place. Isomer1zat1ons were. followed

_by pmr Spectroscopy 1n 311 cases ‘and rates were evaluated 7
- . Y . v . " -
;2from the changes 1n a peak‘of a reactant compared to.an xnternal -

.
[

standard such as d1oxane oT CH Ci . In general a cat1on 5?1- ;5
_ was dcemed "stable" 1f it dx& not change at tcmperatures fi[.f S
k. - L e L } o )

>- 30 fb; at least 30 mlnutes.“ Products wére gdcntlfxed

B r“

. N . A o .

';‘ag acscrxhed in’ the results sect1on (II ii)__‘f_i R
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(c) Thermal Isomerization of Protonated Bicyclo[3.2.0]hept
-3-en-6-one '

" This eXperimenf was carriéd,out as above in FSOSH:
502C1F at -75°. .-The produyct cation, 27Hh\was identified.by
its pmr spectrum in comparison'nd material synthesized as

‘described earlier.

(d) ThermalﬂIsomerizatioﬁ of 12H

aompound 12 (20 mg) was protonated as in Methods A
'and B. In each case, 1somer1zat1on took place at 755° to

3
a new cat1on 1dent1f1ed as 16H : The pmr spectrum of 16H

-

at ;30 con51sted of two v1nyls x2.21 and‘t3.46,‘J = 9.4 Hz . S

N
4.
of chcm1cal shlfts in. comparlsonvto those of 6H and 27H.

wh1ch were 3551gned to C3 and C respectlvely on the basis
L ad
Thg rema1mder of the spectrum is shown below Quenchlng
' the aC1d solut1on gave an 011 whose spectral propert1es

° ‘uere con51stent W1th 16 Ir (ccx ) 3035, 2965, 2930, 1665,

1600 1455, 1378, 1260, 1250, 1208, 090, 1000, 865;ém‘1.

Ac“3°H 310 Am, loge= 3T L

- Pmr Spectrum of 16H Ff; "'H 'V'

Methyls 17 72,-3 86, ‘8. 91 (J = 7 2 Hz)
“C)Fi Vlnyls tz 21 3 46 (J = 9 4 Hz) ?

Other’ 17 21, 7 03 (H7) (J = 17 'S Hz)
16 51 (H ) (J6 7'7_? o Hz)

D _;x.:ens T r‘n o Lo
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(e} Thermal Isomerization of 9H , o ’,
- . J . .

Compound 9 was‘protonated at -78° in FSOSH (20 mg in

0.4 ml1) according to Method A. At -55° C, 9H underwent an T
isomerization to 14H, identified by its pRr spectrum in
comparlson to that of authentic 14H. This solution was quenched as kl
-1n Method D to give an 011 whose ir and glpc retentlon X
t'ime, co;;hn B, was ‘identical to that 5} 14 No other \
product could be detected (2% 11m1t)
l' . ~ The 1somerlzat1on of QH to 14H can be V1ewed as
taking'| place by the process shown below It is 1nterest1ng
'that in the absence of the &__ dlmethyl group at Ceo M no’ CL
l.analogous 1somer1zat1on took place. For example, igﬂ S oo

,

, decompoqed at temperatures greater than ;29°;' 51m1lar typesf

‘ jg‘of rcarrangements to that of 9H — ldH hargnpeen reported in
118 ‘ '

‘the-literature.

(f) Thermal Isomer1zaf10n of llH .*5j-L§§ j'g ; 'f-- : 3lf;

5_r-’n".i Compeund 11 was pretonated at -78 in FSO P (25 mg o
\- 'il..

‘41“ 0. 4 ml) accord1ng to. Method 5.  kt -16°‘ 11H 1somer1zed. ‘ ?‘mf3

- 7‘ R
N

e



T

162

to 2 nmew cation whose pmr was jdentical to that of 13H.
fod ¢ : -

(g) Thermal Isormerization of 7H and 8H

t

Compbund 7 (25 mg in 0.1 ml CDZCIZ) was protonated
in SO ClF: FSOSH (2: 1) at ca. -100° ‘and examined by pmr at
*85° about 5 minutes lgter. The spectrum obtained was

identical to that of gﬂ;forﬁed in the samé mannet.‘ Ccation
. 8u- jsomerized at -45°, k = 2. 5110-2 sec-l, to a new cation

which displayed pr1nC1pu1 pur signals at‘r6 35, (24),

T7.22 (SH) T7. 37 17.56,T8.91 (3H) . Quench1ng the"aeid,
solut1on of thlS product yielded an oil which was subjected -
to glpc ana1v51s, column B 155° .N Three‘peaks had retenf1cn

times of. 43, 59, and 73 nutes. Under these. conditions,

14, lﬂ and 13 had retent1on,t1mes of 25 42,'and 55 /

.

1ﬁUtLS reSpectlvelv ‘ Each of the threc products were

collected by. preparat1ve glﬁ?.,The conplete ir spectrum of gach'

o k. h ' |
'compound d1d not matth thos@ ‘_j__l__ or‘lz._ ) - .
| | g R
(h) Thermal Isorcrlzat1on of 17 1n-5ttong5ﬁu@g”;f
' Compound 17 (35 ng in O. 1 =l c02c1 ) ﬁ ' dxqso“lved

in SO,GIF: FSOsP at -110° ‘and. reacted very rapidly at<. -75°

to gt}e 9H as Jucged by pmr - ﬁt -45 }2§_was Cleanly L o
. . ) 4., e I ’
1somer1~ed to 14H

-
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)i - |

(i)‘Hydrolysis of 7, 9, %ﬁ, and 17 in pH 0.7 Buffer

.. The same procedure,-as outlined beloﬁ, was followed

]

for "~ eath compound Approximately 10;20.mé of each reactant

was dlssolved in '3-5 ml of pH 0.7 buffer and refluxed on' 2

steam bath for 45 minutes. These conditions for hydroly51s

would be much more extreme than the 1rrad13t1on cond1t1ons
L +J i q
(30 min at ca. +30°). Each solutioq was worked-up by |

dpourlng 1nto saturated NaHCO3 solution (S ﬁl), extracting"
with ether (3x5 ml) and dry1ng (MgSO ) The ether layeT ',

was filtered, evaporated to 0. 1 ml and the product exam1ned s-*ﬁ
by glpe, coiumn'B. !

(j) Thcrmal and Photochem1cal,§tab111ty of 10H K 5§ *%
. FE

Compound 10 (25 mg) was. protonated in FSOH (0. 5 ml) ¢ T
: accordlng ‘to. Method A.' After one hour at %25° no changc 1n S
the pmr spectrum of 10H was obserfed S1m1lar1y, after 6

‘hours of 1rrad1at1on at e75° using 11ght ofX>Q30 nm. no : .t

change was detected by pmr. Quenchlng.the solution (Method.

.-

c) rccovered whlte crystals (20 mng) . Glpc\analys1s,%

,COlumn B, showed only one peak w1th an. 1dent1cal retention -
L] . .

"~

. time to that‘of_lg;

£y
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(iv) Product Ratios as a Function of Solvent Polarity

Into .each of a number of fS.O ml volumetric flasks
was weighed 100.0 T o.s mé of 6. Each flask was filled to
the martk with a N, flcshed solvenc. Aliquots (10.0 ml)
were taken from eacq’and placed inco pyrex test tubes and
5ea1cd under ﬁ;_ Irradiations weTe carried out in the
;Rayonet at 350 nm using a merry-go-round apparatus. After
<5% rcaction the -solvents were evaporated to give in each

) . +
case angoil (40 - 2 mg) which was analyied by glpc, column

. B. Solvent colarlty had an effect upon the rate of

Benzene MeOH _ 1, : -
1somenzat1on (¢re1 /¢ rel = 14) so not alllynalyses o :

were conducted after the same perlod of irradiation time.

¢

- (v) Product Ratios as_a Funct1on of Scléent)Aciditz.

~The solutions of 6 weTe prepared as above u51ng‘the
P

-’buffered methanol solvents Irrad1at10ns weTre carr1ed out

as above in the MGR apparatus and’ were exposed to the’ light,
for the same’ length of time (30 m1n) f -up by procedures .

described‘earller y1e1ded in each case an 011 (98 100%) .

¢ -

'Glpc‘analy51s us1ng chloﬁnbenzene as rnternal standard was:

'pcrformed us1ng column B o - 7'" ';‘:‘ -

(v1) Queﬁchlng Exper1ments

Q

\ - '-;. *

?3: A solutlon of 6 (192 mg and cycloheptanone (8.*1 _)

- in 96% dloxane;j 4% waxer wWas made up,ln a 10 ml volumetrlc.:f,

st Y . . e . 2
i [ . .
Y LA
Ca o i P . C - n
P

=g
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2.0 M1 aliquots of this solution were pipetted into each

of 5 pyrex test tubes (10 m1) containing 0, 1.5, 2.8, 5.5,

and 10.3 nl of cyclohexa—l,S—diene. After shaking well to

effect uniform solution, the tubes weTe placed in the MGR
apparatus and irradiated for 8 1/2 hr at 350 nm. The
solutlons weTe analvzed by glpc, column B at 138 » by

d}rectly injecting the sglutions into the chromatograph.

This avoided any Josses in work-up. The amount of 7 !
. produced in each case was measured relatlve to internal

cycloheptanone. The low ext1nct1on coeff1c1ent of thxs
. IS

—<tandard (€= §.83, loge-= 0.86 at 313.0 nnllt® ) insured

a

that it WOuid;ndt_hhve undergone any reactlon under the

.

present condltlons. T, ' | ”_' o

L

This-exper1ment was repeated several t1mes u51ng
various amounts of cyclohexa 1,3- dxene as quencher.

- Qucnch1ng in ac1d1c solvents ‘was done 1n exactly
>' ., . , ‘
the: -same fash1on except that solutlons were worked -up and

.
o . . P

~the. o1ls recovered before glpc analyses. S s .

k)

5 -

(v11) Em1551on Studles

'
T o
.. E

. .
P -

Fluorescence studles were performed w1th ‘an Aminco—

-1 - ya-3
’:Bowan Spectrofluorlmeter u51ng 10 _—710. M solut1ons of

_ .
1eucarvone in purlfled pentane or ‘agueous acet1c ac;d., All ‘

‘. -

'$Qluiions were degassed for at least 1/2 hr w1th a steady

: . : s A
i\\etream-of argon gas. Experlments emplOYed ex°1t3t1°“ S
‘. * ’ l : l‘ . ) . il L_ i - 1‘ . T ] ‘I :
‘;. \.‘:-;l‘l ) ; L . © . g “ W . ) ?;,:{r. o -
s RPN
. S




-of the instrument. o

' press?ﬁewthro

 sub)ected to glpc analy51s,a olumn D, ‘at 85—90 . Only tuo .

“cwrbonyl absorptlon At 1730 cm Wthh is typ1ca1 of a

'166 .

f

wavelengths between 250 and 300 nm with maximum sensitivity

-

Phosphorescence studies were carried out on the same

instrument modified with an- attachment for low temperature

work. At 77° K-no emissiop from 6 in 1:1 ethanol-ether glass

or 96% H2804 glass could be observed
Under the conditions. employed above, em1551on from

naphthalene and benzophenone respectlvely could easxly be

observeq.120 L o - ! ,\

v

-

i(viii) Pﬁotoisomerization of Cyciohepta-2,4-dien6ne_

-

-Cémpound 27 (200 mg) was dlssolved 1n methanol

(25 m13

and 1rrad1ated for 8 hours accordlng to Method F.: _'”“"
The ;olvent as carefully d15t111ed off at atmospherlc N

h a 6" V1greux column and the oil (180 mg)

fpedkﬁiwerezobserved correspondlng to 27 (S%) and the

_‘photoproduct 29 (95%) Compound 29 was collected by

. preparatlve glpc, column A and 1dent1f1ed by standard

‘f.

'spectroscoplc techn1ques. The mass Spectrum showed a

moleCular 1on, /e 108 (IOO) and a relatlvely %trong peak

. due/toxloss of CO /e 80 (64) The ir dlsplayed an 1ntense N

- 65
sa ated ketone 1n a. med1um size rlng,. and 15 almost

i)

“ 1dent1ca1 to’ those reported 2-and obtalned £or 7 and 3.

_ ‘--,' . *.J .o to
T LT
.
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Other bands at 3050 2960, 1268, 1245, 1060, 1032, 820, and
685 cm -1 agreed well with those reported by Story for 29
prepared in a different manner.80 The pmr spectrumf Table
12, was fully consistent with:the assigned structure. I have
reproduced the pmT spectra of 29, 31 and 7 in Figures 39,
40, and 41, reSpectlvely to somewhat accentuate thelr
] sihllarltles and t0 fac111tate the dlscussion. Two v1ny1
hydrogens formed an AB quartet whose coup11ng constant,
J = -2 8 Hz, was 1dent1ca1 to those reported by Paquette121'
for cyclobutenes in- b1cyclo[3 2. O]hept -6- ene)sys- The
p051t10ns of- the V1nyls at'tS 75 and‘tS 96 were jid&catlve

of non- conjugated 01ef1n1c protons The two brldg eads

 were ass1gned to the multlplets at'tﬁ 43 and‘t6 9- on the. =

—n

‘basis of their s1m113r p051tlons to- those of _ ‘and 8 Four .

‘other protons Were found at h1gher f1e1d and formed ‘an

ext;bpely complex pattern whlch decoupllng did not. s1gn1-,

f1cant1y s;mp11fy.

- . {
- ' * .
. Other poss1b1e phoxoproducts of 27 shown below were
7\\~sxnthes1zed and 1t was found xhat thEIT glpc retentron
.trmes on column‘D were Sutf1c1en¢1y d1fferent from that of

——“*79_“”3“27_ro—ar%owvdetection if they were formed A producth-

. >'1% could eas11y have beén detected under the cond1tions.;
*Unfortunately the product correspond1ng to 11 was npt
readily ava1lab1e for comparlson sake.7l1t is felt that 1t

.fffwould have read113f5urv1ved the. glpc condltxons to beifa',
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Pur Spectrum of Bicyclo[3.2.0)}hept-6-en-2-one

Figure 39.
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rff\\ ze

R
‘bicyclo[3.2.0]heptfs-ﬁa-s-one

( bicyclo[2.2.1lhept-5-en-2-one,

detected ‘gg,well, when samples of 27 were completely
1rrad1ated no peak between 1660-1670 cm_l’eipected for
this prodhct'could be detected in.the ir spectrum of the

crude oil.

(ix) Phot01somerlzat1on of 2-Mefhydcyclohepta-2,4-dienone.
1’-‘j- ’ ‘ ‘ ‘ ‘ ' .
SR Compound 28 (250 mg] was 1rrad1ated ‘in 50% atetic

T

ac1d (30 ml) accbrdlng to Method F. After 10- 15 hours: of

- o

,1rrad1at10n the solut1on was added drOpw1se to a satunated

'solut1on of sodlum blcarbonate (20 ml), extracted w1th
-

ether (4x20 ﬂl),‘and dr1ed (M SO ) Careful evaporatlon
hof the solvent at atmospherlc pressure left an 011 (200 mg)

.- which was separated 1nto 1ts components on ;olumn t

Compound ;1-' /e 122 (100), Bre 107 (21), m/, | ‘f‘*“ Y
(6?) Anal Calcd for C3“10° :C, 73 64' -“;13‘26’ Lo
Found C 78 48,; H; 8 50.‘ The 1r spectrum had promxnent

1066 ’1048

'"i,fbands at 3040 zgse 2935 zsssfe1250;414_
- ﬁ728 cm
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AB pattern for the non-conjugated vinyl hydragens,
J = 2.7 Hz. The sharp s1ng1et at T8.B5 was ass1gned to the

¢y methyl group. In thls pos1t10n, coupllng fo other’ protons

v

would be negligible. A broad_multlplet at T6.97 was assigned

to the %5 bridgehead hydrogen. The bigh“field region w;s

- v 1

compllcated and decoupling exper1ments could not. s1gn1f1cant1y
3

simplify- the situation. Comipound ég: Mre 122 (100),
107 (30), 94 (71). Anal: Calcd for Cs“io 0: €, 78, 643 H, .
8.26; Found: c, %8r68;"H;“8t49.‘ The ir, with bands at

3040, 2940 2878 f730 1652 1454 - 1160, 780 -em 1“ suggested

»

.a non- conjugated ketone As. in the pmr spectrUm of 8,

Kl

broad 51ngfet for that of 32 at t4 37 correspondlng to one -

: proton was a551gned to the C7 pos1tion.- It was showﬂ by §~Q ‘
'double 1rradlat1on €§per1ments to, be cdunlog to a methyl

Tgroup, J 1 5 Hz, whose: pos1tzo;\at'f8 27 also suggested
. S
a. vxnyL methyl “ The chem1ca1 shzft was viry ‘¢lose to that
]
" of 8 at;rs 18._ Two broad multzplets were

4

ass1gned to the

2Ci and Cs brzdgeheads ' Decoup11ng=both the methyl‘and

"',v1ny1 Protons sharpened these peaks somewﬁat but it was,

-Liobv1ous-that they were further coupled. The hxgh field

3

T,

- ,reg1on was" extremely complex and 11tt1e informatlow'courd R

I

“.j}be obtalned., Compound 33 /e 122 (8)2'107 (4). 94 (1001%—‘e

‘fAnal Calcd for C.H 03 c 73 54.{ H, s 26'9 Found c

8. 10 '
“78. 86 H, 29:7:The1;r Spectrum had

o 4.,

"s at|3080 30a0,ﬁii;A!“

”%2970,.1775 fsosf

1262 ‘1100,_and 10b§fcm'; whzch suggested "’.
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an unsaturated carbonyl group in a. strainedkringf Qery
‘similar absorptlon bands were found for authentlc 30 and 9.
The pmr spectrum, although complicated, was s1mp11f1ed by
dooble irradiation. experiments, }Two vinifs were found at

‘+'3 50 and T 3.70 as an AB quartet, J = 6.0 Hz, further split

e e N }
.by the bridgehead atT7.27, Jz 4 5 1.8 Hz and J, , = 3.3.Hz,

_ . ‘ L. -
Irradiation of“tthbrldgéhead removed this secondary . =

.

coupling to both Hz'and Hy. A sharpfsinglex at T8.80 was

assiéned to the bridﬁehead'methyl.

—

(x) Contrdl Expcrimcnts‘for‘(ijii) and (ix) _ 3 . .
49' . . .' : - '. . “.',‘ A ) ‘ T

(a) Irrad1at1on of'1-~ Hethylblcyclo[s.- O]hcnt -6- cn -2-one¢

W ot

Compound 31 (25 mg) in 50\ ncctic acid (3 nl) was.

)

1rrad1atcd for 5 hrs at 350 nm. Norking up thc renctioﬁ as.
abovc gave a clear oil (22 mg) wh1ch glpc annlysis,'column« -
D, shoucd thnt it consisted of 31 (57\) nnd 3’ (43%)’

other products wcre dctectod (1-2\'lin1t) . -fr_" f. 'i _;

t
’

.,..‘.l
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(b) Irradiation of 29 - and 30 . b S J
Ty —

-

This experlment w35, performed essentlally, as above,
on 29‘and 30 in separate Tuns. Analys1s showed no reaction

products, ouly start1ng mater1al

(c) product Dlstrlbut1on asga’ Functlon,of.Irraﬁiation'Time
. . N _ - <

g Alfhough only ohe'product from 27 and thres from 28

vere 1solated in preparatlve scale Trums, there existed the. -
danger that. products formed ‘early in the reaction could ~

_undergo 1soMer12at1on,and decomp051t10n due to prolongcd

o

irradiation To test for th1s both 27 and. 28 (100 mgg were

-----

.separatelv 1rrad1ated in 50% acetxc as - above and al&quq\\

were w1thdrawn after varxoué rcaction t1mes from 5% to

y51s, column D, of the oil recovered

cgmpletxons Glpc ana

l
[

from these aliqubts s owed no other producbs be1ng formcd

~

during the course. of the rcact1ons “In preparatlve scalc-

expcr{mcnts, 28 uas only 90 95% pure thc\other 5- lat bcxngl

-7 mcthylcyclohcpta 2 a- dxenone. l“Iméur1ties' shown to havef .sj
v i

nriscn from photprcnctlon of this contnmznant fere obsarvrd -

in_thése Tuns. -f‘__p”:ﬂ ﬂi,f.w‘:‘l' 5‘,-' '.) e _ j}f o

)

“(ay Rctcntion Times- of Bxcyclo[S 2. O]hept -5- eni-‘.')--_'onc"'_; nd
: Bicyclo[-‘z I]hcptms -en-2-one on Colurn | '

-

At 90 C the titlo compounds had tetention timcs of

8 and l’ ninutes respectivcly.' Conpounds ’9 nnd 30 hnd
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v )4;5 .
retentlon times of 10 and -9 mlnutes?respectruply under these

k]
f

conditions. A mixture of all four ketones was easily

separated .using column D. .

(xi)'Irradiatipn of Protonated Cgclohepta-2,4—dienone

1
s

2

These experiments were carr1ed out ‘as in the case of
protonated eucarvone (‘T) -65° )«) 370 nm). They progress of?‘\

the reactlon was followed by runn1ng pmT spectra of,the acid-
h]
501ut1on at various tlmeg Only one product was formed
) v
during the course-of the 1rraéiat1ons (40 min) and prolonged

photolysis of it under these conditions demonstrated its
pnotoétabilitv Th; acid- solutiom of the product was,
quendhed (“ethod D) to glve anjOYl uhose ir spectrum im
CCI4 and glpc retentlon time (column D; was, 1dent1ca1 to 30

v

obtaxned from Dr. J. Harkent1n. _ . S ~'§\\-

) <

(xit) Irradiation of Protonatedfzrﬂethylcyclohepta—z,4—dicnone

These 1rradxat1ons were conducted as*above on *

PR

samples of vs (15 20 ng) 1n FSO 0 (o 4 ml) at:\>37o nn and
T> -55°. 1soner1 ation of ZBH took, a much longer time than
d1d ‘that of 6H or ’7H and normally the acld solutxons wers

qucnched after 30 401 reactxon. In only several cases uere‘

N

“the rcact1ons taken to conpletion (6 7 hrsT : The spectra ot

-

the product shoued one cation. whosc pmr wcre idcntical to

that obtained}fron thc protonatxon of 33. Gonpound 33 was.
o _ SR . 7_._ "‘ c
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obtaxned from 28 as descrlbed prev1ously For those
react1ons quenched (Method D), after shorter-irradiation
times, glpc analyéls of the oil showed only 28 and 33 ‘ R <
- ) . . '1 v - -

(xiii) Cdntrg}.Experiments for (fi)'endAT?il)

(a) Thermal Stability of 31H

\/- L)
Th1s experlment was rTun to make Eprta1n 31H (or a
1]

poss1b1e reaction product thereof] could have been detgtcted

if formed Solutlon of 31 (13 20 mg) im 0.5 ml of
$0,C1F: FSO ﬁ (2:1) st -110° (Hethod BY gave a cation whose
fpmr at -65° was con51stent with 31H. At ca. 40° this

cation rearranged exclus1ve1y to a product whxch on the

baS1s of the pmr was 324. Such a. reactlon is analogous to

1

-

'that reported in. thzs thesis for ‘the conversion of 7H to BH

- At -3 QOY 3241 was stable for 1 hour, however it underwent a
‘rapid reaction at -15° to a spccies whlch was not identxfxcd
Tt wad suff1c1ent1y\c1ear that either 31H or SZH ‘could have
been readlly detected in these exgﬂr1ment5 xf formed

CoH OH
4+ - ; S

. b
Y e l'
o l ; . : ) o : / Q.‘. . . g
BT < 2.«

Vinyls 31{_14.272.,.4-.3‘6 s vinyl - TIH 4.33 .

Bridgehead 1H 16,85 . t .Bridgchend t’H 62%?. 6.89 o
‘. Other -  A4H .7 other =~ T4H 7.41 o

Methyl  3H T8.12 . Methyl - T ¢3H "8.31
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(b) Thermal Stability of 30H

/ B
: , ) ‘
Compound- 30 (25 mg) was’ protonated at -78° in
FSO M (0 4 ml). .At 545f,’no change in the ppr spectrum of
30H took place. after one hour. However when heated to ca. 0°
? ca

" nvefry rapid decomp051tlon took place as. ev1denced by the

disappearance of the p%f’srgnﬁls ‘of 30H. This result is in

complete ag{eement.with'that reported earlier for 30m.122

(x1v) Thermal Isomer1zat1on of 47

Compound 47 [@! g) was d1st111ed under vacuum through

‘a 40-cm glass tube kept at a temperature greater than 200

-

w1th a Hask1n5 Electric Furnace. "The product (0.85 g) was

;!
]

collected in a trap at’ -78°% .- Glpc analvs1s showed that the -

011 contalned 45% 47 and SS% 7. . Pure samples of 27 were ' =

s

‘obtalned by repeated glpc, column A. Obtained as -such froo,
' 98,105

-

47, 27 had spectra 1dent1cal w;th4those prev1ouslv reported.

- v

(xv) Protonatlon of 47 and ‘48

.i Most of the stud1cs of 47H and 48H werc exanxned bv d

ipmr. In general, FSO H 501ut1ons of 47H and 48H wcre : s
{prep&red by Method A whereas sto4 solutions were nade up e

-

by Method C. .;.' *{_'

‘ . . . [ .~_.‘ B v ‘s
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' (xvi) Thermal Isomerization of the Cationms ' :

Alliisomerizations were foLloﬁed by monitoring the

abpropriate changes in the pmr spectra at the various

temperatures indicated1 Thermhl‘s&abilities*of*27H, 28H

and 49H were 1nvest1gated by heating the aC1d solutlons . f

sealed in pmr-tubes at +50° for several hours Isomer1zat1on
. - N » . -

products'yere.characterized by their pmr spectra in acid and
from the sﬁeg&zal pr0p§rties of the oils recpvered:upon
quenchfhg (Methods D and”E) In aqueous. sylphuric acids . -~
the rcact10n5 weTe complete in ca. 20 mln,and quench1ng‘

(Hetho& E} at thls stage gave reasonable y1e13% of products

»

(75- 90£) ) On standlng in the sto4 HZO m1xtures, decom-

.p051t10n of the products occurred (50% loss in 24 hrs).
3"

- . L]

(xvii) Kinetic Studies of 47H and 48H =~~~ e

.. These studies‘were'pérfbrmed on'd% twt/ﬁt) offthc

3.. 5

},d."Since the rates- were found to}vary with thg , :,' e

;
purlty of FSOSH all rate stud1e5 were run us1ng the same

ketodnes in ?sosﬂ or FSO H SbF us1ng d1oxanc n; an 1nternal

sta

batch.of doubly d1st111cd FSOSH Solutlons Uf the cntxons

LI

- were’ kept 1n~pmr tubes in an ice- water bath ma1ntaincdrat- ;

: Of At approprzate\Qigifiﬂycrvals the isomerm 3t10n5

were stOppcd by coolxng to =787 and thc extent of the re-‘

action determined by 1ntegrat10n“pf,a pmr.siggal}gt fSOf("._'f
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_ . . . . o
. Reactions were, followed to 90% completion, and ‘the rates ; —

evaluated as described in'Mothod H.

- 3
\ -4
N

(xv11x) Thermal Isomerlzation of 47H

Compound 47 (30 mg) was protonated in FSOSH (0.4 ml)
Y

to-78°. -It was warmed up to 0° and allowed to isomer{ze.

After several_hours, no 47H remained - as judged by pmr~in

FSO . H 4t +37° (1% 1imit). 'I‘he acid solutlon of 27H was

b Y

quenched:according-to Methods P and EI Glpc analysis,

column D;'at' 0° C, showed only 0.5% .47. ,
B . - - - ) . <
“ . o ' '

(x1x) Thermal Isomerlzatlon of 48H

Coﬁpound 48 (35 mg) was protonated in F503H (0 5 mi)
"at -78°. -Thermal isomerlzat1on at 0% led to the complete
_dlsappearance of those peaks 1n the pmr spectrum attr1but- ;//
‘ablc to 48H. “The resultant solut1on-displayed~a pmr._ - . ,<§i
_spectrum wh1ch featured a v1ny1 reg1on s1m1lar to thnt of
'27H and two methvl peaks at T 7. 74 and T8. 59 in a 1 ngailo
-respect1ve1y. The former was a s1nglet and‘the latter a

dopblet' J = 7 0

2. Que h1ng the solution (Method ny gave
~an oil, whxch had a strong absorptfon in the ir at 1650 11655 .

.cm-l and a uv max at 300 nm’lbg ‘. = 3 8- 3 9 "Glpc anaIYSIS. | h’

r

column D 8s5°, showed two peaks at. rotention times of 14

and 16 m1nutes in the approx:mate ratio of 2:1. chented _}

prepnrat1Ve glpc gave reusonabry—puromqunntitics (10 ZOmg] of :

Y
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v
49, and 2 z_'e5pe(ctive1y. Compound 28. Pmr (Table 14);

_uv (Table 13); ir (thin film) 3040, 2980, 1653, 1435,

1360, 1228, 705 m-l. Compound 49. ir (thin film) 303":‘.,n
§ - . A

'S
2980, 1655, 1435/ 1360, 675 en”l.  uv max (MeOH) 295 nm,.

loge= 3.8. - a .
LY
L -
. -
o
. -
N,
. .
-
v
'
- i
© .
<
-’
.
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