HOMOENOLIZATION AND REARRANGEMENT

“OF BICYCLIC MONOKETONES AND DIKETONES

-

by

-

A Thesis
Submitted to the School of Graduate Studies

in Partial Fulfilment of the Requirements

for the’ Degree

-

Doctor of Philosophy

L4 -

McMaster University

March, 1983

4

etz e



HOMOENOLIZATION AND REARRANGEMENT
° OF BICYCLIC MONOKETONES AND

DIKETONES

Ld

bl PP



DOCTOR OF PHILOSOPHY (1983) McMASTER UNIVERSITY
(Chemistry) . ' , Hamilton# Ontario

TITLE: Homoenolization and Rearrangement of Bicyclic Monoketones and
Diketones _ S

AUTHOR: Shahin Yeroughalmi, M.Sc. (University of Toronto) -
SUPERVISOR: Professor N.H. Werstiuk

NUMBER. OF PAGES: xiv, 162

-

ii

e



. | . ) /.—"‘"‘\a i~y

*

ABSTRACT

4 -

The H-D exchange and rearrangEment'%f 3,3,6,6-tetramethyl[2.2.1]-
ﬁeptane—Z,S—dione (69&), 3,3,6,6—tetrameth¥1biéyclo[2.2.1}he;lan—2—9ne (6§dj
and l,3;3-trime£hylbicyclo[2:2.2roctane-2,5—diohe (Qﬁ) iq 0.7-1.3 M
KfE—BualnguOD(H) at 175°C were examine&[ Pﬁglimina:y work on the dithione
6§b'and monothidmonoke&gé%}?%c has also been carried out.

. The substrateQJ3;3,6,6—tetramethylbicyclo[2.2.l]heptan—2—one (ng),
3,3,6,6—tetramethyl—S—oxé—bicyclo[2.2.l]heptane—2-thione (Bgc), and 3,3,6,6-
getramethylbicyclo[Z.Z.1]heptane-2,5—dithione (6§b),lwhich have not been re-
ported in the,literaturé'previously, wer€'§ynthesized.

Approximate péeudo—first-;rder rate cqnstantsfor;the exchéngé at dif-
ferent sites were calculated from the H-D exchange data. The results sug-
gested that the effect of the second carbonyl group.in theoéxchange of the
dicnes under homoenclization conditions, appeared to Be due largely to an ©
inductive and field effect, with small homoconjugativehparticipation.

In addition, homoenoligation of 3,3,6,6~tetramethylbicyclo[2.2.1]-
heptane-2,5~dione (623) resulted in rearrangement to’l,3,3-trimethylbicyclo-
[2.2.2]octane-2,5-dione (Qﬁ), via a novel B-homoenolate switch. This is
the firsé report of such a rearrangemént when the homoenolate is generated
by deprotonation of a ketone. When &ione gﬁ was treated under hmeenoliza—
tion conditiﬁns, it underwent uvnusually rapid H-D exchange of the'hydrogens-
of the bridgehead methyl group. - The facile exchange can be explaine& if a

T -

carbon analogue of the acyloin rearrangement is invoked, the first example of

iii A
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such a rearrangement in a non-aromatic system. Monoketone 63d underwent
H-D exchange at the bridgehead and the s z n-H-7 position as well as at the

hyﬁtagens of the C-3 methyl group and the h;dr6&§ns of the endo-ll-methyl

group. It was also found that 1,3, 3—trimethy1bicyclo[2 2.1l}heptan-2-one,

(ferichone), (29), previously studied by others, also underwent exchange
~—_

Ll

_ at ‘the syn-7-position. »
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CHAPTER 1 PR

INTRODUCTION

1.1 Keto~Enol Equilibrium

" Almost all carbonyl containing compounds are enolizable, but the
composition at equilibrium (enoﬂi} keto) depends on factors such as the
structure of a monocarbonyl compound, the number of carbonyl groups in
compounds having more than one, and on the relative positions of these

carbonyl groups to each other. Extensive studies have been carried out

to determine keto-enol equilibrium constants by chemical or physical me-

/

thods (1-17). Scheme 1 shows the general mechanistic features of the

interconversion of carbonyl compounds and enols.

LR
X -- R— \-:C--R -
0 H R -~ Y oH R
" t - i -~
Roc-¢” = ‘E“ R-C=C_
SROX&* 4 5 R
H -
' \ ?IH R A//' .
' : R-C-C__

SCHEME1 . :
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1.2 Mechanism of Fnolization

Enolization of ketones can be catalyzed by both acid and base.
Two distinct steps are believed to be involved in acid-catalyzed enoli-
zation (18). The first gEep is pre-equilibrium protonation of carbonyl

o
oxygen. The second step, which is rate-determining, involves abstraction

.

of an alpha-hydrogen by conjugate base A-, to form the enol.

o + OH OH
HA + CHy-C-CHy ——= CH;3-C-CH, +A St CH;-C=CH,

“+HA

The‘reaction of ketone with base is simpler and the enolate ion‘is formed

directly by proton abstraction.

0 O
- 1
3 + 3 ———- l:CH:;“C 'CH2 -c——-—-CH3'C :CHZ:’ +BH+

)

Since enolate ions can function as both carbon and okygen nucleophiles (19
23), the na;e "enolate" is more suitable than simply "carbanion'. Abstrac-
tion of a proton from a carboh alﬁha to the carbonyl is much easier than
removal of a proton from a carbon further removed from the group because

of the charge delocalization.

Hydrogen-deuterium exchange for acetone in basic solutions occurs

via the enolate ion and the rate-determining step is enolate formation.



3
oD
0 . o- 9}6( CHy -C =CN, +0D"
CH,-C - CH, o O -C?ﬁ«%:o 0
. é;§E;FH3 C-CH,D+ 00"

Enolate anions are involved in base catalyzed halogenation of carbonyl
!
compounds. Reitz pointed out that the rate of dépterationshould.be equal

o~

to the rate of halogenation (24).
Substituent effects on the rates of enolization of ketones is one
area which has been extensively examined recently. The simplest case that

can be considered is 2-butanone where there are two sites containing

alpha hydrogens as is showﬂ in Scheme 2. _ -
0 0
| D.0D i
¢ o CH3 - C=CH-CH3 “2° _cH3-C-CHD-CH;,
0 OQo >

CHy -C~CH5CH,
0
9 D,0
\ CH2-C CH, CHy—2—+DCH,~C ~CH 7 CH,
SCHEME 2

Are the exchange rates anticipated to be equal? This depends on the condi-

tions un§er which the reactidﬂzis carried out. 1In OD-/DZO both sites are .
active (25,26). Under acidic conditions the methylene is exchanged pre-
ferentially. Radicactive iodine was used to study the rate of exchange

of the hydrogens of thg methyl and methyiene groups in 2-butan5ne; progress
of the reaction was followed by monitoring the actiﬁ}ty of the iodoform and

" iodopropionic acid products (27). The results from these studies demonstrate
that in basic media preferential enolization takes plaée at the methyl group

but in acid media it occurs at the methylene group. Other substituents af-
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fect enolization rates by both steric and electronic effects. For each

substituent each of the above factors will contribute differently and there-
fore it is difficult to predict the preferred site of enolization. For

example, the effect of a halogen substituent on the enolization sites is

complex (28,29}.

1.3 Stereoelectronic, Inductive and Strain Effects

Maximum stabilization of an enolate anion is achieved when the
four atoéic centers bonded to the carbon-carbon double bond of the enoclate
ion are coplanar. Theoretical calculations by Wolfe and coworkers (30) on
the acetaldehvde enolate anion show that the energy minimum for this anion

occurs whemall groups are co-planar.‘ The CgC and C-0 bond lengths were

found to be consistent-with the usual description. Using a non-empirical

0 0"
-CHz' C'H'.—-——-.- CHZ:’C-H . /

SCF-MO method, a conformation hypersurface was obtained using an STO0-3G basis
set, to obtain the C-C and C-0 bond lengtHS'aS a functioq of rotation about
the C-C bond. The rotation inverﬁi?n surface was produced with an STO-4G
basis set. Enclate stability was determined by conjugati;e and inductive
effects. The calculations confirmed thaf (i) the conjugative effect domi-

nates (a stabilization of greater than 30 kcéi(mole baéed\on the barrier to
v

rotation) and any system which allows double bond formation would surely give

" a planar enolate and (ii) inductive effects are also important, and that

(iii) when the orbital containing the lone pair is forced to be perpendicular

to the carbonyl T-system (e.g., ring constraint) a pyramidal anion is favored
. o~



and there is a significant barrier to inversign. Tgere has been only one
case where a non-planar enolate was implicated. Kefone 1 is known to under-
go halogenation at the c-carbon with retention of configuration (31-33).

The degree of retention at the asymmetric centre depends on the solvent

and halogenatiﬁg reagent used.

Ro. é(f)
; v
]

In simple carbonyl compounds removal of an a-proton is usually
facile, but exchange of the a-hydrogen at the bridgehead of a fused ring

sysfem requires vigorous alkaline conditions.' For example, in order for

the indicated bridgehead hydrogené in copacamphor 2 and in ent-17-

+ .
norkauran-lé-one 3 to undergo exchange, very strong base (K £~Bu0) and

high tempejgture, 18300 for 2 (34) and 172°C for 3 (35), are required. In

both of the above:examples the bridgehead enolates involve a transoid double

bond in a seven:?embered ring. In contrast Nickon and coworkers (36) have

N



documented examples of unusually facile bridgehead enolizations, where the
bridgehead enolates involved are transoid in a seven-membered ring (anti-
Bredt-enolate). For example the bridgehead exchange at C-3 of brendan-2-

at 25°C (36).

one 4 occurs readily in CH30D/NaOCH2

@ H

9 .o CH;0D o
NaOCHy -
6‘ '3 25°¢C D
5 4 / ‘
&

t -
e ¢

+  Differences in exchange rates can be the result of several factors in

general: the dggree of "s" character in the (C-H) carbon-hydrogen bonds

1(37—38), and the jnductive stabilization of the carbanion by the carbonyl

group (40).

. The "s'" character of the carbon hydrogen (C-H) bonds of cyclo-

propane is known to be greater than that of acyclic hydrocarbons (37-39,
Al)j\EBrk by Shatenshtein (42) showed that the relative rates of hydrogen-
dehterium exchange of some cyclopropanes in deuterated ammonia énd base
such as potassium amide, are greater than those of acyclic hydrocarbons:‘!?

. In addition there are numerous examples of large ?ate differences
in base-catalyzed hydrogen-deuterium exchange of endo and exo protons in

bicyclic systems. The exchange rate differences can be éxplained in terms

of either differing rates of exo and endo reprotonation/ of a planar anion

- or in terms of the formation of two non-planar aniggs. For example base



catalyzed hydrbgen—deuterium exchange in 2-norbornanone, 5 was reported to

be stereoselective (43).

N

Gassman and Zalar in 196é\?225 presented evidence showing that
the inductive effect alone can change the acidity of a- C-H bond. They

examined a series of strained bicyclic and tricyclic ketones. These ketones
wered chosen in such a ﬁanner that in each case formation of an enolate
(enoiization) was not possible, since the geometrical fequirementl for
—~ double bond formation at the bridgehead cannot be accommodated. It was

demonstrated that the degree of acidity of the bridgehead hydrogen is due
N

‘ﬁipurely to® the inductive effect of the carbonyl group. Two of these examples

~ were the hydrogen-deuterium exchange in 7-norbornanone § and nortri-

cyclancne 7 under forcing conditions. 1In t-butyl alcohol-OD containing

potassium t-butoxide, 7-norbornanone 6 exchanges 25% of the hydrogens at

A

1 The most stable geometry for a double bond is that in which the axes of
the two p orbitals are parallel and four groups attached to the ethylenic
carbon lie in the'same plane. If the orbitals are forced to lie at right
angles no overlap.can occur, and consequently none of the properties of
a double bond may be expected for the system. '
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- C-1 and C-4 in 48 hours at 200°C. Nort}icyclanone Z unéergoes exchange more
readily at several centers (36% after 24 h at 2000C). One other case that
can be presented to illustrate the influence of steric strain on the enoli-

'zation and isefopic exchange rate involves carbonyl compounds with cyclo-
propyl substituents. Introduction of a double bond exocyclic to a cyclo-
propane should be an energetically unfavourable_proces;, because of the

' large deviation from the normal sp2 bond angle. The results of several.stp-~

a/ﬁies (45,15a) are in accord with this prediction. For example, the relative

rates of enolization in compounds 8 and 9 are 1 and 170, respectively, even

though the cyclopropane should have a lower pKa. . -

D v
CH3~ -
c - CeHs - O coCHs B
/ 1 CH43 n l
g 0 (— 0
8 2,



In the larger size rings normal reactivity has been observed.

.Ketone 10 exchanges readily at the bridgeheads in aqueous;b e (46).

[

10

s

In B-diketones a rate increase would be expected because of the

increased acidity of the a-proton. However for effective resonanée sga—
bilization and facile proton absgraction,;the coplanar requirement for
stable anions.must be met. For example, the hydrogen at the bridgehéad
carbon of the gicyclic B-diketone {} exchanges ﬁ;ch more slowly than the
hydrogens of the monocyclié analogue {? (47). _In compound %} fqormation

of a stabilized enolate by abstraction of a proton from the bridgehead

[}

requires double bond character at the\z:idgehead. The strain energy of

this process is adverse to the enolizatfon.

A dramatic reduction in the acidity of an alpha’proton relative to



' 10 <
i
that in a monocyclic carbonyl compound is also observed in bicyclooctane~
' . s

trione 13, which does not enolize detectably (48). There is no OH band in
e = .

the infrared spectrum, it does not dissolve in base and when it is reacted

L d

AV W -

&
with diazometﬁgne, no enol ether is'formed nor is.any methane discharged in
a Zerewittenoff2 determination, . .

The strain energy factor is also connected with the size of the
ring. For example, some bridgehead olefins with eight carbons or more,
which are generally stable, have been synthesized. In addition Marvell and
coworkers (49) have'obserﬁed-bridgehead exchange in %ﬁ under relatively

s

- 14 '
1 L )
A ™
]
2 In the Zerewittenoff process the number of moles of active hydrogen

in an unknown compound 1is determined by treatment of the compound

with methyl magnesium bromide and measurement of the volume of methane
evolved.
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mild conditions (CH3ONa/CH30D at IOO.BOC) with a rat®.constant of exchange

of 0.67X10_4 L/mol. sec. However, in 15 the rate constant for exchange at

the bridgehead is 30 times smaller, (]..96><10-6 L/mol.sec), and this dif~

&
ference was attributed partly to conformational influences.

-

1.4 Homoenolization and Homoenolate Ions

Removal of a proton from the a-position of a ecarbonyl compouﬁd

leads to an 0-enolate anion, whereas proton abstraction from a remote posi-

&

tion leads to B—,Y—,.or §-enolates. This process isereferred to as homo-
enolization. The réLative orientations of the anionic centre and the 71—
system of the carbonyl group are ekpected to play a véry important role in
allowing sufficient overlap of orbitals. 1In the case of nonconjugated
systems a ring structure proQides the most favourable environment for
orbital overlap, because the atoms have a fixéd relative orientation.

Tﬁrough homoallylic resonance, an anion can intéract with a carbonyl

group to form a homoenolate ion as shown in Scheme 3.

0 H 0 O
&l R S SR G PN
N /N ‘*/C\ C\ /C\ /C\ BH
C C : C.
\ VAN 7 N VRN

- ENOLATE . HOMOENOLATE
SCHEME 3

A
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It was not until the early nineteen sixties that the first report'ﬂ
of a study of the homoenolization of a bicyclic ketonelwas presented by
Nickon and Lambert (50). A hydrogen alpha to a carbonyl group is acidic
and its removal by base gives an anion which is staBilized by conjugation
with the T-system of the carbonyl group. In the case of removal of a hydro-
gen 8-, or Y-, to a carbonyl group, where stabilization occurs via homo:
conjugation, vigorous reaction conditions are required relative to a simple
o~enolization. Nickon and Lambert (50,51) studied optically active campheni-
lone %ﬁ, and showed that at high températures.(IBSOC) in 0.7 M potassium

-
t-butoxide in t-butyl alcohol, (+)-camphenilone léa racemized. To estabiish
that loss of optical- activity was not due to the elevated témperature, they

. ) 0. .
showed that camphenilone does not racemize at 250 C in the absence of t-

butoxide. The results were rationalized by the mechanism shown in Scheme 4.

5
7
cHs N 5 CHj
CHa% 5 / CH4
O,Z_ 6 - . 1 ) 2\‘0
16 Rg,

| CH, CHy CHj T
CH; 4___C__H3 - CH;

g - 0

17a 17 7%

SCHEME ¢
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A proton is abstracted from carbon 6 (C-6) and a symmetrical homoenolate
anion 17 is formed. Ketonization of the symmetrical homoenolate leads to
a racemization. Funther evidence for the abstraction of a proton at the

B-position was obtained when the same éxperiments were repeated using t-

——

butoxide in t-butyl alcohol-0D at 185°C. The recovered material was race-
mized and had incorporated up to three atoms of deuterium per molecule.

The deuterium content was determined mass spectrometrically. Uptake of up
to three deuterium atoms can be explained.iq terms of the homoenolate anion
%], which allows exchange of two proténs at C~-6 and also the proton at C-1.
When the ketone was treated for prolonged periods under homoenolization
conditions, deuterium was incorporated into the methyl groups as wellB.

If the amount of raéemization is compared to the extent of deuterium incor-
poration in camphenilone, more information is ghatained about the hamoenolat

e~

ion. From Table I it is eviaent Efaf‘fhe pefééntage of racemization cor- |
responds closely to the percentag%\gf molecules containing deuterium. This
correlation between racemization and depterium incorporation means, accor-
- ding to Nickon and Lambert, '"(a) that the first hydrogen exchanged is at a
location that leads to a racemizable ion (this can onl} be at C-6), and
(b) that the homoenolate ion formed by loss of a C-6 hydrogen racemizes
before it can pick up deute}ium from the éolvent. Consequently, the
homoenolate anion either has a symmeérical structure or, if it is unsymme-
trical, it rearfanges to its enantiomer faster than it reverts to ketone'.

. \

)
./

3 To exclude the possibility that the alkaline treatment was vigorous
enough to exchange non-activated hydrogens, Nickon and coworkers (51)
carried out an experiment using the corresponding hydrocarbon campheni-
lane. No significant incorporation was observed after 260 hours at 185°cC.°



TABLE 1
Exchange and Racemization of Camphenileone in *

S _ ‘
K t-BuO/t-BuOD at 185°C (50)

Percent species

Time (hours) Percent racemized

No D one or more D
12 75 25 26
24 48. 52 52
36 29 71 69
48 13 . - 87 88

For clarification of the probable position of exchange in camphenilone, 18
and 19 were examined by treating them under the same conditions used to

exchange camphenilone.

7
D
CH,
> CHj
T~S4 ’
6 A
18 2

L

No detuerium loss was observed from C-4 of 18 or From C-5 and C-7

of {?. On this basis it was deduced that deuterium was incorporated into

the methyl groups. It is noteworthy thatC-1 and C-6 are scrambled via the
~

homoenolate thereby precluding an accurate determination of the rate for

bridgehead exchange in 16. ,r’//
3 - .
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Subsequent to the first report of homoencolization by N;ckon and
Lambert (50), various acyclic, and bicyclic carbonyl containing compounds
have been investigated urider homoenolization conditions.  In the last de-
cade several reviews on the preparation and reactions of hom&enolate anions
have appeared (52—55). Hence in the next three sections only a few examplys
of special interest will be.cited for B- and y-enolization. For complete-
ness, the systems which have been studied, and the intermediates, are listed
in Table II. In the last section a few examples of the reverse reaction,

homoketonization, will be presented.

1.5 B-Enolization

One potential synthetic use of homoenclization is the coﬁstruction
of polycyelic sysgéms which are diffjcult to prepare by direct synthetic
routes. Such an example is the rearrangement of the tricyclic ketone
brexan-2-one %p to the isomeric keteone brendan-2-one %? (56)_when %p is
treatéd under homoenolization conditions (t-BuOH, KfE—Bua at 18500). This
transformation most likely proceeds tﬁrough the homecenolate ion %} whicﬂ'can
be obtained by deprotoﬁation“at either Cfd or C-9. The authors concluded
that the probable driving force in going . from 20 to 22 is relief of

strain,/}a—presumably being more stable thermpdynamicélly than 20, Coates

¢ B ] ‘e
7 9 '
. o T 0  60%
— . 3 Yield
— A &
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and Chen (46) have documented B-enolate formation in the equilibration of
longicamphenilone 23 with the isomeric ketone 24, under homoenolization

conditions.

-

OI

23 L %
A AV
In 1972 the first example of remote epimerization via homoenolate

ion formation was reported by Hunter and coworkers (58), (see Scheme 5). A

more detailed study by Nickon appeared in 1976 {59},

o’ R\R 0
/ | 27
25 R=CHasR=H ;//‘
AV, N ~
26 R=H’R=CHj, :
o
28
SCHEME 5

Treatment of ketones 25, 26, and 28 under homoenolization conditions
(KTEfBUﬁ/EfBUOH and 185-250°C range) showed that 25 and 26 were homoenolized
ab;;t 59.5% (ratio of‘products %?:%§'= 58:1.5) and 58% (ratio of products
%?:%? = 22:36), respectiveiy. Under similar conditions %p préﬂueed a sub-
stantial amount of epimer %?, whereas %} produced only 1.5% of-ifs\epimer' .
%ﬁ. This is reasonable since protonacioh';f the homoenolate ion‘%? should
be faster from the exo than from the endo direction in basic medium. There

were no reports of exchange at the bridgehead or C-7 of 25 and 26. However g

in the.case of camphor 28, even at prolonged reaction times, the extent of
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homoenolization was significantly less than in the case of %ﬁ or %ﬁ. For
instance when camphor %ﬁ was heated with KfEfBuB/EfBuOD initially for 667

h at 185°C and then at 220°C for an additional 142 h, only 2.5% rearrange-
ment was observed. It was (59) suggested that this slow isomerigation not
only reflects the greater thermodynamig stability of %? but also the rela-
tive difficulty of forming a B-enolate at C-6. The steric hindrance of

the methyl groups and competitive a-enolization may be contributing factors

—

to the low reactivity.
In view of the homoenolization studies to be discussed in later
chapters it is important to consider the studies carried out with compounds

that have similar structural features, such as fenchone, 29.

r 29
NS
Preliminary work on fenchone 29,was carried out by J.L. Lambert
(60). It was found that treatment of 29 under homoenolization conditions for

a prolonged period pf time resulted in a small amount of rearrangement (v 5%).

'
.

When the reaction was carried out in a deuterated medium, the recovered

~

starting magerial contained up to 6 excess atoms of deuterium per molecule.
Reexamination of compound 29 by Johnson and coworkers (6l) and analysis of

the recovered starting material, from the deuterated medium indicated the
presence of deuterium only at C-6 and at the methyl groups of 2%. A small

amount (v 5%) of the rearranged products 3l and 32 in a ratio of 3:1 respec—

tively was obtained. When 29 was heated in 0.7'M KfEfBualnguOD for 300 h,
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1.94 excess atoms of deuterium were incorporated into the starting ketone

29. They were able to establish the amount of deuterium at different sites

3 N + D D,
S -H +H :
- & sk + +
31 32

29
29 30

by computer-fitting of Pr(fod)3 shifteqd 2H NMR sPectral data. Exchange
was 654 complete at exo-6-H, 64% at endo-6-H, 14% at the exo methyl group
(C-8), 5.3% at the endo methyl group (C-9) and 2% agithe bridgehead methyl
group. However, as in the case of camphenilone, there was no.indication
of exchange at C-7, although B-enclization ét C-7 might be expected. The
pseudo-first-order rate constants for deuteration, obtained by one-point

kinetic studies are shown below.

&oxio’

6 4-8X10
7.0X10

. 20><106 H \0

' - 193<10

\ ]

When a 3:1 mixture of 31 and 32 was subjected to homoenolization

conditions for 200 h, a mixture of %?, 31 and 32 was obtained in a ratio of
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75:2:20, suggesting that only %} undergoe§/ﬁomoeno1iéation or that %} is

the more reactive of the rearranged keténes obtained from fenchone, %?. it
is interesting to note that in the ketone %?, the exchange of thE‘EEE
proton at C-6 is 3.5 times faster than exchange of the endo proton. The
same regioselectivity was also observed for the proton exchange at methyl
groups C-8 and C-9;252.methyl exchanges faster than endo methyl. Deuterium
exchange at the bridgehead methyl is_the slowest since the formation of a |
highly strained "homoenolate" is required in éhat case.

Two other examples which were studied by Turnbull-and coworkers (34)

are copacamphor 2 and longicamphor 33. Compouﬂds 2 and 33, which have the

Wy
o
”

K

same basic [2.2.1] skeleton as fenchone and camphor, were treéted under
homoenolization conditions in an effort to incorporate deuterium via homo-
enolaﬁe"anions, Exchange at remote sites of 2 was not observed whereas in
compound-i} more than one proton was:exchangea, but theilocafion of;iig7/
‘terium incorporation was not accurately establi ed. There was no';eport
of any éqé%E;:gement pr;duct. In the light of the observation of exchange
in fenchone ahd camphor it w;uld ;e of interest to reeiégi?élthe homoeno-

[

lization of 2 and‘aa. In the case of adamantanone 34, the first report (62)



.

4—--
, ~0 BH -
35 8

> 20

showed no exchange of f-hydrogen under homoenolization conditions,‘but
reexamination (63) of the systém showed that there was exchange of the

a- and B-hydrogens. In addition, at the B-position exo exchange is faster

than endo exchange by a facgor of 15.

-0

4

WS

A number of compounds with a [2.2.2] skeleton have been examined.
Stothers and coworkers (64,65) have studied the homoenolizatlon of a series

of bicyelo[2.2. 2]0ctanones, shown \n Scheme’ 6.

<2 | =%
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As is illustrated in Scheme 6, bicyclo[2.2.2)octancnes and
bicyclo[S.Z.l]octanones, are interconvertibld in stgggély basic media
through a common B-homoenclate intermediate. The rate of interconversion
is very slow. For example in the conversion of %ﬁ to Qp, the ketone was .
recycled up to nine times, each cycle involving heating for 100 hours,
before equilibrium was reached. The final mixture contained ™ 60% of ip.
When ketones %ﬁ and Qp were isolated from the analogous reaction in a deu-
terated medium, the deuterium distributions in ketones 38 and 40 Fere de-
termined initially by a lBC‘NMR study (64) of the correspondingﬁalcohols
and later by 2H NMR (65). Tt was established that exchange inﬁketone %ﬁ
occurred mainly at C-6, C-7, and at the methyl groups. Analygis of deu-

terated 40 revealed the presence of deuterium at exo-3-H, exo-4-H,H-5, and

both methyl sites (exo and endo). Exchange of exo-3-H was gbserved only
in ?he case of prolonged reactioﬁ times (400-;500 h). The estimated rate
const:%ts for 2H incorporatién showed that eko exchange is preferred over

endo exchange. The authors have qualitatively ordered the reactivity with

2
respect to H incorporation of several ketones as follows:

29 > 38 > 40 > 34 \\\\\\\
v - ~ -~ -~ .

One major diffefence between %ﬁ and Qp is the exchange rates of
the hydrogens of the methyl groups; in Qp the exo methyl hydrogen exchange
1s 100 timesefaster than the corresponding endo exchange, and the endo
exchange is compa:;ble to the rate of methyl hydrogen exchange in ketone %ﬁ,

In contrast to the previou§’examples, equilibration of {} with‘eg
and Qﬁ is achieved fairly rapidly fﬁalf—life = 7 h) under homoenclization

PR
S
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conditions, From the ratio of 8:44:48Ifor Q}, Q}, and Qﬁ respectively it
can be seen that the [B.é.l] skeleton is févored over the [2.2.2] skeleton.
The rate of rearrangement of 6} is reported to be 100 times that of the
saturated analogue %?. When the unsubstituted ketone Q; (ET)was heated under
homoenolization conditions, almost all the starting material was consumed,

It was found that the product resulted mostly from self-condensation and

o~ o

subsequent reactions, rather than from rearrangement.

Thg only other related bicyclic ketone which has been investigated
is 3,3-dimethylbicyclo [3.2.1]loctan-2-one 46 (68). On treatment under
homoenolization_conditians, Qﬁ rearranged in high yield to 3,3-dimeth§l—

--biecyclo [3.3.0]octan-2-one Q? via a B-enolate. Examination of a deuterated

sample of Qp showed that exchange had occurred at C-1, at exo and endo c-7,

N £

47 °

A eV

-
e
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as well as at both methyl groups. The &xo exchanges atC-7 and at the exo—
methyl group were faster than the corresponding gggg exchanges. Bridgehead
exchange was vefy fast (> 90% in 1 h). |

A few examples of B-enolization in acyclic carbonyi compounds—have
-_been'reported (69) and are given in Table II.

Bic;clic compounds are not the only type of compound that undergo
rearrangement via B-enolates. There are exampies of reérrangements of
other systems under basic conditions which confirm tﬁe formation of homo- .
enoclates as intermediates. Freeman and Plonka (70) studied the base-catalyzé&
ihydrolysis'of 3-acetoxy-ﬂl—pyrazolines and observed carbon skeleton rearrange-
ment via a homoenolate ion as shown in Scheme 7. The same product ratio

was obtained when 1,2,2-trimethylacetoxycyclopropane was hydrolysed.

SCHEME 7 C -

i

4 .

A homoenolate ion is implicated as the intermediate (Scheme 8} in the for-

mation of cyclopropylacetate 49 from bromoketone 48 (71).
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The pKa of an homoenolizable methylene hydrogen in bicyclic sys-
tems has been estimated te be about 35 - 36, based on the assumption that
there is a relationship between kinetic and thermodynamic acidities. Simi-

lar but somewhat milder conditions than the conditions used for homoenoli-

zation of bicyclic ketones are used to exchange the alpha and ring throgens

of 2-phenylbutane, the{methyl Wydrogens in 2,4,4-trimethyl-2-pentene, and‘
the ring hydrogens of vardipus :iphthalenes. This p;ts'the pKa of homoeno-
lizaﬁle protons of bicyclic ketones near that of propene (35.5), cumene

(37), or bénﬂkne (37) on the MSAD4 scale’(72). Therefore, this ranks the ., .
pKa's of B-methylenes about half-way between those of nof;;i\m%tﬁylé es

(45 for eyclohexane) and those of alpha enQIizable‘methylenes (il fo

o

acetone).

“N4. The MSAD scale is Ebr Reasurement of very weak aclds (pKa above V' 17).
It is na n‘Egpéénition>of‘the work of McEwan, Streitwieser,
Applequist, and D?ssy, who made advances in this area.
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1.6 y-Epolization : ‘
ol ~C .

i

The first example of rearrangement via homoenolization involving
yY-hydrogen abstraction was reported concurrently by Fukunaga (73), and

1
Howe and Winstein (74,75). The halfe age ketone 50 was converted to-the

less strained half-cage getone 52. TQp available data implies that iso-

-~

- "/ 4
merization™occurs v}a’Y—homoen?fizg anion 51, as shown in Scheme 9.
~ it ;
N
\\Q’—"

H -

>

SCHEME 9

Al
L]

bonyl group assists the proton abstraction step by delocalizing the

devsl ing negative charge. Although mo definitive proof of stereochemistry
was g'ven in the original work, a subsequent study by Crow and Borden (76)
showed that the homoketonization step proceeded by retention of configﬁra—

tion as is the case for almost all y-homoenolate homoketonizations.

] L ] ~ “' / /—-
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3,3-Dimethylbicyclo[3.3.0]octan~2-one 47, which has a relatively

flexible carbon skeleton, was the second example of Yy-proton abstraction

.

=OS |
7 S

e ¥

under homoenolization conditions. Compound ﬁz was obtained by rearrangement bf
3,3~dimethylbicvelo[3.2.1]octan-2-one ﬁp (68). When a non-deuterated

sample of ﬁ? was treated under homoenolization conditions in deuterated

media, the study of the 2H NMR spectra of recovered and deuterated Q?

showed that at least eight sites undefwent exchange. Using Pr(fod)3 to

N

. . . 2 o .
increase the dispersion of "H resonances, the eight signals were resolved,

-

revealing excﬁange at C-1, C-6, C-7, C-8 and at the methyl grgups.

, Nickon andlcogorkérs (59 studieﬂ the homoenoclization of two iso-!
mers of isocamphenone, %? and %ﬁ, in conjunction with camphor %ﬁ. It was
found that camphor %?, homoenolizes more slowly than the other bicyclo[2.2.1]—.
heptan-2-ones. Even though deuterium incorporation in ketone %§ was slow and
required high temperature (18500) and long reaction times {667 h), deuterium

incorporation was observed at C-8 (methyl group),which implicated a y-enolate

28a as an intermediate. This is the cnly known exaﬁple of y-enoliZzation of



-
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a methyl group. The corresponding homoenol has been prepared by Dadson and

Money (77) from reduction of 8-bromocamphor using Mg/THF or Ca/NH3. Treat-

ment of this homoenol under homoenolization conditions produced only

8-deuteriocamphor.

{

In a re

ent communication (78) it was'rgggrcéﬁ’ky Stothers and

coworkers, that ,7—dimethyltricyclo[3.2.1.02’4]octaﬁ¥6—one 53 homoenclizes

and rearranges 4 a y-enolate to 4,égdimethyltriéyclo[333.0.02’4]octan—3—0ne

53b. However 53b as unstable under)the reaction conditions and slowly
transformed to a gixture of the bicyclic octanone .54a_and its exo~b-t-

butoxy derivative

Il
5
ey

— i

EBUOT 5457 7Y 54,

<
The most striking feature of this case is that H/D exchange at C-3 of the out-
side hydrogen is faster than exch?nge of the inside one. This implies that
homoketonization of the Y-enolate p?éceeds with inversion of configuration.
In all the previous cases, Y-homcketonizations occurred via retention of
configuration. Scheme 10 illustrates mechanisms suggested by the authors

for the cenversion of 53b to Séa,and S54b.

[Y
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Table II

Summary of Examples of Homoenglic Rearra ements in

Bicyclic, Tricyelic and Acyclic Sy ems i BuO/t BuOH*
Substrate Homoénolate . Product Ref.
185°¢
-~ —_— + (58,61)
¢ i ‘s
() O - O ¢ .
250% -
A ‘\ — .
‘0 —_— (58)
\ Ocr - y
«}_50/1 Q o
- '
Y
0

185% . =0 Vo
. — . (56)
\\Q ' . Q —_ -t )

0 Q-

175-200°¢

or o
- 250°C
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Table II {cont.)

Substrate Homoenolate ; Product Ref.
Q.
275°% <
—_—
o’ 0
. !
N
185% "~
— — + (64)
\‘0 Qo ’ . O/
o & = & %
- (65)
\ N\ - ’ .
‘ Q , o o ]
™ 0 185% © ' |
" RW*__’ T Ty @
.~ ' R R . R 0 R
# 7

This rearrangement involves more than one intermediate.
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ol
0

l Haller-Bauer
- . Product (< 10%)

<::[i§;- E”' -
0 =0
~8

' RO. : 5\/‘}\9 ’

S RO

SCHEME 10

1.7 Homoketonization

L
The reverse process of homoenolization is homoketonization. In-

vestigation of this process has focussed mainly on three areas - the re%io-

chemistry of ring opening (see Scheme 11), the ste;?dé;lectivity of pro-

> ~,

-i:;;ﬁion on ring opening (see, Schemer 12), and on thk reaction mechanism.
A

b
3
Hoooketonization has been examined under bdsic and acidic condi-~-

tions (76,81-84); since this study involves basic conditions, only the basic

S

process will be ¢ red. In general, for base catalyzed B-homoketoniza-

tion, it has .befn found that the regiochemistry of ring opening follows the

‘ 0_.0_,0
* expected ordeér Wf stability of the incipient carbanion (i.e. 1 >2 >3 etc.

(54)) as shown in Scheme l1. This suggests that the cleavage involves develop-



2

4 £}
[ ]

mentiof substaqtial-negative charge on the carbon in the transit®on state.
Early work by Nickon dnd coworkers demonstrated the general stereo-

selectivity of B-homoketonization. An example is their investigation of the

homoketonization of acetoxynortricyclene (81) under mild basiec hydrolytic

conditions. Protonation of the homoenolic species was found to be highly

stereospecific.

— - D :
RO ROD AN
- :
) OAc 0
H \
D V)

The authors concluded that in basic medium the preferred transition

" state involves exo protonation, resulting in inversion of configuration (see

Scheme 12)._In acidic media, homoketonization results in retention of con-

figuration (82). Tahle III illustrates the\éffect of acidic and basic media

at room temperature.

Table IIIX N
Effect of Media on Deuterism Configuration (81) _

'MediQE\;;- Deuterium Configuration
1 K+t—Bu5 in E&Bu@D | _ 94,.5% exo (inversion) -
2 MeO in MeOD ‘ . 94.5% exo (inversion)
3 Kfﬂea in MeOD/Dimethyl sulfoxide (1/1) ‘ 94.5% exo {inversion)
4 h(CH3)4N+05 in EfBuOP : | 94.5% exo (inversion)
5 | D2804 in DOAc/D20(1.2/l) 90.0% endo (retention)
6 D2804 in DOAc/D20(1.7/1) I. 90.0% endo (retention)

~

ét .



h\

Regiochemistry

of

-3 —Ketonization

_J

Cleavage of

bond a,

Cleavage of
bond b,
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Stereochemistry of \/\;_Ketoni_zdtion

—0 : .
. \.\ )

Inversion Retention

SCHEME. 12 A




A o
_il—écetoxynortricyclene). Acid hydrolysis of 61 using CF

Homoketonization also” has been observed when acetate 61 was

treated with t-butyl alcohol and potassium t-butoxide at room temperature

(58) . .
!
— _L__,_
OAc 0 ‘0
28
8! 62 2
- .
]
- ~
VAR ' .
x Based on the findings of Nickon and coworkers (82), Joshi: and
Warnhof £ (855 were able to stereoselectively deuterate compound 61 [}
N ) -

A

3COOD/D20 4

: + - :
yielded camphor-6—endo—dl 2§b, while bas{zzgﬁdrolysis_gi;h K pD /MeQD

gave camphor-6-exo-d. 28c

1
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- Although B-enolates usually open with inversion of configurafion

under basic conditions, Y—enolacés normally open with retention. Excep-

L)

tions to both of these are known (55). For example compound 53 (66) was

reported to undergoe Y—ketonizagien via inversion of configurationatC-3. ¥

i ¥

4
-

N <

The best experimental information on an homoenolization mechanism

is presented by Thiﬁblin-and Jencks (86); who have demonstrated that the .

a

base catalyzed ring opening of a series of l—phenylcycloprqganols is sub—,
ject to general acid catal&sisl' They also'obsefveq a primary deuterium

iso?ope effect, thus showing that proton transfer is involved in the rate
. ) '-\'5
determining step. This is an indication that the ring opening and protona-

- . -\1 N
tion occur in a concerted manner without formation of an intermediate
Y

carbanion.. At the present time, there is not enough information to draw
definite conclusions on the general reaction mechanism. Further work is

-required for a comprehensive understanding of the homoketonization mechanism.

v N //
) N

1.8 Objectives of Present Study +* Ve

Over two decades there has been a steady inéreas; in the number
v - >

of publications dealing with the homoenolization of polycyclic monoketones,

//‘_“gnd some progress has been made as regards the factors which control the

site of homoenolization and rearrangement of poelycyclic monoketones via

-»
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homoenolate anions. However, there were no réﬁg;zgt;::lludies of the

homoenolization of polycyclic polyketones prior to the report in 1975 (87)

on the homoenolization and rearrangement of 3,3,6,6~tetramethylbicyclo[2.2.1]-

heptane-2,5-dione 6§a. 4
=X
Y -
63
» G, X.: \Y(-.-':O

b, X= =5 -

c, X=0;Y=S

d, x=05Y=H, Q

7
As a continuation of the research in the general area of base-

catalyzed H-D exchange and rearrangement of polycyclic polyketonaes, we were
interested in establishing éhé raﬁe enhancement of base—catalygfd B~ or
Y+enolization by one or more carbonyl groups or thiocarboq?l gr;ups located
B or Yy to an enolizable site. Resolution of any rate enhancement into, |
homoconjugative and inductive components was another objective.

We chose to studyvghe ngfgua—catalyzed H-D exchange of 3,3,6,6-
tetramethylbicyclo[2.2.1] heptane-2,5-dione 6§a, 3,3,6,6-tetramethylbicyclo~
{2.2.1]heptane-2,5-dithione 63b, 3,3,6,6-tetramethyl-5-oxo-bicyclo[2.2.1]-

heptane- 2-thione 63c, and 3,3,6,6- tetramethylbicyclo[2 2.1lheptan—-2-one 63d

The hydrogens at C-7 of’63a are Bﬁto both carbgnyl groups, so enolization
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‘results in a B,B.enolate. A study of the H-D exchange of dithione 63b

would establish the relative homoenolizabilities of ketones and thiones -
and 63c would be used for intramolecular competitive‘exchange experiments.
In order'to quantif;-the effect of the second carbonyl group of 63a and the
rate of H-D!exdhange at all sites - the methylé,'the bridgeﬁeads and C-7 -
it was necessary to study the homoenolization of monoketone 63d. -

Another ohiective was to establish the provensitv for bridgehead
exchange of Gga. While exchange data were available for several bicyclo-

[2.2:2]octan—2—ones, bicyeclo[2.2.2]oct-2~ene-5-one, bicyclo[3.2.1)octanones,

and bicyclo[3.2.1]octanones (66), no rate data were available for bridge-

N ‘

yead exchange alpha to the carbonyl group of bic&clq}Z.Z.1Lﬁe%tan—2—one
prior tothis study. We chose to study 6§d because it is necessary to
block C-6 B-renolization (homoenolization) (50) which scrambles C-6 and Cfl‘
of camphenilone %ﬁ aﬁd prevents determination of the extent of bridgehead
H-D exchange.’ We reasoned that our study would demonstrate indirectly the
extent to which bridgehead exchange competes with exchange via homoenoliza-
tion in {ﬁ, the first substrate used in a quantitgtive study of homoenoli-
zation (40). |
In summary,this thesis documents the syn;hesis of 6%8; ng, ﬁgc

nd 6§d, and it describes a study of the KfE—Bua catalyzed ﬁ-D excﬁazgé of

6§d and 6§a as well as Qﬁ,the rearrangement product of Ggaf Studies on

the chemistry of dithione 63b and monothione 63c in ng—Bua/EfBUOH solu-

tion at 175°C were injitiated, 0
P}

’

8



CHAPTER 2

RESULTS . -

2.1 Synthesis of Substrates

In order to determine the relative reactivities”of a series of

bicyclic carbony.

compounds and their thio-analogues under hdwpenolization

conditions: substrages 63a - 63d were prepared.

(88,89). The oxidatiop of diol Z} to diketone Z? was carried out using a
variety of oxidation procedures, such as those described by Fieser, Sarett,
Cornforth, Thiele and Jonks. Ef;ére was some difficult} in rec&bering the
diketone from the iqoré

s
agyefgr, it was
~

(80-92) or modified Jones oxidatien (93) on up to 10 grams of the dicd,

ic salts which were produéed in the oxidations.,

und est yield was obtained by using a Jones

Purification of the dione was best achieved by sublimation.

The tetramethyiation of norbornane-2,5-dione occyy veﬁm

compared to the methylation of other norbornancnes and deserves some com-

-
L]

ment. That methylation of 72 proceeds rapidly and that significant amounts

of other methylated species could not be detected may, be a}consequence ofﬂﬁ—\\\\\

the increased acidity of the hydrogens alpha to the carbonyl g;bup; a

point established earlier (43).

-

¢
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Preparation of Norbornane-2,5-dione

0
CH '
. HCOOH ONCIOH/HZQ OH
& 68
: Na,Cr,0,
. CH;COOH
. [H,50,
o 1 LIALH HClO4/
{
NoOH" -0 Hoac

SCHEME 13
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‘ 1) K+§—Bu 0 |
§) ~2;0(CaHs),0 0
0= 2) CH41 0
2 03¢

In order to obtain more information about the structure of dione
6§a, an x-ray érystal structure determination was carried out by Lock and
coworkers (94). They established that 63a is monoclinic C2/c and Has four
formula uni;s in the unit cell. The computer-drawn structure is shown in Fig-
ure I-A. Bond lengths and angles within the structure are normal, and
selected iﬁteratomic distances (R) and angles (degrees) are given in Tables
IV and V. The opening up of the C(1)-C(2)-C(3) angle relative to bicyclo
[2.2.1]heptane is caused by the carbonyl group and the cpnsequent‘decreaSe
%n the C(2)-C(3)-C(4) angle bring; c-2 nearer to the hydrogen atom attached
to C~7. In general,'in 63a all angles are less than those expected for an
unconstrained system and compare reasonably well with those obse;ved in
other bicyclo[2.2.1]lheptanes, althougﬁ the;e arg some differences which are
d;scussed below. The erystal structure determination shows there is no unu-
sual twyist in this molecule, at least in the solid phase. Nevertheless_ the

angles at the carbonyl group (C(1)-C(2)-C(3);107.7(4)%). are about-3° larger
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—

b

., |
( a) ‘a (O H(™
AHOB)  COIfBDOH4)
. C(4) | f}i,
Hita (200 208 o2
H(1ib) oo T N VC@  HE
' CIE” ,1.‘ v 'dﬁ§*‘\ili)iiu()tﬂ
N - CRN )
y/ S\Cl0)
| o | \
N 0 N,/ o)
" H(I2h Q2 o(n
H{12¢c) (OH120)
(a)
3/

Figure I-A. a) The Molecular Structure of 3,3,6,6-Tetramethylbicyclo-
[2.2.1}heptane-2,5-dione.

b) The Contents of the Unit Cell for 3,5,6,6—Tetramethyl—;
bicyclo[2.2.1)heptane-2,5~dione.
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Table IV. Selected Interatomic Distances in
3,3,6,6—Tetramethylbicyclo[2.2.l]heptane—Z,S-d;one(63a)

Interatomic Diséance AC —_Interatomic Distance AC

c(1)-C(2) 1.508(5)  ° . ¢(3)-C(10) 1.524(7)

c(1)-c(7) 1.539(6) C(3)}-C(&) 1.550(6)

. ] - .
C(3)-C(9) 1.536(6) C(2)-0(1) 1.206(6)
C(2)~-C(3) 1.529(6)
f“-y—'v/

Table V. Selected Angles in

3,3,6,6—T9tramethylbicyclo[2.2.l]heptane-g, -dicne (63a)

Angle - / Degrees Angle ~
€(6)-C(1)-C(2) 107.0(3) c(1)-c(2)-0(1)
C(6)-C(1)~C(7) 101.0(3) C(2)-C(3)-C(10)

C(L)-C(7)-C(4) 94.80$}\\\“*'9(9)-0(3)-C0%21\\£? ©10971(4)
c(g)—c(a)—c(9) 109.7(4) €(2)-C(3)-C(4) \;/,i390.3(3)
C{4)-C(3)-T(10) 115.1(4) 0(1)-c(2)-C(3) 125.2(k§\jijj[f/
C(1)-C(2)~C(3) 107.7(4) C(Z)—C(3)-C(9) 110.3(4) ﬂ

C(2)-c(1)-c(D) ib0.0(B)
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than the averége value_of 103.4(7)° found in bicyclo[2.2.1]heptanes and
there is a concomitant decrease of about 3° in the C(2)—C(3)—C(4)'angle .
(99.3°). These values agree.well with the average found for bicyclo[2.2.1]
hﬁptan—Z—ones (95-100) (C(1)~-Cc(2)-C(3), 106.7(7)0;C(2)~C(3)—C(4), 101.1(7?0}.
The effect of this disdortion is tq move C-2 closer to C-7 and C-3 further

from C~7. There is ng/twisting at C-7 to bring H-7 near to C-2 or 0-1.

The lH and 130 data for diones 6§a and Z? as well as fq;

»

y 3
dithione 63b, monoketone 63d and thioketone 63c, which are given in Tables

®yI and VII, are consistent with the proposed structures. \

o | . \

e

2.1.2 Synthesis\of 3,3,6,6-Tetramethylbicyclo[2.2.1]heptane-2,5-dithione
(63b), anét;4336,6—Tetramethyl—5-oxo—bicyclo[2.2.1]heptanJ2—thione (63c)

) M&?el studies were carried out with camphor and the begt results

were obtained when ghe ketone was refluxed im xylené~;HIEh¥ ad been pre-

viously saturated with PZSS at'its reflux temperature. ' c:\\\

e

{
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When 3,3,6,6—tetramethylbicyclo[%fijiiheptane—Z,S—dione (63a) was refluxed
in xylene saturated with P285 for l%/ le;h, a mixture of 63b 63c and f ~

starting material was obtalned w1th the average product composition being
S
43&, 35%, and 227, respectively. The compounds were separated using a

combination of column chromatography and preparative gas liquid partition

chromatographv {g.5. p c.)

‘ ] i .
The }H and 13C NMR data for 63b anqd 63c are summarized ig Tables VI and
.\ -~ -~ . i AN
VII- and are consistent with the

V

2.1.3 3,3,6,6~Tetramethylbicyc [2.2.l]heptan-2~gne (6§H)

7 U
the dithioketal 63e, with the Jmtent o
ethylamine (101,102)\ or with Ragx;tai

it was not pos are,d4 'oketal 63e fro a efficiently.
| 5\» frop=td

H@C CH LSH

»

Initiélly an attempt was male\fo convert 63a into 63d by prepéring

desulfurizi it with lithium in
s, )

Z2 in ethanol. Unfortunately.
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~

However, monoketone 63d was prepared by desulfurizingi3,3,6,6-tetramethyl-5-

oxo-bicyclo[2.2.1]heptan-2-thione (63c) using Raney-Nickel W-2 jﬁ super-

dry ethanol. The lH and l3C NMR data for 63d are given in Tables VI, VI%{
-~ ¢ ~ -

-

.

and VIII are consistent with the proposed structure. S

<

N
~

=S Ra ey —Ni-
o . E‘tOH

I
.

-

Assignment of protons in ketome 63d C

Signal assignments for the protons in ketone 63d were based on

L

the use of high field (250 and 4b0 MHz) lH NMR spectral data. -In addition to-:{/
5 N .

information from study of the signal multiplicities, double resonance ex-

a

periments, comparison of the observed coupling consgants with those repor-
b n

ted in the literature for related model systems and the use of lanthanide

shift reagents were emEloyei . -

The signals at § 1.42, 1. 63, 1.85, 1.96, 2. 01 and 2.13 were as-

\

signed to exo-H-5, endo-H-5, anti—H-?, syn-H- 7 H-1 and H—4 (bridgehead

"

(W
\.

protons) respectively (Figure I-B).

-

On the basis of the relative values of the chemical shifts, the

two bridgehead procon‘resonanceé:;géld be expected to appear furthest down-

)

- R . ' -'_r ) Lo \

’/“
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1

field. The signals from the methylene protons on C;7‘énd C-5 would be anti-
cipated to occur in the upfield region. The rescnance of the C-5 methylene
protons wou%d be expected tc appear furthest upfield, since these protons

s

are far removed from the carbbnyl group.

The lowest downfield éignal/at § 2.13 was:assigne& to the bridge-
head methine proton H-4 based on the higher muI:iplici;y (due to coupling
with a greater number of neighboufing protqns) observeﬁ. The second bridge-
head proton H-1 has a lesser number of neighbburihg p%otons and hence

muleciplicity of its signal would be less. The signal at § 2.01 was there—-

.

~ -

4 ‘ . '[\ . ™~
In order to assign the signals for exo-H-5 and endo-H-5 a double / .

fore assigned to this proton.
resonance experiment was carried out. Irradiation of the signal at § 2.13
(freguency 6f signal for H-4 proton)  caused the doublet of doublets at

¢ 1.42 to collapse to a doublet with a large coupling constént (Figure
I-B(b}. Thé other doublet of doublets at & 1.63_undérw§pt no apparent
change. Thus H-4 is coupled to only one of the protons on C-5. A study of
a molecular model showed that the dihedfai angle_between the proton H-4
‘and g;g%ﬂof”ig small (v 40°) while the angle between H-4 and endo-H-5 is
very closé tgwgpo. The endo-H~5 proton has small coupliﬁg~to H-4. Conse-
quently thegéignal at § 1.42 was assigned t;ngng—S, and the signal at

§ 1.63 was.aésfgned to endo-H-5. Thg persistence of the multiplicity pat-
tern for this latter/proton in this double resonance experiment .showed that

this proton was coupled to some other proton besides exo-H-5. Further exa-

mination of the spgctrum,Figure I-B(b) (ol the-irradiation of H-4) made - - }/4L-




-

\ Y

the assggnment of the rest of the signa£§ possible. The signal at § 1.85

collapsed to a doublet with a large coupling copstant. The signal at

§ 1.96 underwent only mafginal changes in its mulfiplicity. Thus the

endo-H~5 proton must be coupled to the proton rescnance which occurred at

§ 1.96. A further investigation of the model revealed that the endo-H-5

proton has a "W" type arrangement with the syn-H-7 proton, and as a result

\ 1 -

these two protons are expected to have a "W" coupling between them. This

"--\

type of coupling across single bonds. has been observed in oghengporbornyl

A
systems (lOSi} On this basis the remaining two signals at 8§ 1.85 and 1.96

could‘be/uhambiguously assigned to protons anti-H-7 and syn-H-7 tespeqtive-

ly. Further confirmation for these .assignments was obtained when the. sig-

nal at

The douéigt of doub
T
results are summarized in Table VI

are given in Figure I-B.

1.96 (szn-ﬁ—?) was 1irradiated and the rest of the spectrum examined

’

ndoﬁS) collapsed to a doublet. These

and double resonance experiments

.
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Table VII . lH NMR Chemical Shifts* of Bicyclic
Ketones and Their Thione Analogues (ppm)
) \
-~
4 5 3,6 7 8 9 10 11
Substrate ¢ Py CH, C*°H, CHZCHa CHy CTH, CTH
. :
=0 _ 3.0 3.0 - 2,37 2.5t
07 rs
AV
‘., x 4 ’
-0 2.60 2.60 - 2.20 1.15 1.00 1.15 1.00
0 63a
S o
- 1
. =S 3.42 3.42 - - 2.30 1.27 1.06 1.27 1.06
% o
63b
.G 2.7 - 332 - 0.94
077 83¢
: H o 1.42 .
. =0 2.01 2.13 - 1.00 1.11 0.97
H  1.63
63d'

A

- q g -
* In ppm frpm TMS in CDC1

3’

Unresolved multiplet from 2.0- 2.6 ppm.
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lH Chemical shifts and Coupling Constants.of
3,3,6,6-Tetramethylbicyclo([2.2.1l]heptane-2-one

L]

Proton(s)

Chemical shift (ppm) Coupling Constant (Hz)

hVa

endo CH, (C-11) 0.97 s .- |
endo CH, (C-9) 1.00 s - '
exo CH, (C-8) 1.04 s ' -
exo CH,(C-10) 1.11 s - /
H-5-ex0 1.42 dd oy 5u™12:8,05 bt
.H-5-endo 1.63 dd , JSn,5x=12°8’J5n,7s=\2'6’J5n,4=mo'?’
H-7-anti 1.85 ddd J73,7s=10'8’37a,l=0'8’J7a,4= llgf"
H-7-syn 1.96 dm /175’7a=1d'.8,J75’l=1.3,J75,4= 0.7
q‘ J75,5n‘= 2.6
. Qﬂ—% , 2.13m Ty 5880, 2420753, =1.8
) J4,50= " 0.3 . .
H-1 2.01 dd I),76= 130 Iy 9,208
e .
—
PR
< ¥
~ .
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‘H-4 0
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o 63d
H-1
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(a) ' N
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!
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2.1.4 Preparation and Bromination of 1,3,3-Trimethylbicyclo[2.2. 2]octane—
2,5-dione (64)

Diketone 64 obtained as a maJor rearrangement product in homoeno-

lization of 63a, was brominated in acetic acid to e 6,6~ 33,3~

trimethylbié&c%o[Z.Z.2]octang-2,5—dione 65, The L and 1'aC NMR data for

'~

64 and §5 are summarized in Tables IX and XIV.7
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2.2 Homoenolization

2.2.1 3}3,6,6-Tetramethylbicyclo[2.2.l]heptane—2,5—diqne (63a)

The results of a number of homoenolizations of-6§a at 175°C, which
establish that 6§a rearranges, are shown in Table X. The degree of exchange
and the deuterium distribution'in 6§a, for reactions which wefe carried out
in deuterated media, are tabulated in Tables XI* and XII. The deuterium con-
Atents of ghe rearraggement products isolated fram two runs (entﬁies 24 and.i
15 from Table X) are given in Table XIII. Since the ma;imum conversion of
6§a to the rearrangement product was only 65-70%, the behaviour of isomeric
-dione Qﬁ under homqenoiization cdnditionswas studied. When the reafrangement
product was treated under homoenclization cenditions, analysi< of the reac-
tion mixture showed that 6§a was nos formed. The total deuterium incorpora-
tion.and the relqtive amounts of de&terated‘spe%ies were obtained by mass
spectrometry. Deutefium NMR. wa's used to determine the distribution of deu-
. terium within ghe molecule. Because the 2H NMR signal; overlapped, the

spectra were fE:;ZE\Bn&vtﬁngﬁrvé was resolved using the Nicolet curve analy;
sis-p?ogram on a Nicolet 1186 computer. An example is shown in Figure II.
Further evidence was provided by the comparison of the 13C NMR spectra of
6§a and deuter;ted 6§a, obtained under identical concentrations and spectro-
13

scopic conditions The C NMR spectrum of deuterated 633 showed reduced

signal intensity for C-1, C-4 and Cc-7 as well as the exo and endo methyls -

‘Figure I1I. The reduced signal intensities arise from the long relaxation
time of a carbon atom bonded to a deuterium relative to a carbon bonded ﬁo

a proton (104). The spectra in Figure IIT show precisely this effect. 1In
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Table X. Kfﬁ—Bua Catalyzed Isomerization of 3,3,6,6-Tetramethylbicyclo
[2.2.1}heptane-2,5-dione in t-Buryl Alcohol ar 175:3°C
Eﬁtry (Ketone] [K+£;Bu6] Reaction time % Conversion Medium
(M) (M) (h) to 64

1 0.32 0.86 64.0 31.3 H

2 0.33 o.éz 64.0 31.7 D

3 0.37 1.04 75.0 40.0 H

4 0.39 1.17 75.0 50.0 D

5 0.31 0.88 8%.3 . 30.5 H

6 0.31 0.78 87.3 D

7 0.30 1.28 52.7 H

8 0.37 1.10 56.0 H

9 0.40 1.27 75.0 u

10 0.37 1.42 75.0 _ .
11 1.37 75.0 Ho
12 1.16 75.0 50.0 . H-
13 1.48 72.0 62.0 H

14 1.45 72.0, " 56.5 H

15 1.01 94.0 60.1 D {
16 0.38 1.15 102.0 62.9 H

17 0.40 1.03 -78.5 34.5 H
$18 0.45 1.03 78.5 33.1 H

19 6.40’ 1.16 ‘98.0 44.0 H

20 0.38 . 1.16 98.0 ¢ 43.9 H

(continued next page)
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Table X (continued)
+ -
Entry [Ketone] [K t-BuO] Reaction time % Conversion Medium
(M) (M) - (h) to 64
21 " 0.39 1.28 72.0 38.0 H
22 0.39 1.25 87.0 44,1 H
23 0.38 1.25 . 87.0 T 46.0 H
h A ‘
. 24 0.59 - 1.44 30.0 35.0 D
1.37 92.0 © 62.4 B
1.44 92.0 63.0 CH
\ | i
.1.30 76.0 44.0 H.
\\ .
1.30 73.0 52.7 . H
1.49 . 96.0 74.0 _H
1.40 . 96.0 63.1 H

N
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_2H NMR Spectra of 3,3,6,6-Tetramethylbicyclof2.2.1]~
heptane-2,5~dione

a) observed spectrum, b) computer fitted
¢) curve resolved, . -
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addit;on deuterium coupling was observed at C-7; C- H 20 Hz. The

1 13
deuterium isogepe shift was too small to be measuyed accurately.

’

- 2.2.2 Structure Determination of Rearrangemejit product. 64
s J ﬂ.—_‘_/
. " The rearrangement product obtained from homoenoclization of 63a had

a melting point of 48 - 49°C and was shown by mass spectrometry to be an iso-

mer of 63a. Its 13C NMR spectrum showed eleven d;gkinct signals whereas the

spectrum-of the symmetrical starting diketone had six signals. The 130 NMR

. chemical shifts along with assignments are given in Table XIV. Off resonance

. s .
) 13C NMR studies were used to make the assignments.
" <
v Lﬁﬁﬁuiﬂ NMR spectrum shown in Figure IV clearly indicates the pre-
' 4

sence of three methyl groups,at$ 1.17, 1.04 and 1.02 (CDCL. solution). In-

3
tegration of the}specfrum revealed the presence of sixteen protons. Ele-
mental analysis was in accord with themolecular formula CllH1602 The as-
signments of the different proton signals for 64 were based on the high

"\ field H NMR (250 MHz) spectrum and decoupling experiments. Furthermore,

comparison of this spectrum with tEﬁy{igh field 1H ectrum of dibromina-

ted -derivative 61‘5 was used to confirm- cl_lese assignmpnts. The infrared."
spectrum exhibited the presence of carBonyl groups dtretching frequencies

-at 1725 and 1(}0 cm-l as shown in Figurelv.

The icomeric diketone reacted with bromine to form a dibromide of

m.p. spectrum of which, at low ionization voltage (14

- e.v.) showed parent ion peaks at m/e 336, 338, and 340 (ratio v 1:2:1) with

the correct relative intensities for a species QE;pﬁ/Eanains two bromine

~—~

P ad
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atoms. Ino additlon, peaks at m/e 257 and 259 of equal inten51tieg&29jies-
ponded to the loss of a bromine;§;£; and peaks at m/e 229 and 231 corres-
ponded to the loss of CO from the ions of m/e 257 and 259, respectively,
w%hich is a_very common fragmentation pattern.for cyelic carbonyl compounds inS).
‘The 13C MMR data for dibromide §§ are given inuTable XIV, and its lH NMR
spectrunm is shown.in Figure VI. Hydrogen-deuterium exchange studies utili-
zing 607 dioxane~40% bicarbonaée buffer, pD=§lO.84 (106), at 30+0.1°C estab-
lished that there were two readily exchangeable protons alpha to a carbonyl
Broup. An x-ray crystal structure determination was carried out on the
sdibromide of the rearrangement product by Lock and coworkers (94). It was
established that the dibromide was 6,6-dibromo~1,3,3-trimethylbicyclo-
[2.2.2]octane-2,5—ﬁione 65 » and therefore that the rearrangement'product
was the corresponding 1,3,3-trimethylbicyclo[2.2. 2]octane 5 dione 64 .
The computer drawn structure of 65 is showm in Figurq\d&l The crystals of
§§ were orthorhombic of the space group Pcab’ with cei}\dﬁyensions a=11.2,
b=18.82, ¢=11.6%¥ & and had eight formul % Uit cell. The
Structure was solved by the heavy atém method. Bond lengths and angles
witg;n the.structure were normal and comparable to values found in acetone
(107,108). Selected interatomic distances (X)aand angles (degrees) are

glven in Tables XV and Xvi.

The structure of 65 (94) is very mifch like that of 2-p-bromo-
benzoyl -1,5, S-trimethyi'iﬁyclo[Z .2.2}octane-6, 8 ~dione (109). A detailed
c0mparison of corresponding bond lengths and angles showed few differences.

- . -

The crystal packing of 65 is shown in Figure VIII. There was no indica-

- tions of any.gtrong intermolechlar'interactions, as j’ﬁged by the bond
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o

Table XV. Selected Interat ¢ Distances -for
6,6-Dibromide-1,3,3-trimethylbicyclo[2.2.2]octane-2,5-dione (65)

Interatomic Distance A Interatomic Distance A
L C(L)-c(2) 1.55(2) C(7)~C(8) | 1.56(2)
LC(4)-c(5) 1.52(2) * ' C(3)-c(10) 1.55(2)
C(L-C(T) ~  _ 1.54(2) C(1)-C(11) 1;(3’)
c(3)-C(9) 1.58(2) 0(3).-0(4) 1.54(2)
€(5)-0(2) | 1.20(2) c(6)-C(1) 1.57(2)
| c(2)-c(3) 1.53(2) C(B)-;C(a) 1.58(2)
€(5)-C(6) 1.55~(i) C(2)-0(1) T 123
€(6)-Br (1) 1.94(1)

. .
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r lengths and bond angles; the packing'forces are van der Waals interactions.
The molecule,which can be apprOximaﬁed by a sphere,ﬁorms a roughly hexagonal
close-packed structure with the layers parallel to the Ec plane with a and
b layers laying roughly at x=0, x=l.
1

2.2.3 Homoenclization of 3,3,6,6-Tetramethylbicyclo[2.2.1]heptan-2-one (63d)

Unlike 63a,'substantialﬁy longer reaction time (40Q<-500 h) were
- =y

required to incorporate significant’ amounts of deyterium \into 63d. The re-~

sults of a series of homoenolizatien studiés are listed in Table XVII.

Analyses by g.L.p.c. showed that the reaction mixture contained only

-

small amounts (1 --1.5%) of two other compounds of longer retention time.
‘ -~ Due to the-small quantities of the minor comﬁonents, it was not possiBle to
N
collect enough for positive identification. Average recovery of deusf}ated
6§d was in the 807 range and samples were assayed}fér deuterium szﬁ;ss
spectrometry. Deuterium NMR was used to establish the }ocacions of the
deuterium_até : Representative 2H, lH'and 13C NMR speétra of non-deutera-~
ted and deutéjzjgg 6§d are given in Figures IX to » and establish that
exchange occurred predominanfly at €C-1 and at one the methyl groups. To

-

gbtain a more quantitative ;isessme t of the deuter}u distribution™a

.lanéhanide shift study using Eu(fo )3‘ and high field lH and 2H NMR was
undeftaken. The 400 MH=z lH andrél.ﬁ MHz 2H NMR spectra of deuterated ng
- in &égf;resence of Eu(fod)3 shown in Figure XII provide evidence that deu-
., terium was loéated at C-1, syn at C-7, ;nd.in the endo-6 and exo-3-methyl
groups. The'38.4 MHz 2H NMR spectrum of deuterated 6§d, taken in the absence '1/////"
of-shift reagent and compared to the deuterated 250 MHz lH spectrum shgwn

-

in Figure XIII, confirmed the analysis.

™
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FiMI. ?'H NMR Spectrum of Deuterated 3,3,6,64Tetraméthyl-k}J
bicycle[2.2.1l]heptan—-2-one (63d) 0
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Figure XII. a) 400 MHz ]‘H NMR Spedtrum of Deuterated Dionme 63d
in Presence of Eu(fod)3 {large excess) -

> b) 6l.d Miz 2‘H NMR Spectrum of the Same Sal‘xple. )
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2.2.4 Homoenolization of 1,3,3-Trimethylbicyclo[2.2.2)octane~2,5-dione (64)

. T
The results of a series of homoenolizations of dione 64 are given
- -~

in Table XVIII. Analyses by g.%.p.c. of the recovered material did

not show any significant rearrangement products (< 1%). Material recovery
¥y .
was usually in the range of 80- 85%. As expected, exchange of hydrogens «

to the carbonyl group was fast. Interestingly, the hydrogens of one of the

methyl groups underwent very rapid exchange as was established by'lH, 2H
e ; i ) .

- ] -
and 13C NMR studies. Exchange occurred at other sites when longer regction

periods were used - some deuterium was incorporated in one other methyl group

and the C-7 and C-8 methylene groups. The extent and sites of exchange in

13

64 were determined using a combination of lH, 2H and C NMR spectroscopy

-

and mass spectrometry.‘ For clear identification and assignment of the dif-
" “ferent signals in the-lH and gH spectfé of 64, a-E.u(fod)'3 shift study was

. 'l - .
carried out. At a ratio of 2:1 substrate to Eu(fod)3, the methyl region

was well resolvéd,'whereas at a ratio of 1:3, the signals from the methylene

r

and the bridgehead protons were well resolved. Figure XIV gives rgpreéen— :

tative spectra of deuterated and non-deuterated dione 64, with and without

shift reagent. In addition, Figure XV shows the 13C NMR ‘spectra of Qeutéra—

13

ted dione 64 in compariscn with the piotium sample, In the ~2C NMR spectrum

- ) S S
4 OF CDCl, solution the signal® due to C-3 and
) - .

C-6 overlapped. In order to resolve these signals the spectrum was obtained

of dione 64 obtained in CCl

“in C6D6’ Figure XVI. A 250 MH

ments of the different signals is given Figure IV.

NMR spegbrum of 64 along with the assign-
. . .
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To obtain an approximate measnggrof the rate of exehange at thel
C-4 bridgehead, the'deuterfum A to the carhonyl group was rémoved using'
di?xane/lN NaOH. Figure XVII shows the 2I-I NMR spentra of gione Q; before
and after treatment with base, which were obtained in'the presence of a
shift reagent. Table XIX lists the results of severel experimétts: To ob-\\
tain an eccurate measure of the rate of H-D exchange of the hydrogens of
the mecthyl gtoup of Qﬂ, homoenclization was cafrged ouE_EEN%Q%er temperéture .-

) * “_. .
and the results are summarized -in Table X%. The 2H NMR analysis for a sample

of compound 64 which was obtained from treatment under nilder homoenoliza- .
tion reaction conditions displayed only two major signals. Figure XVIIIL
: eee,e

shows the H NMR specbrﬁ//f deuterated 64 after 5, 25, and 75 hoyrs at
100 C. The signal at 62,30 (1. 5~ 1. 6/9euter1u toms) is due to the deu-
terons alpha to the carbonyl group which were incorporated rapidly into 64
on equilibration with the %euterium pool. The ratgg of exchange of the
diastereotopic hydrogen at C-6 of dione Qﬁ were measured in a mixture of
60% dioxane and 40% bicarbnnate buffer and are summarized in SECti257%C3

The proton NMR signal at Gﬂal 02 arose from the deuterated C-1
bridgehead methyl group. The assignment of the 13C NMR signals, especially
the-C—l bridgehead methyl cnnbon, was consistent with‘the chemical shift
data of related structures, Figure XIX. _

As is shown in Figure XV, a reduction in the intensity of the
signal assigned to the C-1 bridgehead methyl carbonlwas observed for the

deuterated sample relative to non-deuterated 64. Both spectra were recorded

. /
under the same spectroscopic conditions (qoncentration and solvent). Ad-

qu
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8 ‘ 10 +Eu(fod)3 'l
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) M7 ”l
| Hey H 4
: J& AT ! d
UL U -
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A, - bk
(pPWY 8.0 7.0 -6.0 5.0 4.0 3.0 2.0 1.0 0.0 4.0 3.0 2.0 , 1.0 0.0
1.64:1 v 9
2 &
<s.}h//09 | D at’
8 Q 10 +Eu(fod), {| D ac J (Cg1Cq2Cyy)
\\ (CB’CQ,C].J.)
7 N 0
D at
(D) (7+8) (6,1,7,8)
(ppm) 5.0 4.03.0 2.0 1.0 0.0 4.03.0 2.0 1.0 0.0
* Figure XIV. 90 MHz lH NMR Spectrum of Dione 64 (a); Spectrum of the Same

LY

Sample in Presence of Eu(fod)3. (2:1 Ratio) (b); 38.4 MHz 2H

NMR Spectrum of Deuterated Dione 64 (c) and’ Spectrum of the
Same Sample in Presence of Eu(fod)j (Ratio of 1.64;1) (d).
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N Figure XIX. Model Compounds Used to Confirm the 130 NMR
Assignment for the' Bridgehead Methyl in

1,3,3-Trimethyl-bicyclo[2.2.2] octane~2,5-dione (Qﬁ)

We thank Professor C. Djerassi for providing a sample of l-methyl-
bicyclo[2.2.2]octan-2-one.
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ditional evidence that the hydrogens of the bridgehead methyl group under-

go facile exchange was acquired by examination of the 13C NMR spectra of

~—
65 and highly deuterated 65. THE,bromines at C-6 caused,by a y-effect (110a),

a sﬁall but observable shielding of the bridgehead methyi carbon (v 1.4 ppgfi
The other methyl carbons, which are 'in an € position, were deshielded slight-
ly (0.8-1.0 ppm). These effects are illustrated by the spectra I Figure

XX. As expected, deshielding was observed for protons of the bridgehead me-

thyl group in the H NMR spectra of 65 The 13C NMR spectrum of a sample

of highly deutierated 65 (= 5.5-6 D/molecule) prepared from a sample of 64.
which was isolated from the rearrangement of 63a in deuterated medium, is
included in Figure XXI. The signal assigned to the bridgehead methyl carbon
1s reduced in intehsity as” are the signals due to\é-7 and C-8. Most impor-

tantly, the intensity of the 13C signal due to C-1, which bears the highly
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deuterated'methyl. is reduced to base line noise because there are no neigh-
bouring protons to relax C-1. The quarternary bridgqhead carbon, which is
usuallyiéf‘Iow intensity under normal spectrometer cénditioné, was almost
non-observable. Further supporting evidence for deuterium inco;poration at
the bridgehead methyl was obtained by determining the Nuclear Overhauser
effects (NOE) of the non-exchanged merhyl groups on H-4. Samples of.QF which

-

were highly deuterated at C-6 and at one of the methyl- groups were used in

%

"this experiment. The samprﬁigfere irradiZxed selectively at each of the

"two remaining methyl gro®ps (6" = 1.04 andd8 = 1.17), and the bridgehéad pro-

ton H-4 was monitored for NOE enhancement. Multiple integrations were ta-
ken and the experiment was repeated at. least twice for each sample. The
bridgehead proton showed NOE enhgfitements of 9.243.5% and 7.9%2.6% on ir-
radiation of the signals at &= 1.04¢§na 1.17 respectively.

An unusual isotopic disé}ibutioh pattern was observed for deu-
terated 64 recovered after tredfment with ngfBualnguOD under-milder condi-

tions (lower temperature and shorter reaction time). The molecular ion

cluster for two of these experiments  is gilen in Figure XXII. The correc-

tion for Ml and M2 contribution of & and d, to d, and d, establishedr

2 3 4
th h : £ '
at the d3‘d4 id_ ratio 775 simllar to the d0 dl d2 ratio.
2.2.5 'Homoenolization of 3,3 6, ~Tetramethyl-~5-oxo-bicyclo[2.2.1)heptane-2-
thione (63c) and 3,3,6,6-T etramethylbicyclo[2.2.l]heptane—2,5—dithioqe
(63b) K .
]
Y
T Preliminary studies on the homoenolization of 63b and 63c have been

carried out. Analysis by g.f.p.c. showed in both cases the emergence

of new compounds with longer. retention times than the staré&ng materials. The

kN
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new compounds were isolated and mass spectromﬂ!iy.sﬁowed that the molecu—
lar weights were the same as those of the starting materlal in both cases,
Thus the new compounds could have arisen from a rearrangement similar to
that observed for dione 633\) However, compounds 6§b and 6§c appeared to
be much more reactive than dione 6§a, based on the shorter times used in

the preliminary experiments,

2.2.6 Homoenolization of Fenchone (29)

The results of homoenolization of Bgd indicated that exchaege of
the syn-7-hydrogen of fenchone 29 should be expected as well, even though
Lambert (60) an& Stothers and coworkers (61) apparently did not observe
exchange at this site. As a consequence of repeating the homoenolization of
29 to calibrate our reactions,it was found that prolonged treatment of
fenchone (175 C, 680 L and k - BuO 1.0 M) resulted in exchange of syn-7-H. -
In accord Nlth Stothers’' findings the hydrogens at &6 (exo and endo) and at
the methyl groups exchanged. The lH and;zH NMR spectra of fenchone '%? s
and partially deuterated %p, are shown in Figure XXIII. 'Assignments ef the
lH resonances of 29 were accomplished with the aid of decoﬁpling experiments.
It was clear that significant exchange had occurred at syn-7-H after pro-
longed treatment with base. Unlike the case for 63d it was not possible to
establish directly the extent of exchange at anti-7-H because the anti-7-H

peak’ cverlapned the peak due' to exo- G—H

S
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2:3 Kinetic Studies

2.3.1 Rate Constants of H-D Exchange at C-6 of 1,3,3- Trimethylblcyclo—
(2.2.2]octane-2;5~ dlone (64)

The rates of;exchange of the €C-6 protons in dione 64 were deter-
mined at 3020.1% in a solution composed of 0% dioxane and .40% #1aDCO /
NaGD (pD 10.84 ) whlch hﬁg been equ1llbrated in a constant temperature bath.
The aliquots were quenched with a KZHPOA* buffer and extracted with ether.

The rates of ‘H-D exchange 3f the diastereotopic protons at C-6 were obtained

by mass spectrometry. Since the preferred stereochemistry of exchange has

not been determined, the protons are referred to as HF and HS. A tentative

assignment of HF and HS was based on the assumption that the homoconjugative

efféct of the C-2 carbonyl‘group enhanced the rate of exchange of the anti-
e,

proton (HF)'

Kinetic studies were carried out under pseudo-first-order

.

- 3
*- Buffer of pD=10.84 (pD=PH+0.4) composed of 50 ml of bicarbonate (0.05 M)
and 16.0 ml NaOD (0.1 M).

1 Buffer of pH=6.5 composed of 50 ml of KH POQ (0.1 M) and 13.9 ml of NaOH
(0.1 M).

b
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conditions and the first-order rate constants were converted to second-

order rate cqpstants. The second-order rate constant for exchange of HF

1

was 2.620.24 M s_1 (an average of four determinations), and the rate con-

1

stant for exchange of HS was 0.36%0.17 M s_l (an average of six determi-

nations). That is kF was approximately 7 times greater than kS.

2.3.2 Rate Constants of 8 and y-enolization of 63a, 63d and 64

Th; approximate rate constants for H-D exchange at different posi-
_Fions wé;; obtaiped from one point kinetic analyses. Since the ketone and

base concentrations ranged from 0.2 to 0.35 M and 0.8 to 1.4 M, respectively,
and the basicity of the strongly basic solu;ions was difficult to reproduce

accurately,the precision of the rate constants in a series of exchanges was

about *10%.

Therefore, experiments which were similar in initial concentration
and were comparable teo those carried out by Stothers were chesen for analy-

ses so that the rate data could be compared.

2,313 Exchange Rate Constants of 63a

.y Ihe rate constants for dione 6§a were obtained from an experiment
in which the extent of rearrangement was 27% and thus the rate constants
reported are minimum wvalues. When 6§a (0.38 M) was heated in 0.84 M
KfEfBualgrBuOD for;§5 h, it incorporated 2,61 deute;ium atoms and was E:)
15.2%2 d

composite of 2,1% do, 11.1% dl, 33.0% 4., 35.5% d 2.7% d5 and

3’ 4!
0.5% d6 species. The deuterium distribution -- 1,37 D at C-1 (4), 1.07'D
at C-7, 0.10 D at the exo-methyl groups ({8 and €-10) and 0.07 D at the

endo-methyl groups (C-9 and C-11) -- was determined by domputer curve fitting

13
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a 13.8 MHz 2H NMR spectrum. Hence, exchange was 68.5%, 50.4%, 1.7% and :
1.27% complete at C-1{4), C-7, the exo—meﬁhyl and endo-methyl groups,
respectively. From these déta, using the integrated first-order rate ex-

pression with A0= 100%, the rate constants at 175°C for H-D exchange at

C-1(4), c-7, exo—ﬁethyl

n KE = -kt
0
and endo-methyl groups and Tearrangement were approximately 7.0><10—6 s_l,
4.5X10_6 s_l, 1.0X10L7 s_l, 8.0><10_8 s_l and 2.(}><10-6 s_l,‘respectivelyf

In order to compare these rate data, whichwere obtained at 175°C, with
the literature data obtained at 185°¢C it was assumed that the rate doubles

o, .
for a 10°C increase in temperature. Consequently the rate constants at

185°C would be approximately 1.4x10 > s_l, 9.0x107° st 2.0x1077 &1

l.6><10_7 s_l and la.0><10_6 shl for exchange at C-1(4), C-7, the exc~methyl and

3

the endo-methyl groups and for rearrangement, respectively, as summarized

in Table XXI. “
*
Table XXI Approximated First-order Rate Constants for H-D ¥
Exchange at Various Sites of Dione 63a ’

Kar 1750¢ k at 1850C Site

7.0x107% 71 1.4x107 g71 B-1 (4)

4.5x107% g1 9.0x107% g7t B-7 (s)

l.0><10_7 s_l 2.0><10—7 s_l . éﬁgfmethyl protons
8.ox1078 &1 | 1.6x1077 571 endo-methyl proéons
2.0x10°% §71 4.0x1078 ¢71 | ' .rearrahgemént

*Throughout this thesis, the rate constants for H-
first-order rate constants to be consistent with
ports, It should be realized, however, that these
tually been carried out under pseudo-first order ¢

D exchange are referred to as
the previous literature re-

exchange reactions have ac-
onditions using excess base.
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2.3.4 Exchange Rate Constants for 64 \\

Diketone 64 was prepared by rearranging 63a in ngfBuB/t-BUOH
and its exchange’was studied over a range of temperatures. When dioﬁe
+ _ .
64 (0.15 M) was treated at 175°C in 1.14 M K £-BuO/t-BuOD, it incorpora-

ted 5.86 excess atoms of deuterium and was a composite of 0.4% do, 0.5% dl’

l1.0%4d,, 3.5% d, 10.8% d,, 22.1% d5’ 28.6% d,., 20.5% d

. 8.7% dg, 2:5% d

3’ 4 &’ 7’ 9°?
c.8 % d10 and 0.7% dllspecies.' That the dedterium was located at the bridge-
. head methyl group (2.65 D), at C-6 and C-4 (1.63 D) and C-7 and C-8 (1.58 D)
was established by curve fitting the Eu(fod)3 shifted 2H NMR spectrum ob-
tained at a dione 95: Eu(fod)3 welght ratio of 1.64:1. It was desired to
determine the amount of exchange at C-4. However, it was not possible to
measure the extent of deuteration at C-4 directly, since the signals due

to syn-6~D, anti-6-D (relative tc the carbonyl at C-2 position) and €-4 were
overlapped. The deuteriums at the C-6 position were back. exchanged for‘

protiums’, by treating 64 -d with an aqueous solution of 1N NaOH/dioxane

5.86

(40:60) at 25+0.1%. The 2H NMR spectrum of the resulting 64 - d4 46

(Qﬁ-—da.aéisu(fod)3= 1.64:1, Figure XXIV) showed only a small peak at § 4.6
(0.06 D) which corresponded to D-4 and the first-order rate constant was v
3.0x107 7% ae 175% (kygsoc™v6-0 1077 sy The % m of 64-dg g |
(Qﬁ-ds.séz Eu(fod)3 weigh@ ratio 1.64:1) showed four major signals at &
4.3, 2.9, 2.5 and 1.6 in addition to a small shoulder at &~ & 1.9 on the
peak at § 1.6. While the signal at §,4.6 was due to de;terons at C-6 and
C-4 and the signals at § 2.9 and 2.5 were due to the deuterons aE}Q;? and

C-8, thepeak at '§ 1.6 corresponded to.the deuterated bridgehead methyl. The
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N

%

“——— 3Bridgehead
methyl °

38.4 MHz 21-1 NMR Spectrum of Deuterated 1,3,3-
Trimethylbicyclo[2.2.1]octane~2,5-dione (614)
After Back Exchange of Deuterons at C-6; "in
Presence of Eu(fod)3, 1.64:1 Ratic ’
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shoulder at ¢ 1.9 was due to the deuterium in one of the other methyls,

most likely the exo-3—CH3. Assuming that kSn " k7x and that the peak at

§ 2.9 was due to D—8n and D_7x’ the apparent rate constant for deprotona-

-1 6

tion exo to the carbonyl group was 4.5X10_6 s~ at 175%¢ (k185°c v 9.0x107

s—l). On the assumption that the signal at & 2.5 was due to D-7 and D-8
and k8x s k7n’ the apparent rate’ constant for abstraction endo to the car-
.bonyl grouﬁ of 64 was i.0x10'6 st ar 175° ( ~ 2.0x107°8 s'l). A

. M8s0¢ ‘
separate analysis of 64 {0.17{M) for Ohinl.0M KfE—BuBAE-BUOD was

nd 2H {(61.4 MHz) NMR in the ab-

carried out using high field lu (4

! 5.16 showed

a doublet centred at § 2,2 due to syn=-6-D and anti-6-D that overlapped a

" sence of Eu(fod) (Figuf§\§¥V). The high field “H NMR of 64 - d

broad signal at § 2.15 (EEQE‘S‘D)~ There were also broad peaks at § 1.85
(ex0~8-D) amd 1.75 {endo-7-D and 55277-D):and a singlet at 5 1.14 (bridge-
head metﬁyl) with a visible shoulder on the low field side. A very weak
signal was also discernible at § 1.20. The deuterium diqtribution was ob-
tained from the pgak areas of these.ZH NMR signals by a cut and weigh techniqde.
The peak area at § 2.2 corresponded to 2.04 D and, since 1.60 D were washed
out from QQ— D5.16 {NaOH/dioxane), it was established that‘thére>were approxi-
mately 0.44 D located at the EEAQ-S position. From the areas of the peaks at

6 1.85 and 1.75, it was determined that 0.26 deuterium atoms were incorpo-
rated at the exo-8 position and 0.28 deuterium atoms were located at the exo-7
and endo-7 positions combined. On the assumption that 52299-7—H ~ 5§§2f7—ﬂ

and the exo—3—m¥(hyl exchanged faéter than the endo-3-methyl, the first-

order rate constants at 175°C and 185°C for H-D exchange at the wvarious
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Figure XXV. Top, (a) 400 MHz }H and (B)_61.4 MHz ZH NMR Spectrum of Deuterated
Dione 64, Bottom, 400 MHz 1§ NMR Spectra of Dione 64
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sites were calculated (Table XXII).

L
Table XXII Approximate First-Order Rate Constants for H-D Exchange
. at Various Sites of Dione 64

Kar 1759 Kae 185% Site
Ll

3.0¢10 % L 6.0x1070 71 endo-8-H

1.5%1070 g1 3.0x107% 71 exo-8-H
- - ’ - - *
8.5x10 7 s 1 - 1.5%10 6 s 1 endo-7-H
8.5%10"/ st 1.5x10°° s1 exo-7 -H*

3.0x1077 7L 6.0x10"7 571 exo-3-methyl
protons
» “~

* An average rate

—

To obtain the rate constant for bridgehead methyl exchange, reac;
tions were carried out at.IOOOC (lli). For example, when Qﬁ (0.11 M) was
treated with KfﬁfBua[EfBubn (1.03 M) for 25 h it incorporated 2.01 deute-
riumxatoms. " Deuterium analysis by 2H NMR established that deuterium was
located at -6 (l.SOAD) and at the bridgehead methyl (0.51 D). The first-

order rate constant for the methyl bridgehead exchange was v 2.0><10-6 s_l

at 100°C and ~ 8x107% 71 ar 185°.
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2.3.5 Exchange Rate Constants for 63d

Thé first~order rate constants for exchange of 63d were determined
by heating it in 1.24 M K t-BuD/t-BuOD.at 175°C for 500 h. Kerone 63d in-
corporated 0.56 excess atoms of deuterium. High field (61.4 MHZ) 2H NMR
coupled with Eu(fod)3 experiments revealed that thiétdeuterium was distri-
buted at different positions: 0.258 D at the C-8 and C-9 methyl groups,
0.253 D at C-1, 0.016 D at syn C-7 and 0.013 D in the C-11 methyl group.

. . o
From these data the first-order rate constants for exchange at 175 C and

185°C were evaluated and are summarized in Table XXIII.

Table XXIII Approximate First-order Rate Constants for H-D Exchange at
Various sites of 63d

k at 175°C ‘ k at 185% Site
L.gx107/ 71 3.2x1077 s H-1 (bridgehead)
7.0x107° 71 1.4x1078 &1 Syn H-7
5.0x207% 71 1.ox1077 71 C-8 and C-9 methyl
9 -1 9 -1 protons
3.0%10° 7 s~ 6.0x10° " s . C-11 methyl protons

Pl
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'CHAPTER 3 : ¥

DISCUSSION

4 3:1 Homoenolization of 3,3,6,6- Tetramethylb1cyclo[2 2. l]heptane—Z 5- dione (63a)
and 3,3,6,6- Tetramethvlblcvclo[Z 2.1]heptan-2-one (63d),

Several definite deductions can be drawn from the data in Table X.
These data summarize the conversion of dione 6§a to isomer QF. From entries
1l and 2%along with 15 and 165 it is clear that the extent of isomerizati;n
In deuterated and non-deuterated:media is the same, within experimehtal er-
ror. Hence, isotope effects are negligible. In addition, b; comparing encse%
tries 9, 10 and 11 witﬂ 28 and 29 it is evident that the rate of isbmerization,
as expected, increases as the base concentrati;n is increased. For any set . ;::::::
of conditions, as the reaction time is increased, the percentage qonversiéh B

increases. There is, however, a limit to ‘the degree of isomerization. A

. possible explanation is that 64 undergoes slow decomposition and/or conversion

to other products, such as an iégher with a [3.2.1] type skeleton, which was
formed in sﬁall-amounts in several reactions. The base concentration is one L
of the important factors controlling the isomerization. However, there is

a limit (v 1.4-1.5 M) to thé solubility of K+£fBu5 in t-BuOH(D). 1In addi- - i
tion, entries 17 and 18, 19 and 20, as well as 22 and 23 sho; that the homo~
enolizatidn is easily reproducible. Another posgib&i;gxplanation for the

incomplete conversion of 63a to 64 could be the réduc;ion of the effective-

ness of KfE—Bua with time. This may be caused by reaction with the glass
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surface or aggregation (112). In any event, this phenomenon is not well

tood. By introdu@g fresh ngfBua after an average initial reaction °

As described in the results section, the deuterium incorporation

at various sites of 63a and 63d were used to obtain approximate first-order

rate constants, which are shown in Figure XXVI.

1.0 X10 14X10

Figure XXVI. Rate Constants of H-D Exchange for 63a and 63d at 185°C
. in Kre- BuO/t BuOD ’

x - .
+ This rate constant of 4.0x10 6 -1 is a combination of the observed rate

constant of deuterium 1ncorporation in the exo—methil and the rate
constant of rearrangement of 63a to 64 (2. 0x10~7 +3.8x1076 571 =
4.0x107% s-1y.

EL P,
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3.2 Rearrangement of 3,3,6,6~Tetramethylbicyclo[2;2.l]hgptane—Z,érdioné,(63a)
= T~ ~

Since the discovery of homoenolization in the early sixties, a num-
ber of homoenclization experiments of polycyclic monoketones have been re-
ported (vidé;supra) but, prior to this work,. polycyclic pelyketones had not
been/§tudied. 3,3,6,6—Tetramthylbicyclo[2.Z.l]heppane—z,s—d;oqg 63a under-

./ goes a no rearrangement to 1,3,3—trimethy1bicyclo[2.2.2]octane;2,5-dione
Qﬁ. Our propbsed mechanism for the rearrangement is given in Scheme 14.
Homoenolization (B—enolization) of an exo—methyl group yields exc~-homoenolate
63x, which in turn undergoes an unusual B- homoenolate switch to B-enolate 63y.

Homoketonization of 63y produces the more thermodynamically stable bicyclo-
-6

~

{2.2.2]octane~2,5-dione 64. The rate constant for rearrangement (3.8x10

s-l)'compares favourably with the rate constant for exc-methyl exchange of

fenchone (2.0><10_'7 s-l). That deprotonation of the exo-methyl of 63a occurs

more‘readily than deprotonation of ;:e exo-methyl of fenchone 29 indicates

that the second carbonyl group exhibits an inductive and/or field effect.

POPUUCRICI
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There is at least one other possible isomeric diketone 74 which

satisfies all of the lH and 13C NMR spectroscopic data. This can be ob-

tained from the simple one step y-homoenolization shown in Scheme 15. 1In

[

fact, it was proposed initially that dione 74 was the rearﬁauéement pro-

duct (87).
+ — R
K t-BuO .
t- BuOH (D)-L 0
“T50-75 h ﬂ@» :
175°%c €
9
+
- H S
(@] o)X -
Zé
SCHEME 15

However, the x-ray crystal structure determination of the dibro-
mide of the rearrangement product established positively that the isomer
was dione Qﬁ, and therefére Scheme 14 is an acceptaBle route for the re-
arrangement. Only one other example of a B-enolate switch has been reported.
Reusch and coworkers (113,114) have shown that 6-methyl-5-hydroxytricyclo-
[4.4.0.0]decan-9-one (Scheme 16) and some'of its derivatives rearrange in

base via a B-enolate ‘switch. Our work, however, has provided the first
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example of rearrangement via a R-homoenolate switch where the B-enolate ig

generated from a ketone in strong base.

HO 5
Q: [QES vc,
\ —_ “
\0 \O
¢
{
|
9 2
- ROH
-p——
° LY
SCHEME 16

This work documents one of the first examples of a ring expansion
in a bicyclic system by homoenolization of a ketone. Examples of chain expan-
sion through a B-enolate involving methyl sites for acyclic ketones have been
reported earlier (69j; di-t-butyl ketone has been found to isomerize slow-
ly to two other isomeric ketones as shown in Table II. In the acyclic sys-
tem it has been assumed that the bulkiness of the methyl groups causes an
increase in the C~C-C bond angle of the carbonyl. The major driving force

for the opening of the three membered ring intermediate (B-enolate) to the

-+
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rearranged product has been attributed by Stothers and coworkers (69 to the
formation of a more stable product in which the C-C-C bond angle of ther
carbonyl is ﬁot as strained. Furthermore, it was stated that ring expansion
does not occur via B-enolates generated from methyl sites in bicyelic sys-
tems because skeletal constraints prevent significant release of angle strain.
The driving force in our case undoubtedly 'is the formation of a stable B-
enolate, Furthermore, ketonization of B-enolate 6§y yields dione Qﬁ, be~
cause the extra carbon atom in QF removes most of the strain within the bi-
eyelic system. Thus, most C-C-C angles are closer to the ;etrahedral angles
than in 6§a as is indicated by the data obtaiﬁed from the x-réy crystal
structure determination of the dibromide of q&.

The base-catalysed conversion of a methyl group to a‘methylene
orn going from [2.2.1] dione 63a to (2.2.2] dione Qﬁ, may be a useful general

synthetic method where an increase in ring size is desired.

3.3 Bridgehead H-D Exchange of 3,3,6,6—Tetramethy1bicyclo[2.2.l]heptane—
‘ 2,5~dione (63a), and'3,3,6,6—Tetramethylbicyclo[2.2.l]heptan— 2-one (63d)

The formation and reactions of bridgehead enolates in bicyclic or -
polycyclic ketohes ﬁave been studied aétively. An enolate can be formed at
the bridgehead when the ring is fairly large (n > 62, depending on the type
of system and its sterecchemistry (115). While Gassman and Zalar (44) ob-
‘served bfidgeh;ad exchange of 7-norbornanone E and nortricyclanope z s

prior to our report of the bridgehead exchange of diohe 63a (87), there were
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no reports of bridgehead exchangéﬂalpha to the carbonyl group of bicyclo-
[2.2.1)heptan-2-ones. Onlf inductive (and/or electrostatic) stabilization
of the anions generated from 6 and 7 1is possible . From the data of
Gassman and Zalar, we estimate the first-ordef rate constant for exchange at

-1 6 -1

the bridgehead of 6 and 7 at 185°C to be 3.8 X10_7 s and 7.0%10 ° s T,

3

respectively. That the rate ‘constants for bridgehead exchange of Géd and Gga
at 185°C are approximately 3.2><10—7 s_l' and l.4><10-5 s_l respectively es-
tablishes that the introduction of the carbonyl group at C-5 increases the
rate of the bridgéhe#d H-D exchange by a factor of about 40-45. This might
provide a good measure of the inductive (electrostatic) stabilization of an
anion B- and anti~ to a carbonyl group wpere homoconjugative stab;lization
;g not possible. Thig observation is in accord with the work of Werstiuk
and coworkers 8116) on the exchange réaction of dionehZ?, where it was esti-
mated that the B-carbonyl inductively enhances the rate of a-enolization by
N N
a factor of 75. The exchange\aﬁg;he bridgehgad of 6§d allows a&iestimate

to be made of the rate of bridgehead exchange of camphenilone 16, first

studied by Nickon (50 ). Beta homoenolization at‘C-6 yields a symmetrical
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intermediate, thus scrambling C-6 and C-1 and preventing direct determination
of the extent of bridgehead H-D exchange. Since the rate constants for ex-

change at C-6 of camphenilone 16 are not available, the first-order rate con-
~1

stants for exchange of exo and endo hydrogen at C-6 of fenchone 2g (7><10_6 s

and 2.0>-<10.6 é-l, respectively) obtained by Stothers (g]) are used. This

29 1B
NS S

analysis assumes that the bridgehead methyl does not significantly affect

the rate of exchange at C-6. In addition, if the rate of bridgehead ex-

change in‘ﬁgd is a reasconable measure of the rate of exchange at C-1 of

camphenilone 16&(assuming that the steric effect of the two methyl groups

at C-6 of 63d kas a minimal effect on the rate of the exchange at C-1),

then, based on this analysis, exchange at C-6 of camphenilone occurs ap-

proximately 25- 30 times as fast as exchange aF C-1. This is in agreement )
with Nickon's ( 50) observation that .the rate of racemization of campheni- » ’ fuN\ '

lone is approximately equal to the rate of Incorporation of deuterium.

’
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3.4 Exchange of 3,3,6,6-Tetramethylbicyclo[2.2.2]heptane-2,5-dione 63a
and 3,3,6,6~-Tetramethylbicyclo[2.2.1]heptan-5-one 63d at C-7.

Deuterium analysis of recovered 6§a showed that deuterium was in-
corperated at C-7 as well as at the bridgehead po;itions and in the methyl
groups. This was the first exampie of exchange at C-7 of a bicyclo[Z.Z.g?L
heptan-2-one. In earlier studies of B-enolization, exchénge at C-~7 of
bicyclo[2.2.1]heptyl ketohes, such as camphenilone {9 and fenchone %? was
not observed, and it was suggested ﬂhat this was a consequence of the strain
in the homoenolate anion and/or the improper geometry of the alignments of y/--\)

4

the C-H bonds at C-7 with the T  system of the carbonyl group at C-2. o J

—_—

According to an earlier report ( 61), no exchange was observed at C-7 of
fenchone when it was;heated for 300 h at 185°C in 1 M ng—Buﬁ/EfBuOD. Nickon
and coworkers (51) prepared 7,7-dideuterated camphenilone and treated it
under homoenclization conditions. Analysis of recovered material by Pass
speétrometry detected no loss of deuterium*. However, as documented in the
-reéults section, we have studied fenchone and found that there is slow ex—
change at the syn-7 position, in accord with the observaticn for monoketone
6§d. However as the data in Table X shows, dione 63d is stable in the
strongly baéic media and undergoes unusually facile exchange at C-7 (as well
as C-1 and C-4). Our findings ;evealed B—enolizatibn at C-7 of ng occurs

and it is interesting to note that syn-7-exchange is at least 10 times faster

than anti-7-exchange. The rate'of exchange for syn-7 is 1.4x10'8 s-1 and in

"Labelled ketone was heated with K t-BuO/t -BuOH at 185°C for 98 h. After
this period of time, no deuterium loss was detected. Recovered ketone was
recycled at 1859C for an additional 200 h at a higher concgg;nggio
base. That no deuterium was washed out indicates C-7 is not a omoené)
lizable site." (51)

7
¢ -

!

N

L
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dione 63a the exchange rate is 9.0x10-6 s—l, 800 -~ 900 times faster.

According to calculations by Schlegel (30,117, at any given
dihedral'angle "B" of adjoining carbons - Figure XXVII - B -epolate
stability is at a maximum when the B~carbon is sp3 hybridized and at a mini-
mum when sz hybridized. In addition, substantial stabilization is

‘present whether the anion is pointed towards or away from the carbonyl

Figure XXVII. Illustrates the Three Conformers Obtained From
8-y Inversion Surface of CH CHZCHO (o= 1200),
2 and ¢ are more stable thafl b“ (117).

as shown in Figure XXVIII. waever, no comment was made on whether the stabi-

R
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Figure XXVIII. Illustrates the Two Stable Conformers of EHZCHZCHO
a) @ = 1209, B = 09, y = 115°
b) @ = 1209, 8 = 180°, y =.115°  (117)

lization resulted from hombconjugative or electraétatic interaction. Dug

to the angle strain at C-7 the anion is predicted to be pyramidal - 63z -

« ’ -
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with a significant barrier to inversion. Conse&uently it is "syn" to one
carbonyl group and "anti" to the other and, in principle, would be stabi-
lized by both cafbonyl groups according to Schlegel's calculation. It is
clear from the data in Figure XXIX that the interaction of a carbonyl
group at C-5 enhances the rate of exchange of the syn-7-H approximately

by a factor of 103 and the anti-7-H by a factor of at least 104, assuming
that 5§x2—7—ﬁ of 6§d is at least 10 times kEEEEfZ_H (vide supra), Cn this
basis, introduction of a carbonyl group at C-2 of hydrocarbon’ Z? results
in a rate enhancement of at least 104 for the KfEfBua catalyzed H-D ex-
change at C-7. Introduction of two carbenyl groups enhances the rate

by at least 108. Since the x-ray crystal structure ﬁetermination showed

¥

/. ‘ /\

a

that the bond lengths and aﬂg;es of 63a are normal, that the syn-7~-H ex-
. b

—<chenges faster than anti—?rﬂ/;s interesting because the eko-6-H's of fen-
chone 29 and camphenilone (16 which are*anti to the carbonyl groups exchange
faster than the endo-H's YE;Ch are.syn. Perhaps, the backlobe of the de-

‘e

veloping sp3-1ike orbital at C-7 does not interact effectively with the

T-system. Perhaps syn overlap is more efficient and the syn-anion is elec-
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trostatically stabilized by the carbonyl group dipole to a greater degree
than the anti-anion. It is interesting to note that Noest and Nibbering
(118), using ion cyclotron resonance (ICR), have found that 2-methyl-2-
nigrosé;ropane 73b, and 2,2-dimethyl-propanal 7Za:undergo facile H-D B- .
exchange in the presence of 05/D20 in the gas phase. Using simple electro-

static theory and the conformation of 77, they calculated that the dipolar

% .

/A B 778, X=HCO
77 77b, X=NO
AT AV 4

stabilization of the anion by the carbonyl group is in the order of 84
kl;;;;j\&hich couid account for a major portion of the stabilization of the

anion.

. v
3.5 y-Enolization of 3,3,6,6—Tetramethylbicyclo[2.2.l]heptan-2-one, (63d)

As described in the results section, 6§d undergoes slow y-
enolization of the endo-methyl at (6 (C-11 methyl) and the first-order rare
constant was estimated to be 6.0><J.0_9_.s-l at 185°. There are only four

other examples of y-enolization. The first example was reported for the

half-cage ketone 50 (73 - 75) which, under homoenolization conditions,isome-
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rized to Si quantitatively. The rate of Y-enolization (3.8x10 s ) at
185°C can be estimated from therate of isomerization\(7.58xlo_5 s—l) at

Q
195.57¢. s,

- The other compounds which undergo y-enolization are 28 (119), 47"(@8) and
76 (120).

AL ’ A
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3.6 Homoenolization of l,3,3—Trimethylbicyclo[2.2.2]octane-2,5;dione (64}

The only other study of a carbonyl containing Hicyc10[2.2.2]octane
was conducted by Stothers and coworkers (64,65)f.§They showed that when
3,3—dimethylbicyclo[2.2.2]0ctan-2-one, %§, was treated under strongly ba-
sic ®onditions it slowly isomerized to 7,7-dimethylbicyclo[2.2.1] octan-6-one

40, and incorporated deuterium.

8
1 ~ 8
4 i
] — b 7 2
g © 0 0%
N 39 49

A v

As is described in chapter 2, when 63a was treated under homoeno-
lization conditions, it rearranged to the isomeric form 64. In addigion,
one of the methyl groups of §9 underwent facile H-D exchange. Consequently,
homoenoclization of 64 was carried out at a range of temperatures, from 100
to 175° C. The rate constants for exchange of Géa as well as ketone 38 and

29 studied by Stothers are given in Figure XXIX.

Ne—
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L4

It is clear nnif the réte{?bngtants for exo and endo-exchange at
")

C-8 are slightly larger than the-rate constants for ketone 38. The increase

most likely results from an inductive and/or field effect of the y-carbonyl

—
gtoup at C-2. The preference for the hydrogen anti {endo-8-H) to the 7-

system is in accord with Stothers' findings for ketone€38. No comment can

. , - ‘
be made on the exo/endo préference at C-7 beaauge their resonances overlap

/
/

in the 2H MMR, and it is assumed that the rate cgqsfigps/ére equal in the
analysis. The exo-3-methyl (C-9) exchange is slightly faster than the'
meth;;s of %? and this is i#i keeping with the effect of the y-carbonyl group
on exchange. Bridgehead exchange of Qﬁ is approximately 60 times faster
than exchange of %? and this rate enhance%ent is comparable to the rate in-.
cre?se observed in [2.2.l]dione 6§a over monoketone 6§d, where a carbonyl )
group is also B to the site of exchange.

It~ig interesting to note that exchange of Qﬁ at sites B to the
carbonyl group establishes that B-enolization occurs in [2.2.2]-systems where
‘a-enolization is possible - the first documented example for a [2.2.2]-system. |,

As was presented in the results section, various methods‘were used
to establish which methyl group was excha;ging rapidly. All the studies es-
tablished that it is the bridgehead methyl which undérgoes the.reﬁarkably

facile H-D exchange. An NOE study involving irradiation at the two remaining

by

terated sample of 64 (deuterium was mostly located at
methylene C~6 and %F ne of the methyl groups) showed enhagcements of the.

bridgehead* proton siénal of 9.2+3.5% and 7.922.97, respectively. Although

the magnitudes were smaller than predicted (121), the enhancement  in bridge-
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head proton signal from irradiation of the two methyls at 1.02 and 1.17
r
is in accord with our assignment of the methyl groups. The observation of

these NOEs confirms that the deuterated methyl is at the bridgehead. Other-

wise, an enhancement should have not been observed on irradiation of both
non-deuterated methyl groups. This conclusion can be cohfirmed on the |

basis of the distance from the bridgehead methyl to the bridgehead proton,

o .
5.7 A, (the interatomic distances were determined using Dreiding stereo-

J

models) which is clearly too far away for any NOE to be observgd. On the other

hand, due to the close proximity of the gem dimethyls to the bridgehead pro-

ton (2.5— é.6 X), an observable NOE is expected (CH3—H NOE o jg). Other
. | r .

- confirming evidence was obtained from a l3C NMR study of the dibromide

derivative of 64. Bromines at C-6 had a small shielding effect on the 13C

NMR signal of the bridgehead methyl'whereas it had a deshielding 2ffect on

the‘lH NMR signal, as expected. Further evidence to support the assignments '

i/
was obtained from the 130 spectrum of the highly deuterated sample of di-
bromide. The intensity of the 130 signal due to C-1 is reduced to base
line noise, beéRause there are no neighbouring protons to relax C-1. The

quarternary bridgehead carbon which is usually of low intensity under the

conditions that the specfra were obtalned is almost non-observable. Also,

-~

from the model, bicyclo{2.2.2] octanone which was methylated at various sites

was used to confirm our assignment of the 13C NMR signais, specifically

4

the methyl groups.

The x-ray crystal structure of the dibrominated derivative of 64
. ¢ . ~

“does not show any unusual features or deviations from similar compounds for

which the crystal structure determination has been carried out (109).
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That the first-order rate constant for bridgehead methyl ex-—
change is " 2><1v1)_6 s—l at 100°C and " BXlO—A ét lBSDC establishes that
eichange of the bridgehead methyl is " 42,000 times faster than exchange of
the bridgehead methyl of fenchone 29 at 185°C - Figure XXIX. This fact
suggests, even though the rate of exchange of a bridgehead methyl of a
bicyclof[2.2.2]octan-2-one has nst yet been established, that the C-11 methyl

of 64 does not exchange via formation of the B-enclate 64x, but proceeds via

B

~o

Q A
ox

a different :Eute. That this is the case is supporfed by the observation
that deuterium is incorporated into 64 in an unusual sequenée. If exchange
of 64 occurs via‘B;enolate 64x, then the methyl hydrogens will be replaced

.

sequentially with

1 2 3 4 5
d0 >dl >d2 >d3 >d4 >d5 and kl> k2>> k3ﬂ:k4ﬂak

5 -

Such a scheme would lead to a'buildf:gfzzzﬂ;hen a gradual decrease of d3 and
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d4 species as conversion to 64-—d5 takes place.  However, mass spectral ana-
lysis of 64--d2 78 (lOOOC, 75 h) showed that the deuterated dione was a

.

. composite of 2.4% dO' 14.7% dl’ 48.7% dz, 4,17 d3, 12.5% d 22.5% d5 and

4?
< 1% de»species and suggested that exchange via the B-enolate is not the ma-
jor exchange pathway. Thus, exchange of QF must cccur vi4 an isomer which
is inrequilibrium with'@ﬁ and the rate determining step is conversion of

QF to its isomer rather than exchange. It is proposed that exchange of.the

bridgehead methyl proceeds via a mechanism whigb involves a carbon analogue

of an acyclo%n rearrangement, Scheme 17. A general scheme of an acycloin
: N -

0
0

’&
0

' |
—
—
&
|
‘_-—-b
-
0

0
)

SCHEME 17
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rearrangement is shown in Scheme 18 (rearrangement of 81 to 82).

R 0
11 1
R1>‘/\R T RZ\“><R
2 3 X 3 \j
81 82
i X= C.sN<’()..
SCHEME 18

There are a large number of examples where X=0 (112,123), one example

where X=N (124) and, as far as the author is aware, only one other example
-
When X=C, Miller and Bhattacharya (125) showed that 83 rearranges to 85

in K t- BuO (HMPT) even at -10° C.

0 0

Kt- BUO/HMPA

—10°
LI C
0 — 0 /
- 8.

83 0 //, ~

& 0

. : 4 .
That rearrangement of the enolate of dienedione 83 occurs at -10° while the

G-enolate 78 rearranges at a significant rate at 100°C 1is due to the forma-
tion of an aromatic ring in the former. Of course, in qp, the methyllgroup
is attached to an enone and it undergoes rapid H-D exchange. That 64 is not

-

isolated indicates that the dione 64 is more stable than hydroxy-enone 80
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which rearranges rapidly to 78 via 79. It is interesting to note that the
conversion of 79 into 78 involves a vinylogous acycloin rearrangement, the

general representation of which is given in Scheme 19.

;Z ! t
::>L\\¢95\\Tr)’ :::::: ;:1
0 R 0O
f SCHEME 19

Only a few cases of this rearrangement have been observed (126) Of particu-
- lar significance is the rearrhngemept of 86 into 87 reported by Scheffe;

and coworkers (127, l%?) These results provide support for the hypothesis

0 .
\ C}{B
CH,
H CHj
66 . CH,
A Vo
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K

that 80 is an intermediate in the exchange reaction. Furthermore, a small

amount of an isomer of 64 was isolated from several reactions and its 400
MHz "H NMR spectrum was consistent with the spectrum expected for [3.2.1]-

dicne 88. The[3.2.1)-dione, of course, could possibly be formed by a vinylo-

Qs

Y

| o
88

. L
gous rearrangement which invelves a shift of the other C-C bond attached

to the carbon bearing the oxygen, Scheme 20.

a

Zt

d
-~
0

\

B\s-—é\z A

. _SCHEME 20
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3.7 Exchange at C-6

The seéond—order rates of H-D exchange for the protons of the
C-6 methylene group alpha to the carboryl-group were measured: It was
found that the first proton exchanged about 7 -8 times faster than the
second one. The rate of H-D exchange of the alpha protons in the mono-
carbonyl[2.2.2] system é? has been studied at three different gemperatures
by Tidwell and coworkers (129). It was found Fhat in bicyclo[2.2.2]octan~-
2-one, the corrected rate constant of exchange for each proton at 25°CwaSNJ

3.'1)3>(10_2 M-l s-l. at 30°¢ the rate constant would be approximately

4.50X10-2 M_l s_l. However in the diont 64 theS% two protons are stereo—

chemically different and their rates of ex ange were found to be different

(as mentioned in the results sectiop)<TFor convenience, we have arbitrarily

referred to these rate constants/as ks and kF' The ratio of the rate con-
stant kF to the rate constant fpr H-D exchange in monoketone 35 is approxi-
mately 60:1. It is proposed thab.in the diketone 64 the proton undergoing

. . )
slower H-D exchange has a "syn" of;%HEation relative to thg carbonyl at the

C-2 position. The homoconjugative effect is ijpected to cause an enhanced

- rate of exchange for HF (anti-6-H). The syn-6-hydrogen can be expected to

' L

e

undergo exchange at.a relatively slower rate due to diminished homocohjuga—'

:
.~

tive stabilization. However, to arrive at a definite conclusion, Ffurther
investigation needs to be carried out to establish the stereochemistry of

HS ;nd HF with sérﬁalnty. P

o
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CHAPTER 4 .

I EXPERIMENTAL

4.1 Materials and Instruments

4.1.1 Instruments'

Nuclear magnetic resonance (NMR) spectra were recorded on the
Varian T-60, HA-100, Bruker WH-90F, EM-390, HR~220 and Bruker WM-250 in-
struments. Tetramethylsilane (Tﬁs) was the intqrnal standard and samples
were dissolved in either deuterated chloroforn‘br carbon tetrachlbride -y
(certified A.C.S. spectra analyzed) scld by Fisher Scien}ific Company.

Nuclear magnet%c—ragonance (NMR) spectra, which were run at 220-MHz, were
. 1

! .
recorded by Dr\;Art §rey at  the University of Toronto. l3C nuclear mag-

. ’ A
netic resonance\5pectra were recorded by Mr. Brian G. Sayer on & Varian
\\ N

Associates HA-100 spectrometer. Deuterium magnetic resonance (DMR) spectra

' -~
were recorded in carbon tetrachloride solutions by Mr. Brfgg\Sayer of

S >

McMaster University using an XL-100 spectrometer with lgF perfluorobenzene
as the internal lock signal.
Chemical shifts are reported inlparts per @illion, downfield from

internal tetramethylsilane (6 0.0). 'In NMR abbreviatigns are as follows:

~

< ~
singlet, d = doublet, dd =.doublet of doubletg, m = multiplet,

S

t

triplet‘and dt = doublet of triplets, etc.
The spectra will be denoted as follows: NMR (CDC13/TMS, Em~390) ; th;s fe-
presents a spectrum reccrded on the EM-390 'using CDClBas solvent and

tetrémethylsilaﬁe as the internal standard. This will be followed by themain
T

130 _ ' BRSNS

-
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S

chemical shifts which will be reported as "§" values (ppm downfield from
TMS). Mass spectra were recorded on Hitachi Perkin Elmer model RMU-6A
and' Consolidated Electrodynamics Corporation (CEC 21-110B) V.G. Micromass

7070F mass spectrometers. Deuterium assay analyses were performed at low

.

ionizing voltage, 13 or 14 ‘e.v., on the above mass spectrometers and. are

- expressed as atoms of deuterium per,moleiiie);n excess of natural abundance

deuterium. ‘
L .
Two analytical gas chromatographic instruments were used; a .

i - - ‘ I

Varian Aerograph series 200 (Model 204B} dual cdlumn_ﬂnstrument equipped

with dual flame ionizatjon detectors and a Tracor-560 instrument (aleo

dual channel) hith ionization detectors; In both instruments the carrier

gas was helium. ’Preparatlve scale gas- liquid partition chromatography :

-
.

" was performed with a Varian Associates Aerograph Model 200 (A-700) with /|

manual sample collection or with a Varian Aerograph Model A-90-P gas

¢
chromatograph. ’Helium was used as the carrier gas. The percentage conver-
. —A

sion and/orfthe product ratios in all gas—liquid partition chromatograms . .

-~

were obfained with an Aerograph Model 485 Electronic Digital Integrator.
Preparative columns igre packed with either carbowax 20 P}oreSE 40 on g
60 100 mesh chromosorb W, whereas analytical columns were packgd with a

finer support, 80-100 mesh chromosorb W. Analysis by gas-liquid partition
. s .
chromatography will be denoted as follows: // /
: N o v
g-%.p.c (10% Carbowax, 10' x 4", 2000) . . : T

\

This denotes 10% Carbowax 20 M (on chromosorb W) liquid phase the column

was 10 feet long and % inch in diameter and the analysis was carried out
-

at 200°C. The flow rate of hélium was normally 20-30 mi/min.. for analytical

Pal
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columms whereas for preparative éorkthe flow rate was 50-60 m%/min. Infrared
spectra were recorded on a Perkin-Elmer infrared spectrophotometer 283,

All absorptions, are in reciprocal centimeters and calibrated with a pely~
styreﬁe-filmf Microanalyses were carried 6ut by Galbraith Laboratories,
Inc., Knoxville, Tennessee, 37921. All organic solutions were dried either
with anhydrous magnesium sulphate or with sodium sulphate. Melting points
were measured using a Kofler Hot Stage melting apparatus with a c§librated
.thermometer, and are reported uncotrected. Bo%ling points also are not
corrected and refer to the pressure igdicated in parentheses; for example
b pP. 35-58°C (15 mm) denotes the boiling point range to be 55- -580, at a

pressure of 15 mm of mercury

4,1.2 Materials and Solvents ’

Materials -

All materials for the synthesis of.the compounds under inresti—
gation (3,3,6,6—tetramethylbicyclo[2.2.l]heptane—2,5—dione and analogous
compounds) were obtained from the following major chemical companies:

1. Bicyclo[2.2.l]2,5—heptadiene-was obtained from Frinton Laboratories,

P.0. Box 301, nt Ave., S. Vineland, N.J. 08360.

2. Iodomethane and t-butyl alcohol were obtained from J.T. Baker

Chemical Co., Phillipsburg, N.J. 08865. |

3. Deuterium oxide 99.7 atom. % b was obtained from Merck Sherp and

Dohme of Canada Limited, Moﬁtreal, Cana&a or from Stohler Isotope

Chemicals, 92 Beckwith Place, Rutherford, N.J. 07070, P.0. Box

399, AZ, U.S.A.

S
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4. t-butyl alcohol (0OD) was obtained from Aldrich Chemicazl Com-
pany, Inc. in five gram quantities which were used at once or
in 25 gram quantitigstwhich were stored under nit;ogen and kept
in a dgsiccator cqntaining CaClz.
5. Resolve—AlEu(foD)r99+Z or Resolve—Al[Eu(Thd)z,tris(Z,Z,G,6—tetramethyl—

~

3,5-heptanedionato)Europium] in gold label were obtained in one

. gram quantities from Aldrich Chemical Company, Inc., 940 W. Saint

.

Paul Ave., Milwaukee, Wisconsin -53233.

.Solvents
_ Solvents which were used mainly in spectroscopic work, were as
’ &
follows: ) .
CDCl3 chloroform~d, min. isotopic purity, 99.8 atom. % D was obtained
in 100 gram quantities from Merck Sharp.and Dohme Canada Limited, Montfeal,v

Canada, or from Stohler Isotope Chemicals, 49 Jones Road, Waltham, MA

02154, U.S.A..

. ) m
CClr The carbon tetrachloride uséd wgs either NMR Grade CCl: obtained

from Norell Chemical Co., Inc., Landing, N.J. 07850 or Certified A.C.S.
spectranalyzed CCla obtained from Fisher Scientific Co., Chemical Manu-

factuting Division, Fair Lawn, N.J. 07410.

4,2 Sznthesis'

v

4,2.1 Preparation of Bicyclic Carbenyl Compound Thio. Carbonyl Compounds
3,3,6,6-tetramethylbicyclo[2.2.1]heptane-2,5~dione,(63a)

Cbmpound 63a was prepared by permethylation of norbornane-2,5-

dione, 72, which in turn was synthesized by the known procedure (89)

using bicyclo[2.2.1]heptane-2,5=zdione as precursor, Scheme 13,
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4.2.2 Nortricyclyl ForqateFTricyclo[2.2.1.02‘6]heptyl;afformasfllﬁk7)

. Bicyclo[Z.2.l]heptane—Z,Sfdione(l9875?;jzfgg—mol) was refluxed for
3 h with formic acid (90%a 130.0 g; 2.5& mol). The reaction mixture was
cooled, diluted with an eéual amount of water and extracted with ether
(4x100 mf). The combined ether extracts.were washed with water (100 m&)
and then'with saturated aqueous sodium chloride solution (100 mf). The
ether layer was dried over anh§Hrous MgSOA,filtered and the solvent was

removed by distillation. The major product of the reaction, nortricyclyl

formate, was vacuum distilled, befween 55-60°C (4.7-6.0 mm). The yield

of formate was 42% (118.8 g,'0.86 mol). It was identified by comparison

of its g.f.p.c. retention time with that of an authentic sample.

4.2.3 Nortricyciyl Alcohol,(@ﬁ)
Nortricyclyl formate. (166{0 g, 1.2 mol) was hydrolyzed by refluxing
with 20% (W/W) aqueous sodium hydroxide s%%tﬁion (450 mL) using an o;i bath,
for a perfod of 3.0 h. Progress of g‘re#ﬁtion was followed by g.2.p.c.

When th hydrolysi' as complete, t ion mixture was cooled to room

temperature and extracted with ether (3x100 m%g. The combined ether layers
weré washed with watér (100-fl) and with saturated aqueous so%ium chloride solu-

tion (100 mf). The ether extracts were-dried (MgSOa), and filtered I:refbeb

"the ether was removed by distillation. The alcohol was purified by re-

crystallization from n-pentane; yield was 88% (117 g, 1.06 mol) with m.p. =
of 105-106°C (1it.'108-109); I.R.(CC1,): 3320 em (OH). The g.%.p.c. analy-

sis was identical to that of an authentic sample in all aspects.

7,

\\\ﬁ—ﬁs
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4.2.4 Nortrieyclanone (Tricyclo[2.2.1.02’6]heptan~3—one),(69)

Chromium trioxide (70.g, 0.7 mol) was dissolved in 100 m& of water.
. The solution was éooled in an ice bath and concentrated sulfuric acid
(61 mi, 112 ¢, 1.10 mol) wa)uQSed slowly, followed by the addition of water
(200 m%), with stirring; wﬁile maintaining the temperature Letween 0 and
59C. Nortricyclyl alcohol (55.0 g, 0.5 mol) was dissolved in acetone (300 m{,
—gb Analytical Reagent grade) or ether which was previously treated with oxi-
dizing reagent and placed in a 3-necked round bottom flask, fittg& Qith a

s
condenser{/Fvé;essure—equalizing dropping funnel and a thermometer. The

flask was immersed in an?iée bath and the temperature of the solution was
reduced to between 0-5°C. 'The ére—cooled oxidizing reagent (190 mf of stock
solution) was added to the stirred solution at such a rate as to maiﬁtain
the temperature of the reaction at ambient temperature (20-249C), and the
stirring was continued for 4 h after the oxidizing reagent was added. When
the oxidation was 98% complete, excess oxidizing reagent was destroyed by
asdition of small portions of sodium bisulfite. The top 1ayér was decanted .
and the dense, green bottom 1aye5/Gas extracted with petroleug ether
(30-60°C, 3x80 mi). The combi%ed organic layers were washéd with saturated
aqueous sodium chloride (2%30 mf), sodium bicarbonate (2x30 ml), and satu-
rated aqueous sodium chloride (25 ml). The organic layer was dried (égSOA)
. and filtered before the solvent was removed by distillation . The residue
was distilled under reduced pressure (b.p. 81°C (30 mm)), yielding 82%

1

(44.1 g, 0.408 mol) nortricyclanone. H NMR (CDClBITMS, T-60) of nor-
Y

tricyclénone Howed a complex spectrum at § = 1.0-2.2 ppm.



136

4.2.5 S—Acetoxybicyclo[2.2.l]heptan—2-onek88,89),(zp) (\
Nortricyclanone (38.7 g, 0.358 mol) was dissolved in glacial acetic _

acid (118 m%) containing 70% éerchlqric acid (5.6 mi) and the solution was

‘heated on the steam bath for 5 h. The dark red-brown solution was cooled

to room temperaturé and pouréd into ice-cooled sodium hydroxide solution

{10%, 200 ml) which was‘then neﬁ%ralized using solid sodium bicarbonate; The

solution was extracted with ether (6x100 mf) and the combined ether lavyers

were washed with saturated aqueous sodium bicarbonate, dried over Na SO4 and

2
filtered. Thé solvent was removed on a rotary evaporator and the ketoace-

tate was isolated by vacuum distillation (b.p. 96-98° (1.30 mm) ) (iit (89) b.p.
88-90; (1-2 twm)) to givean 847 (50.6g, 0.4 mol) yieldof pure compbund. The -
fraction which was collected at 96—98°C.was analyzed by g.%.p.c. an& the
retention time was identical to‘that of an authentic sample. I.R. (neat):

[

1750 em t (C=0); 1250 em (acetate).

e

4.2.6 Norbornane-Z,S—diol,(Z})
A solution of 5-kéronorbornyl acetate (25.0 g, 149 mmol) in ether
(170 mi, distilled from lithium aluminium hydride) was added dropwise over
.a period of 2 h to a slurry of lithium aluminiﬁm hydride (21.5 g) in eyher
(600.mL). The reaction mixture was refluxed for i2 h theﬁ the sclution wés
cooled in ice and 10% aqueoﬁé sodium hydroxide (35 q@) was added dropwise
followed by cautious addition of water (45 m2). The inorganic»salts.were
removed by filtration and washed with ether. The ether layers Qere combined,
dried over Nast4 and concentrated using a rotary evaporator. Upon cooling,

the diol was obtained as a white solid which was recrystallized from ether
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N

" to yield 83% (15.8 g, 123 mmol).  Analysis by g.ifﬁ?ﬁj (10% carbowax,
. \
10'=%", 185°C) shéwed only ome major compound (r.t. lOtmin) which was con-
o -
sistent with the reference sample (130), I.R. (CHClB) 3575 and 3400 cm 1 (OH)

and no carbonyl absorption around 1750 cﬁ—l.

2 < )
5.2.7 Norbornane—Z,S—dione, (Z?),f” ,,«””) : /

N A b
Norbornane~2,5-diel (10.g, 78 mmol) was dlssolved in acetone u\\\k:

*

(60-70 m2). The solution was placed in a round bottomed flask fltted-with
a mechani;al stlrrer and a pressure'eqdalizing‘drOpbing funnel; which was
immersed in ice. Freshly prepared oxidizing reagent** (60 ml),which:waﬁ pre-
viously cooled was added dropwisé over a period of 1% h ana the reaction -
mixture was kept cold for'20—2; h with continuous'sti¥ring. The progress
of the reaction was monitored by gel.p.c. and, when moéﬁ of the diol had
been converted to dione (¥ 24 h), excess oxidizing reagent was destroyed
by addition of NaHSO3 and the reaction miXt%re was extracted with ether
(7x60 ml). The combined organic extracts were washed with a saturated
éque0us solution of ssdium chloride and sodium biearbonate (40-50 ml). It
was then dried over Na SOA,filtered,and the excess solvent was removed by
fractional distillation to yield crude diketone (8.8 g, 69.8 mmol). The
crude material was sublimed yielding 767 (7.5 g, 59.5 mo})'of diketone,
m.p. 140-1429C (1lit (89) m.p. 141.5-143°C). \

1y ow (CDCL,/TMS,EN-390) § = 2.0-2.6 (m,6H); & = 3.0 (L broad signal, 2H)

bridgehead protons.
13C NMR (CDCl3/TMS, WH=-90) Cl==C =47.4) C,= =36.4; C -C =21.37;

4 3 2

iy

** Oxidizing reagent was'preparaa as descrifed previously.
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C,=33.8 ppm.

M.S. analysis showed a peak at M/e 126; M+‘in accord with molecular weight.

IR (CCl,) 1769, 1738 cn ! (c=0)

u.v. (1.6 mg/ml in hexane) Amax = 250 n.m. (131)

4.2.8 3,3,6,6-Tetramethylbicyclo[4.2.1]heptane~-2,5-dione, (53a)

i

Ndrbé;nane—Z,S—dione (5.28 g, 42.5 mmol) was plabed in a round

y ether (800 ml) and potassium t-butoxide (30.4 g,

kened. After the solution was stirred for % h, meﬁhyl iodide (60 mf)

" in an equal portiomw of ether was added. The solution was stirrjﬁ~fo
The progress of reaction was mqpitored by.g.L.p.c. and after 3 hmet
was complete; the solution was filtered and the solvent was_removéd by dis-
tillation. The concentfated"solution was cooled to obtain the desired white
solid, which was recrystallized from ether. Dione Gga was obt;ined invﬁﬁ%
vield (4.2 g, 23 mmol) and exhibited a m.pf—;?‘ila=lis°c. The M.E\\Engé

a molecular ion of M/e = 180 (M+) which is co;sisistent'with the molecular
weight of this compound. Thg'str;cture of dione ﬁga was.confirmed by car-

rying out an x-ray érystal structure determination (94).

i e (ORCLy/THS, BM-350); 6 = 1.0 (s, 6, 2CH;), 6 = 1.15 (s, 6H,2CH,),
§ = 2,20 (t, 2H, two protonsat C7), § = 2.6 (t, 2H, two bridgehead
. protons} .
B3¢ wr (CDCL,/TMS,WH-90): & = 2178 (C,=C;) carbonyl group;

5

70.1 (Cl= Ca) bridgehead carbons; § = 45.9 (C3= C6)CH;
8

31.0 (Cy) methylene group and the four methyl groups are at
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8§ = 23.5 and 25.3 ppm. L K
| ; c
Anal. caled. 8.95 “73.23
Fpund 8.89 73.58
™

$.2.9 fhromination of 1,3,3-Trimethyl icyclo[2.2.2)octane-2,5-dione, (64)
(132-135) . ~

1,3,3-Trimethylbicyclo[2.2.2]octane-2,5-dione (4076 g, 0.426 mmol)
was'dissolved,gn acetic acid (7.5 pl) and the solution was slightly cooled.

A solution of bromine (0.852 mmol, 19 uL) in acetic acid (1 m) was added ,

to.the diketone solution/very slowly er a long period of time (20- 24 h).
The ﬁrogfess of the reaction was ﬁonitored every 5- 6 h by g.l.p.c. After
60- 65 h the analyéis indicated that the major product was Aibromide, and
that some monobromide was present. ‘The reaction mixture was kept jgpjpﬁg
for 4 h; cooled, neutralized using sodium bicérbon§te and extracted with
n-pentane (6X6 mf). The fractions were combined, éried (MgSOa) and concen-
trated. The concentrated solution was cooled and the crude product which
was collected was recrystallized twicé from n-pentane to give the dibromide
in 66% yield (0.0951 g, 0.2813 mmol). Its g:é.p.c. anaiysis 0.V, 1,

-7'x%”, 180° r.t. 5 min) showed only one cbmpound, pu;ity 99.80%.

i o (CDCl,, W-250) § = 1.21 (s,3H,CH,); 6 = 1.26 (s,3H,CH,)

§ = 1.40 (s,3H,CH3); 8§ =1.77 (m.l?q?n § = 2.03 (m,lH,Sn);r
§ = 2.lwm,lli,9x); § =2.21 (m,1H,7x); & = 2.64 (dd,lH,bridgehead
proton)

\ | ) _ //—"”—-“1 ' N



g M.8. showed the parent ion peaks at masses 36, 338, 340‘:%ich had the
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13C NMR (CDC13/TMS,WH—9O9 § = 210.4 (C=0); 6 = 199.5 (C=0); & = 67.9 (C6);

6_= 59.7 (Cl); & = 54.2 (C); & 45.45 (C3), § = ZS:Q; (C7); § = 17.62 (CB);

- and the three methyls are at § = 25.68, 23.92 and 18.1 ppm.

fi*‘:orrect isotopic distribution, and correspond yto the dibromide. The

w~structure of dibromide 65 was confirmed by carryyng out an X-ray crystal

-

2N
\._;,'\ ’/ ~
\
3

1

Structure determination (94).

AN
~

‘ /
_4.2.10 Synthesis of 3,3,6,6-Tetramethylbicyclo[2. .l]heptanéﬁZ,S—dithione (63b)
and 3,},6,G—Tetramethyl—s—oxo—bicyclo[2.2.1]heptane—2€thione (63c)y ~

!

S .

.

A round bottomed flask containing 100/;2 of xylene was fitted with
n L W

a soxhlet e Ctor, a reflux condenser and g'drying tube. P,S. (10.0 g,

45 mmol) was placed in the Soxhlet thimble an the xylenefyaﬁﬁieflﬁxed for
about 2 h to' saturate the xylene with P.S.. Dione 63a (3.0 g, 16.66 mmol)

: "\2 5

was dissolved in the xylenefsolution apd .rd

! ﬁ;n.yas ﬁtirred and

N 2
are was-cooled and filtered to remove -

Zmoved bj‘._’gﬁum distillation, and tﬂ >
A
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concentrate was extracted with 50,50 (V/V) of ether in petroleum ether
(30-60°9, 5x75 mf). Tﬁe-combined extracts were dried (MgSOA),filtered,and
concentrated by distillation. The components were separated by(é lunn chroma-
tography on neutral alumina‘(activity 1 and mesh size 80-200). The elution
was carried out using petroleum ether (30-60°) first and the polarity of
the eluant was gradually increased by varying the proportions of ether.
Overall, 110 fractions'we;e collected (110x15 m&), checked by g.%.p.c. and
appropriate fractions were combiped. The order of elution was 6§b, 6§c and
6§a. The recovery was almo#éK;;Z:t;tative: The isolated products were in
the ratio of 35% 6§c, 43.0% 63b anq the remainder was starting materiati‘
1 ' -

H MR for 63b (CDC1,/TMS,EM-390) § = 1.06 (s,6H, 2CH,) .

«(;V © 6 =1.27 (s, 6H, zcujj, § = 2.3 (s, 2H, CH, 4t position 7),
'8 = 3.42 (s, 2H, two bridgehead protons (C,H, CH))"
B¢ mR for 63b (cpc1,,we-80)*1 § ="213.94 (c=5), C,=C,=74.43
) C7 = 35.23, C3= Cé==56.28 and methyls are at 29.76 and 25.8 ppm
- . 1 :

I.R. (CC1,) for 63b 1060 em ©, 1167 cu * (C= S)

»

M.S. molecular ion M/e = 212 (M+) which correépbnds‘to the molecular

i weight of 63b.

-

"H MR for 63c(CDC1,/THS, M-390) 6 = 0.9 (s, 3, oH,);

§=1.06 (s, 3H, CH); § = 1.15 (s; 3H, cnaj; §=1.21 (s, 3H, CH);

\
d.

]

‘\
2.23 (s, 21, CHZ(C7))§ 6 =2.7 (s, 1H, Hl bridgehead proton},

2

w 1

1]

8= 3.23 (s, 1H, H, Bridgehead préton).

- | | ]

-
N
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) . *
B MR for 63c (cocl,,wr-80)" § = 218.15 (¢ = 0);

\’213.1;";0 (C=58); C1=73.40; C4=61..L4; C7=33.15; C3=55.75;
C6= 46.49 and four methyls at 2f:99, 24.06, 26.17 and 25.41 ppam.

I.R. (CC1,) for 63c 1073 em *, 1178 cm™l (C=8); 1754 e * (C=0)

M.S. Molecular ion M/e = 196 (M+), corresponding to the molefular

weight of 63c.

4.2.11 Synthesis of 3,3,6,6-Tetfamethylbicyclo[2.2.1]heptan—2—one (6jdf

& hY 3,3,6,G—Tetramethyl~5-ox0-bicyclo[2.2.1]heptan—Z—thione (1.47 g,
7.5 mmol) was dissolved in super dry ethanol (25 mk) in a 100 mf rouné\\

bottomed flask, fitted with a reflux condenser, and Raney-nickel (10—15 éf
was adde?. The mixture was.stirred and refluxed for 10 h and the PIOgTress
of. the reaction was monitored: by g.i.p.cl " The ré#ctibn mixture was filtered
through a sintered glass funnel containing celite and washed with ethapol
(}0 ml).' The excess ethanol Qas removed by fracticnal distillatiof”and
Ggﬁ,was isolated as an .oil from the concentrated solutign.by preparative
g-%.p.c. (15% Carbowax, 10'xL", 195°.r.t. 8.5 min). M.S. molecular ion at
. 0’ ;

M/e = 166 (M+) was in accord with the molecular weight of 63d.
. ) .

) O
H NMR (CCL,/TMS, WM~250) v
~~

0.97 (s, 3H, gH3); §.=1.00 (s, 3H,_CH3); § =1.04 (s, 3H, CH3)

(2]
1}

=44 Hz)

(o]
]

1.11 (s, 3H, CHB);G =1.42 (dd,1H,5=exo0,J =12.8,J

5x,5n

1.¢4 (brogdened dd, 1H, 5-endo,‘J5n’5x= 12.8, Sm.7s 50,4

/kBS ddd,lH‘,?—artti, J7a,7s=lo'8’ J?a,l = B.8, J?a,\= 1.8 Hz)

hgﬁid&l~ffffff are referenced to Fhe interJal standard aDCl3 (CDCl3 at
[ - ' Y

77.2 ppm downfield from T.M.S.),quemical shifts are c§nsidered to be

;ifgithin + 0.1 ppm.

5x%,4
=2.6,J

o -
]

=70.3 Hz)

[+21
1
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\ \

6 = 1.96 (dm,1H,7-syn, J7s’7a = 10.8, J7S,5n= 2.6, J75’4 = oa?, J7s,l-1 3 Hz)
B f 2.01 (dd,lu,clg, Jl’7s =1.3, J1,7a = 0.8 Hz) |
= = : = = 1. = 0.7
§=2.13 (m,lH,Cég, Ja’Sx 4.4, J4,5n v 9.3, J4,7a 1.8, J4,7S 0.7 Hz) =
13 o

C MR (CDC1, WH-90), & = 222,04 (¢,) carbonyl group, .

§ = 62.42 (C,),8 = 47.20 (C)), 6 = 46449 (C;), .6 = 36.80 (c,)
§ = 38.75 (C,),6 = 34.32 () four-meth§l-groups vere at
6:

30.89, 27.44, 24.45 and 20.81 ppm.
. ) ?;- N
Elemental analysis was as follows:

c 3
Found . 79.27 11.03
Caled. | 79.46 10.91

-

4.2.12 Preparation<o§/§;;;;\Nickel, W-2 (136)

-~ B
In a2 ﬂ’beaker fitted with an efficient stirrer was placed aqueous

sodium hydroxide lution (76 g iq 300 mf). The beaker was immersei\i:/ife
and cooled to 10°¢C.| Nickel-aluminium alioy (603)*‘(137) was added to the ¢
solution - in sm?ll pdrtions, at a rate such that th; temperature did ngt

rise above 201%, over a period of 2% h. The beaker was taken out of the”
cooling bath, the s lutidn wq;_@ayméa.to room temperature,_and the nickel was
kept in suspeniiOn y_stirring.&'Wheﬁ the evolution of hydrogen slowed, the

" beaker was pla on the steam -bath for 10 h, after which evolution of

L A ‘
- again become slowk\\f?ring heating the level of solution was

hydrogen

kept nstant by addition of small amounts of water and a watch glass was

* ’ . -
BDH Nickel-Aluminium 50% Ni, 50 % Al Product No. 29312 !
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used to cover the-beaker to condense the solvent. The nickel was allowed
to, settle and the solvent was decanted. This solid was washed with water
and decanted again. This prgocedure was repeated ﬁsing aqueous solution of .

sodium hydroxide (10 g in 100 ml). Then washing was repeated many times with
- .
water until the wash water was not alkeline. Eventually the solid was

washed three times further with water, four times with '95% ethanol and final-

ly with absolute ethanol. The product (22 &) was stored in dry ethanol

under nitrogen in the refrigerator. The redctivity of the Raney-nickel was

established by drying a small sample of it on filter paper and observiﬁg,its

ignition.ﬁ
—_

4.2,13 Preparation of "Super-Dry" Ethanol (l}&l

\ .
Super, dry ethanol was prepared by the method of Lund and Bjerrum.
Magnesium (5g), iodine (0.5 g) and absolute ethanol (70 mf) were placed in
. ’ .
a 2 liter round bottomed flask fitted with a reflux condenser and a drying -

T —
tube. The mixture was warmed until all the iodine disappeared and hydrogen
evolution started. Héating was continued until most of the magnesium was
converted to ethoxide, at which point dry absolute ethanol (900 ml) was added -

and refluxed for % h. ~The ethanol was distilled into a dry container.

4.3. Density Measurements . ;/r\\&—ﬁJ’/ﬁ\\’ ,

The density of 6,6;dibromo—l;3,3—trimethylbicyclo[2.2.2]octane—

2,5—dioqp, 64 was -measured using the flotation method. A sflution of zinc
bromide was used and a density of 1.76 g/cm3 was obtained. The density of

3,3,6,6—tetramethylbicyélo[2.2.l]heptane—2,5—dione, 63a wés;measured, via
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two methods, flotation in zinc bromide solution and displacement using water.

The average valye was p = 1.08%0.05 g/cma.

4.4 Column and Collection Efficiency - oo . -

Since preparative g.L.p.c. was used extensively for the separa-
tion of reaction mixtures, it was essential to know éhe column gnd collection
efficiéncy. ’

. A standard solgtion oi.pure”material was made and a known.amount
was put through thgﬁfolumn:under the same conditions which were used for
the purification of reaction mixtures. From the weight of recovered ma-
terial, the column and collection effidciency was &ate;mined (as;uqing that
loss of material during the collection is constant). Fgr é%ample, to deter-
mine the'effitiency of a ISE'Farbowax column (10'x%") ag-185°% (injector
temperature, 220°C, detgctor temperature, 2200C; He flow rate, 55 mi/ nj),
a number ofAinjgctiqps were made total%ing 17.1 mg, and 14.9 mg qf mat:Sial

was collecteq{ This gave an efficiency of 87 percenf.' -
. . ~

Al

4.5 Homoenolization

.

.. i ) )
The procedure is essentially as described by A. Nickon et.al. (40)7

All the élassware'was cafefully dried with a heat-gun or flamed to g6gplete

dryness before usage;and placed in the glovebox under a nitrogen at sphere, .

Prior to an experiment, two large evaporating dishes conta%niné&k\tassium
. . /

>
hyﬁppxide pellets and phosphorus pentoxide vere placed in the glovebox under ,/?\\

A,

‘\' S [ ) v
[/; slow flow of dry nitrogqg. Tertiary-butyl -alcohol (Fisher-Scientific Co.
or J.T. Baker Chemical Co.g was dried by distillation from potassium and stored

over activated molecular sieves (type 4A or 3A). Tertiar&—butyl alcohol (OD) . ﬁ-"’J/
. - (y »

T

g._,t._ - < )
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(Aldrrch Che@ical Coqpany, Inc.}, mostly in 5 g quantities, was used ~
without further drying. The larger containers were stored in a desiccator

containing Caclz.
- In a dry-box, the basic solution was freshly prepaféd for each

reaction by diseolving potassium metal in t-butyl alcohol (- BuOH or

‘t -BuOD) and was added to a medium wall tube which contained the substrate —

tobe homoenolized. The tube containing the ketone, potassium t-butd ide,

and t-butyl alcohol (H or D) was degassed four or five ‘times and then was

.

sealed under vacuum. The sealed tube was then placed in a steel bomb con-
taining water (to offset the pressure inside the tubes) and was usoally hea-
ted at 150°C to 175°c, After heating for different periods of time, the

es were frozen and then opened by the hot spotting method. The contents
of the™ubes were poured into a small amount of distilled water (H 0 or D O)
which was sat rated with sodium/ghlorlde arrd the neutral products were isola-

ES

ted by extraction with a mixture offether/pet-ether (b.p. 30-60°C) or ether/

n-pentane in a 1:1 (V/V) ratio. @ organic extracts were combined, dried
with anhyqious sodium or magnesipm sulfate, filtered, and t?e solvent was
distill%d bff through a one-foot) column packed with glass helices. The

total préagctacqﬂgositlon was analyzed by gas chromatography on a 15% .
Cagbowax column. (10" l") The percentage conversion for the compound or
ratio~of products from homoenolization were calculated using areas produced
by electronic integration (average of 6-10 injections) Usually the reaction
mixture was separated by preparative g.%. pP.c. using Carbowax or SE-30

columns.

™~
"
+

<::2%z::jl
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Typical conditions using a 15% SE-30 column (5"x%") were as

N x

follows: -
@o}.umn temperature l60°cC
Collector temperature 200°C
Detector temperature 210°¢
o [y .
~ " - o ‘ '

. Injector temperature 2007¢ -

Flow rate' 50 ml/min

. In the following section, representative examples of the homoenoli-

zation of carbonyl and/or thione containing compounds will be discussed.

]
.,

4.5.1 Homoenolizéilon of 3,3, 6 6—Tetramethylb1cyclo[_._.l]heptane 2 6—dlone(63a)

. Pota551um £- butoxlde solution was prepared by dissolving potas-
.sium (0.199 g, 5.09 mmol) ‘in t- bdtanol (4m£) in a drybox ﬁﬁhshed with
dry nitrogen. The solution was added to a dry pyrex tube containing 63a
(0.29 g, 1.6 mmol) The tube was degassed by flVE freeze-pump- thaw cycles
and .sealed under vacuum. The tube was placed in a steel bomb containing 4r’4r
some water to offset the pressure, and_heated at l75{3°C for 75 h. After
cooling to rood temperature, the reactiod mil ure wae.frozen in 1iquid -
nitroée;,and the tube was openad, The reacE:::ti§§%ﬂte was poured into |
15 mk of a saturated .NaCl seolution and extracted using 1:1 (V:&) ether—

petroleum ether (SX15 mL). The organic ldyer was dried over MgsSO,, fii-

4
tered,and concentrated. Using analytical g.%, p c. equipped with electronic
integration, the degree of isomerization was determined The reactiOn was

separated by preparative g.-t.p.c. (15/ carbowax 1Q' x%“). The collection

\ -

4



' tube to prevent evaporation of £-BuOH. {
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efficiency for that specific column under the given conditions was 78 per-
cent (as was explained previously). From a total of 5 m of the concentrated
organic layer, 1 m{ was separated using 100 pf inections. Two components
were collected and found to be starting diketone Gga (26.9 mg) and on Qﬁ
(16.7 mg)} When corrections were made for collection efficiency aphd for the

- . .
fact that one fifth of the concentrate Was -separated, it was established

- . \\ ‘ -

that 83% of the material wﬁb-r&covered. No
- ]

cates that for the effective conversion of dione § a high concentr
tion of ngfBuﬁ is required. However concentrated base is difficult to
transfer (because of salt formation in dropping pipets or in the mouth of

the reaction tube). To overcome this, ngfBua was prepareé\ii; tly in

-
-

the reaction tube. - A slow stream of dry nitrogen was passed

4.5.2 Homoenolization of 3,3,6,6-Te thylbicyclo[2.2.1]heptén—2—one (63d)
: ' . N P e
As in the previous case, h¢ sample was prepared in a drybox under
2 nitrogen atmosphere. A strong bagic medium was prepared by dissolving
potassium (0.17 g, 4.36 mmol) in 3.5 mi of t-butyl alcohol (OD), _to
give a base concentration of 1.24 M. This solution was transferred to a
tube containing 6§d (0.13'g, 0.79 mmol), yielding a concem¢ration of 0.23 M.
at 175:3% in.a steel bomb for 403 h, The reaction mixture was worked up as
described in the general procedure for homoenolization (vide supra). -Thh-\k

: , »
re¥®{ion mixture was concentrated, ‘the remaining solvent was distilled off

using a one foot column packed nd the last traces %f

* The solution was degassed and sealed under vacuum. This mixture was heated ~
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all solvent, the extract was analyzed by analytical g.f.p.c.

'(OVrl, 7/x%", 200°, r.t. 2 min) and'showed that no other products (< 1%)
an starting dione wefé present. iTa be certain that there was no
present, this material\uas put tﬁrough a preparative g.2.p.c. (15%
carbowax, 10'x%", 200°C r.t. 8 min): This sample was assayed for deuterium
by mags spectromekery and found to incorporate 0.56 excess deuterium atoms

13

L} "~
,_J per molecule {(Table XVII). In addition, 2H, lH, and C NMR spectra were also

recgrded-
~ S
4.5.3 Homoenolization of 1,3,3—Trimethylbicyclo[2.2.2]octane-2,5—dione, (64)
= ~

The'general homoenolization procedure was followed. Deuterated
strongly basic media (3.5 m& of 1.25 M) was prepared and added to a tube
containing compound 64 (80 mg., 0.40 mmol). The tube was sealed as before,

2
and heated for 35 h at 175i3°C. After the work up and removal of solvent,
A .

. ‘ )
dione 64 was recovered in 86.5% yield (69.mg, 0.38 mmol). The analytical
g.-L.p.c. analysis indicated that only starting dione 64 was present. The

recovered sample was assayed for deuterium via mass spectrométery and it was

found that it contained 6.08 excess deuterium atoms per molecule. The com-

‘ pos deuterium in this sample was 0.05% dO,O.lSZ dl,0.43% d2,2.042 d3,'
L4, , y . ,21.16% d_,8. .97% d4_,1.613 .
;. 8.347 d4 22422% d5,30 04% d6 21,16% d7 B.91% d8’3 97z dg 1.61% dloand 0.37%
1. 2. 13

dll'z speci 1s sample was further analyzed by “H, “H, ~~C NMR and

in addition&for clearerrassignment of different signals, a lanthanide shift
\

(Eu(fod)z) reagent was used. . G

Ve
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4.5.4 Homoenolization of 3,3,6 Tetramethyl45—oxo—bicyclo[2.2.l]héptane—
2-thione (63c) and 3,3,6 Tetramethylbicyclo[2.2.l]heptane~2,5—
dithione (63b)

Only a few preliminary homoenolization experiments for compounds h
ng and 63c have been carried out. On the basis of previous knowledge of
h-D exchange of thiocamphor, it was expected to observe faster rate of ex-
change in 6§b and 6§c relative to their carbonyl analogues, so homoenoli-
zation was carried ocut for shorte;ﬁ?eriods of time. Both 6§b and ch appear
to ge much more sensitive to moisture (with possible ﬁonversion of a -thione

to a carbonyl group) than the carbonyl compounds. An additional problem to

solve concerns the work-up procedure. Due to the reactivity and instability

™

.

of thiones and facile excha%ge of the alpha protons, the products isolated
after work-up in aqueous solution could be different from those actually
obtéined from the reaction. quther it 1s well kn@yn (139,140) that thiones
containing alpha protoﬁs undefgd dimers, trimers or polymers. By

-analogy with the rearrangement product of the dione 63a, it was anticipated
that a similar product would be produced from the thione which would contain
a:hethylene groups. Therefore a suitable work-up procedure was chosen to
minimizeLPol;merization-and back-exchange. One possible work-up would in-
volve the use of neutral coﬁditions and low temperature. Neutral or b;sic
conditions were used here and the deuterated starting material was separatéd
and analyzed by mass spectrometry (other products wefe present but not
tdentified as yet). Aan ekample for each case is given below:

63c

~
-

Cdmpound 63c (0.39 g, 1.9 ﬁmol) was treated with KfE-Bua (1.3 M)

in t-BuOD (3 m%) at 175:2-3°C for 5 h. The recovered starting material was



i

cess deuterium per molecule. This deuterium was a composite of 59.10% d
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assayed for deuterium content and it was found that it contained 0.31 ex-
cess deuterium per molecule. This recovered substrate was a composite of

76.40% dO, 17.80%-4d 3.85Z d, and 1.94% d_ species.

1’ 2 3

63b

The dithione 63b (0.46 g, 2.18 mmol} was treated with KfE—Bua
(0.9 M) in t~BuOD (3 ml) at 1751300 for 5 h. The analysis of recovered

starting material by mass spectrometry revealed that it contained 0,52 ex-

0’

q &
and 0.847% d

4

4.5.5 Homoenolization of Fenchone (29)

32.85% dl, 4.504_d2, 2.447 d3 4 species.

A sealed sample tube containing fenchone (%?) (150 mg, vl mmo&)
and KfEBua[E—BUOD (0.8 M) wa; prepared as described in the general procedure.
This sample tube was heated for a total of 680 h at 1751390. After the
work-up and purification using preparative g.L.p.c. (10% SE-30, 6}Xk";'
1550C), this sample was assayed for its degterium content by mass spectro-

metry. It was found that the sample contains 1.70 excess deuterium per

\ Al

molecule. This deuterium was a composite of 16.03% d 42,447 d

30.20% dl, 29

0!

9.60% d,, 1.53% dZ and 0.21% d5 species.

3!
) . .
H NMR spectra showed a small amount of deuterium incorporated

at syn-H-7, as well as exo-H-6, endo-H~6 and all the three methyl protonms.
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4.6 Kinetic Studies

4.6.1 Base-Catalyzed Deuterium-Protium Exchange from a Deuterated Sample of
l.3,34Trimethylbicyclo[2.2.2]octane~2,5—dione.

A container with 1IN sodium hydroxide sclution (2m2) and dioxane
(3 ml) was placed in a constant temperature bath (maintained at 25°¢).
Following an equiiibratioq.period,.deuterated_dione §ﬁ (52 mg, 0.29 mmol)
was added. After 23 h, the reaction was quenched with a buffer (5.5 ml) of
pH v 6.5* and thé mixture was saturated_with éodium chiéride andeextracted
with ether, The combined.fther layegs ﬁere driei over MgSOA, the-ether
was distilled off and the dione was isolated by p paratjve g.%.p.c. on a

™ 15% Carbowax '7'x%" column at 175°C.;-The dione was,asséyéd for euterium

<

mass spectrometrically and was foynd to contain 4.46 excess 2t of deute-

{

~ ¢

/ . L .
peg\molecule.- Since the gtarting dione contained 5,86 eiéEss deute-~

\ .
riums ﬁhr molecule, 1.4 excess (deuteriums per molecule were removed by back.

exchange.

4.6.2 Base-Catalyzed Protium-Deuterium Exchange in 1,3,3,Trimethylbi-
cyclo[2.2.2)octane-2,5-dione :

Freshly distilled dioxane (0.6 mf (141) and bicarboﬁatg biffer
(0.4 ml)(lh2,106)ofpbﬂalO.BA**weretfansferred into a reaction container and
equiliprated in a constant temperature bath (30f0;l°C) for 30 minutes. A
small amount of dione Qﬁ (4-8 mg) was ac;urately weighed and added to the
sclution with shaking. Aliquots we%e removed at various intervals (from

r—
0.5~ 200 minutes) and quenchedin 1.5~ 2,0 mf of a phosphate buffer of pH 6.5.

* . .
The pH 6.5 buffer was obtained from a mixture of 50 mf of KH2P04 solution
(0.2 M) and 13.9 mf of NaOH (0.1 M).

*k . N
The pD 10.84 buffer was obtained from a mixture of 50 mf of sodium bicarbo-

nate (0.05 M) and 16.5 m® of NaQh (0.1 M).

&«
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-

~The aqueous solution was immediateTywextracted 2 - 3 times with ether adq&
e

the combined ether lavers dried (MgSO ) and concentrated. Depending on the

half~life of the exchange rate, five to'éight samples were taken in each

N’

run. The composition waé‘;sthyed mass spectrometrically under identical
. e N ’ .

conditions as the starting material, and at least eight. to ten scans were
recorded. After corrections for "natural abundance" were made, the averages

of these corrected scans were recorded. These points, which represent the

>
percentage deuteraththgmpound or concentration and the corresponding times,

.
-

weEE\Eii? to calculate the rate constant. The rates of exchange were mea-

' < .

sured under psggsp—first order conditions, using excess baseX The a wera_
fitted to a first-order rate expression by means of a least squarps pro-

gram*.

* - .
These programs were obtained from Dr. Sujit Banerjee.
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