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ABSTRACT
Mechanistic invcstiga;iohs pcrtaining £S*§£é electrophilic
cle#vages'(acctié acid con;aining ;ulphuric Zcid) of thc:cfclopropyl
group in 3-chloronortricyclcne.and'2-methy1-37¢h10ronortricyclcne have
been undcr;akenZ For both compounds, the cyclopropyl bond which is
furthest removed from halogen is preferentially cleaved. ‘For 3-chloro-

nortricyclene, studies using deuterated acid have est;blished that for

‘at least 70% of the products, the cyclopropyl carbon atoﬁ‘undergoing:

electrophilic attack experiences predominant rctention of configuration
e

(retention:inversion > 14:1)., Furthermore, almost exclusi¥e inversion of

‘cqﬁfiguration (inversion:retention = 50:1) was observed at the site of

nucleophilic attack. Similarly, for cleavage of 2-methyl-3-chloro- .

- nortricyclene in deuterated acid, ruptuve of the cyclopropyl bond furthest

removed from halogen occurs Qith predominant retention of configgratioﬁ -
at the site of electrophilic attack and accounts for most of thc.rchction
pathway. Inversion of configuration at the carbon atom unécrgoing
nucleophilic attack was observed.

These results suggest that fission of the.cyclopropyl moiety in

these systems occurs vig initial edge protonation.
N <
Syntheses of previously unknown 7-chloro-2-norbornyl brosylates-6-d
listed below have been carried out. It is suggested that the spectro-

photometrically determined y-hydrogen deuterium isotope effects for

- -
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‘ethanolyses of

m anti-?—chloro—exo-2-norborny1 brosylate-endo-6-d (1.11 t.0.01),
(2 anti-?-chlorerxo-Z-norbornyl brosylate-éxo,exa—S,G-dz (1.12 £ 0,01y,
(3 ayn-7-chloro-exo-2-norbornyl brosylate-endo-6-d (1.11 *+'90,01), "

(4) ayn-?-chloro-exo-2-norborny1 brosylate-exo,exo—S,G-dz (1.11 £ 0,01) and

(5 ant£-7-chloro—endo~§~norborny1 brosylate-endo-6-d (1.00 = 0.01)

arise by homohyperconjugative interactions bct;een the bonds at‘b-G

and the developing p orbital at C-2, These results are not consistent

with the hypothesis that the effects for solvolyses of ero-2- -norbornyl
brosylatc 6-d arise by delocalization. of ‘the C-1 c- 6 bond in:the transition

&
state.

From these studies, it was shown that during solvolyses of
7-ch10ro-exb-2-norborny1 broéylatcsjé-d, formation of 3-chloronortricyclene

proceeded preferentially from a semi-U arrangemenft,

iv i?
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CHAPTER 1

INTRODUCTION
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A. Cyclopropanes

‘ interest in the chemistry of three-membered ring molecules dates
back to the nineteenth century (1877) when Freund synthesized
"trimethylene"” (cyclopropane)} by treatment of bromocyclopropane with °

.- . . 1 i
zinc dust in aqueous alcohol: Eight .years later, Baeyer noted that

' c;éavage of the fhree-membered ring of cyclopropane with hydrobromic
acid was easy whereas cleavage of cyclobutane or cyclopentane, under
similar conditions, was diffiéult.z éustavson observed that cyclo-’
propane was easily absorbed at room temperature by aqueous sulphuric

.acid to produce propyl.alcohol and propyl hydrogen sulphate.3

Cyclopropéne has a symmetrical DSh structure with the three
Earbon atoms at the vertices of an equilateral triangle.b Experimental
aq§ thgdretical studies have established that the carbon-carbon bond
lengths (exﬁerimental 1.51 A?, theoretical 1,50 Ao) are shorter than
those iﬁ acyclic molecﬂies (1.54-A0) and that the h}drogen—carbon-
hydrogen bond ahgle (e%perimentab’lldo, theoretical 1150) is greater

“Nthan tﬁﬁ 109° tetrahedral bond anéle.f‘_6 ‘Baeyerz attributed the
greater‘reaétivity ;f“dxélopropane relative to other cycloalkanes to
increased strain (Zf.Z kcal/m017) in the former. Cogpr:ssion of the
carbon-carbon-carbon bond Angle from the normal tetrahedral angle
(ldéb) to an angle of 60° accounts\for this phenomenon. To decrease
this straiﬁ, the molecule can—ﬁaintain the intgrorbita% aﬁEles’at
ca 109° to minimize interelectronic repul;idns&but tﬁis would préclﬁde

-

'maximu% overlap of the bonding orbitéls. Alternatiyely it can maintain
. . ’



-maximm overlap by tolerating the greater electrostatic répulsions of
orbitals at 60° to each other which result by placing the bonding
orbitals coaxi;l with the line between the nuclei. The actual structure
of cyclopfopane is likely igtermediate between these two extremes and

it is probably best described as a network of '"bent bonds".

tA déscription of cyclopropane in terms of gimple localized
hybrid orbitals can assume one of two forms. The Walsh model of N
cyélopropane (1) consists of the intra-annular overlap of one of the °
3p2 orbitals on each carbon atom and three p'orbitals.8 This descrip~

‘ ]
tion of cycléproPane suggests that there should be bxtfa p character
in these bonds - a fact which is supportgd by an abundance of

experimental data such as the carbon-hydrogen bond length and hydrogen-

ey

carbon-hydrogen bonglangle;536 the carbon-hydrogen stretching frequency9

R

and the carbon-13-hydrogen spin-spin coupling constant (32% s charaéter).1

L4 !

0

The bent bond model of cyclopropane (2) consists of 8p4'12 orbitals for

the carbon-carbon bonds and spz'28 orbitals for the cafbon-hydrogen,bonds ~
" along:ffith an interorbita}iangle of 104° (ef GQO.for equilateral trféngle).7’11.

-

Berq_ptt7 has‘shown that the Walsh and bent-bond models are two different
descriptions of the same total wave function. Since cyclopropyl bonds ' !
have considerable apz character, they can provide a ¥ cloud for

N\

interaction with electrophiles. . ' )




f

/

Dﬁring the past, two decadeﬁ, both organic and theoretical
chemists have expended considerable time investigatiﬁg the interaction
of electron deficient species (electrophiles) with cyclopropyl gyéuﬁs;
This-topic has been the theme of many excellent review articles.12_17.
Cyclopropanes are knéwn to interact with electrophiles both intra-
and intermolecularl;. Thé well dbcumented stabilities of cyclopropyl-

9,20 23

‘carbinyl,;g homocyclopropyicarbinyl1 and 1—cyc10pro£y1viny121—

cations aitésp'the nat&re of intramolecular cyclopropane-electrophile
interactions. Intermolecular interactions of cyclopropanes with
electrophiles, which normally lead to subsequent ring opening reactio;;,
have been well-established 5y experimental observations (vide inf?af

although a general mechanistic pattern has not emerged. '-"\;
N

Stgreochemistry'and meéhanism occupy prominent ‘positions in any
‘investigation which }nvolves the cleavage of cyclopropyl Bondg. The
.electrophilic cleavage of cyclopropanes offers the unique opportunity to
study the sterébelectronic effects in ¢ bond cieavage. Generally, the
electrophile attacks the least substituted carbon atom and cleaves the
bond which will yield the more stable carbonium ion (Markownikov's Rule},
although exceptions fo this Tule have been I:'ound.zd'-26 The sterecchemical
outcome of attack by electrophiles can range from complete retention of
configuration (3 or 5) to complete inversion of configuration {4 or 6)
at‘fhe carbon atom bearing the electrophile, with the possibility of a

mixture resulting from both retention and inversion. Similarly, the

nucleophilic portion of the addendgﬁ (E+N_) can add to give either
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retention (5 or 6) or inversion (3 or 4) of configuration at the carbon
atom undergoing nucleophilic attack, as well as a mixture resulting from

both retention and inversion.

C
N\ /' b b' '3' |
~ d
a . :';
______iﬁ"..n- c
N
- . E
- b
[ 5 6
P

In the Hughes-Ingold terminology, the cleavage of the carbon-

carbon sipgle bond of cyclopropanes répresents potential bimolecular

electrophilic substitution(sé2). In unimolecular electrophilic
substitution(Sél), cleavage of the carbon-carbon bond precedes the

. - 2 »
formation of the carbon-electrophile bond. 7
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B. Cleavage of Cyclopropanes with Electrophiles

1) Cleavage with Acid

i} Stereochemistry of the Protonic Attack

Extensive investigations have established that the stereochemistry

of protonic (electrophilic) transfer occupies a spectrum which ranges

L)

from complete inversion to complete retention of configuration at “the

o
carbon atom undergoing electrophilic attack. Thus the problems

.associated with mechanistic interpretation can be appreciated. In fact

Cristol33 has remarked ". . . 1t is clear that inversion or retention
of configuration by electrophile and by nucleophile may attgnd electro-
philic addition to cyclopropanes, and that no single mechanism can
accomnodate these data". However, on the basis of experimental observa-

tions, it appears that the preferred stereochemical outcome for attack

v

by a proton on cyclopropanes is retention of configuration at carbon.

For example, De Puy has found that in the acid-catalyzed cleavage

of optically active ctis-2-phenyl-l-methylcyclopropanol QQ which produced

For brevity, electrophilic inversion will refer to inversion of
configuration at the cyclopropyl carbon atom which undérgoes electro-
philic attack. Electrophilic retention, nucleophilic inversion and

nucleophilic retention will also be used for brevity.
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hali

§_proceeded with retention of configuration.

| - | | CH
H CH p* CH cH _ i : 0
T f E < "'_7"“53’ l..,<:f\\Tr,f 3
CgH  CH Cls D 0 Cetls CH

8 60:40 mixture of 4-phenyl-2-butanone-d {8) and 3-phenyl-2-

butanone-d (8), the breaking of the carbon-darbon bond which led to
28,29 ‘

7 8 9

0
t BuOD

In contrast, the SEI process gave inversion of configuration
for the formation of deuterated 4-phenyl-2-butanone. .Similar work by
Nickon on 1-hydroxy-and l-acetoxynmortricyclene (10 and 11) has revealed
that the Sp2 reaction (deuterated acidic medium) occurs with electro-
philic retention to‘produce 2-norbornanone-gndo ~6-4 (lzjendo-ﬁ-d)
whereas the SEl Teaction (deuterated basic»medium) occurs with electro-

philic inversion to yield lg;axo-ﬁ—d.so’sl

10 : | o 12-endo-6-d

g
z

lg;e:o-ﬁ-d



Addition of deuterium bromide to the cyclopropyl group of
‘compound 13 gave the product 14a, from anti-Markownikov addifion'in'
which the stereochemistry of attaclment of the deuterium was retention.s2
To explain the direction of addition, it was suggested that the hydroggns
alpha to the anhydride carbonyls prevented .any solvent-nucleofhile.

- approach towards the potential secondary carbonium ion center, however

the workers later attributed the anti-Markownikov addition to the

H H CH,Br
H S R R
- : 1 2
) o |
0 3 - e
0
0 0
13 14 2 R]_ = H, Rz =D
E R]_ = D, 2 =

destabilizing inductive effect of Fhe anhydride.'50 Other relevant

examples wherein retention by elecfrophile appears to be the preferred

stereochemical course are the following:

i

1) reaction of dibenzotricyclo{S.S.0.02’8}octadiene-d2 (l§7d2) with

hydrogen bromide33

2) reaction of endo-.and exo-7-hydroxy-1,6-dimethylbicyclo{4.1.0}

heptane (I6) with acid>*
and '



e

3) reaction of 1,2,2-trimethylbicyclo{1.1.0}butane (A7) with acetic

acid—O—d.35

- HBr
> Ok
H Br
léfdz ’
OH-
+
S
CH3
16
CH CH
3 3 CAc CHS D
CHSCOZD ~ .
-
CH, CH;
H
H CHS

17

Electrophilic cleavage of the internal cyclopropyl bond -of

2’4]octane 18) was found to involve electrophilic

36,37

ero-tricyclo{3.2.1.0
inversion and nucleophiiic inversion.

in 18 with retention of configuration is subject to severe steric

Protonation of this bond

R TR T et B
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hindrance. Recently, Hogeveen has observed electrophilic inversion in the

CH,CO.D
372 ~
\ g
H
H
E
CH,
CHy : CHg c1
CHs HC1 CHy 4
S
Nex d
3 X 'CH 3
CH,  CH, c, 3 CH,
19

== . ¢
cleavage of l,2,3,4,5,6—hexamethyl—exo-tricyc16{4.1.0.02’5}hept—3~

ene Q§)38 and Warnet and Whéeler have also observed electrophilic

. . - . ) 38
inversion in cyclopropyl ring cleavage.

The remaining possibility, a mixture of inversion and retention,
has been reported for nortricyclene compoundé. A 50:50 mixture 6%
electrophilic inversion and retention aloﬁg with predominant nucleopﬁilic
inversion was observed by Nickon ana Hammons in the cleavage of tricyclo

{2.2.1.02'6} ﬁeptaﬁe(nortricyclene,zg) by deuterated acid.40 Mass

spectral analyses of the 2-norbornanone-d derived from 21-OAc-exo-

r
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6-d and 2_1—0Ac-éndo-6-d revealed less than 3% multiple deuferation
mdlcatmg that the electrophile (") entered the molecule during r1ng
openlng. If the deuterium entered the molecule before or after ring
opening, this would provide a Toute for eventual multiple deuteration.
Hammons and co-wori{é\fs"studied the cleavage of the cyclopropyl group of
l-methylnortricyclene @ and found a 62:38 mixture of pmducts Te-
sulting from electrophilic retention and electrophilic inversion

Ge _2_5:_—-0Ac-enda-6—d and 23-0Ac-exo-6-d) respectively, along with
predominant nucleof;hilic inversion.*! The formation of 23-OAc-exs-

and -endo-6-d was accompanied by the incorporation of deuterium into

CHCOD
DSO

+
QAc D OAc
D

11

20 ' gl-OAc—enda-G-‘d 21-OAc-exo-6-d
CH.CO.D ’ D
D,S0, > . OAc
QAc +
' CH, . CH
22 N 23-0Ac-endo-6-d " 23-OAc-exo-6-d

the methyl substituent pig deprotonation-deuteration of the tertiary

2-methylnorbornyl cation. Apparently, the cleavage of 22 with deuterated
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12

acid is not a suitable route for the incorporation of deuterium

stereospecifically at C-6 into 2-methyl-2-norbornyl derivatives.

In view of the threefold axis of symmetry in gg_énd the known.
propensity to rearrangements in bicyclic cations; the 50:50 mixture
of electrophilic inversion and retention might not reflect the true
stereochemistry of the initial carbon-carbon fission in 20. Introduc-
tion of a substituent (chlorine) on a suitable carpon atom of the
nortricyclene skeleton destroys the threefold axis of symmetry, creates
three chemically different cyclopropyl bonds, allows a means for
determining ‘the stereochemistry ofthe initial deuteration step, acts

" as a label which allows the detection of hydride (deuteride) shifts

and possibly renders alkyl shifts unfavourable in the cation. Therefore,
it appeared desirable to examine, in detail, the cyclopropyl bond
cleavage of 3-chloronortricyc1ene [¢2) with the aim of preparing

- specifically y-deuterated 7-chloro-2-norbornyl derivatives. To determine

Ct c

24 ' 25

e
—— ——

—_— . __. e

J? the effect of a methyl substltuent directly attached to the cyclopropyl

ring on the d1rect10n and stereochemlstry of cleavape, 2-methyl-3-
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chloronortricyclene (25 was used as a model, Once again, our goals
were directed towards the synthesis of specifically y-deuterated

l-methyl-2-norbornyl derivatives e stereospecific cleavage of bond

.
----- \

d in 25.

Although the chemical literature contains many other reports
of the stereochemical results obtained from cleavage of cyclopropyl

42-49

groups with électrophiles, the extension of conclusions from one

system to another, for predictive purposes, is a dangerous art.

ii) Stereochemistry of the Nucleophilic Attack

Present evidence indicates that nucleophilic inversion is the

preferred mode of attack with few cases of nucleophilic retention

33,50

having been observed. Ion-pair collapse and steric hindrance have

-

been proposed as origins of the nucleophilic retention.33

"~ 2) Cleavage with Electrophiiic Halogen

Molecular bromine, in the presence of a Lewis acid (FeBrs,

AlCl3 or AlBrs), adds to cyclopropane ) to yiéld a mixture of

1,1-dibromopropane, 1,2-dibromopropane and 1,3-dibromopropane,

13



probably a result of equilibration between intermediate monobromo-

cyclopropanes (C3H6Br+).51 It was noted that under similar conditions

(but at lower temperatures), chlorination of ¢
\

The workers did not elaborate further on the

/
A = X¥ = /X
Br

yclopropane gave only
1,3-dichloropropane.

29 | o 30 31

structures of 30 and 31 stating that there was little basis for selection

between corner and edge protonated cyclopropanes. 51 'Cleavage of the

cyclopropyl group of tetracyclo{3.2.0. 02’7 4, 6}heptane 1,5- -dicarboxylic

acid (ég) with electrophilic bromine gave the dibromo diacidléi, clearly

sy s . cyi s . 5
a result of electrophilic inversion and nucleophilic inversion.>2

2 “9 COZH
: : . Br .
COZH . . :Br

. co
32 53 2

ey

Cristol and co-workers have reported that for the cleavage of

the three-mémbered rlng of dibenzotricyclo{3.3.0. 0 ? }octadlene (15)

with bromine in methanol, the bromo methyl ether (__) was formed by

electroph111c retention and nucleophilic inversion. 33

14
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Halogenation of cyclopropancls has been extensively iﬂvestigated
by De Puy. U;ing cycYopropanols which were suitably labelled with ‘
methyl and phenyl substituents, he found that for addition of electropﬁilic
bromine (generated from n-bromosuccinimide, t-butyl hypobfom%gg‘or
molecular bromi?e)d eleétrophilig inversion was the general rule.
However, for -addition of electrophilic chléfine (from t-but;l hypo-
chlorite or molecular chlorine) there was not any stereochemical’
preference.s3 Cis, trang- and trans, trans—z,3-dimethyl-l-phenylcycloﬁ
propanols reacted stereospecifically with electrophilic bromine to yield
bromo ketones which arose by electrophlllc inversion, whereas both
cyclopropanols Teacted wlth chlorine to give identical 50:50 mixtures

arising from electrophilic inversion and retention. Comparison of the

direction of riag opening of 1,2, 2- trlmethylcycI—ﬁropanol and trans-2-
phenyl-1-methylcycleopropanol revealed that halogenating agents are more
specific than protons in bond breaking (I,Sﬂand 1,2 bond b;eaking
respectively).s3 However, these results must be considered in light of
the known tendency of the abovg sources of electrophilic halogen to

initiate free-radical reactions Ze, some of these ring cleavages may

not proceed through ionic patﬁhays.
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3j Cleavage with Mercury(II) Salts

-Thc\gfraviour of cjclopropanbls towards mercury(II) salts was

first investigated by De Puy and De Boer who found that cleavage of

1-phenyl- cis, trans-2,3-dimethyl- and l—bhenyl-trang, trans-2,3~
dimethylcyclopropanol (35 and 36} with mercury(II) acetate proceeded

with electrophilic invérsion.s4 Using mercury(IT) trifluoroacetate

E

16 -

C_H

CH ' Hg (0Ac)
65 02 ~ 65
<
- erythro
OH
35 .1
CH /
Hi, | > ' . m, /CH3
Y CH. . Hg (CAc) ",
s /-6 > > ACUHE\\Tcg\\Tr/’CGHS
A
i H3 0 threo
36 H OH - H

in methanql,. the stereochemistry of formation of the carbon—ercury

bond in the product for the cleavage of various cyclopropanes was found

to depend upon the substitution pattern (Table 1:1).55-’56 Assuming that

the electrophile attacks the least hindered bond with the direction of

ring opening being‘towards the benzylic or oxygenated carbon atom and

assuming that a cis disubstituted cyclopropyl bond is more accessible
- L

than .a trans disubstituted bond, the results in Table 1:1 (see\tpference

56 for a complete list) are consistent with the‘foilowing arguments.

4 s
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\:? >
Hg*® . CH0H
Compound No. Cyclopropane retiinv re?:iny

0:100 « 0:100

Cells

=

38 88:12 10:50

&'s

H
39 M&% - 28:72 . 25:75
Cells
hé}fCHs
40 38:62 0:100

Table 1:1 Summary of the Stereochemistry of Cyclopropyl

Ring Opening with Merpuric Acetates .in Methanol

For compound 37, the electrophlle ( HgOAc) preferentlally attacks through
the more access1b1eqﬁlsubstxtuted C-2 C-3'bond with inversion of con-
figuration, whereas predominapt attack through the C-1 C-Z_bond in 38
leads to electrophilic retention. Electrophilic attack on 40 occurs

essentially statistically through all bonds.

From these studies, De Puy concludes that the ultimate stereo-
chemistry of electrophilic attachment is determined by steric effects
which determine the bond which is attacked, rather than by a stereo-

chemical demand of the reaction mechanism.

.
+

4) Cleavage with Other Electrophiles

Reagents such as diboranes-]’sj3 and palladium chlorides9 in

addition to a variety of metallic ions such as silver,60 thalliumﬁl’62

17
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and leadﬁs’64 have been used to rupture cyclopropyllgroups. Ring

opening has also been achieved by the use of acylium ions.ﬁs’66

C. Effect of Substituents “

Although protons generally become bonded to the least substituted

carbon atom in cyclopropanes, substituents on the ring usually do not

have a large effect on this preference. For exaﬁple, a methyl or phenyl

group at C-2 in 41 resplts in nearly equal amounts of protonic attack at

C-2 and C-3f2 ’ In contrast, when mercury(II) salts are used, the

electrophlle attaches itself predominantly to C-3 1nd1cat1ng that the

\ C-2 c-3

OH / a7% 53%
igone >

1% 99%
.‘.‘_1.

substitution pattern of the' cyclopropane stiongly dictates the direction
of ring opening when bulky electrophiles are used.54 However, in certain

compounds such as 7, electronic factors may sufficiently/foset steric

HgOAC

3 Ol CeHls CH;
Hg(OAc), CH, +
2 : ~ C_H

65 AcOHg O

i~

: ' . 75% 25%

factors to decrease the selectivity of attack by +HgOAc.

Fors
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To date, the effec; of ring substitueﬁts on the rate of cyclo-
propyl bond cleavage has not been systematically investigated.
Cyclopropane reacts with.sulphuric acid faster than does ethylene;67
Peterson has observed that n-butylcyclopropane is more reactive than
felated alkenes towards acid.68 In contrast to the hydration of alkenes
where introduc?ion of a phenyl substituent caﬁ induce a 5000 fold rate
acceleration,69 this effect is not observed when phenyl substituents are
placed on cyclopropanes. For example, cyclopropane is about eight times
- more reactive than Phenylcyclopropane towards sulphuric acid and from
this observation it was concluded that the electron-withdrawing iﬂductive
effect of the phenyl group was stabilizing the initial state to a greater
extent than the resonance stabilization which the phenyl moiety might

impart to the transition state.70’71

The relative rate ratios for the reaction °f.13-.§§ and 43 with
mercury(II) acetate were found to be 1:10-3:10-6 indicating the importance

of steric factors in determining the rate of attack by electrophilic

54
i
OH
H GH

mercury.
C_H
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D. Mechanism

1) Experimental Studies

Nith reference to mechanism, an electrophile (qg,H+) can approach

a molecule of cyclopropane by three possible avenues:

-i) corner protonation (approach from the +z axis in the yz
plane) - path 1 -
ii) edge protonation (approach from the -z axis in the.yz
plane) - path 2 o
iiij face p?oténation (apéroach from the +x or -x axis in the

ry plane) - paﬁh 3

x 2

Corner protonation implies overlap of the electrophile with a
minor o-bond lobe. Edge protonation can be envisaged as the electrophile
embedding itself into the protruding center of the bent bond (cf three-
centered bonds in boranes). In unsymmetrically substituted cyclopropanes,
approach by electrophile towards one corner might be preferred. Similarly,
when one speaks of edge protonation in unsymmetrical cyclopropanes,
approach by electrophile towards one edge can be preferred over the other’

two edges. .In fact, the electrophile may perpendicularly approach an edge

20
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of the cyclopropane (in the plane of the ring) along an axis which does

' I
not exactly bisect the carbgn-carbon bond., Due to the small geometrical

>
H' |
. .
lpath 1 lpath 2 1path 3
-H + CH .
’ , . ' H 7/ 2 7
s+ /§ \ ‘ . "
L 7 1 .. .
He—, Hl-75% H,C—H2 | S
\ﬁ'f ‘ ‘ =
4 s 46
corner protonation - edge protonation face protonation k
differences between 44 and 45, the energy difference between them is f
probably‘smail, in fact, they coﬁld possibly represent two extremes of a ‘Q
common mechanism. Although paths 1 and/or 2 can rationalize most experi- é
N o=

mental findings which deal with the stereochemistry of cyclopropyl ring

cleavage, the reason(s) for selection between them still remains obscure. iy

{vide infra).

TR ICYNY SNSRI |

‘Roberts initially proposed a face protonated cyclopropane inter-

B

mediate to account for the observed isotopic rearrangements which

accompanied the solvolyses of 2-norbornyl brosylates —2,3-—14(’2.72’73
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Skell and Starer were the next group to invoke face protonated cyclopropane
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intermediates to account for“the formation of a small amount of cyclo-

propane in the deamination of 1-propyl compounds,74 however they later

-

modified this proposg.l.75 In 1965, Berson reported experimental evidence

which implicated that face protonated species were not important intermediates

or transition states during the lactonization of exrp-3-methyl-S5-norbornene-
! {

(
endo-2-carboxylic acid-endo-3-d in sgylphuric acid.76 Other experimental

evidence has also discounted the impoytance of face protonated cyclopropanes.77-79

Although ionization of 4-tricyclyl derivatives 47 produces a
positively charged p—orbit#l which is situated directly above the face of a

cyclopropane ring, experiments have shown that the face of the three-membered

A
X
a .
5 3 <
e
6 2 !
1
47 ' Joo | -

j

ring provides verxy little stabilization for an incipient carbonium ion.
4-Tricyclyl brosylate undergoes slow ionization at 295° in 70% aqueous
dioxane and 4-tricyclyl tosylate ionizes at 25° in 60% aqueous ethanol with '

80-82

ayhalf-life of 4x109 years. This enormous rate deceleration in 3

-

ionization of the 4-tricyclyl derivatives was attributed to the compression
in the C-C-C bond angles #t carbons-<3,5 and 7 as well as a flattenihg at

carbon-4 as the transition state is approached. Strain energy calculations
indicated that the electron withdrawing inductive effect of the cyclopropyl

group was not nearly as important in retarding the ionization as were

angle strain influences. In light of the Walsh model8 for cyclopropane,

el \
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removal of electron density (by an incoming electrophile) from the center

of the cyclopropyl ring which has 3p2 like orbitals (ionization potential

= 14.7 eV) should be more difficult than removal of electron density from

the more p like orbitals (ionization potential = 11.4 eV) towards the edge

of the ring. In view of the foregoing experimental evidence which suggests

that the face of a cyclopropane ring does not provide significant stabiliza-
tion for an 1ncom1ng electrophlle, discussion of mechanisms of electrophile-

cyclopropane interactions will be limited to corner and edge protonated

species.

Roberts and Halmann studied the deamination of 1—pr0py1amine—1-l4c

in 35% perchloric acid and suggested (incorrectly) that in the isolated

1Jpropan01—14c, the 14C activity was at C-1(91.5%) and C-2(8.5%).83

To account for these results, they postulated a 1,2 methyl shift viq a

corner protonated ion (also termed methyl-bridged. ion). However, sub-

sequent work by Reutov and Shatkina showed that 8.0% of the 14C activity

originally present in the 1-propy1amine—1-14c had leaked to the C-3

position of the l-propanol-ldC and they proposed a 1,3-hydride shift‘.84
This view was supported by the work Qf Karabatsos and Orzech who found
that deamination of l-propylamine-l,l,z,z-d4 to l-propanol-d4 involved
1,3-hydride shifts (12%) as opposed to successive 1,2-hydride shifts.3S
Since the completion of these pioneering experiments, the study of
protonated cyclopropanes generated from aliphatic systems not containing
the cyclopropyl group had intensified86’87 an

d has been adequately
reviewed by Collins3 and Lee.!*
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.. bropanes with mercury(XI) trifluoroacetate.

24

Baird and Aboder#T reported 21% hydrogen-deuterium exchange when
cyclopropane was bubbled through: sulphuric acid-d2.88 Subsequent work
by Baird,89 Deno90 and Leegl’92 on the hydration of cyclopropane in'___
deuterated medium showed that the deuterium distributions could be
accounted for.by the initial equilibration of hydrogen-bridged ions
(edge proténation) vig methyl-bridged ions (cormer protonation) :?th

product formation occurring from an edge protonated species.

Hgndrickson and Boeckman postulated edge deuteration as the initial
step in the opening (with deuterium bromide} of the cyclopropane ring of
13 by reasoning that intervention of a corner protonated species would
have led to the partial formation of 1&@.32 They also postulated initial
edge protonation of the C-1 C-2 bond in 26 followed by collapse pig
nucleophilic retentioﬂ to yield 27. The minor product gg_wasAassumed to
have arisen by equilibration to a corner protonatéd species which sub-
sequently captured nucleophile. It was also possible that 28 arosé by
edge protonation of the C-1 C-3 bond. Alternatively, both 27 and 28 might
have been formed by nucleophilic attack on a corner protonated species.50
However, Cristol has remarked that although the initial attack may be

edgewise, the ultimate ring opening might occur after edge to corner

. . - 33
1somerization.

De Puy and McGirk favoured a corner mercurated over an edge

mercurated cyclopropane intermediate for the reactions of certain cyclo-

53 Although edge mercurated

species such as 48 can account for most of the data in Table 1:1, this
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type of structure cammot account for the fact that cleavage of 49 yields
about twice as much inversion as retention by electrophile (edge mercuration

should give rise to predominant electrophilic retention). They concluded

‘};& | al j\ngx
48 .

a9 s0

that the products arose by nucleophilic attack on a corner mercurated

species 50 and that an edge mercurated species: could possibly be a transition

state.

<

De Puy has examined the electrophilic (D+) opening of the two
iscmeric 1,2,3~trimethy1cyc50prqpanes; he accounted for his data with
an unsymmetrical, non-rotating, corner protonated cyclopropane 51 and rejected

the symmetrical non-rotating structure 52 as well as the edge protonated

structure §§,93 v

For the.electrophilic cleavage of nortricyclene {20), Nickon and
Hammons suggested that the carbon bridged ion 54-d was the princibal

acceptor of mucleophile and they concluded that product did not arise

from ions §§,40



26

.\ S
\\R,
54-d 55a 55b 55¢

2) Theoretical Studies

Early theoretical studies using exteﬁded Hickel theory on protonated
cyclopropane (C3H7+) implicated that edge protonation was preferred to
corner protonation.94 Ab initio calculations have suggested tha't C3H7+
as an edge protonated species is 125 kcal/mol more stable than 5 face
protonated species.95 Semiempirical molecular orbital calculations by the
INDO and modifiéd CNDO methods have also favoured edge protonation over
corner or face prgtonation.gs_g8 Recently, NDDO calculations have shown

that edge protonated cyclopropane is more stable than the face or corner

protonated species (135 and 20 kcal/mol respectively).gg’loo

Ab initio molecular orbital calcﬁlations with complete geometry
optimizatipp have suggested that face protonation is a highly unfavourable
gecmetry for C3H7+ (in agreement with experiﬁent77_82), whereas edge
protonated C3H7+ is less stable than corner protonated C3H7+.101_103

However, a recent theoretical study has implicated that a cation may

experience significant stabilization by the face of a cyclopropane ring.104

Qur interest in the chemistry of cyclopropyl compounds led us to

study the acid-catalyzed cleavage of the cyclopropyl groups of 24 and

-

C1 ¢1
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25 in order to
1) determiné the mechanism.and stereochemistry of the bond
cleavage
2) determine the effect of the methyl substituent in 25 on
prodﬁct distributiﬁn, mechanism and stereochemistry of
electrophilic cleavage
3) prepare specifically deuterated 7-chloro-2-norborny1* derivatives
-6-d from 24 and 1;methy1—2-norborny1 derivatives -6-d %rom gi?
4} aid in the understanding of the acid-catalyzed cleavages of

nortricyclene (20) and l—methylnortricyclene'QEE_

E. Kinetic Hydrogen-Deuterium Isotope Effects

The effect of variation of molecular structure on reaction rate
constants and activation parameters is a popular approach to the study of
transition state structure and reaction mechanism. Although there are
theories which attempt to predict the geometry of transition states from

Teactant geometry,ms-m9 "the theoretical basis for understanding

substituent effects does not yet e;(ist".110 Changes in substitution give

rise fo different potential energyksurfaces even though the mechanism of

the reaction could conceivably remain unaltered. A study of substituent

effects requires solution of the complex Schrodinger wave equation. Since

the initial (1932) spectroscopic observation of heavy hydrogen (deuterium]11
112

gnd the subsequent isolation of heavy water, the use of deuterium for

the hydrogén—deuterium isotope effect has been widely used by physical

-« .
Bicyclo{2.2.1} heptyl derivatives will be referred to by their trivial
nimes - norbornanes. |

1
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organic chemists as a probe for transition state geometry. Eyring and
.Shgrman predicted ;hat hydrogen and deuterium should react at different
rates due to the difference in zero-point energy.113 An experimentél
kiﬁetic isdtope effect was first observed by Washburn and Urey who

reported the enrichment of deuterium in the liquid phase in the.electrolysis
of water.ll4 Since then, applications of the kinetic 1sot0pe effect to the
eluc1dat10n of organic reaction mechanisms have been numercus and have been

adequately reviewed;lls 131 the following treatment of the theoretical basis

for hydrogen-deuterium isotope effects* parallelsmthat given by Saunders.120

A fundamental assumption is that the electronic, rotational,
vibrational ana transiatiénal energies of a molecule can be treated
separately ?o that the total molecular energy is a sum of these four
individual energies. The electronic energy of any particular arrangement
éf atoms within a molecule depends only on the Coulombic interaction of the
charged particles {(nuclei and electrons) with the result that molecules
which differ only in isotopic substitution have essentially identical potential
energy surfaces. Therefore, isotope effects on reaction rates are not
determined by electrénincnergy differences (there are none) but rather
by the differences of nuclear motion suﬁh as vibration, rotation and
translation. Vibrational motion provides the largest contribution. -

Differences in rotational and translational encrgies between isotopically

related molecules are usually negligible except in small molecules.

Just as there is quantization of the electronic energy levels of

atoms and molecules which dictates that electrons occupy only discrete

*
The theory can also be éasily extended to other isotope effects

{eg” 12C and 13C, 14 N and ISN, 16O and 180).
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energy levels, there is also quantizatiom of the molecular vibfational-

[N -
T

energy levels. The energies of these quantized vibrational lévels can
be derived from solution of the Schrodinger equation for the harmonic
oscillator and are given by

E = h(m+5)v
where h is Planck's constant, m is the vibrational quantum number which
can assume only the integral values 0,1,2,3. . . and v is the vibrational
frequency. The lowest energy level or the zero-point energy (ZPE) of any
bond corresponds to %hv. This is the vibrational energy of the bond at
absolute zero, however room temperature is sufficiently closg¢ to
zero so that most of the bonds (99%) occupy this vibrafional energy lé;el.
If one considers two isotopiéally related molecules HA and DA, and assumes

‘that each behaves as a simple harmonic oscillator, then it is possible to

4

calculate their vibrational frequencies YHA and VhA from Hooke's Law

where k is the bond force constant which is independent of isotopic

substitution. The reduced mass yy, is given hy

where MH and MA are the masses of H and A, respectively, From these ;

equations it is possible to show that the ZPE of 'a molecule ‘containing

a light isotope is greater than the ZPE of the molecule containing the

heavy isotope ze vy, > Vp,-
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Internuclear distance

1

Figure 1:1‘ Potential Energy Diagram for two isotopicaily related species
(HA and DA). The difference in ZPE between HA and DA in the
reactants and the transition state leads to different activation
"energies which produce a kinetic 1sotope effect. If \

(vﬂi - \)*) < (v - vpa)s then kH/kD > 1 whereas if

v - vDA) > (v - “DA)’ then kH/kD < 1. Asymmetry of the
potentlal energy curve results in a shorter equilibrium

internuclear distance in DA than in HA.

If one considers a reaction wherein the bond to the isotopic atom
(H~A or D-A} is cleaved in the transition staée in a slow step, then the
o
vibrational energies will vanish as will also the difference in ZPE between
the isotopic molecules in the transition state. Sincefthe activation energy
for the heavier molecule (see Figure 1:1) ig greater than the activation
energf for the lighter molecule, the reaction rate of the iatter molecule

will be greater ie kH/kD > 1. In many reactions the difference in ZPE

in the transition state does not disappear completely, however as long as

. the ZPE difference is smaller in the transition state than in the reactant,




'.*‘,_._

the lighter molecule will still react_faster. In the transition state,

‘\ Y ' J‘

the difference in ZPE between/the labellell and unlabelled molecdles;l
B " .

. *
decreases with decreasing force constant. Isotope effects arise

principally from changes in vibrational force constants in going from
reactant to transition state, in faect, they result from the effects of the

rest of the molecule on the vibrational motions of the isotopic’ atom.

132,133 124

Thornton117 has emphasized that the models of steric and inductive

isotope effects have vibrational origins.

Mathematical formulation of the equations of isotopt effects using

N r

the transition state theo?ry‘-of_Eyrinng4 was first undertaken by Bigeleisen

135 115,120,129

and Mayer and subsequently by other workers. The maximum

hydrogen-deuterium isotope effect at a temperature T is given by

ky/kp = exp {h(vy,-vp,)/2kT}

which near room temperature and in the absence of quantum mechanical

136-138 .

tunneling is about seven.

Thus, replacement of an atom{within a molecule by one of its
isotopes represents the smallest moiecular perturbation and,by this subtle
change, the secrets of organic reaéfion mechanisms have been elegantly
exposed in a manner which is presently not feasible by the study of .

3 o . \ .
substituent effects. Deuterium is not an "ordinary" substituent.

By definition, a primary isotope effect involves formation or
cleavage of a bond to the isotopic atom whereas a secondary isotope effect

¢

is one which is not primary.

* . ’
Westheimer has discussed the isotope effect expected for a three-

centered transition state such as in the transfer of hydrogen from

. 119
one species to another.



F. Isotope Effects in Bicyclo{2.2.1}heptanes

Since the pioneering sol lytic studies by Winstein and °
Trifan139—141‘on-ezo- and endo-2norbornyl p-bromobenzenesulphonates -
(norbornyl brosylates), here/have been numerous klnetlc, spectroscopic

and theoretical studies aimed at the elucidation of the mechanistic

intricacies surrounding the ﬁorbornyl syétem. A large portion of the

143-152

Iiterature dealing with this molecule has been reviewed. Controversy

has centered exc1u51vely aTound the problem of whether the norbornyl cation
is best described as non-classical with a hlghly delocallzed ‘symmetrical
electronic structure such as 54 or as classical with the positive charge
localized én one carbon atom as in 56. Winstein and his colleagues have

advanced the hypothesis that exo-2-norbornyl brosylate (21-0Bs} ionizes

56

with electronic assistance of the C-1 C-6 ¢ bond electrons to form the

symeetrical norbornonium ion 54, whereas gndo-2-norbornyl brosylate (57-0Bs)

ionizes without this type of assistance, 139-143 This has received

experimental support by the spectroscopic observation of a ¢-bridged

2-??rborny1 cation in strongly acidic soldtions by Olah and co—workers..ls3

However, Brown has argued that both exo- and endo-2-norbornyl brosylates
ionize without anchimeric assistance to a classical ion 56 and that the .

.. . . 3 . 149-152
different rates of ionization can be attributed to steric effects.

32

e Al

PRSP



Ve

33

\ .
~

According to the latter school of thought, the endp-epimer undergoes

abnormally slow ionization to a set of rapidly equilibrating cations.

Applicatioﬂ of the kinetic isotope effect (KIE) to a study of
the solvolytic behaviour of norbornyl derivatives has provided a basis
for understanding the anomalous character of this system (Table 1:2)1153’116
J

The KIE allows an intimate probe into the reaction mechanism which is not

possible by a study of substituent effects (vids supra).

1) a-Isotope Effects

The rate retﬁrdation which is sometimes observed in solvolytic
reactions when a hydrogen atom on the carbon Eearing the leaving group is
replaced by a deuterium atom has been attributed to the decrease in bending
force constant from a tetrahedral carbon-hydrogen bending vibration to the

lower out-of-plane carbon-hydrogen bending vibration in the transition

state leading to the carbonium ion.165'166 Although a maximum a-KIE of

1.2 has been calculated for a reaction involving a free carbonium ion (SNl),166
the smaller observed effect (about 15% per deuterium atom) is usually due to

the presence of the leaving group in the transition state which hinders

the out-of-plane bending of the carbon-hydrogen bond and also to an

inductive effect. For bimolecular.processes (SNZJ, the presence of the
nucleophile and the leaving group in the transition state severely

restrict the out-of-plane carbon-hydrogen bending causing the a-KIE

to become negligible or slightly inverse.
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21-2-d . 57-2-d 21-ex0-3-d 21-endo-3-d
| D D
X o
b ’ 0
X X X
21-3,3-d, ~ 57-exo-3-d ) 57-endo-3-d §7-3,3-d,
D X ;
21-exo-6-d gl;ezo,emo-s,ﬁ-dz 21-endo-6-d 57-exo-6-d |
, ‘ !
D :
° [l 2 j
D | X | X
:
D X D, D |
/ ?
57-endo-6-d 57-ex0,6x0-5,6-d, * 21-endo-5-d 21-5,5-d, |

Table 1:2 Deuterated compounds for Table 1:3



Table 1:3

Compound

21%-d

57-2-d

gl:exo-3-d
) zl:endb-s—d

21-3,3-d,

§Z;exo-3-d

§2;¢ndb-3-d -;455

iy

s

Hydrogen Deuterium Isotope Effects in Solvolysis

of exo~ and endo-2-Norbornyl Compounds’

OBs
OBs
OBs
OBs

0OBs

OBs

OBs

Br

OBs

OBs

OBs
OBs
OBs
OBs

0OBs

Br

OBs

OBs

CH COZH,CH3C0 K

Solvent

CHSCOZH

a
803" H_OH

CH3C02H,CH3C02K

CHSCOZH

Aq. Dioxane
a

803°%¢_H_OH
3

Aq. C

2
2HSOH

80% aq.C2H50H

CH4CO,H, CHC0,K
80% aq. C,HOH

H,CH3C0 K

CH3C02

80% aq.CzHSOH

CH,CO,H,CH,CO_K
cn3c02H

AqQ. CH,COH

80% aq.CZHSOH

80% aq.C,H_OH

Q a

T kyky
24.85  1.11
25 1.125£0.010
25 1.118:0. 013
50 1.203

L]
50.2 1.20
25 1.1930. 014
25 1.20:0.01
60.21  1.28
25.0 1.11+0.01
25.0 1.07+0.01
25.0 1.02:0.01
25.0 1.02+0.01

b

25.0 1.11%0.01
25.0  1.07*0.01°
44.3 1.014+0.018°
51.25  1.04
55 1.12¢0.01
55 1.12¢0.01

\

(continued)
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Ref
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154,155
155

156

156
157-
158

158

158

158

158
158
159

157
158
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Compound
57-3,3-d,

21-ezo-6-d

gl:exo,exO*S,G-dz

21-gndo-6-d
S57-exo-6-d
57-endo-6-4d

57-ex0,40-5,6-d,
2l-gndo-5-4

$21-5,5-d,

X
OBs
OBs

Br

QQS
OBs
0Bs

OBs

OBs
OBs

OBs

OBs

OBs

OBs

0OBs

0OBs

OBs

OBs

OBs

OBs

Per deuterium

Per two atoms

Solvent

80% aq.C_H_CH
89-%>%

CH3C02H

Aq.CH.OH

.CH3C02H‘CH

3

COZK

80% aq.C_H_OH

2

CH3C02H,1%(CH3CO)20

CH3C02H

5

CH_CO_H,CH_CO_X

372

3

2

80% aq.CZHSOH

CH_CO H.D.?%(CH3C0)20

372

CHSCOZH'CH3C02K

80% aq.C_H_OH

2

CHSCOZH

5

CHSCOZH,CH3C02K

80% aq.C_H_OH

CHSCOZH

CHSCOZH

CH3C02H,CH3CO K

CH,CO,_H,CH,CO

atom unless otherwise specified

of deuterium

2

2

K

0O Ky
55 1.3120.01°
65.0 1.26+0.01°
60.21 1.30+0.01°
24.9 1.09+0. 03"
24.9 1.0840.01
44.4 1.149+0.016

R
25.0 1.0930. 049
24.9 1.11%0.01
24.9 1.11%0.01
43.3 1.097+0.011
70.1 0.98%0,01
49.1 1.00£0. 02
65.0 1.021%0.012
70.1 0.99%0, 02
49.1 0.9720.01
65.0 0.998%0.012
65.0 1.010.02
24.90  1.01%0.01

b
24.90  0.99%0.01
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Ref
‘158
159

157

160
160

161
162

160
160

161

160
160

161 i

160
160

161
162

3
163,164 3

<

163,164
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The lower experimen£a% u—KIE.CTable 1:3) for sqlvolysis of
exro~2-norbornyl brosylate—Z—d(31;OBs-i-d).relative to endo-2-norbornyl
brosylate-2-d{57-0Bs-2-d),1.12 vs 1.20; was attributed to anchimeric
assistance to ionization in 21-OBs-2-d by the C-1 C-6 bond (leading to a
non—classical\ion) which would render SNZ character to C-2 and decrease

154,156

the a-KIE. Alternatively, the lower a-XIE could have arisen by

internal return which scrambles deuterium to C-1. If 21-0Bs ionized
to a classical ion 56, then deuterium at C-1 would have little effect on

the ionization and hence a lower a-KIE would be observed.154'156

Conceivably, the a-KIE for 57-OBs-2-d(k/ky = 1.20)'°% could be -abnormally
large as 1s the KIE for ethanolysis of §1:Br-2-d(kH/kD = 1.28).157 fhe
effect for Zl;OBs—Z—d is comparable to isotope effects observed in
unactivated secondary substrates.l67 Schaefer attributes the la;ge KIE
for ethanolysis of §Z;Br-2—d_to a2 steric interaction between bromine and
the .C-6 methylene group.ls7 However, the observation tha; the a-KIE for
ethanolysis (65% solvolysis of ion pairs, 35% return of ion pairs with
C-1 and C-2 equilibration) and acetolysis (22% solvolysis, 78% return)
 are identical implies that the lower XKIE in solvélysis of 21-0Bs-2-d
(relative to 57-0Bs-2-d) arises from charge delocal}zation in the

s . . . 156
transition state and not from the intervention of internal return.

2) pg-Isotope Effects

Subsequent to the initial observations of a solvolytic

168,169

g-KIE, it was suggested that hyperconjugation was the source of

this effect.mg.l72 Carbon-hydrogen hyperconjugation involves the

interaction of a p-orbital on the carbonium ion with an adjacent
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' 4
carbon-hydrogen bond. In solvolytic reactions, the magnitude of the

B~KIE is dependent on the amount of charge at the carbonium ion center
and on the dihedral angle between the p-orbital and the B carbon-hydrogen

173

bond. This stereoelectronic requirement for hyperconjugation has been

174

elegantly verified in a rigid bicyclic system by Sﬁinér. g-KIEs for

'limiting solvolyses usually range from 10 to 20% per deuterium?atom.

In the transition state leading to the non-classical norbornyl
cation 54, the vacant p-orbital at C-2 forms dihedral angles (g) of 180°

s ' o . . :
w1§h H and 60" with H3 o * therefore the C-H bond can

Jexo Jexo

provide greatér_hyperconjugative stabilization to the incipient carbonium
ion at C-2 than can the C'Hsendo bond. However, in the transition state
leading to 2 classicaf.norgérnyl cation 56, the p—orbital at C-2 would
form similar dihedral angles with both t#e C"HSGzo and C'HSGndo

bonds (cq 300); therefore each bond should provide equal hyperconjugative .
stabilization. Thgs, ionization of 21-0OBs vig anchimeric assistance to

54 should give alower B-KIE for 21-0Bs~-gndo~3-d relative to tﬁe KIE for
21-0Bs-gxo-3-d due to stereoelectronic factors. Murr and Conkling have
found that deuterium at the endo-3 and exo-3 positions of 21-0Bs retards
“ethanolysis by 2 and 11% respectively (Table 1:3).158 They attributed

the lower KIE in 21-0Bs-gndo-3-d relative to gl;ozi;ii:;zid to possible

hindrance to hyperconjugative electron release and/or Tic_restrictions

by the leaving group.ls8

The diminished KIE for 21-OBs-ezo-3-d, the negligible KIE for

21-0Bs-gndo-3-4 and the similarities of the KIEs for 57-0Bs-gndo-3-d
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and 57-0Bs- exo-3-d (considering that ¢=30?) were used as‘evidence for
charge delocalization, in the transition state for #olvolysis of

21-0Bs, yhich reduces the amount of positivéncharge at C-Z.IS8

Schaefer has attributed the lower g -XIE observed in gl;Br-S,S—dE relative
to §Z;Br-3,3—d5 (1.04 vs 1.30) to charge delocalization in the transition

state.157

3) y-Isotope Effects

In solvolytic reactions where y-KIEs have been observed, the
origin of the factors which cause the force field changes at the site
of isotopic substitution remains obscure. Halevi haé suggested that
these effects might arise from the greater electropositive nature of
the carbon-deuterium bond relative to the carbon-hydrogen bond

. . ‘ . . 1
te inductive effect on the isotopic atom. 22

The large y-KIEs for ethanolyses of 21-OBs- exo-6-d and
21-OBs- endo-6-d (1.09 and 1.11, respec%ively) are in contrast to those
for the endo epimers 57-0Bs- ezo-6~d and 57-0Bs-endo-6-d (1.00 and 0.97).160
Scrambling of deuterium at C-6 to other sites within the moleéule was
discounted as the source of the large effect foriglfoBs on the basis of
detailed considerations. It was concluded that the vY-KIEs for solvoly51s
of 57-OBs were consistent with a classical transition state whereas the
v-KIEs for 21-0Bs were not ?xpected on this basis.lqo Dideuteration at
C-6 of 1,2-dimethyliexo—2-norborny1-p#nitrobenzoate, which' supposedly
ionizes without assistance, resuited in a negligible KIE (EH/RD = 1.02

for 1.98 atoms of deuterium).l75 This seems to support the view that

the large y-effect for solvolysis of 21-0Bs arises from assisted ionization.lﬁo

P




4) §-Isotope Effects

The negligible §-KIEs for acetolyses of 21-OBs-endo-5-d
and gl;OBs-S,S-dz (1.01 and 0.99) were used as evidence to support
the view that hyperconjugation to the C-5 hydrogens is unimportant and
that hydride (deuteride) shifts followed by internal return to brosylate

contribute negligibly to the isotope effects for.solvolysis of
' 163,164

]

21-0Bs-exo-6-d and 21-0Bs-endo-6-d.

The purpose éf ohr interest in isotope effects was to intimately
probe into the origin of the Y-KIE in the norbornyl system by detérmining :
to what extent the large y-effect arose from charge delocalization in the
solvolytic transition state (cf 54). It is conceivable that the y-KIEs
for solvolyseg of 21-OBs-exo- and endo-6-d (k“/kD = 1,09 and 1.11) could
arise from a rehydridization at C-6 as th; transitién state (which might
resemble 54) is approached. However, this seems puzzling sinc€ in 54,
C-6 is probably still very sp3 like te the(ﬁ?hridizational change in.
going from the éround state to the transitién state can be quite small;
the maximum XIE for a sp3 to sp2 rehybridization.has been calculated to

166 v

be about 20% per deuterium atom. Thus the y-KIEs in the. norbornyl

system appear to be too large to explain on the above basis.

/
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Our approach was to place an electron withdrawing substituent
(eg chlorine) at C-7 in 21 which would destabilize any positive charge
which might develop at C-1 during the solvolytic reaction. This would
preclude C-1.C-6 .0 bond participation in the norbornonium ion sense
ia tﬁé'transition state would probably be very unsymmetrical with respect

to positive charge distribution at C-1 and C-2. We decided to observe

C1

D OBs

the effect of this perturbation by measuring the y-KIE for solvolysis

of 7-chloro-2-norbornyl brosylates -6-d.

At the other extreme, solvolysis of 1-methyl-2-norbornyl tosylate"f
should proceed with considerable involvement of the C-1 C-6 bond since the
methyl substituent at C-1 will stabilize any positive charge which mightr

‘leak onto tﬁis carbop atom in the transition state. Thﬁs, it was decided
to investigate the KIE for solvolysis of l-methyl-2-norbornyl tbsylate-é-a

to determine the effect of involving the C-1 C-6 bond during éhe ionizatign.

OTs

. D ' CHy -

Jerkunica has measured the Y-KIE for solvolysis of the above compoundllsa
La
however his synthetic route casts doubt upon the authenticity of the

deuterated compound.z14
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Gassman has shown that 3-chloronortricyclene (24) is formed in
the solvolysis of 7-chloro-2-norbornyl tosylates via 1,3 elimination.l76
We decided to investigate the stereochemistry of this 1,3 process by
examining the solvolysis of these chloro-brosylates labelled with

deuterium at C-6 and determining the preferred stereochemical pathway

for formation of the tricyclic material.

-
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Nomenclature

Throughout this thesis, reference is repeatedly made to certain

compounds which possess identical skeletons but différeht functionalities

and deuterium substitution. Thus the following system will be used to refer

to such compounds. The basic skeleton will be assigned a number and then
“the functionality will be N?Ftten immediately following the number (e.g. QAc
fof acetate, OBs for brosylate, etc) and finally the deuterium substitution
tif ahy)vwill be described in terms of stereochgmistfy and site by phfases

such as endo-6-d or exo-3-d or axo,exo-5,6—d2 etc’

For example, the antt-7-chloro-exo-2-norbornyl system is denoted

by 58 and &nti-?-chloro-ero-2-norbornyl acetate by 58-0Ac.” To describe a

14 .

deuterated derivative of 58-0Ac, the site of deuteration follows the functional

P =44

group description. *Thus, anti-7-chloro-exo-2-norbornyl acetate-endo-6-d

C cl o
o p C1
OAe oac N Ok
D .
8 58-0Ac ~ 58-OAc-endo-6-d $8-QH-ex0,ex0-5,6-d,

and anti-7-chloro-exo-z—norbornanol—exo,emo-S,Gfdz are denoted by §§;0Ac—endo-6—d
and §§-0H-exo,aro-5.6—d2 reSpectivély., However, anti-7fchloro-endb-2;norborny1

derivatives are denoted by 84 and hencé‘QE;OH-endo-G-d describes anti-?-chlbro—

endb—2-nbrbornanol—endo-67d.

c
D - ‘}

§

¥ |-i\

_’:

84 84~0H-endo-6-d 87 87-ex0,620-5,6-d, _%

E.i«i-.:i

AN TAN



For certain monofunctional compounds, the functional group
description is omitted. For example, norbornene is denoted by 87 whereas
norbornene-exo,exo-S,G-dz is represented by ﬁ-e:no,exo-s,fw-dz. Similarly

2-norbornanone is denoted by 12 and 2-norbornanone-exo-6-d by 12-ezxo-6-d.

12 ' : 12-ex0-6-d

The numbering system which is used for the norbornyl system
is as shown below. In nmr spectra {e.g. Figures 2:1, 2:2, 2:3), the

abbreviated notations 2n, 3x, 7s denote the endo-C-2, exo-C-3 and ayn-C-7

positions respectively.

45
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Eloctroghiigk Cleavage of Nortricyclenes

A, 3-Ch}gionortricyclene (23)

v

1) Cleavage with Non-DeuteratedrAcid .

Chlorination of norbornene in methylene chloride and pyridine

gave 3-chloronortricyclene (24) in 27% yield;178 Nuclear magnetic

: c1
Cl2

CH2C12

v

24

resonance (nmr} spectroscopy showed that 24 was not contaminated with
isomeric chloronorbornenes, compounds which could lead to misleading
results especially in a study dealing' with the stereochemistry of the

" electrophilic cleavage of a cyclopropyl group.

Treatment of 24 wifh acetic acid and 0.10M sulphuric acid for

120 hr. aﬁ 70° resulted in 97% conversion to

(a) antt-7-chloro-exo-2-norbornyl acetate (58-0Ac),

() éyn—7-chlor0-;zo-2-norborny1 acetate (59-OAc),

(¢) ezo-5-chloro-gxo-2-norborny1 acet;te (60-0Ac) and

(d) endo-5-chloro-ezo-2-norbornyl acetate (gl;OAc).179
When a small portion of the reaction mixture was heated to 1000, isomerization
of 58-0Ac was noted. Prolonged reaction time at 120° resulted in deco;fo-l
sition (darkening) and tﬁe formation of additional products (see

Chapter 5). WNorbornyl diacetates were not detected in the reaction
P

mixture indicating that solvolysis of chlorine in 24 to produce a

T
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) &
c1 - C1
_f-
0Ac QAc
C1 58-0Ac o 59-0Ac
CH,CO.H -
- - F 4
HyS0,
C ' B
QAc +
Cl
60-0Ac él:OAC

nbrtriéx;lyl cation (¢f cyclopropylcarbinyl cation) does not compete

L
with ring opening.

An authentic sample of S8-OAc was synthesized by the acetylation

47

OAc

‘However, results from this laboratory indicate that when 3-fluoro-
nortricyclene is treated with acid under similar conditioﬁs. loss
of fluoride ion competes with ring opening and .leads to diacetates

as‘products.180
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of 58-0H which was obtained by one of two routes. Addition of hypochlorous

acid to norbornene178 or alternatively hydroboration-oxidation of

181,182

antt-7-chloronorbornene (62) gave the cﬁloro alcohol 58-OH. Since

¢ cl1
EQC]'__) HO -+
OH
1
@OH | 58-0H
C1 c1

!

BHs

NaOH, H,0, OH

62 58-0H

58-0Ac was separable from 59-, 60- and 61-OAc by gas-liquid partition
chromatography (glpc), but the latter three compounds could not be resolved
from each other, the following scheme was employed to identify these

compounds. Reduction with lithium aluminum hydride of 58~,359-,60-

and 61-OAc gave a mixture of 58-, 59-, 60- and -61-0H from which it was

J
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possible to separate only 59-OH. An authentic sample of 59-CH was
'prepared by the method of Roberts.l78 Oxidation of the mixture of
58-, 59-, 60~ and élTOH with Jones reagentls3 gave 44% anti-7-chloro-
2-norbornanone (63), 26% syn-7-chloro-2-norbornanone (64),14% exo-5-

.chloro-2-norbornanone (65) and 14% endo-5-chloro-2-norbornanone (66) which

were separable from each other by glpc. 4
C1 ‘ Cl1 : '
' c1 ff
\ “ | ]
0 % 3 1N
63 64 65 66

Preparation of an authentic sample of the chloro ketone 65 was
effected in 50% yield by treatment of nortricyclanonels4 with anhydrous
hydrogen chloride in carbon tetrachloride. In the nmr spectrum of 65,
the triplet at 3 4,0' was .assigned to the proton at the endo-C-5 position;

the carbonyl stretching frequency appeared at 1760 cm~1. Following our

HCl- C1

CCl

L~

R .
All chemical shifts are reported as ppm downfield from internal
tetramethylsilane.,
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preparation of 65, Gassman reported an alternate route, however spectral

‘data were not reported.‘176

Treatment of cyclopentadiene with vinyl chloride for 15 hr at
220° to give gxo- and endo-5-chloronorbornenes (67 and 68) in the ratio
43157 was the first step towards the synthesis of 66. Hydroboration-

18

oxidation S of the erndo-chloride 68, which was separated from 67 by

spinning band distillation, yielded & mixture of 61~ and 69-OH which

\ A 0 ’ \ ‘
220 C1
O -y
15 hr |
N |

Cl
88 4
/
B2”(5 B OH
\/ +
| NaOH, H202 | QH |
C1 Cl C1
61-0H ~ . 69-0H
Jones reagont e
‘ 0
+
Cl 0 : Cl
66 70

was oxidized dircctly to a mixture of 66 and endo-6-chloro-2-norbornanone

(70) respectively, in the ratio 42:58. A onc proton multiplet at
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§ 4.30 in the nmr spectrum of 66 was duec to the proton at gxo-C-5;

the carbonyl stretching frequency appeared at 1750 cm L.

Evidence that gyp- and endo-s-chloro—exO-2-norborny1 acetates

~

(71-0Ac and 72-OAc) were not formed during the -reaction of 24 with acid

C1 Cl

71 72 73 74

— — S— S

came from a 6omparison of the spectral data of €zo-3-chloro-2-
norbornanone (73) and endo—s-cgloro—2-n0rbornanone (11)186 with those of
the chloro ketones (fe 65-66) which vwere derived from the chloro acetates
obtained from 24. Chloro ketone 73 vas synthesized by treatment of

2-norbornanone (12) with sulphuryl chloride and the endo-chloro ketone

74 was obtained by equilibration of 73 in basic solution. 8¢

Identification of the exo- and endb-s—chloro—cxo-2-n0rbornyl
acetates (60- and 61-0Ac), obtained ffom the electrophilic cleavage of
24, as their chloro ketones 65 and 66 did not yield any information about
the sterecochemistry of the acetoxy group - exo or endo, Reduction of an
othoreal solution of 58-, 59-, 60- and 61-0Ac with lithium aluminum
hydride and subsoquent reduction of the chloro alcohols with sodium in
Tgo-propanol gave a mixture of 9842% ¢xo-2-norbornancl (21-0H) aﬁa
241% endo-2-norbornanol (57-0H) as determined by glpc.‘ This establishes

the exo- to endo-acetate ratio from the cleavage of 3-chloronortricyclene 2

with acetic acid. Thus the carbon atom which undorgoes nucleophilic attack

*

This represents the ratio of 21-0H to §Z}OH. The total yield of these

compounds was 78%,

~

Dokt e ma -

)
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experiences predominant inversion of configuration. Another product
(<5% yield) with retention time slightly longer than that of the
exo-2-norbornanol obtained from the above reduction was not identified

. v
(see Chapter 5). Conceivably, it arose by solvolysis of chlorine with

subsequent fragmentation to a cyclopentenyl derivative.

I
I'd

Control reactions under the conditions used for the electrbphilic
cleavage of 24 established that 59-0Ac underwent 12% isomerization to

58-0Ac whereas 61-0Ac underwent 15% isomerization to 60-OAc (Table 2:1).
Compound 61-OAc which was prepared by the acetylation of 61-0H was
contaminated with 69-OAc. . Thus, the mixture of él;OAc and 69-0Ac in a

known ratio was subjected to the reacﬁion conditions and the per cent
igomerization was determined by the change in this ratio. Compounds

58-, 71- and 72-0Ac were stable in the acidic medium , less than 3%
isomerization to other chloro ﬁcetates occurred, discounting the possibility

that the latter two compounds might have been formed and undergone rearrange-

ment during the ring opening reaction.
. =

Table 2:1 Stability of Chloro acetates to the Reaction Conditions

Used for Electrophilic Cleavage of 24.

Compound % Rearrangomént Rearrangement Product
58-0Ac | <3%1 - - -

59-OAc | L 1241 58-0Ac

61-0Ac | 1541 | 60-0Ac

Zl:OAc <3+l -

ZE:OAC <2+ ‘ -
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Treatment of chloro #-butyl ethers 71- and 72-0tBu with anhydrous

hydrogen chloride gave chloro alcchols 71~ and 72-0H which were acetyléted

with acetic anhydride in pyridine to produce 71- and ZE;OAC.187

N

2) Cleavage with Deuterated Acid .

To determine the stereochémistry of the attack by electrophile (H+)
on the cyclopropyl grouﬁ of 24, £he Teaction wés carried out in deuterated
medium. 3-Chloronortricyclene (24) was treated with acetic acid~d4
(99.5 Atom %d) and oM ulphuric‘acid-dz.for 500 hr at 70° to yield
an§£—7-chloro-exé;2-norborny1 trideuteroacetateud1 (§§:trideuteroacetate-dl),
syn-7-chloro-exo-2-norbornyl trideuteroacetate-d1 (§2;trideuteroacetatendl),
.éxo-S-chloro~exo-2-norborny1 trideuteroacetate-d1 (ég;trideuteroacetate-dl),
and éndo-5-chlor0eexo-2—norbornyl trideuteroacetate-d1 (61-
trideuteroacetate-d;). The mass spectrum of §§;trideutefoacetate-dlA
indicated appréciable multiple deuteration, vz 4% dS' 94% d4, 2% ds species
(av.3.98 d/ﬁolecule). The amount of deuterium on the norbornyl skeleton of
§§;trideuteroacetate-d1 was ascertained by reduction with lithium aluminum
hydride to §§;OH-d1 follow;d by reacetylation with acetic anhydride to
§§:0Ac%d1. For compound §§;0ACnd1, deuterium assay by mass spectrometry

indicated predominant monodeuteration - 3% do' 95% dl, 2% d2 species

(av 0.99 d/molecule).

In view of the difficulties encountered in the separation of the
chloro acetates (vide supra), the mixture of 58-, 59-, 60- and
Ql;trideuteroacatatos-dl was reduced with lithium aluminum hydride to a

mixture of the respective deuterated chloro alcohols. This reaction does

not affect the stercochemistry of the acetate group or the stereochemistry

v\
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of deuterium which is not in the acetate group. Oxidation with Jones
reagent gave the deuterated chloro ketones Eg}, 64-, 65- and ég;d;
control experiments with 65-exo-3-d showed that possible deuterium loss
from C-3 via acid-catalyzed enolization under the oxidation reactioq
conditions was negligible., Similarly it was shown that acid-catalyzed
homoenolization was negligible when 63-endo-6-d was subjected to the
reaction conditions for oxidation. Mass spectrometry revealed that each
of the deuterated chloro ketones §3- to 66-d consisted priggrily of

monodeuterated species (Table 2:2)., Compounds 65- and 66-d contained
—

Table 2:2 Mass spectrometric deuterium assays on the deuterated)
Chloro ketones 63- to 66-d

Compound _ Xd % d % d, (av d/molecule)

c1 |
. D
4 95 1 0.97 + 0.03
63-d

654 o

c1 |
\5& 3 95 2 0.99 + 0,03

%

=)

64-d
lb...;b 10 90 - 0,90 + 0,03
A\
0
§5-d.
Djﬁb 13 85 .2 0.89 + 0.03
p
a N\
0

el Al em

A PSS
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about 10% less deuterium than did 63- and 64-d and thus established

the deuterium content at C-2.

Fhen the electrophilic cleavage of 24 was caéried out in acetic
acid-0-d and sulphuric acid-dz, a high percentage of d; 5pecies.§;$
found in the deuterated chloro acetates 58- to 61-CAc as determined by
mass spectrometric analyses of the corresponding chloro ketones (see
Chapter 5). This low incorporation of deuterium was attributed to dilution
of the deuterium pool of the reacfion medium via exchange of the methyl

hydrogens of acetic acid-0-d with deuterium from solvent.

3) Stereochemistry of Electrophilic Attack

Direct analysis of the complex nmr spectra of 63-, 64-, 65-

-

and 66-d did not allow a determination of the sites of deuteration.
Recently, the utility of lanthanide shift reagents (LSR) in the "simplifi-

cation" of the 1H nmr spectra of compounds containing co-ordinating

188-191
functional groups (alcohol, amine, ether, carbonyl} has been ‘demonstrated.

192

Published work by Paasivirta “" as well as unpublished work from our

laboratorieslg3 have shown that most of the proton resonances of endo-

or exo-2-norbornanol (57- or 21-OH) can be resolved from each other in the

FAEE R

* .
presence of the shift reagent Eu(DPM)S_. For these reasons each of the

chloro ketones was reduced with lithium aluminum hydride to the deuterated

Tailw

2-norbornanol and the distribution of deuterium was determined using Eu(DPH)s.

‘.\‘

* Tris-(2,2,6,6-tetramethylheptane-3,5-dionato)} europium(III} or a

tris (dipivalomethanato) europium(III),
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¥hen 63- and 66-d were treated individually with lithium aluminum

hydride for a prolonged period of time, the major product was.deuterated

endo -2=Tirbornanol (85%) with the minor product being exo -2-norbornanol (15%).

Reduction of gﬂji‘gave‘deuterated exo-2-norbornanol §%\§he expected product
which arose by preferential hydride attack from the end& side. .However,
reduction of 65-d gave a predominance of exo-2-norbornanol; this is
surprising because the stereochemical course for reduction of the carbonyl
function inlgérd should be essentially identiéalnto that‘for reduction of
2-norbornanone_(33§ te 85% endo-alcohol 57-OH and 15% exo-alcohoi 21-0H.

It is assumed that this anomalous steredchemical outcomé arise; from initial

. _ , . Ve
predominant exo attack by hydride on 65-d to yield an endo-alkoxide and

subsequent solvolysis of the chlorine atom followed by a Wagner-MeerQein
alkyl shift which converts endo-alkoxide to exo-alkoxide. Capture by
hydride and aqueous workup should givé predominantly exo-é-norbornanol.
This p;thway likely competes with direct réduction of the carbon-chlorine
bond and thus exclusive formation of exo-2-norbornano! is not observed, in

fact exo-alcohol/endo-alco = 70:30. The major alcohol product from each

reduction was carefully ;ﬁ?ffied by glpc before analysis by nmr.

Figure 2:1 shows the nmf spectrum of endo-2-norbornanol complexed
with Eu(DPM)3 in carbon tetrachloride (mole ratio LSR/alcohol = 0,64) and

Figure 2:2 shows the spectrum of deuterated gndo-2-norbornanol (derived

. L
from Eéﬁd) in the presence of shift reagent’ (mole ratio LSR/alcohol = 0.64}.

They reveal that >90% of the deuterium is located at C~-6 with at least 95%

stereochemical purity. Similarly, comparison of the .spectra in Figures 2:3

and 2:4 shows that the deuterated exo-2-norbornanol (derived from reduction

N _
The integrations which appear in these and subsequent spectra

represent tho average of five scans,

- ——— 4

I ST TR
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*

of 64-d) contains >90% of the deuterium at C-6 with at least 95% endo

stereochemical purity. The nmr spectra (in carbon tetrachloride + Eu(DPM)S)J~

Lty

of deuterated ero- and endo-2-norbornancl, derived from 65- and 66-d .

respectively, indicated that the deuterium was scrambled throughout these

molecules (Figures 2:5 and 2:6).

The combined mass spectral and nmr data established that the

deuterium was distributed as described in Table 2:3.

iy
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Table 2:3 Distribution of Deuterium in the Products from

Electrophilic Cleavage (CD4€0,D,D,50,) of
3-Chloronortricyclene (24) ‘

Douterium Content® and Position’
Coapound el oe2 ]
: exo  eondo
Cl
Dhthﬁi\c
Cl
QAc
C
D ~ta OAc 0.10 0.10 0.20 0.20
0 'f[:fi::]l, 0.10  0.15 - -
' | QAc¢ .
Cl :

64
C-6
exo endo
C 0, 90°
€ >0.90°%
0.20 0.20
0.55 0.25

% This table lists the fraction of ono douterium atom which was prosent

at tho indicatod sites.
+0.05 douterium atom.
b

Chapters 2 and §.

The error in each number was estimated to be

Dotomined by pmr and ms according to tho mothod described in

¢ The spectral data (vide eupra) indicated that » $0% of the doutorium

was at C-6 with >95% ondo stereochemical purity.
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B. 2-Methyl-3-chloronortricyclene 23

1)  Synthesis

The Diels-Alder reaction of mofhylcyclopentadiene with ethylene
gave a mixture of 1- and 2-methylnorbornenes (7S and 76) which were

separated by spinning band distillation.lg4 Their nmr spectra have been

195

proviously reported, Chlorination of 76 in mothylono'chlorido containing

75 , 76

Cl
C12 + dichlorides
+ trichlorides
CH2C12 .

CHs CH

3

3
2 2

prridine gave a 21% yield of é-mothyl-s-chlorpnortricyclono(3§). Strong
cyclopropyl-hydrogen stretching and carbon-chlorine strotching ébsorptions
appeared at 3075 and 800 em? regspectively in the ir spectrum of 25. There
wero many similarities between tho nmr spectrum of 28 (Figure 6:1, thbter 6)
and those of similar nortricyclene compbunds.sz'l%'lg8 A doublet

(J= 1.5 Hz) at § 3,65 in tho spectrum of 23 was assigned to the proton at
C-3 with the amafl coupling due to tho{proton at C-4. This was confirmed by

irradiation of tﬁo~brond singlet at ¢ 2.03 (C-4) which caused the doublot at
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8 3.65 (C:S) to collapse to a singlet. Tho methylene protons at C-7

and C-5 appeared as overlapping AB quartets,'in agroemoent with observations
from othor nortricyclone (:ompcn.mcls.82’196‘198 The proton at exv-C~7

appeared nifhaif of an AB quartet (J'= 10.5Hz) at & 2.12 whoreas the other
half of/;ﬁg quartet duc to ende-C-7 (5§ ca 1.4) was obscured by tho proton
rason&ﬁees from C-5, .Irradiation at § 1.4 {endo-C-7) causod the doublet

at & 2.12 (exo-C-7) to collapse to a broad singlot due to loss of the largo
geminal coupling. A two proton singlet at high fleld (& 1.04) wus due to tho
cyclopropyl hydrogens at C-1 and C-6, Coupling betwoen tho methylene and
cyclopropyl hydrogens was not obsorved; the methyl protons rosonatod at

d 1.23.

Tho nmr data dictate that the mothyl group In 25 is situated on tho
cyclopropane ring whoroas simple chomical argumonts suggest that the chlorino

might bo situated on a methyleno carbon atom which is adjacont to tho

3

Cl H
“exv
H 5 — |
ando —_— J
1 6 )
‘l 13
25

éyclopropyl carbon bearing tho mothyl substituoent., Chlorination of jg would

not be expocted to yleld 1-methyl-3-chloronortricyclone(77) although this has uot

c /

been proven conclusivoly,

i 4

w




67

"2} Cleavago with Non-Douterated Acid

Treatmont of 25 with acetic acid Mmd~0.10 M sulphuric acid for

105 hr at 62° gave »>93% conversion to l-methyl-anti-7-chloro-exo-2—norbornyl

acotate (78-0Ac) and l-methyl-gyn-7-chloro-exo-Z-norbornyl acetate (79-0Ac)

in the ratio 76:24. It was shown that the rolative product raties did not

Cl
| C“ZCOZH
0 10M H280
CH .

25 78 79

change during the reaction and that the two products wero stable during

glpc analysis (soo Chaptor §),

Tho C-2 proton of 78-0Ac appearcd as a doublet of doublets at

$ 4.55 and that of 79-0Ac as a triplet with fino structure at § 4,51

indicating that tho stéroochemiqtly at C-2"is identical in both compounds,

qﬁ
In norbornyl qutom\. céro protons are doqhioldod rolative toendo protonql ;=01

and thus tho diemical shift difforonco botwoen exo ~o and endo ~q provoqs.

has boon predicted to bo about 0.3 to 0.5 ppm.199 Peaks duo to exo-C-2

protons aro usually more oxtonsivoly split due to coupling with tho
bridgehoad proton. Thus tho proton stercochomistry at C-2 is assignod

tho endo configurntion. chomical ovidonce for this assignment 1is prosontod
lator. The chemical shifts for tho ayn=C=7 and qneg-C-7 protons in

78- and 79-0Ac of 3,77 nnd 3.51 ppm respectively aro in agroement with tho

L d L kire sl —— -
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steroochemical assignmonts at C-7 bocause in general, C-7 protons
syn tO exo-acotato, ~hydroxyl or -tosyloxy substituents at C-2 aro do-

shielded rolative to anti-C-7 protons by about 0.20-0.30 pme181,202-204

Roduction of the mixture of 78~ and 79-OAc with sodium in
tgo-propanol gavo 956% I-mothyl-2-norbornanol (80) and 4% unidontified

product. Nmr spectroscopy and glpc rovealed a 5% maximum of

78-0Ac sodium
+ o
tgo- propanol
79-0Ac

80-0H 3 OH 1-OH

1-mothyl-endo-2-norbornanol (81-0H) thus confirming tho exo-acotato

assignment in 78- and 79-0Ac.

Whon tho mixture of chloro acotatos 78- and 79-0Ac was mildly roduccd
with lithium aluminum hydride, a 78:22 mlxtufﬁ of 78- and 79-OM was obtained,
The ir spoctrum of each alcohol showed s£rong hydroxyl absorption and
the nmr spectra corroborated tho sforoochomical n;;ignmonts at both C-7
and C-2. Moroover, tho chomical shifts for tho ando-CﬁZ protons of
78- and 79«0l woro 3.35 and 3,52 respoctivoly - a-diff;;bnco of 0.17
Ppm (of 0.10 ppm for S8 and 59-0ll; 0.04 ppm for 78- and 79-0Ac). This
largor differenco in chomical shifts rolativo to tho acotates might possibly
be attributod to intrdmoloculnr hydrogongbonding in the chloro alechols.,

For 78-0ll, tho proton at eyn-C-7 appeared as a broad singlot %%‘6 3.81

whoreas in 79-0H, tho antt.C7 proton rosonated at ¢ 3,62,

A i e e e e

S
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As a prolude to a study of the olectrophilic cleavage of 25 in
doutoratod medium, it was imporativo to bo able to unambiguously discern tho
possiblo sites and stereochemistry of douteration on the norbornyl framo-
work. Since the largest paramagnetic shifts have been opsorvod in tho mur
spectra of alcchols or amines when complexed with LSFl,ma’189 it was
decidod to oxamine tho beohaviour of the proton rosonances of 78- and 79-0H
in tho prosonco of Bu(fod)s.* A discusslon of tho factors affocting tho
lanthanide induced shifts (LIS) is boyond the scope of this thasis, Howevor,
suffico it to say that tho LIS, which docreaseos wi;h increasod distanco
of tho proton from the co-ordiﬂhting group, has boen attributed to a

205

through-space dipelar intoraction. It has also been shown that nuclear

spin-spin coupling constants romain unaffocted by contact 3hi£ts;206

~

' The wmr spoctrum of 78-0H in carbon tetrachloride showed only tho
protons at ayn-C-7 and endo-C-2 as separate signnIS\{figuro 2:7). When
Eu(fod)3 was added to tho alcohol (mole ratio LSR/alcohol = 0.73), a woll-
rosolved spectrum was obsorved (Figure 2:8) and the signal assignmonts
wero made largely by examination of poak multiplicitios, c;upling'constants
and analogy to exo-2-norbornanol (Figuro 2:3).192'19; "The protons at C-2,
C-3 and C-7 appoared furthost downfiold since tho induced shifta are
groatest for protons noarest to tho h}droxyl group. Fine structure duo to
long range W coupling was ustally obscured by slight peak broadening. A
ono proton low fiold doublet (J = 7 Hz) at & 17.85 was assigned to the
proton at endo-C-2 with the splitting due to oia vicinal coupling with

tho ondo-C-3 proton. In agreoment with the woll-ostablished relationship

* Tria-(1.1,1.2,2,3.3-hoptnf1uoro-7.7-dimothyloctano-4.G-dionuto)
ouropium(III), _ '

i ST L N )
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botweon coupling constants for vicinal protons and dihedral nnélo.zo?'
‘trane vicinal coupling between the endo-C-2 and exo-C-3 protons was
amall (< 4 Hz). The resonance due to-the proton at exo-C-3 appearod

207 to endo-C-3 proton)

as a broad doublet (J = 14 liz, geminal coupling
at_ ¢ 12,95, _Conslstent with thoso‘nssignmonts was tho observation that tho
proton at endé-CTS. whicﬁ'rosonated at § 7.05, appeared as a doublet of
doubtets (V = 14 and 7 I, geminal_and.oia vicinal coupling respectively).
In bxo-Z:horbornnnol; the-pro{ons at C-7 appoar as broad doublots (geminal
coupling) with some fino structure (W coupling). .Nowovor. in 78-0H geminal
'couplins at C-7 cannot oceur anﬁ thus ayn-C-7 appeara as a singlet at § 1
A broad singlet at & 5,10 arose from the sole bridgehead proton. Assign-

ment of thooneynoton triplot {with: Iino qtructuro) at ¢ 4.50 and the

- three proton multiplet at & 4,10-3.25 prosontdl problema. Since C-§ is

e
further removed from the hydroxyl group than C=-6, the resonance at & 4,50
was attridbuted to a proton at C-6, howover, there was little basis for
dotormining itw qtoxoochomiwtry.

. Paaqivixtal 2

haq o\aminod the mwnr spectrum of exe=2-norbornancl
complexed with hu(Dl‘M)3 but he failed to rosolve the high field multiplot
which Aroge feom the protons at C-8 and C-6, Ko have been ﬂhl@ to partiall
g Tesolve thiz multiplet by using A mole ratio of LSR/alcohol = 0.64

(Figuve 2‘3%§? In exo-z-norbornanol. a broad triplet was obaerved at.

~ flightly lguor fiold relative to a three proton multiplet (8 6,80 va

§,80-5,30) and this ﬂ%ﬁf;ssigned to the proton at endo-C<6. This triplet
E‘P [ . -

disappoared in the spectrum of ah authentic samplé’of exo=2-nérbornancls

endo-6-d. ‘Therefore, it wai concluded that for‘fﬁ;Oﬂ plus Tu(fod), the

-

%

] ) , /

b4

(‘ .

2,30,

-

Comat’ Gl Bt ok w2

;
b
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(I R P

proton at endo-C-6 abpenred as a tfiplot_nt § 4.50 and the é:o-C-s.

ende-C-5 and exo-C-5 protorftresonances ovorlapped. lHence it was still
poasdible to discern deuterium at exo- or endo-C-6, however the differentiation
of douterium simultaneously present at both C-5 and C-6 was impu%siblo;
towever, we were confident that there was not a mochuniqtic pathway which 7 ' ;
would placo douterium at C-5 in the products from the oloctrophllic

cleoavage of 25 (soo Chapter 3).

‘Similarly, the nmr spéctrum of 79-OH showed rosclution of only thé
protons at C-7 and C-2 (Figure %:9). however addition of_ﬁu(fod)s to the
alcohol (mole fhtio LSR/alcohol = 0.59) in carbon tetrachloride produced a‘t f
udraﬁatic change (Figure 2:10). The arguments for proton nssignmohts wore '
ldentical to those presonted abdve for 28-0l - only the chemical shifty wore

sllghtly difforéﬁt. For examplo, the resonance from anti-C-7 appeared at -

higher field relative to the methyl protons (of for 78-QN plua‘uucfod)s. the

methyl protons resonate at higher fiold). Aasignment of the triploet at

e e W~ ')

§3.70 to the proton at endo-C-6 was made for the roasons given abovo.

Aftor refrigeration for six montha, the samples of the above chloro
e ,
alcohols plus Hu(fod) ; (dd not show any changes in their nmr spectra. This

indicates that the ouroplum samples are stable over long perloda of time, !

Oxidatlion ‘of the mixturdﬂpf 78« and 79-0H with Jones reagent gave
l-nethyl-antdaT-chloro-2-norbornanene (82) and l-methyl-gyn=7-chloro-2-

norbornancne (83) in the ratio 77:2). Spectral data were consistent with

c | ' a B | ‘
CHy g, ‘ . C | c,‘s - -
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theso sfructures (see Chapter §),

L

3} .Cleavage with Deuterated Acid

Tyeutment of 25 with acetic acld-d, and 0.10M éﬂiphuric acld-d,
for 60 hr at 65° gave 734 l-méthyl-anti-?-chluro-exo-Z-ﬁorbornyl
trideuteroacetato~d (Z8-trideuteroacetate-d) and 27% l-methyl-ayn-7.
chloro-&mo-z-norbornyl trideutoroacotato«d (ngtrideutoroacetato-d).
This ﬁixturo of chlor6 acotates was roduced with 1ithium aluninum h&drldo
to l-methyl-anti="7-chloro=exo «2-norbornanol -d (Zg-Oumd) and l-methyl-gyna7-
chloro-ﬁwo-2;ﬂorbornanobd(2g;0u-d) and"then the positions and atereo-
chemistriey of dodt6r1Wn substitution were dotermined along with the degroe
of deuteriun ineorporation. Theae aleoholQ”wéro compleXed with Bu(fod)5 in
carbon tqtrachloridc and then aﬁaly:ed by both proton and deuterinm

nagnetic resonance (pmr and dmy) fpectroscopy.

4) Stercochemistyy of Blectrophllic Attack

For 78-0H-d (mole ratio LSR/alcohol w 0.88), pme (Rigure 2:11) and

. L N
dmr (Figure 2:12) analyses revealed that dautorium‘wna distributed as

shown in Table 2:4, Mass spectral deuteriunm assay on 82-d which was

. obtainel by‘oxidatiou of zgpou-d* showed that it contatned hn average of.

1129 deuterlun atoms per molecule (5% dor OV ayu 224 dy, 68 ay).

E
Similarly 29-0li-d was complexed with shift reagent (mole ratio

LSR/alechel = 0,74) and por (Rigure 2:13) aiong with dﬁr (Figure 2:14)

. .
It must be emphasized thnt‘thts reaction rewoves any deuterium
which might have originally been present at tho.C.2 position oﬁ,the
chlore aleohel, ' '
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analysos ostablishoed that the douterium was diatributed as shown 1in
Tablo 2:4. Oxidation of 79-0Oll-d gave a sample of 83-d which was found

to contain an average of 1,05 deutorium atoms per molecule (4% do.

87% dl' 9% dz).

e



84 l
- : i
Table 2:4 Distribution of Deuterium in tho Products from |
Hloctrophilic Cleavage (CD‘COZD, 02804) of
2=mothyl-3-chloronortricyclenc (25)
a) Detormination of Labelled Sites by Proton Magnotié . ‘ “
Rosonance Spoctroscopy (pmr) :
: !
‘ - Douterium Content and Position ;
Compound o =Gy l=2 L-06 ‘ C7 3
X0 endo /ﬁ : E
. OAc 0.1740.03 0.0540,02 . 0ﬁ04x0.02 O.RS&0.0J}f.O.IS 0.03 | |
Vs - M ' ‘
| -
0.11£0.02 0.06£0.03  0,88%0,06 ( l
. \ '

¢

b) Determinatlon of Labelled Sltes by Deuterium Magnetlc
Resonance Spoctrodcopy (dmr)

Douterium Content and Pesitlion

tompound oy 62 et G
¢l \ - | | exa - endo
: ) . ’ .
Gl | ' h
¢l
Ohe ~7 " Lopde, 0 . . ' 0.8640,04° ‘ -
Clly

® These two regonances wore not resolved from each other and honce
this number represents total deuterlum at (-6,




y=lydrogen Doutorlum Isotope Hffects in hiwyclo(é.Z.l}hon;dn0§’

A.  Synthonexs

For our studies on 'Y-iaotapo offecta in hibfclic ayatems, 1t Wil

. declded to {nvestigute tho solvelytic behaviour of somo llaomm'lc

7-chlora«2-norbornyl broaylatos-6=d. In two cases it‘wu‘s necossury to ' o
use btrosytates which wore !lpucl{'.lcull).#- labelled at h(sth.(:-s and (=6 with

deutertum, KlBa wore mousured for the solvolyses of

1. &nti--?-chloro-emo-2-1\01‘1)01‘1\&3 ‘brua}'l‘utv-undo-ﬁ-d (!‘\_H_-(Hlé-ando-fl-d).

-2. ayri=1=chloro-oae=2«novhornyl ln‘ﬁn:t)«l&\tu-ando_-‘ﬁ-d (589 Ohs=emicdo=bucl) ,

S0 amti=7-chloro-exo- 2=norbornyl hro&ylufowmo,omo-ﬁ.(x-da '(_S_q.-()ué-emo:, _
-amo.s,a.dz). | . - ’ !

4, mm-?-chlpro-a;w-2,-1\0\'\;01'1\)#1 lu‘mtylntu-amo.ﬁmo.s,(s.dz (62-0hg-eR0,
tﬂ.xn-s.(~-<12) , and

S, antf=7-chloro-<endo=2-navhornyl brouylatesendo=6a ({l_‘ll-()llzi-undo-(:n-d).

. l

‘ | |

@ ' 1 G g
1 !

N Ol Ol ‘i
D . b | | "':r-
§8-0la=endo=6=d 50=Qla=pndo«bud S8-Ohaeeroeqo=f,6edy
ol L ] \
1 g

b b

| L Ol ﬁ

b Ol
@;Olla-@;‘x) .e:ao-ﬁ.(\'dg ' ﬁﬁ_‘OI‘ﬂfﬁ?Kf(l‘ G=({

i



.In all cases, the brosylates were prepared by treatment of the
rcbrrequndingualcohols with brosyl chloride -in pyridine; ?herefore only
the syntheses of ihﬁ appropr{éte bicyclic alcohols Qill be described. Each
alcohol was purified.by glpc before‘prepa;ation of ;he brosylate and it
was assumed that the brosylatiqn reaction did not altef the-stereochémistry

of deﬁterium.

~

Compounds 58- and 59-OH were prepared by the 11terature method

of Robertsl78 and their nmr spectra appear-in Chapter 6 (F1gures 6(2 and

4 , 176

6:3). For the preparation of the known alcohol 84-0H, the chloro ketene 63

was reduced with lithium tri-t-butoxyaluminum hydride. Surprisingly, this

~
~

reaction gave a 92:8 mixture of 84~0OH and 58-0H which is quite 51mllar to

the ratio of 90:10 which was obtalnéa by Gassman176 when lithium aluminum

r

hydride was used as.the reducing agent and identical o the ratio of 92:8

¥

c1 1) LiAlH, [5 c1 :
or 2) LiAL(OtBu) H ,

v o H

or 3) L1AI(OMe) H % + OH

\ e ‘ (G

0 ‘ -OH 1

. | . i

: , ' A

63 : < 84-0H  58-OH ‘ j

obtained with lithium triﬁethoxya}uminum hydride. The'similar stereochemical
outcome for reduction with 1ithium trimefhoxyaluminum and tri-t-butoxyaluminum
hydrides has been attributed to the tendency of the former.compound‘to

form aggregate dimeric or. trimeric 5pecies.208 Glpc was the most effective

method for purification of 84-0H. In the mmr spectrum of 84-0H (Figgre 6:4,

LV CUPUT-DRNT W VTSN S
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N

Chapter 6), a\quintet {(with fine structure) at & 4.00 was attributed to
the proton at exo-C-2 whereas the proton’ at syn-C~7 appeared as a broad.
= ' N ) ‘-

singlet at.§ 3.70 (ef in 58-0H, the protons at endo-C-2 and syn-C-7

.resonate at § 3.75 and 4.19 respectively).

-

For the deuterated alcohols, the degree of deuterium incorporation
N ‘ .

-

_wﬁs asgayed by mass spectrometry. However, since the mass spécq;a of the
alcohols displayed weak parent ions due to the loss of water, it was felt
that analysis for dcuferium on the corréspoﬁAing ketones would provide .a
more reliable indication of the extent of deuteration. Problems with this
appro%ch could arise if deuterium ié present alpha to<the hydroxy group

(C-2) but in all cas¢s the absence of deuterium at C-2 in the alcohols was

ascertained by nmr spectroscopy.

'S

Reduction with lithium aluminum hydride of 58-trideutcroacetate-

endo-6-d gave $8-OH-endo-6-d which was found to contain an average of 0.99

deuterium atoms per molecule.  The nmr spectrum of this alcohol is

presented clsewhere (Figure 6:5, Chapter 6).
R
Similarly, 59-OH-endo-6-d was prepared by the reduction with lithium
aluminum hydride of 59-trideutercacetate-endo-6-d and it contained 0.97
H \ .
deuterium atoms per molecule, Both 58- and 59-trideuterocacetates-endo-6-d
were obtainedas the major prodycts from the electrophilic cleavape of 24

with acetic a;id—d4 and sulphuric acid-dz.‘

In the first step towards the synthesis of 58-OH-emo,czo-5,

6—d2,7-acctgxynorbornadiene (85) was treated with lithium aluminun deuteride

and then the aluﬁinum salts were degomposed with deuterium oxide and then
' —

' [}

~

“
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e
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— the alcohol was washed with water to produce gnti-7-norbornenol-exo,exo-5,

‘ 2
6-d, (86-exo,ex0-5,6-d,). 09,210

Scheme 2:1 Synthesis'of anti-?-chloro-exo—2—norbor§anol-exo,

exo-5,6-d, (§§70H-ezo,ezb-s,5-d2)

. HO
OAc / 1) LiAID,. D
> D
2) D,0
85 §§;exo,exo-5;6-d2 -
S'0C12
¢ c1
D B < 1) BH, D
D D
OH 2) HaOH, H202
§§;0H-exv,exo—5,6-d2 , ' gg;exo,exo—s,é-dz d
Alcohol §§;exo,exo—s,6-d2 was converted to gg;exo;exo-s,ﬁ-dz by treatment
with thionyl chloride.182 The nmr spectrum of the chloride (Figure 6:6, Chapter 6)

showed that the deuterium at C-5 and C-6 was at least 93% stereochemically pure
exo. Deuterium aséay showed that the chloride contained an average of 1.83
deuterium atoms per molecule and mmr integration showed that 0.12 hydrogen atom

was present at exp-C-5 and exo-C-6. Hydroboration of gg;exo,exo-s,é-dé and

subsequent oxidation of the organoborane with alkaline hydrogen peroxide

resulted in a 90% yield of ant£-7-ch1oro—exo-2-norbornanol-e¢o,exo-S,6—d2

ERLIESUR £ N PRy



-(§§70H-exa,exo-5t6fd2). Its mor spectrum (Figure 6:7, Chapter 6)

.

,showéd_a broad singlet with fine structure at & 4,16 (eyn-C-7) and a doublet
of ‘doublets (7 = 3 and 7 Hz) at 6§ 3.75 (endo-C-2). For tﬁé lgtter resonance,
the small coupling was attributed to trgng vicinal coupling with the proton
a; exo~-C-3 and the laréc:Jcoupling ;rose from'cis vicinal coupling\With
the'proton_at;endb-C-B. JResonances due to the bridgehead protons at C-1

‘ and C-4 appeared at 6 2.11 as a broad singlet and at § 2.24 as a doublet

W = 4’Hz) respectively, The resonances due to the protons'at exo-C-3

and endb-C-S formed an AB quartet. A doublet of doublets (J = 7 and 13 Hz)
at § 1.75 consti¥uted the lower field portion of the AB quarfet which arose
from the proton at endo-C-3. Large.éeminal coupling (13 Hz) with exo-C-3 |
and smaller ¢i8 vicinal coupling (7 Hz) fo endo-C-2 accounted for the
ﬁultiplicity of the peak. Moreover, a doublet of triplets (J = 3 and 13 Hz)
centered at § 1.40.which comprifcd the high field portion of the AB qﬁartet
was attributed fo the proton‘af exo-C-3, Once again,rlargc geminal coupling
(13 Hz) with endo-C-3 and smaller trans vicinal coupling (3 Hz} with
endo-C—g\could account for fhe ﬁu1tip1icity. At highcst relative field,

¢ 1.05, there appeared a broad singlet due to the £wo protons at endo-C-5

and endo-C-6.

For the synthesis of 59-OH-exo,ero-5,6-d,, hypochlorous acid was
added to norbornene-endb,end0-5,6-d2 (§2;endo,endo-5,6~d2). Olefin
§l-endp,endb-5,6-d2 was prepared by a four step scheme starting with

norbornadiene.as shown in Scheme 2:2. Addition of deuterium gas to

norbornadiene gave 71% norborncne-exo,eIO—S,G—dz (§2}ex0,exo-5,6-d2),
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90

17% norbornane-ezo,ezo,e:o',exa’—-d% and 12% starting material.211

Bromination of this mixture in methylene chloride gave 8yn-7-exo-2-

dibromonorbornane-endb,emi}S,B-dE (ggrendb,endb-s,b-d%) as one of the
products.212 Treatment of this deuterated dibromide with potassium- £-

butoxide in ¢-butanol for 33 hr at reflux gave a 70% yield of

gyn-7-bromonorbornene-endb,endb—é,G—d (89- endo, endo-5, 6-d 2)«  The nmr

spectrum of 89-endb endo-5, 6-d was consistent with that which has been

2
21 and furthermore the 1ntcgrat10n showed that the deuterium at

reported
Scheme 2:2  Synthesis of syn-7-chloro-exo-Z-norbornanol-exa,
exo-5,6-d2 ngéxo,exo-S,G-dz)
D
02 .
7 D
§Z;e:o,exo-5,6-d2
lBrz, CH2C12
-Br
KOtBu
€ Br
- BuOH
(A\°
,"I . D
§§;endo,endo-5,6-d2 §§;endb,endo-5,6-d2
l (nBu) 3SnH
: c1
L D
HOC1
> D

oH

D

? 37-endo,endo-5,6-d2 EE-OH-exO,e$O—5,6—d2
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‘C-5 and C-6 was at least 92% stereochemically pure endo, It was also
/ ' .
found that 0.08 hydrogen atom remained at the endo-C-5 and endo-C-6

» positions. When tri-n-butyl tin hydride213 was caused to react with

_ —

ggfenda,endb-s,ﬁ—dz in a sealed tube for 36 hr at stegm bath tempcrature,n2

!

§Z;endb,endo-5,6—d2 was formed in 75% yield based on the bromide and 7%

overall yield based on norbornadiene. Deuterium assay by mass spectrometry

revealed that the deuterated olefin contained an average of 1.90 deuterium
atoms per molecule. Fipally, treatment of gzﬁendb,endb-5,6—d2 with

hypochlorous acid178 gave th= desired chloro alcohol §2;0H—exo,exo-5,6-d2.

a

This reaction inverts the stereochemistry of deuterium at C-5 and C-6 from

- +
8 8 +
HO-C1 - ¢l
>
D 90
D — D
§z;endo,endo-5,§-d2 i l
N A\
Cl
AN c1
b —
+ .
b

2l;exo,exo-5,6—d2

l ’

Cl1

OH

§2;0H-exo,exo—5,6-d2n

Scheme 2:3 Addition of Hypochlorous Acid to norbornene;enda,endo-s,6-d2
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B - . S :
endo,endo to exo,exo via agialgyl sﬂift (Scheme 2:3}, Addition ofachlorine‘
to the-deuterated olefin.gl yields a species probably resembling 90 which
can undergo.afWagan?Meerweiﬁ'rearrangcmgnt to glfrand thﬁﬁ be captured by
solvent, Even if c;%ibnggk,qucrgoes a 2,6 endo,endo-hydride shift, this
would no; present any problems because capture by solvenf-would pngycc

the anti-alcohol 58-0H-4. In other words, the syn-alcohol 59-OH-exo,

éxo-s,é-dz can only arise by one stereochemical pafhway.

Additional proof for thé deuterium stercochemistry in 59-OH-exo,
ax0—5,6~dz came from its nmr spegtruﬁ (Figure 6:8, Chapter 64. A two
proton broad singlet at 6 1.11 was attributed to the protons at endo-C-5 °

S
and endo-C-6 whereas the multiplet due to the exo-C-5 and exo-C-6 protons
at 6.}.52 was missing in the spectrum of the deuterated compound.
. Deuterium assay by mass speétrometr§ on the qorrcéponding chloro ketone
gﬁ;exb,exo-s,ﬁ—dz showed that it contained an average of 1.84 deuterium

atoms per molecule.

~  For the preparation of 84-0H-endo-6-d, the known chloro ketone
63-endo-6-d was reduced with lithium tri-¢-butoxyaluminum hydride. The

alcohol was separated from small amounts dfh§§;OH-endo-6-d by glpc. It

v

A

1 c1 Cl

LiA1(0¢Bu) H .
x\\ ~ .} + , .
- ~ "
A , | OH
D 0 o oD O . D
/Egrendo-6—d RN * 84-OH-endo-6-d S B §§}0H-endb-6-d

r

This structure is not intended to represent an opinion

on the norbornyl cation controversy.
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- was not possiple to'ﬁscertain the position and stereochemistry of deuterium

in 84-endo-6-d by mmr spectroscopy (Figure 6:9, Chapter 6). A quintet

- with fine structure centered at & 4,00 indicated that the proton at C-2

was exo. It was assumed that in the reduction of the known chloro ketone

[

63-endo-6-d, the stereochemical integrity of the deuterium was maintained.

Af part of these studies on y-isotope effects in-bicyclic systems,

D oBH, - :
2) NaOH, H,0,
7
D 3) Jones oxidation 64, D
D

D
87-endo,endo-5,6-d, - 12-endo ,endo-5,6-d,,

‘ l CH MgI

D CH,COH

3772

D orc  <THSO, HyC

Gy OH
EE;OAc-exo,ezo-S,ﬁ-di_ 92-0H-endo ,endo-5,6-d,

l KOH, CH ;OH . , l

.y . !
D i TsCl ‘
D OH pyridine g D OTs
CHy | . ci

3

ggroﬂ-ezo,exo-S,é-dz ééroTs-exv,exO-S.ﬁ-dz

Scheme 2:4  Synthesis of l-methyl-exo-2-norbornyl tosylate-e::o,e::o-S,G—d2
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: D, ' D
Pto2 9 D
OAc l. . : OAc
NaOCH3
 CHOH
\/
D P Cro3 D
~ D
D H_SO
/ 2 4 N
0 H

1) CHsﬂgI
2)_CH3C02H

3) KOH, CH_OH.
4) n-Buli, TsC1

\'4
1
I 0Ts
H
D D 3 *
‘§2;0Ts—endb,endb—s,6-d2

&

" Scheme 2:5 Synthesis of 1-methyl-exo-2-norbornyl tosylate-endo,endo-s,6—d2214
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CH
OH

92-0H-endo,endo-5,6-d,

OAc

0A

CH

CH3C02H

95

> * ,
H,S0
2°°4 cH, D
: D
4
4
CH,COH D
& 3 2 D
N
H +
3
/ 2,6 hydride
shift
v
D
- CH,COM
< +
D
CHy

Scheme 2:6 Deuterium scrambling wuring the acid catalyzed rearrangement

of exo—Z—methyl-enfa—l—norbornanol-cndo,exdo—s,G-iz

-l ., 3 s
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an attempt was made to prepare l-methyl-exo-2-norbornyl tosylate-exo,

exo-S,é-dz (gg—GTs-exo,exo-S,ﬁ-dz) by the route in Scﬁcmc 2:4 which'is

214

similar to the route used by Jerkunica for thd preparation of 80-0OTs-endo,

endo-s,é—d2 (Scheme 2:5). As shown in Scheme 2:4, the deuterated one

212
d2

lz-endo,endb—S,G-dz was prepared from ngendo,endols,b— by known ~

reactiomsyy. Treatment - of lgfendb,endo-s,ﬁ-dz with methyl magnesiuﬁ iodide

215,216
d2 ]

' gave gg—OH-endo,endo-S,ﬁ— which was subsequently rearranged in

acetic acid and sulphuric acid to gg-OAc-exo,ef@-S,ﬁ-dz.215'216 Saponification

41,217 with methanolic potassiuﬁ hydroxide was expected to

of this acetate
produce specifically labelled §gf-on—ero,exo-5,6—d2. However, nmr analysis
of the alcohol revealed that there was abdutuO.SO deuterium atom at
endo-C-2, This arises via a 2,6 endo,endo-hydride shift during the acid
catalyzed rearrangement of gg-on-cndo,endo-s,é—dz to 80-0Ac-exo,

exo-S,é-dz kSchcmc 2:6). This rcnrrang&ncnt mu;t also occur when ggfon-e;q,

'exo-s,ﬁ-dz is treated with acid aml this also results in deuterium scrambling

(Scheme 2:7). Thus, the value of the y-KIE for solvolysis of

-

" §9;0Ts-endo,endo-s,6-d2 "' as prepared and mensured by Jerkunica is suspoct.llSa
N
D CH3C02H
CH e
H2504 £ ! +
OH 3
D OA
92-0H-exo,exo-5,6-d2 L CH
o 3
. D
Scheme 2:7  Deuterium scrambling during the acid caLalyzc& rearrangencnt
' “_-_‘—’_‘——_;

of emo—2-mcthyl—endo—2—norbornanol-8$0,€x0-5,6-d2
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To complement the?frkIE studies in bicyclic molecules, a

preliminary investigation of a B-KIE was uﬁaertaken. In view of the

availability of anti-7-chloronorbornene (__),

it was decided to prepare

Deuteroboration of 62 followed by oxidation of the

C1 C1
. 1) B7Dﬁ N D : P
IEd .
2) NaGH, H
1%
62 . 58-OH-ez0-3-d

intermediate organocborane with alkaline hydrogen peroxide gave nearly

quantitative conversioh to §§;OH-61EL3-61 In the nmr spectrum of

58-0H-exo0-3-d (Figure 6:10, Chapter 6), the froton at endo-C-2 appeared at

8 3.77 as a 'doublet with J = 7 Hz (ef for 58-0H, the endo-C-2 proton

r

appears as a doublet of doublefs). This doublet arises from ¢Z8 vicinal

coupling; deuterium at exo-C-3 precludes smaller trans vicinal coupliné.
This stereochemical assignment of deuterlum was conf1rmed by use of LSR,
When Eu(fod)3 was added to 58-OH (mole ratio LSR/alcohol = 0,55} in carbon
tetrachloride, nmr spectroscopy showed that all the proton resonances,

except those due to C-S and C-6, were well resolved from each other

(Figure 6:11, Chapter 6). All coupling constants and. peak multiplicities

were consistent with the assigned structure. Alcohol 58-0H-exo-3-d (37 mg)

was complexed with 160 mg of Eu(fod)3 (mole ratio LSR/alcohol = 0.61) in

carbon tetrachloride and the nmr spectrum .(Figure 6:12, Chapter 6) showed

urthermore,

CLEPS PR

t 0
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at § 6.60; the endo-C-3 proton resonated as a doublet (7 = 7. Hz, oo f
vicinal coupling with the endo-C-2 proton). Deuterium assay (by.mass

spectrémetry) on the corresponding chloro ketonc 63-exo-3-d indicated that

. 8}
it contained an average of 0.93 deuterium atoms per molecule,

a . . - . -

-

B. Isotope Effccts for Solvolyses of 7-Chloro-2-norbornyl brosylates-6-d

The y-isotope cffects were determined in 80:20 cthanol-water

buffered with 0.04 M sodium acetate by simultancously observing the
solvolysis of the non-dcuterated and?dcutcrated-chloro brosylates.218-

By monitoring changes in absorbance as a function 0% timé, first order rate
constants (k) were calculatcd.by a least squares program from the
-ln(At-Aug vs time graphs where Al is absorgancc at time tland A_is
absorbance at iime infinity (Jsually ~ 10 half-lives). The derivation

and validity of this relationship are discussed in Chapter 6. This method
wés used for the various deuterated analogs of 58- and 59-OBs. Due to

the unreactive solvolytic behaviour of 84-0Bs at 8o° (t, = 12 hr), it was
4 = ks

impractical to spectrophotometrically determine A+ The reaction rate-

constants for solvolysis of 84-0Bs were determined by a computer progrdm219

which fits absorbance and time data to an equation of the form

-kt

= +d
At be | |
where b and d are constants. Thus, the best k was obtained for a given

set of (t, At).

For all the compounds which were studied, linear first-order plots
were obtained. Runs with deuterated substrates were carried out only after

control runs with the non-deuterated substrates consistently gave identical




R

~
1)

\
rate constants ie kH/k = 1.00+0.01. Table 2:5'" summarlzes the deuterium

content of the chloro brosylates and Tablc 2:6 115t5 the y-KIEs.

_Typ1ca1 first-order plots for solvolysis of each substrate (non-deuteratred

vs non-deuterated and non-deuterated vs deuterated) are illustrated in

Figures 2:15 - 2:34. - . "

The B KIE for solv01y51s of 58-OBs-exo-3-d is shown 1n-Tab1e 2:7

and typical first-order plots are 111ustratcd in Figures 2:35 - 2:36,



a

Extent of Deuteration of Chloro Brosflates?

Compound
58-0Bs-endo-~6-d
59-0Bs-endo-6-d
§§7OBs-emo,exo-S,6-d2
ngoBs-exo,exo-5;6-dé
84-0Bs-endo-6-d

58-0Bs-exo-3-d

Table 2:5

R,

85

93

90

39

average d/molecule

0.97

"0.99

1.83

1.84

0.97

0.93

. 100

~—ry

a . . .
Determined by mass spectrometry at low voltage on appropriate

derivatives (sece text)



vy -Hydrogen Deuterium Isotope Effects for the Solvolysis of
7-Chloro-2-Norbornyl Brosylates-¢-d in 80:20 Ethanol-Wa}era

Compound
- 58-0Bs

§§;0Bs-endo-6—d

ég;OBs

59-0Bs-endo-6-d

§§;0Bs
A\

58-0Bs-exo,exo-5,6-d

1)
Eg;OBs

§§;OBs-cxo,exo-5,6-d2

§£;635

§5;OBs~endo—6-d

iy

Table 2:6

b

2

2. . -1 o e.d

k x 10" (min 7} kH/kD
2.056+0.004 1.11+0.01
1.846%0.002

0.987+0. 005 1.110.01
0.889+0.005

1.652+0.004 1.12+0.01
1.471+0, 002

1.00120. 004 1.11+0.01
0.90420. 004

£

5.27+0.03 1.00+0.02
5

. 29%0.02

50.0

57.8

51.1

80

101

? Measured by the spectrophotometric method of Swain.

These are representative runs.

)

constants appears in Chapter 6,

of the standard deviations in‘kP and kD'

o

Corrected for incomplete deuteration.

0
temperature control was *0.95°.

£ The units arc hr'l_

A complete tabulation of rate

Mean of at least 3 runs: the errors in the ratios are the sums

- . RPN ¥
This represents the approximate temperature (=27). ilowever,

218
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Table 2:7

B-Hydrogen Deuterium Isotope Effect®

b.

Compound ‘ .k x 102(min"1) kH/ch'd T®
. 58-0Bs 1.725:0. 003 © 1.090.01 57.8°
58-0Bs-exo-3-d 1.576£0.004 °
2,b,c,d,e, See footnotes of Table 2:6
N
C. Produégjfdentification and Product Ratios ./' -

Solvelysis of 58- and 59-0Bs in the ethanol-water mixture gave
2gd§§;05p, 59-0Et, 58-0H and 59-OH as products. These were identified by

comparison to authentic samples. For 'solvolysis of the deuterated substrates,

. / }
C

C1 C1
N EtOH:HZQ l .
OBs , ? OEt
58- or 59-0Bs 24 58-0Et
c1 | - c1
C1
EtO + +
OH HO
59-OEt 58-OH 59-0H

we did not attempt to locate the site of deuterium substitution within the

products. Relative product ratios are tabulated in Table 2:8. Product

! et ]
A% 3 SN

R P N L T I .

-

i 1 B s
AECRRT IR SRS SN P

2

A TIPSR LRIy

-

= PP

i

Eitar
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—
~
T
~

identification from the reaction of 84-0Bs was hampered by the formation

of secondary products. ' i

=Ty

D. Deuterium Losses in the Formation of 3-Chleronortricyclene

Table 2:9 lists the fractional percentage loss of deuterium {n the
formatiop of 24 from the solvolysis of the deuterated chloro brosylates.
The deuterated chloride 24 was isolated by glpc under carefully controlled
conditions vhich excluded thé possibility Qf contamination by chloronor-
bornene (62) which could arise via 1,2 elimination. -Also, isolation of 24
from a large scale solvolytic reaction and subscquent nmr anaiy#is showed

-

that there were not_any olefinic protons.

RPN

BT m e -

o s

PP

I ks N Y PRCERNHI . " e . B rem
N L i e



Table 2:8

Product Ratios from Solvolysis of 7-Chloro-2-Norbornyl Brosylatesa

e Comgound

58-0Bs”

§§;OBs-endo-6-d

ggfossg

§2;085—end0—6—d

58-0Bs®
58-0Bs-exo,ex0-5,6-d,

Eg_-OBsh

§§;0Bs—exo,exo—5,6—d2

58-0Bs"

58-0Bs-exo-3-d

30

20

20

22

35

20

19

28

Relative % Yield®’®

58-O0Et  59-OEt 58-OH 59-OH Other'
36 5 29 4 5
40 4 33 3 7
11 24 8 23 4
10 31 8 30 1
39 7 23 5 6
38 . 6 23 4 7
11 21 11 19 3
11 27 17 25 0
40 7 22 5 7
36 7 18 5 6

104

2 Solvolysis.in 80:20 cthanol-water with 0.04 M sodium acetate

Determined by glpc by electronic integration

¢ Average of 4-5 determinations: these numbers have a tolerance of 10%

d,e,f

they were determined at different time periods.

numbers indicates their reproducibility over long time int

g,h

1 Unidentified .

See'footno;es d,e,f.

% product ratios from these runs are not exactly identical because

Comparison of these

e{;als.

/

S

-

itk A e v %
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—G [
At - Figure 2:15 . Absorbance and time data for ethanoiys‘es of-
1.5007] syn-7-chloro-exo-2-norbornyl brosylate (§_9_—OBs) ‘and
syn-7-chloro-exa-2-.n'orborny1 brosylate-endo-6-d
(59-0Bs-endo-6-d) at 50° and A = 264,9 nm,
1.400-] g
1,300
1.200-
~
1.100-
1.0004
4 H
T I T T | T 1 T I -~
o ' 100 - 200
Time (min}
e
\
= Figure 2:16 First order plots for ethanolyses
2.000_| of 59-0Bs and 59-0Bs-endo-6-d
i
*f -
4
=
'E -
' Bs0
1.000—] H
ky/kp = 009873 + 0.000054 min™’
_ . -
\ Cl C .008888 + 0.000050 min !
Bs _=1.11 + 0.01
—‘ 1.
;
I' f I T I l T T ] I
0 1006 200

Time (min)

Yo



&

Fa N |

[ ,
At —‘\
1,600 :

T

™

107

=

Figure 2:17 A Absorbance and time data from-a control run for

efhandlysis of syn-7-chloro-exo-2-nofborny1
brosylate (59-0Bs) at 50° and A = 264.9 nm.

% .000026 min |

0.01

1.400
1,200 7
1, 000—
T T T T | T T T ¥ l T T
0 100 200
Time (min) :
Fipure 2:18 First order plots
2.000— for cthanolysis of 53-OBs /
at 50° (controlwrun)
kH/kH = .00881
.00868
= 1.01 +
1.000—
-
q
0. 000 & T T T T | 1 T T i |
100 2Jo )

Time (min)

+ .000034 min

B TP S,
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0. 000 ¢
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- Figure 2:19  Absorbance and time data from a control run for
' ethanolysis of anti-7-chloro-exo-2-norbornyl
brosylate (58-08s) at 60° and A = 276.4 nm.

Time (min)

Figure 2:20

of 58-0Bs at 60° (control run)

C1

First order plots for ethanolysis

OBs = 0.99 + 0.01

Time (min)

ky/ky = .02001 + .00011 min”’

.02012 + .00009 min” "
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JB't .~ Figure 2:21 Absorbance and time data for ethanolyses of
: anti-?-chloro-exo—Z-norbdrnyl brosylate (58-0Bs)
. and anti-7-chloro-exo-2-norbornyl brosylate-endo-6-d
 (58-0Bs-endo-6-d) at 60° and A = 276.4 mm.
1.000—
0.500 T H
! T T 7 T T T T T I T T T T T T
0 100
Time (min)
4 Figure 2:22 First order plots for ethanolyses
- of 58-OBs and 583-OBs-endo-6-d at 60°.
3,000 ]
2.000 _]
- . =1
n + .00004 nin
: + .00005 min™?
1.000 — 0.01
0.000

Time (min)

daba - -
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AW e AR L alit
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Flgure 2:23 Absorbance and time data for ethanolyses of 110
syn-7-chloro-exo-2- norbornyl brosylate {59-08Bs)
_ and &yﬁ—7-chloro-exo-2—norborny1 brosylate-
A
t ex0,ex0-5,6-d., (59-0Bs-ezo0,ex0-5,6-d,) at 51°
and A = 264.9 nm.
1.500 o
1.000—
T T T T T T T T T T T T T T
0 - ‘ 100
Time (min)
.K -
2,000 — Figure 2:24 “First order plots for cthanolyses
of 59-OBs and 59-OBs-exo,ez0-5,6-d, at 51°.
"% |
<
]
FR]
= -
5
o Cl
H
1 000 — .009757 + .060030 min”

= 1.1010.01
- D
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L
T { i I T T i 7 ] T T I

0 . 100
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.008908 + , 000064 min” -
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Figure 2:25 Absorbance and time data from a control run for
' ; ‘ ethanolysis of 8yn-7-chloro~exo-2-norbornyl
brosylate (59-0Bs) at 51° and A = 264.9 nm.

- 1 T QR |
0 100 .
Time (min) '
2.000] Figure 2126 First order plots for ethanolysis
- of 59-DBs at 51° (control run)

+ .00003 min !

111
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- Figure 2: 27 ppsorbance and time data from a control! run for

112

ethanolysis of anti-7-chloro-endo-2-norbornyl:.

q brosylate (84-0Bs) at 80° and A = 266,0 nm,
4
C1
Ay ) 7]
0.500 7
OBs
T T T I
0 20 40
Time (hr)
A\
Figure 2:28 First order plots for ethanolysis
3.000 — of 84-0Bs at 80° (control run) O
Cl
~, 2000 — \ - 0
- k,/k,. = .0536 + .0004 hr
;“ — )
= .0537 + .0008 hr
' 7 = 1.00 + 0.02
1.000 —
5
ff
l LI TooaTTT o T - T -
0 20 - 40

Time (hr)

PRV PV
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Figure 2:29 Absorbance and time data for ethanolyses of

anti-7-chl oro-endo-2-norbornyl brosylate (84-0Bs)

1.0{_00 . am# anti-7-chloro-endo-2-norbornyl brosylate-
4\ - endo-6-d (84-0Bs-endo-6-d) at 80° and A = 266.0 mm.

C1
A
A
OBs
*0.500
I - 1 > T !
0 20 40
Time (hr)
N .
B Figure 2:30 First order plots for ethanolyses
3.000 — of 84-OBs and 84-0Bs-endo-6-d
at 80°, -
Cl
2. i ) -
~ 2700 k k) = .0573 + .0004 hr!
<< D -
<& | " .0573 + .0004 hr *
= . = 1.00 + 0.02
1.000 —f
g
LS
T T I '
0 20 40




0.400

114
Figure‘2:31 Abso;bance and time data for ethanolyses of
. anti-7-chloro-exo-2-norbornyl brosvlate (§§f085f
and anti—7-chloro-exof2-norbornyl brosyvlate-

emo,exo-s,é-dz (§§;OBs-exo,exo—5,6-d2) at 57.8°

and X = 276.4 nm.
p Cl
v
: 0Bs

Time (min)

Figurc 2:32 First order plots for ethanolyses
of 58-0Bs and §§—OBs—exo,ex6—S,6—d2 '
at 57.8°.

.01652 + .00004 ain”

1

= 1.12 + 0.0l

£ 100
Time (min}

01471 + .C0002 min !
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Figure 2:33 Absorbance and time data from a control run for
cthanolysis of anti-7-chloro-exo-2-norbornyl

brosylate (58-0Bs) at 57.8° and X = 276.4 nn.
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0.500
0

Time (min)}

Figure 2:34 First order plots for cthanolysis
of 58-0Bs at 57.8°.
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Figurc 2:35 Absorbance and time data from a control run

e At for ethanolysis of éﬂti—?—chloro-exo—2-norborny1
4 brosylate (58-0Bs) at 57.8° and A = 276.4 nm.
] cl
e Ve &
OBs
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0.100 T T I T T ¥ T T i T
0 100
‘ Time (min)
- 3.000— _
Fipure 2:36 First order plots for ethanolysis
of 58-CBs at 57.8° {control run)
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1.000— Figure 2:37 Absorbance and time data for ethanolyses of
.anti-7-chloro-ero-2-norbornyl brosylate (58-0Bs)
7 and anti-7-c%ro-ex\5-2—norborny1 brosylate-
‘exo -3-d (58-OBs-ezo-3-d) at 57.8° and A = 276.4 nnm.
A .
t : c1
/’ 0
7 C1 OBs
0.400 ~ ’
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0 100
Time {min)
_ Figure 2:38 First order plots for ethanolyses
of 58-OBs and 58-OBs-exo,3-d at 57.8°,
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DISCUSSION OF RESULTS
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-
A. Electrophilic Cleavage of Nortricyclenes

1) 3-Chloronortricyclene - (24)

P

Accurate rate constants for tﬁe electrophilic cleavage of
3-chloronortricyclene (24) in acetic acid containing sulp?uric acid under
the conditions previously described were not obtained. HoWwever, from
Table 3:1 it is apparent that 24 is léss reactive than norfiricyclene (20}
or l-methylnortricyclene (22} with respect to rupture of the cyclopropyl
bonds. This is not surprising when one considers that in the absence of
resonance stabifization by chlorine, the inductive effect of this halogen
destabilizes positively charged §pecies. Solvolysis of 24 (viag loss of
chloride) to produce ;he nortricyclyl cation in which there is a p-orbital
adjacent ﬁo the cyclopropyl group fef cyclopropylcarbiny, tion) dOeslnot
compete with'ring cleavage. This corroborates the experimental observations

of Robert5221’222

which ﬁave established that the solvolytic reactivity of 24
is extraordinarily low (k = 0.019 hr-lgin 80:20 ethanol-water at 850) relative
to other cyclopropylcarbinyl-type pompounds. It is™djkely that introduction

of severe strain by the sp3 to sz hybridizational change.which occurs during

solvolysis outweighs any cyclopropylecarbinyl stabilization in'the transition

state.

Product ratios from the electrophilic cleavage of 24, iﬁter alta
* .
58-0Ac : 59-QAc = 44:26 , suggest that for steric reasons attack by acetate
on the chloronorbornonium ions 93 and 94 or conceivably on the edge-protonated

i
3-chloronortricyclene.'95 is preferred from the side antt to chlorine. This

*
These numbers are based on the relative ratio of the corresponding

chloro kétones éé_and Ei'
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.point is examined in more detail in a subsequent section.

./-
93 94 95
Since predominantly exc-acetate products are observed (exo-acetate:
endo-acetate = 98i2:211);<this shows that the carbon atom which undergoes ;

nucleophilic attack experiences net inversion of configuration, a phenomenon

40,41,180

also observed in other nortricyclenes as well as in a multitude of

36,37,52,55,56

" other compounds containing cyclopropyl groups. However, the

P RN

stereospecificity of nucleophilic attack could be peculiar to this system
. - . i 1 |
since exo-attack in the norbornyl system is favoured. 44 In decuterated:

medium, ring rupturc of 24 gives monodeuterated products with minor multiple

H
1
}
i
i
!

labeling (<3%) and establishes that the intermediate cationic species do not

return appreciably to 24 or to chloronorbornenes.

In Qiew of the spectral data in Table 2:3 (Chapter 2) which

quantitatively establishes the distribution of deuterium within the p?oducts,
a mechanism for’electrophilic cleavage of 3-chloronortricyclene {gﬂ) is presented
in Scheme 3:1. A,B,C,D,E, and F represent either thg chloronorb;rnonium ion
or the approprdate pair of classical ions. Since there was iO-lS% isomeritation
of endo-5-chloro-exo-2-norbornyl acetate (61-0Ac) to the exo-5-chloro

isomer 60-0Ac, the p;rtitioning of A,B,C,D,E and F to 60- and 61-OAc-d is

~

not exactly that given by deuterium positional analysis and therefore is

represented as totals leading to A,B,C,D,E and F.




Table 3:1 Conditions required for the cleavage of various

Acid Medium

CH§F02H +

0.10M H,SO

CHSCOZH +

0.1 H2804

CHSCOZH +

0.10M H2504

CH3C02H +

Q.OBM H2804

CH3C02H +

0.0052M H,S0

2774

CHSCOZH +

0.10M H2504

70

45

75

23

24

62

121
Time (% Reaction) Ref
120 hr (>95)" this
work
96 hr (>95) 180
45 hr (98) 180
24 hr (=95) 40
2 hr (15) 41
105 hr (>93) this
work
nortricyclenes
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Since electrophilic @+) cleavage of 24 gave anti-7-chloro-exo-2-

~

norbornyl acetate-endb—ﬁ-d (58-0Ac—endb—6—d) with only small amounts of
deuterium at exo-C-6 (endo-6-d:exo-6-d>14), this suggests that 1nttta1
corner deuteratton at C-1 (path a, Scheme 3:2) of the cyclopropyl group with
subsequent cleavage of the C-1 C-6 bond is not an important path leading to
this product. If one aécepts the Hélsh model8 for cyclopropane (cf 1) as
belng representative of the cyclopropyl bonding in 3- chloronortricyclene (24),
then corner deuteration at C-1 actually implies electrophilic attack d1rected
towards a back lobe of the ap orbital at C-1 (path a,_Scheme 3:2). This
ﬁinor lobe is situated in a plane defined by the C-7, C-1, C-1-H atoms and

almost bisects the angle formed by these three atoms. By definition,

- Cc1 3
C1.__3 . _
D d
a ; \ g D+
D"'__; e + o~
. «“—— D H

E le A1

S ’ p* D"
D

Scheme 3:2

corner deuteration at C-1 via this route involves the simﬁltaneo7s development
of positive charge at the two carbon atoms which axe 6pposite to that being
attacked, namely C-2 and C-6. Neglecting isotope effects, attack in t%;s'
maﬁner should give equal probabilities for formation of ions 93-exo-6-d and
2§;€ndqf6~d (Scheme 3:3) and therefore equal amounts of chloro acetates
§§;0Ac—eIO-6;d and 58-OAc-endo-6-d. The experimental data in Table 2:3
(Chapter 2) do not support these predictions. Alternatively, if one considers

- e ,
the bent bond model11 for cyclopropane (cf 2) as being an accurate
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representation of bonding in 3-chloronortricyclene, then corner deuteration

at C-1 implies electrophilic approach by paths d and e (Scheme 3:2)

Cl
D
QAc
C1 :
58-0Ac-exo-6-d
a
AW
corner
H deuteration
at C-1 via
24 path «a C1
OAc 3
D
j

58-0Ac-endo-6-d ]
Scheme 3:3 |

ie approach by electrophile towards the back lobes of the C-1 €-6 and C-1 C-2
bonds respectively.

Conceivably, the chlorine atom at C-3 could impede approach

of electrophile by path d and hence initial corner deuteration at C-1 by |

LR P

path e could predominate. This particular preferred pathway could ea511y

account for the predominant formation of 58-0Ac-endo- 6-d. However, this
224

possibility can be excluded since Brown2<-» has demonstrated that the

gem-dimethyl groups of 7,7-dimethylnorbornene do not reverse the exo

stereospecificity144 for reactions proceeding through non-cyclic processes,

_ Since a methyl group and a chlorlne atom occupy approximately the same volume

in space, there would be a negligibly small steric dlfference between corner

) Lo e er s b m e Al ek
:-'-‘oj-'flfﬁ!‘:";‘}'{‘ ERMLPRICILES BP0 RO B

deuteration at C-l via paths d and e,

A

Once again this should result in a

w

iy,
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virtually equal probability for formation of ions 93-ex0-6-d and 93-endo-6-d and

therefore equal amounts of 58-OAc-ezo-6-d and 58-0Ac-endo-6-d.

Formally, whether corner deuteratioﬁ at C-1 in 24 occurs by path
‘a or by paths d and e, the intermediate cations should be identical.
In Scheme 3:2, the representation of approach by D" towards C-1 by paths
d and e emphasizes the fact that two stereochemical outcomes.ére possible
for formation of ion 93, namely exo- and endo-6-d. However, it must also
be stressed that cormer deuteration by path a (Scheme 3:2) also allpws for -

the same two stereochemical outcomes for the formation of ion gé,

Initial edgé deuteration (path b, Scheme 3:2) of the C-1 C-6 bond
in 3-chloronortricyclene_to yield 95-d and subsequent collapse with

muclecphile (acetate) accounts for formation of 58-0Ac-endo-6-d.

In Scheme 3:3, corner deuteration of 24 at C-1 is depicted as giving "
rise to norbornonium-type ion 93 in order to conform to the concept that
cornerwise attack by'an electrophile at a particular gyclopropyl carbon atom
induces simultaneous development of positive charge at the two oﬁposite
carbon atoms. Ion 93 would be unsymmetrical with respect to charge
distribution between C-1 and C-2 fe most of the positive charge probably
fesides on C-2 since this carbon atom is further removed than C-1 from the

chlorine substituent. This prediction is supported by the observation that

oty il St 2 B e ATt e fire - e e L e
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significant amounts of endo-3-chloro-exo-2- norbornyl acetgte (72-0Ac)

were not formed (< 3%) dur1ng the electrophlllc (CH COZH H S0 ) cleavage of

3-chloronortricyclene; this chloro acetate would have arisen as a result of

nucleophilic 176

attack by acetate at C-1 in ion 93. In fact, Gassman has

recently suggested that ion 93, which was generated by solvolysis of

anti-7-chloro-exo-2-norborny1 tosylate (58-0Ts), is classical. Therefore

substituents at C-6 in 93 assume their respective endo- and exo-like

N
Q

character which is maintained in the reaction leading to product (e.g.58-0Ac-
exo-6-d) .
AN

Similarly, the predominant formation of ayn-7-chloro-exo-2-norbornyl
acetate-endo-6-d (59-0Ac-endo-6-d) with‘only small amounts of 59-0Ac-exo-6-d

being present (endo-6-d:exo-6-d>14) dictates that corner deuteration at

L

C-6 in 3-chloronortricyclene (path c, Scheme 3:2) is mnot an important path

leading to this product. Neglecting isotope effects, attack at C-6 by path ¢

3\
C1
-_955; OAc_ -
D
“94-exo-6-d 59-0Ac-exo-6-d
+ —
D
e
P
corner
H geuteratio .
24 at C-6
- .- via path ¢ C1
“OAc
OAc
-—
D
Scheme 3:4

59-0Ac-endo-6-d
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sﬁoﬁld give equal p%obabilities for formation of gf:exo—ﬁ-d and 94-endo-6-d;
therefore equal amounts of §2}0Ac-exo-6~d and 59-0Ac-endo-6-d should be
formed (Scheme 3:4). Once agaiﬁ;-if one prefers to enqﬁsage_corner
déuteragion‘;t C-é as involvement of paths f and g (Scheme 3:2), then there .

should not be a steric preference forte1ther path and hence virtually

1dent1ca1 amounts of 59-0Ac-exo- 6-d and 59-0Ac-endo-6-d should be formed.

The data in Table 2:3 (Chapter 2) do not support these contentions.

Therefore, tnitial edge deuterqtion of the C-1 C-6 bond in
3-chloronortricyclene (péth b, Scheme 3:2) to'give ggfd and subsequent
-collapse with acetate accounts for the formation of 59-QAc-endo-6-d. Corner
deuteration at C-6 in 24 is depicted in Scheme 3:4 as yielding the norbornonium-

type ion 94 for reasons identical to those put forth for ion_géh(vide supra).

Possibly, corner deuteratiﬁn_via path f (Scheme 3:2) followed by
cleavage of the C-2 C-6 bond might be sterecelectronically favoured relatiye
to corner deuteration vig path g, due to formation of an ezo- chloronium’

.ion 90. This pathway (Scheme 3:5) could also account for formation of
59-0Ac-endo- 64& If 1n1t1§1 corner deuteration of 24 by path f gave the
symetrical ion 90 directly, then neglectiﬁg isotope effects, equal amounts

- of 59-OAc-endo-6-d and 59-0Ac-endo-5-d.would be }brmed. Clearly this is -not
borne out by the experimental results in Table 2:3. Moreover, i? is diff{cult
‘to rationalize why path g should be totélly suppressed. Thus the initial.
interaction of electrophile (D ) Nlth 3—chloronortr1cyc1ene occurs in an
edge- deuterated fashion to glve 95—d, in order to account for the distribution
of label (e predominantly endo-C-6) within the two major products 58- and ;

59-QAc-d. In contrast tomnortricycleﬁe (22340 and l-methylnortricyclene (Zg)4l
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where substantial electrophilic inversion was observed, the C-1 C-6 bond

in 3-chloronortricyclene undergoes cleavage with predominant electrophilic

retention (this contrast is discussed later).

Although'the present work dictates intervention of edge deuteration,

it does not differentiate whether this is a transition state or an intermediate

along the reaction cbordinate, or if an edge deuterated species is converted

into a corner deuterated species. In fact, subsequent ;rguments (vide infra)
suggest that corner deuteration is likely not important in this systen,
Figures 3:1 and 3:2 illustrate two possible.pqtential energy profiles for
the electréphilic cleavage of 24:

a) an edge deuterated transition state preceding ionic intermediates

and  b) an edge deuterated intermediate preceding ionic intemmediates.

The potential energy diagrams débict ion S4-endo-6-d as being more
stable than ion 85-endo~6-d because of possible stabilization of the positive

..charge by chlorine via halonjium ion participation. Once again, it must be

C1
+
33 36
Cl
[\
W,
4
94 91
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remembered that more accurate desc?iptions'of 83 and 94 would place most

of the positive charge at C-2 so that ions 96 and gl_:espeCtively are

proﬁably truer representations. Experimental evidence for halonium ion
participation in 91 was recently reported by Gassman who found that acetolyses
of anti-7-chloro-exo- and endo-E—norbornzl tosylates gave virtualiy identical
product mixtures whereas acetolyses of syn-7-chloro-ero- and endo-2-norbornyl
tosylates gave different product mixtﬁfes.176 Neighbouring éroup participation

or intrameolecular interaction of the syn chlorine atom with the p-orbital.

was invoked as an explanation for the above behaviour.

In Figures 3:1 and 3:2, edge deuferated lon 95-d rearranges only to
93- and 94-endo-6-d because transformation into 93- and 94-exo-6-d would
require lﬁrgc atomic rearrangemcnts of the hydrogen and deuterium atoms at
C-6. Therefore ¢f the clectrophilic cleavage of 24 does in fact involve
the intervention of corner deuterated species, our results impose one impértant -

-restriction, namely edge deuteration must precede corner deuteration.

The reaction products could arise by ﬁucleophilic attack on cdge
and/or corner deuterated and/or ionic species. Baird and Aboderin studied
the electrophilic clgg;ago of cyclopropane and concluded that solvolytic ring
opening occurred primarily from hydrogen-bridged ions (edge protoﬁation, ié).sg
In the 3-chloronortricyclene - CDSCOZD, 02804 system, the twelve hydrogen-
(and deuterium) bridged ions formally derivable are 95-d, 97-107 (Table 3:2).
Initial edge deuteration of the C-1 C-6 bond gives 95-d which can conceivably
Tearrange via corner deuterated ions 93-endo-6-d apd 94-endo-6-d to the edge

protonated ions 101 and 106 respectively. Further rearrangement viac other

corner protorated ions can convert 101 into 105 and 106 into-102. Similarlv.
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Table 3:2 Possible hydrogen (deutcrium) bridged ions for

D" and 3-chloronortricyclene (24)

132
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initial edge deuteration of the C-1 C-2 bond in 3-chloronortricyclene gives
100 which can be converted into ioﬁs 99 and 105 vig ions 107 and 97
respectively. If nucléophilic attack occurs directly on these ions from

the sides opposi;e to those of the delocalized boﬁds; then attack by acetate
on ion 95-d would yield both syn- and anti-7-chloro-exo-2-norbornyl
acetate-endo-6-d. However, aftack by acetate could also occur on unsymmetrical
- ions such as 93-endo-6-d and/or 94-endo-6-d which might érise-from 95-4.

This work does not distinguish between these possibilities.

If products were formed solely by nucleophilic attack on the ions
shown in Table 3:2, then attack by acetate on 97 should give a mixture of

59-0Ac-endo-2-d and 58-0Ac-exo-6-d. As shown in Table 2:3 (Chapter 2), it was

Cl Cl

( - OAc
D | H \

97 . 59-0Ac-endo-2-d 58-0Ac-ex0-6-d

estimated that less thdn 5% of the deuterium af C-6 in §§70Ac-d Wwas

- positioned at exo-C-6. If this small amount of deuterium at exo-C-6
arose by nucleophilic attack by acetate on ion 97, then one should expect
deuterium at C-2 in §§;0Ac-d; However, the'analysi;\for deuterium was

carried out on the deuterated norbornanol which was derived from §§;0Ac-d

by (a) reduction with lithium aluminum hydride to 59-OH-d (b)  oxidation
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~to 64-d and (c) reduction of 64-d with lithium aluminum hydride. The

oxidation would remove any deuterium which was originally present at C-2

1 . c1
1) LiAlH, LiAIH,
D OAc 2) Oxidation 5 .
\
D 0

.,
W,

and thus would not be detected.

Attack by acetate on ion 99 would produce 58-0Ac-1-d and 59-0Ac-1-4.

. Cc1 Cc1
DAc .
> T c
© OAc
D | D

99 . 58-OAc-1-d 59-0Ac-1-d

" :
Nithin the limits of detection by por spectroscopy , these two products

were not observed.

Formation of exo-5-chloro-exo-2-norbornyl acetate-gxo-3-d
(60-0Ac-exo-3-d) cannot be explained in terms of nucleophilic attack on any
of the ions shown in Table 3:2. However, transformation of ion §§;d into

~ion 90 which undergoes a hydride shift and then reacts with acetate accounts

for 60-OAc-exo-3-d (Scheme 3:6). Formation of 60-0Ac with deuterium at both

-*
It must be emphasized that detection of small amounts of deuterium,

within these compounds, by pmr spectroscopy is usually quite difficult.
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exo- and endo-C-3 shows that some leakage to the exo-chloronium ion 90

—_— a’
90
95-d
S
c1 D oA -
—

QAc

60-0Ac-exo-3-d

Scheme 3:6

S

Cl

61-0Ac-gyn-7-d

occurs whereas lack of deuterium at the C-3 position in 61-0Ac-d shows, by

analogy, that leakage to an endo-chloronium ion 108 does not occur.

[=oll

Deuterium is not introduced into C-3 of 60-0Ac-d by the deprotonation-

deuteration path shown in Scheme 3:7 since this would require that the

amount of d, species in gxo-5-chloro-exo-2-norbornyl acetate-d would equal

the amount of deuteritm at C-3. Experimentally, it was found that there
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were not any d2 species and there was 0.40+0.10 deuterium atoms at C-3
in 60-OAc-d (Table 2:3, Chapter 2)}. The mechanism shown in Scheme 3:7
would allow for formation of exo-6-chloro-exo-2-norbornyl acetate (IODT;‘

this compound was not detected among-the reaction products.

o - .
For electrophilic (D+) cleavage of nortricyclene (20}, Nickon and

Hammons found an equal distribution of deuterium at the exo- and endo-C-6
positions of the product - exo-2-norbornyl ;cetate.do They suggested that
20 was converted to a carbon-bridged norbornyl cation (éiai)'khich
subsequently rcacted with acetate; they further argued that if edge
deuterated nortricyclene (55a) preceded formation of the carbon-bridged
ion 54-d, then réarrangement of the former to the lat£er muét be

irreversible (Scheme 3:8).

D’ .
20 .
\
iy
54-d
“0Ac
"0Ac
D‘\\lf/]i
QAc \ T Nd—0Ac

D

Scheme 3:8
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- Since 20 has a plane of symmetry, it was not possible to discern
whether the initial electrophilic attaek was edge-wise or corner-wise,
. . . . N
however, it was necessary to invoke the carbon-bridged ion éﬁ;cias:an

1 .
intervening species. ‘ A

-
i
R

In 3-chloronortricyclene, the chlorine substituent.desﬁroys the
symmetry of the cyclopropyl ring and this should allow differentiation of
initial edge and corner deuteration. However, such a molecular perturbation
creates three chemically distinct cyclopropyl bonds and thus, extensioq of
conclusions concerning this system (e 24) to others (e.g. 20) can present
problems. On the basis of the present work which has implicated initial
edge deuteration for electrophilic (D+) cleavage of 24, it appears desirable
to suggest that nortricyclene also undergoes initial edge deuteration to

give 55a which then rearranges to the corner deuterated species 54-d.

If by definition, corner protonation at a cyclopropyl carbon atom
necessarily.involVes simultaneous development of positive charge more or
less equally at the two carbon atoms opposite to that which is attacked,
then it can be argued (validly) that predominant edge protonation of
3-chloronortricyclene (24) to give 95 occurs only becaus‘ the chlorine
substituent makes corner protonation (to yield 93 and/or 94) such an
unfavourable prﬁcess; Cofner protonation at C-1 or C-6 in 3-chloronortricyclene

would place some positive charge adjacent to the halogen; the edge protonated
I
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ion 95 should be more stable than the corner protonated ions 93 or 94
because the positive charge in 95 is delocalized further away from chlorine.
This possibility would invalidate any mechanistic comparison of the

electrophilic cleavages of 3-chloronertricyclene and nortricyclene.

The energy barrier separating edge and corner protonated
nortriéyclene (54 and 55) is probably small so that conversion of the former
to the latter islfap}d?_ In 3-chloronortricyclene, an appréciable energy
barrier probably exists between edge and corner protonation with the result
that rearrangement of 95 to 93 and/or 94 might becomelunfavourabie. It was
previously suggested that {f corner protonated 3-chloronortricyclene tgé_or 94)
was an important species in the reaciion, then it must be preceded by an edge

)
protonated species 95 (vide supra). ' -

Recently, LCAO SCF MO calculations were pefformed for thrce-membered
ring compeunds in order té cvaluate the elocérostatic potentials produced in
the neighbouring space by-the nuclear and electronic charge distributions.
These potentials were used to predict the molécular sites most likely to
undergo electrophilic attack.227 The clectrostatic potential cnergy maps for
the rihg planc of cyclopropane are shown in Figures 3:3 and 3:5f They clearly
show three energy minima (-~22.3 kcal/mol) on the ring plane symmetrically
placed with respect to the ring plane and in the region of the C-C bonds.
Initial approach by the'electrophile towards an‘edge produces a more negative
potential (-22.3 kcal/mol) relativc to initial corner—wis; approach (-3.8
kecal/mol). Conversion of an edge protonated to a corner protonated species

may then be facile'provided that the potential energy barrier separating them

.
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is small. This supports the contention that electrophilic cleavage of
3-chloronortricyclene invelves initial edge protonation. However in this
system, edge and corner protonated ions are probably separated by an

appreciable energy barrier (vide supra).

Figure 3:4 provides support to the experimental observations that

: -82
electrophiles are not stabilized by the face of cyclopropanes.80 B2

Approach towards the cyclopropyl face produces a positive potential.

The above electrostatic picture presented for cyclopropane represents
a hypothetical gas-phase recaction and the actual potentials in solution may
require modification, however the difference in potentials between edge-

and corner-wise attack should still exist.
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Figure 3:3 Potential~energy map for cyclopropane in the ring plane,

From reference 227,
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Figure 3:4 Electrostatic potential-energy
map for cyclopropane.
From reference 227,

«— Potential energy map for corner attack

on cyclopropane.

v = distance between electrophile and
cyclopropyl carbon atom being attacked

r (Ao)

-10 -

-20

*— Potential energy map for edge attack
on cyclopropane.

r = perpendicular distance between
electrophile”and C-C bond

Figure 3:5
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2) 2-Methyl-3-Chloronortricyclefie (25)
7

2-Methy1—3-chloronortricycleﬁe possesses three chemically distinct

cyclopropyl bonds and predictions concerning which bond will be preferentially

protonated must take into account two opposing effects, (i) electron

Scheme 3:9 - %

withdrawing effect of chlorine and (ii) electron donating cffect of the

methyl group. Alfhough protonation of the cyciopropyl bond furthest removed
from halogen is definitely preferred for 3-chloronortricycleng, it is possiblé
that in 25, cleavage of the C-1 C:2 and/or C-2 C-6 bonds with the charge
residing at C-2 might actually become a favourable process duc to formation

of a tertiary cation although the positive charge is situated bbtu to chlorine,
Although accurate ratc constants are lacking, qualitative éomparison of the
data in Table 3:1 shows that the reaétivity of 25 towards acid is similar

to that 6f 24. This suggests that in 25 the mothyl group exhibits a negligible

dircetive' effect relative to chlovine with respect to direction of cyvclorvopyl
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bond cleavage. Furthermore, methyl does not drastically enhance the rate
of -the reaction. Hoﬁever, it is also possible that favourable formation g
of a tertiary cation by'possible'C-l C-2 bond cleavage is overpowered by the |
energetically unfavourable development of positive charge at a center adjacent

to chlorine. This point is examined in detail (vide tnfra) in conjunction

with the stereochemistry of deuteration. . }

Electrophilic cleavage of 25 in protic medium gives oniy
1~methy1-ant$: and syn-7-chloro-exo- 2- norbornyl acetates without any 1ndicatioﬂ '
of methyl-5-chlorozexo-2-norbornyl acétates. This behaviour clearly contrasts
that of 24 where exo- and endo-5—ch10ro-ema-é-nor£orny1 acetates ﬁef; obtniﬁed
in addition to other products (vide supra). These latter two cﬁmpounds were
formed from 24 by protonation of the C~1 C~2 and C-2 C-6 bonds as illustrated

in Scheme 3:1. For cleavage of 25, the analagous route is shown in Scheme 3:10

R S

AT

e atd

Scheme 3:10 112

Reports concerning substituent offects on the ratq of cyclopropyl bond cleavage
have been scant, However, it has becn observed that substituonts on the ring

do not induce the expected rate changes. For oxample, phenylcyclopropane is

70,
oiﬁkt times less reactive than cyclopropane towards acid.




145

-where an edge protonated species ({g 110) is depicted for reasons to be
discussed later. This shows the controlling effect of the methyl group
situated at C-2 which blocks formation of methyl-5-chloro-exo-2-norbornyl
acetates since chloronium ion formation and hydride sﬁifts which are necessary
‘precursors of these compounds do not occur. If edge protonation is accepted
as the initial step, then ion 111 is not formed because it is wéll known that
for electfophilic attack at a cyclopropyl bond, the electrophile generally

becomes attached to the least substituted carbon atom.ss’56

If corner
protonation is the first step in this reaction, apparently conversion of ion
112 to 111 does not occur because methylated-5-chloro-e -norbornyl acetates

pe————

were not formed from electrophilic (H+) cleavage of 25

Solvolysis of 25 under the reaction conditions was not observed fbr
reasons which have been previously discussed in relation to the cleavage of 24.

Since predominantly exo-acetates were observed (ero:endo = 95:1:5:1), the

carbon atom undergoing nucleophilic attack experiences inversion of configuration;

this behaviour is common in norbornyl systams.40’41

Treatment of 25 with deuterated acid gave 78-0Ac-d which contained an
*

average of 1.29 deuterium atoms per molecule suggesting that a significant

amount of deuterium entered the molecule after ring cleavage. The other

. *
product’ 79-0OAc-d contained 1.05 deuterium atoms per molecule.

Pmr analysis of both 78- and 79-QH-d in the presence of
shift reagent Eu(fod)3 rovealed that most of the deuterium was situated at the

ando-C-6 position (endo-e-d:sxO—G-d = 15-20, Table 2:4), Assuming that this

‘ s
These numbers are based on mass spect;Lmetric analysis of the corresponding
chloro ketones.
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stereochemistry in the product represents that qf the initial deuteration step
and is not determined by a series of subsequent rearrangements, it is clear

that electrophilic retention predominates. This sharply contrasts the behaviour
of l-methylnortricyclene (22) towards acid where a 62:38 mixture resulting from
electrophilic retention and inversion was observed for formation of the kinetic

product.41 e

C1

P
112-endo-6-d - 114-endo-6-d
“DAc : . "0Ac
-
Cl - al 0
OAc )
OAc
HSC D _ ”3

79-0Ac-endo-6-d 78-0Ac-pn T Al

Schemo 3:11
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Initial edge deuteration of the C-1 C-6 bond in 2-methyl-3-
chlorondrtricyclene (path i, Scheme 3:9) to yield ion 113 and sdbsequent
formation of ions 112-endo-6-d and 114-endo-6-d which are then cuﬁtured by
acetate can account for formation of 78- and 79-OAc-endo-6-d respectively as
shown in Scheme 3:11. Since fhe reactivity of 25 is similar to'that of 35;
the mechanistic pathway shown in Scheme 3:11 is reasonable {g predominant
deuteration of the'cyclopropyl bond which is furthest removed from the halogen

substitg:nt;

Any attempt to rationalize the predominant formation of 79-OAc-endo-6-d
from 25 by corner deuteration at C-6 (path j, Scheme 3:9) followed by cleavage )
of the C-1 C-6 bond fails to explain why 79-OAc-exo-6-d is not formed.-

'Alternntivoly, if one ndopté the bent bond model for the cyclopropyl group in
25, thon corner deuteration at C£6 implies electrophilic approach through
paths m and n _¢Scheme 3:9). It‘can be argued that path n might become sterically

unfavourable because the methyl group at C-2 hinders attack on C-6 from the

C-2 side whereas the hydrogen atom at C-1 presents less of an obstacle to attack ,

a

on C-6 from the C-1 side. However, in l-methylnortricyclene (22), it was

found that this prefercnce is not very large; almost oqual amount of attack at

{ LTI
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C—6.from the C-1 and C-2 sides was observed.41 In compound 25, corner

pro;onntion at C-6 should be sterically (although perhaps not gtoreoelectropically)
identical to protonation at C-6 in 22 and therefore if such a mechanism was
operative for the electrophilic cleavage of 25, significant amounts of

79-0Ac-exo-6-d would be formed in deuterated medium (Scheme 3:12), This is

Cl

CH:5

79-0Ac-exo-6-d

path J ;
corner
deuteration
CH at C-6

3 D
ZE-OAc-cndo-G-d

" Scheme 3:12

not confirmed by the data in Table 2:4. The small amount of 79-OAc-czo-6-d

(0.064) could arise from a minor contribution-through path n (Scheme 3:9),

The other douterium incorporation results shown in Table 2:4 are
readily explainable in terms of bridged methylnorbornyl cﬁtions 112-endo-6-d
and 114-cndo-6-d or a pair of classical ions interconvertible by Wagner-
Mecerwein rearrangement (Scheme 3:13). Deuteration of 25 at C-6 gives ion
112-endo-6-d (via initial edge deuteration). Deprotonation from the mothyl

group to give deuterated gro-3-chloro-2-methylencnorbornane (116-d) followed
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by addition of D* to the methylene carbon atom results in introduction of
deuterium into the -metﬁyl group, Similarly, déuterium is introduced into the
methyl group of. ion 114-endo-6-d. Deprotonation from the carbon atom

bearing chlorine in either 112- or Eli;endo-ﬁ-& produces deuterated
2-methyl-3-chloronorbornene (llé‘d) which can be attacked by D" from the

225,226

preferred exo side to regenerate the carbonium ion 114—d2. Collapse

of 114-d2 with acetate yields 78-OAc-d which contains deuterium at endo-C-% and
syn-C-7. Loss of a proton from 114-endo-6-d to give 115-d should be&Fraferred

v
relative to loss of a proton from 112—6ndo-6-d.225

The small amount of zg;OAc;exo~6-d which was formed from electrophilic
cleavage of 25 couf; have arisen by edge deuteration of the C-2 C-6 bond
(Scheme 3:14). Rearrangement of ion 110-d would give 112-exo-6-d which upon
reaction with acetate gives 79-OAc-exo-6-d. Ion llz;exo-G—d can undergo a
~.2,6 hydride shift to yield ion g;gfz-d which.upon capture by acetate produces
zngAc-2~d. Similarly, edge deuéeration of the C—IIC—2 bond in 25 can account
for the formation of small amounts of 78-OAc-exo-6-d (Table 2:4). These two
routes can also accoﬁnt for introduction of deuterium into sites other than
at endo-C-6. For examble, ions 112-6x0-6-d and 114-2-d (Scheme 3:14)

can individually deprotonate-redeuterate and introduce deuterium into C-7

and -CH3 in a manner similar to that shown in Scheme 3:13.

In 3-chloronortricyclene, protonation of the C-1 C-2 and C-2 C-6

accounted for the formgtion of 5-chloro-eéxo-2-norbornyl acetates (28%, Scheme 3:1).

If for electrophilic (D+)'attack it is assumed that any deuterium which.is not
present at endo-C-6 in the poducts was introduced via cleavage of the C-1

C-2 and C-2 C-6 bonds, then from the data in Table 2:4 it can be shown that
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this constitutes about 27% of the total reaction. For 78-0Ac-4, the

contribution from deuteration of the C-1 C-2 and C-2 C-6 bonds would be

{(0.17£0.03) + (0.05:0.02) + (0.04%0,02) + (0.13%0,03)} x 75 x 1
{
1.29

%
= 23 + 5%

Similarly, for 79-OAc-d, it would be

{(0.11£0.02) + (0.0620.03)} x 25 x_1

1.05
= 4 % 1%
Thercfore the total contribution from these routes is 27 * 6%. This adds
further support to the contention that 2-methyl-3-chloronortricyclene
behaves similar to 3-chloronortricyclenc with respect to cleavage of the
cyclopropyl bonds by a proton “c for both compounds, about 72% of the products
#rise by cleavage of the bond furthest removed from chlorine and about 28%

of the products arise from cleavage of the other two bonds.

Attack by acetate on ions 114 or 112 at the tertiary cationic center

C1

OAC OAc

118 C1 CH 11

=2 3 222

would yield the tertiary acetates 118 and 119, These acetates would probably

be unstable under the reaction conditions with respect to the thermodynamically

more stable sccondary acetates 78- and 79-OAc. Hammons hds observed that

' A + .
clectrophitic () cleavage of l-methylnortrievelene (22) gave
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endo-2-meth}l—exo-2-norborny1 acetate as the kinetic product which slowly
5

rearranged to l-methyl-exo-2-norbornyl acetate and exo-2-methyl-endo-2-norbornyl
acetate under the reaction condi£10n5.41 For cleavage of 2-methyl-3- -
chloronortricyclene (25), tertiary acetates 118,and 119 were not detected.
Although experimental evidence is lacking, it is ddlikely that the solvolytic

reactivity of these tertiary chloro acctates is so grcat that detection, of

these compounds was precluded.

Thereforc the preferred stereochemical course for cleavagc of the
cyclopropyl group in 2-methyl-3-chloronortricyclene (25) involves electro-
philic retention. Once again, this contrasts the behaviour of other
nortricyclenes {e.g. nortricyclenc and l—mcfhylﬁortricyclonc) where

clectrophilic inversion and retention are almost cqually favourcd.40’dl
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B. y-Hydrogen Deuterium Isotope Effects in Bicyclo{2.2.1}heptanes

" Before undertaking a discussion of the mechanistic implications of

Pty G
the solvolytic y-isotope effects for 7-chloro-2-norbornyl brosylat§§«6«f

- as they relate to the effects observed for 2-norbornyl brosylates:G-d,
it is essential to examine in detail the solvpiytic mechanism associated

with the former system. Robe_rts228 has reported that 58- and 59-0Ts undergo

acetolysis approximately 280 times slower than 21-OTs. Since the product

4
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ﬁixture contained only small amounts d?—S-Chloro-é;o-z-norbornyl acetates )
(il;'und 72-0Ac), it was concluded that this was probably due to the low
cationic character at C-1 du;ing ionization of the chloro tosylateé. The
inductive effect of the adjacent chlorine caused this phenomenon. Gassman176
. has found that although the solvolytic reactivities of 58- and 59-0Ts are

decreased by factors ‘of 531 and 346 respectively, relative to 3&;0T3,~ihe

bl
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two epimeric exo-endo pairs 59- and 120-0Ts along with 58- and 84-0Ts have
exo:endo rate ratios which are similar to that for 21- and 57-0Ts, It is
an accepted fact that solvolysis of endo-z-norbornyl tosylatesug'ls2 and

related compounds such as 84~ and 120-0Ts yield classical ions similar to

. Cl 7 Cl 7 ! *
+ + E

kL) 3 ;

x - |

93 94 N :

96 and 91 whereas controversy exists conEerning“the mechanism of solvolysis

of compounds related to 21. Since the electron-withdrawing substituent :

5

(chlorine) had little effect on the exoiends rate ratles, it was concluded
that the trﬁnsition states for solvolysés of 58- and 39-0Ts have very little .
accumuiationAof positive charge at C-1. If there was appreciable charge
dovolopment at C-1 in the tra sition state for ionization of 58- and 59-0Ts,
then chlorine at C-7 would Eortainly retard sélvolyscs of these epimers

more than of the endo<opimers 84~ and 120-0Ts, Thus the exo:endo rate ratio

¥ould bo dramatically different than that for 21- and 57-0Ts.

Similar work‘by Goering and De.vgemi‘ml has also shown that for acotolyses

- of 58- and 59-0Ts, capture of ions 93 and 94 at C-1 was minor relative to

capture at C-2 and C-6. Once again this was attributed to the low cationic

3.
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character at C-1 due to the inductive effect of the adjacent chlorine
: e

atom. These systems have been described as being "locked". A locked
norbornyl system is one in which neighbouring group participation (1,2
Wagner-Meerwein shift) is made unfavourable by the introduction of charge

29 230

destabilizers at C-1 or Cﬁ?.z For example, & carbomothoxyzzg or cyano

group at C-1 would bo a more effective lock than chlorine at C-7.

As shown in Tgble 2:6 (Chaptor 2]; deuteration at £-6 in

PN ST

7-chloro-exo-2-norbornyl brosylates (58- and 59-0Bs-6-d) causes a rate

-

et

.- retardation of 11-12% per deuterium atom for solvolysis in buffered 80:20

ethnnol-wator.231

Presently, the variation in y-KIEs with solvent and
temperature is not known, however assuming that it is negligible, it appears
that the solvolytic KIEs for these chloro brosylates are similar to those for

160,161 124 has tontatively

exo-2-norbornyl brosylates-6-d. Interostingly, Halovi
suggested that in sy#temé which do not presont mechanistic ambiguities,
y-offocts in solvolysis arise from the inductive offect of deuterium

te ky <kp. Obviously this generalization does not apply to the systems

‘studied in this present work.

Gt B SR el e b o L SR Skt i i Sl i L i s

. If has been suggosted that tho y-KlEs for 21-0Bs-gndo-6-d and

21-0Bs- gxo-6-d arise from rate-determining formation of the norbornonium ion

0Bs ? E 0Bs

21-0Bs.endo-6-d | 54-d 21-0Bs-exo-6-d
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§g;d.161 It was argued that the similarity (?) of the isotope offects for
21-0Bs-endo-6-d (1.097:0.011) and .21-OBs-exo-6-d (1.149:0.016) is expocted

because in cation 54-d, the distinction between exo- and endo deuterium at

C6 is lost. 1In light of thase arguments, the Y-KIEs in Table.z:e (Chapter 2)

are quite surprising. For solvolyses of 58- and 59-0Bs, the cationic character

at C-1 is certainly minimay 176,181,228

and thus in terms of relative charge

at C-1 and C-2, the transition states probably rescmble ions 96 and 91
rospectively. Therefore during the ionization step, the degree of neighbouring
group participation (via involvement of C-1 C-6 bond) in compounds 58- and
59-0Bs is less than that in compound 21-OBs. Yet the solvolytic y-KIEs for
58- and 59-0Bs-6-d are similar to those for 21-OBs-6-d. Within experimental
orroy, tho 1sopope effocts for the chloro brosylates wore identical rogardlgss

of storoochemistry of deutorium at C-6.

In some casos (o.g. 58« and §g¢OBs-axo,amo-5,6-d2) tho Y-offects
wore dotormined for compounds which wero deuterated at both G-5 and C-6. In
viow of provious work whigh has established that acetolyses of exo-2-norbornyl
brosylatos-5-d results in a negligible S-KIE (Table 1:3, Chapter 1).163'164
it was assumed that those offocts should also be small for 58- and 59-0Bs-5-d,
Thereforo the observed fqto rotnrdnfion for ethanolysos ofe-58- and §2;03§-8x0.

cxo-S,G-dz aroso only as a rosult of tho doutoriumﬁiEBh at C-6.

1 .
Changos 1ﬁ\non-bonding interactions at the yY-hydrogen (deuterium)
atoms must cortainly be small since the only nuclei changing their positions
aro throe atoms removed. Models indicate that the substituents at C-6
" are not crowded. Quantum mechanical tunnelling should also be unimportant in

this system although it can be significant in reactions whore a C-H(C-D) bond

1
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is cleaved in a slow step. Anharmonicity and inductive effect§ may be present
however they are less important than the total effect and in the opposite
direction. Conceivably, the Y;offocts for solvolyses of 58- and 59-0Bs-6-d
arise by homohyperoonjfugative interagtion of the incipient p orbital at C-2
with the C-H({C-D) bonds at C-6. Hyperconjugative interactions refer td .
1,2 processes whereas homohyperconjugative interactions refer to 1,3

processes (vide tnfra).

Ample eiporimental evidence exists which suggests that for reactions
involving rate-limiting formation of a carbonium ion, replacement of a 8
hydrogﬁn atom which is in a position capable of hyperconjugating, by a deuterium
atom causes a rate retardntion.169'172 Hyperconjugation refers to partial
withdrawal of electron density'from a single bond (e.g. C-H) into a neighbouring
vacant orbital, This reduces the force constants assoclated with the C-H
bond and therefore substitution of deutorium for hydrogen will produce a
change in the difference in zero point energies betwoen ground'statg,and
transition state. In this case, the AZPE is usually smﬁllor in the transition
state than in the ground state and thus ku/kp > 1;00. This type of overlap ‘
has also been tormed o-1 conjugation or vertical stabilization.232'233
Traylor describes this phonoménon as delocalization of a o bond without a
change in bond_leng;h or angle. The limiting resonance contributofs associated
with 1,2 hyperconjugation are depicted below. To d;pp most examples of'
hyperconjugation have involved 1,2 interactions with only relntively_féw cosos

of 1,3 interactions (homohyporconjugation)uhaving been roported. For example,

v \ . !
234 invoked this latter type of intoraction as a possible mechanism

Paquette

N
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for dolocalization of positive charge into the aryl group of benzo-7-oxa-exo-2-
norbornyl brosylate during acetolysis. Recently, the mechanism of long
rango intoractions between hydrogen atoms and the electron spin in'bicyclic

systems was discussed in torms of hortuﬂ\ypm'con_'lugm:ion.235

Quantum mechanical calculations have implicated that hyperconjugativo
stabilization of inciplent carbonium ion centers by neighbouring hydrogen

94

involveos a trane offect, For oxample in Czlls*. a hydrogon atom which is

trane to the developing p orbital, as in 121, acquires more positive charge
rolative to tho othoer hydrogens. Furthermore, conformation 121 is proforred

over 122 because the formor posscssos a trane 8 bond whereas the latter has

© s
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a ots B bond. Experimental evidence in support of thess calculations has

shown that trang overlap is favoured relative to ots overlap for interaction of

i gt et o
T e, s T

g C-H bonds with vacant orbitals.236 Similar conclusions should qualitatively
apply to 1,3 interactions. |

In'yieu of the sterecelectronic requirements for hyperconjugative
‘ stabilization of positive charge by neighbouring carbon-hydrogen (deuterium)
bonds174 as well as the proximity of the developing p orbital (at C-2) to
c-6 dufing lonization of $8- or 59-OBs-6-d, it is not surprising'thnt.tho
~ y-KIEs are similar rogardless of stereochehistry at C-6; The transition ;
state for ionization of 58-OBs probably resembles 123 however, for clarity i
‘with respect to subsequont arguments, ion 96 will be used. In the. transition

stato, the doveloping p orbital on tho endo side of C-2 can bo stabilized

-

Cl
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*
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homohyperconjugatively by the C-H(C-D) bonds at C-6. ' For lon 96, the limiting
resonance contributors are 124 and 125. Once again, these represent delocaliza-
tion of charge via 1,3 interactions , a process w-hich. 13 made favourable by
the rigid geometry of the norbornyl framework. It 1s attractive to suuést
that the similarity of the y-XIEs for ethaﬁolyses of 58-0Bs-endo-6-d and
58-0Bs-exo,@0-5,6-d, arises due to equal contributions from both 124 and 128.
The C-H(C-D) bond at exo-C-6'is approximately trang periplanar to the p orbital
at C-2 with respect to an imaginary line joining C-2 and.. C-6. Withdrawal of
electron density from this bond by the charge at C-2 is similar to the trans

‘ offect (of 121) which was proviously discussed. This is illustrated by

structure 126 which shows the transition state for ionization of 58-OBs-exo,
ox0-5,6~d, a3 viewed along the C-1 C-4 axis. The limiting resonance

contributer associated with this iranas offect rosembles 125.

Stabilization of the cationic center at C-2 v{a homohyperconjugation
with tho C-H(C-D) bond at the endo-C-6 position (0fa effect, of structure 122)

which gives 124 as a resonance contributor should be less important than
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stabilization from the C-H{C-D) bond at exo-C-6 (trana effect, of structure gjL).g‘
At present it is difficult to quantify the relative importance of the ois

and ns effects as they relate to 1,3 interactions in 58- and 59-OBs.

Present evidence (Table 2:6, Chapter 2) suggests that within experimental

error, these two phenomena are similar. Using the spectrophotometric

218

technique, small differences in y-KIEs (1-2%) between the exo- and

endo-C-6 positions of 58- or 59-0Bs-6-d could not be detected.

In this context it is interesting thdt one group of workers has found
that tho Y-KIE for acetolysis of ex¢o-2-norbornyl brosylato-axb-s-d T1.146%0,016)
was.greatar than that for exo-2-norbornyl brosylate-endo-6-d (1.097:0.011).161
Once again, the vacant p orbital at C-Z‘i; approximately trang periplanar
with ioiioct to the C-H(C-D) bond at exo-C-6 and ote with rospoét to the
C-H(C-Dj bond at endo-C-6. These kinotic observations corroborate the predic-
tion that the trans effect should be more important relative to the ote effect,
However, a second group has r&borted'that within experimental error, the

Y-KIEs for acetolyses of 21-0Bs-exo-6-d and 21-OBs-endo-6-d are identical.lﬁo

Homohyporconjugative stabilization of ion 96 by the C-H(C-D) bond
at endo-C«6 implies that the distance betweon the hydrogen (deuterium) atom
and the developing p.orbital at C-2 does not appreciably change. This is
depicto& by structure 123. However, it is also possible that the hydrogen
(deutorium) atom at endo-C-6 can directly participate by moving glosﬁr to /
C-2 in the solvolytic transition state as depicted by 128. Direct participation
of hydrogon (deuterium) at endo-C-6 during solvolysis of 21-0Bs has been

72,73

considored. In the 7-chloro-2«norbornyl system, the measured isotdpe

effocts are much too small compared with those in systems where such
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237

participation has been established. Therefore, 128 should not contribute

significantly to the obsef;ed effect. Using the arguments presented by

232,233

Traylor, it is suggested that most of the stabilization energy\in the

transition state can be provided without nuclear movement of the substit;;nts
at C-6, since little is gained by moving atoms., Structures 128 and 123 are
not resonance forms since geometrical changes are implied. For a transition
stato resembling 128, a much larger y-KIBE is oxpected; furthermore since
deuterium at exo-C-6 is not able to participate directly, it should give rise

to a smaller KIE relative to deuteration at endo-C-6. These predictions aro

not borne out by the experimental rosults in Table 2:6 (Chapter 2).

Similarly, the Y-KIBs observed for 59-OBs-6é-d can be explained on

the basis of tho proceding arguments. Possible complications in interpretation

Cl Cl

Cl
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of the y-effects for this system due to deuterium scrambling are discussed

- in a subsequent section.

Interestingly, the y-XIEs for ethaholyses of agntt-7-bromo-exo-2-norbornyl
brosylate-endo-6-d (1.13:0.51) and ayn-7-bromo-gxo-2-norbornyl brosylate-
endo-6-d (1.0520.01) are significantly difforent.231 Possibly, the lower
y-effect for ethanolysis of the syn bromo brosylate is due to steric interaction
of'ayn bromine and exo brosylate which distorts the norbornyl system and
thoreby alters_favéurablo alignment of the C-H(C-D) bond at endo-C-6 and
the dovo;oping p orbital. Molecular models reveal tha; such a distortion
would force the p orbital into a more favourable position with respect to the
bond at é;o-c-ﬁ ta overlap in a trams periplanar fashion should be more
favourable than in the undistorted system. Therefore it is prodicted that a
larger y-KIE should bé observed for gyn-7-bromo-exo-2-norbornyl brosylate-

exo-6-d relative to the endo-6-d isomor.‘

Further evidonco which supports the contontionnthnt tho dégroo of
homohyporconjugative stabilization depends on sterecolectronic factors comes
from the y-KIE for ethanolysis of anti-7-chloro-endo-2-norbornyl |
brosylate-endo-6-d (84-0Bs-endo-6-d; kp/kp = 1,00£0.02). In tho transition

stato for lonization, the C-H(C-D) at endo-C-6 does not have the proper

i 1+

Cl

PSS P



165

alignmont which is necessary to stabilizo the devoioping p-orbital at €-2

(sec 129) and thus doutorntioﬁ should not cause a significant rate retardation.
On steric grounds it can bo argued that as a msult of the smallor size of
douterium rolative to hydrogen, an inverse effect (kH/kD<1) should be observed

1f thore was considerable interation betweon tho substituent at endo~C-6

and the leaving group. Such a small effect would likoly oscapo kinetic dotoction.

Since jonization ofU7-chloro-ax0-2-norbornyl brosylates-6-d doos
not involve participation of tho C-1 C-6 bond and yot tho y-KIEs are ossontially
identical to those for ﬂmofﬁ-norbornyl brosylates-6-d, it is suggosted that the
Y-effocts for the lattor compound arise via homohyperconjugative stabilization
of tho vacant p orbital at C-2 by C-H(C-D) bonds at C-6. Thus, the transition
stato for ionization of axo-z-nofbornyl brosylato probably possosscs.miﬁimnl
positive charge q;-dli. Howovor, absence of non-classical character in the
transition stato does not imply absonco of such charactor in a subsoquont
intermedinte bn. In fact, it 13 roasonable to assumo that a more oloctron-
domanding ion would dorive more stabilization onorgy from neighbouring bonds
than would a transition stato. In tho solvolytic transition stnto.\do&ocnll
ization of positive charge at C-2 likoly arises pfa the C-it bonds at C-6
and not via tho C-1 C-6 bond, This is clearly réprosentod by rosonance
contributor 132 wherein positivo.charno dovolopment at C-1 does not play a
significant role. Those arguments are consistent with the high axo :endo

rato ratios for solvolyses of 58- and 84-0Ts as woll as 59-_gpd 120-0’1‘3.176

*w1th rospoct to norbornyl systems, the term non-classical has been taken
to monn a significant goomotrical roorganization with an increase in
bonding betweon C-2 and C-6, a decreaso in bonding botween C-1 and C-6
and dispersal of charge to C-1 from 0_2.238’
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éxo=-2-norbornyl tosylate.
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Exporimentél evidence conéerning substituent effects at C-1 in
eéxo-2-norbornyl tosylate on solvolytic rates suggest that charge development
at this site might be unimportant during ionization. For example, a methyl
substituent at C-1 enhances solvolysis by only a factor of S} whereas methyl

7

substitution at endo-C-2 enhances solvolysis 63,000 fold.l4 Also, acetolysis

of l-phenyl-gxo~2-norbornyl tosylate is only 3.9 times faster than that of
147, For the latter reaction, the solvolytic rate
constants wore weoll correlated by the Hamett ¢-p treatment when ¢ values
woere used, On this basis, charge development in the transition state should
be minimal. However, Sargent has emphusi:adAthnt in order for mesomeric
;tnbilization by aryl substituents at C-1 to be felt in the transition state,
significant rohyb:idizntion at C-1 must occur to generate an orbital with
proper geometry for ovorlnp.147 He concluded that the hybridization at

this carbon atom did not pormit overlap with the aryl T system. In sharp
contrast, eﬁdo-Z-phonyl-amo-2-norborny1 chloride solvolyzes 39,000,000 times

faster than exo-2-norbornyl chlorido.z39

It is possible that part of tho rate enhancement observed for
solvolysis of exo-2-norbornyl brosylate rolative to endo-2-norbornyl

brosylate (cq 300:1)141

arises from homohyporconfugativo stabilization in the
transition-stato during ionization of tho former compound. This typo of'

stabilization is not possible during ionization of the latter coﬁpound.

For 21-0Bs, the lowor isotopo offects at C-7 relative to C-3 wore
attridbuted to a smaller initial-state zoro point energy of the C-H bonds at
C-7 or altornatively to lack bf equivalence of C-3 and C~7 in tho transition

stnto.lsB This latter possibility sooms espocially attractive in view of
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structure 132, Furthermore, it was stated that equality of the y-KIEs for
21-0Bs-gndo-6-d and 21-0Bs-gxo-6-d do not‘raquiro 6quiv§1enco of C-3 and
C-7 in the transition state since these effects are determined by a weakening

158 Howovof,

of the C-1 C-6 bond which equally affects both C-H bonds at C-6.
this contention cnnnotaoxpluin why the y-KIEs still remain at about 11% in
systems (t¢ 58- and 59-OBs-endo-6-d,58- and §E:OBs-axo,exo-5-.6-d2) whore

delocalization of the C-1 C-6 bond is procluded.

Further evidence which'justtfies the premise that limiting resonance
contributors for homohyperconjugation in tﬁis system are best reprosented ns'
124 and 125 comes from acotolysis of 6,G-dimothyl-aio-2-norbornyi tosyluto.240
Replacement of the hydrogens at C-6 in 21-0Ts with methyl groups produces a
25 fold rnto‘rotnrdntion on acotolysis. The rate depression was assigned to

unfavourable mothyl group steric interactions with both C-1 and C-2 in a

‘hon-classical transition state. However, since hyperconjugation of unstrained

CH
. CHy | |
130 131

L= SRR N S
S

-

132 86 132

3 CH

Vs N
A 4



168

<

C-C bonds is less important relative to C-H bonds.”o'ln'zsz'233 ‘
delocalization of eleoctron donsity from the (‘.-CH3 bond in 130 to C-2 iy

not as facile as delocalization from the C-H bond of 56 to C-2 1@ nore offoctive
hyperconjugation b} C;H ve C-CHS. In other words, resonance contributor 131
does not play an imporfant role in stabllization of ion 130 whoroas 13z
contributes significantly to stabllization of ion 56. Furthormoro, 1t is
prodicted that the 8-KIE for solv01y51s of 6,6-di(tridoutoromothyl)-
¢xo-2-norbornyl tosylato should be inverse. Similar argunonts can account for
the fact that ﬂmo-6-mothoxy~éxﬁ-2-norbornyl tosylato Solvolyzos.sovon.timos

slowor than #x0-2-norbornyl tosylnto.241

Also, on the abovo basis, tho
solvolytic behaviour of'5,G:trimubhylono-2-nurborny1 tosylut03147 cﬁn bo
explained. Coroyz42 hAs féund that the ratio of rate constants for ncotoiysos
of exo-4,5-trimothylone-exo=2-norbornyl tosylato (133) uﬁd amo:2-norborny1
tosylato 1s 1:85, Part of this ratov rotardation can bornttrlhutud td u

goomotrical distortion in the {2.2.1} gkeleton (induced by the trimothylene

group) which destroys suituble overlap botwoon un incipiont p-orbltal at

C-2 with the substituents at C¢-6. ' - _—
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-Goering and Deuanilu have found that acetolysis of ¢X0-3-chloro-
ero-2-norbornyl tosylate (71-CTs) was at least 239 times slower than 58-
or Q—OT:. Even aftor 70N reaction for solvolysis of thoaehla;tor two |
chioro tosylates, there was not any ?71-0Ts present in the reaction mixture.
Sinnar behaviour is expected for the corroaponding chloro brosylatoa. In
relation to tho prosoent work, this suasoats that if Ii- OBI-O-I-‘O 6=d was.
£ogmed from §9- .0Bs~ando =6~ by ion-pair return, it would aecmulate during
the reaction. In fact,’ about 10 ‘half-lives for 59-08s corresponds to <3V
roaction. for 71-083. Similarly, endo-3-chloro- exo -2-norbornyl brosylate
(72-083) should be unreactive, |

Aeetoiyaia of ayn-?-chlom-m-z-norbornyl tolylato L_-OT:) is

181

aecon\phniod by iscomerization to the antt isomer 58-0Ts, """ “After 108

reaction there was 6% 58-0Ts and after 70V reaction there was 290 _S_&_-G}I‘s.

‘This rearrangement i asgociated with internal return from intimate ion-pairs,

Isomerization of §;l_-0‘l‘s to 59-0Ts was not observed. In buffered acetic acid,

the ratio of solvolysia to roarran_gomon{: (kSS/kR) for 59-0Ts was caloulated

. - 'kR e n ) e
59-0Ts ——> 58-0Ts

kgg l

| 4

Producss

N

“to'de ; Wl (Sohu«dhazls).’ For 39-0Ba- m% d thh homoxintion hu

atrious 1npuuatiom since it plaeoa deuterium at C.2 aud C-3 in tho

rearranaement product S&-Oha (Soheme 1n16). Similm‘l}'. 89-0bs-endo-4& d\\\

- . L

r ' . . . ) %

. s - .7
- . I ! .

.2
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could rearrange to 58-OBs-endo-6-d (Scheme 3:17) via a 6,2 deuteride shift
within an intimate ionfg}ir. Although four types of 6,2 hydride (deuteride)

Cl
Ba
D
. Products
Schome 3:16
¢l - — Cl
D
kR . > '
——
OBs . - B
&
D D
D
, nss
Y i
Products

Scheme 3:17-
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shifts are conceivable (c:o.a:b; cndo.cndo; czo.cnao; endo,ex0), the

preferred path is the endo,endo one, 4176, 243

In aqueous ethanol, internal’
return from intimate ion-pairs is known to be less important than in acetic

leid.156 For example, acetolysis of exo-2-norbornyl brosylate involves 22%

R

solvolysis of ion-pairs and 78\ return of ion-pairs to covalent material
whereas ethanolysis involves 65% lolvolyaia and 350 internal ruturn.ls6
Therefore it i3 roasonable to assume that, in Schemo\s :16, kss/ko » 10,
Since kss/ksA "], 4 » it appears unlikely that the y-KIE moalured for
ggbona-cma.czo-s.G-dz arises solely from solvolysis of roarransed chloro
brosylate. If this was true; then the first order plota would show

considerable curvature, \

The foregoing lh&l?lil:of v=KIBs in the 7-chloro=2-norbornyl brosylate
syatem assuncs that the obsorved isotope effect is determined solely by the
jonization isotope offect {e (kH/kD)OBs . k?/k?. Bxamination of the lon-pair

scheme (Scheme 3:18) roveals that the solvolytic lsotope effect could arise

kas ks:
Y
k K -
Rl = R =—= '«
ke k3o

Scheme 3:18

" This numbes reprosents the approximate obeerved relative rate ratio for
ethanolyses of the syn~ and anéd-7-chloro brosylates $9-« and 58«Qbs.

\
<
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from 1,3 elimination (fe from k.) which only occurs after ion-pair

formation is caﬁploto. Steady state treatment of this scheme establishes that
the observed y-effoct 1s a composlte of the ionization isotope effect (IIE)
and tho terms a and b as described in Equation's:l.' This scheme does )
not directly include rnt; constants for hydride shifts since the species
which aro formed from R'X™ or R*"X' via hydride shifts should react like

SSIP and therefore are totalled into R‘"X'. In the ovent that IIE = 1.00, then

"

rd

(Re/kplons * K [a) fa° s P 1
TN Bquation 3:1
:E ‘:U a +b .
i [
where
e +k)(k"+k“+k)¢(k“+k)k" Bquatdon 3:2
20 2 30 3s ’i’
and
b
b B o kg o g Bquatdon 3:3

(kH/kD)OBs would atigo from contridbutions of the a and b terms.

If.intefnui roturn from intimate ion-pairs to covalent material doéa
not occur te k H . k . 0. then BH - bD = 0 and from Bquation 3:l, it
follows that tho oblorved lsotope effect equals the ionilution isotope effect,
In the special case that a" - bH and ID . bp. then as abpve. the observed

effect uqulli the IIE. If these two conditions are not met, then the observed

* Dorivation of this equation eppénrs in Chapter 6. -

R T T S R Y
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offect is a composite of the IIE and contributions from & afd b. In this
case it becomes necessary to compare a“ to nD and bH to bD in order to

determine the origin(s) of the obaerved effect.

Since the structure of_RPf;houzd be ldentical in both the intimate
ion-pair (IIP) and the solvent separated ion-pair (SSIP), the difference in
sero-point energy (A4ZPE) for the protio and deutorio substrates in cach case

should be similar. The transition state for conversion of IIP to SSIP (TS 2)

TS 1 8 2 18 3

Potential
Bnergy -

Reaction Coordinate

~ should resemble the IIP or SSIP and there should not be a significant change
in'4ZPE as a result of y-deuterium; therefore kg " kg and k_g u k-n. In
the case of a-isotope effects, however, this is not necessarily true
because the a~effeat would be more len;itlvo to the tightness of IIP and to

conaéltion due to solvent molecule(s) in SSIP."‘ Since the CeH(C-D) bond
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at C-6 should oxperience a greater perturbation in the IIP than in TS 1,
the 4ZPB for T§‘1 » AZPE for IIP and thus k_ D~3 k H Since product forms

ll
245

1n0§1tlb1y from SSIP, thero!oro sz . k2' 0. It i3 expected that

kzl:i kz. and kh > k!o Ror 1dont1ca1 roasons t?t’ﬁd‘lmdiuuued in relation

to the ralntiv# magnitudes of k_? and k D. k s ksﬂ This assumption is
justified bocause the proportion of aolvolytiu products relative to 1,3
elimination product increasea for reaction of 58- or 59-0Bs ve 58- or

58-0Bg-6-d (Table 2:8, Chapter 2).

Ror solvolysis of exo-2-norbornyl brosylate, little elimination
product (<4%) is formed and thua k20 and ks.-nre negligible. orofore,
squation 3:1 can be simplified to oquation 3:4. However since sclvolysis

of 58- or $9-08s prodeodl with a considerable contribution from 1,3 olimination

Xy k™ @ (2P kD + 3“’) - t
- . |y H T Bquation 3:4 '
p/oas ‘K kygky + kJkg + |

SI)

and since at present thero does not exist any experimental evidence which
relates the relative importance of ° and kSQ' it {3 not possible to discount
 elimination as a partial scurce of the observed isotope offect. Also,

H and o can be deduced by qualitative

although the relative maahitudoa of &
comparison of Eho individual rate constants within each term (l#milnriy for
bﬂ an& bol. before the contribution of the terms containing a and b to
(ky/kplgpg cUN be IIIO;Iﬂd‘lt is essential to know a'/e® and bH/60. Ror
example, from iquution 3:1 it elﬁ be shown that for I“/ID « 1.10, by

changing bH/bD from 1,20 to 1,00 causes (l&/ln)((lb + bD)/(aﬂ * b“)) to

——

1
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change from 1.15 to 1.08~whereas for a"/a? * 1,20, a ehanse in bH/hD from _ ‘
1.20‘to 1.00 causes the above term to change from 1,20 to 1.09. , _ I
] ) |

Bxpirimontax evidence which suggests that the a and b containing
terms in total do not contiibute significantly to (kH/kD)OBS comes from

the v-KIBs for solvolysis of exc-2-norbornyl brosylate. While the y-effects \
for lcotolylia and othanolysis of this compound are oisentiaily identical i

uithin exporihantal error, the k I/k ratio varies from 4.6 to 1.53. 160

Sinillr arguments should apply to the chloro brosylates §8- and §9-0Ba.

That the observed Y-KIE might posaibly be inaensitive to the k.'l is suggeated
by the fact that although the (kH/kD)'l for 58- and 50-0Bs-6-d aro essentially
identical, the k°'| differ substantially as indicated by the relative amount |
‘of product arising by 1,3 elimination (Table 218, Chaptof 2).

Strong support for the premise that the kg‘s and therefore the a and
b terms do not nontribuio significantly to the observed Y?KIB would have : i
beon_obtained i¢ gthanolyitl of 84.08s gave S-Ehzoronortrieyelene 24) as N
a produot‘ind furthermore if the amount of 24 obtained from 84-0Bs-endo-6-d ]
was .less than that obtained from 84-08s (t@ if thore is still an isotope

- ]

effoct un the ralativo amount of elimination product). Unfortunately,
p:oduot thiOl from solvolyses of 84-0Bs and a4-oa:-¢ndo-e-d weTe not obtainable:
because under the conditions used to ensure complete reaction (30° + ¢° for

8 days), the primary products were not ateble and underwent further reaction.
However, it has been reportgd thnt acetolysis of 84-0Ts ylelds 7V 24

relative to other produutl.l7°

The preceding analysis of the ion-pair scheme for selvelytic
reactions is not intended to be exact; it only reveals the complexit# involvil

in interpretation of isotope effects. | =
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. . . )
An interesting feature of these solvolytic resctions is the formation

of S-dﬁajfonortricyclono (24) since this process involves the mlk{ns af

‘& eanOpfﬁpyl tond via 1,8 olimination. This complements the first part

of this thosis which deala'with tho storeochemistry of cleavage of the
cyelopropyl'bondl in 24, Uso of specifically doutorated $8- and 59-083-6-d
alloﬁed investigation of the proferred atereoehumiltry of 1,3 olimination.
Rocent dovelopm;gz; l%ﬁﬂﬂltnfﬁit theso processes are more likely to ocour

by two-stop mechinisms than are 1,2 eliminations due to the groater separation

[/

of the leaving gréupu.24°'24° The

Concise notation which describes the various p0l11h10 conformations for

1,3 climinations has been proposed?>? and i3 shown below.
Short Notation . " Teminology
M C *
R X
H X
W _,\ "

exo=sickle

(:’";\”‘x. |

\/j ' : - endo=sickle
H | _
\"’ﬁ\\l apo-sickle .
O,

SRR
‘ seni-U

=

one-stop mechanism i3 rare or non-existent,

B
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In relation to the 7-chloro-2-norbornyl brosylate-é-d system,

i the preforred arrangement for B-l=like 1,3 eliminations was investigated

| by determining deuterium losses during formation of 24-d. The data in

ks

Cl

c1 a1 @ o

| D - | 0
0Bs Bs 5 oBs 00 |
. . D. 7 i

" Table 2:9 (Chapter 2) show that elimination from the semi-U arrangement:
is preforred <o ando_ltoreonhemicul prefornnce.' ‘This stereochemical |
proforence suggesta that elimination occurs from an edge-protonated (deugeruted)
spocies such as 98, éince 88- and 59-OBs-endo-6-d produced 24-d which -
within experimental error had lost identical amounts of deuterium te oa 1M
(Table 2:9, Chapter 2), this requires that 1,3 olimination occur from a
common specios (éehomo 3:116). In eontralt.ltho other solvolytic products
do not arise from a common ion because product ratios from sclvolyses
of 58- and 59-0Bs are different (Table 2:8, Chapter 2). This work is
unable to differentiate whother 95-d is an intermediato or a traniition | i
state for the elimination process. .

Similarly, the fact that 38- and igponl-cmo.cmo-s.o-dz both" {

'Undor BE-1 type conditions, identical fractional porcentaiol of deuterium .
~ were lost from exo-2-norbornyl tosylato-endo- and exp-6-d in formagion
- of nortricyclene. Under B-2 type conditions, elimination from 0xQ0=2~
nerbornyl tosylate-endo-6-d (of emo=-sickle arrangoment) was preferred relative
to elimination from the awo-s-d’ilomor (of W lrrungemont).zso

i
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~

gave rise to essentlally similar fractional percentages of deuterium

loss in formation of 24~d e ca 0-10% (Table 2:9, Chapter 2) during

c1 a
. ——
OBs | A
D ' D _OB' \

c1 _ el /

Bs0

Schemo 3:186

Q1

Scheme 3:17
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ethanolysis, necessitates intervention ¢f an edge-protonated
spociel such as 2§Fdz' Although- these species as depicted in Scheme 3:17
are not identienl with respect to stersochemistry of deuterium, their
stabilities should be similar (neglecting isotopo effects). Therefore
each should deprotonate in a similar fashion and most of the deutorium
originally present in the starting material should be retained in the
product arising from i.s olipination. The small amounts of deutorium
lost may reflect contributions from small amounts of 58« or 59-0Bs-endo,endo
S.B'id2 presont as contaminants in starting mntorfﬁi. Alternatively,
it could represont the fact that endo olimination ias not tdtally\preferrod.

A calculation of the endorewo preference for C-H(C-D) bond

cleavage at C-6 for ethanolysea g; 58- and 59-0Bs-6-d is not feasible
at prosent. Recently, the endo:exe proferonce for soi&olyaia of
exo-2-bromonorbornane-i-carboxylic acid mothyi ostor-endo.ando-s,e-d2

was calculated to be at loast 15:1.251

This preforonce is calculated
from an assumed isotope offoct for the 1,3 elimination based upon the
relative futio‘of tricyolic material and solvolytic products formed
f£rom the non-doutorated and deutorated substrates. Since large errora
arose in the determination of product ratios (see Table 2:8, footnotes
d,e and £, Chapter 2) from solvolyses of 38« and 39-OBs, it was folt

that the above analysis would not be meaningful {n this case.

~

The 8-XIE for solvolyais of $§-ewo-3-d (Table 2:7, Chapter 2)
at 37.B°\11 1,09 £ 0.01. Neglecting temperature effects, within
< experimental error it i similer to that for 21-OBs-exo-3-d (1.1l ¢ 0.-01).158

In the transition state for'aolvolysis of the former compound, the

N\

e e Mk kT’ VL B ok e i o=
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-
developing p orbital at C-2 is properly ulianod'in an antt poriplanar |
sonso with rospect to the C=H(C=D) bond at exo-C-3. Nowman projection

along tho C-2 C-¥ bond axls shows that the U-U bond at exo-C-3 and the

developing p orbital at C-2 form a dihedral anglo of 180°. Therofore

Olia 7

the charge at (-2 }hould be mere effectively stnbtli:od/g§ the C-H bond
at exo-C-3 relative to the C-l bond at endo-CG-3. Verification of thia
prodictibn must awalt a determination of the B;KIH for S&-ORs-endo-3-d.
'The major contribution to the f-effect for 58-OBs-ewo-3-d - i hyperconj-
ugation,

It has been arguod that during aclvolyala of 21-0Bs, charge

gzloenlizatlon onto C=1 and C-2 via invelvement of the C-! C«6 bond

should reduce the 8-KIE wheroas the absence of charge delocalization during

16 The f-cffeota

solvolyais of 57-0Ba should lead to a larger p-KIR.
for ethanolyaea of 21- and 37-OBs-exwo-3«d are 1,11 & 0,01 and 1,19 % 0.01

_ reapoetivoly.lsa For lonization of 58-0Bs, delocalization onto C«1 is not

importgn@’c'lal'aza

The‘rqdueod f-offoct for §8-0Ds-exo-3-d (relative to 57-0Bs-axo-3=d)

o

and yot the A~KIE is similar to ghat‘for 21-0D2-ox0=3-d,

—————— e

o e N i Lt =

Sl i
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48 attributed to delocalization of charge in tho tranaition state onto

the C-H bonds at C-6 and not from delocalization of the C-1 C-6 bond,

This delocalization reduces the amount.of positlve chargo at (-2 and
lossens the demand for hyperconjugative stnbili:atioh from tho.bonds (C-H)

Rt C"‘S!

(omparyadén of product ratios from sclvolyaes of 58-OHs and §8-OBs-

exo-3=d (Tablg 2:8, Chapter 2)rcv§ala that tho rolative amount of 1,3

olimination product (3-chloronortricyclene, 24) incroases for the latter
}

chloro broaylatgy Rrom theso obsorvations it ia suggosted that in
ion Pé-avo-3-d, & decroase in hyperconjugative stabilization of the

p orbital at C-2 by introduction of douterium at exo-C=% causes an increase
) | . &
: i D ;

N - De-exo=5-d
1n the demand for homohyperconjugative atabilization from tho ¢=1 bonda
at (=6, Thoroforn the acidity of theae honds {ncreases us does alae

thé relative amount of 1,3 elimination product. - '

-

Originélly, measurement of tho y-KIR for solvolyais of l-methyle

axo=2=norbornyl tosylati-ewo.emo-s.e-dz (gQ;OTa-amo.éwo-ﬁ.G-dz) WA S

planned since ionization of thia coﬁpound'likoly involves a groat degreo

of C-1 C-6 bond'pnrttoipgtion tn the transition atato. .It is likely
that weakening of the C-1 C-6 bond is nppreoinblo during ionization and
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hence both-ﬁonda at C-4 should be affocted aon:iddrably. -Tﬁerefore.
the y=KIE should be significant (ca 10\); The y=-KIE for acetolysis
of "&ngTl-ando.cndo-s.e-dz" at 25° ‘was found to be 1,03.115b However,

OTs .
5' gg;UTl-awo.caoeS.e-dz

"CcH
a3 a Tosult of a private .communication from the workq§.214 it was found
that the syntﬁotig route leading to this deuterated tosylate was _

: qompliontod by rearrangement proceascs (Jchemes 24 éo ﬁ:?, Chapter 2).
As a result, the y=KIE represents contributions from the two species

shown below.

Ta

ty

D
80-0Ta-ondo , ando-5,8-d,
~Indtially, ve oqucﬁed that electrophilic cleavage (%) of
2-methyl-3=chloronortricyclene (28) would yleld 9peut£10n11y geutorated
l-nethyl-T-thoro-emo-z-nqrhornyl acetate=-8-d as shown below. However,
Table 2:4. (Chapter 2) shows that about 10% of the deuterium at C-6
is ano. Presently thia route is the most effective method for preparation

of gg;OTa-ehda-o-d'dospite’tho amall amount of gg:OTa-emo-é-&¢wh1uh iy



formed. The Y-KIE for solvolysis of this compound is certainly lowliﬁb ’

.

despite the fact that an accurate value is not available, Although
the lower y-effect can be explained by a reduced degree of bridging in
the transition state, it certainly is not consistent with the proposal

that the y-KIEs for 21-0Bs-6-d ariﬁgﬁffom weakening of the C-1 C-6 bond.

CD CO D 1) Na/iPrOH
02 - QAc 2) TsC1 0Ts
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Eiectrophilic(D+) cleavage of 3-chloronortricyclgne (24) gives

44% anti-7-chloro-exo-2-norbornyl acetate-endo-6-d, 26% ay}xzfchloro-exa-2-

' norbofnyl.acetate-gnda-e-d, 14% exo-5-chloro-ezo-2-norbornyl acetate-d

and 14% endo-5-chloro-exo-2-norhornyl acetate-d; At least 70%,of the products

© 'arise from initial edge protonation of the cyclopropyl bond which is furthest

removed from halogen (ie C-1 C-6 bond)., Cleavage of this bond occurs with
predominant retention of configuration (retention:inversion>14:1) at the
site of electrophilic attack and predominant inversion of configuration

(inversion:retention = ¢a 50:1) at the site of nucleophilic attack.

Electrophilic(D+) cleavage of 2-methy1-3-chloronortricyc1ene (25}

gives 73% l-methyl-anti-7-chloro-exo-2-norbornyl acetate and 27%

_1-methyl-syn-7~chloro-exo-é-nprbornyl acetate in which most of the deuterium

is situated at endo-C-6. Furthermore, the reactivity of 25 towards acid

is closer to that of 3-chloronortricyclene than that of‘Iimethylnortricyclene (22}.

Once again, these facts suggest that cleavage of 25 proceeds via initial /
edge protonation (deuteration) of the cyclopropyl bond whic? is furthest

temoved from halogen. The stereochemistry of deuterium within the produ?ts
suggests that rupture‘of this cyclopropyl bond occurs with'retention of
;onfiguration by electrophile and accounts fdr most of the reaction pathway.
Inversion of configuration-at the carbon atom undergoing nucleophilic attack

\

was observed.
The KIEs for ethanolyses of

(a) anti-7-chloro-exo-2-norbornyl brosylate-endo-6-d (1.11£0,01},

(b) anti-7-chloro-exo-2-norbornyl brosylate-exo,exo-s,G-dz (1.12%£0.01),

O S W SRR

s B FT =L
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(¢} anti-7-chloro-endo-2-norbornyl brosylate-endo-6-d (1.0010.02),

(d) ayn-7-chloro-exo-2-norbornyl brosylate-endo-6-d (1.}110.01),

’te) ayn-7-chloro-exo-2-norbornyl brosylate-exo,exo-5,6-dz (1.11+0.01) and

{f]‘anti-?-chloro-exa-2-norborny1'brosylate-eio-3-d (1.09+0,01)

have been detérmined.spectrophotémetrically. Homohyperconjugative

interactions between the bonds at C-6 and the developing p-orbital at C-2

in the solvolyti?/transition state can account for the Y-KiEs. These

results cast doubt on the premise that delocalization of the C-1 C-6
bonding electrons is the source of the y-KIE at C-6 in norbormyl systems.,
It is suggested that .the y-KIEs for ethanolyses.of ex;-z-norbornyl
brssylate-exo-6-d (1.09£0.01) and exo-2-norbornyl Efasylate-endb-ﬁ-d
(1.1120.01) 160 do not arise from delocalization of the C-1 C-6 bond but

rather from homohyperconjugative interactions in the transition state.
q

From the solvolytic studies with 7-chloro-exo-2-norbornyl
brosylates-6-d, it was found that the preferred stereochemical arrangement
for 1,3 elimination (to yield 3-chloronortricyclene) is a semi-U.

arrangement, Furthermore, it is suggested that elimination occurs from an

edge-protonated species,
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General
Nuclear magnetic resonance (nmr) spectra were recorded on Varian T-60,

A-60 and HA-100 spectrometers with tetramethylsilane (TMS) as the internal
staédard. Samples were dissolved in either carhon)tetrachloride or carbon
disulphide., Deuterium magnetic resonance (dmr) spectra were recorded on
chloroform solutions using an XL-100 sgectrometer with 1gF as the %nternal
lock signal (perfluorobenzené) by Prof;ssor J.B. Stothers at the~ﬁ;iversity
of Western Ontario; Chemical shifts are expressed in parts per million
JBaniela from internal tetramethylsilane (6 0.0). In nmr descriptions,

s = singlet, d = doublet, t = triplet, m = multiplet.

Infrared spectra were recorded with Perkin Elmer 337 and Beckman IR-5
infrared spectrometers and the samples were dissolved in carbon tetrachloride

.or carbon disulphide. Absorption frequencies were calibrated with a

2

‘polystyrene thin film and are expressed in reciprocal centimeters (cm-l).

For brevity, the notation en™* is excluded.

Ultraviolet spectra were récorde@ on a Cary Spectrophotometer Model 14.

Mass spectra were taken on a Hitachi Perkin Elmér RMU-GA spectroneter
at 80 eV. Deuterium assay analyses were performed at 13 or 14 eV and-are

gexpressed as atoms of deuterium per golecule in excess of natural abundance
: . ® -

deuterium. Chapter 6 presents sample calculations. °

“

Analytical gas liquid partition chromatography (analytical glpe)
was performed on a Varian Aerograph Model 204B dual column analytical gas

chromatograph equipped with dual-flame ionization detectors using helium as
, TTr—

‘the carrier gas. The gas flow rate-was usually 20-30 ml/min, Preparative
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gas liqudd partition chromatoﬁzgphy (pfep glpc) was carried out on a Varian
Aerog}aph Model.A-QO-P gas chromatograph with a thermal conductivity
detector and a helium flow rate of 50-60 ml/min. Chromosorb W (Chromato-
graphic Specialties Ltd) ‘of mesh size 60/80 was used as the solid phase
in all cases. The liquid phases were varied and will be designated as

E AN
follows:
a% SE-30 . " refers to a% SE-30 on Chromosorb W . Y

b% Carbowax refers to b% Carbowax 20M on Chromosorb W

a

c% FFAP -refers to c% FFAP on Chromosbrb W
d% Ucon Polar refers to d% Ucon Polar 50-HB-2000 on Chromosorb W

e% GE-XF 1150 refers to e% GE-XF 1150 on Chromosorb ¥

. .. <@
Analytical columns (stainless steel) were 10' x 1/8" and preparative
columns (glass) were 10' x %". Thus, "analytical glpc (5% SE-30,125°)"

describes a chromatographic analysis on a Varian Modél 2048 instrument using

a 5% SE-30 on Chromosorb W column (10' x 1/8") at a colﬁmn temperature of 125°,

Relative product ratios were usually obtained by cutting out the
peak on the chromatogram and weighing the paper on an analytical balance,

however, product ratios from the solvolytic rqactions (Table 2:8, Chaﬁter 2)

were determined by an Aerograph Model 475 Electronic Digital Integrator. .

Spinning band distillations were performed on a Nester/Faust

auto annular 30" teflon spinning band distillation column.

Melting pgints)were,recorded on a Kofler hot-stage apparatus and .

are uncorrected. Boiling points are also uncorrected..

[ | | -

Pentane was stirred vigorously over fuming sulphuric acid, washed
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with sodium bicarbonate solution, dried and then distilled. Dry ether

‘refers to ether which was distilled from lithium alumimm hydride, Pyridine

was refluxed in barium oxide for 48 hr and then distilled.

o

All organic solutions were dried with either anhydrous sodium

sulphate-or magnesium sulphate,

Microanalyses were performed by Galbraith Laboratories, Inc.,

¢

_ Knoxville, Tennessee,

o
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A. 3-Chloronortricyclene (24)

1) ngtheéis . .
. [}

Norbornene (Aldrich Chemical Co., 88.0 gm, 0,936 mol) in methylene
chloride and pyridine was chlorinated by the method of Robertsl7 !;o
yield 32,4 gm (27%) of 3-chloronortricyc1ena (__) bp 68-70° (31mm)

(lit bp 64-65~ (27mm)); ir (neat) 3075 (cyclopropyl C-H), 815 (C-C1);

nmr (CC1,, IQO‘MHz) 8§ 3.74 (?, 1H, H-C-C1), 1.92 and 1,26 (m, 2H and 6H,

norbornyl eﬁvelope). Nmr analysis revealed that 24 was not contaminated
- ’ ¢ .

with isomeric chloronorbornenes.

2) Cleavage in Non-Deuterated Acid o ' .

a) Electrophilic cleavage:of 3.chloronortricyclene (24) with N

sulphuric acid in acetic acid

.3-Chloronortricyclene (10.13 gm, 79 mmol), sulphuric acid (1.311 gm)
and iSO ml of acetic acid (distilled from acetic énhydfide) were mixed in
a-250 ml1 flask fitted with a calcium chloride drying tube and a magnetic
stirrer. The flask was.placed into an.oil bath at 70° + 3° and the progress
of the reaction was monitored by glpc. After 120 hr the reaction was
estimated to be >97% complete. Threp-éuarters df the reaction mixture was
neutralized by slow addition to a saturated sodium bicarbonate solution and
then the products were extracted into ether (3x150 mlj. The ethereal
extracts were washed with water (75 ml), saturated bicarbonate-solution
(75 ml) and water (75 m1). After the solution was dried and.tﬁe solvent
was removed, there remained 10.9 gn (98%) of chloro acetates. Glpc analysis
{(10% Carbowax, 1800) showed at-least three products and only the product
with shortest retention time (7 min) was resolved from the othérs.

' ésolayidn of this compound by prep glpc (15% Carbowax, 175°, rt 13 min)

~

b

-
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gave anti-7-chloro-exo-2-norbornyl acetate (58-0Ac) which was identified

by comparison of spectral data to those of an authentic .';amplc.la1

. b

When the‘?emaining 6n§-quarter of the Eéaction mixture was heated
toﬂlOOo b4 5°, after 198.5 hr the relative product ratios were altered as
determined by analytical glpc. Notably, the relative amount of*§§;0Ac
had decreased and on raising the temperature to 120° + s° conside%able

darkening of the reactidn mikture as well as additional products Fere noted

after 314.5 hr (glpc). These observations were not further investigated.

i

b) Reduction of the chloro acetate mixture with lithium aluminum hydride

Into a 125 ml three necked flask fitted with a condenser (with
calcium'chloride drying tube}, addiﬁg funnel and magnétic stirrer was
placéd a slurry of lithium aluminum hydride (1.92 gm,‘51 mmol) in dry
ether (55 ml).  The éhloro acetate mixt;;g from above (4.46 gm, 24 mmol)

|
was dissolved in dry ether (10 ml) and slowly added to the slurry. Then

the mixture was refluxed for 4 hr. The reaction flask was cooled in ice

and excesg hydride was carefully destroyed by the dropwise addition of
water. After the white precipitate was filtered off, the filtrate was
acidified with hydrochloric acid (10%, 20 ml) and then the ethereal

layer was separated. The aqueous layer was extracted with ether (2x75 ml)
and- the combined ethereal layers were washed with water (50 ml), dried
(Mgso4) and concentrated to yiéld 3.3 gm (94%) of chloro alcohols {foul
odour). Analysis by glpc (Iai\Carbowax,'l78°) revealed at least three
products but again onl} the pr&duct with §h6£¥ésf retention time (5 min)

was resolved from the others. This product was isolated by prep glpc

(15% Carbowax, 1750, rt 12 min) and identified as gyn-7-chloro-exc-2-

J

e Amatie— am s
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nofqprnanol (58-0H), mp 88-920, by comparison of spectral data to those

from an authentic samplc.l81 Similarly, the other chloro #lcohol

products which will be designated "other chloro alcohols" were collected

by prcpﬂglpc {(rt 22-30 min).

It was noted that excessive reaction time (>5 hr) led to the
-~y .

formation of ero-2-norbornanol (21-OH) as det;>mined by both glpc and mmr

spectroscopy.

—

A
c¢) Oxidation of "other chioro alcohols' _ )

The oxidizing agent 3 was prepared as follows: sodium dichromate
(10 gm) was dissolved in water (20 ml) and then sulphuric acid (7.5 ml)

was added. Por each millimole of alcohol to be oxidized, 0.5 ml of solution

is used,

To a solution of the "other chloro alcchols" (0.20 gm, 1.4 mmol)
-
in ether (5 ml, pretreated with oxidizing agent) in a 50 ml flask equipped
with a condenser and magnetic stirrer, the oxidizing agent (0.8 ml) was

slowly added. .After the solution was vigorously stirred for 6.5 hr, the

ethereal layer was separated and the aqueous layer was extracted with

ether (5x20 ml). The combined ethereal layers were washed with saturated

bicarboﬁate (2x15 ml), water (2x20 ml) anq‘then dried. Analytical glpc
(10% Carbowax, 190° and 20% Ucon Pelar, 1800) showed thfeé products and
each was collected by prep glpc (15% Carbowéx, 170°). The product with
shortest retention time {12 min) was anti-7-chloro-2-norbornanone (63):
ir (CSz) 1760 (C=0); nmr (CC14, 60 MHz) 6 4,2 (s with fine structure, 1H,

gyn-C-7), 2.6 (broad s, 2H, C-1 and C-4), 2.5-1.5 (m, 6H, norbornyl envelope}.

———al
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The product with intermed%ate retention time (15 min) was
ano-5-ch10ro-2-norbornahona:(92) and the proQBcf with longest retention
time (15 min) was endo-5-chloro-2-norbqrnanoﬁa (66}, The identities‘of
these latter two compounds were verified by comparison of spectral data

: &
(ir, nmr) to those from authentic samples whose syntheses are subsequently

described,

In & separate experiment, a small portion of the chloro alcohol
! .

mixture which was obtained from the chlofo acetates by reduction bﬁi!which R

was not subjected to prep glpc was oxidized as described above. Thfﬁ
rcaction‘gave 44% anti-7-ch16ro-2-norbornanoqe (63), 14% exo-S5-chloro-2-
norbornanone (65), 26% ayn-7-chloro-2-norbornanone (64) and lhi Y
enda-s-chlorq-2-n$rbornaﬁone (66) aé determined by analytical glipc (10%
Carﬂowax, 192°). None of the above chloro ketones had retention time

identical to that of an authentic sample of exo-3-chloro-2-norbornanone (73).

d) . Reduction of the chloro alcohols with sodium

To a stirred solution of the chloro alcohols obtained from part
2b (0.75 gm, 5.2 mmol) in Z-propanol (50 ml, reagent gradei were slowly
added small pieces of sodium metal (1.0 gm, 43 mmol). The mixture was
stirred magnetically and refluxed during the additién; the colour changed
from pale yellow to brown. After the sodium completely dissolved,
the solution was refluxed for a further 3.0 hr and then the brown solid
;hich formed when the mixture'wag-cooled, was dissolved in water (50 ml) and
the aqueous solution was extracted with pentane (4x70 ml), The combined

pentane extracts were washed with dilute hydrochloric acid (10%, 40 ml),

EOS T R
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water (2;40) gnd then dried and conccnfratcd to yleld 0,45 gm-(78%) of
a white solid. Analytical glﬁc (10% Carbowax, 132°) showed one major

product (>95%) and after isolation by prep glpc (15% Carbowax, 1390), its

u

propertics were shown to be identical to those of sxo-2-norbornancl (21-011):
ir(C5,) 3600 (free OH), 3600-3200 (hydrogen bonded Ol1); nmr (CClaf 60 Miiz)

& 3.6 (d, 1H, endo-C-2), 2.2 and 2.0 (broad s, ecach lil, bridgeheads),

e

1.9-0.7 (m, 9H, norbornyl envelope and OH). Another product (<5%) with

retontion timo slightly longer than that of exo-2-norbornancl was not

identified,

By analytical glpc (10% FFAP, 1050) it was ostimated that the ratio
of exo-2-norbornanol : endo-2-norbornanol (rt 54 and 58 min respectlively)

was 982 : 2#+1,

3) A) Anti- and ayn-7-chloro-exo-2-norbornanols (58-OH and 59-0OH)

_ Aipohols 58-0H and 59-0H were prepared by the addition of hypo-
chlorous acid to norbornenc according to the procedurc of Robortsl78 and
purified by prep glpc (15% Carbowax, 1600). Syn-?-;hloro—emo-2-norbornanol
(59-OH) had the following properties: mp 87-91° (lit178 mp ?9-900);
ir (CC14) 3590 (OH); nmr (CSZ, 100 MHz) & 3.86 (m, lH, anti-C-7), 3.60
(broad quintet, 1H, J=6 Hz, endo-C-2), 2,25 6n, 24, C-1 and C-4), 1.88
(m, 3H, exo-C-3, endo-C-3 and -OH), 1.53 (m, 2H, ezo-C-5 and exo-C-6),

1.10 (m, 2H, endo-C-5 and a«krc-6).181‘ These assignments are based upon

. -
comparison to spectra of specifically deuterated 59-OH (vide infra).

Anti-7-chloro-ezo-2~-norbornanol (58-0H) had the following properties:

ir (CC1,) 3620 (free OH), 3650-3200 (hydrogen bonded OH); nmr (CCl,, 100 MHz)

RPN S i
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§ 4.19 (broad s with fine structure, 1H, syn~C;7), 3.75 (d of 4, 1H,
J=7.5 and 2.5 Hz, endo-C-2), 2.69 (broad s, 1H, OH), 2.26 and 2.14 (broad
s, cach 1H, bridgeheads), 2.00-1.67 (m, 3H, exo-C-3, ex0-C-5 and €x0-C-6),
1.40 (broad d, 1H, J=1§ Hz, endo-C-3), 1.10 (m, 2H, endo-C-5 and endo-C-6).
Tﬁescigssignments were confirmed by synthesi; of specifically deuterated

§§;0H (vide infra).

: >
Independent synthesis of the anti-glcohol 58-0H was also effected

By the hydroboration-oxidation of anti-7-chloronorbornene (Qg).lgl

b) Anti—?-chloro—exa-z-norbo;nyl acetate (58-0Ac)

_Anti-T-chloro-gzo—2-norbornanol (58-0H, 25 mg, 0.1 mmol) was )
dissolved in pyridine (7 ml) and acetic anhydride‘f? ml) and stirred ag
room temperature for 48 hr. Then the solution was added to crushed ice
(ca 15 ec) and extracted with ethef The extracts were washed with dilute
Ihydrochlonc acid (10%), saturated bicarbonate, water and then dried and
concentrated to yield antt-?—chloro-exo—2~n0rborny1 acetate (§§;0Ac):

ir [CC14)_1750 (C=0), 1235 (acetate); nmr (CC14, 60 MHz) 6 4.6 (d of 4,

1H, endo-C-2), 4.1 (s with fin? structure, 1H, 8yn-C-7), 2.3 (broad s, 2H
., 81

2

C—lnind C-4), 1.9 (s, 3H, bAc), 2.2-1.0 (m:“GH, norbornyl envelope).1

c) Syn-?—chloro-exo-Z-norbornyl acetate (59-0Ac)

~ Syn-7-chloro-ero-2-norbornanol (59-0H) was acetylated by the method

-]

above to yield syn-7-chloro-exo-2-norbornyl acetate (59-0Ac) : ir (CSz)

1730 (C=0), 1240 (acetate); nmr (CC1,,60 MHz) § 4.5 (m, 1H, endo-C-2),”

v

3.8 (s with fine structure, lH, anti-C-7), 2.3 (broad s, 2H, C-1 and C- 4),

1.9 (s, 3H, OAc), 2.2-1.0 {m 6H, norbornyl envelope) 81

L]
v

3
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d) Ero-3-chloro-2-norbornanone (73)

2-Norbornanone (Aldrich Chemical Co., 11.7 gm, 0.11 mol) was.

_treated with sulphuryl chloride (15.0 gm, 0.11 mol) in carbon tetrachloride

(20 m1) at 25° for 195 hr.1®7 THhe major product (73, >90%) which was

purified by prep glpc (15% Carbowax, 168°)'had infrared absorptions as
187,

reported "': mr (CS,, 60 MHz) § 3.5 (d, 1H, J=3 Hz, endo-C-3), 2.6
(broad s, 2H, C-1 and C-4), 5.4—1.3 (m, 6H, norbornyl envelope). The
minor product was identified as 3,3-dichloro-2-norbornanone : ir (CSZ)

1760 (C=0), 850, 750, 700 (C-C1); mur (CS,, 60 MHz) & 3.0 and 2.7 (broad s,

each 1H, bridgeheads), 2.5-1.5 (m, 6H, norbornyl envelope).

E) Endo-3-chloro-2-norbornanone (74)

The chloro ketone 74 was prepared according to the procedure reported
by McDonald and Tabor186 by fefluxiﬁg a solution of lithium carbonate
(1.7 gm), water (60 ml) and éxo-3-ch10ro-2-norbornanone (636 mg) for 21 hr.
The infrared spectrum of 74 was identical to that which was reported187:
nmrA(CSY, 60 MHz) & 4.0 (d with fine structure, 1H, J=ca 4 Hz, ero-C-3),

2.8 and 2.6 (broad s, each 1H, bridgeheads), 2.2-1.5 (m, 6H, norbornyl

envelcpe).

f} FEzo-5-chloro-2-norbornancne (65)

Nortricyclanonels4 (370 mg, 3.4 mmol) was dissolved in carbon
tetrachloride (25 ml) and placed into a SO ml round bottom flask fig;ed with

- . . . . 0,.0 .
a condenser and a magnetic stirrer. The solution was hedted to 71 5" in

an oil bath. Anhydrous hydrogen chloride was bubbled through the solution

¥ .
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for 67 hr (>90% comple;e'as determined by glpc) and then the mixture was
neutralized with saturated sodium bicarbonate. The aqueous solgtion was
extracted with carbon tetrachloride (4x55 ml) aﬁd the combihed extracts -
were washed with saturated bicarbopate (40 ml), water (3x25 ml) and then
d?ied. After the organic solvent ;as removed by distillation through a
. 15 cm column packed with glass helices, analysis by glpc (10% Carbowax,
1859) revealed one product (rt 4 min). Purification by prep glpc (15%

—~Carbowax, 1880) gave 240 mg (49%, corrected for losses during collection)

of a waxy solid which was identified as exo-5-chloro-2-norbornanone (65):

ir (CSZ) 1760 (C=0), 1310, 1300, 1275, 1245, 1175, 1130, 1125, 1090, S55,
545, 880, 860, 710, 690, 565; nmr (CSZ’ 60 MHz) 6 4.0 (t with fine structure,

1H, endo-C-5), 2.8 and 2.5 (broad s, each 1H, bridgeheads}, 2.3-1.5 (m, 6H,

1
norbornyl envelope).

g) Endo-5-chloro-2-norbornanone (66) e ' _ /

i) Endo-5-chloronorbornene (68)

A \ :
.
To three thick-walled glass tubes were added 11.7, 11.7 and 10.3 gm

of vinyl chloride along with 8.8, 8.8 and 7.8 gm of freshly distilled
cyclopentadiene respectively. The tubes were sealed and then heated in

a2 Monel Pressure Reaction Apparatus (Parr-Model 4914) at 220° for 15 hr,
opened and the solutions were combined. Distillation through a 30 cm
Vigreux column yiélded 39 gm of a mixture;;ontaining exo- and endo-5-
chloronorbornene: (67 and 68);bp 95-97° (54-59 mm). The ratio of 67 to 68
was 43:57 as determined by mmr spectroscopy. Spinﬁing band distillation

under reduced pressure was used to separate 67 from gﬁ; The lower boiling

farTe o mener
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fraction was exq—s-qploronorbornene (67): if (neat) 3050 (olefinib C-H),
800, 725, 690; mur (CCl,, 100 Mﬁz) 6 6.14 (quartet, 1H, cﬂs),‘5.94 (quartet,
1H, C-2), 3.67 (t with fine structure, 1H, endo-C-5), 2.92 and 2.85
(broad s, each 1H;”b;idgeheads), 1.90-1.40 (m, 4H, exo-C-3, endo-C-3,

2 The higher.boilihngractioné contained

syn-C-7 and anti—c—7).25
en&o;5~chloronorborncne (68) yith 15-20% contamination by 650—§5ch10r0norborneﬁe
(67) as determined by analytical glpe (5% SE-30, 90°). Distillation of the

pot residue (enriched in 68) through an 8 cm Vigreux column yielded 3.6 gm

- of endo-5-chloronorbornene (68): bp 60-68° (33 mm); ir (neat) 3050

| (olefinic\C-Hl, 815, 770, 725, 695; nmr (CC14, 100 MHz) 8 6.25 tquartet, 1H,

N -
C-3), 6.00 (quartet, IH, C-2), 4.30 (m, 1H, exo-C-5), 3.06 (broad s, IH,

C-4), 2.82 (broad s, IH, C-1), 2.20 and 1.60-1.00 (m, 1H and 3H, exo-C-3,
endo-C-3, syn-C-7, anti-C-7),

ii) Hydroboration-oxidation of endo-5-chloronorbornene (68) .

Into a 250 ml flask fitted with a magnetic stirrer and a pressure
equalizing funnel were placed endofs-chloronorbsrnene (1.92 gq,'ls.o mmol)
dissolved in tetrahydrofuran (40 ml, freshly distilléd) alongiwith sodium
borohydridg (1.21 gm, 31.8 mmol).185 After the flask was purged for 10 min.
with nitrogén; boron trifluoride etherate.(G.S gm,'46~mmq1, ffeshly distilled)
in tetrahydrofuran (20 ml) was slowly added to the stirred solution cohtaining
olefin and after the addition was complete, the mixture was stirred for 1.5 hr
at room temperature. The funnel was replaced with a condensér and water
was added to the mixture until hydrogen was no longer evolved. Sodium
hydroxide (@0%, 30 ml) was adde;, thén'hydrogen peroxide (30%,-6 ml) was

slowly added (maintaiqing.a mild reflux rate}. Afﬁer being-stirred for 3.0 hr,

e meem abRms e e
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the solution was extracted with ether (3x80 ml) a?d the extracts were
washed with dilute hydrochloric acid (10%, 10 ml), water (2x20 ml) and
then dried and concentrated to yield a white solid (1.3 gm, 59%). Thé .
two e;pected producfs endo-S-chloroe-exo-2 -norbornanol (61-0H) and
endo-6-chloro-ezo-2-norbornanol (69-0H) could not be separated by

prep glpe {10% Carbowax, 1800).

iii) Endo-5-chloro-2-norbornanone (66) and

endo-6-chloro-2-norbornanone (70)

The mixture of chloro alcohols 61-OH and 69-OH was oxidized
as described in part 2c to a mixture of 66 and 70 in thg ratio 42:58, *
Each chloro ketone was purified by prep glpc (15% Carbowax, 1700); the
ketone with shorter retention time (17 min) was endo-5-chloro-2-norbornanone
(66): ;r (tSz) i750 (C=0), 1310, 1280;'1260, 1180, 1150, 1075, 1060,
960, 940, 915, 850, 865, 770, 695, 675; nmr (CSZ’ 100 MHz) & 4.30 (m, 1H,
exo-C-5), 5.80-1.30 (m, 8H, norﬁornyl/envelope). The ketone with‘longer
retention time (23 min) was en&o-6-chloro-2—norbornahone.(zg): ir (CSZ)
1760 (C=0), 1300, 1280, 1260, 1230, 1190, 1150(s), 1120, 1070(s), 1030,
970, 945, 925, 885, 565, 765, 735,.640; nmr (CSZ’ 100 MHz) § 4:30 {m, 1H,

exo-C-6), 2.70-1.40 (m,\SH, norbornyl envelope).

h) Exo-3-chloro-exo-2-norbornyl acetate (71-O0Ac) and

endo-3-chloro-exe-2-norbornyl acetate (Zg;OAc)

i) Exo-3-chloro-exro-2-norbornyl t-butyl ether (71-OtBu)

and endo-3-chloro-exo-2-norbornyl t~-butyl ether (72-0Q%Bu}

Compounds 71-0tBu and 72-0fBu were prepared by the treatment of

norbornene with #-butyl hypochlprite.181 The endo-3-chloro ether 72-0tBu
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was isolated by prep glpc (15% FFAP, 155°): ir-(néaf3f1120~dnd 15?5
(C-0); rmr (CCl,, 60 MHz) & 3.8 (m, 1H, exo-C-3), 3.2 (t, 1H, endo-C-2),
1.2 (s, 9H,.;C(CH3J3), 2.3-1.0 (m, 8H, norbornyl envelope}. Similarly,
the exa—S—chioro ether 71-OtBu was isolated by prep glpe: ir (neat)
1090 (C-0); mmr (CI'.‘14, 60 MHz) & 3.8 (d of d, 1H, Jd=cq 6 and 1 Hz,
endo-C-3), 3.5 (d of d, 1H, J=ca 6 and 1 Hz, endo-C-2), 1.2 (s, SH,

-C(CH3)3), 2.4-0.9 (m, 8H, norbornyl envelope).

ii) Ezo-3-chloro-exo-2-norbornanol (71-OH) and

endo -3-chloro-exo-2-norbornanol (72-0H)
t .
Chloro alcochols 71-OH and 72-0H were prepared according to the

literature methodls.7 by treatment ef the corresponding chloro-t-butyl

ethers 71-0¢Bu and 72-OtBu with anhydrous hydrogen chloride. The nmr

specfra of 71-OH and 72-OH were identical to the reported 5pectra.%8?

iii) Exo-3-chloro-exo-2-norbornyl acetatél(1£-0Ac) and

endo-3-chloro-exo-2-norbornyl acetate (72-0Ac)

The chloro alcohols 71-0H and 72-0OH were individually acetylated
using acetic anhydride in pyridine to yield the corresponding chloro
L , :
acetates 71-OAc and 72-OAc. Analytical glpc (10% Carbowax, 1900) revealed

that each acetate was >97% pure.

j) Endo-5-chloro-exzo-2-norbornyl acetate (61-0Ac)

Acetylation with acetic anhydride of a mixture of
endo-5-chloro-exo-2-norbornanol (61-0H) and endo-6-chloro-exo-2-norbornanol

(69-0H) (see section 3,g,i) gave a mixture of the chloro acetates 61-0Ac and
’ LY
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69-0OAc. Compound 61-OAc was isolated by prep glpc (15% Carbowax, 1750)

however it was contaminated with 69-OAc (eca 18%).

4) Stability of various chloro acetates to the reaction conditions

used for the electrophilic cleavage of 3-chloronortricyclene (24)

|

In a typical control reaction, 100-200 mg of the chloro acetate,

was dissolved in acetic acid containing 0.10 M sulphuric acid (ca 5 mi)

and heated to 70° + 5° in an oil bath for 500 br. The extent of isomeriza-
tion was monitored by analytical glpc (15% Carbowax, 150-1850) and the
stabilities of the following chloro acetates were determined:

syn 7- chloro—exo 2= norbornyl acetate (59 OAc)“underwent 12% isomerization
to anti-7- chloro exo-2-norbornyl acetate (__;OAc) endo 5-chloro-exo2-
norbornyl acetate (61-OAc) underwent 15% isomerization to exo-5-chloro-

exo-2-norbornyl acetate (60-0Ac). Exo-3-chloro-exo-2-norbornyl acetate

(71-0Ac), endo-3-chloro-exo-2-norbornyl acetate (72-0Ac) and anti-7-chloro- °

exo-2-norbornyl acetate (58-0Ac) each underwent <3% rearrangement,

3
5. Cleavage in Deuferated Acid .

a) Electrophilic cleavage of 3-chloronortricyclene (24)

with deuteroacetic acid containing:deuterosulphuric acid

3-Chloronortricyclene (18.S gm, 145 mmol) was dissolved in 80 ml
of acetic acid-—d4 (Merck, Sharp and Dohme of Canada Ltd., 99.5 Atom % d)
and 0.82 gm of sulphuric acid-—d2 (Merck, Sharp and Dohme) in a 250 ml
flask éitted with a calcium chloride drying.tube and then was heated in

an oil bath to 70° * 3° for 504 hr. Sodium acﬁ;tate-d3 (1.7 gm)} was added

to the reaction mixture to act as a buffer and acetic acid-—-d4 (55 ml) was

PR PR Y
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removed by distillation under reducedrpressure (5-7 mm). The remaining
solution-was qeutralized with saturated sodium bicarbonate and ext£ﬁcted
with etﬁef.r )}ter the extracts were washed with Jater-énd dfied,
evaporation of solvent left 26.5 gm FQS%) of deuterated chio;o acetates:
anti-7-chloro-ezo-2-norbornyl trideuéeroacetaté-d,
syn-7-chloro-exo-2-norbornyl trideuteroacetate-d,
exo-5-chloro-exo-2-norbornyl trideuteroacetate-d and
endo-5-chloro-exo-2-norbornyl ‘trideuteroacetate-d, A small sample of
deuterated anti-7-chloro-exo-2-norbornyl acetate.was isolated by prep glpc
(15% Carbowax, 1350) and deuterium assay by mags speétfometry indicated

4? dss

of the deu;erateq anti—?-chloro;acétate 58-0Ac was reduced with lithium

94% d4, 2% dS gpecies (av 3.98 d/molecule). .When several milligréms

_~aluminum hydride to the anti-7-chloro-alcchol §§;0H-d and then acetylated
with acetic anhydride in pyridine, deuterium assay by mass 5pectroﬁétry

revealed /3% do’ 95% d., 2% dz species (av 0.99 d/molecule).

1’

b} Reduction of deuterated chloro acetates with lithium aluminum hydride

. The deuterated chloro acetate mixture from above (17.6 gm, 92 mmol)
was dissolved in dry ether (20 mlj_and reduced with lithium aluminum
hydride (1.89 gm, SO.mmol) as previously. described. After workup, 12.7 gm
(94%) of deuterated chloro alcohols were obtained. Some deuterated ‘
Byn-7-chloro-exO-2—norbornano; (59-0H-d) wﬁs collected by prep glpc
(15% Car@owax, 1750) and acetylated (acetic anhydride in pyridine), however
deuteriu; assay by mass spectrometry was uﬂre%iable due to a weak parent

ion.

RS SO
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¢) Oxidation of the deuterated chloro alcohols s

The deuterated chloro. alcohols from above (12.7 gm, 86 mmol)
were oxidized by the method previously described (44 ml oxidizing agent)
to yield 12.0 gm (97%) of deuterated chloro ketones. Each of the foﬁr
catpound s was collected by prep glpc (15% Ucon Polar, 1300) and deuterium
asséy by mass spectrometry -gave the following results: _
anti-7-chloro-2-norbornanone (63-d), 4% do’ 95% dl‘ 1% dz species
(av 0.97 d/molecule); exo-s-chloro—2—norb3rnanone (Qé;d), 10% do’ 90% dl

species (av 0.90 d/molecule); syn-7-chloro-2-norbornanone (64-d), 3% do’

- 95% di,_z% d2 species (av 0.99 d/molecule); endo-5-chloro-2-norbornanone

(66-d), 13% do’ 85%‘d1” 2% dz species (av 0.89 d/molecule).
When the electrophilic cleavage of 3-chloronortricyclene was
carried out in acetic acid-0-d (prepared from distilled acetic anhydride

and deuterium oxide) and 0.10 M sulphuric acid—d2 at 70° * 3° for 332 hr,

" considerable acid-catalyzed hydrogén—deuterium exchange within the methyl

group of the acetic acid caused the deuterium pocl to become dilut;d. Mass
spectrometric deuterium assay on the deuterated anti-7-chloro-exo-2-norbornyl
aéetate which was collected by prep glpc (15% Carbowax, 1750) revealed that
it consisted of 19?&0,- 75% d, 6% d, species (av 0,87 d/molecule). The
four deuterated-chloro acetates'which were obtained from the electrophilic
(CHSCOZD,DZSO4) cleavage of 3-chloronortricyclene (24) were converted to

the corresponding chloro alcohols and then oxidized to the corresponding
chloro ketones.  Deuterium assays by mass spectr;metry.showgd the following
results: anti—?—chloro-2—norbornano£e (63-d}, 20% do, 80% dl §péci55

(av 0.80 d/molecule); exo-5-chloro-2-norbornanone (65-d), 32% do, 68% dl
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species (av'0.68 d/mblecule); éyn-7-éhloro-ﬁ-norbornanone (gﬁ?d), 21% do;

78% dl' 1% dz species (av 0.80 d/molecule); endo-5-chloro-2-norbornanone

(66-d), 30% do’ 68% dl’ 2% d2 species (av 0.72 d/molecule).

d) Location of deuterium within the deuterated chloro ketones

83, 64-, 65, and 66-d.

To determine the location of the deuterium, the deuterated ¢hloro ketones

which had been previously separated by prep glpc (15% Ucon Polar, 1300) were

individually reduced with lithium aluminum hydride to a mixture of exo- and .
endo-z-norbogpanol. In a typicai reaction,lthe deuterated chloro ketone

(ca 100 mg) in gther (15 mli was reduced with lithium alumimm hydride (réfiux
for 15 days) to the deuterated 2-norbornanols. Reduction of deuterated
anti-7-chloro-2-norbornanone (63-d) and endo-5-chloro-2-norbornanone (66-d)
gave endo-2-norbornanol-d (57-0H-d) as the major product {minor product was
the exo-alcohol 21-0H-d) whereas reduction of deuterated syn-7-chloro-2-
norbornanone (64-d) and exo-5-chloro-2- norbornanone (65-d) gave exo-2-

norbornanol-d (21-0H-d) as ‘the major product (minor product was the endo- alcohol

éz;OH-d). In each case about 20 mg of the major norbornanol isomer was isolated

by prep glpc (15% Carbowax, 1100), dissolved in_a solution of Eu(DPM)3

(ca 80 mg) in carbon teirachloride (ca 1 ml) and then subjected to nmr (100 MHz)

8
deuterium position analysié.lgz’193 The combined mass spectral and nmr data :
(Table 2:3, Chapter 2) established that (a) the deuterium in the 8yn-7- and
anti—?-chloro-ero-Z-norbornyl acetates (59- andr§§;0Ac-d) was s;tuated at C-6 :
(>90i) with at least 95% endo stereochemical puritf, (b} the deuterium in the . ﬁ
ezqis-chloro—ezo-z-norbornyl acetate (60-OAc-d) was positioned at C-1 (0.10 * 0.05), E

endo-C-2 (0.10 £ 0.05), exo-C-3 (0.20 % 0.05), endo-C-3 (0.20 + 0.05), exo-C-6
- |
(0.20 * 0.05), endo-C-6 (0.20 *+ 0.05) and (c) the deuterium in endo-5-chloro-

eio—Z—norbornyl acetate (él;OAc-i) was positioned at C-1 (0.10 * 0.05),

endo-C-2 (0.15 * 0.05), exo-C-6 (0.55 * 0.05), endo -C-6 (0.25 * 0.05).

Phe 212 2T
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6) Control experiments with anti-7-chloro-2-norbornanone-endo -6-d

(63-endo-6-d) and exo-5-chloro-2-norbornanone-exo-3-d (§5-exo-3-d)

to check for deuterium losses

a) Check for deuterium loss during prep glpc

A sample - of g};endo;é-d which was collected by prep glpc
(15% Ucon Polar, 130°) was analyzed mass speptrometrically for deuterium:
5% d » 95% dl, species (av 0.95 d/molecule). Reinjection of a small portion
" of the above chloro ketone and collection by glpc; followed by mass spectral

analysis revealed 5% do’ 94% dl, 1% dz species {av 0.96 d/molecule).

Similarly, the chloro ketone 65-exo-3-d was tested for deuterium
lo;s during isolation by prep glpc. After one injection and collection,
65-exo-3-d was assayed as 10% do,'90% dl species (av 0.90 d/molecule) and
after reinjection and collection, the ketone was found to be composed of

10% do, 0% d; species (av 0.90 d/molecule).

b). Check for deuterium loss during oxidation

Anti-7-chlorofé-norbornanone-endo—6—d (ca 10 mg, av 0.95 d/molecule)
in ether (3 ml, pretreated with oxidizing agent) and oxidizing agentls3 |
(2 mi) were vigorously stirred together for 3.5 hr at room temperature.
Workup was as previously described and the product was isolated by prep glpc
(15% Ucon Polar, 1400). Mass spect:al analysis indicated 5% do? 94% dl’

1% dz species {av 0.96 d/molecule).

5
Similarly deuterated exo-5-chloro-2-norbornancne (av 0.50 d/molecule)
which contained some deuterium at exo-C-3 was subjected to the chromic acid

oxidation reaction conditions and deuterium assay by mass spectrometry
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revealed 11% do’ 88%-d1, 1% dz species (av 0.90 d/molecule),

B. 2-Methyl-3-chloronortricyclene (25)

1) Synthesis of 25

a) 2-Methylnorbornene (76) ‘ \

In a typical run, ethylene (800 psi) and methylcyclopentadiene
dimer (Aldrich, 125 gm) ;ere caused to react at 200° for 12 hrlg-4 ina
Mcnel Pressure-Apfaratus (Parr-Model 4914) fitted with a glass liner. The
réaction vessel was cooled to room temperature and the excessive ethylene was

released. From eight runs, the mixtures were combined, filtered and then dis-

"~ tilled through a 30 cm vacuum jacketed Vigreux column. The fraction boiling bet-
\

ween 110° and 1260 was collected. Redistillation at atmospheric pressure was
effected with a Nester—Faust~spinn£ﬁg band distillation unit, Afterha forerun of
5. gm was collected, the first f{action (100 gm, head temperatufe 80-1020)

was l-methylnorbornene (75): mmr (CC14, 100 MHz) 6 5.98 (quartet, 1H,
J= 5.0 and 2.5 Hz, C-3), 5.75 (d, 1H, J= 5.0 Hz, €C-2), 2.78 (broad s, 1H,
C-43), 1.37 (s, 3H, _CHS)’ 1.90-0.95 (m; 6H, norbornyl envelope). The

second fraction (50 gm, head temperature 1050) was a mixture of 1- and
2-methylnorbornenes. The third fraction (160 gm, head temperature 106—1120)
was Z-methylnorbornene (76): 1ir (neat) 3060 (olefinic C-H); nmr (CC14,

100 MHz) & 5.48 (broad s, 1H, C-3), 2.75 and 2.58 (broad s, each 1H,
bridgeheads), 1.74 (d, 3H,‘J- 1.5 Hz, _CHS)’ 1.74-0.85 (m, 6H, norbornyl

envélope).195

b) Chlorination of 2-methylnorbornene czg)

2-Methy1norbofnene (110 gm, 1.02 mol) was dissolved in methylene -

chloride (500 ml) and pyridine (105 ml) in a three-necked flask fitted with

4
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a mechanical stirfer along with a gas inlet and outlet. The flask was
cooled in an ice bath and then chlorine gas (passed through concentrated
sulphuric acid) was bubbled into the stirred solution until the mixture |
turned yellow permanently. It was allowed to warm to room temperature and
then it was wﬁshed with water (150 ml), dilute hydrochloric acid (10%,
2x200 ml), saturated bicarbonaEe solution (2x200 mi) and water (2x200 ml),
After the organic layer was dried and concentrated, a yellbw oil (150 gm)
was obtained and analytical glpc (5%‘5E-30, 1400) showed a product (35%)
with short retention time (2 min) along with af least six other products
having longer retention times. Analysis on a different chromatographic
column (10% Carbowax, 1750) revealed that the product with shortest re-
tention time (2 min) was the major product (75%) and fhe‘others were minor,
A glass.insert in the injéctor block of the gas chromatograph did not
darken after several injections of the reaction mixture. Separation of the
tricyclic compound was attempted by fractional column distillétion through
a glass column (30 cm) packed with glass helices and wrapped several times

with aluminum foil.

During the early stages of the distillation, a white substance
solidified in the céiumn and caused the forerun to become cloudly. The,
first fraction consisted of thirty grams of a colourless liquid bp 35-40°
{20-25 mm) which was shown bf analytical glpc (10% Carbowax, 1900) and
nmr spectroscopy to be »>96% pure. This compound was labile oﬁ a 5% SE-30
column (IOOOj when the injecfor and detector block temperatures were high
(>200°). The second fraction was a clear yellow liquid (47 gm): bp 80-90°

60 MHz) & 4.1 and 3.3 (AB quartet, each 1H, J= 11 Hz),

(20-25 mm); mmr (CC1,,
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3;9 (s with fine structure, 1H), 2,3-1,2 (m, 71}. After the second {raction
was collected, a yellow substance solidified in the condenser and the
distillation was stopped. Further attempts were not made to scparate the

compounds remaining in the pot (ca 70 gm).

The first fraction was further purificd by spinning band distillation

! ¢

under reduced pressure with pressure control * 2 mm. The head tc%}crature
was 51° (ca 80 mm) and the pot temperaturc was 56°. After 2 ml of forerun,’
four scparate fractions were collected and cach was cstimated by analytical
glpc (5% SE-30, 1000) to be at lcast 975% purc. The spectral data which
were consistent with 2—mcthy1-S-Chlorﬁnortricyclcnﬁ (25) were as follows:

ir (neat) 307S_and 3010 (cyclopropyl C-H), 1455, 1445, 1310, 1295, 1240,
925, 905, 850, 800; 775; nmmr (CC]4,‘100 MHz, Figure 6:1, Chapter 6)

§ 3.65 (d, 1H, J= 1.5 Hz, H-C-C1), 2.12 and ca 1.4 (AB pattern, cach 1H,

J= 10.5 Hz, exo-C-7 and endo-C-7), 2.03 (broad s, 1H, C-4}, 1.40 (m, 2H,
exo-C-5S and endo-C-5), 1.23 (s, 3H, _CHS)‘ 1.04 (s, 20, C—i and C-6). Spin
decoupling expcrihcnts corroborated the above assignments., For example,
irradiation at é 2.03 caused the peak at & 3.65 to collapse to a singlet.

Irradiation at 6 1.4 caused the doublet at § 2,12 to collapse to a singlet.

Strong mass spectrum peaks were m/e 142, 107, 91 and 79,

2} Cleavage in Non-Deuterated Acid

a) Electrophilic cleavage of 2-methyl-3-chloronortricyclene (25)

with sulphuric acid in acetic acid

2-Methyl-3-chloronortricyclene (5.47 gm,.39 mmol)} was dissolved

in acetic acid (75 ml) containing 0.10 M sulphuric acid and the mixture was

TR
T, .,
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heated :%*ﬁ82w~ 20, under an atmosphere of nitrogen, in an oil bath. The

AL

progress of the reaction was monitored by analytical glpc (15% Carbowaxtwﬂ,ﬂ_
1800) and was estimated to be >93% complete aftcr_lOS hr. The excess of acid
was quenched with saturated sodium bicarbonate solution and the products
were extracted into cther (3x350 ml1). The compined extracts were washequ
with water (4xi00 ml), dried and £hcn concentrated to yield 7.7 gm.(97%)“
of chloro acetates. Analytical glpc (15% Carbowax, 1800) showed two

~
pfoducts (ratio 76:24) wﬁosc ratio did not change through the cqurﬁe,of the
reaction. To check for decomposition and/or rearrangement of the reaction

.products during analysis by gas chromatography, the injector and -detector

block temperatures were altered to observe the cffect on the product ratio.

Injector Temp. Detector fcmp. Column Temp. éroduct Ratio
215° 225° 180° 76:24
160° 170° 180° 76:24
160° 170° 150° 79:21
130° 140° 175° 78:22

/

- The two products were isolated by prep glpec (15% FFAP,'ISOO) and the
AN . .
campound with shorter retention time (13 min} was identified as l-methyl-
anti-7-chloro-exo-2-norbornyl agcetate (78-OAc): ir (CSZ) 1740 (C=0), 1380,

>

1235(s), 1060, 1025, 860(s), 695; mnr (CS, 100 Miz) & 4.55 (d of d, 1H
J= 8,0 and 3.0 Hz, endg—C—Z],';t77 (broad s, 1M, syn-C-7), 1.89 (s, 3H,
-0Ac), 0.97 (s, 3N, -CHS), 2.25-1.00 {(m, .7H, norbornyl cnvélope); mass
spectrum (70 V) m/e (rvelative intensity) 202(2), 160(4), 142(11), 124(25),

109(22), 80(100). The compound with longer retention fime (15 mih) was

h catln

\r,;_t._. L
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l-methyl—syn—7-ch10ro—exo—2-norborny1 acetate (79-0OAc): ir (CSZ)

1740 (C=0), 1375, 1240(s), 1065, 1030, 860(s), 695; nmr (CS,, 100 Miz)

§ 4.51 (v with fine structure, 1H, J=ca 6 Hz, endo-C-2), 3.51 (broad S,

M, anti-C-7), 2.22 (broad s, 1l C-4), 1.87 (s, 3H, -0Ac), 1.02 (s, 3H,
—CHSJ, 2,02-0.95 (m, 6H, norbornyl envelope); mass spectrum (70 eV)

m/e (relative intensity) 142(10), 107(91), 81(75), 80(100). Only at low

ionizing voltage (10 cV)lwas the peak at m/e 202 discernable.

b) Reduction with lithium aldminum hydride of the mixture of

l-mcthyl-anti-7-chloro—eroTz—norborny1 acetate (78-0Ac) and

| 7

l-mcthyl—syn-?lchloro—exo-ﬁ—norbornyl acetate (79-0OAc)

To a slurry of lithium alumihum hydride (0.95 gm, 25 mmol) and dry

cther (50 ml) in a 125 ml flask fitted with a reflux condenser, calcium

" chloride drying tube and magnetic stirrer were slowly added 3.28 gm

(16 mmol) of the mixture of méthyl chloro acetates 78-0Ac and 79-0Ac

dissolved in dry cther (20 m1). The mixture was refluxed for 3.0 hr;

upoQ cooling, excessive hydridcﬁwas earefully destroyed with water and the
: f

products were extracted into egher (3x100 ml). After the ethereal extracts

were washﬁd with watér (1x50 ml), dried and concentrated, an oily residuc

(2.5 gm, 97%5 with a foul odour was obtained. Analytical glpe (15%

Carbowax, 1800) revealed two products (ratio 22:78, rt 3 and S min

respectively) which were separable by prep glpc (15% FFAP, 1700). The

product with shorter retention time was collected as a white any solid

a;d was identified as 1-methyl-syn-7-chloro-exo-2-norbornanol (79-0H) :

ir (CSZ) 3600(0H), 1305, 1265, 1245, 1210, 1145, 1095, 1080(s), 1030, 1015,

980, 940, 860, 830, 805, 770: nmr (CSz} 100 MHz, Figure 2:9, Chapter 2)



212

§ 3.62 (broad s with'fine structure, 1H, anti-C-7), 3.35 (broad quintet,
1H, éndo~C-2), 2.31 (broad s, 1H, C-4)}, 1.16 (s, 3H, -CH3), 2.03-1.05.
(m,_7H, norbornyl envelope and OH). Anai: Calc'd for C8Hl3OC1 C, 59.81;
H, 8.10; Cl, 22.12. Found: C, 59.63; H, B8.02; C1, 22.28.

The compound with longer retention tihe was collected as a white
waxy solid and identified as 1-methyl-anti-7-chloro-exo-2-norbornanol
(78-0H): ir (CSz) 3625 (free OH), 3700-3250 (hydrogen bondpd OH), 1340,
1310, 1280, 1270, 1235, 1195, 1075, 1005; 965, 915, 905, 846; 740; nmr (CSz,
100 MHz, Figuré 2:7, Chapter 2) & 3.81 (broad s, 1H, syn-C-7), 3.52 (d of d,
1H, J= 8.0 and 3.0 Hz, endo-C-2), 1.05 (s, 3H, —CHSJ, 2,25-0.75 (m, 7H,
norbornyl envelope and OH). Anal: Calc'd for Cgh 50C1: C, 59.81;

H, 8.10; Cl, 22.12, Found: C, 59.68; H, 8.13; C1, 21.96.

Il

It was noted by both glpc and nmr spectroscopy that long reaction
times led to the formation of l-methyl-exo-2-norbornanol (80-0H) as a

secondary reaction product. /

When 30 mg of the syn-7-chloro alcohol 758- OH was complexed with
114 mg of Eu(fod)3 in carbon tetrachlorlde (ea 0.5 ml), nmr spectral
analysis (100 MHz, Figure 2:10>\Chapter 2) revealed that most of the proton
resonances were resolved: ' § 16.66 (broad s, 1H, endo-C-2), 10.70 (d, 1H,
J= 14 Hz, exo-C-3)}, 7.72 (s, 3H, -CH), 7.08 (s, 1H, anti—C—7), 6.10
(d of d, 1H, J= 14 and 7 Hz, endo-C- 3), 5.06 (broad s, 1H, C- 4), 3.70 (m,

IH, endo-C-6), 3.30-2.80 (m, 3H, exo-C-5, exo-C-6 and endo- -5).-

Slm11ar1y, 44 mg of the anti-7-chloro alcchol 78-0H wal! complexed

with 208 mg of Eu(fod)3 in carbon tetracﬁloride (ca 0.5 ml) and analyzed

[ A ASE IS PRI
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by nmr spectroscopy (100 MHz, Figure 2:8, Chapter 2): & 17.85 (d, 1H,

213

J= 7 Hz, endo-C-2), 12.95 (d, 1H, J= 14 Hz, ero-C-3), 12.30 (s, 1H,

eyn-C-7), 7.44 (s, 3H, -CH;), 7.05 (d of d, 1H, J= 14 and 7 Hz, endo-C-3),

5.10 (bread s, 1H, C-4), 4.50 (t with fine structure, 1H, J= 8 Hz,

endo-C-6), 4.10-3.25 (m, 3H, exo-C-5, exo-C-6 and endo-C-5),

c) Oxidation of the mixture of l-methyl-anti-7-chloro-exo-2-

norbornanol (78-0H) and l-methyl-syn-7-chloro-eéxo-2-norbornanel (79-0H).

| A mixture (3.0 gm) of the chloro alcohols 78-0OH and 79-0H was
oxidized as previously described to a mixture of the chloro ketones 82
and 83 in 95% yield. Analytical glpc (15% Carbowax, 1650) showed two
products (ratic 77:23, rt 3 and 5 min respectively) which were separated
by prep glpc (15% FFAP, 1400). The product with shorter retention time
was identified as l-metﬁyl—ahti—?—dhloro-2—norbornanone (82): ir (CSZ)
176Q (C=0), 1305, 1280, 1090, 1055(s), 1005, 975, 905, 855(s), 800, 740,
615; nnmr (CSz, 100 MHz) & 3.75 (s with fine structure, 1H, synC-7),
2.58 (broad s with fine structure, 1H, C-4), 1.04 (s, 3H, —CHS), 2.35-1.15
(m, 6H, norbornyl! enwelope); mass .spectrum (70 eV} m/e {relative intensity)
158(6), 114(12), 81(100). The product with longer retention time was
l1-methyl-syn-7-chloro-2-norbornancne (§§): ir (CSZ) 1760 (C=0}, 1340, 1315,
1300, 1265(s), 1240, 1165, 1130, 1065(s), 1030, 965, 950, 930, 895, 875,
B65, 835; 790, 760; nmr (CSé, 100 MHz) ¢ 3.98 (m, IH, anti-C-7},
i.OGd(s, 3H, —CH3); 2.65-1.45 (m, 7H, norbornyl envelope); mass spectrum

(70 eV) m/e 158 (parent}, 114, 81 (base).
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d) Reduction with sodium in i-propanol of a mixture of
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1-methyl-anti-7-chloro-exo-2-norbornyl acetate (78-0Ac) and

l—mcthyl—syn—7—ch10ro—gzo-2-norborny1 acetate (79-0OAc)

The mixture of chloro acctates 78-OAc and 79-OAc (ca 500 mg)
was reduced with sodium in t-propanol, as described previously. Analytical
glpc (15% Carbowax, 1500) revealed one major product (>95%j which was
isolable by prep glpc (15% FFAP, 1300) and was shown to be l-methyl-ezo-2-
norbornanol (§9;0H)'by comparison oflspectral data to those from aﬁ |
authentic sample. The minor product (<4%) was not conclusively identified;
possibly it arosc via solvoiysis of chlorine followed by fragmentation to
a cyclopentenyl derivative. Its nmr spectrum (100 MHz) displayed a ome
proton multiplet at & 5.17 and a two proton triplet (J=ca 6 Hz) at

5 3.50 as well as a multi proton multiplet at high field.

Analytical glpc and nmr spectroscopy indicated that a 5% maximum

)

of l-methyl-endo-2-norbornancl (§1-OH) was present in the.reaction mixture.’

L]

3} 1-Methyl-exo-2-norbornanol (80-0H)

a) FExo-2-methyl-endo-2-norbornanol (92-0H)

The alcohol 92-OH was prepared by treatment of 2-norbornanone
(10 gm, 91 mmol) with methyl magnesium iodide by the procedure of

Toivonen et 61.216, 217

The yield was 11.3 gm (98%); mp 30-32°
(1it216:34—35): ir (CSZ)‘BGDO (free OH), 3650-3150 (hydrogen bonded OH);
nmr (CSz, 100 MHz) § 2.16 (s, i, -OH), 2.10 and 1.88 (broad s, each 1H,

bridgeheads), 1.21 (s, 3H, -fHS), 1.60-1.00 (m, 8H, norbornyl envelope).
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b) 1-Hethy1~exo-2-norbornyl acetate (80-0Ac)

!
b

Ero-2-methylendo-2-norbornanocl (8.é gm, A8 mmél) was rearranged
and acetylated at room temperaturc for 11 hr with Bertram-Walbaum solution
(85 ml of‘acetic acid and 15 ml of 50% v/v sulphuric acid and acetic acid)
by the method of Toivonen216 to yield 11.1 gm (97%) of 1—mcthy1-ezo-2;
norbornyl acctate (§Q;QAC). A small portion of the acetate was purified
by prep glpc (15% FFAP, 1500) and it had the following spectral properties:
ir (CSZ) 1740 (C=0), 1240H(acetatc]; nmr (CSZ, 100 MHz) 6 4.40 (d of t,
1H, J= 7 Hz, endo-C-2), 2.12 (unrcsolved t, 1H, C-4), 1.88 (s, 3H, -OAc),

1.03 (s, 3H, -CHB)’ 1.85-0.90 (m, 8H, norbornyl envelope).

c} 1-Methyl-exo-2-norbornanol (80-CH)

1-Methyl-exo-2-norbornyl acetate (10.5 gm, 63 mmol) was hydrolyzed
by treatment with potassium hydroxide (27.3 gm) in water (50 ml) and

methanol (70 m1) on a steam bath for 24 hr.41-217

The product was extracted
into pentane (3x150 ml) and after the extracts were washed with water and
dried, evaporation of solvent left 4.0 gm (50%) of 1-methyl-exo-2-norbornanol

(80-011): mp 73-74° (13¢2%®

70-710); ir (CSz) 3600 (free OH), 3650-3250
~ (hydrogen bonded OH), 1245 (C-0); nmf fcsz, 100 MHz) & 3.31 {(d with fine
structure, IH, J= 7 Hz, endo-C-2), 2.25 (broad s, 1H, -OH), 2.16 (unresolived t,

1H, C-4), 1.06 (s, 3H, ~CH,), 1.77-0.83 (m, 8H, norbornyl envelope).

4) Cleavage in Deuterated Acid

a) Electrophilic cleavage of 2-methyl-3-chloronortricyclene (25) with

deuterosulphuric acid and deuteroacctic acid

Into a three necked flask fitted with a condenser and a calcium

-~
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chl%ridc drying tube were plated 50 ml of acetic aclid-d4 (Merck, Sharp and
Dohme of Canada Ltd, 99.5 Atom %4} and sulphuric acid-dé {0.516 gm).
Nitrogen gas was slowly bubbled through the.acid which was heated to 65°42°
in an oil bath. 2-M9thyl-S-chloronortricyclene (2.99 gm, 21 mmol) was
added to the flask, the mixture was magnetically stirred fnd the progress
of the re§ction was monitored by analytical glpe (15% Carpowax, 1750).
After S hr, a small sample was withdrawn and glpc revealed 2 minor product
peak (ca 10%), with retention time slightly longer than t;Lt of starting
material, which disappeared with time. After 60 hr, the reaction was
estimated to be complete and\ﬂt? excess of acid was neutralized with a
saturated solution of sodium bidarbonate. The products were extracted
into ether and after the etherecal extracts were washed, dried and
concentrated, 4;1 ém {91%) of l—mcxhyl-anti—7-chloro-cxg;2450rborny1
trideuteroacetate-d (ngtridcutcroaéetate-d) and 1—mctﬁyl—syn-7-chloro-
exo-2-norbornyl tridcuteroacetéte—d (79-trideuteroacctate-d) in the

Tatio 73:27 werc obtained.
<

b) Reduction with lithium aluminum hydride of the mixture of

deuterated chloro acetates

The dcuterated chloro acctate mixture from above (4.b gm,.19 mmol)
was re&;ced with lithium aluminum hydride C0.84 gm, 22 mmol) as previously
described, to 3.0 gm (97%) of a mixture containing l-methyl-anti-7-chloro-
exo-2-norbornanol-d (78-0H-d) and l-methyl-syn-7-c loro-exo-é—horbornanol—d
(79-0H-d). Each product was isolated by prep glpc {(25% GE XF-1150, 1700j.
When l—methyl—sy;—7~chloro—exo—Z-norgornanol-d (45 mg) was complexed

with Eu(fod;j3 (215 mg) in carbon tetrachloride (ea 0.5 ml), analysis

by proton magnetic resonance Spectroscbpyu(IOO MHz, Figure 2:13, Chapter 2)
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» following results (Table 2:4, Chapter 2}; —CH3 (0.22 = 0.02),
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revealed Jhc following distribution of deuterium (Table 2:4, Chapter 2);
-CH3:(0.11 + 0,02), exo-C-6 (0.06 * 0.03), endo-C-6 (0:88 * 0.06).
Analysis of this sample by deuterium magnetic resonangg spectroscopy
(Figure 2:14, Chapter 2} showed that thé_deuterium wééidistributed as
follows (Table 2:4, Chapter 2); -CH3 (0.09 * 0.0&), C-6 (0.96 + 0.04).
Complexation of l-methyl-anti—7~chloro—exo—2—norborn3n61—d (34 mg) with
192 mg 6f Eu(fod)s in carbon tetrachloride (caHO.S ﬁl) and analysis

by proton magnetic resonance spectroscopy (100 MHz, Figure2:11 Chapter 2)
revealéd the following distribution of deuterium (Table 2:4, Chapter 2);
-CH, (0;17 % 0.03), endo-C-2 (0.05 * 0.02), endo-C-6 (0.83 * 0.03),
ero-C-6 {0.04 * 0.02), syn-C-7 (0.13 % 0.03j. Analysis by deuterium

magnetic resonance spectroscopy {(Figure 2:12, Chapter 2) gave the

endo-C-2 (0.05 * 0.01), C-6 (0.88 * 0.05), syn-C-7 (0.14 % 0.01).

/
c) Oxidation of a mixture of }-methyl-anti-7-chloro-exo-2-norbornanol-d

(78-0H-d) a;d l-methyl-syn—?—chloro-exo—é*norbornanol—d (79-0H-d}
v

A mixture of l-methyl-anti-7-chloro-exo-2-norbornancl-d and %
l-methyl-syn-7-chloro-exo-2-norbornanol-d was oxidized (vide supra)
to a mixtu;e of 1l-methyl-anti-7-chloro-2-norbornanone-d (82-d) and
l-methyl—syh—?-chloro—2~norbornanone—d (83-d} respectively. After
wo;kup, each product was iso}ated by prep g?pc (25% GE XF-1150, 175°)
and then amalyzed by mass spectrometry for detiférium. Compound 8§2-d
was a composite of 4% do, 87% dl, 9% d2 species (av 1.05 d/molecule)
and compound 83-d was a comp&site of 5% do’ 67% dl’ 22% d2’ 6% d3

species (av 1.29 d/molecule).
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C The preparation of fidn-deuterated and deuterated chloro alcohols’
'\

and chloro b>psylatcs for KIE studies

This section describes the syntheses of the various non-deuterated
and deutcrated chlpro brosylates and the corresponding alcohol precursors.
Thé_same'geﬁerai priocedure was used for the preparation of all chloro
brosylates.

In a typical brosylation reaction, the chloro alcohol was
dissolved in dry pyridine (distilled from barium oxide) and the solution .
was cooled in an ice bath. A lb—ZO% mole ex;és§ of freshly recrystallized
brosyl chloride* {(petroleum ether 30—600, mp 73—%40) was slowly added
fo the ice cold solution of chloro alcohol which QQS then placed iﬁ
the refrigerator at 0° for at least one weck wheredgbn the solution
usually turned pink or ycilow. The product was isolated in the following
manner. Several small pieces of ice were added to the splution and
the rcaction vessel was allowed to warm to room temperature. After
the ice had melted, the solution was diluted with water {turned cloudy)
and then it was extracted with chloroform. The combined extracts were
washed successively with cold water, eold dilute hydrochloric acid (10%)
saturated bicarbonate solution, cold water and then dried. After the
solvent was removed under reduced pressure, the solid (or oil) which
remained was decoloﬁrizgd with carbon and then recrystallized from a
suitable solvent systeéni to constant melting point. C e yields were

generally 80-95%.

. .
p-Bromobenzenesulphonyl chloride
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Since both the deuterated chloro alcohols and their corrcsponaiﬁg
chloro brosylates gave weak parent ions when analyzed by mass spectrometry,
the determination of deuterium content directly from these compounds
by this method was not reliable. Therefore, thé extent of deuteration
was dctermined‘mass spectrometrically on the corresponding
deuterated chloro kctoﬁe which was obtained by oxidation of the deuterated

-
chloro alcchol. It was assumed that.the deuterium contents of the
deuterated thoro ketones and the corresﬁonding chloro brosylates were
identical. This assumption is valid provided that deuterium is nct
situated on the hydroxylated carbon atom (C-2) since it (dcuterium)-

would be lost during bxidatiog. However, in all cases, the lack of

deuterium at C-2 was ascertained by nmr SPECtTOSCOpY..

1} a) Syn-7:;hloro-emo—2—nqrbornan01 (58-0H) -

Syn-7—cﬁlpro-emo—?-norbdrnano1 (58-0H) was prepared according
to the procedure réported by Roberts.178 The nmr spectrum of 59-0H

appears in Chapter 6 (Figure 6:3).

b) SynQY—chloro—exo—zfnorbpfnyl'brosylate (59-0Bs)

This brosylate was recrystallized from pentane-ether and had
the following characteristics: mp 112—1130; ir (CSZ) 1375, 1350, 1315,

1130 (-802-0), 1100, 1075,1040, 1020, 970, 940, 8385, 875, 825, 775, 750,

- 640, 620, 600, S550; nmr (CSz, 100 MHz) & 7.63 (m, 4H, arom), 4.50 (m, 1H,

endo-C-2), 3.76 (broad s with fine structure, 1H, anti—C-?),

2.43 and 2.28 {(broad s, each IH; bridgeheads), 2.20-1.10 (m, 6H, norbornyl
envelope).

Anal: Calc'd for C. H, ,50.Br: C, 42.69; H, 3.83.

13714773
Found C, 42,57, H, 3.84,

i
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c) Syn-?—éhia?o-cxo-2—norbornanol-endo—6-d (59-0OH-endo-6-d)

Thé deuterated alcchol 59-OH-endo-6-d was obtained by reduction
with lithium aluminum hydride of syn-7-chloro-exro-2-norbornyl
trideuteroacetate-endo-6-d. This latter chloro acetate was a product
from the electrophilic cleavagel(D+) of 3—chloroﬁortricyclcnc with
deuteroacetic and deuterosulphuric acid (vide supfa). A small sample
of the chloro alcohol 59-OH-endo-6-d was oxidized to the chloro ketone
syn-7-chloro-2-norbornanone-endo-6-d and deutérium assay by mass

spectrometry revealed 3% d_, 95% d., 2% d., species (av 0.99 d/molecule).
P o 1 2 P

d) Syn-7-chloro-ezo-2-norbornyl brosylate-endo-6-d (58-0Bs-endo-6-d)

Chloro brosylate 59-0Bs-endo-6-d had the following properties:
mp 112-112.8°%; ir (Cs,) 1360, 1310, 1190(s), 1100, 1070, 1040, 1015,

970, 935, 890, 870, 820, 775(s), 635, 610, 595, 550; nmr (CC1 100 MHz)

4)
8 7.68 (m, 4H, arom), 4.60 (m,1H, endo-C-2), 3.79 (broad s, 1H, anti-§-7);
2.50 and 2.30 (broad s, each 1H, bridgeheads), 2.20-1.05 (m, SH, norbornyl

envelope).

e) Syn-?—chloro-exo—2—norb0rnanol-exo,e:o—5,6-d2 (§§;0H~exo,ezo-5,6—d2)

The addition of hypochlorous acid to norbornene-endo,endb—5,6—d2
87-endo,endo—5,6—d2) yielded syn-7-chloro-exo-2-norbornanol-exo,cxo-

5,6—d2 (§g—OH-exo,exo—S,6-d2) as one of the products.

Norbornene-endo, endo-5, 6-d, (87-endo, endo~5,6-d.)

i) Norbornenc—exo,emo-s,6-d2 (§Z;cxo,exo—5,6—d2)

Norbornadieqc (Frinton Chemicals Ltd, 50.0 gm, 0.54 mol)

was dissolved in methanol f?S ml) and 3 gm of palladium on powdered
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charcoal (10% catalyst) was added to the solution. The mixture was

i

reduced with deuterium gas (13.2 litres, 0.54 mol, C.P. Grade, Matheson)

at ea 1.0 atm.211

Another similar run was performed; the mixtures were:

-combined and filtered. Water (300 ml)} was added and the products

were extracted into pentane (3x300 ml),  After the extracts were washed

with water (2x50 ml) and then dried, the organic solvent was removed
by distiliation through a 71 cm glass column filled with glass helices.
Short path distillation of the products into a flask cooled in solid
carbon dioxidc.yieldcd 100 gﬁ of material. Analytical glpc (5% SE-30,
600) showed that the recaction mixture consisted of 12% norbornadiene,

71% norbornene—ero,ero—s,6—d2 and 17% norbornanc-exo,exo,;;o’,exo'~

2,3,5,6-d4.

v

v
i

ii) Syn—?—e.ro—2—dibromonorbornanc-endo‘,enc?o—S,G-d7 (§§-ehd@,endo;5,6-d,)

N

To 100 gm of the mixture containing 71% norbornenc-
exo,emo-S,G-dz (§Zfexo,exa-5,6~d2) in methylene chloride (300 ml) and

pyridine (70 ml) cooled in an ice-water bath, was slowly added

bromine (161 gm, 1.0 mol) in methylene chloride (50 ml) over a period

of three hours.

After the addition was complete, the organic layer

i
was washed with dilute sodium thiosulphate solution (2x100 ml), § :
. a2
water (2x10b ml), dilute hydrochloric acid (10%, 2x70 ml}, saturated _?
sodium bicarbonate solution (100 ml) and water (2x100 ml). The organic ,%
layer was dried and methylene chloride was removed by distillafion i
through a 30 cm giass}column filled with glass helices. Distillation %
of the pot residue through a 30 cm vacuum jacketed Vigreux column ;E ‘
E%

: . a1
i R
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afforded 24 gm of deuterated 3-bromonortricyclene (bp 48-500(6 mm) )
and 53.2 gm of syn—7-ero-Z—dibromonorbornane-cndo,endo—s,6—d2 (88-endo,
endo-5,6-d,): bp 80-85°(0.7 mm), (13t%%3 bp 70-74°(0.25-0.30 mm)}.

Redistillation of this last fraction afforded 42.0 gm of the dibromide

- 88-endo,endo-5,6-d,: bp 80-83°(0.7 mm); nmr (CCl,, 100 MHz) & 3.90 (m, 24,

anti-C-7 and endo-C-2), 2.70-2.10 (m, 4H, exo-C-3, endo-C-3, C-1 and
C-4), 1.65 (broad s, 2H, exo-C-5 and exo?C—G). Isomerization of 88

occurs during analysis by glpc unless the injector and detector block

temperatures are kept below 160°.

iii) Syn-7-bromonorbornene—endo,endo—5,6ﬂ52 (§§—endb,endo—5,6—d2}

Syn~7-exo-2-dibromonorbornane-endo ,endo-5,6-d, (35.6 gm,
139 mmol) was dissolved in a saturated solution.of potassium Z-butoxide
in t-butanol (1M, .350 ml) aﬁd the mixture was refluxed for 33 hr on a
steam bath.212 The brown solution was poured into water (350 ml)
and extracted with pentane (3x300‘m1). After tﬁe extracts were washed
with water (150 ml), dilute hydroéhloric acid (10%, 100 ml), saturated
sodium bicarbonate solution (100 ml), water (2x100 ml) and dried,
pentane was removed by distillation through a 30 cm Vigreux column.
The brown oily residue which remained was distilled under reduced
pressure to yiéld 17.0 gm (70%) of syn--7-bromonorbornene—end'o,end'o-S,G-d2
(89-endo ,endo-5,6-d,) * bp 67-68°(20 mm) 11it%>> bp 68-70° (13 mm)};
nmr (CC14, 100 MHz) & 5.95 (s with_fine structure, 2H, €-2 and C-3),
3.79 (s, lH, gnti-C-7), 2.95 (m, 2H, C-1-and C~-4), 1.72 (breocad s, 2H,
exo-gis and exo-C-6), 1.10 (m, 0.08H, endo-C-5 and endo-C-6). The
integrals showed that the deuterium at C-5 and C-6 was at least 92%

stereochemically pure endo.

e
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4
iv) Norbornene-endo,endo—s,6-d2 (gz-endo,endo-s,é—déQ*

Syn-7—bromonorbornenc—endo,endo—S,ﬁ—d2 (17.0 gm, 97 mmol)
and tri-n-butyl tin hydride213 (85.9 gm, 0.30 mol) were sealed in a
thick walled glass tube under vacuum. After being heated over a steam
bath for 36 hr, the tube was opened and its contents were poured into

a 250 ml three necked flask which was connected to three gas dispersion

K

—

bottles. The firstlbottle was empty, the second contained water and the
third contained sodium hydroxide pellets. The flask was heated gently
with a hair dryer and nitrogen gas was bubbled directly through the
Teaction mixture. At the end of the three gas dispersion bottles,

7.0 gm (75%) of norbornene-endo,endo—S,6—d2 (§Z~endo,endb—5,6—d2)

were collected in a receiver cooled in solid carbon di;;ide. The nmr,
spectrum of §Z;endo,endb—5,6:d2 was identical to that which has been
reported.?t?  nur (CCl,, 100 Miz) & 5.90 (t, 2H, C-2 and C-3),

2.80 (m, 2H, C-1 and Cc-4), i.SS (broad s with fine structure, 2H,
exo-C-5 and exb-C—G), 1.31 and 1.04 (d with fine structure, each 1H,

J = ca 8 Hz, syn-C-7 and anti-C-7). Mass spectral analysis for deuterium

revealed 3% do’ 4% dl’ 93% d2 species (av 1.890 d/molecule).

v) Addition of hypochlorous acid to norbornene—endb,endo-s,6-d2 3

Hypochlordus acid {hydrochloric acid (10%,10 ml) and
sodium hypochlorite (40 m1)} was vigorously stirred with norbérnenc—
gndo,endo-S,G-dz (0.74 gm; 8.0 mmol) at 0° for 24 hr.178 Deuterated 3~
Chloronortricyclene and syn—7—chloro-exo—é;norbornanol—exo,ezo—S,6—d2

§2;0H—ero,exo~5,6~d2) were the major products as determined by glpc. g
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Deuterated ?—chloronortricyclcgé was a composite of 5% do, 35% dl’
61% dzspccics (av 1.57 d/molcculc).as determinqﬂ-mass_@pectrometrically.
This represents a 35% fractional percent loss of deuterium. The chloro
alcohol ég;OH—cxo,exo—S,6—d2 was isolated by preﬁ glpc (15% FFAP, 150%) -
nmr (ng; 150 MH:,'Figure 6:8, Chapter 6} & 3.85 (m; 1H, anti-C-7),
3.62 (breoad m, 1H, endo-C-2}, 2.30 (d, 1H, C-4); 2.25 (broad s, 1H, C-1},
2.00 (bread s, 1H, -0OH), 1.80 (m, 2H, exo-C-3 and endo-C-3),
1.11 (broad s with fine s;rucfure, 2H, endo-C-5 and endo-C-6). Mass
spectrometric deuterium assay on thé corregponding chloro ketone

(syn—7—thloro-2—norbornanone-exo,ezo-S,6—d2) showed 5% do, 6% di’

B9% d2 species (av 1.84 d/moleccule).

f} Syn-7-chloro-exo-2-norbornyl brosylate-exc,exo-5,6-d,

(ngOBs—cxo,czp-5,6~d7)

Syn;7—ch10ro—exo—2unorbornyl brosylate-exo,exo-5,6-d., had

mp 112-1130; nmr {CCld, 100 MHz) & 7.64 (m, 4H, arom), 4.52 (m, 1lH, endo-C-2),-

3.75 (broad s with fine structure, 1H, anti-C-7), 2.43 and 2.26 (broad s,
each 1H, bridgeheads), 2.15-1,70 (m, 2H, exo-C-3 apd endo-C-3),

1.15 (s, 2H, endo-C-5 and endo-C-6).

2) a)  Anti-7-chloro-exo-2-norbornanol (58-CH)

Anti—7—ch10rg-aro—Z-norbornanol (58-0H) was prepared by one
of ﬁhrcc methods,
i) Alcohol 58-0OH was prepared by treatment of norbornene (87)
with hypochlorous acid as réported by Robcrtsl78_

ii) Alcohol 58-OH was prepared by the reduction with lithium




iii)
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aluminum hydride of anti-7-chloro-exo-2-norbornyl acetate
(58-0Ac) which was obtained from the clccfrophilic
(CH3C02H, H2504) cleavage of 3-chloronortricyclene (vide
supra) .

Hydroboration-oxidation of a%ti-?-chloronorﬁornene‘QED

181,182

gave the alcohol 58-OH. Anti-7-chloronorbornene (62)

was prepared by.thc procedure described below.

Anti-7-norbornenol (8§6)

To a slurry of lithium aluminum hydride (6.8 gm, 0.18 mol)
and ether (50.m1) was'added a solution of norbornadicnyi\\\~/J
acetate (Fringon Chcmicals‘Ltd, 22,0 gm, 0.15 mol) dissolved
in ether (90 ml). The addition was ca;ricd out under an
atmosphere of nitrogen and the solutioﬁ was stirred for
4 hr ét room temperature. Excessive hydride was carefully
destroyed by addition of'wqt picces of sodium sulphate
until gas was no longer c¢volved; the reaction mixture was
allowed to stand overnight. The inorganic salts were
filtered off and the ethereal layer was‘scparated. Aftcr
the aqueous layer was extracted with ether (3x200 ml),
the combined ethereal layers were washed with water (2x100.ml),

dried and concentrated. Ether was removed by distillation

" through a 30 cm glass column packed with glass helices;

a white'waxy solid {14.3 gm) remained;ZIO

W
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Anti-7-chloronorbornene (62)

Into a three nécked flask fitted Qith a reflux'
condenser, magnetic stirrer and nitrogen inlet was placed
anti-7-norbornenol (14.3 gm, 0.13 mol) dis;élved in
anhydrous ether (50 m1). To this solution was added
thionyl chloride (18.5 gm, 0.16 mol) by means of a dropping

funnel; after the addition. was complete, the mixture was

refluxed under an atmosphere of nitrogen for 1.75 hr.

The mixXture was washed with cold water; then the ethereal

layer was dried and ether was removed by distillation

through a 15 cm Vigreux column. The, remaining oil (dark

yellow) was distilled undef‘reduced preséure'through a

8 cm vacuum jacketed Vigreux column to yield 10.5 gm (61%)

of anti-7-chloronorbornene (62): bp 75-80°(70 mm), \

{1it182

bp 70.5-71.5°(60 mm)} whose nmr spectrum was in
agrecement with the published spectrum.ZSA.

nor (CS,, 100 MHz, Figure 6:13, Chapter 6) § 6.06 (t, 2H,
J = 2 Hz, C-2 and C-3), 3.62 (s, 1N, syn-C-7), 2.70 (m, 2H,
C-1 and C-4), 2.00 (m, 2H, exo-C-5 and exo-C-6),

1.04 (m, 2H, endo-C-5 and endo-C-6).

[

Hydroboration-oxidation of anti-7-chloronorbornene (62)

Anti-7-chloronorbornene was hydroborated and then
the’ organoborane was treated with alkaline hydrogen
pe€roxide according to the published procedure181 to give

a 95% yield of anti-7-chloro-ezxo-2-norbornanol (58-0H} . -

The product was shown to be homogeneou§ by means of
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glpc (3% GE-XF1150, 155%) as-well as by nmr spectroscopy

(Figure 6:2, Chapter 6).

b) Anti-?-chloro—exo—2-norborﬁ&1 brosylate (58-0Bs)

Anti-7-chloro-exo-2-norbornyl brosylate was recrystallized

from ether:petroleum ether 30-60° (1:2) and had mp 69.5—71.00;
ir (CSz) 1375, 1190(s), 1180, 1100, 1075, 1065, 1015, 870, 940, 920,

890, 870, 825, 780, 605, 550; nmr (CCl,, 100 MHz) & 7.75 (m,

4°
4H, arom), 4.47 (m, lH, endo-C-2)}, 4.16 (broad s, 1lH, syn-C-7%,
2.42 and 2.30 (broad s, each 1H, bridgeheads), 2.05-1.60 and 1.20

p
{(m, 6H, norbornyl envclope).

Anal: Calc'd for C,.H,, SO Br: C, 42.69; H, 3.83
. 13714773

Found C, 42.72, 1, 3.88.

c) Anti-7-chloro-exeo-2-norbornanol-endo-6-d (58-0H-endo-6-d)

Reduction with lithium aluminum hydride of anti-7-chloro-
exo—Z—norbornyk_trideuterﬁgcetatc—;ndo—6-d, which was obtained from the
electrophilic (CDSCOZD’ 02804) clecavage of‘3-chloron0rtricyclene
(vide supra), gave anti-7-chloro-exo-2-norbornanol-endo-6-d: ir (CS,)
3600 (frec OH), 3650-3100 (hydrogen:bonded OH)K‘ISID, 1280, 1265, 1225,
1085, 1070, 1030, 995, 940, 910, 870, 850, 815, 805, 785, 700;
nmr (CCld, 100 MHz, Figure 6:5, Chapter 6) 6 4.18 (s with fine structure,

1H, syn-C-7), 3.75 (d of d, 1H, J= 7.5 and 2.5 Hz, endo-C-2}, 2.23 and

2,11 (broad é, each 1H, bridgehecads), 2.00-1.00 (m, 6H, norbornyl envelope

and -OH). A small sample of 59-OH-endo-6-d was oxidized to anti-7-chloro-

. 2-norbornanone-endo-6-d and deuterium assay by mass spectrometry revealed

4% do’ 95% dl’ 1% d2 species (av 0.97 d/molccule):
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d} Anti-7-chloro-ezo-2-norbornyl brosylate-endo-6-d

(58-0Bs-endo-6-d) v

Chloro brosylate §§-OBs—end5—6-d had the following
properties: mp 720; ir (CSZ) 132b, 1310, 1190(s), 1100, 1070, 1055,
1015, 980, 965, 935, 915, 890, 870(s), 825, 790, 740, 700, 640, 625,

605, 550; nmr (CCl,, 100 MHz) & 7.76 (s, 4H, arom), 4.46 (m, 1H,

4
endo-C-2), 4.15 (s, lll, syn-C-7), 2.40 and 2.30 (broad s, each 1H,

bridgeheads), 2.00-1.79 and 1.15 (m, SH, norbornyl envelope).

e) Anti-7-chloro-exo-2-norbornanol-exo,exo-5,6~d,

(§§;0H-exo,cxo-5,6—d2)

i) Anti-—’i’norbornenol—axo,em’o—s,é—d2 ngexo,exq-s,s-dz)

7-Acetoxynorbornadiene (20 gm, 0,13 mol) was treated 4

.
PR

with lithium aluminum deuteride (Ventron, 6.0 gm, 0.14
mol) in dry ether (125 ml) for 4.5 hr at room temperature

under an atmosphere of nitrogen (vide supra). A paste of

sodium sulphate (dri/ed 50° for 3 days) and deuterium .?
oxide (Mcrd?, ohme of Canada Ltd, 99.7 -
. atom %d) was carefully added to the rcaction mixture until 3

f gas was no longer evolved. The mixture was stirred over-
night (13 hr) and theﬁ}thc inorganic salts were filtered
off. The ethereal laye; was separated and the aqueous
phase was extracted with ether. After the combined
organic layers were washed with water, solvent was removed
by distillation through a 30 cm glass column.filled with

glass helices to leave anti-7-norbornenol-exo,exro-5,

6-d2 (§§:exo,emo-5,6-d2).209
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ii) Anti—7~chloronorbornene-cxo,exo-5,6~d2

iii)

(Eé}exo,exo-s,saiz)

'Anti:z-chloronorbornene-exo,ero—s,éqdz was prepared
in 50% yield by treatment of anti-7-norbornenol-exo,
emo—S,G-dz with thionyl chloride according to the
literature method182 (vide supra): wmmr (€C1,, 100 MEz,
Figufe 6:6, Chaﬁter 6) 6 6.00 (t, 2H, J=2 Hz, C-2 and
C-3}, 3.67 (s with fine st}ucture, 1H, syn-C-7),

2.70 (m, 2H, C-1 and C-4), 2.00 (m, 0.12 H, exo-C-5 and
exo-C-6), 0.98 (s, 2H, endo-C-5 and endo-C-6). The
‘integrals showed that deuterium at C-5 and C-6 was at
least 93% stereochemically pufe exo. Deuterium assay by
mass spectrometry showed that gg;emo,exo—5,6—d2 was a
composite of 7% d_, 3% d,, 90% d, species (av 1.83
d/molecule).

Hydroboration-oxidation of anti~7-chloronorbornene-exo,

exo-S,G—dz ‘ ) R
Hydroboration of anti-7-chloronorbornene-e¥o,ero-S.6-d2

with subsequent oxidation by alkaline hydrogen peroxide181
gave a 90% yield of anti—7-ch10ro—exo—2-no£bornanol-&xo,
exo-S,G—d2 (§§;OH-exo,ezo-S,6-d2)-which was purified by

prep glpc (25% GE XF-1150, 180°): nmr (CC1,, 100 MHz,

Figure 6:7, Chapter 6) § 4.16 (broad s wifh fine structure,
1H, syn-C-7}, 3.75 (d of d, 1H, J=7 and 3 Hz, endo-C-2),

2.24 (d, 1H, J=ca 4 Hz, C-4), 2.11 (broad.s, 1H, c-1),

2.06 (s, 1H, -OH), 1.75 (d of d, 1H, J=7 and 13 Hz, endo-C-3),

L,
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1.40 (d of t, 1H, J=3 and 13 Hz, exo-C-3), 1.05 |

{broad s, 2H, endo-C-5 and endo-C-6). ‘ ;

f) 'Anti-7-chloro-exo-2-norbornyl brosylate—exo,eIO—S,G-d2

(58-0Bs-ex0,ex0-5,6-d,)

Anti~7—chloro—e¥0—2-norborny1 brosylate-exo,éxo—s,ﬁ-dz
wa; recrystallized from ether-petrqleum ether 30-60° (1:2). It had the
following ﬁroperties: mp 69-700; nmr (CC14, 100 th) § 7.65 (s, 4&, arém),
4.45 (d of @, 1H, J=4 and 6 Hz, endo-C-2), 4.10 (broad s with fine
structure, 1H, syn-C-fﬁT 2.39 (broad s, 1H, C-1), 2.27 (m, 1H, C-4),

1.75 (m, 2H, exo-C-3 and endo-C-3), 1.11.(s, 2H, endo-C-5 and endo-C-6).

£) 'Anti-7-chloro-ezo-2-norbornanol-ezro-3-d

(58-OH-exo-3-d)

Into a three necked flask

1

fitted with a hagnetic stirrer, )
condense;, addition funnel, drying tube and nitrogen inlet'ﬁere placed
anti-7-chlorohorbornen4 (2.0 gm, 16 mmol}, diglyme (7 ml; distillad from

1lithium aluminum hydride)} and sodium borodeuteride (Ventron, 0.34§L

m, 8 mmol).

Freshly distilled boron trifluoride etherate (1.4 gm, 10 mmol) dissolved in

diglyme (6 ml) was slowly added to the flask181’185 at room temperature

. .
RIS SRR

and then the mixture was stirred for 3 hr. Water was added to the

reaction mixture followed by sodium hydroxide (3N, 7 ml) and hydrogen

peroxide (33%, 7 ml). After the mixture was stirred for 14 hr, the

products were extracted into ether. A 90% yield of anti-7-chloro-exo-2-

P AR

norbornanol-exo-3-d was obtained: nmr (CCl4, 100 MHz, Figure 6:10,

Chapter 6) ¢ 4.19 (broad s, 1H, ayn-C-7), 3.77 (d, 1H, J=7 Hz, endo-C-2), 3

e A
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O
2.60 (broad s, 1H, -0H), 2.26 and 2.14 (broad s, each 1H, bridgeheads),

2.05-1.70 and 1.10 (m, 3H and 2H, norbornyl envelope).,

The position of deuterium was verified by complexation of the

‘chloro alcohols 58-0H and 58-OH-exo-3-d4 with Eu(fod)s: When 134 mg of

Eu(fod)3 was complexed ﬁith 34 mg of anti-7-chloro-exo-2-norbornanol
(58-CH) in carﬁon tetrachloride (eca 0.5 ml), nmr analysis revealed that
most of the proton resonances were resolved from cach other: nmr'(CCl4,
100 MHz, Figure 6:11, Chapter 6) & 16.90 (d, 1H, J=7 Hz, endo-C-2),
12.46 (s, lH, syn—C—?){ 10.84 (broad d with fine structure, 1H, J=14 Hz,
éxo—C-S), 10.25 (bread s, 1H, C-1), 6.38 (d of d, 1H, J=7 and 14 Hz,
endo-C-3), 5.10 (broad s, 1H, C-4), 3.80-3.00 (m, 4H, C-5 and C-6).
Complexation of anti-7-chloro-exo-2-norbornanol-exo-3-d (37 mg) with

Eu(fod)3 (160 mg) in carbon tetrachloride (ea 0.5 ml) ie mole ratio

; LSR/alcohol = 0.61 and subsequent analysis by nmr spectroscopy revealed

" that the proteon at exo-C-3 {§ 11.20) had disappeared: nmr (CC14,

100 MHz, Figure 6:12, Chapter 6) 6§ 17.90 (d, 1H, J=7 Hz, endo-C-2),
12.90 (s, 1H, syn~C-7){ 10.80 (broad s, 1H, C-1), 6.60 (d, 1H, J=7 Hz,
endo-C-3), 5.17 (broad s, 1H, C-4), 4.00-3.00 (m, 4H, C-5 and C-6).
Notably, the resonance due to the proton at endo-C-3 (6§ 6.60) appeared

as a doublet due to loss of geminal coupling with the proton at exo-C-3.

A small sample of anti-7-chloro-cxo-2-norbornanol-ero-3-d
o
was oxidized to anti-7-chloro-2-norbornanone-exo-3-d and deuterium assay

by mass spectrometry showed 7% do, 93% dl species {av 0.93 d/molecule).



h) Anti-7-chloro-exo-2-norbornyl brosylate-exzo-3-d

(58-0Bs-exo~3-d)

Chloro brosylate 58-OBs-exo-3-d had the following
properties: mp 70-7i0; nmr (CC14, 100 MHz)} 6 7.70 (s, 4H, arom),
4.45 (d; 1H, J=7 Hz, endo-C-2), 4.13 (broad s, 1H, syn-C-7), 2.41 and
2.29 (broad s, each 1M, bridgcheads), 2.15-1.80 (m, 3H, e¢xo-C-5,

exo-C-6 and endo-C-3), 1.15 (m, 2H, endo-C-S and endo-C-6).

3) a) Anti-7-chloro-endo-~2-norbornanol (84-OH)

Anti-7-chloro-2-norbornanone (63)

The chloro ketone 63 was obtained as described in the

section of this chapter dealing with the clectrophilic (CH3C02H,H2804)

-
cleavage of 3-chloronortricyclene.

Reduction with lithium tri-Z-butoxyaluminum hydride

of anti-7-chloro-2-norbornanone (63)

Anti-7-chloro-2-norbornanone (0.61 gm, 4 mmol) in tetra-
hydrofuran (20 ml) was added to a stirred solution of lithium tri—t;
butoxyaluminum hydride (1.3 gm, 5 mmol) and tetrahydrbfgran (15 ml}.

The yellow solution was refluxed and after 7.5 hr it was estimated by
analytical glpc that the reaction was >95% complete. Water (50 ml) and
dilute hydrochloric acid (10%, 20 ml) were added to the reaction mixture
and tien the products were extracted into ether (4x50 ml). The combined
ethereal extracts were washed with water (50 ml), saturated bicarbonate
" solution (50 m1), water (S50 ml) and then dried. Evaporation of solvent

under reduced pressure left a white solid (0.56 gm). Analytical glpc

232

m~—

SIVCIRFS SR e YW BV Do SRR e

".:r.i.:s-l.:}.a L8

eaia



233

(3% GE XF-1150, 1550) revealed that there was 92% anti-&—chloro—endo-Z-
norbornanol (84-0H) and 8% anti-7-chloro-exo-2-norbornanol (58-OH).
When the chromatographic analysis was carried oyt using a different
column (15% Carbowax, 1850), the ratio of 84-OH to §§;bH was about
85:15. By prep glpe (25% GE XF-1150, 1600) it was possible to obtain a
pure sample of anti-7-chloro—epdoji-norbornanol: mp 83-84° (lit176
84-86°); nmr (CCl,, 100 MHz, Figure 6:4, Chapter 6) & 4.00 (quintet with

fine structure, 1H, exo-C-2), 3,70 (broad s with fine structure, ~1H,

syn-C-7), 2.83 (s, 1H, -OH), 2.25-0.85 (m, 8H, norbornyl envelope).

2

When the reduction was carried out with lithium trimethoxyaluminum

hydride, the ratio of 84-OH to 58-0H was 92:8 as determined By analytical

glpc (3% GE XF-1150, 155°).

b) Anti-?-chloro—endo-2—norborﬁy1 brosylate (84-0Bs)

Chloro brosylate §£70§s was purified by recrystallization
from ether-petroleun ether 30-60o (1;3) and had mp 49-51%:  nmr (CC14,
106 MHz) & 7.70 (m, 4H, arom), 4.75 {(quintet with fine structure, 1H,
exo-C-2), 3.80 (broad s, 1H, syn-C-7), 2.50-1.20 (m, 8H, norbornyl
envelope). It was shown by nmr spectroscapy that 84-0Bs was not

contaminated with 58-0Bs.

. ] . .
Anal: Ca;c d for C13H14SO3Br. C, 42.69; H, 3.83

Found: L C, 42.83; H, 3.79

¢) Ant{-7-ch10ro—endo—2—norborﬁanol-endo-6—d (§5;0H—cndo—6-d)

_ Anti-T7-chloro-2-norbornanonc-endo-6-d (63-endo-6-d)

Chloro ketone Eé;endb—é—d was obtained as described in the

section of this chapter dealing with the electrophilic (CD3COZD,DZSO4)

’

T
I
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cleavage of 3-chloronortricyclene and by mass spectrometry it was found

to be a composite of 45% do, 95% dl’ 1% dz species (av 0.97 d/molcculc)j\\\

Reduction of antt-7-chloro-2-norbornanone-endo-g-d (égfendo-ﬁ-d)

with lithium tri-Z-butoxyaluminum hydride

Chloro ketone 63-endo-6-d was reduced by the similar
procedure used for the reduction of the non-deuterated chlero ketone 63
- (vide supra). A pure sample of ant?-7-chloro-endo-2-norbornanol-endo-6-d
”lwas isolated by prep glpc (25% GE XF-1150, 1600): nmr (CCld, 100 MHz,
Figure 6:9, Chapter 6) ¢ 4.00 (quintet with.fine structure, 1H, exo-C-2),
3.70 (bread s with fine structure, 1lH, syn-C-7), 2.52 (s, 1H, -OH),

2.20-0.85 (m, 7H, norbornyl envelope).

d) Anti-7-chloro-endo-2-norbornyl brosylate-endo-6-d

(84-0Bs-endo-6-d)

The chloro brosylate 84-OBs-endo-6-d had mp 48-50°:
nmr (CC14, 100 MHz), § 7.70 (m, 4H, arom) 4.75 (quintet with fine
structure, lH, exo-C-2), 3.80 (s, IH, syn-C-7), 2.50-1.25 (m, 7H,

norbornyl envelope).

4) 1-Methyl-exo-2-norbornanol-exo,exo-5,6-d, (80-OH-ez0,ex0-5,6-d,)

Hydroboration—oxidation185 of\porborncne-endo,ehdo-S,6—d2212
|

83 to

gave exo-2-norbornanol-endo,endo-5,6-d) which was oxidized!
2-n0rbornanone~endo,endo-s,e-dz. This katone was converted to
exo—Z—methyl-endo—2-norbornanol~endo,endofS,Gwdz by treatment with methyl

magnesium iodide41 and then this alcohol was rearranged in sulphuric



e

235

acid and acctic acid41 to deuterated l-methyl-exo-2-norbornyl acetate.
Hydrolysis of the acetate with methanolic po;assium hydroxide gave
deuterated l-methyl-ezro-2-norbornanol. Nmr spectroscopy showed about
30%-deu§erium at endo-C-2. This probably arises viag a 2,6-endo,
endo-hydride shift during the rearrangemcnt of deuterated exo-2-methyl-

endo-2-norbornanol to l-methyl-exo-2-norbornanol (Scheme 2:6 and 2:7,

Chapter 2): mmr (CCl,, 100 MHz) &.3.38 (d, 0.70 i, J=ca 7 Hz, endo-C-2).

B. KINETICS
1) Solvent

The solvolytic reactions were carried out in 80:20 ethanol-water
(v/v before mixing) containing 0.04 M sodium acetate., Water was refluxed
in potassium permanganate for several hours and then distilled five

times. Ethanol was purified by two distillatioms. An ultraviolet

spectrum of the solvent mixture did not reveal any -interfering absorptions.

2) General procedure for kinetic runs

. Solvolytic isotope effects were obtained by simultaneously
observing'the solvolyses of the non-deuterated and deuterated substrates
5pectrophotomctrical1y218rin a Cary Spectrophotometer Model 14, By
circulating water from a Haake Model NBe bath thr&ugh the thermostattable
cell compartment, the desired temperature and temperature control were
aqhicved during the reaction. The water bath specifications claim

temperature control to be +0.01°. Inside the actual cell compartment of

the spectrophotometer, the sample cells as well as several Pasteur pipettes
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{wrapped with aluminum foil} were alloﬁcd to equilibrate for at least

ten hours with the température of the circulating water. Generally, thc‘
actual temperature within the cell compartment was about 3-50 lower than
that of the water bath. Before a solvolysis fcaction was performed, the
appropriate chloro brosylates were purified by recrystallization to
constant melting point and then dried under vacuum (cqg 1 mm) at room
temperature for 0.5 hf. Ihe brosylates (2-3 mg) were wcighed into 2 ml
volumetric flasks and then allowed to equilibrate in the water bath for
0.5 hr. Another flask.containing about 20 ml of the ethanol-water
solution was also allﬁwcd to come into thermal equilibrium with the

temperature of the circulant. .
J

‘Solvent {cq 3 ml) was rapidly transferred into the volumetric
flasks containing the brosylates, then the flasks were vigorously shaken
in ﬁrder to ensure complete solution and they weré allowed to equilibrate
in the water bath for 5 minutes. The solutions were rapidly transferréd,
with insulated Pasteur pipettes, to the 1.00 cm cells in the cell
compartment. After ten minutes, readings were taken at an absorbance
maximum at 5, 10 and 20 minute intervals by running the pen and chart
paper from 10 seconds before to 10 ‘seconds after the ﬁinute. The slit
controls were shut off to avoid fluctuations. Absorbance readings were
taken for at least "threc half-lives. A check of the zero reading on the
instrument after the infinity reading was taken (eca 24 hr) revealed a
negligible baseline drift of less than #0.003 of an absorbance unit from

*
the original zero. The graphs of -ln(At—Am) vs time which usually

*

At

A

©

i

absorbance at time t

absorbance at time = (ca 10 half-lives)

I

P
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consisted of 20-30 sets of data points were analyzed on an IBM CDC6400
computer for slopes and standard deviation in the slopes by a least

squares program. A copy of this program appears in Chapter 6. Slopes
from the ;ln(At—Am) vs time graphs gave the first-order rate constants

for the solvolysis reactions. Derivation of this relationship appears

in Chapter 6.

Changes in absorbance as a function of time were monitored for
dnti—7—chloro-e$0-2—norbornyl brosylate (58-OBs) at 276.4 nm and for

§yn-7-chloro-exo-2-norbornyl bfosylate (59-0Bs) at 264.9 nm.

Runs on deuterated material were performed only after control,
TUns with.non-dcuterated brosylates showed that a ratio of the rate
constants betwcen 0.§910.01 to 1.0120.01 was routinely obtainable.
Corrections due to incomplete deuteration were usually small beﬁause of

the high degree of deuterium incorporation in the compounds.

The kinetic runs for non-deuterated and déuterated gyn-7-chloro-
exo-2-norbornyl brosylate were carried out ét a cell temperature of
- ca 50°. Half-lives were generélly 50-60 minutes, For anti-7-chloro-
exo-2-norbornyl brosylates, the solvblyses were performed at ca 60°
with a half-life of 35-40 minutes. A completc tabulation of rate

constants along with sample calculations appears in Chapter 6.

The kinefic procedure for anti-7-chloro-endo-2-norbornyl
brosylate was slightly different from that described‘gﬁﬁye.  Water at
80° was circulated through thermostattable cell adaptéré (Varian b

Instruments, Part No. 1444300, #0.03° at ambient temperatures from -10°

to 400)'and the thermostattable cell compartment was kept at 71° with

-

L
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water from a Haake Model NBe circulating bath. Absorbance readings

(266.0 nm) were taken as a function of time for about 36 hr at

approximately 4-6 hr intervals and 9-10 points were used to determine

the first-order reaction rate constant. Since the half-life of the

solvolytic reaction was about 12 hr, A= and the rate constant (k) were

calculated from the (At, t) recadings by a computer progrhm written

especiallf for the IRM CDC 6400. 219 The data were fitted to an cquation

of the form A = ce-k +d whcre A = absorbance at time t, k = fir§t-order

rate constant and c¢,d = constants. A copy of this program appears in

Chapter 6. To check the accuracy of this program, all the solvolytic

data for anti- and Sy”-?-chlorp—QIO-2—norbornyl brosylates were analyzed

by this method 7e for a given set of (At, t) readings, the best A o and

k were calculated, Excellent agrecment bd%;een calculated

A_was found in all cases. There was also excellent agreement between the

. /
calculated and experimental rate constants (k).

3)  Product analvsis

a) Identification"

Syn-7—chlor0:cro-2—norbornyl‘brosylnte (5.5 gm) and

buffered ethanol-water selvent (75 ml) were magnetically stirred in a

round bottomed flask and heated with an oil bath at 56:2° for 36 hr.

All the brosylate dissolved after several hours. After the reaction

mlxture cooled to room tcmpcraturc it was extracted with pentane

(3x200 ml1). Water (700 ml1) was added to the aqueocus layer and furthcr

extractions w1th ether (3x250 ml) were carried out. The pentane and

cthor extracts were combined and washed with water (2x100 ml), saturated

Al

and experimental ’

B

i m . —w
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bicarbonate solution (2x100 ml), water (2x150 ml) and then dried.

After the solve;t was removed un&er reduced pressure, a yellow

residue remained wh}ch was found by analytical gipc (10% Carbowax, 1700)
to contain five major produgts. Each product was collectéd by prep glpc
{15% FFAP, 1750). In order of increasing retention time, the products
were identified as the following: 3-chloronortricyc1eng 24,
antt-7-chloro-exo-2-norbornyl ethyl ether (58-0Et), syn-7-chloro-exo-2-
norbornyl'e;hyl ether (59-0Et), syn—7—chloro-exo—z—norpornanol‘(§§;OH)
and anti-z-chaoro-emO-z—norbornanol (58-0H). Except for 58-OEt, the
identities of the compounds were ascertained by comparison of spectral
data (ir, nmr) to those from authentic samples. Careful analysis of the
nmr spectfum of 24 revealed that chloronorbornenes (products frém 1,2
eliminationj weéke not ﬁresent. From past experience it was knowﬁsgﬁat
3—chloroﬁortricyclene and the i;omeric chloronorbornenes such as
anti—?-chlorénorbornene (gg)IorAexo-S-chloronorborneﬁe (QZ) have similar
retention times wder the chromatographic conditions described above.
When the fourth product te¢ sym-7-chloro-ezo-2-norbornanol {55-OH) was

~ subjected to analytical glpc (10% Carbowax, 1750), the peak‘dué to the
above compound had an apéreciable "shoulder". A small portion of this
sample was oxidized asﬂpreviously described to the corresponding chloro
ketones., By‘compnrison of retention times, it was shown with analytical -
+ glpe (10% Carbowax, 1450) that the "contaminant" was exo-3-chloro-2-
‘norbornanone (73). The relative ratio of syn-T-chloro-2-norbornanonc (64)
. to exo-3-chloro-2-norbornanone (73) was deéermined to be 90:10. This

~ establishes that the solvolysis of syn-7-chloro-exo-2-norbornyl brosylate

- ylelds small amounts of exo-3-chloro-exo-2-norbornancl (71-0H) and this
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démands that exo-3-chloro

6-2-norbornyl ethyl ether (71-OEt) also °
i 4

be formed during the reactig . Likely, the retention time of 71-OEt 1is

similar to that of either 58- or 55-OEt. It is concéivable that 5-10%

71-OEt would not be detected in the nmr spectrum of 58- or 59-OEt.

The products from solvolysis of anti-7-chloro-exo-2-norbornyl

brosylate (58-OBs) were identical to those obtained from §2;0Bs.176

For solvoiysis of 84-0Bs, product identification and relative
ratios were not obtained. Since 84-0Bs is unstable with respect to
analysis by glpc, it was necegbary to heat the solutions from the kinetic
Tuns in sealed glass tubes at 80%24° for 8 days in order that the reaction
go to about 99% completion. Upon’wofkup-(vide supra) of the mixtures,
analytical glpc (1S% Carbowax, 130°) showed that the five expected products
(Sgchloronortricyclene, aﬁti- and gyn-7-chloro-exo-2-norbornyl ethyl ethers
and anti- and syn-7-chloro-exo-2-norbornanol) were not proseﬁt. There |
appearchto be only one major préduct (rt 6 min) which did not have
retontion time similnr to that of 3-hydroxymortricyclene. Under these
conditions, the primary reaction products proﬁaﬁly underwent fragmentation
(via solvolysis of chlorine) to yield cyclopentenyl compounds. At present,

this proposal cannot be verified.

b) Syn-7-chloro-exo-2-norbornyl ethyl cther (59-0Et)

Syn-?-;ﬁloro~emo-2-norhornanol (100 mg, 0.7 mmol) was dissolved
in methylene chloride (3 ml) in a round-bottomed flask fitted with a
nitrogen inlet and a calcium ch;oridc drying tube.. The system was flushed
with nitrogen for 15 min. To this solution was added about 120 mg of

triocthyloxonium fluoroborate and the mixture was magnetically stirred for

24 hr at 25°, After this time, water (10 m1) was added and the solution
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was extracted with methylene chloride (3x15 ml). The combined extracts
were washed with water {2x10 m1) and then dried. After the solution

was concentrated under reduced pressure, analytical glpc (15% FFAP, 1900)
showed onc'ﬁajor product and one minor prbduct with retention time
similar to that of solvent., The mafor product was isolated by prep glpc
'(15% FFAP, 1?50) 55 a clear liquid and it was identified as
syn-?-chloro-exo—%;?orbornyl ethyl ether (EE;OEt): ir (CSZ) 1350,/}320,
1310, 1265, 1245, 1190, 1115(s), 1070, 860, 830, 695; nmr (CS,, 100 MHz)
& 3,72 (s with fine structure, lH, anti-C-7), 3.32 (m, 3H, endo-C-2 and
~CH2-), 2.33 and 2.30 (broad s, cach 1H, bridgcheads); 2.12-1,02 Iﬁ; 6H,

norbornyl envelope), 1.09 (t, 3H, J=8 Hz, —CHS)‘

¢) Anti-7-chloro-exo-2-norbornyl cthyl ether (58-OEt)

An authentic sample of this cther was not synthesized, however

the spectral data obtained from the sample isolated from the solvolysis

4

reaction are as follows: ir (CSZ) 1320, 1245, 1170, 1100(s), 1060,

860, 690; nmr (CS,, 100 MHz) 6 4.02 (s, 1H, syn-C-7), 3.30 (m, 3H,

endo-C-2 and -CH,), 2.23 and 2,12 (broad s, each IH, bridgeheads), 1.90-0.90

(m, 6H, norbornyl enveciope), 1.09 (t, 3H, J=8 Hz, «CHSJ.

d) Product ratios from solvolytic reactions

Dotermination of the relative product ratios was carried out by
the followiﬁg typical procedure. Measurement of the y-KIE for ethanolysis
of syn-7-chloro-cxo-2-norbornyl brosylate-endo-6-d (§§;0Bs-éndo—6-d)
involved four control runs (non-deuterated vs non-deuterated) and throe

non-control runs (non-deuterated vs douterated) as shown in Table 6:5 of

et e e - i e e © h

e vt Pt b - —mbal oo o

ekt e
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Chapter 6. Therefore, the solutions (from a total of 7 cells) containing
products from solvolysis of non-deuterated brosylate 59-0Bs werc combined
and similarly the solutions (from a total of 3 cells) containing products

from solvolysis of deuterated brosylate 59-OBs-endo-6-d were combined.

Kater (20 ml) was added to the non-deuterated mixture and then

the products were extracted into ether (2x80 m1, 1x30 ml). The combined

extracts were washed with water (20 ml)}, saturated bicarbonate solution

(2x35 m1} and water (3x30 ml). After the organic layer was dried, the

solvent was removed by careful distillation through a glass column
(30 cm) filged with glass helices, Similarly; water (l0.ml) was added

to the deuterated mixture, the products were extract h ether (2x40 ml,

1x15 ml) and then the combined extracts were washed with water (10 ml),

saturated bicarbonate solution (2x20 ml) and water (3x15 ml). After being

dried, the solvent was removed as described above.

P X SR S -

Relative product ratios from non-deuterated and deuterated

mixturcs were determined by analytical glpc (10% Carbowax, 1550) by '
electronic area integration and are tabulated in Table 2:8 (Chapter 2).

They represent averages of the results from 4-5"injections. Sample

;

i

4

3

concéntrations were usually approximately similar to each other, 'k
V3

*§

e) Deuterium losses in the 1,3 climination procoss ‘ﬁ
3

The preferred stercochemical course for formation of kﬁ

o

3-chloronortricyclene (24) from anti- and 8yn-7-chloro-exo-2-norbornyl

» RAST

brosylato (58- and 59-0Bs) was dotermined by dotection of deuterium losses

i
e

associated with the formation of this compound from solvolyses of

RE I

7

J

LS 2

S R
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specifically deuterated 58~ and 59-0Bs-6-d.

In a typical reaction, the solution of buffered 80:20 ethanol-
water (35-45 ml) was heated to 63°:5° (0il bath) in a round-bottomed
flask equipped with a reflux condenser and a calcium chloride drying
tube. The chloro brbsylata (ca 500 mg of 58-0Bs-6-d or ca 170 mg of
59-0Bs-6-d) was added to the solution and the mixture was heated fgr
about’ 40-50 hr. Workup was as previously described, however before the -
products were extracted into ether; a large volume of water (about 500 ml)
was added to prevent miscibility problems. After removal of solvent, the

total reaction mixture was subjected to prep glpc (15% Carbowax,_lloo)

in one injection (50 #1) and the fraction corresponding to 3-chloronortricyclene

was collected in a U-shaped tube cooled in liquid nitrogen. Injection of

an authentic sample containing 3-chloronortricyclene, exo-5-chloronorbornene

and endo-S5-chloronorbornene into the gas chromatograph under the éonditions
described above revealed that these compounds were soparable from each
other. Therefore the possibility of contamination of 3-chloronortricyclene

(1,3 elimination) by isomeric chloronorbornenes (1,2 elimination) was

excluded.,

Deuterium assay on deuterated 3-chloronortricyclene was performed

mass spectrometrically at low ionizing voltage. ‘The results are

-

presented in Table 2:9 (Chapter 2)..
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A Deuterium Assay by Mass Spectrometry

Mass spectrometric analyses for deuterium were determined on a
Hitachi Perkin Elmer RMU-6A spectrometer at low voltage (13-14 eV).
Isotopic distributions were calculated by comparison of relative peak
heights of the unlabelled (natural abundance) and labelled species as

described by Biemann.220

Mass spectral peak intensities of selected

compounds in the region of the molecular weight are tabulated in Table 6:la.

Two typical samp1é calculations are illustrated in Tables 6:1b and 6:lc.
'Although isotopic distributions were repeatediy determined for

certain deuterated compounds, in all cases the natural abundance spectrum

was always recprded before the spectrum of the deutera%ed species was

taken. It was found that the reproducibility of the relative ion intensities

over long pefiods of timz2 was satisfactory. Average deuterium contents,

which refer to deuterium in excess of natural abundance, were determined

from summation of the deuterium content of the individual specieé

(%) x .00 + %dy x .02 + %dyx .03 + ... ). This type of

analysis for total deuterium content is subject to greater errors than

the combustion analysis method.

Some sources of error and limitations of this method for deuterium
220

-

assay have been discussed by Biemann.
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B Nur spectra OF se]ected'norbornyl compounds

4]
This section of the Appendix contains the nmr spectra of the
following compounds
(1) 2-methyl-3-chloronortricyclene (25)

(2) anti-7-chYoro-cxo-2-norbornanol {58-0H)

(3) syn-7-chloro-exo-2-norbornanol (59-0H) -
(8) anti-7-chloro-endo-2-norbornanol (84-0H}
(5) anti-7-chloro-exo-2-norbornanol-endo-6-d (58-0H-¢ndo-6-d)
(6) anti-7-chloronorbornene-cxo,exo-5,6-d, (Qg;cxo,cxo-S,G-dz)
{7) ansi-T7-chloro-cze-2-norbornanol-exo,exeo- 5,64 2 (53-0H<xo gze -5,64d 2)
(8) f;yn-?—ch]0r‘0-exo—2—n0rb0rnan01 -cx0 ,cx0=5 ,6-(1‘2 {59-0H-czo ,ox0-5 ,6-a’2}
(9} anti-7-chloro-endo-2-norbornanol-endo-6-d (84-OH-endo-6-¢}
(10) anti-7-chloro-cxzo-2-norbornanol-sxo-3-d (58-0H-cxo-3-d)
1) anti-7-chloro-gxo-2-norbornanol plus Eu(fod)3

(12) anei-7-chloro-czo-2-norbornanol-exo=-3-d plus Eu(fod)3

(13) anti-7-chloronorbornene (62)

The extent of deuteration in the deuterated compounds was

determined by the method described in Chapter 5, Section C.
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¢ Kinetics

. First order rate constants (k) for the{solvolyt1c reactions were
dgtermined from the slopes of the graphs of -1n(At-Aw) vs time where
At and A_ are the absorbances at time t and time « respectively.
This A_ term takes into account the fact that the sodium brosylate

‘which is produced as the reaction progresses has a finite absorption
at the same wavelength at which the decrease in concentration of alkyl
brosylate was monitored, Derivation of this relation is shown below
and [ROBs]O. [ROBs]t. [ROBs]  denote the concentrations of alkyl brosylate
at time 0, t, « respectively whereas [NaOBs]O. [NaOBs]t, [Ra0Bs]  denote

the concentrations of sodium brosylate at the appropriate times.

Experimentally, t = = was taken to be about ten half-iives.

-d[ROBs] = k[ROBs]
dt

d[ROBs )
e = <kt
[ROBs ]

~+

1

d[R0Bs ) |
o = = | kdt
[ROBs) B

o 0
In [ROBs]t "

[ROBs]0

[ROBS]t

[ROBs]O

-kt

= Q

s

[ROBs, = [ROBs] e”*® Eq. 6:1
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The concentration of sodium brosylate ét time t is given by

[Na0Bs], = [ROBs] - tadns]t

-kt
[NaOBS]t a [ROBS]O - [ROBS]Oe
kt)

2

[NaOBs], = [RoBsJO(l—e‘

At time t, the absorbance reading is

At a cct1 : where 1 = cell path length

-----------------------

where Cy (concentration of absorbing species at time t) includes

contributions from both NaOBs and ROBs.
¢y ® [NaOBs]t + [ROBS]t
Thus

At 1 “Naoss[“§°B53t? + ﬂROBs[ROBS]t]

Substitution of Eq's 6:1 and 6:2 into Ly 6:3 yields

A

At time =, the absorbance reading is
A= oec ]

where .
¢, = [HaOBs]  + [ROBs]

- Thus

Ay aopstNa0BSIY + epopg[ROBSI)

But
(NaOBs] = [ROBs]0

and

-

(ROBs] = O

a ) "kt . _kt
¢ ® Cnaons[ROUST (1-e7 )1 + cpop [ROBS] ™01

LR I T T S R R B )

----------------

-

Eq. 6:5
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Substitution of Eq's 6:6 and 6:7 into Eq 6:5 ylelds

A, * cyaopstROBS]] ;. e iireeeiae Eq. 6:8

Subtraction of Eq 6:8 from Eq 6:7 gives

N -kt
(Ay-A,) = eyaops[ROBSIG - eyaqpg[ROBSI e 1

-kt ‘

-kt
(Ay-A.) = (egopslROBS1)T - eyy0p5[ROBS] N €@

-

"1"FAt'Au) = -1n cROBS[ROstol \ Kt
[ROBs], )

“NaOBs

A {-In(AA)Y =

dt

d{{-ln(At-Am)}_- kdt
Intagrat1ng both sides over time t yields '

-1n(At-Aw) = kt + constant
and thus shows that a plot of -In{A -A) versus timo should yleld the
rate constant k. '
For the solvolysis of aﬂti-?-ch]oro-ando-z-noﬁbornyl brosylata (84-08s),
the rate constant wu§ dutorminad by fitting the sct of data (At.t) to an

equation of the form
- ha kt
Ay = ba ™" 4 d . .

where b and d are cons.tam:s.m9
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D Kinetic data :

ety -

Typical first order plots for each solvolytic reaction are shown in
ho}

Chapter 2 (Figures 2:1b.t0 2:38). A typical set of absorbance and time"Qata

é]ong with the calculated rate constants and standard deviations are presented

{0 Table 6:2 (sqe also Table 6:3). This section also liéts the kinetic data

for cach selvolytic run of each chloro brosylate {Tables 6:4 to 6:9).

—
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Table 6:2 Absorbance and time data for a typical solvolytic reaction b
590Ds - 59-085 0o =6
c C _
T(min) At (At-f\m) -'ln(!\t-Aw) T{min) At (At—l\w) -ln(At-Aw)
0 1.604  0.704 0.351 0 1.664 - 0.722 0.326
10 1.544 0.644 0.440 10 1.610 - 0.668 0.403
20 1.488 0.588 .53 20 1.587 0.615: 0.486
30 1,436~ 0.536 0.624 30 1.510 0.568 0.566
40 1.389 0.489 0.715 40 1.465 0.523 0.648
50 1.345 . 0.445 0.810 50 1.422 0.480 0.734
60 1.307 0.407 0.899 60 1.383 0.441 0.819
70 1.268 0.368 1.000 70 1.345 0.403 0.909
80 1.232 0.332 1.102 8o 1.312 0.370 0.994
.90 1,199 0.299 1.207 90 1.278 0.336 - 1.09
100 1172 0.272 1.302 100 1.250 0.308 1.178 :
N0 - 1.147 0,247 1.398 110 1,224 0.282 1.266
-120 1.125 0.228 1.492 120 - 1,199 0.257 1.359
130 . <1.104 0.204 1,590 130 1.177 0.23%5 1.448
140 1.083 0.183 1.698 140 1.159 0.217 1.528
150 1.067 0.167 1.790 150 1.137 0.195 1.635
160 1.050  0.80 - 1.897 - ) 160 1.120 ¢.178 1.726
170 1.033 0.133 2.017 170 1.108 .166 1.796
180 1.021 0.121 2.112 180 1.089 0.147 1.97
190 1.008 0.108 2,226 190 1.079 0.137 1.988
200 . 0.999 0.099 2.313 200 1.064 0.122 2.104
< om0 . - < o002 . . -
oWk o e W W W e W W *‘7’* LA B B
- Slope® e
9.873 x 107 min! (k) 8.888 x 107 min"" (k;)
. Standard deviation ' :
5,394 x 107 nin”! | _ 14,981 x 1075 min™!

Tyl o0

Solvol}iﬁs of 53-0Bs and 59-08s- endo-G-d in buffered 80:20 othanol-wator at
50.0° at A = 264.9 nm. | Q.
bSoa Table 6:5, Run #2 ' Co

“The error in-these nuibers is ggtimated to be + 0.003 absorbance unit.
dDdtormined after more than ten half=ives

®This denotes the vlope of the “In(Ag=A,) vs-time data and it also represents
‘the first dfgler rate constant.

RTINS T A e LSTRr - -



Table 6:3  Absorbance and time data for a typical solvolytic reaction®*P

84-0s | 84008 -endo =6
Time (hr) ‘ Atc - Time (hr) Atc
0.00 0.847 0.00 0.968
5,50 0,738 5.50 0.862
7.50 0.7 7.50 0.824
10,50 0.669 10,50 0.775
13.50 0,633 13.50 0.736
17.50 0,598 17,50 0.693
21,26 0.568 - 21.25 0.656
30.50 0.522 30,50 0.599
36,50 0,499 36.50 0.578
o 0.451 3 oY 0.519
l'********'*********

: Slope, .

6,73 x 10°% pp~] 5,73 x 1072 pr)

4.28 x 10°9 peo! " 3.75 x 1074 !

WD S -

501vulysus of 84-0bs and g4« 0B31nuk>-61£ fn bufferad 80:20 ethanolawater
at 800 at A e 266 0 nm,

- b

See Table 6:8. Run #36

C . e : :
The error {n these numbers {s estimated to be + 0.008 absorbance unit,

d . -
Letermined by computer fit to an exponential equation as described elsewhere.

~

N
<
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E Computer programs for analysis of kinetic data

Eirst order rate constdnts along with standard deviations for
solvolysas o% 7-chloro-exo-2-norbornyl brosylates (58« and 59-0Bs) wero
calculated from sets of -ln(At-Au) and time(t) data by a least squares
program which follows. First order rate constants for solvolysis of
endo=?=chloro=endo-2-norbornyl brosylate (84-0Bs) wore datermined by
computar by fitting the absorbance (At) and time data to an axponential
“curve of the form y » Ae“®* & C. For a givan set of y and x (%¢ absorbance
and time rcspoct1vufy). the best C(Aw) and B(rate constant k) were obtained.
A copy of this program \"ol‘lows.m9

For 58~ and 59« OBs. tha roliability of the solvelytic first order
rate constants is partially dependent upon the reliability of the oxperi-
mentally determined absorbance reading at 1nf1n{ty (A ) ‘In order to
-~ ¢hack the reliability of the rate constants and the A.'s which were obtained
uxporimontally from solvu]ysus of 58- and 59-08s, thase numbors were calculatod

independently by fitting the (A t.t) data to an exponential cyrve as
.idoscr1bud above. From a given sot of (At. ) data from a particular run,

A, and K were calculated by computer. Compgrison of these calculated and
experinental values (Tables 6:10 to 6:13) shows that agreament was generally
sat1sfactory.‘ Although in most cdses the absoluéo values of the two oxp-
orimental and calculated rate constarts ¢ kH and k, or Ky and kb) from

a kinotic run were not identical, the ratios of these nunbers wora usually

sttlar to cach other fe (kH/k“)pr.t (kn/kn)calc'd and (k“/ku)oxp.t"

1

(kH/kD)ca1c‘d. . )
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