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N ARSTRACT
The mechanism of 1,3-elifination in the hic&clo{:,imt}hoptVI
system was studied using nass spectrometry and gas hronatu;raphv

The ionie chlorvination, hroninatlon. anmd \odo mohochlorination of
. .

2, 3~ -norbornene, exe .¢ao-5.o-d\-norbunuono. atd v-ni‘uﬂnﬁ~»s;o¢d -

A}
- -

v o - . . »~ Ed
norbornene were performed to obtain deuterin loxg data,  In the
. oL

chlorination of norbornene, most ot the triceyelte product arises trom,

* the ¢oyelic norbornyl chleronium ton nnd/or classieal exv-S-chlorn--

norbornyl ation (¢ lassigal lon 1ntorpret&txon) or trom the oyelic

»

norbornyl \hlurunium ion (non- kl isdical ion 1ntoxprotat\on) in the

’ ,

bromination of norbornenw, most of the tri\vclic product avises from -

’ 3

the classieal syn-7 bromonorbornyl cation-and/or ant -7 bramo-

norbornyl cation (qlasgical ion interpretation), or from the first
formed noﬁ-clussi sal 3- bromonorbornyl cation Lnon =classical ion
“interpretation), In tho iodo mono;hlorxnation of nurbornono nost
of the trjcvelie product.nrisos from the classic xal uuu-a-iodo-

- norbornyl ¢ \tiogglul wssical ion intorpretatlon), or from the tir*t -
formod‘non-el:ssi al 3- iudouorhovnyl cation (non- ul sxical ion
interpretation. Three of the produuts from the reaction of
norbornone with lodo monouhlorid were isolated and identified fo he:
S—iodonortricyclene. cro—:-iodo-andO-sfchioronorbornano. and syn-7-
iodo~-ex0-2-chloronorbornane.

.
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CHAPTER 1

INTRODUCTION



A. Nomenclature for 1,3-Eliminations

férminology for i,S-elimination hés been introduced by Nickon
and Werstiuk.l The five atom system X-A-B-C-Z (Z is more electronegative
than X, pnless Z:X) has been considered, Nef 1,3-eliminatibn of X and Z
under a variety of circumstances resdits in the formation of a three mem-
bered ring. In most systems,.due to independent rotation about the A-B
and B-C bonds, numerous conformations exist for concerted oT non-con-

certed loss of X and Z.

. For Eoncerted l,s—elimination, as outlined in Chart 1, there are
five distinct arrangements (la-5a} of staggered conformations for the
precursor (or for a transition state that resembles reactant) whereas
four arrangements (lb-4b) are possible for a transition state that re-
sembles the cyclopropyl ring. A short notation is indicated for each
possibility and the stereochemical éonsequence at the relevant centres.
is specified. Terminology for concerted 1,3-eliminations is as follows:
lall; 2=W; 3=exo-Sickle; 4=gndo-Sickle; S=apo-Sickle. The exo and

ando refer to Z.

"

For stepwise 1,3-elimiﬁﬁi€on in which the stereochemistry can-
not be defined at the cationic sites and at the anionic sites prior to
ring closure, only slight modificution of thglconcerted 1,3-elimination
terminology is required. Chart 2 shows thef&erminology for cationic

L

and anionic intermediates.
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B. Investigations

The chemical litofature contains numerous studies_of ;,3-climinn-'
tion which were wndertaken for symthetic and for mechanistic reasons.
Most of the earlier litoraturulroports synthetic routes to cyclépropanes,
to .bridged polycyclics, and to oxirane rings; . recent literature de#ls
predominantly with obfaining mechanistic information? Because the pres-
ent iqyostigation is mechanistic in nature and because the chemical lit-
crature on 1,3-elimination§ is extensive, the following survey will deal
with studies that attempt to interpret 1,3-elimination in te:ﬁs of the
terminology intfﬁducod by Nickon and Werstiuk or that have i#formﬁfion'

supplementing this research. : I

1) El-Like 1,3-Eliminations |

i) Bicyclof[2.2.1]heptyl Sysﬁcms

1

With their 1ntroducti;n of stercochemical terminology for 1,3-
olimination, Nickon and I:Jerstiukz’3 procoeded,to.investigato whether a
.proforence of geometry existoed in 1,3-olimination. The behavior of
cxo-norborpyl tosylate (6) in alkaline media wai studied to determine if
a preference for the oxo-S or W geometry oxisteq. and the behavior of
ando-norbornyl tosylate (7) in alkaline medin was studied to determine

if a proforence for the endo-S or U geometry oxisted.

OTs

OTs

o
}~a



Since a duality of mechanism existed, the conditions werce adjust-
ed to minimize El-like reaction conditions and to maximize \th'e' effect of
E2-1ike reaction conditions. The per cent dcutcrium loss from 6-cxo=d-
exo-norbornyl tosylate (6a) and from 6- cmo—d—em norbornyl tosylate (6b)
was 33.4 and 52.9 respectively when 1,3-elimination occurred under E2-
1ike reaction-conditions \to- form 'noxitric_vclcne {8). It was concluded
“that the e¢xo-S geometry is favoured over W geometry in the 1.3-elimina-.
tion from 6 under E2-like reaction conditions. The per cent dcut_:eﬂum-
loss from i,3-elimination under E2-1like reaction conditions for 6-exo-d-
ando-norbornyl tosylate ("i_a_) and B-erao;d—artdo—norb0111v1 tosylate (7b) |
was 24.5 and 48.3 rcspectxvely indicatmg that the U geometry is pre-

ferred over the ando-$S geometry in the 1,3- elimination from 7 under the

stated conditions in the formation of §

R 0Ts ‘ R
R R OTs
\ ‘|
6a R =D; R=H 7a R =D; ReH
t L]
6b R =H; R=D 7o R =H; ReD
?

(D) .H

=3



The stercochemistry of 1,3-climination in thé locked. norbornyl
syst;m, endo,gndbas,6-d2-axo-2-bromonorbornane-I-cérbokylic acid methyt
ester (9), waﬁ determined by Ncrstiuk.d's Nithout.éﬁis study, the inter-
pretation of deuterium loss frqm.the C-5-ex0-H, C-5-endo-U, C-6-exo-H,
and C-6-endo-H bonds 15 difficult due to the abiiity of the norbornyl
system to interconvert or to make these boﬁﬁs equivalent in El-like

reactions. The reaction of 9 in basic media produccd‘lg,_LL, 12, and

13 as shown below.

20% H?O-EtOH — ]
8r NaOAc - * ' *
CO. Me

p "2 _ CoMe : 2

32.0% 9.9%

|
[
o
ot
[

H + OEt

p COpMe p  CojMe
16.7% | 38.4%
12 ' £ 13

The presence of the carboxylic acid methyl ester on the C-1 of

9 precluded the possibility of 1 2- Nagner-Mecrwein renrrangcment or the.-

. 3
A locked norbornyl system is one in which the C-6-C-1 bond neither

shifts to C-2 nor stabilizes charge at C-2 to any signiflcant degree.



\\__//f
possibiiity of C-6-C-1 anchimeric assistapce resulting in maintenance of
of the exo and endo distinction at C-5 and C-6. A 90% loss of one
deuterium was observed in the formation 0% 10 by 1,3-eliminationjfrom 9
establishing that endo stereoselectivity(semi-U pathway)} should be ex-

pected for E1~Iike'1;3-elimination in the norbornyl system, provided

that the C-6-C-1 bond does not shift or participate to any degree.

v The mechanism of hydride shift during the hydrolysis of sub-
stituted norbornyl tosylates was studied by Benjamin and Cdllins.6 The
hydrolysis of 2-exo-hydroxy-2-phenyl-3-ezo-tosyloxynorbornane (14} and

7-pheny1-7~8yn~hydroxy—2—norsornyl tosylate (15) produced 16, 17, 18,

. »
19, and 20 with identical product ratios in each reaction.

- . g OH
QH _ OH
g aq.acetonp . ’ + OH
OTs. 100°C -
14 16 17
o 2
- H H
+ OH. + 9 + H
OH
P
18 19 20

w* . . -
The amount of 20 was not determined when 15 was reacted.
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Also hydrolysisron 2—endb-phen}1—2—exo—hydroxy1—3-exo-norbor-
nane-5,6-ex0 ,exo- d -p- toluenesulfonate (21) and 7-pheny1 -7- -gyn- hydroxy—
2-axo- norbornane 5,6,-endo,endo-d 5P~ toluenesulfonate (22) was performed.
From both 21 and 22, one deuterium atom was eliminated 'in the formation
of S-di-3—pheny1nortricyq1enbl-3r(gé). From 21 an original exo-d was

lost and with 22 an original endo-d was lost when 1,3-elimination occurr-

ed.
D H D
D s =
21 ’ 23
H
OTs | — - 23
D
22

From these results it was assumed that both reactions proceeded
- through common intermediates (or transition states) which could either

be described as classical or non- c1a551cal ions. However, a more de-



-

finitive statement abou; the mechanistic scheme of Collins et al. was

suggested by Werstiuk4’s as shown below. Cleavage of the C-OTs bond in

<2

23

21 yields gﬁ_which G;Qergoes a 1,2-alkyl shift yielding 25. Solvolysis
of_gg;yields ggldiréctly. 'The hydroxyl and phenyl groups provide the
necessary lock through an inductive effect and perhaps through OH-4
participation for the former and through‘an inductive and steric effect
for the latter. Cation 25 need be classical and stabilized only through
1, 3-hypexrconjugation. Reaction of cation 25 with an endo'preference
in 1,3-elimination as expected would then lead directly ﬁo‘gé_with loss -
of one deuterium in béth cases. The point made here is that the C-D-
bond‘originally exo in g&_is‘cleaved as an endo bond in 25. That 25
resembles a'classi;él ion and that 1,3-elimination occurs from this
species is supported by a value of 1.8 for the magnitude of the elimina-

tion istope effect which was evaluated from the product data.of Collins

et al. . o B

10
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~ .1,3-Elimina ion‘gg.; proton is observed in the reactions of
norbornene with bromine, chlorine, and bromine monoflﬁoride._
Ionic bromination7’8 of norbornene has been shown to give the
seven major products drawn below, and some minor produc;s which could

not be identified. The reaction conditions were chosen to suppress

H T Br
0°C L

Br
26 27 28 2
Br
Br T _ Br
+ + * o Br s
Br ' |
30 a 32 33
free radical processes. The kinetically controlled product ratios

varied with reaction conditions, i.e., concentration of norbornene,
temperature, presence of scavengers, etc.

Scheme 1 shows a mechanistic interpretation of the ionically

— —— —— e —

formed products, 28, 29, 30, 31,'32, and 33. The production of the
five dibromonorbornane isomers i§ consistent with exo-addition of a
Eationic-bromine species to norbornene followed by some 6,1- or 6,2-
hydride shifts <in the resulting non-classical ion (or Wagner-Meerwein

related classical cation) and reaction with bromine or bromddg ion,

The three npnfclassical cations, 34, 35, and 36 . can give rise to



12
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three pairs of dibromides of which the only one not formed was the exo,
exo-2,3-dibromonorbornane (37). Nortr1cyc1y1 bromide (28) can beé form-

=]

ed by 1,3~ ellmlnatlon “from 34 35, or 36 An alternate route to the |

_1format10n of 29 is by normal tres- addltlon of bromlne to norbornene

:' v?ghpromonlum“;gn "38 . Alternatively, 28 can result from 1,3—e1imina—

tion from 38. | : .
) . . 9,10,11 Cemli e,
Chlorination of norbornene (26) has been reported ta EIVe:f

o .\_ ‘

the six products shown below. Both the radlcal and the ionic mechanlsm

‘-.!,’"'"

' L
. C12 CCly >
, < 25°C .

42 43 44

— — D

occurred simultaneously with the reaction conditions determining the
relative importance of each type of mechanism. The products resultlng

from a pure radlcal reaction were exo-5-chloronorbornene (39),.endo-

S-chloronorbornene (40), nortricyclyl chloride (41), trans-2,3-dichloro-

norbornane (43};:and exo,exo-2,3-dichloronorbornane (44). The products

P

from a pure ionic reaction were 41, 43, 44, and syn-7-exo-2-dichloro-

norboxmane (42).

The mechanistic interpretation of the 1on1ca11y formed products

is shown in Scheme 2. 1Ion 45 is formed 1n1t1a11y, and it can either



\
|

Scheme 2 Mechanistic Intexrpretation of Ionic Chlorination of Norbornene

i - c1
+ Cl, —> ,}?1 Cl _ =,

45 c1

Cl ™ at C-6 46 1 at C-2
Ci . K +

42 41 44

proceed to form ion 46, or it can form 43 by trena-addition of a chloride
.ion. Jon 46 can expel hydrogen from C-6 to form 41, or it can react

with a chloride ion to form 42 and 5ﬁ_depending on the carbon atom

attacked.

14

The addition of bromine monofluoride (N-bromoacetamide and“hydrogen

fluoride) to norbornene (26) produced_ihg three pfoducts shown below.l?

Br

NBA - Br
HF -

) ether
26 ' 28

48

Scheme 3 shows a mechanistic interpretation of the ionically
formed products that are .nortricyclyl bromide (28), anti-7-bromo-exo-

2-fluoronorbornane (47), and syn-7-bromq-exo-z-fluéronorbornane (48).

[ R
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e

Compounds gg,'gz, ana iﬁ can be considered to arise from the common inter-
mediate gﬁ__formeg by attack of an electrophilic bromine s?ecies on the
exo-sidé of the dsuble bond of gg.'/hoss of a proton at C—% from 34 éf%es
28. Attack of a fluoride ion at C—i of 34 gives rise to 48. Hydride
shift from Cfé fo C-1 in 34 leaqé fo cation 35 and then to 47 via attack

of é fluoride ion at C-6. 35 can also give 28 by loss of a hydrogen.

Scheme 3 Mechanistic Interpretation of Jonic Bromo monofluorination

of Norbornene

ii) Acyclic Systems

IS
Only one example of El-like 1,3-elimination in an acyclic system

will be discussed. The aqueous deamination of l-aminopropane13 (49)
gave l-propanol (50). 2-propanol (51), propene (52) s and cyclopropane

(53) in over all yield of 60-70%. In order to obtain mechanistic data

HONO )
CH ;CH,CH NH, —HT‘_> CH 5 CH,CH 00 Cﬂsgms, + CH =CHCH,  + A

_ . 16% 40% ot . 40%- 4%
49 ' 50 . 51 52 - ‘53

— — —— — —
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the aqueous acid deaminatons of l—aminopropane-l,l—dz, -2,2-d2, -3,3,3-

' d3, and -1-13C were performed. The products were separated by gas chro-~

matography, and after conversion to the trimethylsilyl ether, the pro-
' i

panol fractions were analyzed by mass spectrometry. The results can be

explained by the formation of a primary n-propyl carbonium ion which

can form edge-protonated cyclopropanes as shown below.

AN
CH.CH,CHT —— - T . CH,
37272 > CH { “+.H ,'E————"—-€> CHy, |
or —  Tay - 2
- p— : .
CH,GH,CHN €i§§i 4;V
‘ ; ~12
2.

2) E2-Like 1,3-Eliminations

-/
An example of a fully concerted E2-like 1,3-elimination has not

yet been reported; however, studies under selected conditions on 5-0xo

. axo-2-norbornyl derivativesl4 may set a precedent.

3} Elcb-Like 1,3-Eliminations

i) Acyclic Systems

In order to investigate the stereochemistry of 1,3-eliminations,

Bordwe111216
"

The Ramberg-Bachlund reaction involves 1,3-elimination of hydrogen hal-

ide from an a-halo sulfone by the action of a base. The first formed

" product, a thiirane 1,1-dioxide (episulfone), undefgoes thermal decom-

position to form an alkene. To maximize the informaton obtained, sys-

tems were chosen in which the carbanion centre initiating attack in

" :
.et al. studied the Ramberg-Bachlund and related reactions.

16
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a

1,3~elimination reacted prior to epimerization. For example, the dl (54)
and meso (55) isomers of bis-a-bromobenzylsulfone were treated individ-
ually with triphenylphosphine in refluxing benzene and in DMF respec-

tively. The results are shown below.

g_p
3 - Catd e
GCHBrSOZCHBrﬁ Senzene trens st;lbene +  ots st;lbene
“ 96%" 4%
54 (d1) - 36 | 37
QSP .
GCHBISOZCHBrG pp— = Eéh o+ 57
55 (meso) 5% 9532
DMF . . . .
54 (di) —2T = trams-c-bromostilbene + c¢ig-a-bromostilbene
| 215° 7950
58 | 59
55 (meso) ——Jxﬂi——iai 58 + 59
915° ' o

The mechanistic pathway showing the formation of the major pro-
duct is outlined in Scheme 4 for the debromination of mego-55 with QSP
and in Scheme 5 for the dehydrobromination of meso-55 with DMF. An
initial carbanion was established as an intermediate from trapping ex-
periments which indicated that the anion maintains its configufation at
the chiral centre. With QSP in benzene the carbanion was formed by
abstraction of Br by ¢3P from an endo-S ground state conformation, so

that Br® was cis to and flanked by the oxygen atoms of the sulfone

group. With DMF the carbanion was formed by abstraction .of H' by DMF

a)} Total yield was.85-90% with no other products detected.

i)

b) Based on 100% o-bromostilbene: Actual yields were 73—75% a-bromostilbene,
2-4% stilbenes, 19-24% diphenylacetylenes. Total yield 85-90%
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from a similiar ondo-S ground stato configuration. This is in agreement
t .

with Pecarson s thcory17?18 of hard and soft acids and bases; the “"soft"

base triphenylphosphine attacks the '"softer” atom bromine, whorcas the

"hard" base DMF attacks the "harder" atom hydrogen.

Further evidence for carbanions was the formation of appreciable
quantities of_rcduction products benzyl a-bromobenzyl sulfone and diben-
zyl sulfone when methanol was included in the gSP-C6H6 reaction mixtures.
Furthermofe, with D20 in DMA, réversiblc carbanion formation was consist-
ent with the observation that‘cpimcri:ation competes with dehydrobrOmina-
tion. Stercoseclectivity was greater with ncutral than with negatively
charged nucleophiles, and storeoselectivity decreased with increagcd

‘dissociating ability of the solvent suggesting Fhat ion—puir formation

occurred.

The overall geometry of the debrominations or dqhydrobrominations
can be described as W, hence double inversion; thus the ground state
. goometry is probably ando-S ond the transition siuto geometry is probably
oxo-S since inversion occurs at the nucleofugal chiral centre undergoing
bromine displacement by intramolecular carbanion attack after both inver-

sion of the carbanion and $-C bond rotation.

Jnrﬁislg et al. used bis(a-bromobenzyl) sulfoxide in an attempt ‘ I

to determine if a preference  for geometry in 1,3-elimination existed..
Scheme 6 shows the results predicated from ¥ geometry and from U geometry
when mogo-bis (a~bromobenzyl) sulfoxide (66) is reacted, and Schcme 7

shows ‘the results for the dl-bis (a ~bromobenzyl) sulfoxides (67) and (68).
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Scheme 6 Debromination of mese-bis{a-Bromobenzyl)sulfoxide L

> i/“ [(CHS)ZN]SP L z ¢ | N
\_ | TH S,

- é\
. \Br benzene; N,; 0°C H O>'S“/‘ H

2!
W goometry ' : ""aie,anti-épisulfoxidc
86 | 8
Br i“ Ho[(CH ) NP _oF "é
C

/ . . 13 N o R
1) >S ¢ benzene; No; 0°C o"s“' .

U geometry ' ‘ m,eyn-episul foxide.

6 .

Scheme 7  Debromination of dl-big{a-Bromobenzyll}sulfoxides

N He™ o
/ \S-.. % B benzene; N,; 0°C U>S"" . @
W geometry
67 ., n
Ha, ir BT, [{CH,)N]P _ E ﬂ
; Co LY
i 0 s<: \H bpfizenes N o°c ? 0>54 TS
U geometry ' J ) _
91 l,—., . 1,._‘“ . 2-2—
g\‘{ ' g/H [(CH3) 2N] SP — E g
. N - L —
Br/ \Br benzene; Nz; \_0°C Gf‘ >s/ “NH
‘ | 0
W geometry T
68 o A
i ‘ ir u (@5 NP - ? g ‘
4 ¢
\ . N . o°c H"” TP
H/ >S..... -y 9 benzenc; Ny 0°¢ O>S-....:
U geometry ' |

-

68 . 71



The reaction withfggjbidadéed gg{withlno“détéctablc amount of
703, so 1,3-elimination must have gone tﬁrough W geometry. The recaction
with 67 and 68 produced ZL-and Zg indicating that W geometry or U geome-
try could hﬁvé been the mode of elimination. fﬁe resulyg of Scheme 6

suggest that W geometry was the mode of elimination.

ii) Cyclic Systems
N _

21

The 1,3-climination of hydrogen bromide to form the bridged poly-

cyclic 2-quadricycloheptyl phenyl sulfone (73) was reported by Criétol20
et al. Potassium t-butoxide in t-butanol and dime;hyl sul foxide was ;he
bﬁsic medium used to carry oﬁt climiﬁation studies on the following cbm-
pounds; exo-5-bromo-exo-3-nortricyclyl phenyl\suifone (74}, exo-5-bromo-
endo-3-nortricyclyl phenyl sulfone'(zgj, and endo-5-bromo-exo-3-nortri-
cyclyl phenyl sulfone (zg).' As illustrated ip Scheme 8, compounds 74
and 75 reacted to pfoduce 73; ‘however, 76 was'inert to the basic medium.
If was postulated that a carbanion intermediate 77 was formed by hydrogen
sbstraction at C-3, followed by elimination of bromine with inversion of
configuration at C-5. The exo-S geometry is presenﬁ in 74 and W geometry
is ﬁrcsent in 75,both of which require inversion at C-5 when bromide is
eliminated. Compound 76 has endo-S geometry which requires retention at

the C-5 position when bromide is eliminated.

The 1,3-elimination of hydrogen chloride from a y-chloro sulfone,
in the dibenzobicyclo[S.Z.1]6ctadienc system has been reported by

21,22 et al. Scheme 9 shows the results of endo-4-chloro-anti-8-

Cristol
phenylsulfonyldibenzobicyclof3.2.1]octadiene (78}, endo-4-chloro-syn-8-
ﬁhonylsulfonyldibenzobicyclo[3}2.l]octadiene (79), and exo-4-chloro-anti-

8-phenylsulfonyldibenzobicyclo[3.2.1]octadiene (80) being reacted respec-
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Scheme 8 Dehydrobromination of exo-5-Bromo-exo-3-nortricyclyl phenyl

sulfone, exo-5-Bromo-endo-3-nortricyclyl phenyl sulfone, and

éndo-5-Bromo-exo-3-nortricyelyl phenyl sulfone

Br 502¢ ——T
exo-5
74 .
t-Bu0"K 2"
. il 73
Br —
502¢
W
75
DMSO

TR NO REACTION

’

@‘“@ NaOEt
Taioo=>  NO REACTION
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tively with sodium ethoxide in dioxane.

It was postulated that carbanion 81 was formed initially. With
78 and 73 the carbanion could react to displace chloride with inversion
of configuration at C-4 to produce 82 ; on the other hand, 80 did not

react since displacement with inversion at C-4 was not possible.

Another investigation by Crist012§ et al. involved I;S-elimina-'
tion of bromine from ctg-anti-4,6-dibromodibenzobicyclo[3.3.0]octadiene
(83) and trans-4,6-dibromodibenzobicyclo[3.3.0]octadiene (84). Various

-re&ucing agents were used producing the products shown in Scheme 10.

The mode of reaction .of triphenyltin hydride with 83 or 84 was
assumed to be similiar to its feactién with alkyl halides involving a
free radical chain in which R,Sn- abstracts a halogen atom from 83 or 84
giving,a carbon radical %g_which Teacts with RSSnH to give a carbon-

.hydrogen bond forming anti-4-bromodibenzobicyclof3.3.0]Joctadiene (89)

and a R38n~ 5pec§es.

‘The reactions of 83 and 84 in aprotic solvent with reducing agents
[ 1) lithium aluminium hydride, ii) magnesium, or iii) sodium ] prob-
ably involved the formation of a long-lived brganometéllic intermediate

which could lead to .epimerization and subsequent loss of stereochemical

identity.”



24

Debromination of cia—ant£—4,6-dibromodibenzobicyclo{3.3.0}

Scheme 10 octadiene and trans-4,G-dibromodibenzobicyclo{3.3.0}0ctadiene

._SnH
b&nzene

1) Mg; ether

2) Na; toluene-
dimethoxyethane 86

86 + 85

Zn; ethanol

&

1) Mg; ether

2) Na; toluene-
dimethoxyethane 86

LAH

Zn; ethanol
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With zinec in protic solvent,.§§_produced the ayn- and ati-
epimers of the monoethyl ether 87 which resulted from solvolysis of 89.
In contrast, 84 produced 86. With zinc,83 and 84 led to catpanionoid
qugies with retention resulting in 90 and 91 respectively. Car@anion _
90 is captured by protation from ethanol to give 89 before transformé—

tion to §§;(vi;\éhe_epimerization of 80 to g}) can occur. On the other

hand, carbanion 91 has a benzylic carbon to attacﬁ}\&eading to 86.
‘ AN
These Tesults support the contention that an exo-S con?q;mation is
. N
needed for ready 1,3-elimination since 83 displays a relativgly rigid

W conformation whereas 84 displays an exo-S conformation. \\\
-

Paquette and Houser24 studied the 1,3-elimination from l-chloro-
9-thiabicyclo{3.3.1]nonane 9,9-dioxide (92) with aqueous potassium \\

RN

TN
hydroxide at 100°C as shown. Hydrogen chloride was eliminated from 82 .

_ _ 0, -
-c1” .50 o
. o4

92 93 : : 95

——

which has W geometry. The intermediate carbanion 93,which also has W

geometry, must have undergone inversion of configuration followed by in-
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version at the C-1 position when chloride was expelled resulting in the

production of episulfone 94 which lost sulfur dioxide to produce VATL
bicyclo[:’;.%.o]octene (95). : ‘ B
- i et

Corey25 et al. in a similiar study showed that E’hg,_lj;georﬂéft{y

- SC1 1) AlH 1) t-BulLi
_—2% - A
Cl-- .2) [0] 2) BrCn Br
(9

led to 1,3-elimination of hydrogen bromide—as indicated below.

9 97
| | O2 ?r 02:
e @
| 95 a 94 : 100 | _

The 1,3-elimination 6f‘ bromine from 1,3-dibromoadamantane26 (101)
was shown to proceed with W geometry./ Com;l)oun'd 101 when debfom_.inated
resulted in the formation of elimination product tetracyc10[3.3.1.1.3’7

01’3]decane {162) an& reduction product adamantane (103).

Na-K dispersion
Br = .
\‘ = in refluxing
heptane

- 90% O 10%
101 ' 102 103
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C. Statement of Problem

‘ The‘purpose of the foliowing investigation was to study the 1,3-
elimination in the feaction of norbornene (104) with the feagents
chlorine, bromine, and iodine monochloride,re;pectively;in protic and
aprotic so;vent. ,TO gain meéhanistic information on the 1,3-elimination

_pathway in these'réactions, the following»deuteratéd compoundslwere used:
'e:z:o,e:no—s ,6-c22-norborneneJ (105); en&o,end‘o-s ,6-d2-norbomene (106);
2,3-d2-norbornene (lgzj. |

) D :
D , 0y S
D | : D
| 107

104 105 ' 106

Previous workers had shown ‘that the chlorinationg’m’11
7,8

and bro-

Jﬁiﬁation of norb&gyene (lgi)kin aprotic solvent can proceed by ionic
.and by free radical mechanisms simultaneously. In order to determine
the conditions which could maximize the peé cent of ionic component and

-fﬁiﬁimize the per cent of free radical component, these reactions were to
be repeated. %y‘identifying the major products iﬁ these yeactions, it

would perhaps be possible to determine the per cent of free radical com-

ponents.

Since the addition of iodine monochloride to 104 in aprotic sol-
—
vent had not been reported, the isolation and identification of the

majoxr products formed were to be performed.

After completion of the preliminary work mentioned above, the

plan was to obtain Stereochemical information on the three reactions by



&

carrying out the additions to 105, 106, and 107,respectively,in methylene

chloride and in acetic acid. Mass spectral aﬁalysis was to be used to

© determine the per cent of deuterium which wa% lost in the formation of

nortricyclyl chloride (51); nortricyclyl ‘bromide (28), and nortricyclyl

““iodide (108). The-efféct.of varying the concentration of 105, 106, and

107, the concentration of pyridine, and the temperature was also to be

determined.

C1 - Br ‘ 1

a1 | 28 lo8

28
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CHAPTER 2

RESULTS
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A. Syntheses and Stereochemical Purities of Deuterated Compounds

r

1) Synthesis of 2,3-D2-norborngne

The multistep synthesis, as described in Scheme 11, vielded
2;3-d2-norbornene (107) in high purity.

Scheme 11~ Synthesis of 2,3-D,-norbornene

) NaOD 0
Q 020 ~

1,4-dioxane ‘

39°C ‘ D

: ® : ‘ :

108 110
: D
LiAlD, . i

ether
25°¢C

\

110

' 112
¢3P Br D
Br2 . D
111 + 112 = D A T
diglyme _
R s D

b
D
111

D
' - 113

114.

t-Bu0 K"

o

113 + 114 _ >
t-BuOH - | D

+100°C
(107
In step 1, base catalyzed deuterium exchange of 2-norbornanone

(109) produced a single product, 3,3—d2—2-nqrbornanone (110). After

OH
+ D
D

D

30



~. a reaction period of eight days of exchange, mass spectral analysis of 110

indicated therfollowing deuterium content: d0 = 1,4%; d1 = 2.1%;' d2 =

96.5%; or 1.95 excess deuterium atoms per molecule.

Step 2 involved reduction of 110 with lithium aluminium deuteride
to produce 2,3,S-ds-endb-Z—norbornanol (111) and 2,3,3-d3—exo—2-norbor—
nanol (112). 111 and 112 were present in a ratio of 85:15 based on the
Tesults frém the reaction of undeuterated matgrial. Compounds 111 and
112 were converted to their respective acetateé in order to detérﬁine
the geuterium content. Mass 5pectal analysis indicated that the acetates
= 0:0%; d

had the following excess: deuterium content: d = 1.2%; d, =

0 1 2

3.5%; d3 = 96.5%; or 2.97 excess deuterium atoms per molecule.

To convert the mixture of 111 and 112 predominantly to 2,3,3—d3-
exo-2-bromonorbornane (113) and partially to 2,3,3—d3-éndb-2—bromonorbor—
nane (114],-the method of Schaefer and Weinberg27’28 was used as shown in

step 3. Compound 111 reacts by bimolecular,displacemeﬁt‘aqcompanied by

e =~

"Walden inversion to produce 113; however, 112 reacts partially by bi-
€ -

molecular dispiacement_accompanied by Walden inQersion‘to yield 114, and
predominantly by an El mechanism resulting in the formation of é norbor-
nyl cation.which captures a bromide ion to yield 113, Nmr apalysis of
the undeuterated mixture of 113 and 114 indicated that they were formed
in a ratio of at least 10:1. The nmr analysis of 113 and ll&_indicated
that the deuterium content was at least 95% in each of the following

positions: endo-C-2; exo-C-3; endo-C-3.

In the final step of the synthesis, 113 and 114 were subjected to

a strongly basic medium resulting in the formation of 107. Mass spectral

31
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analysis of 107 showed: dg = 0.3%; d; = 1.7%; d, = 93.0%; dy = 5.0%; or
2.63 excess deuterium atoms per molecule. Integration of the nmr spectrum
of 107 {(nmr épectrum 1, 60MHz, CCI4 and TMS) revealed the following deu-
terium distribution: 93% *5% of the deuterium was locatéd at C-2 and C-3,

6% 5% was located at C-4, and 1% !S% was located at C-5, C-6, and C-7.

-

2) Stereochemical Purity of Exo,exo-s.G-dz-nofborneﬁe and Endo, endo-

5,6-d2-norbornene

Exo,exo—s,é—dz-norbornene (105) and endo,endb-dz-norbornene
(106) were prepared by N. H. Werstiuk as described in a Tecent publica-
tion.29 The deuteriﬁm content of 105 was determined by mass spectral
analysis of one of its precursors, exo,exo-s,G-dz—norcamphor, which
showed the followingﬂexcess deuterium content: d0 = 1.8%; d1 = 17.4%;
.d2 = 80.0%; or 1.79 excess deuterium atoms per molecule. A similiar
deuterium content was assumed for 106 because 105 was a precursor in a
' synthetic route that precluded deuterium loss or gain. fhe 100 MH; nmr
spectrum of 105 indicated that the deﬁ%erium at C-5 and C-6 stereochem-

ically was 85-90% exo, and integration of the spectrum of 106 indicated

that the deuterium at C-5 and C-6 was 85-90% endo.

B.. Chlorination of Norbornene
2 ‘

1) Chlorination of Norbornene in Methylene Chlo:idé

In order' to preclude the free radical mechanism, the reaction
conditions for the jonic chlorination of norbornene in methylene

‘chloride were determined from the information made available by‘Pouts—
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ma.lo The reaction was carried out in the dark which prevents photo-

decomposition of chlorine into free radicals. A low temperature of

0°C was used to suppress the thermal cleavage af chlorine into free

-radicals. Methylene chloride was used instead of carbon tetrachloride

begﬁuse of its polarity which makes the ionic pathway more favourable.

P
THe concentration of norbornene was kept low because the free radical
component was found to increase as the ﬁb;bornene concentration was
increased. " In addition to Poutsma's suggestions, dry hitrogen was bubbled

throughout the reaction mixture for five minutes before and during the

reaction in order to flush out any moisture or gases present.

In ordef fo identify the products in tho chlorination of nor-
bornene in metﬁylene chloride,a large scale reaction was performed,
and the crude product was fractionated on a spinning band distillation
colum which resulted in partial separation of the‘components. Only
six pure components could be obtained by preparative gas-liquid par?
tition chromatography (glpcj even thqugh analytical glpc (1,150°C)* of
the reaction mﬁxture indicated that there were at least eight products

as. shown in glﬂc 1.
| .

‘Scheme 12 shows the results of the chlorination with the iden-

tified productsilisted in order of increasing retention time. Table 1

1ists the retention times and describes the mode of identification of

products.

The Roman numeral indicates the type of column used as described in

the experimental section,
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Table 1  Products from the Chlorination of Norbornene in Methylene Chloride

. .
Retention Time

Compound

1.0

12,1

14.1

:
g
:

Means of Identification

Nmr spectrum identical to that reported for

3-chloronortricyclene in reference 30;

‘Mass spectrun (m/e 128,130)

Nmr spectrum identical to that reported for

. trang-2,3-dichloronorbornane in reference

10; Mass spectrum (m/e 164,166,168)

- Nmr spectrum identical to that reported for

anti-T7-exo-2-dichloronorbornane in reference
30; Mass spectrum (m/e 164,166,168)

Nmr spectrum identical to that reported for
exo,exo~2,3-dichloronorbornane in reference
30; Mass spectrum (m/e 164,166,168)

g
3
=]

Nmr spectrum identical to that reported for
8yn—7-ezo-2—dichloronorbornane in reference
30; Mass spectrum (m/e 164,166,168)

Nmr spectrum{Ipterpreted;
Mass spectrum (m/e 162,164,166)

*

"All retention times are in minutes relative to CH,C1

2



Scheme 12 Chlorination of Norbornene in Methylene Chloride

Cl
Cl - Cl
Cly; CHzClzé,
0°C; Dry N,; c1
dark ' ‘ y -

—
o
=
Fey
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4
(2]
[
P
[34]

C1
cT - Cl

: C1 C1
44 : : 42 116

The nmr spectra of the products,a;sumed to be 3-chloronortricy;-
lene (41), trans-z,3—dich10ronorborﬁane (43), exo—Z-anti—T-dichloronof-
bornane (115), exo,exo-2,3-dichloronorbornane (44), and exo-2-ayn-7-di-
chloronorbornane (ig);were consistent . with their respective spectra re-

10,30

~ported in the literature. The mass spectrum of 41 was consistent

with the empiiiéal formula C7H9CI, and the‘mass spectra of 43, 115, 44,
and ég_-were consistent with the formula C7H10C12. 41, 43, 44, and
42,1listed in oxder of increasing retention times,were identical to the

four products Poutsma reported in a similiar experiment with the same

order of elution on analytical glpc.

Neither Roberts9 et al.or Poutsmé10 had reportea exo-2-anti-7-
dichlﬁronorbornane (115) as a product in similiar experiments. The.
failure to report lli could have been due to its low yield. However,
compound 115 was reported by Masson30 as a product in the reaction shown

on the following page.

37
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1 - a
CHC13, CGHSICI é‘l . Cl . 1
CFSCOZH' reflux )

104 . 42 115

. Compound 116 has yet to be reported in the literature; its two

stereoisomers 117 and 118 have been produced by Massdnso (vidé infra).

The identification of 116 was accomplished as follows: The mass spec-
pIci c1 C1
| CHCl3
119 117 ' 118

———— . — ———

trum of 116 was cons1stent-w1th the emplrlcal formula C7H8C1 Tﬁe nmr
spectrum of compound 116 (nmr 2) did not corre5pond to the nmr spectrum
of 117 or 118 as reported by Masson. The nmr spectrum of 116 indicated
that the nortricyclyl skeleton was presépt based on ‘the following facts:
no absorption due to methyl or vinyl groups was present; absorptions
" indicative of a cyclopropyl group and of a bridgehead hydrogen were present.
The nmr spectrum . showed & 1.42(broad singlét,‘tyclopropyi hydrogens,
3H)},  1.68(doublet, Jl= SHz, two C-7 hydrogens coupled to a cyclopropyl
hydrogen, 2H), - 2.30(bioad singlet, bridgehead hydrogen, 1H), and 4.00
(singlet, exo-C-3 and exo-C-5, 2H). Thus 116 was tentatively iden-

tified as endo,endo-3,5-dichloronortricyclene.

2) Effect of Base

The ionic chlorination of norbornene in methylene chloride was
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r

performed in the absence and also in the presence of pyridiné as ;hdwn in
Table 2. When no pyridine was preseﬁt, the results in column 2 were ob-

tained; when the concentration (M/1) of pyridine was equivalent to that

of norbornene, the results in columm 3 were obtained: aiso when the con-

centration (M/1) of pyfidine Qas ten times that of norbornene, the results

in-colum 4 were obtained. All ‘the reactions were performed on a small

scalé with a norbornene concentration of about 2.0 X 1072 M/,

3) Chlorination of Norbornene in Acetig Acid

The ionic chlorination of norborneﬁe (104) in acetic acid,which

_;has yet to be reported,was performed. The reaction conditions were simi-
‘liar to those used in the ionic chlorination of 104 in ﬁethylene chloride
except for the temperature which was raised to 25°C because the freezing '

) pointwof'acetic acid is 17°C.

In order to identify the pfoducts,a large scale reaction was
performed , and the crude product was fractionated on a spinning band
distillation column which resulted in partial separation of the compo-
nents. Eight pure components were obtained‘by preparative glpc and iden-
tified by mass spectrum analysis and nmr analysis.‘ A ninth component was
identified using glpc analysis using a sample of endp,endo-3,5-dichloro-
nortricyclene obtained from the reaction of chlorine with norbornene in

methylené chloride. Analytical glpc (I, 150°C) indicated that there

were at least ten products. See glpc 2.

,Scheme 13 shows the results of the reaction with the nine identi-
fied products listed in order of increasing retention time. Table 3

shows the retention times and mode of identification, and Table 4, ¢olumns

b -
Lad N |
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Table 2 Chlorination of Norbornene in Methylene Chléride

. _ .
Relative Per Cent Yield by Weight

Norbornene + CH.C1 Norbornene + CH_C1 Norbornene + CH_C1
A . 272 2772 2772
Compound

+ Ciz + = pyridine + Cl2 + 10 X pyridine + Cl2

Cl1 :
' 51.8 42.6 55.4

L@“

C1 1 | ‘

; s Cl ‘ ' :

' 0.5 . 0.8 0.5°

 unknown _ 1.0 0.9 0.5
Cl

. c1 0.6 9.9 . 0.7

Cl ‘

1 . '

" 28.2 ' : 32.6 ‘ 25.9
ﬁ% 16,2 20.7 15.6

1 1 ' |

'uﬂkllown 0-5 " . 0-2 . 0-3

The gnalytical glpc was calibrated for response differen;es between
non-isomeric .compounds and these differences were corrected for in
determining the yield based on 100%.
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Table 3 Products from the Chlorination of Norbornene in Acetic Acid

*
Retention Time Compound

Means of Identification .

: Ci
0.8
c1
1.0
1.8 &w\c
o c1
2.4
& Clm
c1
3.2 .
4.0. Vunknown
. Ry
) cl
! 8.0

9.2

iva
.

"

" Nmr spectrum identical to the nmr spectrum

of an authentic sample of exo-2-chloro-

norbornane; Mass Spectrum'(m/e 130;13;)

Nmr spectrum identical .to that reported
for 3-chloronortricyclene in reference

30; Mass spectrum {(m/e 128,130)

Nor spectrum interpreted;
Mass spectrum’(m]e 154) -

Nmr spectrum identical to that reported for
trans-2,3-dichloronorbornane in reference

10; Mass spectrum (m/e 164,166,168)

Nmr spectrum identical to that reported for
anti-7-exo-2-dichloronorbornane in reference

30, Mass spectrum (m/e 164,166,168)

Nmr spectrum identical to that reported for
anti-T-chloro-exo-2-norbornyl acetate in

reference 31; Mass spectrum (m/e 188,150)

Nmr spectrum identical to that reported for
syn-?—emo—2—d1chloronorbornane in reference
30; Mass spectrum {m/e 164,166,168)

Nmr spectrum identical to that reported for
syn-7-chloro-ero-2-norbornyl acetate in

reference 31; Mass spectrum (m/e 188,150)

Glpc retention time identical to that of
endo,endo-3,5-dichloronortricyclene already
discussed; Mass spectrum (m/e 162,164,166)

All retentlon times are in minutes relatiye to CH2C12 as solvent.
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Table 4 ) Chlorination of Norbormene in Acetic Acid

~Relative Per Cent Yield by Weig‘nt*

Norbornene +

CH.CO.H + Cl2 Norbomene + CHS‘CO H+ Cl

Compound - 52 2 2
P Large Scale Small Scale
1 .
7.5
c1
7 25.4 21.2
' OAc
1.3
1
1.1 0.9
-
-~ C1
- 5.1 6.6
unknown 1.1 0.9

C
OAc
c1
c1
40.
 w=Cl
0
1 c1

Ac

Ay

Ay

See Table 2 for details.
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2 and 3,show the relative per cent yield of each product for the large

scale and small scale 1§%ctions Tespectively.

Scheme 13 (Chiorination of Norbornene in-Acetic Acid

CIZ;CHCOH %‘ Q &9
25°C; dry Nj3

Ay ar
A7 A gy

l

Compounds 41, 43, 115, and ig_were,identifiéd by comparing their
respective nmr.spectra with the nmr spectra of the products Qith similiar
retention times from the c¢hlorination of norbornene in methylene,dhloride.
Compound 116 was not obtained in high enough yield fﬁr nmr analysis, but
it was assigned the structure endb,endo—S,S—dichloronortricyclene-(llg)
because its reiention time was similiar to that of 116 obtained from the
reaction of norbornene with chlorine in methylene chloride and because

its mass spectrum was similiar to that of compound 116.

¢

Compound 120 had an nmr spectrum identicéi‘to that of an authentic
sample of exo-2-chloronorbornane, and its mass spectrum was consistent

with the empirical formula C7H11C1.



Compound 121 was assigned the structure ezxo-2-norbornyl acetate

based on the following observations. The mass spectrum of 121 showed a

molecular ion consistent with the empirical formula C9H1402. Its nor

spectrum, by the absence of cyclppropyl and vinyl absorptions and by the

presence of characteristic exo, endo, and bridgehead absorptions, indicated

- 46

that the norbornyl skeleton was retained. The assignment of the absorptions

was as follows: & 4.2(multiplet, endo-C-2-H, 1H), 2.2(broad singlet,
bridgehead hydrogens, 2H), 1.9(sharp singlet, methyl hydrogens, 3H}, .
1.0-1.8(norbornyl envelope, exo- and ené@-C-3-H, exo~ and endo-C-5-H,

exo- and endo-C-6-H, anti- and syn-C-7-H, 8H).

Compound 122 was assigned.the structure anti-7-chloro-exo-2-

norbornyl acetate and compound 123 was assigned the structure syn-7-

chloro-exo-2-norbornyl acetate by their similiarity to reported nmr spectra

of these two compound531 and by their mass spectra which were consistent

with the empirical formula C.H 5C10

91 2°

Table 4 sffows the per cent of each product for the large scale
and for the small scale reactions. Compounds 120 and 121 were noﬁ de-
tected in the small scale reaction. The only experimental differences
in these two reactions were that the large scale reaction was carried

out at significantly higher norbornene and chlorine concentrations.

4) A Check for Free Radical Products ‘ -

Evidence that there was either no or an undete;table amount of

free radical reaction in the chlorination was obtained. If a free

radical mechanism operated to any significant degree, exo-5-chloronorbor-

- nene (39) and endo-5-chloronorbornene (40) would have been produced in



47

at least detectable quantities as“repdrted b; Poutﬁma.lo‘ Authentic sam-
ples of 39 and 40 were prepared, and none of the detectable products in
the chlorination reactiéns had similiar retention times toiég_or ig.
Possibly, 39 and 40, if produced, could react further to form trichlor-
ides; however, there were no producfs detected by analytiéal glpe that

had retention times expected from trichlorides.

C. Bromination of Norbornene

1) Bromination of Norbornene in Methylene Chloride

The ionic bromination of norbornene (104) in methylené chloride
was carried out using reaction conditions similiar to the ionic chlorina-
tion of 104 in methylene chloride. The reaction was performed in the
dark at a low tempefature (0°C) and with a low norbornene concentration.
Dry nitrogen was bassed throughout the reaction mixture for five minutesJ‘

before the reaction and during the reaction.

In order to identify the products-in the bromination of 104 in
methylene chloride, a small scale reaction was performed. Analytical
glpe (E&pc»S, I) indicatedrthat there were at least seven products.
Scheme 14 shows the results of the reaction with the seven identifie&

products listed in order of increasing retention time. Table § shows

the retention times and mode of identification.

Authentic samples of exo-2-bromonorbornane (27), 2-bromonortri-
cyclene (28), trané~2,3—dibromonorbornane (29), anti-7-exo-2-dibromonor-
bornane (30), and syn-7-exo-2-dibromonorbornane (33) were cbtained from
. fhe ionic brominﬁtion of 104 in’ acetic acid as described lafer. These

five compounds were used to identify by analytical glpc five of the pro-
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Table 5 Products from the Bromination of Norbornene in Methyiene Chloride

*

Retention Time. Means of I

dentification

Retention

1.1 authentic

time identical to that of an

sample of exo-2-~bromonorbommane

Retention

1.4 authentic

time identical to that of an

sample of 3-bromonortricyclene

Retention
enti
4.8 guth ntic

bornane

time identical to that of an

sample of trane-2,3-dibromonor-

Retention

authentic

‘norbornane

time identical to that of an

sample of mti-7-exo-2-dibromo-

time identical to that reported

-gro-2-dibromonorbornane in re-

time identical to that repbrted

for exo,exo-2,5-dibromonorbornane in re-

Retention
Br
7.8 for endo-5
" ference 7
T \\\\\\\\
Retention
T
8.7 Br\z:§§i::7p
ference 7
T
Retention’
T
15.2 autthtlc

norbornane

time identical te that of an

sample of syn~T-exo-2-dibromo-

(All retention times are in minutes rel

ative to the solvent CH2C12-
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Scheme 14 Bromination of Norbornene in Methylene Chloride

. . 0. T
Brz, CH2C12, 0°C; T T
. 2 + +
dry N,; dark
2
Br .
104 27 28 2
Br
Br
Br By
+ + + Br o+ Br
30 31 32 33

ducts in thé bromination of 104 in methylehe chloride.

The reaction mfxture from the ionic bromination of 104 in methylene
chloride was divided up and placed in six separate vials labelled 1,2,--*,6.
In addition, 27 was addéd to vial 1, 28 to vial 2, 29 to vial 3, 30 to vial
4, and 33 to vial 5. The retenfion times of each authentic sample of 27,
28, 29, 30, and 33 was determined by analytical glpc (1,150°C) and com-
pared to the retention times of the products from the reaction of bromine
with 104 in methylene chloride. The retention times of 27, 28, 29, 30, and
33 were identicalnto the rétention times of the 1st, 2nd, 3rd, 4th, and 7th
eluted prodﬁcts respectively. Repetition of the above by analytical glpc

(I1,150°C) produ;ed similiar results. Also, the content of each vial was
analyzed by.anaiyticﬁl glpc (I1,150°C). Each indicated the presence of
~seven di fferent products, but the seven diffe;ent_products within each vial
always had similiar retention times to the seven different products of each
of the otheé vials. The only difference in the glpc results of each viﬁl
was that the ratio of products 27, 28, 29, 30, gnd 33 increased in vial 1,

2, 3,4, and & respectively. Thus the l1st, 2nd, 3rd, 4th, and 7th eluted
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products were assumed to be 27, 28, 29, 30, and 33 respectively.

The five major products identified by Warnhoff7 et al. were iden-
tical to ghe five major products identified above. In addition, Warnhoff
tiﬁgntified the following two minor products: endo-5-exo-2-dibromonorbor-
nane (él):and exo,exo-2,5-dibromonorbornane (32). By gomparing the re-
ported retention times of gl.an& 32 with the retention times of the Sth
and 6th eluted products of glpc 3, the 5th and th eluted products were
assumed to be 31 and 32,respectively,because of the correspondence in

retention times.

2) Effect of Base -

The ionic bromination of norbormene in methylene chloride was
performed in the absence and also in the presence of pyridine. Table 6
shows the per cent of each product when no pyridine was present, when
the concentration of pyridine was equal to that of norbornene (M/1),
and when the concentration of pyridine was ten times the concentration
of norboxnene (M/1). Thesé results show that exo-2-bromonorbornane Qas
only produced when no pyri&iﬁé was.present. Thq other six prodﬁcts were

identical except for changes in the: product ratios.

3) Bromination of Norbornene in Acetic Acid

iy

The ‘ionic bromination of norbornene (104) in acetic acid, which
has yet to be reported, was carried out. The reaction conditions were
similiar to those used in the ionic bromination of norbornene in methylene

chloride.



Table 6 Bromination of Norbornene in Methylene Chloride

* Relative Per Cent Yield by Weight*

Norbornene + CH2C12 "~ Norbornene + CH._C1 Norbornene + CH.C1

Compound 2772 2772
P + Br2 -+ = pyridine + Br2 + 10 X pyridine + Br2
Br | '
3.2 0.0 0.0
) _
_ 31.5 ' 40.0 . 44.0
- )
Br t
6.6 ‘ 7.7 27.7
Br

Br
. Br - .
23.4 ' 16.5 ' 7.3
. r . N '
6.5 , 3.3 1.2
r . R . N ’ .

3.7 B ' 1.0 0.2

T ' : .
Br .
, 25, 1 . 31.5 ‘ 19.6 ;
w

52

See Table 2 for detaiis.
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Iﬁ order to 1dent1fy the products, a large scale reactlon was per-
ﬁormed. Analytlcal glpc (glpc 4) showed there were at Ieas{ e1ght pro—
ducts. The crude mixture was fractionated on a spinning band distillation
column which resulted in partial separation of the components. ?rom se-
lected fractions of the miipure, seven ?elatively pure componénts were

obtained by preparative glpc. Mass spectral analysis and nmr analysis -

were used to identify these seven products.

_ Scheme 15 shows the results of the reaction with the seven iden-
tified products listed in order of increasing retention time. Table 7
shows the retention times and mode of identification of seven products.

Table 8 shows the per cent yield of each product for the small scale re-

action.
Scheme 15 Bromination of Norbornene in Acetic Acid 5

Br,; CH,COH; 25°C; BT Br

+
dry N,; daxrk
™ R Br
104 21 28 2
B Br £
Br
Br Ac 0Ac
+ + + + Br
30 , 124 125 33

The nmr spectra of the 1st, 3rd, 4th, and 8th eluted products were
identical to-fhoge.repofted by Warnhoff for exo-2-bromonorbornane 270,
tranauz,3—dibromoﬁorbornane (29), ati~T-axo-2-dibromonorbornane (30),
and ayn-?—exofzrdibromonofbo;nane (33) respectively. The mass spectrum of
the lst eluted product.was consistent with the empirical formula C7H11Br.

each mass spectrum of the 3rd, 4th, and 8th eluted product was consistent

with the empirical formula C7H108r2
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All retention times are in minutes relative to'the solvent CH
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Table 7 Products from the Broﬁination of Norbornene in Acetic Acid

*
Retention Time Compound

1.1

1.4

Br
4.8

"Br

6.1

Br

8.1

8.7

10.5

15.2

Br

unknown

Br

OAc.

Br

Means of Identification

Nmr spectrum identical to that reported
for! exo-2-bromonorbornane in reference
32; Mass spectrum (m/e 174,176)

Br Nmr spectrum interpreted; Glpc retention

time identical to that of 3-bromonvrtri-

cyclene in reference 32; MS (m/e 1%2,174)

. Nmr spectrum identical to that reported for

trans-2,3-dibromonorbornane in reference
32; Mass spectrum (m/e 252,254,256)

peNNr spectrum identical to that reported for

anti-7-exo-2-dibromonorbornane in reference
32; Mass spectrum (m/e 252,254,256)

Nmr 5ppétrum iﬁteqpreted;ﬁ

Mass‘ﬁpectrum (h/e_232,234)

Lt i
0ACNmr spectrum interpreted;

Mass spectrum -(m/e 232,234)

. R . . - -
Nmr spectrum identical to that%reported for

syn—7-emo-2-Hibromonorbornéﬁe,in reference

32; Mass spectrum (m/e 252,254 ;256)

!
2C12. .

$27 A



Table 8 Bromination of Norbornene in Acetic Acid

*
Relative Per Cent Yield by Weight

Compound 1_ o . : Norbornene +,CH3C02HM+ Br2
———————— . I//
-
‘ “Br
3.3 .
: T
| T 2.2
T .
B
Br
' ‘ 12,3
Br
OAC/ ' . N ’
. , ~10.7
unknown 1.0
Br ‘ *
OAc 7 ’ .
: ) 21.2
Br % -
. Br r
) . ‘41-7

PN

* See Tabre 2 for details. ﬁgf ﬁ
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The mass spectrum of the 2nd eluted product was consiétent with
the empirical formula CYHQBI The nmr spectrum of this product indicated
the presence of the nortricyclyl skeleton by the absence of absorptions
due to methyl and vinyl hydrogens and by characteristic absorptions‘of
cyclopropyl hydrogens. The interpretation of the nar spectrum of this
product, which was assumed to be 3-bromonortricyclene, was as follows:

6 3.87 (broad singlet, C-3-H, 1H), 2. 08(broad'§;ﬁg1et overlapping with the
low field portlon of doublet of C-7-H syn to bromide, bridgehead hydrogen
at C-4, 1.36H), 2.00(doublet, C-7-H syn to bromlde J=10Hz, high field

poxrtion of dbublet, 0.64H), and 1.60-1.06(broad multiplet, cyclopropyl

hydrogens, exo- and endo-C-5-H, C-7-H anti to bromide, 6H).

The 5th and 7th eluted products, which were identified by nmr
analysis and mass spectral analysis, were anti-?—b?omo-exo-2-norborny1
acetate (124} and syn—7—bromo-exo—2—n§rborn;1 acetate (125) respectively.
The mass spectra of 124 and 125 weTre consistent with the empirical
formulgicgﬂlsozBr The nmr spectra of both 124 and 125 indicated the
presence of the norbornyl skeleton by the lack of absorptions due to

vinyl: and cyclopropyl hydrogens and by the presence of characteristic

exo, endﬁ, bridgehead, and C-7-H absorptions.

" The nor spectrﬁm of 124 was quite similiar to that of anti-7-
chloro—ero-Z—norbofn}l acetate. The nmr spectrum of 124 had theé following
abéorptions: 6 4.60(quq;tet, endo-C-2-H is coupled to both the exo-C-3-H
and endo-C-3-H, 1H), 4.12(broad singlet, C-7-H syn to acetate, 1H), 2.33
‘ (broad 'singlet, C-1-H and C- 4- H, 2H), 1. 90(51ng1et methyl group, 3H),

and 2.17-0.83(norbornyl envelope, exo- and endo-C- 3 H, exo- and endo-
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C-5-H, exo- and endo-C-6-H, 6H).

The nmr spectrum of 125 was quite similiar to that of syn-7-chloro-
-exo-2-norbornyl acetate (123). The nmr spectrﬁm of 125 indicated the
presence oflthé following absorptions: § 4.60(multiplet, endb—C—z—H, iH),
3.85(broad peak, anti-C-7-H, 1H}, 2.50(broad singlet, C-1-H, 1H), 2.37
{(broad singlet, C-4-H, 1H), 1.92(sharp singlet, methyl protons, 3H), and
2.20-1.00(norbornyl envelopé, exo- and endo-C-3-H, exo- and endo-C-5-H,

exo- and endo-C-6-H, 6H).

In cqmparihg the re=ults of the ionic bromination of norbornene
in methylene chloride andgif acetic acid, it was noted. that endo-7-exo-2-
dibromonorbornane (31) and sxo0,ex0-2,5-dibromonorbornane (32) were
present as minor componénts in the former but not in the latter. The
failure to detect 31 and 32 in the latter could be due to the fact that
124 has a retention time quite close to that of 31 and 32. 1In fact, the
unidentified compound in the acetic acid experiment has a retention time
of 8.7 minute$ w@}ch is'identi¢31 to that of 32 from the methylene chlor-
ide experiﬁent. The isolation of 124 by preparative élpc included minor

impurties, as detected by nmr analysis, and these could be due to the

presence of minor amounts of 31 and 32.

4) - A Check for Free Radical Products

By analogy to the free radical chlorination of norbornene, detect-
able amounts of exo-5-bromonorbornene (126) and endb-54bromonorborneﬁe
would be produced if free radical bromination occurred to any sigﬁificant
" degree. In order:to check for this possibility, compounds 126 and 127

were synthesized by heating vinyl bromide and cyclopentadiene in a sealed
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“Br
. Br
126 . 127 -

glass tube for 15 hours at 220°C. None of the peaks detected by glpc in
the ionic bromination of norbornene in methylene chloride or in acetic
acid had reteﬁtion times similiar to those of igg_and 127. However, 126
and 127 could fufther react to form tribromides which would be expected
to have retention times greater than those of dibromides. When gipc
analysis was performed on both reactioen mixtures, there was no indication

of products which could be tribromides.

D. Addition of Iodine Monochloride to Norbornene

1) Addition of Iodine Monochlbride to Norbornene in Methylene Chloride

In order to identify the products, a large scale reaction between
iodine monochloride and norbormene (104) in methylene chloride and pyridine
was performed. The experimental conditionj were kept identical to those
of the analogous ionic chlorination and ionic bromination in order to
minimize the formation of free radical products and to maximize the

formation of ionic products.

Analytical glpe (glpc S) showed: there were three major products
which were identified as 3 1odonortr1cyc1ene (128), exo -2-iodo-endo-3-

chloronorbornane (129), and syn-7- iodo-exo-2- chloroéurbornane (130).

Scheme 15 shows the details of the reaction. Table 9 shows the
retention times, mode of identification, and product Tatios for the
products of the reaction.

The partial separation of the three major products was done by
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1
=pyridine; OOC;
- c1

dry N2; dark

Scheme 16

104 128 129 130
vacuum distillation through a 1.5 foot vacuum jacketed Vigreux column
giving six fractions. Fraction 1, b.p. 46-52°C (3.8mm), contained 3-iodo-
nortricyclene (128) plus some unknown minor components; fraction 2, b.p.
56-58°C (3.6mm), contained 128 (90%) pure by glpc analysis); fraction 3
and 4, b.p. 48-50°C (2.5mm), contained exd-2-iodo-endo-3-chloronorbornane
(lggj andf3yﬁ-7-iodo-exo-2—chloronorbornaﬁe (130); fractien 5, b.p. 50-
53°¢ (4.0mm), contained 130 (95% pufe'by glpe analysis); fraction 6,:bjp.
50-56°¢C (2.5mm), cénfained 130 (90% pure by glpc analysis). 'In order to
obtain 128, 129, and 130 in higher purity, they were collected by prepara-

* tive glpc (III,150°C).

The first eluted component wﬁs identified to be 3-iodonortricyc-
lene (128) based on the following'information. Its mass spectrum was
consistent with the empirical formula C,H(I, and its nmr spectrum (nmr
3, 60MHz, CCl4 and TMS) was identical to that reported by‘Dinerss et al.
for 128. Since the reported nmr spectrum of 128 was not analyzed in
very much detail, a more thorough interpretation is given as follows: &
3.77(singlet, C-3-H, 1H), 2:10(singlet overlapping with doublet whigh was
the iow field portion of an AB quartet, C-4-Hrand C-7-H syn to the
iodide, ZHj, and 1.67-0.97 (nortricyclyl envelope, C:}-, c-2-, C-6-, C-7-,

!
exo-C-5-, and éﬁéb-c-s-u, 6H) .

N\

The second eluted product and the third eluted product were assumed

to be chloroiodonorbornanes based on the following information. Each
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mass spectrum was consistent with the empirical formula C7H10C1I Their
nmr spectra (4,5) indicated the presence of the norbornane skeleton bf
virtue of the complete absence of any absorptions Aattributable to methyl

cyclopropyl, and vinyl groups and by the presence of characteristic exo,

endo, and br1dgehead proton resonance patterns,

The stereochemistry of exo-2-iodo-endo-3-chloronorbornane (129)

was established by chemical means and by its nmr spectrum. Diagram 1
Diagram 1

t-Bu0"K’; t-BuOH

131
LAH
132
(n-Bu)SSnH
> 132

shows the chemical reactions performed on 129. The reaction of 129 with
approximately 1M potassiﬁm t-butoxide in t-butanol produced 2-chloronor-
bornene (131) as the major product. When lgg_wd; feduced with lithium
aluminium hydride, endb—é—chloronqrbo;nane (132) was the major product.
The reaction of 129 with tri-n-butyltin ﬁydride resulted in the forma-
tion of 132 as the major product. These results are consistent with the

assigned stereochemistry of exo-2-iodo-endo-3-chloronorbornane (129).

The nmr spectrum of 129 (nmr spectrum 4, neat, 60MHz, TMS) showed

L

rey
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the following absorptions: §& 4.48(triplet, J-3.0,3.0Hz, exo-C-S-H, 1H),
3.65(triplet, J=3.0,3.0Hz, endo-C-2-H, 1H), 2.53 and 2.37(broad singlets,
bridgehead hydrogens, 2H), 2.13-1.10(norbornyl envelope, exo- and endo-

C-5-H, exo- and endb-C-G-H, syn- and anti-C-7-H, 6H).

The stereochemistry of syn-7-iodo-exo-2-chloronorbornane (130)
was established by chemical means (diagram 2) and by its nmr Spectrum (5,

neat, 60MHz, TMS). To establlsh that the iodine was syn to the chlor1de,

7

compound 130 was recacted with an approx1mate1y 1M solution of potassium

t-butoxide in t-butanol. This produced three major products identified

- Diagram 2
) C
t-Bu0" K )
q BuOH + +
Cl : | oc(cH,)
— 133 ) 134 135
130 -
— (n-Bu) ;SnH ‘ 1
: 120

as syn-7-iodonorbomene (15}) anti-7-t-butoxynorbornene (134) , and endo-
2-t- butoxyxrlcyclo[d 1.0.0° ]heptane (135). To establish that the stereo-
- chemistry of chloride was exo, the following reaction was performed. Com-
pound 130 was reacted with tri-n-butyltin hydride éeiplting in the produc-

tion of exo-2-chloronorbornane (120) as the major product.
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C-6-H, 4H), The nmr spectrum of 134 (nmr 7, 6OMHz, CS

i

c:;he nmr spectruh of 130 (nmr §) showed the following absorptions:

§ 4,03(multiplet, endo-C-2-H, 1H), 3.90(broad singiet‘ovérlapping with

endo-C-2-H, anti-C-7-H, 1H), 2.73-1.67(norbornyl envelope, C-1-H, C-4-H,

exo- and endo-C-3-H, exo- and endo-C-5-H, exo- and endo-C-6-H, 8H).. The

broad singlet at § 3.90 is that expected from a proten which is a to a

substituent at C—7.32 The multiplet at 6§ 4.03 is in agreement with an

endo hydfogén based on its chemical shift and on the characteristic
sharpneés of its resonance linés.34
The nmr spectra of 3yn-7-iodonorborneﬁe'(133), anti-?Qt-butoxy-

3,7

norbornene (134), and endo-2-t-butoxytricyclo{4.1.0.07' " }heptane (135)

are described below. - The nmr spectrum of 133 (nmr 6, 60MHz, C52 and TMS)

showed the following signais: 6§ 6,15(multiplet, olefinic hydregens, 2H),

3.82(multiplet, anti-C-7-H, 1H}, 3.13(multiplet, bridgehcad hydrogens,

2H), 2.00-0.97 (multiplets, lower field multiplet consisting of exo-C-5-H

.

and exo-C-6-H, higher field multiplet consisting of endo-C-5-H and endok\

2 and TMS) showed
the following signals: & 5.88(triplet, J=1.5,1.5Hz, olefinic‘hyd;ogens,
2H), 3.25(broad singlet, syn;C-T-H, 1H), 2.35(mu1tiplet, bridgehead
hydrogens, 2H), 1.95-1.67(multiplet, exo-C-5-H and exo-C-6-H, 2H), 1.10
(singlet, methyl protons, 9H), and 1.00-0,70(multiplet, endo-C-5-H and
endo-C-6-H, 2H). The nmr spectrum of 135 (nmr.B, 60MHz, CSé and TMS)
showed the following_signais: § 3.98(quartet, J=4.0,4.0,4.0Hz, exo-

C-2-H coupled to C-1-, C-3-, and C-6-H, 1H), 2.50(multiplet, C-3-H, 1H),

2.10-1.20(mu1tiplet,'norbornyl envelope including cyclopropyl.hydrogens,

7H), and 1.10(singlet, methyl hydrogens of t-butoxy group, 9H).

‘ " 4 : .
For the purpose of identifying exo-2-chloronorbornane (120} and

68
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‘endo-Z—chloronorbofnane (132) as products, they were synthesized as
follows: norbornene in pentane was Teacted with hydrogen chloride at
-78°C to yield 120 as the major product;35 diimide and 2-chloronorbornene

36 !
were Teacted to yield 132.

2) Reaction of Syn-7-iodonorbornene with Potassium t-Butoxide in t-Butanol

Syn-?-iodenorborﬁene (l;é) was Teacted with an approximately IM
solﬁtioe of pota;sium t-bﬁtoxide in t-butanol. Analytical glpc (1,150°C)
indicated that two major e;oducts were formed. One of these products had
a retention time identical to that of anti—7—t-butoiynorbornene (134) and
the other Had a retention time identical to that of endo-2-t-butoxytricyc-

10{4.1.0.0 ’ }heptane (135), therefore, they were assumed to be 134 and
1§§: Shown below are the results of the reaction.

CH3)3C0

t-BuQ_ K - .
t-BuCH

. OC(CH 3
133 - 134 )

Syn-7-iodonorbornene (133) was used by F. S. Clark3 to synthesize

anti-?-iedonorbornene (136) via photochemical syn-anti isomerization.

Compound 133 and iodine were dissolved in n-hexane which contained a trace

of methyleﬁe chloride as an internel standard. Irradiafion (254nm) of the

solution in a quartz nm tube at 30°C was carried out in a Rayonet reactor.
I

12’ '254nm; n-hexane

133 v - 136
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After 6.8.hours, there was no change in the relative intensities of the

peaks in the C-7-H region of the nmr spectrum. The glpc of the recov-

ered 0il showed a syn:anti iodide ratio of 1:1.5. These two studies

desctibe ‘the first reported synthesis of these compounds.

r-,“_:ﬁkﬁ _.,“\

3% Addition of Iodine Monochloride to Norbornene in Acetic Acid ,
3 ' '

Iodine ﬁoﬁbchloride was reacted with norbornene (104} in acetic
acid using experimental conditions siﬁiliar to those used in the analogous
jonic chlorination and ionic bromination. Analytical glpc (glpc 6, 1,.150°C)
indicated the'presence of a lafge variety of products; By comparing the
retention times of 3-iodonortricyclene (128}, exd-Z—iodo—endb—3-§h10r0-
norbornane (129), and syn~7-iodo-exo-2—chloronorbornané {130) with those
of the products'of the above reaction, it was shown that three of the
products had retention times identical to the retention times of 128,
129, and 130. Further verification was performed only on the compound
haﬁing & retention time identical to'that';f 128. The mass spectrum of

this compound and its nmr spectrum were identical to the mass spectrum

and to the nmr spectrum of 128,

E. Reactions with Dideuterated Norbornenes

In order to 6btain Sfereochemical information on the mechanism
of ionic 1,3-elimination, the folloﬁing substrates were halogenated:
exo,exq~5,G-dzigorbornene, endb,endo~5,6—dé¢norbornene, and 2,3—d;f
norbornene. The information obtained from the chlorinations, brominqi
tions, and iodo monochlorinations is listed in Tables*io, 11, and 12,

respectively.
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Table 10 Chlorination of Dideuterated Norbormenes (continued on next page)

Concentration
. , *
Entry Substrate of Substrate - Conditions % Loss of
M/17) - ~ One Deuterium

exo,e:o-s,ﬁ—dz-

. -2 on. '
1 norbornene (105) 2.2 X 10 0°C; a1 _ 30

[y

2 105 7.8 X 10° 0°C; Cly; = pyridine 29
* o ' "2 'o . - .

3+ 105 8.4 X 10 0°C;- CC14; = pyridine 28
* : -2 o L. '

4* 105 . B.4 X 10 0°C; CC14; = pyTidine - 29
5 ' 105 2.2x 1072 o°C; CH,Cl,; 10 X pyridine 30

A solution of Clz, of equivalent molarity to the norbornene, iﬁ the appro—"
prlate solvent was added to the norbornene with pyridine as a base im-
less otherwise stated. All reactions were carried out in the dark.wlth
dry nitrogen being bubbled throughout the solution containing the norbor-
nene. )

The term '" = pyridine " means the pyridine and the norbornene concentration
were equal, and the term ™ 10 X pyridine " means the pyTidine concentratlon
was ten times the concentratlon of norbornene.

* ' \\\ .

* Cl2 gas was swepf directly into the scolution with dry N

H

9"
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Table 10 |
Concentration ‘ ¢
N »
‘Entry Substrate = of Substﬁ%te Conditions % Loss of
_ M/1) : One. Deuterium
e:o,exo—S,G—dz- -2
6 norbornene (105) 2.4 X 10 25°C; CH3C02H ‘ 35
endo,endo—s,e-dz—- L2 o~ :
7 norbormene (106) 2.2 X10 0°C; ’CHZCIZ : . - 59
g 106 41 %1072 0°C; @H,Cl,; = pyridime 60
9 106 © 4.0 X 1072 0°C; CH)Cl,; = pyridine 59 .
10 106 4.0 x 1072 o°; CH,Cl,; = pyridine 59
: -2 > ) L .
11 106 2.0 X 10 0°C; CH2C12, 10 X pyridine 59
12 106 = 2.4X107°  25°C; CH3002H o 44
2,34dé-norbor- 2
13 2.6 X 10 0°C; CH2C12; = pyridine 2

nene (107)
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Table 11 Bromination of Dideuterated Norbornmenes (continued on next two pages}

Concentration
*
Entry. Substrate of Substrate Conditions % Loss of
M1 - One Deuterium
€%0,6x0-5,6~d - -2 _ -
o L] .
1 norbornene (105) 2.1 X 10 0°C; CHZCIZ, o >3
2 105 2.3 X 10°% o°c; CHACL, ; 53
3 105 . 6.0X107°  0°C; CH)Cl; = pyridine 46
4 105 55.0 X 1072 0°C; CCl,; = pyridine a4
5 105 10.0 X 1072 25°C; CCl,; = pyridine . 41
6 105 2.0 1072 0°C; CH,Cly; 10 X pyridine 49

&

A solution of Brz, of equivalent molarity to the norbornene, in the appro-
priate solvent was added to the norbornene with a base when specified.

All Taactions were carried out in the dark with dry nitrogen belng bubbled
through ut the sclution contalnlng the norbornene. '

The term " = pyridine " means the pyridine and the norborﬂéne concentra-
tion were equal, and the term " 10 X pyridine " means the pyridine concen-

tration was ten times the concentration of norbornene.



Table 11

Entry Substrate
7 105
8 . 105

10

11

12

13

14

15

endb,endo-s,é-dé-
norbornene (106) -

106

106

106
106

106

Concentration
of Substrate

)
2.7 X 1072
2.7 X 1072
2.3 107%
0.2 _10'2“
6.2 x 1072
0.2 1o“é
0.2 X 1072
7.0 X 1072
16.0 X 1074

0°C; .C1

*
- Conditions

725 C; CH3C02H

25°C; CH CO_H

0°C; CH2C12; "= pyridine

0°C; CH,Cl,; = pyridine

1l

0°C; Clzf

0°C; CH2C12; pyridine
0°C; Cc1,; = pyridine

0°C; CCI4;. = pyridine

78

% Loss of

One Deuterium

pyridiner

47

51

12

.23

24

27

28

26

25



Table 11
‘ Concentration
Entry Substrate of Substrate
/1)
o -2
- 16 106 2.0 X 10
-2
17 106 2.6 X 10
: -2
18 106 1.0 X 10
' -2
19 106 0.9 X 10
y -2
20 106 0.9 X 10
: : -2
21 106 0.2 X 10
. 2,3—d2-norbor- . ﬂ_2 
22 nene (107) 2.5X 10
=2
23 107 2.6 X 10 7 ;

L
Conditions

0°C; @i,Cl,; 10 X pyridine -

2

25°C; cgscozﬂ

0°C; CHCl,; = 2,6-Lutidine
6°C; C§2C12; = 2,6-Lutidine
0°C; Cﬁzglz? =,2,6-ﬁutiéine
0°C; cn;c12; = pyridine
d°C; éHéClz; = pyridine
0°C; CH?Clz; = pyridine

79

% Loss of

One Deuterium

21

17

18

17

18

13
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Table 12 Ilodo Monochlorination of Dideuterated Norbormenes h

Concentration
Entry Substrate of Substrate Conditions' % Loss of
d/2) - ‘ One Deuterium -
ezo,exo-s,ﬁ—dz- -2
1 jorbornene (105) 2.2 X 10 0°C: CH,Cl, 48
2 105 3.6 X102 0°C; CHCl,; = pyridine 48
3 105 2.3% 1072 25°C; CH,COH | . 53
endo,endoﬂ5,6-d2- -2 .
4 Lorbornene (106) 4.0 X 10 0°C; CH,CL, 18
5 106 35 x 1072 0°C; QlCl,; = pyridine ' 16 -
6 1106 2.1 X 1072 25°C; CHCOH f 5
- 2,3—dz-norbor- _2
7 ' 3.3 X 10 0°C; CHCl,; -= pyridine 2
nene (107). T . &2
y 4

A solution of IC1, of equivaient molarity to the norbormene, in the appro-
priate solvent was added to the norbornene with a base when specified.

All reactions were carried out in the dark with dry n1trOgen being bubbled
throughout the solution conta1n1ng the norbemnene.

The term ' = pyndlne " means the pyridine and the norbornene concentra-
tion were equal, and the tetm " 10 X pyridine " means the pyridine concen-

tration was ten times the concentratlon of norbornene.
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A. Cyclic Halonium Ions‘

1) Nature of Initial Attack of a Halogen or an Interhalogen on Norbornenc

When the eiporimcntal conditioﬁs favour an ionic,?qnction, the
electrophilic character of an attacking hnlogen38 or nn'ipterﬁglogen in
its initial attack on norbornenec is boyond contention. The most dircct
evidence for this assumption comes from tho study of the effect of strﬁc-
ture on the rate of halogen addition to olefinic'systdms. C. K. Ingolﬁ39"
41 4n discussing bromine addition showed that the reaction was facilitdted

"by eclectron rolease to sho r;action contre and retarded by electron with-
drawal. Porlah}orine addition, the most oxtensive documentation comc§
from stu&ios by Roborstbn42'56let al. of the kinotics and ratos of addi-

tion of chlorine in acotic acid.

The oxporimental ovidonce (vide infra) suggests:that tho . true olec-’
trophile in the chlorination of olefins in'hyéroxylic solvent consists of
the olectrophilic and of £ho nucloophilic frag?ont of the ﬁttack}ng chlor-.
ine ﬁo}eculo. To date, there is no evidonceS7Ffor cither C1* or Clz cations
as stable spocies in solufion. In add;tion, the second oggfr kinetic form

(equation 1) for these roactionms, ngcthor with the absence of rate-retarda-

_ d{C1,}
dt

= kl{oléfij}{CIZ} -1

tion by added chloride ions, shows that the transition state contains the

chlorine molecule. However, the nature of the true,electrophiie in non-
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hydroxylic solvent is made obscur;\b cause of the non-reproducibility of
Q\\ P

‘kinetic studies and bocause of the cfféc;s,of trace amounts bf catalysts.

N
\\
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A difficulty in determining the trﬁe Bloétrophile in the bromination:

of olefins in hydroxylic solvent is that the nature of the electrophile is

dependant on concentration and solvent. The bromination4? »58-60 45 suffi-'

ciently dilute bromine in aqueous and alcoholic solvent is of the second

order kinectic form (cquation 2). Sinco there {s no evidence§7‘for the Br'

d{Br,) Y \
= k1{olc _n}{Brz} 2

¥

cntion, it is quito likoly that tho electrophile, analogous to the -chlor-

dt

ination rouction, consists of the eloctrophilic and the nucleophillc frag-

mont of the attacking bromine molecule. However, in tho—c\pccntration-

roglion M/40 in acotic acid, addition of bromine42 49,51 to unsnturatod

compounds proceeds by third orfler kinotics (equation 3). The existence of

e

d{Brz} 2.
o kl{olofin}{Brz} 3
dt 1

t

Br; cgtibn557 has been -ostablished in the fluorosulphuric acid selvent
. ‘:. [f ~ ]
systom. Tho truo olectrophile could be the Br; cation formed by the pro-
- . -

oquilibrium as shown in oquation 4.. Alternativély,‘n two Stage mechanism

——— + "
BJ:'2 + Brzq”_EBrs + Br 4

(oquation 5) qpuld prodﬁéo third order kineticé. Tho first stage is

i
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| Br
olefin + Brz—-—;>glefin,Brz———gbprodﬂcts- : 5 .

/~
analogous to the chlorlnatlon reactlon resultlng in the formatlon of an -

olefln bromine 1ntermedlate The role of the second molecule of bromine

could be the removal of a bromide ion from this intermediate. Altefna-

tively, it could be thought of-as a nucleophlle completlng the addition.

[y

- The determination of the true electrdp ile in non-hydroxylic solvent is

o

hampered because of experimenta%’ﬂ?%giculties._ In carbon tetrachloriae61
F

several mechanisms are available.’ For the addition of bromine in ethy-

b“'.

.lene chlorlde 62 as soivent reprodﬁcible results were obtained only when

‘the. solvenﬁ c0nfalned tetramethylammoqlum tribromide.
. [

* .

<’ The addition of iodine monochloride to olefins has received very
. N

little mechanistic ihvestigatiqn. White and Roberston§4 have established
3 L] ‘ .

that the Teaction does obey third order kinetics (equation,6). There is

drIci) .
e e x{olefin}{IC1}: - 6
dt 1 .

. + : . . : )
no evidence for I cations as stable sp6c1e5j£1501ut10n,.but evidence does

exist for I, cations 3,64 in fluorosulphuric‘acid and in 100% sulphuric

w o+

acid, for I cation565 in fluorosulphuric acid, and for ICl; cationssé.

\

&+

2) Nature of Halonium Ion Intermediates

-

. P . :
The first formed intermediate in each of the following reactions,
the chlorlnatlonJ the bromination, and the iodo monochlorlnatlon of norbor-

nene, can be considered as being composed of a Tplecule of norbornene and(;f a

-~ -

_ : <

b
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' plf cation, of a Br' catiop, and of a 1" cation respectivély. The first ; .
postulation 6f a.similﬁar typé offthrée-membered ring'ﬁalohium ion inter-. |
médiate was by Roberfs and Kimba1167. This ‘was used to explaln their |

) observatlon that in many instances of electrophllﬁgigalogen addition a

vicinal dlhallde is produced by tras addition.

(3

Structures 45, 38, and 137, in dlagram 3 indicate the stereochem-
istry of the cyclic norbornyl halonium ions which result from’ exo nttack
of the'eiectrOPhiles a1, Br+, and {+ respectively on. norbornene. Before

‘-‘ D
perturbation by the incoming electrophile, the following five sigma bonds

Nl

all ‘lie in the same plame: C-2-H; C-3-H; C-1-C-25 C-4:C-3; C-2-C-3.
After the electrophlle has perturbed the double bond, resulting in the

formatlon of a cyc11c norbornyl halonlum ien, the C- 2 H and C-3- H bonds \

are bent out of the orxglnal plane (rehybridization). The amount of }\u,?‘

bending depends oﬁ the strength of the interaction between the electrophile
and.plefin. Extended_ Huckel &8 cal;ulations'on symmetyical halonium ?ons
predicate that the strength of this interaction is in the féllowing order:
c1'>Br> I'. Thus in structures 45, 38, and 137, x :>y':-z. in agreement

with the following order of electronegativities: Cl :>Br A o
¢ :
. + '
In structure 45, the vlefin and C1 interact very strongly. The

chlofiné utilizes mostly its Jp 6&bitals|and partially its 3s orbitals.

The contribution of the p, orbitals to the double bond has been significant-
ly reduced'and‘a $ubstgntial positive charge has accumulated on C-2 and éﬁ
C-3., Thus a highly réactive intermediate exists and it is s;sceptible to
the following three reactions.” It can undergo nucleoﬁhilic attéck to form

)a trang-2,3-disubstituted norbornane. It can undergo ring opening. It can



-

Diagram 3

86°
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N

undergo 1,3-elimination to form 3-chloronortricyclenc. ?

\

In structure 38, the o&efin gnd Br' interact sbgongly, but .
~not as strongly asrpiefin and C1°. The positive charge is more evenly
distributed over the cyclic threé-membofed ring-than'in st;gcturé‘5§_as
would be expected on the pasié_of the-fciﬁg&ve-électrﬁncgativity of Brf
whicﬂ has perturbed the Slefiq'to a lesser extent than Ci+; Tﬁe 4s.or-
bital contribution of Br' is less than that of Ci+. Thus a highly re-

active intermediate, although not as reactive as the corresponding chlor-

- .
} -

onium intermediate, exists that is susceptiblg to the following three
reactions. Itféan undergo nucleophilic attack to form a trang-2,3-di- >

substituted norbornane. It can undergo,ring opening. It can undergo

1,3-elimination to form 3-bromonortricyclene. | =
In structure 137, the olefin and I° ion interact the least
strongly of the three cyclic norbornyl halonium ions as would be qxpcct-
ed by the order of electronegativities of the three halogens. "The S5s
orbital contribution of I is less than that of the corresponding Br .

Intermediate 137 can undergo the %ifj,threc reactions that both 45 and

38 can undergo.

3) Reactions of Cyclic Halonium lons

-

L

1
From the accumulated data of previous investigators andj%rom the
products identified in the present investigation, it is evident that ea%fﬁ

of the three cyclic norbornyl halonium ions 45, 38, and 137, can undergo

}

any of the following three reactions: a) 1,3-elimination of an endo-hy-
22

drogen ~

r

to form its respective nortricyclyl halide; ~ b) .trangznucleophi-
. ‘ s

/\\O
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lic attack to form its respective trans 2,3- dihnlonorbornano c) rihg
oponing to form its respective unsymmotrical exo-3-halonorborayl cation
(as shown in Figure 1). If the unsymmetrical exo-3-halonorbornyl cations -

are considered as being classical ions, then ring opening of ions 45, 38,

and 137 results in the following classical cxo-3-halonorbornyl cations: -

138, lég' and 140 rospoctively. On tho other hand, if the unsymmetrical *
¢xo-3-halonorbornyl gations are considered as being hﬁn;claSQical ions,
thon ring opening of ions 45¢ 38, and 137 rcsults-in the following non-
‘classical cwtionq 141, 142, and 143 rospoctivoly Furthermore, oach clas-
sical ion: 138 139, and 140 can subqoquontly undergo any of tho follow-
ing throo roactions . a) 1,3-01iminntion of an endo-hydrogen 4,5 to form
its corresponding norgricycly}lhalidof dj cmo-nuclcopﬁ}lip attack to
form its cofroSponding.cxo,cxo—Z,S—dihulonorbornano; e) Wagner-Meerwoin
and/or endo-hydride shift to yield additional open classical halonorbor-
nyl cations which,t}n thcof}, can subsequontly undergo reactions 'a't,
"d", and "o (seo Figure 1). ‘If the non-classical ion interpretationeig
considerod? then eoach 3-hnlono?50rny1 cation 141, 142, and 115 can sub-
sequontly undorgo:pny of the following three reactions: h)'i 3-olimina-
tion of a hydrogon4'5 to form its rcbpoctivo nortricyclyl hulido £)
an:-nucleophilic attack on either of two turbon atoms to form the cor-
rosponding diha;onorbornunos, g) hydrido shift to-yiold;gdditionnl non-

. , -/
classical 3-halonorbornyl cations, which might subscquently undoxgo re-
L] . ' .

Fl ™

actions "a", “f", and "g",

a) 1,3-Elimination from Cyclic Norbornyl Halonium lons
A\ \

'Marshallsz has postulated that whonovor norbo;nqngfand bromino aro

>
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reacted in aprotic solvent under vonditions which favour an ionic mechanism .
.-

that one of the routes for the formation of nortriC)Ll)l bromide (__) is via

1,3- olimination of a hydrogen from tho C)Lliu‘norborn)l bromonium ion (38).

Thus it Nould bo reasonable to supposo that cyclic norbornyl halonium ions
45 and 137 would lead to formation of at least some of the nortricye- .
ha— !

. -
1yl chloride (41) and nortricyclyl fodide (128} respoctivoly.

of pnramount relevance is tho resultyof a recent investigation by
N, H. Norstiukd" which showed that the endo to c¢xo preference is at least
15:1 for 1.3-olimination of hydrogcn from a locked nogbornyl cation. Siﬁ%e
the original uxo"nnd endo distinction is'maintainod in cach of the ions
55; 38, and 137 and if the oliminntion takes place solely fﬁom oagh of‘
those ions, then an cndo to cxo specificity of about 15:1 should be ob-
sorved Nhon 1,3-climination occurs. The present. investigation was undor-
taken to gain mechanistic iﬁformggion on thc'l,S-oliminntion process for

the Gl+‘ Br*, and I’ addition to norbornene in various solvents  under dif-

foront roaction conditions.

c) Ring Opening of éXClic Norbornyl Halonium Ions

o

. ? . K
_-As already desceribed earlier, the ring oponing of the cyclic nox-

bornyl halonium lons 5§,'§§; an iél results in tho classical cxo-s-hdlS;(’
_ : . . P AN
norbornyl cations 138, 139, and 14 respectively or in non-classical 3-

halonorbornyl cations - 141, 142, and 143 respoctivolyl To gain'moro infor-
mation about tho process of rirg opening, Bach and HonnoikoﬁgiQde “"Ex-
tended Huckel" oaféulatidns to dotermine thc_cne;gy Tequired to‘convoré
symﬁotrical halonium ions to their Qnsymmctricul forms. These talcula-

tions wore porforqu on various symmetrical halonium ions of othylene

+

j/(/ o © . -
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which qualitatively can be extrapolated to those of norbornene. The trend
observed was that th; more elcctronégativo the electrophile, the .more the
Cenergy that was rvquifed to convert the cyclic halonium ion to its open
form. Hence, thege results suggest that lodine is a éoorer bridging atom i
- than bromino,‘and bromine is a poorer bridging atom than chlorine. in_nd-
- dition, the ﬁnsymmctrisglﬂchloronium ion is‘lcss-stable than the bromonium .
ion which is 1053 stublé than ghe iodonium ion. In gach unsymmetrical ion
formed, the stabili:atien of the ndjacqnt carbonium ion is due to a lone
pair of "ﬁﬂ electrons of hnl;gon with the halogen "s" orbifals_being anti-
bﬁnding to the distant carbon atom; This is in hgroomcnt with;the quali-
fativc'ﬁfcture usually onvisionod‘éf a lone pair being involved in neigh-
poﬁring)ér;up participation. | |

. |

B. - Roactions of Clnﬁsical or of Non-classical Norbornyl Cations

1) Classical lIons

Sc:hleyerﬁg'-?-0 et al. in 1964 reported the nmr spectrum of the 2-
norbornyl cation which was prep&red ﬂy dissolving ciéhor cxo-2-norbornyl
chloride or exo-2-norbornyl fluoride in SbF, or-in SbFS—liquid 50,. These
authors pospulnfed that the 2-norbornyl cation can undergo the following
three reaction processes: a) Nagner-Méorwoin rearfungcmont; b) 6,1- or
6,2-hydrido shift; j c) 3,2-hydridd shift. These processes are illustrated‘
in Figuro 2. Their'rcsults confirmed that a Nagnor-Meorwein rearrangement
and a 6,1- or 6 2 hydride shift pecur with ratc constants of about cqual
magnitudo. whqreas the rate of 3,2-hydride shift is considcrably slower
than the abaxp two processes. - Since cach of the classical cations formed

~
th-
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by proccéses Mgt MhM, and nen differ onlf in the_positioning of thé pés-_ ,
itive ch;:ée, they are all chemically eqﬁivélent. ‘Of particular importaﬁce
to this investigation is the fact that the hYergeﬁ on C-6 which is origin-
ally in an exo-position becomes an endo-hydrogen after*; Wagner-Mgerwein .
rearrangement, and tﬁe original endo-hydrogen on C-6 becomes an exo-hydfo4
gen after a Wagner-ﬁeerwein *earfangementi All the unsubstituted and 3-

‘substituted norbornyl classical cations maintain this peculiarity.

By analogy, the classical exo-3-halonorbornyl cations 138, 139,
and 140 should be capable of unde;going iden£icd1 processes as those of the
classical 2-norbornyl cation with only ;he ratg,conétants Being altered
_becauée of substituent effects. Scheme 17 ihaicates the five different
classical halonorbornyl cations that can be formed from each cation 138,
139, and 140, when 6,2-hydride shifts and 1,2-Wagner-Meerwein Tearrange-
ments occﬁr. Tﬁe catiéns that can result from a 3,2-hydride shift of any
of the classical halonorbornyl cations are not iﬁéluded in the scheme be-
cause there were no products detected in the chlorination, the brominaéion,
and the iodo monochlprination of norbornene that .ould require such a
shift. The products that Qéuld resﬁlt.from exo-halide attack oﬁ each clas-
sical halonorbornyl cationare also indicated in Scheme 17. ‘Besides being

capable of forming the dihalide product, each.catidn can produce nortri-

cyclyl halide by eliminafion of an endo-hydrogen.

' The addition of chlorine to norbornene in methylene chloride yield-
cd four different dichloronorbornanes 42, 44, 115, and 43 as shown in Table
2. These products are the result of exo-chloride attack on the cations

145, 138, 148, and 152 respectively. It seems likely that the total amount
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'
of ié_does not only .arise from 152, since it can bo formod from trans-
chloride:addition to the cyclic norbornyl chloronium ion - (45). The two

dichloronorbornaneSLISQ and léﬂ which hccording to Scheme 17 are possible.

products, were not detecte%. Since these products were not detected, it
i

PR

is unllkely that 6’2-hydride shift on ion 138 occurs to any 51gn1f1cant
degree. Of the four dlchloronorbornanes detected, product 42 was present

in the greatest proportion. ‘This is’ probably a result of C1-4 part1c1pa-

o

tion which can occur with cation 145 but not with cations 138, 148, and

152,

The addition of bromine to norbornene yielded five different
dibromonoroornanes 30, 31, 32, ééb and 223 as shown in Table 6. Table 8
shows that 30H533 and 29 are present with the uncertainty about 31 and
32 haV1ng been previously discussed in the results section. These.five

a

dlbromonorbornane products 30; 31, 32, 33, and 25 are the result of exo-

bromide attack on the c13551cal bromonorbornyl cations 149, 162, 157,

146, and 153 respectively{ According to Scﬁcme 17, cation i;g_is forméd
directly from the cyclic norbornyl bromonium ion (38); however, exo- ‘
bromide gttack does not occur on 139, probably because Qf steric factors
Cation 139 does undergo a 1,2-Wagner-Meerwe1n rearrangement, a 6,2-
hydride shift, and possibly 1,3-elimination as is evident by the detect;o
products in the bromination of norbornene.‘ 0f the five dibromonorbornanos
detected, 33 was produced in the highest proportion.r Analogous to the '

. chlorlnatlon reactlon, this is probably a result of Br-4 participation

' whlch can occur with catlon 146 but not wlth cations 149, 153 157, and




The addition of iodo monochloride to norbornene in methylene

e

: chlorade ylelded two dlfferent 1odochloronorbornanes 129 and 130 as is

shown in Table 9. Accordlng to Scheme 17, 130 results from exo-chloride
atfack on the classical ayn=7- 1odonorborny1 cation (1 47) Product 129

(Table 9) can not be formed from exo- chlor1de attack on any of the

c1a551cel iodonorbornyl catibns 140, 147,‘150,.154, 158, and 163; thus it

‘must solely come from trans-chloride attack on cYclic norbornyl iodonium

'137.  According to Scheme 17, cation 140 is the first formed classical

cation from ipn 137; hokever; exo-chloride attack does not accur on 140

since no detectalbe amount of 144 was produced. Cation 140 can -either

Fl

undergo 1,3-elimination to produce. 128 or it can undergo a 1,2-Wagner-

Meerwein rearrangehent to produce 147, Since the products 151, 155, 160,

and 165 were not detected cations 140 and 147 do not undergo a 6, 2-
hydride shift. ngever, there was one unédentified mino: product which
according to its retention time might be an iodochloronorbbrnane;

therefore, a bit of 6,2-hydride shift might have occured.

2) Non-classical Ions

Jenson and Beck71 studied the 2-norbornyl. cation, which fhey
obtained by treating exo-2-norbornyl bromide with gallium tribromide in i
Sdz. The nmr spectrum exhibited a fine structure which was not recorded
by Schleyer et a1.69’?0 It was ﬁroposed that these results were not
consistent with a classical cation, bu{’were‘co;sistenf with a non-
classical cation. It was suggested that a eqn-classical cation could’

undergo a 6,1-hydride shift and a 6,2-hydride shift.ai a fagter rate than

a 3,2-hydride shift, because the non-classical cation has to become ¢ Ssical
. 1

before the 3,2-hydride shift can occur. Figure 3 shows the equivalentﬁnon-

e

a
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classical norbornyl cations produced by a 6, i-hydride shift and a 6,2-hydride

shift. Of great 51gn1f1cance is the fact that the two hydrogens on C-6 of
166, on C-1 of 167, and on C-2 Qf 168 %ave lost their exo and endo dlS—
tinction. The plane of symmetry ‘that exists in each cation is illustrated
. below fdr cation lgg. The bond lengths and bond strengths of both C6-C1
and CG C, are eqﬁivalept. The partial positive charges on C-1 and on C-2
are also equivalent. Since Cs symmetry exists, the two C%-H'g are equiva-
lent. Thus if a proton is eliminated from C-6 to form nortricyclene via

1,3-elimin%tion, there shoulé be no preference for either hydrogen.  Ex-

166

actly 50% of original exb-CG—H and exactly 50% of original endo-C.-H would
be eliminated. |

‘When an original exo-hydrogen on C-3 of 166 is replaced by a halo-
gen, the plane of symmetry disappears. Figure 4 illustrates possible

structures for non-classical 3-halonorbornyl cations (halocCl,"Br; I).

< Three possible structures that can be considered for the initially

formed non—claséical 3-ch1qronorborny1 cation, are cations 141, 46, and

and 174. Cation 46 has equal partial positive charges on C-1 and on c-2

with the C.-C, and C.-C, bonds equivalent. This is an unlikely structure
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p

-
s oot

2

because the electron withdrawing inductive effect of chlorine favours the
- ) B P i s )

partial positive charge to be situated more on C-1 than on C-2l In struc-
ture iii; the partial positive charge on C-2 is greater ihéﬁ on C-1. The
C6-C1 bond is stronger than the CG-C2 bond. Tﬁis structure is even more
unlikely. than that of 46 since the greater positive chargé of C-2 is not
compatible WIth the electron withdrawing inductive effect of chlorine: 1In
structure 141 the partlal/b051t1ve charge on C 1is greater than 6n C-2. \.
The C6 C1 bond is weaker than the C_ -C, bond. ThlS is the preferred struc-

6 "2

ture among the three possibilities " In structure 141, the original o= hy-

. ot v
\‘: -~

drogen on C-6 of norbornene has become almost completely endd- llke ‘and the
original endb—hydrogen on C-6 of norbornene has become almost completely
e

exo-1ike. By aﬁo}ogy, the preferred non-classical structures are 142 and

143 for the bromo- and iodo-substituted norbornyl cations respectively.

Three possible structures for the non-classical 3-chlo?ooorborny1
cation that results from 6,1-hydride shift of the cation 141, are cations
177, 169, and 180. Cation 169 has partial positive charges on C-2 and on
C-6 that are equal whilst the C6 1 and.C2 1 bonds are equivalent. Struc-
ture 169 in not likely because the electron withdrawing inductive effect of
chlorino makes the oartial positixgﬁcharge on C-2 unfavourable. In struc-
ture 180, the partial pogi%if@fgoarge on C-2 is greater than that on C-1.
The C.-C; bond is stronger than the C2 C1 bond. This structure,180,is even
more unfavourable.than 169 becatise of the electron withdrdwing inductive

effect of chlorine. In structure 177, the partial positive charge on C-6

is greater than that on C-1. The C -C1 bond is weaker than the C,-C, bond.

2" 1
Cation 177 is the preferred structure among the following three: 177, 169,
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and 180. The greater part1a1 p051t1ve charge is further removed from the
chlorine substitutent. The orlglnal exo- hydrogen on C-6 of norbornene
which has pecome endo-like in cation 141, can undergo an endo-like 6,1-
hydride shift to produce cation liZ: After undergoing this 6,1-hydride
shift, the hydrogen stilf ﬁéintains its endo-like character. An endo,endo-
hydride shift has been previdhsly shown to occur-in fhe norbornyl sysfém.72
By analogy, structures 178 and 179 are the preferred 6,1-hydride shift

products from cations 142 and 143 respectively.

Besides undergoing a 6,1-hydride shift, cation iil can also
ﬁndergo a 6,2-hydride sﬁift to form the following three possible stfuctures:
ions 183, 170, and 186 in the non-classical form. In addition, cation 177
can undergo a 1,2-hydride shift to form similar possible structures 183,
170, and 186. Cation 170 has ‘equal partial positive chafges on C-1 and on
C—? also the C1 C2 and C1 C6 bonds are equ1va1ent This structure, 170,
or a structure very closely ressembling it, is the most likely 5tructu;e
of the three since the chloring atom is eqhally distant from both C-1 and
C-6. For cations 183 and 186, the chlofine'atom is approximately equally
distant from C-1 and C-§; therefore, it seems unlikely that there be a
much greater positive chgrge on one carbon than oh the other carbon atom.
Similarly for the 3-bromo-_andis-ioﬁo-substituted 6,2- or 1,2-hydride shift
non-classical catlons, the most likely structures are cations 36 and 173
respectlvely The 6,2- hydrlde shift products from cations 141 142, and
143, and the 1,2- hydrlde Shlft products from 177 178 and 179, all
require an exo-like hydride shift. The exo-like hydride shift is of -

higher energy than an endo—llke hydride shift because of the less effective
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overlap of the vacant orbital with the migrating hydride ion.

) Besides considering the electron hithdrawingAinductive effect of
chlorine on cntiéns 141,-177, and 170, of bromine on cations iig, 178,
and 36, and of iodine on cations 143, 179, and 173, there also exists.the
possibility of chloronium, bromonium, and iodonium ion-4 participation.
For cations lﬂlz-lig' and 143, halonium ion pnrticipatioﬁ with a "p"
orbital is feasible at both C-l'ﬁnd C-2. The halonium ion participation
is more likely to be stronger at C-1 than on C-2 because the partial
pagitive charge is greater on C-1 than on C-2. For cations 177, 178, and
179, hﬁloniuﬁ ion participation is not feasible because of the positioning

of the vacant orbitals oﬁ C-2 and C-6. Similarly for cations 170, 36, and

173, halonium ion participation is not possible. Thus in considering the

‘effect of halonium ion participation, cation 141 has additional

stabilization over cations 177 and 170, cation 142 has additional
Lo~ — - -

sgﬂﬁikization o%er cations 178 and 36, and cation 143 has additional

sézﬁ}li;n§iqnjover cations 179 and 173. The product ratios from Tables
- .

2,4,6,8, and 9 indicate that the dihalonorbornanes which result from e6x0-

halide attack on C-1 of 141, 142, an§ 143 are produced in the greateat

proportion, suggesting that halonium ion stabilization does exist.

The various possible non-classical cations which can be produced

" from the cyclic norbornyl halonium ions 45, 38, and 137, Lre_illustrnted

in Scheme 18. The non-classical cations which result from 6,2- and 6,1-
hydri?e shifts _on cations 141, 142, and 143 are also included. Since
the}e,ﬂere no products detected in the chlorination, the bromination, and.

the iodo monochlorination of norbornene that would require a 3,2-hydride

& ) .
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Scheme 18 (Note: Figure 4, page 100 gives a more accurate description of the’

partial positive charges on non-classical cations which are shown
here and later as-being equal. ' .

. solely for convienence.) ‘
. X X
—= .
: Y
44  X=Y=(Cl 41 X=Cl
45 . 37 X=YsBr -~ 28 XeBr
3g._Ting 144 X=I; Y=C1 128 x=I
137  opening
’ 141 x=C1 . 41-
142 X=Br L . 28
T3 xer N V)
42 X=YaCl
) 35 X=Y=Br
130 x=I; Y=C1
’ X
Y
_ 41
= N 55
A 2
N R
X é% X=Y=Br
141 15T x=I; Y=Cl
6 1-H >~ —_— '
e s LT
1143 - iiz x=Cl
178 X=Br s 41
I8 XaI - 28
- 1z8
43 X=Y=(Cl
29 X=YuBr
155 X=I; Y=Cl
141 41
142 + 28
223 X=YaCl 128
X=Y=Br
X=I; Y=Cl 4
. ..
41
177 + 28
178 X 128
bvil 164 X=Y=Cl -
31 " X=YaBr

165 XaI; YsCl
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shift, this possibility was.not considcredlin the schéme. Tho products :
that would rosult from cro-halide attack on the non-classical cations are
also‘incluacd in Scheme 18. In additxon, the tricyclic product from

1.3-climination of %;proton from cach non-classical cation is shown

As‘cﬁ%lier discussed for the classical ion interprotation, tho
addition of chlorine to norbornenc yielded four different dichloronorbor-
nanes 42 44, 115, and 43 as shown in Table 2. Products 42 and 44 are

the roSult of exo-chloride attack on C-1 und on C-2 respectively on the
non-c1n551cul cation 141, Product 115 a pcrhaps some of 43 are
produced from ozo-chloride attack on C-6 any on C-2 rcspectively on non-
classical cation 177. The two dichloronotbornanos which would be formed
from exo-chloride attack on C-1 ana on C-6 of cation 170 wor; not .
dotccted, indicating that cation 170 is not present in anf significant

amount.

»

. For each cation 141 and 177, one can dotormine‘which of the two
dichloronorbornanes should be produccd preferentially. Since C-1 of
Cﬁéégn 141 carries greater part101 p051tivc charge than C-2, it is oxpected
that ero-chloride attack would preferontially occur on C- 1. This indeed
is obsorved in about a ratio of 40:1. Similarly, gxo-chloride attack
fﬁhqpld occur yrofercntially on .C-6 rather than oﬁ C-1 for cation 177.°
However, the ratio of products arising from this route coﬁld not be

dotermined since the amount of trans-2,3-dichloronorbornane arising

indirectly from the cyclic norbornyl chloronium ion (45) was not known.
. - A
The nddition of bromine to norbornene yielded five different

dibromonorbornanes 29, 30, 31, 32, and 33 as shown in Table 6. Table 8
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shows that 29, 30, and 33 are present, but as explained in the results for
the bromination of norbornenc in acetic acid, 31 and 32 are probably aiso
present. Product §z_wqg1d be expected from exo-bromide attack on C-2'of
non-classical ion 142, but this produét was not detected. However, exo-
bromide attack on C-1 of non-classical cation 142 does occur. Product ég
and perhaps some of 29 are produced from exo-bromide attack on C-6 and on
C-2 respectively of non-classical cation 178. Products 31 and 32 result
from exo-bromide attack on C-1 and on C-6 respectively of non-classical

cation 36.

-

Fbr each of the non-classical cations 142, 178, and 36, the
dibromonorbornane which woﬁ{d be formed preferentially, can Be predicted
from clectrostntics.f-Fér cagion 142, syn-7-exo-2-dibromonorbornane (33)
should be formed preferentially over exé,exo-z,3-dibromonorbornane (37).
It was observed that about 25% of 33 was formed but therc was no
dotectable amount of 37. The absence of §Z_might be due to steric °©
factors. For cation 178, accurate determi;ation of the ratio of anti-7-
oxo-2-dibromonorbornane (30) to trans-2,3-dibromonorbornane (29) was not ~
possible because the amount of 29 produced from trang-bromide attack on
ihc cyclic norbornyl bromonium ion (38} was not known. From
electrostatics, the amount of ¢xo-2-gxo-5-dibromonorbornane (32) to endo-
2-¢xo-5-dibromonorbornane (31) should be about the same since the partial

positive charges on C-1 and C-6 of cation 36 are equal. The ratio found

for 32:31 was about 1:2 which is approximately the expected value.

The two dihalonorbornanes resulting from the iodo monochlorination

of norbornene were ¢xo-2-iodo-endo-3-chloronorbornane (129) and eyn-7-
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iodo-exo-3-chloronorbornane (130). As shown in Scheme 18, 130 results

from exo-chloride attack on C-1 of the non-classical cation 143; howover;
product lﬂé_which woulﬁ result from exo-chloride attack on C-2 of <htion J
143, was not detected. This is analogous to 'the bromination ctipn, and
it ?s the elec;;sgghtically expected outcome. Compound 129 does not
result from exo-chloride attack on any of the non-classical cations 143,
179, and 173, but it-arises from trans-attack of chloride on the cyclic

norbornyl iodonium ion (137), (see page 88).
<7

C. 1,3-Elimination: Dideuterated Norbornenes

1) Bndo:exo Preference in 1,3-Elimination

The endo:exo preference4’5 for 1,3-elimination‘in solvolysis of
exo-2-bromonorbornane-1-carboxylic acid methyl ester-endo, endo-5,6-d, was
determined to be at least 15:1. This preference was cﬁlculated from an
assumed isdtope effect of 1.6. The mechanism was assumed.to be‘El-like
which is that of ionic chlorinations, ionié brominations, ané ionic
"~ lodo monochlorinations of norbornene. Hence, 1,3-elimination in these

latter three reactions should also show a large preference for cleavage

of an endo-C-H over an exo-C-H whenever the exo-endo distinction exists,

2) 2,3-Dz-norbornene

A 0—2% loss of excess one deutérium‘from 2,3-d2-norbornene (107)
resulted from the formation of nortricyclyl chloride (41), nortricyclyl
bromide' (28), of portricyclyl iodide (}Eﬁj'whenever igniéA1,3—elimination

occurred.
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i) Classical Ion Interpretation

"As already discessed, Scheme 17 shows the six classical halo-
norbornyl cations that can be pfoduced‘as a result of ring opening of each
cyclic norbornyl halonium ion. Both Wagner-Meerwein rearrangement and
6, 2-hydr1de shift are assumed to be occuring at apprec1ab1e rates relative
to either rate of capture by nucleophile or rate of 1,3-elimination.
However when a d1deuterated norbornene is substltuted for norbornene,
there are twenty-four helonorhornyl cations. Scheme 19 shows the twenty-
four possibilities for each initially formed cyclic.norbornyl halonium
ion which has deuterium substituted in the C-2 and -C-3 eesitions of

norbornene.

The twenty-four classical cations can be divided into six
different groups of four. Within each group of four, for example cations

190, 196, 202, and 208, the difference Tesults from the stereochemistry

and/gf place of attachment of the deuferiums. The distinction between
groups is a result of the stereochemistry and/or plaee of attachment of
tﬁe halogen substitutent. From'each group there is orie cation that would
lose considerable endo-deuterium if 1,3-eliminetion occurred (this cation
is underlined in Scheme 19). The remaining.three cations from each group
would lose very little or no deuterium when 1,3—eiimination occurred.
This is becéuse an endo-hydrogen (deuterium) is lost with at least a 15:1
preference over an exo;hydrogen (deuterium)}. If all'twenty;fuur cations
existed a 51gn1flcant loss of one deuterium would be expected from 2,3-
dz-norbornene. This is contrary to the observations, (vide supra) . " The

plausible explanation for these observations together with the detected
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- Classical Halonorbornyl Cations of 2,3-D,-norbornene

Scheme 19

S
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producrs in the cnlorinations.(Tables 2 and.4); brominations (Tables 6 and
8), and iodo monochlorinatiens (Teple 9) is given below. .In thez;:
chlorination (Scneme 19 'ihe rntermedietes labelled with/"a" mean X—El
with "b" mean X=Br, and w1th "c" mean X—I), ion 189a produces cation 190a
whlch undergoes Nagner -Meerwein rearrangement to produce cation 191a.
Cation Eglg_produces,catlon lggg_vza 6,2-hydride shift, and cation 192a
may or may not react further to produce cation 193a by Wagner-Meermein
rearrangement | If cation 193a is produced, it PTOdUceS no other C;tlons
since there was no. detectable amount of endo- 2 ~-ex0-5- drchloronorbornane
which would result from exo-chloride attack on cation 194a. In the
bromination, ion 189b produces cation Eggg_whieh undergoes Wagner-Meerwein
rearrangement to produce cation 1891b., Cation 191b produces.cation 1239“
via 6,2-hydride shift. Catien 192b may or may net react further to
| produce cation 193b by Whgner—Meerwein rearrangement Alternatlvely,
cation 190b can undergo 6,2 hydrlde shift to form cation 213b which
undergoes Wagner—MeerWeln rearrangement to form cation 212b. In the’
iodo monochlorlnetlon, ion 189¢c reacts to produce cation 190c¢ and this
undergoee Wagner-Meerwein rearrangement to produce cdtion 19ic which
produces no-otherieations since no anti-7-iodo-exo-2-chloronorbornane a

was detected.

ii) Non-classical Ion Interpretation i 1

Scheme 18 shows for each cyclic norbornyl?halonium\ion 45, 38, and
137, the non-classical halonorbornyl cations which ean be forméd via ring:
operiing. ~ Also included are the non-classical cations that would be

produced by 6,2-, 6,1-, and/or 1,2-hydride shifts. However, when.2,3&dé-



norbornene is substituted for norbornene, there are twélve possible
d —halonorbornyl catlons which are shown in Scheme 20 (the 1ntermed1ates

1abe11ed wlth g mean X=Cl, with "b" mean .X=Br, and with "e" mean X—I)
) A
These twelve non-c1a551ca1 cations 214225, can be‘dlvmded 1nto three

o - . . B 1 )
groups of four. Within each group, for example cations 214, 217, 220, and

223, each has an equifalenE partial positive charge on C-1 and on C-2
(the part1a1 positive charge on each Cspl is greater ‘than the partlal
positive charge on each C-2). The only: dlfferencanls the resilt of
stereochemistry and/or pos1t10n1ng of the deuteraum atom. The distinction

between groups arises from the p051t10n1ng of the partlal p051t1ve charges.

/ _ . .
‘ 1f '6,1-, 6,2, and 1,2-hydride shifts occurred at rates yhich would

Sy

allow production of equivalent amounts bf cations w¥thin each group, then a
considerable loss of excess one deuterium'from"2;3—d2¥norbornene would
result from 1,3-elimination (vide infra). In-the group containing cations

-214, 217, 220, and 223, the fofmation of tricyclic product would result in

the deuterium on C-6 of cation 220 preferéntialiy being eliminated over the
hydrogen on C-6. However, from cation 217, hydrogen would be prefefentially
eliminated ffom C-6 over deuterium from C-6: whereas, from cations 214 and

223 only hydrogen can be eliminated from C-6.  Similarly, in the grphp'

containing cations 215, 218, 221, 224, cation 224 paraliels cation 217,

cation 221 parallels cation 220, and cations 215 4nd 218 parallel cations

214 and 223 in their elimination reactions. In the group of caﬂibn§1216,

P —

219, 222, 225, cations 216 and 225 would lose equal amounts of hydrogen and
deuterium; whereas, cations 219 and 222 can only lose-hydrogen whenever
tricyclic product is formed. | SR e, . ;; ' ' o
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I

As alrbady described for the classical ion interprétation,;a 0—2%
loss of excess one deuterium (Tableé 10,11, and 12) resulted from the
formation of tficyclic product. The plausible éxplénation for ;heée
observations together with the detected products (Tableé 2,4,6,8, and 9)
is given below. Int the chlorinaiion ggcheme 20, the i;termediates
‘labelled with "a" signiéz X=Cl, with "b" signify X=Br, and with "c¢"
51gn1fy X=I), rlng opening of ion 189a produces cation 214a -Cation 214a
can undergo‘ip endo, endo-6,1-hydride shift to produce cation 21Sa In
the iodo monochlorination(Scheme20),ring opening of ion gggg_produces
cation 214c which does not undefgo any further hydridé shift. In the
bromination (Sczfme 20), ion 189 undergoes ring openlng to produce
cation 214b. Cation 214b can undergo an endo, endo 6, 1 hydride shlft to
produce cation 215b. Alternatively, cation 244b can undergo a 6,2-hydride
_shift to produce cation 225b. Cation 21Sb can \undergo 2 1,2-hydride.shift
to produce ;étion 216b. Both the 6,2- and;l,Z—hydfide shifts are exo, exo-
iike which are consiéérably slower than endq,endbilike shifts. This is
supporteé by the fact that only a small amount of the total addition
products resultinglfrom exo-bromidé ﬁttack on cations gggg_and/or 216b ,
were detected (Table 6)}. In addition, the amount of product.resulting
from-emo-bquide addition to cation 214b was considerably greater than
that for cation g}Eﬁ;.therefore, cation 214b should be produced |
preferentially to cation 215b. Hence, cation 225b.is iikely to be produced

in a greater amount than cation 216b.

e L
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3) Exo,exo-S,G—dz-norbornene and Ehdé,enda-S,G-dz-no:bornene

a) Iodo Monochlorinations

i) Classical Ion Interpretation

The results in Table 12 show that original eonEeuterium loss is
preferfed fo original endo-deuterium loss in the formation of nortricyclyl
iedide (128) when the d -norbornenes 105 and 106 are treated with iodo

-~ monochloride. It -is reasonable to conclude (see c13551cal ion discussion
involving 2, 3-d -norbornene) that ions 137 and 147 are the reactive
1ntermedlates when norbornene is the substrate Cation 147 is formed

whenever cation 140 undexgoes a Wagner-Meerweln rearrangement {Scheme 17).

137 147 ' 140

Cation 140 is not included as a reactive intermediate; the reasons are
analogous to those of the bromination reaction (see classical ion

interpretation for endo,endo-S,G—dz-norbornene).

220 . 227
When the starting substrate is endo,endo-S,G-dz—norbornene (106),

- - . - > - ‘
then ions 226 and 227 are the reactive intermediates.. The original endo-
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deuterium on C-6 of 106 which remains endo-like in ion 226 becomes ezxo-

like in cation 227 because a Wagner-Meerwein reérrangement has occurred..

) %

o

D \~ ' b
I"II“IIIEZ- ...... ’

228 _ 229

" When the starting substrate is exo,exo-s,6-d2-norbornene (105),
then ions 228 and 229 are the reactive intermediates. The original exo- -~
deuterium on C-6 of 105 which remains exo-like in_ion 228 becomes endo-

.

like in cation 229 because a Wagner-Meerwein rearrangement has occurred.

~h
If the sole source of tricyclic product is from ions 226 and 228,

then one would expect original endo-deuterium to original exo-deuterium’

loss to be observed with at least a 15:1 fatio;4’5 whereas, if the sole

source of tricyclic product is from classical cations 227 and 229, then

one would expect original exo-deﬁterium to original endo-deuterium léss

~to be observed with at least a 15:1 ratio. Siﬂce the exo:endo deuterium

loss ratio is about 50:20 (Table 12), l,$-elimination occurs preferentially

from cation 227 over ion 226 and from cation 229 over ion 228. In

conclusion, mostnl,s-eiimination occurs from the Wagner-Meerwein regrranged

cation.

ii) Non-classical Ion Interpretation

As already discussed for the classical ion interpretation (vide
éupra), original exo-deuterium loss is preferred to original endo-

deuteriumﬂloss {Table 12}. One can conclude (see non-classical ion
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discussion involving 2,3-d2-norbornene treated with iodo monochloride)

that ions 137 and 143 are the reactive intermediates when norbornene 1is

)

the substrate. Cation 143 resu}ts-from ring opening of ion 137.

137 143
When the starting substrate is 106, then iodonium ion 226 and
non-classical cation 230 are the reactive intermediates. The original
endo-deuterium on C-6 of 106 which remains endo-like in ion 226.becomes

an almost completely exo-like deuterium in cation 230 because the greater

partial positive charge is on C-1 rather than on C-2.

D
: 226 -

When the starting substrate is 105, then iodonium ion 228 and /r\\
=22 22 -

non-classical cation 231 are the reactive intermediates. The original
exo-deuterium on C-6 of 105 which remains exo-like in ion 228 becomes
almost completely endo-like in cation 231. The reason for this has been

previously discussed for cation 230.

228 231 u

1f “the sole sgéice of tricyclic product is from 226 and 228, then



116

-

one would expect origiﬁal ehdo-deuterium to original exo-deuterium loss to
be obsqfved with at least a 15:1 preference; wﬁereas, if the sole sourc;
of tricyclic product is from nqn—classical cations gég;and'gglg then oﬁe
would expect a 15:1 preference* forroriginal exo-deuterium to original
endo-deuterium loss.. Since tﬁe exo:endo preference is about 50:20 (Table
12}, 1,3-elimination occurs pfeferentially‘from cation 230 over ion 226
and frbm eation 231 over ibn ggg. Significantly, most 1,3-elimination

occurs from the first formed non-classical cation.

b) Chlorinations:

i) Classical Ion Interpretation

Original endo-deuterium loss is preferred to original exo-deuterium
loss (Table 10) in the formation of nortricyclyl chloride (41} when the
dz—norbornénes 105 and 106 are treated'witﬁ chlorine. Intermediates 45,

138, 145, 148, and probably 152 are necesséry to explain the products that

are formed when chlorine and norbornene are ailowedqto react (see classical
ion discussion involving 2,3-d2-norbornene). Cation 152 may not be present

since all the trans-z,3-diéhloronorbornane (43) may be formed solely from

' Cl C1
. ..'..‘o. .
* . . + + + Cl
B +

A 15:1 preference for a purely classical ion was determined; probably
this is less for non-classical cations 230 and 231 since the endo-

hydrogen and endo-deuterium respectively are not completely endo-like.

/
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ion 45 and since all of il;may be formed from ions 45, 138, 145, and 148.

When the starting substrate is endo endb 5,6- d -norbornene (106),

ions 232, 235, 236, 234, and probably 233 are the reactive 1ntermed1ates

Tons 232 and g§§_qn forming tricyclic product wouldoboth‘show at least a
15:1 preference for endo-deuterium to exo-hydrogen loss. Cation 236
would show at least a 15:1 preference for endo-hydrogen to ezo-deuterium
1gss. Chtions 234 and 233 can only lose hydrogen because the deuterium
‘is not situated in a posifion from which it can be lost whenever 1,3-

elimination occurs.

When the starting substrate is exo,exo-s,6-d2-norbornene (105),

ions 237, 240, 241, 239, and probably 238 are the reactive intermediates.

Ions 237, 240, and 238 on forming tricyclic product would show at least
. 1

a 15:1 preference for endo-hydrogen to exo-deuterium loss. Cations 241

and 239 would show at least a 15:1 preference for endo-deuterium to exo-

hydrogen loss,

Sy & by

240 -

—r—

If cations 233 and 238 were the sole source ofktricyqlic product,

then 106 would lose no deuterium and 105 would lose endo-hydrogen to exo-

deuterium in & ratio of about 15:1. However, since this is contrary to
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the experimental results (Table 10), cations 233 and 238 must contribute
-yery little or noth1ng to the observed product ratios. - If the sole source
of tricyclic product was from "a" (a=ions 232 and 235) and "b" (b=ions 237
and 240), then original endo-deuterium to original exo-deuterium loss
uould be observed with at least a 15:1 ratio; whereas, if thb sole
_ source of tricyciic product was from "¢ (c=cations'3§§_and 234) and "g"
(d:qations 241 and gég), then original endo—deuteripm to original ex0-
deuterium loss would be observed with a 1:15 ¥atio. Since the original
exo:endo deuterlum loss ratio was about 30:60 (Table 10), "a" produces
more trlcyclic product that "c¢" and "b" produces more than 'd". In
conclusi;n, 1 S-elimination in norbornene  occurs predominantly from

the unrearranged intermediates when norbornene and chlorine react.

>

ii) Non-classical Ion Interpretation

- As already discussed for the classical ion interpretation (vide

- 8upra}, original endo-deuterium to original exo-deuterium loss (Table 10)

is preferred. One can. conclude (see non-classical ion discussion
o

' §nvolving 2,3—d2-norbornene) that ions 45, 141, and 177 are the Teactive |

intermediates when norbornene is the substrdte._ Cation 177 is formed

when cation 141 undergoes a endo,endo-6,1-hydride shift.

de
177

5+

When the starting substrate is endb,endo-s,6-d2-norbornene (106),
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then ions 232, 242, and 243 are the reactive 1ntermedlates The original
apdo-deuterium on C-6 of 106 remains an andd-deuterium in ion 232, but
Becomes almost completely exo-like in cation 242 because the greater
partial positive charge is on C-1 rather than on C-2. On formation of
tricyclic product,  ion 232 232 would lose original endo- deuterium to original
exo-hydrogen with a preference of at least 15:1, and cation 242 would
lose original endo-deuterium to original exo-hydrogen with a ratio of
about 1:15. Cation gﬁg_would only lose hydrogén whenever tricyclic

product is formed.

242 243

When the starting substrate is exo,exo-s;64d2-norbornene (105),
then ions 237, 244, and 245 are the reactive intermediates. The original *
gro-deuterium on C-6 of 105 which remains exo-like in ion 237 becomes an
almost completely endo-1like deuterium in cation 244. This is because the
greater partial pésitive charge is on C-1 rather than on C-2. Cation 245
is formed whenever cation 244 undergoes an endo, endo 6,1-hydride shift
(a deuteride is shifted in this process and it remains almost completely
endo-like because the greater partial positive charge is on C-6 Tather
than on C-2). ©On formation of tricyclic product, ion géz_would lose
original endo-hydrogen to original exo-deuterium with a preference of
about 15:1, and both cationskzﬁi_and gié_would lose hydrogen to original

exo-deuterium with a ratio of about 1:15.
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e

237 | 244 | . 285

If the sole source of tricyclic product was from ions 232 and ZéZJ
then the original endo-deu;erium to original gmo-deutéfium loss would be
about 15:1." If the sole source of tricyclic product was' from cations 242,
, 243, 244, and 245, a preference for orlglnal endo-deuterium to original
_exo-deuterlum loss would be about 1.15. However, since the endo: exo pref-
erence (Table 10) was found to be aboﬁt:SO:GO, ions 232 and géz_must pTo- .
duce a greatgr proportion of tricyclic material than from the cations 242,
243, 3531 and-245. In conclusion, the cy;lic norbornyl éﬁloronium ion p;OT
duces the major fraction of nortricyclyl chloride (41} whenever norbornene
aﬁﬁ chlorine are reacted together.

) L}

C. JBrominations

el
i) Classical Jon Interpretation ' ' ' ’

The results of Table 11 show thaf original exo-deuterium loss is
preferred to original' endo-deuterium 1055 for the formation of nortricyclyl
bromide (28) when the dideuterated norbornenes 105 and 106 respectively are
treated with bromine. It is reasonable to conclude (see discussion about
claséical ion interpfetation involving 2,3-d2—norbornene) that ions 38,

157, 146, 149 162 and ‘possibly 153 are the reactive intermediates when

norbornene is the substrate. Cation 153 may not be a reactlve 1ntermed1ate
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because ion 38 might be the sole source of trang-2,3-dibromonorbornane

and ions 38, 157, 146, 149, and/or 162 might be the sole soﬁrce of 28.

38 - 157, 146
~Br
+ + T r
149 | 162 153

When the substrate is endb endo-5,6-d ~norbornene (106), ions 246,

247, 248 249, 250, and possibly 251 are the reactive 1ntermedlates The

"~ original endo-deuterium on C-6 of lgé_exisfs as an éndo—deuteriqm in ions
. 246 and gﬂzg;but it becomes an exo-deuterium in cations 248 and 249. On
formation of tricyclic product, ions 246 and 247 would show about a 15:1
preference4’5 for oriéinal endo;deuterium to hydrogen loss, whereas cat-
ions 248 and 249 would show about a 15:1 preference for hydrogen to ori-
ginal endo- deuterlum loss. Upon undergoing 1,3-elimination, catioﬁs 250
and 2§1_can only lose hydrogen. Cation gég;whicﬁ is formed.direétly

from ring opening of ion 246, is not included as a feactive intermédiate _
leading directly to products because the additio; product that it would
produce from exo-bromide attack, the normal mode of addition, was not '
detected. Even if éatiqn 252 did.produce tricycliélproduct, its effectr
on the spereochemical outcome of Table 11 would be identicél to thﬁt of
_dons 2&§_anﬁ 247; thus any éffect}that cation 252 might have will be

-

considered indirectly in the discussion of ions 246 and 247. However,
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it still remains as a necessary precursor to all of the other cations.

---~Br
2
D .
246 247 . 248 249
' Br
D
D
250 : - 251 ) . 252

When the substrate is exo;exo—s,G-dz—ﬁorbornene (105), then ions

253, 254, 256, 257, 258, and possibly.ZSS are the r;éctive intermediates.

The origihai“exo—deuterium on C-6 of 105 remains an emo-deuteriuﬁ in ions
253 and Z§§))and it becomes an endo-deuterium in ca;ions 256 and 257. On
fbrmation”é tricy&lic prquct, ions 253 and 255 would show a loss:of hy-
drogen to :}iginal exo-deuterium with a ratio of about 15:1, whereas cat-

ions 256 and 257 would show a loss of hydrogen to original exo-deuterium \
’ D Br'

) Br .
253 , 254 256
Bl‘ ' D

~
[ 7,1

B
[/
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with a ratio of about 1:15. On formation of tricyclic product, cations 254
and 258 can only; lose hydrogen. Cation 259 is not included as a reactive

intermediate -(see discussion concerning cation 252).

‘The expected loss of deuterium for the formation of nori;icyclyl
.bromide (28) from thé-various ions is given below. If the sole source of
fricyclic product is from "a" (a.= ions 246 and 253), then original endo-
deuterium to original exo-deuterium loss would be about 15:1: if the sole
source was from "b" (b = cations gii_and 254), fhen most (>90%) of the
original endo-deuterium would be lost with all the original ezo-deuterium
retained;.if it was from "c" (c = cations 248 and 258), then only.a small
percentage 6:10%) of original endo-deuterium would be lost with all the.
original exo-deuterium refained; if it was from "d" (d = cations 249 and
ZEE), then original endo-deuterium to original exo-deuterium loss would
. be about 1:15; if it was from "e" (e = cations 250 and 257), then most of
the original exo-deuterium ( 90%) ﬁould bejlost but none of the original
endo-deuterium; if it was from "f' (f = cations 251 and 255), then only a
small percentage (€10%) of original exo-deuterium would be lost with all

the original endo-deuterium retained.

-,

el

The exp:endo. preference for the loss of deuterium in the formation
of 28 form }9§_and,lg§_respectivé1y was found to be approximately 50:20
(Tabie 11). Therefofe, more than one set of intermediates from the pairs
fat ptr tert gt "é";and ""f* must produce tricyclic product. In order to
lose 50% of original exo-deuterium, paifs ngr and)or "e" must be the pre-

ferred intermgdiates, whereas'in oxder to lose 20% of original endo-deu-

terium, pairs "a" and/or "b" must be partially involved. Pairs "c" and

b
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£ play 1itt1e-or no role in the production of tricyclic product. Since
et ﬁroduces only a minor percentage of tﬁe total amount of diﬁ;omonorbor—
nanes and of.tricyclic prgdﬁbt, it”is likely that "b'" also produces onl} a
minor amount of tiicyclic prodﬁct. Tﬁis iglhecauge it is very similiar in
structure té the catioﬁs is e, and.it only producés a minor percentageq
of the total ‘amount of dibfomonorbornanes. From the above analysis it
follows that the major source of tricyclic‘p£oduct arises from pairs "d"

and/or "e' and that the minor source arises from pair '"a" with pairs “b"

"e" and "f' having little role to play. . s

. 1i) Non-classical Ion Interpretation

’

The non-classical cations 142, 178 36, and the CYQ&IC horbornyl

bromonium ion (38) are the reactive intermediates when norbornene and

bromine are reacted.

.~Br

38 142 7 . 178 ' 36

When the substrate is endo,endo-S,G-dz-norbornene (106), then ions

246, 260, 261, 262a, and 262b are the reactive intermediates. The original

L+

endo-deuterium on C-6 of 106 remains as an endo-deutegium in ion 246,

e

whereas in -cation 26C it becomes almost completely ero-like. In cations
262a and 262b the hydrogen and deuterium on each C-2 have partial exo- and
endo-like characteristics. If trlcycllc product is formed from ion 246,

~

then original endo- deuterlum to 0r1g1na1 ero- hydrogen loss occurs Wlth a
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246 260 261 " X=H;
' 262b X=D

ratio of about 15:1, whereas if tricyclic product is formed from cation
260, then original endo-deuterium to original exo-hydrogen loss occurs w%;h
a-ratio of about 1;15., On formation of tricyclic product from cation 261,

" no deuterium is lost, but cations 262a and 262b lose equal proportions of

of deuterium and hydrogen.

Similarly, when the substrate is ero,exo-s,6—d2—norbornene (105},

then ions 253, 263, 264, 265a, and 265b are the reactive intermediates.
The original exo-deuterium on C-6 of 105 remains as an exo-deutefium in
ion 253, whereas in cation 263 and cation ggg_it becomes almost completely
endo-like. If tricyclic product is formed from ion 253, then original |
exo-deuterium to original emndo-hydrogen loss occurs with a ratio of about
1:15, whereas if tricyclic product is formed from catibns 263 and 264,
then the original exo-deuterium to hydrogen loss occurs with a ratio of

about 15:1. On formation of tricyclic product, cations 265a and_265b

only lose hydrogen.

265a X=D; Y=H
265b X=H; Y=D
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If the sole source of tricyclic product is f;om "a" (a=ions 246
and 253), then original endo-deuterium to original exo-éeuterium loss
would occur with a ratio of about 15:1. If the Sole source of tricyclic
product is from "ﬁ” {b=cations 260 and 263), thez original endo-deuterium
to original exp-deuterium loss would'oécur with é'ratio of about 1:15. '
If the sole source of tricyclic product is from "' . (c=cations 261 and

264), then most 90%) of the original exp-deuterium would be lost with

no original endo-deuterium.lost, and if the sole source was from "d" (d="

cations 262a, 262b, 265a, and 265b), then the maximum amount of ordginai
endo-deuterium which can be lost is 50%. No original exo-deuterium loss

t

is possible from 'd".

T ?

Thé exo:endo preference for deuterium loss was about 50:20 (Tablé
11). Thus route "b" and/or "'c¢'' must prdduce'the major amount of tricyclic
product, whereas routes "a" and/or "d" must produce a minor amount; Since
the grsate: proportion of dibromonorbornanes results from exo-bromide at-
tack on "b" (cations 260 and 263) as dpposeé to "c" (catiéns 261 and ggg)g
and since a similarity in structure among these four cations exists, it
can be concluded‘that "b" produces more tricyclic product than '"c". Ions

246 and 253 (Ma") are different ip structure from cations 262a, 262b, 265a,

265b ("'d'"); thus it can not be determined from the ratio of dibromonorbor-
'nanes whether route 'a" or "d" is preferred as the minor route to the tri-
cyclic product. In conclusion, the first formed non-classical cation 142

produces a greater proportion of the tricyclic product than does the bro-

monium ion 38 amd the other non-classical cations in the reaction of nor-

bornene and bromine.

&
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D. Effect of Solvent

~

In this investigation, the mechanism of E,S-eliminationrhas been -
discussed in terms of “internai".factors (ﬁhoée considered {n terms of tﬁe
Earbonium ion framework: substipufént effects are an ébviquﬁ exampie)
without any reference to "external' factors tthoSe concerned with the in-
teraction of the carbonium ion with the solﬁgégzénd.with-thé particle car-
rying the negagive charge),l Altthgh the ";}ternai" factors are largely
electrostatic, they are in some measure‘ghemically specifié and can afféct
the_chemistfy of the carbdniﬁm‘ion moiefy 56 as to influence the nétgre

of the reaction.

_  Since carbonium ions in solution arelacdompahied bf an eqﬁalknum—
ber of counter-ion%, it is impossible to study éérbbﬁium‘ions iﬁ solution
.in isolation. Only by réstricting,compariséns to systems with the same
couﬁter—ions is it possible to invegtigate the effect of structure on the
stability of carbonium ions. The influence.of the'$olvent on the stabil-
ity or Tate of formation of cérbonium ions is never a‘function of 'its in-

teraction with carbonium ions alone, on the other hand, the chemical ef-

— . -
ey

fects of solvation, as indicated by the composition or stereochemistry o
reaction products derived from the carbonium ion, frequently result from

the interaction with the cation only.

In solution, the energy required in organic reactions involving
cation formation is offset by interaction between the ions and their sur-
roundings, in particular solvent molecules and other ions. These inter-

actions may be regarded as ways of achieving external dissipation of the



charge on the carbonium ion. If carbonium ion solvation is considered as
an electrostatic phenomenen, then the dielectric constant (D) becomes the
obvious measure of solfating power. Solvation of carbonium ions can be
;egarded as a non-directional électroststic interaction of the ion with

the solvent. Carbonium ions will be less stabilized and thus more diffi—

cult to form as the dielectric constant of the medium is decreased.

Warnhéff7’32 et al. found out that solvent polarity as measured
by dielectric constant (CH,Cl,, CCl,, and CHSCN; D=8.9, 2.2, and 3.8) is
not important in determining the ratios of trans addition, hydride
shift, and siméle Wagner-Meerweln rearrangement although the ratio of‘hy—
dride shift product (excepting the trans isomer) to the primary Wagner-
Meerwein product, 7-syn-2-exo-dibromide, slowly increases with increasing
dielectric constant, indicating that the overall hfdride shift rate-is
close to the nucleophile capture rate of the initial parent non-classical
cation. This is fationalized as increased stabilization of the non-clas-
. sical‘cation by the more pplai'solvent permitting more hydride shift to

occur¢before capture by a nucleophile.

In this investigation, regardless of the solvents used (CH2C12;
ccl,, and CH;COZH; D=8.9, 2.2, and 6.2 respectiyely),, exo-stereoselec-
tivity was.glways preferred to endo-stereoselectivity in the brominations
(Table 11) and iodo monchlorinations (Table 12) of norbornene; Wheéeas
endb-stereoseléctivity Was glwéys p;eferred to exro-sterecoselectivity in
the chlorination (Table 10). Thus,the stereospecificities observed are
a-result mainly because of "internal" factors.

%éu
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E., Effect of Pyridine Concentration 7 7 .
o \ : .
Table 2 shows the effect of pyridine on the product ratios in the

reaction of norbornene with chlorine in methylene chloride. The reaction
was performed with no pyridine, with a pyridine concentration equal to
%that of norbornene, and with a pyridine concentration equal to ten times -
) fhat of norbornene. Esséntially; pyridine has very little effect on the
per cent of each product produced. Table 10 shows that for 1,3-elimina-
tion, the pyridine concentration for the range described above has no or

very little effect on the deuteriim loss data.

’,  Table 6 shows the effect of pyridine on the product ratios in the

reaction of norbornene with bromine in methylene chloride. There was a
sligh£ increase in tricyclic product as the pyridine concentration in-
creased and'a slight decrease in syn-7-exo-2-dibromonorbornane, exo-2-
exo-5-dibromonorbornane, and in endb-S-éxo-Z-dibfomonorbprnane.'JThe
trans-2,3-dibromonorbornane and anti-?—exo-Z—dibromnnorbornane.are af- -
fected the most. The former increases as the latter‘&ecreases. However,

Table 11 shows that for 1,3-elimination, the pyridine concentration has

no or very little effect on the deuterium loss data.

In addition, when 2,6-lutidine was substituted for pyridine, the
results obtainted were similiar to the results obtained when pyridine was

used. .
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A. General . . -

A Kofler hot-stage apparatus was used to take melting points which
were uncorrected and rounded off to the nearest To.1%. Any boiling

points listed are also uncorrected.

~

Infrared spectra were obtained with a Perkin Elmer 337 Grating
' . Sr—
Spectrophotometer. Band positions were calibrateéd and were expressed in
reciprocal centimetres (cm-l). The spectra of samples were neat unless

specified otherwise.

Gas chromatograms were obtalned on a Varian Aerograph Gas Chroma-
tograph Model 204B with a flame ionization detector. The carrier gas
was helium with a gas fi;w.rate of 20-30 ml/min. Preparative gas ch?oma—
tography was carried out on a Varian Aerograph Gas Chromatograph, Model
A-90-P with a themmal conductivity detector. The carrier gas was helium
wifh a flow raté of 50-60 ml/min. The injector of the preparativé ﬁachine
was fitted with a g1a§§ system. The detector and'injector temperatures
were 10°C warmer than the columm temperature Relative per cent by weight
ratios were determlned by a Varian Aerograph Electronic Dlgltal Integrator
Model 476. The average of four 1n3ect10n5 was tabulated. Peak areas were
calibrated with a mixture made up of approximately equal weighted amounts
of each component. The hydrogen flame ioﬂization‘detector gave similiaf:
response of weight to area ratio for isomeric compounds, whereas non-iden-

tical response was obtained for non-isomeric compounds.
q .



132

The colums listed beiow were used.for analytical glpclor for pre-
parative glpc work. Chromosorb W (Chromatographic Specia;ties Ltd.) of
. mesh size 60/80‘was used as the solid phase in all cases,
I 10% Catbowax 20M TPA, Stainless steel, 12' X 1/3
II 5% Silicone gum rubber, Stainless steel, 10' X 1/;”.
II1 iS% Carbowax 20M TPA, Glass, 10' X¢1/4".
Iv 15% Silicone guﬁ rubber, Glass, 10 X 3/16".

14 11}
' =JS% Silicone_gum rubber, Copper, 10 X 1/4 .

All mass spectra were -taken with a Hitachi Perkin Elmer RMU 6A
Spectrometer at 80 electron volts in determlnlng the molecular ion and at
11 electron volts in determ1n1ng the deuterium content. The deuteAjum
analyses are expressed as-atoms of deuterium per molecule in excess of

natural abundance deuterium.. ' .

o

Nuclear magnetic resonance (nmr) spectra were obtained on the Varian
T-60. An ‘internal standard of tetramethylsilan¢ (TMS) was used.‘ Saﬁﬁles
were run neat or dissolved in either carbbﬁ tetraéhloride or in carbon
disulfide as specified. Chemical shifts are réported as 'S" values (parts

per million downfield from the internal standard),

-«

All spinning band distillations were done using'a Nester Faust Auto

Annular 30" teflon spinning band distillation column.

Microanalysis was done by A. B. Gygli, Microanalysis Laboratories

Limited at Toronto, Ontario.
B. Reagents ' o ;

Acetic anhydride (C.I.L. Reagent)

Acetic acid (C.I.L. Reagent) . !
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~ Acetone (Mallinckrodt, F.W. 58.08)

Bromine (The McArthur Chemical Co. Ltd., [Macco], M.W. 159.83)
T-butanol (Fischer Scientific Co., F.W. 74.12, b.p. 82.1°C)
Calcium chloride (Allied Chemical Canada, Ltd., M.W. 116.99)
Calcium hydride (J. T. Baker Chemical Co., Practical Grade, F.W: 42.1)
Carbon tetrachloride (J. T. Baker Chemical Co., Spectrophometric)
Chlorine (Matheson, M.W. 70.906)

Chloroform (Mallinckrodt, F.W. 119.38)

'Deuterlum oxlde (Stokler Isotope Chemlcals, [S.I.C.], 99.8%biuv“
Diglyme (Aldrich Chemical Co. inc., b.p. 161°C):

.1,4-Dioxane (J."T. Baker Chemical Co., F.W. 88.11)

Ether absolute (Mallinckrodt, F.W. 74.12)

Helium (Canadién Liquid Air Ltd.,)

Hydrochloric acid (C.I.L. Reagent)

Hydrogen-chloride anhydrous (Matheson)

lIodine (Macco, M.W. 126.91) J

Iodine Monochloride (Anachemia Chemicals Ltd., M.P, 25—27°C)
Lithium aluminium deuteride (Alfa Inorganics, F.W. 41,95)
'L1th1um aluminium hydride (Alfa Inorganices, F.W. 37. 95)
Magnesium sulfatc anhydrous (Shawlnlgan)

Methanol sbsolute (Mallinckrodt, F.W. 32.04).

Méthylene chloride (Macco, M.W. 89.94)

Nitrogen (Canadian Liquid Air Ltd.,)

Norbornene (Aldrich Chemical Co. Ihc., M.W. 94.16) = - -
Norcamphor (Aldrich Chemical Co. Inc.; M.W. 110.16)

Pentane (Eastmann, Technical, M.y. 72.15, b.p. 34-36°C)
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poﬁassium (J. T. Baker Chemical Co., A.W. 39.100)
Potassium hydroxide (Macco, M.W. 56.11}
Pyridine (Allied Chemical Canada Ltd., Reagent A.C.S., M.W. 79.10)
" Sodium (J. T. Baker Chemical Co., A.W. 22.991)
éodium acetaﬁe (Macco, @.w. 82.04)
Sodium bicarbonate (Macco,)
Sodium chloride (Shawinigan) _
Sodium iodide (J. T. Baker Chemical Co., F.W. 149.89)" .
Sodium thiosulfaté (Fisher Scientific Co., Naészos-snzo, F.W. 248.18)
Sulfuric acid (C.I.L.) ,
A_ Sulfuric acid-(Fumiﬁg 30%) (Allied:cﬁem;cal, Reagent A.C.S.)
Triphenylphosphine (Aldrich Chemical Co. Inc., M.W. 262.29)
Yinyl bromide (Matheson, M.W. 106.96)

Vinyl chloride (Matheson, M.W. 62.50}

¢. Purification of Solvents and Pfeparation of Reagents-,

~

1) Purification of Acetic Acid

Acetic acid (500ml) and sodium acetate anydrous (20gms) were stirred
meqhanically‘in a 1,000ml round bottomed flask. The acetih acid was distill-
" ed through a Vigreux (12") colum with the fraction having a boiling point
of 118°C being collected.

2) Preparation of Chlorine in Methylene Chloride

A solution of chlorine in dry methylene chloride was prepa;ed by
‘bubbling chlorine, which was passed through a water trap, a calcium chloride

drying tube, and a sulfuric acid trap respectively, into a separatory funnel

/
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containing a known amount of methylene chloride.

3) Purification of Diglyme

Diglymé7§‘(1 litre)} was stored over small piecesAof calcium hy-
dride (10 g.) for twelve hours, then decanted into a distilling flésk.
Sufficient lithium aluminium hydride was added £o ensure excess active
hydride; this was followed by distillation of the dig;yﬁe undef vacugmf
" The fraction (b.p. 62—636C) at 15 mm. was collected and storedAunder dry

" nitrogen.

4). Purification of 1,4-Dioxane

1,4;Dioxane734(100 ml.) and lithium aluminium hydride (1g.,
0.0263 mole) were stirred mechanically for one hour in a 250 ml. round
bottom flask, and the 1,4-dioxane was distilled. The fraction with a

boiling point of 101°C was collected.

5) Purification of Absolute Ether

Absolute ether (1 litre) and lithium aluminium hydride (1 g., N
0.0263 mole) wefe stirred mechanically for one hour in a 2 litre round
b@ttom flask, and the etﬁer was distilled. The absolute ether'was pur-
ified priorv to any experiment requiring the absolute ether.'

.6) Purification of Methylene Chloride

" Methylene chloride (500 ml.) was purified by reacting it with
bromine in lighf'for two hours. The mixture was worked up by washing it
with 5% sodium thiosulfate solution .(3X200 ml.}, followed by washing

with distilled water (3X200 ml.). The methylene chloride was dried for -
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41°C) was collected. The above procedure was repeated. ~ In order to dry
the methyléne chloride 1mmed1ate1y before ‘any experiment, it was dlstllled‘

after reacting it with lithium alpminium hydride.

7) Purification of Pentane

Pentane ﬁas'stirred,for 24 hours over 30% fuming sulfuric acid.
The pentane was then washed-three times with 10%.sodium bicarbonate solu-
tion, three times with distilled water, and finally dried with anhydrous
"magnesium sulfate. The pentane was distilled through a two feet Q&greux

column with the fraction having a boiling point of 40- 41°C being collected.

8) Purification of Pyridine

Pyridine (100 ml}) was stored over potassium hydroxide pellets 1
gm) for two days, and then'distilled. The .fraction of b.p. 115°C was

collected.

9)- Preparation of an Approximately 1M Solution of Potassium t-Butoxide

in t-Butanoll

S . - .
t-Butyl aleohol (175 ml) and potassium (1 ct) were reacted at

steam bath temperature in a 250 ml Tound bottomed flask ‘fitted with a con-
denser and a calcium chloride drylng tube. ‘After complete reaction of the
potassium, the mixture was distilled with the fraction collected that had
a boiling point of 82°C. To the collected t-butyl ‘alcohol (100 ml) was
added potassium at steam.bath temperature until a saturated solution of

. potassium t-butoxide in t-butanol was produced.
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D. Syntheses

- 1) Synthesis of 2,3~d2-Norbornene

i)}’ Preparation of S;S-dz—Z-Norbornanone

_To deuterium oxide thO g., 5.55 moles)} in a 500 ml. round bottom
flask fitted with a condenser and a calcium chloride drying tube was slow-
1y added sodium t3.3 g., 0.144 mole}. After the sodium had reétted, nor-
camphor (7.1 g., 0.0645 mole) dissolved in 1,4-dioxane (60 ml.) was added
whiéh resulted in the formation of'a two phésed system. The mixture was
kept at 3§°C by an o0il bath while being stirred mecﬁanically. Deuterium
incorporation was determined every twenty-four hours over a period of
eight days, after which the mixture was worked up as follows. The mix-
ture was saturated with sqdium cﬁloride, and then it was extracted four
times with absolute ethef (4X125 ml.). The combined ether extracts were
washed with distilled water (ZXZdO ml.), then dried with anhydrous magne-

sium sulfate. The ether was removed on a rotatory evaporator. No yield

' ~ wWas determined because not all of the 1,4-dioxane could be removed. Mass

spectral analysis of the 3,3-d2-2-norbornanone“which was collected by
preparative glpc (IV, 150°C), gavé a molecular ion at m/e = 112 in agree-
ment with the empirical formula C7H8D20, and 1t shqwed: dD = 1.4%; d1 =
2.1%; d2 = 96.5%. Analytical glpc (II, 150°C) showed that only one pro-

duct was preseﬁt. ' '

ii) Reduction of 3,3-d,-2-Norbornanone with Lithium Aluminium

Deuteride
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To a meéhanically stifred:slurry of lithium aluminium;geuteride
' (1.35 g., 0.0322 mole) and anhydrous ether:(ZS ml.) at room femﬁerature in
a 100 ml. round bottom flask was added dropwise the‘3,3-d&-2-norbornanone
di;solved in anhydrous ether (25 ml.). After‘stirring for geventy~eight
hours, the mixture was worked up by slowly adding distille& water (25.ml.)
followed by adding 10% hydrochloric acid (25 ml.). Tﬁis mixturé was ex-
tracted with anhydrous ether (4X75:m1.). “The COmbiﬁed etﬁer extracfs were
dried with anhydrous magnesium sulfate followed by removal of the efher.
The yield of 2,3,S-ds-endb-z—nobernano; and its exo-2-isomer (5.8 g.,
0.0504 mole) from norcamphor (7.1., 0.b645 mole) waé_78%. No acéﬁrate
“deuterium analysis of the alcohols was possible due éo the numerous peaks-
about the very weak molecular ioﬁ in the mass spectrum of the two alco-

hols. An acetylation was performed to determine the deuterium content.

iii) &cetyiation of 2,3,3-d3-Endb-2~norbornanol and its Exo-2-

isomer

. Pyridine ({2 ml.), acetic.anhydride (28 ml.) and 2,3,3-d3~endb~zv
norbornanol and its exo;2-isomer 86.140 g.) were mechanicaily stirred at )
rbom temperature for twenty-four hours in a 100 ml. round bottom flask.
The'work‘up involved adding crushed ice (50 hl.), then extracting the mix-
ture with anhydrous ether (2X40 ml.); washing the combined ether extracts
with dilute 5% hydrochlorlc acid solution (2X40 ml. ), washlng with dzlute
5% sodlum bicarbonate solution (2X40 ml.) and washlng w1th distilled water .
(2X40 ml.). The ether solution was dried over anhydrous magnesium sulfate

followed by evaporation of the etheér. Mass spectral anaiysis of both ac-

etates which were collected by preparative glpec (IV, 150°C), showed the
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deuterium content as follows: do = 0.0%; d1 = 1,2%; d2 = 3.5%; d3 =

96.5%. Analytical glpc analysis (II, 150°C) showed one major peak which

“contained the two isomeric acetates.

iv) 1ﬁeaction of 2,3,3—d3-Endo-2-norbornanol and its Exo-2-isomer

with Triphenylphosphine and Bromine in Diglyme

The procedure in references 27 and 28 was followed. A mixture of
213,S-ds-endb—Z-norbornanol and 2,3,S-ds-e;o-Z-porbqrnanol (4.0 g., 0.0348
mole), triphenylphosphine (9.5 g., 0.0378. mole), and diglyme (30 ml.) was
stirfed‘magnetically at room temperature in a 100 ml. round bottom flask
until a homogeneous solution was a;;ieved. The flask was fitted with a
thermom§ter, an inlet for dry nitrogen, and an equi-pressure separatory
funnel with a.calcium chloride drying tube. Bromine (5.3 g., 0.0322 mole)
in diglyme (20 ml.)} was added dropwise with the mixture kept below 15°C
as dry nitrogen was bubbled through it. After the addition, the mixture
which contained a white precipitate, was stirred fof one hour at 15°C .
followed by thevaddition of abso}ute ether (360 ml.). The white precipi-
tate was collected by suction filtration under dry nitrogen. Purification

. of the precipitate involved dissolving it in methylene chloride (S0 ml.),

" filtering, then adding anhydrous ether (100 ml.) to the methyleme chloride.

The white precipitate was:2,3,3—d3-norbornqxytriphenylphoéphonium bromide.

v) Decomposition of 2,3,3-dS-Norb0rnoxytripﬁenylphosphonium

T
T

Bromide

The 2,3,S-ds-norbornoxytriphenylphosphonium bromide was pyrolyzed

under vacuum distillation (0.5-1.0 mm.} yieldiné a clear colourless dis-
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tillate which contained 2,3,3—d3—e:o-2-bromonorbornane and 2,3,3-d3-endb-

2-bromonorbornane. The-yield (3.5 g., 0.0196 mole) from the alcohols was

56%.

By comparing the nmr spectrum of exa-Z-bro@onorbornane with the
nor spectrum (neat) of the mixture ofﬂ2,3,§-d3-exa-2—brdmonorbo;nape .
(113) and 2,3,3-d3-endo—2-bromonorbornane (114}, it was shqwn that at/
least 95% deuterium incorporation occurred at the foliowing positions;
endo-C-2-H of 113, exo-C-2-H of 114, exo-C-3-H of 113 and of 114, and
endo-é—S-H of 113 and of 114.  The nmr spectrum (60 MHz., TMS) of the mix-
ture of 113 and liﬁ_shoﬁéd the following signals; & 3.88(;e§idual multi-
plet, exo-C-2-H of 114 and endo-C-2-H of 113, both less than 5% 1H), 2.47
(broad singlet, C-1-H, 1H), 2.27(broad singlet, C-4-H, 1H), 2.00(residual
multiplet, exo-C-3-H and endo-C-3-H, less than 5% ZHI, and 1.83-1.03(no?-

bornyl envelope, exo- and endo-C-5-H, exo- and endo-C-6-H, C-7-H's, 6H).

vi} Reaction of 2,3,3—d3-Exo—2-bromonorbornane and its Endo-2-

isomer with an Approximately 1M Solution of Potassium t-bu-

toxide in t-Butanol

2,3,3-d3—Emo-2—bromonorbornane and its endo-2-isomer (3.5 g.,
0.0196 m&ie) and an approximately 1M solution of potassium t-butoxide in
t-butanol were heated on a steam bath in a sealed tube for four days. A
white precipitate £§Ttassium bromide) formed during the reaction. The
mixture was poured into a 250 ml. round bottom flask containing distilled
water flOO ml.), Dry nitrogen was bubbled throughout the flask which led
to a water trap, a potassium hydroxide trap, and finally to glass tubes

which were cooled by dry ice. The 2,3-dé-norbornene (107) was sealed in
o
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the glass tubes. The yield of 2,3-d,-norbornene (0.89 g., 0.00Qi mole)
was 47%. A sample collected by preﬁarative glpe (IV, 150°C) for mass
spectral analysis showed a ﬁolecular ion at m/e = 96 corresponding to the
empirical formula CTHSDZ' The following excess deuterium content was
found to exist in 107: d_ = 0.3%; d) = 1.7%; d, = 93%; dg = 5.0%; or
2.03 excess deuterium atoms per molecule. The nmr -spectrum (nmr-1, 60MHzZ) -
of 107 showed the following signals; & 5.96(residual Friplet, C—Z-H.and
C-3-H, less than 5% 2H), & 2.83(broad singlet, C-1-H and C-4-H, ), -
1.80-0.77{norbornyl envelope, exo- and endo-C-5-H, ezo- and endo-C-6-H,

C-7-H's, 6H).

2} Synthesis of Exo: and Endo-5-chloronorbornene

Vinyl chloride (11.7 g., 0.187 mole) and freshly distilled cyclo-
pentadiene (8.8 g., 0.133 mole) were sealed under vacuum at liquid nitro-
gen temperature in a glass tube. The sealed tube was placed in a steel
bomb containing pentane (100 ml.). The reaction was carried out for 15
hours at 220°C. The exo- and endo-5-chloronorbornene were co}lected by
vacuum distillation (b.p. 95-97°C at 54-59 mm.).‘ The yield of exo- and

endo-5-chloronorbornene was 60% (10.4 g., 0.0803 mole). Mass spectral

"~“ analysis showed a molecular ion at m/e.= 128, 130 cdrresponding to the

émpirical formula CYH9C1. Analytical glpc analysis (I, 90°C) showed two
major products. The integration of the nmr spectrum of the distilled
mixture showed that exo-C-5-H to endo-C-5-H waé in the ratio of 7 : 5
indicating that -the ratio of ezo—s-;blorqnorbornene to endo-5-chloronor-
: porngne was 42 & 58. The nmr spectrum (60 MHz., CC14 aﬁd T™S) of the
mixture showed; & 6.17(broad multiplet, olefinic-H's of exo- and endo-
5-chloronorbornene, 4H), & 4.42(quintet,‘3=3.0, 5.0, 4.0, 3.0 Hz., exo-C-

o
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5-H ofkendo—s-chloronorbornene, 1H), 3.87(triplet with fine sﬁiitting, J =
6, 4 Hz., endb—C-S—H of exo-5-chloronorbornene, 1H), 3.23(broad singlet,.

C-4-H of endo-s—;hloronorbornene, 1H), 2.98(broad singlet, C-1-H of endo-

5-chloronorbornene, C-1-H and C-4-H of exo-5-chloronorbornene, 3H),_6 2,33
(septet, J = 4.0, 4.5, 3.5, 4.0, 4.5, 3.5 Hz., exo-C-6-H of endo-5-chloro-
norbormene, 1H), 2.07-1.05(norbornyl envelope, C-7-H's_of exo- and enég—§jr
chioronorbornene, endo—C—ﬁ—H's of exo- and endb;Sfchloronorbbrnene, exo-C-

6-H of exo-5-chloronorbornene, 7H).

3) Synthesis of Exo- and Endo-5-bromonorbornene

Vinyl bromide (12.0 g., 0.112 mole) and cyclopentadiene (5.0 g-,
.0.0756 mole) were sealed under vécuum at liquid nitrogen femperature in a
glass tube. Thewglass tube with itS contents was heated in a st§e1 bomb
containing pentﬁne‘(lOO mi.) for -12 hours at 220°C. The reaction products
were distilled under vacuum, and the exo- and endo-5-bromonorbornene were
collected at 72-75°C (20 mm.}. Mass spectral analysis of the bromides
showed a molecular ion at m/e = 172, 174 corresponding to the empirical
formula C7H9Br. Analytical.glpc‘anaiysis (I, 100°C) showed two major pIo-
ducts. The yield of exo- and endo-S-bromonorbornene'was 53% (6.93 g.,
0.0401 mole). Nmr integration of the nmr spectrum of the products showed
that the zatio of ezo-C-5-H to endo-C-5-H was 4 @ 5 indicating that there
was about 4;% endo-5-bromonorbornene and 56% exo-S—bromono?ﬁornene. The
nur spectrum (60 Miz., THS) of the distilled products showed: § 6.15 (broad
multiplet, olefinic-H's of exo- and of ‘endo-5~bromonorbornene, 4H), & 4.27
(quintet, J = 4i0, 4.&? 4.5, 4.0 Hz., sxo-Clg;H of endo—s—bfdmonorbornene,
1H), 3.70(broad multiplet, endo-C-5-H of eﬁo—s-bfomonorbornene, 1H), 3.05

~

T
\-.
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(broad singlet, C-4-H of exo- and of endo- 5-bromonorbornene, 2H), & 2.82
(broad singlet, C-1-H of exo- and of endo-5-bromonorbornene, 2H), and & .

2.43-1.08(norbornyl envelope, C-7-H's of exo- and of endo-S-bromonorbor-

nene, exo- and endo-C-6-H's of exo~ and of endo-s-bromonorborneng, 8H) .

4) Synthesis of Exo-2-chloronorbornane

Norbornene (7.0 g., 0.074 mole) and pentane (7 ml.) weré added to

a 50 ml. Tound bottom flask and cooled to -78°C by an acetone dry ice bath,
To this magnetically stirred solution was bubbled hydrogen chloride for one

. - | 2
hour. 3° The work up involved washing with distilled water (2X25 ml.), with

dilute sodium bicarbonate solution (2X25 ml.), with distilled water (2X25

ml.) then dried with anhydrous magnesium sulfate. The solvent was distili—

.ed: off. Yield of exo-2-chloronorbornane was 63% (6.0g.). Mass spectral

analysis showed a molecular ion at m/e = 130, 132 corresponding to the em-
pirical'formulaVC7H11C1. The nmr spectrum (§0.Mﬂz., TMS) of the ex&—z-
chloronorbornane was identical to the nmr spectrum (60 MHz., TMS) of the
9:042-chloron?£gornane produced in the large scale reaction of chlorine
and norbornene in acetic acid. The nmr spectrum (60 MHz., TMS) of exo-2-
chloronorbornane showed; & 3.83(triplet with fine splitting, J= 5.0, 5.0
Hz., endo-C-2-H, 1H), 2.45-2.20(broad singlet, C-1-H and C-4-H, 2H), and
é.OO-O.QO(norbornyl envelope, exo- and endo-C-3-H, exo- and endb-é-S-H,

exo- and endo-C-6-H, syn-C-7-H, and anti-C-7-H, 8H).

5) Synthesis of Endo-2-chlorcnorbornane

' 2-Chloronorbornene (1.4 g., 0.011 mole), potassium diimide  (di-
potassium azodicarboxylate, 4.3 g., 0.023 mole), and absolute methanol

(16 ml.) were stirred magnetically in a three necked 50 ml. round bottom
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flask. To the yellow slurry was added dropwise acétic acid until a colour-
less liquid was produced. The methanol was distilled off at 65°C using a
Vigreux colum (4"). Analytical glpc analysis (II, 150°Cj showed one major
product. The nmr spectrum (60 MHz., C$2 and TMS)} of the major prdductlwas
identical to that reported in the literature for endb-Z-chlorpnorbornaﬁE,
and it showed the”following”ébsorptions; § 4.10(broad,muitip1et, exo-C-2-
H, 1H) and 2.40-1.03(norbornyl envelope, C-1-H, exo- ;nd end?-C-S-H, C-4-H,
exo- and-endb-C-S—H, exo- and endo-C-6-H, syn-C-7-H, and anti-C-7-H, 10H).
The mass spectrum of the major product showed a molecular ion at m/e = 130,

132 corresponding to the empirical formula CH, ,C1.

E. Chlorination of Norbornmene

1) Large Scale Reaction of Norbornene and Equal Molar Pvridine with

Chlorine in Methylene Chloride

Norbornene (35.0 g., 0.372 mdle), pyridiné (29.4 g., 0.3?2 mole),
and freshly distilled methylene chloride (200 ml.) were dissoived in a
‘three ﬁecked 500 ml. round bottom flésk. This magnetically stirred solu-
tien, with dry nitrogen being bubbled through it; was kept at 0°C by an .~
ice water and salt bath while chlofine dissolved in freshly distilled
'methyléne chloride (200 ml;) w#s added déopwise in the dark for one hopfﬂ_
After the addition of chlorine, the work up involved washing with:dilu;e
sodium thiosulfate solution (3X25ﬁ ml.), washing with dilute hydrochloric
acid (3X250 ml.), washing with distilled water (3X250 ml.), and drying
with anhydrous magnesium sulfate followed by evaporation of the methylene
chloride. Analytical glpc analysis (I, 150°C) indicated eight major pro-

ducts were present. .The reaction mixture was separated into many frac-

{
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tions by spinning band distillation under vacuum. Since each fraction
contained at least two components, preparative glpe (III, 165°C) was used
to collect pure fractions for nmr and mass spectral anélysis. Only six
of the eight products were ideniified, and they are listed in order of
increasing retention time (rt) as follows; 3~ch10rono;tricyc1ene (41)

(r, = l.d min.), trans—z,3—dich}9ronorb9rjan¢”(ié).(rt = 2.4 min.), atti-

t

7-exo-2-dichloronorbornane (115) (rt'= 3.2 min.), exo,exo—2,3-dichioronof—
bormane (44) (r, = 6.5 min.), syn-7-ezo-2-dichloronorbornane (ﬂg)'(rt =
é.O'min.), and-endb,éndb—3,S-dichloronortricyclene'Tllg) (rt = 12.1 min.}.
The two products'at r, = 4.0 and 14.1 min. were not identified beéause.

they were not collected in high enough yield in order to record their

spectra.

The nmr spectrum (60 MHz., CCl4 and TMS) of 41 showed; § 3.93
(singlet, C-3-H, 1H), 2.20(broad singlet overlapping with low field por-
tion of doublet of syn-C-7-H to chloride, C-4-H, 1.36H), § 2.10(high field
portion of syn-C-7-H to chloride dohblet, 0.64H), and 1.60-1.06(broad mﬁl—
tiplet, C-1-H, C-2-H, C-5-H, C-5-H, C-6-H, anti-C-7-H to chloride, 6H),

and its mass spectrum showed a molecular ion at m/e = 128, 130.

The nmr spectrum (60 Miz., CS, and TMS) of 43 showed; § 4.13(trip-
let with fine splitting, emo-C-2-H, 1H), 3.57(triplet, endo-C;3-H, 1H),
2.37(broad singlet, C-1-H and C-4-H, 2H), and 6 2.13-1.06 (norbornyl enve-
ldpe, exo- and endo-C-5-H, exo- and endb-C-&-H,'syn-C—7-H, and ati-C-7-H,

6H) and its mass spectrum showed 2 molecular ion at m/e = 164, 166, -168.

e

The nnr_spectrum (60 Miz., CS, and TMS) of 115 showed; & 4.28
(singlet, syn-C-7-H, 1H), 3.82(a doublet of doublets, endo-C-2-H, 1H), 2.33

{broad singlet, C-1-H and C-4-H, 2H}, and § 2.20-1.00(norbornyl envelope,
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exo- and endo-C-3-H, exo- and endo-C-5-H, exo- and gndo-g-ﬁ-H, 6H), and

its mass spectrum showed a molecular lon at m/e = 164, 166, 168.

The nmr spectrum (60 MHz:, CS2 and TMS) of 44 showed; & 3.87

- (doublet, J = 1 Hz., endo-C-2-H and endo-C-3-H, 2H), 6 2.38(broad singlet,

C-1-H and C-4-H, 2H), and § 2.18-1. OS(norbornyl envelope, exo- and endo- -C-
5] H exo- and endo C- 6 H, syn- C 7-H, and anti-C-7-H, 6H), and its mass

spectrum showed a molecular ion at m/e = 164, 166, 168.

The nmr spectrum (60 MHz., CS and TMS) of 42 showed; & 3.93(sing-
let, anti-C-7-H, 1H), 4.07-3.77fbroad multiplet overlapped by anti-C-7-H
singlet, endo-C-2-H, IH), 2.67-1.03(n0fborny1 envelope, C-1-H, exo- and
endbe-S-H, C-4-H, exo- and endo-C-S-H,_exo- and endo-C-6-H, 8H), and

its mass spectrum showed a molecular ion at m/e = 164, 166, 168.

The nmr spectrum (60 MHz., CS2 and TMS) of 116 showed; § 4.00

(singlet, endo-C-3-H and endo-C-5-H, 2H), § 2.30(broad singlet, C-4-H, 1H),

1.68(doublet, J = 5 Hz., C-7-H and C-7-H both of which are coupled to a
cyclopropyl hydrogen, 2H), & 1.42(broad singlet, C-1-H, C-2-H, C-6-H,

3H), and its mass spectrum showed a molecular ion at 162, 164, 166.

2) Large Scale Reaction of Norbommene with Chlorine in Acetic Acid .

In a three necked 500 ml. round bottom flask were added norbornene
(6.0 g., 0.646 mole) and dried acetic apid (100 ml.). The flask was sur-'
rounded with tin foil and kept at 25°C thle a solutiﬁn of chlorine dis-
salved in acetlc acid (100 ml.)' was added dropw1se in the dark with dry
nitrogen belng bubbled throughout the norbornene solution. After the

addition, dilute sodium thiosulfate (100 ml.) was stirred in followed by
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extraction of the acetic acid and water solution with pentane (3X100 ml.),
saturation of the acetic acid and water solution with sodium chloride,
then re-extraction with pentane (2X100 ml.). The combined pentane ex-
tracts were washed with dilute sodium thiosulfate solution (2X250 ml.),
with sodium bicarbonate solution (3X250 ml.), and with distilled water
(3X200 ml.). The pentane solution was dried with anhydrous magnesium
. sulfate, then evaporated off. Analytical glpc analysis (I, 150°C) indi-
cated that thére were ten products. The fe#ction mixture was separated
into many fractions by spinning band distillation under vacuunm. Nd frac-
tion con;éined a pure component; so, preparative glpc (III? 165°C) was
.ﬁseq to coliect_pure components for nmr and mass spgctral analysis. Only -
.nine 5f'tﬁe'ten products were identified, and they are listed in order of
increasing reteption time (rt);‘ exo-2-chloronorbornane (120) (rt = 0.8
min;), 3-chloronortricyclene (41} (rt = 1.0 min.), exo-z-norbqrnyl acetate
(121) (rt = 1.8 min;), tran8—2,3-dich10ronorbo£nane (43) (rt = 2.4 min.)},
anti-7-emv-2-dichloronorbornanp-(ll§) (rt = 3.2 min.), antt-7-chloro-exo-
2-norbornyl acgtate (122 (rt = 6.9 min.), syn-7-exo-2-dichloronorbornane
(42) (rt = 8.0 min.}, syn-7-chioro—exo-2-norbornyl-acetate (123) (rt = 9,2
min.), and endo,endo-3,5-dichloronortricyclene (116) (r, = 12.1 min.).

The product at r_ = 4.0 min. was not identified because it was not collect-

t
ed in high enough yield to record its spectra. There was no nmr spectrum
obtained for 116, But it had a similiar retentioﬁ time to that of endo,

: endb-3;5-dichloronortriciﬁlene (llé) produced from the chlorination of ﬁor-
bornene in methylene chloride. The nmr and mass spectra of 41, 43, 115,

44, and 42 were-identical to that of 41, 43, 115, 44, and 42 respectively

ﬁroduced from the-chlorination of norbornene in methylene chloride.
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‘The nmr spectrum (60 Miz., TMS) of 120 indicated § 3.83(triplet
with fine splitting, J =5.0, 5.0 Hz., endo-C-Z-H 1H), 2.45-2. 20(broad
singlet, C-1-H and C 4-H, 2H), and § 2.00-0. 90(norbornyl envelope exo-
and endo-C-3-H, exo- and endo-C- 5-H, exo- and endo-C-6-H, syn-C-7-H, and
anti-C-7-H, 8H), “and its mass spectrum revealed a molecular ién at m/e

= 130, 132. | K

The nmr spectrum (60 MHz., CS and TMS) of 121 1nd1cated S 4.40
(broad multiplet, endo-C-2-H, 1H), 2.18(broad singlet, C-1-H and C- 4 H,
2H), & 1. 85(sharp singlet, methyl protons, 3H), and & 1.67-0. 97 (norbornyl
envelope, exo- and endo-C-3-H, exo-and endo-C-5-H, exo- and endo-C-6-H,
8ynC 7-H, and anti-C-7-H, BH), and its mass spectium revealed a molecu-

lar ion at m/e = 154,

The nmr spectrum (60 Miz., csé and TMS) of 122 indicated; § 4.52
(quartet, J = 3.0, 4.0, 3.0, endo-C-2-H, 1H), 4.03(singlet, ayn-C-7-H, 1H),
2.23(broad singlet, C-1-H and C-4-H, 2H); & 1.92(sharp singlet, methyl
protons from acetate, 3H), and & 2.08'-1.00(nort;omy1 envelope, exo- and
endo-C-S‘—H,‘ exo- and endo-C-5-H, exo- and endo-C-6-H, 6H), and its mass

'
spectrum revealed'a molecular ion at m/e = 188, 190.

The nmr spectrum (60 MHz. - CS and TMS) of 123 indicated; & 4.50
broad multiplet, endo-C-2-H, 1H), 3. 82(doub1et with fine spllttlng, J=1
Hz., anti-C-7-H, 1H), 2.47-2.17(broad singlet, ClHa.ndC4H 2H), § |
1.90(sharp singlet, methyl protons of‘acetate, ‘3H), and § 2.13-1.03(nor—
bornyl envelope, exo- and endo-C-3-H, exo- and endo-C-5-H, exo- and endo-
C-6-H, 6H), and its mass spectrum revealed a molecular ion at m/e = 188,

190,
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3) Chlorination of NorborneneAin Methylene Chloride

The procedure was similiar-to that of the large scale reaction of
norbornene and equal molar pyridine w1th chlorine in methylene chloride,
except no washing with dilute hydrochloric acid was performed The follow--
ing quantltles were used; mnorbornene (0. 0578 g., 2.45 X 107 b{/z) and-
methylene chloride (2X25 ml.}. Analytlcal glpc analy51s (I, 150°C) indi-
cated that there were eight products with identical retention times to the
eight products from the large scale reaction inﬂmethylene chloride. -Sik

products, therefore, were assumed to be 41, 43, 115, 44, 42, and 116 with

_—.——-.—-

-

two unidentified products.
e

L t
4) Chlorination of Norbomene and Equal Molar Pyridine in Methylene

Chloride

The procedure was similiar to .that of the large scale reactioﬁ of
norbornene and.equal molar pyridine with chlorine. in methylene chloride.
The following quantities were used; norbornene (20 mg., 2.18 X 10'2ﬁ1/z),
pyridine (17.2 mg., 2.18 X 10-251/1)} and mefhylene c@loride (2X10 ml.).
Analytical glpc analysis (1, 150“C) jndicated that there were eight pro-
Jucts with identical retention times to the eight products from the large
scale reaction in methyiene chloride. Six products, therefore, weré as-

5umed to be 41, 43, 115, 44, 42, and 116 with two unidentified products.

—-———-—-—-—

5) Chlorination of Norbormene and Ten Times Molar Pyridine in Methylene

Chloride

" The procedure was similiar to that of the large scale reaction of

norbornene and equal molar pyridine with chlorine in methylene chloride.
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The following quantities -were used norbornene (20.7 mg., 2.2 X 10"4

‘2 X 10 mole)r and methylene chloride (2 X

_mole), pyrldlne (174.0 mg s 2
10 ml.). Analytical glpc analysis (I, 150°C) indicated that there were

eigpt product5~with identical.retentiﬁn times to the eight products from
the large scale reactién'in methylene‘chloride. Six products, éherefore,

were assumed to be 41, 43, 115, 44, 42 and 116 Wlth two un1dent1f1ed

“products.

6) Chlorination of Norbormene and Equal Molar Pyridine in Carbon Tetra-

Chloride

The procedure was similiar to that of the large scale reaction of

norbornene and equal molar pyridine with chlorine.in methylene chloride.

The following quantities were used; norbornene (17.3 mg., 1.80 X 10-'4

-4 &

mole}, pyridine (14.6 ul., 1.80 X 10”7 mole), and carboﬁ tetrachloride (2

X2,3 ml.). Analytical glpe analyéis (I, 150°C) indicated that there were

eight products with identical retention times to the eight products from

the large scale reaction in methylene chloride. Slx products, therefore,

ducts. ' . ; )

7) Chlorination of Norbornene in Acetic Acid

-~

The procedure was similiar to that of the large scale reactibn of
chlorine with norbormene in aqetic acid. The following quantities were
used; norbornene (60 mg., 12.7 X lo-znf/Z) and dried acetic aci& (2x20
ml.). Analytical glpc‘analyéis (I, 150°C) indicated that there were

eight products with-identical retention times to eight out of the ten

products from the iarge scale reaction in acetic acid. Seven of the pro-
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ducts in the small scale reaction were assumed to be 41, 43, 115, 122, 42,
123, and 116 because of the similiarity of their reaction times to the
corresponding products in the large scale reaction. The eighth product was

unidentified in both reactions.

1) Large Scale Bromination of Norbornene in Acetic Acid

Norbornene (30.5 g., 0.319 mole) aud dried acetic acid (200’ml.)
were placed in a 500 ml. three necked flask whith was surrouuded with tin
foil. Dry nltrogeh was. bubbled throughout the meehanieally stirred solu-
tion which was kept at 25°C, while bromine (58 g.; 0.363 mole) dissolved
in drled acetic acid (200 ml.,) was added dropwise iu‘the dark for one
hour. After the addﬁtlon, the reaction mixture was worked up by adding
dilute eodium thiosulfate solution (100 ml), extracting the acetic acid
and water mixture with‘;entane (3X200 ml.,), saturating tﬁe acetic acid
and water'mixture with sodium chloride, then re-extracting with pentane
(2X250 ml.)- The combined pentane layers were washed with dilute sodium
thiosulfate solution (2X250 ml.), with sodium bicarbonate solution (3X
250 ml.,), and with dlstllled water (3X250 ml.}. The pentane was drled
'with anhydrous magne51ug sulfate. The solvent was removed by a Roto-
vaporator. Analytical glpc anaiysis (1, 150°C) showed eight uroducts.
The Teaction mixture was distilled under vacuum with a spinning baud.

All the fractions contained at least two components. Since i‘t was im-
possible to obtaln pure compounds by the spinning band distillation,

various fractions were selected for separatlon by preparative glpc (111,

165°C). A nmr spectrum of each collected peak was recorded after analy-



tical glpc (I, IS0°C) analysis indicated at least a 95% pure collected
component. A mass si:ectrufn of each collected peak was :also recorded.
There was not enough compound coliecteﬂd"of the sixth eluted component to
! | - '

obtain any spectra.

The seven ide;xtified prodﬁcts Qere ea:o-Z;brontlonorborna.ne (27)

(rt_= 1.1 min.),-3-bromo.nortricyc1ene (28) tr't = 1.4 min.), -f:r-cm.e--.‘z,Z’:-rJ
. dibromonorbornane (29) (r, = 4.8 min.), ant;i-7‘-e:c'o-2—;libromonorbornane
(30) '(rt = 6.1 min.), @ti-'/-bmmo-emo—iz-norbomy'l acet‘ate (124) (rt =
8.1 nﬁ.n.), gyn-7-bromo-exo-2-norbornyl acetate (125) (rt = 10.5 min.), |
and 8yn—7~ewb—27dibromonorﬁomane (33) (r, = 15.2 min.). The compound
at T, = 8.7 min. was not identified due,j:o insﬁff-icient quantity neces-

sary in order to obtafh a nmr spectrum.

The nmr spectrum (60 MHz., TMS) of 27 showed;’, § 3.88Cb'mad mul-
tiplet, endo-C-2-H, 1H), 2.47(broad singlet, C-1-H, 1H), 2.27(broad sing-
let, C-4-H, 1H), 2.00£broad multiplet, ezo- and endo-G-3-H, 2H), and &

1.83-1.03(broad multiplet, exo- and endo-C25-H, axo- and endo-C-6-H, syn-

C-7-H, and anti-C-7-H, 6H )}, and its mass ~5pect'rum rqvealed a m'o.lec;jular .

ion at m/e = 174, 176. .
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©,  The nmr spectrum (60 Miz., THS) of 28 showed; & 3.87(broad sing-’

let, C-3-H, 1H), 2.08(broad singlet overlapping with low field portion of
doublet of C-7£H syn to bromide, C-4-H, 1.36H), 6 2.00(high field portion
of doublet,

C-1-H, C-2-H)} C-6-H, C-5-H, C-S-—H, and a:n-ti-C-'l-H, 6H), and its mass
‘molecular ion ét m/e = 172. 174.

spectrum showed.
' 3

The nmr spectrum (60 MHz., TMS) of 29 indicated; 6\'4.38(mu1-t;i_
. | T oy

PG
B

-7-H ayn to bromide, 0.64H), and 1.60-1.06(broad multiplet,’
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plet, exo-C-3-H coupled to endo-C-2-H (J=3Hz.) and to C-1-H with slight W
.coupling to exo-C-5-H, 1H), 3.?7(trip1et, endo-C-2-H coupled to exo-C-3-H
(J=3Hz.), 1H), 2.42(broad multiplet, C-1-H and C-4-H, 2H), and ¢ 2.1§i1.io
(norﬂornyl envelope, exo- and endo-C-5-H, exo- and endo-C—g;H, syn-C-7-H,
and anti-C-7-H, 6H}, ~ and its mass spectrum indicated a, molecular ion at .

m/e = 252, 254, 256.

The nmr spectrum (60 MHz., CS, and TMS} of 30 indicated; ¢ 4.35

2
(broad singlet, syn-C-7-H, 1H), 3.88(multiplet, endo-C-2-H, 1H), 2.50

(broad multiplet, C-1-H and C-4-H, 2H), and § 2.18-1.10(norbornyl envelope, }
emo—‘ahd endo-C-5-H, exo- and endo-C-6-H, exo- and endo-C-3-H, 6H), and

its mass-spectrum revealed a molecular ion at m/e = 252, 254, 256.

The nmf'sﬁeétrum (60’ﬁﬂz.,_C52 and TMS) of ;gﬁ!shgwed; § 4.60
(quartét, J = 4.0,‘5.0; 4.0 Hz. coupled to exo- and endo-C-3-H, ehdb-c-z—,
H, 1H), 4.12(broad singlet, syn-C-7-H, 1H), 2.33(broad singlet, C-1-H and
C-4-H, 2H), & 1.90(singlet, methyl-protons of acetate.;roup, 3H), and &
2.17—0.83(norborny1‘envelope, exo- and endo-C-3-H, exo- and endo-C-5-H,

w0
exo- and endo-C-6-H, 6H), and its mass spectrum revealed a molecular ion

at m/e. = 232, 234, ¢

_The nmr spectrum (60 Miz., C52 and TMS) of 125 showed; & 4.60
(mﬁltipiet, endo-C-2-H, 1H), 3.85(broad peak, anti-C-?-H, 1H), 2.50(broad
singlet,'C-l-H, 1H), 2.37(broad singlet, C-4-H, 1H), 1.92(sharp singlet,
methyl protons of ace;éte group, 3H), and & 2.26-1.00(norborny1 éhVelope,
exo- and endo-C-3-H, sxo- and endo-C-5-H, ero- and endo-C-6-H, 6H), and

its mass sggctfum revealed a molecular'ion at m/e - 232, 234.

The nmr spectrum (60 MHz., 052 and TMS) of 33 showed; ¢ 3.93

S
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(singlet, anti-C-7-H, 1H), 3.90(doublet of doublets, endo-C-2-H, 1H), 2.67
(broad singlet, C-1-H and. ezo-C-3-H, 2H), 6 2.37(broad singlet, C-4-H, 1H),
and 2.40—0.97(norbo;ny1 envelope, enﬁb—C-3-H, exo- and‘endb-C—S—H, gxo- and
"endo-C-6-H, SH), and its mass spectrum revealed.a molecular ion at m/e =

252, 254, 256. -

2) Bromination of Norbornene in Acetic Acid

a

The procedure was similiar to th#t of the large scale bromination
of norbormene in acetic acid. The following quantities were used; norbor-
nene (19.7 mg., 2.62 X 1072 #/1) and dried acetic acid (2X8.0 m1.). Ana-
1ytidal glpe (I, 150°C) analysis indicated that there were eight products
whose retention timeé-were gimiliér to the products of the.large scale re-

action. The seven products were assumed. to be 27, 28, 29, 30, 124, 125,

and 33.

-

3) Bromination of Norbornene in Methylene Chloride

Norbornene (51.7 mg., 2.2 X 10” kVZ\ ﬁnd dried methylene chloride
(25 ml.) were placed in a 125 ml. round bottom flask which was surrounded
with tin foil. Dry nitrogen was bubbled through the mechanically stirred
solution whlch was kept at about 0°C by an ice, water, and salt bath whlle
bromine (88.0 mg.; 2.2 X 10° A?Z) dissolved in dried methylene chloride
(25 ml.,) was added dropwlse in the défk for fifteen minutes. After the
addi;ion, dried methylene chloride (50 ml.) was addqd. The mixture ﬂag
worked up by washing with dilute sodium thiosulfate solution (2X50 ml.),
and washing with distilled water (2X50 ml.).- The ﬁethyleﬁe éhldride solu-

tion was dried with anhydrous magnesium sulfate, followed by removal of
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most of the methylene chloridé by a Rotovapqrqgfr. Analytica} glpc analy-
sis (I,.150°C) showed seven major products. Comparison of retention times
with the large scale bromination of norbornene_in acetic acid indicated
that the-firs£ four products in both reactions were identicai and that the
last product was identical. Each pure component from the large scale re-
action was mixed individually with the reaction mixture of the bromination
of norbomene in methylene chloride in order.to further verify the identi-
ty of'products. The results were consistent with the above identification.
.fhe fifth and‘sixth eluted products were idghtified by compafison of re-
ported32 retention times. The seven products and their ;eténtion times
are listed in order of %gcreasing retention time; ezo-Z-bromonqrbornane
27 (r, = 1.1 min.), 3_-bromonortricyc1ene (28) (r, = 1.4.mi'n.), trans-
2,3-dibromonorbornane (29) (rt = 4.8 min.), mtivY-eio-g—dibmmonorbomane
(30} (ri = 6;1 min.}, endo-S-exo-2-dibromonorbornane . (31) (rt = 7.8 min.),
exo,exo-2,5-dibromonorbornane (32) (rt = 8.7 min.), and syn-7-exo-2-di-

bromonorbornane (33) (rt = 15.2 min.).

*

4) Bromination-of Norbomene and Equal Molar Pyridine in Methylene

Chloride

The procedure was identical to that of the broﬁination of norbor- -
nene in methylene chloride except that the work up in;luded washing with
dilute hydrochloric acid {3X50 ml.) after washing with dilute sodium
thiosulfate. The concentrations used were as follows; norbornene (58.0
mg., 2.46 X 1072 4/7), pyridine (54.0 mg., 2.73 X 1072 M/1), bromine
(1d6.0 ﬁg., 2.65 X 10-2 M/1), and methylene chloride (2X25 ml.). Analy-

tical glpc analysis (I, 150°C) indicated that there were seven products
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with identical retention.times to that obtained in the reaction of bromine
with norbornene in methylene chloride. The seven products were assumed to

be 27, 28, 29, 30, 31, 32, and 33.

-.-—..--—-......——..—

5) Bromination of Norbornene and Ten Times Molar Pyridine in Methylene

Chloride : . -

The procedure was identical to that of the bromination of norbor-
nene and equal molar pyridine in methylene chloride. The following-con-
centrations were used; norbornene (56.0 mg., 2.38 X 10-2-M/Z), pyridine
(0.468 g., 23.70 X 10‘2wz), b-romine (120 mg., 2.50 X 1072 4/1), and’
methylene chloride (2X30 ml.). Analytical glpc analysis (I, 150°C) indi-
cated that there were seven products with ideﬁtical Tetention times to
that obtained in the reaction of bromine with norbornene in metﬁylene
chloride. The seven products were assumed to be 27, 28, 29, 30, 31, 32,

_...-—.._—_.——_-——.

and 33.

6) Bromination of Norbornene and Equal Molar Pyridine in Carbon Tetra-

Chloride
. )
<
The procedure was 1dent1cal to that of the bromlnatlon of norbor- -

nene and equal molar pyr1d1ne in methylene chloride. The following con-
centrations were used; norbornene (17.5 mg., 1.82 X 10-4 mdle), pyridine
(14.4 ul 1.82 X 10 mole) bromine (29 mg., 1.82 X 10 -4 mole), and car-
bon tetrachlorlde (2X10 ml. ) Analytical glpc aﬂéIysis (I, 150°C) indi-
cated that there were seven products with identical retention times to .
that obtained in the reaction of bromine with norbornene in methylene

chloride. The seven products were assumed to be 27, 28, 29, 30, 31, 32,

—.—-—.—.———_
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and 33.°

7) Bromination of Norbomene and Equal Molar 2,6-Lutidine in Methylene

_Chloride

The procedure was identical to that of the bromination of norbor- '
nene and equal molar pyridine in methylene chloride except 2,6-1utidine
was substituted forrpyridine. . The following quantitiesIWere used; nor-

. bomene (23.3 mg-, 2.48 X 1072 M7), 2,6-lutidine (26.5 mg., 2.48 X 1072
M /7y, bromine (39. 7 mg., 2.48 X 10 "2 M7}, and methylene chloride (2X10
ml.). Analyfical glpc analysis (I, 150°C) indicated that there were Seven
products with ;dentical retention times to that obtained in the Teaction
of brominé with norbornene in methylene chloride. The seven products were

assumed to be 27, 28, 29, 30, "31, 32, dnd 33.

_..___—-—--.—-—

6. Reaction of Iodine Honochlorihe with Norbormnene

1) Large Scale Reaction of Iodine Monochloride with Norbornene and Equél

Molar Pyridihe in Methylene Chloride

Norbornene (44.5 g., 0.47 mole), pyridine (38.5 ml.), and methyr
lene chloride (290 ml.) were added to a three necked one litre réﬁnd.bot-
tomed flask which was wrapped with tin foil. The mixture was stirred me-
chanically and cooled to 0°C by an 1ce, salt, and water bath. Iodine
monochlor1de (75 8 g., 0.47 mole) in methylene chloride (140 ml. ) was
added dropw1se to the mixture in the dark as dry nitrogen was bubbled
throughout the solution. After the a&dition, the mixture was allowed to
sit for_twenty minutes followed by a work up consisting of washing with

dilute sodium thiosulfate solution (3X200 mi.), washing with dilute hydro-
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chloric acid soiution (2X200 ml1.), washing with distilled water (2X200
ml.), then drying with anhydrous magnesium sulfate. The methylene chlor-
ide was removed by distillation through a Vigreux columm of lenght one
foot. Analyti;al glpc analysis (I, 150°C) showed broducts a£ r, = 3.60
min. 128, r, = 6.60 min. 129, T, = 7.30 min., and r_ = 11.0 min. 130.
Vacuum distillation through a vacuum jacketed Vigreux colum of lenght
1.5 feet gave fraction 1, g.p. 46-52°C (3.87mm.) containing 128 plus

some minor components; fraction 2, b.p. 56-58°C (3.6 mm.) containing 128
(90% pure by glpc.analysis); fractions 3 and 4, b.p. 48-50°C (2:5 mm.)
containing 129 and 130; fraction 5, b.p. 50-53° C (2 5 mm.) contalnlng 130
(95% pure by glpc ana1y51s), and fraction 6, b. p. 50- 56 C (2.5 . } con-
taining 130 (90% pure by glpc analysis). After the distillation, the red-
dish brown fractions were dissolved separately in ether and washed with
dilute sodium thiosulfate solution. The ether was distilled off and the
three components of r, = 3.60, 6.60, and 11.0 min. were collecfed by pre-

parative glpc analysis (III, 165°c).

’

Chemical reactions, nnr spectra, and mass 5pg;tfa were used to
identify the three major products as being S-iodonortricyclene'(lgg), exo-
Z—iodd-eﬁdo;2-chloronorbornane (129), and syn-7-iodo-exp-2-chlorenorbor-
nane (lgg). The nmr spectra 3; 4, and 5 of 128, 129, and 130 respectively
are described in the resuits. The overall yield was 75% (91.2 g., 0.356

oole).

2) Reaction of Exo-2-iodo-endo-3-chloronorbornane with Potassium

t-butoxide in t-Butanol . _ i

 Ezo-2-iodo-endo-3-chloronorbormane (128) (2.1 g., 90% of 129 and
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- 5% of unknogn) was dissolved in an approximately 1M solution of ﬁotassium
t-butoxide in g-buténol (55 ml.) in a 100 ml. flask fitted with a conden-
ser and a calcium chloride ﬁrying tube. The mixture was refluxed and
stirred for 3.5 hours at which time analytical glpe analysis (I, 150°C}
indicaped 58% completion'of reaction. The mixture was poured into dis-
tilled water (100 ml.} and extracted with ﬁent;ne (3X50'ml.), The pentane
layer was washed with water (4X100 ml.), dried with anhydrous magnesium
sulfate, and then the solvent was distilled off. The major peak was col-
lected by preparative glpé (I11, 150°C). Mass spectral analysis showed

a molécular~ioﬁ at m/e = 128, 130 correspondlng to the empirical formula
C7H9C1. From‘the nmr spectrum and the mass spectrum, the product was de-

termined to be 2—chloronorbornene {131]l

i The nmr spectrum (60 MHz., CCI4 and TMS) of 131 indicated the fol-
lowing absorptions; & 5.75(doublet, J = 3.5 Hz., olefinic-H, 1H), 2.85
(broad multiplet, C-1-H and C-4-H, 2H), and & 1.88-1.00(norbornyl envelope

exo- and endo-C-5-H, exo- and endo-C-6-H, gyn-C-7-H, and anti-C-7-H, 6H).

3) Lithium Aluminium Hydride Reduction of Exo-2-iodo-endo-3-chloronorbor-

nane

Lithiuwm aluminium hydfide (0.13 g., 0.00342 mole) and anhydrous
ether (25 ml.} were meﬁhanically stirreﬂ in 2 100 ml. round bottom flask.
To this was agded dropwise at room temperature using an equi-pressure
separatory fumnel, a mixture of producfs (0.80 g., 0.00313 mole, $0% of
129 and 10% unknoﬁn) and anhydrous ether (25 ml.). Afté% the addition,
the mixture was ‘tigred for fqrty-eighi hours. Work up involved quenching

with water (25 ml.). The ether layer_was dried with anhydrous magnesium
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sulfate, then 1t was distilled off. Analyt1cal glpc analysis (1,150° C)
jndicated that the reaction was 95% complete with one major product (90%)
Collectién of the maﬁor product by preparative glpc (111, 150 °C) followed
by mass spectral analysis showed a molecular ion at m/e = 130, 132 cor-
re5pond1ng to the empirical formula C7H11C1 The nmr spectrum of the ma-
jor product (60 MHz., CS2 and TMS) was identical to that of the nmr spec-
truﬁ'alfeady described of an authentic sample of endo-2- chloronorbornane

-(132) produced by the reduction of 2- chloronorbornene with diimide. Thus

the major product was endo-2- chloronorbornane (132}).

4) Reaction of Exo-2-iodo-endo-3-chloronorbornane with Tri-n-butyltin

hydride - .
: p:
To a mixture containing exo-2-iodo-endo-3-chloronorbornane (129)
and some unknown (1.0 g.', 90% of 129 and 10% of unknown) was added_tri-n-
butyltin hydride (1.1 g., 3.8 X 10-3 mole) in pentane (30 mil.) dropwise
at 25°C. After fhe-addition was complgte; the pentane layeT was.washed
with water (3X50 ml}), then dried with anhfdrous magnesium sulfate. The
analytical glpe (I, 150°C). showed that the reaction was 95% complete. The
pentane was disfilled through a Vigreux columﬁ of lenght six inches, and
fhe majér product was isolated by prepa;ativeAglpc (111, 150°C). The nmr
spectrum (60 Miz., CC14 and TMS) of the majotr product was identical to
that of endo-2-chloronorbornane (l§2)'. Some exo-2-chloronorbornane was

also present. The nmr spectTum of 132 was previously described when it

was synthesized.

5) Reaction of Syn—7-iodo-ezo-2-chloronorbornane with Potassium t-butoxide

in t-Butanol
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Syn-7-iodo-exo-2- chloronorbornane (130) (2.1 g., 95% of 130 and 5%
of unknown) was refluxed in an approximately IM solution of potasszum t-
butoxide in t-butanol (55 ml.}. Five aliquots were removed at 3. 7, 14.3,
19.5, 25.0, and 35.0 hours and- analyzed by analytlcal glpc (I, 150 C)
Three products T, = 2.0, 2.6, and 3.0 nlm. were present as well as minor
components (2%) atr, = I-1.5 and 2.4 min. There was a gradual decrease
in intensity of peaks at.r, = 10.2 130 and 3.0 min. and an increase in the
intensity of the peaksnnt r, = 2.0 and 2.6 min. After 36 hours, the solu-
tion was wo:ked up by first adding ice cold water (100 ml.), then the
solution was extracted with pentane.(SXSO ml.). The combined pentane was
washed with water (4X100 ml.), then dried with anhydrons nagnesium sulfate
folaned by nvaporation of the pentane. Analytlcal glpc analysis (II,
150 C) showed that 10% of the starting material remained with the rat1o
of products at T, = 2.0, 2.6, and 3.0 min. being 2 : 1 : 1. The three
components were isolated by preparative glpc (V, 130°C). The three‘major
products were identified as antz 7-t-butoxynorbornene (134 (r = 2.0
min.), endo-2-t- butoxytr1cyclo[4 1.0. 0 7 Jheptane (135) (r = 2.6 min.),

and syn-7- 1odonorbornene (133) (r = 3, 0 min.).

Elemental analysis,was in agreement with calculated values as

shown below.

Compound Calculated Found
C H c H
134 79.52 . 10.84  79.59 . :3.97
135 79.52 10.84 79.66 10.72
133

38.19 4.09  38.50 3.92
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The nmr spectra (nmrs 6,7,8)of 133, 134, and 135 respectively were

alréad} described in the results.

6) Reaction of Syn-7-iodo-ero-2-chloronorborndne with Tri-n-butyltin

hydride

Syn-7T-iodo-exo-2-chloronorbornane (lég)l(l.S g.» 95% of 130 and 5%
of 129) in pentane (32 ml.) was aﬁded dropwise to tri-n-butyltin hydride
(1.3 g., 4.6 X 10‘3‘mole) in pentane (3? ml.) at 25°C. The solution was
washed with water (3X50 m1.), then dried with anhydrous magnesium sulfate.
| The'analyiicél glpc analysis (I, 150°C) showed one major product (85%),
with 10% of 130 and 5% of 129. The major product was isolated by prepara-
tive glpc (III, 130°C) after the pentane was removed by distillation
through a Vigreux column of lenght six inches. The product was identifigd
as exo-z-éhloronorbornang from mass spectral analfsis and from nmr analy-
sis. The mass spectrum showed .2 molecular ion at m/e = 130, 132, and its
nmr spectrum t60 MHz., TMS) was identical to the nmr spectrum of exo-2-
chloronorbornane (120) previously synthesi;ed by adding hydrogen chloride -
to norbornene in pentane. The nmr spectrum of 120 was previously describ-

ed in the experimental.
k4

7) Reaction of Syn-7-iodonorbornene with Potassium t-butoxide in t-Butanol

Syn—?-iodonofbornene (133) (0.506 g., 0.00230 molé) and an approxi-
mately IM solution of potassium t-butoxide in t-butanol (15 ml.) were re-
fluxed and stirred magnetically in a 50 mi. round bottom flask. Aﬁélytical
glpc analysis.(l; 130°C) showed two pr&ducts were formed with retention
times similiar to that of the ethers produced in the reaction of syn-7-

iodo-exo-2-chloronorbornane with potassium t-butoxide in t-butanol. The
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two products were, therefore, assumed to be gnti-7-t-butoxynorbornene and
endb-z—t;butoiytricyclo[4.1.0.03’7]heptane. Their respective nmr spectra

(nor 7 and 8) were described in the results.

B) Reaction of Iodine Monochloride with Norbornene in Methylene Chloride

i
Norbornene (62.6 mg., 6.66 X 1074 mole) and methylene chloride
(25 ml.) were added to a 100 ml. round bottom flask which.was surrounded
with tin foil. Dry nifrogen was bubbled through the ﬁechanically stirred
solution which was kept below-0°C by an ice; water, and salt bath. To the
solution was added dropwise in the,dark iodine monochloride (108.0 mg.,
6.66 X J.O_4 mole) dissolved-in methylene chloride (25‘m1.). After the re-
action, the methylene chloride solufién was washed with dilute sodium
thiosulfate solution {3X25 ml.}, with‘distilled water (3X25 ml.),and dried
with anhydrous magnesium sulfate. The solvent was evaporated. Analytical
glpc analysis (I, 150°C) indicated that there were four products with re-
tention times identical to the four products obtained from the large scale
reaction of iodine monoehloride with norbornene and equal molar pyridine
in methylene.chloride. Thre§ of the products were thus assumed to be 128,

129, and 130.

9) Reaction of Iodine Monochloride with Norbornene and Equal Molar

Pyridine in Methylene Chloride

The procedure was identical to that of the reaction of iodine
monochloride with norbomnene in methylene chloride except that the reac-
tion mixture was washed with dilute hydrochloric acid solution (3X25 ml.) -

after washing with dilute sodium thiosulfate. The fbllowiﬂg quantities
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were used; norbornene (26.9 mg., 2.86 X 10-251/1) pyridiné (22.6 mg.,
2.86 X 10 ﬁ?Z), iodine momochleride (73. 2 mg., 2.86 X 107 ﬂfZ) and
dried méthylene chloride (2X10 ml.). Analytical gipc analysis (I, 150°C)
indicated that there were four products with retention times identical to
those produced in the rgaction-of iodine monochloride with norﬁornene in
methylene chloride. Three of the producfs were assumed to be lgg,.lgg,

and 130.

——

10) Reaction of Iodine Monochloride with Norbomene in Acetic Acid

Nozbommene (29 ng., 2.08 X 10 2M/7) and dry acetic acid (15 ml.)
were added to a S0 ml three necked round bottom flask which was wrapped
with tin foil. The mixture was stirred mechanically and kept at 25°C.
lodine monochloride (66.0 mg., 2.58 X 107 ¥1) in dry acetic acid (16 )
ml.) was added dropwise to the mixture in the dark as dry nitrogen was
bubbled through it. After the addltlon, dilute sodium thiosulfate solu-
tion (15 ml.) was added. The mixture was extracted with pentane (SXSO
ml.), then saturated with sodium chloride. The mixture was again ex-
tracted with pentane (2X50 ml.). The combined pEntane fayers were washed
with dilute sodlum thiosulfate solution (2X50 ml.), then with dilute s;r
dium bicarbonate solution (3X50 ml.), followed by washing w1th d15t111ed
water (3X50 mi.). - The pentahe_was dried with anhydrous magnesium sulfate
followed by removal'of_most of the solvent. Analytical glpc analysis'
(I, 150°C) indicated the presence of many products. Four of the products
had identical retention times to four of the producté.from the reaction
of ibdiﬁe‘monochlo;ide to norbornene in metﬁyléne chloride. Thus three

of the products were assumed to be 128, 129, and 130. Further verifica-

tion of the assigned structures was performed only on the'compound assumed
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to be 3-iodonortricyclene (128). It was collected by preparative glpci
: : §
(111, 165°C); its mass spectrum (m/e = 220) was consistent with the eﬁ-
pirical formula CYHQI; its nmr spectrum was identical to that of 3-iodo-

nortricyclene (nmr 3) which was previously described in the results.
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