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ABSTRACT ,

A new synthetic route to_(—)—4—methy1camphor 43 1s described
which  involved initial ° conversion of (+)—camph9r ; to
(—)-meetHYIenebornane - 4Al. Acid—cataleed rearrangement of
- 41 'provided (+)-4-methylisobornyl acetate 40 which was reduced
"to (+)-4-methylisoborneol 42. Finally,.oxidation of 42 produced

- (-)-4-methylcamphor 43. The optlcal purity of compounds 40

i1

and 43 was determined by a chiral lanthanide shift reagent,

[Eu(hfc)3] 45 while the optical puiity of 42 was determined

by the Anderson-Shapiro reagent 48.

Based on a mechanistic rationale, a different approach

to the synthesis of dptically puie 40 was attempted which
involved the synthesis of a C(5)-substituted 2-methylenebornane
derivativebig from (+)-endo-3-bromocamphor 5a.

| The potentiai of (-)-4-methylcamphor 43 as a useful
intermediate _in the synthesis of trite:pénoids belonging to
the lanostane 49 strﬁctural sub-group was investigated. Through
a series of "bromination reactions- followed.by ;ggioseleétive
Cc-3 debromination, - 43 | was converted ' to 9,10-dibromo-4-
(bromomethyl)camphor 15 which was cleaved to give 16, a possible
precursor of a pbtentially useful intermediate €5 in triterpenoid

synthesis.
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LIST OF ABBREVIATIONS AND TERHINOLOGY
(a) Terminology | |
~ Since many of the compounds referred to in this thesis are
optically active, 1in ofder to differentiate between enantiomers
the term "ent" 1is used. "Ent" referé to the enantiomer of the

-compound given, eg. (+)-camphor 1 has the structure;

O

1

(-)-camphor 1s thus denoted as ent-1.

(b) Abbreviations

Thé following abbreviations are used in this thesis:

Ac . Acetyl

br broad (1H.NMRY

But t-Butyl

c. ‘ qoncentration in g/100 mL of solveﬁt
caléd. _ calculated |
4 doublet (1H NMR) |

DMA? 4-(Dimethylamino)pyridine

Et Ethyl |

[(Eu(hfc)yl Tris[3-(heptafluoropropylhydroxymethylene)—
d—camphoratoieuropigm(III) | '
GLC “Gas Liquild Chromatography

HMPA Hexamethylphosphoramide



IR

LAH
'LDA

LSR

Me

m/e
mp.
NMR
PCC

ppm

Pri

THF
TLC

TM™MS

falp
2,3 exo Me

2,6 H

Infrared

coupling constant (Hz)
Lithium Aluminum Hydride
Lithium Diisopropylamide
Lénthanide Shift Reagent
multiplet (1H NMR)
Methyl

mass to charge ratio

melting point

Nuclear Magnetic Resonance

Pyridinlum Chlorochromate
parts per million

isopropyl

quartet (lH NMR)

singlet (1H NMR)

triplet (1H NMR)
Tetrahydrofuran

Thin Layer Chromatography
Tetramethylsilane
Wagner~-Meerwein Rearrangement
Speciflic Rotation at 589 nm
2,3-exo-Methyl shift
2,6-Hydrlide shift

chemical shift in ppm from the TMS signal

Wavenumbers (cm'l)
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INTRODUCTION
Camphor, although not widespread in Nature, has been known
for many centurles because of 1ts ease of 1solation.[1ai Most
‘ of the work 1leading to the elucidation of its strucfufe‘waS'
carrled out in  the hineteenth century.[1b] while the
dextrorotary form of camphor occurs primarily in the wood of

the camphor laurel which is indigenous'to Formosa, Central China,

and Japan and 1is cultivated elsewhere, the laevorotary form
(which is a constituent of the oil of sagebrush) and racemic
form are much less common in Nature.(lal Extraction of
(+)-camphor 1 1is achlieved by steam distillation of the chopped
trunk and branches of fhe camphor laurel.[lal] (-)-Camphor ent-1
can be prepared cheaply 1in the 1laboratory by oxidation of
commerclally availéble (-)-borneol 2.[02] Nowadays, camphor
is wused 1in medicine and as a plasticizer in the manufacture
of explosive, celluloid and photographic film, and most of the
world's requirements are supplied by the synthetic products

derived from cx-pinene 3.11b]

NG
7 _ o
0§§ \<:w | |
/2 /6 _
3/4\5 - OH

1l ent-1 2 3

Interest in' the chemistry of camphor has been largely

motivated by the fact that it undergoes a varlety of fascinating



transformations.(3a] Much of this chemistry has had a
| significant 'impact y,on ‘theoretlcal and mechanistic - organic
chemistry and varlous derivatives of camphor nave been employed
as key intermediates in organic synthesis.[3al 1In fact, the
use of camnhor as chiral}starting material in the-enantiospecific
synthesis of natural products 1s largely due to‘the avallabllity
of camphor 1In both optically pure enantiomeric forms and the
availability of methods for the direct or indirect introductlon
of functlonality at c(3), c(5), c(6), C(8), C(9), and C(10).[3a]
Moreover, useful synthetic intermediates are obtained by cleavage
of the C(l1)-C(2), C(2)-C(3) and C(1)-C(7) bonds in campnOr and
.its‘ derivatives.[3a] The functionalization of camphor and its'
use- in natural. product synthesis has been extensively rev1ewed
by Moneyl3al so only a brief outline of its reactivity and use
in synthesis which are .relevant to the present work will be

given}

A, Some Aspects of Camphor Chemistry:
1. C(3)-Functionalization

Position 3 1in camphor displays a degree of reactivity that
would normally be expected for active methylene gronps, and
a large number. of C(3)-substlituted camphor derivatiVes have
been reported.[3a] -
la. C(3) Methylation
| . Recent investigations have shown that sequential treatment

of .(+)—camphor 1l in THF with lithium diisopropylamide (1 mole



equivalent) and with -methyl "lodide (excess)"at 0°c provides
a product (~75% <yield) which was .shown by 1H'NMR (400 MHz) and
capillary GLC to be a mixtﬁre’ (~4:1) of gxg43€methy1camphor
4a and gnggf3—meth§1¢amphor 4bl4] 'KScheme 1).' Subsequent
treatment of this mixture with NaOMe in MeOH or with HCl1l and
"HOAc provides a mixture ‘(~9:1)' in which the major combonent
is gndg—3—mephy1—caﬁphor " 4b. S;milarly, .1protoﬁat1§n:‘ of -
3~methy1cahphor | énolate results -;n the 'formation, of
endo-3-methylcamphor Aﬁ_ aﬁd a small amount of the gﬁg-3—méthyl

epimer 4a (lendol:lexo] = 9:1).15]

0 . -0
: i,1i '
Me
1 4b
kReagents: i, LiNPriz, THF-HMPA (20:1), at OOC; ii, Mel, at

0°c; 1ii, NaOMe, MeOH, heat; iv, HCl, HOAc, heat.

Scheme 1

1b. C(3) Monobromination

_  Bromination of (+)-camphor 1 with bromine in acetic acld
to yield (+)—gngg-3—bromocémphof. S5a was first accomplished by
Kipping and Pope in 1893.[6] "8ince then, it has.been established
that treatment of (+)-camphor 1 with bromine‘in,acetic acidl?l,
ethanolle-;oi; or chloroform(8-10) provides (+)-endo-3-bromo-

camphor 5a as the majo: produét (~92%). This is also the most



stable derivative since treatment witﬁ a.base (NaOMe bx KoBut)
does not change thé> reiative proportions of C(3)—epimers
({endol:lexo] = 92:8). Bromination kbf (+)—camphor. i with .
pyridinium bromide perbromide or of camphor enol trihethylsilyl
efher ¢ with bromine in dioxane-pyridine leads to apptbximately
equal amoﬁnts of exo-3-bromocamphor 5b and endo-3-bromocamphor
S5a.[11) - Subseguent equilibratioﬁ of this mixture with basé
(NaOMe 1in MeOH) prévides the thérmodynamic mixture ([endoj;[exo]ﬁ

= 92:8).

1 = o
SR/

. , /;j////
: ‘ . V ii,ivorv
Me;SiO . ) '
| /1 - |

ﬁ .

Reagents: 1, Bra, (HOAC; 11, NaOMe, MeOH; 111, CsHSNHBrj, HOAC;
: iv, KOBu“, HOBut; v, HC1l, HOAc, heat; vi, Bry,
dioxane-pyridine. , ' : .

Scheme 2

2. C(9) and C(10)4Brominationsu.
Treétment of (+)-endo-3-bromocamphor 5a with bromine and

dhlorosulphonlc acid  provides (+)-endo-3,9-dibromocamphor 1



and a small amount of (+)-endo-3,9,9-tribromocamphor 8{12,13]}
(Scheme 3). The mechanism of C(9)-bromination of (+)-endo-3-

bromocamphor 5a is shown in scheme 4.

: - Br
. : Br Br
O
0] Br, 0,
H - H + H
CISO;H
Br Br Br .

22 1 8

Scheme 3

Conflirmation of the mechanism of bromination at C-9 that
is shown 1in séheme 4 has been obtalned by using endo-3-bromo-8-
deuteriocamphor (5a, A =2H) in the bromination reactiqn.[14]
The product, (+)-endo-3,9-dibromocamphor 7 has deuterium located
only at C-8, Note that, according to the mechanistic proposals
shown 1in scheme 4, the presence of an endo-bromo-substituent
at C-3 in camphor ensures that C(9)-bromination provides 3,9—61—
substituted derivatives with retention of configuration.

Prolonged treatment of (+)-endo-3,9-dlibromocamphor 7 with

bromine and chlorosulphonic acid (5 days) gives (+)-endo-3,9,10-

tribromocamphor 9.[15] Selective debromination of 9 with zinc
and acetic acid provides (+)-9,10-dibromocamphor 10. The
mechanism[iS] of the bromination of (+)-endo-3,9-dibromocamphor
1 has been postulated to involve a Wagner-Meerwein rearrangement

to provide the camphene intermediate 11 (Scheme 5). Reactlion
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Br : Br Br '
o) 0] Br (0] ' Br
H H _— '
Br Br

1 9 10

of 11 with bromine and subsequent rearrangement back to the

camphor framework provides the tribromo camphor 2.

Br
“ Br ol
A
HO V&
3 WM R 2,3 exo Me
» +
Br '
5_@ BI'2
4 Br
o Br OH 4
WM 2,3 exo Me
+
BI‘ Bl'
yA
BI'2
Br
Py Br
o Br OH 4
WM 2,3 exo Me
+
Br Br
‘ 8 Br

Scheme 4



—Br Br ]
* Br | OH |
HOJ) OH
- WM R L
Br i Br I Br |
1
Br
O Br
M
Br
9
Scheme 5

3. Cleavage of C(1)-C(2) Bond 1n.Camphor and Camphor Derivatives

Cleavage of +the C(1)-C(2) bond in camphor and in various
camphor derivatives results in the formation of a functionalized
5-membered ring. (+)-Camphor 1 itself undergoes cleavage upon
phbto—irradiationlls—ZO] to give the aldehyde 12 while
(+)-9,10-dibromocamphor 10 can be <cleaved to provide the
cyclopentanoid ring systems 13, 14, and 15.[21,22]

The C(1)-C(2) ring cleavage reaction in camphor and its
derivatives has been utilized 1Iin routes from camphor to the
C/D ring system of steroids with control of stereochemistry
at the. C(13), C(17) and C(20) carbon centres of tﬁe steroidal
skeleton. The utilization of the ring cleavage products of
camphor‘ derivatives as chiral synthons in terpenoid and steroid

syntheslis has been intensively investigated in our



laboratory.[22)

0)
hv
1
Br
O Br .. ..
Liorii X N
— W
10 X
C—OR
4
O
13,1415
Reagents: o "Products:
i, NaOMe, MeOH; " 13 X=Br, R=Me
11, KOH, THF, H,0; 14 X=Br, R=H
1il, KOH, DMSO, H;O0. - 15 X=OH, R=H
Scheme 6
AN SR AU
18 20 23 25
N l,
P LT
PN N2 T4
7
N SN T
4 6

' steroidal Skeleton

4. C(5)-Functlionalization

Two conventlional approaches are avallable for the synthesls

In the first approach (Scheme

-

of C(5)-substituted camphor.[3a]



- 1), (-)-bornyl acetate 1€ 1s oxidized withrCrb3 and HOAc or
with Croj, HOAd, and Ac,0 to prqvide é mixture of 5-oxobornyl
acetate 17 (24-40% yleld), 6-oxoborny1'acetate 18 (5-15% yield),
and other minor products (19 Aand'fZQ).[3b] Remote oxidation
of (+)-isobornyl acetate Zi with CrO03, HOAc, and Aczolprovides
a mixture of (4:1) S5-oxoisobornyl acetate 22 and its 6-oxo-isomer-
23  in 55% yield.[3c-el In fact, this oné-step synthesis of
(-)-5-oxoisobornyl acetate 22 from ‘(+)fisoborny1 acetate 21
is the most efficient way to prepare this compound and has been

used In various synthetic studies.[3d-f]

H ' H O _~ H H
iorii + o+ + AcO
OAc OAc OAc - OAc
_ o} o
17 . 18 19

16

_OAc OAc

H.

21

Reagents: i, CrO3, HOAc, Ac,0; 1ii, CrOj3, HOAc

_Scheme 7

An alternative route to C(5)-substituted camphors ' such
as compounds 27, 28 and 29 involves ring-cleavage of pericyclo-
camphanone 24123-30)] which can be'prépaied from 3-diazocamphor

25 or 3,3—dibrombcamphor 26. As Shown in scheme 8, the



ring-cleavage product gxg-s-bromoéamphor 21 can be transformed

to two other C{(5) dexrivatives of camphor (28 and 29).

0] (o) O
Br -1 i
Br N3
26 24 25
iii
0 v o v o
D Br OAc
29 | 21 ~ 28
Reagents: i, EtzZn,, benzene; 1ii, Ag+, THF or Cu, heét; 11},

HBr; iv, AgOAc, HOAc; v, aluminum amalgam, D20.

Scheme 8

5. C(4)-Funct16nalization_

C(4)—Substituted camphor derivatives 39 (Scheme 9) can
be prepared in modest yleld using (+)-camphor 1 or fenchone
31 as starting material.(8,10,23,32-34,47] In the most
conventional procedure (Scheme 9), C(4)-substituted camphor
39 is prepared by flrst converting (+)~cam§hor 1l to a
C(Z)-isoborneol derivative 32 or a C(l)-camphene derivative
‘33 which rearranges to thé C(4)-bornane derivatives (34-37).
In lone vaziation of thls »approach, camphor nitrimine 38 is

converted to camphene-l-carboxylic acid (33; R=COOH)[33a) and

10



11

eventually to 4-carboxycamphor 39 (R=COOH). As shown in scheme

9, 1-methylcamphene (33; R=Me) can be prepared from fenchone

3].
1 |
i viii
"
HO .
R
2
iv v | .
OR' Iglf .0
R
34 R'=Ac 29
as R=NO,
36 R'=COCCl,
37 R'=CHO

Reagents: i, RM; 1i, MeMgI; i1i, KHSO4, heat; iv, HOAc, H,504
or 65% HNO3; v, CC13COOH or HCOOH or HOAc, H2804, vi, NHQ0H;
vii, NaNOz, HZSO4, viil, KCN, EtOH.

Scheme 9
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The mechanistic 'ratlonalization of these earlier
investigations prompted reséarch in our laboratory which led
to the development of a more convenient route (Scheme 10) to
(+)-4-methylisobornyl acetaté 40 which involves dirgct
écid—éatalyzed rearrangement of '(—)—Z—methylenebornane 41.
‘This compound 41 and its enantiomer are readily prepared[12,14]
in ~77% vyleld by Wwittig -reaction on (+)- and (-)-camphof,
respectively. Preliminary ~investigations[31) in our laboratory
showed that when (-)-2-methylenebornane 41 was treated with
HOAc / H,S804 (20:1) . for iS minutes at room temperature,
(+5—4-methylisobozny1 acetate 40 {la)%® +35.79 (c.2.28, EtOH)}
was produced in ~75% yield. Subsequent conversion of 40 to
(+)-4-methylisoborneol 42 {l@ 125 4+20.40 (c.9.0, EtOH)} and
(-)-4-methylcamphor 43 {la12® -16.70 (c.1.5, EtOH)} was then
accomplished in ~62% overall yiela. Although the specific
rotations of (+)-4-methylisobornyl acetate 490, (+)-4-methyl-
isoborneol 42 and (-);4—methy1caﬁphor 43 prepared in this way
were comparable to those recorded in the literature (cf. Table
1, p. 19), the optical purity of our compounds or those described

in the literature had not been established.

-0 ‘ OAc
i ii - ,
1 . 4l 42
'Reagents: 1, CH3PPh3Br, n-BuLl, THF; i1, HOAc, H3504 (20:1),

15 min., 25°cC. :
Scheme 10
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B. Determination of Optical Purity by NMR Methods:
1. Use of Chiral Lanthanide Shift Reagents

The flrst chlral lanthanlde shift reagent (LSR), tris[3-(t-
butylhydroxymethylene)-d-camphoratoleuropium(III) 44 was reported
by Whitesides and Lewis(35)] who showed that it was quite
effective 1in separating the signals of the enantiomers of Q-
phenylethylamine 47 and of several other amines. However, this

LSR was not found useful for functional groups other than amines.

e

|

CH3 '
44 R=t-Butyl 4
43 R=CF,CF,CF,
46 R=CFy

soon after, Fraser[36] and Goering[37] independently
introduced other chiral shift reagents, tris[3-(heptafluoro-
propylhydroxymethylene)-d-camphoratoleuropium(III), [Eu(hfc)3]
45 and tris-[{3-(trifluoromethylhydroxymethylene)-d-camphoratol-
europium(III); [Eu(facam) 3] 46. Both were shown to be effective
for many different functional groups. Although 45 and 46 have
been by far the most widely used, other chliral LSRs have also
been reported.[36,38-40] An overview of the types of structures
for which <chiral LSRs have been successfully utilized can be

found in a detalled review by Sullivan.(41]] It is apparent
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that virtually any chiral molecule contalning a functional group
capable of blndiné to aﬁ achiral LSR 1s a possible 5ubsfrate
for eﬂantiomeric purity determination with a chiral LSR. _

Lanthanide f-diketone shift reagents sucﬁ as.AA—Aﬁ fuhction
by acting as Lewis acids, forming a complexxwith thé substrate
under analysis, which acts as a nucleophile. Induced Shifts
are attributed to a pségdo-contact, or dipolar, 1nteréction
between the ‘shift reagent and the nucleophile. It is.believedr
that the magnetic fleld produced by summatlion of the magnetic
-moments of the six unpairéd electrons of lthe europium iop.
combinesl with that resulting from the orbital'motion Qf the
europium electrons and .generates an anisotrbpic magnetic fiéld)
‘in the wvicinity éf the shift reagent.[381 Asva result, the
protons = of° the nucleophile coordinated to 'thé-eQIOpium‘at§h
reflect this fleld in their chemical shifts.

Under = normal coﬁditibné; the eQuilibrium between the

substrate and the LSR is rapld on the NMR time scale:

(R)—substrate]
(S)-substrate

+ .
‘ 2(R)-LSR {11}
k:////ﬁ | ‘ o §\\\§F
(S)—substrate,(R)?LSR' | (R)-substrate.(R)-LSR

a - B

Thus, only a single time-averaged spectrum results from the

average of complexed and uncomplexed substrate' molecules.



Rapidly equilibréting complexes are formed by an enantiomerically

pure chiral LSR_'binding to each of two enantiomers. Note that

the chiial LSR (arbitrary assumed 1in eqhation {1} to have R

confiqguration) 1is actually a mixture of four dlastereomers in

rapid equilibrium by virtue of the chirality of the octahedral
europium. These diastereomeric complexes can have different

averaged chemical shifts due to
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(1) the equilibrium constants (kg, kg) may be different for

diastereomeric complexes, thus, causing 1larger shifts for the

complex having the larger binding constant; and

(2) ‘the two dlastereomeric complexes (A,B) formed may differ
in their geometry, thus, cauéing a difference in the induced
shift for corresponding signals in the two ¢omplexés.f38]

The use of chiral LSR offers a direct épproach for
determination of enantiomeric purity by NMR. Since resonances
of enantliomers undefgo different chemical shifts in a chiral
environment, the enantiomeric relative abundances can be
determined by simply choosing one or more signals that show
sufficient response to the shift reagent and are adequétely
separated from- other signals. A good discussion of practical
aspects of use of fhese LSRs has been given by McCreary et al;
[38) 1In general, the fastest and easiest teéhnique for obtaiﬁing
induced shifts 1is to add a few milligramé of shift reagent
directly to the nucleophile dissolved in solvent. Then one
or more signals are chosen to monitor _enantiqmeric shift

differences or 'differential shifts, 'AAd . Additional amounts



of shift reagenf can be added hntll sufficient resolution is

attained. _
2. Use of Anderson-Shaplro Reagent 48

>

‘Cl\ /0

//P\O
(0]

48

‘This chiral deri?atizing agent was introdﬁced by Anderson
and shapiro in 1984(42] and is characterized by three advantages:
(1) easy to use: 48 1s capable of the diréct in situ
: determination  of enantiomeric purity of both primary and
secondary alcohols;

(2) | analysis of enantiomeric purity is performed by'3lp NMR,
a nucleus readily availablé ‘in NMR systems having brocad-band
capabilities; aﬁd | |

(3) due to the Cj ‘symmefry of the chiral glycol ligand on
phosphotﬁs; elther retention or inversion at phosphorus dhring
derivatizatién of an enantiomerically pure alcohol ylelds a
'sihgle bdiastereomer. Thus, 1f the sample under examination
contains enantiomeré, two diastereomers having some degree of
3lp NMR nonequivalence (Ad) are expected‘after deriyat;zation.

A varlety- of althols have been studled using this reagent
and in general, the_ 31p chemical shift range of all of the
derivatized alcohols studies is between 12 and 1$vppm while

the'reagent 48 1s found at 17.4 ppm.(42]

16
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_ DISCUSSION .

A Potential Use of 4-Methylcamphor 43 - in Triterpenoid
Synthesis:

Among the C(4)—substituted camphor dérivatives 11—31
" mentioned véarliér (cf. scheme 9), (;)—4—methylcamphor'aAlrand
its enantiomer (ﬁni:Ai) are potentlially wuseful intefﬁédiates'
in the synthesis of triterpenoids belohging to the lanostane
49 and euphane 50 structural sub-groups. The development of
~synthetlic routesl to triterpenoilds belonging to these two
structural sub-groubs has beeﬁ the objectiye_ of éxteﬁsive
investigations bvaeuséh and co-workers.[44]} A key intefmediate
in thése synthetic routes is the bicyclic dikefone §l'in which
the characteristic trans arrangement of the.angular methyl groups
in the C,D ring system of lanostane 49 triterpenoids is already -
in place. In addition, Reusch and co—workeré[44] demonstrated
that by._uSing a photo—epimerization reaction(45], diketonevi;
has potential as én intermediate 1in the syntﬁesis of the C,D
ring sYstem of the euphane 50 famiiy of triterpenoids.~'Diketone
'il has also been used as a key intermediate in the Synthesls

0f 14-methyl-19-norsteroids.[46]




B. A New Synthetic Route to 4-Methylcamphor 43:
1. Literature Routes: | |

Literature procedures(47] for  the synthesis §f
(-)-4-methylcamphor 43 geperally involve 1initial conversion
of (+)-camphor ) to (-)-2-methylisoborneol 52 or‘1¥methy1camphene

53 followed by acid-catalyzed rearrangement - to
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(+)-4-methylisoborneol 42{47c,ql, (+)-4-methylisobornyl acetate

40047h,1}, or (+)-4-methylisobornyl nitrate 54(4743,¢£) (Scheme
11). In no case, however, was the optical purity of these

products or the derived 4-methylcamphor 43 determined and, hence{

'only an esfimate -0of relative enantiomeric purity can be gauged

from 1literature values of specific rotations listed in table

1. Accordingly, the initial objective of the research described.

in this thesis was to determine the optical purity of synthetic
(+)—4-methy1isoborny1 acetate 40 derived from

(-)-2-methylenebornane 41.

OR' 0

~ ‘& S
34 R'=NO,

' Scheme 11



Table 1: Literature values of specific rotations

Compound Speclific Rotation [a]%P Reference
40 +18.90° 47a
+35.849 47g,1
42 +14.8° 47a
+22.69° (EtOH) 47g
+25.20° (c.10.0, EtOH) 47¢c, £
43 -14.5° (c.10.0, EtOH) 47c,f
2. Development of a New Synthetic Route to 4-Methylcamphor
43:

The 1initial work of thils research project which is outlined
in scheme 12 was accomplished by Linda Lo, a summer student
in our 1laboratory. Since it 1is known that reactions 1, 1iii
and iv in scheme 12 occur with retention of configuration, the
enantiomeric purity of (-)-4-methylcamphor 43 depends on that
of (+)-4-methylisobornyl acetate 40. The formation of
(+)—4-methylisoborﬁyl acetate 40 from (-)-2-methylenebornane
41 as shown 1in scheme 13 probably involves a serles of
Wagner-Meerwein rearrangements (WM) and a 2,3-exo-methyl shift
(2,3 exo Me). Preliminary Investigations have shown that thls
reaction 1is extremely tempeiature sensitive. For example, at
70°c and for one hour, tvo products were ‘produced:
4-methylisobornyl acetate and an unidehtified side product
{which could be any one of those shown in scheme 13). Mbreover,
at this temperature, the 2,6-hydride shift (cf. A — B, Scheme

13) occurred so readily that an equimolar mixture of

19



4-methylisobornyl acetate 40 and ent-40 was produced. A more
deslirable outcome was observed when this reaétion was carried
out at room temperature for 15 minutes as 4-methylisobornyl
acetate was 'zfqrmed in ~75% yleld. Whén the reactlon time
was Increased to 30 minutes, the yleld of acetate 40 was 79%
but the product was racemlc. When conducted at 0°c, the reaction

was too slow to be practical.

1 11
1 41 40

iii

7 42

Reagents: 1, CH3PPh3Br, n-BulLl, THF
11, HOAc, H2S04 (20:1), 15 min., 25°
iii, LAH, THF
iv, PCC. CH3Cljp

Scheme 12
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At that  point, the enantiomeric purity of the
(-)-4-methylcamphor 43 derived from (+)-4-methylisobornyl acetate
40 (cf. Scheme 12) was evaluated by comparing 1its specific
rotation with 1literature values (cf. Table 1). Thus, the first
objective of the present work was directed toward the synthésis
of enantiomerically pure (+)-4-methylisobornyl acetate 40 in
a reasonably good yleld and to investigate convenient methods
to determine the enantiomeric purity of (+)-4-methylisobornyl
acetate 40, (+)-4-methylisoborneol 42 and (-)-4-methylcamphor
43.

- 3. Determination of Optical Purity of Synthetic 4-Methyliso-
bornyl Acetate 40, 4-Methylisoborneol 42 and 4-Methylcamphor
43:

During the course of this study, two convenient methods
were empioyed to determine the enantiomeric purity of the samples
of Interest. A chiral lanthanide shift reagent, namely tris-[3-
(heptafluoropropylhydroxymethylene)-d-camphoratoleuropium(III),
[(Eu(hfc)3z) 45 was wused to determine the-enantiomeric purity
of the (+)-4-methylisobornyl acetate 40 samples produced under
dlfferent. experimental cbnditions. In addition,‘ a specliflc
acetate sample 40a was reduced to (+)-4-methylisoborneol 42,
the enantiomeric purity of which 'was then determined by the
Andersbn-Shapiro reagent 48 and was corfelated to the
enantiomeric burity of the acetate precusor 403 determined by

the lanthanlide shift reagent. Finally, this speclific
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(+)—4—methylis§bo£neol sample was oxidized and the enéntiomeric
purity of the product (-)-4-methylcamphor 43 was evaluated by
the lanthanide shift reagent. |

3a. Determination of Enantiomeric Purity Using:Chira1 Lanthanide
Shift Reagent, [Bu(hfc)3l 43:

The theory of the use of chiral lanthanide shift reagents
for the 'defermination of énantiomefic purity is briéfly cbvered
in the introduction of this thesis énd.therefore; the disquséion
in this secﬁion will be focused specifically on the results.
The chiral 1anthanide shift - reagent [Eu(hfc)4] 45 was used to
determine thé enantiomeric purity of the samples of the following
four compounds: (1) racemic isébornyi ‘acetate. (t)—Zi, {2)
(—)risob§rny1 acetate ent-21, (3) syntheﬁlc (+)-4-methylisobornyl.
acetate 40 and (4) (-)-4-methylcamphor 43 derived ffqmiigg.

First, (+)-isobornyl acetate (%+)-21 and (—);1soborny1
acetate gnt-zi were used in a model study to test the
effectiveness and reiiability of ,tﬁu(hfc)3]. The procedure
is described 1in the experimental ‘section on page 76. Table
2 summarizes the results and the 400 MHz 14 NMR spectra recorded
are included below in figures 1 and 2. |

9\ -8 - 89
10 OAc AcO 10

H |
21 : ent-21
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Table 2: A summary of the results of the [Eu(hfc)3] study using ()-isobor-

nyl acetate (i)-21 (Sample A) and (-)-isobornyl acetate epnt-21 (Sample B)

Sample [Equiv. of Markers AAS
[Eu(hfc)3]| (multiplicities & chemical shifts)* (Hz)
C-9Me C-8Me C-10Me | C-9Me| C-8Me]C-10Me
0 c-9 & C-8: s, 0.85 s, 0.98 0 0 0
0.10 s, 0.97 1.21 1.26 0 4 4
A 1.22 1.27
0.25 s, 1.11 1.59 1.64 0 8 10
1.61 1.67
0.50 1.32 2.08 2.30 2 16 20
1.33 2.12 2.35
0 c-9 & c-8: s, 0.85 s, .0.98 0 0 0
0.10 s, 0.96 s, 1.19 s, 1.25 0 0 0
B 0.25 s, 1.11 s, 1.60 s, 1.63 0 0 0
0.50 s, 1.32 s, 2.10 s, 2.37 0 0 0

* s = singlet, & in ppm

The spectra of (i)-isobornyl acetate (:)-21 from this model
study showed that:

(1) as the concentration of [Eu(hfc)3] increased, the resonances
of the substrate shifted (in most cases, downflield) and separated
into two signals due to the presence 'of enantiomers in the
racemic sample. The line width increased with increased chemical

shift and with increasing concentration of the shift reagent;



(2) particularly wuseful markers are the C-8 and C-10 methyls
wheie 0.5 mole equivalence of the shift reagent allowed accurate
determination of enantiomeric purity f£from signal integrations
which was found to be 1:1;
(3) the values of AAD (enantiomeric shift differences)
increased as the conceﬁtration of the shift reagen} increased.
The wuseful markers exhiblited AAS up to 20 Hz with 0.5 mole
equivalence of the shift reagent.

when a sample of (-)-1sobornyl acetate ent-21 was studied
under the same experimental conditions, the resonances of the
substrate shifted (in most cases, downfield) but did not
separate. However, it was 1interesting to note that in the
presence of [(Eu(hfc)3), the singlet of C-8 and C-9 methyls
separated, suggesting that the C€C-8 methyl was influenced
differently by the presence of the lanthapide shift reagent
than the C-9 methyl. As nmnmentioned in the introduction,
lanthanide B -diketone shift reagents function by acting as
Lewis acids, forming a complex with the substance under study,

which acts as a nucleophlile. Induced shifts are attributed

25

to a pseudo-contact, or dipolar, interaction between the shift .

reagent and the nucleophile and the "shifted spectrum" represents

the averaged environments of the nuclei in the complexed and

uncomplexed nucleophiles. Although the nature of the interaction

between [Eu(hfc)3] and 1isobornyl acetate was not investigated
in the present work, it appeared to be reasonable to speculate

that the acetyl functionality 1in isobornyl acetate interacted



(a)

(b)

(c)

(@)

Figure 1: Results of the [Eu(hfc)j] study using (i)-isobornyl
acetate (2)-21

a. The 400 MHz 1y nMr spectrum of a 0.1M sample concentration
of (+)-isobornyl acetate

b.” The spectrum of the same sample after the addition of 0.10
mole equivalence of [Eu(hfc),]

c. The spectrum recorded™ after the amount of [Eu(hfc);] was
increased to 0.25 mole equivalence ‘

d. The spectrum recorded after the amount of [Eu(hfc)3] was
increased to 0.50 mole egulivalence
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(a)
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g

W VAR
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Flgure 2: Results of the [Eu(hfc)j3] study using (-)-isobornyl
acetate ent-21 : ’
a. The 400 MHz 1H NMR spectrum of a 0.1M sample concentration
of (-)-isobornyl acetate

b. The spectrum of the same sample after the addition of 0.10
mole equivalence of [Eu(hfc),l

c. The spectrum recorded after the amount of [Eu(hfc)3] was
increased to 0.25 mole equivalence

4a. The spectrum 7recorded after the amount of [Eu(hfc)3] was
increased to 0.50 mole equivalence
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with the shift reagent in such a way thaﬁ the C-8 ahd c-10
methyls were brought close to the shift reagent.

At this point, from thé results of this model study, it
can be concluded that [Eu(hfc)3] was useful in determining the
“enantliomeric purity of isobornyl acetate and that it may be
used to determine the enantlomeric purity of thé samples of
two other related compounds: (+)-4-methylisobornyl acetate 40
and (—)-4—methy1camph§r 43.

The procedure wused for the determination of enantiomeric
purity of three different samples of (+)j4-methylisoborhyl
acetate 40 1is described on page 76 in the experimental. Table
3 summarizes the results and the 400 MHz 14 NMR spectra recorded
are included 1in figures 3, 4, and 5. The spectia from the
enantiomeric purity study of the three different samples of
(+)-4-methylisobornyl acetate 40 showed that:

{l1) as the concentration of [Eu(hfc)3] increased, the resonances
of the substrate shifted (in most cases, downfield).and'separated
into two signals due to the presence of enantiomers in the
sample. The 1line width increased with 1n¢reased chemical shift
and with increasihg concentration of the shift reagent;

(2) particularly wuseful markers are the C-8, C-10 and C-4
methyls where 0.5 mole equivalence of [Eu(hfc)3] allowed accurate
determination of the enantiomeric purity;

(3) the values of AAJd increased as the concentration of the
shift 1reagent Increased. The useful markers exhibited AAS up

to 18 Hz with 0.5 mole equivalence of the shift reagent.



“Table 3: A summary of the results of the [Eu(hfc)31 study using different
samples of (+) 4- methylisobornyl acetate 409

s Equiv of " Markers AAS
{Eu(hfc), )| (multiplicities & chemical shifts)P (Hz)
C-9Me | C-8Me | C-10Me| C-4Me [C-9Me[C-8Me[C-10Me|[C-4Me
0 s, 0.70|s, 0.85/s, o0.88}s, 0.91f 0 | 0 0o 0
0.10 - |s, 0.79[s, 0.95/s, 1.04|s, 1.14] 0 0 0 0
Al 0.25 |s, 0.92] 1.02 1.36 1.54] 0 4 6 8
1.03 1.37 1.56
0.50 |s, 1.14 1.16 1.91] €2.24}0 4 12 18
' 1.17 1.94 2.28 ' -
0 s, 0.70/s, 0.85|s, 0.88}s, 0.91j0 | 0 0. 0
Bl 0.50 |s, 1.12 1.12 1.82 d2.12{0 |8 |12 |17
1.14 1.85 2,16 -
0 s, 0.70{s, 0.85(s, 0.88({s, 0.91| 0 0 0 0
c] o0.50 |s, 1.12 1.12 1.82|  €2.12{0 | 8 120 |17
1.14 1.85 2.16

a. Sample A: 403 produced under the conditions of 25 c, 15 minutes,.
Sample B: 40b produced under the conditions of 25 C, 10 minutes;
Sample C: 40c produced under the conditions of 0° C, 30 minutes.

s = singlet, § in ppm ’

integration ratio 4.5:1

integration ratio 3.7:1

integration ratio 5.0:1

oQano
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Flgure 3: Results of the (Eu(hfc) 3] study using
(+)-4- methylisobornyl acetate 40a produced under the conditions
of 25°C, 15 minutes.

a. The 400 MHz 1H NMR spectrum of a 0.1M sample concentration
of (+)-4-methylisobornyl acetate

b. The spectrum of the same sample after the ‘addition of 0.10
mole equivalence of {Eu(hfc)jl

30

c. The spectrum recorded after the amount of [Eu(hfc)j) was -

increased to 0.25 mole equivalence
da. The spectrum recorded after the amount of [Eu(hfc)3] was
increased to 0.50 mole equivalence
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_I o R [1_,}*,u Ju,f-:w_; S
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(b).

2 : 1 ) 0 PpP™

Flgure 4: Results of the [Eu(hfc)3) study using
(+)- 4-methylisoborny1 acetate 40b produced under the conditions
of 25 C 10 minutes.

S a. The 400 MHz lH NMR spectrum of 0.1M sample concentration
of (+)-4-methyllsobornyl acetate

b. ' The spectrum of the same sample after the addition of 0.5
mole equivalence of (Eu(hfc),]
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(a)

(b)

1 0 pPpm

Figure S: Results of the (Eu(hfc) 31 study using
(+)-4-methylisobornyl acetate 40c produced under the conditions
of 0°C, 30 minutes. :

a. The 400 MHz 14 NMR spectrum of 0.1M sample concentration
of (+)-4-methylisobornyl acetate

b. The spectrum of the same sample after the addition of 0.5
mole equivalence of [Eu(hfc)j]
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The above result Indicated that [Eu(hfc)3] was effeétlve
in the determination  of “the enantiomeric purity of
(+)-4-methylisobornyl acetate 40. The enantiomeric purity of
40 synthesized under different reaction conditions 13 summarized
in table 4. One can see that among these three sets of reaction
condltions, the conditions of 30 minutes at 0°C produced acetate
40¢c with the bést optlcal purity.

Table 4: The enantiomeric purity of ,(+)-4- methylisobornyl acetate 40 synthe-
sized under different conditions?

Compound | Experimental Conditions | Yield | (alp of the Acetate Product [Optical
Time (min.)| Temperature 1 PurityP
40a 15 250cC 80 +35.79 (c.2.28, 95% ethanol)| 64%
40b 10 25% 62 | +32.12 (c.3.12, 95% ethanol)| 57%
40c 30 0 °c 73 +39.23 (c.2.20, 95% ethanol)| 67%

a. Reagents: acetic acid / sulphuric acid (20:1)
b. from [Eu(hfc)3] study: based on the integration ratio obtained when 0.5
mole equivalence of [(Eu(hfc)3] was used (cf. table 3).

Again, although the nature of the Iinteraction - between
[(Eu(hfc)j] and (+)-4-methylisobornyl acetate 40 was not
1n§estigated in the present work, it appeared to be reasonable
to speculate that the acetyl functionality in this substrate
Interacted with the shift reagent in such a way that the C—B,
C-10 and C-4 methyls were brought close to.the shift reagent.
Among these three "markers", C-4 methyl appeared to be influenced

most extensively and therefore most useful in the determination

of the enantiomeric purity of (+)-4-methylisobornyl acetate
40.



The use of .[Eu(hfc)3] was extended to determine the
enantiomeric purity of (-)-4-methylcamphor 43. A specific sample
of (-)-4-methylcamphor 43 was obtained by reducing a
(+)-4-methylisobornyl acetate 40a sample (cf. table 4), then
oxidizing alcohol 42 to f—)—4—methy1camphor 43. The procedure
used for fhe determination of the enantiomerié pu:ity'of this
.sample’ 1s described on page 77 in the experimental. Table 5
summarizes the results and the 400 MHz lH NMR spectra recorded

are included in figure 6.

Table 5: A summary of the results of the [Eu(hfc)3) study using a
specific sample of (-)-4-methylcamphor 433

Equlv. of Markers AAS
[Euthfc) 3] (multiplicities & chemical shifts)b (Rz)
C-9Me C-8Me C-10Me| C-4Me |C-9Me|C-8Me|[C-10Me| C-4Me
0 s, 0.72|s, 0.84|s, 0.93|s, 1.05| O 0 0 0
0.10 s, 1.04 1.06js, 1.18|s, 1.46{ 0 7 0 0
1.08
0.30 s, 1.41 1.42 1.66|s, 2.39| 0 2 18 0
‘ 1.43 1.71

0.60 s, 1.89 1.73 €2.45is, 3.60| O 1 32 0
1.75 2.53

a. obtained by reducing a (+)-4-methylisobornyl acetate 40a (cf. table 4),
then oxidizing the alcohol 42.

b. s = singlet, § In ppm

¢. Iintegration ratlio 4.3:1
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The spectra in figure 6 showed that:

(1) as the concentration of [Eu(hfc)3] increased, the resonances
of the substrate shifted (in most cases, downfield) and separated
into two signals due to the presence of enantiomers in the
sample.. The 1line width increased with increased_chemical shift
and with Increasing concentration of the shift reagent;

(2) particularly wuseful markers are the C-8 and C-10 methyls
where 0.6 mole equlvalence of the shift reagent allowed accurate
determination of the. enantiomeric purity which 1is ~62% for
this sample;

(3) the wvalues of AAd increased as the concentration of the
shift reagent 1increased. The useful markers exhibited AAS up
to 32 Hz with 0.6 mole equivalence of [Eu(hfc)3l.

The major reason for the extension of the [Eu(hfc)j3] study
from (+)-4-methylisobornyl acetate 40 to (-)-4-methylcamphor
43 was to confirm the reliébility of this shift reagent in
determining the enantiomeric purity of two related compounds
where one is the precursor of the other in a chemical synthesis.
As mentioned earlier, since reactions i1ii and iv in scheme 12
(é. 20) occur with retention of conflguration and the
enantiomeric purity of (-)-4-methylcamphor 43 depends on that
of (+)-4-methylisobornyl acetate 40, the individual [(Eu(hfc)j]
studies of these two compounds were expected to provide
comparable values of their optical ‘purity. In fact, it was
found - that the optical purity of the precursor

(+)-4-methylisobornyl acetate 40a (cf. table 4) was ~64% which
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Figure 6: Results of the [Eu(hfc)3] study using a specific
sample of (-)-4-methylcamphor 43 :

a. The 400 MHz lH NMR spectrum of a 0.1M sample concentration
of (-)-4-methylcamphor

b. The spectrum of the same sample after the addition of 0.10
mole equivalence of [Eu(hfc),])

c. The spectrum recorded™ after the amount of [Eu(hfc)3] was
increased to 0.30 mole equivalence ' - ‘
d. The spectrum recorded after the amount of [Eu(hfc)3] was
increased to 0.60 mole equivalence
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was comparable to that of (-)-4-methylcamphor 43 which was ~62%.
In addition, it was found that although the C-4 methyl was a
good "marker" in acetate 40, it was not wuseful in
(—f—4—methy1camphor 43. This suggested that the two compounds
interact differéntly, from a spatial perspective, with
(Eu(hfc),].

In conclusion, the optical purity of our synthetic
(+)-4-methylisobornyl acetate iga_{[ala}'5+35.79(c.2.28, EtOH)}
was established to be ~64% using this technique of enantiomeric
purity determination. In a similar fashlon, the optical purity
of (-)-4-methylcamphor 43 {[ougf’ -16.70 (c.1.5, EtOH)} derived
from 40a was determined to be ~62%. A comparison of the specific
rotations quoted 1in the 1literature (cf. Table 1) and those
recorded in our laboratory 1leads to the conclusion that all
of the current methods of preparing 4-methylisobornyl acetate
40 provide product which 1is not enantiomerically pure. From
the -mechanism proposed for the conversion of
(-)-2-methylenebornane 4} to (+)-4-methyllisobornyl acetate 40
(Scheme 13, page 21), it 1is obvious that optically pure
4-methylisobornyl acefate 40 can only be obtained 1if the
2,6-hydride shift which converts A to B is inhiblited. Aas a
result, two approaches to the synthesis of enantiomerically
.pure 4-methylisobornyl acetate 40 were attempted and will be

described later (page 43).



3b. Determination of Enantiomeric Purity of 4-methylisoborneol

42 Using Anderson¥Shapiro Reagent 48:

38

The theory of the use of the Anderson-Shapiro reagent,

2—5h10ro—4(R),5(R)fdimethy1-2-oxo-1,3;2—dioxapholane 48, in
" the study of enantiomeric purity by NMR is briefly covered in
the 1introduction and therefore, the discussion here will focus
on tﬁe results. This chiral derivatizing agent;ig was used

to determine the enantiomeric purity of the samples of the

following three compounds: (1) racemlc isoborneol (i)-i&, (2)

(-)-1isoborneol 55 and (3) (+)-4—methyliéoborneol 42.
Me |
Cl \ O .\‘ HO

1
Me H
48 | 33
First, (z)-isoborneol (2)-55 and (-)-isoborneol 'ﬁi were
used in a model study to test the effectiveness and reliability
of the Anderson-Shapliro reagent. The procedure is described

in the experimental on page 71. Table 6 summarizes the results

and the 121.4 MHz 31p NMR spectra recorded are shown in figure
7.
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Table 6: Results of the study of enantiomeric purity of the
three alcohols ({(1)-55, 55 and 42} using the Anderson-Shapiro
reagent.

Spectrum ~ Sample Markers® ( § in ppm) A5(Hz) | I.R.P
Fig.7(a) |(+)-isoborneol | & 13.341, 13.404 7.89 1:1
Fig.7(b) |{(-)-isoborneol d 13.478 . -- --=
Fig. 8 |(+)-4-methyl- o 13.628, 13.667 4.85 | 2.1:19
isoborneolC€

a. The 31p chemical shifts of the derivatized alcohols. The
Anderson-Shapiro reagent was observed at § 17.480 and 17.375
in spectra Fig. 7(a) and Fig. 7(b) respectively.

b. I.R. = Integration Ratio

c. This particular sample of (+)-4-methylisoborneol 42 was
obtained by reducing a specific sample of (+)-4-methylisobornyl
acetate 40a (cf. table 4). o i '
a. The signal separation was too small to provide more than
an approximate estimation of relative signal areas.

As mentioned earlier, the Anderson-Shapiro reagent reacted
with the enantiomers 1in the racemic alcohol sample, that is,
(t)—isoborneoi (x)-55 to yield diastereomers 56 and 57 which
exhibited: |
(1) a significant degree of 31p NMR nonéquivalence ( AJ 7.89
Hz); and
(2) an integration ratio of 1:1 which was the same as the ratilo
‘of enantiomers in the racemic sample.

With the enantiomerically pure (-)-isoborneol 55, a single
dlastereomer was observed ( & 13.478 ppm) as expected after
derivatization with the 1reagent. In both spectra, the excess

reagent was observed at ~ § 17 ppm which agreed with the
literature.[42])
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Based on the success of the above model study, the
Andersdn—Shépiro reagenf was used to determiné the enantiomeric
: phrity _. of a specific sample of (+)—4—methylisobofneol 42
012> +20.40 (c. 9.0, EtOH)}. The procedure is described in
the experimental én page 72; '~ The results is shown in table
6 while the 121.4 MHz 3lp NMRlépectrum recorded;is.shown in
figure 8. In this spectrum, the tﬁo,signals observed at & 13.628
“and & 13.667 were bélieved to come from the diastereomersAii
and 59 produced. As shown in table 6, the 319 NﬁR nonequivalence

( Ad '4.85 Hz) befween the two diastereomeric‘phosphate'esters

was too small to provide a reliable estimate of optical purity.




42

Me =~ Me Me Me
o. .0 0__0
\P/ /\P ’
0/ \\0 O/ \0.
RN
58 39
| —
3
o s o b
g
40 30 20 . 10 [+] i =10 -20 -~30 PPM

Fiqure 8: The
sample of
cf. table 4).

(+)-4-methylisoborneol
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1. Rduté A: ‘

| .The first alternative approéch to thé synthesis of
enantiomerically ~ pure | 4-methylisobornyl acetate 40 was ‘an
extension of the 1initial work described garlier; that \is,
(—)-Z—méthylenebornane 41 was reacted with -acefic"acid /
sulphuric acid (20:1) and it was found that the experimental
conditions of 30 minutes at 0°C appeared to give the most
desirable reéults.v At a lower température, -10°C and for 85
minhtes, . many - side reactions occurred, producing
4-mefhylisoborny1 acetate 40 in less than 15% yleld.

| Scheme 14 shows the 1Improved syntheslis of (-)-4-methy1-'
camphor 43 from (+)-camph§r l. As shown :in scheme 14, a
modification of  the -method wused by Oshima et gl.[48] (CH,Br,,
Zn, TiClg) was found superior to a modification of the method
used byl Gream et al.[49]) (CH3PPh3Br, BﬁLi, THF). Methylenation
with a system consisting of CH,Br,y-Zn-TiCly was first ‘introduced
by Oshima et al. (1978)[(50] and has since shown to be.a useful
alternative (characterized by high yields‘and mild coﬂdifiohs)
for the Wlttlé caxbdnyl methylenation.[48,50] Herver, little
1s’ known about.the chemistry of this method of methylenation.
| Although the syhthesis of (-)—4-methy1camphor' 11 from
(+)-camphor 1 was achleved with good ylelds, the attempt to
maximize tﬂe optical purity of acefate 40 by varying the reaction

‘time and temperature appeared to be unsatisfactory for the system

43
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using acetic acid / sulphuric acid (20:1). Therefore, a

- different approach was attempted and is described below.

o . . OAc
iorii ii

frma
Ao
~
)

43 42

Reagents: 1, CH3PPh3Br, BuLi, THF (87%)
11, CH2Brg, Zn, TiClg (99%)
111, HOAc / H2S04, 20:1; 30 min., 0°C (73%)
iv, LiAlH4, THF (99%)
v, PCC, CHoClj (99%)

Scheme 14

2. Route B:

'~ The s8econd approach was based on the assumption that the
formation of (-)-4-methyllisobornyl acetate ent-40 (shown |in
scheme 15) was the 1result of a 2,6-hydride shift (cf. Scheme
15). Thﬁs, either inhibiting this cruclal 2,6-hydride shift
to suppress the formation of ent-40 or enhancing the same step

to favor the formation of ent-40 should prodhce enantiomerically



pure product. We consideied the possibllity that the presence
of an electronegative substituent_replacing a hydrogén on C(5)

in 41 (Scheme 15) would 1inhiblt the 2,6-hydride shift which
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leads to ent-40. Therefore, exo-5-bromo-2-methylenebornane

58 was synthesizéd in 69% overall yieid by the reaction sequence

outlined 1In scheme 16. This involved treatment of commercially

avalilable (+)-endo-3-bromocamphor 5Sa with bromine ‘and acetlic

acid to provide (f)—3,3-dibromo¢amphor 2§'which was subsequently
reacted with diethylzinc in benzene (28] to” yield

'pericyclocamphanone 24. It has been suggested[28] that this

reaction involves intermediate formation of ketocarbene 61

followed by insertion into the C(5)-H bond (Scheme 17). ‘
E;g-s-bromocamphor 21 was obtained subsequently by treating
pericyclocamphanone 24 with hydrobromic acid (48%) and acetic
anhydride for 3 hours at 65°cC. Exo-5-bromocamphor 27 has been
prepared previously[24] in 82% yield by treating
pericyclocémphanoﬁe 24 with dry hydrogen bromide and acetic
acid for 24  hours at. room temperature. Scheme 18 shqws a

possible mechanism for this trénsformation of 24 into 27.
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HOAc HOAc
AcO OAc
ent-40 40

Scheme 15
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o) 0] O
1 Br 11
Br Br 24
5a 26 T
iii
. 0
iv
Br Br.
58 | 27
Reagents: 1, HOAc, Br,, 55°C, 4 hours (92%)
ii, Et2Zn, benzene, refluxed, 24 hours (94%)
iii, 48% HBr, Ac20, 650C, 3 hours (93%)
iv, TiCl4, Zn, CHpBrp, 25°C, 1 day (86%)
Scheme 16
O O O O
Benzene -
Br . Br +
26 | ZnEr | 61 24
62

Scheme 17
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* / + : Br
' 21

24

Scheme 18

- The synthesis of gzg—5—bfomo—2—m¢thylenebornane 58 from
exo-5-bromocamphor 27 was attempted by wusing a modification
of the method wused by Gream et al.[49] (CH3PPh3Br, BuLi, THF)
for the conversion of (+)-camphor 1 to (-)-2-methylenebornane
41. However, it was found that wunder these conditions,
exo-5-bromocamphor 27 reverted to pericyclocamphanone 24 in
99% yield (Scheme . 19)! An alternative carbonyl metﬁylenation
reported by Oshima et al.(48]1 (CH,Bry, Zn, TiClg) is known to
work well for the methylenation of easily enolizable
ketones[48,501 and the wuse of this methodology 1led to the
successful conversion of exo-5-bromocamphor 21 to

exo-5-bromo-2-methylenebornane 58 in 86% yield (Scheme 16).

o) Li* “0) | 0
Br

A_ /B & —

TG
21 63 24

Scheme 19



Treatment of gxg-s—br6mo—2—methylenebornane 58 with acetic
acid / sulphuric acid (20:1) at 0°C for 35 minutes and then
at foom teméerature for 3 hours provided starting material and
heating the reaction mixture to ~80°C produced extensive
decomposition. In a separate run, the reaction mixture was
stl:fed at room temperature for 21 days. GLC and TLC anaylses
showed that the stérting material 58 slowly"underwent
decompbsitioh and that no major reaction prodﬁcts were obéerved.'

It was speculated 'thatA the féilure of .gxg-s?bromo-2—
methylenebornane 58 to‘ undergo acid—éatalyzed rearrangement
was due to the fact that the_electrqnegative bromine éubétituent
on C(5) 1inhibited the second Wagnér—Meerwein réarrangement in
scheme 20, Since the» acid-catalyzed rearrangement of 58 was
found to be unsuccessful, this approach to the synthesis of

enantiomerically pure 4-methylcamphor 43 wés terminated.

49
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Br

Scheme 20



3. Future Study:

Since 1t 1s assumed that the formation of (-)-4-methyliso-
bornyl acetate gn;;ig (shown 1in scheme 15) was the result of
a 2,6-hydride shift (cf. Scheme 15), future work will be
conqérned with thé synthesis of a C(S)—disubstituted
2-methy1enebornane derivati?e that lacks a C(5) proton. An
immediate synthetlc target will be the thioketal 19 of 5-keto-2-

methylenebornane 28 1{f this could possibly be derived from

51

(+)-endo-3-bromocamphor 5a by the sequence outlined in schemé _

21. It is hoped that treatment of thioketal 79 with acetic

acid / sulphuric acid (20:1) will provide compound 80 and then
subsequent treatment of compound 80 with Raney nickel will

provide enantiomerically pure (+)-4-methylisobornyl acetate

40.
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D. Ugse of 4-Methylcamphor 43 in a New Synthetic Approach to
Triterpenoids:

While efforts were spent In attempting to synthesize
enantiomericallyv pure (+)-4-methylisobornyl acetate 40 (and
heﬁce, - enantiomerically pure (-)-4-methylcamphor 43), the
potential of (-)-4-methylcamphor 43 and its enantiomer ent-43
as intermediates In the synthesls of triterpenoids belonging
to the lanostane 49 and euphane 50 structural sub-groups was
investigated. Previous investigations 1in our laboratory have
shown that (+)-9,10-dibromocamphor 10(15] or 1its enantiomer
en£—10 can be convezted to intermediates 64 and ent-64 in steroid
synthesis.[21,43] We realized that if the same kind of chemical
transformations could be accomplished with the enantiomers of
4-methylcamphor 43 and ent-43, then a simple route (Scheme 22)
to potentially useful intermediates 65 and ent-65 in triterpenoid
synthesis would be available. The retrosynthetic analysis shown
in scheme 22 is based on two assumptions, viz:

(1)' 4-methylcamphor can be prepared readily In elther
enantiomeric form; and |
(2) 4-methylcamphor can be converted to 9,10-dibromo-4-methyl-
camphor €6 /ent-66 by the same type of rearrangement /
bromination sequence as that used in the conversion of camphor
to 9,10-dibromocamphor 19 /ent 10.[15]

Our present Iinvestigations were designed to test the validity

- of these assumptions and the results are described below.



R R
1R=H 10R=H
ent-43 R=Me ent-66 R=Me

N ~ Br Br |
0 : ' .0 .
- o)
ent-1 R=H " ent-10R=H
43 R=Me o 66 R=Me
Scheme 22

When (-)-4-methylcamphor 43 wasv treated with bromine and
‘aqetic acid gndg-3fbromo?4fmethylcamphor 61 wasv pfoducea in
99% yleld,' Subsequént treatment Qf gnﬁg—3—bromo—4—methylcaﬁphor

€1 with 2.3 equivalents of bromine in éhlorosulphonic acid daiqd
not providé fhe expedted gndg—B,9—dibrbho—4—methy1camphoi £9.
Specttoscbpic.evidence (400 MHz 1H NMR, IR and mass spectrometry)

led us to conclude that the product was gnﬂg—3,9,10#tribromo—

54

"4-methylcamphor 68. 'The formation of endo-3,9,10-tribromo-.

4—methy1camphor. 68 - from’ gndg—3-br6mo44-methy1camphor 67 was

completely unéxpected although it was possibie to rationalize
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its formation by the mechanism shown 1in scheme 23. Thus we
speculated that after a 2,3-exo-methyl shift of intermediate
X (theme 23), a second bromlnation occurred readlly and this
was followed by a Wagner-Meerwein rearrangement to produce the
tribromo compound 68.

Regioselective debromination of proposed €8 with zinc/acetic

acid yielded a dibromo éompound with 14 NMR and mass spectra
consistent with our expectation that this product was
9,10~dlbromo—4—methy1camphor 66. A characteristic feature of
10-bromocamphor and derivatlives 1s the ease with which they
undergo ring cleavage of the C(1)-C(2) bond when treafed with
base. The failure of so-called 9,10-dibromo-4-methylcamphor
66 to wundergo C(1)-C(2) bond cleavage when treated with sodium
methoxide 1led to the conclusion that this compound did not
contain a bromo substituent at C(10). The only other alternative
structure* ‘consistent with the NMR evidence was the tribromo
compound 170 (Scheme 24) and this was later confirmed by X-ray
crystallographic analysis*x, Thus, the tribromo compound was
shown to be endo-3,9-dibromo-4-(bromomethyl)camphor 70 and the
derived dibromo compound | was therefore
9-bromo-4-(bromomethyl)camphor 1]. A mechanism which explains
the formation of tribromo compound 170 is shown in scheme 24.
Thus, intermediate X undergoes a Wagner-Meerwein rearrangement

* I am grateful to Mr. Andrew Clase for this suggestion.
**x I am grateful to Professor J. Trotter and Dr. S. Rettig
for this analyslis.
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H Br
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. Br
67
BI'2
H Br
OH
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-Br
| WM
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O
v Br
68 69
Scheme 23

{(Scheme >24) instead of undergoing a second 2,3-gxg-methy1 shift
(cf. Scheme 23). And this 1s followed by bromination, Wagner-
Meerwein'rearrangément, 2,3—gxg?methyl shift, and Wagner-Meerweln

rearrangement to give product 70.
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In an attempt to promote >C-10 bromination, endo-3,9-
dibromo-4-(bromomethyl)camphor 70 was treated with bromine and
chlorosulphonic acid (Scheme 25) for S days at room temperature,
followed by heating at 80% for 2.5 days, but 3,3,9-tribromo-4-
(bromomethyl)camphor 12 was produced. when 70 was treated with

bromine and chlorosulphonic acid at zroom temperature for 12
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days, approximately half of the starting material was converted

to endo-3,9,10-tribromo-4-(bromomethyl )camphor 14. Since

58

attempts made to isolate and purify 74 by column chromatography

and recrystalization were wunsatisfactory, the crude productv

mixture was treated with =zinc and acetic acid to give
'9,10—dlbromo-4—(bromomethyl)camphor 15 (96% from 74). Treatment
of 1715 with sodium methoxide in methanol (Scheme 26), resulted
in C(l)-C(Z) bond cleavage as expected, to give dibromoester
16. It is hoped that this compound can be converted to bicyclic

enone 65, a potentially wuseful intermediate in triterpenoid

synthesis.
Br_ 0 Br Br Br Br
i O v o/ 0
Br Br Br Br Br
70 B 14 E 13
i
Br | Br Br
. O i O
Br —3¢——- Br
. Br Br | Br Br .
12 13

Reagents: 1, C1SO3H, Br,, 2.5 days at 80°C (62%)
i1, Clso3H, Br,, 25°C, 19 days
111, C1sO3H, Br,, 12 days at 25°C (50%)
" iv, Zn / HOAc, 0°C, 2 hours (96%)

" Scheme 25.
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Br .

Br
O NaoMe Br XY N
. MeOH O :
r 86%
73 (86%) . ~COMe
16 65
Scheme 26

Thus, the research described above has shown that
(-)-4-methylcamphor 43 can be converted to an intermediate 76
which  could be of wvalue 1in the synthesls of triterpenolds
belonging to the 1lanostane 48 structural sub-group. Obviously
enantiomer ent-43 will undergo the same type of chemical
transformation to. give ent-76 as a potentially useful

intermediate 1in the synthesis of triterpenoids belonging to

the euphane 50 structural sub-group.



EXPERIMENTAL

General

Melting points (mp) were determined on a Kofler micro
heating stage and are uncorrected. 1Infrared (IR) spectra were
recorded on a Perkin-Elmer model 710B spectrophotometer and
were calibrated using the 1601’ cm~-1 band of polystyrene.
Absorption positions ( vV max) are given 1in em~1, Optical
rotations ((Q]lp) were measured on a Perkin-Elmer 141 polarimeter
at ambient temperature. The proton nuclear magnetic resonance
(1H NMR) were taken 1in° deuterochloroform and recorded at 400
MHz on a Bruker WH-400 spectrometer. Signal positlons are giveh
in parts per million (ppm) downfield ‘from’tetramethylsilane
(TMS) using the & scale. Signal multiplicity, coupling constanfs
and assignments of selected signals are indicated |in

319 NMR spectra were obtained 1in benzene and

parentheses.
determined on a -Varian XL-300 spectrometer at 121.421 MHz with
signal positions given in parts per million downfield from H3PO4
(used as an external reference standard) with an internal CgDg
lock. Low resolutlion mass spectra were obtained using a Varlan
MAT CH-4B spectrometer and exact masses were obtained by high
resolution mass spectroscopy on a Kratos MS-50 mass
spectrometer. All compounds characterized by high resolution
mass spectrometry exhibited one spot on a TLC (thin layer

chromatography) plate} Low resolution gas liquid chromatography

/ mass spectra (GC/MS) were obtalned on a Carlo Erba 41 60 /

60



Krato MS 80 RFA Iinstrument using a 0.25 mm X 15 m column with
helium as the carrie;‘.gas. Gas-liquid chromatography (GLC)
was performed on elther a Hewlett Packard model 5830A gas
chromatograph with a 6 ft X 1/8 in. cqlumn of 3% OV-17 or a
Hewlett Packard model 5880A gas chromatograph using a 50 m or

12 m X 0.2 mm column of Carbowax 10 M]br 2 12 m X 0.2 mm column

61

of OV-101. The carrier gas was nitrogen for the 5830A and helium

for the 5880A. In all cases a flame ionization detector was
used.  X-ray crystallographic analysis waé carriéa out by Dr.
S. Rettig- and microanalyses weré performed by Mr. P. Borda,
Microanalytical Laboratory, University of British Columib;a.

All reéctions involving moisture sensitive reagents were
performed under an atmosphere of dry argon»u51ng either oven
or flame driéd glassware.. Alll reaction products were drlied
by allowing the solutlons to stand over anhydfous magnesium

~sulphate. ‘The solvents and reagents‘ used were purified as
follows:  tetrahydrofuran (THF) was distilled from calcium
hydride and then from lithium aluminum hydride (LAH).  Dlethyl
ether was.distilléd from LAH and hexamethylphosphoramide (HnPA),
benzene, methylene chloride, dlisopropylamine, triethylamine,
~and pyrlidine wer§ distilled frdm calclum 'hydrldé.. Methanol

was distilled from dry magnesium and lodine following reflux.

Petroleum ether (the hydrocarbon fractlion of bolling range ~30-60

OC) was distiiled prior to use.
Flash Chromatography was perfoimed using Merck silica gel

60, 230-400 mesh and TLC using Merck silica gel 60 F,g5, sheets.
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All chemicals were supplied by Aldrich Chemical Company'unless

otherwise stated.



Preparation of (?)-Z-methylenebornane 41

(5

4l
(1) Method A * |
Methyltriphenylphdsphonium bromide (154.73 g, 0.43 mol)
was vacuum pumped for 3 hours to remove any trace of molsture
before it was dissolved in pure THF (400 mL). n-Butyllithium
(0.43 mol, 270.7 mL of a 1.6 M sblution) was added dropwise
at room. temperature and the resultant mixture was stirred at
50°C .for 2 hours under argon. (+)-Camphor 1 (41.21 g, 0.27
mol) in pure THF (160 mL) was then added dropwise to the Wittig
reagent and the reaction mixture was refluxed for 15 hours af
65°C under: argon. | Upon completion of the reaction, half of
the THF was removed by rotary evaporation and the rest was
diluted with water and extracted with pentane (3X). The pentane
extfacts_ were combined and washed with water (3X) and dried
over anhydrous magnesium sulphate, Evaﬁoxation of the solvent
yYielded a viscous yellow o0ll1l which was purified by column
chromatography (silica gel 230-400 mesh, elution with 100%
petroleum ether) to provide (-)-2-methylenebornane 41 és a
white crystalline solid (35.5 g, 87%), mp 70-71 OC (sealed tube;

1it. ref. mp 68-70 °C); (a)?} -52.88 (c. 2.67, benzene) {1it.

* This 1is a modification of the method used by Gream et al.[49)]
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{a12% -48.5 (c. 2.12, benzene)}491; V max (CHCl3): 1650 cm™l,
885 cm™1; & (cpcly, 400 MHz): 0.76 (3H, s, C-8 methyl), 0.89
(34, s, C€-10 methyl), 0.92 (3H, s, C-9 methyl), 1.16-1.30 (2H,
m, C-5 and C-6 endo protons), 1.64 (1H, dd4, J=12 Hz, 12 Hz
and 4 Hz, C-6 exo proton), 1.73 (1H, dd, J=8 Hz and 4 Hz, C-4
proton), 1.78 (1H, m, C-5 exo proton), 1.91 (1H',bd' J=16 Hz,
C-3 endo proton), 2.38 (1H, bd, J=16 Hz, C-3 exo proton), 4.63
(d) and 4.6%9 (d) (2H, AB quartet, J=22 Hz, exo-methylene
protons); m/e (relative intensity): 150 (M*, 10.2), 135 (8.6),
69 (80.6), 55 (26.9), 41 (52.4).

Exact mass calcd. for Cy1Hyg: 150.1409; found 150.1413.

aAnal. calcd. for CyiHigt C 87.93, H 12.07; found: C 87.71,

H 12.10

(i1) Method B **

Titanium tetrachloride (0.48 mL, '4.37 mmol) was added
dropwise to a stirred suspension of zinc dust (1.18 g, 18.0
mmol) and dibromomethane (1.04 g, 0.42 mL, 6.0 mmol) in THF
(20 mL) at -40°cC. The reaction mixture was allowed to warm
to 5° . and kept in the refrigerator for 3 days to glive a thick
brown slurry. The ‘1ice-cold Slurry was added poftionwise to
a stirred solutlion of (+)-camphor 1 (0.30 g, 2.0 mmol) in
dichloromethane (2.0 mL) and the resultant mixture was stirred

at room temperature for 18 hours under argon. The reaction

* % . This is a modlfication of the method used by Oshima et
al.(48) ~ '



mixture was then quenched with saturated sodium bjcarbonate
solution, extracted with ether (3X) and the comblined ether
. extracts washed with water (3X), and dried over aﬁhydrous
magnesium sulphate. Evaporation' of the solvent ylelded pure
(-)-2-methylenebornane 41 as a white crystalline solid (0.30

g, 99%) exhibiting spectral data comparable to those abpve.
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Preparation of (+)-4-methylisobornyl acetate 40c

OAc

a o e

66

Concentrated sulphuric acid (1.31 mL, 0.016 mol)‘was added

~dropwise to (—)—é-methylenebornané 41 (12.64 g, 0.084 mol) In
glaciél acetic acid (54.4 mL). The reaction mixture was sfirred
at 0°C for 30 minutes, quenchéd in water and extracted with
éthez‘ (3X). The ether extzactS».were' combined, washed with
saturated soduim vbicarbonate‘ solution (3X), water (2X), and
dried oVer anhydrous magnesium sulphate. Evaporation yie1ded
a light yellow oil (12.58‘ g) 'whiéh was. purified by column
chromatography (silica gel 230-400 mesh). Elution with pefroleﬁm
ether / ether 98:2 provided pure (+)—4-methylisobornyl acetaté
40c as a clear colorless oil (9.54 g, 73%), [a)%f-5,+39.23 (c.
-2.20,‘ 95% ethanol) (1it. '[1116 +35.84)[(47g,11; VY max (£film):
1740 cm~!, 1250 cm™l, 1040 cm”1; & (CDClj, 400 MHz): 0.69
(3#, s, C-9 methyl), -0.83 (3H, s, C-8 methyl), 0.86 (3H, s,

C-10 methyl), ©0.90 (3H, s, C-4 methyl), 1.10-1.19 (2H, m, C-5

and C-6 ‘endo protdns),v.l.36—1.54 (3H, m, C~-6 exo, C-3 endo, -

and C-5 exo protons), 1.82 (1H, dd, J=14 Hz and 8 Hz, C-3 exo

proton), 2.01 (3H, s, acetyl), -4.65 (1H, 44, J=9 Hz and 3.5

Hz, C-2 proton); m/e (relative intensity): 210 (M*, 2.0), 150

(50.9), 135 (48.3), 109 (82.3). 43 (100.0).

Exact mass calcd. for CyjHp302: 210.1620; found 210.1622.
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Anal. calcd. for Cj3Hpp0p: C 74.24, H 10.54; found: C 74.82,

H 10.70
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Preparation of (+)-4-methylisoborneol 42

OAc : OH

40¢ 42
Lithium aluminum hydride (3.1 g, 0.082 mol) was added to

a solution of dry (+)-4-methylisobornyl acetate 40¢ (9.54 g,
0.045 mol) iIn pure THF (160 mL) and the reaction mixture was
stirred at 0°C for 4 hours. The reactlon mixture was then
quenched in water, extracted with ether (3X), and the ether
extracts washed with 1M HC1 solution (3X), brine (2X), and water
(2X), and dried over anhydrous magnesium sulphate. Evaporation
of the ether yielded (+)-4-methylisoborneol 42 as white needles
(7.56 g, 99%), mp 193-194 OC (sealed tube; lit. ref. mp 195-196.5
ocy; I a.]go's +19.47 (c.10.0, 95% ethanol) {lit. [alp +25.2 (c.
10.0, EtOH)}[47c,f]); V max (CHClj): '3600 em™1, 1210 cm’l;
8 (cpci3, 400 MHz): 0.67 (3H, s, C-9 methyl), 0.87 (3H, s,
C-8 methyl), 0.90 (3H, s, C-10 methyl), 0.93 (3H, s, C-4 methyl),
0.94-1.11 (2H, m, C-5 and C-6 endo protons), 1.34-1.46 (2H,
m, C-6 exo and C-3 endo protons), 1.51 (1H, 444, J=8 Hz, 8 Hz
and 4 Hz, C-5 exo proton), 1.74 (1H, 43 J=14 Hz and 8 Hz, C-3
exo proton), 3.52 (1H, dd4, J=8 Hz and 4 Hz, C-2 proton); m/e
(relative intensity): 168 (M*, 2.1), 150 (14.4), 109 (100.0),
41 (70.6). | |

Exact mass calcd. for CyiH,g0: 168.1514; found 168.1514.

Anal. calcd. for C11H3Z90: C 78.51, H 11.98; found: C 78.57,



H 11.99
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Preparation of (-)-4-mgthy1camphbr 43

OH

42 | 43

(+)-4-Methylisoborneol 42 (7.50 g, 0.045 moi)bwas dissolved
in pure methylene <chloride (150 mL) and the solution added
dropwise to PCC (14.4 g, 0.067'mol) in methylene chlofidg (150
mL) and then stirred at room temperature for 3.5 hours. Tﬁe
reaction mixture was flltered through a layer of silica gel
and anhydrous magnesium sulphate' and washed Qith ether.
Evaporation of the solvent provided (-)-4-methylcamphor 43 as
a white crystalline solld (7.45 g, 99%), mp 150-151 °c fsealed
tube; 1lit. ref. mp 167-168 ©°c); [a«13l -16.05 (c. 2.04, 95%
ethanoli {1it. (alp -14.50 (c. 10.0, Eth)}[47£]; VvV  max
(CHCl3): 1730 cm™}; §  (cDpclz, 400 MHz): 0.71 (3H, s, C-9
methyl), 0.83 (3H, s, C-8 methyl), 0.92 (3H, s, C-10 methyl),
1.04 (3H, s, C-4 methyl), 1.35-1.43 (2H, m; C-5 and C-6 endo
protons), 1.57-1.75 (2H, m, C-5 and'C-G exo protons), 1.87 (1H,
d, J=18 Hz, C-3 endo proton), 2.08 (1H, dd, J=18 Hz and 3 Hz,
c-3- exd pioton);' n/e (relative 1intensity): 166 (M*, 39.8),
138 (13.9), 109 (94.8), 83 (92.6), 82 (100.0).
Exact mass calcd. for CyjHj;g0: 166.1358; found 166.1360.
Anal. calcd. for Cj3iH380: C 79.47, H 10.91; found: C 79.67,
H 11.03 | | | |
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Determination of oOptical Purity Using the Anderson-Shapiro

Reagent 48
(1) Model study using (t)-isoborneol (1+)-55 and (-)-isoborneol
55:

The alcohol (%)-25 or 55 (308.5 mg, 2.0 mmol) was dissolved
in dry benzene (2.0 mL) and dry triethylamine (0.42 mL, 303.6
mg, 3.0 mmol) and 4-(dimethylamino)pyridine (24.4 mg, 0.20 mmol)
were added. The Anderson-shapiro reagent 48 (358.1 mg, 2.10
mmol) was then added and the vial was shaken for 30 seconds.
After allowing thé reaction mixture to stand for 15 minutes,
a small amount of CgDg was added for NMR locking purposes, and
the 'mixfure was flltered through a cotton plug into a 5-mm NMR
tube and a 121.4 MHz 31p NMR spectrum was recorded using H3PO,
as the external reference standard:
(a) Usling (i)-isoborneol (1)-55 as substrate,
S : 13.404, 13.341 (two dlastereomeric Anderson-
Shapiro derivatives, relative intensity  ~ 1:1,
Ad 7.89 Hz), 17.480 (Anderson-Shapiro reagént).
(b) Using (-)-isoborneol 55 as substrate,
5 13.478 (Anderson-Shapiro derivatiye), 17.375

(Anderson-Shapiro reagent).
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" 72
(ii) Examination of (+)-4-methylisoborneol 42 prepared by the |
LAH reductibn of 40a*: | | } ' ' :
(+)-4-Methylisoborneol 42 f{la }30°° +19.47 (c. 10.0, 95%
ethanol), 334.5 mg, 2.0 mmol} was treated in the manner described
above and a  121.4 MHz 31? NMR spectrum of the Apderson-Shapiro

bdeIIVatives was recorded:

& : 13.667, = 13.628 (two diastereomeric derivatives,

relative intensity ~2.1:1, Ad 4.86 Hz.). The signai
separation .was - too small to ‘provide more than an

approximate estimation of relative signal areas.

* 403 was prepared by a similar procedure as described on page
66 with the temperature and time of reaction changed to room

temperature and 15 minutes.
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Preparation of (t)-isobornyl acetate (i)-21

OH OAc

() éa _ (3 o

)55 )21

4-(Dimethylamino)py:idine (3.7 g, 30.0 mmol) and dry acetic
anhydride (2.84 mL, 30.0 mmol) were added to a solution of
(t)-isoborneol ()-55 (1.54 g, 10.0 mmol) in dry pyridine (50
mL) under argon at room température; The reaction mixture was
then stirred at room temperature overnight, quenched with water -
and extracted with ether (3X). The ether extracts were combined,
washed with vlﬂ HCl solution (3X), saturated sodium bicarbonate
solution (3X), water (2*),' and dried .over anhydrous magneéium.
sulphate. Evaporation. of the solvent yiglded an orange oil
(2.1 mg) which‘ was purified Aby column chromatography (silica
gel 230-400- mesh, elution thh petroleum ether / ether 85:5)
to provide (i)—isobornyl. acetate .(i)—ZL as a clear-cq;orless

oil  (1.63 g, 83%), (a1}’

0.00 (c. 12.1, 95% ethanol);
'V max (£ilm): 1735 qm‘l, 1250 em™1, 1035 em™1; § (cpCls,
400 . MHz):  0.85 (6H, s, C-8 and C-9 methyls), 0.98 (3H, s, C-10
methyl), 1.04-1.19 (2H, m, C-5 and C-6. endo protons), 1.51-1.83
(54, m, C-6 exo, C-3 endo, C-5 exo, C-4 and C-3 exo protons),
2.03 (3H, s, acetyl),‘4.67 (1H, dd; J=8 Hz and 4 Hz, C-2 proton);
m/e (relative intensity): 196 (M*, 0.6), 136 (66.2), 121 (63.0),
95 (98.4), 43 (94.3). |

Exact mass calcd. for Cq2H2002: 196;1463; found 196.1454.
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anal. calcd. for CyaHyg0p: C 73.43, H 10.27; found: C 73.63,
H 10.29 |
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Preparation of (-)-isobornyl acetate ent-21

HO H \  AcO |
+ — / +
H HO ' H AcO

35 ent-2 ent-21 nt-1

A mixture of (-)-isoborneol 55 and (+)-borneol ent-2 (1.54
g, 10.0 mmol; 9:1 by capillary GLC [OV-101, 100°C1) was
acetylated with acetic anhydride /vpyridine usiné the grocedure'
described above (page 73$'for (+)-isoborneol (+)-55. A ﬁixture
of (-)-isobornyl écetate gnt—ZJ' and (+)-bornyl acetéte,gnt—lﬁ
(85.7% ent-21, 14.3% gntilﬁ by capillary GLC [OV—lOlé 100°CJ)
was obtained as a clear colorless oil (1.57 g, 80% yleld based
on recovered start;ng materials), . v max-(film)i‘-1738 cmflp
1240 cm™l, 1050 cml; & (CDClj, 400 MHz): 2.06 (s, CH3CO,-),
4.89 (dd, J=10 Hz and 4 Hz, C-2 exo—hydrdgen) were obsefved;;mLQ
(rélative intensity): 196 (MY, 1.6), 136 (50.1),'12% k41.0),
95 (94.1), 43 (100.0). L |
Exact mass calcd. for Clészozz 196.1463; found 196.1456.
Anal. calcd. for Cq9H200 3¢ C 73.43, H 10.27; found: C 72761,
H 10.08 .



Determination of Optical Purity using Tris[3- (heptafluoropropyl-
hydroxymethylene)-d- camphorato]europium (III) 45

(1) Model study using (i)-isobornyl acetate (%)-21 and
(-)-isobornyl acetate ent-21:

The acetate (+)-21 or ent-21 (19.63 mg, 0.10 mmol) was
weighed in a pipette and transferred to a 5-mm NMR tube. The
volume of the sample in the tube was made ub to 1 mL with CDClj.
A 400 MHz 1H NMR spectrum (with TMS as the internal reference
standard) was recorded at room temperature before the addition
of [Eu(hfc)jl. [Eu(hfc)3].(11.94'mg, 0.010 mmol) was then added
directly to the NMR tube and a second spectrum was recorded.
Additional spectra were obtained after the concentration of
{Eu(hfc)3] was 1increased to 0.025 mmol/mL (addition of 17.9

mg) and 0.050 mmol/mL (addition of 29.85 mg) respectively.

(11) synthetic (+)-4-Methylisobornyl acetate 40 (cf. p.é66):

Ssample | Experimental Conditlions - falp

40a 25°C, 15 min. 4+35.79 (c. 2.28, 95% ethanol)
40b 25°C, 10 min. . #32.12 (c. 3.12, 95% ethanol)
40c 0°C , 30 min. +39.23 (c. 2.20, 95% ethanol)

(+)-4-Methylisobornyl acetate 40 (21.03 mg, 0.10 mmol)
was treated in the same ﬁanner and é series of four 400 MHz

1y NMR spectra were recorded as described above.
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(iii) Synthetic (-)-4-Methylcamphor 43 derived from 40a:
 (-)-4-Methylcamphor 43 (16.63 mg, 0.10 mmol) was dissolved
in CDCl3 (1 mL) and a 400 MHz 1H NMR spectrum (with TMS as the
internal reference standard) was <recorded at room temperature
before addition of [Eu(hfc)31. Three additional spectra were
recorded after sequential addition of 11.94 mg Lb.Ol mmbl),

23.87 mg (0.02 mmol) and 35.81 mg (0.03 mmol) of [Eu(hfc)31.
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' Preparation'of ﬁndg-3—brom§—4—methy1camphor 61 |

Br_

a0 | §1 | |

A solution of (5)—4-methy1camphor 43 (6.37 g, 0.038 mol)

in glacial acetic acid (28 mL) was warmed to 80°C and bromine
(2.29 mL, 6.87 g9, 76.6 mmol) in glacial acetic acld (2.29 mL)
was added dropwisg. The mixture was stirred at 80°C for 31
hours, then cooled, poured'into ice~-water. The resulting sollid
was flltered. off, washed with .water to yield gngg-3;broho-4—

methylcamphor €7 aé a white crystalline solid (9.30 g, 99%),
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mp 119.5-120.5 ©C (sealed tube); V max (CHCl3): 1750 cm~1;

§ (CDCl3, 400 MHz): 0.81 (3H, s, C-9 methyl), 0.98 (3H, s,

C-8 methyl), 1.00 (3H, s, C-10 methyl), 1.06 (3H, s, C-4 methyl),

1.40 (1H, m, C-6 endo proton),¢1;55-1.67 (2H, m, c-5 endo and
C-6 exo protons), 2.07. (1H, 'm, C-5 exo proton), 4.31 (1H, 4,
J=1.5 Hﬁ, c-3 protoﬁ); m/e (relative intensity): 246/244 (M*,
5.0/4.9), 165 (48.1), 137 (52.1), 123 (45.0), 109 (75.7), 83
(100.0). | ’ |

Exact mass calcd. for C11H170Br:  246.0442/244.0462; found

246.0439/244.0467. |

Anal. calcd. for CyyHy;qOBr: C 53.89, H 6.99, Br 32.59; found:
C 53.81, H 6.86, Br 32.80.
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Preparation of gndg—3,9-d1bromoe4—(bromomethyl)camphor 10

Br
o ' o

Br Br Br
61 10

Enﬂg-3-bromo—4-methy1camphor €7 (7.36 g,“ 0.03@_ hol) and
bromine (3.47 mL, 0.069 mol) were added to a single-;eck flask.
Chlorosulphonic écid (5.48 mL, 0.082 mol) was added slowly to
the reaction mixture. After being stirred at room temperature
for 19 hours, the reaction mixture was added to ice-cold
bisulphite sélution and .extracted with etherx {3X). The ether
extracts were combined, Qashed with saturated sodium bicarbonate
solution (ZX).and water (2X), and driéd over anhydrous maghesiETA“
sulphate. Evaporation of the solvent ylelded a yellow solid

which was washed with ice-cold ether to provide endo—3,9—dibromo-

4-(bromométhyl)camphor 70 as a white crysfalline solid (6.20
g, 51%), mp 142.5-143.5 OC (sealed tube); V max (CHC1l3): 1750
em™1; & (cpclsy, 400 MHz): 1.07 (3H, s, C-8 methyl), 1.27 (3H,
s, C-10 methyl), 1.53 (1H, ddd, J=14 Hz, 9 Hz and 4 Hz, C-6
endo proton), 1.72 (1H, 444, J=14 Hz, 14AHz and 4 Hz, C-5 endQ
proton), 1.85 (1H, dd44, J=14 Hz,'14 Hz, 4 Hz and 2.5 Hz, C-5
exo proton), 2.22 (1H, ddd, J=14 Hz, 9 Hz and 4 Hz, C-6 exo
proton), 3.45 (4, J=11 Hz), 3.74 (d, J=11 Hz) (2H, AB quartet,
C-9 methylene), 3.52 (4, J=11.5 Hz), 4.05 (d, J=11.5 Hz) (2H,
AB quartet, C-4 methylene), 4.92 (1H, 4, J=2.5 Hz, C-3 proton);

m/e (relative intensity): 406/404/402/400_(M*, 0.4/1.8/2.0/0.7),



| 80
325/323/321 (17.1/41{7/18.8), 245/243 (14.0/18;8), 201/199
(28.7/22.2), 163 (16.9), 121 (36.3)} 107 (50.8), 105 (37.8),
93 (66.7), 91 (69.2). N |
Exact mass calcd. for CyyH150Brjy:
405.8612/403.8632/401.8652/399.8672; found
405.8605/403.8637/401.8667/399.8675. | o
Anal. calcd. for Cj1jHis50Br3: C 32.79, H'3,75, Br 59.49; foﬁnd:
C 33.05, H 3.78, Br 59.22. ' |
The structure and absolute configuration of this compouﬁd was

confirmed by X-ray analyslis.*

* I am grateful to Professor J. Trotter and Dr. S. Rettig
for carrying out this analysis." ‘ » gy



Preparation of 9,10-dibromo-4-(bromomethyl)camphor 15

Br Br Br Br ' Br
(o) ' 0] : o)

Br Br - Br~ Br Br
10 14 . 3
Endo-3,9-dibromo-4-(bromomethyl)camphor 70 (0.80 g, 0.0020

mol) and bromine (0.17 mL, 0.0034 mol) were added to a single-
neck flask. Chlorosulphonic acid (0.70 mL, 0.010 mol) was added
slowly to the reaction mixture which was then stirred at room
temperature under nitrogen and followed by capillary GLC (0V-101,
190°c). After 6 days, more bromine (0.17 mL, 0.0034 mol) and

chlorosulphonic acid (0.35 mL, 0.0052 mol) were added. After
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another 6 days, capillary GLC analysis indicated that

approximately half of the starting material 70 was brominated
and that bromination failed to proceed further. Thus, thé
reaction mixture was added to éold sodium bisulphite solution
and extracted with ether (3X). The ether extracts were combined,
washed wlth saturated sodium bicarbonate (3X) and water (3X),
and dried over aﬁhydrous magnesium sulphate. Evaporation of
the solvent ylelded a yellow solid (0.84 g). cCapillary GLC
analysis (ov-101, 190°C) - of the crude product indicated the
ratio of the starting material 70 to the product 74 to be 1l:1.
The crude produét was subsequently'treated with zinc / acetic
acid in a procedure described below.

Zinc dust (235.8 mg, 3.61 mmol) was carefully added to

a solution of the crude tetrabromo product (0.84 g) in acetic
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acid (3;37 mL, 58.87 mmol) at 0°C. The reaction mixture was
stirred for 2 hours at 0°c, added to water, and extracted with
ether (3X). The ether extracts were combined, washed wilth
saturated sodium  blcarbonate solutioh (zxi, brine (2X), and
water (2X), and dried over anhydrous magnesium sulphate.
Evaporation of the solvent ylelded a yellow olil (0;83 g). Coiumn
chromatography (silica gel 230-400 mesh, elution with petroleumA
ethexr / ether 98:2) ylielded 9—bromo—4—(bromométhy1)camphor 11
as a clear oil (0.30 g, 47% yield from iQ) (cf. p.84) followed
by 9,10-dibromo-4-(bromomethyl)camphor 15 as a white crystalline
solid (0.39 g, 48% yleld from 70), mp 158-159 °C'(sea1ed tube);
V max (CHCl3): 1745 cm~l; 8 (cpclz, 400 MHz): 1.15 (3H,

s, C-8 methyl), 1.62 (1H, dad, J=l4;5 Hz, 9.5 Hz and 5.5 Hz,
C-6 endo proton), 1.92-2.08 (2H, m, C-6 exo and C-5 endo
protons), 2.25 (1H, ddd, J=14.5 Hz, 11 Hz and 5 Hz, C-5 exo
proton), 2.35-2.45 (2H, m, C-3 endo and exo protons), 3.47 (4,
J=12 Hz), 3.71 (4, J=12 Hz) (2H, AB quartet, C-9 methylene),
3.67 (4, J=11.5 Hz), 3.72 (4, J=11.5 Hz) (2H, AB quartet, C-10
methylene), 3.59 (4, J=10.5 Hz), 4.02 (4, J=10.5 Hz) (AB quartet,
Cc-4 methylene); m/e (relatlive lntehsity): 406/404/402/400 (M*,
0.1/0.3/0.3/0.1), 325/323/321 (21.9/45.8/23.2), 2437241
(27.3/21.3), 215/213 (33.4/30.5), 201/199 (95.0/100;0), 163
(18.7), 121 (26.7), 107 (25.7), 105 (35.8),'93 (49.6), 91 (49.8). -
Exact maag calcd. for Cq3iHy50Br 3:
405.8612/403.8632/401.8652/399.8672; found
405.8568/403.8621/401.8679/399.8667.
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anal. calcd. for C11H1503r3: C 32.79, H 3.75, Br 59.49; £ound:
c 32.64, H 3.71, Br 59.32.
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Preparat;on of 94bromo-44(bromomethy1)camphor 11

: Br ' ' ‘ Bf |
Br Br o _-  Br—

zinc dust (30.59 mé, 0.47 mmol) was carefully added to

a solgtion of gnﬂg-3,9-dibromo—4—(bromomethyl)caméhor 1Q'(1oo

mg, 6.25‘mmol) in aéetlc'acid (0,44 mL,.7J63 mmol). The reactlon:
mixture was stirred for 90 minutes at 0°C, added to water, and
extiacted -with étherv‘(3X). The ether extracts were combined,

washed with saturated sodium bicarbonate solution (2X), brine‘
(2x), and water (2X), and diied over anhydrous magnesium}
sulphate. V‘Evaporatfon of the solvehtvyielded a’viscoﬁs yellow
oil (88.1 mg). Column chfbmatography (silica gel 230-400 mesh,

elution with petroleum ether ) ether 95:5) ylelded 1)1 as a cleaf
u.oil (60.5 mg, 75%), V max (CHC13): 1740 em™1; 8 (cpclz, 400

MHz): 1.00 (3H, s, C-8 methyl), 1.04 (3H, s, C-10 methyl),

'1.54 (1H, m, C-6 endé proton), - 1.75 (1H, 444, J=14.5 Hz, 11

Hz and 5 Hz,- C—S endo proton), 1.87-2.02 (2H, m, C-5 and C-6

exo protons), 2.28-2.39 (2H, nm, c-3.exo and endo protons), 3.35

(d, J=11 Hz), 3<65 (d, J=11 Hz) (2H, AB quartet, C-9 methylene),

'3.61 (4, J=10.5 Hz), 4.00 (d, J=10.5 Hz) (2H, AB quartet, C-4

methylene); m/e (relative - intensity): 326/324/522 (M¥,

11'4/23-9/12-7)r_-;245/243 (56.2/56.2), ..217/215 (35.5/35.2),

201/199 (83.9/76.6), 163 (50.3), 135 (85.8), 121 (77.8), 107

(69.6), 93 (90.0), 81 (97.4), 41 (100.0).



Exact mass calcd. for Cy11H160BX,:

325.9527/323.9547/321.9567;

found 325.9532/323.9543/321.9585.
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Preparation of the Dibxomoestér 16
Br ‘

Br_
ér (X)ﬂne
- 9,10-Dibromo-4-(bromomethyl)camphor 15 (74.5 mg, .0.18 mmol)

Br

in" dry methanolA'(lpo mL)  was added to‘a solutioh of sodium
metﬁoxide in "methanol {prepéred fr&m sodluﬁ (6.4 mg, 0{28 mmbl)
andv.methanol (0.8° mL)}  dnder argon'at'OQC. After 4‘houts‘a£
rooh tehperéturé,* the reaction mi#fure“ was acidified'wi£h 1M
HC1 solutioﬁ and e%tracted with ether (3X). The combinéd;étherf
extracts were washeé 'with brine (3X) and water (2X), dried
(ahhydrous_'maénesium éuléhate),~and the.solvent reMOVed fd;yigld _
‘the crude: product és a light yellow oil (0.143 g)} Column
‘cﬁrométogréphy (silica  g§1 230—4d6'mesh, elution with petroleum
.ether / ether .99:1) YIelded 16 as a clear colorléss oil (56.3
mg,  86%); | A mag_ (CHC13): 1720'cm‘}, 1640 cm;l;.S (CDC]#,
400 MHz):  1.28 (3n, s), 1.80-1.96 (2H, m), 2.38-2.50 (3H, m),
2.82 (1M, dd, J=15.5 Hz and 1 Hz), 3.47 (d, =10 Hz), 3.5 (4,
.J=10& Hz) (2H, AB <quartet, CHZBi), 3.68 (3H, s; CO,CH3), 3.76
(@, 311 Hz), 3.90 (4, J=11 Hz) (2H, AB quartet, CHyBr), 4.94
(1H, t; J=2 Hz), 5.05 (1H, t, J=2 Hé); we (relative 1n£ensity):
‘356/354/352 (M*,fllb.1/0.2/0.l), ‘275/273 (3;1/3.7),, 201/199
(28.2/30.9); 154 (0.5), 133 (41.8), 119 (100.0), 105 (52.5),
91 (48.3). | I | |

‘Anal. calcd. for CyjHygOyBrp: C 40.71, H 5.12, Br 45.13; found:



C 40.64, H 5.03, Br 45.06.
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Attempted cleavage of 9-bromo-4-(bromomethyl)camphor 71

Br

Br :
1
9-Bromo-4-(bromomethyl)camphor 11 ’(60.0 mg,. 0.19 mmol)
in dry methanol (1.0 mL) was added to a solution of sodium
methoxide in methanol {prepared from sodium>(6.4 mg, 0.28 mmol)

and methanol (0.8 mL)} under argon at 0°C. The starting material

remained unchanged after 10 hours at 50°cC.



Preparation of 3,3,9-tribromo-4-(bromomethyl)camphor 12
B : ' B '
r 0 f 0
Br
Br Br ‘ ' Br Br -
70 12

Chlorosulphonic acid (2.10 mL, 0.031 mol) was added slowly

to a mixture of endo-3,9-dibromo-4-(bromomethyl)camphor 70 (2.4
g, 0.0060 mol) and bromine (0.51 mL, 0.010 mol). After stirring
at room temperature for 5'days, the reaction mixture was heated
to 80°C and terminated after 2.5 days. The reactlion mixture
was cooled and quenched with water, and sodium bisulphite was
added to destroy éxcess bromine; .Extraction with ether (3*)}
followed Dby washlng with saturated sodium bicarbonate (3X) and

water (3X), 4drying over anhydrous magnesium sulphate, and
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evaporation of the solvent yielded a yellow so0lid which on

trituration with 1ice-cold ether provided tetrabromo compound
72 as a white crystalline solid (1.80 g, 62%), mp 182-183 °C
(sealed tube); V max (CHCl3): 1755 ch‘l; 8 (cpclj, 400 MHz):
1.12 (3H, s, C-8 methyl), 1.30 (3H, s, C-10 methyl), 1.70-1.85
(2H, m, C-5 and C-6 endo protons), 2.27 (lH, ddd, J=14.5 Hz,
11.5 Hz and 6.5 Hz, C-5 exo proton), 2.89 (1H, ddd, J=14.5 Hz,
9 Hz and 3.5 Hz, C-6 exo proton), 3.38 (4, J=11 Hz), 3.71 (4,
J=11 Hz) (2H, AB quartet, C-9 methylene), 3.91 (4, J=11 Hz),
4.28 (d, J=11 Hz) (2H, Aé quartef, C-4 methylene); m/e (relative
intensity): 486/484/482/480/478 (M, 0.6/5.2/7.5/4.8/1.4),
405/403/401/399 (1.8/4.9/4.3/1.5), 325/323/321 (26.1/54.3/29.1),



243/241 (16.5/18.5), 161 (30.5).

Exact mass calcd. for Cy9Hj40Bry,:
485.7697/483.7717/481.7737/479.77157/477.7777; found
485.7747/483.7729/481.7727/479.7774/477.7820. |

anal. calcd. for C11H14OBI4§ c 27.4?, H 2.93, Br 66.33; found:
C 27.23, H 2.87, Br 66.58. |

S0
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Attempted C-10 brominatioh of.f3,3,9—tr1bromo-4-(bromométhyl)-
camphor 12 | |
Br 0

Br 3

Br Br
E .

Chiorosulphoﬁicv acid (1.31'mL, 0.019 mol)‘was added‘slowly
to a mixture of 3;3,9—tr1bromo-4—(bromomethyi)camphor“13 (1;80
g, 0.0037 mol) and bromine (0.32 nL, 0.0063 mol) and the reaction
ﬁixture« stirred at room tembérature for 19 days. nWOIkup as’

described above (page 89) provided starting material.



Preparation of (+)-3,3-dibromocamphor 26

0. o 0
' Br

Br | Br
52 | 26

92

Bromine (40.0 g, '12.5 mL, 0.25 mol) was added dropwise

to a solution of (+)-endo-3-bromocamphor 5a (46.2 g, 0.20 mol)

in glacial acetic acid (200 hL) and the reaction mixture was

heated at 55°C for an hour £ollowéd.by'three more additions

of bromine (10 mL, 0.20 mol each) at one-hourly intervals.
After the last addition of bfomine,'the reaction mixture was
further heated for an hour before it was cooled;-poured into
icé-water, neutralized with so0lid sodium bicarbonate and excess
.bromine .destroyed by solid sodium bisulphite. The mixtufe was
then extracted‘with_ether {(3X), washed with brine (3X) and water

(3X), and dried over anhydrous magnesium sulphate. .Removal

of the solvent ylelded a yellow solid which was érystalized'

from ether in the refriggrator'to provide.(+)<3,3—dibromocam§hor
26 as a white crystalline s=solld (57.0 g, 92%), mp 60-6; oc
(sealed tube; 11it. ref. mp 64°C); Y max (CHCl3): 1755 cml;
8 (cDCl,, 400 MHz): 1.02 (3H, s, C-8 methyl), 1.11 (3H, s,
'C-10 methyl), 1.25 (3H, s, C-9 methyl), 1.60-1.67 (2H, m, C-5
and C-6 endo protons), 2.08 (1H, m, C-6 exo protbn), 2.33 (1H,
m, C-5 exo proton), 2.82 (1H, d, J=4 Hz, C-4 proton); mle
,l(relatIQe intensity): 312/310/308 (M*, 1.4/2.5/1.2), 284/282/280

(3.3/6.0/2.7), 232/230  (3.1/3.0), 203/201 (18.9/19.8), 123



(22.0), 83 (100.0). |
Ex_a_c_t mass calcd. for CloH_14OBrz: _ A
© 311.9371/309.9391/307.9411; fouﬁd‘311.9363/309.9386/307.9413.
anal. calcd. for CyoH140Bra: C 38.74, H 4.55, Br 51.55; fbund
FC,38.4§, H 4.62, Br 51.33. | | |
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Preparation of Pericyclocamphanone 24

0] 3 (o)
Br

BrZﬁ 2%4

Diethyl zinc (50.0 mL of a 15% wt. solution in toluene;
0.05 mol) was added to a solution of dry (+)-3,3—dibromocémphor
26 (15.5 g, ©0.05 mol) 1in dry benzéne (500 mL). The reaction
mixture was refluxed for 24 hours, quenched with ice;water (the
white emulsion produced was destroyed by the addition of 1M
Hci solution), and extracted with ether (3X). The ether extracts
were combined and washed with water (3X), dried over anhydrous
magnesium sulphate. Removal of the solvent ylelded a yellowish
crystalline so0lid (8.3 g).  The crude product which on column
chromafography (silica gel 230-400 mesh, elution with petroleum
ether / ether 95:5) provided pericyclocamphanone 24 (7.1 g,
94 %) as a white crystalline solid, mp 168-170 °C (sealed tube;
1it. ref. mp 168-170 °C); V max (CHCl3): 1720 cm™; § (cpclj,
400 MHz): 0.81 (3H, s, C-8 methyl), 0.90 (3H, s, C-10 methyl),
0.97 (3H, s, C-9 methyl), 1.44 (1H, t, J=5.5 Hz, C-3 proton),
1.72 (1H, 4, J=11 Hz, C-6 endo proton), 1.94 (1H,'dd, J=11 Hz
and 1.5 Hz, C-6 exo proton), 1.97 (1H, t, J=5.5 Hz, C-4 proton),
2.01 (1H, bt, J=5.5 Hz, C-5 proton); m/e (relative intensity):
151 (M*+1, 21.6), 150 (M*, 24.1), 123 (60.0), 107 (100.0).

Exact mass calcd. for CygHj40:  150.1045; found 150.1054.

94

Anal. calcd. for CqgH340: . C 79.96, H 9.39; found C 78.50, H'



. 26.
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Preparation of exo-5-bromocamphor 27

Br
24 . 2

Hydrobromic acid (48%, 100 mL) was added carefully to a
solution of pericyclocamphanone 24 (5.00 g, 0.033 mol) in acetic
anhydride (15 mL). The >reaction mixture was stirred at 65°C
for 3 hours, cboled and poured into ice-water. The resulting
solid was filtered off; dissolved in ether, washed with saturated
sodium biéarbonate solution, then with water (2X), and the ether
solution dried ovef anhydrous magnesium sulphate. Evaporation
of the solvent yielded a light yellow sélidehich was purified
by coiumn chromatography (Siliéa gel 230-400 mesh, elution with
petroleum ether / ether 98:2) to afford exo-5-bromocamphor 27
as a. white crystalline compound (7.15 g, 93%), mp 110.5-111.5
°c (sealed tube; 1it. ref. mp 111-111.5 °c); VY max (CHCl3):
1735 cm~1; S (CDC13, 400 MHz): 0.90 (3H, s, C-8 methyl),
0.96 (3H, s, C-10 methyl), 1.38 (3H, s, C-9 methyl), 1.84.(1H,
d, J=18.5 Hz, C-3 endo proton), 2.15 (1H, dd, J=15.5 Hz and
8.5 Hz, C-6 endo proton), 2.28 (1H, dd, J=15.5 Hz and 5 HzZ,
C-6 exo proton), 2.47 (1H, dd4, J=18.5 Hz and 5 Hz, c-3 exo
proton), 2.53 (1H, 4, J=5.5 Hz, C-4 proton), 4.70 (1H, dd, J=8.5
Hz and S5 Hz, C-5 proton); m/e (relative intensity): 232/230
(Mt, 4.5/4.5), 151 (18.8), 123 (38.4), 109 (100.0).

Exact mass calcd. for C4gH,gOBr: 232.0286/230.0306; found



232.0292/230.0309.
. Anal. calcd. for .CygHygOBr: C 51.97, H 6.54, Br 34.57; found:
'€ 51.67, H 6.64, Br 34.40.
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Attempted preparation of e£x0-5-bromo-2-methylenebornane 58

O

b

Br :' Br
2z o 8
Hethyltriphenyiphosphonium bromide -(1,73 g, 0.0048 mol)

was vacuum pumped fof 1.5 hours to remove any tracé:of moisture
before it was dissolved - in pure THF (4.5 mL) and.flushed,with
argon. n-Butyllithium (3.88 mL of the 1.25M solution, 0.0048
mol). was added dropwise and the resultant mixture was stirred
at 50°C for 2 hours under argon. A solution of €x0-5-bromo-
camphor 27 (0.70 g, 0.0030 holf‘in distilled THF (lyaimL) was
added dropwise to the Wittig reagent and the reactioﬁ,mixture.
was refluxed at 65°C under argon. After 1 hour, capillary GLCl
and TLC analyses indicated that a'sing1e product had beeh formed.
The reaction mixture was cooled, diluted with water, extraéted
with .pentane' (3X) and the pentane extracts were qomblned and
washed with water (3X) and dried over aﬁhyd;ous  ﬁagnés1um
sulphate. Evaporation of the solvent ylelded a white crystalline
combound (0.45g, 99%). capillary GLC (OV-101, 120°c) and TLC
analyses, the 1low resolution mass spéctrhm and the 1y NMR
specfrum (CDCl3, 400 MHz) of this compound confirhed fhat the

product was pericyclocamphanone 24!



Preparation of exo-5-bromo-2-methylenebornane 58

Br _ Br
21 28

Titanium tetrachloride (4.8 mL, 43.7 mm§1)' was added
dropwiée to a stirred suspension of zinc dust (11.8 g, 180 mmol)
and dibromomethane (10.4 g, 4.2 mL, 60.0 mmol) in THF (200 mL)
at -40°c. The reaction mixture was allowed to warm to 5°C and
kept in the refrigerator for 3 days ¢to glive a.thlck brown
slurry. The 1ce-co0ld slurry was added portionwise to a stirred
solution’ of exo0-5-bromocamphor 27 (2.3 g, 10.0 mmol) 1in
dichloromethane (20 mL) and the resultant mixture was stirred
at room temperature for 1 day under argon. The reaction mixture
was then quenched with saturated sodium blcarbonate solutioh,
extracted with ether (3X) and the ether extracts were combined
and washed with water (3X), and dried over anhydrous magnesium
sulphate. Evaporatlion of the sol?ent ylelded pure exo-5-bromo-2-
methylenebornane 58 as a white crystalline solid (1.98 g, 86%),
"mp 88-89.5 ©C (sealed tube); Y max (CHCl3): 1645 cm™1, 880
cm™l; 8 (cpCl3, 400 MHz): 0.80 (3H, s, C-8 methyl), 0.97 (3H,
s, C€-10 methyl), 1.28 (3H, s, C-9 methyl), 1.91 (1H, 4, J=18
Hz, C-3 endo proton), 2.02 (1H, dd4, J=14 Hz and 8.5 Hz, C-6
endo proton), 2.18 (1H, d, J=6 Hz, C-4 proton), 2.27 (1H, 44,
J=14 Hz and 4.5 Hz, C-6 exo proton), 2.50 (1H, bd, J=18 Hz,

c-3 exo proton), 4.01 (1H, dd, J=8.5 Hz and 4.5 Hz, C-5 endo

~
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1100
proton), 4.74 (4) and 4.79 (4) (2H, AB quartet, exo-methylene
protons); m/e (relative intensity): 230/228 (MY, 1.2/1.1),
215/213 (1.5/1.6), 149 (86.2), 107 (72.3), 80 (100.0).

Exact mass calcd. for Cy11H19Br: 230.0493/228.0513; found
230.0497/228.0512. '

Anal. calcd. for CyqHy7Br: C 57.65, H 7.48, Br 34.87; found:
C 57.75, H 7.56, Br 34.79.
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Attempted acid-catalyzed rearrangement of exo0-5-bromo-2-

methylenebornane 58

Br _X— AcO Br + Br

a’ H " 0Ac
2 59 60

Concentrated sulphuric acid (0.013 mL, 0.17_mm01) was'added
to a .solutioh- of exo-5-bromo-2-methylenebornane 58 (0.20 g,
0.86 mmol) in glacial acetic acid (0.55 mL) at 0°C and the
reaction mixture stirred at 0°C for 35 minutes. GLC (ov-101,
120°Cc) and TLC analyses indicated that no reaction had taken
place and further stirring at room temperature for 3 hogrs made
no difference. Finally, the reaction mixture was heated to
about 80°C which caused the starting material 58 to decompose.

In a separate run, concentrated sulphuric acid (0.12 mL,
1.54 mmol) was added to gxg~5-bromo-2-methylénebornane 58 (1.83
g, 7.91 mmol) in glacial acetlic acid (5.0 mL) at 0°C. The
reaction mixture was stirred ét room temperaturevand followed

by GLC and TLC for 21 days, GLC and TLC analyses showed that
the starting material 58 slowly underwent decomposition and

that no major products were observed.
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APPENDIX 1: 400 MHz 1H NMR Spectra of Selected Compounds
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APPENDIX 2

Stereoview of endo-3,9-dibromo-4-(bromomethyl)camphor 170
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