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PREFACE

Stereochemical control through generation of stereo-
genic carbon centers, particularly during additions to
trigonal carbon centers, is one of the central themes 1in
organic chemistry. The factors which can profoundly
influence the 'face selectivity' during additions to planar
carbon center are: steric effects, conformations of the
flanking groups, complexation of reagents, product stabi-
lity, electrostatic factors and stereoelectronic effects. A
greater 1insight concerning the role of each one of these
factors 1is necessary in order to carry out stereochemical
transformations in a predictable manner, which is a highly
desirable goal for both theoretical and experimental
chemists. Recent years have witnessed a great deal of
interest among contemporary chemists in understanding the

origin of the m-facial selectivities.

Cram in 1952 pointed out the role of steric and confor-
mational factors during nucleophilic additions to cyclic
ketones., Since then various factors controlling nucleo-
philic and electrophilic additions have been extensively
explored, as a result of which several models for stereo-
selection have been proposed by different groups. The
important ones in the chronological order are by Dauben
(1956), Karabatsos (1966), Klein (1973), Fukui (1976),
Felkin-Anh (1977), Ashby (1977), Hudec (1981), Cieplak
(1981) and Houk & Paddon-Row (1991)., Of these, the two

models that essentially focus on the electronic control of

vi



n-face selectivity and which have come under intense
critical scrutiny with much ongoing debate in the past few
yvears have been proposed by Cieplak (1981) and Houk &
Paddon-Row (1891). The former takes into account the hyper-
conjugative transition state stabilization by the antiperi-
planar o0-bonds into o orbital of incipient bond as the
determining factor whereas the later emphasizes the role of

electrostatic effect in controlling the face selectivity.

The assessment of various factors governing the n-
facial selectivities largely depends on the choices of
substrates, the m-faces of which are equivalent, as much as
possible, with respect to each of the other effects. Cyclo-
hexane based systems have been generally exploited for this
purpose and the same set of experimental data has been used
to evaluate various models described above, despite the
intrinsic flaw that the two m-faces of the trigonal center
in these e.g. cyclohexanone and methylene cyclohexane
systems are sterically non-equivalent (axial vs equatorial
approach. Thus, there isaneed to devise sterically neutral
systems that can serve as incisive probes for segregating

steric vs electronic effects in m-face selection,

Our search for such a system led us to the endo substi-
tuted 7-norbornanone and 7-methylenenorbornane derivatives
which appeared ideally suited for studying face-selectivi-
ties, 1n sterically neutral situations, through long-range
electronic perturbations. The 7-Norbornyl system attracted

our attention on account of the following structural
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features: a) the C7 spg carbon in these systems is elevated
above the C9C3C5Ce plane while the endo-substituent lie
below this plane, i.e., on the blind side of the approach to
the C7 center. b) the endo R group can be electronically
fine-tuned without perturbing the steric environm%pt around
C7 and c¢) the conformational rigidity and well documented
reactivity pattern of 7-norbornyl system was an additional

advantage in obtaining unambiguous results.

The present thesis entitled '"m-facial selectivities
during Nucleophlilic and Electrophilic Additions to 7-
Norbornyl and Related systems'" recounts our efforts directed
towards the evaluation and understanding of some of the
fundamental issues concerning the origin of n-facial
diastereoselection in endo-substituted norbornyl and related
systems. Our initial investment of efforts to successfully
segregate the steric and electronic factors were amplified
to further discriminate the constituent elements of
electronic component during additions., Attempt was also
made to gauge the’role of ground state geometric distortions
in controlling the 'reagent traffic' in norbornyl systems.
The thesis has been arranged under six main sections,
titled, I. Introduction, II. Results and Discussions, III,

Summary, IV, Experimental, V. Spectra and VI, References.

In the first section, a brief but up-to-date account of
important experimental and theoretical work, relevant to the

ongoing debate on the origin of m-facial selectivities along
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with few popular models of stereoselection including those
which are the subject of intense debate and scrutiny in

recent years, are provided.

The second section, which is further divided into two
subsections, gives an account of synthetic procedures
leading to numerous derivatives of norbornyl and related
systems, nucleophilic and electrophilic additions to these
systems,stereochemical analyses of the addition products by
unambiguous methods and attempts to interpret the experi-
mental results in the light of various models and theories

of stereoselection.

The subsection A narrates the results of nucleophilic

additions to endo-mono- and endo, endo-disubstituted 7-nor-

bornanones, 7-norbornenones and bicyclo[2.2.2]octanones
employing metal hydrides (e.g., NaBH,;, LiAlH,, Li(t-OBu)3AlH
and DIBAL-H) and alkyllithium (e.g., CH3Li). The results
described convincingly demonstrate the profound influence of
the remote endo-substituents 1in controlling mw-facial
diastereoselection during nucleophilic additions. Disubsti-
tuted endo-7-norbornenones have been exploited to explore
the role of ground state geometric distortions anticipated

for these systems. Extension of our studies to endo, endo,-

disubstituted bicyclo[2.2.2]octanones was undertaken to make
our observations more general. The two possible regio-
isomers of endo-monosubstituted bicyclo[2.2.2]octanones
provided an opportunity to segregate and evaluate the two

components of the electronic effect viz, electrostatic and

X



orbital interactions. Regiochemistry of the products during
one-carbon ring expansion of 7-norbornanones enroute to
endo-monosubstituted bicyclo[2.2.2]octanones which provides
further support to our views on m-facial diastereoselection

is also discussed (Appendix).

The subsection B describes the electrophilic additions

to 2,3-endo, endo-disubstituted 7-methylenenorbornane, 2-

endo-substituted-7-isopropylidenenorbornanes and 5-endo-
substituted 7-isopropylidenenorbornenes. The electrophiles
studied include m-CPBA, BH3, Hg(OAc),, Br+, 105 and CCl,.

A summary of our experimental results on nucleophilic
and electrophilic additions to norbornyl and related systems
constitutes section III. The sections IV, V and VI contain
details of the experimental procedure, spectra of some of

the key compounds and relevant literature citations,

respectively,

The results enumerated above constitute an important
body of experimental data on the origin of n-facial
diastereoselection in view of the conflicting theories and
current controversy. Our efforts provide a better under-
standing of the interplay of various factors such as steric,
electronic and electrostatic in determining the origin of 7-
face selectivities. We hope that these results will stimu-
late others’0 1in designing and studying newer systems to

test our mechanistic findings and interpretations.



I. INTRODUCTION



Stereochemical control through generation of stereo-
;enic carbon centers 1s one of the central themes 1n organilc
‘hemistry. The most common way of generation of stereogenic
arbon centers 1s through addition of reagents to trigonal
arbon centers to give tetrahedral centers. In principle,
he approach of the achiral reagent during additions to
dlanar trigonal carbon center is equally likely from either
3f the two faces (top and bottom), resulting in the forma-

tion of racemic mixtures from achiral precursors, Fig.I.

Fig.1I
Nu = (top)
Nu i Nu
R.."'C—O R.. I CI}R
/A /C\OH : H N\
R1 R1 R1

Nu - (bottom)
The reaction 1s Known as asymmetric synthesisl Or asymmetric
induction when the two stereoisomers shown 1in Fig.I are
formed 1in wunequal amounts. One of the ways of achieving
chiral induction 1s to have a chiral center in either one or
both the ligands (R & Rj) attached to trigonal carbon. This
chiral center which 1s already present in the molecule
dictates the predominant approach of the reagent from one of
the two faces at the reaction site resulting in the forma-
tion of unequal amounts of two stereoisomers, in this case

called, the diastereomers. In other words the presence of a



chiral center in the molecule makes the two faces of the
planar carbon diastereotopic, resulting in the formation of
unequal amounts of diastereomers and is called diastereo-

selective synthesis.

To execute diastereoselective synthesis in a required
fashion, a thorough knowledge and understanding of the
various factors governing the face selection during addi-
tions to trigonal carbon centers is a highly desirable goal.
Several factors can influence the face selectivity. The
most 1important factors which were discovered as early as
1952 by Cram? are steric and conformational effects. The
role of these factors in determining the face selectivity is
fairly well understood and few empirical rules have beern
proposed, depending on the substrates, which predicts quali-
tatively the predominant approach of the reagent based on
the conformation of the chiral center already existing in
the molecule, Other factors which also play a crucial role
but 1in a more subtle way in determining the face selection
are: torsional strain, complexation of reagents, product
stability, electrostatic factors and stereoelectronic
effects. A greater insight concerning the role of each one
of these factors is necessary in order to carry out stereo-
chemical transformations 1in a predictable manner. Recent
years have witnessed a great deal of interest among contenm-

porary chemists in understanding the origin of the mn-facial

selectivities.3“18



Models of Stereoselection:

Cram2 in 1952 recognized the role of steric and confor-
mational factors during nucleophilic additions to acyclic
ketones. Since then various factors controlling nucleo-
philic and electrophilic additions to trigonal carbon
centers have been extensively explored, as a result of which
several models for stereoselection have been proposed by

different groups. The important ones are discussed below:

Cram's Model?:

Cram was the first chemist to propose an empirical rule
of '"steric control of asymmetric induction" to predict
qualitatively the formation of predominant isomer during
nucleophilic additions with organometallic or metal hydride
reagents to acyclic ketones possessing an adjacent chiral
center., The rule states that when the asymmetric carbon g
in the ketone RCOC™ SML (where S, M & L stand for small,
medium and large groups attached to C*) is so oriented that
the carbonyl function is flanked by two smaller groups (S &
M) attached to C*, the reagent (R~ or H™) preferentially
approaches the carbonyl group from the side of the smallest
group s.4% Cram's rule, summarized in 1, assumes a transi-
tion state conformation in which the carbonyl oxygen 1s
anti-periplanar to the largest group (L) attached to the
neighbouring chiral carbon. The rule applies only to reac-
tions that are kinetically controlled and not to the thermo-
dynamically controlled processes where subsequent equili-

bration produces more stable product predominantly. The
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stereochemical outcome of addition to ketones having groups
such as OH, NHy or OMe on the a-chiral center is predicted
by Cram's rule? based on a rigid cyclic model as shown in 2,
Approach from the side of the small group is again favored.
Failure of model 2 to predict correctly the resultant major
diastereomer 1n addition to Ketones having a polar substi-
tuent, such as halogen, on the a-chiral carbon led Cram to
propose6 the dipolar model 3. The dipoles of the carbonyl
bond and the C-X bond oppose each other and to minimize this
they are placed anti as shown in 3. Karabatsos’ modified
Cram's rule and proposed modifications in the transition
state conformation of the ketone based on the assumption
that the transition state 1s characterized by little bond
making and breaking and hence the arrangement of the three
groups of the asymmetric carbon atom with respect to the
carbonyl 1s the same as in aldehydes or ketones, 1i.e., one

group eclipsing the carbonyl as shown in Fig.II. Product

Fig.II
M L
5 0
Nu - Nu -
-
L Major Minor



specificity 1in all the models described above therefore
depends on the relative magnitudes of Nu™ vs S and Nu™ vs M

steric interactions.

Dauben's Model:8,18

Dauben® was the first chemist to rationalize the
stereochemistry of the metal hydride reduction of substi-
tuted cyclohexanones. During the reduction of 4-tert-butyl-
cyclohexanone with lithium aluminium hydride, the nucleo-
phile approaches predominantly (90%) from the more hindered
axial face to produce more stable equatorial alcohol. The
more hindered ketone 3,3,5-trimethylcyclohexanone is
attacked predominantly (55 to 75%Z) from the 1less hindered
equatorial side., To explain these results Dauben suggested
the concept of "product development control" and 'steric
approach control'", He suggested the formation of an initial
complex and the transfer of the hydride in the complex
results in rehybridization of the carbonyl carbon atom from
sp2 to sp3. A late transition state in which hybridization
is largely sp3 allows the relative stabilities of the
products to be reflected in the transition state. In the
case of an unhindered ketone such as 4-tert-butylcyclo-
hexanone, Dauben suggested that the developing sp3 hybridi-
zation 1s the controlling factor, hence that "product
development control'" 1is observed. On the other hand Cj
axial methyl group of 3,3,5-trimethylcyclohexanone hinders
the nucleophile in its axial approach, decreasing the ease

of formation of this complex. This results in the favoring



of equatorial attack, and "steric approach control" deter-
mines the stereochemistry of reduction. These and other
results have been generalized, leading to the conclusion
that reduction of unhindered ketones is governed by product
development control and that reduction of hindered ketones
is governed by steric approach control. The product
development control would require a late transition state
resembling the products, whereas steric approach control
would require an early transition state resembling the

reactants.

Felkin-Anh Model:9,10
In 1968 Felkin? proposed a model based on the concept

of torsional strain which was subsequently supported by Anh

and Eisenstein's (1977) ab initio theoretical calcula-

tions.10 The model generally known as Felkin-Anh model, has
been widely accepted and has played a significant role 1in
understanding the stereoselectivities of variety of

reactions.

Felkin's model932 for the interpretation of the steric
outcome of nucleophilic reactions encompassing both open-
chain carbonyl compounds and cyclohexanones, was based on
the following four premises: (a) The transition state in the
hydride reductions are, in all cases, essentially 'reactant
like'", rather than "product like" as suggested by Dauben for
unhindered cyclohexanones. (b) Torsional strain (Pitzer
strain) 1involving partial bonds and fully formed bonds in

transition states represents substantial fraction of the



strain. (c¢) Important steric interactions involve Nu~ and R
rather than the carbonyl oxygen as assumed by Cram and
Karabatsos. On this basis, the least strained of the six
possible staggered conformations is 4, followed by 5 and 6
(the other three all involve gauche interactions between Nu~
and L, and at the same time between R and M or L). (d) Polar
effects stabilize those transitions states 1in which the
separation between Nu~ and an electronegative group (L, M or

S) 1s greatest, and destabilize the others,

¢

. 5
In the case of cyclohexanones9b both torsional and
steric strain cannot be minimized simultaneously as in the
case of acyclic substrate model 4, Felkin pointed out that
in the reactions of cyclohexanones formation of the axial
alcohol (equatorial attack) implies a partial eclipsed tran-
sition state 7 involving some degree of torsional strain,
and formation of equatorial alcohol (axial attack) 1mplies
an essentially staggered transition state 8 involving some
degree of steric strain, He therefore, suggested that in
the absence of polar effects their stereochemical outcome 1is
determined by the relative magnitude of torsional strain 1in

7 and of steric strain in 8.

The predominant formation of the equatorial alcohol 1in

unhindered cyclohexanones 1s due to torsional strain in the



(CHa)2
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reactant-like transition state 7, and not the kind of steric
strain 1n '"'product development control'" model proposed by
Dauben. Making R bulky will lead to the 1increased steric
strain 1n transition state 8 resulting in the predominant

formation of axial alcohol via transition state 7,

Anh and Eisensteinl0 supported the model proposed by
Felkin and suggested that the Felkin's hypothesis may be
advantageously replaced by the assumption of non-perpendi-
cular attack as shown in 9 and 10. Obviously the steric
hindrance encountered by the nucleophile 1s much more in 10
than in 9. This model also accounts for the experimentally
observed fact that the asymmetric i1nduction 1S enhanced as
the size of the R group 1s gradually increased. Since as R
becomes 1ncreasingly bulkier, the incoming nucleophile 1s
pushed further and further towards the neighboring chiral

carbon and can "feel" better the difference between S (in 9)

and M (in 10), which should lead to increased selectivity.,
0 M




Anh further proposed the anti-periplanar effect and the
ring flattening 1rule based on Frontier molecular orbital
considerations. The HOMO of nucleophile interacts with the
LUMO of substrate (carbonyl compounds) during nucleophilic
addition. Therefore, the most reactive conformation of the
substrate i1s that with lowest LUMO. This corresponds to the
geometry in which C9-X bond is parallel to the m system, as
there 1s then a good overlap between the n*CO orbital and
the low lying O*CQ—X orbital, leading to a stabilization of
the LUMO, Fig.III. The nucleophile may now approach the
conformer corresponding to the lowest LUMO either from the
anti-periplanar or syn-periplanar direction with respect to
Co-X bond as shown in Fig.III. The latter is disfavored for

Fig.II1

A B

two reasons (1) while the anti-attack with respect to X

leads to an 1in-phase overlap between Nu~ and O*CQ-X
(Fig.III A), syn-attack leads to an out-of plase overlap
between Nu~ and 0°Co-X (Fig.III B); (ii) syn-attack implies
an eclipsing of Cy;-Nu~ and C9-X bonds (Fig.III B),.



In cyclohexanone systems the anti-periplanar effect
suggests another factor which can govern the selectivity.
It 1s clear that if the ring may be flattened, as 1indicated
in Fig.IV, axial attack may approach anti-periplanarity to
the Co-Hzx and Cg-H,y bonds. Equatorial attack cannot
approach anti-periplanarity to the C9-C3 and Cg-C¢ bonds.
The more flattened the ring, the more axial attack

("flattening rule').

g ~ L N -
Cs : K CJ :
B4

The Felkin-Anh model basically predicts the same
stereochemistry as Cram's but provides a more quantitative

assessment of 1,2-asymmetric induction.

Klein's Model:!ll

Kleinll was one of the first chemist to conceive and
propose a model based on electronic effects in the reactions
of cyclohexanones. He suggested that the B C-C bonds enter
into a hyperconjugation interaction with m electrons of the
carbonyl (or exocyclic double bond). The symmetrical ¢ and
0 orbitals interacts with m and "~ orbitals respectively
forming two orbitals of different energy in each case, as
shown 1in the Fig.V. LUMO of the carbonyl which participates

during nucleophilic attack, 1s lowered 1n energy by 1nter-

10



action with B C-C bonds and has larger lobes on the side of

the B C-C bond. This unsymmetrical extension of 1" lobes
Fig.V




facilitates attack from the axial face from which better
interaction with the incoming nucleophile is possible 1in the
absence of steric effects, Similarly the bonding orbital of
highest energy (HOMO) will have the larger electron density
of the m system on the face opposite to B C-C bonds due to
anti-bonding interactions between the carbonyl (or exocyclic
double bond) and the orbitals of C-C bonds. Electrophilic
attack on the exocyclic double bond of methylene cyclohex-
anes which 1involves the HOMO of mn-system 1is therefore

predicted to take place predominantly from the equatorial

face.

Alternatively, 1nteractions between the occupied and
the corresponding vacant orbitals as shown in 11 and 12 may
be considered to explain the same problem. This interaction

leads to different electron density on the two faces of the

%
T orbital

11, 12

plane containing the trigonal atom. Electrophilic attack
involves preferential equatorial approach by interactiol
with 7 orbital 11, but nucleophilic attack involves prefe

rential axial approach by interaction with n* orbital 12,

12



Hudec's Model:12

Hudecl? in his "twist angle theory'" using semiempirical
MO calculation showed that the m~ orbital of the carbonyl
carbon of asymmetric ketones deviate from orthogonality.
This small deviation, measured by twist angle, of the »p
orbital of carbon atom from the normal position perpendi-
cular to the carbonyl plane takes place to effect greater
overlap with a vicinal 0 bond. The magnitude of twist angle
may be used to predict the configuration of the diastereo-
meric alcohols formed during the metal hydride reduction of
ketones., It was also proposed that a nucleophile approaches
a carbonyl group preferentially from the side of obtuse

angle with respect to 0-C bond.

Cieplak Modell3:

The model proposed by Cieplakl3,14 is in a sense just
reverse of the Anh's model in which the transition state
stabilization by delocalization of the newly formed C-Nu
bond into anti-periplanar o0* orbital was proposed. Cieplak
assumed that the stabilization of the transition state can
occur by the delocalization of electrons from anti-peri-
planar o bonds 1into the o* orbital, a 1low-lying wvacant
orbital, of the incipient bond between the nucleophile and
the carbonyl carbon. Thus, the preferred approach of a
nucleophile to the carbonyl is from the face anti to the
most electron rich allylic o bonds. The second assumption
in this model is that the electron donating abilities of

some common bonds are in the order: C-S > C-H > C-C > C-N >

13



C-0. The stereochemical outcome of the metal hydride reduc-
tion of substituted cyclohexanones is therefore governed by
which of the vicinal bonds is more electron donating, the
Co-Hax and Cg~Hax or the C9-C3 and Cg5-Cg 0 bonds.  Axial
approach is stabilized by electron donation into 0* orbital
of incipient C-Nu bond from anti-periplanar ¢ C-H bonds, 13
whereas equatorial approach is stabilized by similar elec-

tron donation by o C-C bonds, 14, Since C-H o bonds are

13
postulated to be better electron donors than o C-C, axial

ftransition state leading to equatorial alcohol is ¥avored
over the other. An electron withdrawing group at C3 makes
CQ—C3 0 bond relatively electron poor and hence disfavor the
¢quatorial transition state 14 resulting in the enhancement

of the axial attack.

Houk & Paddon-Row Model:15-17

Houk13,16  and Paddon-Row!’/ investigated transition
state energetics and performed conformational analysis of
the transition structures using ab initio and force-field
methods. In their studies particular attention was focusel
on the angle of reagent attack 6, the rotational preferences

of C1-C bonds and preferred locations of allylic substi-

14



tuents A, B and C in the transition structures. Calculations
on several transition states for nucleophilic additions led
them to propose that the charged nucleophiles approach tri-
gonal center with obtuse attack angle 6, of 115° to 130°C.
The attack angle 6 decreases for additions of organolithium
or metal hydride reagents which proceed via four-center
transition structures. Theoretical studies of hydroboration
and carbene cycloadditions revealed that, for electrophilic
attack on multiple bonds, an acute angle of approach is

favored.

The calculations performed to assess the conformational
preference of methyl group attached to the trigonal center
reveal that the allylic C-H bonds prefer a staggered arran-
gement with respect to partially formed bond during nucleo-
philic additions. This conclusion, which was originally
reached empirically by Felkin? and 1later computationally
supported by Anh,10 was further extended to accommodate all
types of additions. The preferred arrangement of the subs-
tituents on the a-chiral carbon, which differ in size but
possessing similar electronic character, were determined by

ab 1nitio or force field calculations. For nucleophilic

additions with large 6 (15), the conformational preference

15



is such that the largest group (L) is anti to the attacking
nucleophile, the medium sized group (M) is inside (near the
double bond), and the smaller group (S) is outside (away
from the double bond) in the crowded region between R and
approaching nucleophile. This "outside crowded" model 1is
similar to Felkin-Anh model and predicts the same major
product as is predicted by Cram's rule. By contrast, in an
"inside-crowded'" model, the preferred location of substi-
tuents is as follows: L, anti; M, outside; S, inside. Model
calculations suggest that hydroboration follow such an
"inside-crowded'" model for chiral centers on either carbon

(16) or boron (17). Thus, the resulting stereochemistry 1is

L

15 16 17
referred to as "anti-Cram'" because it 1s opposite to the

stereochemistry predicted by Cram's (Felkin-Anh) rule for

nucleophilic additions.

When allylic substituents are either electron with-
drawing or donating relative to hydrogen, electronic effects
cause these substituents to possess a specific orientation
with respect to the attacking reagent, Ab initio calcula-
tions 1indicated that, for nucleophilic attack, electron
withdrawing (EWG) allylic group prefer the anti-conformation

as shown in Fig.VIA; while electron donating group (EDG)

16



disfavor the anti-position and takes outside (or inside)
orientation as shown in Fig.VIB. On the other hand, opposite
preferences of donor (EDG) and acceptor (EWG) groups, as
shown 1n Fig.VIC and D, were revealed for electrophilic

reactions.

Fig.VI

E® E#
= Nu., = Nu, : 3

7 med Faly,
~£ S & L
1 / Lo

These results are in sharp contrast to the proposal
made Dby Cieplak13 in which the donor group always prefers
anti conformation with respect to newly forming bond. Thus,
Houk-Paddon Row model fully supports Felkin-Anh model and
contradicts Cieplak's model. Further, recent calculations on
model systems by Houk et.al.l6 suggests the importance of
electrostatic i1nteractions between remote polar substituents
and the incoming nucleophile i1n determining the face selec-
tivity and claims that the combination of torsional and
electrostatic effects rationalize the large body of observed
stereoselectivities.l® The face selectivity found in cyclo-
hexanones 1s explained by electrostatic or dipole effects of

remote polar substituent as shown in 18, 19 and 20.

The electrostatic repulsive 1interaction between the
substituent and the nucleophile destabilize the equatorial

attack as shown 1in 18 and the axial 1is favored by the
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18 9 20
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attractive 1interaction between the positive charge at (y
(19) and the nucleophile. In the case of 3-substituted
cyclohexanones 20 an electron-withdrawing substituent
induces positive charge at C3, which stabilizes a negatively
charged nucleophile upon axlal attack as shown in 20, In
the absence of polar substituents, nucleophilic addition
occur 1in such a fashion as to minimize eclipsing strain

(Felkin-Anh model)., Steric effects can also be influential,

Evaluation of models vis-a-vis experimental data:

After having discussed wvarious models of stereo-

selection proposed by different groups (vide supra), we now
focus briefly on the important experimental data reported 1n
the literature. We shall concentrate mainly on cyclic
systems and focus on the recent ongoing debate on the

subject of m-facial diastereoselection.

The last two models of stereoselection described above,
NLEs 5 Cieplall-(w'M and Houk & Paddon-Row!®~17 have come
under 1intense debate and experimental scrutiny during the

past few years, Until recently, the same body of experi-
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mental data has been used 1n most cases to explain various
models described above. Cyclohexane based systems have been
generally exploited for this purpose. Hence, before
discussing recent experimental results on some of the other
interesting systems, a brief discussion on nucleophilic

additions to cyclohexanone will be in order.

Stereoselective reduction of ketones by complex metal
hydrides has been investigated by several workers,18 A
large body of experimental data 1is also available 1in the
literature on nucleophilic additions of organometallic
reagents to cyclic ketones.l9 Table 1 1lists results of
nucleophilic additions of metal hydrides and organometallic
reagents to substituted cyclohexanones. 4-tert-Butylcyclo-
hexanone 21 1s conformationally locked system with the bulky
tert-butyl group in the equatorial position and removed from
any steric influence at the reaction center., Metal hydride
reductions of 21 takes place predominantly from the steri-
cally more hindered axial face leading to equatorial alcohol
as the major product. Addition of organometallic reagents
to 21 furnished prbducts derived from predominant equatorial
approach. The preference for the equatorial face increases
progressively as the size of attacking group 1is 1increased
from H™ ---> CH™3 =---> t-Bu~, with t-Bu™ giving exclusive
equatorial attack, Metal hydride reductions of 3-methyl-
cyclohexanone 22 proceeded with slight enhancement of equa-
torial attack and organometallic reagents showed greater

preference for equatorial approach, An additional
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Table 1:
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NaBH,,
LiAlH,
LiAl(OtBu)4H
CH3L1

CH3MgBr
t-C,HgMgBYr
LiA1[OCEt3]3H
Li[OCEty(t-Bu)]3H

NaBH,
L1AlH,

Solvent Ax1ial
alcohol
ixﬁ:::j;iﬂ
Me 9oCHOH 13
Et,0 8
THF 10
EtQO 65
THF 69
Et90 100
THF 26
THF 95
g H
Hy
Me 9CHOH 14
THF 13-15
EtQO 66
Et20 68
H
Hy
Hy
Me oCHOH 20-22
THF 16-17

20

Equatorial

alcohol

87
92
90
35
31
0
74
5
R
Zg:::%\ﬁH
Hy
86
85-87

34

32
R

rﬁcz;::7LﬂH
Hj

78-80
88-84

Ref,

18
18
18
19
19
19
20
20

13
13
13
19

13
13



Hy Hy Hy H

Hs Hs Ha

24
NaBHy B Me o CHOH 52-62 38-48 18
LiAlHy Etqo0 55-63 37-45 18
LiAl1(OtBu)3H THF 88-96 4-12 18
CH3L1 Et 90 100 0 19
CH3MgI Et70 100 0 19
t-C4HgMgBr Et90 100 0 19

— —— —— -— - e e e . — — ———— —— ——— i —— — — — — — — —

equatorial methyl group at Cg resulted in slight further
enhancement in equatorial approach of hydride ion in 3,5-
dimethyl cyclohexanone 23, 1In the case of 3,3,5-trimethyl-
cyclohexanone 24, additional methyl group is introduced at
(3 axial position and this severely hinders axial attack on
the cyclohexanone ring. Approach of the hydride ion shows a
great preference for equatorial face in the reductions of
24. The sensitivity of 24 to steric factors is reflected
from the large variation in the face selectivity when a
bulkier reducing agent such as LiAl1(OtBu)jH is used. Orga-
nometallic reagents furnish products of exclusive equatorial

attack upon addition to 24,

The results described above may be summarized 1in the
following points: (i) smaller groups show axial preference
to unhindered ketones; (ii) equatorial preference increases

progressively with 1increasing steric congestion in the
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ketone; (ii1i) unhindered ketones do not respond signifi-
cantly to the variation in the steric bulk of the reducing
agent but hindered ketones show large variation; (iv) larger
groups (e.g. CH3y~, CqHg~, i-Pr~, t-Bu~, etc.) show equa-
torial preference in all the ketones with significant enhan-

cement in the case of hindered ones.

Exceedingly large bulk of reducing agent may change or
completely reverse the stereochemical outcome of even unhin-
dered Kketones such as 21, Very recently Bioreau and cowor-
kers20 synthesized a highly hindered lithium tris[(3-tert-
butyl-3-pentyl) oxylaluminium hydride and demonstrated
highly stereoselective reduction of 21, Table 1. In
contrast to other hydrides, reduction of 21 with this
hindered reagent proceeds via the equatorial attack with
high degree of stereoselectivity quite similar to that

achieved with sterically hindered trialkylborohydrides.21

Felkin-Anh model rationalizes the above results 1in
terms of torsional strain theory and anti-periplanarity of
the reagent approach. According to this equatorial approach
encounters torsional strain between Co-Hax, Cg-Hzx and the
incipient bond, whereas the allylic bonds are staggered for
the axial approach. In the case of 21, where R=H (see 25),
the steric factor is minimal and torsional effect shown in
26 dominates controlling the stereochemical outcome. When R
is alkyl as in 24, steric strain gains importance in contro-
l1ling the stereochemistry. Also it is expected from the

transition state models 25 and 26 that an increase 1in the
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steric bulk of the attacking species would destabilize the
transition state 25 leading to an equatorial alcohol more
than the transition state 26 leading to an axial alcohol,
since torsional strain (as in 26) is influenced more by

changes in dihedral angle than by changes in steric bulk,

R
0
i
o=

Cieplak13-1& proposed hyperconjugative stabilization of
the transition states by anti-periplanar o bonds into the 0"
orbital of the incipient bond to account for the selectivi-
ties found in cyclohexanones. Thus, equatorial transition
state 1s stabilized by electron donation from C9-C3 and Cg-
Cy, 0 bonds whereas axial transition state is stabilized by
electron donation from Cop-Hax and Cg-Hzx 0 bonds.  Which
pair of o bonds is better electron donor would decide the
stereochemistry of the products. Cieplak argued that C-H
bond 1is better donor than C-C bond and hence axial transi-
tion state is favored over equatorial. Consequently, the
major product 1s equatorial alcohol in the reduction of 21.
Alkyl substituents on cyclohexanone (e.g., in 22-24) make
Cy-C3 and/or Cg-Cg electron rich and thus stabilize the
equatorial transition state leading to predominant formation

of axial alcohol.
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Some recent results:
Several new probes have been designed by 1le Noble,
Halterman, Johnson, Houk, Paquette, Vogel among others to

study and evaluate the origin of m-face selectivity,

le Noble in his pioneering work?l?2 used 5-substituted-2-
adamantanones as probes for the study of electronic control
of m-facial selectivities. 2-Adamantanone may be regarded
as made up of two locked chair conformers of cyclohexanone
sharing a common keto bridge. The molecule is rigid and the
two faces of the trigonal carbon are sterically equivalent,
The remote 5-substituent does not alter the steric environ-
ment at the reaction site. The response of the approaching
reagent to the variation in the 5-substituent should be due
to electronic reasons. The important feature of this probe
is that 1t eliminates the equatorial vs axial discrimina-
tion, an 1nherent property of cyclohexanones and both the
pairs of allylic bonds crucial for transition state stabili-
zation are C-C o bonds. This eliminates the controversy
about which o bonds are better donors when the two pairs of
bonds are between different atoms (e.g. Co-Cj, Cg-C¢ and Co-

Hyx, Cg-Hyx 1n cyclohexanone systems).

o HNu e
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le Noble22 observed that when X in 27 is electron with-
drawing, it directs the approach of the nucleophile from the
syn-face whereas the electron donor group X induces opposite
selectivity (preferential anti-approach). The selectivities
found in all the cases have been generally quite modest e.g,.

syn : anti ratio of products from NaBH,; reduction and MeLi

addition to 5-fluoro-2-adamantanone and 5-trimethylstannyl-
2-adamantanone were 58 : 42; 70 : 30 and 43.5 = 56.5;
36.5 : 63.5 respectively. An exceptionally enhanced selec-
tivity was reported 1in the reduction of b5-substituted
adamantanones by substitution of Cg by positive nitrogen.23
Furthermore, other types of reactions?% such as cycloaddi-
tions, capture of radicals and cations, oxy-cope rearrange-
ment, etc were employed on adamantyl probe and modest but
consistent face-selectivity as a function of C5 substituent
was observed. These results have been mainly interpreted
in terms of the Cieplak model, as shown in 28 and 239 for
electron withdrawing and donating substituents,

respectively.

Halterman2® in a recent study employed sterically
unbiased diaryl substituted cyclopentane systems 30-32., By
making one of the aryl ring electron rich or poor by varying
the para substituent in that ring, he demonstrated the elec-
tronic origin of the face selectivity in these systems. The
results obtained from NaBH4; reduction of 30, osmium
catalyzed cis-dihydroxylation of 31 and dimethylacetylene

dicarboxylate cyclo addition to 32 demonstrate that in all
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o>
E E+
syn
X=NO,, Cl, Br, X=NO,, Cl, Br, X=NO;, Cl, NMe,
OCHs, 0.‘ NHQ OCHJ, NMB:
30 31 32

the cases the reagent approaches from the side opposite to
more electron rich aromatic ring. The observed selectivi-
ties were explained in terms of Cieplak's hyperconjugative

model.

Ohwada reported26 the NaBH; reduction of sterically
neutral spiro[cyclopentane-1,9'-fluoren]-2-one 33 and obser-
ved that the anti alcohols (i.e. syn approach of H™ ion with
respect to substituent X) were favored 1n all cases. In the
epoxidation of substituted spiro[cyclopent-2-ene-1,9"-
fluorenes] 34 the syn epoxides (i.e. syn approach of the
reagent with respect to substituent X) were favored in every
case, The observed selectivities 1n these systems were
interpreted 1in terms of orbital perturbations arising from

interactions of the = orbitals of the aromatic and the

X-NO;. F, OCHJ X-NO,, F, OCH_]
33 34
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Table 2:
4 CHjLi LipMe3Cu PhSCHoLi PhS(0)(NMe)CHqLi
M ether ether THF THF
il =78°C =78°C =78°¢ ~78°C
Si(CH3)3 15 2 10 55
t-Bu 19 3 11 56
H 21 6 20 =
CeHy-OMe-p 24 8 16 66
CgHy-Me-p 23 8 19 65
CeHy 25 7 15 65
CEH,-CFy-p 28 10 24 72
CeFs 34 21 28 70
CFq 50 42 53 83
N He (0AC) o m-CPBA 0S0, /Me yNO
4%2:jfy Ho0 CHyCly THF /H,0
R} Rl 0°C F5*0
S(CHy) 3 40 52 7
t-Bu 58 60 —-
H 70 69 14
CeHs 67 70 15
CeH4—-CF3-p 70 75 14
CFy 55 - -

Lt ——
. — ——
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carbonvl moities or of the m orbitals of the aromatic and

the olefin moities.

Johnson and coworkersl4 recently carried out an inves-
tigation of various reactigps of cyclohexanones and methy-
lene cyclohexanes substityted at C3 by groups of wvarying
electronegativity and of large steric bulk. The reactions
examined 1include organolithium, organocuprate, and sulfur
vlide additions to cyclohexanones and oxXxymercurations, osmy-
lation and per-acid epoxidations of methylenecyclohexanes,
Electronegative substitution at C3 of cyclohexanones and
methylene cyclohexanes was found to increase the relative
proportion of axial attack in all the cases examined. An
increase 1n the proportion of axial attack was also observed
when the electronegativity of a substituent on a carbon
nucleophile 1s 1increased (Table 2). The authors conclude
that theilr results appear to be 1nconsistent with the pre-
dictions of Felkin-Anh and Klein models of stereochemistry

of reactions in cyclohexane based systems, but are consis-

tent with Cieplak model.

Another 1mportant contribution to the intriguilng debate
on the origin of m-facial selectivity was made by Vedejs et
al.2’ He studied epoxidations and osmylation of 4-tert-butyl
methylene cyclohexane derivatives 35 and 36 to determine 1if
selectivity pattern will reveal o, 0" interactions (Cieplak
model) within a family of related substrates, The most

important finding of this work was that the product ratio 1§
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barely perturbed Py the interchange of Cop axial vs equa-

torial methyl and methoxy groups (i.e. when R=CH3y and X=0Me

=

-~

in 35 and 36) and there is no indication of specific o, o

35 36
(Cieplak) effects. The author emphasizes the importance of
repulsive terms of the torsional effect (steric repulsions,

etc.,) in determining face selectivity in these substrates,

Another serious setback to Cieplak's hyperconjugative
model came from the work of Meyers et.al28 during the cyclo-
propanation of unsaturated lactam 37 having strong electro-
negative (2F5 group. anti-Cieplak product, 38 predominated
the cyclopropanation of 37 by almost 20:1. This was inter-
preted 1in terms of electronic perturbation of the m-system
of the C=C bond in 37 by the unshared lone pair on the

lactam nitrogen.

@‘ CHy=SOMe, @.

MezHC O W Me,HC

37 gg

Houk and coworkers in their earlier workl5 proposed
gualitative rules for the prediction of stereochemistries of
organic reactions and also developed semi-empirical computa-
tional models to predict the stereoselectivities 1n nucleo-

philic additions to carbonyls, electrophilic additions to
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olefins and 1n cycloaddition reactions. In their recent
work16 employing a series of 4-substituted trans-decalones

39 and 40 as probes, the importance of electrostatic effects

0 0
X
39 X 40
Table 3:16
0 H H
—_..) +
X X ﬂ X 4_2
X £ 41 % 42
1 H 60 40
2 eq OH 61 39
3 eq OAc 71 29
4, eq Br 66 34
5 eq Cl 71 29
6 ax OH 85 15
ri ax OAc 83 17
8. ax Cl 88 12
9. ax F 87 13
was demonstrated. The results obtained reveal that the

effects of various substituents on the stereoselectivity are

strongly dependent upon the group orientation (axial VS

30



equatorial)., The 4-axial substituents have a considerable
larger effect than the 4-equatorial substituents (compare
entries 2-5 vs 6-9 in the Table 3). This does not agree
with the Cieplak model because the equatorial disposition of
a substituent 1is well suited for participation in the
Cieplak-type hyperconjugative interactions where as axial
substituent 1s not., These results along with the other
results reported earlier in the literature were rationalized
by the author in terms of electrostatic effects in combina-
tion with torsional strain (Felkin-Anh model). The results

were also supported by ab initio MO calculations.

Okada et.al considered a series of substituted 5329 and
§§30 as probes to evaluate the origin of m-facial selection
anticipating homoconjugation interactions to play a role 1in
these systems. Reductions of 43 and 44 were carried out by
employing various metal hydrides and the results obtained
reveal that electron donating substituents on the benzene
ring increases the proportion of anti attack (e.gz. from O
when X=Y=F to 55 when X=OMe, Y=H in 43 and from 57 when
X=Y=F to 87 when X=OMe, Y=H in 44). The results agree with
the transition state model proposed by Cieplak. Alternative
explanation involves the contribution of the non-classical

carbocation in the transition state as shown in 45 and 46.
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Present work: choice of the probe system:

The brief background described above indicates that the
knowledge of the origin of face selectivity continue to be a
subject of animated debate and discussions. Earlier work
and some of the recent work involves cyclohexane based sys-
tems as probes despite the intrinsic flaw that the two 7-
faces of the trigonal center in these systems, e.g. cyclo-
hexanone and methylenecyclohexane, are sterically non-
equivalent (axial vs equatorial approach). Also, 1in most
cases, same body of experimental data has been rationalized
by wvarious models having conceptual differences. Experi-
mental data to directly test the validity of a model keeping
all other effects (except those considered in that model) at
minimum and to distinguish clearly between the predictions
of one model from the other i1s a difficult task and such
examples are scarcely available in the literature. This
obviates the need for the design of new probes which «can
provide better insight into the problem of face selection,
Our search for such systems led us to recognize 7-norbornyl
and related systems as excellent substrates ideally suited
for studying face selectivity. These systems offer steri-
cally neutral environment around the reaction site with a
provision of electronic tuning through endo-substituents.
Some additional advantageous structural features of 7-nor-
bornyl system are: (a) the C»y sp2 carbon in these systems 1S5
elevated above the CpC3C5Cq plane while the endo substi-

tuents lie below this plane, i.e. on the blind side of the
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approach to the C; center (see 47), (b) the endo R group can
be electronically fine tuned without perturbing the steric

environment around Cy, and (c) the conformational rigidity

and well documented reactivity pattern of 7-norbornyl

systems,

In the Results and Discussion section that follows, we
narrate our efforts directed towards evaluation and under-
standing of the origin of the m-facial diastereoselection in
endo-substituted norbornyl and related systems. In this
study, we have studied nucleophilic additions to endo-mono-

substituted and endo, endo-disubstituted 7-norbornanones, 7-

norbornenones and bicyclo[2.2.2]octan-2-ones. Few other
related polycyclic systems containing norbornyl frameworks
have also been studied. Electrophilic additions have been
studied with various endo-substituted 7-methylene and 7-
isopropylidene norbornanes. Thus, the research effort
embodied 1in this thesis includes synthesis and characteri-
zation of the above described probe systems; nucleophilic
(= or CH37) and electrophilic [BH3, per-acid, Hg(0Ac)»o,
109, Br*, etc.] additions to the appropriate derivatives;
determination of the product distribution in each case
employing a suitable technique and isolation and unambiguous

stereochemical assignments to each of the diastereomeric
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addition products. In addition, a critical evaluation of
factors such as electrostatic effects, orbital interactiong
and ground state geometric distortions controlling the

selectivities are also presented.
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[I. RESULTS AND DISCUSSION



The 'Results and Discussions' section has been further
divided into two sub-sections A and B. The Section A, which
deals with nucleophilic additions, is organized under six
main headings. The main headings 1-5 deal with the nucleo-
philic additions to: i) 2,3-endo,endo-disubstituted-7-nor-
bornanones, 1i) polycyclic systems containing norbornyl
framework, iii) 5,6-endo,endo-disubstituted-7-norbornenones,
iv) 2-endo-mono-substituted-7-norbornanones and 5-endo-mono-
substituted-7-norbornenones and v) 5,6-endo,endo-disubsti-

tuted and endo-mono-substituted bicyclo[2.2.2]octanones.

The results of one-carbon ring expansion of 7-norborna-
nones, which do not resonate with the title of Section A but
are relevant to the discussion of mn-facial selectivities,
are 1included as 'Appendix' and constitute the last sub-

heading of Section A.

The Section B, which deals with electrophilic addi-
tions, 1is organized under three main headings. The first
incorporates the results of electrophilic additions [m-CPBA,
BHy, Hg(OAc)g] to 2,3-endo,endo-disubstituted-7-methylene-
norbornanes., The second heading describes the additions of
Br*, CClsg, 102 and m-CPBA to 2-endo-7-isopropylidenenorbor-
nanes. The third main heading deals with additiomns of CCl,,

102 and m-CPBA to 5-endo-7-isopropylidenenorbornenes.
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SECTION-A: NUCLEOPHILIC ADDITIONS TO NORBORNYL AND RELATE]
SYSTEMS

IT.1 2,3-endo,endo-DISUBSTITUTED-7-NORBORNANONES :

Changes in electronic properties of a stereogenic cen-
ter without accompanying changes in steric interactions at
that site offer an important method to probe stereoelectro-

nic effects. The endo-derivatives of 7-norbornanones appea-

red to us to be excellent substrates for this purpose. The
symmetrically disposed endo-groups in 2,3-disubstituted 7-
norbornanones provide a convenient means of electronic fine
tuning through a wvariation in their electronic nature
without concomitant change in the steric environment around
the reaction center. The presence of only two intervening o0
bonds between the substituent and the targeted site (C;
carbonyl) in norbornyl derivatives is perhaps an example of
remotest placement of the substituent with least separation
one can conceive of any system! The simultaneous deployment
of two electronically tunable groups on the blind side and
at topographically equivalent positions from the reaction
site 1s another distinctive feature which in our perception

make norbornyl systems unique probes,

Although the basic norbornane skeleton may be assembled
in one synthetic operation via the well known strategy of
Diels-Alder reaction between an appropriate cyclopentadiene
and a dienophile, not many endo-derivatives of 7-norborna-

none are reported in the literature. Hence, we developed a
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new procedure for the synthesis of several endo-substituted
7-norbornanone derivatives by executing simple functional
group transformations on the known Diels-Alder adduct 48
between 5,5-dimethoxy-1,2,3,4-tetrachlorocyclopentadiene and

malelc anhydride.31

Synthesis of 2,3-endo, endo-disubstituted 7-norbormanones:

For the synthesis of endo, endo-disubstituted 7-norbor-

nanones, Scheme 1, 5,5-dimethoxy-1,2,3,4-tetrachlorocyclo-
pentadiene and maleic anhydride were identified as abun-
dantly available starting materials, Diels-Aldey reaction
between them furnished a single endo-adduct 35,31 A modi-
fied metal-NH3 reduction procedure3? was followed for reduc-
tive dehalogenation of the adduct 48 to furnish the unsatu-
rated anhydride 49 upon direct crystallization in 30% yield.
The presence of carbonyl absorptions due to an anhydride
moiety at 1860 and 1780 cm~! in the IR spectrum, appearance
of signals corresponding to olefinic and bridgehead protons
at 8§ 6.30, 3.64, respectively, in the Iy NMR and a 7 line
13c NMR spectrum indicated the structure 49, Catalytic
hydrogenation of the endocyclic double bond of 49 furnished
the anhydride 50 which on subsequent esterification led to
diester ketal 51, Its lH NMR indicated the presence of a
sharp singlet corresponding to two ester methyl groups and
13¢ NMR showed an 8 line spectrum, Chemoselective hydro-
lysis of the ketal moiety in 51 gave diester ketone 47a in
72% yield as a low melting solid. Its IR spectrum showed

carbonyl absorption at 1770 cm‘l, characteristic for 7-nor-

37



bornanones; !H NMR showed disappearance of -OMe signals qf
the ketal molety and a 6 line 13¢ NMR showed the carbaony]
carbon resonance at § 210.48. The diester ketone 47a exhi-
bited great propensity to form a hydrate upon exposure tg
moisture as evidenced by its IR spectrum and variation iy

melting point on storage,

SCHEME 1
H3CQ_OCHy HyCQ__OCHj H3CO_OCH; HyCQ_OCH;
3 Q : b ; d
Cly P/ P — P — ) :
g ] / ; /COOMe COOMs
e 49 I 50 i 31 CooMe 470 oome
H3CO._OCHy H3CO__OCHj
b g h
— A L — 5
© “OH : :
54 55 “OMe 476 “~OMs
“OH “OMe T SOMe

Reagents: a)Na-Liq.NHj, THF, EtOH, NH4C1; (b) Hy, Pd-C,
EtOAc, 20 psi; (c) MeOH/H™, reflux, 5-6 h; (d) 5% aq.H9S0y,
THF reflux, 1.5h; (e)LiAlH,;, ether, reflux, 10-12h; (f) Na-
Liq.NH3y, THF, NH4Cl; (g) NaH, MeI, THF, r.t.,45 min; (h)

amberlyst~15, aq.acetone.

The dimethoxy derivative 47b was synthesized as shown
in Scheme 1. Esterification of the adduct 48 and subsequent
reduction of the diester33 with lithium aluminium hydride
furnished the diol 2234 in 70% yield. Reductive dehalogena-

tion of 52 using Jung's procedure,35 furnished unsaturated
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diol 53. Quantitative catalytic hydrogenation of endocyclic
double bond in 53 followed by O-alkylation of the product 54
using NaH and Mel resulted in the formation of bis-methoxy-
methyl ketal 55. Careful hydrolysis of 55 with amberlyst-15
in refluxing acetone furnished the ketone 47b in 70% yield.
The characteristic carbonyl absorption of 7-norbornanone at
1780 cm~! in the IR spectrum, disappearance of -OMe signals
of the ketal moiety in the IH NMR and a 6 1line 13c NMR
spectrum with carbonyl carbon resonance at § 215.13 secured

structure 47b,

Synthesis of ketones 47c-e i1s delineated in Scheme 2.
Sequential introduction of the vinyl groups on way to 47c¢
necessitated the monoprotection of diol 54. This was accom-
plished Py treatment of the diol 54 with an equivalent of
NaH and subsequent quenching of the monosodium salt of 54
with TBDMSC1 to yield monoprotected alcohal3b 56 in 80%
yield. Swern oxidation37 of mono alcohol 56 followed by
Wittig reaction gave olefin 57 in 60% yield. The Iy NMR of
57 showed olefinic signals at § 6.06-5.64 and 5.16-4.90 in a
ratio of 1:2, characteristic of a vinyl group. Following
deprotection, another round of Swern oxidation and olefina-
tion produced the desired divinyl ketal 59 in 51% yield as a

mixture of endo, endo and exo, endo isomers (indicated by Iy

NMR of 59). 1In the transformation 54 ---> 59, some amount
(ca,20-30%) of epimerization at Co or C3 had occurred
probably during the Wittig reaction. Fortunately, the two

isomers could be resolved and were separated by column
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chromatography using AgNOj impregnated silica gel. The

stereochemistry of the required endo, endo-isomer 59 was

secured through incisive analysis of 1its 14 and 13¢c NMR (8
lines) data which corresponded to a symmetrical structure,
Further discussion on the assignment of endo-stereochemistry
to substituents based on spectral evidence will follow under
the next subheading. Deprotection of the ketal moiety in 5§
was realized through amberlyst-15 in moist acetone to give
ketone 47c in 60% yield. Diagnostic carbonyl absorption at
SCHEME 2

H3C OCHgz HJC CHJ

b b.c e
: : — — :
“OR, X NS
54 Ry=R,=H 57 Ry=SiMe,t—Bu 47¢c
3 47c
56 Ry=H,R;=SiMe,t-Bu 158 R,=H
hib,c lf
HsCQ_OCH;,
e g
h, L T :
I : !
37d 61 g T L
N g, = W

Reagents: (a) TBDMSC1, NaH, THF, r.t.,, 1.5h; (b) (COC1)9,
DMSO, Et3N, CHoClp, -60°C, 30 min; (c) Ph3yP*CH3Br—, t-
CsHy1107Na*, CgHg, r.t., 30 min; (d) (n-Bu)4N*F~, THF, r.t.,
lh; (e) amberlyst-15, aq. acetone, reflux, 5-6h; (f) Hop,
PtO9, EtOAc, 40 psi, 20 min ; (g) amberlyst-15, aq. acetone,
r.t., 12h; (h) Ho, Pd-C, EtOAc, 40 psi, 45 min,
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1770 cm~l 1in the IR spectrum, two olefinic signals in a
ratio of 1:2 in the lH NMR spectrum and a 6 line 13¢
spectrum with carbonyl carbon resonance at § 215.07

confirmed the structure 47c,

The endo,endo-2-ethenyl-3-ethyl derivative 60 was
obtained by hydrogenating 58 followed by executing another
round of oxidation and olefination sequence, Scheme 2.
Amberlyst-15 catalyzed hydrolysis of the ketal moiety in 60
led to the ketone 47d in 60% yield, which was characterized
by carbonyl absorption at 1760 em~l in the IR spectrum and

satisfactory 14 and 13c spectral data.

The divinyl compound 59 on catalytic hydrogenation
using Pt0O9 as catalyst furnished the diethyl derivative 61
in quantitative yield. The l1H NMR of 61 showed a triplet at
§ 0,76 due to methyl resonance of -CHoMe group. Deprotec-
tion of the ketal moiety with amberlyst-15 gave the Kketone
47e in 80% yield, Scheme 2. Carbonyl absorption at 1770 cm™
1 in the IR spectrum and a methyl triplet at § 0,76 in the
Iy MR and a 6 line 13Cc NMR with carbonyl resonance at
6 217,24 fully supported the structure 47e.

To avoid the use of expensive TBDMSCl reagent as pro-
tecting group for alcohol (e.g., 54) and the circuitous
route involved in the preparation of ketones 47c-e, an
alternative sequence was sought. We considered and
successfully executed a new route depicted in Scheme 3. The

anhydride 50 obtained previously was smoothly converted into
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SCHEME 3

HiC [
—»;Eﬂ

62 dr 63 HO‘Y

Reagents: (a) NaBH;, THF, 0-15°C, 45 min., (b)Dibal-H,
CHpCly, -78°C, 15 min, (c) Ph3PCH3Br, Benzene, NaOlAm, r.t,

30 min.

lactone 62 in 70% yield by selective reduction with NaBH,,
The crystalline lactone 62 showed strong lactone carbony!
absorption at 1780 em~l in the IR spectrum., The methylen:
protons in the lactone ring appeared at § 4,44-4,16 in th
IH NMR and lactone carbonyl resonance in the 13C NMR was
observed at § 178.65. Dibal-H reduction of lactoned8 62 a
-78°C gave lactol 63 in 78% yield, which was wused without
purification in the next reaction. The lactol 63 is actually
an internally protected hemiacetal of the aldehyde precurso
for the synthesis of 58. Under the basic conditions o
Wittig reaction, the hemiacetal 63 opens up38 into the
aldehyde intermediate 64 to furnish 58 in 71% yield, &
shown in Scheme 3. The vinyl alcohol 58 1is an advancel
intermediate for the synthesis of all the three Kketones 47c¢
e, see Scheme 2., This route (Scheme 3) efficiently utilizes
an internal protection strategy to avoid the use of externa

protecting group and eliminates the repetition of oxidatio
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,.ep Wwith the added advantage of handling solid intermedi-
aLes. The observation that no epimerization at Cy9 or Cj
center of 58 had occurred makes this route superior to the

earlier one,

stereochemistry of substituents in ketones 47a-e:

The stereochemical assignments to the key endo substi-
tuted ketones 47a-e follow from the unambiguous syntheses as
well as 13C NMR data.3% The chemical shifts in 13C NMR of
norbornyl systems are sensitive to the orientation (exo Vs
endo) of the substituents,39 a consequence of steric
crowding and the effect is particularly more pronounced on a
y-carbon relative to the substituent. The Cg9-endo substi-
tuent in these systems is known to shield the Cg( y ) carbon
compared to unsubstituted parent compound due to y-steric

compression effect, Similarly, C3-endo substituent would

Table 4, 13C NMR resonances of C5,6 in 7-norbormanones.

L. R=H40 & 24.12 6. Rj=Ethyl; Ro=H40 § 23,34 23,34
- R=COOMe  18.41 7. Ry=Rp=Viny14l 16.58  23.82
- R=CH)OMe  16.76 8. Ry=Methyl; Ro=H40 23,38 23,38

——
—— ——
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shield Cg resonance relative to the parent compound. Whey
the Cp, C3-substituents are exo-, Cg5, Cg carbon resonanceg
are unaffected whereas Cy carbon experience the shieldin
effect (y-effect). Table 4 lists the 13¢ chemical shifts of
Cgs, Cg carbons of parent 7-norbornanone (entry 1) g
well as ketones 47a-c,e (entries 2-5), The consistent shiel-
ding of Cg,Cq resonances by about 6-8 ppm relative to parent

compound confirms the endo disposition of the substituents,

Methyllithium additions and metal hydride reductions of the
ketones 47a-e:

Reduction of 47a-e with NaBH4;, LiAlH; and the bulky
Li1(0t-Bu)3AlH furnished a mixture of syn-65a-e and anti-
bba-e alcohols in each case in nearly quantitative yield,
Scheme 4,42 Addition of methyllithim to 47a-c,e also fur-

nished a mixture of syn-67a-c,e and anti-68a-c,e tertiar

alcohols in high yield, Scheme 5.3‘2 The ratios of
Scheme 4

£
-J
[+8

R1=R9=CO0Me
R1=R9p=CH90Me
R1=R9=Vinyl
R1=Vinyl,R9=Ethyl
R1=R9=Ethyl

£
-
=g

|

&
-~
(@)

&
~J
(=9

|

&
~
®

44



Scheme 5
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syn : anti alcohols in each case were determined from the lH
NMR integration of the crude mixture and the results are
summarized 1in Table 5, All the diastereomeric pairs of
i1lcohols were separated using silica gel column chromato-
graphy. Although some of the diastereomeric mixXtures were
poorly resolved on tlc plates, column chromatographic sepa-
ration could be achieved by using long, narrow columns with
large excess of substrate : silica gel ratio (ca. 1 : 200 to
400). Interestingly, syn-alcohols almost always eluted out
first from the silica gel column (elution with appropriate
ratio of ethyl acetate hexane solvent system) and this beha-
viour too can be of some diagnostic value in identifying the

iiastereomers.,

Reduction of diester ketone 47a with NaBH,; furnished a
mixture of syn-65a and anti-66a with later being the major

product (16 : 84). Lithium aluminium hydride also gave

45



similar result, In the case of lithium tri-tert-butoxyalu-
minium hydride a slight increase in the formation of syn-65a
was observed but the major product still remained the same
as in the case of other metal hydrides. Methyllithium addi-

tion to ketone 47a occurred almost exclusively from the

Table 5. Product ratios in the metal hydride reduction and

methyllithium additions to 47a-e.

e e i — i —————————————————— i ———— ——————————————— ————————————

———————————————— —— ——— ——————————————— ————— ————

Substrate  NaBH,b.¢  LiAlH,P.¢ (t-Bu0)jLiAlHP,C  CHjLi

——————————————————————————— o o S o . e e S e . e e

47a 16 : 84 13 : 87 23 : 77 <10 : >90
(65a)(b6a) (65a)(6ba) (65a)(b6ba)  (67a)(68a)
47b 60 : 40 66 : 34
(65b) (66b) (67b) (68b)
47c 64 : 36 65 : 35 66 : 34 73 ¢ 2
(65c) (6bc) (65c)(bbc) (65¢) (66c) (67c¢) (68¢c)
47d 73 3 25
(65d) (66d)
47e 80 : 20 79 ¢ 21 71 = 29 83 : 11

(65e)(66e) (65e) (bbe)  (65e)(bbe)  (67e)(68¢

-
——————————————————————————————————— —— . . o s T T T ———————
——

a Ratios based on lH NMR integration of the total mixturt
(+5%) b Reductions were carried out at ~0-10°C for 10 mir
lh until the starting ketone was fully consumed. Reactiom
were continuously monitored by tlc; €© In Methanol; d 1n dry

diethyl ether.
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syn-face leading to anti-tertiary alcohol 68a. The ly MR
spectrum of the crude methyllithium addition product did not
show peaks corresponding to syn-67a. The dimethoxy deriva-

tive 47b on NaBH,; reduction produced a mixture of syn : anti

alcohols in 60 : 40 ratio. The stereoselectivity found in
this case, even though modest, is reverse of what is found
in diester ketone 47a. The nucleophile approaches 47b
preferentially from the anti-face and a marginal increment
in this selectivity is observed during methyllithium addi-
tion, The divinyl substrate 47c shows same selectivity as
47b with further enhancement in the anti-face attack with
all the metal hydrides studied. Methyllithium addition to
47c takes place with relatively greater preference for anti-
attack as compared to hydride reduction. Ethyl vinyl deri-
vative 47d shows intermediate selectivity between divinyl
47c and diethyl 47e. The highest anti preference in the
series 47a-e during metal hydride reduction and methylli-

thium addition was observed for the diethyl derivative 47e.

Stereochemistry of syn-65a-e, 67a-c,e and anti-66a-e, 68a-

c,e alcohols:

The diastereomeric mixture of S¥n- and anti-alcohols in
each case was separated and fully characterized. The stereo-
chemistry of alcohols produced during the metal hydride
reduction and methyllithium addition was unambiguously
assigned on the basis of incisive analysis of l§y NMR data.
The well known deshielding effect of C7 hydroxyl group on

the exo-protons beneath it, in the norbornyl and related
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systems was used to differentiate syn-and anti-isomers
Hydroxyl group at Cy in syn-alcohols deshields the Cj, Cs
exo-protons by about 0.3-0.4 ppm compared to the chemica]
shift of the same protons in the anti-series of alcohols,
Similarly, Cg, Cg exo-protons were relatively deshielded by
the same magnitude in anti-alcohols. Table 6 lists the
chemical shifts of exo-Hg,H3 protons of both syn- and antj
series of alcohols. The spectra of some of the key compounds
as well as of diastereomeric mixture are shown in Section V

(Figs.1-15) of this thesis.

Table 6. lH NMR resonances of Hp 3 in syn- and anti-/-

norbornanols.

e — ——————————— e o . o e e o e e e e . e e i e i . e e e, e e e .

exo0-Hp 3 ; exo-Hj )
g R
R1=H § 3.46 R1=H § 2.98
1. R=COOMe R=COO0OMe
Rp=Me 3.57 Ri=Me 3.10
Ry=H 2.66 Ry=H 2,25
2. R=CH9OMe R=CHo0OMe
Ri=Me 2.76 Ri=Me 2,35
‘ R1= 3.08 R1=H 2.68
3. R=Vinyl R=Vinyl
Ri=Me v T R1=Me 2.82
Ry=H 2:12 Ry=H 1.80
4. R=Ethyl R=Ethyl
Rp=Me 2.28 Ry=Me 1.92

-
-
——————————————————— ————— —— ———————————— —{—— ——————————— ———— "



In order to further confirm the configuration of
alcohols, lanthanide shift reagent (LSR) studies43 using
pu(fod)j were carried out. It is well known that the magni-
tude of shifts produced by added LSR depends on geometric
factors. Hence, analysis of the lanthanide induced shifts
thereby produced provides valuable information concerning
the stereochemistry of the molecules, particularly in rigid

bicyclic systems. Inspection of structures of syn-65a-e,

Fig.VII. The effect of the concentration ratio r [where r
=(LSR)/(syn+anti alcohol)] on the magnitudes of the indivi-
dual proton shifts (48 for Hy-H7 and Hy'-H7') of mixture of

alcohols derived from the reduction of ketone 47a

Hg, g €X0

Hi.4

H7
H2.3

I
5 | Hs.6
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H3 3

0.5+ H
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67a-c,e and anti-66a-e, 68a-c,e alcohols suggest that Hy,

Hy exo-protons in syn-alcohol should feel maximum deshiel-
ding effect compared to any other proton. In a complemen-
tary sense, relatively larger shift changes should be expec-
ted for Hg, Hg exo-protons in anti-alcohols.  Further, H
proton in both the series is expected to show larger shifts
because of its geminal relationship to alcohol functiona-
lity. Increasing amounts of Eu(fod)jy were added to
mixture of syn-65a and anti-66a alcohols and the effects of
each addition on the chemical shifts were measured and the
results are depicted in Fig.VII. It shows that Hy of both
syn-65a anti-bba alcohols (Hy & Hy') has undergone largest

Eu(fod)j induced shift. Among the remaining protons of each
isomer, Hp 3 exo-protons of syn-65a and H'5,6 exo-protons
of anti-66a showed greater shifts. Further €Xo-H'p 3 an
EEQ“HS,é in the epimer in which these hydrogens are anti to
the hydroxyl group, only marginal shift is observeld
(Fig.VII). Similar LIS studies were carried out for other
epimeric pairs of alcohols to fully secure the stereo-

chemical assignments,

Interpretation of results:

The results summarized in Table 5 demonstrate a very
significant variation in face selectivity as a function of
2,3-endo,endo-substitution, the most dramatic being the

reversal in syn : anti ratio in going from 47a (16 : 84) W

47e (80 : 20). Electron withdrawing groups such as -COOM¢

in 47a are directing the nucleophile from the syn-fact
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producing anti-alcohol 66a as the major product. On the
other hand, electron donating alkyl substituents as in 47e
are causing a complete cross-over in the selectivity by
facilitating a predominant approach of the reagents from the
anti-face resulting in the formation of syn-alcohol 65e in

large excess,

The remote endo-substituents, being present on the

'blind side' of the reagent approach to the reaction center
at Cy7, seem to exercise control over the 'reagent traffic'
at C7 only through electronic influence since steric consi-
derations can be ruled out in these rigid bicyclic systems
47a-e, Indeed, product ratios obtained in the addition
reactions are insensitive to the steric bulk of the reagent,
Several electronic factors have been previously reported to
account for the selectivity during nucleophilic additions to

cyclic ketones, particularly cyclohexanones (vide supra).

Among the factors considered important and responsible for
the selectivity in cyclohexane-based systems, few factors
such as product development control, torsional strain, anti-
periplanar interaction with axial hydrogen, steric effect of
axial hydrogen at C4, etc, do not exist for norbornanones
47a-e and may be ruled out at the outset, Hence, it 1is
reasonable to speculate that orbital interactions or
electrostatic influences may be the prime factors respon-

sible for the observed selectivity in these systems.

The transition state model proposed recently by

Cieplak13 effectively incorporates orbital interactions and
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can satisfactorily explain the results summarized |
Table 5. According to this model, the delocalization of
electrons in the electron rich anti-periplanar bonds into ¢
orbital of the incipient C-Nu bond lowers the transitio
state energy. Hence, the transition state in which the
nucleophile approaches from the side opposite to the most
electron rich o0 bonds is preferred over the other alterna-
tive transition state. The electron withdrawing groups ir
47a render C1-C9 and C3-C4 o bonds electron deficient rela-
tive to C1-Cg and C4-C5 bonds and the transition state of
the syn-approach is stabilized by the electron delocaliza-
tion from the electron rich anti- periplanar o bonds in o
orbital, as shown in 69. The electron donating substituents
make Cj-C7 and C3-C4 pair of ¢ bonds relatively electro
rich favoring the transition state for the anti-approach as
shown 1in 70. This explains the observed reversal 1n face
selectivity when the substituents are changed from ester

group to ethyl group.

The anti preference in the case of 47b and 47c, having
groups traditionally considered as electron withdrawing (-I)
is somewhat unexpected at first sight but may be attributed
to through-space donation in a perpendicular conformation as
shown in 71 for 47c¢. This view is confirmed by a recent
mport“I from our laboratory on the NaBH; reduction of
tetracyclic ketone 72 in which the two vinyl groups are
locked and through-space donation in a perpendicular confor-

mation 1s not possible. The observed selectivity in the
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reduction of 2 1s indicated on the structure. The mild

electron withdrawing nature of vinyl substituent in 72 1s
reflected 1in the preferential approach of the hydride 1ion
from the side bearing vinyl substituents. These results
indicate that a free rotating vinyl substituent in norbornyl
systems behaves like an electron donor group (perhaps by a
through-space mechanism) and directs the preferential
approach of the nucleophile from the anti-face. If the free
rotation of the vinyl group is blocked (as in 72), it 1is
restored back to its normal -1 effect. When one substituent
is vinyl and the other is ethyl as 1in ketone 47d, the
observed selectivity is the average of what is observed for
divinyl and diethyl derivatives 47c and 47e. The enhanced
selectivity of methyllithium additions in all the cases 1s
attributed to 1ts greater nucleophilicity compared to

hydride ion.

After the publication of our preliminary results, Houk
and coworkersl6,45 have attempted to interpret our results
onn the 7-norbornanones 47a-e in terms of electrostatic

interactions. The transition structures for a series of
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substituted-7-norbornanones were located using 3-21G basis
set and were reoptimized by 6-316 basis set. The calcula-
tions performed indicate that the relative stabilities of
the transition states for syn and anti additions of LiH are
largely determined by electrostatic interactions. Electron
withdrawing substituents induce positive charge at Cop, Cj
and syn addition (73) is preferred due to favorable electro-
static interactions of the positive charge with the incoming
negatively charged nucleophile (see 73 and 74). On the
other hand, electron-donating substituents induce negative
charge at Cp, C3 and anti addition (75) becomes favorable
(see 75 and 76). Further, it was argued that the anti-pre-
ference 1nduced by the weakly electron withdrawing subs-
tituents such as hydroxy methyl (R=-CH9OH) and vinyl is
caused by electrostatic repulsions in the syn transition
structure between the hydride and the electronegative OH or
vinyl group. The argument for hydroxymethyl may be extrapo-

lated to methoxy methyl (R = CHoOMe) substrate 47b.

However, our additional experimental results as well as
calculations and those of others2°3 do not fully accord with

the 1interpretation (vide infra) based on the primacy of

electrostatic effects.
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11.2 POLYCYCLIC KETONES CONTAINING NORBORNYL FRAMEWORK:

The polycyclic ketones 77a-c attracted our attention
because of the valuable insights that could be obtained from
these systems on the selectivity induced by substituents
which lock-in the Cp ¢ and C3 5 endo positions, thus remov-
ing any kind of steric interaction between the C2, C3 endo-
substituents and the Cg, Cg endo-hydrogens. RemOte, facial
discrimination can be achieved through the substituents on

the endo bridges.

770 77 77c

Synthesis of ketones 77a-c:

Synthesis of 77a is depicted in Scheme 6, The unsa-
turated diol 53 on treatment with NBS in aqueous acetone
produces bromo ether 78 in 92% yield through the interme-
diacy of bromonium ion and subsequent intramolecular nucleo-
philic opening by the primary alcohol group. The doublet at
6 4.62 of the exo-methine proton attached to ether oxygen in
IH NMR and 11 signals in 13C NMR supported the structure 78.
The second cyclization via intramolecular nucleophilic dis-
placement of bromine by alkoxide is effected in 66% yield by
refluxing 78 with NaH in THF. The symmetric ketal 79 showed
absorption at 1070 and 1050 em~! in the IR spectrum and a

signal due to methine protons attached to ether oxygen at
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§ 4.16 in the lH NMR spectrum. The two fold symmetry of
is further confirmed by 7 line 13C spectrum. Hydrolysis of
the ketal with amberlyst furnished ketone 77a in 81% yield,
The characteristic carbonyl absorption at 1770 em~1 in  the
IR spectrum and carbonyl carbon resonance at § 208.2 in a}
line 13¢ confirmed the structure,

SCHEME 6

79 770

Reagents: a) NBS, aq.acetone, r.t.,, 12h; b) NaH, THF,

reflux, 2h; c) Amberlyst-15, aq.acetone, reflux, 30 min,

Scheme 7 describes the synthesis of Kketones 77b,¢,
Intramolecular nucleophilic opening of the mercurinium ior
intermediate initially formed by treatment of 80%6 it
Hg(OAc)o followed by demercuration with alkaline NaBH; fur-
nished ketal ether 81 in 73% yield. The disappearance of
olefinic signals and the presence of methine proton signal
linked to ether oxygen at § 4,42 in IH NMR is in agreement
with the structural formulation 81. The ketal 81 upor
hydrolysis using amberlyst afforded ketone 77b in 56% yield
The IR spectrum showed the carbonyl absorption at 1760cn™
and the corresponding signal in 13¢ spectrum appeared at
213.07. The lactone derivative 82 may be prepared either by

oxymercuration-demercuration of acid §g46 or by rutheniw
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SCHEME 7

HsCO_OCH; HyCO_OCH;
a b
“~OH
£0 & 7%
lc
HJC CH] HJC CH_‘
a d
COOH
83 0" 82 O 77

Reagents: a) Hg(OAc)o, NaOH, NaBH,, r.t., 40 min.; b)
Amberlyst-15, aq.acetone, r.t., 6h; c) RuCljy, NaIO4, CCly,,
MeCN, Ho0; d) HeSO4, CHoClo, r.t., &4h.,

tetroxide oxidation®’ of 81 as shown 1in Scheme 7, The
lactone carbonyl of 82 appeared at 1770 em~! in the IR
spectrum, The 1H NMR spectrum showed a signal at § 4,83
Corresponding to oxygen attached methine proton. The hydro-
lysis of ketal 82 could not be achieved under mild condi-
tions. After several trials, catalytic amount of conc .H9S0y
in CHpCly was found to give satisfactory yield (40%) of
ketone 77c. The ketone 77c showed high propensity to form
hydrate upon exposure to moisture. The IR spectrum showed
Strong absorption at 1760 cm~!. The !H NMR spectrum indica-

ted the presence of oxygen attached methine proton at
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6§ 5.02. The ketone and lactone carbonyl resonances appeared
at & 208.83 and 178.77, respectively, in the 13Cc

spectrum,

NaBH, reduction of ketones 77a-c:
Reduction of ketones 77a-c with NaBH,; furnished g

mixture of diastereomeric syn-84a-c and anti-85a-c¢ alcohols”

in high yield, Scheme 8. The ratios of the products were

SCHEME 8
anti H@ @ syn OH H
NaBH, H H o
} H435 + H3'9
436 3-99
770 B4a  <15:>85 850
anti ezl || <G syn OH H
NaBH,
4:58 422
70 g4  35:65  gsb
; H H
anti e || <G syn
NOBH4
S &% H
5:02 4.73
Tc B4c 31 : 69 85¢

1€,

#  For the sake of convenience, syn and anti terminology 1°

used with reference to C-0 bond as indicated in Scheme 8.
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determined from the 1H NMR integration of the crude reaction
mixture and are shown in Scheme 8. The diastereomeric pair
of alcohols in each case were separated by means of column

chromatography and fully characterized.

Stereochemistry of syn-84a-c and anti-85a-c alcohols:

The stereochemistry of the products in all the cases
vas determined unambiguously from the l1H NMR spectra on the
basis of greater deshielding of exo-methine protons attached
to oxygen atom in syn-84a-c alcohols compared to the corres-

ponding anti-85a-c alcohols (see, Figs.16-19 in Section V).

The chemical shift values of these protons (in ppm) are

indicated on the structures in Scheme 8.

Interpretation of results:

These results can also be readily reconciled in terms
of the Cieplak's hyperconjugative model, l3 The endo C-0
bonds 1in 77a act as electron withdrawing groups and the
nucleophile approaches predominantly from the syn-face lead-
ing to anti-alcohol 85a (>85%). The ketone 77b with only
ofie  ether linkage at C9 also shows syn-preference with a
reduced selectivity as compared to 77a, The lactone
carbonyl in 77¢ can act in two ways: (i) since it is
attached to Cg, the Cj-Cg bond may become relatively elec-
tron poor and the anti approach would be preferred, (ii) the
carbonyl group can make the C-0O bond attached to Co more
powerful electron withdrawing group by contributing the

resonance structure shown in 86. This should increase the
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syn-preference. Thus, the two effects (i) and (ii) oppose
each other and the net selectivity in 77c¢ is similar to that

of ether 77b, Scheme 8.

) -0
‘Jz?_c

I1.3 5,6-endo,endo-DISUBSTITUTED-7-NORBORNENONES :

86

7-Norbornenone 87 is an 1intrinsically interesting subs-
trate that has served as an important stereoelectronic probe
in diverse organic reactions. Extensive studies by means of
13¢ NHR,QS PES%49 and cp30 spectra have shown homoconjugative
interaction between the endocyclic double bond and the
carbonyl group of 87. The face selectivity during nucleo-

philic additions to these systems is expected to reflect the

87
homoconjugative interaction. Such interactions of the 7-

keto group with the m electrons of the double bond would be
expected to result in a preferred approach of the reagent
from the anti direction (with respect to double bond) 0
give the syn-alcohol as shown in 88. Nucleophilic additions
to 7-norbornenone with a variety of reagents have beel
reported in the literature and some of them are summarized

in Scheme 9.
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H HO
MH or

/ il +

87 89 80
Reagent Ratio Ref.
NaBH, 85 15 51
CH3Li 74 26 52,53b
CHyMgBr 96 4 53a
CHy=CH Li 29 71 53b
CeHgLi 28 72 53b
CgHsMgBY 74 26 53b
CHo=CHMgBr 80 20 54
CoFsLi 0 100 55
CoF5MgBr 4 96 55

Brown and Muzzio®! made the observation that NaBH,
reduction of 87 proceeds predominantly from the double bond
side to furnish 85 : 15 mixture of anti-89 (R=H, Scheme 9)
and syn-90 alcohols, respectively. Subsequently, Erman>2 as
well as Warkentin®3 reported that CH3Li and CHjMgBr also
exhibit marked preference for the syn face addition to fur-
nish 89 (R=CH3) as the major product. However, Warkentin
noted>3b that in the case of vinyl 1lithium and phenyl
lithium addition to 87, there was reversal in face selecti-
Vity and syn-90 (R = vinyl or phenyl) was the major product.
More recently, Gassman and O'Reilly’> observed that CoFsLi
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and C9FsMgBr added to 87 almost exclusively from the anti-
face to furnish syn-90 (R=C9Fg5). These results on the face
selectivity in nucleophilic additions to 87 demonstrate that
the homoconjugative interaction of the type shown in 88 1is
not playing a decisive role in controlling the Treagent
traffic' at Cj7. These results have been interpreted in
terms of one or more of the following factors: (i) prefe-
rence for the approach from the sterically more accessible
§Xg—face§51,53 (ii) steric bulk of the reagent; (iii) polar
factors &, g, ion-pair formation through double bond partici-
pation at the Cy-electrophilic center;52,53’24C and (iv)

nucleophilicity of the attacking reagent.55

The 1intriguing results discussed above promoted us to
play the 'endo-substituent trick' on 7-norbornenone and to
see whether the selectivity is altered or reversed by the

remote substituents.56

Synthesis of endo,endo-disubstituted-7-norbornenones:

The ketones 9la-c were synthesized from the readily and
easlily available starting materials as shown in Scheme 10,
Acid catalyzed esterification of anhydride 49 using dry MeOH
furnished diester 92 1in 86% yield. The !H NMR spectru
showed a sharp singlet at § 3.54 due to ester methyl
groups. Careful ketal hydrolysis of 92 afforded the highly
crystalline ketone 9la in 75% yield. Two carbonyl absorption
peaks at 1790 and 1735 em~! in the IR spectrum, disappea-

rance of ketal proton signals in the Iy NMR spectrum and a b
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SCHEME 10

HyCQ_OCHs HyCO_OCHs
Dy /
/COOMe /COOMe
92 tooMe 819 Goome

! \oR

“OR
93 Re=Me 91b Re=Me
94 R=COMe 91c R=COMe

Reagents: a) MeOH, H', reflux. 5h; b) 5% aq.H9S804, THF,
reflux, 30 min; c¢) NaH, THF, MeI, r.t., 45 min; d) Ac90,
DMAP, CH9Cl9, r.t., 30 min.; e) Amberlyst-15, moist acetone,

reflux.

line 13¢ NMR spectrum with carbonyl resonance signal at §

198.30 confirmed the structure 9la. The dimethoxy deriva-
tive 93 was obtained by Mel alkylation of sodium salt of the
diol 53 formed on its treatment with NaH. Acid catalyzed
hydrolysis of 93 furnished the desired ketone 91b in 93%
yleld.  Acetylation of the diol 53 using AcyO and DMAP
followed by ketal hydrolysis furnished diacetate ketone 91c
3% a crystalline solid. The !H NMR spectrum of 91c indicated
the presence of a sharp singlet of acetate methyl groups at
6 2.06 and the 13c spectrum showed a 7 line spectrum with

€arbonyl resonances at § 202.06 and 170.77.
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NaBH; reduction and methyllithim addition to 9la—c:

The NaBH; reduction of 91a--c56 furnished a mixture of

syn-95a-c and anti-96a-c alcohols# whose ratios were deter-

mined from !H NMR integration of crude mixture and glc
analysis (Scheme 11). The diastefeomers in each case were
separated by silica gel column shromatography and full:

characterized.

87 R=H 89 85 315 90
91a R=COOMe 95a 45 : 55 96a
91b R=CHoOMe 95b 88 : 12 96b
91c R=CH90Ac 95¢ 87 @ 13 96¢c

Methyllithium addition®® to 91a and 91b also furnished

a mixture of syn-97a,b and anti-98a,b tertiary alcohols in

high yield, Scheme 12, The diastereomers in each case were
once again separated by means of column chromatography and

fully characterized.

# For the sake of uniformity with earlier results on 7-
norbornanones, syn and anti prefixes are used with reference

to substituents,
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SCHEME 12

Meli
e : +
R R R
87 R=H 89 74 @ 26 90
91a R=COOMe 97a 10 : 90 98a
91b R=CHp0Me 97b 74 : 26 98b

The results shown in Scheme 11 and 12 demonstrate sig-
r1ificant wvariation (reversal) in the face selectivity when
the substituents are -COOMe groups. This selectivity 1is
nmuch more pronounced in the case of CH3Li addition., Methoxy
methyl and acetoxymethyl substituents show very little

change in the selectivity relative to the parent 87,

Stereochemistry of syn- and anti-alcohols:

The stereochemistry of the products in all the cases
was determined unambiguously by the diagnostic deshielding
effect of hydroxyl group on the protons beneath it (see,
Figs.20-24 1in Section V). The chemical shift wvalues for
three sets of protons for the products derived from NaBHy
reduction and MeLi addition to 9la and 91b are given 1in
Table 7, The trends of these shifts are similar to those
reported for 7-norbornenols. Further evidence for the
stereochemistry was obtained by hydrogenating all the
unsaturated alcohols individually and comparing them with
the alcohols obtained in the 7-norbormanone series, see

Schemes 4 & 5 as well as Table 5.
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Table 7. lH NMR resonances of Hp 3, Hy 4 and Hg ¢ 1in  syn

and anti-7-norbormenols.

————— —————————— — — ——————— " ————————————————— — ———— — — — — — — T — — .

syn antl syn anti
SNSRI 11 W ¥ W0 3. S N 08 BE
Ry=H 6.14 6.28 2,92 3.16 3.56 3.28
R=CO0OMe
Rq1=CHy 6.18 6.3 2,72 2,90 3,74 3.4
Ry=H 6.03 6.16 2,72 2.95 2.72 2.5l
R=CH,OMe

Rj=CHy 6.04  6.22 2.52 (2.80- (3.28- (2.80-
2.48) 2.80) 2.48)

Interpretation of results:

Incorporation of the endo-substituents in 7-norborne-

none skeleton, in principle, should not alter the alread
exlisting steric bias in the system. The magnitude of alte-
ration 1n the selectivity due to this intrinsic bias, amon
other factors, is reflected in the reactions of the paren
ketone 87 (see Scheme 9). Any change in the selectivity U
the introduction of endo-substituents can thérefore D
attributed to the electronic effects of the remote substi

tuents. But, if the incorporation of the endo-substituent’

introduces distortions in the ground state geometry of the

ketone, then factors such as unsymmetrical pyramidalizati®
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of the carbonyl unit and torsional strain as suggested by
Felkin-Anh mode19,10 may become the dominant factors cont-
rolling the face-selectivity. There are literature prece-
dences®/ in other systems where ground state distortions

have been invoked to account for the observed selectivities,

To solve this problem and to understand the origin of
selectivity (geometric distortions vs electronic effects) in
these systems, single crystal X-ray analy51558 of 9la was
carried out.”? The molecular structure of 91a is shown 1in
Fig.VIII. The important features of the structure relevant
to the discussion of the observed m-facial selectivity are:
(1) 7-keto wunit is essentially planar (Langles=360°).
Therefore, pyramidal distortions do not determine the pre-
ferred approach of the nucleophile. (ii) the bridge hydro-
gens are eclipsed to the carbonyl (C=0) bond, henge, the
Felkin-Anh torsional model also does not apply to the facial
selectivity 1in the present system. (iii) The most substan-
tial geometric distortion in 9la is the tilt of the 7-keto
bridge away from the C=C bond by 6.2(1)° as shown in 99,
This tilt makes the double bond side face of the carbonyl
more accessible to the approaching nuc1e0phi}e on steric

grounds. However, the experimentally observed major product

# X-ray structure determination was carried out by

Prof .K,Venkatesan and V. Amarendra Kumar of 11S5¢c,,

Bangalore.
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Fig.VIII. ORTEP plot of a single molecule of 9la. Therma]
ellipsoids are shown at 507 probablity levels. Bond lengths

are given in A®, angles in degrees.

Parameter X-ray(MNDO)
y(
C§1£—0§2) 1.506(1.528)
C(2)-C(3) 1.332(1.359)
C(3)-C%&) 1.502(1.528)
C(4)-C(5) 1:351(1:579)
C(5)-C(6) 1.562(1.586)
C(l1)-C(6) 1:573(1:577)
C(l)—CE?) 1.531(1.561)
C(4)-C(7) 1.532(1.560)
C§7)—0(1) 1.193(1.209)
C(8)...00(4) 2.699(3.051)
CEI)-C(?)—C(3) 108.0(110.8)
C(2)=-C(3)-C(4) 109,.2(110,0)
C(4)-C(5)-C(6) 104.2(103.3)
C(5)-C(6)-C(1) 102.7(103.0)
C(1)=-C(7)-C(4) 96.9( '95.2)
C(l1)-C(7)-0(1) 131.2(132.3)
C(4)-C(7)-0(1) 131.9(132.4)
3)—M(%,§)—C(7) 125.4(123.7)

M(5,6)-M(1,4)-C(7) 119.2(119.1)

(B)

corresponds to the opposite stereoisomer., This resull
demonstrates the unimportance of ground state geometric
effects in determining the m-facial selectivity in these

systems.

a=125.4"°
/a :éOOMe B=119.2
COOMe ax-B=6.2°
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MO calculations” using MNDO optimized geometries on 9la
and related 7-norbornenone derivatives were performed. The
MNDO optimized geometries correctly reproduce the structural
features of interest in 9la (Fig.VIII, values 1in paren-
thesis). Interestingly, the tilt of the bridge is computed
to be in the same direction for all the derivatives examined
(parent 87:3.4%; 91a 4.6°; 100 4 0°). Similar magnitude of
iistortion, ranging from 3° to 7« was found in the two deri-
vatives whose structures have been determined earlier.
[herefore, the observed tilt of the keto bridge in 9la 1is
not a consequence of the endo-substituents but the intrinsic

preference in norbornenone systems.

A simple computational model using a test nucleophile
and a test negative charge which incorporate orbital and
electrostatic effects, respectively, revealed that the =~
facial selectivity in 7-norbornenones can be adequately
described only by effectively taking into account hypercon-
Jugative orbital interactions involving the newly formed C-
Nu o and o orbitals, although electrostatic interactions in
the transition states also contribute.61 Ground state geo-
metric effects which have been postulated to operate in the
parent ketone 87, are swamped by the electronic contribu-

tions from the endo—substituents.56

# Mo calculations were performed in collaboration with

Prof. J. Chandrasekhar and B. Ganguly of I.I,Sc., Bangalore.
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I1.4 endo-MONO-SUBSTITUTED-7-NORBORNANONES AND 7-NORBORNE-
NONES :

It was considered interesting to find out whether 3
single substituent is enough to induce the selectivity ir
norbornyl systems. This study on monosubstituted norbornyl
systems would also reveal the quantum of selectivity induced
by a given single substituent. It would also be interesting
to find out whether the face selectivity observed with tuc
similar or different substituents is just an algebraic suw

of selectivities of the each individual substituent.

There was also a need to study systems with 'linear
substituents' to rule out apprehensions that the 'bent subs-
tituents' might in some way influence the approaching nuc-
leophiles. This 1s particularly important in 7-norbornenone
systems 1in which through space interaction of lone pair of
electrons of the substituents with norbornene double bond
may be invoked to explain the alteration in face selectivi-
ties, Houk has recently reportedl‘5 ab initio MO calcula-
tions on the 7-norbornanone derivatives with substituents
such as CH90H and vinyl and shown that even though weakly
electron withdrawing, they induce anti-preference through
electrostatic repulsions 1in the syn transition structult
between the nucleophile and the electronegative OH or viny!
group. He also reported the dependence of the calculated
stereoselectivities upon the conformation of the substi
tuents, The electrostatic repulsion of the kind describet

above can be minimized with linear 'look-down' substituents
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The question of more stable conformation is important only
for bent substituents which can give rise to various
conformations because of the free rotation of the 0 bond
linking the substituent with the norbornyl skeleton. Such
conformations by virtue of free rotation of ¢ bonds are not
possible with symmetrical linear substituents, It occurred
to us that -C=N and -C=CH groups would serve as eXxXcellent
linear substituents which could be easily obtained by
classical methods of functional group transformations of

known norbornyl derivatives.

Synthesis of monosubstituted norbornyl derivatives:
Diels-Alder adduct 101 of dimethoxytetrachlorocyclo-
pentadiene and acrylic acid®? served as the readily avai-
lable starting material for various monosubstituted deriva-
tives. Scheme 13 shows the synthesis of a series of mono-
substituted derivatives by means of routine chemical trans-
formations. The acid 10] on reductive dehalogenation accor-
iing to literature procedure,dﬁ followed by warming of
acidified aqueous layer prior to the extraction with organic
solvent furnished keto acid 192.46b Esterification of 102
7ith diazomethane afforded keto ester 103b in 70% yield.
The methyl singlet of ester group appeared at § 3.57 din the
Iy MR spectrum and the 13¢c NMR spectrum showed 9 signals
71th carbonyl resonances of ketone and ester groups at §
201.89 and 172.83, respectively., Catalytic hydrogenation of
103b using Pd/C furnished saturated ketone 104b. Several

ittempts to prepare 103b from the corfesponding ketal 105 by
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SCHEME 13

HyCO_OCH;
Cla B i / / T

101 cooH 102 to0H 103b ~h0oMe 104b 6006

l K

HsCOQ_OCHs; H3CQ_OCH; H3CQ_OCH;3
]
] — / iy

83  cooH 105 £60Me
HsCO_OCHs
9 J
= e
1030 ; 109 iy

l" I

HsCQ, OCH;
A /
1 103d :

1040 & D g N

Reagents: a) Na-1liq.NH3, THF, NH4Cl; b) 20% HCl, 60-70°C, 30
min.; c¢) CHoNp, Ether, 20 min; d) Hp, Pd/C, EtOAc; e) DIBAL-
H, CHpCly, -78°C, 45 min., f) Ph3PCH9pBry, KOt-Bu, THF, -78°C
to r.t.; g) Amberlyst-15, aq.acetone, reflux, 3h; h) Hy
Lindlar Catalyst, EtOAc, 20 min.; i) NH9OH.HC1l, pyridine
CHpCly, r.t., 30 min., j) TsCl, pyridine, CHoClo, r.t., ¥
5h.
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hydrolysis using a variety of reagents and conditions failed
due to the facile hydrolysis of the ester functionality

under such conditions.

Diazomethane esterification of acid 83 following the
literature procedure46C furnished ester ketal 105. Dibal-H
reduction of 105 at -78°C furnished aldehyde 106, which is a
common intermediate for the cyano and acetylene derivatives.
Bromomethylene Wittig olefination®0 of 106 using in situ
generated Ph3P=CHBr ylide followed by dehydrobromination
under the basic conditions of Wittig reaction in the same
poté0  furnished acetylenic derivative 107. A doublet
(J=2Hz) corresponding to the acetylenic proton at § 1.89 and
two sp-carbon signals at 8§ 87.59 and 67.53 in a 11 line 13¢
spectrum supported the structure 107, Ketone 103c was
btained in 73% yield by the acid catalyzed hydrolysis of
107, The acetylenic proton in 103c appeared at § 1.98 and
the 13¢ NMR had 9 lines with carbonyl carbon peak at
§ 202,72. Chemoselective hydrogenation of 103c using Lindlar
catalyst furnished vinyl derivative 103d which showed 1770
! peak 1n the IR spectrum and vinyl proton signals in the
Iy NMR spectrum at & 5.84-5.28 and 5.14-4.86 in a ratio of
1:2.

Aldehyde 106 upon treatment with NHoOH.HCl and pyridine
gave a mixture of cis and trans-oximes 108. Dehydration of
oximes was achieved by reaction with TsCl and pyridine to

give cyano derivative 109 in 65% yield. The IR spectrum
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showed diagnostic* peak at 2230 cm~! and the 13¢ NMR spectruy
showed 10 lines with cyano group carbon peak at & 122.48,
Amberlyst resin catalyzed hydrolysis gave ketone 103a in 60}
yileld. Catalytic hydrogenation of 103a furnished the satu-
rated ketone 104a, which showed peaks at 2230, 1770 cm~1 1in
the IR spectrum and § 210.89, 120.55 peaks in the 13c N
spectrum, The ketone 104a exhibited a very high tendency to
form hydrate on storage. It was not possible to obtain 104a
via the saturated ketal 110, as all attempts to hydrolyze it
failed.

Scheme 14 describes the preparation of 104c. Ester
111, which was obtained by the hydrogenation of the corres-
ponding unsaturated derivative, gave aldehyde 112 wupon
DIBAL-H reduction at -78°C. Aldehyde 112 upon Wittig olefi-
nation using Ph3P=CHCl1 gave a haloalkene which on further
treatment with potassium tert-butoxide furnished the acety-
lenic derivative 113. The acetylenic carbons appeared at
§ 87.35 and 69.29 in the 13c NMR spectrum, Amberlys!

SCHEME 14

H3CQ._OCHs
= = %
: 112

11
! b

1 coome 12 tHo
Reagents: a) DIBAL-H, CH,Cl,p, -78°C, 45 min.; D
PhyPCH,C1Br, KOt-Bu, THF, -78°C to r.t., 1.5h; c) KOt-Bu
THF, r.t., 12h; d) Amberlyst-15, aq.acetone, reflux, 10-12h
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catalyzed hydrolysis of 113 gave the ketone 104c in 51%
yield with carbonyl resonance at § 214.53 and acetylenic
carbons at & 85.06, 70.77.

NaBH;, reduction of ketones 103a-d and 104a-c:
The NaBH, reduction of both saturated and unsaturated
ketones61 103a-d and 104a-c furnished a mixture of

jijastereomeric alcohols 114a-d, 115a-d and 1lba-c, 117a-c in

sach case (Scheme 15, 16). The product distribution was

sbtained from the 1§ NMR integration of the crude reaction

Scheme 15
H H
1
NaBH,
/ ) / % /
- Ll S :

R R R
103a R=C=N 114a 44 : 56 115a
103b R=COOMe 114b 68 : 32 115b
103¢c R=C=CH 114c 72 « 28 115¢
103d R=Vinyl 114d >90 : traces 115d

Scheme 16
H H
4
NQBH‘
) +
. y :2 :

R R R
104a R=C=N 116a 12 : 88 117a
104b R=COOMe 116b 32 : 68 117b
104¢c R=C=CH 116¢ 31 : 69 1174
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mixture. The isomeric mixture of alcohols were separated in
all the cases and fully characterized. The observed face-
selectivities in hydride reduction are shown 1n

Schemes 15 & 16.

Stereochemical assignments:

The stereochemical assignments are again based on the
greater deshielding of Cg-exo proton in 7-norbornenone
series and Cop-exo proton in 7-norbormanone series of syn-
alcohols compared to the same protons in the anti-alcohols,
Table 8 (also see, Figs.25-35 in Section V). Similarly, the
well separated olefinic protons experience downfield shift
in anti-7-norbornenols 1l15a-d (OH group on the side of the
double bond) compared to the olefinic protons of syn-norbor-
nenols 114a-d.# All the unsaturated alcohols were indivi-
dually hydrogenated and compared with the NaBH; reduction
products of saturated ketones 104a-c. In the case of vinyl
derivative 103d, the !H NMR of crude NaBH, reaction mixture
did not show peaks corresponding to anti-115d. The stereo-
chemistry of the exclusive product 114d was supported by
chemical shift value of its exo-Hg (& 3.12-2.80) and unambi-
guously confirmed by hydrogenation to the syn-alcohol of

acetylene derivative 11l4c using Lindlar catalyst,.

# For the sake of uniformity with the results on saturated

7-norbornanones 104a-c, syn and anti prefixes are used with

reference to endo-substituent.
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Table 8. !H NMR resonances of Hg and Ho in syn- & anti-7-

norbornenols and 7-norbornanols, respctively.

5 R=CN § 3.12 § 3.02-2.80
2% R=CO0Me 3,20 3.06-2.76
3. R=C=CH 3 A8=2,'92 2.94-2.72
T e T heen
4 4
" 1 My i 1 Ha
R Ho R Ho
1, R=CN § 3.30-3.02 § 2.88-2.60
24 R=CO0OMe 3..33=3.05 2.88-2.60
3 R=C=CH 3.24-2.98 2.73-2.60

e e e o —  — —— — —— — — — — — — — — — — — — — — — — — — — ——— o — — i — —— ————— ————— —— o ——

Interpretation of results:

The results clearly show that even a single endo-subs-
tituent 1n norbornyl systems is capable of inducing signi-
ficant face-selectivity. The linear 'look-down' substi-
tuents, which are electron withdrawing 1in nature (-C=N,
-C=CH), do confer syn-preference (approach from the substi-
tuent side) on the approaching nucleophiles similar to their

'bent' counterpart (-COOMe). Vinyl group in 103d induces
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small anti-preference (approach from the double bond side)
compared to parent and thus behaves like a donor group. The
-C=CH group 1is behaving normally as an electron withdrawing
group unlike the 'free rotating' vinyl group whose abnormal

behavior was rationalized4? (vide supra) in terms of through

space electron donation from the m-lobes in a perpendicular
conformation, Such participation of m-electrons either does
not seem to be operating in the case of -C=CH group or may
be over-ridden by the increased electronegativity of sp-

carbon of -C=CH compared to sp2 carbon of vinyl group.

Another noteworthy feature is the additive dimpact of
the substituents. Consider the mono and disubstituted ester

derivatives 104b, 47a, 103b and 9la in both saturated and

unsaturated series (see Scheme 17), A single ester substi-
tuent 1in 104b is inducing syn-attack to the extent of 68"

and the rest 1s anti-attack. That means the effective

Scheme 17
H 68% B{Eﬂﬁ84x 8 15% E 32x G 55%
/cooMe /CoOMe
47q : 91g
COOMe —— COOMe — COOMc —— COOMe

magnitude of sSyn-preference induced by an ester group 18
18%. This on extrapolation would mean that the effectiVt
magnitude of syn-preference for two ester groups would be
36% (18% + 18%). This is indeed observed in practice fo!
47a with two ester groups which shows 34% effective magni-

tude of syn-preference. Similarly, i1n 7-norbornenont
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ceries, the effective magnitude of syn-preference induced by
one ester group in 103b is 17% and two ester groups in 9la
1= 40% when compared to the parent ketone 87. This result
indicates that the contribution to face-selectivity from the

two endo-substituents 1s simply the algebraic sum of the

contributions due to each group. This cumulative effect may
he conveniently used to predict face-selectivity in some of
the disubstituted norbornyl systems which have not been
studied so far because of difficulties involved 1in their
preparation. The effectiveness of this rule 1is also
exemplified by the following set of results, discussed pre-

viously. The magnitude of effective contribution for each

65% s> 80% s>

/N X

47¢c 474 47e :

vinyl group in 47c is 7.5% and for each ethyl group in 47e

—_—

.i

o

15%; The algebraic sum of the contributions of two
sroups  1s 22.5%, which is close to what is actually found

for 47d (25%) with one ethyl and one vinyl substituents,

IT.5 endo-MONO- AND endo, endo-DISUBSTITUTED BICYCLO[2.2.2]-
JCTANONES : ¥

Is the observed face selectivity an inherent characte-

endo-prefix refer to the substituent being below the

3wCh,Cy,C8 plane and on the blind side of the carbonyl

grOUp ;
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ristic of the norbornyl systems? To answer this question
and to extend our initial observations on '"'remote substi-
tuent guided face selectivity'" in norbornyl systems, we alsg

ventured to study the endo, endo-disubstituted bicyclo-

[2.2.2]octanone 118 and endo-mono-substituted bicyelo-
[2.2.2]octanones 119, 120. The steric neutrality ang
conformational rigidity present 1in norbornyl system 1is
retained in these systems too. However, unlike in norborny]
systems, two regloisomeric mono endo-substituted derivatives
are possible for a given substituent in these systems. This
built-in difference makes monosubstituted derivatives g
novel probe to unravel some of the i1nteresting aspects of
orbital and electrostatic components. Electronic effects
comprises of these two components (orbital and electros-
tatic) which are extremely difficult to segregate 1n experi-

mental probes. In the probe systems experimentally studied

2] Ja 2] |4 2| ja
15
TNV 1 ™~V
‘R 7 6 7 R
" s 19 120
i = R
'ON' position 'OFF" position

so far by us, the emphasis was to segregate steric effects
from electronic effects, Further segregation of electroni
effects into its components was not possible in the earlier
studies. But the unique skeleton of bicyclo[2.2.2]octanone
provides an opportunity to distinguish between the W
components by virtue of its existence as two regioisomers of

monosubstituted derivatives, This important feature, unlike
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Ulnorbornyl system, renders additional advantage of keeping
4 substituent at the "ON" (such as 119) or "OFF" (such as
120) position with respect to the orbital interactions and
;;ﬁe offers an opportunity to test the validity of Cieplak

nodel in these systems.

synthesis of endo-bicyclo[2.2.2]octanone derivatives:
5,6-endo,endo-Disubstituted bicyclo[2.2.2]octanones
118a-c,e are not easy to access synthetically as the Diels-
Alder methodology employed for constructing bicyclo[2.2.2]-
octane systems does not provide the requisite functionaliza-

tion and stereochemistry. The endo, endo-disubstituted-

bicyclo[2.2.2]octanones were therefore prepared from the

corresponding 7-norbornanones 47a-c,e via diazomethane

mediated ring expansion protocol, Scheme 18, Reasonable
ylelds were obtained in each case. All the ketones 118a-c,e
showed satisfactory 1y and 13c NMR spectral characteristics.
The number of signals in the 13¢ NMR spectra doubled in

going from starting 7-norbornenones (6 lines) to

SCHEME 18
ﬂ& i }5
L — s
:R : R
R R
ﬁzg R=CO0OMe 118a-c,e
47b R=CHoOMe
47¢ R=Vinyl
47e R=Ethyl

|
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bicyclo[2.2.2]octanones (12 lines) because of the 1loss of
symmetry on one carbon ring expansion. The endo stereoc-
chemistry of the products 118a-c,e was secured by the analy-
ses of 13C NMR data in which C; and Cg resonances are
shielded by the Cg5 and C¢ endo substituents in the same

manner as in 7-norbornanones 47a-c,e.

The two regioisomers of the monosubstituted ester
ketone 119b and 120b (R=COOMe) were prepared by the diazome-
thane mediated one carbon ring expansion of the correspon-
ding monosubstituted 7-norbornanone ester 104b, The regio-
isomeric lactones 121 and 122, which are synthetically
useful cyclic anlogues of monoester derivatives 119b and
120b, were also prepared from corresponding lactone deriva-
tive of 7-norbornanone 133, described later in the sequel
(Scheme 20). The details of the ring expansion reactions of
these monosubstituted norbornanone derivatives and  the

regiochemistry of the products will be discussed under sepa-
rate heading (Section II.6).

A Ay

4 122

=4

NaBH; reduction and methyllithium addition to bicyclo-
[2.2.2]octanones:

The ketones 118a-c,e were subjected to hydride reduc-

tion with NaBH; and DIBAL-H and methylation with methyl

lithium to furnish syn-123a-c,e and anti-l124a-c,e alcohohﬁ
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(Scheme 19) 1n near quantitative yield. The ratios of
syn : anti products are summarized in Table 9. The diaste-
yeomeric mixture of alcohols were separated in all the cases
by means of column chromatography. 1In the case of the

SCHEME 19
RI

NOBH;
5 ey : +

'R 'R

R R R
118a R=COOMe 123a Rq=H 124a Ry=H
118b R=CH,0Me 123b Ry=H 124b Ry=H
118¢c R=Vinyl 123¢ Ry=H,Me 124¢c Ry=H,Me
118e R=Ethyl 123e Ry=H.Me 124e Ry=H,Me

Table 9. Product ratios in the metal hydride reduction and

methyllithium additions to 118a-c,e,

e e e e . — — ———————— o ——— o o o o o o e S  —————————————————————

Substrate NaBHy 1-BujAlH MeL1
118a 30 : 70 33 : 67 —
(123a) (124a) (123a) (124a)
118b 48 : 52 —— -—-
(123b) (124b)
118¢ 50 : 50 50 : 50 46 : 54
(123¢) (124c) (123c¢) (124c) (123c,Rp=Me)(124c,Ry=Me)
118e 61 : 39 65 : 35 66 : 34

(123e) (124e) (123e) (124e) (123e,Ry=Me)(124e,Ry=Me)

e ——
———
e e i ————— ————— ———— ————— i — . T o T o o . T o e o o e .



mixture of alcohols derived from dimethoxy derivative .Hﬁ
in which the two isomers were not resolving on tlc plate
the separation was achieved by converting them 1into t
corresponding acetates and separating the individual diaste.
reomeric acetates by means of column chromatography. Tk
individual acetates on hydrolysis with methanolic KOH furni-

shed the pure alcchols 123b and 124b in quantitative yield,

The results of NaBH; and DIBAL-H reductions®? of regie-
1someric monosubstituted ketones 119b and 120b are shown o
the structures in Fig.IX. The lactones 121 and 122, whig
are cyclic analogues of monoester derivatives 119b and 120b,

also show similar selectivity during NaBH; reduction &

Fig.IX
65% (NaBH,) ; 82%(NaBH,)
668X(DIBAL—H) 61%(DIBAL—H)
: COOMe
1190 coons ek
— — -y
Charge [0-0] [3:3] A Charge [1-4] [0-0]
Model —_ — - Model i
Hydride [0-6] [0-0] H Hydride [1-5] [0-0]
) |
] J
M : f
[ f
| a 11 j
L R Ty B T
Gem 86X (NaBH,) Gm 61%(NoBH,)
— —
Charge [0-6] [0-0] Charge [0:0] [1-0]
Model — s Modesl

—
Hydride [1-4] [0-0] Hydride [0-8] [0-0]
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shown on the respective structures, Fig.IX. The nucleophiles
approach preferentially from the syn-face in both the pairs
(119b, 120b and 121, 122) of regioisomers. The peaks

corresponding to substituent attached methine protons of
syn- and anti-alcohols in the lH NMR spectra of the crude
reduction products from 119b and 120b which were used for

calculating the product ratios, are also shown in Fig.IX.

Stereochemistry of syn- and anti-alcohols:
The stereostructures of 123a-c,e and 124a-c,e and the

alcohols derived from 119b, 120b as well as 121, 122 have

been unambiguously assigned on the basis of analyses of both
the 1H and 13C NMR data. The relative deshielding (0.3 ppm)
of the exo-6H proton in syn-alcohols 123a-c,e compared Uto
anti-alcohols 124a-c,e in the !H NMR spectra is similar to
that observed in norbornyl systems (see, Figs.36-39). The
stereochemical assignments to products derived from 119b,
120b, 121 and 122 were also based on similar trend (see
Fig.IX).

In bicyclo[2.2.2]octanols, the 13¢ spectra are also of
diagnostic value due to shielding effect dinduced bY the
hydroxyl group on the syn-transannular carbon resonance. It
i1s well known that y-OH group in bicyclo[2.2.2]octan-2-0ls
exerts shielding effect on Cg resonance (compare 125 and

126).63  The shielding of Cg-resonances in syn-alcohols and

378
OH
69-8] [24-8
24'8 258
24°0 Vou ., 23-8%7°31-7 VM-
125 126
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C7 1in the anti-alcohols by about 4-6 ppm is a conveniey
tool to further confirm the stereochemical assignments
Table 10 lists the the chemical shift values (in ppm) for (.

resonances of syn-123a-c,e and anti-124a-c,e as well as fu

the syn and anti products derived from 119b and 120b.

Table 10. 13C NMR resonances of C7 1n endo-substitute

bicyclo[2.2.2]octan-2-0ls.

—— s — . — o — o —— T o . . e e e e e e e e e e e o o e e e e o . e o o e . e e e e o e

Ls R1=R9=CO0Me § 20.11 § 14.23
2. R1=R9=CHo0Me 19:23 13.88
I R1=R9=Vinyl 19 47 14.11
4: Ry=Ra=Ethyl 18.82 13.58
5 R1=CO0Me, Rp=H 19.70 14.76
6. Rp=H, Rp=COOMe 20.29 17.76

e — i — ————————————————— . ——————— ——————————— ——— i ———— 1 **

Interpretation of results:

The data i1n Table 9 clearly indicates that the remof
endo-substituents have a profound bearing on the face-sele
tivity 1in nucleophilic additions to 118a-c,e. The electiV
withdrawing ester substituents in 118a induce syn-preferent
whereas 1n the case of 118e having electron donating alky
substituents the selectivity is reversed and gg;}—apprwd

is preferred. On the other hand, the endo-substituents li¥
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methoxymethyl (118b) and wvinyl (118c), with relatively
modest inductive contribution, exhibit no facial bias in the
metal hydride reductions. The vinyl derivative 118c shows
slight syn-preference (54 : 46) during addition of methyl
lithium, The selectivities induced by the endo-substituents
in these systems are generally consistent with those
obtained for the norbornyl derivatives 47a-e, and can be
reconciled in terms of the Cieplak model,13 Thus, for 118a,
with electron withdrawing substituents, hyperconjugation
from the more electron rich Cj-C7 o bond favors the syn-
approach of the nucleophile, as shown in 127, On the same
basis, the donor groups in 118e lead to preferential addi-

tion to the anti-face, as shown in 128.

& S

+COOM0

127 cooMe

The results of metal hydride reduction of regioisomeric

pairs of ketones 119b, 120b and 121, 122 are rather surpri-

sing at first sight. Application of Cieplak's hyperconjuga-
tive modell3 leads to the prediction of preferential syn-
face addition for the ketone 119b, as shown in 129, and no
facial preference in the regioisomeric ketone 120b, as
neither of the two vicinal (Cy;-Cg and Cy;-C7) o bonds is
perturbed by the Cg-substituent (see 130 and 131). A
similar argument holds good for the regioisomeric pair of

lactones 121 and 122. However, as is visually obvious from
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the peak areas in Fig.IX, both 119b and 120b exhibit ;
moderate syn-preference when subjected to NaBH; and DIBAL-}
reduction, The regioisomeric pair of lactones 121 and L@
also exhibited similar selectivity during NaBH; and DIBAL-j
reduction, Fig.IX. Thus, there is little difference in t
face selectivity whether the endo substituent is at the "0y

or the "OFF" position for orbital interactions.

129 6ooMe

To wunravel the origin of the observed face-selectivi-
ties 1n monosubstituted ester derivatives 119b and 120b, =
simple computational model” in which the geometries of the
substrates were optimized at MNDO level was employed. To
probe the role of electrostatic effects, a test negativ
charge was placed above the carbonyl carbon atom orthogonal
to the m-plane, at a typical interaction distance of 1.4 A
The computed energy difference with charge on either face of
the carbonyl group would then indicate the preference
induced by electrostatic effects. A similar calculation
with a test nucleophile (H™) leads to a prediction which

effectively incorporates orbital interactions also.

# MO calculations were performed in collaboration witl

Prof. J. Chandrasekhar and B. Ganguly of IISc., Bangalore.
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Calculated relative energies (Kcal/mol) between syn and
antl approach to 119b and 120b using charge and hydride
mode1s®l are shown below on the respective structures 1n
Fig.IX. A point negative charge placed at the syn face of
the carbonyl unit in 119b is computed to be less favorable
than the alternative anti face approach by 3.3 Kcal mol-1,
However, 1in the hydride model, the preference is reversed
making the syn-face interaction more attractive by 0.6 Kcal
moT*, 1n agreement with experimental product ratios. Thus,
hyperconjugative interactions involving the electron rich
C;-C7 o Dbond have to overcome unfavorable electrostatic
interactions to effect the observed face selectivity. In
120b, the electrostatic contribution favors the syn-face
attack (1.4 K cal mol‘l). Use of hydride ion as a probe
yields essentially the same energy preference, confirming
the absence of face-selective hyperconjugative 1nteractions
in this system. Overall, the selectivity remains similar to

that observed for 119b.

The computed charge distributions provide a clue to the
reversal of the electrostatic preference for 119b and 120b.
The ester group produces significant positive charges at Cs,
Cf and the exo hydrogen atoms in both 119b and 120b, leading
to favorable interaction with a negative charge near Syn-
face. However, a large build-up of negative charge on the

ester oxygen atoms leads to considerable repulsion in 119b
relative to 120b.

89



11.6. APPENDIX: OBSERVATION OF LONG-RANGE  SUBSTITUENT
EFFECTS ON THE REGIOSELECTIVITY OF ONE-
CARBON RING EXPANSION OF 7-NORBORNANONES

Diazomethane 1s frequently employed for one-carbon ring
expansion of mono- and poly-cyclic ketones and is a valuable
synthetic manoeuvre for gaining entry into higher homolo-
gues.E’4 The regioselectivity in this transformation i1s not
always predictable and exhibits marked dependence on the
nature of the substrate and particularly on the substituents

flanking the carbonyl group.64c.e,f

Diazomethane mediated one carbon ring expansion of 2-
substituted-7-norbornanones was considered as a convenient
route to the monosubstituted bicyclo[2.2.2]octanones which
are otherwise difficult to prepare by other methods. The
latter compounds were required in connection with m-facial
selectivity studies to serve as important probe systems62 to
evaluate orbital and electrostatic components (see previous
section). One carbon ring expansion of unsymmetrical mono-
substituted norbornanones would lead to two regloisomers

'a' and back

corresponding to the migration of front bond
bond 'b' (see Scheme 21). If the migratory aptitudes of
these two bonds are different then the ring expansion would
result 1in the formation of unequal amounts of the regio-
isomers. 0f the two bonds, the one which 1is relatively
electron rich would migrate in preference to the other appé-

rently equivalent bond. This in turn depends upon the

90



inductive influence of the B-substituent on the bond 'a'
through an intervening Cy-C9 ¢ bond. There 1is only one
literature report so far of 7-norbornanone ring expansion to
give bicyclo[2.2.2])octan-2-one and it does not involve any

regiochemical issues.65

Synthesis of monosubstituted 7-norbornanones:

The synthesis of 2-substituted 7-norbornanones 104a,b
was discussed earlier, Scheme 13. The ketones 132a,b and
133 were synthesized as depicted in Scheme 20. O0-Alkylation
using NaH and MeI of the alcohol 8046 obtained by the LiAlHy
reduction of mono ester 19;,456 followed by hydrogenation
and acid catalyzed hydrolysis furnished ketone 132b. The IR
spectrum of 132b showed strong carbonyl absorption at 1770
cm~!  and 13¢c showed 9 signals with carbonyl resonance at
§ 215.60. All attempts to hydrolyze the lactone ketal 62 to
obtain the ketone 133 failed. Fortunately, the unsaturated
lactone ketal 135, obtained by treatment of anhydride 49
with NaBH;, underwent smooth hydrolysis to furnish unsatura-
ted ketone 136. Hydrogenation of 136 over Pd-C at atmos-
pheric pressure afforded ketone 133. Apearence of methylene
protons of lactone ring at 6 4.53, 4.41 in the !H NMR
spectrum and 9 line 13¢ NMR spectrum with two carbonyl
signals at & 209.89 and 176,30 confirmed the structure., The
l-exo-cyano-7-norbornanone 132a was obtained by ozonolysis
of the corresponding 7-isopropylidene derivative 137a (pre-
paration of 137a will be described later in the sequel).

Appearence of endo-Hg at § 2.76 (upfield shift compared to
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Scheme 20

HsCQ__OCH3 HsCQ_DOCH; HsCQ_OCH;
b c,d
/ 23 ¥ — b
; 80 :
== SOH

134 132b
—  “DOMe “OMe

H3CO_OCHy H3CQ._OCHs
d
/ f - Jf y = y, ===

HsCo_ -CHs :S%:
HsCO_OCH;3
f ;
e —2 CN ",
1370 : 1320 : L
1370 1320 ¢ 62

I

Reagents: (a) LiAlH,, ether, r.t., 4-5 h ; (b) NaH, Mel,
THF, r.t., 40 min ; (c) Hyp, Pd-C, EtOAc, 30 min ; (d) Amber-
lyst~15, aq.acetone, veflux, 1.5 'h ; (e} NaBHj;, THEF, 0-5°C,
1.5 h ; (f) 03, CHoClgp, -78°C ; MegS, -78°C ---> r.t., lh.

exo-Hy in 104a, & 3.11) in the !H NMR spectrum and 7 line
13¢ NMR spectrum with Cg ¢ resonances appearing as a single
line at & 22,70 (these resonances appear at § 23.29 and

19.35 respectively in the endo-isomer 104a) supported the

structure 132a.
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piazomethane ring expansion of monosubstituted 7-norborna-
nones:

One-carbon ring expansion of 2-substituted-7-norborna-
nones 104a,b and 132a,b using diazomethane®® furnished a
regloisomeric mixture of bicyclo[2.2.2]octanones 119a,b,

120a,b and 138a,b, 139a,b. The results are summarized 1in

Scheme 21, The regioisomers in each case were separated by
weans of column chromatography. In the case of 138a and
139a, the regioisomeric mixture of ketones were converted

Scheme 21

104a R=CN, Ry=H 119a 71 : 29 120a
104b R=COOMe, Ry=H 119b 63 : 37 120D
132a R=H, Ry=CN 138a 61 : 39 139a
132b R=CHoOMe, Rj=H  138b 60 : 40 139b

into the corresponding ethylene ketals, The two isomeric
ketals in the mixture resolved well on tlc plate, facilita-
ting the column chromatographic separation of individual
regloisomers. Acid catalyzed hydrolysis of the each indivi-

dual ketal furnished pure ketones 138a and 139a.

The ring expansion of the 7-norbornanone based endo-

lactone 133 furnished synthetically useful bicyclo[2.2.2]-
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octanones 121 and 122 with 63 : 37 regioselectivity
Scheme 22, The isomers 121 and 122 did not resolve on t]c
plate for direct column separation. Hence, they were first
converted 1into a mixture of corresponding ethylene Kketals
and separated by column chromatography. Acid catalyzed

hydrolysis of pure ketals furnished ketones 121 and 122,

Scheme 22
434
215 313
CHaNy 18.8 e 16:7 L
(L 7T I‘G-S ' 2007 30 5 lu“
133 d 121 dm 122 Oire

63 : 37
Stereochemistry of endo-monosubstituted bicyclo[2.2.2]octan-

2-ones:
Structures of regioisomeric ketones 119a,b, 120a,b and

135a,b, 139a,b are based on analyses of their 13¢c NMR  data,

Table 11. The 13C chemical shift values of parent Dbicyclo-
[2.2.2]octane 125 and bicyclo[2.2.2]octanone lﬁg63 are also
shown for comparison purpose. The carbonyl group in 140
shields resonances of both the transannular B-carbons (i.e.,
Cg and C7). This effect, along with the Q—steric compres-
sion effect of endo-substituent on either C7 or Cg, serves
the diagnostic purpose of stereochemical assignments U0

regioisomers. Thus, the major feature of the 13C¢ spectral

24-0

125 140
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assignment 1is that C7 in the regioisomeric series 119a,b,

is shielded both by the Cp-carbonyl as well as the

138a,b

Cg-endo-substituent. By comparison, in the 120a,b, 139a,b

series both C7 and Cg are shielded by the Cop-carbonyl and C5

endo-substituent, respectively. Thus, C7-Cg 13C resonances

have larger separation in the 119a,b, 138a,b series than in

the 120a,b, 139a,b. The shielding effect of carbonyl is also

discernible 1in the Cg and Cg resonances in both the regio-

isomeric series, A similar analyses of the 13¢ NMR

Table 11. 13C NMR resonances of C1-Cg 1n monosubstituted

bicyclo[2.2.2]octan-2—ones.

o — — ———————— —————————— ——————— — T ——— — o o e o o e o o o . . e e . e e e e

138a 44.59 211.24 44,17 27.11 30.12 25.70 22.47 23.06
139a 40.88 213,12 40.88 31.53 26.17 27.82 22,00 24.06
138b 43.47 216.77 43.70 27.70 28.82 31.94 17.41 24.82
139b 42,35 217,59 &5.41 28.94 35.35 27.29 23.23 19.11

e ——— . e e e e e e o . T . i e e . i S S e i o T, i i e . e e i i . S e . e e . . e . .

3¢ NMR Spectra were recorded in CDClj3., Assignments are
based on internal consistency, off-resonance multiplicities
in some cases and comparison with known bicyclo[2.2.2]octa-
nones. Chemical shifts within 1-2 ppm range can be inter-

changed.
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shieldings 1in exo0-138a and 139a led to their formulation

(see Table 11).

The structural assignments for 121 and 122 again follow
from the 13C NMR values depicted on their structures, Scheme

22,

Interpretation of results:

The results summarized in Scheme 21 indicate that the
electron withdrawing substituents, such as CN, COOMe, at the
Co-endo position significantly diminishes the propensity of
the 'a' (Cy-Cy) bond to migrate vs the 'b' (C4-Cy) bond,
The ester 104b (Scheme 21) and lactone 133 (Scheme 22) show
the same selectivity in the ratio 63 : 37 in which the majer
product is derived from the migration of 'b' bond. The
endo-CN group in 104a induces the highest selectivity among
all the substrates studied (71 : 29), To rule out the
possibility that the observed selectivity is due to the
placement of substituents with respect to carbonyl such that
the two dipoles oppose each other, an experiment with exo-CN
derivative 132a was carried out. The results in Scheme 2]
demonstrate that even the Co-exo cyano group in 132a induces
a similar migratory preference to furnish 138a (61 : 39)
and 139a. Thus, the electronic effect of the Co-substituent
1s operative 1in the ring expansion irrespective of its
stereochemistry. While the inductive effect of the a-substi-
tuents on the regioselectivity in diazomethane ring expan-

sions is quite well precedented, this, to our knowledge, 1is
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the first example of a significant effect of the remote B-

substituent on the regioselectivity of ring expansion.

Also, the above results have some bearing on the inter-
pretation of the origin of face-selectivities 1in nucleo-
philic additions to endo-substituted 7-norbornanones. The
predominant syn-selectivity observed for additions to 7-
norbornanones 104a-c could be ascribed to co-operative or
competitive influences of orbital and electrostatic effects.
Cieplak model which is based on orbital effects, emphasizes
the 1mportance of transition state stabilization involving
electron rich anti-periplanar ¢ bond and antibonding 0”
orbital of the incipient C-Nu bond. This 1interpretation
requires that C;-Co bond in 104a-c be electroh deficient
compared to the Cy-Cg bond as well as the C3-C4 and C4-Cqg
bonds, The above results indicate that this 1S indeed so,
in the ground state, as the Cop-substituent effect is felt
even further in rendering the C;-C7 bond electron deficient

compared with C4-C7 bond which exhibits preferred migratory

aptitude in the ring expansion.
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SECTION B: ELECTROPHILIC ADDITIONS TO NORBORNYL SYSTEMS:

I11.7 2,3-endo, endo-DISUBSTITUTED-7-METHYLENENORBORNANES :

Electrophilic additions are complementary to  the

nucleophilic additions in the sense that the reagent contri-
butes the bonding pair of electrons to trigonal carbon aton
in the latter whereas it is just the reverse in the case of
former. Further, the frontier molecular orbitals of subst-
rate and reagent interacting with each other are reversed in
the two types of additions, e.g., HOMO of nucleophile
interacts with LUMO of carbonyl in nucleophilic additions
and LUMO of electrophile interacts with HOMO of the olefin

in the case of electrophilic additions.

Klein in his modelll to explain the selectivities in
cyclohexane based systems pointed out that the unsymmetrical
extension of ® and ™ orbitals due to interaction with
unoccupied and occupied B C-C bonds respectively are respon-
sible for facial discrimination. Based on different
electron density on the two faces of the plane containing
trigonal atom, he predicted that the electrophilic attack
involves preferential equatorial approach by interaction
with m orbital, but nucleophilic attack involves preferen-
tial axial approach by 1nteraction with " orbital.
Recently, Reetz and co-workersb7 using ab initio MO calcula-
tions refuted the above argument and showed that unsymme-
trical extension of the orbitals is in the same direction
for both = and n*, with m HOMO and m* LUMO larger on the

axial face. Application of Cieplak's hyperconjugative
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;mdell3 predicts that irrespective of which reacting partner
contributes the bonding electrons, the directional prefe-
cence should remain same and from the side opposite to most

electron rich anti periplanar o bonds.

The vast majority of the experimental results available
in the literature are on cyclohexane based system513r27’68
which make the issue further complicated because of the
presence of several competing factors 1in these systems.
Little attention has been paid to contral the electrophilic
stereoselections through remote electronic influences in
sterically neutral situations. Few noteworthy exceptions in
this context are: (1) the tricyclic norbornyl systems 141
studied by Hoffman;69 (ii1) 5-substituted-2-methyleneadaman-
tanes 142 studied by le Noble;24f (iii) the recent reports
by Halterman25b gn J,3-diarylcyclopentenes 31 and OhwadaZ26
on spiro[cyclopent-2-ene-1,9'-fluorenes] 34 and very recent

report of Vogel70 on endo, endo-disubstituted-

bicyclo[2.2.2]octene 143. While the work of Hoffman and

X
4 142
X=NSO,Ph, 0, CHy, CMes. X=F
Reagents: CClg, 9-BBN, Reagents: m-CPBA, CClo,
Hy/Pt, HN=NH. BHy, Hg(0Ac)s,
CF3COOH.

99



Y COOMe
COOMe
143

X=NOo, CI1, Br, X=NO9, F, OMe. Reagents: 0s0Oy4, mCPBA,
OMe, NMej. Reagents: mCPBA, BH3, PhSeCl,
Reagents: 0s0y. PhSC1.

le Noble was known before we began our present studies, the
other reports appeared during or after the completion of

this work.,

To further extend the scope of our initial observation
of the profound effect of remote endo-substituents on the
face selectivity at a distal stereogenic center, we have
ventured to 1nvestigate the electrophilic additions to 7-
methylene norbornane derivatives’] which have the same
advantageous feature of sterically equivalent m-faces 1in a

conformationally rigid framework.

Synthesis of 2,3-endo,endo disubstituted-7-methylenenorbor-
nanes:

2,3-endo,endo-7-Methylenenorbornanes l44a,b,e were
readily synthesized from the corresponding 7-norbornanones

47a,b,e via Wittig alkenylation (PhjP*CH3Br~, t-CgHy;07Na,

70-80%), Scheme 23. In the case of the diester 47a, one of
the ester groups epimerized to some extent (ca. 20-30%)

under the basic conditions of Wittig reaction.
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SCHEME 23

0
PhyPCH;Br
: ——— :

‘R t—AmONa /R

g 70-80% :
47a R=COOMe l44a,b,e
47b R=CH70Me
47e R=Ethyl

Stereochemistry of 7-methylenenorbornanes l44a,b,e:

The stereochemistry of the required endo,endo-compounds
l44a,b,e was ensured on the basis of relatively greater
shielding of Cg,q resonances due to  y-steric effect of
gﬂ@—substituents,39 see Table 12. The two fold symmetry of
l44a,b,e was further confirmed by their 7 1line 13c  nMR
spectra and the appearance of exocyclic methylene proton
signals as singlets at & 4.66, 4.56 and 4.58 in the Iy NMR

spectra of l44a, 144b, and l44e, respectively,

Table 12. 13C¢ NMR resonances of C5—-Cg 1in l44a,b,e

T e e e e e o o ——— i — i —— o — —— — i — . T . T . i . . . . S .

Substrate C5,C¢ C7 Cg
1444 23.29 155.65 98.77
144b 21.35 158.47 96.71
144e 20.76 160.36 95.47

e e s
e e e e - —— — e e e e T e — ———— ——————————— ——————
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Epoxidation:

Epoxidation of endo,endo-7-methylenenorbornane deriva-
tives 144a,b,e with per-acid reagent, an electrophilic
process, was 1investigated. The olefins 144a,b,e  were
treated with mCPBA in dichloromethane at 0-5°C to give a

mixture of diastereomeric syn-145a,b,e and anti-146a,b,e

epoxides, Scheme 24. The syn : anti ratios of epoxides

formed are shown in Table 15 and were determined from the lH
NMR integration of the crude reaction mixture. The mixture
of epoxides 145a and 146a in the case of diester derivative
were separated by column chromatography. The separation of
other two pairs of epoxides derived from 144b, and l44e was
not possible because of decomposition during separation,
However, high resolution lH NMR data on crude mixtures

enabled identification of each isomer.

The results in Table 15 demonstrate that the electron
withdrawing ester substituents in l144a direct the addition
of per-acid reagent preferentially from syn-face (26 : 74),
There is a complete reversal in the selectivity in 144e with
electron donating ethyl substituents in which the reagent
approaches predominantly from the anti face (70 : 30).  The
dimethoxy derivative 144b shows moderate anti-preference

(55 3 45).

Streochemical assignments:
The Stereochemical assignments were made on the basis

of relatively greater deshielding of Hp,H3 eXo-protomns in

102



the syn-epoxides 145a,b,e compared to anti-epoxides

146a,b,e, Table 13 (also see, Figs.40-42 in Section V),

Table 13. IH NMR resonances of Hy 3 1in syn-145a,b,e and

ygg—146a b,e.

e o . e e e e e e . . . . . . S e e

Hs Hy

H Hz 1 H’.
‘R R
R R

Substrate syn-145a,b,e anti-l46a,b,e
______________________________ i S . 1% S

R = COOMe 342 3.24
R = CHoOMe 2w2:3 24:52
R = Ethyl 2.26 2.04

—— e ——— i ——————————— — ————— —— —— ———————————————— —— ——— ———— ————

Hydroboration:?2

The olefins 144a,b,e on treatment with diborane

followed by alkaline-Hp09 oxidation furnished a mixture of

syn-147a,b,e and anti-148a,b,e primary alcohols, Scheme 24.

The ratios of syn and anti products were obtained from the
1 ; ; ; .
H NMR integration of the crude reaction mixture and are

shown in Table 15.

Again the pattern of selectivities remains the same,
the electron withdrawing substituents directing preferential
Syn-attack and electron donating groups directing anti-

altack, The observed selectivities in this case are not as
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high as in the case of epoxidation.

Stereochemical assignments:

The stereochemical assignments again follow from the
deshielding influence of OH group on Hp,H3 exo-protons iy
syn-alcohols compared to anti-alcohols. 13¢ NMR data can
also be used as an additional probe in this case to further
confirm the stereochemical assignments. The OH group of
hydroxymethyl moiety at Cy shields the resonances of carbon
atoms underneath. Thus, Cg,Cq resonances in anti-alcohols
148a,b,e are shielded by about 3 ppm compared to same reso-
nances 1in syn-alcohols 147a,b,e, Table 14. Similarly, the

relative shielding effect of OH group is also discernible in

Co,C3 resonances in syn-series l47a,b,e (see, Figs.43-46),

Table 14. 13C NMR resonances of C5 6 in syn-147a,b,e and
anti-148a,b,e.

—_— e e i e S ———

H
sé f':a
R R
Substrate syn-alcohol anti-alcohol
e Cs5,Cq C5,C6
= COOMe 24,64 21.64
= CHoOMe 22.88 19.94
R = Ethyl 22.17 1917

—————————— . e s . S . . . -
i ———————— . — — . S . . o e s e o
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gxymercuration—demercuration:73

The treatment of olefins l44a,b,e with Hg (0Ac) 9
followed by demercuration with NaBH, furnished a mixture of
syn-6b7a,b,e and anti-68a,b,e tertiary alcohols, Scheme 24.

The ratios of syn : anti products were obtained from the gy

VMR integrations of the crude reaction mixture and are shown
in Table 15. The diester compound l44a gave almost exclusi-
vely b67a as the only detectable isomer (lg & 13¢ NMR) and

did not require further purification. The diastereomeric

SCHEME 24
a
— 5 ; :
E 'R
R R
145q,b,e 146q,b,8
0"”35@ @syn H
b
P : -
‘R iR E
R R R
1440 R=COOMe 147a,b,e 148ag,b,e
b R=CH,0Me
¢ R=Ethyl
* :
R R
67a,b,e 68a,b,e

Reagents: a) m-CPBA, CHyClp, 0-5°C; b) BoHg-THF, Hq0p-
“4.NadH; ¢) Hg(0Ac)9, aq.THF, NaBH,-NaOH.
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miXture of alcohols derived from 144b were separated by
column chromatography. 1In the case of 144e only the major
product was obtained after purification. The mixture of
products obtained here are the same as those obtained in the
case of methyllithium additions to corresponding 7-norborna-

nones (vide supra, Scheme 5) except that these two reactions

lead to the opposite isomers as major/exclusive products,
e.g., the major product formed in the former reaction is

minor/traces in the latter reaction and vice-versa.

Table 15. Product ratios in electrophilic additions to

l44a,b,e
syn : anti ratios (%)
s I e e
epoxidation hydroboration oxXymercuration
144a 74 : 26 41 : 59 >95 : trace
145a  146a 147a  148a 67a  68a
144b 45 55 56 : 44 40 : 60
145b 146b 147b 148b 67b  68b
144e 30 : 70 62 38 17 : 83
145e 146e 147e 148e 67e  68e

———————————————————— —————— ————————— — ———— ——— ———— ———— ——————

Interpretation of results:
The oxymercuration step involves a sequence in which an
electrophilic attack by Hg(OAc)o is followed by nucleophilic

(e.g., Hp0) attack. The demercuration step reductively
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breaks the C-Hg bonds. The initially formed mixture of syn~
and anti-mercurinium ions (149 and 150), in a reversible
process undergo nucleophilic capture in a rate limiting step
via the intermediacy of the open chain cation 151, as shown
in Scheme 25, Thus, the observed selectivity 1s actually
the outcome of nucleophilic addition to carbocation interme-
diate 151. There is no direct experimental evidence to show
the preferential approach of the electrophile, Hg(OAc)o to
to the reaction center. Since both syn and anti complexes
149 and 150 pass through the common intermediate 151, the
observed selectivities of the final products does not give
SCHEME 25

§ Hg—0Ac

- OAc AcO-Hg——=

144g,be — ond/or
b

anny 1indication about the predominant approach of the
electrophile. However, an intuitive guess, based on earlier
precedents with other electrophiles is that syn-complex 149
could be formed predominantly in the case of 144a with
electron withdrawing groups and anti-complex 150 in the case

of 144e with donor groups.
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Broughton et.al.,74 in their very recently reported
work have contradicted the above mechanism based on theore-
tical <calculations on 7-methylene norbornane derivatives,
Calculated PM3 molecular electrostatic potentials show anti-
face to be more attractive to an electrophile when the subs-
tituents are electron withdrawing such as R=COOMe (1l44a) or
F. For electrophiles such as Hg(OAc)9 and I*, having large
charges (I*, 0.83; Hg', 0.75), it was suggested that
electrostatic asymmetry controls the selectivity and hence
anti-attack 1is favored. Subsequent back-side attack by
nucleophile (e.g., H90) would open the anti-mercurinium ion
150 (R=COOMe) to furnish syn-alcohol 67a, as observed by us

experimentally.

Overall, the results of electrophilic additions to
l44a,b,e displayed in Table 15 show a crossover in syn/anti
approach of the electrophiles in going from l44a to 144e.
The m-face stereoselection observed here is moderate in the
case of additions proceeding through c¢yclic transition
states (e.g. epoxidation and hydroboration) but is signifi-
cantly enhanced in the case of the more polar addition (oxy-
mercuration). The electrophiles attack l44a and 1l44e predo-
minantly from syn- and anti-face, respectively, The
dimethoxy compound 144b shows a modest preference for the
anti-approach. These results appear 1in general to be
consistent with the Cieplak hyperconjugative model in which

the stabilizing interaction between the electron rich anti-
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periplanar o0 bond and the developing 0* orbital lowers the

transition state energy. Accordingly, irrespective of which

L
-

reacting partner contributes the bonding electrons, o
orbitals would attract electron density through the same
directional preference, i.e., more electron rich ¢ bond. 1In
agreement with this prediction, electrophiles exhibit the
same face selectivity in approach to l44a,b,e, as do nucleo-

philes in their approach to 47a,b,e.

II.8 2-endo-SUBSTITUTED-7-1ISOPROPYLIDENENORBORNANES :
Although some of the electrophiles such as per-acid,
BHy and Hg(OAc)y reacted with 7-methylenenorbornane deriva-
tives,71 the reactivity of the exocyclic double bond is poor
towards most other common electrophiles. Another serious
problem 1s the mechanistic ambiguity 1in these systems.
There are basically two ways in which electrophilic addition
to an olefin can take place, The first 1s a one step
process 1in which both the carbon atoms of the olefin are
attacked simultaneously, e.g. epoxidation and hydroboration,
both of which proceed via cyclic transition state involving
one-step mechanism. In the second, a two step process 1S
involved, with initial attack by an electrophile followed by
combination of the resulting cation 1intermediate with a
negatively charged nucleophile, The intermediate cation 1in
the two-step process may be open chain or cyclic depending
on several factors. In the case of open chain intermediate,
the stability of cation determines which of the two carbon

centers be attacked by EY. Therefore, addition of those
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electrophiles to 7-methylenenorbornanes which proceed
through two-step mechanism, e.g. Hg(OAc)gp, are ambiguous in
the sense that the original direction of the electrophilic
attack 1s not revealed directly, Whereas, in the case of
epoxidation and hydroboration reactions, the original entity
added from the electrophilic reagent remains in the product
without any change in its position and hence 1its 1location

reveals the direction of reagent approach,

In view of the controversy regarding the preferred
direction of approach of charged electrophiles74 such as
Hg(OAc)9 or halonium ions in 7-methylenenorbornane deriva-
tives, we designed additional new experiments to sort out
the issue. 7-Isopropylidene norbornyl systems attracted our
attention as the use of the isopropylidene unit instead of
methylene offers significant advantages. From an experi-
mental point of view the double bond becomes more reactive,
enabling the addition of electrophiles which were unsuccess-
ful earlier. Further, unlike in 7-methylenenorbornanes, the
site of electrophilic attack i1s likely to be at Cy and not
at Cg, a factor which 1s crucial for interpretation,
Finally, the mechanistic details of electrophilic attack are
unambiguous and the steric neutrality on the two m-faces 1is

maintained.

Synthesis of 7-isopropylidenenorbornanes:
7-Isopropylidenenorbornanes 154a,b were readily pre-

pared via the known Diels-Alder reaction’® between 6,6-
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jimethylfulvene and acrylonitrile or methyl acrylate,
scheme 26. A mixture of endo and exo-isomers were obtained
in each case. The required endo-products were separated
from the reaction mixture through slow fractional crystalli-
Zation, The regioselective reduction of the endocyclic
wrbornene double bond in 152a,b and 153a,b wusing diimide
furnished 7-isopropylidenenorbornanes 154a,b and 137a,b,

Scheme 26,

SCHEME 26
H3C. ..CHs
O~ [ — ;& ﬂk o
152a,b x 154a,b i
+
HSC CHJ H;C CHjy
b,c
/ x — X
153a,b 137q0,b
Reagents: (a) fractional <crystallization; (b) column

purification; (c) diimide reduction.

Bromination:

Aqueous N-bromosuccinimide is a convenient source of
bromonium ion, Br¥. The treatment of 154a,b with NBS in
3:1 DME-H70 at 0-5°C directly furnished a mixture of allylic
bromides 155a,b and 156a,b, Scheme 27. All the work-up

operations were carried out below 10°C and the 1y and 13c
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NMR spectra were recorded immediately as the mixture of
products showed high tendency for allylic rearrangement at
room temperature. Small amounts of pure diastereomers in
each case were obtained by quickly eluting the mixture on a
preparative tlc plate., The stereochemical assignments were
based on chemical shift value of Hg exo-protons in the Iy

NMR which appeared at § 3.52, 3.60-3.46 for syn-155a,b and

§ 2.74, 2,77 for anti-156a,b, respectively. The ratios as

determined Dby the ly NMR spectra of crude reaction mixture
are summarized in Table 16. The results demonstrate that
the electron withdrawing CN and COOMe groups again 1induce
syn-preference. There 1is also no ambiguity about the
initial direction of attack of Br'. Since the nucleophilic
attack on the bromonium ion is followed by an elimination to
give the olefins 155a,b and 156a,b, the location of the
bromine atom in these products directly reveals the direc-
tion of the initial electrophilic attack. Based on the
observed product ratios, the charged electrophile Br?

prefers to approach the syn-face of 154a and 154b.

Dichlorocarbene Additions:

Dichlorocarbene is a neutral electron deficient
speclies, which can be generated in situ by thermal decompo-
sition of sodium trichloroacetate, Reaction of 154a,b with
in situ generated CCly produced a mixture of syn- and anti-
adducts 157a,b and 158a,b, Scheme 27. The product ratios
were obtained from the lH NMR spectra of the crude reaction

mixture and are shown in Table 16. The chlorine atoms in
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vhe §X§—adduct manifest a similar relative deshielding
.ifect on Hp-exo protons as generally observed. The diaste-

comeric mixtures in both the cases were separated by column

‘hromatography.
SCHEME 27
H! H;
aorb
+

;. a

HaC .-.CH3 155a X=Br, R=CN 156a

e ™ | 155b X=Br, R=COOMe 156b

159a X=0H, R=CN 160a

% % 159b X=0H, R=COOMe 160b

R
154a R=CN i X
H5C CH
b R=COOMe : ?
cord
+

& R

157a X=CClg, R=CN 158a

157b X=CCly, R=COOMe 158b

161a X=0, R=CN 162a

161b X=0, R=COOMe 162b

Reagents:  a) NBS, DME-Ho0 (9:1), 0-5°C; b) log, hv,
€thylene blue, CHpClp; NaBHy,, MeOH; c) C13CCO0"Na*, DME-
LLE'l’eflu.x:; d) mCPBA, NapCOj3, CHpClp, 0-5°C.
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Singlet Oxygenation:

Reaction of olefins 154a,b with oxygen that has beer
photosensitized wusing a dye (methylene blue) furnished :
mixture of syn-and anti-allylic hydroperoxides. The mixture
of hydroperoxides were not examined but directly reduced

with NaBH4 to allylic alcohols syn-159a,b and anti-160a,b

for characterization, Scheme 27. The product ratios were
obtained from lH NMR integration of crude mixture of allylic
alcohols, Table 16. Stereochemical assignments were based on
the lower field position of H9 exo-proton 1in syn-alcohols
compared to anti-alcohols. The Hp exo-protons appeared at
§ 3.42-3.30, 3.42-3.32 for syn-159a,b and 2.91-2.78, 2.90-
2.78 for anti-160a,b alcohols, respectively (see, Figs.47,48

in Section V).

Epoxidation:
Epoxidation of 154a and 154b with mCPBA in methylene

chloride at 0-5°C furnished a mixture of syn-16la,b and anti

162a,b epoxides, Scheme 27. The syn : anti ratios were
determined by the Iy NMR integrations of crude reactiorn
mixtures and are shown in Table 16. The major isomers in
both the cases were isolated by means of column chromato-
graphy, The stereochemical assignments were based o1
greater deshielding of H9 exo-protons in syn-epoxides
compared to anti-epoxides which appeared at § 3.20-3,08,
3.27-3.15 for syn-l6la,b and 2.91-2,78, 2,98-2.82 for anti-
in the lH NMR spectra., The syn-epoxide 16la on

162a,b

keeping for longer periods in CDClj solution in the NMR tube
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Table 16. Ratios of syn and anti-addition products? observed

in reactions of 154a,b.

o ————————— T —— — —— —— ——— ———— ———— —— —— T —————— T ———————————— ] {—— ————

Br* CClo Lo, n-CPBA
Compound syn antil syn antli syn anti syn anti
154a 72 28 78 22 78 22 77 23

155ab  156ab 157a 158a 159a 160a 16la 162a

154b 59 41 60 40 61 39 62 38
15562 156bP  157b 158b  159b 160b 161b 162b

— o ————————————————————— —— ———— ———— — — — ——————————— ——————" — — — —r— —

a) Product ratios (#5%) are based on the lH NMR integration
of the reaction mixture; (b) Exhibits marked propensity for

allylic rearrangement.

underwent epoxide opening accompanied by a-proton elimina-
tion, probably catalyzed by trace amounts of acidic dimpuri-
ties 1in the solvent, to furnish the allylic alcohol 159a.
This alcohol was found to be 1identical with the major
product obtained from the photooxygenation reaction of 154a
‘vide supra). This confirmed the internal consistency in

stereochemical assignments and also provides strong
H3C..

H3C CHy

1610 : 1594 :
— €N — €N



supporting evidence for the fact that the major products 1in
both the reactions (i.e. photooxygenation and epoxidation)
resulted as a consequence of preferential syn-attack by the

reagent,

Interpretation of results:

The above results/6 (Table 16) confirm that even a
single electron withdrawing substituent in the endo-position
is capable of inducing facial discrimination and 1leads to
products derived from electrophilic addition, preferentially
to the syn-face, thus reinforcing our earlier observations.
There 1s also no ambiguity about the initial direction of
attack of reagent in these systems. Particularly in the
reactions of NBS and 102, the entities added from the
reagent to the reaction center remain at the position of
initial attack and act as convenient labels to establish the

preferred direction of reagent approach.

To delineate the nature of the electronic control of
the observed selectivities, we carried out” a topographical
analysis of the MESPs of 154a,b at the ab initio level with
the 6-31G basis set using the parallel SCF program INDMOL, 7/
Attention was focused particularly on the MESP minima whose

depth generally signifies a greater concentration of

# Theoretical studies involving ab initio electrostatic

potentials were carried out by Prof. S.R. Gadre and

R.N.Shirsat, University of Poona, Pune, India.
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electron density. For both 154a,b, the MESPs about the two
1-faces are unsymmetrical, with the (3,+3) critical point
(CP) on the anti-face consistently having a more negative
value (Table 17). However, as the MESP value at the CPs
ire significantly less negative than those obtained for
typical C=C bonds (the MESP minimum for ethylene is -0.0383
i.u.), electrostatic influences are probably not of primary
mmportance 1in determining the face selectivities in the

present system.,

In order to confirm the potential role of orbital
interactions in determining the face selectivities in these
substrates, the unsymmetrical donor abilities of the o5 and
0, bonds were characterized in terms of the electron

densities at the corresponding bond CPs (Table 17). In the

Table 17. MESP2 at (3,+3) minimum and electron density at

bond CP (all values in a.u.)

e s . — o — T o o o e o . e o i o o e o e e . e e e e S S

Lompoundb MESP at CP Density at bond CP
syn anti Og 04

154a -0.0174 -0.0222 0.2114 0.2172
154b -0.0278 -0.,0305 0:2109 0,2171

e ——— —— ———— —— —————— ———————————————————————— ————— ————

‘a) A CP of a scalar field f is one where / f=0. The CPs
are classified in terms of the eigenvalues of the Hessian.
The MESP and bond CPs are (3,+3) and (3,-1) types 1in the

respective scalar fields.
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systems 154a,b, with electron withdrawing groups, the 0,
bond consistently has a greater density. Operation of
Cieplak type13 orbital interactions would then lead to the

observed syn-face selectivity.

i on the bromonium ion

Semiempirical MO calculations
intermediates resulting from 154a,b as well as carbene addi-
tion transition states lead to several additional insights
(Table 18). Optimization of the classical bromonium ion
intermediates at the PM3 level confirm that Br' prefers to
attack the C-7 center, relative to C-8 (by 6-7 Kcal/mol), as
a less strained tertiary carbocation 1is formed 1in the
former. The computed syn-anti energy differences are small,
Nevertheless, for both 154a and 154b, the ion formed by
addition to the syn-face is consistently more stable, in
agreement with the observed face selectivities. Interes-
tingly, the preference is larger for the ions formed by C(C-7
attack compared to C-8, particularly for 154a [AE (anti-
syn)=0.8 and 0.3 Kcal/mol, respectively). One eXpects
greater unfavorable electrostatic interactions between the
Br* ion at C-7 and syn-face of 154a. These are evidently
overcome by effective orbital stabilization involving the

Br-C7 0 MO and the relatively electron rich anti-periplanar

0, bond.

it Semi-empirical MO calculations and transition state ener-
getics were carried out by Prof.J.Chandrasekhar  and

B.Ganguly, IISc., Bangalore, India.
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Transition state energies determined for CClg addition
to 154a,b using the AMI] procedure78 are also consistent with
the observed stereoselectivities., Since the least-motion
pathway for the addition of a carbene to an olefin 1is a
forbidden pathway, the transition structure is highly
unsymmetrical. The carbene forms a bond effectively to one
of the olefinic carbon atoms with a CCC angle of ~90°. The
chlorine atoms are tilted towards the other carbon, which
has a planar coordination characteristic of a carbocation.
These features have significant consequences for the face
selectivities of 154a,b. In view of the unsymmetrical
nature of the olifines, two sets of first order saddle

points, characterized by a closer approach of the carbene to

Table 18. Calculated heats of formation in kcal mol~!l (1
cal=4.184 J) of classical intermediates formed by bromonium
ion additions and transition states for dichlorocarbene

additions to 154a,b.

e e . e e e e e e T T e e T e e . e e, i, . e, e e T e . e . e e S

Site of electro- Br*a :CC1lyb
Compound philic approach syn anti syn anti
154a Cc-7 228.64 229.41 91.53 92.37
C-8 236.29 236.55 93.17 93.21
154b Cc-7 109.05 109.26 -23.11 -22,52
c-8 115.64 115,76 ~21.66 ~21.65

T —— i —
e e o — ———— ——— ————————————————————— ————— o ——————————

(a) PM3; (b) AM1.
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C-7 or C-8, are obtained for the syn as well as anti-face
additions. Interestingly, the energetically favored transi-
tion states correspond to CCl2 attack at C-7. As a result,
the newly formed C-C bond is more responsive to the unsymme-
trical orbital effects from 05, and 05 orbitals. Further, the
chlorine atoms are tilted upwards in the corresponding tran-
sition states, precluding any contribution from electro-
static 1nteractions from the norbornyl wunit. Overall, a
clear preference for syn-face attack results. Interestingly,
for the transition states for attack at C-8, there is negli-
gible face selectivity. Orbital effects and electrostatic

interactions seem to effectively cancel each other.

I1.9 5-endo-SUBSTITUTED-7-1ISOPROPYLIDENENORBORNENES :

The interesting results with substituted 7-1isopropyli-
denenorbornanes 154a,b76 have providedan impetus to extend
these studies to the 7-isopropylidenenorbornene systems,79
which are of intrinsic interest due to the presence of much
acclaimed homoconjugative interaction between the two olefi-
nic bonds.80 Several subtle electronic effects have also
been proposed by Paquette and Gleiter8! to account for the
dependence of the face selectivities on the mnature of

electrophile in additions to unsubstituted 7-isopropylidene-

norobornene .82 Therefore, studies on endo-substituted
152a,b (Scheme 28) with a variety of electrophiles were

expected to unravel the direct response of the substituent
on the face-selectivity without perturbing the steric

environment.
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# singlet oxygenation, and epoxidation of 7-

(Cl9 addition,
isopropylidenenorbornenes:

7-Isopropylidenenorbornenes 152a,b were subjected to
(Clp addition, epoxidation and singlet oxygenation under the
same conditions as described earlier for 154a,b (Scheme 27).

The CClo addition to 152a,b furnished syn-163a,b and anti-

lo4a,b adducts in 70% yield, Scheme 28. The diastereomeric
palrs 1n both the cases were separated by column chromato-
graphy. The product ratios of syn and anti-adducts 163a,b
and 164a,b were determined from the IH NMR and also from the
isolated yields of pure isomers, Table 19. The mixture of
allylic peroxides obtained initially by the photouxygenation
of 152a,b were directly reduced with NaBH; to allylic
alcohols 165a,b and 166a,b in 80-90% yield for the purpose
of characterization. The minor isomer 166a (4%) was not
isolated but its presence was inferred from high resolution
' NMR spectrum. The ratios of diastereomeric pairs of
allylic alcohols were obtained both by the IH NMR and GLC,
Table 19. Per-acid epoxidation of 152a,b furnished a

mixture of syn-167a,b and anti-168a,b in high yield (>90%).

The 1H NMR of the crude product from 152a did not indicate
any peaks corresponding to the isomer 168a. This was
further confirmed by hydrogenating the crude reaction

mixture and comparing the ly NMR spectrum with previously

# Dichlorocarbene additions to 154a,b and 152a,b were car-

ried out by Mr., G. Gunasekharan. I thank him for his help.
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obtained saturated epoxides 16la and 162a, The 1H NMR

spectrum of the crude mixture after hydrogenation matcheq
well with the major isomer obtained in the epoxidation of
154a. This confirmed the predominant syn-approach of the
reagent in both 152a and 154a. Epoxidation of ester deriva-
tive 152b also furnished a mixture with syn epoxide 167b as

the major product (>85%, determined by 4y NMR) which o

SCHEME 28
H3C. " N _CHs
HsC CHj
aorb
' + /
R a
HaC. .CHs 163a X=CCly, R=CN l164a
onti el <G myn 163b X=CClg, R=COOMe 164b
167a X=0, R=CN 168a
@ % 167b X=0, R=COOMe 168b
R
152a R=CN
X
b R=CO0Me Hs Hs
c
. Y / +
R R
165a X=0H, R=CN 166a
165b X=0H, R=COOMe 166b

Reagents: a) CC13C007Na*, DME-TCE, reflux; b)  m-CPBA,
NapCO3, CHoClg, 0-5°C; c¢) 102, hv, methylene blue, CHpCl2S
NaBH, ,MeOH.
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column  purification and hydrogenation gave the previously

characterized saturated syn-epoxide 161b.

Table 19. Ratios of syn- and anti-addition products observed

in reactions of 152a,b

o e e . T e ————— . T o o . . S — — — o . o e S . . . o . S

CClo lo, mCPBA
Compound syn anti syn anti syn anti
152 (R=H)81 12 88 86 14 66 34
152a 35 65 96 4 >90 traces
163a 164a 165a 166a 167a 168a
152b 34 66 92 8 >85 <15
163b 164b 165b 166b 167b 168b

e e i ——— ————————————————— ——————— ——— — T e o o o o o o i B e o S

Stereochemical assignments:

The stereochemical assignments to all the adducts
obtained were based on relative greater deshieling of Hg-exo
protons 1in syn-series and Hp, H3 olefinic protons 1in the
anti-series when compare with the chemical shift of these
protons 1n their respective counterparts. The chemical
shift values of Hp, H3 and Hg for the four diastereomeric
pairs are shown on the structures (Scheme 29, also see
Figs.49-52 in Section V), In few cases the assignments
were cross-checked by hydrogenating the pure 1isomer to

corresponding saturated derivatives,
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Scheme 29

HsC. CH H LH

3C. Cly ClaGr T8 5C. i

Chs H3C CHy

60 :

322-312 H 292-2.83 M 326 2K 2497

H H H H

H : H : 6-32H : 6-37H :

EN CN COOMe COOMe

CHy” oM HO A eh,
6134 3.30 5-884 539 808 i
- H H
697 6:-12H : 6-32H
COOMe COOMe

Interpretation of results:

The fact that certain electrophiles add predominantly
from the side of the cyclopentene C=C bond which is intrin-
sically favorable for steric reasons and certain other
prefer to approach from the sterically more demanding
ethano-bridge side in the parent 7-isopropylidenenorbornene
system 152 (R=H) 1is rather intriguing. Paquette and
Gleiter8! rationalized this behavior in terms of cyclic and
open cation intermediates and recognized that the weak
electrophiles require bridged ions 169 whereas powerful
electrophilic reagents react via open ions 170. The corres-
ponding transition states for weak electrophiles are

+

E+
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stabilized by the homoconjugative interactions of the endo-
cyelic double bond and hence contra-steric attack (approach
from ethano bridge) is favored. The strong electrophiles
which are mnot dependent on the development of long-range
stabilization were believed to be influenced by the prior
coordination with the endocyclic double bond, therefore,

preferential approach from the double bond side is observed.

Houk and coworkers33 in their recently reported work
attributed the observed inconsistency in electrophilic addi-
tions to 7-isopropylidene norbornenes to ''reagent specific
electrostatic effects". The 6-31G” electrostatic potentials
of 7-methylenenorbornene showed greater electron density on
the face containing etheno-bridge and attack from this side
should be preferred by the positively charged or strong
electrophiles. The weak electrophiles which prefer contra-
steric approach (from ethano bridge) bear lone-pair
electrons and have high electron densities on their sur-
faces. They are effectively ''negative" or '"nucleophilic" in
their ground state and hence avoid more negative m-face of
the bridge olefin (C7-Cg). Further, simple computations at
6-31G* level on the relative energies of 7-methylenenorbor-
nene with or without an added partial charge (both positive
and negative charges were considered) indicated that the
cvclopentene C=C double bond stabilizes a positively charged
electrophile and destabilizes a negatively charged

electrophile.
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Irrespective of the guiding force dictating the
preferred approach of an electrophile, the results in Table
19 demonstrate that endo-electron withdrawing substituents
consistently induce syn-preference and tilt the balance more
towards the product derived from syn-attack compared to the
parent system for any given electrophile. The 1ntrinsic
steric bias existing in system 152 is not altered at all by
the placement of substituent(s) in endo-disposition at Cg or
C5,Cg and hence the product distribution in the parent
system for any given electrophile may be taken as base line
to evaluate the m-facial selectivity induced by endo-substi-
tuent(s). The results of electrophilic additions to parent
system 152 (R=H) and endo-derivatives 152a and 152b, shown
in Table 19, are 1llustrated in Scheme 30 on the structures
to highlight the syn-preference induced by CN and COOMe
Eroups.

Scheme 30

HyC 12% 66X 86X HiCo  ..CHy 35X >90X 96% When R=CN

..CHjy

34X >85X% 92X When R=COOMe

In order to interpret the observed substituent effects
a topographicyg]l investigation of the electron density
distribution ©(r) and molecular electrostatic potentials
(MESP) for 152a and 152b was carried out at the ab 1initio
level wusing the parallel SCF program INDMOL,77 as earlier.

For a bond between a pair of atoms in a mgjlecule, there
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exists a (3,-1) saddle point (termed as bond Critical point,
)84 in P (r). The density at these bond CPs gives an
indication of donor strengths for hyperconjugative interac-
tions and can be used to explain the stereoselection. The
densities at bond CPs for systems 152a,b with the 6-31G
basis set are reported in Table 20. This data reveals that
an electron withdrawing substituent at Cg increases the
density at the C3-C4 (05) bond CP, relative to that at the
C4-C5 (og) bond CP (see structures 152a,b in Scheme 28). The
enhanced asymmetry should favor electrophilic attack from
the syn-face on the basis of the Cieplak hyperconjugative
nodel.13

Table 20. Electron density at bond CPs and MESP minima (all
values in a.u.) from ab initio calculations using MNDO opti-

mized geometries.

e e e e e e e e e e T — — — — — — ———————————— — ———————— —————————

—— — ———————————————— ————————— ———————

e e e T e p—

152a  0.2139 0.2285 -0.0380 -0.0463 -0.0464 -0,0339
152 0.2982 0.,2288 -0.0172 -0.0305 -0.0312 -0.0243

The computed MESPs provide valuable insights concerning
the role of electrostatics in determining the face selecti-

vities, For a typical olefin, there exist two (3,+3) minima
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in the scalar field of V(r) on either side aof the doubl:
bond [V(r)=-0.0383 a.u. for ethylene with the 6-31G basis)],
A negative minimum in V(r) is a signature of localization of
electron density. For the unsubstituted system 152 (R=H),
four such minima are obtained, as expected (Table 20). Foy
the C7=Cg bond, the minimum towards the C9=Cj-face is
deeper, Interestingly, the isopotential surfaces for 152,
R=H (Fig.X A, MESP=0.5, -0.02 and -0.09 a.u.) vreveal that

the negative contours of the two bonds merge, providing a

visual definition of homoconjugation. Thus, the two double

bonds reinforce electron localization and may direct

electrophilic attack from the olefin face.

Fig.X

The introduction of an endo-substituent produces
dramatic change in the MESPs. The values of V(r) at the

minima around the exocyclic double bond are substantiall’
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reduced. The isopotential surfaces for 152a (Fig.X B) show
the extent to which the endo-cyano group drains the negative
potential contours from the reaction sites. While the
minima on the syn- and anti- faces are unsymmetrical, it is
unlikely that electrostatics are important in these substi-
tuted derivatives in determining face selectivities. It may
be expected that the MESP minima should be deeper than g
certain threshold for electrostatic effects to play any

discriminating role. A value of -0,0383 a.u., as found ip

ethylene may be taken as a practical guideline for electrg-

static take-over.

Transition state energies calculated at the AM1 level/7
for CClp addition to 152a,b though not 1in quantitative
agreement with the experimental results, confirm the
electronic role of endo-substituents in influencing face-
selectivities (Table 21). Transition structures for carbene
addition to olefins are generally unsymmetrical, with one C-
C bond being formed to a greater extent and the chlorine
atoms tilted towards the other olefinic carbon. For the
present substrates, two sets of first order saddle points,
characterized by a closer approach of the carbene to C7 or
Cg, are obtained for the syn- as well as anti-face addi-
tions, In 152a,b, carbene attack at both C7 and Cg are
energetically feasible. Since the facial preferences derived
from the resulting transition states are in opposing direc-

tions there is some ambiguity in the predicted

129



Table 21. Calculated Heats of Formation in Kcal mol-l for

the Transition States of CClg addition to 152a,b.

——————————— —— ——— —— —— ——— —— — ——— — — —— —————— —————— —— — —— — ———@
———

Compound ggggegg syn anti AE
attack
152 (R=H) -7 99,22 99.50 0.28
CcC-8 100.42 993.97 -0.,45
152a c-7 132.12 133.20 1.08
Cc-8 133.97 13355 -0.42
152b Cc-7 17.87 18.71 0.84
Cc-8 19:55 19.09 -0.46

face-selectivity. However, the effect of endo-substitution
1s clear. For C7 attack, even a single electron withdrawing
group in 152a,b enhances the syn-preference, while the tran-
sition states for Cg attack retain their energy difference
favoring the anti-approach. The overall consequence is that
the electron withdrawing groups reduce the preference for

anti-face addition.

The above results demonstrate that Qrbital interac-
tions involving endo-electron withdrawing groups consis-
tently reduce the preference for the electrostatically

favored anti-face selectivity in 7-alkenylnorbornenes.
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III. SUMMARY



New probes for the study of electronic control of =-
facial selectivities based on norbornyl systems have been
designed which provide sterically neutral environment in a
conformationally rigid framework with the provision of
remote electronic fine-tuning using endo-substituents as
convenient handles. New procedures of syntheses have been
developed for these systems using known Diels-Alder protocol
to provide the basic bicyclic framework followed by routine
but unambiguous chemical transformations to obtain a series

of endo-mono- and endo, endo-disubstituted-7-norbornanones,

7-norbornenones, bicyclo[2.2.2]octanones, 7-alkenylnorbor-

nanes and a few related polycyclic norbornyl systems.

Employing endo, endo-disubstituted-7-norbornanones, we

have successfully demonstrated the profound influence of
endo-substituents 1n controlling mw-facial selectivities
during nucleophilic additions, the most dramatic being the
reversal in going from 47a (16 : 84) bearing endo-ester
groups to 47e (80 : 20) having endo-ethyl groups. Norborne-
none systems with intrinsic steric bias have been wused as
probes to evaluate ground state geometric distortions vs
electronic effects. The X-ray crystal structure of endo,
endo-7-norbornenone diester 91a and theoretical calculations
showed a tilt of the keto bridge away from the C=C bond
making the double bond face sterically more open for the
reagent approach. The observed face selectivities, however,
show that electronic influence of the endo-substituent

supersede the ground state geometric distortions. Monosubs-
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tituted norbornyl systems provide the magnitude of selecti-
vity induced by a single substituent and thus can be used
successfully to extrapolate the selectivity in disubstituted
norbornyl systems by simply calculating the algebraic sum of
selectivities  due to each  individual substituent,
Bicyclo[2.2.2]octanones not only offer a further testing
ground for electronic control of selectivities but also the
two possible endo-monosubstituted regioisomeric  ketones
serve as eXxXcellent probes to segregate electrostatic and
orbital components. The observed selectivities 1in these
systems are slightly diminished but generally consistent
with those observed for norbornyl systems. The most strik-
ing feature common to all the substrates studied is that the
electron withdrawing endo-substituents direct the nucleo-
philic addition from the syn-face whereas electron donating

substituents induce anti-preference,

The majority of the results on nucleophlic additions to
7-norbornyl and related systems can be reconciled in terms
of Cieplak's hyperconjugative model, Electrostatic effects
too manifest themselves in certain cases but they can be
overcome by the more prevalent orbital contribution, e.g. as

in the case of 119b.

Electrophilic additions to 7-alkenylnorbornane deriva-
tives constitutes an important body of results in view of
the limited literature reports of such additions to steri-

cally neutral systems. Hydroboration, epoxidation and oxy-
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mercuration reactions on endo-substituted 7-methylene nor-
bornane derivatives l44a,b,e reveal that the electron with-
drawing groups direct the reagents from the syn-face while
electron donating groups show anti-preference. Thus, a
reversal 1in the product distribution is observed 1in going
from 144a to l44e in all the cases studied. The reactions
which proceed through cyclic transition state are less
stereoselective (e.g. hydroboration and epoxidation) than
those proceeding via ionic or polar intermediates (e.g.
oxymercuration) The remote endo-substituents exert similar
control on the "electrophilic reagent traffic' at a steri-
cally neutral site as in the case of nucleophilic additions
to endo-substituted-7-norbornanones and related systems.
These results convincingly demonstrate that irrespective of
which reacting partner contributes the bonding pair of
electrons, the directional preference of the reagent
approach remains the same. Only those models which predict
the same direction for reagent approach in both nucleophilic
and electrophilic additions may be considered to rationalize
the observed selectivities. Among these, Cieplak's hyper-
conjugative model explains the observed experimental data
most satisfactorily. According to this theory transition
state is stabilized by electron donation from the anti-peri-
planar donor bonds into the o* orbital of the forming bond.
Since the 0~ orbital develops on the same side irrespective
of which partner brings the bonding electrons, the direc-
tional preference remains unaltered for both nucleophilic

and electrophilic additions,
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The ongoing debate concerning the role of electrostatic
effects in controlling the face-selectivities and demonstra-
tion of its competition with orbital effects, promoted us to
design new experiments using 7-isopropylidenenorbornane
derivatives as probes. The electrophilic additions to
154a,b with CClo, Brt, 102 and per-acid gave products
derived from the predominant syn-approach of the reagents
indicating that even a single electron withdrawing group
such as CN or COOMe is capable of inducing facial discrimi-
nation 1in these systems. Unlike 1in 7-methylenenorbornane
derivatives, here there is no mechanistic ambiguity about
the site of attack and the approach of the reagents, parti-
cularly for charged electrophiles (in this case Brt). 4
topographical analysis of the MESP's of 154a,b at ab initio
level with 6-31G basis set revealed that the MESP's are
unsymmetrical about the two m-faces with greater concentra-
tion of electron density on the anti-face, However, this
electron density on the anti-face was found to be signifi-
cantly less-than that obtained for a typical C=C bond, a
minimum threshold value, for orbital effects to play a role.
Further calculations on the electron densities at bond
central points 1in the systems 154a,b with electron with-
drawing groups revealed that o5 (C;-C¢) bond consistently
has greater density and hence Cieplak type orbital interac-

tion are responsible for the observed syn-face selectivity.

The demonstration of homoconjugative interaction in 7-

alkenyl norbornenes and intriguing results of electrophilic
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additions to parent 7-isopropylidene norbornene led us O
investigate the substituent effect in these systems t0O.
The electrophilic additions to 152a,b with CClp, loop and
per-acid demonstrate that the electron withdrawing groups
indeed tilt the balance in favor of syn-addition (with
respect to substituent) compared to the parent 7-isopropyli-
denenorbornene in each case. Although the reagent specific
electrostatic effects have been proposed to account for the
variation in the predominant approach of different electro-
philes to parent 152 (R=H), the MESP's of 152a,b show that
electrostatic effects are not important, even though MESP's
are unsymmetrical about the two m-faces. The MESP's for
152a,b does indeed show visual homoconjugation between endo-
cyclic and the bridged olefins, but the electron withdrawing
groups (CN and COOMe) drain the electron density signifi-
cantly from that face making it much less than the minimum
threshold wvalue required for electrostatics to play any
role, The densities at bond central points in these systems
reveal that an electron withdrawing substituent at Cg
increases the density at the C3-C4 bond (04) relative to
that at the C4-Cg5 (0g) bond and hence should favor electro-
philic attack from the syn-face (with respect to substi-

tuent) on the basis of the Cieplak hyperconjugative model,

The results enumerated above constitute an important
body of experimental data on the origin of n-facial
diastereoselection 1in view of the conflicting theories and

current controversy., Our efforts provide a better under-
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standing of the interplay of various factors such as sterijc,
electronic and electrostatic in determining the origin of 1-
face selectivities., We hope that these results will stimy-
late others70 in designing and studying newer systems tg

test our mechanistic findings and interpretations.
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IV. EXPERIMENTAL



Melting points

Infrared spectra

Nuclear magnetic

e

specra

Mass spectra

Elemental analysis:

Chromatography

IIT. EXPERIMENTAL

Melting points were recorded on a Buchi
SMP-20 apparatus and are uncorrected.
Infrared spectra were recorded on
Perkin-Elmer Model 1310 or 297 spectro-
photometers. Spectra were calibrated
against the polystyrene absorption at
1601 cm~l. All the samples were recorded
either neat or as KBr wafers.

Proton (100 MHz) and carbon-13 (25 MHz)
magnetic resonance spectra were recorded
on JEOL FX-100 spectrometer unless men-
tioned otherwise. lH and 13c-NMR samples
were made in chloroform-d solvent and
chemical shifts are reported in 8§ scale
using tetramethylsilane (MeySi) as the
internal standard. The standard abbre-
viations s, d, t, q and m refer to
singlet, doublet, triplet, quartet and
multiplet, respectively. 13c-NMR
assignments differing by only 1-2 ppm

can in some cases be interchanged.

: Mass measurements were carried-out on

JEOL, JMS DX-303 spectrometer,
Elemental analyses were performed on a

Perkin-Elmer 240C-CHN analyzer.

: Analytical thin-layer chromatographies
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General

(tlc) were performed on (10 x 5 cn)
glass plates coated (250 my) with Acme's
Silica gel G or GF954 (containing 13% of
calcium sulphate as binder). Visualiza-
tion of the spots on tlc plates was
achieved either by exposure to 1iodine
vapour or by spraying sulfuric acid and
heating the plates at 120°C. Column
chromatography was performed using
Acme's silica gel (100-200 mesh) and the
column was wusually eluted with ethyl

acetate-hexane,

: All reactions were monitored by

employing tlc technique. Moisture-sensi-
tive reactions were carried out by using
standard syringe-septum techniques,
Dichloromethane was distilled over P05,
Benzene was distilled over sodium ami
stored over pressed sodium wire, Dry
ether and dry THF were made by distills
ing them from sodium-benzophenone ketyl.

All solvent extracts were washed
with water, brine, dried over anhydrous
NagSO; and concentrated at  reduced
pressure on a Buchi-El rotary evapora-
tor. Yields reported are isolated
yields of material judged homogeneous by

tlc and NMR spectroscopy.
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7,7-Dimethoxy-1,4,5,6-tetrachloro bicyclo[2.2.1]hept-5-ene~
2,3-endo,endo—dicarboxylic acid anhydride (48):31

A solution containing 53 g of 1,2,3,4-tetrachloro-5,5-
dimethoxy cyclopentadiene, 19 g of maleic anhydride and 300
ml of dry xylene was refluxed for 1.25 h, On cooling, a
white solid crystallised which was filtered and washed with
pet.ether to furnish 48 (62 g, 86%).
mp. : 194-195°C (Lit.31 192°C)

7,7-Dimethoxybicyclo[2.2.1]hept-5-ene-2,3-endo,endo-dicarbo-~
xylic acid anhydride (49):

In a 500 ml two-necked R.B. flask fitted with a conden-
ser, KOH guard tube and a septum, 300 ml of 1iq.NH3 was
taken and a solution of 48 (5 g, 0.014 mol) in 10 ml of dry
THF and 3.2 ml of dry EtOH was added. Small pieces of
freshly cut sodium were introduced to the reaction mixXture
with stirring till the blue colour persisted. The reaction
mixture was stirred for another 20 min and 1-2 8 of solid
NH;Cl was added. NHj was allowed to evaporate and crushed
ice was added to the residue and the solution was acidified
(~pH 2) with 50% aq.HCl. It was then extracted several
times with ethyl acetate. The combined organic layer was
washed with water., Removal of solvent and crystallisation

furnished 49 (1 g, 30%).

mp. : 129%C
IR : 2975, 1860, 1780, 1100, 920 cm~!
Iy NMR : 8§ 6.28 (2H, dd, J; = Jp = 2 Hz), 3.64 (2H, m),
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3.44 (24, m), 3.23 (3H, s, -OMe), 3.17 (3H, s,
-OMe) .

3¢ NMR : § 171.42, 133.06, 121.30, 52.29, 50.00, 47.53,
44.59,

7,7-Dimethoxybicyclo[2.2.1]heptane-2,3-endo,endo—dicarboxy-
lic acid anhydride (50):

A solution of unsaturated anhydride 49 (1 g, 4.46 mmol)
in 5 ml dry of ethyl acetate was hydrogenated at 20 psi over
102 Pd/C (10 mg) for a period of 20-30 min. The catalyst
was filtered and the solvent removed to furnish the satura-
ted anhydride 50 (0.96 g, 95%) which was recrystallised from

dichloromethane-hexane.

mp. ! 125°C
IR : 2950, 1860, 1780, 1230, 1080, 920 cm~!
1H NMR : 6§ 3,46 (2H, br s), 3.24 (6H, s, -OMe), 2.56

(24, br s), 1.90 (2H, 1/2 ABq, J = 8 Hz), 1.36
(2H, 1/2 ABq, J = 8 Hz).
13¢ NMR : § 172,59, 115.59, 50.82, 47.06, 40,70, 22.53.

Analysis : C11H1405 : Caled. : C, 58.40; H, 6.24
Found : C, 58.49; H, 6.26.

Dimethyl 7,7-dimethoxybicyclo[2.2.1]heptane-2,3-endo, endo-
dicarboxylate (51):

In a 250 ml R.B. flask with a condenser was placed &
solution of anhydride 50 (1.5 &, 6.64 mmol) in dry methanol
(100 ml) and 4-5 drops of conc.H9S0; were carefully added.

The reaction mixture was refluxed for 4-5 h. Excess
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methanol was then removed under vacuum and water (10 ml) was
added. The aqueous layer was extracted thrice with ethyl
acetate and the combined organic layers were washed and
dried. Removal of solvent and filteration of the residue

through a silica gel column furnished 51 (1,26 g, 70%).

bp. : 110-120°C/0.3 mm

IR : 2950, 1735, 1200, 1060 cm~!

IH NMR : § 3.64 (6H, s, -COOMe), 3.26 (8H, s), 2.32 (2H,
br s, bridgehead CH), 1.75 (4H, m)

3¢ NMR : § 172.95, 112.88, 51.41, 50.65, 50.41, 43.94,

41,29, 21.58

Dimethyl bicyclo[2.2.1]heptan-7-one-2,3-endo,endo-dicarboxy-
late (47a):

To a solution of 51 (1 g, 3.68 mmol) in THF (5 ml), 5%
H9SO04 (20 ml) was added. The reaction mixture was gently
refluxed for 1.5 h, It was cooled and saturated with solid
NaCl and extracted with ethyl acetate. The organic layer
was washed and dried. After removal of solvent, the residue
was charged on a silica gel column. Elution with 50% ethyl
acetate-hexane furnished the ketone 47a (598 mg, 72%) as a

low melting solid which showed very high propensity to form

a hydrate,

mp. : 42-45°C

IR : 2950, 1770, 1730, 1200 cm~!

IH NMR : § 3.70 (6H, s, -COOMe), 3.26 (2H, br s,

>CHCOOMe), 2.28 (2H, br s, bridgehead CH),
2,20-1.60 (4H, series of m)
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13¢c NMR : 8§ 210.48, 171.24, 52,00, 42,06, 40.53, 18.41.

5,6-endo,endo-Bis (hydroxymethyl)-7,7-dimethoxy-1,2,3, 4~

tetrachlorobicyclo[2.2.1]hept-2-ene (52):

To a solution of 48 (20 g, 55.5 mmol) in methanol (80
ml) conc.H7S04 (10-12 drops) was added and the reaction
mixture was refluxed for 48 h, A white solid separated out
on cooling which was filtered and recrystallized from
methanol (16 g, 70%).
mp. : 103-104°C (Lit.33 103-104°C)

To a suspension of LiAlH4 (1.86 g, 49.0 mmol) in 100 ml
of dry ether was added the above diester (10 g, 24.51 mmol)
in 200 ml of ether and the mixture stirred overnight. excess
LiAlH, was destroyed by carefully adding few drops of ethyl
acetate to the cooled reaction mixture. A saturated solu-
tion of NajSO, was added dropwise with stirring till a gra-
nular precipitate was formed. The precipitate was filtered
and washed thoroughly with ethyl acetate. The filterate and
the ethyl acetate washings were combined, washed and dried,
Removal of solvent afforded 52 (6.04 &, 70%) as a solid
residue. A small portion of the crude sample was recrystal-
lised from dichloromethane-hexane.
mp. : 139-140°C (Lit.3% 144-145°C)

5,6-endo,endo-Bis(hydroxymethyl)-7,7-dimethoxybicyclo-
[2.2.1]hept-2-ene (53):
Liquid NH3j was placed in a 500 ml two necked R.B. flask

fitted with a condenser, KOH guard tube and a septum and a
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solution of 52 (5 g, 14.2 mmol) in dry THF (10 ml) was added
with the help of a syringe. Small pieces of freshly cut
sodium were added to the reaction mixture with stirring till
the blue colour persisted. The reaction mixture was stirred
for another 20 min and 4-5 ml of ethanol was added. NHj was
allowed to evaporate and crushed ice was added to the
residue which was acidified (~pH 2) with 50% HCI1. The
aqueous layer was extracted several times with ethyl
acetate, The combined organic layers were washed with water
and dried. The solvent was evaporated and the residue was
charged on a silica gel column. Elution with ethyl acetate
gave the diol 53 (2.13 g, 70%).
IR : 3350, 2950, 1300, 1050 cm~!
lH NMR : 8§ 6,07 (2H, dd, Jy = Jp = 2.2 Hz, olefnic),
4.10 (2H, br s, -OH, exchangeable with D»0),
3.67-3.40 (4H, series of m, -CH9OH), 3.24 (3H,
s =-OMe), 3.13 (3H, s, -OMe), 2.85 (2H, m),
2.81-2,69 (2H, m).
3¢ NMR : & 132,30, 118.41, 62,35, 51.88, 49.82, 48.76,
42,88.
Analysis : C11H1804 : Caled. : C, 61.66; H, 8,47
Found : C, 61.65; H, 8.49,

2,3-endo, endo-Bis(hydroxymethyl)-7,7-dimethoxybicyclo-
[2.2.1]heptane (54):
A solution of the unsaturated diol 53 (2 g, 9.26 mmol)

in 4 ml of dry ethyl acetate was shaken in a Parr hydrogena-

tion apparatus over 10% Pd/C (30 mg) at a hydrogen pressure
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of 20 psi. After 30 min the catalyst was filtered off apq
solvent removed to furnsih the saturated diol 54 (2 g,
100%).

mp. : 84-85°C
IR : 3200, 2900, 1200, 1060, 1010 cm~!
IH NMR : § 4,02 (2H, m, CHoOH), 3.63 (2H, dd, Jy = 3 Hg,

Jo = 11 Hz, -CH9OH), 3.31 (3H, s, -OMe), 3.2
(3H, s, -OMe), 2.97(2H, br s, -OH, exchangeable
with Do0), 2.51 (2H, m), 2.09 (2H, m),1.70-1,51]
(2H, m), 1.42-1.28 (2H, m)

13¢ NMR : § 112,76, 61,05, 50,37, 50.02, 41.39, 40,15,
20.31.

Analysis : C11H9004 ¢ Caled, =2 €, 61.09; B, 9.32

Found ¢ C, 60,713 H, 9.55.

2,3-endo,endo-Bis(methoxymethyl)-7,7—dimethoxybicyclo-
[2.2.1]heptane (55):

To a suspension of NaH (197 mg, 60%, 4.92 mmol) in dry
THF (1 ml), a solution of 54 (443 mg, 2.05 mmol) in THF (2

ml) was added under N9 blanket, The mixture was stirred for
20 min at room temperature during which time a white slurry
was formed. To this slurry CH3I (700 mg, 4.92 mmol) in dry
THF (1 ml) was added and the mixture was stirred at rocn
temperature for another 20 min. Brine was added and the
aqueous layer was extracted with ethyl acetate. Removal of
solvent and column purification using silica gel furnished
55 as an o0il (400 mg, 80%).

IR : 2900, 1460, 1320, 1200, 1100 cn~!
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IH NMR : § 3.60-3.20 (4H, series of m, -CHoOMe), 3.30
(6H, s, -CH)OMe), 3.26 (3H, s, -OMe), 3.24 (3H,
s, -OMe), 2.48 (2H, m), 2.06 (2H, br s), 1.72-
1.28 (4H, m).

13c NMR : § 113,35, 70.35, 58,71, 50,47, 50.12, 40,70,
37.00, 20.00.

2,3-endo,endo-Bis(methoxymethyl)bicyclo[2.2.1]heptan-7-one
(47b) :
A mixture of 55 (300 mg, 1.23 mmol) and amberlyst-15

(50-100 mg) in moist acetone (5 ml) was refluxed for 1.5 h,
The resin was filtered and the solvent was removed to
furnish a residue which was charged on a silica gel column.,
Elution with 30% ethyl acetate-hexane furnished 47b (170 mg,
70%) .
IR : 2900, 1780, 1460, 1100, 960 cm~!
Iy NMR : 8§ 3.52 (4H, m, -CHoOMe), 3.30 (6H, s, -CHoOMe),
2.50 (2H, m), 1.98 (2H, m), 1.75 (4H, br s).

3¢ NMR : & 215.13, 66.88, 58.76, 42.12, 34.23, 16.76,
HRMS : C11H1803 : Caled, : 198.1256

Found s 198.1256:

2-endo-[ (tert-Butyldimethylsiloxy)methyl ]-3-endo-hydroxy-
methyl-7,7-dimethoxy bicyclo[2.2.1]heptane (56):

NaH (229 mg, 60%, 5.7 mmol) was suspended in THF (2 ml)
in a R.B, flask fitted with a condenser and a septum, The
diol 54 (1.12 g, 5.19 mmol) in THF (4 ml) was added at room
temperature and the mixture stirred for 20 min at which time

a large amount of opaque white precipitate had formed. The
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TBDMSC1 (785 mg, 5,19 mmol) in THF was then added and vigo-
rous stirring was continued for 45 min. The reaction was
quenched with 10% K9C03 and extracted thrice with ethyl
acetate. The combined organic layers were washed with 10%
K2CO3, water and dried. Removal of solvent and column puri-

fication using silica gel furnished 56 (1.37 g, 80%).

bp. : 100-110°C/0.3 mm
IR : 3400, 2950, 1060, 840 cm~!
ly NMR : 8§ 4,02-3.70 (2H, m), 3.68-3.30 (2H, m), 3.20

(3H, s, -OMe), 3.14 (3H, s, =-OMe), 2.48-2.20
(2H, m), 1.97 (2H, br s), 1.60-1.10 (4H, series
of m), 0.80 (9H, s, -CMe3), 0.00 (6H, s,
>SiMes).

13¢c NMR : § 112,83, 62.29, 60.88, 50.35, 49,94, 41.35,
40,47, 40.17, 25.70, 20.17, 18.00, =5.49

2-endo-[ (tert-Butyldimethylsiloxy)methyl]-3-endo-ethenyl-
7,7-dimethoxy bicyclo[2.2.1]heptane (57):37

To oxalyl chloride (2.88 ml, 22.23 mmgl) in dichlorome-
thane (5 ml) was added DMSO (4.76 ml, 67.1 mmol) in CH9pCl)
(5 ml) at -60°C. After the mixture was stirred for 15 min.
at -60°C, the alcohol 56 (4.5 g, 13,62 mmol) in CHpClgy (10
ml) was added and stirred for 15 min, Finally triethylamine
(16 ml, 114.8 mmol) was added, and the reaction mixture was
stirred for 5 min, at -60°C and then warmed to 0°C. At 0°C,
water (20 ml) was added and stirring was continued for
another 10 min, The reaction mixture was diluted with

CHoCly, washed with water and dried. Evaporation of the
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solvent afforded crude aldehyde as an yellow oil,

To a suspension of methyltriphenylphosphoniumbromide
(7.29 g, 20.43 mmol) in dry benzene (20 ml) was added
freshly sublimed sodium t-amyl oxide (1.52 g, 13.78 mmol) in
benzene (15 ml) and the mixture stirred for 5 min at room
temperature, To the canary yellow ylide that formed imme-
diately was added the above aldehyde in benzene (5 ml) and
the reaction mixture was stirred further for 15 min and
quenched with water (20 ml). The benzene layer was sepa-
rated and the aqueous layer extracted with benzene. The
combined organic layer was washed and dried. After the

removal of solvent, the residue was charged on silica gel

column, Elution with 5% ethyl acetate-hexane furnished 57
(2.67 g, 60%).

bp. : 120-130°C/0.3 mm

IR : 2900, 1100, 1070, 840 cm~}

4 NMR : 6§ 6.06-5.64 (1H, m, -CH=CH,), 5.16-4.90 (2H, m,

-CH=CHp), 3.56 (2H, d, J = 8 Hz, -CHyp-SiMeo-),
3.28 (3H, s, -OMe), 3.26 (3H, s, -OMe), 3.00-
2,68 (1H, m), 2.,58-2.20 (1H, m), 2.14 (1H, br
s, bridgehead CH), 1.96 (1H, br s, bridgehead
CH), 1.60 (4H, br s, Hs g), 0.84 (9H, s,
-CMe3), 0.02 (6H, s, >SiMes).

1

3O MR : 8 143.59, 114.41, 112.00, 62.88, 50.12, 46.41,
44.12, 39.76, 28.35, 25.88, 19.64, 18.17,
-5.19,
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2-endo-Ethenyl-3-endo-hydroxymethyl-7,7-dimethoxybicyclo-
[2.2.1]heptane (58):

To a solution of olefin 57 (2.3 &, 7.04 mmol) in THF (¢
ml) was added tert-butylammonium fluoride (2.21 g, 8.4
mmol). The reaction was stirred at room temperature for |
h, diluted with ethyl acetate, washed with 10% KCOj and
dried. Solvent was evaporated and the residue was charged
on a silica gel column. Elution with 20% ethyl acetate
hexane furnished 58 (1.4 8, 94%).

bp. : 110-120°C/0.3 mm
IR : 3350, 3050, 2950, 1200, 1060 cm~!
1y NMR : & 6,08-5,68 (1H, m, -CH=CH,), 5.16-4.90 (2H, n,

~CH=CHp), 3.74-3.34 (2H, m, -CHo0H), 3.23 (3H,
s, =OMe), 3.20 (3H, s, -OMe), 3.00-2.68 (IH,
m), 2.54-2.22 (1H, m), 2,06 (1H, br s,
bridgehead CH), 1.96 (1H, br s, bridgehead CH),
1.54 (br s, Hg ¢).
13¢c NMR : § 136,59, 118,00, 113.59, 61,12, 50.47, 50.18,
44,00, 42,41, 41,87, 40.12, 20.41, 20.06.
Analysis : C19H9003: Caled., : C, 67.89;: H, 9.50
Found ¢ C, 67.95; H, 9.53,

2,3-endo,endo-Diethenyl-7,7-dimethoxybicyclo[2.2.1]heptane
(59):

The Swern oxidation of alcohol 58 (700 mg, 3.3 mmol)
followed by Wittig olefination of the resulting aldehyde
were carried out as described above for 57. After the usual

work-up, the residue was charged on a silica gel column
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Flution with 3% ethyl acetate-hexane furnished the divinyl
compound 59 (350 mg, 51%) which was found to be a mixture of

endo, endo- and endo,exo-isomers (14 NMR). The mixture

contained about 25-30% endo, exo-isomer. The twO 1isomers

were separated by column chromatography using AgNO3 impreg-

nated silica gel. On elution with 3% ethyl acetate-hexane,

the endo, exo-isomer eluted out first. Further elution of

the column furnished the required endo,endo-isomer 59.

IR : 3050, 2950, 1120, 1060, 910 cm~!

IH NMR : § 6,00-5.60 (2H, m, -CH=CHp), 5.04-4.76 (&4H, m,
-CH=CH,), 3.24 (3H, s, -OMe), 3.20 (3H, s,
-0Me), 2.96-2.78 (2H, m, >CH-CH=CHy), 1.98 (2H,
br s, bridgehead CH), 1.60 (4H, br s, Hg g).

3¢ NMR : 8§ 137.77, 116,53, 113,59, 50.47, 50.12, 44.47,
43.70, 20.53,

2,3-endo,endo-Diethenyl bicyclo[2.2.1]heptan-7—one (47c):
A solution of 59 (200 mg, 0.96 mmol) in moist acetone

(5 ml) was refluxed with amberlyst-15 (50-100 mg) for 5-6 h,

The resin was filtered off, solvent was removed and the

residue was purified by column chromatography using silica

gel to furnish 47c¢ (94 mg, 60%).

IR : 3050, 2950, 1770, 910 cm~!

IH NMR : § 6.14-5.74 (2H, m, -CH=CHp), 5.24-4.92 (4H, m,
-CH=CHp), 2.98 (2H, m, >CH-CH=CHp), 2.12-1.60
(6H, series of m).

3c NMR  : 6§ 215.07, 135.06, 118,36, 44.88, 41,35, 17.41.
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HRMS : C11H140 : Caled. : 162.1045
Found : 162,1033.

2-endo-Ethenyl-3-endo-ethyl-7,7—-dimethoxy bicyclo[2.2.1]hep-
tane (60):

A solution of the mono alcohol 58 (300 mg, 1.42 mmol)
in dry ethyl acetate (2 ml) was shaken in a Parr hydrogena-
tor over 10% Pd/C (5 mg) at a hydrogen pressure of 40 psi.
After 45 min, the catalyst was filtered and solvent removed
to furnsih the saturated alcohol (300 mg, 100%).

IR : 3400, 1320, 1200, 1140, 1060 cm~l

IH NMR : 8 3.84-3.52 (2H, m, -CHoOH), 3.31 (3H, s,
-OMe), 3.29 (3H, s, -OMe), 2.50-1.90 (3H, m),
1.80-1,20 (7H, series of m), 0.80 (3H, t, J =
7 Hz, -CH9-CHj3).

The Swern oxidation of the above saturated alcohol (150
mg, 0.7 mmol) followed by Wittig olefination of the resul-
ting aldehyde were carried out as described above for 57,
After the usual work-up, the residue was charged on a silica
gel column. Elution with hexane furnished 60 (88 mg, 60%).
IR : 3075, 2975, 1060, 910 cm-!

TH NMR : 8§ 6.16-5.74 (1H, m, -CH=CHy), 5.16-4.84 (2H, m,
-CH=CH9), 3.30 (3H, s, -OMe), 3.27 (3H, s,
-OMe), 2.96-2.64 (1H, m, -CH-CH=CHp), 2.20-1.76
(2H, m), 1.72-1.08 (7H, series of m), 0.78 (3H,
t, J =7 Hz, -CHy-CHj3).

3¢ MR : 6 138.06, 116.83, 113.77, 50.53, 50.18, 44.53,
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43.Th, 21«23, @0.82; 20,53, 20,35, 19.53,
13.23.

2-endo-Ethenyl-3-endo-ethyl bicyclo[2.2.1]heptan-7-one
(47d):

A mixture of 60 (80 mg, 0.38 mmol) and amberlyst-15 (25
mg) in moist acetone (3 ml) was refluxed for 8 h., The resin
was filtered and the solvent was removed., The residue was
charged on a silica gel (5 g) column, Elution with 2% ethyl
acetate-hexane furnished 47d (38 mg, 60%).

IR : 3050, 2950, 1760, 1140, 910 cm™!

IH NMR : 6§ 6.20-5.80 (1H, m, -CH=CHj), 5.22-4.96 (2H, m,
-CH=CHp, 3.02-,270 (lH, m, -CH-CH=CHp), 2.36-
2.04 (1H, m), 2.04-1.20 (8H, series of m), 0,82
(3H, t, J = 7 Hz, -CHp-CH3).

3¢ MR : & 216.18, 134,95, 118.65, 45.88, 42.35, 40.70,
38.70, 19.58. 17.41, 16.29, 13.00.

Mass (m/e) : 164 (M*, 54), 135(72), 121(50), 107(95),
91(83), 79(95), 67(100),

2,3-endo,endo-Diethyl-7,7-dimethoxy bicyclo[2.2.1]heptane
(61):

A solution of the divinyl compound 59 (105 mg, 0.5 ml)
in dry ethyl acetate (3 ml) was shaken in a Parr hydrogena-
tion apparatus over PtOo (3 mg) at a hydrogen pressure of 40
psi. After 30 min, the catalyst was filtered off and
solvent removed to furnish the saturated diethyl derivative
61 (105 mg, 100%).

IR : 2950, 1200, 1080 cm~!
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IH NMR : § 3.27 (3H, s, -OMe), 3.26 (3H, s, -OMe), 1,%
(4H, m), 1.60-1.12 (8H, series of m), 0.76 (6H,
t, J = 7 Hz, -CHp-CH3).

I3¢c NMR : 8§ 113.53, 50.29, 49.94, 40.65, 39.88, 19,23,
18.76, 13.11,

2,3-endo,endo-Diethyl bicyclo[2.2.1]heptan-7-one (47e):

A mixture of 61 (90 mg, 0.43 mmol) and amberlyst-15 (30
mg) in moist acetone (3 ml) was stirred at room temperature
for 12 h., Amberlyst resin was filtered and the solvent was
removed to furnish a residue which was charged on a silica
gel column. Elution with 2% ethyl acetate hexane furnished

47e (57 mg, 80%).

IR : 2950, 1770, 1160 cm~l

IH NMR : § 2,20-1,04 (12H, series of m), 0.76 (6H, t,
= 7 Hz, -CHp-CHjy).

13¢c NMR s 8§ 217.24, 42.41, 37,41, 17.82, 16.11, 12.88.

Mass (m/e) : 166 (M*, 35%), 133 (100%), 109 (58%), 95(63%),
67(95%).

HRMS : Cy1H180 : Caled. : 166.1357

Found : 166.1358.

NaBH; reduction of anhydride 50: Formation of lactone (62):

To a solution of anhydride 50 (3.8 &, 16.8 mmol) in dry
THF (10 ml) at 0°C was added NaBH; (638 mg, 16.8 mmol) under
No. The reaction mixture was stirred at 0-15°C for 45 min,
The reaction was then carefully quenched at 0°C with 10% HCI

and extracted thrice with ethyl acetate. After the removal
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of solvent, the residue was charged on a silica gel column.

rlution with 30% ethyl acetate-hexane afforded 62 (2.4 g,

67%) .

- : 87-88°C

IR : 2975, 1780, 1200, 1140, 1080 cm~!

IH NMR : & 4,44-4,16 (2H, m, -CHo-0CO-), 3.28 (3H, s,
-OMe), 3.27 (3H, s, -OMe), 3.10 (2H, m), 2.46
(1H, br s, bridgehead CH), 2.18 (1H, br s,
bridgehead CH), 2.00-1.24 (4H, series of m,
Hs 67

3¢ NMR : 8 178.65, 116.12, 68.18, 50.65, 44.53, 41,12,
40..53, 38,12, 22,76, 19.64.

Analysis : C11H1604 ¢ Caled. = C, 62.,25; H, 7.60

Found : €, 62.28; H, 7.58.

Lactol derivative (63):

To a solution of lactone 62 (1.4 g, 6.6 mmol) in dry
CHpCly at -78°C was added DIBAL-H (6.7 ml of 1.2 M solution
in toluene, 7.92 mmol). The reaction mixture was stirred at
~-78°C for 15 min and quenched by careful addition of a few
drops of methanol. The mixture was diluted with CH9Clo,
washed and dried. Removal of solvent gave the lactol 63
(1.1 g, 78%) which was directly used for the next step,

P : 82°C

IR : 3225, 2975, 1230, 1140, 1090 cm~!

' R . § 5.36 (IH, br s, >CHOH), 4.12-3.68 (2H, m,
-CHp-0-), 3.26 (6H, s, -OMe), 2.96-2.50 (2H,
m), 2.21 (1H, m, bridgehead CH), 2.02 (1H, m,
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bridgehead CH), 1.68-1.20 (4H, series of m,
Hs ).
13¢c NMR : § 117,18, 99.06, 66.47, 50.53, 50.29, 41,35,
41.23, 40,06, 21,23, 20,23,
Analysis : C11H1804 : Calecd, : C, 61,665 H, 8,47
Found : C, 61.60; H, 8.45.

~ 2-endo-Ethenyl-3-endo-hydroxymethyl-7,7-dimethoxybicyclo-
[2.2.1]heptane (58):

To a suspension of methyltriphenylphosphonium bromide
(7.3 g, 20.45 mmol) in dry benzene (22 ml) was added freshly
sublimed sodium t-amyloxide (1.7 g, 15.46 mmol) in benzene
(10 ml) and the mixture stirred for 5 min at room tempera-
ture. To the canary yellow ylide that formed immediately
was added the lactol 63 (1.1 8, 5.14 mmol) and the reaction
mixture stirred further for 30 min and quenched with water
(15 ml). The organic layer was separated and the aqueous
layer was extracted with ethyl acetate. The combined
organic layer was washed and dried. The solvent was evapo-
rated and the residue charged on a silica gel column,
Elution with 25% ethyl acetate-hexane furnished 58 (0.77 g,
71%).

Bromoetherification of endo, endo-diol (53):

To a solution of diol 53 (2.5 &, 11.68 mmol) in moist
acetone (10 ml) was added NBS (2.3 &, 12,92 mmol) and the
reaction mixture stirred overnight at room temperature.
Removal of solvent under reduced pressure furnished a

residue which was directly charged on a neutral alumina
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column (40 g). Elution with ethyl acetate furnished 78

(3.15 &, 92%).

IR : 3350, 2900, 1140, 1060, 730 cm~!

Iy NMR : 8§ 4,62 (1H, d, J = 5 Hz), 3.88-3.50 (5H, m),
3.34 (3H, s, -OMe), 3.29 (3H, s, -OMe), 2.94-
2.48 (3H, series of m), 2.46 (1H, m).

3¢ NMR : 8§ 112,47, 88.35, 68.77, 59.29, 51.00, 50.47,
50.35, 50.23, 45.00, 41.59, 36.82.

10,10—Dimethoxy—2,7—dioxatetracyclo[6.3.0.04'11.05»9]-
undecane (79):

In a 25 ml two necked R.B. flask equipped with a dry
nitrogen inlet was placed NaH (345 mg, 60% wt. dispersion in
oil, 8.60 mmol) in dry THF (3 ml). A solution of the
alcohol 78 (2.1 g, 7.17 mmol) in dry THF (5 ml) was added
dropwise at room temperature, The reaction mixture was
refluxed for 2 h and then diluted with brine and extracted
with ethyl acetate (3 x 50 ml), The combined organic
eéXtract was washed and dried. Removal of solvent gave a
crude material which was charged on a silica gel (30 g)
column, Elution with 50% ethyl acetate-hexane furnished 79
(lg, 66%).

mp! - 126’0
IR : 2950, 1340, 1070, 1050 cm~l
W NMR : § 4.16 (2H, br s, >CH-0-), 4.10 (2H, d, J = 9

Hz, -CHp0-), 3.71 (2H, d, J = 9 Hz, =-CHo0-),
3.34 (3H, s, -OMe), 3.28 (3H, s, -OMe), 2.65
(4H, m).
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13¢ NMR : § 107,00, 77.94, 69.29, 50.76, 50,35, 48.18,
39,94,
Analysis : C11H1604: Caled. : C, 62.,25; H, 7.60
Found 3 C, 62.15: H, 7.85.

2,7-Dioxatetracyclo[6.3.0.04,1105,9]undecan-10-one (77a):

A mixture of ketal 79 (312 mg, 1.47 mmol) and
amberlyst-15 (50 mg) in moist acetone (4 ml) was refluxed
for 30 min. Amberlyst resin was filtered and the solvent
was removed The residue was purified by successively passing
it through neutral alumina (elution with 5% methanol-ethyl
acetate) and silica gel (elution with ethyl acetate) columns

to obtain 77a (198 mg, 81%).

mp. : 177-178°C
IR : 2950, 1770, 1390, 1070, 1010 cm~!
IH NMR : 8§ 4.46 (2H, d, J = 2.2 Hz, >CH-0), 4.38 (2H, d,

J = 9.2 Hz, -CHy0-), 3.78 (2H, dd, J; = 9.2 Hz,
Jy = 1.6 Hz, -CHp-0-), 2.99 (2H, br s), 2.4)

(2H, m).
13c NMR : § 208,42, 77.12, 69.24, 48.59, 38.65.
Analysis  : CgHjp03: Caled.: C, 65.05; H, 6.07 for ketone &

C, 58.69; H, 6.57 for hydrate
Found : C, 58.48; H, 6.62,

7,7—Dimeth0xy-2-0xatricyclo[4.2.1.04,3]nonane (81):
A mixture of alcohol 80 (500 mg, 2.72 mmol) and
Hg(OAc)o (1.1 g, 3.45 mmol) in 1:1 water-THF (8 ml) was

stirred at room temperature for 20 min, At this stage 3 M
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NaOH solution (10 ml) was added followed by 0.5M NaBH, solu-

tion in 3M NaOH (10 ml). The reaction mixture was stirred

further for 30 min, It was then saturated with solid NaCl

and extracted thrice with ethyl acetate. The organic layer

was washed and dried. Removal of solvent and column purifi-

cation using silica gel (15 g) furnished 81 (363 g, 73%).

IR : 2950, 1340, 1120, 1060 cm~!

lH NMR : 6 4.42 (1H, dd, Jy = Jp = 6 Hz), 3.83 (IH, d of
1/2 ABq, Jy = 8 Hz, J9 = 4 Hz, -CHp-0-), 3.7]
(1H, 1/2 ABq, Jy = 8 Hz, -CHp-0-), 3.30 (3H, s,
-OMe), 3.24 (3H, s, -OMe), 2.62-2.46 (2H, m),
2,37-2.21 (1H, m), 2,14-1,98 (2H, m), 1,22-1,09

(2H, m).

3¢ NMR : § 115,24, 78.71, 74.82, 50,47(2C), 48.65,
38,12, 37.06, 36.23; 36,086,

Analysis : CipH1g03s Caled. v C, 65.193 H, 8.175

Found : €; 65.253 H, 8.712,

)-0xatricyclo[4.2.1.0%>8]nonan-7-one (77b):

A mixture of ketal 81 (300 mg, 2.17 mmol) and
amberlyst-15 (50 mg) in moist acetone (4 ml) was stirred at
room temperature for 6 h, Amberlyst resin was filtered and
the solvent was removed, The residue was purified by passing
it successively through silica gel (elution with 15% ethyl
acetate-hexane) and neutral alumina (elution with ethyl
acetate) columns to obtain 77b (126 mg, 56%).
np, : low melting waxy solid

IR . 2925, 1760, 1130, 1000 cm~1
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1H NMR : 8§ 4.59 (1H, dd, Jy = Jo = 5.4 Hz, >CH-0-), 3.9
(1H, d of 1/2 ABq, J; = 8 Hz, Jp = 4 Hz, -CHjp-
0-), 3.87 (1H, 1/2 ABq, J; = 8 Hz), 2.80-2.68
(1H, m), 2.43 (1H, dd, Jy = Jg = 5 Hz), 2.39-
2.22 (1H, m), 2.15-2.00 (2H, m), 1.53 (1H, dd,
J1 = 12.6 Hz, Jgp = 2 Hz), 1.41 (1H, dd, Jj -
12:6 Hz, J9 = 2 Hz).

13¢ NMR : § 213,07, 75.59, 75.35, 48,00, 38.17, 35,82,
35.17, 31.82.
Analysis : CgHyp09: Caled. : C, 69.54; H, 7.30

Found : C, 69.45; H, 7.28.

7,7—Dimeth0xy-2—0xatricyc10[4.2.1.04:3]nonan-3—0ne 82:

To an yellow coloured solution of Hg(OAc)o (1,08 g,
3.39 mmol) in 1:1 water-THF was added the acid 83 (560 me,
2,83 mmol) and the yellow colour discharged immediately.
The mixture was stirred at room temperature for 20 min., At
this stage, 3 M NaOH solution (2.8 ml) was added followed by
the addition of a solution of 0.5 M NaBH,; in 3 M NaOH (2.8
ml) and the mixture was stirred further for 20 min., Crushed
ice was added and the mixture was acidified ("pH 2) with 20%
HC1 . It was then saturated with solid NaCl and extracted
thrice with ethyl acetate, The organic layer was washed and
dried. Removal of solvent and column purification using

neutral alumina (20 g) furnished 82 (400 mg, 71%).

Ruthenium (VIII) catalyzed oxidation of 81:
A reaction mixture containing the ether 81 (75 mg, 0.4]

mmol), RuClj.3H90 (5 mg) and sodium metaperiodate (150 mg,
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0,70 mmol) in a solvent mixture (2 ml CClyg, 1 ml acetonit-
rile and 3 ml water) was stirred vigorously at reflux tempe-
rature for 3-4 h. The reaction mixture was worked-up by
separating the organic layer and eXtracting the aqueous
Jayer with dichloromethane (3 x 10 ml), The combined organic
phase was washed and dried. Removal of solvent and column
purification on silica gel (elution with 25% ethyl acetate-

hexane) furnished the lactone 82 (69 mg, 86%).

mp. : 60-61°C
IR : 2950, 1770, 1190, 1130, 1080 cm~!
H NMR : § 4.83 (1H, dd, J; = Jp = 6 Hz, >CHOCO-), 3.29

(3H, s, -OMe), 3.27 (3H, s, -OMe), 3.12 (1H,
dt, Jy =5 Hz, Jg = 1 Hz), 2,73-2.63 (1H, m),
2.43-2,14 (3H, series of m), 1,76 (1H, d, J =
13 Hz), 1.54 (1H, d, J = 13 Hz).

B3¢ nr : 6 180,47, 114,35, 79.47, 50.82(20C), 48.17,
38.70, A7.87; 3546, 3158,
Analysis * CipH1404: Caled. : C, 60,39; H, 7.12

Found : C, 60.52; H, 7.14,

2—0xatricyclo[4.2.1.04v8]nonan-3,7—dione (82):

To a cooled solution of lactone ketal 82 (100 mg, 0,51
mmol) 1in dry dichloromethane (4 ml) was added one drop of
conc.H9SO04 with a capillary. The reaction mixXture was
allowed to warm to room temperature slowly and stirred for 4
s It was diluted with dichloromethane, washed and dried.
Solvent was removed and the residue was purified by column

chromatography using silica gel (10 g, elution with 30%

159



ethyl acetate hexane). It was further purified by sublima-
tion (200°C/atm. pressure) to furnish 77c (31 mg, 40%). The

norbornane derivative 77c shows high tendency form ;4

hydrate,

mp. : 120-160°C (sublimes)

IR . 2950, 1760, 1350, 1180, 1100, 980 cm™!

15 NMR : 6 5,02 (IH, dd, J; = Jp = 6 Hz, >CH-0CO0-), 3.03
(1H, dd, Jy = Jo = 5 Hz), 2,97-2.86 (lH, m),
2,41-2,20 (3H, series of m), 1,93 (2H, d, J =
14.4 Hz).

13¢ NMR : § 208,83, 178.77, 74.82, 47.18, 39.47, 35.00,
33,64, 26.59.

Analysis : CgHg03: Caled, : C, 63.15; H, 5.30

Found : C, 63.10; H, 5.34.

Dimethyl-7,7—-dimethoxybicyclo[2.2.1]hept-5-ene-2,3-endo,
endo-dicarboxylate (92):

In a 250 ml R.B, flask with a condenser was placed a
solution of anhydride 49 (1 g, 4.46 mmol) in dry methanol
(100 ml) and 4-5 drops of conc.HpSO4, were added carefully,
The reaction mixture was vrefluxed for 4-5 h. Excess
methanol was then removed under vacuum and water (10 ml) was
added. The aqueous layer was extracted with ethyl acetate
(3 x 25 ml) and the combined organic layer was washed and
dried. Removal of solvent and filteration of the residue
through a silica gel column furnished 92 (1.04 g, 86%).
mp. : 57-58°C
IR : 3050, 2950, 1730, 1280 1200, 1070 cm-!
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IH NMR : § 6.20 (2H, dd, J; = Jp = 2 Hz, olefinic), 3,54
(6H, s, -COOMe), 3.42 (2H, m), 3.16 (3H, g
-OMe), 3.09 (5H, s).

3¢ NMR : 6 172.48, 132.36, 117.24, 52.00, 51.53, 49.82,
48.29, 45.94,
Analysis : C13H1806: Caled. : C, 57.77; H, 6.71

Found : C, 57.65; H, 6.65,

Dimethyl bicyclo[2.2.1]hept-5-ene-7-one-2,3-endo,endo-dicar-
boxylate (9la):

To a solution of 92 (1 g, 3.70 mmol) in THF (5 ml) was
added 5% H9SO, (20 ml) and the reaction mixture was refluxed
gently for 30 min. The reaction mixture was cooled, satu-
rated with solid NaCl and extracted with ethyl acetate (3 X
25 ml). The combined organic layer was washed with water
and dried., Removal of solvent and column purification using
silica gel (20 g, elution with 30% ethyl acetate-hexane)
furnished enone 9la (622 mg, 75%).

Mp . ¢ 84°¢€

IR : 2950, 1790, 1735, 1440, 1340, 1210, 1070 cm~!

Iy NMR : 8§ 6.57 (2H, dd, J; = Jy = 2 Hz, olefinic), 3.60
(6H, s, -COOMe), 3.44 (2H, m), 3.19 (2H, m).

3¢ nMR : § 198.30, 170.77, 131.30, 52,00, 49.65, 43.41.

dnalysis : C11Hy205: Calcd. : C, 58.92; H, 5.40

Found : C, 59.00; H, 5.41.
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5,6—endo,endo-Bis(methoxymethyl)-7,7-dimethoxybicyclo-
[2.2.1]hept-2-ene (93):
In a 25 ml two necked R.B. flask equipped with a dry

nitrogen inlet was placed NaH (387 mg, 9.65 mmol) in dry
THF (2 ml). A solution of the diol 53 (860 mg, 4,02 mmol)
in dry THF (2 ml) was added dropwise at room temperature.
The mixture was stirred for 45 min during which time a white
slurry was formed. To this slurry, CH3I (1.37 g, 9.65 mmol)
in dry THF (1 ml) was added and the mixture was stirred
further for 45 min at room temperature, The reaction
mixture was diluted with brine and extracted with ethyl
acetate (3 x 30 ml)., The combined organic extract was
washed and dried. Removal of solvent gave a crude material
which was charged on a silica gel column (20 g). Elution

with 30% ethyl acetate-hexane furnished 93 (846 mg, 87%).

mp. : low melting
IR : 3050, 2900, 1280, 1090 cm~!
1H NMR : § 6,16 (2H, dd, Jy = Jg = 2,2 Hz, olefinic),

3.29 (6H, s, -CHoOMe), 3.21 (3H, s, -OMe), 3.13
(3H, s, -OMe), 3.21-3.01 (4H, m, =CHoOMe),
2,.97-2.92 (2H, m), 2.74-2.64 (2H, m).

5,6—-endo,endo-Bis(methoxymethyl)bicyclo[2.2.1]hept—-2-ene-T7-
one (91b):
A mixture of ketal 93 (400 mg, 1.65 mmol) and

amberlyst-15 (50 mg) in moist acetone (5 ml) was refluxed
for 30 min, Amberlyst resin was filtered and the solvent

was removed. The residue was charged on a silica gel column
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eluted with 30% ethyl acetate-hexane to furnished 91b (300

ng, 93%).

IR : 2900, 1770, 1100 cm~l

'H NMR : § 6.49 (2H, dd, J; = J9 = 2 Hz, olefinic), 3.29
(6H, s, -CHoOMe), 3.35-2.92 (6H, series of m),
2.78-2.52 (2H, m).

3¢ NMR : & 204.18, 131.83, 70.47, 58.71, 50.59, 37.29.

Analysis  : Cy11Hy403: Caled. : C, 67.32; H, 8.22

Found : €, 6/7.28:; B, 8.19;

5,6-endo, endo-Bis (hydroxymethyl)-7,7-dimethoxybicyclo-

[2.2.1]hept-2-ene diacetate (94):

To a solution of diol 53 (227 mg, 1.06 mmol) in dry
dichloromethane (3 ml) at 0°C was added DMAP (260 mg, 2.13
mmol) and acetic anhydride (216 mg, 2,12 mmol), The reac-
tion mixture was allowed to warm to room temperature Slowly
and stirred for 30 min. It was diluted with dichlorome-
thane, washed and dried. Removal of solvent and column
purification using silica gel (10 g, elution with 40% ethyl

acetate-hexane) furnished the diacetate 94 (310 mg, 98%).

mp. : 88-89°C
IR : 3050, 2950, 1735, 1250, 1030 cm~!
Iy NMR : § 6,11 (2d, dd, J; = Jp = 2 Hz, olefinic),

3.86-3.72 (4H, m, -CHp0Ac), 3.16 (3H, s, -OMe),
3.08 (3H, s, -OMe), 2.87 (2H, br s), 2.68 (2H,
m), 2.00 (6H, s, -OCOMe).

B¢ NMR : § 170.81, 132.95, 118.12, 63.24, 51.76, 49.76,
48.00, 38.41, 20.82.
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5,6-endo,endo-Bis(hydroxymethyl)bicyclo[2.2.1]hept-2-ene-7-

one diacetate (91c):

A mixture of ketal 94 (200 mg, 0.67 mmol)  and
amberlyst-15 (50 mg) in moist acetone (4 ml) was refluxed
for 8 h. The resin was filtered and the solvent was
removed. The residue was charged on a silica gel column (10
g) and eluted with 50% ethyl acetate hexane to furnish the
ketone 91c (101 mg, 60%).

mp., : 105-106°C
IR : 2950, 1780, 1730, 1250, 1040, 700 cm~l
1H NMR : § 6.55 ((2H, dd, Jy = J9 = 2 Hz, olefinic),

4.14-3,70 (4H, m, -CH90Ac), 3.06 (2H, br sJ,
2.78 (2H, m), 2.06 (6H, s, —OCOMe).

3¢ NMR : & 202.06, 170.77, 132.00, 62.18, 50,41, 36.70,
20.88.

7,7-Dimethoxy-1,4,5,6-tetrachloro bicyclo[2.2.1]hept-5-¢ene-
2-endo-carboxylic acid (101):39
1,2,3,4-Tetrachloro-5,5-dimethoxycyclopentadiene (10 g,
37.9 mmol), acrylic acid (2.73 g, 37.9 mmol) and a trace of
hydroquinone were heated to 125-130°C for 45 min, The
product was crystallised by adding hexane to the reaction
mixture (11.96 g, 94).
mp. : 164-165°C  (Lit,?9 165-166°C)

Bicyclo[2.2.1]hept-5-ene-7-one-2-endo-carboxylic acid
(&):461)
Liquid NH3 (250 ml) was placed in a 500 ml two neck
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R,B. flask equipped with a condenser and a KOH guard tube
and the tetrachloro acid 101 (5 g, 14.9 mmol) in dry THF (3-
4 ml) was added to it. Freshly cut sodium metal pieces were
added slowly till the blue colour persisted. The reaction

mixture was quenched with solid NH4C1 after 30 min.

After evaporating NHj completely, 20% HCl was added to
the reaction mixture (ca. pH~1). The reaction mixture was
warmed on a water bath for 30 min. and saturated with solid
NaCl. Extraction with hot ethyl acetate and crystallisation

with hexane furnished 102 in 47% yield.

mp. : 102-103°C

IR : 3500-2400, 1770, 1690, 1260, 940 cm™)

lH  NMR : 6§ 6,60 (1H, d of 1/2 ABq, J] = 6 Hz, Jg = 4 Hz,
olefinic), 6.42 (1H, d of 1/2 ABq, J] = 6 Hz,
Jp = 4 Hz, olefinic), 3.30-3.02 (2H, m,

bridgehead CH; >CHCOOH), 2.96 (1H, dd, J; = Jo
= 4 Hz), bridgehead CH), 2.20 (lH, ddd, Jy = 12
Hz, Jo = 10 Hz, J3 = 4 Hz, exo-Hj3), 1.64 (1H,
dd, Jy = 12 Hz, J9 = 5 Hz, endo-Hj3).

B¢ NMR @ 6§ 202.13, 178.77, 134.77, 130.30, 48.36, 46.12,
38.00, 25.88.

Methyl bicyclo[2.2.1]hept-5-ene-7-one-2-endo—carboxylate
(103b):
To a solution of 102 (1 g, 6.0 mmol) in dry ether (20

ml) was added an excess of ethereal solution of CH9N9 at 0°C
till yellow colour persisted, After a few min, the excess

of CHyN9 was destroyed with AcOH. Column purification using
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neutral alumina (hexane-ethyl acetate, 9.5 : 0.5) afforded

the keto ester 103b (765 mg, 70%) as a colourless liquid.

IR : 2950, 1780, 1730, 1210 cm~!

IH NMR : § 6.50 (1H, d of 1/2 ABq, Jy = 6 Hz, J9 = 4 Hz,
olefinic), 6.28 (1H, d of 1/2 ABq, Jj = 6 Hz,
Jp = 4 Hz, olefinic), 3.58 (3H, s, -COOMe),
3.18-2,90 (2H, m, bridgehead CH; >CHCOOMe) ,
2.85 (1H, dd, J; = Jp = 4 Hz), 2,10 (1H, ddd,

J] = 12 Hz, Jgp = 10 Hz, J3 = 4 Hz, exo-H3),
1.58 (1H, dd, Jy = 12 Hz, J9 = 5 Hz, endo-Hj3).
3¢ NMR  : 6§ 201.89, 172.83, 134.41, 130.12, 51.82, 48,47,
46,00, 37.65, 25.82.
Analysis : CgHypO03 : Calcd. : C, 65.05; H, 6.07

Found : C, 65.00; H, 6.01,

Methyl bicyclo[2.2.]]heptan-7-one-2-endo—-carboxylate (104b):
A solution of unsaturated keto ester 103b (1 g, 6.0
mmol) in 4 ml of dry ethyl acetate was hydrogenated at
atmospheric pressure over 5% Pd/C (5 mg) for a period of 20-
30 min. The catalyst was filtered and the solvent removed
to furnish the ester 104b (1 g, 100%).
IR : 2950, 1770, 1730, 1200 cm~!
14 NMR : & 3.72 (3H, s, -COOMe), 3.02 (1H, m,
>CHCOOMe ), 2.30-1,50 (8H, series of m).
13¢c NMR : 8§ 213.36, 173.48, 51.88, 41,17, 38.59, 38.41,
26.82, 23.41, 18.88.
Analysis : CgHy903 : Caled. : C, 64.27; H, 7.19
Found : C, 64.15; H, 7.16.
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7,7-Dimethoxybicyclo[2.2.1]hept-5-ene-2-endo-carboxylic acid
(§§):46

Liquid NH3 (250 ml) was placed in a 500 ml two neck
R.B. flask equipped with a condenser with KOH guard tube and
acid 101 (5 g, 14.9 mmol) in dry THF (3-4 ml) was added to
it, Freshly cut sodium metal pieces were added slowly till
the blue colour persisted. Work-up as described earlier and
crystallisation from hexane furnished 83 (2.2 g, 73%).
mp., : 84-85°C (Lit. 86°C)

Methyl 7,7-dimethoxybicyclo[2.2.1]hept-5-ene-2-endo-carboxy-
late (ng):hﬁbrC

To a solution of 83 (2 g, 10.10 mmol) in dry ether (25
ml) was added an excess of ethereal solution of CH9N9 at 0°C
till yellow colour persisted. After few minutes, the excess
of CH9No was destroyed with AcOH. Evaporation of the
solvent and column purification using silica gel (15% ethyl
acetate-hexane) furnished ester 105 (1.82 g, 85%) as a

colourless liquid.

7,7-Dimethoxy-5-endo-ethynylbicyclo[2.2.1]hept-2-ene (107):
Into a dry 250 ml two necked R,B, flask equipped with a
septum dry N9 inlet was introduced ester 105 (800 mg, 3,77
mmol) in dry dichloromethane (70 ml). After cooling the
reaction vessel to -78°C, DIBAL-H (4 ml of 1.2 M solution in
toluene, 4.80 mmol) was added and the reactants stirred for
45 min at -78°C., The reaction was quenched with MeOH and

diluted with dichloromethane. The organic layer was washed
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and dried. Removal of the solvent furnished the crude

aldehyde 106.

To a suspension of bromomethyltriphenylphosphoniun
bromide (2.07 g, 4.75 mmol) in dry THF (25 ml) at -78°C was
added freshly sublimed potassium t-butoxide (1.07 g, 9.5
mmol) in THF (10 ml) and the mixture stirred for 20 min at -
718%C. To the yellow ylide formed was added the above
aldehyde 106 in THF (5 ml) and the mixture stirred for 30
min at -78°C. The reaction mixture was warmed slowly to 0°C
and stirred further for 30 min. THF was removed completely
and water (20 ml) was added., It was then extracted with
hexane (3 x 30 ml). The combined organic layer was washed
with water and dried. Solvent was removed and the residue
was charge on a silica gel column. Elution with 2% ethyl
acetate-hexane furnished 107 (302 mg, 45%).

IR : 3050, 2950, 2110, 1120, 1080, 730 cm~}

IH NMR : § 6.34-6.08 (2H, m, olefinic), 3.18 (3H, s,
-OMe), 3.14 (4H, with a distinct s of -0OMe),
2.98 (1lH, br s), 2.82 (1H, m), 2.42-2,04 (1H,
m, exo-Hg), 1.89 (1H, d, J = 2 Hz, -C=CH), 1.04
(1H, dd, J; = 12 He, J92 = 4 Hz, endo-Hg).

13¢c NMR : § 135,06, 131,59, 118.30, 87.59, 67.53, 51.88,
49,59, 48,82, 44.76, 32,94, 26,29,

5-endo-Ethynylbicyclo[2.2.1]hept-2-ene-7-one (103c):
A mixture of ketal 107 (72 mg, 0.41 mmol) and
amberlyst-15 (50 mg) in moist acetone (3 ml) was ref luxed

for 3 h. Amberlyst resin was filtered and the solvent was
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removed. The residue was purified by column chromatography

using silica gel (10 g, elution with 5% ethyl acetate-

hexane) to furnish 103c¢ (39 mg, 73%).

IR : 2950, 1780, 1100, 710 cm™!

IH NMR : § 6.67 (1H, d of 1/2 ABq, J| = 6 Hz, Jg = 4 Hz,
olefinic), 6.53 (1H, d of 1/2 ABq, J; = 6 Hz,
J9 = 4 Hz, olefinic), 3.18-2.94 (2H, m), 2.89
(1H, dd, Jy =J9 = 4 Hz), 2.54-2.,16 (1H, m,
exo-Hg), 1.98 (lH, d, J = 2 Hz, -C=CH), 1.30
(1H, dd, J; = 12 Hz, Jg9 = 4 Hz, endo-Hg).

Be nmr : & 202.72, 134.71, 131.30, 85.59, 68.71, 50.18,
46.00, 31.12, 24.23.

5-endo-Ethenylbicyclo[2.2.1]hept—2-ene-7-one (103d):

A solution of 103c (50 mg, 0.38 mmol) in 1 ml of dry
ethyl acetate was hydrogenated at atmospheric pressure over
Lindlar catalyst (3 mg) for a period of 20 min. The
catalyst was filtered and the solvent removed to furnish

103d (31 mg, 60%).

IR : 3075, 2975, 1770, 910, 710 cm~!

IH NMR : 8§ 6.57 (1H, d of 1/2 ABq, Jy = 6 Hz, Jy = 4 Hz,
olefinic), 6.37 (1H, d of 1/2 ABq, J; = 6 Hz,
Jp = 4 Hz, olefinic), 5.84-5.28 (1IH, m,

-CH=CHy), 5.14-4.86 (2H, m, -CH=CH,), 3.06-2,70
(3H, m), 2.22 (1H, ddd, Jy = 12 Hz, Jp = 10 Hz,
J3 = 4 Hz, exo-Hg), 1.07 (1H, dd, Jy; = 12 Hz,
Jo = 4 Hz, endo-Hg).

13¢ NMR : § 204.83, 140.01, 133.89, 130.53, 115,53,
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5159, 46,70y 3T 475 29335,

Oxime of bicyclo[2.2.1]hept—5—ene—2—carb0xa1dehyde; 108:

To a solution of aldehyde 106 [prepared wvia DIBAL-K
reduction of ester 105 (1.8 g, 8.49 mmol) as described
above] in dry dichloromethane (20 ml) were added hydroxyl-
amine hydrochloride (626 mg, 9.0 mmol) and pyridine (0.75
ml, 9.3 mmol) at room temperature., The reaction mixture was
stirred for 30 min, diluted with dichloromethane and washed,
The aqueous layer was extracted with dichloromethane. After
the removal of the solvent, the residue was charged on a
silica gel column. Elution with 30% ethyl acetate-hexane
furnished a mixture of cis and trans oxime 108 (1 g, 60%).
IR : 3300, 3025, 2925, 1280, 1110, 1070 cm~1

5-endo-Cyano-7,7-dimethoxybicyclo[2.2.1]hept-2-ene (109):

To a mixture of cis, trans oxime 108 (1 g, 5.08 mmol)

in dry dichloromethane (10 ml) and pyridine (1 ml, 12.3b
mmol) at 0°C was added p-toluenesulfonylchloride (1 g, 5.2
mmol)., The reaction mixture was allowed to warm to YOOU
temperature slowly and stirred for 4-5 h. Water (10 ml) Wwas
added and the organic layer was separated. The aqueous
layer was extracted with dichloromethane, The combined
organic layers were washed and dried., Removal of solvent
and column purification using silica gel column (elutior
with 10% ethyl acetate hexane) furnished 109 (591 mg, 65%)
mp. : 63-64°C

IR : 3050, 2950, 2230, 1290, 1110, 1080 cm™!
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I§ NMR : § 6.38 (1H, d of 1/2 ABq, Jy = 6 Hz, J2 = 4 HZ,
olefinic), 6.21 (1H, d of 1/2 ABq, J1 = 6 Hz,
Jo = 4 Hz, olefinic), 3.20-3.02 (8H, m with
distinct singlets of -OMe at 3.18 and 3.,14),
2.92 (1H, m, bridgehead CH), 2.30 (1H, ddd, J;
= 12 Hz, Jy = 8 Hz, J3 = 4 Hz, exo-Hg), 1.27
(1H, dd, J; = 12 Hz, Jy

4 Hz, endo-Hg).

13¢ NMR + § 137.06, 130.77, 122.48, 118,00, 52.35, 49.88,
47.59, 44.65, 30.47, 25.76.
Analysis : CigH13NO9 : Calcd.: C, 67.02; H, T.31ls N, T7.82

Pound : €, 66.95; H, 7.25; N, 7.70,

5-endo—-Cyanobicyclo[2.2.1]hept-2-ene-7-one (103a):

A mixture of 109 (400 mg, 2.24 mmol) and amberlyst-15
(50-100 mg) in moist acetone was refluxed for 18 h. Amber-
lyst resin was filtered and the solvent was removed. The
residue was purified by passing 1t successively through
neutral alumina (elution with 40% ethyl acetate hexane) and
silica gel (elution with 25% ethyl acetate-hexane) columns
to obtain 103a (178 mg, 60%).

mp. : low melting

IR : 2950, 2230, 1780, 1120, 1080 cm~!

lH NMR : § 6.80 (1H, d of 1/2 ABq, J; = 6 Hz, J9 = 3 Hz,
olefinic), 6.63 (1H, d of 1/2 ABq, J; = 6 Hz,
Jo = 3 Hz, olefinic), 3.30-3.10 (2H, m,

bridgehead CH; >CHCN), 3.02 (1H, m, bridgehead
CH), 2.42 (1H, ddd, Jj = 12 Hz, Jo = 10 Hz, J3
= 4 Hz, exo-Hg), 1.53 (1H, dd, Jy = 12 Hz, J2 =
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4 Hz, endo-Hg).

L3¢ NMR : § 199.87, 136.24, 130.83, 120,53, 47.76, 45.12,
98.29, 23.53.
Analysis : CgHyNO: Calcd. : C, 72.16; H, 5.29; N, 10.52

Found : C, 72.10; H, 5.26; N, 10.48,

2-endo—-Cyanobicyclo[2.2.1]heptan-7-one (104a):

A solution of 103a (150 mg, 1.13 mmol) in 2 ml of dry
ethyl acetate was hydrogenated at atmospheric pressure over
52 Pd/C (5 mg) for a period of 20 min. The catalyst was
filtered and the solvent was removed to furnish the

saturated ketone 104a (135 mg, 90%).

mp. : 80-90°C

IR : 2950, 2250, 1770, 1120 cm~!

Iy NMR : 8§ 3.24-2,98 (I1H, m, >CHCN), 2.52-1.52 (8H,
series of m).

13¢ NMR : 6 210.89, 120.53, 40.06, 37.47, 29.82, 24,53,
23.29, 19.35.

Analysis : CgHgNO: Caled. : C, 71.09; H, 6.71; N, 10,36

Found : C, 71.00; H, 6.69; N, 10.30.

Methyl 7,7-dimethoxybicyclo[2.2.1]heptane-2-endo-carboxylate
(111):

A solution of unsaturated ester 105 (2.4 &, 11,32 mmol)
in 5 ml dry ethyl acetate was shaken in a Parr hydrogenation
apparatus over 10% Pd/C (30 mg) at a pressure of 25 psi.
After 30 min, the catalyst was filtered and the solvent was
removed to furnish the saturated ester 111 (2.4 g, 100%)

IR : 2925, 1725, 1190, 1110, 1060 cm~l
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IH NMR : 6§ 3,63 (3H, s, -COOMe), 3.23 (3H, s, =-OMe),
3.21 (3H, s, -OMe), 3.14-2.86 (1H, m, >CH-
COOMe), 2.31 (1H, m), 2.00 (1H, m), 1.92-1.64
(4H, m), 1.38-1.06 (2H, m).

3¢ NMR : 6§ 175.59, 114.65, 51.65, 50.65, 50.47, 43.29,
41,29, 37.94, 29.70, 27.06, 22,64,

7,7-Dimethoxybicyclo[2.2.1]heptane-2-endo-carboxaldehyde
(112):

Into a dry 250 ml two necked R.B., flask equipped with a
septum, dry N9 inlet was introduced ketal ester 111 (2.4 g,
11,22 mmol) in dry dichloromethane (120 ml), After cooling
the reaction vessel to -78°C, DIBAL-H (13 ml of 1.2 M solu-
tion 1in toluene, 15.6 mmol) was added and the reactants
stirred for 45 min, The reaction was quenched with MeOH and
diluted with dichloromethane. The organic layer was washed
and dried. Removal of solvent furnished the crude aldehyde

112.

7,7-Dimethoxy-2—-endo-ethynylbicyclo[2.2.1]heptane (113):

To a suspenéion of chloromethyl triphenylphosphonium
chloride (5.38 g, 15.5 mmol) in dry THF (80 ml) at -78°C was
added freshly sublimed potassium t-butoxide (3.47 g, 31
mmol) in THF (15 ml) and the mixture stirred for 20 min at -
78°C. To the yellow ylide formed was added the above
aldehyde 112 in dry THF (5 ml) and the mixture stirred
further for 1.5 h during which time it was allowed to warm

to room temperature slowly. Work-up as described earlier
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furnished a residue which was charged on @ silica gel

column. Elution with 1% ethyl acetate-hexane furnished

haloalkene (1.21 g, 50%).

IR : 2950, 1320, 1190, 1110, 1070, 720 cm~1

IH NMR : 8§ 6.04-5.68 (2H, m, -CH=CHC1), 3.24 (3H, s,
~OMe), 3.20 (3H, s, -OMe), 2.28-0.80 (9,

series of m).

To a solution of the above haloalkene (530 mg, 2.45
mmol) in dry THF (4 ml) under N9 atmosphere at 0°C was added
freshly sublimed potassium t-butoxide (825 mg, 7.36 mmol) in
THF (3 ml). The reaction mixture was allowed to Wwarm to
room temperature and stirred overnight. Usual work-up and
column purification using silica gel (20 g, elution with 1%

ethyl acetate-hexane) furnished 113 (375 mg, 85%).

IR : 2950, 1340, 1200, 1120, 1080 cm~!

IH NMR : 6§ 3.22 (3H, s, -OMe), 3.20 (3H, s, -OMe), 3.00-
2.72 (1H, m, >CH-C=CH), 2.28-1.00 (9H, series
of m).

3¢ NMR : § 114,12, 87.35, 69.29, 50.41, 42.00, 37.88,

35.88, 28.53, 27.35, 21.76.

2-endo-Ethynylbicyclo[2.2.1]heptan-7—one (104c):

A mixture of 113 (160 mg, 0.89 mmol) and amberlyst-15
(50 mg) in moist acetone (5 ml) was refluxed for 10-12 h,
Amberlyst resin was filtered and the solvent was removed,
The residue was purified by passing it successively through
neutral alumina (elution with 30% ethyl acetate hexane) and

silica gel (elution with 5% ethyl acetate hexane) columns to
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furnish 104c (61 mg, 51%).

IR : 2950, 1770, 1120 cm~!

I§ NMR : 8§ 3.14-2.80 (1H, m, >CH-C=CH), 2.52-1.32 (9H,
series of m).

13¢ NMR : & 214.53, 85.06, 70.77, 42.17, 138.76, 33.00,
25.23, 24.00, 18.35,

7,7-Dimethoxy-5-endo-hydroxymethylbicyclo[2.2.]1]hept-2-ene
(§Q):l&6a

To a suspension of LiAlH, (300 mg, 7.89 mmol) in dry
ether (75 ml) was added mono ester 105 (1.1 &, 5.19 mmol) in
ether (35 ml) and the mixture stirred for 4-5 h at room
temperature. Excess of LiAlH, was destroyed by carefully
adding few drops of ethyl acetate to the cooled reaction
mixture. A saturated solution of Na9SO,; was added dropwise
with stirring till a granular precipitate was formed. The
precipitate was filtered and washed thoroughly with ethyl
acetate, The filterate and the ethyl acetate washings were
combined, washed and dried. Removal of solvent afforded the

crude alcohol 80 (936 mg, 98%).

7,7-Dimethoxy-5—-endo-me thoxymethylbicyclo[2.2.1]hept-2-ene
(134):

To a suspension of NaH (125 mg, 60%, 3.13 mmol) in dry
THF (1 ml) under nitrogen atmosphere, a solution of 80 (480
ng, 2.61 mmol) in THF (2 ml) was added. The mixture was
stirred for 20 min at room temperature during which time a

shite slurry was formed. To this slurry, MeI (445 mg, 3.13
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mmol) in THF (1 ml) was added and stirring was continued for
another 20 min. Usual work-up furnished a residue which was
charged on a silica gel column. Elution with 20% ethyl

acetate-hexane furnished 134 (470 mg, 91%) as colourless

liquid.
IR : 3050, 2900, 1300, 1100 cm~!
IR NMR : § 6.15 (1H, d of 1/2 ABq, J; = 6 Hz, Jy = 4 Hz,

olefinic), 6.01 (1H, d of 1/2 ABq, J; = 6 Hz,
Jo = 4 Hz, olefinic), 3.30 (3H, s, ~OMe}, 3.3
(3H, s, -OMe), 3.16 (3H, s, -OMe), 3.04 (2H, q,
J = 8 Hz, -CH9oOMe), 2.93 (1H, m, bridgehead
CH), 2.77 (1H, m, bridgehead CH), 2.56 (1H, m,
>CH-CHoOMe), 2.03 (1H, ddd, Jy = 12 Hz, Jg =9
Hz, J3 = 4 Hz, exo-Hg), 0.51 (1H, dd, J; = 12
Hz, Jo = 4 Hz, endo-Hg).
3¢ nr : § 134,12, 131.00, 119.30, 75.18, 58,59, 51.76,
49,53, 46,53, 44,47, 35,82, 27.23,

2-endo-Methoxymethylbicyclo[2.2.1]heptan-7-one (132b):

A solution of 134 (400 mg, 2.02 mmol) in 2 ml of dry
ethyl acetate was hydrogenated at atmospheric pressure over
52 Pd/C (5 mg) for a period of 20 min. The catalyst was
filtered and the solvent was removed to furnish the
saturated ether 132b (400 mg, 100%).

IR : 2950, 1190, 1110, 1075 cm~!

ly NMR : 6 3.30 (2H, d, J = 8 Hz, -CHoOMe), 3.29 (3H, S
-OMe), 3.23 (3H, s, -OMe), 3.22 (3H, s, -OMe),
2.60-2.20 (1H, m, >CH-CHoOMe), 2.12-1,00 (7H,
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series of m), 0.80-0.58 (1H, m, endo-Hj).
13¢ NMR : 8§ 114,88, 74.65, 58.76, 50.41, 50.23, 39.59,
37.70, 36.06, 31,94, 27.70, 20.29.

A mixture of the saturated ether obtained above (400

ng, 2 mmol) and amberlyst-15 (50 mg) in moist acetone (4 ml)

was refluxed for 1.5 h, Amberlyst resin was filtered and

the solvent was removed. The residue was charged on a silica

gel column and eluted with 10% ethyl acetate-hexane to

furnish 132b (222 mg, 72%).

IR : 2900, 1770, 1110 cm~!

IH NMR : & 3.40 (2H, d, J = 8 Hz, -CH9OMe), 3.28 (3H, s,
-OMe), 2.36 (1H, m, >CH-CHpOMe), 2.16-1.24
(7H, series of m), 0,94 (1H, dd, J; = 12 Hz, Jp
= 4 Hz, endo-Hj3).

3¢ NMR  : 6 215.60, 73.29, 58.65, 40.53, 38.76, 32.12,
28.35; 24,53, 1647

NaBH; reduction of the anhydride 49: Formation of lactone
135:

To a solution of 49 (950 mg, 4.24 mmol) in dry THF (4
ml) at 0°C was added NaBH; (161 mg, 4,24 mmol) under N9, The
reaction mixture was stirred at 0-15°C for 1.5 h. Work-up as
described earlier furnished a residue which was charged on
a silica gel column, Elution with 50% ethyl acetate-hexane
furnished 135 (735 mg, 83%).
IR : 2950, 1760, 1280, 1180, 1100, 1060, 1000 em~1
H NMR : 8§ 6,20 (2H, dd, J; = Jy = 2 Hz, olefinic), 4.24

(1H, dd, Jy = Jg9 = 8 Hz), 3.74 (1H, dd, J; = 8
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Hz, J9 = 3 Hz), 3.28-2.94 (4H, series of m),
.14 (3H, s, -OMe), 3.08 (3H, s, -OMe).

L3¢ NMR ¢ 8 177,71, 133.9%, 132.36, 121.18, 69.47, 52.08,
49.82, 48,29, 47.29, 45,12, 37,06,

Hydrolysis of the lactone 135: Formation of 136:

A mixture of 135 (700 mg, 3.33 mmol) and amberlyst-15
(25 mg) in moist acetone (5 ml) was refluxed for 10-12 h,
Amberlyst resin was filtered and the solvent was removed,
The residue was charged on a neutral alumina column and
eluted with 50% ethyl acetate-hexane to furnish 136 (340 mg,
64%) .

mp. : 155~156°C

IR : 2975, 1780, 1760, 1380, 1200, 1000 cm~!

1H NMR : 6§ 6.62 (2H, m, olefinic), 4.44 (1H, dd, Jy = 10
Hz, J9 = 8 Hz), 3.92 (1H, dd, Jy = 10, Jy = 3
Hz), 3.52-3.14 (4H, series of m).

13c NMR : § 198,18, 175.65, 132,95, 131.30, 70.41, 50,29,
47.76, 41,65, 34,06,

Analysis : CgqHgOj ¢t Galed, ¢ €, 65.,85; H, 4,91

Found : C, 65.78; H, 4.89,

Hydrogenation of the lactone 136: Formation of 133

A solution of 136 (300 mg, 1.83 mmol) in 3 ml of dry
ethyl acetate was hydrogenated at atmospheric pressure over
52 Pd-C (5 mg) for a period of 30 min. The catalyst was
filtered and the solvent was removed to furnish the

saturated ketone 133 in near quantitative yield.
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IR : 2950, 1770, 1740, 1380, 1180, 990 cm~!

Iy NMR : 8§ 4.53 (1H, d of 1/2 ABq, Jy = 10 Hz, J, = 8

(200 MHz)
Hz, —CQQOCO-), 4,41 (1H, d of 1/2 ABq, JI = 10
Hz, Jp = 3 Hz, -CH0CO-), 3.25-3.03 (2H, m),
2.44 (I1H, m, bridgehead CH), 2.18 (1H, dd, J; =
Jo = 4 Hz, bridgehead CH), 2.02-1.70 (4H,
series of m),

13¢ NMR : 6 209.89, 176.30, 68,18, 41,53, 40.00, 38.94,
33.53, 19.47, 16.00.

2-exo-Cyanobicyclo[2.2.1]heptan-7-one (132a):

Into a solution of 2-exo-cyano-7-isopropylidenenorbor-
nane 137a (300 mg, 1.86 mmol) in dry dichloromethane at -
78°C was bubbled ozone until blue color appeared, Excess
ozone was flushed out with a slow stream of nitrogen and
DMSO (0,5 ml) was carefully added to the reaction mixture at
-78°C. It was then allowed to warm-up to room temperature
slowly and stirred for 30 min. The solvent was removed and
the residue was charged on a silica gel column, Elution with

25% ethyl acetate-hexane furnished ketone 132a (165 mg,

65%) .

IR . 2925, 2250, 1770, 1130 cm~!

lH NMR : § 2,76 (1H, dd, J; = 9 Hz, J9 = 6 Hz, endo-Hp),
2.28-1.40 (8H, series of m).

B¢ nwr : § 210,66, 120.83, 41.82, 36.88, 29.88, 25.94,

22.70(2C).
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General procedure for diazomethane (DAM) ring expansion of
7-norbornanone derivatives:

To a solution of 7-norbornanone derivative (2 mmol) in
10 ml of dry ether containing 10% methanol was added an
excess of ethereal solution of diazomethane at O0°C till
vellow colour persisted. The reaction mixture was allowed
to stand in the dark in a freezer at 0-5°C for 10-24 h
during which time the reaction was monitored by tlc, Excess
of diazomethane was destroyed with acetic acid when ca.80%

(tlc) of starting ketone had been consumed.

DAM ring expansion of (47a):
The reaction was performed as described above, Column
chromatography using neutral alumina and elution with 30%

ethyl acetate hexane furnished 118a in 50% yield.

IR : 2950, 1720, 1430, 1350, 1200 cm~!

IH NMR : § 3.68 (6H, s, -COOMe), 3.04 (2H, m), 2,68-2.48
(2H, m), 2.36-1.20 (6H, series of m).

13c aMR : § 213,42, 172.88, 171,83, 51.82, 44,35, 43.76,
43,23, 39.65, 30.59, 20.41, 18,41,

Analysis : CjoH1405: Caled. : C, 59.99; H, 6.71

Found : C, 60.14; H, 6.74,

DAM ring expansion of (47b):

The reaction was performed as described above, Column
purification using neutral alumina and elution with 15%
ethyl acetate hexane furnished 118b in 55% yield.

IR : 2900, 1720, 1200, 1110, 950 cm~!
1H NMR : § 3.64-3.34 (4H, m, -CHoOMe), 3.29 (3H, S
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-OMe), 3.26 (3H, s, -0Me), 2,34-1,24 (10H,
series of m).
3¢ NMR : 6§ 216.89, 71.41, 70.24, 58.65, 58.47, 45.12,
44,35, 37.23, 33.76, 30.00, 19,53, 17,53,
Analysis : C1oH9003: Caled. : C, 67.89; H, 9.50
Found : C, 67.75; H, 9.45,.

DAM ring expansion of (47c¢):
The reaction was performed as described above. Column
chromatography wusing neutral alumina and elution with 4%

ethyl acetate hexane furnished 118c in 52% yield.

Mp. : <40°C
IR : 3050, 2950, 1720, 990, 910 cm~!
IH NMR : 8§ 6,14-5,72 (2H, m, olefinic), 5.16-4.88 (4H,

m, olefinic), 2.92-2.42 (2H, m, >CHCH=CHj),
2.40-1.20 (8H, series of m).
3¢ MR : 8§ 216.60, 138,71, 136,59, 116,59, 116.06,
47.82, 45,12, 43,94, 40,65, 33,88, 19.88,
1776
Analysis : CqoH160: Caled, = C, 81.,77; H, 9.15
Found = €, 81.99; H, 9,20,

DAM ring expansion of (47e):

The reaction was performed as described above. Column
chromatography using silica gel and elution with 2% ethyl
acetate hexane furnished 118e in 58% yield.

IR : 2950, 1725, 1460, 1080 cm~!
Iy NMR : § 2.28-1.16 (14H, series of m), 0.87 (3H, t, J
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13¢c NMR

Analysis

: 6§ 218.95, 45.53, 45,23, 40.35,

s C12H200: Calcd.

= 7 Hz, -CH2C§_3), 0.83
-CH9CH3) .

(3H, t, J = 7 HZ,
37.12, 30,53,
20,82, 19,70, 19.17, 17.06, 13.11, 12,94,

: C, 79.94; H, 11,18

Found : C, 79.99; H, 11.19.

DAM Ring expansion of (104a):

The reaction was performed as described above. Filte-

ration

afforded

in a ratio 71

through neutral alumina (30% ethyl acetate-hexane)

a mixture of bicyclic ketones 119a and 120a (68%)

: 29 which were separated by column chromato-

graphy using silica gel and elution with 20% ethyl acetate-

hexane.,
119a:

mp.
IR
ly NMR

13¢ MR

Analysis

120a:
mp.

IR

: CgH11NO: Calcd.

174-175°C

: 2950, 2250, 1720, 1110 eml

: § 3,16-2,92 (1H, m), 2.50 (1H, m), 2.40-1.60
(9H, series of m).

: 6 212.18(s), 120.95(s), 43.70(d), 43.53(t),
29.82(t), 27.17(d), 24.61(d), 23.70(t),
19.29(t).

: C, 72,453 H, 7.43; N, 9.39
Found : C, 72.28; H, 7.45; N, 9.36.

167-168°C

: 2950, 2250, 1720, 1110 cm~!
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g NMR : 8§ 2,96-2.72 (1H, m), 2.56-1.60 (10H, series of
m).
13¢ NMR 8 213.19: 122.24, 43.53, 41,06, 31.4), 27.94,
26,70, 22.35, 20,58,
Analysis : CgHy|NO: Calecd. : C, 72.45; H, 7.43; N, 9.39
Found : C; 72.25; H, 7+40: N, 9,35,

DAM Ring expansion of (104b):

The reaction was performed as described above. Filtra-
tion through neutral alumina (20% ethyl acetate-hexane)
afforded a mixture of bicyclic ketones 119b and 120b (64%)
in a ratio of 63 : 37 (glc) which were separated by column
chromatography using silica gel and elution with 10% ethyl

acetate-hexane

119b:

mp. : 35-36°C

IR : 2950, 1730, 1200 cm~!

lH NMR : 8§ 3.71 (3H, s, -COOMe), 3.00-2,70 (1H, m), 2.60
(1H, m), 2.36-1.50 (9H, series of m).

Be NMR : 8§ 214.95(s), 174.36(s), 52.18(q), 44.59(d),
43,82(t), 38.29(d),  27.70(d), 27.47(1),
24.29(t), 19.23(t),

Analysis  : CyqgH1403: Calecd. : C, 65.91; H, 7.74

Found : C, 65.85; H, 7.72,

120b:

mp. : 64-65°C

IR : 2950, 1730, 1210 cm~!
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IH NMR : 6§ 3.72 (3H, s, -COOMe), 2.84-1,40 (11H, series
of m).
13¢ NMR : § 216,01(s), 175.12(s), 52.00(q), 44.47(t),
41,82(d), 41,17(d), 31.47(d), 25.35(t),
22.47(t), 20.64(t).
Analysis : C1pH1405: Caled. : C, 65.91; H, 7.74
Found : C, 65.79; H, 7.69.

DAM Ring expansion of (132a):

The reaction was performed as described above. Filte-
ration through neutral alumina (elution with 40% ethyl
acetate-hexane) afforded a mixture of bicyclic ketones 138a
and 139a (66%) in a ratio of 61 : 39, The regioisomeric
ketones 138a and 139a were separated by converting them into

ethylene ketal as follows:

Ketalisation of mixture of 138a and 139a:

In an R.B., flask fitted with a Dean-Stark water sepa-
rator was placed regioisomeric mixture of ketones 138a and
139a (150 mg, 1 mmol), ethylene glycol (0.17 ml, 3 mmol),
PPTS (5-10 mg) and benzene. The contents of the flask were
refluxed for 1 h with stirring. The reaction mixture was
cooled and quenched by adding saturated NaHCOj solution (2
ml) and extracted with ethyl acetate (3 x 10 ml),. The
combined organic extract was washed and dried. Removal of
solvent furnished a regioisomeric mixture of ketals which
were separated by column chromatography wusing neutral
alumina. Elution with 8% ethyl acetate-hexane first

furnished ethylene ketal of 139a and on further elution pure
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ethylene ketal of 138a was obtained.

Fthylene ketal of 139a:

mp. : 67-68°C
IR : 2950, 2250, 1130, 1020 cm~!
IH NMR : 6 4.06-3.72 (4H, m, -OCHCH90-), 2.76-2.48 (1H,

m), 2.32-1.20 (10H, series of m).

Ethylene ketal of 138a:

mp. : 83-84°C
IR : 2950, 2250, 1130, 1080 cm-1
IH NMR : 8§ 4,16-3.78 (4H, m, -OCH9CH,0-), 2.82-2.54 (I1H,

m), 2.08-1.16 (10H, series of m).

Hydrolysis of ethylene ketal of (139a):

A mixture of ketal of 139a (32 mg, 0.22 mmol) and
amberlyst-15 (25 mg) in moist acetone (4 ml) was stirred at
room temperature for 2 h, Amberlyst resin was filtered and
the solvent was removed., Filteration through a small silica
gel column (elution with 40% ethyl acetate hexane) furnished
the bicyclic ketone 139a in quantitative yield.

139a:

mp. : 147-148°C
IR : 2950, 2250, 1720, 1110 cm~!
Iy NMR : 8§ 2.93 (1H, m, >CHCN), 2.73 (1H, dd of 1/2 ABq,
(200 MHz) -
Jy = 19 Hez, Jg9 = J3 = 2 Hz), 2.51 (1H, m),

2.41-2,23 (3H, series of m), 2.13-2.00 (1H, m),
1.94-1.60 (4H, series of m).
B¢ nMr : § 213,12, 122,06, 40.88(2C), 31,53, 27.82,
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2014, 24,06, 22.00,
Analysis : CqHy1NO: Caled. : C, 72.45; H, 7.43; N, 9.39
Found : C, 72.38; H, 7.45; N, 9.33.

Hydrolysis of ethylene ketal of (138a):
The reaction was performed as described for ketal of

139a to furnish the bicyclic ketone 138a 1in quantitative

yield.

138a:

mp. : 157-158°C

IR : 2950, 2250, 1720, 1110 cm~!

IH NMR : § 3,05 (1H, ddd, Jy = 11 Hz, Jg = 5.2 Hz, J3 =

(200 MHz)
2.8 Hz, >CHCN), 2.57 (1H, m), 2.46-2,13 (4H,
series of m), 2.03-1.82 (3H, series of m),
1.80-1.62 (2H, series of m).

13c MR @ 6 211.24(s), 121.36(s), 44.59(d), 44.17(1),
30.12(t), 27.11(4d), 25.70(d), 23.06(t),
22.47(t).

Analysis : CgH11NO: Caled. ¢ C, 72.45; H, 7,43; N, 9.39

Found = €, 72.38: H, 7.45: N, 9.33.

DAM Ring expansion of (132b):

The reaction was performed as described above. Filtra-
tion through neutral alumina (20% ethyl acetate-hexane)
afforded a mixture of bicyclic ketones 138b and 139b (72%)
in a ratio of 60 : 40 which were separated by column chroma-
tography using silica gel and elution with 15% ethyl

acetate-hexane.
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138b:
IR : 2950, 1720, 1110 cm~l

I NMR : 63,30 (2H, d, J = 8 Hz), 3.24 (3H, s, -OMe),
2.30-1.40 (10H, series of m), 1.24-0.96 (1H,
m).
13¢ NMR » & 216,77, T4.12, 58,47, 43.70, 43.47, 31.94,
28.82, 27.70, 24.82;, 17,41,
Analysis ¢ C1pH1609+ Caled, 3 €, 71,395 H, 9.59
Found z €, 71,253 H, 9.55.

139b
IR : 2950, 1720, 1110 cm~!
IH NMR : § 3.32-3.20 (5H, m with a distinct s of -OMe at

3.28), 2.24-1,10 (11H, series of m).
Bc NMR ;6 217,59, 75.41, 58.76, 45,41, 42,35, 35,35,
2894, 27,29, 23,23, 13,11,
Analysis : C1oH1609: Caled. : C; 71.39; H, 9.59
Poxind 2 €, 71.253 H, 83.55.

DAM Ring expansion of (133):

The reaction was performed as described above. Filte-
ration through neutral alumina (elution with ethyl acetate)
afforded a mixture of bicyclic ketones 121 and 122 (55%) in
4 ratio of 63 : 37. The regioisomeric mixture of Kketones
wWere separated by converting them into ethylene ketal as

follows:

Ketalisation of mixture of 121 and 122:

The reaction was performed as described above for 138a
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and 139a. The mixture of ketals were separated by columy

chromatography using neutral alumina. Elution with 20%
ethyl acetate hexane furnished ethylene ketal of 121 and op
further elution pure ethylene ketal of 122 was obtained,.

Ethylene ketal of 121:

mp. : 128-129°C
IR . 2900, 1750, 1180, 1110, 1010 cm~!
IH NMR : § 4,40 (1H, dd, J; = 8 Hz, Jg = 10 Hz, -CHy-

0co-), 4.10 (1H, dd, Jy = 3 Hz, Jg = 10 Hg,
-CH90C0-), 3.90 (4H, m, -OCH9CH,0-), 2.98 (IH,
m), 2.76-1,30 (9H, series of m).

L3¢ NMR : 8§ 179.59, 109.71, 70.71, 64.18, 64,06, 40.29,
38.29, 35.64, 33.59, 30.00, 18.17, 16.88.

Ethylene ketal of 122:

mp. : 112-113°C
IR . 2900, 1750, 1180, 1110, 1010 cm~!
IH NMR : 8§ 4,44 (1H, dd, J; = Jy = 10 Hz, =-CH,0CO-),

4,18 (1H, dd, Jy = 4 Hz, Jp = 10 Hz, -CHp0CO-),
3.92 (4H, m, -OCH,CHo0-), 3.18-2.84 (1H, m),
2.84-2.52 (1H, m), 2.36-2.00 (1H, m), 2.00-1.40
(7H, series of m).

13¢c MR : 8§ 179.30, 109.30, 69.82, 64.18, 64.06, 41.12,
40.88, 35.94, 32.17, 28.64, 20.29, 15.06.

Hydrolysis of ethylene ketal of 121:
A mixture ethylene ketal of 121 (64 mg, 0.29 mmol) and
amberlyst-15 (25 mg) in moist acetone (4 ml) was refluxed

for 2 h. Amberlyst was filtered off. Removal of solvent
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and filteration through a small silica gel column (elution
with 25% ethyl acetate hexane) furnished the ketone 121 in

quantitative yield.

lgl’

np. : 190-191°C

IR : 2925, 1760, 1720, 1170, 1000 cm~!

I§ NMR : 8§ 4,46 (1H, dd, J; = J9p = 8 Hz, -CH90CO-), 4.20

(1H, dd, J; = 4 Hz, Jp = 10 Hz, -CHo0CO-), 2.84
(2, m), 2,60 (1H, m), 2,28 (1H, br s), 2,16
(2H, m), 1.80 (2H, 1/2 ABq, J = 12 Hz), 1.64
(2H, 1/2 ABq, J = 12 Hz),

B¢ NMR : 6 212,54, 177,12, 70.29, 43.35, 42.59, 38.41,
3635, 31:29, 18.76, 17.94,

Analysis : C1oH1203: Calecd. : C, 66.65; H, 6,71

FPound » €, 66.58; H, 6.77.

Hydrolysis of ethylene ketal of 122:
The reaction was performed as described above for
ethylene Kketal of 121 to furnish the ketone 122 in quanti-

tative yield.

122z

mp. : 203-204°C

IR : 2925, 1760, 1720, 1170 cm~l

i NMR : 6§ 4.60-4.16 (2H, m, -CHp0CO-), 2.90 (2H, m),
2.6 (1H, m), 2.40-2.08 (3H, m), 2.00-1.60 (4H,
m).

Be MR @ 6 213.01, 177.95, 68.41, 44.76, 43.47, 41.17,

33.00, 30.29, 20.94, 16.70.
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Analysis : CjgH1903: Caled. : C, 66.65; H, 6.71
Found : C, 66.58; H, 6.77.

General procedure for NaBH; reduction of ketones:

A solution of ketone (0.2 mmol) in dry methanol (3 ml)
was cooled in an ice-bath and sodium borohydride (0.2 mmol)
was added to it. The reaction mixture stirred for 15-30 min
till the starting ketone was fully consumed. Reactions were
continuously monitored by tlc. Methanol was removed at room
temperature under reduced pressure and the residue diluted
with water (5 ml). The aqueous layer was extracted with
ethyl acetate (3 x 10 ml) and the combined organic layer
washed and dried. Removal of solvent gave the miXture of
syn- and anti-alcohols in quantitative yield. The product
ratios were determinated by l1H NMR analyses of the crude

reaction mixture,

General procedure for LiAlH,; reduction of ketones:

To a suspension of LiAlH4 (0.1 mmol) in dry ether (5
ml) cooled in an ice-bath, the ketone (0.2 mmol) in ether (2
ml) was added under No. The reaction mixXture was stirred for
15-20 min till the starting ketone was fully cansumed.
Reactions were continuously monitored by tlc. After the
usual work-up, drying, and evaporation of solvent, the crude
mixture was analysed using ly NMR spectroscopy.

In case of the diester 47a, the LiAlH; reduction was

carried out at lower temperature (-23°C).
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General procedure for (t-BuO)3LiAlH reduction:

Same as described above for LiAlH4 reduction.

General procedure for DIBAL-H reduction:

To a solution of ketone (0.2 mmol) in dry dichlorome-
thane cooled to -78°C, DIBAL-H (0.2 ml of 1,2 M solution in
toluene, 0.24 mmol) was added under N and the reaction
mnixture was stirred for 15 min. The reaction was quenched
with MeOH and diluted with dichloromethane, washed and
dried. Removal of solvent furnished a mixture of syn and
anti alcohols (90-95%). The product ratios were determined

by the 1y NMR analyses of the crude reaction mixture,

General procedure for methyllithium addition:

To a solution of ketone (0.2 mmol) in dry ether cooled
in an ice bath, methyllithium (0.3 ml of 1.4 M solution in
ether) was added under N9 and the reaction mixture was
stirred for 15-30 min. The mixture was diluted with ether,
washed and dried. Removal of solvent furnished mixture of
syn and anti tertiary alcohols (85-95%). The product ratios
were determined by the 1§ NMR analysis of the crude reaction

mixture,

NaBH; Reduction of (47a):

The reaction was performed as described in the general
procedure to furnish 65a : 66a (16 : 84) in quantitative
yield. The two isomers were separated by column chromato-
graphy using silica gel and elution with 30% ethyl acetate-

hexane,
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LiAlH; Reduction of (47a):

The reaction was performed at -23°C and as described iy

the general

procedure to furnish 65a : 66a (13 : 87) iy

nearly quantitative yield,

(t-BuO)3LiAlH Reduction of (47a):

The

the general

reaction was performed at 0°C and as described in

procedure to furnish 65a : 66a (23 : 77) in

nearly quantitative yield.

65a:
IR

1y NMR
(Fig.2)

66a:
IR

1y NMR
(Fig.3)

3.46

br s,

bridgehead CH),

Hs ¢).

+ 3400, 2950, 1720, 1190 em~1
: 8§ 4,20 (1H, br s, >CHOH), 3.66 (6H, s, -COOMe),

>CHCOOMe), 2.31 (2H, br s,
1.90-1,.36 (4H, series of m,

s 6 173.71, 79.65, 5147, 44.35, 43:70; 21.35,

C11H1605 :Calcd.: 228.0997 (MT),

¢ 3400, 2950,
¢ § 4,02 (1H, br s,

2.98

bridgehead CH), 1

Found :

1720,

br s,

: Calced.

Found
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197.0813 (M*-0CHj3)
197.0815

1190 cm™!
>CHOH), 3.64 (6H, s, -COOMe),
>CHCOOMe), 2.34 (2H, br s,

.80 (4H, br s, ﬂ5,6).
: 8§ 172,54, 78.35, 51.47, 44.00, 43.47, 20.94.

C11H1605

: 228.0998
: 228,1018,



Methyllithium addition to (47a):

The reaction was performed as described in the general

procedure to furnish 67a : 68a (traces : >90) in 90% yield.

b7a:

mp.
IR
1§ NMR

(Fig.4)

13c NMR

HRMS

68a:

IR

l§ NMR
(Fig.5)

3¢ NMR

HRMS

: 95-96°"C
: 3450, 2950, 1730, 1200 cm~!
: § 3.64 (6H, s, -COOMe), 3.57 (2H, br s,

>CHCOOMe), 2.00 (2H, br s, bridgehead CH),
1.,92-1,50 (4H, series of m), 1.45 (3H, s,
>CMeOH) ,

: § 173.83, 83.77, 51.41, 47.58, 4&45.00, 21,82,

21.06.

: C1oH1805 : Caled. : 242.1154,

210,0892 (M* -CH30H)
Found : 210.0890,

: 3450, 2950, 1730, 1200 cm~l
: 8§ 3.64 (6H, s, -COOMe), 3.10 (2H, br s,

>CHCOOMe ), 2.02 (2H, br s, bridgehead CH), 1.85
(4H, br s), 1.45 (3H, s, >CMeOH).

: § 172,77, 82.83, 51,53, 47.41, 44,29, 22,53,

20.35.

: C1oH1805 : Caled. : 242.1154,

210,0892 (M*—CH3OH)
Found : 210.0895.

NaBH; Reduction of (47b):

The reaction was performed as described in the general
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procedure to furnish 65b

tive yield.

: 66b (60 :

The isomers could not be separated by

40) in nearly quantita.

columy

chromatography but the access to the individual isomers g5}

and 66b was possible through hydrogenation of the

ponding

COrres-

7-norbornenols 95b and 96b respectively which were

obtained by NaBH,; reduction of norbornenone 81b.

65b:
mpo
IR

1y NMR
(500 MHz)

13¢c NMR
HRMS

66b:
IR

1y NMR
(500 MHz)

13¢c NMR
HRMS

: 58-56°C
: 3400, 2900, 1100 cm~!
: 6§ 4,13 (1H, s, >CHOH), 3.55-3.30 (4H, series of

m, -CHyOMe), 3.33 (6H, s, —OMe), 2.66 (2H, br
s, >CHCHoOMe), 2.07 (2H, br s, bridgehead CH),
1.42 (4H, s, Hg g).

: 6 79.35, 70.47, 58.65, 43.47, 36.29, 19.70.

: Caled.: 200.1412
200.1421.

C11H2003
Found :

: 3400, 2900, 1100 cm~!
: 8§ 4,11 (1H, s, >CHOH), 3.55-3.30 (4H, series of

m, -CHoOMe), 3.31 (6H, s, -OMe), 2.25 (2H, br
s, >CHCHoOMe), 2.11 (2H, br s, bridgehead CH),
1.71 (2H, 1/2 ABq, J = 8 Hz, exo-H5 g), 1.48
(2H, 1/2 ABq, J = 8 Hz, gggg—ﬂ5,6).

: § 79.35, 70.00, 58.65, 43.88, 37.06, 19.47.

: Caled. : 200.1412
: 200.1421,

C11H2003
Found
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Methyllithium addition to (47b):

The reaction was performed as described in the 8&eneral
procedure to furnish 67b : 68b (66 : 34) in 90% yield. The
two 1isomers were separated by column chromatography using
silica gel and elution with 15% ethyl acetate-hexane.
67b:

mp. : 81-82°C

IR : 3425, 2950, 1200, 1100 cm~l

IH NMR : § 3.54-3.34 (4H, m, -CHoOMe), 3.32 (6H, s,
(Fig.b)

-OMe), 2.76 (2H, m, >CH-CHoOMe), 1.74 (2H, br
s, bridgehead CH), 1.48 (4H, br s), 1.41 (3H,
s, >CMeOH).

13¢ NMR : § 83.18, 70.77, 58.71, 46,88, 37.82, 21,29,
20.23.
HRMS : CygH9903: Caled. : 214.1568,

182.1307 (M* -CH30H)
Found : 182.1300.

68b:

IR : 3425, 2950, 1200, 1100 cm~!

I NMR : § 3.48-3.32 (4H, m, -CHoOMe), 3.31 (6H, s,

g ~OMe), 2.35 (2H, br s, >CHCHoOMe), 1,76 (6H,
m), 1.46 (3H, s, >CMeOH).

3¢ NMR : 6§ 83,12, 70.65, 58.82, 47.23, 37.65, 20.94,

20, 29,

NaBH, Reduction of (47c¢):
The reaction was performed as described in the general
procedure to furnish 65c : 66c (64 : 36) in quantitative

yield. The isomers were separated by column chromatography
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using silica gel and elution with 4% ethyl acetate-hexane,

LiAlH; Reduction of (47c¢):
The reaction was performed as described in the genera]
procedure to furnish 65c : 66c (66 : 34) in nearly quantita-

tive yield.

65c:

IR : 3200, 2950, 1630, 1070, 910 cm~!

IH MR : 8§ 6,12-5.74 (2H, m, -CH=CH,), 5.14-4.90 (4H, m,

‘Fe.s) ~CH=CHy), 4.18 (IH, s, >CHOH), 3.08 (2H, n,
>CH-CH=CH9), 2.02 (2H, m, bridgehead CH), 1.6
(2H, 1/2 ABq, J = 10 Hz, exo-Hs ¢), 1.44 (2H,
1/2 ABq, J = 10 Hz, endo-Hs g).

13¢c NMR : 8§ 137.94, 116.47, 80.59, 46.88, 43.88, 20.35.

HRMS : C11H160 : Calecd. : 164.1201

Found : 164.1210.

66c:

IR : 3200, 2950, 1630, 1070, 910 cm-l

%giggﬁo) : 8§ 6.04-5,66 (2H, m, —-CH=CH,), 5.12-4.80 (4H, m,
-CH=CHp), 4.14 (1H, s, >CHOH), 2.68 (2H, m,
>CH-CH=CHp), 2.08 (2H, br s, bridgehead CH),
1.72 (4H, br s, Hs ¢).

13¢c NMR : 8§ 136.24, 115.24, 74.59, 45,94, 43.29, 18.76.

Methyllithium addition to (47c):
The reaction was performed as described in the general
procedure to furnish 67c : 68c (73 : 27) in 90% yield. The

two isomers were separated by column chromatography usiné
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silica gel and elution with 5% ethyl acetate-hexane.

b7c:

IR : 3350, 3060, 2950, 1625, 910 cm~1l

IH NMR : 8§ 6.14-5.70 (2H, m, olefinic), 5.16-4.84 (4H,
m, olefinic), 3.22 (2H, m, >CH-CH=CHjp), 1.84-
1.48 (6H, m), 1.44 (3H, s, >CMeOH).

13c NMR : & 138.48, 116.36, 84.24, 50.23, 45.41, 21.35,
20.88

Mass (m/e) : 178 (M* , 1), 160(35), 145(30), 135(52),
98(100), 91(70), 79(94) (from E:Z mixture).

68c:

IR : 3340, 3060, 2950, 1625, 910 cm~!

I NMR : 8§ 6.14-5.70 (2H, m, olefinic), 5.16-4.84 (4H,
m, olefinic), 2.82 (2H, m, >CH-CH=CH,), 1.84-
1.48 (6H, m), 1.52 (3H, s, >CMeOH).

3¢ nMR : 6 138.06, 116.58, 83.47, 50.41, 44.94, 21,47,

NaBH; Reduction of (47d):

The reaction was performed as described in the general
procedure to furnish 65d : 66d (75 : 25) in quantitative
yield, The two isomers were separated by column chromato-

graphy wusing silica gel and elution with 2% ethyl acetate-

hexane,

65d:

IR . 3300, 3050, 2950, 1070, 905 cm~!

%gonua : & 6,04-5.92 (1H, m, -CH=CHp), 5.09-5.03 (2H, m,
0 MHz)

(P 121 ~CH=CHp), 4.15 (1H, s, >CHOH), 2.97 (IH, m,

>CH-CH=CHp), 2.24 (1H, m, >CH-CHoCH3), 2.00
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(1H, s, bridgehead CH), 1.93 (1H, s, bridgehead
CH), 1.68-1,20 (6H, series of m), 0.83 (3H, t,
J =7 Hz, -CH9CHj3).
HRMS : CpqH180 : Calecd. : 166,1358
Found : 166.1356.

66d:
IR : 3300, 3050, 2950, 1070, 905 cm~!
1H NMR : § 5.97-5.83 (1H, m, -CH=CH,), 5.08-4.93 (2H, m,
(300 MHz)

-CH=CH9), 4.11 (1H, s, >CHOH), 2.57 (1H, m,
(Fig.13) B

>CHCH=CH,), 2.04 (1H, s, bridgehead CH), 1.98
(1H, s, bridgehead CH), 1.86 (1H, m, >CH-
CHoCH3), 1.66-1.20 (6H, series of m), 0.78 (3H,
t, J = 7 Hz, -CHoCHj).

NaBH; Reduction of (47e):

The reaction was performed as described in the general
procedure to furnish 65e : 66e (80 : 20) 1in quantitative
yield, The two isomers were separated by column chromato-
graphy using silica gel and elution with 0,.5% ethyl acetate-

benzene,

LiAlH,; Reduction of (47e):
The reaction was performed as described in the general
procedure to furnish 65e : 66e (79 : 21) in nearly quantita-

tive yield.

(t-Bu0)3LiAlH Reduction of (47e):
The reaction was performed as described in the general

procedure to furnish 65e : 66e (71 : 29) in nearly quanti-
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tative yield.

éég:

IR : 3300, 2950, 1070 cm~!

%gigﬁﬁa) : 8§ 4,10 (1H, s, >CHOH), 2.12 (2H, m, >CHCH,CHj),
1.96 (2H, br s, bridgehead CH), 1.68-1.20 (8H,
series of m), 0.81 (6H, t, J = 7 Hz, -CHoCH3).

13¢ NMR ¢+ 8§ 76,65, 43.47, 38.88, 19,11, 18.64, 13.35.

HRMS : Cq1H900 : Calcd. : 168.1514

Found : 168.1514,

bbe:

IR : 3300, 2950, 1070 cm~!

g NMR : § 4,06 (I1H, s, >CHOH), 2.00 (2H, br s,

(Fig.15) -
bridgehead CH), 1.80 (2H, m, >CHCHoCHj3), 1.64-
1.20 (8H, series of m), 0.78 (6H, t, J =7 Hz,
~CH,CH3) .

13¢ NMR : & 80.18, 44.29, 40.12, 18,70, 18.53, 13.17.

HRMS : CyqHopO0 : Caled. : 168.1514

Found : 168.1509.

Methyllithium addition to (47e):
The reaction was performed as described in the general
Procedure to furnish 67e : 68e (83 : 17) in 90% yield.

IR : 3400, 2975, 1160, 1100 cm 1
lH NMR -~ > ? .

: . L 1 ] , CHCH CH , ]-. 3 1.21 13H,
(300 2) § 2.35 2.21 (2H m ) 3) (

series of m with a distinct singlet of >CMeOH
at 1.42), 0.79 (6H, t, J = 7 Hz, -CHpCHj3).

1

JICNMR ;6 83.12, 46.82, 40.53, 21.70, 19.47, 18.94,
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13.29.

HRMS : C19Ho90 : Calcd. : 182.1671
Found : 182.1667.

68e:
IR : 3400, 2975, 1160, 1100 cem~1
IH  NMR : § 1.97-1.87 (2H, m, >CHCHoCH3), 1.77-1.23 (134
(300 MHz) , . 3

series of m with a distinct singlet of >CMeOH

of 1.46), 0.77 (6H, t, J = 7 Hz, -CH9CHj).

13¢c NMR : 8§ 83.23, 47.35, 40,23, 20.41, 20,11, 19.06,
13.23.;
HRMS : CyoH990 : Calecd. : 182.1671,

164.1565 (M*-Hp0
Found : 164,1577.

NaBH; Reduction of (77a):

The reaction was performed as described in the general
procedure to furnish 84a : 85a (<15 : >85) in quantitative
yield., The isomers were separated by column chromatography
using silica gel and elution with 1% ethyl acetate-hexane.
84a:

IR : 3425, 2950, 1110, 890 cm~l
ly NMR :+ 6 4.49 (1H, s, >CHOH), 4.36 (2H, br s, >CH-0-),
(Fig.16) = =

4,04 (2H, 1/2 ABq, J = 9 Hz, -CHp-0-), 3.70
(2H, 1/2 ABq, J = 9 Hz, -CHp0-), 2.52 (4H, br

s).

13¢c NMR : & 78.12, 72.06, 69.00, 50.12, 39.29.
85a:
mp. : 235°C (sublim.)
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IR : 3425, 2950, 1110, 890 cm~!
IH NMR : 8§ 4,17 (1H, s, >CHOH), 4,11 (2H, 1/2 ABq, J = 9

(2?0 Hie) Hz, -CHp0-), 3.99 (2H, dd, Jy = J9 = 2.2 Hg,

Fie1T) GH-0-), 3.78 (2H, dd of 1/2 ABq, Jy = 9 Kz, J
= J3 = 1.8 Hz, -CH90-), 2.83 (2H, br s), 2.56
(2H, m).

13¢c NMR : 8§ 77.06, 69.24, 68.47, 51.23, 39.53.

Analysis  : CgHy903 : Caled. : C, 64.27; H, 7.19
Feund : C, 64,303 H, 7,23,

NaBH; Reduction of (77b):

The reaction was performed as described in the general
procedure to furnish 84b : 85b (36 : 64) 1in quantitative
yield. The two isomers were separated by column chromato-

graphy using silica gel and elution with 10% ethyl acetate-

chloroform.

84b:

IR : 3350, 2925, 1080, 990, 890 cm~!

zgig§§8) . & 4.58 (IH, dd, J| = 7 Hz, Jp = 5 Hz, >CH-0-),

4,26 (1H, br s, >CHOH), 3.79 (1H, d of 1/2 ABq,
J1 = 8 Hz, Jo = 4 Hz, -CHo0-), 3.61 (1H, 1/2
ABq, J) = 8 Hz, —CEQOQ), 2.54-1.76 (5H, series
of m), 1.,34-1.00 (2H, m).

Be mr : § 80.53, 80,00, 75.00, 51.23, 38.70, 36.47,
36.17, 35.59.

85b
mp. : 187-188°C
R : 3250, 2925, 1080, 990, 890 cm~!

201



1H NMR : 8 4,22 (1H, dd, Jy = 7 Hz, Jg = 5 Hz, >CH-0-),

(Fig.19)
4,01 (1H, s, >CHOH), 3.76 (2H, m, -CHq0-),
2.76-2.04 (3H, series of m), 1.92 (1H, br g)
1.80-1.48 (1H, m), 1.32-1.06 (2H, m).

13c ™R : 6§ 79.18, 77.30, 74.18, 51.70, 38.94, 38,06,
37.41, 34.47.

NaBH; Reduction of (77c):

The reaction was performed as described in the general
procedure to furnish 84c : 85c¢ (31 : 69) 1n quantitative
yield. The isomers were separated by column chromatography
using silica gel and elution with 60% ethyl acetate-hexane,
84c:

IR : 3400, 2950, 1760, 1190, 1090, 980 cm™!
IH NMR : § 5,02 (1H, dd, Jy = 7 Hz, J9 = 5 Hz, >CHOCO-),
(200 MHz) -

4,36 (1H, br s, >CHOH), 3.11-3.02 (1H, ),
2.63-2,28 (2H, series of m), 2.13-1.97 (1H, m),
1.95-1.55 (3H, series of m).

13¢c NMR : & 180.92, 81.48, 79.62, 50.51, 40.86, 37.32,
34.15, 30.83.

85c:

IR : 3400, 2950, 1760, 1190, 1090, 980 cm~l

IH NMR : 8§ 4,73 (1H, dd, Jy = 7 Hz, Jp = 5 Hz, >CHOCO-),
(200 MHz)

4.26 (1H, br s, >CHOH), 3.12 (1H, m), 2.80 (IH,
dd, Jy =11 Hz, Jg9 = 5 Hz), 2.59-2.43 (1H, m),
2.31 (1H, m), 1.95-1.55 (3H, series of m).

3¢ NMR : & 181.33, 78.44, 78.26, 51.27, 41.34, 38.40,
35.33, 31.27.
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NaBH; Reduction of (9la):

The reaction was performed as described in the general
procedure to furnish 95a : 96a (45 : 55) 1in quantitative
yield, The two diastereomers were separated by column
chromatography using silica gel and elution with 30% ethyl

acetate-hexane.

95a:
IR : 3450, 3060, 2950, 1730, 1340, 1200 1080 cm~l
IH NMR : § 6.14 (2H, dd, J; = Jp = 2 Hz, olefinic), 3.68
s (1H, s, >CHOH), 3.62 (6H, s, -COOMe), 3.56 (2H,

br s, >CHCOOMe), 2.92 (2H, m, bridgehead CH).
3¢ NMR : & 173.48, 133.53, 82.35, 51,65, 50.18, 45.53,
Analysis : Cq11H1405 : Calcd. : C, 58.40; H, 6.24

Found : C, 58.36; H, 6.26.

96a:
IR : 3450, 3060, 2950, 1740, 1200, 1040 cm~!
I§ NMR : § 6.28 (2H, br s, olefinic), 3.84 (1H, br s,
(Fig.22)

>CHOH), 3.60 (6H, s, -COOMe), 3.28 (2H, br s,
>CHCOOMe), 3.16 (2H, br s, bridgehead CH).
3¢ NMR : § 172.01, 132.18, 85.71, 51.76, 51.65, 45,47,

Methyllithium addition to (9la):

The reaction was performed as described in the general
procedure to furnish 97a : 98a (10 : 90) in 90% yield. The
two 1isomers were separated by column chromatography using
silica gel and elution with 20% ethyl acetate-hexane,
97a:

IR : 3450, 3060, 2950, 1720, 1200 cm~!
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1y NMR
(Fig.23)

13¢c NMR

98a:
IR

1§ NMR
(Fig.24)

13¢ NMR

: 8 172.24,

: § 6.18 (2H, dd, Jy =J9 = 2 Hz, olefinic), 3,y

(2H, br s, >CHCOOMe), 3.59 (6H, s, ~CO0Me)
2.72 (2H, br s, bridgehead CH), 1.34 (3H, s
>CMeOH) .

: § 173.53, 134.71, 89.88, 54.59, 51.53, 46,94,

20.41.

: 3475, 3060, 2950, 1730, 1200 cm~l
: 8§ 6.34 (2H, dd, Jy =J9 = 2 Hz, olefinic), 3.6l

(6H, s, -COOMe), 3.42 (2H, m, >CHCOOMe), 2,90
(2H, m, bridgehead CH), 1.32 (3H, s, >CMeOH).
134,30, 89.88, 55.00, 51.70, 46.06,
18.70.

NaBH4 Reduction of (91b):

The reaction was performed as described in the general

procedure

yield.

furnish 95b : 96b (88 : 12) in quantitative

two diastereomers were separated by column

chromatography using silica gel and elution with 35% ethyl

acetate-hexane.

95b:
IR
1§ NMR

13¢ NMR

Analysis

: C11H1803

3450, 3050, 2900, 1090 cm~!

: 6§ 6.03 (2H, dd, Jy = Jp = 2 Hz, olefinic), 3.64

(1H, br s, >CHOH), 3.32 (6H, s, =-OMe), 3.38-
3.00 (4H, m, -CH9OMe), 2.72 (4H, br s).

: 6§ 134.12, 82.88, 71.94, 58.71, 49,70, 38.17.

: Calcd, : C, 66,.64; H, 9.15
Found : C, 66.45; H, 9.12.
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96b:
IR : 3400, 3050, 2900, 1090 cm-l

I NMR : § 6,16 (2H, br s, olefinic), 3.90 (1H, br s,
>CHOH), 3.28 (6H, s, -OMe), 3.20-2.96 (4H, m,
-CHoOMe), 2.95 (2H, br s), 2.51 (2H, m, >CH-
CHyOMe) .

Methyllithium addition to (91b):

The reaction was performed as described in the general
procedure to furnish 97b : 98b (74 : 26) in 85% yield. The
two 1isomers were separated by column chromatography using

silica gel and elution with ethyl acetate,

97b:

IR : 3425, 3050, 2950, 1090, 720 cm~l

i NMR : § 6,04 (2H, dd, Jy; = J9 = 2 Hz, olefinic), 3.28
(6H, s, -OMe), 3.28-2.80 (6H, series of m),
2.52 (2H, br s, bridgehead CH), 1.30 (3H, s,
>CMeOH) .

e R : 6 135.06, 90.06, 72.18, 58.59, 54.12, 39.70,
20.94.

98b:

IR : 3450, 3050, 2925, 1100 cm~!

W oww : 8§ 6,22 (2H, br s, olefinic), 3.28 (6H, s,
-OMe), 3.18-2.88 (4H, m, -CHpOMe), 2.80-2.48
(4H, m, >CHCH9OMe, bridgehead CH), 1.32 (3H, s,
>CMeOH) .

Be mr : & 134.83, 90.83, 71.94, 58.76, 55.18, 39.35,
18.64.,
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NaBH; Reduction of (9lc):

The reaction was performed as described in the genera]
procedure to furnish 95¢ : 96c (87 : 13) in quantitative
yield, Only the major diastereomer could be obtained by
column chromatography using silica gel and elution with 25%

ethyl acetate-hexane,

93¢

IR : 3400, 3050, 2900, 1090 cm~!

1H R : 6§ 6,00 (2H, dd, Jy = Jp = 2 Hz, olefinic),
4.00-3.72 (4H, m, -CH9O0Ac), 3.66 (1H, br s,
>CHOH), 2.71 (4H, br s), 2.04 (6H, -OCOMe).

13¢c NMR : 8§ 171,30, 134,18, 82.71, 63.76, 49.76, 37.70,

21.00,

NaBH; Reduction of (103a):
The reaction was performed as described in the general

procedure to furnish 1l4a : 115a (44 : 56) in quantitative

yield. The two diastereomers were separated by column
chromatography using silica gel and elution with 40% ethyl

acetate-hexane.

114a:

mp. : 89-90°C

IR : 3400, 3050, 2250, 1300, 1100, 710 cm~l

1 NMR : § 6.24 (1H, dd of 1/2 ABg, Jy = 6 Hz, Jp = 4
(Fig.25)

Hz, J3 = 1lHz, olefinic), 6.08 (1H, dd of 1/2
ABq, Jy = 6 Hz, Jp = 4 Hz, J3 = 1Hz, olefinic),
3.72 (1H, br s, >CHOH), 3.12 (1H, ddd, Jy = 3
Hz, Jy = J3 =4 Hz, >CHCN), 2.93 (lH, m
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bridgehead CH), 2.70 (1H, bridgehead CH), 2.38
(1H, ddd, Jy =12 Hz, Jp = 9 Hz, Jy = 4 Hz,
exo-Hg), 1.35 (1H, dd, Jy = 12 Hz, J9 = 4 Hz,

endo-Hgp) .

3¢ NMR : & 137.83, 131,89, 123.42, 82.41, 49.70, 46.35,
29,53, 24.88,

Analysis  : CgHgNO : Calecd. : C, 71.,09; H, 6,71; N, 10.36

Found ¢ C, Tl.15; H, 6.69; N, 10.25,

115a:

mp. : 44-45°C

IR : 3300, 2250, 1100, 740 cm™!

%gigr:u;&) : 8§ 6.38 (1H, d of 1/2 ABg, J; = 5 Hz, J9 = 3 Hz,
olefinic), 6.22 (1H, d of 1/2 ABq, J; = 5 Hz,
Jo = 3 Hz, olefinic), 3.76 (1H, br s, >CHOH),
3.14 (1H, m, bridgehead CH), 3.02-2.,80 (2H, m,
>CHCN, bridgehead CH), 2.20 (1H, ddd, J; = 12
Hz, J9 =9 Hz, J3 = 4 Hz, exo-Hg), 1.30 (IH,
dd, J) = 12 Hz, J9 = 4 Hz, endo-Hg).

Be MR @ 6 136.01, 129.94, 121.89, 86.06, 50.47, 47.53,
29,70, 24.76.

Analysis : CgHgNO : Caled. : C, 71.09; H, 6.71; N, 10.36

Found : €, 71.21: H, 6.60; N, 10,32,

NaBH, Reduction of (103b):
The reaction was performed as described in the general

Procedure to furnish 114b : 115b (68 : 32) in quantitative

Yleld, The two diastereomers were separated by column

ChITJmatography using silica gel and elution with 20% ethyl
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acetate-hexane.

114b:
IR

1y NMR
(Fig.27)

13¢c NMR

115b:

IR

IH NMR
(Fig.28)

13¢c NMR

: 3400, 3050, 2925, 1700, 1200, 1070 cm~!
: § 6,11 (1H, d of 1/2 ABq, J) = 6 Hz, J9 = 4 Hz,

olefinic), 5.85 (1H, d of 1/2 ABq, J; = 6 Hg,
Jo = 4 Hz, olefinic), 3.66 (1H, br s, >CHOH),
3.64 (3H, s, -COOMe), 3.20 (1H, ddd, J; = 9 Hz,
Jy = J3 = 4 Hz, >CHCOOMe), 2.91 (1H, m,
bridgehead CH), 2.60 (1H, m, bridgehead CH),
2.14 (1H, ddd, Jy = 12 Hz, J9 = 9 Hz, J3 = 4
Hz, exo-Hg), 1.48 (1H, dd, Jy = 12 Hz, Jj

I

4Hz, endo-Hg).

56 176412, 136.53, 131.359; 83.47; 31.65; 49,59,

46.29, 40.70, 25.94.

: 3350, 3050, 2950, 1710, 1200, 1090 cm~!
: § 6.21 (1H, d of 1/2 ABq, J| = 6 Hz, Jp = 3 Hz,

olefinic), 5.96 (1H, d of 1/2 ABq, Jy = 6 Hz,
Jp = 3 Hz, olefinic), 3.84 (1H, s, >CHOH), 3.63
(3H, s, -COOMe), 3.16 (1H, br s, bridgehead
CH), 3.06-2.76 (2H, m, >CHCOOMe, bridgehead
CH), 1.97 (1H, ddd, Jy = 12 Hz, J9 = 9 Hz, J3°
4 Hz, exo-Hg), 1.40 (1H, dd, Jy = 12 Hz, Jg =4
Hz, endo-Hg).

: & 174,36, 134,71, 129,71, 86.94, 51.76, 50.88,

48.23, 40.06, 26.82.

208



NaBH; Reduction of (103c):
The reaction was performed as described in the general

procedure to furnish 1l4c : 115c¢ (72 : 28) in quantitative

yield. The two diastereomers were separated by column
chromatography using silica gel and elution with 2% ethyl

acetate-hexane,

114c:
IR : 3300, 3050, 2950, 2125, 1070 cm~!
IH NMR : 8§ 6.18 (1H, dd of 1/2 ABq, Jy = 5 Hz, Jp = 3
(Fig.29)
Hz, J3 =1 Hez, olefinic), 6.04 (1H, dd of 1/2
ABg, J1 = 5 He, J9 =3 Hey Jy = 1 He,

olefinic), 3.70 (1H, br s, >CHOH), 3.18-2,92
(1H, m, >CH-C=CH), 2.78 (1H, m, bridgehead CH),
2.60 (1H, bridgehead CH), 2.31 (lH, ddd, J; =
11 Hz, J9 = 9 Hz, J3 = 4 Hz, exo-Hg), 1.90 (1H,
d, J = 3 Hz, -C=CH), 1.16 (1H, dd, J; = 11 Hg,
Jo = 4 Hz, endo-Hg).

Bc NMR ;6 136.24, 132.83, 88.35, 83.12, 67.24, 50,94,
46535 Ll 2999

115¢
IR : 3300, 3050, 2950, 2125, 1070 cm~!
§ MR _ _
. : & 6.30 (1H, d of 1/2 ABq, Jq = 5 Hz, Jy = 3 Hz,
(Fig.30) s #] -

olefinic), 6.16 (1H, d of 1/2 ABq, J; = 5 Hz,
J9 = 3 Hz, olefinic), 3.74 (1H, br s, >CHOH),
3.00 (1H, br s, bridgehead CH), 2.94-2.72 (2H,
m, >CH-C=CH), bridgehead CH), 2.15 (1H, ddd, Jj
= 12 Hz, Jp = 9 Hz, J3 = 4 Hz, exo-Hg). 1.90
(14, d, J = 3 Hz, -C=CH), 1.04 (1H, dd, Jj = 12
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Hz, J9 = 4 Hz, endo-Hg).

NaBH, Reduction of (103d):
The reaction was performed as described in the geners]

procedure to furnish 114d : 115d (>90 : traces) in quantita-

tive yield.

114d:
IR : 3300, 3050, 2925, 1070, 910 cm~!
IH NMR : § 6.20-6.00 (1H, m, -CH=CH-), 6.00-5.84 (1H, m,

-CH=CH-), 5.84-5.38 (1H, m, -CH=CHj), 5.14-4,80
(2H, m, -CH=CH,3), 3.68 (1H, br s, >CHOH), 3,12-
2.80 (1H, m, >CHCH=CH,, 2.68-2.48 (2H, n,
bridgehead CH), 2.14 (1H, ddd, Jy = 12 Hz, J =
9 Hz, J3 = 4 Hz, exo-Hg), 0.96 (1H, dd, Jy = 12
Hz, Jp = 4 Hz, endo-Hg).

13¢c NMR : 6§ 142.42, 135.59, 132.48, 113.94, 83.88, 51.76,
46.65, 39.82, 29.29.

NaBH; Reduction of (104a):
The reaction was performed as described in the general
procedure to furnish 116a : 117a (18 : 82) in 907% yield

(based on starting material recovery), The two 1isomers

could not be separated by column chromatography but the
access to the individual isomers was possible through hydro-
genation of the corresponding norbornenols 114a and 1153,
respectively, which were obtained by NaBH; reduction of

norbornenone 103a.
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116a:

mp. low melting

IR : 3250, 2950, 2240, 1090 cm~!

14 NMR : § 4,17 (1H, br s, >CHOH), 3.30-3.02 (1H, m,

(Fig.32) -
>CHCN), 2.52-1.16 (8H, series of m).

13c NMR : § 123.24, 79,30, 43,94, 40.65, 32.70, 27.76,
26.29, 22.17,

Analysis : CgH1|NO : Caled. : C, 70.04; H, 8.08; N, 10.21

Found : C, 69.95; H, 8.00; N, 10.18.

117a:

mp. : 72-73°C

IR : 3250, 2950, 2240, 1090 cm~!

IH NMR : § 3.96 (1H, br s, >CHOH), 2.88-2.60 (1H, m,

(Fig.33) N
>CHCN), 2.34-1.68 (6H, series of m), 1.56-1.26
(2H, m).

B¢ nMR : § 122,06, 78.41, 43,35, 40.00, 32,29, 27.17,
26.11, 22 .06.

Analysis : CgHyiNO : Caled. : C, 70.04; H, 8.08; N, 10,21

Found : C, 69.93; H, 8.11; N, 10,24.

NaBH; Reduction of (104b):

The reaction was performed as described in the general

Procedure

yield,

to furnish 116b :

117b (32 :

two isomers could not be separated by column

68) in quantitative

chromatography but the access to the individual isomers was

POssible through hydrogenation of the corresponding norbor-
Nenols 114b and 115b, respectively, which were obtained by

NaBH, reduction of norbornenone 103b.

211



116b:

IR : 3400, 2950, 1720, 1190, 1070 cm-!

1H NMR : § 4,09 (1H, br s, >CHOH), 3.67 (3H, s, -COOMe),
3.33-3.05 (1H, m, >CHCOOMe), 2.62 (1H, br ),
2.28 (1H, br s), 2.07-1.15 (6H, series of m),

13¢c NMR : 6 176.48, 80.71, 51.59, 44.47, 43,17, 40.82,
28.88, 26.23, 22.06.

117b:
IR : 3350, 2950, 1720, 1190, 1040 cm-!
14 NMR : § 4,02 (1H, br s, >CHOH), 3.67 (3H, s, -COOMe),

2.88-2,60 (1H, m, >CHCOOMe), 2.32 (1H, m), 2.0l
(1H, br s), 1.93-1.58 (4H, series of m), 1,44-
1.16 (2H, m),

13¢ NMR : 6§ 175.07, 79.70, 51.70, 44.17, 42.36, 40,76,
29.00, 26.17, 21.88,

NaBH; Reduction of (104c):
The reaction was performed as described in the general
procedure to furnish 116c : 117c (31 : 69) in 95% yield.

The two stereoisomers were separated by column chromato-

graphy using silica gel and elution with 10% ethyl acetate-

hexane.
116¢c:
IR : 3250, 2925, 1160, 1080 cm~!
IH NMR : § 4,14 (1H, s, >CHOH), 3.24-2,98 (1H, ™
(Fig.34) -
>CHC=CH), 2.46-1.16 (9H, series of m).
117¢c:
IR : 3250, 2925, 1160, 1080 cm~!
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%?1%5) : 6 3.96 (1H, s, >CHOH), 2.73-2.60 (1H, >CH-
C=CH), 2.15-1.72 (5H, series of m), 1.55-1.12
(4H, series of m).

13c NMR : 6 87.06, 79.35, 69.06, 45.12, 40.88, 35.23,
28.06, 26.59, 21.06.

NaBH; Reduction of (118a):
The reaction was performed as described in the general

procedure to furnish 123a : 124a (30 : 70) in quantitative

yield. The two stereoisomers were separated by column
chromatography wusing silica gel and elution with 20% ethyl

acetate-hexane,

(i-Bu)9AlH Reduction of (118a):

The reaction was performed as described in the general
procedure to furnish 123a : 124a (33 : 67) in 90% yield.
123a:

IR . 3450, 2950, 1730, 1440, 1200 cm~l
IH NMR : 8 4,04 (IH, ddd, Jy = 8 Hz, Jp = J3 = 4 Hz,
(Fig.36)

>CHOH), 3.65 (6H, s, -COOMe), 3.29 (1H, 1/2
ABq, J = 10 Hz, >CHCOOMe), 2.99 (1H, 1/2 ABq, J
= 10 Hz, >CHCOOMe), 2.20-1.00 (8H, series of

m).
Be MR @ 6 174.71, 174.13, 68.29, 51.53(2C), 43.66,
36.88(2C), 34.35, 27.92, 20.11, 19.06.
Analysis : CqoHyg05 : Caled. : C, 59.49; H, 7.49
Found : C, 60.05, H, 6.74.
12%a;
IR : 3450, 2950, 1730, 1200 cm~!
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ly NMR : § 4,00 (1H, ddd, Jy = 8 Hz, Jp = J3 = 4 Hz,

(Fig.37)
>CHOH), 3.66 (3H, s, -COOMe), 3.65 (3H, s,
-COOMe), 2.80 (2H, br s, >CHCOOMe), 2.20-1,2
(8H, series of m),

13¢ NMR : 8§ 173.95, 173.53, 68.65, 51.65, 42,88, 41,94,
36.94, 34,12, 27.64, 20.94, 14,23,

NaBH; Reduction of (118b):
The reaction was performed as described in the general

procedure to furnish 123b : 124b (48 : 52) in quantitative

yield. The diastereomeric mixture of alcohols 123b and 124b
were separated by converting them into corresponding

acetates followed PY column separation and hydrolysis.

Acetylation of mixture of 123b and 124b:

To a solution of 123b and 124b (0.2 mmol) in dry
dichloromethane at 0°C was added DMAP (0.22 mmol) followed
by acetic anhydride (0.22 mmol). The reaction mixture was
allowed to warm to room temperature and stirred for 15 min,
The mixture was then diluted with dichloromethane, washed
and dried. Removal of solvent furnished a mixture of
acetates (quantitative yield) which were separated by column
chromatography using neutral alumina. Elution with 10%
ethyl acetate-hexane first furnished syn-acetate derived
from 123b and on further elution pure anti-acetate derived
from 124b was obtained.
syn-acetate (derived from 123b):

IR : 2875, 1720, 1240, 1100, 1010 cm~l
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IH NMR : § 4,90 (1H, ddd, Jy = 10 Hz, Jp = J3 =4 He,
>CHOAc), 3.74-3.38 (4H, m, >CHoOMe), 3.33 (3H,
s, -OMe), 3.32 (3H, s, -OMe), 2.66-1,06 (13H,
series of m with a distinct singlet of
-0COMe at 2.02).

anti-acetate (derived from 124b):

IR : 2875, 1720, 1240, 1100, 1010 cm-1

1§ NMR : 6 4,88 (1H, ddd, Jy; = 10 Hz, Jp = J3 =4 Hz,
>CHOAc), 3.72-3.24 (4H, m, -CHoOMe), 3.32 (6H,
s, =0Me), 2.26-1.20 (13H, series of m with a
distinct singlet of -0COMe at 2.03).

Hydrolysis of syn-acetate: (derived from 123b):

A mixture of syn-acetate and 1.5% methanolic KOH solu-
tion (1 ml) was stirred at room temperature for 20 min,
Methanol was removed under vacuum and water (2 ml) was added
to the mixture. The aqueous layer was extracted with ethyl
acetate (3 x 5 ml) and the combined organic extract was
washed and dried. Removal of solvent and filteration
through a small silica gel column (elution with 50% ethyl

acetate-hexane) furnished the bicyclic alcohol 123b in 90%

yield.

123b:

IR : 3400, 2900, 1110, 960 cm~!

IH NMR : § 3,98 (1H, ddd, J; = 8 Hz, J9 = J3 =4 Hz,

>CHOH), 3.68-3.24 (4H, m, -CHoOMe), 3.32 (6H,
s, -OMe), 2.68-2.32 (1H, m, >CHCHoOMe), 2.32-
1.10 (9H, series of m).
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13¢c NMR : 6 72.12, 71.82, 69.41, 58.53(2C), 38.00, 37.29,
34.41, 30.06, 27.11, 19.23, 18,94,

Hydrolysis of anti-acetate: (derived from 124b):

The reaction was performed as described above for syn-
acetate to furnish the bicyclic alcohol 124b in 90% yield.
124b:

IR : 3400, 2900, 1110, 960 cm~!

1y NMR : 6§ 3,96 (1H, ddd, J; = 8 Hz, Jg = J3 =4 Hz,
>CHOH), 3.66-3.22 (4H, m, -CHoOMe), 3.32 (3H,
s, =-0Me), 3.30 (3H, s, -OMe), 2,20-1,20 (10H,
series of m).

13¢c NMR : § 72,20, 71,53, 70.12, 58.71(2C), 37.88, 36.70,
35.70, 34.41, 27.29, 20.47, 13,88.

NaBH; Reduction of (118c):
The reaction was performed as described in the general

procedure to furnish 123c : 124c (50 : 50) in quantitative

yield. The two isomers were separated by column chromato-
graphy wusing silica gel and elution with 8% ethyl acetate-

hexane.

(i-Bu)9Al1H Reduction of (118c):

The reaction was performed as described in the general
procedure to furnish 123c : 124c (50 : 50) in 90% yield.
123c:

IR : 3350, 3050, 2925, 1020, 990, 910 cm~!
1H NMR : § 5.99-5.88 (2H, m, -CH=CHp), 5.00-4.94 (4H, m,
(500 MHz)

-CH=CHj), 4.04 (1H, ddd, J; = 10 Hz, Jg9 = J3 =
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4 Hz, >CHOH), 2.93 (1H, dd, J1 =J9 = 10 Hz,
>CH-CH=CHj), 2.58 (IH, dd, Jj = Jy 10 Hz, >CH-
CH=CHp), 2.09 (1H, ddd, Jy = 14 Hz, J9 = 9 Hz,
J3 =4 Hz), 1.82 (1H, m), 1,73-1,19 (6H, series

of m).
13¢ NMR : § 140.48, 139.89, 114,83, 114.65, 69,53, 44.59,

38.12, 37.82, 36.76, 31.23, 19.47, 19.00.
Analysis : C1oH180 : Caled. : C, 80.85; H, 10.18

Found : C, 80.80; H, 10,21.

124c:
IR : 3350, 3050, 2925, 1020, 990, 910 cm~!
IH NMR : 8 5.99-5.88 (2H, m, -CH=CHp), 5.02-4.93 (4H, m,
(500 MHz)

-CH=CH9), 4.04 (1H, m, >CHOH), 2.45 (1H, dd, Jy
Jo = 10 Hz, >CH-CH=CHp), 2.38 (1H, dd, Jj =J9
10 Hz, >CH-CH=CHj), 2.09 (1H, m), 1.85-1.25

1

(7H, series of m).
Bc »r : & 140.30, 139.54, 115.06, 114,95, 70.00, 43,59,
42.70, 38.06, 31.06, 20.53, 14.11.

Methyllithium addition to (118c):

The reaction was performed as described in the general
Procedure to furnish 123c, Ry=Me : 124c, Ry=Me (46 : 54) in
92% yield. The two isomers were separated by column chroma-
tography using silica gel and elution with 8% ethyl acetate-
hexane ,
123¢, Ri=Me:

IR : 3375, 3075, 2950, 1120, 1000, 910 cm!
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IH NMR : § 6.16-5,72 (2H, m, -CH=CH,), 5.08-4.82 (4H, p

‘Fie.38) ~CH=CH,), 3.10 (1H, dd, J; = Jg = 10 Hz, >Cj-
CH=CHp), 2.58 (1H, dd, Jy = Jp = 10 Hz, >CH-
CH=H9), 1.84-1.10 (11H, series of m with 4
distinct singlet of -Me at 1.38).

13¢c NMR : & 140,66, 140.23, 114,84, 114,77, 71.82, 44,41,
43.39, 42.29, 38.35, 32.50, 30.22, 19,32,

1P. %3

Analysis : Cy3Hop0 : Calcd. : C, 81.20; H, 10.48

Found : C, 81.10; H, 10.81.

124¢c, Ry=Me:

IR : 3375, 3075, 2950, 1120, 1000, 910 cm~1

IH NMR : 6§ 6.15-5.72 (2H, m, -CH=CH,), 5.08-4.80 (4H, m,

(Fie.39) -CH=CH,), 2.59 (1H, dd, Jj = Jg = 10 Hz, >CH-
CH=CHp), 2.46 (1H, dd, Jj; = Jp = 10Hz, >CH-
CH=CHp), 1.86-1,12 (11H, series of m with a
distinct singlet of -Me at 1.38).

13¢c NMR : § 140.46, 139.98, 115.00, 114,88, 71.91, 44,45,
43.78, 42,65, 41.05, 32,53, 30.00, 19451,
15.58.

NaBH; Reduction of (118e):
The reaction was performed as described in the general

procedure to furnish 123e : 124e (61 : 39) in quantitative

yield.

(i-Bu)9AlH Reduction of (118e):
The reaction was performed as described in the general

procedure to furnish 123e : 124e (65 : 35) in 90% yield.
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The pure isomers 123e and 124e were obtained by hydro-
genating the corresponding divinyl derivatives 123c¢ and
124¢c, respectively.,

Hydrogenation of 123c:

A solution of divinyl alcohol 123c¢ (15 mg, 0.08 mmol)
in dry ethyl acetate (2 ml) was shaken in Parr hydrogenation
apparatus over PtOo (2 mg) at a hydrogen pressure of 40 psi.
After 20 min, the catalyst was filtered and the solvent was
removed to furnish diethyl alcohol 123e (15 mg, 100%).
123e:

IR : 3350, 2925, 1460, 1030 cm~!

IH NMR : 8§ 3.97 (1H, ddd, Jy = 10 Hz, Jp = J3 =4 Hz,
>CHOH), 2.24-1,80 (2H, m), 1.80-1.06 (12H
series of m), 0.85 (3H, t, J = 7 Hz, -CHy-CHj),
0.82 (3H, t, J = 7 Hz, -CHyCHj).

13¢ NMR : § 70.24, 40,59, 38.70, 35.53(2C), 33.00, 27.64,
20.94, 20.47, 18.82(2C), 13.29.
Analysis : Cy9H1990 : Caled. : C, 79,065 H, 12.16

Found : C, 79.45; H, 12.29,

Hydrogenation of 124c:
The reaction was performed as described above for 123c
to furnish diethyl alcohol 124e in quantitative yield.
124e:
IR : 3350, 2925, 1460, 1030 cm~!
i NMR : 6§ 3,94 (1H, ddd, Jy; = 10 Hz, J9p = J3 =4 Hez,
>CHOH), 2,40-1.82 (2H, m), 1.82-1,06 (12H,
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series of m), 0.85 (3H, t, J = 7 Hz, -CH,CHjy),
0.82 (3H, J = 7 Hz, -CH9CHj3).
3¢ MR : 6 71.06, 39.76, 38.65, 38.47, 35,06, 27,82,
21.00, 20.41, 20.06, 13.58, 13.47, 13.35.
Methyllithium addition to (118e):

The reaction was performed as described in the general
procedure to furnish 123e, Rj=Me : 124e, Ry=Me (66 : 34) in
852 yield. The individual isomers 123e, Rj=Me and
124e, Ry=Me were obtained by hydrogenating the corresponding
divinyl alcohols 123c¢c, Ry=Me and 124c, Rj=Me respectively as
described above for 123c, Ry=H.

123e, Ryp=Me:
IR : 3350, 2950, 1460, 1110 cm~!
IH NMR : 8§ 2.12 (1H, m), 1.70-1.07 (16H, series of n
(300 MHz)
with a distinct singlet of -Me at 1.34), 0.86
(3H, J = 7 Hz, -CHoCH3), 0.84 (3H, t, J = 7 Hz,
13¢c NMR : 8 77.22, 44,92, 40.03, 39.49, 34.17, 30.27,

28.98, 20,89, 20.50, 18.63, 17.14, 13.32 (2C}.
124e, Ryi=Me:

IR : 3350, 2950, 1460, 1110 cm~!
Iy NMR : 6§ 1.82-1,19 (17H, series of m with a distinct
(300 MHz)

singlet of -Me at 1.32), 0.86 (3H, t, J = 7 Hz,
-CH9CH3), 0.83 (3H, t, J = 7 Hz, -CHp-CH3).

13¢c NMR : 8§ 72.57, 44,92, 39.92, 39,64, 37,03, 30.03,
28.82, 20.97, 20.66, 18.98, 14.96, 13.39,
13.28.

220



NaBH; Reduction of (119b):

The reaction was performed as described in the general
procedure to furnish syn : anti (35 : 65) alcohols in
quantitative yield.

(i-Bu)9AlH Reduction of (119b):
The reaction was performed as described in the general

procedure to furnish syn : anti (34 : 65) alcohols in 95%

yield.

syn-alcohol:

IR : 3400, 2950, 1730, 1200 cm~!

I NMR : § 4.05-4,00 (1H, m, >CHOH), 3.69 (3H, S,
(500 MHz)

-COOMe), 3.04 (1H, m, >CHCOOMe), 2.07-1,22
(10H, series of m) (from syn : anti mix),.
3¢ MR : 6§ 176,06, 68.71, 51.59, 36,53, 36.29, 35,41,
27.94, 23,94, 19.70 (from syn : anti mix).
Analysis : C1oH1603 : Caled. : C, 65.19; H, 8.75
Fourid = '€, 65.25; H, 8.72;

anti-alcohol:

IR : 3350, 2950, 1730, 1200 cm~l
IH NMR : 6§ 4.05-4.00 (1H, m, >CHOH), 3.70 (3H, s,
(500 MHz)

-COOMe), 2.51 (1H, m, >CH-COOMe), 2.,07-1.22
(10H, series of m) (from syn : anti mix).

3¢ NMR ¢ & 172,30, 69,12, 51.76, 40,12, 34,64, 26,32,
24.32, 24.53, 14,76 (from syn : anti mix).

NaBH; Reduction of (120b):
The reaction was performed as described in the general

procedure to furnish syn : anti (38 : 62) alcohols in
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quantitative yield.

(i-Bu)9AlH Reduction of (120b):
The reaction was performed as described in the genera)

procedure to furnish syn : anti (39 : 61) alcohols in 95Y%

yield.

syn-alcohol:

IR : 3300, 2950, 1730, 1190 cm~!

IH NMR : § 3.97 (1H, m, >CHOH), 3.68 (3H, S, -COOMe),
(500 MHz) ~ T

2.67 (1H, m, >CHCOOMe), 2.13-1,18 (10H, series
of m) (from syn : anti mix).

13¢c nMr s & 176,48, ©B.35; 51.65, 41.17, 37.76, 31.23,
28.00, 22,70, 21.00, 20.29 (from syn : anti

mix) .
Analysis : C1opH1603 : Caled. : C, 65.19; H, 8.75
Found : C, 65.25; H, 8.71.
anti-alcohol:
IR : 3300, 2950, 1730, 1190 cm~!
ly NMR : § 3.97 (1H, m, >CHOH), 3.68 (3H, s, -COOMe),
(500 MHz) -~
2.45 (1H, m, >CHCOOMe), 2.13-1.18 (10H, series
of m) (from syn : anti mix).
13c MR : 6§ 176.36, 68.71, 51.65, 40.65, 37.35, 31.64,
28.35, 25.88, 21.47, 17.76 (from syn : antl

mix).

NaBH; Reduction of (121):
The reaction was performed as described in the genera1

procedure to furnish syn : anti (34 : 66) alcohols in quan”
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titative yield. The two isomers were separated by column
chromatography wusing silica gel and elution with 30% ethyl
acetate-hexane,

§19-a1c0h01:

np. : 161-162°C
IR : 3450, 2900, 1745, 1200, 1030 cm~!
Iy NMR : 8 4,44 (1H, dd, J; = J9p = 10 Hz, -CHp0CO-),

4.14 (1H, dd, J; = Jo = 10 Hez, -CH90CO-), 3.94
(1H, m, >CHOH), 3.06 (1H, dd, Jy = 12 Hz, Jy =
4 Hz, >CHCOO-), 2.72 (1H, m, >CHCH90-), 2.34-
1.14 (8H, series of m).
Analysis : C10H1403 : Caled. s €, 65,913 R, 7.74
Found : C, 66.10; H, 7.78.

anti-alcohol:

mp. : 168-169°C
IR : 3450, 2900, 1750, 1200, 1010 cn~!
IH NMR : 8 4.44 (1H, dd, Jy = 10 Hz, Jp = 8 Hz, -CH90CO-

), 4.24-3.90 (2H, m, -CHpOCO-; >CHOH), 2.62
(2H, m), 2.20-1.14 (8H, series of m).

3¢ NMR : 6§ 179.18, 70.94, 68.12, 40.29, 35.88, 35.53,
33.64, 28.35, 19.23, 14.29,

NaBH; Reduction of (122):
The reaction was performed as described in the general

procedure to furnish syn : anti (39 : 61) alcohols in quan-

titative yield. The two isomers were separated by column
chromatography using silica gel and elution with 30% ethyl

acetate-hexane.
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syn-alcohol:

mp. : 170-171°C
IR : 3500, 2900, 1750, 1200, 1030 cm~!
IH NMR : & 4.47 (1H, dd, Jy = J9 = 9 Hz, -CH90CO0-), 4,17

(1H, dd, Jy; = 4 Hz, Jo = 9 Hz, -CH90CO-), 4,04
(1H, m, >CHOH), 3.10 (1H, m, =CHCHp0-), 2.77
(1H, m), 2.63 (1H, m), 2.36-1.20 (7H, series of

m).

13¢c NMR : & 180.01, 70.41, 67.71, 41.53, 36.76, 35,29,
28.88, 26.64, 20.29, 17.58.

Analysis : C10H1403 ¢ Caleds = €, 65,913 R, T.74

Found ¢ C, 66.15: B, 7.72.

anti-alcohol:

mp. : 176-177°C
IR + 3475, 2900, 1740, 1200, 1000 cm~!
1 NMR : 8§ 4,60-4.16 (2H, series of m, =-CHp0-), 3.%8

(1H, m, >CHOH), 2.60 (2H, m), 2.20-1.36 (8H,
series of m),.

13c NMR : § 179.59, 69.88, 67.88, 41.06, 36.70, 34.76,
34.64, 26.76, 21.23, 12.70.

General procedure for the Wittig alkenylation of 7-norborma-
nones 47a,b,e:

To a suspension of methyltriphenylphosphoniumbromide
(1.07 g, 3 mmol) in dry benzene (5 ml) was added freshly
sublimed sodium t-amyl oxide (165 mg, 1.5 mmol) in benzene
(3 ml) and the reaction mixture was stirred for 15 min 3!

room temperature. To the canary yellow ylide that formed
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immediately was added the 7-norbornanone derivative (1 mmol)
and stirring was continued for 15 min., The reaction was
quenched with water (5 ml) and the organic layer was sepa-
rated. The aqueous layer was extracted with ethyl acetate
(3x10 ml), The combined organic layer was washed and dried.
The solvent was evaporated and the residue was purified by

column chromatography using silica gel (70-80%).

In the case of diester 47a, 20-30% of epimerisation at

€y center occurred resulting in a mixture of endo, endo- and

exo, endo- isomers. The two isomers were separated by
column chromatography using silica gel and elution with - 2%

ethyl acetate-hexane.

Dimethyl-7-methylenebicyclo[2.2.1]heptane-2,3-endo,endo-
dicarboxylate (1l44a):

IR . 3050, 2950, 1730, 1200 890 cm~!

lH NMR : 8§ 4.66 (2H, s, olefinic), 3.64 (6H, s, -COOMe),
3.02 (2H, br s), 2.64 (2H, br s), 1.94-1.34
(4H, m).

3¢ NMR : 8§ 172.59, 155.65, 98.77, 51.47, 45.70, 43.17,
23.29.

Analysis : C1oH1604 : Calcd. : C, 64.27; H, 7.19
Found = C, 64,283 H, 7,117,

2,3-endo,endo-Bis (methoxymethyl)-7-methylenebicyclo[2.2.1]-
heptane (144b):

IR : 3050, 2925, 1110, 950, 880 cm~!

1 R : 8§ 4,56 (2H, s, olefinic), 3.46-3.30 (4H, m,
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CHoOMe), 3.29 (6H, s, -CHoOMe), 2.44-2.12 (4§,
m), 1.50 (4H, m).

13¢ NMR : 8§ 158.47, 96.71, 70.24, 58.71, 42.82, 139,06,
21.35.
HRMS : C1oH9p0o : Calecd. : 196.1463

Found : 196.1471.

2,3-endo,endo-Diethyl-7-methylenebicyclo[2.2.1]heptane
(144e):

IR : 3050, 2950, 1460, 890 cm~!

IH NMR : & 4.58 (2H, s, olefinic), 2.28 (2H, br s), 1.84
(2H, m), 1.62-1.10 (8H, m), 0.83 (6H, t, J = &
Hz).

13c NMR : § 160.36, 95.47, 43.23, 42.23, 20.76, 19.00,
13.29.

HRMS : CygoHgp : Calcd. : 164.1565

Found : 164.1593,

General procedure for the epoxidation l44a,b,e:

To a mixture of 7-methylenenorbornane derivative (0,2
mmol) and Naj9CO3 (212 mg, 0.2 mmol) in dry dichloromethane,
at ice-bath temperature, m-CPBA (0.24 mmol) was added and
the reaction mixture was stirred for 30-45 min. Water was
added, the organic layer was separated and the aqueous layer
was extracted twice with dichloromethane, The combined
organic layer was washed with saturated NaHCO3 solution and
dried. Solvent was evaporated and the crude residue was

analysed by 1y NMR spectroscopy.
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Epoxidation of (l44a):
The reaction was performed as described in the general

procedure to furnish 145a : 146a (74 : 26) in 80% yield.

The two 1somers were separated by column chromatography
using silica gel and elution with 15% ethyl acetate-hexane.
145a:

IR : 2950, 1730, 1340, 1190, 1050 cm~l
IH NMR : § 3.68 (6H, s, =-COOMe), 3.42 (2H, br s,
(Fig.41)
>CHCOOMe), 3.02 (2H, s, -CHp-0-), 2.04-1.60
(6H, m).
B3¢ NMR : § 172.59, 72.47, 51.65, 50.41, 45.06, 41,59,
21.70.
HRMS : C1oH1605 : Calcd. : 240.0998
Found : 240.0982.
l46a:
IR : 2950, 1730, 1340, 1190, 1050 cm~l
Iy NMR : § 3.68 (bH, s, -COOMe), 3.24 (2H, br s,
(Fig.42) -

>CHCOOMe), 3.02 (2H, s), 1.95 (6H, br s).

Epoxidation of (144b):

The reaction was performed as described in the general
procedure to furnish 145b : 146b (45 : 55) in 80% yield.
145b:

IR : 2925, 1200, 1110, 960 cm~!
lH NMR : 6 3.58-3.39 (4H, m, -CHoOMe), 3.34 (6H, s,
(300 MHz) —

-OMe), 2.98 (2H, s, -CHp-0-), 2.73 (2H, br s,
>CH-CHoOMe), 1.84-161 (6H, m) (from syn : anti

mix).
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13¢ NMR
146b:
IR

NMR
(300 MHz)

13¢c NMR

: & 69.71, 58,65, 49,94, 41.12, 38,06, 20.00.

: 2925, 1200, 1110, 960 cm~l
: 8 3.58-3.39 (4H, m, -CHpOMe), 3.34 (6H, s,

-OMe), 3.03 (2H, s, -CH9-0-) 2.52 (2H, s, >CH-
CHoOMe), 1.84-1.61 (6H, m) (from syn : anti

mix).

: 6§ 69,88, 58,76, 50.06, 40.82, 37.53, 20,82,

Epoxidation of (l44e):

The reaction was performed as described in the general

procedure to furnish 145e : 146e (30 : 70) in 85% yield.

145e:
IR

1y NMR
(300 MHz)

HRMS

146e:
IR

I1H NMR
(300 MHz)

: 2950, 1380, 960 cm~!
: § 2,98 (2H, s, -CHp-0-), 2.26 (2H, m, >CH-

CHoCH3), '1.72-1.25 (10H, m), 0.81 (6H, t, J =7

Hz) (from syn : anti mix).

: CygHo0O : Calcd. : 180.1514

Found : 180.1508.

: 2950, 1380, 960 cm~!
: § 3.01 (2H, s, -CHp-0-), 2.04 (2H, m, >CH-

CHpCH3), 1.72-1.25 (10H, m), 0.79 (6H, t, J =7

Hz) (from syn : anti mix).

General procedure for the hydroboration of 1l44a,b,e:

Into

nitrogen

a 25 ml three necked R.B. flask equipped with a

inlet, bubbler, and mercury seal was introduced 3
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ml of dry THF and the flask was cooled to -78°C,. Diborane,
generated by the addition of a solution of I in diglyme to
a suspension of NaBH, in diglyme, was bubbled through THF
for 5 min. Then, the 7-methylenenorbornane derivative (0.1
mmol) din dry THF (2 ml) was added to the diborane solution
and stirring continued for 30 min at room temperature. The
reaction mixture was cooled to 0°C and a solution of 3N NaOH
(0.15 ml) followed by 30% Hp07 (0.5 ml) were added. The
niXture was stirred further for 4 h at room temperature, It
was then saturated with solid NaCl and the organic layer was
separated. The aqueous layer was extracted with ethyl
acetate (3 x 5 ml) and the combined organic layer was washed
and dried. Removal of solvent furnished a mixture of syn-
and anti-primary alcohols. The product ratios  were
determined by the l1H NMR analysis of the <crude reaction

mixture.

Hydroboration of 144a:

The reaction was performed as described in the general
procedure to furnish 147a : 148a (41 : 59) in 80% yield.
147a:

IR . 3400, 2950, 1730, 1190 cm~!
i NMR : 6§ 3,70 (2H, d, J = 8 Hz, -CH9OH), 3.65 (6H, s,
(Fig.43) -

-COOMe), 3.10 (2H, br s, >CHCOOMe), 2.48 (2H,
br s, bridgehead CH), 2.07 (1H, t, J = 8 Hz,
>CHCH20H), 2.00-1.44 (4H, m, Hs ¢).

Be NMR ;6 173.12,  60.29, 54.06, 51.53, 44.35, 41.17,
(Fig.44)
24 .64,
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148a:

IR : 3400, 2950, 1730, 1190 cm~l
ly NMR : § 3.67 (2H, d, J = 8 Hz, -CHoOH), 3.66 (6H, s,
(Fig.45)

-COOMe), 3.04 (2H, br s, >CHCOOMe), 2.49 (2i,
br s, bridgehead CH), 1.97 (lH, t, J =8 Hz),
1.94-1.50 (4H, m).

13¢c NMR : 6 172.83, 60.41, 53.65, 51.47, 47.18, 41.17,
(Fig.46) 51 g

Hydroboration of 144b:

The reaction was performed as described in the general
procedure to furnish 147b : 148b (56 : 44) in 90% yield.
147b:

IR : 3400, 2950, 1200 cm~!

1H NMR : § 3.68 (2H, d, J = 8 Hz, -CH,0H), 3.38 (4H, n,
-CHoOMe), 3.28 (6H, s, -OMe), 2.46-2,02 (4H,
m), 1.92 (1H, t, J = 8 Hz, >CHCHo0H), 1.42 (4H,

br s) (from syn : anti mix).

13¢c NMR : § 70.65 60,06, 58.71, 53.47, 40.47, 37.29,
22.88.

148b:

IR : 3400, 2950, 1200 cm-!

IH NMR : 8§ 3.56 (2H, d, J = 8 Hz, -CHoOH), 3.38 (4H, ™

-CHoOMe), 3.27 (6H, s, -OMe), 2.46-2.02 (4H,
m), 1.92 (1H, t, J = 8 Hz, >CHCHoOH), 1.42 (4H,
br s) (from syn : anti mix).

13c NMR : 6§ 70.41, 60.06, 58.71, 53.47, 40,47, 19.94.
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Hydroboration of lé44e:

The reaction was performed as described in the general
procedure to furnish 147e : 148e (68 : 32) in 90% yield.
147e:

IR : 3325, 2975, 1030 cm~!
1

H NMR : § 3.74 (2H, d, J = 7.5 Hz, -CH9OH), 2.08 (2H,

(500 MHz)
br s), 1.88 (1H, t, J = 7.5 Hz, >CHCH9OH), 1.81
(2H, m), 1.46-1,21 (8H, m), 0.78 (6H, t, J =
7.3 Hz, -CH9CH3) (from syn : anti mix).

3¢ NMR : § 60.88, 53.00, 40.47, 39.65, 22.17, 18.94,
13.35.

Analysis : Cy9H990 : Calcd. : C, 79.06; H, 12.16

Found : C, 78.89; H, 12.10.

148e:

IR : 3325, 2975, 1030 cm~!

lH NMR : § 3.64 (2H, d, J = 7.5 Hz, -CHoOH), 2.08 (2H,

(500 MHz)
br s), 1.88 (1H, t, J = 7.5 Hz), 1.81 (2H, m),
1.46-1.21 (8H, m), 0.78 (6H, t, J = 7.3 Hz,
-CH9CH3) (from syn : anti mix).

3c MR : 6 61.71, 53.41,43.41, 40.47, 19.17, 18.94,

13.23.

General procedure for the oxymercuration-demercuration
1443 b e:

—_—2
To a solution of 7-methylenenorbornane derivative (0.2
Mmol) in THF (1 ml) was added a solution of Hg(0Ac)y (0.21

mol) in water (1 ml). Catalytic amount of acetic acid was
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added and the reaction mixture was stirred at room tempera-
ture for 2-4 h. The reaction was continuously monitored by
tlc till all the starting material had been consumed. The
reaction mixture was then treated with 3M solution of Naoj
(0.2 ml) followed by 0.5 M solution of NaBH,; in 3M NaOH (0,
ml) and stirred further for 20-30 min. The mixture wyag
saturated with solid NaCl and extracted with ethyl acetate
(3 x 5 ml). The combined organic extract was washed and
dried. The solvent was removed and the crude mixture of

tertiary alcohols was analysed by 1y NMR spectroscopy.

Oxymercuration—-demercuration of (144a):

The reaction was performed as described in the general
procedure to furnish 67a as the major product (>95%) in 72%
yield. IH NMR of the crude mixture did not indicate the
presence of other isomer 68a. The analytical data for 67a
and 68a 1is given under the procedure for methyllithium

additions.

OXymercuration—demercuration of (144b):

The reaction was performed as described in the general
procedure to furnish 67b : 68b (40 : 60) in 90% yield. The
two 1somers were separated by column chromatography using
silica gel and elution with 25% ethyl acetate-hexane, The
analytical data for 67b and 68b is given under procedure for

methyllithium additions.

Oxymercuration—demercuration of (1l44e):

The reaction was performed as described in the general

232



procedure to furnish 67e : 68e (17 : 83) in 85% yield. The
analytical data for 67e and 68e is given under procedure for
methyl lithium additions.
5-endo—-Cyano-7-isopropylidenebicyclo[2.2.1]hept-2-ene
(1229)5?5;‘;,

A mixture of 6,6-dimethylfulvene (11 g, 103 mmol) and
acrylonitrile (5 g, 94 mmol) was kept in the dark at room
temperature for four weeks, during which time 2.5 g of pure
endo isomer 152a crystallised out. The mother liquor (8 g,

70% total yield) contained a mixture of endo and exo-

isomers.

mp. : 87-88°C

IR : 3050, 2900 2250, 1445, 1370, 725 cm~l

5 NMR : § 6.49 (1H, d of 1/2 ABq, J; = 6 Hz, Jy = 3 Hz,
(200 MHz)

olefinic), 6.35 (1H, d of 1/2 ABq, J; = 6 Hz,
Jg =3 Hz, olefinic), 3.66 (1H, m, bridgehead
CH), 3.43 (1H, t, J = 3 He, bridgehead CH),
2.80 (1H, ddd, Jy = 9 Hz, Jp = J3 = 4 Hz, >CH-
CN), 2.19-2.06 (1H, ddd, J; = 3.6 Hz, Jo = 9.4
Hz, J3 = 11.4 Hz, exo-Hg), 1.55 (6H, s, -Me),
1.41 (1H, dd, Jy = 11.4 Hz, Jp = 4 Hz, endo-
Hg).

3¢ NMR : § 144,77(s), 139.42(d), 133.36(d), 122.65(s),
111.18(s), 45.,06(d), 41.83(d), 32.70(t),
26.70(d), 19.53(q), 19.41(q).

2-endo-Cyano-7-isopropylidenebicyclo[2.2.1]heptane (154a):
To a solution of 152a (1.12 g, 7.04 mmol) in 5 ml of
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dry ethanol was added CuSO,.5H70 (55 mg, 0.22 mmol) and 99%
hydrazine (4.5 g, 141 mmol). OXygen gas was bubbled through
the reaction mixture at room temperature with stirring for
20-30 min. Ethanol was removed under vacuum and the residue
was diluted with water. The aqueous layer was eXtracted
with ether (3 x 35 ml). The combined organic layer was
washed with 5% HCl1 and dried. Removal of solvent and filte-
ration through a silica gel column furnished 154a (900 mg,
80%).

mp. : 82-83°C

IR : 2950, 2275, 1450, 1380 cm~l

IH NMR : § 2,87 (1H, dd, J; = J9 = 4 Hz, bridgehead CH),
(200 MHz) =

2.63-2.76 (2H, m, bridgehead CH, >CHCN), 2.09-
1.78 (2H, series of m), 1.64 (6H, s, gem-Me),
1.64-1.34 (4H, series of m).

13¢ NMR @ & 139.30(s), 122.65(s), 117.30(s), 38.82(d),
35.64(d), 35.00(t), 29.06(d), 28.64(t),
24.35(t), 20,53(2C.,q).

2-exo-cyano-7-Isopropylidenebicyclo[2.2.1]heptane (137a):
The mixture of exo- and endo-5-cyano-7-isopropylidene-
bicyclo[2.2.]1)heptane-2-enes obtained from the Diels-Alder
reaction of fulvene and acrylonitrile were partially reduced
as described above for 154a using diimide. The eXxo- and
endo-isomers were separated by column chromatography using
silica gel. Elution with 2% ethyl acetate-hexane furnished
first the endo-isomer (154a) further elution of the colum

gave exo-isomer (137a).
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mp . : Low melting

IR : 2950, 2275, 1450, 1380 cm~!

IH NMR : 6§ 2.92 (1H, br s, bridgehead CH), 2.7 (1H, br
s, bridgehead CH), 2.44 (1H, dd, Jy = Jg9 = 6

Hz, endo-H9), 1.84-1,20 (7H, series of m), 1.74
(3H, s, gem-Me), 1.70 (3H, s, gem-Me).

3¢ NMR : 6§ 138.01(s), 123.18(s), 118.71(s), 40.76(d),
35.29{(t), 35.00(d), 30.47(4), 28.00(t),
27.88(t), 20.64(q), 20.53(q).

Methyl 7-isopropylidenebicyclo[2.2.1]hept-2-ene~5-carboxy-
late: 152b and l§§Q75

A solution of 6,6-dimethylfulvene (8 g, 75.4 mmol) and
methyl acrylate (6.45 g, 75 mmol) in THF (9 ml) was heated
at reflux temperature for 16 h. THF was removed under
vacuum, The residue was charged on alumina (neutral)
column. Elution with 1% ethyl acetate hexane first gave
exo-isomer 153b followed by few mixture fractions and then

endo-isomer 152b (total yield: 10.1 g, 70%).

endo-152b:
mp. : 44°C
IR : 3050, 2900 1725, 1440, 1380, 1030, 725 cm~l
IH NMR : 6§ 6.34 (1H, d of 1/2 ABg, Jy = 6 Hz, Jp = 3 Hg,
(200 MHz)
olefinic), 6.08 (1H, d of 1/2 ABq, J; = 6 Hz,
Jp = 3 Hz, olefinic), 3.70-3.63 (1H, m,

bridgehad CH), 3.63 (3H, s, -COOMe), 3.32 (lH,
m, bridgehead CH), 2.89 (1H, ddd, Jy; = 9 Hz, J3
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= J3 = 4 Hz, >CHCOOMe), 1.91 (1H, ddd, J; -
11.4 Hz, J9 = 9 Hz, J3 = 4 Hz, exo-Hg), 1,5
(3H, s, gem-Me), 1.54 (3H, s, gem-Me), 1,50
(1H, dd, Jy = 11.4 Hz, Jp = 4 Hz, endo-Hg).
13¢c NMR @ § 171.77, 147.42, 138.18, 132.89, 108.4],
51.47, 45.18, 42.47, 42.23, 29.70, 19.35,

exo-153b:

IR : 3050, 2900, 1725, 1440, 1380, 1030, 725 cm-!
1H NMR : 6§ 6.34-6.22 (2H, m, olefinic), 3.66 (3H, s,
(200 MHz)

-COOMe), 3.56 (1H, st s, bridgehead CH), 3.33
(1H, br s, bridgehead CH), 2.30 (1H, dd, J; =
9.4 Hz, Jg = 4.4 Hz, >CHCOOMe), 1.94 (1H, dd,
Ji = 11.4 Hz, J9 = 4.4 HZz), 1.57 (3H, s, gen-
Me), 1.55 (3H, s, gem-Me), 1.45 (1H, dd, J; =
9.4 Hz, J9 = 11.4 Hz)

13c MR : § 175.59,  145.54, 138.48, 135.94,  110.30,
51.59, 45.65, 43.29, 41.47, 30.25, 19.53.

Methyl 7-isopropylidenebicyclo[2.2.1]heptane-2-endo-carboxy-
late 154b:

To a solution of 152b (600 mg, 3.13 mmol) in 5 ml of
dry ethanol was added CuSO4.5H70 (30 mg, 0.12 mmol) and
hydrazine (2 g, 62.5 mmol). Oxygen was bubbled through the
reaction mixture at room temperature with stirring for 20-30
min. Ethanol was removed under vacuum and the residue Wwas
diluted with water. The aqueous layer was extracted with
ether (3 x 30 ml). The combined organic layer was washed

with 5% HCl and dried. Removal of solvent and filteratiod
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through a small silica gel column furnished 154b (500 mg,
83%) .

IR : 2900, 1730, 1440, 1180 cm~!
IH NMR : § 3.69 (3H, s, -COOMe), 2.90 (1H, m, bridgehead
(200 MHz)

CH), 2.82-2.69 (1H, m, >CHCOOMe), 2.62 (1H, m,
bridgehead CH), 1.80-1.30 (6H, series of m),
1.67 (3H, s, gem-Me), 1.64 (3H, s, gem-Me).

B¢ »r : 6 175.16(s), 142.44(s), 114.32(s), 51.42(q),
44,88(d), 39.64(d), 36.43(d), 31.93(t),
28.78(t), 24.35(t), 20.50(2C,q).

General procedure for bromination: bromination of 154a:

To a solution of 154a (66 mg, 0.41 mmol) in 10% aqueous
dimethoxyethane (3 ml) at 0°C N-bromosuccinimide (88 mg,
0.49 mmol) was added and the reaction mixture was stirred
for 10-15 min at ice-bath temperature. The reaction mixture
was diluted with ether and water. The organic layer was
separated, and aqueous layer was extracted twice with ether,
The combined organic layers were washed with 10% sodium
bisulfite and dried. The solvent was removed under reduced
pressure and the crude mixture (98 mg, 100%) was analysed by
high resolution ly NMR spectroscopyY. As it was observed
that some allylic rearrangement was taking place at elevated
temperatures, all the above processes were carried out at
~5-10°C. The ratio of syn-155a and anti-156a allyl bromides
was found to be 72 : 28 based on lH NMR integration,
155a:
bp. : 110-120°C/0.3 mm
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IR : 2925, 2230, 1450, 900, 820 cm~!
14 NMR : 6§ 5.11 (1H, s, olefinic), 4.99 (IH, o

(200 MHz)
olefinic), 3.52 (1H, m, >CHCN), 2.78-2.52 (3H,
series of m), 1.93 (3H, s, -(Me)C=CHj), 1,93-
1.35 (5H, series of m).

13¢c NMR @ 6§ 143.65, 122.18, 114,47, 80.00, 47.35, 44,53,
35.82, 30,76, 26.17: 22:23; 19.23,

Analysis : CyjH14BrN : Calecd. : C, 55.01; H, 5.88, N, 5.83

Found : €, 54.89; H, 5.78, N, 5.78,

156a:

bp. : 110-120°C/0.3 mm

IR : 2925, 2230, 1450, 900, 820 cm~!

1H NMR : § 5.11 (1H, s, olefinic), 4.99 (1H, m,

(200 MHz)

olefinic), 2.74 (1H, m), 2.58 (1H, m), 2.32-
1.50 (7H, series of m), 1.93 (3H, s,
-(Me)C=CHs).

Bromination of 154b:
Bromination 154b was carried out as described in the
general procedure to furnish 155b : 156b (59 : 41) in 95%

yield. The major stereoisomer was separated by preparative

layer chromatography on silica gel.

155b:

bp. : 110-120°C/0.3 mm

IR : 2925, 1725, 1430, 1200, 900 cm~l

%goguﬁﬂz) : 6§ 5.11 (l1H,, s, olefinic), 5.95 (1H, ™

olefinic), 3.71 (3H, s, -COOMe), 3.60-3.46 (1H,
m, -CHCOOMe), 2.77 (IH, m), 2.52 (1H, m), 2.3
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(1H, m), 1.94 (3H, m, -(Me)C=CH,), 1.94-1.18
(4H, series of m), 0.92-0.82 (1H, m).

General procedure for the dichlorocarbene addition to 154a,b
and 152a,b:

A solution of 7-isopropylidenenorbornane derivative
(1.5 mmol) and sodium trichloroacetate (30 mmol) in 50 ml of
tetrachloroethylene-DME (1 : 1) was heated at the reflux
temperature for 10-48 h. The reaction mixture was cooled,
diluted with water and extracted with ether (3 x 35 ml). The
combined organic layer was washed with saturated sodium
bicarbonate, 10% ammonium chloride, and brine prior to
drying. After the removal of solvent, the residue was
purified by column chromatography using silica gel (elution
with 1-2% ethyl acetate-hexane). The product ratios of syn-
and anti-adducts were determined from the isolated yields of

adducts and !H NMR or glc analysis of mixture.

Dichlorocarbene addition to 154a:

The reaction was performed as described in the general
procedure to furnish 157a : 158a (78 : 22) in 85% yield.
157a:

mp. : 90°C

IR : 2925, 2250, 1450, 1380, 840 cm~!

lH NMR + § 3.22-3.09 (1H, m, >CHCN), 2.52-2.34 (1H, m),
(200 MHz) -

2.27 (14, m), 2.19-1.99 (2H, m), 1.81-1.50 (4H,
series of m), 1.31 (6H, s, gem-Me).

Be MR @ 6 121.71, 70.95, 52.29, 42.29, 38.94, 34.42,
29.29, 29.00, 25.00, 19.53, 19.41.
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158a:

mp. ¢ 136°C

IR : 2925, 2250, 1450, 1380, 840 cm~!

14 NMR : 6§ 2.88-2.76 (1H, m, >CHCN), 2.31-1,95 (6H,
(200 MHz) -

series of m), 1.75-1.52 (2H, series of m), 1.3]
(3H, s, gem-Me), 1.30 (3H, s, gem-Me).

13¢c MR : § 121.30, 70.71, 52.18, 42.20, 38.88, 35.18,
29.82, 28.9%; 28.23, 24,18, 19,53,

Dichlorocarbene addition to 154b:

The reaction was performed as described in the general
procedure to furnish 157b : 158b (60 : 40) in 76% yield.
157b:

IR : 2950, 1730, 1305, 1205, 845 cm~l

lH MR : § 3.70 (3H, s, -COOMe), 3.26-3.15 (lH, m,

(200 MHz) o
>CHCOOMe), 2.31 (1H, m, bridgehead CH), 2.21-
1.44 (7H, series of m), 1.30 (3H, s, gem-Me),
1.29 (3H, s, gem-Me).

Dichlorocarbene addition to 152a:
The reaction was performed as described in the general

procedure to furnish 163a : 164a (35 : 65) in 80% yield. The

two stereoisomers were separated bY column chromatography
using silica gel and elution with 5% ethyl acetate-hexane.
163a:

mp. : 91°C

IR . 2950, 2250, 1460, 1380, 840, 730 cm~!

1g NMR : 6 6.44 (1H, d of 1/2 ABq, Jj = 5.6 Hz, Jp =
(200 MHz)

(Fig.49) Hz), 6.31 (1H, d of 1/2 ABq, Jy = 5.6 Hz, Jy ~
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3 Hz), 3.22-3.12 (1H, m, >CHCN), 3.01 (1H, br
s, bridgehead CH), 2.80 (1H, br s, bridgehead
CH), 2.56-2.41 (1H, m, exo-Hg), 1.52 (1H, dd,
J1 =12 Hz, Jy = 4 Hz, endo-Hg), 1.24 (3H, s,
gem-Me), 1.23 (3H, s, gem-Me).

13¢ NMR : § 138.77, 132.83, 121.83, 70.76, 59.41, 47.79,
44.06, 31.88, 29,29, 26.47, 20.35, 20.23.

164a
mp. s 151°€C
IR : 2950, 2250, 1460, 1380, 840, 730 cm~!
5 NMR : § 6.56 (1H, d of 1/2 ABq, Jy = 6 Hz, Jg = 3 Hz,
(200 MHz)

olefinic), 6.43 (1H, d of 1/2 ABq, J; = 6 Hz,
(Fig.50)

Jo = 3 Hez, olefinic), 3.10 (1H, m, bridgehead
CH), 2.92-2.83 (2H, m, >CHCN; bridgehead CH),
2.21 (1H, ddd, Jy = 13 Hz, J9 = 9.4 Hz, J3 =
3.6 Hz, exo-Hg), 1.56 (1H, dd, Jy = 12 Hz, J)
4 Hz, endo-Hg), 1.24 (3H, s, gem-Me), 1.22 (3H,

I

s, gem-Me).

e mr : § 138.65(d), 132.71(d), 121.42(s), 69.29(s),
60.65(s), 47.70(d),  44.53(d), 32.64(t),
30.00(s), 27.74(d), 18.41(2C, q).

Dichlorocarbene addition to 152b:
The reaction was performed as described in the general
Procedure to furnish 163b : 164b (34 : 66) in 70% yield. The

W0 stereoisomers were separated by column chromatography

Using silica gel and elution with 2% ethyl acetate-hexane.

241



1y NMR
(200 MHz)

13¢c NMR

164b:
mp.
IR

1H NMR
(200 MHz)

13¢c NMR

: § 174.42, 137.54, 132,72, 71.06, 60,18,

s & 173,89, 137.42, 132.59; 70.06; 61.35,

: 56°C
: 2950, 1730, 1200 cm~!
: § 6.25 (1H, d of 1/2 ABq, Jy = 5.4 Hz, Jg = 3

Hz, olefinic), 6.04 (1H, d of 1/2 ABq, Jy = 5,6
Hz, Jo =3 Hz, olefinic), 3.64 (3H, s,
-COOMe), 3.25 (1H, ddd, J; = 9 Hz, Jg = J3 = 4
Hz, >CHCOOMe), 2.99 (1H, m, bridgehead CH),
2.68 (1H, m, bridgehead CH), 2.29 (1H, ddd, J,
= 12 Hz, Jp = 9 Hz, J3 = 4 Hz,
(1H, dd, Jy = 12 Hz, Jy = 4 Hz, endo-Hg), 1.21
(3H, s, gem-Me), 1.20 (3H, s, gem-Me).

exo-Hg), 1.62

51.70,
47.18, 44.29, 42.41, 28.94, 20.47, 20.35.

2 70°C
: 2950, 1730, 1180 cm-!
: § 6,36 (1H, d of 1/2 ABq, J; = 5.4 Hz, Jp = 1

Hz, olefinic), 6.12 (1H, d of 1/2 ABq, Jj = 5.6
Hz, Jo = 2.8 Hz, olefinic), 3.61 (3H, s, -
COOMe), 3.05 (1H, m, bridgehead CH), 2.93 (IH,
ddd, J; = 9.2 Hz, Jp = J3 = 4 Hz, >CHCOOMe),
2.75 (1H, m, bridgehead CH), 1.96 (1H, ddd, Ji
12.8 Hz, J9 = 9.2 Hz, J3 = 3.6 Hz,
.62 (1H, dd, Jy = 12 Hz, J9 = 4 Hz,

.22 (3H, s, gem-Me), 1.19 (3H, s, gem-Me).
51.70,

exo-Hg)

endo-Hg)»

[ R —
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47.59, 44.70, 43.06, 29.82, 29,50, 18.58,

General procedure for the photooxygenation of 154a,b and
152a,b:

In a small irradiation vessel fitted with an outer
jacket for cold water circulation was placed olefin (0.38
mmol), methylene blue (15 mg) and 30 ml of dry dichlorome-
thane. The solution was irradiated with a 500 ml tungsten
lamp under a slow stream of bubbling oxygen for 10-12 h.
The solvent was removed under vacuum at room temperature and
the residue was charged on a small silica gel column. The
column was first eluted with 15-20%Z ethyl acetate-hexane
till the unreacted starting material completely eluted out,
It was then washed with 50%Z ethyl acetate-hexane, The
hydroperoxide thus obtained was concentrated under vacuum at
room temperature and then dissolved in 3 ml dry methanol,
The methanolic solution was treated with sodium borohydride
(80-100 mg) and stirred at room temperature for 12 h. The
solvent was removed under reduced pressure, and the resul-
ting residue was dissolved in ether and water. The organic
layer was separated, and the aqueous layer was extracted
twice with ether. The combined organic layers were washed

and dried.

Photooxygenation of 154a:
The photooxygenation of 154a (52 mg, 0.32 mmol) was
performed as described in the general procedure to 159a and

160a, The crude mixture (75%, based on starting material
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recovery) was analysed by high resolution ly NMR  and gle,
The ratios of syn : anti obtained by two methods were founqd
to be 78 : 22 (lH NMR) and 78.5 : 21.5 (glc). The major

isomer 159a was separated by preparative layer

chromatography on silica gel.

159a:

bp. : 130-140°C/0.3 mm

IR : 3350, 2950, 2250, 1040, 900 cm~!

1§ NMR : § 5.05 (1H, m, olefinic), 5.02 (lH,,

(200 MHz)
olefinic), 3.42-3.30 (1H, m, >CHCN), 2.59-2.42
(1H, m), 2.33 (1H, m, bridgehead CH), 2.15 (1H,
m, bridgehead CH), 1.87 (3H, s, -(Me)C=CH,,
1.87-1.25 (5H, series of m).

L3¢ nMR : & 144,26, 123.04, 113.91, 88.25, 44.78, 41.46,
34,33, 28.94, 27.21, 22.95, 18.81.

Analysis : C11H15NO ¢ Caled. : C, 74.545 H, 8.53; N, 7.90

Found : C, 74.45; H, 8.50, N, 7.85,

Photooxygenation of 154b:
Photooxygenation of 154b (42 mg, 0.22 mmol) was
performed as described in the general procedure to furnish

159b : 160b (62 : 38) in 81% yield., The two stereoisomer

were separated by preparative layer chromatography on silica

gel.

159b:

bp. : 100-110°C/0.3 mm

IR : 3450, 3070, 2950, 1720, 1180 cm~!
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IH NMR : § 5.03 (1H, m, olefinic), 4.96 (l1H, m,
(200 MHz) e
olefinic), 3.69 (3H, s, -COOMe), 3.42-3.32 (lH,
(Fig.47)
m, >CHCOOMe), 2.39 (l1H, t, J = 4 Hz,
bridgehead CH), 2.27-2.04 (2H, series of m),
1.87 (3H, s, (-Me)C=CHj), 1.87-1.47 (4H, series
of m), 1.37-1.17 (2H, series of m).
13¢c NMR : § 176.30 145.24, 113.12, 89.12, 51.53, 45.12,
44,23, 41.65, 30.47, 27.11, 22.76, 18.70.
Analysis : C1oH1803 : Caled. : C, 68.54; H, 8.63
Found : C, 68.44; H, 8.58.

lﬁgh:

bp. : 100-110°C/0.3 mm

IR : 3450, 3070, 2950, 1720, 1180 cm~!l

IH NMR : § 5,12 (1H, m, olefinic), 5.01 (1H, m,

(290 il olefinic), 3.68 (3H, s, -COOMe), 2.90-2.78 (1H,

(His43) m, >CHCOOMe), 2.39 (1H, m, bridgehead CH),
2.11 (1H, m, bridgehead CH), 2.06-1.96 (2H, m),
1,90 (3H, s, -(Me)C=CHy, 1.89-1.23 (5H, series
of m).

3¢ NMR : 8§ 175.13, 145,11, 113.42, 88.49, 51.53, 44.88,

43.18; 41,58, 29.93, 28.03; 23,39, 19.07,
Photooxygenation of 152a:
The photooxygenation of 152a was performed as described

in the general procedure to furnish 165a : 166a (96 : 4, ly

NMR and 96.5 : 3.5, glc) in 70% vyield. Crystallization
(CHoClg-hexane) of crude reaction mixture furnished

analytically pure major isomer 165a,
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165a:

mp. : 107-108°C

IR : 3400, 2950, 2250, 1100, 740 cm~l

14 NMR : § 6.27 (1H, dd, of 1/2 ABq, Jy = 6Hz, Jy = 3,2
(200 MHz)

Hz, Jj =1 Hz, olefinic), 6.13 (1H, d of 1/2
ABq, Jy = 6 Hz, J9 = 3.2 Hz, olefinic), 4,91
(2H, m, -(Me)C=CHp), 3.33 (1H, ddd, J; = 9 Hg,
Jp = Jy = 3.8 Hz, >CHCN), 3.07 (1H, m,
bridgehead CH), 2.86 (l1H, t, J = 3.6 Hg,
bridgehead CH), 2.56 (1H, ddd, J; = 12.8 Hz, Jy
= 9,2 Hz, J3 = 4 Hz, exo-Hg), 1.76 (3H, m,
-Me), 1.39 (1H, dd, J; = 11,6 Hz, J9 = 4 Hz,
endo-Hg.
13c MR : § 145.00(s), 137.97(d), 132.07(d), 122.99(s),
114.35(t), 93.57(s), 51.44(d), 48.26(d),
31.29(t); 26.34(d); 20.97(q).
Analysis : C11H13NO : Caled. : C, 75.40; H, 7.48; N, 7:99
Found : C, 75.32; H, 7.50; N, 8.03.

Photooxygenation of 152b:

The photooxygenation of 152b was performed as described
in the general procedure to furnish 165b and 166b. The
crude mixture (80%, based on starting material recovery)
was analysed by high resolution lH NMR and glc. The ratios
of syn : anti obtained by two methods were found to be
95 : 5 (lH NMR) and 92 : 8 (glc).
165b:

bp. : 100-110°C/03 mm
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IR

1§ NMR
(200 MHz)

3¢ NMR

IH NMR
(200 MHz)

: 3400, 2950, 1730, 1100, 1080 cm-!
: 6§ 6.12 (1H, d of 1/2 ABq, J1 =6 Hz, Jp = 3.4
6

Hz, olefinic), 5.88 (1H, d of 1/2 ABRg, Jp =
Hz, J9 = 3.2 Hz, olefinic), 4.91 CTH.
olefinic), 4.87 (1H,m, olefinic), 3.64 (3H, s,
-COOMe), 3.39 (1H, ddd, J; = 8.8 Hz, Jp = J3

4 Hz, >CHCOOMe), 3.10 (1H, m, bridgehead CH)
2.77 (1H, m), 2.30 (1H, ddd, J; = 12.4 Hz, J,
9 Hz, J3 = 4 Hz, exo-Hg), 1.77 (3H, s, -Me),
1.53 (1H, dd, Jy = 11.4 Hz, J9 = 4 Hz, endo-
He) .

: § 175.55(s), 146.22(s), 136.71(d), 131.91(d),

113.43(t), 94.12(s), 51.52(d), 51.30(q),
48.27(d), 42.08(d), 27.89(t), 21.01(q).

: C1oH103 : Calcd. : C, 69.21; H, 7.74

Found : C, 69.153 H, 7,70,

. 3400, 2950, 1730, 1100, 1080 cm~!
: § 6.32 (1H, d of 1/2 ABq, J; = 6 Hz, Jp = 3.

2
Hz, olefinic), 6.08 (1H, d of 1/2 ABq, Jy = b
Hz, Jp = 3 Hz, olefinic), 5.09 (1H, m,
olefinic), 5.06 (1H, m, olefinic), 3.24 (1H, m,

bridgehead CH), 3.03 (1H, ddd, Jy = 9,2 Hz, J9
= J3 = 4.4 Hz, >CHCOOMe), 2.94 (1H, m,

bridgehead CH), 2.04 (1H, m, exo-Hg), 1.82 (3H,
s, <-Me), 1.37 (1H, dd, Jy = 12.4 Hz, Jp = 4.4

Hz, endo-Hg).
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General procedure for the epoxidation of 154a,b and 152a,b:
To a mixture of olefin (0.42 mmol) and NagCO3 (100 me,
0.94 mmol) in dry dichloromethane at ice-bath temperature,
m-CPBA (130 mg, 60%, 0.44 mmol) was added. The reaction
mixture was stirred for 30-45 min at ice-bath temperature,
Water was added, the organic layer was separated, and the
aqueous layer was extracted twice with dichloromethane., The
combined organic layers were washed with saturated sodium
bicarbonate solution and dried. After the removal of
solvent, the crude residue was analyzed by ly MR

spectroscopy.

Epoxidation of 154a:
The reaction was performed as described in the generai

procedure to furnish 16la : 162a (77 : 23) in quantitative

yield. The major isomer 16la was separated by column chroma-

tography using silica gel and elution with 5% ethyl acetate-

hexane.

16la:

bp. : 100-110°C/0.3 mm

IR : 2950, 2250, 1380 cm~!

ly NMR : 6§ 3.20-3.08 (1H, m, >CH-CN), 2.48-2.31(1H, m),
(200 MHz) N

2.04-1.47 (7H, series of m), 1.37 (3H, s, gem-
Me), 1.36 (3H, s, gem-Me).
13c MR : 6 122.06, 80.65, 62.35, 39.23, 35,42, 33.64,
28.41, 26,06, 22.00, 21.,23(2C).
Analysis : C11H15NO : Caled. : C, 74.54; H, 8.53; N, 7.90
Found : C, 74.45; H, 8.45, N, 7.85.
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Epoxidation of 154b:

The reaction was performed as described in the general
procedure to furnish 161b : 162b (62 : 38) in 95% vyield.

The major stereoisomer 161b was separated by column chroma-

tography wusing silica gel and elution with 10Z ethyl

acetate-hexane.

161b:

bp. : 100-110°C/0.3 mm

IR : 2925, 1725, 1200 cm~!

Iy NMR : § 3.70 (3H, s, =-COOMe), 3.27-3.15 (1H, m,
(200 MHz) o

>CHCOOMe), 2.14-2.04 (1H, m), 1.,95-1.30 (7H,
series of m), 1.39 (3H, s, gem-Me), 1.37 (3H,
s, gem-Me).
3¢ NMR : § 175.18, 82.24, 62.24, 51.65, 43.76, 39.59,
35.94, 30.23, 26.11, %21.94, 21.35.
Analysis : C11H1803 : Caled. : C, 68.54; H, 8.63
Found : C, 68.60; H, 8.65,

Fpoxidation of 152a:
The reaction was performed as described in the general

procedure to furnish 167a : 168a (>90 : traces) 1in 95%

vield. The Iy NMR spectrum of the crude reaction mixture
indicated the presence of only syn-isomer 167a.

167a:

mp. : 92-93°C

IR : 2975 2250, 1390 740 cm~l

1 NMR : 6 6,47 (1H, dd of 1/2 ABq, J| = 6.2 Hz, Jp =
(200 MHz)

3.4 Hz, J3 =1 Hz, olefinic), 6.33 (1H, dd of
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1/2 ABq, J1 = 6.2 Hz, J9 = 3.4 Hz, J3 =1 Hz,
olefinic), 3.17 (1H, ddd, Jj = 9.4 Hz, Jy = |4
= 4 Hz, >CHCN), 2.85 (1H, m, bridgehead CH)
2.62 (1H, t, J = 3.6 Hz, bridgehead CH), 2,47
(1H, ddd, Jq = 11.8 Hz, J9 = 9.4 Hz, Jj
exo-Hg), 1.52 (1H, dd, J; = 11.8 Hz, J9 = 4 Hz,
endo-Hg), 1.33 (3H, s, gem-Me), 1.32 (3H, s,

]
L=
o o
o~

il

gem-Me) .

3¢ NMR : § 137.65(d), 131.71(d), 122.24(s), 85.82(s),
63.53(s), 45.70(d),  42.06(d), 31.12(t),
26.00(d), 21.88(q), 21.42(q).

Analysis : Cy1H13NO : Caled. : C, 75.40; H, 7.48, N, 7.99

Found : C, 75.25; H, 7.45, N, 7.96.

Epoxidation of 152b:
The reaction was performed as described in the general

procedure to furnish 167b : 168b (>85 : <15) in 95% yield.

The isomers were separated by preparative layer

chromatography on silica gel.

167b:
bp. : 100°C/0.5 mm
IR : 3075, 2975, 1735, 1200, 720 cm~!
1y NMR : § 6,32 (1H, dd of 1/2 ABq, Jy = 6.2 Hz, Jp =
(200 MHz)

_ 3.2 Hz, J3 = 0.8 Hz, olefinic), 6.08 (1H, dd of
(Fig.51)

1/2 ABq, Jy = 6.2 Hz, Jy = 3.2 Hz, J3 = 0.8 Hz,
olefinic), 3.65 (3H, s, -COOMe), 3.26 (1H, ddd,
J1 = 9.2 Hz, Jgp = J3 = 4.2 Hz, >CHCOOMe), 2.86
(1H, m, bridgehead CH), 2.53 (1H, t, J = 3.
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13¢c NMR

Analysis

168b:
bp.
IR

IH NMR
(200 MHz)

(Fig.52)

Hz, bridgehead CH), 2.25 (1H, ddd, J1 = 12 Hz,
J2 = 9.4 Hz, J3 = 4 Hz, exo-Hg), 1.63 (1H, dd,
J1 =12 Hz, J9 = 4.4 Hz, endo-Hg), 1.34 (3H, s,
gem-Me), 1.31 (3H, s, gem-Me).

: 6 174.83(s), 136.30(d), 131.53(d), 86.88(s),

63.29(s); 51 .65(q}, 45.53(d), 42,23(d),
41.65(d), 28.06(t), 21.64(q), 21.52(q).

: CioH1¢NO3 : Caled. : C, 69.21; H, 7.74

Found : C, 69.28; H, 7.78.

: 100°C/0.5 mm
: 3075, 2975, 1735, 1200, 720 cm~!
: 6§ 6,37 (1H, d of 1/2 ABq, Jj = 6 Hz, Jy = 3 He,

olefinic), 6.12 (1H, d of 1/2 ABq, J; = 6 Hz,
Jp = 2.4 Hz, olefinic), 3.66 (3H, s, -COOMe),
3.02-2.92 (2H, >CHCOOMe and bridgehead CH),
2.65 (1H, t, J = 3.4 Hz), 2.08-1.93 (1H, m,
exo-Hg), 1.67-1.50 (1H, m, endo-Hg), 1.34 (3H,
s, gem-Me), 1.31 (3H, s, gem-Me) .
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