Synthesis and Properties of Bridged

Nitrogen Heterocycles

Thesis submitted for the degree of
Doctor of Philosophy

at the University of Leicester

Waleed Alkhuraiji
Department of Chemistry

University of Leicester

June 2007



UMI Number: U491043

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Dissertation Publishing

UMI U491043
Published by ProQuest LLC 2013. Copyright in the Dissertation held by the Author.
Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against
unauthorized copying under Title 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346



To
My Parents, My Wife & My Daughters



Statement

The accompany thesis submitted for the degree of Ph.D. entitled ‘Synthesis and
Properties of Bridged Nitrogen Heterocycles’ is based on work conducted by the author in
the Department of Chemistry at the University of Leicester mainly during the period
between October 2002 and September 2006. All the work in this thesis is original unless
indicated otherwise in the text or references. None of the work has been submitted for

another degree in this or any other university.

---------------------------------------------------



Acknowledgements

I would like to express my gratitude to my supervisor Dr John Malpass for his
guidance, encouragement, enthusiasm and advice through my stay at Leicester. Thanks to
my co-supervisor Prof Paul Cullis and Dr Sandeep Handa who were always ready with
helpful suggestions.

I am grateful to the following people. Dr Gerry Griffith for NMR, Dr Graham
Eaton for mass spectrometry, Dr John Fawcett and Kuldip Singh for X-ray
crystallography, Mick Lee for his technical expertise and Dr Mark Edgar for the high
field NMR experiment conducted at Loughborough University.

I would also to thank my colleagues for their support and friendship especially Dr
Anup Patel and Dr Richard White.

I would like to further acknowledge King Khalid Military Academy (National
Guard) for the financial support.

Mum and Dad, sister and brothers for their love and support.

Last, but not least I dedicate this thesis to my wife (Amsha) for her love and
patience and to my daughters (Norah and Sarah) to whom I express my love and best

wishes.

i



Abstract

Synthesis and Properties of Bridged Nitrogen Heterocycles
By Waleed Alkhuraiji

The synthesis of derivatives of the parent 7-azabicyclo[2.2.1]heptyl system was
achieved. The synthesis of the novel 1-methyl-7-azabicyclo[2.2.1]hepta-2,5-diene was
accomplished. The carbonyl group at position C2 of the 7-azabicyclo[2.2.1]heptyl system
was synthesized. The work was extended to include the synthesis of derivatives of the
1,4-dimethyl-7-azabicyclo[2.2.1]heptyl system. Investigation of the synthesis of
epibatidine was not successful.

The work was extended to include a wide range of urethanes and amines of 7-
azabicyclo[2.2.1Theptyl system where no ’N NMR studies had been reported. The BN
NMR spectra were recorded, in all cases, at natural abundance. The effect of the
unsaturation and the substituted carbonyl at position C2 on the '*N chemical shifts was
addressed. "N NMR spectra were measured in some cases where the '°N chemical shifts
were difficult to obtain.

The barriers to nitrogen inversion were determined for several 1-methyl-7-
azabicyclo[2.2.1]heptyl systems. The effect of unsaturation, the influence of carbonyl
substitution at position C2 and the presence of substituted 1,4-dimethyl were assessed on
the nitrogen inversion barrier. Direct measurement of invertomer ratios and preferences
was possible using low temperature NMR methods for some cases where the population
is not 50:50. A good correlation was found between the nitrogen inversion barrier and
>N NMR chemical shifts. The high barrier is associated with the more downfield
nitrogen NMR shift.

X-Ray crystallographic studies showed that urethanes of the bicyclic 7-
azabicyclo[2.2.1]heptane are nitrogen-pyramidal. The CNC bond angles, 8 angles and o
angles for 7-azabicyclic urethane derivatives were measured. The CNC bond angles, 8
angles and « angles for 7-azabicyclic urethane derivatives were calculated for the parent
urethanes where x-ray data could not be obtained. Increased planarity at nitrogen
correlated with upfield >N NMR shifts. The calculated CNC bond angles correlated well
with the nitrogen NMR shifts.
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Chapter 1

Introduction

1.1 Statement of Purpose

Epibatidine, one of the most important alkaloids, is based on the 7-
azabicyclo[2.2.1]heptane skeleton. It was first isolated in 1992;' it was extracted from the
skin of the Ecuadorian poison frog Epipedobates tricolour. Thus, a number of different
targets that are derivatives from this unique 7-azabicyclo[2.2.1]heptane system (1-3) were
under investigation to complete the measurement of nitrogen inversion barriers in this
ring system. It has been known that nitrogen inversion barriers in 7-azanorbornane
systems are unusually high? and there has been much discussion of the possible reasons
for this which will be considered in detail in this thesis. The goal of this investigation is
to synthesize (1-3), to measure nitrogen inversion barriers of these amines and also to
extend the measurement of '’N chemical shift in the 7-azanorbornane system in order to
explore the hybridization of the bridging nitrogen. This synthetic work and the
spectroscopic data will also provide a reason to synthesize and study other substituted

azabicyclo[2.2.1]heptane (4-5) which will be the focus of future investigations.
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1.2 Inversion at nitrogen

The nitrogen atom in simple primary, secondary, or tertiary amines is
approximately sp° hybridized. The three sp> orbitals form o-bonds to other atoms; the
fourth sp’ orbital contains the unshared electron pair which is known as the lone pair.
Therefore, the geometry of the three groups that form g-bonds with nitrogen is considered
as being trigonal pyramidal. However, if the lone pair is considered as being a group, the
geometry of the amine is described as tetrahedral.

When the nitrogen atom is linked to three different substituents, the amine
becomes a chiral centre and two enantiomers exist. The conversion between these two
enantiomers is rapid and they cannot usually be isolated. This process of converting (a)

2,8,9,10

to (b) is known as pyramidal inversion that occurs from sp3 hybridized geometry via

a sp>-hybridized transition state (ab) (Figure 1.1).

R1

R! | .
N\ /
GG = O =— v,
2\ ‘ IS \ /IR2
R® R?R® R?
sp> sp’ sp°
Tetrahedral Trigonal Tetrahedral
R-N-R angle ~109° R-N-R angle ~120° R-N-R angle ~109°
(a) (ab) (®)

Figure 1.1

The energy which is required to rehybridize the tetrahedral sp® form to the
approximately planar sp’ form is known as the free energy of activation (AG*yy) (Figure
1.2). The nitrogen atom and the three substituents bonded to it lie roughly in the same

plane and the lone pair occupies a p-orbital whose axis is perpendicular to this plane.
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Figure 1.2

Resolution of enantiomers is not possible for the majority of amines since they are
rapidly interconverted by nitrogen inversion. However, there have been examples of
resolution of certain N-C1 amines due to the unusually high inversion barriers.' "2

The two invertomers do not necessarily have an enantiomeric relationship. The
equilibrating forms (a) and (b) may not be isoenergetic and then become diastereoisomers
and as such possess different physical and chemical properties.

- Separation of diastereoisomers is not possible for the majority of amines since
they are rapidly interconverted by nitrogen inversion. Such separation has been achieved
in some compounds that do have high inversion barriers.'""'> Compounds with such high
barriers are of special interest for two reasons. The study of these compounds may
increase our knowledge of the effect of the structural features on the inversion barriers in
order to increase our understanding of nitrogen inversion generally. Moreover,
compounds with sufficiently high barriers for the configuration at nitrogen to be stable
may allow observation of separate and different chemical reactivity for each of the two
invertomers. This has commonly been observed in carbon chemistry and has more
recently been investigated successfully in nitrogen chemistry.®'?

The nitrogen inversion barrier is influenced by various factors, which fall into two main

categories, being steric and electronic.



1.3 Factors influencing the inversion barriers
1.3.1 Steric effects
1.3.1.a Non-bonded interactions

The increase of the congestion in pyramidal ground states (a) and (b), which
occurs when there are bulky substituents on nitrogen, destabilizes the ground state.
Therefore, the barrier to inversion is lowered when a small substituent on nitrogen, such
as methyl, is replaced by a large group, such as t-butyl and the change of CNC bond angle
required to reach ca. 120° is reduced (Table 1.1). In certain other cases, where the
substituents are distant from nitrogen, the steric congestion in the ground state is
increased, the ground state is once more destabilized with respect to the transition state,
and so the barrier is lowered. An example of this is the N-Me azetidines where dimethyl
substitution at C2 of the azetidine ring causes a destabilization of the ground state and

thus lowers the inversion barrier (Table 1.1).

Inversion barrier, AG¥ (kJ mol™)?
H H Me
H < M
s

H

e

81.1 37.0 427

Table 1.1

This effect has not been commonly observed but has assumed new relevance
following a later study'* which investigated the pressure effects through space from a pair
of flanking groups (X) on the central tertiary amine bridge in the poly-aza-bridged
systems (6) (Figure 1.3). The presence of the two flanking bridges in the compounds of
interest (6a-c) led to flattening at the central nitrogen i.e. an increase in « angle (which is
defined as the average of the sum of the bond angles around the nitrogen of the central
bridge). This presents a suitable measure of the pyramidalization at the central nitrogen
bridge. The geometric changes at the central nitrogen bridge can be correlated with the
nitrogen inversion barriers. The nitrogen inversion barriers for compounds (6a-c) were
measured using VT 'H NMR spectroscopic data and compared with simple N-benzyl-7-

15,16

azanorbornanes (7-9) (Table 1.2). The result of this is a progressive reduction in

AG*ny values along the series X — Y as the bulk of the flanking bridge substituents is



increased. This is caused by progressive destabilization of the ground state in the
compounds (6a-c). Table 1.2 demonstrates that the inversion barrier for ONO (6a) is
already substantially decreased when compared with the simple examples (7-9).
However, the presence of bulky demanding methylene bridges in CNC (6¢) further
decreases the inversion barrier dramatically when compared with the reference

compounds.

Bn
(6a) X =ONO (Oxygen) « El v X

(6b) X = 2Nz (C=CMe,) O
(6c) X =CNC (CHp) Q Y = CO,Me
Y
Figure 1.3

n Bn Bn
3 3
y X

Oty & Ay dy

ONO (6a) 39.2™

Zwm
Zwm

7) 49" 8) 52.41° 9) 61.9'6
aNn (6b) 42.1"* M ®) ®)
CNC (6¢c) 31.2™
Table 1.2 Inversion barriers at nitrogen, AG*;,, (kJ mol™).

1.3.1.b Ring strain

“The transition state for inversion, when the geometry of the transition state is sp’
hybridized, requires a CNC bond angle of ca.120°. The energy required to expand the
CNC bond angle of the ground state as it reaches the transition state increases in the
cyclic systems because it is more difficult for the ring CNC bond angle to reach 120°.
The ring bond angle in the ground state is reduced from ca. 109° to a smaller CNC angle
in azetidines (ca. 96°) and aziridines (ca. 60°). The difficulty in reaching the normal sp’
bond angle (ca. 120°) of the transition state raises the inversion barrier greatly with
respect to unstrained amines.

The nitrogen inversion barrier in aziridines, which is very high, was predicted17
before the first two invertomers of an aziridine were separated.'® Table 1.3 shows the
effect of the ring CNC bond angle changes on the inversion barrier for rings of different

sizes. For example, the inversion barrier increases on going from azetidine to aziridine as



the lone pair in aziridines has more s-orbital character than that of a normal tetrahedral sp’
lone pair. This is a ground state stabilization which contributes to the increase in the

energy required to approach the pure p-orbital character of the lone pair at the transition

state.
Inversion barrier, AG*,, (kJ mol™)210
Me
GN—Me CN——Me EIJ\J/ CN—Me
28.4 33.9 42.6 81.1
Table 1.3

1.3.1.c The bicyclic effect’
The inversion barrier of the aza-monocyclic system is increased further when the

nitrogen is part of a bicyclic system (Table 1.4).

Inversion barrier, AGtim, (kJ mol'1)10

s o

38.5 42.2
Table 1.4

This bicyclic effect may be to some extent due to increased molecular rigidity
imparted by the additional carbon bridge which also increases the difficulty in attaining
the planar transition state. Again, the energy of the transition state is increased if there is
increased s-character of the lone pair in the ground state. The consequences of the
‘bicyclic effect” can be illustrated by the 2-azabicyclo[2.2.2]octane and 2-
azabicyclo[2.2.1]heptane systems in which the degree of flexibility is reduced as the
carbon bridge sizes are reduced and as the C-C distances are reduced by replacing C-C
single bonds by C=C double bonds (Table 1.5)."° So, the inversion barrier at nitrogen is

increased when the rigidity of the bicyclic skeleton is raised.

Inversion barrier, AG*inv (kJ mol'1)19

N, N, N, N,
443 Cl 485 Cl 510 ©C

I g401® C

Table 1.5



However, the most significant ‘bicyclic’ effect is discovered in 7-
azabicyclo[2.2.1]heptanes and similar system. Here, the inversion barrier is almost as
high as those recorded in aziridines. The CNC bond angle in the 7-
azabicyclo[2.2.1]heptyl system is ca. 96°,%° which is close to that in azetidines, however
the free energy of inversion is much higher than azetidines, (Table 1.6). The reason for
this unusual effect on the inversion barrier at nitrogen in the 7-azabicyclic system is not

yet fully understood and this question will form a major part of this investigation.

Inversion barrier, AGiﬂnV (kJ mol™)

Me Cl
g 3
N N
Lb Me ol
7/
, 0
CO.Me
CO,Me
62.32" 87.92 4263 ~56.0°

Table 1.6

The unusually high barrier to inversion in 7-azabicyclo[2.2.1]heptanes (7-
azanorbornanes) was reported in 1970 when Lehn referred to the ‘bicyclic effect’ but
without a complete explanation.” It has been reported that the high inversion barrier in 7-
azanorbornanes is due to simple ring strain at the transition state for N-inversion.'"
However, Malpass et al.**? believe that TS effects do not explain the whole idea of the
high barrier at nitrogen and proposed that ground state stabilization in this rigid bicyclic
systemv is likely to play a substantial part in raising the barrier to inversion at nitrogen.
Significant additional evidence of the unusual nature of the bridging N in 7-

azanorbornanes came from the first '°N chemical shift data®**

which demonstrated that
the bridging N is deshielded by up to 100 ppm in comparison with nitrogen in other cyclic
and acyclic environments. The downfield shifts are indicative of the delocalization of N
electron density into the bicyclic framework leaving the nitrogen significantly less
shielded. This delocalization was associated with stabilization of the ground state and

hence an increase in the inversion barrier.



1.3.2  Electronic effect
1.3.2.a Conjugation effects

When a substituent bonded to nitrogen has 7-orbitals which are available for
conjugation with the lone pair on the nitrogen, the delocalization of electrons is greater in
the transition state than in the ground state. In the transition state the lone pair occupies a
pure p-orbital which is able to overlap more effectively than when it is in a normal sp’-
orbital in the ground state. So, the presence of a conjugating substituent on nitrogen
lowers the barrier of the nitrogen inversion primarily by stabilization of the transition
state (Table 1.7). In some cases such as amides, there may be a substantial flattening of
the nitrogen pyramid hence lowering the inversion barriers. The inversion barrier of the
7-azabicyclo[2.2.1]heptane system in which the N is part of an amide group is expected to
be low but the amide is expected to be planar. However, there have been reports that the
amide in the 7-azabicyclo[2.2.1]heptane system is not completely planar.’®?’

Nevertheless, the inversion barrier is low, the process which can be observed by VT

NMR is actually N-CO rotation. This will be addressed in more detail later in the thesis.

Inversion barrier, AGiinv (kJ mol'1)2

QDN——Me %N——Et A[:N—<:> %N—@ [CN—Cco,Me
78.2 43.1 73.2 46.8 29.7

Table 1.7

1.3.2.b Heteroatom effects

When an electronegative atom such as a halogen (F, Cl, Br) or oxygen is bonded
to nitrogen, it withdraws electron density from the nitrogen atom. Since the electron
density i1s more readily pulled from the nitrogen atom, the s-character of the lone pair on
the nitrogen becomes greater. This effect is a ground state stabilization and hence
increases the barrier since the lone pairs required to be in a pure p-orbital in the transition
state (Table 1.8).

The heteroatom 1is often the exocyclic inverting atom but may also be endocyclic

as in the bicyclic oxazine in Table 1.8.



Inversion barrier, AG*inv (kJ mol'1)

78.22 %N—Me %N—CI >98%
2552 (  N—H N-—CI 42.6%°

27.6% % Lé\ O 23"

Jv

Table 1.8

Moreover, the repulsive interaction between the nitrogen lone pair and the lone
pair on a substituent bonded to it is greater in the transition state than in the ground state.

Therefore, the inversion barriers may increase (Figure 1.4).

YO R > — Qx
O>@ ®\<D @

Figure 1.4

It is not easy to distinguish between the influences of the electronegative effect
and the lone pair-lone pair interactions, since most atoms are electronegative and possess

lone pairs of electrons.

1.4  The determination of inversion barriers and invertomer ratios
1.4.1 Inversion barriers

Inversion barriers in amines may be measured using several methods. Each
technique is appropriate for a different range of energies. The selection of the most
suitable technique for the barrier measurement depends on the magnitude of the barrier
measured and the structure of the compound. Inversion barriers are usually measured by
microwave spectroscopy and, to a lesser extent, by IR spectroscopy when the energy
range is between 0 — 20 kJ mol. This barrier range is normally for low molecular weight
amines such as ammonia and methylamine.

For molecules whose inversion barriers lie in the range 20 — 100 kJ mol!, where

the measurement by microwave or IR spectroscopy is limited, the most rapid and



amenable method of choice is dynamic nuclear magnetic resonance spectroscopy
(DNMR). The measurement of the inversion barriers requires the rate of inversion to be
slow on the NMR time scale’ and two magnetically non-equivalent sites should exchange.
The NMR signals due to a special group in each diastereoisomer should be suitably
separated for temperature coalescence to be observed. When the temperature is raised,
the rate of inversion is increased so that the two signals broaden and merge. Peak
coalescence is monitored when the rate of inversion is similar to the frequency difference
at slow exchange. As a result of raising the temperature, the inversion becomes too rapid
on the NMR time scale to be observed. Therefore, the sites become difficult to distinguish
and a single sharp peak is seen, located at the average (the weighted average if the
invertomer populations are unequal) of the slow exchange frequencies.

This temperature is known as the coalescence temperature T., when the two
signals just become incoherent. The rate constant for inversion at T. may be obtained
from equation (1).
ke =TAV/V2 1)

where Av is the frequency separation at slow exchange.

AGH (the free energy of inversion) at coalescence can be calculated by using the
Eyring equation (2).’
k.= Kp/h T exp (-AG*/RT) Q?)

where Kp is Boltzman’s constant, h is Planck’s constant, R is gas constant and, T
is absolute temperature. This equation may be re-expressed to equation (3).

AG*=19.12 T, (10.32 + log;oT/K.) (3)

This technique is only strictly appropriate to systems with identical®® invertomer
populations at equilibrium. However, with modification, its use can be extended to other
systems.>> The coalescence method is not suitable for calculating the free enthalpy (AHY
and entropy (AS*) for inversion, but AG* can be verified to a high degree of accuracy.’ It
is now possible by computer-based lineshape analysis of spectra to employ all the data
included therein and achieve accurate values for all the activation parameters linked with
inversion.

Historically, the estimation of inversion barriers were most commonly determined
using '"H NMR spectroscopy. More recently, the development of sensitive FT NMR
spectrometers, the inversion barrier measurements have been extended using other nuclei

such as "°C, N and '°F where appropriate. '*C NMR spectra are often much less

10



complicated than '"H NMR spectra due to the lack of coupling and the wider range of
chemical shifts. It is usually possible to use '>C NMR to study coalescence for more than
one set of peaks although the slow relaxation of the °C nucleus has a disadvantage which
affects the accuracy of integration of absorptions. The use of '’N NMR was limited due
to the low natural abundance of this nucleus and its low sensitivity. However, with the
development of more sensitive, higher-field NMR spectrometers the study of this nucleus

at natural abundance has become possible.

1.4.2 Invertomer ratios
The ratio of invertomers in many cyclic amines can be measured and invertomer

structures can be assigned by various methods. The most used methods are as follows.

1.4.2.a Low temperature '"H NMR spectroscopy method

"H NMR chemical shift correlations are usually used for assigning the signals that
correspond to each invertomer. Each invertomer in such cases can be assigned by a direct
'H integration of NMR spectra when the conversions of the two invertomers are slow on
the NMR timescale and the corresponding signals of an atom at each of the exchanging
site give rise to different chemical shifts. Overlapping signals have, in the past, been
resolved using various techniques at low field including selective spin-decoupling and
INDOR spectroscopy”* but, nowadays, can usually be resolved at high field. Table 1.9
shows selected compounds in which the '"H NMR signals were sufficiently separated to

allow integration at low temperature.*

Ci Me Cl
N
X X X
7 7
X Y X Y X Y
syn : anti syn : anti syn : anti
a: X=Y=Me 63 :37 70 :30
b:X=Y=H 60 : 40 71:29 53:47
c:X=0Me; Y=H 67:33 80:20 54 : 46
d:X=Y=Cl 82:18 82:18 71:21
e:X=Y=F 84:16 88:12 80:20

syn-/anti- methyl and chloro- substituents with respect to the aryl ring.
Table 1.9 Invertomer ratios for N-methyl and N-chloro compounds measured by 'H NMR

spectroscopy.”

11



Steric influences seem to be the predominant factor in determining invertomer
preferences, but there are also systems where electronic factors appear to be significant.
This encouraged direct measurement of invertomer preferences for a range of tertiary
amines in order to assess the relative importance of electronic effects (Table 1.9).2
Variation of the substituents in the aryl ring of these compounds allowed alteration of the
electronic environment with minimal steric change. This therefore, provided a simple
empirical test of the relative importance of m-lone pair interactions in this ring system.
There are two important observations to be drawn from these invertomer ratios.

Firstly, there is a clear preference for the syn configuration in both the N-CI and
N-Me series and the proportion increases with increasing electronegativity of the
substituents in the aryl ring. Secondly, there seems to be little dependence of the
invertomer ratio whether the substituent at nitrogen is a chlorine or methyl group with the

same substituents in the aromatic ring which are summarized in Table 1.9.%

1.4.2.b Low temperature B3C NMR spectroscopy method

BC NMR spectra often show two different signals of each carbon in
unsymmetrical molecules when the inversion at nitrogen is slow, usually at low
temperature. When the populations of the two invertomers are not equal, there will be
major and minor peak corresponding to each carbon. The invertomer ratios in °C NMR
are directly calculated since signal overlap is less likely to occur. Only signals of similar
carbons can be integrated with any confidence using C NMR spectroscopy since
accurate integration requires that relaxation of both carbons occurs at a similar rate.
Table 1.10 shows the invertomer ratios of selected compounds according to the
integration of the >C signals at low-temparature.”> The invertomer ratios of the same
selected compounds could not be resolved accurately using "H NMR integration due to
the difficult assignment of the minor invertomer signals. The variation of the aryl

substituents leads to very little difference in the ratio.

Me syn : anti
X a:X=Y=Me 95:5
b: X=Y=H 94:6
Y ¢:X=0OMe;Y=H 97:3
X Y d:X=Y=C] 97:3
e:X=Y=F 98:2

syn-/anti- methyl and chloro-substituents with respect to the aryl ring.
Table 1.10 Invertomer ratios for tertiary amines by *C NMR.?
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1.4.2.c Quaternisation (kinetic protonation)

Low temperature NMR spectroscopy techniques are not always applicable for
measuring barriers and ratios due to the very low inversion barriers. An alternative
method is the addition of the amine to a large excess of strong acid leading to protonation
at the nitrogen atom. This chemical reaction is considered to be very rapid (diffusion
controlled) and irreversible protonation of the two amine invertomers occurs to give a
mixture of diastereoisomeric quaternary ammonium ions (Scheme 1.1).'** Integration of
the appropriate signals in the 'H or >C NMR spectrum provides the ratio.”” Marchand®!
has reported that the invertomer ratio (Scheme 1.1) from kinetic protonation studies is in
good agreement when compared with the values obtained using dynamic 'H NMR
experiments at low temperature. Marchand®' and Malpass® in recent studies reported the
invertomer ratios of the free base (Scheme 1.1) (94% syn-methyl with respect to the aryl
ring) via '"H NMR studies at low-temperature. These results are in good agreement with

the kinetic protonation studies (ca. 93% syn-methyl with respect to the aryl ring).”!

Me

H\ﬁ/Me Me\-ﬁ/H
D
+

:
) D
—_

Scheme 1.1

In addition, the effectiveness of kinetic protonation experiments has also been
assessed in 2-azabicyclo[2.2.1]heptyl and —[2.2.2]octyl ring systems where comparisons
with DNMR methods have been made.’ Table 1.11 shows the ratios of stereoisomeric
quaternary salts using 'H and >C NMR values which are in good agreement. Also, Table
1.11 shows the invertomer ratios data for the corresponding N-Cl amines which were
obtained by direct integration of signals at low-temperature;'® the signals due to the
minor invertomers were identified with the aid of homonuclear INDOR spectroscopy.
The ratios in Table 1.11 show close similarities between the ratios for the N-methyl

amines and those observed directly for the corresponding N-CI amines.
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R =Me R=Cl

(ratios from kinetic protonation) (ratios from kinetic protonation)
endo-/exo- ratio endo-/exo- ratio
Amine 'THNMR PCNMR '"H NMR
77 :23 76 : 24 88 : 12 (at -54°C)
; 81:19 (at 41°C)
N'I-.
R
24 :76 24:76 25:75 (at -84°C)
35: 65 (at 24°C)
N’-v.
R
88:12 89:11 91:9 (at-87°C)
; 85:15 (at 20°C)
N‘-.
R
Table 1.11 Invertomer ratios.

1.4.2.d X-ray crystallography

X-ray crystallography is the most useful method for determining molecular
structures and, in particular, for determining bond angles at nitrogen. Its drawbacks are
that it can only be applied to well grown crystal structures, the relative long time and
effort to produce a structure, and the potential differences in molecular shape in solution
compared to the solid state. Structures of some non-crystalline amines can be determined

using their crystalline quaternary salts.

1.5  Azabicyclic systems having unusually high barriers to inversion at nitrogen
Usual values of nitrogen inversion barriers for alicyclic amines lie in the 20-38
kJmol! range.’ However, as discussed above, 7-azabicyclo[2.2.1]heptane, 7-
azabicyclo[2.2.1]hept-5-ene, and 7-azabicyclo[2.2.1]-hepta-2,5-diene systems have
abnormally high barriers for nitrogen inversion. Lehn® reported the inversion barrier
(AGIinv) of ca. 87.9 kJ mol™ for N-Cl amine (10) that was measured by dynamic NMR
spectroscopy. Moreover, Rautenstrauch’® has verified a higher AG'J‘inv of ca. 98.3 kJ mol
for molecule (11) by direct equilibration. Later work by Nelsen® and other work cited by

Nelsen contained similar high barriers in a wider range of compounds.

ﬁl ﬁl
(a0 A Z% (11)
COzMe

CO,Me
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The effect of angle strain of the C-N-C bond at the 7-position does not appear to
explain these barriers completely. Malpass et al.’’ reported the isolation and X-ray
crystallographic structure determination of single invertomers of N-Cl amines (12) and
(13). The CNC bond angle for (12) is 95.7° for the anti-invertomer and 97.3° for the syn-
invertomer (13). However, the invertomers inversion barriers are significantly higher
than might be expected from CNC bond angles of this magnitude imposed by the bicyclic
skeleton.

For example, the inversion barrier of N-chloroazetidine was measured to be ca. 56
kJ mol™? although the endo cyclic CNC bond angle is smaller than that of the 7-
azabicyclo[2.2.1]heptyl derivatives.

CI\N /CI
CNC angle OMe N OMe CNC angle
95.7° 97.3°
anti-(12) MeO MeG syn-(13)

Moreover, Malpass et al. reported the inversion barrier for (14) which is lower
than (15).2 The lower barrier for (14) is consistent with the wider CNC bond angle
[95.7° for (12) c.f. 97.3° for (13)’’]. This perhaps results from the effect of the two
bridgehead methyl substituents which raise the electron density in the bridgehead orbitals

leading to increased mutual repulsion (Table 1.12).2

ﬁl AGtann'-— syn Astyn—- anti
(kJmol™) (kJmol™)
4‘& > (14)
77.6 77.9
ﬁl
94.5 94,8
(15)
Table 1.12 Nitrogen inversion barriers for (14) and (15).”

The barrier to nitrogen inversion in saturated 7-azanorbornane (1a) was measured’
to be 58.9 kJ mol™ which is not very different from the inversion barrier of unsaturated 7-
azanorbornene (2a) (62.3%! kJ mol™). This tends to suggest that the interaction between
the bridging m-system and the N p-orbital does not have a very large effect on the nitrogen

inversion barrier in the ground state (the shorter C=C double bond is likely to be the
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major factor, as discussed below). However, the original proposal by Lehn® when first
discussing the ‘bicyclic effect” was that 7-w interactions at the transition state are

important in raising the barrier to nitrogen inversion.

Inversion barrier, AG"}nv (kJ mol™")

Me Me
$ $
58.9 N N 62.3
(1a) Lb %‘b (22)?"
Malpass et al.* investigated the effects of the electronic and steric factors on the

inversion barriers in the 7-azabicyclo[2.2.1]heptyl derivatives. A reduction in AG*yy of
10.1 kJmol™ is seen on replacement of the etheno- bridge by a tetrafluoroaryl ring, which

is consistent with a reduction of w-electron density (Table 1.13).

Me Me
3 H
N i N
F
‘b/ D ()
F
F F
AG¥,, (kJmol™)? 64.4 54.3

Table 1.13

An interesting comparison between AGiirlv values can be made by alteration of the
electronic character in the benzene ring.”? The most electronic-rich aryl ring is associated
with the highest inversion bartier, the all-hydrogen analogue is lower by 2.1 kJmol™, and
the dimethoxy ring sits between these two. There is a substantial change for the electron-

deficient systems, which show barriers that are lower by >6 kJ mol ™ (Table 1.14).

Me Me Me Me
H $ $ H
N N N N
Me OMe Cl
Me Cl
Me Me MeO Cl Cl
AG*,, (kJmol™)? 66.5 65.3 64.4 59.6

Table 1.14

Malpass et al.* suggested that the inversion barrier is lowered by saturation of the

bridging 7-bond (which increases the C-C distance and hence reduces bicyclic ring strain)
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but also introduced the involvement of another major effect which is the ground state
destabilization. The inversion barrier of (16) was found to be 55.8 kJ mol” with a large

difference (8.8 kJ mol™") compared with unsaturated (17) (64.6 kJ mol™).

Inversion barrier, AG*;,,V (kJ mol")
Me Me

N
568 D 64.6

(16) Y (17)

If the interaction between bridging 7-systems and the nitrogen p-orbital were
important at the transition state for N inversion, we would expect to see changes as the
unsaturated bridges are saturated sequentially. The inversion barrier is lowered by
saturation of one or more of the bridging m-bonds. However, a major factor here is
ground state destabilization of the anti N-Me invertomer (with respect to the aryl ring),
explained by steric repulsion between the 7-methyl and the exo-hydrogens in the two-
carbon bridge. This is supported by the further reduction in the barrier of 7-methyl-
azanorbornane on replacement of the N-Me by the slightly more bulky ethyl group
(18).>%

Inversion barrier, AG*im, (kJ moi™)®
Me Et

$ :
58.9 N N 54.9
(1a) Lb db (18)

Moreover, in order to consider more factors that might influence the ‘bicyclic
effect’,’ Malpass et al *® reported a high inversion barrier for the diazabicyclic system
(19) (ca. 92 kJ mol™) and emphasized that neither the nitrogen in position one nor the
chlorine substitution was the principal source of this high barrier and supported Lehn’s
suggestion of a ‘bicyclic effect’. The effect of the extra nitrogen on the inversion barriers
is small in the bicyclo[2.2.2]octane systems. The increase in the inversion bam'ef of
(20a)® is only 3.3 kJmol” over the value for (21a)’° of 44.2 kJmol. Similar, small

effects of a second nitrogen are observed in the corresponding N-Me analogues (20b) and

(21b) where the difference is ca. 4.8 kJmol'.** The Cl substituent effect on raising the
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inversion barrier is clearly greater than the Me substituent in these systems but the

chlorine is not the primary cause of very high barriers.

inversion barrier, AG*im, (kJ mol'1)

%I
T ca. 92
N (19)

Inversion barrier, AG*inv (kJ mot™)
R< R
(20a) R=CI 47.5 ’i‘ N (21a) R=Cl 442
(20b) R=Me 32.3 ZN (21b) R=Me 27.5

The high inversion barriers in (1a) and (19) due to the ‘bicyclic effect’ occur in
compounds having no m-bonds in the 2C bridges. Thus, the ‘bicyclic effect’ must be a
fundamental property of the 7-azabicyclo[2.2.1]heptane system. The inversion barrier is
also further increased by incorporation of m-bonds and/or attachment of Cl (or other
heteroatoms) to the nitrogen.

Moreover, the control of the invertomer ratio can demonstrate different reaction
pathways for each invertomer when the reactions are performed at low temperature.
Malpass et al*® reported the solvolysis of N-Cl derivatives of the 7-
azabenzonorbornadiene ring systems which undergo silver (I)-assisted rearrangement
with . participation of etheno- (syn-Cl- series) or benzo- (anti-Cl- series) w-electrons
(Scheme 1.2). When the reaction was performed at 0 °C, inversion was very slow and
each invertomer gave a different product. In contrast, at 25 °C, inversion was rapid and
(A) only was observed, formed from the more reactive syn-invertomer by participation of

the mbond.
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C H
N~ N
Ag’
7 _—
MeOH I
OMe
25°C “ * o°C OMe

4 ———b-

MeOH

Scheme 1.2

1.6 N NMR chemical shifts of 7-azabicyclo[2.2.1]heptane, -hept-5-ene, and -
hepta-2,5-diene

It has already been established that the inversion barriers of the 7-
azabicyclo[2.2.1]heptane derivatives approach the high values observed in aziridines.?

Investigations of the origins of the unusual high barriers at nitrogen, "4

37,42

the question
of invertomer preferences at nitrogen, and the different chemistry of the two
invertomers (reactions)** are an open area for chemists to develop. Also, the bridging
nitrogen atoms in the 7-azabicyclo[2.2.1]heptyl systems exhibit unusually downfield
chemical shift in their NMR spectra.”*?’

Significantly, the chemical shifts of the bridging atoms such as Be, 10, 3'p, and
2Si in bicyclo[2.2.1]heptyl systems also have unusually downfield signals (large
deshielding) in their NMR spectra (Table 1.15), and different suggestions have been

introduced for this effect which will be discussed later with nitrogen NMR studies.

8 13C NMR data (downfield from TMS = 0)** 5 *'P NMR data (downfield from H3PO, = 0)45

Ph
P
CO Me
38.7 48.5 754 220 1470

137.0 CO,Me

5 70 NMR data (downfield from TMS = 0)*  §2°Si NMR data (downfield from TMS = 0)*6

Me\ /Me Me\

0 o) 0] Ph Ph
/ ﬂb
85.5 110.0 192.5 58.5 76.9

Table 1.15
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The "N NMR spectra of the few 7-azabicylo[2.2.1]heptyl systems which have

been reported showed significant downfield shifts compared to other cyclic secondary and

tertiary amines (Table 1.16).2*?° It seems that the angle strain at the 7-position is not the

only effect responsible for deshielding effects. It must be significant that nitrogen atoms

in other strained ring systems having high inversion barriers are actually highly shielded,

an example is provided by aziridine (—339.3 ppm) which has a nitrogen shift upfield from

normal amines*’ in contrast to the downfield shifts shown by the azabicyclic compounds

discussed above.

R

N
X
X Y

R
H Me Me -279.3
H H H -277.5
H OMe H -276.9
Me Me Me syn -291.0 (95%)
anti -300.0 (5%)
Me H H syn -287.5 (94%)

anti -298.1 (6%)

Table 1.16 Some examples of N chemical shift values for secondary and tertiary amines.

R
N
X
(4
Y
X Y

-244.7
-239.6
-236.3
syn -259.3 (70%)
anti -260.6 (30%)
syn -254.1 (71%)
anti -257.5 (29%)

24,25

Compound (13) shows significantly different '’N NMR shifts for the major syn

and minor anti invertomers (ratio of 71:29 respectively, measured by 'H NMR

spectroscopy).>*
C Cl
OMe
syn-(13)
-200.1 (major)
MeO

OMe
anti-(13)

-218.3 (minor)

In the bicyclic hydrazinium salt (22), the chemical shift of N-1 is within the
normal range for hydrazines (270 to —330 ppm / CH;NO, = 0);* but, in contrast, N-7 is

substantially deshielded. The N-Cl derivative of hydrazine (19) shows a significant

downfield shift of both nitrogens which suggests that the inductive effect of Cl is a

factor.”*
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N & in ppm / CH3NO, = 0

cl
H +_H ¢
b ]

Ny = -257.2 b b Ny = -198.0

Ny = -277.0 LN LN Ny = -241.5
(22) (19)

Clearly, the picture is complicated by the addition of benzo- substituents and by
different substitution patterns within aryl rings and the subtle differences in inversion
barriers and "°N shifts have not all been explained satisfactorily. Therefore, it has been
decided that investigation of a range of simpler 7-azabicylo[2.2.1]heptyl derivatives was
justified, looking for the effect of unsaturation and change of substituents at nitrogen
without the complications introduced in more complex systems. '°N NMR spectroscopy
was expected to be of significance in looking for possible empirical correlations between
the >N chemical shift and substitution at nitrogen (R = H, CHs, Cl), together with
possible interactions involving etheno (HC=CH) or ethano (H,C-CH,) bonds and, in
addition, possible correlations with the varying, high inversion barriers.

The inversion barrier investigations will be extended to include 7-azanorbornane
derivatives substituted in the 2-carbon bridges (4-5). In relation to this system, a
nucleophilic displacement at the C-7 position of a norbornane compound is difficult to
achieve due to angle constraints and steric factors.*® The transition state for Sx2 reaction
requires 120° bond angle but the rigid bicycle in norbornane (Figure 1.5) prevents this
bond angle being achieved at the 7-position (C;C;C4 = 93°). The exo-hydrogens at C5
and C6 hinder the approach of the incoming nucleophile. However, when the norbornane
is substituted with a carbonyl group at the C2 position, the carbonyl group aids the
displacement reaction with complete inversion of configuration at C7 (Figure 1.6).*
Moreover, Morrison et al. reported an enhancement in the displacement reactivity in the
diketone.*® Therefore, the inversion barriers will be investigated in the 7-azanorbornan-2-
one derivatives in view of the clear similarity between the T.S. for Sy2 substitution and

the T.S. for nitrogen inversion in 7-azanorbornane (Figure 1.5).

Lo

Figure 1.5
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Br Cl

LiCl
DMF
150 °C

Figure 1.6

Furthermore, molecular mechanics calculations were performed to address the
phenomenon of the ‘bicyclic effect’. Nelsen et. al. suggested that the degree of o-
branching was an important factor raising the barrier in bicyclic systems, perhaps due to
increased ground state stabilization caused by lone pair, alkyl group o* orbital mixing.?
However, on inclusion of monocyclic systems into the comparison, the a-branching
hypothesis did not seem appropriate. In the most resent study, Belostotskii ez. al. reported
the determination of the nitrogen inversion barriers of different bicyclic amines using
dynamic NMR and MP2/6-31G* level of theory.® The inversion barriers were found to
vary from 26 to 54 kJmol". A number of interesting points can be drawn from this
study® on the nitrogen inversion and ‘bicyclic effect’ in cyclic amines. The inversion
barriers increase with decreasing of the ring size in azabicycles. Also, the presence of a
five-membered ring as a part of a rigid nitrogen-bridge bicyclic framework raises the
inversion barrier by ca. 12 kJmol” per ring. The inversion barrier of the ring inversion in
six-membered ring is lowered as a double bond introduced to the system. Moreover, the
high barriers in most of these azabicycles were determined by the energy of the g-orbitals
of the C,-Cg bonds as well as the nitrogen lone pair using the natural bond orbital (NBO)
analysis.® No experimental evidence has been found so far to support the suggestion that
observed high barriers in the 7-azabicyclic derivatives is caused by the delocalization of
the nitrogen lone pair.

The aim of this study was to synthesize new and known members of a series of
simple 7- azanorbornane derivatives and to investigate these using spectroscopy (variable
temperature 'H NMR and "N NMR) of the compounds (1-3). Variation of the N-
substituents in the bridged molecules (1-3) will also be used to study the relative effects
on the dynamics of N-inversion where applicable. Further, this study will be extended to
bridged 7-azabicyclic system (4-5), substituted elsewhere in the bicyclic framework and

their possible effects on the nitrogen inversion barriers and '°N chemical shifts.
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Chapter 2
Synthesis of 7-azabicyclo[2.2.1]heptane derivatives

2.1 Synthesis of 7-azanorbornadiene derivatives

The major challenge was to synthesize the novel N-methyl amine (3a) which has
not been reported in the literature and to complete the synthesis of the series of the parent
compounds of the 7-azabicyclic system (1-2). Comparison of the properties of compound
(3) with the mono-ene (2) and the fully saturated analogue (1) has the potential to further
our understanding of the ‘bicyclic effect’. Therefore, some of the interest in this
compound lies in the measurement of the inversion barrier and IISN chemical shift. In
addition, appropriate reductive methods should provide the series of compounds (2) and
(1) from (23) (Scheme 2.1). The route used to synthesize the desired N-protected 7-
azanorbornadiene (23) [the precursor to the range of compounds including N-methyl-7-

azanorbornadiene (3a)] is outlined in Scheme 2.1.

CO,R CO,R
N
\ /) __ i
+ H——S0,Ar ——m 7 7
24 = 25) Ar = p-tolyl (233) SOzAr
(24) a R=Me (25) p-toly (230
b R=Et (23c)
¢ R=tBu i
e CO,R
N N
(26a)
(3a) (26b)
(26c¢)

Scheme 2.1  Reagents and conditions: (i) 80-85 °C, 48 h; (ii) 6% Na/Hg, Na,HPO, in THF/CH;OH
(1:1), -78 °C, 4 h; (iii) (i-Bu),AlH, Toluene, RT, 8 h.

The [4+2] cycloaddition reaction of N-acylpyrrole (24) (R = Me, Et and Bu’)
substrates and an electron-deficient arylsulfonyl-substituted acetylene (25) has proven to
be a useful method for one-step construction of the 7-azabicyclo[2.2.1]heptadiene ring

system.4’7

Desulfonation of (23) with 6% sodium amalgam afforded N-carboalkoxy
derivative (26), which was further reduced to (3a). Taking into consideration that the N-

acylpyrrole substrates contain '°N at natural abundance (0.37 %), these methods will only
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produce azabicyclic targets which have the same low levels of °’N. Of course, work with
enriched material would be difficult and very expensive.”> However, it was expected that
modemn spectrometers would be able to produce >N signals at natural abundance; “N
NMR spectra should also be measurable.

The methods that were used will be described as follows.

2.1.1 Synthesis of ethynyl p-tolyl sulfone (25)

The acetylenic sulfone, ethynyl p-tolyl sulfone (25) has been used as an acetylene
equivalent in organic synthesis and acts as an activated dienophile in Diels-Alder
reactions for the construction of bicyclic systems.*’

The route to the formation of ethynyl p-tolyl sulfone (25) is illustrated in Scheme
2.2, using Paquette’s method.”’ This method employs a two-step reaction sequence which
uses commercially available bis(trimethylsilyl)acetylene (BTMSA) (27) as the starting
material. The first step was the treatment of (BTMSA) (27) in dichloromethane with a
solution of p-toluenesulfonyl chloride-aluminium chloride in dichloromethane to afford
the p-tolyl-2-(trimethylsilyl)ethynyl sulfone (28) in 70% yield after purification. The
ethynyl p-tolyl sulfone (25) was then formed in 70 % yield by hydrolysis of the
trimethylsilyl group of (28) in basic buffered solution. The temperature of the hydrolysis
reaction must be maintained at 30 °C, otherwise the reaction is not completed (below 30
°C) or resinous material is obtained (above 30 °C). The '"H NMR spectroscopic data were

identical to those described in Paquette’s work.

Mes;Si—=—=—SiMe; ——— > Me;Si—=—S0,Ar
(27) BTMSA (28) Ar = p-tolyl

Me;Si—=—S0,Ar ———» H—=——S0,Ar
(28) (25)

Scheme 2.2  Reagents and conditions: (i) ArSO,CI-AICl;, CH,Cl,, 0 °C. (ii) K,CO;, KHCO;, CH;0H,
H,O.

Moreover, in order to avoid the hydrolysis step in Paquette’s method,”' Eisch et
al. reported the conversion of (28) using NaF to afford (25) in a high yield (90 %) of
reasonably pure material (Scheme 2.3).> Therefore, to avoid the hydrolysis reaction
described by Paquette, the alternative Eisch’s method was followed here for the removal

of the TMS group.
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Me3Si — SOzAr N H— SOzAI'
(28) (25)

Scheme 2.3  Reagents and conditions: (i) 95% EtOH, NaF/water, 0 °C.

2.1.2 Synthesis of 7-azabicyclo[2.2.1]heptadiene derivative (23b)

The synthesis of (23a) (Scheme 2.1) by the cycloaddition reaction of N-
methoxycarbonylpyrrole (24a) with ethynyl p-tolyl sulfone (25) was first reported by
Vogel.” The azabicyclic derivative (23b) was synthesized by using the method of
Muchowski.”> Treatment of the N-ethoxycarbonylpyrrole (24b) (prepared using the
method of Ciamician and Denstedt)* with the dienophile (25) in a 2:1 molar ratio
respectively and without solvent at 80-85 °C for 48 h resulted in a highly satisfactory 74%
yield of the 7-azabicyclo[2.2.1] heptadiene derivative (23b) (Scheme 2.1). The excess of
the N-substituted pyrrole can be removed and recovered easily by using column
chromatography on silica gel.

The "H NMR spectrum of the N-ethoxycarbonyl-7-azanorbornadiene (23b) shows
a singlet at 7.37 ppm with an integration of one olefinic proton which corresponds to the
H; proton. Hs and Hg olefinic protons appear at 6.90 and 6.95 ppm respectively. The two
bridgehead protons appear at positions C1 and C4 with 5.43 and 5.23 ppm confirming the
formation of the cycloadduct. The CH; and CH, protons on the ethoxy group are broad
peaks due to slow, restricted rotation about the N-C-O bond at room temperature. The

aromatic protons appear at 7.75 and 7.36 ppm as an AA’BB’ pattern (J = 8.3 Hz).

2.1.3 Synthesis of N-protected 7-azanorbornadiene (26b)

Vogel et al. reported the removal of the arylsulphonyl group in 42% yield.* Using
this method, treatment of the 7-azabicyclo[2.2.1]heptadiene (23b) with 1.7 equivalents of
freshly prepared 6% Na/Hg (sodium amalgam) afforded 7-azabicyclo[2.2.1]hepta-2,5-
diene (26b) as a colorless liquid after column chromatography on silica gel (Scheme 2.1).
The desulfonation step gave only a low yield of the cycloadduct (26b) (23%) which was
reported here for the first time with the ethoxy carbonyl protection group. This was a
serious problem given the proposed use of this key cycloadduct as a precursor for a wider
range of compounds.

The "H NMR spectrum of the 7-azanorbornene (26b) illustrates the absence of the
aromatic protons which demonstrates the successful cleavage of the phenyl sulfone group

after purification. The '"H NMR spectrum of (26b) exhibits a broad singlet at 7.01 ppm
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with an integration of four olefinic protons. Also, H; and Hy appear as a broad singlet at
5.25 ppm with an integration of two protons. The broadness is probably a result of the
slow rotation about the N-C=0 bond at room temperature. However, measurement of a
>N NMR spectrum at natural abundance was straightforward using a concentrated
solution (ca. 0.4 g of (26b) in ca. 0.25 ml of CDCl;). The "N NMR spectrum of the
urethane (26b) shows a single peak at -203.6 ppm and is reported for the first time. This
value was compared with other reported '°N shifts for 7-azabicyclo[2.2.1]heptyl
derivatives® (29) and (30) (Figure 2.1) which will be discussed later.

CO,Et CO,Et CO,Et
N N N
ﬂb Z
5N -203.6 -208.6%° -241.0%° ppm
(26b) (29) (30)

Figure 2.1 15N chemical shift values for urethanes relative to neat CH3NO:.

2.1.4 Synthesis of N-methyl-7-azanorbornadiene (3a)

The procedure of Marchand® was used to synthesize the previously unreported
tertiary amine (3a). The N-carbethoxy-7-azanorbornadiene (26b) was treated with
diisobutylaluminum hydride to reduce the N-protecting group to the free amine (3a). The
yield was low (11%) but was acceptable (Scheme 2.1). The major concern was the
volatility of (3a) as the free amine. Therefore, compound (3a) was isolated and handled
as a salt. When the free amine was required, it was extracted from a basified aqueous
solution into an appropriate organic solvent.

The inversion barrier of (3a) was measured using high temperature NMR
spectroscopy and the nitrogen chemical shift of the free amine was also measured. The

results of the inversion barrier and nitrogen NMR measurements will be discussed later.

2.1.5 NMR spectroscopic data for the free amine (3a) and quaternary salt (3a:HCI)

'H and >C NMR spectra for (3a) were measured and analyzed in detail. The 'H
NMR spectrum of the free amine (3a) includes a singlet at 2.18 ppm with an integration
of three protons (N-Me protons). Because compound (3a) is symmetrical, only one
singlet peak is expected for the olefinic protons if inversion at N is rapid. However, two

broad singlet signals were observed at 6.69 and 7.00 for the alkene protons. Thus, slow
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inversion at nitrogen must be the cause of the different electronic environment for each
alkene. Therefore, two invertomers of (3a) are present in solution at room temperature on
the NMR timescale. Clearly the invertomers are isoenergetic (identical). A protonation
experiment was performed using strong acid (HCI). The NMR spectroscopic data are

summarized in Table 2.1.

. /HMe H\,:', % Me
4
”%‘ﬁ“s A
Hg™ Hs H,

Protons Amine (3a) (3a:HCI
Mult. ppm Mult. ppm
H,, H, brm 425 brs 4.99
H,, H; brs 7.00 brs 7.18
Hs, He brs 6.68 brs 6.99
N-Me s 2.19 d Jnume =4.7Hz 2.77

Table 2.1 'H NMR data for amine (3a) and its protonated quaternary salt (3a:HCI).

The first thing to be noticed when looking at Table 2.1 is that each signal in the
salt has been shifted downfield compared to its counterpart in the free amine (this is
caused by the electron deficiency caused by the protonation at nitrogen). The fixing of
the configuration at nitrogen is clearly observed in the change of multiplicity. The N-Me
singlet in (3a:HCI) becomes a doublet (Jxume = 4.7 Hz) in the protonated form (3a:HCI)
as é result of vicinal coupling.

The *C NMR assignments for the free amine (3a) were measured at room
temperature. Carbons C; and C, are o to the nitrogen atom and therefore they are shifted
downfield most. Two sets of signals of the alkene carbons C,-C; and Cs-Cs were
observed due to the slow inversion at room temperature although (3a) is symmetrical
under conditions of rapid inversion. In the protonated form, >C chemical shifts for
(3a:HC) are downfield from the corresponding signals in the free amine (3a) due to the

electron-withdrawal by the protonation at nitrogen (Table 2.2).
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Me Me
H_ +
N/ \N/
4
6 1 2

Amine (3a) (3a:HCI)

ppm ppm
C, Cy 72.2 78.1
Cy, G 1394 144.1
Cs, Cs 144.6 148.4
N-Me 36.2 40.4
Table 2.2 "*C NMR data for amine (3a) and its protonated quaternary salt (3a:HCI).

The assignment of the two alkene signals in both (3a) and (3a:HCl) was
facilitated by the application of the y-effect of carbon substitution.® The y-effect is
demonstrated by the '>C chemical shifts of C2 and C6 of syn- and anti-7-
methylbicyclo[2.2.1]hept-2-ene, (31) and (32) (Figure 2.2). When a carbon atom is
eclipsed by another methyl group (or carbon atom) in the y-position to it, the >C NMR
chemical shift of that carbon atom occurs at higher field than the shift of the same carbon
when the y-substituent is anti- to it. Thus, the alkene carbon atom C; in (31) (the Me
group is syn to the double bond) was observed to resonate at 132.4 ppm, 5.4 ppm upfield
of the same carbon atom when the Me group is anti to the double bond) (32). Similarly,
C6 in (32) was observed to resonate upfield of its counterpart in (31). This is also known
as a Compression Shift (induced by an eclipsing carbon atom). The concept of the y-
compression shift was used in the assignments of major and minor signals in the

protonation experiments carried out through this work.

Me Me Me Me
Lo=d e Zen AT ey AT e

132.4 ppm 137.8 25.9 218

Figure 2.2

2.1.6 Synthesis of the secondary amine 7-azanorbornadiene (3b)
Vogel et al. reported the first route toward the synthesis of the parent compound
(3b) of 7-azanorbornadiene derivatives on a preparative scale.” It is the only procedure

that describes the synthesis of (3b) in the literature. The general overview of this
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synthesis is shown in Scheme 2.4. A cycloaddition reaction of N-methoxycarbonylpyrrole
(24a) and the acetylene equivalent ethynyl-p-tolyl sulfone (25) afforded adduct (23a).
The reductive removal of the p-toluenesulfonyl group was performed with 6% sodium
amalgam to afford (26a) which was then treated with trimethylsilyl iodide to give (33).

The silyl ester (33) reacted with methanol via the carbamic acid to give the desired

secondary amine (3b).’
COzMe COzMe
N N
w7 .
H SOAr ———» g p
(24a) (25) Ar = p-tolyl (23a) SOLAr
COzslMe3 COzMe
(3b) (33) (26a)
Scheme 2.4

An alternative method for the synthesis of the secondary amine (3b) was
developed by us. The N-tert-butyloxycarbonyl protecting group, which could be removed
under milder conditions, was chosen in place of the N-methoxycarbonyl group used by
Vogel.” Thus, heating a solution of p-tolylsulfonyl acetylene (25) and the commercially
available N-(tert-butyloxycarbonyl)pyrrole (24¢) provided the [4+2] cycloaddition adduct
(23¢) in 70% yield.”’ Desulfonation of (23c) using the same conditions described in
Scheme 2.1 afforded a low yield (22%) of the desired compound (26¢) (Scheme 2.5).
The >N NMR spectrum of urethane (26¢) was also measured and showed a single peak at

-202.6 ppm which will be discussed later in context.

CO,Bu H CO,'Bu CO,Bu
N N N
SR N R &
SO,Ar A Y
(24¢) (25) Ar = p-tolyl @23¢) SO (26¢)

Scheme 2.5  Reagents and conditions: (i) 80-85 °C, 48 h; (ii) 6% Na/Hg, Na,HPO, in THF/CH;0H
(1:1),-78°C, 4 h,
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The reduction reaction of (23c¢) with 6% sodium amalgam afforded a major
byproduct containing the sulfonyl moiety, which warranted further investigation. Indeed,
it might be the cause of the low yield of (26¢). It was thought to be the consequence of
methanol adding across the functionalized ethano- bridge since a 3-proton singlet
appeared in the "H NMR spectrum of the product. However, there is unfortunately no
evidence to suggest that avoidance of methanol could enhance the yield since when the
reaction was attempted in the absence of methanol; the result was simply a low yield of
(26¢).

The byproduct was identified and characterized as the novel 5-methoxy-6-tosyl-7-
azabicyclo[2.2.1]hept-2-ene derivatives (34) (Figure 2.3). The mass spectral data
confirmed the overall addition of methanol to the azabicyclic system. The 'H NMR
spectroscopic data also were examined and the methoxy and tosyl groups were assigned
as exo- and endo- respectively with the aid of a '"H NMR COSY experiment. It was
obvious that Hg is coupled to H; which indicates that He is in the exo- position. On the
other hand, no coupling was noticed between Hs and Hs. Two olefinic protons (H, and
H;) were observed at 6.56 and 6.39 ppm. The methoxy protons integrated for three
protons and appear as broad singlet at 3.35 ppm. The bridgehead protons (H; and Hy)
appear at 4.60 and 4.76 ppm respectively. Moreover, the stereochemistry of (34) obtained
from the reduction reaction was confirmed by X-ray crystallographic analysis (Figure
2.3).

CO,'Bu
N

4 OMe
7 5
2 1

Tos
(34)

Figure 2.3  X-ray structure of (34).

There was an attempt to remove the Boc group in (26¢) using 3M HCI (formed in
situ at 0 °C from ethanol (2.7 ml), ethyl acetate (7.2 ml) and acetyl chloride (2.7 ml))
which unfortunately led to the formation of aniline (35) via opening of the azabicycle ring

system. On the other hand, using MeOH saturated with HCI at 0 °C led to removal of the
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Boc protecting group without rearrangement to afford the desired product (3b). This was
repeated successfully on a preparative scale (Scheme 2.6). Great care was necessary
during the reaction and work-up since the ring-opening side reaction was noticeable when
the reaction mixture was left to warm up to room temperature or left for a longer time.
However, the secondary amine (3b) itself is not acid sensitive and reacts with hydrogen
chloride in dichloromethane to give the hydrochloride salt (3b:HCI) which is stable when
stored in the fridge for long time. Vogel reported that the free amine (3b) undergoes
fragmentation into pyrrole and acetylene via retro Diels-Alder reaction when heated

above 80 °C.’

NH,

(3b)

Scheme 2.6  Reagents and conditions: (i) 3M HCI in situ (ethanol (2.7 ml), ethyl acetate (7.2 ml) and
acetyl chloride (2.7 ml), 0 °C; (ii) MeOH, HCI, 0 °C.

2.1.7 'H NMR spectroscopic data for the free amine (3b) and quaternary salt
(Bb:HCY)

Our samples of the secondary amine (3b) and its salt (3b:HCI) had spectral data
in accord with those described previously.” The 'H NMR spectrum of the free amine (3b)
consists of a signal at 7.03 ppm which corresponds to four olefinic protons and a signal at
4.73 ppm for the two bridgeheads protons. A protonation experiment was performed
using strong acid (HCl) to form the salt (3b:HCI). Similar protonation shifts to those
described for (3a:HCI) were observed. The spectroscopic data are summarized in Table
2.3.
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H H_ , H
N H, \N/
H6 H1 H2
Protons Amine (3b) (3b:HCI)
ppm ppm
H,, H, 473 5.21
H,, H;, Hs, Hg 7.03 7.18
N-H 1.68
Table 2.3 'H NMR data for amine (3b) and its protonated quaternary salt (3b:HCI).

2.2  Routes to N-methyl-7-azanorbornene (2a)

The routes used to synthesize the N-methyl-7-azanorbornene (2a) are outlined in
Scheme 2.7 using 7-azabicyclo[2.2.1]heptadiene (23b) as starting material. Two slightly
different approaches (via (36) or (37)) are possible as illustrated in Scheme 2.7.

CO,Et

N
CO,Et __'.QLb S CO,Et Me
N (36) SOLAr N N

@3b) SOA | (38) (2a)
It 7

(37)  "SO,Ar

Scheme 2.7  Reagents and conditions: (i) H,, Pd/C in CH;CN; (ii) NaBH,, CH;0H, RT, (iii) 6%
Na/Hg, Na,HPO, in CH;0H; (iv) (i-Bu),AlH, Toluene, RT, 8 h.

2.2.1 Synthesis of 7-azabicyclo[2.2.1]hept-2-ene sulfone (36)

The 7-azabicyclo[2.2.1]hept-2-ene sulfone (36) can be obtained by a selective
reduction of the 5,6 carbon-carbon double bond of (23b) using the method of Vogf:l.4
The reaction here was carried out with one equivalent of hydrogen and Pd/C as catalyst to
yield 93% of (36) which has not been reported in the literature with the ethoxycarbonyl
N-protecting group (Scheme 2.7).

The 'H NMR spectrum of (36) shows only one alkene proton signal at & 7.04
which is assigned to H;. The CHj3 and CHj; protons of the ethoxy group are broad peaks

due to restricted rotation about the N-C=0 bond at room temperature.
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2.2.2 Synthesis of 7-azabicyclo[2.2.1]hept-2-ene sulfone (37)

Selective reduction of the 2,3-double bond conjugated with the sulfone moiety can
be achieved. Thus, reaction of (23b) with excess sodium borohydride®” in methanol gave
the product (37) of conjugate reduction as a mixture of endo- and exo- sulfone isomers
(7:3 respectively). The yield of the isomers mixture was high (96%) and there was no
need for separation before the next desulfonation step.

The 'H NMR chemical shifts of the protons bonded to the same carbon that linked
to the tosyl group are shifted downfield (3.73 and 3.04 ppm) for endo- and exo-sulfone
respectively. The "H NMR spectrum for endo-(37) shows alkene proton signals at 6.53
and 6.43 ppm for H; and H, respectively.

2.2.3 Synthesis of 7-azanorbornene (38)

The first practical route for the synthesis of the key intermediate (38) was
described by Marchand.® The disadvantage of this synthesis was the low yield of the
starting material which is obtained in 15 — 20% by the cycloaddition reaction of
acetylenedicarboxylic acid to N-benzylpyrrole.

As alternative methods, 7-azanorbomene (38) can be synthesized by two routes
from either compound (36) or (37). The two routes are different according to the status of
the carbon atom that bonds to the sulfone group. In compounds (36) and (37), the sulfone
is bonded to sp> or sp° carbon atom respectively which may affect the desulfonation
reaction. Because compounds (36) and (37) give identical compound (38), it is important
to investigate which route is more efficient and reliable.

Desulfonation of (36) with 1.7 equivalents of 6% sodium amalgam in MeOH-THF
(1:1) at —78 °C gave the N-ethoxycarbonyl protected 7-azanorbornene (38) in low yield
(20%) (Scheme 2.7). The use of an excess of the Na(Hg) amalgam led to further
reduction of the double bond of (36) to give a mixture of (38) and saturated protected 7-
azanorbornane derivatives (1) judged by the 'H NMR spectra. Thin-layer
chromatography (TLC) shows a difficult separation between the two compounds (38) and
the saturated protected 7-azanorbornane derivatives (1). Therefore, it has been concluded
that this route is not efficient.

On the other hand, desulfonation of (37) with 9 equivalents of 6% sodium
amalgam at -78 °C affords (38) in low yield (18%) as a colorless liquid after
chromatography on silica gel. Hodgson, et al.”® reported the desulfonation of a similar

system by using the same conditions except that the reaction temperature range employed
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was at -10 °C to room temperature (Scheme 2.7). By using the latter method, which was
the more reliable method in our hands, the reductive removal of the sulfone group of (37)
afforded the desired alkene (38) as major product (44% yield) as a colorless liquid after
chromatography on silica gel. Moreover, Carroll ez. al. reported an alternative method to
prepare a similar system of (38) with different protecting groups in high yield by adding
tributytin hydride to a similar system to (36) (with different protecting groups) in benzene
containing 2.2’-azabisisobutyronitrile (AIBN) followed by treatment of the resulting
addition product with tetrabutylammonium fluoride in tetrahydrofuran.*

The '"H NMR spectrum of (38) exhibits a broad singlet at 6.23 ppm with a relative
integration of two olefinic protons. Also, H; and Hy appear as a broad singlet at 4.73 ppm
with an integration of two protons. The two exo protons (1.86 ppm) are shifted downfield
compared to the two endo protons (1.12 ppm). The two exo protons which were assigned
using a 'H COSY experiment coupled to the bridgehead protons H; and H,. On the other
hand, the two endo protons do not couple to the bridgehead protons H; and Hy in
agreement with the Karplus relationship. The broadness is probably a result of the slow
rotation about the N-C=0 bond at room temperature. However, measurement of a >N
NMR spectrum at natural abundance was straightforward using a concentrated solution
(ca. 0.25 g of (38) in ca. 0.25 ml of CDCl3). The >N NMR spectrum of the urethane (38)
shows a single peak at —247.3 ppm and is reported for the first time. This value was
compared with other reported "N shifts for 7-azabicyclo[2.2.1]heptyl derivatives®
(Figure 2.4) and with (26b) which will be discussed later.

CO,Et CO,Et CO,Et CO,Et
| N N N N
5N -203.6 -208.6%° 241.0%° 247.3 ppm
(26b) (29) (30) (38)

Figure 2.4  '°N chemical shift values for urethanes relative to neat CH;NO,.

2.2.4 Synthesis of N-methyl-7-azanorbornene (2a)

Marchand reported in 1975 the first and only synthesis in the literature of N-
methyl-7-azanorbornene (2a).* In our approach to (2a), a slightly different route was
followed using methodology established in other work, as described above (Scheme 2.7).
Reduction of the N-protecting group of the key intermediate (38) with lithium aluminium
hydride afforded the desired compound (2a) in high yield (84%).
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In addition, the '°N chemical shift for the salt (2a:HCI) and '*N chemical shift for
(2a) were measured and reported for the first time. There was an attempt to measure N
shift for the free amine (2a) at room temperature, but no result was obtained after
thousands of scans, possibly as a result of rapid inversion at nitrogen. Moreover, the
inversion barrier was measured here for (2a) and the result will be compared with
Marchand’s result that was reported in 1975.° The nitrogen chemical shifts and the

inversion barrier results will be discussed later.

2.2.5 NMR spectroscopic data for the free amine (2a) and quaternary salt (2a:HCI)

'H and *C NMR spectra for (2a) were measured and analyzed in detail. The
assignment of the '"H NMR peaks of the free amine (2a) was previously made by
Marchand.® His assignment is consistent with this work, although our use of higher field
naturally led to changes in the appearance of the spectrum of the mixture of invertomers.
"H NMR chemical shifts in our results demonstrate a broad singlet at 5.92 ppm which
corresponds to two olefinic protons at room temperature. The bridgehead protons (H; and
Hy) appear as broad singlet at 3.69 ppm. The exo- protons signal (Hs.ex, and Hg.xo) (1.81
ppm) is shifted downfield compared with that for the endo- protons (Hs.cnso and He.endo)
(0.97 ppm) as observed for (38). °C NMR spectroscopic data are reported here for the
first time. The *C NMR assignment for (2a) was made easily by using DEPT
experiments which simplified the spectrum and differentiated between CH, CH, and CHs.
The °C NMR spectrum shows 4 signals which correspond to alkene (130.3 ppm),
bridgehead (66.4 ppm), ethano- (H,C-CH;) (24.7 ppm) and N-Me (34.6 ppm). A
protonatidn experiment was performed using strong acid (HC1). The spectroscopic data
for (2a:HCI) are summarized in Tables 2.4 and 2.5 together with comparison data for the

(rapidly inverting) free amine (2a).
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'\sﬂe Me\ﬁ/H H\ﬁ/Me

374 5
Amine (2a) syn-(2a:HCI) anti-(2a:HCI)
Protons Mult. ppm Mult. ppm pPpm
H,, H; brs 5.92 brs 6.29 6.46
H,, H, brs 3.69 brs 4.46 4.46
Hs, He brd exo- 1.81 brd exo- overlapped exo- 2.17
brd endo- 0.97 brd endo- 1.40 endo- 1.56
N-Me s 2.05 d 2.66 2.66
JIname =4.8 Hz
Table 2.4 'H NMR data for amine (2a) and its protonated quaternary salt (2a:HCI).

As observed earlier, the proton chemical shifts of the salt (2a:HCl) have been
shifted downfield compared to their counterparts in the free amine (2a) Table 2.4. The
fixing of the configuration at nitrogen is clearly observed in the change of the N-Me
multiplicity which becomes a doublet (Jxume = 4.8 Hz) in the protonated form (2a:HCI).
Moreover, two diastereoisomeric salts of (2a:HCI) were observed. Therefore, two sets of
signals of (2a:HCIl) were recognized for the etheno- and ethano- protons due to the
position of the N-Me group (syn or anti to the alkene group).

Two sets of peaks were also seen in the ’C NMR spectrum of the protonated form
of (2a:HCI) (Table 2.5). The >*C NMR assignment of Cs and Cs fits with the y-effect
phenomenon where Cg in the anti- isomer is 2.4 ppm upfield from the same carbon in the
syn- isomer. A similar effect is observed on the alkene carbon C; and C; in the syn-
isomer (3.4 ppm upfield) compared to C, in the anti- isomer. Based on this assignment,
the averagev ratio calculated by °C NMR was 74% syn-methyl to 26% anti-methyl. This
ratio is in good agreement with the ratio of the quaternary salts measured by 'H NMR.
Two >N NMR signals were also observed for the two diastereoisomeric salts of (2a:HCI)

at —290.8 and —292.8 ppm.
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“SAe Me\-ﬁ/H H\L/Me

N S s

3 4 5
Amine 2a)  syn-2a:HCl)  anti-(2a:HCI)

ppm ppm ppm
C,C, 66.4 67.3 65.7
C,, G 1303 1304 133.8
Cs, Cs 247 219 19.5
N-Me 34.6 324 345
Table 2.5 >C NMR data for amine (2a) and its protonated quaternary salt (2a:HCI).

2.2.6 Synthesis of the secondary amine 7-azanorbornene (2b)

A five-step synthesis of 7-azanorbornene (2b) which was developed by
Marchand® has already been in the literature for some time. However, this method has
not been widely taken up in the literature because it is not suitable for the preparation of
(2b) in sufficient yield. Vogel has developed a synthetic route starting from (23a)
(Scheme 2.1) to obtain (2b) in pure form.* Most recently, Hodgson et. al. reported the
synthesis of (2b) in quantitive yield from the known N-Boc-azanorbornene (39) key
intermediate (Scheme 2.8).°° Thus, deprotection of (39) with TFA gave the desired 7-
azanorbornene (2b). Scheme 2.8 describes the synthetic route that was followed by us to
synthesize the target compound (2b) with a small variation involving the use of 3M HCI
generated in situ at 0 °C from ethanol (2.7 ml), ethyl acetate (7.2 ml) and acetyl chloride
(2.7 ml) for the deprotection step. Compound (2b) is not acid sensitive but needs to be
handled carefully because it is a volatile compound. Therefore, it was isolated as a salt
(2b:HCI). -

CO,'Bu Coz’Bu COztBu

N
/ Lb Lb
(23c) SOzAf (40)  "SO,Ar (39) (2b)

Scheme 2.8  Reagents and conditions: (i) NaBH,, CH;OH, RT, (ii) 6% Na/Hg, Na,HPO, in

THF/CH;0H (2:1); (iii) 3M HCI generated in situ (ethanol (2.7 ml), ethyl acetate (7.2 ml) and acetyl
chloride (2.7 ml), 0 °C, 4h, RT.

Through the synthetic steps of (2b), it was of interest to measure the '°N chemical
shift for the simple key intermediate (39). The N chemical shift for (39) is —248.1 ppm
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which is similar to that measured for (38) (Scheme 2.7) and the results will be discussed

later.

2.2.7 NMR spectroscopic data for the free amine (2b) and quaternary salt (2b:HCI)

'H and *C NMR spectra for (2b) were measured and analyzed in detail. The 'H
NMR spectroscopic data for the free amine (2b) are similar to those reported earlier.® The
signals at 6 6.16 ppm are due to the alkene protons (H; and H3) and appear as a broad
singlet. The bridgehead protons (H; and H,) also appear as a broad singlet at 6 4.06. The
chemical shift for the exo protons (Hs and He) (1.67 ppm) are shifted downfield compared
to those endo protons of (Hs and Hg) (0.95 ppm) as observed for the similar system (2a).
The *C NMR spectrum shows three signals which correspond to the alkene group (C,
and C;) (136.0 ppm), bridgehead (C; and C,) (58.8 ppm) and ethano- (Cs and Cs) (26.6
ppm). There was an attempt to measure the ’N chemical shift at room temperature for
the free amine (2b), but no result could be obtained from the small sample available, even
after thousands of scans. A protonation experiment was performed using strong aqid

(HC1). The spectroscopic data are summarized in Table 2.6.

¥ H—g—H
A s
374 5
Protons Amine (2b) (2b:HCI)
Mult. ppm Mult. ppm
H,, H; brs 6.16 s 6.57
H,, H, brs 4.06 brs 495

Hs, Hy m exo- 1.67 brd exo- 2.29
brd endo-095  brd endo- 1.61
NH brs 1.92
Table 2.6 'H NMR data for amine (2b) and its protonated quaternary salt (2b:HC]).

As noticed earlier, every proton in the protonated form of the salt (2b:HCI) is
downfield from its counterpart in the free amine (2b) due to the electron withdrawal by
the protonation at nitrogen (Table 2.6).

The *C NMR assignments for the free amine (2b) and (2b:HCI) were made easily
by using the same method described for (3a). In the protonated form, two *C chemical
signals for (2b:HCI) are shifted upfield from their counterparts in the free amine (2b)
which was unexpected. Only, the bridgehead carbons (C; and C,) are shifted downfield
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for (2b:HCI) compared to the free amine (2b) Table 2.7. Similar observation was
observed with different azabicyclic systems such as 2-azabicyclo[2.2.1]heptyl and -
[2.2.2]octyl derivatives where the 13C NMR shifis of the protonated forms are not always

shifted downfield from its free amine.®!

H +
1
2
ﬂbs ﬂb
374 5

Amine 2b)  (2b:HCI)

ppm ppm
Ci, Cs 58.8 61.2
C5 Cs 136.0 1335
Cs, Cs 26.6 22.0

Table 2.7 >C NMR data for amine (2b) and its protonated quaternary salt (2b:HCI).

2.3  Synthesis of N-methyl-7-azanorbornane (1a)

To date, there are few reports describing the synthesis of N-methyl-7-
azanorbornane (1a). N-Methyl-7-azanorbornane (1a) was first prepared by Fraser and
Swingle in 1970 in five steps using a Leuckart reduction of the parent 7-
azabicyclo[2.2.1]heptane (1b) in 53% yield.*> In a later study in 1989, Nelsen ez al.’
reported a modification of Fraser and Swingle’s method to synthesize (1b) in a one-step
reaction by cyclization of trans-4-hydroxycyclohexylamine with diethoxytriphenylphosp-
horane affording a mixture of (1b) and 7-ethyl-azabicyclo[2.2.1]heptane (18) (18%)
(Scheme 2.9). (1b) was then converted easily with ethyl chloroformate into 42)?
Reduction of (42) with LAH gave the desired methyl derivative (1a) (Scheme 2.10).

CH,CH;
H §
N N

HO 7N, (E0REPNs Lb - Lb
(1b) (14)

Scheme 2.9

As illustrated in Scheme 2.10, our synthetic approach to the 7-azanorbornane
derivative (1a) was developed using earlier methods, starting from (23b). Thus, reduction
of the double bonds using hydrogen over Pd/C gave 98% of the novel endo-(41).

Reductive cleavage of the sulfonyl group of endo-(41) using 6% sodium amalgam in
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methanol-THF gave the N-ethoxycarbonyl-protected 7-azanobornane (42) in reasonable
yield (50%). Similar reduction of the N-ethoxycarbonyl-protected 7-azanobornane (42)
with LAH afforded the desired N-methyl derivative (1a) in high yield (95%). The free

amine (1a) is not acid sensitive and was isolated as a salt (1a:HCI) because of its high

volatility.
Me
CO,Et CO,Et CO,Et 3
N N N N
A
SOAT SO,Ar
(23b) (endo-41) (42) (1a)

Scheme 2.10 Reagents and conditions: (i) H,, Pd/C in CH;CN; (ii) 6% Na/Hg, Na,HPO, in
THF:CH;0H (2:1), -10 °C 10 min. to RT, 3h; (iii) LiAlH, diethyl ether, reflux, 8 h.

In the endo-tosyl compound (41), the '"H NMR signal due to H, is shifted
downfield (3.55 ppm) by the tosyl group. The assignment of the '"H NMR signals of (42)
was previously reported by Nelsen.> His assignment is consistent with this work. The
BC NMR spectrum has not been described in the literature. The assignments of the °C
chemical shifts were 56.0 and 29.6 ppm for (C; and C4) and (C,, C3;, Cs and Cg)
respectively. Duplication of signals were observed for apparently equivalent carbons in
the symmetrical heterocycle framework as a result of slow rotation around the N-C=0
bond. The measurement of the '’N chemical shift of (42) was considered important to
this investigation; the "N signal was observed at ~259.5 ppm and the comparisons with
other N-protected 7-azabicyclic systems (Figure 2.5) will be discussed later in more

detail.

CO,Et CO,Et CO,Et
N N N
N -203.6 -247.3 -259.5  Ppm
(26) (38) (42)

Figure 2.5 5N chemical shift values for urethanes relative to neat CH5NO:..
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2.3.1 NMR spectroscopic data for amine (1a) and the quaternary salt (1a:HCI)

'H and '>C NMR spectra for (1a) were measured and analyzed in detail as done
previously. The '"H NMR chemical shifts for the free amine (1a) were similar to the
literature values.” The bridgehead protons (H; and H,) appear at 3.17 ppm which are
shifted upfield compared with (2a) and (3a). The exo- protons are shifted downfield
compared with the endo- protons (1.77 and 1.27 ppm respectively). The exo- protons can
be easily distinguished from the endo- protons using '"H COSY experiment. The exo-
protons couple to the bridgehead protons H; and Hs. On the other hand, the two endo
protons do not couple to the bridgehead protons H; and Hy (Karplus relationship). A
protonation experiment was performed using strong acid (HCl). The spectroscopic data

are summarized in Table 2.8.

rgle H\ iy Me
N N
4
3
Amine (1a) (1a:HQC))
Protons Mult.  § (ppm) Protons Mult. 8 (ppm)
H,, H, brm 3.17 H,, H, brs 3.93
H,, H;, Hs, Hg brs exo-1.77 H,, H; brd exo-2.55
brd  endo-1.27 Hs, He brd exo-2.13
N-Me s 2.24 H,, H; brd endo- 1.71
Hs, Hy brd endo- 1.69
N-Me d JNH,Me =5.1Hz 2.77
Table 2.8 'H NMR data for amine (1a) and its protonated quaternary salt (1a:HCI).

Table 2.8 shows the usual downfield shifts for the salt compared to the
corresponding signals for the free amine because of the electron deficiency induced by the
protonated nitrogen. The fixing of the configuration at nitrogen is clearly observed in the
changes of multiplicity. The N-Me singlet in (1a:HCI) becomes a doublet (Jygme = 5.1
Hz) in the protonated form as a result of vicinal coupling. Moreover, two sets of signals
for both exo- and endo- protons were observed as a result of the fixing of the N-Me
group. The *C NMR assignment for the free amine (1a) was made easily by using DEPT
experiment which simplified the spectrum and distinguished between CH, CH, and CHg
(Table 2.9). Only one CH, *C signal of the free amine (1a) was observed as a result of
the symmetry. On the other hand, two CH, "°C signals of the protonated form (1a:HCI)

were observed as a result of having two different electronic environments cause by the N-
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Me group. The 'C NMR assignment of C; and Cg fits again with the -effect
phenomenon where C, in the syn- stereoisomer (according to the N-Me group) is upfield

from the C¢ carbon where it is anti- to the N-Me group (Table 2.9).

S

Amine (1a) (1a:HCI)
8 (ppm) 8 (ppm)
C, Cy 61.2 C, Cy 64.4
C,, C;Cs,Cs br28.6 C,, G 25.8
Cs, Cs 279
N-Me 34.8 N-Me 32.6
Table 2.9 3C NMR data for amine (1a) and its quaternary salt (1a:HCI).

The structure of the free amine (1a) was confirmed indirectly by the X-ray crystal
structure of its salt (1a:HCI) as shown in Figure 2.6. This new result is reported here for
the first time as the simplest structure of the 7-azanorbornane derivatives. The CNC bond
angle of (1a:HCI) is 95.4° which is close to the value for norbornane® and other reported
7-azanorbornane derivatives.’’ The effect of the CNC bond angle on the inversion barrier

will be discussed in more detail in Chapter 6.

Figure 2.6  Crystal structure of (1a:HCI).

2.3.2 Synthesis of the secondary amine 7-azanorbornane (1b)

The first synthesis of 7-azabicyclo[2.2.1]heptane (1b) was reported by Braun and
Schwarz in 1930 with less than 1% overall yield.® An improved synthesis of (1b) was
later reported by Fraser and Swingle in 1970 which increased the overall yield of (1b) to
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38%.% Moreover, Nelsen et. al. as mentioned above, showed that trans-4-
hydroxycyclohexylamine could be directly converted into the 7-azabicyclo[2.2.1]heptane
(1b) (26%) and 7-ethyl-azabicyclo[2.2.1]heptane (18) (Scheme 2.9).> The disadvantage
of Nelsen’s method is that the separation between (1b) and (18) is difficult to achieve
unless (1b) is converted to (42) as described above. Both of these syntheses of (1b)
depend on the transannular ring-closure reactions of cylohexylamine derivatives.

Vogel et al. reported the synthesis of (1b) by hydrogenation of (3b)." Our
synthetic approach to (1b) is shown in Scheme 2.11 and constitutes a new route to the
target compound making use of methods and intermediates described earlier in Chapters 2
and 3.

CO,Bu CO,'Bu CO,Bu
N N N H
7 [ Lb i Ab i Lb
—_— —_— —_—
(40)  "SOLAr (43)  "SO.Ar (44) (1b)

Scheme 2.11 Reagents and conditions: (i) H,, Pd/C in CH;CN; (ii) 6% Na/Hg, Na,HPO, in

THF:CH;0H (2:1), -10 °C 10 min. to RT, 3h; (iii) 3M HCI generated in situ (ethanol (2.7 ml), ethyl acetate
(7.2 ml) and acetyl chloride (2.7 ml), 0 °C, 4h, RT.

The 7-azabicyclo[2.2.1]hept-2-ene derivatives (40) was hydrogenated to give (43)
in high yield (97%). The key intermediate (44) was prepared in similar fashion from (43)
in good yield (55%) using 6% sodium amalgam and was then converted into (1b) with
3M HCI generated in situ at 0 °C from ethanol (2.7 ml), ethyl acetate (7.2 ml) and acetyl
chloride (2.7 ml).

The 'H and '*C NMR spectroscopic data for (43) and (44) are similar to those
reported in the literature.** The "N NMR shift for the key intermediate (44) (-257.5
ppm) was measured for the first time and it will be compared with the other urethane data
in the >N NMR spectroscopic chapter.

The 'H and >C NMR spectroscopic analysis for (1b) and its salt (1b:HCI) are
assigned similarly to (2b) and (3b). The >N NMR chemical shifts of the free amine (1b)
and the counterpart (1b:HCI) were measured to be —304 4 and —309.5 ppm respectively.

These new results will be discussed later in Chapter 5.
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Synthesis of novel 1,4-dimethyl-7-azabicyclo [2.2.1]heptane derivatives



Chapter 3
Synthesis of novel 1,4-dimethyl-7-azabicyclo[2.2.1]heptane derivatives

3.1 Introduction

As indicated in the previous chapter, 7-azabicyclo[2.2.1]heptyl systems have
attracted substantial interest due to their anomalously high barriers to nitrogen inversion.
It was decided to investigate the basic structure of the 1,4-dimethyl-7-
azabicyclo[2.2.1]heptane system in order to study the additional effects of dimethyl
substituents on inversion barriers and >N NMR chemical shifts. This chapter therefore
covers the synthesis of some novel 1,4-dimethyl-7-azanorbornane derivatives. The
consequences of substitution at the bridgehead positions on inversion and NMR chemical
shifts will be explored in detail in Chapter 6 where comparisons will be made with the
simplest 7-azanorbornane derivatives (1-3).

Scheme 3.1 demonstrates the proposed route to synthesize the target compound

(45) using a similar approach that used in Chapter 2.

CO,'Bu co2 Bu co2 Bu
N
| -
SOLAr —
SO Ar
(46) (25) Ar = p-tolyl (47) (48) (45)

Scheme 3.1  Reagents and conditions: (i) 80-85 °C, Toluene, 48 h.

3.2 Synthesis of 1,4-dimethyl-7-azanorbornadiene derivatives

The preparation of 1,4-dimethyl-7-azanorbornadiene derivative (47) (Scheme 3.1)
was accomplished using the cycloaddition approach described in the previous chapter.
2,5-Dimethylpyrrole derivative (46) was used as the diene for the construction of the 1,4-
dimethyl substituted azabicyclic system. The Boc-protected 2,5-dimethylpyrrole (46) is
not commercially available, thus it was prepared from the commercially available 2,5-
dimethylpyrrole in this laboratory.

Kaiser and Muchowski reported the first synthesis of (46) from 2,5-
dimethylpyrrole which was treated with di-fert-butyl dicarbonate and potassium tert-
butoxide; the reaction mixture was refluxed for 4 days but the authors did not quote the
yield.®® Most recently, Hodgson et al. reported the protection of different pyrrole
derivatives such as 3-ethylpyrrole and 2,4-dimethylpyrrole using an alternative method
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(Boc,O and DMAP in acetonitrile) with reasonable yield (54-55%).°° In our synthetic
approach to (46), the tert-butoxycarbonyl protected group was chosen as it could be
readily introduced and removed under mild conditions from the corresponding 1,4-
dimethyl-7-azanorbornane systems. Therefore, (46) was prepared using Hodgson’s
procedure66 by treating a mixture of 2,5-dimethylpyrrole and Boc,O with DMAP in
acetonitrile. The reaction mixture then was stirred at 25 °C for 24 h under argon to yield
57% of (46) (Scheme 3.2). The 'H NMR spectroscopic data were similar to those

reported previously.®®

H goz‘Bu
N
hYZEERY 4
(46)

Scheme 3.2  Reagents and conditions: (i) Boc,0, DMAP, MeCN, 25 °C, 24h.

The Diels-Alder cycloaddition of this pyrrole derivative (46) with the dienophile
(25) afforded the 1,4-dimethyl-7-azanorbornadiene (47) in good yield (72%). Compound
(47) has not been described previously and it was purified and fully characterized
(Scheme 3.1).

The assignment of the '"H NMR spectrum of (47) was completed by making
comparisons with the analogous compounds having protons at the bridgehead positions
(23b) and (23¢). The 'H NMR spectrum of (47) contained two sharp, three-proton
singlets at 1.97 and 1.84 ppm corresponding to the two methyl groups at the bridgehead
positions. The olefinic proton Hj3 appears at 7.50 ppm as singlet. The other olefinic
protons Hs and Hg appear at 6.71 and 6.60 ppm as doublets (/= 5.3 Hz).

The °C NMR spectrum also indicated the presence of the two methyl groups at
17.2 and 16.1 ppm and three olefinic carbon atoms (159.3 (Cs) and 149.0, 146.7 (Cs and
Cs) ppm). Moreover, an X-ray crystal structure was obtained for (47) to confirm the
structure (Figure 3.1). The two bridgehead methyl groups from the X-ray structure are in
different environments as a result of the slow rotation around the N-CO bond in the
urethane. The X-ray data also indicate a deviation from planarity at the bridgehead
nitrogen. A discussion of planarity at amide and urethane nitrogen will be introduced

later.
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Figure 3.1  X-ray structure of (47).

3.3  Attempted synthesis of 1,4-dimethyl-7-azanorbornane

Attempted preparation of the key intermediate 7-azabicycle (48) closely followed
the methodology previously described in chapter 2. The conversion of (47) to the
saturated (49) was achieved by the use of established reductive procedures (Scheme 3.3).
In a large scale reaction, (47) dissolved in dry acetonitrile was reduced to (50) in high
yield (97%) by hydrogenation at atmospheric pressure. Only the less-substituted double
bond was reduced even though the reaction was carried out over two days. The alkenyl
sulfone (50) was further reduced with excess sodium borohydride to furnish the saturated
(49) in good yield (64%) (Scheme 3.3).

CO,'Bu CO,'Bu CO,'Bu
N N N
4& i é‘& i 4& Ar = p-tolyl
Al
(47) (50) @49) o2

Scheme 3.3  Reagents and conditions: (i) H,, Pd/C in CH;CN; (ii) NaBH,, CH;0H, RT.

Assignment of the 'H and >C NMR spectroscopic data for both (50) and (49) was
straightforward. The 'H NMR spectrum of (50) shows only one alkene proton (H;) at
6.95 ppm as a singlet. The "H NMR spectrum of (49) illustrates a mixture of endo- and
exo- tosyl isomers which will be assigned in more detail in the next section. The *C
NMR spectrum of (50) shows two CH; carbons (Cs and Ce) at 34.6 and 33.4 ppm which
indicates the reduction of the double bond; analysis of the signal due to endo- and exo-

(49) will be discussed in the next section.
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34  Attempted reduction of (49) with sodium amalgam

Reductive cleavage of the tosyl group of the mixture of endo- and exo-(49) using
6% sodium amalgam in methanol-THF was performed at —10 °C. Unfortunately, a major
byproduct was isolated (20% overall yield) as a mixture with the desired compound (48)
(Scheme 3.1). The reaction was also performed at —78 °C and a similar result was
obtained. Attempted separation of the two compounds using column chromatography
was not possible because they have identical Ry values. The mass spectrum of the
mixture shows only one molecular ion peak indicating that the two compounds are
isomeric. The ratio of the major byproduct and (48) was 4:1 respectively (determined by
'H NMR integration) indicating the low yield of the desired compound (48). The
structure of the major byproduct was proposed to be (51), resulting from ring-opening of

the 7-azabicyclic system.

CO,Bu NHCO,'Bu
N
3
415 NP2

The 'H and '>C NMR spectra were consistent with the proposed structure; selected
data are discussed as follows. The 'H NMR spectrum of the mixture shows a broad
douplet signal at 5.15 ppm which corresponds to the olefinic proton at C,. The COSY
NMR experiment shows that C, proton couples to the neighboring protons Hj.eq and Hj.a.
The coupling constant of the olefinic proton could not be resolved due to the broadness.
The NH proton appears at 4.38 ppm as a broad signal which was exchangeable by adding
D,0. A DEPT experiment was performed on the mixture of (48) and (51) to help in the
assignment of carbons. The BC chemical shifts of the olefinic CH and C of (51) are
134.0 and 117.9 ppm respectively. These chemical shifts were also compared with
similar structures such as 2-carene and 3-carene®’ which showed a similar pattern of
chemical shifts (Table 3.1).
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NHCO,'Bu

Olefinic carbons
CH 3 (ppm) 117.9 119.4 119.4
C 6 (ppm) 134.0 133.5 1314

Table 3.1

The presence of the olefinic H and two alkene C signals (CH and C) means that
there must have been a bond cleavage to form the monocyclic system (51) from the
bicyclic system.

The >C NMR spectrum shows two signals of the NC=0 group (155.0 and 156.3
ppm) of the mixture (48) and (51) respectively and also two similar chemical shifts of the
quaternary carbon in OC(CH); (78.7 and 79.2 ppm) are assigned for the mixture
confirming the presence of the two compounds (48) and (51) respectively.

Further reduction of the mixture of compounds (48) and (51) was performed with
LiAlH, in diethyl ether producing the tertiary amines (52) and (53) which were isolated as
salts. Two N-Me signals were assigned (2.57 and 2.55 ppm) using 'H NMR which
confirms the presence of the two compounds (52) and (53) as a mixture. The olefinic H
for (53) is seen at 5.27 ppm. The assignments of the other protons are not easy because of
severe overlap. The separation of the mixture of the free amines (52) and (53) could not
be achieved. The free amines (52) and (53) are expected to be highly volatile, therefore
the risk of losing (52) and (53) by using column chromatography is high. Attempts to
crystallize (52) and (53) salts also failed. Thus, no further work was investigated.

+
H\ﬁ/ Me NH,Me

(52) 4‘5 (53)

3.5 Synthesis of alternative compounds of (3a) and (52)

As a result of the difficulty in isolating the key intermediate (48), we decided to
try to investigate an alternative pair of N-methyl compounds that would allow us to
compare the effect of bridgehead methyl groups on the properties of the bicyclic nitrogen

but should be easier to synthesize. The novel amines (54) and (55) were chosen. An
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additional advantage of these compounds is that (54) and (55) are not volatile because of
the presence of the arylsulfonyl group and so, would not need to be handled as salts.
Another advantage is that these compounds are fully saturated which may eliminate the
possible formation of side products by involvement of the double bonds. The question of
exo- / endo- stereoisomers was a possible complication but it was hoped that separation

would be possible and that both isomers might be isolable.

Me Me
$ $

(54) SO Ar (55) SOLAr

The amine (54) could be synthesized in one step from the reduction of the N-Boc
protected compound (43) which was prepared in chapter 2. Compound (43) was isolated
as a mixture of endo- and exo- isomers (8:2 respectively) which were separated easily by
column chromatography. The '"H NMR spectrum of endo-(43) (Table 3.2) shows a
downfield signal at 3.55 ppm (Hb), shifted downfield due to the tosyl group bonded to the
same carbon. Proton H, appears as a multiplet indicating that the tosyl group is in the
endo position because H; couples to H;, H3 o4 and Hi.,, as seen from the 'H NMR
COSY experiment. This assignment of the stereochemistry of endo-(43) was confirmed
by X-ray crystallography (Figure 3.2). In contrast to the multiplicity of H; in the endo-
isomer, the 'H NMR spectrum of exo-(43) shows H; as a doublet of doublets (dd) at 3.21
ppm. The proton H; couples to both Hj_cng, and His. ey, but not with H; which, according
to the Karplus relationship, indicates that H; and H, are orthogonal and thus the tosyl
group is in the exo position. Table 3.2 summarizes the '"H NMR chemical shifts,

multiplicity and the measurement of J values for endo-(43) and exo-(43).
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Figure 3.2

Protons
OC(CHas)s
H6-zto; (HS-endo
or He endo)

HS—&W
H3—endo

H3-ew
aryl CH,
HS—enda or
HG-endo

Table 3.2

X-ray structure of endo-(43).
COZIBU
N
endo-(43) Hy
SO.Ar
Multipl. J (Hz) 3 (ppm)
s 1.41
m 1.64-1.78
m 1.88
dd o3endo 5.7 1.95
J3-exo,3—endo 126
m 2.03
s 2.45
m 2.54
m 3.55
brt 4.29
brs 4.33
d J 83 7.37 and
7.76

Protons
OC(CHs)s
H3~cro, H3-endo’ HS-exo;
H(}-exoa (HS-endw or
H6-endo)
HS-endoa or H6-ena'o
overlapping

overlapping
aryl CHs

H,
H,

H,
4 x aryl CH

'H NMR spectroscopic data for endo-(43) and exo-(43).

CO,/Bu
N

exo0-(43) Lbs O.Ar

Multipl.
s
m

br

dd

br
brd

Ha

J (Hz)

J2,3-endo 88
J. 2,3-exo 5.5

J 8.0

3 (ppm)
1.41
1.42-1.84

221

243

3.21

425
4.55
7.34 and
7.79

Endo-(43) was then reduced with LiAlH; in diethyl ether at reflux.

Unfortunately, an unexpected product was isolated from the reduction reaction with none

of the desired compound endo-(54) (Scheme 3.4). So, another problematic synthetic

outcome was observed.
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CO,'Bu Me

Ay x

endo-(43) endo-(54)

2

2: SOzAr

Scheme 3.4  Reagents and conditions: (i) LiAlH,, diethyl ether, reflux, 8 h.

Before moving to investigate other routes to synthesize the desired compounds
(54) and (55), it was necessary to identify the byproduct that was obtained from the above
reaction. Purification of the crude material was carried out successfully using column
chromatography. The mass spectrometric analysis of the pure byproduct indicated the
addition of two hydrogens to the structure compared with molecular weight of endo-(54).
The >C DEPT experiment of the pure byproduct showed four CH, signals which do not
fit with endo-(54) (three CH, signals expected). As a result of this, two possible
structures (56) and (57) were proposed resulting from the formal addition of hydride to
the 7-azabicyclic system endo-(43) (Scheme 3.5). A COSY experiment confirmed the
(56) structure which was resulted from route (a) as a result of the absence of correlation

between H; and H; which were easily distinguished because of their downfield chemical
shifts.

COztBU Tos
N route a (56)
/’B\ H_
i NHMe
. \a,/‘ - NHMe
endo-(43) route b (57)

Scheme 3.5  Reagents and conditions: (i) LiAlH,, diethyl ether, reflux, 8 h.

Scheme 3.6 shows an alternative approach to the target compound endo-(54)

using existing chemistry.
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{ Me
C 02 Bu H S
N N N
[ ii
SOLAr SOLAr SOLAr
endo-(43) endo-(58) endo-(54)

Scheme 3.6  Reagents and conditions: (i) HCl generated in situ, 4h, RT, (ii) NaBH;CN, 40%
formaldehyde, acetonitrile, 24 h.

Removal of the Boc protecting group from endo-(43) was carried out directly
using standard acidic conditions (3M HCI generated in situ at O °C from ethanol (2.7 ml),
ethyl acetate (7.2 ml) and acetyl chloride (2.7 ml)) leading to the quantitative formation of
the secondary amine endo-(58). The 'H NMR spectrum of endo-(58) shows the
disappearance of the signal due to the Boc protecting group. The IR spectrum shows an
NH stretching signal at 3290 cm™ indicating the formation of the secondary amine erdo-
(58). The preparation of endo-(54) was then achieved successfully using the method of
Borch and Hassid® in which endo-(58) was treated with 40% aqueous HCHO and
NaBH;CN. The free tertiary amine was then purified by column chromatography to
furnish endo-(54) in 79% yield.

Assignment of protons and coupling constants where applicable were made with
the aid of a '"H NMR COSY spectrum and homonuclear decoupling experiments (Table
3.3). The inversion barrier of endo-(54) was measured successfully at low temperature

and the result will be discussed in Chapter 6.
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Me 7
®

Hq
H, 5 3
6 N
7 Ha H, Mo
SOAT endo-(54)

Protons  Multipl. J (Hz) S (ppm) Protons Multipl. J (Hz)
HS-endo’ or ddd J5—endo,5-exa 11.6 1.58 HS-endo ddddd J 5-endo,6-endo ~10.0
H6-endo J. 5-endo,6-endo 9.0 J 5-endo,6-exo ~3.3

J 5-exo,6-endo 4.5 J. 5-endo,7s 24
Hﬁ.exo m 1.74
H; endo dd S exo3-endo 12.6 1.87
J 2,3-endo 5.6
Hi oo dddd  Jr.e03-0m00 12.6 2.02 H; oo ddd S3-exo3-endo 9-0
JSr3e0 10.5 Jeros ~3.5
J3—exo,4 ~4.0 J3-exa,5-exo ~3.5
J: 3-exo,5-exo not
resolved
NCH; s 2.25
aryl CH; s 2.44
HS-endw or ddd 2.48
H6—endo
H, dd Jrex0s ~4.0 3.32
J4,5—exo ~4.0
H, dd Jiz 3.9 344
N gero 3.7
H, dddd  Jy3.40 105 3.59
J2,3—endo 5.2
Jiz ~4.0
J2,6—exo ~3.9
4 x aryl CH d J 8.1 7.34 and
7.76
Hs.exo overlapping
Table 3.3 'H NMR spectroscopic data for endo-(54) and 2-azabicyclo[2.2.1]heptyl derivative.

The J values which are summarized in Table 3.3 are in line with earlier work
reported (by Malpass) for the 2-azabicyclo[2.2.1]heptyl ring system.’’ Table 3.3
summarizes some of the important J values for the 2-azabicyclo[2.2.1]heptyl derivative to
be compéred with the data for endo-(54). The J value of the long-rang interactions via
‘W-coupling’ in endo-(54) between Hj..,, and He. o 1s similar to that found between Hj.

exo and Hs_,, in the 2-azabicyclic derivative.

3.6  Synthesis of 1,4-dimethyl-7-azanorbornane derivative (55)

The two isomers endo- and exo-(49) were easily separated using column
chromatography. Complete 'H NMR spectroscopic data for endo-(49) and exo-(49) are
summarized in Table 3.4. The assignment of these isomers was made on the basis of the
multiplicity of the signals assigned to H,. As can be seen from Table 3.4, the multiplicity
of the H, signal at 3.45 ppm is ddd, consistent with the isomer with an endo-
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arylsulphonyl orientation. The corresponding signal assigned to H; for the other isomer is

a dd at 3.28 ppm, consistent with the exo- compound.

Protons
OC(CHs)s
2 x CH;
H3-endo, HS-ztm
H6-aco: (HS-endoy

or H&endo)
H3»&w

aryl CH;

H5~endoa or

H6-endo
H,

4 x aryl CH

Table 3.4

endo-(49)

Multipl.
]
]
m

dd

S
m

ddd

d

CO,'Bu
N

Ha

SOZAI'
J (Hz)

J3—exa,3-endo 1 2 5
Sr3eo 52

J2,3-endo 115
P30 5.2
J2,6-mo 2.1
J 8.2

3 (ppm)
1.42
1.73 and 1.55
1.63 - 1.84

2.12

2.44
2.60

3.45

734 and 7.76 4 x aryl CH

Protons
OC(CHs)s
2 x CH;
HJ—endm HS,
Hs

H3-exo

aryl CH,

H,

ex0-(49) AﬁsozAr

Multipl.
S
S
m

br

S

dd

d

'H NMR spectroscopic data for endo-(49) and exo-(49).

CO,'Bu

Bk

SOzAl’

endo-(49)

H

endo-(59)

CO,Bu
N

H,
J (Hz)

J2,3-endo
12.5 J23ex0
5.3

J 83

Me

o
N
i 4&

SO,Ar

SOzAr

endo-(55)

3 (ppm)
1.48
1.96 and 1.62
137-1.72

1.91

243

3.28

7.32and 7.73

Scheme 3.7  Reagents and conditions: (i) HCI generated in situ, 4h, RT, (ii) Mel, THF, 0 °C (10 min)
to RT over 6 h.

Endo-(49) was then hydrolyzed to endo-(59) in quantitative yield using a similar
procedure to that described for endo-(58). The '"H NMR spectrum of endo-(59) shows the

disappearance of the signal due to the Boc group and has similar chemical shifts to its

analogue endo-(58). N-Methylation of the secondary amine endo-(59) employing 1.1

equivalent of Mel in anhydrous THF provided the desired amine endo-(55) in good yield

(71%) (Scheme 3.7). Assignment of protons and coupling constants where applicable
were made with the aid of a '"H NMR COSY spectrum (Table 3.5).

In addition, the nitrogen inversion barrier for endo-(55) was measured

successfully at low temperature and the result will be discussed in Chapter 6.
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Protons Multipl. J (Hz) S (ppm) Structure

2 x CH; s 1.21 and 1.42
H3_endo, HS‘e.xo: m 148 -1.81
H6—exo, (HS-endo
or H6-endo)
H; exo dd Js-ex03-endo 12.5 2.05 ';'16
J2,3zxo 52 N
NCH, ] 2.08
aryl CH; s 2.44 Hy
H5_e,,do,dor He m 2.60 50,Ar
endo
H, ddd  Jysenso 10.9 3.26 endo-(55)
J. 2,3-exo0 4.7
Drgexo 1.8
4 x aryl CH d J 81 7.33 and 7.75
Table 3.5 'H NMR spectroscopic data for endo-(55).

Similar methylation of the minor isomers exo-(58) and exo-(59) with Mel gave
the corresponding amines exo-(54) and exo-(55) respectively. Complete '"H NMR data

for the free amines exo-(54) and exo-(55) are summarized in Table 3.6.

Me Me
4 4
N Ha N
exo-(54) Lbso JAr ex0-(55) 4‘&802 Ar
Hy
H, H,
Protons Multipl. J (Hz) S (ppm) Protons  Multipl. J 8 (ppm)
(Hz)
Hs_endo, He-endo m 1.28 2xCH; s 1.24 and 166
H3-endo dd .]3_9,,,10,3_“0 12.6 1.55 H3, H5, H6 m 1.33-1.80
J 2,3-endo 91
Hs.ex0s m 1.77-1.98
H6—exo
Hs.ovo m 2.12
NCH; s 2.17 NCH; s 2.19
arylCH; - s 2.44 aryl CH; ] 243
Hz dd J2,3-endo 9.1 3.04 H2 brt 3.22
Sr3e0 5.7
H, brt 3.31
H] brd J4,6-exo 42 3.71
4 x aryl CH d J 8.1 7.32and 7.75 4 xaryl CH d J 81 7.32and7.73
Table 3.6 'H NMR spectroscopic data for exo-(54) and exo~(55).

Unfortunately, attempts to measure the inversion barriers of both exo-(54) and

exo0-(55) at low and high temperatures were unsuccessful; these results will be discussed

in more detail in Chapter 6.

3.7  Synthesis of N-chloroamine derivatives

The choice of chlorine as the other substituent on nitrogen has important

consequences. The inversion barrier is raised due the electronegativity of chlorine and the
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presence of lone pairs. Also, due to its ease of removal as chloride ion, it provides a
potentially useful substituent for the study of rearrangement reactions taking place at
nitrogen.'**® In view of these reasons which have been introduced in more detail in
Chapter 1 and, bearing in mind the considerable number of N-chloroazabicycles available
for comparison, the synthesis of a range of N-Cl derivatives such as endo- and exo-(60)
and endo- and exo-(61) was attempted and the synthesis of these compounds will be

described in the next section.

Cl Cl Cl Cl
2 2 e °
N N N N
Lb LbsozAr ﬁ désozm
SO,Ar SO,Ar
endo-(60) exo-(60) endo-(61) exo-(61)

The amines endo- and exo-(58) and endo- and exo-(59) were chlorinated in
essentially quantitative yield using sodium hypochlorite (NaOCl) in dichloromethane at
room temperature to furnish the desired chlorinated products endo- and exo-(60) and
endo- and exo-(61) (Scheme 3.8).

Cl Cl
H 3 H S
N N N N
Lb i Lb LbsozAr i LbsozAr
| SOLAr SOLAr exo-(58) exo-(60)
endo-(58) endo-(60)
‘ Cl Cl
H s H s
N N N N
i élésozm i 4‘5302/:«
—_—> —_—
SOzAr SOZAr
endo-(59) endo-(61) exo0~(59) exo-(61)

Scheme 3.8  Reagents and conditions: (i) NaClO,, CH,Cl,, 30 mint, RT.

The 'H NMR spectra clearly show the presence of two invertomeric species in
both endo-(60) and endo-(61) at room temperature. The assignment of the invertomers
from the spectra of endo-(60) and endo-(61) was completed by making comparisons with

analogous compounds having similar bicyclic systems. Cristol reported full assignments
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of the '"H NMR chemical shifts and coupling constants for benzonorbornene and
benzonorbornadiene derivatives.”” Our particular interest in connection with this report
was the '"H NMR assignments for 5,7-dichlorobenzonorbomene isomers (Figure 3.3).
The assignments of the isomeric orientation were made on the basis of the presence or
absence of long range coupling for the bridgehead proton. Thus, the syn bridgehead
proton (with respect to the aryl ring) couples with endo Hs and Hg, but not with the exo
protons. For the anti-bridgehead proton (with respect to the aryl ring) no such coupling is
observed. The 'H NMR chemical shift of the exo-proton of the ethano-bridge (Figure
3.3) is influenced according to the orientated chlorine atom. The '"H NMR chemical shift
of the exo-proton is shifted downfield when Cl is anti and highfield when it is syn with
respect to the aryl ring. On this basis, the invertomer ratios of the syn-Cl and anti-Cl
(with respect to the tosyl-substituted bridge) for the N-Cl amines endo-(60) and endo-(61)
were determined using the exo-proton chemical shifts of the ethano-bridge (H;). The
invertomer ratios of syn- and anti-chlorine of endo-(60) and endo-(61) are 71:29 and
79:21 respectively. Moreover, Table 3.7 shows the '"H NMR chemical shifts of the

ethano-bridge exo-protons having the same trend for similar benzo-derivative ring

systems.”*
Cl Cl
Cl Cl
HeXO Hexo
‘ (syn) Heyo 2.25 ppm (anti) Hgyo 2.67 ppm
Figure 3.3
o« cl cl ¢l
¢ s g $
N N N N
4.3
% (15) % (14) ;b endo-(60) endo-(61)
2 = SOLAr SO,Ar
8 (ppm) exo-Hs,H; exo-Hs,He H, H,
syn anti® syn anti" syn ant® syn anti®
2.17 2.46 2.00 2.24 3.99 348 3.60 3.25
Table 3.7 a) with respect to the aryl ring. b) with respect to the tosyl group.

Unfortunately, it was not possible to measure the inversion barrier for endo-(60).
The '"H NMR spectrum showed no change over the temperature range +25 ——80 °C. The

compound decomposed when heated above 70 °C and showed no coalescence, consistent
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with a high inversion barrier for endo-(60). High field, 75 MHz, °C NMR clearly
showed the presence of two invertomeric species in endo-(60). An interesting feature of
BC NMR spectrum was the small frequency separation (Av) observed between the
bridgehead carbon signals and the ethano- carbons arising from each invertomer. This
indicated potential for variable temperature coalescence studies, however, at 75 MHz
these relative small separations still proved to be large for coalescence to be observed.
Simple calculations suggested that with a lower field (such as 15 MHz) °C NMR
spectrometer (at 60 MHz 'H NMR spectrometer) it might be possible to observe
temperature-dependent coalescence for emndo-(60) at temperatures which could be
realistically achieved. The difficulties associated with the move to lower field arise from
the lower sensitivity which required the use of relatively concentrated samples and long
acquisition times. Moreover, it is difficult now a days to find low field NMR
spectrometers.

When attempts were made to solvolyse endo-(60) using the conditions which had
previously been applied successfully to N-Cl- derivatives of 7-azabenzonorbornane,*® no
rearrangement products were isolated. The method used involved the treatment of the N-
chloroamine endo-(60) with silver tetrafluoroborate (AgBF,) in the presence of methanol
(1.1 equivalents) and subjected to basic work-up (Scheme 3.9). This afforded mainly the
unchanged endo-(60) together with a small amount of the dechlorinated parent amine

endo-(58), presumably formed via a homolytic process.*

Ci
N

ZT

i
E— + unchanged endo-(60)
SO,Ar SOAr
endo-(60) endo~(58) unchanged endo-(60)

Scheme 3.9  Reagents and conditions: (i) AgBF,, 1.1 equiv. MeOH, toluene, 48h.
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Chapter 4
Synthesis of 7-azabicyclo[2.2.1]heptan-2-one derivatives

4.1  Routes to the synthesis of 7-methyl-7-azabicyclo[2.2.1]heptan-2-one (4a)

The routes used to synthesize the novel derivative of 2-keto-N-methyl-7-
azanorbornane (4a) are outlined in Scheme 4.1. Some of the intermediates are known
with different protecting groups but compounds (63) = (68) are new. The methods that

were used will be illustrated as follows with the references.

COzEt CO,Et CO,Et
SOZEt | N N
;\ /; * O v o
SOLAr — —’ Z -
SOzAr (64) SOAT (65) SOAT
(24b)  (62) Ar = p-tolyl
lv
Me Me
ri COzEt COzEt
Ao 4‘33 ‘—;bQ ‘—d&
(4a) (68) (67) (66)

Scheme 4.1  Reagents and conditions: (i) 90 °C, toluene, 48 h; (ii) Et,NH, Et;N, MeCN; (iii) 10% HCI;
(iv) H,, Pd/C, CH;CN; (v) Al-Hg, MeOH; (vi) HOCH,CH,OH, (EtO);CH, p-TsOH (cat.), toluene; (vii)
LiAlH, diethyl ether, reflux, 8§ h. (viii) HCIO,, THF.

4.2  Synthesis of 2-bromoethynyl p-tolyl sulfone (62)

The route to the formation of 2-bromoethynyl p-tolyl sulfone (62) is illustrated in
Scheme 4.2, using Trudell’s method.”® The alkyne (28) (which was synthesized in
chapter 2) was treated in acetone with N-bromosuccinimide (NBS) in the presence of
AgNO; as a catalyst at room temperature for 30 minutes and afforded (62) in good yield
(73 %). This was purified by column chromatography. The '"H NMR spectrum of (62)
was identical to the spectrum reported before.”

ArO,S—==—SiMe; ———> Ar0,S—=—Br
(28) (62)

Scheme 4.2  Reagents and conditions: (i) NBS, AgNOs, acetone, 30 min.
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4.3 Synthesis of 2-bromo-7-azabicyclo[2.2.1]hept-2,5-diene sulfone (63)

2-Bromoethynyl p-tolyl sulfone (62) was found to readily undergo a [4+2]
cycloaddition reaction with N-acylpyrrole derivatives.”® The reaction of this substituted
acetylene derivative (62) with the diene N-ethoxycarbonyl pyrrole (24b) in toluene at 90
°C gave the corresponding cycloadduct (63) in 56% yield (Scheme 4.1). The N-
ethoxycarbonyl derivative (63) was first described here and the yield was similar to that
reported using N-Boc pyrrole.”

The 'H NMR spectrum of (63) includes two bridgehead protons H; and H,
appearing at 5.43 and 5.22 ppm. The CH; protons on the ethoxy group, the alkene
protons (Hs and Hg) and the bridgehead protons (H; and Hs) are broad peaks due to
restricted rotation about the NC=0O bond at room temperature. Finally, the aromatic

protons appear at 7.79 and 7.36 ppm as an AA'BB" pattern (J = 8.2 Hz).

4.4  Synthesis of 7-azabicyclo[2.2.1]heptan-2-one sulfone derivative (65)

The ketone (64) can be readily prepared from the cycloadduct (63) by using the
method of Trudell.”® Treatment of cycloadduct (63) with 1.1 equivalents of diethylamine
in the presence of three equivalents of triethylamine in acetonitrile at room temperature,
followed by hydrolysis with 10% HCI at room temperature, gave a mixture of the exo-
and endo-arylsulphonyl derivatives (64) in 60% yield (Scheme 4.1).

The 'H NMR spectrum of (64) exhibits signals in agreement with the presence of
a mixture of two isomers, the exo- and endo- tosyl ketones (64). The 'H NMR spectrum
was used to establish firmly the ratio of exo- and endo- tosyl (64). The exo-tosyl isomer
has a sihglet assigned to Hj_enq0 at 3.54 ppm which does not couple to the bridgehead H;
due to the dihedral angle of 90° between them. On the other hand, the endo-tosyl isomer
shows a doublet corresponding to Hs_,, at 4.02 ppm which couples to the bridgehead H;
(J = 3.8 Hz). The ratio of exo- and endo- tosyl (64) was calculated to be 76:24
respectively using "H NMR integration.

Hydrogenation of the carbon-carbon double bond of (64) over 10% Pd/C (Hy, 1
atm) in acetonitrile gave an almost quantitative yield (98%) of the corresponding product
(65) (Scheme 4.1). The 'H NMR spectrum of (65) shows the disappearance of the
characteristic alkene protons signals indicating the formation of the saturated ethano-

bridge.
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4.5 Synthesis of 7-azanorbornanone derivative (66)

The intermediate (66) is the key compound in the synthesis of the target
compound (4a) (Scheme 4.1). Removal of the tosyl group of (65) was readily achieved
after 2 hours reflux in Al-Hg in 10% aqueous THF affording the corresponding ketone
(66) in 54% yield. Trudell et. al. reported a 60% yield when employing analogous
conditions.”” The keto-derivative (66) is known as an intermediate precursor of the

synthesis of the natural product epibatidine.72'76

zx
o

Epibatidine N

The '"H NMR spectrum of the ketone (66) shows a doublet signal at 2.03 ppm
which corresponds t0 Hi.endo (JH3-endo>H3-exo = 17.5 Hz). The Hj_y, signal which couples to
Hj.endo and Hy (J = 17.5 and 5.9 Hz respectively) and appears as a doublet of doublet at
2.49 ppm. The ethano-bridge protons Hs and Hs appear at 1.58 — 2.02 ppm. The °C
NMR spectrum shows a downfield signal at 209.1 ppm corresponding to the ketone
carbon. Also, the DEPT experiment shows three CH; signals at 24.4, 27.6 and 45.2 ppm
indicating the removal of the tosyl group. Moreover, a new measurement of the BN
chemical shift was made for the ketone (66) (-265.8 ppm) and this result will be discussed
later in the >N NMR spectroscopic chapter.

With the ketone (66) in hand, a direct reduction of the N-ethoxycarbonyl group
to the amine (4a) with LiAlH,; was not possible because of the presence of the keto
function.  Thus, as shown in Scheme 4.1, the ketone (66) was firstly protected as a 1,3-
dioxolane (67) with HOCH,CH,OH, (EtO);CH and p-TsOH.”” The purity of the resultant
oil (67) (93%) was checked by '"H NMR spectroscopy and judged to be satisfactory for
the next step reaction.

The '"H NMR chemical shift of Hs oy, of (67) appears as a doublet of doublets of
doublets at 2.15 ppm. The 2D COSY experiment shows that Hs_,, proton is coupled to
the H3.engo proton (J = 13.0 Hz), and to the adjacent bridgehead Hs (J = 5.4 Hz). A long
range coupling was also observed between the Hs.,, and Hs_,, protons (J = 2.3 Hz). The
>N chemical shift of (67) was measured and found to be -261.8 ppm. This neW result

will be discussed in the '*N chemical shifts chapter.
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We were then in a position to reduce the N-ethoxycarbonyl group of 1,3-dioxolane
(67) to the corresponding N-Me compound (68) (Scheme 4.1). This was achieved by
reaction of the (67) with LiAlH, in diethyl ether at reflux to afford (68) in good yield
(83%). The free amine (68) is expected to be volatile thus, it was isolated as the
hydrochloride salt.

The 'H NMR spectrum of the free amine (68) shows a singlet signal at 2.27 ppm
corresponding to the methyl group. The multiplicities of the Hj.ex, and H3.engo protons
were similar to those observed for (67). Moreover, the structure of (68:HCI) could be
inferred from its 'H NMR spectrum and was confirmed by X-ray crystallographic
analysis (Figure 4.1). The N-Me group is anti to the acetal group which may indicate that

the anti-configuration is of lower energy than the syn-.

Figure 4.1  X-Ray crystal structure of (68:HCI).

The inversion barrier was measured at low temperature for the free amine (68) and

the result will be introduced in Chapter 6.

4.6  Synthesis of 7-methylazabicyclo[2.2.1]heptan-2-one (4a)

Finally, the 1,3-dioxolane group of (68) was removed with 70% perchloric acid to
provide the novel ketone (4a) in good yield (74%) (Scheme 4.1). The free amine (4a)
was handled as a salt because of its potential volatility.

The '"H NMR signals of the protonated form (4a:HCI) are downfield from their
counterparts in the free amine (4a) due to the electron withdrawal by the quafernary
nitrogen which is similar to that observed for the secondary and tertiary amine salts
reported in Chapter 2. The N-Me group in the free amine (4a) which is a singlet at 2.33

ppm became a doublet in the protonated form due to its coupling with NH (Jngnme = 4.4
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Hz) (2.90 ppm). The quaternization of amine (4a) with HCl has yielded two
stereoisomeric quaternary salts where the N-Me group is syn or anti to the ketone group.
The 'H NMR shifts of the N-Me group (syn or anti) are similar to each other indicting that
the effect of the ketone group is small. The assignment of the stereoisomeric ratio of
(4a:HCI) will be discussed in more details in Chapter 6. The B3C NMR spectrum shows
two sets of signals corresponding to the two stereoisomeric quaternary salts of (4a:HCI).
The assignments of anti and syn stereoisomers were based again on the <y-effect
phenomenon (Chapter 2) (Table 4.1). The assignment of Cs and Cs is arbitrary, they

could be reversed.

Me—§ —H E‘e H—{—Me
57 4 T3
Major (anti-Me) Free amine (4a) Minor (syn-Me)
Carbons S (ppm)

C, 201.4 2139 202.8

C 69.5 70.0 68.4

Cy 63.1 61.3 63.9

(O 445 432 389
NCH; 33.7 35.1 33.0
CsorCs 242 26.4 26.7
CsorCs 20.2 22.4 21.8

Table 4.1 BC NMR data for free amine (4a) and its protonated quaternary salts (4a:HCI).

The effect of the ketone group on the 'H NMR chemical shifts is obvious when
comparison was made between the free amines (4a) and (1a). The shifts of the
bridgehead protons H; and H, in (4a) are shifted downfield when compared with (1a).
Similar observations of downfield shifts were observed when the ethano- and N-Me
protons in (4a) compared with (1a). Thus, the effect of the ketone group shifts the 'H
NMR downfield.

Moreover, the inversion barrier of the free amine (4a) was measured at low
temperature and the significant result will be compared and discussed with other reported
inversion barriers in Chapter 6. The >N NMR chemical shift of (4a:HCI) was measured
and found to be at —308.7 ppm. Only one nitrogen signal was observed.
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4.7  Attempted synthesis of 7-methyl-7-azabicyclo[2.2.1]hept-5-en-2-one (Sa)

The starting material for our proposed synthesis was the known N-protected 7-
azabicyclo[2.2.1]hept-2,5-diene (69) which was prepared by Diels-Alder reaction
between 2-bromoethynyl p-tolyl sulfone (62) and N-Boc pyrrole (24c¢) as described

" N-Boc pyrrole was used instead of N-ethoxycarbonyl pyrrole (24b) because

above.
(24c¢) is commercially available and no (24b) was available at this stage. Scheme 4.3
summarizes the routes toward the synthesis of the target compound (5a). Unfortunately,

the series of reactions could not be completed for the reasons that will follow.

cofeu BT ﬁOztBu ﬁOZ‘Bu ﬁOz‘Bu
: l
\ /] * . i Br i O v A&o
— — » //
SOAr LA i L
(24c)  (62) Ar = p-tolyl (69) SOA (70)  SOAr (71)
v
Me e cozfeul
N N o N o
vi
(5a) (73) (72)

Scheme 4.3  Reagents and conditions: (i) 90 °C, toluene, 48 h; (ii) Et,NH, Et;NH, MeCN; (iii) 10%
HC]; (iv) Sml,, THF-MeOH -78 °C; (v) HOCH,CH,O0H, (EtO);CH, p-TsOH (cat.), toluene; (vi) LiAlH,
diethyl ether, reflux, 8 h.

Treatment of adduct (69) with 1.1 equivalents of diethylamine in the presence of
three equivalents of triethylamine in acetonitrile at room temperature, followed by
hydrolysis with 10% HCI at room temperature, afforded the known’® ketone (70) in 94%
yield as a mixture of the exo- and endo-arylsulphonyl stereoisomers (70) (Scheme 4.3).
The ratio of exo- and endo- isomers (70) (75:35 respectively) was similar to that observed
for compound (64). There was no significant influence on the ratio by changing the

protecting group from the N-ethoxycarbonyl to the Boc group.

4.8  Synthesis of 7-azanorbornenone derivative (71)

The synthesis of the key intermediate (71) was carried out starting from the
isomeric mixture of (70) which was pure enough judged by 'H NMR spectrdscopy.
Desulfonylation of compound (70) was performed in a similar fashion to that described
for (66) using Al-Hg. The resulting yield of the unsaturated ketone (71) after purification
by column chromatography was poor (14%) (Scheme 4.3). Vogel reported less than 10%
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yield of the corresponding ketone (71) using the same methodology.”®  Recently
Kozikowski et. al. reported that Sml, in THF:MeOH at —78°C was employed to
desulfonate the unsaturated keto sulfone (70).” This was reported to give the
corresponding unsaturated ketone (71) in high yield (90%) although there was no
procedure published. Vogel et. al. also used this reaction to synthesize (71).” In their
procedure, they managed a best yield of 75%. Following the same conditions that was
mentioned by Vogel, we were be able to synthesize (71) in low yield (24%) after
purification by column chromatography (Scheme 4.3). There are some points worth
mentioning here. Sml, (0.1M) is commercially available as a suspension in THF. This
expensive reagent is highly reactive and reacts with traces of moisture.

The "H NMR spectrum of ketone (71) shows two alkene protons Hs and Hg at 6.73
and 6.42 ppm respectively. The spectrum also shows a doublet of doublets for both Hs
and Hg protons with Js¢ = 5.5 Hz, J45 = 2.0 Hz and J;6 = 2.0 Hz. The Hj.., proton
appears as doublet of doublets of doublets at 2.28 ppm. Some broadening was noticed for
Hj.exo as a result of long-range coupling with Hy (J; 3..xo < 1 Hz) beside the coupling with
H3.endo and Hy protons (J3.exe3-endo = 16.0 Hz and J3.¢04 = 3.9 Hz respectively). An X-ray
crystal structure of ketone (71) was obtained and this allowed us to investigate the non-
planarity of the bridging urethane nitrogen in this system (Chapter 7) (Figure 4.2). The
15N chemical shift of (71) was also measured to be at —252.4 ppm and this new result will

be discussed in Chapter 5.

Figure 4.2  X-Ray crystal structure of (71).

A major byproduct isolated in the desulfonylation of ketone (70) was subsequently
identified as 2,5-disubstituted 3-pyrroline (74) and this was a factor in the low yield of the
desired product (71). The byproduct (74) may be derived from the addition of methanol
across the ethano-bridge. Vogel et. al. reported 2,5-disubstituted 3-pyrroline (74) as a
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side product when (70) was purified by column chromatography (SiO,) using a mixture of
dichloromethane:methanol (60:1) as an eluent.”® The use of methanol as solvent clearly
plays an important role in the formation of this byproduct (74). Accurate mass
spectroscopic analysis of (74) confirms the molecular weight of the structure (74). A
careful analysis of the '"H NMR analysis of (74) indicates the presence of a mixture of
rotamers. Four broad alkene protons signals can be readily distinguished. Two methyl
signals due to the Boc group and CO,Me appear at 1.40 and 1.38 ppm. The assignment
of the Me signals was based on the '"H NMR integrations. The '*C NMR spectrum of the
rotamers of (74) shows two signals at 170.6 and 170.4 ppm which confirms the formation
of the CO,Me group. The >C NMR signals of the methyl ester group appear at 52.5 and
52.4 ppm, within the correct chemical shift range for this group. The DEPT experiment
also shows the presence of two CH; carbon signals at 60.7 and 59.1 ppm which are not
part of the starting material (70).

CO,Bu

N
(74) Tos/\ﬁj/coﬂwe

Using the small amount of (70) that was in our hands, protection of the ketone
using the same procedure described for (67) afforded the unsaturated 1,3-dioxolane (72)*
in 42% yield (Scheme 4.3). The *C NMR spectrum of (72) shows the disappearance of
the ketone group carbon which is usually easy to identify from its chemical shift. The
alkene carbons, 1,3-dioxolane group and the bridgehead carbons of (72) exhibited a
duplication of the >’C NMR signals due to the slow rotation around the NC=0 bond at
room temperature. Confirmation of the formation of (72) was obtained from the X-ray
crystal structure which is reported here as a new result (Figure 4.3). The non-planarity of

the urethane group is obvious from the crystal structure and will be discussed later.
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Figure 4.3  X-Ray crystal structure of (72).

Another limitation of this synthetic route to the amine (5a) was the reduction of
(72) with LiAlH,. Treatment of (72) with LiAlH, in diethyl ether at reflux afforded a
mixture of two products together with unreacted (72). The reaction products were
identified as the unsaturated amine (73) (Scheme 4.3) and the saturated amine (68)
(Scheme 4.1) which resulted from the reduction of the carbon-carbon double bond of
(73). Marchand has reported this unusual reduction of the carbon-carbon double bond in
7-azanorbornane systems with LiAlH,®'  N-Ethoxycarbonyl-7-aza-5,6-benzobicyclo-
[2.2.1]hepta-2,3-ene (75) was reduced with LiAlH, to afford three products (76), (17) and
(77). Marchand showed that (17) could be an intermediate in the overall reduction of (75)
to (76) by performing a separate experiment in which (17) was reduced to (76) using

similar conditions.
Me Me
N N N
R + +
(75) (76) (17) (77)

Moreover, Marchand proposed an intramolecular mechanism for this reduction.®'
An analogous mechanism for the corresponding reduction in our azabicyclic system is

shown in Scheme 4.4.
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(73) Se2 (68)
Scheme 4.4

Finally, it was decided that proceeding toward the synthesis of the amine (5a)
would not be practical as a result of the low yield of the key intermediate (71) and the
formation of (68) in competition with (73).

4.9  Attempted synthesis of epibatidine

Epibatidine is an alkaloid featuring the 7-azabicyclo[2.2.1]heptane structure to
which is attached in an exo orientation a 5-(2-chloropyridyl) substituent. It has been
found to be a potent analgesic agent with potency 200 to 500 greater than morphine and it

acts at nicotinic receptors."*>*

In contrast to epibatidine, morphine acts at opioid
receptors, the more usual site of action for an analgesic.®

Since the discovery of epibatidine and its biological activity, the challenge of the
synthesis of epibatidine and epibatidine analogues has attracted synthetic chemists from
laboratories around the world.®> Many different synthetic strategies have been developed
for the preparation of this novel alkaloid based, in principle, on four different
methodologies for construction of the azabicyclic system: (1) the [4+2] cycloaddition
reaction of N-protected pyrroles and activated dienophiles; (2) the intramolecular
nucleophilic substitution ring closure of 1,4-cyclohexane derivatives; (3) the [3+2]
cycloaddition of nonstabilized azomethine ylide and substituted 6-chloro-3-vinylpyridine;
and (4) the ring contraction of the tropinone skeleton via a Favorskii rearrangement.”

Work at Leicester on the 2-azabicyclo[2.2.1]heptane system has led to the
synthesis of many analogues of epibatidine.*® Heterocycles such as the chloropyridyl
substituents were introduced at the 7-position using Suzuki coupling chemistry.
Therefore, our strategy using similar methodology was the synthesis of a halide (bromide)
substituted in the 2-position of the 7-azanorbornane system (78). Unfortunately, after
many attempts, synthesis of the key compound (78) could not be achieved. Scheme 4.5
shows our proposed route starting from the known keto derivative of 7-azanorbornane

(79)"° and the key steps will be described.
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COZ'Bu coz’Bu COztBu

coupling chemistry
Br —>

(79) (80) Epibatidine

Scheme 4.5  Reagents and conditions: (i) L-Selectride, THF, -55 °C to RT, 1h.

Synthesis of (79) was achieved using similar chemistry to that described for the
synthesis of the N-ethoxycarbonyl protected compound (67). The double bond of (74)
was firstly reduced over 10% Pd/C (H,, latm) in acetonitrile with almost quantitative
yield (Scheme 4.6). Desulfonylation of B-keto sulfone (81) was carried out employing
Al-Hg. This provided the desired ketone (79) in good yield (70%) (Scheme 4.6). The
yield of the N-Boc protected compound (79) was higher when compared with the
corresponding N-ethoxycarbonyl analogue (66). The 'H and °C NMR spectroscopic data
were essentially identical to those described for ketone (66). The structure of (79) was
determined by X-ray crystallography and is reported here for the first time (Figure 4.4).
The "N NMR chemical shift also was measured for (79) and was found to be at —261.4
ppm. This result will be discussed in Chapter 5.

cO,'Bu CO,Bu CO,Bu
N N N
L& o L& D Ll& 7
2 i ]
—_— —_—
(70) SOLAr (81) SOAr (79)

Scheme 4.6  Reagents and conditions: (i) H,, Pd/C in CH,CN; (ii) Al-Hg, 10% aqueous THF, 65 °C,
2h.
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Figure 44  X-Ray crystal structure of (79).

Fletcher et. al. reported the reduction of the ketone (79) to the corresponding
alcohol (80) with L-selectride (lithium tri-sec-butylborohydride).”  Stereoselective
reduction of (79) with the sterically hindered L-selectride in THF at -55 to 0 °C in our
hands provided preferentially the endo alcohol (80) in good yield (79%) (Scheme 4.5).

The assignment of configuration to the hydroxyl group in (80) is based on the
NMR data. The 'H NMR COSY experiment shows correlation between H, and H;. This
coupling was consistent with the vicinal Karplus angles required by the endo-hydroxy
stereochemistry. The 'H NMR chemical shift of H, was easily identified at 4.34 ppm
because 1t 1s bonded to the same carbon that is linked to the hydroxyl group. The H;
proton appears as broad multiplet as a consequence of restricted rotation about the NC=0
bond.

The configuration of the hydroxyl group was confirmed by conversion of (80) to
the secohdary amine derivative (82) which has been reported by Fletcher’> who reported
no NMR spectroscopic data for (82). Deprotection of the resulting N-Boc (80) was
performed with HCI (generated in situ) to afford the secondary amine which was isolated

as the salt (82) (Scheme 4.7).

CO,'Bu
N 2 H\Ri/H
A A

Scheme 4.7  Reagents and conditions: (i) 3M HCI (generated in situ), 0 °C.
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The multiplicity of the H, signal was then resolved for (82) using homonuclear
decoupling experiments. It can be seen from the multiplicity and the coupling constants
that the assignment of H; is based on the presence of couplings with H; (J = ~ 4.3 Hz),
Hj.endo (J = 3.3 Hz) and Hj.., (J = 9.8 Hz). H, appears at 4.48 ppm as a doublet of
doublets of doublets due to these couplings. The couplings of Hs..,, were also resolved.
H;_.x, appears as a doublet of doublets of doublets of doublets due to its coupling to Hs (J
=5.2 Hz), H3.¢nao (J = 14.1 Hz), H, (J = 9.8 Hz) and by W coupling to He.,, (J = 3.0 Hz).

The most common precursors for alkyl halides are the corresponding alcohols; and
a variety of procedures have been developed for this transformation. The choice of an
appropriate reagent was considered as the N-Boc group is acid-sensitive. Therefore,
alcohol (80) was subjected to different reactions conditions in attempts to synthesize the
bromide (78). Firstly, alcohol (80) was treated with thionyl bromide in dichloromethane
with pyridine (to prevent cleavage of the N-Boc protecting group). No indication of (78)
formation was detected using mass spectrometric and '"H NMR analysis. A byproduct
was instead isolated and was purified using column chromatography. This byproduct was
then identified as the dialkyl sulfite (83), isolated in 68% yield (Scheme 4.8). The same
compound was obtained when thionyl chloride was used instead, using standard literature
procedures. Gerrard et. al. reported the isolation of #n-butyl sulfite when n-butanol was
treated with thionyl chloride in the presence of pyridine®’ and the formation of (83) is thus

precedented.

CO,'Bu CO,/Bu CO,Bu
N N N
, o)
Lb i Lb : ;‘5 (83)
__.__>
(80) OH O’S\O

Scheme 4.8  Reagents and conditions: (i) Br,SO or C1,SO, pyridine, CH,Cl,, 0 °C, 3 h.

Mass spectrometric analysis confirms the accurate molecular weight of (83). In
the '"H NMR spectrum of (83), the H, signal is observed at 4.84 ppm which is shifted
downfield compared with the corresponding H; (4.34 ppm) in alcohol (80). The chemical
shifts of H; and H, are observed at 4.28 and 4.18 ppm respectively which are in the usual
chemical shifts range of the bridgehead protons for the 7-azabicyclic system. A °C
DEPT spectrum of (83) exhibits three CH, carbon signals and three CH carbon signals,

consistent with assignment of the 7-azabicyclic framework.
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Tanaka and Oritani reported a new reagent for transforming alcohols to the
corresponding bromides with inversion of configuration under mild and neutral

conditions.®®

2,4,4,6-Tetrabromo-2,5-cyclohexadienone is a brominating agent that
convert alcohols to bromides when treated with an equivalent amount of
triphenylphosphine (PPh;) in dry dichlorormethane.®® This method was applied to the
corresponding alcohol (80); unfortunately, treatment of alcohol (80) with 2.,4.4,6-
tetrabromo-2,5-cyclohexadienone (84) and PPh; in dry dichlorormethane did not lead to

the desired bromo compound (78) (Scheme 4.9). Unreacted starting material was

recovered in high yield.
002 Bu
\Q/ — . no reaction
(80) (84)

Scheme 4.9  Reagents and conditions: (i) PPhs, Dichloromethane, 5 h at RT.

As a result of the unsuccessful synthesis of the bromide (78) as described above,
an alternative synthetic procedure was attempted. Falck reported the synthesis of alkyl
halides from alcohols by modification of the Mitsunobu procedure using lithium salts.*
There are reported advantages using this procedure such as the mildness of the reaction
conditions (giving good to excellent yields) and the inversion of configuration of
secondary alcohols. Following the reaction procedure as described,® lithium bromide
was added to the stirred complex of diethyl azodicarboxylate (DEAD)/PPh; followed by
the addition of alcohol (80). Unfortunately, no (78) was obtained. A byproduct was
instead isolated as a result of this reaction and was identified as the derivative (85)
(Scheme 4.10).

CO,Bu CO,'Bu
N N
80)  OH (85)  OCO:Et

Scheme 4.10 Reagents and conditions: (i) DEAD, PPhs, LiBr, THF, 0 °C to RT.

The compound (85) was then purified by column chromatography. Accurate mass

spectrometric analysis confirmed the molecular weight of (85). The 'H and *C NMR
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spectroscopic data also led to the confirmation of structure (85). The "H NMR spectrum
shows two broad signals at 4.53 and 4.02 ppm corresponding to H;, and Hs which are in
the normal shifts of 7-azabicyclic bridgehead protons. H, proton signal appears at 4.96
ppm as broad multiplet. The 'H NMR integrations prove that the protons of
OCO,CH,CH; group are part of (85) structure compared with other protons. The *C
DEPT spectrum of (85) shows three CH; signals at 36.7, 29.1 and 21.8 as part of the 7-
azabicyclic skeleton. The CH, carbon signal of OCO,CH,CHj; group is at 64.1 ppm.
Two quaternary carbon signals appear at 155.2 and 154.6 ppm corresponding to NCO,'Bu
and OCO,Et. The bridgehead carbon signals C; and C,4 of this system appear at 58.1 and
56.7 ppm.

The attempts so far in this laboratory to directly transform the alcohol (80) into the
corresponding bromide (78) have not been successful. As a consequence, we sought an
alternative approach utilizing (80). Since the hydroxyl group in (80) could not be
replaced easily with a bromine, it was thought that the hydroxyl might be converted to a
good leaving group which might be replaced more easily with a bromine ion. One way
might make use of protonation, but this was discounted because (80) is acid-sensitive due
to the presence of the Boc group. Another is the conversion of alcohol to a reactive ester
such as a sulfonate. The sulfonate groups (tosylate and mesylate) were selected to be the
leaving groups. Firstly, alcohol (80) was treated with p-toluenesulfonyl chloride to form
the corresponding tosylate (86) in 54% yield after normal purification using column

chromatography (Scheme 4.11).

coz‘Bu coz‘Bu
Lb Lb 9
(80) @) ° §

Scheme 4.11 Reagents and conditions: (i) p-TsCl, pyridine, 0 °C to RT, 24 h.

The '"H NMR spectrum of tosylate (86) shows the bridgehead protons H; and H; at |
4.18 and 4.12 ppm respectively. The assignment of H; based on a correlation with H,
(4.71 ppm) using '"H COSY experiment. In the other hand, H, couples to Hs.,, proton
(2.16 ppm). The chemical shifts of the aromatic protons of the tosyl group appear at 7.79
ppm (d, J = 8.3 Hz) and 7.36 ppm (d, J = 8.3 Hz). The aryl Me protons appear as singlet
at 2.46 ppm. Moreover, the >’C NMR chemical shifts analysis agrees with the tosylate
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(86) structure. Three CH, carbons signals corresponding to Cs, Cs and Cg appear at 36.7,
29.1 and 21.7 ppm respectively. The assignments were performed with the aid of 'H-"C
HMQC experiment. The C, signal appears downfield at 78.1 ppm because it is linked to
the tosyl group.

With the tosylate (86) in hand, treatment of (86) with LiBr” in dry acetone under
nitrogen at room temperature overnight led only to unreacted starting material. The
starting material (86) was recovered and confirmed by '"H NMR. The reaction was then
performed at reflux.”’ No reaction was detected and the starting material was recovered.

As no reaction occurred with the tosylate (86), alcohol (80) was then converted
to the corresponding mesylate. Treatment of alcohol (80) with methansulfonyl chloride in

NEt; at 0 °C to room temperature afforded the mesylate (87) (Scheme 4.12).

CO,Bu CO,Bu
N N
80y M en °%

Scheme 4.12 Reagents and conditions: (i) CH;SO,Cl, NEt;, 0 °C to RT, 24 h.

The '"H NMR spectrum of mesylate (87) shows a singlet signal at 2.97 ppm
corresponding to the Me of the mesylate group. The H, signal appears downfield at 4.87
ppm due to its linkage to the same carbon that the mesylate group is bonded to.

The mesylate (87) was then treated under similar conditions to those described for
the'tosylate (86). Unfortunately, there was no evidence for the desired bromide (78) and
only startihg material (87) was recovered.

In conclusion, the bromide (78) could not be synthesized using the range of
reagents and conditions described above. This might be due to the nature of the 7-
azabicyclic system. It is considered that this research is worth further exploration but,

due to the shortage of time, it could not be completed as part of this investigation.
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Chapter 5
Nitrogen NMR spectroscopy of 7-azabicyclo[2.2.1]heptane derivatives

5.1 Nitrogen NMR spectroscopy

The number of compounds containing nitrogen is enormous, and there are more
distinct nitrogen functional groups in organic chemistry than for any other heteroatom.
The ability to observe nitrogen NMR directly is a big advantage for chemists and
biochemists similarly, but there are barriers on the way.

Nitrogen has two NMR active nuclei (**N and >N). !N is the major isotope of
nitrogen at high natural abundance (99.63%) with a spin quantum number / = 1. Its
signals are usually significantly broadened by quadrupolar interactions, linewidths of up
to hundreds Hertz are common, and it is often difficult to recognize the signal above the
base line except in simple cases. The "°N isotope (I = 1/2) yields sharp lines and has a
large chemical shift range so in that respect it is an easier NMR isotope to deal with than
N. However, it suffers from serious disadvantages in that its natural abundance is only
0.37% and its magnetogyric ratio is negative and small resulting in low sensitivity
compared to the proton (Table 5.1). These problems can, however, be overcome.
Moreover, the '*N and '*N chemical shifts are effectively similar to each other. Wong et.
al. reported the N and '°N chemical shifts of some acyclic tertiary amines and amine
hydrochlorides.”? They found that the resulting '*N and >N chemical shifts usually agree

with each other to within 0.5 ppm for the same molecule.

Isotope N. abundance (%) Relative sensitivity Spin

H 99.98 1 12
B¢ 1.11 1.59 x 107 12
5N 0.37 1.04x 107 -12

Table 5.1%

In order to enhance the measurement of such spectra, it is necessary to use a
sensitive high-field Fourier-transform NMR instrument with highly concentrated samples.
The slow relaxation of the '*N nucleus requires exceptionally long spectral acquisition
times and further problems arise as a result of the negative magnetogyric ratio () of the
>N nucleus, which in turn, result in the nuclear Overhauser effect (nOe) enhancement

factors becoming negative, thus causing NMR signals to become more negative with

proton decoupling.
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However, proton substituents on nitrogen aid relaxation and thus may shorten
spectral acquisition. Further improvement can be achieved by the use of paramagnetic
relaxation reagents such as tris(acetylacetonato)chromium(IIl) (Cr(acac);). Undesired
Overhauser effect can be removed by gated decoupling or addition of (Cr(acac);).

Measurement of °N chemical shifts can be obtained more easily and quickly
using °’N-enriched samples. However, synthesis of >N-enriched sample is not always
easy to achieve in practical terms. '°N-Enriched samples of 7-azabicyclo[2.2.1]heptyl

derivatives have been synthesized in the Leicester laboratories.”

The synthesis of these
derivatives required enormous efforts to make compounds enriched to just 2%.
Therefore, all the "N chemical shifts measurements of our study were performed at
natural abundance levels in view of the cost and time that would be involved in producing

enriched samples.

5.2  Referencing nitrogen NMR spectra

Field and frequency are linked; the favored procedure for measuring chemical
shifts is to reference them to an internal frequency standard. For both 'H and >C NMR,
the most suitable standard is tetramethylsilane (TMS), chosen because it is chemically
unreactive, soluble in most organic substrates, provides sharp signal and can be easily
removed from the sample after use.

For nuclei other than 'H and >C the choice of a reasonable standard is not so
easily determined. The use of an internal standard in "N NMR is generally
un‘reliable.gs’96 The °N chemical shifts are quite sensitive to molecular interactions, and
for any given compound in a variety of solvents, nitrogen shifts can extent a range of
more than 10 ppm; this includes obviously the shielding of the internal standard
themselves. Another disadvantage of using internal standards is contamination of the
sample under examination. There is, however, a way to avoid, at least to some extent, the
complexity of internal referencing of nitrogen shielding. The method relies on the use of
an external standard which has an obvious advantage since no contamination of the
sample is involved. The use of coaxial cylindrical sample/reference tubes diminishes the
susceptibility effects and allows the direct measurement of chemical shift difference
between the sample and the reference.”® Neat nitromethane has been widely used because

of 1ts high nitrogen concentration per unit volume (18.42 M at 30° C).
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Neat nitromethane is gaining ground as the universal external reference for both

N and "N measurement of nitrogen shielding, as can be inferred from the following
comparison:

Standard % of papers where the standard

specified was emplyed97

Neat nitromethane 40%

NH,, in various solutions  15%

NO;, in various solutions ~ 10%

HNO,, in various solutions 10%

Liquid NH,; 10%

Others 15%

Another source of confusion is the problem of the sign conventions used with
nitrogen shifts. The plus sign has, at different times, been used to denote either an
increasing or decreasing shielding referred to an arbitrary standard. The later system
became the accepted usage in 'H and °C NMR spectroscopy. In the present work neat
nitromethane was employed as an external standard and the plus sign refers to the
direction of decreasing magnetic field (high frequencies) (Figure 5.1). All of the shifts in

this thesis are upfield of the standard and are therefore negative values.

CH;NO, | NH; (5 -380.2)
| | | I | | | | |
[ ] [ ! [ | [ [ [

400 300 200 100 0 -100 -200 -300 -400 ppm
- : (deshielding)

Figure 5.1

Figure 5.2 summarizes the nitrogen NMR chemical shielding ranges for some
various classes of molecules which are referred to external neat nitromethane.”® We are
in this study interested in 7-azabicyclic derivative carbamates (urethanes) and amines

nitrogen NMR chemical shifts.
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] ]
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"N=N-R Diazonium salts
Heteroaromatics
(pyridine etc.) l CH;NO,
| | l | l | I | |
400 300 200 100 0 -100 -200 -300 -400
Figure 5.2

5.3  Influence of protonation on 5N chemical shifts

The nitrogen atom of an amine is basic and owes this property to the pair of non-
bonding electrons; the reactivity of these electrons causes shifts to be produced if the
amine is protonated. The magnitude of the shift depends on several factors including pH,
the nature of the counter-ion and the degree of hydrogen bonding lost or gained.
Unfortunately, the direction of the shift is not uniform. The protonation of a nitrogen
atom within a system of saturated bonds such as alkylamines usually results in weak
deshielding (typically ca. 10 ppm) while in a conjugated system of double bonds or to an
aromatic ring such as pyridine it moves the signal ca. 100 ppm upfield.”> The protonated
amines of the parent 7-azanorbornane derivatives in this study play a major part in

obtaining nitrogen chemical shifts in view of difficulties measuring shifts for the free
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amines. This was considered acceptable in view of the small differences between the
shifts of free amines and protonated forms. Table 5.2 shows the '’N chemical shifts of
some selected examples of the free amines and their protonated forms.”  Slight

deshielding was observed as a result of protonation.

Compound + HMe

H, H Me
N N N N +  Me,NH +  Et;NH
7 ] O Q MeNH, o207 EtaNH, 3

5N (ppm) -3334 -3425 -3353  -3406 -3566 3695 -322.8 -332.0

Table 5.2 5N chemical shifts of some selected amines.”

It was noticed in early studies that nitrogen shielding variations can be influenced

by the solvent as the influence of protonation.”>”’

The largest differences noticed in
nitrogen shielding as a result of solvent effects was about 45 ppm.”” However, in some
types of compound such as amines, the variation of solvents have smaller effects on the
nitrogen shielding (just a few ppm), even if both polar or non-polar solvents are used.”>”’
In addition to the solvent effects, the variations of concentration and temperature might
have an effect on the nitrogen shielding. Table 5.3 summarizes the '’N chemical shifts of
some selected examples of alkyl amines measured in different solvents and variable
concentrations.”  As a result of these variations, the nitrogen chemical shift comparisons
under different conditions might be less valid. Therefore, the experimental conditions for

the nitrogen shift measurements were maintained and kept constant as much as possible in

this study.

H H
N N
O < 7 Et;NH

Solvent 5N (ppm) 5N (ppm) 5N (ppm)

cyclohexane -3414 -342.4 -331.8

neat liquid -341.6 -342.5 -332.6

DMSO -342.4 -341.7 -3339

MeOH -342.6 -3414 -333.1

H,0 -340.4 -341.3 -331.2

CHCL, -340.6 -340.3
Table 5.3 >N chemical shifts of some selected amines.*

79



The solvent effects were investigated in this study of some selected 7-azabicyclic
compounds such as amines (1a) and (2a); and the result of using polar or non-polar
solvent was that the nitrogen chemical shift variation was ca. 1 ppm. Similarly, the
concentration effect on the nitrogen shielding was considered in this study. The result of
using different concentration of some selected amines (1a), (2a) and (3b) led to only 0.5
ppm difference. We could conclude that neither solvent nor concentration has a big effect

on the nitrogen chemical shifts.

5.4  '>N chemical shifts of urethane derivatives of 7-azabicyclic systems

R R R R
N N N N
R=CO,Et (42) -259.5  (38) -247.3  (26b) -203.6 ethano- (30)® -241.0%

etheno- (29)° -208.6%°
R=CO,/Bu (44) -257.5  (39) -248.1  (26¢c) -202.6

Table 5.4 >N chemical shift values for urethanes.’
a. Measurements at 300K in CDCl; in 10 mm NMR tubes (chemical shift values in ppm relative to
neat CH3;NO, contained in an internal, coaxial 5 mm tube). Samples at natural abundance.

b. Values quoted by Quin et al. using a 23% “N-enriched sample. These values were recorded as
139.2 and 171.6 ppm respectively relative to liquid ammonia; the '°N spectra were referenced
extemallys;co CH;NO,, where 6 CH3NO, = 380.2 with liquid ammonia as zero; samples dissolved
in CDCl;.

5.4.1 N-Alkoxycarbonyl-7-Azanorbornane derivatives

The saturated derivatives (42) were established as the point of reference (Table
5.4). There are no "N data reported in the literature for saturated 7-azanorbornane
systems (42). The chemical shifts observed for (42) are at higher field than any of the
unsaturated examples (38) and (26b) and at higher field than the benzo-derivatives (29)
and (30) which provide the only comparison data for azabicyclic systems from the
literature.>> The >N chemical shift of the N-ethoxycarbonyl derivatives (42) is similar to
the shift observed for the z-butoxycarbonyl derivatives (44) (A8 = 2.0 ppm) suggesting
that the ester alkyl group has only a small effect.

5.4.2 N-Alkoxycarbonyl-7-Azanorbornene derivatives

Introduction of a single unsaturated linkage into the 7-azabicyclic framework (38)

leads to deshielding of the bridging nitrogen when comparison is made with the
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corresponding saturated analogue (42) (A5 = 12.2 ppm) (Table 5.4). Introduction of a
benzo group instead of the alkene [compound (29)] induces a larger downfield shift (A =

18.5 ppm). The variation of the ester alkyl group at the nitrogen has also a minor effect
on the °N shifts as noticed for (42) and (44).

5.4.3 N-Alkoxycarbonyl-7-Azanorbornadiene derivatives

Introduction of a second double bond into the 7-azabicyclic frameworks (26b)
leads to a further, much larger downfield shift (A5 = 43.7 ppm) when comparison is made
with the mono-unsaturated analogue (38) (Table 5.4). The incorporation of an additional
double bond in (30) also leads to a substantial shift (AS = 32.4 ppm) when comparison is
made with (29).

The results that can be demonstrated from table 5.4 are as follows: the °N
chemical shifts of (26b) and (26c¢) are over 100 ppm downfield when compared to the
values for normal urethanes. A substantial downfield shift is observed on replacing an
ethano- bridge with an etheno- bridge (42) — (38). A larger downfield shift is observed
on introducing a second 7 bond to the system (42) - (26b). A similar downfield shift
occurs on introducing a second w-bond in the benzo-series (30 = 29). Thus, introduction
of mbonds leads to downfield shifts and is a cumulative effect in these urethanes.

In addition, comparison with data for normal urethanes shows that these 7-
azabicyclic urethanes display '°N chemical shifts which are significantly downfield from

any normal urethanes especially in (26b) and (26¢) (Table 5.5).*

H CO,Et
N
MeOC(=O)NMe,  EtOC(=O)NH, (i\fo
o} A1
(4xb)
>N (ppm) -315.7 -307.6 -305.6 —203.6

Table 5.5 >N chemical shifts of selected urethanes for comparison.”
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5.5 >N NMR spectra of tertiary amine derivatives of 7-azabicyclic systems (and

the derived HCI salts)

Me Me
N N
Lb L‘b

(1a) -313.3°
(1a:HCl) _301.3° (2a:HCI)® 290.8 and -292.8
-303.3¢
Table 5.6 >N chemical shift values for the free tertiary amine derivatives and HCI salts.

a. Measurements at 300K in 10 mm NMR tubes (chemical shift values in ppm relative to neat
CH;NO; contained in an internal, coaxial 5 mm tube). Samples at natural abundance.
b. Dissolved in CDCls.

C. Dissolved in CD,Cl,.

The free tertiary amines lack a hydrogen directly attached to nitrogen and this
leads to slower relaxation and hence to weaker signals, requiring longer accumulation
times and larger samples. The free tertiary amine (1a) shows a signal at —313.3 ppm
(Table 5.6) which required ca. 30,000 scans in order to obtain a reasonable signal to noise
(S/N) ratio. The 5N shift for the mono-unsaturated N-methyl free amine (2a) shows a
very broad signal at room temperature suggesting either that insufficient material was
available, that a negative nOe effect was operating (canceling out the signals), or that the
process of nitrogen inversion was leading to coalescence of the signals for the two
invertomers. However, when the temperature was lowered to —10 °C, no signal appeared.
Further work over a broader range of temperature is required to discover whether
significantly lower or higher temperatures will lead to sharpening of the signals which is
clearly difﬁcult in practical terms. As a result of the difficulties in obtaining "°N shifts of
the free amines (2) and (3), we then considered '°N shift measurements of the protonated
forms of amines (1) — (3) and derivatives substituted in the 2-carbon bridge.

The first successful measurements for amines derived from (1) — (3) were made on
amine salts because the protons on nitrogen aid relaxation and thus shorten spectral
acquisition. The >N chemical shift of (1a:HCI) is —301.3 ppm which is downfield (AS =
12 ppm) by comparison with the free amine (1a) (Table 5.6). Incorporation of a single
unit of unsaturation into the framework of (1a:HCI) leads to downfield shifts for
(2a:HCI) (Ad = 12.5 and 10.5 ppm). The observation of two signals for (2a:HCI) is
explained by the presence of two stereoisomeric quaternary salts in which the methyl

group is syn or anti to the double bond. The '°N chemical shift difference between the
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syn and anti stereoisomers as can be seen from Table 5.6 is small (Ad =2 ppm). Signals
due to the major and minor peaks were assigned on the basis of ratio of invertomer
derived from 'H and >C NMR (described in chapter 6). The larger '°’N NMR peak was
assigned to the major stereoisomer (syn where the N-Me syn to the double bond), this is

because the ratio of syn : anti is 85 : 15.

Me— ;\]/ H H— F\]/ Me
Zb %‘b
syn-(2a:HCl) anti-(2a:HCI)

The deshielding effect of the extra 7 bond on the '°N chemical shift of the tertiary
amines (1a:HCI) and (2a:HCI) is again observed. The °N chemical shifts of (1) and (2)
derivatives are over 70 ppm downfield when compared to the values for normal tertiary

amines.

56 'SNNMR spectra of secondary amine derivatives 7-azabicyclic systems (and

the derived HCI salts)

H
¥ ¥ §

(1b) -304.4°
(1b:HCl)  .309.5°  (2b:HCI) -297.0° (3b:HCI) -257.7°
Table 5.7 >N chemical shift values for the free secondary amine derivatives and HCI salts.

a. Measurements at 300K in 10 mm NMR tubes (chemical shift values in ppm relative to neat
CH;NO, contained in an internal, coaxial 5 mm tube). Samples at natural abundance.
b. Dissolved in CDCls.

C. Dissolved in MeOH.

The "N NMR spectrum for the free secondary amine (1b) shows a signal at —
304.4 ppm (Table 5.7), slightly downfield of the signal for the HCIl salt (in contrast to the
situation for the tertiary amines (1a) and (1a:HCI) where the free amine signal was
relatively upfield. No signal was observed for (2b) at room temperature. It is not yet
clear whether this is because of a negative nOe leading to lower signal intensity as a
consequence of 'H-decoupling. Thus, >N shift measurements of the free secondary

amines (2b) and (3b) were again not possible. Therefore, the availability of the 5N shift
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data for the series of secondary amine salts (1b) — (3b) allows effective shift comparisons
to be made and spectra were all measured in MeOH. The signal for the secondary amine
salt (1b:HCI) is again shifted downfield when a double bond is introduced in (2b:HCI).
The downfield increment (A8 = 12.5 ppm) is of a similar order of magnitude to the earlier
observations. The '’N chemical shift of (3b:HCI) also moves further downfield when a
second double bond is introduced to the 7-azabicyclic systems. The solubility of these
salts (1b) — (3b) is low in non-polar solvent such as CDCl;, thus MeOH was used instead
as the solvent to reach high solubility.

The substantial downfield shifts in these amines become clear when comparison is

made with data for other cyclic secondary amines.”’

5.7 >N shifts of urethane derivatives of 7-azabicyclic systems containing different

substituents in the 2-carbon bridges

R R R
N N N
2
O
L‘& ° L‘b% Z&
R=CO.Et (66) -265.8 (67) -261.8
R=CO,Bu (79) -261.4 (71) -252.4
Table 5.8 "N chemical shift values for urethanes with different substituents in the 2-carbon

bridges.?
~a. Measurements at 300K in CDCl; in 10 mm NMR tubes (chemical shift values in ppm relative to

neat CH3;NO, contained in an internal, coaxial 5 mm tube). Samples at natural abundance.

The chemical shift of the 7-azanorbornane substituted at the 2-carbon bridge by a
carbonyl group (66) is —265.8 ppm which is upfield compared to the 7-azanorbornane
(42) (Ad = 6.3 ppm). As expected, small variations of the nitrogen-protecting group in
(66) and (79) make relatively little difference to the chemical shifts; the >N chemical shift
of the #-butoxycarbonyl derivative (79) is similar to that observed for (66) (A6 = 4 ppm),
as expected (Table 5.8).

The chemical shift of the protected carbonyl compound, the cyclic acetal (67), is
very similar to the saturated 7-azanorbornane (42) (Ad = 2 ppm). The incorporation of
unsaturation into the 2-carbon bridge in (71) leads to a shifted downfield shift (A = 9
ppm), as expected, when compared with the saturated (66) (Table 5.8).
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5.8 >N shifts of the tertiary amine (HCI salts) derivatives of 7-azabicyclic systems

containing different substituents in the 2-carbon bridges

H\ /Me Me\ /H H\ /Me Me— /H

A A A AR

syn-(4a:HCI) -306.1 anti-(4a:HCI) -308.7  syn-(68:HCI) -307.6 anti-(68:HCI) -309.6

Table 5.9 >N chemical shift values for tertiary amine derivatives (HCI salts).®
a. Measurements at 300K in MeOH in 10 mm NMR tubes (chemical shift values in ppm relative to

neat CH3;NO, contained in an internal, coaxial 5 mm tube). Samples at natural abundance.

The chemical shift of the quaternary salt (4a:HCI) is shifted to higher field than
the quaternary salt (1a:HCI) (AS = 5 ppm). The observation of the two signals for
(4a:HCI) is due to the presence of the two stereoisomeric quaternary salts in which the
methyl group is syn or anti to the carbonyl group. The >N chemical shifts of the two
stereoisomeric acetals (68:HCI) are fairly similar to these for (4a:HCI) (Ad = 1 ppm).
The "°N chemical shift difference between the syn and anti stereoisomers as can be seen
from Table 5.9 is small (A6 = 2.6 ppm for (4a:HCI) and Ad = 2 ppm for (68:HCI)).
Signals due to the major and minor peaks were assigned for the stereoisomers (4a:HCI)
and (68:HCI) on the basis of the invertomer ratios measured by 'H and BC NMR
spectroscopy (described in chapter 6). The larger ’N NMR peaks were assigned to the

major stereoisomers (anti where the N-Me anti to the ketone or acetal group) (Table 5.9).

There are general observations which can be made when looking at the "°N results
described above.

a) The general downfield shift is common to all members of this family of 7-
azabicyclo[2.2.1]heptyl systems compared to normal acyclic and mono-cyclic
amines.

b) The dependence of the deshielding on the degree of unsaturation. The
introduction of an extra © bond in the urethane systems (38) comparing with data
for saturated urethane systems (42) affects the >N resonance. A downfield
increment of ca. 12 ppm is observed on replacing an ethano-bridge with an
etheno-bridge (42) to (38). However, a significant cumulative downfield
increment of ca. 56 ppm was observed by introducing two double bonds at the
ethano-bridge (42) to (26b). A similar observation was made for the ¢-

butoxycarbonyl-protected analogues. Evidence of a similar trend of 5N shifts was |
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d)

observed with the protonated secondary amines (1b:HCI), (2b:HCI) and
(3b:HCD). Thus, the differences of the '°N shifts of the urethanes and the
secondary amine salts could be considered as an estimate of the '’N shift
differences of some important compounds such as (2a) and (3a) which were
difficult to measure.

Substitution in the 2-carbon bridge (66) seems to have a relatively small effect on
the >N chemical shifts of the saturated urethane (42); and the protonated tertiary
amines (1a:HCI) and (4a:HCI), but the trend is that the ketone group leads to an
upfield shift.

The "°N chemical shift of the tertiary amine (1a) is relatively upfield compared to
that of the secondary amine (1b). This is probably explained by the electron
donating character of the methyl group at nitrogen (c-effect).”’” The N-Me amine
(1a) is shifted upfield by 8.9 ppm compared to the secondary amine (1b). Similar
observations were reported in 7-azabicyclo[2.2.1]heptyl derivatives® and mono-
cyclic’’ amines.

Two °N signals were detected for the quaternary salts (2a:HCI), (4a:HCI) and
(68:HC) due to the presence of two stereoisomeric quaternary salts in which the

methyl group is syn or anti to the double bond or the substituted group at C,.

We then decided to investigate the '°N and "N chemical shifts similarity of some

selected 7-azabicyclic derivatives; '*N spectra were expected to be obtained much more

easily but signals would, inevitably, be broader than °N signals. For all the samples, both

>N and '*N spectra were measured under similar experimental conditions. Table 5.10

summarizes the '°N and '*N shifts of some selected compounds as comparison data. The

comparisons between the results of table 5.10 show that "’N and '*N chemical shifts are

similar to each other within ca. 1 ppm.

H— /Me Me-w\, ~H H— /H H—% /H
(1a) (1a:HCI) (2a HCl) (1b) (1b:HCI) (3b ch
PN (ppm)* -313.3 -303.3 -290.8/-292.8 -304.4 -309.5 -257.7
“N(ppm) -312.5+2 -304.0+2 -292.143 —304.0+1 -308.7+1 —256.5+1

Table 5.10

a.

Samples at natural abundance.
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Therefore, the >N chemical shifts of the free tertiary amines (2a) and (3a) could
be estimated using the approximate values described at point (b) above. The °N result of
the free amine (1a) (-313.3 ppm) which required 48 hours accumulation at natural
abundance and highly concentrated (ca. 320 mg) sample was used as starting point. The
approximate '°N chemical shifts estimated for the free amines (2a) and (3a) are —301.0 +2
and —-256.0 £2 ppm respectively; this is an attempt to overcome the difficulty in achieving
direct measurements of '°N shifts for (2a) and (3a); and allow us to use the N chemical
shifts. Measurements of the nitrogen shifts of (2a) and (3a) were performed using '*N
NMR instead. The "N chemical shifts of the free amines (2a) and (3a) are —297.0 +3 and
—253.0 +3 ppm respectively. The range between the estimated '°N shift values and
measured *N shifts are in agreement (ca. 4 ppm) for (2a) and (3a). The “N shift was

also measured for the ketone free amine (4a) (—319.5 2 ppm).

5.9 Discussion

The >NMR spectra have been measured successfully for some bridged urethanes
and amines at natural abundance. Approximately 35,000 scans were necessary in order to
obtain a reasonable signal to noise ratio.

These results show that the incorporation of nitrogen into the bridging position of
7-azabicyclo[2.2.1]hepty]l systems leads to significant downfield shifts compared to
acyclic and mono-cyclic amines. Table 5.11 demonstrates the reported limits of the
chemical shifts recognized earlier for primary, secondary and tertiary amines.*””’ Some

mono-cyclic amines are included for comparison purposes.

Species Chemical shfift (ppm)
NH,R -325 - -380
NHR, -300— -370
NR; -325 - -330
{ NH CNH B
-3425ppm  -343.5 ppm -388.7 ppm

Table 5.11*"%
It seems unlikely that CNC angle strain at the 7-position is the reason for this

deshielding phenomenon as nitrogen atoms found in 3- and 4-membered rings are

significantly shielded relative to other cyclic amines. Further, the degree of deshielding
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1s dependent on the number of unsaturated bonds present at the two-carbon bridges. The
greater the unsaturation in the 7-azabicylo[2.2.1]heptyl skeleton, the greater the downfield
shift of the nitrogen atom at the 7-position.

Sakuri*® studied the *?Si NMR chemical shifts of some 7-silanorbornadiene and
related systems such as compound (88) and found that these systems not only exhibit a
%%Si resonance at very low field, but rather surprisingly, they come out at far lower field
than sp’-hybridized silicon atom. An enhanced polarization in the ground state of the
molecule was suggested as the cause of this deshielding effect.® Such polarization
should be correlated with ¢-7 conjugation which must be very important in these rigid

frameworks.

Me— ./Me
S Ph
/4
PH
(88)

In another study, Quin*’ observed a similar unusual deshielding effect in *'P NMR
chemical shifts of systems having phosphorus at the 7-position of bicyclo[2.2.1]heptyl
systems. Quin supported the idea of ground state polarization which occurs from o-7
conjugation.

Christ]'® commented on the downfield shift of the carbon atom at the 7-position
of norbornene and norbornadiene. The 7 orbital in norbomene is of relatively low
energy which causes a ¢-7 interaction. This interaction leads to a downfield shift of C;.
In norbonadiene, the interaction of two double bonds leads to a low-lying 7 orbital and
hence a substantial electron-withdrawal from C; (Figure 5.3). Christl’s idea seems to be
more convincing and better explanation than the idea of an enhanced polarization at the

ground state put forward by Sakuri and supported by Quin.

P S S

The chemical shift of the "N atom in 2-azabicyclo[2.2.1]hept-5-ene hydrochloride

Figure 5.3

(89) (-334.6 ppm)101 showed that the downfield shift was only observed when the
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nitrogen was incorporated into the 7-position in of bicyclo[2.2.1]heptyl systems, not in

the 2-position.

The deshielding of nitrogen in the 7-azabicyclo[2.2.1]heptyl derivatives suggest
that some increased delocalization of the lone-pair of electrons into the bicyclic

framework occurs when compared with normal aliphatic and alicyclic amines.
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Chapter 6

Inversion barriers

6.1  Inversion barriers in 7-azabicyclo[2.2.1]heptyl derivatives
7-Azabicyclo[2.2.1]heptyl derivatives are known to possess high barriers to

nitrogen inversion.” The predicted C-N-C bond angle for the 7-azabicyclo[2.2.1]heptane

structure is relatively similar to that found in azetidines (ca. 95°), but the inversion

barriers for the azabicyclic systems are at least 20 kJmol™ higher.'

Therefore, there are
other effects than ring strain influencing the inversion barriers. More recently Nelsen et
al. reported the inversion barrier of the simplest derivative of 7-methyl-7-azanorbornane
(1a) (57.4 kJmol™) at 25 °C by dynamic >’C NMR.? In another study of inversion barrier
at nitrogen, Marchand, et al. reported higher inversion barriers when a double bond was
introduced to the 7-methyl-7-azanorbornane framework (2a).>' These were calculated
from changes in signals due to the vinyl protons (62.1 kJmol™) at 22 °C and the
bridgehead protons (57.1 kJmol™) at —10 °C. Moreover, Malpass, et al. reported the
measurements of the nitrogen inversion barriers for N-methyl benzo-derivatives of these
ring systems in order to investigate the effects of variations of the 2-carbon bridges on the
inversion process.? In this work, comparison of AG* values for (16) (55.8 kJmol')? and
(17) (64.6 kJmol™)** demonstrated a barrier reduction (AAG* = 8.8 kJmol™) as the etheno-
bridge was saturated (Table 6.1).

Me Me Me
N N N
A A A5

(1a) (2a) (3a)
AG*y, (kJmol™) 57.4° 62.1*' (vinyl protons) 67.6°
57.1%' (bridgehead protons)
Me Me CH,Ph CH,Ph
N N N N
D
D Z 7
(16) an (8) ()
AG*;yy (kJmol™) 55.8% 64.6” 52.4' 61.9'
cl cl
N N
7
(15) (11)
AG*y, (kJmol™) 94.8% 98.2%
Table 6.1 Nitrogen inversion barriers in 7-azanorbornane derivatives.

a. This work. All values in this table calculated assuming 50:50 invertomer ratio.



Sutherland measured the rﬁtrogen inversion barriers of N-benzyl derivatives of the
same ring systems.'® The inversion barrier of the compound with one saturated ethano-
bridge (8) (52.7 kJmol™) is lower than the unsaturated analogue (9) (64.6 kJmol")."® In
the systems (16) and (8) another factor that may lower the nitrogen barrier is a simple
destabilization of the ground state due to steric interactions between the N-Me and exo-
protons of the ethano- bridge. Malpass, et al. studied the effect of the presence of an
electronegative atom on the bridging nitrogen on the nitrogen barriers.”> The fully
unsaturated system (11)*° (98.2 kJmol") possesses a higher barrier than the partly
saturated system (15)** (94.8 kJmol™) but the nitrogen inversion barriers for these systems
(11) and (15) are uniquely high due to the combined effects of the ‘bicyclic’ effect and the
electronegative atom on the nitrogen (Table 6.1). Much of this work has been performed
using benzo-derivatives since these are slightly easier to synthesize. There are no
reported inversion barrier data for the 7-azanorbornadiene system itself. Therefore, one
of our interests was to measure the inversion barrier for the 7-methyl-7azanorbornadiene
derivative (3a).

In early work, all barriers reported in the literatures were calculated on the basis of
50:50 populations. All the inversion barrier values were calculated in this study on the
basis of 50:50 ratios by analogy with the work reported by other groups. However, this is

clearly not always the case and this question will be addressed later in this chapter.

6.2  7-azanorbornadiene derivatives

The total synthesis and the measurement of inversion barrier of the previously
unknown 7-methyl-7-azanorbornadiene (3a) were achieved and this provides significant
information on the effect of introducing two double bonds into the system. Two alkene
signals in the '"H NMR spectrum of (3a) at 25 °C in C¢Ds can be observed. The frequency
difference separating the signals (Av) (164.5 Hz) and the coalescence temperature (75 °C)
of the alkene signals were determined for (3a). The inversion barriers were calculated
using the Gutowsky-Holm equation. The inversion barrier of (3a) (67.6 kJmol™) is higher
than that for the unsaturated 7-azanorbornane (1a) (57.4 kJmol™)’ derivative. It has been
noticed that by introducing one double bond to the ethano-bridge, the inversion barrier is
raised for (2a) (62.1 kJmol™)*' and similar increment were observed on introducing an
etheno-bridge into the benzazanorbornanes (Table 6.1). However, by introducing two
double bonds to the system, the inversion barrier is higher (ca. 10 kJmol™) than the

simple unsaturated 7-azanorbornane (1a). The AG*yy difference between (2a) and (3a) is
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5.3 kimol'. Therefore, introduction of a second double bond into the parent 7-
azanorbornane systems increases the nitrogen inversion barrier by a similar increment.
Table 6.2 summarizes the incremental differences in AG*yy affected by the addition of the
m-bond for each of the parent systems and the benzo analogues (comparison of average

AG¥iny).

Parent systems benzo analouges
(1a) > (2a) (22) > (3a) (16) -~ (17) (909) > (91)
AAGH,, (kJmol™) 4.9 53 8.8 9.2

Table 6.2

Moreover, the inversion barrier of (2a) was measured in this study to try to resolve
the two different values for (2a) quoted by Marchand®' (Table 6.3). The inversion
barriers measured for (2a) using the bridgehead and N-Me proton signals are 62.3 and
62.0 kJmol™ respectively in our work which is similar to one of the values Marchand?!
quoted. The measurement of the inversion barrier using the alkene proton signals was
found to be 61.3 kJmol" which is in good agreement and casts doubt on Marchand’s
second value. Two alkene and bridgehead signals in the "H NMR spectrum of (2a) at —11
°C in CD,Cl, indicated that two diastereoisomeric invertomers were present. Marchand
assigned the syn configuration (N-Me syn to C=C) to the major invertomer (86%) in (2a)
on the basis of the anticipated antiaromatic electronic interaction between the nitrogen
lone pair and the syn double bond in the anti configuration (N-Me anti to C=C).?! Table
6.3 shows the inversion barriers results for the simplest 7-azabicyclic derivatives. The

invertomer preferences will be discussed later in this chapter.

Me Me Me
N N N
4 72
(1a) (2a) (3a)
T, (5 K)* 297 348
Av (Hz)y? 30.0 164.5
AG*,, (£0.5kJmol ™) 57.4° 57.1/62.1% 67.6*
62.3°
Table 6.3 Nitrogen inversion barriers in 7-azanorbornane derivatives.

a. This work. All values in this table calculated assuming 50:50 invertomer ratio.
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6.3  Nitrogen inversion barriers of 7-azabicyclo[2.2.1]heptane systems containing
different substituent in the 2-carbon bridges

The inversion barrier investigations were extended to include 7-azanorbornane
derivatives substituted in the 2-carbon bridges. In relation to this system, a nucleophilic
displacement at the C; position of a norbornane compound is difficult to achieve.
However, when the norbornane is substituted with a carbonyl group at C, position, the
carbonyl group aids the displacement reaction with complete inversion of configuration at
C—,.49 This was introduced in more detail in Chapter 1, section 5. Therefore, the inversion
barriers will be investigated in the 2-keto-7-azanorbornane derivatives.

From coalescence temperature measurements using variable temperature 'H NMR
experiments on (4a) the barrier for nitrogen inversion was determined. The inversion
barrier for the substituted 7-azanorbormane with a carbonyl group at C, (4a) (49.2 kJmol
1 is lower (8.2 kJmol™) than that for the saturated 7-azanorbornane (1a). Interestingly,
the inversion barrier for the protected carbonyl (68) is fairly similar to (4a). Therefore, by
introducing the carbonyl group or its protected form to the system, the inversion barriers
are significantly lowered (Table 6.4). The low barrier of (4a) caused by the ketone group
might be explained by lowering the transition state as the nitrogen electron pair occupies

an sp° orbital.

N N o
0]
A5 Ao AF
(1a) (4a) (68)
AGY,, (kJmol)*  57.4 49.2 +1 47.0 1
Table 6.4 Nitrogen inversion barriers in 7-azanorbornane derivatives.

a. All values in this table calculated assuming 50:50 invertomer ratio.

It was found that high field ’C NMR measurements at low temperature could
provide both the coalescence temperature and frequency separation under conditions of
slow inversion.® Therefore, it was possible to measure the inversion barrier for (4a) using
3C NMR spectra at variable temperatures. Two N-Me and C, bridgehead carbons were
easily distinguished at —60 °C indicating that two diastereoisomeric invertomers were
present and the signals coalesced at —26 °C. The inversion barrier measured for (4a)
using >)C NMR was 49.0 +1 kJmol" which is in good agreement with the '"H NMR

measurements. The invertomer preferences of (4a) will be discussed later in this chapter.
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6.4  Nitrogen inversion barriers in 1,4-dimethyl-7-azabicyclo[2.2.1]heptane
systems

In view of the influence of the so-called ‘bicyclic effect’ we wished to extend the
work to include another compound such as endo-(55) where the bridgehead protons are
substituted with methyl groups and study the effect of this on the inversion barrier. It was
reported that the CNC bond angle was wider for syn-(13) than that for anti-(12); the angle
being 97.3° and 95.7° respectively’’ (introduced in Chapter 1, section 1.5). This was
similar to the situation reported in a study of 1,3-disubstituted bicycle[1.1.1]pentanes

where the C;-C; distances were calculated for a number of derivatives (Table 6.5).102

I

R
Substituents at position 1 and 3  Distance C,-C; (A)
R=H 1916
R=Me 1.939

Table 6.5

Methyl substituents at the 1 and 3-positions raised the electron density in the
carbon bridgehead orbital thus raised the non-bonded C;-C; distance with respect to the

102 The measurement of the inversion barrier was also considered for

unsubstituted case.
compound endo-(54) as a point of reference.

The inversion barrier for endo-(54) was measured at low temperatures using 'H
NMR (49.2 £0.5 kJmol™") (Av = 32.3 Hz and T, = -36° C). The addition of the tosyl
group to the 7-azabicyclic system reduces the barrier by 8.2 kJmol™ when compared with
(1a). The reduction of the inversion barrier, from endo-(54) to (1a) might be due to
electronic factor; rather than steric, since the tosyl group is in the endo position. The
effect of the substituted methyl groups at the bridgeheads on the inversion barriers was
studied earlier in the N-C1 7-azabicyclic derivatives.”> The inversion barrier measured for
endo-(55) (46.3 £0.5 kJmol™) is lower than the barrier for endo-(54) (Table 6.6). This

result is in agreement with the relative effects reported earlier in inversion barriers for N-

Cl compounds.”
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1a
(1a) endo-(54) SOLAr endo-(55) SOLAr

AG*,, (K¥mol™)* 57.4° 49.2 0.5 46.3 0.5
Table 6.6 Nitrogen inversion barriers in 7-azanorbornane derivatives.

a. Al values in this table calculated assuming 50:50 invertomer ratio.

The effect of the bridgehead methyl groups in lowering the inversion barrier, from
endo-(55) to endo-(54), was found to be small (AAG*;,, 2.9 kJmol™). This reduction may
possibly result from the effect of the two bridgehead methyl groups in raising the electron
density in the bridgehead orbitals leading to increase mutual repulsion causing a widening
of the CNC bond angle.® The widening of the CNC bond angle would explain the
reduction of the inversion barrier but the inversion barrier for endo-(55) is the lowest
recorded value for N-Me derivatives of this skeleton to our knowledge. The presence of
the SO, Ar group has clearly had a very large effect and it would seem reasonable that the
additional effects of the methyl groups would be relatively smaller than expected, here. It
is certainly smaller than the effect in the N-Cl systems studied earlier where the barriers
are much higher to start with (because of the ‘bicyclic effect’ and the N-Cl substituent).

The full effect of bridgehead methyl substituents is therefore observed in these cases.

6.5 Invertomer preferences of N-Me derivatives

At room temperature in CD,Cl, solution, the signals due to the alkene (HC=CH)
and bridgehead protons (H; and H,) in the 'H NMR spectrum of (2a) were broadened by
slow inversion on the NMR time scale. On cooling the solution to —17 C°, however, the
signals were split into two sets of minor and major signals. The ratio of the two
invertomers was determined by direct integration of either the alkene or bridgehead
protons. Marchand”' (as mentioned earlier) assigned the syn configuration to be the
major invertomer (86%) where the syn configuration is defined as that N-Me syn to the
alkene. This assignment is in good agreement with our observation in this study (85:15
syn : anti) using "H NMR spectroscopy.

The C NMR chemical shift for (2a) was also measured at low temperature (—17
C°) and reported here for the first time. The 3C NMR clearly shows the presence of two
invertomeric species in (2a) and the assignments of the configurations were made on the
basis of the y-effect (introduced in Chapter 2, section 2.5.1). Thus, the alkene carbon

atom C; in syn-(2a) was observed to resonate at higher field than the same carbon atom in

95



anti-(2a). Similarly, the ethano-carbon C in anti-(2a) was observed to resonate at higher
field than its counterpart in syn-(2a) because of the compression shift induced by the
eclipsing y-methyl group. Therefore, the invertomer ratio of this amine (2a) was 85:15 +1
(syn:anti) assigned by °C NMR. This result was in good agreement with the result
obtained here by 'H NMR spectroscopy. Table 6.7 shows the >C NMR chemical shifts

for syn-(2a) and anti-(2a) invertomers at low temperature.

Me Me
\N N/
1
7 6 7
4

5

syn-(2a) anti-(2a)
ppm (major) ppm (minor)
Cs 237 19.3
NMe 299 314
C,; 66.6 64.4
C, 130.2 135.6
Table 6.7 >C NMR data for (2a). Spectrum was measured at —17° C.

The 'H NMR spectrum of (4a) when recorded at room temperature implied that
nitrogen inversion might be rapid on the "H NMR timescale. At lower temperatures both
'H and ">C NMR showed that two invertomeric species were present in (4a). Once again,
the assignment of the invertomer ratio from *C NMR was facilitated by the application of
the y-effect of carbon substitution.

When this analysis was applied to the ethano-carbons (Cs and Cg) opposite to the
ketone group in (4a), it was observed that the major invertomer gave rise to the furthest
upfield shifts. So the major invertomer must be that in which the N-Me group is anti to
the ketone group. As the N-Me is anti to the ketone group, the shift of C; which is in the
same side of the ketone group is downfield when compared with the minor invertomer
syn-(4a). The ratio of anti- and syn-(4a) was 61:39 =1 respectively. The measured
invertomer ratio by '*C NMR was very similar to that measured using '"H NMR at low
temperature (anti:syn (62:38) respectively). It should be mentioned that the shift of the
ketone carbon (C,) is the other way round where the higher field signal corresponds to the
anti invertomer rather than syn. Similar observation was observed in norbornyl
derivatives. Roberts er. al. reported the °C chemical shifts of syn-(90) and anti-(91)
methyl-2-norbornanone.” The ketone carbon in both systems might not experience this
effect (y-effect). Table 6.8 summarizes the '>C chemical shifts of both invertomers anti-

and syn-(4a).
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Me Me

215.9 2151
29.1 0] 249 0]
245 40.3 21.3 47.3
syn-(90) anti-(91)
Me\N N _Me
Y el wa
4 3
anti-(4a) syn-(4a)

ppm (major) ppm (minor)
Cs,Cs 205,239 24.1,28.8

NMe 345 355
C; 46.6 37.8
C, 61.3 60.6
C, 69.6 69.6
G 212.7 218.0
Table 6.8 3C NMR data for (4a). Spectrum was measured at —61° C.

The invertomer preference of the protected carbonyl (64) is heavily weighted
toward one major invertomer which was assigned to be the anti invertomer (N-Me anti to
the acetal group). The invertomer ratio of anti:syn is 95:5 measured at low temperature
(—68 °C) using 'H NMR spectra. This ratio was also confirmed using '>C NMR at the
same temperature. Distinguishing between the two invertomers was straightforward,
based on the substantial steric interactions between the N-Me group and the acetal
methylene group but was confirmed by application of the principle of the y-effect. Table

6.9 shows the obvious '*C NMR shifts of the two invertomers at low temperature.

P P
20 o

5 4 3

anti-(64) syn-(64)

ppm (major)  ppm (minor)

Cs 18.7 23.6
Cs 245 28.6
G 444 40.1
Table 6.9 3C NMR data for (64). Spectrum was measured at —68° C.

In addition, the invertomer ratios of endo-(54) and endo-(55) were measured at

low temperatures (—61 °C) and (-80 °C) respectively using 'H and >C spectra. The syn
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Me (with respect to the tosyl group) of endo-(54) was assigned as the major invertomer
(61%) using '"H NMR. The assignment of the invertomer preference of endo-(54) was
again based on the y-effect. Table 6.10 shows some selected >C chemical shifts of the
two invertomers of endo-(54). The invertomer ratio measured by >C NMR (60:40 +1
syn:anti) at low temperature was in good agreement with "H NMR. The invertomer ratio
for endo-(55) (page 95, Table 6.6) was found to be 80:20 measured at low temperature
using '"H NMR. The major invertomer in this case was assigned to be syn invertomer by

analogy with that observed for endo-(54).

N/Me Me\N

endo~(54) SO,Ar  endo-(54) SO,Ar

ppm (major) ppm (minor)
Cs,Cs 258,292 20.7,26.1
Cs 29.9 325
C; 63.6 65.3
Table 6.10 3C NMR data for endo-(54). Spectrum was measured at —61° C.

The relative populations of the invertomers of (2a), (4a), (64), endo-(54) and
endo-(55) were calculated from integration of the low temperature spectra and, together
with the equilibrium constants and free energy differences for the inversions from syn

methyl to anti methyl configurations, are shown in Table 6.11.

(2a) (43) (64) endo-(54)  endo~(55)
T (°C) -17 —61 -68 -61 -80
anti-Me* (%) 151 62 +1 95 +1 39 +1 20 +1
Ko’ 0.1840.02 1.60+0.1 19245  0.79+0.01 0.3 £0.02

AG®* (kJmol')  3.6+0.2 -0.8+0.1 -50+04 1.3=0.1 1.8 +0.1
Table 6.11 Invertomer populations, equilibrium constants and free energy difference for the N-Me
amines (2a), (4a), (64), (54) and (55).
a. NMe anti with respect to the functional groups (alkene, ketone, acetal or tosyl).
b. for the equilibrium syn-Me < anti-Me.
c. free energy change from syn-Me to anti-Me.
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6.6 A more refined treatment of AG%,, measurements for systems having
unequal invertomer populations

Variable temperature '"H NMR spectra of (2a) and (4a) were observed and their
barriers to nitrogen inversion assigned from coalescence temperature measurements.
Since invertomer preferences in both (2a) and (4a) existed it was necessary to use
modified calculations in order to take account of the slightly different relative energies of
each invertomer (unnecessary in (1a) and (3a) systems because the ratio of invertomers in
these systems was 50:50 due to their symmetrical nature). The calculations used provided
separate inversion barriers for the syn—> anti and anti— syn inversion processes and were
made as follows: from the equationslo3

T =Tapi Tsyn ! Tani + Tsyn and Keq = Tanii / Tsyn
where: T = population weighted lifetime of the system; Ty, Tons = lifetimes of the syn
and anti invertomers; Kq = equilibrium constant syn <> anti.
The rate constants for the inversions from syn to anti and vice versa were calculated using

the Gutowsky approximation.'®

T=TynKeq/1+Keq=1/m8v 2

Kegn=1/Tgn=Keqm v v2 /1 + K¢
where: dv = frequency separation between the signals due to the same proton in the two
invertomers; kg, = rate constant for the inversion syn— anti.
By using the value of ks, obtained above, in the Eyring equation the free energy of
activation for the inversion syn <> anti may be calculated.

AG*=2.303 R T, (10.319 + log;o T. — log) Keyn)
where: T, = coalescence temperature for the proton being studied.

The coalescence temperatures, frequency difference and calculated free energies

of activation for the system studied are presented in Table 6.12.
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Compound® signal T.(CC) AV(HzZ) Kkgu® AG'yeowit ket  AGiesy

(kJmol™) (kJmol™)
(2a) HC=CH 3145 84.3 57 64.2 1.1 318 59.8+1.0
(4a) H, -26+5 923 252 48.7+1.0 155 49.7 1.0
(64) H, -45+5 354 0.05 49.6+1.1 7.5 60.9 1.2
endo-(54) H3.ex0 -36+2 323 56 49.6+1.1 88 48.7£1.1
endo-(55) H o -51+5 262 23 48.0£1.2 93 454 £1.0
Table 6.12 Coalescence temperatures, rate constants and free energies of activation for inversion at

nitrogen in the N-Me amines (2a), (4a), (64), (54) and (55).
a. 'HNMR spectra measured at 400 MHz; samples dissolved in CD,Cl,.
b. rate constants (s).
c. syn-/anti- with respect to the functional groups (alkene, ketone, acetal or tosyl); calculated using

equilibrium constants.

In 1989, it was suggested that unsaturation of (1a) does not have an effect on 7-
azanorbornane nitrogen inversion barriers.® However, comparison of AG* s syn value for
(2a) with AG*,, of (1a) shows a barrier increment (2.4 kJmol™) as the ethano- bridge is
unsaturated. A further incremental rise in the nitrogen inversion barrier (3.4 kJmol') was
observed when the AGIS},,,_. ansi Value for (2a) was compared with AGiinv for the totally
unsaturated (3a). Use of AGIW,,_. i and AGY i sy values for (2a) is justified here since
it provides the best estimate of the energy difference between the two inversion barriers
(N-Me syn- to the double bond) and the corresponding transition states. A significant
drop of the nitrogen inversion barrier (7.7 kJmol™) was observed when the ketone group
was introduced into the system (4a) (AGI,,,,,;_, sn» N-Me syn- to the ketone group)
compared with AG*y of the totally saturated (1a). This implies a similar effect of the
C=0 group on the T.S. for nitrogen inversion and the T.S. for Sx2 substitution at the 7-
position of 7-azanorbornanes and norbornanes respectively. Thus, the earlier proposal
(Chapter 1) of a stabilizing interaction between the p-orbital at the 7-position (in the T.S.)

and the carbonyl group receive support.

6.7  Protonation experiments

An alternative approach to the investigation of invertomer ratios at rapidly
inverting nitrogen centers is to perform a very fast chemical reaction, such as protonation,
at the nitrogen atom and thus achieve irreversible conversion of the two amine
invertomers into a mixture of stereoisomeric ions. The rate of protonation by strong acids

is diffusion-controlled'®® which is considerably faster than the rate of amine inversion and
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therefore the ratio of salts produced should reflect directly the thermodynamic amine

35,106

invertomer ratio. This technique has been employed extensively in the

conformational analysis of piperidines and piperazines,*>'?"1%®

amines which possess
much lower inversion barriers than those studied here. Marchand'® used this method and
found that the ratio of the kinetically protonated amines was similar to that observed for
the free amines obtained by dynamic NMR experiments at low temperatures. A wider
study was later done'® on a series of strained tertiary amines using the so-called kinetic
protonation method. However, the invertomer ratios obtained did not always mirror the
respective ratios obtained by dynamic 'H and Bc NMR experiments. Malpass reported
the determination of the invertomer preferences for less-strained 2-
azabicyclo[2.2.1]heptyl ring systems using kinetic protonation, where the inversion
barriers are rapid on the NMR time scale even at low temperatures.t’ We performed
some kinetic protonation studies in order to examine the validity of the method in 7-
azanorbornane derivatives and to provide an additional check on the ratios reported earlier
in this chapter.

The protonations in the present study were achieved by slow addition of a CDCl;
solution of selected amines (4a), endo-(54) and endo-(55) to an excess of rapidly stirred
1:4 trifluoroacetic acid (TFA):CDCl; solution at ambient temperature.’’ The crude
reaction mixtures were transferred to an NMR tube and the 'H NMR spectra were
measured immediately. The protonated amine solutions were allowed to stand for a week
after which time no change in the initially formed ratios was observed. In the case of
amine endo-(54), the protonated sample was evaporated to dryness, 20% of excess of
amine was added and the ratio was measured and found to be similar to the ratio recorded
previously. This means either that there was no change in the ‘kinetic’ ratio during the
work-up or that the ratio was already thermodynamic and therefore would not change
further. On the basis of earlier work,?'?>'% the first explanation was considered as a
working hypothesis.

As a result of protonation, the N-Me singlets of (4a), endo-(54) and endo-(55) at
2.33, 2.25 and 2.08 ppm respectively moved downfield by ca. 0.6 ppm. Two N-Me
signals of endo-(55) appeared as major and minor doublets (coupled to the N-H proton)
separated by ca. 0.3 ppm allowing easy integration (except (4a) where the two N-Me
signals appeared as broad singlet). Only one doublet signal was observed for endo-(55).
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The ratios of the diastereoisomeric salts of (4a), endo-(54) and endo-(55) are
presented in Table 6.13 along with the free amine invertomer ratios from low temperature

'H NMR spectroscopy and >C NMR spectroscopy, where applicable.

Compound Free amine ratio  Kinetic protonation

syn-Me : anti-Me syn-Me : anti-Me

(42) 62:38 59 : 41
(PC) 62 : 38 1

endo-(54) 61:39 80:20
(PC) 61 :39+1

endo-(55) 80:20 81:19

Table 6.13

To summarize then, the barriers to inversion at nitrogen in the structurally related
amines (2a)-(3a) and in other 7-azabicyclic systems studied here have been measured and
their values confirm the previous observation that this skeleton leads to unusually high
barriers. The high barriers in these compounds are uniformly high due to operation of the
‘bicyclic effect’. The barrier is highest when the two-carbon bridges are unsaturated; the
saturation of the two-carbon bridges leads to a lowering of the barrier. Further, the effect
of the ketone group on the barrier leads to substantial reduction of the barrier compared
with the totally saturated 7-azanorbornane. Methyl substituents at the bridgehead

positions of the 7-azabicyclic system lead to a lowering of the inversion barrier.

6.8 = Investigation of correlations between nitrogen inversion barriers and BN
chemical shifts

Having measured a wide range of '°N chemical shifts and nitrogen inversion
barrier values, a study of possible correlations between these values will be made. In this
study, we expect possible ground state stabilization as a result of delocalizing nitrogen
electrons to the bicyclic framework. This will increase AGIinv and delocalization of
nitrogen lone pair should also deshield the nitrogen atom. The compounds of interest in
this study are 7-methyl-7-azanorbornane derivatives. Table 6.14 summarizes the
inversion barriers at nitrogen and the available results of '°N chemical shifts of

compounds of interest.
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Me Me Me Me

(4a) (1a) (2a) (3a)
AG*,y (kJ mol™) syn—> anti 48.7 57.4% syn—> anti 64.2 67.6
anti — syn 49.7 anti — syn 59.8
syn-{4a:HCl) anti{4a:HCI) (1a:HCI) syn-(2a:HCI) anti-(2a:HCI)
'*N 8 ppm -306.1 -308.7 -301.3 -2928  -290.8
Table 6.14 >N chemical shifts and nitrogen inversion barriers in 7-azanorbornane derivatives.

Figure 6.1 shows the effects of introducing alkene double bonds and the carbonyl
group at C; on the inversion barriers. There is a clear trend for the inversion barriers as
the system is substituted by double bonds and by the carbonyl group. The inversion
barriers are lowest in (4a) and highest in (3a). An explanation of these results would be
expected if the electron density from the nitrogen is delocalized into the bicyclic
framework. Such an effect would stabilize the ground state, thus the energy required to
reach the sp” transition state, in which the nitrogen lone pair occupies p-orbital would be
increased. As a result, the free energy of activation for the nitrogen inversion will be
raised. Figure 6.2 shows the '°N chemical shift values that are a useful tool for probing
changes of hybridization in 7-azanorbornane systems. An explanation of these results is
that when the electron density is delocalized from the nitrogen, less shielding at nitrogen
will be expected. As a result more downfield shifts will be observed as the delocalization
increases.

This is observed from Figures 6.1 and 6.2 in which two trends in opposite
directions of AGIim, and N chemical shifts were observed. Precise reasons are not

understood; and this is empirical.
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Figure 6.1  Nitrogen inversion barriers of 7-azanorbornae derivatives.
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Figure 6.2  '°N chemical shifts of 7-azanorbornane derivatives

Moreover, to extend this study, the correlations between the inversion barriers and
>N chemical shifts of compounds of interest were plotted in one diagram. The °N
chemical shifts of the salts of the parent compounds were used against the inversion
barriers (as a result of not having enough >N data of the free amines). The monocyclic
amine salt (92:HCI)*® was included as a point of reference (Figure 6.3). The trend in
figure 6.3 demonstrates good correlations between the inversion barriers and '°N shifts of

the salts. The higher barrier is correlated with the more downfield °N shift.
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Figure 6.3

To extend this relationship with other available data, work done by the Leicester
and an Australian group measured the inversion barriers of extended 7-azanorbornane'*
(6a)-(6¢) (introduced in Chapter 1, section 1.3.1.a) and the '°N chemical shifts of the
same system (unpublished work). The nitrogen chemical shifts (‘°N and *N) of the free
amines (1a)-(3a) were used in this correlation with the inversion barriers instead of the

salts (Figure 6.4). The mono-cyclic free amine (92)°° was again included as a point of

reference.
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kJ mot?! .
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5N and "N
25 ' ' ' ' ' & (ppm)
-245 -265 -285 -305 -325 -345
Me Me Me Me Me
N N
Z / 7 0 92)
(3a) (2a) (1a) (4a)

Figure 6.4
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To summarize, there is a correlation between the inversion barriers and nitrogen
chemical shifts, the inversion barriers at nitrogen in the 7-azanorbornane systems are
almost as high as those in aziridines (where the angle strain is greater). Additional
delocalization of electron density from nitrogen into the bycyclic framework is supported
by the unusual deshielding of the bridging nitrogen in these systems (in contrast with the
substantial shielding of the nitrogen in aziridines). This effect would increase the energy
required to achieve the sp” transition state, in which the nitrogen lone pair occupies a p-
orbital. The increase of the energy would be explained as a result of stabilization of the

ground state.
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Chapter 7

Nitrogen-pyramidalization



Chapter 7

7.1 Nitrogen-pyramidalization

The amide bond, which is widely distributed in many natural and synthetic
molecules, is considered to be planar in the ground state. Thus, this characteristic often
determines the overall structure of these molecules. There are two ways that geometrical
transformation, with respect to the amide bond, can occur: (1) through N-C(O) bond
rotation and (2) nitrogen inversion. These transitional structures, which are non-planar,
are called twisted and pyramidal structures respectively. Amide N-C(O) bonds have
double bond character, which is normally interpreted on the basis of a pair of resonance

structures (Scheme 7.1).

o\\c/ R3 -O\ - R3
N - IN
R1/ o R, R1/ + \Rz

Scheme 7.1 Resonance structures for planar amides.

On the other hand, several examples of amides and urethanes in which the amide
group is not planar have been reported.’**” Examples include derivatives of the 7-
azabicyclo[2.2.1]heptane where there is a clear reduction in the ‘double-bond’ character
of the amide bridge (Table 7.1). Single-crystal X-ray diffraction structures of a range of
amides were determined in order to prove this.”’ The planarity of the amide nitrogen can
be represented in terms of two angle parameters: the summation of the three valence
angles around the nitrogen atom (f) and the hinge angle (o) of the N-substituent with
respect to the plane defined by the nitrogen atom and the adjacent carbon atoms (Figure
7.1). The angle 6 of the ideal trigonal planar nitrogen atom is 360°. The hinge angle « is
between 180° (pure sp>) and 125° (pure sp°).

O\\C/R3 53
Ry b R, N) o
6=a+b+c RI ,/Rz
b : CNC angle 1

Figure 7.1  Definition of angle parameters.
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The angle 8, of amides derived from the 7-azabicyclo[2.2.1]heptane and also
azetidine, show the intermediate character of nitrogen between sp® and spz, while the

nitrogen atom of pyrrolidine amides is obviously closer to sp” in character (Table 7.1).%’

A A As

CNC(® 971 97.2 97.6

9 (°) 346.2 349.5 349.0

a(°) 149.0 1532 1524
Me OMe NO,

OYQ YQ
0. 0.
N

v O O

CNC(®) 946 1115 111.6

0 (°) 3542 359.2 359.3

a(®) 161.0 171.3 172.5
Table 7.1 Selected crystal structural data of amides having a cyclic nitrogen.”’

Rotational barriers with respect to the amide bond, AGImt (the free energy of
activation), were measured to explore the planarity of amides in solution.”’ Rotational
barriers about C-N amide bonds in N-benzoyl bicyclic and monocyclic amides were
evaluated by VT 'H NMR spectroscopy. The rotational barriers were obtained by a
coalescence temperature method. The two bridgehead protons, or the four protons
bonded to the carbons adjacent to nitrogen, are non-equivalent when amide rotation is
slow enough to discriminate each signal on the NMR time-scale. Therefore, the rate
constant k and AG*, were calculated from the difference in chemical shift between these
two signals, and their coalescence temperatures T, (Table 7.2).

The magnitudes of the rotational barriers measured for N-benzoyl-7-
azanorbornanes were smaller than for the corresponding monocyclic N-
benzoylpyrrolidines. This decreased rotational barrier in bicyclic amides strongly implies
that the double bond character in the N-CO bond is reduced for N-benzoyl derivatives of

the 7-azanorbornane system. This observation indicates distortion of the amide planarity.
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T. (K) 3155 334.5 343.1
AG*,o (kJ mol’) 60.9 63.8 65.1

OMe
] %Q ﬂ

T. (K) 330.3 3524 367.7
AG! (kJmol')  67.6 70.5 73.0
Table 7.2 Selected rotational barriers for amides using coalescence temperature method.”’

Moreover, the origin of the nitrogen pyramidalization could be associated with the
angle strain around the nitrogen atom of 7-azanorbornanes. Thus the relationship
between CNC angle and the magnitude of the rotational barrier was investigated.”” With
the crystal or calculated data, no correlation between the CNC angle and the rotational
barrier was observed. The CNC angles for the amides of 7-azanorbornane are smaller
than those of monocyclic pyrrolidine amides, because of ‘pinching’ of the ring by the
ethano bridge. The CNC angles of the azetidine amides are smaller than those of bicyclic
amides. However, within a series of compounds bearing a particular skeleton, there is
little fluctuation in the CNC angles, despite apparent changes in rotational barriers. Thus,
CNC angle alone cannot be used to explain the differences in the rotational barrier and,
hence nitrogen pyramidalization.

A reduced CNC angle may be one of the factors influencing nitrogen-
pyramidalization, but ‘allylic strain’, i.e. steric repulsion between the bridgehead
hydrogens and substituents on the nitrogen of the amide in 7-azanorbornane, may also
contribute.”” This allylic strain can induce twisting about the amide N-C(O) bond. To
assess the effect of the bulkiness of the substituents in the amide functional group, there
was obtained optimized minimum energy structures of the amides that bear acetyl and
formyl groups as N-substituents. The minimum-energy structures of N-acetyl and N-
formyl 7-azanorbornanes are nitrogen-pyramidal. Moreover, within the same bicyclic
system the calculated rotational barriers increase as the amide substituent changes from
benzoyl to acetyl to formyl. This is reasonable, because the electron deficiency of the

carbonyl carbon centers increases in this order, leading to enhanced amide resonance, and
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also because the steric repulsion described above is reduced as the size of the substituent
attached to the carbon atom is decreased. A general trend is that the larger the degree of
nitrogen pyramidalization, the larger the twisting of the amide. Thus nitrogen-
pyramidalization and twisting of the amide bond are closely inter-related.

Thus, the low rotational barrier of 7-azanorbornane was attributed to the twisting
of the N-C(O) bond in addition to nitrogen pyramidalization. In other words, the nitrogen
non-planarity, a reflection of the rotational barrier, is determined by the overall structural
character of the molecule and not by a single structural parameter.

In order to assess the importance of the shape and hybridization of nitrogen in 7-
azanorbornane systems more data are highly desirable. In this chapter, we will
investigate the relationship between the '°N shifts and #-angle around the central bridging
nitrogen in a range of urethane derivatives of 7-azanorbornane (26¢), (39), (44), (71) and
(79). These compounds offered an exceptional opportunity to examine the effect of the
saturation, unsaturation or even the substituted ketone group on the nitrogen
hybridization. The first measurements of '°N chemical shifts in these compounds were
reported earlier (Chapter 5) and calculated bond angles which were supported by solid
state crystal data in some cases were performed in these compounds. The '°N shifts and
the degree of flattening at the urethane group were induced by through-bond effects rather
than through-space effects. We hope these results together with the present empirical
study reported by Leicester and the Australian group will demonstrate the potential

relationship between '°N shifts and hybridization.

CO,Bu  CO,Bu  CO,Bu CO,Bu CO,Bu
N N N N N

2 /) 7 4

(26¢) (39) (44) (71) (79)

7.2 Results and discussion

All the ab initio calculations were performed using the PC Spartan Program.''
Initially, the structures of 7-azabicyclic urethanes were optimized using the default
gradient methods at Hartree-Fock (HF) level using the 6-31G* basis set. The minimum
energy structure of 7-azabicyclic urethane (79) was found to be substantially
pyramidalized (calculated 8 and o are 345.0° and 143.4°, respectively). The ground state

minimum energy structure of urethane (71) is also pyramidalized, but to a smaller degree
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as a result of introducing a 7-bond into the system (calculated § and o« are 340.1° and
138.7°, respectively). The degree of nitrogen-pyramidalization of the calculated
structures is generally in good agreement with the X-ray crystallographic data, the relative
order of the magnitudes of pyramidalization of the calculated structures is consistent with
that found in X-ray crystallographic data. The 8-angle was also calculated for the acetal
(72) and found to be similar to (71). Table 7.3 summarizes the calculated and X-ray
crystallographic data of CNC, 6 and « angles.

CO,'Bu
N
2D
A
(72)
Compound CNC (9) CNC (®) 0 (°) 0 a (°) a () N
(HF/6-31G*) (X-ray) (HF/6-31G*) (X-ray) (HF/6-31G*) (X-ray) shift
(ppm)
(79) 98.5 97.7 345.0 3415 147.2 143.4 -261.4
(72) 96.9 96.4 340.7 337.2
(71) 974 97.4 340.1 336.9 142.1 138.7 -252.4
Table 7.3 Selected calculated and X-ray crystallographic data of 7-azabicyclic systems.

The highest measured and calculated §-angles are seen for (79) (larger § = more
planar); (79) also has more sp2 character (more planar) than (71) according to the hinge
angle (o). The higher s-character of the nitrogen in (79) is in agreement with higher
shielding and the >N chemical shift of (79) (-261.4 ppm) is upfield when compared with
(71) (-252.4 ppm). The >N shift of (72) was difficult to achieve because of the low yield
step synthesis and all the '*N measurements were performed at the natural abundance of
nitrogen.

This study was extended to include urethanes (26¢), (39) and (44) and the o~ and
f-angles were calculated as part of this investigation. Furthermore, we optimized two
possible conformation structures of (39) where the N-C(O) bond is syn or anti with
respect to the alkene bridge. In this case (39), the syn conformer is lower in energy than
the anti conformer (HF/6-31G* optimized structure), so we focused on the syn conformer.
Table 7.4 shows the calculated results of the CNC bond angle, § and « angles for 7-
azabicyclic derivatives (26¢), (39) and (44).
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Compound CNC (°) 0 (© o (°) 15N shift

(HF/6-31G*) (HF/6-31G*) (HF/6-31G*) (ppm)
(26¢) 95.1 336.6 139.3 -202.6
39) 96.7 339.6 141.8 -248.1
(44) 97.8 3449 147.2 -257.5
Table 7.4 Calculated data of 7-azabicyclic derivatives.

Table 7.4 illustrates the effect of the incorporation of double bonds on the #-angle.
The highest calculated f-angle was found in the saturated symmetrical urethane (44)
which also had the largest o-angle. The §-angle was reduced when one double bond was
introduced into the system as in (39) (less planar than (44)); and the 8-angle was reduced
further as a result of the second double bond (26c). Again, the consequence of the
increasing planarity as in (44) is associated with an upfield '°N shift (-257.5 ppm). The
15N shifts of (39) and (26¢) are —248.1 and —202.6 ppm respectively. The large a-angle of
(44) indicates that (44) has more sp2 character (upfield shift) compared with the
unsaturated symmetrical (26¢) (smaller o-angle = more sp’ character, downfield shift).

In relation to nitrogen-pyramidalization investigations, work done by a joint
Leicester and Australian group (unpublished work) reported a correlation study between
the '°N chemical shifis and the degree of flattening in the tertiary amino-
[3]polynorbornane systems induced by through-space interactions. This empirical study
was the first successful attempt to examine Nelsen’s proposal regarding the potential
relationship between the '°N shifts and hybridization.'"' Table 7.5 demonstrates the
relationship of N shifts and # degree of some selected examples having identical
flanking bridges. The relative correlation is that the upfield shifts of '°N are associated
with the degree of flattening at nitrogen (greater s-character in the N-C bonds and greater
p-character in the lone pair).

Bn
(6a) X =ONO (Oxygen) $

X Ny X

(6b) X = xNx (C=CMe,) O Y

(6c) X =CNC (CH,) Q Y =COMe
Y

Linear polynorbornanes '°N shift (ppm) 0 (AM1) 0 (X-ray)

CNC (6¢) -321.8 348.5 348.4
ONO (62) -318.4 336.0 337.2
7INT (6b) -313.2 336.5

Table 7.5 N chemical shifts and 8-angles for XNX.
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Given the correlations above, it was anticipated that changes of shape and
hybridization in the parent systems of 7-azanorbornane (1a)-(3a) would also correlate
with nitrogen NMR shifts. The CNC bond angles and §-angles were optimized for the
free amines (1a)-(3a) and (4a) using the default gradient methods at HF level (6-31G*)
since it is difficult to obtain solid state crystal data; however, it was possible in some
cases of the salt forms. Table 7.6 lists the calculated CNC bond angles and 8-angles

beside the measured nitrogen shifts of the free amines (1a)-(3a) and (4a).

CNC (®) 0 (°) Nitrogen 6 (ppm)
(HF/6-31G*)  (HF/6-31G*)
ISN 14N
I\N/Ie
93.5 327.5 -253.0
A
(3a)
Me
95.1 328.0 -297.0
7
(2a)
Ne
Lb 96.0 329.9 -313.3 3125
(1a)
Nle
A&O 96.6 330.6 —319.5

Table 7.6

The calculated CNC bond angle for the free amine (1a) was in good agreement
with the measured CNC bond angle (95.5°) for its salt form (1a:HCI) from the
crystallographic X-ray data. A similar observation was made in the case of the acetal
(68:HCI). The calculated CNC bond angle for the free amine (68) is 96.1° which is
similar to the data obtained from X-ray (95.6°) of (68:HCI). Therefore, the protonation
of the free amine in this system appears not to have a large effect on the CNC bond angle.

Figure 7.2 shows a good correlation between the calculated CNC bond angles and
the nitrogen NMR chemical shifts for the tertiary amines (1a) — (4a). The low downfield
nitrogen NMR shift of (3a) is associated with the more CNC angle strain. On the other
hand, the highfield nitrogen shift is associated with the less CNC angle strain (4a).
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To summarize, firstly, the planarity of the urethane group of the 7-
azabicyclo[2.2.1]heptane in the solid, solution and calculated gas-phase structures was
assessed. The downfield reduction experiment of the '°N shifts, as compared with those
of monocyclic and acyclic urethanes, suggested that 7-azabicyclo[2.2.1]heptane are
nonplanar. The magnitude of the "N shift in solution is a reflection of the nonplanarity.
The N shift is associated with the 8- and o-angle. The more downfield °N shift is
associated with the large o-angle. Thus, the nonplanarity of the urethanes of 7-
azabicyclo[2.2.1]heptane is a reasonable result of the delocalization of the nitrogen lone
pair to the bicyclic framework, which reduces the availability of the lone pair electrons to
take part in amide (urethane) resonance. Secondly, there is good correlation between the
CNC bond angle and the nitrogen NMR shift for the free amines. The low downfield
nitrogen NMR shift is associated with the more CNC angle strain. The lack of correlation
between the §-angle and nitrogen NMR shift necessitated the use of the CNC bond angle

for the free amines as they chemically differ from the urethanes.

7.3 Overall summary and conclusions
The total synthesis of the secondary and tertiary amines of the parent 7-
azabicyclo[2.2.1]heptane system was achieved successfully. The N-protected key

intermediates of the parent 7-azabicyclo[2.2.1]heptane system were synthesized as a part
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of this study. The work was extended to include the synthesis of the analogues having a
carbonyl group introduced into the 2 position of the parent 7-azabicyclo[2.2.1]heptane
system and a successful synthesis of the novel 7-methyl-7-azabicyclo[2.2.1]heptan-2-one
was achieved. On the other hand, the synthesis of the unsaturated N-Me derivative of the
7-azabicyclo[2.2.1]heptan-2-one system (the —hept-2-one-5-ene) was difficult to achieve.
The N-protected key intermediates of the saturated and unsaturated ketone derivatives
were also used as part of this study. The novel 1,4-dimethyl derivatives (bridgehead
methyl groups) of the 7-azabicyclo[2.2.1]heptane system were synthesized.

The inversion barriers in the title compounds are uniquely high due to the
operation of the ‘bicyclic effect’. The inversion barriers in the novel N-Me derivative of
the 7-azabicyclo[2.2.1]hepta-2,5-diene ring system is the highest as a result of the two-
double bonds introduced to the system. Saturation of the etheno-bridges leads to a
lowering of the barrier; the barrier for the mono-unsaturated derivative is in-between.
This might be consistent with the idea of ground state stabilization as a result of the
delocalization of the nitrogen lone pair to the bicyclic framework. Strong support for this
proposal was provided by nitrogen NMR chemical shift studies of the title compounds. A
good correlation was seen between the nitrogen inversion barriers and nitrogen NMR
chemical shifts. The high barrier is associated with the more downfield nitrogen NMR
shift. The introduction of a carbonyl group at the C2 position in the 7-azanorbornyl ring
system is consistent with stabilization of the transition state for nitrogen inversion by the
carbonyl leading to a lower nitrogen inversion barrier. This parallels the observation of a
substantial increase in the rate of nucleophilic displacement (Sny2) at the C7 position of
norbornane derivatives when carbonyl substituents are introduced into the 2-carbon
bridge; the stabilization of the transition state in this case parallels the effect observed in
our azanorbornane studies. The effect of the methyl substituents at the bridgehead
position on the inversion barrier leads to a lowering of the inversion barrier. The low
inversion barrier is consistent with the wider than usual CNC bond angle which is
probably resulted from increasing the electron density in the bridgehead orbitals leading
to increase mutual repulsion.

Nitrogen NMR chemical shifts were measured successfully for the title
compounds at natural abundance. The nitrogen NMR shifts were used in this study as a
probe of nitrogen hybridization. The deshielding of nitrogen in the 7-
azabicyclo[2.2.1]heptane ring system is consistent with increased delocalization of the

nitrogen lone pair. The large downfield shifts of nitrogen are associated with the
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unsaturated bridges of the 7-azabicyclo[2.2.1]hepta-2,5-diene system. The presence of
the unsaturated bridges lead to deshielding compared with the saturated 7-
azabicyclo[2.2.1]heptane system. This observation was noticed in both the urethanes and
amines derivatives of the 7-azabicyclic system. The incorporation of a carbonyl group at
the C2 position in the 7-azanorbornyl ring system leads to high field nitrogen shifis in
both urethanes and amines derivatives. Increased planarity at nitrogen correlated with

upfield nitrogen NMR shifts.
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Experimental



Chapter 8

Experimental Section

This chapter contains the experimental procedures and spectroscopic data for each
experiment. Where experiments were repeated the most successful is recorded. The
NMR spectra were recorded at 250 MHz using a Bruker ARX 250 spectrometer, at 300
MHz using a Bruker ARX 250 spectrometer, or at 400 MHz using a Bruker ARX 400
spectrometer. Chemical shifts are expressed in ppm (6) relative to an internal standard
tetramethylsilane (TMS). All spectra were obtained in CDCl; with TMS unless stated
otherwise. Signal characteristics are described using standard abbreviations: s (singlet), d
(doublet), dd (doublet of doublets), t (triplet), m (multiplet), br (broad). Signal
multiplicities in ?C NMR were determined by DEPT experiments.

>N and "*N NMR spectra were recorded on a Bruker ARX 400 spectrometer at 40
and 29 MHz respectively. "NMR spectra were recorded at natural abundance in CDCl;
in 10 mm tubes and referenced to neat nitromethane using the methods that described by

Harris.'"?

Any variations of solvent or conditions are mentioned in the text.

Temperature measurements on the NMR instruments used for the VT work were
found to be accurate to within +1 K over the range used.

IR spectra were recorded on a Perkin Elmer FT universal ATR spectrometer as
solid or oily. Band intensities are described as follows: s (strong), m (medium), w
(weak). Accurate mass measurements were measured on a Kratos Concept 1H Sector
mass spectrometer and were obtained using ionization by fast atom bombardment. Mass
spectra were determined in units of mass relative to charge ("/,). Routine mass spectra
were measured on a Micromass Quattro L.C. Triple Quadropole spectrometer and were
obtained using ionization by electrospray.

Removal of solvent under reduced pressure was carried out using a Buchi rotary
evaporator followed by removal of final traces of volatile materials using a high vacuum
pump unless stated otherwise.

All reactions were carried out in oven-dried glassware under nitrogen (or argon
where noted) using solvents distilled by standard methods.

Flash chromatography was carried out using silica gel (60) manufactured by
Fisher. Thin layer chromatography was conducted on standard commercial aluminium
sheets pre-coated with 0.2 mm layer of silica gel (Merck Kieselgel 60-254). The Aldrich

Chemical Company, Sigma or Lancaster supplied the reagents used.
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Synthesis of p-tolyl-2-(trimethylsilyl)ethynyl sulfone (28)*

Me;Si—=—=—S0,C¢H,CH; In a flame-dried, 500 ml three-necked round-bottomed flask
fitted with a nitrogen inlet was placed p-toluenesulfonyl chloride (14.1 g; 0.074 mol) and
anhydrous dichloromethane (120 ml) was added. To the resulting solution was added
powdered aluminium chloride (9.9 g; 0.074 mol). The resulting dark brown solution was
maintained at room temperature for 30 minutes, then slowly transferred by cannula (30
min) under nitrogen to an ice-cold solution of bis(trimethylsilyl)acetylene (27) (11.5 g;
0.067 mol) in anhydrous dichloromethane (60 ml). The colour of the solution changed
from colourless to red then to dark red. The reaction mixture was allowed to warm to
room temperature and stirred for 24 h. The mixture was hydrolyzed by pouring it into
slurry of 20% HCI1 (100 ml) with crushed ice (100 g). The organic layer was separated,
washed twice with water (100 ml) and dried over anhydrous Na,SO4. The solvent was
removed in a rotary evaporator to furnish a dark brown solid which was recrystallized
from light petroleum ether (bp 40-60 °C) to yield 8.6 g (75%) of p-tolyl-2-
(trimethylsilyl)ethynyl sulfone (28) as white crystals, mp 80-81 °C (1it.*° 81-82 °C).

'H NMR (250 MHz, CDCls) 6: 7.89 (d, J = 8.4 Hz, 2H, 2 x aryl CH), 7.37 (d, J =
8.4 Hz, 2H, 2 x aryl CH), 2.47 (s, 3H), 0.22 (s, 9H).

3C NMR (75 MHz, CDCL) é: 145.6, 138.7 (2 x Aryl C), 130.2, 127.8 (4 x Aryl
CH), 101.6, 98.6, 22.0 (Aryl CH3), -0.9 (Si(CH3)3).

Literature data:

'H NMR of (28) (CDCl;) 6: 7.91 (d, J =9 Hz, 2H, 2 x aryl CH), 7.40 (d, /=9 Hz, 2H, 2 x
aryl CH), 2.48 (s, 3H), 0.22 (s, 9H).*!

Synthesis of 1-ethynesulfonyl-4-methylbenzene (p-tolyl ethynyl sulfone) (25)°

H—==—S0,CsH4CH The trimethylsilyl group was removed by hydrolysis. Two
methods (a) and (b) were used to synthesize (25). There were some disadvantages for
using method (a) such as the low yields, sometimes incomplete hydrolysis and formation
of a side product. To avoid these problems, the alternative method (b) was used for the
removal of TMS group in this synthesis as (25) could be obtained more directly and in a
higher degree of purity.

Method a.*> A solution of (28) (8.5 g; 0.034 mol) in methanol (100 ml) was placed in a
500 ml three-necked round-bottomed flask fitted with a thermometer and a 250 ml
addition funnel. The mixture was stirred for 30 min. In the addition funnel was placed

120 ml of an aqueous solution of potassium carbonate (6.2 x 102 M) and potassium
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bicarbonate (6.2 x 10> M). This buffer solution was added at a rate to maintain the
reaction temperature at 30 °C. The mixture was diluted with water (150 ml) and extracted
with chloroform (4 x 100 ml). The combined organic layer were washed with water (4 x
100 ml), brine (2 x 100 ml) and dried over anhydrous Na,SO4. The solvent was removed
under reduced pressure to leave (25) as a creamy white solid (6.1 g, 72%); mp 75-77 °C
(1it.* 74-75 °C).

'H NMR (250 MHz, CDCl;) é: 7.90 (d, J = 8.4 Hz, 2H, 2 x aryl CH), 7.40 (d, J =
8.4, Hz, 2H, 2 x aryl CH), 3.47 (s, 1H), 2.48 (s, 3H, aryl CH,).

3C NMR (75 MHz, CDCl5) 6: 146.1, 137.8, 130.1, 127.7, 81.2, 80.4, 21.8.

Literature data:

'H NMR of (25) (CDCl;) 6: 7.88 (d, J = 8.5 Hz, 2H, 2 x aryl CH), 7.38 (dd, J =
8.5, 0.6 Hz, 2H, 2 x aryl CH), 3.52 (s, 1H), 2.47 (s, 3H).”"

BC NMR (75 MHz, CDCls) 6: 145.9, 137.7, 130.0, 127.8, 81.1, 80.4, 21.8.'3

Method b.>> A solution of p-tolyl-2-(trimethylsilyl)ethynyl sulfone (28) (15.0 g;
0.059 mol) in 95% ethanol (300 ml) was cooled with stirring to 0 °C. A chilled solution
of sodium fluoride (NaF) (7.4 g, 0.176 mol) dissolved in water (115 ml) was added
dropwise to the reaction mixture. The ice bath was removed, and the reaction mixture
was left to stir as it rose to room temperature for 4 h. The organic residue was then
extracted with dichloromethane (3 x 80 ml), the extract was dried over anhydrous MgSQO4
and the solvent was removed. The yield was 13.1 g (87%) of (25) as a brown solid which

was sufficiently pure for the next reaction.

Synthesis of 2-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]hepta-2,5-diene-7-carboxylic
acid ethyl ester (23b)53

CO,CH,CH;4 Based on the procedure of Muchowski,*' a stirred solution of p-
27&3 tolyl ethynyl sulfone (25) (2.3 g 0.013 mol) in N-
. Z . 2/ S’/O ethoxycarbonylpyrrole (24b) (3.6 g; 0.026 mol) was heated in an

J \©\ inert atmosphere (nitrogen) at 80-85 °C for 48 h. The reaction

mixture was separated by column chromatography. Elution with
1:9 diethyl ether:petroleum (bp 40-60 °C) removed the excess N-ethoxycarbonylpyrrole
(24b) which was recycled. The product was eluted with 4:6 diethyl ether:petroleum (bp
40-60 °C) to yield (23b) (3.1 g, 74%) as a pale yellow oil which, under cooling, became a
brown solid (mp 103 — 104 °C): R¢ 0.27 (1:1 diethyl ether:petroleum (bp 40-60 °C)).
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'H NMR (250 MHz, CDCls) 6: 7.74 (d, J = 8.3 Hz, 2H, 2 x aryl CH), 7.60 (br d,
J4=19Hz, 1H, H;), 7.36 (d, J= 8.3 Hz, 2H, 2 x aryl CH), 6.95 (br s, 1H, Hg), 6.90 (br
dd, Js¢ = 5.2 Hz, Jy s = 2.4 Hz, 1H, Hs), 5.43 (br s, 1H, Hy), 5.23 (br s, 1H, H;), 3.97 (br,
2H, OCH,CH3), 2.44 (s, 3H, aryl CHz), 1.09 (br s, 3H, CH,CHs).

3C NMR (63 MHz, CDCl) 8: 159.4(C,), 154.9 (C=0), 152.9 (C5), 145.3 (aryl C),
143.4 (Cg), 142.1 (Cs), 135.9 (aryl C), 130.4, 128.4 (4 x aryl CH), 68.1 (C4), 66.9 (C)),
62.3 (OCH,CH3), 22.0 (aryl CH3), 14.6 (OCH,CH3).

MS ™/, 320 (MH"). C;¢H;sNO,S [MH'] calculated 320.09566; observed
320.09559.

Vmax: 1715s, 1596w, 1372m, 1314s, 1253s, 1148s, 1085s, 1017m, 816m, 719m,
666s.

Synthesis of 7-azabicyclo[2.2.1]hepta-2,5-diene-7-carboxylic acid ethyl ester (26b)
CO,CH,CH, Based on the procedure of Vogel,” 7-azanorborndiene derivative (23b)
N (6.9 g; 0.022 mol) was dissolved in anhydrous CH3OH (45 ml) and

ﬂ‘b THF (45 ml) (1:1) and then disodium hydrogen phosphate (12.3 g;
0.087 mol) was added to the solution under argon. The resulting slurry was cooled to -78
°C. In the course of 1 h, 11.7 g of freshly prepared 6% sodium amalgam was added in
several portions with vigorous stirring. The resulting suspension was stirred for 4 h at -78
°C, then water (10 ml) was added and the reaction mixture was filtered through Celite.
The mixture was extracted with dichloromethane (3 x 50 ml). The combined organic
phase was dried over anhydrous MgSO, and the solvent was removed in vacuo to give the
crude product which was purified by flash column chromatography (2% diethyl ether-
petroleum (bp 40-60 °C). The first compound to be eluted was (26b), isolated as a
colourless oil (0.810 g, 23%): R¢ 0.36 (1:1 diethyl ether:petroleum (bp 40-60 °C)).

'H NMR (300 MHz, CDCl3) 6: 6.99 (br d, J = 11.5 Hz, 4H, H,, H;, Hs, He), 5.25
(br s, 2H, H;, Hs), 4.07 (q, J = 7.1 Hz, 2H, OCH,CH3), 1.21 (t, J = 7.1 Hz, 3H,
OCH,CH»).

3C NMR (75 MHz, CDCl3) 8: 155.1 (C=0), 144.5, 143.7 (C,, C3, Cs, Cs), 66.2
(Cy, Cy), 61.4 (OCH,CH3), 14.6 (OCH,CHs).

>N'NMR (40 MHz, CDCl;) §: —203.6.

EL: 165 (M"). CoH;;NO, [M™"] calculated 165.07898; observed 165.07896.

Vmax: 1703s, 1372m, 1251s, 1092s, 845m, 667m.
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Synthesis of 7-methyl-7-azabicyclo[2.2.1]hepta-2,5-diene (3a)
Following the procedure of Marchand,’ (26b) (0.124 g; 7.51 x 10™* mol) was
rfj dissolved in anhydrous toluene (3 ml). To the resulting solution was added a
Ab solution of diisobutylaluminum hydride in toluene (2.34 ml; 2.34 x 10 mol).
After stirring for 4 hr at room temperature, an additional 0.5 ml (5.1 x 10™
mol) of the toluene solution of diisobutylaluminum hydride was added. After stirring for
an additional 4 hr at room temperature, the reaction was quenched with excess methanol
until precipitation of aluminium methoxide was complete. The reaction mixture was then
filtered and combined with an equal volume of a saturated solution of picric acid in 95%
ethanol to precipitate N-methyl-7-azanorbomene picrate. Unfortunately, no precipitated
crystals of N-methyl-7-azanorbornene picrate were formed. The solution then was
basified with 2M NaOH and extracted 3 times with CFCl;. The organic layer was dried
over anhydrous MgSQ,, concentrated and transferred to a 5 mm NMR tube with 0.5 ml of
CDCl;. The product was identified by characteristic signals in the NMR spectra but the
yield was low of (3a) [11% based on a known volume of an internal reference
(dichloromethane) which was added to the mixture].
'H NMR (400 MHz, CgDs) 6: 7.00 (br s, 2H), 6.29 (br s, 2H), 3.94 (br s, 2H, H;,
Ha), 2.04 (s, 3H, NCH3;).
3C NMR (100 MHz, C¢Dg) 6: 144.6, 139.4 (C,, Cs, Cs, Cs), 72.2 (Ci, Cs), 36.2
(N-CHs).
N NMR (40 MHz, CDCls) 6: —253.0 +1.
MS ™/,: 108 (MH"). C;H;oN [MH] calculated 108.08132; observed 108.08136.

Synthesis of 2-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]hepta-2,5-diene-7-carboxylic
acid zert-butyl ester (23¢)’’
co,'Bu This compound was prepared using a similar method to that used to
N prepare (23b). N-tert-butoxycarbonylpyrrole (24¢) (12.07 g; 0.072 mol)
; y was used for the cycloaddition reaction instead; (25) (6.5 g; 0.036 mol).
Ts The compound (23¢) (8.8 g; 70% as a pale yellow oil) was purified by
column chromatography (silica and 4:6 diethyl ether:petroleum (bp 40-60 °C)): R¢ 0.72
(1:1 diethyl ether:petroleum (bp 40-60 °C)), mp 95-96 °C (lit.** 96-97 °C).
'H NMR (300 MHz, CDCl3) 6: 7.76 (d, J = 8.3 Hz, 2H, 2 x aryl CH), 7.58 (br s,

1H, H; ), 7.36 (d, J = 8.3 Hz, 2H, 2 x aryl CH), 6.95 (br s, 1H, Hg), 6.90 (br dd, Js¢ = 5.3
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Hz, J45=2.5 Hz, 1H, Hs), 5.39 (br s, 1H, Hy), 5.18 (br s, 1H, H,;), 2.49 (s, 3H, aryl CHj3),
1.28 (br s, 9H, OC(CHs)3).

BC NMR (75 MHz, CDCl) 6: 159.0 (Cy), 153.9 (C=0), 152.6 (Cs), 144.9 (aryl
C), 143.1 (Ce), 141.5 (Cs), 135.7 (aryl C), 130.0, 128.1 (4 x aryl CH), 81.4 (OC(CH;)5),
67.7 (Cs), 66.9 (C), 27.9 (OC(CH3)3), 21.7 (aryl CHj).

MS "/,: 348 (MH"). CigH;NO,S [MH'] calculated 348.12696; observed
348.12692.

Vmax: 1703s, 1586w, 1312s, 1257m, 1147s, 1085s, 1017m, 810m, 719m, 666s.

Anal. Calcd for CigH1NO4S: C, 62.23; H, 6.09; N, 4.03. Found: C, 62.33; H,
6.02; N, 4.13.

Synthesis of 7-azabicyclo[2.2.1]hepta-2,5-diene-7-carboxylic acid tert-butyl ester
26¢)'
co,Bu This compound was prepared using a similar method to that used to prepare

N (26b). The crude product was purified by flash column chromatography
(2% diethyl ether:petroleum (bp 40-60 °C). The first compound to be eluted
was (26c¢), isolated as a colourless oil (0.576 g; 19%): R 0.59 (1:1 diethyl
ether:petroleum (bp 40-60 °C)).

'"H NMR (300 MHz, CDCl;) 8: 6.98 (br d, J = 12.7 Hz, 4H, H,, Hs, Hs, Hy), 5.18
(br s, 2H, H;, Ha), 1.41 (s, 9H, OC(CHs)3).

B3C NMR (75 MHz, CDCl;) 6: 154.6 (C=0), 144.5, 143.6 (C,, Cs, Cs, Cs), 80.3
(OC(CHs3)3), 66.7, 66.1 (Cy, Cs), 28.2 (OC(CH3)3).

>N NMR (40 MHz, CDCls) 6: —202.6.

MS ™. 194 (MH+). Ci11H1sNO, [MH+] calculated 194.11810; observed
194.11806.

Vmax: 1736s, 1477w, 1367s, 1252m, 1150s, 846m, 668m.

ZA_/

Synthesis of 7-azabicyclo[2.2.1]hepta-2,5-diene (3b)7
H To a stirred solution of (26¢) (0.150 g; 7.76 x 10* mol) in 4 ml of
dNb dichloromethane and at 0 °C was added drop-wise 2 ml of saturated MeOH
2 7 with HCL. After 2 minutes, the solvent was removed under reduced pressure
at 0 °C to give (3b) as a white solid HCI salt (0.092 g; equivalent to 0.067 g, 93% as free
amine). The hydrochloride salt of (3b) was dissolved in water (3 ml) and the solution

then was basified with 2M NaOH and extracted 3 times with CFCl;. The organic layer
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was dried over anhydrous MgSQ,, concentrated and transferred to a 5 mm NMR tube
with 0.5 ml of CDCl;.

'H NMR (300 MHz, CDCl;) 6: 7.04 — 7.02 (m, 4H, H,, Hs, Hs, H), 4.73 (br s, 2H,
H;, Hy), 1.68 (br s, NH).

3C NMR (100 MHz, CDCL3) 8: 145.9 (C,, Cs, Cs, Cg), 66.7 (C1, Ca).

'>N'NMR (40 MHz, MeOH) 6: —257.7 (as HCl salt).

Synthesis of 2-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]hept-2-ene-7-carboxylic acid
ethyl ester (36)
CO,CH,CH, Based on the procedure of Vogel,* compound (23b) (0.157 g; 4.92 x
N 10* mol) was placed in a 25 ml reaction vessel and dissolved in
Lb anhydrous acetonitrile (5 ml) and 0.050 g of palladium/charcoal (Pd/C)
Ts catalyst was added to the solution. Hydrogen (17 ml, 7.57 x 10 mol)
was passed into the reaction flask by using hydrogenation apparatus and the reaction
mixture was stirred at room temperature. The catalyst was removed by filtration over
Celite, and the solvent was evaporated on a rotary evaporator to give 0.146 g (93%) of
(36) as brown oil.
'H NMR (250 MHz, CDCl;): 6 7.66 (d, J = 8 Hz, 2H, 2 x aryl CH), 7.29 (d, J = 8
Hz, 2H, 2 x aryl CH), 7.04 (d, /=2 Hz, 1H, H3), 4.89 (br s, 1H, H,), 4.84 (d, /= 3.2 Hz,
1H, Ha), 3.91 (br q, J = 7.1 Hz, 2H, OCHa), 2.44 (s, 3H, aryl CH3), 2.08 — 1.94 (m, 2H,
Hs ex0, Ho.exo), 1.40 — 1.26 (m, 2H, Hs.cndo, He-endo), 1.04 (br s', 3H, CH,CHs,).
BC NMR (75 MHz, CDCl;) 6: 155.4 (C=0), 148.9 (C,), 144.9 (aryl C), 143.5
(Cs), 136.6 (aryl C), 130.0, 127.9 (4 x aryl CH), 61.7 (OCH,CH3), 61.7 (C,4), 60.5 (C)),
25.0, 24.2, (Cs, Cs), 21.7 (aryl CH3), 14.2 (OCH,CH3).
MS ™/,: 322 (MH"). C;sHNO4S [MH'] calculated 322.11131; observed
322.11124.
Vmax: 1710s, 1595w, 1371m, 1317s, 1278s, 1150s, 1092m, 813m, 673s.

* as a result of the slow rotation around the NC=0 bond.

Synthesis of 5-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]hept-2-ene-7-carboxylic acid
ethyl ester (37)
CO,CH,CH; Compound (23b) (0.281 g; 8.8 x 10* mol) was placed in a 25 ml
) \ 1 reaction vessel and dissolved in 5 ml of methanol. NaBH,4 (0.017 g,
; Z T : 4.4 x 104) was added to the reaction mixture at room temperature and
s
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stirred for 1 hr. The mixture was extracted with dichloromethane (10 ml), and the extract
was washed with water (3 x 10 ml), dried over anhydrous Na,SO,, filtered, and
concentrated under vacuum. The crude yield of (37) was 0.271 g, 96% and the product
was pure enough (by 'H NMR) to be used for the next step without further purification.
The crude residue gave a mixture of endo-(37) and exo-(37) (7:3 respectively) as a pale
yellow oil.

The signals corresponding to the minor (exo-tosyl) isomer are shown in italics.

'H NMR (300 MHz, CDCl:) &: 7.74 (d, J = 8.3 Hz, 2H, 2 x aryl CH), 7.37 (d, J =
8.3 Hz, 2H, 2 x aryl CH), 6.53 (dd, /J=2.2 Hz, J= 5.8 Hz, 1H), 6.43 (dd, /=19 Hz,J=
5.8 Hz 1H) (H; and Hj3), 6.32 (br d, 1H, H; or Hs), 5.06, 4.82 (2 x br s, 4H, H,, Ha, H,,
Hy), 4.11 (q, J= 7.1 Hz, 2H, OCH,CH3), 3.76 — 3.70 (m, 1H, Hs_y,), 3.04 (br dd, Js_cndo 6-
exo = 42 HZ, J5 endog-endo = 8.2 Hz, 1H, Hs_enao), 2.46 (s, 3H, aryl CH3), 2.25 (ddd, J1,6-e00 =
4.2 Hz, J5.exo.6-ex0 = 9.1 HZ, Jo-ex0 6-endo = 12.1 Hz, 1H, Hg_ex0), 1.68 (dd, J5.ex0,6-endo = 4.2 Hz,
J6-exo6-endo = 12.1 Hz, 1H, He.enao), 1.19 (t, J= 7.1 Hz, 3H, OCH,CHs).

3C NMR (75 MHz, CDCl;) 6: 153.7, 153.3 (C=0), 143.9, 143.8 (aryl C), 136.0,
130.6 (C;, Cs), 135.9 (aryl C), 129.1, 126.9 (4 x aryl CH), 61.5 (Cs), 60.8, 60.5
(OCH;CH3), 60.0, 58.3 (C;, C4), 28.0 (Cs), 20.6 (aryl CH3), 13.4, (OCH,CH3).

MS ™, 322 (MH"). C;¢H;0NO,S [MH'] calculated 322.11131; observed
322.11139.

Vmax: 1745s, 1710m, 1596w, 1473m, 1409m, 1372m, 1308s, 1184m, 1145s,
1085m, 947m, 737s, 660m.

Synthesis of 7-azabicyclo[2.2.1]hept-2-ene-7-carboxylic acid ethyl ester (38)°
gochcha Method a: compound (36) (0.605 g; 1.88 x 10 mol) was dissolved in
anhydrous CH;OH (4 ml) and THF (8 ml) (1:2) and then disodium
ﬂb hydrogen phosphate (1.7 g; 7.53 x 10> mol) was added under argon.
The resulting slurry was cooled to -78 °C. In the course of 1 h, 1.03 g of 6% sodium
amalgam (freshly prepared) was added in several portions with vigorous stirring. The
resulting suspension was stirred under argon for 4 h at -78 °C, then distilled water (10 ml)
was added and the reaction mixture was filtered through Celite. The mixture was
extracted with 50 ml dichloromethane three times. The combined organic phase was
dried over anhydrous MgSQO, and the solvent was removed under reduced pressure to give

crude product. The crude product could not be purified by flash column chromatography.
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Method b: Following the procedure of Hodgson,*® Compound (37) (0.271 g; 8.44
x 107 mol) was dissolved in anhydrous CH3OH (4 ml) and THF (4 ml) (1:1) and then
disodium hydrogen phosphate (1.16 g; 8.15 x 10™* mol) was added to the solution under
argon. The resulting slurry was cooled to -10 °C. Freshly prepared sodium amalgam
(6%; 2.71g) was added with vigorous stirring. The resulting suspension was stirred at -10
°C for 30 mints. and was warmed to 25 °C over 3 h, then distilled water (10 ml) was
added and the reaction mixture was filtered through Celite. The mixture was extracted
with dichloromethane (3 x 25 ml). The combined organic phase was dried over
anhydrous MgSQ, and the solvent was removed under reduced pressure to give the crude
product which was subjected to flash column chromatography. Elution with 2% diethyl
ether and petroleum (bp 40-60 °C) gave (38) (0.057 g, 44% yield) as a colourless liquid:
R;0.50 (1:1 diethyl ether:petroleum (bp 40-60 °C)).

"H NMR (300 MHz, CDCl;): 6 6.23 (br s, 2H, H,, H3), 4.73 (br s, 2H, H;, Hy),
4.07 (q, J=17.1 Hz, 2H, OCH,), 1.86 (br d, J = 7.7 Hz, 2H, Hs_¢x0, Hp-ex0), 1.22 (t, J=7.1
Hz, 3H, CH,CHj3) 1.12 (d, J = 7.7 Hz, 2H, Hs.cndo, He-endo)-

13C NMR (75 MHz, CDCl;): & 155.6 (C=0), 134.7 (C,, C3), 61.1 (O-CH, CHa),
59.5 (C1, Cy), 23.9 (Cs, Cs), 14.6 (OCH,CH3).

>N'NMR (40 MHz, CDCl;) 6: —247.3.

EL: 167 (M"). CoH 3NO, [M™] calculated 167.09463; observed 167.09458.

Vmax: 17128, 1373m, 1278s, 1175w, 1079s, 863m, 704s.

Synthesis of 7-methyl-7-azabicyclo[2.2.1]hept-2-ene (2a)*!
Me A solution of (38) (0.196 g; 1.17 x 10 mol) in 10 m! of anhydrous diethyl
ﬁl , ether was added to a stirring suspension of LAH 0.18 g; 4.69 x 10> mol) in
%b anhydrous diethyl ether (20 ml) under nitrogen. The reaction mixture was
refluxed for 8 h, and quenched with 0.5 ml of distilled water, 0.5 ml of 10%
NaOH, and 1.5 ml of distilled water. The reaction mixture was then filtered through a
pad of Celite and washed with ether. The ether solutions were combined and dried over
MgSO,, and (2a:HCI) was precipitated by bubbling HCI through the solution, yielding
0.143 g as salt (0.107 g, 84% as free amine (2a)). The (2a:HCI) was dissolved in distilled
water then basified with 2M NaOH and extracted 3 times with CFCl; to obtain the free
amine (2a). The organic layer was dried over anhydrous MgSQ,, concentrated and

transferred to a 5 mm NMR tube with 0.5 ml of CDCls.
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'H NMR (300 MHz, CDCl;) 8: 5.92 (br s, 2H, H,, H3), 3.69 (br s, 2H, H;, Hy),
2.05 (s, 3H, NCHa), 1.81 (br d, J = 7.1 Hz, 2H, Hs.cxo, Ho.ex0), 0.97 (d, J= 7.1 Hz, 2H, Hs.
endo> Heé-endo)-

BC NMR (75 MHz, CDCl) é: 130.3 (Cs, Cs), 66.4 (C1, Cs4), 34.6 (NCH3), 24.7
(Cs, Ce).

N NMR (40 MHz, CDCl;) 6: —297.0 +2 ppm.

Synthesis of 5-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]hept-2-ene-7-carboxylic acid
tert-butyl ester (40)5 3

CO,Bu This compound was prepared using a similar method to that used to
N

prepare (23c¢). The crude yield was 2.7 g (95%) of (40) which was pure
%b enough (‘H NMR) to be used directly for the next reaction. The crude
Ts residue gave a mixture of endo-(40) and exo-(40) as pale yellow oil (7:3
respectively).
The signals corresponding to the minor (exo-tosyl) isomer are shown in italics.
'H NMR (300 MHz, CDCls) 6: 7.74 (d, J = 8.3 Hz, 2H, 2 x aryl CH), 7.34 (d, J =
8.3 Hz, 2H, 2 x aryl CH), 6.52 (dd, J=2.0 Hz, /= 5.8 Hz, 1H), 6.41 (dd, /= 1.8 Hz, J =
5.8 Hz, 1H) H; and H3, 6.33 (br s, 1H, H; or H3), 4.98, 4.75 (2 x br s, 4H, Hy, Hy, H;, Hy),
3.75 - 3.70 (m, 1H, Hs.exo), 3.02 (br dd, Js.endo 6-exo = 4-0 Hz, Jsendo 6-endo = 8.0 Hz, 1H Hs.
endo), 2-45 (s, 3H, aryl CHs3), 2.29 — 2.20 (m, 1H, Hg.ex), 1.66 (br d, J = 4.4 Hz, 1H, Hs.
endo), 1.38 (s, 9H, OC(CHas)3).
| 3C NMR (75 MHz, CDCl;) 8: 154.2 (C=0), 144.9, 137.0 (2 x aryl C), 131.6 (C,,
C;), 130.1, 128.0 (2 x aryl CH), 81.0 (OC(CHj3)3), 62.4 (Cs), 61.1 (C,, Cs), 28.9 (Ce),
28.1, (OC(CHs3)3), 21.6 (aryl CH3).
MS ™, 350 (MH+). Ci3H4NO,S [MH+] calculated 350.14261; observed
350.14259.
Vmax: 1710s, 1594w, 1336s, 1286s, 1143s, 1089s, 818m, 741m, 660s.
Anal. Calcd for C;gH,3NO,4S: C, 61.92; H, 6.64; N, 4.01. Found: C, 61.81; H,
6.61; N, 3.97.

Synthesis of 7-aza-bicyclo[2.2.1]hept-2-ene-7-carboxylic acid fert-butyl ester (39)*
co.1Bu This compound was prepared using a similar method to that used to prepare

2
N (36) (Method b). The yield of (39) was 33% after column chromatography:

Ab R¢0.57 (1:1 diethyl ether:petroleum (bp 40-60 °C)).
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'H NMR (300 MHz, CDCly): & 6.22 (br s, 2H, H,, H3), 4.65 (br s, 2H, Hj, H,), 1.86 (br d,
J = 8.8 Hz, 2H, Hs_1o, Ho.ex0), 1.42 (s, 9H, OC(CHs)3) 1.10 (d, J = 7.8 Hz, 2H, Hs.cndo, Hs.
endo)-

BC NMR (75 MHz, CDCL): & 155.2 (C=0), 134.8 (C3, C3), 79.7, (OC(CH3)3)
59.6 (C1, Cs), 28.2 (OC(CHs)3), 23.8 (Cs, Co).

>N'NMR (40 MHz, CDCl;) é: —248.1.

MS ™, 196 (MH"). C;H;gNO, [MH'] calculated 196.13375; observed
196.13380.

Vmax: 1699s, 1478w, 1354s, 1284m, 1157s, 1077m, 881m, 703m.

Synthesis of 7-azabicyclo[2.2.1]hept-2,3-ene (2b)2 !
“ To a stirred solution of (39) (0.259 g; 1.33 x 10” mol) in ethyl acetate (5 ml)
Lb was added drop-wise 3M HCI (5 ml, at 0 °C) formed ir situ from the reaction
- of ethanol (2.7 ml), ethyl acetate (7.2 ml) and acetyl chloride (2.7 ml). The
mixture was allowed to warm to room temperature with continuance of the stirring
overnight. The reaction mixture was then evaporated under reduced pressure. The
residue (2b:HCI) (0.172 g; 0.124 g, 99% as free amine) was dissolved in 3 ml distilled
water, basified with 2M NaOH and extracted with CFCl; (3 x 5 ml). The organic layers
were combined, dried over anhydrous MgSQ,, concentrated and transferred to a 5 mm
NMR tube with 0.5 ml of CDCls.
'H NMR (300 MHz, CDCL) &: 6.16 (br s, 2H, H,, Hs), 4.06 (br s, 2H, H;, Hy),
1.92 (br s, 1H, NH), 1.71 — 1.65 (m, 2H, Hs.xo, Hé-ex0), 0.95 (dd, J5-endo,6-exo = 3.8 Hz, Js.
endo,5-ex0 = 11.2, 2H, Hs_endo, He-endo)-
. 13C NMR (75 MHz, CDCls) 8: 136.0 (C2, C3), 58.8 (C1, Cs), 26.6 (Cs, Ce).
>N'NMR (40 MHz, MeOH) 8: —297.0 (as HCl salt).
MS ™/,: 96 (MH"). CsHioN [MH"] calculated 96.08132; observed 96.08140.

Synthesis of 2-(toluene-4-sulfonyl)-7-azabicyclo{2.2.1]heptane-7-carboxylic acid
ethyl ester endo-(41)
CO,CH,CHs Compound (23b) (0.650 g; 2.04 x 10~ mol) was dissolved in anhydrous
N

acetonitrile (15 ml) and hydrogenated over palladium/charcoal (Pd/C)
Lb using a balloon of hydrogen. The reaction vessel was purged first with
Ts nitrogen and then carefully with hydrogen. The reaction mixture was

stirred vigorously at room temperature for 7h. After the addition was complete, the
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catalyst was removed by filtration through Celite and the solvent was evaporated in vacuo
to give the saturated endo-(41) (0.645 g, 98%): Rr 0.35 (1:1 diethyl ether:petroleum (bp
40-60 °C)).

'"H NMR (300 MHz, CDCls) 6: 7.76 (d, J = 8.2 Hz, 2H, 2 x aryl CH), 7.36 (d, J =
8.2 Hz, 2H, 2 x aryl CH), 4.43 (br t, J=4.3 Hz, 1H, H;), 4.34 (brt, /= 4.7 1H, Hy), 4.08
(q, /=7.1 Hz, 2H, OCH,CH3), 3.59 — 3.52 (m, 1H, H>), 2.60 — 2.51 (m, 1H, Hecno), 2.9
—1.85 (m, 3H, Hj_cx0, H3-endo» Hs-exo), 1.81 — 1.65 (m, 2H, (Hs-endo, He-exo), 1.22 (t, J=7.1
Hz, 3H, OCH,CHs).

BC NMR (75 MHz, CDCl;) 8: 155.2 (C=0), 144.9, 137.2 (2 x aryl C), 130.1,
127.8 (4 x aryl CH), 64.6 (C,), 61.5 (OCH,CH3), 58.0, 57.6 (Cy, Cs), 32.3 (Cs), 29.3 (Cs),
24.8 (Cs), 21.6 (aryl CH3), 14.5, (OCH,CH3).

MS "/,: 324 (MH+). Ci16H2oNO4S [MH+] calculated 324.12696; observed
324.12702.

Vmax: 1701s, 1596w, 1301s, 1249m, 1253w, 1144s, 1086s, 815m, 723m, 666s.

Synthesis of 7-azabicyclo[2.2.1]heptane-7-carboxylic acid ethyl ester (42)3
SozCHzCHs This compound was prepared using a similar method to that used to
prepare (38) (Method b). The yield of (42) was 50% after column
Lb chromatography: R¢ 0.77 (1:1 diethyl ether:petroleum (bp 40-60 °C)).
'H NMR (300 MHz, CDCl;) 6: 4.28 — 4.24 (m, 2H, H,, Hy), 4.11 (g, J= 7.1 Hz,
2H, OCH,CH3), 1.79 — 1.75 (m, 4H, H-ex0, H3-ex0, Hs-ex0, Hé-ex0), 1.41 (br d, J = 7.1 Hz,
4H, H-endos H3-endos Hs-endos Ho-endo), 125 (t, J=7.1 Hz, 3H, OCH,CHs).
B3C NMR (75 MHz, CDCl) 8: 156.0 (C=0), 60.9 (O-CH, CHa), 56.0 (C;, Ca),
29.6 (C3, Cs, Cs, C¢), 14.6 (OCH,CH3).
>N NMR (40 MHz, CDCl) 6: -259.5.
EIL: 169 (M"). CoHsNO, [M*] calculated 169.11028; observed 169.11027.
Vmax: 1698s, 1373m, 1312s, 1259m, 11525, 1096s, 902m, 778m.

Synthesis of 7-methyl-7-azabicyclo[2.2.1]heptane (1 a)’
I;/Ie A solution of (42) (0.205 g; 1.21 x 10™ mol) in 5 ml of anhydrous diethyl
N ether was added to a stirring suspg:nsion of LAH (0.18 g; 4.85 x 10 mol) in
Ab 10 ml of anhydrous diethyl ether under nitrogen. The reaction mixture was
refluxed for 8 h, and quenched with 0.5 ml of distilled water, 0.5 ml of 10%
NaOH, and 1.5 ml of distilled water. The reaction mixture was then filtered through a
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pad of Celite and washed with ether. The ether solutions were combined and dried over
MgSO,, and (1a:HCI) was precipitated by bubbling HCI through the solution, yielding
the HCI salt (0.169 g; 0.127 g, 95% as free amine). The (1a:HCI) was dissolved in
distilled water then basified with 2M NaOH and extracted 3 times with CFCl;. The
organic layer was dried over anhydrous MgSQO,, concentrated and transferred to a 5 mm
NMR tube with 0.5 ml of CDCls.

'H NMR (300 MHz. CDCl) 8: 3,19 — 3,16 (m. 2H. H,. Hy). 2,24 (s. 3H, NCH.).
‘H NMR (300 MHz, CDCls) o: 3.19 — 3.16 (m, 2H, H,, Ha), 2.24 (s, 3H, NCH3),

1
1.77 (br d, J = 7.1 Hz, 4H, H2-ex0, H3-ex0, H5-000, Ho-ex0), 1.27 (br d, J = 7.1 Hz, 4H, Hj.endo,

.H3-end0a H5-endo, H6-endo)-
?C NMR (75 MHz, CDCls) 6: 61.2 (C;, Cy4), 34.8 (NCH3) 28.6 (br, C,, Cs, Cs,

Ce).
>N 'NMR (40.5 MHz, CDCl5) 8: —313.3 ppm.
EL 111 (M"). C/H13N [M™] calculated 111.10480; observed 111.10485.

Synthesis of 2-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]heptane-7-carboxylic acid terz-
butyl ester (43)>°
A mixture of the two stereoisomers of compound (40) (0.842 g; 2.41 x 10 mol)
was dissolved in anhydrous acetonitrile (15 ml) and hydrogenated over Pd/C using a
balloon of hydrogen. The reaction vessel was purged first with nitrogen and then
carefully with hydrogen. The reaction mixture was stirred vigorously at room
temperature for 7h. After the addition was complete, the catalyst was removed by
filtration through Celite and the solvent was evaporated in vacuo to give the saturated
mixtures of endo- and exo- tosyl (43) (0.821 g, 97%). The mixture was used directly for
the de-tosylation reaction step. Separation of the mixture of isomers was necessary for
some reactions below and details are summarised below. The mixture was
chromatographed on silica gel. Elution with diethyl ether-petroleum (bp 40-60 °C)
(20:80) gave first endo-(43) (0.640 g, 80%) as white solid: Ry 0.32 (diethyl ether-
petroleum (bp 40-60 °C), 1:1). exo-(43) was eluted with 25:75 of diethyl ether-petroleum
(bp 40-60 °C) to gave 0.165 g (20%) as white solid: R¢ 0.15 (1:1 diethyl ether:petroleum
(bp 40-60 °C)), mp 114-115 °C.
endo-(43) isomer
CO,Bu 'H NMR (400 MHz, CDCl;) é: 7.76 (d, J = 8.3 Hz, 2H, 2 x aryl CH), 7.37
\ (d, J=8.3 Hz, 2H, 2 x aryl CH), 4.33 — 4.27 (br m, 1H, H;), 429 (br t, J =
Ab 4.7 hz, 1H, Ha), 3.60 — 3.55 (m, 1H, H,), 2.59 — 2.53 (m, 1H, Hs_¢ng0, or He.
Ts
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endo)> 245 (s, 3H, aryl CHs), 2.09 — 2.01 (m, 1H, H3.co), 1.95 (dd, J2 3.0nd0 = 5.7 Hz, Js.
evo3-endo = 12.6 Hz, 1H, H3.engo), 1.92 — 1.86 (m, 1H, Hs.exo), 1.78 — 1.64 (m, 2H, He.cxo,
(H5-endo> OF Ho.endo)), 1.41 (s, 9H, OC(CHs)3).
3C NMR (75 MHz, CDCL) 6: 154.8 (C=0), 144.8, 137.2 (2 x aryl C), 130.1,
127.8 (4 x aryl CH), 80.5 (OC(CHs)3), 64.6 (Cy), 58.0, 57.6 (C1, Cy), 32.1 (C3), 29.2 (Cs
or Cg), 28.2, (OC(CH3)s), 24.7 (Cs or Cg), 21.6 (aryl CHs).
MS ™/, 352 (MH"). C;gHNO4S [MH'] calculated 352.15826; observed
352.15817.
Vmax: 1699s, 1345s, 1300m, 1253w, 1141s, 1084s, 819m, 719m, 675s.
Anal. Calced for CigH;sNO4S: C, 61.57; H, 7.18; N, 3.99. Found: C, 61.64; H,
6.98; N, 3.55.
exo-(43) isomer
co,Bu 'H NMR (300 MHz, CDCl;) 6: 7.79 (d, J = 8.0 Hz, 2H, 2 x aryl CH), 7.34
N (d, J=8.0 Hz, 2H, 2 x aryl CH), 4.55 (br d, Ji 6.ro = 2.8 Hz, 1H, H)), 4.25
Lst (brs, 1H, Hy), 3.21 (dd, J; 3-endo = 8.8 HZ, J 2 3.ex0 = 5.5 Hz, 1H, H,), 2.43 (s,
3H, aryl CHs), 2.21 (br s, 1H, Hs.cndo, OF He-endo), 1.84 — 1.42 (br m, SH,
H3.-ex0, H3-endo, Hs-exo, Ho-exo, (H5-endo» OT He-endo)), 1.41 (br s, 9H, OC(CHs)3).
B3C NMR (75 MHz, CDCL) 6: 153.7 (C=0), 144.6, 134.6 (2 x aryl C), 129.7,
129.2 (4 x aryl CH), 79.9 (OC(CHs)3), 67.3 (C,), 57.1 (Cs), 55.1 (Cy), 32.9, 30.3, 29.0 (Cs,
Cs, Cs), 28.2, (OC(CHs)3), 21.6 (aryl CH3).
MS ™, 352 (MH"). C;sHzNO,S [MH'] calculated 352.15826; observed
352.15836.

| Vmax: 1701s, 1345s, 1300m, 1253w, 1141s, 1084m, 819m, 719m, 675s.

Synthesis of 7-azabicyclo[2.2.1]heptane-7-carboxylic acid zert-butyl ester 44'’
CcO,’Bu This compound was prepared using a similar method to that used to prepare
\ (41) (Method b). The yield of (44) was 55% after column chromatography
Lb as a light yellow oil: R¢0.75 (1:1 diethyl ether:petroleum (bp 40-60 °C)).
'H NMR (300 MHz, CDCl3) 6: 4.20 — 4.16 (m, 2H, H;, H), 1.78 — 1.74 (m, 4H,
Hj-ex0, H3-exo, Hs-ex0, Hé-exo)s 1.45 (s, 9H, OC(CHs)3), 1.34 (br d, J = 7.0 Hz, 4H, H;_cndo,
H3_endo, Hs-endo, He-endo)-
*C NMR (75 MHz, CDCl;) 8: 155.7 (C=0), 79.2 (OC(CH3)3), 56.1 (C1, Cs), 29.6
(Cy, G35, Cs, Co), 28.3 (OC(CH3)3).
>N'NMR (40 MHz, CDCls) 8: —257.5.
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MS ™, 198 (MH"). C;HyNO, [MH'] calculated 198.14940; observed
198.14960.
Vmax: 1697s, 1354s, 1317m, 1183w, 1144s, 1088m, 903m, 776w.
Synthesis of 7-aza-bicyclo[2.2.1]heptane (1b)’
H Amine (1b) was prepared using a similar method to that used to prepare (2b).
To a stirred solution of (44) (0.83 g; 4.19 x 10 mol) in 8 ml ethyl acetate
Lb was added drop-wise 3M HCI (10 ml, at 0 °C) formed in situ from the
reaction of ethanol (2.7 ml), ethyl acetate (7.2 ml) and acetyl chloride (2.7 ml). The
mixture was allowed to warm to room temperature with continued stirring overnight. The
reaction mixture was then evaporated under reduced pressure. The residue (1b:HCI)
(0.552 g; 0.401 g, 99% as free amine) was dissolved in 5 ml distilled water and basified
with 2M NaOH and extracted with CFCl; (3 x 8 ml). The organic layers were combined,
dried over anhydrous MgSQy4, concentrated and transferred to a 5 mm NMR tube with 0.5
ml of CDCls.
"H NMR (300 MHz, CDCL) 8: 3.63 (br s, 2H, H;, Hy), 1.56 (br d, J = 6.9 Hz, 4H,
Hz-ex0, H3-ex0 Hs-ex0, Ho-ex0), 1.35 (br d, J = 6.9 Hz, 4H, H2-endo, H3-endo> Hs-endo> He-endo)-
3C NMR (75 MHz, CDCl;) 6: 56.1 (C1, Cs), 30.2 (Ca, Cs, Cs, Ce).
'>N'NMR (40 MHz, CDCl;) 6: —304.4 £0.5.
MS ™/,: 98 (MH"). C¢H,,N [MH] calculated 98.09697; observed 98.09703.

Synthesis of N-(tert-butoxycarbonyl)-2,S-dimethylpyrrole (46)65
| co,Bu Based on the procedure of Hodgson,*® DMAP (0.501 g; 4.1 x 10~ mol) was
. N added to a stirred solution of 2,5-dimethylpyrrole (0.696 g; 7.32 x 10~ mol)

v and Boc,O (1.82 g; 8.34 x 10> mol) in anhydrous acetonitrile (15 ml) and
the reaction was stirred at 25 °C under argon atmosphere for 24 h. The solvent was
removed at reduced pressure. Column chromatography on silica, eluting with 2% diethyl
ether:petrol (bp 40-60 °C) gave the pyrrole derivative (46) as a colourless oil (0.81 g,
57%): R¢ 57 (1:1 diethyl ether:petrol (bp 40-60 °C)).

'H NMR (300 MHz, CDCl;) 8: 5.67 (s, 2H, Hs, H,), 2.28 (s, 6H, 2 x CH3), 1.49 (s,
9H, OC(CHas)3).

3C NMR (75 MHz, CDCl;) 6: 149.5 (C=0), 130.1 (C;, Cs), 109.2 (Cs, C4), 82.0
(OC(CHs)s), 27.0 (OC(CHz)3), 15.5 (2 x CHa).
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Synthesis of 1,4-dimethyl-2-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]hepta-2,5-diene-
7-carboxylic acid zert-butyl ester (47)
co,'Bu Based on the procedure of Muchowski,> N-(tert-butoxycarbonyl)-2,5-di-
N methylpyrrole (46) (0.411 g; 2.11 x 107 mol) was added to a stirred
%3 solution of p-tolyl ethynyl sulfone (25) (0.190 g; 1.06 x 10™ mol) in 5 ml
6 /1 2°Ts toluene and heated in an inert atmosphere (nitrogen) at 80-85 °C. After 48
h the black oil was cooled to room temperature, the solvent was removed, then the crude
material was purified on silica gel. Elution with 2:98 diethyl ether:petrol (bp 40-60 °C)
removed the excess of pyrrole derivative (46) which was recycled. The product (47)
(0.282 g, 72%) was eluted with 1:4 diethyl ether:petrol (bp 40-60 °C) as a yellow solid: R¢
0.36 (1:1 diethyl ether:petrol (bp 40-60 °C)), mp 98-99 °C.
'H NMR (300 MHz, CDCl;3) é: 7.72 (d, J= 8.1 Hz, 2H, 2 x aryl CH), 7.50 (s, 1H,
H3), 7.33 (d, J= 8.1 Hz, 2H, 2 x aryl CH), 6.71 (d, Jss = 5.3 Hz, 1H, Hs or Hg), 6.60 (d,
Jse = 5.3 Hz, 1H, Hs or Hg), 2.44 (s, 3H, aryl CH3), 1.97, 1.84 (s, 6H, 2 x CH3), 1.33 (s,
9H, OC(CHs)3).
BC NMR (75 MHz, CDCl) é: 160.4 (C,), 159.3 (C3), 154.5 (C=0), 149.0, 146.7
(Cs, C¢), 144.6, 136.3 (2 x aryl C), 129.8, 128.1 (4 x aryl CH), 81.4 (OC(CHj3)3), 76.8,
76.5 (C1, Cy), 28.1 (OC(CHj3)3), 21.6 (aryl CH3), 17.2, 16.1 (2 x CH3).
MS ™, 376 (MH+). C0H26NO4S [MH+] calculated 376.15826; observed
376.15818.
Vmax: 1705s, 1597w, 1314s, 1252m, 1145s, 1085s, 813m, 730m, 664s.
Anal. Calcd for C,0HsNO,S: C, 64.03; H, 6.72; N, 3.73. Found: C, 63.98; H,
6.60; N, 3.66.

Synthesis of 1,4-dimethyl-2-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]hept-2-ene-7-car-
boxylic acid zerz-butyl ester (50)

co,Bu  Compound (47) (0.85 g; 2.27 x 102 mol) was placed in a 50 ml reaction
N

vessel and dissolved in anhydrous acetonitrile (10 ml) and 0.1 g of
4& palladium/charcoal (Pd/C) catalyst was added to the solution. The reaction
TS yessel was purged first with nitrogen and then carefully with hydrogen.
Hydrogen gas was passed into the reaction flask by using a balloon and the reaction

mixture was stirred at room temperature under hydrogen for 30 minutes. The catalyst was

removed by filtration over Celite, and the solvent was evaporated on a rotary evaporator
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to give 0.835 g (97%) of (50) as brown oil: R 0.39 (1:1 diethyl ether:petrol (bp 40-60
°C)), mp 107-108 °C.

'H NMR (300 MHz, CDCl3) 6: 7.76 (d, J = 8.0 Hz, 2H, 2 x aryl CH), 7.33 (d, J =
8.0 Hz, 2H, 2 x aryl CH), 6.95 (s, 1H, H3 ), 2.43 (s, 3H, aryl CH3), 1.81, 1.71 (s, 6H, 2 x
CHs), 1.89 — 1.37 (m, 4H, Hs, He), 1.30 (s, 9H, OC(CHas)3).

BC NMR (75 MHz, CDCL) 6: 155.1 (C=0), 155.0 (C3), 149.2 (C>), 144.5, 137.4
(2 x aryl C), 129.8, 128.0 (4 x aryl CH), 80.5 (OC(CHas)3), 71.5, 70.4 (C;, C4), 34.6, 33.4
(Cs, Ce), 28.1 (OC(CH3)3), 21.6 (aryl CH3), 19.3, 18.0 (2 x CH3).

MS ™/, 378 (I\/IIY). CyoH2sNO4S [MH+] calculated 378.17391; observed
378.17397.

Vmax: 1698s, 1597w, 1336s, 1289s, 1252m, 1143s, 1086s, 815m, 720m, 687s,
657s.

Synthesis of 1,4-dimethyl-2-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]heptane-7-carbo-
xylic acid zert-butyl ester (49)

Compound (50) (0.3 g; 7.95 x 10™* mol) was placed in a 25 ml reaction vessel and
dissolved in 10 ml of methanol. NaBH, (0.216 g; 5.7 x 10 mol) was added to the
reaction mixture at room temperature and stirred for 1 hr. The mixture was extracted with
dichloromethane (3 x 10 ml), and the dichloromethane solution was washed three times
with 10 ml portions of water, dried over anhydrous Na,SOys, filtered, and concentrated
under vacuum. The crude residue gave a mixture of endo-(49) and exo-(49) as a pale
yellow oil (~ 7:3 respectively). The mixture was chromatographed on silica gel. Elution
with 15:75 diethyl ether:petroleum (bp 40-60 °C) gave first exo-(49) (0.068 g, 23%) as a
pale yellow oil: Ry 0.54 (1:1 diethyl ether:petroleum (bp 40-60 °C)). endo-(49) was then
eluted with 1:4 diethyl ether:petroleum (bp 40-60 °C) to gave 0.19 g (64%) as a pale
yellow oil: R 0.28 (1:1 diethyl ether:petroleum (bp 40-60 °C).

endo-(49) isomer
CO,Bu 'H NMR (300 MHz, CDCls) é: 7.76 (d, J = 8.2 Hz, 2H, 2 x aryl CH), 7.34
(d, J= 8.2 Hz, 2H, 2 x aryl CH), 3.45 (ddd, J23.ex0 = 11.5 Hz, J23- engo = 5.2
Hz, Jr6.ex0o = 2.1 Hz, 1H, H;), 2.63 — 2.55 (m, 1H, Hs_cndo, Or He-endo), 2.44 (s,
Ts 3H, aryl CHs), 2.12 (dd, J3-ex03-endo = 12.5 HZ, J3.ex0 = 5.2 Hz, 1H, Hj3.¢10),
1.84 — 1.63 (m, 4H, H3_cndo, Hs-exor Ho-exo0r (Hs-endo» OF He-enao)), 1.73, 1.55 (s, 6H, 2 x CH3),
1.42 (s, 9H, OC(CH;)5).
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3C NMR (75 MHz, CDClL) é: 155.6 (C=0), 144.6, 138.0 (2 x aryl C), 129.9,
128.0 (4 x aryl CH), 80.3 (OC(CH3)3), 70.0, 67.1 (C;, Cy), 68.7 (Cy), 41.0 (C3), 36.3, 32.6
(Cs, C), 28.4, (OC(CHa)3), 22.0, 21.9 (2 x CH3), 21.6 (aryl CHs).

MS ™/, 380 (MH"). CyH3NO,S [MH'] calculated 380.18956; observed
380.18949.

Vmax: 1694s, 1597w, 1366m, 1301s, 1138s, 1084s, 1054m, 815m, 727m, 666s.

exo-(49) isomer
CO,'Bu '"H NMR (300 MHz, CDCl) o: 7.73 (d, J = 8.3 Hz, 2H, 2 x aryl CH),
\ 7.32(d,J=8.3 Hz, 2H, 2 x aryl CH), 3.28 (dd, J23-endo = 12.5 Hz, J23.exo=
Aén 5.3 Hz, 1H, H,), 2.43 (s, 3H, aryl CH3), 1.91 (br dd, J= 6.6 Hz, J=2.2
Hz, 1H, H3.ex0), 1.72 — 1.37 (m, 5H, H3¢n40, Hs, Hg), 1.96, 1.62 (s, 6H, 2 x
CHs3), 1.48 (s, 9H, OC(CH3)3).
3C NMR (75 MHz, CDCl;) é: 154.2 (C=0), 144.3, 136.4 (2 x aryl C), 129.7,
128.6 (4 x aryl CH), 79.8 (OC(CHas)s3), 69.7 (C2), 68.4, 64.8 (Cy, Cs), 41.1 (C3), 40.5, 36.1
(Cs, Ce), 28.5, (OC(CHs)3), 21.6 (aryl CH3), 21.1, 20.5 (2 x CHa).

MS ™, 380 (MH"). CyH3NO,S [MH'] calculated 380.18956; observed
380.18947.

Synthesis of 2-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]heptane endo-(58)
H This amine endo-(58) was prepared using a similar method to that described
N for 2b). Endo-(43) (0.125 g, 3.56 x 10™ mol) gave endo-(58) (0.088 g,
Lb 99%) as a brown solid after the normal work-up.
 Ts 'HNMR (300 MHz, CDCls) 6: 7.76 (d, J = 8.1 Hz, 2H, 2 x aryl CH), 7.34
(d, J= 8.1 Hz, 2H, 2 x aryl CH), 3.82 — 3.81 (m, 2H, H;, Hy4), 3.48 — 3.41 (m, 1H, H,),
2.56 — 2.48 (m, 1H, Hs.engo, OF He-endo), 2.45 (s, 3H, aryl CHs), 1.96 (br, 1H, NH), 1.94 —
1.50 (m, SH, H3-ex0, H3-endo> Hs-exos Ho-exo, (Hs-endo> OF He-endo))-
13C NMR (75 MHz, CDCl;) &: 144.5, 137.8 (2 x aryl C), 130.0, 127.8 (4 x aryl
CH), 66.4 (C,), 58.7, 57.8 (C1, Cy), 32.8, 29.8, 25.3 (C3, Cs, Cg), 21.6 (aryl CHj).
MS ™, 252 (MH"). Ci;3HigNO,S [MH'] calculated 252.10583; observed
252.10588.
Vmax: 3290w, 1596w, 1279s, 1136s, 1083s, 911m, 810s, 719s, 662s.
Anal. Calcd for C;3H17NO,S: C, 62.12; H, 6.82; N, 5.57. Found: C, 62.05; H,
6.93; N, 5.51.
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Synthesis of 2-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]heptane exo-(58)
H This amine exo-(58) was prepared using a similar method to that was
N described for endo-(58). exo-(43) (0.017 g, 6.09 x 107 mol) gave exo-

Lb‘rs (58) (0.018 g, 95%) as brown solid after the normal work-up.

'H NMR (300 MHz, CDCls) 6: 7.77 (d, J = 8.1 Hz, 2H, 2 x aryl CH), 7.37 (d, J =
8.1 Hz, 2H, 2 x aryl CH), 3.95 (br d, J} 6.xo = 3.9 Hz, 1H, H;), 3.79 (br t, /= 4.1 Hz, 1H,
Hy), 3.20 (dd, J2,3-endo = 8.5 Hz, L 3.ex0 = 5.2 Hz, 1H, H3), 2.46 (s, 3H, aryl CHs), 2.28 (br
s, 1H, NH), 2.06 — 1.98 (m, 1H, H3..x), 1.78 (dd, J3-ex03-endo = 13.3 Hz, J53-end0 = 8.5 Hz,
1H, H3.endo), 1.71 — 1.69 (m, 2H, Hs.ex0, Hé-ex0), 1.27 — 1.15 (m, 2H, Hs.endo, He-endo)-

3C NMR (75 MHz, CDCl3) 8: 144.6, 135.5 (2 x aryl C), 130.0, 128.4 (4 x aryl
CH), 66.8 (Cy), 58.2 (C;), 56.0 (C,), 34.2 (C3), 29.0, 28.5 (Cs, Cg), 21.7 (aryl CH3).

Synthesis of 7-methyl-2-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]heptane endo-(54)
Me Based on the general methylation procedure of Borch and Hassid,®® the
N secondary amine endo-(58) (0.023 g, 9.16 x 10 mol) was dissolved in 5 ml
Lb acetonitrile and the solution was added to a 25 ml flask charged with sodium
' cyanoborohydride (NaBH;CN) (0.013 g, 2.01 x 10™ mol) and 40%
formaldehyde solution (13 MI, 4.58 x 10* mol). The reaction mixture was
stirred overnight then diethyl ether was added and the flask contents were washed with
acid (0.6 M HCI; 3 x 5 ml). The aqueous acid layers were made basic (2M NaOH, 20 ml)
and the basic aqueous layer then extracted with dichloromethane (3 x 30 ml). The
combined organic phases were dried over anhydrous Na,SO, and evaporated under
reduced pressure to give crude endo-(54) which was chromatographed (3:2
diethylether:petrol (bp 40-60 °C), saturated with NH3) yielding endo-(54) (0.019 g, 79%):
R 0.12 (diethyl ether, saturated with NH3).
'H NMR (300 MHz, CDCl;3) &: 7.76 (d, J = 8.1 Hz, 2H, 2 x aryl CH), 7.34 (d, J =
8.1 Hz, 2H, 2 x aryl CH), 3.63 — 3.55 (m, 1H, H,), 3.44 (brt, J=4.3 Hz, 1H, H,), 3.32 (br
t,J=4.6 Hz, 1H, Hy), 2.51 — 2.46 (m, 1H, Hs_cngo, OF He.cndo), 2.44 (s, 3H, aryl CHs), 2.25
(s, 3H, NCH3), 2.07 — 1.97 (m, 1H, H3.¢x,), 1.87 (dd, J3-ex0,3-endo = 12.6 Hz, J23-0ndo = 5.6
Hz, 1H, H3.enao), 1.80 — 1.72 (m, 1H, Hg.¢xo), 1.62 — 1.54 (m, 1H, (Hs.¢ndo> OF He-enao)), Hs.
exo OVerlapped with Hj_gpg,.
3C NMR (75 MHz, CDCl;) 6: 144.4, 138.1 (2 x aryl C), 129.9, 127.7 (4 x aryl
CH), 64.7 (Cy), 63.6 (Cy), 62.5 (Cs), 34.2 (NCH3), 30.7 (C3), 28.1, 23.4 (Cs, Ce), 21.6

(aryl CH3).
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MS ™/, 266 (MH+). C1sH0NO,S [MH'] calculated 266.12148; observed
266.12152.

Synthesis of 7-methyl-2-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]heptane exo-(54)
Me A solution of endo-(58) (0.027 g, 1.08 x 10 mol) in 3 ml anhydrous THF
ﬁ] under nitrogen was treated with methyl iodide (CHsI) (0.02 g, 1.29 x 10*
Ab_rs mol) and the reaction mixture was stirred for 10 minutes at 0 °C. The
reaction mixture was warmed to room temperature and stirred for 6 h
under nitrogen. The reaction mixture was made basic with the addition of 2M NaOH and
extracted with dichloromethane (3 x 5 ml). The combined extracts were washed with
saturated NaHCO3, dried over Na,SO4 and concentrated in vacuo. Flash chromatography
(Si0,, 60% diethyl ether:petrol(bp 40-60 °C), saturated with NHs) afforded exo-(54)
(0.019 g, 68%) as a white solid: R¢ 0.20 (diethyl ether, saturated with NH3), mp 58-59 °C.
'H NMR (300 MHz, CDCl;) é: 7.75 (d, J = 8.1 Hz, 2H, 2 x aryl CH), 7.32 (d, J =
8.1 Hz, 2H, 2 x aryl CH), 3.71 (d, /1 6.0 = 4.2 Hz, 1H, H,), 3.31 (br t, J = 4.3 Hz, 1H,
Ha), 3.04 (dd, J23-endo = 9-1 Hz, J23.ex0 = 5.7 Hz, 1H, H,), 2.44 (s, 3H, aryl CH3), 2.17 (s,
3H, NCHs;), 2.15 — 2.10 (m, 1H, Hj3.¢x), 1.98 — 1.77 (m, 2H, Hs.¢xp, Héexo), 1.55 (dd, J5-
endo3-exo = 12.6 Hz, J> 3.endo = 9.1 Hz, 1H, H3.¢n45), 1.33 — 1.23 (m, 2H, Hs_¢ndo, Ho-endo)-
BC NMR (75 MHz, CDCl;) 6: 144.2, 136.2 (2 x aryl C), 129.6, 128.7 (4 x aryl
CH), 68.3 (C,), 62.6 (C;),61.0 (C4), 34.2 (NCH3) 33.8 (C3), 26.6, 25.3 (Cs, Cs), 21.6 (aryl
CHs).
MS ™/, 266 (MH"). C;sH;0NO,S [MH'] calculated 266.12148; observed
266.12140.
Vmax: 2959m, 1598w, 1278s, 1129s, 1087s, 1019m, 880m, 810s, 732s, 695m.

Synthesis of 1,4-dimethyl-2-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]heptane endo-(59)
n This amine was prepared using a similar method to that used to prepare
(2b). To a stirred solution of endo-(49) (0.02 g, 5.27 x 10” mol) in 2 ml

4‘& ethyl acetate was added drop-wise 3M HCI (3 ml, at 0 °C) formed in situ
TS from the reaction of ethanol (2.7 ml), ethyl acetate (7.2 ml) and acetyl
chloride (2.7 ml). The mixture was allowed to warm to room temperature with
continuance of the stirring overnight. The reaction mixture was then evaporated under
reduced pressure. The residue was dissolved in 3 ml distilled water, basified with 2M

NaOH and extracted with dichloromethane (3 x 3 ml). The organic layers were
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combined, dried over anhydrous MgSQO, and the solvent was removed in vacuo to give
endo-(59) (0.013 g, 93%) as a brown solid.

'H NMR (300 MHz, CDCL) &: 7.76 (d, J = 8.2 Hz, 2H, 2 x aryl CH), 7.33 (d, J =
8.2 Hz, 2H, 2 x aryl CH), 3.26 (ddd, J33.ex0o = 11.5 Hz, J23. endo = 5.3 Hz, J26.ex0 = 2.1 Hz,
1H, Hy), 2.68 (m, 1H, Hs ¢ngo, OF H-6endo), 2.44 (s, 3H, aryl CHs), 2.13 (dd, J3-ex0,3-endo =
12.2 Hz, J23ex0 = 5.3 Hz, 1H, H3.¢y), 1.90 — 1.82 (m, 2H, Hs_exo, He-exo), 1.73 — 1.53 (m,
2H, H3.endo, (Hs-endo» OF He endo)), 1.47, 1.32 (s, 6H, 2 x CHj3).

3C NMR (75 MHz, CDCl;) 6: 143.4, 137.3 (2 x aryl C), 128.9, 126.9 (4 x aryl
CH), 70.3 (Cy), 67.0, 62.9 (C,, Cy), 40.7 (Cs), 36.5, 32.5 (Cs, Cs), 20.6 (aryl CH3), 20.5,
20.1 (2 x CH»).

MS "/,: 280 (MH+). Ci5sHoNO,S [MH+] calculated 280.13713; observed
280.13716.

Synthesis of 1,4-dimethyl-2-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]heptane exo-(59)
n This amine exo-(59) was prepared using a similar method to that was
described for endo-(59). exo-(49) (0.05 g, 1.32 x 10 mol) gave exo-(59)
45 S (0.034 g, 94%) as brown solid after the normal work-up.
'H NMR (300 MHz, CDCl3) 6: 7.72 (d, J = 8.2 Hz, 2H, 2 x aryl CH), 7.34 (d, J =
8.2 Hz, 2H, 2 x aryl CH), 3.41 (dd, J; 3.endo= 8.3 Hz, J; 3.xo= 6.1 Hz, 1H, H,), 2.44 (s, 3H,
aryl CHs), 2.23 (br s, 1H, NH), 1.80 — 1.35 (m, 6H, Hj;, Hs, Hg), 1.71, 1.38 (s, 6H, 2 x
CHa,).
BC NMR (75 MHz, CDCl;) 6: 144.4, 136.6 (2 x aryl C), 129.8, 128.2 (4 x aryl
CH), 69.9 (C,), 67.5, 62.9 (Ci, Cy), 43.8, 40.0, 36.3 (C3, Cs, Cs), 21.6 (aryl CH3), 20.6,
19.4 (2 x CHj).
MS ™/, 280 (MH"). C;sHy,NO,S [MH'] calculated 280.13713; observed
280.13721.

Synthesis of 1,4,7-trimethyl-2-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]heptane endo-
(35

'\sﬂe This amine endo-(55) was prepared using a similar method to that was

(55) (0.012 g, 71%) as a brown solid: Ry 0.15 (diethyl ether, saturated with

4"15 described for exo-(54). Endo-(59) (0.016 g, 5.73 x 10” mol) gave endo-
Ts NHs).
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'H NMR (300 MHz, CDCls) 6: 7.75 (d, J = 8.1 Hz, 2H, 2 x aryl CH), 7.33 (d, J =
8.1 Hz, 2H, 2 x aryl CH), 3.26 (ddd, J23.ex0 = 10.9 Hz, J2.3. endo = 4.7 Hz, Jr6.ex0 = 1.8 Hz,
1H, Hy), 2.63 — 2.56 (m, 1H, Hs.endo, OF He.enao), 2.44 (s, 3H, aryl CHs), 2.08 (s, 3H,
NCHs), 2.05 (dd, J-ex03-endo = 12.5 Hz, Ja3ex0 = 5.2 Hz, 1H, Hz.e10), 1.81 — 1.48 (m, 4H,
H3.-endo, Hs-exo» He-exo, (H5-endo> OF He-endo)), 1.42, 1.21 (s, 6H, 2 x CHj3).

3C NMR (75 MHz, CDCl;) é: 144.3, 138.7 (2 x aryl C), 129.9, 127.8 (4 x aryl
CH), 68.9 (Cy), 70.1, 65.9 (C,, C4), 38.3, 35.1, 30.8 (C3, Cs, Cs), 27.9 (NCH3), 21.6 (aryl
CHs), 19.6,19.2 (2 x CH3).

MS ™, 294 (MH"). CiH2sNO,S [MH'] calculated 294.15278; observed
294.15270.

Synthesis of 1,4,7-trimethyl-2-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]heptane exo-
(35)

bé/le This amine exo-(55) was prepared using a similar method to that
N

described for endo-(55). Exo-(59) (0.024 g, 8.6 x 107 mol) gave exo-(55)
4‘51-8 (0.015 g, 60%) as a brown solid after the normal work-up: R¢ 0.20

(diethyl ether, saturated with NH3), mp 101-102 °C.
'H NMR (300 MHz, CDCl;) é: 7.73 (d, J = 8.1 Hz, 2H, 2 x aryl CH), 7.32 (d, J =
8.1 Hz, 2H, 2 x aryl CH), 3.22 (br t, 1H, H,), 2.43 (s, 3H, aryl CHs), 2.19 (s, 3H, NCH,),

1.80 —1.33 (m, 6H, H3, Hs, Hg), 166, 1.24 (s, 6H, 2 x CHs).
3C NMR (75 MHz, CDCL) 6: 144.0, 137.2 (2 x aryl C), 129.6, 128.3 (4 x aryl
'CH), 69.9 (Cy), 70.1, 65.1 (C,, Cs), 40.5, 38.4, 33.6 (C3, Cs, Cs), 29.1 (NCH3), 21.6 (aryl
CH;), 18.8, 17.2 (2 x CHa).
MS ™/,: 294 (MH"). C;6H24NO:S [MH+] calculated 294.15278; observed
294.15285.
Vmax: 1598w, 1450w, 1378m, 1316m, 1278s, 1142s, 1085s, 1046w, 821m, 746m,
674s.

Synthesis of 7-chloro-2-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]heptane endo-(60)
ﬁl A solution of the secondary amine endo-(58) (0.032 g, 1.27 x 10* mol) in 3
ml dichloromethane was treated with 5% aqueous sodium hypochlorite
(NaClO) (4 ml) and stirred for 30 minutes at room temperature. The
Ts dichloromethane layer was separated and the aqueous layer extracted with

dichloromethane (3 x 5 ml). The combined organic solutions were dried over anhydrous
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MgSO, and the solvent was removed under reduced pressure to give a brown solid of
endo-(60) (0.035 g, 97%).

endo-tosyl (two invertomers signals at room temperature).

Duplicated signals were observed due to two invertomers at room temperature, the
signals corresponding to the minor invertomer where the N-Cl is anti to the tosyl group
are shown in italics.

'H NMR (300 MHz, CDCl;) é: 7.72, 7.66 (d, J = 8.2 Hz, 4H, 4 x aryl CH), 7.30
(d, J=8.2 Hz, 2H, 2 x aryl CH), 4.09 — 3.96 (m, 1H, H,), 3.78 (br t, J=4.2 Hz, 1H, H,),
3.70 — 3.65 (m, 3H, Ha, H;, Hy), 3.51 — 3.44 (m, 1H, H>), 2.61 — 2.45 (m, 2H, (Hs.¢nqo OF
He-endo), (Hs-endo O He.endo), 2.39, 2.38 (s, 6H, 2 x aryl CHj3), 2.35 —2.25 (m, 1H, Hj_¢y0),
2.18 — 2.08 (m, 2H, Hs.ex0, Hbex0), 2.02 (dd, J3-endo3-exo = 13.0 Hz, J>3.endo = 5.3 Hz, 1H,
Hj.endo), 1.92 — 1.58 (m, 6H, Hs-endo, H3-ex0, (H-endos OF He-endo)> Hs-exo, Ho-exo, (Hs-endo, OT
Hé-endo)-

3C NMR (75 MHz, CDCl) é: 144.0, 143.8, 136.9, 135.7 (2 x aryl C), 129.1,
(126.8, 126.7), (4 x aryl CH), 68.0 (C,), 63.7, 60.8 (C;, Cy), 29.9, 28.8 (C3), 27.0, 25.8,
21.5, 21.3 (Cs, Cg), 20.6 (aryl CH3).

MS ™/, 286 (MH"). C;3H;;NO,CIS [MH'] calculated 286.06685; observed
286.06690.

Synthesis of 7-chloro-2-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]heptane exo-(60)

(N‘,I This amine was prepared using a similar method to that was described for
Lb endo-(60). Exo-(58) (0.014 g, 5.57 x 10”° mol) gave exo-(60) (0.015 g,
Ts 94%) as a brown solid after the normal work-up, mp 110-111 °C.

"H NMR (300 MHz, CDCls) 6: 7.70 (d, J = 8.3 Hz, 2H, 2 x aryl CH), 7.29 (d, J =
8.3 Hz, 2H, 2 x aryl CH), 3.98 (d, J16-.xoc = 4.7 Hz, 1H, H;), 3.62 (br t, /= 4.6 Hz, 1H,
H.), 3.10 (dd, J2,3-endo = 10.4 Hz, J; 3..xo = 5.5 Hz, 1H, H3), 2.39 (s, 3H, aryl CH3), 2.29 —
2.15 (m, 1H, He-exo), 2.15 — 2.04 (m, 2H, H3_cx, Hs.ex0), 1.67 (dd, J3-ex0,3-endo = 12.8 Hz, J> 3.
endo=10.4 Hz, 1H, H3_¢n45), 1.47 — 1.36 (m, 2H, Hs_endo, Heé-endo)-

3C NMR (75 MHz, CDCl;) 6: 143.8, 133.9 (2 x aryl C), 128.8, 128.0 (4 x aryl
CH), 67.2 (C,), 66.0 (Cy), 64.5 (C,), 29.7 (C3), 26.9, 25.8 (Cs, Cs), 20.7 (aryl CH3).

MS "/,: 286 (MH"). Ci3H;;NO,CIS [MH'] calculated 286.06685; observed
286.06684.

Vmax: 1597w, 1451w, 1301m, 1261s, 1131s, 1084s, 1087s, 1018s, 886w, 799s,
723s, 657m.
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Synthesis of 7-chloro-1,4-dimethyl-2-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]heptane
endo-(61)
CN:I This amine endo-(61) was prepared using a similar method to that was

described for endo-(60). Endo-(59) (0.017 g, 6.09 x 10° mol) gave endo-

éb (61) (0.018 g, 95%) as brown solid after the normal work-up.

Ts Duplicated signals were observed due to two invertomers at room
temperature, the signals corresponding to the minor invertomer where the N-Cl is anti to
the tosyl group are shown in italics.

"H NMR (300 MHz, CDCL3) 6: 7.77 (d, J = 8.2 Hz, 2H, 2 x aryl CH), 7.35 (d, J =
8.2 Hz, 2H, 2 x aryl CH), 3.60 (ddd, J23-exo = 11.4 Hz, J33.endo = 5.3 Hz, J2 6-ex0 = 2.2 Hz,
1H, Hy), 3.25 (ddd, J23.ex0 = 11.3 Hz, J23- endo = 5.6 Hz, J26.exo = 1.8 Hz, 1H, H,), 2.77 —
2.66 (m, 1H, Hs_cngo, oF He endo), 2.45 (s, 3H, aryl CH3), 2.18 (dd, J3-ex03-endo = 13.0 Hz,
J23-endo = 5.3 Hz, 1H, H3.ng), 2.10 — 1.87 (m, 3H, H3ex0, Hs.exo, Hooexo), 1.69 — 1.61 (m,
1H, (Hs-endo> OF He-endo)), 1.51, 1.48, 1.33,1.31 (s, 12H, 4 x CH3).

3C NMR (75 MHz, CDCL3) 8: (143.9, 143.6), 137.3 (2 x aryl C), 129.0, (127.1,
126.9), (4 x aryl CH), 74.8, 74.1, 71.4, 70.8 (C,, Cs), 68.3, 64.6 (C;), 37.6, 35.5, 34.0,
31.5, 28.8, 27.4 (C;, Cs, Cg), 20.6 (aryl CH3), 19.1, 18.6 (2 x CH3).

MS "/ 314 (MH"). C;sH»NO,CIS [MH'] calculated 314.09815; observed
314.09819.

Vmax: 1597w, 1447w, 1377m, 1303s, 1276s, 1143s, 1085s, 1018m, 811s, 704s,
662s.

Synthesis of 7-chloro-1,4-dimethyl-2-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]heptane
exo-(61)

cl This amine exo-(61) was prepared using a similar method to that was
N described for endo-(60). Exo-(59) (0.017 g, 6.09 x 10”° mol) gave exo-
4‘5“ (61) (0.018 g, 95%) as brown solid after the normal work-up.
"H NMR (300 MHz, CDCl;) &: 7.67 (d, J = 8.2 Hz, 2H, 2 x aryl CH), 7.27 (d, J =
8.2 Hz, 2H, 2 x aryl CH), 3.21 (dd, J;3.endo = 10.1 Hz, J; 3.0, = 6.8 Hz, 1H, H,), 2.37 (s,
3H, aryl CH3), 1.99 — 1.38 (m, 6H, H3, Hs, He), 1.67, 1.28 (s, 6H, 2 x CHj).
B3C NMR (75 MHz, CDCL) &: 143.5, 135.0 (2 x aryl C), 128.8, 127.6 (4 x aryl

CH), 74.0, 70.1 (Cy, C4), 64.8 (Ca), 37.1, 36.1, 33.1 (C3, Cs, Cs), 20.6 (aryl CHs), 18.0,
16.3 (2 x CH3).
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MS ™/, 314 (MH+). CisH1NO,CIS [MH+] calculated 314.09815; observed
314.09823.

Vmax: 1597m, 1450m, 1379m, 1321m, 1279s, 1137s, 1084s, 1018m, 810s, 737s,
705s, 667s.

Synthesis of 1-(2-bromo-ethynesulfonyl)-4-methyl-benzene (62)"°
Br—==—50,C¢H4CH Following the procedure of Trudel,”  p-tolyl-2-
(trimethylsilyl)ethynyl sulfone (25) (10.55 g; 0.042 mol) was placed in 50 ml three-

necked round-bottomed flask in 50 ml acetone. To the stirred solution of (25) was added
silver nitrate (0.71 g; 4.18 x 102 mol) followed by the addition of N-bromosuccinimide
(NBS) (8.2 g; 4.6 x 10 mol) in one portion. The mixture was stirred at 25 °C for 30 min.
The resulting precipitate was filtered and washed with 5 ml chloroform. The solvent was
removed under reduced pressure and the crude product was subjected to column
chromatography (1:5 ethyl acetate:hexane) to give (62) (7.84 g, 73%, R¢: 0.23) as a light
yellow solid.

'H NMR (300 MHz, CDCl3) 8: 7.87 (d, J = 8.3 Hz, 2H, aryl CH), 7.37 (d, J= 8.3
Hz, 2H, aryl CH), 2.45 (s, 3H, aryl CH3).

B3C NMR (75 MHz, CDCl;): 6 149.9 (aryl C), 138.0 (aryl C), 130.1 (2 x aryl CH),
127.6 (2 x aryl CH), 78.0 (C-Br), 61.3 (C-S), 21.7 (aryl-CHs).

Literature data:

'H NMR (300 MHz, CDCL3) 6: 7.86 (d, J = 8.4 Hz, 2H, aryl CH), 7.36 (d, J = 8.4
Hz, 2H, aryl CH), 2.45 (s, 3H, aryl CH3).”

Synthesis of 2-bromo-3-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]hepta-5,6-diene-7-
carboxylic acid ethyl ester (63)
CO,CH,CH; Following the procedure of Trudell,”® a stirred solution of 2-
N

6 M 2 g bromoethynyl p-tolyl sulfone (62) (0.604 g; 2.33 x 10 mol) and N-
Z / ethoxycarbonylpyrrole (24b) (0.65 g; 4.65 x 10 mol) in 2 ml toluene

5 887 was heated in an inert atmosphere (nitrogen) at 90 °C for 48 h. The
reaction mixture was separated by column chromatography. Elution with diethyl ether-
petroleum (5:95) removed the excess N-ethoxycarbonylpyrrole which was recycled (24b).
The product (63) was eluted with 1:9 diethyl ether:petroleum (bp 40-60 °C) as a white
solid material (0.52 g, 56%): R; 0.63 (1:1 diethyl ether:petroleum (bp 40-60 °C)), mp 121-

122 °C.
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'H NMR (300 MHz, CDCL) 6: 7.79 (d, J = 8.2 Hz, 2H, 2 x aryl CH), 7.36 (d, J =
8.2 Hz, 2H, aryl CH), 7.00 — 6.96 (br m, 2H, Hs, Hg), 5.43, 5.22 (br s, 2H, H;, Hy), 4.07 —
3.93 (br m, 2H, OCH,CH3;), 2.45 (s, 3H, aryl CH3), 1.14 (t, J= 7.2 Hz, 3H, OCH,CH,).

BC NMR (75 MHz, CDCL) é: 154.3 (C=0), 150.4 (C5), 145.3 (2 x aryl C), 143.0,
139.7 (Cs, Cs), 136.0 (2 x aryl C), 130.0, 127.8 (4 x aryl CH), 75.3, 69.3 (C;, Cy), 62.3
(OCH,CHys), 21.7 (aryl CH3), 14.3 (OCH,CH3), C; not resolved.

MS ™,: 398 (MH"). Ci16H;7NO,°BrS [MH'] calculated 398.00617; observed
398.00614.

Vmax: 1704s, 1573m, 1372m, 1315s, 1259m, 1150s, 1016s, 815m, 672s.

Anal. Calcd for C;¢HsNO4BrS: C, 48.40; H, 4.10; N, 3.50. Found: C, 48.33; H,
4.03; N, 3.45.

Synthesis of 2-oxo-3-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]hept-5,6-ene-7-carboxyl-
ic acid ethyl ester (64)

CO,CH,CH; Following the procedure of Trudell,”® to a stirred solution of (63)
N

o (0.103 g; 2.59 x 10 mol) in acetonitrile was added triethylamine

Z (0.078 g; 7.76 x 10™) followed by diethylamine (0.021 g; 2.846 x 107

Ts mol) at room temperature. The mixture was hydrolyzed with 10% HCl

at room temperature to give the crude product which was extracted with 20 ml
dichloromethane three times. The combined organic phase was dried anhydrous MgSQO4
and the solvent was removed under reduced pressure to give crude product. The crude
product was subjected to column chromatography (3:7 diethyl ether:petroleum (bp 40-60
°C)) to ‘give (64) (0.052 g, 60%) as a light yellow solid. The ratio of endo- to exo- tosyl
isomers was (24:76).

The signals corresponding to the minor (endo-tosyl) isomer are shown in italics.

'H NMR (300 MHz, CDCl3) 6: 7.81 (d, J= 8.2 Hz, 2H, 2 x aryl CH), 7.77 (d, J =
8.2 Hz, 2H, aryl CH), 7.38 (d, J = 8.2 Hz, 2H, 2 x aryl CH), 7.33 (d, J= 8.2 Hz, 2H, aryl
CH), 6.99 (dd, Js¢ =5.7 Hz, Js5 = 2.1 Hz, 1H, Hs), 6.76 (dd, Js¢ = 5.5 Hz, Js5 = 1.9 Hz,
1H, Hs), 6.57 (br s, 1H, Hg), 6.49 (dd, Js¢ = 5.7 Hz, J1 6 = 2.7 Hz, 1H, Hg), 5.55 (br s, 1H,
Hi), 5.28 (br s, 1H, Hy), 4.77 (br s, 1H, H,), 4.67 (br s, 1H, H,), 4.13 (br q, J = 7.1 Hz,
2H, OCH,CH3), 4.02 (d, J3.ex04 = 3.8 Hz, 1H, H3.y,), 3.54 (s, 1H, H3na), 2.44 (s, 3H,
aryl CHs), 1.24 (brt, J= 7.1 Hz, 3H, OCH,CHs).

3C NMR (75 MHz, CDCLs) &: 192.1, 191.9 (Cy), 154.3, 154.1 (C=0), 145.5 (2 x
aryl C), 142.8 (br, Cs), 139.9 (Cs), 135.8, 135.0 2 x aryl C), 133.8, (br, Cg), 130.0, 129.7,
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129.3, 128.6 (4 x aryl CH), 68.6, 66.9 (C;), 66.3, 66.0 (Cs), 62.7, 62.3 (OCH,CH3), 62.0,
61.1 (Cy), 21.7 (aryl CHj3), 14.4 (OCH,CH3).

MS ™/, 336 (MH"). CisH;sNOsS [MH+] calculated 336.09057; observed
336.09064.

Vmax: 1769m, 1709s, 1596w, 1376m, 1321s, 1268s, 1148s, 1083s, 813m, 777m,
659s.

Synthesis of 2-oxo-3-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]heptane-7-carboxylic
acid ethyl ester (65)
CO,CH,CH; The mixture of compounds (64) (1.632 g; 4.87 x 10® mol) was
N dissolved in anhydrous acetonitrile (25 ml) and hydrogenated over
L‘# © Pd/C using a balloon of hydrogen. The reaction vessel was purged first
Ts with nitrogen and then carefully with hydrogen. The reaction mixture
was stirred vigorously at room temperature overnight. After the addition was complete,
the catalyst was removed by filtration through Celite and the solvent was evaporated in
vacuo to give the saturated mixture of endo- and exo- tosyl (65) (1.603 g, 98%) as brown
oil. The mixture was used directly for the detosylation reaction step.
The signals corresponding to the minor (endo-tosyl) isomer are shown in italics.
'H NMR (300 MHz, CDCL) é: 7.87 (d, J = 8.2 Hz, 2H, 2 x aryl CH), 7.77 (d, J =
8.2 Hz, 2H, aryl CH), 7.39 (d, J = 8.2 Hz, 2H, 2 x aryl CH), 7.34 (d, /= 8.2 Hz, 2H, aryl
CH), 5.08 (br s, 1H, Ha), 4.97 (brt, J = 4.6 Hz, 1H, Ha4), 4.41 (br d, J= 6.1 Hz, 1H, H)),
4.36 (br s, 1H, H;), 4.12 (br q, J = 7.1 Hz, 2H, OCH,CH3), 3.59 (s, 1H, H3.enao), 2.69 —
2.60 (m, 1H, (Hs-endo O Hé-endo)), 2.44 (s, 3H, aryl CHs), 2.25 — 2.16 (m, 1H, Hg_ex0), 2.05
— 1.97 (m, 4H, Hs exo, Ho-ex0, Hs-ex0, (H5.endo OF Hs.endo)), 1.65 (br dd, 2H, Hs endo, Ho-endo)s
1.24 (br t, 3H, OCH,CH3), (H3.x, not resolved).
13C NMR (75 MHz, CDCls) 6: 197.4, 196.8 (Cy), 154.8, 154.0 (C=0), 145.5,
135.3 (2 x aryl C), 130.0, 129.8, 129.2, 128.8 (8 x aryl CH), 74.5, 72.9 (Cs), 64.8, 62.8
(Cy), 624, 62.0 (OCH,CHj3), 58.5, 57.7 (C4), 28.0, 24.9, 24.5 (Cs, Cs), 21.7 (aryl CHs),
14.5 (OCH,CH3).
MS ™/, 338 W ). CigHoNOsS [MH+] calculated 338.10622; observed
338.10612.
Vmax: 1770m, 1703s, 1596w, 1378m, 1321s, 1304s, 1183m, 1146s, 1077s, 813m,
725m, 674s.
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Synthesis of 2-oxo-7-aza-bicyclo[2.2.1]heptane-7-carboxylic acid ethyl ester (66)
CO,CH,CH; The keto-sulfone (65) (1.151g; 3.41 x 10 mol) was dissolved in 70 ml
Lbo of 10% aqueous THF, and the mixture was placed in a reaction vessel
equipped with a stirrer.  Aluminum amalgam (10 g-atoms of
aluminum/mole of compound) was then freshly prepared as follows. Aluminum foil was
cut into square pieces approximately 1 cm x 1 cm and immersed, all at once, into a 5%
aqueous solution of mercuric chloride (HgCl,) for 20 sec. The pieces were rinsed with
absolute MeOH and then with diethyl ether and introduced directly into the reaction
vessel. The reaction mixture was heated at 65 °C for 2h after the addition of the
amalgam. The reaction mixture was then filtered through Celite and the filtered solid was
washed with THF. The filtrate was concentrated to remove most of the THF, then diethyl
ether was added. The organic layer was separated from the water, dried over anhydrous
sodium sulphate, and the solvent removed in vacuo to give the ketone (66). The crude
product (0.71 g) was chromatographed on silica gel. Elution with 1:9 diethyl ether-
petroleum (bp 40-60 °C) gave 0.332 g (54%) of (66) as a pale oil: Ry 0.45 (1:1 diethyl
ether:petroleum (bp 40-60 °C)).
"H NMR (300 MHz, CDCl;) é: 4.63 (br t, J= 4.7 Hz, 1H, Hy), 4.32 (br d, J=4.9
Hz, 1H, H,), 4.15 (q, J= 7.1 Hz, 2H, OCH,CH3), 2.49 (dd, J3-ex0,3-endo = 17.5 Hz, J3.ex0,4 =
5.9 Hz, 1H, H3.exs), 2.03 (d, J3-ex053-endo = 17.5 Hz, 1H, H3.endo), 2.02 — 1.58 (m, 4H, Hs ey,
Hé-ex0> Hs-endo> He-endo), 1.26 (t, J= 7.1 Hz, 3H, OCH,CHs).
BC NMR (75 MHz, CDCL) &: 209.1 (C,), 155.1 (C=0), 63.6 (Cy), 61.7
(OCH,CH3), 56.0 (Cs), 45.2 (Cs) 27.6, 24.4 (Cs, Cq), 14.5 (OCH,CH3).
SN NMR (40 MHz, CDCl;) &: —265.8.
MS "/,: 184 (MH"). CoH;4NO; [MH"] calculated 184.09737; observed 184.09736.
Vmax: 1761s, 1701s, 1403m, 1304m, 1143m, 1095s, 1007w, 781m.

Synthesis of 2-(1,3-dioxolan-2-yl)-7-azabicyclo[2.2.1]heptane-7-carboxylic acid ethyl
ester (67)
CO,CH,CH, Compound (66) (0.374g; 2.04 x 10° mol) was dissolved in 8 ml

N 0 anhydrous toluene. Ethylene glycol (CH,OH), (0.145 g, 2.33 x 107
b@j mol), triethyl orthoformate (HC(OEt);) (0.148 g, 9.98 x 10™ mol) and

p-toluenesulfonic acid (anhydrous, 1.02 x 10* mol) were added to the solution of (66)
under nitrogen. The reaction mixture was heated at 55° C for 4h until the reaction went to

completion as judged by TLC. The reaction mixture was cooled and poured into
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saturated NaHCO3 (25 ml). The mixture was extracted with dichloromethane (3 x 25 ml)
and washed with water and brine (3 x 25 ml). The dichloromethane portion was dried
over anhydrous MgS0,/Na,COs (1:1) and filtered, and the solvent removed on a rotary
evaporator. The purity of the resultant oil (67) (0.431 g, 93%) was checked by 'H NMR
spectroscopy and judged to be satisfactory for the next step reaction: R 0.25 (1:1 diethyl
ether:petroleum (bp 40-60 °C)).

'H NMR (300 MHz, CDCl3) &: 4.29 (br t, J = 4.8 Hz, 1H, Hy), 4.12 (br q, J = 7.1
Hz, 2H, OCH,CH3), 4.03 — 3.85 (m, 5H, H;, OCH,CH,0), 2.15 (ddd, J3-ex03-endo = 13.0
Hz, J3.ex04 = 5.4 Hz, J3.0x05.ex0 = 2.3 Hz, 1H, H3..,), 1.96 — 1.88 (m, 1H, (Hs.endo or He.
endo)), 1.80 — 1.68 (m, 2H, Hs_cx0, Ho-ex0), 1.62 (d, J3-ex03-endo = 13.0 Hz, 1H, Hj3_¢pgo), 1.53 —
1.46 (m, 1H, (Hs.endo O He-enao)), 1.25 (t, J=7.1 Hz, 3H, OCH,CHs).

BC NMR (75 MHz, CDCls) 6: 155.9 (C=0), 114.3 (C,), 65.1, 64.2 (OCH,CH,0),
61.1, (Cy), 61.1 (OCH,CHs), 56.1 (Cy), 43.4, (C3), 28.3, 22.4 (Cs, Cs), 14.6 (OCH,CHs).

>N NMR (40 MHz, CDCls) 6: —261.8.

MS ™/, 228 (MH"). C;HisNO, [MH'] calculated 228.12358; observed
228.12365.

Vmax: 1698s, 1401w, 1376m, 1329m, 1081s, 1019m, 947w, 776w, 663w.

Synthesis of 2-(1,3-dioxolan-2-yl)-7-methyl-7-azabicyclo[2.2.1]heptane (68)
A solution of compound (67) (0.365 g; 1.61 x 10° mol) in 10 ml of

(0.26 g; 6.91 x 10° mol) in 10 ml of anhydrous diethyl ether under
nitrogen. The reaction mixture was refluxed for 8 h, and quenched with

0.5 ml of distilled water, 0.5 ml of 10% NaOH, and 1.5 ml of distilled water. The

Me

°

N o anhydrous diethyl ether was added to a stirring suspension of LAH
L‘b%j

reaction mixture was then filtered through a pad of Celite and washed with ether. The
ether solutions were combined and dried over MgSO,, and (68:HCI) was precipitated by
bubbling HCI through the solution, yielding 0.273 g as salt (0.225 g, 83% as free amine).
The (68:HCI) was dissolved in distilled water then basified with 2M NaOH and extracted
3 times with CFCl;. The organic layer was dried over anhydrous MgSQy, concentrated
and transferred to a 5 mm NMR tube with 0.5 ml of CDCls.

'H NMR (300 MHz, CDCl;) 8: 3.98 — 3.80 (m, 4H, OCH,CH,0), 3.24 (br t, J =
4.4 Hz, 1H, Hy), 3.04 (br d, J; 6-exo = 4.6 Hz, 1H, H,), 2.27 (s, 3H, NCHs), 2.07 (ddd, J5.
exo3-endo = 12.7 Hz, J3 0x04 = 5.1 Hz, J3.ex0,5.000 = 2.2 Hz, 1H, H3.¢x0), 1.88 — 1.68 (m, 3H,
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Hs.ex0, Ho.exo, Hooendo), 1.47 (d, Js-exo3-endo = 12.8 Hz, 1H, Hi.engo), 1.42 — 1.37 (m, 1H, (Hs.
endo)-

BC NMR (75 MHz, CDCl;) 6: 114.7 (Cy), 67.1, (C)), 64.5, 64.0 (OCH,CH,O0),
61.3 (Cs), 44.4 (C3), 35.1 (NCH3), 25.1 (Cs), 19.3 (Cs).

MS ™/,: 170 (MH"). CsH;sNO, [MH"] calculated 170.11810; observed 170.11816.

Vimax: 3386w, 2921, 1716s, 1454m, 1225s, 1094s, 1015s, 873w, 724s.

Synthesis of 7-methyl-7-azabicyclo[2.2.1]heptan-2-one (4a)
I\{ie To 1.5 ml of THF containing 1.2 ml of 70% aqueous perchloric acid
N (HC10,) was added 0.105 g (6.21 x 10™* mol) of ketal (68) dissolved in 3
Lb © ml THF without purification. The resulting oily suspension became
homogeneous after standing at room temperature for 10 min. After remaining at room
temperature for 3 h the solution was diluted with 10 ml water and extracted 3 times with
30 ml of dichloromethane. The combined extracts were dried over anhydrous MgSO, and
the solvent was removed in vacuo. The resulting HCI salt of (4a) (0.073 g; 0.057 g, 74%
as free base) was treated with 2M NaOH and extracted with 3 x 5 ml of CFCls. The
organic layer was dried over anhydrous MgSO,, concentrated and transferred to a 5 mm
NMR tube with 0.5 ml of CDCl;.
'H NMR (300 MHz, CDCl3) 8: 3.57 (br t, J = 4.5 Hz, 1H, Hy), 3.28 (br d, Ji 6.ex0 =
4.5 Hz, 1H, H,), 2.39 (ddd, J3-ex0,3-endo = 17.7 Hz, J3.ex04 = 5.4 HZ, J3.0x0,5-ex0 = 1.3 Hz, 1H,
H3.ex0), 2.33 (s, 3H, NCH3), 2.08 — 2.01 (m, 2H, Hs_cxp, Ho-exo), 1.86 (d, J3-ex0,3-endo = 17.7
Hz, 1H, Hs-enas), 1.59 — 1.49 (m, 2H, (Hsendo He-cndo)-
13C NMR (75 MHz, CDCly) 8: 213.9 (Cy), 70.0, (Cy), 61.3 (Ca), 43.2 (Cs), 35.1
(NCHs3), 26.4, 22.4 (Cs, Cg).
N NMR (40 MHz, CDCl;) 6: —319.5 +1.
MS ™/,: 126 (MH"). C;H;,NO [MH"] calculated 126.09189; observed 126.09185.

Synthesis of 2-Bromo-3-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]hept-5,6-ene-7-carbo-
xylic acid zerz-butyl ester (69)70
This compound was prepared using a similar method to that used to

CO,Bu
N prepare (63). N-tert-butoxycarbonylpyrrole (24¢) (6.47 g; 0.038 mol)

ﬂ&& was used for the cycloaddition reaction instead; (62) (5.01 g; 0.019 mol).
Ts The product (69) (5.17 g; 63% as a pale yellow oil) was purified by
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column chromatography (silica and 3:7 diethyl ether and petroleum (bp 40-60 °C)): R¢
0.46 (1:1 diethyl ether:petroleum (bp 40-60 °C).

'H NMR (300 MHz, CDCl;) é: 7.80 (d, J = 8.0 Hz, 2H, 2 x aryl CH), 7.35 (d, J =
8.0 Hz, 2H, aryl CH), 6.96 (br s, 2H, Hs, Hg), 5.37, 5.15 (br s, 2H, H;, Ha), 2.44 (s, 3H,
aryl CHs), 1.31 (s, 9H, OC(CHs)s3).

13C NMR (75 MHz, CDCls) 6: 153.7 (C=0), 150.1 (C3), 145.2 (2 x aryl C), 143.0,
139.6 (Cs, Cs), 136.2 (2 x aryl C), 130.0, 127.9 (4 x aryl CH), 81.9 (OC(CHs)3), 75.6,
69.6 (Cy, Cy), 27.9 (OC(CHas)3), 21.7 (aryl CH3), C; not resolved.

MS ™/,: 426 (MH+). C13H21NO479BrS [MH+] calculated 426.03747; observed
426.03738.

Vmax: 1713s, 1580w, 1368m, 1322s, 1255m, 1150s, 1086s, 814m, 731s, 672s.

Synthesis of 2-oxo-3-(toluene-4-sulfonyl)-7-azabicyclo[2.2.1]hept-5,6-ene-7-carboxyl-
ic acid fert-butyl ester (70)"°
CO,Bu This compound (70) was prepared using a similar method to that
N described to synthesise (64), starting from (69) (1.4 g; 3.29 x 10 mol).
%&O The mixture of endo- and exo- tosyl (69) was obtained as a pale yellow
Ts oil (1.1 g, 94%) and was pure enough to be used for the next step as
judged by 'H NMR spectroscopy.
The signals corresponding to the minor (endo-tosyl) isomer are shown in italics.
'H NMR (300 MHz, CDCls) 6: 7.76 (d, J = 8.2 Hz, 2H, aryl CH), 7.38 (d, J = 8.2
Hz, 2H, 2 x aryl CH), 7.32 (d, /= 8.2 Hz, 2H, aryl CH), 6.95 (m, 1H, Hs), 6.77 (br d, J =
4.1 Hz, 1H, Hs), 6.55 (br s, 1H, Hg), 6.47 (dd, Jsg = 5.5 Hz, J1s = 2.1 Hz, 1H, Hg), 5.43
(brs, 1H, Hy), 5.17 (br s, 1H, Hy), 4.70 (br s, 1H, H;), 4.57 (br s, 1H, H;), 4.02 (d, J3.ex04
= 3.7 Hz, 1H, Hj.ex0), 3.57 (s, 1H, H3.ena0), 2.45, 2.43 (s, 3H, aryl CHs), 1.41 (s, 9H,
OC(CHa)s).
3C NMR (75 MHz, CDCl3) 6: 190.4, 190.3 (C,), 151.6 151.4 (C=0), 143.8 (2 x
aryl C), 141.1, 138.0 (Cs, Cs), 133.2 (2 x aryl C), 128.1, 127.9, 127.5, 126.7 (8 x aryl
CH), 80.7, 80.0 (OC(CHs)3), 67.0 (Cs), 65.4, 64.5 (C4), 60.2, 59.3 (Cy), 26.2 (OC(CHs)3),
19.8 (aryl CHz).
MS ™,: 364 (MH+). CisH2oNOsS [I\/[I{+] calculated 364.12187; observed
364.12194.
Vmax: 1770s, 1709s, 1596w, 1368m, 1321s, 1280m, 1148s, 1083s, 870m, 731m,
683s.

147



Synthesis of 2-oxo0-7-azabicyclo[2.2.1]hept-5,6-ene-7-carboxylic acid fert-butyl ester
(711)"
co,Bu  Keto sulfone (70) (0.23 g, 6.33 x 10 mol) was dissolved in anhydrous
\ THF-MeOH (3:1, 4ml) and cooled to -78° C under argon. The solution
ﬂb was then transferred using cannula to a solution of Sml, (0.1 M) in THF
(17 ml) cooled at -78° C under argon. The resultant brown mixture was stirred for 10 min
and then warmed to room temperature. The reaction mixture was poured into a saturated
aqueous solution of K,CO;. The aqueous phase was extracted 3 times with
dichloromethane; the combined extracts were dried over anhydrous MgSO; and
concentrated in vacuo. The resultant residue was purified by flash chromatography (1:9
diethyl ether:petroleum (bp 40-60 °C)) affording (71) (0.031 g, 24%) as a colourless oil:
R¢ 0.42 (1:1 diethyl ether:petroleum (bp 40-60 °C).
"H NMR (300 MHz, CDCl3) 6: 6.73 (dd, Js¢ = 5.5 Hz, J, 5 =2.0 Hz, 1H, H;s), 6.42
(br dd, Js¢ = 5.5 Hz, J1 6 = 2.0 Hz, 1H, Hg), 5.05 (br s, 1H, Ha), 4.54 (br s, 1H, H), 2.28
(ddd, J3-ex03-endo = 16.0 Hz, J3.0x04 = 3.9 HZ, J1 3ex0o = 0.7 Hz, 1H, Hj.sx0), 1.91 (d, J3.ex03-
endo = 16.0 Hz, 1H, H3_¢44,), 1.44 (s, 9H, OC(CHs)3).
3C NMR (75 MHz, CDCls) 6: 205.2 (Cy), 155.0 (C=0), 142.9 (Cs), 130.5 (Cs),
81.4 (OC(CHas)3), 68.2 (Cy), 60.0 (Cy), 35.8 (Cs), 28.1 (OC(CHas)3).
>N NMR (40 MHz, CDCl;) 8: —252.4.
MS ™, 210 (MH"). C;H;NO; [MH'] calculated 210.11302; observed
1210.11308.
Vmax: 1754s, 1696s, 1475w, 1350s, 1286s, 1255s, 1164s, 1124s, 950m, 876m,
804s.
'Anal. Calcd for C;1H15sNOs: C, 63.14; H, 7.23; N, 6.69. Found: C, 63.23; H, 7.10;
N, 6.61.

Synthesis of 2-(1,3-dioxolan-2-yl)-7-azabicyclo[2.2.1]hept-5,6-ene-7-carboxylic acid
tert-butyl ester (72)80

CO,Bu Compound (72) was prepared according to the procedure described for
N (67), starting from (71) (0.18 g; 8.61 x 10™ mol): (72) (0.092 g, 42%)
7 Oj was purified by flash chromatography (15:85 diethyl ether:petroleum

(bp 40-60 °C)) as brown solid: Rs 0.31 (1:1 diethyl ether:petroleum (bp
40-60 °C)), mp 114-116 °C.
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"H NMR (300 MHz, CDCls) 6: 6.37 (br, 2H, Hs, H), 4.65 (br s, 1H, Hy), 4.24 (br,
1H, H,), 4.02 — 3.78 (m, 4H, OCH,CH,0), 2.12 (br dd, J3-ex03-endo = 11.7 Hz, J3_¢x04 = 3.0
Hz, 1H, H3_x0), 1.47 (d, J3-ex03-endo = 12.1 Hz, 1H, H3_ena0), 1.35 (s, 9H, OC(CHa)3).

There is a signal duplication because of slow N-CO rotation; the minor rotamer
signal is shown 1n italics.

13C NMR (75 MHz, CDCL) 6: 155.5 (C=0), 139.4, 138.8, 134.4, 132.7 (Cs, C),
114.4 (C,), 80.2 (OC(CHs)3), 65.2, 64.4 (OCH,CH,0), 60.6, 59.9 (Ca), 40.0, 39.0 (C»),
28.2 (OC(CHz3)3).

MS ™, 254 (MH'). C;3sHyxNO, [MH'] calculated 254.13923; observed
254.13927.

Vmax: 1693s, 1479w, 1354s, 1280m, 1152m, 1054s, 1003m, 943m, 802m, 720ms.

Synthesis of 2-oxo-3-(toluene-4-sulfonyl)-7-aza-bicyclo[2.2.1]heptane-7-carboxylic
acid tert-butyl ester (81)70

co,Bu Compound (81) was prepared using a similar method to that described for
N (65), starting from (70) (1.09 g; 3.01 x 10° mol). The saturated mixture

L&O of endo- and exo- tosyl (70) (29:71 respectively) was obtained as a pale
1s Yellow oil (1.1 g, 96%) and was pure enough to be used for the next step

as judged by 'H NMR spectroscopy.

The signals corresponding to the minor (endo-tosyl) isomer are shown in italics.
| 'H NMR (300 MHz, CDCls) é: 7.86 (d, J = 8.2 Hz, 2H, 2 x aryl CH), 7.77 (d, J =
8.2 Hz, 2H, aryl CH), 7.39 (d, J = 8.2 Hz, 2H, 2 x aryl CH), 7.33 (d, J = 8.2 Hz, 2H, aryl
CH), 4.95 (br s, 1H, H,), 4.86 (br t, 1H, H,), 4.33 (br d, J = 6.0 Hz, 1H, H;), 4.26 (br s,
1H, Hy), 4.06 (br d, J = 5.2 Hz, 1H, Hj.¢,), 3.63 (s, 1H, H3.enao), 2.65 — 2.56 (m, 1H, (Hs.
endo OF He-endo)), 2.46 (s, 3H, aryl CH3), 2.43 (s, 3H, aryl CH3), 2.24 — 2.14 (m, 1H, He.ex0),
2.00 — 1.85 (m, 3H, He.cxo, Hs-ex0s (H5-endo O He.endo)), 1.70 — 159 (m, 2H, Hs.endo, Hs-ex0)»
1.43 (s, 9H, OC(CHs)3), 1.42 (s, 9H, OC(CHa)3).

BC NMR (75 MHz, CDCl3) &: 195.7, 195.1 (Cy), 152.1, 151.2 (C=0), 143.7,
143.5 134.8, 133.6 (4 x aryl C), 128.1, 1279, 127.3, 126.9 (8 x aryl CH), 80.1
(OC(CHs3)3), 79.3 (OC(CHas)3), 72.7, 71.0 (C3), 63.1, 61.2 (Cy), 56.6, 55.9 (Cs), 26.4
(OC(CHs3)3), 26.1, 22.7 (Cs, Co).

MS ™, 366 (MH"). Ci1sHuNOsS [MH'] calculated 366.13752; observed
366.13751.

Vmax: 1777m, 1708s, 1595w, 1341s, 1304s, 1183m, 1145s, 1075m, 810m, 674s.
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Anal. Caled for C;gH23NOsS: C, 59.16; H, 6.34; N, 3.83. Found: C, 58.92; H,
6.27; N, 3.78.

Synthesis of 2-oxo-7-aza-bicyclo[2.2.1]heptane-7-carboxylic acid tert-butyl ester

co,Bu  Ketone (79) was prepared using a similar method to that described for

LNb (66), starting from (81) (1.02 g; 2.81 x 107 mol). The ketone (79) was
O

obtained as a colourless oil (0.411 g; 70%): Ry 0.41 (1:1 diethyl
ether:petroleum (bp 40-60 °C)).
"H NMR (300 MHz, CDCl;) é: 4.49 (br t, J=4.3 Hz, 1H, Hy), 4.18 (brd, J=4.9
Hz, 1H, H,), 2.40 (dd, J3-ex0s3-endo = 17.5 Hz, J3.¢x0,4 = 5.2 Hz, 1H, H3.ex0), 1.93 (d, J3-ex053-
endo = 17.5 Hz, 1H, H3_cna5), 1.96 — 1.84 (m, 2H, Hs cxo, He-exo), 1.63 — 1.44 (m, 2H, Hs_endo,
Hé-endo), 1.38 (OC(CHs)s).
BC NMR (75 MHz, CDCl;) 6: 209.6 (Cy), 155.1 (C=0), 80.8 (OC(CH:)3), 63.9
(C1), 56.0 (Cy4), 45.2 (C5), 28.2 (OC(CHa3)3), 27.5, 24.4 (Cs, Ce).
>N NMR (40 MHz, CDCl;) §: —261.4.
MS "/, 212 (MH+). C11HsNO; [MH"j calculated 212.12867; observed
212.12874.
Vmax: 1764s, 1695s, 1361s, 1258m, 1145s, 1098m, 781m.
Anal. Calcd for C11H;7NOs: C, 62.54; H, 8.11; N, 6.63. Found: C, 62.69; H, 8.19;
N, 6.61.

Synthesis of 2-hydroxy-7-azabicyclo[2.2.1]heptane-7-carboxylic acid zert-butyl ester
80)"

CO,'Bu To a stirred solution of ketone (79) (0.12 g; 5.69 x 10 mol) in

\ anhydrous THF (5 ml) at -55 °C under nitrogen was added L-Selectride
Lb\OH (0.68 ml of 1.0 M solution in THF, 6.82 x 10 mol) drop-wise. After the
addition, the mixture was allowed to warm to room temperature and stirred for a further
30 min. After this time the solution was cooled to 0 °C and EtOH (1 ml) was added,
followed by saturated aqueous NH4Cl solution (1 ml). The reaction mixture was allowed
to achieve room temperature and then partitioned between dichloromethane (3 x 15 ml)
and water (15 ml). The combined organic layers were washed with brine (50 ml), dried

over anhydrous Na,SOy, and evaporated in vacuo. The residual oil was chromatographed

150



on silica, eluting with 3:7 diethyl ether:petroleum (bp 40-60 °C) to afford endo-alcohol
(80) (0.095 g, 79%) as a colourless oil: R¢ 0.61 (diethyl ether).

'H NMR (300 MHz, CDCl;) 6: 4.36 — 4.30 (m, 1H, H,), 4.12 (br, 2H, H,, Hy),
2.35 (br, 1H, OH), 2.26 — 1.49 (m, 5H, Hs..,, Hs, He), 1.44 (s, 9H, OC(CHs)3), 1.06 (dd,
S3-endosz-exo = 12.7 Hz, Jo,3-endo = 3.4 Hz, 1H, H3_epngo)-

BC NMR (75 MHz, CDCl3) 8: 155.7 (C=0), 79.7 (OC(CH3)3), 78.8 (C2), 60.0,
57.3 (C1, Cs), 39.2 (C3), 29.8, 20.7 (Cs, Cs), 28.3 (OC(CH3)3).

MS ™/, 214 (MH"). C;;HyxNOs; [MH'] calculated 214.14432; observed
214.14426.

Vmax: 3382m, 1666s, 1368s, 1309m, 1158s, 1104s, 1049m, 997w, 900m, 765m.

Anal. Calcd for C;;H9NOs: C, 61.95; H, 8.98; N, 6.57. Found: C, 62.02; H, 9.04;
N, 6.61.

Synthesis of 7-aza-bicyclo[2.2.1]heptan-2-ol (82:HCI)"
Hed_H Amine (82:HCI) was prepared using a similar method to that used to
~N-
Lb\ prepare (2b). To a stirred solution of alcohol (80) (0.015 g; 7.04 x 107
(@]

H mol) in 2 ml ethyl acetate was added drop-wise 3M HCI (4 ml, at 0 °C)
formed in situ from the reaction of ethanol (2.7 ml), ethyl acetate (7.2 ml) and acetyl
chloride (2.7 ml). The mixture was allowed to warm to room temperature with continued
stirring for 2 h. The reaction mixture was then evaporated under reduced pressure. The
yield of the residue (82:HCI) was 0.01 g (0.0075 g, 96% as free amine).

'H NMR (400 MHz, MeOD) 6: 4.48 — 4.42 (m, 1H, Hy), 4.14 (br t,J=5.1 Hz, 1H,

H,), 4.08 (br t, J= 4.5 Hz, 1H, H,), 2.49 — 2.41 (m, 1H, He.cx0), 2.34 (dddd, J3-ex053-endo =
13.4 Hz, J23-ex0 = 10.1 HZ, J3.0x0,4 = 5.2 HZ, J3ex056-ex0 = 3.0 Hz, 1H, Hs_4,), 2.03 — 1.92
(m, 1H, Hs_¢x0), 1.87 — 1.78 (m, 2H, Hs_endo, Heé-exo) 1.38 (dd, J3-endos3-exo0 = 13.7 Hz, J2,3-endo
=3.4 Hz, 1H, H3_¢p4)-

3C NMR (100 MHz, MeOD) 6: 67.4 (C,), 61.2 (Cy), 59.7 (Cas), 35.9 (Cs), 26.8,
18.1 (Cs, Co).

MS /,: 114 (MH"). CsH;,NO [MH"] calculated 114.09189; observed 114.09195.

Synthesis of di-7-aza-bicyclo[2.2.1]heptane-7-carboxylic acid tert-butyl ester sulfite
83)
CO,Bu co,Bu To a stirred solution of alcohol (80) (0.218 g; 1.02 x 10°

\ \ mol) and pyridine (0.73 g, 9.2 x 102 mol) in 8 ml of
Lb Q %b
g
O/ ~
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anhydrous dichloromethane was added thionyl bromide (SOBr) (0.85 g, 4.09 x 10 mol)
drop-wise at 0 °C under nitrogen. The reaction mixture was stirred for 3 h at 0 °C and
then washed with brine (3 x 5 ml). The organic layer was separated, dried over
anhydrous MgSQO, and concentrated. The crude residue was chromatographed on silica,
eluting with 1:4 diethyl ether:petroleum (bp 40-60 °C) to afford (83) (0.2 g, 68%) as a
yellow solid: R¢ 0.38 (1:1 diethyl ether:petroleum (bp 40-60 °C)), mp 89-90 °C.

'H NMR (300 MHz, CDCl;) 8: 4.86 — 4.83 (m, 1H, H,), 4.28 (br s, 1H, H)), 4.18
(br s, 1H, Hy), 2.32 — 2.22 (m, 1H, Hj.ex), 2.12 — 2.01 (m, 1H, He.cnao), 1.87 — 1.66 (m,
2H, Hs.ex0, Heoex0), 1.57 — 1.49 (m, 1H, Hs_cnao), 1.45 (s, 9H, OC(CH3)3), 1.38 — 1.23 (m,
1H, Hs-endo).

13C NMR (75 MHz, CDCl3) 6: 155.1 (C=0), 80.2 (OC(CHs)3), 71.4 (C,), 58.9
(C1), 56.7 (Cy), 37.6 (C3), 29.3 (Cg), 28.2 (OC(CH3)3), 21.8 (Cs).

MS ™, 473 (MH"). CpHiN,0;S [MH'] calculated 473.23215; observed
473.23202.

Vmax: 1692s, 1359s, 1306m, 1255w, 1159s, 1104s, 1012m, 961m, 904w, 853m,
749m.

Synthesis of 2-ethoxycarbonyloxy-7-aza-bicyclo[2.2.1]heptane-7-carboxylic acid tert-
butyl ester (85)
coyBu Diethyl azodicarboxylate (DEAD) (0.192 g; 1.10 x 10> mol)
N was added dropwise with stirring to a 0 °C solution of
Lb\ /lOJ\ triphenylphosphine (PPhs) (0.295 g; 1.13 x 10> mol) in dry
O"™0""" THF (3 ml) under argon. Afier 20 min, the lithium bromide
(0.195 g, 2.25 x 10~ mol) was added to solution followed by the alcohol (80) (0.048 g;
2.25 x 10™) dissolved in a minimum volume of dry THF. The mixture was stirred at
room temperature overnight, then the solvent was removed. The residue was poured into
water and extracted twice with dichloromethane (4 ml). The combined extracts were
washed with brine, dried over anhydrous MgSQ,, and evaporated. The crude residue was
chromatographed on silica, eluting with 5:95 diethyl ether:petroleum (bp 40-60 °C) to
afford (85) (0.038 g, 61%) as a colourless oil: Rf 0.57 (1:1 diethyl ether:petroleum (bp 40-
60 °C)).
'H NMR (300 MHz, C¢Ds) 6: 5.00 — 4.94 (m, 1H, H,), 4.54 (br s, 1H, H,) 4.03 (br
s, 1H, H,), 3.88 (q, /= 7.1 Hz, 2H, OCH,CH3), 2.05 (dddd, J5-ex0,3-endo = 12.7 HzZ, J2 3-ex0 =
10.2 Hz, J3.ex04 = 5.2HZ, J3.0x0,5-ex0 = 2.3 Hz, 1H, H3.,,,), 1.94 — 1.87 (m, 1H, H¢-endo), 1.58
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— 1.49 (m, 2H, Hs.exo, Hoexo), 1.37 (s, 9H, OC(CHz)3), 1.16 — 1.49 (m, 1H, Hs.¢ns5), 0.99
(Ad, Bendosero = 132 Hz, Jsndoz = 3.2 Hz, 1H, Hsnao), 0.92 (t, J = 7.1 Hz, 3H,
OCH,CHs).

3C NMR (75 MHz, C¢Dg) 6: 155.2, 154.6 (2 x C=0), 80.0 (OC(CH3)3), 75.6 (C),
65.8 (OCH,CH3), 58.1 (Cy), 56.7 (Cs), 36.7 (C3), 29.1 (Cs), 28.2 (OC(CH3)3), 21.8 (Cs),
14.2 (OCH,CH5>).

MS "/,: 473 (MH*). C,,H37N,04S [MH+] calculated 286.16545; observed
286.16554.

vmax: 1745s, 1701s, 1451w, 1365s, 1306m, 1250s, 1160s, 1097m, 1016s, 790m.

Synthesis of 2-(toluene-4-sulfonyloxy)-7-aza-bicyclo[2.2.1]heptane-7-carboxylic acid
tert-butyl ester (86)

In accordance with the general procedure of Kabalka,''® alcohol (80)

CO,'Bu
N (0.059 g; 2.77 x 10™* mol) was dissolved in 3 ml of pyridine and cooled
Ab\ to 0 °C. To this solution, p-toluenesulfonyl chloride (0.079 g; 4.15 x 10
OTs 4

) was added. After 10 min of stirring at 0 °C, the mixture was kept for
24 h at room temperature. The mixture was then poured into water, extracted twice with
4 ml of dichloromethane and dried over anhydrous Na,SO4. Removal of the solvent by
rotary evaporation and chromatography of the resulting residue on silica gel eluting with
15:85 diethyl ether:petroleum (bp 40-60 °C) gav the tosylate (86) (0.055 g; 54%) as a
colourless oil: R¢ 0.56 (15:85 diethyl ether:petroleum (bp 40-60 °C)).

| | 'H NMR (300 MHz, CDCls) é: 7.79 (d, J = 8.2 Hz, 2H, 2 x aryl CH), 7.36 (d, J =
8.2 Hz, 2H, 2 x aryl CH), 4.74 — 4.69 (m, 1H, H,), 4.18 (br t, J=4.7 Hz, 1H, H;) 4.12 (br
t,J = 4.9 Hz, 1H, Hy), 2.46 (s, 3H, aryl CH3), 2.21 — 2.11 (m, 1H, Hj3.¢xo), 2.07 — 1.99 (m,
1H, Hs_engo O Hoendo), 1.84 — 1.72 (m, 1H, Hs.eyp), 1.67 — 1.61 (m, 1H, He.exo), 1.54 — 1.47
(m, 1H, Hs.¢ngo 01 He-enao), 1.42 (s, 9H, OC(CHs)3), 1.29 (dd, J3-endo3-exo = 13.5 Hz, J3-endo2
=2.8 Hz, 1H, H3.cnd0)-

B3C NMR (100 MHz, CDCl3) é: 155.0 (C=0), 145.1, 133.3 (2 x aryl C), 130.0,
127.9 (4 x aryl CH), 80.2 (OC(CHj3)3), 78.1 (Cy), 65.8 (OCH,CH3), 58.4 (C)), 56.6 (Cy),
36.7 (C3), 29.1 (Cg), 28.2 (OC(CH3)3), 21.7 (Cs), 21.6 (aryl CH3).

MS ™, 473 (MH"). CypH3N,0;S [MH'] calculated 368.15317; observed
368.15310.
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Molecular modeling
Molecular models were determined using the Spartan Pro program; equilibrium

geometries were calculated with the Hartree-Fock, 6-31 G method.
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Appendix
Crystal structure data



Appendix

Crystal structure data

Figures show the atom label scheme and 50% displacement ellipsoids.

Crystal data and structure refinement for (34).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
‘Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

05049

CI9H25N 05 S

379.46

1502) K

0.71073 A

Triclinic

P-1

a=11.529(3) A 0= 71.656(3)°.
b=12.204(3) A 0= 79.609(4)°.
c=14.965(3) A 0 =79.105(4)°.
1946.0(7) A3

4

1.295 Mg/m3

0.195 mm-1
808

0.35x0.18 x 0.16 mm3
1.45 to 25.00°.
-13<=h<=13, -14<=k<=14, -17<=1<=17
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Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

14004

6787 [R(int) = 0.0201]
99.0 %

Empirical

0.98 and 0.81

Full-matrix least-squares on F2
6787/0/479

1.034
R1=0.0558, wR2 =0.1448
R1=0.0656, wR2 =0.1512

0.572 and -0.585 e.A-3
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Figures show 50% displacement ellipsoids. Shown are the cation and the anion (Cl).

Crystal data and structure refinement for (1a:HCI).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
y4

Densify (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.97°

Absorption correction

06077

C7H14 CIN

147.64

1502) K

0.71073 A

Monoclinic

P2(1)

a=6.2225(12) A 0= 90°.
b=9.8524(19) A 0=111.561(3)°.
c=6.8523(14) A 0 =90°.
390.70(13) A3

2

1.255 Mg/m3

0.403 mm-!
160

0.29 x 0.24 x 0.15 mm3

3.52 to 25.97°.

-7<=h<=7, -12<=k<=12, -8<=l<=8
2988

1498 [R(int) = 0.0257]

99.6 %

Empirical
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Max. and min. transmission 0.962 and 0.801

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 1498 /1/84

Goodness-of-fit on F2 1.061

Final R indices [I>2sigma(I)] R1=10.0261, wR2 = 0.0689

R indices (all data) R1=10.0266, wR2 = 0.0691
Absolute structure parameter 0.07(6)

Largest diff. peak and hole 0.180 and -0.177 e.A-3
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Figures show 50% displacement ellipsoids. The hydrogen atoms have been omitted for
clarity.

Crystal data and structure refinement for (47).

Identification code 06022

Empirical formula C20H25 N 04 S

Formula weight 375.47

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P2(1)/c

Unit cell dimensions a=11.44112) A 0= 90°.
b=18.389(3) A 0= 97.010(3)°.
c=9.5772(17) A 0 =90°.

Volume 1999.9(6) A3

Z _ 4

Density (calculated) 1.247 Mg/m3

Absorption coefficient 0.185 mm-1

F(000) 800

Crystal size 0.35 x 0.23 x 0.20 mm3

Theta range for data collection 1.79 to 25.00°.

Index ranges -13<=h<=13, -21<=k<=21, -11<=1<=11

Reflections collected 14304

Independent reflections 3529 [R(int) = 0.0346]

Completeness to theta = 25.00° 100.0 %

Absorption correction Empirical
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Max. and min. transmission 0.983 and 0.796

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 3529/0/241

Goodness-of-fit on F2 1.031

Final R indices [I>2sigma(I)] R1 = 0.0400, wR2 = 0.0990

R indices (all data) R1=10.0479, wR2 =0.1030

Largest diff. peak and hole  0.334 and -0.246 e.A-3
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Figures show 50% displacement ellipsoids. The hydrogen atoms have been omitted for

clarity.

Crystal data and structure refinement for endo-(39).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
4

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°

Absorption correction

06016

CI18H25N 04 S

351.45

150(2) K

0.71073 A

Orthorhombic

P2(1)2(1)2(1)

a=5.7708(10) A 0= 90°.
b=11.602(2) A 0= 90°.
c=26.919(5) A 0 =90°.
1802.3(6) A3

4

1.295 Mg/m3

0.201 mm-!
752

0.22x 0.14 x 0.07 mm3
1.91 to 25.00°.

-6<=h<=6, -13<=k<=13, -32<=1<=32

13020
3168 [R(int) = 0.0768]
99.9 %

Empirical
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Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on F2
Final R indices [I>2sigma(])]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

0.981 and 0.663

Full-matrix least-squares on F2
3168 /0/222

0.984

R1=0.0536, wR2 =0.0816
R1=0.0741, wR2 = 0.0869
0.30(11)

0.254 and -0.256 e.A-3
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Figures show the molecular structure with 50% displacement ellipsoids.

Crystal data and structure refinement for (68:HCI).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

Completeness to theta = 25.00°

04157

C9 H16 CIN O2

205.68

1502) K

0.71073 A

Orthorhombic

Pbca

a=8.5642(16) A 0= 90°.
b=11.879(2) A 0= 90°.
c=19.417(4) A 0 = 90°.
1975.3(7) A3

8

1.383 Mg/m3

0.355 mm-1
880

0.36 x 0.21 x 0.19 mm3

2.10 to 25.00°.

-10<=h<=10, -14<=k<=14, -23<=1<=23
13042

1738 [R(int) = 0.0675]

100.0 %
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Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

None

Full-matrix least-squares on F2
1738/0/119

1.078
R1=0.0329, wR2 = 0.0867
R1=10.0359, wR2 = 0.0886

0.296 and -0.211 e.A-3
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Figures show 50% displacement ellipsoids. The hydrogen atoms have been omitted for

clarity.

Crystal data and structure refinement for (71).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
V4

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

05125

C11 HI15N 03

209.24

150(2) K

0.71073 A

Monoclinic

Cc

a=19.264(7) A 0= 90°.
b=5.718(2) A 0= 112.165(6)°.
¢ =10.900(4) A 0 = 90°.
1112.0(7) A3

4

1.250 Mg/m3

0.091 mm-!
448

0.23 x 0.11 x 0.04 mm3

2.28 to 24.99°.

22<=h<=22, -6<=k<=6, -12<=I<=12
3807

1908 [R(int) = 0.0833]
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Completeness to theta = 24.99°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(l)]
R indices (all data)

Absolute structure parameter

Largest diff. peak and hole

99.9 %

None

Full-matnx least-squares on F2

1908 /2/139

0.974

R1 = 0.0596, wR2 = 0.1026
R1=0.0854, wR2 =0.1125
-12)

0.148 and -0.158 e.A-3
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Figures show the atom label scheme and 50% displacement ellipsoids.

omitted for clarity.

Crystal data and structure refinement for (72).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z
Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected

Independent reflections

05020

C13 HI9N 04
253.29

150(2) K
0.71073 A
Monoclinic
C2/c
a=37.918(18) A
b=5.968(3) A
c=11.659(5) A
2589(2) A3

8

1.300 Mg/m3

0.096 mm-1
1088

0.34 x 0.24 x 0.05 mm3
2.19 to 25.00°.

H atoms are

0= 90°.
0= 101.148(13)°.
0 = 90°.

-44<=h<=44, -7<=k<=7, -13<=1<=13

8605
2265 [R(int) = 0.1843]

167



Completeness to theta = 25.00°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

99.5 %

None

Full-matrix least-squares on F2
2265/0/166

1.100
R1=0.0987, wR2 =0.2042
R1=0.1647, wR2 = 0.2333

0.264 and -0.236 e.A-3
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Figure shows the atom label scheme and 50% displacement ellipsoids.

Crystal data and structure refinement for (79).

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections

Completeness to theta = 25.00°

04168

C11 H17N O3

211.26

1502) K

0.71073 A

Monoclinic

P2(1)/n

a=13.512(2) A 0= 90°.
b=5.7961(11) A O=91.472(4)°.
c=14.427(3) A 0 =90°.
1129.5(4) A3

4

1.242 Mg/m3

0.090 mm-1
456

0.30 x 0.13 x 0.09 mm3

2.04 to 25.00°.

-16<=h<=15, -6<=k<=6, -16<=l<=17
7710

1978 [R(int) = 0.0972]

99.9 %
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Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

None

Full-matrix least-squares on F2

1978 /0/139

0.985
R1=0.0613, wR2 =10.1272
R1=0.1052, wR2 =0.1420

0.569 and -0.168 e¢.A-3
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