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Abstract

A new chiral ligand design program was initiated for the stercoselective synthesis of
sterically hindered systems, such as atropisomeric biaryls. The concept of helical-sense
discrimination was investigated, for use in the Pd-based Suzuki coupling reaction. A
new set of design principles was established for chiral ligands for use in these reactions;
1) the ligand must contain a defined helical twist enclosed at each end by donor atoms,
2) the ligand must be bidentate, to best transfer the helical aspect of the ligand to the Pd
reaction site, 3) the substituents of the donor atoms should be tied back in ring systems
to prevent steric hindrance of the already sterically demanding reaction site and 4) the
helical twist should be in close proximity to the Pd reaction site. The first two target
scaffolds which would incorporate the above principles were chiral 2,2’-bispyrrolidine

and 2,2’-bisindoline.

A new synthetic strategy was devised, which provided both enantiomers of 2,2’-
bispyrrolidine and was modified to access 2,2’-bisindoline. The key steps of the
synthesis were the metathesis dimerisation and subsequent Sharpless asymmetric

dihydroxylation (AD) from achiral starting materials.

(R,R)-N,N’-Di-tert-butoxycarbonyl-2,2’-bispyrrolidine 92a was synthesised in 13%
yield, over 10 steps, from commercially available 4-penten-1-ol. The metathesis
reaction gave the desired benzyl protected alkene as a mixture of geometric isomers
(4:1), which were dihydroxylated using AD mix a and standard Sharpless conditions to

give the corresponding diol with an ee of 80%.

The procedure was repeated using the PMB protected derivatives to give (R,R)-92a in
overall 9% yield, with the AD reaction using AD mix a giving the diol in 92% ee. The

procedure was repeated using AD mix [, which gave the enantiomeric 2,2’-

bispyrrolidine (S,5)-92b in 24% overall yield and 88% ee.

v



The synthetic strategy was applied towards the synthesis of chiral 2,2’-bisindoline, for
which there is no literature precedent. Benzyl protected 2-allylphenol was dimerised via
the metathesis reaction using Grubbs 1% generation catalyst, to give the dimeric
aromatic allylic alkene in 81% yield (E:Z 5.2:1). The geometric ratio could be improved
to 9:1 via recrystallisation from DCM/hexanes. Grubbs nd generation catalyst was
found to increase the geometric ratio, however the alkene could not be separated from
the secondary metathesis products. The alkene was dihydroxylated using AD mix o in
15% yield and 64% ee. The yield was increased to 60% by using modified Sharpless

conditions, however the enantiopurity decreased to 36% ee.

The poor outcome of the AD reaction lead to extensive investigations into the Sharpless
AD reaction via the modification of the ortho substituent of dimeric aromatic allylic
alkenes. A variety of dimeric, heterodimeric and monomeric alkenes were synthesised,
including seven phenolic based and two nitrogen based dimeric alkenes, via the
metathesis reaction using both Grubbs 1* and 2™ generation catalysts. The alkenes were
subsequently dihydroxylated using AD mix o and AD mix . The diols were formed in
poor yield (0% to 58%) and poor enantioselectivity (1% to 58%). The AD reaction of
the ortho-tolyl derivative increased the yield (45-65%) and the ee (62-70%) while the
unsubstituted derivative gave the corresponding diol in 84-88% yield with excellent

stereocontrol (93-95% ee).

It was therefore concluded that the presence of ortho-substituents in the aromatic rings
of dimeric allylic aromatic alkenes prevented access of the substrate to the ligand bound

Os0y, thereby minimising chemical yield and enantioselection.
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CHAPTER 1

Introduction

1.1 Atropisomerism

The development of stereoselective reactions has long been recognised as a key
requirement in synthesis and subsequent applications.' The ability to isolate only one
stereoisomer has typically been investigated with respect to chirality around a
stereogenic carbon, or to conformation around a double bond.”* Axial asymmetry is
another type of chirality that deserves more attention due to the prevalence of the biaryl

. 1,577
axis, ’

and the difficulty of its enantiomeric discrimination.

Atropisomerism results from restricted rotation around any single bond.® When the
adjacent substituents are different and the rotation is sufficiently restricted,
stereoisomers may be isolated. Although many examples of atropisomeric bonds are
known,” the focus of this review is that for which the term atropisomerism was

originally used to describe'® — biaryls.

Biaryls are the result of two aryl systems joined by an sp’-sp carbon bond. When the
positions ortho to this bond are occupied by three or four bulky substituents, free
rotation around the axis may be restricted and the biaryl system is locked into a specific
conformation. When these ortho substituents A, B, A’, B’ (Figure 1.1) are different,
two stereoisomers are possible. In this way, 1 and 2 are enantiomers; they are non-
superimposable mirror images. Stereoisomerism arising from axial chirality, as in biaryl
compounds, is known as atropisomerism, where 1 and 2 are known as atropisomers

(Figure 1.1).
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Figure 1.1: Enantiomeric atropisomers arising from; a) restricted rotation around the
axial C-C bond, and b) the presence of different ortho substituents, where A # B,
A’#B’.

The term atropisomer is derived from the Greek terms ‘a’ meaning ‘not’ and ‘tropos’
meaning ‘turn’.'’ The extent to which axial rotation is hindered can be quantified as the
barrier to rotation® and can be related to; 1) the size and number of substituents and 2)
the presence of any bridges connecting the two halves of the molecule. The
atropisomerisation barrier in nonbridged biaryl compounds is increased by the steric
repulsion of the ortho substituents, corresponding to the van der Waals radii of the
substituents (I > Br > Me > Cl >NO, > CO,H > OMe > F > H).12 Tetra-ortho
substituted biaryls, such as 3 and 4 (Figure 1.2), are stable and the two atropisomers

13,14

can be separated. Tri-ortho-substituted biaryls can also form stable atropisomers and

there are selected examples of di-ortho-substituted biaryls with sufficiently high barrier

to rotations to permit the formation of stable atropisomers.'”"®

OMe OMe

3 4
AGHyg5¢ = decomposition occurs
158 kJ/mol before atropisomerization

Figure 1.2: Configurational stability of two examples of tetra-ortho-substituted biaryl
compounds. '’

The stereochemistry of biaryl atropisomers is assigned by viewing a Newmann
projection of the molecule, along the biaryl axis from either end. Priority is assigned to

the substituents on each of the aryl units separately, and stereochemistry is determined
2
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from the direction of the higher priority substituent on the distal ring, A’, from that of
the proximal ring, A. This direction in Figure 1.3 (a) is anti-clockwise, or the minus
direction, and is therefore the M isomer, where M stands for ‘minus’. The enantiomer,
Figure 1.3 (b), is the plus, or P isomer. To relate this to the equally acceptable system
of R and S, the P isomer corresponds to the § isomer, while M is the R isomer,

sometimes denoted aR and aS.

Figure 1.3: Assignment of stereochemistry of two atropisomeric biaryls.

Despite the prevalence of the atropisomeric biaryl bond in a variety of important natural
products,”’ this type of sterecochemistry is repeatedly ignored in publications.
Atropisomeric biaryls are drawn flat, incorrectly indicating a planar conformation,*
without any reference to [a]p values.” The presence of rotationally hindered axes in
natural products® is widespread and structurally diverse, e.g. the antibiotic vancomycin
(Figure 1.4, 5) contains one atropisomeric biaryl axis, which in conjunction with
multiple stereogenic atoms and two biaryl ether linkages gives the molecule a rigid
structure which binds to bacterial cell wall peptides.***® Mastigophorene A (Figure 1.4,
6) has been found to stimulate nerve grow‘[h.27 Michellamine B (Figure 1.4, 7), which

has anti-HIV activity,” contains three biaryl axes, two of which are rotationally

hindered.?**°
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mastigophorene A michellamine B

6 7

Figure 1.4: Selected examples of the natural occurrence of the atropisomeric biaryl.

Chiral catalysts utilise the presence of the atropisomeric biaryl axis for transfer of

31,32 33-35

chirality, e.g. the ubiquitously used diphosphine BINAP (Figure 1.5, 8). and the

epoxidation ligand 9.%
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Figure 1.5: Examples of axially chiral ligands.

The development of efficient synthetic methods to select one atropisomer over the other
has been limited due to the inherent difficulty in producing such a hindered system, and
as such, enantioselection is complicated. A brief account of this development thus far is

outlined.

1.2 Chiral biaryl synthesis

The challenge to form atropisomeric biaryls can be divided into two areas. One is the
formation of the actual biaryl system and the second is to stereoselectively form one
atropisomer over the other. There are three fundamentally different strategies for the
atroposelective synthesis of axially chiral biaryls of the type 10 (Figure 1.6). The first
strategy is the resolution or desymmetrisation of an existing, yet stereochemically
undefined, biaryl 11.°7** A contrasting approach is the direct coupling of two aromatic
halves, 12 and 13, to form the biaryl axis stereoselectively, in a single step.”™* The
third approach is the construction of a chiral biaryl axis from non-aryl substituent

attached to an aromatic ring 14, usually with central-to-axial chirality transfer.**>*
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X Ry D
RES R P X
= X Z X
o —_— * «——— A 12
% Y
TN Ll N B
R R, Y
Z 11 10 R
& 13
resolution or .

C direct
desymmetrisation T L
of stereochemically T %tig)rp?gg{?ﬁm/e

not yet defined biaryls y ping
Coarit
aoyelie o configurationally labile
Ut biaryl axis
R1— » configurationally stable
Z 14 biaryl axis

atroposelective biaryl synthesis by
construction of an aromatic ring

Figure 1.6: Three strategies for the atroposelective synthesis of axially chiral biaryls.

1.2.1 Resolution or desymmetrisation of stereochemically undefined biaryl

compounds

The formation of an asymmetric biaryl can be approached via a two step synthesis in
which the biaryl axis is formed non-stereoselectively and a second step that establishes

the configuration of the biaryl axis.

1.2.1.1 Desymmetrisation of prochiral biaryls

A highly efficient, yet not widely versatile, method is the selective functionalisation of
one substituent of a rotationally stable, symmetric biaryl, e.g. Figure 1.7.°*°° The
ditriflate 15 is achiral, owing to the presence of two triflate groups on one aryl ring;
however the axis is rotationally stable. Reaction with selected Grignard reagents in the
presence of chiral Pd" catalyst [PdCL {(S)-alaphos}] 16 provided the atropisomers 17 in
high yield and enantioselectivity. The remaining triflate substituent can undergo further

cross-coupling.
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R' R'
R"MgBr
R O LiBr or Lil _ R O
TfOp N OTfy Ph Ph RN oTi
4
O N al O
e
15 Me !\1\ Cl (P)17
Me Me
16 (5 mol %)
R R R" Yield [%] ee [%]
benzo Ph 92 94
benzo mTol 90 95
benzo PhsSi———3S 88 92
Ph H Ph 80 94
Ph H PhSi——3S 88 99
Me H Ph 85 95
Me H PhSi———% g7 85

Figure 1.7: Desymmetrisation of rotationally stable, achiral biaryl ditriflate 15 via
Grignard cross-coupling reaction in the presence of catalytic [PdCl,{(S)-alaphos}] 16.

1.2.1.2 Resolution via chiral bridge formation

An alternative approach is the formation of a chiral bridge on a rotationally unstable

biaryl compound. The chiral bridge serves two purposes. First, the presence of a bridge

hinders rotation around the biaryl axis and second, the chirality of the bridge results in

the formation of diastereomers, in which one is more stable and therefore the

atropisomer is formed stereoselectively, e.g. Figure 1.8.”" This method is best utilised

when the bridge is part of the final target biaryl, otherwise further manipulation is

required to ensure atropisomerism is conserved upon removal of the chiral bridge.

Ph/VOO 0
® Spow O]
cocl

HO

o)

i cocl

18

NaH, toluene

> *| P

Ph

2 o]
0 40%

o 04y0 single

atropisomer
QRPN

OMe

(P)-20
Figure 1.8: Dynamic kinetic resolution of 2,2’-dibenzoyl dichloride 18 by a
glucopyranose-based scaffold.
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A rotationally labile biaryl compound can be locked into one conformation via chelation
with a metal centre. This can be achieved if the biaryl contains chiral auxiliaries which

58,59 -
~” or, more widely

must adopt a conformation which minimises steric effects,
investigated, if the metal is chirally modified by another ligand.®*®' The chiral
environment surrounding the chiral diamine (S,5)-22 results in the formation of one

atropisomer of the racemic bisphosphine ruthenium complex 21 (Figure 1.9).°%%

1. Ph,  Ph
S—s
C| Ar, H,N  NMe, O A R,
P (S,S5)-22 P, ¢! IN=$,Ph
0 RuCl, > *|P Ru
- 2. iPrOH, 50-80°C A INE
P P CI N S“Ph
Ar, 0.5-1h Ar; Me,
(P)-23
-21
rac initially: 0% de
Ar = xylyl after heating: 100% de

Figure 1.9: Resolution of racemic ruthenium complex 21 in the presence of diamine
(S,9)-22.

1.2.1.3 Stereoselective Cleavage of a Bridge

One of the most versatile and applicable methods for the stereoselective formation of
atropisomeric biaryls is the stereoselective cleavage of the configurationally unstable

38426465 pgll catalysed aryl-aryl coupling of bromoester 26

biaryl lactone (Figure 1.10).
provides configurationally unstable biaryl lactones 27. Cleavage of the lactone bridge
with chiral nucleophiles establishes the chirality of the rotationally stable biaryl
products 28.°*4*%*% An equilibrium exists between the two atropisomeric biaryl
lactones (P)- and (M)-27. This, combined with the reactivity of the chiral nucleophile

towards only one atropisomer, leads to the formation of only one atropisomeric biaryl.
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| X
R
=
Br
24 X configurationally stable,
OH  axially chiral biaryl
N
R'5—
=
25 28
fixati atroposelective
l pre-fixation lactone cleavage
R
% 0
Br >
N O non-stereoselective
II . .
R'G _ biaryl coupling
26 biaryl lactone 27
(configurationally unstable)

Figure 1.10: The principle of the lactone strategy.

The use of the ‘lactone method’ has been applied to the synthesis of many natural

38-42,64-73

products and chiral synthesis precursors. The atropodiastereoselective ring

opening of biaryl lactone (M)-29 with sodium (R)-menthoxide ((R)-31) as an oxygen
nucleophile gave ester 32 in good yield and diastereoselectivity (Figure 1.11).”*"
Almost complete configurational control was obtained via ring opening with the more
sterically demanding (R)-8-phenylmenthoxide ((R)-33), delivering the ester (M,R)-34
exclusively in 95% yield.”” A major advantage of the lactone method is its
atropodivergent nature, where both atropisomers can be obtained from the same, non-

atropisomeric precursor, by using enantiomeric nucleophiles for the ring opening.
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zjf fast atf

Me (M)-2 P)-30 Me

Ph
0L Na0 7oL e

Et,0 Et,0 R
(R)-31 0°C 0°C (R)-33
9@ SOUr:
0L Me RS T AR
* O * O R
HO i Me HO i Me
Me (M,R)-32: Me (M,R)-34:
95%, 86% de 95%, >99% de

Figure 1.11: Atroposelective ring opening of lactone 29, with chiral O nucleophiles.

1.2.2 Direct atroposelective biaryl coupling

The classical fundamental approach is the direct atroposelective biaryl coupling, in
which the chirality of the biaryl axis is determined simultaneously with biaryl axis

4345

formation. Depending upon the source of chirality, the resulting atropisomers may

form diastereomers or enantiomers (Figure 1.12). The diastereomeric strategies are:

1. The use of a chiral tether to link the two aryl precursors (35 > 10).7°®

2. The inclusion of a chiral auxiliary in the ortho position of one of the aromatic
precursors (12 + 36 > 10).
3. The presence of a removable chiral element, for example, the planar chiral ne-
chromium complexes 37 (9 + 37 > 10).
The enantiomeric strategies are:
1. The coupling of two arenes, in which one contains a chiral leaving group (38 +

39 > 10).%!

10
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2. Stoichiometric and catalytic oxidative dimerisations with metal based reagents
combined with chiral ligands (e.g. Cu.amine complexes) (40 + 41 > 10).
3. Catalytic ‘redox-neutral’ couplings (12 + 13 > 10, e.g. Suzuki reactions) in

which a chiral ligand is employed.

| X
R4—
diastereoselective Z X
biaryl couplings: A
12 i N
X B T
R v 2> x
= X
X R'1— A
A Z 9
B 36 B
Y chiral ortho substituent N Y
R =ML,

R'1—
P4
35

| ;
chiral tethx l %anar chirality

enantioselective
biaryl couplings:

chiral leaving group

ML,* redox-neutral
wiral transition metal]
ML, \
oxidant

| N | N
R o R _
X oxidative X
M A
38 R N 12
A* Py B
Y Y
X 40 i N
RI:_ X R ]
NI N
39 R 13
41

Figure 1.12: Strategies for the direct, atroposelective construction of biaryl axes.

11
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1.2.2.1 Diastereomeric biaryl formation

When the chiral inducing element of the biaryl coupling is a substituent of one of the
aryl precursors, the atropisomeric biaryl product is diastereomeric. The chiral source,

therefore, is used stoichiometrically. The two most versatile methods are discussed.
1.2.2.1.1 Chiral ortho substituents

The biaryl bond can be formed via a Grignard reaction. Through the work of

839294 an atropisomeric method has been realised via the inclusion of a chiral

Meyers
oxazoline moiety ortho to the site of biaryl bond formation (Figure 1.13). Ortho-
methoxy substituted bromide 42 is converted to the Grignard reagent, which upon
reaction with chiral ortho-methoxy(oxazolinyl) arene 43, forms biaryls (P,S)-44 or
(M,S)-44, dependant on the relative electron-donating ability of the ortho-substituent of
the aryl Grignard, R. Diminishing the chelating ability (e.g. R = CH,OTBS) results in
selective formation of the P atropisomer. Increasing the electron donating ability (e.g. R

= 1,3-dioxolane-2-yl) gives the M atropisomer.

12
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MeO R
Br
42
+ iPr
OMe N S
MeO IO
(S)-43
(M,S)-45
0
R —<j CH,0OMe CH,0Bn CH; CH,OTBS
0
Yield [%] 90 75 80 79 73
(P,S)-45:(M,S)-45  20:80  40:60  42:58 90110  93:7

=
electron donating ability of R

Figure 1.13: Synthesis of axially chiral biphenyls 45 by Sn2 Ar reaction of
oxazolinylbenzene (S)-43 and the influence of the electron-donating properties of the
ortho substituents R of the aryl Grignard reagent on the asymmetric induction.

The reaction is believed to proceed via an addition-elimination mechanism (Figure
1.14) and diastereoselectivity is determined at both steps.”””® Initially, a chelate
complex 46 is formed between the aryl Grignard reagent and the ortho-
methoxy(oxazolinyl) arene. The diastereomer 46B is favoured over 46A due to steric
interactions between the R substituent of the oxazoline moiety and the ortho substituent
of the aryl Grignard. Nucleophilic addition of 46B results in aza-enolates 47A or 47B. If
the chelating ability of R’ is greater than that of OMe, 47A is favoured, which leads to
biaryl 48A after elimination of Mg(OMe)Br. If the electron donating ability of R’ is
removed, then 47B is favoured, leading to biaryl 48B.

13
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Rlll
— Br o)
S I—$N3<H //I
MeO - Mg~ % R' OMe
, - R'~==y— O— H
R Z I OMe \M/g\M—f
eO0O - Mg R
N\ I
R™ Br
46A 46B

O— H - H
R R
_BMgoMe | T COMpeting chelation control | _gygome
chelation by R' by OMe

Figure 1.14: The stereochemical course of the Sy2 Ar reaction of aryl Grignard
reagents on chiral aryl oxazolines.

The major advantage of this method is the high diastereoselectivities of up to 98%.
Since the oxazoline is chiral, the biaryls formed are diastereomers and if present, the
minor isomer can be more easily separated. The presence of the oxazoline moiety can
be a useful functionality as a precursor to various synthetic products, such as
(—)-steganone” and (+)-schizandrin.”® This method, however, is limited in its ability to
tolerate a wide range of substitution patterns and sterically hindered substituents, with
certain requirements essential for diastereoselectivity. One of the substituents of the
incoming Grignard must be a methoxy group, for the most efficient coordination with

Mg”"; the other must not compete for chelation with this MeO; and purely chiral

14
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oxazolines are required - rendering the choice of stereochemistry of the resultant
atropisomer dependent on the availability of the functionalised aryl substrates, both
commercially and synthetically. Furthermore, the removal of the oxazoline and
functionalisation of the other substituents must be gentle enough to avoid racemisation

of the final biaryl axis.
1.2.2.1.2 Planar chirality

An alternative to chiral ortho substituents is the attachment of a chromium moiety,
developed by Uemura, giving the aryl precursor and subsequent biaryl product the
element of planar chirality. The presence of the chromium moiety directs the formation
of the biaryl bond. Pd-catalysed Suzuki coupling of boronic acid 49 and (racemic)
complex 50 delivered biaryl complexes syn-51 and anti-51 with excellent

#3979 The more sterically congested product

atropdiastereoselectivities (Figure 1.15).
syn-51 was generally formed, where the substituent R is directed toward the Cr(CO);
fragment (entries 1-3). If an ortho carbonyl group is present, the thermodynamically
more favoured atropdiastereomer anti-51 is formed (entries 4 and 5), probably due to
isomerisation at the biaryl axis under the reaction conditions, as a consequence of the
lower rotational barrier. The results are inconsistent however (entries 6 and 7). In
general, the electron-withdrawing Cr(CO); fragment must be located on the aryl halide

0 45,100
d.”

as it accelerates the oxidative addition to P The alternative coupling of an aryl

halide with a [Cr(CO);]-complexed aryl boronic acid resulted in poor coupling

yields.*'"! Extension of the method to di-ortho-substituted aryl boronic acids and 2-
substituted  1-naphthyl boronic acids led to diminished yields and
stereoselectivities. "%
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R
B(OH),
Pd(PPhs)
49 N3200334 R R
+
l;r MeOH/H,0 R OMe MeO_ / R’
R OMe -Cr(CO)s  (OC)sCrc I
"Cr(CO)3
syn-51 anti-51
50
Entry R R  Yield [%] syn-51:anti-51

1 Me Me 96 100:0

2 Me CH,OH 77 100:0

3 OMe Me 94 97:3

4 CHO Me 95 0:100

5 CHO CHO 43 0:100

6 OMe CHO 85 4:96

7 Me CHO 82 100:0

Figure 1.15: Highly atropdiastereoselective Suzuki cross-couplings of phenyl boronic
acids 49 with planar-chiral [(arene)Cr(CO);] 50 (all compounds racemic with respect to
planar chirality).

The initial formation of the thermodynamically less stable syn product is proposed to be
caused by steric repulsions in the two diastereomeric cis-diorganopalladium
intermediates 52A and 52B (Figure 1.16).”"® The chromium fragment is directed
towards the other arene moiety to avoid severe steric interactions with the bulky PPhs
ligands, but 52A is thermodynamically more favourable due to the weaker steric
repulsions between H and Ry relative to those between R and Ry in 52B. Reductive
elimination in 52A leads, under kinetic control, to the chromium biaryl complex syn-53
as the simultaneous rotation around the forming biaryl axis proceeds in a way that
minimises the steric interactions. The kinetic product can be converted to the

thermodynamically more favourable atropdiastercomer via heating in an aromatic

98,103,104 98,103,105,106 -

solvent, or via functionalisation of one of the ortho substituents, in

which rotation of the biaryl axis is allowed.
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R, H R._)( R
Ph)P/..  \P(Ph Ph)P/.. 2\ \P(Ph
( )3\,,?_@‘ \P(Ph) ( )3\';_P_d_g \P(Ph)s

’ ~ I , —~
/\ Rs R ’\RS H

Cr(CO); Cr(CO);

52A 52B

syn-53 anti-53

Figure 1.16: Stereochemical origin of the observed formation of thermodynamically
less favourable [(biaryl)Cr(CO)s;] complexes syn-53. The blue arrow indicates the
rotation that occurs upon biaryl-bond formation.

The major advantages of this method are the high yields and the excellent
stereoselectivities obtained in the aryl-aryl coupling step. The [Cr(CO)s] fragment can
be removed by photooxidative demetallation (4v, O,) with yields between 50 and 90%.
Besides the toxicity of the chromium compounds, the most problematic limitation is the
restricted and laborious access to the enantiomerically pure [(arylhalide)Cr(CO);]
complexes.'””'” The otherwise excellent coupling yields and diastereoselectivities
decrease with increasing steric hindrance at the coupling sites, thus hampering the

atroposelective synthesis of, for example, tetra-ortho-substituted biaryl compounds.

1.2.3 Enantioselective biaryl formation

Where the chiral element is present as either a leaving group or as a chiral ligand, the
resulting biaryl contains only the element of axial chirality, and as such forms two

possible atropenantiomers.
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1.2.3.1 Okxidative couplings in the presence of a chiral additive

The use of chiral amines as ligands for use in metal catalysed oxidative couplings to
form atropisomeric biaryls is widespread. Chiral C,-symmetric (S,S)-1,5-diazadecalin
ligands (S,S)-56 were used with catalytic Cu' in the presence of O, as the oxidant to
dimerise 2-naphthol derivatives 55 to give (M)-57 in good yields with up to 92% ee
(Figure 1.17).""“""" A coordinating substituent at C3 (carboxylic, phosphonate ester,
benzoyl) is crucial for attaining high atroposelectivities (c.f. coupling of 2-binaphthol
54). The stereochemical outcome is rationalised by bidentate coordination of the

substrate to the chiral amine-copper complex.''*!'"

For example, for the coupling of
substrate 55a, electron transfer should lead to the formation of the tetrahedral Cu'
complex 58, which carries a C-centred radical.''®""" The second substrate approaches
from the less-hindered top face to give 59 stereoselectively, leading to atropisomer (M)-

57a.

3
OH Cul (10 mol %)

R

s | OO

R (10 mol %) OH
aCL,

54, 55 10°C R

05, (CH,Cl)s,
(M)-3, (M)-57

Substrate Product R Yield [%] ee [%]
54 3 H 81 16 (@
55a 57a CO,Me 85 91
55b 57b CO,Bn 79 90
55¢ 57¢c COPh 88 89
55d 57d P(O)(OMe), 76 92

[a] The P-atropisomer was obtained.
B open face ] B H 0 ]

Meo) HN COzMe

=Oll,,6u/ I
2=0" "/ Meo® N
H)\- " : |F?: I“'CU\

; X NH
blocked face H X
58 - - 59 -

Figure 1.17: Cu' catalysed oxidative homo-coupling of 2-naphthols of type 55 in the
presence of chiral diamine (S,5)-57 and O..
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Other chiral ligand-metal complexes that have been used for the oxidative homo-
couplings of 2-naphthols include the Cu' complexes of chiral pyrrolidine 60,'">'"
ruthenium" complex (P,P)-61'" and oxovanadium'" complexes (M,S.S)-62 and (S.S)-63

(Figure 1.18).''%'%!

(M,S,S)-62 (S,S)-63

Figure 1.18: Chiral ligand-metal complexes used for the stereoselective homo-
couplings of 2-naphthol derivatives.

1.2.3.2 Redox-neutral couplings in the presence of a chiral additive

Redox-neutral biaryl couplings (e.g. Grignard and Suzuki reactions) are widely used in
the preparation of non-atropisomeric biaryl compounds. Extension to the synthesis of

hindered biaryl systems has been limited.
1.2.3.2.1 Atroposelective Grignard reactions

Axially chiral binaphthalenes (M)-68 and (M)-69 were obtained in excellent yields and
enantiopurities via the atropoenantioselective cross-coupling (Kumada coupling)'**'*?
of aryl halide 64 or 65 with aryl Grignard reagent 66 in the presence of < 5 mol % of
NiBr;, chirally modified with the ferrocenylphosphine (»S,5)-67b (Figure
1.19).'%12412% The methoxy group in the ligand (pS,5)-67b is crucial for good chirality

transfer (c.f. the use of (pS)-67a), proposed to function as a coordination site for the
19
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magnesium cation of the incoming Grignard reagent in the transmetallation step.'”
While high enantioselectivities were achieved via this method, application as a general
method is limited by the intolerance of several usual functional groups due to the use of

a Grignard reagent, and as such this method has not been developed further.

NiBr; (2-5 mol %)
ether/toluene
<-10°C

(pS)-67a: R"=H
R (pS,S)-67b: R" = OMe
Ph,P
(4-10 mol %) OO
> M+ R
! : Me

(M)-68, (M)-69

3

66 Substrate Product R Ligand* Yield [%] ee [%]

64 (M)-68 H  (-S)67a 81 1
64  (M)-68 H (5S,5)-67b 92 83
65  (M)-69 Me (5S,S)-67b 69 95

Figure 1.19: Nickel catalysed atropoenantioselective Kumada cross-coupling of 1-
bromonaphthalenes with the 2-methyl-1-naphthyl Grignard reagent 66 in the presence
of the chiral ferrocenylphosphine (S,5)-67b.

1.2.3.2.2 The Suzuki reaction

One of the most common methods of forming biaryl systems is the Suzuki cross-

126127 The aryl boronic acids or esters used as the nucleophilic arene

coupling reaction.
species are more stable and storable than Grignard reagents'*® and are therefore easier
to handle, and are tolerant of a wide range of other functional groups. The high
temperatures usually required to overcome steric hindrance at the reaction site has
hampered its application in asymmetric biaryl synthesis. Recent solutions to these

129-133 . . s
problems however, have triggered research towards asymmetric Suzuki cross-

couplings.

The Suzuki reaction involves the coupling of an arylboronic acid or ester 12 with an
aryl halide 13 in the presence of a palladium catalyst (Figure 1.20). The reduced
nucleophilicity of the boronic acid metalloid compared to the Grignard reagent results
in a reduced quantity of side reactions.’
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TN
A =B(OH), N B PA(0), L R
or 0 R I Y - . X
_§_B Z X + | N Y
R't— N
0 A = R'|_/
B = Halogen 12 13 10

Figure 1.20: The Suzuki reaction.

The use of the Suzuki reaction, widely used in non-stereoselective biaryl synthesis,

provides several benefits.

1. They proceed under relatively mild conditions; they are not restricted to a
specific substitution pattern.
2. They allow regioselective cross-coupling of two different aromatic moieties (in

contrast to the oxidative homocouplings previously discussed.)

The catalytic enantioselective version offers two additional advantages, providing a

nearly ideal method:

3. The target biaryls are accessible with all the substituents required already in
place, avoiding any subsequent modification (in contrast with the
diastereoselective couplings with a chiral auxiliary.)

4. Most importantly, a chirally modified transition metal is the carrier of
asymmetric information which is used catalytically — allowing highly

economical use of the chiral information.

Despite the advantages of this method, there has been, as yet, only limited research
activity in the field. Pd-based coupling reactions have generally been limited when the
Cipso carbon is sterically hindered by bulky ortho-substituents. These bulky groups tend
to block the approach of the aryl substrates to the metal binding site, requiring rigorous
reaction conditions. Resolvable atropisomers at room temperature may not be so at
higher temperatures since the barrier to rotation® may be reached thereby resulting in
racemisation.'”® This presents a two-fold problem when coupling sterically hindered
substrates via Suzuki conditions. Elevated temperatures are required to enhance the

coupling of such hindered substrates, but as a consequence, any atropisomeric biaryl
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formed may racemise’ thereby negating any attempt at stereoselectivity. Development
of the Suzuki reaction with the aim to provide conditions for successful coupling at
ambient temperature has been undertaken. This resulted in a thorough analysis of all
parts of the reaction. The strength and amount of base required for optimisation has
been examined.'*” Comparison of the form in which the substrates are added to the
reaction has also been studied. Aryl triflates have extensively been used** over aryl
bromides and the typically inactive aryl chlorides. The success and subsequent use of
the more available aryl chloride has increased due to the work of Buchwald."**'** The
development of the arylboronic acid component has resulted in the use of arylboronic

esters being used, with encouraging yields.'*

However, the success of the Suzuki coupling has increased substantially due to the
development of the ligand catalyst. Traditionally, triphenylphosphine has been used as
the ligand. When this ligand is used in sterically demanding couplings the chemical
yield is low, if successfully forming the coupling product at all. Buchwald and others

have developed a wider range of ligands for use in Suzuki couplings.

The catalytic cycle for the coupling of the two aryl systems with palladium involves
three primary steps; oxidative addition, transmetallation and reductive elimination
(Figure 1.21)."%°

Ar1_Ar2 PdO Ar1-X

(a) oxidative
addition

(c) reductive
elimination

I_
Pd-anl (Cartpdiar Ar'-Pdl-X
complex

e (b) trans- NaOH

B(OH), metallation

Na Ar'-Pd"-OH NaX

2_ ﬂ, 2_6
Arc—B(OH), Ar-—B(OH);

Figure 1.21: The catalytic cycle of palladium-based cross-coupling reactions.
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The first step (a) involves oxidative addition of the palladium catalyst to the aryl halide,
resulting in two of the coordination sites on palladium being occupied by the first aryl
substrate and a halide. This halide is replaced with a hydroxyl group, which in turn is
replaced by the second aryl group as it approaches the palladium centre in the
transmetallation step (b), generating a diaryl palladium species, as indicated in Figure
1.21. Reduction of the palladium in this complex (c) produces the biaryl compound, and

releases the palladium® catalyst to be reused in the next cycle.

The Suzuki reaction requires the presence of a base (Figure 1.21, (b))."**"** The
carbanion character of the organic group on the boron must be increased, as it is not
nucleophilic enough to transfer from the boron to the palladium, due to the strong
covalent character of the B-C bond. It does this by the formation of an organoborate

with a tetravalent boron atom.

Since the development of the use of ligands in these couplings, the scope of aryl
systems able to be coupled has expanded greatly, with the formation of tetra-ortho-
substituted biaryls possible.”’! This leads to the need for stereoselective control, of

which there are limited examples.

The catalytic system of the ferrocenylphosphine ligands (»S,5)-67 (6 mol %) with PdClI,
(3 mol %) was applied to the cross-coupling of 1-iodonaphthalene 70 and
2-methylnaphthalene-1-boronic acid 71 (Figure 1.22)."°*"3” The use of the methoxy
substituted ligand (pS,S)-67b gave the binaphthyl (M)-68 in good yield, but poor ee. The
use of the P,N-derivative (pS,5)-67¢ increased the enantioselectivity, but decreased the
yield. Suzuki coupling of the sterically more demanding aryl iodide 72 with the cyclic
boronic ester 73 delivered the tetra-ortho-substituted binaphthyl derivative (M)-69 with

good enantioselectivity (Figure 1.22).136’137
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(pS,S)-67b: R" = OMe
(pS,S)-67c: R" = NMe,

3

~
o

+
\J

<
*

o
o
=

\ PdCl, (3 mol %), Ba(OH), Me
DME/H,0, A @O

(M)-68

3

~
—

(pS,S)-67b: 74%, 14% ee
(pS,S)-67c: 44%, 63% ee

72 (5S,S)-67¢ (5 mol %) OO
PdCl, (2.5 mol %)

:

+ . wle Me
\ CsF,DME, 6d, A Me
o. .0

: 4@

Me (M)-69

o8

60%, 85% ee
73

Figure 1.22: Atropoenantioselective Suzuki couplings with the bidentate
ferrocenylphosphines (p5,5)-67 as the chiral ligands.

The use of aryl substituted ferrocenylmonophosphines (pR)-74 with Pd,(dba); under

Suzuki conditions provided (M)-69 with stereoselectivities of 43-54% (Figure 1.23).""

4@ =
Me PcyZ

(pR)-7
GSBF Q (5 mol %)
+
B(OH)2 szdba3 1 mol %
K4PO4, 60-75°C

Me
9% oo

71 (pR)-74: Ar Solvent  Yield [%] ee [%]
2-anisyl toluene/H50 62 43
1-naphthyl  toluene/H,0 65 54

9-phenanthryl ~ THF/H,0[@ 32 45

[a] No reaction occurred in toluene/H,0.

Figure 1.23: Asymmetric synthesis of the dinaphthalene (M)-69 in the presence of
planar chiral ferrocenyl monophosphine (pR)-74.
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The most successful asymmetric Suzuki couplings so far have been published by
Buchwald et al.'* Initial screening showed that Pd,(dba); and the electron rich biaryl
aminophosphine (P)-76 were the catalytic system of choice. Cross-coupling of the
naphthyl phosphonate 75 with several phenyl boronic acids 49 delivered the tri-ortho-
substituted axially chiral biaryls (+)-77 in excellent yields (up to 98%) with up to 92%
ee (Figure 1.24). The amount of Pd/(P)-76 (ratio 1.2:1) can be lowered to as little as 0.2

mol % without any decrease in optical purity.

(P)-76
(0.8-3.3 mol %)

Pd,(dba); (0.5-2 mol %)

K3POy, toluene, 60-80°C
R
ee [%]
Enty R OR' Yield[%] (rotation) L4

Me OEt 98 87 (+)
Et OEt 96 92 (+)
iPr OEt 89 85 (+)
Ph OEt 74 74 (+)
(+)
(+)

A WODN -

5 Me OMe 91 84
6% Me OMe 95 86 (+

[a] 0.1 mol % Pd,(dba); were used.

Figure 1.24: Selected examples of the asymmetric Suzuki cross-coupling of 75 with
different phenyl boronic acids 49 in the presence of the biaryl aminophosphine (P)-76.

The ligand 76 was not applied to the synthesis of tetra-ortho-substituted axially chiral
biaryls. The coupling reaction to form such hindered systems was performed using
biaryl mono-phosphine ligands in good yields, however no ee data was reported.'*® No
further development of these ligands for the stereoselective synthesis of axially chiral
biaryls has been reported in the last 7 years. Ligand 76 (and those used in Figures 1.22-
1.24) was encountered as the result of ligand screening studies, without a general ligand
design program. The lack of further development may perhaps be attributed to the

absence of such a ligand design program.
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Only recent improvements have allowed the application of the Suzuki reaction in
stereoselective biaryl synthesis, and there are, as yet, no standard procedures available.
Each new catalyst and substrate still requires time-consuming optimisation of the
particular reaction conditions, including; catalyst loading, base, solvent, choice of
substrate (boronic acids or esters, aryl bromides or iodides) and substitution patterns
(tetra-substituted or tri-substituted). For examples of the possible variations of reaction
conditions, see Figures 1.22-1.24. The stereoselectivities obtained thus far are not
sufficient for incorporation of this method into enantioselective syntheses. However, the
easy handling of the aryl precursors, the lack of dependence on particular substitution
patterns, the relatively mild reaction conditions and the catalytic nature of the reaction
with regard to the chiral ligands make the asymmetric Suzuki coupling an attractive

reaction strategy.

New, more effective ligands that deliver good and reliable chemical yields and optical
purities under standard conditions for a broad variety of substrates need to be designed.
The Suzuki cross-coupling could then become one of the most important methods for
atroposelective biaryl couplings. A new strategy for the development of such ligands
must be devised, which accommodates the requirements of sterically hindered

substrates. For this to occur, a ligand design program must be initiated.
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1.3 Project aims

Despite the lack of a general method for applying the Suzuki reaction to the
stereoselective synthesis of axially chiral biaryls and the limited success thus far, this
method presents the most potential for fulfilling the requirements of a general method.
The development of such a general method lies in the design of the chiral ligand

catalyst. Therefore, the aims of the project are;

1. To devise a design strategy for new ligands for use in the stereoselective

synthesis of sterically hindered systems, specifically, axially chiral biaryls.

2. To design new chiral ligand scaffolds for use in metal catalysed biaryl

couplings.

3. To develop an efficient stereoselective synthetic strategy which provides access

to the new target scaffold, and derivatives thereof.

4. To couple a range of hindered aryl groups under Suzuki conditions, to form
atropisomeric biaryls, using the new chiral ligand and derivatives, and to

ascertain the stereoselectivity of these reactions.
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CHAPTER 2
Ligand Design and Synthetic Strategy

The incorporation of a chiral ligand as part of catalytic stereoselective syntheses is well
documented.*'""** A plethora of chiral ligand-metal complexes have been developed

. . . . . 35,145
for use in catalytic enantioselective synthesis.”

The major advantages are the
economic use of the chiral ligand, catalyst recovery and proximity of the chiral
information to the reaction site. The chiral ligand itself is often laboriously obtained, so
use in catalytic quantities is desirable. The application of chiral ligands for use in
asymmetric Suzuki cross-coupling reactions for the synthesis of sterically hindered,
atropisomeric biaryl systems is not, as yet, general. In order to develop a ligand design

protocol, an understanding of the catalytic cycle of the Suzuki coupling is required.

Each of the palladium complexes formed throughout the catalytic cycle (see Figure
1.21) requires stabilisation, which is provided by the coordination of a ligand to the
unfilled sites on the palladium. The presence of phosphorous, nitrogen or arsenic donor
atoms in the ligand is necessary for coordination to the palladium. Either can be used,
although the P-Pd or As-Pd bond offers greater stability than the N-Pd bond."*® One of
the most common ligands used is triphenylphosphine, forming the complex
tetrakis(triphenylphosphine)palladium(0), Pd(PPhs)s. Variations on this phosphine
ligand have been developed to increase the electron donating ability of the P donor

147 .
The formation of a more

atom, to increase the stability of the ligand-Pd complex.
stable transition state results in a better yield of the biaryl system under milder
conditions.'*® Therefore, the development of better coordinating ligands has been a key

step in the broadening of the functional groups allowed on the aryl substrates.
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2.1 Ligand function

The importance of the Pd-ligand intermediate on yield can be utilised to enhance the
stereoselectivity of the atropisomer formed. The use of a bidentate ligand will
coordinate to two of the unfilled palladium sites, resulting in a more stable Pd-complex
intermediate. This will also leave two sites unoccupied with which the incoming aryl
substrates can coordinate. The use of a chiral bidentate ligand in this transition state
will result in a chiral environment surrounding the palladium, giving rise to the
possibility of a selective approach to the palladium coordination sphere by the

substrates (Figure 2.1).

Ar'-Pd-Ar? + L*

Figure 2.1: The ligand-Pd-substrate complex.

This will force the incoming aryl groups to coordinate into a specific orientation. The
use of non-chiral ligands, such as the commonly used PPh;, does not produce this
selective approach of the aryl substrates,'* required for the generation of axial chirality.
While the use of chiral ligands will, in principal, result in stereoselectivity, there is to
date no established set of requirements or conditions which control the stereochemistry
of the atropisomeric biaryl bond. Design and development of chiral ligands would

therefore improve the use of palladium-based reactions enormously.

2.2 Design of a chiral ligand for stereoselective atropisomeric
biaryl couplings
There are many chiral auxiliary ligands available, designed for a variety of different
types of reactions. Ligands such as BINAP, 8, and its analogues are commonly
used,”'*”""*" containing a large chiral backbone’ that induces the desired chiral twist''
at the metal binding site. Chiral ligands are often designed so as to have the effect of
blocking one approach for the incoming aryl substrates resulting in the desired
conformation of the product. By definition however, the asymmetric biaryl axis is

formed as a result of the restriction around the axis by the presence of bulky ortho

substituents. Difficulties arise therefore, since the bulky ligand not only blocks the
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approach of the aryl substrates into the undesired conformation, but it also stops the

formation of the desired atropisomer.

An alternate method of designing a chiral ligand is to utilise the helicity of the biaryl
axis. The axis of a rotationally hindered biaryl system can be viewed as having a helical
sense or a twist (Figure 2.2). In fact, the assignment of P and M stereochemistry to the

biaryl, as outlined in Section 1.1, is the same assignment given to helices.

Figure 2.2: The biaryl system illustrating helicity.

Therefore, helices can exist in two forms of handedness, depending on the direction of
the helical twist. The tongue-in-groove intermeshing of helices is a manifestation of
chiral discrimination, e.g. the helical axes of an intermeshing right- and left-handed
helix lie parallel to each other because the interactions occur in equal measure along the
entire length of each helix. Therefore, the most efficient way of building a rigid one-
handed helix (e.g. biaryl) would be to construct an intermeshing helix of the opposite
handedness as a guiding template. The resulting transfer of (inverted) chirality to the
new helix is of great significance in chemistry, e.g. it is seen in many products of
stereoselective chemical reactions performed on C,-chiral templates. As such,
atropisomeric biaryls should be ideally constructed using helix-sense selective

discrimination reactions.

This design principle can be incorporated into the formation of atropisomeric biaryls via
the use of Pd-based coupling reactions. The ‘guiding template’ would be the Pd-ligand
catalyst which will have the complementary helicity to that of the desired atropisomer.
The two aryl substrates will coordinate in a more stable conformation with the Pd-
ligand complex if the ortho substituents on each substrate are oriented to interact least

with the helical conformation of the Pd-ligand complex, thereby selectively forming one
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atropisomer over the other. To illustrate this, Figure 2.3(a) displays a biaryl inserted
into the groove of a helix. The larger ortho groups of the biaryl are directed outwards of
the helical groove. In order to fit into the groove, the smaller substituents are directed
inwards. The opposite atropisomer is unable to fit into the groove of the same helix
(Figure 2.3(b)), since both larger substituents are not able to point outwards without
clashing with the helix. As is shown by the red ring in Figure 2.3(b), there are
unfavourable interactions between these substituents with the helix. Therefore, the
atropisomer shown in Figure 2.3(a) will be selected if the intermediate adopted by the
Pd-ligand complex can be designed to have the conformation represented by the gold
helix. This helical-sense discrimination represents a new approach to the design of

chiral ligands for use in the stereoselective synthesis of axially chiral biaryls.

(a) (b)
complementary non-complementary
interaction interaction

P g
: {
— a - - 4

Steric interaction
between larger
ortho substituent
and helix

Smaller ortho
substituents
directed inwards

= Larger ortho
] substituents )
directed out of the

helical groove

o,

Figure 2.3: The interaction of enantiomeric atropisomers with the same helical
structure.

A ligand must therefore contain features that best transfers the helicity of the ligand to
the Pd-ligand complex. This can most effectively be achieved when the helical twist in
the ligand is in close proximity to the Pd-binding site. The Pd binds through the donor
atoms of the ligand, so the most obvious feature, aside from incorporating chirality into

the donor atoms, would be to place the chiral element of the ligand in close proximity to
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the donor atoms. The general principles for the design of such a Pd-ligand template are
shown in Figure 2.4.

Helical twist close to the binding site

) ; . Options for increasing
| 1 groove depth and pitch

* *",,/
X X
v
o C VS V- i
elteroatoms tied back

Figure 2.4: Template for the new ligand scaffold design.

If two stereogenic carbons are attached to one another, then the helical aspect of the first

152 Therefore, in

carbon is continued in the second, forming a more visible helical twist.
achieving this desired helical twist, two attached stereogenic carbons should be present,
and in order for this helicity to be in close proximity to the palladium coordination site,
the donor atoms should themselves be attached to either side of the two stereogenic

carbons.

The chiral ligand must not create any further steric crowding around the Pd-
coordination site, since the highly hindered aryl substrates already impose steric
demand on the Pd reaction site. Therefore, for the donor atoms to be best coordinated to
the palladium, there should be minimal steric hindrance surrounding the donor atom, so
the substituents of the donor atoms should be tied back. In principal, using a non-bulky
ligand would not block the approach of the aryl substrates to any of the unfilled

coordination sites.

The ligand design must be able to incorporate modifiable helical aspects depending on
the type of biaryl being synthesised, for example groove pitch or depth. A higher
pitched helix has a shorter distance between successive turns, or whorls (Figure 2.5,
(a)), whereas a lower pitched helix has a larger distance (Figure 2.5, (b)). It is predicted
that if the desired biaryl is highly pitched, then a ligand which has a similar pitch should
be used, to maximise the complementary interactions. Similarly, if the biaryl has a deep,
well-defined groove, then the ligand should have a groove of similar depth and width.
In order to examine this theory, a range of ligands must be modelled, designed and
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synthesised, and their effectiveness in the enantioselective formation of these biaryls
determined. More information must be gained on the environment surrounding the Pd in
the ligand-Pd-substrate intermediate; therefore a range of Pd-ligand systems must be
synthesised and trialled. Therefore, the ligand design program must incorporate a

scaffold which is easily derivatised and substituted, in order to trial a range of ligands.

Pitch of the helix <

determines this ol

distance between ' -

successive turns v

(whorls) of the helix _

2
.

(a) High pitch helix: (b) Low pitch helix:
shorter distance between larger distance between
turns turns

Figure 2.5: Helices of different pitches will be important in the design of ligands for a
range of biaryl systems.

The concepts outlined above would be realised by designing a chiral ligand that
incorporates the following features;

1. A defined helical twist in the ligand-palladium complex — to ensure that the
incoming substrates coordinate in the complimentary helix,

2. Bidentate — to create a rigid intermediate complex and ensure the helical twist is
around the reaction centre,

3. The donor atoms should be tied back in ring systems — to minimise steric
hindrance of the coordination sites and decrease ligand flexibility,

4. The helical twist should be in close proximity to the Pd binding site — to
maximise the effect of the twist on the Pd-ligand intermediate complex and
hence aryl-aryl coupling.
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The currently available ligands (pS,5)-67, (pR)-74 and (P)-76 do not contain all of these
design features. For example, the axially chiral aminophosphine (P)-76 does contain a
defined helical twist, however the substituents of the donor atoms are not tied back in

ring systems.

Three suitable ligands that fit these design principals are illustrated in Figure 2.6.

Helical twist close to the binding site

XI
4 g
XX X £ X
R R R R
78a 79a 80
X=N,P, As Donor atoms tied back Bidentate: two
in five membered rings heteroatoms

Figure 2.6: Features of target molecules as helical ligands.

This thesis will concentrate on the development of ligands 78 and 79. Possible
modifications of the target scaffold include;
1. Donor atoms — dinitrogen, diarsine, diphosphine and mixed versions of each.
2. Heteroatom substitution — where the size of the substituent is modified (e.g. R =
H, Me, Ph, Bn).
3. Further substitution around the stereogenic atoms (Figure 2.7, e.g. R> = Me) —
to enhance the helical twist.
4. Aromatic ring substitution (Figure 2.7, R” = Br) — to increase the depth or pitch
of the helical groove.
R R

X X

\

R

PR

Figure 2.7: Further possible modifications of the target scaffold.

Therefore, a synthetic strategy must be devised in which the target scaffold and its
derivatives can be accessed in both enantiomeric forms from simple starting materials

and reliable chemistry. Modifications such as aromatic ring substitution to form 79 must
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be possible from the established synthetic strategy. Application of the strategy towards
the dinitrogen, diarsine, diphosphine and mixed heteroatom versions thereof is
desirable. Due to the easier handling of such substrates, the dinitrogen ligands will be
synthesised initially, in order to establish the chemistry towards these C, symmetrical

ligands.

2.3 Synthetic strategy

2.3.1 Chiral diamines

Chiral diamines with C, symmetry have been widely used as chiral auxiliaries in
asymmetric transformations due to the bidentate chelating nature of the nitrogen donor

atoms, and the chiral environment created in close proximity to the metal reaction

3,141-144

centre. For example, chiral 2,2’-bispyrrolidines 81 and 82 have been used as

ligands for osmium tetroxide in asymmetric dihydroxylations (Figure 2.8).'>*'>

1.0s0y4, 81 0r 82, -78 °C OH
Et\/\Et 2.NaHSO3, aq THF -~ Et Et
N
R R
81 R = n-neohexyl 82% 96% ee
82 R = n-CsHy4 86% 92% ee

Figure 2.8: The use of chiral 2,2’-bispyrrolidines as chiral ligands in asymmetric
dihydroxylation reactions. 154,155

The published procedures for the synthesis of the 2,2’-bispyrrolidine scaffold were
examined to determine if any fulfilled our requirements of a synthetic strategy which
could be modified to provide all variations of the target scaffold (e.g. different

heteroatoms, mixed heteroatoms, fused aromatic systems).
2.3.2 Diastereomeric strategies towards the 2,2-bispyrrolidine scaffold

The first reported synthesis of 2,2 -bispyrrolidine 86'® included a two-step synthesis
(Figure 2.9) including condensation of pyrrole 83 with 2-pyrrolidinone 84 under the
action of phosphorous oxychloride which gave 85. Subsequent hydrogenation with

rhodium on alumina provided the diastereomeric mixture of (R,R)- and (S,S)-chiral and
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meso isomers of 86. Resolution with tartaric acid provided the enantiopure
bispyrrolidines. Repetition of this procedure however,'”’ found the hydrogenation step
sluggish, with a significantly diminished yield when the scale of the reaction was

increased, with reaction times of up to 30 days.

POCIl3, CICH,CH,CI Rh/Al,03, Hy
{/ \ & 0°Ctort 3h M MeOH/AcOH E\_{j
+ > | \ _ > §
N N~ O 47% N N 90% N N
H H H H H
83 84 85 (R,R)I(S,S)/meso-86

Figure 2.9: Reaction conditions for the synthesis of bispyrrolidine 86."°

An alternative approach to the diastereomeric mixture of 2,2’-bispyrrolidine 86 is the
photodimerisation of pyrrolidine 87 in the presence of trace mercury (Figure
2.10)."**1°715% After 10 days at reflux under irradiation, followed by resolution with

tartaric acid, the chiral bispyrrolidines (R,R)- and (S,5)-86 were isolated.

tartaric acid
O hv, trace mercury E\_{j resolution E\_(j Q_/j
S — | .
TN NN NN NN
|l| H H H H H H
87 (R,R)/(S,S)/meso-86 (R,R)-86 (S,S)-86

55% 48%

Figure 2.10: Reaction conditions for the photodimerisation of pyrrolidine to form
bispyrrolidine 86. The yields reported in the literature'**'*"*® are presumably based on
the maximum possible return of each enantiomer from the diastereomeric mixture.

A diastereomeric synthesis for the dicarbamate N,N-diBoc-2,2’-bispyrrolidine 92 was
developed following the formation of the dimer as a byproduct in the reaction between

159 The reaction

o-(N-carbamoyl)alkylcuprates with aromatic triflates (Figure 2.11).
with non-aromatic enol triflates e.g. 89 with Boc-pyrrolidine 88 proceeded smoothly
with yields of up to 93% (Figure 2.11, a). The same reaction conditions however, could
not be extended to aromatic triflates 91, with the major product being the homocoupled

bispyrrolidine 92, as a mixture of diastereomers (Figure 2.11, b).
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CO,Et
TfO y
1. s-BuLi, TMEDA, N\B EtO,C
L) THF, -78 °C O\ n
a) = N7 “Cu(L)Li 89 a4
| 2. CuX.2LiCl | B e—— | N-g
Boc (X =CN, 1, Cly Boc 93% Boc n
L=CN, I, Clor
88 a-(N-carbamoyl)alkyl 90

©:002Et

[\ ot () [
b) N\~ ~CuCNLi o

éOC

91
- NN N
Boc Boc Boc
83% <8%
(R,R)/(S,S)/mes0-92 93

Figure 2.11: Reaction conditions for the coupling of a-(N-carbamoyl)alkylcuprates
with a) enol triflates b) aromatic triflates.

This lead to an investigation into the oxidative homo-coupling of a-(N-carbamoyl)-

8. Depending on the source of Cu' (CuCN, Cul) and the oxidant (I,

alkylcuprates 8
Br,, NBS), the dimer 92 was formed in up to 98% yield, in ratios of chiral to meso
diastereomers near unity. The addition of (—)-sparteine provided the o-lithiocarbamate
94 scalemically, which subsequently provided the dimer 92 in enantiomerically

enriched form, dependant upon the source of copper (Table 2.1).

Table 2.1: Conditions for the copper-mediated oxidative homo-coupling of Boc-
protected pyrrolidine 88, to form a diastereomeric mixture of bispyrrolidine 92, in
enantiomerically enriched form.

1. CuX.2LiCl (0.5 eq)

s-BulLi, (-)-sparteine, -78 °C, THF
> —_— >

\ \ .
Boc Boc Boc Boc

(R,R)/(S,S)/meso
88 94 92

CuX yield (%) ee (%)

1 CuCN 60 0
2 Cul 67 8
3 CuBr 50 30

“Yield of chiral and meso diastereomers.
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2.3.3 Enantiospecific strategies towards the 2,2 -bispyrrolidine scaffold

Currently available efficient strategies towards the enantiomeric synthesis of chiral 2,2-
bispyrrolidine rely upon chemical manipulation of enantiomerically pure starting
materials which provides the bispyrrolidine in high enantiopurity. The disadvantage of
such methods is the stoichiometric use of the chiral source, and in the case of the
synthetic procedure from chiral amine 95 (Figure 2.12) the chiral element is removed at
the end. Despite these disadvantages, this method provided (R,R)-2,2’-bispyrrolidine
86a in high yield and high enantiopurity.'*' Chiral amine 95 is converted to diamine 96
via reaction with oxalaldehyde, with subsequent allylation occurring
diastereoselectively to  form  N,N-bis[(S)-1-phenylethyl]-(R,R)-4,5-diamino-1,7-
octadiene 97.'°"'® Double hydroboration gave 98 which cyclised to bispyrrolidine 99
upon addition of mesyl chloride in the presence of triethylamine. Debenzylation using
Pearlmann’s catalyst and ammonium formate as a hydrogen source, gave the desired
(R,R)-bispyrrolidine 86a in high enantiopurity (>99% ee). The same procedure was not

reported for the synthesis of the enantiomeric bispyrrolidine.

o\ \ /
CH CHy AN ZnBr ‘- Hay
oou © NH HN
Hp_MgSOs _THF,-78°C_
d d
95
HO— OH
.\\CH3
1.9-BBN, THF
_2.NaOH, H,0, 3 MsCl, Et;N, DCM EN)_(j
. NH HN o .
o 96% N
HaC"
98 99

HCO,NHy, Pd(OH),/C

EtOH, A _ E\—G
65%, >99% ee N

N N
H H
(R,R)-86a

Figure 2.12: Total synthesis of (R,R)-bispyrrolidine 86a from chiral amine 95.
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In an alternate procedure, the enantiomerically pure bispyrrolidines (S,S)- and (R,R)-86
were obtained from D- and L-tartaric acid 100 (Figure 2.13).'°*'®® p-Tartaric is
converted to the protected diol 102, with subsequent triflation providing an appropriate
leaving group for the chain-elongation step via reaction with the tert-butyl acetate
anion, to form the diester 104. Reduction with lithium aluminium hydride provides the
diol 105. The terminal hydroxy groups were benzyl-protected, and the internal diol was
revealed via deprotection under acidic conditions, which were converted to good
leaving groups via mesylation. Displacement of the mesylate groups with the azide
anion N3 under SN2 conditions provided chiral diazido 108b, with inversion of
stereochemistry. The corresponding Boc-protected amine 109b was obtained via
reduction of the azido groups under a hydrogen atmosphere in the presence of Pd on
carbon, and subsequent Boc-protection using Boc anhydride. The terminal hydroxy
functionalities were deprotected and mesylated, to provide good leaving groups for the
subsequent cyclisation to form Boc-protected 2,2-bispyrrolidine (S,5)-92b in
enantiopure form. Removal of the Boc-groups yields the bispyrrolidine (S,S5)-86b.
Repetition of the entire sequence from L-tartaric acid provides the enantiomeric

bispyrrolidine (R,R)-86a.
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110b 92b 86b
Figure 2.13: Total synthesis of (S,S)-bispyrrolidine 86b, from D-tartaric acid.'**'°

Attempts to synthesise bispyrrolidine 86 via this procedure in our laboratories were
unsuccessful.'®® The LDA reaction with fert-butyl acetate to provide the corresponding
anion for subsequent nucleophilic attack on the ditriflate 103 was unreliable. A success
rate of 6% was achieved after 55 attempts. The best results were achieved when the
ditriflate 103 was purified via neutral alumina gel column chromatography rather than

the slightly acidic silica gel column chromatography reported.
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2.3.4 Synthesis of 2,2 -bisindoline

The second target scaffold is chiral 2,2’-bisindoline 112, which to date has not been
used as a chiral ligand. There are no reported enantioselective syntheses to the
bisindoline, with only one procedure reported for the formation of a diastereomeric
mixture, although the ratios were not reported (Figure 2.14)."°” The bisindoline 112
was formed via a radical dimerisation of indoline 111, in the presence of di-fert-butyl
peroxide (20 mol %), in 72% yield. Inspection of the reaction mechanism however,
reveals that the rBuO® radical is required in stoichiometric quantities to indoline;
therefore 50 mol % of di-fert-butyl peroxide should be used. This leads to doubt over
the yield of 72% reported.

20 mol % tBuOOBu

2x 3 - &
72% N N

N
H H H
111 (S,S)(R,R)Imeso-112

Figure 2.14: Dimerisation of indoline 111 to form bisindoline 112.

2.4 Proposed enantioselective synthesis of chiral 2,2’-bis-
pyrrolidine and 2,2’-bisindoline

We required a synthetic approach that would satisfy the following criteria:

1. Access to both enantiomers of C, symmetric 2,2’-bispyrrolidine 86 from a
cheap, achiral starting material.

2. The formation of the stereogenic carbons via a catalytic method.

3. Flexibility of the established procedure to incorporate pyrrolidine ring
substitution including the fused aromatic ring system 2,2’-bisindoline 111.

4. Modification to incorporate alternate heteroatoms to synthesise the diarsine and

diphosphine analogues, and the mixed heteroatom systems.

Other than the problems associated with repetition of the procedure experienced in our
laboratories, the major disadvantage of the reported synthesis from D- or L-tartaric acid
is that the stereogenic carbons in the final product are defined from the use of
enantiomerically pure starting material. The entire procedure must be repeated with the

alternate enantiomer, to achieve the enantiomeric bispyrrolidine 86. Despite the
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unreliable nature of the preliminary steps of the reported synthesis the chemical
manipulations used to complete the synthesis are well known, widely used and high
yielding. Therefore, the synthesis proposed for this study would combine modern
techniques to establish the chirality of the molecule with subsequent adaptation of the

published methodology to complete the synthesis.

The proposed synthesis of chiral (S,S)- and (R,R)-2,2’-bispyrrolidine 86 is summarised
in Figure 2.15. The cheap and readily available 4-penten-1-ol 113 would be protected
and dimerised via an olefin metathesis reaction using Grubbs 1* or 2" generation
catalyst to form the trans octene 115. Subsequent asymmetric dihydroxylation (AD)
under Sharpless conditions would yield stereoselectively either enantiomeric chiral diol
123, which can be converted to the bispyrrolidine 86 via known methodology.'®* The
hydroxy groups are converted to a good leaving group via mesylation, and Sy2
displacement with azide forms the diazido compound 117. The diazido compound is
reduced to the amine, followed by Boc-protection. The terminal hydroxyl groups are
deprotected and converted to the mesylate leaving group for the final cyclisation step to
form the Boc-protected bispyrrolidine 92. N-Deprotection would yield the desired
ligand 86, which can be further functionalised and complexed with palladium or copper

for biaryl coupling trials.
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Figure 2.15: The proposed synthesis of the chiral bispyrrolidine ligand 86.

The key steps are the reliable metathesis and asymmetric dihydroxylation reactions.
The thermodynamically favourable trans alkene is formed in the intermolecular self-
metathesis (SM) reaction. The two stereogenic carbons can be formed selectively via
the ubiquitously used Sharpless asymmetric dihydroxylation (AD). Two preformed AD
mixes (o and ) are commercially available, with each one yielding enantiomeric forms
of the diol, which in turn will provide the enantiomeric forms of the bispyrrolidine

ligand.

The introduction of the heteroatom occurs via an Sy2 mechanism, which conserves the
enantiomeric purity obtained from the AD reaction. The incorporation of the heteroatom
is part way through the synthesis. Other nucleophiles (e.g. As or P) can potentially be
introduced to obtain alternative ligands, for example the arsine and phosphine

analogues.

One of the advantages of the synthetic route to the bispyrrolidine scaffold is the ability
to alter the substituents on the pyrrolidine rings, by selecting the appropriate substrate

for the metathesis dimerisation. For example, to synthesise the fused ring bisindoline
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system 112 (Figure 2.16), the synthesis could be performed via the self-metathesis of
protected 2-allylphenol 121, to form the homodimer 122. Subsequent asymmetric
dihydroxylation (AD) under Sharpless conditions would yield the chiral diol 123. The
nitrogen heteroatom would be introduced in an analogous method to that of the
bispyrrolidine synthesis, to form the diazido compound 124. With the Boc-protected
derivative 125 in hand, the protected phenolic OH could be converted to the triflate 126,

19819 yielding the cyclised bisindoline 127. Deprotection

with subsequent amination
would provide the chiral 2,2-bisindoline 112. The similarity in chemistry to the
established bispyrrolidine 92 synthesis would render this a suitably efficient synthesis.
This would represent the first stereoselective synthesis of chiral (S,S)- or (R,R)-2,2’-

bisindoline 112.

@/\/ protectlon ©/\/ MetatheSIS W Shar less AD |
122

i) mesylation OoP i) reduction OoP
|| ) azidation ii) N-protection
22 z02
N5 NHBoc
124 125
OTf
i) O-deprotection [Pd] .
ii) O-triflation 77, cyclisation O 3 O depro’tﬂ> 112
NHBoc NN
Boc Boc
126 127

Figure 2.16: Proposed synthesis of 2,2’-bisindoline 112.
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CHAPTER 3
The Synthesis of Chiral
2,2’-Bispyrrolidine

The first target was 2,2’-bispyrrolidine 86 for which the strategy is outlined in Figure
2.15, where P = Bn.

3.1 Protection of 4-penten-1-ol

One of the advantages of the first key step of the synthesis, the metathesis reaction, is
high functional group tolerance. There is conflicting evidence however, of metathesis

170-172 This, combined with the

reactions where a free hydroxy group is present.
intolerance of free hydroxy groups to subsequent reaction steps, lead to the necessity of
O-protection as the first step. The choice of protecting group was limited to those that
would be stable to the basic conditions of the AD reaction, stable to the reductive
conditions of the azidation, and could be selectively removed in preference to the
nitrogen protecting group. A simple benzyl ether fulfils such criteria and additionally

provides a UV active marker, contributing to reaction monitoring and product

purification.

Therefore, benzyl protection of 4-penten-1-ol 113 (Scheme 3.1) was achieved by
deprotonation of the alcohol using NaH, followed by addition of benzyl bromide, in a
typical SN2 reaction. The converse reaction, in which benzyl alcohol is deprotonated
and reacted with 5-bromo-1-pentene, was also successful, however yields not greater

than 60% were obtained.
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Scheme 3.1: Benzyl protection of 4-penten-1-ol 113.

i) NaH, THF, 0 °C, 30 min
ii) BnBr, 0 °C to RT, 23 h AN F
Ho N NF P oo ~ BnO 7
99%
113 128

The 'H NMR spectrum of 128 showed a peak at 4.50 ppm of integral 2H assigned to the
benzylic CH; protons and a multiplet of integral SH in the aromatic region, assigned to
the monosubstituted benzene ring, which was a recurring marker throughout the
synthesis. Three sets of peaks at 4.93-4.98, 4.99-5.05 and 5.82 ppm were present in the
'H NMR spectrum, assigned to Hyz, Hz and H,, characteristic of a terminal alkene.
Although a characteristic splitting pattern for allylic systems, the peaks are generally
reported as multiplets without any reference to coupling constants. Owing to the high
use of such systems in this thesis, the peaks assigned to the allylic protons are described

in greater detail.

The sp® hybridised methine proton H, exhibits three sets of coupling, giving a ddt

splitting pattern (Figure 3.1), which result in a characteristic set of peaks in the 'H

NMR spectrum.
Ha
HB HB HE
BnO ZSH,
Ha

JAE: 16.8 Hz

JAZ: 10.2 Hz

‘]AB:6'6 Hz

Figui“e 3.1: Tree-diagram showing the splitting pattern of the sp” hybridised methine
proton characteristic of mono-substituted terminal alkenes, and the resultant peak in the
'H NMR spectrum, at 5.82 ppm.
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The coupling experienced by the two terminal protons Hg and Hy also gives rise to a
characteristic set of peaks in the '"H NMR. The proton Hg frans to the methine proton
H,4 exhibits a larger coupling constant (16.9 Hz) than the corresponding cis coupling
(10.2 Hz) (Figure 3.2) allowing the assignment of Hyp to the multiplet further
downfield. Analysis of the gHSQC NMR spectrum confirms the assignment of these
protons to the two terminal protons, since both sets of peaks show a correlation to a

single carbon.

Hg_ Hg He He

BnO 2,

Hz
Ha
J4e=16.8 Hz m J4z=10.2 Hz

Figure 3.2: Tree diagram showing the splitting observed between the methine proton
and the two terminal protons, with both £ and Z coupling constants, and the resultant
peaks in the '"H NMR spectrum.

3.2 Metathesis of protected 4-penten-1-ol (Key Step 1)

With the pentenol suitably protected, dimerisation to the protected 4-octenol 129 could
be attempted. Therefore, Grubbs 1% generation catalyst was added to a solution of
protected alkene 128 in DCM under a N,(g) atmosphere, and the reaction mixture was
heated at reflux for 5 hours (Scheme 3.2). The solvent was removed in vacuo and the
crude mixture was adsorbed onto silica gel. Subsequent column chromatography gave

129 in 75% yield, and the metathesis side product 130 in 5% yield.
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Scheme 3.2: The self-metathesis of protected pentenol 128 to form the homo-dimerised
product 129 and the cross-metathesis by-product 130, with evolution of ethene gas.
Selected chemical shifts are quoted in ppm.

1 3 5 DCM, A, 5h 1 3 ! 35
) ) o /\/\/\
2x BnOW > Bno/\z/\%f Ph \2 <" 0Bn
5.82 \, 540 6.20
HZC:CHz(g)
128 129 75% (E:Z 4:1) 130 5%

The multiplet at 5.38-5.41 ppm in the "H NMR spectrum of the dimer 129 was assigned
to the methine H4 proton, shifted upfield from 5.82 ppm in the '"H NMR of the starting
material 128. The peaks assigned to the terminal CH, protons H5 and the corresponding
carbon C5 in the NMR spectra of the monomer 128 were absent from that of the dimer
129. The peak at 130.0 ppm in the C NMR of the dimer 129 was assigned to the
methine carbon C4. The simplicity of both the 'H and *C NMR spectra supported the
formation of a symmetrical molecule. Further evidence was provided by CI-MS, which

contained a peak at m/z 325 assigned to the M+H ion.

Inspection of both the 'H and *C NMR spectra highlighted the presence of both
geometric isomers, in a ratio of 5:1, determined by integration of the peaks at 2.10-3.04
ppm corresponding to the methylene protons H3 adjacent to the double bond, which
partially resolved. "H NMR analysis could not identify which isomer was in excess, due
to the overlapping of peaks assigned to the methine protons H4 from each isomer,
although it was assumed that the thermodynamically more stable frans geometry would
be favoured. Analysis of TLC using a range of solvent systems could not resolve the
two isomers. Owing to the large number of alkenes as mixtures of geometric isomers
synthesised in this thesis, a definitive method for the identification of the cis and trans
isomers was required. This was achieved via ?C NMR analysis. The chemical shifts of
methylene carbons adjacent to the double bond in cis and frans isomers of disubstituted

317 Application of this phenomenon to 129 shows that the C3

alkenes are different.
carbon in the cis isomer is slightly shielded relative to C3 in the trans isomer, due to the
v effect from the protons H3 on the alternate side of the double bond, and therefore is
shifted further upfield (Figure 3.3). Therefore, the peak at 23.7 ppm in the °C NMR
spectrum is assigned to C3 of the cis isomer; the peak at 29.0 ppm is assigned to C3 of

the trans isomer. Subsequently, the assignment of H3 of the cis and trans isomers was
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determined through gHSQC C-'H correlations. Hence, the ratio of trans:cis isomers

was determined.

130.0
037 Ma o H 1208 29-°w H '\4H’ H
Wé ) BnO AN OBn
BnO H-H*H'H OBn HH' H

Figure 3.3: °C NMR chemical shifts (in ppm) exhibited by the methine C4 and
adjacent methylene carbons C3 in the cis and frans isomers of 129.

The "H NMR spectrum of pentene 130 (Scheme 3.2) showed a doublet at 6.38 ppm of
integration 1H, with a coupling constant of 15.8 Hz, assigned to the vinylic proton H1.
A peak at 6.20 ppm of integration 1H exhibited a coupling constant of 15.8 Hz, and was
assigned to the H2 proton. This substitution pattern and coupling constants are typical
of a frans vinylic aromatic system.'” A singlet at 4.51 ppm of integration 2H was
assigned to the benzylic protons and a peak at 2.31 was assigned to the H3 protons,
adjacent to the double bond. A peak at 3.48 ppm was assigned to the H5 protons,
adjacent to the ether oxygen, and a multiplet at 1.75-1.84 ppm was assigned to the H4

protons.

Alkene metathesis, or redistribution of carbon-carbon double bonds, has become a
viable and widely used method in organic synthesis, due mainly to the commercial
availability of highly active, yet air and moisture stable catalysts, such as Grubbs 1* 131
and 2" 132 generation ruthenium catalysts (Figure 3.4), replacing molybdenum ligands
which require inert atmospheres and rigorously purified, dried and degassed solvents
and reagents.'’® These ligands show a high functional group tolerance, including
alcohols, acids, aldehydes, ketones, esters and amides, resulting from the higher
reactivity of ruthenium to the alkene double bond.'”® The most commonly used types of
metathesis reactions include ring closing metathesis (RCM) and ring opening metathesis
polymerisation (ROMP). The use of the intermolecular metathesis reactions, such as
cross-metathesis (CM) and self-metathesis (SM) is less common, as general reaction
conditions giving high yield and good trans/cis selectivity have yet to be

170,172,177
developed. ™ '~
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Figure 3.4: Structure of the ubiquitously used Grubbs 1% 131 and 2™ 132 generation
catalysts.

The metathesis reaction involves a series of reversible [2+2] cycloadditions and
cycloreversion steps, resulting in a complex set of intermediates in equilibrium. The
self-metathesis reaction mechanism for terminal alkene 128 is outlined in Figure 3.5.
The first step of the cycle [not drawn] is the dissociation of PCys.'” This yields the
active form of the catalyst G* that can coordinate to the alkene to form either of the
isomeric forms of the corresponding ruthenacyclobutane intermediate 133 or 138. The
1someric conformation (133 or 138) determines at which point the primary catalytic
cycle is entered. The cis isomer 133 leads to Entry Pathway 1, in which by-product
130 is released, and the highly activated carbene complex 134 is formed. Subsequent
[2+2] addition of the terminal alkene 128 provides ruthenacyclobutane 136, which upon
release of ethene gas gives the new carbene complex 137. [2+2] Cycloaddition of a
second molecule of terminal alkene 128 provides the ‘dimeric’ ruthenacyclobutane 135,
which upon reverse cycloaddition releases the desired dimer 129 and the active carbene
complex 134. The formation of the trans ruthenacyclobutane isomer 138 enters the
catalytic cycle via Entry Pathway 2, through the release of styrene. The equilibrium of
the catalytic cycle is shifted towards the formation of the homodimer 129 by the

evolution of ethene gas.

Mono and disubstituted terminal alkenes undergo SM readily, due to the high reactivity
of the ruthenium-carbene complexes. Sterically encumbered substrates cannot undergo

SM, but can undergo cross-metathesis (CM) with simpler terminal alkenes.

The initiation step — the dissociation of the PCy; ligand to form the active form of the
catalyst — is dependent upon the solvent. The rate is increased by 30% by using DCM as
the solvent instead of toluene.'”" Therefore, all metathesis reactions were performed in

halogenated solvents.
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Figure 3.5: The catalytic cycle of the self-metathesis reaction of 128, showing the entry
pathways of the activated Grubbs catalyst G*, into the catalytic cycle. Ligands of the
Ru complexes are omitted for clarity.
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In an effort to optimise the £:Z ratio, a series of reaction conditions were trialled (Table

3.1).

Table 3.1: Optimisation of the self-metathesis of 128 to form the dimer 129. Reactions
are performed in DCM at 40 °C, with 5 mol % Grubbs 1 catalyst, under a Nx(g)

atmosphere.
5 mol % Grubbs 1

DCM, A
2x Bno" >N \ > Bno/\/\%
128 129

H,C=CHj (g)
Reaction 129 yield (%)° EZ
time (h)
1 45 58 4.4:1
2 28 68 n.m.’
3 24 79 4.5:1
4 17 72 n.m.?
5 7 85 3.7:1
6 5 75 4:1
7 28° 74 4:1

“Isolated yield. “Determined by "H NMR. “3.5 mol % Grubbs 1 catalyst was used. “Not
measured.

An increase in reaction time resulted in a slight increase of the trans:cis ratio of 129
(entry 1 vs. 5). Although an increase in reaction temperature would intuitively increase
the amount of the more thermodynamically stable isomer, it is known that Grubbs 1 is
intolerant to temperatures of higher than 50 °C, and as such an increase in temperature
was not trialled as a method for increasing the ratio of geometric isomers. Studies into
the decomposition rate of the catalyst'’' has shown that monitoring the #rans:cis ratio of
the self-metathesis product is an indication of the rate of catalyst decomposition, since
as long as the catalyst is active the more sterically accessible cis product will be
converted to the frans product. As can be seen from the table, the trans:cis ratio did not

substantially increase with time, indicating that the catalyst had decomposed.

Interestingly, the chemical yield significantly decreased with time (entries 1 and 2 vs. 5
and 6), resulting from the formation of unwanted secondary metathesis products, such

as the CM between either the monomer 128 or the dimer 129 with the styrene from the
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Grubbs catalyst, to form 130 (Figure 3.5). Since only 5 mol % of catalyst was used, the
maximum amount of styrene available for this side product to form was 5 mol %.
Documented side products from the metathesis reaction include double bond

: - 171,172,179,180
migration. TLTZAT,

Many other unidentified side products were obtained. Although
not characterised, 'H NMR analysis showed many peaks, indicating the formation of
unsymmetrical side products. A decrease in catalyst loading (entry 7) gave the same
chemical and stereochemical result as the reaction with 5 mol % catalyst for a shorter

time.

The mixture of geometric isomers was taken through to the next step of the reaction
sequence, with the anticipation that separation of isomers could be easier upon

functionalisation of the double bond.

3.3 Sharpless asymmetric dihydroxylation (Key Step 2)

The dihydroxylation of olefins by osmium tetroxide is widely accepted as one of the
most versatile methods for functionalisation of organic molecules.'® The development
of a catalytic and asymmetric methodology by Sharpless and coworkers has lead to the
efficient and reliable synthesis of chiral 1,2-diols.” The extensive work on the Sharpless
asymmetric dihydroxylation (AD) has produced a protocol using two commercially
available premixes, AD mix o and 3, which both contain K;OsO»(OH)s as a non-
volatile source of OsOs, K;3Fe(CN)s/K,CO; as the stoichiometric reoxidant and a
biscinchona alkaloid moiety as the chiral ligand, (DHQ),PHAL (o) and (DHQD),PHAL
(B). The biscinchona alkaloid moieties consist of two dihydroquinoline (DHQ) or the
diastereomeric dihydroquinidine (DHQD) based subunits, separated by a phthalazine
linker (PHAL). The Sharpless protocol is performed under biphasic conditions
(tBuOH/H,0), with the addition of methanesulfonamide for more sterically demanding
substrates, e.g. 1,2-disubstituted alkenes, to increase the hydrolysis of the osmate (VI)
ester and therefore, increasing the catalytic turnover. Despite the mechanistic
uncertainties, under these standard conditions, the stereochemistry of the resultant chiral

diol can be predicted using a reliable mnemonic, as depicted in Figure 3.6.
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OH
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OH
(S,S)-107a
OH
AD mix 2
OH
(R,R)-107b
AD mix « HO ' OH
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BnO : OBn
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Figure 3.6: Predicted outcome of the Sharpless asymmetric dihydroxylation of alkene
129 using either AD mix o or AD mix .

The OsO4 bound DHQ based ligand, present in AD mix o, will bind to the #rans olefin
129 from the top face as drawn, resulting in the (S,5)-107a diol. The use of AD mix 3
will result in the enantiomeric diol (R,R)-107b diol, via dihydroxylation of the bottom
enantioface. Due to its symmetrical nature, the dihydroxylation of the cis alkene from

either face will result in the optically inactive meso-107 diastereomer.

Therefore, a mixture of alkene 129 (E:Z, 4.4:1) was reacted under Sharpless AD
conditions, using AD mix o and methanesulfonamide in a 1:1 mixture of /BuOH and
water, for 24 hours (Scheme 3.3). The reaction was quenched with sodium sulfite, and
following a workup of 2M KOH (to remove the methanesulfonamide),’ and sat. NaCl,
the crude oil was subjected to gravity silica gel column chromatography to yield the
(8,5)-diol as a mixture of chiral and meso diastereomers (4.9:1), in overall 86% yield
and 80% ee.” The optical rotation of a 3.4:1 chiral:meso diastereomeric mixture was

—13.8° (¢ 0.08, CHC]l;). The presence of the optically inactive meso isomer decreases

T Enantiomeric excess was determined via chiral HPLC analysis. The areas of peaks assigned to the (S,S)-
and (R,R)-diols were compared, i.e. disregarding the peak assigned to the meso-diol. This is discussed in
detail in Section 3.3.1.

56



Chapter 3 Synthesis of Chiral 2,2’-Bispyrrolidine

the rotation obtained from the mixture, and hence cannot confirm the ee by comparison
with the literature.'® It does however confirm the formation of the (S,S) enantiomer,

which has a negative optical rotation.

Scheme 3.3: Asymmetric dihydroxylation under Sharpless conditions of the 4-octene
129 to form the chiral diol (S,S)-107a.

1.50;1.66
AD mix o 3|f‘| I?:T
207 methanesulfonamide 4 <

W 11 B0 2, B OW

> n .
BnO ) 86%, 80 ee 2 5’2
2 4 HO H

5.40 3.40

129 (S,9)-107a

The multiplet assigned to the vinylic protons H4 at 5.38-5.41 ppm in the 'H NMR and
the peak at 130.0 ppm assigned to the corresponding carbon C4 in the >C NMR of the
alkene 129 had shifted upfield to 3.40 ppm and 74.1 ppm respectively, indicating a
change in hybridisation from sp” to sp’. A broad singlet with a relative integration of 2H
in the '"H NMR at 3.07 ppm was assigned to the two hydroxy substituents. The
relatively simple spectra obtained confirmed the retention of symmetry. The formation
of stereogenic atoms was clear from the appearance of two sets of peaks in the 'H NMR
at 1.44-1.56 and 1.60-1.73 ppm, which correlated to a single carbon peak at 30.8 ppm in
the *C NMR. This occurrence is characteristic of diastereotopic protons adjacent to a

stereogenic carbon.

Similarly, alkene 129 (E:Z, 4:1) was reacted with the alternate chiral ligand in AD mix
B to yield the enantiomeric diol (R,R)-107b in 80% yield, as a mixture of chiral:meso
diastereomers (4:1), with an ee of 98% (Scheme 3.4). As expected, the spectral
properties of the enantiomer were identical to that of (S,5)-107a. The fact that the
chiral:meso ratio was identical to the E:Z ratio of the starting alkene 129 indicates a lack
of preference for the trans or cis isomer in the active site of the AD reaction, with this

particular system.
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Scheme 3.4: Asymmetric dihydroxylation under Sharpless conditions of the 4-octene
129 to form the chiral diol (R,R)-107b.

AD mix B
methanesulfonamide

1:1tBuOH:H,0, 24h
2 g NN
Bno/\/\% 2

80%, 98 ee =
OH

129 (R,R)-107b

3.3.1 Determination of enantiomeric excess via HPLC analysis

Direct comparison of reported optical rotations could not be made, due to the presence
of the optically inactive meso diol 107 in samples of the chiral diols (S,5)-107a and
(R,R)-107b. Therefore, the enantiomeric purity of the chiral diols (S,5)-107a and (R,R)-
107b was determined via chiral HPLC analysis, although the presence of the meso

isomer resulted in three peaks in the resultant chromatograms.

HPLC analysis of 107a (3.4:1, chiral:meso) showed peaks at tg 20.4 min, 21.4 min and
23.3 min assigned to (R,R)-107b, meso-107 and (S,S5)-107a respectively (Figure 3.7, a).
Comparison of the analyte peak areas of the peaks assigned to (R,R)-107b and (S,S)-
107a showed a ratio of 10:90, corresponding to an enantiomeric excess of 80% of the

(S,5)-diol 107a.

A second sample of 107a (14:1, chiral:meso) was analysed via HPLC analysis under the
same conditions (Figure 3.7, b), which displayed three peaks with identical retention
times of 20.4, 21.5, 23.3 min, assigned to the (R,R)-, meso- and (S,S)-diols. Again,
comparison of the analyte peak areas revealed the ee of (S.,5)-107a to be 80%. As
expected, the relative area of the peak at tg 21.5 min assigned to meso-107 was

significantly reduced, due to the increased ratio of chiral:meso 107 (3.4:1 to 14:1).

A third sample, which contained only chiral 107 as determined by 'H NMR analysis
was analysed via HPLC (Figure 3.7, ¢). The chromatogram revealed two peaks, at tg
20.4 and 23.2 min assigned to the (R,R) and (S,S) chiral diols. The absence of a peak at
tr 21.4 min confirmed the assignment of this peak in the previous chromatograms to the
meso-diol. The ratio of the remaining two peaks confirmed the ee of the (S,S)-diol to be

80%. The isolation of chiral 107 required three successive columns, with only 1 mg of
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chiral 107 obtained from a 60 mg sample. As baseline separation was achieved between
the chiral and meso diols the time consuming removal of the meso impurity was not
pursued for subsequent AD reactions, since the ee could be determined from the HPLC

analysis of the diastereomeric mixture.
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Figure 3.7: HPLC traces obtained from diastereomeric mixtures of diol 107a. Traces
were obtained on a Daicel Chiralcel OD-H chiral column (4.6 x 250 mm) using a
gradient elution system (20% to 40% isopropanol:hexane, flow rate 0.5 mL/min) and a
UV detector (254 nm). The horizontal scale (minutes) is displayed.
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Therefore, the outcome of these HPLC experiments showed that the second peak could
be assigned to the meso isomer, while further evidence was required to confirm the
assignment of the first and third peaks to (R,R)- and (S,S)-107 respectively. Injection of
a sample of diol (R,R)-107b obtained from the AD reaction using AD mix 3, should
show an increase in the area of the peak assigned to (R,R)-107b and a decrease in the
peak assigned to (S,5)-107a. The same solvent system used in Figure 3.7 was not
sufficient for the analysis of this alternate sample, as the area of the peak corresponding
to (S,5)-107a was so small (due to a large ee), that further optimisation of the solvent

system was required for determination of the ee.

Therefore, HPLC analysis of (S,5)-107a (chiral:meso, 3.4:1) was repeated using a less
polar gradient elution (10% to 40% isopropanol:hexane), to increase separation between
the peaks assigned to the (R,R)- and meso-diols (Figure 3.8, a). The peaks at tg 30.8,
32.1 and 33.9 min were assigned to (R,R)-, meso- and (S,S5)-107, respectively.
Comparison of the peaks assigned to the chiral diols confirmed the ee of (S,5)-107a was

80%.

HPLC analysis of the enantiomeric diol (R,R)-107b (15:1, chiral:meso) using the same
conditions indicated the presence of three peaks, at tg 30.5, 32.8 and 34.7 min assigned
to (R,R)-, meso- and (S,5)-107 (Figure 3.8, b). The major peak, as expected, was the
peak at 30.5 min, assigned to (R,R)-107b. Comparison of the peaks assigned to the two
chiral diols showed that the ee of (R,R)-107b was 98%.
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Figure 3.8: HPLC traces (10% to 40% isopropanol:hexane, flow rate 0.5 mL/min)
obtained from diastereomeric mixtures of a) diol (S,5)-107a and b) diol (R,R)-107b.

Attempts to separate the chiral and meso isomers on a preparatively useful scale were
unsuccessful, either by TLC or column chromatography. Therefore, the reaction

sequence was continued with the diastereomeric mixture, until separation was possible.

3.3.2 Mechanism of the Sharpless AD

The Sharpless AD protocol has been extensively and successfully applied to the
synthesis of many synthetic targets.>'>> The versatility results from the selectivity of
OsO4 towards olefins with a range of additional functional groups, the ease of
experimental procedure as a result of the AD premixes and the predictability of the
stereochemical outcome. The development of biphasic conditions was pivotal in the
realisation of high enantioselectivity, by preventing entry into the second catalytic
cycle. The mechanism of biphasic catalytic dihydroxylation developed by Sharpless is

outlined in Figure 3.9. OsO; is released into the organic layer from the inorganic
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osmium(VIII) complex 141, and binds to the olefin £-129 and the chiral ligand L* to
form the osmium(VI) glycolate ester 139. The osmate is hydrolysed to release the chiral
diol (R,R)-107b and the ligand, while the inorganic osmium(VI) complex 140 is
released into the aqueous layer. Hydrolysis is accelerated through the use of one
equivalent of methanesulfonamide, for sterically congested substrates, which acts a
nucleophile towards the ester. The inorganic osmium(VI) complex 140 is oxidised by
K;3Fe(CN)s to regenerate the osmium(VIII) complex, thereby generating a cycle,
catalytic with respect to osmium. The hydrolysis of the osmate 139 into the aqueous
layer prevents the addition of a second olefin molecule, thereby preventing entry into

the second, less enantioselective, cycle.

R
= +L*  L*=(DHQD),PHAL

R R= \E\/\/OBn

E-129

o’*oti'o
139 R R
HO  OH
(R,R)-107b

Organic
Aqueous
2 OH" 2- 2- -
0 HO\CII),OH HO\(R/,O 2 OH
2RO 008 on Ho 30
0] 0
140 141
2 OH" 2 H,0
2 Fe(CN)s* 2 Fe(CN)g*

Figure 3.9: The catalytic cycle of the biphasic asymmetric dihydroxylation under
Sharpless conditions, using AD mix 3 and KsFe(CN)g as the cooxidant.

Despite the vast number of studies, the mechanism of stereoselectivity has long been
debated, with two models being presented: the Sharpless model, in which a
metallacyclo complex is formed via a [2+2] cycloaddition followed by rearrangement to
form the osmium(VI) complex 139; and the Creigee-Corey-Noe (CCN) model in which
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the complex 139 is formed directly in a concerted [3+2] cycloaddition. The dispute is in
the formation of the osmium(VI) complex 139 and the structure of the binding pocket
created by the biscinchona ligand, however both agree that it is the stability of the two
diastereomeric forms of the transition states leading to this complex that provides the
enantiomeric outcome. Although further evidence for the [2+2] model has recently been
reported,'® consensus towards the CCN [3+2] model is being reached'® and will
therefore be assumed throughout this thesis. The structures of the two diastereomeric
biscinchona alkaloid ligands present in the AD premixes are shown in Figure 3.10. A
rigid U-shaped binding pocket is formed in which the phthalazine linker forms the base
and the methoxyquinoline units form two parallel walls. OsO4 binds to one of the
tertiary nitrogens in the quinuclidine subunits, and as such a chiral environment is

created around the osmium.

(DHQ),PHAL,
used in AD mix a

(DHQD),PHAL, !
used in AD mix .

Figure 3.10: Structure of the biscinchona ligands used in the AD premixes. AD mix o
contains two dihydroquinine (DHQ) units connected via a phthalazine (PHAL) linker.
AD mix 3 contains two dihydroquinidine (DHQD) units connected via a PHAL linker.
Both contain two methoxyquinoline units, which form the walls of a rigid U-shaped
binding pocket, while the phthalazine linker forms the base of the pocket.

The approach of the olefin to the bound OsOy4 via one axial and one equatorial oxygen
allows entry of the substrate into the binding pocket, forming one of two possible
diastereomeric transition states, as depicted in Figure 3.11. Diastereomer 142 is

oriented such that one of the olefin substituents is directed away from the binding
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pocket. In this orientation, the other substituent experiences unfavourable steric
interactions with the floor of the binding pocket, leading to destabilisation of the
transition state. The diastereomeric transition state 143 places the substituent within the
binding pocket, which is stabilised via favourable van der Waals interactions and,
substrate dependant, aromatic m-stacking interactions. This stabilisation leads to the
[3+2] cycloaddition of the olefin to form the osmium(VI) complex 139, which
following hydrolysis, yields the desired chiral diol.

directed away from Binding
the binding pocket qulfet
R 'R R
0:9, ‘I\ -"R@f — 0:9’ ’\/\‘R . O:O|/>—R
030 030 0950
L* L* Lo
142 143 139

steric hindrance
from PHAL linker

Figure 3.11: Two diastereomeric transition states leading to the stable osmium(VI)
glycolate ester 139. Diastereomer 142 is not stabilised due to steric interactions between
one of the double bond substituents and the floor of the binding pocket, while
diastereomer 143 is stabilised by favourable interactions with the walls and floor of the
binding pocket.

The discrepancy (80% vs. 98%) in the stereochemical induction between the two
diastereomeric biscinchona ligands is in agreement with the literature, with AD mix 3
usually resulting in better enantioselectivities.>'>® The difference, however, is much
larger than that expected. The diasterecomeric nature of the two biscinchona alkaloid
moieties results in a better fit of the substrate into the binding pocket of the DHQD
based ligand than the DHQ based diastereomer, and as such the differentiation between
the transition states 142 and 143 is more pronounced, leading to a better stereochemical

outcome.

64



Chapter 3 Synthesis of Chiral 2,2’-Bispyrrolidine

3.4 Synthesis of chiral (2R,2’R)-2,2’-bispyrrolidine

The final steps in the strategy utilised reported reactions,'® and in order to finalise the
synthesis of bispyrrolidine 92, the chiral diol (S,5)-107, although a mixture of

diastereomers, was used.

A summary of results of this sequence from diol (§,S)-107a to diBoc (R,R)-109a is
shown in Scheme 3.5. Spectral evidence for the formation of each of the compounds is
summarised in Table 3.2. In particular, the chemical shifts of the stereogenic methine
proton and carbon confirmed the nature of the substituent attached to the stereogenic

carbon.

Scheme 3.5: The optimised synthesis and separation of (R,R)- and meso-109 from diol
(S,5)-107a via the literature procedure.'®

MsClI, Et;N, NaNj, DMF Hs(g), Pd/C,
DCM, 20 abs. EtOH, 2 h
W min nOW 80°C,2h BHOW
76% 2 71% — 100%
oM

(S,S)- 107a (S,S)-144a (R,R)- 108a

BOCZO, Et3N, W
Bnow Et,0,RT,4h  BnO 7, — .,

N, — 7% NHBoc — N\B B/N
(R,R)-145a (R,R)-109a 64% 020
, o (R,R)-92a

[a]p +31.1° (c 0.31, CHCl)

+

BnOW{
NHBoc

meso-109 7%
[a]p +2.5° (¢ 0.12, CHCI3)#

“The optical rotation of meso-109a was presumably due to instrumental variation, and possible
contamination with chiral (R,R)-109a. The rotation however, was considered negligible.
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Table 3.2: Spectral evidence used for the confirmation of the synthesis of each of the
derivatives from 107a to 109a. The 'H and *C NMR shifts (in ppm) are indicated for
the sp’ hybridised methine carbon (and corresponding proton) and the functional group
(X) attached to the same carbon, where applicable. The M+H ion is quoted for the CI-

MS (m/z).
BnO/\/\?%
X
CH X
Compound X H Bc H Bc C(L:ZI)S
(ppm) (ppm)  (ppm) (ppm)
(S,5)-107a OH 3.07  74.1 3.40 - 359
(S,5)-144a OMs 486 80.6 3.02 38.7 515
(R,R)-108a N; 330  65.0 - - 409
(R,R)-145a NH, 255 550 1.35 - 357
(R,R)-109a  NHBoc 3.54 543 NH465 — C=0156.4 557

Bul.42 tBu28.3,79.1

Diol (§,5)-107a was converted to the corresponding dimesylate (S,5)-144a by reaction
with methanesulfonyl chloride in the presence of the triethylamine in dichloromethane.
The reaction was instantaneous, and work up after 20 minutes revealed no remaining
starting material. Silica gel column chromatography afforded the chiral dimesylate as a
viscous oil in 76% yield, as a mixture of chiral:meso diastereomers (7:1), which could
not be separated by column chromatography. Triethylamine is required for the
elimination of HCl from methanesulfonyl chloride to produce the sulfene (Figure
3.12)."® The sulfene is highly electrophilic and as such is susceptible to nucleophilic
attack by the secondary alcohol 107a. Proton transfer generates the desired dimesylate

144a.

O H //ﬁ>- O H 0
| il /N
C|—§—9ﬂH ﬂé\—ﬁf{;\@ . \\S:CHZ
O H O H

/y =
O
O\\C':Hé o, FHs
OH —_— O//S\O/H —_— >:S\O
BnO_~ . B0~ 0
2 BHOM\
2 2
107a 144a

Figure 3.12: Mechanism for the mesylation of diol 107a.'®
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Subsequent reaction with sodium azide in N,N-dimethylformamide at 80 °C resulted in
the Sx2 displacement of the mesylate groups by the negatively charged nucleophile N3,
to yield the diazido compound (R,R)-108a in 71% yield, with inversion of

stereochemistry at both stereogenic carbons.

Reduction of the azido group to the amine was performed by stirring the diazido
compound (R,R)-108a in absolute ethanol, with a catalytic amount of Pd/C, and excess
H,(g) as the reductant. Filtration of the reaction mixture through Celite to remove the
catalyst and subsequent removal of the reaction solvent yielded the chiral diamine
(R,R)-145a in quantitative yield. The "H NMR spectrum displayed a broad singlet of
integration 6H at 1.35 ppm, assigned to the NH, protons and two of the adjacent
diastereotopic methylene protons. Deuteriated water (D,O) was added to the NMR
solvent, and as expected, the broad singlet assigned to the exchangeable protons
disappeared. This revealed a multiplet of integration 2H, assigned to the methylene CH,

protons.

The amine was Boc-protected by stirring a solution of the crude diamine (R,R)-145a in
diethyl ether at reflux with Boc,O, and triethylamine as a proton scavenger for 15 hours,
to yield the desired diBoc 109a as a mixture of diastereomers, in 40% yield over two
steps, based on diazido compound 108a. The two diastereomers were separated via
column chromatography, to give the chiral (R,R)-109a in 26% yield, and the
corresponding meso-109m in 14% yield, as white solids, m.p. 78-80 °C and 126 °C,

respectively.

The 'H and >C NMR spectra of the chiral and meso forms of the diBoc 109 were
almost identical. In the 'H NMR, the chemical shift of the signal assigned to the
methine CH proton is slightly more upfield (Figure 3.13). The peak assigned to the
corresponding carbon showed no difference in chemical shift in the °C NMR, while the
adjacent methylene carbon experienced an upfield shift in the meso isomer, from 29.6
ppm to 28.2 ppm. As expected, MS (ES, +ve) of each isomer displayed a base peak at
m/z 579 assigned to the M+Na ion. The optical rotation of the optically active (R,R)-
diBoc was +31.1° (¢ 0.31, CHCIs). The optical rotation of the optically inactive meso
isomer was negligible (+2.5°%; ¢ 0.12, CHC]l5).
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Figure 3.13: Expansion of the '"H NMR of a) chiral (R,R)-109a and b) meso-109,
showing the difference between shifts of the methine proton CH geminal to the NHBoc
substituent, relative to the peaks assigned to the alkoxy CH, protons. The peaks
assigned to the NH (6 4.6 ppm) and benzylic CH, (8 4.5 ppm) protons are shown for
comparison. Spectra were recorded at 300 MHz, in CDCls, at 25 °C.

A third product, tentatively assigned to cyclic urea 147, was isolated as a colourless oil,
in 12% yield (Figure 3.14). The 'H NMR spectrum showed a singlet of integration 9H
at 1.42 ppm, assigned to the Boc protons, two multiplets as 3.48 and 4.50 ppm assigned
to the methine protons. The MS (CI, +ve) showed a peak at m/z 483, assigned to the
M-+H ion.
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Figure 3.14: The proposed mechanism for the formation of the cyclic urea 147 from
diBoc 109a.

The degradation of 109 to the cyclic urea 147 is proposed to involve deprotonation of
one of the amide protons by triethylamine and subsequent nucleophilic addition of the
carbamate nitrogen atom of 146 onto the amide carbon of the Boc group on the adjacent
N atom. The carbonyl bond is reformed with the fBuO™ group leaving to form the cyclic
urea 147. The poor nucleophilicity of the deprotonated amide proton is overcome by the

proximity of the electrophilic carbamate.

The reported literature yield for the synthesis of 109 was 96% over two steps, ** from
the diazido compound 108a, much higher than the obtained 40% yield (of both chiral
and meso diastereomers). The conditions used for the optimisation of the Boc protection

are shown in Table 3.3.

Table 3.3: Optimisation of the Boc-protection of chiral diamine (R,R)-145a to form
diBoc (R,R)-109a.

Time (h) Temp. (°C) 109 yield (%)*
1 15 35 40
2 24 35 51
3 8 RT 65
4 4 RT 71

“Total isolated yield of both meso and chiral diastereomers. “Isolated yield over two
steps, based on diazido 108a.
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The first attempt involved increasing the time of reaction to 24 hours (Table 3.3, entry
2). This did increase the yield of diBoc 109a to 51%, but TLC analysis indicated the
amount of degradation product 147 also increased with reaction time. Therefore it was
hypothesised that a shorter reaction time would decrease the amount of degradation. A
decrease in temperature was also trialled, to provide less energy for the deprotonation of
the amide nitrogen and subsequent nucleophilic substitution to form the cyclic urea.
Hence, the reaction was repeated, at RT, and stopped after 8 h (entry 3). Column
chromatography afforded the mixture of diastereomers in overall 65% yield. The
reaction was repeated, and stopped after only 4 hours (entry 4). A shorter reaction time
decreased the amount of product degradation, yielding the diBoc 109 in 71% yield.
Column chromatography afforded chiral diBoc (R,R)-109a (168 mg, 64%) and meso-
109 (19 mg, 7%) (Scheme 3.5).

The protection of the amine allowed for the selective deprotection of the alcohol
moiety, using hydrogenation with H,(g), in the presence of Pd/C in abs. ethanol which
gave the deprotected diBoc (R,R)-110a as a white solid in 85% yield (Scheme 3.6).
Significantly, a broad singlet at 1.96 ppm was observed in the '"H NMR spectrum of
(R,R)-110a when acquired in CDCl3, and was assigned to the OH proton. When CD;OD
was the solvent, the broad singlet was not present, due to proton exchange with the
deuteriated solvent. Mesylation of the free hydroxy groups using standard conditions

gave the dimesylate (R,R)-119a in 86% yield as a viscous oil.

Scheme 3.6: Optimised reaction conditions for the synthesis of chiral
2,2’-bispyrrolidine (R,R)-92a from diBoc (R,R)-109a.

BnO” > Ha(g), PAIC, HO " MsCl, EtgN,

NHBoc abs. EtOH, 1.5h NHBoc DCM, 20 min
85% 86%
(R,R)-109a (R,R)-110a

NaH,

DMF, 2 h - o
MSOW : >~ Q_/j [a]p =+45.9
-2 62% “ 0.155, CHCI
NHBoc NGONT o

Boc Boc

(R,R)-119a (R,R)-92a
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The cyclisation step was achieved by slow addition of a solution of the dimesylate
(R,R)-119a in DMF to a suspension of sodium hydride in DMF, at 0 °C. Silica gel
column chromatography isolated the bispyrrolidine (R,R)-92a as a colourless oil. CI-MS
analysis showed a peak at m/z 341 assigned to the M+H ion. '"H NMR spectrum showed
two singlets, each of integral 9H, at 1.44 and 1.47 ppm, assigned to two non-equivalent
Boc peaks and the peaks assigned to the remaining protons were broadened (Figure
3.15, a). The chiral 2,2’-bispyrrolidine scaffold contains C, symmetry, therefore the
Boc groups in the structure of (R,R)-92a should be chemically equivalent. However,
restricted rotation of the N-C bond caused by the sterically bulky Boc groups result in
four possible conformations, or rotamers.'® The *C NMR spectrum also showed
splitting due to rotamers (Figure 3.15, b). Therefore, the temperature at which the 'H
NMR was acquired was increased. At 37 °C, the methyl protons of the Boc group
resonated as a single peak of integral 18H at 1.46 ppm, indicating that the barrier to
rotation of the N-C bond had been reached.
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Figure 3.15: Expansion of the a) '"H NMR spectrum (300 MHz) and b) °C NMR
spectrum (75 MHz) of (R,R)-92a showing the broadening of each of the peaks as a
result of restricted rotation of the N-C bond to the Boc protecting group. The NMR
spectra were acquired in CDCls, at 25 °C.
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The reaction mixture was contained in an ice bath for the addition of the dimesylate, to
promote the formation of the bispyrrolidine 92, rather than the sterically less accessible

6,6’-fused ring system 148 (Figure 3.16). Literature precedent indicates that the 2,2’-

bispyrrolidine 92 is the only isomer formed under these conditions.'**'%+1%>

NaH

)
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(>H Boc
a (R,R)-119a

E

BOC\N@ —w
MS{O\/K\/\/\/ Ms

N,
© Boc

noon

Boc Boc |
Boc

(R.R)-92a (R,R)-148

Figure 3.16: Two possible pathways for the intramolecular dicyclisation of 119a, to
form either the desired (R,R)-2,2’-bispyrrolidine 92a or the fused bicyclic structure,
Boc-protected (4aR,8aR)-decahydro-1,5-naphthyridine (R,R)-148.

Therefore, the synthesis of the Boc-protected bispyrrolidine (R,R)-92a was completed
from the chiral diol (S.,5)-107a (Scheme 3.5). The enantiomeric version of the
bispyrrolidine (S,5)-92b could be accessed using the same chemistry on the chiral diol
(R,R)-107b, however optimisation of the stereochemical aspects of the synthetic
strategy was sought. For example, the quantity of the meso isomer could be reduced by
an increase in trans:cis ratio of 129 in the metathesis reaction. The modifications made
to the synthesis, and subsequent synthesis of both enantiomeric forms of 92, are

outlined in the following section.
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3.5 Optimisation of the stereochemical yield of chiral 2,2’-
bispyrrolidine 92
The synthesis of the enantiomeric bispyrrolidine (S,5)-92b required large scale
synthesis of the chiral diol (R,R)-107b, and therefore the frans alkene 129. The benzyl
ethers 128 and 129 are both non-polar compounds, with Ry values >0.9 in hexanes as
the developing solvent. Separation via column chromatography was laborious and only
partially successful, with the problem exacerbated as the scale of the reaction was
increased due to increased quantities of side products. An opportunity was sought to
increase the polarity of the molecules in order to increase the retention to silica, so a
more discriminating elution solvent could be used. As such, the benzyl ether protecting
group was replaced with the p-methoxybenzyl ether derivative. The slight modification
would not affect the synthetic strategy, since the two protecting groups have similar
chemical properties. It was anticipated that the increase in polarity might even affect the
stereochemical outcome of the asymmetric dihydroxylation reaction, by increasing the

solubility of the alkene in the polar reaction solvent ((BuOH/H,0).

The first step required the p-methoxybenzyl (PMB) protection of 4-penten-1-ol
(Scheme 3.7).

Scheme 3.7: The synthesis of the PMB protected 4-penten-1-ol 149.

i) NaH, THF, 0 °C
ii) PMBBr, 0 °C to RT, 4 h AN F
Ho SN LR 2 ORRA pMBO Z

73%
113 149

p-Methoxybenzyl bromide was freshly prepared by reaction of p-methoxybenzyl
alcohol in 40% HBr in glacial acetic acid. The crude bromide (following workup with
sat. NaHCO3) was added to a suspension of 4-penten-1-ol and sodium hydride in THF.
The deprotonated alcohol underwent an Sx2 displacement of the bromide of the

p-methoxybenzyl bromide, to yield the protected alcohol 149 in 73% yield.

The optimised reaction conditions for the formation of the dimer 150 from 149 are
shown in Scheme 3.8. TLC analysis indicated the disappearance of the monomer 149
after 20 hours, therefore the reaction was stopped, and subsequent column

chromatography gave the 4-octene 150 as a 3.5:1 mixture of geometric isomers in 86%
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yield. Separation from the side metathesis products proved to be simpler than with the
corresponding benzyl protected alkenes, due to the greater difference in polarity of the
dimer resulting from the presence of two methoxy groups, compared to one in the

starting material and the styrene by-product.

Scheme 3.8: The self-metathesis of PMB-protected pentenol 149 to form the homo-
dimerised product 150, with evolution of ethene gas.

2.5 mol % Grubbs 1

_~ DCM,A,20h =
2x PMBO” "N — = PMBO/\/\% + HC=CHy(q)

149 150

Table 3.4 shows the reaction conditions for the optimisation of this dimerisation.
Shorter reaction times provided the best yields (e.g. entry 1 vs. 5), as explained in
Section 3.2. A decrease in catalyst loading (entries 3-5) did not greatly affect the

stereochemical outcome, and minimised the quantity of side products formed.

Table 3.4: The self-metathesis reaction of 149 to form the dimer 150, at varying
reaction times, in the presence of Grubbs 1 catalyst 131. Reactions performed in DCM
at 40 °C, under a N»(g) atmosphere.

%ﬁgtzﬁ;l Cata(lr-‘rflitll%dmg 150 yield (%)” EZ
1 72 5 61 n.m.‘
2 48 5 78 3501
3 24 25 80 41
4 20 25 83 341
5 20 25 86 351

“Isolated yield. "Determined by 'H NMR. “Not measured.

Grubbs 2" generation catalyst 132 (Figure 3.4) has enhanced catalytic performance and
the sterically demanding carbene ligand increases the lifetime of the ligand, compared
to Grubbs 1."®® The catalytic activity of Grubbs 2 is comparable to that of the
molybdenum catalysts, however the ruthenium catalyst is air and water tolerant, stable
in high temperatures and has much higher functional group tolerance."’ The use of
Grubbs 2 catalyst has been reported to increase the geometric purity of the resulting
dimer, due to increased activity of the active ruthenium catalyst to the sterically

accessible cis isomer.'®” The cis isomer, therefore, continues to react in the catalytic
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cycle, and is converted to the trans isomer. This higher activity however, can also be
detrimental to the total yield of desired product, since the ruthenium catalyst is more
active towards all double bonds in each intermediary step of the catalytic cycle,
resulting in loss of product to the formation of undesired side metathesis products
(SMPs), usually resulting in double bond migration,'™ and cross-metathesis products
thereof.'”" Yields of up to 30% of undesired side metathesis products have been
reported.'”" Despite the possible complications, the monomer 149 was heated at reflux
in the presence of 5 mol % of Grubbs 2™ generation catalyst 132 for 72 hours (Scheme

3.8).

Scheme 3.9: Attempted self-metathesis of PMB-protected pentenol 149 to form the
homo-dimerised product 150, with evolution of ethene gas, in the presence of Grubbs

2" generation catalyst 132. Possible side products formed from the reaction, 151 and
152.

5 mol % Grubbs 2
DCM, A, 72 h _
2 x PMBO™ "N X PMBo/“\/A\%i * HC=CHy(q)
149 150

PMBO/\\/A\&éhT::j PMBO” X ~_-OPMB

151 152

The crude reaction mixture was subjected to silica gel column chromatography, and
although no starting material was recovered, no desired dimer 150 was isolated. 'H
NMR analysis showed a mixture of unsymmetrical, undesired products were formed,
including the cis and trans cross-metathesis products 151 between styrene and the
monomer 149, and a product tentatively assigned to 152, an isomer of 150, with the

double bond migrated to the 3-position (Scheme 3.9).

Therefore, the optimal conditions for the conversion of the monomer 149 to the dimer
150 were using Grubbs 1% generation catalyst, and a shorter reaction time. Using shorter
reaction times and trialling the reaction at RT to minimise the continued reaction of the
desired dimer 150, could increase the yield even further. The presence of the PMB
protecting group increased the ease of purification from the side metathesis products

remarkably. Attempts to isolate the £ and Z isomers via column chromatography or
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semi-preparative HPLC (silica, normal phase) however, were not successful, as a

discriminating elution system was not found.

The dihydroxylation of the PMB protected alkene 150 was performed using AD mix o
and AD mix 3 (Scheme 3.10). The enantiomeric diols (S,5)-153a and (R,R)-153b were
isolated as mixtures of chiral:meso diastereomers. The diastereomeric purity could be
improved via recrystallisation of the white solid from DCM/hexanes. The meso isomer
was less soluble in DCM/hexane, and as such could be removed, although complete

separation was not achieved.

Scheme 3.10: The asymmetric dihydroxylation of 150 to form the chiral diols (S,S)-
153a and (R,R)-153b, under standard Sharpless conditions.’

AD mix a
methanesulfonamide

tBUOH:H,O (1:1)
PMBO™ NN, ; PMBO™ ),

150 OH
(S,S)-153a
AD mix B
methanesulfonamide
tBUOH:H,0 (1:1) . PMBOW;
OH
(R,R)-153b
AD mix Reaction ) 0/ \a 5
time (h) 153 yield (%) ee
1 a 24 69 98
2 a 20 90 92
3 B 65 08 88
4 B 24 93 70

“Isolated yield of 153 as a mixture of chiral:meso diastereomers. "Determined by
chiral HPLC.

Analysis of the results shown in Scheme 3.10 indicates the inconsistencies in both
chemical and stereochemical yield, with longer reaction times providing a higher yield
and stereoselectivity using AD mix [ (entries 3 and 4), while the opposite effect was
observed when using AD mix a (entries 1 and 2). In general, the use of AD mix a

resulted in better enantioselectivity, which is contrary to literature precedent.’
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In general, the results of the AD reactions of the PMB protected derivative were better
than that of the benzyl protected derivative. The increased yield was assumed to be as a
result of the higher solubility of the alkene 150 in /BuOH, than the corresponding OBn
protected alkene 129.

The synthesis of both isomers of the chiral 2,2’-bispyrrolidine was completed from the
PMB protected diol 153, using the same reaction conditions as those outlined in Section
3.4. The results for the synthesis of (R,R)-92 are outlined in Scheme 3.11. The O-
deprotection of (R,R)-157a yields the diol (R,R)-110a, which in turn provides access to
the bispyrrolidine (R,R)-92a, which has been outlined in Scheme 3.6. The results from
the complete synthesis of the enantiomeric bispyrrolidine (S,5)-92b is summarised in

Scheme 3.12.

Scheme 3.11: The synthesis of (R,R)-92a from the PMB protected diol (S,5)-153a.

MsClI, Et;N, NaNj;, DMF

PMBO™ NN DI M by SN 8000280 PMBOW

OH OMs
(S,5)-153a (S,5)-154a (R,R)- 155a
Ha(g), Pd/C, Boc,0, Et3N, Hy(g), Pd/C,
abs. EtOH, 6 h PMBOW THF, 35°C, 17 h PMBOWZ/ abs. EtOH, 1.5 h
100% NH2 47% NHBOC 85%

(R,R)-156a (R,R)-157a

HOW —— > (R,R)-119a — > (R,R)-92a
NHBoc

(R,R)-110a
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Scheme 3.12: The synthesis of (S,5)-92b from the PMB protected diol (R,R)-153b.

MsCl, EtN,

95%

DCM, 20 min
PMBO/\/\E/); DCM. 20 min
OH

(R,R)-153b
Ha(g), PdIC,
abs. EtOH, 3.5h  PMBO
100%
(S,5)-156b
MsCl, EtsN,

DCM. 10 min
HOW; 100%

NHBoc

(S,5)-110b

NaNs, DMF
W 80°C,18h
—_
PMBO 2, e pMBO” TN
OMs N,
(R,R)-154b (S,5)-155b
Boc,0, EtsN, Ha(g), Pd/C,
A THF, 35°C, 15 h PMBOW; abs. EtOH, 5 h
_—
75% NHBoc  95%

(S,5)-157b

NaH,
THF. 3 h [o]p = - 43.7°
MSOWZ/ 76% O_(j (c 0.198, CHCl3)
NHBoc N N
Boc Boc
(S,S)-119b (S,5)-92b

The synthesis of the OPMB protected derivatives proved to be similar, as expected, to

the OBn derivatives. Partial separation of the chiral and meso diazido compound 155

was achieved via column chromatography, although samples containing a mixture of

diastereomers could be separated more easily after Boc-protection to form 157.

Deprotection of the diBoc (S,5)-157b yielded the diol (S,S)-110b, which exhibited

identical physical and spectral properties to the enantiomer (R,R)-110a formed from the

synthesis outlined in Section 3.5. Mesylation and subsequent cyclisation afforded the

enantiomeric Boc-protected (S,S)-2,2’-bispyrrolidine 92b.

3.6 Attempted strategy optimisation

3.6.1 Separation of chiral (R,R)-153b and meso-153 via derivatisation

One of the disadvantages of the synthetic strategy is the formation of the meso

diastereomers, which were not separable from the chiral derivatives until 3-5 steps

through the synthesis. In an attempt to remove the meso impurity by replacing a

synthetic step, an alternative synthesis was proposed as outlined in Figure 3.17.
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Figure 3.17: Proposed synthesis for the separation of the chiral and meso diastereomers
of diol 153, via formation of the cyclic sulfate 158.

The conversion of the mixture of diastereomeric diols 153 to the corresponding sulfates
158 was anticipated to provide sufficient restrictions in bond rotation resulting in
differences in the molecular shape of the two diastereomers. This would lead to
increased differences in physical properties such as polarity or solubility which could be
manipulated for easier separation via column chromatography or recrystallisation. As
such, a mixture of chiral and meso diol 153 was reacted in a two step procedure as

outlined in Scheme 3.13.>'%

Scheme 3.13: Attempted synthesis of the cyclic sulfate 158 from the diol 153 (as a
mixture of diastereomers).

1. SOCl,, Et;N, DCM

OH 0 °C, 30 min O\\S//O
2. RuCl3.3H,0, NalO, 7 0
/\/\)\/\/OPMB CCly:CH3CN:H,0 (2:2: R
PMBO : 4 CHICN:HL0 (2:2:3)
= RT,2h -
OH X > OPMB
PMBO
meso-153 meso-158
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A mixture of the chiral diol (R,R)-153b and the meso diastereomer was reacted with
thionyl chloride in the presence triethylamine, in dichloromethane, at 0 °C. After 30
minutes TLC analysis indicated loss of starting material and the formation of two
products, and the reaction was quenched with water. The cyclic sulfite intermediate was
extracted with dichloromethane, and the solvent was removed in vacuo. The crude
sulfite was dissolved in a 2:2:3 mixture of carbon tetrachloride, acetonitrile and water,
hydrated ruthenium (III) chloride and sodium periodate was added. The reaction
mixture was stirred for 2.5 hours at RT. After an aqueous work up with water, sodium
bicarbonate and brine, the crude mixture was subjected to flash silica gel column
chromatography. Multiple products were formed; none of which could be identified as

the cyclic sulfate 158.

In order to more carefully monitor the progress of the oxidation from the sulfite to the
sulfate, the reaction was repeated; however the sulfite was purified before the oxidation
step. Therefore, the crude sulfite was subjected to silica gel column chromatography,
which provided partial separation of the chiral and meso cyclic sulfites 159 (Scheme

3.14), to give an overall yield of 70%.

Scheme 3.14: The synthesis of the cyclic sulfite 159 from the diol 153 (as a mixture of
diastereomers).

%
/\/\/?i/\/OPMB (S)?((::IZ:S’OE%N‘ PeM O/S\o
PMBO : —— >
OH oUBO OPMB
(R,R)-153b (R,R)-159b 22%
meso-153 meso-159 13%

mixture 35%

The chiral cyclic sulfite eluted first, and was isolated in 22% yield. Analysis of the 'H
and °C NMR indicated the presence of an unsymmetrical molecule. The lone pair of
electrons on the tetrahedral sulfur atom creates an uneven distribution of electrons and
therefore a non-equivalent chemical environment for the two halves of the molecule.
This effect is most strongly exhibited by the methine protons (Figure 3.18, a). The

chiral molecule loses its C, symmetry while the corresponding meso compound retains
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a plane of symmetry (Figure 3.18, b), and was therefore distinguished from the chiral

version.
a . b
) 0,0 )
\ 'H § 4.07, 1H, ddd
BCc 5877
PMBO 0@ 7
S _~_OPMB
3
4aly §4.60, 1H, ddd 'H 5 4.81-4.88, 2H, m
3C §83.7 8C §87.3
(R,R)-159b meso-159

Figure 3.18: a) The chemical inequivalence of the two methine protons and carbons in
the chiral (R,R)-159b, resulting from the lone pairs of electrons of the tetrahedral sulfur
atom of the sulfite. b) The chemical equivalence of the two methine protons and
carbons in the corresponding meso compound. Chemical shifts (3) of the methine
protons and carbons are quoted in ppm. Integration and multiplicity for the methine
protons are labelled.

Two sets of ddd peaks in the "H NMR of the chiral (R,R)-159b, at 4.07 and 4.60 ppm,
each of relative integration 1H were assigned to the non-equivalent methine protons,
H4a and H4b. Both sets of peaks correlated, in the gCOSY spectrum, to the multiplet
from 1.67-1.95 ppm corresponding to the adjacent methylene protons H3. The peak
assigned to the benzylic protons showed partial splitting. The >C NMR spectrum shows
further evidence of an unsymmetrical structure via a doubling of each of the peaks, with
the exception of those peaks assigned to the aryl group and methoxy substituent, which
are sufficiently remote from the sulfur atom to show any significant difference in
chemical shift. Confirmation of the cyclic sulfite structure 159 was provided by ES-MS

(+ve) analysis, which showed a base peak at m/z 487 assigned to the M+Na ion.

The peaks in the 'H and >C NMR spectra of the meso sulfite were observed at similar
chemical shifts to the corresponding peaks in the chiral sulfite. Significantly, a single
multiplet of integration 2H at 4.81-4.88 ppm in the 'H NMR was assigned to the
methine protons; the peak at 87.3 ppm in the >C NMR was assigned to the methine
carbon, in contrast to the two carbon peaks at 83.2 and 87.7 ppm for the chiral

derivative (Figure 3.18).

With the pure chiral sulfite (R,R)-159b in hand, the oxidation to the cyclic sulfate 158b
was attempted. Therefore, chiral sulfite (R,R)-159b was dissolved in a 2:2:3 mixture of
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carbon tetrachloride, acetonitrile and water (Scheme 3.15). Hydrated ruthenium (III)
chloride and sodium periodate were added and the reaction was stirred at RT for 2.5
hours. TLC analysis indicated full conversion of the sulfite 159b and multiple products
formation. Work up and subsequent column chromatography isolated the chiral sulfate

(R,R)-158b in only 3% yield. The remaining products could not be identified.

Scheme 3.15: The oxidation of the cyclic sulfite (R,R)-159b to the cyclic sulfate (R,R)-
158b.

0 Y
\é RuCl;.3H,0, NalO \\S//
Vauth utls. 20, Nally a
qQ 9 CCly:CHSCN:H,0 (2:2:3) qQ 9
RT, 2.5h
OPMB 3% B} OPMB
BMBO PMBO
(R.R)159b (R,R)-158b

The oxidation to the cyclic sulfate re-establishes C, symmetry to the molecule, and as
such less complicated 'H and '*C NMR spectra were obtained. A multiplet as 4.57-4.59
ppm in the "H NMR was assigned to the methine protons and a single peak at 4.42 ppm
was assigned to the benzylic protons. The C NMR displayed a peak at 87.3 ppm
assigned to the methine carbon. All other carbons in the molecule were assigned to a
single carbon peak. Although the 'H and ?C NMR spectra both look similar to that of
the meso sulfite meso-159, comparative TLC analysis indicated a difference in Rg
between the two. The ES-MS (+ve) displayed a base peak at m/z 503, assigned to the
M+Na ion of (R,R)-158b. Although the structure was confirmed, 3% yield was

insufficient to continue this reaction sequence.

3.6.2 Potential alternate N nucleophiles

The Boc protected bispyrrolidine 92 does not fulfil the requirements of a ligand, due to
the non-chelating nature of the amide nitrogen. The diBoc 92 requires deprotection to
form the bispyrrolidine 86, and subsequent derivatisation, to form e.g. dibenzyl 160

(Figure 3.19). Of note is the instability and volatility of the bispyrrolidine 86.
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N N

i W ) Yoo
Boc Boc H H Bn Bn
(S,S)-92b (S,S)-86b (S,S)-160b

Figure 3.19: The proposed synthesis of the N,N’-dibenzyl bispyrrolidine 160b from the
N,N’-diBoc 92b, via bispyrrolidine 86.

To shorten the number of steps to the desired dibenzyl 160, an alternative synthesis
from dimesylate 154b was proposed (Figure 3.20, Route 2). Nucleophilic substitution
of the mesylate groups with benzylamine via an Sy2 mechanism should provide the
N,N-dibenzylated diamine 161b. Selective removal of the benzyloxy ether should give
the diol 162b, mesylation of the free hydroxy groups render the adjacent carbon
amenable to nucleophilic attack by the N-benzyl nitrogen during the cyclisation to form
N,N’-benzyl bispyrrolidine 160b. Comparison with the established procedure (Figure
3.20, Route 1) highlights the advantage of the introduction of the N in the desired form
for the final ligand — the number of protections and deprotections is significantly

reduced.
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PMBO/\\/A\Q/

OMs
Route 1 (R,R)-154b Route 2
/ Wan
PMBOW PMBO
NHBn
(S,S)- 155b
(S,S)-161b

reduction

l O-deprotection
Boc-protection

PMBo/\/\ﬁZ/ Ho/\/ﬁ'\?an

NHBoc (S,S)-162b

(S,5)-157b
l O-mesylation
O-deprotection
l O-mesylation W
NHBn
SO/\/YQ/ (S,S)-163b
NHBoc l cyclisation
(S,5)-119b
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NN
(S,S)-160b
oc Boc
(S,5)-92b
lN—deprotection

lN-benzyIation

NN
Bn Bn
(S,S)-160b

Figure 3.20: The synthesis of diBoc 92b from dimesylate 154b, and subsequent
deprotection and N-benzylation to form N,N’-dibenzyl 160b (Route 1). The proposed
synthesis of the N,N’-dibenzyl bispyrrolidine 160b via reaction of dimesylate 154b with
benzylamine (Route 2).

Therefore, to a suspension of sodium hydride in THF containing benzylamine was

added (R,R)-154b (Scheme 3.16). After stirring for 15 hours only starting material was
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recovered. A second attempt using potassium carbonate as a proton scavenger also
resulted in only starting material being recovered. Increasing the reaction temperature
by heating benzylamine and (R,R)-154b in DMSO for 2.5 days resulted in multiple
products. Column chromatography isolated four different products, although the
structure of each could not be elucidated, and confirmation could not be made that any

of the products was the desired benzylated diamine.

Scheme 3.16: Attempted synthesis of the benzylated diamine (S,5)-161b via
nucleophilic substitution of benzylamine to dimesylate (R,R)-154b.

NH,Bn, NaH,

THF, RT, 15 h
, RT,
PMBO/W; a& PMBOW

2
(:)Ms NH,Bn, K,COs3, NHBn

THF, A, 15 h i
(R,R)-154b L (S.S)-161b

NH,Bn, DMSO,

%6’ multiple products

Therefore, the synthesis of 161b was not attained. The nucleophilicity of the
benzylamine could be increased by deprotonation with a stronger base, e.g. nBuLi. The
advantages of the proposed synthesis warrant further investigation into the synthesis of

dibenzyl 161b.

3.7 Derivatisation of the bispyrrolidine scaffold

The dibenzyl protected bispyrrolidine (S,5)-160 was accessed via Route 1 (Figure
3.19), and the non-optimised reactions conditions are shown in Scheme 3.17. Boc-
protected bispyrrolidine (S,5)-92 was subjected to acidic conditions in the presence of
trifluoroacetic acid.'®* The crude bispyrrolidine (S,5)-86 was obtained after basic work-
up and was benzylated using triethylamine and benzyl bromide in DCM to give (S,5)-
160b in 28% yield, over two steps. The reaction required aqueous work up to remove

Et;BnN"Br formed as a byproduct.

'H NMR analysis showed two doublets (J = 13 Hz) at 3.98 and 4.26 ppm, assigned to
the two diastereotopic benzylic CH, protons. This phenomenon had previously been

observed in the "H NMR of the corresponding 2,2’-bisindoline analogue.'® The peak at
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3.35-3.38 ppm was assigned to the CH proton, and two peaks at 2.68-2.72 and 3.29-
3.33 ppm were assigned to the diastereotopic CH, protons adjacent to the nitrogen. MS

(ES, +ve) analysis showed a base peak at m/z 321, assigned to the M+H ion.

Scheme 3.17: Non-optimised reaction conditions for the synthesis of (S5,5)-160b from
(8,5)-92, via 2,2’-bispyrrolidine 86b.

1. TFA, DCM
0°C-RT,12h EtsN, BnBr,
E\_(j 2. NaOH (2M) E\_G DCM, RT, 15 h E\—(j
N N N N 28% (two steps) N N
| | | | | |
Boc Boc H H Bn Bn
(S,5)-92b (S,S)-86b (S,S)-160b

2,2’-Bispyrrolidine (S,5)-86b is a volatile, colourless oil which is unstable.'® The work
up procedure involved concentration under reduced pressure, which may have resulted
in loss of product, which would have decreased the yield of (S,5)-160b. Distillation
should be attempted as the method of purification in future. The conditions for the
benzylation of (S,5)-86b should be modified, to include a base that is unreactive
towards benzyl bromide. The large quantity of byproduct generated masked reaction
monitoring, making TLC analysis difficult. The use of NaH in THF would be excessive,
but would not react with benzyl bromide. Potassium carbonate could also be an

appropriate alternative.

3.8 Conclusion

The key steps of metathesis dimerisation and Sharpless AD provided access to the
previously reported'® enantiomeric diols (S,S)- and (R,R)-107 in 80% and 98% ee
respectively, determined by chiral HPLC analysis, as mixtures of chiral and meso
diastereomers. The literature procedure was repeated on the diol (S,S)-107a, to give the
chiral Boc-protected 2,2’-bispyrrolidine (R,R)-92a, with the meso diastereomer being

removed partway through the synthesis.

The reaction sequence was modified by the inclusion of the PMB protecting group, in
place of the Bn group, to increase the possibility of separation of £ and Z or chiral and
meso diastereomers. While the £ and Z isomers of the PMB protected 4-octene 150
were not isolated using column chromatography or semi-preparative HPLC techniques,
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the ease with which the isomers could be separated from the side metathesis products

was improved.

The results of the AD reaction were the reverse of those achieved from the Bn protected
alkenes; AD mix a gave higher ee than AD mix 3. The diastereomeric purity of the diol
could be increased by recrystallisation, however the chiral diols were not isolated from
the meso. Therefore the diastereomeric mixtures of each enantiomeric diols (S,5)-153a
and (R,R)-153b was taken through to the Boc-pyrrolidines (R,R)-92a and (S,S)-92b,

with the meso isomer being removed most successfully at the diBoc derivative 157.

Attempted derivatisation of the diol (R,R)-153b via the cyclic sulfate (R,R)-158b was
not successful, however separation of the chiral and meso sulfites 159 was possible via

column chromatography.

Nucleophilic substitution of dimesylate (R,R)-154b with benzylamine was attempted
using three different reaction conditions, however the desired dibenzyl derivative (R,R)-
161b was not synthesised. Further study into alternate N-nucleophiles would be
advantageous, as the number of steps to the final derivatised 2,2’-bispyrrolidine ligand

would be significantly reduced.
Finally, the Boc-protected bispyrrolidine (S,5)-92b was deprotected, with subsequent

benzylation giving the dibenzyl ligand (S,5)-160b, although the reaction conditions

were not optimised.
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CHAPTER 4
Towards the Synthesis of

2,2’-Bisindoline

The modification of the synthetic procedure that yielded the bispyrrolidine 92 to access
2,2’-bisindoline 112 is outlined in Figure 4.1. Benzyl protection of 2-allylphenol 120
gives 164, which is dimerised via the metathesis reaction to give alkene 16S5.
Subsequent AD using AD mix a gives diol (S5,5)-166a or alternatively, AD mix 3 gives
diol (R,R)-166b. Using the same chemical manipulations as those used for the synthesis
of 2,2’-bispyrrolidine would give phenol 169. O-Triflation, Pd catalysed cyclisation and
N-deprotection would give 2,2’-bisindoline 112.

OH OBn OBn e
@/\/ protection ©/\/ Metathesis W Sharpless AD
I 2
120 164 165
OBn i) mesylation OBn i) reduction OBn
ii) azidation ii) N-protection
2 E :'2
OH Nj NHBoc
166 167 168
OH OTf
O-deprotection 775 O-triflation 77, [Pd] cyclisation
NHBoc NHBoc
169 126
SR -
Boc Boc H H
127 112

Figure 4.1: Proposed synthesis of chiral 2,2’-bisindoline 112.
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4.1 Protection of 2-allylphenol

The first step of the synthesis towards 2,2’-bisindoline 112 was the benzyl protection of
2-allylphenol 120, under typical conditions to give the benzyl ether 164 in 99% yield, as
a colourless, volatile liquid (Scheme 4.1). The literature procedure reported 164 in 78%
yield however, the product was not spectroscopically characterised.”” The '"H NMR
spectrum showed peaks of total integration 9H in the aromatic region assigned to the
four protons of the disubstituted aromatic ring and the five protons of the benzene ring
in the benzyl ether moiety. A singlet of integral 2H at 5.07 ppm was assigned to the
benzylic CH, protons. The characteristic ddt at 6.02 ppm was assigned to the sp2
hybridised methine proton of the allyl substituent. The MS (CI, +ve) showed a peak at
m/z 225 assigned to the M+H 1on.

Scheme 4.1: Benzyl protection of 2-allylphenol.

OH OBn
1.NaH, THF,0°C, 1 h
= 2.BnBr,RT,20h =
99%
120 164

4.2 Dimerisation via the metathesis reaction (Key Step 1)

The dimerisation of the suitably protected allylphenol was performed via the metathesis
reaction. A solution of the allylic benzylic ether 164 in dichloromethane was heated at
reflux for 45 hours, in the presence of 5 mol % Grubbs 1% generation catalyst 131
(Scheme 4.2). After subjecting the crude reaction mixture to silica gel column
chromatography, the desired dimer 165 was obtained in 51% yield, as a 3:1 mixture of
E:Z diastereomers. The simplicity of the 'H and *C NMR spectra indicated the
formation of a symmetrical molecule. The peaks at 5.02-5.06 ppm assigned to the two
terminal sp” hybridised protons in the '"H NMR of the monomer 164 were absent. The
peak at 5.68-5.71 ppm in the '"H NMR of the dimer 165 was assigned to the sp’
hybridised methine proton, shifted upfield from 6.02 ppm in the monomer. The ratio of
E:Z isomers was determined by comparison of the integration of the two doublets at

3.43 and 3.54 ppm, assigned to the methylene protons H1/H4 adjacent to the double
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bond in the trans and cis isomers, respectively. MS (CI, +ve) analysis showed a peak at

m/z 421 assigned to the M+H ion of the dimer 165.

Scheme 4.2: Self-metathesis of benzyl ether 164 to form the trans and cis homodimer
165. Chemical shifts in the "H and >C NMR spectra assigned to the methylene protons
H1 (and H4) and corresponding carbons C1 (and C4) adjacent to the double bond are
quoted in ppm.

"H: § 3.43
3C: 5333

B0
G
F + CHy=CH, (9)
OBn Grubbs 1 OBn

Z %&‘Z' O20’45 h + side metathesis
2% s products
’ 0Bn BnO
o

"H: & 3.54
3¢C:527.9

165, E:Z 3:1

TLC analysis of the reaction indicated the formation of unidentified side metathesis
products, presumably resulting from double bond migration. The similar R¢ values
exhibited by the starting material 164, the desired product 165 and the side products
rendered purification difficult. The reaction mixture was subjected to three successive
columns, using 1% EtOAc:hexanes as the eluting solvent, which resulted in isolation of
alkenes E- and Z-165 from the side metathesis products. TLC analysis using
DCM/hexanes, Et,O/hexanes, CHCls/hexanes, and mixtures thereof, as the developing
solvent showed no separation of the two isomers. The geometric mixture was then
subjected to radial chromatography (hexanes to 1% EtOAc:hexanes), however the 'H
NMR analysis of the collected fractions showed only partial improvement in the ratio of

1somers.

As the mixture of geometric isomers could not be separated, optimisation of both the
chemical and geometric stereochemical yield of 165 was undertaken and is summarised

in Table 4.1.
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Table 4.1: Optimisation of the self-metathesis reaction of 164 to form the dimer 165.
Reactions were heated at reflux, under a Ny(g) atmosphere in the presence of Grubbs 1%
or 2™ generation catalyst. Note that the conditions presented in entry 1 are those
outlined in Scheme 4.1.

PRI s eten 67
1 1(5) DCM 45 51 3:1
2 1(5) CHCl; 19 62 5:1
3 1(6.7) DCM 45 81 5.2:1
4 2 (5) DCM 26 93¢ 7:1

“Isolated yield. "Determined by 'H NMR. “Final yield determined by 'H NMR.

A decrease in reaction time resulted in better yields (entries 2 and 3). Longer reaction
times increase the amount of secondary metathesis reactions, thereby decreasing the
yield. Using chloroform as the reaction solvent increased the yield and the geometric
selectivity of the homodimerisation (entry 2). A slight increase in catalyst and a much
shorter reaction time afforded the dimer in good yield (entry 3). Following column
chromatography, slow recrystallisation of the dimer 165 increased the geometric ratio
from 5.2:1 to 9:1; however the quantity of enriched isomers was small. The use of
Grubbs 2™ generation catalyst gave the highest yield (entry 4); however the dimer could
not be separated from the side metathesis products. The mixture was subjected to two
successive columns, but the dimer could only be purified to within 96% purity, as
determined by 'H NMR. The impurity was attributed to at least two olefinic side
metathesis products resulting from isomerisation of the double bond and metathesis
products thereof. Although only a minor impurity, the presence of two additional
alkenes to E- and Z-165, resulted in a possible seven isomeric diols from the AD
reaction. Chiral HPLC analysis of a mixture of isomers with similar properties was not
possible, without extensive attempts to isolate the desired diols. So although the
geometric ratio was increased substantially by the use of the more active catalyst; the

amount of side products was also substantially increased.

Therefore, the most synthetically useful reaction conditions was the use of Grubbs 1 and
shorter reaction times (entry 3). The trans isomer could not be isolated from the cis
isomer in large quantities. Therefore a mixture of geometric isomers was taken through

to the next step of the synthesis.
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4.3 Asymmetric dihydroxylation (Key Step 2)

A diastereomeric mixture (£:Z 3.8:1) of alkene 165 was reacted under typical Sharpless
conditions using AD mix o and methanesulfonamide in /BuOH and water (Scheme
4.3). The reaction was quenched with sodium sulfite after 24 hours, and after a basic
aqueous workup, the crude mixture was subjected to silica gel column chromatography

to afford the chiral diol (S,S)-166a as a white solid in 15% yield, with an ee of 64%.

Scheme 4.3: Asymmetric dihydroxylation under typical Sharpless conditions to form
the chiral diol (S,S)-166a.

OBn AD mix a OBn OH
_ methanesulfonamide
tBUOH, Hy0,24h
OBn 15%, 64% ee OH OBn

165 (S,S)-166a

The '"H NMR spectrum showed a peak at 3.66 ppm assigned to the sp’ CH protons
attached to the hydroxy group, shifted upfield from the peak at 5.68 ppm in the 'H
NMR of the alkene 165, assigned to the sp> CH protons. The characteristic splitting
pattern observed for the two sets of diastereotopic methylene protons confirmed the
presence of a stereogenic atom in the molecule. The >C NMR spectra contained a peak
at 73.1 ppm assigned to the sp’ hybridised methine carbon, and a peak at 35.1 ppm
assigned to the methylene protons adjacent to the hydroxylated carbon. The MS (ES,
+ve) displayed a base peak at m/z 477, assigned to the M+Na ion.

Silica gel column chromatography of the diastereomeric mixture did not separate the
chiral diol from the meso diol. Recrystallisation from DCM/hexanes increased the
diastereomeric purity of the filtrate, by partially removing the meso isomer; however the
chiral diol also crystallised. Preparative TLC of a 10 mg sample of the mixture isolated
<1 mg of chiral diol for HPLC analysis. This could not be performed on a large scale;
therefore the chiral diol could not be isolated from the meso diol in synthetically useful

quantities.

The poor yield of 15% was attributed to the poor solubility of the alkene 165 in the
reaction mixture (/BuOH/H,0). Attempts to increase the solubility of the alkene by

modifying reaction conditions are summarised in Table 4.2. In order to increase its
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solubility, the alkene was dissolved in THF before addition to the reaction mixture
(entry 2). The yield doubled, however a significant decrease in enantioselectivity was
observed. THF is miscible with water, so although the alkene has increased solubility, a
significant amount of the alkene is likely to be dihydroxylated in the aqueous phase, in
the absence of the chiral ligand. This results in an increase in yield of the diol with poor
enantioselectivity. Generally, extended reaction times provided a higher yield of diol
(S5,5)-166a, however inconsistency in the results was evident. The quantity of THF
added had a dramatic effect on the enantioselectivity, with the minimal amount required
for dissolution (entries 3 and 4) resulting in a higher stereochemical outcome, than
when equal parts of fBuOH, water and THF were used (entry 2). Increased reaction time
increased the chemical yield; however the enantiopurity of the resulting diol was
decreased. The increased reaction time may allow entry of the monoglycolate into the

second, less enantioselective, catalytic cycle.

Table 4.2: The optimisation of the asymmetric dihydroxylation of 165 to form the
chiral diol (S,5)-166a under standard Sharpless conditions, using AD mix a..” Note that
the conditions described in entry 1 are those outlined in Scheme 4.3.

%f;‘;’tzﬁ;l (BuOH:H,0: THF yie11c616(f’2>)“ ec”
1 2 1:1:0 15 64
2 23 1:1:1 30 1
3 91 1:1:0.25 64 33
4 37 1:1:0.25 60 36

“Isolated yield of 166a as a mixture of chiral:meso diastereomers. "Determined by chiral
HPLC.

Therefore, the asymmetric dihydroxylation of the alkene 165 under Sharpless
conditions, or modified Sharpless conditions, did not provide the chiral diol (§,S)-166a
in sufficient chemical and stereochemical yield. The sacrifice in enantioselectivity was

too significant in order to obtain a synthetically useful chemical yield.
The reaction was repeated with the alternate AD mix, in order to provide confirmation

of HPLC interpretation. The alkene was subjected to Sharpless conditions using AD

mix B, which yielded the chiral diol in 69% yield, and a much higher enantiopurity of
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91% ee (Scheme 4.4). It is known’ that the AD mix [ generally results in higher

enantioselectivity, but the degree of the increase to 91% was unexpected.

Scheme 4.4: Asymmetric dihydroxylation under Sharpless conditions using AD mix f3
to form the chiral diol (R,R)-166b.

AD mix B
OBn ‘ methanesulfonamide
{BUOH, H,0, THF(1.5:1:0.45)
Z 37 h

O OBn 69%, 91% ee

165 (R,R)-166b

Although the results were varied, even the highest ees obtained were not sufficient for a
chiral synthesis. Literature examples of ADs on dimeric aromatic allylic-type systems
are shown in Figure 4.2. The AD reaction using AD mix [ of the disubstituted dimeric
aromatic alkene 170 gave the diol (R,R)-171b in 84% yield, although no stereochemical
yield was reported (Figure 4.2, a)."”' The tetrasubstituted alkene 172 was
dihydroxylated using AD mix B under modified Sharpless conditions (increased Os,
ligand and methanesulfonamide) to give the diol (R,R)-173 in 85-87% yield and 29% ee
(Figure 4.2, b).?

AD mix f

CH3SO,NH,
0,
_ 0°C, 24 h
82%
a)

170 171b
no ee reported

1 mol % Os
5 mol %
(DHQD),PHAL
3eq CH3SO2NH2
_— rt, 1-2d
b) O 85-87% H(j:
172 173b

29 ee

Figure 4.2: AD reactions of disubstituted aromatic allylic-type systems reported in the
literature.>""!
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Comparison of the reported reactions with the AD reaction of 165 gave some points for
consideration. The yield of the AD reaction of the alkene 170 was much higher than
with alkene 165, although no comparison could be made with respect to the
stereochemical outcome. Although a tetrasubstituted alkene, the AD reaction of 172
gave the diol 173b in high yield, albeit in poor ee. The source of the poor
stereoselectivity was presumably the tetrasubstitution of the double bond, which is
known to hamper the AD reaction due to steric hindrance. Direct comparison of the
structures 170 and 172 with alkene 165 indicates that the presence of the ortho-
benzyloxy substituents on the aromatic rings has a detrimental effect on the yield of
diol. Whether the benzyloxy substituent was causing a steric effect or decreasing

solubility of the alkene in the organic layer was unknown.

Therefore, in a separate, extensive study, the nature of the ortho-substituent was
examined. The solubility of the alkene in the fBuOH layer was increased in an attempt
to maximise contact with the OsO4 bound ligand. The size of the ortho substituent was
decreased to ensure inclusion of the alkene into the binding cavity of the ligand. The
biscinchona ligands typically favour aromatic or long alkyl chain substrates; therefore
the electronic nature of the ortho-substituent was modified to determine if there were
any unfavourable interactions between the alkene and the hydrophobic pocket. The

results of the study are presented in Chapter 5.

It was expected that an appropriate alternative to the benzyloxy could be found and
therefore the remaining steps towards the synthesis of 2,2’-bisindoline 112 were

attempted to demonstrate proof of concept for the strategy.

4.4 Towards the synthesis of 2,2’-bisindoline

4.4.1 Mesylation of diol (S,S)-166a

In order to establish the chemistry of the new system, the synthesis of 2,2’-bisindoline
was attempted using samples of the diol 166a that contained stereochemical mixtures.
Therefore, diol (S,S)-166a (chiral:meso 14:1) was subjected to typical conditions for
mesylation (Scheme 4.5). The crude dimesylate (S5,5)-174a was isolated as a white

solid, as a 14:1 mixture of chiral:meso diastereomers in quantitative yield. The chiral
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isomer was isolated from the diastereomeric mixture via recrystallisation from

DCM/hexanes.

Scheme 4.5: Mesylation of the chiral diol (§,S)-166a.

OBn OH
MsCl, Et3N,
DCM, 30 min
OH OBn 99%

(S,S)-166a (S,5)-174a

OMs OBn

The MS (ES, +ve) displayed a peak at m/z 633 assigned to the M+Na ion. A singlet at
2.22 ppm of integration 6H in the '"H NMR spectrum and a peak at 37.5 ppm in the "°C
NMR spectrum were assigned to the methyl protons and carbons of the sulfonyl
substituent, respectively. The difference in chemical shifts in the '"H NMR spectra
between the peaks assigned to the two diastereotopic methylene protons of the
dimesylate (S,5)-174a (2.98 and 3.26 ppm) was much larger compared to the shifts
between the peaks assigned to the corresponding protons in the diol 166a (2.75 and 2.87
ppm), highlighting the greater difference in chemical environment between the two
diastereotopic protons. The peak assigned to the methine proton also experienced a
downfield shift, from 3.66 to 5.23 ppm, due to the increased electronegativity of the

mesylate group compared to the hydroxy substituent.

4.4.2 Attempted azidation of dimesylate (S,S)-174a

An SN2 displacement reaction of the mesylate groups of (S,5)-174a with N; was
attempted in an analogous method to the azidation of the dimesylates (S,5)-144a and
(S,5)-154a (Chapter 3). A solution of dimesylate (S,5)-174a in DMF was treated with 6
equivalents of sodium azide, and the reaction mixture was stirred 50 °C for 3 hours.
TLC analysis indicated the presence of starting material only, and therefore the
temperature was increased to 80 °C for 13 hours. TLC analysis indicated the presence of
two products, and starting material. An additional 6 equivalents of sodium azide were
added and after a further 7 hours of heating, the reaction was quenched, even though the
starting material was not consumed. After aqueous workup and column chromatography
the starting material was recovered (29%), and alkene 175 and azide 176 were isolated

in 20% and 15% yields, respectively (Scheme 4.6).
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Scheme 4.6: Attempted azidation of dimesylate (S,S)-174a to form diazido (R,R)-167a.
Two major products were isolated, 175 and 176. The chemical shifts of peaks in the 'H
NMR spectra assigned to the alkyl protons of 175 and 176 are quoted in ppm, and
multiplicities are indicated.

OBn OMs

NaN3, DMF,
80°C wy y
V. -
OMs OBn Ns OBn
(S,S)-174a (R,R)-167a

H HH OBn
d m
2.86

d
6.14

175 20% 176 15%
Two peaks in the 'H NMR spectrum of 175 at 6.82 and 6.14 ppm were assigned to the
sp” hybridised alkenyl protons H1 and H2. The protons exhibited a coupling of 16 Hz,
indicative of a trans configuration. A ddd peak at 4.32 ppm was assigned to H3 and a
multiplet at 2.86 ppm was assigned to the diastereotopic H4 protons. Two sets of dd
peaks at 2.90 and 3.08 ppm in the 'H NMR of the azido compound 176 were assigned
to the H5 protons, and another two sets of dd at 2.67 and 2.89 ppm were assigned to the
alternate diastereotopic protons H8. A multiplet at 5.03 ppm was assigned to the H6
proton geminal to the mesylate group, and a ddd at 4.32 ppm was assigned to the H7

proton geminal to the azido functionality.

Despite the presence of excess sodium azide (six equivalents per mesylate group), the
desired nucleophilic substitution reaction did not go to completion. Good SN2 reaction
conditions are promoted by the presence of a) a strong nucleophile in the negatively
charged azide anion N3 and b) a good leaving group in the mesylate substituent, which
provides an electrophilic carbon via its electron-withdrawing effect. Despite favourable
conditions for the desired Sx2 reaction, 29% of the unreacted starting material 174 was
recovered and the 15% mono-substituted azido 176 was isolated, indicating that the

structure of the molecule was not susceptible to two Sy2 reactions possibly due to steric
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effects imposed by the neighbouring ortho-substituted aromatic rings. Although a good

nucleophile, the azido anion is unable to access the electrophilic carbon.

Following mono-substitution via an Sy2 mechanism, the competing reaction to form the
alkene 175 prevents the formation of the diazido 167. The formation of 175 is proposed
to occur via the EI reaction of mono-azido 176 (Figure 4.3). The remaining mesylate
group dissociates leaving a secondary carbocation 177, which is followed by hydride
transfer to form 178, promoted by the stability of the resulting benzylic carbocation.
The azide anion removes the proton to generate the double bond. The driving force for
the elimination is the establishment of a conjugated system combined with the stability
of the benzylic carbocation. An alternative mechanism for the formation of the benzylic
carbocation 178 from 176 involves the hydride transfer and loss of the mesylate anion

occurring in concert.

[1,2] hydride transfeL

Figure 4.3: Proposed El/hydride transfer mechanism for the formation of azido
compound 175.

Further examples of this reaction were observed in two analogous systems, shown in
Figure 4.4."” The azidation was performed on dimesylates 179 (R = Br) and 180 (R =
OMe), to yield the desired diazidos 181 and 182 and the elimination products 183 and
184. Optimisation of the reaction provided the desired diazidos via longer reaction

times; however the reaction remained poor yielding.
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NaN3, DMF,

80 °C

179: 9d

180: 4 d
179 R = Br 181 R = Br 53%" 183 R = Br 19%"
180 R = OMe 182 R = OMe 29%* 184 R = OMe 15%"*

Figure 4.4: Outcomes of the azidation of dimesylates 179 and 180."”* The bromo
derivatives 181 and 183 were inseparable via column chromatography; therefore the
yield was determined via '"H NMR analysis. *Isolated yield.

The analogous elimination products 185a and 186a were identified, although not
isolated and characterised, from the azidation of dimesylates 144a and 154a (Scheme
4.7). The minimal quantity of this side product supports the mechanism proposed in
Figure 4.3, since the initial carbocation formed in the first step of the E1 mechanism is

not as stabilised as the benzylic cation, and therefore results in a lower yield.

Scheme 4.7: The azidation of dimesylates 144a and 154a to give diazidos 108a and
155a with the elimination side products 185a and 186a.

N3
AN SNNOP
PO :
N3
OMs 71% 108a P = Bn
OP 73% 155a P = PMB
PO —
OMs +
144a P = Bn N,
154a P = PMB -
/\/\/\/\/OP
PO X

<2% 185a P = Bn
<2% 186a P = PMB

side product not isolated

4.4.3 Alternative strategy towards 2,2 "_bisindoline'®

The synthesis of 2,2’-bisindoline via the key steps of metathesis dimerisation and

S

subsequent AD had been realised in concurrent studies'® whereby the nitrogen

heteroatom was incorporated into the synthesis from the beginning (Figure 4.5).'®

Protected 2-allylaniline 187 was subjected to metathesis dimerisation followed by AD
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to give diols 189. The chemical (31-34%) and stereochemical results (50-56% ee) of the
AD reaction were poor, which was proposed to be due to the poor solubility of the
alkene 188 in the /BuOH/H,0 reaction mixture. Large amounts of fBuOH were required
to dissolve the alkene, and longer reaction times were required. These deviations from
the general protocol for the AD reaction had a detrimental effect on the

enantioselectivity.

AD mix a/p,
NHBoc ‘ methanesulfonamide, | NHBoc

NHBoc T Grhhs o |
S fBUOH, H,,0, 90 h
| —1 5
2
2x 61%

187 188 E:Z 11.5:1 o (S,5)-189a 34%, 50 ee
B: ( , )189b31% 56 ee

NHBoc
mesylation cyclisation m deprotection m
—_— > g — R e RP
OMs N N
Boc H
190 127 112

Figure 4.5: Alternative synthesis of bisindoline 112, from Boc-protected 2-
allylaniline.'®

Although this alternate strategy did provide the desired 2,2’-bisindoline, the
enantiopurity obtained was poor. In an effort to improve the outcome of the AD

reaction, alternate N-protecting groups were proposed to replace the Boc group.

4.4.4 Conclusion

The preliminary results of the synthesis towards 2,2’-bisindoline in this thesis, in
combination with the results from the alternate strategy used in concurrent studies,'™
indicated that the while the concept succeeded, the major setbacks were the poor results
obtained from the normally reliable Sharpless AD. It was expected that an appropriate
alternative to the protecting group of either the phenolic-based or anilino-based
derivatives would provide the necessary modification to improve the stereochemical

and chemical outcome of the AD and, in turn, the synthesis of 2,2’-bisindoline.
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CHAPTER 5
The Asymmetric Dihydroxylation of

Dimeric Aromatic Allylic Alkenes

The asymmetric dihydroxylation using Sharpless conditions of the dimeric aromatic

allylic alkenes 165 and 188 gave poor yields and stereochemical yields of the diols 166

and 189. Analysis of the reaction outcome provides two sources of information

reg

arding the mechanism of reaction.

1. The poor chemical yield indicates that the alkene is prevented from accessing
the ligand bound OsO, and therefore cannot undergo dihydroxylation.

2. The poor enantioselectivity indicates that the differentiation in stability
between the two diastereomeric transition states is minimal (Figure 5.1), leading
to the formation of the undesired enantiomer.

directed away from

the binding pocket o
Binding
pggket

. PR R
o\Q/S“‘R 0.9 .Rg N 0.9 )=k
*0s- ~— | Jos0 “poor | ;O <
ol (0] ' o) o ?
I selectivity L* L*
191 142 143 139
o hydrolysis
ydroly OH OH o
RW/LR Re™Rr
Poor =
OH enantioselectivity OH
(5.5)-192a (R,R)-192b

Figure 5.1: The transition states leading to the formation of diols (§,5)-192a and (R,R)-
192b. When the stability of 142 and 143 are similar resulting from destabilising effects
between the substrate and the chiral ligand, the diols will be formed with poor
enantioselection.
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The reason for the inability of the alkene to access the ligand bound OsO4 could be due
to;

1. steric interactions between the substrate and the binding pocket,

2. poor solubility of the substrate, or

3. an unfavourable electronic interaction between the substrate and the phthalazine

linker or methoxyquinoline walls of the ligand.

Therefore, a study was undertaken to improve the outcome of the AD reaction, via the
modification of the nature of the protecting group of the phenol-based and nitrogen-

based alkenes.

5.1 Phenol-based derivatives

The phenol-based derivatives were first examined, due to the increased potential of the
synthetic route to access alternate derivatives of the final bisindoline ligand. It was
proposed that the protecting group could be modified to determine the effect of
substituent polarity, size, solubility and electronic nature on the outcome of the
asymmetric dihydroxylation (Figure 5.2). Initially, the protecting groups were chosen
for the simplicity of the synthesis of the precursors; additionally, those chosen would

give a range of information regarding the nature of the substituent.

oP O oP OH O P = Bn
PMB
Sh | AD
= arpless Ac
oP OH oP L198

122 123 H

|

Figure 5.2: Proposed optimisation of the asymmetric dihydroxylation of dimeric
aromatic allylic alkenes of the type 122 to form the diols 123. Examination of the AD
reaction was performed via modification of the O-protecting group, to determine the
effect of the nature of the substituent on the chemical and stereochemical outcome of
the reaction.

Therefore, dimeric alkenes of the type 122 (P = PMB, Ac, Tf, TBS, Me, H) were
required. Due to the lack of literature precedent for these systems, the proposed
synthesis of the dimers was via the self-metathesis reaction of monomeric ortho-
allylphenolic precursors of the type 121 (Figure 5.3), themselves generated from

2-allylphenol 120 using standard protection procedures.
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OH OP
= Protection I = Metathesis I
120 121
oP O oP OH O
= SharplessADI
O OP OH OoP
122 123

Figure 5.3: Synthesis of the monomeric aromatic allylic alkenes 121, dimerisation via
self-metathesis to form dimeric alkenes 122 and asymmetric dihydroxylation to form
chiral diols 123.

5.1.1 Synthesis of the phenol-based monomers

Commercially available 2-allylphenol 120 was protected using standard conditions, as

outlined in Table 5.1.

Table 5.1: Conditions for the O-protection of 2-allylphenol 120, and relevant spectral
evidence. 'H and ">C NMR peaks are quoted in ppm, and the peak assigned to the M
ion in the EI-MS is quoted.

OH - OP
> Protection I =
—_—
120 121
. 1aa NMR evidence
. Yield . EI-MS
P Conditions 121 (%) '"H(ppm) “C (ppm) ises;%n- (m/z)
1 PMB 1.NaH, THF,0°C 193" 90 381,3H 553 OCH; 254
2. PMBBr, 0 °C to RT, 5.00,2H  69.7 CH,Ph
23 h.
2 Ac Acetic anhydride, 194" 99 230,3H 209 CH, 176
Et;N, RT, 25 h. - 169.3 Cc=0
3 Tf N-Phenyl- 195" 83 - 118.6,q, CF; 266
triflimide, K,COs3, J=320Hz
THF, A, 48 h.
4 TBS Imidazole, 196'° 99 024,6H  -4.1 Si(CH;), 247"
TBSCI, RT, 1.02,9H 258 C(CHs);
18 h. - 18.3 C(CH,);
5 Me  Mel, K,CO;, acetone, 197"’ 87 3.81,3H 553 OCH, 148

water (cat.), 40 °C, 20 h.

“Isolated yield after purification via silica gel column chromatography. "M-H ion.
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5.1.2 Metathesis reaction of phenol-based monomers

The protected phenol based monomers 121 were dimerised via the metathesis reaction
to form dimeric disubstituted aromatic allylic alkenes of the type 122, using Grubbs 1%

and 2" generation catalysts, as summarised in Table 5.2.

Table 5.2: Homo-dimerisation of monomeric phenol-based derivatives 121, via self-
metathesis to form the dimers 122. Reaction conditions were standard involving heating
at reflux in DCM with Grubbs 1% or 2™ generation catalysts

OP
Grubbs catalyst
= DCM A

121

Grubbs 1 : Grubbs 2

P 121 122

mol time yield b mol time yield b
% (b)) (%) L0, m) (%) FZ
1 Bn 164 165 67 45 81 521 | 5 26 037 7.1
2 PMB 193 198 5 23 51 501 5 23 71 7.1:
3 Ac 194 199 5 15 8 41 | 5 66 77 81
4 Tf 195 200 5 15 88 381 ! 5 66 75 91
5 66 8 431 5 66 95  8.4:1

5 TBS 196 201 . )
- - - s 75 95 7:1
5 19 81 441 | 5 19 607 5.6:1

6 Me 197 202 : )
5 7 91 451 | 5 24 73 551
7 H 120 203 10 25 50 91 | - ; ; ;

“Isolated yield. "Determined by 'H NMR. “Discussed in Chapter 4. “Final yield
determined by 'H NMR.

The self-metathesis reaction in the presence of the more active Grubbs 2 catalyst
generally resulted in higher frans selectivity and although the chemical yield also
increased in most cases, the desired alkene could not be isolated from the secondary
metathesis products. The bulkier benzyl groups (entries 1 and 2, P = Bn, PMB) resulted
in higher trans selectivity than substitution with smaller groups (entries 3-6, P = Ac, Tf,
TBS, Me), when using Grubbs 1 however the opposite effect was observed with Grubbs
2. No differentiation was found when using the acetate or triflate (entry 3 and 4) with
the same reaction times. The use of Grubbs 2 decreased the yield despite the apparent
full conversion of the starting material as determined by TLC analysis. The extended

reaction time (66 hours) lead to degradation of the desired alkenes via secondary
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metathesis reactions. Interestingly, the longer reaction time (66 hours) in the presence of
Grubbs 1 provided the silyl derivative 201 in similar chemical and stereochemical
yields (entry 5, P = TBS) to the acetate and triflate derivatives after 15 hours. Grubbs 1
catalyst becomes inactive after short reaction times; therefore the desired product does
not undergo further reaction during extended reaction times. The Grubbs 2 catalyst is,
by design, more active'® and retains activity; therefore extending reaction time is
detrimental to overall yield. The results obtained from the use of Grubbs 2 catalyst with
the silyl protecting group are anomalous (entry 5, P = TBS). The same chemical yield
was obtained from the reaction after 66 hours and 7.5 hours, and both yields were high
(95%). The remaining 5% yield was attributed to the cross-metathesis of the monomer
with the styrene from the catalyst, which could not be separated from the desired alkene
by silica gel column chromatography. The extended reaction time provided a higher E:Z
ratio (from 7:1 to 8.4:1). The cis isomer is less sterically hindered, and as such is more
accessible by the catalyst to under go further reaction to the trans isomer. The only
possible explanation for the lack of any secondary metathesis products is that the
catalyst was rendered inactive shortly into the reaction, however this does not explain

the increase in the E:Z ratio.

The self-metathesis of the free phenol 120 was trialled as a possible alternative to the
protected phenol (entry 7, P = H). Grubbs 1 catalyst (10 mol %) was added in two
portions, and the desired alkene was isolated in 50% yield, in higher selectivity (9:1),
comparable to the selectivity when using Grubbs 2 catalyst with protected phenolic

derivatives. There is evidence!'”!

that the addition of phenol (5 mol %) to the self-
metathesis reaction of terminal alkenes improves the efficiency of the first generation
catalyst, by extending the lifetime of the catalyst, with minimal formation of undesired
secondary metathesis products. The more accessible cis isomer can therefore undergo
conversion to the frans product. The higher selectivity (9:1) obtained in the dimerisation
of 2-allylphenol indicates that this effect is occurring. The quantity of side products
however, was not minimised. 'H NMR analysis of the crude product indicated the
presence of multiple unidentified side products. Following isolation, confirmation of the

structure of 203 was made via comparison with the product obtained via deprotection of

TBS protected dimer 201 (Scheme 5.1).
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Scheme 5.1: Deprotection of TBS protected dimer 201 using standard conditions, to
give diphenol 203.

OTBS BuyNF OH
THF, RT,21h
/ _— /
92%
O OTBS O OH

201 203

5.1.3 Asymmetric dihydroxylation of phenol-based dimers

The asymmetric dihydroxylation of the phenol-based dimers 122 gave the chiral diols
123, as summarised in Table 5.3, using both AD mix a and AD mix . Enantiomeric
excesses were determined using HPLC analysis; therefore both isomers were required

for confirmation of the assignments of peaks.

Table 5.3: Asymmetric dihydroxylation of the phenol-based dimeric aromatic allylic
alkenes 122 under standard Sharpless conditions. Reaction with AD mix o provided the
AD mix o/

diols (S,5)-123; AD mix [ gave the diols (R,R)-123.
methanesEIfonamide
oP _ O tBuOH:H,0 _ oP QH O

® b J LG

122 123
AD mix a (§,5)-123a | AD mix B (R,R)-123b
p 122 123 time yield ee | time yield ee
(YR ) SN 73 M 1) M 20 M ) i
1 Bn 165 166 91 64 30 | 37 69 91
2 PMB 198 204 40  trace - 40 trace ;
3 Ac 199 205 24 0 B ! 0 -
4 Tf 200 206 24 25 14 | 24 58 8
5  TBS 201 207 24 13 3 o2 31 14
6 Me 202 208 24 52 34 | 24 37 40
7 H 203 209 24 0 ! 0 ;

“Isolated yield. “Determined by chiral HPLC. “Discussed in Chapter 4.

The PMB protecting group was trialled, due to the improvement in the result of the AD
reaction of the PMB protected alkene 150 discussed in Chapter 3. The use of the PMB
group in the aromatic derivative 198 (entry 2, P = PMB) was proposed to either increase

the solubility of the diol in the tBuOH/H,O reaction solvent or increase hydrophobic
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interactions within the binding pocket of the ligand. However, only trace amounts of
diol 204 were obtained. The alkene 198 was less soluble in tBuOH than alkene 165,
therefore, more information was required as to whether the poor result was due to
unfavourable interactions within the binding pocket or a simple solubility issue. The
acetyl protecting group (entry 3, P = Ac) was trialled to reduce the size of the
substituent, with a slight increase in polarity. The AD of alkene 199 however, did not
yield the corresponding diol, using either AD mix. Concurrently, in an attempt to
increase the solubility of the alkene, the AD of alkene 200 (entry 4, P = Tf) with AD
mixes a and 3 gave the corresponding diols 206 in almost racemic form. The ditriflate
200 was able to undergo dihydroxylation in the aqueous layer due to its water solubility.
The dihydroxylation cycle occurring in the aqueous layer is in the absence of the chiral
ligand, therefore enantioselectivity cannot be induced. TLC analysis of the reaction
mixture indicated 100% conversion of the alkene 200, however the isolated yields were
low (25% and 58%). The poor isolated yield can be attributed to the water-solubility of
the diol 206, resulting in its poor recovery from the reaction mixture and subsequent

aqueous workup.

Information regarding possible interactions between the alkene substrate and the chiral
ligand could still not be ascertained, since the dihydroxylation reaction of the ditriflate
206 did not occur in the presence of the chiral ligand. Therefore, an alkene substrate
was required that was more soluble than the benzylic ethers 165 and 198, but less
soluble than the ditriflate 206. Alkenes 201 (P = TBS) and 202 (P = Me) fulfilled this
requirement; in addition, the size and electronic effects of the ortho substituent could be
determined. The diols 207 (entry 5, P = TBS) were obtained in poor chemical and
stereochemical yield, while the reaction of the anisole derivative 202 (entry 6, P = Me)
gave the diols (S,S)- and (R,R)-208 in higher yield and ee. The OMe substituent is
smaller than the OTBS and OPMB substituent, and presumably poses less steric

hindrance with the chiral ligands; hence the alkene can access the ligand-bound OsOs.

The reaction of the free phenolic derivative 203 (entry 7, P = H) was trialled in an effort
to remove any steric interaction between the protecting group and the chiral ligand.
However upon addition of the alkene to the AD mixture, the reaction immediately

turned black, and did not provide the corresponding diol. In the basic conditions of the
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reaction mixture (K,CO;3) the phenolic proton is deprotonated, and presumably

deactivates the catalyst.

5.2 Nitrogen-based derivatives

Improvement of the nitrogen-based synthetic strategy (see Figure 4.5) was envisaged
through two methods of modification, demonstrated in Figure 5.4. The first was the use
of an alternate protecting group to Boc, while the second utilises the nitro substituent in
place of the protected anilino group. Following metathesis and AD, reduction of the
nitro substituent and subsequent N-protection would provide dimesylate 213, which
would be converted to 2,2’-bisindoline 214. In addition to providing an alternate
strategy to 2,2’-bisindoline 112, further information would be gained regarding the

problems associated with the AD reaction of dimeric allylic aromatic alkenes.

Sharpless
NHP NHP Asymmetric | NHP
Metathesis I Dihydroxylation
| — > 2
2x 2 OH
210 211 212
l mesylation
NHP
R deprotection R cyclisation
H p OMs
112 214 213
T 1. reduction
2. N-protection
3. mesylation
Sharpless
Asymmetric
Metathesis Dihydroxylation |
| — I - 9
2x 2 OH
215 216 217

Figure 5.4: Two alternative strategies for the synthesis of 2,2’-bisindoline 112, using
nitrogen-based derivatives.

Therefore, the monomers 210 and 215 were required.
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5.2.1 Synthesis of the nitrogen-based monomers

The synthesis of monomeric N-protected 2-allylanilines required the formation of
2-allylaniline via the Claisen rearrangement of N-allylaniline 218 (Scheme 5.2).
N-Allylaniline 218 was heated at reflux in the presence of boron trifluoride diethyl
etherate in xylenes. Basic (NaOH) workup followed by silica gel column
chromatography afforded the rearranged product 219 in low yield (32%), which was

185,198

spectroscopically identical to that reported in the literature, and degraded upon

exposure to light, air and NMR solvent.

Scheme 5.2: The synthesis of 2-allylaniline 219 via the [3,3]-sigmatropic or Claisen
rearrangement of N-allylaniline 218.
OEt,.F;B @
NH NH,

BF3.Et,0,
HN/W xylgneé, H,NOﬂ
t b, fm — Ejzv/ —»@M
32%
H

218

The isomerisation occurs via a [3,3]-sigmatropic rearrangement and subsequent
rearomatisation. The Lewis acid coordinates to the nitrogen by accepting a pair of
electrons into the vacant orbital of the boron. The rearrangement is performed under

thermal conditions. Aromaticity is regained via protonation to form the aniline 219.

The protection of 2-allylaniline 219 was attempted with three different protecting
groups, with limited success (Scheme 5.3). The PMB protection (Scheme 5.3, a)
utilised the same procedure as that for the phenolic derivative 193, where PMBBr was
generated in situ, and added to a suspension of 2-allylaniline 219 and sodium hydride in
THF. The reaction failed to provide any of the desired PMB protected aniline 220,

giving only an inseparable mixture of unidentified products.
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Scheme 5.3: Protection of 2-allylaniline 219 using a) p-methoxybenzyl bromide,
b) N-phenyltriflimide and ¢) acetic anhydride.

NHPMB
1.NaH, THF Z
a) 2.PMBBr X%
220
NHTf
NH PhNTf,, K,CO3, _
= b) THF, A, 6d
2%
219 221
Ac,0, EtsN, NHAc
. RT, 3 d _
65%
222

Aniline 219 was heated in the presence of N,N-bis(trifluoromethylsulfonyl)aniline, or
N-phenyltriflimide, with potassium carbonate in THF as solvent (Scheme 5.3, b). After
6 days of heating at reflux, the reaction was stopped, and purification via silica gel
column chromatography afforded the desired triflate 221 as a white solid, in 2% yield.
The "H NMR spectrum showed a broad singlet with an integration of 1H at 6.25 ppm, a
downfield shift of the broad singlet of integration 2H at 3.63 ppm in the 'H NMR
spectra of 219 assigned to the anilino protons, due to the deshielding effect of the
adjacent triflate group. The use of the more reactive triflating agent triflic anhydride,

Tf,0, did not afford any of the desired triflate.

The poor results from attempted protection of 2-allylaniline 219 cannot be explained.
Literature precedent shows that 2-allylaniline 219 and its derivatives have been
protected using acetyl chlorides,'”®'* sulfonyl chlorides***** and Boc,0*"**** in good

yields, using standard procedures.
The protection of 2-allylaniline 219 as the acetanilide 222 was performed by reaction

with acetic anhydride in the presence of triethylamine as a scavenger base (Scheme 5.3,

¢). After 3 days at RT and subsequent work up and silica gel column chromatography,
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the acetanilide was isolated as a white solid in 65% yield which was spectroscopically

identical to that reported in the literature.'”

The alternate strategy required the synthesis of 1-allyl-2-nitrobenzene 215. Typical

205,206

methods for the aromatic allylation reactions include Pd catalysed Stille and

Suzuki®”’

reactions and Grignard reactions.””®*!'" Owing to the easier handling of Pd
based reagents, the allylation of 1-iodo-2-nitrobenzene 223 was initially attempted
using the generally reliable, standard Stille conditions (Scheme 5.4). A mixture of
palladium (II) acetate, triphenyl phosphine, potassium carbonate, 1-iodo-2-nitrobenzene
223 and tributyl tin 224 was a) heated at reflux in THF and b) heated in a sealed tube at

130 °C, however the desired allylated product 215 was not formed.

Scheme 5.4: Attempted allylation of 1-iodo-2-nitrobenzene 223 using Stille conditions.
NO, Pd(OAc), 5% NO,

PPhs 20%
K,CO3 (1

(. \/\SnBu3 rC 3(1eq) =
a)A, 24 h X

b) sealed tube,
223 224 130°C,22h 215

Therefore, the synthesis of the desired allylated product 215 via the recently reported

209210 ag attempted (Scheme 5.5).2°'" A

Grignard-transmetallation reaction sequence
solution of 1-iodo-2-nitrobenzene was cooled to —40 °C and a solution of phenyl
magnesium bromide was added. After 10 minutes, a solution of copper (I) cyanide (1

12 in THF was added and after a further 10 min, allyl

eq) and lithium chloride (2 eq)
bromide was added neat. The reaction was continued for 2 hours. Purification via silica
gel chromatography afforded the desired allylation product 215 in 82% yield, which

was spectroscopically identical to that reported in the literature.”'’

Scheme 5.5: Conditions for the allylation of 1-iodo-2-nitrobenzene 223 to provide

1-allyl-2-nitrobenzene 215.%'°
NO2 NO2 allyl
| PhMgBr, THF, MgBr cucN.2LiCl, Cu bromlde
-40 °C, 10 min A0min
> 82%
223 225
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The Grignard reagent 225 was formed via an iodine-magnesium exchange between
1-iodo-2-nitrobenzene 223 and phenyl magnesium bromide. The low temperature of the
exchange minimises possible unwanted side reactions between the Grignard and the
nitro substituent. A number of derivatives have been formed®'® by reaction of the nitro
substituted aryl Grignard 225 with a range of aldehydes, with excellent functional group
tolerance. The magnesium-iodine exchange will only occur when a nitro or ester group
is ortho to the iodine, since coordination between the ortho substituent and the
magnesium centre is required. For the reaction to proceed smoothly with soft
electrophiles, such as allyl bromide, the arylmagnesium species requires conversion to

the aryl copper reagent 226 via transmetallation with CuCN.2LiCl.

5.2.2 Metathesis reaction of nitrogen-based monomers

The metathesis reaction was performed on the nitrogen-based monomers in the presence

of Grubbs 1% and 2™ generation catalysts, as shown in Table 5.4.

Table 5.4: Homo-dimerisation of nitrogen-based monomeric aromatic allylic alkenes
227, via self-metathesis to form the dimers 228. Reaction conditions were standard
involving heating at reflux in DCM with Grubbs 1* or 2™ generation catalysts.

R
Grubbs catalyst
4 DCM, A
227 228
Grubbs 1 Grubbs 2
R 227 228 "ol time yield E:Z" i mol time yield E:Z"
% () (%) % ) (%) )
1 NHBoc* 187 188 10 3 76 L.6:1 ¢ 10 7 61 11.5:1
2 NHAc 222 229 - - - - 10 17 73 E
: only
- - - - 15 7 26 43:1
3 NO, 215 216 |
- - - - 15 20 23 10:1

“Isolated yield. “Determined by 'H NMR. °S. M. Wales, Honours Thesis, University of
Wollongong, 2004.'%

The dimerisation of the N-Boc derivative 187 had previously been optimised to 10 mol
% of Grubbs 2 catalyst (entry 1, R = NHBoc)."®* Therefore, the same conditions were
applied to the N-acetyl derivative 222 (entry 2, R = NHAc). Immediately after addition
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of the catalyst to the reaction mixture, a white precipitate formed. The reaction was
continued for a further 17 hours, and the mixture was filtered to yield the desired dimer
229 as an insoluble white solid, in 73% yield, exclusively in the trans configuration.
Although a promising result for the metathesis reaction, the alkene 229 obtained was
not useful for further reaction, due to its excessively poor solubility in e.g. hexane,
DCM, Et,O, CHCIl;, DMSO, MeOH, acetone, water and the AD reaction solvent
BuOH.

The dimerisation of the nitro derivative 215 provided excellent stereoselectivity (43:1),
7 hours reaction time (entry 3, R = NO,), although in poor yield (26%). Extending the
reaction time to 20 hours decreased the yield slightly (23%), and decreased the
stereoselectivity significantly (10:1). The poor yield can be attributed to the quantity of
side products formed via undesired secondary metathesis reactions (Scheme 5.6). The
desired self-metathesis of 2-allylnitrobenzene 215 yielded the symmetrical dimer 216,
in E or Z conformation. The monomer 215 or the dimer 216 underwent cross-metathesis
with the styrene from the catalyst to form the unsymmetrical vinyl benzene 230, which
following double bond-migration gave 231 (2%). Alternatively, the dimer 216
underwent isomerisation, in which the double bond migrates from the allylic position to
the vinylic position, forming the 1,4-disubstituted 1-butene 232 (3%). The
isomerisations to form 231 and 232 are catalysed by Ru, with the formation of a highly
conjugated system being the driving force. The cross-metathesis between the 232 and
the monomer 215 (or 216 or 231) gave the 1,5-disubstituted 2-pentene 233 (2%).
Column chromatography isolated a 6.6:1 mixture of 216:233. TLC analysis (mixtures of
EtOAc and hexanes) did not resolve the alkenes. Further elution of the column yielded a
mixture of all products outlined in Scheme 5.6. Both mixtures were subjected to
column chromatography, and multiple recrystallisations using DCM/hexanes,
DCM/Et,0 and DCM/ethanol, which did not purify the products any further. Therefore,
the final yields of each were determined via comparative integration of the peaks
assigned to protons of each of the byproducts in the '"H NMR spectra. The peaks

observed in the '"H NMR were assigned, as shown in Scheme 5.6.
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Scheme 5.6: The seclf-metathesis of 2-allylnitrobenzene 215 using Grubbs 2™
generation catalyst to form dimer 216, and subsequent undesired secondary metathesis
reactions, to form side products 231, 232 and 233. Chemical shifts and multiplicities of
peaks in the 'H NMR assigned to the protons in the alkenyl chain are quoted in ppm.
Partial separation was achieved via column chromatography; however final yields were
determined by 'H NMR.

NO, Grubbs 2 (10 mol %) Noz( 3
P 20 h, DCM, A _
2X desired self-metathesis
NO,
215
Ru== 216 23%, E:Z 10:1
cross-
metathesis
cross- double bond
metathesis migration
NO,
C
230
double-bond
migration

NO, 8_%% 3(:151 Cross- ©/\/
X metathesis
639 215

2% 231 Y

N02 3%0 2?36 N02
m
2.37

2% 233

Although only partially characterised, the structures of the secondary metathesis
products 231, 232 and 233 were identified via '"H NMR and gCOSY analysis of
mixtures of the products. The 'H NMR spectrum of a mixture of a) E- and Z-216 and
pentene 233 and b) butene 232 and propene (and E- and Z-216) are shown in
Figure 5.5. The gCOSY 'H-'H correlations are marked.
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Figure 5.5: '"H NMR of a) a mixture of alkenes 216 and 233, and b) a mixture of
alkenes 232 and 231 (and E- and Z-216). Spectra were obtained at 300 MHz at 25 °C.

Analysis of the '"H NMR obtained from the mixture of 216 and 233 showed similar
chemical shifts in the peaks assigned to the methine protons H2 and H4/HS, and
methylene protons H1 and H3, adjacent to both the phenyl ring and the olefinic bond.
gCOSY analysis shows a correlation between the peak assigned to H5 in the '"H NMR
of 233 and the peak upfield at 2.37 ppm, assigned to H6, which in turn is correlated to
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the peak at 2.96 ppm, assigned to H7. Two similar peaks are observed in the 'H NMR
spectrum of the mixture of 232 and 231 (and E- and Z-216) assigned to H10 and H11
(Figure 5.5, b; for expansion see Figure 5.6), which are in a similar chemical

environment to H6 and H7.

— 1000
232
(ad) [
31
(da)
27 500
—o
82.67 ppm, dddd,
8 3.14 ppm, dd 3y =
Hiu 5, 265 nes H., “w=72,72,72Hz
11 3jyy=6.7,8.5Hz 10 s |
3.‘20 3‘10 3,‘00 2.‘90 2,‘80 2.‘70 ZA‘GO

ppm (f1)

Figure 5.6: Expansion of the "H NMR of 232, showing the peaks assigned to H10 and
H11.

The peak assigned to H10 showed a gCOSY correlation to the peak at 6.25 ppm,
assigned to H9 (Figure 5.5, b; for expansion see Figure 5.7, a), which showed a
correlation to the peak at 6.88 ppm, assigned to H8 (Figure 5.7, b) characteristic of
vinylic protons adjacent to an aromatic ring. Similarly, the peaks at 6.39 ppm (Figure
5.7, a) and 6.97 ppm (Figure 5.7, b) were assigned to the vinylic protons H13 and H12
respectively. The assignment of the double bond adjacent to the nitro-substituted
aromatic ring (rather than the unsubstituted benzene ring) was verified by comparison
of the reported "H NMR shifts of the vinylic peaks of an ortho-nitro substituted benzene
ring.”"® The peak assigned to H13 showed a "H-"H correlation to the peak at 3.91 ppm
(Figure 5.7, c¢), assigned to H14, which exhibits a similar chemical shift to the
methylene protons E- and Z-H1.
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Figure 5.7: Expansions of the "H NMR spectrum of the mixture of 232 and 231 (and E-
and Z-216) showing the peaks assigned to; a) H13 and H9, b) H12 and H8 and ¢) H14
and Z- and E-H1.
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5.2.3 Asymmetric dihydroxylation of nitrogen-based dimers

The results of the asymmetric dihydroxylations using AD mix o and AD mix 3 of the

nitrogen-based dimers 228 are summarised in Table 5.5.

Table 5.5: Asymmetric dihydroxylation of nitrogen-based dimeric aromatic allylic
alkenes 228 under standard Sharpless conditions. Reaction with AD mix o provided the
diols (S,5)-234; AD mix [3 gave the diols (R,R)-234.

AD mix a/f |
methanesulfonamide
tBuOH:H,0 _
228
AD mix o (5,5)-234 | AD mix p (R,R)-234
R 228 234 time yield ee | time yield ee
QYN 70 SN ©7) W () N ) S ¢ 8
1 NHBoc® 188 189 90 34 31 190 31 56
2 NHAc 229 235 24 0 - 24 0 -
3 NO, 216 217 24 18 44 1 24 45 58

“Isolated yield. "Determined by chiral HPLC. °S. M. Wales, Honours Thesis, University
of Wollongong, 2004.'*

As discussed in Section 4.4.3, the enantiomeric forms of Boc-protected aniline diol 189
(entry 1, R = NHBoc) were obtained in poor yield and enantiopurity via the AD
reaction.'® The acetylated analogue 235 was not formed from the AD reaction of
alkene 229 (entry 2, R = NHAc) using either chiral ligand, presumably due to the

excessively poor solubility of the alkene 229 in the reaction solvent.

Replacing the amine functionality with a nitro substituent was expected to improve the
result of the AD reaction by; 1) reducing the size of the ortho substituent and 2)
increasing the solubility of alkene substrate in the reaction mixture. In addition, the
nitro group represents a strongly withdrawing substituent - the effects of which had not
yet been investigated. The AD reaction of the nitro-substituted alkene 216 again gave a

poor outcome (entry 3, R = NO,).
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A mixture of alkenes E- and Z-216 and E-233 (8.5:1:1.4, not resolvable via TLC
development) was reacted under modified Sharpless conditions using AD mix o

(Scheme 5.7), in a 1:1:0.1 mixture of fBuOH:H,O:THF for 24 hours.

Scheme 5.7: The asymmetric dihydroxylation of a mixture of alkenes 216 and 233,
using AD mix a.

L | O
G
O

E- and Z-216 )- and meso-217

AD mix a . |solated yield 9%, 14% ee
methanesulfonamide

{BUOH:H,O:THF (1:1:0.1)

NO,
4 O

E-233 (S,S)-236a

isolated yield 30%, 94% ee
100% conversion

NO,

'H 5 (ppm) J (Hz)
la  2.99 9.7,13.2

b 322 3.8,13.6

2 3.83 94,42

3 3.59 43,8.6,10.2
4a  3.03 9.2,13.8

4  3.13 5.5,9.9,13.7
S5a/b  1.89-2.02 -

OH' 231 4.7

OH? 2.03 5.4

TLC analysis of the reaction mixture indicated that the spot assigned to the starting
alkenes 216 and 233 was present, and two polar products. The crude mixture was
subjected to column chromatography, giving the starting material and a mixture of diols
217 and 236. "H NMR analysis of the starting material showed that the peaks assigned
to the alkene 233 were absent, indicating full conversion of the pentene 233. The
mixture of diols was recrystallised (DCM/hexanes) giving the diol (S,5)-236a in 30%
yield and 94% ee. The filtrate was reduced to give the diol (S,S)-217 (9% yield, 14% ee)
as a mixture of chiral and meso diastereomers. The discrepancy in isolated yield (30%)
of the diol 236 and conversion (100%) of the alkene 233 can be attributed to the small

scale of the reaction. "H NMR analysis of the diol 236a showed a more complicated

121



Chapter 5 Dimeric Aromatic Allylic Alkenes

spectrum, confirming the unsymmetrical nature of the molecule. The peaks were
assigned as outlined in Scheme 5.7. The MS (ES, +ve) displayed a peak at m/z 369

assigned to the M+Na ion.

The chemical and stereochemical outcome of the AD reaction of the pentene 233
provide two points of discussion (Figure 5.8).

1. The apparent full conversion of the alkene indicated that the substrate was able
to adopt a conformation such that the double bond could be situated at one
equatorial and one axial oxygen atom of the bound OsO,, with minimal steric
interactions with the chiral catalyst, allowing the catalytic dihydroxylation to
occur.

2. The high stereoselectivity of the reaction is attributed to the stability of one
diastereomeric transition state 143 over the other 142. The higher stability
comes from the increase in favourable van der Waals or aromatic m-stacking

interactions between the substrate and the PHAL linker of the binding pocket.

directed away from Binding
the binding pocket\' Qc_)(_:lfet
R (R R
ods | = | o od )
o . 0 N O’II_* 0
142 143 139

steric hindrance
from PHAL linker

Figure 5.8: Two diastereomeric transition states leading to the stable osmium(VI)
glycolate ester 139. Diastereomer 142 is not stabilised due to steric interactions between
one of the double bond substituents and the floor of the binding pocket, while
diastereomer 143 is stabilised by favourable interactions with the walls and floor of the
binding pocket.

The increased flexibility of the substrate within the binding pocket must be a result of
the increased chain length so that the aromatic ring can be positioned so as to have n-
stacking interactions, or so that the aromatic ring is oriented out of the pocket so that the
favourable interactions are only van der Waals forces between the alkyl chain and the
PHAL linker. An alternate explanation could be the reduced steric hindrance

surrounding the double bond, allowing access to the ligand bound OsOs.
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5.3 Derivatives not containing a heteroatom

Another possible cause of the poor outcome of the AD reaction was the presence of a
heteroatom at the ortho position. The presence of the oxygen or nitrogen could be
interacting repulsively with the methoxy group of the methoxyquinoline units of the
biscinchona ligand (see Figure 3.10). This effect could be tested by performing the AD
reaction on derivatives not containing a heteroatom, such as the tolyl (R = Me) or
bromine (R = Br) analogues, or removing the ortho substituent completely (R = H).
Although these substrates will not necessarily provide access to 2,2’-bisindoline 112,
the information gained from these investigations would help to solve the problems

currently being experienced in the proposed synthesis.

R OH
Sharpless AD I O R= me
Br
0

228 234

Figure 5.9: Proposed optimisation of the Sharpless AD reaction of dimeric aromatic
allylic alkenes of the type 228, by removal of the coordinating ability of the ortho
substituent.

5.3.1 Synthesis of the non-coordinating monomers

The monomers required for the formation of dimeric alkenes 228 (where R = Me, Br)
were synthesised, while allylbenzene 237 which would provide 228 (where R = H) is

commercially available.

1-Allyl-2-bromobenzene 239 was synthesised according to the literature procedure, via
an iodine-magnesium exchange reaction.”'* A solution 1-bromo-2-iodobenzene 238 in
THF was equilibrated to —25 °C, and freshly prepared iPrMgBr (via addition of
magnesium turnings to iPrBr) was added (Scheme 5.8). Allyl bromide was added after
30 mins and the mixture was stirred at RT (18 °C) for 23 hours, to give the desired
allylated product 239 in 94% yield, which was spectroscopically identical to that
reported in the literature. The lower temperature at which the iodine-magnesium

exchange occurs prevents halogen displacement at the less reactive bromide position.
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The formation of the same Grignard reagent by reaction with Mg turnings would not be

selective.

Scheme 5.8: Reaction conditions for the synthesis of 1-allyl-2-bromobenzene 239 from
1-bromo-2-iodobenzene 238.%'

1. iPrMgBr
Br 2. allyl bromide Br
| RT, 23 h _
@/ —>94% @/\/
238 239

The synthesis of 2-allyltoluene was performed via the Grignard reaction of 2-bromo-

206 pyrification

toluene with allyl bromide, using the literature procedure (Scheme 5.9).
via silica gel column chromatography gave the desired allylated product 241 in 35%

yield, which was spectroscopically identical to that reported in the literature.

Scheme 5.9: Reaction conditions for the allylation of 2-bromotoluene 240 to form
2-allyltoluene 241.

1.Mg, Ip, THE, _
50°C, 1.5 h
Me 2. allyl bromide, Me 54 Me
Br 50 °C, 15 h 5-MgBr S
_— —_—
/_\ 35%
240 241
Sl

Although the yield obtained was much lower than that reported in the literature, a
sufficient quantity of the desired product was synthesised, and as such repetition of the

reaction was unnecessary.

5.3.2 Metathesis reaction of non-coordinating monomers

The metathesis reaction was performed on the non-coordinating monomers 227 and are

summarised in Table 5.6.
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Table 5.6: Homo-dimerisation of non-coordinating monomeric aromatic allylic alkenes
227, via self-metathesis to form the dimers 228. Reaction conditions were standard
involving heating at reflux in DCM with Grubbs 1* or 2" generation catalysts.

R
Grubbs catalyst
= DCM A l

227 228

Grubbs 1 Grubbs 2

R 227 228 | mol time yield

mol  time Yyield b b
% (h) (%) BZ7 0y, (h)  (%)° E:Z
5 24 69 481 | 3 25 0

1 H 237 170 ;
25 18 89  4.7:1 |

2 Me 241 242 25 27 77 451 |

3 Br 239 234 - - - - 15 23 16 6.2:1

“Isolated yield. “Determined by 'H NMR.

The dimerisation of allyl benzene 237 in the presence of Grubbs 1 gave the dimer 170
(entry 1, R = H). The catalyst loading did not affect the stereochemical outcome,
however 2.5 mol % and a shorter reaction time (18 h) gave a higher yield. The tolyl
derivative 241 (entry 2, R = Me) gave almost the same chemical and stereochemical
yield as the ortho methoxy derivative (see Table 5.2, entry 6), and only a slightly
poorer outcome than the allyl benzene reaction (entry 1). The use of Grubbs 2 for the
dimerisation of allyl benzene 237 (entry 1, R = H) did not provide the desired alkene
170, and only an inseparable mixture of unidentified products. The same reaction for
the bromo substituted derivative 239 (entry 3, R = Br) yielded the desired alkene 234 in
poor yield, which again could not be isolated from the side metathesis products using
column chromatography, analogous to those obtained from the self-metathesis of the
nitro derivative. The structures were again elucidated via '"H NMR and gCOSY analysis
of a mixture of E- and Z-234, 244, 245, 246 and 247 (Figure 5.10, c.f. Scheme 5.6).

Therefore the AD reaction was not attempted on the bromo derivative.
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Br O Br O Br Br
% ™
O Br O Br
244 245

E-and Z-243

Br Br
246 247

Figure 5.10: Products obtained from the self-metathesis of 239.

5.3.3 Asymmetric dihydroxylation of non-coordinating dimers

The AD reaction was performed on the dimeric alkenes 228, where R = Me and H, and

the results are summarised in Table 5.7.

Table 5.7: Asymmetric dihydroxylation of non-coordinating dimeric aromatic allylic
alkenes 228 under standard Sharpless conditions. Reaction with AD mix o provided the
diols (§,5)-234; AD mix 3 gave the diols (R,R)-234.

AD mix a/f |
methanesulfonamide
tBuOH:H,0 .
228
AD mix « (S,5)-234 AD mix B (R,R)-234
R 228 234 time yield ee | time yield ee
(h) (%) (R (%)’ (%)’
1 H 170 171 24 88 93 24 84 95
2 Me 242 248 24 65 62 | 24 45 70

“Isolated yield. "Determined by chiral HPLC.

The AD reaction was performed on the unsubstituted alkene 170 (entry 13, R = H) to
remove any possible steric or coordinating effects from aromatic substitution. The
enantiomeric diols (§,S)- and (R,R)-171 were formed in excellent enantiopurity and high

yield, indicating that favourable stabilising interactions were occurring between the
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substrate and the binding pocket. This leads to the observation that removal of the ortho
substituent eliminates the destabilising effect imposed by the presence of a substituent
on the aromatic ring. The AD reaction was performed on the tolyl substituted alkene
242 (entry 2, R = Me) using AD mix o and . The diols (S,S)- and (R,R)-248 were
obtained in moderate yield and ee. While the outcome was worse than for the AD
reaction of the unsubstituted derivative 170, the chemical and stereochemical yield was
higher than that obtained for the AD reaction of phenol- and nitrogen-based dimers (c.f.
Table 5.3 and Table 5.5). This indicates that there could be a repulsive electronic effect
or the outcome could simply be as a result of the reduction in effective bulk of the entire

ortho substituent, or most probably a combination of both.

5.4 Ortho, meta and para substituted derivatives

The results obtained thus far indicated that the ortho-substituted dimeric aromatic
allylic alkenes of the type 228 were providing unfavourable steric interactions between

the substrate and the chiral ligand, summarised as follows (Figure 5.11);

1. The extension of the butenyl chain of the dimeric scaffold to the pentene 233
resulted in high conversion and excellent stereoselectivity (94% ee) of the AD

reaction.

2. Removal of the ortho substituent gave the corresponding diols 171 in excellent

yield (84-88%) and stereoselectivity (93-95% ee).

3. Reduction of the effective bulk and coordinating ability of the ortho substituent
(R = Me) resulted in moderate yield (45-65%) and reduced stereoselectivity (62-
70% ee), albeit higher than the stereoselectivities obtained from the AD reaction

of phenol- and nitrogen-based derivatives.
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1. Increased chain length

NO, NO» A5 mixe NO, OH NO,
= methanesulfonamide
BUOH:H,O:THF (1:1:0.1)
C C LT
E-233 (S,S)-236a

isolated yield 30%, 94% ee
100% conversion

2. Removal of the ortho-substituents

AD mix o/p
methanesulfonamide OH
tBuOH:H-0

W,
\
W,

OH

170

(S,S)-171a 88%, 93% ee
(R,R)-171b 84%, 95% ee

3. Reduction in effective bulk of the ortho-substituents

AD mix a/p
th Ifi id
Ve () mams M Y0
P .
C . LT
242 (S,S)-248a 65%, 62% ee

(R,R)-248b 45%, 70% ee

Figure 5.11: The AD reaction of alkenes in which; 1. The chain length is increased, 2.
The ortho substituents are removed and 3. Methyl groups are present in the ortho
positions.

To determine if the ortho substituent was blocking the approach of the substrate to the
Os0y, the position of the aromatic substituent was investigated. The ease with which the
meta- and para-substituted anisole alkenes could be prepared lead to a comparison of

the AD reaction of o-, m- and p-249 (Figure 5.12).

= X Sharpless AD PN
| N OMe : I | N OMe
AF = OH
MeO MeO/
249 250

Figure 5.12: Proposed optimisation of the AD reaction, via comparison of the ortho,
meta and para substituted alkenes 249.
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5.4.1 Synthesis of the ortho, meta and para substituted monomers

The monomers required for the synthesis of the ortho, meta and para dimers are the

corresponding anisole derivatives 197, 251 and 252 (Figure 5.13).

OMe
@/\/ Meo\©/\/ /@/\/
MeO
197 251 252

Figure 5.13: Ortho, meta and para substituted allylanisoles.

Synthesis of 2-allylanisole 197 is described in Section 5.1.1, and 4-allylanisole (252) is
commercially available. 3-Allylanisole 251 was prepared, using a literature procedure,
via formation of the Grignard reagent of 3-bromoanisole 253,”" followed by reaction
with allyl bromide,*' in an analogous manner to that used to form 2-allyltoluene 241
(see Scheme 5.10). The desired allylated product 251 was isolated in 58% yield and

was spectroscopically identical to that reported in the literature.*'°

Scheme 5.10: Reaction conditions for the Grignard reaction for the allylation of
3-bromoanisole 253 to form 3-allylanisole 251.

1. Mg, Iy, THF,
2h,25°C
MeO Br 2. allyl bromide, MeO =
\©/ 20 h. 25 °C . \©/\/
58%
253 251
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5.4.2 Metathesis reaction of ortho, meta and para substituted monomers

The dimerisation of the ortho, meta and para substituted derivatives was performed via

the metathesis reaction, and is summarised in Table 5.8.

Table 5.8: Homo-dimerisation of ortho, meta and para substituted monomeric aromatic
allylic alkenes 254, via self-metathesis to form the dimers 249. Reaction conditions
were standard involving heating at reflux in DCM with Grubbs 1* or 2™ generation
catalysts.

=z
Grubbs catalyst |
| AN = DCM, A | N = NS \OMe
= A
MeO/ MeO
254 249
Grubbs 1 Grubbs 2

R 254 249 mol time yield E:Z" +mol time yield E:Z"

% h W T % h) (%) )
’ OMe* 197 200 5 19 81 44:1 + 5 19 607 5.6:1

0- € i

5 7 91 451+ 5 24 734 5.5:1

2  m-OMe 251 255 25 15 63 4.5:1§ - - - -
3  p-OMe 252 256 2.5 4.5 97 6.2:1 | - - - -

“Isolated yield. "Determined by "H NMR. “Discussed in Section 5.1.2. “Final yield
determined by '"H NMR.

The dimerisation of meta and para allylanisoles were performed using a reduced
catalyst loading (2.5 mol %, entries 2 and 3). While the meta derivative 255 was formed
in moderate yield (63%) and similar stereochemical yield (4.5:1) to the ortho-methoxy
dimer 202 (entry 1), the para derivative 256 was isolated in excellent yield (97%) and
improved stereochemical yield (6.2:1). A possible explanation is that the removal of the
ortho substituent, removes the steric hindrance surrounding the double bond. This
provides access to the double bond by the catalyst, so the double bond can undergo
[2+2] addition to the ruthenium preferentially. Dimerisation using Grubbs 2 was not
attempted since the alkene was synthesised in sufficient quantities for trialling the AD
reaction, in combination with the poor outcome previously observed using Grubbs 2

(see Scheme 5.6; R = NO; and Figure 5.10; R = Br).
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5.4.3 Asymmetric dihydroxylation of ortho, meta and para substituted

dimers

The results for the AD reaction of the ortho, meta and para substituted dimers 249

using AD mix a and 3 are summarised in Table 5.9.

Table 5.9: Asymmetric dihydroxylation of ortho, meta and para substituted dimeric
aromatic allylic alkenes 249 under standard Sharpless conditions. Reaction with AD
mix o provided the diols (S,S)-250a; AD mix [3 gave the diols (R,R)-250b.

AD mix a/p
72 methanesulfonamide OH 72
tBuOH:H,0 _ |
= X X
| N OMe | N OMe
A = OH
MeO MeO/
249 250
AD mix a (S,5)-250a AD mix B (R,R)-250b
R 249 250 time yield ee | time yield ee
QYT 70 SN ©7) M () N ) S ¢ §
1 0-OMe¢° 202 208 24 52 34 1 24 37 40
2 mOMe 255 257 24 77 731 24 86 76
3 p-OMe 256 258 24 90 85 | 24 96 87

“Isolated yield. “Determined by chiral HPLC. “Discussed in Section 5.1.3.

The AD reaction of the meta substituted alkene 255 (entry 2) increased the yield and ee
significantly, when compared to the ortho analogue (entry 1). The para substituted diol
258 was obtained in both enantiomeric forms in excellent chemical yield and
significantly improved stereochemical yield (entry 3). These results confirmed that
ortho substitution did indeed have a detrimental effect on the outcome of the AD

reaction on these dimeric aromatic allylic systems.
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5.5 Metathesis and AD summary

5.5.1 Metathesis of dimeric aromatic allylic alkenes

The metathesis reaction was performed using Grubbs 1 or 2 on a total of 14 dimeric

aromatic allylic alkenes, and the results are summarised in Table 5.10.

Table 5.10: Homo-dimerisation of monomeric aromatic allylic alkenes 227, via self-
metathesis to form the dimers 228. Reaction conditions were standard involving heating
at reflux in DCM with Grubbs 1% or 2™ generation catalysts.

R R
Grubbs catalyst
Z DCM A I
227 228
Grubbs 1 Grubbs 2
R 227 228 mol time yield EZb | mol time yield E:Z"
% (h) (%) T % h %) )
1 OBnf 164 165 6.7 4.5 81 52:1 1 5 26 937 7:1
2 OPMB 193 198 5 23 51 50 105 23 71 7.1:1
3 OAc 194 199 5 15 85 41 5 66 77 8:1
4 OTf 195 200 5 15 88 381 | 5 66 75 9:1
5 66 8 4311 5 66 95 841
5 OTBS 196 201 ; .
- - - - 75 95 7:1
6 OH 120 203 10 25 50 o1 | - - - -
7 NHBoc® 187 188 10 3 76 L6l | 10 7 61 11.5:1
8 NHAc 222 229 - ; ; St 100 17 M E
| only
- - - - s 7 26 43:1
9 NO, 215 216 !
- - - - 5 20 23 10:1
5 19 81 441 1 5 19 607 5.6:1
10 0-OMe 197 202 : .
5 7 91 451 5 24 73 5.5:1
11 m-OMe 251 255 25 15 63 451 ¢ - - - -
12 p-OMe 252 256 25 45 97  62:1 % - ; - -
5 24 69 481 3 25 0 -
13 H 237 170 ;
25 18 89  47:1 % - - - -
14 Me 241 242 25 27 77 451 0 - - - -
15 Br 239 234 - - - - 15 23 16 6.2:1

“Isolated yield. "Determined by 'H NMR. “Discussed in Chapter 4. “Final yield
determined by '"H NMR. “S. M. Wales, Honours Thesis, University of Wollongong,
2004.'%
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In summary, the use of Grubbs 2nd generation catalyst for the dimerisation of aromatic
allylic alkenes provides the desired alkene in higher E:Z ratio, however, isolation from
the undesired products from secondary metathesis reactions is difficult, and sometimes
not possible via column chromatography. The major side products result from
isomerisation of the double bond from the allylic position to the vinylic position, and
cross-metathesis products thereof. In comparison, the use of Grubbs 1* generation
catalyst provides the dimers in moderate yield, with minimal side products albeit in
lower stereochemical purity. The geometric purity can be increased by column

chromatography or recrystallisation.

Shorter reaction times provide the desired products in higher yields, without affecting
the stereochemical outcome. Longer reaction times decrease the yield, as the desired

alkene undergoes secondary metathesis reactions.

5.5.2 Asymmetric dihydroxylation of dimeric aromatic allylic alkenes

Asymmetric dihydroxylation was attempted on 13 dimeric aromatic allylic alkenes,
using AD mix o or B, under standard Sharpless conditions,” and the results are
summarised in Table 5.11. Generally, the chemical and stereochemical outcome was
poor. It can be seen that the best results are obtained when the ortho-substituent is

removed or the size is reduced.
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Table 5.11: Asymmetric dihydroxylation of dimeric aromatic allylic alkenes 228 under
standard Sharpless conditions. Reaction with AD mix o provided the diols (S,5)-234a;
AD mix B gave the diols (R,R)-234b.

AD mix a/p |

methanesulfonamide

tBuOH:H,0 -

228
AD mix o (5,5)-234a | AD mix B (R,R)-234b
R 228 234 time yield ee | time yield ee
(O O V) KR | M U G V1

1 OBn' 165 166 91 64 30 | 37 69 91
2 OPMB 198 204 40 trace ; 40 trace -
3 OAc 199 205 24 0 ~ 24 0 ;
4 OTf 200 206 24 25 1.4 24 58 8
5 OTBS 201 207 24 13 23 1 24 31 14
6 OH 203 209 24 0 - 24 0 ;
7 NHBoc® 188 189 90 34 31 90 31 56
8 NHAc 229 235 24 0 ; 24 0 ;
9 NO, 216 217 24 18 44 24 45 58
10 0-OMe 202 208 24 52 34 24 37 40
11 m-OMe 255 257 24 77 73 24 86 76
12 p-OMe 256 258 24 90 85 | 24 96 87
13 H 170 171 24 88 93 24 84 95
14 Me 242 248 24 65 62 | 24 45 70

“Isolated yield. "Determined by chiral HPLC. “Discussed in Chapter 4. “Final yield
determined by '"H NMR. “S. M. Wales, Honours Thesis, University of Wollongong,
2004.'%

5.6 ortho-Substituted monomeric aromatic allylic alkenes

In the transition state of the [3+2] cycloaddition of the olefin substrate to the bound
0Os0y of 1,2-disubstituted alkenes, one R group is directed into the binding pocket of the
ligand, while the other is directed away from the pocket. High enantioselectivity is
achieved when one R substituent experiences favourable van der Waal interactions
within the binding pocket. In an effort to determine if removal of one of the ortho-
substituted aromatic rings would result in a better outcome, the AD reaction was
performed on the monomeric aromatic alkenes 194 and 197, using both AD mixes o
and B (Scheme 5.11) under standard Sharpless conditions for terminal alkenes.
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Scheme 5.11: a) Conditions for the asymmetric dihydroxylation of monomeric aromatic
allylic alkenes 197 (R = OMe) and 194 (R = OAc), using standard Sharpless conditions
for the reaction of terminal alkenes using AD mixes o and . Note that
methanesulfonamide is not required for the AD reaction of terminal alkenes.’ b) For
comparison, the results of the AD reaction on the dimeric analogous discussed in
Section 5.1.3 (R = OMe and OAc) and Section 5.2.3 (R = NHAc) are given.

R H,HyH,
S)-259a R = OMe
BaOhLO { DOH g7 [a] p=-3.8°
R / S)-260a R = OAc
7%

%
a)
ADm'XB\; Ha HoHa H,

197 R = OMe fBUOH:HZ0 (1:1) ) (R)-259b R = OMe
194 R = OAc 377 1 OH 98% [a] p=+5.9°
OH (R)-260b R = OAc
9%

AD mix a

methanesulfonamlde O

tBuOH:H,0 R
/ S)-208a R = OMe 52%, 34% ee

b) (s S) -205a R = OAc 0%

202 R = OMe

— methanesulfonamlde
199 R = OAc tBUOH:H,0 (1:1)
229 R = NHAc

\ (S,S)-235a R = NHAc 0%
D mix B

(R,R)-208b R = OMe 37%, 40% ee
(R,R)-205b R = OAc 0%
(R,R)-235b R = NHAc 0%

Aqueous workup of the AD reaction of 197 (R = OMe) and column chromatography
afforded the diols (S)-259a in 97% yield and the enantiomer (R)-259b in 98% yield.
The synthesis of the racemic diol 259 has been reported,”'” without spectral data, while
synthesis of the (R)-diol was reported using a chiral starting material, with minimal

spectral data.”'®

Therefore, analysis of the spectra of the diols (S)- and (R)-259 was
necessary. Two broad singlets at 2.75 and 2.80 ppm were assigned to the two hydroxy

protons. Two sets of dd peaks at 2.78 and 2.84 ppm were assigned to the diastereotopic
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protons H3a and H3b adjacent to the aromatic ring, while the two dd peaks further
downfield at 3.46 and 3.59 ppm were assigned to the two terminal diastereotopic
methylene protons Hla and H1b. The singlet at 3.82 ppm was assigned to the methoxy
protons and the multiplet at 3.92-3.93 ppm was assigned to the methine proton H2
attached to the stereogenic carbon. The methylene carbon C3 adjacent to the aromatic
ring was assigned to the peak at 34.4 ppm in the °C NMR spectrum, and the peak at
66.0 ppm was assigned to the terminal CH,, C1. The peak at 72.2 ppm was assigned to
the stereogenic CH carbon C2, and the peak at 55.3 ppm was assigned to the methoxy
carbon. MS (ES, +ve) analysis displayed a peak at m/z 200 assigned to the M+NHj ion.
The diols were stored under argon at -15 °C, to avoid the rapid degradation observed at

room temperature.

The optical rotation of (S)-259a was -3.8° (¢ 0.045, CHC]ls), while the optical rotation of
enantiomer (R)-259b was +5.9° (¢ 0.045, CHC]ls). Chiral HPLC analysis was attempted,
in order to determine the ee of the diols. Samples of each enantiomer were subjected to
chiral HPLC, using 40% iPrOH:hexane (flow rate 0.5 mL/min) however only one peak
was observed in the chromatograms from each sample, with the same retention time (20
min). The samples were mixed and reanalysed under the same conditions, which
confirmed that the single peak observed in each chromatogram was assigned to both
enantiomers. A gradient eluting system was attempted, in which the polarity changed
from 20% to 40% iPrOH:hexane over 15 min; again resulting in a single peak at 20
min, assigned to both enantiomers. Reduction of the polarity of the eluting solvent (10%
to 20% iPrOH:hexane over 20 min) showed a single peak at 30 min for both isomers,
without any indication of partial resolution. Therefore, it was unlikely that a further
reduction in polarity or increase in time of the gradient would provide a useful elution

system for analysis of the ee.

Comparison of the two optical rotations confirmed the formation of the each
enantiomer, therefore NMR analysis using the chiral shift reagent europium tris[3-
(heptafluoropropylhydroxymethylene)-(+)-camphorate ~ (261) was  attempted.*"’
Dropwise addition of a solution of 261 (10 mg/mL) followed by 'H NMR analysis, did
not produce the desired resolution of any of the peaks. The peaks broadened and did not

resolve.
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Therefore, the ee however, could not be ascertained. The near quantitative yield
however, indicated that the diol was able to come into proximity to the ligand bound

Os0y, allowing dihydroxylation to occur.

Reaction of the alkene 194 (R = OAc) under the same conditions gave the
corresponding diols (S,S)- and (R,R)-260 in poor yield. The '"H NMR spectrum was
similar to that obtained from the diol 259, with the exception of a singlet at 2.10 ppm in
the '"H NMR spectrum and peaks at 20.8 and 171.4 ppm in the °C NMR spectrum
assigned to the acetyl group, in place of the peaks assigned to the methoxy substituent
in the NMR spectra of 259. MS (ES, +ve) analysis showed a peak at m/z 211 assigned
to the M+H ion. The ee could not be determined via HPLC analysis, and the samples
had degraded before an optical rotation could be obtained. The poor yield however,
showed that although a terminal alkene, the double bond was unable to satisfactorily

access the ligand bound OsO,.

The monomeric methoxy derivatives (S,S)- and (R,R)-259 were obtained in excellent
yield (97% and 98%), compared to the dimeric derivatives (S,S)- and (R,R)-208 (52%
and 37%, Scheme 5.11, b). This indicates that the increased steric hindrance of the
dimeric alkene 208, compared to 197, was preventing access to the OsO,. Although it
could not be determined, the ee would probably still be poor, as the removal of one of
the ortho-substituted aromatic rings would result in the remaining aromatic system
being directed away from the binding pocket. Stereoselectivity in the AD reaction for
this alkene would only be achieved if the aromatic substituent were directed into the
binding pocket. The steric hindrance experienced between the ortho substituent and the
binding pocket in the dimers would also be experienced by the monomer, resulting in
the substrate being directed away from the binding pocket and therefore poor

stereoselectivity.

Interestingly, the AD reaction of the monomeric acetyloxy derivative 194 gave the diols
(5,5)- and (R,R)-260 in poor yield (7% and 9%), compared to dimeric 199 which failed
to give the corresponding diols 205. It should be highlighted that the AD reaction of the
acetanilide 222 (R = NHACc) also did not provide the corresponding diols. This indicates
that the presence of the acetyl group has an additional destabilising interaction with the

binding pocket of the biscinchona ligands.
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5.7 Heterodimeric 1,2-disubstituted aromatic allylic alkenes

Analysis of all the AD results obtained thus far indicates that the limited access of the
ligand bound OsOj4 can be attributed to, most predominantly, steric interactions between
the ortho substituents of the aromatic rings and the binding cavity of the chiral ligand.
The removal of the ortho substituents from both aromatic rings (170, Table 5.7, entry
1) resulted in excellent chemical (84-88%) and stereochemical yield (93-95% ee).
Whether removal of only one of the ortho substituents would sufficiently remove the
steric effect was unknown, therefore the outcome of the AD reaction on the

unsymmetrical system 262 (Figure 5.14) was determined.

OMe OMe OH
I = Sharpless AD

Figure 5.14: Proposed investigation into the determination of the effect of the AD
reaction on the unsymmetrical alkene 262.

262 263

5.7.1 Cross-metathesis reaction

The synthesis of the heterodimer 262 was performed via the cross-metathesis reaction' ">

of ortho-allylanisole 197 and allylbenzene 237 (Scheme 5.12).

Scheme 5.12: The cross-metathesis of ortho-allylanisole 197 and allylbenzene 237 in
the presence of Grubbs 1% generation catalyst, to form the unsymmetrical dimer 262.

©/\/ . ©/\/ Srusb 1 (5 mol %) 262 94% (E:Z, 2.8:1)
DCM, 21 h, A

197 (1 eq) 237 (10 eq) _ O

170 (E:Z, 2.3:1)
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The reaction was heated at reflux in DCM for 21 hours. After removal of the solvent
and subsequent column chromatography, the homo-dimer 170 was isolated as a mixture
of geometric isomers (2.3:1). Further elution yielded the desired cross-metathesis
product 262 in 94% yield, based on 197, as a 2.8:1 mixture of £:Z geometric isomers.
The EI-MS (+ve) displayed a peak at m/z 238 assigned to the molecular ion of the
heterodimer 262. Due to the unsymmetrical nature of the alkene 197, assignment of the
peaks in the NMR spectra required detailed analysis. The '"H NMR showed a peak at
3.81 ppm of integration 3H, assigned to the methoxy protons. A multiplet at 5.58-5.67
ppm was assigned to both methine protons H3 and H4 of the cis and #rans isomers. A
multiplet upfield at 3.35-3.37 ppm was assigned to both methylene protons H2 and H5
of the trans isomer; the multiplet further downfield at 3.49-3.54 ppm was assigned to
the corresponding methylene protons in the cis isomer. Peaks in the aromatic region
with a relative integration of 9H were assigned to the 9 aromatic protons of the
heterodimer. The C NMR contains a peak at 55.3 ppm assigned to the methoxy
carbon. The peak assigned to the methoxy protons in the '"H NMR showed a two bond
C-C-H correlation in the gHMBC 2D-spectrum to a peak at 157.2 ppm in the °C NMR,
assigned to quaternary Cl. The peak at 141.0 ppm was assigned to quaternary C6.
Further analysis of the two bond C-C-H correlations displayed by the gHMBC spectrum
allowed assignment of the peak at 33.0 ppm to CH, C2 adjacent to the anisole, and the
peak at 39.0 ppm to CH; C5 adjacent to the phenyl group.

The use of the intermolecular metathesis reactions, such as cross-metathesis (CM) and
self-metathesis (SM) is less common than intramolecular versions (e.g. ROMP and
RCM), as general reaction conditions giving high yield and good trans/cis selectivity
have yet to be developed.'””'"*!"” The driving force for ROMP is ring strain release,
and for RCM the intramolecular metathesis is driven by the proximity of the two double
bonds and the entropy gained in the formation of the ring. CM has no such driving
force, so product yield can be poor, and coupled with low chemoselectivity and

.. . . . . 172
stereoselectivity; the reaction is clearly not as useful as the intramolecular versions.'’

Terminal alkenes (known as Type I alkenes), however, are highly reactive to cross-
metathesis.”?’ 1,2-Disubstituted alkenes are less active due to increased substitution
around the double bond. Olefins containing adjacent electron withdrawing groups have

reduced activity due to the electron deficiency of the double bond. In order for selective
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cross-metathesis to occur, the quantity of homo-dimerisation must be minimised. This
can be achieved by coupling two alkenes of different reactivity — for example, an
electron deficient alkene with a terminal alkene. The homodimerisation of the electron
deficient alkene will be slow, and will preferentially undergo cross-metathesis with the
terminal alkene. Similarly, in the reaction of a terminal alkene with a 1,2-disubstituted
alkene, the internal alkene will not undergo SM, and will preferentially undergo CM

with the terminal alkene.

Early methods established for cross-coupling reactions of two terminal alkenes involved
a two-step process (e.g. Figure 5.15).”?' Firstly, one coupling partner 237 is dimerised
via a self-metathesis reaction to form a symmetrical 1,2-disubstituted homodimer 170.
Secondly, the CM is performed between a terminal alkene 197 and the internal alkene

170, to yield the desired heterodimer 262.

/
©/\/ Grubbs O = g
2 X —_—

Step 1:

Self-
237 metathesis 170
OMe k OMe O
= >
O BO
Cross-
metathesis
197 262

Figure 5.15: The two-step process for the CM of two terminal alkenes. Step 1: one
coupling partner 237 is subjected to SM to form the homodimer 170. Step 2: the
internal alkene undergoes CM with the terminal alkene 197 to yield the heterodimer
262.

Recently, the approach has been modified to a one-step process.'”’ Essentially the same
mechanism occurs for the cross coupling, however one coupling partner 237 is added in
up to 10 equivalents excess. The resultant homodimer 170, although not isolated, still

undergoes CM with the terminal alkene 197.

Although the cross-metathesis reaction of two Type I alkenes is not efficient, the goal

was to obtain the desired heterodimer 262 in sufficient quantity for testing the AD
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reaction. The commercial availability of allylbenzene 237, to be used in such large

excess, rendered this a viable method for the formation of the desired heterodimer.

The separation of £ and Z isomers was attempted using column chromatography
combined with semi-preparative HPLC. A sample of isolated alkene 262 (105 mg, E:Z
2.2:1) was subjected to silica gel column chromatography (1% EtOAc:hexanes) which
provided two portions of alkene 262; A: 36 mg, £:Z 2:1 and B: 13 mg, E:Z 4:1). Sample
A was subjected to semi-preparative HPLC (normal phase, 100% hexanes to 10%
EtOAc:hexanes over 20 min, flow rate 10 mL/min). A single peak which eluted at 11
min was collected and concentrated; however 'H NMR analysis indicated that £-262
had not been isolated, as the geometric ratio of isomers was 5.5:1. Further separation
could not be attempted, since the alkene was found to degrade (vide infra). Therefore,
the cross-metathesis reaction was repeated, and the crude mixture was subjected to
silica gel column chromatography (1% EtOAc:hexanes) to give the heterodimer 262 as
a 2.4:1 of geometric isomers. The sample was subjected to two successive columns,
which increased the ratio of isomers to 4:1. Due to the instability of alkene 262, further
attempts to increase the geometric ratio could not be made; however, the results

obtained would indicate that the isolation of pure £-262 was unlikely.

The heterodimer 262 degraded quickly. Column chromatography isolated the major
degradation product, which was speculated to be alkenol 264 (Scheme 5.13).

Scheme 5.13: The degradation of 262 to form the alkenol 264.

OMe

262 264

The "H NMR spectra showed a doublet of integration 1H at 6.62 ppm (J = 16.0 Hz)
assigned to H4, and a ddd peak of integration 1H at 6.25 (J= 1.6, 7.5, 16.1 Hz) assigned
to H3, characteristic of a vinylic alkene. Two peaks at 3.07 ppm and 3.09 ppm were
assigned to the diastereotopic protons H1, and a peak at 4.78 ppm was assigned to the

sp’ methine proton H2. A doublet of integration 3H at 3.89ppm was assigned to the
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methoxy protons. Interestingly, the broad singlet assigned to the hydroxyl proton was
observed at 8.78 ppm, indicating hydrogen bonding. A peak in the *C NMR spectrum
at 33.3 ppm was assigned to the methylene carbon C1, and the peak at 86.0 was
assigned to the methine carbon C2. ?C NMR analysis displayed a single peak at 55.7
ppm assigned to the methoxy carbon, which showed a two-bond C-C-H correlation in
the gHMBC 2D-spectrum to a peak at 157.5 ppm, assigned to the methoxy substituted
quaternary carbon. Further analysis of the gHMBC spectrum provided the assignments
of each of the carbons of the anisole ring. The peaks at 127.3 and 133.6 ppm were
assigned to C3 and C4, respectively. The peaks assigned to the corresponding protons
H3 and H4 in the '"H NMR showed a two bond C-C-H correlation in the gHMBC
spectrum to the carbons assigned to the unsubstituted phenyl ring. This confirms
unequivocally the presence of the double bond in the vinylic position of the

unsubstituted phenyl ring, as opposed to the anisole ring.

Degradation to the alkenol was exacerbated by exposure to air, moisture, NMR solvent
and silica gel. TLC analysis of the alkene 262 which had been stored at —10 °C (freezer)
under Ar(g) for 4 days indicated the presence of the degradation product 264. The
mechanism by which the alkene degraded is unknown, although water is presumably
the source of the hydroxy group. The analogous product was not observed for the
dimeric alkenes previously described, indicating that the difference in the electron-
withdrawing ability between the two aromatic rings was probably a driving force for the
degradation. The reaction could have been catalysed by residual acid from the silica gel,

or possibly residual Ru from the Grubbs catalyst.

5.7.2 The AD reaction of heterodimeric 1,2-disubstituted aromatic allylic

alkenes

Owing to its instability, the heterodimer 262 was therefore prepared and isolated as a
mixture of geometric isomers, and subjected to AD conditions without improvement of
the isomeric ratio. A mixture of £ and Z-262 (1.4:1) was reacted under standard
Sharpless conditions using AD mix o (Scheme 5.14). Due to the unsymmetrical nature
of the Z isomer, the dihydroxylation produced two possible enantiomeric diols (S,R)-
and (R,S)-263, rather than the meso diol resulting from all previous alkenes. Therefore,

the result of the AD reaction was a diastereomeric mixture (1.6:1) of diols (S,5)-263a
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and (S,R)-263c¢ in 98% yield. The diastereomeric mixture was subjected to extensive
silica gel column chromatography to give partial separation of the (S,5)-263a isomer in

18% yield. Chiral HPLC analysis of the isolated sample indicated that the ee was 84%.

Scheme 5.14: Conditions for the asymmetric dihydroxylation of heterodimeric alkene
E- and Z-262, using standard Sharpless protocol, with AD mix a.

AD mix o
methane-
OMe sulfonamide
/ tBUOHHzo

262 (E:Z 1.4:1) (S,S)-263a (S,R)-263a

98% (S,S)/(S,R) 1.621:|column
18% (S,S)-263a chromatography
84% ee

The 'H NMR spectrum of diol (S,S)-263a displayed a peak at 2.92 ppm, assigned to the
methylene H1 protons, while the peak at 2.89 ppm was assigned to the methylene H4
protons. The peak at 35.2 and 40.0 ppm in the >C NMR spectrum were assigned to C1
and C4 respectively. The assignment of H1 and C1 were made through gHMBC 'H-"C
correlations to the peak at 157.4 ppm in the >C NMR spectrum assigned to the methoxy
substituted ipso carbon. Through further gHMBC correlations, the peaks at 73.5 and
74.1 ppm in the *C NMR were assigned to C2 and C3 respectively. Two doublets at
2.38 and 2.46 ppm in the '"H NMR spectrum were assigned to the two hydroxy protons,
and the singlet of integration 3H at 3.82 ppm was assigned to the methoxy protons. MS
(ES, +ve) analysis showed a peak at m/z 273 assigned to the M+H ion.

A mixture of alkene 262 (E:Z, 2.4:1) was subjected to standard Sharpless conditions
using AD mix 3 (Scheme 5.15). A diastereomeric mixture (5.7:1) the (R,R) and (R,S)
diols 263 was obtained in 90% yield. Due to the difficulty in obtaining the (S,S) isomer
via column chromatography, recrystallisation of the mixture was attempted from
DCM/hexanes. The ratio was increased to 10.5:1, which was sufficiently pure for

determination of the ee via HPLC analysis which revealed that the ee was 84%.

143



Chapter 5 Dimeric Aromatic Allylic Alkenes

Scheme 5.15: Conditions for the asymmetric dihydroxylation of alkene 262 using AD
mix f3.

AD mix B
OMe O methane-
sulfonamide
Z tBUOH:H,0
_—

262 (E:Z 2.4:1) (R,R)-263b (R,S)-263b

90% (R’R)/(R!S) 5.7:1 recrystallisation
(R.R)(R,S) 10.5:1 (DCM/hexanes)
84% ee

The improved outcome of the AD reaction of the heterodimer 263 showed that the lack
of an ortho substituent on one of the aromatic rings allowed the approach of the
substrate to the OsQy, resulting in good enantioselection. The enantioselectivity of the
reaction was better than that of the OMe homodimer 202 (34-40% ee), although not as
good as that obtained from the AD reaction of the unsubstituted alkene 170 (93-95%
ee). Therefore, the removal of one sterically imposing group allows entry of the 1,2-
disubstituted alkene system to fit into the binding pocket of the chiral ligand.
Conversely, the presence of ortho substituents on both aromatic rings in these types of
systems results in poor selectivity, due to steric interactions between the alkene and the

biscinchona ligand.

5.8 Conclusion

The results obtained from this study show that the synthetic strategy proposed in Figure
4.1 via the phenol-based derivatives or in Figure 4.5 by the nitrogen-based derivatives
cannot be improved by the modification of the O- or N-protecting group. It is the very
presence of this group that is causing the poor result. Modification of the protecting
group was found to alter the result by changing the level of interaction between
substrate and the ligand (e.g. when R = OAc, NHAc the corresponding diols were not
formed), however, the only improvements made were via the reduction in the effective
size of the substituent (R = Me), shifting of the substituent to the meta- or para-
positions (R = m-OMe, p-OMe), or ultimately, complete removal of the aromatic

substitution (R = H); all of which cannot be incorporated into the synthetic strategy.
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228 234

The exact position of the steric interaction between the alkene substrate and the
biscinchona ligands was not determined. To determine which part of the ligand is
experiencing the interaction the structure of the ligand-OsOs-alkene would need to be
examined through extensive computer modelling. Additionally, modelling studies
would provide information regarding the structure adopted by the alkene within the
ligand binding pocket, and therefore limitations on the size of the substrates for
potential reaction feasibility. Computer modelling studies, in combination with the
synthetic results obtained would also give a more complete understanding of the, still

debated,'”>'** mechanism of the Sharpless asymmetric dihydroxylation.
It was therefore concluded that the presence of ortho-substituents in the aromatic rings

of dimeric allylic aromatic alkenes prevented access of the substrate to the ligand bound

Os0y, thereby minimising chemical yield and enantioselection.
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Conclusions and Future Directions

6.1 Ligand design

The Suzuki reaction using a chiral catalyst offers many advantages as an
enantioselective method for the stereoselective synthesis of axially chiral biaryls. The
incorporation of a chiral ligand provides the source of chirality in catalytic quantities,
and additionally positions the ligand in close proximity to the site of bond formation.
There are currently no programs, however, for the design of chiral ligands for use in the
stereoselective synthesis of sterically hindered systems, in particular atropisomeric

biaryls.

A new design concept utilising helical-sense discrimination was investigated, for use in
Pd-based Suzuki coupling reactions. A new set of design principles was established for

chiral ligands for use in these reactions;

1. The ligand must contain a defined helical twist enclosed at each by donor atoms,
such as N, P or As.

2. The ligand must be bidentate, to best transfer the helical aspect of the ligand to
the Pd reaction site

3. The substituents of the donor atoms should be tied back in ring systems to
minimise steric hindrance of the already demanding reaction site.

4. The helical twist should be in close proximity to the Pd reaction site.

The first two target scaffolds which would incorporate the above principles were based

on chiral 2,2’-bispyrrolidine and 2,2’-bisindoline.
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6.2 2,2’-Bispyrrolidine synthesis

A new strategy was devised for the enantioselective synthesis of chiral 2,2°-
bispyrrolidines (R,R)-92a and (S,5)-92b. The keys steps of the synthesis were the
metathesis dimerisation and subsequent Sharpless asymmetric dihydroxylation (AD)
from achiral starting materials. Boc protected bispyrrolidine (R,R)-92a was synthesised
in 13% yield, over 10 steps, from commercially available 4-penten-1-ol. The metathesis
reaction gave the desired benzyl protected alkene 129 as a mixture of geometric isomers
(4:1) which could not be separated using column chromatography. The AD reaction
using AD mix a gave the diol (5,5)-107a with an ee of 80%, which was converted to
2,2’-bispyrrolidines (R,R)-92a via the known procedure.'® The synthesis was repeated
using the PMB protected derivatives, to give (R,R)-92a in overall 9% yield. The
presence of the PMB group aided in the separation of £ and Z isomers from the starting
material and side metathesis products. The AD reaction of the PMB protected alkene
150 using AD mix a gave the corresponding diol (S,5)-153a in 92% ee. The AD
reaction of the same alkene 150 using AD mix 3 gave the enantiomeric diol (R,R)-153b

in 88% ee, which was converted to bispyrrolidine (S5,5)-92b in 24% overall yield.

Attempts were made to reduce the total number of steps to the derivatised 2,2’-
bispyrrolidine 92 by changing the nitrogen nucleophile. Further attempts were made to
derivatise the chiral diol via the cyclic sulfate, in order to separate the meso and chiral
diastereomers, and to allow incorporate of two different heteroatoms, via sequential
nucleophilic substitution reactions. The cyclic sulfite however, could not be oxidised

efficiently to the desired sulfate.

6.3 2,2’-Bisindoline synthesis

The new strategy was applied to the synthesis of the chiral 2,2’-bisindoline 112
(Scheme 6.1). The AD reaction of the benzyl protected ortho substituted dimeric
aromatic allylic alkene 165 however, gave the diol (S5,5)-166a in poor chemical (15%)
and stereochemical yield (64% ee). The yield was increased to 60% by using modified
Sharpless conditions, however the enantiopurity decrease to 36% ee. This poor outcome
was also realised in concurrent studies which required the AD reaction of the Boc-

protected anilino derivative 188, which gave the desired diols 189 in 31-34% yield and
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50-56% ee.'® Therefore, an extensive study was undertaken to improve the outcome of
the AD reaction. The AD reaction was performed on a total of 9 protected phenolic and
nitrogen-based derivatives. Each of the alkenes was synthesised via dimerisation of
protected monomeric ortho-allyl substituted phenols, or the N-based analogues, using
the metathesis reaction. Grubbs 2 was found to provide the E alkenes in higher
selectivity, however separation of the desired alkene from the secondary metathesis

products was difficult, and in most cases not possible.

Scheme 6.1: The proposed synthesis of 2,2°-bisindoline 112 via the key steps of
metathesis and Sharpless AD was limited by the poor outcome of the AD reaction.

= Metathesis
2 X

227 228

Shar s AD

Modification of the protecting group of the phenolic and nitrogen-based derivatives did
not improve the outcome of the AD, with yields of 0-58% and enantioselectivities of 1-
58%. This lead to further investigation into the size and position of the ortho-
substituent. The outcome of the AD was improved by reduction in the effective bulk of
the entire substituent (R = Me, 62-70% ee), removal of the substituent from the ortho
position (R = m-OMe, 73-76% ee; R = p-OMe, 85-87% ee), removal from one aromatic
ring (84% ee), or ultimately, removal from both aromatic rings (R = H, 93-95% ee). It
was therefore concluded that the presence of ortho-substituents on the aromatic rings of
dimeric allylic aromatic alkenes of the type 228 was preventing access of the substrate
to the ligand bound OsOs, thereby causing the poor chemical yield and poor ee.
Consequently, 2,2’-bisindoline 112 would not be attained in sufficient enantiomeric
purity via this synthetic strategy, using the AD mix ligands (DHQ),PHAL and
(DHDQ),PHAL.
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6.3.1 Improvement of the AD reaction

The synthetic strategy could be improved by modification of the AD mix ligands, by
using a ligand such as the 9-anthracenylmethyl quaternary ammonium salt derivative
(265, Figure 6.1) which has been reported to show improved facial selectivity in the
dihydroxylation of substrates containing remotely positioned functional groups,

presumably due the deeper binding pocket of the ligand.'>****

MeO

265

Figure 6.1: The 9-anthracenylmethyl quaternary ammonium salt derivative of the
biscinchona ligands.

Alternatively, based on our design principle, the use of 2,2’-bispyrrolidine derivatives
should remove the steric problems resulting from the sterically hindered substrate. 2,2’-
Bispyrrolidine derivatives have been reported as ligands for use in asymmetric
dihydroxylations (see Figure 2.8).”°*'>> The method is limited however; as OsOj is
used stoichiometrically. Modification to a catalytic mechanism would be required in

order for the method to be synthetically viable.

6.3.2 Alternative approach to 2,2 ’-bisindoline

As a result of this thesis, an alternate strategy which avoids the AD of dimeric aromatic
alkenes was proposed. The synthesis outlined in Scheme 6.2 is currently under
investigation.'”> Alkene E-266 is subjected to AD conditions to give chiral diol (R,R)-
267b in 94% ee.’ The diol is converted to the diepoxide (R,R)-268b with subsequent
Sx2 reaction with ortho-substituted aryl Grignard reagents 269 giving the diol (R,R)-
234b, which in turn would provide 2,2’-bisindoline (S,S5)-112b.
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Scheme 6.2: The proposed alternate strategy towards chiral 2,2’-bisindoline (S,S)-112b,
via ring-opening of epoxide (R,R)-268b. The enantioselectivity of the AD reaction of
alkene 266 is reported to be 94%.

Sharpless
Cl asymmetric C:)H 0
NN dihydroxylation - cl . N
cl Z AD mix p Y T > (')HI
OH
266 (R,R)-267b (R,R)-268b
94 ee®
MgBr
Yo
: Y = (-
269 2 NN
OH H H
(R,R)-234b (S,5)-112b

6.4 Biaryl coupling reactions

The concept of helical-sense discrimination for the stereoselective synthesis of axially
chiral biaryls was not tested. The diamines 86 and 112 were not expected to be utilised
in Pd-based reactions, since the ligands used for such reactions are generally phosphine-
or arsine-based. The new concept using helicity can be tested however, using the
dibenzyl bispyrrolidine 160 in Cu catalysed oxidative homocouplings. Therefore, the
optimisation of the deprotection of Boc-protected 2,2’-bispyrrolidine 92 and subsequent
derivatisation is required. The Cu'-diamine complexes can be obtained and used for the
stereoselective couplings of 2-naphthols, according to the literature procedure for

similar chiral diamines (Scheme 6.3)."'*'"*

Scheme 6.3: The proposed application of the chiral bispyrrolidines 86 or 160 in the
stereoselective oxidative biaryl coupling of 2-naphthol 54 to give binaphthol (M)- or
(P)-3.

R R
86 or 160

(10 mol %)
OH Cul (10 mol %)

OH
03, (CHLCl),, @O
54

40°C

151



Chapter 6 Conclusions and Future Directions

The synthetic strategy towards 2,2’-bispyrrolidine can be modified to synthesise the
diarsine derivative and the mixed N, As derivative, from cyclic sulfate 158. For
example the proposed synthesis shown in Scheme 6.4 involves monoazidation of (S,S)-
158a followed by hydrolysis and mesylation to give (R,S)-270a. Displacement of the
mesylate group via reaction with AsPhs** gives (R,R)-271a which can be converted to
the mixed N, As derivative (R,R)-272a. This ligand can then be tested in Pd and Cu

based coupling reactions.

Scheme 6.4: Proposed synthesis of the mixed N, As derivative (R,R)-272a via stepwise
nucleophilic substitution of cyclic sulfate (5,5)-158a.

Oy /’O i) NaN
~ I a
o O il hydrolysis ii) OMs
mesylation /\/\/'\/\/
\:\,&/\/ mesylation PMBO : OPMB
_/_ OPMB N

PMBO 3

(S,S)-158a (R,S)-270a

AsPh
AsPh - OPMB ——,. E\—(j
AN R
— %  PMBO Y — N As
N3 R R

(R,R)-271a (R,R)-272a
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CHAPTER 7

Experimental

7.1 General experimental procedure

All glassware was acetone washed and oven dried, unless otherwise stated. All air
sensitive reactions were performed under a positive pressure of argon or nitrogen gas.
All air and moisture sensitive compounds were introduced into the reaction vessel
through a rubber septum and syringe. THF and Et,O were distilled from
sodium/benzophenone and DCM was distilled from CaH,. All other reagents were used

as purchased without further purification, unless otherwise stated.

Thin Layer Chromatography (TLC) was performed using Merck Silica Gel Fas4
precoated aluminium plates. Gravity column chromatography was performed using
Merck Silica Gel 60 (230-400 mesh) under gravity. All flash column chromatography
was performed using Merck Silica Gel 60 (63-200 mesh) under the pressure of a hand
pump. Eluents are expressed in volume to volume (v:v) proportions. All excess solvent

was removed under reduced pressure.

High Performance Liquid Chromatography (HPLC) was performed using a Waters
1515 pump and a Daicel Chiralcel OD-H column with a flow rate of 0.5 mL/min and a
detection wavelength of 254 nm, unless otherwise stated. Enantiomeric excesses (ee)

were determined by analysis of analyte peak area.

Proton ('H) and carbon ("°C) nuclear magnetic resonance (NMR) spectra were recorded
at 300 MHz and 75 MHz respectively on a Varian Mercury 300MHz spectrometer.
Alternatively, 'H and "C spectra were recorded at 500 MHz and 125 MHz on a Varian

Inova 500 MHz spectrometer. NMR spectra were acquired in CDCls unless otherwise
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noted, and are reported in parts per million () relative to TMS (& = 0 ppm) or CDCl; (o
= 77.0 ppm) as an internal standard. Coupling constants (J) are reported in Hertz (Hz).
Multiplicities are reported as singlet (s), broad singlet (bs), doublet (d), triplet (t),
quartet (q), multiplet (m), and doublet of doublets (dd).

Chemical ionization (CI) and electron impact (EI) mass spectra (MS) were obtained
using a Shimadzu QP-5000 GC-MS spectrometer by direct insertion technique with a
70 eV electron beam and high resolution (HR) on a VG Autospec spectrometer.
Electrospray (ES) MS were recorded on a Micromass Platform LCZ spectrometer and
HR on a Micromass QTOF2 spectrometer. lon mass to charge (m/z) values are stated

and their relative abundances as a percentage in parentheses.

Melting points (m.p.) were determined using a GallenKamp (Griffin) melting point
apparatus. Temperatures are expressed in degrees Celsius (°C) and are uncorrected.
Optical rotations were measured using a Jasco polarimeter with a 10 mm path length.
Concentrations are expressed as ¢ (10 mg/mL). Infrared (IR) spectra were recorded on a
Nicolet Avatar 360 FT-IR spectrometer fitted with a Smart Omni-Sampler germanium

crystal accessory. All IR spectra were recorded on neat samples.

Grubbs 1* generation catalyst is benzylidene-bis(tricyclohexylphosphine)dichloro-
ruthenium. Grubbs 2™ generation catalyst is benzylidene[1,3-bis(2,4,6-trimethyl-
phenyl)-2-imidazolidinylidene]dichloro(tricyclohexylphosphine)ruthenium. AD mix a
contains chiral ligand (DHQ),PHAL, K3Fe(CN)g, K,CO;3; and K,0s04.2H,0. AD mix f3
contains chiral ligand (DHQD),PHAL, K3Fe(CN)g, Ko,CO3 and K,0s04.2H,0.

Compound names for previously synthesised compounds are underlined.

154



Chapter 7 Experimental

NMR assignments

Protons and carbons of symmetrical molecules are assigned as follows;
- Integrations are given for total number of protons.

- Assignments are given once for both chemically equivalent atoms.

For example, in the symmetrical molecule 129 (Figure 7.1), H1 is equivalent to HS.
Therefore, the assignment is "H NMR & 3.45 (t, 4H, J = 6.5 Hz, OCH,CH,). That is, a
total of 4H (H1 and H8), assigned to the CH, adjacent to the benzyl ether.

'H 5 3.45

(t, 4H, J = 6.5 Hz)
1 3

5 7
= OBn
BnO 2 4 6 8

E-129

Figure 7.1: NMR assignments of symmetrical molecules, for e.g. alkene 129.

Where separation of diastereomeric (e.g. E/Z or chiral/meso) mixtures was not possible,
yields are expressed as total overall yield, with diastereomeric ratios given in
parentheses. The peaks arising in the 'H and '>C NMR due to the Z or meso impurities
are marked with an asterix (*). For example, the peak at 3.46 ppm in the 'H NMR of
E/Z-129 is assigned to the HI proton of the Z isomer and is therefore marked with an
asterix (Figure 7.2). Coupling constants and assignments are given where applicable,

however integrations are not.

;
JH—66354:z 13C 5 23.7*
- > 4 5 ’
§1 3 5 7 2 — ﬂ
NN -0BN 3 6
BnO 2 4 6 8 BnO 1y> 5 OBn
3¢ §29.0 53 46°
J=6.5Hz
E-129 Z-129

Figure 7.2: NMR assignments for diastereomeric mixtures, e.g. the peaks arising from
Z-129 are marked with an asterix.
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7.2 Bispyrrolidine synthesis

1-Benzyloxy-4-pentene 12822422

) 4-Penten-1-ol (0.24 mL, 2.32 mmol) was added dropwise to
3©/\OW a stirred suspension of NaH (60% dispersion in oil; 250 mg,
) 6.25 mmol) in THF (6 mL) at 0 °C. Benzyl bromide (0.28
mL, 2.32 mmol) was added after 30 min, and the reaction was allowed to warm to RT
with stirring for 23 h. The reaction was quenched with water, extracted with EtOAc (3 x
20 mL), the combined organic layers washed with sat. NaCl, dried (MgSQO4) and
concentrated. The crude oil was subjected to gravity silica gel column chromatography
to afford the protected alkene 128 as a volatile, colourless oil (409 mg, 99%).* '"H NMR
(300 MHz) 6 1.71 (tt (app. p), 2H, J = 6.8, 7.7 Hz, OCH,CH»), 2.15 (dt (app. q), 2H, J =
7.1, 7.4 Hz, CH,CH=CH,), 3.48 (t, 2H, J = 6.5 Hz, OCH,CH,), 4.50 (s, 2H, PhCH,),
4.93-4.98 (m, 1H, CH=CHH), 4.99-5.05 (m, 1H, CH=CHH), 5.82 (ddt, 1H, J = 6.6,
12.2, 16.9 Hz, CH=CH,), 7.24-7.34 (m, 5H, ArH); "C NMR (75 MHz) & 28.9
(OCH,CH,), 30.3 (CH,CH=CH;), 69.7 (OCH,CH>), 72.9 (PhCH,), 114.7 (CH=CH,),
127.5 (ArC4), 127.6 (ArC2), 128.3 (ArC3), 138.3 (CH=CH,), 138.6 (ArCl); FTIR v
1721 (w), 1640 (w), 1554 (w), 1363 (w), 1101 (s), 1075 (m), 1028 (w), 994 (w), 913
(m), 737 (s); MS (CI, +ve) m/z 177 (82, M+H), 159 (100%, M-18).

E-5-Benzyloxy-1-phenyl-1-pentene 130°%° and E-1.8-Di(benzyloxy)-4-octene 129'7°

A O OB

Grubbs 1 catalyst (246 mg, 0.30 mmol, 5 mol %) was added to a solution of alkene 128
(1.053 g, 5.98 mmol) in DCM (15 mL) and the solution was heated at reflux for 5 h.

The reaction mixture was filtered through Celite and the solvent evaporated in vacuo.
The crude oil was subjected to flash silica gel column chromatography (hexanes to 2%
EtOAc:hexanes) to yield the pentene 130 (78 mg, 5%) as a colourless oil, which was
spectroscopically identical to that reported in the literature.””® '"H NMR (300 MHz) &
1.75-1.84 (m, 2H, CH,CH;0), 2.31 (dddd, 2H, J = 1.04, 7.5, 7.8, 7.8 Hz, CH=CHCH,),

* No physical or spectral data reported in reference 224 or 225.
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3.48 (ddd, 2H, J = 0.8, 6.4, 6.3 Hz, CH,CH,0), 4.51 (s, 2H, PhCH,), 6.20 (ddd, 1H, J =
6.8, 6.8, 15.8 Hz, PhCH=CH), 6.38 (d, 1H, J = 15.8 Hz, PhCH=CH), 7.25-7.35 (m,
10H, ArH).

Further elution afforded the octene 129 (1.728 g, 75%, E:Z 5:1) as a colourless oil.* 'H
NMR (300 MHz) & 1.66 (tt (app. p), 4H, J = 6.7, 7.3 Hz, OCH,CH>), 2.04-2.10 (m, 4H,
CH=CHCH,), 2.12-2.16%*, 3.45 (t, 4H, J = 6.5 Hz, OCH,CH,), 3.46* (t, J = 6.5 Hz),
4.48 (s, 4H, PhCH,), 5.38-5.41 (m, 2H, CH=CH), 7.28-7.41 (m, 10H, ArH); °C NMR
(75 MHz) & 23.7*, 29.0 (CH,CH=CH), 29.5 (OCH,CH,), 29.6*, 69.65 (OCH,CH,),
69.74%, 72.78 (PhCH,), 72.82*, 127.4 (ArC4), 127.5 (ArC2), 128.3 (ArC3), 129.8*%,
130.0 (CH=CH), 138.6 (ArC1); MS (CI, +ve) m/z 325 (16, M+H), 233 (10), 181 (20),
127 (100%).

(4S5.55)-1.8-Dibenzyloxy-4.5-octanediol 107a'*

OH General Procedure A A suspension of AD mix o
OBn
BnO/\/\‘/'\/\/ (1.88 g, 5.4 umol osmium) and methanesulfonamide
OH

(128 mg, 1.35 mmol) was stirred at RT in a 1:1 mixture
of tBuOH and water (7 mL) until completely dissolved. The mixture was cooled in an
ice bath until a precipitate formed, and alkene 129 (436 mg, 1.35 mmol, £:Z 4.4:1) was
added. The mixture was stirred vigorously at 0 °C for 1 h and a further 23 h at RT. The
mixture was cooled in an ice bath and sodium sulfite (1.74 g) was added. After 1 h at 0
°C, the reaction mixture was returned to RT, partitioned between water (50 mL) and
DCM (50 mL), and the aqueous layer back extracted with a further 3 portions of DCM
(3 x 50 mL). The combined organic layers were washed with 2M KOH (2 x 30 mL),
then sat. NaCl (1 x 50 mL), dried (MgSO4) and concentrated in vacuo. The crude oil
was subjected to gravity silica column chromatography (20% to 100% EtOAc:hexanes)
which afforded the diol (R,R)-107a as a colourless oil (416 mg, 86%) as a mixture of
chiral:meso diastereomers (4.9:1), which was spectroscopically identical to that reported
in the literature.'® HPLC analysis (10% to 40% 2-propanol:hexane, retention times

(R,R)-diol 107b 30.8 min (minor), (S,S)-diol 107a 33.9 min (major)) showed the ee of
the (S,5)-diol 107a was 80%. [a]> = —13.8° (¢ 0.08, chiral:meso, 3.4:1, CHCI,). 'H

* No physical or spectral data reported in reference 179.
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NMR (300 MHz) § 1.44-1.56 (m, 2H, CHHCHOH), 1.60-1.73 (m, 2H, CHHCHOH),
1.75-1.82 (m, 4H, OCH,CHy), 3.00%, 3.07 (bs, 2H, OH), 3.40 (d, 2H, J = 5.7 Hz,
CHOH), 3.51 (t, 4H, J = 5.9 Hz, OCH,CH,), 4.51 (s, 4H, PhCH,), 7.25-7.35 (m, 10H,
ArH); >C NMR (75 MHz) § 26.0 (OCH,CH,), 26.5*, 28.9%, 30.8 (CH,CHOH), 70.4
(OCH,CH,), 70.5%, 73.0 (PhCH,), 74.1 (CHOH), 74.3*, 127.6 (ArC4), 127.7 (ArC2),
128.4 (ArC3), 138.1 (ArC1); MS (CL +ve) m/z 359 (100%, M+H); MS (ES, +ve) m/z
381 (100%, M+Na), 376 (60, M+NHy), 359 (30, M+H); HRMS (ES, +ve) caled for
CoH3,04 359.2222, found 359.2210.

(4R.5R)-1.8-Dibenzyloxy-4.5-octanediol 107b'%*

OH The diol (R,R)-107b was synthesised by General
AN SN SNNOB .
BnO T " Procedure A using alkene 129 (265 mg, 0.82 mmol,
OH

E:Z 4:1), AD mix 3 (1.14 g), methanesulfonamide (78
mg, 0.82 mmol), /BuOH (4.1 mL), water (4.1 mL) and sodium sulfite (733 mg). The
diol (R,R)-107b (231 mg, 80%) was isolated as a colourless oil, as a mixture of
chiral:meso diastereomers (4:1), which had identical spectroscopic properties to the
(S,S) enantiomer. HPLC analysis (10% to 40% 2-propanol:hexane, retention times
(R,R)-diol 107b 30.5 min (major), (S,S)-diol 107a 34.7 min (minor)) showed the ee of
the (R,R)-diol 107b was 98%.

(45.55)-1.8-Dibenzyloxy-4.5-dimethanesulfonyloctane 144a'%

OMs To a stirred solution of (S,S)-diol 166a (700 mg, 1.97
Bno/\/\‘/k/\/OBn mmol, chiral:meso 7:1) and EtzN (2.18 mL, 15.6
OMs mmol) in DCM (35 mL) at 0 °C was added MsCl (0.95

mL, 9.78 mmol). The reaction mixture was returned to RT and after 20 min was diluted
with DCM (50 mL), washed sequentially with 5% CuSO,, sat. NaHCO3, sat. NaCl, and
dried (MgSQO4). The crude oil was subjected to gravity silica gel column
chromatography (10% to 100% EtOAc:hexanes) to afford the dimesylate (S,S)-144a as
a colourless, viscous oil (766 mg, 76%) as a mixture of the chiral:meso diastereomers

(7:1). "TH NMR (300 MHz) & 1.67-1.77 (m, 4H, CH,CH,CHOMs), 1.79-2.01 (m, 4H,

! No physical or spectral data reported in reference 164.
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CH,CHOM ), 3.02 (s, 6H, SO,CHs), 3.05%, 3.49 (t, 4H, J = 5.5 Hz, OCH,CH,), 4.47 (s,
4H, PhCH,), 4.48*, 4.83-4.89 (m, 2H, CHOMs), 7.23-7.36 (m, 10H, ArH); *C NMR
(75 MHz) & 24.9 (CH,CH,CHOMs), 25.5%, 26.7*, 27.6 (CH,CHOMs), 38.7 (SO,CHs),
69.2*, 69.3 (OCH,CH,), 72.99 (PhCH,), 73.04*, 80.6 (CHOMs), 82.6%, 127.6 (ArC4),
127.7 (ArC2), 128.4 (ArC3), 138.2 (ArC1); FTIR v 1357 (s), 1168 (s), 1101 (m), 906
(br, s); MS (CL, +ve) m/z 515 (7, M+H), 513 (7, M-H), 359 (26), 329 (46), 233 (100%);
HRMS (EL +ve) caled for C24H3305S, 513.1617, found 513.1608.

(4R.5R)-1.8-Dibenzyloxy-4.5-diazidooctane 108a'®*

N3 Sodium azide (253 mg, 3.89 mmol) was added to a
BnO/\/\i/-\/\/OBn solution of dimesylate (S,5)-144a (500 mg, 0.973
Ns mmol, chiral:meso 2.5:1) in DMF (6 mL) and the
reaction mixture was stirred at 80 °C for 2 h. The mixture was then poured into sat.
NaCl, extracted with EtOAc (3 x 30 mL) and the combined organic layers were
concentrated in vacuo. The crude oil was subjected to gravity silica gel column
chromatography (20% EtOAc:hexanes) to afford the diazido (R,R)-108a (281 mg, 71%)
as a colourless, viscous oil, as a mixture of chiral:meso diastereomers (4:1), which was
spectroscopically identical to that reported in the literature.'®* "H NMR (300 MHz) &
1.62-1.83 (m, 8H, CH,CHN3 and CH,CH,CHN3), 3.30 (t, 2H, J = 4.2 Hz, CHN3), 3.37-
3.41%*, 3.45-3.51 (m, 4H, OCH,CH,), 4.48 (s, 4H, PhCH,), 7.25-7.36 (m, 10H, ArH);
BC NMR (75 MHz) & 26.3 (CH,CH,CHN3), 26.4%, 27.2% 28.2 (CH,CHN3), 65.0
(CHN3), 65.6*, 69.4 (OCH,CH,), 72.9 (PhCH,), 127.56 (ArC4), 127.59 (ArC2), 128.3
(ArC3), 138.2 (ArC1); FTIR v 2101 (s), 1711 (w), 1454 (w), 1276 (w), 1101 (s), 1030
(w); MS (CI, +ve) m/z 409 (3, M+H), 381 (100%), 353 (100%); HRMS (ES, +ve) calcd
for C2.H29N¢O, 409.2352, found 409.2341.

(4R.5R)-1.8-dibenzyloxy-4,5-diaminooctane 145a'%*

NH, A 2-necked flask containing diazido (R,R)-108a (187
/\/\/'\/\/OBH
BnO Y
NH;

mg, 0.46 mmol, chiral:meso 5:1) and a catalytic
amount of Pd/C in abs. EtOH (6 mL) was placed under
vacuum. A balloon filled with H,(g) was added and the reaction mixture was stirred at

RT for 2 h. The mixture was then filtered through Celite, and concentrated under
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reduced pressure. The crude mixture was redissolved in Et,O, acidified (HCl) and
extracted with water (4 x 20 mL). The combined aqueous layers were basified (NaOH)
and extracted with DCM (4 x 20 mL). The combined organic layers were dried
(MgS04) and concentrated to yield the diamine (R,R)-145a (163 mg, 100%) as a white
solid, as a mixture of chiral:meso diastereomers (5:1).;t 'H NMR (300 MHz) & 1.26-1.38
(m, 2H, CHHCHNH,), 1.35 (s, 4H, NH,), 1.49-1.66 (m, 4H, CH,CH,CHNH,), 1.68-
1.84 (m, 2H, CHHCHNH,), 2.55 (bs, 2H, CHNH,), 2.62-2.65*, 3.49 (t, 4H, J = 6.2 Hz,
OCH,CH,), 4.50 (s, 4H, PhCH,), 7.25-7.34 (m, 10H, ArH); >C NMR (75 MHz) & 26.7
(OCHCH,), 26.9*%, 29.2* 31.5 (OCH,CH,CH,), 55.0 (CHNH,), 55.9*% 70.3
(OCH,CH,), 72.8 (PhCH;), 127.4 (ArC4), 127.5 (ArC2), 128.3 (ArC3), 138.4 (ArCl);
MS (CI, +ve) m/z 357 (100%, M+H).

(4R.5R)-1.8-Dibenzyloxy-4.5-di(/V-tert-butoxycarbonylamino)octane 109a'®* and

(4R,55)-1,8-Dibenzyloxy-4,5-di(/V-fert-butoxycarbonylamino)octane 109meso

NHBoc NHBoc
BnO Y OBn BnO . OBn
NHBoc NHBoc

Di-tert-butyldicarbonate (618 mg, 2.82 mmol) in Et;O (5 mL) was added to a stirred
solution of diamine 145a (168 mg, 0.47 mmol, chiral:meso 9:1) and Et;N (0.26 mL,
1.88 mmol) in Et,O (6 mL). The reaction was stirred at RT for 4 h and the solvent was
evaporated under reduced pressure. The crude oil was subjected to gravity silica gel
column chromatography (5% to 50% EtOAc:hexanes) to yield the chiral diBoc (R,R)-
109a (168 mg, 64%) as a white solid, m.p. 78-80 °C, which was spectroscopically
identical to that reported in the literature.'* []% = +31.1° (¢ 0.31, CHCl;)."H NMR
(300 MHz) 6 1.42 (bs, 20H, C(CH3); and CHHCHNH), 1.67 (bs, 6H, CH,CH,CHNH
and CH,CHHCHNH), 3.46-3.47 (m, 4H, OCH,CH,), 3.52-3.55 (m, 2H, CHNH), 4.48
(s, 4H, PhCHy), 4.65 (d, 2H, “J = 8.7 Hz, NHBoc), 7.24-7.33 (m, 10H, ArH); °C NMR
(75 MHz) ¢ 26.2 (CH,CH,CHNH), 28.3 (C(CH3)3), 29.6 (CH,CH,CHNH), 54.3
(CHNH), 69.9 (OCH,CHa), 72.8 (PhCHa), 79.1 (C(CHj3)3), 127.4 (ArC4), 127.6 (ArC2),

! No physical or spectral data reported in reference 164.
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128.3 (ArC3), 138.5 (ArC1), 156.4 (C=0); MS (CI, +ve) m/z 557 (41, M+H), 458 (30),
457 (100%); HRMS (ES, +ve) caled for C3,HssN,0gNa 579.3410, found 579.3376.

Further elution gave the corresponding meso-109 compound (19 mg, 7%) as a white
solid, m.p. 126 °C. [@]% =+ 2.5° (¢ 0.12, CHCl;). "H NMR (300 MHz) & 1.42-1.49 (m,
2H, CHHCHNH), 1.42 (s, 18H, C(CHs)3), 1.53-1.77 (m, 6H, CH,CH,CHNH and
CH,CHHCHNH), 3.47 (t, 4H, J = 5.6 Hz, OCH,CH>), 3.61 (t, 2H, J = 9.0 Hz, CHNH),
4.49 (s, 4H, PhCH,), 4.61 (bs, 2H, NHBoc), 7.28-7.33 (m, 10H, ArH). >C NMR (125
MHz) & 26.4 (CH,CH,CHNH), 28.2 (CH,CH,CHNH), 28.4 (C(CHs)3), 54.3 (CHNH),
69.9 (OCH,CH»), 72.9 (PhCH,), 79.2 (C(CHs)3), 127.4 (ArC4), 127.6 (ArC2), 128.3
(ArC3), 138.5 (ArCl), 156.0 (C=0); FTIR v 3355 (w), 1279 (s), 1527 (s), 1455 (w),
1368 (w), 1299 (w), 1242 (w), 1164 (m), 1120 (m), 991 (w), 866 (w), 741 (s) cm™'; MS
(ES, +ve) m/z 579 (100%, M+Na), 557 (10, M+H); HRMS (ES, +ve) calcd for Cs;Hyo.
N,0¢ 557.3591, found 557.3590.

(4R,5R)-4,5-Di(3-benzyloxypropyl)-1-tert-butoxycarbonyl-2-imidazolidinone 147

o A 2-necked flask containing diazido 108a (200 mg, 0.49

Boc mmol, chiral:meso 2:1) and a catalytic amount of Pd/C in
=N

NH
— abs. EtOH (6 mL) was placed under vacuum. A balloon
2 “ 7
36 N\ opn filled with Ha(g) was added and the reaction mixture was
1 8

stirred at RT for 3.5 h. The mixture was then filtered

BnO

through Celite and concentrated under reduced pressure. To a stirred solution of the
crude diamine (R,R)-145a in Et,0 (10 mL) was added Et;N (0.2 ml, 1.44 mmol) and
Boc,0 (500 mg, 2.28 mmol) and the mixture was heated at reflux for 15 h. The solvent
was removed in vacuo and the crude oil was subjected to gravity silica gel column
chromatography (2% to 20% EtOAc:hexanes) to give the cyclic urea 147 (26 mg, 12%)
as a colourless oil. '"H NMR (300 MHz) & 1.42 (s, 9H, C(CHs)3), 1.56-1.77 (m, 8H, H2,
H3, H6 and H7), 3.46-3.50 (m, 5H, H1, H8 and H5), 3.70-3.75 (m, 1H, NH), 4.47-4.52
(m, 1H, H4), 4.50 (s, 4H, 2 x PhCHy), 7.25-7.34 (m, 10H, ArH); MS (CI, +ve) m/z 483
(50, M+H), 383 (100%).

Further elution gave (R,R)-109a (70 mg, 26%) and further elution gave meso-109 (40
mg, 14%).
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(45.58)-4.5-Di(N-tert-butoxycarbonylamino)-1.8-octanediol 110b'**

NHBoc A flask containing a solution of diBoc 157b" (91 mg,

HO o 0.15 mmol) and Pd/C (17 mg) in abs. EtOH (3 mL) was

NHBoc placed under vacuum. A balloon filled with H,(g) was
inserted, and the reaction was stirred at RT for 5 h. The reaction was filtered through
Celite and the solvent was removed under reduced pressure to yield the diol (S,S)-110b
(53 mg, 95%) as a white solid, m.p. 133-136 °C, which was spectroscopically identical
to that reported in the literature.'** '"H NMR (300 MHz, CD;OD) & 1.44 (s, 18H,
C(CHs);3), 1.44-147 (m, 2H, CHHCHNH), 1.56-1.60 (m, 6H, CHHCHNH and
HOCH,CH.), 3.53-3.57 (m, 6H, HOCH, and CHNH), 4.85 (bs, 2H, NH); '°C NMR (75
MHz, CD;0D) 6 28.8 (C(CHj3)3), 29.9 (HOCH,CH,), 30.3 (CH,CHNH), 55.2 (CHNH),
62.7 (HOCH,), 80.0 (C(CHj3)3), 158.6 (C=0); FTIR v 3319 (br), 1707 (s), 1681 (s),
1532 (s), 1446 (w), 1368 (m), 1278 (m), 1249 (s), 1165 (s), 1068 (m), 1044 (m), 996
(W), 864 (w); MS (ES, +ve) m/z 399 (100%, M+Na), 377 (40, M+H), 277 (10); HRMS
(ES, +ve) calcd for CisH36N,OgNa 399.2471, found 399.2461.

(4R.5R)-4.5-Di(N-tert-butoxycarbonylamino)-1.8-octanediol 110a'%*

NHBoc A 2-necked flask containing diBoc 109a (200 mg, 0.36
NN SNNOH -
HO Y mmol) and Pd/C (173 mg) in abs. EtOH (8.7 mL) was
NHBoc

placed under vacuum. A balloon filled with Hy(g) was
inserted and the reaction mixture was stirred at RT for 1.5 h. The mixture was filtered
through Celite twice and the solvent was evaporated under reduced pressure to afford
the (R,R)-diol 110a (115 mg, 85%) as a white solid, m.p. 136-138 °C, which exhibited
identical spectral properties to the (5,5)-110b enantiomer.

(45.55)-4.5-Di(/N-tert-butoxycarbonylamino)-1.8-dimethanesulfonyloctane 1 19b'%

NHBoc To a stirred solution of (§,S)-110b (53 mg, 0.14 mmol)
MsO OMs and Et;N (0.16 mL, 1.13 mmol) in DCM (2.5 mL) was
NHBoc added MsCI (0.043 mL, 0.56 mmol). The reaction

mixture was diluted with DCM (20 mL) after 10 min, washed sequentially with sat.

" Experimental procedure for the synthesis of (S,5)-157b given in Section 7.2.1.
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NaHCOs (2 x 30 mL), sat. NaCl (2 x 30 mL) and dried (MgSQOy). The solvent was
removed under reduced pressure to afford the dimesylate (S5,5)-119b (75 mg, 100%) as
a viscous oil.* '"H NMR (300 MHz) & 1.41 (s, 18H, C(CHs)s), 1.45-1.65 (m, 4H,
CH,CHNH), 1.80-1.82 (m, 4H, MsOCH,CHa), 2.99 (s, 6H, SO,CH3), 3.56 (bs, 2H,
CHNH), 4.22 (t, 4H, J = 5.8 Hz, MsOCH,), 4.71 (bs, 2H, NH); *C NMR (75 MHz) &
25.7 (MsOCH,CH,), 28.3 (C(CHs)3), 28.8 (CH,CHNH), 37.2 (SO,CH3), 53.5 (CHNH),
69.6 (MsOCH,), 79.5 (C(CH3)3), 158.3 (C=0); MS (ES, +ve) m/z 555 (100%, M+Na),
550 (30, M+NHy4); HRMS (ES, +ve) calcd for Cy0HsN,OoNa 555.2022, found
555.2052.

(4R.5R)-4.5-Di(/N-tert-butoxycarbonylamino)-1.8-dimethanesulfonyloctane 119a'%

NHBoc To a stirred solution of (R,R)-110a (115 mg, 0.31

MsO™ S S OMS o) and EGN (034 mL, 2.45 mmol) in DCM (6.2

NHBoc mL) was added MsCl (0.15 mL, 1.53 mmol). The

reaction was diluted with DCM (20 mL) after 20 min, washed sequentially with 5%

CuSOq4 (2 x 20 mL), water (2 x 30 mL), sat. NaHCO; (2 x 30 mL) and sat. NaCl (2 x 30

mL) and dried (MgSQOy). The solvent was removed in vacuo to afford the dimesylate

(R,R)-119a (140 mg, 86%) as a viscous oil, which had identical spectral properties to
the (S,5)-119b enantiomer.

(25.2°S)-N,N’-Di-tert-butoxycarbonyl-2.2°-bispyrrolidine 92b'¢%!%

Q__/j A stirred suspension of NaH (60% dispersion in oil, 41 mg, 1.012 mmol,
N ’/’}‘ washed with Et;O (x 3)) in THF (1.5 mL) was placed in an ice bath. A
Boc Boo solution of dimesylate (S,5)-119b (77 mg, 0.14 mmol) in THF (3 mL)

was added dropwise. The ice bath was removed, and stirring was continued at RT for 3

h. The reaction was quenched with sat. ammonium chloride (5 mL) and the organic

solvent was removed under reduced pressure. The mixture was partitioned between

DCM and water, and the aqueous layer was extracted with DCM (3 x 40 mL). The

combined organic layers were dried (MgSQO4) and concentrated in vacuo. The crude

mixture was subjected to flash silica gel column chromatography (10% to 20%

EtOAc:hexanes) to yield the chiral bispyrrolidine (S,5)-92b (37 mg, 76%) as a

* No physical or spectral data reported in reference 164.
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colourless oil, which was spectroscopically identical to that reported in the
literature.'**'** []7 = -43.7° (c 0.198, CHCl;). 'H NMR (300 MHz) & 1.44 (s, 9H,
C(CH3)3), 1.47 (s, 9H, C(CHs)3), 1.55-1.63 (m, 2H, CHCHH), 1.83-1.86 (m, 6H,
CHCHH and CHCH,CHb), 3.30-3.54 (m, 4H, NCHy), 3.80-3.90 (m, 2H, CH); °C NMR
(75 MHz) 6 22.4, 22.8, 23.3 (CHCH,CH,), 28.4 (C(CH3)3), 28.9, 29.2 (CHCH,), 46.4,
46.5, 47.0 (NCHy), 58.7, 59.0, 59.4, 59.6 (CH), 78.4, 78.8, 79.2 (C(CH3)3), 154.8
(C=0); MS (EI, +ve) m/z 340 (3, M"), 240 (4), 170 (8), 114 (100%); HRMS (EI, +ve)
calcd for CgH3,N,04 340.2362, found 340.2356.

(2R.2’R)-N,N’-Di-tert-butoxycarbonyl-2.2’-bispyrrolidine 92a'°%'®*

E\_(j A stirred suspension of NaH (60% dispersion in oil, 87 mg, 2.15 mmol,
'}r N™  washed with Et,O (x 3)) in DMF (3.2 mL) was placed in an ice bath. A
Boc solution of dimesylate (R,R)-119a (115 mg, 0.31 mmol) in DMF (6.6

mL) was added dropwise. The ice bath was removed, and stirring was continued at RT

for 2 h. The reaction was quenched with sat. NH4CI (5 mL) and reaction mixture was

extracted with DCM (3 x 40 mL). The combined organic layers were dried (MgSQO4)
and concentrated in vacuo. The crude mixture was subjected to flash silica gel column

chromatography (5% to 20% EtOAc:hexanes) to yield the chiral bispyrrolidine (R,R)-

92a (55 mg, 62%) as a colourless oil, which was spectroscopically identical to the (S.S)

enantiomer 92b. [«]7, = +45.9° (¢ 0.155, CHCl3).

7.2.1 Bispyrrolidine synthesis using the PMB protecting group

5-(4-Methoxvbenzyloxy)-1-pentene 149°%72%°

P NG 0NN 4-Methoxybenzyl alcohol (4.30 mL, 34.8 mmol) was
" 01/©/\ dissolved in HBr (10 mL, 45% solution in glacial acetic
e

acid) and stirred for 20 min at RT. The mixture was
diluted with Et,O (50 mL) and the organic layer was washed with sat. NaHCO; (3 x 60
mL) and water (50 mL). The organic layer was dried (MgSQy), filtered and
concentrated in vacuo to yield the crude 4-methoxybenzyl bromide. A suspension of
washed NaH (1.022 g, 25.5 mmol) in dry THF (20 mL) was cooled to 0 °C and treated
with 4-penten-1-ol (2.40 mL, 23.2 mmol). After stirring for 20 min at 0 °C, the crude

4-methoxybenzyl bromide was slowly added as a solution in THF (10 mL), and the
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mixture was allowed to warm to RT. The reaction mixture was quenched after 20 h with
glacial acetic acid (10 mL), followed by water (150 mL). The aqueous layer was
extracted with EtOAc (3 x 80 mL). The combined organic layers were washed with sat.
NaHCO; (5 x 50 mL), water (1 x 50 mL), then dried (MgSQ4). The crude oil was
subjected to flash silica gel column chromatography (hexanes to 2% EtOAc:hexanes) to
yield the protected alkene 149 (3.473 g, 73%) as a colourless oil.F 'TH NMR (300 MHz)
d 1.69 (tt, 2H, J = 5.9, 6.5, 6.9, 7.9 Hz, OCH,CH»), 2.12 (dt, 2H, J = 6.7, 7.8 Hz,
CH,CH=CH,), 3.45 (t, 2H, J = 6.5 Hz, OCH,CH»), 3.79 (s, 3H, OCH3), 4.42 (s, 2H,
PhCH,), 4.95 (dddd, 1H, “Jyy = 0.4 Hz, “Jyy = 1.3 Hz, *Jyy = 10.2 Hz, “Jy = 3.3 Hz,
CH=CHH), 5.01 (dddd, 1H, “Jyy = 0.5 Hz, “Jyy = 1.6 Hz, *Jyy = 17.6 Hz, *Jyy = 3.4
Hz, CH=CHH), 5.81 (ddt, 1H, *Juz = 6.6, 10.2, 16.9 Hz, CH=CH,), 6.87 (d, 2H, J = 8.7
Hz, ArH2), 7.27 (d, 2H, J = 8.8 Hz, ArH3); °C NMR (75 MHz) & 28.9 (OCH,CH,),
30.3 (CH,CH=CH,), 55.2 (OCHj3;), 69.4 (OCH,CH;), 72.5 (PhCH,), 113.7 (ArC2),
114.6 (CH=CH,), 129.2 (ArC3), 130.6 (ArC4), 138.3 (CH=CH,), 159.0 (ArCl); FTIR v
1613 (w), 1513 (s), 1464 (w), 1363 (w), 1247 (s), 1173 (w), 1099 (s), 1037 (s), 913 (W),
820 (m).

E-1,8-Di(4-methoxybenzyloxy)-4-octene 150

Grubbs 1 catalyst (141 mg, 0.17 mmol, 2.5 mol %)
was added to a solution of alkene 149 (1.413g, 6.87
mmol) in DCM (25 mL) and the solution was heated at reflux for 20 h. The reaction

mixture was washed with water (2 x 25 mL), and the solvent was evaporated in vacuo.
The crude oil was subjected to flash silica gel column chromatography (4% to 50%
EtOAc:hexanes) to yield the octene 150 (1.132g, 86%, E:Z 3.5:1) as a colourless oil. 'H
NMR (500 MHz) & 1.59-1.68 (m, 4H, OCH,CHs), 2.03-2.07 (m, 4H, CH=CHCH,),
2.09-2.15%, 3.42 (t, 4H, J = 6.5 Hz, OCH,CH,), 3.79 (s, 6H, OCHs), 4.41 (s, 4H,
PhCHy), 5.38-5.40 (m, 2H, CH=CH), 6.87 (d, 4H, J = 8.6 Hz, ArH2), 7.25 (d, 4H, J =
8.5 Hz, ArH3); >C NMR (75 MHz) & 23.8*, 29.1 (CH=CHCH,), 29.5 (OCH,CH>,),
29.7*, 55.2 (OCHj3), 69.4 (OCH,CH;), 69.5%, 72.46 (PhCH,), 72.50*, 113.7 (ArC2),
129.2 (ArC3), 129.6*, 130.0 (CH=CH), 130.7 (ArC4), 159.0 (ArC1); MS (ES, +ve) m/z

¥ No physical or spectral data reported in references 227-229.
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407 (20, M+Na), 402 (100%, M+NH;); HRMS (ES, +ve) caled for CpyHsO4Na
407.2198, found 407.2259.

(4R,5R)-1,8-Di(4-methoxybenzyloxy)-4,5-octanediol 153b

OH The diol (R,R)-153b was synthesised by General
PMBO/\/\/\/\/OPNII3 Procedure A using alkene 150 (960 mg, 2.5 mmol,
OH E:Z 4:1), AD mix B (3.482 g), methanesulfonamide
(237 mg, 2.5 mmol), sodium sulfite (3.731 g), tBuOH (12.5 mL) and water (12.5 mL).
The crude solid was subjected to flash silica gel column chromatography (50%
EtOAc:hexanes to 100% EtOAc) to give the diol (R,R)-153b (971 mg, 93%) as a white
solid as a mixture of chiral:meso diastereomers (2.9:1), m.p. 58-70 °C. HPLC analysis
(20% to 60% 2-propanol:hexane, retention times (R,R)-diol 153b 24.2 min (major),
(S,S)-diol 153a 28.1 min (minor)) showed the ee of the (R,R)-diol 153b was 70%. 'H
NMR (500 MHz) 6 1.45-1.53 (m, 2H, CHHCHOH), 1.63-1.68 (m, 2H, CHHCHOH)),
1.72-1.78 (m, 4H, CH,CH,CHOH), 3.04*, 3.10 (bs, 2H, OH), 3.39 (d, 2H, J = 5.8 Hz,
CHOH), 3.49 (t, 4H, J = 5.9 Hz, OCH,CH>), 3.80 (s, 6H, OCH3), 4.44 (s, 4H, PhCH,),
6.87 (d, 4H, J = 8.5 Hz, ArH2), 7.25 (d, 4H, J = 8.5 Hz, ArH3); °C NMR (125 MHz) &
26.1 (CH,CH,CHOH), 26.5%*, 29.0*, 30.9 (CH,CHOH), 55.2 (OCH3), 70.2 (OCH,CH,),
70.3*, 72.7 (PhCH,), 74.2 (CHOH), 74.3*, 113.8 (ArC2), 129.3 (ArC3), 130.2 (ArC4),
159.2 (ArC1); FTIR v 1607 (w), 1512 (w), 1246 (w), 1172 (w), 1099 (w), 1034 (w), 811
(W), 681 (w), 649 (w), 645 (w); MS (ES, +ve) m/z 441 (40, M+Na), 419 (100%, M+H);
HRMS (ES, +ve) calcd for Co4H3506 419.2434, found 419.2432.

(45,55)-1,8-Di(4-methoxybenzyloxy)-4,5-octanediol 153a

OH The diol (S,5)-153a was synthesised by General
PMBO/\/\‘/'\/\/OPMB Procedure A using alkene 150 (1.104 g, 2.87
OH mmol, EZ 34:1), AD mix o 402 g),
methanesulfonamide (273 mg, 2.87 mmol), sodium sulfite (4.30 g), tBuOH (14.5 mL)
and water (14.5 mL). The crude solid was subjected to column chromatography to yield
the diol 153a (1.078 g, 90%) as a white powder, as a 3.7:1 mixture of chiral:meso
diastereomers, which exhibited identical spectral properties to the (R,R)-diol. HPLC
analysis (20% to 60% 2-propanol:hexane, retention times (R,R)-diol 153b 24.3 min
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(minor), (S,S)-diol 153a 28.1 min (major)) showed the ee of the (S,5)-diol 153a was
92%.

(4R,5R)-1,8-Di(4-methoxybenzyloxy)-4,5-dimethanesulfonyloctane 154b

OMs A solution of diol (R,R)-153b (320 mg, 0.77 mmol,
/\/\/\/\/OPMB
PMBO chiral:meso 5.7:1) in DCM (15 mL) was treated
OMs

with EtsN (0.85 mL, 6.12 mmol) and was stirred on
an ice bath. MsCl (0.37 mL, 3.83 mmol) was added neat and the mixture was stirred at
RT for 20 min. The reaction was diluted with DCM (40 mL), washed sequentially with
5% CuSOs4 (3 x 30 mL), sat. NaHCOs (2 x 50 mL) and sat. NaCl (2 x 50 mL). The
organic layer was dried (MgSO4) and concentrated in vacuo. The crude oil was
subjected to flash silica gel column chromatography (40% to 50% EtOAc:hexanes) to
yield the dimesylate (R,R)-154b (440 mg, 95%) as a colourless oil, as a mixture of
chiral:meso diastereomers (5:1), which solidified upon standing. "H NMR (500 MHz) &
1.69-1.74 (m, 4H, OCH,CH,), 1.75-1.83 (m, 2H, MsOCHCHH), 1.90-1.97 (m, 2H,
MsOCHCHH), 3.02 (s, 6H, SO,CHj3), 3.47-3.48 (m, 4H, OCH,CH,), 3.79 (s, 6H,
OCH3;), 4.40 (s, 4H, PhCH,), 4.84-4.87 (m, 2H, MsOCH), 6.86 (d, 4H, J = 8.6 Hz,
ArH2), 7.24 (d, 4H, J = 8.5 Hz, ArH3); °C NMR (125 MHz) & 24.8 (OCH,CH,),
25.5%, 26.7*, 27.5 (MsOCHCH»), 38.7 (SO,CHj3), 55.2 (OCHs), 68.9%, 69.0 (O-
CH,CH,), 72.6 (PhCH>), 72.7*, 80.7 (MsOCH), 82.6*, 113.7 (ArC3), 113.8*, 129.3
(ArC2), 130.3 (ArC4), 159.1 (ArCl); MS (ES, +ve) m/z 597 (100%, M+Na), 592
(M-+NH4); HRMS (ES, +ve) calcd for Cy6H33010S,Na 597.1804, found 597.1813.

(45,55)-1,8-Di(4-methoxybenzyloxy)-4,5-dimethanesulfonyloctane 154a

OMs A solution of diol (S,S)-153a (430 mg, 1.03 mmol,
PMBO/\/\‘/k/\/OPNIB chiral:meso 4:1) in DCM (20 mL) was treated with
OMs Et;N (1.15 mL, 8.23 mmol) and was stirred on an

ice bath. MsCl1 (0.50 mL, 5.12 mmol) was added neat and the mixture was stirred at RT
for 25 min. The reaction was diluted with DCM (50 mL), washed sequentially with 5%
CuSOy4 (2 x 50 mL), sat. NaHCOs (2 x 50 mL) and sat. NaCl (2 x 50 mL). The organic
layer was dried (MgSO,) and concentrated in vacuo. The crude oil was subjected to
flash silica gel column chromatography (40% EtOAc:hexanes) to yield the dimesylate
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(S5,5)-154b (582 mg, 99%) as a colourless oil, as a mixture of chiral:meso diastereomers
(3.3:1), which solidified upon standing and was spectroscopically identical to the (R,R)-
diol.

(45,55)-1,8-Di(4-methoxybenzyloxy)-4,5-diazidooctane 155b

N3 A stirred solution of dimesylate (R,R)-154b (397
PMBO/\/\‘/'\/\/OPNIB mg, 0.691 mmol, chiral:meso 5:1) in DMF (4.7
Ns mL) was heated to 80 °C. Sodium azide (270 mg,
4.15 mmol) was added, and stirring was continued at 80 °C for 18 h. The reaction
mixture was poured into sat. NaCl, and extracted with EtOAc (3 x 50 mL). The organic
layers were combined, washed with water (8 x 50 mL), dried (MgSO,) and concentrated
under reduced pressure. Flash silica gel column chromatography (20% EtOAc:hexanes)
afforded diazido (S,5)-155b (179 mg) as a colourless oil, as a mixture of chiral:meso
diastereomers (4.9:1). Further elution afforded the chiral diastereomer (68 mg), to give
a total overall yield of 76%. 'H NMR (500 MHz) & 1.71-1.73 (m, 8H, OCH,CH,CH,
and OCH,CH,CH>), 3.29 (bs, 2H, CHN3), 3.46-3.48 (m, 4H, OCH,CH;), 3.79 (s, 6H,
OCHj3), 4.43 (s, 4H, PhCH,), 6.87 (dd, 4H, J = 8.5, 1.7 Hz, ArH2), 7.25 (dd, 4H, J =
8.5, 1.6 Hz, ArH3); >C NMR (125 MHz) & 26.3 (OCH,CH,), 28.3 (OCH,CH,CH)),
55.2 (OCHs), 65.0 (CHN3), 69.1 (OCH»CH,), 72.6 (PhCH,), 113.7 (ArC3), 129.3
(ArC2), 130.3 (ArC4), 159.1 (ArC1); MS (ES, +ve) m/z 491 (70, M+Na), 486 (100%,
M-+NH4); HRMS (ES, +ve) calcd for Co4H3,NsO4Na 491.2383, found 491.2393.

(4R,5R)-1,8-Di(4-methoxybenzyloxy)-4,5-diazidooctane 155a

N3 A stirred solution of dimesylate (S,S)-154a (566

PMBO N NP 0,986 mmol, chiralimeso 3.3:1) in DMF (6.8
Ns mL) was heated to 60 °C. Solid sodium azide (384

mg, 5.91 mmol) was added, and the reaction was stirred at 80 °C for 23 h. The reaction
mixture was poured into sat. NaCl and extracted with EtOAc (4 x 50 mL). The organic
layers were combined and washed with water (6 x 30 mL), dried (MgSO4) and

concentrated under reduced pressure. The crude oil was subjected to flash silica gel

column chromatography (20% to 30% EtOAc:hexanes) to give the diazido (R,R)-155a
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(336 mg, 73%) as a mixture of chiral:meso diastereomers (3.2:1), which had identical

spectral properties to (S,S)-155b.

(45,55)-3,4-Diamino-1,8-di(4-methoxybenzyloxy)octane 156b

NH; To a solution of (S,5)-155b (170 mg, 0.363 mmol,
PMBO/\/\‘/'\/\/OFWIB chiral:meso 4.9:1) in abs. EtOH (4 mL) was added
NHz Pd/C (38 mg, 0.018 mmol). The reaction vessel
was placed under vacuum, and a balloon filled with Hy(g) was inserted. The reaction
mixture was stirred for 3.5 h, then filtered through Celite. The solvent was removed in
vacuo to yield the diamine 156b (151 mg, 100%) as a white solid. 'H NMR (300 MHz,
CO(CDs3),) 6 1.27-1.75 (m, 8H, CH,CH,CHNH, and CH,CHNH,), 2.70 (bs, 6H,
CHNH; and NH,), 3.45 (t, 4H, J = 5.9 Hz, OCH,CH), 3.77 (s, 6H, OCHs), 4.40 (s, 4H,
PhCHS>), 6.89 (d, 4H, J = 8.6 Hz, ArH2), 7.26 (d, 4H, J = 8.4 Hz, ArH3); >C NMR (75
MHz, CO(CDs),;) 6 28.1 (CH,CH,CHNH;), 31.6 (CH,CHNH,), 54.8 (OCH3), 65.0
(CHNH,), 70.0 (OCH,), 72.2 (PhCH;), 113.8 (ArC2), 129.3 (ArC3), 131.4 (ArC4),
159.4 (ArC1); MS (ES, +ve) m/z 417 (100%, M+H); HRMS (ES, +ve) calcd for Cy4H37.
N,04 417.2753, found 417.2759.

(4R,5R)-3,4-Diamino-1,8-di(4-methoxybenzyloxy)octane 156a

NH, To a solution of (R,R)-155a (973 mg, 2.08 mmol,
AN~ _0OPMB . .
PMBO Y chiral:meso 3.9:1) in abs. EtOH (25 mL) was added
NH,

Pd/C (50 mg, 0.52 mmol). The reaction vessel was
placed under vacuum and a balloon filled with H,(g) was inserted. The reaction mixture
was stirred at RT for 6 h, filtered through Celite and concentrated under reduced
pressure, to yield the diamine (R,R)-156a (861 mg, 100%) as a white solid which had
identical spectral properties to the (S5,5)-diamine.

(45,59)-1,8-Di(4-methoxybenzyloxy)-4,5-di(/V-fert-butoxycarbonylamino)octane
157b

NHBoc To a stirred solution of diamine (S,5)-156b (192

OPMB
PMBO mg, 0.46 mmol) and Et;N (0.26 mL, 1.84 mmol) in

NHBoc
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THF (10 mL) was added di-tert-butyldicarbonate (604 mg, 2.77 mmol). The reaction
mixture was heated at 35 °C for 15 h. The solvent was removed under reduced pressure
and the crude mixture was subjected to flash silica gel column chromatography (10% to
30% EtOAc:hexanes) to yield the Boc-protected diamine (S,5)-157b (213 mg, 75%) as
a viscous oil. '"H NMR (300 MHz) & 1.48 (s, 18H, C(CH3)3), 1.35-1.49 (m, 2H,
CHHCHNH), 1.60-1.71 (m, 6H, CH,CH,CHNH and CHHCHNH), 3.41-3.47 (m, 4H,
OCH,CH), 3.48-3.53 (m, 2H, CHNH), 3.79 (s, 6H, OCH3), 4.41 (s, 4H, PhCH»), 4.61
(d, 2H, J = 7.7 Hz, NH), 6.86 (d, 4H, J = 8.5 Hz, ArH2), 7.24 (d, 4H, J = 8.5 Hz,
ArH3); °C NMR (75 MHz) & 26.2 (CH,CHNH), 28.4 (C(CHs)3), 29.6 (OCH,CH,),
54.3 (CHNH), 55.2 (OCHj3), 69.6 (OCH,CH,), 72.5 (PhCH>), 79.1 (C(CHs)3), 113.7
(ArC3), 129.2 (ArC2), 130.6 (ArC4), 156.4 (C=0), 159.1 (ArCl); FTIR v 2920 (br),
1693 (m), 1513 (m), 1367 (w), 1247 (m), 1217 (w), 1171 (m), 1097 (w), 752 (s); MS
(ES, +ve) m/z 639 (100%, M+Na), 634 (30, M+NHy,), 617 (15, M+H); HRMS (ES, +ve)
calcd for C34Hs3N,Og 617.3802, found 617.3826.

(4R,5R)-1,8-Di(4-methoxybenzyloxy)-4,5-di(/V-tert-butoxycarbonylamino)octane
157a and
meso-1,8-di(4-methoxybenzyloxy)-4,5-di(/N-tert-butoxycarbonylamino)octane 157

NHBoc NHBoc
: - OPMB
PMBO™ " OPMB - pyBo
NHBoc NHBoc

To a stirred solution of diamine (R,R)-156a (865 mg, 2.08 mmol, chiral:meso 3.9:1) and
Et;N (1.2 mL, 8.31 mmol) in THF (40 mL) was added di-tert-butyldicarbonate (2.710 g,
12.5 mmol). The reaction mixture was heated at 35 °C for 17 h. The solvent was
removed in vacuo and the crude mixture was subjected to flash silica gel column
chromatography (10% to 50% EtOAc:hexanes) to yield the Boc-protected diamine as a
colourless, viscous oil, as a mixture of chiral:meso diastereomers. The mixture was
recrystallised (DCM/hexanes) to yield the diastereomer meso-157 (92 mg, 7%) as a
white solid, m.p. 124-125 °C. '"H NMR &'H NMR (500 MHz) & 1.30 (bs, 2H,
CHHCHNH), 1.43 (s, 18H, C(CHs);), 1.60-1.70 (m, 6H, CH,CH,CHNH and
CHHCHNH), 3.43-3.45 (m, 4H, OCH,CH,), 3.60-3.65 (m, 2H, CHNH), 3.79 (s, 6H,
OCHa;), 4.41 (s, 4H, PhCH,), 4.63 (d, 2H, J = 6.7 Hz, NH), 6.87 (d, 4H, J = 8.6 Hz,
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ArH2), 7.24 (d, 4H, J = 8.5 Hz, ArH3); *C NMR (125 MHz) & 26.4 (OCH,CH>), 28.2
(CH,CHNH), 28.4 (C(CHs)3), 54.3 (CHNH), 55.2 (OCHsj), 69.6 (OCH,CH,), 72.5
(PhCHy), 79.2 (C(CHjs)3), 113.7 (ArC3), 129.2 (ArC2), 130.6 (ArC4), 156.0 (C=0),
159.1 (ArC1); MS (ES, +ve) m/z 639 (100%, M+Na), 617 (90, M+H), 603 (35), 517
(10); HRMS (ES, +ve) calcd for C34Hs3N,Og 617.3802, found 617.3082.

The filtrate was concentrated under reduced pressure and subjected to flash silica gel
column chromatography (10% to 50% EtOAc:hexanes) to afford the chiral (R,R)-157a
(512 mg, 40%) as a colourless, viscous oil, which had identical spectral properties to the

(S,5)-157b enantiomer.

(4R,5R)-4,5-Di(3-(4-methoxybenzyloxy)-propyl)[1,3,2]dioxathiolane-2-dioxide
159b and  meso-4,5-Di(3-(4-methoxybenzyloxy)propyl)[1,3,2]dioxathiolane-2-
dioxide 159

0} O
\

\
5. N

o © o 0
RS
OPMB OPMB
PMBO PMBO

To a solution of diol (R,R)-153b (79 mg, 0.189 mmol) and Et;N (61 uL, 0.434 mmol) at
0 °C was added SOCI, (17.2 uL, 0.233 mmol). The reaction was stirred for 30 min at 0
°C and quenched with water (8 mL). The reaction mixture was extracted with DCM (4 x
20 mL), and the combined organic layers were dried (MgSO,). The crude oil was
subjected to flash silica gel column chromatography (hexanes to 20% EtOAc:hexanes)
to afford the cyclic sulfite (R,R)-159 (19 mg, 22%) as a colourless oil. HPLC analysis
(20% to 60% 2-propanol:hexane, retention times sulfite (R,R)-159b 26.7 min (major),
(S,5)-159a 39.5 min (minor)) showed the ee of the (R,R)-sulfite 159b was 75%. 'H
NMR (300 MHz) 6 1.67-1.95 (m, 8H, 2 x CH,CHOS and 2 x CH,CH,CHOS), 3.42-
3.56 (m, 4H, 2 x OCH,CH,), 3.80 (s, 6H, 2 x OCHj3), 4.07 (ddd, 1H, J=3.7, 7.9, 7.6
Hz, CHOS), 4.425 (s, 2H, PhCH>), 4.430 (s, 2H, PhCH,), 4.60 (ddd, 1H, J = 2.7, 8.2,
8.0 Hz, CHOS), 6.88 (d, 4H, J = 8.7 Hz, ArH2), 7.25 (d, 4H, J = 8.6 Hz, ArH3); °C
NMR (75 MHz) 6 26.0 and 26.1 (2 x CH,CHOS), 28.5 and 30.5 (2 x CH,CH,CHOS),
55.3 (OCH3), 68.9 and 69.0 (2 x OCH,CHy), 72.6 (PhCH,), 83.2 and 87.7 (2 x CHOS),
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113.8 (ArC2), 129.3 (ArC3), 130.4 (ArC4), 159.2 (ArC1); MS (ES, +ve) m/z 487 (20,
M+Na), 482 (100%, M+NH,); HRMS (ES, +ve) caled for C24H3s0-SN 482.2212, found
482.2225.

Further elution gave the title compound as a mixture of chiral:meso diastereomers (31
mg, 35%). Further elution gave meso-159 (11 mg, 13%) as a colourless oil. "H NMR
(300 MHz) 6 1.62-1.93 (m, 8H, CH,CHOS and CH,CH,CHOS), 3.42-3.54 (m, 4H,
OCH,CHa), 3.80 (s, 6H, OCH3), 4.43 (s, 4H, PhCH,), 4.81-4.88 (m, 2H, CHOS), 6.88
(d, 4H, J = 8.7 Hz, ArH2), 7.25 (d, 4H, J = 8.6 Hz, ArH3); *C NMR (75 MHz) & 25.4
(CH,CHOS), 28.9 (CH,CH,CHOS), 55.2 (OCH3), 68.4 (OCH,CH,), 72.7 (PhCH,),
87.3 (CHOS), 113.8 (ArC2), 129.3 (ArC3), 130.1 (ArC4), 159.2 (ArCl); MS (ES, +ve)
m/z 487 (100%, M+Na), 482 (20, M+NH,); HRMS (ES, +ve) calcd for Cy4H3,0;SNa
487.1766, found 482.1774.

(4R,5R)-4,5-Di(3-(4-methoxybenzyloxy)propyl)[1,3,2]dioxathiolane-2,2-dioxide
158b
0 To a stirred solution of (R,R)-159b (30 mg, 0.065
0 mmol) in CCly (0.5 mL), CH3CN (0.5 mL) and water
J_)’:\/\/ (0.75 mL) was added RuCl;3H,0 (1.5 mg, 2.7
PMBO OPMB umol) and NalOy4 (44 mg, 0.21 mmol). After stirring
for 2.5 h, the reaction was diluted with Et,O (20 mL) and water (20 mL). The organic
layer was washed sequentially with sat. NaHCO; (3 x 20 mL) and sat. NaCl (3 x 20
mL), dried (MgSO,) and concentrated under reduced pressure. The crude oil was
subjected to flash silica gel column chromatography (20% EtOAc:hexanes) to give the
cyclic sulfate (R,R)-158b (1 mg, 3%) as a colourless oil. 'H NMR (300 MHz) & 1.64-
2.02 (m, 8H, CH,CHOS and CH,CH,CHOS), 3.38-3.54 (m, 4H, OCH,CH,), 3.80 (s,
6H, OCH3), 4.42 (s, 4H, PhCH>), 4.57-4.59 (m, 2H, CHOS), 6.88 (d, 4H, J = 8.3 Hz,
ArH2), 7.23 (d, 4H, J = 8.3 Hz, ArH3); °*C NMR (75 MHz) & 25.4 (CH,CHOS), 29.0
(CH,CH,CHOS), 55.3 (OCHs), 68.4 (OCH,CH,), 72.7 (PhCH,), 87.3 (CHOS), 113.8

(ArC2), 129.3 (ArC3), 130.1 (ArC4), 159.2 (ArC1); MS (ES, +ve) m/z 503 (100%,
M+Na).
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(28,2°S)-N,N’-Dibenzyl-2,2’-bispyrrolidine 160b

Q—/j To a stirred solution of (S,5)-92b (30 mg, 0.089 mmol) in DCM (0.5
N N— mL) at 0 °C was added dropwise TFA (0.06 mL, 0.78 mmol). The

Bn Br reaction was stirred at RT for 12 h, diluted with DCM (20 mL), basified
(2M NaOH) and extracted with DCM (3 x 20 mL). The combined organic layers were
dried (MgSOQ,) and concentrated in vacuo. The crude bispyrrolidine was redissolved in
DCM (1 mL), and Et;N (0.05 mL, 0.35 mmol) and benzyl bromide (0.03 mL, 0.22
mmol) were added. The reaction mixture was stirred for 15 h, quenched with water,
extracted with DCM (3 x 15 mL) and concentrated to give the dibenzyl bispyrrolidine
160b (8 mg, 28%) as a colourless oil. 'H NMR (500 MHz) & 1.86-1.90 (m, 4H,
NCH,CH,), 2.10-2.18 (m, 4H, NCHCH>), 2.68-2.72 (m, 2H, NCHH), 3.29-3.33 (m, 2H,
NCHH), 3.35-3.38 (m, 2H, NCH), 3.98 (d, 2H, J = 13.5 Hz, PhCHH), 4.26 (d, 2H, J =
13.0 Hz, PhCHH), 7.34-7.46 (m, 10H, ArH); MS (ES, +ve) m/z 321 (100%, M+H), 317
(30); HRMS (ES, +ve) calcd for CypHa9N; 321.2331, found 321.2310.

7.3 Attempted bisindoline synthesis

2-Allyl-1-benzyvloxybenzene 164'°

4 2-Allylphenol (1.74 mL, 13.41 mmol) was added dropwise to a stirred
suspension of NaH (645 mg, 60% dispersion in oil, 16.11 mmol) in
v THF (45 mL) at 0 °C. Benzyl bromide (1.59 mL, 13.41 mmol) was

10 added after 1 h, the reaction was allowed to warm to RT and stirring
=

6 2 was continued for 20 h. The reaction was quenched with isopropyl

P ’ alcohol and water, and extracted with EtOAc (3 x 50 mL). The

combined organic layers were washed with NaOH (2M) and water then dried (MgSOs).
The crude oil was subjected to gravity silica gel column chromatography (1%
EtOAc:hexanes) to afford the protected phenol 164 (2.85 mg, 95%) as a volatile,
colourless oil.* "H NMR (300 MHz) & 3.45 (d, 2H, *Jun = 6.6 Hz, CH,CH=CH,), 5.02-
5.09 (m, 2H, CH=CHb,), 5.07 (s, 2H, PhCH,), 6.02 (ddt, 1H, *Jyuy = 6.7 Hz, *Jyn = 10.1
Hz, *Jun = 16.8 Hz, CH=CH)), 6.89-6.94 (m, 2H, ArH4 and ArH6), 7.14-7.21 (m, 2H,
ArH3 and ArH5), 7.28-7.44 (m, 5H, 5 x ArH’); °C NMR (75 MHz) & 34.4

* No physical or spectral data reported in reference 190.
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(CH,CH=CH,), 69.9 (PhCH,), 111.7 (ArC6), 115.4 (CH=CH,), 120.8 (ArC4), 127.1
(ArC2%), 127.3 (ArCS), 127.7 (ArC4’), 128.5 (ArC3’), 129.0 (ArC2), 129.9 (ArC3),
137.0 (CH=CH,), 137.4 (ArC1°), 156.3 (ArC1); FTIR v 1600 (w), 1492 (m), 1452 (m),
1240 (s), 1126 (w), 1024 (w), 913 (w), 750 (s), 735 (s); MS (CL +ve) m/z 225 (100%,
M+H), 147 (33), 131 (43); HRMS (EL +ve) caled for CigHigO 224.1201, found
224.1192.

E-1,4-Di(2-benzyloxy)phenyl-2-butene 165

4 Grubbs 1 catalyst (195 mg, 0.237 mmol, 6.7 mol %) was

added to a solution of alkene 164 (820 mg, 3.68 mmol) in
" DCM (20 mL) and the solution was heated at reflux for 4.5
h. The reaction mixture was concentrated in vacuo and
subjected to gravity silica column chromatography (1%
EtOAc:hexanes) yielding the dimer 165 (629 mg, 81%, E:Z
5.2:1) as a white solid, m.p. 68-70 °C. '"H NMR (300 MHz) &
3.42 (d, 4H, J=4.9 Hz, CH,), 3.54* (d, J= 5.1 Hz), 5.05 (s,
4H, PhCH3), 5.07*, 5.68-5.70 (m, 2H, CH=CH), 6.86-6.91 (m, 4H, ArH4 and ArH6),
7.12-7.17 (m, 4H, ArH3 and ArH5), 7.28-7.43 (m, 10H, 10 x ArH’); >C NMR (75
MHz) 6 27.9%, 33.1 (CH,), 67.9 (PhCH,), 111.7 (ArC6), 120.8 (ArC4), 127.1 (ArC2’),
127.2 (ArC1’), 127.6 (ArCS), 128.5 (ArC3’), 129.6 (ArC3), 129.8 (CH=CH), 129.9
(ArC2), 137.4 (ArC1’), 156.3 (ArCl); MS (CI, +ve) m/z 421 (47, M+H), 237 (72), 147
(100%); MS (EI, +ve) 420 (10, M), 329 (30), 313 (10), 237 (30), 223 (40), 197 (40),
107 (100); HRMS (EI, +ve) caled for C30H230, 420.2089, found 420.2087.

(2R,3R)-Di(2-benzyloxyphenyl)-2,3-butanediol 166b

The diol (R,R)-166b was synthesised by General Procedure
A using alkene 165 (80 mg, 0.19 mmol, E:Z 8.5:1), AD mix
B (267 mg), methanesulfonamide (18 mg, 0.19 mmol),
sodium sulfite (238 mg) in /BuOH (1.5 mL), water (1 mL)

and THF (0.45 mL), for 37 h. The crude residue was subjected to gravity silica column
chromatography (10% to 20% EtOAc:hexanes) to yield the chiral diol (R,R)-166b (60

mg, 69%) as a white solid, m.p. 57-59 °C, as a mixture of chiral:meso diastereomers
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(7.2:1). HPLC analysis (20% to 70% 2-propanol:hexane, retention times (R,R)-diol
166b 24.0 min (major), (S,S)-diol 166a 33.7 min (minor) showed the ee of the (R,R)-
diol 166b was 91%. 'H NMR (300 MHz) & 2.24 (bs, 2H, OH), 2.75 (dd, 2H, *Jyy = 13.5
Hz, *Jyn = 7.7 Hz, CHH), 2.87 (dd, 2H, “Juy = 13.5 Hz, *Juy = 5.2 Hz, CHH), 2.99*
(dd, “Jyn = 13.7 Hz, *Jyy = 2.4 Hz), 3.66 (dd, 2H, J= 5.7, 5.7 Hz, CHOH), 3.76* (d, J =
8.1 Hz), 4.90 (s, 4H, PhCH,), 5.98*, 6.78-6.85 (m, 4H, ArH4 and ArH6), 7.05-7.10 (m,
4H, ArH3 and ArH5), 7.23-7.29 (m, 10H, 10 x ArH’); °C NMR (75 MHz) & 33.3*,
35.1 (CHy), 70.1 (PhCH,), 70.2*, 73.1 (CHOH), 74.4*, 111.8 (ArC6), 111.9%, 121.0
(ArC4), 121.1%, 127.2 (ArC2’), 127.6 (ArC4’), 127.9 (ArC5), 128.6 (ArC3’), 131.5
(ArC3), 131.7*, 136.8 (ArC1°), 156.6 (ArC1); MS (CI, +ve) m/z 455 (100%, M+H),
419 (84); MS (ES, +ve) m/z 477 (100%, M+Na); HRMS (ES, +ve) caled for
C30H3004Na 477.2042, found 477.2044.

(28,35)-Di(2-benzyloxyphenyl)-2,3-butanediol 166a

OBn OH O Procedure 1: The diol (S,5)-166a was synthesised by
General Procedure A using alkene 165 (376 mg, 0.90 mmol,
O OH OBn  £.7 3.1:1), AD mix a (1.253 g), methanesulfonamide (85
mg, 0.90 mmol), sodium sulfite (1.120 g) in tBuOH (4.5 mL), water (4.5 mL) and THF
(1.2 mL), for 91 h. Purification via gravity silica column chromatography (2% to 50%
EtOAc:hexanes) isolated the diol (S,5)-166a as a white solid (280 mg, 64%) as a
mixture of chiral:meso diastereomers (15:1), m.p. 58-59 °C, which exhibited identical
spectral properties to the (R,R)-diol. HPLC analysis (20% to 70% 2-propanol:hexane,
retention times (R,R)-diol 166b 23.4 min (minor), (S,S)-diol 166a 32.4 min (major))
showed the ee of the (S,S)-diol 166a was 33%.

Procedure 2: The diol (S,5)-166a was synthesised by General Procedure A using
alkene 165 (171 mg, 0.41 mmol, E£:Z 3.9:1), AD mix o (0.54 g), methanesulfonamide
(39 mg, 0.41 mmol), sodium sulfite (0.552 g) in /BuOH (2 mL), water (2 mL), for 24 h.
Purification via gravity silica column chromatography (10% to 20% EtOAc:hexanes)
isolated the diol (S,5)-166a as a white solid (27 mg, 15%) as a mixture of chiral:meso
diastereomers (4.8:1). HPLC analysis (20% to 70% 2-propanol:hexane, retention times
(R,R)-diol 166b 24.3 min (minor), (S,S)-diol 166a 33.0 min (major)) showed the ee of
the (S,S5)-diol 166a was 64%.
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(25,35)-1,4-Di(2-benzyloxy)phenyl-2,3-dimethanesulfonylbutane 174a

MsCI (0.065 mL, 0.66 mmol) was added to a solution of
diol (R,R)-166a (60 mg, 0.132 mmol) and Et;N (0.15 mL,
1.05 mmol) in DCM (2.5 mL) at 0 °C. The reaction mixture
was stirred at RT for 30 min and diluted with DCM (20

mL). The diluted reaction mixture was washed sequentially with 5% CuSO4 (2 x 50
mL), sat. NaHCO; (2 x 50 mL), sat. NaCl (2 x 50 mL) and dried (MgSQO,). The solvent
was removed in vacuo, and the crude product was subjected to gravity silica gel column
chromatography (20% EtOAc:hexanes) to yield the dimesylate (R,R)-174a (80 mg,
99%) as a white solid as a mixture of chiral:meso diastereomers (14:1). The mixture of
isomers was recrystallised from DCM/hexanes, filtered, crushed and washed with EtOH
to give the chiral dimesylate (70 mg, 88%). 'H NMR (500 MHz) & 3.22 (s, 6H,
SO,CHs), 2.98 (dd, 2H, “Jyuy = 14.0 Hz, *Jyy = 9.5 Hz, CHHCH(OMs)), 3.26 (dd, 2H,
Jur = 14.0 Hz, *Jy = 3.3 Hz, CHHCH(OMs)), 5.06 (s, 4H, PhCH,), 5.23 (dd, 2H, *Juy
= 8.5 Hz, *Juy = 2.4 Hz, CH(OMs)), 6.88-6.90 (m, 4H, ArH), 7.19-7.22 (m, 4H, ArH),
7.27-7.29 (m, 2H, ArH), 7.33-7.36 (m, 4H, ArH), 7.41-7.42 (m, 4H, ArH); °C NMR
(75 MHz) 6 32.8 (CH>), 37.5 (SO,CHs), 70.2 (PhCH,), 81.3 (CHOMs), 111.8 (ArC6),
120.7 (ArC4), 124.5 (ArC2), 127.6 (ArC2’), 128.0 (ArCS5), 128.7 (ArC3’), 128.8
(ArC4’), 132.3 (ArC3), 136.8 (ArC1’), 156.9 (ArCl); MS (ES, +ve) m/z 633 (40,
M+Na), 105 (100%); HRMS (ES, +ve) calcd for C;;H34OsNaS, 633.1593, found
633.1588.

(3R,1E)-3-Azido-1,4-di(2-benzyloxy)phenyl-1-butene 175 and (2S5,3R)-3-azido-1,4-
di(2-benzyloxy)phenyl-2-methanesulfonylbutane 176

175 176

To a solution of dimesylate (S,S)-174a (80 mg, 0.13 mmol) in DMF (1 mL) was added
sodium azide (52 mg, 0.79 mmol) and the reaction mixture was heated to 50 °C and
stirred for 3 h. The reaction mixture was stirred for a further 13 h at 80 °C. Sodium

azide (52 mg, 0.79 mmol) was added and stirring was continued for 7 h at 80 °C. The
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mixture was poured into sat. NaCl (20 mL) and extracted with EtOAc (3 x 30 mL). The
combined organic layers were washed with sat. NaCl (4 x 30 mL), dried (MgSO,) and
the solvent removed in vacuo. The crude oil was subjected to gravity silica gel column
chromatography (5% to 20% EtOAc:hexanes) to yield the alkene 175 (12 mg, 20%) as a
colourless oil. "H NMR (500 MHz) & 2.86-2.98 (m, 2H, CH,), 4.32 (ddd, 1H, J = 7.7,
7.7, 7.7 Hz, CHN3), 5.01-5.02 (m, 4H, PhCH; x 2), 6.14 (dd, 1H, J = 8.1, 15.9 Hz,
ArCH=CH), 6.82 (d, 1H, J = 16.2 Hz, ArCH=CH), 6.77-7.34 (m, 18H, ArH).

Further elution afforded the monoazido 176 (11 mg, 15%) as a colourless oil. '"H NMR
(500 MHz) & 2.17 (s, 3H, SO,CHs), 2.67 (dd, 1H, J = 9.5, 13.7 Hz, N5CHCHH), 2.89
(dd, 1H, J = 6.8, 13.8 Hz, NsCHCHH), 2.90 (dd, 1H, J = 1.2, 13.0 Hz, CHHCHOMs),
3.08 (dd, 1H, J = 3.7, 14.0 Hz, CHHCHOMs), 4.15 (ddd, 1H, J = 2.8, 4.6, 9.2 Hz,
CHN3), 4.99 (s, 4H, PhCHj; x 2), 5.00-5.06 (m, 1H, CHOMs), 6.80-7.36 (m, 18H, ArH).

Further elution recovered the dimesylate 174a (23 mg, 29%).

7.4 Phenolic-based derivatives

7.4.1 Phenolic-based derivatives (Monomers)

1-(4-Methoxybenzyloxv)-2-allylbenzene 193'%

OMe 4-Methoxybenzyl alcohol (0.28 mL, 2.26 mmol) was dissolved in HBr

' 2 (0.6 mL, 45% solution in glacial acetic acid) and stirred for 30 min at

~? RT. The mixture was diluted with Et;O (20 mL) and washed with sat.

0 NaHCO; (4 x 20 mL), followed by sat. NaCl (3 x 25 mL). The organic
; ~ layer was dried (MgSQ,), filtered and concentrated in vacuo to yield
5 i the crude 4-methoxybenzyl bromide. A suspension of NaH (60%
dispersion in oil, 66 mg, 1.65 mmol, washed with hexanes (x 1), Et,O

(x 3)) in dry THF (5 mL) was cooled to 0 °C and treated with 2-allylphenol (0.20 mL,
1.5 mmol). After stirring for 50 min at 0 °C, the crude 4-methoxybenzyl bromide was
slowly added as a solution in THF (2 mL), and the mixture was allowed to warm to RT.
The reaction mixture was quenched after 23 h with glacial acetic acid (2 mL), followed

by water (20 mL). The aqueous layer was extracted with EtOAc (3 x 20 mL). The
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combined organic layers were washed with sat. NaHCO; (3 x 20 mL) and dried
(MgSOQy). The crude mixture was subjected to flash silica gel column chromatography
(hexanes to 1% EtOAc:hexanes) to yield the protected allylic phenol 193 (344 mg,
90%) as a colourless oil, which was spectroscopically identical to that reported in the
literature.'”® "H NMR (300 MHz) & 3.42 (d, 2H, *Juy = 6.7 Hz, CH,CH=CH.), 3.81 (s,
3H, OCH3), 5.00 (s, 2H, PhCH,), 5.01-5.08 (m, 2H, CH=CH,), 6.00 (tdd, 1H, *Jyy =
16.9, *Jur = 10.2, *Jyy = 6.7 Hz, CH=CH,), 6.88-6.92 (m, 4H, ArH), 7.15-7.20 (m, 2H,
ArH), 7.35 (d, 2H, *Ju; = 8.8 Hz, ArH3"); °C NMR (75 MHz) & 34.4 (CH,CH=CH,),
55.3 (OCHs), 69.7 (PhCH,), 111.8 (ArC6), 113.9 (ArC2’), 115.4 (CH=CH,), 120.7
(ArC4), 127.2 (ArCS), 128.8 (ArC3’), 129.0 (ArC4’), 129.4 (ArC2), 129.8 (ArC3),
137.0 (CH=CH,), 156.4 (ArC1), 159.3 (ArC1’); MS (EI, +ve) m/z 254 (4, M), 121
(100); HRMS (EI, +ve) calcd for C17H;30, 254.1307, found 254.1307.

2-Allylphenyl acetate 194'%***

OAc Acetic anhydride (5 mL) was added to a stirred solution of 2-
1
2

6 Z allylphenol (200 mg, 0.49 mmol) in Et;N (5 mL) at RT for 25 h. The

5 3

z reaction was quenched with water and extracted with DCM (4 x 20
mL). The combined organic layers were washed with sodium hydroxide (3 x 20 mL)
and concentrated in vacuo. The crude product was subjected to gravity silica gel column
chromatography (5% EtOAc:hexanes) to afford the acetylated phenol 194 (262 mg,
99%) as a colourless, volatile liquid.i "H NMR (300 MHz) § 2.30 (s, 3H, CH3), 3.30 (d,
2H, Jyy = 6.6 Hz, CH,CH=CH,), 5.04-5.07 (m, 1H, CH=CHH), 5.09-5.10 (m, 1H,
CH=CHH), 5.84-5.98 (m, 1H, CH=CH,), 7.02-7.05 (m, 1H, ArH), 7.16-7.28 (m, 3H,
ArH); C NMR (75 MHz) & 20.9 (CH3), 34.6 (CH,CH=CH>), 116.2 (CH=CH)), 122.3
(ArCo), 126.2 (ArC4), 127.4 (ArC5), 130.4 (ArC3), 131.9 (ArC2), 135.9 (CH=CH,),
148.9 (ArCl), 169.3 (C=0); FTIR v 1760 (s), 1639 (w), 1488 (w), 1453 (w), 1370 (w),
1202 (s), 1170 (s), 1118 (w), 1010 (w), 915 (w), 751 (w); MS (EI, +ve) m/z 176 (20,
M"), 147 (33), 134 (100%), 133 (67), 132 (21), 131 (79), 119 (53); HRMS (EI, +ve)
calcd for C1H,0, 176.0837, found 176.0837.

¥ No physical or spectral data reported in reference 194 or 230.
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2-Allyl-1-trifluoromethanesulfonylbenzene 195%!

oTf 2-Allylphenol (1.00 g, 7.46 mmol) was added to a stirred mixture of
N-phenyltriflimide (3.4 g, 11.18 mmol) and K,COs (2.06 g, 14.9 mmol)
in THF (50 mL). The reaction mixture was heated at reflux and after 48
h was partitioned between DCM and sat. NaCl. The aqueous layer was extracted with
DCM (3 x 20 mL) and the combined organic layers were washed with brine (2 x 20
mL), dried (MgSO,) and concentrated under reduced pressure. The crude product was
subjected to gravity silica gel column chromatography (1% EtOAc:hexanes) to afford
the triflated phenol 195 (1.648 g, 83%) as a colourless, volatile liquid, which was
spectroscopically identical to that reported in the literature.' '"H NMR (300 MHz) &
3.40 (dd, 1H, “Jyy = 1.4, *Jyy = 1.4 Hz, CHHCH=CHa), 3.42 (dd, 1H, “Jyy = 1.4, *Jup =
1.4 Hz, CHHCH=CH,), 5.06 (ddd, 1H, “Jun = 1.4, “Jun = 2.9, *Jyny = 17.0 Hz,
CH=CHH), 5.08 (ddd, 1H, “Juy = 1.4, °Jun = 2.8, *Jun=10.2 Hz, CH=CHH), 5.85 (ddt,
1H, *Jyy = 6.0, Juy = 10.2, *Jyy = 16.8 Hz, CH=CH,), 7.26-7.33 (m, 4H, ArH); "°C
NMR (75 MHz) 6 34.0 (CH,CH=CH,), 112.2, 116.5, 120.7, 125.0 (118.6, q, J = 320
Hz, CF;), 117.5 (CH=CH,), 121.3 (ArC6), 128.1 (ArC4), 128.4 (ArC5), 131.4 (ArC3),
132.8 (ArC2), 134.6 (CH=CH;), 147.9 (ArC1); FTIR v 1483 (w), 1420 (m), 1250 (w),
1210 (s), 1138 (s), 1073 (w), 889 (s), 766 (m); MS (EI, +ve) m/z 266 (9, M"), 265 (59),
131 (99), 115 (100%), 103 (63); HRMS (EI, +ve) calcd for C;oHoF305 266.0225, found
266.0225.

1-tert-Butyldimethylsilyloxy-2-allylbenzene 196'°°

OTBS 2-Allylphenol (0.20 mL, 3.0 mmol) was added to a stirred suspension of
imidazole (246 mg, 3.6 mmol) in DCM (10 mL). tert-Butyldimethylsilyl
chloride (520 mg, 3.45 mmol) was added as a solid and stirring was

continued at RT for 18 h. The reaction mixture was partitioned between DCM and
water, and the aqueous layer was extracted with DCM (3 x 25 mL). The organic layers
were combined and washed with water, dried (MgSQO,4) and the solvent was removed
under reduced pressure. The crude mixture was subjected to a flash silica gel plug
(100% hexanes) to afford the TBS protected phenol 196 (740 mg, 99%) as a colourless,
volatile liquid, which was spectroscopically identical to that reported in the literature.'”

'"H NMR (500 MHz) & 0.24 (s, 6H, Si(CH;),), 1.02 (s, 9H, C(CH)3), 3.37 (d, 2H, J =
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6.5 Hz, CH,CH=CH,), 4.99-5.03 (m, 1H, CH=CHH), 5.05-5.06 (m, 1H, CH=CHH),
5.90-6.04 (m, 1H, CH=CH,), 6.79 (d, 1H, J = 8 Hz, ArH6), 6.89 (t, 1H, J = 7.4 Hz,
ArH4), 7.08 (t, 1H, J = 7.7 Hz, ArH5), 7.14 (d, 1H, J = 7.5 Hz, ArH3); >C NMR (75
MHz) 6 -4.1 (Si(CHs),), 18.3 (C(CHs)3, 25.8 (C(CHs)3), 34.4 (CH,CH=CH,), 115.4
(CH=CH,), 118.4 (ArC6), 121.1 (ArC4), 127.0 (ArC5), 130.1 (ArC3), 130.7 (ArC2),
137.0 (CH=CH,), 153.3 (ArC1); MS (EI, +ve) m/z 247 (39, M-H), 237 (42), 221 (47),
205 (55), 193 (63), 179 (100%), 161 (71), 131 (92), 121 (92), 115 (79); HRMS (EI,
+ve) caled for C;sH»30Si1 247.1518, found 247.1516.

2-Allyl-1-methoxybenzene 197 197

OMe 2-Allylphenol (507 mg, 3.73 mmol) was dissolved in acetone (40 mL)
and K,CO; (2.063 g, 14.9 mmol) was added, followed by a few drops of
water. The reaction vessel was heated to 40 °C and methyl iodide (0.94
mL, 14.9 mmol) was added. After 20 h the solvent was removed under reduced
pressure, the crude mixture dissolved in EtOAc and washed with water (3 x 30 mL).
The organic layer was dried (MgSO4) and adsorbed onto silica gel. After flash silica gel
column chromatography (hexanes), the protected allylphenol 197 (482 mg, 87%) was
obtained as a colourless, volatile liquid, which was spectroscopically identical to that
reported in the literature.””’” "H NMR (500 MHz) & 3.38 (d, 2H, J = 6.2 Hz, CH,), 3.81
(s, 3H, OCH3), 5.02-5.06 (m, 2H, CH=CH>), 5.95-6.03 (m, 1H, CH=CH,), 6.84 (d, 1H,
J=28.1 Hz, ArH6), 6.89 (t, 1H, J= 7.4 Hz, ArH4), 7.13 (d, 1H, J= 7.3 Hz, ArH3), 7.19
(t, 1H, J = 7.7 Hz, ArH5); °C NMR (125 MHz) & 34.2 (CH,), 55.3 (OCH3), 110.3
(ArC6), 115.3 (CH=CH,), 120.5 (ArC4), 127.3 (ArCS5), 128.6 (ArC2), 129.7 (ArC3),
137.0 (CH=CH,), 157.3 (ArC1); FTIR v 1600 (w), 1493 (m), 1464 (w), 1243 (s), 1050
(w), 1031 (m), 912 (w), 751 (s); MS (EI, +ve) m/z 148 (17, M"), 147 (90, M-H), 131
(100%), 121 (78), 105 (55); HRMS (EI, +ve) calcd for CioH;,O 148.0888, found
148.0888.
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7.4.2 Phenolic-based derivatives (Dimers)
E-1,4-Di(2-(4-methoxybenzyloxy)phenyl)-2-butene 198

Grubbs 2 catalyst (34 mg, 0.039 mmol, 5 mol %) was added
to a solution of alkene 193 (180 mg, 0.708 mmol) in DCM
(6 mL) and the solution was heated at reflux for 23 h. The
reaction mixture was concentrated in vacuo and subjected to
flash  silica gel column  chromatography (2%
EtOAc:hexanes) to yield the dimer 198 (27 mg, E:Z3:1) as a
white solid. Further elution (2% to 50% EtOAc:hexanes)

yielded 5 more portions of 198, with a total mass of 121 mg
OMe  (71%) and an increasing E:Z ratio (5:1 to 20:1). The
fractions were combined and recrystallisation from DCM/hexanes gave the pure E
isomer as a white solid (80 mg, 47%), m.p. 132-133 °C. "H NMR (300 MHz) & 3.39 (d,
4H, J = 4.8 Hz, CH,CH=CH,), 3.80 (s, 6H, OCHs), 4.98 (s, 4H, PhCH,), 5.66 (m, 2H,
CH=CH), 6.84-6.90 (m, 8H, ArH), 7.13-7.20 (m, 4H, ArH), 7.28-7.38 (m, 4H, ArH3");
B3C NMR (75 MHz) & 33.1 (CH>), 55.3 (OCHj3), 69.7 (PhCH,), 111.7 (ArC6), 113.8
(ArC2’), 120.7 (ArC4), 127.0 (ArCS5), 128.7 (ArC3’), 129.4 (ArC4’), 129.5 (CH=CH),
129.7 (ArC3), 129.8 (ArC2), 156.4 (ArCl1), 159.2 (ArC1’); FTIR v 1614 (w), 1587 (w),
1515 (w), 1489 (w), 1451 (w), 1378 (w), 1252 (w), 1230 (w), 1106 (w), 1032 (w), 998
(w); MS (EI, +ve) m/z 480 (5, M"), 241 (12), 121 (100%); HRMS (EI, +ve) calcd for
C32H3,04 480.2301, found 480.2291.

E-1,4-Di(2-acetyloxyphenyl)-2-butene 199

Grubbs 1 catalyst (61 mg, 0.074 mmol, 5 mol %) was added

QA P O to a solution of alkene 194 (262 mg, 1.49 mmol) in DCM (12
O OAc mL) and the solution was heated at reflux for 15 h. The
reaction mixture was adsorbed onto silica gel and subjected

to gravity silica gel column chromatography (5% to 7% EtOAc:hexanes) to yield the
dimer 199 (204 mg, 85%, E:Z 4:1) as a colourless oil. "H NMR (300 MHz) & 2.24 (s,
6H, CH3), 2.28%, 3.26 (dd, 4H, J = 1.4, 3.7 Hz, CH»), 3.38* (d, J = 5.3 Hz, CH,), 5.56-
5.59 (m, 2H, CH=CH), 5.62-5.65*, 7.00-7.05 (m, 2H, ArH), 7.14-7.26 (m, 6H, ArH);
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3C NMR (75 MHz) & 20.8 (CH;), 27.9*, 33.3 (CH,), 122.3 (ArC6), 126.1 (ArC4),
126.2*, 127.3 (ArCS), 128.2%, 129.2 (CH=CH), 129.9%, 130.3 (ArC3), 132.3 (ArC2),
132.4%, 148.8 (ArC1), 169.3 (C=0); MS (EL +ve) m/z 324 (11, M"), 282 (16), 264 (11),
176 (10), 147 (33), 133 (100%), 131 (68), 107 (75); HRMS (EI, +ve) caled for
Ca0Ha004 324.1362, found 324.1354.

E-1,4-Di(2-trifluoromethanesulfonylphenyl)-2-butene 200

Grubbs 1 catalyst (23 mg, 0.028 mmol, 5 mol %) was added
Tt _ O to a solution of alkene 195 (151 mg, 0.568 mmol) in DCM (6
O OT# mL) and the solution was heated at reflux for 15 h. The
reaction mixture was adsorbed onto silica gel and subjected to
gravity silica gel column chromatography (0.5% to 1% EtOAc:hexanes) to afford the
dimer 200 (126 mg, 88%, E:Z 3.8:1) as a colourless oil. 'H NMR (300 MHz) 6 3.48 (dd,
4H, J = 1.5, 3.6 Hz, CH,), 3.59* (dd, J = 0.9, 4.6 Hz, CH»), 5.65 (ddd, 2H, J = 1.5, 3.6,
5.1 Hz, CH=CH), 5.73* (ddd, J = 0.9, 4.6, 5.5 Hz, CH=CH), 7.23-7.34 (m, 8H, ArH);
C NMR (75 MHz) § 27.6*, 32.8 (CH,), 112.2, 116.5, 120.7, 124.9 (118.6, q, J = 320
Hz, CF3), 121.3 (ArC6), 128.1 (ArC4), 128.2* (CH=CH), 128.4 (ArC5), 128.5*%, 129.3
(CH=CH), 131.0*, 131.3 (ArC3), 133.0 (ArC2), 147.9 (ArC1); MS (EI, +ve) m/z 504
(27, M), 359 (13), 281 (33), 265 (100%), 239 (80), 131 (100%), 115 (93), 109 (67);
HRMS (ES, +ve) calcd for CisH14FsO6S, 504.0136, found 504.0127.

E-1,4-Di(2- tert-butyldimethylsilyloxy)phenyl-2-butene 201

OTBS Grubbs 2 catalyst (34 mg, 0.040 mmol, 5 mol %) was
Z O added to a solution of alkene 196 (200 mg, 0.805 mmol) in

O OTBS  DCM (8 mL) and the solution was heated at reflux for 3 d.
The reaction mixture was adsorbed onto silica gel and subjected to flash silica gel
column chromatography (hexanes) yielding the dimer 201 as a pale yellow semi-solid
(97 mg, E:Z 12:1). Further elution yielded 2 more portions of 201, with a total mass of
180 mg (95%) and a decreasing E:Z ratio (6:1 and 4:1). 'H NMR (500 MHz) & 0.20 (s,
12H, Si(CHs)), 0.24*, 0.99 (s, 18H, C(CHs)3), 1.02*, 3.34 (d, 4H, J = 3.9 Hz, CH>),
3.47* (d, J= 4.8 Hz, CH>), 5.61-5.62 (m, 2H, CH=CH), 5.70* (t, J = 4.6 Hz, CH=CH),
6.77 (d, 2H, J = 8.1 Hz, ArH6), 6.87 (t, 2H, J = 7.4 Hz, ArH4), 7.06 (t, 2H, J = 7.6 Hz,
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ArH5), 7.13 (d, 2H, J = 7.4 Hz, ArH3); °C NMR (125 MHz) & -4.2 (Si(CHs),), -4.1%,
18.25 (C(CHs)s, 18.29%, 25.81 (C(CHa)s3), 25.82%, 27.8*, 33.1 (CH,), 118.34 (ArC6),
118.39%, 121.0 (ArC4), 121.1*%, 126.78*, 126.80 (ArC5), 128.7* (CH=CH), 129.6
(CH=CH), 129.7*, 130.1 (ArC3), 131.5 (ArC2), 153.3 (ArC1); MS (EI, +ve) m/z 468
(8, M), 411 (92), 295 (18), 281 (91), 247 (42), 221 (87), 203 (45), 179 (78), 165
(100%), 115 (92); HRMS (EI, +ve) calcd for CosHa4Osis 468.2880, found 468.2866.

E-1,4-Di(2-methoxyphenyl)-2-butene 202

Grubbs 1 catalyst (51 mg, 0.062 mmol, 5 mol %) was added
_ to a solution of alkene 197 (183 mg, 1.236 mmol) in DCM
O OMe (10 mL) and the solution was heated at reflux for 7 h. The

OMe

reaction mixture was adsorbed onto silica gel and subjected
to flash silica gel column chromatography (1% EtOAc:hexanes) to afford the dimer 202
(151 mg, 91%, E:Z 4.5:1) as a colourless oil. 'H NMR (300 MHz) & 3.35 (d, 4H, J = 4.2
Hz, CH,), 3.50* (d, J = 4.9 Hz), 3.81 (s, 6H, OCH3), 5.64-5.68 (m, 2H, CH=CH), 6.83
(d, 2H, J = 8.1 Hz, ArH6), 6.88 (dt, J = 1.1, 7.4, 7.5 Hz, ArH4), 7.14-7.21 (m, 4H,
ArH3 and ArH5); °C NMR (75 MHz) & 32.9 (CH,), 55.3 (OCHj3), 110.2 (ArC6), 120.4
(ArC4), 123.8 (ArC2), 127.0 (ArC5), 129.5 (CH=CH), 129.6 (ArC3), 157.2 (ArCl);
MS (EI, +ve) m/z 268 (25, M"), 147 (100%), 121 (75); HRMS (EI, +ve) calcd for
Ci1sH200, 268.1463, found 268.1464.

E-1,4-Di(2-hydroxyphenyl)-2-butene 203

Tetrabutylammonium fluoride (2.6 mL, 1 M solution in THF)

OH P was added to 201 (310 mg, 0.661 mmol, E:Z 15.6:1) under
O OH Na(g) and the reaction mixture was stirred at RT for 21 h. The
solvent was removed in vacuo, and the crude solid was

dissolved in DCM and washed with water. The alkene 203 (21 mg, 13%, E:Z 27:1) was
recrystallised from DCM/hexanes as a white solid, m.p. 126-128 °C. Two additional
crops of 203 (123 mg, 79%) were obtained by recrystallisation from the filtrate to give a
total yield of 92% (144 mg). '"H NMR (300 MHz, CD;OH) & 3.30 (dd, 4H, °Juy = 1.4,
3 Jun = 3.5 Hz, CH,CH=CHy,), 4.89 (bs, 2H, OH), 5.61-5.65 (m, 2H, CH=CH), 6.70-6.75
(m, 4H, ArH), 6.95-7.05 (m, 4H, ArH); °C NMR (75 MHz, CD;OH) & 33.9 (CH,),
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115.8 (ArC6), 120.6 (ArC4), 128.0 (ArCS), 128.6 (ArC2), 130.6 (CH=CH), 130.8
(ArC3), 156.0 (ArC1); FTIR v 3084 (w), 2395 (w), 1711 (w), 1369 (w), 1230 (w), 1073
(s); MS (ES, -ve) m/z 275 (23, M+Cl), 239 (100%, M-H); HRMS (ES, -ve) calcd for
C16H150, 239.1072, found 239.1080.

7.4.3 Phenolic-based derivatives (Diols)
(2R,3R)-1,4-Di(2-trifluorosulfonylphenyl)-2,3-butandiol 206b

The diol (R,R)-206b was synthesised by General Procedure
A using alkene 200 (120 mg, 0.238 mmol, £:Z 9.1:1), AD

OTf mix B (333 mg), methanesulfonamide (23 mg, 0.238 mmol),

sodium sulfite (211 mg) in fBuOH (1.2 mL) and water (1.2 mL). The crude residue was
subjected to gravity silica gel column chromatography (10% to 50% EtOAc:hexanes) to
yield the diol 206b (74 mg, 58%) as a white solid as a mixture of chiral:meso
diastereomers (27:1). Recrystallisation of the mixture from DCM/hexanes removed the
meso isomer. The filtrate was concentrated in vacuo to give the chiral diol (R,R)-206b
(60 mg, 47%), m.p. 114-115 °C. HPLC analysis (20% 2-propanol:hexane, retention
times (R,R)-diol 206b 8.73 min (major), (S,5)-diol 206a 9.39 min (minor)) showed the
ee of the (R,R)-diol 206b was 8%. "H NMR (300 MHz) & 2.21 (d, 2H, J = 6.4 Hz, OH),
2.96 (dd, 2H, “Jy; = 13.5 Hz, *Jy; = 7.5 Hz, CHH), 3.03 (dd, 2H, *Jyy = 13.5 Hz, *Juy
= 4.2 Hz, CHH), 3.73-3.90 (m, 2H, CHOH), 7.23-7.45 (m, 8H, ArH); *C NMR (300
MHz) § 34.8 (CH,CH=CH,), 72.8 (CHOH), 112.1, 116.4, 120.6, 124.8 (118.5, q, J =
320 Hz, CF3), 121.5 (ArC6), 128.5 (ArC4), 128.6 (ArC5), 131.1 (ArC2), 132.5 (ArC3),
148.3 (ArCl1); FTIR v 3268 (w), 1483 (w), 1416 (w), 1228 (w), 1207 (w), 1134 (w),
1096 (w), 903 (w), 809 (w), 772 (w), 635 (w); MS (ES, +ve) m/z 561 (100%, M+Na),
556 (15, M+NH4); HRMS (ES, +ve) caled for C;sHz0FsOsS:N 556.0535, found
556.0535.

(25,35)-1,4-Di(2-trifluorosulfonylphenyl)-2,3-butandiol 206a

OTf OH O The diol (S,5)-206a was synthesised by General Procedure A
O using alkene 200 (110 mg, 0.523 mmol, £:Z 3.6:1), AD mix
OH SLLE (333 mg), methanesulfonamide (23 mg, 0.238 mmol) and
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sodium sulfite (211 mg) in /BuOH (1.2 mL) and water (1.2 mL). The crude residue was
subjected to gravity silica gel column chromatography (10% to 50% EtOAc:hexanes) to
yield the diol 206a (32 mg, 25%) as a white solid, m.p. 110-112 °C, as a mixture of
chiral:meso diastereomers (24:1), which had identical spectral properties to the (R,R)-
206b enantiomer. HPLC analysis (20% 2-propanol:hexane, retention times (R,R)-diol
206b 8.76 min (minor), (S,S)-diol 206a 9.42 min (major)) showed the ee of the (S,S)-
diol 206a was 1.4%.

(25,2R)-1,4-Di(2- tert-butyldimethylsilyloxyphenyl)-2,3-butandiol 207 and (2R,3R)-
1,4-di(2- tert-butyldimethylsilyloxyphenyl)-2,3-butandiol 207b

OTBS  OH OTBS  OH

The diol (R,R)-207 was synthesised by General Procedure A using alkene 201 (88 mg,
0.188 mmol, £:Z 6:1), AD mix 3 (263 mg), methanesulfonamide (18 mg, 0.188 mmol),
sodium sulfite (166 mg) in /BuOH (1 mL) and water (1 mL). The crude residue was
subjected to gravity silica gel column chromatography (1% to 100% EtOAc:hexanes) to
yield the meso diol 207meso (4 mg, 4%) as a white solid. "H NMR (300 MHz) § 0.25
(d, 12H, J = 3.8 Hz, Si(CHs),), 1.01 (s, 18H, C(CH3)3), 2.56 (d, 2H, J = 3.0 Hz, OH),
2.84 (dd, 2H, “Jyy = 13.7 Hz, *Juy = 8.6 Hz, CHH), 3.04 (dd, 2H, *Jy; = 13.7 Hz, *Juy
= 2.6 Hz, CHH), 3.76-3.83 (m, 2H, CHOH), 6.83 (dd, 2H, J = 0.9, 8.0 Hz, ArH6), 6.92
(dt, 2H, J = 1.0, 7.4 Hz, ArH4), 7.11 (dt, 2H, J = 1.7, 7.8 Hz, ArHS5), 7.21 (dd, 2H, J =
1.7, 7.5 Hz, ArH3); >C NMR (75 MHz) 8 —4.1 and —4.0 ((Si(CHz),), 18.2 (C(CH3)s),
25.8 (C(CH3)3), 33.4 (CHy), 74.7 (CHOH), 118.7 (ArC6), 121.5 (ArC4), 127.5 (ArCS),
129.1 (ArC2), 131.8 (ArC3), 153.8 (ArCl); MS (ES, +ve) m/z 1027 (100%, 2M+Na),
525 (25, M+Na), 503 (5%, M+H); HRMS (ES, +ve) calcd for CysH470s12 503.3013,
found 503.3020.

Further elution gave the chiral diol (R,R)-207b (25 mg, 27%) as a viscous oil. HPLC
analysis (2.5% 2-propanol:hexane, retention times (R,R)-diol 207b 13.3 min (major),
(S,S)-diol 207a 12.1 min (minor)) showed the ee of the (R,R)-diol 207b was 14%. 'H
NMR (300 MHz) & 0.20 (s, 12H, Si(CHs)»), 0.97 (s, 18H, C(CH3)3), 2.47 (d, 2H, J=5.7
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Hz, OH), 2.82 (dd, 2H, “Jy;; = 13.5 Hz, *Jy; = 5.6 Hz, CHH), 2.93 (dd, 2H, “Jy; = 13.3
Hz, *Juy = 7.9 Hz, CHH), 3.67-3.73 (m, 2H, CHOH), 6.78 (dd, 2H, J = 1.1, 8.0 Hz,
ArH6), 6.88 (dt, 2H, J = 1.2, 7.4 Hz, ArH4), 7.09 (dt, 2H, J = 1.8, 8.6 Hz, ArH5), 7.14
(d, 2H, J = 1.7, 7.4 Hz, ArH3); °C NMR (75 MHz) 8 —4.2 and —4.1 ((Si(CHs),), 18.2
(C(CH3)3), 25.8 (C(CH3)3), 35.2 (CH,), 73.2 (CHOH), 118.6 (ArC6), 121.4 (ArC4),
127.5 (ArC5), 128.9 (ArC2), 131.6 (ArC3), 153.7 (ArC1) MS (ES, +ve) m/z 1027
(100%, 2M+Na), 525 (45, M+Na), 503 (6%, M+H); HRMS (ES, +ve) calcd for
C,3H4708i, 503.3013, found 503.3008.

(25,35)-1,4-Di(2- tert-butyldimethylsilyloxyphenyl)-2,3-butandiol 207a

OTBS OH The diol (S,S)-207a was synthesised by General Procedure
O A using alkene 201 (97 mg, 0.207 mmol, E£:Z 12:1), AD
O OH OTBS  mix o (290 mg), methanesulfonamide (18 mg, 0.188 mmol)
and sodium sulfite (166 mg) in /BuOH (1 mL) and water (1 mL). Flash silica gel
column chromatography (1% to 100% EtOAc:hexanes) isolated the diol 207a (15 mg,
13%) as an oil as a mixture of chiral:meso diastereomers (12:1), which exhibited
identical spectral properties to the (R,R)-diol. HPLC analysis (2.5% 2-propanol:hexane,
retention times (R,R)-diol 207b 13.4 min (minor), (S,S)-diol 207a 12.3 min (major))
showed the ee of the (S,S)-diol 207a was 23%.

(25.35)-1.4-Di(2-methoxyphenyl)-2.3-butandiol 208a>>>

OMe OH O The diol (S,5)-208a was synthesised by General Procedure
O A using alkene 202 (75 mg, 0.28 mmol), AD mix a (392
OH OMe mg), methanesulfonamide (27 mg, 0.28 mmol), sodium

sulfite (420 mg) in a 1:1 mixture of fBuOH and water (2.8 mL). The crude solid was
subjected to flash silica gel column chromatography (10% EtOAc:hexanes to 100%
EtOAc) to yield the diol 208a (44 mg, 52%) as a viscous, colourless oil, as a mixture of
chiral:meso diastereomers (6:1), which was spectroscopically identical to that reported
in the literature.””
(R,R)-diol 208b 22.8 min (minor), (S,S)-diol 208a 26.7 min (major)) showed the ee of
the (S,5)-diol 208a was 34%. '"H NMR (500 MHz) & 2.66 (bs, 2H, OH), 2.89 (dd, 2H,

2Jui = 13.2 Hz, *Jyy = 7.4 Hz, CHH), 2.92 (dd, 2H, “Jyy = 13.2 Hz, *Jyy = 4.6 Hz,

HPLC analysis (20% to 40% 2-propanol:hexane, retention times
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CHH), 3.05* (dd, “Juy = 13.8 Hz, *Juy = 2.1 Hz, CHH), 3.72-3.73 (m, 2H, CHOH),
3.78 (s, 6H, OCHs), 3.83*, 6.85 (d, 2H, J = 8.2 Hz, ArH6), 6.89 (t, 2H, J = 7.3 Hz,
ArH4), 7.16 (d, 2H, J = 7.3 Hz, ArH3), 7.20 (t, 2H, J = 8.5 Hz, ArH5); °C NMR (125
MHz) & 33.1*, 34.9 (CH,), 55.3 (OCHs), 73.4 (CHOH), 74.3*, 110.4 (ArC6), 120.8
(ArC4), 126.9 (ArC2), 127.7 (ArC5), 131.3 (ArC3), 157.4 (ArC1); FTIR v 1496 (w),
1265 (w), 1245 (w), 1055 (w), 853 (w), 828 (w), 815 (w), 753 (s), 745 (s); MS (ES,
+ve) m/z 325 (50, M+Na), 320 (28, M+NH,), 303 (100%, M+H), 285 (45, M-H,0);
HRMS (ES, +ve) calcd for Ci1gH2304 303.1596, found 303.1595.

(2R,3R)-1,4-Di(2-methoxyphenyl)-2.3-butandiol 208b>**

The diol (R,R)-208b was synthesised by General Procedure
A using alkene 202 (75 mg, 0.28 mmol), AD mix B (392

OMe mg), methanesulfonamide (27 mg, 0.28 mmol), sodium

sulfite (420 mg) in a 1:1 mixture of /BuOH and water (2.8 mL). Flash silica gel column
chromatography (10% to 20% EtOAc:hexanes) yielded the diol (R,R)-208b (31 mg,
37%) as a viscous, colourless oil, which had identical spectral properties to the diol
(5.,5)-208a. HPLC analysis (20% to 40% 2-propanol:hexane, retention times (R,R)-diol
208b 22.4 min (major), (S,S)-diol 208a 26.6 min (minor)) showed the ee of the (R,R)-
diol 208b was 40%.

7.5 Nitrogen-based derivatives

7.5.1 Nitrogen-based derivatives (Monomers)

2-Allylaniline 219"

NH, To a stirred solution of N-allylaniline (2.0 mL, 14.7 mmol) in xylenes
@M (12 mL) was added BF3.Et,0O (1.8 mL, 17.0 mmol), and the mixture was
heated at reflux for 49 h. The reaction mixture was poured into 2M

NaOH (20 mL) and extracted with DCM (3 x 20 mL). The combined organic layers
were washed with sat. NaCl (3 x 20 mL), dried (MgSQO,), and concentrated under
reduced pressure. The crude brown oil was subjected to gravity silica gel column
chromatography (hexanes to 10% EtOAc:hexanes) to yield the aniline 219 (634 mg,

32%) as a colourless oil, which turned brown when exposed to air, and was
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spectroscopically identical to that reported in the literature.'”® '"H NMR (500 MHz) &
3.35 (d, 2H, Juy = 6.2 Hz, CH,CH=CH),), 3.63 (bs, 2H, NH,), 5.13-5.19 (m, 2H,
CH=CH,)), 5.95-6.05 (m, 1H, CH=CH,), 6.71 (d, 1H, J= 7.8 Hz, ArH6), 6.81 (t, 1H, J =
7.4 Hz, ArH4), 7.08-7.13 (m, 2H, ArH3 and 5); C NMR (75 MHz) & 36.3
(CH,CH=CH,;), 115.7 (ArC6), 116.0 (CH=CH,), 118.8 (ArC4), 123.9 (ArC2), 127.4
(ArC5), 130.1 (ArC3), 135.9 (CH=CH,), 144.7 (ArC1); MS (ES, +ve) m/z 134 (18,
M+H), 105 (125), 83 (100); HRMS (ES, +ve) caled for CoH;oN 134.0970, found
134.0945.

N-trifluoromethanesulfonyl-2-allylaniline 221

NHTf To a mixture of N-phenyltriflimide (806 mg, 2.25 mmol) and K,COs3
Z (416 mg, 3.01 mmol) in THF (30 mL) was added 2-allylaniline 219
(187 mg, 1.41 mmol) and the mixture was heated at reflux for 6 d. The
mixture was partitioned between DCM and water, and the aqueous layer was extracted
with DCM (3 x 20 mL). The combined organic layers were washed with sat. NaCl (3 x
20 mL), dried (MgSO,) and the solvent removed under reduced pressure. The crude
solid was subjected to gravity silica gel column chromatography (2% to 10%
EtOAc:hexanes) to afford the triflate 221 (6 mg, 2%) as a white solid, m.p. 190 °C. 'H
NMR (300 MHz) & 3.28 (dd, 1H, “Jus = 1.6, *Jun = 6.0 Hz, ArCHH), 3.30 (dd, 1H, “Jux
= 1.6, *Jyn = 6.0 Hz, ArCHH), 4.76 (dddd, 1H, “Jyy = 1.7 Hz, *Juy = 1.7 Hz, *Jyn = 1.8
Hz, *Jyy = 17.2 Hz, CH=CHH), 4.92 (dddd, 1H, *Jyy = 1.6 Hz, “Jyy = 1.6 Hz, “Juy =
1.6 Hz, *Jy; = 10.2 Hz, CH=CHH), 5.78 (dddd, 1H, *Jyy = 6.1, *Jy = 6.1, *Jyn = 10.2,
Ju = 17.1, CH=CH>), 6.25 (bs, 1H, NH), 7.13-7.22 (m, 2H, ArH3 and ArH4), 7.26-
731 (1H, m, ArH5), 7.66 (d, 1H, J = 7.9, ArH6); °C NMR (75 MHz) & 36.4 (CH,),
116.4 (CH=CH,), 119.7 (CF3), 125.3 (ArC6), 125.9 (ArC4), 127.7 (ArC5), 130.5
(ArC3), 135.6 (CH=CH,), 135.9 (ArC2), 154.1 (ArC1).

N-Acetyl-2-allylaniline 222'°

NHAc Acetic anhydride (5 mL) was added to a stirred solution of 2-allylaniline
7 219 (153 mg, 1.149 mmol) in Et;N (0.4 mL) at RT. The reaction was
quenched after 3 d with water and extracted with DCM (4 x 20 mL).

The combined organic layers were washed with 2M NaOH (3 x 20 mL) and
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concentrated in vacuo. The crude product was subjected to gravity silica gel column
chromatography (20% to 40% EtOAc:hexanes) to afford the acetylated aniline 222 (128
mg, 65%) as a white solid, m.p. 90-91 °C, which was spectroscopically identical to that
reported in the literature.””” "H NMR (300 MHz) & 1.81 (bs, 1H, NH), 2.07 (CH3), 3.30
(dt, 2H, *Jyy = 1.4, *Juy = 6.1 Hz, CH,CH=CHb,), 5.02 (dd, 1H, *Jyy = 1.3 Hz, *Juy =
17.2 Hz, CH,CH=CHH), 5.10 (dd, 1H, *Jyx = 1.0 Hz, *Jy5 = 10.0 Hz, CH,CH=CHH),
5.90 (ddt, 1H, *Jyy = 6.1, *Jyy = 10.3, *Jyy = 16.4 Hz, CH=CH,), 7.04-7.21 (m, 3H,
ArH), 7.74 (d, 1H, J = 8.0 Hz, ArC6); °C NMR (75 MHz) & 24.2 (CH;3), 36.9
(CH,CH=CH;), 116.5 (CH=CH,), 123.8 (ArC6), 125.3 (ArC4), 127.4 (ArC5), 129.9
(ArC2), 130.2 (ArC3), 136.0 (ArC1), 136.3 (CH=CH;), 168.3 (C=0); FTIR v 3273 (W),
1656 (s), 1586 (w), 1535 (m), 1450 (w), 1370 (w), 1298 (w), 917 (w), 753 (s), 716 (W);
MS (ES, +ve) m/z 239 (5, M+K), 176 (3, M+H), 146 (80), 105 (100%); HRMS (ES,
+ve) calcd for C;;H4NO 176.1075, found 176.1072.

1-Allyl-2-nitrobenzene 215"

1-Todo-2-nitrobenzene (776 mg, 3.11 mmol) was dissolved in THF (5
NO,

@/\/ mL) in a 25 mL flask flushed with Ar(g) and fitted with a rubber
septum. The flask was placed in a slush bath of acetonitrile and Nj(1)

(—40 °C). Phenylmagnesium bromide (3.44 mL, 1.0 M solution in THF)
was added dropwise and stirring continued a further 10 min. A solution of copper (I)
cyanide (276 mg, 3.11 mmol) and lithium chloride (264 mg, 6.22 mmol) in THF (2 mL)
was added and stirring was continued for a further 10 min. Allyl bromide (0.32 mL,
3.42 mmol) was then added neat and after 2 h the reaction was quenched with sat.
NH4CI, partitioned between water and Et,O and extracted with Et;O (3 x 50 mL). The
organic layers were combined and washed with sat. NaCl (4 x 30 mL), and filtered after
addition of charcoal. The filtered solution was dried (MgSQO,) and the crude residue was
subjected to flash silica gel column chromatography (hexanes) to afford the allylated
product 215 (415 mg, 82%) as a colourless oil, which was spectroscopically identical to
that reported in the literature.” "H NMR (300 MHz) ¢ 3.72 (dt, 2H, J = 1.4, 6.3 Hz,
CH,CH=CH,), 5.11 (ddd, 1H, “Jyy = 1.6, *Jun = 2.8, *Jun = 16.8 Hz, CH=CHH), 5.15
(ddd, 1H, “Jyy = 1.4, *Jyn = 2.9, *Jyn = 10.2 Hz, CH=CHH), 6.01 (ddt, 1H, *Jy, = 6.4,
I = 10.2, *Jy = 16.7 Hz, CH=CH,), 7.37-7.43 (m, 2H, ArH3 and 5), 7.57 (dt, 1H, J
= 1.4, 7.6 Hz, ArH4), 7.94 (dd, 1H, J = 1.4, 8.5 Hz, ArH6); >C NMR (75 MHz) & 36.9
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(CH,), 117.1 (CH=CH,), 124.6 (ArC6), 127.3 (ArC5), 131.9 (ArC3), 133.0 (ArC4),
134.8 (ArC2), 135.0 (CH=CH,), 150.0 (ArC1); MS (ES, +ve) m/z 186 (5, M+Na), 146
(5), 135 (10), 121 (5), 94 (18), 83 (100%).

7.5.2 Nitrogen-based derivatives (Dimers)
E-1,4-Di(2-N-acetylaniline)-2-butene 229

NHAC Grubbs 2 catalyst (15 mg, 0.035 mmol, 10 mol %) was
Z O added to a solution of N-acetyl-2-allylaniline 222 (67 mg,
O NHAC (.35 mmol) in DCM (6 mL). The mixture was heated at
reflux for 17 h then filtered to collect the metathesis product 229 (45 mg, 73%) as a
white powder, decomp. 220 °C. "H NMR (300 MHz, DMSO) & 1.99 (s, 6H, CH3), 3.31
(d, 4H, J = 4.2 Hz, CH,), 5.50 (t, 2H, J = 3.3 Hz, CH=CH), 7.04-7.17 (m, 6H, ArH),
7.37 (d, 2H, J = 7.7 Hz, ArH6), 9.21 (bs, 2H, NH); >’C NMR (75 MHz,) & 23.2 (CH3),
34.0 (CHy), 125.2 (ArCo), 125.7 (ArC4), 126.2 (ArCS), 129.2 (ArC3), 129.3 (ArC2),
134.2 (ArCl), 135.9 (CH=CH), 169.3 (C=0); FTIR v 3275 (w), 1655 (s), 1587 (w),
1534 (m), 1449 (w), 1369 (w), 1296 (s), 1272 (w), 973 (w), 849 (w), 750 (s), 706 (W);
MS (ES, +ve) m/z 345 (5, M+Na), 323 (5, M+H), 146 (100%), 105 (40); HRMS (ES,
+ve) calcd for CpoH2,N,0,Na 345.1579, found 345.1584.

E-1,4-Di(2-nitrophenyl)-2-butene 216

NO, O Grubbs 2 catalyst (48 mg, 0.057 mmol, 5 mol %) was added
F to a solution of 2-allylnitrobenzene 215 (185 mg, 1.14 mmol)

O NO2 jn DCM (5 mL), and the flask was flushed with Ar(g) and
heated at reflux for 7 h. The reaction mixture was washed with water, and the aqueous
layer was extracted with DCM (3 x 20 mL). Charcoal was added to the combined
organic layers and filtered. Hexane was added to the filtrate, and a brown solid was
crystallised and collected. The brown solid was subjected to gravity silica gel column
chromatography (3% EtOAc:hexanes) to yield the homo-coupled product 216 (44 mg,
26%, E:Z 43:1) as a white solid, m.p. 78 °C. '"H NMR (500 MHz) & 3.65-3.66 (m, 4H,
CH,), 3.82%*, 5.70 (ddd, 2H, J= 1.5, 3.5, 5.0 Hz, CH=CH), 7.34-7.38 (m, 4H, ArH3 and
5), 7.53 (t, 2H, J = 7.6 Hz, ArH4), 7.89 (d, 2H, J = 8.1 Hz, ArCH6); °C NMR (125

190



Chapter 7 Experimental

MHz) & 35.7 (CH), 124.6 (ArC6), 127.3 (ArC5), 129.5 (CH=CH), 131.8 (ArC3), 133.0
(ArC4), 135.1 (ArC2), 149.2 (ArCl); MS (ES, +ve) m/z 321 (28, M+Na), 299 (2,
M+H), 297 (2), 146 (5), 105 (100%), 64 (40); HRMS (ES, +ve) caled for
C16H14N>04Na 321.0851, found 321.0854.

E-1,4-Di(2-nitrophenyl)-2-butene 216, E-1,5-di(2-nitrophenyl)-2-pentene 233,
E-1,4-di(2-nitrophenyl)-1-butene 232 and E-1-phenyl-3-(2nitrophenyl)propene
23123

N02 N02 N02 NOZ
O ¢ ) O C
® To.

233 232 231

Grubbs 2 catalyst (88 mg, 0.103 mmol, 5 mol %) was added to a solution of 2-
allylnitrobenzene 215 (337 mg, 2.067 mmol) in DCM (5 mL) and the flask was flushed
with Ar(g) and heated at reflux for 19.5 h. The reaction mixture was adsorbed onto
silica gel and subjected to flash silica gel column chromatography (2% EtOAc:hexanes)
to yield a mixture of 233 (4 mg, 1.3%) and E and Z-216 (27 mg, 9%, E:Z 8.8:1), as a
white solid (total mass 31 mg, 233:216 1:6). 233: '"H NMR (300 MHz) & 2.34-2.41 (m,
2H, CH,CH,Ar), 2.93-2.98 (m, 2H, CH,CH»Ar), 3.60 (d, 2H, *Juy = 4.6 Hz,
ArCH,CH=CH), 5.52-5.57 (m, 2H, CH=CH), 7.27-7.94 (m, 4H, ArCH).

Further elution yielded a mixture of E-216:7-216:233:232:231 (11.8:1.1:1:2.4:1.2,
determined by 'H NMR analysis) with a total mass of 60 mg. 216 (44 mg, 14%, E:Z
11:1); 233 (3.4 mg, 1%); 232 (8 mg, 3%): '"H NMR (300 MHz) & 2.67 (dddd, 2H, J =
1.4,7.2,72,7.2, CH=CHCH,), 3.14 (dd, 2H, J = 6.7, 8.5 Hz, CH,CH,Ar), 6.25 (ddd,
IH, J = 7.0, 7.0, 15.6 Hz, CH=CHCH,), 6.88 (ddd, 1H, J = 1.4, 1.4, 15.6 Hz,
CH=CHCHy), 7.27-7.94 (m, 8H, ArH); 231 (4 mg, 1%): 'H NMR (300 MHz) & 3.91
(dd, 2H, J= 1.4, 6.7 Hz, CH>), 6.39 (ddd, 1H, J = 6.7, 6.7, 15.6 Hz, CH=CHCH,), 6.97
(ddd, 1H, J=1.5, 1.5, 15.6 Hz, CH=CHCH,), 7.27-7.94 (m, 9H, ArH).
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7.5.3 Nitrogen-based derivatives (Diols)
(2R,3R)-1,4-Di(2-nitrophenyl)-2,3-butandiol 217b

(R,R)-217b was synthesised using General Procedure A,
alkene 216 (20 mg, 0.067 mmol, £:Z 18:1), AD mix B (94

NO; mg), methanesulfonamide (6 mg, 0.067 mmol), sodium

sulfite (100 mg) and a 1:1 mixture of fBuOH and water (0.7 mL), The crude solid was
subjected to flash silica gel column chromatography (20% to 30% EtOAc:hexanes) to
afford the diol 217b (10 mg, 45%) as a white solid, m.p. 132-134 °C, as a mixture of
chiral:meso diastereomers (16:1). HPLC analysis (35% 2-propanol:hexane, retention
times (R,R)-diol 217b 19.4 min (major), (S,S)-diol 217a 31.0 min (minor)) showed the
ee of the (R,R)-diol 217b was 58%. '"H NMR (300MHz) & 2.48 (bs, 2H, OH), 3.13 (dd,
2H, “Jur = 13.5 Hz, *Jun = 8.5 Hz, CHH), 3.27 (dd, 2H, *Juy = 13.3 Hz, *Juy = 3.3 Hz,
CHH), 3.90 (dd, 2H, *Juy = 3.0 Hz, *Juz= 7.0 Hz, CHOH), 7.41 (t, 2H, *Juy = 7.0 Hz,
ArH5), 7.46 (d, 2H, *Juy = 7.7 Hz, ArH3), 7.57 (t, 2H, *Juy = 7.5 Hz, ArH4), 7.94 (d,
2H, Jun = 8.2 Hz, ArH6); °C NMR (75 MHz) & 37.3 (CH,), 74.1 (CHOH), 124.9
(ArC6), 127.8 (ArC5), 133.1 (ArC4), 133.3 (ArC3), 133.4 (ArC2), 149.9 (ArCl1); FTIR
v 1513 (w), 1344 (w), 1255 (m), 1077 (w), 1023 (m, br), 797 (m), 660 (s), 673 (s), 626
(s); MS (ES, +ve) m/z 355 (28, M+Na), 350 (8, M+NH,), 233 (10), 211 (12), 146 (70),
105 (100%); HRMS (ES, +ve) calcd for C16H;4N2OgNa 355.0906, found 355.0904.

(25,35)-1,4-Di(2-nitrophenyl)-2,3-butandiol 217a

NO, OH O The diol (S,S)-217a was synthesised by General Procedure A
O using alkene 216 (20 mg, 0.067 mmol, £:Z 18:1), AD mix a
OH NO, (94 mg), methanesulfonamide (6 mg, 0.067 mmol), sodium
sulfite (100 mg) and a 1:1 mixture of fBuOH and water (0.68 mL). The crude mixture
was subjected to flash silica gel column chromatography (20% to 30% EtOAc: hexanes)
to yield the diol (S,5)-217a (4 mg, 18%) as a mixture of chiral:meso diastereomers
(4:1), which was spectroscopically identical to the (R,R)-217b enantiomer. HPLC
analysis (35% 2-propanol:hexane, retention times (R,R)-diol 217b 19.4 min (minor),
(8,5)-diol 217a 30.6 min (major)) showed the ee of the (§,S)-diol 217a was 44%.
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(28,35)-1,5-Di(2-nitrophenyl)-2,3-pentandiol 236a

NO, OH NO, The diol (R,R)-236b was synthesised by General
O O Procedure A using a mixture of alkenes 216 and 233 (31
o mg, E-216:72-216:233 8.5:1:1.4), AD mix a (0.146 g),
methanesulfonamide (10 mg, 0.104 mmol), sodium sulfite (155 mg) and a 1:1:0.1
mixture of tBuOH:H,O:THF (1.1 mL). The crude solid was adsorbed onto silica gel,
and subsequent separation via flash column chromatography (5% to 20%
EtOAc:hexanes) yielded a mixture of diols meso-217m:(S,S)-217a:(S,5)-236a (4 mg,
1:5.3:3.2). (S,59)-236a (1.4 mg, 30%) was recrystallised from the mixture, as a white
solid. HPLC analysis (20% 2-propanol:hexane, retention times (R,R)-diol 236b 14.4
min (minor), (S,5)-diol 236a 16.6 min (major)) showed the ee of the (S,S)-diol 236a was
94%. '"H NMR (500MHz) & 1.89-2.02 (m, 2H, CH,CH,Ar), 2.03 (d, 1H, J = 5.4 Hz,
ArCH,CH(OH)CH(OH), 2.31 (d, 1H, J = 4.7 Hz, ArCH,CH(OH)), 2.99 (dd, 1H, *Ju =
9.7 Hz, *Jyn = 13.2 Hz, ArCHHCH(OH)), 3.03 (dd, 1H, “Juy = 13.8 Hz, *Jun = 9.2 Hz,
CHHCH,Ar), 3.13 (ddd, 1H, *Jyy = 5.5 Hz, *Juy = 9.9 Hz, “Jyy = 13.7 Hz,
CHHCH,Ar), 3.22 (dd, 1H, *Jyy = 13.6 Hz, *Juy = 3.8 Hz, ArCHHCH(OH)), 3.59 (ddd,
1H, *Jyp = 10.2 Hz, *Jyy = 8.6 Hz, *Jyon = 4.3 Hz, ArCH,CH(OH)CH(OH)), 3.83 (dt,
1H, *Jun = 9.4 Hz, *Juon = 4.2 Hz, ArCH,CH(OH)), 7.35-7.47 (m, 4H, ArH), 7.54 (t,
1H, J= 7.4 Hz, ArH), 7.56 (t, 1H, J = 7.4 Hz, ArH), 7.93 (t, 2H, J = 7.7 Hz, ArCH); MS
(ES, +ve) m/z 369 (4, M+Na), 329 (2), 233 (20), 211 (12), 170 (11), 148 (10), 106
(100%), 83 (10), 64 (20); HRMS (ES, +ve) calcd for C;7H;sN,O¢Na 369.1063, found
369.1048.

The remaining filtrate solidified as 217a (3 mg, 9%) as a mixture of chiral:meso
diastereomers (5.3:1). HPLC analysis (20% 2-propanol:hexane, retention times (R,R)-
diol 217b 13.9 min (minor), (S,S)-diol 217a 24.6 min (major)) showed the ee of the
(S,5)-diol 217a was 14%.
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7.6 Non-coordinating derivatives

7.6.1 Non-coordinating derivatives (Monomers)

2-Allyl-1-bromobenzene 239°'*

Br Magnesium turnings (105 mg, 4.32 mmol) were washed sequentially

~ with IM HCI, EtOH and Et,0, oven-dried and added to THF (2 mL) in
@N a two-necked flask equipped with a condenser. Isopropyl bromide (0.37
mL, 3.88 mmol), which had been distilled from CaH,, was added. After 5 min, the
reaction mixture began to boil. After 15 min, the clear solution turned grey, and a white
precipitate formed. Stirring was continued for a further 30 min, at which time 0.5 mL of
the solution was drawn out, and added to a solution of 2-bromoiodobenzene (0.1 mL,
0.778 mmol) in THF (5 mL) on a NaCl/ice bath. Allyl bromide (0.08 mL, 0.855 mmol)
was added after 30 min. The reaction was stirred under N»(g) and allowed to return to
RT (18 °C). The reaction was quenched after 22 h with sat. NH4Cl (5 mL), and
partitioned between Et,O and water. The aqueous layer was extracted with Et,O (3 x 20
mL), and the combined organic layers were washed with sat. NaCl and dried (MgSQO,).
The crude oil was subjected to gravity silica column chromatography (1%
EtOAc:hexanes) to afford the bromide 239 (144 mg, 94%) as a volatile, colourless
liquid, which was spectroscopically identical to that reported in the literature.”'* 'H
NMR (500 MHz) & 3.54 (dd, 1H, J= 1.3, 1.3 Hz, CHHCH=CH»), 3.56 (dd, 1H, J= 1.3,
1.3 Hz, CHHCH=CH,), 5.11 (dddd, 1H, J = 1.7, 1.7, 1.7, 17.0 Hz, CH=CHHg), 5.15
(dddd, 1H, J = 1.5, 1.5, 1.4, 10.1 Hz, CH=CH;H), 6.01 (dddd, 1H, J = 6.5, 6.5, 10.2,
16.7 Hz, CH=CH,), 7.20-7.31 (m, 3H, ArH), 7.58 (d, 1H, J = 8.5 Hz, ArH6); °C NMR
(125 MHz) & 40.2 (CH,), 116.5 (CH=CH,), 124.5 (ArC1), 127.4 (ArC4), 127.8 (ArCS),
130.4 (ArC3), 132.7 (ArC6), 135.5 (CH=CHa), 139.4 (ArC2).

2-Allyltoluene 241>

CH, Magnesium turnings (217 mg, 12.0 mmol) were crushed and washed
S AN Z sequentially with 1M HCI, EtOH and Et,O, and were placed in an
4 6 oven-dried flask. The flask and magnesium were flame-dried under a

Na(g) purge. THF (8 mL) was added, followed by 2-bromotoluene that
had been distilled from CaH, (0.2 mL, 1.67 mmol). One crystal of iodine was added,
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and the flask was heated in an oil bath (50 °C). The remaining 2-bromotoluene (0.7 mL,
2.8 mmol) was added portionwise over 1 h, and the reaction was stirred for a further 30
min, at which time allyl bromide (1.26 mL, 14.8 mmol) was added. The reaction was
stirred under N,(g) and was quenched after 15 h with sat. NH4Cl1 (5 mL). The reaction
mixture was extracted with Et,O (3 x 25 mL), the combined organic layers were dried
(MgSO0,) and the solvent was evaporated in vacuo. The crude mixture was subjected to
flash silica gel column chromatography and elution with hexanes gave the bromide 241
(458 mg, 35%) as a volatile, colourless liquid, which was spectroscopically identical to
that reported in the literature.”* "H NMR (500 MHz) & 2.33 (s, 3H, CH3), 3.41 (d, 2H, J
= 6.5 Hz, CH,CH=CH,), 5.03 (d, 1H, J = 17 Hz, E CH=CHH), 5.09 (d, I1H, J= 10 Hz,
Z CH=CHH), 5.96-6.02 (m, 1H, CH=CH,), 7.17 (s, 4H, ArH); °C NMR (125 MHz) &
19.3 (CH3), 37.7 (CH,CH=CH,), 115.6 (CH=CH,), 126.0 (ArC4 or ArCS), 126.3 (ArC4
or ArCS), 129.1 (ArC3 or ArCo6), 130.1 (ArC3 or ArCé6), 136.3 (ArC2), 136.6
(CH=CH,), 138.0 (ArC1); FTIR v 2360 (w), 1459 (w), 995 (w), 910 (W), 739 (m), 661
(s); MS (EI +ve) m/z 132 (56, M"), 131 (100%, M-H), 115 (33), 103 (58); HRMS (ES,
+ve) calcd for C;oH;; 132.0939, found 132.0934.

7.6.2 Non-coordinating derivatives (Dimers)

E-1.4-Diphenyl-2-butene 170>’

O Grubbs 1 catalyst (45 mg, 2.5 mol %, 0.11 mmol) was added
F to a solution of allylbenzene (260 mg, 2.20 mmol) in DCM
O (10 mL) and flushed with Ar(g). The solution was heated at
reflux for 18 h under an Ar(g) atmosphere. The solvent was removed in vacuo, and the
crude mixture was subjected to flash silica gel column chromatography. Elution with
hexanes gave the homo-coupled product 170 (204 mg, 89%, E:Z 4.7:1) as a colourless,
volatile oil, which was spectroscopically identical to that reported in the literature.”” 'H
NMR (500 MHz) & 3.36 (d, 4H, J=5.1 Hz, CH»), 3.51* (d, /= 5.5 Hz, CH>), 5.65-5.73
(m, 2H, CH=CH), 7.17-7.31 (m, 10H, ArH); “C NMR (125 MHz) & 33.5*, 38.9
(CH,CH=CH;), 125.9 (ArC4), 128.3 (ArC3), 128.4 (ArC2), 130.4 (CH=CH), 140.7
(ArCl); FTIR v 3026 (w), 2362 (w), 1602 (w), 1494 (m), 1452 (w), 969 (w), 737 (w),
697 (s); MS (EL, +ve) m/z 208 (49, M"), 130 (48), 117 (100%), 104 (50); HRMS (EI,
+ve) calcd for Ci¢H ;6 208.1252, found 208.1257.
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E-1.4-Di-(2-tolyl)-2-butene 242>

Grubbs 1 catalyst (31 mg, 0.038 mmol, 2.5 mol %) was
added to a solution of alkene 241 (200 mg, 1.515 mmol) in
DCM (6 mL) and the solution was heated at reflux for 27 h.

The solvent was evaporated and the crude mixture was
subjected to flash silica gel column chromatography and eluted with hexanes to give the
dimer 242 (73 mg, E:Z 6:1) as a colourless oil. Further elution yielded a second portion
of 242 (64 mg, E:Z 3:1), giving a total yield of 77%, which was spectrscopically
identical to that reported in the literature.”*® "H NMR (500 MHz) & 2.27 (s, 6H, CH3),
2.32% 3.33 (d, 4H, J = 3.5 Hz, CH,), 3.48%*, 5.56 (m, 2H, CH=CH), 5.65%*, 7.11-7.14
(m, 8H, ArH); >C NMR (500 MHz) & 19.3 (CH3), 31.3*, 36.4 (CH,), 125.9 (ArC4 or
ArCS), 126.0*, 126.1 (ArC4 or ArCS5), 128.5*, 128.9 (ArC3 or ArC6), 129.4 (CH=CH),
130.0 (ArC3 or ArC6), 130.1%*, 136.2 (ArC2), 138.8 (ArC1); MS (EI, +ve) m/z 236 (7,
M"), 119 (100%); HRMS (EI, +ve) calcd for C gHao 236.1565, found 236.1565.

E-1,4-Di(2-bromophenyl)-2-butene 234, Z-1,4-di(2-bromophenyl)-2-butene 234,
E-1,4-di(2-bromophenyl)-1-butene 244, E-1,5-di(2-bromophenyl)-2-pentene 245,
E-3-(2-bromophenyl)-1-phenylpropene 246"  and E-1-(2-bromophenyl)-3-

phenylpropene 247
Br O Br Br Br O
- satolen
O Br O O O Br
E-243 Z-243 244

Br Br Br Br
245 246 247

To a solution of 239 (140 mg, 0.71 mmol) in DCM (5 mL) was added Grubbs 2 catalyst
(30 mg, 0.036 mmol, 5 mol %) and the reaction was heated at reflux for 23 h. The

solvent was removed in vacuo and the crude mixture was subjected to flash silica gel
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column chromatography (hexanes) to give a mixture of alkenes £E-234:Z-
234:244:245:246:247 (6.3:1:1.2:1.1:1:1.2, determined by 'H NMR analysis), with a
total mass of 34 mg. E-234 (18 mg, 14%): 'H NMR (500 MHz) & 3.49 (dd, 4H, J = 1.6,
3.4 Hz, CH,), 5.65-5.67 (m, 2H, CH=CH), 7.04-7.57 (m, 8H, ArH). Z-234 (3 mg, 2%):
"H NMR (500 MHz) & 3.63 (d, 4H, J = 5.3 Hz, CH,), 5.61-5.63 (m, 2H, CH=CH), 7.04-
7.57 (m, 8H, ArH). 244 (3.5 mg, 3%): '"H NMR (500 MHz) & 2.55-2.60 (m, 2H,
CH=CHCH,), 2.92-2.95 (m, 2H, CHAr), 6.20 (dt, 1H, J = 6.9, 6.9, 15.6 Hz,
ArCH=CH), 6.74 (d, 1H, J = 15.7 Hz, ArCH=CH), 7.04-7.57 (m, 8H, ArH). 245 (3.2
mg, 2%): '"H NMR (500 MHz) & 2.31-2.37 (m, 2H, CH,CH,Ar), 2.79-2.82 (m, 2H,
CH,CH»Ar), 3.43-3.45 (m, 2H, ArCH,CH=CH), 5.55-5.58 (m, 2H, CH=CH), 7.04-7.57
(m, 8H, ArH). 246 (3 mg, 2%): 'H NMR (500 MHz) & 3.71 (dd, 2H, J = 1.3, 7.0 Hz,
CH,), 6.34 (dt, 1H, J = 6.7, 6.7, 15.8 Hz, CH,CH=CH), 6.45 (d, 1H, J = 15.9 Hz,
CH,CH=CH), 7.04-7.57 (m, 9H, ArH). 247 (3.5 mg, 3%): '"H NMR (500 MHz) & 3.66
(dd, 2H, J = 0.9, 6.7 Hz, CH>), 6.27 (dt, 1H, J = 6.9, 6.9, 15.6 Hz, CH=CHCH,), 6.82
(d, 1H, J=15.7 Hz, CH=CHCH,), 7.04-7.57 (m, 9H, ArH).

7.6.3 Non-coordinating derivatives (Diols)

(25.35)-1.4-Diphenyl-2.3-butandiol 171a>*

OH O The diol (S,S)-171a was synthesised by General Procedure A

O using alkene 170 (83 mg, 0.398 mmol, E£:Z 5:1), AD mix a
OH (558 mg), methanesulfonamide (38 mg, 0.398 mmol), sodium

sulfite (594 mg) in /BuOH (2 mL) and water (2 mL). The crude residue was subjected
to flash silica gel column chromatography (5% to 50% EtOAc:hexanes) to yield the diol
171a (85 mg, 88%) as a white solid, m.p. 132-134 °C, as a mixture of chiral:meso
diastereomers (4:1), which was spectroscopically identical to that reported in the
literature.”® HPLC analysis (hexane to 50% 2-propanol:hexane, retention times (R,R)-
diol 171b 18.6 min (minor), (S,5)-diol 171a 20.0 min (major)) showed the ee of the
(S.,5)-diol 171a was 93%. 'H NMR (500 MHz) & 1.91*, 2.03 (bs, 2H, OH), 2.81* (dd,
Jur = 13.9 Hz, *Jup= 8.9 Hz, meso CHH), 2.85 (dd, 2H, *Jyn = 13.7 Hz, *Jun= 8.4 Hz,
CHH), 2.92 (dd, 2H, “Jyy = 13.7 Hz, *Jyy = 4.3 Hz, CHH), 3.01 (dd, *Ju; = 13.8 Hz,
= 2.9 Hz, meso CHH), 3.74-3.78 (m, 2H, CHOH), 3.86-3.91%, 7.17-7.39 (m, 10H,
ArH); °C NMR (125 MHz) & 38.3*, 40.3 (CH,), 74.0 (CHOH), 74.7* (CHOH), 126.5
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(ArC4), 126.6*, 128.6 (ArC3), 128.7*, 129.4 (ArC2), 138.0 (ArCl); FTIR v 3335 (b),
1491 (w), 1454 (w), 1213 (w), 1106 (w), 1045 (m), 1013 (w), 948 (w), 753 (s), 702 (s);
MS (ES, +ve) m/z 265 (5, M+Na), 260 (5, M+NH,), 146 (100%), 105 (100%); HRMS
(ES, tve) calcd for Ci¢H1s0,Na 265.1204, found 265.1205.

(2R.3R)-1.4-Diphenyl-2.3-butandiol 171b>*8

The diol (R,R)-171b was synthesised by General Procedure
A wusing alkene 170 (110 mg, 0.523 mmol, E:Z 5:1),
methanesulfonamide (50 mg, 0.528 mmol), fBuOH (2.6 mL),
water (2.6 mL), sodium sulfite (788 mg) and AD mix B (739 mg). The crude residue

was subjected to flash silica gel column chromatography (10% to 50% EtOAc:hexanes)
to give the diol (R,R)-171b (107 mg, 84%) as a white solid, m.p. 132-134 °C, as a
mixture of chiral:meso diastereomers (7.5:1), with spectral properties identical to the
(8,5)-171a diol. HPLC analysis (5% to 50% 2-propanol:hexane, retention times (R,R)-
diol 171b 18.2 min (major), (S,S)-diol 171a 20.1 min (minor)) showed the ee of the
(R,R)-diol 171b was 95%.

(25,35)-1,4-Di-(2-tolyl)-2,3-butandiol 248a

CHj OH O The diol (S,S)-248a was synthesised by General Procedure A
O using alkene 242 (62 mg, 0.263 mmol, £:Z 6:1), AD mix o
OH CHs (356 mg), methanesulfonamide (24 mg, 0.263 mmol),

sodium sulfite (381 mg) in a 1:1 mixture of fBuOH and water (2.6 mL). The diol 248a
(46 mg, 65%) was isolated using flash silica gel column chromatography (hexanes to
50% EtOAc:hexanes) as a white solid, m.p. 66-68 °C, as a mixture of chiral:meso
diastereomers (10:1). HPLC analysis (20% to 40% 2-propanol:hexane, retention times
(R,R)-diol 248b 13.5 min (minor), (S,S)-diol 248a 19.0 min (major)) showed the ee of
the (S,S)-diol 248a was 62%. 'H NMR (300 MHz) & 2.34 (d, 2H, J = 4.8 Hz, OH), 2.37
(s, 6H, CHj3), 2.83 (d, 2H, J = 2.7 Hz, CHH), 2.97 (s, 2H, CHH), 3.82-3.84 (m, 2H,
CHOH), 7.19-7.26 (m, 8H, ArH); °C NMR (75 MHz) & 19.58 (CH3), 19.64*, 35.4*,
37.5 (CHy), 73.0 (CHOH), 74.0*, 126.0 (ArCS5), 126.6 (ArC4), 130.0 (ArC6), 130.4
(ArC3), 136.3 (ArC2), 136.6 (ArCl); FTIR v 3388 (w), 2500 (w), 1491 (w), 1448 (w),
1099 (w), 1030 (w), 742 (m), 669 (s); MS (ES, +ve) m/z 293 (12, M+Na), 288 (13,
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M+NHy), 143 (10), 105 (100%, Ph(CH3)CH,"), 102 (38), 84 (30); HRMS (ES, +ve)
calcd for C13H,,0,Na 293.1517, found 293.1517.

(2R,3R)-1,4-Di-(2-tolyl)-2,3-butandiol 248b

The diol (R,R)-248b was synthesised by General Procedure
A using alkene 242 (60 mg, 0.254 mmol, £:Z 3:1), AD mix f3

ChHs (356 mg), methanesulfonamide (24 mg, 0.263 mmol) and

sodium sulfite (381 mg) in a 1:1 mixture of /BuOH and water (2.6 mL) to yield 248b
(31 mg, 45%) as a white solid, m.p. 67-69 °C, as a mixture of chiral:meso diastercomers
(8:1), which had identical spectroscopic properties to (S,5)-248a. HPLC analysis (20%
to 40% 2-propanol:hexane, retention times (R,R)-diol 248b 13.3 min (major), (S,S)-diol
248a 19.7 min (minor)) showed the ee of the (R,R)-diol 248b was 70%.

7.7 Meta and para substituted derivatives

7.7.1 Meta and para substituted derivatives (Monomers)

3-Allyl-1-methoxybenzene 251%'

MeO _ Magnesium turnings (292 mg, 12.0 mmol) were washed
\©/\/ sequentially with 1M HCI, EtOH and Et,0 and placed in an oven-
dried flask. The flask and magnesium were then flame-dried

under a Ny(g) purge. THF (10 mL) was added and 3-bromoanisole (0.27 mL, 2.13
mmol) was slowly added. One crystal of iodine was added, and the reaction vessel was
warmed in an oil bath (25 °C). The remaining 3-bromoanisole (1.0 mL, 7.87 mmol) was
slowly added in 4 portions, over 1 h. The reaction was stirred for a further 1 h; some
residual magnesium remained, and a grey precipitate was observed. Allylbromide (1.7
mL, 20.0 mmol) was slowly added, and stirring was continued at 25 °C for 20 h. The
mixture was partitioned between Et,O and sat. NH4Cl. The aqueous layer was extracted
with a Et;0 (3 x 25 mL), the combined organic layers dried (MgSQO4) and the solvent
was evaporated under reduced pressure. The crude oil was subjected to flash silica gel
column chromatography (hexanes) to afford the protected phenol 251 (855 mg, 58%) as
a colourless oil, which was spectroscopically identical to that reported in the

literature.”'® "H NMR (500 MHz) & 3.35 (d, 2H, J = 6.6 Hz, CH,), 3.77 (s, 3H, OCHj3),
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5.05-5.10 (m, 2H, CH=CH,), 5.95 (tdd, 1H, J= 6.7, 9.9, 13.5 Hz, CH=CH,), 6.73-6.75
(m, 2H, ArH2 and ArH6), 6.77 (d, 1H, J = 7.5 Hz, ArH4), 7.19 (t, 1H, J = 8.2 Hz,
ArH5); *C NMR (125 MHz) & 40.2 (CH,), 55.0 (OCH3), 111.4 (ArC6), 114.2 (ArC2),
115.8 (CH=CH,), 120.9 (ArC4), 129.3 (ArC5), 137.2 (CH=CH,), 141.6 (ArC3), 159.7
(ArC1); FTIR v 1600 (m), 1585 (m), 1489 (m), 1455 (w), 1436 (w), 1259 (s), 1162 (w),
1149 (m), 1049 (m), 914 (m), 877 (w), 778 (m), 748 (m); MS (EL, +ve) m/z 148 (12,
M"), 147 (20, M-H), 131 (59), 120 (100%), 109 (83); HRMS (EL +ve) calcd for
C1oH;,0 148.0888, found 148.0890.

7.7.2 Meta and para substituted derivatives (Dimers)

E-1.4-Di(3-methoxyphenyl)-2-butene 255

1-Methoxy-3-allylbenzene 251 (500 mg, 3.37
MeO O = O OMe mmol) was added to a solution of Grubbs 1

catalyst (70 mg, 2.5 mol %) in DCM (10 mL) and
the flask was flushed with N»(g). The reaction mixture was heated at reflux for 15 h and
subjected to flash silica gel column chromatography (1% EtOAc:hexanes) to yield the
homo-coupled product 255 (283 mg, 63%, E:Z 4.5:1) as a colourless oil.* '"H NMR (500
MHz) 6 3.34 (d, 4H, J = 4.3 Hz, CH,), 3.48* (d, J = 5.1 Hz, CH»), 3.76%*, 3.77 (s, 6H,
OCHj3), 5.66-5.67 (m, 2H, CH=CH), 5.70-5.72%*, 6.74 (s, 2H, ArH2), 6.72-6.81 (m, 4H,
ArH4 and ArH6), 7.17-7.21 (m, 2H, ArH5); °C NMR (125 MHz) & 33.5*, 38.9 (CH,),
55.1 (OCHj), 111.3 (ArC6), 113.4* 114.0*%, 114.1 (ArC2), 120.7*, 120.9 (ArC4),
129.0* (CH=CH), 129.3 (ArCS5), 129.4*, 130.3 (CH=CH), 142.3 (ArC3), 159.7 (ArC1);
MS (EL +ve) m/z 268 (58, M"), 147 (100%), 134 (47), 122 (57); HRMS (EI, +ve) calcd
for C3H200, 268.1463, found 268.1464.

E-1.4-Di(4-methoxyphenyl)-2-butene 2564

OoMe 4-Allyl-2-methoxybenzene (500 mg, 3.374
mmol) was added to a solution of Grubbs 1

catalyst (69 mg, 2.5 mol %) in DCM (10 mL)

' No physical or spectral data reported in reference 239.
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and the flask was flushed with Ar(g). The reaction mixture was heated at reflux for 4.5
hours and subjected to flash silica gel column chromatography (1% EtOAc:hexanes) to
yield the homo-coupled product 256 (440 mg, 97 %, E:Z 6.2:1) as a white solid, m.p.
61-64 °C, which was spectroscopically identical to that reported in the literature.*** 'H
NMR (300MHz) & 3.20-3.22 (m, 4H, CH,), 3.35-3.36*, 3.676 (s, 6H, OCHj3), 3.682%,
5.51-5.56 (m, 2H, CH=CH), 5.57-5.59%*, 6.71-6.77 (m, 4H, ArH2), 6.99-7.02 (m, 4H,
ArH3); °C NMR (75 MHz) & 32.5%, 38.0 (CH,), 55.2 (OCH3), 113.8 (ArC2), 113.9%,
129.2* (CH=CH), 129.4 (ArC3), 130.5 (CH=CH), 132.8 (ArC4), 157.9 (ArCl); MS
(EL, +ve) m/z 268 (71, M), 160 (62), 147 (100%), 134 (54), 121 (86); HRMS (EI, +ve)
calcd for Ci1gH»00, 268.1463, found 268.1469.

7.7.3 Meta and para substituted derivatives (Diols)
(28,39)-1,4-Di(3-methoxyphenyl)-2,3-butandiol 257a

OH The diol (S,5)-257a was synthesised by General
MeO O OMe Procedure A using alkene 255 (98 mg, 0.366
O OH mmol, E:Z 43:1), AD mix o (512 mg),
methanesulfonamide (35 mg, 0.366 mmol) and sodium sulfite (549 mg) in a 1:1 mixture
of tBuOH and water (3.7 mL). The crude diol was subjected to flash silica gel column
chromatography to give (S,5)-257a (85 mg, 77%) a white solid, m.p. 52-54 °C. HPLC
analysis (40% 2-propanol:hexane, retention times (R,R)-diol 257b 13.1 min (minor),
(S,S)-diol 257a 16.1 min (major)) showed the ee of the (S,S)-diol 257a was 73%. 'H
NMR (500 MHz) & 2.05 (bs, 2H, OH), 2.83 (dd, 2H, *Juy = 13.6 Hz, *Juy = 8.3 Hz,
CHH), 2.89 (dd, 2H, “Jun = 13.6 Hz, *Juy = 4.3 Hz, CHH), 3.75-3.82 (m, 2H, CHOH),
3.79 (s, 6H, OCHs3), 6.77 (s, 2H, ArH2), 6.79-6.82 (m, 4H, ArH4 and ArH6), 7.23 (t,
2H, J = 7.8 Hz, ArH5); °C NMR (125 MHz) & 40.4 (CH,), 55.2 (OCHj3), 74.0 (CHOH),
111.9 (ArC6), 115.1 (ArC2), 121.7 (ArC4), 129.6 (ArC5), 139.6 (ArC3), 159.8 (ArCl);
FTIR v 3329 (br), 1611 (w), 1583 (m), 1487 (m), 1454 (w), 1264 (m), 1104 (w), 1043
(s), 930 (w), 763 (w); MS (ES, +ve) m/z 325 (100%, M+Na), 320 (90, M+NH,4); HRMS
(ES, +ve) calcd for CisH»,04Na 325.1416, found 325.1403.
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(2R,3R)-1,4-Di(3-methoxyphenyl)-2,3-butandiol 257b

The diol (R,R)-257b was synthesised by General
OMe Procedure A using alkene 255 (98 mg, 0.366
mmol, E:Z 4.3:1), AD mix a (512 mg),

methanesulfonamide (35 mg, 0.366 mmol) and sodium sulfite (549 mg) in a 1:1 mixture
of tBuOH and water (3.7 mL). The diol (R,R)-257a (94 mg, 85%) was purified via flash
silica gel column chromatography as a white solid, m.p. 52-56 °C, which had identical
spectral properties to the diol (S,5)-257a. HPLC analysis (40% 2-propanol:hexane,
retention times (R,R)-diol 257b 12.8 min (major), (S,S)-diol 257a 16.2 min (minor))
showed the ee of the (R,R)-diol 208b was 76%.

(25.35)-1.4-Di(4-methoxyphenyl)-2.3-butandiol 258a>*°

OMe The diol (S,5)-258a was synthesised by General
T O Procedure A using alkene 256 (200 mg, 0.745
O OH mmol, E:Z 6.2:1), AD mix o (1.043 g),
MeO methanesulfonamide (71 mg, 0.745 mmol) and
sodium sulfite (1.113 g) in a 1:1 mixture of tBuOH and water (7.4 mL). The diol (S,S)-
258a was recrystallised from DCM/hexanes as a white powder (202 mg, 90%) as a
mixture of chiral:meso diastereomers (8.8:1), m.p. 100-102 °C, which was
spectroscopically identical to that reported in the literature.*** HPLC analysis (40%
isopropanol:hexane, retention times (R,R)-diol 258b 12.3 min (minor), (S,S)-diol 258a
13.8 min (major)) showed the ee of the (S.S)-diol 258a was 85%. 'H NMR (500 MHz) &
2.01 (bs, 2H, OH), 2.77 (dd, 2H, *Jyx = 13.8 Hz, *Juy = 8.1 Hz, CHH), 2.84 (dd, 2H,
2Jun = 13.8 Hz, 7Jy = 4.2 Hz, CHH), 2.92* (dd, “Jyi = 13.9 Hz, *Ju = 2.6 Hz, CHH),
3.67-3.69 (m, 2H, CHOH), 3.79 (s, 6H, OCHs), 6.84 (d, 4H, J = 8.5 Hz, ArH2), 7.13 (d,
4H, J = 8.4 Hz, ArH3); °C NMR (125 MHz) & 37.4*, 39.4 (CH,), 55.2 (OCHa), 74.0
(CHOH), 74.7* (CHOH), 114.0 (ArC2), 114.1*, 130.0 (ArC4), 130.3 (ArC3), 158.3
(ArCl); FTIR v 3352 (br), 1614 (w), 1512 (s), 1468 (w), 1248 (s), 1178 (m), 1032 (s),
1021 (s), 804 (s); MS (ES, +ve) m/z 325 (100%, M+Na), 320 (90, M+H); HRMS (ES,
+ve) calcd for C;gH,,04Na 325.1416, found 325.1407.
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(2R 3R)-1.4-Di(4-methoxyphenyl)-2.3-butandiol 258b>**°

OMe The diol (R,R)-258b was synthesised by General
Procedure A using alkene 256 (200 mg, 0.745
mmol, E:Z 6.2:1), AD mix [ (1.043 g),

MeO
methanesulfonamide (71 mg, 0.745 mmol) and

sodium sulfite (1.113 g) in a 1:1 mixture of fBuOH and water (7.4 mL). The diol (R,R)-
258b (217 mg, 96%) was recrystallised from DCM/hexanes as a white powder as a
mixture of chiral:meso diastereomers (9.1:1), m.p. 104-105 °C, which had identical
spectral properties to the (S,5)-258a diol. HPLC analysis (40% isopropanol:hexane,
retention times (R,R)-diol 258b 12.0 min (major), (S,S)-diol 258a 14.1 min (minor))
showed the ee of the (R,R)-diol 258b was 87%.

7.8 AD reaction of terminal alkenes

(28)-3-(2-Methoxyphenyl)-1.2-propandiol 2592a%'7

OMe General Procedure B:> AD mix a (804 mg) was dissolved in
©/\‘/CHZOH BuOH (2.9 mL) and water (2.9 mL). The reaction vessel was
or! placed on an icebath, and alkene 197 (85 mg, 0.574 mmol) was

added. The reaction was stirred vigorously and allowed to return to RT after 1 h. After
24 h the reaction was returned to the ice bath and sodium sulfite was added (861 mg).
Stirring was continued for 1 h, before the mixture was returned to RT and partitioned
between EtOAc and water. The aqueous layer was extracted with EtOAc (3 x 20 mL),
the combined organic layers were dried (MgSO,), the solvent was evaporated in vacuo
and the crude solid was subjected to flash silica gel column chromatography (50%

EtOAc:hexanes) to afford the diol (5)-259a (102 mg, 97%) as a white solid, m.p. 48 °C.
Immediately after isolation, the flask was stored at -15 °C [freezer] under Ar(g).i [a]
= —3.8° (¢ 0.045, CHCl3). "H NMR (500 MHz) & 2.75 (bs, 1H, OH), 2.80 (bs, 1H, OH),
2.78 (dd, 1H, “Jyy = 13.5 Hz, *Jyy = 7.4 Hz ArCHH), 2.84 (dd, 1H, °Jy; = 13.5 Hz,
Jur = 5.7 Hz, ArCHH), 3.46 (dd, 1H, “Juy = 11.3 Hz, *Juy = 6.5 Hz CHHOH), 3.59
(dd, 1H, *Jy; = 11.4 Hz, *Jyy = 2.1 Hz, CHHOH), 3.82 (s, 3H, OCHj3), 3.92-3.93 (m,

! Synthesis of the racemic mixture was reported in reference 217, however no physical or spectral data
was given. 'H NMR of (2R)-259b reported in reference 218.
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1H, CHOH), 6.86 (d, 1H, J = 8.2 Hz, ArH6), 6.91 (t, 1H, J = 7.4 Hz, ArH4), 7.15 (d,
1H, J = 7.3 Hz, AtH5), 7.21 (t, 1H, J = 7.8 Hz, ArH3); °C NMR (125 MHz) & 34.4
(ArCH,), 55.3 (OCHj3), 66.0 (CH,OH), 72.2 (CHOH), 110.4 (ArC6), 120.8 (ArC4),
126.1 (ArC2), 127.9 (ArC3), 131.3 (ArCS5), 157.4 (ArC1); MS (ES, +ve) m/z 200 (35,
M+NHy), 183 (30, M+H); HRMS (ES, +ve) caled for C;oH403Na 205.0841, found
205.0826.

(2R)-3-(2-Methoxyphenyl)-1.2-propandiol 259b>'7>'8

OMe The diol (R)-259b was prepared by General Procedure B using

CH,OH ) .
: alkene 197 (85 mg, 0.574 mmol), AD mix B (804 mg), sodium

OH
sulfite (861 mg) and a 1:1 mixture of /BuOH and water (5.8 mL).

The crude mixture was subjected to flash silica gel column chromatography (0.5% to
1% EtOAc:hexanes) to afford the diol (R)-259b (103 mg, 98%) as a white solid, which
had identical spectroscopic properties to the diol (R)-259a. [a]; = +5.9° (¢ 0.053,

CHCL5).

2-((28)-2,3-dihydroxypropyl)phenyl acetate 260a

OAc The diol (S)-260a was prepared by General Procedure B using
©/\‘/CHZOH alkene 194 (202 mg, 1.146 mmol), AD mix a (1.590 g), sodium
oHt sulfite (1.704 g) and a 1:1 mixture of ‘BuOH and water (11.4
mL). The crude oil was subjected to flash silica gel column chromatography (20% to
30% EtOAc:hexanes) to afford the chiral diol (5)-260a (18 mg, 7%) as a colourless oil.
"H NMR (500 MHz) & 2.10 (s, 3H, OCH3), 2.85 (dd, 1H, *Jyy = 14.7 Hz, *Jy; = 7.1 Hz
ArCHH), 2.91 (dd, 1H, “Jyy = 14.7 Hz, *Jyy = 2.9 Hz, ArCHH), 3.38 (bs, 1H, OH),
3.98 (dd, 1H, *Jyy = 12.2 Hz, *Juy = 8.4 Hz, CHHOH), 4.19-4.24 (m, 2H, CHHOH and
CHOH), 6.85 (t, 1H, J = 7.4 Hz, ArH4), 6.91 (d, 1H, J = 8.0 Hz, ArH6), 7.04 (d, 1H, J
= 7.4 Hz, ArH3), 7.16 (t, 1H, J=7.7, ArH5), 7.90 (bs, 1H, OH); °C NMR (125 MHz) &
20.8 (CHs), 35.5 (ArCHy), 68.3 (CH,OH), 72.0 (CHOH), 117.3 (ArC6), 120.6 (ArC4),
123.9 (ArC2), 128.7 (ArC5), 131.4 (ArC3), 155.4 (ArCl), 171.4 (C=0); FTIR v 3366
(br), 2972 (m), 1460 (w), 1379 (w), 1162 (w), 1129 (w), 951 (s), 817 (w); MS (ES, +ve)
m/z 211 (100%, M+H).
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2-((2R)-2,3-dihydroxypropyl)phenyl acetate 260b

OAc The diol (R)-260b was prepared by General Procedure B using

CH,OH
©/V 27" alkene 194 (204 mg, 1.158 mmol), AD mix B (1.590 g), sodium
OH

sulfite (1.704 g) in a 1:1 mixture of /BuOH and water (11.4 mL).
The crude oil was subjected to flash silica gel column chromatography (20% to 30%
EtOAc:hexanes) to afford the chiral diol (R)-260b (23 mg, 9%) as a colourless oil,
which had identical spectral properties to the diol (5)-260a.

7.9 Heterodimeric alkenes

E-1-(2-Methoxyphenyl)-4-phenyl-2-butene _ 262**' and 1-(2-Methoxyphenyl)-4-

phenylbut-3-en-2-o0l 264
OMe O
A
J T
264

Grubbs 1 catalyst (40 mg, 0.047 mmol, 5 mol %) was added to a solution of
2-allylanisole 197 (140 mg, 0.95 mmol) and allylbenzene (1.145 g, 9.69 mmol) in DCM

262

(10 mL) and the solution was heated at reflux for 21 h. The solvent was evaporated and
the crude mixture was subjected to flash silica gel column chromatography (1%
EtOAc:hexanes) yielding the homo-coupled allylbenzene dimer 170 (878 mg) and the
cross-metathesis product 262 (67 mg, E:Z 1.4:1) as a colourless oil. Further elution gave
a second portion of alkene 262 (145 mg, E:Z 4.2:1) to give a total yield of 94%.* 'H
NMR (300 MHz) 6 3.35-3.37 (m, 4H, 2 x CH»), 3.49-3.54* (m, 2 x CH»), 3.81 (s, 3H,
OCH3;), 3.82* (s, OCH3), 5.58-5.67 (m, 2H, E and Z CH=CH), 6.83-6.92 (m, 2H, ArH),
7.14-7.28 (m, 7H, ArH); *C NMR (75 MHz) & 27.8* (MeOPhCHS,), 33.0 (MeOPhCHS,),
33.5% (PhCH,), 39.0 (PhCH,), 55.3 (OCHj), 110.3 (ArC6), 120.4 (ArC4), 125.8
(ArC4’), 127.2 (ArC5), 128.3 (ArC3’), 128.5 (ArC2’), 129.2 (ArC2), 129.6 (ArC3),
129.9 (CH=CH), 141.0 (ArC1’), 157.2 (ArC1); MS (EI, +ve) m/z 238 (21, M"), 207

* No physical or spectral data reported in reference 241.
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(19), 147 (77), 130 (58), 121 (100%); HRMS (EI, +ve) calcd for C;7H;30 238.1358,
found 238&.1360.

The alkene 233 (145 mg) was stored in the freezer for 4 d. The sample had degraded
and was subjected to column chromatography (20% EtOAc:hexanes) to give the major
product alkenol 264 (95 mg) as a colourless oil. '"H NMR (300 MHz) & 3.07 (dd, 1H, J
= 1.2, 2.1 Hz, CHHCH(OH)), 3.09 (dd, 1H, J = 1.4, 1.4 Hz, CHHCH(OH)), 3.89 (d,
3H, J = 1.5 Hz, OCH3), 4.78 (dd, 1H, J = 6.5, 13.3 Hz, CH,CH(OH)), 6.25 (ddd, 1H,
I = 1.6 Hz, *Jyy = 7.5 Hz, *Jyy = 16.1 Hz, CH(OH)CH=CH), 6.62 (d, 1H, *Juy =
16.0 Hz, CH=CHPh), 6.86-6.99 (m, 2H, ArH4 and ArH6), 7.16-7.39 (m, 7H, ArH3, 5,
2’, 3> and 4°), 8.78 (bs, 1H, OH); °C NMR (75 MHz) & 33.3 (CH,CH(OH)), 55.7
(OCHs3), 86.0 (CH,CH(OH)), 110.6 (ArC6), 1209 (ArC4), 125.5 (ArC2), 126.6
(ArC2’), 127.3 (CH=CHPh), 127.9 (ArCS5 or ArC4’), 128.0 (ArC5 or ArC4’), 128.5
(ArC3’), 131.6 (ArC3), 133.6 (CH=CHPh), 136.3 (ArC1’), 157.5 (ArC1); MS (EI, +ve)
m/z 253 (8, M-H), 252 (11), 237 (8, M-OH), 202 (8), 179 (19), 163 (25), 131 (100%),
121 (100%).

(2R,3R)-1-(2-Methoxyphenyl)-4-phenylbutandiol 263b

The diol (R,R)-263b was synthesised by General
Procedure A using alkene 262 (77 mg, 0.324 mmol, E:Z
2.4:1), AD mix B (453 mg), methanesulfonamide (31 mg,

0.324 mmol), sodium sulfite (485 mg) in a 1:1 mixture of
BuOH and water (3.2 mL). The diol (R,R)-263b (77 mg, 90%) was purified using flash
silica gel column chromatography (20% EtOAc:hexanes) as a white solid as a mixture
of (R,R)/(S,S):(R,S)/(S,R) diastereomers (5.7:1). Recrystallisation from DCM/hexanes
increased the ratio of diastereomers (10.5:1). HPLC analysis (20% 2-propanol:hexane,
retention times (R,R)-diol 263b 23.5 min (major), (S,S)-diol 263a 29.0 min (minor))
showed the ee of the (R,R)-diol 263b was 84%. "H NMR (300 MHz) & 2.38 (d, 1H, J =
4.9 Hz, PhnCH,CHOH), 2.46 (d, 1H, J = 5.7 Hz, MeOPhCH,CHOH), 2.89 (dd, 2H, J =
4.9, 6.7 Hz, PhCH,), 2.92 (dd, 2H, J = 3.5, 6.9 Hz, MeOPhCHs), 3.67-3.79 (m, 2H,
CH(OH)CH(OH)), 3.82 (s, 3H, OCH3), 6.86-6.94 (m, 2H, ArH4 and ArH6), 7.14-7.32
(m, 7H, ArH3, 5, 2°, 3’ and 4°); °C NMR (125 MHz) & 35.2 (MeOPhCH,), 40.0
(PhCH,), 55.4 (OCH3), 73.5 (MeOPhCH,CH), 74.1 (PhCH,CH), 110.6 (ArC6), 121.0
206



Chapter 7 Experimental

(ArC4), 126.3 (ArC5), 126.4 (ArC2), 128.0 (ArC4’), 128.4 (ArC2’), 129.4 (ArC3’),
131.4 (ArC3), 138.6 (ArC1’), 157.4 (ArCl); MS (ES +ve) m/z 273 (100%, M+H), 255
(60, M-OH), 237 (45); HRMS (ES, +ve) calcd for C17H,;05 273.1491, found 273.1497.

(25,35)-1-(2-Methoxyphenyl)-4-phenylbutandiol 263a

The diol (S,5)-263a was synthesised by General Procedure
A using alkene 262 (50 mg, 0.210 mmol, £:Z 1.4:1), AD

mix o (294 mg), methanesulfonamide (20 mg, 0.210
mmol), sodium sulfite (315 mg) in a 1:1 mixture of /BuOH
and water (2.1 mL). The diol (S,5)-263a (56 mg, 98%) was purified using flash silica
gel column chromatography (20% EtOAc:hexanes) as a white solid as a mixture of
(S,9)/(R,R):(S,R)/(R,S) diastereomers (1.6:1). Further purification via flash silica gel
column chromatography (10% to 20% EtOAc:hexanes) isolated the diol (S,5)-263a (10
mg, 18%) as a white solid, m.p. 58 °C. The diol had identical spectral properties to the
(R,R)-263b diol. HPLC analysis (20% 2-propanol:hexane, retention times (R,R)-diol
263b 23.9 min (minor), (S,S)-diol 263a 29.0 min (major)) showed the ee of the (S,S)-
diol 263a was 84%.
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