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Abstract

This thesis describes different strategies to desymmetrise 1,4-cyclohexadiene derivatives

with concomitant formation of a quaternary stereogenic centre.

Chapter 1 gives a brief overview of the previous desymmetrisation and diastereotopic

group selection processes of 1,4-cyclohexadiene derivatives.

Chapter 2 describes the initial model studies for the formation of the quaternary
stereogenic centre using achiral cyclohexa-1,4-dienone derivatives. This was developed
to permit stereoselective formation of a quaternary stereogenic centre using a chiral
sulfinyl group as the stereodirecting influence during the cyclisation step. This
proceeded with acceptable levels of discrimination between the two diastereotopic
double bonds.

Chapter 3 outlines attempts to improve the level of diastereoselectivity obtained under
the influence of the sulfinyl group by synthesising a range of different compounds

having only carbon atoms in the tether.

Chapter 4 describes the desymmetrisation of the two diastereotopic double bonds of
derivatives of cyclohexa-1,4-diene using free-radical methodology. The sense and level
of the diastereoselectivity is dependent on the protecting group used. Application of this

methodology toward natural product synthesis has been described.

Chapters 5 describes the desymmetrisation of the two diastereotopic double bonds of
1,4-cyclohexadiene derivatives using the Prins cyclisation reaction. This approach
afforded an easy and stereocontrolled access to fused tetrahydropyrans and
tetrahydrofurans depending on the reaction conditions employed. The stereochemical

outcome of all of these reactions can be rationalised by a single transition state model.
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Chapter 1

Introduction



1.1. Background to the project

The initial inspiration for the chosen methodology is the isolation in 2001 of
lycoposerramine A 1.! This complex natural product, isolated from a plant which has
produced natural products showing potential for the treatment of Alzheimer’s
disease, has a number of unique structural features. From the perspective of a
synthetic challenge however, it is the heavily functionalised carbobicyclic core 2

which would be a key intermediate.

The diketone 2 has four stereogenic centres, indicated with asterisks on structure 3,
including one quaternary (shown in red) which are generally considered the most
difficult to prepare with stereocontrol.? In considering approaches to this molecule, a
desymmetrisation strategy could be used,’ exemplified by the conversion of
compound 4 into compound 5 to prepare this core ring system. This approach has the
distinct advantage of allowing the introduction of two of the stereogenic centres,
including the quaternary, in a single step at an early point in the synthesis.
Compound 5 is highly functionalised, and in particular would be suitable for
elaboration into compound 2 and thence to compound 1. The ideal approach would
feature use of a chiral base to induce the required asymmetry.

H,C o
(o) dirdbase‘
A\
5

3 4

To date there have been no reported approaches to compound 1, and a structure of

this complexity is challenging. Therefore, a large number of model studies will need



to be undertaken in order to demonstrate that the proposed approach is viable. These
studies will allow the preparation of a number of compounds related to 5, all of
which will feature the key quaternary stereogenic centre and will be of use as
synthetic intermediates in a number of biological areas. Since these compounds are
difficult to prepare by more traditional synthetic methods, the development of this
methodology will constitute a significant advance, and will eventually allow such a

synthesis to become feasible.

In such an undertaking, it is important that the initial approach be relatively
straightforward. It is for this reason that the project has moved slightly away from
compound § and generalised the project somewhat as described in the following

section.

The general feature of the conversion of compound 4 into compound 5 is the

cyclisation of a suitable precursor such as 6 with simultaneous desymmetrisation.

R
; X

This molecule is achiral. It has an internal mirror plane, so its two double bonds are
enantiotopic. There are a large range of possible reactions which can be used to
discriminate between its two double bonds. These are shown in the following

sections.

1.2. Differentiation approaches that occur during a cyclisation step

(a) Intramolecular cyclisation of a substrate such as 6 will result in saturation of one
of the two double bonds with simultaneous formation of a C-C bond and generation
of at least two new highly crowded vicinal stereogenic centres. One of the new
stereogenic centres is a quaternary stereogenic centre bearing only carbon
substituents which is formed in a single step and without a reaction at that centre.

This is generally considered the most difficult type of stereogenic centre to prepare



with stereocontrol. These stereogenic centres make the top and the bottom faces of
the molecule different so the cyclisation will result in the formation of enantiomers 7

or 8 depending on which double bond is being attacked (Scheme 1).

ES\
. X
—
6

Scheme 1

Also the cyclisation of substrate 6 can give rise to diastereoisomers 7 and 9
depending on which face of the double bond is attacked, although formation of rings

smaller than seven-membered is likely to favour the cis-diastereoisomer 7.

Scheme 2

The proposed cyclisation processes should be useful for the construction of complex
carbocyclic ring systems such as those found in lycoposerramine A 1. Also these ring
systems can be converted into an array of useful polysubstituted cyclohexanes.*
Moreover, the second double bond could be functionalised by epoxidation or
cyclopropanation or it could even be cleaved by ozonolysis to afford acyclic

intermediates rich in adjacent stereogenic centres which can be further elaborated.

There are a wide range of possible substrates for such a reaction, these differing not
only in the type and the length of the tethered side chain (reaction partner) but also in
the method that can be used for inducing asymmetry. Compound 10 is one such
substrate which has a tethered nucleophile. Intramolecular cyclisation of substrate 10
would require an electrophilic double bond such as that in enone 11 shown below to

undergo Michael addition to give bicycle 12 (Scheme 3).
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Scheme 3

The stereocontrol could be exerted by an external influence such as a chiral base.
This approach is ideal, as it could be developed into a catalytic method to afford
large amount of optically active products without the need to remove any chiral
units. However, it suffers from a distinct practical disadvantage that is the product
would be produced as an unequal mixture of enantiomers, which would not be
straightforward to assess. Furthermore, a considerable amount of experimentation
would be required to determine the optimal chiral reagent and conditions.
Alternatively, by introduction of chirality onto the chain via a pre-existing
stereogenic centre covalently bound to the cyclohexadiene ring, the differentiation of
the two double bonds in 1,4-cyclohexadiene would be categorised as a
diastereoselective reaction. This approach has one major disadvantage — the chiral
influence is retained in the product, and would require additional steps to remove. On
the other hand this can be advantageous since it would be producing diastereomeric
products which would be easy to assay. There are a broad range of potential
substrates with a variety of stereochemical directing groups. Toward this application,
sulfoxide side chains have been chosen as the chiral influence (e.g. in general
structure 13). This group could be readily removed® to generate the enantiomerically-
enriched products. A further disadvantage of chiral auxiliaries is that a stoichiometric

amount of the chiral group is required.
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13

(b) As an alternative, the cyclisation could be triggered by an electrophile, such as
iodine or (for example) a phenylselenenyl halide. In either case, the possibility of
enantioselective reactions exist by use of chiral modifiers for the iodocyclisation® or
chiral selenium electrophiles’ in that particular case. This is shown in the general

case by the conversion of 10 into 14 (Scheme 4).

10
Scheme 4

(c) Finally, the cyclisation of a free-radical onto a cyclohexadiene ring should be
considered (15 — 16) with the aim of elucidating the conformational bias in such
systems. There are a broad range of radical precursors that can be used, among them
alkyl halides and xanthate side chains that can be regioselectively and
diastereoselectively cyclised onto one of the two alkene double bonds under the

influence of a stereochemical directing group (Scheme 5).

15 16
Scheme 5

In all of these examples, the length of the chain (and hence the size of ring formed)

can be varied. Furthermore, a range of heteroatoms can be introduced into this chain.



The atom type of the nucleophile can be varied (C, N, O) in the first two instances,
along with the electrophile (Br, I, Se) in the second approach. This means that the
general approach investigated will have a broad range of applicability in organic

synthesis.

1.3. Enantioselection approaches before any cyclisation reaction
It is possible to desymmetrise a diene before any cyclisation reaction. This would

most likely be done using asymmetric oxidation chemistry.

Epoxidation of compound 17 could give rise to the formation of four stereoisomers
18, 19, 20 and 21 depending of the effect of the substituents R' and R? in directing
the epoxidation to the top or the bottom face of each double bond as shown in
Scheme 6.

R! R AR R R, R R ,R R, RZH
H" “H H
17 18 19 20 21

Scheme 6

Compounds 18 and 20 are diastereoisomers, as are compounds 19 and 21.
Compounds 18 and 19 are enantiomers as are compounds 20 and 21. The nature of
R' and R? will direct the epoxidation to be syn or anti to one of these substituents
resulting in formation of one of the two diastereoisomers in higher ratio than the

other.

The use of a chiral catalyst (e.g. Jacobsen-Katsuki Mn(salen) complex) could then
direct the epoxidation to be enantioselective, i.e. which double bond will be attacked.
This particular reaction is particularly good for cyclic cis alkenes, so that good

enantioselectivity should be observed.



1.4. Previous desymmetrisation reactions of cyclohexadienes
According to the literature there are two fundamental ways to discriminate between

the two double bonds in 1,4-cyclohexadienes depending on their nature.

1. Approaches that can desymmetrise chiral cyclohexadienes (Diastereotopic
group selections). Here, the chirality present within the molecule directs
attack to one or other of the double bonds.

2. Approaches that can desymmetrise achiral cyclohexadienes (Enantiotopic
group selections). In this case the selection will be carried out by using an
external chiral influence.

1.4.1. Diastereotopic group selection
In this case the differentiation will be performed by a pre-existing stereogenic centre
somewhere in the substrate. These approaches can be subdivided according the

position of the stereogenic centre in the substrate.

1.4.1.1. Desymmetrisation approaches of cyclohexadienes having the stereogenic
centre within the tether

These processes take place either through cycloaddition reactions into a substrate
having the general structure as 22 or through conjugate addition reactions using

oxygen or nitrogen nucleophiles or through radical cyclisation processes.

1.4.1.1.1. Cycloaddition reactions

Grainger and co-workers® demonstrated that the ratio of diastereoselectivity in
cis-fused perhydrobenzothiophene S-oxides formed by the intramolecular addition of
a sulfenic acid to 1,4-cyclohexadiene can be controlled by the nature of the
protecting group on a chiral alcohol 23 in the tether. Thermolysis of the readily
synthesised alcohol 23 was accompanied by elimination of isobutene 25 and

formation of intermediate sulfenic acid 24 which underwent an unselective



intramolecular cycloaddition to provide a mixture of two perhydrobenzothiophene

S-oxides 26 and 27 in a 1:1 ratio as shown in Scheme 7.

23 - 24 - 25

Scheme 7 Reagents and conditions: (i) Xylene, reflux.

The diastereoselectivity was improved by protecting the starting alcohol with
different groups of varying steric and electronic properties. The highest ratio
(major:minor 4.9:1) was obtained when the OH group was protected as a TBDMS

ether as shown in compounds 30 and 31 respectively (Scheme 8).



5%

49 : 1
Scheme 8 Reagents and conditions: (i) TBDMSCI, imidazole, DMF; (ii) Xylene,

reflux.

The obtained selectivity was attributed to a thermodynamic rather than Kkinetic
preference, since resubjecting single isomers of isolated products to the same

reaction conditions gave identical mixtures of diastereoisomers.®

1.4.1.1.2. Conjugate addition reactions

Wipf and his group reported a concise approach toward the preparation of the key
bicycle compound 32. Intermediate 32 has general use in pyrrolidine alkaloid
synthesis and it was applied in the asymmetric synthesis of alkaloid (-)-stenine 33

which has many medicinal applications.’

10
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Synthesis of the bicycle 32 proceeded in a single step from Cbz-tyrosine 34, using
sodium hydrogen bicarbonate and iodobenzene diacetate. The key intermediate 32

was obtained in enantio- and diastereomerically pure form as shown in Scheme 9.

m ﬂ’w H

34 32, 70%
Scheme 9 Reagents and conditions: (i) PhI(OAc),, NaHCO;, MeOH, 23 °C, 23 h.

The high selectivity obtained was attributed to the conformational rigidity of the
substrate which resulted in destabilising steric interactions in conformer 36,
especially A'”-strain between the carbamate oxygen and the methyl ester (E)
substituent. Moreover, face-to-face interaction of the frans- carbamate and enone
n-systems in the transition state for the cyclisation positions the ester function in
conformer 36 underneath the dienone in a sterically crowded environmemt. Traces of
the unfavoured isomer 37 were obtained under forcing conditions, e.g. at
temperatures higher than 100 °C in DMSO (Scheme 10).

11
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Scheme 10 Reagents and conditions: (i) PhI(OAc),, NaHCO;, MeOH, 21 — 40 °C.

Hart and his group'® showed that nucleophilic amines can be used to desymmetrise
cyclohexadienone derivatives with high diastereomeric excess. Their approach was
based on desilylation of amino cyclohexadienone 38 using caesium fluoride in
N, N-dimethylformamide at 90 °C. The deprotection was accompanied by formation
of tricyclic perhydropyrrolo[1,2-ajindole 39 as a sole stereoisomer in 77 % yield as

shown in Scheme 11.

12
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38 39,77 %

SES = SO,CH,CH,SiMe;
Scheme 11 Reagents and conditions: (i) CsF, DMF, 90 °C, 15 h.

Hart and co-workers then reported that amino cyclohexadienone 40 underwent a
diastereoselective intramolecular conjugate addition to afford enones 41 and 42 in an
approximately 85:15 ratio respectively in 88 % crude yield under the same reaction

conditions (Scheme 12)."!

(®)
o
0]
—_— +
' 88 % PvO__~ 3
H] SES S
\ H
40 41 42
85 15

SES = SO,CH,CH,SiMe;
Scheme 12 Reagents and conditions: (i) CsF, DMF, 90 °C, 15 h.

Fujioka and co-workers demonstrated that O-nucleophiles can be used to
desymmetrise the two double bonds of quinol derivative 43 under the influence of a

pre-existing stereogenic centre in the tether.'

-\\R
OoX

®)

43: X=H, Ac, Bz i-PrCO

13



Deprotection of compound 44 liberated the O-nucleophile and was accompanied by
diastereotopic group selective-intramolecular 1,4-conjugate addition which resulted
in formation of the cyclised products 47 and 48. However, there was no
diastereoselectivity (47:48 = 1:1). The lack of selectivity was attributed to the fact
that there was no preferred conformation between the two transition states 45 and 46

proposed for the cyclisation process (Scheme 13).

~Me Me Me
® g;f: gz:
- +
H o H o
a4 47 48
1 1
H H
O = O

H.. Mel
M

OH H o1

45 46

Scheme 13 Reagents and conditions: (i) 90 % aqueous acetic acid, 50 °C.

However, protection of the hydroxyl group in 44 as an acyl derivative promoted the
diastereoselectivity. The benzoyl group was the best choice among the acyl groups
studied. Therefore acid treatment of 49 afforded the cyclised products 52 and 53

(major: minor ratio = 4.6:1) as shown in Scheme 14.

~Me Me Me
OBz 0 . OBz : OBz
. gﬁ N :
I\ H o o

49 52 53

I

46 : 1

Scheme 14 Reagents and conditions: (i) 90 % aqueous acetic acid, 50 °C.

14



The transition state models suggested that the benzoylated compound would exist as
conformers 50 and 51, where the bulky ester group occupies the equatorial position.
Therefore, conformer 50 is favoured over conformer 51 because of the repulsion
between the ring and the substituent of the side-chain in conformer 51 resulting in

isomer 52 being formed in preference to isomer 53.

(@]
50 O 51

favoured disfavoured

1.4.1.1.3. Free-radical reactions

It has been shown that the stereoselective radical reactions of a diene can operate
under substrate control. For example Curran and co-workers previously reported free
radical cyclisation under the influence of a remote stereogenic centre using substrate

54 which resulted in modest stereoselectivity as will be discussed later (page 18).

COR'
|

54
R'=D-smzn

Then Curran succeeded to improve the selectivity by using a simpler substrate 55.'
Cyclisation of iodide S5 with tributyltin hydride afforded an inseparable mixture of
2-exo and 2-endo products S8 and 59 with temperature-dependent selectivities.
Conducting the reaction at 80 °C in the presence of 5 mol% AIBN as the initiator
provided the exo:endo ratio of 15:1 in 82 % yield while conducting the reaction
at -78 °C in the presence of triethylborane improved the ratio to 31:1 (66 % yield).
The obtained selectivity was attributed to the stability of the chair-like radical
transition state 56 with the “equatorial” methyl group that leads to the 2-exo product
58 compared to the chair-like radical transition state 57 that leads to the 2-endo

15



product 59 because addition of the radical to the diastereotopic alkene places the
methyl group in an “axial” orientation. This result was in line with their prediction
using the models which indicated that transition state 56 is of lower energy therefore
it should be favoured (Scheme 15).

2 ®

Ill.

2-endo

2.-
MOLC I J | —™ ©:>_
Me
57

Scheme 15 Reagents and conditions: (i) BusSnH, AIBN, 80 °C; or Bu;SnH,
Et;B, -78 °C.

Renaud and co-workers '* demonstrated their efforts to define the scope and
limitations of 5-exo radical cyclisation of different haloacetals where the acetal
centre is the unique stereogenic element. The initial results indicated that the acetal
centre could control the stereochemical outcome of the cyclisation process resulting
in the formation of tetrahydrofuran derivatives with high diastereoselectivity in
favour of the exo isomer where the stereochemistry at C(4) and C(5) is fully
controlled. Therefore, tribut'yltin hydride and triethylborane/oxygen as initiator
mediated radical cyclisation of iodide 60 to afford bicycle 61 as a single

diastereoisomer in good yield (Scheme 16).

16



60 ax0-61, 74 %, > 98 % ds
Scheme 16 Reagents and conditions: (i) BusSnH, Et;B/0,, -78 °C.

Lee and co-workers'’ described the synthesis of the 5-7-6 core of the antibacterial
agent guanacastepene A 62. They designed the precursor aldehyde 63 that could
differentiate between the diastereotopic C3-C4 and Ce-C7 double bonds during the
cyclisation reaction by forming the C,-C3 bond to effect the desired seven-membered

ring closure.

The proposed postulate was based on the fact that the sterically more favourable
trans relationship between the two ring-junction quaternary angular methyl groups
Ci6 and Cy7 in the natural guanacastanes is the result of a thermodynamically driven
process. This prediction was borne out by the experimental results since the ketyl
radical cyclisation of aldehyde 63 using Sml, afforded a single isomer of the tricyclic
core 64 of guanacastane in 70 % yield (Scheme 17).

63 64, 70 %
Scheme 17 Reagents and conditions: (i) Sml,, -BuOH, THF, 25 °C.

17



1.4.1.2. Desymmetrisation approaches of cyclohexadienes having the stereogenic
centre outside the tether

In this case the asymmetric induction is exerted by a stereogenic centre located
outside the tether being used to accomplish the discrimination. There are only three
examples in the literature of such a process. The first example was reported by
Curran and co-workers using reductive free radical cyclisation process.'® They
demonstrated the cyclisation of iodosultam 54 under the influence of the remote
attached chiral Oppolzer’s camphorsultam. This cyclisation provided a mixture of
four cyclised products, two exo (65 and 66 major) and two endo (67 and 68) in
76/12/10.5/1.5 ratio respectively. The combined exo:endo ratio is 88:12 which was
somewhat lower than the ratio they anticipated (92:8) based on their stereochemical

model of face selectivity (Scheme 18).

COR'
I

@

Y

H cor H tor
66

axo
65 76.0/12.0

=
and I | > +
; H ‘oo

H cor
endo products
67 10.5/1.5 68

Scheme 18 Reagents and conditions: (i) Bu3SnH, AIBN, 80°C.

Then Curran succeeded to improve the selectivity by using a simpler substrate 55 as
discussed above (page 16).

18
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The second example was demonstrated by Node and co-workers, who reported the
total asymmetric synthesis of (-)-galanthamine 69,'” an alkaloid that showed
potential for treatment of Alzheimer’s disease.'® Substrate 70 was designed so that
deprotection would occur to generate the nucleophilic oxygen atom that would
preferentially attack one of the two electrophilic diastereotopic double bonds. The
asymmetric induction was exerted by the remote stereogenic centre in the
imidazolidinone ring, and was enforced by the restricted conformation of the

seven-membered ring.

Thus, debenzylation of 70 with boron trichloride was accompanied by Michael
addition and afforded the cyclic ether 71 as a single diastereoisomer in 95 % yield
(Scheme 19).

19



70 71,95 %
Scheme 19 Reagents and conditions: (i) BCls, CH,Cl,, -78 °C, 2 days.

The third example found in the literature using the stereogenic outside the tether to
perform the asymmetric induction was described by Martin and Campbell,19 who
applied a strategy based on desymmetrisation of cyclohexadienone 72 to effect
asymmetric synthesis of both crinine 73 and buphanisine 74.

Palladium(0)-catalysed cleavage of the N-(allyloxy)carbonyl protecting group in
compound 72 generated the nucleophilic intermediate secondary amino
cyclohexadienone which underwent spontaneous Michael addition to the enone
moiety. The asymmetric induction was exerted by the stereogenic carbon on the
N-alkyl protecting group and it resulted in the formation of an inseparable mixture of
diastereomeric hydroindolenones 75 and 76 in very low diastereoselectivity (1.4:1.0

by 'HNMR spectroscopy) (Scheme 20).
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Scheme 20 Reagents and conditions: (1) PA(PPh;)s, Ph3P, 2-ethylhexanoic acid.

1.4.2. Enantiotopic group selection

In this case the desymmetrisation of an achiral 1,4-cyclohexadiene will be under the
influence of an external chiral reagent such as AD-mix formulations, chiral
dioxiranes or Brown’s dilongifoleneborane and diisopinocampheylboranes. These
processes take place either through asymmetric  dihydroxylation,
aminohydroxylation, epoxidation and hydroboration reactions of a substrate having

the general structure 77 (Figure 1).

‘R__R
Chiral reagent X”l#::& @ ——— X"
77
Figure 1 Enantiotopic group differentiation in 1,4-cyclohexadiene

Alternatively, transition metal mediated processes including palladium mediated
processes (e.g. intramolecular Heck reaction), or zirconium mediated process or
copper mediated processes (e.g. Cu(I)-catalysed intramolecular cyclopropanation)
can be used to desymmetrise 1,4-cyclohexadienes. These processes were

accompanied by generation of chiral quaternary centres.

Landais and his group demonstrated a general method to desymmetrise readily
available silylcyclohexa-2,5-dienes using Sharpless asymmetric dihydroxylation and
aminohydroxylation to deliver cyclohexadiene derivatives having four or five

stereogenic centres in a stereocontrolled manner. > Among the products prepared
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using this method are cyclitols 78, and 79 which have inhibiting activities toward
glycosidases and amino-cyclitols such as 80 which was used as precursor for the

synthesis of fortamine, the aglycon moiety of the antibiotic fortimicins.

oH oH SiMe,OH
HQ,, QOH HO, ~_OH A, NHCO.Et
o L (L
78 e 80

Landais and his group chose to use the silylated substrates in the expectation that the
bulky silyl group would control the diastereoselectivity. Therefore it would direct the
dihydroxylation to be in an anti fashion. Then the chiral osmium reagent would be
able to differentiate the two enantiotopic double bonds. Their postulate turned out to
be correct concerning the diastereoselectivity issue where they subjected silylated
and non-silyated dienes to Sharpless asymmetric dihydroxylation conditions and they
found that the de (%) in case of silylated substrates was not less than 98 % while in
case of non silyated substrates the de (%) was in a range from 40 - 88 %. With regard
to the enantioselectivity, they used different AD-mix formulations and they found
that the best enantioselectivities were obtained with (DHQ),PYR. Subjecting
substrate 81 to these conditions afforded diol 82 in > 98 % de, 71 % ee, and in 80 %
yield (Scheme 21).

SiMe,fBu SiNbﬁtBJ
® B
nOH

H

81 82

80 % yield

71%ee
>98 %de

Scheme 21 Reagents and conditions: (i) K;0sO4, 2H,0, K3Fe(CN)s, MeSO,NH,,
(DHQ),PYR, +-BuOH/H,0 1:1, 0 °C.

This moderate enantioselectivity was not surprising for the group because they

considered the observations made by Sharpless and co-workers®' which indicated
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that Z-olefins and cyclic olefins usually give poor results using commercially
available AD-mix ((DHQ),PHAL).

The same group also desymmetrised 1-silylcyclohexa-2,5-diene derivatives using an
aminohydroxylation reaction.?? In this case there is a regiochemical issue, since

either oxygen or nitrogen can attack at C-2 or C-3 (Scheme 22).

Diastereofacial differentiation
SMe,OH "CsOyN9L”
4D XN O SiMe,OH
2 — e -4
gl o
&(O,N) C H
. |
L*: chiral ligand .
"OsOx(NL™
Scheme 22

Applying the aminohydroxylation reaction to silanol 83 afforded the amino alcohol

80 with high regio- and diastereoselectivity and with good enantiocontrol (Scheme
23).

SiMe,OH - SiMe,OH

® . A _NHCOE
() L,

83 80

75 Yyield

68%ee

> 98 % regiosiectivity
>98 %de.

Scheme 23 Reagents and conditions: (i) K;0s0,, 2H,0, (DHQ)PYR, Ho,NCO,Et,
NaOH, -BuOCl, i-PrOH/H;0, r.t.

The observed regioselectivity where the carbamate group attacked preferentially at
the slightly more hindered C-2 position was attributed to electronic directing effects

operating during the differentiation process.
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Shi and his group? described desymmetrisation of 1,4-cyclohexadiene coupled with
a subsequent kinetic resolution processes using chiral dioxirane 84 generated in situ

from the corresponding fructose-derived ketone and oxone.

Generally in kinetic resolution processes,?* the minor enantiomer from the first
asymmetric transformation could be preferentially consumed in a second
transformation as the reaction proceeds, leading to enhancement of the optical purity
of the major enantiomer. For example, desymmetrisation-kinetic resolution processes
proceeded efficiently for diene 85 having a prochiral centre proximal to the two
enantiotopic double bonds to direct the epoxidation. The initial desymmetrisation
resulted in formation of monoepoxide 86a as the major enantiomer and monoepoxide
86b as the minor enantiomer where the oxygen preferentially delivered anti to the
acetate group. The ee of the major monoepoxide was found to be 79 %. This ratio
gradually increased with time (79 % to 95 % from 30 to 240 min.). This increase is
due to in the second epoxidation, the minor isomer was preferentially epoxidised to
the bis-epoxide 87 and consumed faster than the major isomer, resulting in an
improvement of the enantioselectivity, but this was accompanied with a decrease in
the yield (87 % to 53 % from 30 to 240 min.) (Scheme 24).
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QAc
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Major, 53 %, ee 95 % Bisepoxide of the minor isomer
Scheme 24

Shibasaki and his group® reported the first example of asymmetric C-C bond
formation via Heck-type reaction using cyclohexadiene 88, Pd(OAc), and optically
active bidentate ligands in the presence of Ag,COs3; and 1-methyl-2-pyrrolidinone
(NMP) as solvent. This resulted in desymmetrisation of cyclohexadiene 88 and
formation of cis-decalin derivative 89 in a stereo- and regiocontrolled manner but in

modest enantiocontrol (46 % ee) (Scheme 25).
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88 89, 74 %, 46 %ee

Scheme 25 Reagents and conditions: (i) Pd(OAc),, (R)-BINAP, NMP, Ag,CO;, 60
°C,3h.

‘e

Then the same author improved the enantioselectivity by using triflate 90a and 90b
associated by changing the reaction conditions including the solvents and the
additives such as alcohol and acetate anion to have the decalins 91a and 91b in up to
(70 % yield and 86 % ee) and (78 % yield and 95 % ee) respectively’® (Scheme 26).

R
(:Q @o®

90a R= CO,Me, conditions a o

70 %, 86 %ee

P

90b R= CH,OPiv, conditions b b, 78 %, 95 Y%oee

Scheme 26 Reagents and conditions: (a) Pd(OAc),, (R)-BINAP, K,CO;, KOAc,

CH,Cl,, 60 °C, 41 h; (b) Pd(OAc),, (R)-BINAP, K,COs, pinacol, CH,Cly, 60 °C, 47
h.

Using decalin 91a this group reported the first asymmetric synthesis of the natural

antitumour agent (+)-vernolepin 92 and determined its absolute stereochemistry.
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A zirconium mediated enantiotopic group-selective synthesis of hydrindane 97 was
demonstrated by Mori and co-workers. 2’ When they treated triene 93 with
(S)-(EBTHI)Zr(BINOL) and butyl magnesium chloride, the enantiotopic group-
selective cyclisation proceeded and the new C-C bond was formed preferentially
between the exocyclic double bond and one of the two enantiotopic endocyclic
double bonds to provide compound 97 as a single diastereoisomer with 85 % ee in 35
% yield (Scheme 27).

OH OH
0
\ H OH
93 97, 35 %, 85 %ee

Scheme 27 Reagents and conditions: (i) (S)-(EBTHI)Zr(BINOL), BuMgCl, THF,
reflux 4 h.; (ii) O,

Mori and co-workers proposed that the reaction proceeded via the trans-fused 5-5-
membered zirconacycle 94 which further reacted with butyl Grignard reagent and
converted into alkyl-Zr intermediate 95 which then underwent B-hydride elimination
to give 96 which upon treating with oxygen afforded the isolated diol 97 (Scheme
28).

OoMgCl OMga oMgal
93— » — — d{—> o7
EBTHI(BU)Zr EBTHI(BU)Zr Mgl H MgCl
94 95 96

Scheme 28 Possible reaction course

Nakada and Honma desymmetrised cyclohexadiene through Cu(l)-mediated

intramolecular enantioselective cyclopropanation. *® Using substrate 98 and the

27



asymmetric catalyst prepared in situ by (CuOTf),-CsHs and bisoxazoline ligand 99,
the tricycle 100 was isolated in good yield and high enantioselectivity as shown in
Scheme 29.

N N
P .
99 R
: ol
O (i) lllll‘{f;
SOPh SO,PhH
98 100

Scheme 29 Reagents and conditions: (i) CuOTf (10 mol %), ligand 99 (15 mol %),
PhMe, r.t.

1.4.3. Application of chiral metalated cyclohexadiene complexes in asymmetric
synthesis

Studer and co-workers?® demonstrated that derivatisation of 1,4-cyclohexadiene
derivatives with chiral metal complexes afforded chiral cyclohexadienyl compounds
that undergo stereoselective addition to various aldehydes to provide the
corresponding alcohols. Therefore chiral titanium(IV) and chiral boron
cyclohexadienyl complexes 101 and 102 respectively were prepared and tested for
asymmetric addition to aldehydes. Depending on which double bond of the diene
attacks the aldehyde, the two diastereotopic double bonds of the diene would be
differentiated and according to which face of the aldehyde would be attacked the

enantioselectivity of the addition step could be determined.
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For example chiral Ti-TADDOLate 101 attacked the oa-naphthylaldehyde 103
selectively from the Si-face to afford the corresponding 1,3-dienylalcohol 104 with
perfect diastereoselectivity and enantioselectivity (dr > 99:1; ee > 99 %) in 96 %

yield (Scheme 30).

104, R=c-naphthyl
96 %, >99 Y% ee

Scheme 30 Reagents and conditions: (1) THF, T. <-100 °C

The authors noted that these types of reactions have to be conducted at low
temperatures (< -100 °C) due to the weakness of the Ti-C bond which homolyses at
higher temperatures to give the corresponding chiral Ti(III) complexe 105. However,
they showed that these transformations can be used to generate chiral Ti(III)
derivatives which can be used in stereoselective pinacol reactions. Moreover, the
1,3-dienes from the addition reactions were used to produce highly important
building blocks*® and utilised as the diene component in intramolecular Diels-Alder

reactions.?”
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Chapter 2

Desymmetrisation Strategies — A

Starting Point

[Throughout this chapter, single sulfoxide stereochemistries are indicated by dashes
or wedges to indicate the stereogenic centre, but all are racemates. When there is
more than one stereogenic centre, the relative stereochemistries proposed are based
either on X-ray data and/or mechanistic speculations: in all such cases, the

compounds are also racemates].

30



2.1. Introduction

To explore the diastereoselectivity of anionic cyclisation onto 1,4-cyclohexadiene
rings using chiral sulfoxide methodology, a compound such as 106 was needed.
Initially the achiral analogues would be useful to test the key bond-forming reactions
without the added stereochemical complexities, and for this purpose a malonate-type

nucleophile 107 was selected to give the corresponding cyclised products.

©

o o O O

106 107

2.2. Synthesis and cyclisation of achiral precursors

Since all of the target compounds are 1,4-cyclohexadiene derivatives, the ideal
methodology is found in the Birch reduction reaction. In this case, the reduction of
benzoic acid®' with subsequent alkylation at the ipso position with iodomethane was
carried out to give 1-methyldihydrobenzoic acid 108 with the required quaternary

carbon (not yet stereogenic) in high yields.

COOH " Me._ _COOH
O w0
108

Scheme 31 Reagents and conditions: (i) Li, NH3 ), -30 °C, then CH3l

Treatment of crude 108 with ethyl chloroformate in the presence of triethylamine,
followed by reduction of the intermediate mixed anhydride with sodium borohydride,
afforded the alcohol 10932 in 25 % overall yield after purification by flash

chromatography as shown in Scheme 32.
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Scheme 32 Reagents and conditions: (1) CICO;Et, Et3N, THF, - 10 °C, NaBH,, r.t., 1
h.

The low yield of this intermediate alcohol was considered as an early problem so it
was reasonable to find a better method to prepare it. One possibility was using
two-step protocol involving initial ester formation followed reduction to the
corresponding alcohol.

The first method tried was direct Birch reduction of methyl benzoate®® which
afforded ester 110. Ester 110 was then reduced to the alcohol 109 using sodium
borohydride. However, this method was time consuming and a large excess of
sodium borohydride (4 equiv.) was required. In addition the obtained alcohol was not
pure enough and needed further purification (Scheme 33).

COOMe
55% @ 62% -
109

110

Scheme 33 Reagents and conditions: (i) Li, NH; ), THF, #-butanol, -30 °C, then
CH;l; (i) NaBHy, EtOH, r.t., 96 h.

The second method tried was the esterification of acid 108 by a tetrahedral (Aac2)
mechanism to afford ester 110 followed by lithium aluminium hydride reduction.**
This method gave higher and more reproducible yields in a shorter time and the
product was essentially pure and used in the next reactions without further

purification (Scheme 34).
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Me.___COOH 0 Me_ _COOMe (i) ’\@\m
[ ] > [ ] p— >
92% The overall yield is 75 %

108 110 109

Scheme 34 Reagents and conditions: (i) MeOH, conc. H,SOq, reflux , 6 h; (ii)
LiAlH4, THF, r.t., 7 h, 15 % aqueous NaOH, H,O, r.t., 17 h.

Introduction of the side chain ester with the functionality required for cyclisation was
carried out by reaction of the alcohol 109 with ethyl malonyl chloride in the presence
of DMAP and triethylamine to provide mixed malonate ester 111 in moderate yield
(Scheme 35).

@
52 %
109 111
Scheme 35 Reagents and conditions: (i) Ethyl malonyl chloride, Et;N, DMAP,

CH,Cl,, r.t., 24 h.

o O

Finally, oxidation of the doubly allylic methylene group of 111 using pyridinium
dichromate and tert-butyl hydrogen peroxide in benzene'' was a relatively clean
reaction and completely chemoselective, but unfortunately the isolated yield of
dienone 112 after chromatography was relatively poor (27%) (Scheme 36).

O O
° o A
Me Oet

Mjij\o)]\/u\oa 1)
—_—
27 %

111 112

Scheme 36 Reagents and conditions: (i) Benzene, celite, 10 °C, 5 - 6 M solution of
t-BuOOH in decane, PDC, r.t., 18 h.

Intramolecular cyclisation of 112 was attempted next. Firstly, the carbon nucleophile

was generated by deprotonation of the acidic proton using sodium ethoxide in
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ethanol.®> This method gave a mixture of the desired product 113 in 35 % yield in
addition to a significant amount of phenol 114 as a by-product (Scheme 37).

O O o
Me O)J\/U\ 10} Me, H Me
_— H +
(o) o OH
112 113,35% 114, 14 %

Scheme 37 Reagents and conditions: (i) 0.5 M NaOEt, EtOH, r.t., 5 h.

This low yield and formation of the by-product presumably due to competition
between two reactions as a result of the nucleophilic and basic properties of the
ethoxide; acting as a base resulted in formation of the Michael product, while acting
as a nucleophile caused transesterfication and hydrolysis of the ester side chain
followed by deformylation (elimination) of the intermediate alkoxy group which
gave rise to the phenol 114. The driving force for this transformation is to form a
more stabilised aromatic compound. Therefore the formation of compound 114 can

be rationalised as shown in Scheme 38.
B I
Me ke Ot o O Me o
ot > BOJ\/U\CE +
(@)
112 l
Me:
OH
114

Scheme 38 The proposed mechanism for the formation of the aromatic by-product

o)

+ CHO

Although cyclisation of dienone 112 could give rise to the formation of four

diastereomeric products due to the formation of three new stereogenic centres in one
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step, only a single diastereoisomer has ever been observed. This was a very
encouraging result.

The structure of compound 113 was confirmed by 'H and '*C NMR and 'H - 'H
COSY NMR experiments. Assignment of the structure was based on the following
observations. The separation between the protons in the alkene region increased
compared to the starting material, indicating formation of a new compound. The
presence of two peaks in the alkene region - one of them was a doublet while the
other one was a doubled doublet. The smaller dd coupling constant value was 1.6
Hz, which is consistent with a long range W-coupling. The last observation was the
presence of a dd peak at 8 = 2.3 ppm. This peak corresponds to one of the two
geminal protons (H® and H®) which indicates the existence of chirality within the
molecule. The results of these experiments are summarised in the following

diagram.
'H - '"H COSY experiment showed the following correlations

He
H (@) HP, 5=6.63, showed a cross peak to H® & H°
Me? H M HP, 5=6.05, showed a cross peak to H?
H = HF,5=2.37, showed across peakto H! & H?
HOH’ H  H&H, 5=280-273, shoned across peakto He, H & H°
H HcHd H, 5=3.32, showed across peakto H®
o H'&HJ, §=4.23-4.15, showed across peak to Me?
13 MeP, 5 = 1.24 showed a cross peakto H' & H!

Coupling constant data are reported in the experimental section.
At that point then, determination of the stereochemistry was not a major concern.
The more important target was testing the first key cyclisation reaction. However,

the relative stereochemistry is assumed to be as shown in the following diagram

based on crystal structure data of subsequently prepared compounds.
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The key features of this reaction are:
e Formation of a single stereoisomer
e Formation of three stereogenic centres

e Formation of a quaternary stereogenic centre

To define the scope of the reactions other substrates should be examined. Allyl
analogues should be easy to prepare. Therefore, acid 115'' was prepared in a similar
manner to the previous case and elaborated to the mixed malonate ester 118 as

shown in Scheme 39.

@) x COM (i) X COMe
v . W
@ 9N % 86 %
115 116
(i)
83 %

o o
N A ) \ oH
o8B = —
94 %

118 117
Scheme 39 Reagents and conditions: (i) Li, NH3 ), -30 °C, then C3H;Br; (ii) MeOH,
conc. HSOy, reflux 24 h; (iii) LiAIH4, THF, r.t., 7 h, 15 % aqueous NaOH, H,O, r.t.,
48 h; (iv) Ethyl malonyl chloride, Ets;N, DMAP, CH,Cl, r.t., 24 h

It is noteworthy that oxidation of compound 118 occurred only at the doubly allylic
methylene group as desired to give dienone 119 (Scheme 40).
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Scheme 40 Reagents and conditions: (i) Benzene, celite, 10 °C, 5-6 M solution of

t-BuOOH in decane, PDC, r.t., 18 h.

With compound 119 in hand, cyclisation was accomplished exactly as before, giving
compound 120 again as a single diastereoisomer in 31 % yield in addition to phenol
121 in 27 % yield as shown in Scheme 41.

The structure and stereochemistry of bicyclic compound 120 were proven by 2D
NMR spectroscopy and are supported by the crystal structure determination of

related compounds as will be explained later.

o O
X O/U\/u\ Ot (@)

o

Q

119 120,31 % 121, 27%
Scheme 41 Reagents and conditions: (i) EtOH, 0.5 M NaOEt , r.t., 20 h.

As shown in the previous scheme the elimination by- product was formed in a higher
yield than in case of the methyl compound at the expense of the desired bicyclic
product. In order to suppress this undesired elimination side reaction a bulkier base
could be used. In the event, the problem was readily solved by the use of potassium
tertiary butoxide in THF to achieve the cyclisation step. This modification in the
procedures gave the same products 113 and 120 again as single diastereoisomers,
from dienones 112 and 119 respectively. In the case of the methyl compound 112 an
extremely high yield was obtained, but with the allyl compound 119 some of the
phenol 121 was also formed. This could be due to the presence of traces of water in

the reaction mixture as shown in Scheme 42 and Table 1.
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112, R=Me 113, R=Me 114 R=Me

119, R=Aly 120, R= Aliyl 121, R=Allyl
Scheme 42 Reagents and conditions: (i) KOt-Bu, THF, r.t., 24 - 28 h.
Table 1
Substrate | R Conditions Yield (compound number) / %
112 CH3; NaOEt, EtOH 35 (113), 14 (114)
112 CH; KOr-Bu, THF 92 (113),0 (114)
119 allyl NaOEt, EtOH 31 (120), 27 (121)
119 allyl KO#-Bu, THF 38 (120), 8 (121)

2 All reactions were carried out at 25 °C.

So far, the intramolecular conjugate addition reactions of cyclohexadienones 112

and 119 were shown to be diastereocontrolled. Although, in principle the cyclisation

could give rise to four diastereomeric products (in addition to their enantiomers),

only a single diastereoisomer (formed as a racemic mixture since there is no chiral

influence) was observed (Figure 2).

Figure 2

113, R=Me
120, R=Alii
Single stereoisomer
3 New stereogenic centres
One highly crowded quaternary stereogenic centre
No chiral influence
Racemic mixture

2.3. Synthesis and cyclisation of chiral sulfoxide precursors
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Encouraged by this result, the attention was then turned to build up the suitable
precursor 106 with the stereochemical directing chiral sulfoxide in order to

investigate the diastereoselectivity of the cyclisation step.

e
O

©
O)J\/g‘Ph

106

Based on the previous two examples, cyclisation of compound 106 would be
expected to give a mixture of diastereoisomers 122 and 123, where the chiral
auxiliary has directed attack towards the diastereotopic double bonds. It was hoped
that good selectivity would be obtained, so that one of these two compounds would
be favoured over the other (Scheme 43).

S)
O

©
o/u\/g‘Ph

o
106

Scheme 43

This approach can be investigated with a racemic substrate 106, giving each

diastereoisomer of the products as a racemic mixture.

To synthesise compounds having the general structure 106, an acid such as 124 was

needed.
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124

There were no reports of this acid in the literature but its precursor phenylthioacetic
acid 125 was known and was prepared by refluxing a mixture of benzenethiol in
sodium hydroxide solution with chloroacetic acid for two hours. The reaction
mixture was then cooled and acidified with 2 M HCI. The resulting precipitate was
filtered and recrystallised from water to afford 125 in 67 % yield.

H . COH
©/ + coHooH — O S
67 %

125
Scheme 44 Reagents and conditions: (i) Aqueous NaOH, reflux, 2 h.

There was a possibility to oxidise the sulfide group in compound 125 selectively to
sulfoxide by treating with m-chloroperbenzoic®’ acid to afford acid 124 which then
can be converted to the corresponding acid chloride 126 by refluxing with thionyl
chloride, but these procedures may lead to formation of undesirable product due to

the possibility of Pummerer methyl sulfoxide rearrangement as shown in Scheme 45.
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To avoid the possibility of the proposed rearrangement, the acid 125 was firstly
converted into the acid chloride 128 by refluxing with excess thionyl chloride at 70

°C for two hours.

o)
©/S\/OOL’H ~0 . 5\)\0
%9 %

125 128

Scheme 46 Reagents and conditions: (i) SOCl,, reflux at 70 °C, 2 h.

Then the sulfide can be either oxidised at this stage or after coupling of this acid
chloride with the alcohol 109. The latter possibility was chosen to avoid the
over-oxidation problems that may arise if the sulfoxide was formed first and then
was subjected to another oxidising agent (to effect the allylic oxidation).

Therefore, coupling of this acid chloride with the alcohol 109 afforded ester 129 in

moderate 77 % yield as shown in Scheme 47.

o
Me i
oH o ® Me_ ~ AL sPh
+
Ej CI/U\/ S 7% Ej\

109 128 129
Scheme 47 Reagents and conditions: (1) Et:N, DMAP, CH,Cl,, r.t., 72 h.

Y

Fortunately oxidation as before accomplished allylic and sulfide oxidation in one
step to afford the required chiral sulfoxide 130. The chirality was clear from the
characteristic splitting pattern of the CH, next to the oxygen and the CH, next to the
sulfoxide where each proton is split into a doublet by its geminal proton indicating
the diastereotopic nature of these hydrogen atoms. There was no evidence of
over-oxidation to the achiral sulfone (Scheme 48). Although compound 130 is
racemic, the (S) stereochemistry will be drawn throughout the following discussion

for clarity.
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Me O)Ok/spn O
: I 45%

129 130
Scheme 48 Reagents and conditions: (i) 5-6 M solution of -BuOOH in decane,
PDC, benzene, celite, 0 °C, 2 h., thenr.t., 18 h.

Intramolecular cyclisation of the sulfoxide 130 under the standard conditions was
attempted next and four compounds were evident from the '"H NMR spectrum of the
crude reaction mixture. Three of them initially appeared to be isomers of the desired
product, as indicated by the similar spectroscopic features compared to that of
compound 113, in addition to an aromatic by product. The ratio of these isomers was
1.00:4.63:8.38.

These compounds were separated by column chromatography and characterised in
the first instance by high field NMR spectroscopy. As might be expected, this gave
no indication of the relation between the sulfoxide stereochemistry and the three new
stereogenic centres formed during the reaction. But it showed that the very minor
compound (according to the 'H NMR integration), which was the first one to elute
from the column after the aromatic decomposition product, has a different splitting
pattern for the aromatic protons from those for the other two isomers. In the very
minor compound they were well separated while for the other two isomers they were
overlapped. Fortunately it crystallised readily, and it was slightly surprising to find
that it was a sulfone rather than the sulfoxide as proven from its X-ray structure
analysis (Figure 3). This compound was formed in variable amounts during the

cyclisation. This is somewhat surprising since the oxidation of a sulfoxide to a
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Scheme 49 The proposed mechanism for the formation of the decomposition product
134

Based on the spectroscopic similarities between the 'H NMR data of the major and
the minor isomers, especially in the pattern of splitting of the aromatic protons as
mentioned before, the major isomer is also a sulfoxide. Assigning the aromatic and
alkene protons of the major isomer was straightforward, but for H°, H%, Hf and H®
and H" it was not easy because there were only three peaks which could account for
these five protons; one of these peaks at & = 2.90 - 2.84 ppm, integrates to three
overlapping protons. Therefore assignments were made by the use of a 'H - 'H

COSY experiment as summarised in the following diagram.

H HP, 5 =6.54, showed cross peak to HP & Hf
H° HP, 5 =6.03, showed cross peak to HP
O_He Me He, 5 = 3.86, showed cross peak to H (one of the protons at
QU -
) 5=290-284)
Pt "j; HP, 5 =247, showed cross peak to H' & H (two of the protons at
wpl H 5=290-284)
O H°, H & H' 5=2.90 - 2.84, showed cross peak to He, H & H8
HA, 5 =3.75, showed cross peak to H (one of the protons at
5=290-284)

46



The previous experiments confirmed the structure but did not explain the relative
stereochemistry of the major isomer. Also, nOe experiments did not help due to the
overlap between three different protons as explained before. Theoretically, upon
cyclisation of compound 130 three new stereogenic centres will be formed so in
principle eight diastereoisomers (each existing as a pair of enantiomers) could be
formed. In fact, only two diastereoisomers were formed, in a 2:1 ratio. The
cyclisation reaction is extremely unlikely to give a trans ring junction, so that at this
stage the major isomer could be one of three structures (135, 136 or 137 since 133 is

the minor diastereoisomer) as shown in Scheme 50.

©
o O
Me o’u\/g’*m
o
130
0]

133, Minor isomer 135 136 137
Scheme 50 Reagents and Conditions: (i) THF, KO¢-Bu, 0 °C, 5.5 h, thenr.t., 17.5 h.

Isomer 136 would be due to attack on the same double bond as in the minor
compound 133, so that if compound 136 is the major isomer this would mean that the
sulfoxide is able to completely discriminate between the two double bonds.
However, in the case of structures 135 and 137 they would result from attack on the
other double bond.
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Since the cyclisation of achiral dienone 112 was diastereocontrolled and gave only
one stereoisomer, it is very likely that the relative stereochemistry of the major and
the minor isomers in this case is the same at the three carbon stereogenic centres.
That is, the major isomer is most likely to be structure 135.

The X-ray structure of both the minor isomer 133 and the sulfone 132 indicated that
they have the same relative stereochemistry at all the three carbon-stereogenic
centres. Again, it seemed reasonable to assume at this stage that the major isomer
(i.e. 135) also has this same relative stereochemistry at all three carbon- stereogenic
centres.

If the chirality of the sulfur in both the major and the minor isomers is destroyed by
oxidation to the sulfone using oxone® in methanol, they should both give the same
compound 132. However, if a different sulfone was formed it would mean that the
two isomers have different stereochemistry at one or more of the other three carbon
stereogenic centres.

When the major and the minor isomers were oxidised into the sulfone separately they

indeed gave the same sulfone (Scheme 51).

0 H, Me 0
133, Minor isomer —» ' «— 135, Mgjor isomer
61 % Ph 95 %
O
(4) 132

Scheme 51 Reagents and Conditions: (i) 49.5 % KHSOs in HO, MeOH, 0 °C, r.t., 4
h.

To avoid the possibility that under the reaction conditions the major isomer is
epimerised to the minor and then converted into the sulfone, 50 % conversion of a
mixture of both isomers was subjected to the previous oxidation. The result was a
mixture of the same sulfone and some unreacted minor and major isomers. Therefore
the major isomer is confirmed as 135.

Based on this assumption, the stereochemistry of compound 113 has assigned as

previously drawn. The assignment of the stereochemistry of compound 135 is also
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supported by a crystal structure determination of the major isomer from a subsequent
related reaction (vide infra).

At that point then, it was established that the two sulfoxide isomers 133 and 135§
differed in the choice of double-bond attacked so that if a single enantiomer at sulfur
was used, the difference between the major and the minor isomers will be at all three
new stereogenic centres. So it can be concluded that the stereochemistry of the
cyclisation reaction has been controlled as hoped, by the chiral sulfoxide and this
allowed us to distinguish between the two diastereotopic double bonds (2:1 ratio).

The results and the yields obtained are summarised in Scheme 52.

©
o O

Me O)j\/@é\Ph

135 Mgjor isomer, 7.7% 133, Minor isomer, 4.2%
In addition to 13.6 % purified mixture of 135 and 133

Me
H, Me
<+
o OH
132 Sulfone, 2% 114, Arontic by-product , 3.2 %

Scheme 52 Reagents and Conditions: (i) KOt-Bu, THF, 0 °C, 5.5 h., thenr.t., 17.5 h.
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The isolated yields were very low due to losses on purification. The purification
process took long time to separate the four compounds in a pure form suitable for
characterisation. The main problem was due to both the major and the minor isomers
have very close R¢ values so, the repeated purification was required.

Regardless of this problem, the cyclisation reaction can be considered very
successful. It allowed us to test the idea of desymmetrisation between the two
diastereotopic double bonds of 1,4-cyclohexadiene derivatives under the influence of
a chiral sulfoxide with simultaneous formation of a highly crowded quaternary
stereogenic centre in addition to another two vicinal stereogenic centres in a single

step.

To check how general the diastereoselective cyclisation of cyclohexa-1,4-dienes
under the influence of chiral sulfoxide is, the previous reactions were repeated using
alcohol 117 to form ester 138 (Scheme 53).

o)
= OH o 0 X S s
vﬁj\ o I _em e \/Ej\

117 128 138
Scheme 53 Reagents and Conditions: (1) EtsN, DMAP, CH,Cly, r.t., 13 days

It was difficult to obtain satisfactory mass spectrometric data for sulfanyl
cyclohexadiene 138 as this sulfide was ready oxidised upon carrying out the low
resolution experiment and gave a peak corresponding to MH'+O. The high

resolution data were therefore not recorded.

Oxidation of the ester 138 under the standard conditions gave the desired sulfoxide
dienone 139 and sulfone dienone 140. This was the first time a sulfone was observed
in the oxidation step. Assignment the structure of this sulfone was based on the
following observations. Disappearance of the doubly allylic methylene group was
accompanied by shifting of the alkene protons to higher chemical shift indicated
allylic oxidation. Absence of any sign of chirality in the molecule (all the CH, groups
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were singlets, but shifted to a higher chemical shift), and the aromatic protons were

well separated indicated sulfone rather than sulfide (Scheme 54).

O o % ™ O)?\/SOZF’h
N PN O o)J\/@&Ph
Mo +
O O
138 139, 23 % 140, 3.4 %

Scheme 54 Reagents and Conditions: (i) 5-6 M solution of ~-BuOOH in decane,
PDC, 2 h, benzene, celite, 0 °C, thenr.t., 18 h.

Cyclisation of substrate 139 proceeded in a similar manner to give four compounds
with similar spectroscopic features to those produced from the cyclisation of
compound 130. In this case the major isomer crystallised readily, and its
stereochemistry was found to be the same as that deduced for the major isomer
resulted from the cyclisation of compound 130 (Figure 6 and Scheme S5S5),
confirming our previous assignment (Note that the absolute stereochemistry at sulfur
in the crystal structure of compound 141 is opposite to that observed for compound
133. This is a result of choice of crystals from a racemic mixture. The
stereochemistry at sulfur in the reaction schemes has been drawn as (S) throughout

for consistency and clarity).
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While the ratio of the products in the crude reaction mixture is essentially identical to
that observed in the previous case the isolated yields do not reflect this due to losses
on purification.

To improve the selectivity the cyclisation reaction was repeated as before but at -20
°C. However, the '"H NMR spectrum of the crude reaction mixture showed the same

major: minor ratio.

2.4, Synthesis of amide substrates for cyclisation

The decomposition problems encountered in the previous two cyclisation reactions
were presumably because of the relative weakness of the ester bond which led to the
formation of the aromatic by-products. Furthermore, the synthesis of compounds 130
and 139 is relatively long and suffers from some low-yielding steps. Thus, it was
better to address this more fundamental problem than to struggle with this particular
cyclisation at the time. Therefore, different substrates were required. The first choice
was building up substrates like 144 having the more robust amide linkage in order to
deliver compounds which would be more stable and would lead to cleaner

cyclisation under a wider range of conditions.

Different methods were examined and finally the following approach was adopted to
prepare the desired precursors. Acid 108 was converted into the acid chloride 145!
which in turned was converted into amide 146 by reaction with liquid ammonia
(Scheme 56).
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Me 0] Me (i) Me
920 % 89 %

108 145 146
Scheme 56 Reagents and Conditions: (i) SOCl,, reflux, 2 h., 70 °C; (ii) NHj),
CH,Cl,, -78 °C, 1.5 h., r.t., 18 h.

Reduction of the amide 146 using lithium aluminium hydride afforded amine 147 in
82 % yield (Scheme 57).

146 147

Scheme 57 Reagents and Conditions: (i) LiAlH4, THF, r.t., 2 h,, reflux, 24 h., r.t., 15
% aqueous NaOH, H,O, r.t., 72 h.

Coupling amine 147 with ethyl malonyl chloride gave amido ester 148 in 54 % yield

(Scheme 58).
Me O O O
i
g
54 %

147 148
Scheme 58 Reagents and Conditions: (i) Ethyl malonyl chloride, Et;N, DMAP
CH,Cl,, r.t., 66 h.

Oxidation of amido ester 148 was attempted next, but unfortunately this resulted in
formation of unexpected peroxide 149 (Scheme 59).
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148 149
Scheme 59 Reagents and Conditions: (i) 5-6 M solution of -BuOOH in decane,
PDC, benzene, celite, r.t., 24 h.

Assignment of the structure of this peroxide was mainly based on 'H and *C NMR
data. The *C NMR spectrum of the purified fractions revealed the following
features. The presence of a ketone group and two alkene CH groups with chemical
shift values higher than those for simple alkenes, indicating that they are conjugated
with the ketone group. The presence of two quaternary carbon atoms of very high
chemical shift values, indicating that they are attached to a heteroatom. In addition to
the presence of two CHj3 groups with different intensities indicating that one of them
may correspond to more than one CH; group. Although the H'NMR spectrum was
very simple with only four peaks, it helped to confirm the structure .The first two
peaks were at chemical shift values of 8= 6.83 and 6.15 ppm. Each peak was a
doublet and integrates to two protons. The remaining two peaks were singlets at
chemical shift values of 8 = 1.32 and 1.13 ppm. The first of these integrates to three
protons while the second one integrates for nine protons. After initially suggesting
the structure, a literature search was carried out which showed that this peroxide was
obtained under similar reaction conditions (1:1 molar mixture of 90 % -BuOOH and
PDC) from oxidation of 1-methyl-cyclohexa-2,5-dienecarboxylic acid 108 as an

undesirable product as shown in Scheme 60 40

¢
Y

108 149

Scheme 60 Reagents and Conditions: (i) 90 % t-BuOOH, PDC, dry benzene, celite,
10 °C, 30 min, and thenr.t., 4 h.
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Also this peroxide was obtained upon oxidation of p-cresol with ~-BuOOH.in the

presence of a catalytic amount of low-valent ruthenium complex RuCly(PPhs);.*!

Me o)<
Me. O,
®
85%
OH
114

(0]

149
Scheme 61 Reagents and Conditions: (i) 114, EtOAc, RuCly(PPhs);, 3.3 M solution
of t-BuOOH in dry benzene, r.t., 5 h.

The data for compound 149 as obtained from the oxidation of compound 148 were in
line with those reported by Murahashi.*' Presumably 149 is formed via oxidative
fragmentation of compound 150 as proposed in Scheme 62.

O O

(@
H*
148 150
\j
Me
Me _Q, 0 H
- - sey Y
O O
o OH
149 114 151

Scheme 62 (i) 5-6 M solution of --BuOOH in decane, PDC, benzene, celite, r.t., 24 h.

Formation of peroxide 149 was extremely surprising. It can be speculated that it

might be due to the presence of a free amide NH in compound 148. In order to test
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this hypothesis the N-phenyl analogue of 148 was prepared as follows. The acid

chloride 145 was reacted with aniline to form secondary amide 152

145 152
Scheme 63 Reagents and Conditions: (i) PhNH,, CH,Cl,, 0 °C, 145, DMAP, r.t., 24
h.

To form the side chain needed for the cyclisation, secondary amide 152 was
deprotonated using sodium hydride and allowed to react with ethyl malonyl chloride
but after stirring the reaction mixture for 18 h, the crude reaction mixture was
actually a mixture of the starting materials. Even after repeating the reaction by
deprotonation and addition of the acid chloride at 0 °C then refluxing the reaction
mixture for 48 hours it did not work.

Therefore, the secondary amide 152 was reduced first by LiAlH4 to provide the
secondary amine 153, which then converted into the tertiary amide 154 by coupling
with ethyl malonyl chloride. Again the oxidation step under the standard conditions

was problematic and gave a complex mixture (Scheme 64).
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Ve Snen O @\ N-Ph
81%
152 153

(ii)
95 %
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O O
Conplex mixture = w Me@\ Ph @ =
154

Scheme 64 Reagents and Conditions: (i) LiAlH,, THF, r.t., 5 days, 15 % aqueous
NaOH, H;O, r.t., 3h; (ii) Ethyl malonyl chloride, Et;N, DMAP,CH,Cl,, r.t., 24 h; (iii)
5-6 M solution of --BuOOH in decane, PDC, benzene, celite, r.t., 24 h.

To solve the problem of the allylic oxidation, a literature survey was carried out and
many different methods were found, most of them were chromium based.’® *? As an
alternative, selenium dioxide in dioxane at 80 °C* was tried but this resulted in
starting material being recovered unchanged.

Back to the use of chromium as the oxidising metal, another method was tested upon
a simpler substrate 110. This method involves refluxing the substrate with PDC in
ethanol-free chloroform.*?* It worked very well giving compound 155 as essentially

pure oil in 57 % yield without any indication of side decomposition reactions.

Me Me___COMe

O e
57 %

110 155
Scheme 65 Reagents and Conditions: (i) PDC, 4A-molecular sieves, EtOH-free
CHCI;, reflux, 24 h.
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When this method was attempted with amidoester 154 it did work and some of the
desired dienone 156 was isolated after purification, but the yield was very poor (less
than S %). It appears that these substrates are difficult to oxidise. However, before
giving up on these compounds this method was repeated under different reaction
times and the best result was obtained after refluxing for 3.5 h. Purification of the
reaction mixture by flash chromatography afforded amidodienone 157 in 7 % yield
and the cyclised final product 156 in 3 % yield as evident by comparing the 'H NMR
spectrum of the isolated fractions with that of compound 113. Compound 156 could
not be fully characterised due to the small amounts isolated (Scheme 66).

O O
O O
Me
l\/t-:‘ij\,';’,h/u\/u\aa ® Ej\gh)l\/u\@t
O
186, 3 % 157, 7 %

Scheme 66 Reagents and Conditions: (i) PDC, 4A-Molecular sieves, EtOH-free
CHCI;, reflux, 3.5 h.

If a good method for the oxidation could be found it seems very likely that
cyclisation would be successful. Therefore, the sulfide analogue of 158 was prepared

as shown in Scheme 67.

O
Me
NHPh o] 0} Me SN
S = @sﬁ“ .
a 59 %
153 128 158
Scheme 67 Reagents and Conditions: (i) Et;N, DMAP, CH,Cl,, r.t., 72 h.

Y

Oxidation of substrate 158 using standard conditions afforded compound 159 in
23 % yield. Using milder conditions®* PDC in CH;Cl,, at -20 °C in the presence of
70 % aqueous solution of +~-BuOOH afforded a clean reaction and slightly improved
the yield to 28 %.
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Scheme 68 Reagents and Conditions: (i) PDC, 70% aqueous solution of z~-BuOOH,
CH,Cl,, -20 °C, 48 h.

Cyclisation of 159 was attempted next using sodium hydride, but unfortunately it
gave the same products sulfone, major, minor and aromatic decomposition product,
having the same spectroscopic features as those obtained upon cyclisation of
compounds 130 and 139, with a major:minor ratio of 2:1 (according to the
integration in the '"H NMR spectrum of the crude reaction mixture). However the
major isomer resulted from this cyclisation was determined to have the same
characteristic spectroscopic features as those produced from the minor isomer in case
of enones (130 and 139). The key feature was the characteristic double-doublet peak
at 3 =1.00 ppm which corresponds to one of two protons next to the carbonyl group
in the cyclohexene ring. Therefore, it appears that the stereochemical outcome of the
cyclisation reaction of sulfinyl amide substrate 159 was opposite to that produced

upon cyclisation of sulfinyl esters 130 and 139.

Upon purification of the crude reaction mixture, the major and the minor isomers
were isolated as a fairly pure inseparable mixture in 34 % yield. After a second
purification the two stereoisomers were still inseparable but another decomposition

product 163 was isolated and identified as shown in Scheme 69.
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114, Aromatic by-product 160, Suifone, 9 %

161, Major isomer 162, Minor isomer

161:162=2:1, 16.8 % yield (not separated)

O
163, Decomposition product,1.5 %
Scheme 69 Reagents and Conditions: (i) NaH, THF, r.t, 19 h.

This decomposition product was initially suggested to be intermediate 164 on the

basis of mechanistic reasoning. However, examination of spectroscopic data
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subsequently confirmed that compound 163 is the correct structure. The '"H NMR
spectrum indicated the presence of three alkene protons. One of them is a doublet (J
= 10.0) at § = 6.71 ppm which corresponds to H” on the structure below. Another one
is doubled-doublet (J = 10.0 and 1.6) at 8 = 6.32 ppm which corresponds to H® on the
structure below. The third one is a broad singlet at 3 = 6.17 ppm. Examination of this
peak shows what appears to be a poorly resolved triplet with a small coupling
constant. This seems more consistent with H° on structure 163 than with the
equivalent hydrogen on structure 164. The small coupling on H" is presumably due
to coupling to H®. The additional coupling on H® is due to coupling to one of the H*
hydrogen atoms. It is reasonable that H° might only couple to one of these hydrogen
atoms due to the difference in dihedral angle. In structure 164, H® would presumably
appear as a doubled triplet if any long-range coupling (triplet) was observed,
although H° could still appear as a triplet, so that distinguishing these structures is
not straightforward. All of these data are in favour of structure 163 which formed by
the rearrangement of intermediate 164. Therefore, formation of this decomposition

product may be explained by the following sequence of reactions (Scheme 70).

Ph
N._O
H

s

e

Me Ph

o

161 & 162 164 163

Scheme 70 The proposed mechanism for the formation of the decomposition product
163

2.5. Conclusion

At that point then, we had established that diastereoselective cyclisation reaction of
cyclohexa-1,4-diene could be controlled by a chiral sulfoxide group. This is the first
time that this has been achieved; however, the level of the stereoselectivity in the
above reactions was (2:1) which is acceptable but there is significant room for

improvement.
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Chapter 3

Desymmetrisation Strategies — Further

Studies

[Through out this chapter, single sulfoxide stereochemistries are indicated by dashes
or wedges to indicate the stereogenic centre, but all are racemates. When there is
more than one stereogenic centre, the relative stereochemistries proposed are based
either on X-ray data and/or mechanistic speculations: in all such cases, the

compounds are also racemates].
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3.1. Introduction

The previous chapter described desymmetrisation strategies of the two diastereotopic
double bonds of 1,4-cyclohexadiene derivatives 130, 139, and 159 using a chiral
sulfoxide group. This reaction featured the stereoselective formation of one
quaternary stereogenic centre and two highly crowded vicinal stereogenic centres.

The level of the stereoselectivity was acceptable (2:1) but there is significant room

for improvement.
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One possible reason for the modest stereocontrol is the free rotation of the

stereodirecting sulfoxide (Scheme 71).
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Scheme 71

Therefore, the use of divalent metal ions to chelate the sulfoxide oxygen and the ester

oxygen, thereby increasing the rigidity of the transition state, may increase the



diastereoselectivity.* Toward this approach, zinc bromide was chosen in the first
instance. To form the chelate before the addition of potassium #-butoxide,
cyclohexadienone sulfoxide 130 was treated first with one equivalent of zinc
bromide and this mixture was stirred for 45 min. Then two equivalents of potassium
t-butoxide were added and the stirring was continued at room temperature for 19
hours. Standard work-up of the reaction mixture showed that the starting material
was unchanged. Repeating the reaction with one equivalent of zinc bromide and
stirring for one hour followed by the addition of a large excess of the potassium
t-butoxide (10 equiv.) and stirring for 18 hours, unfortunately, resulted in formation
of compound 114 as the sole product. This can be attributed to the fact that
complexation with zinc bromide increased the electrophilicity of the ester carbonyl

as well as increasing the rigidity of the molecule (Scheme 72).

S
O O Me
Me o/”\/@S‘ph 0) _
61%
OH
o
130 114

Scheme 72 Reagents and Conditions: (i) 130, ZnBr,, THF, r.t., 1 h, KOz-Bu, 18 h.

Also, the use of isopropylmagnesium chloride as the base, which can deprotonate
and chelate at the same time*, resulted in formation of a complex mixture. Once
again then, the lability of the ester bond was hampering progress. Therefore, we
needed to develop a range of substrates which were amenable to cyclisation and were
straightforward to prepare. These should not contain an ester linkage (or an amide
linkage as it was previously found that this led to problems in the oxidation step

discussed).

3.2. Synthesis of carbon-tether precursors

Towards this goal, precursor 165 was chosen.*® Birch reduction of methyl benzoate
afforded a mixture of compounds 165 and 166. Compound 166 presumably formed
as a result of exchanging the methyl group of the ester at the ipso position by a
tertiary butyl group from the #-butanol present in the reaction medium (Scheme 73).
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165, 14 % 168, 6 %
Scheme 73 Reagents and Conditions: (i) NHsg), Potassium, THF, s-butanol, then
1,2-dibromoethane, -33 °C, 1 h, r.t., 18 h.

Therefore, the reaction was repeated by using methanol instead of #-butanol as the

source of the protons. This resulted in the formation of the desired compound in

moderate yield (Scheme 74).

0]
.
47 %

Scheme 74 Reagents and Conditions: (i) NHj(), Potassium, THF, methanol, then
1,2-dibromoethane, -33 °C, 1 h, r.t., 18 h.

165

In order to reverse the polarity of the C-Br bond, compound 165 was treated with
zinc metal to form an organometallic intermediate*® that might react with
2-phenylsulfanylacetyl chloride 128 to provide the sulfide precursor 167. However,
this resulted in the starting material was recovered unchanged. Presumably the

organometallic compound did not form (Scheme 75).

i o
MeO;, Br ()
Ej\/ + W&%
165 167

Scheme 75 Reagents and Conditions: (i) Zn, 1,2-dibromoethane, TMSCI, THF, 40
°C, 2 h, 2-phenylsulfanylacetyl chloride (128), r.t.,48 h.

The displacement of the bromide in compound 165 with the methyl phenyl sulfoxide

anion was attempted as described in the literature,*’ but this resulted in the formation

of compound 169 instead of the desired product 168 (Scheme 76).
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Scheme 76 Reagents and Conditions: (i) PhSOCH3, n-BuLi, DMPU, THF, -78 °C,
10 min, 165, r.t., 20 h

Presumably this occurred by attack of the sulfoxide anion onto the methyl ester as

shown in Scheme 77.

e o ), B S
o) o
P Mer Br ]
Ph5&H, . + PhSCHMe
> 3
165
o
Br
169

Scheme 77

As shown from the previous scheme, the ester side chain needed to form the
quaternary centre might not be compatible with the sulfoxide anion. Therefore, Birch
reduction and alkylation of benzoic acid with 1,2-dibromoethane was tried next.
However, this resulted in formation of compound 171 instead of compound 170 in

very low yield (Scheme 78).
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Scheme 78 Reagents and Conditions: (i) NHjs(), potassium, THF, MeOH, then
1,2-dibromoethane, -33 °C.

Therefore, acid 171 was prepared*® and deprotonated to give the dianion, which was

allowed to react with 1,2-dibromoethane, but this led to formation of compound 169

again (Scheme 79).
H H
e oW
—_— —_—
© 94% 1%

171 169
Scheme 79 Reagents and Conditions: (i) NH3(y, Na, EtOH, -33 °C; (ii) LDA (2.2
equiv.), THF, -78 °C, 171, 1 h, 1,2-dibromoethane, r.t., 17 h.

One possible protocol to overcome the problems due to incompatibility of the ester
side chain and difficulty in forming acid 170 is to reduce the ester 165 to the alcohol
followed by protection. However, upon reduction of compound 165 using LiAlH,,
compounds 172 and 173 were formed (Scheme 80). This is not entirely surprising.

oM TR(e)

165 172, 7% 173, 13 %
Scheme 80 Reagents and Conditions: (i) LiAlH4, THF, r.t., 1.5 h., NaOH 15 %, H,0,
r.t., 48 h.

Another approach was then designed depending on the formation of a class of

compounds having the general structure 174.
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174

3.3. Alkylation of methyl 1,4-dihydrobenzoate
In order to accomplish this goal, a brief survey of the alkylation reactions of
compound 175 was carried out. This compound*® could be readily prepared from

compound 171 as shown in Scheme 81.

COH o CO,Me
—_——e————
85%
17 175

Scheme 81 Reagents and Conditions: (i) MeOH, H,SOq4, 1.t., 24 h.

Previously we had generated the anion and alkylated directly during the Birch
reduction step. However, this requires an excess of the alkylating agent. While this is
acceptable with simple electrophiles such as iodomethane and allyl bromide, a more
efficient strategy is needed if we are to use more complex electrophiles to build up
the required substrates rapidly. Deprotonation of compound 175 and reactions with a

range of electrophiles is shown in Scheme 82.
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177, 35%
Scheme 82 Reagents and Conditions: (i) i-Pr;,NH, n-BuLi, THF, -78 °C, 30 min,
175, 30 min., Mel, 1 h, then r.t., 18 h; (ii) i-Pr,NH, n-BuLi, THF, -78 °C, 30 min,
175, 30 min., 2-bromobenzyl bromide, 1 h, then r.t., 24 h; (iii) i-Pr,NH, n-BulLi,
THF, -78 °C, 30 min, 175, 30 min., methyl vinyl ketone, 1 h, then r.t., 18 h; (iv)
i-Pr;NH, n-BuLi, THF, -78 °C, 30 min, 175, 30 min., ethyl 2-bromoacetate, 1 h, then
r.t., 18 h.

Oxidation of 1-hexene using m-chloroperbenzoic acid provided epoxide 179.%° This
crude epoxide was allowed to react with the anion derived from compound 175 under
the standard conditions. However, this resulted in formation of methyl benzoate 180
which can be attributed either to the presence of some m-chloroperbenzoic acid left
over in the crude reagent or to the fact that this epoxide is not sufficiently reactive

which left enough time for the anion to aromatise (Scheme 83).

70



- NN

o
38 % 179
COMe i COMe
@ " @
175 180

Scheme 83 Reagents and Conditions: (i) 1-Hexene, dry CH,Cl,, m-CPBA, 0 °C, 30
min, then r.t., 18 h; (ii) i-Pr,NH, n-BuLi, THF, -78 °C, 30 min, 175, 30 min., epoxide
179, 1 h, thenr.t., 18 h.

The former explanation seems more likely, since subsequent work has shown that the
commercially available epoxide reacts well with the anion.”’
Also when chloroacetone was used as an electrophile under the standard conditions

this led to the formation of methyl benzoate again (Scheme 84).

175 180

Scheme 84 Reagents and Conditions: (i) i-Pr;NH, n-BuLi, THF, -78 °C, 30 min,
175, 30 min., chloroacetone, 1 h, thenr.t., 24 h.

3.4. Further studies towards substrate synthesis

The previous alkylation reactions were encouraging, and opened up a number of
interesting possibilities for the project. The first of these, as will be discussed in
Chapter 4, is the cyclisation of a free-radical derived from compound 176. Also, the
formation of compound 177 shows that conjugate addition to unsaturated ketones is
feasible with compound 175. Therefore, allylic oxidation of compound 177 under the
standard conditions was attempted first prior to the preparation of any precursors
using the same mechanism. This oxidation worked well and gave cyclohexadienone

181 as an essentially-pure oil in moderate yield (Scheme 85).
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Scheme 85 Reagents and Conditions: (i) 5 - 6 M -BuOOH in decane, PDC, dry
benzene, celite, 0 °C, 10 min., thenr.t., 18 h.

In order to return to the original objectives of the project, substrate 182 was next
considered. This could be prepared from vinyl ketone 184 by analogy with
compound 177.

182

Vinyl ketone 184> was prepared from vinyl alcohol 183°%as shown in Scheme 86.

©/S\CH3 @ L Vsen (i) ~ 2 seh
OH O

9 % 59 %
183 184

Scheme 86 Reagents and Conditions: (i) n-BuLi, DABCO, THF, 0 °C, 30 min,
r.t.,, 1 h, then -78 °C, acrolein, r.t., 5 h; (ii) IBX, DMSO, r.t., 6 h.

Addition of the anion derived from compound 175 to vinyl ketone 184 worked well
and gave compound 1885, albeit in poor yield (Scheme 87).
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Scheme 87 Reagents and Conditions: (i) LDA, THF, 175, -78 °C, 30 min, 184, 1 h,
NH,4CI.

It was hoped that oxidation of the allylic methylene group and the sulfide would
work as before to give the desired compound 182 that will allow us to test our
hypothesis that chelation of the sulfoxide and ketone will increase the
stereoselectivity of the cyclisation reactions. Unfortunately the allylic oxidation of
this compound gave only methyl 4-hydroxybenzoate 186. This is clearly the result of
a combination of stability of the aromatic product and the acidity of hydrogen atoms

adjacent to the carbonyl, leading to ready fragmentation (Scheme 88).
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Scheme 88 Reagents and Conditions: (i) 5 - 6 M -BuOOH in decane, PDC, dry
benzene, celite, 0 °C, 30 min., thenr.t., 15 h.
Given this result, compound 187 was the next logical choice with one carbon less

than compound 182.
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187

This compound should not undergo ready fragmentation, either itself or any of the
obvious precursors, due to the instability of its decomposition compounds compared
to those produced from compound 182. Prior to formation of compound 187, a test
oxidation reaction was carried out using compound 178 as an example of a class of
compounds having the general structure 189; this gave cyclohexadienone 188 under

the standard conditions as shown in Scheme 89.

=g
8 %
o
178 188

Scheme 89 Reagents and Conditions: (i) 5 - 6 M -BuOOH in decane, PDC, dry

benzene, celite, 0 °C, 30 min., thenr.t., 24 h.

ey

189

Previously, the scope of alkylation reactions of the anion derived from compound
175 was investigated. We saw an opportunity to use our knowledge of this reaction
in the preparation of compound 187. Deprotonation of compound 175 and reaction
with #-butyl 2-bromoacetate gave compound 190. Selective hydrolysis of the tertiary
butyl ester side chain of this compound was straightforward, giving acid 191
(Scheme 90).%*
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Scheme 90 Reagents and Conditions: (i) i-Pr,NH, n-BuLi, THF, -78 °C, 30 min,
175, 30 min., t-butyl 2-bromo acetate, 1 h, then r.t., 18 h; (i1) TFA, dry CH,Cl,, r.t.,
48 h.

From this point, acid chloride 192 was needed.
a
?\/E)Ej\no/
192

Refluxing acid 191 with excess thionyl choride for two hours gave an incomplete
reaction. Therefore, the reaction was repeated and the reaction mixture was refluxed
for a longer time (18 h.). This resulted in evaporation of thionyl chloride and

formation of methyl 2-phenylacetate 193 (Scheme 91).

MeC2 H e
Ej I .
90 %

191

Scheme 91 Reagents and Conditions: (i) SOCl,, 18 h, 80 °C.

193

This is presumably the result of an unexpected rearrangement / decarbonylation as

shown in Scheme 92.
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Scheme 92 Proposed mechanism for formation of decomposition product 193

Adding thionyl chloride to acid 191 at 0 °C in the presence of triethylamine and
DMF gave the impure acid chloride 192. Because of the sensitivity of this acid
chloride, it was difficult to purify it. In the end, the transformation was
straightforward by heating acid 191 with thionyl choride in toluene and few drops of
DMF at a temperature not exceeding 60 °C, giving acid chloride 192 as

essentially-pure oil in quantitative yield (Scheme 93).

o 100 % ©
191 192

Scheme 93 Reagents and Conditions: (i) SOCl,, toluene, DMF, 40 °C, 2 h, 60 °C, 1
h.

The final step was to have been treatment of this acid chloride with the anion derived
from thioanisole. Formation of this anion proceeded as before according to the
literature method,*** followed by addition of the acid chloride 192. However, this

resulted in formation of decomposition products (Scheme 94).
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192
Scheme 94 Reagents and Conditions: (i) DABCO, thioanisole, THF, 0 °C, 30 min,
n-BuLi, r.t., 1 h, then -78 °C, 192, r.t., 15 h.

Alternative strategies therefore were pursued. We reasoned that the anion derived
from 175 should react with epichlorohydrin 194 to give epoxide 195, irrespective of
which carbon atom of epichlorohydrin is initially attacked. This would then be
opened with thiophenol® to give compound 196, which only requires oxidation to
provide the target compound 187.

194
Me
P o, wos g o, o,
? - 2 OH

175 195 196

Scheme 95

However, when the anion derived from ester 175 was allowed to react with
epichlorohydrin, it actually reacted at the epoxide carbon followed by lactonisation
to give lactone 197. This may be due to the fact that the chloride anion is not a very
good leaving group (Scheme 96).

COMe

0
48 %

175 197

Scheme 96 Reagents and Conditions: (i) i-Pr,NH, n-BuLi, THF, -78 °C, 30 min,
175, 30 min, 194, -78 °C, 1 h, r.t., 18 h.
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The proposed mechanism for the formation of lactone 197 is summarised by the

following sequence of reactions (Scheme 97).

(o] a
come fE7 9 @
@\j
—_— ﬁ»
©
175 MeO 197
Scheme 97

Repeating the reaction using epibromohydrin did not work at all. Only aromatic
decomposition products were formed. Therefore, the better approach to the desired
compound appeared to be through reduction of the lactone. Based on this result,
epoxide 198°® was prepared and used to prepare lactone 199 in the same way

(Scheme 98). This compound contains all carbon and heteroatom functionality

required for compound 187.
®
MeO, §, Ph
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O
187
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cOoMe "
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175 199

Scheme 98 Reagents and Conditions: (i) Solid NaOH, thiophenol, r.t., 24 h; (ii)
i-Pr,NH, n-BuLi, THF, 0 °C, 30 min, -78 °C, 175, 30 min, then 198, 1 h, r.t., 16 h.
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Reduction of lactone 199 gave diol 200. Protection of the primary alcohol group as
the silyl ether was the next step and this gave alcohol 201 (Scheme 99).

SPh
@ sph (i) SPh
E—— OH —_—> OH
84 % 52 %
199 200 201

Scheme 99 Reagents and Conditions: (i) LiAlHy, dry THF, r.t., 18 h., 15 % NaOH,
H,0; (ii) TBDMSCI, Et;N, DMAP, dry CH,Cl,, r.t., 66 h.

Oxidation under the standard conditions was carried out in the expectation that it
would oxidise the sulfide and the allylic methylene group in a single step then
oxidation of the secondary alcohol group will follow. However, in this case, only the
lactone 199 was formed, presumably by hydrolysis of the silyl ether and selective
oxidation of the primary alcohol. Based on this result, it seemed better to try to
oxidise each functional group in compound 201 individually. Oxidation of the
secondary alcohol group was attempted using DMSO / acetic anhydride,>® but this
gave unknown decomposition products (Scheme 100).

SPh
OH
201
0) (ii)
SPh
-‘ %
199

Scheme 100 Reagents and Conditions: (i) 5 - 6 M t-BuOOH in decane, 0 °C, PDC,
dry benzene, celite, r.t., 20 h; (ii) dry DMSO, dry Ac;0, r.t., 24 h.
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We reasoned that even if the secondary alcohol could be oxidised first, there would
still be difficulties with the other oxidation steps in the presence of the silyl ether, so
that it was better to modify the approach slightly at this point.

Protection of diol 200 as the pivaloate ester was not as regioselective as the silylation
reaction above. Reaction with pivaloyl chloride gave a mixture of mono- and

di-pivaloate esters 202 and 203 in 35 % and 4 % yield respectively (Scheme 101).
SPh
CH
200

0

CORTORT

202 35% 203, 4%
Scheme 101 Reagents and Conditions: (i) PivCl, Ets;N, DMAP, dry CH,Cly, r.t., 15
h.

The mono-pivaloate ester 202 was oxidised at the secondary alcohol position to give
ketone 204 (Scheme 102).

SPh 0] SPh
OH - o)
55 %
202 204

Scheme 102 Reagents and Conditions: (i) IBX, DMSO, r.t., 6.5 h.

Subsequent oxidation of the doubly allylic methylene and sulfide groups in ketone
204 was attempted using a range of different methods which led to different oxidised
products. Identification of the obtained products was based on the following criteria:
disappearance of the doubly allylic methylene group accompanied by a downfield

shift for the alkene protons; the presence of any diastereotopic protons; the splitting
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pattern of the aromatic protons which varied from three well-separated peaks to two
nearly sharp close peaks to two broad peaks.

Therefore, the use of standard oxidation mixture fers-butyl hydrogen peroxide and
pyridinium dichromate was deduced to give a mixture of sulfonyl dienone 205 and
the desired sulfinyl dienone 206 both in extremely low yield (Scheme 103)

Ph @ 8
sh ) I SO, .S'\
(o) > + O Ph
o o
204 206, 5% 206, 3%

Scheme 103 Reagents and Conditions: (i) 5 - 6 M +-BuOOH in decane, 0 °C, PDC,
celite, dry benzene, r.t., 19 h.

The use of a combination of Jacobsen’s catalyst, NMO and m-CPBA,”’ yielded a
mixture of sulfonyl diene 207 and sulfonyl dienone 205 as shown in Scheme 104.

.:W/Ej\m/\sph 10) Wsozph WO/@(’)ASOZ%
o) _— o) +
o

204 207, 32% 205, 14%
Scheme 104 Reagents and Conditions: (i) Jacobsen’s catalyst, NMO, dry CH,Cl,,
-30 °C, m-CPBA, 24 h.

However, using SeO, and fert-butyl hydrogen peroxide®® did not lead to any

oxidation and the starting material was recovered unchanged (Scheme 105).

SPh [0)
O —>  No reaction
204

Scheme 105 Reagents and Conditions: (i) 5 - 6 M -BuOOH in decane, SeO,, dry
CH,Cl,, r.t., 30 min, 0 °C, 204, r.t., 18 h.
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Finally, using pyridinium dichromate in ethanol-free chloroform** led to
comparatively clean reaction and sulfanyl dienone 208 was isolated in 16 % yield
(Scheme 106).

p,vo/ij\“/\sph 0] SPh
o > o
16 %
(@)
208

204

Scheme 106 Reagents and Conditions: (1) PDC, CHCI;, 4 A Molecular sieves,
reflux, 9 h.

It seemed that even if the oxidation methods could be optimised and directed to give
the sulfanyl dienone 208 in a higher yield, the next oxidation will be problematic. All
the literature methods used to oxidise the sulfur selectively to sulfoxide include using
peracids.”® The use of peracids, of course, is not compatible with the double bonds

and may lead to side epoxidation reactions.

At this point, although these approaches are viable, it would be far better to introduce
the entire side chain in compound 175 at the correct oxidation level in a single step.
In this case, reaction of compound 175 with a-bromo-a'-sulfinyl ketone 209 should

give sulfinyl diene 210 which just needs allylic oxidation to give the target 187.
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187
Scheme 107
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To prepare a-bromoketone 209 the lithium salt derived from methyl phenyl
sulfoxide 211 was formed and then treated with ethyl 2-bromoacetate 212 under the
standard conditions. Although, it has been reported that similar sulfoxides were
deprotonated and reacted regioselectively with a-bromo ester substrates to give
a-halo-o'-sulfinyl ketones,®® this reaction resulted in a mixture of the starting
materials being recovered. The failure of the reaction may be attributed to a
combination of stability factors and basic properties of the anion which led to
abstraction of the acidic a-proton of the ester instead of attacking the carboxyl group

to give the desired product.

=) 212
? B~ >co.a
P g\% o > Mbxture of starting materials
i), (ii

211
Scheme 108 Reagents and Conditions: (i) i-Pr;NH, 0 °C, n-BuLi, THF, 30 min,
bromoester 211, r.t., 18 h.; (ii) -78 °C, 212, 1 h., r.t., 18 h.

Therefore, the method was slightly modified by using thioanisole 213. Deprotonation
as before followed by addition of ethyl 2-bromoacetate 212 this time gave B-sulfanyl
ester 214

S @, G, (i T
i), (i), Qi
M4 %
213

214
Scheme 109 Reagents and Conditions: (i) Thioanisole (213), DABCO, THF, 0 °C,
30 min; (ii) »-BuLi, r.t., 1 h, -78 °C; (iii) 212, thenr.t., 15 h.

Formation of compound 214 is presumably due to displacement of the bromine atom

by an Sn2 mechanism using the sulfur lone pair of electrons as the nucleophile as

shown in Scheme 110.
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Scheme 110 The proposed mechanism for the formation of B-sulfanyl ester 214.

Formation of B-sulfanyl ester 214 was confusing because it indicated that the anion
did not form. Therefore, different bases were used to deprotonate methyl phenyl
sulfoxide. The use of sodium hydride resulted again in a mixture of starting materials
being recovered. The proton NMR spectrum of the crude reaction mixture obtained
from using n-butyl lithium as the base indicated the presence of some of the two
starting materials and formation of some of the undesired B-sulfinyl ester 21§

(Scheme 111).

©
o
S @
Ph'® CH; > Mbdure of starting materials

Scheme 111 Reagents and Conditions: (i) NaH dry Et,0, 0 °C, 211, r.t.,, 19 h, -78
°C, 212, r.t,, 6 h; (ii) 211, dry Et;0, 0 °C, n-BuLi, r.t., 19 h, -78 °C, 212, r.t., 4.5 h.
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Compound 215 was formed by the same mechanism that resulted in formation of
compound 214 via the displacement of the bromine atom by the sulfur lone pair of
electrons instead of the attack by the anion at the carbonyl group to give the desired

o-bromo-a'-sulfinyl ketone 209 as shown in Scheme 112.

o

S\
® ot
+ CHgBr

Scheme 112 The proposed mechanism for the formation of B-sulfinyl ester 2185.

Finally, we were able to adjust the conditions to prepare the desired a-bromo-o'-
sulfinyl ketone 209 in a relatively low yield.®’ It seemed that the problem was mainly
in the timing of the addition of the reagents and the molar ratios used. This may be
due to combination of instability of the anions and low reactivity of the electrophile

used under the reaction conditions (Scheme 113).

e
(') 0] _ (o) (o]
ph/@s\CH3 43% &\)J\/g\ Ph
211 209

Scheme 113 Reagents and Conditions: (i) i-Pr,NH, n-BuLi, THF, -78 °C, 211, 1 h.,
bromoester 212, r.t., 1 h.

With a-bromo-a'-sulfinyl ketone 209 in hand, reaction with the anion derived from

compound 175 was performed which gave the requisite sulfinyl cyclohexadiene
derivative 210 (Scheme 114).
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Scheme 114 Reagents and Conditions: (i) i-Pro,NH, r.t., n-BuLi, THF, 30 min., -78
°C,175,1h.,209, 1 h.

Allylic oxidation of compound 210 was attempted next and again it was problematic.
None of the desired sulfinyl cyclohexadienone 187 was formed when a range of

oxidising agents were used (Scheme 1185).
Ph
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Scheme 115 Reagents and Conditions: (i) 210, Jacobsen’s catalyst, NMO, dry
CH,Cl, r.t., -30 °C, m-CPBA, 24 h; (ii) 210, PDC, dry CHCl; , 4 A Molecular
sieves, reflux 5 h; (iii) CrO3;, DMP, dry CH,Cl,, -20 °C, 210, 15 h; (iv) 5- 6 M

t-BuOOH in decane, SeO,, dry CH,Cl,, r.t., 30 min, 0 °C, 210, r.t., 18 h; (v) 210, dry
benzene, celite, 5 - 6 M -BuOOH in decane, 0 °C, PDC, 1 h., r.t., 15 h.

G)o-(/{@

One possible plan to overcome the problems of the oxidation is to form substrate
218. In this case the cyclisation would be carried out via a free radical mechanism.
Due to the free rotation of the sulfoxide side chain there will be two possible
conformations for the radical intermediate (structures 219 and 220). Recognising that

the cyclisation would proceed under the influence of the chiral sulfoxide, this may
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result in one of the two expected diastereoisomers 221 and 222 being favoured over

the other (Scheme 116).
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Scheme 116
It was thought that compound 218 could be prepared through insertion of a bromine

atom in the position a— to the sulfoxide group in compound 210. However, upon

carrying out the reaction using NBS as the source of bromine, this resulted in the
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formation of a complex mixture. Since compound 210 is highly functionalised,

perhaps it was optimistic to hope for a clean reaction (Scheme 117).

W )

210 218
Scheme 117 Reagents and Conditions: (i) 210, acetone, 0 °C, NBS, 1.5 h.
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Based on the previous results attempts to accomplish allylic oxidation of compound
210 were resumed. The use of a mixture of pyridinium dichromate and 70 %
tert-butyl hydrogen peroxide in water at -20 °C>* worked well and gave the desired
sulfinyl dienone 187 in moderate yield. Cyclisation of compound 187 using different

bases unexpectedly resulted in the formation of decomposition products (Scheme

118).
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Scheme 118 Reagents and Conditions: (i) 210, PDC, -BuOOH 70 % in H,O,
CH,Cl,, r.t., -20 °C , 48 h.; (ii) #-BuOK, dry THF, 0 °C, 3 h, r.t. 17 h; (iii) NaH, dry
THF,0°C,1h,rt., 17 h.

Using the same oxidation conditions, compound 204 was oxidised to sulfinyl

dienone 206. Attempted cyclisation of this compound was unfortunately

unsuccessful and resulted in formation of decomposition product 223 (Scheme 119).
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Scheme 119 Reagents and Conditions: (i) 204, PDC, -BuOOH 70 % in H,O,
CH,Cl,, 1.t., -20 °C, 48 h.; (ii) NaH, dry THF, 0 °C, 1 h, r.t. 17 h.

3.5. Conclusion

To summarise, the previous schemes indicated that preparation of cyclohexadienone
core having a carbon tether can be feasibly accomplished by reaction of the lithium
salt derived from compound 175 with different electrophiles. This is an easy way to
form C-C bonds. Among the electrophiles that can be used are alkyl halides, benzyl
halides, a-haloesters, vinyl ketones and epoxides via different mechanisms including
Sn2 reactions and conjugate addition reactions (Scheme 82, page 70).

Although, there were a lot of unsuccessful oxidation reactions during the course of
this part of the work, the performed experiments showed that some protocols can be
successfully used to effect allylic oxidation of sensitive cyclohexadiene derivatives.
The first of these protocols is the use of PDC in ethanol-free chloroform for no
longer than four hours. The second was using a mixture of PDC and -BuOOH in
water. Additionally, cyclohexadiene substrates having the carbon tether were found
to be relatively unstable compared to those having an oxygen tether which was
reflected on their higher tendency for fragmentation to produce more stabilised

aromatic products either during the oxidation or the cyclisation steps via
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{B-elimination or deformylation along with decarboxylation or under the effect of heat
in the case of acid chloride 192 (page 76).

Moreover, this work provided methods for the preparation of useful synthetic
intermediates which in combination with the acquired knowledge about the
chemistry of cyclohexadienone derivatives might be used in the future to prepare

biologically active compounds.
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Chapter 4

Diastereoselective Free-radical Cyclisation

Reactions of Cyclohexa-1,4-dienes

[Through out this chapter, single enantiomer stereochemistries of the precursors for
the free radical cyclisation reactions are indicated by dashes or wedges to indicate the
stereogenic centre, but all are racemates. When there is more than one stereogenic
centre, the relative stereochemistries proposed are based on NMR studies or on

mechanistic speculations: in all such cases, the compounds are also racemates].
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4.1. Cyclisation reactions of aryl radicals
As explained in Chapter 3 the alkylation reaction of the anion derived from ester 175

with 2-bromobenzyl bromide has been successful (Scheme 120).

2 e
175

Scheme 120 Reagents and Conditions: (i) i-Pr,NH, n-BuLi, THF, -78 °C, 30 min,
175, 30 min., 2-bromobenzyl bromide, 1 h, thenr.t., 18 h.

Bearing in mind the original goals of the project - selective attack on one of the two
double bonds in a 1,4-cyclohexadiene derivative - substrate 176 is ideal for radical
cyclisation onto the cyclohexadiene ring. Although the radical derived from
compound 176 is achiral, it would enable us to test the bond forming reactions and
the regioselectivity issues in the cyclisation reaction before attempting to prepare
chiral analogues. In principle, radical 224 could attack at both the C-2 and/or C-3
positions via the allowed 5-exo-trig cyclisation and/or 6-endo-trig cyclisation modes

respectively.

However there are numerous examples in the literature which show that cyclisation
of radicals which are four bonds away from the targeted double bond cyclise highly
regioselectively in the exo mode to afford the cyclopentylmethyl radical. For
instance, Beckwith reported that cyclisation of 5-hexen-1-yl radical 225 resulted in
the formation of radical 226 predominantly (Scheme 121).%
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Scheme 121 5-exo-trig and 6-endo-trig radical cyclisation

Then the same author applied this 1,5-radical ring closure methodology to
cyclohexadiene derivatives with the aim to synthesize a variety of substituted
decalins and hydroindanes with the study of the kinetic, regiochemical, and
stereochemical features that are associated with the formation of bi- or tricyclic
systems.®® Using different radical precursors containing the hex-5-en-1-yl system, the
reactions proceeded with high regioselectivity. These ring closures resulted
exclusively in the product or products of S5-exo-cyclisation and no trace of
6-endo-cyclisation products. For example treatment of a mixture of epimeric
bromides 228 with tributylstannane resulted in the formation of an inseparable
mixture of three isomers of the tricyclic product 229 in the ratio of 3.75:1.50:1.00
(G.L.C). They assigned the stereochemistry at the ring junction as a cis relationship

which was consistent with many other examples examined (Scheme 122).

Br _ HH
—_—
2% A H
COMe
228 229

Scheme 122 Reagents and Conditions: (i) 228, dry benzene, AIBN, Bu3SnH, reflux,
80°C, 12 h.

The same author reported the radical cyclisation reaction of iodide 230 which
features the 5-exo-trig cyclisation of an aryl radical onto cyclohexadiene ring.* This
reaction proceeded in regiospecific exo-mode via aryl radical 231 to afford the

tricycle 232 as a sole stereoisomer (Scheme 123).
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Scheme 123 Reagents and Conditions: (i) 230, Benzene, AIBN, Bu;SnH, heat, 65
°C, 16 h.

In accord with investigating the diastereoselective radical cyclisation reactions of
cyclohexa-1,4-diene derivatives, initially compound 176 was treated with tributyltin
hydride in the presence of radical initiator AIBN. This resulted exclusively in the
formation of the compound 232, the product of 5-exo-cyclisation and no trace of
either 6-endo-cyclisation product nor the uncyclised reduction product could be
detected. This result is in line with Beckwith’s observations.5*** The low yield
obtained in this reaction is due to the difficulty encountered in removal of the tin
hydride residues. Therefore another method was tried using tris(trimethylsilyl)silane
and triethylborane in the presence of air,** but this actually gave a lower yield
(Scheme 124).

5/

O (i) or (ii)
MeO o MeOGC,
]
176

232
Scheme 124 Reagents and Conditions: (i) Dry benzene, AIBN, Bu;SnH, reflux 5 h,
32 %; (ii) Dry benzene, Et;B, (TMS);SiH, air, r.t., 5 h, 19 %.

With this result in hand, we next set about preparing chiral cyclohexadiene
derivatives to investigate the diastereoselectivity issues. The obvious choice to
accomplish this target was to allow the anion derived from ester 175 to react with
2-bromobenzaldehyde to produce radical precursor 233 with the required stereogenic

centre that could control the cyclisation of a free-radical.
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However, deprotonation of ester 175 under the standard conditions followed by the
addition of the aldehyde resulted in the formation of aromatic decomposition

products (Scheme 125).

®

\j

175
Scheme 125 Reagents and Conditions: (i) i-Pr,NH, n-BuLi, THF, -78 °C, 30 min,
175, 30 min., 2-bromobenzaldehyde, 1 h, thenr.t., 18 h.

It was not clear why this reaction failed. One possible reason was that the aldehyde is
not a very good electrophile, so that nucleophilic addition to the carbonyl group is a
slow process and in this case the anion aromatised faster. Therefore, to avoid this
possibility, ester 175 was added to a mixture of LDA and 2-bromobenzaldehyde.
This again led to the formation of aromatic decomposition products. A further
attempt involved formation of the Schlosser base® to increase the reactivity of the
anion, but this also did not give a better result. Another possibility was that the
reaction did work to give the expected alcohol, but this alcohol might be unstable
under the reaction conditions, undergoing retro-aldol reaction (as shown below, page
97). To avoid any possibility that this failure is due to reaction conditions or reagents
or the anion reactivity, the anion derived from 175 was allowed to react with a (1:1)
mixture of 2-bromobenzaldehyde and ethyl 2-bromoacetate. This resulted in a
mixture of the product derived from the addition of the anion to ethyl 2-bromoacetate
and aromatic decomposition products presumably derived from the addition of the
aldehyde. So it was reasonable to find another electrophile. Therefore

2-bromobenzoyl chloride was prepared according to a literature method®’ and
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allowed to react with the anion derived from ester 175 under the standard conditions.

This resulted in the formation of the keto ester 234 (Scheme 126).

Me
7 0
175 234

Scheme 126 Reagents and Conditions: (i) i-Pr,NH, n-BuLi, THF, -78 °C, 30 min,
175, 30 min., 2-bromobenzoyl chloride, 1 h, thenr.t., 18 h.

It was expected that selective reduction of the ketone will generate the required chiral
radical precursor 233. However, sodium borohydride reduction of keto ester 234
resulted in a complex mixture of 2-bromobenzyl alcohol 235 and ester 175 and
unknown compounds (Scheme 127).

234 235 175
Scheme 127 Reagents and Conditions: (i) 234, MeOH, H,O, NaBH,, r.t.15 h

Presumably 2-bromobenzyl alcohol is formed via fragmentation of alcohol 233 as

shown in Scheme 128.
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Scheme 128 The proposed mechanism for the formation of 2-bromobenzyl alcohol
235

Isolation of 2-bromobenzyl alcohol 235 indicated that alcohol 233 is unstable. This
may explain why the reaction between 2-bromobenzaldehyde and the anion derived
from ester 175 did not work in the first place. Therefore, complete reduction of both
functional groups was attempted using lithium aluminium hydride. This led to the

formation of diol 236 having the requisite stereogenic centre.

oH
(@) _ - -
55 % I

N Br

m m

Scheme 129 Reagents and Conditions: (i) LiAlH4, THF, r.t., 7 h., NaOH 15 %, H,O,
rt.,24h
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4.2. Diastereoselective free-radical cyclisation reactions

Free radical cyclisation of diol 236 under the standard conditions was attempted next.
This resulted in the formation of a mixture of two diastereoisomers 237 and 238 (3:1)
in 19 % yield. From this mixture, the major isomer, 237, was isolated in 14 % yield
and its structure was fully identified by combination of 'H, '3C NMR, mass and
HRMS spectrometric analysis. The minor isomer was not isolated in a pure form
from this reaction but it was obtained from another reaction as will be discussed
later. The stereochemistry of both isomers was assigned as shown below based on

indirect comparison with related compounds as will be discussed later (Scheme 130).

OH HQ
= 0 .
“, > o +
|l 19% t/ H
N} a-
236 237, mejor isomer
3 : 1
Scheme 130 Reagents and Conditions: (i) 236, dry benzene, AIBN, Bu3SnH, reflux

5h.

This result was extremely encouraging. However, it seemed likely that by
introducing protecting groups onto the secondary hydroxyl oxygen, we might
enhance the stereocontrol. This is supported by similar work done by Grainger et al.®
where this group showed that the intramolecular addition of a sulfenic acid to
1,4-cyclohexadiene could be controlled by the nature of the protecting group on a
chiral alcohol in the connecting chain (Chapter 1, page 10, Scheme 8). Therefore,
initially the regioselective protection of the primary hydroxyl group in diol 236 as the
silyl ether 239 was carried out (Scheme 131).
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Scheme 131 Reagents and Conditions: (i) 236, dry CH,Cl,, TBSCI, Et;N, DMAP,
r.t., 24 h.

Cyclisation of silyl ether 239 under the standard conditions resulted in a mixture of
two diastereoisomers in major:minor ratio of 4:1. The major isomer 240 was isolated
pure from this reaction but the minor isomer 241 was not. Assignment of the
stereochemistry of both isomers was based on indirect comparison with a related

compound as will be discussed later (Scheme 132).

53 %

Scheme 132 Reagents and Conditions: (i) 239, dry benzene, AIBN, Bu;SnH, reflux
5h.

Protection of the secondary hydroxyl group in compound 239 as the acetate was
attempted next, but this led to loss of the silyl group and the bis-acetate 242 was
isolated in a very low yield (thus it was very difficult to fully characterise this

compound) (Scheme 133).
OH
¢ o “’?\@
Jg 5% Jy
239

Scheme 133 Reagents and Conditions: (i) 239, dry CH,Cl,, Ac,0, EtsN, DMAP, r.t.,
24 h.
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On the other hand, attempted benzylation did not work under a range of different
reaction conditions. Instead, this resulted in the formation of compound 243 in which
the silyl group had migrated from the primary to the secondary alcohol position
(Scheme 134).

OH

< (i) or (ii) or (jii) :
fl i Q [
' Br - Br

239
Scheme 134 Reagents and Conditions: (i) NaH, dry THF, 239, PhCH,Br, r.t., 24 h,
17 %; (i) NaH, dry THF, 0 °C, 239, PhCH,Br, KI (catalytic), r.t., 24 h; (iii) NaH,
dry THF, 239, 0 °C, 30 min, PhCH,Br, BusN'I (catalytic), r.t., 24 h.

Although compound 243 has very similar spectroscopic features to those of the
starting material 239 there were a few differences in the "H NMR spectrum which
helped to identify the structure. First, all the alkene protons in compound 239 were
well separated but in compound 243 three alkene protons were overlapping. Second,
the proton at the stereogenic centre was shifted to a more upfield chemical shift value
in compound 243. Third, the two methyl groups attached to the silicon atom became
well separated in compound 243 while in the starting material they were overlapping.
Therefore, simultaneous protection of both hydroxyl groups was the next choice.
Treatment of diol 236 with tert-butyldimethylsilyl trifluoromethanesulfonate in the
presence of 2,6-lutidine®® afforded disilyl ether 244 (Scheme 135).

oH OTBS
g ) (i) —_— . )
|| 3% | |
-~ Br -~ Br
236 244

Scheme 135 Reagents and Conditions: (i) 236, dry CH,Cl,, TBSOTY, 2,6-lutidine,
r.t., 20 h.

Free radical cyclisation of bis-silyl ether 244 afforded a mixture of two inseparable

diastereoisomers, with very good diastereoselectivity (major:minor ratio of 10:1.0)
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(Scheme 136). The stereochemistry of both the major and the minor isomers was

assigned by comparison with related compounds as will be discussed in section 4.3.

I 2%

Scheme 136 Reagents and Conditions: (i) 244, dry benzene, AIBN, Bu3SnH, reflux
5h.

Finally, tethering the two hydroxyl groups in diol 236 was accomplished by reaction
with 2,2-dimethoxypropane which resulted in the formation of acetonide 247
(Scheme 137).%

o ;e

(i)
94 % &

Scheme 137 Reagents and Conditions: (i) 236, dry Me,CO, Me,C(OMe),,

camphorsulfonic acid, reflux , 48 h.

This compound is of particular interest, as tethering the two alcohols reduces the
flexibility of the compound considerably which could enhance the
diastereoselectivity. Indeed this tethering resulted in a good diastereoselectivity upon
carrying out the free-radical cyclisation reaction (major:minor ratio 6:1) (Scheme
138).
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Scheme 138 Reagents and Conditions: (i) 247, dry benzene, AIBN, Bu;SnH, reflux
5h.

4.3. Assignment of the stereochemistry of the cyclisation products

The stereochemistry of the major isomer 248 was established as shown above based
on nOe experiments. Irradiation of the benzylic proton (H®, 8 = 4.74 ppm.) resulted
in enhancement of the signals corresponding to the aromatic protons (6 = 7.30 - 7.12
ppm.), the alkene proton (H?, 8 = 5.23 ppm.), and one of the two methyl groups (8 =
1.55 ppm.). This is a definite proof of the relative stereochemistry shown in structure
248, since in structure 249, formed by attack on the other double bond, there will not
be any enhancement for the signal corresponding to the alkene proton (H?).
Although, the stereochemistry of the minor isomer cannot be determined from the
crude reaction mixture since it only contains a tiny amount of this isomer, it could be
predicted as shown above. This major isomer 248 was used as a reference to
establish the stereochemistry of the other obtained products in the previous reactions
as indicated before. Hydrolysis of the major isomer 248”® would result in the
formation of the corresponding tricyclic diol. In this case there are two possibilities;
the first is that this resulting tricyclic diol is the major tricyclic diol 237 which was
previously obtained by direct free radical cyclisation of its bromide precursor 236. In
this case this product should have the same spectroscopic data as before. The second
possibility is that this product is the minor tricyclic diol 238. Indeed the second
possibility was borne out by the experimental results which showed that this product
had completely different 'H and >C spectroscopic data from those of tricyclic diol
237. The NMR data for compound 238 formed from compound 247 correspond with
the minor isomer in the crude reaction mixture of the cyclisation of compound 236.
Therefore, the outcome of the hydrolysis of acetonide 248 can be summarised as

shown in Scheme 139.
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Scheme 139 Reagents and Conditions: (i) 248, AcOH/H,0 (1:1), r.t., 24 h.

Protecting the primary alcohol in diol 238 afforded the corresponding tricyclic
monosilyl product 241 (Scheme 140).

0

62 %

Scheme 140 Reagents and Conditions: (i) 238, dry CH,Cl,, TBSCI, Et;sN, DMAP,
r.t., 24 h.

The 'H and >C spectroscopic data of this product were different from those of the
major monosilyl tricyclic product 240 which was previously obtained by direct
free-radical cyclisation of its bromide precursor 239 (Scheme 132, page 99). But,
these data were identical with the minor isomer in the crude reaction of the
cyclisation of compound 239. Therefore, both diastereoisomers of the diol, 237 and

238 can be favoured according to the choice of the protecting group.

4.4. Discussion of the stereochemical outcome of the free radical cyclisation
reactions of 1,4-cyclohexadiene derivatives

The stereochemical outcome of the above reactions for all the radical precursors can
be rationalised by considering the conformations of the radicals which underwent the
5-exo-intramolecular cyclisation step. In case of acetonide 247 the 1,3-dioxane ring
would adopt a chair-like conformation where the aryl ring occupies an equatorial

position. The cyclohexadiene ring with its two double bonds would be occupying
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both axial and equatorial positions at C-5 of the dioxane ring. In this case the radical

formed would be closer to the axial double bond as shown in Figure 7.

Figure 7

This leads to the stereochemistry shown. In this representation, H* and H® are clearly

close together explaining the nOe enhancement.

However, in the case of the free diol 236, monosilyl ether 239 and bis-silyl ether 244
the stereochemical outcome of the two new stereogenic centres is the opposite to that
obtained in the case of acetonide 247. This implies that in the first three cases the
radical had attacked selectively a particular double-bond while in the case of
acetonide 247 the radical had attacked the other double-bond. This can be explained
in terms of the electronic and steric effects since in this case there is no fixed
conformation which could be adopted. As shown in Figure 8 the two hydroxyl
groups would try to be as far as possible to avoid the electronic repulsion. From this

point the radical is closer to the rear double-bond.

@ Ho,
: Br .
71,, a—l N

(] L

:H
236 237

Figure 8

The same argument applies to the cyclisation of compounds 239 and 244.
However the higher level of diastereoselectivity (10:1) observed in the cyclisation of
compound 244 compared to both compounds 236 (3:1) and 239 (4:1) could be

attributed to the combination of steric effects that greatly enhance the conformational

104



bias toward the rear double-bond in case of compound 244. In addition to this some
possible hydrogen bonding in the case of compounds 236 and 239 may over-ride this

preference, giving significant amounts of the diastereomeric product.

To summarise, a flexible and effective approach to desymmetrise the two
diastereotopic double bonds of chiral 1,4-cyclohexadiene derivatives via 5-exo-trig
radical cyclisation has devised. Two new stereogenic centres are created during this
process; one of them is a quaternary stereogenic centre. The key element for the
control of the stereochemical outcome is the type of the protecting group in the

original stereogenic centre.

4.5 Application of radical reactions to lycoposerramine A

As indicated before, the initial inspiration for the chosen methodology was the
isolation in 2001 of lycoposerramine A' 1 which was extracted from the genus
Lycopodium. This plant produced the potential therapeutic agent, huperzine A, for
the treatment of Alzheimer’s disease and many other new alkaloids having biological

71

activities.”" This complex natural product could be prepared via the heavily

functionalised carbobicyclic core 2 which would be a key intermediate.

To demonstrate the synthetic utility of the different approaches described to
desymmetrise 1,4-cyclohexadienes, we planned to use radical cyclisation onto
cyclohexadiene derivatives to induce the required asymmetry. The model studies we
have carried out allowed us to prepare a number of related compounds to structure 2

among them compound 237 which featured the key quaternary stereogenic centre.
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In considering approaches to the key fragment 2 similar compounds to substrate 237
would be suitable for elaboration into compound 2 after some structural
modifications. Therefore we addressed the similarities and the differences between
compound 237 and this key intermediate 2. The major differences include the
following criteria. Firstly, the natural product is not a benzo-fused compound.
Secondly, compound 2 has a ketone and a methyl group on the 6-membered ring. On
the other hand the main similarity between the two compounds is that both of them
have the fused 5 and 6-membered core in addition to the quaternary stereogenic
centre. As the key fragment 2 is synthesised it will need to be elaborated to the 5-6-9

tricyclic carbon skeleton of compound 1.

At that point it was better to start to prepare substrates having the same basic
structure as the key fragment 2 instead of preparing more model substrates.
Therefore lactone 197 was chosen for that purpose. Although reduction of this
lactone using lithium aluminium hydride resulted in a complex mixture and the
desired diol was isolated in poor yield (about 3 %), sodium borohydride reduction’
delivered diol 250 in a better moderate yield (Scheme 141).

197 250
Scheme 141 Reagents and Conditions: (i) 197, EtOH, NaBH,, r.t, 24 h.

Protection of two hydroxyl groups of diol 250 as the TBS ether afforded the bis-silyl
ether 251 in 91 % yield (Scheme 142).
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250 251
Scheme 142 Reagents and Conditions: (i) 250, dry CH,Cl,, TBSOT{, 2,6-lutidine,
r.t., 72 h.

Free-radical cyclisation of bis-silyl ether 251 afforded the desired 5-6-bicyclic core
252 as a mixture of two diastereoisomers in a major:minor ratio of 4.8:1 (Scheme

143).

pTBS
a @) \
OTBS >
46 % H
252

251

Scheme 143 Reagents and Conditions: (i) 251, dry benzene, AIBN, Bu3SnH, reflux
30 h.

Although compound 252 was not fully characterised due to the fact that the reaction
was carried out on a very small scale, the structure was completely established by H,
BC NMR data and comparison with related compounds. With regard to the
stereochemistry of compound 252 the major isomer is most likely to be as shown in
Figure 9 based on structural models as the OTBS group will prefer to be in a
pseudo-equatorial position in the envelop conformation of the new 5-membered ring.
This will lead to attack on the right-hand double-bond, giving the stereochemistry

shown.

252a, Mgjor isomer
Figure 9 The expected stereochemistry of the major isomer 252a
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On the other hand the minor isomer 252b might be possibly formed as a result of
free-radical attack on the left-hand side double-bond. In this case, isomer 252b
would suffer from some unfavourable interactions between the bulky TBS group and
the cyclohexene ring (Figure 10).

. H
\\\\ -
%
H

Figure 10 The expected stereochemistry of the minor isomer 252b

252hH, Minor isomer

In fact, this chemistry was carried out during the final weeks of the project, so we
had no time to pursue the synthesis. However, the introduction of the methyl and the
ketone groups onto the 6-membered ring might be accomplished by using epoxide
chemistry. In principle epoxidation of the remaining double bond of compound 252a
will result in epoxide 253 which may be opened using a base to afford allylic alcohol
254. Oxidation of the allylic hydroxyl group will result in the formation of enone
255. Conjugate addition to enone 255 will provide the bicyclic enolate 256 which
will be protonated to give the ketone 257 (Scheme 144).
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Scheme 144 The possible path way to prepare analogue to the key fragment 2

This target enone 257 has a very similar structure to the key fragment 2.
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Chapter 5

Lewis Acid-promoted Diastereoselective

Prins Reactions of Cyclohexa-1,4-dienes

[Through out this chapter, single enantiomer stereochemistries of the precursors for
the Prins cyclisation reactions are indicated by dashes or wedges to indicate the
stereogenic centre, but all are racemates. When there is more than one stereogenic
centre, the relative stereochemistries proposed are based either on X-ray data, NMR
studies and/or mechanistic speculations: in all such cases, the compounds are also

racemates].
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5.1. Introduction

In general, the reaction of an alkene with an oxonium ion is called the Prins reaction

& .

as shown in Scheme 145.7

!

R

R

Oonium ion Carbeniumion

Scheme 145

These reactive oxonium ions have been generated by a number of different methods.
One of these methods involved ionisation of acetals using Lewis acids as
demonstrated by Rychnovsky and his group. They showed that treatment of allylic
acetal 258 with a strong Lewis acid resulted in the formation of oxonium ion 259

(Scheme 146).”

Cols

®

X HCethia

© ®
CaTing o

X MCeHi3
Oxonium ion
259
Scheme 146 Reagents and conditions: (i) TiCl, 2 equiv., CH,Cl,, -78 °C, 2 h.
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This intermediate ion underwent Prins cyclisation followed by nucleophilic capture
of the resultant tetrahydropyranyl cation to afford tetrahydropyran rings 260a and
260b in high yield and high diastereoselectivity (major:minor ratio 98:2) (Scheme
147).

e)
T'\o &> ©

c Qe
W Prins cycisation _ *'" 0 o HCefhs
- o

a
259
Aqueous work up
H‘O n\“n'c:6|—'13 . H\O we-Cghyz
a e
260a 260b
Major isomer Minor isomer
98 2
Scheme 147

Based on this result and the availability of diol 236 (which was a precursor for the
free-radical cyclisation reactions described in Chapter 4) we decided to investigate
the possibility of using the same concept to desymmetrise the two diastereotopic
double bonds of cyclohexadiene derivatives. Previously we have desymmetrised the
two diastereotopic double bonds of cyclohexadiene derivatives via nucleophilic
addition reactions as shown in Chapter 2 and through free-radical reactions as
explained in Chapter 4. In this case the desymmetrisation process will proceed via
diastereoselective electrophilic attack on one of the two diastereotopic double bonds
by the oxonium ion which will be generated under the reaction conditions. Initially,
the diol 236 would be transformed to acetal 261 and then treated with a Lewis acid.

This should result in the formation of oxonium ion 262 (Scheme 148).
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Scheme 148

This intermediate is a chiral species; therefore it could be able to differentiate
between the two diastereotopic double bonds and control the diastereoselectivity of
the subsequent Prins cyclisation step. There is also the issue of regioselectivity. The
oxonium ion could, in principle, attack either end of the double bond. However,
formation of tetrahydropyran derivatives 265 should be favoured over
tetrahydrofuran 266 according to Baldwin’s rules since 6-endo-trig cyclisation is
favoured over a 5-endo-trig cyclisation. However, the outcome of this reaction can
not be definitely predicted since it is known that Baldwin’s rules generally describe
the kinetic favourability and there are some cases where the 5-endo-trig cyclisation
proceeds smoothly especially when a reaction involves cations or it is

thermodynamically very favourable (Scheme 149).”
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Scheme 150 Reagents and conditions: (i) 10 mol % SnCly, 1:1 CH,Cl,/MeNO,, -50
°C,1.5h.

As shown in the previous scheme, the driving force for the pinacol rearrangement is

the a-oxygen atom.

Additionally, several authors have reported the oxonia-Cope rearrangement as a

competitive process in the Prins cyclisations which resulted in the formation of
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unexpected products. For example, Willis and co-workers’’ demonstrated that the
reaction between an oxocarbenium ion, generated in situ from the reaction of
homoallylic alcohol having a side chain with an electron-rich aromatic ring, would
favour oxonia-Cope rearrangement through stabilisation of the positive charge.
Therefore the cyclisation of the electron-rich anisaldehyde-derived homoallylic
alcohol 271 with propanal using BF;OEt; (2 equiv.) in the presence of AcOH (5
equiv.) and TMSOAc (4 equiv.) in cyclohexane at room temperature resulted in
formation of the expected Prins trisubstituted tetrahydropyran 272 as a single
diastereoisomer in only 15 % yield. Surprisingly, three other products were isolated
including the homoallylic acetate 273, the parent aldehyde 274 and finally the
unexpected symmetrical 2,4,6-trisubstituted tetrahydropyran 275 in comparatively
higher yield as shown in Scheme 151.

Boae 0
X + BCHO
2
CHO
213.21% 274, 18 % 275,21 %

Scheme 151 Reagents and conditions: (i) BF3.Et;0, AcOH, TMSOAc, C¢Hj, 1.t., 2
h.

Formation of the symmetrical tetrahydropyran 275 was very surprising for the
authors since this was the first example of Prins-type cyclisation involving a
homoallylic alcohol and an aldehyde having different side chains to give rise to a
symmetrical product. They proposed a mechanism involving oxonia-Cope
rearrangement to account for the formation of compounds 274 and 275. However, for
the formation of homoallylic acetate 273, a stabilised carbocation intermediate 276

was implicated as shown in Scheme 152.
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Scheme 152

Finally, in accord with investigating the Prins cyclisation reaction of

cyclohexadiene-derived acetals, the nature of the substituents R!, R%, and R® in
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oxonium ion 262 may affect the diastereoselectivity and the outcome of the
cyclisation step; however, a simple substrate is needed to examine the key bond
forming reactions. Therefore the diol 236 was protected as an acetaldehyde acetal

281 which was formed as a single diastereoisomer (Scheme 153).

OH OH Br (::Hs
‘ O N %
236 281

Scheme 153 Reagents and conditions: (i) MeCHO, CH)Cl,, pyridinium
p-toluenesulfonate, r.t., 72 h.

Prins cyclisation was initially investigated using two equivalents of TiCls as Lewis
acid at -78 °C for 4 hours. This resulted in the formation of three compounds in
major:minor:minor ratio of 5.5:1.0:1.0. Purification of the crude reaction mixture
was very difficult since TLC showed many spots having very close Ry values but at
the end two pure compounds were isolated, but neither of which was the major
compound in the crude reaction mixture. The first fraction being eluted from the
column was initially identified as an alcohol. This assignment was based on the
presence of two diastereotopic protons at & = 3.60 and 3.22 ppm which corresponded
to a CH; group adjacent to an oxygen atom. Also the two remaining alkene protons
were quite obvious. These observations were confirmed by counting the number of
the CH and CH, groups in the >’C NMR spectrum. As illustrated in Scheme 149,
direct Prins cyclisation can lead to the formation of tetrahydropyran or
tetrahydrofuran derivatives depending on which end of each double bond will be
attacked by the intermediate oxonium ion. Therefore there were two proposed

structures for this compound, either tetrahydropyran 282 or tetrahydrofuran 283
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This compound was identified as the one of the minor compounds in the 'H NMR
spectrum of the crude reaction mixture and its spectroscopic data including 'H NMR,
BC NMR, 'H - 'H and H - BC correlation spectra were more consistent with
structure 282. This is mainly because the diagnostic peak at 8 = 4.68 ppm which is
identified as the proton attached to the carbon bearing the chlorine atom did not give
a cross peak to the allylic methylene protons in the 'H - '"H COSY experiment, which
would not be expected if it has structure 283. Also structure 282 is supported by the
crystal structure determination of a related compound as will be discussed later.
From the mechanistic point of view compound 282 is formed through the favoured
6-endo-trig attack at the further end of the double bond (at C-3) followed by capture
of the nucleophilic chloride ion at the secondary carbocation centre formed at the
other end of the double bond (C-2) as shown in Scheme 154.

RO L :

Ar N\ _CHs
e o c.:%«i S
281 284 285
A=2 H, ChlraiImnu'mon
Ar Ar A
S © o
0 Qo a,Tc Qos «— 9 am Q ety
-
@ H  HoO @ H H
282 287 286
Tetrahydropyranyl
Secondary carbocation

Scheme 154
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The NOESY experiments revealed the following correlations which identified the

relative stereochemistry of the newly formed tetrahydropyran ring as shown below.

HP, 5=4.81, showed a cross peak to H° & HI

HP, 5 =6.01, showed a cross peak to H?, H° & H?

H° & H, 5=2.47 - 2.30, showed a cross peak to H°, H° &
CH,

He, 5=212- 206, showed a cross peak to H°, H°, H, H!
&CH;,

H, 5 =4.68, showed a coss peak to He, HB & H!

HP, 5=5.16 , showed a cross peak to H & H"

H", 5=4.68, showed across peakto H?, H, H? & CH,
H' &=3.89, showed a cross peak to H/

Hi, =3.31, showed a cross peak to H'! & HP

CH, 8=1.22, showed a cross peak to H", H°, H & HP

The second compound to be eluted from the column was also one of the minor
products in the crude reaction mixture. In this case this compound was initially
identified as an aldehyde due to the presence of an aldehyde proton at & = 8.79 ppm
in the '"H NMR spectrum and an aldehydic CH group at = 192.2 ppm in the Bc
NMR spectrum. The structure was eventually assigned as compound 288 based on
the following observations in the 'H and >C NMR spectra. Only one alkene CH was
present in the "H NMR spectrum. This has a high chemical shift value indicating
B-conjugated CH. This is supported by the presence of three quaternary carbons in
the >C NMR spectrum (in the region between 142 — 120 ppm.). Two of them
correspond to the two quaternary aromatic carbons and the third one corresponds to
the quaternary alkene carbon. The presence of four CH carbons; two of these are
joined to oxygen in tetrahydrofuran ring. The remaining two upfield CH groups (at &
= 39.8 and 39.5 ppm) correspond to the two ring junction CH carbons. Finally, there
were two aliphatic CH, carbons. This confirmed the structure as a rearrangement

product which does not have a chlorine atom.
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The formation of this compound can be rationalised as below (Scheme 155). The

driving force for this rearrangement is to form the more stabilised allylic carbocation

289.
Hy
T\
g><o TG, C'“ CH,
Ef Ef”‘ ~
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Q,Ti Ar 4 o Ar A
reamangement S]
e I —— O Cl,Ti 0o CH;
H
CH; CH;
290
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: . Tetrahydropyranyl
) allylic carbocation .
a, secondary carbocation

. H
H H A HE Ar Ar
-Ha keto-enal
o - > e)
a o tautomerism
CH, CH; CH,
o > 292 288, 56 %

Scheme 155
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Finally, the structure of this compound and the relative stereochemistry were
confirmed by a combination of 'H, *C NMR, HRMS, 'H — 'H COSY, NOESY, and

'H — 3C correlation spectra to be as shown below.

'H - 'H COSY experiment showed the following correlations

HP, 5 =6.75, showed a cross peak to HP, HE & HP

HP, 5 =2.45, showed a cross peak to H?, H°, HY & H°

H®, §=2.24 - 2.13, showed a cross peak to H?, HP, HY & H°
H? & HP, 5= 1.80 - 1.63, showed a cross peak to H°, H® & Hf
H, 5=2.32- 224, showed a cross peakto H8, Hi , H* & H®
He, 5 =3.60 - 3.53, showed a cross peak to H", H & HP
H", 5 =5.54, showed a cross peak to H?

H', 8 =4.07, showed a cross peak to H & CH;

CH,, 5= 1.31, showed a cross peakto H'

NOESY experiment showed the following correlations

H?, 5=6.75, showed a cross peakto Hl | HP & HE

HP, 5 =245, showed a cross peakto H?, H°, H* & HE

HF, §=224 - 2.13, showed a cross peak to H?, HP, HI & He
H' & H°, 5= 1.80 - 1.63, showed a cross peak to HP, H, Hf,
two of aromaticHat 5=7.11-7.04 & CH,

H, 5=2.32-2 12, showed across peakto He, Hi , HI & He
He, 5 =3.60 - 3.53, showed a cross peakto H", Hf & H'
H", & = 5.54, showed a cross peak to HP & H'

H', §=4.07, showed a cross peakto H, H", H8 & CH;

Hi, =879, showed a cross peak to H?2

CH;, 3= 1.31, showed a cross peaktoH', H* & H°

Thus the outcome of the first Prins reaction of acetaldehyde acetal 281 can be

summarised as in Scheme 156.
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Scheme 156 Reagents and conditions: (i) TiCly, CH,Cl,, -78 °C, 4 h.

Since the major product was not isolated in the initial experiment the reaction was
repeated under the same conditions but only for two hours and the same result was
obtained. The 'H NMR spectrum of the crude reaction mixture showed the presence
of the same major and two minor products as in the previous experiment. In the
initial experiments the products were purified by chromatography on silica gel with
considerable loss of material. To avoid this loss, crystallisation was tried but
unfortunately it did not work. However, the obtained spectroscopic data of this crude
reaction mixture was sufficiently clear, and by combination with the results obtained
from another experiment as will be discussed later, this compound was fully
identified. The crude 'H and '>*C NMR spectra revealed the following features. The
absence of any aldehyde proton in the "H NMR spectrum which could correspond to
the major isomer. This was supported by the absence of an aldehyde CH group in the
3C NMR spectrum. The presence of two diastereotopic protons corresponding to the
CH; group adjacent to an oxygen atom as indicated from the 13C NMR spectrum (8 =
64.7 ppm). Therefore this product appears to be an alcohol. Also the obtained data
indicated the presence of only one alkene CH which was attributed to the fact that the
other alkene carbon is a quaternary centre; i.e. it is the point where the alcohol side
chain is attached. This assumption was supported by the presence of five aliphatic
CH carbons in the >*C NMR spectrum, three of these are joined to electronegative
elements (O and Cl atoms), and the remaining two CH carbons are consistent with
ring junction CH groups as in compound 288. Moreover, the fact that the benzylic
CH proton is a doublet rather than just a singlet confirms the structure as a
rearranged product lacking the quaternary stereogenic centre. All these data support
alcohol 291 as the proposed structure for the major product produce during the
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reaction. Alcohol 291 seemed to be formed through the kinetically favoured
6-endo-trig cyclisation followed by rearrangement. This compound then can undergo

elimination/tautomerisation to give aldehyde 288 as shown above in Scheme 155
(page 121).

The 'H - 'H COSY experiment confirmed the structure of alcohol 291 as indicated
by the following correlations, particularly the cross peak between H® and H® and the
cross peak between H® (the benzylic proton) and H' (the adjacent ring junction
proton).

Additionally the 'H - '"H COSY spectrum showed the following correlations

H?, 8 = 5.84, showed a cross peak to H° & H

HP, = 4.72 - 4.64, showed a cross peak to HP, HE& H?

H & H4, 5 =215 - 2.20, showed a cross peak to H° & He

He, 5 =2.70-2.61, showed a coss peak to H°, H?, Hf & H"

H®, 8 = 5.41, showed a cross peak to H

H", 5 =4.10, showed a cross peak to He & CH;

H', & =348, showed a cross peak to H/

H! & H, 5=3.35-3.28, showed a cross peakto H', Hf, HP & HP
291 CH;, 3 = 1.30, showed a cross peak to H"

NOESY experiment showed the following correlations

He, 5= 5.84, showed a cross peak to H°

HP, 5=4.72 - 4.64, showed a cross peak to H?, H*& H?

He & H?, 5 =2.15 - 2.20, showed a cross peak to H°, HP & CH;
H?, §=2.70- 2.61, showed a cross peak to H", Hf, H* & H°

H?,  =5.41, showed a cross peak to H & H°

H", 5 =4.10, showed a cross peak to H?, H, H° & CH;,

H', 5 = 3.48, showed a cross peak to HJ

H) & H, 5=335- 328, showed a cross peakto H2, H' H' & H°
201 CH,, 3 =1.30, showed a cross peak to H", H° & H°
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Thus the outcome of the kinetic Prins cyclisation of acetaldehyde acetal 281 can be

summarised as shown in Scheme 157.

288 56 % 291, 55 %
(estimated from NIMR spectrum of
crude reaction mixture)

Scheme 157 Reagents and conditions: (i) TiCls, CH,Cl,, -78 °C, 4 h.

As can be observed from Scheme 157 all the products obtained from the Prins
cyclisation of acetaldehyde acetal 281 under the above conditions have a cis
relationship between the original stereogenic centre (indicated with asterisk) and all
the newly formed stereogenic centres. Additionally, all of these products resulted via
the electrophilic attack of the oxonium ion on the right-hand side double-bond. These
observations can be rationalised as follows: As the oxonium ion formed there are two
factors would control the subsequent cyclisation step. The first is the geometry of the
double bond bearing the oxocarbenium ion. The second is the choice of which
double bond would be attacked under the influence of the existing stereogenic centre.
Base on these factors there are four possible transition state models (conformers 293,
294, 295, and 296) as shown in Scheme 158.
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Ar: H A H
| Ig hl%|
CH; CH,
Conformer 293 Conformer 294
trans-oxoniumion trans-cxonium ion
would attack right would attack left
hand side double bond hand side double bond
FAVOURED DISFAVOURED
OH
A H A H
Py Haé\'r%l
H H
Conformer 295 Conformer 296
cis-oxonium ion gis-oxonium ion
would attack right would attack left
hand sidedouble bond hand side double bond
DISFAVOURED VERY DISFAVOURED

Scheme 158

The transition state models presented in Scheme 158 suggested that conformer 293
would be favoured over all the other models. Conformer 293 would suffer from the
least destabilising interaction since in this case the A'~”—strain is between two
hydrogen atoms, whereas in conformer 294 this destabilising interaction is between
the aryl side chain and the hydrogen atom. Also conformer 295 would suffer from
this destabilising interaction between the methyl group and the hydrogen atom.
Finally, conformer 296 would suffer from the highest destabilising interaction since
it is between two bulky substituents (the aryl group and the methyl group). Therefore
it can be strongly assumed that the cyclisation step took place through conformer 293
to afford tetrahydropyranyl cation 286 which could capture a chloride ion to afford
compound 282 with the observed stereochemistry. Alternatively, this
tetrahydropyranyl cation could undergo rearrangement without inversion of the
stereochemistry to provide the more stabilised allylic carbocation 290 that in turn
would abstract a chloride ion to afford compound 291 having the same relative
stereochemistry as compound 282. Finally, compound 291 which seemed to be very
unstable might be transformed to aldehyde 288 with the same relative
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stereochemistry through elimination of HCI followed by keto-enol tautomerism. All

of these processes can be summarised in Scheme 159.

Hac Ho
H“g>‘\“g X TiC,
H, TCl, H,
”)Eﬁ "
281 284
Ar=2-BrCgH,

Scheme 159

S
® oTiCl
H3C>£ Are A H
H OT'G“EIOQKH
CH,
285 293

- -

Chiral aoniumion

Prins cydlisation
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The Prins reaction of acetaldehyde acetal 281 was repeated by stirring this compound
with two equivalents of TiCly at -78 °C for one hour then at room temperature for 23
h. This resulted in a cleaner reaction. Because the purification process of the
cyclohexadiene products was generally not an easy task and led to low yields, it was
better to analyse the spectroscopic data of the crude reaction mixture which was
cleaner than those obtained in the previous experiments before attempting the
purification. The 'H NMR spectrum of the crude reaction mixture showed the
presence of two aldehydes, as indicated by the presence of two aldehyde protons of
major:minor ratio 5.2: 1.0. This was accompanied by the absence of any
diastereotopic CH, protons attached to an oxygen atom (i.e. no alcohol group).
Additionally there was only one alkene proton for each compound; the major peak
gave more hyperfine splittings whereas the minor peak was a simple doublet. The
major compound showed similar, but not identical, features to compound 288, and so

appeared to be a stereoisomer.

Purification by flash chromatography afforded two products. The first one was
identified as the minor in the crude reaction mixture which was previously assumed
to be an aldehyde. The 'H and '>*C NMR spectra of this fraction established that it is
really an aldehyde as indicated by the following characteristic features. The presence
of an aldehyde proton at & = 9.38 ppm and an aldehyde CH group at & = 191.2 ppm.
The alkene proton is a simple doublet at & = 6.74 ppm indicating that there is only
one adjacent proton to it. This is supported by the presence of three quaternary
carbons in the >C NMR spectrum which are corresponding to the two quaternary
aromatic carbons and the quaternary alkene carbon. The presence of five aliphatic
CH groups; two of these attached to the oxygen atom of the tetrahydrofuran ring, two
ring junction CH groups and the remaining one corresponds to a CH carbon attached
to a chlorine atom as indicated by the high chemical shift value in the '"H NMR
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spectrum. Based on these facts the proposed structure for this aldehyde is as shown

Q)
o YO
CHs
o
297

below in structure 297.

This structure was confirmed by the data obtained from the 'H — 'H COSY

experiment as shown in the following diagram.

'H - '"H COSY experiment showed the following correlations

HP, 3 =6.74, showed a cross peak to H°

HP, 5 =4.97 - 492, showed a aross peak to HP, HC& HP
HE & HP, 5 =220 - 2.14, showed a cross peak to H° & H°
He, 3 =2.59, showed a cross pesk to H°, H°, H & H"
H, 5=3.23, showed a cross peakto HP & H°

HP, 5 =5.04, showed a cross peak to H

H", 5 =4.72, showed a cross peak to H? & CH;

CHy, 8 =1.27, showed a cross peak to H?

The relative stereochemistry of this product was identified as shown below based on
the correlations obtained from the NOESY experiments. Unfortunately the
stereochemistry at H° could not be determined.

NOESY data for compound 297

HP, 5 =6.74, showed a cross peak to HP & H!

HP, & = 4.97 - 4.92, showed a cross pesk to HP, HC& H°

H° & H, § =2.20- 2 14, showed a cross peak to H>, H°, H8 & CH;
I-P},ﬁ=259,slnnedamped<tol—Fal—Forbdhdmem H
&

H, 5= 3.23, showed a cross peak to H", H® & aromatic Hat
8=7.50 ppm

H8, 5=5.04 , showed a cross peak to He or HY

H", 8 =4.72, showed a cross peak to He, H, & CH;

297 H', &=9.38, showed a cross peak to H?

CHg, & = 1.27, showed a cross peak to H"

Aromatic H, 5 =7.50, showed a cross peak to H
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The second fraction eluted from the column was the major product in the crude
reaction mixture and as indicated before it is an aldehyde without a chlorine atom,
having very similar but different spectroscopic features to compound 288.

'H - 'H COSY NMR spectroscopy showed the following correlations; confirming the

connectivity. Therefore this compound is a stereoisomer of compound 288.

HP, 5=6.81, showed a cross peak to H° & H°

HP, 5 =258, showed a cross peak to H?, H°, HI & H®

H°, 8 =2.35-2.22, showed a cross peak to H?, HP, HO & HP
H!, 5= 1.80, showed a cross peak to H, H*, HE & Hf

He, 5 = 1.65, showed a cross peak to HP, HE, HI & Hf

H, 5=2.12, showed a cross peakto H8, H' , H* & H¢

HP, 5=3.16, showed a goss peak to H' & H

H", 5 = 5.07, showed a cross peak to HP

H', §=4.63, showed a cross peak to H & CH;,

298 CH;,, 5= 1.25, showed a cross peaktoH'

Then the relative stereochemistry in this product was identified as shown below
based on the correlations obtained from the NOESY experiments

HP, 5 =6.81, showed a cross peakto H°, HC & H!

HP, 5 =2.58, showed a cross peak to HP, H°, HE & HP

H°, §=2.35-2.22, showed a cross peak to HP, HP, H, HY &
He

HY, = 1.80, showed a cross peak to HP, HE, Hf, He & CH,
He, 5= 1.65, showed a aoss peak to H", H°, H¢, H, I &
CH,

H, 5=2.12, showed a cross peak to H, H9, H®, H* & CH;
HP, & = 3.16, showed a aross peak to aromatic Hat 5 =
750, H" H & Hf

H", =5.07, showed a cross peak to HP & H®

H', 5 =4.63, showed a cross peak to aromatic Hat 8 =
7.50, H8, H & CH;

Hi, 5 =9.29, showed a cross peak to H?

CH,, 8= 1.25, showed a cross peakto H', H, H! & ¢

It is clear that compound 298 and compound 288 are epimers (they have different
stereochemistry at the original stereogenic centre but have the same stereochemistry
at the other three stereogenic centres). Also for compound 297 it has the same basic
structure as compound 291 except for the alcohol group in compound 291 is replaced
by an aldehyde group in compound 297. Therefore with regard to the construction of
the basic structure of both compounds 297 and 298, it can be rationalised by the

same mechanistic interpretation used for compounds 291 and 282. However, with
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regard to the stereochemistry issue, as indicated before the acceptable transition state
model is conformer 293, but this model resulted in the stereochemistry observed in
compounds 291 and 288 which is opposite to both compounds 297 and 298 at the
original stereogenic centre. Therefore initially it can be assumed that both
compounds 297 and 298 were formed via conformer 293 that led to compound 291
followed by ring opening then recyclisation on the other double bond to give rise to
the observed stereochemistry in compounds 297 and 298. However, this pathway
requires breaking of strong C-C bonds which is not reasonable under the reaction
conditions. Alternatively, it can be proposed that both compounds 297 and 298 might
be derived from compounds 291 and 288 respectively by epimerisation of the
relatively acidic proton at the original stereogenic centre. This assumption is backed
up by the fact that the epimerisation took place at the benzylic position to form a
stabilised carbenium ion rather than at the position adjacent to the methyl group as

shown in Scheme 160.
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Scheme 160
Finally the outcome of the Lewis-acid catalysed Prins cyclisation of the acetaldehyde

acetal 281 under the thermodynamic conditions can be summarised by the following
Scheme 161.
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281 297,25 % 298, 25 %
Scheme 161 Reagents and conditions: (i) TiCls, CH,Cl,, -78 °C, 1 h., r.t. 23 h.

To prove that compound 291 is the kinetic product of this reaction, the acetaldehyde
acetal 281 was allowed to react with TiCls at -78 °C for only ten minutes then the
reaction mixture was worked up in a similar manner as before. This resulted in the
formation of alcohol 291 essentially. The spectroscopic data obtained from this
experiment was clear enough to identify compound 291 as shown above. This result
is very important since it indicates that while alcohol 291 was being formed initially,
it would likely be rearranged to the different obtained products.

So, the first Prins reaction of a cyclohexadiene derivative 281 was successful and it
led to the formation of a range of different products (five products were identified;
compounds 282, 288, 291, 297, and 298) depending on the reaction conditions. All
of the isolated products were tetrahydrofuran derivatives, except for compound 282
which is a tetrahydropyran derivative. Mechanistically, it can be assumed that all of
these products were derived from a tetrahydropyranyl cation 286 that formed as a
result of the favoured 6-endo-trig cyclisation on the right-hand side double-bond
followed by a subsequent rearrangement except for compound 282 which was
formed as a result of a subsequent nucleophilic capture of a chloride ion. In all of
these products at least three new contiguous stereogenic centres were formed (in case
of compound 282, four new stereogenic centres were produced) with high level of
stereocontrol under the influence of one stereochemical directing group. Two out of
four of the isolated products particularly compound 282 and compound 288 which
were formed under the kinetic conditions have all cis relationships at the newly
formed rings. The other two compounds which were formed under the
thermodynamic conditions have a trans relationship between all the newly formed

stereogenic centres and the original stereogenic centre (the original stereogenic
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centre is indicated with asterisks in the structures shown below in Scheme 162. This

may imply that the substituents could affect the outcome of the reaction.

L) 288 5.6 % 291, 55 %, First kinetic product
282, 34% A (estimated from the NMR spectrum of the
crude reaction mixdure)
Kinetic conditions
CHy
o O . Br
. H
281

Thermodynamic end product
Scheme 162

As indicated above, the relative stereochemistry of the original stereogenic centre

and that of the newly formed ones could be varied. Therefore different substituents
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will be needed to evaluate the scope and limitations of the Prins cyclisation reaction
of cyclohexadiene derivatives. Thus the next suggestion was to increase the size of
the alkyl group at the acetal centre. Therefore the diol 236 was protected as

isovaleraldehyde acetal 302 which was formed a single diastereoisomer as shown in

Scheme 163.
)] Br

. O o
‘ 47 % i "u@
302

236

OH OH Br

Scheme 163 Reagents and conditions: (i) (CH3);CHCH,CHO, CH,Cl,, pyridinium

p-toluenesulfonate, r.t., 4 days.

Treating of isobutyl acetal 302 with titanium tetrachloride under the thermodynamic
conditions resulted in formation of two aldehydes; the major:minor ratio is
approximately 1.4:1.0 as evident from the '"H NMR spectrum of the crude reaction
mixture. Purification by flash chromatography led to the isolation of these two
products. The minor aldehyde 303 was the first to be eluted and it was identified as
shown below. The assignment of this structure was based partly on the spectroscopic
evidence and partly on the spectroscopic similarities with aldehyde 297. Therefore
the formation of compound 303 can be rationalised by the same the mechanistic

interpretation used for compound 297.
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The key point in assigning this stereochemistry was the absence of any NOESY
correlations between HE and H° or H". However, the stereochemistry at H ® could not
be determined.

Then the major aldehyde was eluted and identified as shown in structure 304.
Similarly this structure was established by comparison of the spectroscopic data of
the isolated fractions with those of aldehyde 298.

With respect to the observed stereochemistry of both compounds 303 and 304, it fits
with the results obtained in case of acetaldehyde acetal 281. Therefore this
stereochemistry is most likely to be due to epimerisation at the original stereogenic
centre as explained before in Scheme 160.

While the product selection for this reaction was not great since the ratio of the two
formed aldehydes in the crude reaction mixture was very close (1.4:1.0). On the
other hand, the stereoselectivity was very good; only one isomer of each product was
formed. Also in terms of the double bond selection both products seemed to be
formed via electrophilic attack by the intermediate oxonium ion on the right-hand
side double-bond as explained before in Schemes 158, 159, and 160.

Therefore the outcome of the titanium-mediated cyclisation reaction of isobutyl
acetal 302 under the thermodynamic conditions can be summarised as shown in
Scheme 164.
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302

Scheme 164 Reagents and conditions: (i) TiCly, CH,Cl,, -78 °C, 1 h,, r.t., 14 h.

As can be seen from Scheme 161 and Scheme 164 the end products in the two
attempted Prins cyclisation reactions under thermodynamic conditions have the same
basic structure and the same stereochemistry. Also in both of these previous cases the
substituent at the permanent homoallylic stereogenic centre was a 2-bromophenyl
group while at the acetal centre which is destroyed during the course of the reaction
the substituents were different alkyl groups (methyl and isobutyl). Therefore to test
how general is the outcome of this type of reactions, first an aryl group is needed at
the acetal centre. Also the situation when the permanent homoallylic stereogenic
centre will have an alkyl group and the acetal centre will have different alkyl and aryl
groups needs to be investigated. Thus, firstly treating a solution of diol 236 in DMF
with benzaldehyde and sulphuric acid delivered the requisite cyclisation precursor

305 as a single diastereoisomer (Scheme 165).

OH OH Br Ph
@ o o0 Br
0 e 0
236 305

Scheme 165 Reagents and conditions: (i) PhACHO, H,SO4, DMF, r.t. 6 days

Subjecting benzaldehyde acetal 305 to the standard thermodynamic conditions
resulted in the formation of aromatic decomposition products. On the other hand,
treating the same substrate with titanium tetrachloride at -78 °C for only two hours

resulted in the formation of a mixture of three compounds (major, minor and very
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minor) in 5.2:2.8:1.0. Purification of the crude reaction mixture by flash
chromatography resulted in the isolation of these compounds. The first compound to
be eluted from the column was identified as the minor in the crude reaction mixture.
Initially, the 'H NMR spectrum of this compound revealed the following
information. There were two alkene protons. There was no aldehyde proton but two
diastereotopic CH, protons were evident. Therefore this compound is an
unrearrranged alcohol. Also the >C NMR spectrum revealed the presence of three
aliphatic CH groups attached to heteroatoms (O, Cl). Based on these observations
and the data obtained previously, this compound is the result of the favoured
6-endo-trig cyclisation followed by nucleophilic capture of a chloride ion. Therefore

the assumed structure is as shown below.

306

The 'H NMR spectrum of this compound showed that H" and Hf were overlapped
and they gave one broad resonance peak although both of them couple to the same
ring junction proton H® as appeared from the 'H — '"H COSY experiment so it was
expected they would each give a doublet peak.

To clarify this observation by proving that these two overlapped protons were indeed
H" and H, the 'H — *C correlation experiment was run and it showed that the peak at
& = 4.92 ppm in the "H NMR spectrum which corresponds to the two overlapped
protons also correspond to two downfield CH groups at 8 = 80.9 ppm and 62.7 ppm
in the *C NMR spectrum. These high chemical shift values indicated that these two
carbons correspond to carbons attached to hetero atoms. Therefore it proved that the
previous assignment was correct.

Moreover, the data obtained from the NOESY experiment were slightly ambiguous
due to the overlap between these two protons (H" and HY) and the proximity of H*
which made it was difficult to prove the stereochemistry. But fortunately this
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This compound is presumably formed as a result of the kinetically disfavoured
5-endo-trig cyclisation through the initial nucleophilic attack of the right-hand side
double-bond onto the oxonium ion to produce the S-membered ring followed by
capture of a chloride ion at the other end of the double bond as shown in Scheme
149, page 114. This may explain why that compound was formed as the very minor
product in this reaction. With regard to the stereochemistry of this product it fits with
the transition state model proposed before.

The last compound to be eluted from the column was identified as the major product
in the crude reaction mixture. Apparently this compound is the most stable product.
This compound has only one alkene CH group; therefore it is a rearrangement
product. The structure of this compound was established based on the data obtained
from 'H, *C NMR spectra and 'H - '"H COSY experiments. Again although definite
assignment for the stereochemistry was impossible due to the closeness in the
chemical shift values of H® and H® and the overlap between H® and H, the relative

stereochemistry in this compound is most likely to be as shown below.

This result is consistent with the data obtained with acetaldehyde acetal 281.

Interestingly, this compound has the same basic structure and the same
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stereochemistry as compound 291 (the major product in the reaction of acetaldehyde
acetal 281 under the same conditions) which was not isolated from the reaction. It
seemed that replacing the methyl group in the acetal stereogenic centre by a phenyl
group enhanced the stability of the product under the kinetic conditions.

Finally, the attempted Prins cyclisation of benzaldehyde acetal 305 and the obtained

yields can be summarised as shown in Scheme 166.

Scheme 166 Reagents and conditions: (i) TiCly, CH,Cl,, -78 °C, 2 h.

The next objective was examining the diastereoselective Prins cyclisation of acetal
substrates derived from a cyclohexadiene having an alkyl group at the permanent
homoallylic stereogenic centre on the acetal ring and different alkyl and aryl
substituents at the acetal stereogenic centre. Thus treatment of the lithium enolate

derived from ester 175 with acetyl chloride afforded ketoester 309 in 65 % yield.

coMe : O
@ _ MeO;
175 309

Scheme 167 Reagents and conditions: (i) i-Pr,NH, n-BuLi, THF, -78 °C, 30 min,
175, 30 min., CH3COCIl, 1 h, thenr.t., 18 h.
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Reduction of ketoester 309 with LiAlH,4 afforded diol 310 in 81 % yield (Scheme

168).

o OH
@

81%

309 310
Scheme 168 Reagents and Conditions: (i) LiAlH4, THF, r.t., 18 h., 15 % NaOH,
H,O, r.t.,2 h.

Protection of diol 310 as the acetaldehyde acetal 311 afforded the substrate for the
titanium tetrachloride-promoted Prins cyclisation in 54 % yield as a mixture of two

diastereoisomers (Scheme 169).

CH;
OH OH
CH; ® OAO
54 % CHs
310 311

Scheme 169 Reagents and conditions: (i) MeCHO, CH)Cl,, pyridinium
p-toluenesulfonate, r.t., 6 days.

Treating acetaldehyde acetal 311 with titanium tetrachloride under the
thermodynamic conditions resulted in a clean reaction. The 'H NMR spectrum of the
crude reaction mixture revealed the presence of two aldehydes in a major:minor ratio
of 3.0:1. Attempting to separate these two aldehydes by flash chromatography did
not work. However, it was obvious that they have the same basic structure since they
have the same spectroscopic features as revealed from the 'H and *C NMR spectra
of the purified mixture. Therefore it was assumed that they are stereoisomers.
Initially, the *C NMR spectrum of the purified mixture revealed the following
information. There was one aldehyde CH group and one alkene CH group for each
isomer. There was a deshielded quaternary carbon for each isomer which

corresponds to the a-alkene carbon. There were four aliphatic CH groups for each
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isomer; two of them are at higher chemical shift values corresponding to the two CH
groups attached to the oxygen atom of the tetrahydrofuran ring. The remaining two
correspond to the ring junction CH groups. There were two CH, groups for each
isomer. All of these data imply that these two aldehydes lack the chlorine atom.
Finally, assigning the structure was accomplished by comparing the data of this
mixture with those of the previous reactions and was confirmed by the other

spectroscopic data including 'H - 'H COSY experiments as shown in Scheme 170.

o ° 0
CHa 37 %
311 312
3.0:1.0 Mixture of two inseparable
aldehydes

Scheme 170 Reagents and conditions: (i) TiCly, CH,Cl,, -78 °C, 1 h., r.t., 23 h.

The major isomer showed the following cross peaks in the NOESY experiment, run

on the mixture of the two isomers.

HP, 5 =6.95, showed a cross peak to H° & HA

HP, 5=1.97 - 1.84, showed a cross peak to H?, H, H", &
H!

H", 6 =3.18, showed a cross peak toH', H) & HP

H', =4.34, showed a cross peak to H' & CH;

HJ, 8 =3.97, showed a cross peak to H9, H" & CHy

CHjz, 8 =1.18, showed a cross peak toH !

312a CHs, 5=0.87, showed a cross peak toH'

We have previously seen that the presence of an NOE between H" and H' does not
prove that these hydrogen atoms are on the same side of the ring. From the results of
the previous two reactions carried out under similar conditions (Scheme 161 and
Scheme 164) the major isomer had the stereochemistry of the newly formed three
stereogenic centres opposite to that of the original homoallylic stereogenic centre.

We believe that this results from an epimerisation after the Prins reaction as already
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discussed. Since only the benzylic CH is epimerised, it is reasonable to assume that
the corresponding stereogenic centre in compound 312a above is as shown, with no
epimerisation. We have additional evidence which supports this assignment as
described below.

The stereochemistry of the minor isomer 312b cannot be deduced from the NOESY
spectrum of the mixture. In order to propose a structure for this compound, we need
to discuss the results of the Prins reaction of compound 311 under kinetic conditions.
When compound 311 was reacted under the kinetic conditions, three products were
evident in the "H NMR spectrum of the crude reaction mixture. Only one of these
products was an aldehyde, and this was found to be identical to aldehyde 312a
formed under the thermodynamic conditions. There was none of the minor aldehyde
312b formed under the kinetic conditions, so it seems unlikely that compound 312b
is formed by attack on the other double bond (since we would expect the formation
and initial reaction of the oxonium to be complete within an hour, and the kinetic and
thermodynamic conditions are identical up to this point). The other products are as
shown in Scheme 171, although the chloroalcohol, with presumed stereochemistry as

shown (314) was not isolated (as before).

311

+

L 313,32% |

314,155 %
(estimated from NMR spectrum of
crude reaction mixture)

Scheme 171 Reagents and conditions: (i) TiCly, CH,Cl,, -78 °C, 2 h.
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The ratio of compounds 314:313:312a from the '"H NMR spectrum of the crude
reaction mixture was 4.4:2.8:1.0. The assignment of the stereochemistry of aldehyde
312a has been described above. The fact that this is the only isomer formed under the
kinetic conditions supports this assignment. The tetrahydropyran 313 was assigned
based on NOESY data as shown below.

NOESY experiment showed the following correlations

HP, 5 =5.02, showed a cross peakto H°, HI &CH, at 5=
1.08

HP, 5 = 5.92, showed a cross peak to He, H* & H

H°, §=233 and H¥, & =2.28- 2.20, showed a cross peak
to A HP & H°

He, 5=2.00 - 1.95, showed a aross peak to H*, H, H, H°
— &|_p

H, 5=4.92, showed a cross peak to H® & HJ

HB, 5 =3.72 and H", 8 = 3.70, showed a cross peak to to
H, H°, 2xCH, ‘
Hf,8=3.91,srmedaa'0$ped(toHl .

HJ, 8=3.57, showed a cross peakto H?, H' & CH; at 5 =
1.09

CH,, 8 =1.17, showed a cross peak to H" '
CH;, 5 =1.09, showed a cross peak to H?, H# & H!

All of the compounds identified under kinetic and thermodynamic conditions arose
from attack at the same double-bond. This is consistent with the mechanistic model
described above (page 126). It seems likely that the minor aldehyde 312b from the
thermodynamic reaction conditions is formed by epimerisation of the major aldehyde
312a, so that this compound is likely to have one of the three structures shown in
Figure 12. We do not have data which will allow us to distinguish between these

possibilities.

Figure 12. Possible stereochemical structures for aldehyde 312b

145



These two reactions are therefore highly stereoselective with respect to the

double-bond attacked, and can be summarised as shown in Scheme 172.

HC H
O .t
H,, S H +
CH;
312a, Major isomer 312b, Minor isomer
30 : 1.0

Mixture of inseparable aldehydes, 37 %

@®

314, 11.5%
(estimated from the NIMR spectrum of
the crude reaction mixture)

313,32% 312a, 135%

Scheme 172 Reagents and conditions: (i) TiCly, CH,Clp, -78 °C, 1 h,, r.t., 23 h,; (ii)
TiCly, CH,Cl,, -78 °C, 2 h.

The next substrate to be examined was isobutyl acetal 315 which was prepared as a

mixture of two diastereoisomers by reaétion of diol 310 with 3-methylbutyraldehyde

aé shown in Scheme 173.
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0 o

74% "'a_la

310 315
Scheme 173 Reagents and conditions: (i) (CH3);CHCH,CHO, CHCl,, pyridinium

p-toluenesulfonate, r.t., 9 days.

Subjecting isobutyl acetal 315 to the standard thermodynamic cyclisation conditions
again resulted in a mixture of two inseparable aldehydes having the same
spectroscopic features (stereoisomers) in a major: minor ratio of 2.6:1.0. The
structure of these aldehydes was established from their spectroscopic data including
'H and ®C NMR, 'H - 'H COSY and NOESY experiments as shown in Scheme
174.

Tl

oo .
“'CH 3 46 %
315 316a 316b
Inseparable mixture
Major isomer Minor isomer
26 : 1.0

Scheme 174 Reagents and conditions: (i) TiCls, CH,Cl,, -78 °C, 1 h., r.t., 23 h.

Assignment of the stereochemistry of the major isomer was difficult. In the NOESY
data, a cross peak was observed between H' and H, although as we have seen, this is
not an indication of stereochemistry. As the spectra of compound 316 were very
similar to those of the previous compound 312, we propose that they have identical

stereochemistry. As above (Figure 12), we have three stereochemical possibilities

147



for the structure of compound 316b. These could not be distinguished with the
available data, and are not shown.

The reaction of compound 315 under the kinetic conditions gave essentially the same
result as that obtained with compound 311. This result therefore reinforces the

conclusions drawn above. The results of this reaction are shown in Scheme 175.

- 317,18 % —

318,65 %
(estimated from NIMR spectrum of
crude reaction mixture)

Scheme 175 Reagents and conditions: (i) TiCly, CH,Cl,, -78 °C, 2 h.

The ratio of compounds 316a:317:318 from the '"H NMR spectrum of the crude
reaction mixture was 1.0:2.1:4.2. Only compounds 316a and 317 were isolated in
pure form, and were characterised by a range of techniques, including NOESY

NMR. The data support the stereochemical assignments shown.

The last substrate to be examined to evaluate the effect of the substituents on the
outcome of the Prins cyclisation of cyclohexadiene derivatives was compound 319.
This compound was prepared by reaction of diol 310 with benzaldehyde as a single

diastereoisomer (Scheme 176).
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G-b L ‘s,
S G
310

319
Scheme 176 Reagents and conditions: (i) Ph\CHO, H,SO4, DMF, r.t. 7 days.

Subsequent treatment of benzaldehyde acetal 319 with titanium tetrachloride under
the standard thermodynamic conditions resulted in the formation of aromatic
decomposition products. Therefore the reaction was repeated under milder conditions
by stirring the reaction mixture at -78 °C for two hours. In this case the reaction
resulted in the formation of mainly two compounds in a major:minor ratio of 3.4:1.0.
The major compound in the crude reaction mixture was identified as an unrearranged
alcohol as indicated by the presence of two alkene protons and two diastereotopic
protons having chemical shift value consistent with protons next to an oxygen atom.
The minor compound was identified as an aldehyde which does not have a chlorine
atom as evident by the presence of an aldehyde proton and two CH, groups
respectively. These two compounds were separated by flash column
chromatography. The aldehyde was eluted first and its structure was established by
analysis of the spectroscopic data of the isolated fractions including 'H, *C NMR,
'H — 'H COSY, and NOESY experiments. These data were very similar to the data
obtained under the same reaction conditions using different substrates which

confirmed the structure as shown below.

Then the major compound was eluted from the column and its structure including the
stereochemistry was established from the spectroscopic data of the isolated fractions
including 'H, BCNMR, 'H-'H COSY, and NOESY experiments as shown below.
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