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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-l,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-l,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 l . 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.

Me Me

NMe

1 2

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, 3 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.

3

O  chiral

54

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

2



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 5 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.

6

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

3



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).

6 7 8

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 c/s-diastereoisomer 7.

6 7 9

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. 4 

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 1 1  shown below to 

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

4



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 removed5 to generate the enantiomerically- 

enriched products. A further disadvantage of chiral auxiliaries is that a stoichiometric 

amount of the chiral group is required.

5
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13

©

Ph

(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 iodocyclisation6 or 

chiral selenium electrophiles7 in that particular case. This is shown in the general 

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

Nu

1410

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.

6



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 R1 and R2 in directing 

the epoxidation to the top or the bottom face of each double bond as shown in 

Scheme 6.

R] r2

17

A E

18 19

H
:co
H

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
1 1R 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.

7



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 2 2  or through conjugate addition reactions using 

oxygen or nitrogen nucleophiles or through radical cyclisation processes.

R
X 

22

1.4.1.1.1. Cycloaddition reactions
o

Grainger and co-workers demonstrated that the ratio of diastereoselectivity in 

cw-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

8



intramolecular cycloaddition to provide a mixture of two perhydrobenzothiophene 

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

Hx ^ t :

23

HO

24

(i), 41 %

©
9  H

©

25

HO Me

26 27

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).

9



49%  V®

23 28

30

4.9

TBDMsd^8

29
25

59%

+

TBDMSO ^

31

1

Scheme 8 Reagents and conditions: (i) TBDMSC1, imidazole, DMF; (ii) Xylene, 

reflux.

The obtained selectivity was attributed to a thermodynamic rather than kinetic 

preference, since resubjecting single isomers of isolated products to the same
Q

reaction conditions gave identical mixtures of diastereoisomers.

I.4.I.I.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.9

10



OH
TV^CObMe

32 Stenine

33

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.

Scheme 9 Reagents and conditions: (i) PhI(OAc)2 , NaHCOs, 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,

substituent. Moreover, face-to-face interaction of the trans- carbamate and enone 

7t-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).

OH
NHCbz (j)

34 32,70%

especially A1,3-strain between the carbamate oxygen and the methyl ester (E)

11



A1,3-strain j
j E=<3C^Me

t

OH HO
MeQ>

O

32 37

Scheme 10 Reagents and conditions: (i) PhI(OAc)2 , NaHC0 3 , MeOH, 2 1 - 4 0  °C.

cyclohexadienone derivatives with high diastereomeric excess. Their approach was 

based on desilylation of amino cyclohexadienone 38 using caesium fluoride in 

A^A-dimethylformamide at 90 °C. The deprotection was accompanied by formation 

of tricyclic perhydropyrrolo[l ,2-a] indole 39 as a sole stereoisomer in 77 % yield as 

shown in Scheme 11.

Hart and his group10 showed that nucleophilic amines can be used to desymmetrise



SES
/

38

SES = SQzOfeObSiMes 

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).11

88%

40 41

85

42

15
SES = SC^OfeCl-kSMes

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. 12

43: X =K  Ac, Bz, /-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).

O

Me
CO

OH

44 47

1

48

1

OH OH

46 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.

O

(i)

49 52

4.6

53

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 51

fsMDLTBd disfeMOUred

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).

COFfMbOl

54
R= D-suftam

11Then Curran succeeded to improve the selectivity by using a simpler substrate 55. 

Cyclisation of iodide 55 with tributyltin hydride afforded an inseparable mixture of 

2-exo and 2-endo products 58 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 ( 6 6  % 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).

55

56

Me

57

Q&>Me 

H

2-exo
58

2 CQ>Me

Scheme 15 Reagents and conditions: (i) BU3S11H, AIBN, 80 °C; or BU3S11H, 

Et3B, -78 °C.

Renaud and co-workers 14 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, tributyltin 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



Me*

60 exo-61, 74 % > 98 % ds

Scheme 16 Reagents and conditions: (i) B113S11H, Et3B/0 2 , -78 °C.

Lee and co-workers15 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 C6-C7 double bonds during the 

cyclisation reaction by forming the C2-C3 bond to effect the desired seven-membered 

ring closure.

1617

Guanacastepene A (62) 63

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 C17 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).

HO

63 64,70%

Scheme 17 Reagents and conditions: (i) SmL, r-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. 16 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).

M ed COFf Med^(i)

H COF? H COFf

54 exo products 
76.0/12.0

R = O siJtam

MeO^ M ed.

and

Scheme 18 Reagents and conditions: (i) BU3S11H, AIBN, 80°C.

Then Curran succeeded to improve the selectivity by using a simpler substrate 55 as 

discussed above (page 16).



56

The second example was demonstrated by Node and co-workers, who reported the 

total asymmetric synthesis of (-)-galanthamine 6 9 ,17 an alkaloid that showed 

potential for treatment of Alzheimer’s disease. 18 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.

Bn

H COCF

(-)-Galanthamine
70

69

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).
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Bn

COCROBn HO

70 71,95%

Scheme 19 Reagents and conditions: (i) BCI3, CH2CI2, -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.

72

/ ^ O

73: R=H 

74: R=Me

Palladium(0)-catalysed cleavage of the Af-(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 

Aralkyl 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 *H NMR spectroscopy) (Scheme 20).
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Ph

+

Ph

72 75 76

1.4 1

Scheme 20 Reagents and conditions: (i) Pd(PPh3)4 , PI13P, 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 X R

Chiral reagent  > f i l l  <=

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. 20 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.

QH pH SiMefeOH
HO,, J k ^ O H  A ^N H CO ^B

78 79 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 - 8 8  %. 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).

OH
OH

H
81

80%yiekJ
71%ee
>96% d.e.

Scheme 21 Reagents and conditions: (i) K2OSO4 , 2 H2O, K3Fe(CN)6, MeS0 2 NH2, 

(DHQ)2PYR, /-BuOH/H20  1:1, 0 °C.

This moderate enantioselectivity was not surprising for the group because they 

considered the observations made by Sharpless and co-workers21 which indicated
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that Z-olefins and cyclic olefins usually give poor results using commercially 

available AD-mix ((DHQ)2PHAL).

The same group also desymmetrised l-silylcyclohexa-2,5-diene derivatives using an 

aminohydroxylation reaction. 22 In this case there is a regiochemical issue, since 

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

Enantiotopic group dffenentiation 
Ragioselectivity

SMefeOH (QN)
1 n 2y

(O.N)
83

d T b

C: chiral ligand

Dfastsreoffacial clfferentiation

,,OBO (̂NDgL*n

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).

MHCQ>B

OH

83 80
75 %yield 
68% ee
> 98 % regioslectivity 
>98% d.e.

Scheme 23 Reagents and conditions: (i) K2OSO4 , 2H20 , (DHQ)2PYR, H2NC02Et, 

NaOH, t-BuOCl, /-PrOH/H2Q, 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 group23 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.

84

Generally in kinetic resolution processes, 24 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 8 6 a as the major enantiomer and monoepoxide 

8 6 b 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).

noV
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84

Desynnrretrisation 
1.5 h

86a85

Cfic

Major, 87 %  ee 79 % IVfnor

CAc

Kinetic resolution, extra 2.5 hours

84

87

Major, 53 %, ee 95 % Bisepaxicle 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 8 8 , Pd(OAc)2  and optically 

active bidentate ligands in the presence of Ag2CC>3 and l-methyl-2 -pyrrolidinone 

(NMP) as solvent. This resulted in desymmetrisation of cyclohexadiene 8 8  and 

formation of cw-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(0 Ac)2, (/?)-BINAP, NMP, Ag2C0 3 , 60 

°C, 3 h.

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 8 6  % ee) and (78 % yield and 95 % ee) respectively26 (Scheme 26).

90a R= OCfeMe, conditions a 91a, 70 % 86 % ee

90b R= OfeORv, oondtkxis b 91b, 78 %, 95 % ee

Scheme 26 Reagents and conditions: (a) Pd(OAc)2 , (i?)-BINAP, K2CO3 , KOAc, 

CH2CI2 , 60 °C, 41 h; (b) Pd(OAc)2, (i?)-BINAP, K2CO3, pinacol, CH2C12, 60 °C, 47 

h.

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

antitumour agent (+)-vemolepin 92 and determined its absolute stereochemistry.



A zirconium mediated enantiotopic group-selective synthesis of hydrindane 97 was 

demonstrated by Mori and co-workers. 27 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
(i)

H OH

93 97, 35%  85%  ee

Scheme 27 Reagents and conditions: (i) (S)-(EBTHI)Zr(BINOL), BuMgCl, THF, 

reflux 4 h.; (ii) O2

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 p-hydride elimination 

to give 96 which upon treating with oxygen afforded the isolated diol 97 (Scheme 

28).

Scheme 28 Possible reaction course

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

intramolecular enantioselective cyclopropanation. Using substrate 98 and the
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asymmetric catalyst prepared in situ by (CuOTf)2-C6H6 and bisoxazoline ligand 99, 

the tricycle 1 0 0  was isolated in good yield and high enantioselectivity as shown in 

Scheme 29.

SQ>Ph

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 1 0 1  and 1 0 2  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.

Ph.Ph
Cp-Ti

Ph

101 102
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For example chiral Ti-TADDOLate 101 attacked the a-naphthylaldehyde 103 

selectively from the S7-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==a-naptthyl
101 103

96%  >99% ee

Scheme 30 Reagents and conditions: (i) 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 blocks30 and utilised as the diene component in intramolecular Diels-Alder 

reactions.293

105
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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].
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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.

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 acid31 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

86%

106

Scheme 31 Reagents and conditions: (i) Li, NH3 (i), -30 °C, then CH3I

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.

31



Me. OH

25%

109108

Scheme 32 Reagents and conditions: (i) ClCC^Et, Et3N, THF, - 10 °C, NaBFL*, 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 benzoate33 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).

110 109

Scheme 33 Reagents and conditions: (i) Li, NH3 (i), THF, ^-butanol, -30 °C, then 

CH3I; (ii) NaBHL*, EtOH, r.t., 96 h.

The second method tried was the esterification of acid 108 by a tetrahedral ( A a c 2 )  

mechanism to afford ester 1 1 0  followed by lithium aluminium hydride reduction.34 

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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OOOH (j) Me COOMe (ij) ^

92% ^  82 %
The overall yield is 75 %

108 110 108

Scheme 34 Reagents and conditions', (i) MeOH, conc. H2SO4, reflux , 6  h; (ii) 

UAIH4 , THF, r.t., 7 h, 15 % aqueous NaOH, H2O, 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).

O O
Me.

52%
111

Me. OH

109

Scheme 35 Reagents and conditions: (i) Ethyl malonyl chloride, Et3N, DMAP, 

CH2CI2 , r.t., 24 h.

Finally, oxidation of the doubly allylic methylene group of 111 using pyridinium 

dichromate and tert-butyl hydrogen peroxide in benzene11 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
0 0  Me

u 27%
O

111 112

Scheme 36 Reagents and conditions: (i) Benzene, celite, 10 °C, 5 - 6  M solution of 

r-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.35 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
,H
COOEt

Me

O O OH 
114,14 %112 113,35%

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.

OH
114

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

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

Me
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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 13C NMR and - *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 Hd) 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

l-P, 8 = 6.63, shewed a cross peak to hP & l-P
l-P,8 = 6.05, shewed a cross peakto HP
l-F, 8 = 2.37, shewed a cross peak to l-F & l-P
l-F & HP, 5 = Z80 - 273, shewed a cross peak to HP, l-f & HP
hf, 5 = 3.32, shewed a cross peak to l-P
H1 & h|j, 8 = 4.23-4.15, shewed a cross peaktoMeP
Mê , 8= 1.24 shewed a cross peaktol-P&Hj

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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o
113

The key features of this reaction are:

• Formation of a single stereoisomer

• Formation of three stereogenic centres

• 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 11511 was prepared in a similar 

manner to the previous case and elaborated to the mixed malonate ester 118 as 

shown in Scheme 39.

r *  o)

( j j  91%

" A  
118

Scheme 39 Reagents and conditions: (i) Li, NH3 (i), -30 °C, then CsHsBr; (ii) MeOH, 

conc. H2SO4 , reflux 24 h; (iii) LiAlH4 ,THF, r.t., 7 h, 15 % aqueous NaOH, H2O, r.t., 

48 h; (iv) Ethyl malonyl chloride, Et3N, DMAP, CH2CI2 , 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).

CQ>H (ii)
86%

115 116

(iii)
83%

O O

94% A ' "

117
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51 %

O
118

O

OB

Scheme 40 Reagents and conditions: (i) Benzene, celite, 10 °C, 5-6 M solution of 

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

With compound 119 in hand, cyclisation was accomplished exactly as before, giving 

compound 1 2 0  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

OB CQ>B +

O OH

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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OB

O OH

112, R = Me 
119, R=Allyl

113, R = Me 
120, R=Allyl

114, R= Me 
121, R=Ally1

Scheme 42 Reagents and conditions: (i) KOf-Bu, THF, r.t., 24 - 28 h.

Table 1

Substrate R Conditions Yield (compound number) / %

1 1 2 c h 3 NaOEt, EtOH 35 (113), 14(114)

1 1 2 c h 3 KOt-Bu, THF 92 (113), 0(114)

119 allyl NaOEt, EtOH 31 (120), 27 (121)

119 allyl KO/-Bu, THF 38 (120), 8  (121)

a 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).

O

113, R = Me 
120, R=Allyl

Single stereoisomer
3 New stereogenic centres
One highly crowded quaternary stereogenic centre
No chiral influence
Racemic mixture

Figure 2

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.

©
©

® Ph

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).

©
O O

vo 
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.

Ph

O
122

a
©

Ph

O
123
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Jk/CCfeH

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 HC1. The resulting precipitate was 

filtered and recrystallised from water to afford 125 in 67 % yield.

fi + aa-feccfeH  ► n
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-chloroperbenzoic37 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.

40



Route 1
O

I I

S > s 'a

Ph'

PhT®Y'
H

CO^H

©a

o
I I

P h - © V ° ^ H
Sulfonium ylid

SQ>
Jr

©
S L . C Q, H

©a

PhvJx
©a

a
127

c q ?h

o0 o
Route 2 

O
OHq ^

Route 1

O
I I

a

124

Pummerer rearrangement product 

Scheme 45
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To avoid the possibility of the proposed rearrangement, the acid 125 was firstly 

converted into the acid chloride 12838 by refluxing with excess thionyl chloride at 70 

°C for two hours.

125

99%

128

Scheme 46 Reagents and conditions', (i) SOCI2 , 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.

109 128 129

Scheme 47 Reagents and conditions', (i) Et3N, DMAP, CH2CI2 , r.t., 72 h.

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 CH2 next to the oxygen and the CH2 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 c r JJ\ ^ SPh Ph

U 46%

O
129 130

Scheme 48 Reagents and conditions: (i) 5-6 M solution of /-BuOOH in decane, 

PDC, benzene, celite, 0 °C, 2 h., then r.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.

Me,

O

113

H ©

Ph

O

131

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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sulfone requires relatively forcing conditions. There was no sign in the previous 

oxidation step of over-oxidation to the sulfone. It seems likely that some oxidation of 

the minor and the major isomers or possibly only one of them, is occurring upon 

carrying out the reaction or during the work up.

<X5>

I C<4)
,C<15)C(S)

C(«) SM>
C(9)

I CM)
,0(3)

C<7)

.0(2)

132

Figure 3 Structure of compound 132 from X-ray data.

The third compound to elute from the column was the minor isomer followed by the 

major isomer. The NMR spectrum of the minor showed that one of the CH2 protons 

next to carbonyl group in the cyclohexenone ring has a strange chemical shift value 

of 0.93 ppm which may be caused by the proximity of this proton to the phenyl 

group which made it subjected to an anisotropic effect and shifted it significantly 

upfield.

At the beginning it was difficult to form good crystals of the remaining two isomers 

for X-ray analysis. However, after the reaction was repeated many times, eventually 

the minor compound crystallised and its structure and stereochemistry were proven 

by X-ray analysis as shown in Figure 4. One of the hydrogen atoms on C(9) is close 

to the aromatic ring.

44



0(1) so)
C(6) C<5J C(4)

0 (2)

C(1)
C(7)0(3)

lC(8)C(15)J
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lC(10)

rC(11)

133

Figure 4 Structure of compound 133 from X-ray data.

Unfortunately the major isomer did not crystallise readily. Eventually after different 

solvent systems were used some crystals did form but their X-ray data showed that 

these crystals are of a decomposition aromatic product 134 as shown in Figure 5.

134

Figure 5 Structure of compound 134 from X-ray data

It had already been observed that the major compound undergoes a colour change 

from colourless to yellow upon standing, which may be an indication that this 

compound is unstable. The proposed mechanism for the formation of this 

decomposition product is shown in Scheme 49.
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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°, Hd, Hf and H8 

and Hh it was not easy because there were only three peaks which could account for 

these five protons; one of these peaks at 8  = 2.90 - 2.84 ppm, integrates to three 

overlapping protons. Therefore assignments were made by the use of a 

COSY experiment as summarised in the following diagram.

e  l-R

135

hf, 8 = 6.54, shewed cress peak to hP & hf
hP, 8 = 6.03, shewed cross peak to hf
hP, 8 = 3.86, shewed cross peak to hf (one of the protons at
8 = 2.90-284)
hP, 8 = 247, shewed cross peak to hf & hf (two of the protons at 
8 = 290-284)
hP, hf & hf 8 = 2.90 - 284, shewed cross peak to hP, hf & hP 
hf, 8 = 3.75, shewed cross peak to hf (one of the protons at 
8 = 290-284)
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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

c A - j ^ P h

( 0

Me/,

133, Mnor isomer

or

,Me

Scheme 50 Reagents and Conditions: (i) THF, KO/-Bu, 0 °C, 5.5 h, then r.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
20oxidation 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).

Me
133, Mnor isomer

61 %

O

0)___

95%
135, Megor isomer

(4)132

Scheme 51 Reagents and Conditions: (i) 49.5 % KHSO5 in H2O, 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

0 o
130

Cyclisation

v

Ph
O

Ph

O

135 Major isomer, 7.7% 133, Mnor isomer, 4.2%

In adcfition to 13.6 % purified mixture of 135 and 133

Me

Ph
OH

132 Sulfone, 2% 114, Arorrtic by-product, 3.2 %

Scheme 52 Reagents and Conditions: (i) KO/-Bu, THF, 0 °C, 5.5 h., then r.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 Rf 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-l,4-dienes 

under the influence of chiral sulfoxide is, the previous reactions were repeated using 

alcohol 117 to form ester 138 (Scheme 53).

^ > O O H  O SPh

O  + 46%

138117 128

Scheme 53 Reagents and Conditions: (i) Et3N, DMAP, CH2CI2 , 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++0. 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 CH2 groups

50



were singlets, but shifted to a higher chemical shift), and the aromatic protons were 

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

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, then r.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 55), 

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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141, Major isomer, 15.5% 142, IVSnor isomer, 15.2%

In addition to 9.6% purified mixture of 141 and 142

Ph

O OH

143, Sulfone, 4.0% 121, Aromatic by-product

9.6%

S c h e m e  5 5  Reagents and Conditions: (i) KO/-Bu, T H F ,  0  °C, 3.5 h, then r.t., 1 4  h.

Ph

141

Figure 6  Structure of compound 141 from X-ray data
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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.

O O

N ^ o e  H

O

144

Different methods were examined and finally the following approach was adopted to 

prepare the desired precursors. Acid 108 was converted into the acid chloride 14531 

which in turned was converted into amide 146 by reaction with liquid ammonia 

(Scheme §6 ).
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Me. OH Me.

90%

146

Me.

146108

Scheme 56 Reagents and Conditions: (i) SOCI2 , reflux, 2 h., 70 °C; (ii) NH3 0), 

CH2CI2, -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).

82%

146 147

Scheme 57 Reagents and Conditions: (i) UAIH4 , THF, r.t., 2 h., reflux, 24 h., r.t., 15 

% aqueous NaOH, H2O, r.t., 72 h.

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

(Scheme 58).

O OMe^
M-h OB

Me.

54%

148147

Scheme 58 Reagents and Conditions: (i) Ethyl malonyl chloride, Et3N, DMAP 

CH2CI2 , r.t., 6 6  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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(i)
M e
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148 148

Scheme 59 Reagents and Conditions: (i) 5-6 M solution of /-BuOOH in decane, 

PDC, benzene, celite, r.t., 24 h.

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 CH3 groups with different intensities indicating that one of them 

may correspond to more than one CH3 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 l-methyl-cyclohexa-2,5-dienecarboxylic acid 108 as an 

undesirable product as shown in Scheme 60 .40

Scheme 60 Reagents and Conditions: (i) 90 % /-BuOOH, PDC, dry benzene, celite, 

10 °C, 30 min, and then r.t., 4 h.

Assignment of the structure of this peroxide was mainly based on lH and 13C NMR 

data. The 13C NMR spectrum of the purified fractions revealed the following

O

108 149
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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 RuCl2(PPh3)3 .41

Me

0 )

148

85%
OH 

114

Scheme 61 Reagents and Conditions: (i) 114, EtOAc, RuCl2(PPh3)3 , 3.3 M solution 

of /-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.41 Presumably 149 is formed via oxidative 

fragmentation of compound 150 as proposed in Scheme 62.

U H

o o
CB

Me.

hT

" ■ > 0 , A A  *  ^

148 150

Me.

O

Me

0 ) A  . . R  x v . O B
- • T r 'o o

OH

148 114 151

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 A-phenyl analogue of 148 was prepared as follows. The acid 

chloride 145 was reacted with aniline to form secondary amide 152

O
Me

O "
Me.

57%

152

NHPh

145

Scheme 63 Reagents and Conditions: (i) PhNFk, CH2CI2, 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 UAIH4 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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Me. NhPh

152
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81 %

Me. MHPh

153

Corrplex mixture
(iii) Me

(ii)
95%

0  

154

Scheme 64 Reagents and Conditions: (i) LiAlFLt, THF, r.t., 5 days, 15 % aqueous 

NaOH, H2O, r.t., 3h; (ii) Ethyl malonyl chloride, EtaN, DMAP,CH2Cl2, 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.3 8 ,42 As an 

alternative, selenium dioxide in dioxane at 80 °C43 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.428 It worked very well giving compound 155 as essentially 

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

Mev „OCfeMe ^
CCfeMe

57%
O

110 155

Scheme 65 Reagents and Conditions: (i) PDC, 4A-molecular sieves, EtOH-free 

CHCI3 , 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 5 %). 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).

Ph

Me.rAA
Ph

Me.
06

O O

M
Ph

0 6

156,3 % 167,7%

Scheme 66 Reagents and Conditions: (i) PDC, 4A-Molecular sieves, EtOH-free 

CHCl3, 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.

+ c ^ S R , Ph
50% " 0 1

163 128 168

Scheme 67 Reagents and Conditions: (i) Et3N, DMAP, CH2CI2 , r.t., 72 h.

Oxidation of substrate 158 using standard conditions afforded compound 159 in 

23 % yield. Using milder conditions34 PDC in CH2CI2, 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 6 8  Reagents and Conditions: (i) PDC, 70% aqueous solution of /-BuOOH, 

CH2Cl2, -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 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 8  = 1 . 0 0  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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161, MEfor isomer 162, Mnor isomer

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

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 

=  1 0 .0 )  at 8  = 6 .7 1  ppm which corresponds to Ha on the structure below. Another one 

is doubled-doublet (J=  1 0 .0  and 1 .6 )  at 8  =  6 .3 2  ppm which corresponds to Hb on the 

structure below. The third one is a broad singlet at 8  =  6 .1 7  ppm. Examination of this 

peak shows what appears to be a poorly resolved triplet with a small coupling 

constant. This seems more consistent with Hc on structure 163 than with the 

equivalent hydrogen on structure 164. The small coupling on Hb is presumably due 

to coupling to Hc. The additional coupling on Hc is due to coupling to one of the Hd 

hydrogen atoms. It is reasonable that Hc might only couple to one of these hydrogen 

atoms due to the difference in dihedral angle. In structure 164, Hb would presumably 

appear as a doubled triplet if any long-range coupling (triplet) was observed, 

although Hc 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

Me.

Ph Ph

Me. Me.

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-l,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).

130

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
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diastereoselectivity.44 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 

f-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 

/-butoxide ( 1 0  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).

©
O O

c A -J ^ P h  ®
61%

130 114

Scheme 72 Reagents and Conditions: (i) 130, ZnBr2, THF, r.t., 1 h, KO/-Bu, 18 h.

Also, the use of isopropylmagnesium chloride as the base, which can deprotonate 

and chelate at the same time45, 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.33 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 f-butanol present in the reaction medium (Scheme 73).
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CCfeMe

165,14% 166,6%

Scheme 73 Reagents and Conditions: (i) Ntfyi), Potassium, THF, /-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).

OOfeMe Qp

47%

165

Scheme 74 Reagents and Conditions: (i) Ntfyi), Potassium, THF, methanol, then

1,2-dibromoethane, -33 °C, 1 h, r.t., 18 h.

In order to reverse the polarity of the C-Br bond, compound 165 was treated with 

zinc metal to form an organometallic intermediate46 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).

MeQ><

165

Ph

167

Scheme 75 Reagents and Conditions: (i) Zn, 1,2-dibromoethane, TMSC1, 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,47 but this resulted in the formation 

of compound 169 instead of the desired product 168 (Scheme 76).
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169 166 168

Scheme 76 Reagents and Conditions: (i) PhSOCHh, «-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.
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Ph-S-ChfeMe
©

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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171 170

Scheme 78 Reagents and Conditions: (i) NH3(i), potassium, THF, MeOH, then

1,2-dibromoethane, -33 °C.

Therefore, acid 171 was prepared48 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).

CQ>H
(i)

CQ>H

94%

00
11 %

171 169

Scheme 79 Reagents and Conditions: (i) NH3(i), 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 LiAltL*, 

compounds 172 and 173 were formed (Scheme 80). This is not entirely surprising.

■ T ?

165 172,7%  173,13%

Scheme 80 Reagents and Conditions: (i) UAIH4, THF, r.t., 1.5 h., NaOH 15 %, H2O, 

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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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 compound49 could be readily prepared from 

compound 171 as shown in Scheme 81.

CCfeH CQ>Me

85%

171 175

Scheme 81 Reagents and Conditions: (i) MeOH, H2SO4, r.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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110,79%

Br 176,70%

(Hi)
LEA, THF 
then o

177, 36%

Scheme 82 Reagents and Conditions: (i) i-P^NH, «-BuLi, THF, -78 °C, 30 min, 

175, 30 min., Mel, 1 h, then r.t., 18 h; (ii) z-P^NH, w-BuLi, THF, -78 °C, 30 min, 

175, 30 min., 2-bromobenzyl bromide, 1 h, then r.t., 24 h; (iii) z-P^NH, «-BuLi, 

THF, -78 °C, 30 min, 175, 30 min., methyl vinyl ketone, 1 h, then r.t., 18 h; (iv) 

z-P^NH, «-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 179.50 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).
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38%
O

179

175 180

Scheme 83 Reagents and Conditions: (i) 1-Hexene, dry CH2CI2 , m-CPBA, 0 °C, 30 

min, then r.t., 18 h; (ii) i-P^NH, «-BuLi, THF, -78 °C, 30 min, 175, 30 min., epoxide 

179, 1 h, then r.t., 18 h.

The former explanation seems more likely, since subsequent work has shown that the 

commercially available epoxide reacts well with the anion. 51

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-P^NH, «-BuLi, THF, -78 °C, 30 min, 

175, 30 min., chloroacetone, 1 h, then r.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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MeQ><

54%

181177

Scheme 85 Reagents and Conditions', (i) 5 - 6  M /-BuOOH in decane, PDC, dry 

benzene, celite, 0 °C, 10 min., then r.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.

©
O O

© Ph

O
182

Vinyl ketone 18452 was prepared from vinyl alcohol 18353as shown in Scheme 8 6 .

Ĉl-h (0 (li) Y  SPh
90% o n  50% °

183 184

Scheme 8 6  Reagents and Conditions: (i) «-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 185, albeit in poor yield (Scheme 87).
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175 185

Scheme 87 Reagents and Conditions: (i) LDA, THF, 175, -78 °C, 30 min, 184, 1 h, 

NH4CI.

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 8 8 ).

(i)
©
o

© Ph

O
185

( 0

96%

CQ>Me

182

Scheme 8 8  Reagents and Conditions: (i) 5 - 6  M /-BuOOH in decane, PDC, dry 

benzene, celite, 0 °C, 30 min., then r.t., 15 h.

Given this result, compound 187 was the next logical choice with one carbon less 

than compound 182.
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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.

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

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

R

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

O
178 188

189

(Scheme 90).54
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85% 96%

190 191175

Scheme 90 Reagents and Conditions: (i) i-P^NH, «-BuLi, THF, -78 °C, 30 min, 

175, 30 min., /-butyl 2 -bromo acetate, 1 h, then r.t., 18 h; (ii) TFA, dry CH2CI2, r.t., 

48 h.

From this point, acid chloride 192 was needed.

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).

90%

193

OH

191

Scheme 91 Reagents and Conditions: (i) SOCI2 , 18 h, 80 °C.

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

shown in Scheme 92.
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191 192
H

193

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).

MeCy OH

100%

191 192

Scheme 93 Reagents and Conditions: (i) SOCI2, toluene, DMF, 40 °C, 2 h, 60 °C, l 

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,53® followed by addition of the acid chloride 192. However, this 

resulted in formation of decomposition products (Scheme 94).
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(i)
---------► Decxrnposition products

192

Scheme 94 Reagents and Conditions: (i) DABCO, thioanisole, THF, 0 °C, 30 min, 

w-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 thiophenol55 to give compound 196, which only requires oxidation to 

provide the target compound 187.

194
CQ>Me MeQ><

SPhO OH

175 195

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).

a

48%

175 197

Scheme 96 Reagents and Conditions: (i) z'-Pr2NH, «-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).

MeO 197175

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 19856 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.

Me0 !2(> < V ^ ' s ' Ph

o °  §
o
187

194

0)

82%
o

196

CCfeMe

175

70%

SPh

199

Scheme 98 Reagents and Conditions: (i) Solid NaOH, thiophenol, r.t., 24 h; (ii) 

/-P^NH, w-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

84%

(0 SPh 00

52%

SPh

199 200 201

Scheme 99 Reagents and Conditions: (i) LiAlHU, dry THF, r.t., 18 h., 15 % NaOH, 

H20 ; (ii) TBDMSC1, Et3N, DMAP, dry CH2C12, r.t., 6 6  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, 56 but this 

gave unknown decomposition products (Scheme 100).

201

SPh
Decomposition products

199

Scheme 100 Reagents and Conditions: (i) 5 - 6  M f-BuOOH in decane, 0 °C, PDC, 

dry benzene, celite, r.t., 20 h; (ii) dry DMSO, dry Ac20 , r.t., 24 h.



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).

200

(0

SPh

202,35%  203,4%

Scheme 101 Reagents and Conditions: (i) PivCl, EtaN, DMAP, dry CH2CI2, r.t., 15 

h.

The mono-pivaloate ester 202 was oxidised at the secondary alcohol position to give 

ketone 204 (Scheme 102).

SPh
OH

202

SPh

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 tert-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)

o) W  p O C T 9S ' °  Q) o  Ph

oo
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 /w-CPBA, 57 yielded a 

mixture of sulfonyl diene 207 and sulfonyl dienone 205 as shown in Scheme 104.

SQ>Ph

O

204 207,32% 205, 14%

Scheme 104 Reagents and Conditions: (i) Jacobsen’s catalyst, NMO, dry CH2CI2 , 

-30 °C, m-CPBA, 24 h.

However, using Se0 2  and ter/-butyl hydrogen peroxide58 did not lead to any 

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

" W " ( 0
No reaction

204

Scheme 105 Reagents and Conditions: (i) 5 - 6  M /-BuOOH in decane, Se0 2 , dry 

CH2CI2, r.t., 30 min, 0 °C, 204, r.t., 18 h.
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Finally, using pyridinium dichromate in ethanol-free chloroform428 led to 

comparatively clean reaction and sulfanyl dienone 208 was isolated in 16 % yield 

(Scheme 106).

SPh SPh

1 6 %

O
204 206

Scheme 106 Reagents and Conditions: (i) PDC, CHCI3, 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. 59 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.

CQ>Me ©
O

Br
O

Ph

175 209

Ph

210

O
187

©

t ' °
M )  o  Ph

Scheme 107
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To prepare a-bromoketone 209 the lithium salt derived from methyl phenyl 

sulfoxide 2 1 1  was formed and then treated with ethyl 2 -bromoacetate 2 1 2  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-a'-sulfinyl ketones, 60 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
9 Br̂ CCfeB

PhT© CH3 -----Mxture of starting materials
0 ). (ii)

211

Scheme 108 Reagents and Conditions: (i) z-P^NH, 0 °C, zz-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 2 1 2  this time gave p-sulfanyl 

ester 214

^  (D. (ii). O'D ^

94%
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, then r.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 p-sulfanyl ester 214.

Formation of P-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 w-butyl lithium as the base indicated the presence of some of the two 

starting materials and formation of some of the undesired P-sulfinyl ester 215 

(Scheme 111).

(i)
--------------► Mxture of starting materials

(ii)

▼

©
9 °

p ir 'f '^ o e t
215

Scheme 111 Reagents and Conditions: (i) NaH dry Et2 0 , 0 °C, 211, r.t., 19 h, -78 

°C, 212, r.t., 6  h; (ii) 211, dry Et20 , 0 °C, «-BuLi, r.t., 19 h, -78 °C, 212, r.t., 4.5 h.

©
O?

P h lf" O h

211

84



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 

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

OB

212

211

Sn2

© P
^

O '
^  B r

© Ps'-
CH,Br

215

Scheme 112 The proposed mechanism for the formation of P-sulfinyl ester 215.

Finally, we were able to adjust the conditions to prepare the desired a-bromo-a'- 

sulfmyl ketone 209 in a relatively low yield.61 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).

0  © o  _______ 0)______ ^  o  o

P h ^ a - h  43%

211 209

Scheme 113 Reagents and Conditions: (i) i-P^NH, «-BuLi, THF, -78 °C, 211, 1 h., 

bromoester 2 1 2 , 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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CQ>Me

27%

210175

Scheme 114 Reagents and Conditions: (i) /-P^NH, r.t., «-BuLi, THF, 30 min., -78 

°C, 175, 1 h., 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 115).

210
(v), 3 %

SQ>Ph
SQ>Ph

No reaction
216

O
217

Scheme 115 Reagents and Conditions: (i) 210, Jacobsen’s catalyst, NMO, dry 

CH2C12, r.t., -30 °C, w-CPBA, 24 h; (ii) 210, PDC, dry CHC13 , 4 A Molecular 

sieves, reflux 5 h; (iii) C1O 3, DMP, dry CH2CI2 , -20 °C, 210, 15 h; (iv) 5 - 6  M 

/-BuOOH in decane, Se0 2 , dry CH2CI2, 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.

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 2 2 1  and 2 2 2  being favoured over 

the other (Scheme 116).

Br

218

BujSnH, AIBIM, 
benzene

?

PhMeQ><

219

+

220

221

Me

222

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

87



formation of a complex mixture. Since compound 210 is highly functionalised, 

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

218210

Scheme 117 Reagents and Conditions: (i) 210, acetone, 0 °C, NBS, 1.5 h.

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 °C34 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).

27%
O

210 187

(ii)or(iii)

▼

Daxmnposition products 

Scheme 118 Reagents and Conditions: (i) 210, PDC, /-BuOOH 70 % in H2O, 

CH2CI2, r.t., -20 °C , 48 h.; (ii) /-BuOK, dry THF, 0 °C, 3 h, r.t. 17 h; (iii) NaH, dry 

THF, 0 °C, 1 h, r.t., 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 H2O,

CH2CI2 , r.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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^-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.

90



Chapter 4

Diastereoselective Free-radical Cyclisation 
Reactions of Cyclohexa-l,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).

70%

176175

Scheme 120 Reagents and Conditions: (i) i-P^NH, w-BuLi, THF, -78 °C, 30 min, 

175, 30 min., 2-bromobenzyl bromide, 1 h, then r.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-tng cyclisation modes 

respectively.

224

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-l-yl radical 225 resulted in 

the formation of radical 226 predominantly (Scheme 121) . 62
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225 226,96%  227,2%

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.63 Using different radical precursors containing the hex-5-en-l-yl system, the 

reactions proceeded with high regioselectivity. These ring closures resulted 

exclusively in the product or products of 5-exo-cyclisation and no trace of 

6 -mfo-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).

COO
CQ>Me

(•)

92%
CQ>Me

228 229

Scheme 122 Reagents and Conditions: (i) 228, dry benzene, AIBN, BU3S11H, 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.64 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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230 232

Scheme 123 Reagents and Conditions: (i) 230, Benzene, AIBN, B113S11H, 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 -em/o-cyclisation product nor the uncyclised reduction product could be 

detected. This result is in line with Beckwith’s observations.63,64 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, 65 but this actually gave a lower yield 

(Scheme 124).

MeQ><

176

(i)or(ii)

232

Scheme 124 Reagents and Conditions: (i) Dry benzene, AIBN, BU3S11H, reflux 5 h, 

32 %; (ii) Dry benzene, Et3B, (TM S^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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MeQ><

233

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).

A T X T T B t ic d e c x x r p o s i t io n  p r o d u c t s

175

Scheme 125 Reagents and Conditions', (i) z'-P^NH, w-BuLi, THF, -78 °C, 30 min, 

175, 30 min., 2-bromobenzaldehyde, 1 h, then r.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 base66 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 method67 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).

CQ>Me

MeQ><
52%

234175

Scheme 126 Reagents and Conditions', (i) i-P^NH, rc-BuLi, THF, -78 °C, 30 min, 

175, 30 min., 2-bromobenzoyl chloride, 1 h, then r.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).

OH
MeQ><

234

CQ>Me
+ Unkno/wi products

175

Scheme 127 Reagents and Conditions: (i) 234, MeOH, H2O, NaBFLj, r.t. 15 h

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

shown in Scheme 128.
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234 233

H
i©

v

6
CQ>Me

OH

175 235

Scheme 128 The proposed mechanism for the formation of 2-bromobenzyl alcohol

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.

Scheme 129 Reagents and Conditions: (i) OAIH4, THF, r.t., 7 h., NaOH 15%, H2O, 

r.t., 24 h

235

234 236
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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, 13C 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
(i)

19%

HQ /= ^

236 237, major isomer 238, minor isomer

3 1

Scheme 130 Reagents and Conditions: (i) 236, dry benzene, AIBN, BU3S11H, reflux 

5 h.

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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OH OH

236

0 )

97%

239

Scheme 131 Reagents and Conditions: (i) 236, dry CH2CI2 , TBSC1, EtsN, 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).

(0

53%
+ TBSCT '

239 240, major isomer 

4

241, minor isomer 

1

Scheme 132 Reagents and Conditions: (i) 239, dry benzene, AIBN, BU3S11H, reflux 

5 h.

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 Qfic

239 242

Scheme 133 Reagents and Conditions: (i) 239, dry CH2CI2 , AC2O, Et3N, 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 (iii)
\ / /

Br N *." Br

239 243

Scheme 134 Reagents and Conditions: (i) NaH, dry THF, 239, PhCH2Br, r.t., 24 h, 

17 %; (ii) NaH, dry THF, 0 °C, 239, PhCH2Br, KI (catalytic), r.t., 24 h; (iii) NaH, 

dry THF, 239, 0 °C, 30 min, PhCH2Br, BiLtlsTl (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 lH 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-lutidine68 afforded disilyl ether 244 (Scheme 135).

o h  ares
0 ) ►

35%

236 244

Scheme 135 Reagents and Conditions: (i) 236, dry CH2C12, TBSOTf, 2,6-lutidine, 

r.t., 2 0  h.

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

diastereoisomers, with very good diastereoselectivity (major:minor ratio of 1 0 :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.

OTBS
(i)

52%
+ TBSCT '

245, major isomer 246, minor isomer

10.0 1.0

Scheme 136 Reagents and Conditions: (i) 244, dry benzene, AIBN, BU3S11H, reflux 

5 h.

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) 69

OH

94%

247236

Scheme 137 Reagents and Conditions: (i) 236, dry Me2CO, Me2C(OMe)2, 

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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247 248, major 249, minor

6  1 

Scheme 138 Reagents and Conditions: (i) 247, dry benzene, AIBN, B113S11H, reflux 

5 h.

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 (Hb, 8  = 4.74 ppm.) resulted 

in enhancement of the signals corresponding to the aromatic protons ( 8  = 7.30 - 7.12 

ppm.), the alkene proton (Ha, 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 (Ha). 

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 24870 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 13C 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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248

HO

72%

238

Scheme 139 Reagents and Conditions: (i) 248, ACOH/H2O (1:1), r.t., 24 h.

Protecting the primary alcohol in diol 238 afforded the corresponding tricyclic 

monosilyl product 241 (Scheme 140).

HO

TBSCO ^
62%

241

HO

238

Scheme 140 Reagents and Conditions: (i) 238, dry CH2CI2 , TBSC1, Et3N, DMAP, 

r.t., 24 h.

The !H and 13C 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.

nOs
p  1 + 1 ^  equatorial ^  <>b

" a  KJ/hk i T v °
axial axial

Figure 7

This leads to the stereochemistry shown. In this representation, Ha and Hb 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.

OH

236

HQ.

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
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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 A1 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 

activities. 71 This complex natural product could be prepared via the heavily 

functionalised carbobicyclic core 2  which would be a key intermediate.

Me

NMe

Me

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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236 237

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 reduction72 

delivered diol 250 in a better moderate yield (Scheme 141).

197 250

Scheme 141 Reagents and Conditions: (i) 197, EtOH, NaBFLi, 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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7 B S cT " > < ^ r^ a  
( f j  CTTBS

250 251

Scheme 142 Reagents and Conditions’, (i) 250, dry CH2CI2 , TBSOTf, 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).

OTBS
(i)TBscr^X^i^a

(f J) c u b s  --------------
46%

251 252

Scheme 143 Reagents and Conditions: (i) 251, dry benzene, AIBN, BU3S11H, 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, 

13C 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 

/wei/do-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.

OTBS OTBS

-► TBSCT '̂

252a, Major 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).

252b, Mnor isorrer 

Figure 10 The expected stereochemistry of the minor isomer 252b

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).

H TBSO

H
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O TBS

OTBS

TBSO^'
TBSOr"'

« 2 a

OTBS OTBS

T B S O ^

CFTBS
TBSO—

254

CFTBS
TBSO—.

257 256 255

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.

CFTBS

257
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Chapter 5

Lewis Acid-promoted Diastereoselective 

Priiis Reactions of Cyclohexa-l,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.

R
r

N u ^ Nu

R
R

OMoniumion Catenium ion

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).74

Cbconiumion
259

Scheme 146 Reagents and conditions: (i) TiCL*, 2 equiv., CH2CI2, -78 °C, 2 h.

TiCU

(')

258
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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).

a j i

Prins cydisabon ^

259

Aqueous work ip

u

+

260b

Major isomer IN/inor 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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OH OH
T1CI4

261236

JiCU

Chiral oxonium ion

262

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).75
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Chiral axonium ion 

262

Kinetically disfavoured 
5-encfcHrig cydisation/

264

a.©

Kinetically favoured 
6-endb-trig cydisation

9 R2

263

a.0

266
Tetrahydrofuran derivative 
kinetically disfavoured, 
therrrodynarrically ?

R1

9 R2

265
Tetrahydropyran derivative 
kinetically favoured, 
thermodynamically ?

Scheme 149

Other rearranged products may be produced since Prins cydisation is sometimes 

followed by pinacol rearrangement and in this case tetrahydrofuran derivatives are 

formed. For example, Overman and Pennington76 reported stereoselective SnCL* 

promoted Prins cyclisation-pinacol rearrangement sequence of acetal 267 which 

resulted in the formation of tetrahydrofuran derivative 270 in 88 % yield (Scheme 

150).
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SnCU

cm  p s
cm  p s

u

O-SnCl
Prins cydisation

T1PSO

268269
axonium ion

pinaod rearrangement

v

CHO
H,

711

270,88%

Scheme 150 Reagents and conditions: (i) 10 mol % SnCU, 1:1 CfUCU/MeNC^, -50 

°C, 1.5 h.

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-workers77 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 cydisation of the electron-rich anisaldehyde-derived homoallylic 

alcohol 271 with propanal using BFaOEt2 (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.

OH

EtCHO
B

271 272, 15%

Q^c •-jcr
QAc

273, 21 % 274, 18 % 275, 21 %

Scheme 151 Reagents and conditions: (i) BF3.Et20, AcOH, TMSOAc, C6H12, r.t., 2 

h.

Formation of the symmetrical tetrahydropyran 275 was very surprising for the 

authors since this was the first example of Prins-type cydisation 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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271 stablised cartxcabon

276

unsymmetrical 
axDcartoenium ion

277

Prins cydisation

B

unsymrretrical 2,4,6-trisiiDStitLrtied 
tetrahydropyran

272, 15%

homoallylic acetate 

273, 21 %

B

unsymmetrical 
axDcarbenium ion

278

Nudeophilic attack, 
hfeO

CHO

274,18%

B

279

BCHO, H*

Prins cydisation

QOc r
AcO

symmetrical 2,4,64risubstituted 
tetrahydropyran

275, 21 %

symmetrical axocarbeniurn ion 

280

Scheme 152

Finally, in accord with investigating the Prins cydisation reaction of 

cyclohexadiene-derived acetals, the nature of the substituents R1, R2, and R3 in



oxonium ion 262 may affect the diastereoselectivity and the outcome of the 

cydisation 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).

m 0 ^ 0  Br

y - 6
236 281

Scheme 153 Reagents and conditions: (i) MeCHO, CH2CI2 , pyridinium 

/ 7-toluenesulfonate, r.t., 72 h.

Prins cydisation was initially investigated using two equivalents of TiCL* 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 Rf 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 8  = 3.60 and 3.22 ppm which corresponded 

to a CH2 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 CH2 groups in the 13C NMR spectrum. As illustrated in Scheme 149, 

direct Prins cydisation 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

OH OH Br
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282 283

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 lU NMR, 

13C NMR, and - 13C correlation spectra were more consistent with

structure 282. This is mainly because the diagnostic peak at 5 = 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 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.

FhCX.H
C T ' O T1CI4

0
CUT. v©

i t
281

Ai=2-BrQsH*

Ar

284

Ar

CUTi

l-feO

282 287

285
Chiral oxonium ion

286
Tetrahydropyranyl 
Seoondary cartxDcation

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.

h ' " '  IV

hF hF

hFx HP

OH

l-F, 8 = 4.81, shewed a cross peak to I-P& Hj
rf, 5 = 6.01, shewed a cross peak to l-F, I-F& l-F
l-F & l-F, 8=2.47-2.30, shewed a cross peak to l-P, l-P &
O h
l-F, 5 = 212-206, shewed a cross peak to hf, l-F, hf, l-P 
& O h
hf, 8 = 4.68, showed a cross peak to l-P, l-P & l-P
HP, 8 = 5.16, shewed across peak to hf& l-F
l-F, 8 = 4.68, shewed a cross peak to HP, l-f, I-P&CH3
H', 8 = 3.89, shewed a cross peak to Hj
Hj, 5 = 3.31, shewed a cross peak to H'&hP
Chh, 5 ~ 122, shewed a cross peak to l-F, hf, l-F & l-P

282
Ar = 2-BrCeH4

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 5 = 8.79 ppm 

in the *H NMR spectrum and an aldehydic CH group at 8  = 192.2 ppm in the 13C 

NMR spectrum. The structure was eventually assigned as compound 288 based on 

the following observations in the *H and 13C NMR spectra. Only one alkene CH was 

present in the *H NMR spectrum. This has a high chemical shift value indicating 

P-conjugated CH. This is supported by the presence of three quaternary carbons in 

the 13C 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 8  

= 39.8 and 39.5 ppm) correspond to the two ring junction CH carbons. Finally, there 

were two aliphatic CH2 carbons. This confirmed the structure as a rearrangement 

product which does not have a chlorine atom.
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288

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.

c r ^ o

Ar

281

TiCU
Ar

284 285
Oconiim ion

Prins cydisation

CUT*
ArAr Ar

rearrangement

290 289 286

ArAr Ar
-HCI ketoend

tautomerism

292

Scheme 155
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Finally, the structure of this compound and the relative stereochemistry were 

confirmed by a combination of *H, 13C NMR, HRMS, *H -  lH COSY, NOESY, and 

lH -  13C correlation spectra to be as shown below.

288

COSY experiment showed the following correlations

l-F, 8 = 6.75, shewed a cross peak to h f , hP&hP 
hP, 8 = 2.45, shewed a cross peak to hP, hP, hP & hP 
hP, 8 = Z24- 2.13, showed a cross peak to hP, hf, h f & hP 
hf& hP, 8 = 1.80- 1.63, showed a cross peak to HP, hF& hf 
hf, 8 = 2.32-2.24, shewed a crass peek to hP, Hj ,hP&  hP 
hP, 8 = 3.60 - 3.53, showed a cross peak to hP, hf& hP 
hP, 8 = 5.54, shewed a cross peak to hP 
H', 8 = 4.07, shewed a cross peak to hf & Chfe 
CH3,8 = 1.31, shewed a cross peak to H'

NOESY experiment showed the following correlations

hP, 8 = 6.75, shewed a  cross peak to H i, hP&hP 
hP, 8 = Z45, shewed a  cross peak to hP, hP, h f & hP 
hP, 8 = 2.24 - Z13, showed a  cross peak to hP, hP, h f & hP 
hP&hP, 8=  1.80- 1.63, shewed a  cross peak to hP, hP, hf, 
two of aromatic H at 8 = 7.11 - 7.04 & Chb 
hf, 8 = 2.32-2.12, shewed a  cross peak to hP, H 1, hP & hP 
hP, 8 = 3.60 - 3.53, shewed a  cross peak to hP, hf & H ' 
hP, 8 = 5.54, showed a  cross peak to hP& H '
H‘, 8 = 4.07, shewed a cross peak t o  hf, Hh, hP&Chb
Hj, 8  = 8.79, showed a cross peak t o  H a
CH3, 8=  1.31, shewed a cross peak t o  H', hP& hP

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

summarised as in Scheme 156.

288

288
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9H*

o r ^ o

BrP
H

281 282,3.4% 288, 5.6%

+ Unknown major product 
was not isolated

Scheme 156 Reagents and conditions: (i) TiCU, CH2CI2, -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

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
1 1 'Xidentified. The crude H and C NMR spectra revealed the following features. The

absence of any aldehyde proton in the lU NMR spectrum which could correspond to

the major isomer. This was supported by the absence of an aldehyde CH group in the

13C NMR spectrum. The presence of two diastereotopic protons corresponding to the
1 ̂CH2 group adjacent to an oxygen atom as indicated from the C NMR spectrum (5 =

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 
11CH 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

obtained. The *H NMR spectrum of the crude reaction mixture showed the presence
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reaction. Alcohol 291 seemed to be formed through the kinetically favoured 

6-endo-trig cydisation followed by rearrangement. This compound then can undergo 

elimination/tautomerisation to give aldehyde 288 as shown above in Scheme 155 

(page 1 2 1 ).

CH* 

a
291

The *H - COSY experiment confirmed the structure of alcohol 291 as indicated 

by the following correlations, particularly the cross peak between Hb and Ha and the 

cross peak between Hg (the benzylic proton) and Hf (the adjacent ring junction 

proton).

Additionally the - lH COSY spectrum showed the following correlations

l-P, 8 = 5.84, shewed a cross peak to hP & hf
hf\ 5 = 4.72-4.64, shewed a cross peak to hP, hF&hP
hf & hP, 5 = Z 15 - 2.20, showed a cross peak to hP & l-P
hP, 5 = Z 70-2.61, shewed a cross peak to hP, hP, hf& hP
hP, 5 = 5.41, shewed a cross peak to hf
hf1, 5 = 4.10, shewed a cross peak to hP & Chfe
H1, 5 = 3.48, showed a cross peak to HJ
hP & hf, 5 = 3.35-3.28, shewed a cross peak to H1, hP, hP&hP 
Chb, 5 = 1.30, showed a cross peak to hf1

NOESY experiment showed the following correlations

hP, 8= 5.84, showed a cross peak to hP
hP, 8 = 4.72-4.64, shewed a cross peak to hP, HP&hP
hP&hP, 8 = 2.15-2.20, showed a cross peak to hP, hP&Chh
hP, 8 = 2.70 - 2.61, shewed a cross peak to hP, hf, hF&hP
HP, 8 = 5.41, showed a cross peak to hf & hP
l-P, 8 = 4.10, shewed a cross peak to hP, hf, hP&Chh
H', 8 = 3.48, showed a cross peak to H1
H * & hf, 8 = 3.35 - 3.28, shewed a cross peak to hP, hP, H' & hP
Oh, 8 = 1.30, shewed a cross peak to hP, hP & hP291

9 >P
Phb

291
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Thus the outcome of the kinetic Prins cydisation of acetaldehyde acetal 281 can be 

summarised as shown in Scheme 157.

288,5.6% 291,55%
(estimated from NMR spectrum of 
crude reaction mixture)

Scheme 157 Reagents and conditions: (i) TiCL*, CH2CI2, -78 °C, 4 h.

As can be observed from Scheme 157 all the products obtained from the Prins 

cydisation 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 cydisation 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.

HH
281 282,3.4%
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0*3
Confbrmer 293

frans-axoniirn ion 
would attack right 
hand skje ckxfcle bond FAVOURED

O b  
Confbrmer 294

frans-axonium ion 
would attack left 
hand side ckxfcle bond DISFAVOURS)

H
Confbrmer 295

os-Qxoniurn ion 
would attack right 
hand skfedoifcle bond DISFAVOURED

Scheme 158

H A jgJ
H

Confbrmer 296
as-oxonium ion 
would attack left 
hand side ckxfcle bond VERY DISFAVOURS)

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
1 1least 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 cydisation 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



stereochemistry through elimination of HC1 followed by keto-enol tautomerism. All 

of these processes can be summarised in Scheme 159.

HCU H 
 ► Ar

281
Ar=2 -BrC©H4

284 285 293
Chiral axoniumion

Prins cydisation

H rearrangement

More stabiised 
allylic cartxxation

©
a ,  h p

286
Tetrahydropyranyl cation 
secondary carbocation

©
a ,  h p

HCr

282,3.4%

291,55%
(estimated from NMR spectrum of 
crude reaction mixture)

'H tautomerism 
CHfe

292 288,5.6%

Scheme 159
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The Prins reaction of acetaldehyde acetal 281 was repeated by stirring this compound 

with two equivalents of TiCL* 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 JH 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 CH2 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.

288

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 13C 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 8  = 9.38 ppm and an aldehyde CH group at 8  = 191.2 ppm.

The alkene proton is a simple doublet at 8  = 6.74 ppm indicating that there is only

one adjacent proton to it. This is supported by the presence of three quaternary 
1 “2carbons 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 

below in structure 297.

O h

a
2 9 7

This structure was confirmed by the data obtained from the COSY

experiment as shown in the following diagram.

*H -  *H COSY experiment showed the following correlations

HP, 5 = 6.74, showed a cross peak to hf5 
hf5, 8 = 4.97 - 4.92, showed a cross peak to HP, Hf&hP 
HP&HP, 8 = 2.20-2.14, showed a cross peak to hf5 & HP 
HP, 6 = 2.50, showed a cross peak to HP, HP, hf & hf1 
Hf, 5 = 3.23, showed a cross peak to HP & HP 
HP, 5 = 5.04, showed a cross peak to Hf 
Hf1, 8 =4.72, showed a cross peak to HP &CHh 
CHh, 8 = 1.27, showed a  cross peak to Hf1

T h e  r e l a t i v e  s t e r e o c h e m i s t r y  o f  t h i s  p r o d u c t  w a s  i d e n t i f i e d  a s  s h o w n  b e l o w  b a s e d  o n

t h e  c o r r e l a t i o n s  o b t a i n e d  f r o m  t h e  NOESY e x p e r i m e n t s .  U n f o r t u n a t e l y  t h e

s t e r e o c h e m i s t r y  a t  Hb c o u l d  n o t  b e  d e t e r m i n e d .

NOESY d a t a  f o r  c o m p o u n d  297

HP, 8 =  6.74, s h o w e d  a  c r o s s  p e a k  t o  HP& H 1 
hf5, 8 =  4.97-4.92, s h o w e d  a  c r o s s  p e a k  to HP, HF&HP 
HF&HP, 8 = 220-Z 14, s h o w e d  a  c r o s s  p e a k  t o  hf5, HP, HP & C H 3 
HP, 8 = Z59, s h o w e d  a  c r o s s  p e a k  t o  HP o r  HP o r  b o t h  o f  t h e m  Hf 
&HP
Hf, 8 =  3.23, s h o w e d  a  c r o s s  p e a k  t o  HP, HP &  a r o m a t i c  H  a t  
8 =  7.50 p p m
hP, 8 =  5.04 ,  s h o w e d  a  c r o s s  p e a k  t o  Hf o r  HP 
HP, 8 =  4.72, s h o w e d  a  c r o s s  p e a k  t o  HP, hf, &CH3 
H', 8 =  9.38, s h o w e d  a  c r o s s  p e a k  to HP 
CH3,8 =  1.27, s h o w e d  a  c r o s s  p e a k  t o  HP 

A r o m a t i c  H, 8 =7.50, s h o w e d  a  c r o s s  p e a k  t o  Hf

H

2 9 7

H

2 9 7
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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. 

lU - *H COSY NMR spectroscopy showed the following correlations; confirming the 

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

hP, 6 = 6.81, showed a  cross peak to hP&hf
hP, 8 = 2.58, shewed a  cross peak to l-P, h f, hP&hP
hP, 5 = 2.35 - 2.22, showed a  cross peak to hP, h f, h f & hP
hP, 5 = 1.80, showed a  cross peak to hP, hf, hP&hf
hP, 8 = 1.65, showed a  cross peak to hP, hP, hP&hf
hf, 8 = Z12, showed a  cross peak to hP, H ' , hP&hP
hP, 8 = 3.16, showed a  cross peak to hP& hf
hf1, 8 = 5.07, showed a  cross peak to hP
H ', 8=4.63, showed a  cross peak to hf & Chfe
CH3, 8 = 1.25, showed a cross peak to H'

Then the relative stereochemistry in this product was identified as shown below

based on the correlations obtained from the NOESY experiments

hP, 8 = 6.81, showed a cross peak to hP, l-P&Hj 
hP, 8 = 2.58, showed a cross peak to hP, hP, hP & hf 
hP, 8 = 2.35 -2.22, showed a cross pec* to hP, hP, hf, hP& 
hP
hP, 8 = 1.80, showed a cross peak to hP, hP, hf, hP &CH3 
hf, 8 = 1.65, showed a cross peak to hP, hP, hp, hf, hP &
CHj
hf, 8 = 2.12, showed a cross peak to H 1, hP, hP, I-P&CH3 
hP, 8 = 3.16, showed a cross peak to aromatic Hat 8 =
7.50, hP, H' & hf
hP, 8 = 5.07, showed a cross peak to hP & hP 
H ', 8 = 4.63, shewed a cross peak to aromatic H at 8 =
7.50, hP, hf&CHj
Hj, 8 = 9.29, shewed a cross peak to hP 
CH3, 8=1.25, showed a cross peak to H ', hf, hP&hP

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

HP hf

296

hP hP

296
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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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CH,
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Cbddation, 
TICU a

CKb
288

attack on planar benzylic 
carbeniirnion, Ĥ D

em eu

O b 300
stablised planar 
benzylic carbocation

em eu

0 ~b 
301

stablised planar 
benzylic carbocation

Attack on planar benzylic 
carberium ion, l~bO

Scheme 160

Finally the outcome of the Lewis-acid catalysed Prins cydisation of the acetaldehyde 

acetal 281 under the thermodynamic conditions can be summarised by the following 

Scheme 161.
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281 297,2.5 % 298,25 %

Scheme 161 Reagents and conditions: (i) TiCL*, CH2CI2, -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 TiCU 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 cydisation 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.

H ,+

288,5.6%282,3.4%
crude reaction mixture)

Kinetic concfitions

281

TlrenTDdynarric concfitions

a
297,2.5% 298,25%

Therrrodynarnicend 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 cydisation 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.

Scheme 163 Reagents and conditions: (i) (CHa^CHCThCHO, CH2CI2, pyridinium 

/?-toluenesulfonate, r.t., 4 days.

Treating of isobutyl acetal 302 with titanium tetrachloride under the thermodynamic 

conditions resulted in formation of two aldehydes; the majorrminor ratio is

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.

OH OH Br

236 302

approximately 1.4:1.0 as evident from the NMR spectrum of the crude reaction

H'
-W

303
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The key point in assigning this stereochemistry was the absence of any NOESY 

correlations between H8 and He or Hh. However, the stereochemistry at H b 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.

V

304

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 cydisation reaction of isobutyl 

acetal 302 under the thermodynamic conditions can be summarised as shown in 

Scheme 164.
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302 303, 8 % 304,25%

Scheme 164 Reagents and conditions: (i) TiCL*, CH2CI2, -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 cydisation 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 cydisation precursor 

305 as a single diastereoisomer (Scheme 165).

OH OH Br
(0

Ph

C T^O  Br

55%

236 305

Scheme 165 Reagents and conditions: (i) PhCHO, H2SO4, 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 CH2 protons were evident. Therefore this compound is an
11

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 cydisation followed by nucleophilic capture of a chloride ion. Therefore 

the assumed structure is as shown below.

l-P
Ar

w
306

 ̂ 1 u  f
The H NMR spectrum of this compound showed that H and H were overlapped 

and they gave one broad resonance peak although both of them couple to the same 

ring junction proton He 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 

Hh and Hf, the -  13C correlation experiment was run and it showed that the peak at 

8  = 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
« 1 ̂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 (Hh and Hf) and the proximity of Ha 

which made it was difficult to prove the stereochemistry. But fortunately this
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compound crystallised readily and its X-ray spectroscopic data allowed us to confirm 

the structure and the stereochemistry to be as shown in Figure 11.

Figure 11 Structure of compound 306 from X- ray data.

The second compound to be eluted from the column was the very minor compound 

in the crude reaction mixture (although it was isolated in higher yield than the minor 

compound after the flash chromatography). Similarly, this compound is unrearranged 

alcohol and its structure including the stereochemistry was determined through the 

data obtained from the ‘H, l3C NMR, 'H - *H COSY experiment, NOESY
1 13experiment, and H - C correlation spectra. Although it was impossible to prove the 

stereochemistry conclusively due to the closeness of H8 and Hh, it was most likely to 

be as shown in the diagram below. Also the stereochemistry of He was assigned as 

shown based on the fact that there was no cross peak between it and the adjacent Hf.
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307

This compound is presumably formed as a result of the kinetically disfavoured 

5-endo-\ng cyclisation through the initial nucleophilic attack of the right-hand side 

double-bond onto the oxonium ion to produce the 5-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 JH, 13C NMR spectra and - *H COSY experiments. Again although definite 

assignment for the stereochemistry was impossible due to the closeness in the 

chemical shift values of Hb and He and the overlap between Hc and Hd, the relative 

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

Ph

306

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.

305 306,4.8%

Ar = 2-BrCeH4

Scheme 166 Reagents and conditions: (i) TiCU, CH2CI2, -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.

Scheme 167 Reagents and conditions: (i) z'-P^NH, «-BuLi, THF, -78 °C, 30 min, 

175, 30 min., CH3COCI, 1 h, then r.t., 18 h.

307,8% 306,46%

175 309
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Reduction of ketoester 309 with UAIH4 afforded diol 310 in 81 % yield (Scheme 

168).
O OH

“ c t -  •81 %

309 310

Scheme 168 Reagents and Conditions: (i) L1AIH4, THF, r.t., 18 h., 15 % NaOH, 

H2O, 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).

OH OH
Ci-h

54%

311310

Scheme 169 Reagents and conditions: (i) MeCHO, CH2CI2 , pyridinium 

/ 7-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 majorrminor 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
1 1 ' Xhave 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.
13Initially, 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 CH2 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.

37%

312311
3.0:1.0 Mixture of two inseparable 
aldehydes

Scheme 170 Reagents and conditions: (i) TiCL*, CH2CI2 , -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.

I-P, 5 = 6.95, showed a cross peak to hF&hf1 
l-P, 5 = 1.97-1.84, shewed a cross peak to l-P, hf, l-P, &
Hj
hf1, 8 = 3.18, showed a cross peak to H H 1 & l-P 
H 8 = 4.34, shewed a cross peak to l-f1 & CH3 
Hj, 8 = 3.97, showed a cross peak to l-P, l-F&CH3 
CH3,8 = 1.18, showed a cross peak to H 1 
CH3,8 = 0.87, showed a cross peak to H 1

We have previously seen that the presence of an NOE between Hh and H1 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

312a 
Mayor isomer
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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 312a, 13.5%

+

313, 3.2 %
314, 15.5% 

(estimated from NMR spectrum of 
crude reaction mixture)

Scheme 171 Reagents and conditions: (i) TiCL*, CH2CI2 , -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

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.

hP, 5 =5.02, shewed a  cross peak to hP, HP&CHjat5 =
1.09
hP, 5 = 5.92, showed a  cross peak to l-P, HP & hP 
hP, 5 = Z33 and hP, 5 = Z28- Z 2 0 , showed a  cross peak 
to hP, hP & hP
l-P, 5 = ZOO -1.95, shewed a  cross peak to l-P, hP, hf, hP 
&hP
hf, 5 = 4.92, showed a  cross peak to l-P&Hj
hP, 5 = 3.72 and hP, 5 = 3.70, showed a  cross peak to to
K  bP,2 xCHj

OH H', 5 = 3.91, shewed a  cross peak to hP
Hj, 5 = 3.57, shewed a  cross peak to hP, H ' ScChhai 5 =
1.09
Chfe, 5=  1.17, shewed a  cross peak to hP
CH3 , 5=1.09, shewed a  cross peak to hP, hP& l-P313

Figure 12. Possible stereochemical structures for aldehyde 312b
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These two reactions are therefore highly stereoselective with respect to the 

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

HjC H 
o  .. J r Q  h

312a, Major isomer 312b, Minor isomer

3.0 1.0

Mxtune of inseparable aldehydes, 37 %

(i)
Thermodynamic conditions

311

CD
Kinetic conditions

++

CH3

a

313,3.2%
the crude reaction mixture)

Scheme 172 Reagents and conditions: (i) TiCU, CH2CI2, -78 °C, 1 h., r.t., 23 h.; (ii) 

TiCl4, CH2CI2, -78 °C, 2  h.

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

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

as shown in Scheme 173.
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OH OH

O h
74%

315310

Scheme 173 Reagents and conditions: (i) (CHs^CHCfbCHO, CH2CI2, pyridinium 

/7-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 

and 13C NMR, -  ]H COSY and NOESY experiments as shown in Scheme 

174.

0 0

46%

316a

H3C H j H I Hm

'CH3

315

Inseparable mixture 
Major isomer Minor isomer

2.6 1.0

Scheme 174 Reagents and conditions: (i) TiCU, CH2CI2 , -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 H1 and Hh, 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
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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%

Ha

316a, 7%315

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

Scheme 175 Reagents and conditions: (i) TiCU, CH2CI2 , -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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Ph

310 319

Scheme 176 Reagents and conditions: (i) PhCHO, H2SO4, 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 CH2 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, 13C NMR, 

-  *11 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.

I-P hP

320

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, 13C NMR, -  ]H COSY, and NOESY experiments as shown below.
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Hi *"̂ 9 H9j i. 1

bf

Ph

321

Fortunately, this compound gave suitable crystals for an X-ray analysis; this proved 

the relative configuration as shown in Figure 13.

Figure 13 Structure of compound 321 from X- ray data.

Therefore the overall Prins cyclisation of benzaldehyde acetal 319 can be 

summarised as shown in Scheme 177.

319 320 , 1 8 %  321 , 2 5 %

Scheme 177 Reagents and conditions: (i) TiCU, CH2CI2, -78 °C, 2 h.
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To summarise, the Prins reaction was successfully applied to desymmetrise the two 

diastereotopic double bonds of 1,4-cyclohexadiene derivatives for the first time. The 

intermediate chiral oxonium ion generated under the reaction conditions was highly 

selective in terms of which double bond to attack by acquiring the more stabilised 

trans conformer to avoid the A1,3 destabilising interactions between the subsituents in 

the other conformers.

The stereochemistry of all products isolated can be explained by conformer 293 on 

Scheme 158, page 126. However, under thermodynamic conditions one (or possibly 

more) stereogenic centres undergo epimerisation.

151



Chapter 6

Experimental Section



6.1. General Experimental Points

Melting points were determined on a Gallenkamp melting point apparatus and are 

uncorrected. Infrared spectra were recorded on a Perkin Elmer 1600 FTIR 

spectrophotometer. Mass spectra were recorded on a Fisons VG Platform II 

spectrometer and on a Micromass Q-TOF Micro spectrometer. NMR spectra were 

recorded on a Bruker DPX 400 spectrometer operating at 400 MHz for *H and at 100 

MHz for 13C at 25 °C, or on a Bruker Avance 500 spectrometer operating at 500 

MHz for *H and 125 MHz for 13C at 25 °C. All chemical shifts are reported in ppm 

downfield from TMS. Coupling constants (J) are reported in Hz. Multiplicity in 

*H-NMR is reported as singlet (s), doublet (d), double doublet (dd), double triplet 

(dt), double quartet (dq), triplet (t), and multiplet (m). Multiplicity in 13C-NMR was 

obtained using the DEPT pulse sequence. Flash chromatography was performed 

using Matrex silica 60 35-70 micron.
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6.2. Experimental Data for Chapter 2 

l-MethyI-cyclohexa-2,5-dienecarboxylic acid (108)31

108

Ammonia (500 cm3) was added to benzoic acid (10 g, 82 mmol) in a 1 1 round 

bottomed flask through a dry ice-acetone condenser. With careful stirring, Li (1.6 g, 

230 mmol) was added portion-wise until a permanent blue colour persisted. After 15 

min at this temperature, iodomethane (14.6 ml, 234 mmol) was added slowly over a 

period of 5 min. The ammonia was allowed to evaporate overnight and the residue 

was dissolved in iced water. Dilute H2SO4 was added until pH 1 -2  was reached. The 

solution was then extracted into diethyl ether (3 x 200 ml). The combined ethereal 

extracts were dried over MgSC>4 . After removal of the solvent, the resulting pale 

brown oil solidified upon cooling. The resulting solid was recrystallised from light 

petroleum to give the title acid (9.8 g, 8 6  %) as a golden solid, m.p. 32 - 34 °C (lit. 

m.p. 36 °C); vmax(CH2Cl2)/cm l 3500-2500 (broad), 2922, 2848, 1704, 1459,1377, 

1294, 1126, 942; 8 H (400 MHz; CDC13) 5.78 (2 H, app. dt, J  10.4, 3.0, 2 x 

CH=CH-CH2), 5.70 (2 H, app. dt, J  10.4,1.6, 2 x CH=CH-CH2), 2.61 - 2.56 (2 H, m, 

ring CH2), 1.29 (3 H, s, CH3); 8 C (100 MHz; CDC13) 181.9 (C O ), 128.0 (2 x alkene 

CH), 125.0 (2 x alkene CH), 43.7 (Cq ring), 27.2 (CH3), 25.9 (ring CH2).

l-Methyl-cyc!ohexa-2,5-dienecarboxylic acid methyl ester (110) 34

106 110

l-Methyl-cyclohexa-2,5-dienecarboxylic acid 108 (7.9 g, 57.2 mmol) was dissolved 

in absolute methanol (80 ml) and conc. H2SC>4 (0.18 ml) was added. After refluxing 

the reaction mixture for 6  h, most of the solvent was evaporated. The remaining

Me*.CQ>H
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solution was neutralised by addition of saturated NaHCOa solution. The organic 

product was extracted into CH2CI2 (3 x 50 ml), dried over MgSC>4 and concentrated 

under reduced pressure to afford the title ester (8 . 2  g, 80 %) as an essentially-pure 

pale oil which was used without further purification; vmax (neat)/cm_1 3032, 2930, 

1728, 1454, 1248, 1110, 889, 706; 5H (400 MHz; CDC13) 5.80 (2 H, app. dt, J  10.5, 

2.9, 2 x CH=CH-CH2), 5.75 (2 H, app. dt, J  10.5, 1 .7 , 2  x CH=CH-CH2), 3.67 (3 H, 

s, O-CH3), 2.71 - 2.56 (2 H, m, ring CH2), 1.32 (3 H, s, Cq-CH3); 5C ( 1 0 0  MHz; 

CDCI3) 175.7 (C=0), 128.6 (2 x alkene CH), 124.4 (2 x alkene CH), 52.2 (O-CH3),

43.8 (Cq ring), 27.4 (Cq-CH3), 25.8 (ring CH2).

(l-MethyI-cycIohexa-2,5-dieneyI)-methanoI (109)32b’34

Me. OH

110

To a stirred suspension of LLAIH4 (1.79 g, 47.7 mmol) in dry THF (40 ml) under a 

nitrogen atmosphere at room temperature was added a solution of ester 110 (5 g, 32.9 

mmol) in dry THF ( 8  ml). The mixture was stirred at room temperature for 7 hours, 

then 15 % aqueous NaOH solution (1.7 ml) was added carefully followed by water 

(5.5 ml) and stirring was continued at room temperature for 17 hours. Filtration and 

concentration under reduced pressure afforded the title alcohol 109 (3.7 g, 91 %) as a 

pale yellow oil which used without further purification; vmax (neat)/cm_1 3367, 3006, 

2946, 2865, 1635, 1456, 1422,1037, 715; 6 H (400 MHz; CDC13) 5.78 (2 H, app. dt, J  

10.4, 3.4, 2 x CH=CH-CH2), 5.33 (2 H, app. dt, J  10.4, 2.0, 2 x CH=CH-CH2), 3.19 

(2 H, d, J6.1 CHz-OH), 2.64 -  2.44 (2 H, m, ring CH2), 1.32 (1 H, t, J  6.1, OH), 0.88 

(3 H, s, CH3); 5c (100 MHz; CDC13) 131.2 (2 x alkene CH), 125.7 (2 x alkene CH),

70.8 (OCH2), 38.9 (Cq ring), 26.4 (ring CH2), 24.8 (CH3).
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Malonic acid ethyl ester l-methyl-cyclohexa-2,5-dienylmethyl ester (111)

109 111

Ethyl malonyl chloride (1.5 g, 1.3 ml, 9.9 mmol, 1.1 equiv.) dissolved in dry CH2CI2 

(5 ml) was added to a solution of the alcohol 109 ( 1 .1  g, 8.9 mmol) in dry CH2CI2 

(45 ml). Triethylamine (0.99 g, 1.4 ml, 9.8 mmol, 1.1 equiv.) and DMAP (few 

crystals) were added. After stirring the resulting mixture at room temperature for 24 

hours, aqueous 2 M HC1 solution (20 ml) was added and the organic material was 

extracted into CH2CI2 (3 x 30 ml). The combined organic extracts were dried over 

MgSC>4 and concentrated under reduced pressure to afford a brown oil. The resulting 

oil was purified by flash chromatography (eluting with ether-hexane 1:9) to afford 

the title ester (1.0 g, 52 %) as a colourless oil; vmax (neat)/cm_1 3018, 2977, 2873, 

1735, 1464,1329, 1268,1151, 1034, 740; 8 H (400 MHz; CDC13) 5.79 (2 H, app. dt, J

10.3, 3.3, 2  x CH=CH-CH2), 5.49 (2 H, app. dt, J  10.3, 1.9, 2  x CH=CH-CH2), 4.20 

(2 H, q, J 7.1, O-CH2- CH3), 3.94 (2 H, s, Cq-CH2-0), 3.37 (2 H, s, 0=C-CH2-C=0), 

2.65 - 2.61 (2 H, m, ring CH2), 1.29 (3 H, t, J l . \ ,  CH3-CH2), 1.07 (3 H, s, CH3-Cq); 

6 C (100 MHz; CDC13) 166.6 (C=0), 166.5 (C=0) 130.3 (2 x alkene CH), 125.0 (2 x 

alkene CH), 72.4 (Cq-CH2-0), 61.5 (0-CH2- CH3), 41.7 (0=C-CH2-C=0), 36.7 (Cq 

ring), 26.3 (ring CH2), 25.2 (CH3-CH2), 14.1 (CH3-Cq).

Malonic acid ethyl ester l-methyl-4-oxo-cyclohexa-2,5-dienylmethyl ester (112)

O O

•v M b

O
111

Me
O O

M OB

O

112
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Celite (4.2 g) was added to a cooled (0 °C) suspension of the ester 111 (835 mg, 3.5 

mmol), in benzene (20 ml) in a flame dried flask. 5 - 6  M f-BuOOH in decane (2.8 

ml, 14 mmol, 4 equiv.) was added to the mixture. This was followed by portion-wise 

addition of pyridinium dichromate (5.3 g, 14 mmol, 4 equiv.) over 10 min. The 

resulting mixture was stirred at room temperature for 18 hours. After dilution with 

ether and filtration through a pad of basic alumina type H, the combined solutions 

were concentrated in vacuo affording a brown residue. Purification by column 

chromatography (eluting with hexane-ether 4:6) afforded the title dienone 112 (317 

mg, 36%) as a pale yellow oil (Found: MH+ 253.1069. C13H17O5 requires M, 

253.1071); vmax (neat)/cm‘* 2979, 1733, 1667, 1261, 1149, 1032, 862; 8 H (400 MHz; 

CDCI3) 6.75 ( 2  H, d, J  10.2, 2 x CH=CH-C=0), 6.26 (2 H, d, J  10.2, 2 x CH=CH- 

C O ), 4.14 (2 H, s, C,-CH2-0), 4.11 (2 H, q, J  7.2, O-CH2- CH3), 3.29 (2 H, s, 

OC-CH 2-C O ), 1.23 (3 H, s, CH3-Cq), 1.21 (3 H, t, J  7.2, CH3-CH2); 8 c (100 MHz; 

CDCI3) 185.6 (ring C=0), 166.2 (O -C O ), 166.1 (0-C=0), 151.5 (2 x 

CH=CH-C=0 ), 130.0 (2 x CH=CH-C=0), 69.1 (Cq-CH2-0), 61.8 (0-CH2-CH3),

41.8 (C, ring), 41.3 (0=C-CH2-C=0), 21.8 (CH3-CH2), 14.1 (CH3-Cq); m/z (APCI) 

253 (MH*,37%), 223 (45), 177 (8 ), 122 (15), 1 2 1  (1 0 0 ).

Cycliation of achiral dienone 112

O O

M OB Me*3
HP

OH

112 113,36% 114, 14%

(a) Cyclisation of dienone 112 using 0.5 M sodium ethoxide.

Freshly prepared 0.5 M sodium ethoxide solution (1.6 ml, 0.8 mmol, 2 equiv.) was 

added to a solution of dienone 112 (100 mg, 0.397 mmol) in absolute ethanol (10 

ml). The resulting mixture was stirred at room temperature for 5 hours under a 

nitrogen atmosphere, and then quenched with NH4CI saturated solution (20 ml). The 

organic product was extracted into CH2CI2 ( 2  x 2 0  ml), and the combined extracts
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were dried over Na2SC>4 . After concentration in vacuo, a brown residue was obtained 

which was purified by flash column chromatography (eluting with ethyl acetate-ether 

0.5:9.5), to afford compound 113 as a pale yellow oil (35 mg, 35 %) and /?-cresol 114 

as a brown oil (15 mg, 14 %).

(b) Cyclisation of dienone 112 using potassium /-butoxide

Potassium /-butoxide (0.794 mmol, 89.1 mg, 2 equiv.) was added to a solution of 

dienone 112 (100 mg, 0.397 mmol) in dry THF (10 ml). The resulting mixture was 

stirred at room temperature for 24 hours under a nitrogen atmosphere, and then, 

quenched with NH4CI saturated solution. The organic material was extracted into 

CH2CI2 ( 2  x 2 0  ml), and the combined extracts were dried over Na2S0 4 . 

Concentration in vacuo afforded compound 113 as the sole product (92 mg, 92 % 

yield) as an essentially-pure yellow oil.

(4»Sl?,4ai?5,8aftS)-8a-Methyl-3,6-dioxo-3,4,4a,5,6,8a-hexahydro-l//- 

isochromene-4-carboxylic acid ethyl ester (113): Found MPT 253.1074. C13H17O5 

requires M, 253.1071; vmax (neat)/cm_1 2966, 2924, 1735, 1667, 1258, 1027, 861, 

801; 8 h (400 MHz; CDC13) 6.63 (1 H, dd, J  10.2, 1.6, Ha), 6.05 (1 H, d, J  10.2, Hb),

4.23 - 4.15 (4 H, m, 2  x Hg, Hb, H', H>), 3.32 (1 H, d ,77.3 , Hf), 2.80 -  2.73 (2 H, m, 

Hd and H ), 2.37 (1 H, dd, J  18.8, 4.9, Hc), 1.26 (3 H, s, Mea), 1.24 (3 H, t, J  7.2, 

Me6); 8 c (100 MHz; CDCU) 195.1 (C=0), 168.6 (CM>0), 168.3 (0-C=0), 151.5 

(CH=CH-C=0), 131.1 (CH=CH-C=0), 75.1 (0-CH2), 62.7 (O-CHj), 51.6 (0=C- 

CH-C=0), 41.1 (ring junction CH), 39.2 (CH r-CO ), 36.2 (Cq ring), 21.9 (CH3- 

CH2), 14.1 (CH3-Cq); tn/z (APCI) 253 (MH", 18 %), 238 (7), 147 (39), 135 (15), 12 

(16), 1 2 1  (1 0 0 ).

p-Cresol (114): 8 h (400 MHz; CDC13) 6.97 (2 H, d, J 8 .3 , 2 x CH3-C=CH), 6 . 6 6  (2 

H, d, J  8.3, 2 x HO-C=CH). Data are identical with those from an authentic sample.
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l-Allyl-cyclohexa-2,5-dienecarboxylic acid (115)11

CQ>H OCfeH

115

Ammonia (500 cm3) was added to benzoic acid (10 g, 82 mmol) in a 1 1 round

bottomed flask through a dry ice-acetone condenser. With careful stirring, Li (1.6 g, 

230 mmol) was added portion-wise until a permanent blue colour persisted. After 15 

min at this temperature, allyl bromide (20.2 ml, 234 mmol) was added slowly over a 

period of 5 min. The ammonia was allowed to evaporate overnight and the residue 

was dissolved in iced water. Dilute H2SO4 was added until pH 1 -2  was reached. The 

solution was then extracted into diethyl ether (3 x 200 ml). The combined ethereal 

extracts were dried over MgSC>4 . The solvent was removed in vacuo to give a yellow 

oil. This oil was washed with petroleum ether, and filtered to separate a dark residue.

The filtrate was concentrated under reduced pressure to afford the title acid (12.6 g, 

91 %) as an essentially-pure colourless oil which solidified upon standing, m.p. 50 - 

52 °C (Found M*, 164.0831. CioHi20 2 requires M, 164.0832); vmax (neat)/cm_1 3034, 

1699, 1639, 1416, 1269, 918; 8 H (400 MHz; CDC13) 11.42 (1 H, broad s, OH), 5.85

(C=0), 132.9 (CH=CH2), 126.4 (2 x alkene CH), 126.2 (2 x alkene CH), 118.4 

(CH2=CH), 47.6 (Cq ring), 44.1 (CH2-Cq), 26.1 (ring CH2); m/z (El) 164 (M+, 6  %), 

123 (20), 105 (28), 91 (20), 79 (100), 77 (82), 51 (17), 41 (26).

l-Allyl-cyclohexa-2,5-dienecarboxylic acid methyl ester (116)

(2 H, app. dt, J  10.4, 3.3, 2 x CH=CH-CH2), 5.69 (2 H, app. dt, J  10.4, 2.0, 2 x 

CH=CH-CH2), 5.66 - 5.56 (1 H, m, CH2=CH), 5.08-4.96 (2 H, m, CHr=CH), 2.66 -

2.50 (2 H, m, ring CH2), 2.39 (2 H, d, J7 .2 , CH2-Cq); 8 C (100 MHz; CDC13) 180.8

CQ>H CQ>Me

115 116
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l-Allylcyclohexa-2,5-diene-l-carboxylic acid 115 (17.4 g, 106.1 mmol) was 

dissolved in absolute methanol (175 ml) and conc. H2SO4 (0.36 ml) was added. After 

refluxing the reaction mixture for 24 h, most of the solvent was evaporated. The 

remaining solution was neutralised by addition of saturated NaHCC>3 solution. The 

organic compound was extracted into CH2CI2 (3 x 1 0 0  ml), dried over MgSC>4 and 

concentrated under reduced pressure to afford the title ester (16.3 g, 8 6  %) as an 

essentially-pure yellow oil; vmax (neat)/cm_1 3033, 2950, 2908, 1736, 1639, 1435, 

1237, 1029, 918, 797, 738; 6 H (400 MHz; CDC13), 5.90 (2 H, app. dt, J  10.4, 3.3, 2 x 

CH=CH-CH2), 5.77 (2 H, app. dt, J  10.4,2.0, 2 x CH=CH-CH2), 5.74 - 5.61 (1 H, m, 

CH=CH2), 5.10 - 5.01 (2 H, m, CH^CH), 3.70 (3 H, s, CH3), 2.73 - 2.57 (2 H, m, 

ring CH2), 2.45 (2 H, d, J 12, CH2-Cq); 6 C (100 MHz; CDC13) 174.7 (C=0), 133.2 

(CH=CH2), 127.0 (2 x alkene CH), 125.7 (2 x alkene CH), 118.0 (CH2=CH), 52.1 

(CH3), 47.7 (Cq ring), 44.4 (CH2-Cq), 26.1 (ring CH2); m/z (El) 178 (M+, 5 %), 137 

(28), 105 (51), 91 (87), 79 (100), 77 (100), 59 (72).

(l-Allyl-cyclohexa-2,5-dienyl)-methanol (117)

OH

116 117

To a stirred suspension of LiAlFLt (5.1 g, 134.4 mmol) in dry THF (115 ml) under a 

nitrogen atmosphere at room temperature was added a solution of ester 116 (16.2 g, 

91 mmol) in dry THF (25 ml). The mixture was stirred at room temperature for 1 

hour, then 15 % aqueous NaOH solution (5.1 ml) was added carefully followed by 

addition of water (14.8 ml) and stirring was continued at room temperature for 48 h. 

Filtration and concentration under reduced pressure afforded the title alcohol 117 

(11.4 g, 83 %) as an essentially-pure pale yellow oil; vmax (neat)/cm_1 3388, 3017, 

2916, 1707, 1638, 1438, 1239, 1060, 1021, 914, 745, 710; 5H (400 MHz; CDC13) 

5.83 (2 H, app. dt, J  10.3, 3.3, 2 x CH=CH-CH2), 5.65 - 5.56 (1 H, m, CH=CH2), 

5.31 (2 H, app. dt, J  10.3, 2.0, 2 x CH=CH-CH2), 4.91 - 4.84 (2 H, m, CH^CH), 

3.25 (2 H, s, CH2-0), 2.53 - 2.49 (2 H, m, ring CH2), 1.96 (2 H, d, y  7.2, CH2-Cq); 5C
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( 1 0 0  M H z ;  C D C I 3)  1 3 4 . 3  ( C H = C H 2 ) ,  1 2 9 . 5  ( 2  x  a l k e n e  C H ) ,  1 2 7 . 4  ( 2  x  a l k e n e  C H ) ,

1 1 7 . 1  ( C H 2= C H ) ,  6 9 . 9  ( 0 - C H 2 ) ,  4 2 . 9  ( C q  r i n g ) ,  4 2 . 1  ( C H 2- C q ) ,  2 6 . 1  ( r i n g  C H 2 ) .

Malonic acid l-alIylcyclohexa-2,5-dienylmethyl ester ethyl ester (118)

O O
OH ■cM c b

117 118

E t h y l  m a l o n y l  c h l o r i d e  ( 1 . 0 2  g ,  0 . 8 6  m l ,  6.8 m m o l ,  1 . 1  e q u i v . )  d i s s o l v e d  i n  d r y  

C H 2C 1 2 ( 5  m l )  w a s  a d d e d  t o  a  s o l u t i o n  o f  ( l - a l l y l - c y c l o h e x a - 2 , 5 - d i e n y l ) - m e t h a n o l  

117 ( 9 2 4  m g ,  6 . 2  m m o l )  i n  d r y  C H 2C 1 2 ( 2 0  m l ) .  T r i e t h y l a m i n e  ( 0 . 6 9  g ,  0 . 9 5  m l ,  6.8 

m m o l ,  1 . 1  e q u i v . )  a n d  D M A P  ( f e w  c r y s t a l s )  w e r e  a d d e d .  A f t e r  s t i r r i n g  t h e  r e s u l t i n g  

m i x t u r e  a t  r o o m  t e m p e r a t u r e  f o r  2 4  h o u r s ,  a q u e o u s  2  M  H C 1  s o l u t i o n  ( 1 5  m l )  w a s  

a d d e d  a n d  t h e  o r g a n i c  m a t e r i a l  w a s  e x t r a c t e d  i n t o  C H 2C 1 2 ( 3  x  2 0  m l ) .  T h e  c o m b i n e d  

o r g a n i c  e x t r a c t s  w e r e  d r i e d  o v e r  M g S C >4 a n d  c o n c e n t r a t e d  u n d e r  r e d u c e d  p r e s s u r e  t o  

a f f o r d  t h e  title ester  118 a s  a n  e s s e n t i a l l y - p u r e  y e l l o w  o i l  ( 1 . 5  g ,  9 4  % )  w h i c h  w a s  

u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n ;  v m a x  ( n e a t ) / c m _1 2 9 8 1 ,  2 8 1 8 ,  1 7 3 5 ,  1 6 3 9 ,  1 4 5 6 ,

( 1 0 0  M H z ;  C D C I 3)  1 6 6 . 5  ( C = 0 ) ,  1 6 6 . 4  ( C = 0 ) ,  1 3 3 . 9  ( C H = C H 2 ) ,  1 2 8 . 7  ( 2  x  a l k e n e  

C H ) ,  1 2 6 . 3  ( 2  x  a l k e n e  C H ) ,  1 1 7 . 5  ( C H 2= C H ) ,  7 1 . 2  ( C q - C H 2- 0 ) ,  6 1 . 5  ( 0 - C H 2- C H 3 ) ,

4 2 . 1  ( 0 = C - C H 2- C = 0 ) ,  4 1 . 6  ( = C H - C H 2- C q ) ,  4 0 . 2  ( C q  r i n g ) ,  2 6 . 5  ( r i n g  C H 2 ) ,  1 4 . 1  

( C H 3 ) .

1 4 1 5 ,  1 3 7 0 ,  1 0 0 4 ,  9 1 6 ,  7 3 5 ;  8r  ( 4 0 0  M H z ;  C D C I 3)  5 . 8 8  ( 2  H ,  a p p .  d t ,  J  1 0 . 4 ,  3 . 3 ,  2  

x  C H = C H - C H 2 ) ,  5 . 7 0  ( 1  H ,  d d t ,  J  1 8 . 2 ,  1 0 . 6 ,  7 . 2 ,  C H = C H 2 ) ,  5 . 4 8  ( 2  H ,  a p p .  d t ,  J

1 0 . 4 ,  2 . 0 ,  2  x  C H = C H - C H 2 ) ,  5 . 0 7  -  5 . 0 1  ( 2  H ,  m ,  C H r = C H ) ,  4 . 2 2  ( 2  H ,  q ,  J  7 . 1 ,

O - C H 2- C H 3) ,  4 . 0 0  ( 2  H ,  s ,  C q - C H 2- 0 ) ,  3 . 3 9  ( 2  H ,  s ,  0 = C - C H h - C = 0 ) ,  2 . 6 5  -  2 . 6 1  ( 2  

H ,  m ,  r i n g  C H 2 ) ,  2 . 1 8  ( 2  H ,  d ,  J7.2,  C H ^ C H - C K h ) ,  1 . 3 1  ( 3  H ,  t ,  J  7 . 1 ,  C H 3 ) ;  8C
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Malonic acid l-allyl-4-oxo-cyclohexa-2,5-dienylmethyl ester ethyl ester (119)

O O

■ M c b

o o
■ c M o a

o
118 119

Celite (6.1 g) was added to a cooled (0 °C) suspension of the ester 118 (1.35 g, 5.1 

mmol) in benzene (25 ml) in a flame dried flask. 5 - 6  M /-BuOOH in decane (4.1 

ml, 20.5 mmol, 4 equiv.) was added. This was followed by portion-wise addition of 

pyridinium dichromate (7.7 g, 20.5 mmol, 4 equiv.) over 10 min. The resulting 

mixture was stirred at room temperature for 18 hours. After dilution with ether and 

filtration through a pad of basic alumina type H, the combined solutions were 

concentrated in vacuo to afford a brown oil. The resulting oil was purified by column 

chromatography (eluting with CH2Cl2-methanol 9:1) to afford the title enone (725 

mg, 51 %) as a yellow oil; (Found MH+ 279.1225. C15H19O5 requires M, 279.1227); 

vmax (neatycm’1 2982, 1734, 1667, 1628, 1445, 1405, 1370, 1331, 1262, 1149, 1033, 

926, 862; 8 H (400 MHz; CDC13) 6.74 (2 H, d, J  10.3, 2 x CH=CH-C=0), 6.31 (2 H, 

d, J  10.3, 2 x CH=CH-C=0), 5.50 (1H, ddt J  17.2, 10.4, 7.2, CH=CH2), 5.07 - 5.00 

(2 H, m, CH2=CH), 4.17 (2 H, s, Cq-CH2-0), 4.11 (2 H, q, J 7 .\ ,  O-CHrCHs), 3.29 

(2 H, s, O C -C H rO O ), 2.35 (2 H, d, J7.2, C H -C H ^C q), 1.20 (3 H, t, J  7.1, CH3); 

8c (100 MHz; CDC13) 185.8 (C=0), 166.1 (0-C=0), 166.0 (0-C=0), 150.0 (2 x 

CH=CH-C=0), 131.2 (2 x CH=CH-C=0), 129.6 (CH2=CH), 120.0 (CH=CH2), 68.1 

(Cq-CH2-0), 61.8 (0-CH2-CH3), 45.5 (Cq ring), 41.3 (O C-CH 2-C=0), 39.7 (=CH- 

CH2-Cq), 14.1 (CH3); m/z (APCI) 279 (MH+, 34 %), 148 (13), 147 (100).

Cyclisation of achiral allyl enone 119

O

cA ^ o b

o  o

o OH

119 120 121

162



(a) Cyclisation of dienone 119 using 0.5 M sodium ethoxide.

Freshly prepared 0.5 M sodium ethoxide solution (4.2 ml, 2.1 mmol, 1.7 equiv.) was 

added to a solution of dienone 119 (342 mg, 1.23 mmol) in absolute ethanol (20 ml). 

The mixture was stirred at room temperature for 20 hours under a nitrogen 

atmosphere, and then quenched with saturated NH4CI solution (20 ml). The organic 

material was extracted into CH2CI2 ( 2  x 30 ml). The combined extracts were dried 

over Na2SC>4 , and concentrated in vacuo to afford a dark brown oil. Purification by 

flash column chromatography (eluted in gradient mode from CH2Cl2-hexane 2:1 to 

neat ethyl acetate) afforded compound 121 as a colourless oil (45 mg, 27 %) and 

compound 120 (which eluted from EtOAc fractions) as a pale yellow oil (105 mg, 31 

%) respectively.

(b) Cyclisation of dienone 119 using potassium /-butoxide

Potassium /-butoxide (161.5 mg, 1.44 mmol, 2 equiv.) was added to a solution of 

dienone 119 (200 mg, 0.72 mmol) in dry THF (20 ml). The mixture was stirred at 

room temperature for 28 hours under a nitrogen atmosphere, and then quenched with 

saturated NH4CI solution. The organic material was extracted into CH2CI2 (2 x 20 

ml). The combined extracts were dried over Na2SC>4 , and concentrated in vacuo to 

afford a dark brown oil. Purification by column chromatography (eluted in gradient 

mode from CH2Cl2-hexane 2 : 1  to neat ethyl acetate) afforded phenol 1 2 1  as a 

colourless oil ( 8  mg, 8  %) and 120 which eluted from EtOAc fractions as a pale 

yellow oil (75 mg, 38 %) respectively.

4-Allyl phenol (121): yellow ( 8  mg, 8.3 %); vmax (neatycm' 1 3366, 3077, 2976, 

1612, 1513, 1443, 1234, 994, 914, 825; 5H(400 MHz; CDCI3) 6.98 (2 H, d, J8.4, 2 x 

aromatic CH), 6.69 (2 H, d, .78.4,2 x aromatic CH), 5.87 (1 H, ddt, J  17.0,10.5, 6 .6 , 

CH2=CH-CH2), 5.01 - 4.93 (2 H, m, ClfcCH), 3.24 (2 H, d, J 6 .6 , Cq-CHz); 5c (100 

MHz; CDCI3) 153.8 (Cq-OH), 137.9 (CH=CH2), 132.3 (Cq-CH2), 129.7 (2 x aromatic 

CH), 115.5 (CH=CH2), 115.2 (2 x aromatic CH), 39.3 (Cq-CH2).

(4£ft,4a&S',8a&S)-8a-Allyl-3,6-dioxo-3,4,4a,5,6,8a-hexahydro-l//-isochromene-
4-carboxylic acid ethyl ester (120): Pale yellow oil (75 mg, 37.5 %) (Found: MH*
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279.1224. C15H19O5 requires M, 279.1227); vmax (neatycm' 1 2979, 1732, 1682,

195.1 (C=0), 168.3 (0-C=0), 166.7 (0-C=0), 150.2 (CH=CH-C=0), 131.6 

(CH=CH-C=0), 130.6 (CH2=CH), 121.3 (CH2=CH), 73.1 (0-CH2-Cq), 62.7 

(0-CH2-CH3), 51.7 (0=C-CH-C=0), 40.8 (CH2-C=0), 39.3 (C H ^H -O fc), 39.2 

(Cq ring), 38.6 (ring junction CH), 14.1 (CH3); m/z (APCI) 279 (MH+, 27 %), 116

(6 ), 115(100), 86(16).

2-Phenysulfanylacetic acid (125)36

Chloroacetic acid (10.1 mg, 107 mmol) was added to a solution of benzenethiol 

(10.69 g, 10 ml, 97 mmol) in aqueous sodium hydroxide (8.2 g, 205 mmol in 200 ml 

H20). The mixture was refluxed for 3.5 hours, then cooled and acidified with 

aqueous 2 M HC1 solution to pH 1 - 2 .  The resulting white precipitate was isolated 

by filtration and recrystallised from water to afford the title acid 125 (11 g, 67 %) as 

a white powder, m.p. 61 - 63 °C (lit. m.p. 63.5 °C); vmax (KBr)/cm_1 3448, 2922, 

2853, 1704, 1462, 1197, 736; 5H (400 MHz; CDC13) 7.47 -  7.41 (2 H, m, 2 x 

aromatic CH), 7.37 -  7.30 (2 H, m, 2 x aromatic CH), 7.29 -  7.25 (1 H, m, p- 

aromatic CH), 3.69 (2 H, s, CH2-S); 8 C (100 MHz; CDC13) 175.6 (C=0), 134.5 (Cq- 

S), 130.0 (2 x o-aromatic CH), 129.2 (2 x /w-aromatic CH), 127.3 (p-aromatic CH),

36.6 (CH2-S).

1398, 1253, 1155, 929, 790; 8 H (400 MHz; CDC13) 6.59 (1 H, dd, J  10.3, 1.5, 

CH=CH-C=0), 6.11 (1 H, d, J  10.3, CH=CH-C=0), 5.70 (1 H, app. ddt, J  17.1, 10.0,

7.5, CH=CH2), 5.24 - 5.14 (2 H, m, CH^CH), 4.25 - 4.15 (4 H, m, 2 x O-CIiO, 3.32 

(1 H, d, J  7.6, 0=C-CH-C=0), 2.86 (1 H, dddd, J  7.6, 5.4, 3.8, 1.5, ring junction 

CH), 2.76 (1 H, dd, J  17.4, 5.4 one of 0=C-CH2), 2.45 (1 H, dd, J  14.1, 7.5, one of 

CH^CH-Cffc), 2.35 (1 H, dd, J  17.4, 3.8, one of 0=C-CH2), 2.31 (1 H, dd, J  14.1,

7.5, one of one of CH^CH-CHz), 1.24 (3 H, t, J7 .1 , CH3); 8 C (100 MHz; CDC13)

125
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2-Phenysulfanylacetyl chloride (128)38

S^ C O gH

125 128

Thionyl chloride (27 ml) was added to 2-phenysulfanylacetic acid 125 (13.7 g, 81.5 

mmol), and the resulting mixture was refluxed at 70 °C for 2 hours. The excess 

thionyl chloride was removed in vacuo at 60 °C to afford the title acid chloride 128 

(15 g, 99 %) as an essentially-pure brown oil which was used without further 

purification; vmax (neatycnf1 3034, 2980, 2931, 2873, 1785, 1452, 1417, 904, 787, 

710; 5h (400 MHz; CDC13) 7.36 - 7.32 (2 H, m, 2 x aromatic CH), 7.27 - 7.17 (3 H, 

m, 3 x aromatic CH), 3.94 (2 H, s, CH2); 6 C (100 MHz; CDC13) 169.9 (C=0), 132.9 

(Cq-S), 131.6 (2 x o-aromatic CH), 129.5 (2 x m-aromatic CH), 128.3 (p-aromatic 

CH), 48.6 (CH2-S).

Phenylsulfanylacetic acid 1 -methylcyclohexa-2,5-dienyl methyl ester (129)

O  *    ( j )
109 128 129

2-Phenylsulfanylacetyl chloride 128 (9.2 g, 4 9.5 mmol, 1.02 equiv.) dissolved in dry 

CH2C12 (40 ml) was added to a solution of the alcohol 109 ( 6  g, 48.39 mmol) in dry 

CH2C12 (400 ml). Triethylamine (10 ml, 71.7 mmol, 1.5 equiv.) and DMAP (few 

crystals) were added. The resulting mixture was stirred at room temperature for 72 

hours, and then quenched with aqueous 2 M HC1 solution (30 ml). The organic 

material was extracted into CH2C12 (3 x 50 ml) and dried over MgSC>4 . After the 

solvent was removed under reduced pressure, the remaining brown solution was 

purified by flash chromatography (eluting with ether-hexane 0.5:9.5) to afford the
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title compound 129 (10.2 g, 77 %) as a pale yellow oil; vmax (neat)/cm l 3017, 2962,

(C=0), 135.3 (Cq-S), 130.3 (2 x o-aromatic CH), 129.5 (2 x alkene or w-aromatic 

CH), 129.0 (2 x alkene or m-aromatic CH), 126.8 (p-aromatic CH), 125.0 (2 x alkene 

CH), 72.5 (0-CH2), 36.7 (Cq ring), 36.5 (S-CH2), 26.3 (ring CH2), 25.2 (CH3); m/z 

(APCI) 275 (MH+, 3%), 185 (34), 167 (37), 125 (72), 121 (100).

Benzenesulfinylacetic acid l-methyl-4-oxocyclohexa-2,5-dienyl methyl ester

Celite (24 g) was added to a suspension of ester 129 (4.1 g, 15 mmol) in dry benzene 

(190 ml) at 0 °C in a flame dried flask. 5 - 6  M f-BuOOH in decane (12.7 ml, 63.5 

mmol, 4.2 equiv.) was added followed by portion-wise addition of pyridinium 

dichromate (23.6 g, 63.5 mmol, 4.2 equiv.) over 1 hour. After the addition was 

complete, the reaction mixture was stirred at that temperature for a further 2  hours, 

then the cooling bath was removed and stirring was continued at room temperature 

for 18 hours. The resulting mixture was diluted with ethyl acetate, filtered and 

concentrated in vacuo. The remaining brown viscous oil was purified by column 

chromatography (eluting with ether-ethyl acetate 3:1) to give the title dienone 130 

(2.1 g, 45 %) as a pale yellow waxy solid, m.p. 74 - 75 °C (Found: MH* 305.0842.

1258, 1049, 862, 650; 8 H (400 MHz; CDC13) 7.61 - 7.57 (2 H, m, 2 x aromatic CH),

2869, 1736, 1538, 1482, 1270, 1136, 1000, 740; 8 H (400 MHz; CDC13) 7.42 -  7.21 

(5 H, m, aromatic CH), 5.76 (2 H, app. dt, J  10.3, 3.3, 2 x CH=CH-CH2), 5.45 (2 H, 

app. dt, J  10.3, 2.0, 2 x CH=CH-CH2), 3.92 (2 H, s, 0-CH2), 3.67 (2 H, s, S-CH2), 

2.63 -  2.59 (2 H, m, ring CH2), 1.03 (3 H, s, CH3); 8 C (100 MHz; CDC13) 169.8

(130)

O
©o o

o
129 130

Ci6Hi7S04 requires M, 305.0842); vmax (CH2Cl2ycm ' 1 2924, 1738,1666, 1627, 1444,

7.51 - 7.47 (3 H, m, 3  x aromatic CH), 6.71 - 6 . 6 6  (2 H, m, 2 x CH=CH-C=0), 6.25 - 

6.20 (2 H, m, 2  x CH=CH-C=Q), 4.19 (1 H, d, J  10.7, one of Q-CH2), 4.09 (1 H, d, J
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10.7, one of 0-CH2), 3.70 (1 H, d, J  13.7, one of S-CH2), 3.58 (1 H, d, J  13.7, one of

S-CH2), 1.20 (3 H, s, CH3); 8 c  (100 MHz; CDC13) 185.6 (ring C=0), 164.4 (O-CO),

151.3 (CH=CH-C=0), 151.2 (CH=CH-C=0), 142.8 (Cq-S), 131.9 (p-aromatic CH),

130.1 (CH=CH-C=0), 130.1 (CH=CH-C=0), 129.6 (2 x o-aromatic CH), 124.1 (2 x 

m-aromatic CH), 69.7 (0-CH2 ), 61.3 (CH2-SO), 41.6 (Cq ring), 21.8 (CH3); m/z 

(APCI) 305 (MH+, 100 %), 275 (13), 197 (8 ), 185 (7), 167 (3), 121 (100).

Cyclisation of dienone (130)

©
O p

M'X ^cr^if'ph

0 o
130

u

Me
Me

+ +

OHO
Ph

O O

135 133 132 114

In a flame-dried flask and under a nitrogen atmosphere, potassium f-butoxide (7 

mmol, 0.78 g, 2 equiv.) was added to a cooled solution of dienone 130 (1.059 g, 3.48 

mmol) in dry THF (130 ml) at 0 °C. The mixture was stirred at this temperature for 

5.5 hours, and then at room temperature for 17.5 hours. The resulting mixture was 

quenched with saturated NH4CI solution (50 ml), and the organic material was 

extracted into CH2CI2 (3 x 50 ml). The combined extracts were dried over Na2SC>4 

and concentrated in vacuo to afford 592 mg of a crude mixture of compounds 114, 

132, 133, and 135 as a golden solid. Purification by flash chromatography (eluting 

with CH2Cl2-ethyl acetate 9.3:0.7) afforded the pure products in order as follows:
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p-Cresol (114): Yellow oil (12.1 mg, 2.2 %). Data as previously reported (page 158).

(4/fcS,4fl*Sl?,8aJ&S')-4-Benzenesulfonyl-8a-methyl-l,4a,5,8a-tetrahydro-4//- 

isochromene-3,6-dione (132): Off-white solid (21.1 mg, 1.9 %), m.p. 185 - 186 °C 

(Found: MNH,+ 338.1062. C16H20O5NS requires M, 338.1057); (CHjCbj/cm' 1 

3056, 2940, 1737, 1680, 1319, 1265, 1149, 736; 6 H (400 MHz; CDCI3) 7.80 (2 H, 

app. dd, J  8.4, 1.2, 2 x o-aromatic CH), 7.66 (1 H, app. tt, J7 .4 , 1.2, p-aromatic CH), 

7.56 - 7.50 (2 H, m, 2  x m-aromatic CH), 6.63 (1 H, dd, J  10.3, 2.0, CH=CH-C=0),

6.03 (1 H, d, J  10.3, CH=CH-C=0), 4.51 (1 H, d, J  11.3, one of 0-CH2), 4.17 (1 H, 

d, J  11.3, one of 0-CH2), 3.72 (1 H, d, J  5.4, CH-S02), 3.3 (1 H, app. tt, J  5.0, 2.5, 

ring junction CH), 2.95 (1 H, dd, J  17.5, 5.0, one of CH2-C=0), 2.56 (1 H, dd, J  17.5,

2.5, one of CH2-C=0), 1.34 (3 H, s, CH3); 6 C (100 MHz; CDC13) 194.8 (C=0), 

162.4 (O-CO), 152.0 (CH=CH-CO), 136.0 (Cq-S), 135.0 (CH=CH-CO), 132.0 

ip-aromatic CH), 129.4 (2 x o-aromatic CH), 129.3 (2 x m-aromatic CH), 75.2 

(0-CH2), 69.6 (CH-S02), 40.5 (CH2-C=0), 38.4 (ring junction CH), 36.9 (Cq ring),

20.3 (CH3); m/z (APCI) 321 (MH+, 100 %), 319 (11), 121 (16).

'H - *H COSY experiment showed the following correlations

hP, 5 = 6.63, shewed a  crass peak to hP & hf
hP, 5 = 6.03, showed a  cross peak to l-P
l-F, 6=4.51, showed a  cross peak to l-P
l-P, 5=4.17, showed a  cross peak to l-F
HP, 5 = 3.72, showed a  cross peak to hf
l-f, 5 = 3.33, showed a  cross peak to HP, hP, HP & hP
hF, 5 = 295, showed a  cross peak to l-P & Irf
l-P, 5 = 2.56, showed a  cross peak to l-P & hf

NOES Y experiment showed the following correlations

Me

Ph

132

l-P, 5 = 6.63, showed a  cross peak to HP, I-F&CH3

HP, 5 = 6.03, shewed a  cross peak to l-P
l-F, 5 = 4.51, shewed a  cross peak to l-P, hf & CH3

l-P, 5 = 4.17, shewed a  cross peak to l-P, I-F&CH3

l-P, 5 = 3.72, showed a  cross peak to l-P, & l-P
h f , 5 = 3.33, showed a  cross peak to l-F, l-P, l-P &CH3

l-P, 5 = 295, shewed a  cross peak to l-f, FP&CH3

HP, 5 = 2.56, shewed a  cross peak to FF& l-P
CH3 , 5 = 1.34, shewed a  cross peak to hP, l-F, l-P, l-f & l-P
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(S^4/?£,4o£/?,8fli?*S)-4-Benzenesulfinyl-8a-m ethyl-1,4a,5,8a-tetrahydro-4//- 

isochromene-3,6-dione (133): Yellow solid (44.3 mg, 4.2 %), m.p. 108 - 110 °C 

(Found: M N H / 322.1111. C16H20SO4N requires M, 322.1108); vmax (CDCy/cm ' 1 

1737, 1685, 1445, 1404, 1247, 1060, 909, 733; 8 H (400 MHz; CDC13) 7.61 - 7.56 (2

H, m, 2 x aromatic CH), 7.55 - 7.50 (3 H, m, 3 x aromatic CH ), 6.63 (1 H, dd, J

10.2, 1.8, CH=CH-C=0), 5.98 (1 H, d, J  10.2, CH=CH-C=0), 4.32 (1 H, d, J  11.2, 

one of O-CH2), 4.05 (1 H, d, J  11.2, one of 0-CH2), 3.25 (1 H, d, J5 .1 , CH-SO), 

2.91 - 2.85 (1 H, m, ring junction CH), 2.36 (1 H, dd, J  17.3, 5.2, one of CH2-C=0 ),

I.23 (3 H, s, CH3), 0.93 (1 H, dd, J  17.3, 2.7, one of CH2-C=0); 8 C (100 MHz; 

CDCI3) 195.0 (C=0), 167.0 (0-C=0), 152.9 (CH=CH-C=0), 140.2 (Cq-S), 132.3 

(p-aromatic CH), 131.7 (CH=CH-C=0), 129.8 (2 x o-aromatic CH), 124.0 (2 x 

m-aromatic CH), 74.7 (0-CH2), 69.4 (CH-SO), 39.8 (CH2-C=0), 36.5 (Cq ring), 33.6 

(ring junction CH), 20.4 (CH3); m/z (APCI) 305 (MH+, 39 %), 235 (35), 197 (10), 

180 (12), 179 (100), 149 (10), 125 (37).

*H - JH COSY experiment showed the following correlations

1-F, 5 = 6.63, shewed a  cross peak to l-F & hf
l-P, 8 =5.98, shewed a  cross peak to hP
l-F, 8 = 4.32, shewed a  cross peak to l-F
l-F, 8 = 4.05, shewed a  cross peak to hF
l-F, 8 = 3.25, shewed a  cross peak to hf
K  8 = 2.91-2.85, shewed a  cross peak to l-P, l-F, l-P &hP
l-P, 8 = 2.36, shewed a  cross peak to l-P& h/
l-F, 8 = 0.93, shewed a  cross peak to hP & l-f

nOe experiment showed the following enhancements

liracfiation point at 8 = 0.93 (l-F) gave a positive 
peak to l-P & HP
Irradiation point at 5 = 1.23 (Ofe) gave a 
positive peek to l-F, l-F, l-F, l-P&hf 
Irradiation point at 8 = 2.36 (l-P) gave a 
positive peak to l-F, hf&Oh 
Irradiation point at 8 = 2.91-2.85 (hf) gavea 
positive peak to l-P, l-P, l-F &CH3 
Inradiadon point at 8 = 3.25 (l-P) gave a 
positive peak to, l-f&l-P 
Irradiation point at 8 = 6.63 (l-F) gave a positive 
peak to l-P, I-F&CH3

Ha
Me.

Ph

133
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(S1y/?,45/?,4ai?*9,8fliS'i?)-4-Benzenesulfinyl-8a-methyl-l,4a,5,8fl-tetrahydro-4/^- 

isochromene-3,6-dione (135): Off-white solid (82 mg, 7.7 %), m.p. 132 - 134 °C 

(Found: MH* 305.0843. Ci6Hi7S04 requires M, 305.0842); vmax (CH2Cl2)/cm'' 3055, 

2985, 1724, 1686, 1424,1265, 1050, 738; 8H(400 MHz; CDCI3) 7.61 - 7.50 (5 H, m, 

5 x aromatic CH), 6.54 (1 H, dd, J  10.3, 1.8, CH=CH-C=0), 6.03 (1 H, d, J  10.3, 

CH=CH-C=0), 3.86 (1 H, d, J  5.6, CH-SO), 3.75 (1 H, d, J  11.3, one of 0-CH2), 

2.90 - 2.84 (3 H, m, one of O-CH2, ring junction CH & one of CH2-C=0 ), 2.47 (1 H, 

dd, 18.7, 4.0, one of CH2-C=0), 1.09 (3 H, s, CH3); 8 C (100 MHz; CDCI3) 195.2 

(C=0), 163.6 (0-C=0), 152.2 (CH=CH-C=0), 139.3 (Cq-S), 132.7 (p-aromatic CH),

132.1 (CH=CH-C=0), 129.5 (2 x o-aromatic CH), 125.1 (2 x m-aromatic CH), 74.5 

(O-CH2), 66.5 (CH-SO), 40.6 (CH2-C=0), 36.2 (Cq ring), 36.1 (ring junction CH),

20.7 (CH3); m/z (APCI) 305 (MH+, 100 %), 247 (19), 179 (34).

*H - *H COSY experiment showed the following correlations

©_ HP.

135

l-P, 8 = 6.54, showed a cross peak to l-P & hf
l-P, 8 = 6.03, showed a cross peak to l-P
l-P, 8 = 3.86, showed a cross peak to hf( one of the protons at
8 = 290 - 2.84)
l-P, 8 = 2.47, showed a cross peak to hP (one of the protons at 
8 = 2.90 - 2.84)
l-P, hf & l-P, 8 = 2.90 - Z84, showed a cross peak to l-P, l-P & l-P
l-P, 8 = 3.75, showed a cross peak to l-P (one of the protons at 
8 = 290-2.84)

nOe experiment showed the following enhancements

135

Irradiation point at 8= 1.09 (CH3) gave positive 
peak to l-P, l-P&groLp of protons at 
8 = 290-2.84
Irradiation point at 8 = 247 (l-P) gave positive 
peak to HP &gnxp of protons at 
8=290-284
Irradiation point at 8= 6.54 (l-P) gave positive 
peek to HP & 0*3
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Phenylsulfanylacetic acid l-allylcyclohexa-2,5-dienylmethyl ester (138)

117 138128

SPh
A  ,53Ph ----------------   ^  ^  O -

O '

2-Phenylsulfanylacetyl chloride 128 (7.6 g, 40.9 mmol, 1.02 equiv.) dissolved in dry 

CH2CI2 (30 ml) was added to a solution of alcohol 117 ( 6  g, 40 mmol) in dry CH2CI2 

(330 ml). Triethylamine (8.3 ml, 6  g, 59.5 mmol, 1.5 equiv.) and DMAP (few 

crystals) were added. The resulting mixture was stirred at room temperature for 13 

days and then quenched with aqueous 2 M HC1 solution (30 ml). The organic 

material was extracted into CH2CI2 (3 x 50 ml) and dried over MgSC>4 . After the 

solvent was removed under reduced pressure, the remaining dark brown oil was 

purified by flash chromatography (eluting with ether-hexane 2 .5:7.5) to afford the 

title compound 138 (5.5 g, 46 %) as a yellow oil; vmax (neatycm' 1 3019, 2976, 2886, 

1734, 1638, 1584, 1440, 1407, 1277, 1129, 912, 736; 5H (400 MHz; CDCI3) 7.43 - 

7.38 (2 H, m, 2  x o-aromatic CH), 7.35 - 7.27 (2 H, m, 2 x m-aromatic CH), 7.24 (1 

H, app. tt, J  7.2, 1.3, /7-aromatic CH), 5.84 (2 H, app. dt, J  10.4, 3.4, 2 x CH=CH- 

CH2), 5.63 (1 H, app. ddt, J  18.4,10.3, 7.2, CH=CH2), 5.42 (2 H, app. dt, J  10.4, 2.0, 

2 x CH=CH-CH2), 5.06 - 4.97 (2 H, m, CH2C H ), 3.97 (2 H, s, 0-CH2), 3.67 (2 H, s, 

C H 2 - S ) ,  2.63 - 2.58 (2 H , m, ring C H 2) ,  2.11 (2 H, d, J 1 A , C H r C H - Q f c ) ;  6 C (100 

MHz; CDCI3) 169.7 (C=0), 135.2 (C q -S ) , 134.0 (allyl CH=CH2), 129.5 (2 x alkene 

CH), 129.1 (2 x alkene or o-aromatic CH), 128.7 (2 x alkene or o-aromatic CH),

126.8 (/7-aromatic CH), 126.4 (2 x m-aromatic CH), 117.5 (CH2=CH), 71.2 (0-CH2),

42.1 (=CH-CH2-Cq), 40.3 ( C q ring), 36.5 (CH2-S), 26.6 (ring CH2); m/z (APCI) 317 

(MH++0, 39 %), 315 (24), 275 (17), 149 (15), 133 (100), 123 (92).
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Oxidation of phenylsulfanylacetic acid 1 -allylcyclohexa-2,5-dienylmethyl ester 

(138)

- >  p  9
o  u

138 139 140

Celite (6.9 g) was added to a suspension of sulfide ester 138 (1.2 g, 4.0 mmol) in dry 

benzene (55 ml) at 0 °C in a flame dried flask. 5 - 6  M /-BuOOH in decane (3.4 ml, 

17 mmol, 4.2 equiv.) was added followed by portion-wise addition of pyridinium 

dichromate (6.3 g, 16.7 mmol, 4.2 equiv.) over 1 hour. After the addition was 

complete, the reaction mixture was stirred at that temperature for a further 2  hours 

then the cooling bath was removed and stirring was continued at room temperature 

for 18 hours. Ethyl acetate was added and the mixture was filtered over basic 

alumina type H and concentrated in vacuo to afford a brown viscous oil. Purification 

of the remaining oil by flash column chromatography (eluting with petroleum 

ether-ethyl acetate 2:1.2) afforded compounds 139 and 140.

Benzenesulflnylacetic acid l-allyl-4-oxocyclohexa-2,5-dienylmethyl ester (139):

Very viscous yellow oil (300 mg, 23 %) (Found: MH* 331.1004. C18H19SO4 requires 

M, 331.0999); vmax (neat)/cm_1 3061, 2923, 1738, 1666, 1627, 1444, 1403, 1261, 

1049, 862, 732, 691; SH (400 MHz; CDCI3) 7.62 - 7.55 (2 H, m, 2 x aromatic CH), 

7.50 - 7.45 (3 H, m, 3  x aromatic CH), 6.69 - 6.63 (2 H, m, 2 x CH=CH-C=0), 6.31 

-  6.25 (2 H, m, 2  x CH=CH-C=0), 5.46 (1 H, app. ddt, J  17.7, 10.3, 7.4, CH=CH2),

5.07 - 4.98 (2 H, m, CH2C H ), 4.17 (1 H, d, J  10.9, one of 0-CH2), 4.07 (1 H, d, J

10.9, one of 0-CH2), 3.70 (1 H ,d ,7 13.7, one of CH2-SO), 3.59 (1 H, d, J  13.7, one 

of CH2-SO), 2.31 (2 H, d, J7.4, CH^CH-CTiz); 8 C (100 MHz; CDC13) 185.6 (C=0),

164.4 (0-C=0), 149.8 (CH=CH-C=0), 149.7 (CH=CH-C=0), 142.8 (Cq-S), 131.9 

(p-aromatic CH), 131.4 (CH=CH-C=0), 131.4 (CH=CH-C=0), 130.7 (CH=CH2), 

129.6 (2 x o-aromatic CH), 124.1 (2 x m-aromatic CH), 120.1 (CH2=CH), 6 8 . 6  

(O-CH2), 61.3 (CH2-SO), 45.3 (Cq ring), 39.7 (=CH-CH2-Cq); m/z (APCI) 331 (MH+, 

77 %), 195 (32), 185 (16), 147 (100).
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Benzenesulfonylacetic acid l-allyl-4-oxocyclohexa-2,5-dienylmethyl ester (140):

Viscous yellow oil (47 mg,.3.4 %); 8h (400 MHz; C D C I 3 )  7.68 - 7.37 (5 H, m, 5 x 

aromatic C H ) ,  6 . 6 6  (2 H , d, J  10.2, 2 x C H = C H - C = 0 ) ,  6.26 (2 H , d, J  10.2, 2 x 

C H = C H - C = 0 ) ,  5.53 - 5.40 (1 H , m , C H = C H 2) ,  5.08 - 4.92 (2 H , m , C H r = C H ) , 4.11 

(2 H , s, O - C H 2 ) ,  4.04 (2 H , s, C H 2 - S 0 2) ,  2.33 (2 H , d, J  7 .4 ,  C H ^ C H - C H z ) ;  8 c (100 

MHz; C D C I 3 )  185.6 ( C = 0 ) ,  161.9 ( 0 - C = 0 ) ,  149.6 (2 x C H = C H - C = 0 ) ,  138.6 

(C q -S ) , 134.6 (p-aromatic C H ) ,  131.4 (2 x C H = C H - C = 0 ) ,  130.7 ( C H = C H 2) ,  129.5 (2 

x o-aromatic C H ) ,  128.4 (2 x m-aromatic C H ) ,  120.2 ( C H 2 = C H ) ,  67.0 ( 0 - C H 2) ,  60.7 

( C H 2 - S 0 2) ,  45.2 (C q  ring), 39.6 ( = C H - C H 2 - C q) .

Cyclisation of sulfoxide 139

©
O 0

o
139

Ph
O

H ©
+

Ph

O

+

O

141, Major isomer 142, Mnor isomer 143

In a flame-dried flask and under a nitrogen atmosphere, potassium /-butoxide (3.3 

mmol, 368 mg, 2 equiv.) was added to a cooled solution of sulfoxide dienone 139 

(541 mg, 1.64 mmol) in dry THF (60 ml) at 0 °C. The mixture was stirred at this 

temperature for 3.5 hours, then at room temperature for 14 hours. The resulting 

mixture was quenched with saturated NH4CI solution (20 ml) and the organic 

material was extracted into CH2C12 (3 x 30 ml). The combined extracts were dried 

over Na2SC>4 and concentrated in vacuo to afford 468 mg of a crude mixture of
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compounds 121, 141, 142, and 143, as a golden yellow solid. Purification by flash 

chromatography (eluting with CH2Cl2-ethyl acetate 9.3:0.7) afforded the pure 

products in order as follows:

4-Allyl phenol (121): Yellow oil (21 mg, 9.6 %). Data as previously reported (page 

163).

(4&SVhzSj?,8a&S)-4-Benzenesulfonyl-8a-allyl-l,4a,5,8a-tetrahydro-4/7- 

isochromene-3,6-dione (143): Off-white solid (23 mg, 4.0 %), m.p. 159 - 161°C 

(Found: MNH4+ 364.1215. C18H22O5NS requires M, 364.1213); Vmax (Cf^Cy/cm ’1 

3055, 2986, 1743, 1683, 1448, 1421, 1400, 1324, 1265, 1150, 1083, 931, 896, 817, 

738; 8 h (400 MHz; CDCI3) 7.82 - 7.78 (2 H, m, 2 x o-aromatic CH), 7.66 (1 H, app. 

tt, J1A , 1 .2 , / 7-aromatic CH), 7.53 (2 H, app. t, J7 .8 , 2 x m-aromatic CH), 6.65 (1 H, 

dd, J  10.4, 2.0, CH=CH-C=0), 6.09 (1 H, d, J  10.4, CH=CH-C=0), 5.75 (1 H, app. 

ddt, J  17.1, 10.1, 7.6, CH=CH2), 5.28 - 5.18 (2 H, m, CHr=CH), 4.52 (1 H, d, *711.4, 

one of O-CH2), 4.25 (1 H, d, J  11.4, one of O-CH2), 3.72 (1 H, d, J5 .1 , CH-S02), 

3.44 (1 H, app. tt, J  5.1, 2.4, ring junction CH), 2.97 (1 H, dd, J  17.7, 5.1, one of 

CH2-C=0), 2.60 - 2.45 (2 H, m, one of CH2-C=0 & one of CH^CH-CI^), 2.37 (1

H, dd, J  14.3, 7.9, one of CH2CH -CH 2); 8 C (100 MHz; CDC13) 194.8 (C=0), 162.4 

(O-CO), 151.2 (CH=CH-CO), 136.1 (Cq-S), 135.0 (p-aromatic CH), 132.6 

(CH=CH-CO), 130.3 (CH2=CH), 129.3 (2 x o-aromatic CH), 129.3 (2 x 

/w-aromatic CH), 121.5 (CH2=CH), 73.7 (O-CH2), 69.9 (CH-S02), 40.5 (CH2-C O ),

39.7 (=CH-CH2-Cq), 36.9 (Cq ring), 36.7 (ring junction CH); m/z (APCI) 347 (MFI*, 

100%), 147(14).

(S5/f,4 /?*S',4 fltS/?,8 fli£S)-4 -Benzenesulfinyl-8 fl-allyl-l,4 fl,5 ,8 fl-tetrahydro-4 7 7 - 

isochromene-3,6-dione (142): White solid (82 mg, 15.2 %), m.p. 126 - 128 °C 

(Found: MNFLt+ 348.1268. C18H2O 4NS requires M, 348.1264); vmax (CDC^ycm1 

3066, 2905, 1732, 1682, 1444, 1400, 1222, 1085, 1051, 749, 691; 8 H (400 MHz; 

CDCI3) 7.61 - 7.50 (5 H, m, 5  x aromatic CH), 6.65 (1 H, dd, J  10.2, 1.8, 

CH=CH-CO), 6.04 (1 H, d, J  10.2, CH=CH-CO), 5.73 (1 H, dddd, J  16.8, 10.4,

8.1, 7.0, CH=CH2), 5.26 (1 H, app. d, J  10.4, one of C f^O H ), 5.15 (1 H, dd, J  16.8,

I.3, one of CH2=CH), 4.37 (1 H, d, J  11.2, one of Q-CH2), 4.15 (1 H, d, J  11.2, one
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of 0-CH2), 3.23 (1 H, d, J  4.9, CH-SO), 3.03 (1 H, app. tt, J  4.9, 2.7, ring junction 

CH), 2.45 (1 H, dd, J  14.1, 7.0, one of CH2C H -C H 2), 2.37 (1 H, dd, J  17.5, 5.4 one 

of CH2-C=0), 2.29 (1 H, dd, J  14.1, 8.1, one of CH2CH -CH 2), 0.95 (1 H, dd, J  

17.5, 2.7, one of CH2-C=0); 5c (100 MHz; CDC13) 194.9 (C=0), 167.0 (0-C=0),

151.9 (CH=CH-C=0), 140.2 (Cq-S), 132.3 (p-aromatic CH & CH=CH2), 130.7 

(CH=CH-C=0), 129.8 (2 x o-aromatic CH), 124.0 (2 x m-aromatic CH), 121.1 

(CH2=CH), 73.1 (O-CH2), 69.5 (CH-SO), 39.9 (CH2-C=0), 39.5 (=CH-CH2-Cq),

39.2 (Cq ring), 32.1 (ring junction CH); m/z (APCI) 331 (MfT, 13 %), 237 (10), 236 

(20), 235 (100), 205 (42), 187 (9), 159 (13), 123 (9).

(S.s*,4£7?,4aJ£S,8aS7?)-4-Benzenesulfinyl-8fl-allyl-l,4fl,5,8<i-tetrahydro-4/f- 

isochromene-3,6-dione (141): White crystalline solid (84 mg, 15.5 %), m.p. I l l  - 

113 °C (Found: M N H / 348.1266. C18H22O4NS requires M, 348.1264); 

(CHzCW/cm*1 3065, 2913, 1714, 1683, 1401, 1222, 1167, 1054, 754, 692; 6H(400 

MHz; CDCI3) 7.60 - 7.49 (5 H, m, 5  x aromatic CH), 6.56 (1 H, dd, J  10.2, 2.0, 

CH=CH-C=0), 6.07 (1 H, d, J  10.2, CH=CH-C=0), 5.50 (1 H, dddd, J  16.8, 9.9, 8.1,

7.1, CH=CH2), 5.15 (1 H, app. d, J9.9, one of CHr=CH), 5.07 (1 H, dd, J  16.8, 1.2, 

one of CH2=CH), 3.88 (1 H, d, J5 .8 , CH-SO), 3.80 (1 H, d, J  11.4, one of O-CH2),

3.01 (1 H, app. tt, J  5.3, 2.4, ring junction CH), 2.88 (1 H, dd, J  17.7, 5.0, one of 

CH2-C=0), 2.85 (1 H, d, J  11.4, one of 0-CH2), 2.44 (1 H, dd, J  17.7, 2.2, one of 

CH2-C=0), 2.31 (1 H, dd, J  14.2, 7.1, CH^CH-CIfc), 2.15 (1 H, dd, J  14.2, 8.1, one 

of CH2=CH-CH2); 6 c (100 MHz; CDCI3) 195.2 (ring C=0), 163.6 (0-C=0), 151.6 

(CH=CH-C=0), 139.2 (Cq-S), 132.7 (p-aromatic CH), 132.6 (CH2=CH), 130.3 

(CH=CH-C=0), 129.4 (2 x o-aromatic CH), 125.2 (2 x m-aromatic CH), 121.2 

(CH2=CH), 73.0 (0-CH2), 66.5 (CH-SO), 40.6 (CH2-C=0), 39.4 (=CH-CH2-Cq),

38.8 (Cq ring), 33.7 (ring junction CH); m/z (APCI) 331 (MH+, 100 %), 205 (38), 159 

(24).
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l-Methyl-cyclohexa-2,5-dienecarbonyl chloride (145)31

Thionyl chloride (20 ml) was added to l-methylcyclohexa-2,5-dienecarboxylic acid 

108 (8 . 8  g, 63.8 mmol) and the mixture was heated under reflux at 70 °C for 2 hours. 

The excess thionyl chloride was removed in vacuo at 60 °C to afford the title 

compound (9 gm, 90 %) as an essentially-pure brown oil which used without further 

purification; vmax (neatycm' 1 3034, 2980, 2875, 1785, 1451, 904, 786, 710; 8 h (400 

MHz; CDCI3) 5.90 (2 H, app. dt, J  10.3, 3.5, 2 x CH=CH-CH2), 5.63 (2 H, app. dt, J

10.3, 2.0, 2  x CH=CH-CH2), 2.73 - 2.56 (2 H, m, ring CH2), 1.36 (3 H, s, CH3); 8 C 

(100 MHz; CDCI3) 182.1 (C=0), 128.1 (2 x alkene CH), 125.0 (2 x alkene CH), 43.7 

(Cq ring), 27.3 (CH3), 25.9 (ring CH2).

l-MethyI-cyclohexa-2,5-dienecarboxylic acid amide (146)

O O
Me.

146 146

Liquid ammonia (100 ml) was condensed via a cold-finger condenser into a solution 

of acid chloride 145 (1.0 g, 6.4 mmol) in dry CH2C12 (10 ml) at -78 °C. After being 

stirred for 1.5 hour at this temperature, the cooling bath was removed and the 

ammonia was allowed to evaporate overnight. The remaining yellow residue was 

dissolved in water (200 ml) and the product was extracted into CH2C12 (3 x 50 ml). 

The combined extracts were dried over MgSO^ and concentrated under reduced 

pressure to give the title amide 146 (780 mg, 89 %) as an essentially-pure yellow oil 

which then solidified into a pale yellow waxy solid, m.p. 52 - 54 °C; vmax (neatycm' 1 

3474, 3338, 3197, 3027, 2969, 2928, 2871, 1666, 1596, 1368; 8 H (400 MHz; CDC13)
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5.84 (2 H, app. dt, J  10.3, 3.3, 2 x CH=CH-CH2), 5.68 (2 H, app. dt, J  10.3, 1.8, 2 x 

CH=CH-CH2), 2.70 -  2.66 (2 H, m, ring CH2), 1.27 (3 H, s, CH3); 6 C (100 MHz; 

CDC13) 178.2 (C=0), 129.8 (2 x alkene CH), 125.1 (2 x alkene CH ), 44.5 (Cq ring),

25.9 (ring CH2), 25.4 (CH3).

C-(l-Methylcyclohexa-2,5-dienyI)-methylamine (147)

To a stirred suspension of L L A IH 4  (10.1 g, 266 mmol) in dry THF (230 ml) under a 

nitrogen atmosphere at room temperature was added a solution of amide 146 (6.1 g,

45.5 mmol) in dry THF (15 ml). After being stirred at room temperature for 2 hours, 

the reaction mixture was refluxed for 17 hours and then cooled to room temperature. 

15 % Aqueous NaOH solution (10.1 ml) was added carefully followed by water 

(30.4 ml) and stirring was continued at room temperature for a further 72 hours. 

Filtration and concentration under reduced pressure afforded the title amine 147 (4.5 

g, 82 %) as an essentially-pure yellow oil; vmax (neatycm' 1 3282, 3014, 2921, 1648, 

1456, 1367, 946, 731; 5H (400 MHz; CDC13) 5.79 (2 H, app. dt, J  10.4, 3.4, 2 x 

CH=CH-CH2), 5.27 (2 H, app. dt, J  10.4, 2.0, 2 x CH=CH-CH2), 2.59 -  2.50 (2 H, 

m, ring CH2), 2.34 (2 H, s, CH2-N), 1.30 (2 H, broad s, NH2), 0.91 (3 H, s, CH3); 8 C 

(100 MHz; CDC13) 131.8 (2 x alkene CH), 125.8 (2 x alkene CH ), 52.6 (N-CH2),

39.4 (ring Cq), 26.6 (CH3), 26.5 (ring CH2).

/V-(l-MethylcycIohexa-2,5-dienylmethyl)-malonamic acid ethyl ester (148)

147 148
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Ethyl malonyl chloride (5.2 ml, 41.2 mmol, 1.1 equiv.) dissolved in dry CH2CI2 (10 

ml) was added to a solution of the amine 147 (4.5 g, 36.6 mmol) in dry CH2CI2 (50 

ml). Triethylamine (0.99 g, 1.4 ml, 9.8 mmol) and DMAP (few crystals) were added. 

The resulting mixture was stirred at room temperature for 6 6  hours, then quenched 

with aqueous 2 M HC1 solution (30 ml). The organic material was extracted into 

CH2CI2 (3 x 50) and dried over MgSCU. The combined extracts were concentrated 

under reduced pressure to give a yellow oil which was purified by Kugelrohr 

distillation (b.p. 182 - 194 °C at 0.6 mm Hg) to afford the title amidoester 148 (4.6 g, 

54 %) as a pale yellow oil (Found: MH+ 238.1435. C13H20O3N requires M, 

238.1438); vmax (neatycm' 1 3312, 3015, 2964, 2926, 2870, 1740, 1648, 1555, 1456, 

1033, 945; 5H (400 MHz; CDC13) 7.08 (1 H, broad s, NH), 5.77 (2 H, app. dt, J  10.3, 

3.0, 2 x CH=CH-CH2), 5.35 (2 H, app. dt, J  10.3, 1.9, 2 x CH=CH-CH2), 4.10 (2 H, 

q, J  7.0, O-CH2-CH3), 3.19 (2 H, s, 0=C-CH2-C=0), 3.07 (2 H, d, J  5.5, CH2-NH),

2.64 - 2.48 (2 H, m, ring CH2), 1.20 (3 H, t, J  1.0, CH3-CH2), 1.00 (3 H, s, CH3-Cq); 

8 C (100 MHz; CDC13) 169.5 (0-C=0), 164.9 (HN -CO) 131.1 (2 x alkene CH),

125.5 (2 x alkene CH ), 61.3 (0-CH2), 49.1 (CH2-NH), 41.1 (0=C-CH2-C=0), 37.1 

(Cq ring), 26.5 (CH3-CH2), 26.1 (ring CH2), 14.0 (CH3-Cq); m/z (APCI) 238 (M+, 100 

%), 144(14), 132(13).

4-ter/-Butylperoxy-4-methyl-cyclohexa-2,5-dienone (64)41

Me.
Me.

O

148

Celite (8.2 g) was added to a suspension of amidoester 148 (1.6 g, 6.7 mmol) in dry 

benzene (50 ml) at 0 °C in a flame-dried flask. 5 - 6  M t-BuOOH in decane (5.3 ml,

26.5 mmol, 4 equiv.) was added followed by portion-wise addition of pyridinium 

dichromate (10.1 g, 26.8 mmol, 4 equiv.) over 10 min. After the addition was 

completed, the cooling bath was removed and the reaction mixture was stirred at 

room temperature for 24 hours. Dichloromethane was added and the mixture was
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f i l t e r e d  t h r o u g h  a  s h o r t  p a d  o f  b a s i c  a l u m i n a  a n d  c o n c e n t r a t e d  in vacuo t o  a f f o r d  a  

d a r k  r e d  o i l .  P u r i f i c a t i o n  b y  f l a s h  c o l u m n  c h r o m a t o g r a p h y  ( e l u t i n g  w i t h  C H 2C I 2)  

a f f o r d e d  t h e  title peroxide  ( 1 8 3  m g ,  1 4  % )  a s  a  r e d d i s h  o i l ;  v m a x  ( n e a t y c m '1 2 9 8 2 ,  

2 9 3 2 ,  2 2 5 1 ,  1 6 7 1 ,  1 6 3 3 ,  1 3 6 4 ,  1 1 8 1  1 0 7 2 ,  9 1 2 ,  7 3 6 ;  6H  ( 4 0 0  M H z ;  C D C 1 3 )  6 . 8 3  ( 2  

H ,  d ,  J  1 0 . 2 ,  2  x  C H = C H - C = 0 ) ,  6 . 1 5  ( 2  H ,  d ,  J  1 0 . 2 ,  2  x  C H = C H - C = 0 ) ,  1 . 3 2  ( 3  H ,  

s ,  C H 3 ) ,  1 . 1 3  ( 9  H ,  s ,  C ( C H 3 ) 3 ) ;  6c  ( 1 0 0  M H z ;  C D C 1 3 )  1 8 5 . 7  ( C = 0 ) ,  1 5 1 . 4  ( 2  x  

C H = C H - C = 0 ) ,  1 2 8 . 9  ( 2  x  C H = C H - C = 0 ) ,  8 0 . 1  ( r i n g  Cq), 7 6 . 1  (C-O), 2 6 . 4  ( 3  x  

C ( C H 3 ) 3 ) ,  2 3 . 2  ( C H 3- C q ) ;  m/z ( A P C I )  1 9 7  ( M H + ,  1 0 0  % ) ,  1 4 9  ( 1 9 ) ,  1 2 4  ( 7 8 ) ,  1 1 3  

( 6 7 ) ,  1 0 8  ( 2 7 ) .

l-Methylcyclohexa-2,5-dienecarboxylic acid phenylamide (152)

A c i d  c h l o r i d e  145 ( 8 . 4  g ,  5 3 . 7  m m o l )  i n  d r y  C H 2C I 2 ( 2 0  m l )  w a s  a d d e d  t o  a  s o l u t i o n  

o f  a n i l i n e  ( 1 5 . 2  g ,  1 4 . 9  m l ,  1 6 3 . 4  m m o l )  i n  d r y  C H 2C I 2 ( 5 0  m l )  a t  0  ° C .  D M A P  ( f e w  

c r y s t a l s )  w a s  a d d e d  a n d  t h e  r e s u l t i n g  m i x t u r e  w a s  s t i r r e d  a t  r o o m  t e m p e r a t u r e  f o r  2 4  

h o u r s .  W a t e r  ( 1 0 0  m l )  w a s  a d d e d  f o l l o w e d  b y  a q u e o u s  2  M  H C 1  s o l u t i o n  ( 5 0  m l ) ,  

a n d  t h e  p r o d u c t  w a s  e x t r a c t e d  i n t o  C H 2C I 2 ( 3  x  100 m l ) .  T h e  c o m b i n e d  o r g a n i c  

e x t r a c t s  w e r e  d r i e d  o v e r  M g S 0 4 a n d  c o n c e n t r a t e d  u n d e r  r e d u c e d  p r e s s u r e  t o  g i v e  a  

y e l l o w  s o l i d  w h i c h  w a s  r e c r y s t a l l i s e d  f r o m  p e t r o l e u m  e t h e r  t o  g i v e  t h e  title 

secondary amide 152 ( 6.6 g ,  5 7  % )  a s  o f f - w h i t e  c r y s t a l s ,  m . p .  8 2  -  8 4  ° C  ( F o u n d :  

M H +  2 1 4 . 1 2 2 4 .  C i 4H 1 6 N O  r e q u i r e s  M ,  2 1 4 . 1 2 2 4 ) ;  v m a x  ( C H ^ y / c m 1 3 3 3 5 ,  3 0 2 9 ,  

2 9 7 1 ,  1 6 5 6 ,  1 5 9 8 ,  1 5 2 3 ,  1 4 3 8 ,  1 3 1 2 ,  1 2 4 4 ,  7 5 2 ;  6H  ( 4 0 0  M H z ;  C D C 1 3 )  7 . 7 3  ( 1  H ,  

b r o a d  s ,  N H ) ,  7 . 4 6  ( 2  H ,  d d ,  J  8 . 4 ,  1 . 0 ,  2  x  o - a r o m a t i c  C H ) ,  7 . 2 9  -  7 . 2 2  ( 2  H ,  d d ,  J

8 . 4 ,  7 . 5 ,  2  x  m - a r o m a t i c  C H ) ,  7 . 0 5  ( 1  H ,  t t ,  J 7 . 5 ,  1 . 0 ,  / ? - a r o m a t i c  C H ) ,  5 . 9 3  ( 2  H ,  

a p p .  d t ,  J  1 0 . 4 ,  3 . 4 ,  2  x  C H = C H - C H 2 ) ,  5 . 7 6  ( 2  H ,  a p p .  d t ,  J  1 0 . 4 ,  2 . 0 ,  2  x  

C H = C H - C H 2 ) ,  2 . 7 9  -  2 . 7 5  ( 2  H ,  m ,  r i n g  C H 2 ) ,  1 . 3 7  ( 3  H ,  s ,  C H 3 ) ;  8C  ( 1 0 0  M H z ;  

C D C 1 3 )  1 7 2 . 7  ( C = 0 ) ,  1 3 8 . 1  ( a r o m a t i c  C q - N H ) ,  1 2 9 . 8  ( 2  x  a l k e n e  C H ) ,  1 2 9 . 1  ( 2  x  

a l k e n e  C H ) ,  1 2 5 . 8  ( 2  x  o - a r o m a t i c  C H ) ,  1 2 4 . 1  (p- a r o m a t i c  C H ) ,  1 1 9 . 4  ( 2  x
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w - a r o m a t i c  C H ) ,  4 5 . 9  ( r i n g  C q ) ,  2 6 . 0  ( r i n g  C H 2) ,  2 5 . 1  ( C H 3) ;  m/z  ( A P C I )  2 1 4  ( M H + ,  

100 %).

(l-Methylcyclohexa-2,5-dienylmethyl)-phenylamine (153)

NHPhM-Ph

T o  a  s t i r r e d  s u s p e n s i o n  o f  U A I H 4 ( 4 . 3  g ,  1 1 3 . 3  m m o l )  i n  d r y  T H F  ( 9 0  m l )  u n d e r  a  

n i t r o g e n  a t m o s p h e r e  a t  r o o m  t e m p e r a t u r e  i n  a  f l a m e - d r i e d  f l a s k  w a s  a d d e d  c a r e f u l l y  

a  s o l u t i o n  o f  a m i d e  152 ( 4  g ,  1 8 . 9  m m o l )  i n  d r y  T H F  ( 2 0  m l ) .  A f t e r  b e i n g  s t i r r e d  a t  

r o o m  t e m p e r a t u r e  f o r  f o u r  d a y s ,  t h e  r e a c t i o n  m i x t u r e  w a s  r e f l u x e d  f o r  6 . 5  h o u r s  t h e n  

s t i r r e d  a t  r o o m  t e m p e r a t u r e  f o r  f u r t h e r  1 7  h o u r s .  1 5  %  A q u e o u s  N a O H  s o l u t i o n  ( 4 . 3  

m l )  w a s  a d d e d  c a r e f u l l y  f o l l o w e d  b y  w a t e r  ( 1 2 . 9  m l )  a n d  t h e  s t i r r i n g  w a s  c o n t i n u e d  

a t  r o o m  t e m p e r a t u r e  f o r  t h r e e  h o u r s .  F i l t r a t i o n  a n d  c o n c e n t r a t i o n  u n d e r  r e d u c e d  

p r e s s u r e  a f f o r d e d  t h e  title amine 153 ( 3 . 0  g ,  8 1  % )  a s  a n  e s s e n t i a l l y - p u r e  o i l  ( F o u n d :  

M H +  2 0 0 . 1 4 3 4 .  C n H i g N  r e q u i r e s  M ,  2 0 0 . 1 4 3 6 ) ;  v m a x  ( n e a t y c m '1 3 4 0 2 ,  3 0 1 1 ,  2 9 6 4 ,  

2 8 6 2 ,  2 8 1 6 ,  1 6 0 3 ,  1 5 0 4 ,  1 3 1 9 ,  1 2 5 3 ;  6H  ( 4 0 0  M H z ;  C D C I 3 )  ( s p e c t r u m  s h o w e d  

s i g n i f i c a n t  b r o a d e n i n g )  7 . 1 1  -  6 . 9 9  ( 2  H ,  m ,  2  x  o - a r o m a t i c  C H ) ,  6 . 6 0  -  6 . 5 2  ( 1  H ,  m ,  

p - a r o m a t i c  C H ) ,  6 . 5 0  -  6 . 4 3  ( 2  H ,  m ,  2  x  m - a r o m a t i c  C H ) ,  5 . 8 0  -  5 . 7 1  ( 2  H ,  m ,  2  x  

C H = C H - C H 2 ) ,  5 . 3 7  ( 2  H ,  a p p .  d ,  J 8 . 9 ,  2  x  C H = C H - C H 2 ) ,  3 . 4 6  ( 1  H ,  b r o a d  s ,  N H ) ,  

2 . 8 2  ( 2  H ,  s ,  C H ? - N H ) ,  2 . 5 7  ( 2  H ,  a p p .  b r o a d  s ,  r i n g  C H 2 ) ,  1 . 0 4  ( 3  H ,  s ,  C H 3) ;  8C  

( 1 0 0  M H z ;  C D C I 3)  1 4 8 . 8  ( a r o m a t i c  C q ) ,  1 3 2 . 2  ( 2  x  a l k e n e  C H ) ,  1 2 9 . 3  ( 2  x  a l k e n e  

C H ) ,  1 2 5 . 4  ( 2  x  o - a r o m a t i c  C H ) ,  1 1 7 . 1  ( p - a r o m a t i c  C H ) ,  1 1 2 . 9  ( 2  x  m - a r o m a t i c  C H ) ,

5 4 . 3  ( C H 2- N H ) ,  3 7 . 3  ( r i n g  C q ) ,  2 7 . 5  ( C H 3 ) ,  2 6 . 4  ( r i n g  C H 2 ) ;  m/z  ( A P C I )  2 0 1  ( 1 4  % ) ,  

2 0 0  ( M H + ,  1 0 0 ) .
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7V-(l-Methylcyclohexa-2,5-dienylmethyl)-N-phenyl-malonamic acid ethyl ester

E t h y l  m a l o n y l  c h l o r i d e  ( 0 . 9 6  m l ,  7 . 5  m m o l ,  1  e q u i v . )  d i s s o l v e d  i n  ( 5  m l )  d r y  C H 2C I 2 

w a s  a d d e d  t o  a  s o l u t i o n  o f  a m i n e  153 ( 1 . 5  g ,  7 . 5  m m o l )  i n  d r y  C H 2C I 2 ( 3 0  m l ) .  

T r i e t h y l a m i n e  ( 0 . 8  g ,  1 . 1  m l ,  8 . 3  m m o l ,  1 . 1  e q u i v . )  a n d  D M A P  ( f e w  c r y s t a l s )  w e r e  

a d d e d  a n d  t h e  r e s u l t i n g  m i x t u r e  w a s  s t i r r e d  a t  r o o m  t e m p e r a t u r e  f o r  2 4  h o u r s .  T h e  

r e a c t i o n  w a s  q u e n c h e d  w i t h  a q u e o u s  2  M  H C 1  s o l u t i o n  ( 3 0  m l )  a n d  t h e  o r g a n i c  

m a t e r i a l  w a s  e x t r a c t e d  i n t o  C H 2C I 2 ( 3  x  2 5  m l ) .  T h e  c o m b i n e d  e x t r a c t s  w e r e  d r i e d  

o v e r  M g S C >4 a n d  c o n c e n t r a t e d  u n d e r  r e d u c e d  p r e s s u r e  t o  a f f o r d  t h e  title amidoester 

154 ( 2 . 2  g ,  9 5  % )  a s  a n  e s s e n t i a l l y - p u r e  v i s c o u s  b r o w n  o i l  ( F o u n d :  M H *  3 1 4 . 1 7 5 2 .  

C 19H 24N O 3 r e q u i r e s  M, 3 1 4 . 1 7 5 1 ) ;  v m a x  ( n e a t y c m '1 3 0 1 5 ,  2 9 7 8 ,  2 8 7 0 ,  1 7 4 0 ,  1 6 6 2 ,  

1 5 9 5 ,  1 4 8 4 ,  1 3 9 4 ,  1 3 2 2 ,  1 2 4 2 ,  1 1 5 3 ;  6H  ( 4 0 0  M H z ;  C D C I 3)  7 . 2 7  -  7 . 1 8  ( 3  H ,  m ,  3  *  

a r o m a t i c  C H ) ,  7 . 0 8  ( 2  H ,  a p p .  d d ,  J  8 . 0 ,  1 . 5 ,  2  x  a r o m a t i c  C H ) ,  5 . 4 6  ( 2  H ,  a p p .  d t ,  J

1 0 . 4 ,  3 . 4 ,  2  x  C H = C H - C H 2 ) ,  5 . 2 8  ( 2  H ,  a p p .  d t ,  J  1 0 . 4 ,  2 . 0 ,  2  x  C H = C H - C H 2 ) ,  4 . 0 3  

( 2  H ,  q ,  J  7 . 2 ,  O - C H 2- C H 3) ,  3 . 7 4  ( 2  H ,  s ,  C H 2- N P h ) ,  3 . 1 0  ( 2  H ,  s ,  0 = C - C H 2- C = 0 ) ,  

2 . 4 9  -  2 . 4 5  ( 2  H ,  m ,  r i n g  C H 2 ) ,  1 . 1 5  ( 3  H ,  t ,  J  1.2, C H 3- C H 2 ) ,  0 . 9 6  ( 3  H ,  s ,  C H 3- C q ) ;  

8C  ( 1 0 0  M H z ;  C D C I 3)  1 6 7 . 9  ( 0 - C = 0 ) ,  1 6 6 . 7  ( N - C = 0 ) ,  1 4 3 . 0  ( a r o m a t i c  C q ) ,  1 3 2 . 6  ( 2  

x  a l k e n e  C H ) ,  1 2 9 . 1  ( 2  x  a l k e n e  C H ) ,  1 2 8 . 5  ( 2  x  o - a r o m a t i c  C H ) ,  1 2 7 . 8  ( p - a r o m a t i c  

C H ) ,  1 2 3 . 4  ( 2  x  w - a r o m a t i c  C H ) ,  6 1 . 2  ( 0 - C H 2 ) ,  5 8 . 5  ( C H 2- N P h ) ,  4 2 . 0  

( 0 = C - C H 2- C = 0 ) ,  3 8 . 8  ( r i n g  C q ) ,  2 8 . 0  ( C H 3- C H 2 ) ,  2 6 . 1  ( r i n g  C H 2 ) ,  1 4 . 1  ( C H 3- C q ) ;  

m/z  ( A P C I )  3 1 4  ( M H * ,  1 0 0 % ) .

l-Methyl-4-oxocyclohexa-2,5-dienecarboxylic acid methyl ester (155)

(154)

NHPh

153 154

O

110 155
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Pyridinium dichromate (1.2 g, 3.3 mmol, 5 equiv) and dry 4 A molecular sieves (1.0 

g) were added to a solution of ester 110 (0.1 g, 0.66 mmol) in ethanol-free 

chloroform (10 ml). The reaction mixture was heated under reflux for 24 hours, then 

allowed to cool to room temperature. Ethyl acetate was added and the resulting 

mixture was filtered through a short pad of florisil. The resulting filtrate was 

concentrated under reduced pressure to afford the title compound (62 mg, 57 %) as 

an essentially-pure colourless oil; vmax (neatycm'1 2956, 1736, 1668, 1631, 1453, 

1258,1175,1117, 859; 8H (400 MHz; CDCI3) 7.04 (2 H, d, J9.9, 2 x CH=CH-C=0),

6.28 (2 H, d, J  9.9, 2 x CH=CH-C=0), 3.73 (3 H, s, O-CH3), 1.55 (3 H, s, CH3- 

Cq); 8C (100 MHz; CDC13) 184.9 (C=0), 171.2 (0-C=0), 148.9 (2 x CH=CH-C=0),

129.0 (2 x CH=CH-C=0), 53.2 (O-CH3), 48.1 (ring Cq), 24.9 (CH3-Cq).

Allylic oxidation of amidoester 154

Ph

Ph
Me. OB

O
154

Me
O O

o

157

OB

Pyridinium dichromate (2.9 g, 7.8 mmol, 5 equiv) and dry 4 A molecular sieves (2.4 

g) were added to a solution of amidoester 154 (490 mg, 1.6 mmol) in ethanol-free 

chloroform (40 ml). The reaction mixture was heated under reflux for 3.5 hours, and 

then allowed to cool to room temperature. Ethyl acetate and CH2CI2 were added and 

the resulting mixture was filtered through a short pad of florisil. The resulting filtrate 

was concentrated under reduced pressure to afford a brown oil. Purification by flash 

chromatography (eluting with CH2Cl2-ethyl acetate, 7.5:2.5) afforded the bicycic 

enone 156 (16 mg, 3.1%) as a slightly impure yellow oil and amidodienone 157 (35 

g, 6.8 %) as a viscous yellow oil respectively.

(4/?*S',4fl/?iS',8fli?iS)-8fl-Methyl-3,6-dioxo-2-phenyl-l,2r3,4,4fl,5,6,8fl-octahydro- 

isoquinoline-4-carboxylic acid ethyl ester (156): Formed on silica gel during 

purification of the crude reaction mixture of compound 157 and was isolated as a
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slightly impure yellow oil (16 mg, 3.1%); vmax (CtbCfeycm'1 3056, 2976, 735, 1679, 

1600, 1494, 1442, 756, 694; 8H (400 MHz; CDC13) 7.37 - 7.05 (5 H, m, 5 x aromatic

junction CH & one of CH2-C=0), 2.43 (1 H, dd, J  18.8, 5.0 one of CH2-C=0), 1.32

170.4 ( 0-C=0), 162.2 (N-0=O), 142.1 (aromatic Cq-N), 153.4 (CH=CH-C=0),

130.8 (CH=CH-C=0), 129.8 (2 x o-aromatic CH), 127.2 (p-aromatic CH), 125.5 (2 

x w-aromatic CH), 62.1 (0-CH2), 60.1 (CH2-N), 53.2 (0=C-CH-C=0), 42.0 (ring 

junction CH), 39.2 (CH2-C=0), 36.9 (ring Cq), 23.9 (CH3-CH2), 14.1(CH3-Cq).

V-(l-Methyl-4-oxocyclohexa-2,5-dienylmethyl)-7V-phenyI-malonamic acid ethyl 

ester (157): Viscous yellow oil (35 g, 6.8 %) (Found: MH* 328.1550. Ci9H22N04 

requires M, 328.1543); vmax (neat)/cm_1 2979, 2925, 1738, 1662, 1626, 1596, 1393, 

1155, 862, 702; 8H (400 MHz; CDC13) 7.30 - 7.22 (3 H, m, 3 x aromatic CH), 7.00 - 

6.95 (2 H, m, 2 x aromatic CH), 6.68 (2 H, d, J  10.1, 2 x CH=CH-C=0), 6.08 (2 H, 

d, J  10.1, 2 x CH=CH-C=0), 4.04 (2 H, s, CH2-N), 4.02 (2 H, q, J  7.1, O-CHrOF,),

3.05 (2 H, s, 0=C-CH2-C=0), 1.18 (3 H, s, CH3-Cq), 1.14 (3 H, t, J  7.1, CH2-CH3); 

8C (100 MHz; CDC13) 186.2 (CH-C=0), 167.3 (0-C=0), 166.8 (N-C=0), 153.7 (2 x 

CH=CH-C=0), 141.7 (Cq-N), 129.6 (2 x CH=CH-C=0), 129.1 (2 x aromatic CH),

128.5 (3 x aromatic CH), 61.4 (0-CH2), 57.0 (CH2-NPh ), 44.5 (Cq ring), 41.7 

(0=C-CH2-C=0), 24.2 (CH3-CH2), 14.1 (CH3-Cq); m/z (APCI) 328 (MH+, 100 %), 

305 (14), 290 (15), 220 (10), 208 (9), 153 (7), 139 (8).

Ar-(l-Methylcyclohexa-2,5-dienylmethyl)-7V-phenyl-2-phenylsulfanylacetamide

CH), 6.69 (1 H, dd, J  10.2, 1.8, CH=CH-C=0), 6.07 (1 H, d, J  10.2, CH=CH-C=0),

4.23 -  4.12 (2 H, m, 0-CH2), 3.84 (1 H, d, J  12.7, one of CH2-N), 3.51 (1 H, d, J  

12.7, one of CH2-N), 3.38 (1 H, d, J  7.9, CH-CQ2Et), 2.83 -  2.76 (2 H, m, ring

(3 H, s, CH3-Cq), 1.24 (3 H, t, J1A,  CHs-CH^; 8C (100 MHz; CDC13) 195.8 (C=0),

(158)

O
NHPh

153 128 158

183



2 - P h e n y l s u l f a n y l a c e t y l  c h l o r i d e  128 ( 4 . 8  g ,  2 5 . 7  m m o l ,  1 . 0 2  e q u i v . )  d i s s o l v e d  i n  d r y  

C H 2C I 2 ( 2 0  m l )  w a s  a d d e d  t o  a  s o l u t i o n  o f  t h e  a m i n e  153 ( 5  g ,  2 5 . 1  m m o l )  i n  d r y  

C H 2C I 2 ( 5 0  m l ) .  T r i e t h y l a m i n e  ( 3 . 8  g ,  5 . 2  m l ,  3 7 . 3  m m o l ,  1 . 5  e q u i v . )  a n d  D M A P  

( f e w  c r y s t a l s )  w e r e  a d d e d .  T h e  r e s u l t i n g  m i x t u r e  w a s  s t i r r e d  a t  r o o m  t e m p e r a t u r e  f o r  

7 2  h o u r s ,  a n d  t h e n  q u e n c h e d  w i t h  a q u e o u s  2  M  H C 1  s o l u t i o n  ( 3 0  m l ) .  T h e  o r g a n i c  

m a t e r i a l  w a s  e x t r a c t e d  i n t o  C H 2C I 2 ( 3  x  5 0  m l )  a n d  d r i e d  o v e r  M g S C > 4.  T h e  

c o m b i n e d  e x t r a c t s  w e r e  c o n c e n t r a t e d  u n d e r  r e d u c e d  p r e s s u r e  t o  g i v e  a  b r o w n  o i l  

w h i c h  w a s  p u r i f i e d  b y  f l a s h  c h r o m a t o g r a p h y  ( e l u t i n g  w i t h  e t h y l  a c e t a t e - h e x a n e  2 : 8)  

t o  a f f o r d  t h e  title phenylsulfanyl amide 158 ( 5 . 4  g ,  5 9  % )  a s  a  y e l l o w  o i l  ( F o u n d :  

M H +  3 5 0 . 1 5 6 6 .  C 22H 2 4 N S O  r e q u i r e s  M ,  3 5 0 . 1 5 7 3 ) ;  v m a x  ( n e a t y c m '1 3 0 5 7 ,  3 0 1 5 ,  

2 9 6 5 ,  2 9 2 1 ,  2 8 6 6 ,  1 6 5 4 ,  1 5 9 4 ,  1 4 9 4 ,  1 3 8 9 ,  1 1 9 8 ,  7 3 8 ;  8H  ( 4 0 0  M H z ;  C D C 1 3 )  7 . 2 6  -  

7 . 0 2  ( 1 0  H ,  m ,  a r o m a t i c  C H ) ,  5 . 4 5  ( 2  H ,  a p p .  d t ,  J  1 0 . 4 ,  3 . 3 ,  2  x  C H = C H - C H 2 ) ,  5 . 2 8  

( 2  H ,  a p p .  d t ,  J  1 0 . 4 ,  2 . 0 ,  2  x  C H = C H - C H 2 ) ,  3 . 7 1  ( 2  H ,  s ,  C H 2- S ) ,  3 . 4 2  ( 2  H ,  s ,  

C H 2- N P I 1) ,  2 . 5 1  -  2 . 4 5  ( 2  H ,  m ,  r i n g  C H 2 ) ,  0 . 9 4  ( 3  H ,  s ,  C H 3- C q ) ;  8C  ( 1 0 0  M H z ;  

C D C I 3)  1 6 9 . 0  ( O O ) ,  1 4 2 . 9  ( a r o m a t i c  C q - N ) ,  1 3 5 . 9  ( C q - S ) ,  1 3 2 . 6  ( 2  x  a l k e n e  C H ) ,

1 3 0 . 3  ( 2  x  a l k e n e  C H  ) ,  1 2 9 . 1  ( 2  x  a r o m a t i c  C H ) ,  1 2 8 . 8  ( 2  x  a r o m a t i c  C H ) ,  1 2 8 . 7  ( 2  

x  a r o m a t i c  C H ) ,  1 2 7 . 8  ( p - a r o m a t i c  C H ) ,  1 2 6 . 5  ( p - a r o m a t i c  C H ) ,  1 2 3 . 5  ( 2  x  a r o m a t i c  

C H ) ,  5 8 . 9  ( C H 2- N ) ,  3 8 . 9  ( r i n g  C q ) ,  7 . 6  ( S - C H 2 ) ,  2 8 . 1  ( C H 3- C q ) ,  2 6 . 2  ( r i n g  C H 2 ) ;  m/z 

( A P C I )  3 5 0  ( M H + ,  1 0 0  % ) ,  2 7 4  ( 7 ) ,  2 6 0  ( 1 4 ) ,  2 4 4  ( 2 1 ) ,  2 4 1  ( 1 0 ) ,  9 4  ( 1 4 ) .

2-Benzenesulfinyl-Ar-(l-methyl-4-oxo-cyclohexa-2,5-dienylmethyl)-7V-phenyl- 

acetamide (159)

P y r d i n i u m  d i c h r o m a t e  ( 8 . 1  g ,  2 1 . 6  m m o l ,  3  e q u i v . )  w a s  a d d e d  t o  a  c o o l e d  s o l u t i o n  o f  

s u l f i d e  a m i d e  158 ( 2 . 5  g ,  7 . 2  m m o l )  i n  d r y  C H 2C 1 2 ( 3 0  m l )  a t  - 2 0  ° C .  7 0  %  / - B u O O H  

i n  w a t e r  ( 3 . 0 2  m l ,  3 1 . 6  m m o l ,  4 . 3 7  e q u i v . )  w a s  a d d e d .  T h e  r e s u l t i n g  m i x t u r e  w a s  

s t i r r e d  a t  t h i s  t e m p e r a t u r e  f o r  4 8  h o u r s ,  d i l u t e d  w i t h  e t h y l  a c e t a t e ,  a n d  f i l t e r e d  

t h r o u g h  a  p a d  o f  c e l i t e  /  s o d i u m  s u l f a t e .  T h e  f i l t r a t e  w a s  c o n c e n t r a t e d  u n d e r  r e d u c e d  

p r e s s u r e  t o  a f f o r d  a  b r o w n  r e s i d u e  w h i c h  w a s  p u r i f i e d  b y  f l a s h  c h r o m a t o g r a p h y

O
©

O O
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(eluting with ethyl acetate-CH2Cl2 3:1) to give the title enone (0.76 g, 28 %) as a pale

(100 MHz; CDC13) 185.9 (C=0), 164.9 (N-C=0), 153.4 (CH=CH-C=0), 153.3 

(CH=CH-C=0), 143.4 (Cq-SO), 140.7 (aromatic Cq-N), 131.6 (CH=CH-C=0), 129.8 

(CH=CH-C=0), 129.3 (4 x aromatic CH), 129.2 (p-aromatic CH), 128.8 (p-aromatic 

CH), 124.4 (4 x aromatic CH), 62.3 (CH2-SO), 56.9 (CH2-N), 44.3 (Cq ring), 24.3 

(CH3-Cq).

Cyclisation of sulfoxide amide 159

brown viscous oil; vmax (C H ^y /cm '1 3538, 3357, 1662, 1594, 1494, 1404, 1293, 

1131, 1045, 946, 862, 747, 699; 8H (400 MHz; CDC13) 7.57 - 7.21 (10 H, m, 10 x 

aromatic CH), 6.64 - 6.56 (2 H, m, 2 x CH=CH-C=0), 6.06 - 5.98 (2 H, m, 2 x 

CH=CH-C=0), 3.96 and 3.93 (2 H, AB quartet, J  12.0, CH2-N), 3.64 (1 H, d, J  13.9, 

one of CH2-SO), 3.37 (1 H, d, J  13.9, one of CH2-SO), 1.16 (3 H, s, CH3-Cq); 8C

©
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160 162

Ph Ph
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I n  a  f l a m e - d r i e d  f l a s k  a n d  u n d e r  a  n i t r o g e n  a t m o s p h e r e ,  d i e n o n e  159 ( 6 0 0  m g ,  1 . 5 7  

m m o l )  d i s s o l v e d  i n  T H F  ( 1 0  m l )  w a s  a d d e d  s l o w l y  t o  a  c o o l e d  t o  a  s u s p e n s i o n  o f  

s o d i u m  h y d r i d e  ( 2 5 2  m g  o f  6 0  % d i s p e r s i o n  i n  o i l ,  6 . 3  m m o l ,  4  e q u i v . )  i n  d r y  T H F  

( 3 0  m l ) .  T h e  r e a c t i o n  m i x t u r e  w a s  s t i r r e d  a t  r o o m  t e m p e r a t u r e  f o r  1 9  h o u r s  t h e n  

q u e n c h e d  w i t h  s a t u r a t e d  N H 4C I  s o l u t i o n  ( 3 0  m l ) .  T h e  o r g a n i c  m a t e r i a l  w a s  e x t r a c t e d  

i n t o  C H 2C I 2 ( 3  x  2 0  m l )  a n d  d r i e d  o v e r  N a 2S C > 4.  T h e  c o m b i n e d  e x t r a c t s  w e r e  

c o n c e n t r a t e d  in vacuo t o  a f f o r d  6 3 1  m g  o f  a  c r u d e  m i x t u r e  o f  c o m p o u n d s  160, 161, 

a n d  162 a s  a  f l u f f y  y e l l o w  s o l i d  w h i c h  w a s  p u r i f i e d  b y  f l a s h  c h r o m a t o g r a p h y  ( e l u t i n g  

w i t h  e t h y l  a c e t a t e - h e x a n e  5 : 5 )  t o  a f f o r d  t h e  p r o d u c t s  i n  o r d e r  a s  f o l l o w s :

(4/fiS,4fliS'/?,8ai?5)-4-Benzenesulfonyl-8fl-methyl-2-phenyl-l,4fl,5,8fl-tetrahydro- 

2//,4//-isoquinoline-3,6-dione (160): P a l e  y e l l o w  f l u f f y  c r y s t a l l i n e  s o l i d  ( 5 6  m g ,  2 1  

% ) ,  m . p .  9 0  -  9 2  ° C ;  vmax ( d t C y / c m '1 3 0 4 6 ,  2 9 7 6 ,  1 6 7 0 ,  1 5 9 4 ,  1 5 4 4 ,  1 4 8 9 ,  1 4 4 3 ,  

1 4 2 3 ,  1 3 0 2 ,  1 1 4 2 ,  1 0 7 2 ,  7 3 3 ,  6 9 0 ;  8H  ( 4 0 0  M H z ;  C D C I 3)  7 . 8 1  -  7 . 7 5  ( 2  H ,  m ,  2  x  

a r o m a t i c  C H ) ,  7 . 5 8  -  7 . 5 3  ( 1  H ,  m , p - a r o m a t i c  C H ) ,  7 . 4 7  -  7 . 4 2  ( 2  H ,  m ,  2 x  a r o m a t i c  

C H ) ,  7 . 3 5  -  7 . 2 9  ( 2  H ,  m ,  2  x  a r o m a t i c  C H ) ,  7 . 2 4  -  7 . 1 8  ( 1  H ,  m ,  p - a r o m a t i c  C H ) ,  

7 . 1 4  -  7 . 0 4  ( 2  H ,  m ,  2  x  a r o m a t i c  C H ) ,  6 . 6 3  ( 1  H ,  d d ,  J  1 0 . 2 ,  2 . 0 ,  C H = C H - C = 0 ) ,

6 . 0 8  ( 1  H ,  d ,  J  1 0 . 2 ,  C H = C H - C = 0 ) ,  4 . 0 9  ( 1  H ,  d ,  J  1 2 . 7 ,  o n e  o f  C H 2- N ) ,  3 . 8 0  ( 1  H ,  

d ,  J  5 . 8 ,  C H - S O 2) ,  3 . 4 0  ( 1  H ,  d ,  J  12 J ,  o n e  o f  C H 2- N ) ,  3 . 3 7  ( 1  H ,  a p p .  t t ,  5 . 3 ,  2 . 3 ,  

r i n g  j u n c t i o n  C H ) ,  2 . 9 7  ( 1  H ,  d d ,  J  1 7 . 6 ,  5 . 0 ,  o n e  o f  C H 2- C = 0 ) ,  2 . 6 9  ( 1  H ,  d d ,  J  1 7 . 6 ,

1 . 9 ,  o n e  o f  C H 2- C = 0 ) ,  1 . 3 5  ( 3  H ,  s ,  C H 3- C q ) ;  8 C  ( 1 0 0  M H z ;  C D C 1 3 )  1 9 5 . 6  ( C = 0 ) ,

1 6 4 . 8  ( N - C = 0 ) ,  1 5 3 . 2  ( C H = C H - C = 0 ) ,  1 4 2 . 1  ( C q - S 0 2 ) ,  1 3 7 . 5  ( C q - N ) ,  1 3 4 . 3  

( C H = C H - C = 0 ) ,  1 3 1 . 7  ( p - a r o m a t i c  C H ) ,  1 2 9 . 5  ( 2  x  a r o m a t i c  C H ) ,  1 2 9 . 2  ( 2  x  

a r o m a t i c  C H ) ,  1 2 9 . 0  ( 2  x  a r o m a t i c  C H ) ,  1 2 7 . 5  ( p - a r o m a t i c  C H ) ,  1 2 5 . 3  ( 2  x  a r o m a t i c  

C H ) ,  7 1 . 2  ( C H 2- S 0 2 ) ,  5 9 . 8  ( C H 2- N ) ,  4 0 . 8  ( C H 2- C = 0 ) ,  3 9 . 3  ( r i n g  j u n c t i o n  C H ) ,  3 8 . 1  

( C q  r i n g ) ,  2 2 . 7  ( C H 3 ) .

Inseparable mixture of (8^,457?,4ai&9,8aS/f)-4-Benzenesulfmyl-8a-methyI-2- 

phenyl-1,4a,5,8a-tetrahydro-2/7,4/7-isoquinoline-3,6-dione (161) and

(Ŝ /?,4/?*S,,4fliS7?,8fli?5)-4-BenzenesulflnyI-8fl-methyl-2-phenyl-l,4fl,5,8fl- 

tetrahydro-2//,4//-isoquinoline-3,6-dione (162) (2:1): P a l e  y e l l o w  s o l i d  ( 1 0 1  m g ,  

4 0  % ) ;  8h  ( 4 0 0  M H z ;  C D C 1 3 )  7 . 6 5  -  7 . 1 5  ( 1 8  H ,  m ,  a r o m a t i c  C H  o f  b o t h  i s o m e r s ) ,

6 . 8 5  ( 2  H ,  d ,  J  7 . 2 ,  2  x  a r o m a t i c  C H  o f  m i n o r  i s o m e r ) ,  6 . 6 3  ( 1  H ,  d d ,  J  1 0 . 3 ,  1 . 8 ,
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CH=CH-C=0 of major isomer), 6.48 (1 H, dd, J  10.2, 1.9, CH=CH-C=0 of minor 

isomer), 6.05 (1 H, d, J  10.2, CH=CH-C=0 of minor isomer), 6.01 (1 H, d, J  10.3, 

CH=CH-C=0 of major isomer), 4.17 (1 H, d, J6.1, CH-SO of minor isomer), 4.01 (1 

H, d, J  12.6, one of CH2-N of major isomer), 3.34 (1 H, d, J  12.6, one of CH2-N of 

major isomer), 3.29 (1 H, d, J  5.3, CH-SO of major isomer), 2.97 - 2.92 (1 H, m, ring 

junction CH of major isomer), 2.91 (1 H, d, J  12.6, one of CH2-NPI1 of minor 

isomer), 2.87 (1 H, dd, J  17.4, 4.7, one of CH2-C= 0  of minor isomer), 2.85 - 2.80 (1 

H, m, ring junction CH of minor isomer), 2.58 (1 H, app. broad d, 16.6, one of 

CH2-C= 0  of minor isomer), 2.37 (1 H, dd, 17.4, 5.1, one of CH2-C=0 of major 

isomer), 2.29 (1 H, d, J  12.6, one of CH2-NPI1 of minor isomer), 1.28 (3 H, s, CH3 of 

major), 1.11 (3 H, s, CH3 of minor isomer), 1.00 (1 H, dd, J  17.4, 2.6, one of 

CH2-C= 0  of major isomer).

8a-Methyl-2-phenyl-l,8a-dihydro-2//,4//-isoquinoline-3,6-dione (163): Yellow 

oil ( 6  mg, 3.6 %) isolated from the second purification of the inseparable mixture of 

the major and the minor isomers; 8 h (400 MHz; CDCI3), 7.37 (2 H, app. t, J  7.7, 

w-aromatic CH), 7.26 (1 H, app. t, J  7.4, p-aromatic CH), 7.17 (2 H, app. d, J  7A, o- 

aromatic CH), 6.71 (1 H, d, J  10.0, CH=CH-C=0), 6.32 (1 H, dd, J  10.0, 1.6, 

CH=CH-C=0), 6.17 (1 H, broad s., 0=C-CH=Cq), 3.66 (1 H, dd, J20.2, 2.3, one of 

CH2-C=0), 3.55 (1 H, d, J 11.9, one of CH2-N), 3.47 (1 H, d, J 11.9, one of CH2-N), 

3.43 (1 H, d, J  20.2, one of CH2-C=0), 1.58 (3 H, s, CH3); 8 C (100 MHz; CDC13)

185.1 (C O ), 166.0 (N-C=0), 157.2 (ring Cq=CH), 153.2 (CH=CH-C=0), 141.9 

(aromatic Cq-N), 130.3 (p-aromatic CH), 129.7 (2 x o-aromatic CH), 127.7 

(CH=CH-C=0), 126.2 (2 x w-aromatic CH), 125.5 (CH=CH-C=0), 65.9 (CH2-N),

58.4 (CH2-C=0), 38.7 (ring Cq), 15.3 (CH3); m/z (APCI) 254.3 (MH+, 100 %), 240 

(54).
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6.3. Experimental Data for Chapter 3

Birch reduction/alkylation of methyl benzoate with 1,2-dibromoethane

Ammonia (300 cm3) was condensed into a cooled solution (-78 °C) of methyl 

benzoate (5 g, 4.57 ml, 37 mmol) in THF (93 ml) containing t-butyl alcohol (3.4 g, 

37 mmol, 1 equiv.) through a dry ice-acetone condenser. Potassium metal (5.1 g, 

0.13 mmol) was added portion-wise until a blue colour persisted for 10 min. 

1,2-Dibromoethane (15.9 ml, 185 mmol, 5 equiv.) was added slowly over a period of 

5 min. The resulting mixture was stirred at that temperature for 15 min., then at -33 

°C for 1.5 h. Solid ammonium chloride (7.3 g) was added carefully and the ammonia 

was allowed to evaporate overnight. Water was added to the residue and the solution 

was then extracted into diethyl ether (3 x 100 ml). The combined ethereal extracts 

were dried over MgSC>4 and concentrated under reduced pressure. The remaining 

brown oil was purified by flash chromatography (eluting with ether-hexane 0.5:9.5) 

to afford compounds 166 and 165 in order as follows:

6-(2,-Bromoethyl)-6-carbobutoxy-l,4-cyclohexadiene (166): Pale brown oil (600

8C (100 MHz; CDC13) 172.6 (C=0), 126.6 (2 x alkene CH), 126.1 (2 x alkene CH),

81.3 (0-Cq), 48.9 (ring Cq), 42.1 (Br-CH2), 28.2 (Br-CH2-CH2), 27.9 ((CH3)3C), 26.2 

(ring CH2).

6-(2-Bromoethyl)-6-Carbomethoxy-l,4-cyclohexadiene (165)33’34: Pale oil (1.2 g,

13.3 %) (Found: M +NH/ 262.0438. CioHi779BrN02 requires M, 262.0437); vmax

165 166

mg, 6 %); vmax (CH2Cl2)/cm_1 2966, 2925, 2725, 2664, 1773, 1721, 1368, 1261, 

1159; 5h (400 MHz; CDC13) 5.93 (2 H, app. dt, J  10.4, 3.3, 2 x CH=CH-CH2), 5.70 

(2 H, app. dt, J  10.4, 2.1, 2 x CH=CH-CH2), 3.32 -  3.17 (2 H, m, Br-CH2), 2.73 -

2.55 (2 H, m, ring CH2), 2.31-2.15 (2 H, m, Br-CH^Cffc), 1.46 (9 H, s, (CH3)3C);
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(neat)/cm'' 3011, 2875, 1731, 1433, 1238, 1210, 1072, 943, 798; 5H (400 MHz; 

CDC13) 5.95 (2 H, app. dt, J  10.4, 3.3, 2 x CH=CH-CH2), 5.70 (2 H, app. dt, J  10.4,

1 .9 , 2  x CH=CH-CH2), 3.70 (3 H, s, 0-CH3), 3.26 -  3.20 (2 H, m, Br-CH2), 2.75 -

2.56 (2 H, m, ring CH2), 2.29 -  2.23 (2 H, m, Br-CHj-Chh); 8 c (100 MHz; CDCI3)

174.0 (C=0), 127.0 (2 x alkene CH), 125.6 (2 x alkene CH), 52.5 (O-CH3), 48.2 

(ring Cq), 41.9 (Br-CH2), 27.9 (Br-CH2-CH2), 26.1 (ring CH2); m/z (APCI) 247 (M+, 

81Br, 26 %), 245 (29), 151 (19), 149 (9), 123 (23), 122 (6 8 ), 121 (100).

2-Oxa-spiro[4.5]deca-6,9-diene-l-one (169)

cT
166 169

DMPU (lml, 8  mmol, 2 equiv.) was added to a cooled (-78 °C) solution of methyl 

phenyl sulfoxide (572 mg, 4.1 mmol) in dry THF (20 ml). «-Butyllithium (2.5 M 

solution in hexane, 2 ml, 5 mmol, 1.23 equiv.) was added dropwise and the resulting 

mixture was stirred for 10 min. Bromocyclohexadiene 165 (1 g, 4.1 mmol) in THF (3 

ml) was added and the reaction stirred at -78 °C for 1 h. then at room temperature for 

20 h. Saturated ammonium chloride solution was added and the organic material was 

extracted into CH2CI2 (3 x 20 ml). The combined extracts were dried over MgSC>4 

and concentrated in vacuo to give a yellow oil. Purification by flash column 

chromatography (eluting with ether-hexane 3:7) afforded the title lactone (13 mg, 2 

%) as a pale yellow oil; vmax (neatycm' 1 3060, 3032, 2915, 2362, 2362, 1769, 1266, 

1162, 1026; 6 H (400 MHz; CDC13) 5.96 (2 H, app. dt, J  10.2, 3.4, 2 x CH=CH-CH2),

5.56 (2 H, app. dt, J  10.2, 2.0, 2 x CH=CH-CH2), 4.32 (2 H, t, J7 .0 , 0-CH2), 2.72 (1 

H, app. dtt, J  23.3, 3.8, 1.8, one of ring CH2), 2.64 (1 H, app. dtt, J23.3, 3.4, 2.0, one 

of ring CH2), 2 . 2 2  ( 2  H, t, J7 .0 , O-CH2-CH2); 8 C (100 MHz; CDCI3) 178.1 (C=0),

127.6 (2 x alkene CH), 124.2 (2 x alkene CH), 65.2 (O CH 2), 45.3 (ring Cq), 37.8 

(CH2-Cq), 26.0 (ring CH2); m/z (APCI) 151 (MH+, 11 %), 127 (36), 121 (100).
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Reduction of compound 165

CT
165 172 173

To a stirred suspension of LiAlFL* (2.47 g, 65 mmol) in dry THF (50 ml) under a 

nitrogen atmosphere at room temperature was added a solution of ester 165 (5.5 g,

22.4 mmol) in dry THF (10 ml). The mixture was stirred at room temperature for 1.5 

hour. 15 % Aqueous NaOH solution (2.5 ml) was added carefully followed by 

addition of water (7.7 ml) and stirring was continued at room temperature for 48 h. 

Filtration and concentration under reduced pressure afforded a reddish yellow oil 

which was purified by flash chromatography (eluting with ether-hexane 1.5:8.5) to 

afford the following compounds in order as follows:

2-Oxa-spiro[4.5]deca-6,9-diene (172): Colourless oil (0.4 g, 13 %); vmax 

(neat)/cm‘‘ 3018, 2964, 2863, 1634, 1447, 1422, 1103, 1047, 966, 920; 5H (400 

MHz; CDCla) 5.80 -  5.72 (2 H, m, 2 x CH=CH-CH2), 5.70 -  5.63 (2 H, m, 2  x 

CH=CH-CH2), 3.96 (2 H, t, J 7 .1 , 0 -CH2-CH2), 3.55 (2 H, s, 0-CH 2-Cq), 2.74 -2 .59  

(2 H, m, ring CH2), 1.88 (2 H, t, J  7.1, CH2-Cq); 5c (100 MHz; CDCI3) 130.4 (2 x 

alkene CH), 123.7 (2 x alkene CH), 79.7 (0-CH2), 67.8 (0-CH2), 43.8 (Cq), 41.8 

(0-CH2-CH2), 26.3 (CH2); m/z (APCI) 137 (MH+, 29 %), 135 (11), 123 (19), 121 

(100).

l-F.thyl-cyclohexa-2,5-dienyl-methanol (173): Pale yellow oil (222 mg, 7 %); vmax 

(neat)/cm'‘ 3372, 3014, 2962, 2931, 2872, 1454, 1422, 1376, 1044, 956; 5H (400 

MHz; CDCI3) 5.97 - 5.90 (2 H, m, 2 x CH=CH-CH2), 5.32 -  5.25 (2 H, m, 2  x 

CH=CH-CH2), 3.27 (2 H, s, Cfch-OH), 2.67 -  2.51 (2 H, m, ring CH2), 1.50 (1 H, 

broad s, OH), 1.21 (2 H, q, J  7.5, CH2-CH3), 0.73 (3 H, t, J  7.5, CH3-CH2); 5c (100 

MHz; CDCI3) 129.6 (2 x alkene CH), 127.9 (2 x alkene CH), 70.5 (0-CH2), 44.0 

(Cq), 29.6 (CH2-CH3), 26.3 (ring CH2), 8.7 (CH3).



2,5-Cyclohexadiene-l-car boxy lie acid (171)48

CQ>H CQ>H

171

Ammonia (600 cm3) was condensed into a cooled (-33 °C) solution of benzoic acid 

(10 g, 82 mmol) in anhydrous ethanol (100 ml) through a dry ice/acetone condenser. 

With careful stirring, sodium metal (6.2 g, 269.6 mmol, 3.3 equiv.) was added in 

small pieces. After addition of the sodium was completed, solid ammonium chloride 

(14.6 g, 0.27 mol) was added carefully and the mixture was stirred for a further one 

hour. The ammonia was allowed to evaporate overnight and the residue was 

dissolved in iced water. Aqueous 2 M HC1 solution was added until pH 1 - 2 was 

reached. The organic material was then extracted into diethyl ether (3 x 200 ml). The 

combined ethereal extracts were dried over MgSC>4 and concentrated in vacuo to 

afford the title acid (9.6 g, 94 %) as an essentially-pure colourless oil; vmax 

(neatycm'1 3040 (very broad), 1704, 1413, 1278, 1219, 1074, 941; 8H (400 MHz; 

C D C I 3 )  11.60 (1 H, broad s, OH), 5.93 (2 H, app. dq, J  10.4. 3.2, 2 x CH=CH-CH2), 

5.84 (2 H, app. ddt, J  10.4. 3.5, 1.8, 2 x CH=CH-CH2), 3.83 - 3.75 (1 H, m, 

CH-C=0), 2.80 -  2.62 (2 H, m, ring CH2); 8C (62.5 MHz; CDC13) 178.9 (C=0),

126.9 (2 x alkene CH), 121.5 (2 x alkene CH), 41.5 (CH=CO), 25.8 (ring CH2).

Cyclohexa-2,5-dienecarboxylic acid methyl ester (175)49

171 175

Cone. H2S0 4  (0.16 ml) was added to a solution of 2,5-cyclohexadiene-l-carboxylic 

acid (171) (7.9 g, 63.7 mmol) in absolute methanol (180 ml) at room temperature and 

under a nitrogen atmosphere. After stirring the reaction mixture for 24 h, most of the
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solvent was evaporated under reduced pressure. The remaining solution was 

neutralised by addition of saturated NaHCC>3 solution. The organic product was 

extracted into CH2CI2 (3 x 50 ml), dried over MgSC>4 and concentrated under 

reduced pressure to afford the title ester (7.4 g, 85 %) as an essentially-pure 

colourless oil which was used without further purification; vmax (neatycm' 1 3037, 

2952, 2882, 1738, 1435, 1276,1197, 1026, 941, 904; 6 H (400 MHz; CDCI3) 5.88 (2 

H, app. dq, J  10.4, 3.2, 2  x CH=CH-CH2), 5.80 ( 2  H, app. ddt, J  10.4, 3.3, 1.6, 2 x 

CH=CH-CH2), 3.77 - 3.71 (1 H, m, CH-C=0), 3.70 (3 H, s, CH3), 2.77 -  2.59 (2 H, 

m, ring CH2); 6 C (100 MHz; CDC13) 173.1 (C=0), 126.5 (2 x alkene CH), 122.1 (2 x 

alkene CH), 52.2 (O-CH3), 41.2 (CH-C=0), 25.8 (ring CH2).

General Procedure for Deprotonation and Alkylation of compound 175

«-Butyllithium (2.5 M solution in hexane, 1.2 equiv.) was added to a cooled solution 

of z-Pr2NH (1.1 equiv.) in dry THF at -78 °C. After stirring the resulting mixture for 

30 min, a solution of ester 175 (1 equiv.) in THF was added and the stirring was 

continued for another 30 min. The electrophile (1.1 equiv) was then added as a 

solution in THF and the reaction mixture was stirred for one hour at -78 °C, then at 

room temperature for 18 h. Saturated ammonium chloride solution was added and the 

product was extracted three times with CH2CI2 . The combined organic extracts were 

dried over MgSC>4 and concentrated under reduced pressure to afford the crude 

product which was purified as described.

l-Methylcyclohexa-2,5-dienecarboxylic acid methyl ester(110) 34

OCfeMe

6 
175

According to the general procedure above, ester 110 was obtained from substrate 175 

(0.67 g, 4.9 mmol) in dry THF (5 ml) and iodomethane (0.34 ml, 5.4 mmol) in THF 

(3 ml) as an essentially-pure brown oil; yield 589 mg (79 %). The spectroscopic data 

are identical to those obtained by esterification of acid 108 (Page 154).
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l-(2-Bromobenzyl)-cyclohexa-2,5-dienecarboxylic acid methyl ester (176)

According to the general procedure above, compound 176 was obtained from 

substrate 175 (3.0 g, 21.7 mmol) in dry THF (10 ml) and 2-bromobenzyl bromide 

(6.0 g, 23.9 mmol) in THF (5 ml) as a dark yellow oil which was purified by flash 

chromatography (eluting with hexane-CH2Cl2 6:4) to afford the pure compound (4.7 

g, 70 %) as a pale yellow oil (Found: M+NH^ 324.0592. Ci5Hi9N 0 279Br requires M, 

324.0594); vmax (neatycm ' 1 3032, 2949, 2864, 1726, 1472, 1435, 1235, 1203, 1045, 

1024, 736; 6 H (400 MHz; CDC13) 7.43 (1 H, d, J  8.2, aromatic Ha), 7.11 -  7.05 (2 H, 

m, aromatic Hb & Hd), 7.00 -  6.94 (1 H, m, aromatic Hc), 5.83 (2 H, app. dt, J  10.4,

1.9, 2 x CH=CH-CH2), 5.73 (2 H, app. dt, J  10.4, 3.3, 2 x CH=CH-CH2), 3.66 (3 H, 

s, O-CH3), 3.17 (2 H, s, Ar-CHA 2.42 (1 H, app. dtt, J  23.0, 3.3, 1.9, one of ring 

CH2), 2.17 (1 H, app. doubled quintet, J  23.0, 2.6, one of ring CH2); 6 c (100 MHz; 

CDCI3) 174.7 (0-C=0), 136.4 (Cq-Br), 132.7 (aromatic CH), 132.1 (aromatic CH),

128.0 (aromatic CH), 126.6 (aromatic CH), 126.5 (2 x alkene CH), 126.3 (aromatic 

Cfl-CH2), 126.2 (2 x alkene CH), 52.3 (O-CH3), 49.3 (Cg-C=0), 44.2 (Ar-CH2), 25.8 

(ring CH2); m/z (APCI) 309 (M+ (81Br), 13 %), 307 (IvT (79Br), 12 %), 249 (32), 247 

(39), 187 (36), 185 (59), 171 (17), 169 (23), 137 (100).

l-(3-Oxo-butyl)-cyclohexa-2,5-dieneacrboxylic acid methyl ester (177)

175 176

O

175 177
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According to the general procedure above, compound 177 was obtained from ester 

175 (0.5 g, 3.6 mmol) in dry THF (5 ml) and methyl vinyl ketone (280 mg, 0.33 ml, 

4 mmol) in THF (3 ml) as a reddish yellow oil which was purified by flash 

chromatography (eluting with CH2CI2) to afford the pure title compound (265 mg, 35 

%) as a pale yellow oil; vmax (neatycm' 1 3032, 2952, 1728, 1434, 1365, 1235, 1084, 

1021, 796; SH (400 MHz; CDC13) 5.89 - 5.82 (2 H, m, 2 x CH=CH-CH2), 5.63 - 5.57 

( 2  H, m, 2  x CH=CH-CH2), 3.62 (3 H, s, O-CH3), 2.69 -  2.51 ( 2  H, m, ring CH2),

2.29 (2 H, t, J  7.8, CH2-C=0 ), 2.05 (3 H, s, CH3-C=0), 1.91 (2 H, app. t, J  7.8, 

CH2-Cq);6 c (100 MHz; CDC13) 208.4 (C=0), 174.9 (0-C=0), 126.6 ( 2  x alkene 

CH), 126.5 (2 x alkene CH), 52.3 (O-CH3), 47.1 (ring Cq), 38.7 (CH2-CH2-C=0),

32.5 (CH2-CH2-C=0), 30.1 (CH3-C=0), 26.1 (ring CH2).

l-Ethoxycarbonylmethyl-cyclohexa-2,5-dienecarboxylic acid methyl ester (178)

OB

175 178

According to the general procedure above, compound 178 was obtained from ester 

175 (1.0 g, 7.3 mmol) in dry THF (5 ml) and ethyl 2-bromoacetate (1.3 g, 0.88 ml, 

8.0 mmol) in THF (3 ml) as an essentially-pure yellow oil (1.2 g, 73 %); vmax 

(neatycm ' 1 2982, 2952, 1732, 1435, 1370, 1338, 1236, 1176, 1028, 8 8 8 ; 6 H (400 

MHz; CDCI3) 5.84 (2 H, app. dt, J  10.4, 3.3, 2 x CH=CH-CH2), 5.74 (2 H, app. dt, J

10.4, 1 .8 , 2  x CH=CH-CH2), 4.04 (2 H, q, J  7.2, 0-CH2), 3.67 (3 H, s, O-CH3), 2.66 

(2 H, s, CH2-Cq), 2.68 -  2.52 (2 H, m, ring CH2), 1.17 (3 H, t, J 1 2 , CH3-CH2); 6 C 

(100 MHz; CDCI3) 174.1 (0-C=0), 170.4 (0-C=0), 126.3 (4 x alkene CH), 60.5 

(0-CH2), 52.5 (O-CH3), 45.6 (ring Cq), 44.6 (CH2-Cq), 25.9 (ring CH2), 14.1 

(CH3-CH2).

I
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Methyl benzoate (180)

CO^Mb

175 179

CCfeMe

180

According to the general procedure above, methyl benzoate 180 was obtained from 

ester 175 (376 mg, 2.73 mmol) in dry THF (2 ml) and 2-butyl-oxirane 179 (0.3 g, 3.0 

mmol) in THF (2 ml) as an essentially-pure brown oil (237 mg, 64 %); vmax 

(neatycm ' 1 2952, 1723, 1436, 1316, 1281, 1113, 910; 5H (400 MHz; CDCI3) 7.97 (2 

H, dd, J8 .3 , 1.3, 2 * o-aromatic C H ) ,  7.49 (1 H, app. tt, J  7.8, 1.3,p-aromatic C H ) ,  

7.35 (2 H, app. t, J  7.8, 2 x m-aromatic C H ) ,  3.94 (3 H, s, O - C H 3 ) ;  6 c (100 MHz; 

C D C I 3 )  167.1 (0-C=0), 132.9 (p-aromatic C H ) ,  130.1 (aromatic C), 129.6 (2 x 

o-aromatic C H ) ,  128.3 (2 x  m-aromatic C H ) ,  52.1 ( O - C H 3 ) .  The obtained data are in 

line with those from an authentic sample.

4-Oxo-l-(3-oxo-butyI)-cyclohexa-2,5-dienecarboxylic acid methyl ester (181)

O

O

177

Celite (2.8 g) was added to a cooled (0 °C) suspension of substrate 177 (477 mg,

2.29 mmol) in benzene (40 ml) in a flame-dried flask. 5 - 6  M f-BuOOH in decane 

(1.8 ml, 9.1 mmol, 4 equiv.) was added. This was followed by portion-wise addition 

of pyridinium dichromate (3.4 g, 9.1 mmol, 4 equiv.) over 10 min. The resulting 

mixture was stirred at room temperature for 18 hours. After dilution with ether and 

filtration through a pad of basic alumina type H, the combined solutions were 

concentrated in vacuo to afford a dark green viscous oil. Purification by column 

chromatography (eluting with ethyl acetate-CH2Cl2 1:9) afforded the title dienone
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(275 mg, 54 %) as a pale yellow oil; vmax (neatycm -1 2956, 1732, 1667, 1629, 1434, 

1402, 1367, 1236, 1174, 1083, 1022, 860; 8 H (400 MHz; CDC13) 6.91 (2 H, d, J

10.3, 2 x CH=CH-C=0), 6.32 (2 H, d, J  10.3, 2 x CH=CH-C=0), 3.57 (3 H, s,

O-CH3), 2.25 (4 H, app. s, Cq-CHz-CHz), 2.05 (3 H, s, CH3); 8 c (100 MHz; CDC13)

206.5 (ketone C=0), 184.9 (conjugated C=0), 170.4 (0-C=0), 147.4 (2 x CH=CH- 

C=0), 130.7 (2 x CH=CH-C=0), 53.3 (0-CH3), 51.5 (ring Cq), 37.5 (CH2-C=0),

30.8 (CH2-Cq), 30.2 (CH3).

1 -Phenylsulfanyl-but-3-en-2-o! (183)53

Thioanisole 213 (8 . 6  g, 8.1 ml, 69.2 mmol) was added to a solution of DABCO ( 8  g,

71.3 mmol, 1.03 equiv.) in dry THF (120 ml) under a nitrogen atmosphere. The 

resulting suspension was cooled to 0 °C then w-butyllithium (2.5 M solution in 

hexane, 38.4 ml, 96 mmol, 1.38 equiv.) was added dropwise. After removal of the 

cooling bath the resulting mixture was stirred at room temperature for one hour. The 

reaction was then cooled to -78 °C and acrolein (12.4 g, 14.8 ml, 221.2 mmol, 3.2 

equiv) added over 30 min. The reaction mixture was allowed to warm up to room 

temperature and stirring was continued for 18 hours. Saturated ammonium chloride 

solution (50 ml) was added and the product was extracted into ether (3 x 60 ml). The 

combined organic extracts were dried over MgSC>4 and concentrated under reduced 

pressure to afford the title compound 183 (12.3 g, 99 %) as an essentially-pure brown 

oil; Vmax (neatycm ' 1 3382, 3076, 2916, 1582, 1479, 1438, 1087, 828; 8 H (400 MHz; 

CDC13) 7.30 -  7.05 (5 H, m, aromatic CH), 5.76 (1 H, app. ddd, J  17.1, 10.5, 5.9, 

Ha), 5.20 (1 H, dd, J  17.1, 0.9, H°), 5.06 (1 H, dd, J  10.5, 0.9, Hb), 4.11 (1 H, m, 

CH-OH), 3.03 (1 H, dd, J  13.6, 5.3, one of S-CH2), 2.84 (1 H, dd, J  13.6, 8.2, one of

S-CH2); 8 c (100 MHz; CDC13) 138.4 (alkene CH), 135.1 (Cq-S), 130.2 (2 x

o-aromatic CH), 129.1 (2 x m-aromatic CH), 126.7 (/7-aromatic CH), 116.3 (alkene 

CH2), 70.5 (O-CH), 41.7 (S-CH2).
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l-PhenylsuIfanyl-but-3-en-2-one (184)52

HP

-  rfv V xsR'
hF O 

184

IBX (10.41 g, 37.18 mmol, 2.5 equiv.) in DMSO (50 ml) was stirred at room 

temperature until homogenous and clear solution was obtained (30 min.). A solution 

of vinyl alcohol 183 (2.7 g, 14.87 mmol) in DMSO (13 ml) was added and the 

mixture was stirred at this temperature for 6 h giving a yellow suspension. Water 

(133 ml) was added and the mixture was stirred for 10 min then cooled to 0 °C and 

stirred at this temperature for 45 min. The mixture was then partitioned between 

water (150 ml) and ether (150 ml) and the organic material was extracted into the 

ethereal layer. Then this extract was washed several times with water and the 

combined ethereal extracts were dried over MgS0 4  and concentrated under reduced 

pressure to afford vinyl ketone 184 (1.56 g, 59 %) as an essentially-pure reddish 

yellow oil; vmax (neatycm'1 3060, 2930, 1704, 1582, 1479, 1437, 1400, 1249, 1042, 

742; §H (400 MHz; CDC13) 7.32 -  7.27 (2 H, m, aromatic CH), 7.25 -  7.18 (2 H, m, 

aromatic CH), 7.16 (1 H, app. tt, y  7.2, 1.3, aromatic CH), 6.53 (1 H, dd, J  17.5, 10.6 

Ha), 6.23 (1 H, dd, J  17.5, 1.0, Hc), 5.77 (1 H, dd, J  10.6, 1.0, Hb), 3.75 (2 H, s,

S-CH2).

l-(3-Oxo-4-phenylsulfanyl-biityl)-cydohexa-2,5-dienecarboxylic acid methyl 

ester (185)

CQ>Me

6 -
175 185

w-Butyllithium (2.5 M solution in hexane, 3.5 ml, 8.7 mmol, 1.0 equiv.) was added to 

a cooled (-78 °C) solution of /-Pr2NH (0.8 g, 1.1 ml, 7.9 mmol, 1.0 equiv.) in dry 

THF (10 ml). After stirring the resulting mixture for half an hour, a solution of ester
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175 (1.0 g, 7.2 mmol, 1.0 equiv.) in THF (3 ml) was added and the stirring was 

continued for another half an hour. Vinyl ketone 184 (1.4 g, 7.9 mmol, 1.1 equiv) in 

THF (3 ml) was added and the reaction mixture was stirred for three hours. Saturated 

ammonium chloride solution (15 ml) was added and the product was extracted into 

CH2CI2 (3 x 15 ml). The combined organic extracts were dried over MgSC>4 and 

concentrated under reduced pressure to give a yellow oil which was purified by flash 

chromatography (eluting with hexane-ethyl acetate in gradient mode 9:1 to 6:4) to 

afford the pure title compound (641 mg, 29 %) as a pale yellow oil (Found: M +NH/ 

334.1475. C 18H24NSO3 requires M, 334.1471); vmax (CU2C\2)/cm l 3032, 2950, 

1728, 1583, 1481, 1438, 1235, 1203, 1050, 740, 691; 6 H (400 MHz; CDCI3) 7.27 -  

7.19 (5 H, m, aromatic CH), 5.82 (2 H, app. dt, J  10.5, 3.5, 2 x CH=CH-CH2), 5.55 

(2 H, app. dt, J  10.5, 2.0, 2 x CH=CH-CH2), 3.61 (3 H, s, O-CH3), 3.57 (2 H, s,

S-CH2), 2.64 -  2.46 (2 H, m, ring CH2), 2.46 -  2.41 (2 H, m, CH2-CH2-C=0 ), 1.92 -

1.86 (2 H, m, CH2-CH2-C O ); 6 c (100 MHz; CDCI3) 205.2 (C=0), 174.8 (0-C=0),

134.8 (Cq-S), 129.7(2 x o-aromatic CH), 129.2 (2 x m-aromatic CH), 126.9 

(p-aromatic CH), 126.7 (2 x alkene CH), 126.3 (2 x alkene CH), 52.4 (CH3), 47.2 

(ring Cq), 44.1 (S-CH2), 35.9 (CH2-C=0), 32.5 (CH2-CH2-C=0), 26.1 (ring CH2); 

m/z (APCI) 317 (MH+, 100 %), 257 (10 %), 156 (100), 153 (11).

Methyl 4-hydroxybenzoate (186)

SPh

OH

185

Celite (1.0 g) was added to a cooled (0 °C) suspension of the substrate 185 (101 mg, 

0.32 mmol) in dry benzene (15 ml) in a flame dried flask. 5 - 6  M f-BuOOH in 

decane (0.26 ml, 1.3 mmol, 4.1 equiv.) was added. This was followed by 

portion-wise addition of pyridinium dichromate (480 mg, 1.3 mmol, 4.1 equiv.) over 

10 min. The resulting mixture was stirred at room temperature for 24 hours. After 

dilution with ethyl acetate and filtration through a plug of celite, the combined 

solutions were concentrated in vacuo to afford a brown oil. Purification by column
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chromatography (eluting with ethyl acetate-hexane 1:9) afforded the title compound 

(46 mg, 96 %) as a yellow oil; 6 H (400 MHz; CDC13) 7.88 (2H, d, J  8 .6 , 2 x CH), 

6.81 (2H, d, J  8 .6 , 2 x CH), 6.48 (1H, broad s, OH), 3.82 (3H, s, CH3). These data 

are consistent with those reported in the Aldrich Library of 13C and *H FT-NMR 

Spectra.

1-Ethoxycarbonylmethyl-4-oxo-cyclohexa-2,5-dienecarboxylie acid methyl ester 

(188)

OB

O
178

Celite (2.5 g) was added to a cooled (0 °C) suspension of substrate 178 (500 mg,

2.23 mmol) in benzene (40 ml) in a flame-dried flask. 5 - 6  M /-BuOOH in decane 

(1.8 ml, 8.9 mmol, 4 equiv.) was added. This was followed by portion-wise addition 

of pyridinium dichromate (3.3 g, 8.9 mmol, 4 equiv.) over 10 min. The resulting 

mixture was stirred at room temperature for 24 hours. After dilution with CH2CI2 and 

filtration through a plug of celite, the combined solutions were concentrated in vacuo 

to afford the title compound (436 mg, 82 %) as an slightly impure (contaminated 

with benzene) yellow oil; vmax (neatycm’ 1 2957, 2929, 1733, 1673, 1632, 1435, 

1372, 1175, 1070, 1026, 860; SH (400 MHz; CDC13) 6.99 (2 H, d, J  10.1, 2 x 

CH=CH-C=0), 6.29 (2 H, d, J  10.1, 2 x CH=CH-C=0), 4.07 (2 H, q, J  7.1, O-CH2),

3.64 (3 H, s, O-CH3), 2.78 (2 H, s, CH2-C=0), 1.15 (3 H, t, J  7.1, O-CH2-CH3); 6 C 

(100 MHz; CDCI3) 184.7 (ketone C=0), 170.1 (0-C=0), 169.3 (0-C=0), 146.4 (2 x 

CH=CH-C=0),130.5 (2 x CH=CH-C=0), 61.4 (O-CH2), 53.5 (O-CH3), 49.6 (ring 

Cq), 41.6 (CH2-Cq), 14.1 (CH3-CH2).

199



Methy l-((/e/7-butoxycarbonyl)methyl)cyclohexa-2,5-dienecarboxylate (190)

175 190

According to the general procedure on page 192, compound 190 was obtained from 

ester 175 (4.0 g, 28.9 mmol) in dry THF (7 ml) and f-butyl 2-bromoacetate (6.2 g,

4.7 ml, 31.9 mmol) in THF (5 ml) as an essentially-pure pale yellow oil (6.2 g, 85 

%); (neatycm ' 1 2980, 1729, 1454, 1436, 1394, 1369, 1280, 1253, 1156, 847, 

716; 8 h (400 MHz; CDC13) 5.82 (2 H, app. dt, J  10.2, 3.1,2 x CH=CH-CH2), 5.73 (2 

H, app. dt, J  10.2, 1 .5 , 2  x CH=CH-CH2), 3.64 (3 H, s, O-CH3), 2.69 -  2.52 (2 H, m, 

ring CH2), 2.57 (2 H, s, Cq-CH2), 1.37 (9 H, s, C(CH3)3); Sc (100 MHz; CDCI3)

174.1 (0-C=0), 169.6 (0-C=0), 126.5 (2 x alkene CH), 126.1 (2 x alkene CH), 80.9 

(0-C(CH3)3) 52.4 (O-CH3), 45.9 (CH2-Cq), 45.8 (ring Cq), 28.0 (C(CH3)3), 26.0 (ring 

CH2).

2-(l-(methoxycarbonyl)cyclohexa-2,5-dienyl)acetic acid (191)

Of-Bu

190

OH

191

Trifluoroacetic acid (6 . 8  ml, 89 mmol, 22.5 equiv.) was added to a solution of the 

diester 190 (1.0 g, 3.96 mmol) in dry CH2CI2 (20 ml). The resulting mixture was 

stirred at room temperature for 48 hours, then diluted with water and aqueous 2 M 

HC1 solution. The organic material was extracted into CH2CI2 ( 2  *20 ml) and the 

combined extracts dried over MgS0 4 . The solvent was removed under reduced 

pressure and the residue washed with petroleum ether to afford the tile compound 

(752 mg, 96 %) as a pale brown crystalline solid, m.p. 67 -  69 °C (Found: MH+ 

197.0808. C 10H 13O4 requires M, 197.0808); vmax (CT^Cy/cm ' 1 3498 (broad), 3044, 

2946, 1724, 1434, 1388, 1203, 1089, 1052, 942, 8 8 8 , 715; 6 H (400 MHz; CDC13)
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5.84 (2 H, app. dt, J  10.3, 3.3, 2 * CH=CH-CH2), 5.71 (2 H, app. dt, J  10.3, 1.9, 2 x 

CH=CH-CH2), 3.63 (3 H, s, O-CH3), 2.71 (2 H, s, CH2-C=0), 2.68 -  2.52 (2 H, m, 

ring CH2);5c (100 MHz; CDCI3) 176.2 (HO-C=0), 174.1 (0-C=0), 126.8 (2 * 

alkene CH), 125.9 (2 x alkene CH), 52.7 (O-CH3), 45.5 (ring Cq), 44.1 (CH2-C=0),

26.0 (ring CH2); m/z (APCI) 317 (MH+, 72 %), 179 (10), 165 (19), 151 (26), 137 

(100).

Methyl 2-phenylacetate (193)

M e C ^ ^ v ^ O H

191 193

Thionyl chloride (5 ml, 6 8 . 6  mmol, 78 equiv.) was added to acid 191 (172 mg, 0.88 

mmol), and the resulting mixture was heated under reflux for 18 hours. Excess 

thionyl chloride was removed in vacuo to leave the title compound (119 mg, 90 %) 

as a pale brown oil; vmax (neatycm' 1 3031, 2953, 1738, 1496, 1435, 1257, 1160, 

1014, 723; 6 H (400 MHz; CDC13) 7.19 -  7.07 (5 H, m, aromatic CH), 3.52 (3 H, s, 

CH3), 3.46 ( 2  H, s, CH2) ; 6 c (100 MHz; CDC13) 172.1 (0-C=0), 134.0 (aromatic 

Cq), 129.3 (2 x aromatic CH), 128.6 (2 x aromatic CH), 126.9 (p-aromatic CH), 52.1 

(CH3), 41.2 (CH2).

Methyl 1 -((chlorocarbony l)methy l)cyclohexa-2,5-dienecarboxy late (192)

OH

191 192

Thionyl chloride (1.6 g, 5 ml, 13.34 mmol, 1.6 equiv.) was added to a solution of 

acid 191 (1.65 g, 1.0 ml, 8.4 mmol) in toluene (20 ml). DMF (0.03 ml) was added 

and the resulting mixture was heated at 40 °C for two hours then at 60 °C for one
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hour. The excess thionyl chloride and toluene were removed in vacuo at 60 °C to 

afford the title acid chloride 192 in quantitative yield as a brown oil which was used 

without further purification; vmax (neatycm ' 1 3025, 2946, 2875, 1800, 1730, 1434, 

1391, 1248, 1125, 1054, 968, 704; 6 H (400 MHz; CDC13) 5.91 (2 H, app. dt, J  10.4,

3.4, 2  x CH=CH-CH2), 5.68 ( 2  H, app. dt, J  10.4, 2.0, 2  x CH=CH-CH2), 3.66 (3 H, 

s, O-CH3), 3.26 (2 H, s, CH2-C=0), 2.73 -  2.56 (2 H, m, ring CH2); 5C (100 MHz; 

CDCI3) 173.0 (C1-C=0), 171.0 (0-C=0), 127.6 (2 x alkene CH), 124.9 (2 x alkene 

CH), 56.1 (CH2-C=0), 52.9 (O-CH3), 46.5 (ring Cq), 26.0 (ring CH2).

3-Chloromethyl-2-oxa-spiro[4.5]deca-6,9-dien-l-one (197)

CCfcMe

175 197

w-Butyllithium (2.5 M solution in hexane, 2.9 ml, 7.2 mmol, 1.0 equiv.) was added to 

a cooled (-78 °C) solution of /-Pr2NH (1.0 ml, 7.2 mmol, 1.0 equiv.) in dry THF (10 

ml). After stirring the resulting mixture for half an hour, a solution of ester 175 (1.0 

g, 7.2 mmol) in THF (3 ml) was added and stirring was continued for a further half 

an hour. Epichlorohydrin 194 (0.73 g, 0.62 ml, 7.9 mmol, 1.1 equiv) was added and 

the reaction mixture was stirred for one hour at -78 °C followed by 18 hours at room 

temperature. Saturated ammonium chloride solution (20 ml) was added and the 

product was extracted into CH2C12 (2 x 20 ml). The combined organic extracts were 

dried over MgSC>4 and concentrated under reduced pressure to afford a yellow solid 

which was purified by flash column chromatography (eluting with hexane-ethyl 

acetate 8:2) to afford the title compound (691 mg, 48 %) as a colourless waxy solid 

m.p. 55 -  57 °C (Found: MH+ 199.0519 Ci0Hi2O235C1 requires M, 199.0520); vmax 

(CH2Cl2)/cm_l 3031, 2875, 2825, 1767, 1634, 1418, 1333, 1167, 1042, 882; 5H (400 

MHz; CDCb) 6.00 (1 H, app. ddt, J  10.0, 3.6, 1.3, one of CH=CH-CH2), 5.93 (1 H, 

app. ddt, J  10.0, 3.4, 1.3, one of CH=CH-CH2), 5.63 (1 H, app. dq, J  10.0,2.0, one of 

CH=CH-CH2), 5.49 (1 H, app. dq, J  10.0, 2.0, one of CH=CH-CH2), 4.73 (1 H, app. 

ddt, J  9.5,6.2, 5 .0 ,0-CH), 3.68 (2 H, app. d, J  5.0, CH2C1), 2.81 -  2.71 (1 H, m, one
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of ring CH2), 2.69 -  2.59 (1 H, m, one of ring CH2), 2.32 ( 1  H, dd, J  13.2,6.3, one of 

CH2Cq), 2.11 (1 H, dd, J  13.2, 9.5, one o f CH2-Cq); 8 c (100 MHz; CDClj) 176.7 

(0-C=0), 128.1 (alkene CH), 127.5 (alkene CH), 125.2 (alkene CH), 123.3 (alkene 

CH), 75.3 (O-CH), 46.8 (ring Cq), 45.5 (CH2-C1), 41.1 (CH2-Cq), 25.9 (ring CH2); 

m/z (APCI) 201 (MH+, 37C1,35 %), 199 (100), 157 (10), 155 (36), 153 (8 ), 123 (8 ).

2-PhenyIsulfanylmethyl-oxirane (109)56

Phsr^v^

194 196

Sodium hydroxide pellets (14.1 g, 352 mmol, 2.9 equiv.) were added to a solution of 

epichlorohydrin 194 (18.4 ml, 235 mmol, 1.9 equiv.) in dioxane (50 ml). 

Benzenethiol (12.4 ml, 120.8 mmol) in dioxane (20 ml) was added dropwise and the 

resulting mixture was stirred at room temperature for 18 hours. Filtration and 

concentration in vacuo afforded the title compound (16.5 g, 82 %) as an 

essentially-pure colourless oil; Vmax (neatycm' 1 3056, 2993, 2919, 1584, 1480, 1438, 

1264, 1087, 1025, 950, 923, 828; 5H (400 MHz; CDC13) 7.45 (2 H, d, J  7.4, 2 x

o-aromatic CH), 7.32 (2 H, app. t, J1.6, 2 x m-aromatic CH), 7.24 (1 H, app. t, J7 .3 , 

p-aromatic CH), 3.22 - 3.14 (2 H, m, O-CH and one of S-CH2), 2.96 (1 H, dd, J  15.3,

7.2, one o f S-CH2), 2.77 (1 H, app. t, J  4.2, one of 0-CH2), 2.52 (1 H, app. dd, J  4.9,

2.3 one of 0-CH2); 6 c (62.5 MHz; CDCI3) 135.3 (Cq-S), 130.4 (2 x o-aromatic CH),

129.1 (2 x m-aromatic CH), 126.8 (p-aromatic CH), 51.1 (0-CH2), 47.4 (O-CH),

36.7 (S-CH2).

3-Phenylsulfanylmethyl-2-oxa-spiro[4.5]deca-6,9-dien-l-one (199)

OC^Me6 
175

SPh

199
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H-Butyllithium (2.5 M solution in hexane, 2.96 ml, 7.4 mmol, 1.0 equiv.) was added 

to a cooled (0 °C) solution of /-Pr2NH (0.75 g, 1.0 ml, 7.4 mmol, 1.0 equiv.) in dry 

THF (10 ml). After stirring the resulting mixture for half an hour, the reaction was 

cooled to -78 °C and a solution of ester 175 (1.02 g, 7.4 mmol) in THF (3 ml) was 

added. Stirring was continued for half an hour and epoxide 198 (1.34 g, 8.1 mmol,

1.1 equiv) was added. The reaction mixture was stirred for one hour at -78 °C, then 

at room temperature for 18 hours. Saturated ammonium chloride solution (20 ml) 

was added and the product extracted into CH2CI2 (2 * 20 ml). The combined organic 

extracts were dried over MgSC>4 and concentrated under reduced pressure to give a 

yellow solid which was purified by flash column chromatography (eluting with 

hexane-ethyl acetate 9:1) to afford the title compound (1.4 g, 70 %) as a pale yellow 

waxy solid m.p. 60 -  62 °C (Found: MH* 273.0943. C 16H 17SO2 requires M, 

273.0944); vmax (CH^W /cm ' 1 3026, 2925, 2875, 2805, 1771, 1582, 1481, 1439, 

1171, 985, 738; SH (400 MHz; CDCI3) 7.37 -  7.32 (2 H, m, 2 x o-aromatic CH), 7.27 

-  7.22 (2 H, m, 2  x m-aromatic CH), 7.21 -  7.15 (1 H, m,p-aromatic CH), 5.98 (1 H, 

app. ddt, J  10.0, 3.4, 1.4, one of CH=CH-CH2), 5.89 (1 H, app. ddt, J  10.0, 3.4, 1.3, 

one of CH=CH-CH2), 5.59 (1 H, app. dq, J  10.0, 2.1, one of CH=CH-CH2), 5.46 (1 

H, app. dq, J  10.0, 2.1, one of CH=CH-CH2), 4.60 (1 H, dddd, J  9.7, 7.6, 6.0, 5.1,

O-CH), 3.34 (1 H, dd, J  13.8, 5.1, one of S-CH2), 3.0 (1 H, dd, J  13.8, 7.6, one of 

S-CH2), 2.80 -  2.70 (1 H, m, one of ring CH2), 2.62 (1 H, app. dtt, J  23.4, 3.4, 2.1 

one of ring CH2), 2.36 (1 H, dd, J  13.1, 6.0, one of CH2-Cq), 1.96 (1 H, dd, J  13.1, 

9.7, one of CH2-Cq); 6 c (100 MHz; CDC13) 177.0 (0-C=0), 134.7 (Cq-S), 130.4 (2 x

o-aromatic CH), 129.3 (2 x m-aromatic CH), 128.0 (p-aromatic CH or alkene CH),

127.3 (p-aromatic CH or alkene CH), 127.1 (p-aromatic CH or alkene CH), 125.5 

(p-aromatic CH or alkene CH), 123.3 (p-aromatic CH or alkene CH), 75.5 (O-CH),

47.1 (ring Cq), 43.3 (S-CH2), 38.9 (CH2-Cq), 26.0 (ring CH2); m/z (APCI) 273 (MH+, 

100 %), 239 (14), 227 (18).
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l-(l-Hydroxymethyl-cyclohexa-2,5-dienyl)-3-phenylsulfanyl-propan-2-ol (200)

SPh

SPh

199 200

Lactone 199 (3.9 g, 14.3 mmol) in dry THF (5 ml) was carefully added to a stirred 

suspension of LiAlfL (1.1 g, 29 mmol) in dry THF (25 ml) under a nitrogen 

atmosphere at room temperature in a flame-dried flask. After stirring for 24 h, 15 % 

aqueous NaOH solution (1.1 ml) was added carefully followed by water (3.5 ml) and 

the stirring was continued at room temperature for 18 hours. Filtration and 

concentration under reduced pressure afforded the title diol (3.3 g, 84 %) as an 

essentially-pure colourless oil; Vmax (neatycm ' 1 3383 (broad), 3015, 2920, 2805,

CH2-Cq);6 c ( 1 0 0  MHz; CDC13) 135.5 (Cq-S), 129.8 (alkene CH), 129.7 ( 2  x

0-aromatic CH), 129.0 (2 x m-aromatic CH), 127.8 (p-aromatic CH or alkene CH),

127.3 (p-aromatic CH or alkene CH), 126.4 (2 x alkene CH), 70.3 (0-CH2), 67.2 

(O-CH), 43.7 (S-CH2), 42.1 (CH2-Cq), 42.0 (ring Cq), 26.5 (ring CH2).

1-[l-(/-Buty!dimethylsi[yloxymethyl)-cyclohexa-2,5-dienylJ-3-phenyIsulfanyl- 

propan-2 -ol (2 0 1 )

1632, 1582, 1480, 1438, 1039, 738; 6 H (400 MHz; CDC13) 7.30 -  7.25 (2 H, m, 2  x

o-aromatic CH), 7.23 -  7.17 ( 2  H, m, 2  x m-aromatic CH), 7.12 (1 H, app. tt, ^  7.2,

1.0, p-aromatic CH), 5.92 -  5.83 (2 H, m, 2 x CH=CH-CH2), 5.53 (1 H, app. dq, J

10.1, 2.0, one of CH=CH-CH2), 5.37 (1 H, app. dq, J  10.1, 2.0, one of CH=CH-CH2),

3.79 (1 H, app. tt, J  7.9, 4.0, O-CH), 3.30 (2 H, s, 0-CH2), 3.02 (1 H, dd, J  13.6,4.4, 

one of S-CH2), 2.81 (1 H, dd, J  13.6, 8.1, one of S-CH2), 2.65 -  2.48 (2 H, m, ring 

CH2), 1.59 (1 H, dd, J  14.2, 7.7, one of CH2-Cq), 1.52 (1 H, dd, J  14.2, 3.5, one of

200 201
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/-Butyldimethylchlorosilane (463.5 mg, 3.1 mmol, 1.7 equiv.) was added to a 

solution of diol 200 (0.5 g, 1.8 mmol) in dry CH2CI2 (25 ml). Triethylamine (0.43 ml,

3.1 mmol, 1.7 equiv.) and DMAP (few crystals) were added. After stirring the 

resulting mixture at room temperature for 6 6  hours, aqueous 2 M HC1 solution (20 

ml) was added and the organic material was extracted into CH2CI2 ( 2  x 15 ml). The 

combined organic extracts were dried over MgSC>4 and concentrated under reduced 

pressure to afford a yellow oil which was purified by flash column chromatography 

(eluting with CH2CI2) to afford the title compound (367 mg, 52 %) as a pale yellow 

oil (Found: MH* 391.2121. C ^ ^ O ^ S i  requires M, 391.2122); Vmax (neatycm' 1 

3418 (broad), 3019, 2953, 2928, 2855, 1584, 1471, 1253, 1106, 838, 776, 737; 6 H 

(400 MHz; CDC13) 7.34 -  7.30 (2 H, m, 2 x o-aromatic CH), 7.27 -  7.21 (2 H, m, 2 

x m-aromatic CH), 7.15 (1 H, app. tt, 77.3,1.2, p-aromatic CH), 5.84 -  5.74 (2 H, m, 

2 x CH=CH-CH2), 5.64 (1 H, app. dq, J  10.2, 2.0, one of CH=CH-CH2), 5.43 (1 H, 

app. dq, J  10.2, 1.9, one of CH=CH-CH2), 3.89 -  3.81 (1 H, m, O-CH), 3.38 (2 H, s,

0-CH2), 3.03 (1 H, dd, J  13.3, 5.0, one of S-CH2), 2.93 (1 H, dd, J  13.3, 7.4, one of 

S-CH2), 2.67 -  2.52 (2 H, m, ring CH2), 1.76 (1 H, dd, J  14.3, 3.9, one of CH2-Cq),

1.70 (1 H, dd, J  14.3, 7.6, one of CH2-Cq), 0.86 (9 H, s, C(CH3)3), 0.00 ( 6  H, s, 2  x 

CH3-Si); 6 c (100 MHz; CDC13) 136.2 (Cq-S), 130.4 (alkene CH), 130.2 (2 x

o-aromatic CH), 129.3 (2 x m-aromatic CH), 129.0 (p-aromatic CH or alkene CH),

126.0 (2 x alkene CH), 125.5 (p-aromatic CH or alkene CH), 71.3 (0-CH2), 67.8 

(O-CH), 44.1 (S-CH2), 41.7 (CH2-Cq), 41.2 (ring Cq), 26.7 (ring CH2), 25.9 

(C(CH3)3), 18.3 (Cq-Si), -5.4 (2 x CH3-Si); m/z (El) 390 (M+, 16 %), 334 (24), 333 

(100), 316 (10), 315 (46), 301 (36), 297 (10), 267 (90).

Attempted Allyllc Oxidation of Mono-Silyl E ther 201



Celite (0.41 g) was added to a suspension of silyl ether 112 (100 mg, 0.26 mmol) in 

dry benzene (20 ml) at 0 °C in a flame-dried flask. 5 - 6  M f-BuOOH in decane (0.31 

ml, 1.55 mmol, 6.0 equiv.) was added followed by portion-wise addition of 

pyridinium dichromate (579 mg, 1.55 mmol, 6.0 equiv.). The reaction mixture was 

stirred at room temperature for 20 hours then diluted with CH2CI2 . Filtration through 

a plug of celite and concentration under reduced pressure gave a dark brown oil. 

Purification by flash column chromatography (eluting with CH2CI2) afforded lactone 

199 (37 mg, 53 %). Data as reported on page 204.

Protection of Diol 200 as the Mono- and Di-Pivaloate Esters

SPh
OH

200

SPh
+ OH

202

SPh
OPiv

203

Pivaloyl chloride (1.3 ml, 10.5 mmol, 1.3 equiv.) was added to a solution of diol 200 

(2.85 g, 7.9 mmol) in dry CH2CI2 (25 ml). Triethylamine (1.4 ml, 10.5 mmol, 1.3 

equiv.) and DMAP (few crystals) were added. After stirring at room temperature for 

18 hours, aqueous 2 M HC1 solution (20 ml) was added and the organic material was 

extracted into CH2CI2 (3 x 30 ml). The combined organic extracts were dried over 

MgSC>4 and concentrated under reduced pressure to afford a yellow oil which was 

purified by flash chromatography (eluting with ethyl acetate-hexane 1.5:8.5) to 

afford the pure di-pivaloate ester 203 and mono-pivaloate ester 202 respectively:

2,2-Dimethyl-propionic acid l-[2-(2,2-dimethyl-propionyloxy)-3-phenylsulfanyl- 

propyl]-cyclohexa-2,5-dienylmethyl ester (203): Pale yellow oil (185 mg, 4 %); 

v™  (CHhChycnT1 3018, 2971, 2872, 2816, 1728, 1584, 1480, 1281, 1153, 1033,
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739; 8 h (400 MHz; CDC13) 7.30 -  7.27 (2 H, m, 2 x  o-aromatic CH), 7.23 -  7.17 (2 

H, m, 2  x m-aromatic CH), 7.13 -  7.07 (1 H, m, p-aromatic CH), 5.70 -  5.61 (2 H, 

m, 2 x  CH=CH-CH2), 5.35 (1 H, app. dq, J  10.4, 2.0, one of CH=CH-CH2), 5.24 (1

H, app. dq, J  10.4, 2.0, one of CHzCH-CH2), 4.97 -  4.90 (1 H, m, O-CH), 3.77 (2 H, 

s, 0-CH2), 3.03 (1 H, dd, J  13.6,5.5, one of S-CH2), 2.88 (1 H, dd, J  13.6,7.0, one of 

S-CH2), 2.47 -  2.42 (2 H, m, ring CH2), 1.82 (1 H, dd, J  14.5, 3.3, one of CH2-Cq),

I.71 (1 H, dd, J  14.5, 7.4, one of CH2-Cq), 1.12 (9 H, s, C(CH3)3), 1.08 (9 H, s, 

C(CH3)3); 8c (100 MHz; CDC13) 178.3 (C=0), 177.6 (C=0), 135.8 (Cq-S), 129.3 (2 

x  o-aromatic CH), 128.9 (2 x  m-aromatic CH), 128.6 (p-aromatic CH or alkene CH),

128.5 (p-aromatic CH or alkene CH), 127.3 (p-aromatic CH or alkene CH), 126.1 

(p-aromatic CH or alkene CH), 126.0 (p-aromatic CH or alkene CH), 70.6 (0-CH2),

69.7 (O-CH), 40.1 (S-CH2), 40.0 (ring Cq), 38.9 (C(CH3)3), 38.6 (C(CH3)3), 38.1 

(CH2-Cq), 27.2 (C(CH3)3), 27.1 (C(CH3)3), 26.3 (ring CH2).

2,2-Dimethyl-propionic acid l-(2-hydroxy-3-phenylsulfanyl-propyl)-cyclohexa-

2,5-dienylmethyl ester (202): Colourless oil (1.3 g, 35 %); Vmax (neatycm ' 1 3018, 

2971, 2925, 2865, 2816, 1727, 1584, 1480, 1283, 1160, 1035, 738; 8h (400 MHz; 

CDC13) 7.30 -  7.25 (2 H, m, 2 x  o-aromatic CH), 7.23 -  7.17 ( 2  H, m, 2  x  

m-aromatic CH), 7.14 -  7.09 (1 H, m, p-aromatic CH), 5.85 -  5.76 (2 H, m, 2 x 

CH=CH-CH2), 5.55 (1 H, app. dq, J  10.1, 2.0, one of CH=CH-CH2), 5.34 (1 H, app. 

dq, J  10.1, 2.0, one of CH=CH-CH2), 3.80 -  3.75 (3 H, m, O-CH and 0-CH2), 3.01 

(1 H, dd, J  13.5, 4.7, one of S-CH2), 2.84 (1 H, dd, J  13.5, 7.7, one of S-CH2), 2.63 -

2.45 (3 H, m, ring CH2 and OH), 1.68 -  1.57 (2 H, m, CH2-Cq), 1.10 (9 H, s, 

C(CH3)3); 8c (100 MHz; CDC13) 178.3 (C=0), 135.7 (Cq-S), 129.6 (alkene CH),

129.6 (2 x o-aromatic CH), 129.0 (2 x m-aromatic CH), 128.9 (p-aromatic CH or 

alkene CH), 126.9 (p-aromatic CH or alkene CH), 126.8 (p-aromatic CH or alkene 

CH), 126.3 (p-aromatic CH or alkene CH), 70.6 (0-CH2), 67.6 (O-CH), 43.4 

(S-CH2), 41.9 (CH2-Cq), 40.1 (ring Cq), 38.9 (C(CH3)3), 27.2 (C(CH3)3), 26.4 (ring 

CH2).
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2,2-Dimethyl-propionic acid l-(2-oxo-3-phenylsulfanyl-propyl)-cyclohexa-2,5-

dienylmethyl ester (204)

SPh
OH

202

SPh

204

IBX (1.56 g, 5.57 mmol, 3.06 equiv.) in DMSO (10 ml) was stirred at room 

temperature until a clear solution was obtained (ca 30 min.). A solution of alcohol 

202 (0.66 g, 1.83 mmol) in DMSO (2 ml) was added and the mixture was stirred 6  h. 

Water (2 ml) was added and the mixture was stirred for 10 min, then cooled to 0 °C 

and stirred for 45 min. The mixture was partitioned between water (50 ml) and 

diethyl ether (50 ml) and the organic material was extracted into the ethereal layer. 

The ethereal extracts were washed several times with water. The combined ethereal 

extracts were dried over MgS0 4  and concentrated under reduced pressure to afford 

compound 204 (359 mg, 55 %) as an essentially-pure yellow oil; v,™* (neat)/cm_1 

2976, 2912, 1722, 1437, 1283, 1158, 1056, 952; SH (400 MHz; CDC13) 7.26 -  7.11 

(5 H, m, 5  x aromatic CH), 5.78 (2 H, app. dt, J  10.3, 3.3, 2 x CH=CH-CH2), 5.51 (2 

H, app. dt, J  10.3, 2.0, 2 x CH=CH-CH2), 3.88 (2 H, s, 0-CH2), 3.58 (2 H, s, S-CH2),

2.65 (2 H, s, CH2-Cq), 2.57 -  2.52 (2 H, m, ring CH2), 1.10 (9 H, s, C(CH3)3); 5c 

(100 MHz; CDC13) 203.2 (C=0), 178.0 (0-C=0), 134.8 (Cq-S), 129.6 (2 x

o-aromatic CH), 129.1 (2 x m-aromatic CH), 127.9 (2 x alkene CH), 126.8 (2 x 

alkene CH), 126.8 (p-aromatic CH), 69.9 (0-CH2), 47.8 (S-CH2), 45.2 (CH2-Cq),

39.8 (ring Cq), 38.9 (C(CH3)3), 27.2 (C(CH3)3), 26.3 (ring CH2).
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Attempted Allylic Oxidation of Compound 204

1. Using Pyridinium Dichromate/5 -  6  M f-BuOOH in decane

SCfePh
SPh

+ Ph

O
206204

Celite (1.0 g) was added to a cooled (0 °C) suspension of substrate 204 (232 mg,

0.65 mmol) in dry benzene (10 ml) in a flame-dried flask. 5 - 6  M /-BuOOH in 

decane (0.55 ml, 2.75 mmol, 4.2 equiv.) was added. This was followed by 

portion-wise addition of pyridinium dichromate (1.0 g, 2.66 mmol, 4.1 equiv.) over 

10 min. The resulting mixture was stirred at room temperature for 18 hours. After 

dilution with CH2CI2 and filtration through plug o f celite, the combined solutions 

were concentrated in vacuo to afford a brown oil which was purified by flash 

chromatography (eluting with ethyl acetate-hexane in gradient mode from 2:1 to 9:1) 

to afford compound 205 and compound 206 respectively.

2.2-Dimethyl-propionic acid l-(3-benzenesulfonyl-2-oxo-propyl)-4-oxo- 

cyclohexa-2,5-dienylmethyl ester (205): Yellow oil (12 mg, 5 %); §h (400 MHz; 

CDCI3) 7.80 -  7.75 ( 2  H, m, 2  x o-aromatic CH), 7.68 -  7.62 (1 H, m, p-aromatic 

CH), 7.56 -  7.48 (2 H, m, 2 x m-aromatic CH), 6.85 (2 H, d, J  10.2, 2 x CH=CH- 

C=0), 6.31 (2 H, d, J  10.2, 2 x CH=CH-C=0), 4.17 (2 H, s, O-CH2), 4.03 (2 H, s, 

CH2-SO2), 3.08 (2 H, s, CH2-Cq), 1.09 (9 H, s, C(CH3)3); 6 c (100 MHz; CDC13) (not 

all quaternary carbon atoms observed due to small sample quantity) 193.9 (C=0),

148.5 (2 x CH=CH-C=0), 134.7 (p-aromatic CH), 131.2 (2 x CH=CH-C=0), 129.6 

(2 x o-aromatic CH), 128.2 (2 x m-aromatic CH), 67.6 (O-CH2), 66.0 (CH2-SO2),

48.0 (CH2-Cq), 39.7 (ring Cq), 39.0 (C(CH3)3), 27.2 (C(CH3)3).

2.2-Dimethyl-propionic acid l-(3-benzenesulfinyl-2-oxo-propyl)-4-oxo- 

cyclohexa-2,5-dienylmethyl ester (206): Yellow oil (6.3 mg, 3 %); Data as given 

below.
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2. Using Jacobsen’s catatyst/7V-Methylmorpholine-7V-oxide/m-CPBA

o
204 207 205

The Jacobsen’s catalyst (R, R)-(-)-N, N' -Bis(3,5 -di-/er/-butylsalicylidene-1,2- 

cyclohexanediamino manganese(lll) chloride 98% (12.1 mg, 0.01 mmol) was added 

to a cooled (-30 °C) solution of cyclohexadiene 204 (67 mg, 0.19 mmol) in CH2CI2 

(5 ml) under a nitrogen atmosphere. N-Methylmorpholine-iV-oxide (167 mg, 1.43 

mmol) was added followed by 50-55 % m-CPBA (98.4 mg, 0.57 mmol) and the 

resulting mixture was stirred for 24 h. The reaction was quenched with aqueous 

sodium sulfite (5 ml) and the organic material was extracted into CH2CI2 (2 x 1 0  ml). 

The combined organic extracts were washed with sodium hydrogen carbonate ( 2 x 2  

ml) and aqueous sodium sulfite ( 2 x 2  ml) then dried over MgSC>4 and concentrated 

under reduced pressure to afford a dark brown residue. Purification by flash 

chromatography (eluting with ethyl acetate-hexane 2:3) afforded sulfonyl diene 207 

and sulfonyl dienone 205 respectively.

2,2-Dimethyl-propionic acid l-(3-benzenesulfonyl-2-oxo-propyI)-cycIohexa-2,5- 

dienylmethyl ester (207): Yellow oil (24 mg, 32 %); vmax (neatycm"1 2972, 1725, 

1480, 1448, 1323, 1283, 1155, 1085, 731; 8 H (400 MHz; CDC13) 7.28 -  7.77 (2 H, 

m, 2 x o-aromatic CH), 7.64 -  7.59 (1 H, m, p-aromatic CH), 7.54 -  7.47 (2 H, m, 2 

x m-aromatic CH), 5.80 (2 H, app. dt, J  10.4, 3.3, 2 x CH=CH-CH2), 5.51 (2 H, app. 

dt, J  10.4, 1 .9 , 2  x CH=CH-CH2), 4.04 (2 H, s, 0-CH2), 3.87 (2 H, s, CH2-S02), 2.74 

(2 H, s, Cq-CH2), 2.63 -  2.43 (2 H, m, ring CH2), 1.13 (9 H, s, C(CH3)3; 6c (100 

MHz; CDC13) 196.4 (C=0), 178.1 (0-C=0), 138.6 (Cq-S), 134.3 (p-aromatic CH),

129.3 (2 x o-aromatic CH), 128.4 (2 x m-aromatic CH or 2 x alkene CH), 127.6 (2 x 

m-aromatic CH or 2 x alkene CH), 127.2 (2 x m-aromatic CH or 2 x alkene CH),

69.8 (0-CH2), 67.8 (CH2-S02), 51.2 (CH2-Cq), 39.7 (ring Cq), 39.0 (C(CH3)3), 27.2 

(C(CH3)3), 26.3 (ring CH2).
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2,2-Dimethyl-propionic acid l-(3-benzenesulfonyl-2-oxo-propyl)-4-oxo- 

cyclohexa-2,5-dienylmethyl ester (205): Yellow oil (10 mg, 14 %); Data as given 

above.

3. Using Pyridinium Dichromate in Ethanol-Free Chloroform

2,2-Dimethyl-propionic acid 4-oxo-l-(2-oxo-3-phenylsulfanyl-propyl)-cyclohexa-

2,5-dienylmethyl ester (208)

Pyridinium dichromate (314.8 mg, 0.84 mmol, 3 equiv) and dry 4 A molecular sieves 

(0.4 g) were added to a solution of cyclohexadiene 204 (0.1 g, 0.28 mmol) in 

ethanol-free chloroform (10 ml). The reaction mixture was heated under reflux for 9 

hours then allowed to cool to room temperature. Dichloromethane was added and the 

resulting mixture was filtered through a short pad of celite. The resulting filtrate was 

concentrated under reduced pressure to afford a brown oil which was purified by 

flash column chromatography (eluting with ethyl acetate-hexane 2.5:1) to give 

compound 208 (17 mg, 16 %) as a brown oil (Found: MH* 373.1466. C 2 1 H 2 5 S O 4

MHz; CDCI3) 201.1 (C=0), 185.5 (conjugated C=0), 177.0 (0-C=0), 149.2 (2 x 

CH=CH-C=0), 135.4 (Cq-S), 130.9 (2 x CH=CH-C=0), 129.8 (2 x o-aromatic CH),

129.4 (2 x m-aromatic CH), 127.4 (p-aromatic CH), 66.1 (0-CH2), 44.4 (CH2-S),

44.1 (CH2-Cq), 38.9 (ring Cq and C(CH3)3), 27.1 (C(CH3)3); m/z (APCI) 373 (MH+, 

31 %), 345 (20), 343 (94), 271 (53), 260 (22), 259 (100), 241 (14), 191 (20), 166 

(16), 126(14), 121 (20).

O

204 208

requires M, 373.1468); (neatycm' 1 3056, 2971, 2915, 1731, 1669, 1479, 1280, 

1149,1026; Sh (400 MHz; CDC13) 7.25 -  7.19 (5 H, m, 5 x aromatic CH), 6.78 (2 H, 

d, J  10.2, 2 x CH=CH-C=0), 6.23 (2 H, d, J  10.2, 2 x CH=CH-C=0), 4.15 (2 H, s,

O-CH2), 3.52 (2 H, s, CH2-S), 2.88 (2 H, s, Cq-CH2), 1.05 (9 H, s, C(CH3)3; Sc (100
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4. Using Pyridinium Dichromate/70 % f-BuOOH in Water

2,2-Dimethyl-propionic acid l-(3-benzenesulfmyl-2-oxo-propyl)-4-oxo- 

cyclohexa-2,5-dienylmethyl ester (206)

SPh
Ph

O
204 206

Pyridinium dichromate (1.3 g, 3.46 mmol, 3.06 equiv.) was added to a cooled (-20 

°C) solution of cyclohexadiene 204 (404 mg, 1.13 mmol) in CH2CI2 (20 ml). 70 % 

/-BuOOH in water (3.02 ml, 4.92 mmol, 4.35 equiv.) was added. The resulting 

mixture was stirred for 48 hours, diluted with ethyl acetate and filtered through a pad 

of celite/sodium sulfate. The filtrate was concentrated under reduced pressure to 

afford a brown oil. Purification by flash chromatography (eluting with ethyl acetate- 

hexane 2:8) afforded compound 206 (101 mg, 23 %) as a viscous yellow oil; vmax 

(CHjCbycm ' 1 3046, 2973, 1725, 1667, 1627, 1479, 1280, 1147, 1039, 862; 8 H (400 

MHz; CDC13) 7.55 -  7.46 (5 H, m, 5  x aromatic CH), 6.82 - 6.76 ( 2  H, m, 2  x 

CH=CH-C=0), 6.29 -  6.23 (2 H, m, 2  x CH=CH-C=0), 4.15 and 4.11 (2 H, AB 

quartet, J  10.7,2 x O-CH2), 3.74 ( 1  H, d, J  13.0, one o f S-CH2), 3.61 (1 H, d, J  13.0, 

one of S-CH2), 2.83 and 2.74 (2 H, AB quartet, J  17.6, 2 x Cq-CHt), 1.06 (9 H, s, 

C(CHs)3); 8 c (100 MHz; CDCI3) 197.1 (C=0), 185.3 (conjugated C=0), 177.7 

(0-C=0), 148.8 (2 x CH=CH-C=0), 141.8 (Cq-SO), 131.9 (p-aromatic CH), 131.1 

(one of CH=CH-C=0), 131.0 (one of CH=CH-C=0), 129.6 (2 x o-aromatic CH),

124.0 (2 x m-aromatic CH), 67.0 (O-CH2), 65.9 (CH2-SO), 49.4 (CH2-C,), 34.9 (ring 

Cq), 38.9 (C(CH3)3), 27.1 (C(CH3)3); m/z (APCI) 389 (MIT" + O, 6 8  %), 359 (100), 

287 (28), 275 (33), 233 (64), 161 (19), 125 (28).
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Attempted Cyctisation of Sulfinyl dienone 206

l-BenzenesuIfmyl-3-(4-hydroxy-phenyl)-propan-2-one (223)

©
O O

o

^ P h

OH

206 223

A solution of sulfinyl dienone 206 (83 mg, 0.22 mmol) in dry THF (3 ml) was added 

to a cooled (0 °C) suspension of sodium hydride (60 % dispersion in oil, 40 mg, 1.0 

mmol, 4.5 equiv.) in dry THF (10 ml) under a nitrogen atmosphere. The resulting 

mixture was stirred for one hour at 0 °C then at room temperature for 17 hours. The 

reaction mixture was quenched with saturated ammonium chloride solution ( 1 0  ml) 

and the organic material extracted into CH2CI2 (2 x 20 ml). The combined organic 

extracts were concentrated under reduced pressure to afford a yellow residue. 

Purification by flash chromatography (eluting with ethyl acetate-hexane 8:2) 

afforded compound 223 (38 mg, 65 %) as yellow oil; vmax (C H ^ y /cm ' 1 3347 

(broad), 2956, 2915, 2855, 1710, 1515, 1445, 1260, 1087, 1028; SH (400 MHz; 

CDCI3) 7.59 -  7.54 (2 H, m, 2 x aromatic CH), 7.49 -  7.43 (3 H, m, 3 x aromatic 

CH), 6 . 8 8  (2 H, d, J  8.4, 2 x CH=CH-C-OH), 6.69 (2 H, app. d, J  8.4, 2 x 

CH=CH-C-OH), 3.85 (1 H, d, J  13.9, one of CH2-SO), 3.73 (1 H, d, J  13.9, one of 

CH2-SO), 3.62 and 3.56 (2 H, AB quartet, J  15.9, 2 x Cq-CH2); 6 C (100 MHz; 

CDCI3) 199.6 (C=0), 155.3 (Cq-OH), 142.6 (Cq-SO), 131.8 (aromatic CH), 130.8 (2 

x aromatic CH), 124.0 (aromatic CH), 128.6 (aromatic Cq-CH2), 124.2 (2 x aromatic 

CH), 115.9 (2 x aromatic CH), 66.7 (CH2-SO), 50.9 (CH2-C=0).

Phenylsulfanyl-acetic acid ethyl ester (214)
O

O h

213 214
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Thioanisole 213 (2.1 g, 2.0 ml, 16.9 mmol) was added to a solution of DABCO (2 g,

17.8 mmol, 1.05 equiv.) in dry THF (30 ml) and under a nitrogen atmosphere. The 

resulting suspension was cooled to 0 °C and w-butyllithium (2.5 M solution in 

hexane, 9.3 ml, 23.25 mmol, 1.38 equiv.) was added. After removal of the cooling 

bath the resulting mixture was stirred at room temperature for one hour. The 

resulting white suspension was then cooled to -78 °C and ethyl 2-bromoacetate 212 

(9.2 g, 6.1 ml, 55.1 mmol, 3.26 equiv) was added. The reaction mixture was allowed 

to warm to room temperature and stirring was continued for 18 hours. Saturated 

ammonium chloride solution ( 2 0  ml) was added and the product was extracted into 

CH2CI2 (2 x 30 ml). The combined organic extracts were dried over MgSC>4 and 

concentrated under reduced pressure to afford compound 214 (2.9 g, 94 %) as an 

essentially-pure yellow oil; vmax (neat)/cm‘l 3060, 2981, 1732, 1584, 1482, 1440, 

1272, 1152, 1026, 911; 5H (400 MHz; CDC13) 7.31 -  7.26 (2 H, m, 2 x o-aromatic 

CH), 7.20 -  7.14 (2 H, m, 2  x m-aromatic CH), 7.10 (1 H, app. tt, J  7.4, 1.2, 

/ 7-aromatic CH), 4.04 (2 H, q, J7.2, 0-CH2), 3.51 (2 H, s, S-CH2), 1.09 (3 H, t, J  7.2, 

CH3); 5c (100 MHz; CDC13) 169.7 (C=0), 135.0 (Cq-S), 130.0 (2 x o-aromatic CH),

129.0 (2 x m-aromatic CH), 127.0 (p-aromatic CH), 61.6 (O-CH2), 36.7 (S-CH2),

14.1 (CH3).

l-Benzenesulfinyl-3-bromo-propan-2-one (209)

© © 
O ____________  O O

211 209

«-Butyllithium (2.5 M solution in hexane, 1. 6  ml, 4 mmol, 2.0 equiv.) was added to 

freshly distilled /-Pr2NH (0.6 ml, 4.2 mmol, 2.1 equiv.) at room temperature under a 

nitrogen atmosphere. The mixture was stirred for 5 min. and dry THF (5 ml) was 

added. After cooling the resulting solution of LDA to -78 °C, a solution of methyl 

phenyl sulfoxide 211 (560 mg, 4.0 mmol, 2 equiv.) in dry THF (5 ml) was added and 

stirring was continued for one hour. Ethyl 2-bromoacetate 212 (0.22 ml, 2.0 mmol, 1 

equiv) in dry THF (2 ml) was added and the reaction mixture was stirred for 45 min. 

at -78 °C. Saturated ammonium chloride solution (10 ml) was added and the product
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w a s  e x t r a c t e d  i n t o  C H 2C I 2 ( 3  x  20  m l ) .  T h e  c o m b i n e d  o r g a n i c  e x t r a c t s  w e r e  d r i e d  

o v e r  M g S C >4 a n d  c o n c e n t r a t e d  u n d e r  r e d u c e d  p r e s s u r e  t o  a f f o r d  a  r e d d i s h  y e l l o w  o i l  

w h i c h  w a s  p u r i f i e d  b y  f l a s h  c o l u m n  c h r o m a t o g r a p h y  ( e l u t i n g  w i t h  h e x a n e - e t h y l  

a c e t a t e  1 : 2 )  t o  a f f o r d  t h e  title compound  ( 4 4 7  m g ,  4 3  % )  a s  a n  o f f - w h i t e  c r y s t a l l i n e  

s o l i d  m . p .  9 2  -  9 4  ° C  ( F o u n d :  M H +  2 6 0 . 9 5 8 1 .  C 9H l 079B r S O 2 r e q u i r e s  M ,  2 6 0 . 9 5 7 9 ) ;  

Vtnax ( C H 2C l 2) / c m ’ ‘  1 7 2 4 ,  1 4 4 4 ,  1 3 8 7 ,  1 3 5 3 ,  1 0 3 0 ,  7 4 0 ;  8 h  ( 4 0 0  M H z ;  C D C 1 3 )  7 . 6 1  

-  7 . 5 5  ( 2  H ,  m ,  a r o m a t i c  C H ) ,  7 . 5 2  -  7 . 4 4  ( 3  H ,  m ,  a r o m a t i c  C H ) ,  4 . 0 6  ( 1  H ,  d ,  J

1 3 . 4 ,  o n e  o f  C H 2- S O ) ,  3 . 9 2  ( 1  H ,  d ,  J  1 3 . 4 ,  o n e  o f  C H 2- S O ) ,  3 . 9 1  ( 1  H ,  d ,  J  1 3 . 0 ,  o n e  

o f  B r - C H 2 ) ,  3 . 8 5  ( 1  H ,  d ,  J  1 3 . 0 ,  o n e  o f  B r - C H 2 ) ;  8 c  ( 1 0 0  M H z ;  C D C 1 3 )  1 9 2 . 7  

( C = 0 ) ,  1 4 2 . 1  ( C q - S ) ,  1 3 2 . 0  ( p - a r o m a t i c  C H ) ,  1 2 9 . 7  ( 2  x  o - a r o m a t i c  C H ) ,  1 2 4 . 0  ( 2  x  

m - a r o m a t i c  C H ) ,  6 4 . 5  ( C H 2- S O ) ,  3 6 . 0  ( B r - C H 2 ) ;  m/z  ( A P C I )  2 6 3  ( M *  ( 8l B r ) ,  9 9  % ) ,  

2 6 1  ( 79B r ,  1 0 0 ) ,  2 1 9  ( 1 7 ) ,  2 1 7  ( 3 0 ) ,  1 8 3  ( 2 5 ) .

l-(3-Benzensulfmyl-2-oxo-propyl)-cyclohexa-2,5-dienecarboxylic acid methyl 

ester (2 1 0 )
CQ>Me

175 210

« - B u t y l l i t h i u m  ( 2 . 5  M  s o l u t i o n  i n  h e x a n e ,  3 . 0 6  m l ,  7 . 6 6  m m o l ,  2 . 0  e q u i v . )  w a s  a d d e d  

t o  f r e s h l y - d i s t i l l e d  / - P ^ N H  ( 0 . 8 0  g ,  1 . 1 2  m l ,  8 0 4  m m o l ,  2 . 1  e q u i v . )  a t  r o o m  

t e m p e r a t u r e  u n d e r  a  n i t r o g e n  a t m o s p h e r e .  T H F  ( 5  m l )  w a s  a d d e d  a n d  t h e  m i x t u r e  

w a s  s t i r r e d  f o r  3 0  m i n . ,  t h e n  c o o l e d  t o  - 7 8  ° C .  A  s o l u t i o n  o f  e s t e r  1 7 5  ( 1 . 1  g ,  7 . 6 6  

m m o l ,  2  e q u i v . )  i n  d r y  T H F  ( 5  m l )  w a s  a d d e d  a n d  s t i r r i n g  w a s  c o n t i n u e d  f o r  o n e  

h o u r .  l - b e n z e n e s u l f i n y l - 3 - b r o m o - p r o p a n - 2 - o n e  209 ( 1 . 0  g ,  3 . 8 3  m m o l )  i n  d r y  T H F  

( 5  m l )  w a s  a d d e d  a n d  t h e  r e a c t i o n  m i x t u r e  w a s  s t i r r e d  f o r  o n e  h o u r  a t  t h e  s a m e  

t e m p e r a t u r e .  S a t u r a t e d  a m m o n i u m  c h l o r i d e  s o l u t i o n  ( 1 0  m l )  w a s  a d d e d  a n d  t h e  

p r o d u c t  w a s  e x t r a c t e d  i n t o  C H 2C I 2 ( 2  x  2 0  m l ) .  T h e  c o m b i n e d  o r g a n i c  e x t r a c t s  w e r e  

d r i e d  o v e r  M g S C >4 a n d  c o n c e n t r a t e d  u n d e r  r e d u c e d  p r e s s u r e  t o  a f f o r d  a  b r o w n  o i l  

w h i c h  w a s  p u r i f i e d  b y  f l a s h  c o l u m n  c h r o m a t o g r a p h y  ( e l u t i n g  w i t h  h e x a n e - e t h y l  

a c e t a t e  1 : 1 )  t o  a f f o r d  t h e  title compound  ( 6 8 3  m g ,  2 7  % )  a s  a  v i s c o u s  y e l l o w  o i l  

( F o u n d :  M H +  3 1 9 . 0 9 9 9 .  C 17H 19S O 4 r e q u i r e s  M ,  3 1 9 . 0 9 9 9 ) ;  ( O f c C f e y c m 1 3 0 2 6 ,  

2 9 4 6 ,  2 9 9 5 ,  1 7 1 4 ,  1 4 4 3 ,  1 3 8 8 ,  1 2 1 7 ,  1 0 8 8 ,  1 0 3 7 ,  7 4 7 ;  8 H  ( 4 0 0  M H z ;  C D C I 3)  7 . 5 9  -
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7.54 (2 H, m, aromatic CH), 7.50 -  7.43 (3 H, m, aromatic CH), 5.84 -  5.75 (2 H, m, 

2 x CH=CH-CH2), 5.65 (1 H, app. dq, J  10.4, 2.0, one of CH=CH-CH2), 5.57 (1 H, 

app. dq, J  10.4, 2.0, one of CH=CH-CH2), 3.75 and 3.71 (2 H, AB quartet, J  13.7, 2 

x CH2-SO), 3.60 (3 H, s, CH3), 2.95 (1 H, d, J  18.1, one of Cq-CH2), 2.85 (1 H, d, J

18.1, one of Cq-CH2), 2.68 -  2.50 (2 H, m, ring CH2); 6 C (100 MHz; CDC13) 198.8 

(C=0), 174.0 (0-C=0), 142.6 (Cq-S), 131.7 (p-aromatic CH), 129.5 (2 x o-aromatic 

CH), 126.6 (alkene CH), 126.5 (alkene CH), 126.1 (2 x alkene CH), 124.1 (2 x 

w-aromatic CH), 67.9 (CH2-SO), 54.7 (CH2-Cq), 52.7 (CH3), 45.4 (ring Cq), 25.9 

(ring CH2); m/z (APCI) 319 (MH* 100 %), 251 (28), 275 (19), 217 (14), 139 (18).

Attempted allylic oxidation of compound 210

1. Using Jacobsen’s catatyst/AT-Methylmorpholine-jV-oxide/m-CPBA

l-(3-Benzensulfonyl-2-oxo-propyl)-cyclohexa-2,5-dienecarboxylic acid methyl 

ester (216)

210 216

Jacobsen’s catalyst (R,R)-(r)-N,N' -Bis(3,5 -di-ter/-butylsalicylidene-1,2-

cyclohexanediamino manganeselll chloride 98% (12.6 mg, 0.02 mmol, 0.1 equiv.) 

was added to a cooled (-30 °C) solution of compound 210 (63 mg, 0.19 mmol) in dry 

CH2C12 (10 ml) under a nitrogen atmosphere. A-Methylmorpholine-A-oxide (174 

mg, 1.49 mmol, 7.5 equiv.) was added followed by 50-55 % w-CPBA (195.3 mg, 

0.594 mmol, 3 equiv.) and the resulting mixture stirred for 24 h. The mixture was 

quenched with aqueous sodium sulfite (5 ml) and the organic material was extracted 

into CH2C12 (2 x 1 0  ml). The combined organic extracts were washed with sodium 

hydrogen carbonate (2 x 2  ml) and aqueous sodium sulfite (2 x 2  ml) then dried over 

MgSC>4 . The solvent was removed under reduced pressure to afford sulfonyl 

cyclohexadiene 216 (34 mg, 54 %) as a brown oil. Data are given below.
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2. Using Pyridinium Dichromate in Ethanol-Free Chloroform

l-(3-Benzensulfonyl-2-oxo-propyl)-cyclohexa-2,5-dienecarboxylic acid methyl 

ester (216)

SQ Ph

210 216

Pyridinium dichromate (357.4 mg, 0.95 mmol, 3.06 equiv) and dry 4 A molecular 

sieves (0.45 g) were added to a solution of compound 210 (0.1 g, 0.314 mmol) in 

ethanol-free chloroform (15 ml). The reaction mixture was heated under reflux for 5 

hours, then allowed to cool to room temperature. Dichloromethane (10 ml) was 

added and the resulting mixture was filtered through a short pad of celite. The filtrate 

was concentrated under reduced pressure to afford the sulfonyl cyclohexadiene 216 

(29 mg, 28 %) as a somewhat impure brown oil; 8 h (400 MHz; CDCI3) 7.80 (2 H, d, 

J  7.6, o-aromatic CH), 7.62 (1 H, t, J  7.2, /?-aromatic CH), 7.51 (2 H, app. t, J  7.3, 

m-aromatic CH), 5.88 -  5.80 (2 H, m, 2 x CH=CH-CH2), 5.69 -  5.57 (2 H, m, 2 x 

CH=CH-CH2), 4.06 ( 2  H, s, CH2-SQ2), 3.59 (3 H, s, CH3), 3.11 (2 H, s, Cq-CH2),

2.71 -  2.54 (2 H, m, ring CH2); 8 c (100 MHz; CDC13) 195.5 (C=0), 173.9 (0-C=0),

138.3 (Cq-S 02), 134.4 (p-aromatic CH), 129.4 (2 x o-aromatic CH), 128.4 (2 x 

alkene CH), 126.8 (2 x alkene CH), 125.8 (2 x m-aromatic CH), 67.2 (CH2-S02),

53.9 (CH2-Cq), 52.7 (CH3), 45.4 (ring Cq), 26.0 (ring CH2).

3. Using of Pyridinium Dichromate/5 -  6 M f-BuOOH

l-(3-Benzensulfonyl-2-oxo-propyl)-4-oxo-cyclohexa-2,5-dienecarboxylic acid 

methyl ester (217)

SCfePh

O

210 217
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Celite (0.5 g) was added to a cooled (0 °C) suspension of compound 210 (100 mg, 

0.314 mmol) in benzene (10 ml) in a flame-dried flask. 5 - 6  M /-BuOOH in decane 

(0.27 ml, 1.35 mmol, 4.3 equiv.) was added. This was followed by portion-wise 

addition of pyridinium dichromate (0.48 g, 1.28 mmol, 4.1 equiv.) over 5 min. The 

resulting mixture was stirred at 0 °C for one hour then at room temperature for 18 

hours. After dilution with CH2CI2 and filtration through a pad of celite, the combined 

solutions were concentrated in vacuo to give a brown residue which was purified by 

flash column chromatography (eluting with hexane-ethyl acetate 7.5:2.5) to afford 

the pure sulfonyl cyclohexadienone 217 (3.1 mg, 3 %) as a yellow oil; 6 h (400 MHz; 

CDCI3) 7.81 (2 H, dd, J  7.3, 1.3, o-aromatic CH), 7.69 -  7.63 (1 H, m, p-aromatic 

CH), 7.57 -  7.51 (2 x m-aromatic CH), 6 . 8 8  (2 H, d, J  10.2, 2 x CH=CH-C=0), 6.32 

(2 H, d, J  10.2, 2 x CH=CH-C=0), 4.10 (2 H, s, CH2-SO2), 3.65 (3 H, s, CH3), 3.28 

( 2  H, s, Cq-CH2).

4. Using Pyridinium Dichromate/70 %  /-BuOOH in W ater

l-(3-Benzensulfinyl-2-oxo-propyI)-4-oxo-cyclohexa-2,5-dienecarboxylic acid 

methyl ester (187)

Ph

210 187

Pyridinium dichromate (362 mg, 0.96 mmol, 3.06 equiv.) was added to a cooled (-20 

°C) solution of compound 210 (100 mg, 0.314 mmol) in dry CH2CI2 (10 ml). 70 % 

/-BuOOH in water (0.13 ml, 0.212 mmol, 4.37 equiv.) was added. The resulting 

mixture was stirred at -20 °C for 48 hours, diluted with dichloromethane, and filtered 

through a pad of celite/sodium sulfate. The filtrate was concentrated under reduced 

pressure to afford a brown oil. Purification by flash column chromatography (eluting 

with ethyl acetate-hexane 8:2) afforded compound 187 (73 mg, 70 %) as a pale gum; 

v™, (CH2Cl2)/cm'' 3056, 2955, 1732, 1666, 1626, 1444, 1402, 1240, 1041, 863; 5H 

(400 MHz; CDCI3) 7.55 -  7.45 (5 H, m, 5 * aromatic CH), 6 . 8 8  (1 H, app. dd, J  10.0,

2.2, one of CH=CH-C=0), 6.77 (1 H, app. dd, J  10.0, 2.2, one of CH=CH-C=0), 

6.28 (1 H, broad d, J  10.2, one o f CH=CH-C=0), 6.24 (1 H, broad d, J  10.2, one of
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CH=CH-C=0), 3.83 (1 H, d, J  12.9, one of CH2-SO), 3.68 (1 H, d, J  12.9, one of 

CH2-SO), 3.63 (3 H, s, O-CH3), 3.08 and 2.97 (2 H, AB quartet, J  18.7, 2 x Cq-CH2); 

8 c (100 MHz; CDC13) 197.3 (C=0), 184.7 (conjugated C=0), 170.0 (0-C=0), 145.9 

(2 x CH=CH-C=0), 141.6 (Cq-SO), 131.9 (p-aromatic CH), 130.7 (one of 

CH=CH-C=0), 130.4 (one of CH=CH-C=0), 129.6 (2 x o-aromatic CH), 124.0 (2 x 

m-aromatic CH), 66.3 (CH2-SO), 53.6 (CH3), 51.8 (CH2-Cq), 49.2 (ring Cq).
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6.4. Experimental Data for Chapter 4

(4£j?5,,8a5,i?)-4&,5,6,9-Tetrahydro-fliiorene-8a-carboxylic acid methyl ester 
(232)m

176

A I B N  ( 1 6 9  m g ,  1 . 0 3  m m o l ,  1 . 1 5  e q u i v . )  w a s  a d d e d  t o  a  s o l u t i o n  o f  t h e  b r o m i d e  176 

( 2 7 4  m g ,  0 . 8 9  m m o l ,  1 . 0  e q u i v . )  i n  d r y  b e n z e n e  ( 2 0  m l ) .  A f t e r  h e a t i n g  t h e  m i x t u r e  t o  

r e f l u x ,  t r i b u t y l t i n  h y d r i d e  ( 0 . 2 7  m l ,  1 . 0 3  m m o l ,  1 . 1 5  e q u i v . )  w a s  a d d e d  d r o p w i s e  a n d  

t h e  r e s u l t i n g  m i x t u r e  w a s  r e f l u x e d  f o r  5  h o u r s  u n d e r  a  n i t r o g e n  a t m o s p h e r e .  T h e  

s o l v e n t  w a s  r e m o v e d  o n  a  r o t a r y  e v a p o r a t o r  a n d  t h e  r e s i d u e  w a s  d i s s o l v e d  i n  e t h e r  

a n d  s t i r r e d  w i t h  a n  e x c e s s  o f  s a t u r a t e d  a q u e o u s  p o t a s s i u m  f l u o r i d e  s o l u t i o n  f o r  1 h .  

T h e  o r g a n i c  m a t e r i a l  w a s  e x t r a c t e d  i n t o  E t 2 0  ( 3  *  2 0  m l ) .  T h e  c o m b i n e d  e x t r a c t s  

w e r e  d r i e d  o v e r  M g S C >4 a n d  c o n c e n t r a t e d  in vacuo  t o  a f f o r d  t h e  c r u d e  p r o d u c t  a s  a  

y e l l o w  o i l .  P u r i f i c a t i o n  b y  f l a s h  c o l u m n  c h r o m a t o g r a p h y  ( e l u t i n g  w i t h  e t h e r - h e x a n e  

1 : 9 )  a f f o r d e d  t h e  title compound  ( 6 5  m g ,  3 2  % )  a s  a  c o l o u r l e s s  o i l  ( F o u n d :  M H * ,  

2 2 9 . 1 2 2 6 .  C 15H 17O 2 r e q u i r e s  M ,  2 2 9 . 1 2 2 3 ) ;  v m a x  ( n e a t y c m *1 3 0 2 3 ,  2 9 2 9 ,  1 7 2 9 ,  

1 4 8 2 ,  1 4 3 3 ,  1 2 5 4 ,  1 2 2 1 ,  1 0 5 3 ,  8 1 4 ,  7 4 8 ;  6 H  ( 4 0 0  M H z ;  C D C 1 3 )  7 . 1 5  -  7 . 0 6  ( 4  H ,  m ,  

a r o m a t i c  C H ) ,  5 . 6 9  ( 1  H ,  d d d ,  J  1 0 . 0 ,  4 . 7 ,  2 . 8 ,  C H = C H - C H 2 ) ,  5 . 5 6  ( 1  H ,  d ,  J  1 0 . 0 ,  

C H = C H - C H 2 ) ,  3 . 7 5  ( 1  H ,  a p p .  t ,  J  4 . 1 ,  r i n g  j u n c t i o n  C H ) ,  3 . 6 8  ( 3  H ,  s ,  O - C H 3) ,  3 . 3 8  

( 1  H ,  d ,  J  1 5 . 7  o n e  o f  C H 2- C q ) ,  2 . 8 9  ( 1  H ,  d ,  J  1 5 . 7  o n e  o f  C H 2- C q ) ,  2 . 1 2  -  2 . 0 5  ( 1  H ,  

m ,  o n e  o f  C H 2- C H 2) ,  2 . 0 3  -  1 . 9 3  ( 1  H ,  m ,  o n e  o f  C H 2- C H 2) ,  1 . 9 2  -  1 . 7 5  (2 H ,  m ,  t w o  

o f  C H 2- C H 2) ;  6C  ( 1 0 0  M H z ;  C D C 1 3 )  1 7 5 . 9  ( 0 - C = 0 ) ,  1 4 3 . 6  ( a r o m a t i c  C q ) ,  1 4 0 . 8  

( a r o m a t i c  C q ) ,  1 2 9 . 8  ( a r o m a t i c  o r  a l k e n e  C H ) ,  1 2 8 . 5  ( a r o m a t i c  o r  a l k e n e  C H ) ,  1 2 6 . 7  

( a r o m a t i c  o r  a l k e n e  C H ) ,  1 2 6 . 4  ( a r o m a t i c  o r  a l k e n e  C H ) ,  1 2 4 . 9  ( a r o m a t i c  o r  a l k e n e  

C H ) ,  1 2 3 . 0  ( a r o m a t i c  o r  a l k e n e  C H ) ,  5 3 . 8  ( r i n g  j u n c t i o n  C q ) ,  5 2 . 3  ( O - C H 3) ,  4 5 . 2  

( r i n g  j u n c t i o n  C H ) ,  4 3 . 3  ( C H 2- C q ) ,  2 1 . 8  ( C H = C H - C H 2 ) ,  2 0 . 5  ( C H - C H 2) ;  m/z  ( A P C I )  

2 2 9  ( M F T ,  1 0 0  % ) .
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l-(2-Bromobenzoyl)-cyclohexa-2,5-dienecarboxylic acid methyl ester (234)

According to the general procedure on page 192, compound 234 was obtained from 

ester 175 (7.0 g, 50.1 mmol, 1.0 equiv.) in dry THF (10 ml) and 2-bromobenzoyl 

chloride67 (12.1 g, 55.1 mmol, 1.1 equiv) in THF (12 ml) as a brown waxy solid 

which was purified by flash chromatography (eluting with hexane-CH2Cl2 5.5:4.5) to 

afford the title compound (8.5 g, 52 %) as a pale yellow waxy solid m.p. 43 -  45 °C 

(Found: (M+NH,)+ 338.0387. Ci5H17N0 379Br requires M, 338.0386); Vmax 

(neat)/cm"' 3051, 2952, 2882, 1741, 1705, 1433, 1286, 1231, 1052, 922, 737; 6 H 

(400 MHz; CDCb) 7.49 (1 H, d, J  7.4, one o f aromatic CH), 7.24 -  7.14 (3 H, m, 

aromatic CH), 6.03 (2 H, broad d, J  10.2, 2 x alkene CH), 5.93 (2 H, broad d, J  10.2, 

2 x alkene CH), 3.78 (3 H, s, O-CH3), 2.63 (1 H, broad d, J  23.5, one of ring CH2),

2.45 (1 H, broad d, J  23.5, one of ring CH2); 6 C (100 MHz; CDC13) 200.4 (C=0),

170.4 (0-C=0), 140.7 (aromatic Cq-C=0), 133.0 (aromatic CH), 130.7 (aromatic 

CH), 128.6 (2 x alkene CH), 127.2 (aromatic CH), 126.5 (aromatic CH), 122.6 (2 x 

alkene CH), 118.7 (Cq-Br), 62.7 (ring Cq), 53.0 (O-CH3), 26.1 (ring CH2); m/z 

(APCI) 323 (M+ (81Br), 96 %), 321 (M+ (79Br), 100 %).

l-(2-BromophenyI)-(l-hydroxymethyl-cyclohexa-2,5-dienyl)-methanol (236)

234 236

A solution of keto ester 234 (5.0 g, 15.5 mmol) in dry THF (10 ml) was carefully 

added to a stirred suspension of LiAlH4 (1.8 g, 46.6 mmol) in dry THF (20 ml) under
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a nitrogen atmosphere at room temperature in a flame-dried flask. After stirring for 7 

h, 15 % aqueous NaOH solution (1.8 ml) was added carefully followed by water (5.3 

ml) and the stirring was continued at room temperature for 18 hours. Filtration and 

concentration under reduced pressure afforded a viscous yellow oil. Purification by 

flash chromatography (eluting with hexane-ethyl acetate 7.5:2.5) afforded the title 

diol (2.5 g, 55 %) as a colourless viscous oil (Found: (M+NH4)+, 312.0596. 

Ci4Hi9NC>279Br requires M, 312.0594); vmax (neat)/cm_1 3374 (broad), 3025, 2878, 

2814, 1469, 1435, 1020, 749; 5H (400 MHz; CDC13) 7.44 (1 H, dd, J  7.9, 1.8, 

aromatic CH), 7.41 (1 H, dd, 78.0, 1.1, aromatic CH), 7.24 -  7.18 (1 H, m, aromatic 

CH), 7.03 (1 H, app. td, 77.6, 1.7, aromatic CH), 6.00 (1 H, app. dtd, J  10.3, 3.3,1.6, 

one of CH=CH-CH2), 5.83 (1 H, app. dq, J  10.3, 2.0, one of CH=CH-CH2), 5.77 (1 

H, app. dtd, J  10.3, 3.3, 1.5, one of CH=CH-CH2), 5.56 (1 H, app. dq, J  10.3, 2.0, 

one of CH=CH-CH2), 5.21 (1 H, s, CH-OH), 3.79 (1 H, d, J  10.5, one of Cffc-OH), 

3.49 (1 H, d, J  10.5, one of CHrOH), 2.49 (1 H, app. dtt, 723.1, 3.6,1.8, one of ring 

CH2), 2.25 (1 H, app. double quintet, 7  23.1, 2.7, one of ring CH2); 8 c (100 MHz; 

CDCI3) 139.9 (aromatic Cq), 132.3 (alkene CH or aromatic CH), 130.2 (alkene CH or 

aromatic CH), 129.6 (alkene CH or aromatic CH), 129.0 (alkene CH or aromatic 

CH), 128.5 (alkene CH or aromatic CH), 126.9 (alkene CH or aromatic CH), 125.8 

(alkene CH or aromatic CH), 125.4 (alkene CH or aromatic CH), 123.9 (Cq-Br), 76.3 

(CH-OH), 69.2 (CH2-OH), 48.8 (ring Cq), 26.7 (ring CH2); m/z (APCI) 279 (M+ - 17 

(81Br), 8  %), 277 (M+ -17  (79Br), 12 %), 261 (100), 259 (99), 180 (53), 179 (13).

Free radical cyclisation of bromide (236)

HQHQ

+

237, major isomer 238, minor isomer

AIBN (306 mg, 1.86 mmol, 1.1 equiv.) was added to a solution of bromide 236 (0.5 

g, 1.69 mmol) in dry benzene (30 ml). After heating the mixture to reflux, tributyltin 

hydride (0.45 ml, 1.69 mmol, l.Oequiv.) was added dropwise and the resulting 

mixture was refluxed for 5 hours under a nitrogen atmosphere. The solvent was
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removed on a rotary evaporator to afford the crude product as a yellow oil. 

Purification by flash column chromatography over silica gel containing 10 % solid 

KF (eluting with ethyl acetate-hexane 1:9) afforded a mixture of two 

diastereoisomers 237 and 238 (70 mg, 19 %). From this mixture, the major isomer, 

237, was isolated (50 mg, 14 %) as a colourless solid.

(4a£i?,9/?5,9a*£/?)-9a-Hydroxmethyl-4,4a,9,9a-tetrahydro-3//-fluoren-9-ol (237): 

Colourless solid (50 mg, 14 %), m.p. 108 -  110 °C (Found: (M+NH4>+, 234.1490. 

C 14H20O2N requires M, 234.1489); vmax (CH2Cl2)/cm' 1 3419 (broad), 1120, 1090, 

1051, 1017, 776, 745; SH (400 MHz; CDC13) 7.32 (1 H, app. dd, J8 .1 , 2.0, aromatic 

CH), 7.23 -  7.15 (3 H, m, aromatic CH), 6.03 -  5.97 (1 H, m, CH=CH-CH2), 5.64 (1  

H, d, J  10.3, CH=CH-CH2), 4.99 (1 H, s, CH-OH), 3.69 (1 H, d, J  10.7, one of 

CH2-OH), 3.60 (1 H, d, J  10.7, one of CH2-OH), 3.14 (1 H, app. t, J  5.6, ring 

junction CH), 1.99 -  1.80 (4 H, m, CH2-CH2), 1.63 (2 H, broad resonance, 2 x 

OH); 5c (100 MHz; CDCI3) 143.6 (aromatic Cq), 143.6 (aromatic Cq), 133.8 

(aromatic or alkene CH), 128.2 (aromatic or alkene CH), 127.1 (aromatic or alkene 

CH), 124.8 (aromatic or alkene CH), 124.6 (aromatic or alkene CH), 123.5 (aromatic 

or alkene CH), 79.2 (CH-OH), 68.0 (CH2-OH), 54.3 (ring junction Cq), 42.8 (ring 

junction CH), 23.8 (CH=CH-CH2), 22.1 (CH-CIfc); m/z (APCI) 200 (M-OH, 10 %), 

199 (6 6 ), 183 (17), 181 (100), 169 (70).

l-(2-Bromophenyl)-[l-(te/7-butyl-dimethylsilanyloxymethyl)-cyclohexa-2,5- 

dienyl]-methanol (239)

OH OH

236 239

f-Butyldimethylchlorosilane (0.48 g, 3.2 mmol, 1.1 equiv.) was added to a solution of 

diol 236 (856 mg, 2.9 mmol) in dry CH2CI2 (20 ml). Triethylamine (0.45 ml, 3.2 

mmol, 1.1 equiv.) was added followed by DMAP (few crystals). The resulting 

mixture was stirred at room temperature under a nitrogen atmosphere for 24 h. then
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quenched with aqueous 2 M HC1 solution (10 ml). The organic material was 

extracted into CH2CI2 (3 x 2 0  ml). The combined extracts were dried over MgSC>4 

and concentrated in vacuo to afford the title compound as an essentially-pure yellow 

oil (1.16 g, 97 %) (Found: MH+ (79Br), 409.1197. C2oH3o0 279BrSi requires M, 

409.1193); v™, (neat)/cm'‘ 3452 (broad), 3029, 2954, 2928, 2857, 1470, 1256, 

1098, 1048, 1019, 837, 778, 745; 8 h (400 MHz; CDC13) 7.40 (1 H, dd, J  7.8, 1.7, 

aromatic CH), 7.30 (1 H, dd, J  8.0, 1.2, aromatic CH), 7.11 (1 H, app. td, J7 .8 , 1.0, 

aromatic CH), 6.93 (1 H, app. td, */7.8, 1.7, aromatic CH), 5.83 (1 H, app. dq, J  10.4, 

1.9, one of CH=CH-CH2), 5.78 (1 H, app. dtd, J  10.2, 3.2,1.5, one of CH=CH-CH2), 

5.56 (1 H, app. dq, J  10.2, 1.8, one of CH=CH-CH2), 5.45 (1 H, app. dtd, J  10.4, 3.0,

1.6, one of CH=CH-CH2), 5.35 (1 H, s, CH-OH), 3.69 (1 H, d, J 9.5, one of CH2-0), 

3.61 (1 H, d, J  9.5, one of CH2-0), 2.30 (1 H, app. dtt, J22 .9 , 3.7, 1.8, one of ring 

CH2), 1.95 (1 H, app. doubled quintet, J  22.9, 2.6, one of ring CH2), 0.82 (9 H, s, 

Si-C(CH3)3), 0.01 (3 H, s, Si-CH3), 0.00 (3 H, s, Si-CH3); 6 c (100 MHz; CDC13)

140.5 (aromatic Cq), 131.8 (aromatic or alkene CH), 130.1 (aromatic or alkene CH),

128.5 (aromatic or alkene CH), 127.5 (aromatic or alkene CH), 126.6 (aromatic or 

alkene CH), 126.5 (aromatic or alkene CH), 125.9 (aromatic or alkene CH), 125.0 

(aromatic or alkene CH), 124.2 (Cq-Br), 78.1 (CH-OH), 72.1 (CH2-OH), 46.8 (ring 

Cq), 26.8 (ring CH2), 25.9 (3 x CH3), 18.2 (Si-Cq(CH3)3), -5.5 (Si-CH3), -5.6 

(Si-CH3); m/z (APCI) 411 (M+ (81Br) 91 %), 409 (8 8 ), 393 (23), 391 (24), 261 (73), 

269 (70), 239 (100).

Free radical cyclisation of bromide 239

OH

239

+ TBSCT '

240, major isomer 241, mnor isomer

AIBN (186.8 mg, 1.34 mmol, 1.1 equiv.) was added to a solution of bromide 239 

(423 mg, 1.03 mmol, 1.0 equiv.) in dry benzene (20 ml). After heating the mixture to 

reflux, tributyltin hydride (0.27 ml, 1.03 mmol, 1.0 equiv.) was added dropwise and 

the resulting mixture was refluxed for 5 hours under a nitrogen atmosphere. The 

solvent was removed on a rotary evaporator to afford the crude product as a yellow
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oil. Purification by flash column chromatography over silica gel containing 10 % 

solid KF (eluting with ether-hexane 0.7:9.3) afforded a mixture of the major and the 

minor isomers (118 mg, 35 %) as a colourless oil and the major isomer (64 mg, 18 

%) as a colourless oil.

(4&Si?,9/?5,9aSlt)-9a-(te/>f-Butyldimethylsilanyloxymethyl)-4,4a,9,9a-tetrahydro- 

3/f-fluoren-9-oI (240) (major isomer): Colourless oil (64 mg, 18.4 %); Vmax 

(neatycm 1 3424 (broad), 3025, 20928, 2855, 1462, 1389, 1256, 1105, 1052, 837, 

778; 5h (400 MHz; CDC13) 7.34 -  7.30 (1 H, m, aromatic CH), 7.21 -  7.13 (3 H, m, 

aromatic CH), 5.83 (1 H, app. dt, J  10.3, 2.2, CH=CH-CH2), 5.62 (1 H, d, J  10.3, 

CH=CH-CH2), 5.19 (1 H, s, CH-OH), 3.66 (1 H, d, J9 .8 , one of CHj-O), 3.56 (1 H, 

d, J  9.8, one of CH2-0), 3.12 (1 H, app. t, J4 .1 , ring junction CH), 2.04 -  1.72 (4 H, 

m, Clfc-CIfc), 0.82 (9 H, s, Si-C(CH))3), 0.01 (3 H, s, Si-CH3), 0.00 (3 H, s, 

Si-CHs); 8 c (100 MHz; CDCI3) 144.1 (aromatic Cq), 143.4 (aromatic Cq), 131.7 

(aromatic or alkene CH), 127.7 (aromatic or alkene CH), 126.9 (aromatic or alkene 

CH), 125.4 (aromatic or alkene CH), 124.3 (aromatic or alkene CH), 123.2 (aromatic 

or alkene CH), 78.7 (CH-OH), 67.1 (CH2-0), 54.4 (ring Cq), 41.5 (ring junction CH),

25.9 (Si-Cfl-(CH3)3), 22.4 (CH2-CH2-CH), 21.9 (CH2-CH2-CH), 18.3 (Si-Ca(CH3)3), 

-5.4 (Si-CH3), -5.4 (Si-CH3).

Acetic acid l-(l-acetoxymethyl-cyclohexa-2,5-dienyl)-l-(2-bromophenyl)-methyl 

ester (242)

242

Acetic anhydride (27 mg, 0.26 mmol, 1.1 equiv.) was added to a solution of silyl 

ether 239 (100 mg, 0.24 mmol, 1.0 equiv.) in dry CH2C12 (15 ml). Triethylamine (49 

mg, 0.49 mmol, 2.0 equiv.) was added followed by DMAP (one crystal). The 

reaction mixture was stirred at room temperature under a nitrogen atmosphere for 24 

h then quenched with aqueous 2 M HC1 solution (5 ml). The organic material was
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extracted into CH2CI2 (3 x 10 ml). The combined extracts were dried over MgSC>4 

and concentrated in vacuo to afford a yellow oil. Purification by flash column 

chromatography (eluting with Et2 0 -hexane 2:8) afforded the title compound (6.0 mg, 

5 %) as a colourless oil; SH (250 MHz; CDCI3) 7.41 ( 1  H, dd, J  7.9, 1.4, aromatic 

CH), 7.26 (1 H, dd, J  7.8, 1.9, aromatic CH), 7.13 (1 H, app. td, J  1.6, 1.2, aromatic 

CH), 7.02 (1 H, app. td, J  7.9,1.9, aromatic CH), 6.30 (1 H, s, CH-OAc), 5.96 -  5.87 

( 1  H, m, one of CH=CH-CH2), 5.77 ( 1  H, app. dq, J9 .7 , 1.9, one of CH=CH-CH2),

5.72 -  5.56 (2 H, m, one of CH=CH-CH2 and one of CH=CH-CH2), 4.22 (1 H, d, J  

10.8, one of CH2-0), 3.93 (1 H, d, J  10.8, one of CH2-0), 2.46 -  2.32 (1 H, m, one of 

ring CH2), 2.10 -  2.03 (1 H, m, one of ring CH2), 2.02 (3 H, s, one of O-CH3), 1.98 

(3 H, s, one of O-CH3).

{l-[(2-Bromophenyl)-(te/f-butyldimethylsilanyloxy)-methyl]-cyclohexa-2,5- 

dienyl}-methanol (243)

OH

239 243

A solution of silyl ether 239 (100 mg, 0.24 mmol, 1.0 equiv.) in dry THF (5 ml) was 

added carefully to a suspension of sodium hydride (60 % dispersion, 14.7 mg, 0.37 

mmol, 1.5 equiv.) in dry THF (5 ml). Benzyl bromide (0.03 ml, 0.24 mmol, 1.0 

equiv.) was added and the reaction mixture was stirred at room temperature under a 

nitrogen atmosphere for 24 hours. Saturated ammonium chloride solution (10 ml) 

was added and the organic material was extracted into CH2CI2 (3 x 1 0  ml). The 

combined extracts were dried over MgSC>4 and concentrated in vacuo to afford a 

yellow oil. Purification by flash column chromatography (eluting with Et2 0 -hexane 

0.5:9.5) afforded the title compound (17 mg, 17 %) as a colourless oil; 8 h (400 

MHz; CDCI3) 7.40 (1 H, dd, J  7.9, 1.8, aromatic CH), 7.36 (1 H, dd, J  8.0, 1.0, 

aromatic CH), 7.15 (1 H, app. td, J  1.9, 0.9, aromatic CH), 6.99 (1 H, app. td, J  1.1,

1.6, aromatic CH), 5.90 (2 H, app. dt, J  10.6, 1.9, 2 x CH=CH-CH2), 5.68 -  5.61 (2 

H, m, 2  x CH=CH-CH2), 5.10 (1 H, s, CH-O-Si), 3.70 (1 H, d, J  10.3, one of
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CH2-OH), 3.58 (1 H, d, J  10.3, one of CH2-OH), 2.47 -  2.34 (1 H, m, one of ring 

CH2), 2.17 -  2.05 (1 H, m, one of ring CH2), 0.79 (9 H, s, Si-C(CH3)3), 0.00 (3 H, s, 

Si-CH3), -0.41 (3 H, s, Si-CH3); 6 c (100 MHz; CDC13) 140.7 (aromatic Cq), 131.8 

(aromatic or alkene CH), 130.8 (aromatic or alkene CH), 129.1 (aromatic or alkene 

CH), 128.6 (aromatic or alkene CH), 128.1 (aromatic or alkene CH), 127.7 (aromatic 

or alkene CH), 126.5 (aromatic or alkene CH), 125.7 (aromatic or alkene CH), 123.6 

(Cq-Br), 76.5 (CH-O-Si), 68.5 (CH2-OH), 49.5 (ring Cq), 26.6 (ring CH2), 25.8 

(Si-Cq(CH3)3), 18.0 (Si-Cq(CH3)3), -4.8 (Si-CH3), -5.3 (Si-CH3).

l-Bromo-2-{(terf-butyldimethylsilanyloxy)-[l-(terf-

butyldimethylsilanyloxymethyI)-cyclohexa-2,5-dienyl]-methyl}-benzene (244)

CFTBS

236 244

/-Butyldimethylsilyl trifluoromethane sulfonate (1.3 ml, 5.7 mmol, 2.2 equiv.) was 

added to a cooled solution (0 °C) of diol 236 (760 mg, 2.6 mmol) in dry CH2C12 (25 

ml). 2,6-Lutidine (1.8 ml, 15.5 mmol, 6.0 equiv.) was added and the resulting 

mixture was stirred at this temperature under a nitrogen atmosphere for two hours 

then at room temperature for 24 hours. Aqueous 2 M HC1 solution (15 ml) was added 

and the organic material was extracted into CH2C12 (3 x 25 ml). The combined 

extracts were dried over MgSC>4 and concentrated in vacuo to afford a brown oil. 

Purification by flash chromatography (eluting with ethyl acetate-hexane 0.2:9.8) 

afforded the title compound (472 mg, 35 %) as a colourless solid, m.p. 43 -  44 °C ; 

Vmgx (CH2Cl2)/cm ‘ 3030, 2954, 2885, 2857, 1470, 1252, 1101, 1070, 873, 838, 

776; 8 h (400 MHz; CDCI3) 7.38 (1 H, dd, J  7.8, 1.7, aromatic CH), 7.33 (1 H, dd, J

8.0, 1.1, aromatic CH), 7.09 (1 H, app. td, J  7.6, 1.0, aromatic CH), 6.95 (1 H, app. 

td, J  1.1, 1.7, aromatic CH), 5.83 (1 H, app. dq, J  10.4, 1.9, one of CH=CH-CH2),

5.80 -  5.75 (1 H, m, one of CH=CH-CH2), 5.70 (1 H, app. dq, J  10.4, 1.8, one of 

CH=CH-CH2), 5. 51 (1 H, s, CH-Ar), 5.40 -  5.34 (1 H, m, one of CH=CH-CH2),

3.84 (1 H, d, J  9.1, one of CH2-Q), 3.29 (1 H, d, J  9.1, one of CH2-0), 2.31 (1 H,
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app. dtt, J  22.6, 3.5, 1.8, one of ring CH2), 1.91 (1 H, app. doubled quintet, J  22.6,

2.5, 1.8, one of ring CH2, one of ring CH2), 0.90 (9 H, s, one of Si-Cq(CH3)3), 0.80 (9 

H, s, one of Si-Cq(CH3)3), 0.03 (3 H, s, one of CH-O-Si-Qk), 0.00 (6 H, s, 

CHrO-SHCHsk), -0.41 (3 H, s, one of CH-O-Si-CIfc); 6c (100 MHz; CDC13) 141.9 

(aromatic Cq), 131.5 (aromatic or alkene CH), 130.9 (aromatic or alkene CH), 128.0 

(aromatic or alkene CH), 127.9 (aromatic or alkene CH), 127.6 (aromatic or alkene 

CH), 126.0 (aromatic or alkene CH), 125.6 (aromatic or alkene CH), 124.5 (aromatic 

or alkene CH), 123.8 (Cq-Br), 73.0 (CH-O), 67.4 (CH2-0), 46.2 (ring Cq), 26.8 (ring 

CH2), 26.0 (Si-Cfl-(CH3)3), 25.8 (Si-Cq-(CH3)3), 18.3 (Si-Cq-(CH3)3), 18.1 

(Si-Cq-(CH3)3), -4.7 (Si-CH3), -5.1 (Si-CH3), -5.2 (Si-CH3), -5.4 (Si-CH3).

(4aiS/?,91?S,9a£/?)-9-(terf-Butyl-dimethyl-silanyloxy)-9a-(fe/’f-butyl-dimethyl- 

silanoxymethyl)-4,4a,9,9a-tetrahydro-3//-fluorene (245) (major isomer) and 

(4ai?5',9itS',9fl/?5)-9-(r^/t-Butyl-dimethyl-silanyloxy)-9fl-(tert-butyl-dimethyl- 

silanoxymethyl)-4,4a,9,9fl-tetrahydro-3//-fluorene (246) (minor isomer)

TBSQCFTBS

244
245, major isomer 246, minor isomer

AIBN (17 mg, 0.104 mmol, 0.38 equiv.) was added to a solution of bromide 244 

(139 mg, 0.27 mmol, 1.0 equiv.) in dry benzene (15 ml). After heating the mixture to 

reflux, tributyltin hydride (0.07 ml, 0.27 mmol, 1.0 equiv.) was added and the 

resulting mixture was refluxed for 5 hours under a nitrogen atmosphere. The solvent 

was removed on a rotary evaporator to afford the crude product as a yellow oil 

containing two isomers (major:minor ratio 10: 1.0). Purification by flash column 

chromatography (eluting with neat hexane) afforded a mixture of the two isomers 

containing mainly the major isomer (61 mg, 52 %) as a very viscous colourless oil 

which solidified into a colourless solid, m.p. 59 -  60 °C (Found: (M+NH4)+, 

462.3213. C26H48O2NS12 requires M, 462.3218); (neat)/cm'‘ 3027, 2955, 2881, 

2857, 1472, 1361, 1256, 1110, 1087, 1065, 1006, 899, 871, 835; 8H (400 MHz;
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CDC13) 7.20 -  7.10 (4 H, m, aromatic CH), 5.56 -  5.61 (1 H, m, CH=CH-CH2), 5.51 

(1 H, d, J  10.3, CH=CH-CH2), 5.37 (1 H, s, CH-Ar), 3.58 (1 H, d, J  10.5 one of 

CH2-0), 3.43 (1 H, d, J  10.5 one of CH2-0), 3.22 (1 H, app. t, J  3.9, ring junction 

CH), 2.10 -  2.04 ( 1  H ,  m, one of CH -CFh), 1.85 -  1.66 (3 H, m, one of C H - Q j b  

and 2  x CHCH-Cffc), 0.92 (9 H, s, 3  x CH3), 0.82 (9 H, s, 3  x CH3), 0.17 (3 H, s, 

one of 0-Si-CH3), 0.13 (3 H, s, one of 0-Si-CH3), 0.01 (3 H, s, one of 0-Si-CH3), 

0.00 (3 H, s, one o f 0-Si-CH3); 6 c (100 MHz; CDC13) 145.3 (aromatic Cq), 142.3 

(aromatic Cq), 130.1 (aromatic or alkene CH), 126.9 (aromatic or alkene CH), 126.6 

(aromatic or alkene CH), 126.2 (aromatic or alkene CH), 123.9 (aromatic or alkene 

CH), 122.9 (aromatic or alkene CH), 76.2 (CH-O), 63.0 (CH2-0), 55.6 (ring junction 

Cq), 39.3 (ring junction CH), 26.0 (Si-Cq(CH3)3), 25.9 (Si-Cq(CH3)3), 21.5 

(CH2-CH2-CH), 19.8 (CH2-CH2-CH), 18.4 (Si-Cq(CH3)3), 18.3 (Si-Cq(CH3)3), -4.0 

(Si-CH3), -4.5 (Si-CH3), -5.3 (Si-CH3), -5.5 (Si-CH3); m/z (APCI) 444 (M*, 10 %), 

443 (100).

l-(2-Bromophenyl)-33-dimethyl-2,4-dioxa-spiro[5.5]undeca-7,10-diene (247)

OH

236 247

2,2-Dimethoxypropane (7.5 ml, 61.0 mmol, 5.04 equiv.) was added to a solution of 

diol 236 (3.56 g, 12.1 mmol) and camphorsulfonic acid (112 mg, 0.48 mmol, 0.04 

equiv.) in dry acetone (180 ml). The resulting mixture was stirred under reflux under 

a nitrogen atmosphere for 48 h then most of the solvent was evaporated on the rotary 

evaporator. The remaining solution was neutralised with saturated NaHC03 solution 

and H20  (50 ml) was added. The organic material was extracted into CH2C12 (2 x 50 

ml). The combined organic extracts were dried over MgSC>4 and concentrated under 

reduced pressure to afford the title compound (3.1 g, 91 %) as an essentially-pure 

pale yellow waxy solid, m.p. 6 8  - 69 °C (Found: (M+NH»)+, 352.0903. 

Ci7H23N0 2 79Br requires M, 352.0907); v ,^  (CH2Cl2)/cm'‘ 3024, 2990, 2854, 2815, 

1472,1439, 1380, 1282, 1244,1198,1165, 1120, 1063, 1030,940, 889,746; 8 h (400 

MHz; CDCI3) 7.40 (1 H, dd, J  7.9, 1.8, aromatic CH), 7.37 (1 H, dd, J  8.0, 1.3,
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aromatic CH), 7.17 (1 H, app. td, J  7.7, 1.3, aromatic CH), 7.00 (1 H, app. td, J  7.7,

1.8, aromatic CH), 6.25 (1 H, app. dq, J  10.4, 2.0, one of CH=CH-CH2), 5.73 -  5.67 

(1 H, m, one o f CH=CH-CH2), 5.65 -  5.60 (1 H, m, one of CH=CH-CH2), 5.52 (1 H, 

app. dq, J  10.2, 1.9, one of CH=CH-CH2), 5.37 (1 H, s, CH-Ar), 3.98 (1 H, d, 711.3, 

one of 0-CH2), 3.57 (1 H, d, J  11.3, one of 0-CH2), 2.34 (1 H, app. dtt, J22.9, 3.7, 

1.6, one o f ring CH2), 1.90 (1 H, app. doubled quintet, J  22.9,2.6, one of ring CH2),

1.57 (3 H, s, one o f CH3), 1.48 (3 H, s, one of CH3); 8 c (100 MHz; CDC13) 137.6 

(aromatic Cq), 131.9 (alkene or aromatic CH), 131.1 (alkene or aromatic CH), 128.9 

(alkene or aromatic CH), 128.3 (alkene or aromatic CH), 126.4 (alkene or aromatic 

CH), 126.2 (alkene or aromatic CH), 126.1 (alkene or aromatic CH), 125.6 (alkene or 

aromatic CH), 123.9 (Cq-Br), 99.6 (0-Cq-0), 76.3 (O-CH-Ar), 70.3 (0-CH2), 42.4 

(ring Cq), 29.7 (CH3), 26.8 (ring CH2), 18.9 (CH3); m/z (APCI) 337 (MH+ (81Br), 16 

%), 335 (MR" (79Br), 13 %), 279 (33), 277 (33), 261 (23), 259 (20), 185 (100), 180 

(100), 143(16), 137(28).

((4&&S,8al?5,,91?S,)-9-/erf-Butoxy-4£,5,6,9-tetrahydro-fluoren-8a-yl)-methanol 

(248) and ((4£S,j?,8a&R,9&S)-9-terf-Butoxy-46,5,6,9-tetrahydro-fluoren-8a-yl)- 

methanol (249)

247 248, major 248, minor

AIBN (257 mg, 1.57 mmol, 1.1 equiv.) was added to a solution of bromide 247 (477 

mg, 1.42 mmol, 1.0 equiv.) in diy benzene (20 ml). After heating the mixture to 

reflux, tributyltin hydride (0.38 ml, 1.42 mmol, 1.0 equiv.) was added dropwise over 

10 minutes then the resulting mixture was refluxed for 5 hours under a nitrogen 

atmosphere. The solvent was removed on a rotary evaporator to afford the crude 

product as a yellow oil (mixture of two isomers, majonminor ratio 6:1). Purification 

by flash column chromatography over silica gel containing 10 % solid KF (eluting 

with ethyl acetate-hexane 0.5:9.5) afforded the major isomer 248 (282 mg, 77 %) as
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a colourless solid, m.p. 83 -  85 °C; vmax (CH2Cl2)/cm_1 2990, 2922, 2865, 1460, 

1378, 1264, 1238, 1198, 1160, 1108, 1049, 1015, 897, 8 H (400 MHz; CDC13) 7.30 (1 

H, d, J  7.3, aromatic CH), 7.26 -  7.12 (3 H, m, aromatic CH), 5.62 -  5.56 (1 H, m, 

CH=CH-CH2), 5.26 -  5.21 (1 H, m, CH=CH-CH2), 4.74 (1 H, s, O-CH-Ar), 3.87 (1 

H, d, J  12.5, one of 0-CH2), 3.76 (1 H, d, J  12.5, one of 0-CH2), 3.67 (1 H, broad 

resonance, ring junction CH), 2.21 -  2.12 (1 H, m, one of HUH-CEb), 1.87 -  1.69 (3 

H, m, one of =CH-CU2 and KJH-CHrCIfc), 1.55 (3 H, s, one of CH3), 1.29 (3 H, s, 

one of CH3); 8 c (100 MHz; CDCI3) 146.3 (aromatic Cq), 142.2 (aromatic Cq), 131.2 

(alkene or aromatic CH), 128.4 (alkene or aromatic CH), 128.2 (alkene or aromatic 

CH), 126.9 (alkene or aromatic CH), 125.7 (alkene or aromatic CH), 123.8 (alkene or 

aromatic CH), 97.5 (0-C q-0), 78.6 (O-CH-Ar), 64.2 (0-CH2), 44.7 (ring Cq), 41.8 

(ring junction CH), 28.9 (CH3), 21.0 (=CH-CH2), 19.5 (=CH-CH2-CH2 and CH3, two 

distinct peaks in DEPT spectrum).

(4a/?1S',9/?5,,9al?S')-9a-Hydroxmethyl-4,4a,9,9a-tetrahydro-3//-fluoren-9-ol (238)

"H

248 238

A mixture o f acetic acid/water (1:1) ( 6  ml) was added to acetonide 248 (101 mg, 0.47 

mmol). The resulting mixture was stirred at room temperature for 24 hours then 

water (25 ml) was added. The organic material was extracted into CH2C12 (2 x 20 

ml). The combined organic extracts were dried over MgS0 4  and concentrated under 

reduced pressure to afford the title compound (61 mg, 72 %) as an essentially-pure 

pale yellow solid m.p. 73 - 74 °C; vmax (CH2Cl2)/cm_1 3376 (broad), 3016, 2923, 

1479, 1460, 1428, 1069, 1008, 751; 8 H (400 MHz; CDC13) 7.32 (1 H, d, J  7.1, 

aromatic CH), 7.27 -  7.14 (3 H, m, aromatic CH), 5.70 -  5.63 (1 H, m, 

CH=CH-CH2), 5.52 (1 H, d, J  10.3, CH=CH-CH2), 4.91 (1 H, s, CH-OH), 3.84 and

3.78 (2 H, AB quartet, J  11.3, Clfc-OH), 3.48 (1 H, app. t, J  4.6, ring junction CH), 

2.50 (2 H, broad resonance, 2 x OH), 2.00 -  1.67 (4 H, m, CH?-CH?); 8 c (100 MHz;
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CDCb) 145.8 (aromatic Cq), 143.5 (aromatic Cq), 129.9 (aromatic or alkene CH),

129.0 (aromatic or alkene CH), 128.8 (aromatic or alkene CH), 127.2 (aromatic or 

alkene CH), 125.1 (aromatic or alkene CH), 124.0 (aromatic or alkene CH), 82.9 

(CH-OH), 6 6 . 8  (CH2-OH), 51.7 (ring junction Cq), 41.8 (ring junction CH), 22.4 

(CH=CH-CH2), 21.5 (CH-CH2).

(4fl/?5,,9ifi9,9ai25)-9fl-(fe/t-Butyl-dimethyl-silanyloxymethyl)-4,4fl,9,9a- 

tetrahydro-3//-fluoren-9-ol (241)

HQ

► TBSCT ^

238 241

/-Butyldimethylchlorosilane (429 mg, 2.85 mmol, 1.1 equiv.) was added to a solution 

of diol 238 (560 mg, 2.59 mmol) in dry CH2CI2 (20 ml). Triethylamine (0.4 ml, 2.59 

mmol, 1.1 equiv.) was added followed by DMAP (few crystals). The resulting 

mixture was stirred at room temperature under a nitrogen atmosphere for 48 h. then 

quenched with aqueous 2 M HC1 solution (15 ml). The organic material was 

extracted into CH2CI2 (3 x 2 0  ml). The combined extracts were dried over MgS0 4  

and concentrated in vacuo to afford a pale yellow oil. Purification by flash column 

chromatography (eluting with ethyl acetate-hexane 1.5:8.5) afforded the title 

compound (516 mg, 60 %) as a yellow oil; Vmax (neatycm"1 3450, 3021, 2926, 2857, 

1742, 1462, 1390, 1255, 1084, 1006, 840, 776, 753; 6 H (400 MHz; CDC13) 7.35 -  

7.31 (1 H, m, aromatic CH), 7.19 -  7.09 (3 H, m, aromatic CH), 5.68 -  5.60 (1 H, m, 

CH=CH-CH2), 5.58 (1 H, d, J  10.3, CH=CH-CH2), 4.87 (1 H, s, CH-OH), 3.79 and 

3.76 (2 H, AB quartet, J  10.0, CH2-O), 3.23 (1 H, app. t, J  5.2, ring junction CH), 

1.90 -  1.71 (2 H, m, two of CH2-CH2), 1.65-1.51 (1 H, m, one of CH2-CH2), 1.32 -

1.41 ( 1  H, m, one of CH2-CH2), 0.77 (9 H, s, Si-Cq(CH3)3), 0 . 0 0  (3 H, s, Si-CH3), 

-0.16 (3 H, s, Si-CH3); 6 c (100 MHz; CDCI3) 145.1 (aromatic Cq), 144.2 (aromatic 

Cq), 129.6 (aromatic or alkene CH), 128.9 (aromatic or alkene CH), 128.1 (aromatic 

or alkene CH), 127.0 (aromatic or alkene CH), 125.2 (aromatic or alkene CH), 123.5 

(aromatic or alkene CH), 82.4 (CH-OH), 67.7 (CH2-OH), 51.1 (ring junction Cq),
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42.9 (ring junction CH), 25.8 (3 x CH3), 23.4 (CH=CH-CH2), 21.9 (CH-CH2), 18.1 

(Si-Cq(CH3)3), -5.6 (Si-CH3), -5.9 (Si-CH3).

l-Chloro-3-(l-hydroxymethyl-cyclohexa-2,5-dienyl)-propane-2-ol (250)

°

197 250

Sodium borohydride (61 mg, 1.6 mmol, 1.6 equiv.) was added to a solution of 

lactone 197 (200 g, 1.01 mmol) in ethanol (10 ml) at room temperature portionwise 

at such a rate to maintain the pH below 7. Then a further amount of NaBtU (72.4 mg,

1.9 equiv.) was added and stirring was continued for 24 h. Aqueous 2 M HC1 

solution (3 ml) was added and the excess ethanol was evaporated under reduced 

pressure. The organic material was extracted into CH2CI2 (3 x 1 0  ml). The combined 

organic extracts were dried over MgSCU and concentrated in vacuo to afford pale a 

yellow oil. Purification by flash chromatography (eluting with ethyl acetate-hexane 

in gradient mode 2:8 to 4:6) afforded the title diol (81 mg, 40 %) as a colourless oil; 

vmax (neat)/cm‘‘ 3386 (broad), 3115, 2925, 2865, 2815, 1634, 1423, 1373, 1258, 

1146, 947, 878, 718; SH (400 MHz; CDCI3) 6.00 -  5.92 (2 H, m, 2  x CH=CH-CH2),

5.58 (1 H, app. dq, J  10.4, 2.0, one o f CH=CH-CH2), 5.39 (1 H, app. dq, J  10.4, 2.1, 

one of CH=CH-CH2), 3.95 -  3.89 (1 H, m, O-CH), 3.50 (1 H, dd, J  11.1,4.0, one of 

C1-CH2), 3.41 (1 H, dd, J 11.1,6.5, one of C1-CH2), 3.33 (2 H, s, 0-CH2), 2.83 -  2.57 

(2 H, m, ring CH2), 1.58 (1 H, dd, J  14.3, 8.1, one of CH2-Cq), 1.49 (1 H, dd, J  14.3,

3.4, one of CH2-Cq); 8c  (100 MHz; C D C I 3)  129.8 (alkene CH), 129.4 (alkene CH),

128.1 (alkene CH), 127.8 (alkene CH), 70.3 (C1-CH2), 69.1 (O-CH), 50.3 (0-CH2),

41.9 (CH2-Cq), 41.9 (ring Cq), 26.5 (ring CH2).
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3- [(2-(terf-Buty ldimethy lsilany loxy)-3-chloropropy 1] -3-(tert- 

butyldimethylsilanyloxymethyl)-cyclohexa-l,4-diene (251)

a T B so r ^ > < ^ Y ^ c
( M )  CFTBS

a

250 251

/-Butyldimethylsilyl trifluoromethane sulfonate (0.48 ml, 2.07 mmol, 4.4 equiv.) was 

added to a solution of diol 250 (95 mg, 0.47 mmol) in dry CH2CI2 (15 ml). 

2,6-Lutidine (0.33 ml, 2.8 mmol, 6.0 equiv.) was added and the resulting mixture 

was stirred at room temperature and under a nitrogen atmosphere for 3 days. 

Aqueous 2 M HC1 solution (10 ml) was added and the organic material was extracted 

into CH2CI2 ( 3  x 1 5  ml). The combined extracts were dried over MgSC>4 and 

concentrated in vacuo to afford brown oil. Purification by flash chromatography 

(eluting with ethyl acetate-hexane 0.5:9.5) afforded the title compound (185 mg, 91 

%) as a colourless oil; vmax (CH2Cl2)/cm' 1 2956, 2885, 2856, 1472,1256, 1094, 940, 

837, 775; 6 h (400 MHz; CDC13) 5.84 -  5.78 (2 H, m, 2 x CH=CH-CH2), 5. 53 (1 H, 

app. dq, J  10.3, 2.0, one of CH=CH-CH2), 5.41 (1 H, app. dq, J  10.3, 2.1 one of

CH2-0 -Si(CH3)2); 6 c (100 MHz; CDC13) 130.6 (alkene CH), 130.1 (alkene CH),

125.8 (alkene CH), 125.3 (alkene CH), 71.7 (CH2-C1), 70.8 (CH-O), 50.6 (CH2-0),

42.5 (CH2-Cq), 41.1 (ring Cq), 26.7 (ring CH2), 25.9 ( 2  x SiC(CH3)3), 18.3 

(Si-Cq(CH3)3), 18.1 (Si-Cq(CH3)3), -4.3 (Si-CH3), -4.5 (Si-CH3), -5.4 (Si-CH3), -5.5 

(Si-CH3).

CH=CH-CH2), 3.84 -  3.77 ( 1  H, m, CH-O), 3.59 ( 1  H, dd, J  11.1, 3.2, one of 

CH2-CI), 3.38 (1 H, dd, J 11.1, 6.1, one of CH2-C1), 3.29 (2 H, app. s., CH2-0), 2.66 

-  2.61 (2 H, m, ring CH2), 1.79 (1 H, dd, J  14.4, 3.8, one of CH2-Cq), 1.72 (1 H, dd, J

14.4, 8 .1 , one of Cffc-Cq), 0 . 8 8  (9 H, s, SiCq(CH3)3), 0 . 8 6  (9 H, s, Si-Cq(CH3)3), 0.07 

(3 H, s, one of CH-O-SiCffc), 0.05 (3 H, s, one of CH-O-SiCHs), 0.00 ( 6  H, s,



(lR5'3fl^S,»7a/?5)-2-(te/t“Butyldimethylsilanoxy)-7fl-(te/t-

butyldimethylsilanoxymethyl)-2,3,3a,4,5,7a-liexahydro-l//-indene (252a) and 

(2A S3a^,7a^)4-(te/f-B utyldim ethylsilaiioxy)-7a-(^- 

butyldimethylsilanoxymethyl)-2,3,30»4,5,7<i-hexahydro-l//-indene (252b)

AIBN (85 mg, 0.52 mmol, 1.5 equiv.) was added to a solution of chloro silyl ether 

251 (148 mg, 0.34 mmol, 1.0 equiv.) in dry benzene (15 ml). After heating the 

mixture to reflux, tributyltin hydride (0.14 ml, 0.52 mmol, 1.5 equiv.) was added and 

the resulting mixture was refluxed for 30 hours. The solvent was removed under 

reduced pressure to afford the crude product as a yellow oil (mixture of two isomers 

majoriminor ratio 4.8: 1.0). Purification by flash column chromatography over silica 

gel containing KF 10 % w/w (eluting with ethyl acetate-hexane 0.6:9.4) afforded the 

title compounds as a mixture of the two diastereoisomers (63 mg, 46 %) as a pale 

yellow oil; Vmax (neat)/cm_1 2928, 2856, 1464, 1255, 1094, 836, 774; 8 h (400 MHz; 

CDCI3) 5.69 -  5.60 (2 H, m, CH=CH-CH2, of both major and minor isomers), 5.44 -  

5.36 (2 H, m, CH=CH-CH2 of each isomer), 4.18 (1 H, app. quintet, J  5.6, CH-O of 

major isomer), 4.16 -  4.08 (1 H, m, CH-O of minor isomer), 3.43 and 3.40 (2 H, AB 

quartet, J  9.5, CH2-O of major isomer), 3.26 -  3.23 (2 H, AB quartet, J9 .8 , CH2-O of 

minor isomer), 2.24 (1 H, app. tt, J  8.4, 4.1, ring junction CH of major isomer), 2.13 

-  2.04 (1 H, m, ring junction CH of minor isomer), 2.01 -  1.78 (4 H, m, CH2 one of 

each isomer), 1.73 -  1.38 (12 H, m, 3 x CH2 of each isomer), 0.90 (9 H, s, 3 x CH3 

of minor isomer), 0.87 (9 H, s, 3 x CH3 of minor isomer), 0.87 (9 H, s, 3 x CH3 of 

major isomer), 0.85 (9 H, s, 3 x CH3 of major isomer), 0.05 (3 H, s, one of CH3-Si of 

minor isomer), 0.00 (18 H, s, 4 x CH3-Si of major isomer and 2 x CH3-Si of minor 

isomer), -0.05 (3 H, s, one of CH3-Si of minor isomer); 8 c (100 MHz; CDCI3) 133.7 

(alkene CH of major isomer), 133.3 (alkene CH of minor isomer), 126.5 (alkene CH 

of major isomer), 125.5 (alkene CH of minor), 72.3 (CH-O of major isomer), 72.0

PTBS TBSQ

251 Inseparable mixture

252a, Major isomer 252b, Mnor isomer
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(CH-O of minor isomer), 70.2 (CH2-O of major), 68.7 (CH2-O of minor isomer),

46.2 (ring junction Cq of major isomer), 45.4 (ring junction Cq of minor isomer), 45.1 

(CH2 of major isomer), 44.3 (CH2 of minor isomer), 39.7 (CH2 of minor isomer),

39.5 (CH2 of major isomer), 36.3 (ring junction CH of major isomer), 35.5 (ring 

junction CH of minor isomer), 25.9 (Si-Cq(CH3)3 of both isomers), 25.8 (Si-Cq(CH3)3  

of major isomer), 23.7 (CH2 of major isomer), 22.8 (CH2 of minor isomer), 2 1 . 2  

(CH2 of minor isomer), 2 0 . 8  (CH2 of major isomer), 18.4 (Si-Cq(CH3)3 of major 

isomer), 18.3 (Si-Cq(CH3)3  of minor isomer), 18.2 (Si-Cq(CH3)3 of both isomers),

13.7 (Si-Cq(CH3) 3 o f minor isomer), -4.7 (CH3-Si), -4.7 (2 x CH3-Si), -5.4 (CH3-Si), 

-5.4 (CH3-Si), -5.4 (CH3-Si), -5.5 (CH3-Si), -5.5 (CH3-Si).
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6.5. Experimental Data for Chapter 5

(15'j?,3‘£ft)‘l ’(2-Bromophenyl)-3-methyl-2,4-dioxa-spiro[5.5]iradeca-7,10-diene
(281)

Acetaldehyde (3.3 g, 4.2 ml, 75.6 mmol, 7 equiv.) was added to a solution of diol 

236 (3.2 g, 10.8 mmol) in dry CH2CI2 (50 ml). Pyridinium /?-toluenesulfonate (1.09 

g, 4.3 mmol, 0.4 equiv.) was added and the resulting mixture was stirred at room 

temperature under a nitrogen atmosphere for 72 h. The mixture was poured into 

water (50 ml) and the organic material was extracted into CH2CI2 ( 2  x 50 ml). The 

combined organic extracts were dried over Na2S0 4  and concentrated under reduced 

pressure to afford compound 281 (3.1 g, 91 %) as an essentially-pure pale yellow oil 

which solidified upon cooling into an off-white solid, m.p. 52 - 54 °C (Found: 

(M+NH4)+ 338.0753. C i ^ N O ^ r  requires M, 338.0750); vmax (CHjCbVcm1 

3025, 2991, 2858, 2360, 1698, 1474, 1410, 1162, 1117, 1032, 911; 8 H (400 MHz; 

CDCh) 7.37 (2 H, app. dd, J  7.9, 1.3, 2 x aromatic CH), 7.20 -  7.14 (1 H, m, 

aromatic CH), 7.01 (1 H, app. td, J 7.6,1.8, aromatic CH), 6.21 (1 H, app. dq, J  10.3,

2.0, C H = C H - C H 2 ) ,  5.74 -  5.68 (1 H, m, o n e  o f  C H = C H - C H 2 ) ,  5.65 -  5.59 ( 1  H, m, 

o n e  o f  C H = C H - C H 2 ) ,  5.48 (1 H, a p p .  d q ,  J  10.1, 2.0, o n e  o f  C H = C H - C H 2 ) ,  5.08 (1 

H, s, C H - A r ) ,  4.94 (1 H, q ,  J  5.0, O - C H - C H 3) ,  3.81 a n d  3.76 (2 H, AB q u a r t e t ,  J

11.0, O-CH2), 2.34 (1 H, app. dtt, J22.8, 3.7, 1.8, one of ring CH2), 1.90 (1 H, app. 

double quintet, J  22.8, 2.6, one of ring CH2), 1.38 (3 H, d, J  5.0, O-CH-CH3); 8 c 

(100 MHz; CDCI3) 137.3 (aromatic Cq), 131.9 (alkene or aromatic CH), 130.9 

(alkene or aromatic CH), 128.9 (alkene or aromatic CH), 128.5 (alkene or aromatic 

CH), 126.4 (alkene or aromatic CH), 126.4 (alkene or aromatic CH), 126.3 (alkene or 

aromatic CH), 125.3 (alkene or aromatic CH), 123.6 (Cq-Br), 100.2 (O-CH-O), 83.7 

(O-CH-Ar), 76.5 (O-CH2), 42.1 (ring Cq), 26.8 (ring CH2), 21.1 (CH3); m/z (APCI) 

324 (MH+ (81Br), 19 %), 323 (MH+ (79Br), 100 %), 303 (26), 293 (19), 259 (14), 185 

(14), 91 (14).

OH CH Br ?H3

c r ^ O  Br

236 281
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Kinetic Prins cyclisation of acetaldehyde acetal 281

9 ^
gtS d

i f
281

Ar = 2-BrQH*
282

+

291

Titanium tetrachloride (2.0 mmol, 0.22 ml, 2 equiv.) was carefully added to a cooled 

(-78 °C) solution of acetaldehyde acetal 281 (1.0 mmol, 321 mg) in dry CH2CI2 (20 

ml) under a nitrogen atmosphere. The resulting mixture was stirred at this 

temperature for 4 h then carefully quenched with saturated NaHCC>3 solution (5 ml) 

followed by water ( 2 0  ml). The organic material was extracted into CH2CI2 (2 x20 

ml). The combined extracts were dried over MgSC>4 , and concentrated under reduced 

pressure to afford a pale yellow residue. Purification by flash chromatography 

(eluted in gradient mode from EtOAc-hexane 1:9 to 3:7 to 4:6) afforded compound 

282 as a pale yellow oil (12 mg, 3.4 %) and compound 288 as a colourless oil (18 

mg, 5.6 %) respectively. While compound 291 was not isolated but its existence was 

evident from the data obtained from the crude reaction mixture.

[(llfcS',2Si?,4»S'/?,5ifcS,9/?»S')-2-(2-Bromophenyl)-9-chloro-4-methyI-3-oxa- 

bicyclo[3.3.1]non-7-en-l-yl]-methanol (282): Pale yellow oil (12 mg, 3.4 %) 

(Found: MH+, 356.0167. Ci6Hi80279Br35Cl requires M, 356.0173); vmax (CH2Cl2)/cm‘ 

1 3578, 3024, 2925, 1725, 1694, 1470, 1440, 1386, 1204, 1084; SH (400 MHz; 

CDCb) 7.46 (1 H, dd, J  8.0, 1.2, aromatic CH), 7.40 (1 H, dd, J  7.8, 1.7, aromatic 

CH), 7.23 -  7.17 (1 H, m, aromatic CH), 7.08 (1 H, app. dt, J  1.7, 7.6, aromatic CH),
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6.01 (1 H, app. dt, J9 .9 , 3.4, H5), 4.97 (1 H, s, H8), 4.81 (1 H, app. dq, J 9.9,1.9, Ha), 

4.68 (1H, dd, J3 .3 , 1.5, Hf), 3.89 (1 H, app. dq, J  1.7, 6.3, Hh), 3.60 (1 H, d, J  12.3, 

H‘), 3.22 (1 H, d, J  12.3, hP), 2.47 -  2.30 (2 H, m, H° and H*), 2.12 -  2.06 (1 H, m, 

ring junction H®), 1.22 (3 H, d, J6 .3 , CH3); 6 c (100 MHz; CDCI3) 137.5 (aromatic 

Cq), 132.3 (alkene or aromatic CH), 131.5 (alkene or aromatic CH), 130.3 (alkene or 

aromatic CH), 129.7 (alkene or aromatic CH), 127.3 (alkene or aromatic CH), 123.5 

(Cq-Br), 121.8 (alkene or aromatic CH), 80.7 (O-CH-Ar), 77.3 (O-CH-CH3), 63.2 

(O-CH2), 63.1 (CH-C1), 46.5 (ring Cq), 41.1 (ring junction CH), 22.8 (ring CH2), 18.9 

(CH3); m/z (APCI) 361 (MH+ (81Br 37C1) 13 %), 359 (Mi t  (79Br 37C1) 48 %), 257 

(44), 187 (65), 185 (75), 157 (25), 155 (65), 149 (29), 137 (100).

!H -  *H COSY experiment showed the following correlations

l-P, 6=4.81, s h o w e d  a  c r o s s  p e a k  t o  hP, hP& hP 
hP, 5  =  6 . 0 1 ,  s h o w e d  a  c r o s s  p e e k  t o  hP, l-f &  hP 
hh& hP, 5 =2.47 - 230, s h o w e d  a  c r o s s  p e a k  t o  hP, hP& 
hP
l-P, 5 = 212-206, s h o w e d  a  c r o s s  p e a k  t o  hP, hP& hf 
hf, 5 =4.68, s h o w e d  a  c r o s s  p e a k  t o  hP 
hP, 5 = 5.16, i t  dd n o t  g i v e  a n y  c r o s s  p e a k s  

hP, 5=4.68, s h o w e d  a  c r o s s  p e a k  t o  Chfe 
H', 5 = 3.80, s h o w e d  a  c r o s s  p e a k  t o  Hj 
Hj, 5 = 3.31, s h o w e d  a  c r o s s  p e a k  t o  l-P 
CH^5= 1.22, s h o w e d  a  c r o s s  p e a k  t o  HP

282
Ar = 2-BrCy-U

NOESY experiment showed the following correlations

H iHi v fr

hF i-P

282
Ar = 2-BrCeH4

hP, 5 = 4.81, showed a  cross peak to I-P& H i 
hP, 5 = 6 .0 1 , showed a  cross peak to hP, I-P& hP 
hP& l-P, 5= 2.47-230, showed a  cross peak to  l-P, l-P & 
CH*
l-P, 5 = 2 1 2 -2 0 6 , showed a  cross peak to hP, l-P, l-f, l-P 
&CH3
hf, 5=4.68, showed a  cross peak to hP, hP& hP
hP, 6  = 5.16, showed a  cross peak to  hf & hP
hP, 5=4.68, showed a  cross peak to HP, hf, hP&Chfe
H \ 5 = 3.89, showed a  cross peak to Hj
HJ, 5 = 3.31, showed a  cross peak to H*&hP
Chh 5 =  1 .2 2 , showed a  cross peak to hP, hP, hP& hP
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(15/?3‘S ^ 3 « ^ 57fl*S'if)-3-(2-Bromophenyl)-l-methyl-13>3fl»6,7,7<i-hexahyciro- 

isobenzofuran-4-carbaldehyde (288): colourless oil (18 mg, 5.6 %) (Found: 

(M+NH4)+ 338.0748. Ci6H2 i0 2N?9Br requires M, 338.0750); (CH2Cl2)/cm''

2935, 1685, 1641, 1472, 1441, 1392, 1212, 1162,1089, 1018; 5h (400 MHz; CDC13)

8.79 (1 H, s, If), 7.38 (1 H, app. dd, J  8.7,1.1, aromatic CH), 7.11 -  7.04 (2 H, m, 2 

x aromatic CH), 6.94 (1 H, app. ddd, J  8.1, 6.5, 2.5, aromatic CH), 6.75 (1 H, app. 

ddd, J  5.0, 3.3, 1.0, H*), 5.54 (1 H, d, J  9.4, H"), 4.07 (1 H, app. dq, J  5.1, 6.5, H'), 

3.56 (1 H, m, ring junction H8), 2.45 (1 H, app. dq, J  19.1,4.8, Hb ), 2.32 -  2.24 (1 H, 

m, Hf), 2.24 - 2.13 ( 1  H, m, Hf), 1.80 -  1.63 (2 H, m, H11 and H”), 1.31 (3 H, d, J  6.5, 

CH3); 8 c (100 MHz; CDC13) 192.2 (0=CH), 151.0 (alkene CH), 141.0 (C,,=CH),

137.6 (aromatic Cq), 132.6 (aromatic CH), 130.3 (aromatic CH), 128.8 (aromatic 

CH), 126.5 (aromatic CH), 125.1 (Cq-Br), 81.4 (O-CH-Ar), 77.1 (O-CH-CH3), 39.9 

(Ar-CH-CH), 39.5 (CH3-CH-CH), 24.7 (ring =CH-CH2-CH2), 20.2 (=CH-CH2-CH2),

14.8 (CH3); m/z (APCI) 361 (M* (81Br), 89 %), 321 (M+ (79Br), 100 %), 305 (24), 

303 (27), 279 (40), 277 (27), 243 (16), 229 (11), 185 (18).

*H -  !H COSY experiment showed the following correlations

hP, 5 = 6.75, shewed a  cross p e a k  to , HF&I-P 
1^,6 = 246, shewed a  cross p e a k  to l-P, 
l-F, 6  = 2.24 - Z13, showed a  cross p e a k  to l-P, l-P, h^St H8 
l-f1 & l-P, 8 =1.80-1.63, shewed a  cross p e a k  to I-F& hf
hf, 5 = Z32-Z24, shewed a  cross p e a k  to hP, Hi ,hf1& H® 
hP, 8 = 3.60 - 3.53 , showed a  cross p e a k  to hf1, hf& hP 
hf1, 8 = 5.64, shewed a  cross p e a k  to hP 
H', 8=4.07, showed a  cross p e a k  to hf&Chfe 
CH3, 8 = 1.31, showed a  cross p e a k  to H'288

NOES Y experiment showed the following correlations

hP, 8 = 6.75, showed a  cross peak to hM, hP& hf  
hP, 8 = Z45, showed a  cross peak to hP, h P ,h P & h P  
HP, 8 = Z24-Z13, shcw edacrosspeaktohP , hP, h P & hP  
hP&hP, 8=1.80-1.63, shewed a  cross peak to  hP, hP, hf, 
two of aromatic H a t8  = 7.11- 7.04 & Chfe 
hf, 8 = 2.32 - Z24, stXMved a  cross peak to  hP, H ',  hP & hP 
HP, 8 = 3.60 - 3.53, showed a  cross peak to hP, hf & H ' 
hP, 8 = 5.54, shewed a  cross peak to hP & H '
H ', 8=4.07, showed a  cross peak to hf, H h, hP &CH3
Hj, 8  = 8.79, shewed a  cross peak to H a
Chb, 8 = 1.31, showed a  cross peak to H ‘, hP& hP
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[(15i?3^>3fl*Si?,7a*S/f)-3-(2-Bromophenyl)-6-chloro-l-methyl-133fl>6,7,7fl- 

hexahydro-isobenzofuran-4-yl]-methanol (291): This compound was not isolated 

pure. These data are obtained from the crude reaction mixture under the above 

conditions. 8 h (400 MHz; CDCI3) 7.44 (1 H, d, J  8.2, aromatic CH), 7..22 -  7.17 (1 

H, m, aromatic CH), 7.10 -  7.02 (2 H, m, 2 x aromatic CH), 5.84 (1 H, d, J  5.0, Ha),

5.41 (1 H, d, J  9.9, Hg), 4.72 -  4.64 (1 H, m, Hb), 4.10 (1H, app. dq, 74.8, 6.3, Hh), 

3.48 (1 H, d, J  14.4, H'), 3.35 -  3.28 (2 H, m, H* and Hf), 2.70 -  2.61 (1 H, m, If ) ,

2.15 -  2.20 (2 H, m, Hc and Hd), 1.30 (3 H, d, J  6.3, CH3); 8 c (100 MHz; CDC13)

140.9 (Cq=CH), 138.0 (aromatic Cq), 132.5 (aromatic or alkene CH), 129.8 (aromatic 

or alkene CH), 129.4 (aromatic or alkene CH), 127.6 (aromatic or alkene CH), 125.0 

(aromatic or alkene CH), 124.0 (Cq-Br), 81.1 (O-CH-Ar), 76.9 (O-CH-CH3), 64.6 

(O-CH2), 53.9 (CH-C1), 43.3 (CH-CCH), 36.9 (CH-CH-CH3), 29.9 (ring CH2), 14.8 

(CH3).

!H -  lH COSY experiment showed the following correlations

HP, 5= 5.84, shewed a cross peak to l-f5 & hf
hf5, 5=4.72 - 4.64, shewed a cross peak to HP, HP & l-f1
hP&hP,S = Z15-Z20, showed a cross peak to hf&l-P
HP, 5 = Z70 - Z61 shewed a cross peak to hP, hf*, hf&hP
HP, 8 = 5.41, shewed a cross peak to hf
l-P, 5=4.10, shewed a cross peak to hP & O b
H', 8 = 3.48, shewed a cross peak to Hj
H j & hf, 8 = 3.35- 3.28, shewed a cross peak to H', HP, hf& hP 
Chb, 8 = 1.30, shewed a cross peak to l-P

NOESY experiment showed the following correlations

hP, 8 = 5.84, showed a  cross peak to hP
hP, 8 = 4.72-4.64, showed a  cross peak to hP, hh&hP
hF&hP, 8 = Z15-Z20, shewed across peak to hP, hP& O b
hP, 8 = Z70-Z61, shewed a  cross peak to hP, hf, hP& hP
hP, 8 = 5.41, shewed a  cross peak to hf & hP
hP, 8=4.10, showed a  cross peak to hP, hf, hP&Chfe
H1, 8 = 3.48, shewed a  cross peak to Hj
hP&hf, 8 = 3.35-3.28, shewed a  cross peak to hP, hP, H* & hP 
CH3,8=1.30, shewed a cross peak to hP, hh& hP291

291
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Thermodynamic Prins cyclisation of acetaldehyde acetal 281

281

H

297

O H‘

296

Titanium tetrachloride (2.0 mmol, 0.22 ml, 2 equiv.) was carefully added to a cooled 

(-78 °C) solution of acetaldehyde acetal 281 (1.0 mmol, 321 mg) in dry CH2CI2 (20 

ml) under a nitrogen atmosphere. The resulting mixture was stirred at this 

temperature for one hour then at room temperature for 23 h. Saturated NaHCC>3 

solution (5 ml) was added then followed by water (20 ml). The organic material was 

extracted into CH2CI2 (2 x20 ml). The combined extracts were dried over MgSC>4 , 

and concentrated under reduced pressure to afford a golden yellow solid. Purification 

by flash chromatography (eluted in gradient mode from EtOAc-hexane 1:9 to 2:8 to 

5:5) afforded compound 297 as a pale yellow oil (9 mg, 2.5 %) and compound 298 as 

a white solid (80 mg, 25 %) respectively.

(15J?^»3^7aS£)>3-(2-B rom ophenyl)-6-chloro-l-m ethyl-13M y7,7a- 

hexahydro-isobenzofuran-4-carbaldehyde (297): Yellow oil (9 mg, 2.5 %)

(Found: M+ 354.0016. Ci6Hi60 279Br35Cl requires M, 354.0017); vmax (CH2Cl2)/cm 1 

2925, 2851, 1693, 1469, 1440, 1379,1266, 1213, 1164, 1077, 1013, 892; 6 H (400 

MHz; CDCI3) 9.38 (1 H, s, H‘), 7.50 (1 H, dd, J7 .7 , 1.5, aromatic CH), 7.36 -  7.29 

(2 H, m, 2 x aromatic CH), 7.07 (1 H, app. td, J7.7, 1.7, aromatic CH), 6.74 (1 H, d, 

J5 .0 , Ha), 5.04 (1 H, d, J9 .5 , Hg), 4.97 -  4.92 (1 H, m, H6), 4.72 (1 H, app. dq, J6 .4 ,

4.6, Hh), 3.23 (1 H, dd, J  9.5, 5.8, ring junction Hf), 2.59 (1 H, app. dq, J  10.8, 5.4, 

ring junction Hc), 2.20 -  2.14 (2 H, m, ring i Ic and H**), 1.27 (3 H, d, J  6 .4 , CH3); 8 c 

(100 MHz; CDCI3) 191.8 (CNCH), 144.1 (alkene CH), 141.8 (Cq=CH), 140.6 

(aromatic Cq), 132.3 (aromatic CH), 129.1 (aromatic CH), 128.0 (aromatic CH),

127.7 (aromatic CH), 122.6 (Cq-Br), 82.5 (Ar-CH), 78.5 (0-CH-CH3), 52.1 (CH-C1),

45.2 (ring junction CH-CH-Ar), 37.2 (ring junction CH-CH2-CH-CI), 28.3 (ring
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CH2), 16.0 (CH3); m/z (APCI) 359 (MH+ (81Br 37C1), 20 %), 357 (59), 355 (37), 323 

(16), 321 (39), 319 (30), 277 (23), 275 (29), 201 (30), 199 (100), 179 (39), 171 (37), 

165 (32), 153 (23), 149 (16).

-  *H COSY experiment showed the following correlations

hP, 8=6.74, shewed a cross peek to hP
hP, 8=4.97-4.92, showed a  cross peak to hP, hf& hP
hf&hP, 8=220-2.14, showed a cross peak to hP& H®
H®, 8=260, showed a  cross peak to hf, hf, hf& l-P
hf, 8 = 3.23, shewed a cross peak to I-P& hP
hP, 5 = 5.04, showed a cross peak to hf
hP, 8 =4.72, showed a cross peak to hP & Chfe
Chfe, 5 = 1.27, showed a cross peak to hP

NOES Y experiment showed the following correlations

hP, 5 = 6.74, showed a cross peak to hP& H'
hP, 8 = 4.97-4.92, showed a cross peak to hP, hF&hP
hF&hP, 8 =220-214, showed a cross peak to hP, hP, hP&Chfe
hP, 5 = 259, showed a cross peak to hF or hP or both of thern hf
&hP
hf, 5 = 3.23, showed a cross peak to hP, hP&aromatic Hat 
8 = 7.50 ppm
hf, 5 = 5.04, showed a cross peak to hf or hP 
hP, 5 = 4.72, showed a cross peak to hP, hf,&CH3 
H', 5 = 9.38, showed a cross peak to hP 
Chfe, 8 = 1.27, showed a cross peak to hP 
Aromatic H, 5 =7.50, showed a cross peak to hf

(15'J?3iW3ftSff,7fl1S,Jf)-3-(2-Bromophenyl)-l-methyl-13W,7,7fl-hexahydro- 

isobenzofuran-4-carbaldehyde (298): white solid (80 mg, 25 %), m.p. 132 - 135 °C 

(Found: (M+H)+ 321.0489. Ci6Hig0 2 ?9Br requires M, 321.0485); vmax (C ^ C y /c m ' 1 

2942, 1682, 1422, 1378, 1163, 1012; 5H (400 MHz; CDC13) 9.29 (1 H, s, IF), 7.50 (1 

H, dd, J7 .8 , 1.5, aromatic CH), 7.34 (1 H, dd, J  8.0, 0.9, aromatic CH), 7.30 (1 H, 

app. td, J  7.5, 0.9, aromatic CH), 7.04 (1 H, app. td, J1.7, 1.5, aromatic CH), 6.81 (1 

H, app. dd, J  5.0, 2.3, Ha), 5.07 (1 H, d, J 9.5, Hh), 4.63 (1 H, app. dq, J 4.5, 6.4, HJ),

3.16 (1 H, app. dd, J  9.5, 5.8, ring junction Hg), 2.58 (1 H, app. dt, J20.5 , 4.8, Hb),

2.35 -  2.22 (1 H, m, Hc), 2.12 (1 H, app. dq, J  13.3, 4.6, ring junction Hf), 1.80 (1 H,

H

297

H

297
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app. dt, J  13.6,4.9, Hd), 1.65 (1 H, app. dq,J5.4, 13.3, H6), 1.25 (3 H, d, J6 .4 , CH3); 

6 c (100 MHz; CDCb) 192.3 (0=CH), 150.3 (alkene CH), 142.6 (C,=CH), 140.4 

(aromatic Cq), 132.2 (aromatic CH), 128.8 (aromatic CH), 127.9 (aromatic CH),

127.8 (aromatic CH), 122.8 (Cq-Br), 83.1 (Ar-CH), 78.6 (0-CH-CH3), 45.6 

(Ar-CH-CH), 41.4 (CH-CH2-CH2), 26.1 (=CH-CH2-CH2), 18.8 (=CH-CH2-CH2), 

16.0 (CH3); m/z (APCI) 361 (M* (81Br), 94 %), 321 (M+ (79Br), 100 %), 241 (23), 

165 (67), 146 (65).

*H -  !H COSY experiment showed the following correlations

O h ‘

hP hF

296

hP, 5 = 6.81, shewed a cross peak to hP&hF
l-P, 5 = 2.58, shewed a cross peak to HP, hF, hP&hP
HF, 8 = 235 - 2.22, shewed a  cross peak to HP, hP, hP &hP
hP , 5 = 1.80, shewed a cross peak to hP, l-F, hP& hf
hP, 8 = 1.65, shewed a cross peak to l-P, hF, hP& hf
hf, 8= 212, shewed a  cross peak to hP, H ', hP&hP
hP, 6 = 3.16, shewed a cross peak to hP & hf
hP, 8 = 5.07, shewed a cross peak to hP
H', 5=4.63, shewed a cross peak to hf&Chh
CH3,8 = 1.25, shewed a cross peak to H'

NOESY experiment showed the following correlations

HP hF

298

hP, 6 = 6.81, shewed a cross peak to hP, hF&Hj 
hP, 5 = 2.58, shewed a cross peak to hP, hF, hP & hP 
hF, 5 = 235-2.22, shewed a cross peak to hP, hP, hf, hP& 
hP
hP, 5= 1.80, showed a cross peak to HP, hF, hf, hP&Chfe 
hP, 5= 1.65, shewed a cross peak to hP, hP, hF, hf, hP & 
Chfe
hf, 5 = 212, shewed a cross peak to H1, hP, hP, hF&Chfe 
hP, 5 = 3.16, shewed a cross peak to aromatic Hat 5 =
7.50, hP, H1 & hf
hP, 8 = 5.07, showed a cross peak to hP & hP
H 1, 8=4.63, shewed a cross peak to aromatic Hat 8 =
7.50, hP, hf &CH3
Hj, 8 = 9.29, showed a cross peak to hP
Chfe, 8 = 1.25, shewed a cross peak to H‘, hf, hP&hP
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(15i?3*Sif)-l-(2-Bromophenyl)-3-isobutyl-2,4-dioxa-spiro[5.5]undeca-7,10-diene

(302)

3-Methylbutyraldehyde (4.4 g, 5.5 ml, 50.8 mmol, 10 equiv.) was added to a solution 

of diol 236 (1.5 g, 5.1 mmol) in dry CH2CI2 (25 ml). Pyridinium / 7-toluenesulfonate 

(0.77 g, 3.05 mmol, 0.6 equiv.) was added and the resulting mixture was stirred at 

room temperature under a nitrogen atmosphere for 4 days. The mixture was poured 

into water (50 ml) and the organic material was extracted into CH2CI2 ( 2  x 30 ml). 

The combined organic extracts were dried over Na2SC>4 and concentrated under 

reduced pressure to afford a pale yellow oil. Purification by flash chromatography 

(eluting with ethyl acetate-hexane 0.5:9.5) afforded the title compound (871 mg, 47 

%) as a colourless oil; vmax (neatycm' 1 3026, 2956, 2923, 2854, 1467, 1439, 1362, 

1260, 1128, 1017, 804; SH (400 MHz; CDC13) 7.38 (1 H, dd, J  8.0, 1.1, aromatic 

CH), 7.36 (1 H, dd, J 7.8,1.8, aromatic CH), 7.19 -  7.14 (1 H, m, aromatic CH), 7.00 

(1 H, app. td, J7.6 , 1.8, aromatic CH), 6.19 (1 H, app. dq, J  10.4, 1.9, CH=CH-CH2), 

5.72 -  5.67 (1 H, m, one of CH=CH-CH2), 5.65 -  5.59 (1 H, m, one of 

CH=CH-CH2), 5.49 (1 H, app. dq, J  10.2, 1.9, one of CH=CH-CH2), 5.05 (1 H, s, 

CH-Ar), 4.82 (1 H, t, J  5.4, O-CH-O), 3.81 and 3.74 (2 H, AB quartet, J  11.0,

O-CH2), 2.35 (1 H, app. dtt, J  22.9, 3.7, 1.9, one of ring CH2), 1.89 (1 H, app. 

doubled quintet, J  22.9, 2.7, one of ring CH2), 1.80 (1 H, app. nonet, J  6.7, 

(CH^CH), 1.64 -  1.48 (2 H, m, ((CHsVCH-C^), 0.88 (3 H, d, J  6.1, CH3), 0.86 (3 

H, d, J  6.7, CH3); 6 c (100 MHz; CDC13) 137.5 (aromatic Cq), 131.9 (alkene or 

aromatic CH), 131.0 (alkene or aromatic CH), 128.9 (alkene or aromatic CH), 128.4 

(alkene or aromatic CH), 126.4 (alkene or aromatic CH), 126.3 (alkene or aromatic 

CH), 126.3 (alkene or aromatic CH), 125.4 (alkene or aromatic CH), 123.5 (Cq-Br),
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102.2 (O-CH-O), 83.8 (O-CH-Ar), 76.5 (0-CH2), 43.7 ((CH3)rCH-CH2), 42.1 (ring 

Cq), 26.8 (ring CH2), 23.8 ((CH3)2-CH-CH2), 23.2 (CH3), 22.8 (CH3).

Thermodynamic Prins cyclisation of isobutyl acetal 302

302

0 \

+

hP l-P 

304

Titanium tetrachloride (2.0 mmol, 0.22 ml, 2 equiv.) was carefully added to a cooled 

(-78 °C) solution of isobutyl acetal 302 (1.0 mmol, 362 mg) in dry CH2C12 (20 ml) 

under a nitrogen atmosphere. The resulting mixture was stirred at this temperature 

for one hour then at room temperature for 14 h. Water (20 ml) was added and the 

organic material was extracted into CH2C12 (2 x 20 ml). The combined extracts were 

dried over MgSC>4 , and concentrated under reduced pressure to afford a brown oil. 

Purification by flash chromatography (eluting with EtOAc-hexane 1:9) afforded 

compound 303 as a pale yellow solid (32 mg, 8  %) and compound 304 as a yellow 

oil (91 mg, 25 %) respectively.

(15i?3^3^j7fl5if)-3-(2-Brom ophenyl)-6-chloro-l-isobutyl-133fl»7,7fl- 

hexahydro-isobenzofuran-4-carbaldehyde (303): Yellow solid (32 mg, 8  %), m.p. 

106 -  108 °C; Vmax (CHjChycm 1 2955, 2855, 2359, 1694, 1468, 1161, 1082, 1021, 

753; 5h (400 MHz; CDClj) 9.38 (1 H, s, H1), 7.48 (1 H, app. dd, J  8.0, 1.6, aromatic 

CH), 7.35 - 7.31 (2 H, m, 2 x aromatic CH), 7.07 (1 H, app. td, J  7.7, 1.6, aromatic 

CH), 6.73 (1 H, d, J4 .9 , H*), 5.02 (1 H, d, J  9.5, Hg), 4.95 -  4.91 (1 H, m, Hb), 4.60 

(1 H, app. dt, J  8.5, 4.4, Hh), 3.21 (1 H, dd, J  9.5, 5.6, ring junction Hf), 2.60 (1 H, 

app. tt, .78.4, 5.1, ring junction If) , 2.19 -  2.14 (2 H, m, ring Hc and H1*), 1.74 (1 H, 

app. nonet, J  6.7, H*), 1.58 -  1.43 (1 H, m, H1), 1.36 (1 H, app. ddd, J  13.6, 7.6, 5.3, 

H*), 0.93 ( 6  H, app. t, J  6.7, 2 x CH3); 8 c (100 MHz; CDC13) 191.8 (0=CH), 144.0 

(alkene CH), 142.1 (Cq=CH), 140.7 (aromatic Cq), 132.2 (aromatic CH), 129.1
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(aromatic CH), 128.0 (aromatic CH), 127.7 (aromatic CH), 122.6 (Cq-Br), 82.4 

(Ar-CH), 81.1 (O-CH), 52.2 (CH-C1), 45.2 (Ar-CH-CH), 39.6 (CH2-CH(CH3)2), 36.7 

(O-CH-CH), 28.4 (ring CH2), 25.6 (CH(CH3)2), 23.4 (CH3), 22.6 (CH3).

!H -  !H COSY experiment showed the following correlations

HP, 5 =6.73, shewed a  cross peak to l-P
HP, 6=4.95-4.91, shewed a cross peak to HP, HF&HP
HP&HP, 8  = Z19-Z14, shewed a cross peak to HP& HP
l-P, 6 =Z60, showed a cross peak to l-F, l-f1, I-f& l-P
l-f, 6  = 3Z1, shewed a cross peak to l-P & HP
HP, 5 = 5.02, shewed a cross peak to Hf
HP, 8=4.60, showed a cross peak to H‘, Hj &HP
l-P, 6  = 1.74, shewed a cross peak to H*. HH&CHh
H \ 6  = 1.58-1.43, shewed a cross peak to HJ, HP&HP
HJ, 6 = 1.36, shewed a cross peak to H1, l-P&l-P
CHh, 6  = 0.93, showed a cross peak to HP

The NOES Y experiment showed the following correlations

HP, 6  = 6.73, shewed a cross peak to HP & H1

l-P, 6=4.95-4.91, shewed a cross peak to HP, HF&I-P
HF&HP, 6  = Z19-Z14, shewed a cross peak to HP, HP&HP
HP, 6  = Z60, showed a cross peak to HP, HP, Hf& HP
Hf, 6  = 3.21, shewed a cross peak to HP & HP
HP, 6  = 5.02, shewed a cross peak to HP & Hf
HP, 6 =4.60, shewed a cross peak to HP, Hf, CHfe & aromatic H
6=7.31

(1 5 /f3 ^ ^ 3 fl*^97a*S/?)-3 -(2 -Bromophenyl)-l-isobutyl-1 3 >3 fl>6 ,7 ,7 fl-hexahydro- 

isobenzofuran-4-carbaldehyde (304): Yellow solid (91 mg, 25 %) m.p. 82 - 84 °C; 

V m ax (CKfeCfeycm1 3056, 2946, 1688,1639, 1468, 1367, 1265, 1163, 1087, 1024; 8 H 

(400 MHz; CDCI3) 9.28 (1 H, s, Hm), 7.48 (1 H, dd, J7 .8 , 1.5, aromatic CH), 7.35 -  

7.29 (2 H, m, 2 x aromatic CH), 7.07 -  7.02 (1 H, m, aromatic CH), 6.80 (1 H, app. 

dd, *74.9, 2.2, Ha), 5.06 (1 H, d , J 9.5, Hh), 4.51 (1 H, app. dt, J7 .8 , 4.9, H‘), 3.13 (1 

H, app. dd, J  8 .8 , 5.9, ring junction Hg), 2.59 (1 H, app. dt, J  20.3, 4.9, Hb), 2.35 -

2.23 (1 H, m, Hc), 2.18 -  2.07 (1 H, m, ring junction Hf), 1.85 -  1.60 (3 H, m, Hd, He 

an d H 1), 1 .60-1 .48(1  H, m ,H j), 1.40-1.32 (1 H ,m ,H k), 0.92 ( 6  H, app. t, J 6 .1 ,2 

x CH3); 6 c (100 MHz; CDC13) 192.3 (0=CH), 150.1 (alkene CH), 142.9 (Cq=CH),

303
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140.5 (aromatic Cq), 132.2 (aromatic CH), 128.8 (aromatic CH), 127.8 (2 x aromatic 

CH), 122.8 (Cq-Br), 82.9 (O-CH-Ar), 81.2 (O-CH-CH), 45.5 (Ar-CH-CH), 40.9 

(O-CH-CH), 39.5 (CH2-CH(CH3)2), 26.1 (=CH-CH2-CH2), 25.6 (CH(CH3)2), 23.4 

(CH3), 22.7 (CH3),18.9 (=CH-CH2-CH2).

*H -  *H COSY experiment showed the following correlations

OH

hP
hP hF

304

hP, 5 = 6.80, shewed a  cross peak to hP&hF 
hP, 8  = 250, showed a  cross peak to hP, hF, hP& hP 
hP, 8  = 235- 223, showed a  cross peak to hP, hP, I-P& hP 
hP, hP, H 1, 8  = 1.85-1.60, showed a  cross peak to  hP, hF, 
K H l , h P &  O b
hf, 5 =218-207 , shewed a  cross peak to hP, H ', hP & 
hP
hP, 8  = 3.13, showed a  cross peak to hP & hf
hf1, 8 = 5.06, showed a  cross peak to hP
H 1, 8=4.51, showed a  cross peak to hf, Hj, &hP
Hj, 8=1.60-1.48, showed a  cross peak to hP, H 1 & H 1
hP, 8 = 1.40-1.32, showed a  cross peak to Hj, H ’& H 1
Chb, 8 = 0.92, showed a  cross peak to H 1

NOESY experiment showed the following correlations

"hf HJ

hP hF

304

hf”, 8  = 9.28, showed a cross peak to hP
hP, 8  = 6.80, showed a cross peak to hP&hF1

hP, 8  = 259, showed a cross peak to hP, hF, hP&hP
hF, 8  = 235- 223, showed a  cross peak to hP, hP, hP, hP
& hf
hP, hP, H1, 8 = 1.85-1.60, showed a cross peak to hP, hf, 
hf, Hl,hP& Chb
hf, 8  = 218-207, showed a cross peak to hP, H‘, hP, hF 
& hP
hP, 8  = 3.13, showed a cross peak to hP, H', hf& 
aromatic Hat 8  =7.48 ppm
hP, 8  = 5.06, showed a cross peak to hP & (hP or hP or hf) 
H \ 8=4.51, showed a cross peak to hf, Hj, hP, hPtwoof 
aromatic H at 8  = 7.48 & Chb
aromatic Hat 8  = 7.48, showed a cross peak to H', hP & 
two aromatic H 8  = 7.35 - 7.29
Hj, 8  = 1.40-1.32, showed a cross peak to hP, H‘, H 1 & 
two Chb
hP, 8 = 1.60-1.48, showed a cross peak to Hj, H', H'& 
two Chb
Chb, 8  = 0.92, shewed a cross peak to H H ', Hj & hP
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(15/?3^)"l-(2-Bromophenyl)-3-phenyl-2,4-dioxa-spiro[5.5]undeca-7,10-diene

(305)

Concentrated sulphuric acid (0.12 ml) was added to a solution of diol 236 (1.0 g, 

3.39 mmol) and benzaldehyde (0.7 ml) in DMF (10 ml). The resulting mixture was 

stirred at room temperature under a nitrogen atmosphere for 6  days. Then the 

reaction mixture was poured into ice-water (100 ml) containing K2CO3 (180 mg) and 

the organic material was extracted into CH2CI2 (3 x 20 ml). The combined extracts 

were dried over Na2SC>4 and concentrated under reduced pressure to afford a yellow 

oil. Purification by flash chromatography (eluting with ethyl acetate-hexane 3:7) 

afforded the title compound (716 mg, 55 %) as white crystals, m.p. 104 - 105 °C; 

vmax (CH2Cl2)/cm' 1 3022, 2886, 2852, 1449, 1401, 1322, 1223, 1112, 1023, 753; 8 H 

(400 MHz; CDCI3) 7.82 (2 H, d, J  7.8, 2 * aromatic CH), 7.75 (1 H, dd, J  7.8, 1.6, 

aromatic CH), 7.70 (1 H, dd, J  8.0, 0.9, aromatic CH), 7.67 -  7.58 (3 H, m, 3 x 

aromatic CH), 7.48 (1 H, app. t, J1.9, aromatic CH), 7.32 (1 H, app. dt, J  7.7, 1.7, 

aromatic CH), 6.65 (1 H, app. dq, J  10.3,1.6, one of CH=CH-CH2), 6.11 -  6.02 (2 H, 

m, one of CH=CH-CH2 and O-CH-O), 5.98 (1 H, broad d, J  10.1, one of 

CH=CH-CH2), 5.88 (1 H, app. dq, J  10.2, 1.7, one of CH=CH-CH2), 5.62 ( 1  H, s, 

CH-Ar), 4.30 (2 H, app. singlet, 0-CH2), 2.75 -  2.63 (1 H, m, one of ring CH2), 2.29 

- 2.18 (1 H, m, one of ring CH2); 8c (100 MHz; CDCI3) 138.3 (aromatic Cq), 137.2 

(aromatic Cq), 131.9 (alkene or aromatic CH), 131.1 (alkene or aromatic CH), 129.1 

(alkene or aromatic CH), 128.9 (alkene or aromatic CH), 128.7 (alkene or aromatic 

CH), 128.3 (2 x aromatic CH), 126.6 (alkene or aromatic CH), 126.4 (alkene or 

aromatic CH), 126.3 (2 x aromatic CH), 126.1 (alkene or aromatic CH), 125.2 

(alkene or aromatic CH), 123.6 (Cq-Br), 102.5 (O-CH-O), 84.2 (O-CH-Ar), 76.9 

(O-CH2), 42.3 (ring Cq), 26.8 (ring CH2).
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Priiis cyclisation of benzaldehyde acetal 305

305

Ar = 2-BrCeH*

0)
H})Hj 

H0r^.sA o

HP l-P

306

l-P hf

+
Ph

hP a1

308

Titanium tetrachloride (1.0 mmol, 0.11 ml, 2 equiv.) was carefully added to a cooled 

(-78 °C) solution of benzaldehyde acetal 305 (0.5 mmol, 191.6 mg) in dry CH2 CI2 

(20 ml) under a nitrogen atmosphere. The resulting mixture was stirred at this 

temperature for 2 h, then carefully quenched with water (20 ml). The organic 

material was extracted into CH2CI2 (2 *20 ml). The combined extracts were dried 

over MgSC>4 , and concentrated under reduced pressure to afford a pale yellow solid. 

Purification by flash chromatography (eluting with EtOAc-hexane 1:9) afforded 

compound 306 as a colourless solid (10 mg, 4.8 %), compound 307 as a pale yellow 

oil (17 mg, 8  %) and compound 308 as a pale yellow solid (97 mg, 46 %) 

respectively.

[(lJtS'^5J?,45J?,5J?5',9ifcS)-[2-(2-Bromophenyl)-9-chloro-4-phenyl-3-oxa- 

bicyclo[3.3.1]non-7-en-l-yl]-methanol (306): Colourless solid (10 mg, 4.8 %), m.p. 

70 -  72 °C; Vfnax (CHjCy/cm ' 1 3466, 3061, 3027, 2924, 1472, 1266, 1122, 1071, 

1030, 751; 8 h (400 MHz; CDClj) 7.59 (1 H, dd, J7 .9 , 1.6, aromatic CH), 7.49 (1 H, 

dd, J  8.0, 0.9, aromatic CH), 7.32 -  7.24 (5 H, m, 5 x aromatic CH), 7.23 -  7.17 (1 

H, m, aromatic CH), 7.12 (1 H, app. td, J 7 .7 ,1.7, aromatic CH), 5.99 (1 H, app. dt, J

9.9, 3.4, Hb), 5.16 (1 H, s, H8), 4.92 ( 2 H, broad resonance, Hh and Hf), 4.87 (1 H,
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app. dd, J  9.9, 1.6, Ha), 3.66 (1 H, dd, J  12.3, 7.6, H'), 3.31 (1 H, dd, J  12.3,4.8, H>),

2.52 -  2.47 (1 H, m, ring junction H6), 2.19 (1 H, app. ddt, J  19.4, 6.7, 2.6, H°), 2.14 

-  2.09 (1 H, m, OH), 2.01 -1.91 (1 H, m, t f 1); 8 c (100 MHz; CDCI3) 139.6 (aromatic 

Cq), 137.5 (aromatic Cq), 132.3 (alkene or aromatic CH), 131.6 (alkene or aromatic 

CH), 130.6 (alkene or aromatic CH), 129.8 (alkene or aromatic CH), 128.3 (2 x 

aromatic CH), 127.4 (alkene or aromatic CH), 127.3 (alkene or aromatic CH), 125.6 

(2 x aromatic CH), 123.5 (Cq-Br), 121.7 (alkene or aromatic CH), 82.4 (O-CH-Ar),

80.9 (O-CH-Ph), 63.2 (0-CH2), 62.7 (CH-C1), 46.6 (ring Cq), 41.1 (O-CH-CH), 23.2 

(ring CH2).

*H -  !H COSY experiment showed the following correlations

hP, 6=4.87, shewed a cross peak to hP, hf&  hP 
hP, 8 = 5.99, shewed a cross peak to hP, hF & hP 
l-F, 8^.19 , showed a cross peak to hP, hP, hP& l-P 
hP, 8=201-291, showed a  cross peak to l-P, hP& l-P 
hP, 8=252-247, shewed a cross peak to hF, hP& hf 
hf & hP, 5=4.92, showed a cross peak to hP 
hP, 8 = 5.16, it dkJ not give any cross peaks 
H ', 8 = 3.66, shewed a cross peak to Hj 
Hj, 8 = 3.31, shewed a cross peak to hf

NOESY experiment showed the following correlations

hP, 8=4.87, showed a  cross peak to hP, H'& hP
hP, 8 = 5.99, showed across peak to hP, h f & hP
hf, 8 = 219, shewed a  cross peak to hP, hP& hP
hP, 8 = 201-291, showed a  cross peak to hP, hP& hf
hP, 8 = 252-247, shewed a  cross peek to hf, h P sn d h f /
hf
hf&hP 8=4.92, showed a  cross peak to hP&hf 
hP, 8 = 5.16, showed a  cross peak tohf/hP 
H', 8 = 3.66, showed a  cross peak to hP, Hj &OH 
Hj, 8 = 3.31, shewed a  cross peak to hf, H‘&OH

[(l/f5 '3 ‘S/^3 f l ^ 57i?5 ',7 fl5 /f)-3 -(2 -Bromophenyl)-7 -chloro-l-phenyl-l,6 ,7 ,7 fl- 

tetrahydro-isobenzofuran-3a-yl]-methanol (307): Pale yellow oil (17 mg, 8  %);

Vmax (neat)/cm_1 3450, 3065, 3032, 2931, 1470, 1439, 1374, 1269, 1206, 1067, 1020, 

909, 733; 8 H (400 MHz; CDC13) 7.54 (1 H, dd, J1.9, 1.6, aromatic CH), 7.49 (1 H, 

dd, J  8.0, 0.9, aromatic CH), 7.42 (2 H, d, .77.4, 2 x aromatic CH), 7.35 -  7.22 (4 H,

H1 HJ

^  ^  f C^.ahP
h f K ^ P h

Ar = 2-BrCehUBr

Ph

306
Ar = 2-BrQhU
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m, 4 x aromatic CH), 7.12 (1 H, app. td, J 1 .6 ,1.6, aromatic CH), 5.66 (1 H, app. dt, 

J  10.2,4.1, Hb), 5.25 (1 H, d, J  7.5, H"), 5.23 (1 H, s , , Hg), 4.81 (1 H, app. dt, J  10.2,

1.7, H*), 4.04 -  4.01 (1 H, m, H6), 3.89 and 3.83 (2 H, AB quartet, J 11.3, H* and H*),

3.23 (1 H, app. t, J  7.0, ring junction Hf), 2.20 -  2.06 (2 H, m, IT and H“); 8 c (100 

MHz; CDCI3) 137.6 (aromatic Cq), 137.2 (aromatic Cq), 132.6 (alkene or aromatic 

CH), 130.9 (alkene or aromatic CH), 129.4 (alkene or aromatic CH), 128.3 (2 x 

aromatic CH), 127.7 (alkene or aromatic CH), 127.7 (alkene or aromatic CH), 127.2 

(alkene or aromatic CH), 127.0 (alkene or aromatic CH), 126.5 (2 x aromatic CH),

122.6 (Cq-Br), 82.4 (O-CH-Ar), 81.3 (O-CH-Ph), 66.3 (0-CH2), 55.4 (CH-C1), 55.0 

(ring Cq), 51.3 (O-CH-CH), 32.5 (ring CH2).

lH -  *H COSY experiment showed the following correlations

hf, 5=4.81, shewed a  cross peak to hf, h f & h f 
hf, 8 = 5.66, showed a  cross peak to l-P, h f & hP 
hf&hP 8 = 2.20-2.06, shewed a  cross peak to hf, hf&  
h f
hP, 5=4.04-4.01, shewed across peak to hf, hP& hf 
hf, 8 = 3.23, shewed a cross peak to hf & hf 
hf1, 8 = 5.25, showed across peak to hf

NOESY experiment showed the following correlations

hf, 8=4.81, shewed a  cross peak to h f
h f , 8 = 5.66, shewed a  cross peak to h f
h f& h f ,  8 = 2.20- 206, shewed a  cross peak to h f
hf, 8 =4.04 - 4.01, shewed a  cross peak to h f & h f
hf, 8 = 3.23, shewed a  cross peak to hf / hP
hP /  h f, 8 = 5.25-5.23, shewed a  cross peak to h f, H 1 & h f
H ' & H j , 8 = 3.89 & 3.83, shewed a  cross peak to h f /  hP

[(lJlfcS',35'/?>3aS7^7aSi?)-3-(2-Bromophenyl)-6-chloro-l-phenyl-13>3a,6,7,7a-

hexahydro-isobenzofuran-4-yl]-methanol (308): Pale yellow solid (97 mg, 42.6 %) 

m.p. 50 -52 °C; vmax (CU2C\2)/cm l 3426 (broad), 3061, 3021, 2929, 1732, 1567, 

1470, 1367, 1267, 1206, 1121, 916; 8 h (400 MHz; CDC13) 7.82 (2 H, d, J7 .8 , 2 x

*

Ar=2-BraJH4Br

Ar = 2-BrCy-UBr
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aromatic CH), 7.14 (3 H, m, 3 x aromatic CH), 7.10 -  7.05 (2 H, m, 2 x aromatic 

CH), 7.05 -  6.99 (2 H, m, 2 x aromatic CH), 6.14 (1 H, d, J  7.4, H*), 5.36 (1 H, d, J

5.0, H8), 5.25 (1 H, d, J  9.2, Hh), 3.53 (1 H, app. t, J  5.7, Hf), 3.40 -  3.32 (1 H, m, 

IT), 3.32 -  3.26 (1 H, m, Hb), 2.93 and 2.84 (2 H, AB quartet, J  13.5, H 1 and H J),

2.01 -  1.89 (2 H, m, Hc and Ha); 8 c (100 MHz; CDCb) 139.0 (alkene or aromatic 

Cq), 136.4 (alkene or aromatic Cq), 135.9 (alkene or aromatic Cq), 132.6 (alkene or 

aromatic CH), 132.2 (alkene or aromatic CH), 130.9 (alkene or aromatic CH), 130.8 

(alkene or aromatic CH), 129.1 (alkene or aromatic CH), 128.6 (alkene or aromatic 

CH), 127.6 (alkene or aromatic CH), 127.6 (alkene or aromatic CH), 127.0 (alkene or 

aromatic CH), 126.7 (alkene or aromatic CH), 121.3 (Cq-Br), 83.6 (CH-Ar), 77.6 

(CH-Ph), 64.7 (0-CH2), 44.1 (CH-C1), 37.7 (CH-CH-Ar), 35.1 (CH-CH-Ph), 29.6 

(ring CH2).

!H -  !H COSY experiment showed the following correlations

hP, 5 = 6.14, shewed a  cross peak to hP
l-P, 6  = 3.32-3.262, showed a  cross peak to  hP, hP & hP
hF & hP, 8 = 201-1.89, shewed a  cross peak to  hP& l-P
l-P, 5 = 3.40 - 3.32, shewed a  cross peak to l-P, l-P, hP & hf
hf, 6  = 3.53, shewed a  cross peak to hP & hP
HP, 6  = 5.36, shewed a  cross peak to hf
hP, 5 = 5.25, showed a  cross peak to hP
H \ 5 = 293, shewed a  cross peak to Hj
Hj, 8  = 2.84, shewed a  cross peak to H 1

NOESY experiment showed the following correlations

hP, 5 = 6.14, shewed a  cross peak to hP 
hP, 8 = 3.32 - 3.26, showed a  cross peak to hP, hP & hP 
hP&hP 8 = 2.01-1.89, shewed a  cross peak to hP& hP 
hP, 8 = 3.40-3.32, showed a  cross peak to hP, hP, hf, hP 
& hP
hf, 5 = 3.53, shewed a  cross peak to hP, hP& hP 
hP, 8 = 5.36 , shewed a  cross peak to hP & hf 
hP, 5 = 5.25, showed a  cross peak to I-P& hf

Ph
" h P

306

Br

306
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l-Acetyl-cyclohexa-2,5-dienecarboxylic methyl ester (309)

CQJAs O

175 309

w-Butyllithium (2.5 M solution in hexane, 29.0 ml, 72.4 mmol, 1.0 equiv.) was added 

to a cooled solution of /-P^NH (10.14 ml, 72.4 mmol, 1.0 equiv.) in dry THF (100 

ml) at -78 °C. After stirring the resulting mixture for 30 min, a solution of ester 175 

(10 g, 72.4 mmol, 1.0 equiv.) in THF (10 ml) was added and the stirring was 

continued for another 30 min. Acetyl chloride (5.7 ml, 79.6 mmol, 1.1 equiv) was 

added carefully and the reaction mixture was stirred for one hour at -78 °C, then at 

room temperature for 18 h. Saturated ammonium chloride solution (20 ml) was 

added and the product was extracted three times with CH2CI2 (40 ml). The combined 

organic extracts were dried over MgSC>4 and concentrated under reduced pressure to 

afford a yellow oil. Purification by flash chromatography (eluting with ethyl 

acetate-hexane 1:9) afforded the title compound (8.5 g, 65 %) as oil which solidified 

on standing to white crystals, m.p. 36 - 38 °C; vmax (neat)/cm_1 3042, 2953, 2883,

CDCI3) 204.8 (C=0), 170.8 (0-C=0), 128.4 (2 x alkene CH), 122.7 (2 x alkene 

CH), 62.9 (ring Cq), 52.7 (O-CH3), 26.1 (ring CH2), 26.0 (CH3-C=0).

l-(l-Hydroxy methyl-cyclohexa-2,5-dienyl)-ethanol (310)

1720, 1634, 1433, 1354, 1229, 1181, 1071, 942, 797; 6 H (400 MHz; CDC13) 5.99 -  

5.92 (2 H, m , 2  x CH=CH-CH2), 5.90 -  584 (2 H, m , 2  x CH=CH-CH2), 3.64 (3 H, s,

O-CH3), 2.74 -  2.57 (2H, m, ring CH2), 2.07 (3 H, s, CH3-C=Q); 5C (100 MHz;

O OH

O
309 310
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Keto ester 309 (7.2 g, 39.8 mmol) in dry THF (10 ml) was carefully added to a 

stirred suspension of LiAlH4 (4.6 g, 122.4 mmol, 4.1 equiv.) in dry THF (30 ml) 

under a nitrogen atmosphere at room temperature in a flame-dried flask. After 

stirring for 18 h, 15 % aqueous NaOH solution (4.7 ml) was added carefully 

followed by water (13.7 ml) and the stirring was continued at room temperature for 

two hours. Filtration and concentration under reduced pressure afforded a viscous 

yellow oil. Purification by flash chromatography (eluting with hexane-ethyl acetate 

1:1) afforded the title diol (4.98 g, 81 %) as a colourless solid, m.p. 50 -  52 °C; vmax 

(CH2Cl2)/cm' 1 3394 (broad), 3022, 2973, 2879, 1635, 1421, 1372, 1130, 1025, 904; 

§H (400 MHz; CDC13) 5.99 (1 H, m, one of CH=CH-CH2), 5.88 (1 H, m, one of 

CH=CH-CH2), 5.68 (1 H, app. dd, J  10.3, 2.0, one of CH=CH-CH2), 5.36 (1 H, app. 

dd, J  10.3, 2.0, one of CH=CH-CH2), 3.75 (1 H, q, J6 A ,  CH-OH), 3.58 and 3.50 (2 

H, AB quartet, J  10.5, Clfc-OH), 2.70 -  2.56 (2 H, app. m, ring CH2), 2.52 (2 H, 

broad s, 2  x OH), 1.04 (3 H, d, J  6.4, CH3); 6 c (100 MHz; CDC13) 128.4 (alkene 

CH), 127.9 (alkene CH), 127.0 (alkene CH), 125.5 (alkene CH), 72.9 (CH-OH), 69.6 

(CH2-OH), 46.7 (ring Cq), 27.2 (ring CH2), 19.1 (CH3).

13-Dimethyl-2,4-dioxa-spiro[5.5]undeca-7,10-diene (311)

CH3

< A >
OH OH

310 311

Acetaldehyde (1.86 ml, 33.1 mmol, 5 equiv.) was added to a solution of diol 310 (1.0 

g, 6.63 mmol) in dry CH2C12 (20 ml). Pyridinium p-toluenesulfonate ( 6 6 6  mg, 2.6 

mmol, 0.4 equiv.) was added and the resulting mixture was stirred at room 

temperature under a nitrogen atmosphere for 48 h. Then another 2 equivalent of 

acetaldehyde (0.75 ml, 13.3 mmol) was added and stirring was continued for another 

4 days. The mixture was poured into H20  (30 ml) and the organic material was 

extracted into CH2C12 ( 2  x 3 0  ml). The combined organic extracts were dried over 

Na2SC>4 and concentrated under reduced pressure to afford pale yellow oil.
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P u r i f i c a t i o n  b y  f l a s h  c h r o m a t o g r a p h y  ( e l u t i n g  w i t h  h e x a n e - e t h y l  a c e t a t e  9 : 1 )  

a f f o r d e d  t h e  title acetal  ( m i x t u r e  o f  t w o  d i a s t e r e o i s o m e r s )  ( 6 3 1  m g ,  5 4  % )  a s  a  p a l e  

y e l l o w  o i l ;  v m a x  ( n e a t y c m ’1 3 0 1 4 ,  2 9 7 8 ,  2 8 4 0 ,  1 4 5 0 ,  1 4 0 8 ,  1 3 7 7 ,  1 2 3 2 ,  1 1 7 9 ,  1 1 4 5 ,  

1 0 3 7 ,  9 5 5 ,  8 6 7 ;  5 H  ( 4 0 0  M H z ;  C D C 1 3 )  6 . 0 4  -  5 . 9 6  ( 1  H ,  m ,  a l k e n e  C H ) ,  5 . 8 9  -  5 . 7 7  

( 2  H ,  m ,  2  x  a l k e n e  C H ) ,  5 . 0 9  -  5 . 0 1  ( 1  H ,  m ,  a l k e n e  C H ) ,  4 . 7 0  ( 1  H ,  q ,  J  5 . 0 ,

O - C H - O ) ,  3 . 6 5  ( 1  H ,  d ,  J 1 1 . 0 ,  o n e  o f  0 - C H 2 ) ,  3 . 5 2  ( 1  H ,  q ,  J 6 . 3 ,  0 - C H - C q ) ,  3 . 4 5  ( 1  

H ,  d ,  J  1 1 . 0 ,  o n e  o f  O - C H 2) ,  2 . 6 4  -  2 . 5 7  ( 2  H ,  m ,  r i n g  C H 2 ) ,  1 . 3 0  ( 3  H ,  d ,  J  5 . 0 ,  

C H 3- C H - O ) ,  1 . 0 0  ( 3  H ,  d ,  J  6 . 3 ,  C H 3- C H - O ) ;  6c  ( 1 0 0  M H z ;  C D C 1 3 )  1 2 8 . 7  ( a l k e n e  

C H ) ,  1 2 6 . 6  ( a l k e n e  C H ) ,  1 2 6 . 2  ( a l k e n e  C H ) ,  1 2 5 . 3  ( a l k e n e  C H ) ,  9 9 . 3  ( O - C H - O ) ,

7 9 . 2  ( O - C H - C H 3) ,  7 6 . 1  ( 0 - C H 2 ) ,  3 9 . 7  ( r i n g  Cq), 2 7 . 4  ( r i n g  C H 2 ) ,  21.1 ( C H 3 ) ,  1 6 . 9  

( C H 3 ) .

Thermodynamic Prins cyclisation of acetaldehyde acetal (311)

(15'#?3^S>3a57?,7fl*S'/f)-ly3-Dimethyl-13>3®»6,7,7a-hexahydro-isobenzofiiran-4- 

carbaldehyde (312a) and (unknown stereochemistry) (3aSR,7aSR)-l£- 
Dim ethyl-1,3 3^6,7,70-h ex ahydro-isobenzofuran-4-carba Id ehyde (312b)

311

l-P hP

312a, Major isomer
3.0

+

l-f h f

312b, Minor isomer
1.0

Mxtune of inseparable aldehydes

T i t a n i u m  t e t r a c h l o r i d e  ( 4 . 0  m m o l ,  0 . 4 4  m l ,  2  e q u i v . )  w a s  c a r e f u l l y  a d d e d  t o  a  c o o l e d  

( - 7 8  ° C )  s o l u t i o n  o f  a c e t a l d e h y d e  a c e t a l  311 ( 2 . 0  m m o l ,  3 6 0 . 5  m g )  i n  d r y  C H 2C 1 2 ( 2 0  

m l )  u n d e r  a  n i t r o g e n  a t m o s p h e r e .  T h e  r e s u l t i n g  m i x t u r e  w a s  s t i r r e d  a t  t h i s  

t e m p e r a t u r e  f o r  o n e  h o u r  t h e n  a t  r o o m  t e m p e r a t u r e  f o r  2 3  h .  w a t e r  ( 2 0  m l )  w a s  a d d e d  

a n d  t h e  o r g a n i c  m a t e r i a l  w a s  e x t r a c t e d  i n t o  C H 2C 1 2 ( 3  x  2 0  m l ) .  T h e  c o m b i n e d  

e x t r a c t s  w e r e  d r i e d  o v e r  M g S C > 4,  a n d  c o n c e n t r a t e d  u n d e r  r e d u c e d  p r e s s u r e  t o  a f f o r d  

b r o w n  o i l .  P u r i f i c a t i o n  b y  f l a s h  c h r o m a t o g r a p h y  ( e l u t i n g  w i t h  E t O A c - h e x a n e  1 : 9 )

257



a f f o r d e d  c o m p o u n d  3 1 2  a s  a  m i x t u r e  o f  t w o  i n s e p a r a b l e  d i a s t e r e o m e r i c  a l d e h y d e s  

(133 m g ,  37 % )  i n  m a j o r : m i n o r  r a t i o  (3:1) a s  a  p a l e  y e l l o w  s o l i d ,  m . p .  38 -  56 ° C  

( m i x t u r e  o f  t w o  d i a s t e r e o i s o m e r s )  ( F o u n d :  ( M + N H 4) +  198.1489. C 11H 20O 2N  r e q u i r e s  

M ,  198.1489); vmax ( C H z C b V c m '1 2974, 2939, 2879, 1682, 1640, 1457, 1422, 1372, 

1216,1165, 1095, 934; S H  (400 M H z ;  C D C I 3)  9.40 (1 H ,  s ,  H a  o f  m a j o r  i s o m e r ) ,  9.38 

(1 H ,  s ,  H a  o f  m i n o r  i s o m e r ) ,  6.95 (1 H ,  a p p .  d ,  J  5.1, H b  o f  m a j o r  i s o m e r ) ,  6.83 (1 H ,  

a p p .  d d ,  J  5.6, 3.2, H b  o f  m i n o r  i s o m e r ) ,  4.34 (1 H ,  a p p .  d q ,  J  9.9, 6.4, H  1 o f  m a j o r  

i s o m e r ) ,  4.20 (1 H ,  a p p .  d q ,  J 6 .3 ,4.2, H j  o f  m i n o r  i s o m e r ) ,  3.97 (1 H ,  a p p .  d q ,  J  4.1,

6.4, H j  o f  m a j o r  i s o m e r ) ,  3.72 (1 H ,  a p p .  d q ,  J  7.9, 6.3, H 1 o f  m i n o r  i s o m e r ) ,  3.18 (1

H ,  a p p .  t ,  J  8.2, r i n g  j u n c t i o n  H h  o f  m a j o r  i s o m e r ) ,  2.75 (1 H ,  a p p .  t ,  J  6.3, r i n g  

j u n c t i o n  H h  o f  m i n o r  i s o m e r ) ,  2.53 -  2.42 (2 H ,  m ,  H °  o f  b o t h  i s o m e r s ) ,  2.27 -  2.14 

(2 H ,  m ,  H d  o f  b o t h  i s o m e r s ) ,  1.97 -  1.84 (2 H ,  m ,  r i n g  j u n c t i o n  H 8 o f  b o t h  i s o m e r s ) ,

I . 7 5  -  1 . 6 6  ( 2  H ,  m ,  H ®  o f  b o t h  i s o m e r s ) ,  1 . 4 7  -  1 . 2 8  ( 2  H ,  m ,  H f  o f  b o t h  i s o m e r s ) ,

1 . 3 5  ( 3  H ,  d ,  J  6 . 3 ,  C H 3 o f  m i n o r  i s o m e r ) ,  1 . 1 8  ( 3  H ,  d ,  J  6 . 4 ,  C H 3 o f  m a j o r  i s o m e r ) ,

1 . 1 6  ( 3  H ,  d ,  J  6 3 ,  C H 3 o f  m i n o r  i s o m e r ) ,  0 . 8 7  ( 3  H ,  d ,  J  6 . 4 ,  C H 3 o f  m a j o r  i s o m e r ) ;  

6c  ( 1 0 0  M H z ;  C D C I 3)  1 9 4 . 5  ( 0 = C H  o f  m a j o r  i s o m e r ) ,  1 9 4 . 1  ( 0 = C H  o f  m i n o r  

i s o m e r ) ,  1 5 2 . 8  ( a l k e n e  C H  o f  m a j o r  i s o m e r ) ,  1 5 2 . 6  ( a l k e n e  C H  o f  m i n o r  i s o m e r ) ,

141.7 ( a l k e n e  C f l  o f  m i n o r  i s o m e r ) ,  140.9 ( a l k e n e  C q  o f  m a j o r  i s o m e r ) ,  79.5 ( O - C H  o f  

m i n o r  i s o m e r ) ,  76.2 ( O - C H  o f  m a j o r  i s o m e r ) ,  75.6 ( O - C H  o f  m i n o r  i s o m e r ) ,  74.8 

( O - C H  o f  m a j o r  i s o m e r ) ,  44.0 ( r i n g  j u n c t i o n  O - C H - C H  o f  m i n o r  i s o m e r ) ,  41.3 ( r i n g  

j u n c t i o n  C H - C H 2 o f  m i n o r  i s o m e r ) ,  40.2 ( r i n g  j u n c t i o n  O - C H - C H  o f  m a j o r  i s o m e r ) ,  

39.4 ( r i n g  j u n c t i o n  C H - C H 2 o f  m a j o r  i s o m e r ) ,  25.9 ( = C H - C H 2 o f  m i n o r  i s o m e r ) ,

25.7 ( = C H - C H 2 o f  m a j o r  i s o m e r ) ,  22.1 ( o n e  o f  C H 3 o f  m i n o r  i s o m e r ) ,  19.8 ( o n e  o f  

C H 3 o f  m a j o r  i s o m e r ) ,  19.2 ( = C H - C H 2- C H 2 o f  m a j o r  i s o m e r ) ,  18.8 ( = C H - C H 2- C H 2 

o f  m i n o r  i s o m e r ) ,  15.4 ( o n e  o f  C H 3 o f  m i n o r  i s o m e r ) ,  15.1 ( o n e  o f  C H 3 o f  m a j o r  

i s o m e r ) ;  mJz ( C l )  198 ( M  +  N H « + ,  70 % ) ,  195 (100), 181 (40), 136 (17), 52 (19).
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*H -  *H COSY experim ent showed the follow ing correlations for the major isom er

l-F l-P

312a
Major isomer

l-P, 8 = 
HP, 8  = 
l-P, 8 =
H8,8  = 
Hf,S = 
HP, 8 = 
l-P, 8 =
H i,8  = 
Hj, 8 = 
CH3, 8
O h, 8

6.95, showed a cross peak to HP
2.53 - 2.42, shewed a cross peak to l-P, l-P, HP&hf
2.27-2.15, shewed a cross peak to HP, HP&H/
1.75-1.66, shewed a cross peak to HP, hP, HP&hf
1.47-1.28, showed a cross peak to HP, l-P, HP&HP
1.97-1.84, shcwBd a cross peak to HP, hf, hP&Hj
3.18, shewed a cross peak to H1 & HP
4.34, shewed a cross peak to HP & CHh
3.97, shewed a cross peak to HP & CHh
= 1.18, shewed a cross peak to
= 0.87, shcwBd cross peak to H1

NOESY experiment showed the following correlations of the major isomer

9  .HJ

HP HP

Major isomer

CHh

l-P, 8 = 6.95, shewed a cross peak to HP&hP
HP, 8 = 1.97-1.84, shewed a cross peak to HP, hf, HP & Hj
l-P, 8 = 3.18, shewed a cross peak to H', Hl &HP
H', 8 = 4.34, shewed a cross peak to HP& CHh
H j, 8 = 3.97, showed a cross peak to HP, HP & CHh
CHh, 8 = 1.18, showed a cross peak to H j
CH3,5 -  0.87, showed a cross peak to H'

lH -  *H COSY experiment showed the following correlations of the minor isomer

I-^q h 1 hP, 8  = 6.83, shewed a  cross peak to HP&hP
HP, 8  = 2.53-2.42, shewed a  cross peak to hP.hP, HP& hf 
hP, 8  = 2.27 - 2.15, shewed a  cross peak to hP, HP, HP& hf 
HP, 8 = 1.75-1.66, shewed a  cross peak to HP, hP, HP& Hf 
Hf, 8  = 1.47-1.28, shewed across peak to HP, HP, HP&HP 
HP, 8  = 1.97-1.84, showed a  cross peak to HP, Hf, hP&HJ
l-P, 8  = 2.75, showed a  cross peak to H1 & HP 

312b  H', 8 = 3.72, shewed a  cross peak to I-P& CHh
Mnor isorrer Hj, 8  = 4.20, shewed a  cross peak to HP & CHh

CHh, 8 = 1.16, shewed a  cross peak to Hj 
CH3, 8  = 1.35, shewed a  cross peak to H '
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Kinetic Prins cyclisation of acetaldehyde acetal 311

311

:chH

312a

HO+

314

?  JHh

H{ H3C HgV-H
HO '

H "CHr
HbY h e

Hc Hd

Hh, H9
h3c - 1H'~rYc r
Hen
Hd—Cl 1

h h»

313

Titanium tetrachloride (1.15 mmol, 0.13 ml, 2 equiv.) was carefully added to a 

cooled (-78 °C) solution of acetaldehyde acetal 311 (0.58 mmol, 104 mg) in dry 

CH2CI2 (15 ml) under a nitrogen atmosphere. The resulting mixture was stirred at 

this temperature for 2 h, then carefully quenched with water (20 ml). The organic 

material was extracted into CH2CI2 ( 2  *20 ml). The combined extracts were dried 

over MgSC>4, and concentrated under reduced pressure to afford a pale brown oil. 

Purification by flash chromatography (eluting with EtOAc-hexane 1:9) afforded 

compound 312a as a yellow oil (14 mg, 13.5 %) and compound 313 as a pale yellow 

oil (4 mg, 3.2 %) respectively. While compound 314 was not isolated but its 

existence was evident from the data obtained from the crude reaction mixture.

(15j?3^3aSff,7a5X )-l^-D im ethyl-13M )V a*hexahydro-isobeiizofuran-4- 

carbaldehyde (312a): Yellow oil (14 mg, 13.5 %); (CHzChVcrn1 2924, 1686, 

1458, 1375, 1259, 1165; 8 h (400 MHz; CDCb) 9.40 (1 H, s, Ha), 6.95 ( 1  H, broad 

singlet, Hb), 4.39 -  4.30 (1 H, m, H1), 4.02 - 394 (1 H, m, H j), 3.18 (1 H, app. t, J

8.0, ring junction Hh o f major isomer), 2.54 -  2.42 (1 H, m, I IC), 2.28 -  2.15 (1 H, m, 

H^, 2.00 -  1.86 (1 H, m, ring junction H8), 1.76 -  1.67 (1 H, m, He), 1.41 -  1.27 (1 

H, m, Hf), 1.18 (3 H, broad singlet, CH3-H j), 0.87 (3 H, d, J  6.4, CHs-H1); 8 c (100 

MHz; CDCb) 194.5 (Q=CH), 152.8 (alkene CH), 140.9 (alkene C,), 76.2 (O-CH),
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74.8 (O-CH), 40.2 (ring junction O-CH-CH), 39.4 (ring junction CH-CH2), 25.7 

(=CH-CH2), 19.8 (CH3), 19.2 (=CH-CH2-CH2), 15.1 (CH3).

((l/lS^/f5',4S7f,57f5,9*S)-9-Chloro-2,4-(limethyl-3-oxa-bicyclo[3J.l]non-7-en-l- 

yl)-methanol (313): Pale yellow oil (4 mg, 3.2 %); 8 h (400 MHz; CDC13) 5.92 (1 H, 

app. dt, J  10.0, 3.4, Hb), 5.02 (1 H, app. dq, J  10.0, 1.8, Ha), 4.45 ( 1 H, app. dd, J

3.3, 1.2, Hf), 3.91 (1 H, d, J  11.2, H‘), 3.72 (1 H, q, J  6.3, Hg), 3.70 (3 H, app. dq, J

1.7, 6.4, Hh), 3.57 (1 H, d, J 11.2, H>), 2.33 (1 H, app. ddt, J  19.3, 5.9,2.9, Hc), 2.28 -  

2.20 (1 H, m, Hd), 2.00 -1.95 (1 H, m, H*), 1.17 (3 H, d, J  6.4, CH3-Hh); 1.09 (3 H, d, 

J  6.3, CH3-H8); 6 C (100 MHz; CDCI3) 130.8 (alkene CH), 121.8 (alkene CH), 76.5 

(O-CH), 76.3 (O-CH), 63.5 (O-CH2), 63.3 (CH-C1), 45.6 (ring Cq), 41.2 (O-CH-CH),

22.7 (ring CH2); 19.0 (CH3); 16.3 (CH3).

- ]H COSY experiment showed the following correlations

Ha, 8 =5.02, showed a cross peak to Hb, H c & Hd 
Hb, 8 = 5.92, showed a cross peak to Ha, Hc & Hd 
Hc, 8 = 2.33 and Hd, 8 = 2.28- 2.20, showed a cross peak 
to Ha, Hb & H®
He, 8 = 2.00 -1.95, showed a cross peak to Hc, Hd & Hf 
Hf, 8 = 4.92, showed a cross peak to He 
Hg, 8 = 3.72 and Hh , 8 = 3.70, showed a cross peak to to 
2 x CH3
H', 8 = 3.91, showed a cross peak to H]
H \  8 = 3.57, showed a cross peak to H '
CH3, 8 = 1.17 and CH3, 8 = 1.09, showed a cross peak to 
Hh & H°

HO

CH

Me

313
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NO ESY experim ent showed the follow ing correlations

hf, 8=5.02, shewed a  cross peak to hf, HJ& Chhat8 =
1.09
hf, 8 = 5.92, shewed a  cross peak to hf, hf&  hf 
hf, 8= 233  and hf, 8=228-2.20, shewed across peak 
to hf, hf & hf
hf, 8 = ZOO-1.95, showed a  cross peak to hf, hf, hf, hf 
& hf
hf, 5=4.92, shewed a  cross peak to hP, h f & hf
hP, 8 = 3.72 and h f , 8 = 3.70, shewed a  cross peak to to
hf,hf,2xC hh
H*, 5=3.91, shewed a  cross peak to Hj
hf, 5=3.57, shewed across peak to hf, H i&CH3at8  =
1.09
Chh, 5 = 1.17, shewed a  cross peak to h f
Chh, 8 =1.09, showed a  cross peak to hf, hP& h f

3-Isobutyl-l-methyl-2,4-dioxa-spiro[5.5]undeca-7,10-diene (310)

OH OH

310 315

3-Methylbutyraldehyde (4.8 g, 5.9 ml, 50.8 mmol, 10 equiv.) was added to a solution 

of diol 310 (855 mg, 5.5 mmol) in dry CH2CI2 (25 ml). Pyridinium 

/ 7-toluenesulfonate (834 mg, 3.3 mmol, 0.6 equiv.) was added and the resulting 

mixture was stirred at room temperature under a nitrogen atmosphere for 9 days. The 

mixture was poured into H2O (50 ml) and the organic material was extracted into 

CH2CI2 ( 2  x 30 ml). The combined organic extracts were dried over Na2SC>4 and 

concentrated under reduced pressure to afford a yellow oil. Purification by flash 

chromatography (eluting with ethyl acetate-hexane 0.5:9.5) afforded the title 

compound (mixture o f two diastereoisomers) (912 mg, 74 %) as a colourless oil; vmax 

(neatycnf1 3017, 2954, 2869, 1454, 1410, 1375, 1261, 1099, 800; 8 H (400 MHz; 

C D C I 3 )  5.99 (1 H, app. dd, J  10.4, 1.7, CH=CH-CH2), 5.87 -  5.78 (2 H, m,
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CH=CH-CH2), 5.05 (1 H, app. dd, J  10.4, 1.8, CH=CH-CH2), 4.58 (1 H, t, J  5.4,

O-CH-O), 3.66 (1 H, d, J 11.0, one of 0-CH2), 3.50 (1 H, q, 76.4, 0-CH-Cq), 3.45 (1 

H, d, 711.0, one of 0-CH2), 2.70 -  2.53 (2 H, m, ring CH2), 1.76 (1 H, app. nonet, 7

6 .8 , (CH3)2-CH), 1.55 -  1.39 (2 H, m, ((CH3)2-CH-CH2), 0.99 (3 H, d, 76.4 , CH3), 

0.85 ( 6  H, d, 7  6 .6 , 2 x CH3); 6 c (100 MHz; CDC13) 128.6 (alkene CH), 126.7 

(alkene CH), 126.3 (alkene CH), 125.2 (alkene CH), 101.5 (O-CH-O), 79.3 

(0-CH-Cq), 76.2 (0-CH2), 43.7 ((CH3)2-CH-CH2), 39.9 (ring Cq), 27.4 (ring CH2),

23.9 ((CH3)2-CH-CH2), 23.0 (CH3), 22.7 (CH3), 16.9 (CH3).

Thermodynamic Prins cyclisation of isobutyl acetal 315

(15i?,31?S,3a»£/?,7a»S,/?)-l-Isobutyl-3-methyl-l,3,30>6,7,7a-hexahydro- 

isobenzofuran-4-carbaldehyde (316a) and (unknown stereochemistry) 

(3flSJ?,7<iSJ?)-l-Isobutyl-3-methyH,3,3<M>,7,7a-hexahydro-isobenzofuran-4- 

carbaldehyde (316b)

H3C H ‘ Hkv H I Hm H3C H 1 Hk, HI Hm

JC ft ft
T  r H fl

Hb̂ S c V̂ f Hb

O O

''CH3

315

Hc Hd Hc Hd

316a 316b

Inseparable mixture 
Major isomer Minor isomer

2.6 1.0

Titanium tetrachloride (1.1 mmol, 0.12 ml, 2 equiv.) was carefully added to a cooled 

(-78 °C) solution of isobutyl acetal acetal 315 (0.53 mmol, 117 mg) in dry CH2C12 

(10 ml) under a nitrogen atmosphere. The resulting mixture was stirred at this 

temperature for one hour then at room temperature for 23 h. Water (20 ml) was 

added and the organic material was extracted into CH2C12 (3x15 ml). The combined 

extracts were dried over MgSC>4, and concentrated under reduced pressure to afford a 

brown oil. Purification by flash chromatography (eluting with EtOAc-hexane 

0.7:9.3) afforded compound 316 as a (2.2:1.0) mixture of two inseparable aldehydes 

(153 mg, 46 %) as a sticky yellow oil; vmax (CH2Cl2)/cm 1 2956, 2865, 1682, 1644,
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1468, 1371, 1260, 1162, 1095, 951; 6 h (400 MHz; CDC13) 9.39 (1 H, s, Ha of major 

isomer), 9.37 (1 H, s, Ha of minor isomer), 6.94 (1 H, app. d, J  4.8, Hb of major 

isomer), 6.82 (1 H, app. dd, J  5.2, 1.7, Hb of minor isomer), 4.31 (1 H, app. dq, J

10.0, 6.4, H1 of major isomer), 4.10 -  4.04 (1 H, m, H* of minor isomer), 3.85 (1 H, 

app. ddd, J  7.0, 6.4, 4.1, H* of major isomer), 3.67 (1 H, app. dq, J  7.7, 6.1, H‘ of 

minor isomer), 3.15 (1 H, app. t, J8.0, ring junction Hh of major isomer), 2.73 (1 H, 

app. t, J6 .1 , ring junction Hh of minor isomer), 2.46 (2 H, app. dt, J20.1 , 5.2, Hc of 

both isomers), 2.29 -  2.14 (2 H, m, H*1 of both isomers), 2.00 -  1.85 (2 H, m, ring 

junction H8 o f both isomers), 1.71 -1.58 (4 H, m, H® and Hm of both isomers), 1.51 — 

1.41 (2 H, app. dt, J  7.1, 13.9, Hk of both isomers), 1.40 -  1.25 (4 H, m, Hf and H1 of 

both isomers), 1.34 (3 H, d, J  6.1, CH3 of minor isomer), 0.90 -  0.84 (15 H, m, CH3 

of major isomer and (CH3)2-CH of both isomers); 6 c (100 MHz; CDCI3) 194.5 

(0=CH of major isomer), 194.2 (0=CH of minor isomer), 152.8 (alkene CH of 

major isomer), 152.5 (alkene CH of minor isomer), 141.8 (alkene Cq of minor 

isomer), 141.0 (alkene Cq of major isomer), 79.2 (O-CH of minor isomer), 78.7 

(O-CH of major isomer), 78.1 (O-CH of minor isomer), 74.5 (O-CH of major 

isomer), 44.0 (ring junction O-CH-CH of minor isomer), 40.6 (ring junction CH-CH2 

of minor isomer), 39.4 (ring junction O-CH-CH of major isomer), 39.2 (ring junction 

CH-CH2 of major isomer), 38.9 ((CH3)2-CH-CH2 of minor isomer), 38.7

((CH3)2-CH-CH2 of major isomer), 25.9 (=CH-CH2 of minor isomer), 25.7

(=CH-CH2 of major isomer), 25.6 ((CH3)2-CH-CH2 of minor isomer), 25.5

((CH3)2-CH-CH2 of major isomer), 23.3 (CH3 of major isomer), 23.2 (CH3 of minor

isomer), 22.9 (CH3 of minor isomer), 22.8 (CH3 of major isomer), 22.1 (CH3 of 

minor isomer), 19.9 (CH3 of major isomer), 19.3 (=CH-CH2-CH2 of major isomer),

18.9 (=CH-CH2-CH2 o f minor isomer).
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*H -  *H COSY experim ent showed the follow ing correlations o f  the major isom er

316a
Major isomer

l-P, 8 = 6.94, shewed a cross peak to HF& l-P
hP, 6 = Z46, showed a cross peak to l-P, l-P&hf
l-P, 8 = 2.29 - 214, shewed a cross peak to hP, l-P, l-P&hf
HP & l-P, 8 = 1.71 -1.58, shewed a cross peak to hf, hP,
l-P, H ', I-P& 2 x CH3
hf &H1, 6 = 1.40-1.25, showed a cross peak to HP, l-P, l-P 
l-P, l-P, H * & HP1
HP, 6 = 2.00-1.85, shewed a cross peak to H®,K hP&HJ 
l-P, 8 = 3.15, showed a cross peak to H1 & l-P 
H', 8 = 4.31, shewed a cross peak to l-P & CH3 
H 5 = 3.85, shewed a cross peak to hP, H1 & l-P 
l-P, 5= 1.51 -1.41, shewed a cross peak to H j, H'&hP" 
CH3 & 2 x CH3, 5 = 0.90 - 0.84, shewed cross peak to H ' &
i-r1

COSY experiment showed the following correlations of the minor isomer

HjC H ‘ l-P H I |_pn

HP vp

316b
Mnor isomer

l-P, 8 = 6.82, shewed cross peek to hP& hP 
hP, 8 = 2.46, showed cross peak to hP, l-P, I-P& l-f 
l-P, 8 = 2.29-2.14, shewed cross peek to l-P, hP, hP& 
l-P & l-P™, 8 = 1.71 -1.58, showed cross peak to l-f, l-P, hP 
l-P, H‘, I-P& 2 xCH3
I-/&H1, 8=1.40-1.25, shewed cross peak to hP, hP, l-P 
l-P, l-P, H*& hf"
l-P, 8 =2.00-1.85, shewed a cross peak to l-P, K  hP&H J 
l-P, 8 = 2.73, shewed a cross peak to H1 & l-P 
H ', 8 = 3.67, shewed a cross peak to l-P &
H j, 8 = 4.10-4.04, showed a cross peak to HP, H1 &I-P 
l-P, 8 = 1.51 -1.41, showed a cross peak to H j, H '& hf"
2 x CH3,8 = 0.90-0.84, shewed a cross peak to l-P1 
CH3, 8 = 1.34, shewed a cross peak to H'
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Kinetic Prins cyclisation of isobutyl acetal 315

315

HO
+

He Hk Hm

317

H

316a

HO

318

Titanium tetrachloride (8.0 mmol, 0.9 ml, 2 equiv.) was carefully added to a cooled 

(-78 °C) solution of isobutyl acetal 315 (4.0 mmol, 889 mg) in dry CH2CI2 (30 ml) 

under a nitrogen atmosphere. The resulting mixture was stirred at this temperature 

for 2 h, then carefully quenched with water (20 ml). The organic material was 

extracted into CH2CI2 (2 *20 ml). The combined extracts were dried over MgSC>4, 

and concentrated under reduced pressure to afford a brown oil. Purification by flash 

chromatography (eluting with EtOAc-hexane 1:9) afforded compound 316a as a 

yellow oil (64 mg, 7 %), and compound 317 as a pale yellow oil (187 mg, 18 %) 

respectively. While compound 318 was not isolated but its existence was evident 

from the data obtained from the crude reaction mixture.

(15J?3^^aSK ,7aSX )-l-Isobutyl-3-m ethyl-l^M ,7,7a'hexahydro- 

isobenzofuran-4-carbaldehyde (316a): Yellow oil (64 mg, 7 %); vmax (neatycm-1 

2954, 1684, 1642, 1466, 1371, 1093; 5h (400 MHz; CDC13) 9.39 (1 H, s, H8), 6.94 (1 

H, app. d, J 5.1, Hb), 4.31 (1 H, app. dq, J9 .9 , 6.4, H'), 3.86 (1 H, app. ddd, J 7.3,

6.1, 4.0, H*), 3.16 (1 H, app. t, J  8.1, ring junction Hh), 2.45 (1 H, app. dtd, J  20.0,

4.2.1.1, H0), 2.26 -  2.12 (1 H, m, Hd), 1.90 (1 H, app. ddt, J  13.1, 6.9,4.0, H8), 1.72 

-  1.59 (2 H, m, He and H"1), 1.47 (1 H, app. dt, J  13.6, 7.2, Hk), 1.41 -  1.27 (2 H, m, 

Hf and H1), 0.91 -  0.84 (9 H, m, 3 x CH3); 6c (100 MHz; CDC13) 194.5 (0=CH),

152.7 (alkene CH), 141.0 (alkene C„), 78.7 (O-CH), 74.5 (O-CH), 39.4 (ring junction
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O-CH-CH), 39.2 (ring junction CH-CH2), 38.8 ((CH3)2-CH-CH2), 25.7 (=CH-CH2), 

25.5 ((CH3)2-CH-CH2), 23.3 (CH3), 22.8 (CH3), 19.8 (CH3), 19.3 (=CH-CH2-CH2).

-  !H COSY experiment showed the following correlations

hf, 6 = 6.94, showed a cross peak to hF&hf 
hf, 5 = 2.45, showed a ctogs peak to hf*, hF&hf 
l-f1, 8 = 2.26-212, showed a cross peak to HF, hf, hP&hf 
hf & hP, 8 = 1.72 -1.59, showed a cross peak to hf, hf, 
hP.H '.h fA  2 * CH3
hf& hf, 8 = 1.41 -1.27, showed across peaktohF, hF, hf 
hP, hf, H 1 & hf"
hP, 8 = 1.90, showed a cross peak to hF, hf, hf, & H j 
hf, 8 = 3.16, showed a cross peak to H ' & hP 
H 5 = 4.31, showed a cross peak to h f & CH3 
H j, 5 = 3.85, shelved a cross peak to hP, H '& h f 
hf, 5 = 1.47, shewed a cross peak to H \  h f& h P  
3 x O f e ,  5 = 0.91 - 0.84, shewed cross peak to H ' & hF

NOESY experiment showed the following correlations

hP, 8 = 9.39, shewed a cross peak to hf 
hf, 5 = 6.94, shewed a cross peak to hP, hf & hf 
hF, 8 = 246, showed a cross peak to hf, hf, hP & hf 
hf, 5 = 2.26-2.12, showed a cross peak to hF, hf, hF&hf 
h f & hP, 5 = 1.72 - 1.59, shewed a cross peak to hf, hF, 
hf, H‘, hf & twoChfe
hf& H1, 8=1.41-1.27, showved a cross peak to hP, hF, hf 
hP, hf, H j, hf" & 2 x CH3 
hP, 8 = 1.90, shewed across peak to hf, H *& hf 
hf, 5 = 3.16, showed a cross peak to H', hP&hf 
H‘, 5 = 4.31, showed a cross peak to hf, hf& Chfe 
hf, 8 = 3.85 shewed a cross peak to hP, hf, hf, H *, H' & 
two Chfe
3 x CH3, 5 = 0.91 - 0.84, shewed cross peak to H H J, hf 
H '& hP

((li?S,2jRiS,45i?,5i?5,,9/?5)-9-Chloro-4-isobutyl-2-methyl-3-oxa-bicyclo[3.3.1]non- 

7-en-l-yl)-methanol (317): Pale yellow oil which solidified on cooling (187, mg, 18 

%), m.p. 70 -  72 °C ; vraax (neatycm'1 3442 (broad), 3024, 2955, 1467, 1369, 1107, 

1042; 5h (400 MHz; CDC13) 5.92 (1 H, app. dt, 7  10.0, 3.5, H6), 5.02 (1 H, app. dq, 7

10.0, 1.9, Ha), 4.48 (1 H, app. dd, 73.2,1.3, Hf), 3.91 (1 H, d, 711.4, H'), 3.69 (1 H, 

q, 76.4, H8), 3.57 (1 H, d, 711.4, tf), 3.56 -  3.51 (1 H, m, Hh), 2.32 (1 H, app. ddt, 7

19.3.6.0.2.7, I f ) ,  2.24 -  2.16 (1 H, m, I f1), 2.01 -  1.96 (1 H, m, I f ) , 1.67 (1 H, app. 

nonet, 76.6, H"’), 1.53 (1 H, app. ddd,713.9, 8.4, 6.4, Hk), 1 .16-1.10 (1 H, m, H1),

hf"

hbC H 1 Kf H i ^

hF h f
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1 . 0 8  ( 3  H ,  d ,  J  6 . 4 ,  C H 3- H 8 ) ,  0 . 8 4  ( 3  H ,  d ,  J  6 . 4 ,  o n e  o f  C H ( C H 3> 2 ) ,  0 . 8 3  ( 3  H ,  d ,  J

6 . 4 ,  o n e  o f  C H ^ h b ^ ) ;  6c  ( 1 0 0  M H z ;  C D C 1 3 )  1 3 0 . 9  ( a l k e n e  C H ) ,  1 2 1 . 9  ( a l k e n e  C H ) ,  

7 9 . 1  ( O - C H ) ,  7 6 . 4  ( O - C H ) ,  6 3 . 5  ( C l - C H  a n d  O - C H 2) ,  4 5 . 9  ( r i n g  C q ) ,  4 2 . 0  

( ( C H 3) 2- C H - C H 2 ) ,  4 0 . 2  ( r i n g  j u n c t i o n  C H - C H 2 ) ,  2 4 . 6  ( ( C H 3) 2- C H - C H 2 ) ,  2 3 . 2  

( = C H - C H 2 ) ,  2 3 . 0  ( C H 3 ) ,  2 2 . 5  ( C H 3 ) ,  1 6 . 2  ( C H 3 ) .

l H  -  ! H  C O S Y  e x p e r i m e n t  s h o w e d  t h e  f o l l o w i n g  c o r r e l a t i o n s

l-P l-P
l-P l-P K"

l-P, 8 = 5.02, shewed a  cross peak to hP, H c, l-P & hf
hP, 8  = 5.92, showed a  cross peak to  hP, hP&hP
l-P, 8  = 2.32, shewed a  cross peak to hP, hP, hP& hP
l-P, 8  = Z 24-Z  16, shewed a  cross peek to  hP, hP& h f
hP, 8 = Z01 -1.96, shcwBdacrosspeaktohf, hf& hP
hf, 8=4.48, showed a cross peak to hP&hP
l-P, 8  = 3.69, shewed a  cross peak to  CH3, 8  = 1.06
hP, 8 = Z56-3.51, shewed a cross peak to hf, hf&hP
H', 8 = 3.91, showed a cross peak to Hj
Hj, 8 = 3.57, shcwBd a cross peak to H'
hf, 8=1.53, shewed a cross peak to hf, hT&hP
H 1, 8=1.16-1.10, slxw ed a cross peak to  hf, hT&l-P
hT, 8 = 1.67, shewed a cross peak to hf, H'& two O h,
8 = 0.84 and 0.83
0 +3, 8  = 1.08, showed a  cross peak to  hP
CB3, 5 = 0.847 and O h, 8 = 0.83, showed a cross peak to
hT

N O E S Y  e x p e r i m e n t  s h o w e d  t h e  f o l l o w i n g  c o r r e l a t i o n s

Hi JLhP

H'

hP hP
hP hf h r

hP, 8  = 5.02, showed a  cross peak to hP, HJ&CH3, 8 =1.08 
hP, 8  = 5.92, showed a cross peak to hP, hP&hP 
hf, 8  = Z32, shewed a cross peak to hP, hP&hP 
hP, 8  = Z24-Z16,shcw Bdacrosspeakto hP,hP& hP 
hP, 8  = Z01 -1.96, shewed across peaktohF, hP, hf &hP 
hf, 8  = 4.48, showed a  cross peak to hP, hP&hP 
hP, 8 = 3 .69, showed a cross peak to hf, hP & O h , 8  

=1.08
hP, 8 = Z56 - 3.56 and hP, 8 = 3.57 showed a  cross peak to 
hP, hf, hf, hP, hP, hf& threeO h, 8 = 1.08, 0.84&0.83 
H', 8 = 3.91, shewed a  cross peak to HJ 
hf, 8 = 1.53, showed a  cross peak to hP, hT, H'&two 
CH3, 8 = 0.847 and 0.83
H1, 8 = 1.16-1.10 and O h, 8=1.06, shewed a cross peak 
tohP, hP, hP/hP, hT& hf
hT, 8 = 1.67, shewed a  cross peak to hf, H 1 & two O h ,
5 = 0.84 End 0.83
O h , 6 = 0.847 and O h, 8 = 0.83, shcwBdacrosspeakto 
hT&l-P
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(ljtS,3 ‘Sft)-l-Methyl-3-phenyl-2,4-dioxa-spiro[5.5]uiideca-7,10-dieiie (319)

Ph

310 319

C o n c e n t r a t e d  s u l p h u r i c  a c i d  ( 0 . 4 6  m l )  w a s  a d d e d  t o  a  s o l u t i o n  o f  d i o l  310 ( 2 . 0  g ,  

1 2 . 9 7  m m o l )  a n d  b e n z a l d e h y d e  ( 2 . 8 3  m l )  i n  D M F  ( 2 0  m l ) .  T h e  r e s u l t i n g  m i x t u r e  w a s  

s t i r r e d  a t  r o o m  t e m p e r a t u r e  u n d e r  a  n i t r o g e n  a t m o s p h e r e  f o r  7  d a y s .  T h e n  t h e  

r e a c t i o n  m i x t u r e  w a s  p o u r e d  i n t o  i c e - w a t e r  ( 1 0 0  m l )  c o n t a i n i n g  K 2C O 3 ( 6 9 0  m g )  a n d  

t h e  o r g a n i c  m a t e r i a l  w a s  e x t r a c t e d  i n t o  C H 2C I 2 ( 3  x  3 0  m l ) .  T h e  c o m b i n e d  e x t r a c t s  

w e r e  d r i e d  o v e r  N a 2S 04  a n d  c o n c e n t r a t e d  u n d e r  r e d u c e d  p r e s s u r e  t o  a f f o r d  a  y e l l o w  

o i l .  P u r i f i c a t i o n  b y  f l a s h  c h r o m a t o g r a p h y  ( e l u t i n g  w i t h  e t h y l  a c e t a t e - h e x a n e  0 . 3 : 9 . 7 )  

a f f o r d e d  t h e  title compound  ( 1 . 2  g ,  3 8  % )  a s  a  c o l o u r l e s s  o i l ;  v m a x  ( n e a t ) / c m _1 3 0 3 3 ,  

2 9 7 8 ,  2 8 4 0 ,  1 4 5 2 ,  1 4 0 0 ,  1 3 7 3 ,  1 1 6 1 ,  1 1 3 2 ,  1 0 8 7 ,  1 0 2 1 ,  9 7 0 ,  7 4 6 ;  S H  ( 4 0 0  M H z ;  

C D C I 3)  7 . 4 7  ( 2  H, m, 2 x  a r o m a t i c  C H ) ,  7 . 3 3  -  7 . 2 3  ( 3  H, m, 3 x  a r o m a t i c  C H ) ,  6 . 1 4  

( 1  H ,  a p p .  d q ,  J  1 0 . 4 ,  2 . 0 ,  o n e  o f  C H = C H - C H 2 ) ,  5 . 9 1  -  5 . 8 3  ( 2  H ,  m ,  2  x  

C H = C H - C H 2 ) ,  5 . 5 0  ( 1  H ,  s ,  O - C H - O ) ,  5 . 1 2  ( 1  H ,  a p p .  d q ,  J  1 0 . 4 ,  2 . 0 ,  o n e  o f  

C H = C H - C H 2 ) ,  3 . 8 3  ( 1  H ,  d ,  J 1 1 . 0 ,  o n e  o f  O - C H 2) ,  3 . 7 4  ( 1  H ,  q ,  J 6 . 4 ,  O - C H - C H 3) ,  

3 . 6 6  ( 1  H ,  d ,  J  1 1 . 0 ,  o n e  o f  0 - C H 2 ) ,  2 . 7 2  -  2 . 5 6  ( 2  H ,  m ,  r i n g  C H 2 ) ,  1 . 0 7  ( 3  H ,  d ,  J

6 . 4 ,  C H 3) ;  6 c  ( 1 0 0  M H z ;  C D C I 3)  1 3 8 . 6  ( a r o m a t i c  C q ) ,  1 2 9 . 0  ( a l k e n e  o r  p - a r o m a t i c  

C H ) ,  1 2 8 . 9  ( a l k e n e  o r  / 7- a r o m a t i c  C H ) ,  1 2 8 . 4  ( 2  x  o - a r o m a t i c  C H ) ,  1 2 6 . 6  ( a l k e n e ) ,  

1 2 6 . 3  ( 2  x  7w - a r o m a t i c  C H ) ,  1 2 6 . 2  ( a l k e n e  C H ) ,  1 2 5 . 4  ( a l k e n e  C H ) ,  1 0 2 . 0  ( O - C H - O ) ,  

8 0 . 0  ( O - C H - C H 3) ,  7 6 . 6  ( O - C H 2) ,  3 9 . 9  ( r i n g  C q ) ,  2 7 . 5  ( r i n g  C H 2 ) ,  1 7 . 0  ( C H 3 ) .
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Priiis cyclisation of benzaldehyde acetal 319

Ph

c r ^ o

y c .

319 320

Hi ^ 9  HB

T i t a n i u m  t e t r a c h l o r i d e  ( 2 . 0  m m o l ,  0 . 2 2  m l ,  2  e q u i v . )  w a s  c a r e f u l l y  a d d e d  t o  a  c o o l e d  

( - 7 8  ° C )  s o l u t i o n  o f  a c e t a l d e h y d e  a c e t a l  3 1 9  ( 1 . 0  m m o l ,  2 4 2 . 3  m g )  i n  d r y  C H 2C I 2 ( 2 0  

m l )  u n d e r  a  n i t r o g e n  a t m o s p h e r e .  T h e  r e s u l t i n g  m i x t u r e  w a s  s t i r r e d  a t  t h i s  

t e m p e r a t u r e  f o r  2  h  t h e n  c a r e f u l l y  q u e n c h e d  w i t h  w a t e r  ( 2 0  m l ) .  T h e  o r g a n i c  m a t e r i a l  

w a s  e x t r a c t e d  i n t o  C H 2C I 2 ( 2  x 2 0  m l ) .  T h e  c o m b i n e d  e x t r a c t s  w e r e  d r i e d  o v e r  

M g S C > 4,  a n d  c o n c e n t r a t e d  u n d e r  r e d u c e d  p r e s s u r e  t o  a f f o r d  p a l e  b r o w n  o i l .  

P u r i f i c a t i o n  b y  f l a s h  c h r o m a t o g r a p h y  ( e l u t i n g  w i t h  E t O A c - h e x a n e  1 : 9 )  a f f o r d e d  

a l d e h y d e  3 2 0  a s  a  p a l e  y e l l o w  s o l i d  ( 4 4  m g ,  1 8  % )  a n d  a l c o h o l  3 2 1  a s  c o l o u r l e s s  

c r y s t a l s  ( 7 0  m g ,  2 5 . 1 % )  r e s p e c t i v e l y .

(li?53^3^j7fl^f?)-3-M ethyl-l-phenyl-133fl>6,7,7fl-hexahydro- 

i s o b e n z o f u r a n - 4 - c a r b a l d e h y d e  ( 3 2 0 ) :  P a l e  y e l l o w  c r y s t a l l i n e  s o l i d  ( 4 4  m g ,  1 8  % ) ,  

m . p .  9 4  -  9 6  ° C  ( F o u n d :  ( M + N a ) +  2 6 5 . 1 2 0 0 .  C 16H 180 2 N a  r e q u i r e s  M ,  2 6 5 . 1 1 9 9 ) ;  

V m a x  ( C H 2C l 2) / c m ' '  2 9 6 6 ,  2 9 2 5 ,  2 8 8 5 , 2 8 0 5 ,  1 6 7 1 ,  1 6 3 7 ,  1 4 4 9 ,  1 1 7 2 ,  1 0 9 2 ,  1 0 2 7 ;  8 h  

( 4 0 0  M H z ;  C D C I 3)  9 . 4 0  ( 1  H ,  s ,  H * ) ,  7 . 2 7  ( 4  H ,  a p p .  d ,  J  4.4, 4  x a r o m a t i c  C H ) ,  7 . 2 2  

-  7 . 1 5  ( 1  H ,  m ,  a r o m a t i c  C H ) ,  6 . 9 4  ( 1  H ,  a p p .  d ,  J  4 . 8 ,  H b ) ,  5 . 0 4  ( 1  H ,  d , . /  4 . 4 , 1F ) ,  

4 . 5 7  ( 1  H ,  a p p .  d q ,  J  1 0 . 0 , 6 . 4 ,  H ' ) ,  3 . 3 9  ( 1  H ,  a p p .  t , . / 8 . 2 ,  H h ) ,  2 . 3 5  ( 1  H ,  a p p .  d t d ,  J

2 0 . 0 ,  5 . 3 , 1 . 3 ,  H c ) ,  2 . 2 1  ( 1  H ,  a p p .  d d t ,  J  1 3 . 1 , 6 . 8 , 4 . 6 ,  r i n g  j u n c t i o n  H 8 ) ,  2 . 1 4  -  2 . 0 2  

( 1  H ,  m ,  H d ) ,  1 . 1 8  ( 1  H ,  a p p .  d q ,  J  1 3 . 3 ,  5 . 3 ,  I F ) ,  1 . 0 9  -  1 . 0 1  ( 1  H ,  m ,  H f ) ,  0 . 9 9  ( 3  H ,  

d ,  J  6 . 4 ,  C H 3 ) ;  8 c  ( 1 0 0  M H z ;  C D C I 3)  1 9 4 . 3  ( H - C = 0 ) ,  1 5 2 . 9  ( = C H ) ,  1 4 0 . 8  ( a l k e n e  

C q ) ,  1 3 8 . 9  ( a r o m a t i c  C q ) ,  1 2 8 . 1  ( 2  x  o - a r o m a t i c  C H ) ,  1 2 7 . 0  (p-  a r o m a t i c  C H ) ,  1 2 5 . 9  

( 2  x  m - a r o m a t i c  C H ) ,  8 2 . 1  ( O - C H - P h ) ,  7 5 . 1  ( O - C H - C H 3) ,  4 1 . 6  ( C H = C q - C H ) ,  3 9 . 6  

( C H - C H 2- C H 2) ,  2 5 . 7  ( = C H - C H 2 ) ,  20.2  ( C H - C H 2 ) ,  2 0 . 0  ( C H 3 ) ;  m/z  ( A P C I )  2 6 0  ( M  +  

N H 4+ ,  1 0 0  % ) ,  2 5 7  ( 5 4 ) ,  1 9 8  ( 1 3 ) .
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*H -  *H COSY experim ent showed the follow ing correlations

hP, 5 = 6.94, showed a  cross peak to l-P
l-P, 8 = 2.35, shewed a  cross peak to l-P, hP&hP
hP, 8  = 214  - 2 .0 2 , showed a  cross peak to hP, hP& hf
hP, 8 = 1.18, shewed a  cross peak to hf, l-P, hP&hP
h f , 8  = 1.00-1.01, shewed a  cross peak to l-P, hP& hP
hP, 8 = 2 2 1 , showed a cross peak to hP, hf, l-P&Hj
hP, 8  = 3.39, showed a  cross peak to H 1 & l-P
H 1, 8 =4.57, showed a  cross peak to hP&Chb
Hj, 8  = 5.04, showed a  cross peak to hP
CH3,8 = 0.99, showed a cross peak to H1

NOES Y experiment showed the following correlations

hP, 8  = 6.94, showed a  cross peak to hP&hP
hP, 8 = 2.35, shewed a  cross peak to hP, hP&hP
hP, 8 = 2 1 4 -2 0 2 , showed a  cross peak to hf, hP&hP
hP, 8 = 1.18, showed a  cross peak to hP&hf
h f , 8  = 1.09-1.01, shewed a  cross peak to hP, hP& hP
hP, 8 = 2 2 1 , showed a  cross peak to hf,hP& H j
hf1, 8  = 3.39, showed a  cross pee* to hP, H ' & H
H ', 8  = 4.57, showed a  cross peak to hP & CH3

Hj, 8 = 5.04, showed a  cross peak to hP, hP & aromatic H
a t8 = 7.22-7.15
CH3 , 8  = 0.99 showed a  cross peak to H *

[(lifcS'^i?*S',4»S/?,5if5',9/f5)-9-Chloro-2-methyl-4-phenyl-3-oxa-bicyclo[33.1]non- 

7-en-l-yl]-methanol (321): Colourless crystalline solid (70 mg, 25 %), m.p. 144 -  

145 °C; Vnax ( C H 2C l 2 ) / c m ' '  3429 (broad), 3030,2924, 1653, 1451, 1387, 1368, 1310, 

1250, 1119, 1058, 1031, 724; 8h (400 MHz; C D C I 3 )  7.31 -  7.16 (5 H, m, 5 x 

aromatic C H ) ,  5.87(1 H, app. dt, 7  10.0, 3.4, Hb), 5.06 (1 H, app. dq, 7  10.0,1.9, H“), 

4.70 (2 H, broad resonance, H* and Hf), 3.96 (1 H, d, 711.2, H1), 3.90 (1 H, q, 76.2, 

H8), 3.64 (1 I I, d, J  11.2, HJ), 2.42 -  2.36 (1 H, m, ring junction Hc), 2.90 (1 H, app. 

ddt, J  19.3, 6.7, 2.7, H°), 1.87 - 1.78 (1 H, m, H 1), 1.20 (3 H, d, 76.2, C H 3) ;  6c (100 

MHz; C D C I 3 )  140.2 (aromatic Cq), 130.9 (alkene C H ) ,  128.2 (2 x  o-aromatic CH), 

127.2 ip- aromatic C H ) ,  125.6 (2 x  w-aromatic C H ) ,  121.5 (alkene), 81.7 

( O - C H - P h ) ,  77.1 ( O - C H - C H 3 ) ,  63.6 (0- C H 2) ,  63.1 ( C H - C 1) ,  46.6 (ring Cq), 41.9 

(O-CH-CH), 23.2 (ring CH2), 16.3 (CH3).

h^q. r  
O L h V Q  .h  j

hP hP

320
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]H -  *H COSY experim ent showed the follow ing correlations

Ph

321

l-P,8 = 5.06,shcwBdacrosspeakto hP, hP& l-P
l-P, 5 = 5.87, shewed a cross peak to HP & l-P 
hP, 8 = 2.09, showBd a cross peak to l-P, hP& H8
hP, 8 = 1.87-1.78, shewed a cross peak to hP, hP& l-F 
H8, 5 = 2.42 - Z36, showed a cross peak to l-P, l-P&hf 
hf & hP, 8 = 4.70, showed a cross peak to hP
l-P, 8 = 3.90, showed a cross peak to CH3 
H', 8 = 3.96, showed a cross peak to Hj 
HJ, 8 = 3.64, showed a cross peak to H'
CH3,8 = 1.20, showed a cross peak to hP

NOESY experiment showed the following correlations

Hi H3C hb

.s v s ?
hP'

hP hP

321

hP, 8 = 5.06 showed, a cross peak to hP,hP, hP, Hj, H 
&Chfe
hP, 8 = 5.87, showed a cross peak to hP, hP& hP 
hP, 8 =2.09, showed a cross peak to hP, hP, hP& hP 
hP, 8 = 1.87-1.78, showed a cross peak to hP, hP, hP& 
hP
hP, 8 = 2.42 - 236, showed a cross peak to aromatic 
protons, hP, hP, hP & hf
hf&hP, 8=4.70, showed a cross peak to aromatic 
protons, hP& HP
hP, 8 = 3.90, showed a cross peak to Chfe, hP& hf 
H', 8 = 3.96, showed a cross peak to H j, hP & OH 
H j, 8 = 3.64, showed a cross peak to H', hP & CH3 
CH3, 8 = 1.20, shewed a cross peak to hP, hP & Hj
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Table 1. Crystal data and structure refinement for compound 132.

Empirical formula 
Formula weight 
Temperature 
Wavelength
Crystal system, space group 
Unit cell dimensions

Volume
Z, Calculated density 
Absorption coefficient 
F(000)
Crystal size
Theta range for data collection
Limiting indices
Reflections collected / unique
Completeness to theta = 27.51
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole

Ci6Hi605S
320.35 
150(2) K 
0.71073 A
Monoclinic, P 21/n
a = 7.6838(3) A, a  = 90°
b = 9.4701(4) A, p = 100.667(2)°
c = 20.2770 (11) A, y = 90°
1449.99(11) A3
4, 1.4 67 Mg/m3
0.24 5 mm”1
672
0.20 x 0.20 x 0.20 mm 
2.97 to 27.51 °
-9<=h<=9, -10<=k<=12, -20<=1<=26 
8584 / 3275 [R(int) = 0.0941]
98.4 %
Semi-empirical from equivalents 
0.9526 and 0.9526 
Full-matrix least-squares on F2 
3275 / 0 / 199 
1.079

R i  = 0.0816, w R 2 = 0.1771 
Ri = 0.1309, w R 2 = 0.1949 
0.518 and -0.642 e . A ”3
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic
displacement parameters (A2 x 103) for compound 132 .
U(eq)  i s  d e f i n e d  a s  
t e n s o r .

o n e  t h i r d  o f  t h e  t r a c e  o f  t h e  o r t h o g o n a l i s e d

X y z U(eq)

C ( l ) 6 4 8 ( 6 ) 1942(5) 2 6 1 8 ( 2 ) 21 (1)
C (2) - 6 3 0 ( 6 ) 747(5) 2368 (2) 17 (1)
C (3) - 3 8 2 ( 6 ) - 8 1 ( 5 ) 1 7 2 6 ( 2 ) 18 (1)
C (4) - 2 1 7 4 ( 6 ) - 1 8 8 ( 5 ) 1 2 4 5 ( 2 ) 2 3 ( 1 )
C (5) - 2 8 0 2 ( 6 ) 1 207(5) 9 2 5 ( 2 ) 24 (1)
C (6) - 1 4 2 2 ( 6 ) 2 228( 5 ) 8 3 0 ( 2 ) 24 (1)
C (7) 2 9 1 ( 6 ) 1974(5) 1 0 4 3 ( 2 ) 2 2  (1)
C (8) 1 0 3 0 ( 6 ) 640(5) 1 3 9 3 ( 2 ) 2 0 ( 1 )
C (9) 1 6 8 2 ( 6 ) - 334  (5) 8 8 3 ( 2 ) 24  (1)
C(10) 2 6 2 2 ( 6 ) 971(5) 1 9 4 2 ( 2 ) 2 3 ( 1 )
C ( l l ) - 1 8 1 1 ( 6 ) 326(5) 3 5 9 6 ( 2 ) 1 9 ( 1 )
C (12) - 1 0 0 7 ( 6 ) 8 43(5) 4 2 2 0 ( 3 ) 2 5 ( 1 )
C (13) - 2 0 7 8  (7) 1356(5) 4 6 5 2 ( 3 ) 2 8 ( 1 )
C (14) - 3 8 9 3 ( 6 ) 1368(5) 4 4 5 0 ( 3 ) 27  (1)
C (15) - 4 6 8 4 ( 6 ) 889(5) 3 8 2 0 ( 3 ) 28  (1)
C (16) - 3 6 4 5 ( 6 ) 354(5 ) 3 3 8 7 ( 2 ) 22 (1)
0 ( 1 ) 2197  (4) 2 023( 3 ) 2 4 0 6 ( 2 ) 23 (1)
0 ( 2 ) 297 (5) 2815(4 ) 3 0 0 6 ( 2 ) 31 (1)
0 ( 3 ) 1297 (4) - 5 3 9 ( 4 ) 3412 (2) 2 6 ( 1 )
0 ( 4 ) - 1 3 9 5 ( 4 ) - 1 7 5 1  (3) 2802 (2) 25 (1)
0 ( 5 ) - 4 3 6 6 ( 4 ) 1482 (4) 742 (2) 37 (1)
S ( l ) - 5 1 7  (2) - 4 7 0 ( 1 ) 3 0 6 7 ( 1 ) 1 9 ( 1 )



Table 3. Bond lengths [A] and angles [°] for compound 132 .

c l ) - 0 ( 2 ) 1 . 2 0 4  (6) C 5 ) - C (4 )- H (4A) 1 0 9 . 0
c 1 ) - 0 ( 1 ) 1 . 3 4 1  (5) C 3 ) - C ( 4 ) - H ( 4A) 1 0 9 . 0
c 1 ) - C (2) 1 . 5 2 3 ( 6 ) C 5 ) - C ( 4 ) - H (4B) 1 0 9 . 0c 2 ) - C (3) 1 . 5 6 1 ( 6 ) C 3 ) - C ( 4 ) -H(4B) 1 0 9 . 0
c 2) - S (1) 1 . 8 1 7  (4) H 4 A ) - C ( 4 ) - H (4B) 1 0 7 . 8
c 2 ) - H (2) 1 . 0 0 0 0 O 5) - C ( 5 ) - C (6) 1 2 0 . 9 ( 5 )c 3 ) - C (4) 1 . 5 3 6 ( 6 ) O 5 )- C (5 ) - C (4) 1 2 2 . 4  (5)
c 3 ) - C (8) 1 . 5 3 9 ( 6 ) C 6 ) - C ( 5 ) -C (4) 1 1 6 . 7 ( 4 )
c 3 ) - H (3) 1 . 0 0 0 0 C 7 ) - C ( 6 ) - C ( 5 ) 1 2 2 . 2 ( 5 )c 4 ) - C (5) 1 . 5 1 1  (7) C 7 )- C (6 ) - H (6) 1 1 8 . 9c 4 ) - H (4 A) 0 . 9 9 0 0 C 5) -C (6) -H (6) 1 1 8 . 9c 4 )- H (4B) 0 . 9 9 0 0 C 6 ) - C ( 7 )- C (8) 1 2 4 . 6 ( 4 )
c 5 ) - 0 ( 5 ) 1 . 2 1 8 ( 6 ) C 6 ) - C ( 7 ) -H (7) 1 1 7 . 7
c 5 ) - C (6) 1 . 4 7 3 ( 7 ) C 8 ) - C (7 )- H (7 ) 1 1 7 . 7c 6 ) - C (7) 1 . 3 3 0 ( 7 ) C 7 ) - C ( 8 ) - C (10) 1 1 0 . 6 ( 4 )
c 6) - H (6) 0 . 9 5 0 0 C 7 ) - C ( 8 ) - C (9) 1 0 9 . 1 ( 4 )c 7 )- C ( 8 ) 1 . 5 0 8  (7) C 1 0 ) - C ( 8 )- C ( 9 ) 1 0 7 . 3  (4)c 7 )- H (7 ) 0 . 9 5 0 0 C 7 ) - C ( 8 ) - C ( 3 ) 1 1 0 . 1 ( 4 )c 8 ) - C (10) 1 . 5 2 6 ( 6 ) C 1 0 )- C (8 ) - C (3 ) 1 0 7 . 8 ( 4 )c 8 ) - C (9) 1 . 5 3 7 ( 6 ) C 9 ) - C ( 8 ) - C (3) 1 1 1 . 8  (4)
c 9) - H( 9A) 0 . 9 8 0 0 C 8 ) - C (9 ) - H (9A) 1 0 9 . 5c 9 ) - H (9B) 0 . 9 8 0 0 c 8 ) - C (9 ) - H (9B) 1 0 9 . 5c 9 ) - H (9C) 0 . 9 8 0 0 H 9 A ) - C ( 9 ) - H ( 9 B ) 1 0 9 . 5c l O ) - O ( l ) 1 . 4 4 9 ( 6 ) C 8 ) - C (9 ) - H (9C) 1 0 9 . 5c 1 0 ) - H ( 1 0 A) 0 . 9 9 0 0 H 9 A ) - C ( 9 ) - H ( 9 C ) 1 0 9 . 5c 1 0 ) - H( 10B) 0 . 9 9 0 0 H 9 B ) - C ( 9 ) - H ( 9 C ) 1 0 9 . 5c 1 1 ) - C (1 2 ) 1 . 3 9 0 ( 7 ) O 1 ) - C ( 1 0 ) -C (8) 1 1 1 . 6 ( 4 )
c 1 1 ) - C (16) 1 . 3 9 5 ( 6 ) O 1 ) - C ( 1 0 )- H ( 10A) 1 0 9 . 3c l l ) - S ( l ) 1 . 7 6 1 ( 4 ) C 8 ) - C (1 0 ) - H (10A) 1 0 9 . 3c 1 2 ) - C (13) 1 . 3 9 5 ( 7 ) O 1 ) - C (1 0 ) - H (10B) 1 0 9 . 3c 1 2 )- H (1 2 ) 0 . 9 5 0 0 C 8 ) - C (1 0 )- H (10B) 1 0 9 . 3c 1 3 ) - C (14) 1 . 3 7 9 ( 7 ) H 1 0 A ) - C (1 0 )- H (10B) 1 0 8 . 0c 1 3 ) - H (1 3 ) 0 . 9 5 0 0 C 1 2 )- C (1 1 )- C (16) 1 2 1 . 6 ( 4 )c 1 4 ) - C (1 5 ) 1 . 3 8 5 ( 7 ) C 1 2 )- C (1 1 )- S  (1 ) 1 1 9 . 9 ( 4 )c 1 4 ) - H (1 4 ) 0 . 9 5 0 0 C 1 6 ) - C ( 1 1 ) - S (1) 1 1 8 . 4  (4)c 1 5 ) - C (16) 1 . 3 8 8 ( 6 ) C 1 1 )- C (1 2 )- C (13) 1 1 8 . 6  (4)c 1 5 ) - H (1 5 ) 0 . 9 5 0 0 c 1 1 )- C (1 2 )- H (1 2 ) 1 2 0 . 7c 1 6 ) - H (16) 0 . 9 5 0 0 c 1 3 )- C (1 2 )- H (1 2 ) 1 2 0 . 7
0 3 ) - S (1) 1 . 4 4 0 ( 3 ) c 14) -C (13)  -C (12) 1 1 9 . 9 ( 5 )
0 4 ) - S (1 ) 1 . 4 4 2 ( 3 ) c 1 4 ) - C ( 1 3 ) - H (13) 1 2 0 . 0c 1 2 )- C (1 3 ) - H (1 3 ) 1 2 0 . 0
0 2 )- C (1 )- 0 (1 ) 1 1 9 . 3 ( 4 ) c 1 3 ) - C ( 1 4 ) - C (15) 1 2 1 . 2  (5)
0 2 )- C (1 ) - C ( 2 ) 1 2 1 . 3 ( 4 ) c 1 3 )- C (1 4 )-H (1 4 ) 1 1 9 . 4
0 1 ) - C ( 1 ) -C (2) 1 1 9 . 4  (4) c 1 5 ) - C ( 1 4 ) - H (14) 1 1 9 . 4c 1) -C (2) -C (3) 1 1 8 . 7  (4) c 1 4 ) - C ( 1 5 ) - C (16) 1 1 9 . 8 ( 4 )c 1 ) - C ( 2 ) - S (1) 1 0 6 . 1 ( 3 ) c 1 4 ) - C ( 1 5 ) - H (15) 1 2 0 . 1c 3 ) - C ( 2 ) - S  (1) 1 0 9 . 7  (3) c 1 6 ) - C ( 1 5 ) - H (15) 1 2 0 . 1c 1 ) - C ( 2 ) - H ( 2 ) 1 0 7 . 3 c 1 5 ) - C ( 1 6 ) - C ( l l ) 1 1 8 . 8  (4)c 3 ) - C ( 2 ) - H (2) 1 0 7 . 3 c 1 5 ) - C ( 1 6 ) - H (16) 1 2 0 . 6s 1 ) - C ( 2 ) - H (2) 1 0 7 . 3 c 1 1 ) - C ( 1 6 ) - H (16) 1 2 0 . 6c 4 ) - C ( 3 ) - C ( 8 ) 1 1 1 . 9 ( 4 ) c l ) - O ( l ) - C d O ) 1 1 9 . 3 ( 4 )c 4 ) - C ( 3 ) - C (2) 1 0 9 . 2 ( 4 ) 0 3 ) - S ( 1 ) - 0 ( 4 ) 1 1 9 . 1 ( 2 )c 8 ) - C (3)- C (2) 1 1 0 . 3 ( 4 ) 0 3) - S  (1) -C (11) 1 0 9 . 2  (2)c 4 ) - C ( 3 ) - H (3) 1 0 8 . 4 0 4 ) - S ( 1 ) - C (11) 1 0 8 . 0 ( 2 )c 8 ) - C (3 ) - H (3 ) 1 0 8 . 4 0 3 ) - S ( 1 ) - C (2) 1 0 8 . 0  (2)c 2) -C (3) -H (3) 1 0 8 . 4 0 4 ) - S ( 1 ) - C (2) 1 0 7 . 0  (2)c 5 ) - C (4 ) - C (3) 1 1 3 . 1  (4) c 1 1 ) - S ( 1 ) - C (2) 1 0 4 . 6 ( 2 )
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Table 1. Crystal data and structure refinement for compound 133.

Empirical formula 
Formula weight 
Temperature 
Wavelength
Crystal system, space group 
Unit cell dimensions

Volume
Z, Calculated density 
Absorption coefficient 
F(000)
Crystal size 
Theta range for data collection 3.39 to 29.99'

C16H16O4S 
304.35 
180(2) K 
0.71073 A
Monoclinic, P 21/c
a = 10.8528 (3) A, a  =
b = 12.0026(3) A, p =
c = 11.7968(3) A, y =
1448.63(7) A3 
4, 1.395 Mg/m3
0.236 mm-1 
640
0.25 x 0.20 x 0.10 mm

90°
109.4890 
90°

1 0 )

Limiting indices
Reflections collected / unigue
Completeness to theta = 29.99
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole

-15<=h<=15, -16<=k<=16, -16<=1<=16 
26398 / 4208 [R(int) = 0.1258]
99.8 %
Semi-empirical from eguivalents 
0.9768 and 0.9433 
Full-matrix least-sguares on F2 
4208 / 0 / 191 
1.033
R1 = 0.0591, w R 2 = 0.1313 
R1 = 0.0964, w R 2 = 0.1471 
0.298 and -0.620 e . A ' 3
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic
displacement parameters (A2 x 103) for compound 133 .
U(eq)  i s  d e f i n e d  a s  
t e n s o r .

o n e  t h i r d  o f  t h e  t r a c e  o f  t h e  o r t h o g o n a l i s e d

X y z U(eq)

C ( l ) 308 (2) 3297( 2 ) 6 3 3 8 ( 2 ) 37 (1)
C (2) - 1 0 3 5  (2) 3136( 2 ) 5969 (2) 4 0 ( 1 )
C (3) - 1 7 7 4  (2) 3233(2 ) 4 7 7 3 ( 2 ) 4 1 ( 1 )
C (4) - 1 1 9 6 ( 2 ) 3 510( 2 ) 3934 (2) 3 9 ( 1 )
C (5) 140 (2) 3 670( 2 ) 4282 (2) 35 (1)
C (6) 8 8 6 ( 2 ) 35 3 8 ( 2 ) 5 4 9 3 ( 2 ) 31 (1)
C (7) 3 0 4 6 ( 2 ) 23 1 5 ( 2 ) 5 5 4 6 ( 2 ) 28 (1)
C (8) 2547  (2) 1 398( 2 ) 6195 (2) 25 (1)
C (9) 1 3 6 2 ( 2 ) 8 0 0 ( 2 ) 5318 (2) 28 (1)
C(10) 1720  (2) 48 ( 2 ) 4 4 5 3 ( 2 ) 2 9 ( 1 )
C ( l l ) 3 0 3 6 ( 2 ) - 438  (2) 4 8 6 0 ( 2 ) 34 (1)
C (12) 3 8 9 7 ( 2 ) - 218  (2) 5 9 3 8 ( 2 ) 34 (1)
C (13) 3 6 2 9 ( 2 ) 563 (2) 6834 (2) 28 (1)
C (14) 3257  (2) - 1 1 3 ( 2 ) 7780 (2) 4 8 ( 1 )
C (15) 4852 (2) 1231 (2) 7497 (2) 35 (1)
C (16) 4505  (2) 2 3 8 8 ( 2 ) 5 7 5 7 ( 2 ) 30 (1)
0 ( 1 ) 3115  (2) 3 7 5 1 ( 2 ) 7 2 8 8 ( 2 ) 66 ( 1 )
0 ( 2 ) 4 9 2 3 ( 2 ) 2 9 2 6 ( 1 ) 5 1 0 8 ( 1 ) 4 5 ( 1 )
0 ( 3 ) 5342  (1) 1854 (1) 6689 (1) 3 4  ( 1 )
0 ( 4 ) 9 1 4 ( 1 ) - 1 9 7 ( 1 ) 3478 (1) 4 0 ( 1 )

S (1) 26 2 0  (1) 37 2 8 ( 1 ) 5 9 5 0 ( 1 ) 4 7  ( 1 )
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Table 3. Bond lengths [A] and angles [°] for compound 133 .

c l ) - c ( 6 ) 1 . 3 7 4  (3)
c 1 ) - C (2) 1 . 3 8 8 ( 3 )
c l ) - H ( l ) 0 . 9 5 0 0
c 2 ) - C (3) 1 . 3 7 6 ( 3 )
c 2 ) -H (2) 0 . 9 5 0 0
c 3 ) - C (4) 1 . 3 7 8 ( 3 )
c 3 ) - H (3) 0 . 9 5 0 0
c 4 ) - C (5) 1 . 3 8 3 ( 3 )
c 4 ) ~H (4) 0 . 9 5 0 0
c 5 ) - C (6) 1 . 3 9 6 ( 3 )
c 5 ) - H (5) 0 . 9 5 0 0
c 6 ) -S (1) 1 . 7 9 1 1 ( 1 9 )
c 7 ) - C (16) 1 . 5 2 1 ( 3 )
c 7 ) - C (8) 1 . 5 3 9 ( 3 )
c 7 ) -S (1) 1 . 8 6 1 6 ( 1 9 )
c 7 ) - H (7) 1 . 0 0 0 0
c 8 ) - C (9) 1 . 5 3 3 ( 2 )
c 8 ) - C (13) 1 . 5 3 6 ( 2 )
c 8 ) -H (8) 1 . 0 0 0 0
c 9 ) - C (10) 1 . 5 0 7 ( 3 )
c 9) -H(9A) 0 . 9 9 0 0
c 9 ) - H ( 9B) 0 . 9 9 0 0
c 1 0 ) - 0 ( 4 ) 1 . 2 2 6 ( 2 )
c l O ) - C ( l l ) 1 . 4 6 7 ( 3 )
c 1 1 ) - C (12) 1 . 3 3 0 ( 3 )
c l l ) - H ( l l ) 0 . 9 5 0 0
c 1 2 ) - C (13) 1 . 5 1 1 ( 3 )
c 1 2 ) - H (12) 0 . 9 5 0 0
c 1 3 ) - C (15) 1 . 5 2 4  (3)
c 1 3 ) - C (14) 1 . 5 3 8 ( 3 )c 1 4) - H( 14A) 0 . 9 8 0 0c 1 4 ) -H(14B) 0 . 9 8 0 0c 1 4 ) - H (14C) 0 . 9 8 0 0c 1 5 ) - 0 ( 3 ) 1 . 4 4 5 ( 2 )c 1 5 ) - H ( 15A) 0 . 9 9 0 0c 1 5 ) -H(15B) 0 . 9 9 0 0c 1 6 ) - 0 ( 2 ) 1 . 2 0 0  (2)c 1 6 ) - 0 ( 3 ) 1 . 3 3 4  (2)
0 l) -S(l) 1 . 4 8 8 ( 2 )

c 6 ) - C ( 1 ) - C (2) 1 1 9 . 1 5 ( 1 8 )c 6 ) - C ( 1 ) - H (1) 1 2 0 . 4c 2 ) - C ( 1 ) - H (1) 1 2 0 . 4c 3 ) - C ( 2 ) - C (1) 1 2 0 . 1  (2)c 3 ) - C ( 2 ) - H (2) 1 1 9 . 9c 1 ) - C ( 2 ) - H ( 2 ) 119 .  9c 2 ) - C ( 3 ) -C (4) 1 2 0 . 5 ( 2 )c 2) -C (3) -H (3) 1 1 9 . 7c 4 ) ~ C ( 3 ) - H (3) 1 1 9 . 7c 3 ) - C ( 4 ) - C (5) 1 2 0 . 2 5 ( 1 9 )c 3 ) - C ( 4 ) - H (4) 1 1 9 . 9c 5 ) - C ( 4 ) - H (4) 1 1 9 . 9c 4 ) - C ( 5 ) - C (6) 1 1 8 . 8  (2)c 4 ) - C ( 5 ) - H (5) 1 2 0 . 6c 6 ) - C ( 5 ) - H (5) 120 .  6

C 1 ) - ■C ( 6) -C (5) 1 2 1 . 1 5  (18)
C 1 ) - ■C( 6 ) - S  (1) 1 1 9 . 7 5  (15)
C 5 ) - ■C (6) -S (1 ) 1 1 9 . 0 7  (17)
C 16) - C ( 7 ) - C (8) 1 1 8 . 6 7 ( 1 5 )
C 16) - C ( 7 ) - S (1) 1 0 3 . 8 3  (12)
C 8 ) - -C( 7 ) -S (1) 1 1 1 . 4 7 ( 1 3 )
C 16) - C ( 7 ) - H ( 7 ) 1 0 7 . 4
C 8 ) - -C (7) -H (7) 1 0 7 . 4
S 1 ) - ■C (7) -H (7 ) 1 0 7 . 4
C 9 ) - ■C (8) -C (13) 1 1 0 . 9 4 ( 1 5 )
C 9 ) - ■C (8) -C (7) 1 1 0 . 7 4 ( 1 5 )
C 13) - C ( 8 ) - C (7) 1 1 1 . 8 5 ( 1 4 )
C 9 ) - -C (8) -H (8) 1 0 7 . 7
C 13) - C ( 8 ) - H (8) 1 0 7 . 7
C 7 ) - C ( 8 ) - H (8) 1 0 7 . 7
C 10) -C ( 9 ) - C (8) 1 1 2 . 9 4 ( 1 5 )
C 10) - C ( 9 ) - H ( 9A) 1 0 9 . 0
C 8 ) - C ( 9 ) - H ( 9A) 1 0 9 . 0c 10) - C ( 9 ) - H ( 9B) 1 0 9 . 0c 8 ) - C ( 9 ) - H ( 9B) 1 0 9 . 0
H 9A) -C (9) -H ( 9B) 1 0 7 . 80 4 ) - C ( 1 0 ) - C ( l l ) 1 2 1 . 5 5 ( 1 9 )
0 4 ) - C ( 1 0 ) - C (9) 1 2 1 . 0 0  (17)c 11) - C ( 1 0 ) - C (9) 1 1 7 . 3 1 ( 1 6 )c 12) - C ( l l ) - C ( 1 0 ) 1 2 2 . 0 7  (18)c 12) - C ( l l ) - H (11) 1 1 9 . 0c 10) - C ( l l ) - H ( l l ) 1 1 9 . 0c 11) -C (12)  -C (13) 1 2 3 . 6 5 ( 1 7 )c 11) - C ( 1 2 ) - H (12) 1 1 8 . 2c 13) - C (1 2 )- H (1 2 ) 1 1 8 . 2
c 12) - C ( 1 3 ) - C (15) 1 1 0 . 3 2 ( 1 6 )c 12) - C ( 1 3 ) - C (8) 1 1 0 . 8 2 ( 1 5 )c 15) - C ( 1 3 ) -C (8) 1 0 7 . 5 3 ( 1 6 )c 12) - C ( 1 3 ) - C (14) 1 0 9 . 7 8  (17)c 15) - C ( 1 3 ) - C (14) 1 0 7 . 4 2 ( 1 6 )c 8 ) - C ( 1 3 ) - C (14) 1 1 0 . 8 9 ( 1 6 )
c 13) - C ( 1 4 ) - H ( 14A) 1 0 9 . 5
c 13) - C ( 1 4 ) - H (14B) 1 0 9 . 5
H 14A) -C (14 ) -H (14B) 1 0 9 . 5
c 13) - C (1 4 )- H (14C) 1 0 9 . 5
H 14A ) - C (1 4 ) - H ( 14C) 1 0 9 . 5
H 1 4 B ) - C (1 4 )- H ( 14C) 1 0 9 . 50 3 ) - C (1 5 ) - C (13) 1 1 2 . 4 9 ( 1 5 )0 3 ) - C (1 5 ) - H (15A) 1 0 9 . 1
C 13) - C (1 5 ) - H (15A) 1 0 9 . 1
O 3)- C (1 5 ) - H (15B) 1 0 9 . 1C 13) - C (1 5 ) - H (15B) 1 0 9 . 1
H 1 5 A)- C (1 5 ) - H (15B) 1 0 7 . 8
O 2)- C ( 1 6 ) - O (3) 1 1 9 . 0 9 ( 1 8 )
O 2)- C ( 1 6 ) -C ( 7 ) 1 2 1 . 4 2  (18)
O 3 ) - C ( 1 6 ) - C (7) 1 1 9 . 4 9 ( 1 7 )
C 16) - O ( 3 ) - C (15) 1 1 9 . 5 8 ( 1 4 )
O 1)- S (1 ) - C (6) 1 0 7 . 0 4 ( 1 1 )
O 1)- S (1) - C (7) 1 0 4 . 7 8 (9)
c 6 ) - S ( l ) - C ( 7 ) 9 7 . 6 1 ( 8 )

287



Table 1. Crystal data and structure refinement for compound 134.

C(1)
0(1)

C(4)

C(9)

0 (2)

Empirical formula 
Formula weight 
Temperature 
Wavelength
Crystal system, space group 
Unit cell dimensions

Volume
Z, Calculated density 
Absorption coefficient 
F(OOO)
Crystal size
Theta range for data collection 
Limiting indices 
Reflections collected / unigue 
Completeness to theta = 27.55 
Absorption correction 
Max. and min. transmission 
Refinement method 
Data / restraints / parameters 
Goodness-of-fit on F2 1
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole

C9H10O3
166.17 
150(2) K 
0.71073 A
Monoclinic, P 21/n
a = 7.5260(3) A, a  = 90.000(2)°
b = 5.9400(3) A, p = 99.857(2)°
c = 18.1810(9) A, y = 90.000(2)°
800.77(7) A3
4, 1.378 Mg/m3
0.104 mm"1
352
0.25 x 0.08 x 0.05 mm 
3.15 to 27.55°
-9<=h<=9, -7<=k<=7, -23<=1<=19 
9358 / 1826 [R(int) = 0.1204]
98.5 %
Semi-empirical from equivalents 
0.9948 and 0.9746 
Full-matrix least-squares on F2 
1826 / 0 / 112 
.028
R1 = 0.0616, w R 2 = 0.1223 
R1 = 0.1067, w R 2 = 0.1439 
0.236 and -0.327 e . A "3
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic
displacement parameters (A2 x 103) for compound 134
U(eq)  i s  d e f i n e d  a s  
t e n s o r .

o n e  t h i r d  o f  t h e  t r a c e  o f  t h e  o r t h o g o n a l i s e d

X y z U(eq)

C ( l ) - 3 8 3  (3) 4428 (4) 3227 (1) 2 3 ( 1 )
C (2) 4 7 0 ( 3 ) 2378 (4) 3126  (1) 22 (1)
C (3) 2 6 0 5 ( 3 ) 1803(4 ) 4 3 4 9 ( 1 ) 28 (1)
C (4) 7 3 4 ( 3 ) 1727 (4) 2415 (1) 24 (1)
C (5) - 9 2 3 ( 3 ) 5781 (4) 2607 (1) 2 6 ( 1 )
C (6) 1 4 3 ( 3 ) 3091 (4) 1 8 0 9 ( 1 ) 2 4 ( 1 )
C (7) - 7 5 4 ( 3 ) 5141 (4) 3 9 8 2 ( 1 ) 3 2 ( 1 )
C (8) - 6 7 2  (3) 51 4 2 ( 4 ) 1 8 9 8 ( 1 ) 2 5 ( 1 )
C (9) 1073  (3) 8 5 9 ( 4 ) 3787 (1) 2 7 ( 1 )
0 ( 1 ) 3601  (2) 3 2 9 0 ( 3 ) 4 2 3 1 ( 1 ) 37 (1)
0 ( 2 ) 2 7 6 6 ( 2 ) 7 4 6 ( 3 ) 5 0 0 1 ( 1 ) 3 6 ( 1 )
0 ( 3 ) 3 4 2 ( 2 ) 25 0 4 ( 3 ) 1 0 8 9 ( 1 ) 3 1 ( 1 )
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Table 3. Bond lengths [A] and angles [°] for compound 1 3 4 .

c 1 ) - c 5) 1 . 3 8 7 ( 3 ) 0 1 ) - C ( 3 ) - 0 ( 2 ) 1 2 2 . 9 ( 2 )
c 1 ) - c 2) 1 . 4 0 3  (3) 0 1 ) - C ( 3 ) - C (9) 1 2 5 . 4  (2)
c 1 ) - c 7) 1 . 5 0 9  (3) 0 2 ) - C ( 3 ) - C (9) 1 1 1 . 7  (2)
c 2) -C 4) 1 . 3 9 6 ( 3 ) C 6 ) - C ( 4 ) - C (2) 1 2 0 . 0  (2)
c 2) -C 9) 1 . 5 0 8 ( 3 ) C 6 ) - C ( 4 ) - H (4) 1 2 0 . 0
c 3) - 0 1) 1 . 2 0 1  (3) C 2 ) - C ( 4 ) - H (4) 1 2 0 . 0
c 3) - 0 2) 1 . 3 2 9 ( 3 ) C 1 ) - C ( 5 ) - C (8) 1 2 1 . 9 ( 2 )
c 3) -C 9) 1 . 5 1 2  (3) C 1 ) - C ( 5 ) - H (5) 1 1 9 . 0
c 4 ) - C 6) 1 . 3 7 9 ( 3 ) C 8 ) - C ( 5 ) - H (5) 1 1 9 . 0
c 4) -H 4) 0 . 9 5 0 0 C 4 ) - C ( 6 ) - C (8) 1 2 0 . 8 ( 2 )
c 5) -C 8) 1 . 3 8 9 ( 3 ) C 4 ) - C ( 6 ) - 0 ( 3 ) 1 2 2 . 3 ( 2 )c 5) -H 5) 0 . 9 5 0 0 C 8 ) - C ( 6 ) - 0 ( 3 ) 1 1 6 . 8 8 ( 1 9 )c 6) -C 8) 1 . 3 8 5  (3) C 1 ) - C ( 7 ) - H (7A) 1 0 9 . 5c 6) - 0 3) 1 . 3 8 7  (2) C 1 ) - C ( 7 ) - H ( 7 B ) 1 0 9 . 5c 7) -H 7A) 0 . 9 8 0 0 H 7 A ) - C ( 7 ) - H ( 7 B ) 1 0 9 . 5c 7) -H 7B) 0 . 9 8 0 0 C 1 ) - C ( 7 ) - H (7C) 1 0 9 . 5
c 7) -H 7C) 0 . 9 8 0 0 H 7 A ) - C ( 7 ) - H ( 7 C ) 1 0 9 . 5
c 8) -H 8) 0 . 9 5 0 0 H 7 B ) - C ( 7 ) - H ( 7 C ) 1 0 9 . 5
c 9) -H 9A) 0 . 9 9 0 0 C 6 ) - C ( 8 ) - C (5) 1 1 8 . 8  (2)
c 9) -H 9B) 0 . 9 9 0 0 C 6 ) - C (8 ) - H (8 ) 1 2 0 .  6
0 2) -H 2) 0 . 8 4 0 0 C 5 ) - C ( 8 ) - H (8) 1 2 0 . 6
0 3) -H 3) 0 . 8 4 0 0 C 2 ) - C ( 9 ) - C (3) 1 1 4 . 0 0 ( 1 9 )

C 2 ) - C ( 9 ) - H ( 9A) 1 0 8 . 8c 5) -C 1 ) - C (2) 1 1 8 . 3 ( 2 ) C 3 ) - C ( 9 ) - H ( 9A) 1 0 8 . 8
c 5) -C 1 ) ~C (7 ) 1 2 0 . 2 ( 2 ) C 2 ) - C ( 9 ) - H ( 9B) 1 0 8 . 8
c 2) -C 1) ~C (7 ) 1 2 1 . 5 ( 2 ) C 3 ) - C ( 9 ) - H ( 9B) 1 0 8 . 8
c 4) -C 2 ) -C (1) 1 2 0 . 1  (2) H 9A) - C ( 9 ) - H ( 9B) 1 0 7 . 6
c 4) -C 2 ) - C (9) 1 2 0 . 0 ( 2 ) C 3 ) - 0 ( 2 ) - H (2) 1 0 9 . 5
c 1 ) - c 2 ) - C ( 9) 1 1 9 . 8 5 ( 1 9 ) C 6 ) - 0 ( 3 ) - H (3) 1 0 9 . 5
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Table 1. Crystal data and structure refinement for compound 141.

0(1)

Empirical formula 
Formula weight 
Temperature 
Wavelength
Crystal system, space group 
Unit cell dimensions

Volume
Z, Calculated density 
Absorption coefficient 
F(000)
Crystal size
Theta range for data collection
Limiting indices
Reflections collected / unigue
Completeness to theta = 27.48
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole

C18H18O4S
330.38 
150(2) K 
0.71073 A
Monoclinic, P 21/c
a = 11.2302(3) A, a  = 90°
b = 11.2665(4) A, p = 95.6720(10)°
c = 12.7755(5) A, y = 90°
1608.51(10) A3
4, 1.364 Mg/m3
0.219 mm-1
696
0.23 x 0.15 x 0.15 mm 
2.93 to 27.48°
-13<=h<=12, -14<=k<=14, -16<=1<=16 
10072 / 3380 [R(int) = 0.0543]
91.3 %
Semi-empirical from equivalents 
0.9679 and 0.9514 
Full-matrix least-squares on F2 
3380 / 0 / 208 

1.058
R1 = 0.0501, w R 2 = 0.1060 
R1 = 0.0725, w R 2 = 0.1147 
0.456 and -0.383 e.A"3
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T a b l e  2 .  A t o m i c  c o o r d i n a t e s  ( x 1 04) a n d  e q u i v a l e n t  i s o t r o p i c  
d i s p l a c e m e n t  p a r a m e t e r s  (A2 x 103) f o r  compound 141 .
U(eq)  i s  d e f i n e d  a s  o ne  t h i r d  o f  t h e  t r a c e  o f  t h e  o r t h o g o n a l i s e d  Ui j  
t e n s o r .

X y z U (eq)

c  (1 ) 3555 2) 1191( 2 ) 6 3 9 8 ( 2 ) 27 (1)
C (2) 4703 2) 1 393( 2 ) 6 8 6 6 ( 2 ) 33 (1)
c (3) 5561 2) 509( 2 ) 6 8 8 9 ( 2 ) 34 (1)
C (4) 5284 2) - 5 8 0  (2) 6420 (2) 32 (1)
C (5) 4148 2 ) - 7 9 4 ( 2 ) 5 9 4 1 ( 2 ) 27 (1)
C (6) 3280 2 ) 8 9 ( 2 ) 5 9 5 4 ( 2 ) 23 (1)
C (7) 1986 2) - 2 0 7 0 ( 2 ) 6754 (2) 22 (1)
C (8) 1222 2) - 9 7 8 ( 2 ) 6524 (2) 20 (1)
C (9) 1043 2) - 9 7  (2) 7425 (2) 21 (1)
C ( 10) - 2 9 0 2) 202 (2) 7 4 0 9 ( 2 ) 2 6 ( 1 )
C ( l l ) - 1 0 0 7 2 ) - 8 6 2 ( 2 ) 7 6 7 3 ( 2 ) 3 0 ( 1 )
C (12) - 4 2 8 2) - 1 6 9 4  (2) 8443 (2) 31 (1)
C (13) 711 2) - 1 5 8 5 ( 2 ) 8 8 1 4 ( 2 ) 28 (1)
C (14) 1541 2) - 6 2 5 ( 2 ) 8 4 9 4 ( 2 ) 23 (1)
C (15) 2763 2) - 1 1 5 5  (2) 8 3 8 1 ( 2 ) 27 (1)
C(16) 1681 2) 3 1 2 ( 2 ) 9 3 9 2 ( 2 ) 34 (1)
C (17) 2646 2) 1 1 9 8 ( 2 ) 9 3 0 9 ( 2 ) 42 (1)
C (18) 3654 3) 1 2 2 2 ( 3 ) 9 9 4 9 ( 2 ) 5 9 ( 1 )
0 ( 1 ) 1139 1) 9 3 4 ( 1 ) 5288 (1) 27 (1)
0 ( 2 ) 1985 1) - 2 8 7 9 ( 1 ) 6137 (1) 31 (1)
0 ( 3 ) 2691 1) - 2 1 5 1 ( 1 ) 7658 (1) 2 6 ( 1 )
0 ( 4 ) - 2 0 3 5 1) - 1 0 2 5 ( 2 ) 7 2 8 1 ( 2 ) 51 (1)
S ( l ) 1795 1) - 2 1 8 ( 1 ) 5372 (1) 22 (1)
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Table 3. Bond lengths [A] and angles [°] for compound 1 4 1 .

c 1 ) - C (2) 1 . 3 8 5  (3)c 1 ) - C (6) 1 . 3 8 6 ( 3 )
c l ) - H ( l ) 0 . 9 5 0 0
c 2 ) - C (3) 1 . 3 8 4 ( 3 )
c 2 ) - H (2) 0 . 9 5 0 0
c 3 ) - C (4) 1 . 3 8 7 ( 3 )
c 3 ) - H (3) 0 . 9 5 0 0
c 4 ) - C (5) 1 . 3 8 1 ( 3 )
c 4 ) - H (4) 0 . 9 5 0 0
c 5 ) - C (6) 1 . 3 9 4 ( 3 )
c 5 ) - H (5) 0 . 9 5 0 0
c 6 ) - S (1) 1 . 7 9 2 ( 2 )
c 7 ) - 0 ( 2 ) 1 . 2 0 6 ( 2 )
c 7 ) - 0 ( 3 ) 1 . 3 3 7  (2)
c 7 ) - C (8) 1 . 5 1 2 ( 3 )
c 8 ) - C ( 9 ) 1 . 5 4 8 ( 3 )
c 8 ) - S (1) 1 . 8 7 0 7 ( 1 9 )
c 8 ) - H (8) 1 . 0 0 0 0
c 9 ) - C (10) 1 . 5 3 3 ( 3 )c 9 ) - C (14) 1 . 5 4 3 ( 3 )c 9 ) - H (9) 1 . 0 0 0 0c 1 0 ) - C (11) 1 . 5 0 1 ( 3 )c 1 0 ) -H(10A) 0 . 9 9 0 0c 10) - H(10B) 0 . 9 9 0 0c 1 1 ) - 0 (4) 1 . 2 2 6 ( 3 )c 1 1 ) - C (12) 1 . 4 6 4  (3)c 1 2 ) - C (13) 1 . 3 2 5 ( 3 )c 1 2 ) - H (12) 0 . 9 5 0 0c 1 3 ) - C (14) 1 . 5 1 0 ( 3 )c 1 3 ) - H (13) 0 . 9 5 0 0c 1 4 ) - C (15) 1 . 5 1 6 ( 3 )c 1 4 ) - C (16) 1 . 5 5 6 ( 3 )c 1 5 ) - 0 ( 3 ) 1 . 4 5 1  (2)c 1 5 ) - H ( 15A) 0 . 9 9 0 0c 1 5 ) - H ( 15B) 0 . 9 9 0 0c 1 6 ) - C (17) 1 . 4 8 5 ( 3 )c 1 6 ) -H(16A) 0 . 9 9 0 0c 1 6 ) - H (16B) 0 . 9 9 0 0c 1 7 ) - C ( 1 8 ) 1 . 3 2 9 ( 4 )c 1 7 ) - H ( 17A) 0 . 9 5 0 0c 1 8 ) -H(18A) 0 . 9 5 0 0c 1 8 ) - H(18B) 0 . 9 5 0 0
0 l ) - S ( l ) 1.  4898 (14)

c 2 ) - C ( 1 ) - C ( 6) 1 1 9 . 0  (2)c 2 ) - C ( 1 ) - H (1) 1 2 0 . 5c 6 ) - C ( 1 ) -H (1) 1 2 0 . 5c 3 ) - C ( 2 ) - C (1) 1 2 0 . 5 ( 2 )c 3 ) - C ( 2 ) -H ( 2 ) 1 1 9 . 8c 1 ) - C ( 2 ) - H ( 2 ) 1 1 9 . 8
c 2 ) - C ( 3 ) - C (4) 1 2 0 . 1 ( 2 )c 2 ) - C ( 3 ) - H (3) 1 2 0 . 0c 4 ) - C ( 3 ) - H (3) 1 2 0 . 0c 5 ) - C ( 4 ) - C (3) 1 2 0 . 2 ( 2 )c 5 ) - C (4 ) - H ( 4 ) 1 1 9 . 9
c 3 ) - C ( 4 ) - H ( 4 ) 119 .  9
c 4 ) - C ( 5 ) - C (6) 1 1 9 . 1 ( 2 )
c 4) -C (5) -H (5) 1 2 0 . 4
c 6 ) - C ( 5 ) - H (5) 1 2 0 . 4
c 1 ) - C ( 6 ) - C (5) 1 2 1 . 0 6 ( 1 9 )

C 1 ) - C ( 6 ) - S ( 1 ) 1 2 0 . 1 9 ( 1 6 )
C 5 ) - C ( 6 ) - S  (1) 1 1 8 . 7 4 ( 1 6 )
0 2 ) - C ( 7 ) - O (3) 1 1 8 . 3 6 ( 1 8 )0 2 ) - C ( 7 ) - C ( 8 ) 1 2 1 . 6 1 ( 1 7 )
0 3 ) - C ( 7 ) -C (8) 1 2 0 . 0 3 ( 1 7 )
c 7 ) - C ( 8 ) - C ( 9 ) 1 1 9 . 3 3 ( 1 6 )
c 7 ) - C (8 ) - S  ( 1 ) 1 0 7 . 0 8 ( 1 3 )
c 9 ) - C ( 8 ) - S (1) 1 1 1 . 8 2 ( 1 3 )
c 7 ) - C ( 8 ) -H (8) 105 .  9
c 9 ) - C ( 8 ) -H (8) 1 0 5 . 9
s 1 ) - C ( 8 ) - H (8) 1 0 5 . 9
c 1 0 ) - C ( 9 ) - C (14) 1 1 1 . 3 9 ( 1 6 )
c 1 0 ) - C ( 9 ) - C (8) 1 0 9 . 2 8 ( 1 6 )
c 1 4 ) - C ( 9 ) - C (8) 1 1 0 . 4 0 ( 1 6 )c 1 0 ) - C ( 9 ) - H (9) 108 .  6
c 1 4 ) - C ( 9 ) - H (9) 1 0 8 . 6
c 8 ) - C ( 9 ) - H (9) 1 0 8 . 6c 1 1 ) - C ( 1 0 ) - C (9) 1 1 1 . 4 4  (17)
c 1 1 ) - C ( 1 0 ) - H (10A) 1 0 9 . 3c 9 ) - C ( 1 0 ) -H(10A) 1 0 9 . 3c 1 1 ) - C ( 1 0 ) - H ( 10B) 1 0 9 . 3c 9 ) - C ( 1 0 ) - H (10B) 1 0 9 . 3
H 1 0 A ) - C ( 1 0 ) - H ( 10B) 1 0 8 . 00 4 ) - C ( 1 1 ) - C (12) 1 2 1 . 2  (2)0 4 ) - C ( 1 1 ) - C (10) 1 2 2 . 1  (2)c 1 2 ) - C ( 1 1 ) - C (10) 1 1 6 . 7 6 ( 1 8 )c 1 3 ) - C ( 1 2 ) - C (11) 1 2 2 . 0 ( 2 )
c 1 3 ) - C ( 1 2 ) - H (12) 1 1 9 . 0c 1 1 ) - C ( 1 2 ) - H (12) 1 1 9 . 0c 1 2 ) - C ( 1 3 ) - C (14) 1 2 4 . 7 0 ( 1 9 )c 1 2 ) - C ( 1 3 ) - H (13) 117 .  6c 1 4 ) - C ( 1 3 ) - H (13) 1 1 7 .  6c 1 3 ) - C ( 1 4 ) - C (15) 1 0 9 . 4 4 ( 1 7 )c 1 3 ) - C ( 1 4 )- C (9) 1 0 9 . 6 4 ( 1 6 )c 1 5 ) - C ( 1 4 ) - C (9) 1 0 8 . 6 4 ( 1 6 )c 1 3 ) - C ( 1 4 )- C (16) 1 0 7 . 8 5 ( 1 7 )c 1 5 ) - C ( 1 4 ) - C (16) 1 0 8 . 1 3 ( 1 6 )c 9 ) - C ( 1 4 ) - C (16) 1 1 3 . 0 9 ( 1 7 )0 3 ) - C (1 5 )- C (1 4 ) 1 1 1 . 8 2 ( 1 6 )0 3) -C (15)  -H (15A) 1 0 9 . 3
c 1 4 )- C (1 5 ) - H (15A) 1 0 9 . 30 3 ) - C ( 1 5 ) - H(15B) 1 0 9 . 3c 1 4 ) - C ( 1 5 ) - H (15B) 1 0 9 . 3
H 1 5 A ) - C ( 1 5 ) - H (15B) 1 0 7 . 9c 1 7 ) - C ( 1 6 ) - C (14) 1 1 5 . 1 4 ( 1 9 )c 1 7 ) - C ( 1 6 ) - H (16A) 1 0 8 . 5c 1 4 ) - C ( 1 6 ) - H (16A) 1 0 8 . 5c 1 7 ) - C ( 1 6 ) - H (16B) 1 0 8 . 5c 1 4 ) - C ( 1 6 ) - H (16B) 1 0 8 . 5
H 1 6 A ) - C ( 1 6 ) - H (16B) 1 0 7 . 5c 1 8 ) - C ( 1 7 ) - C (16) 1 2 3 . 6  (3)c 1 8 ) - C ( 1 7 ) - H (17A) 1 1 8 . 2c 1 6 ) - C ( 1 7 ) - H (17A) 1 1 8 . 2c 1 7 ) - C ( 1 8 ) - H (18A) 1 2 0 . 0c 1 7 ) - C ( 1 8 ) - H ( 18B) 1 2 0 . 0
H 1 8 A ) - C ( 1 8 ) - H (18B) 1 2 0 . 0c 7 ) - 0 ( 3 ) - C (15) 1 1 9 . 1 4 ( 1 5 )
0 1 ) - S ( 1 ) - C (6) 1 0 7 . 1 6 ( 9 )
0 1 ) - S ( 1 ) - C ( 8 ) 1 0 4 . 4 4 ( 8 )c 6 ) - S ( l ) - C ( 8 ) 9 8 . 0 5 ( 9 )
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Table 1. Crystal data and structure refinement for compound 306.

Empirical formula 
Formula weight 
Temperature 
Wavelength
Crystal system, space group 
Unit cell dimensions

Volume
Z, Calculated density 
Absorption coefficient 
F(000)
Crystal size
Theta range for data collection
Limiting indices
Reflections collected / unique
Completeness to theta = 25.35
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I) ]
R indices (all data)
Largest diff. peak and hole

P -1

A,
A,

a = 85.5900(10) 
(3 = 87. 1770 (10) 
y = 78.5120(10)‘

C2iH20BrClO2 
419.73 
150(2) K 
0.71073 A 
Triclinic, 
a = 10.0220(3) 
b = 10.2660(3) 
c = 18.2060(6)
1829.08(10) A3 
4, 1.524 Mg/m3
2.4 05 mm-1 
856
0.25 x 0.20 x 0.05 mm 
3.57 to 25.35°
-12<=h<=12, -12<=k<=12, -21<=1<=21 
26102 / 6678 [R(int) = 0.1360]
99.7 %
Semi-empirical from equivalents 
0.8892 and 0.5847 
Full-matrix least-squares on F2 
6678 / 0 / 451
1 . 0 2 2
R1 = 0.0565, w R 2 = 0.1047 
R1 = 0.1068, w R 2 = 0.1206 
0.500 and -0.587 e . A ' 3
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Table 3. Bond lengths [A] and angles [°] for compound 3 0 6 .

c 1 1 ) - ■0(11) 1 . 4 2 8  (5)
c 1 1 ) - ■C (116) 1 . 5 2 4 ( 6 )
c 11) -•C (12) 1 . 5 4 4 ( 6 )c 1 1 ) - ■H (11) 1 . 0 0 0 0
c 1 2 ) - ■C (13) 1 . 5 1 5 ( 6 )
c 1 2 ) - ■C (16) 1 . 5 3 0 ( 6 )c 1 2 ) - ■H (12) 1 . 00 0 0c 1 3 ) - ■C (14) 1 . 5 4 2 ( 6 )c 1 3 ) - - C l ( l l ) 1 . 8 0 1 ( 5 )c 1 3 ) - ■H(13) 1 . 0 0 0 0
c 1 4 ) - ■C (18) 1 . 5 1 1 ( 6 )c 1 4 ) - ■C (19) 1 . 5 3 3 ( 6 )c 1 4 ) - ■C (15) 1 . 5 5 2 ( 6 )
c 15) -■0(11) 1 . 4 3 0 ( 5 )c 1 5 ) - -C(110) 1 . 5 1 6 ( 6 )c 1 5 ) - ■H (15) 1 . 0 0 0 0c 1 6 ) - -C(17) 1 . 5 0 5 ( 6 )c 1 6 ) - -H(16A) 0 . 9 9 0 0c 1 6 ) - -H( 16B) 0 . 9 9 0 0c 17) -- C (18) 1 . 3 1 4 ( 6 )c 17) -■H(17) 0 . 9 5 0 0c 1 8 ) - ■H(18) 0 . 9 5 0 0
c 1 9 ) - - 0 ( 1 2 ) 1 . 4 2 5 ( 5 )c 19)  --H( 19A) 0 . 9 9 0 0c 1 9 ) - - H( 19B) 0 . 9 9 0 0
c 110 - C (115) 1 . 3 8 1 ( 6 )c 110 - C ( l l l ) 1 . 3 9 9 ( 6 )c 111 - C (112) 1 . 3 7 9 ( 6 )c 111 - H ( l l l ) 0 . 9 5 0 0c 112 - C (113) 1 . 3 7 6 ( 7 )c 112 - H (112) 0 . 9 5 0 0c 113 - C (114) 1 . 3 7 4 ( 7 )c 113 - H (113) 0 . 9 5 0 0
c 114 - C (115) 1 . 3 8 0 ( 6 )c 114 - H (114) 0 . 9 5 0 0c 115 - B r (11) 1 . 9 2 4 ( 5 )c 116 - C (117) 1 . 3 7 0 ( 6 )c 116 - C (121) 1 . 3 7 9 ( 6 )c 117 - C (118) 1 . 3 9 0 ( 7 )c 117 - H (117) 0 . 9 5 0 0c 118 - C (119) 1 . 3 8 3 ( 7 )c 118 - H (118) 0 . 9 5 0 0c 119 - C (120) 1 . 3 8 8  (7)c 119 - H (119) 0 . 9 5 0 0c 120 - C (121) 1 . 3 7 9 ( 7 )c 120 - H (120) 0 . 9 5 0 0
c 121 - H (121) 0 . 9 5 0 0
0 12) --H( 12A) 0 . 8 4 0 0c 2 1 ) - - 0 ( 2 1 ) 1 . 4 3 8 ( 5 )
c 2 1 ) - -C (216) 1 . 5 0 4 ( 6 )c 2 1 ) - -C(22) 1 . 5 4 4  (7)c 2 1 ) - -H (21) 1 . 0 0 0 0
c 2 2 ) - -C (23) 1 . 5 0 0 ( 6 )c 2 2 ) - ■C (26) 1 . 5 3 0 ( 6 )c 2 2 ) - ■H (22) 1 . 0 0 0 0
c 2 3 ) - ■C (24) 1 . 5 3 6 ( 6 )c 2 3 ) - -Cl (21) 1 . 8 0 6 ( 5 )c 2 3 ) - -H (23) 1 . 0 0 0 0
c 2 4 ) - -C (28) 1 . 5 0 0 ( 6 )c 2 4 ) - -C (29) 1 . 5 2 7 ( 6 )c 2 4 ) - -C (25) 1 . 5 7 0 ( 6 )

C 2 5 ) - 0 ( 2 1 ) 1 . 4 3 9 ( 5 )
C 2 5 ) - C (210) 1 . 5 1 6 ( 6 )
C 2 5 ) - H (25) 1 . 0 0 0 0
C 2 6 ) - C (27) 1 . 4 9 0 ( 6 )
C 2 6 ) -H(26A) 0 . 9 9 0 0
C 2 6 ) -H(26B) 0 . 9 9 0 0
C 2 7 ) - C ( 2 8 ) 1 . 3 2 7 ( 6 )
C 2 7 ) - H( 2 7 ) 0 . 9 5 0 0
c 2 8 ) - H (28) 0 . 9 5 0 0
c 2 9 ) - 0 ( 2 2 ) 1 . 4 0 5 ( 5 )
c 2 9 ) -H(29A) 0 . 9 9 0 0
c 2 9 ) -H(29B) 0 . 9 9 0 0
c 2 1 0 ) - C ( 2 1 5 ) 1 . 3 9 4 ( 6 )
c 2 1 0 ) - C (211) 1 . 3 9 6 ( 6 )
c 2 1 1 ) - C (212) 1 . 3 7 7  (7)
c 2 1 1 ) - H (211) 0 . 9 5 0 0c 2 1 2 ) - C ( 2 1 3 ) 1 . 3 9 1  (7)
c 2 1 2 ) - H (212) 0 . 9 5 0 0c 2 1 3 ) - C (214) 1 . 3 7 7 ( 6 )
c 2 1 3 ) - H (213) 0 . 9 5 0 0
c 2 1 4 ) - C (215) 1 . 4 0 5 ( 7 )
c 2 1 4 ) - H (214) 0 . 9 5 0 0
c 2 1 5 ) - B r (21) 1 . 9 0 9 ( 4 )c 2 1 6 ) - C (217) 1 . 3 7 2 ( 6 )c 2 1 6 ) - C (221) 1 . 3 7 4 ( 6 )
c 2 1 7 ) - C (218) 1 . 3 9 8 ( 6 )c 2 1 7 ) -H (217) 0 . 9 5 0 0
c 2 1 8 ) - C (219) 1 . 3 6 1 ( 7 )
c 2 1 8 ) - H (218) 0 . 9 5 0 0c 2 1 9 ) - C (220) 1 . 3 8 3 ( 7 )
c 2 1 9 ) - H (219) 0 . 9 5 0 0c 2 2 0 ) - C (221) 1 . 3 9 3 ( 7 )
c 2 2 0 ) - H (220) 0 . 9 5 0 0c 2 2 1 ) - H (221) 0 . 9 5 0 0
0 2 2 ) -H(22A) 0 . 8 4 0 0

0 1 1 ) - C ( 1 1 ) - C (116) 1 0 8 . 3 ( 4 )
0 1 1 ) - C ( 1 1 ) - C (12) 1 1 0 . 2 ( 3 )c 1 1 6 ) - C ( 1 1 ) - C (12) 1 1 2 . 6 ( 4 )
0 1 1 ) - C ( 1 1 ) - H (11) 1 0 8 . 6c 1 1 6 ) - C ( 1 1 ) - H (11) 1 0 8 . 6c 1 2 ) - C ( 1 1 ) - H (11) 1 0 8 . 6c 1 3 ) - C ( 1 2 ) - C (16) 1 1 1 . 5 ( 4 )
c 1 3 ) - C ( 1 2 ) - C (11) 1 0 6 . 3 ( 4 )c 1 6 ) - C ( 1 2 ) - C (11) 1 1 3 . 7  (4)
c 1 3 ) - C ( 1 2 ) - H (12) 1 0 8 . 4c 1 6 ) - C ( 1 2 ) - H (12) 1 0 8 . 4c 1 1 ) - C ( 1 2 ) - H (12) 1 0 8 . 4c 1 2 ) - C ( 1 3 ) - C (14) 1 0 9 . 0 ( 4 )c 1 2 ) - C ( 1 3 ) - C 1 (11) 1 1 1 . 0 ( 3 )c 1 4 ) - C ( 1 3 ) - C l (11) 1 1 2 . 1 ( 3 )c 1 2 ) - C ( 1 3 ) - H (13) 1 0 8 . 2c 1 4 ) - C ( 1 3 ) - H (13) 1 0 8 . 2
C l ( 1 1 ) - C ( 1 3 ) - H ( 1 3 ) 1 0 8 . 2c 1 8 ) - C ( 1 4 ) - C (19) 1 0 9 . 8 ( 4 )c 1 8 ) - C ( 1 4 ) - C (13) 1 0 8 . 7  (4)c 1 9 ) - C ( 1 4 ) - C (13) 1 1 1 . 0  (4)c 1 8 ) - C ( 1 4 ) - C (15) 1 0 9 . 3 ( 4 )c 1 9 ) - C ( 1 4 ) - C (15) 1 1 1 . 4  (4)c 1 3 ) - C ( 1 4 ) - C (15) 1 0 6 . 5  (4)
0 1 1 ) - C ( 1 5 ) - C (110) 1 0 6 . 1  (4)
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0 11) - C ( 1 5 ) - C (14) 1 1 1 . 9 ( 4 )
c 110) - C ( 1 5 ) - C (14) 1 1 3 . 9 ( 4 )
0 1 1 ) - C ( 1 5 ) - H (15) 1 0 8 . 2c 110) - C ( 1 5 ) - H (15) 1 0 8 . 2
c 1 4 ) - ■C (15) -H (15) 1 0 8 . 2
c 1 7 ) - •C( 1 6 ) - C (12) 1 1 3 . 4 ( 4 )c 17) - C ( 1 6 ) - H ( 16A) 1 0 8 . 9c 1 2 ) - C ( 1 6 ) - H ( 16A) 1 0 8 . 9
c 1 7 ) - C ( 1 6 ) - H ( 16B) 1 0 8 . 9
c 12) -■C (16)  -H ( 16B) 1 0 8 . 9
H 16A) - C ( 1 6 ) - H ( 16B) 1 0 7 . 7
c 18) -•C( 1 7 ) - C (16) 1 2 4 . 2  (5)
c 18) -■C (17)  -H (17) 1 1 7 . 9
c 16) - C ( 1 7 ) - H (17) 1 1 7 . 9
c 1 7 ) - C ( 1 8 ) - C (14) 1 2 2 . 1  (4)
c 1 7 ) - •C (18)  -H (18) 1 1 8 . 9
c 1 4 ) - ■C (18)  -H (18) 1 1 8 . 9
0 12) -•C( 1 9 ) - C (14) 1 1 4 . 3  (4)
0 12) -■C (19)  -H ( 19A) 1 0 8 . 7
c 1 4 ) - ■C (19)  -H (19A) 1 0 8 . 7
0 12) -■C (19)  -H ( 19B) 1 0 8 . 7
c 1 4 ) - ■C( 1 9 ) - H (19B) 1 0 8 . 7
H 19A - C ( 1 9 ) -H(19B) 1 0 7 . 6
c 115 - C ( 1 1 0 ) - C ( l l l ) 1 1 5 . 7  (4)
c 115 - C ( 1 1 0 ) - C (15) 1 2 5 . 1 ( 4 )
c 111 - C ( 1 1 0 ) - C (15) 1 1 9 . 2  (4)
c 112 - C ( l l l ) - C ( 1 1 0 ) 1 2 2 . 5 ( 5 )
c 112 - C ( l l l ) - H ( l l l ) 1 1 8 . 7
c 110 - C (1 1 1 ) - H (1 1 1 ) 1 1 8 . 7
c 113 - C ( 1 1 2 ) - C (1 1 1 ) 1 1 9 . 1  (5)
c 113 - C ( 1 1 2 ) - H (112) 1 2 0 . 4
c 111 - C ( 1 1 2 ) - H (112) 1 2 0 . 4
c 114 - C ( 1 1 3 ) - C (112) 1 2 0 . 5 ( 5 )
c 114 - C ( 1 1 3 ) - H (113) 1 1 9 . 8
c 112 - C ( 1 1 3 ) - H (113) 1 1 9 . 8
c 113 - C ( 1 1 4 ) - C (115) 1 1 9 . 0 ( 5 )
c 113 - C ( 1 1 4 ) - H (114) 1 2 0 . 5
c 115 - C ( 1 1 4 ) - H (114) 1 2 0 . 5
c 114 - C ( 1 1 5 ) - C (110) 1 2 3 . 2 ( 4 )
c 114 - C ( 1 1 5 ) - B r (11) 1 1 6 . 3 ( 4 )
c 110 - C ( 1 1 5 ) - B r (11) 1 2 0 . 4  (4)
c 117 - C ( 1 1 6 ) - C (121) 1 1 9 . 0  (4)
c 117 - C ( 1 1 6 ) - C (11) 1 2 2 . 4  (4)
c 121 - C ( 1 1 6 ) - C (11) 1 1 8 . 5  (4)
c 116 - C ( 1 1 7 ) - C (118) 1 2 0 . 5 ( 5 )
c 116 - C ( 1 1 7 ) - H (117) 1 1 9 . 7
c 118 - C ( 1 1 7 ) - H (117) 1 1 9 . 7
c 119 - C ( 1 1 8 ) - C (117) 1 2 0 . 5  (5)
c 119 - C ( 1 1 8 ) - H (118) 1 1 9 . 8
c 117 - C ( 1 1 8 ) - H (118) 1 1 9 . 8
c 118 - C ( 1 1 9 ) - C (120) 1 1 8 . 8  (5)
c 118 - C ( 1 1 9 ) - H (119) 1 2 0 . 6
c 120 - C ( 1 1 9 ) - H (119) 1 2 0 . 6
c 121 - C ( 1 2 0 ) - C (119) 1 2 0 . 0 ( 5 )
c 121 - C ( 1 2 0 ) - H (120) 1 2 0 . 0c 119 - C ( 1 2 0 ) - H (120) 1 2 0 . 0c 116 - C ( 1 2 1 ) - C (120) 1 2 1 . 2 ( 5 )c 116 - C ( 1 2 1 ) - H (121) 1 1 9 . 4c 120 - C ( 1 2 1 ) - H (121) 1 1 9 . 4c 11) - 0 ( 1 1 ) - C (15) 1 1 3 . 1 ( 3 )c 19) - 0 ( 1 2 ) -H( 12A) 1 0 9 . 50 2 1 ) - C ( 2 1 ) - C (216) 1 0 8 . 3 ( 4 )0 2 1 ) - C ( 2 1 ) - C (22) 1 1 0 . 3 ( 3 )c 216) - C ( 2 1 ) - C (22) 1 1 4 . 6 ( 4 )

0 2 1 ) - C ( 2 1 ) - H (21) 1 0 7 . 8
C 216) - C ( 2 1 ) - H (21) 1 0 7 . 8
C 2 2 ) - C ( 2 1 ) - H (21) 1 0 7 . 8
C 2 3 ) - ■C (22)  -C (26) 1 1 0 . 8  (4)
C 2 3 ) - ■C( 2 2 ) - C (21) 1 0 6 . 1  (4)
C 2 6 ) - ■C( 2 2 ) - C (21) 1 1 4 . 9 ( 4 )
C 2 3 ) - ■C( 2 2 ) - H (22) 1 0 8 . 3
C 2 6 ) - ■C( 2 2 ) - H (22) 1 0 8 . 3
C 2 1 ) - ■C( 2 2 ) - H (22) 1 0 8 . 3
C 2 2 ) - -C( 2 3 ) - C (24) 1 1 0 . 1  (4)
C 22)  --C( 2 3 ) - C l (21) 1 1 0 . 8 ( 3 )c 2 4 ) - -C( 2 3 ) - C l (21) 1 1 2 . 7 ( 3 )c 2 2 ) - -C( 2 3 ) - H (23) 1 0 7 . 7
c 2 4 ) - -C( 2 3 ) - H (23) 1 0 7 . 7
C l (21) - C ( 2 3 ) - H (23) 1 0 7 . 7
C 2 8 ) - ■C( 2 4 ) - C (29) 1 0 9 . 7  (4)
C 2 8 ) - ■C( 2 4 ) - C (23) 1 0 8 . 1 ( 4 )
C 29)  -■C( 2 4 ) - C (23) 1 1 1 . 7 ( 4 )
C 2 8 ) - ■C( 2 4 ) - C (25) 1 1 1 . 7  (4)c 29)  -■C( 2 4 ) - C (25) 1 1 0 . 5  (4)
c 2 3 ) - ■C( 2 4 ) - C (25) 1 0 5 . 2 ( 3 )
0 2 1 ) - •C( 2 5 ) - C (210) 1 0 4 . 1  (4)
0 2 1 ) - ■C( 2 5 ) - C (24) 1 1 0 . 2  (4)c 210) - C ( 2 5 ) - C (24) 1 1 5 . 9 ( 3 )
0 21)  - C ( 2 5 ) -H (25) 1 0 8 . 8c 210) - C ( 2 5 ) - H (25) 1 0 8 . 8c 2 4 ) - C ( 2 5 ) - H (25) 1 0 8 . 8c 27)  - C ( 2 6 ) - C (22) 1 1 3 . 7 ( 4 )
c 27)  - C ( 2 6 ) -H(26A) 1 0 8 . 8c 22)  - C (2 6 ) -H(26A) 1 0 8 . 8c 27)  - C ( 2 6 ) -H( 26B) 1 0 8 . 8c 22)  - C ( 2 6 ) -H( 26B) 1 0 8 . 8
H 26A) - C ( 2 6 ) -H(26B) 1 0 7 . 7
c 2 8 ) - C ( 2 7 ) - C (26) 1 2 3 . 6 ( 4 )c 2 8 ) - C ( 2 7 ) - H (27) 1 1 8 . 2c 2 6 ) - C ( 2 7 ) -H (27) 1 1 8 . 2c 2 7 ) - C ( 2 8 ) - C (24) 1 2 2 . 8 ( 4 )c 27) - C ( 2 8 ) -H (28) 1 1 8 . 6c 24)  - C ( 2 8 ) - H (28) 1 1 8 . 6
0 22) - C ( 2 9 ) - C (24) 1 1 4 . 9 ( 3 )
0 22)  - C ( 2 9 ) -H(29A) 1 0 8 . 5c 2 4 ) - C ( 2 9 ) -H(29A) 1 0 8 . 5
0 22 - C ( 2 9 ) -H(29B) 1 0 8 . 5c 24 - C ( 2 9 ) -H(29B) 1 0 8 . 5
H 29A - C ( 2 9 ) -H(29B) 1 0 7 . 5c 215 - C ( 2 1 0 ) - C (211) 1 1 6 . 9 ( 4 )c 215 - C ( 2 1 0 ) - C (25) 1 2 3 . 6 ( 4 )c 211 - C ( 2 1 0 ) - C (25) 1 1 9 . 3 ( 4 )c 212 - C ( 2 1 1 ) - C (210) 1 2 2 . 1  (5)c 212 - C ( 2 1 1 ) - H (211) 1 1 9 . 0c 210 - C ( 2 1 1 ) - H (211) 1 1 9 . 0c 211 - C ( 2 1 2 ) - C (213) 1 2 0 . 2 ( 5 )c 211 - C ( 2 1 2 ) - H (212) 119 .  9c 213 - C ( 2 1 2 ) - H (212) 119 .  9c 214 - C ( 2 1 3 ) - C (212) 1 1 9 . 5 ( 5 )c 214 - C ( 2 1 3 ) - H (213) 1 2 0 . 3c 212 - C ( 2 1 3 ) - H (213) 1 2 0 . 3c 213 - C ( 2 1 4 ) - C (215) 1 1 9 . 8 ( 5 )c 213 - C ( 2 1 4 ) - H (214) 1 2 0 . 1c 215 - C ( 2 1 4 ) - H (214) 1 2 0 . 1c 210 - C ( 2 1 5 ) - C (214) 1 2 1 . 6 ( 4 )c 210 - C ( 2 1 5 ) - B r (21) 1 2 2 . 4 ( 3 )c 214 - C ( 2 1 5 ) - B r (21) 1 1 6 . 1 ( 4 )c 217 - C ( 2 1 6 ) - C (221) 1 1 8 . 9 ( 5 )
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C ( 2 1 7 ) - C ( 2 1 6 ) - C (21) 1 1 8 . 2 ( 4 ) C ( 2 2 0 ) - C ( 2 1 9 ) - H ( 2 1 9 ) 1 2 0 . 0
C ( 2 2 1 ) - C ( 2 1 6 ) - C ( 2 1 ) 1 2 2 . 8  (4) C ( 2 1 9 ) - C ( 2 2 0 ) - C ( 2 2 1 ) 1 1 9 . 6 ( 5 )
C ( 2 1 6 ) - C ( 2 1 7 ) - C ( 2 1 8 ) 1 2 0 . 7 ( 5 ) C ( 2 1 9 ) - C ( 2 2 0 ) - H ( 2 2 0 ) 1 2 0 . 2
C ( 2 1 6 ) - C ( 2 1 7 ) - H ( 2 1 7 ) 1 1 9 . 7 C ( 2 2 1 ) - C ( 2 2 0 ) - H ( 2 2 0 ) 1 2 0 . 2
C ( 2 1 8 ) - C ( 2 1 7 ) - H ( 2 1 7 ) 1 1 9 . 7 C ( 2 1 6 ) - C ( 2 2 1 ) - C ( 2 2 0 ) 1 2 0 . 8 ( 5 )
C ( 2 1 9 ) - C ( 2 1 8 ) - C ( 2 1 7 ) 1 2 0 . 1  (4) C ( 2 1 6 ) - C ( 2 2 1 ) - H ( 2 2 1 ) 1 1 9 . 6
C ( 2 1 9 ) - C ( 2 1 8 ) - H ( 2 1 8 ) 1 2 0 . 0 C ( 2 2 0 ) - C ( 2 2 1 ) - H ( 2 2 1 ) 1 1 9 . 6
C ( 2 1 7 ) - C ( 2 1 8 ) - H ( 2 1 8 ) 1 2 0 . 0 C ( 2 1 ) - 0 ( 2 1 ) - C ( 2 5 ) 1 1 2 . 8 ( 3 )
C ( 2 1 8 ) —C ( 2 1 9 ) —C (220) 1 1 9 . 9 ( 5 ) C ( 2 9 ) - 0 ( 2 2 ) - H (22A) 1 0 9 . 5
C ( 2 1 8 ) - C ( 2 1 9 ) - H ( 2 1 9 ) 1 2 0 . 0
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Table 1. Crystal data and structure refinement for compound 321.

Empirical formula 
Formula weight 
Temperature 
Wavelength
Crystal system, space group 
Unit cell dimensions

Volume
Z, Calculated density 
Absorption coefficient 
F(000)
Crystal size
Theta range for data collection
Limiting indices
Reflections collected / unigue
Completeness to theta = 26.37
Absorption correction
Max. and min. transmission
Refinement method
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [I>2sigma(I)]
R indices (all data)
Largest diff. peak and hole

C16H19CIO2 
278.76 
150(2) K 
0.71073 A
Monoclinic, P 21/n
a = 12.1680(5) A, a = 90°
b = 10.6880(4) A, P = 95.458(2)
c = 21.0670(9) A, y = 90°
2727.38(19) A3
8, 1.358 Mg/m3
0.275 mm’1
1184
0.25 x 0.20 x 0.13 mm 
3.75 to 26.37°
-14<=h<=15, -9<=k<=13, -25<=1<= 
12492 / 5333 [R(int) = 0.0685] 
95.5 %
Semi-empirical from equivalents 
0.9651 and 0.9343 
Full-matrix least-squares on F2 
5333 / 0 / 347 
1.108
R1 = 0.0703, w R 2 = 0.1484 
Rl = 0.1033, w R 2 = 0.1632 
0.306 and -0.313 e . A ' 3



Table 2. Atomic coordinates ( x 104) and equivalent isotropic
displacement parameters (A2 x 103) for compound 3 2 1 .
U(eq)  i s  
t e n s o r .

d e f i n e d  a s  o n e t h i r d  o f  t h e t r a c e  o f  t h e o r t h o g o n a l i s e d

X y z U(eq)

C ( l l ) - 3 4 8 7 ( 2 ) 950( 3 ) 7785 (2) 2 9 ( 1 )
C (12) - 2 2 7 8 ( 2 ) 12 7 9 ( 2 ) 7957 (1) 24 (1)
C (13) - 1 6 0 6 ( 2 ) 235 (2) 8340 (1) 23 (1)
C (14) - 4 2 5 ( 2 ) 7 4 5 ( 2 ) 8 4 3 7 ( 1 ) 2 5 ( 1 )
C (15) - 4 0 7 ( 2 ) 19 2 2 ( 2 ) 8844 (1) 2 3 ( 1 )
C (16) - 1 1 4 6 ( 2 ) 2 8 8 9 ( 2 ) 8 4 6 1 ( 1 ) 23 (1)
C (17) - 7 7 0  (2) 1645 (2) 9 5 0 6 ( 1 ) 27 (1)
C (18) - 1 6 7 9 ( 3 ) 6 8 9 ( 3 ) 9 4 9 4 ( 2 ) 28 (1)
C (19) - 2 0 4 2 ( 2 ) 4 1 ( 3 ) 8983 (1) 2 6 ( 1 )
C( 110) - 1 6 6 9 ( 3 ) - 9 8 5 ( 2 ) 7 9 6 7 ( 1 ) 27 (1)
C ( l l l ) - 1 1 8 2 ( 2 ) 4132 (2) 8 8 0 3 ( 1 ) 2 3 ( 1 )
C (112) - 2 3 2 ( 3 ) 4 8 6 8 ( 3 ) 8 8 7 0 ( 2 ) 30 (1)
C (113) - 2 3 0 ( 3 ) 6 0 0 7 ( 3 ) 9177 (2) 3 6 ( 1 )
C (114) - 1 1 7 9 ( 3 ) 6 4 4 8 ( 3 ) 9411 (2) 38  (1)
C (115) - 2 1 2 5  (3) 5 7 2 4 ( 3 ) 9351 (2) 3 3 ( 1 )
C (116) - 2 1 2 6 ( 2 ) 4566 (3) 9 0 5 5 ( 2 ) 2 9 ( 1 )
0 ( 1 1 ) - 2 2 4 6 ( 2 ) 2421 (2) 8322 (1) 24 (1)
0 ( 1 2 ) - 1 2 7 6 ( 2 ) - 8 0 0  (2) 7358 (1) 34 (1)
C l ( l l ) 541 (1) - 3 9 1  (1) 8 8 0 1 ( 1 ) 35 (1)
C (21) 3509( 2 ) 1 5 6 8 ( 3 ) 7207 (2) 32 (1)
C (22) 23 0 5 ( 2 ) 1245 (2) 7038 (1) 24 (1)
C (23) 1625( 2 ) 2 3 1 1 ( 2 ) 6 6 8 1 ( 1 ) 24 (1)
C (24) 446( 2 ) 1800 (2) 6 5 7 0 ( 2 ) 27 (1)
C (25) 438( 2 ) 6 6 2 ( 2 ) 6 1 4 0 ( 1 ) 24 (1)
C (26) 1163( 2 ) - 3 3 0 ( 2 ) 6510 (1) 23 (1)
C (27) 825 (2) 1 0 0 4 ( 3 ) 5490 (1) 28 (1)
C (28) 1705 (3) 1 9 8 2 ( 3 ) 5517 (2) 30 (1)
C (29) 2 0 5 7 ( 2 ) 2 5 8 2 ( 3 ) 6 0 4 9 ( 1 ) 28 (1)
C (210) 1689( 3 ) 3 5 0 0 ( 3 ) 7082 (2) 3 0 ( 1 )
C (211) 1191(2 ) - 1 5 6 4 ( 2 ) 61 6 0 ( 1 ) 24 (1)

C (212) 2090(2) - 1 9 5 4 ( 3 ) 5 8 5 6 ( 2 ) 2 9 ( 1 )
C (213) 2071 (3) - 3 1 0 3 ( 3 ) 5547 (2) 3 3 ( 1 )
C (214) 1153(3) - 3 8 6 7 ( 3 ) 5532 (2) 34 (1)
C (215) 2 4 3 ( 3 ) - 3 4 8 1 ( 3 ) 5829 (2) 3 3 ( 1 )
C (216) 26 6 ( 3 ) - 2 3 4 2 ( 3 ) 6142 (2) 2 9 ( 1 )
0 ( 2 1 ) 2267( 2 ) 122 (2) 6 6 5 2 ( 1 ) 24 (1)
0 ( 2 2 ) 1312( 2 ) 3258 (2) 7 6 9 1 ( 1 ) 34 (1)
Cl  (21) - 5 2 0  (1) 2963 (1) 6227 (1) 4 0 ( 1 )
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H 17 A ) - C ( 1 7 ) - H ( 17B) 1 0 7 . 8 C 2 5 ) - C ( 2 4 ) -H (24) 1 0 8 . 3
C 1 9 ) - C ( 1 8 ) - C (17) 1 2 3 . 9 ( 3 ) C 2 3 ) - C ( 2 4 ) - H (24) 1 0 8 . 3
C 1 9 ) - C ( 1 8 ) - H (18) 1 1 8 . 0 C l ( 2 1 ) - C ( 2 4 ) - H (24) 1 0 8 . 3
C 1 7 ) - C ( 1 8 ) - H (18) 1 1 8 . 0 C 2 4 ) - C ( 2 5 ) - C (27) 1 1 1 . 0 ( 2 )
C 1 8 ) - C ( 1 9 ) - C (13) 1 2 2 . 6  (3) C 2 4 ) - C ( 2 5 ) - C (26) 1 0 6 . 2 ( 2 )
C 1 8 ) - C ( 1 9 ) - H (19) 1 1 8 . 7 C 2 7 ) - C ( 2 5 ) - C (26) 1 1 3 . 9 ( 2 )
C 1 3 ) - C ( 1 9 ) - H (19) 1 1 8 . 7 C 2 4 ) - C ( 2 5 ) - H (25) 1 0 8 . 5
0 1 2 ) - C ( 1 1 0 ) - C (13) 1 1 0 . 0 ( 2 ) C 2 7 ) - C ( 2 5 ) - H (25) 1 0 8 . 5
0 1 2 ) - C ( 1 1 0 ) - H ( 1 1 D ) 1 0 9 . 7 C 2 6 ) - C ( 2 5 ) - H (25) 1 0 8 . 5
c 1 3 ) - C ( 1 1 0 ) - H ( 11D) 1 0 9 . 7 0 2 1 ) - C ( 2 6 ) - C (211) 1 0 9 . 4 ( 2 )
0 12) -C (110)  -H ( H E ) 1 0 9 . 7 0 2 1 ) - C ( 2 6 ) - C (25) 1 1 0 . 7  (2)
c 13) -C (110)  -H (H E ) 1 0 9 . 7 C 2 1 1 ) - C ( 2 6 ) - C (25) 1 1 3 . 1 ( 2 )
H 11D) -C (110)  -H ( H E ) 1 0 8 . 2 0 2 1 ) - C ( 2 6 ) - H (26) 1 0 7 . 8
C 1 1 6 ) -C ( 1 1 1 ) - C (112) 1 1 8 . 7 ( 3 ) C 2 1 1 ) - C ( 2 6 ) - H (26) 1 0 7 . 8
c 1 1 6 ) - C ( 1 1 1 ) - C (16) 1 2 2 . 5 ( 3 ) C 2 5 ) - C ( 2 6 ) - H (26) 1 0 7 . 8
c 1 1 2 ) -C ( 1 1 1 ) - C (16) 1 1 8 . 8  (3) C 2 8 ) - C ( 2 7 ) - C (25) 1 1 4 . 3 ( 2 )
c 1 1 3 ) - C ( 1 1 2 ) -C (111) 1 2 0 . 7 ( 3 ) C 2 8 ) - C ( 2 7 ) -H(27A) 1 0 8 . 7
c 1 1 3 ) - C ( 1 1 2 ) - H (112) 1 1 9 . 7 C 2 5 ) - C ( 2 7 ) -H(27A) 1 0 8 . 7
c 1 1 1 ) - C ( 1 1 2 ) - H (112) 1 1 9 . 7 C 2 8 ) - C ( 2 7 ) - H ( 2 7 B ) 1 0 8 . 7
c 1 1 2 ) - C ( 1 1 3 ) - C (114) 1 2 0 . 3 ( 3 ) C 2 5 ) - C ( 2 7 ) - H ( 2 7 B ) 1 0 8 . 7
c 1 1 2 ) - C ( 1 1 3 ) - H (113) 1 1 9 . 8 H 27A ) - C ( 2 7 ) -H(27B) 1 0 7 . 6
c 1 1 4 ) - C ( 1 1 3 ) - H (113) 1 1 9 . 8 C 2 9 ) - C ( 2 8 ) - C (27) 1 2 2 . 9 ( 3 )
c 1 1 3 ) - C ( 1 1 4 ) - C (115) 1 1 9 . 6 ( 3 ) C 2 9 ) - C ( 2 8 ) - H (28) 1 1 8 . 5
c 1 1 3 ) - C ( 1 1 4 ) - H (114) 1 2 0 . 2 C 2 7 ) - C ( 2 8 ) - H (28) 1 1 8 . 5
c 1 1 5 ) - C ( 1 1 4 ) - H (114) 1 2 0 . 2 C 2 8 ) - C ( 2 9 ) - C (23) 1 2 2 . 8  (3)
c 1 1 4 ) -C ( 1 1 5 ) - C (116) 1 2 0 . 4 ( 3 ) C 2 8 ) - C ( 2 9 ) - H (29) 1 1 8 . 6
c 1 1 4 ) -C ( 1 1 5 ) - H (115) 1 1 9 . 8 C 2 3 ) - C ( 2 9 ) - H (29) 1 1 8 . 6
c 1 1 6 ) - C ( 1 1 5 ) - H (115) 1 1 9 . 8 0 2 2 ) - C ( 2 1 0 ) - C (23) 1 1 0 . 1  (2)
c 1 1 5 ) -C ( 1 1 6 ) - C(111) 1 2 0 . 3 ( 3 ) 0 2 2 ) - C ( 2 1 0 ) - H ( 2 ID) 1 0 9 . 6
c 1 1 5 ) -C ( 1 1 6 ) - H (116) 1 1 9 . 8 c 2 3 ) - C ( 2 1 0 ) - H ( 2 ID) 109 .  6
c 1 1 1 ) - C ( 1 1 6 ) - H (116) 1 1 9 . 8 0 2 2 ) - C ( 2 1 0 ) - H( 21E) 1 0 9 . 6
c 1 6 ) - 0 ( 1 1 ) - C (12) 1 1 2 . 5  (2) c 2 3 ) - C ( 2 1 0 ) - H( 21E) 1 0 9 . 6
c 1 1 0 ) - 0 ( 1 2 ) -H(12A) 1 0 9 . 5 H 2 1 D ) - C ( 2 1 0 ) - H( 21E) 1 0 8 . 2
c 2 2 ) - C ( 2 1 ) -H(21A) 1 0 9 . 5 C 2 1 2 ) - C ( 2 1 1 ) - C (216) 1 1 8 . 5  (3)
c 2 2 ) - C ( 2 1 ) -H(21B) 1 0 9 . 5 C 2 1 2 ) - C ( 2 1 1 ) - C (26) 1 2 3 . 0 ( 3 )
H 2 1 A ) - C ( 2 1 ) -H(21B) 1 0 9 . 5 C 2 1 6 ) - C ( 2 1 1 ) - C (26) 1 1 8 . 5  (3)
c 2 2 ) - C ( 2 1 ) -H(21C) 1 0 9 . 5 c 2 1 1 ) - C ( 2 1 2 ) - C (213) 1 2 0 . 3 ( 3 )
H 2 1 A ) - C ( 2 1 ) -H(21C) 1 0 9 . 5 c 2 1 1 ) - C ( 2 1 2 ) - H (212) 1 1 9 . 8
H 2 1 B ) - C ( 2 1 ) -H(21C) 1 0 9 . 5 c 2 1 3 ) - C ( 2 1 2 ) - H (212) 1 1 9 . 8
0 2 1 ) - C ( 2 2 ) - C (21) 1 0 7 . 4  (2) c 2 1 4 ) - C ( 2 1 3 ) - C (212) 1 2 0 . 7  (3)
0 2 1 ) - C ( 2 2 ) - C (23) 1 1 0 . 3 ( 2 ) c 2 1 4 ) - C ( 2 1 3 ) - H (213) 119 .  6
C 2 1 ) - C ( 2 2 ) - C (23) 1 1 3 . 8  (2) c 2 1 2 ) - C ( 2 1 3 ) - H (213) 1 1 9 .  6
0 2 1 ) - C ( 2 2 ) - H (22) 1 0 8 . 4 c 2 1 3 ) - C ( 2 1 4 ) - C (215) 1 1 9 . 5 ( 3 )
c 2 1 ) - C ( 2 2 ) -H (22) 1 0 8 . 4 c 2 1 3 ) - C ( 2 1 4 ) - H (214) 1 2 0 . 3
c 2 3 ) - C ( 2 2 ) - H (22) 1 0 8 . 4 c 2 1 5 ) - C ( 2 1 4 ) - H (214) 1 2 0 . 3
c 2 9 ) - C ( 2 3 ) - C (210) 1 0 9 . 0 ( 2 ) c 2 1 6 ) - C ( 2 1 5 ) - C (214) 1 1 9 . 8  (3)
c 2 9 ) - C ( 2 3 ) - C (24) 1 0 9 . 5 ( 2 ) c 2 1 6 ) - C ( 2 1 5 ) - H (215) 1 2 0 . 1
c 2 1 0 ) - C ( 2 3 ) -C (24) 1 1 2 . 3  (2) c 2 1 4 ) - C ( 2 1 5 ) - H (215) 1 2 0 . 1
c 29)  - C ( 2 3 ) - C (22) 1 1 0 . 7 ( 2 ) c 2 1 5 ) - C ( 2 1 6 ) - C (211) 1 2 1 . 1 ( 3 )
c 2 1 0 ) - C ( 2 3 ) - C (22) 1 1 0 . 2  (2) c 2 1 5 ) - C ( 2 1 6 ) - H (216) 1 1 9 . 4
c 2 4 ) - C ( 2 3 ) - C (22) 1 0 5 . 0  (2) c 2 1 1 ) - C ( 2 1 6 ) - H (216) 1 1 9 . 4
c 2 5 ) - C ( 2 4 ) - C ( 2 3 ) 1 0 9 . 3 ( 2 ) c 2 6 ) - 0 ( 2 1 ) - C (22) 1 1 2 . 1  (2)
c 2 5 ) - C ( 2 4 ) - C l (21) 1 1 0 . 2  (2) c 2 1 0 ) - 0 ( 2 2 ) -H(22A) 1 0 9 . 5
c 2 3 ) - C ( 2 4 ) - C l (21) 1 1 2 . 2 4  (19)
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Appendix C

'H NMR Spectra of Selected 

Compounds



The 1H NMR spectrum for sulfone 132

Me

Ph

LJ

03 CO tO fO 00 NJ CO CO
CO cn

U>
6.50 6.00 5.508.00 

ppm (f1)
7.50 7.00 5.00 4.50 4.00 3.50 3.00 2.50 2.00 1.50 1.00 0.50



4.506 .00 4.00
ppm (f1)

U>O



306

The1H NMR spectrum for compound 237
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A

T h e1H NMR spectrum for compound 248
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The1H NMR spectrum for compound 298
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The 1H NMR spectrum for compound 306
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