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Abstract

The secondary amine mediated Baylis-Hillman reaction of substrates 1
have been found to proceed via a tandem Michael addition/intramolecular aldol
followed by a slow elimination step; it was also observed that similar processes
could be effected using phosphines and thiols as mediators. These reactions are
highly substrate dependent, with the best results being obtained for the formation
of 5 and 6-membered products 2 and 3 using thiol or thiolate nucleophiles.
Amine and phosphine mediated cyclisations were found to be problematic in
several cases but were still effective methods for the formation of 5-7 membered

compounds for example 4.

Ph

(a) Piperidine, TolSH or PR3; CDCIl; or CHCI3; r.t. to reflux
R = Ph, EtO or TolS; X = Piperidyl, TolS or PR3;n=1,2,3,40or5

Mechanistic investigations into the reaction of amines found that
piperidine was the most effective catalyst of the amines investigated.
Intermediates S and 6 were shown to be stable long-lived species by NMR and

X-ray crystallographic data for 7 was also obtained.
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1 Introduction

1.1 Tandem reactions

The tandem organic reaction, which results in several organic
transformations, is defined as “a combination of two or more reactions whose
occurrence is in a specific order, and if they involve sequential addition of reagents,
the secondary reagents must be integrated into the products.” Put simply, tandem
reactions are those that occur in succession and the second stage of the reaction must

be triggered by the first stage.
1.2 Tandem Michael-aldol reactions

Tandem Michael-aldol reactions are 1,4 additions of carbanions to o,f-
unsaturated carbonyl systems followed by an aldol condensation of the generated
enol. A general outline of this reaction is given in Scheme 1. At A, a nucleophilic
attack on the B-carbon of an o, B-unsaturated alkene via 1,4-addition leads to the
formation of the enolate anion in B, which then reacts with an aldehyde to give the

aldol product in C.

OH O

AP — P — N

A B C

Scheme 1: X = Nucleophilee.g. C, P, Nor S



1.3 Tandem Michael-aldol reactions mediated by carbon nucleophiles

1.3.1 Intermolecular reactions

An intermolecular version of this sequence is found in the synthesis of
lignans such as podorhizol® and galactin® (Schemes 2 and 3). In these examples, 2-
aryl-1,3-dithian-2-yllithiums 1 behave as Michael donors towards the a, B-
unsaturated lactone 2 leading to the intermediate enolate 3, which undergoes an aldol

reaction with aldehyde 4 yielding 5, a key precursor in the synthesis of podorhizol, 6.

S5 + | D Sa o8
O © >
o)
0 0 N
OLi
1 2 3
CHO
MeO OMe
4 OMe Y

Scheme 2: (a) THF; (b) Ni, EtOH



In a similar fashion, reaction of 1 with an amide 7 and an aldehyde 8 led to

the formation of 9, a synthetic precursor of galactin, 10.

CHO

S S
<O Li
O

Scheme 3



Work published by Jansen and Feringa® gave details of the enantioselective
Michael addition of the aryldithiane of 3,4-dimethoxybenzaldehyde 11 to (5S)-
menthyloxy-2-[5H]-furanone 12 to give the optically pure adduct 14 in 62% yield.
The reaction is a tandem Michael addition-aldol condensation of 12 with a

benzyllithium derivative and an arylaldehyde (Scheme 4).

Ar. SPh
SPh

Scheme 4: (a) -90°C, THF; (b) -20°C
1.3.2 Intramelecular reactions

Several groups have reported investigations into the intramolecular Michael-
aldol reaction where the two reactive moieties are present in the same molecule. N4f
et al utilised the intramolecular Michael-aldol reaction to form the spirocyclic

compound 16 from the &-oxo-a,B-enone 15 in a stereoselective manner’ (Scheme 5).

0] o) ) OH
(@ i

Z ———

\\\‘\\\

15 16

Scheme 5: (a) Me,CuLi

4



A similar reaction was also used as an effective ring formation method in the
copper catalysed Michael addition of Grignards to the o, B-unsaturated ester 17. The
alcohols obtained, 18a and 18b, were then modified to give the naturally occurring

metabolite, coriamyrtin 19° (Scheme 6).

MeOOC

o) >~MgBr

no nnQOMe -

6}

17

Scheme 6: (a) Cul, THF, -50°C

Schneider’ ™ reported the preparation of poly-functionalised cyclohexanes by
domino Michael/aldol and Michael/Mannich reactions. The reactions involved a
nucleophilic addition of organometallic reagents to o, P-unsaturated imides in a
stereocontrolled manner followed by an intramolecular aldol or Mannich reaction
leading to these functionalised cyclohexanes. Examples included carbon, sulfur and
nitrogen-containing nucleophiles; the use of sulfur and nitrogen-containing
nucleophiles will be discussed later.

Thus, the a, P-unsaturated imide 20 was treated with a range of

organometallic reagents'> ¢

(Scheme 7, Table 1), generally in the presence of
Me,AlICl, leading to the formation of the imide enolate 22, which underwent
cyclisation to form the cyclohexanes 23 in good to excellent yields.”"* It was found
that the bulky 4-7rBu-2-oxazolidinone was by far the best chiral auxiliary for
conjugate addition reactions to o, B-unsaturated imides giving 1,4-addition products

with usually >20:1 diastereoselectivity.® Excellent stereoselectivity was seen with

5



this reaction despite the formation of two new o-bonds and three chiral centres. It is
thought that the reaction between the Lewis acid, Me,AlCl, and the imide carbonyl
groups forms a cationic chelate complex, 21.'" *® The cuprate then attacks the upper
face of the conjugate double bond anti to the fBu-group. An imide enolate is formed
which is then trapped by the aldehyde in the chair-like transition structure, 22,
transposing the metal cation from the enolate oxygen to the aldehyde oxygen
intramolecularly, leading to the homogeneous syn-stereochemistry of the aldol

structure of the products.

o) o By (a) R O
— N
R1/”\/k/\)j\N/g /d\\\ i
o)\o '7oH
20 43
_ P _
RM af
o] * o o) R2
I )l\ = Xc
R’ A NN, il R’
o)
But\\\\\L/ O’" M/
21 22

Scheme 7: (a) R”M, Me,AICl, THF, -78°C to -30°C
R' =H or CH;; R’M = nBuCu-Lil; EtCuMgBr»; AllylCu-MgBr»; X, = Chiral
auxiliary



Table 1

Entry Cuprate (R°M) R’ R! Yield (%)
1 CH;Cu.Lil CH; CH; 54
2 CHsCu.MgBr,* C,H;s CH; 71
3 C4HoCu.Lil C4Ho CH; 83
4 AllylCu.MgBr,* Allyl CH; 81
5 CeHy3Cu Ll CeHis CH; 62
6 Ph,Cu.MgBr Ph CH; 53
7 BuCu.Lil Bu H 41

* = In these cases, Me,AlCI] was omitted.




1.4 Tandem Michael-aldol reactions mediated by phosphine nucleophiles

1.4.1 Intermolecular reactions

The first reported use of phosphines in the Michael-aldol reaction was by
Morita et al" who utilised tricyclohexylphosphine 26 as a catalyst for the coupling
of activated olefins 24 with aldehydes 25. The reaction went to completion after 2
hours at 120-130°C. 2-Hydroxyalkyl derivatives 27 of acrylate and related systems
were isolated. Unfortunately, low yields were obtained. The name “carbinol

reaction” was suggested for the conversion (Scheme 8).

H ’ §
g & CHOH
H,C=<( + RCHO —= .
X (a) 2
24 25 27 X

Scheme 8: (a) 120-130°C, 2 hrs
X =CO2R or CN; R = alkyl, Ph or substituted Ph

Imagawa et al®’

obtained higher yields in the case of acrylonitrile by using
tributylphosphine and triethylaluminium as catalysts at elevated temperatures (80°C
for 22 hours). The role of the Lewis acid is to coordinate to the carbonyl oxygen of

the aldehyde, thereby enhancing the reactivity (Scheme 9).

- OH
RCHO + @ CN
| —e R
29

28 30

Scheme 9: (a) P(nBus)-AlEt;, 80°C, 22 hrs
R = alkyl, aryl



During Leahy’s investigation into the base-promoted Baylis-Hillman
reaction”’, the main problem noted was the formation of self-aldol products from the
initial aldehyde; thus, it was necessary to find a good catalyst to allow Michael
addition to the acrylate without forming the aldol product. The best catalyst for this
particular reaction was tributylphosphine, giving the product in an 80% yield over 2
days. The catalysts used in this particular investigation and the results obtained are

summarised in Table 2 (Scheme 10).

COZMG OH
|r + ~_-CHO _@ CO,Me
31 32 33

Scheme 10: (a) P(nBus), r.t., 2 days

Table 2
Catalyst Time Yield (%)
MesP No reaction | = —eeee-
(Cyclohexyl);P 6d 20
BusP 2d 80




22
Soai’

investigated the wuse of the chiral phosphine, 22°-
bis(diphenylphosphino)-1,1°-binaphthyl ((S)-BINAP, an axially chiral bidentate
phosphine), to catalyse the enantioselective Baylis-Hillman reaction between
pyrimidine-5-carbaldehyde 34 and methyl acrylate 31 to provide the chiral a-
methylene B-hydroxyester 35 in 44% e.e. (24% yield) together with several other
examples®- Z2* (Scheme 11).

OH O
WA\ICHO S s T
L~ | L~

N
34 31 35

2.4 equiv.

Scheme 11: (a) 20 mol% (S)-BINAP, CHCls, 20°C

Yamada & Ikegami® investigated the promotion of Baylis-Hillman reactions
by mild, cooperative Lewis base catalysts such as tributylphosphine with phenols or
naphthols such as (£)-1,1°-bi-2-naphthol (BINOL) acting as a mild Brensted acid.
Proton NMR studies suggested that BINOL activates the carbonyl group of an
aldehyde 37 and a polarised alkene 36 (Scheme 12).

OH

a
4 pp ™~ -CHO @ Ph

36 37 38

Scheme 12: (a) P(nBus), BINOL, THF, r.t., 1 hour

The investigation found that the use of DABCO (20 mol%) as the catalyst in
this reaction was unsuccessful. Tributylphosphine alone did give the Baylis-Hillman
product, but only in a low yield (23%). The best results were those where
tributylphosphine (20 mol%) and BINOL (10 mol%) were used in combination
leading to 38 in quantitative yield.

The mechanism of the reaction is shown in Scheme 13. The conjugated

addition of a Lewis base, tributylphosphine, to the polarised alkene 39 affords the

10



enol 40, which reacts with the aldehyde 41 (under acid catalysis) to give the aldol-
type intermediate 42. This then undergoes -elimination to give the a-methylene-p-
hydroxyalkanone 43. Several other examples are known where a mild Bronsted acid,

such as a phenol or naphthol, functions as a co-catalyst to activate the carbonyl

groups of an enolate and an aldehyde in Baylis-Hillman reactions.”® 2%
(0]
X
")LRI O/H
» S~ J/k
R
gs 40 B ]
- \?+ X
XH Rz/'\H
41
O OH
Rl/“\n/l\Rz
W
43 O OH
Rl/“\ﬁ\Rz
B'X

42

Scheme 13: X'H' = Bronsted acid (phenol or naphthol)
B = Lewis base (tributylphosphine)
R', R? = alkyl or aryl
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Tkegami and co-workers also developed an asymmetric version of the
reaction with the optically active calcium catalyst (R)-44 acting as a chiral Lewis
acid, with tributylphosphine as an achiral Lewis base. This creates an effective

method for a catalytic asymmetric Baylis-Hillman reaction® (Scheme 14).

o0,

:Ca

0 | OH
(16 mol%) (R)-44
CHO - Ph
it Ph/\/ {a)
36 (1.5 mol eqv.) (62%; 56% ¢.c.)
37 (S)-38

Scheme 14: (a) P(nBu); (10 mol%), THF, r.t., 7 hrs

12



It is probably worthy of note that only one example of a tandem
Michael/Michael reaction has been reported.” It was found that
trisdimethylaminophosphine (TDAP) 46 is an excellent catalyst for the preparation
of 2-methyleneglutaric esters 49, from acrylates 45. This reaction proceeds via a
similar mechanism to the Baylis-Hillman reaction in that the phosphine undergoes a
Michael addition to generate a reactive enolate 47 which then reacts with a further
equivalent of acrylate in a Michael fashion. Elimination of the phosphine leads to the
product 49 (Scheme 15).

COOR COOR
COOR I -
) e
45 (Me,N);P i COOR|
= (Me,N);P COOR
- ( +
45 (MeZN)3P 48

-(Me,N);P

COOR

COOR
49

Scheme 15: R = C,Hs or '‘Bu
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1.4.2 Intramolecular reactions

Phosphines were found to be efficient catalysts for intramolecular Michael-
aldol reactions, again, better than tertiary amines, as was demonstrated by Roth er
al®* They carried out intramolecular reactions with (2E)-6-oxohept-2-enoate 50 in
the presence of the usual Baylis-Hillman catalysts, DABCO and quinidine and found
them to be ineffective.

They turned their attention to the use of phosphines as catalysts, which were
found to be very effective (Scheme 16, Table 3). Tributylphosphine was found to be
the most effective catalyst leading to a 75% conversion of 50 into the cyclised
product 51 (entry 1). Other phosphines gave mixed results (entries 2-5), particularly
those with aryl substituents, which were inactive.

They also investigated the use of chiral phosphines and again the diaryl
substituted phosphine (-)-PAMP was inactive, whereas the mono aryl phosphine (-)-
CAMP did catalyse the reaction slowly and gave a product with a low e.e.

Me. -0 Me. _OH
@COOEt @ G/COOEt
—
S0 51

Scheme 16: (a) Phosphine (PBus, PPhMe,, Me;PhPMeCN, P(i-Bu)MePh or
(-)-CAMP), see Table 3

14



Table 3

Entry Catalyst Time | Mol% | % | %51 Isolated
cat. 50
1 (nBu);P 1d 25 25 75 39 %
(GC)
2 (CHs3)»(CsHs)P 1d 25 35 65
(GC)
3 (CH3)(CéHs5)PCH3CN | 5d 30 70 30
(GC)
4 (i-Bu, CHs, C¢Hs)P 30d 25 50 50
5 CH; (CHs).P 40d 25 100 | -
6 (-) PAMP (78%e.e) | 20d 20 100 | -—-—-
7 (-) CAMP (62% ee) | 10d 18 25 75 40% of 51
(GO) | (14%ee)
AR
in‘cm
52 OCH;

(-) PAMP: R= C6H5

(-) CAMP: R = C—CGHU

Figure 1

15




The enoate 53, unfortunately gave disappointing results when treated under
similar conditions to those used for 50. Curiously, only Me,PhP gave any

appreciable levels of cyclisation with 54 being isolated in 17% yield (Scheme 17).

Me. O Me._ _OH
COOCHs (5 COOC,H;
—

S3 54

Scheme 17: (a) Phosphine (PPhMe;), 6 days

More recently, Leadbeater e al/ have investigated the use of resin-bound
phosphine complexes as catalysts in the Baylis-Hillman reaction.’® It was found that
the reaction yields obtained for both polymer-supported and solution-phase catalysts
were similar, however the polymer-supported catalyst required longer reaction times
to effect completion (Scheme 18). This could be due to the different steric effects
and reaction kinetics associated with the use of polymer-supported catalysts. The
resin-bound phosphine reagent 56 was easily removed at the end of the reaction by

filtration and was shown to be reusable.

Scheme 18: R = Me, Et, PhCH,CH; or Ph

16



1.5 Tandem Michael-aldel reactions mediated by nitrogen nucleophiles

1.5.1 Intermolecular reactions

The Baylis-Hillman reaction is a well studied®™ ***’ C-C bond forming
reaction, which involves the coupling of activated alkenes with carbon electrophiles
under the influence of tertiary amines. The reaction is chemo-, regio-, diastereo- and
enantioselective.*® It is economical in atom count™ and requires mild conditions,
producing synthetically useful multifunctional molecules. The reaction was defined
in a German patent as a reaction that results in the formation of a carbon-carbon
bond between the o-position of activated alkenes and carbon electrophiles
containing an electron-deficient sp® carbon atom under the influence of a suitable
catalyst, particularly a tertiary amine, producing multifunctional molecules®
(Scheme 19).

X EWG of 4E
(a)
o, o+ "/ _— EWG
R” R
A B C

Scheme 19: (a) 3° amine
X = 0, NRy; EWG = Electron withdrawing group; R, R' = H, alkyl or aryl

Examples of activated alkenes used in the Baylis-Hillman reaction include
acrylic esters, acrylonitrile, vinyl ketones, phenylvinyl sulphone, phenyl vinyl
sulphonate, vinyl phosphonate, allenic acid ester, and acrolein.’* *'*? Examples of
aldehydes used in the Baylis-Hillman reaction include aliphatic, aromatic,
heteroaromatic, o, P-unsaturated aldehydes, paraformaldehyde (or formalin) and

functionalised aldehydes, all being employed as electrophiles. > ***!

17



As well as DABCO, the usual Baylis-Hillman catalyst, other catalysts have
been employed including various tertiary amines e.g. 3-hydroxyquinuclidine®”,
triethylamine™, and quinidine.*’

It is a well known fact that reaction times are long, commonly one week or
more and even up to one month in some cases.’” ** %% Reaction half-lives are
reduced in three ways: the addition of methanol or any other alcohol, by increasing
the proportion of catalyst or by using electrophilic heterocyclic aldehydes.* It has
also been found that many aldehydes, for example aromatic aldehydes, are reluctant
to serve as substrates because of their low reactivity.”® In order to combat this
problem, techniques such as microwave irradiation or high pressure reactions have

been used but these have given mixed results at best.®> 7%

18



A classic example of this reaction reported by Hoffiman> is shown in Scheme
20. The synthesis of 2-(hydroxyalkyl)-2-propenoic esters 60 is catalysed by DABCO
(diazabicyclo [2.2.2] octane), coupling an aldehyde with methyl acrylate 31 (R =
COOMe) via the formation of a zwitterionic adduct of DABCO and the acrylic ester
58. This intermediate reacts with the aldehyde, and the catalyst is regenerated by
elimination from the aldol product 59. Amri and Villieras® similarly reported the use
of DABCO to catalyse the reaction of methyl vinyl ketone 31 (R = COMe) and
acrylonitrile 31 (R = CN) with aldehydes. These reactions can be described as
tandem Michael-aldol-elimination processes and their major drawback is that typical

reaction times are between 7 and 10 days.

R N/ﬁ l R O
W DABCO ’;\/NK/\ ) R!CHO N‘&*\;}((H

58 59 R

0,
ol (60-95%)

Scheme 20: R = COOMe, COMe or CN; R = alkyl or substituted alkyl

19



In an improvement on this reaction, Hill and Isaacs™, reported that similar,
tertiary amine catalysed Baylis-Hillman reactions can be catalysed under high
pressure and reactions that normally took 4-5 days were accelerated by pressures of
2-3 kbar over 1 hour to give yields of up to 95%. Augé et al®” also reported
acceleration in the rate of the Baylis-Hillman reaction when carried out in aqueous
media. The DABCO catalysed coupling reaction of benzaldehyde with acrylonitrile
(in the presence of 0.15 eqv. of DABCO) in water, formamide or ethylene glycol
was studied at room temperature. The reaction had gone to completion in 7-8 hours

leading to a 90-98% yield of the product.

- Perlmutter”” reported the first investigation into the reactions of aryl acrylates
under Baylis-Hillman conditions. It became apparent that aryl acrylates react faster
when compared with methyl acrylate. For example, the reaction of benzaldehyde, 62
(R' = Ph), with methyl acrylate, 61 (R = Me), takes 6 days at room temperature
giving 63 in 39% yield; the same yield is obtained when reacting phenyl acrylate, 61
(R = Ph), at 0°C for only 8 hours. The best yield obtained was when R = Ph and R' =
3-pyridyl. A yield of 54% was achieved in 10 minutes at 0°C (Scheme 21).

1 CO,R
coR B 2
/l —_— OH
o DABCO I

Scheme 21: R = Ph, 4-nitrophenyl, 2,6-dimethylphenyl, 4-methoxyphenyl or Me;
R! = Ph, 3-pyridyl or 2-furyl

20



Kamimura’® has more recently prepared a-hydrazino-o,, B-unsaturated
ketones via the aza-Baylis-Hillman reaction.’™ **  Imines had previously been used
as electrophiles in the reaction to give B-amino-o-methylene compounds,” but there
had been no examples of the use of other nitrogen electrophiles. With this idea in
mind, the group devised a method to prepare a-(IN, N’-bisalkoxycarbonyl)hydrazino-
o, P-unsaturated ketones 66 in one step from alkyl vinyl ketones 64 and
azodicarboxylates 65 under Baylis-Hillman conditions. DABCO was found to be the
most effective catalyst giving good yields (34-90%) over fairly short time periods i.e.
8-24 hours (Scheme 22).

H

R! R20,C. N
/ 2 . ” 2
/W + RIOCN=N-CO,RE — & o N™ “COR
O 64 65 R! 66

0]

Scheme 22: (a) DABCO, THF, r.t. to 40°C, 8-24 hrs
R' =Me, Et, C¢H3, C7H;5, PhACH=CH-, OMe; R*=Et, ‘Bu

21



El Gaied” reported DMAP-catalysed direct o-hydroxymethylation of 2-
cyclohexenones in aqueous media through Baylis-Hillman reactions. It was found
that the reaction of 67 with HCHO in THF catalysed by DABCO?* % ™ [ed to the
recovery of starting materials; so, they modified the conditions by using a catalytic
amount (10 mol%) of 4-(dimethylamino)pyridine 69 or 4-(pyrrolidine)pyridine 70 at
room temperature. The o, P-unsaturated ketone 67 reacted with aqueous
formaldehyde (2 equiv.) in THF to give 2-(hydroxymethyl)-2-cyclohexenone 68 in
68-82% vield. This was the first Baylis-Hillman reaction of cyclic enones with
aldehydes catalysed by a pyridine derivative to be reported (Scheme 23).

O (o]
(2) I\QAOH
Rl [ ~ R
R2 67 R2 68

NMe, N
@ @
P =
N N" 70

Scheme 23: (a) HCHO aq. (4-6 eqv.), 69 or 70 (10-20 mol%), THF, r.t. to 60°C, 3-6
days
R! =H or Me; R*=H, Me or Ph
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The Baylis-Hillman reaction provides intermediates with various

synthetically useful functionalities’™ ® 7

which have great potential in organic
synthesis.”* The drive to find an asymmetric variant of the reaction is obviously of
importance and attempts have been made to introduce stereoselectivity into the
reaction using optically pure amine catalysts®, aldehydes™ and acrylates.’” #5892

An effective method to introduce stereochemistry into a molecule is by using
a chiral auxiliary.*® Basavaiah et a/* used chiral acrylates 71 as substrates in the
Baylis-Hillman reaction in an asymmetric version of the reaction. DABCO was used
to induce the diastereoselective (7-70%) coupling of chiral acrylates with aldehydes,
producing the corresponding optically active 2-(1-hydroxyalkyl) acrylates 72. Three
chiral acrylates (71a-c) were studied in a coupling reaction with propionaldehyde
under the influence of DABCO. The best de (70%) was obtained when
propionaldehyde was reacted with 71¢ over 10 days giving 72 in 45% yield (Scheme

24).

0O OH
R!

0
RO)H _@ RO)]\"/l\
| 7

N N

R =
a i
Nojs\ N028{>
b

[

Scheme 24: (a) R'CHO (R' = CHs, CH;CHy, (CHz),CH, CsHzO or CsH),
DABCO (100 mol%), 0.75-15 days
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Oppolzer’s sultam derivative 73 also gave excellent transfer of chirality in a
Baylis-Hillman reaction, giving the cyclic acetal products 74 in excellent yields and
essentially optically pure.***" The best results were obtained when R = ethyl, the
yield of product 74 being 98% (>99% e.e.) (Scheme 25).

N 0

Jj\/ (a) 0
N ——
/ RJ\O R

73 |l 74

Scheme 25: (a) RCHO, DABCO, CH,CI,, 0°C
R= CH3, CH3CH2, CH3CH2CH2, (CH3)2CH, PhCHzCHz, Ar OCHz or (CHs)zCHCHz

Chiral aldehydes can also be used in the asymmetric Baylis-Hillman reaction
3% 82 597 however the reaction has met with limited success. Zwanenburg® for
example, reported the Baylis-Hillman reaction of N-trityl aziridine-2-(S)-
carboxaldehyde 75 with a variety of acceptors 76 in the presence of a catalytic
amount of DABCO giving corresponding adducts 77 in good yields but as a mixture

of syn and anti-diastereomers (Scheme 26).

O OH
——
3 N o
75
Trt 7 EWG Tl‘rt
76

Scheme 26: (a) DABCO, r.t., 3-45 days, 28-83%
EWG = CO;Me, COEt, CN, C(O)Me or SO,Ph
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Metal derivatives of amides are also effective in tandem Michael-aldol
reactions, for example Hosomi’® reported the conjugate addition of titanium amides
79 to o, B-unsaturated esters and ketones 78, and the successive crossed-aldol
reaction of the resulting enolates 80 with aldehydes and acetals. Yields of up to 96%
were achieved for adducts 81 (Scheme 27).

R z . a RLN Z
F L TIONRY), (@) 2 N
78 0 79 (21-97%) R OTi(NR');
L 80 i
RZCHX
1
®) RN z

(17-96% for aldehydes) R 0

(18-58% for acetals) 81

Scheme 27: (a) BF3:0Et,;, CH,Cly, —20°C to reflux, 30 mins-64 hrs; (b) R,CHO or
R’CH(OR?),; Z = alkoxy or alkyl; X = OH or OR*; R =H, Me or Ph; R' = Me or Et;
R? (aldehydes) = Ph, p-CH3CsHa, I-naphthyl, C4Hz0, Me, n-Pr, -Bu, CsHs or
PhC;Ha; R” (acetals) = Ph, CHs(CHz)s, PhCH; or Ph(CHy); R’ = Me
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Davies and Fenwick” also reported the wuse of lithium (a-
methylbenzyl)allylamide 82 in a formal asymmetric synthesis of thienamycin. This
was achieved by preparing the synthetic intermediate 85 via a highly stereoselective
conjugate addition of 82 to (E)-r-butyl penta-2,4-dienoate 83, followed by the
stereoselective aldol reaction of the enolate 84 with acetaldehyde to give 85'% 1!

(Scheme 28).

Me
h* /\/ + \/\/C()zBut ﬁ»
P N
o 8 5
Me Me

N (b-e) PhAN/\/

0'Bu H ¢
N CO,'Bu
WO_

84

85
d.s. 91:9

Scheme 28: (a) Aqueous NH,4Cl, 87%; (b) LDA, THF, 0°C, 2 hrs then -78°C; (¢)
B(OMe);; (d) MeCHO:; (e) aqueous NH,Cl, 82%
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1.5.2 Intramolecular reactions

Only a few examples of intramolecular tandem Michael-aldol reactions have
been reported. Drewes e al'* investigated the reaction of 2-acrylyloxybenzaldehyde
86 in the presence of DABCO in DCM which gave 3-hydroxymethylcoumarin 87 in
only 10% yield. The major product isolated was the quaternary ammonium salt 88

(Scheme 29).
CHO
(X =™
—_—
0,
o vp 10 0" o
86 87

Scheme 29: (2) DABCO, CH,Cl,

The mechanism initially involves the formation of the Michael adduct 89
which then undergoes aldol cyclisation to give 90. This intermediate then
preferentially undergoes dehydration to give 88 rather than eliminate the base to give

91. Compound 87 probably arises from the hydrolysis of 88 (Scheme 30).
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89 90

Scheme 30

Frater’s group”* carried out investigations into the reaction of (2E)-7-oxooct-
2-enoate with lithium quinidate, which gave the cyclised product 54 in 23% yield.

No asymmetric induction was observed in this process (Scheme 31).

Me.___O Me OH
COOEt @ COOEt
—T

53 54

Scheme 31: (a) Li-quinidate, catalyst (25 mol%), r.t., 2 hrs, HMPA
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In addition to his work on the tandem Michael-aldol addition of cuprates,
Schneider also reported the domino Michael-Mannich reactions'® of adducts 20 with
aluminium amides in the presence of secondary amines. Instead of the usual
cyclohexanols, this reaction gave the diamino cyclohexanes 94a-d in good yields as

single stereoisomers. The results are summarised in Table 4 (Scheme 32).

0 0 (Bu NR® O
W (a) 1 “‘”\
H " N . /O: Xc

NR?
0 94

_ T -
W — s
Xc
s
H \ XC m

+ OAlMe,

92
93

Scheme 32: (a) Me,AICI, 2HNR?, CH,Cl,, 0°C
X, = Chiral auxiliary
R?=Morpholine, piperidine, Bn,NH or Et,NH

Table 4
Product Amine Yield (%)
94a Morpholine 69
94b Piperidine 57
9%4c (Bn),NH 65
94d Et,NH 46

29



Initially, N, O-hemiacetals are formed, which collapsed to the iminium salts
92 leading to 93, which, after the Michael addition of a second equivalent of
Me,AINR,, were trapped by the imine in a Mannich reaction.'” A complete reversal
of stereochemistry was observed when compared to the aldol reaction. The
intramolecular transposition of metal ion is prohibited because of the inability of the
iminium nitrogen atom to co-ordinate to the aluminium ion, due to lack of vacant co-
ordination sites; so, the large iminium group occupies a sterically more favourable
pro-equatorial position in the transition structure, which eventually results in the

anti-configuration of the Mannich products.
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1.6 Tandem Michael-aldol reactions mediated by chalcogen nucleophiles

Recently, there has been a surge of interest in what has been referred to as the
“chalcogeno-Baylis-Hillman reaction”, essentially this reaction uses a chalcogen
derivative, typically of S or Se in the presence of a Lewis acid to effect a Baylis-

Hillman reaction.

1.6.1 Intermolecular reactions

Kataoka!%+1%

and co-workers have developed an effective method for
chalcogeno-Baylis-Hillman  reactions, employing dialkylsulfides and
dialkylselenides as catalysts in the presence of Lewis acids. For example, the
reaction of p-nitrobenzaldehyde 95 with 3 equivalents of 2-cyclohexen-1-one 96 in
the presence of dimethyl sulfide and 1 equivalent of TiCls, gave a 62% yield of the
product 97 after 1 hour at room temperature. 104 A variety of chalcogenide catalysts
were tested in this reaction with the best results being obtained when the bis-selenide
98 was utilised (85% yield).' The reaction was found to be generally applicable to
several activated alkenes, for example acrylonitrile, methyl acrylate, phenyl vinyl
104-105, 107

sulfone and phenyl vinylsulfonate as well as B-substituted enones

33).

(Scheme

TiCl,

o) OH O

(a)
O,N CHoO + -
95 (v 96 O,N 97

SR, Se>
Se

98

Scheme 33: (a) Me,S (0.1-1.0 eqv.), Lewis acid: TiCls (0.1-1 eqv.), AICl;, EtAICl,,
ERAICI, HfCly or HF(OTf)4 (1.0 eqv.), CH2Cly, 1.t. to reflux, 10 min-5 days, 11-62%
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Kataoka'®® also investigated a similar reaction using chiral hydroxy-
chalcogenide-TiCls complexes. Asymmetric induction in the reaction is enabled
because the hydroxy-chalcogenide forms a four-component complex with the enone
31, the aldehyde 95 and TiCly (Scheme 34). They investigated a range of catalysts
100-103 with the best e.e. being given by 10-methylthioisobornenol 102 (R = H),
which gave the product 99 in 72% e.e.

0 OH O
NOCHCHO  + s N il
P-NO,CgHy s Me ——ie Pp-NO,CeH * Me
95 31 (93-99%)
99
Me
Et Me. s Me \/Me
Ph
B OH SMe
PhX
n on OR OH
100 - 102 Me 103
SMe
X=S,n=1 R=H Me
X=S8Se,n=1
X=8.n=2
X=Se.,n=2

Scheme 34: (a) Aldehyde (1 eqv.), enone (3 eqv.), chalcogenide (0.1-1.0 eqv.) (100-
103), TiCly (1 eqv.), CHxCl,, -78 to -20°C, 1-24 hrs
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Further catalysts have also been utilised'® including 2,6-diphenyl-4H-
thiopyran-4-thione, 107 and 2,6-diphenyl-4H-selenopyran-4-one, 108. The catalysts
gave adducts 106 under identical reaction conditions in moderate to high yields and

were found to be more efficient catalysts than Me;S (Scheme 35).

OH
RCHO + X EWG (@) N EWG
o (2 mlo(iseqv.) R
S 0

Ph S Ph Ph Se "Ph
107 108

Scheme 35: (a) Catalyst (107 or 108, 0.1 mol eqv.), TiCly (1 mol eqv.), CH,Cl,, 0°C
to reflux, 1-24 hrs, 32-95%
R = p-CICsHa, Ph, p-MeCsHs, PhCH,CHy, iPr or p-NO,CsHs; EWG = COMe,
CsHgO, CsHgO, COSEt, COH or CN

The mechanism of this reaction is somewhat different to that supposed for the
simple dialkylchalcogens, in that it is thought that the reaction proceeds via
intermediates 110 and 111, which, despite the fact that they were not isolated, were

found to be present by proton NMR studies of the reaction (Scheme 36).
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EWG105

Lewis acid
109
Y
& NS
P~ X~ Ph |\
107, 108 o
ph” X7 Ph
+
110
\\‘ OH
EWG R
106 o RCHO
104
Y R
| . EWG
T
Ph” X7 Ph
+
111

Scheme 36: X=S; Y=SorX=S8Se; Y=0
R and EWG = see previous page

34



Metal thiolates have also been applied to tandem Michael/aldol processes, for
example, Levin'” developed an efficient, general route to o-thiophenyl-y-

butyrolactones 115 wusing an aluminium thiophenoxide mediated Stobbe

condensation, achieving a yield of between 51 and 85% (Scheme 37).

<

Al
/ k.~
0 0 o 0
7
OFt @ OEt ®) R OFt
> OEt ’
OFEt OEt
PhS PhS
0 0 0
112 113 114
l(c)
Et0,C SPh
R Ny 0
115

Scheme 37: (a) (CH3)3AILiSPh; (b) RCHO; (c) p-TsOH, CH2Cl,, reflux, 16 hrs
R = Aryl or heteroaryl
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Oshima'" studied the aldol reaction of aluminium enolates 117, which result
from a 1.4-addition of Me;AISPh or Me;AlSeMe to an o, P-unsaturated carbonyl
compound. The resulting aluminium enolates react with aldehydes to give adducts of
the anion after formal PhSH or MeSeH elimination. Yields of up to 97% for 118 and
92% for 119 were achieved (Scheme 38).

—

Rl

R Z i OA.
- (a) (b) \ > ¢

X 0 X OAIMe, X >=o

Y o116 Y 117 Y 118

l Hz

R! OH

R H

X 0

Y 119

Scheme 38: (a) Me,AIX; (b) R'CHO
R =H or Me; R' = Me, CH3(CHy);, methacrolein, H or Ph; Z = SPh or SeMe; X, Y =
-(CHz)g-, H and H, -(CHzO)- or H and CHj;
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Kamimura''! also investigated the stereoselective Michael/aldol tandem

reaction triggered by thiolate anion or analogues. The o, B-unsaturated ester 120,
aldehyde 121 and lithium thiophenolate were reacted in CH>Cl, and underwent a
reaction to give the a-phenyl-thiomethyl-B-hydroxy esters 122, in good yield (92%)

with high syn-selectivity (88:12) (Scheme 39).

A coRr! + RcHO @o®_ o, o Rz\l
+ 1
120 121 OR Y COR
— OH Anri-122

Syn-122

Scheme 39: (a) PhSLi, CH,Cl,, -78°C then —50°C; (b) PhSeSePh, MeLi.LiBr, Et,0,
-78°C then r.t.

R! = Me, Et or /Bu; R? = Ph, p-CICsH,, 1-naphthyl, PhCH=CH, CsH,; or CoHo; X =
S, Seor O

37




112

Kamimura ~ further reported a magnesium selenoate-induced Michael/aldol

tandem reaction resulting in anti-aldol selective formation of B-hydroxy-o-
(phenylseleno) alkyl esters 124. They found that use of magnesium thiolate or
selenoate promotes tandem reaction with high (98:2) anti-aldol selectivity. Reductive
removal of the seleno group gives anti-aldols in high stereoselectivity. This was

found to be the opposite of the result given by the lithium cation investigated
previously''! (Scheme 40).

OH OH
! CO,Bu-t A CO,Bu-t
R> (a) R' + R!
NCo,Bu-t —(38 80‘;) , _Runy jIIY
- ()
R % %
123
Syn-124 Anti-124
X =H, Y = SePh X =H, Y = SePh
X=SePh, Y=H X =8ePh,Y=H
OH QH
(b) Rl &COZBU—t + . z COZBU-t
(89-99%) ’ = /\‘/
g CHR?
Syn-125 Anti-125

Scheme 40: (a) PhSeSePh/MeMgBr, R'CHO, -50°C to r.t.; (b) BusSnH/AIBN,
toluene, 110°C
R!=Ph, p-MeCgHy, p-CICsHs, m-MeOCsHy, p-MeOCsHy or CsHi; R%*=Me or
CsHy
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Kamimura'® also employed thiolates and selenoates to induce Michael-aldol
tandem reactions, converting o, B-unsaturated amides 126 to a-phenylthio or a-
phenylseleno-methyl-p-hydroxy amides 127 with syn-stereoselectivity and in yields
of up to 83%, the best results being obtained when both R and R” are benzyl groups
(Scheme 41). These tandem adducts can be reduced or oxidised and eliminated
leading to NH-amide aldols or amide-Baylis-Hillman adducts which are difficult to

prepare in good yield under normal conditions." %> 7

1
0 oy o
New @®o@ 2 N e
/\"/ . (14-83%) ol I\lI/ "
O o /= RI <
126 Sm-127 Anti-127

Scheme 41: (a) PhSLi, CH,Cl,, RCHO, -30°C to r.t., 15 hrs
R'=H, Bn, By, i-Pr, -(CH,)s-; R*=H, Bn, i-Pr, -(CH,)s-, /Bu
(b) PhSeLi, ether, RCHO, -10°C to r.t., 15 hrs; (c) PhSeLi, ether, RCHO, -10°C to
r.t., 15 hrs then TBSCI, ImH, DMF
X =S orSe
Y =Hor TBS
R = p-CICsH,-, p-MeOCHj-, 2-furyl, C1oHy-, CsHys-, Ph
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Hou et al'™ prepared Michael-aza-aldol adducts with high rrans-anti

stereoselectivity. Phenylthiolate 128 was reacted with cyclohexenone 129 giving
enolate 130, which was then trapped by imine 131 to give the corresponding f3-

amino ketone 132 as the final product in high yield (93%) and excellent
stereoselectivity (94:6) (Scheme 42).

SLi 129 o
Ph N” 131
—_— —
(@) 78°C
SPh
128 130

O NHTs O NHTs
H H

= SPh
H

Trans-anti-132

=>SPh

s

Trans-syn-132

Scheme 42: (a) Base: (n-BuLi, NaH or EtMgBr), Solvent: (CH,Cl,, hexane or THF)
Additive: none, HMPA (2, 4 or 10 eqv.), 12-crown-4 (1 eqv.) or
TMEDA (2 eqv.), -78°C

>
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. -119
Tomioka and co-workers!> ™!

have also extensively studied the
stereoselective tandem conjugate addition reaction of catalytic amounts of lithium
arylthiolates to enoates in the presence of phenyl trimethylsilyl sulfide. For example,
enoates 133 gave the 3-arylsulfanylalkanoates 136 in high yield (56-97%) with d.e.

as high as 99:1 (anti:syn) (Scheme 43).

1 1
AN~~come + RO —@ | R SRl
-
133 134 SPh  OLi
135
R’ ~OH R OH
—_— ! E + 1 WH
CO,Me CO,Me
SPh SPh
Anti-136 Syn-136

Scheme 43: (a) PhSLi (0.2 eqv.), phenyl trimethylsilyl sulfide (2 eqv.), THF, r.t., 2h
R' = Me, Bu, Bn or Ph; R? = Ph, 4-MeOPh, 4-CIPh, 2-py, 2-furyl, /-Bu or cHex
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Barrett and Kamimura'?® reported the catalytic asymmetric synthesis of a-
methylene-B-hydroxy-ketones 140 by reaction of methyl vinyl ketone 137,
acetaldehyde 138 and trimethylsilyl phenyl sulfide catalysed by chiral
(acyloxy)borane 141 (20 mol%). The adducts 139 were obtained predominantly as
the syn-diastereomers in yields ranging from 9-59% with as high as >98:2 selectivity
and 97% e.e. Similar reactions using trimethylsilylphenylselenide gave the adducts

139 in better yield, however the e.e’s were lower than for corresponding sulfide
examples (Scheme 44).

o oH 0o
. =
/\[f v+ Reuo —9Os 2/\)J\1
9-59%) R © R4
O 137 138 (9-59%) E
”
PhX™ Syn-139

i
PO o com
0 O, () or ()
BH OH O
Apd o H (46-88%; 50-96% e.c.)
o)
141

Scheme 44: (a) Me3SiSPh or MesSiSePh, 141 (20 mol%), CoHsCN, -78°C; (b) m-
chloroperbenzoic acid, CH,Cl,, -10°C then 130-150°C; (c) H,0,, CH,Cl,, 25°C
R'=Me, Et or OMe; R?= Me, Et, iPr, Bu, Ph or Pr; X =S or Se

42



1.6.2 Intramolecular reactions

Armistead and Danishefsky'*' reported the first intramolecular Michael-aldol
sequence of an enolate-ketone triggered by the action of an aluminium thiophenoxy
“ate” complex in their synthesis of the oxahydrindene subunit of the avermectins.
Thus the substrate 142 reacted with the “ate” species generated from the reaction of
trimethylaluminium with lithium thiophenoxide producing a high yield (89%) of 143
as a single diastereomer. Oxidative de-sulfenylation afforded a 94% yield of 144''*
122 (Scheme 45).

OMe
144

Scheme 45: (a) Me;AISPhLi, THF, 0°C; (b) mCPBA, 110°C
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As was previously discussed (Section 1.6.1), Tomioka et al/ reported a
lithium benzenethiolate initiated Michael addition-intermolecular aldol tandem
reaction of enoates with aldehydes.'"” They broadened the scope of the process to an
intramolecular reaction of w-oxo-a., B-unsaturated esters 145 with lithium thiolates
leading to the cyclisation product 148 via o-formylenolate 147. They reported the
synthesis of 5, 6 and 7-membered carbocycles with predominantly cis-selectivity and

in good to excellent yields (Scheme 46).

(@), () or (c)
( CHO - ( CHO
n + RABLE e i ond| —>
ZcoR! 146 N
145 (02o0rl.2eqv) SR?  OLi
- 147 -
( ~OH ( OH
+
“1co,R! “Ico,R!
2 2
SR Cis-148 SR”  7rans-148

Scheme 46: (a) 2.0 eqv. PASTMS:; (b) 1.2 eqv. AlMe;s; (¢) No additive; -20 to 0°C,
0.5-6 hrs
R'=Meor Et; R*=Phor PhCHz; n=0, 1 or2
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Schneider’ used the dimethylaluminium phenylthiolate to effect cyclisation
of the substrates 20 to the cyclohexanols 149, which were obtained as single

stereoisomers in excellent yield (Scheme 47).

Ph O
0 0O  Bu Y I
)]\J\/\/“\ (@ " X
R A N —_— o
0 o © R 27 149
R=H: 77%
R = CHs: 76%

Scheme 47: (a) Me;AlISPh, THF, -78°C
R=Hor CH3

They also reported that 7-oxo-2-enimide 20 could be converted into the
enamine 150, which, on reaction with Me,AlSPh and Me,AIC1 at —78°C, formed the
highly functionalised cyclohexane 151 in moderate yield but with complete

stereocontrol (Scheme 48).

(®)
SPh j) /
o ]\Xc

N
151

Scheme 48: (a) Piperidine, MgSOy; (b) Me,AlSPh, Me,AICl, CH,Cl,, -78°C, (50%),
2 steps
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1.7 Tandem Michael-Michael reactions

The tandem Michael-Michael reaction as it suggests is a conjugate addition
of a nucleophile to a Michael acceptor, generating an enolate, which then undergoes

a second Michael reaction. A general reaction scheme is shown in Scheme 49.

7 0
o tIKU\RI 0 Ry

NS
AL

Nu

Nuc®

Scheme 49: R, R" = alkyl or aryl

For example, 2,6-octadienoic diesters 152 are cyclised on treatment with
alkyl magnesium Grignards leading to the cyclopentane derivatives 154.'> The
Michael addition of several Grignard reagent-cuprous iodide (1:1) complexes to 152

were investigated, and a single enantiomer was obtained in each case (Scheme 50).

COOEt
RO A ACO0R or (
ROV NS00kt @‘\OM /
R S Z,

152 OR™ 153 RO R! 54

(40-94%; >99% d.e.)

Scheme 50: (a) R'MgBr-Cul (6 mol eqv.), ether, -20°C, 1 hr
R =TBS: R' = CH,CH, CHs, CH3CH, or CgHs
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Tomioka et al'* also utilised this method in the reaction of o, B, y, -

unsaturated bisphosphonates with organolithiums. This reaction of the a, B-
unsaturated bisphosphonates 155 with organolithiums (RLi) give the carbocycles
157 in high yield (94% overall; trans-58%, cis-0%) and in good selectivity (Scheme

51).
0 0
s F ('? N
( E:\/\P(OEt)z R (05 7 P(OED, (@ P(OE),
Z POE), @ P(OED), = PoED,
o 155 R 156 R O pans157
+
q
(@:\P@Eo2
g C
R O c(is-157

Scheme 51: (a) THF, -78°C
R = Ph, 1-naphthyl, 2-naphthyl or Bu; n=>5 or 6

Davies also reported the tandem Michael-Michael cyclisation of the bis-
enoate 158 by the addition of the chiral lithium amide 159. The reaction proceeded

in high yield and gave 160 as a single diastereoisomer'> (Scheme 52).

Me Ph Me Ph
O /'\ ' )
PR N Ph”” N
. 159
x 0(1;46 L 1 WCOMe
XN OMe O\/COZMC
158 160
Scheme 52
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124
Moore'?®

also reported a tandem reaction sequence leading to angularly fused
polyquinanes from squaric acid-derived bicyclo [6.3.0]-undecadienediones. Thus
when a THF solution of 161 and thiophenol together with a catalytic amount of
sodium thiophenolate were refluxed for 12 hours, the reaction resulted in the
rearrangement of 161 to the angularly fused tetraquinane 164 in 93% yield. The
process involves a sequence of reactions; firstly, Michael addition of thiolate to 161
from the B-face gives enolate 162, which undergoes a transannular ring closure to
give 163. The enolate in 163 induces an intramolecular E2 trans-diaxial elimination

giving product 164 and the thiophenolate catalyst is regenerated (Scheme 53).

Me H
(a)
0 i
H H
e 0 164 (93%, X-ray)
l PhS” ] .
Me H
0
H
b
162 163

Scheme 53: (a) PhSH (1.0 eqv.), PhSNa (0.1 eqv.), THF, reflux, 12 hrs
Evidence for this reaction was found when the homologue 165 was subject to

the same conditions: little reaction was observed. However, when a stoichiometric

amount of thiophenol was employed with a catalytic amount of sodium
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thiophenolate, the angularly fused tetraquinane 166 (homologous to the protonated
form of 163) was obtained in 76% isolated yield (Scheme 54).

Me H e A

(76%, X-ray)

Scheme 54: (a) PhSH (1.0 eqv.), PhSNa (cat.), THF, reflux, 2 hrs

1.8 Conclusion

As can be seen from the work presented in the introduction, the potential for
tandem Michael-aldol and Michael-Michael reactions in organic synthesis and in
asymmetric synthesis is significant. In the next section, the work from our own
group will be discussed, much of which predates some of the referenced material in

the introduction as does the work presented in this thesis.
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2 Background

Within our research group, as part of a programme directed towards the
synthesis of naturally occurring guanidine alkaloids, " there is significant interest
in the Knoevenagel condensation of B-ketoesters and aldehydes. One of these
syntheses involved a condensation between P-ketoester 167 and aldehyde 168 in the
presence of piperidine or piperidinium acetate. Despite considerable effort, it was
found that this reaction was very difficult to effect and the only product formed was
not that of dehydration, as expected, but the product 169 in which an intramolecular

Baylis-Hillman reaction has occurred'’ (Scheme 55).

Me N
TBSO

TBSO (@]
OH

169

Scheme 55: (a) Morpholine, piperidine or piperidinium acetate, CH,Cl,, -20 to 0°C,
24-48 hrs

Further investigations into this reaction""*! were performed using the three
substrates 173-175 prepared from succinaldehyde via a Wittig reaction with the
corresponding phosphorane. These substrates were then treated with the catalysts
piperidine, piperidinium acetate and DABCO to give the cyclopentenols 176-178
(Scheme 56, Table 5).
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170-172

173-175

176-178

R =CsH,y (170,173, 176); R =Ph (171, 174, 177); R = OEt (172, 175, 178)

Scheme 56: (a) Succinaldehyde (1.4 eqv.), CH,Cly, 48 hrs; (b) Catalyst (30 mol%)

(see Table 5), CDCl;
TableS
R Yield Yield (176- | Yield (176-178)® | Yield (176-
(173-175) 178) @ Piperidinium 178) @
Piperidine acetate DABCO
170 | CoHio 67% 50% 45% (30 hrs) No reaction
173 (30 hrs) 176
176
171 Ph 48% 50% 28% (72 hrs) No reaction
174 (144 hrs) 177
177
172 | OEt 58% (b) (b) No reaction
175

(a) Isolated. (b) Only products of aldol condensation and polymerisation were observed.

The yields for this process were reasonable for the ketonic substrates 173 and

174, when either piperidinium acetate or piperidine were employed as catalysts, with

the latter giving the best yield in both cases. Interestingly, the ester substrate 175

gave only products of aldol condensation and polymerisation on treatment with

either catalyst. The common Baylis-Hillman catalyst DABCO gave no reaction for

any of the three examples, even after prolonged periods of time (30 days). In order to
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investigate further, the reaction of substrate 174 with a series of secondary amines
was also performedm'131 (Scheme 57, Table 6).

0

O
174 177

Scheme 57: (a) Catalyst (30 mol%), CDCls, r.t., 7 days

Table6
Amine (a) % Conversion % Yield (b)

Piperidine 93 55 (50)

2-Methylpiperidine 97 30 (26)
2.6-Dimethylpiperidine 75 0
Morpholine 74 16
Piperazine 94 28
N-methylpiperazine 83 21
Pyrrolidine 82 15
Di-n-butylamine 100 15

(a) Conditions: Catalyst (30 mol%), CDCl; (0.35 M), r.t., 7 days.
(b) Yields (+/-5%) are calculated from "H NMR data. Yields in brackets are isolated yields.

With the exception of the hindered 2,6-dimethylpiperidine, all secondary amines
gave the expected cyclised product, however, none of the catalysts showed an
improvement in yield compared to piperidine. In addition, a trend was observed in
the series piperidine, 2-methylpiperidine and 2,6-dimethylpiperidine, in that the yield
of product decreases as steric bulk increases.

To further investigate this reaction, a series of experiments were performed in
which the concentration of substrate 174 was varied. The previous experiments were

all performed at a concentration of 0.35M. On repeating at 0.18M and 0.09M, a
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slight increase in yield (ca. 5% for 0.09M) was observed for the formation of 177,
however, reaction time was increased for both reactions (10 and 15 days for 95%
conversion, respectively).

In order to study the effects of ring size on this reaction, pentane-1,5-
dialdehyde 179 (formed from the ozonolysis of cyclopentene) was converted to the
adduct 180 in 70% vyield, which, on treatment with piperidine under identical
conditions, gave the cyclohexenol 181 in 24% yield (0.38M, 95% conversion, 14
days). Once again, the yield could be increased slightly (to 30%) by performing the
reaction at a higher dilution (0.19M) but the time scale for the reaction was increased

to 28 days for 95% conversion (Scheme 58).

c|) 0 (I) O OH
(@) (®)
@ —_—— Ph/H\O  — Ph/“\@
179 180 181

Scheme 58: (a) PACOCHPPh;, CH,Cl,, 48 hrs, 70%; (b) Piperidine (30 mol%),
CDCls, r.t., 14 days, 24%

Further to this reaction, the substrates 182-184 were prepared and attempts to

cyclise these compounds under the standard conditions failed, indicating that the

method may have limitations in the synthesis of medium ring carbocyles™"

59).

(Scheme

0 Z O HO
Ph | ¥ Ph
182-184 185-187

Scheme 59: n=1-3

Some initial efforts*® were made to elucidate the mechanism of this reaction
and to this end, the aldehyde 174 was treated with an excess of piperidine in
chloroform, which resulted in a rapid reaction yielding 188 together with a small
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amount of the cyclopentenol 177 (ca. 5%). It was observed that the intermediate 188
was stable for long periods of time (> 7 days) in chloroform and very little further

conversion to 177 was observed (Scheme 60).

Ph Z

174 N
188 177

OH

o
an

Scheme 60: (a) Piperidine (1.3 eqv.), CHCI;, r.t., 10 mins; (b) NaBH,;, MeOH, 0°C

In addition, evaporation of the chloroform followed by treatment of a
methanolic solution of 188 with sodium borohydride gave a separable 1:1.3 mixture
of the diols 189a and 189b in 67% overall yield, the former providing crystals
suitable for X-ray analysis which confirmed the relative stereochemistry of the
intermediate 188 as that shown."' All this information was suggestive of an

addition-aldol-elimination sequence leading to the formation of 177 via the

intermediate 188.



3 Aims

The overall aim of my research was to investigate this new variant of the

Baylis-Hillman reaction and in particular to focus on several specific aspects.

Mechanistic considerations: Whilst the mechanism of the reaction had been
established to some extent, a more detailed investigation of the reaction leading to
the formation of the cyclohexenol products was to be performed to establish if the

trend is general.

Other heteronucleophiles: The application of other heteronucleophiles to this

reaction, such as thiols and phosphines, was to be investigated.

The scope of the reaction: To date, the most successful reactions have been those
performed on substrates such as 174. It was intended to investigate extensions to this

reaction, hopefully to include the generalised structures 190-193 (Scheme 61).

0 0 ? 0 1\11112
Ph /O R I \ R1 l
X I
174 n 199 191

0 0

R! l R’
I

192

Scheme 61: R = Alkyl, aryl, OR, SR or CN; R' = Alkyl, aryl, OR or SR; R*=
Protecting group; R® = Alkyl, aryl or COOR; X = CH,, O, S or NR; n = 0-?

Investigation of these proposed substrates would increase the scope of the

reaction by allowing the reaction to be applied to enoates and thiolenoates and to
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expand the scope to other electrophilic acceptor groups such as imines 191, ketones
192 and enones 193. We also intended to investigate the use of other nucleophilic

mediators including thiols and phosphines.

Asymmetric variants of the process: It is apparent from the consideration of the
mechanism of this reaction that the formation of the intermediate is a highly
stereoselective process. It is thus likely that the reaction is an ideal candidate for
asymmetric development and this was a major aim of the project. Initial approaches
were to concentrate on an investigation of the use of chiral amines including 2-
methylpiperidine and 2-phenylpiperidine. The possibility of investigating internal

stereocontrol (ie. a chiral substrate) was also to be considered.

Synthetic applications: Although a long term aim, the methodology developed above
might be applicable to the synthesis of interesting natural products.
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4 Results and discussion

4.1  Introduction

The basic remit of the project was to investigate the intramolecular, tandem
Michael-aldol-elimination reaction of a range of substrates containing an activated
alkene and an aldehyde. In order to attempt this, we required a reliable method for
the preparation of substrates for our cyclisations; the preparation of these will be

discussed independently.

4.2  The preparation of the substrates via the Wittig reaction

L 0
MeO 0 OMe
194

O
= O
\ Ol ) R =
Method A-C
n

PPh3 See Table 7

Q/ X z

Scheme 62

The substrates Z for the investigation were prepared by reaction of a suitable
phosphorus ylid Y, with a dialdehyde X prepared by either hydrolysis of 2,5-
dimethoxytetrahydrofuran 194 in the case of succinaldehyde (X, n = 1) (Method
A%, ozonolysis of a cycloalkene (Method B) or using an aqueous solution of
glutaric dialdehyde 179 (X, n = 2) (Method C) (Table 7). The crude products were
purified by column chromatography and a bis-enone obtained by double Wittig
reaction on the dialdehyde was generally obtained as a by-product of the reaction,'®
which led to diminished yield. In the case of reactions in aqueous media, the yields
are generally low and the Z-alkene isomers were also isolated in significant amounts.
Despite these drawbacks, the reactions were easy to perform and gave gram

quantities of the precursors for investigation.
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Table 7

Entry R n Method Yield (%)
1 Ph 1 A 48
3 Ph 2 BIC 70/73
3 Ph 3 B 41
4 Ph 4 B 47
5 Ph 5 B 49
6 OEt 1 A 58
7 OEt Z C E-41, Z-23
8 OEt 3 B 38
9 STol 1 A 46
10 STol 2 C 32

Method A: RCOCHPPh,, Succinaldehyde (2.0 eqv.), CH,Cl, or THF.
Method B: (i) Cycloalkene (5-20 eqv.), O3, CH,Cl,, -78°C (ii) PPhs, -78°C (iii) 1 eqv. RCOCHPPhs.
Method C: Glutaric dialdehyde (25% w/v in H,0) (20 eqv.), EtOH or THF, r.t, RCOCHPPhs.

4.2.1 Preparation of the phenyl-containing substrates

The preparation of substrate 174 was achieved by the reaction of
phosphorane 171 with succinaldehyde, 195. Succinaldehyde was prepared by the
aqueous hydrolysis of 2,5-dimethoxy’tetrahydrofuraln,132 194, followed by extraction
and distillation. This process was not an efficient one as the aldehyde is prone to
rapid decomposition and invariably is obtained as a mixture of compounds, however
purity can be estimated from proton NMR and the Wittig reaction performed on
these mixtures. Thus a 2:1 mixture of succinaldehyde and 171 was stirred for 16
hours to give 174 in 48% yield. The structure was confirmed by proton NMR with
signals at 6 = 6.90-7.10 ppm for the alkene protons, 7.60-8.00 ppm for the phenyl
group and at 9.82 ppm for the aldehyde (Scheme 63).
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194 195 174

Scheme 63: Method A: (a)PhCOCHPPh; 171, succinaldehyde 195 (2.0 eqv.),
CHzClz, HCl (aq)

Our next target was the previously prepared®® E-7-phenyl-7-oxohept-5-enal
180, which we envisaged as being easily prepared from the reaction of phosphorane
171 with glutaric dialdehyde, 179, prepared by the ozonolysis of cyclopentene, 196.
Several attempts were made to effect this transformation, but on each occasion we
were unable to isolate significant quantities of the required product 180. We believe
the reason for this was insufficient amounts of ozone being generated during the
ozonolysis step of the reaction. We next attempted the reaction by using an aqueous
solution of the aldehyde, which is available commercially. Our initial attempts
involved the reaction of an ethanolic solution of phosphorane 171 with an excess (20
eqv.) of aqueous aldehyde for 48 hours. This gave the required product in 24% yield,
however, considerable decomposition was evident from TLC analysis.

On repeating this reaction over the shorter time period of 16 hours, we
obtained a considerably improved yield of 73% (Scheme 64). These observations
would suggest that the substrate 180 and related structures are unstable to the
reaction conditions over prolonged reaction times, possibly suggesting that they are
decomposed by ethanol-water mixtures. The structure was confirmed by the
presence of signals in the proton NMR at § = 6.70-7.10 ppm for the alkene protons,
at 7.40-8.00 ppm for the phenyl group and 9.80 ppm for the aldehyde.
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Scheme 64: Method B: (a) Cyclopentene 196 (5 eqv.), Os, CH,Cl,, -78°C; (b) PPhs,
-78°C; (¢) PhCOCHPPh; (1 eqv.) 171 or Method C: (c¢) Glutaric dialdehyde (25%
w/v in H,0) (20 eqv.) 179, EtOH, r.t., PhCOCHPPh; 171

Preparation of higher homologues of the compounds 174 and 180 was also
straightforward and involved the ozonolysis of the required cycloalkene, followed by
a Wittig reaction. Thus FE-8-phenyl-8-oxo-6-octenal 199 was prepared from
cyclohexene 197 in 41% overall yield (Scheme 65). The structure was confirmed by
the presence of signals in the proton NMR at 6 = 6.90 ppm (d) and 7.03 ppm (dt) for
the alkene protons, and at 7.43 and 7.95 ppm for the phenyl group and 9.78 ppm for
the aldehyde.

0]
_EL O |ﬁ> Ph
O U Uy
197 198 199

Scheme 65: Method B: (a) Cyclohexene 197 (20 eqv.), O3, CH,Cl,, -78°C; (b) PPhs,
-78°C; (c) PhCOCHPPh; 171 (1 eqv.)

Similarly, the substrate 202 was prepared using the same methodology.
Ozone was bubbled through a solution of cycloheptene 200 and the resulting
dialdehyde 201 was reacted with phosphorane 171 to produce 202 in 31% yield
(Scheme 66). Again, the structure was confirmed by signals at 6 = 6.88 ppm (d) and

7.05 ppm (m) for the alkene protons, 7.45 and 7.95 ppm for the phenyl group and an
aldehyde signal at 9.78 ppm.
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Scheme 66: Method B: (a) Cycloheptene 200 (5 eqv.), O3, CHxCl,, -78°C; (b) PPhs,
-78°C: (c) PACOCHPPh; 171 (1 eqv.)

Similarly, substrate 205 was prepared from cyclooctene 203, which was
ozonised, and the resultant dialdehyde 204 reacted with phosphorane 171. The
product 205 was obtained in a 26% yield (Scheme 67). The structure was confirmed
by the presence of signals in the proton NMR at 8 = 6.85 ppm (d) and 7.06 ppm (dt)
for the alkene protons, 7.40 and 7.95 ppm for the phenyl group and an aldehyde

signal at 9.75 ppm.
O
@ 0 | (© Ph |
[ ® I | o ‘ | o
3 3 3
203 204 205

Scheme 67: Method B: (a) Cyclooctene 203 (10 eqv.), Oz, CH,Cl,, -78°C; (b) PPh;,
~78°C: (c) PACOCHPPhs 171 (1 eqv.)
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4.2.2 Preparation of the ester-containing substrates

Our next target was £-6-ethoxy-6-oxo0-4-hexenal 175, which was prepared by
the reaction of phosphorane 172 with succinaldehyde in THF over 16 hours giving
the product 175 in 27% yield (Scheme 68). The structure was confirmed by proton
NMR with signals at 8 = 1.30 ppm for the CHs, 4.19 ppm for the CH»-O, 5.85 ppm
(d) and 6.94 ppm (dt) for the alkene protons and at 9.70 ppm for the aldehyde.

o
0
0
D @ _ EtO z
195 175

Scheme 68: Method A: (a) EEOCOCHPPh; 172, succinaldehyde 195 (2.0 eqv.), THF

The phosphorane, 172, was also treated with glutaric dialdehyde, 179, in
THF/H,0 over 16 hours (Scheme 69). The product 206 was isolated as a separable
mixture of cis (23%) and trans (41%) isomers. The structure of the Z-isomer was
confirmed by the presence of signals in the proton NMR at 6 = 1.18 ppm for the
CH3, 2.60 ppm for the CH»-0, 5.72 ppm (d) and 6.11 ppm (dt) for the alkene protons
and an aldehyde signal at 9.28 ppm.

The structure of the E-isomer was confirmed by signals at & = 1.05 ppm for

the CH3, 2.05 ppm for the CH»-O, 5.61 ppm (d) and 6.69 ppm (dt) for the alkene
protons and an aldehyde signal at 9.54 ppm.

? &
0 (@ _ EtO
| — |
179 206
Scheme 69: Method C: (a) Glutaric dialdehyde 179 (25% w/v in H20) (20 eqv.),
THEF, r.t., EEOCOCHPPh; 172
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Substrate 207 was prepared by ozonolysis of cyclohexene, 197, followed by
Wittig reaction with carboethoxymethylenetriphenylphosphorane, 172 (Scheme 70).
The product was formed in a 38% yield and signals in the proton NMR at & = 1.29
ppm for the CHs, 2.23 ppm for the CH,-O, 5.83 ppm (d) and 6.92 ppm (dt) for the
alkene protons and 9.78 ppm for the aldehyde confirmed the structure as 207.

® | ) | I

197 198 207

Scheme 70: Method B: (a) Cyclohexene 197 (20 eqv.), Oz, CH,Cl,, -78°C; (b) PPh;,
-78°C; (c) EtOCOCHPPh; 172 (1 eqv.)
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4.2.3 Preparation of the thiolester-containing substrates

In order to investigate the reaction of a,B-unsaturated thiolesters on the
intramolecular Baylis-Hillman reaction, we needed to prepare the phosphorane 210.
This was accomplished by the reaction of bromoacetic acid, 208, with toluene-4-
thiol under DCC coupling conditions,133 followed by reaction of the thiolester 209
with triphenylphosphine and treatment of the intermediate phosphonium salt with

sodium carbonate (Scheme 71).

0 OH (a) 0] STol (b), (c) 0 STol
Br Br \PPh3
208 209 210

Scheme 71: (a) MeC¢H,SH, DMAP, DCC, CH,Cl,, 0°C, 3 hrs; (b) PPh;, toluene,
rt., 48hI'S, (C) N32CO3, Hzo, CH2C12, 30 mins

With phosphorane 210 in hand, we investigated its reaction with 2
equivalents of succinaldehyde in THF to give, after purification, adduct 211 in 46%
yield (Scheme 72). The structure of the product was confirmed by analysis of the
proton NMR which contained signals at 8 = 2.42 ppm for the tolyl CHs, 2 methylene

groups at 2.50 and 2.62 ppm, together with alkene protons at 6.22 and 6.95 ppm, an
AA'BB' pattern at 7.25 ppm and an aldehyde signal at 9.85 ppm.

0
0
(0) O\ ﬁ» TolS =
|
195 211

Scheme 72: Method A: (a) TolSCOCHPPh; 210, succinaldehyde 195 (2.0 eqv.),
THF
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Similarly, 210 was reacted with glutaric dialdehyde, 179. Thus treatment of
210 with 20 equivalents of glutaric dialdehyde in ethanol and stirring for 16 hours
gave a 32% vyield of the desired substrate 212 (Scheme 73). The structure of the
product was confirmed by the presence of signals in the proton NMR at 6 = 2.39
ppm corresponding to the tolyl CHs, methylene groups at 1.84, 2.30 and 2.52 ppm
together with alkene protons at 6.20 and 6.90 ppm, an AA'BB' pattern at 7.25 ppm
and an aldehyde signal at 9.75 ppm. The yield for this reaction was somewhat poor,
which again may be due to instability of the product to the reaction conditions,

particularly the solvent.

179 212

Scheme 73: Method C: (a) Glutaric dialdehyde 179 (25% w/v in H,0) (20 eqv.),
EtOH, r.t., TolSCOCHPPh; 210
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4.3 Tandem intramolecular Michael-aldol cyclisation reactions

There have been several investigations into the tandem intermolecular and
intramolecular Michael-aldol cyclisations, particularly those mediated by phosphine,
nitrogen and chalcogen nucleophiles as discussed in the introduction and
background. Our objective was to continue studies into the intramolecular version of
this reaction, focusing on the reactions of the substrates prepared in section 4.2 with
secondary amines, thiols and phosphines as catalysts, thereby increasing the scope of
the reaction. It was found that a range of nucleophiles, including secondary amines,
thiols and phosphines effect a tandem intramolecular Michael-aldol cyclisation of
enones X leading to either adducts Y or the eliminated Baylis-Hillman type product
Z (Scheme 74). ®* * Following these preliminary studies we were keen to assess
the scope of this reaction taking into account such variables as the nature of the
nucleophile and the R group and the potential for variations in the ring size of the
product formed. We were also interested in studying the mechanistic aspects of this
reaction in more detail than before. This section brings together our preliminary

findings on these matters and our further studies on the process.

X n

Scheme 74: (a): Piperidine, TolSH or PR3; CDCl; or CHCIs; r.t. to reflux
R = Ph, EtO or TolS; X = Piperidyl, TolS or PR3s;n=1,2,3,4,5
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4.4 Mechanistic studies on the Baylis-Hillman reaction mediated by secondary

amines

Our preliminary investigation stemmed from the observations that a suitable
catalyst for effecting the conversion of the substrate 174 into the cyclised product
177 was the secondary amine piperidine. The formation of 177 is concentration
dependent, however, on closer inspection of the NMR data for these reactions, it was
apparent that the reaction was proceeding through a long-lived and fairly stable
intermediate which we presumed to be the product of 1,4-addition and
intramolecular aldol condensation, 188. As was shown in the background (pages 55-
56), treatment of aldehyde 174 with an excess of piperidine in chloroform effected a
complete transformation of the starting material to the intermediate 188, which was
stable for long periods of time, together with a small amount of 177. Also,
evaporation of the chloroform, followed by reduction with sodium borohydride gave

a separable 1:1.3 mixture of the diols 189a and 189b in 67% overall yield. (Scheme
75), 130, 131, 135

B 0

0 o P H = H
Ph = ﬂ» = ___Q» Ph S 4 =
‘ Ph Ph
\\\‘ \\\‘ \\\.
174 Q\I 188 O 189a O 189b

Scheme 75: (a) Piperidine (1.3 eqv.), CHCls, 10 min,, r.t.; (b) NaBHs, MeOH, 0°C
In addition, the mechanism for the formation of cyclopentenol 177 was

shown to proceed via an addition-aldol-elimination sequence, which has structure

188 as an intermediate (Scheme 76).
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Scheme 76: (a) Piperidine, CDCl3

Ph 7 ———

To elucidate the mechanism of the formation of cyclohexenols, we repeated
this reaction using the enone 180 and found that the adduct 214 was formed very
rapidly. The presence of signals at 6 3.2 (1H, ddd, J =3, 12, 12 Hz), 3.6 (1H, dd, J =
2, 12 Hz) and 4.2 (1H, br m), indicated that the relative stereochemistry of 214 is as
illustrated. In addition, it was apparent that the reaction leading to 214 was
proceeding via an intermediate enol, possibly of structure 213, as indicated by
signals at & 4.3 (1H, dt, J = 14, 7.5 Hz) and 5.8 (1H, d, J = 14 Hz). Again, 214 was
found to be stable in solution for prolonged periods of time with only ~10%
conversion to the cyclohexenol 181 being observed over 28 days. We also attempted
to eliminate piperidine from 214 by treatment with excess CSA at both room
temperature and at reflux with no noticeable reaction occurring after a prolonged
period. We were also able to isolate the adduct 217 which arose from the addition of
piperidine to ketone 215" and found that this compound gave suitable crystals for
X-ray structure determination confirming the stereochemistry as that shown
below."* Interestingly, this cyclisation took considerably longer to effect that the
previous case, requiring six days for complete reaction, possibly reflecting the lower
reactivity of ketones. We were also able to observe, by NMR with signals at § =
0.73-1.87 (12H, m, 6 x CHy), 2.24 (2H, m, 2 x CHHyN), 247 (2H, m, 12H,
CH,HyN), 3.26 (3H, m, CHN + CHx0), 3.86 (1H, d, J = 11.6 Hz, CH), 4.33 (2H, s,
OCH,Ph), 5.00 (1H, br s, CHOH), 7.14-7.94 (10H, m, Ph) the intermediate
conjugate adduct 216 in the reaction mixture and, as in other cases, the Michael-
aldol sequence proceeded to give a single diastereomer by NMR and we were unable

to isolate any minor diastereomeric products (Scheme 77).
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Scheme 77: (a) Piperidine (1.3 eqv.), CHCl;; (b) Piperidine (1.3 eqv.), CHCls; 60%

All of these observations seem to suggest that the reaction indeed proceeds
via a conjugate addition of the amine to the enone yielding an intermediate, possibly
Y, (n = 0,1) followed by an intramolecular aldol cyclisation via the conformation

shown (Scheme 78).

O (6] OH

I (@) OH (l) | 0 |
R . . ,
! R/Kﬁi\\ﬁ , BN *? ,
n _—N Y _—N

X 1%1’\'\1,1, Mq"'\;\m, -
Scheme 78: (a) Piperidine, n =0,1; R = alkyl, aryl

This mechanism might explain the slow rate of formation of the Baylis-
Hillman products from this reaction, as the rate determining step must be the
elimination of the piperidine from intermediates such as 214, which is obviously a
stereoelectronically unfavourable process, particularly in the case of the cyclohexane

intermediate (n = 1).



As it was apparent that the intermediates 188, 214 and 217 are easily formed,
we decided to investigate their presence in the reactions of a variety of amines to
gauge structural features required in the amine to effect conversion to the
intermediates, 214 and 224-228. The efficiency of various amines in the formation of
the cycloalkenes had already been investigated and piperidine had been found to be
the most efficient. We treated substrate 180 with an excess of the amines azetidine,
pyrrolidine, 1-methylpiperazine, homopiperidine and dibenzylamine and observed
the region & = 3.0-4.5 to estimate the formation of intermediates 214 and 224-228.
The results are listed in Table 8. Reaction of 180 with a 1.3 molar excess of the
amine whilst following the reaction by NMR and observing the signal in the
intermediate 214 and 224-228 for H;, H,, and Hj3 illustrated that again piperidine was
the best base for effecting the transformation (Scheme 79).

0] 0] O OH

Scheme 79: (a) R,NH (1.3 eqv.) (Table 8), CDCls, 0-7 days
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Table 8

Amine Time | Yield | Decomposition | H; (J) H, J) H; (J)
(%)
Azetidine 2h 0 100% | ——— | | e
218 (224)
Pyrrolidine 24h | ~25% ~75% 4.18(br | 3.57(dd, 2, 3.47 (ddd, 3,
219 (225) m) 11) 11,11)
Piperidine 10-15 | >90% <10% 4.20(br | 3.60(dd, 2, 3.20 (ddd, 3,
220 min | (214) m) 12) 12,12)
1- 3h | >85% <15% 4.14 (br | 3.68(dd, 2, 3.47 (ddd, 3,
Methylpiperazine (226) m) 11) 11,1D)
221
Homopiperidine | 24h | ~5% ~95% 417 (br | 3.58(dd, 2, 3.30
222 (227) m) 11) (obscured)
Dibenzylamine 7 Trace >95% | e | e
223 days | (228)

As can be seen, the only amines leading to the intermediate adduct 214 and
224-228 with a good conversion are the 6-membered amines piperidine and 1-
methylpiperazine. 1-Methylpiperazine, gave in essence the same reaction profile as
observed for piperidine in that within 3 hours almost all the substrate 180 had been
consumed and the product 226 which was formed was stable in solution for
prolonged periods of time (>20 days). The 4, 5 and 7-membered cyclic amines
together with dibenzylamine predominantly gave products of decomposition arising
from self-aldol condensations of the substrate 180. The formation of a Michael
intermediate similar in nature to the enol 229 (Figure 2) was observed with the use of
di-n-benzylamine as a catalyst, as judged by signals at 6 =4.15 (1H, dt, J = 14.6, 6.9
Hz) and 6.15 (1H, d, J = 14.6 Hz) ppm, however, after a prolonged period of time
only decomposition was observed.

The reason for the success of the reaction only with 6-membered amines is
unclear but it 1s likely to be differences in basicity owing to the similarity in structure
of the amines employed. As previously stated, it is likely that the reaction is
proceeding via an intermediate enol similar in structure to 229 (Figure 2) and it may

be that the propensity to form this moiety is the key to the success or failure of the
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reactions. It 1s possible that changes in the structure of the base have a significant

influence on the stability of this intermediate or even its ability to be formed.

Whatever this reason might be, it is obvious that the reaction is quite susceptible to

changes in structure of the amine and it is apparent that 6-membered cyclic amines

give the best results.

Ph ?
07 X
I
H,,
| 229
R,
Figure 2
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4.5 Systematic modification of substrates and catalysts

Following the mechanistic studies, we embarked upon a systematic study of
the cyclisation process and chose to investigate the use of different electron
withdrawing groups in the Michael substrate and to couple these modifications with

variation in ring size and the use of other nucleophiles.

4.6 5-Membered substrates

Our first area of investigation focused on the formation of the 5-membered
adducts or the corresponding cyclopentenols using either the piperidine-based
methodology described earlier, or by the use of thiolate or phosphine based catalysts.
Our investigations on the 5-membered series focused on the use of an aryl ketone,
ester or thiolester acceptor group and the reactions with piperidine were attempted

first.

4.6.1 Piperidine catalysis

Reaction of ketone 174 with 1.3 equivalents of piperidine was carried out
previously” and gave adduct 188 in an excellent 90% vield in 10 minutes as judged
by proton NMR (Scheme 80).

Ph

174 O\\ 188

Scheme 80: (a) Piperidine (1.3 eqv.), CDCl;, r.t., 10 mins

When a catalytic amount of piperidine (0.3 equivalents) was utilised in a
similar reaction, the cyclised product 177 was obtained in 50% yield after
purification. Proton NMR gave signals at 8 = 3.33 (1H, br s, OH), 5.30 (1H, m,
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CHOH) and 6.71 (1H, t, J = 1.5 Hz, CH), confirming the structure as 177 (Scheme
81).

o @ OH
—_—

Ph
174 177

Ph “

Scheme 81: (a) Piperidine (0.3 eqv.), CDCl3, r.t., 144 hrs

On application of these conditions to the ester-containing substrate 175, a
different outcome was observed in that only products derived from aldol
condensation of the aldehyde function were obtained. This possibly reflects a lower

reactivity of o, B-unsaturated esters towards Michael addition reactions (Scheme 82).

EtO =

Scheme 82: (a) Piperidine (1.3 or 0.3 eqv.), CDCls, r.t., 2 days

One of the major problems that arose in the previous investigations was the
inability to effect an intramolecular reaction utilising an ester as the activating group
on the alkene. To alleviate this problem, we decided to attempt an intramolecular
reaction on the thiolester substrate 211, with the amine, phosphine and thiolester
catalysts. Similar reactions of the thiolester-containing substrate 211 with piperidine
were also complicated by considerable decomposition, including some evidence of
amide formation and aldol reaction processes. Only a low yield (10%) of the
intermediate adduct 230 was observed with an excess of piperidine as judged by
proton NMR. The proton NMR of 230 gave diagnostic signals at  =3.10 (1H, app t,
J=17.7 Hz, CH) for the C-2 proton, d = 3.50 (1H, m, CH) for the C-1 proton and at &
=3.75 (1H, m, CHOH) for the C-3 proton (Scheme 83).
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Scheme 83: (a) Piperidine (1.3 eqv.), CDCls, r.t., 2 days

Similarly, reaction with a catalytic amount of piperidine led to the formation

of decomposition products of aldol condensation (Scheme 84).

0
0o (a

TolS #——— Decomposition

211

Scheme 84: (a) Piperidine (0.3 eqv.), CDCl5, r.t.,, 2 days

From this preliminary investigation, we can conclude that piperidine is a
good catalyst for the tandem, intramolecular Michael-aldol reaction and the
intramolecular Baylis-Hillman reaction but only when the acceptor is an enone. The
cases in which enoate or thioenoate acceptors were used are prone to decomposition,

either through an aldol type process or via reaction of the thioenoate function with

the catalyst.
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4.6.2 Thiol-based catalysis

As both amines and phosphines are in essence weak nucleophiles, we felt that
the use of a thiol might be of more advantage to us. We thus treated enone 174 with
1.3 equivalents of toluene-4-thiol under our standard conditions and we were pleased
to observe the conversion of the starting material into a new product, the adduct, 231
in an excellent 77% isolated yield (Scheme 85). Careful analysis of the NMR of the
crude reaction mixture failed to show the presence of any significant amounts of
1someric compounds. The proton NMR of 231 gave diagnostic signals at 6 = 3.89
(1H, dd, J = 5.3, 8.3 Hz, CH) for the C-2 proton, d =4.19 (1H, ddd, J = 6.3, 8.3, 8.3
Hz, CH) for the C-1 proton and at & =4.59 (1H, m, CHOH) for the C-3 proton.

(0]

o (@
Ph = —— Ph

174 TolSY 1

Scheme 85: (a) p-TolSH (1.3 eqv.), CHCl;, r.t,, 16 hrs

Similar treatment of the ester-substituted 175 failed to effect this
transformation even at reflux in chloroform. The reaction was attempted several
times varying the amounts of the catalyst from 2 to 3 equivalents with no success.
However, if the reaction was performed with 2 equivalents of p-TolSH and a
catalytic quantity of p-TolSNa'?, the adduct 232 was obtained in 72% yield as well
as the addition product 233 in 10% yield (Scheme 86). We were able to grow
crystals of 232, which were suitable for X-ray analysis (see Appendix A) and this
confirmed the structure to be as illustrated in Figure 3. Again the proton NMR of
232 gave diagnostic signals at 8 = 2.76 (1H, dd, J = 5.0, 9.0 Hz, CH), 3.97 (1H, m,
CH) and at 6 = 4.47 (1H, m, CHOH) enabling a correlation to be made between 232
and 231 and supporting the assignment of the stereochemistry of compound 231.
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Scheme 86: (a) p-TolSH (2.0 eqv.), p-TolSNa (0.2 eqv.), CHCIs, A, 16 hrs

When the thiolester substrate 211 was investigated, it was found that the
reaction proceeded without the use of the sodium thiolate catalyst, however it was
necessary to reflux the reaction for 12 hours to effect a reasonable conversion. We
found that without reflux, the conversion was slow and after 3 days in CDCl; at
room temperature, only ca. 10% of the substrate had been converted to the cyclised
material 234.

Increasing the amount of thiol present in the reaction to 3 equivalents and
heating the reaction under reflux for 12 hours effected a 65% conversion to the
cyclic product 234 as judged by proton NMR together with the formation of the
intermediate Michael adduct 23S5. Further reflux failed to convert 235 into 234 and
this might indicate that equilibrium exists between these two species. Again, careful
analysis of the NMR of the crude reaction mixture seemed to suggest that the

reaction gave essentially a single stereoisomer of the cyclised product (Scheme 87).
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The proton NMR of 234 supports the stereochemistry when compared to the
previously prepared adducts 231 and 232 in that signals at 6 =3.14 (1H, dd, J = 4.8,
8.8 Hz, CH), 4.04 (1H, ddd, J = 6.2, 8.8, 8.8 Hz, CH) and 4.55 (1H, m, CHOH) ppm
correlate with those observed in these other adducts. The by-product 235 was
identified by the presence of the AB of an ABX pattern at 5 = 2.80 (dd, J = 8.0, 15.7
Hz) and 2.97 (dd, J = 6.0, 15.7 Hz) ppm for the methylene protons of CH,COSTol
and the presence of an aldehyde signal at 9.79 ppm.

o) 0 4 oH 0
a = O
TolS 2 B Tols)j\ES +  TolS i
211 TolsS 234 TolS 235

Scheme 87: (a) p-TolSH (3.0 eqv.), CHCl;3, A, 12 hrs

We can conclude that the thiolate method for the cyclisation of these adducts
is a very powerful methodology as it appears to be general for these substrates, high
yielding (56-77%) and gives the required compounds as essentially single

diastereoisomers.

4.6.3 Phosphine-based catalysis

We next moved our investigation to the use of phosphines in these tandem
cyclisations and took as our catalyst tributylphosphine, as this appeared to have been
successful in one previous case** and is commercially available in high purity.

We thus treated substrate 174 with a catalytic amount of tri-»z-butylphosphine
(0.2 equivalents) and were pleased to find that it was converted to the previously
prepared cyclopentenol 177 in a modest 20% yield. Spectroscopic data was identical
to the previously prepared material (Scheme 88).
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174 177

Scheme 88: (a) n-BusP (0.2 eqv.), CDCl3, r.t., 17 hrs

Similar treatment of the enoate substrate 175 under these conditions led to the
formation of 178 in 40% yield, however a prolonged reaction time was required to
effect complete consumption of 175 (Scheme 89). Diagnostic proton NMR signals
were obtained at 8 = 2.85 (1H, br s, OH), 5.08 (1H, m, CHOH) and 6.71 (1H, t, J =

2.5 Hz, CH) confirming the structure as 178.
¢ O OH

Ege 77— Ewo

175 178

Scheme 89: (a) n-BusP (0.4 eqv.), CDCls, r.t., 28 days
Finally, treatment of thioenoate substrate 211 with tri-n-butylphosphine was
attempted and it was found that this gave a different outcome in that only products of

decomposition were obtained. This was a rapid process and might suggest that the

phosphine catalyst is incompatible with thiolester functionalities (Scheme 90).

0
0
TolS)HI\/K . ——
211

Scheme 90: (a) 7-BusP (0.4 eqv.), CDCl3, r.t,, 1 hr
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In conclusion, the phosphine catalysis studies proved to be a reasonable
success in that the reaction is applicable to enone and enoate containing substrates,
however is not applicable to thioenoates as the thiolester function appears to react

preferentially with the phosphine.

4.6.4 Conclusions

Our overall conclusions from the reactions of the 5-membered substrates are
that the thiolate catalysed reactions are very successful leading to high yields of the
cyclised products in all cases. Reactions catalysed by phosphines gave mixed results
and piperidine only performed well as a catalyst with the phenyl-containing
substrates. One conclusion that is apparent from this work is that the ester substrates
require more forcing conditions or prolonged reaction times than the corresponding
ketones. This is possibly because of a lower reactivity in the initial Michael step or
may be due to a lower acidity of the a-protons in the intermediate Michael adduct
formed, when compared to ketonic substrates.

The overall results of this work are summarised in Table 9.

80



A S N
Method X\\\‘ A B TolS C
Scheme 91
Table 9
Entry | Subs | R= Method® * A B C
1 174 Ph 1.3 eqv. Piperidine, 10 min. Piperidyl 188, | - | e
90%®
2 174 Ph 0.3 eqv. Piperidine, 144 h. Piperidyl | = --—-- 177,50% | --——--
3 174 | Ph 1.3 eqv. p-TolSH, 16 h. TolS 231,77% | - Trace
4 174 | Ph 0.2eqv.n-BuyP, 17h. | — | 177,20% | -—-
5 175 | OEt 1.3 eqv. Piperidine, 2 days. Piperidyl Dec® | e | ——
6 175 | OEt 0.3 eqv. Piperidine, 2 days. Piperidyl Do I —
T 175 OEt 2 eqv. p-TolSH, 0.2 eqv. p- TolS 232, 72% | - 233,
TolSNa, A, 16 h. 10%
8 175 OFEt 0.4 eqv. n-BwP, 28 days. | - | eeeeee 178, 40% | --—--
9 211 STol 1.3 eqv. Piperidine, 2 days. Piperidyl 230, | - | -
10%®

10 211 | STol 0.3 eqv. Piperidine, 2 days. Piperidyl Dec? | e —
11 211 | STol 3 eqv. p-TolSH, A, 12 h. TolS 234,56% | --—-- 235,
Trace
12 211 | STol 0.4 eqv. n-BusP, 1 h. —— 5 - N [ R—

(a) All reactions performed in CHCI; or CDCl; at r.t. unless specified.
(b) As observed by NMR of the progress of the reaction.

(¢) Largely composed of products derived from aldol condensation.

(d) Unidentified decomposition products.
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4.7 6-Membered substrates

Having investigated the reaction of the 5-membered substrates with amines,
thiols and phosphines, we next attempted similar reactions with the 6-membered
substrates. Again, our investigation focused on the use of an aryl ketone, ester and

thiolester acceptor group.

4.7.1 Piperidine catalysis

We turned our attention to the reactions of enone substrate 180, the ester 206
and the thiolester 212 which, on cyclisation, would lead to 6-membered adducts or
cyclohexenes. As previously reported, the reaction of ketone 180 gave adduct 214
with excess piperidine in a 90% yield (Scheme 92).

Ph (a) Ph

180 OI\\\

Scheme 92: (a) Piperidine (1.3 eqv.), CDCls, r.t., 10 mins

If the conditions were modified to employ only 0.3 equivalents of piperidine,
the cyclised product 181 was obtained in a 30% yield (Scheme 93). Diagnostic NMR
data included signals at § = 3.53 (1H, br s) corresponding to the hydroxyl proton and
at 6 = 4.75 (1H, m) for the CHOH proton and 6 = 6.73 (1H, t, J = 4.0 Hz) for the

alkene proton.
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180 1

Scheme 93: (a) Piperidine (0.3 eqv.), CDCl;, r.t., 14-28 days

We next applied these conditions to the enoate-containing substrate 206 and
as was observed with the 5-membered series, only products derived from aldol

condensation of the aldehyde function were formed (Scheme 94).

Scheme 94: (a) Piperidine (1.3 or 0.3 eqv.), CDCls, r.t.

Similarly, reaction of the thiolester-containing substrate 212 with piperidine
were complicated by considerable decomposition, including amide formation and
aldol condensations with only a low yield (ca. 5%) of the intermediate adduct 236
being observed by NMR (Scheme 95).

TolS l (a)

212

Scheme 95: (a) Piperidine (1.3 or 0.3 eqv.), CDCl3, r.t., 2 days
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The conclusions for this investigation mirror those of the 5-membered series
in that the enone substrate undergoes tandem Michael-aldol cyclisation or Baylis-
Hillman cyclisation depending on the conditions employed, whilst the enoate and

thioenoate substrates lead only to decomposition.

4.7.2 Thiol-based catalysis

We next investigated a thiol as the nucleophile in the reaction of the enoate
substrate 180 and found that the addition of an excess of p-TolSH to a chloroform
solution of 180 at room temperature effected a cyclisation to give the adduct 237 in
93% isolated yield as the sole product (Scheme 96), together with a trace of the aldol
product. Analysis of the proton NMR spectrum for 237 indicated that the signal at &
= 3.77 ppm is a dd with J = 2.5 and 11.5 Hz. This signal suggests a large trans-
diaxial coupling to an adjacent proton and a smaller axial-equatorial coupling for
CH-2. This is indicative of the relative stereochemistry shown in Scheme 96. In
addition, the proton at C-3 resonates at & = 4.20 and is a broad multiplet, whereas the
proton for C-1 resonates at 8 =4.22 as a ddd with J = 4.0, 11.5 and 11.5 Hz. These

signals are again consistent with the stereochemistry shown.

o o 0O OH
=

Ph | (a) Ph
180 Tl | ™"237

Scheme 96: (a) p-TolSH (1.3 eqv.), CHCl3, r.t., 16 hrs

In common with the additions of the secondary amines, in all these reactions
the Michael addition-aldol cyclisation step proceeds to give a single diastereomer by

NMR and again we have been unable to isolate any minor diastereomeric products.
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Treatment of the ester substituted (E)-206 under the previous conditions
failed to effect cyclisation, even on refluxing in chloroform. However, if the reaction
was performed with 2 equivalents of p-TolSH and a catalytic quantity of p-TolSNa,
adduct 238a was obtained in 75% yield (Scheme 97).
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Tols™ 2386 Tols™ 238¢

75% 7% 5%
8=253(19,106Hz) 0=233(115,12.0Hz) §=298(3.7,4.5Hz)

Scheme 97: (a) p-TolSH (2.0 eqv.), p-TolSNa (0.2 eqv.), CHCL, reflux, 16
hrs

On analysis of the proton NMR of 238a, we observed very similar signals
and coupling constants to those found in 237, specifically 8 =2.53 (1H, dd, J =1.9,
10.6 Hz, CH), 3.48 (1H, ddd, J=4.0, 11.3, 11.3 Hz, SCH) and 4.18 (1H, m, CHOH).
We can thus conclude that the relative stereochemistry is identical to that found in
236. A trace of the aldol product was also detected in the proton NMR spectrum.

In addition to the main product, further chromatographic purification of the
crude column fractions enabled us to isolate two compounds 238b and 238¢ in 7%
and 5% yield respectively. The stereochemistry of 238b was easily determined from
the proton NMR as the C-2 methine proton displayed two large trans-diaxial
coupling constants at & = 2.33 ppm, J = 11.5, 12.0 Hz, indicating the relative
stereochemistry shown. The stereochemistry of 238¢c was assigned by X-ray
crystallography (Figure 4) (see Appendix A) and has a diagnostic signal for the C-2
methine proton at & =2.98 ppm which gave coupling constants of J=3.7, 4.5 Hz.

85



Figure 4: X-ray structure of 238¢

We then moved on to an investigation of the thiolester-containing substrate
212 and employed identical conditions to those used previously and found that this
led to the formation of adduct 239a in 60% yield, together with a trace of the aldol
product. Again, two minor by-products 239b and 239¢ were isolated in 7% and 6%
yield respectively (Scheme 98).

H (0]

Q
e

o O OH 0

o
i H H 3 H=
Tas” ™y @ Tols)l\ij TolS/‘KO Tol$
Tols™ 2302 Tols™ 239 TolS 239¢

212
60% 7% 6%
$=287(22, 109Hz) 8=269(97,11.4Hz) 8=3.04(43,9.4Hz)

Scheme 98: (a) p-TolSH (2.0 eqv.), p-TolSNa (0.2 eqv.), CHCls, reflux, 16 hrs

Analysis of the proton NMR of 239a again gave very similar signals and
coupling constants to those found in 237 and 238a, specifically § =2.87 (1H, dd, J =
2.2, 10.9 Hz, CH), 3.60 (1H, ddd, J = 4.0, 10.9, 11.7 Hz, CHS) and 4.30 (1H, m,
CHOH) and we can thus conclude that the relative stereochemistry is as shown.

The stereochemistry of 239b was again determined from proton NMR as the
C-2 methine proton displayed two large frans-diaxial coupling constants (8 = 2.69
ppm, J = 9.7, 11.5 Hz) indicative of all the substituents having equatorial positions.
Finally, the stereochemistry of 239¢ was assigned again based on the signal for the
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C-2 methine proton at 6 = 3.04 ppm which gave coupling constants of very similar
magnitude to 239a (J = 4.3, 9.5 Hz). This suggests that as with 239a, the thiol ester
is in an equatorial position and one of the adjacent functionalities must be axially
arranged to give the smaller J value. We can thus tentatively assign the structure
shown in which the S-tolyl is formally adopting an axial position.

The conclusion from this part of the work is that the thiol/thiolate catalysed
reactions are as successful as those for the 5-membered cases discussed in the
previous chapter with high yields (60-93%) and excellent stereocontrol. The reason
for the formation of the minor by-products in the thiolate cases is unclear, however
they may be arising from an equilibrium process occurring in the reaction. As to why
different isomers are obtained in these two processes we have no clear rationale,
however it may be due to steric factors (the S-tolyl group being considerably more

bulky than the OEt group).

4.7.3 Phosphine-based catalysis

We next turned our attention to the use of phosphines in these cyclisations
and found that treatment of a chloroform solution of enone 180 with a catalytic
amount of n-BusP led to the rapid formation of the previously prepared enone 181 in
an excellent (75%) yield (Scheme 99).

) Cl) 0 OH

Scheme 99: (a) n-BusP (0.2 eqv.), CDCl3, 1.t., 2 hrs

The reasons for this improved reaction yield and rate when compared with
the equivalent 5-membered cyclisation are unclear. However, it is possible to
speculate that as the chain length separating the two reactive centres increases in
length, increased flexibility might give this system a conformational bias leading to a

more rapid reaction.
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Following this, we investigated the cyclisation of the enoate substrate (E)-
206, which, on treatment under the same conditions, gave the cyclohexene product
240 in a satisfying 50% yield. Interestingly, the isomeric compound (Z)-206 also
underwent cyclisation to 240 in an improved 70% yield; the exact reason for this
higher yield is unclear (Scheme 100). Diagnostic proton NMR data for 240 include a
multiplet at 8 = 4.55, which corresponds to the methine proton adjacent to the
hydroxyl and a triplet at = 7.11 (J = 2.0 Hz) for the alkene proton.

0 (|) O OH O
EtO (@  Eto (@ OEt O
| ] — | |
(E)-206 240 (2)-206

Scheme 100: (a) n-BusP (0.2 eqv.), CDCls, r.t., 24 hrs

Again, unsurprisingly, it was found that treatment of thiolester 212 with
phosphine under similar conditions led to a rapid decomposition of the substrate to a

mixture of unidentifiable products (Scheme 101).

Scheme 101: (a) n-BusP (0.4 eqv.), CDCl;, r.t., 17 hrs

Our conclusion from this work is that both the enone and enoate substrates
give excellent yields in the cyclisation process which are better than those for the
corresponding 5-membered series. The thioenoate substrate, however underwent a

similar decomposition to that already observed for the 5-membered series.
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4.7.4 Conclusions

Our overall conclusions from the reactions of the 6-membered substrates are
that the thiolate catalysed reactions are very successful leading to high yields of the
cyclised products in all cases, as was found in the 5-membered series. Reactions
catalysed by phosphines gave excellent results for the enone and enoate substrates
whilst piperidine only performed well as a catalyst for cyclising the enone-
containing substrate. Again, it is apparent from this work that the enoate substrates
require more forcing conditions or prolonged reaction times than the corresponding
enones.

The overall results are summarised in Table 10.
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Table 10

Entry | Subs R= Method® X A B C

1 180 Ph 1.3 eqv. Piperidine, | Piperidyl | 214, 90%® | —— | —
10 min.

2 180 Ph 0.3 eqv. Piperidine, | Piperidyl | ----—- 181, 24- | -
14-28 days. 30%

3 180 Ph 1.3 eqv. p-TolSH, | TolS 237, 93% —- Trace
16 h, r.t.

4 180 Ph 0.2 eqv. n-BusP, 2 | -—--- ———- 181,75% | -——--
h.

5 (E)206 | OEt 1.3 eqv. Piperidine. | Piperidyl | Dec™ —_— | -

(E)206 | OFEt 0.3 eqv. Piperidine. | Piperidyl | Dec™ ———— | -

7 (E)-2066 | OFEt 2 eqv. p-TolSH, 0.2 | TolS 2389 75% | —-m-- Trace
eqv. p-TolSNa, A,
16 h.

8 (E)-206 | OEt 0.2 eqv. n-Bu;P, 24 | ———- e 240, 50% | -—-—--
h.

9 (Z2)-206 | OEt 0.2 eqv. n-BusP, 24 | - —— 240,70% | -—---
h.

10 212 STol 1.3 eqv. Piperidine, | Piperidyl | 236, ca. | —— | —
2 days. 5%

11 212 STol 0.3 eqv. Piperidine, | Piperidyl | 236®, ca. | —— | ——
2 days. 5%

12 212 STol 2 eqv. p-TolSH, 02 | TolS 2399,60% | —- Trace
eqv. p-TolSNa, A
16 h.

13 212 STol 0.4 eqv. n-BusP, 17 | —- Rapid dec® | —— [
h.

(a) All reactions performed in CHCI; or CDCl;at r.t. unless specified.
(b) As observed by NMR of the progress of the reaction.

(c) Largely composed of products derived from aldol condensation.
(d) Major isomer; see text.

(e) Unidentified decomposition products.

90




4.8 Reactions involving the formation of larger ring systems

The previous work has demonstrated that our methodology is ideal for the
formation of 5 and 6-membered carbocyclic rings. We next wished to investigate the
formation of medium ring carbocycles using the easily prepared substrates 199 and

205 (prepared from cyclohexene and cyclooctene).

4.8.1 Piperidine catalysis

We firstly treated the substrates 199 and 205 with both stoichiometric and
catalytic amounts of piperidine at differing concentrations and it was apparent from
these reactions that the expected intermediate Michael-aldol adducts or the
cycloalkenols which arise from a Baylis-Hillman process were not formed even on
prolonged reaction times. The main outcome of these reactions appeared to be

decomposition, which was occurring via an aldol type process (Scheme 103).

0)

199, 205

Scheme 103: (a) Piperidine (1.3 or 0.3 eqv.);n=3 or 5

4.8.2 Thiol-based catalysis

We next investigated the reaction of 199 and 205 with p-TolSH at room
temperature and at reflux and with the presence of p-TolSNa as catalyst and found
that the only products obtained were the Michael adducts 241 and 242 (both in 79%
yield) (Scheme 104).
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Scheme 104: (a) p-TolSH (2.0 eqv.), p-TolSNa (0.2 eqv.), CHCl3, A, 16 hrs;n=3 or
5

4.8.3 Phosphine-based catalysis

With these disappointing results, we proceeded to investigate the phosphine
mediated cyclisations and were pleased when these reactions met with more success.
We found that treatment of 199 with 0.2 equivalents of n-BusP for 48 hours in
chloroform led to the formation of a trace amount of the cycloheptenol 243, as
evidenced by NMR with a signal at & = 4.70 ppm (m, CHOH).

However, the main product from this reaction was shown to be, somewhat
surprisingly, the cycloheptadiene 244, which was obtained in 77% isolated yield
(Scheme 105).

Ph | (@) Ph + Ph

Scheme 105: (a) n-BusP (0.2 eqv.), CDCls, 2 days or #n-BusP (0.2 eqv.), CsDs, 2
days

This product was unexpected as similar products were not observed in any
previous n-BusP catalysed cyclisation reactions. In order to determine if this
elimination was occurring due to an interaction between the phosphine and the
chloroform, we repeated the reaction in Dg-benzene with comparable results being

obtained. in that 244 was the major product formed (46% yield). The mechanism of
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this reaction is most probably a simple elimination of water, possibly mediated by
the phosphine catalyst acting as a base (route a) as shown in Scheme 106. Further
evidence for this was that the signal for water in the proton NMR at 6 = 1.90 ppm
increased steadily during the monitoring of the progress of the reaction. However,
why this is occurring in only this particular ring size is not known but the more
flexible conformation of the 7-membered ring might be a factor. It is also possible
that a nucleophilic attack of the phosphine to the enone, followed by elimination of
water is occurring (route b).

Diagnostic proton NMR data for 244 includes signals at 6 = 6.06 (1H, dt, J =
52,11.9Hz CH), 6.33(1H,dd, J=1.2, 11.9Hz, CH) and 6.57 (1H, br t, J=5.2 Hz,
CH) which correspond to the three alkene protons.

H+
0 HO> O

Ph e e E

(b)(» O 243 244
H

R3P :/(;)\A
Scheme 106
Similar reactions were attempted on the enone substrates 202 and 205 which,
if successful, would generate 8 and 9-membered rings respectively, however these

proved completely unreactive toward the reaction conditions and no cyclisations

were observed even on prolonged reaction times (Scheme 107).
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Scheme 107: (a) n-BusP (0.2 eqv.), 6 days; n=4 or 5

We were keen to investigate the elimination process observed in the
formation of 244 further and thus treated the enoate substrate 207 under identical
conditions. We found that this also led to the formation of the cycloheptadiene 246
but in much lower yield (10%). In this case, however, the expected Baylis-Hillman
product 245 was obtained in a slightly higher yield (16%). The other noteable feature
of this reaction was the much shorter time required for complete consumption of the
starting material and the larger amount of decomposition that was observed (Scheme
108). Diagnostic NMR data for the two products includes, for 245, signals at & =
3.13 ppm (1H, br s) for the CHOH, 4.81 ppm (1H, m) for the CHOH proton and at &
=7.11 ppm (1H, t, J = 6.4 Hz) for the alkene proton. Data for 246 included signals at
d =598 (1H, dt, J =5.4, 11.6 Hz, CH), 638 (1H, br d, J = 1.5, 11.6 Hz, CH) and
7.14 (1H, t, J=5.5 Hz, CH) ppm for the three alkene signals.

o) O HO (0]

0 245 246

207

Scheme 108: (a) n-BusP (0.2 eqv.), 6 days
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4.8.4 Conclusions

The conclusions from this work are that firstly, the methodology involving
piperidine and thiol/thiolates are ineffective and appear limited to 5 and 6-membered
systems. The phosphine catalysed processes are of more interest in that they appear
to offer the potential for the synthesis of 7-membered systems in very high yields; a
process that might be of considerable synthetic interest. The phosphine catalysis was
limited to this ring size and no reaction was observed when larger ring sizes were
attempted.

The overall results are summarised in Table 11.
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O OH (6] fe)
R R s RﬁH)/O + R/u©
" n TolS n o
Scheme 109
Table 11

Entry | Subs R= n= Method™® X A B c D

1 199 Ph 3 1.3 eqv. | Piperidyl | Dec™ R — . E
Piperidine.

2 199 Ph 3 03 eqv. | Piperidyl | Dec™ ——- — S—
Piperidine.

3 205 Ph 5 13 eqv. | Piperidyl | Dec™ B — -
Piperidine.

4 205 Ph 5 0.3 eqv. | Piperidyl | Dec'™ —— S— E—
Piperidine.

5 199 Ph 3 2 eqv. p-TolSH, | TolS — | - 241 ——-
02 eqv. p- 79%
TolSNa, A, 16
h.

6 205 Ph 5 2 eqv. p-TolSH, | TolS S J— 242 N
02 eqv. p- 79%
TolSNa, A, 16
h.

7 199 Ph 3 0.2 eqv. n-BusP, | ——- Trace™ JUUINUUL [— 244
2 days. T7%

8 199 Ph 3 0.2 eqv. #-BusP, | ——- Trace® | com | —oen 244,
CsDs, 2 days. 46%

9 202 Ph 4 0.2 eqv. »-BusP, | ——- No m———— | — ——
6 days. reaction

10 205 Ph 5 0.2 eqv. #-BusP, | —-—- No s | e e
6 days. reaction

11 207 OFEt 3 02 eqv. #-BusP, | —— Trace® 245, | — 246,
6 days. 16% 10%

(a) All reactions performed in CHCI; or CDClsat r.t. unless specified.
(b) Largely composed of products derived from aldol condensation.
(c) Asobserved by NMR of the progress of the reaction.
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4.9 Overall conclusions

It is apparent from the results of sections 4.6-4.8, that the amine cyclisations
are limited in scope to the 5 and 6-membered cyclisations with enones as the
Michael acceptors, yields for the stoichiometric processes being very high and those
for the catalytic being less so.

The phosphine mediated cyclisations seem to work well for both the enone
and enoate cyclisations, with the best yields being obtained for substrates leading to
6 and 7-membered products, leading either to Baylis-Hillman products or the
eliminated cycloheptadienes.

But the major achievements of this work are the studies on the thiol and
thiolate mediated cyclisations. These were by far the most successful reactions,
proceeding for all the 5 and 6-membered substrates in 56-93% yield and giving one
major product in all cases with excellent stereoselectivity. These results are
comparable  with  stoichiometric  methods such as those using
dimethyaluminiumthiophenylates'® or lithium thiophenoxide in their yield and

stereoselectivity. >
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4.10 Investigation into the use of chiral amines in tandem Michael-aldol

cyclisations

Within the remit of the project, we intended to investigate the use of chiral
amines as mediators of the Baylis-Hillman cyclisation, as this might lead to the
possibility of an asymmetric reaction process. It had previously*® been shown that
2-methylpiperidine was effective to some extent in effecting a Baylis-Hillman

cyclisation of the enone substrate 174 in 30% yield (Scheme 110).

O
o N OH
= (@
174 177

Scheme 110: (a) 2-Methylpiperidine (30 mol%), CDCls, r.t., 7 days

For our purposes, we treated enone 180 with an excess of this amine and
observed a slow conversion of the substrate to the product 246 over the course of 3

days, as evidenced by proton NMR (Scheme 111).

Ph l

247

Scheme 111: (a) 2-Methyl piperidine (1.3 eqv.), CDCl3, 3 days, r.t.

Evidence for this compound was given by the appearance of a similar set of

signals to those observed previously for 214 (Scheme 112, Table 12).
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Scheme 112

Table 12
R:NH | H; (J) H; (J) H; (J)
247 | 419 (br m) 362(dd. 3, 11Hz) | 3.80(ddd, 3, 11, 11 Hz)
214|420 (brm) 360 (dd, 2, 12Hz) | 3.20 (ddd, 3, 12, 12 Hy)

As can be seen in Figure 5, the crude NMR displayed one major set of

signals and several minor by-products. Initially, we felt that these were

diastereomeric with 247, however on close inspection of the 13C spectrum, the

presence of only one set of signals with none of the characteristic "twinning" of

signals for diastereomeric mixtures has led us to believe that the reaction proceeded

to essentially a single diastereomeric product.

—

S

‘ml <
- Ty T T
4.0
Figure 5§
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In order to elucidate the relative stereochemistry of the above product, we
treated a methanolic solution of the product with sodium borohydride to effect a
reduction of the benzoyl group to give the benzylic alcohol 248 (Scheme 113).

\a
Me
Scheme 113: (a) NaBH,, MeOH, 0°C

This was isolated in an overall yield of 61% from the substrate 180 and again
was isolated as a single diastereomer as illustrated by the proton and carbon NMR
(Figure 6).

A
e ——— v

S

- : >

o o

(s3]
llT\'T]]‘IIIIlIl]IITl'IIIIIII!I[‘II!II1
.5 5.0 4.5 4.0 3.5 3.0 2.9 2.0

PPM

Figure 6
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Again it was apparent from the carbon spectrum of this compound that only a
single diastereomer of this compound had been formed, as only one methyl signal a-
to piperidine was observable (8 = 21.14). Unfortunately, we were unable to obtain
any crystals of 248 despite trying a range of solvents and thus attempts to elucidate
the relative stereochemistry of both the piperidine methyl and the benzylic alcohol
positions proved difficult.

The formation of derivatives of 248 also proved to be difficult. Attempted
acetylation using acetyl chloride gave only an inseparable mixture of compounds and
the attempted formation of the dimethylacetone derivative 249 using 2-
methoxypropene was also unsuccessful.

These results were disappointing as the reaction appears to be stereoselective
and a determination of the relative stereochemistry would possibly give an insight
into the reaction in general. Possible future work on this area might focus on using
other groups on the amine to increase the crystallinity of the products obtained and

aid structure determination.
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S Conclusions and further work

At the outset of the project, the aim was to investigate further the
intramolecular Michael-aldol reaction using a range of substrates and catalysts. This
was achieved through a range of studies and each will be summarised and

commented on in turn.

The preparation of substrates: Initially, there were some problems
encountered in the preparation of the substrates required for the cyclisation studies,
however methods were developed to overcome this and we were able to prepare

gram quantities of these materials.

Mechanistic studies on the Baylis-Hillman reaction: This was a very
successful aspect of the work and from a combination of NMR studies and the use of
X-ray crystallography, we determined the nature of the reaction sequence and the
relative stereochemistry of the intermediates involved in this cyclisation process.
(Scheme 114).

N OH

@]
L SR § =<7}

/N /N

RN T,

Scheme 114: n=0,1; R = alkyl, aryl

The use of a range of amine investigations in this reaction, illustrated that this
reaction pathway was common for most of the secondary amines we employed,
however the use of a 6-membered amine gave by far the best results. As yet we have

no explanation for this observation.

Investigation of new catalysts and substrates: The use of phosphines and

thiols as catalysts for this reaction proved very effective with high yields being
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observed in several cases. The use of a thiolester as an activating group for the
alkene was not easily applicable to the use of phosphines and amines, but was very
effective under the thiol/thiolate conditions. Again, the reactions appear highly

stereoselective. In summary, the conclusions from this work are as follows:

1) Piperidine is only useful for Michael-aldol and Baylis-Hillman cyclisations

of 5 and 6-membered enone substrates.

i) Thiol/thiolate cyclisations are applicable to Michael-aldol cyclisations of
the 5 and 6-membered substrates.

i11) Tri-n-butyl phosphine is applicable to the Baylis-Hillman cyclisations of

5, 6 and 7-membered enone and ester substrates.

Investigation into the use of chiral amines in tandem Michael-aldol
cyclisations: One very important observation from our work is that we have been
able to effect a diastereoselective variant of the Michael-aldol cyclisation using 2-
methylpiperidine as a chiral amine catalyst. This opens up significant possibilities
for the use of chiral amines, phosphines and thiols in this reaction and may prove the

most fruitful area of investigation in the future.

Further developments: In addition to the further studies mentioned above,
other work might involve the application of this methodology to synthesis. The
intermediates generated by amine or thiol addition may be transformed in several
ways (for example Cope or Hoffman elimination, oxidative sulfoxide elimination or
desulfurisation) to give useful synthetic precursors. The synthesis of heterocycles
and fused systems by these methods is also a possibility.

In conclusion, this work has continued to develop during this investigation

and offers potential as a new and viable synthetic methodology.



6 Experimental

6.1 General experimental details

Reagents: All reagents were obtained from commercial suppliers and were used

without further purification.

Solvents: Solvents were purified when necessary using the methods described in
'Advanced Practical Organic Chemistry' by M. Casey, J. Leonard, B. Lygo and G.
Procter. In particular, dichloromethane (DCM) was distilled over calcium hydride
and diethyl ether (ether) and tetrahydrofuran (THF) were distilled over sodium wire
and benzophenone. Petrol refers to the fraction of petroleum spirit boiling in the

range 40-60°C.

Chromatoegraphy: The purity of compounds was assessed by thin layer

chromatography (TLC). Unless otherwise stated, all new compounds were
homogeneous as indicated by TLC. TLC was performed on BDH glass silica plates
coated with Kieselgel 60 F254 (Art. 5554, Merck). Compounds were visualised by
examination under ultraviolet light or staining by contact with a solution of
phosphomolybdic acid (PMA) in ethanol and heating to 180°C. Column
chromatography was performed using Merck 7736 silica gel under medium pressure

with the eluting solvent specified in each case.

Analytical methods: Melting points were determined using a Gallenkamp capillary
apparatus and are uncorrected. Infra-red (IR) spectra were recorded as thin films on
NaCl plates (oils) or KBr discs (solids) using a Perkin-Elmer 1600 FTIR
spectrometer. Microanalyses were obtained using a Carbo-Erba Model 1106 CHN
analyser. Electron impact (EI), chemical ionisation (CI), fast atom bombardment and
high resolution mass spectra were recorded using a VG Masslab Model 12/253
spectrometer by the EPSRC Mass Spectrometry Service at Swansea. In some cases,
high resolution mass spectra could not be obtained due to limited access to this

service. Proton NMR spectra were recorded at 250 MHz using a Bruker AC250
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spectrometer. Carbon NMR spectra were recorded using the Bruker AC250
spectrometer at 62.5 MHz and were broadband-decoupled. All spectra were recorded

in CDCl; unless otherwise stated. Chemical shifts are reported as 6 values relative to

tetramethylsilane.

Miscellaneous: All non-aqueous reactions were performed using oven-dried
glassware (250°C) under a static atmosphere of argon. The term 'concentrated’ refers
to the removal of solvent on a Biichi rotary evaporator under reduced pressure (~15

mm Hg). All yields quoted are for purified compounds unless otherwise stated.
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6.2 General conditions for the Wittig reaction with dialdehydes

Preparation of succinaldehyde (195)

A mixture of 2,5-dimethoxytetrahydrofuran (11 g; 0.083 mol) and aqueous
acetic acid solution (22 ml 1% v/v) was refluxed for 20 minutes. After cooling and
neutralising with saturated sodium bicarbonate solution (volume until neutral on pH
paper), the mixture was saturated with NaCl (solid) and extracted with ethyl acetate
(50 ml x 3) and chloroform (50 ml). Drying and evaporation of the combined
extracts was followed by vacuum distillation, yielding succinaldehyde (2.70 g, 78%
pure; B.pt: 70°C at 8.6 mbar), the purity of which was determined by NMR.

Method A: The relevant phosphorane (1 equivalent) was dissolved in dry
dichloromethane (10 ml per gram of phosphorane) and added dropwise to a solution
of succinaldehyde (2 equivalents) as a cooled (0°C) solution in dichloromethane or
THF (3 x the volume employed for the phosphorane) and the resulting solution
stirred for 48 hours. The solution was then washed with a large volume of water
(typically 250 ml x 3 for each 100 ml of reaction solvent) and after drying and
evaporation of the solvent, the resulting solid mass was triturated with ether (ca. 50-
100 ml) then diluted with petrol (ca. 25-50 ml) and the supernatant liquid decanted
with filtration. After repeating this process a further three times, the combined
filtrates were then dried (MgSQO,4), evaporated and subjected to chromatography
(ether/petrol) to yield the products.

Method B: The cycloalkene (5-20 equivalents) was dissolved in dry
dichloromethane (15 ml per gram) and cooled to -78°C whereupon ozone was
bubbled in the flask until the solution became blue in colour and at this point, the
reaction was flushed with nitrogen gas and triphenylphosphine (equivalent to the
amount of cycloalkene) was added in one portion and the reaction stirred until it
dissolved and for a further 30 minutes. The phosphorane (1 equivalent) was then
added and the reaction stirred to room temperature overnight. The reaction solvent

was evaporated and the solid mass remaining was triturated with ether (ca. 100 ml x
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3) and the triturates filtered, combined and washed with a large volume of water (ca.
250 ml x 3), then dried (MgSO4) and evaporated. Silica gel chromatography
(ether/petrol) gave the products.

Method C: The relevant phosphorane (1 equivalent) was dissolved in ethanol or
THF (20 ml per gram of phosphorane) at room temperature whereupon aqueous
glutaric dialdehyde solution (20 equivalents) was added and the reaction stirred
overnight at room temperature. Water (ca. 50 ml per gram of phosphorane) was
added and the reaction extracted with ether (typically 200 ml x 3) and the combined
ether extracts washed with aqueous HCI solution (0.2 M, ca. 300 ml x 3), followed
by brine (ca. 50 ml x 3). After drying (MgSO4) and evaporation, silica gel
chromatography (ether/petrol) gave the products.
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E-6-Phenyl-6-oxohex-4-enal (174)

0]

See: General conditions for the Wittig reaction with dialdehydes.

Method A: Phosphorane 171 (3.55 g; 9.4 mmol) gave 174 (840 mg, 48%); 20-50%
ether in petrol, R¢= 0.29 (50% ether in petrol).

"H NMR: (250MHz) § = 2.65 (4H, m, 2 x CH,), 6.90-7.10 (2H, m, 2 x CH), 7.60-
8.00 (5H, m, Ph), 9.82 (1H, s, CHO).

BC NMR: (62.5MHz) & = 24.97 (CH,), 41.92 (CH,), 126.74 (CH), 128.48 (CH),
128.54 (CH), 132.78 (CH), 137.64 (C), 146.67 (CH), 190.33 (C=0), 200.37 (CHO).
IR (NaCl): vmax = 3058, 2897, 2826, (C-H), 2725 (CHO), 1722 (C=0), 1670 (C=0),
1621 (C=C) cm™.

MS (CI): 206 (100%, [M+NH4]"), 189 (70%, [M+H]").

HRMS: CoH;530, ([IM+H]") requires 189.0916, found 189.0916.

108



E-7-Phenyl-7-0xohept-5-enal (180)

11
Ph I

See: General conditions for the Wittig reaction with dialdehydes.

Method B: Cyclopentene, 196 (8.9 g; 0.13 mol) and phosphorane 171 (5.0 g; 13.2
mmol) gave 180 (1.87 g, 70%).

Method C: Phosphorane 171 (4.02 g; 10.6 mmol) gave 180 (1.54 g, 73%); 30%
ether in petrol, Ry=0.10 (30% ether in petrol).

"H NMR: (250MHz) § = 1.90 (2H, quintet, J = 7.3 Hz, CH,), 2.37 (2H, dt, ] = 6.7,
7.3 Hz, CHy), 2.50 (2H, dt, J = 0.8, 7.3 Hz, CHy), 6.70-7.10 (2H, m, 2 x CH), 7.40-
8.00 (SH, m, Ph), 9.80 (1H, t, J = 0.8 Hz, CHO).

C NMR: (62.5MHz) § = 20.49 (CH,), 31.83 (CHy), 42.99 (CHy), 126.64 (2 x CH),
128.49 (2 x CH), 128.52 (CH), 132.72 (CH), 137.77 (C), 147.97 (CH), 190.55
(C=0), 201.55 (CHO).

IR (NaCl): vmax = 3056, 2930, (C-H), 2726 (CHO), 1722 (C=0), 1669 (C=0), 1620
(C=C) em™.

MS (CI): 220 (80%, [M+NH,4]"), 203 (100%, [M+H]").

HRMS: C15H;50; ((M+H]") requires 203.1072, found 203.1072.

109



E-8-Phenyl-8-0x0-6-octenal (199)

0)

Ph |
0O

See: General conditions for the Wittig reaction with dialdehydes.

Method B: Cyclohexene, 197 (16.4 g; 200 mmol) and phosphorane 171 (3.88 g; 10
mmol) gave 199 (0.878 g, 41%); 20% ether in petrol, Rr= 0.17 (20% ether in petrol).
"H NMR: (250MHz) & = 1.50-1.70 (4H, m, 2 x CHy), 2.37 (2H, app q, J = 6.4 Hz,
CH,), 2.49 (2H, dt, J=1.5, 7.0 Hz, CH,), 6.90 (1H, d, J = 14.5 Hz, CH), 7.03 (1H,
dt, J=6.4,14.5 Hz, CH), 7.43-7.95 (SH, m, Ph), 9.78 (1H, d, J = 1.5 Hz, CHO).

BC NMR: (62.5MHz) & = 21.58 (CHa), 27.61 (CHy), 32.49 (CHy), 43.58 (CHo),
126.24, 128.51, 132.67 (6 x CH), 137.85 (C), 148.88 (CH), 190.26 (C=0), 202.15
(CHO).

IR (NaCl): vmax = 2935 (C-H), 2724 (CHO), 1722 (C=0), 1668 (C=0), 1619 (C=C)
em™,

MS (CI): 234 (100%, [M+NH,]"), 217 (70%, [M+H]").

HRMS: C14H;,0, (IM+H]") requires 217.1229, found 217.1226.
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E-9-Phenyl-9-0x0-7-nonenal (202)

See: General conditions for the Wittig reaction with dialdehydes.

Method B: Cycloheptene, 200 (4.81 g; 50 mmol) and phosphorane 171 (3.04 g; 8.0
mmol) gave 202 (0.858 g, 47%); 20% ether in petrol, Rr= 0.16 (20% ether in petrol).
"H NMR: (250MHz) & = 1.30-1.80 (6H, m, 3 x CH,), 2.34 (2H, app q, J = 7.0 Hz,
CHy), 2.46 (2H, t, J = 7.3 Hz, CHy), 6.88 (1H, d, J = 16.5 Hz, CH), 7.05 (1H, m,
CH), 7.45-7.95 (5H, m, Ph), 9.78 (1H, br s, CHO).

BC NMR: (62.5MHz) § = 21.78 (CHy), 27.92 (CHy), 28.69 (CH>), 32.54 (CH),
43.73 CH,), 126.08, 128.51, 132.63 (6 x CH), 138.00 (C), 149.40 (CH), 190.81
(C=0), 202.44 (CHO).

IR (NaCl): vmax = 2930 (C-H), 2721 (CHO), 1721 (C=0), 1668 (C=0), 1618 (C=C)
cm™

MS (CI): 248 (100%, [M+NH,4]"), 231 (55%, [M+H]").

HRMS: C;5H;90; ([M+H]") requires 231.1385, found 231.1385.
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E-10-Phenyl-10-0x0-8-decenal (205)

See: General conditions for the Wittig reaction with dialdehydes.

Method B: Cyclooctene, 203 (11.0 g; 0.10 mol) and phosphorane 171 (3.82 g; 10.0
mmol) gave 205 (1.19 g, 49%); 25% ether in petrol, R¢= 0.16 (25% ether in petrol).
"H NMR: (250MHz) & = 1.30-1.70 (8H, m, 4 x CHy), 2.32 (2H, app q, J = 7.0 Hz,
CHy), 2.45 (2H, dt, J = 1.0, 6.7 Hz, CH,), 6.85 (1H, d, J = 15.3 Hz, CH), 7.06 (1H,
dt, J=7.0, 15.3 Hz, CH), 7.40-7.95 (5H, m, Ph), 9.75 (1H, d, J= 1.0 Hz, CHO).

BC NMR: (62.5MHz) & = 21.90 (CHy), 27.94 (CHy), 28.90 (CHy), 28.93 (CHy),
32.70 (CHy), 43.80 (CHy), 125.99, 128.50, 132.60 (6 x CH), 137.96 (C), 149.71
(CH), 190.87 (C=0), 202.65 (CHO).

IR (NaCl): vmax = 2931, 2856 (C-H), 2720 (CHO), 1722 (C=0), 1669 (C=0), 1619
(C=C) cm™.

MS (CI): 262 (100%, [M+NH,4]"), 245 (80%, [M+H]").

HRMS: C;6H2,0, (IM+H]") requires 245.1542, found 245.1542.
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E-6-Ethoxy-6-0x0-4-hexenal (175)

0)

EtO =

See: General conditions for the Wittig reaction with dialdehydes.

Method A: Phosphorane 172 (2.84 g; 8.1 mmol) gave 175 (730 mg, 58%); 50%
ether in petrol, Ry = 0.30 (50% ether in petrol).

'H NMR: (250MHz) 6 =1.30 3H, t, J = 7.1 Hz, CH3), 2.50-2.70 (4H, m, 2 x CHy),
419 (2H, ¢, J = 7.1 Hz, CH,), 5.85 (1H, d, J = 15.7 Hz, CH), 6.94 (1H, dt, J = 6.4,
15.7 Hz, CH), 9.70 (1H, d, J = 0.7 Hz, CHO).

BC NMR: (62.5MHz) § = 14.23 (CHz), 24.41 (CH,), 41.83 (CHa), 60.34 (CHa),
122.46 (CH), 146.26 (CH), 166.26 (C=0), 200.33 (CHO).

IR (NaCl): Vpax = 2981, 2832 (C-H), 2727 (CHO), 1721 (C=0), 1657 (C=C) cm™.
MS (CI): 174 (100%, [M+NH,]").

HRMS: CsHsNO; ([M+NHy]") requires 174.1130, found 174.1129.
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E- and Z-7-Ethoxy-7-0x0-5-heptenal ((E)-206 and (7)-206)

o) 0) 0]

EtO l OEt O

See: General conditions for the Wittig reaction with dialdehydes.

Method C: Phosphorane 172 (3.66 g; 10.5 mmol) gave (Z)-206 (410 mg, 23%) and
(E)-206 (737 mg, 41%); 10% ether in petrol, Re = 0.14 and 0.07 (10% ether in
petrol).

Data for (Z)-206. '"H NMR: (250MHz) & = 1.18 3H, t, J = 7.1 Hz, CHs), 1.70 (2H,
app pentet, J = 7.3 Hz, CH,), 2.40 (2H, t, J =72 Hz, CHy), 2.60 (2H, app q, J =74
Hz, CHy), 4.05 (2H, q,J=7.1 Hz, CHy), 5.72 (1H, d, J=11.4 Hz, CH), 6.11 (1H, dt,
J=17.4,11.4 Hz, CH), 9.28 (1H, s, CHO).

BC NMR: (62.5MHz) & = 14.12 (CHs), 21.17 (CHa), 27.98 (CHy), 43.05 (CHb),
59.73 (CHy), 120.67 (CH), 148.44 (CH), 166.05 (C=0), 201.83 (CHO).

IR (NaCl): v = 3038, 2982, 2937, 2826, (C-H), 2724 (CHO), 1722 (C=0), 1644
(C=C) cm™.

MS (CI): 188 (100%, [M+NH,]"), 171 (30%, [M+H]").

HRMS: CoH;505 ([M+H]") requires 171.1021, found 171.1018.

Data for (E)-206. "H NMR: (250MHz) 5 = 1.05 3H, t, J = 7.1 Hz, CH;), 1.57 (2H,
app pentet, J =7.3 Hz, CHy), 2.05 (2H, app q, J=7.1 Hz, CH,), 227 2H, t, J=7.0
Hz, CHy), 3.93 (2H, q, J = 7.1 Hz, CH,), 5.61 (1H, d, J = 15.6 Hz, CH), 6.69 (1H, dt,
J=6.8,15.6 Hz, CH), 9.54 (1H, s, CHO).

BC NMR: (62.5MHz) & = 14.24 (CHs), 20.30 (CHy), 31.22 (CHy), 42.93 (CHy),
60.27 (CH,), 122.25 (CH), 147.53 (CH), 167.50 (C=0), 201.62 (CHO).

IR (NaCl): Vpay = 2982, 2938, (C-H), 2724 (CHO), 1716 (C=0), 1653 (C=C) cm™".
MS (CI): 188 (100%, [M+NHL] ), 171 (25%, [M+H]).

HRMS: CoH;50; ([M+H]") requires 171.1021, found 171.1023.
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E- 8-Ethoxy-8-0x0-6-octenal (207)

0)

EtO |
O

See: General conditions for the Wittig reaction with dialdehydes.

Method B: Cycloheptene, 197 (16.4 g; 171 mmol) and phosphorane 172 (3.48 g;
10.0 mmol) gave 207 (700 mg, 38%); 40% ether in petrol, R¢ = 0.22 (40% ether in
petrol).

'"H NMR: (250MHz) § =1.29 (3H, t, J = 7.0 Hz, CH;), 1.48-1.70 (4H, m, 2 x CH,),
2.23 (2H, app q, J = 7.0 Hz, CHy), 2.47 (2H, t, ] = 7.0 Hz, CH,), 4.19 (2H, ¢, ] = 7.0
Hz, CHy), 5.83 (1H, d, J = 159 Hz, CH), 6.92 (1H, dt, J = 6.7, 15.9 Hz, CH), 9.78
(1H, s, CHO).

BC NMR: (62.5MHz) & = 14.24 (CH;), 21.47 (CHy), 27.45 (CHy), 31.83 (CHy),
43.56 (CHp), 60.20 (CH,), 121.79 (CH), 148.25 (CH), 166.56 (C=0), 202.11 (CHO).
IR (NaCl): Vs = 2981, 2937, 2862 (C-H), 2721 (CHO), 1719 (C=0), 1654 (C=C)
cm™.

MS (CI): 202 (100%, [M+NH,4]").

HRMS: C10H2oNOs ([M+NH,]") requires 202.1443, found 202.1444.
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Preparation of phosphorane 1210[133

Toluene-4-thiol (12.20 g; 0.098 mol) was placed in DCM (450 ml) together with
bromoacetic acid (13.93 g; 0.10 mol) and DMAP (1.22 g; 0.01 mol). The solution
was stirred and cooled (0°C) whereupon DCC (21.71 g; 0.105 mol) was added in 3
portions. After stirring for 48 hrs at r.t., the solution was filtered through celite and
the resulting cake was washed several times with DCM (5 x 50 ml). The filtrate was
then washed with NaHCO;5 (sat. 50 ml), water (500 ml) and brine (100 ml) then
dried (MgS0O,), concentrated in vacuo to give the product 209 (23.48 g) as a brown
oil.

1H NMR: (250MHz) & = 2.40 (3H, s, CH3), 4.10 (2H, s, CH,), 7.25 (4H, m, 4 x
CH).

This oil was dissolved in toluene (150 ml) and triphenylphosphine (26.3g, 0.10 mol)
was added after standing for 2 days at room temperature to give, after filtration and
washing with toluene, the intermediate phosphonium salt (38.33 g, 77%).

1H NMR: (250MHz) & = 2.30 (3H, s, CH3), 6.05 (2H, d, Jpj; = 15 Hz, CH,), 7.00 -
8.00 (19H, m, 4 x CH and 3 x Ph).

These crystals were dissolved in DCM (150 ml) and vigorously stirred with a
solution of Na,CO3 (100 ml, 10% solution w/v) for 30 minutes. The organic layer

was separated and the aqueous layer was extracted with further DCM (50 ml x 2)
The combined organic phases were dried (MgSO,) and partially concentrated in

vacuo (to ca. 100 ml) and then diluted with pentane to precipitate the phosphorane
210 (28.78 g, 69% overall yield).

M. pt.: 179°C.
1H NMR: (250MHz) 8 = 2.30 (3H, s, CH3), 3.64 (1H, d, Jpj; = 22.2 Hz, CH), 7.12
(2H, d, J=79 Hz, 2 x CH), 7.40-7.70 (17H, m, 3 x Ph and 2 x CH).
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6-(S-p-Tolyl)-6-oxohept-4-enal (211)

0)

TolS =

See: General conditions for the Wittig reaction with dialdehydes.

Method A: Phosphorane 210 (2.14 g; 5.02 mmol) gave 211 (540 mg, 46%); 20-30%
ether in petrol, R¢= 0.22 (30% ether in petrol). M. pt.: 31-33°C.

'H NMR: (250MHz) & = 2.42 (3H, s, CH3), 2.50-2.62 (4H, m, 2 x CH,), 6.22 (1H,
dt, J=15.5, 1.5 Hz, CH), 6.95 (1H, dt, J =15.5, 6.5 Hz, CH), 7.20-7.40 (4H, m, Ph),
9.85 (1H, t, J=0.8 Hz, CHO).

IR (NaCl): vimax = 3035, 2942, 2872 (C-H), 2756 (CHO), 1709 (C=0), 1680 (C=0),
1634 (C=C) cm™".

MS (CI): 252 (50%, [M+NHy4]"), 235 (40%, [M+H]").

HRMS: C3H;40,S (IM]") requires 234.0715, found 234.0716.

Microanalysis: found C = 66.27; H=5.75, C13H140,S requires C = 66.64; H = 6.02.
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7-(S-p-Tolyl)-7-oxohept-S-enal (212)

See: General conditions for the Wittig reaction with dialdehydes.

Method B: Phosphorane 210 (4.47 g; 10.5 mmol) gave 212 (840 mg, 32%); 30%
ether in petrol, R¢= 0.16 (30% ether in petrol). M. pt.: 32-34°C.

"H NMR: (250MHz) & = 1.84 (2H, app quintet, J = 7.3 Hz, CH,), 2.30 (2H, ddt, J =
73,69, 1.4 Hz, CHy), 2.39 (3H, s, CH3), 2.52 (2H, dt, J = 7.3, 1.3 Hz, CH,CHO),
6.20 (1H, dt, J = 15.5, 1.4 Hz, CH), 6.90 (1H, dt, J = 15.5, 6.9 Hz, CH), 7.25 (4H,
AA'BB', J = 8.0 Hz, tolyl), 9.75 (1H, t, J = 1.3 Hz, CHO).

IR (NaCl): Vuax = 2976, 2952, 2857 (C-H), 2738 (CHO), 1715 (C=0), 1680 (C=0),
1633 (C=C) cm’™.

MS (CI): 266 (100%, [M+NH,]"), 249 (40%, [M+H]").

HRMS (EI): C14H150,S (IM]") requires 248.0871, found 248.0861.

Microanalysis: found C = 67.86; H=6.38, C14H;60,S requires C =67.71; H=6.49.
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6.3 Cyclisation reactions

6.3.1 General conditions for the addition reactions of secondary amines

The aldehyde (typically 100 mg) was weighed into an NMR tube and diluted
to the correct concentration with CDCl;. The relevant amine or amine salt (0.3 or 1.3
equivalents) was then added (either neat or as a solution in CDCl;) and the tube
agitated. The reaction was followed by NMR and on completion (to ca. 95%), the
solvent was removed and the cyclisation products isolated by chromatography
(ether/petrol). For larger scale reactions, chloroform was employed as the solvent
and the reaction was carried out in a round bottom flask. For yields see Tables 9, 10
and 11.

6.3.2 General method for thiol and thiolate reactions

The aldehyde (typically 100-250 mg) was placed in either a round bottom
flask in the case of reactions that were heated to reflux or into an NMR tube and
diluted with CHCl; or CDCl;. The p-TolSH (1.3-2.0 equivalents either neat or as a
solution in CHCL;/CDCl5) and the catalyst, p-TolSNa (0.2 equivalents) were then
added. The reaction was followed to completion by NMR or TLC, at which point the
solvent was removed and the products obtained by chromatography. For specific

conditions, see Tables 9, 10 and 11.

6.3.3 General method for phosphine reactions

The aldehyde (typically 100 mg) was weighed into an NMR tube and diluted
to the correct concentration with CDCls. The tri-n-butylphosphine (0.05-0.4
equivalents) was then added neat and the tube agitated. The reaction was followed by
NMR and on completion (to ca. 5%), the solvent was removed and the products were
obtained by column chromatography. For specific conditions, see Tables 9, 10 and
11.
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2-Benzoyl-1-hydroxycyclopent-2-ene (177)

0 OH
Ph

See: General conditions for the addition reactions of secondary amines and the
general method for phosphine reactions.

Column solvent: 35% ether in petrol, R¢= 0.10 (50% ether in petrol).

'H NMR: (250MHz) & = 1.94 (1H, m, CH.Hy), 2.30-2.85 (3H, m, CH,H;, + CHb),
3.33 (1H, br s, OH), 5.30 (1H, m, CHOH), 6.71 (1H, t, J = 1.5 Hz, CH), 7.42-7.78
(5H, m, Ph).

BC NMR: (62.5MHz) & = 31.40 (CH,), 31.74 (CHy), 76.51 (CH), 128.35 (2 x CH),
128.92 (2 x CH), 132.44 (CH), 138.13 (C), 144.54 (C), 149.05 (CH), 194.86 (C=0).
IR (NaCl): Vinax = 3460 (O-H), 3058, 2940 (C-H), 1639 (C=0) cm™".

MS (CI): 206 (45%, [M+NH,4]"), 189 (100%, [M+H]").

HRMS: C1;H130, (IM+H]") requires 189.0916, found 189.0916.
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2-Carboethoxy-1-hydroxycyclopent-2-ene (178)

0 OH

EtO

See: General method for phosphine reactions.

Column solvent: 20% ether in petrol, Ry = 0.04 (20% ether in petrol).

"H NMR: (250MHz) § = 1.36 (3H, t, ] = 7.1 Hz, CH3), 1.89 (1H, m, CH,Hy), 2.27-
2.67 (3H, m, CH,H,, + CHy), 2.85 (1H, br s, OH), 4.24 (2H, q, J=7.1 Hz, CH,), 5.08
(1H, m, CHOH), 6.71 (1H, t, J =2.5 Hz, CH).

BC NMR: (62.5MHz) & = 14.25 (CHs), 31.80 (CH,), 31.78 (CHy), 60.46 (CHs),
75.54 (CH), 138.00 (C), 146.24 (CH), 165.06 (C=0).

IR (NaCl): Vpax = 3583, 3440 (0-H), 2924 (C-H), 1713 (C=0), 1634 (C=C) cm".
MS (CI): 174 (60%, [M+NH,]").

HRMS: CsH;sNO; ([M+NHy]") requires 174.1130, found 174.1130.
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2-Benzoyl-1-hydroxycyclohex-2-ene (181)

O OH

Ph

See: General conditions for the addition reactions of secondary amines and the
general method for phosphine reactions.

Column solvent: 20% ether in petrol, Rr=0.11 (25% ether in petrol).

'"H NMR: (250MHz) § = 1.67 (1H, m, CH,H), 1.90 (3H, m, CH,H, + CH), 2.31
(2H, m, CH,Hy), 3.53 (1H, br s, OH), 4.75 (1H, m, CHOH), 6.73 (1H, t, J = 4.0 Hz,
CH), 7.40-7.68 (5H, m, Ph).

BC NMR: (62.5MHz) & = 17.29 (CHy), 26.23 (CH,), 29.60 (CH,), 63.83 (CH),
128.03 (2 x CH), 129.10 (2 x CH), 131.77 (CH), 137.69 (C), 140.00 (C), 146.79
(CH), 199.38 (C=0).

IR (NaCl): Vi = 3436 (O-H), 3058, 2938, 2864 (C-H), 1636 (C=0) cm’".

MS (CI): 220 (15%, [M+NH,]"), 203 (100%, [M+H]"), 202 (35%, [M+]").

HRMS: C3H;50, ([M+H]") requires 203.1072, found 203.1072.
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Preparation of 189a and 189b from 6-Phenyl-6-0x0-4-hexen-1-al (174)

OH
V H OH

Substrate 174 (200 mg; 1.064 mmol) was dissolved in chloroform (3 ml), cooled

(0°C) and piperidine (118 mg; 1.383 mmol) was added to the solution with stirring.
After 10 minutes, a solution of sodium borohydride (202 mg; 5.32 mmol) in
methanol (5 ml) was added to the mixture and stirring continued for 1 hour. The
reaction was evaporated to dryness and the solid mass that resulted was triturated
with chloroform and the triturates filtered through a cotton wool plug. On
evaporation, silica gel chromatography (methanol in ethyl acetate 1-10%) gave 189a
and 189b as crystalline solids. Data for 189a: Yield: 0.083 g, 29%. M. pt: 180-
183°C (ethyl acetate), R = 0.12 (10% methanol in ethyl acetate).

'H NMR: (250MHz) 6 = 1.24 (1H, d, J = 3.4 Hz, CH,Hy), 1.49-1.79 (11H, m, 4 x
CH, + 2 x CH,Hp, + 2 x OH), 1.99 (1H, ddd, J =4.7, 9.8, 10.6 Hz, CH), 2.57 (2H, m,
2 x CH,HyN), 2.73 (2H, m, 2 x CH,HyN), 3.59 (1H, m, CHN), 3.76 (1H, m, CHOH),
5.00 (1H, d, J = 9.8 Hz, PACHOH), 7.24-7.50 (5H, m, Ph).

BC NMR: (62.5MHz) & = 17.98, 20.28, 24.63, 26.31, 32.75 (7 x CHp), 51.37 (CH),
69.47 (CH), 71.70 (CH), 75.72 (CH), 126.60, 127.43, 128.36 (5 x CH), 143.93 (C).
IR (NaCl): Viax = 3407 (O-H), 3018, 2932 (C-H), cm™.

MS (CI): 276 (40%, [M+H]"), 86 (100%, [CsH2N]").

HRMS: C17H26NO; (IM+H]") requires 276.1964, found 276.1964.

Data for 189b: Yield: 0.110 g, 38%. M. pt: 77-80°C (ethyl acetate), R = 0.07 (10%
methanol in ethyl acetate).

'H NMR: (250MHz) 8 = 1.46-2.09 (13H, m, 5 x CH, + CH + 2 x OH), 2.54 (2H, m,
2 x CH,H;N), 2.79 (2H, m, 2 x CH,H,N), 2.98 (1H, m, CHN), 3.81 (1H, ddd, J =
5.0, 6.7, 8.0 Hz, CHOH), 4.61 (1H, d, J= 9.6 Hz, Ph\CHOH), 7.28-7.45 (5H, m, Ph).
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BC NMR: (62.5MHz) § = 19.16, 24.54, 26.27, 31.04 (7 x CH,), 54.75 (CH), 71.84
(CH), 72.02 (CH), 80.16 (CH), 126.68, 128.17, 128.90 (5 x CH), 143.80 (C).

IR (NaCl): Voo = 3372 (0-H), 3017, 2935 (C-H), cm™.

MS (CI): 276 (100%,[M+H]").

HRMS: C;7H26NO2 (|[M+H]+) requires 276.1964, found 276.1964.
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1S, 2R, 3S/1R, 28, 3R-2-Benzoyl-1-benzyloxymethyl-3-(N-piperidyl)cyclohexan-
1-0l (217)

OBn

Substrate 215 (81.4 mg; 0.253 mmol) in CDCl; (0.5 ml) with piperidine (25.8 mg;
0.303 mmol) after 6 days gave 217 (61.5 mg, 60%; 15% ether in petrol, Ry = 0.12
(15% ether in petrol). M. pt: 154°C (petrol).

'H NMR: (250MHz) & = 0.73-1.87 (12H, m, 6 x CHy), 2.24 (2H, m, 2 x CH,HN),
2.47 (2H, m, 12H, CH.HyN), 3.26 (3H, m, CHN + CH,0), 3.86 (1H, d, J = 11.6 Hz,
CH), 4.33 (2H, s, OCH,Ph), 5.00 (1H, br s, CHOH), 7.14-7.94 (10H, m, Ph).

BC NMR: (62.5MHz) & = 19.72 (CHy), 23.62 (CHy), 24.57 (CH,), 25.71 (CHy),
29.63 (CHb), 49.23 (CHy), 49.23 (CH), 50.07 (CHa), 65.73 (CH), 73.39 (CHy), 74.58
(C), 77.87 (CHy), 125.96-128.50 (9 x CH), 132.44 (CH), 137.82 (C), 139.87 (C),
210.09 (C=0).

IR (NaCl): Vi = 3451 (O-H), 2926, 2851, 2801 (C-H), 1646.4 (C=0) cm’.

MS (CI): 409 (2%, [M + H]', 408 (5%, [M]", 86 (100%, [CsH1oN] "

HRMS: CysH3303N (IM]") requires 407.2460, found 407.2464.

Microanalysis: found C = 76.33; H = 8.47; N = 3.43, Cy¢H5305N requires C =
76.62; H=8.16; N=3.57.
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6.3.4 General conditions for the addition reactions of secondary amines to 180

The substrate 180 (typically 100 mg) was dissolved in CDCl; (1 ml) and the
required secondary amine (1.1 equivalents) added. After agitation, the reaction was

followed by proton NMR. For results see Table 8.

1S, 2R, 3S/1R, 28, 3R-2-Benzoyl-3-(N-pyrrolidinyl)cyclohexan-1-ol (225)

See: General method for addition reaction of secondary amines to 180.
Partial NMR data (as in Table 8, page 73):

'H NMR: (250MHz) & = 3.47 (1H, ddd, J =3, 11, 11 Hz, CH), 3.57 (1H, dd, J =2,
11 Hz, CH), 4.18 (1H, br m, CH).

1S.2R.3S/1R,2S,3R-2-Benzoyl-3-(N-piperidyl)cyclohexan-1-ol (214)

See: General method for addition reaction of secondary amines to 180.
Partial NMR data (as in Table 8, page 73):

'H NMR: (250MHz) & = 3.20 (1H, ddd, J = 3, 12, 12 Hz, CH), 3.60 (1H, dd, J =2,
12 Hz, CH), 4.20 (1H, br m, CH).
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1S, 2R, 3S/1R, 2S, 3R-2-Benzoyl-3-(N-methylpiperazinyl)cyclohexan-1-ol (226)

O OH
2

Ph

Me” N

See: General method for addition reaction of secondary amines to 180.

Partial NMR data (as in Table 8, page 73):
'H NMR: (250MHz) § = 3.47 (1H, ddd, J = 3, 11, 11 Hz, CH), 3.68 (1H, dd, J =2,

11 Hz, CH), 4.14 (1H, br m, CH).

1S, 2R, 35/1R, 28, 3R-2-Benzoyl-3-(N-homopiperidinyl)cyclohexan-1-ol (227)

See: General method for addition reaction of secondary amines to 180.

Partial NMR data (as in Table 8, page 73):
"H NMR: (250MHz) & = 3.30 (obscured), 3.58 (1H, dd, J =2, 11 Hz, CH), 4.17 (1H,

br m, CH).
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1S. 2R, 3S/1R, 2S, 3R-(S-Tolylthiocarboxy)-3-(N-piperidinyl)cyclopentan-1-ol

(230)

See: General conditions for the addition reactions of secondary amines.

Substrate 211 (100.4 mg; 0.427 mmol) and piperidine (46.90 mg; 0.556 mmol) gave
the product 230 (13.6 mg, 10%) after chromatography in 10% ether in petrol (R¢ =
0.74).

The product was tentatively identified by proton NMR.

'H NMR: (250MHz) 6 = 3.10 (1H, t, J = 7.7 Hz, CH), 3.50 (1H, m, CH), 3.75 (1H,
m, CHOH).
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1S, 2R, 3S/1R, 2S, 3R-2-Benzoyl-1-(S-tolyl)cyclopentan-3-ol (231)

0
EOH

Ph
TolS\\\\

See: General method for thiol and thiolate reactions.

Substrate 174 (100 mg; 0.53 mmol) and p-TolSH (85 mg; 0.69 mmol) gave the
product 231 (127.6 mg, 77%) after chromatography in 15% EtOAc in petrol (R¢ =
0.2) as an oil.

"H NMR: (250MHz) & = 1.86 (2H, m, CHy), 2.13 (1H, m, CH,Hy), 2.26 (3H, s,
CHs), 2.48 (1H, m, CH.Hy), 2.69 (1H, br s, OH), 3.89 (1H, dd, J = 5.3, 8.3 Hz, CH),
4.19 (1H, ddd, J = 6.3, 8.3, 8.3 Hz, CH), 4.59 (1H, m, CH), 6.96-7.88 (9H, m, 9 x
ArCH).

BC NMR: (62.5MHz) & = 20.85 (CHs), 30.88 (CH,), 34.93 (CH,), 48.28 (CH),
57.79 (CH), 75.15 (CH), 128.20, 128.38, 129.44, 132.44, 133.28 (9 x ArCH),
130.77, 137.10 (C), 137.19 (C), 200.76 (C).

IR (NaCl): Vpay = 3372 (0-H), 2920 (C-H), 1677 (C=0) cm™".

MS (CI): 330 (3%, [M+NH]"), 313 (10%, [M+H] ).

HRMS (EI): C1oH200,S (IM]") requires 312.1184, found 312.1171.
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1S, 2R, 3S/1R, 28, 3R-2-Carboethoxy-1-(S-tolyl)cyclopentan-3-ol (232)

EtO

Tol S\\\“

See: General method for thiol and thiolate reactions.

Substrate 175 (206.6 mg; 1.324 mmol), p-TolSH (328 mg; 2.7 mmol) and p-TolSNa
(40 mg; 0.27 mmol) gave the product 232 (283 mg, 72%) after chromatography in
30% ether in petrol (R¢= 0.06) as crystals. M. pt: 39-42°C (ether/petrol).

"H NMR: (250MHz) & = 1.23 (3H, t, J = 7.1 Hz, CH3), 1.60-2.00 (3H, m, CH, +
CH.H), 2.33 (3H, s, CHs), 2.36 (1H, m, CH,Hy), 2.76 (1H, dd, J = 5.0, 9.0 Hz, CH),
2.86 (1H, br s, CHOH), 3.97 (1H, m, CH), 4.10 (2H, m, CH), 447 (1H, m, CH),
7.10 (2H, d, J=8.0 Hz, 2 x CH), 7.33 (2H, d, J=8.0 Hz, 2 x CH).

BC NMR: (62.5MHz) & = 14.08 (CHs), 21.05 (CHs), 30.84 (CHy), 33.64 (CHy),
47.30 (CH), 56.41 (CH), 61.05 (CHy), 74.10 (CH), 129.56 (2 x CH), 130.90 (CH),
132.70 (2 x CH), 137.40 (C), 173.40 (C).

IR (NaCl): Vimay = 3429 (O-H), 2973, 2927 (C-H), 1735 (C=0) cm™.

MS (CI): 298 (20%, [M+NH,]"), 281 (10%, [M+H]").

HRMS (CI): C;5H,;05S ([M+H]") requires 281.1211, found 281.1212.
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3-(4-Methyl-cyclohexylsulfanyl)-6-0xo0-hexanoic acid ethyl ester (233)

EtO =
TolS

See: General method for thiol and thiolate reactions and reaction conditions for 232.
"H NMR: (250MHz) 8 =1.23 (3H, t, J = 7.1 Hz, CH3), 1.60-2.00 (2H, m, CHy), 2.33
(3H, s, CH3), 2.36-2.76 (4H, m, 2 x CHy), 3.50 (1H, m, CHS), 420 2H, q, J=7.1
Hz, CHy), 7.00-7.50 (4H, m, Ph), 9.80 (1H, s, CHO).
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