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Chemoselectivity and Stereoselectivity of Cyclisation Pathways leading to Bicyclic Tetramates

Controlled by Ring-Chain Tautomerisation in Thiazolidines
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Abstract: Chemoselective Dieckmann cyclisation reactions on N-malonyl thiazolidine templates
derived from cysteine and pivaldehyde or aromatic aldehydes may be used to access bicyclic
tetramates, for which different pathways operate as a result of differing ring-chain tautomeric

behaviour of the respective intermediate imines.

The tetramate system occurs as a scaffold in natural products which exhibit a wide range of
bioactivity,” ? and we have previously established that Dieckmann cyclisation of
oxazolidine/thiazolidine templates 2a-¢ derived from pivaldehyde and serine 1a,’ threonine 1b* or
cysteine 1¢’ respectively may be used to generate enantiopure tetramates 3a-¢ (Scheme 1).
Although this key cyclisation is highly chemo-, diastereo- and enantioselective, it has been limited
to the use of pivaldehyde as the initial condensing species, since this both gives relatively stable
oxazolidine/thiazolidine intermediates 2a-c and makes for a system in which the bulky #-butyl
group exerts strong steric influence in a ring-chain tautomeric equilibrium which strongly favours
the ring form.” We examined the Dieckmann cyclisation process in detail, and found that ring
closure occurred from the predominantly formed cis-acyloxazolidines 2a,b, in which closure from
the C-5 enolate onto the ethyl ester giving 3a-c is preferred (Scheme 1, Route a), placing the C-2 #-
butyl group on the exo-face (that is, less hindered convex face) of the newly generated bicyclic ring
system;> © this is a cyclic example of the Self Regeneration of Stereocentres concept developed
extensively by Seebach.” An alternative mode of cyclisation, starting from the frans-
acyloxazolidines 4a,b (which arise only as a very minor intermediate by epimerisation at C-5 under
the basic conditions of the cyclisation reaction) by closure of the more stabilised malonamide side
chain enolate onto the C-5 ester (Scheme 1, Route b), and also placing the C-2 ¢#-Bu group on the
exo-face, generates the alternative tetramates Sa,b as minor products. Although we and others have
found that other cyclic N,O-hemiaminal ethers derived from aldehydes and ketones are highly
stable provided that the N-heteroatom is acylated,”'' aldehydes other than pivaldehyde were

unsuitable in the process shown in Scheme 1; this necessarily results in a highly hydrophobic group
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at C-2, and limits the synthetic scope of the process. However, thiazolidine substrates derived from
cysteine using aromatic aldehydes were found to give hemiaminal thioether systems that were more
stable than their oxazolidine counterparts, and Dieckmann cyclisation successfully gave the
corresponding tetramate products;'? of interest is that ring chain tautomerism in such N,S-
hemiaminal thioethers has been only rarely reported.® > We had assumed that this would result in a
directly analogous chemo- and stereo-selective outcome to that observed for the oxazolidine series,

but a detailed investigation has shown that this is not the case, and the results are reported here.
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Results and Discussion

Condensation of L-cysteine methyl ester hydrochloride with the relevant substituted
benzaldehyde 6a-g gave the corresponding stable thiazolidines 7a-g in good yield (76-94 %, Table
1) as a mixture of cis- and trans- diastereomers (readily assigned by NOE (Figure 1, SI)) in a ratio
of between 1:1 and 2:1 (Scheme 2), and which could be readily distinguished by difference in the
chemical shift of H-2, with the value of H-2 for the trans- isomer invariably being more downfield
than that of the cis- isomer. These thiazolidines could then be converted by DCC coupling'® to the
corresponding malonamides 8a-g in good yield (85-99 %, Table 2), and in which the cis- to trans-
ratio (readily assigned again by NOE, (Figure 2, SI)) was essentially preserved from the starting
thiazolidines 7a-g in all cases. This is very different behaviour to the corresponding oxazolidine
series, in which the free equilibration led to a preferred formation of the cis-malonyloxazolidine.>
Again, characteristic values of the H-2 thiazolidine chemical shifts were seen for each of the
diastereomers, which also appeared as a rotameric pair (Table 2): for the major rotamers, with the
exception of furfuryl 8g, H-2 for the trans- isomer was invariably more downfield than that of the
cis- isomer, but interestingly this was reversed for the minor rotamer. Because the cis- : frans- ratio
is essentially unchanged in this reaction, the cis- malonamide 8 derives from cis- thiazolidine 7 and
trans- malonamide 8 from frans- thiazolidine 7; i.e. there is no cross-over arising from

epimerisation in the course of the acylation reaction. Moreover, the cis- and frans- diastereomeric
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ratios of any recovered starting thiazolidines 7b,c,e from this reaction were the same as that of the
corresponding starting thiazolidines 7b,c,e used for the reaction, which further confirms that there is
no inter-conversion between cis- and frans- thiazolidines, or selective reaction, during the course of
the acylation. Unfortunately, the cis- and frans-diastereomers 8a-g could not be easily separated,
and so the subsequent Dieckmann cyclisation step was performed on this mixture. This behaviour
contrasts with the corresponding z-butyl system, in which the cis-isomer 2a-¢ (Scheme 1) was

formed predominantly.’

o) o)
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Table 1: Yields and NMR data for thiazolidines 7a-g.
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R Oy (ppm) for H-2
Compound /l(f
4
No o N . . . Lo
S cis trans cis:trans ratio Yield (%)
HN\{2
Ta §© 5.57 5.82 1.7:1 91
7b <:> 5.49 5.76 1.3:1 94
% Br
Te § <:> F 5.53 5.79 1.7:1 90
5.69 5.87 0.8:1 94
e
Te Cl 5.89 6.02 0.8:1 76
§4<\ )—F
7f Br 5.43 5.71 1.2:1 78
7g 0 5.48 5.68 0.9:1 85
-
Table 2: Yields and NMR data for N-acylthiazolidines 8a-g.
R 3y (ppm) for H-2
Compound o} cis trans
No \O /”,5 4 cis:trans | Yield
'\|l/\s Major | Minor | Major | Minor ratio | (%)
\/O\“/\n/ \{Rz rotamer | Yotamer | rotamer | rotamer
o
8a §© 6.10 6.28 6.14 6.24 1.6:1 99
8b §@Br 6.11 6.27 6.14 6.24 1.3:1 99
8c % <:> F 6.13 6.30 6.17 6.29 1.5:1 87
8d 6.22 6.27 6.23 6.24 0.9:1 85
%{ )—NO,
8e Cl 6.34 6.46 6.42 6.45 0.8:1 97
§4<\ )—F
8f Br 6.06 6.16 6.11 6.13 1.4:1 81
8g 0o 6.18 6.56 6.16 6.32 - 0.8:1 89
—J 6.3
(obscured
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Upon reaction of malonamides 8a-g with potassium 7-butoxide, ring closure was found to be
very efficient (Scheme 2 and Table 3) giving tetramate products in good yield, and again with
characteristic H-2 chemical shift values for the bicyclic ring system. NOE analysis clearly
indicated that the products were either 9a-g or ent-9a-g (Figure 3, SI). Neither of the epimers 10 or
ent-10 were formed. Mass spectrometric analysis showed the formation of some tetramate 11e, but
this was only isolated from the cyclisation of cis-8e in <1 % yield, indicating that it is not the
predominant product of cyclisation of thiazolidine-derived tetramate systems, and neither was 12
formed (which would arise by the alternative cyclisation pathway). This favoured pathway for the
thiazolidine system corresponds to Route b (Scheme 1) and is in contrast to the #-butyl series,” * *
and for which this mode of closure of the malonate enolate onto the C-5 methyl ester had only been
a minor pathway (Scheme 1, Route b). Thus, in the case of oxazolidines and thiazolidines derived
from the pivaldehyde (which therefore possess the bulky #-butyl group), ring closure by Route a
proceeds preferentially since the bulky group ends up on the less hindered exo-bicyclic face, even
though reaction is via a relatively unfavourable enolate formation. In the case of the aryl-
substituted thiazolidines 8, reaction may proceed readily by cyclisation of the malonamide enolate
(Scheme 1, Route b), since the smaller aryl substituent does not invoke the same steric demands as

the #-butyl system in the bicyclic product.

Table 3: Yields and NMR data for tetramates 9a-f.

Compound No R Sy (ppm) % Yield
(ppm) for H-2

9a

@ 6.25 43

:

9 ; O . 6.43 45
:
:

9¢ OF 6.34 50
< > 4 2
9d NO, 6.43 5
9¢ Cl 6.45 49
§—<E >—F
of Br 6.22 78*

9g 0 6.30 40
=

* Isolation without acidification and extraction.
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However, this reduction in steric demand of the C-2 group results in an unforeseen and
subtle change of selectivity in the process. Since cyclisation was performed on the cis-/trans-
diastereomeric mixture of 8a-g, this leads to the additional complication that the Dieckmann ring
closure might occur after epimerisation at C-5 of cis- malonamides 8a-g under the basic conditions
of the cyclisation reaction, while trans- malonamides 8a-g cyclise directly, leading to formation of
either of 9a-g or ent-9a-g. This dual pathway does not arise to the same extent in the case of the #-
butyl system, since such epimerisation would lead to the much less stable frans-
oxazolidine/thiazolidine.> ¢ Importantly, if the cyclisation and epimerisation processes were
simultaneous, erosion of the e.e. of the product from the Dieckmann cyclisation reaction would
result. Thus, in order to determine the enantiomeric excess of the product arising from Dieckmann
cyclisation, the racemic analogue of 9¢ was synthesised and this was compared with product 9¢
obtained from the enantiopure series by chiral HPLC, and gave an e.e value of 80 % (Figures 1 and
2 in the SI). Similarly, the e.e. values for 9b, 9e and 9g obtained from the corresponding
diastereomeric mixture were in the range of 76 - 83 %. In the case of 8f, the unseparated cis-/trans-
mixture of N-malonylthiazolidines was cyclized, and although this successfully gave the tetramate
product 9f, it was clearly of compromised enantiopurity, at the least on the basis of optical rotation
values.

In order to study the reason for the observed e.e. values, the cis- and trans- malonamide
diastereomers of 8e were successfully separated by careful column chromatography (other
malonamides could not be similarly separated). The relative stereochemistry of each isolated
malonamide diastereomer was further confirmed by NOE (Figure 2, SI), and for trans-8e, by single
crystal X-ray analysis (Figure 1)."> Each of these was then cyclised separately under the standard
reaction conditions; trans- 8e gave product 9e in 58 % yield while cis- 8e gave product ent-9e but
only in 6 % yield. This latter process was presumably less efficient as a result of the unfavourable
initial epimerization of cis-8e to ent-trans-8e before closure to ent-9e is possible. NOE data clearly
indicated that both products 9e and ent-9e have the same relative stereochemistry (Figure 3, SI).
They showed different retention times on chiral HPLC indicating that they are enantiomers (Figures
3 and 4, SI) and the [a]p values were nearly equal in magnitude but opposite in sign (ent-9e =
+309.5 and 9e = -331.8). Thus, it is clear that under the standard experimental conditions, trans-
diastereomer 8e cyclises efficiently while cis- 8e does not, with the yield ratio being close to 10:1.
Since an ee of 83 % corresponds to an enantiomeric ratio of 10.7:1 and because the cyclisation of
trans- diastereomer gives approximately 10 times more yield than cis-, the observed e.e. attrition
could be accounted for. To further support the difference in yields obtained for the cyclisation of
cis- and trans- malonamides, unreacted malonamides from the Dieckmann cyclisation step for

compounds 8b, 8¢ and 8e were recovered from the reaction mixture, but these showed the presence
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of cis-, but no trans-, diastereomer. This further confirms that frans- malonamides cyclise in
preference to the cis- malonamide 8, and this is in stark contrast to the observed reactivity in the z-

butyl series, in which the cis-2 preferentially closes (Scheme 1, Route a).

Figure 1. Single crystal X-ray stucture for trans-8e

An overall scheme of reaction is given in Scheme 3; formation of the intermediate of

thiazolidines 7 is favoured by ring-chain tautomerisation™ '®'®

of the imine derived from cysteine
and the starting aldehyde, and the acylation of thiazolidines cis-7 and trans-7 gave products cis-8
and frans-8 in approximately equal ratios; that this a mixture of the two possibly reflects the known
preference of thiazolidines to exist in the ring-closed rather than the chain form.* The frans- 8
malonamides close preferentially via enolate D over the cis-8 malonamides, giving the product 9,
but do not react to give the alternative tetramate 11 or 12 (or their enantiomers) via enolate B or E.
However, epimerisation at C-5 under the basic conditions of the Dieckmann cyclisation of cis-8
gives malonamide ent-trans-8, which can then cyclise to give the bicyclic tetramate ent-9 via
enolate C (that is, the enantiomer of that obtained from the direct cyclisation of trans-8), but this is
also not a favoured pathway. Closure of enolates A and B to give 10 or ent-12 is not observed. In
our initial report, we had assigned ent-9 as the major product, resulting from the formation of cis- 8

as the major diastereomer (as mixture of two rotamers), which was assigned by analogy to the

similar earlier outcome in the #-butyl series, but this is clearly in error.'?
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Another issue of note relates to the purification of tetramates 9a-g. Previously it has been
reported that 3-acyltetramic acids form metal chelates during column chromatography on silica gel
containing trace amounts of metal impurities such as Mg®", Fe* and Ca®".""** Indeed, tetramates
9d and 9e which were purified in this way gave broad signal resonances in the "H NMR spectra for
compounds, consistent with chelation. Thus, tetramates were routinely purified on silica gel
column, run with 1 % Et;N in the eluent, and the purified product was washed with 5 % citric acid
to remove any Et;N present to obtain the metal-free form. Moreover, it was observed that
tetramates purified by preparative thin layer chromatography with silica also resulted in NMR
spectra with peaks slightly broader than their metal-free form and with significant chemical shift
differences observed for H-2 and H-5 (Table 4). Further, metal-chelated tetramates had different
physical properties in comparison to their metal free forms, with melting points >250 °C along with
different optical rotation data and retention times on chiral HPLC (SI). Mass spectrometric analysis
of 9b showed the presence of peaks that could be attributable to [M-H]+Ca*" and [M-H]+Mg*

confirming the possibility of these tetramates chelating to such divalent metal cations (Figure, SI).
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Table 4: Chemical shift values of H-2 and H-5 for metal-chelated tetramates and their metal-free
form (in CDs;0D, 400 MHz).

HO du (ppm)
du (ppm)
O S - H
Compound / \S Metal-chelated Metal-free tetramate
No. g N \( tetramate
2R H-2 H-5 H-2 H-5
9d % <:> NO 6.43 (s) 4.13-4.32 6.32 (s) 4.95 (dd)
2 (m)
(-)-9e Cl 6.52 (s) 4.42 (app 6.39 (s) 5.05 (dd)
§ >: br. t)
F
(+)-9e Cl 6.52 (s) 4.43 (app 6.39 (s) 5.06 (dd)
% >: br. t)
F

In conclusion, the formation of aryl thiazolidines derived from cysteine is readily possible,
even though the corresponding oxazolidines derived from serine are unstable, and selective
Dieckmann ring cyclisation gives the corresponding tetramate products by a highly chemoselective
process, and with good enantioselectivity, but which proceeds in a different direction to that of the
t-butyl series. These systems are structurally well-defined, and offer interesting opportunities as

three dimensional templates for application in drug discovery.
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Experimental

Synthesis of tetramic acids were carried out according to published procedures.® " '*

General procedure 1: Esterification of DL-Cysteine for racemic tetramates.
To a solution of DL-Cysteine (1.0 eq) in MeOH at 0 °C, SOCI, (1.2 eq) was added dropwise and the
solution warmed to rt, then refluxed for 3 h. The reaction mixture was concentrated in vacuo to

obtain DL- cysteine methyl ester hydrochloride.

General procedure 2: Synthesis of thiazolidine
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Et;N (1.2 eq) and aldehyde (1.2 eq) were added to L-cysteine methyl ester hydrochloride (1.0 eq) in
petrol. The mixture was heated at reflux, with continuous removal of water using Dean Stark
apparatus, for 19 h, then filtered and washed with Et,0. The combined filtrates were concentrated
in vacuo and residue was purified by flash column chromatography to give the required

thiazolidines 7a-g.

General procedure 3: Acylation

A solution of ethyl hydrogen malonate (1.2 eq) in CH,Cl, was added to a stirred solution of
thiazolidine (1.0 eq), DCC (1.2 eq) and DMAP (0.1 eq) in CH,Cl, at 0 °C. The mixture was stirred
at 0 °C for 15 min and then at rt for 15 h. The reaction mixture was filtered to remove dicyclohexyl
urea and the residue was washed with CH,Cl,. The combined filtrates were concentrated in vacuo

and purified by flash column chromatography to give N-acylated thiazolidines 8a-g.

General procedure 4: Dieckmann cyclisation

KO'Bu (1.2 eq) was added to a solution of the N-acylated thiazolidine in THF and heated at reflux
for 3 h. It was then cooled to rt, concentrated in vacuo and partitioned between Et,O and water.
The aqueous layer was extracted and acidified with 2M HCI (to pH 1) and extracted with EtOAc.
The combined EtOAc extracts were washed with brine, dried over Na,SQ,, filtered and
concentrated in vacuo. The residue was purified by flash column chromatography (with 1% Et;N)
to give the desired product. The product was then dissolved in CH,Cl, and washed with 5% citric
acid. The organic fractions were dried over Na;SQOy, filtered and concentrated in vacuo to yield the

desired bicyclic tetramates 9a-g.

(2RS,5R)-5-Methoxycarbonyl-2-phenyl-1,3-thiazolidine 7a

Yield (2.37 g, 91 %); colourless oil; inseparable 1.7:1 cis and trans diastereomers; Ry = 0.48
(EtOAc: petrol; 1:3); vma/em™ (neat) 1736 (s, C=0), 3314 (m, N-H), 8y (400 MHz, CDCl5) major
isomer (cis): 2.71 (1H, br. s., NH), 3.12 (1H, dd, /= 10.3, 9.1 Hz, H4,), 3.47 (1H, dd, /= 10.3, 7.1
Hz, H4g), 3.80 (3H, s, CO,CHs3), 3.99 (1H, app t, J = 7.9 Hz, HS), 5.57 (1H, s, H2), 7.27 - 7.41 (3H,
m, H3', H4"), 7.52- 7.56 (2H, m, H2"); minor isomer (¢rans): 2.71 (1H, br. s., NH), 3.20 (1H, dd, J =
10.5, 5.9 Hz, H4,), 3.38 (1H, dd, J=10.5, 7.1 Hz, H4), 3.78 (3H, s, CO,CH3), 4.22 (1H, app t, J =
6.4 Hz, HS), 5.82 (1H, s, H2), 7.27-7.41 (3H, m, H3’, H4'), 7.47 - 7.51 (2H, m, H2'); &¢ (100.6
MHz, CDCl;) major isomer (cis): 39.2 (C4), 52.6 (CO,CH3), 64.3 (C5), 70.9 (C2), 127.5 (C2"),
128.5 (C3’), 128.7 C4'), 138.2 (C8), 171.6 (CO,CHs); minor isomer (trans): 38.2 (C4), 52.6
(CO,CH3), 65.6 (CS5), 72.6 (C2), 127.0 (C2'), 127.9 (C3"), 128.7 (C4'), 141.2 (Cl1"), 172.2
(CO,CH3); m/z (ESI) 224 (IM+H]", 100%); HRMS (ESI"); C;;H;3NNaO,S [M+Na]"; found
246.0563, requires 246.0559.
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(2RS,5R)- 2-(4-Bromophenyl)-5-methoxycarbonyl-1,3-thiazolidine 7b

Yield (5.60 g, 94 %); colourless oil; inseparable 1.3:1 cis and trans diastereomers; Ry = 0. 23
(EtOAc: petrol; 1:4); vma/cm™ (neat) 1737 (s, C=0), 3313 (m, N-H); 8y (400 MHz, CDCl3) major
isomer (cis): 2.64 (1H, br. s., NH), 3.10 (1H, dd, /= 10.3, 8.8 Hz, H4,), 3.45 (1H, dd, /= 10.5, 7.1
Hz, H4g), 3.79 (3H, s, CO,CH3), 3.97 (1H, dd, J = 9.1, 7.1 Hz, HS), 5.49 (1H, s, H2), 7.32 - 7.51
(4H, m, H2' and H3'); minor isomer (trans): 2.64 (1H, br. s., NH), 3.15 (1H, dd, J = 10.8, 6.1 Hz,
H4,), 3.36 (1H, dd, J = 10.5, 7.1 Hz, H4g), 3.78 (3H, s, CO,CH3), 4.13 (1H, apparent t, J = 6.5 Hz,
H5), 5.76 (1H, s, H2), 7.32 - 7.51 (4H, m, H2' and H3'"); &¢ (100.6 MHz, CDCls): major isomer
(cis): 39.0 (C4), 52.5 (CO,CH3), 65.3 (CS5), 71.6 (C2), 122.4 (C1"), 129.0 (C2"), 131.6 (C3"), 137.0
(C4"), 171.3 (CO,CHj3); minor isomer (trans): 37.9 (C4), 52.4 (CO,CHj3), 64.0 (C5), 69.8 (C2),
121.5 (C1"), 128.5 (C2"), 131.0 (C3"), 140.5 (C4"), 171.9 (CO,CH;); m/z (ESI") 302 ([M+H]" 100%)
and 304 ([M+H]" 100%); HRMS (ESI"); C;;H;30,NBrS [M+H]"; found 301.98412 and 303.98175,
requires 301.98449, 303 and 98244.

(2RS,5R)- 2-(4-Fluorophenyl)-5-methoxycarbonyl-1,3-thiazolidine 7c
Yield (2.54 g, 90 %); colourless oil; inseparable 1.7:1 cis and trans diastereomers; R, = 0.35

(EtOAc: petrol; 1:3); vima/cm™ (neat) 1225 (s, C-F), 1741 (s, C=0), 3311 (m, N-H); 8y (400 MHz,
CDCIl3) major isomer (cis): 2.66 (1H, br. s., NH), 3.12 (1H, dd, J = 10.3, 8.8 Hz, H4,), 3.47 (1H,
dd, J=10.3, 7.1 Hz, H4g), 3.81 (3H, s, CO,CH3), 3.98 (1H, dd, J = 8.8, 7.1 Hz, HS), 5.53 (1H, s,
H2), 6.98 - 7.09 (2H, m, H3"), 7.49 - 7.54 (2H, m, H2"); minor isomer (trans): 2.66 (1H, br. s., NH),
3.17 -3.23 (1H, m, H44 ), 3.36 - 3.42 (1H, m, H4p), 3.80 (3H, s, CO,CHs), 4.18 (1H, app t, J=6.5
Hz, HS), 5.79 (1H, s, H2), 6.98 — 7.09 (2H, m, H3'), 7.44 - 7.49 (2H, m, H2'); 3¢ (100.6 MHz,
CDCl3) major isomer (cis): 39.2 (C4), 52.6 (CO,CHj3), 65.4 (CS5), 71.8 (C2), 115.5 (d, J = 21.5 Hz,
C3", 129.3 (d, J = 8.7 Hz, C2'), 133.9 (d, J = 3.2 Hz, C1’), 162.8 (d, J = 247 Hz, C4"), 171.5
(CO,CHs); minor isomer (trans): 38.0 (C4), 52.6 (CO,CH3), 64.1 (CS5), 69.9 (C2), 115.1 (d, J =
21.5 Hz, C3’), 128.7 (d, J = 8.0 Hz, C2'), 136.9 (d, J = 3.2 Hz, C1’), 162.3 (d, J = 247 Hz, C4"),
172.1 (CO,CH3); m/z (ESI') 264 ([M+Na]’, 56%); HRMS (ESI'); C;;H;;FNNaO,S [M+Na]’;
found 264.0460, requires 264.0465.

(2RS,5R)-5-Methoxycarbonyl-2-(4-nitrophenyl)-1,3-thiazolidine 7d
Yield (2.95 g, 94 %); yellow oil; 0.8:1 inseparable cis and trans diastereomers; Ry = 0.20 (EtOAc:

petrol; 1:3); Vmadem™ (neat) 1348 (s, ArNO,), 1516 (s, ArNO»), 1730 (s, C=0), 3316 (m, N-H);
Ou (400 MHz, CDCls) major isomer (trans): 2.88 (1H, br. s., NH), 3.08 - 3.16 (1H, m, H44), 3.36
(1H, dd, J = 10.6, 6.7 Hz, H4g), 3.78 (3H, s, CO,CHs3), 4.07 (1H, app t, J = 6.7 Hz, HS), 5.87 (1H,
s, H2), 7.61 (2H, d, J= 8.8 Hz, H2"), 8.12 (2H, d, J = 8.8 Hz, H3'); minor isomer (cis): 2.88 (1H, br.
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s., NH), 3.08 - 3.16 (1H, m, H4,), 3.46 (1H, dd, /= 10.4, 7.0 Hz, H4), 3.78 (3H, s, CO,CH3), 4.00
(1H, dd, J = 8.8, 7.0 Hz, HS), 5.59 (1H, s, H2), 7.67 (2H, d, J = 8.8 Hz, H2'), 8.18 (2H, d, J = 8.8
Hz, H3"); 8¢ (100.6 MHz, CDCls): major isomer (¢rans): 38.1 (C4), 52.6 (CO,CHs), 64.1 (C5), 69.0
(C2), 123.5 (C3'), 127.5 (C2'), 145.5 (C1"), 149.5 (C4’), 171.7 (CO,CHj3); minor isomer (cis): 39.0
(C4), 52.6 (CO,CH3), 65.3 (C5), 70.9 (C2), 123.7 (C3'), 128.4 (C2"), 147.1 (C4"), 147.7 (C1"), 171.2
(CO,CH3); m/z (EST) 269 ([M+H]', 100%); HRMS (ESI"); C;;H12N>NaO,S [M+Na]'; found
291.0405, requires 291.0410.

(2RS,5R)- 2-(2-Chloro-4-fluorophenyl)-5-methoxycarbonyl-1,3-thiazolidine 7e

Yield (2.45 g, 76 %); colourless oil; 0.8:1 inseparable cis and trans diastereomers; Ry = 0.58
(EtOAc: petrol; 1:3); Vma/em™ (neat) 1226 (s, C-F), 1737 (s, C=0), 3321 (m, N-H); 8;; (400 MHz,
CDCIl3) major isomer (trans): 2.65 (1H, br. s., NH), 3.04 - 3.14 (1H, m, H4,), 3.33 (1H, dd, J =
10.6, 6.5 Hz, H4g), 3.81 (3H, s, CO,CHs), 4.21 (1H, app t, J = 6.6 Hz, HS), 6.02 (1H, s, H2), 6.96
(2H, app td, J = 8.3, 2.5 Hz, HS5"), 7.08 - 7.16 (2H, m, H3’), 7.57 (2H, dd, J = 8.7, 6.1 Hz, H6');
minor isomer (cis): 2.65 (1H, br. s., NH), 3.04 - 3.14 (1H, m, H44), 3.46 (1H, dd, J =10.4, 7.0 Hz,
H4g), 3.80 (3H, s, CO,CH3), 4.00 (1H, dd, J=9.1, 6.9 Hz, HS), 5.89 (1H, s, H2), 7.03 (2H, app td,
J=18.3,2.6 Hz, HS"), 7.08 - 7.16 (2H, m, H3"), 7.74 (2H, dd, J = 8.7, 6.1 Hz, H6"); 5¢ (100.6 MHz,
CDCls): major isomer (trans): 37.3 (C4), 52.6 (CO,CHs), 64.7 (C5), 66.5 (C2), 113.8 (d, J = 20.7
Hz, C5'), 117.0 (d, J = 24.6 Hz, C3’), 127.8 (d, J = 8.7 Hz, C6"), 133.5 (d, J = 10.3 Hz, C2’), 136.1
(d, J=4.0 Hz, C1"), 161.6 (d, J = 250 Hz, C4"), 171.9 (CO,CH3); minor isomer (cis): 38.8 (C4),
52.6 (CO,CHj3), 65.3 (C5), 67.6 (C2), 114.5 (d, J=21.5 Hz, C5"), 117.1 (d, J = 24.6 Hz, C3"), 129.7
(d, J= 8.7 Hz, C6'), 131.9 (d, J = 4.0 Hz, C1"), 134.5 (d, J = 10.3 Hz, C2'), 162.1 (d, J = 252 Hz,
C4'), 171.4 (CO,CHs); m/z (ESI") 276 ([M+H]" 100%); HRMS (ESI'); C;H;;CIFNNaO,S
[M+Na]"; found 298.0062, requires 298.0075.

(2RS,5R)- 2-(3-Bromophenyl)-5-methoxycarbonyl-1,3-thiazolidine 7f

Yield (78 %); 1.2:1 inseparable cis and trans diastereomers; Ry= 0.56 (EtOAc:petrol; 4:6), Vimax/cm”
! (neat) 1235 (C-0), 1737 (C=0), 3313 (NH); 8y (400 MHz, CDCls) major isomer (cis): 2.55 (1H,
br. s., NH), 3.04 (1H, dd, J=10.3, 9.1 Hz, H4,), 3.39 (1H, dd, J = 10.3, 7.1 Hz, H4g), 3.74 (3H, s,
CO,CH3), 3.91 (1H, dd, J = 9.1, 7.1 Hz, HS), 5.43 (1H, s, H2), 7.15-7.19 (1H, m, HS"), 7.36-7.42
(2H, m, H4',6"), 7.62 (1H, app t, J = 1.8 Hz, H2'); minor isomer (trans): 2.84 (1H, br. s., NH), 3.09
(1H, dd, J = 10.5, 6.1 Hz, H44), 3.31 (1H, dd, J = 10.5, 7.1 Hz, H4g), 3.73 (3H, s, CO,CH3), 4.07
(1H, app t, J = 6.5 Hz, HS), 5.71 (1H, s, H2), 7.09-7.15 (1H, m, H5'"), 7.30-7.34 (2H, m, H4',6"),
7.59 (1H, app t, J = 1.7 Hz, H2'); 6¢ (100.6 MHz, CDCIl;) major isomer (cis): 39.1 (C4), 52.6
(CO,CHa), 65.4 (C5), 71.6 (C2), 122.4 (Ar-C), 126.2, 129.8, 130.5, 131.7 (Ar-CH), 140.5 (Ar-C),
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171.3 (CO,CHj3); minor isomer (trans): 38.0 (C4), 52.6 (CO,CHj3), 64.1 (C5), 69.7 (C2), 122.6 (Ar-
C), 125.7, 129.9, 130.1, 130.8 (Ar-CH), 144.0 (Ar-C), 172.0 (CO,CHs); m/z (ESI") 302 ([M+H]");
HRMS (ESI+); C11H2BrNNaO,S [M+Na]+; found 323.9651, requires 323.9664.

(2RS,5R)- 2-(2-Furyl)-5-methoxycarbonyl-1,3-thiazolidine 7g

Yield (3.17 g, 85 %); yellow oil; 0.9:1 inseparable cis and trans diastereomers; Ry = 0.53
(EtOAc:petrol; 1:4); vma/em™ (neat) 1736 (s, C=0), 3317 (m, N-H); 8y (400 MHz, CDCl;) major
isomer (trans): 2.90 (1H, br. s., NH), 2.91 - 2.97 (1H, m, H4,), 3.23 - 3.29 (1H, m, H4g), 3.62 (3H,
s, CO,CH3), 4.09 (1H, app t, J = 6.7 Hz, HS), 5.68 (1H, s, H2), 6.15 - 6.17 (1H, m, H4"), 6.18 - 6.20
(1H, m, H3"), 7.24 - 7.26 (1H, m, H5'); minor isomer (cis): 2.90 (1H, br. s., NH), 2.91 - 2.97 (1H,
m, H4,), 3.23 - 3.29 (1H, m, H4g), 3.63 (3H, s, CO,CH;), 3.81 (1H, dd, J= 9.3, 6.9 Hz, HS), 5.48
(1H, s, H2), 6.20 - 6.22 (1H, m, H4'), 6.28 - 6.29 (1H, m, H3'), 7.29 - 7.31 (1H, m, H5'); 5¢ (100.6
MHz, CDCl3): major isomer (trans): 37.9 (C4), 51.9 (CO,CH3), 63.2 (C2), 63.6 (C5), 106.6 (C3'),
109.6 (C4"), 141.9 (C5'), 153.2 (C2'), 171.1 (CO,CH3); minor isomer (cis): 37.3 (C4), 51.9
(CO,CH3), 63.9 (C2), 64.8 (CS5), 107.4 (C3"), 109.9 (C4"), 142.2 (C5"), 150.1 (C2", 170.5
(CO,CH3); m/z (ESI') 214 ([M+H]" 100%); HRMS (ESI'); CoH;;NNaO;S [M+Na]’; found
236.0351, requires 236.0352.

(2RS,5R)-1-(3-Ethoxy-3-oxopropanoyl)-5-methoxycarbonyl-2-phenyl-1,3-thiazolidine 8a

Yield (2.54 g, 99 %); colourless oil; 1.6:1 inseparable cis and trans diastereomers; Ry = 0.61
(EtOAc: petrol; 1:1); vma/em™ (neat) 1658 (s, C=0), 1734 (s, C=0); &y (400 MHz, CDCls) major
isomer (cis, a mixture of conformers): 1.09 - 1.21 (3H, m, OCH,CHs), 2.98 - 3.55 (4H, m, H4,,
H4g, H2"s, H2"g), 3.73 and 3.74 (3H, s, CO,CHj3), 3.94 - 4.06 and 4.07 - 4.14 (2H, m, OCH,CH3),
4.95 -5.01 (1H, m, HS), 6.10 and 6.28 (1H, s, H2), 7.13 - 7.34 (3H, m, H3’, H4'), 7.45 2H, d, J =
7.3 Hz, H2', minor conformer), 7.60 (2H, d, J = 7.6 Hz, H2', major conformer), 7.57 - 7.63 (2H, m,
H2'); minor isomer (zrans, a mixture of conformers): 1.09 - 1.21 (3H, m, OCH,CHj3), 2.98 - 3.55
(4H, m, H44, H4p, H2"4, H2"p), 3.69 and 3.70 (3H, s, CO,CHs), 3.94 - 4.06 and 4.07 - 4.14 (2H, m,
OCH,CH3), 5.16 - 5.19 and 5.21 - 5.25 (1H, m, HS), 6.14 and 6.24 (1H, s, H2), 7.13 - 7.34 (5H, m,
H2', H3" and H4'); ¢ (100.6 MHz, CDCl3) major isomer (cis, a mixture of conformers): 13.5 and
13.6 (OCH,CH3), 31.5 and 32.5 (C4), 42.6 and 42.8 (C2"), 52.2 and 52.5 (CO,CH3), 60.9 and 61.1
(OCH,CHs), 64.2 and 63.3 (CS5), 65.7 and 66.5 (C2), 126.0 and 126.5 (C2'), 127.4, 128.0 (C4’),
127.7, 128.5 (C3’), 138.5 and 139.5 (C1’), 164.8 and 165.1 (C1"), 166.2 and 166.6 (C3"), 169.7 and
169.8 (CO,CH3); minor isomer (trans, a mixture of conformers): 13.5 and 13.7 (OCH,CH3), 30.5
and 33.3 (C4), 41.8 and 42.4 (C2"), 52.2 and 52.9 (CO,CHj3), 60.8 and 61.1 (OCH,CH3), 63.5 and
63.83 (C5), 64.5 and 65.1 (C2), 124.3 and 124.5 (C2"), 127.0, 127.9 (C4'), 128.0, 128.7 (C3’), 141.5
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and 141.8 (C1"), 164.2 and 164.8 (C1"), 165.8 and 166.7 (C3"), 169.0 and 169.8 (CO,CHs); m/z
(ESI") 338 ([M+H]", 100%,), 360.0 ([M+Na]", 55%); HRMS (ESI"); CisH;sNNaOsS [M+Na]’;
found 360.0873 , requires 360.0876.

(2RS,5R)-2-Bromophenyl-1-(3-ethoxy-3-oxopropanoyl)-5-methoxycarbonyl-1,3-thiazolidine
8b

Yield (2.06 g, 99 %); colourless oil; 1.3:1 inseparable cis and trans diastereomers; Ry = 0.17
(EtOAc: petrol; 1:3); vma/em™ (neat) 1660 (s, C=0), 1738 (s, C=0); &y (400 MHz, CDCls) major
isomer (cis, a mixture of conformers): 1.19 - 1.31 (3H, m, OCH,CHs), 3.07 - 3.55 (4H, m, H4,,
H4g, H2", H2"), 3.81 and 3.83 (3H, s, CO,CHj3), 4.03 - 4.24 (2H, m, OCH,CH3), 5.04 (1H, app t,
J =17.0 Hz, HS), 6.11 and 6.27 (1H, s, H2), 7.39 - 7.45 (2H, m, H2'"), 7.48 - 7.59 (2H, m, H3");
minor isomer (¢rans, a mixture of conformers): 1.19 - 1.31 (3H, m, OCH,CH5), 3.07 - 3.55 (4H, m,
H44, H4g, H2"4, H2"), 3.78 and 3.84 (3H, s, CO,CH3), 4.03 - 4.24 (2H, m, OCH,CH3), 5.15 - 5.21
and 5.26 - 5.33 (1H, m, HS), 6.14 and 6.24 (1H, s, H2), 7.11 (2H, d, J = 8.6 Hz, H2' major
conformer) and 7.16 (2H, d, J = 8.3 Hz, H2' minor conformer), 7.39 - 7.45 (2H, m, H3'") and 7.48 -
7.59 (2H, m, H3"); d¢ (100.6 MHz, CDCl;) major isomer (cis, a mixture of conformers): 13.9 and
14.1 (OCH,CH3), 32.0 and 33.9 (C4), 42.0 and 42.9 (C2"), 52.7 and 53.1 (CO,CH3), 60.3 and 61.6
(OCH,CHys), 63.7 and 64.6 (CS5), 65.6 and 66.5 (C2), 121.9 and 122.6 (C1’), 128.2 and 128.8 (C2’),
131.3 and 132.0 (C3'), 137.7 and 138.9 (C4'), 165.0 and 165.3 (C1"), 166.5 and 166.9 (C3"), 170.0
and 171.0 (CO,CHj3); minor isomer (frans, a mixture of conformers): 13.9 and 14.0 (OCH,CH,),
31.0 and 33.0 (C4), 42.3 and 43.2 (C2"), 52.8 and 53.4 (CO,CH3), 61.5 and 61.8 (OCH,CHs), 64.0
and 64.2 (CS5), 64.4 and 65.1 (C2), 121.3 and 122.4 (C1"), 126.5 and 126.6 (C2'), 131.6 and 132.3
(C3"), 140.9 and 141.1 (C4'), 164.6 and 165.2 (C1"), 166.1 and 167.2 (C3"), 169.2 and 170.0
(CO,CHs); m/z (ESI") 416 (IM+H]" 100%) and 418 ([M+H]" 100%); HRMS (ESI"); C,¢H;9OsNBrS
[M+H]"; found 416.01454 and 418.01234, requires 416.01618 and 418.01414.

(2RS,5R)-1-(3-Ethoxy-3-oxopropanoyl)-2-(4-fluorophenyl)-5-methoxycarbonyl-1,3-
thiazolidine 8c
Yield (2.32 g, 87%); colourless oil; 1.5:1 inseparable cis and frans diastereomers; Ry = 0.61

(EtOAc: petrol; 1:1); Viax/cm™! (neat) 1224 (s, C-F), 1662 (s, C=0), 1741 (s, C=0); 6y (400 MHz,
CDCIl3) major isomer (cis, a mixture of conformers): 1.19 - 1.31 (3H, m, OCH,CHj3), 3.07 - 3.55
(4H, m, H44, H4p, H2"A, H2"), 3.81 and 3.83 (3H, s, CO,CHs), 4.05 - 4.24 (2H, m, OCH,CHs),
5.03 - 5.08 (1H, m, H5), 6.13 and 6.30 (1H, s, H2), 6.95 - 7.01 and 7.04 - 7.10 (2H, m, H3’), 7.48 -
7.54 and 7.64 - 7.69 (2H, m, H2'); minor isomer (¢rans, a mixture of conformers): 1.19 - 1.31 (3H,
m, OCH,CH3), 3.07 - 3.55 (4H, m, H4,, H4g, H2"s, H2"g), 3.78 and 3.84 (3H, s, CO,CHj3), 4.05 -
4.24 (2H, m, OCH,CHs), 5.17 - 5.21 and 5.28 - 5.31 (1H, m, HS), 6.17 and 6.29 (1H, s, H2), 6.95 -
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7.01 and 7.04 - 7.10 (2H, m, H3'), 7.19 - 7.23 and 7.24 - 7.29 (2H, m, H2'); 8¢ (100.6 MHz, CDCls)
major isomer (cis, a mixture of conformers): 13.9 and 14.0 (OCH,CHs), 32.0 and 33.8 (C4), 42.1
and 43.0 (C2"), 52.8 and 53.1 (CO,CH3), 61.6 and 61.8 (OCH,CH3), 63.7 and 64.6 (C5), 65.7 and
66.4 (C2), 115.0 (d, J = 21.5 Hz, C3’) and 115.9 (d, J = 21.5 Hz, C3'), 128.4 (d, J = 8.0 Hz, C2")
and 129.0 (d, J = 8.7 Hz, C2"), 135.6 (d, J = 2.4 Hz, C1’), 162.6 (d, J = 249 Hz, C4’), 165.4 (C1"),
166.6 (C3"), 170.2 (CO,CHj3); minor isomer (frans, a mixture of conformers): 13.9 and 14.0
(OCH,CH3), 30.9 and 33.0 (C4), 42.3 and 43.3 (C2"), 52.8 and 53.4 (CO,CH3), 61.5 and 61.8
(OCH,CH3), 64.0 and 64.2 (C5), 64.4 and 65.1 (C2), 115.3 (d, J =22.3 Hz, C3’) and 116.2 (d, J =
21.5 Hz, C3'), 126.5 (d, J = 8.7 Hz, C2') and 126.7 (d, J = 8.0 Hz, C2"), 137.9 (d, J = 2.4 Hz, C1’),
162.5 (d, J = 248 Hz, C4'), 165.3 (C1"), 166.2 (C3"), 169.3 (CO,CH3); m/z (ESI") 378 ([M+Na]’,
100%); HRMS (ESI+); Ci6H1sFNNaOsS [M+Na]+; found 378.0779, requires 378.0782.

(2RS,5R)-1-(3-Ethoxy-3-oxopropanoyl)-5-methoxycarbonyl-2-(4-nitrophenyl)-1,3-thiazolidine
8d
Yield (2.21 g, 85 %); orange oil; 0.9:1 inseparable cis and trans diastereomers; Ry = 0.48 (EtOAc:

petrol; 1:1); Vmadem™ (neat) 1347 (s, ArNO»), 1520 (s, ArNO»), 1663 (s, C=0), 1740 (s, C=0);
Oy (400 MHz, CDCIls): major isomer (trans, mixture of conformers); 1.07 - 1.21 (3H, m,
OCH,CHj3), 2.98 - 3.54 (4H, m, H44, H4g, H2" A, H2"g), 3.69 and 3.76 (3H, s, CO,CH3), 3.93 - 4.15
(2H, m, OCH,CH3), 5.20 - 5.22 and 5.24 - 5.28 (1H, m, HS), 6.23 and 6.24 (1H, s, H2), 7.37 - 7.43
(2H, m, H2'), 8.05 (2H, app d, J = 8.8 Hz, H3' major conformer) and 8.14 (2H, app d, J = 8.6 Hz,
H3'" minor conformer); minor isomer (cis, mixture of conformers); 1.07 - 1.21 (3H, m, OCH,CHj),
2.98 - 3.54 (4H, m, H4,, H4g, H2"s, H2"g), 3.74 and 3.76 (3H, s, CO,CHs3), 3.93 - 4.15 (2H, m,
OCH,CH3), 4.89 - 4.95 and 5.05 - 5.09 (1H, m, H5), 6.22 and 6.27 (1H, s, H2), 7.64 (2H, d, /= 8.8
Hz, H2' minor conformer) and 7.85 (2H, d, J = 8.6 Hz, H2' major conformer), 8.05 (2H, app d, J =
8.8 Hz, H3’ minor conformer) and 8.14 (2H, app d, J = 8.6 Hz, H3' major conformer); &¢ (100.6
MHz, CDCl;) major isomer (¢rans, a mixture of conformers): 13.6 and 13.7 (OCH,CH3), 30.7 and
32.7 (C4), 41.9 and 42.6 (C2"), 53.0 and 53.2 (CO,CH3), 61.2 and 61.5 (OCH,CH3), 63.7 and 64.0
(C5), 63.7 and 64.3 (C2), 123.5 and 124.1 (C3’), 125.4 and 125.7 (C2'), 146.6 and 147.2 (C4'),
148.7 and 149.3 (C1’), 164.9 (C1"), 165.7 and 166.9 (C3"), 168.8 and 169.6 (CO,CH3); minor
isomer (cis, a mixture of conformers): 13.6 and 13.7 (OCH;CH3), 31.9 and 33.9 (C4), 41.6 and 42.4
(C2"), 52.5 and 53.3 (CO,CH3), 61.3 and 61.4 (OCH,CH3), 63.6 and 64.5 (CS5), 64.9 and 66.1 (C2),
123.2 and 123.7 (C3'), 127.2 and 127.5 (C2'), 146.2 and 146.6 (C1'), 147.0 and 147.3 (C4'"), 165.1
and 165.2 (C1"), 166.1 and 166.5 (C3"), 169.8 and 170.7 (CO,CHs); m/z (ESI') 383 ([M+H]",
100%) and 405 ([M+Na]", 63%); HRMS (ESI"); C;sH;sN;NaO;S [M+Na]"; found 405.0717,
requires 405.0727.
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(-)-(28,5R)- and (+)-2R,5R) -2-(2-Chloro-4-fluorophenyl)-1-(3-ethoxy-3-oxopropanoyl)-5-
methoxycarbonyl-1,3-thiazolidine 8e
Yield (3.06 g, 97 %); 0.8:1 separable cis and trans diastereomers; Major isomer (trans, a mixture of

conformers): white crystalline solid, mp 32 - 34 °C; R,=0.16 (EtOAc: petrol; 1:3); [a] 25 =.258.0
(c = 1.02, CHCLs); vma/em™ (neat) 1223 (s, C-F), 1662 (s, C=0), 1739 (s, C=0); &y (400 MHz,
CDCl3) 1.21 (3H, t, J = 7.2 Hz, OCH,CH; major conformer), 1.29 (3H, t, J = 7.2 Hz, OCH,CH;
minor conformer), 3.04 - 3.52 (4H, m, H4,, H4g, H2"s, H2"5), 3.79 (3H, s, CO,CH; major
conformer), 3.85 (3H, s, OCH; minor conformer), 4.08 (2H, q, J = 7.2 Hz , OCH,CH; major
conformer), 4.16 - 4.26 (2H, m, OCH,CH3 minor conformer), 5.19 - 5.23 (1H, m, HS minor
conformer), 5.28 - 5.33 (1H, m, H5 major conformer), 6.42 (1H, s, H2 major conformer), 6.45 (1H,
s, H2 minor conformer), 6.92 (1H, app td, J= 8.3, 2.4 Hz, H5' minor conformer), 7.02 (1H, app td,
J = 8.2, 2.4 Hz, H5' major conformer), 7.10 - 7.18 (2H, m, H3’ minor conformer, H6' major
conformer), 7.20 (1H, dd, J = 8.2, 2.6 Hz, H3' major conformer), 7.32 (1H, dd, /= 8.7, 6.0 Hz, H6'
minor conformer); 6¢ (100.6 MHz, CDCl3): 13.9 and 14.0 (OCH,CH3;), 30.5 and 32.4 (C4), 42.0
and 43.0 (C2"), 52.8 and 53.5 (CO,CH3), 61.5 and 61.8 (OCH,CHj3), 62.0 and 62.9 (C2), 64.2 and
64.5 (CS), 113.7 (d, J =21.5 Hz, C5’) and 114.5 (d, J = 21.5 Hz, C5"), 117.4 (d, J = 25.4 Hz, C3')
and 118.0 (d, J=24.6 Hz, C3'), 125.7 (d, /= 8.7 Hz, C6’) and 126.4 (d, J = 8.7 Hz, C6'), 132.5 (d, J
=10.3 Hz, C2'), 134.6 (d,J=3.2 Hz, C1") and 134.7 (d, /= 3.2 Hz, C1"), 161.6 (d, J =249 Hz, C4')
and 162.1 (d, J = 252 Hz, C4'), 164.5 and 165.0 (C1"), 165.9 and 167.4 (C3"), 169.1 and 170.0
(CO,CH3); m/z (ESI") 390 (IM+H]" 100%), 412.0 ([M+Na]" 76%); HRMS (ESI");
C16H7CIFNNaOsS [M+Na]'; found 412.0390, requires 412.0392.

Minor isomer (cis, a mixture of conformers): colourless oil; Ry = 0.24 (EtOAc: petrol; 1:3); [o]f =
+124.4 (¢ = 1.0, CHCL); vma/em™ (neat) 1226 (s, C-F), 1666 (s, C=0), 1742 (s, C=0); minor
isomer (mixture of conformers): 1.16 - 1.25 (3H, m, OCH,CHj3), 3.03 - 3.51 (4H, m, H4,, H4s,
H2"4, H2"g), 3.80 (3H, s, CO,CH; major conformer), 3.84 (3H, s, CO,CH; minor conformer), 4.04
-4.17 (2H, m, OCH,CH3;), 4.86 (1H, dd, J = 9.4, 6.2 Hz, HS major conformer), 5.04 (1H, app t, J =
5.1 Hz, HS5 minor conformer), 6.34 (1H, s, H2 major conformer), 6.46 (1H, s, H2 minor conformer),
6.91 (1H, app td, J = 8.4, 2.6 Hz, H5' minor conformer), 7.03 (1H, app td, J = 8.3, 2.6 Hz, H5’
major conformer), 7.12 (1H, dd, J = 8.2, 2.6 Hz, H3’), 7.79 (1H, dd, J = 8.7, 6.0 Hz, H6' minor
conformer), 8.24 (1H, dd, J = 8.7, 6.0 Hz, H6' major conformer); ¢ (100.6 MHz, CDCls): 13.8
(OCH,CH3), 31.0 and 33.6 (C4), 41.6 and 42.6 (C2"), 52.6 and 53.1 (CO,CH3;), 61.5 (OCH,CH3),
62.7 and 64.3 (C2), 64.0 and 65.0 (C5), 114.1 (d, J=21.5 Hz, C5') and 114.5 (d, /= 20.7 Hz, C5'),
116.5 (d, J=24.6 Hz, C3") and 117.2 (d, J = 25.4 Hz, C3'), 128.2 (d, J = 8.7 Hz, C6’) and 128.8 (d,
J=28.7Hz, C6'), 132.5 (d, /= 11.1 Hz, C2"), 133.6 (d, /= 3.2 Hz, C1’), 161.5 (d, J = 249 Hz, C4’)
and 162.0 (d, J = 251 Hz, C4'), 165.0 and 165.1 (C1"), 166.1 and 166.6 (C3"), 170.2 and 170.3
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(CO,CH3); m/z (ESI') 390 ([M+H]" 100%), 412.0 ([M+Na]" 75%); HRMS (ESI);
C16H17CIFNNaOsS [M+Na]+; found 412.0391, requires 412.0392.

(-)-(2S,5R)- and (+)-2R,5R)- 1-(3-Ethoxy-3-oxopropanoyl)-2-(3-bromophenyl)-5-
methoxycarbonyl-1,3-thiazolidine 8f

Yield (81 %); 1.4:1 inseparable cis and trans diastereomers; Ry= 0.52 (EtOAc:petrol; 4:6), vmax/cm'l
(neat) 1165 (C-O), 1662 (C=0), 1743 (C=0), 2981, 2954 (CH,); du (400 MHz, CDCl3) major
isomer (cis, a mixture of conformers): 1.04 - 1.21 (3H, m, OCH,CHj3), 2.98 - 3.55 (4H, m, H4,,
H4g, H2" A, H2"g), 3.66 and 3.71 (3H, s, CO,CHj3), 3.92 - 4.15 (2H, m, OCH,CH3), 4.91 (1H, app t,
J =7.0 Hz, H5, major rotamer), 4.98 - 5.01 (1H, m, HS5, minor rotamer), 6.06 (1H, s, H2, major
rotamer), 6.16 (1H, s, H2, minor rotamer), 7.03 - 7.79 (4H, m, Ar-CH); minor isomer (trans, a
mixture of conformers): 1.04 - 1.21 (3H, m, OCH,CHs3), 2.98 - 3.55 (4H, m, H4,, H4g, H2"a,
H2"g), 3.66 and 3.71 (3H, s, CO,CH3), 3.92 - 4.15 (2H, m, OCH,CH3), 5.15 (1H, d, J = 5.4 Hz, HS,
minor rotamer), 5.18 - 5.21 (1H, m, HS5, major rotamer), 6.11 (1H, s, H2, major rotamer), 6.13 (1H,
s, H2, minor rotamer), 7.03 - 7.79 (4H, m, Ar-CH);

d¢ (100.6 MHz, CDCl;) 14.02, 14.13, 14.18 (OCH,CHj; major, minor and rotamers), 31.00, 31.98,
32.99, 33.95 (C4 major, minor and rotamers), 42.04, 42.27, 42.83, 43.23 (C2" major, minor and
rotamers), 52.74, 53.15, 53.43, 53.77 (CO,CH; major, minor and rotamers), 61.41, 61.54, 61.63,
61.70 (OCH,CHj3 major, minor and rotamers), 63.82, 63.92, 64.23, 64.70 (C5 major, minor and
rotamers), 64.23, 64.70, 65.39, 66.28 (C2 major, minor and rotamers), 122.13, 122.51, 122.84,
123.13 (C3', major, minor and rotamers), 123.76, 125.21, 125.86, 127.69, 128.00, 129.52, 129.89,
130.15, 130.49, 130.56, 130.81, 130.87, 131.46, 131.51 (C2', C4', C5', C6' major, minor and
rotamers), 141.47, 142.57, 144.36, 144.70 (C1' major, minor and rotamers), 164.91, 165.21, 165.28,
165.47 (C1" major, minor and rotamers), 166.15,166.53, 166.93, 167.00 (C3" major, minor and
rotamers), 169.27, 170.06, 170.10 (CO,CH; major, minor and rotamers); m/z (ESI") 416 ((M+H]");
HRMS (ESI"); C16H;sBrNNaOsS [M+Na]"; found 437.9972, requires 437.9981.

(-)-(28,5R)- and (+)-(2R,5R)- 1-(3-Ethoxy-3-oxopropanoyl)-2-(2-furanyl)-5-methoxycarbonyl-
1,3-thiazolidine 8g

Yield (4.05 g, 89 %); 0.8:1 separable cis and trans diastereomers; Major isomer (¢rans, a mixture of
conformers): yellow solid, mp 64 - 66 °C; Ry = 0.23 (EtOAc: petrol; 1:2); [e]y” = -271.7 (c = 0.23,
CHCl3); Vima/cm™ (neat) 1664 (s, C=0), 1735 (s, C=0); 8y (400 MHz, CDCl3) 1.23 - 1.29 (3H, m,
OCH,CH5;), 3.23 (1H, app d, J = 12.5 Hz, H4,/ H4g major conformer), 3.31 (1H, d, J = 15.5 Hz,
H2",/H2"g major conformer), 3.38 - 3.40 (2H, m, H2",, H2"g minor conformer), 3.45 - 3.49 (2H,
m, H4,/ H4p minor conformer, H2",/H2"g major conformer), 3.58 (1H, dd, J = 12.3, 6.9 Hz, H4,/
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H4g major conformer), 3.69 (1H, dd, J=12.0, 6.0 Hz, H4,/ H4g minor conformer), 3.77 (3H, s,
CO,CH; major conformer), 3.83 (3H, s, CO,CH; minor conformer), 4.12 - 4.21 (2H, m,
OCH,CHs;), 5.05 (1H, app d, J = 5.9 Hz, H5 minor conformer), 5.18 (1H, app d, J = 6.8 Hz, H5
major conformer), 6.16 (1H, s, H2 major conformer), 6.23 - 6.25 (1H, m, H3' major conformer),
6.26 - 6.29 (2H, m, H3' and H4' minor conformer), 6.32 - 6.35 (2H, m, H2 minor conformer, H4'
major conformer), 7.29 - 7.33 (1H, m, H5' minor conformer), 7.38 - 7.42 (1H, m, H5' major
conformer); d¢ (100.6 MHz, CDCls): 13.2 (OCH,CHj3), 31.2 and 33.1 (C4), 41.1 and 42.4 (C2"),
51.8 and 52.6 (CO,CH3), 58.0 and 58.5 (C2), 60.6 and 60.7 (OCH,CH3), 62.1 and 62.5 (C5), 105.2
and 106.4 (C3'), 109.7 and 109.9 (C4'), 141.1 and 142.5 (CS5'"), 151.8 and 152.0 (C1"), 164.1 (C1"),
165.7 and 166.3 (C3"), 168.8 and 169.5 (CO,CH3); m/z (ESI") 328 (IM+H]" 100%), 350 ((M+Na]"
26 %); HRMS (ESI+); C14H7NNaOgS [M+Na]+; found 350.0677, requires 350.0669. Minor isomer
(cis): yellow oil; Ry = 0.35 (EtOAc: petrol; 1:2); [¢]3® = +41.3 (c = 0.15, CHCL3); vma/cm™ (neat)
1665 (s, C=0), 1736 (s, C=0); 6u (500 MHz, CDCl3) 1.27 (3H, t, J = 7.1 Hz, OCH,CH3), 3.22 -
3.35 (2H, m, H44, H4p, major conformer), 3.38 (1H, d, J = 15.4 Hz, H2",/H2"5 major conformer),
3.41 - 3.46 (2H, m, H44/ H4g and H2"A/H2"g minor conformer), 3.49 - 3.54 (1H, m, H2"»/H2"g
minor conformer), 3.56 (2H, d, J = 15.5 Hz, H2",/H2"s major conformer), 3.64 (1H, dd, J = 11.4,
4.8 Hz, H4,/H4g minor conformer), 3.76 (3H, s, CO,CH;), 4.13 - 4.25 (4H, m, OCH,CH3), 4.91
(1H, dd, J = 9.0, 6.8 Hz, H5 major conformer), 4.96 (1H, dd, J = 6.8, 4.9 Hz, H5 minor conformer),
6.18 (1H, s, H2 major conformer), 6.56 (1H, s, H2 minor conformer), 6.26 - 6.29 (1H, m, H4' minor
conformer), 6.34 (1H, dd, J = 3.2, 1.9 Hz, H4' major conformer), 6.44 (1H, d, J = 3.2 Hz, H3' minor
conformer), 6.76 (1H, d, J = 3.2 Hz, H3' major conformer ), 7.32 - 7.34 (1H, m, H5' minor
conformer), 7.41 (1H, d, J = 1.3 Hz, H5' major conformer); ¢ (100.6 MHz, CDCl;): 14.0
(OCH2CH3), 32.0 and 33.6 (C4), 41.8 and 42.4 (C2"), 52.7 and 53.1 (CO,CHj3), 58.7 and 59.29
(C2), 61.7 (OCH,CHs), 62.7 and 63.4 (CS5), 108.6 and 109.1 (C3'"), 110.3 and 110.7 (C4'), 142.5 and
143.2 (C5"), 151.2 and 152.0 (C1"), 164.6 (C1"), 166.7 and 166.9 (C3"), 169.9 (CO,CHs); m/z
(ESI") 328 ([M+H]" 100 %), 350 ([M+Na]" 60 %); HRMS (ESI"); C14H;7NNaO¢S [M+Na]"; found
350.06688, requires 350.06688.

(-)-(28,5R)-1-Aza-7-ethoxycarbonyl-6-hydroxy-8-oxo-2-phenyl-3-thiabicyclo[3.3.0]oct-6-ene
9a
Yield (1.02 g, 43 %); yellow solid, mp 88-90 °C; Ry= 0.55 (EtOAc: MeOH; 6:1); [a] 25 =.220.8 (¢

= 1.0, CHCl3); Vama/em™ (neat) 1617 (s, C=C), 1656 (s, C=0), 1712 (s, C=0); &y (400 MHz,
CDCly): 1.30 3H, t, J = 7.1 Hz, OCH,CH3), 2.90 (1H, dd, J = 11.0, 8.1 Hz, H4,), 3.19 (1H, dd, J =
11.0, 7.1 Hz, H4g), 4.30 (2H, q, J = 7.1 Hz, OCH>CHs), 4.67 (1H, app t, J = 7.6 Hz, H5), 6.25 (1H,
s, H2), 7.17 - 7.22 (1H, m, H4"), 7.23 - 7.28 (2H, m, H3'), 7.35- 7.41 (2H, m, H2"); 5¢ (100.6 MHz,
CDCly): 14.1 (OCH,CHs), 32.5 (C4), 61.6 (OCH,CHs), 62.2 (C2), 65.2 (C5), 98.8 (C7), 126.4
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(C2'), 128.0 (C4'), 128.5 (C3"), 139.9 (C1"), 166.9 (C9), 168.8 (C8), 185.8 (C6); m/z (ESI) 304
(IM-HT, 100%); HRMS (ESI'); C;sH;sNO4S [M-HT’; found 304.0639, requires 304.0649.

(-)-(28,5R)-1-Aza-2-bromophenyl-7-ethoxycarbonyl-6-hydroxy-8-oxo-3-thiabicyclo[3.3.0]oct-
6-ene 9b
Yield (0.50 g, 45 %); yellow solid, mp 134-136 °C; R;= 0.26 (EtOAc: MeOH; 9:1); [a]5 = -190.5

(¢ = 1.0, CHCL); Vmax/cm™ (neat) 1656 (s, C=0), 1711 (s, C=0); 8y (400 MHz, CD,CL,): 1.36 (3H,
t, J = 7.1 Hz, OCH,CHz), 3.02 (1H, dd, J = 11.3, 8.3 Hz, H4y), 3.29 (1H, dd, J = 11.3, 7.1 Hz,
H4g), 437 2H, q, J = 7.1 Hz, OCH,CHs), 4.76 (1H, app t, J = 7.6 Hz, H5), 6.22 (1H, s, H2), 7.35
(1H, d, J = 8.1 Hz, H2'), 7.49 (2H, d, J = 8.6 Hz, H3"); 5¢ (100.6 MHz, CD,CL,): 14.5 (OCH,CHs),
33.3 (C4), 62.3 (OCH,CHj), 62.3 (C2), 65.9 (C5), 99.5 (C7), 122.4 (C1'), 128.8 (C2"), 132.2 (C3'),
140.2 (C4'), 167.4 (C9), 186.5 (C6); m/z (EST) 382 (IM-H] 100%) and 384 ([M-H] 100%); HRMS
(ESI); C5H,30sNBrS [M-H]; found 381.97563 and 383.97343, requires 381.97541, 383. 97337.

(-)-(28,5R)-1-Aza-7-ethoxycarbonyl-2-(4-fluorophenyl)-6-hydroxy-8-oxo-3-
thiabicyclo[3.3.0]oct-6-ene 9¢
Yield (0.46 g; 50 %); yellow solid; Ry = 0.55 (EtOAc: MeOH; 6:1); w]E® = -192.4, (c = 0.47,

MeOH ); Viax/em’! (neat) 1224 (s, C-F), 1658 (s, C=0), 1710 (s, C=0); For 9¢ purified by
preparative TLC, 8y (400 MHz, Methanol-d,): 1.28 (3H, t, J = 7.0 Hz, OCH,CHj3), 2.95 (1H, dd, J
=11.0, 7.3 Hz, H4,), 3.20 (1H, dd, J = 11.0, 7.6 Hz, H4), 4.15 - 4.24 (2H, m, OCH,CHj3 and HS),
6.34 (1H, s, H2), 7.04 (2H, app t, J = 8.8 Hz, H3"), 7.47 (2H, dd, J = 8.6, 5.4 Hz, H2'"); &¢ (125.8
MHz, Methanol-ds): 15.2 (OCH,CHs), 34.9 (C4), 59.7 (OCH,CH3), 64.6 (C2), 70.6 (CS5), 91.9
(C7),116.0 (d, J=21.9 Hz, C3"), 129.6 (d, J = 8.6 Hz, C2’), 139.8 (C1’), 163.7 (d, J = 244 Hz, C4'),
167.3 (C9), 180.2 (C8), 195.1 (C6); m/z (ESI') 322 ([M-H], 100 %); HRMS (ESI'); C;sHi;3FNO4S
[M-H]’; found 322.0552, requires 322.0555.

(-)-(28,5R)-1-Aza-7-ethoxycarbonyl-6-hydroxy-2-(4-nitrophenyl)-8-oxo-3-
thiabicyclo[3.3.0]oct-6-ene 9d
Yield (0.32 g; 52 %); yellow solid, mp 92 °C; Ry= 0.52 (EtOAc: MeOH; 6:1); [a]y = -222.2 (c =

0.35, CHCLs); vmax/cm™ (neat) 1344 (s, AINO,), 1517 (s, ArNO), 1660 (s, C=0), 1711 (s, C=0);
Sy (400 MHz, CD,Cl,): 1.36 (3H, t, J = 7.2 Hz, OCH,CHj3), 3.05 (1H, dd, J = 10.9, 8.5 Hz, H4,),
331 (1H, dd, J=11.1, 7.2 Hz, H4g), 4.38 (2H, q, J = 7.1 Hz, OCH,CHj3), 4.79 (1H, app t, J= 7.6
Hz, HS), 6.32 (1H, s, H2), 7.63 (2H, d, J = 8.4 Hz, H2'), 8.19 (2H, d, J = 8.4 Hz H3'); d¢ (125.8
MHz, CD,Cl): 14.5 (OCH,CHj3), 33.5 (C4), 62.2 (C2), 62.4 (OCH,CHj3), 65.9 (CS), 99.7 (C7),
124.4 (C3'), 127.9 (C2'), 148.3 (C1"), 148.3 (C4"), 167.4 (C9), 169.2 (C8), 186.6 (C6); m/z (ESI)
349 ([M-HJ, 100%); HRMS (ESI); C1sH13N206S [M-H]'; found 349.0500, requires 349.0510.
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(-)-(28,5R)-1-Aza-2-(2-Chloro-4-fluorophenyl)-7-ethoxycarbonyl-6-hydroxy-8-oxo-3-
thiabicyclo[3.3.0]oct-6-ene 9e
Yield (0.48 g, 49 %); yellow solid, mp 128 °C; Ry= 0.57 (EtOAc: MeOH; 6:1); [a]f = -264.0 (c =

0.20, CHCls); Vinax/cm™ (neat) 1233 (s, C-F), 1621 (s, C=C), 1658 (s, C=0), 1715 (s, C=0); &y (400
MHz, CDCly): 1.38 (3H, t, J = 7.1 Hz, OCH,CHs), 2.99 (1H, dd, J = 11.0, 8.8 Hz, H4,), 3.28 (1H,
dd, J=11.0, 7.0 Hz, H4g), 4.39 (2H, q, J = 7.1 Hz, OCH,CHj3), 4.91 (1H, dd, J = 8.8, 7.0 Hz, H5),
6.45 (1H, s, H2), 6.97 (1H, app td, J = 8.3, 2.5 Hz, HS’), 7.13 (1H, dd, J = 8.3, 2.6 Hz, H3"), 7.38
(1H, dd, J = 8.6, 5.9 Hz, H6"); ¢ (100.6 MHz, CDCls): 14.1 (OCH,CHj3), 32.4 (C4), 59.4 (C2),
61.8 (OCH,CHs), 66.0 (C5), 98.8 (C7), 114.2 (d, J = 21.5 Hz, C5"), 117.4 (d, J = 25.4 Hz, C3’),
127.3 (d, J=9.5 Hz, C6'), 133.2 (d, /= 10.3 Hz, C2’), 134.3 (d, /= 3.2 Hz, C1’), 161.9 (d, J = 250
Hz, C4'), 167.0 (C9), 167.9 (C8), 185.8 (C6); m/z (ESI') 356 ([M-H], 100%); HRMS (ESI);
C15H2CIFNO4S [M-HT’; found 356.0172, requires 356.0165.

(-)-(28,5R)-1-Aza-2-(2-chloro-4-fluorophenyl)-7-ethoxycarbonyl-6-hydroxy-8-oxo-3-
thiabicyclo[3.3.0]oct-6-ene 9e
Yield (0.03 g, 58 %); yellow solid, mp 176 - 178 °C; Ry = 0.57 (EtOAc: MeOH; 6:1); Vinax/cm’!

(neat) 1236 (s, C-F), 1650 (s, C=0), 1712 (s, C=0); For 9e purified by preparative TLC: [c]2* = -
240.4 (c = 0.27, MeOH); 6y (400 MHz, Methanol-ds): 1.28 (3H, t, J = 7.0 Hz, OCH,CH3), 2.95
(1H, dd, J = 11.0, 7.8 Hz, H4,), 3.20 (1H, dd, J = 11.0, 7.3 Hz, H4g), 4.14 - 423 (2H, m,
OCH,CH3), 4.42 (1H, app t, J = 7.6 Hz, HS), 6.52 (1H, s, H2), 7.07 (1H, app td, J = 8.5, 2.3 Hz,
H5"), 7.21 (1H, dd, J = 8.6, 2.7 Hz, H3'), 7.52 (1H, dd, J = 8.7, 6.0 Hz, H6'); dc (125.8 MHz,
Methanol-ds): 15.2 (OCH,CH3), 34.2 (C4), 59.7 (OCH,CHs), 62.3 (C2), 71.8 (C5), 91.5 (C7), 115.3
(d, J=21.0 Hz, C5"), 117.9 (d, J = 25.8 Hz, C3’), 129.2 (d, J = 8.6 Hz, C¢’), 134.1 (d, J = 10.5 Hz,
C2), 138.3 (d, J=2.9 Hz, C1"), 163.2 (d, J = 248 Hz, C4'), 167.2 (C9), 179.7 (C8), 195.0 (C6); m/z
(EST’) 356 ([M-HJ, 100%); HRMS (ESI); C;sH;2CIFNO4S [M-H]; found 356.0170, requires
356.0165. For 9e purified by flash column chromatography followed by acid wash: [e]3® = -331.8
(¢ =0.27, CHCl3); o (400 MHz, Methanol-ds): 1.32 (3H, t, J= 7.1 Hz, OCH,CHs), 3.04 (1H, dd, J
=11.0, 8.9 Hz, H4,), 3.29 - 3.40 (1H, m, H4g), 4.31 (2H, q, J = 7.0 Hz, OCH,CH3), 5.05 (1H, dd, J
= 8.8, 6.9 Hz, H5), 6.39 (1H, s, H2), 7.10 (1H, app td, J = 8.5, 2.6 Hz, H5"), 7.25 (1H, dd, J = 8.5,
2.6 Hz, H3"), 7.58 (1H, dd, J = 8.7, 6.0 Hz, H6").

(+)-(2R,5S5)-1-Aza-2-(2-chloro-4-fluorophenyl)-7-ethoxycarbonyl-6-hydroxy-8-oxo-3-
thiabicyclo[3.3.0]oct-6-ene ent-9¢
Yield (0.033 g, 6 %); yellow solid; Ry = 0.57 (EtOAc: MeOH; 6:1); Vma/em™ (neat) 1232 (s, C-F),

1656 (s, C=0), 1709 (s, C=0); for ent-9e purified by preparative TLC; [e]g = +230.3 (c = 0.38,
MeOH); &y (400 MHz, Methanol-dy): 1.28 (3H, t, J = 7.0 Hz, OCH,CHs), 2.95 (1H, dd, J = 10.7,
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8.0 Hz, H4y), 3.20 (1H, J = 10.7, 7.5 Hz, H4g), 4.19 (2H, q, J = 7.0 Hz, OCH>CHj), 4.43 (1H, app
t,J=7.21 Hz, H5), 6.52 (1H, s, H2), 7.07 (1H, app td, J = 8.5, 2.6 Hz, H5"), 7.21 (1H, dd, J = 8.5,
2.6 Hz, H3'), 7.51 (1H, dd, J = 8.7, 6.0 Hz, H6"); 8¢ (125.8 MHz, Methanol-ds): 15.2 (OCH,CHj),
342 (C4), 59.7 (OCH,CHs), 62.3 (C2), 71.8 (C5), 91.5 (C7), 115.3 (d, J = 21.9 Hz, C5"), 117.9 (d,
J=25.8Hz, C3'), 129.2 (d, J = 8.6 Hz, C6'), 134.1 (d, J = 10.5 Hz, C2'), 138.3 (d, J = 2.9 Hz, C1’),
163.2 (d, J = 248 Hz, C4"), 167.3 (C9), 179.7 (C8), 195.0 (C6); m/z (ESI) 356 ((M-HJ, 100%);
HRMS (ESI'); C15sH,CIFNO,4S [M-H]J’; found 356.0172, requires 356.0165. For ent-9e purified by
flash column chromatography followed by acid wash: [¢]5 = +309.5 (¢ = 0.20, CHCls); 8 (400
MHz, Methanol-d4): 1.32 (3H, t, J=7.1 Hz, OCH,CHs), 3.03 (1H, dd, J = 10.9, 8.9 Hz, H4,), 3.29
- 3.40 (1H, m, H4p), 4.31 (2H, q, J = 7.0 Hz, OCH>CH3), 5.06 (1H, dd, J = 8.7, 7.0 Hz, H5), 6.39
(1H, s, H2), 7.10 (1H, app td, J = 8.4, 2.6 Hz, H5'), 7.25 (1H, dd, J = 8.5, 2.6 Hz, H3'), 7.57 (1H,
dd, /= 8.8, 6.0 Hz, H6").

(+)-(2S5,5R)-1-Aza-2-(3-bromophenyl)-7-ethoxycarbonyl-6-hydroxy-8-0xo0-3-
thiabicyclo[3.3.0]oct-6-ene 9f N
Yield (78 %); Ry = 0.48 (EtOAc:MeOH; 4:1); []i® = +55.0 (¢ = 1.6x10°, MeOH); vyayem™

(neat) 1696 (C=0), 1622 (C=C); 6y (500 MHz, Methanol-d,): 1.28 (3H, t, J = 7.1 Hz, OCH,CHs),
297 (1H, dd, J = 11.0, 7.3 Hz, H44), 3.20 (1H, dd, J = 11.0, 7.6 Hz, H4g), 4.14-4.23 (3H, m,
OCH,CHj3; and HS), 6.32 (1H, s, H2), 7.24 (1H, app t, J = 7.9 Hz, HS"), 7.37-7.45 (2H, m, H4' and
H6'), 7.58-7.63 (1H, m, H2'); &¢ (125 MHz, Methanol-ds) 15.2 (OCH,CHj3), 34.9 (C4), 59.6
(OCH,CHy), 64.6 (C2), 70.7 (C5), 91.9 (C7), 123.4 (C3'), 126.5 (C4'/C6'"), 130.6 (C2"), 131.3 (C5"),
131.6 (C4'/C6"), 146.5 (C1"), 167.0 (C9), 180.2 (C8), 194.9 (C6), m/z (ESI') 382 ([M-H]); HRMS
(EST); CisH;3BrNO4S [M-H]’; found 381.9744, requires 381.9754.

(-)-(28,5R)-1-Aza-7-ethoxycarbonyl-2-(2-furanyl)-6-hydroxy-8-oxo-3-thiabicyclo[3.3.0]oct-6-
ene 9g
Yield (1.53 g, 40 %); brown oil; Ry= 0.30 (EtOAc: MeOH; 9:1); [r] 25 =.153.3 (c=0.06, CHCl3);

Vma/em™ (neat) 1614 (s, C=C), 1663 (s, C=0), 1709 (s, C=0); 8y (400 MHz, CD,Cl,): 1.36 (3H, t,
J="17.1 Hz, OCH,CHj3), 3.08 (1H, dd, J = 11.0, 6.9 Hz, H4,), 3.47 (1H, dd, J = 11.0, 8.1 Hz, H4p),
437 (2H, q, J= 7.1 Hz, OCH,CH3), 4.83 (1H, app t, J = 7.5 Hz, H5), 6.30 (1H, s, H2), 6.33 - 6.35
(2H, m, H3'and H4'"), 7.40- 7.43 (1H, m, HS"); d¢ (125.8 MHz, CD,Cl,): 14.5 (OCH,CHj3), 32.9
(C4), 56.3 (C2), 62.3 (OCH,CH3), 65.2 (CS5), 99.2 (C7), 107.5 (C3"), 110.9 (C4"), 143.5 (C5"), 153.4
(C1"), 167.4 (C9), 168.8 (C8), 187.2 (C6); m/z (ESI') 294 ([M-H], 50 %); HRMS (ESI);
C13H12NOsS [M-H]'; found 294.0446, requires 294.0442.

(£)-(2RS,5R)- 2-(4-Fluorophenyl)-5-methoxycarbonyl-1,3-thiazolidine ()-7¢
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Yield (0.42 g, 43 %); colourless oil; 1.7:1 cis and trans diastereomers; Ry= 0.35 (EtOAc: petrol;
1:3); Viax/cm™ (neat) 1223 (s, C-F), 1741 (s, C=0), 3315 (m, N-H); &y (200 MHz, CDCl;) major
isomer (cis): 2.57 (1H, br. s., NH), 3.05 - 3.26 (1H, m, H4,), 3.33 - 3.53 (1H, m, H4g), 3.81 (3H, s,
CO,CH3), 3.99 (1H, dd, J = 8.8, 7.1 Hz, H5), 5.53 (1H, s, H2), 6.96 - 7.12 (2H, m, H3"), 7.43 - 7.56
(2H, m, H2'); minor isomer (trans): 2.57 (1H, br. s., NH), 3.05 - 3.26 (1H, m, H44 ), 3.33 - 3.53
(1H, m, Hz, H4g), 3.80 (3H, s, CO,CH;), 4.14 - 4.23 (1H, m, H5), 5.79 (1H, s, H2), 6.96 — 7.12
(2H, m, H3"), 7.43 - 7.56 (2H, m, H2'); ¢ (100.6 MHz, CDCls) major isomer (cis): 39.2 (C4), 52.6
(CO,CH3), 65.4 (C5), 71.8 (C2), 115.5 (d, J=21.5 Hz, C3"), 129.3 (d, J = 8.7 Hz, C2'), 133.9 (d, J
=3.2 Hz, C1"), 162.8 (d, J = 247 Hz, C4"), 171.5 (CO,CHs); minor isomer (frans): 38.0 (C4), 52.6
(CO,CH3), 64.1 (C5), 69.9 (C2), 115.1 (d, J=21.5 Hz, C3"), 128.7 (d, J = 8.0 Hz, C2'), 136.9 (d, J
= 3.2 Hz, C1'), 162.3 (d, J = 247 Hz, C4"), 172.1 (CO,CH3); m/z (ESI") 242 ([M+H]", 100%);
HRMS (ESI+); C11H3FNO,S [M+H]+; found 242.0642, requires 242.0646.

(£)-(2RS,5R)-(3-Ethoxy-3-oxopropanoyl)-2-(4-fluorophenyl)-5-methoxycarbonyl-1,3-
thiazolidine (£)-8c
Yield (0.43 g, 81 %); colourless oil; 1.3:1 cis and trans diastereomers; Ry = 0.61 (EtOAc: petrol;

1:1); Viax/em™! (neat) 1224 (s, C-F), 1662 (s, C=0), 1740 (s, C=0); oy (400 MHz, CDCl;) major
isomer (cis, a mixture of conformers): 1.19 - 1.31 (3H, m, OCH,CHj3), 3.07 - 3.55 (4H, m, H4,,
H4g, H2" s, H2"p), 3.81 and 3.83 (3H, s, CO,CH;), 4.05 - 4.24 (2H, m, OCH,CHs), 5.03 - 5.08 (1H,
m, H5), 6.13 and 6.30 (1H, s, H2), 6.95 - 7.01 and 7.04 - 7.10 (2H, m, H3’), 7.48 - 7.54 and 7.64 -
7.69 (2H, m, H2'); minor isomer (trans, a mixture of conformers): 1.19 - 1.31 (3H, m, OCH,CHj5),
3.07 - 3.55 (4H, m, H44, H4p, H2"s, H2"g), 3.78 and 3.84 (3H, s, CO,CH3), 4.05 - 4.24 (2H, m,
OCH,CH3), 5.17 - 5.21 and 5.28 - 5.31 (1H, m, H5), 6.17 and 6.29 (1H, s, H2), 6.95 - 7.01 and 7.04
-7.10 (2H, m, H3"), 7.19 - 7.23 and 7.24 - 7.29 (2H, m, H2"); &¢ (100.6 MHz, CDCl3) major isomer
(cis, a mixture of conformers): 13.9 and 14.0 (OCH,CH3), 32.0 and 33.8 (C4), 42.1 and 43.0 (C2"),
52.8 and 53.1 (CO,CHz), 61.5, 61.6 and 61.8 (OCH,CH3), 63.7 and 64.6 (C5), 65.7 and 66.4 (C2),
115.0 (d, J/=21.5 Hz, C3") and 115.9 (d, J = 21.5 Hz, C3'), 128.4 (d, J = 8.0 Hz, C2’) and 129.0 (d,
J=18.7 Hz, C2"), 135.6 (d, J = 2.4 Hz, C1"), 162.6 (d, J = 249 Hz, C4'), 165.4 (C1"), 166.6 (C3"),
170.2 (CO,CH3); minor isomer (frans, a mixture of conformers): 13.9 and 14.0 (OCH,CHj3), 30.9
and 33.0 (C4), 42.3 and 43.3 (C2"), 52.8 and 53.4 (CO,CH3), 61.5, 61.6 and 61.8 (OCH,CH3), 64.0
and 64.2 (CS5), 64.4 and 65.1 (C2), 115.3 (d, J = 22.3 Hz, C3') and 116.2 (d, J = 21.5 Hz, C3’),
126.5 (d, J = 8.7 Hz, C2’) and 126.7 (d, J = 8.0 Hz, C2"), 137.9 (d, /= 2.4 Hz, C1’), 162.5 (d, J =
248 Hz, C4'), 165.3 (C1"), 166.2 (C3"), 169.3 (CO,CH;); m/z (ESI') 356 (IM+H] ", 100% ) 378
([M+Na]", 94%); HRMS (ESI"); CsH sFNNaOsS [M+Na]"; found 378.0797, requires 378.0782.
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(£)-(28,5R)-1-Aza-7-ethoxycarbonyl-2-(4-fluorophenyl)-6-hydroxy-8-0xo-3-
thiabicyclo[3.3.0]oct-6-ene (%)-9¢
Yield (0.12 g, 53 %); yellow solid; Ry = 0.55 (EtOAc: MeOH; 6:1); Vimax/cm’™! (neat) 1224 (s, C-F),

1658 (s, C=0), 1709 (s, C=0); For (£)-9¢ purified by preparative TLC, &y (400 MHz, Methanol-
ds): 1.28 3H, t, J = 7.1 Hz, OCH,CHs), 2.95 (1H, dd, J = 11.0, 7.3 Hz, H4,), 3.20 (1H, dd, J =
11.0, 7.6 Hz, H4p), 4.14 - 4.24 (3H, m, OCH,CHs, HYS), 6.34 (1H, s, H2), 7.04 2H, app t, J = 8.8
Hz, H3'), 7.47 (2H, dd, J = 8.6, 5.4 Hz, H2'); &¢ (125.8 MHz, Methanol-ds): 15.2 (OCH,CH3), 34.9
(C4), 59.7 (OCH,CHj3), 64.6 (C2), 70.6 (C5), 91.9 (C7), 116.0 (d, J = 21.9 Hz, C3'), 129.6 (d, J =
8.6 Hz, C2"), 139.8 (C1"), 163.7 (d, J = 244 Hz, C4'), 167.3 (C9), 180.2 (C8), 195.1 (C6); m/z (ESI)
322 ([M-HJ, 100%); HRMS (ESI"); C;5H3FNO4S [M-H]’; found 322.0569, requires 322.0555.

(£)-(2RS,5R)- 2-(2-Chloro-4-fluorophenyl)-5-methoxycarbonyl-1,3-thiazolidine (£)-7e
Yield 51 % (1.15 g); colourless oil; 0.9:1 cis and trans diastereomers; Ry= 0.18 (EtOAc: petrol;

1:5); Vinax/cm™! (neat) 1227 (s, C-F), 1738 (s, C=0), 3324 (m, N-H); &y (400 MHz, CDCl;) major
isomer (trans): 2.66 (1H, br. s., NH), 3.06 - 3.14 (1H, m, H4,), 3.33 (1H, dd, J = 10.5, 6.4 Hz,
H4g), 3.81 (3H, s, CO,CHs), 4.21 (1H, app t, J = 6.6 Hz, H5), 6.02 (1H, s, H2), 6.95 (2H, app td, J
= 8.3, 2.7 Hz, H5'), 7.08 - 7.15 (2H, m, H3"), 7.57 (2H, dd, J = 8.7, 6.2 Hz, H6"); minor isomer
(cis): 2.66 (1H, br. s., NH), 3.06 - 3.14 (1H, m, H4,), 3.45 (1H, dd, J = 10.3, 6.9 Hz, H4g), 3.80
(3H, s, CO,CH;), 3.96 - 4.04 (1H, m, HS), 5.88 (1H, s, H2), 7.03 (2H, app td, J = 8.3, 2.7 Hz, H5"),
7.08 - 7.15 (2H, m, H3"), 7.74 (2H, dd, J = 8.7, 6.0 Hz, H6"); &¢ (100.6 MHz, CDCl3): major isomer
(trans): 37.3 (C4), 52.6 (CO,CH3), 64.7 (C5), 66.5 (C2), 113.8 (d, J = 21.5 Hz, C5'), 117.0 (d, J =
25.4 Hz, C3'), 127.8 (d, J = 8.7 Hz, C6'), 133.5 (d, J = 10.3 Hz, C2'), 136.1 (d, J = 4.0 Hz, C1"),
161.6 (d, J = 250 Hz, C4"), 171.9 (CO,CHj3); minor isomer (cis): 38.7 (C4), 52.6 (CO,CH3), 65.3
(C5), 67.6 (C2), 114.5 (d, J = 20.7 Hz, C5), 117.1 (d, J = 24.6 Hz, C3'), 129.7 (d, J = 8.7 Hz, C6"),
131.9 (d, J=3.2 Hz, C1'), 134.5 (d, J= 10.3 Hz, C2"), 162.1 (d, J = 251 Hz, C4"), 171.4 (CO,CHs);
m/z (ESI") 276 (IM+H]" 100%); HRMS (ESI"); C,;H;;CIFNNaO,S [M+Na]"; found 298.0079,
requires 298.0075.

(£)-(2RS,5R)-2-(2-Chloro-4-fluorophenyl)-(3-ethoxy-3-oxopropanoyl)-5-methoxycarbonyl-1,3-
thiazolidine (+)-8e
Yield (0.73 g, 94 %); 0.7:1 separable cis and trans diastereomers; Major isomer (¢rans, a mixture of

conformers): white solid, mp 82 - 84 °C; Ry= 0.16 (EtOAc: petrol; 1:3); Viax/cm”! (neat) 1225 (s, C-
F), 1668 (s, C=0), 1743 (s, C=0); ou (400 MHz, CDCls): 1.23 (3H, t, J = 7.1 Hz, OCH,CH3 major
conformer), 1.31 (3H, t, J = 7.2 Hz, OCH,CH; minor conformer), 3.06 - 3.48 (4H, m, H44, H4g,
H2",, H2"p), 3.81 (3H, s, CO,CH3; major conformer), 3.87 (3H, s, CO,CH3; minor conformer), 4.10
(2H, q, J = 7.1 Hz , OCH,CHj3 major conformer), 4.18 - 4.27 (2H, m, OCH,CHj; minor conformer),
5.20 - 5.23 (1H, m, H5 minor conformer), 5.30 - 5.34 (1H, m, H5 major conformer), 6.44 (1H, s,
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H2 major conformer), 6.47 (1H, s, H2 minor conformer), 6.94 (1H, app td, J = 8.4, 2.6 Hz, HS’
minor conformer), 7.03 (1H, J = 8.3, 2.6 Hz, H5' major conformer), 7.12 - 7.18 (2H, m, H3' minor
conformer, H6' major conformer), 7.21 (1H, dd, J = 8.2, 2.6 Hz, H3' major conformer), 7.33 (1H,
dd, J = 8.6, 5.9 Hz, H6' minor conformer); d¢ (100.6 MHz, CDCls): 13.9 and 14.0 (OCH,CHs),
30.6 and 32.5 (C4), 42.1 and 43.1 (C2"), 52.9 and 53.5 (CO,CH3), 61.6 and 61.9 (OCH,CHs), 62.0
and 62.9 (C2), 64.3 and 64.6 (C5), 113.8 (d, J = 20.7 Hz, C5') and 114.5 (d, J = 21.5 Hz, CY5’),
117.5 (d, J=24.6 Hz, C3") and 118.0 (d, J = 24.6 Hz, C3'), 125.7 (d, J = 8.7 Hz, C6’) and 126.4 (d,
J=18.7 Hz, C6), 132.6 (d, J = 10.3 Hz, C2"), 134.6 (d, J = 3.2 Hz, C1’) and 134.7 (d, J = 3.2 Hz,
Cl’), 161.6 (d, J =250 Hz, C4’) and 162.1 (d, J = 252 Hz, C4’), 164.5 and 165.1 (C1"), 166.0 and
167.5 (C3"), 169.2 and 170.1 (CO,CH;); m/z (ESI") 390 ([M+H]" 100%), 412.0 ((M+Na]" 65%);
HRMS (ESI+); C16H;7CIFNNaOsS [M+Na]+; found 412.0398, requires 412.0392. Minor isomer
(cis, a mixture of conformers): colourless oil; Ry= 0.24 (EtOAc: petrol; 1:3); Vmadem™ (neat) 1224
(s, C-F), 1664 (s, C=0), 1740 (s, C=0); du (400 MHz, CDCl;): 1.21 - 1.30 (3H, m, OCH,CHs),
3.07 - 3.54 (4H, m, H4,, H4g, H2"4, H2"g), 3.85 (3H, s, CO,CH; major conformer), 3.89 (3H, s,
CO,CH3 minor conformer), 4.09 - 4.22 (2H, m, OCH,CH3), 4.91 (1H, dd, /= 9.2, 6.5 Hz, H5 major
conformer), 5.06 (1H, app t, J = 5.0 Hz, H5 minor conformer), 6.38 (1H, s, H2 major conformer),
6.52 (1H, s, H2 minor conformer), 6.95 (1H, app t, J = 8.3 Hz, H5' minor conformer), 7.08 (1H, app
td, J = 8.3, 2.3 Hz, H5' major conformer), 7.17 (1H, dd, J = 8.1, 2.4 Hz, H3"), 7.84 (1H, dd, J = 8.7,
6.0 Hz, H6' minor conformer), 8.28 (1H, dd, J = 8.7, 6.0 Hz, H6' major conformer); d¢ (100.6 MHz,
CDCl;): 14.0 (OCH,CH3), 31.2 and 33.8 (C4), 41.8 and 42.8 (C2"), 52.8 and 53.3 (CO,CH3), 61.7
(OCH,CH3), 62.9 and 64.5 (C2), 64.2 and 65.2 (CS5), 114.3 (d, J =20.7 Hz, C5’) and 114.7 (d, J =
20.7 Hz, C5'), 116.7 (d, J=25.4 Hz, C3") and 117.4 (d, J = 25.4 Hz, C3'), 128.3 (d, J = 8.0 Hz, C6')
and 128.9 (d, J = 8.7 Hz, C6¢'), 132.7 (d, J = 10.3 Hz, C2'), 133.7 (d, J=4.0 Hz, C1"), 162.2 (d, J =
252 Hz, C4"), 165.1 and 165.3 (C1"), 166.2 and 166.8 (C3"), 170.3 and 170.4 (CO,CH3); m/z (ESI")
390 ([M+H]" 100%), 412.0 ([M+Na]" 71%); HRMS (ESI"); C1cH;7CIFNNaOsS [M+Na]'; found
412.0393, requires 412.0392.

(£)-(25,5R)-1-Aza-2-(2-Chloro-4-fluorophenyl)-7-ethoxycarbonyl-6-hydroxy-8-oxo-3-
thiabicyclo[3.3.0]oct-6-ene (£)9e
Yield (74 mg, 45 %); yellow solid, mp 96-98 °C; Ry= 0.57 (EtOAc:MeOH; 6:1); Vma/em™ (neat)

1230 (s, C-F), 1658 (s, C=0), 1707 (s, C=0); &y (500 MHz, CD,CL): 1.37 3H, t, J = 7.2 Hz,
OCH,CHj), 3.01 (1H, dd, J = 11.0, 8.8 Hz, H4,), 3.30 (1H, dd, J = 11.0, 6.9 Hz, H4g), 4.39 (2H, q,
J=17.2Hz, OCH,CH;), 4.91 - 4.95 (1H, m, H5), 6.41 (1H, s, H2), 7.03 (1H, app td, J = 8.4, 2.6 Hz,
H5'), 7.17 (1H, dd, J = 8.4, 2.6 Hz, H3"), 7.42 (1H, dd, J = 8.6, 6.0 Hz, H6'); 8¢ (125 MHz,
CD,CL): 14.5 (OCH,CHs), 33.0 (C4), 59.9 (OCH,CHs), 62.4 (C2), 66.6 (C5), 99.5 (C7), 114.9 (d,
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J=21.9 Hz, C5"), 117.8 (d, J = 25.8 Hz, C3"), 128.0 (d, J = 8.6 Hz, C6), 133.6 (d, J = 10.5 Hz,
C2'), 135.4 (d, J= 3.8 Hz, C1’), 162.6 (d, J =250 Hz, C4'), 167.5 (C9), 168.3 (C8), 186.5 (C6); m/=
(ESI) 356 ([M-HJ, 100%); HRMS (ESI); C;sH404NCIFS [M+H]"; found 358.03120, requires
358.03106.

(£)-(28,5R)-1-Aza-2-bromophenyl-7-ethoxycarbonyl-6-hydroxy-8-oxo-3-thiabicyclo[3.3.0]oct-
6-ene (+)9b
Yield (47 mg, 39 %); yellow solid, mp 148 °C; Ry = 0.26 (EtOAc: MeOH; 9:1); Vmax/cm’' (neat)

1618 (C=C), 1657 (s, C=0), 1712 (s, C=0); du (500 MHz, CD,Cl,): 1.37 3H, t, J = 7.2 Hz,
OCH,CHj3), 3.02 (1H, dd, J=11.2, 8.2 Hz, H4,), 3.29 (1H, dd, /= 11.2, 7.1 Hz, H4), 4.38 (2H, q,
J=17.2 Hz, OCH,CHj3), 4.76 (1H, app t, J = 7.6 Hz, H5), 6.22 (1H, s, H2), 7.35 (2H, d, J = 8.3 Hz,
H2'), 7.49 (2H, d, J = 8.5 Hz, H3'); ¢ (125 MHz, CD,Cly): 14.5 (OCH,CHs;), 33.4 (C4), 62.3
(OCH,CHs), 62.4 (C2), 65.8 (C5), 99.7 (C7), 122.4 (C1"), 128.8 (C2'), 132.2 (C3’), 140.3 (C4’),
167.5 (C9), 169.1 (C8), 186.6 (C6); m/z (ESI') 382.0 and 384.0 ([M-H], 100%); HRMS (ESI’);
Cy5H1304NBrS [M-H]'; found 381.97573 and 383.97348, requires 381.97541, 383. 97337.
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