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Electrochemical access to functionalized dihydrothiopyran derivatives. 
Part 1: Electroreduction of tetraactivated 4H-thiopyrans 
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Electroreduction of tetraactivated 4H-thiopyrans leads selectively to diastereoisomers of 
dihydrothiopyrans. The relative percentages depend on the experimental conditions (electrolysis in 
sulfuric medium, ammoniacal buffer). The preferred conformations of the end-products are determined in 
solid state by X-ray crystallography and in solution by 'H NMR spectroscopy, then compared with 
molecular modelling results. The relative conformations of the diastereoisomers and their ratio are 
established by 'H NMR spectroscopy. 

Introduction 
The use of electrochemistry as a powerful tool for the reduction 
of heterocycles containing sulfur and nitrogen atoms has been 
widely demonstrated.' In particular, controlled potential elec- 
trolysis of activated 4H-I ,3-thiazines A leads to 6H- I ,3-thiazine 
or  pyrrole derivatives. There appears to be a strong correlation 
between the nature of the isolated products and the pH of the 
medium.' A theoretical approach was used to determine the 
influence of the nitrogen atom in the thiazine ring on the 
c hemoselectivi ty of the elec troreduc tion. Consequently, we 
became interested in comparing the evolution of activated 4H- 
thiopyran derivatives B in electrolytic media with that for the 
A derivative. 

A B 

We now propose an electrochemical route to prepare func- 
tionalized dihydrothiopyrans from 4H-thiopyran precursors. 
Substituted dihydrothiopyran derivatives, considered as useful 
synthetic  intermediate^,^ can generally be obtained by the 
dimerization of thiochalcones generated in situs-' or by a 
cycloaddition from stabilized a,P-unsaturated thiones and acti- 
vated dienophiles.&'" In these cases an elimination reaction may 
occur leading to activated 2H-thiopyrans." Dihydrothiopyrans 
may also be obtained by cycloaddition from activated thiones 
as  heterodienophile.'2 

The methodology developed in our work presents two key 
steps. First a hetero-Diels-Alder reaction from functionalized 
thioamide vinylogue generates activated 4H-thiopyrans B sub- 
stituted at position 4 by an electron releasing group. The second 
step involves the electroreduction of isolated unsaturated 
cycloadducts B leading selectively to dihydrothiopyran deriv- 
atives C. This allows a detailed study of the stereochemistry of 
the red~ct ion . '~  

R RaR R 

R = electron-withdrawing group 

Results 
Synthesis of 4-dimethylamino-2,3,5,6-tetramethoxycarbonyI- 
4H-thiopyran 
Access to tetrafunctionalized 4H-thiopyrans was easily ob- 
tained from the N'-thioacylamidine 1 by using a cyclo- 
addition-cycloreversion process described in the literature.I4 A 
cycloaddition reaction of heterodienic compound 1 and di- 
methyl acetylenedicarboxylate (DMAD), was followed by 
thermolysis of the corresponding 4H- 1,3-thiazine cycloadduct 
giving the functionalized thioamide vinylogue 2. Further 
cycloaddition reaction of 2 with DMAD led to the tetrasubsti- 
tuted 4H-thiopyran 3 (Scheme 1). The 4H-thiopyran 3 can also 
be synthesized directly from the N'-thioacylamidine 1 by 
treatment with an excess of DMAD. 

Electrochemical investigations 
The electrochemical behaviour of the tetrasubstituted thio- 
pyran 3 has been investigated in aqueous-alcoholic mixtures. 

(i) Whatever the acidity of the supporting electrolyte, an 
irreversible four-electron reduction is observed; some half-wave 
potentials, measured in equal volume mixtures of aqueous sup- 
porting electrolyte and ethanol are given in Table 1 .  

A more complete study, carried out in Britton-Robinson 
buffers (Fig. i) ,  shows that in acidic medium, E,,2 depends on 
the medium acidity according to eqn. ( I ) .  Then, protonation of 
the amino group takes place before electron-transfer. 
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Table 1 Half-wave potentials of compound 3' 0 2 4 PH 6 8 1 0 1 2  

Aqueous supporting electrolyte EIJV vs. SCE 

Sulfuric acid (0.5 rnol I - ' )  
Acetic buffer (0.5 rnol I- '  ) 
Ammoniacal buffer (0.5 rnol I - '  ) 

-0.47 
-0.66 
-0.87 

Substrate concentration: 10-3 rnol I-';  dropping time T = 2 s 

R)pR * R+R 

R R 
NMe2 

3 

Scheme 1 R = C0,Me 

phy+---R R 

Eln(V VS. SCE) = -0.45-0.05 pH (1) 

In a basic medium, Eln is constant (- 1.06 V vs. SCE) and 
direct reduction of the neutral molecule occurs. Moreover, 
between pH 6 and 7, a superposition of two polarographic 
waves occurs corresponding to the two processes previously 
described. The determination of the half-wave potentials is not 
possible. 

(ii) Macroscale electroreductions were carried out at constant 
potential, in a mixture of aqueous electrolyte and ethanol 
(1  :2), in very acidic (sulfuric acid 0.5 moll-', E =  -0.7 V vs. 
SCE) or basic (ammoniacal buffer 0.5 rnol 1 - I ,  E =  - 1.3 V vs. 
SCE) media. The electricity consumption, measured by coulo- 
metry, is four-electron rnol per rnol of substrate. Work-up of 
the solution (see Experimental part) leads to a mixture of four 
5,6-dihydro-2H-thiopyran diastereoisomers 4a-d (Scheme 2), 
analysed by NMR spectroscopy. 

4 

Scheme 2 CPE = Controlled potential electrolysis 

The reduction of the ethylenic double bond and the loss of 
dimethylamine are confirmed by spectral and elemental analy- 
sis of the resulting tetramethoxycarbonyl-5,6-dihydro-2H-thio- 
pyrans, 4. The "C NMR spectra show the presence of four 
diastereoisomers 4a-d. The ratio of these diastereoisomers 
seems to depend on the electrolytic medium, and can be deter- 
mined by 'H NMR spectroscopy using the chemical shift differ- 
ence of the proton H-4. We wanted to determine their relative 
configurations, and they were separated by liquid chromato- 
graphy to obtain two pairs of diastereoisomers initially, which 
served three purposes, 

(i) To assign the 'H NMR signals for each proton of the 
dihydrothiopyran ring. 

(ii) To establish the predominant or preferred ring conform- 
ation in solution in order to predict the dihedral angles of 

W 

53 
d 
2 

8 

Fig. 1 Relationship between the pH and the half-wave potential of 
reduction of 4H-thiopyran 3 in Britton-Robinson buffer. Conditions as 
in Table 1 .  

i . O  7.7 7.6 7.5 7.4 
PPm 

Fig 2 'H N M R  signal of the proton in position 4 for all diastereo- 
isomers 4a-d (spectrum recorded after electrolysis in a basic medium) 

the molecule and to detect homonuclear interaction in 'H 
NMR. 

(iii) To identify each diastereoisomer by assigning the axial or 
equatorial position of the ring-protons using the correlations 
between the dihedral angles and the coupling constants. 

In a second step, this approach allows a quantitative 
determination of the 5,6-dihydro-2H-thiopyrans in the elec- 
trolysis solution, thus avoiding any epimerization during 
treatment . 

'H NMR spectroscopy of the 2,3,5,6-tetramethoxycarbonyl-5,6- 
dihydro-2H-thiopyrans 4a-d 
In order to maintain a rigorous and identical approach in 
deducing the structures of each 5,6-dihydro-2H-thiopyran, the 
vinylic proton 4-H was used (Fig. 2). This proton is easily iden- 
tified due to its low-field chemical shift, and serves as a conveni- 
ent starting point for tracing the 2-H, 5-H and 6-H coupling 
network in the thiopyran ring by homonuclear experiments. 'H 
NMR signals are then assigned to 2-H, 5-H and 6-H for each 
diastereoisomer 4a-d. Coupling constants and chemical shifts 
of the protons in compounds 4a-d are listed in Table 2. 
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Table 2 'H N M R  data of the 2.3.5.6-tetramethoxycarbonyl-5,6- 
di hyd ro-2 H-t  h iopyran s 

4a 4b 4c 4d 

6(CDC13 )" 
2-H (multiplicity) 
S( C,D, )" 
S(CDC13 )" 
4-H (multiplicity) 
6(C,D,)" 
G(CDCI, )" 
5-H (multiplicity) 
6( C,D, )" 
d(CDCI, )" 
6-H (multiplicity) 
6( C,D, )" 
d(CDC13 Y 
CO,CH, 
S( C,D, 
J24h 

J25h 

J*,h 
J45h 

JMh 
JM" 

4.3 
(m) 
4.29 
7.36 
(dt) 
7.45 
3.98 
(dt) 
4.1 1 
4.3 
(d) 
4.7 
3.7 to 3.9 
(s) 
3.1 to 3.4 
0.9 
2 
0.4 
2.7 
0.4 
10.3 

4.3 
( t )  
4.33 
7.48 
(dd) 
7.48 
3.7 to 3.9 
(ddd) 
3.79 
4.27 
(4 
4.38 
3.7 to 3.9 
(s) 
3.1 to 3.4 
1 
0.8 

6 

4 

4.2 to 4.3' 
( t )  
4.2 
7.45 
(ddd) 
7.49 
4.2 1 to 4.3' 
(dd) 
4.1 
4.2 to 4.3' 
(4 
4.18 
3.7 to 3.9 
(s) 
3.1 to 3.4 
1 
0.9 

6 
0.5 
2.3 

4.26 
(t) 
4.23 
7.79 
(dddd) 
7.9 
3.7 to 3.9 
(m) 
3.07 
4.1 
(dd) 
3.76 
3.7 to 3.9 
(s) 
3.1 to 3.4 
1.9 
2.5 

2.4 
0.8 
4.8 

" Chemical shifts are given in ppm. Coupling constants are given in Hz 
with a digital resolution of about 0.2 Hz. ' Signal partially obscured. 

4 
Fig. 3 ORTEP3, structure of compound 4c 

X-Ray structure analysis 
5,6-Dihydro-2H-thiopyran obtained by electrochemical reduc- 
tion in acidic media was crystallized by slow evaporation of a 
tetrahydrofuran (THF) solution. This molecule corresponds to 
the 4c diastereoisomer and the ring adopts a half-chair con- 
formation with the sulfur atom above the ring plane (Fig. 3). 

Molecular modelling 
Several semi-empirical methods (MNDO, PM3 and AM1) and 
one molecular mechanics force-field (TRIPOS) have been tested 
by comparing the energy minimized geometry with the crystal 
structure conformation. The correlation was evaluated by cal- 
culating the root mean square (rms) between all heavy atoms of 
theoretical against experimental conformations. The TRIPOS 
force-field (see Experimental section) gives a much better 
agreement (rms = 0.31 A) than the MNDO (rms = 1.06 A), 
PM3 (rms = 0.64 A) or AM 1 (rms = 0.86 A) hamiltonians. This 
force-field was therefore retained for modelling the different 
diastereoisomers. The 5.6-dihydro-2H-thiopyran molecule was 
constructed with all possible combinations of (R) and ( S )  
isomers at the three chiral carbons (C-2, C-5 and C-6). For the 
eight diastereoisomers, two half-chair and two boat conform- 
ations have to be considered, leading therefore to 32 starting 
conformers. However, since mirror images could not be dis- 

tinguished in these type of calculations, only half of them (i.e 
one half-chair and one boat conformation) have been built. 
The geometry of these 16 conformations was fully optimized. It 
appears that none of the boat shapes corresponds to a stable 
conformation. Their starting energy was very high and their 
geometry converged to half-chair shape during the energy 
minimization. As for the half-chair conformations, they could 
be optimized and yield conformations with similar energy 
levels. Their energies are listed in Table 3. Fig. 4 displays the 
optimized conformations of the half-chairs and their geo- 
metrical characteristics. 

Discussion 
Conformations of the 2,3,5,6-tetramethoxycarbonyl-5,6-dihydro- 
2H-thiopyrans 
Many conformations studies deduced from 'H NMR spectra 
lead to the conclusion that cy~lohexene,'~. '~ dihydropyrans "*'* 
and dihydrothiopyrans 10~19320 adopt predominantly the half- 
chair conformation in solution. However, some substituted 
3,4-dihydrothiopyran rings appear to prefer a boat form.2' In 
our case, the two considered conformations are illustrated in 
Scheme 3. For each boat and half chair conformation, the 

a a  

Model 2: 
half-chair form 

a 
a 

Scheme 3 

dihedral angles between 5-H-C-5-C-6-6-H and 4-H-C-4- 
C-5-5-H were compared with the calculated angles from the 
observed vicinal coupling constants, using the well known 
Karplus equation. This correlation between coupling constants 
and dihedral angles is established for 3 J 5 - ~ , 6 ~  and 3J4.H,5-H 
from the fragments H-Csp3-Csp3-H 22-24 and H-Csp2- 
Csp3-H,25*26 respectively. 

In the case of a boat form, the C-5 and C-6 substituents 
adopt a staggered form and suggest two values for 3JS-H,6H. 
Experimentally, the observed values from 'H NMR data indi- 
cate three vicinal couplings in agreement with the 5-H-C-5- 
C-6-6-H dihedral angles compatible with the half-boat form. 
Moreover, the measured values for 3J4-H,S.H (2.5 and 6 Hz) 
are in agreement with the half-chair conformation of 5,6- 
dihydro-2H-thiopyrans in solution (model 2 in Scheme 3). 

E 

H 
4a 

E = C02CH3 
4a' 

Scheme 4 

Upon examination of the boat conformation it would be pre- 
dicted that the coupling constant for 3J4-H,S-H could not be 
less than 5 H z . ~ ~ ~ ~ ~ . ~ ~  

Identification of diastereoisomers 
To identify the relative configuration of the diastereoisomers, 
it would be necessary to determine the axial or equatorial 
position of the ring protons. The possible correlation between 
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Fig. 4 Molecular modelling of the half-chair conformations 

Table 3 Final energy of the optimized conformations' 

Conformation R R R  R R S  RSR RSS S R R  SRS SSR SSS 

Finalenergy -8.8 -10.4 -12 -6.6 -5 -11.2 -13.9 -13.1 
kcal mol-' 

" 1 cal = 4.184 J. 

the vicinal 3J,22-26 allylic 4J27 over four o-bonds2* and homo- 
allylic 5J29 coupling constants was then used. This approach is 
summarized in Table 4. 

The structural determinations for each diastereoisomer 
4a-d indicate the following. 

(i) In the case of compound 4a, a rrciizs-diaxial position for 
the 5-H and 6-H protons should predict a theoretical coupling 
constant J 13.29 The lowest value reported in Table 2 for 4a 
('J5-H,&H 10.3) could result from a low participation of the 
minor conformation 4a in equilibrum with 4a' inducing an aver- 
age of the coupling constantsz6 (Scheme 4). 

(ii) On the other hand, the excellent correlation between the 
dihedral angles and the coupling constants enables assignment 
of conformations described in Scheme 5 to the diastereo- 
isomers 4b and 4c. The stereochemistry of the 5,6-dihydro-2H- 

Table 4 Coupling constants and their corresponding dihedral angles 

Coupling 
Proton constants Dihedral angles 

2- H 4J2-H,4-Ii 2-H-C-2-C-3=C-4 and C-2-C-3=C-44-H 
5J2-H,5-H 2-H-C-2-C-3=C-4 and C-3=C-4-C-5-5-H 

5-H 3J4.H,5.H 4- H-C-4-C-5-5- H 
5J2-H,5-H 2- H -C-2-C-3=C -4 and C-3=C-4-C-5-5- H 

6- H 4J4-H,6H 4-H-C-4-C-5-C-6 and C-4-C-5-C-6-6-H 
J.5-H.6H 5-H-C-5-C-6-6- H 

thiopyran 4c was confirmed by the X-ray analysis reported 
here. In the solid state, the half-chair conformation is observed 
with the H-2, H-5 and H-6 protons in an equatorial position 
(Fig. 3). These results are in agreement with the 'H NMR 
analysis in solution concerning the relative stereochemistry of 
compound 4c. 

(iii) In the case of compound 4d, the correlation between the 
dihedral angles and the allylic coupling constant 4 J 2 - ~ , & ~  1.9 
appears to be less obvious. As a result, the value of this 
coupling constant compared with those observed for the other 
diastereoisoiners seems to be large for an equatorial proton. 
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Table 5 Percentages of 5.6-dihydro-2H-thiopyran diastereoisomers 
~~ 

After After 
5,6-Dihydro-W- electrolysis in electrolysis in 
t hiopyran an acidic a basic Thermodynamic 
diastereoisomers medium medium equilibrium 

4a 6 32.5 32.5 
4b 27 20 19 
4c 43  32 30.5 
4d 24 15.5 18 

H 
4b 

E 
4c 

Scheme 5 

However, we can rule out an axial position for 2-H. which 
should correspond to a conformer of the previously described 
compound 4b. Moreover, this assumption should suggest a 
theoretical coupling constant 4 J 2 - ~ , 4 - ~ ,  but in fact for 4d a small 
proportion of conformation 4d' resulting from a ring-inversion 
process may be considered (Scheme 6). The presence of a 

H 

H 
4d 

E = C02CH3 
4d' 

Scheme 6 

slightly distorted conformation for 4d owing to the presence of 
the three methoxycarbonyl substituents on the same side of the 
ring cannot be excluded. 

Quantitative determination of the diastereoisomers 
The ratio of the four diastereoisomers 4a-d depends on the 
experimental conditions. Kinetic control was observed in acidic 
conditions. Thermodynamic equilibrium was established by 
electrolysis under the same acidic conditions and storage over- 
night under basic conditions. The quantitative determinations 
were carried out by 'H NMR spectroscopy and are given in 
Table 5. 

The results summarized in Table 5 clearly demonstrate that 
thermodynamic equilibrium takes place in basic media. In acid- 
ic media, the percentage of stereoisomers 4c and 4d is clearly 
higher than in basic media. For these two compounds the 
hydrogen atoms linked to carbons 2 and 6 are in the cis orient- 
ation. This observation suggests that under acidic conditions, 
protonation of carbanionic intermediates occurs from the elec- 
trode side, but it is rather speculative to go further in such a 
discussion without other information. The latter should be 
obtained from electroreduction of triactived thiopyrans which 
is now in progress. 

Chemical reduction 
Chemical reduction with zinc and acetic acid was also carried 
out. This method has been frequently used for the reduction of 
C=C double bonds.30 In this procedure, the result is less select- 
ive, because of the formation of the dimer compound 5 during 
the reduction process as described in Scheme 7. The percentage 
of the four diastereoisomers resulting from this method is the 
following: 4a- 1 7'%, 4b-28'%,, 4c-20'%1 and 4d-35'%,. 

Experimental 
General procedures 
'H NMR spectra were recorded on an AM 300 WB (Bruker) 

Zn, AcOH 
-HNMe2 

3 * 4 +  

MeO2C * S*CO2Me 

5 
60% 40% 

Scheme 7 

instrument. I3C NMR spectra were obtained at 75 MHz. Chem- 
ical shifts are given in ppm using CDCI, and C6D, as solvents 
and SiMe, as the internal reference, and coupling constants in 
Hz. Complete assignments were established by the selective 'H 
homo- and hetero-decoupling techniques. EIMS were deter- 
mined on a Varian MAT 31 1 Spectrometer (inversed Nier- 
Johnson geometry) at 70 eV. ESIMS was done on a VG 
Analytical ZABspec TOF spectrometer (EBE TOF geometry) 
using water-acetonitrile as solvent (1 : 1). Infrared spectra were 
recorded on a Nicolet 205 FTIR spectrophotometer for sam- 
ples in potassium bromide powder. Chromatography was car- 
ried out on silica gel columns (Merck 70-230 mesh ASTMS) 
with ethyl acetate and light petroleum (bp 35-60 "C) as eluents. 
Melting points were determined using a Kofler apparatus. 
Elemental analysis was performed by the Microanalyse Service 
of CNRS (Vernaison, France). 

Electrochemistry 
Polarograms were recorded at a dropping mercury electrode 
(dropping time T = 2 s) with a three electrode PAR 362 poten- 
tiostat coupled with a XY Kipp & Zonen recorder. The sub- 
strate concentration was 10.' mol 1-' in a mixture of aqueous 
supporting electrolyte and ethanol ( 1  : 1). 'The composition of 
the three supporting electrolyte was: sulfuric acid (0.5 rnol I - ' ) ;  
acetate buffer (CH,COOH, 0.5 mol 1-I and NaCH,CO,, 0.5 
rnol I - ' ) :  ammoniacal buffer (NH4CI, 0.5 mol I - '  and NH,, 0.5 
mol I - '  ). 

Preparative electrolysis was carried out at a mercury pool 
electrode in the cell described by Moinet and Peltier." The 
working potential was imposed by a Tacussel PRT potentiostat 
while the reference electrode was a saturated calomel electrode 
(SCE). The amount of electricity was measured with a Tacussel 
IG5 coulometer. For a typical run, lo-' to rnol of the 
substrate was dissolved in 180 ml of the catholyte (aqueous 
supporting electrolyte and ethanol 1 : 2). Electrolyte was then 
performed under a continuous nitrogen flow. An auxiliary 
polarographic device was used: polarograms were recorded dur- 
ing electrolysis in order to control advancement of the reduc- 
tion or to detect evolution of the reduced compound. After 
complete electrolysis, the solution was worked up by decanting 
the mercury, removal of ethanol under reduced pressure and 
extraction with dichloromethane. The organic layer was then 
worked up as follows. ( i )  Purification for characterization: after 
neutralization of the solution, the organic layer was dried over 
magnesium sulfate and purified by chromatography on a silica 
gel column (eluent: 60: 40 ethyl acetate-light petroleum). 
(ii) Extraction for quantitative determination: after drying over 
magnesium sulfate, the solvent was evaporated. 

4-Dimet hylamino-2-phenyl-5,6-dimethoxycarbonyI-4H- 1,3- 
thiazine 
Preparation and physicochemical characteristics have been pre- 
viously given in the 1iterat~re.I~ 

Preparation of the 3dialkylaminoprop-2-ene-1 -thiones 2 
Method A. A solution of 4H-1,3-thiazine (3 nimol) was 

heated in dichloromethane (20 ml) at reflux. The progress of the 
thermolysis was followed by TLC. The resulting thioamide 
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vinylogue 2 was purified on a silica gel column (eluent: 60:40 
light petroleum-ethyl acetate) and crystallized from ethyl acetate 
(yield: 83%). 

Method B. The N'-thioacylformamidine 1 (5 mmol) was 
added at room temperature to DMAD (5 mmol) in 15 ml of 
dichloromethane. The reaction mixture was stirred continu- 
ously at room temperature for 2 h and the solution then 
progressively heated to 40°C. The rest of the procedure was 
identical to the previous method. Physicochemical character- 
istics are in agreement with the 1iterat~re.I~ 

Preparation of the 4-dimethylamino-2,3,5,6-tetramethoxy- 
carbonyl-4H-thiopyran 3 
A mixture of the thioamide vinylogue (4.2 mmol) and DMAD 
(4.5 mmol) in dichloromethane (30 ml) was heated at reflux and 
the reaction was followed by TLC. After evaporation of the 
solvent, the reaction product was purified on a silica gel column 
(eluent: 50 : 50 light petroleum<thyl acetate). Physicochemical 
characteristics agree with the 1iterat~re.I~ 

General analysis of the diastereoisomers 4a-d 
The diastereoisomers 4a-d showed the following (74% in acid- 
ic medium 82% in basic conditions): yellow oil; v,,,lcm-' 1738, 
1729 and 1722 (CO) (Found: C, 47.11; H, 4.96; S ,  9.63. 
CI3H,,O,S requires C, 46.98; H, 4.85; S, 9.65%); mlz (EI) 332 
(Ma+, 5%); 300 (33, M - MeOH); 268 (35, M - 2 MeOH); 241 
(27, M - MeOH - C0,Me); 240 (1 1, M - 2 MeOH - CO); 
213 (100 M - 2 C0,Me - H)]; mlz (HREI) Found: M", 
332.0549. C,,H,,O,S requires M, 332.0566; Found: M" - 
MeOH, 300.0319. CI2HI20,S requires M, 300.03041; 'H NMR 
data are given in Table 2. 

13C NMR data of 4a-d. 4a showed S,(CDCI,): 39.1 (dq, 
'J 149, 'J and 'J 5, C-6), 39.8 (dd, 'J 144, 'J 9, C-2), 46.1 (br d, 
'J 132, 'J 4, C-5), 52.5, 53, 53.1, 53.2 (C02CH3), 127.2, (st, 
'J and 2J 7, C-3), 139.2, (ddd, 'J 166, 'J 9, ' J  5, C-4), 165.1 
(3-CO,CH,), 169.8, 170.1, 170.4 (Csp3-C02CH3). 4b: 
G,(CDCI,): 39.9 (dd, 'J 144, 3J 8, C-2), 41 (dq, 'J 145, 'J and 
'J 5, C-6), 43.8 (dd, 'J 131, 2J 3, C-5), 52.8, 52.9, 53, 53.1 
(C02CH3), 128 (br s, 'J 7, 2J 5, C-3), 138.9 (ddd, 'J 168, 'J 9 
and 5, C-4), 165.2 (3-C02CH,), 168.7, 169.3, 171 (Csp3- 
CO,CH,). 4c: G,(CDCI,): 37.4 (ddd, 'J 142, 'J 8, 2J 5, C-2), 
38.9 (dq, 'J 139, 'J 9, 'J and 2J 5, C-6), 42.2 (dm, ' J  129, 2J 7 
and 4, C-5), 52.4, 52.5, 53.1, 53.2 (C02CH3), 126.8 (sm, 'J3, 'J 
5, C-3), 137.1 (m, 'J 167, 'J 9, 2J and 5, C-4), 165.3 (3- 

37.7 (dt, 'J 142, 7, 6, C-2), 38.4 (dq, 'J 142, and 2J 5, 

(C02CH3), 125.3 (br s, 9, 
'Jand 2J5 ,  C-4), 165.5 (3-CO,CH,), 169.6, 169.1, 170.5 (Csp'- 
C02CH3 ). 

COZCH,), 169.7, 170, 170.3 (Csp3-CO2CH3). 4d: GC(CDCI3): 

C-6), 44.1 (dd, ' J  126, ,J 5, C-5), 52.4, 52.5, 53.1, 53.2 
7, 2J 5, C-3), 137.9 (dq, 'J 168, 

General analysis of dimer 5 
Compound 5 was obtained as a yellow powder, mp 225-227 "C; 
v,,,lcm-l 1735 and 1718 (CO); m1z (HREI) Found: M*+, 
329.033 1. C,3H1308S requires M, 329.03341; m1z (HRESI) 
Found: M + Na', 68 1.0568. C,6Hz,016S,Na requires M, 
68 1.056; G,(CDCI, ) 4.92 ( 1 H, s, 4-H), 3.78 (6 H, s, 2-C02CH3 ), 

53.1 (t, 'J 148, 3-C02CH,), 53.5 (t, ' J  148, 2-C02CH3), 125.2 
(C-3), 138.2 (C-2), 163.4 (m, 4 and 2, 3-C02CH,), 164.2 (9, 

3.86 (6 H, S, 3-co2cH3); GC(CDCI3) 36.4 (dd, ' J  143, 'J6, C-4); 

'J 4, 2-COZCH3). 

X-Ray analysis of compound 4c 
C13H1608S: M ,  = 488.6, monoclinic, P&h, a = 9.210(2), 
h = 10.322(9), c = 16.194(9) A, /?= 98.14(2)", V =  1524(1) A,, 
Z = 4, D, = 1.45 Mg m-', ;1 (Mo-Ka) = 0.709 26 A, p = 2.38 
cm-', F(OO0) = 696, T = 294 K, final R = 0.072 for 1593 observ- 
ations. The sample (0.31 x 0.35 x 0.35 mm) was studied on an 
Enraf-Nonius CAD 4 automatic diffractometer with graphite 
monochromatized Mo-Ka radiation. The cell parameters were 

obtained by fitting a set of 25 high reflections. The data collec- 
tion (20,,, = 50°, scan w120 = 1 ,  t,,, = 60 s, range lzkl h0, 10; k 
0, 12; 1 - 19,19), without appreciable intensity decay (0.4%) 
gave 3038 reflections of which 1593 (R,,, = 0.01 5 )  had I > 30(0 
and were used subsequently. After Lorenz and polarization cor- 
rections the structure was solved by direct methods which 
revealed most of the atoms of the molecule. The remaining 
non-hydrogen atoms of the structure were found after succes- 
sive scale factor refinements and Fourier differences. After iso- 
tropic (R = 0.1 l), then anisotropic refinement (R = 0.080), the 
hydrogen atoms were found with a Fourier difference (between 
0.67 and 0.26 e A--'). The structure was refined on F by the full- 
matrix least-square techniques {x, y ,  z ,  ,!Iv for s, 0 and C atoms 
and s, y, z for H atoms; 248 variables and 4895 observations; 

0.072 and S, = 2.82 (residual A p  0.27 e k'). Atomic scatter- 
ing factors are from International Tables for X-ray Crystal- 
lography." All the calculations were performed on a Digital 
Micro VAX 3100 computer with the MOLEN package." 

Atomic coordinates, bond lengths and angles, and thermal 
parameters have been deposited at the Cambridge Crystallo- 
graphic Data Centre (CCDC). For details of the deposition 
scheme, see 'Instructions for Authors', J Clzem. Soc., Perkin 
Traits. 2, 1996, Issue 1. Any request to the CCDC for this 
material should quote the full literature citation and the refer- 
ence number 188133. 

IV= l l ~ ( F , ) ~  = [a2(1) + (0.04F~)2]-'''} to R = 0.074, R, = 

Molecular modelling 
Semi-empirical calculations have been performed using the 
MOPAC package." Molecular mechanics calculations were 
done with the TRIPOS force-field36 of the SYBYL package.,' 
AM 1 charges were used for the calculations of the electrostatic 
contribution. Conjugate gradient method was used for energy 
minimization. The termination option was set to a value of 0.01 
for the rms gradient. 
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