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The hydroformylation of acetylenic thiophenes is readily accomplished by using the zwitterionic
rhodium catalyst (#%-CsHsBPh3)"Rh™(1,5-COD) and triphenyl phosphite in the presence of CO and
H,. This catalytic system affords, as the major product, the a,f-unsaturated aldehyde with the
aldehyde and thiophene attached to the same olefin carbon atom. Assistance of sulfur from the
heterocycle provides excellent regioselectivity and yields when the acetylenic unit is a propargyl

ether or ester, phenylacetylene, or an enyne.

Introduction

The coordinating ability of sulfur-containing com-
pounds to reactive sites of metal complexes has long been
a limiting factor toward the catalysis of sulfur-containing
materials.! Catalysis in the presence of sulfur has been
of considerable interest for many years due to applica-
tions in organic chemistry,? the pharmaceutical® and
polymer* industries.

In past years, we have shown how catalysis may be
used for the selective aerobic oxidation of sulfides,’
carbonylation of thiazolidines,® and thiocarbonylation of
propargylic alcohols, allenes, allylic alcohols, and enynes
with thiols and carbon monoxide, affording unsaturated
thioesters and dithioesters.” Hydroformylation of a va-
riety of alkenes including vinyl sulfones and sulfoxides
was readily catalyzed by the zwitterionic rhodium com-
plex (78-CsHsBPh3)"Rh*(1,5-COD) (1).2 To our knowledge,
the hydroformylation of a triple bond to form an a,f-
unsaturated aldehyde in the presence of sulfur has not

been accomplished.
Qépha

Rh *
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1

New advances have been recently reported for the
hydroformylation of internal acetylenes. Results obtained
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by Buchwald and co-workers in 1995,° and by Hidai and
co-workers in 1997,° demonstrate that the hydroformy-
lation of acetylenes can be readily accomplished in high
regioselectivity and yields. Recently, we described the
hydroformylation of conjugated enynes in which a cata-
lytic system comprising the zwitterionic rhodium complex
1 and triphenyl phosphite were utilized with CO and H,
to form a,p-unsaturated aldehydes in excellent regiose-
lectivity and moderate to good yields.!

Acetylenic thiophenes and other acetylenic sulfur-
containing heterocycles occur naturally in plants,'? and
may be readily prepared by the Pd/Cul coupling of
haloheterocycles with terminal alkynes.*®* Over the past
few years, increased attention has been given to sulfur-
containing heterocycles which contain substituted un-
saturated groups.* Hydroformylation of an acetylenic
unit in these heterocycles would result in the formation
of either a branched or linear o,f-unsaturated aldehyde
with a thiophene conjugating unit. These novel materials
would have the potential to be applied in further modi-
fications to new functionalities, or transformations in-
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Hydroformylation of Acetylenic Thiophenes

volving cyclization®® or addition reactions,'® ultimately
assisting in the preparation of drugs!’ and pesticides.!®

We now describe the use of catalytic quantities of 1,
in the presence of triphenyl phosphite, CO, and H,, to
attain the hydroformylation of both simple and function-
alized acetylenic thiophenes in good to excellent conver-
sions, selectivities, and yields.

Results and Discussion

The hydroformylation of conjugated enynes was per-
formed using the zwitterionic rhodium complex 1 and
triphenyl phosphite, 3—6 mmols of enyne, and 12 atm of
synthesis gas at 60 °C for 36—48 h (eq 1). Under these
conditions branched formyl dienes were obtained in 50—
55% yields.1?

R R
4 mol % 1, 16 mol % (PhO) ;P P
A + (1)
N 12 atm CO/H, (1:1) _ _
R o

o
CH,Cly, 60 °C, 36 - 48 h

During this investigation an interesting substrate was
examined to gain insight into the mechanism of the
reaction. The hydroformylation of 1-(3-methoxyprop-1-
ynyl)cyclohexene resulted in two formyl dienes with a
branched-to-linear ratio of 2:1 (eq 2).

Y 07 4mol % 1, 16 mol % (PhO)P

12 atm CO/M, (1:1)
CH,Cl,, 60 °C, 24 h

It was conceivable that a dual interaction between the
catalyst and substrate could occur prior to hydroformyl-
ation (Figure 1). The strength of this initial interaction
may govern the resulting regioselectivity.
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Figure 1. Rhodium coordination to an enyne prior to hydro-
formylation.
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Figure 2. Thiophene coordination to a rhodium complex.

In 1997, a theoretical study on the binding of thiophenes
to transition metals noted two possible modes of com-
plexation to rhodium (Figure 2).1° The »* complex (15
kcal/mol) was appreciably lower in binding energy than
the 72 complex (30 kcal/mol). This study suggested the
possibility of a sulfur assisted hydroformylation of acetyl-
enic thiophenes. In many studies,?° including our own
work on the hydroformylation of enynes, it was observed
that when there is both a double bond and a triple bond
present within a molecule, the triple bond is more
reactive. This is consistent with the binding energy for
rhodium—triple bond coordination being lower than the
binding energy for the metal coordinating to a double
bond. One could infer that the »* binding energy to the
thiophene sulfur would be similar to that for a triple bond
to rhodium. Having both of these functionalities adjacent
to each other would result in a beneficial arrangement
for the rhodium-catalyzed hydroformylation of the triple
bond.

It was observed during our study on the hydroformyl-
ation of enynes that triphenyl phosphite is less active as
a ligand than the functionalized bisphosphite ligand used
by Buchwald and co-workers.° By controlling the substi-
tution within the aromatic phosphite structure, the
kinetics of the reaction can be readily controlled. It may
be desirable in some cases to use a less active catalytic
system to attain a product when the substrate is more
active.

Acetylenic thiophenes may be readily prepared by the
direct coupling of halo-substituted thiophenes (—Br and
—1) with terminal alkynes in the presence of tetrakis-
(triphenylphoshine)palladium, Cul, and base (eq 3).13

Pd(PPhs),, Cul
s " (PPhg)s s
+ = 3
M' z Et;N, PhH ly—==R ©
L, 24h
2 3 4

The acetylenic unit may have functionalities including
alkyl, propargyl ether, alcohol, or ester, phenylacetylene,
and enyne. Yields ranging from 65% to 90% were
obtained in these reactions (Table 1).
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Table 1. Preparation of Acetylenic Thiophenes?

Isolated
Entry 2 3 4 Yield of 4
)
S
| |
| l% /V\ | = 36
2a 3a 4a
//THP ‘:s _ pTHP
/ —
/ 83
2
3b 4b
TMS S, —TMS
3 /\ o~ | )— 82
3c 4c
e S -
4 /\ o | )= 86
3d 4d
0 50 .
5 | =
///\ S /
3e 4e
OH S OH
6 =/ | )p—= 65
3f 4f
o]
7 3f |S _ O_<_ 89
=
4g°
o]
S 6]
8 3f [\ /> — 90
4h°
o =0
)=
9 78
P
3g 4i
/K IS
10 }—4— 81
=
Vi
3h 4
‘S
1 Q z S/ —= 79
Br
2b* 3a 4K
—
— 75
12 /@ s —
F
3g 41
13 N N — 86
2c 3a 4m*’
|
=
! @ Zz Z 85
S S )
2d 3a 4n*/

a Reaction conditions: heterocycle (2), 20 mmol; alkyne (3), 25—30 mmol; Pd(PPhsz)s, 0.2 mmol; Cul, 0.5 mmol; PhH, 50 mL; EtsN, 15
mL; room temperature, 24 h. P The product was isolated by Kugelrohr distillation. ¢ The ester was prepared by esterification of 4f, and
isolated by silica gel column chromatography using pentane/ether (90:10). ¢ CHCl; instead of PhH, reflux, 5 days. ¢ Reflux. f The product
was isolated via preparative HPLC size exclusion chromatography using CHCIs as the eluant.

In principle, the hydroformylation of acetylenic thio- enynes. Using 3 mmol of 2-(hex-1-ynyl)thiophene (4a), 4
phenes could afford the isomeric unsaturated aldehydes mol % 1, 16 mol % (PhO)s;P, 10 mL of CH,ClI,, 6 atm of
5 and 6 (eq 4). CO, and 6 atm of H, at 60 °C for 48 h resulted in only

Our initial investigation of thiophenynes utilized the 70% conversion of 5a accompanied by a dark red discol-

same conditions employed for the hydroformylation of oration of the reaction mixture. Increasing the solvent
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S 1, (PhO)P s N |S/
| p—="" 18 atm CO/H,, (2:1) |/ \ A R *
CH,Cly, 60°C, 24 - 48 h R R o
4 5 6
o)
s N
| ) )
R

volume to 20 mL of CH,Cl, resulted in the reaction
proceeding to completion. The reaction mixture was
yellow, and a substantial amount of 7, R = n-C4H,, was
formed here. The amount of the latter was reduced to
less than 10% of the total yield by increasing the CO-to-
H, ratio to 2:1. It was also necessary to increase the total
pressure to 18 atm to enable the reaction to be complete
after 48 h. When functionalized alkynylthiophenes were
used as reactants, less catalyst and shorter reaction times
were required to obtain complete conversion. Acetylenic
thiophenes containing propargyl ether or ester function-
alities required 1.5 mol % 1, 6 mol % (PhO);P, and a
reaction time of 24 h. Substrates having a double bond
or phenyl groups were best hydroformylated with 2 mol
% 1, 8 mol % (PhO);P, and a reaction time of 24 h. The
regioselectivity of the process is dependent, to some
extent, on the catalyst loading. The higher the catalyst
loading required, the greater the preference for 5.

The hydroformylation of 2- and 3-substituted acetylenic
alkylthiophenynes is completely regioselecive, affording
5 as the only product. For example, 5a and 5k were
obtained from 4a and 4k, respectively, with <10% of 7
as a byproduct (Table 2, entries 1 and 2). Interestingly,
the process becomes less selective using the correspond-
ing benzothiophene reactants 4m and 4n. Hydroformy-
lation of 2-(hex-1-ynyl)benzothiophene (4m) affords two
aldehydes in 88% isolated yield, with the ratio of 5m to
6m being 5:1 (Table 2, entry 3). The hydroformylation of
the isomeric 3-(hex-1-ynyl)benzothiophene (4n) also fa-
vored the branched aldehyde 5n, but in a 64:21 ratio of
5n to 6n (Table 2, entry 4). The influence of the fused
benzene ring may be explained by visualizing the ap-
proach of 1 toward the alkynylbenzothiophene (Figure
3). The freedom of rotation of the tetraphenylborate group
bound to the rhodium complex (via #-complexation to one
arene ring) is reduced when 1 is in close proximity to
the 2-alkynylbenzothiophene. The freedom of rotation
becomes even more constrained when 4n is used as the
substrate, thus affording 5n/6n in a lower ratio than 5m/
6m.

Hydroformylation of propargyl ether or ester deriva-
tives of acetylenic thiophenes affords two o,5-unsaturated
aldehydes, the major product being 5 in all cases (Table
3). The ratio of 5 to 6 ranged from 2.5:1.0 to 3.3:1.0 (Table
3, entries 1—4), while acetylenic thiophene propargyl
esters were obtained in a 1.8—2.3:1.0 ratio using 4g and
4h as substrates (Table 3, entries 5 and 6).

Good regioselectivity is also observed when the acety-
lenic unit has an aryl or vinyl group. The results for the
hydroformylation of 2-(1-phenylacetylenyl)thiophene (4i)
compared to 3-(1-phenylacetylenyl)thiophene (41) (Table
4, entries 1 and 3) follow the same trend as that observed
for 2- versus 3-alkynylbenzothiophenes (4m and 4n),
consistent with the proposed influence of the heterocyclic
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Table 2. Hydroformylation of Derivatives Containing
Alkyl Acetylenic Units?

Entry 4 Time Conv. Product
() (%)’ (Isolated Yield)®?
07 Y
ST
1 4a 438 100 —
(93)°
Sa
o7 Yy
AN
\S
2 4k 48 100
90y
5k
/O
s ) s
3 4m 24 100 [e]
(73) (15)
Sm 6m
(0]
|
| |
g 4 ) | Z )
4 4n 48 100 S o S
(64) (21)
S5n 6n

2 Reaction conditions: 4, 3 mmol; 1, 0.12 mmol (4%), (PhO)3P,
0.48 mmol (16%); CH.Cl;, 20 mL; CO, 12 atm; Hy, 6 atm; 60 °C.
b The percent conversion was determined by 'H NMR. ¢ The ratio
of 5 to 6 was determined by the ratio of their aldehyde 'H NMR
signals. @ The products were isolated by silica gel column chro-
matography using a pentane:ether gradient ranging from 90:10
to 75:25 as eluant. ¢ 7% of 7, R = C4Ho, was also formed. f 9% of
the saturated aldehyde was formed as well. 9 The products were
isolated by silica gel column chromatography using a pentane
ether gradient ranging from 95:5 to 85:15 as eluant.

R R
= S
Y= —Ph_Ph 0
s e—@ (}B
LxX

,Rh-H
Lx

Figure 3. Approach of 1 to an alkynylbenzothiophene.

sulfur relative to the position of the triple bond. The
further the sulfur atom is from the alkyne unit, the less
its influence on the regioselectivity of the hydroformy-
lation reaction. The 1-en-3-yne derivative 4j affords a
cyclopentenone (8) as the major product (Table 4, entry
2) possibly by intramolecular cyclization of the aldehyde
5j. The minor product is the formyl diene 6j which is in
accord with our previous investigation of enynes.!!

The above data demonstrate the influence of the
heterocyclic sulfur atom on the hydroformylation process.
Complex 9 may be generated for acetylenic thiophenes
containing other functionalized groups. For reactants
which also have ether and ester groups, a competing
binding for rhodium is that of the alkyne and the
functional units 10 (Figure 4). The preference for 5
relative to 6 may be due to a lower binding energy for 9
than for 10. The coupled interaction with the lowest
binding energy will become the major product, and the
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Table 3. Hydroformylation of Thiophenynes Containing
Propargyl Ether and Ester Units?

Entry 4 Conv. Product
(%)* (Isolated Yield)**
e
07 Y O\THP 5(/0\
= THP
ST
_ ST
1 4b 100 —
(69) (25)
5b 6b
_0
o7 Yy O‘TMS 0.
Z T™S
ST
_ SN
2 4c 100 —
(73) 2)
5c 6c
_0
0O O
SN N
_ s
3 4d 100 —
(70) @7
5d 6d
_0
0N S\© NS
ST s \©
4°  4e 100 — —
73) 23)
Se
~
0P N0 0 0.0
S s \E
s 4g 100 = —
(57) 31
Sg 6g
_O
0PN~ 00 J_o_o
SN SN
¢ 4h 100 = =
(63) (30)
Sh 6h

a Reaction conditions: 4, 3 mmol; 1, 0.045 mmol (1.5%), (PhO)sP,
0.18 mmol (6%); CHxCl,, 20 mL; CO, 12 atm; H,, 6 atm; 60 °C, 24
h. ® The percent conversion was determined by H NMR. ¢ The
ratio of 5 to 6 was determined by the ratio of the aldehyde signals
in the proton NMR. @ The products were isolated by silica gel
column chromatography using a pentane:ether gradient ranging
from 90:10 to 75:25 as eluant. ¢ 1, 0.06 mmol; (PhO)3P, 0.24 mmol.
f The products were isolated by silica gel column chromatography
using a pentane:ether gradient ranging from 90:10 to 50:50 as
eluant.

higher binding energy interaction will result in attaining
the minor product.

A possible mechanism for the heterocyclic sulfur
directed hydroformylation of 2-alkynylthiophenes, shown
in Figure 5, consists of the following steps: (1) the
rhodium hydride 11 binds to the heterocycle, forming an
nt-sulfur-donor ligand complex (12); (2) the triple bond
then coordinates to the metal (note, it is conceivable that
complexation occurs in the opposite order); (3) intramo-
lecular addition of the rhodium hydride to the triple bond
of the alkynylthiophene can afford the (E)—isomer 15;
(4) CO insertion into 15 would give the acyl rhodium

Van den Hoven and Alper

Table 4. Hydroformylation of Acetylenic Thiophenes
Containing Aryl or Vinyl Groups?

Entry 4 Conv Product
(%)’ (Isolated Yield)*?

0
o7 Y =
A
S_ SN\

1 4i 100
(83) (15)
si 6i

S S
W W \
i A\

2 4 100 g %
(48) an
8 6j

_0
[ X y
30 4 100 \\s \\
S

(58) (30)

51 6l

2 Reaction conditions: 4, 3 mmol; 1, 0.06 mmol (2%), (PhO)3P,
0.24 mmol (8%); CHxCl,, 20 mL; CO, 12 atm; H», 6 atm; 60 °C, 24
h. ® The percent conversion was determined by *H NMR. ¢ The
ratio of 5 to 6 was determined by the ratio of the aldehyde 'H
NMR signals. @ The products were isolated by silica gel column
chromatography using a pentane:ether gradient ranging from 90:
10 to 75:25 as eluant.

~Rh h~
L,H H E(

[ Y—=-nr | Y=
S Y-R'

9 10

Figure 4. Rhodium coordination prior to hydroformylation.

carbonyl species 16; (5) reaction of the rhodium complex
with hydrogen gives the a,3-unsaturated aldehyde 5, and
regenerates the hydride 11.

In conclusion, this study has demonstrated the signifi-
cant influence of a thiophene sulfur on the regioselectivity
of the hydroformylation of alkynes. Good, complete
regioselectivity was observed in these reactions. This
research has led to a greater understanding of the factors
that influence the hydroformylation process. Some of the
aldehydes formed are novel and have potential in both
pharmaceutical and agrochemical businesses.

Experimental Section

Materials. 2-lodothiophene, 3-bromothiophene, and all
terminal alkynes were purchased from commercial sources.
2-lodobenzothiophene,?* 3-iodobenzothiophene,? and the zwit-
terionic rhodium complex (7%-CsHsBPh3)"Rh*(1,5-COD) (1)??
were prepared according to the literature methods. All solvents
were dried and distilled under N, prior to use.

General Procedure for the Pd/Cul Coupling of lodot-
hiophene to a Terminal Alkyne. To a 100 mL round—
bottom flask purged with N, were added triethylamine (15
mL), the terminal alkyne 3 (25—30 mmol), PhH (50 mL),
iodothiophene (2) (20 mmol), Pd(PPhs), (0.2 mmol), and Cul
(0.5 mmol) at room temperature for 24 h. Methanol (10 mL)
was added, the solvent was evaporated, and diethyl ether (200

(21) Gaeriner, R. 3. Am. Chem. Soc. 1952, 74, 4950.
(22) Schrock, P. R.; Osborn, J. A. Inorg. Chem. 1970, 9, 2339.
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co s"  RnL,

Figure 5. Proposed mechanism.

mL) was added to the resulting residue, leading to the
precipitation of EtsNH*1~. This mixture was filtered, washed
with 10% HCI, distilled H,O, and brine, and dried over
anhydrous MgSO, or Na,SO,4. The ether solution was decol-
orized with activated charcoal and evaporated and the result-
ing residue further purified by Kugelrohr distillation to give
4.

2-(3-Hydroxyprop-1-ynyl)thiophene (4f): colorless liquid,
IR v(OH) 3332 cm™%, »(C=C) 2222 cm™*; 'H NMR (200 MHz,
CDCl3) 6 7.17—7.26 (m, 2H), 6.94 (dd, 1H, J = 6.0, 4.0 Hz).
4.48 (s, 2H), 2.19 (s, 1H); *C NMR (200 MHz, CDCls3) 6 133.0,
128.0, 127.6, 91.8, 79.6, 52.3; EI MS (m/e) 138 [M*]; HRMS
calcd for C;HsOS [M*] 138.01394, found 138.01307.

General Procedure for the Preparation of Propargyl
Ester Thiophene Derivatives. Triethylamine (2.8 mL, 20
mmol) was added dropwise to a stirred solution of 2-(3-
hydroxyprop-1-ynyl)thiophene (4f) (1.38 g, 10 mmol), propionic
or benzoic anhydride (12.5 mmol), and 0.12 g (1.0 mmol) of
4—(dimethylamino)pyridine in CH,CI, (40 mL). After 2 h the
reaction mixture was treated with CH,Cl, (60 mL), washed
with 10% HCI, saturated NaHCO3;, and brine, and then dried
over anhydrous MgSO.. The solvent was removed by rotary
evaporation. The ester was further purified by silica gel
chromatography using pentane/ether (90:10) as eluant.

2-(3-Propionoxyprop-1-ynyl)thiophene (4g): colorless
liquid; IR »(C=C) 2230 cm™, »(C=0) 1744; *'H NMR (200 MHz,
CDCl3) 6 7.20—7.27 (m, 2H), 6.94 (dd, 1H, J = 7.2, 2.4 Hz),
4.89 (s, 2H), 2.38 (q, 2H, J = 8.0 Hz), 1.15 (t, 3H, J = 7.7 Hz);
13C NMR (200 MHz, CDClg) 6 174.3, 133.6, 128.4, 127.6, 122.6,
87.9, 80.3, 53.3, 28.0, 9.6; EI MS (m/e) 194 [M*]; HRMS calcd
for CloHloOZS [M+] 19404015, found 194.04172.

General Procedure for the Hydroformylation of Con-
jugated Thiophenynes. To a 45 mL autoclave containing a
glass liner and stirring bar were added the zwitterionic
rhodium complex 1 (0.045—0.12 mmol), triphenyl phosphite
(0.18—0.48 mmol), the conjugated thiophenyne 4 (3 mmol), and
CH_ClI; (20 mL). The autoclave was flushed three times with
carbon monoxide and pressurized to 12 atm, and then hydro-
gen was introduced to a total pressure of 18 atm. The autoclave
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was placed in an oil bath at 60 °C for 24—48 h, and then
allowed to cool to room temperature. The autoclave was
depressurized, the reaction mixture filtered through Celite,
and the solvent removed by rotary evaporation. The resulting
yellow residue was purified by silica gel chromatography using
a pentane:ether gradient ranging from 90:10 to 75:25 as the
eluant to afford products 5 and 6.

Removal of any discoloration in 5 or 6, caused by light or
heat, was affected by preparative HPLC size exclusion chro-
matography using CHCI; as the eluant.

(E)-4-Propionoxy-2-(2-thienyl)-2-buten-1-al (5g): color-
less liquid; IR »1(C=0) 1737 cm™%, »,(C=0) 1698 cm™; 'H
NMR (200 MHz, CDCls) ¢ 9.61 (s, 1H), 7.48 (dd, 1H, J = 5.2,
1.2 Hz), 7.16 (dd, 1H, J = 3.6, 1.2 Hz), 7.11 (dd, 1H, J = 4.8,
3.8 Hz), 6.65 (t, 1H, J = 5.8 Hz) 5.12 (d, 2H, J = 5.8 Hz), 2.40
(9, 2H, 3 = 7.6 Hz), 1.17 (t, 3H, J = 7.6 Hz); ¥C NMR (200
MHz, CDCl3) 6 192.4, 174.6, 147.5, 137.0, 129.7, 129.0, 128.8,
127.5, 67.5, 28.0, 9.6; EI MS (m/e) 224 [M*]; HRMS calcd for
C11H12038 [M+] 22405072, found 224.05045.

(E)-2-Methylpropionoxy-3-(2-thienyl)-2-propen-1-al (6g):
colorless liquid; IR v1(C=0) 1736 cm™?, »,(C=0) 1678 cm™1;
1H NMR (200 MHz, CDCl3) 6 9.55 (s, 1H), 7.61 (dd, 1H, J =
5.0, 0.8 Hz), 7.62 (s, 1H), 7.45 (dd, 1H, J = 3.8, 0.6 Hz), 7.14—
7.19 (m, 1H), 5.05 (s, 2H), 2.32 (q, 2H, J = 7.6 Hz), 1.11 (t,
3H, J = 7.6 Hz); 13C NMR (200 MHz, CDCls) ¢ 193.1, 175.0,
146.3, 137.4, 135.5, 134.0, 132.5, 128.9, 56.7, 28.0, 9.7; EI MS
(m/e) 224 [M*]; HRMS calcd for C1;H1203S [M*] 224.05072,
found 224.05118.
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