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ARTICLE INFO ABSTRACT

Keywords: The reactivity of (w-hydroxyalkynyl)thiophenecarboxamides under Pdl,/KI-catalyzed oxidative carbonylation
Carbonylation conditions has been studied. Under relatively mild conditions [1-5 mol% PdI,, 10-50 mol% KI, in a 2:1 (v/v) HC
Cyclization

(OMe)3-MeCN mixture, under 40 bar of a 1:7 mixture CO-air, at 100 °C for 5-8 h], 3-(3-hydroxy-1-ynyl)thio-
phene-2-carboxamides were smoothly converted into previously unreported (Z)-5-imino-3,5-dihydro-1H-furo
[3,4-b]thieno[3,2-d]pyran-1-ones through a carbonylative double cyclization route, involving an initial 6-endo-

Double cyclization
Fused heterocycles

Heterocycles
Thiophe};le-fused heterocycles dig O-cyclization followed by cyclocarbonylation. Under similar conditions, isomeric 4-imino-4,6-dihydro-8H-
Palladium furo[3,4-b]thieno[2,3-d]pyran-8-ones were obtained from 2-(3-hydroxy-1-ynyl)thiophene-3-carboxamides. The

O-cyclization — cyclocarbonylation process could be successfully extended to the higher homologues [3-(4-hy-
droxy-1-ynyDthiophene-2-carboxamides, and 2-(4-hydroxy-1-ynyDthiophene-3-carboxamides], with formation
of the corresponding (Z)-6-imino-4,6-dihydro-1H,3H-pyrano[4,3-b]thieno[3,2-d]pyran-1-ones and (Z)-4-imino-
6,7-dihydro-4H,9H-pyrano[4,3-b]thieno[2,3-d]pyran-9-ones, respectively. The structures of six representative
products have been confirmed by XRD analysis.

1. Introduction reactions [16] based on the use of our PdI»/KI catalytic system (for re-

views, see references [23-25]) under oxidative conditions (for reviews,

Polycyclic heterocycles are of primary importance in materials sci-
ence (for reviews, see references [1,2]) as well as in the pharmaceutical
and drug discovery field (for reviews and recent examples, see refer-
ences [3-12]). Therefore, considerable efforts have been devoted to the
development of efficient synthesis strategies for their preparation (for
reviews, see reference [13-17]).

A particularly attractive approach to construct functionalized poly-
cyclic heterocycles is based on catalytic one-step double cyclization of
suitably functionalized precursors, bearing different functional groups
in appropriate position [13-17]. In this field, we have recently reported
several carbonylative (for a recent book on carbonylation, see reference
[18]; for recent reviews, see reference [19-22]) double cyclization

* Corresponding authors.

see references [26-28]), which have allowed the direct synthesis of a
various fused heterocyclic scaffolds (for recent examples, see references
[29-34].

Among polycyclic heterocyclic derivatives, thiophene-fused hetero-
cycles play a major role, for their significant applications in the devel-
opment of new materials with special properties (for reviews, see
references [35-37]) and of new bioactive principles [38-41]. For
example, in a recent work some thiophene-fused y-lactams were found
to inhibit the SARS-CoV-2 main protease via a reversible covalent
acylation mechanism [42]. Consequently, the implementation of syn-
thetic strategies for the production of thiophene-fused heterocyclic de-
rivatives, based, in particular, on cyclization of readily available
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precursors under catalytic conditions, is of primary importance in cur-
rent organic synthesis (see, for example, references [43-45]). Our
research group recently reported the synthesis of furothienopyran and
pyranothienopyran derivatives by a sequential 6-endo-dig O-cyclization
— O-cyclocarbonylation process, starting from thiophenecarboxylic acids
bearing an w-hydroxyalkynyl substituent in vicinal position (Scheme 1a)
[31]. More recently, we have also found that 3-alkynylthiophene-2-car-
boxamides undergo iodocyclization in deep eutectic solvents (such as
choline chloride/urea 1/2, mol/mol) to give 4-iodo-7H-thieno[2,3—c]
pyran-7-imines, cyclization being in this case initiated from the amide
nitrogen, as shown in Scheme 1b [46]. In this work, we have studied the
reactivity of 3-(w-hydroxyalkynyl)thiophene-2-carboxamides under our
PdI,/KlI-catalyzed oxidative carbonylation conditions (Scheme 1c), in
order to assess the possibility of synthesizing new thiophene-fused car-
bonylated heterocyclic scaffolds with potential applications in the
pharmacological field.

2. Results and discussion

2.1. PdIy/KlI-catalyzed oxidative carbonylative double cyclization of 3-
(3-hydroxy-1-ynyl)thiophene-2-carboxamides and 2-(3-hydroxy-1-ynyD)
thiophene-3-carboxamides

The reactivity of N-butyl-3-(3-hydroxy-3-methylbut-1-yn-1-yDthio-
phene-2-carboxamide 1a under PdI,/KlI-catalyzed oxidative carbonyla-
tion conditions was initially assessed by allowing it to react with CO (5
bar) and O (from air, 35 bar) in the presence of 5 mol % of PdI, and 50
mol% of KI, in MeCN as the solvent (1a initial concentration = 0.1 mmol
per mL of MeCN) at 100 °C. After 5 h, substrate conversion was quan-
titative, and analysis of the reaction mixture revealed the formation of a
product 2a that was isolated in 60% yield and fully characterized by

)n Pdl, (5 mol%)
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spectroscopic techniques and XRD analysis (Table 1, entry 1). The
structure of 2a corresponded to (Z)-5-(butylimino)-3,3-dimethyl-3,5-
dihydro-1H-furo[3,4-b]thieno[3,2-d]pyran-1-one (Fig. 1; see the Sup-
porting Information for full XRD data), deriving from a 6-endo-dig O-
cyclization — cyclocarbonylation process (Scheme 2).

As shown in Scheme 2, the carbonylative double cyclization leading
to 2a starts with a 6-endo-dig intramolecular nucleophilic attack of the
amido group to the triple bond activated by coordination to PdIy
(anionic iodide ligands are omitted for clarity). In agreement to the fact
that, under neutral conditions, amides are nucleophilic at the carbonyl
oxygen rather than nitrogen [47], O-cyclization occurs selectively,
leading to the corresponding vinylpalladium intermediate I. Carbon
monoxide insertion then takes place to give acylpalladium complex II,
from which the final product 2a is formed by intramolecular nucleo-
philic displacement from the hydroxyl group. This step possibly occurs
through the formation of palladacycle III followed by reductive elimi-
nation to Pd(0). The latter is then oxidized back to PdI, by oxidative
addition of I, formed, in its turn, by oxidation with O3 of the previously
formed 2 mol of HI.

Having successfully verified the possibility to establish a catalytic
route to previously unknown thiophene-fused heterocyclic derivatives
based on carbonylative double cyclization, we next proceeded in
changing some reaction parameters in order to optimize the product
yield, and the results are shown in Table 1. In particular, the increase of
initial substrate concentration to 0.2 mmol per mL of MeCN led to an
augment of 2a yield to 70% (Table 1, entry 3). The use of different CO
and air partial pressures did not lead to improved results with respect to
the parent experiment (Table 1, entries 4-7). Lower yields of 2a were
also observed when lowering the temperature to 80 °C (Table 1, entry 8)
or the KI/PdI; molar ratio to 5 (Table 1, entry 9). On the other hand, an
appreciable increase of product yield to 86% was obtained using a 2:1

/ K1 (50 mol%)

7 +CO+(112)0, >
CO (5-10 atm)
air (35-70 atm)

MeCN, 100 °C, 5 h

/ \_ 0

> OH ~HO
R1
/ |
1
4 | R
I, (2 equiv) |
I\ 0 > o (b)
S ChCl/Urea (1/2, mol/mol)
NHR2 75 DC, 18 h N\Rz
R1
HO RZ
)n
// Pdl,/KI new carbonylated
+CO+ 0Oy thiophene-fused heterocycles (©)
/I \__ 0°
S
(n=0.1) NHR

Scheme 1. (a) PdI,/KI-catalyzed oxidative carbonylative cyclization of thiophenecarboxylic acids bearing an o-hydroxyalkynyl substituent in vicinal position to give
furothienopyran and pyranothienopyran derivatives [31]. (b) Iodocyclization of 3-alkynylthiophene-2-carboxamides in choline chloride/urea (1/2, mol/mol) leading
to 4-iodo-7H-thieno[2,3—c]pyran-7-imines [46]. (c) This work: PdI,/KI-catalyzed oxidative carbonylation of 3-(w-hydroxyalkynyl)thiophene-2-carboxamides for the

synthesis of new thiophene-fused carbonylated heterocycles.
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Table 1
PdI,/KI - catalyzed oxidative carbonylation of N-butyl-3-(3-hydroxy-3-methylbut-1-yn-1-yDthiophene-2-carboxamide 1a under different conditions.
HO  Me
Me Q o)
// Me
PdiKI 7 XY e
CO + (1/2)0
J \ O  +CO+(12)0, TZO> s | o
S
1a NHBuU N
@ 2a | Bu
Entry Pdl,/KI/1a molar ratio Solvent 1a concn.” Pco (bar) Py, (bar) T (°C) t (h) Yield of 2a (%)"
1 1/10/20 MeCN 0.1 5 35 100 5 60
2 1/10/20 MeCN 0.05 5 35 100 5 51
3 1/10/20 MeCN 0.2 5 35 100 5 70
4 1/10/20 MeCN 0.1 10 70 100 5 55
5 1/10/20 MeCN 0.1 16 4 100 5 43
6 1/10/20 MeCN 0.1 32 8 100 5 40
7 1/10/20 MeCN 0.1 48 12 100 5 30
8 1/10/20 MeCN 0.1 5 35 80 5 40
9 1/5/20 MeCN 0.1 5 35 100 5 24
10 1/10/20 HC(OMe)3/MeCN (2:1, v/v) 0.2 5 35 100 5 86
11 1/10/50 HC(OMe)3/MeCN (2:1, v/v) 0.2 5 35 100 5 26°
12 1/10/50 HC(OMe)3/MeCN (2:1, v/v) 0.2 5 35 100 15 72
13 1/10/100 HC(OMe)3/MeCN (2:1, v/v) 0.2 5 35 100 15 65

# Mmol of 1a at start per mL of solvent.

b Isolated yield based on starting 1a. Unless otherwise noted, substrate conversion was quantitative.
¢ Substrate conversion was 57% (determined by isolation of unreacted 1a from the reaction mixture).

Fig. 1. X-ray molecular structure of (Z)-5-(butylimino)-3,3-dimethyl-3,5-dihy-
dro-1H-furo[3,4-b]thieno[3,2-d]pyran-1-one 2a.

(v/v) mixture of HC(OMe)3-MeCN as the reaction medium. This
improvement was due to the dehydrating effect exerted by trimethyl
orthoformate, which enhanced product stability, as it is known that
imino groups can undergo degradation in the presence of water under
heating [48]. We then tried to lower the catalyst loading under these
optimized conditions. As shown in Table 1, entry 11, with 2 mol% PdI,
substrate conversion was not complete after 5 h reaction time, so the
process was performed overnight to achieve a good 2a yield of 72%
(Table 1, entry 12). With 1 mol% catalyst after 15 h product yield was
lower, but still satisfactory (65%, Table 1, entry 13).

The process was then extended to various N-substituted 3-(3-

hydroxy-1-ynyl)thiophene-2-carboxamides 1b-m, bearing other tertiary
as well as secondary or primary alcoholic groups and different sub-
stituents on nitrogen, including variously substituted aryl rings [49]. As
can be seen from the results shown in Table 2, good to high yields of the
corresponding iminofurothienopyranone derivatives 2 were generally
obtained (up to 91%). A lower yield was instead obtained when the
alcoholic group was primary (55%, Table 2, entries 12 and 13), probably
due to arelative instability of the substrate and/or the product under the
reaction conditions. The structure of (Z)-3,3-dimethyl-5-(phenylimino)-
3,5-dihydro-1H-furo[3,4-b]thieno[3,2-d]pyran-1-one 2f was confirmed
by XRD analysis (Fig. 2; see the Supporting Information for full XRD
data).

Our method could be successfully extended to N-substituted 2-(3-
hydroxy-1-ynyl)thiophene-3-carboxamides 3, with inverted positions of
the propargylic alcoholic and amido moieties with respect to 1, to give
4-imino-4,6-dihydro-8H-furo[3,4-blthieno[2,3-d]pyran-8-ones 4, as
shown in Scheme 3. The structure of a representative product, namely,
(2)-6,6-dimethyl-4-(phenylimino)-4,6-dihydro-8H-furo[3,4-b] thieno
[2,3-d]pyran-8-one 4c, has been confirmed by XRD analysis (Fig. 3; see
the Supporting Information for full XRD data).

2.2. PdIy/KI-catalyzed oxidative carbonylative double cyclization of 3-
(4-hydroxy-1-ynyl)thiophene-2-carboxamides

In spite of the higher degree of conformational mobility of a buty-
nolic moiety with respect to a propynolic one, the reaction also worked
nicely when applied to N-substituted 3-(4-hydroxy-1-ynyl)thiophene-2-
carboxamides 5. With these substrates, the best results in terms of
product yield were obtained under conditions similar to those already
optimized for substrates 1 (Table 2), but at 80 °C for 15 h and with an
initial substrate concentration of 0.1 mmol per mL of solvent (Table 3,
entries 1-5). Under these conditions, several differently substituted 5
were smoothly converted into the corresponding (Z)-6-imino-4,6-dihy-
dro-1H,3H-pyrano[4,3-b]thieno[3,2-d]pyran-1-ones 6 in 50-90% iso-
lated yields (Table 3, entries 5-13). The structures of (Z)-6-(butylimino)-
4,6-dihydro-1H,3H-pyrano[4,3-b]thieno[3,2-d]pyran-1-one 6a, (Z2)-6-
(phenylimino)-4,6-dihydro-1H,3H-pyrano[4,3-b]thieno[3,2-d]pyran-
1-one 6¢, and (5a,8a-cis,Z)-10-(butylimino)-5a,6,7,8,8a,10-hexahydro-
4H-cyclopenta[5,6]pyrano[4,3-b]thieno[3,2-d]pyran-4-one 6h (and, in
particular, the cis ring junction in 6h) were unequivocally established by
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Scheme 2. PdI,/KI-catalyzed carbonylative double cyclization mechanism (6-endo-dig O-cyclization — cyclocarbonylation) leading to iminofurothienopyranone
derivative 2a from N-butyl-3-(3-hydroxy-3-methylbut-1-yn-1-yl)thiophene-2-carboxamide 1a.

XRD analysis (Figs. 4-6; see the Supporting Information for full XRD
data).

The reactivity of N-substituted 2-(4-hydroxy-1-ynyl)thiophene-3-
carboxamides 7, with the positions of the butynolic and amido groups
inverted with respect to 5, was finally tested. As can be seen from
Scheme 4, the reaction led to the desired (Z)-4-imino-6,7-dihydro-
4H,9H-pyrano[4,3-b]thieno[2,3-d]pyran-9-ones 8, even though with
generally lower yields compared to isomeric 6.

3. Conclusions

In this work, we have studied the reactivity of 3-(o-hydroxyalkynyl)
thiophene-2-carboxamides and isomeric 2-(w-hydroxyalkynyl)thio-
phene-3-carboxamides under PdI,/KI-catalyzed oxidative carbonylation
conditions, with the aim of synthesizing new thiophene-fused thiophene
heterocyclic derivatives of pharmacological interest through a carbon-
ylative double cyclization process. We have found that, with all sub-
strates tested [3-(3-hydroxy-1-ynyl)thiophene-2-carboxamides, 2-(3-
hydroxy-1-ynyl)thiophene-3-carboxamides, 3-(4-hydroxy-1-ynyl)thio-
phene-2-carboxamides, and 2-(4-hydroxy-1-ynyl)thiophene-3-carbox-
amides], the oxidative double carbonylation takes place under relatively
mild conditions [1-5 mol% PdI,, 10-50 mol% KI, in a 2:1 (v/v) HC
(OMe)3-MeCN mixture, under 40 bar of a 1:7 mixture CO-air, at
80-100 °C for 5-15 h], to afford the corresponding iminofur-
othienopyranone and iminopyranothienopyranone derivatives. The
structures of six representative products have been confirmed by XRD
analysis. Therefore, in all cases the process starts with a 6-endo-dig
cyclization ensuing from the intramolecular nucleophilic attack of the
oxygen of the amido group on coordinated triple bond. This is followed
by a second cyclization with CO incorporation (cyclocarbonylation)
with closure of a 5- or 6-membered ring depending on the length of the
vicinal w-hydroxyalkynyl substituent (propargylalcoholic or butynolic,
respectively). Our method thus paves the way to the one-step catalytic
preparation of previously unreported functionalized tricyclic heterocy-
cles [50] starting from readily available substrates [the (w-hydrox-
yalkynyl)thiophenecarboxamide, CO and O] in a multicomponent
fashion.

4. Experimental section
4.1. General methods

Solvent and chemicals were reagent grade and were used without
further purification. All reactions were analyzed by TLC on silica gel 60
F254 and by GLC using capillary columns with polymethylsilicone 4+ 5%
phenylsilicone as the stationary phase. Column chromatography was
performed on silica gel 60 (70-230 mesh) or neutral alumina (90-170).
Evaporation refers to the removal of solvent under reduced pressure.
Melting points are uncorrected. 'H NMR and '3C NMR spectra were
recorded at 25 °C on a 300 or 500 Spectrometer in CDCl3 or DMSO-dg as
the solvent with Mey4Si as internal standard. Chemical shifts (5) and
coupling constants (J) are given in ppm and in Hz, respectively. IR
spectra were taken with an FT-IR spectrometer. Mass spectra were ob-
tained using a GC-MS apparatus at 70 eV ionization voltage (normal
resolution) and by electrospray ionization mass spectrometry (ESI-MS)
(high resolution) with a UHD accurate-mass Q-TOF spectrometer
equipped with a Dual AJS ESI source working in positive mode, and
were recorded in the 150-1000 m/z range. The LC-MS experimental
conditions were as follows: Ny was employed as desolvation gas at
300 °C and a flow rate of 9 L/min. The nebulizer was set to 45 psig. The
Sheat gas temperature was set at 350 °C and a flow of 12 L/min. A po-
tential of 3.5 kV was used on the capillary for positive ion mode. The
fragmentor was set to 175 V.

CCDC-2501712, CCDC-2499208, CCDC-2499200, CCDC-2499599,
CCDC-2499670, CCDC-2505889 contain the supplementary crystallo-
graphic data for this paper for products 2a, 2f, 4c, 6a, 6¢, and 6h,
respectively. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccde.cam.ac.uk/struc
tures.

4.2. General procedure for the synthesis of iminofurothienopyranone 2
and 4 from substrates 1 and 3 (Table 2 and Scheme 3, respectively)

A 50 mL stainless steel autoclave was charged in the presence of air
with Pdl (7.2 mg, 2.0 x 10~ mmol), KI (33.2 mg, 2.0 x 10™! mmol)
and a solution of 1 (0.40 mmol; 1a, 107.0 mg; 1b, 112.1 mg; 1¢, 123.0
mg; 1d, 117.3 mg; 1e, 120.0 mg; 1f, 116.2 mg; 1g, 138.1 mg; 1h, 128.6
mg; 1i, 101.5 mg; 1j, 113.8 mg; 1k, 109.0 mg; 11, 95.7 mg; 1m, 109.3
mg) or 3 (0.40 mmol; 3a, 107.3 mg; 3b, 120.0 mg; 3¢, 115.2 mg) in a
mixture HC(OMe)s (1.33 mL)-MeCN (0.67 mL). The autoclave was
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Table 2
Synthesis of N-substituted (Z)-5-imino-3,5-dihydro-1H-furo[3,4-b]thieno[3,2-d]pyran-1-ones 2 from 3-(3-hydroxy-1-ynyl)thiophene-2-carboxamides 1 by PdI,/KI-
catalyzed oxidative carbonylative double cyclization.™

HQ Rt 0
y R2 Q -
74 X R?
Pdl, (5 mol%), Kl (50 mol%) 4 | R
1\ O +CO+(1/2)0, , > g o
CO (5 bar), air (35 bar)
S HC(OMe);-MeCN (2:1, viv) Ne
1 NHR 100 °C, 5-8 h 2 R
- H,0
Entry 1 2 Yield of 2 (%)"
1 HO  Me Q 86
Q
/ Me Me
7 i | XY Me
f\ o S 0o
S N\
1a NHBu 2a Bu
2 HO  Et O 75
Q
/ Me Et
/ / | X Me
f\ o S 0
S N\
1b NHBu 2b Bu
3 HO 85
/I \_ 0
S
1¢ NHBu
4 HO 80
I \_ 0
S N\
1q NHBu 24 Bu
5 HO  Me o) 77
Q
Me Me
// / | X Me
f\ 0 S 0
S N
1e NHBn 2  Bn
6 HO  Me (@) 76
Me
Me

/

E\K
(@)
ES
[
/Zo/o

-
=
P4
I
T
=y
N
-
T
=

(continued on next page)
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HO R?

R2
Pdl, (5 mol%), KI (50 mol%)
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2 Unless otherwise noted, all reactions were carried out at 100 °C for 5 h with 5 mol% of PdI, and 50 mol% of KI, under 40 bar of a 1:7 mixture CO-air, in HC(OMe)3—
MeCN (2:1, v/v) as the solvent with a substrate initial concentration of 0.2 mmol per mL of solvent.

b Isolated yield based on starting 1.

¢ The reaction was carried out for 8 h.

Fig. 2. X-ray molecular structure of (Z)-3,3-dimethyl-5-(phenylimino)-3,5-
dihydro-1H-furo[3,4-b]thieno[3,2-d]pyran-1-one 2f.

sealed and, while the mixture was stirred, the autoclave was pressurized
with CO (5 bar) and air (35 bar). After being stirred at 100 °C for 5 h (1a-
1k, 3a-3c) or 8 h (11,1m), the autoclave was cooled, degassed and
opened. The solvent was evaporated, and products 2a-m and 4a-c were
purified by column chromatography on silica gel using as eluent 90:10
hexane-AcOEt to 70:30 hexane-AcOEt.

4.2.1. (Z)-5-(Butylimino)-3,3-dimethyl-3,5-dihydro-1H-furo[3,4-b]thieno
[3,2-d]pyran-1-one (2a)

Yield: 101.3 mg, starting from 107.0 mg of N-butyl-3-(3-hydroxy-3-
methylbut-1-yn-1-yDthiophene-2-carboxamide (la) (86%; Table 2,
entry 1). White solid, mp = 150-151 °C. IR (KBr): v = 1759 (s), 1682 (s),
1443 (w), 1439 (m), 1369 (w), 1238 (w), 1196 (w), 1161 (m), 1061 (m),
914 (m), 787 (m), 764 (s), 725 (m) cm ™~ *; 'H NMR (500 MHz, CDCls): §
= 7.58 (dist d, J = 4.9, 1H), 7.49 (dist d, J = 4.9, 1H), 3.57 (t, J = 7.0,
2H), 1.71-1.63 (m, 2H), 1.67 (s, 6H), 1.49-1.40 (m, 2H), 0.97 (t,J = 7.3,
3H); 13Cc NMR (125 MHz, CDCl3): 6 = 176.8, 166.2, 144.4,132.7, 132.4,
127.3, 122.4, 100.4, 81.7, 46.1, 32.5, 24.5, 20.6, 13.9; GC-MS: m/z =
291 (M™, 100), 274 (36), 248 (24), 235 (24), 217 (100), 205 (28), 192
(25), 177 (19), 121 (24); HRMS-ESI (m/z): [(M + H)™] caled for

(C15H15NO38) ™ 292.1002; found, 292.1035.

4.2.2. (Z)-5-(Butylimino)-3-ethyl-3-methyl-3,5-dihydro-1H-furo[3,4-b]
thieno[3,2-d]pyran-1-one (2b)

Yield: 92.2 mg, starting from 112.1 mg of N-butyl-3-(3-hydroxy-3-
methylpent-1-yn-1-yl)thiophene-2-carboxamide (1b) (75%; Table 2,
entry 2). Yellow solid, mp = 118-119 °C. IR (KBr): v = 1759 (s), 1682
(s), 1543 (w), 1439 (m), 1343 (m), 1192 (w), 1146 (w), 1065 (w), 976
(W), 760 (m), 702 (m) cm ™~ *; "H NMR (500 MHz, CDCl3): 5 = 7.58 (dist d,
J =5.2,1H), 7.48 (dist d, J = 5.2, 1H), 3.56 (t, J = 7.0, 2H), 2.07-1.90
(m, 2H), 1.70-1.63 (m, 2H), 1.65 (s, 3H), 1.48-1.39 (m, 2H), 0.97 (t,J =
7.4, 3H), 0.94 (t, J = 7.4, 3H); '3C NMR (125 MHz, CDCls): 5 = 175.9,
166.5, 144.4, 132.6, 132.4, 127.1, 122.4, 101.4, 84.4, 46.1, 32.5, 30.4,
22.8, 20.6, 13.9, 7.7; GC-MS: m/z = 305 (M, 57), 288 (30), 277 (47),
262 (40), 231 (100), 206 (38), 193 (17),177 (19), 149 (41), 121 (32), 83
(45); HRMS-ESI (m/2): [(M + H)™] caled for (C16H20NO3S)™: 306.1158;
found, 306.1193.

4.2.3. (Z)-5-(Butylimino)-1'H,5'H-spirocyclohexane-1,3-furo[3,4-b]
thieno[3,2-d]pyran-1"-one (2c)

Yield: 113.1 mg, starting from 123.0 mg of N-butyl-3-((1-hydrox-
ycyclohexyl)ethynyl))thiophene-2-carboxamide (1c) (85%; Table 2,
entry 3). White solid, mp = 130-132 °C. IR (KBr): v = 1767 (s), 1682 (s),
1539 (w), 1439 (m), 1373 (m), 1222 (m), 1150 (w), 1091 (w), 957 (w),
926 (m), 903 (w) cm~!; 'H NMR (500 MHz, CDCl3): § = 7.57 (dist d, J =
5.0, 1H), 7.49 (dist d, J = 5.0, 1H), 3.56 (t, J = 7.0, 2H), 1.97-1.87 (m,
2H), 1.87-1.77 (m, 6H), 1.71-1.63 (m, 2H), 1.50-1.38 (m, 3H), 1.26 (t,
J=7.1,1H), 0.97 (t, J = 7.4, 3H), 13¢ NMR (125 MHz, CDCl3): § =
176.8,166.1, 144.0,132.3,131.8, 126.8,121.9, 100.0, 82.9, 45.7, 33.1,
32.1,23.8, 21.3, 20.1, 13.4; GC-MS: m/z = 331 (M, 96), 314 (58), 288
(90), 176 (92), 257 (97), 229 (49), 205 (63), 176 (44), 149 (63), 121
(85), 109 (100); HRMS-ESI (m/z): [(M + H)™] calcd for (C;gH2oNO3S)™:
332.1315; found, 332.1350.

4.2.4. (Z)-5-(Butylimino)-1'H,5'H-spirocyclopentane-1,3-furo[3,4-b]
thieno[3,2-d]pyran-1'-one (2d)

Yield: 102.8 mg, starting from 117.3 mg of N-butyl-3-((1-hydrox-
ycyclohexyl)ethynyl))thiophene-2-carboxamide (1d) (80%; Table 2,
entry 4). White solid, mp =117-118 °C. IR (KBr): v = 1767 (s), 1682 (s),
1539 (w), 1435 (m), 1369 (m), 1335 (w), 1227 (w), 1184 (w), 1095 (w),
1057 (m), 980 (m), 937 (w), 841 (m) cm™'; 'H NMR (500 MHz, CDCls):
8 =7.57 (distd, J = 5.1, 1H), 7.47 (dist d, J = 5.1, 1H), 3.55 (t, J = 7.0,
2H), 2.25-1.85 (m, 8H), 1.67 (quint, J = 7.3, 2H), 1.44 (sextet, J = 7.3,
2H), 0.97 (t, J = 7.3, 3H); 13C NMR (125 MHz, CDCls): 6 = 174.6, 166.5,
144.5, 132.8, 132.4, 127.2, 122.3, 101.4, 91.4, 46.1, 36.5, 32.6, 25.1,
20.6, 14.0; GC-MS: m/z = 317 (M™, 73), 300 (69), 276 (77), 274 (55),

_R
N
RHN
0 Pdl, (5 mol%), KI 50 mol%) ¢ | Q
+CO + (1/2)0, _ > \gN A Me
7\ CO (5 bar), air (35 bar) Ve
S = Me HC(OMﬁ)gE)MogCQ r(12:1, viv) 3
, 4 O
3 Ho ° -H0

a(R=Bu):71%
b (R=Bn): 70%
¢ (R=Ph): 82%

Scheme 3. Synthesis of 4-imino-4,6-dihydro-8H-furo[3,4-b]thieno[2,3-d]pyran-8-ones 4 by PdI,/KI-catalyzed oxidative carbonylative double cyclization of 2-(3-

hydroxy-1-ynyl)thiophene-3-carboxamides 3.
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Fig. 3. X-ray molecular structure of (Z)-3,3-dimethyl-5-(phenylimino)-3,5-
dihydro-1H-furo[3,4-b]thieno[3,2-d]pyran-1-one 4c.

261 (11), 243 (100), 226 (22), 215 (61), 205 (52), 187 (25), 176 (28),
162 (16), 149 (48), 121 (52), 95 (98); HRMS-ESI (m/2): [(M + H)']
caled for (C17H2oNO3S)™: 318.1158; found, 318.1187.

4.2.5. (Z)-5-(Benzylimino)-3,3-dimethyl-3,5-dihydro-1H-furo[3,4-b]
thieno[3,2-d]pyran-1-one (2e)

Yield: 100.1 mg, starting from 120.0 mg of N-benzyl-3-(3-hydroxy-3-
methylbut-1-yn-1-yl)thiophene-2-carboxamide (1e) (76%; Table 2,
entry 5). White solid, mp = 139-140 °C. IR (KBr): v = 1767 (s), 1682 (s),
1543 (w), 1443 (m), 1358 (m), 1319 (w), 1188 (w), 1157 (m), 1042 (m),
926 (m), 748 (m) cm ™~ 1; 'H NMR (500 MHz, CDCls): § = 7.61 (dist d, J =
4.9, 1H), 7.50 (dist d, J = 4.9, 1H), 7.45-7.38 (m, 2H), 7.38-7.31 (m,
2H), 7.28-7.23 (m, 1H), 4.78 (s, 2H), 1.64 (s, 6H); 3¢ NMR (125 MHz,
CDCl3): 6 = 176.6, 166.0, 145.6, 139.4, 133.1, 133.0, 128.5, 127.6,
127.2, 126.9, 122.4, 100.7, 81.7, 50.2, 24.5; GC-MS: m/z = 325 (M+,
13), 148 (2), 120 (2), 91 (100); HRMS-ESI (m/2): [(M + H)'] calcd for
(C18H16NO3S) " 326.0845; found, 326.0866.

4.2.6. (Z)-3,3-Dimethyl-5-(phenylimino)-3,5-dihydro-1H-furo[3,4-b]
thieno[3,2—d]pyran-1-one (2f)

Yield: 96.6 mg, starting from 116.2 mg of 3-(3-hydroxy-3-methylbut-
1-yn-1-y1)-N-phenylthiophene-2-carboxamide (1f) (76%; Table 2, entry
6). Pale yellow solid, mp = 187-188 °C. IR (KBr): v = 1767 (s), 1678 (s),
1593 (m), 1539 (w), 1485 (w), 1423 (m), 1358 (m), 1157 (m), 1042 (w),
930 (m), 772 (m) cm ™~ }; 'H NMR (500 MHz, CDCl3): § = 7.72 (d, J = 4.5,
1H), 7.56 (dist d, J = 4.5, 1H), 7.42-7.34 (m, 2H), 7.28-7.12 (m, 3H),
1.64 (s, 6H); 13C NMR (125 MHz, CDCl3): 5§ = 176.4, 165.8, 144.02,
143.96, 136.3, 134.4, 134.3, 128.9, 124.9, 123.0, 122.6, 101.1, 81.8,
24.5; GC-MS: m/z = 311 (M, 73), 296 (17), 225 (100), 196 (37), 152
(19), 77 (34); HRMS-ESI (m/2): [(M + H)'] caled for (C17H14NO5S)™:
312.0689; found, 312.0718.
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4.2.7. (Z)-5-((4-(tert-Butyl)phenyl)imino)-3, 3-dimethyl-3,5-dihydro-1H-
furo[3,4-b]thieno[3,2-d]pyran-1-one (2g)

Yield: 116.4 mg, starting from 138.1 mg of N-(4-(tert-butyl)phenyl)-
3-(3-hydroxy-3-methylbut-1-yn-1-yl)thiophene-2-carboxamide g
(78%; Table 2, entry 7). White solid, mp = 232-233 °C. IR (KBr): v =
1767 (s), 1678 (s), 1651 (m), 1543 (w), 1504 (w), 1427 (m), 1358 (m),
1269 (w), 1196 (m), 1042 (m), 926 (m), 833 (w) cm™'; 'H NMR (300
MHz, CDCl3): § = 7.69 (dist d, J = 5.0, 1H), 7.54 (dist d, J = 5.0, 1H),
7.39 (dist d, J = 8.3, 2H), 7.24 (dist d, J = 8.3, 2H), 1.64 (s, 6H), 1.35 (s,
9H); 13¢ NMR (125 MHz, CDCl3): 6§ = 176.5, 165.9, 148.1, 143.3, 140.9,
134.1, 128.0, 126.6, 125.7, 123.3, 122.6, 101.1, 81.8, 34.5, 34.4, 24.6;
GG-MS: m/z = 367 (M, 47), 352 (100), 324 (2), 281 (9), 266 (13), 238
(7), 225 (5), 119 (8); HRMS-ESI (m/2): [M + H)™] caled for
(C21H22NO3S) *: 368.1315; found, 368.1324.

4.2.8. (Z)-5-((2-Chlorophenyl)imino)-3,3-dimethyl-3,5-dihydro-1H-furo
[3,4-b]thieno[3,2—d]pyran-1-one (2h)

Yield: 124.3 mg, starting from 128.6 mg of N-(2-chlorophenyl)-3-(3-
hydroxy-3-methylbut-1-yn-1-yDthiophene-2-carboxamide (1h) (89%;
Table 2, entry 8). Yellow solid, mp = 160-162 °C. IR (KBr): v= 1767 (s),
1682 (s), 1651 (m), 1582 (w), 1535 (w), 1466 (w), 1435 (m), 1358 (w),
1188 (m), 1157 (m), 1042 (m), 934 (m), 748 (m) cm *; 'H NMR (500
MHz, CDCl3): 6 =7.78 (dist d, J = 4.5, 1H), 7.59 (d, J = 4.5, 1H), 7.44 (d,
J = 7.9, 1H), 7.31-7.22 (m, 1H), 7.17-7.05 (m, 2H), 1.56 (s, 6H); 1°C
NMR (125 MHz, CDCl3): 6§ = 176.3, 165.7, 145.7, 142.3, 135.1, 129.8,
127.3,126.2,125.2,123.1,122.6, 101.3, 81.9, 24.4; GC-MS: m/z = 347
[(M + 2)%, 311, 345 (M™, 79), 330 (15), 310 (15), 259 (100), 219 (8),
196 (50), 186 (25), 143 (11), 111 (16); HRMS-ESI (m/2): [(M + H)™]
caled for (C;7H;3CINO5S)™: 346.0299; found, 346.0304.

4.2.9. (Z)-5-(Butylimino)-3-methyl-3,5-dihydro-1H-furo[3,4-b]thieno
[3,2-d]pyran-1-one (2i)

Yield: 97.0 mg, starting from 101.5 mg of N-butyl-3-(3-hydroxybut-
1-yn-1-yDthiophene-2-carboxamide (1i) (87%; Table 2, entry 9). White
solid, mp = 80-81 °C. IR (KBr): v = 1767 (s), 1682 (s), 1643 (m), 1543
(m), 1435 (m), 1366 (m), 1327 (w), 1096 (m), 1042 (m), 918 (m), 779
(m) cm~!; 'H NMR (500 MHz, CDCls): 5 = 7.58 (dist d, J = 5.2, 1H), 7.49
(d,J=5.2,1H), 5.23 (q, J = 6.8, 1H), 3.59-3.52 (m, 2H), 1.71-1.63 (m,
2H), 1.65 (d, J = 6.8, 3H), 1.44 (sextet, J = 7.4, 2H), 0.97 (t, J = 7.4,
3H); '3C NMR (125 MHz, CDCls): § = 174.4, 166.8, 144.1, 132.4, 127.5,
122.3,101.7, 74.1, 46.2, 32.6, 20.6, 17.8, 13.9; GC-MS: m/z = 277 (M*,
20), 260 (35), 234 (14), 221 (32), 205 (12), 178 (100), 149 (28), 121
(20); HRMS-ESI (m/z): [(M + H) "] calcd for (C14H1¢NO3S)": 278.0845;
found, 278.0862.

4.2.10. (Z)-5-(Benzylimino)-3-methyl-3,5-dihydro-1H-furo[3,4-b]thieno
[3,2-d]pyran-1-one (2j)

Yield: 113.5 mg, starting from 113.8 mg of N-benzyl-3-(3-hydrox-
ybut-1-yn-1-yl)thiophene-2-carboxamide (1j) (91%; Table 2, entry 10).
Yellow solid, mp = 120-121 °C. IR (KBr): v = 1767 (s), 1682 (s), 1543
(w), 1443 (m), 1366 (m), 1327 (w), 1234 (w), 1096 (m), 1042 (m), 926
(m), 748 (m) cm’l; 'H NMR (500 MHz, CDCl3): 6 =7.61 (dist d, J = 5.0,
1H), 7.50 (dist d, J = 5.0, 1H), 7.46-7.42 (m, 2H), 7.40-7.34 (m, 2H),
7.30-7.25 (m, 2H), 5.24 (q, J = 6.8, 1H), 4.77 (s, 2H), 1.62 (d, J = 6.8,
3H); '®C NMR (125 MHz, CDCl3): § = 174.2, 166.7, 145.3, 139.3, 133.0,
128.9, 128.4, 127.9, 127.5, 126.9, 122.2, 101.9, 74.2, 50.0, 17.7;
GGC-MS: m/z = 311 (M™, 6), 120 (4), 91 (100); HRMS-ESI (m/2): [(M +
H)*] caled for (C;7H14NO3S) ' 312.0689; found, 312.0699.

4.2.11. (Z)-3-Methyl-5-(phenylimino)-3,5-dihydro-1H-furo[3,4-b]thieno
[3,2-d]pyran-1-one (2k)

Yield: 90.5 mg, starting from 109.0 mg of 3-(3-hydroxybut-1-yn-1-
yl)-N-phenylthiophene-2-carboxamide (1k) (76%; Table 2, entry 11).
Yellow solid, mp = 142-143 °C. IR (KBr): v = 1767 (s), 1674 (s), 1589
(m), 1535 (w), 1489 (w), 1443 (m), 1366 (w), 1327 (w), 1250 (w), 1188
(w), 1096 (m), 1042 (m), 941 (m), 756 (m) cm *; 'H NMR (500 MHz,
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Table 3
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Synthesis of N-substituted (Z)-6-imino-4,6-dihydro-1H,3H-pyrano[4,3-b]thieno[3,2-d]pyran-1-ones 6 from 3-(4-hydroxy-1-ynyl)thiophene-2-carboxamides 5 by

PdI,/KlI-catalyzed oxidative carbonylative double cyclization.™

R1
HO R2
// Pdl, (5 mol%), KI (50 mol%)
+CO + (1/2)0, -
/ \ 0 CO (5 bar), air (35 bar)
S HC(OMe)3-MeCN (2:1, viv)
80°C,15h
5 NHR “H,0
Entry 5 6 Yield of 6 (%)"
1° HO O, O. 55
Vi 7] S
S o}
I \_ 0
S 6a Bu
NHBu
5a
24 5a 6a 72
3¢ 5a 6a 64
4 5a 6a 63
5 5a 6a 90
6 HO Os O 78
V4 7] S
S o}
/ \__ 0
S 6b “Bn
sp NHBn
7 HO 0 O 68
Vi 7] S
S o}
I\ 0
S 6c  “Ph
NHPh
5¢c
8 Me Os O _Me 82
HO
y 4@
7 S 0
[ ) o 6d B
S u
5q NHBU
9 Et 0O Et 82
HO
y 20
Z o
I \_ 0 -
5 6e Bu
s¢ NHBU

(continued on next page)
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Table 3 (continued)
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R1
HO! R2
// Pdl, (5 mol%), KI (50 mol%)
+CO + (1/2)0, - -
/ \ 0 CO (5 bar), air (35 bar)
s HC(OMe)3-MeCN (2:1, viv)
80°C,15h
5 NHR -H,0
Entry 5 6 Yield of 6 (%)"
10 Me Os O _Me 85
HO
Vi 49!
S
1\ 0 N
~
s 6f Bn
5 NHBn
11 Me O 0o Me 63
HO
Vi 40!
S
/A 0 N
6 ~N
s g Ph
59 NHPh
12 61
13 50
HO
I \_ 0
S
5 NHBu

@ Unless otherwise noted, all reactions were carried out at 80 °C for 15 h with 5 mol% of PdI, and 50 mol% of KI, under 40 bar of a 1:7 mixture CO-air, in HC(OMe)3—
MeCN (2:1, v/v) as the solvent with a substrate initial concentration of 0.1 mmol per mL of solvent.

b Isolated yield based on starting 5. Substrate 5h and product 6h were in racemic form.

¢ The reaction was carried out at 100 °C for 5 h with an initial substrate concentration of 0.2 mmol per mL of solvent.

4 The reaction was carried out at 80 °C for 8 h with an initial substrate concentration of 0.2 mmol per mL of solvent.

¢ The reaction was carried out at 100 °C for 5 h with an initial substrate concentration of 0.1 mmol per mL of solvent.

f The reaction was carried out at 100 °C for 5 h with an initial substrate concentration of 0.05 mmol per mL of solvent.

CDCl3): 6§ =7.72 (distd, J=5.1, 1H), 7.55 (dist d, J = 5.1, 1H), 7.36 (t, J
=7.7,2H),7.21 (distd, J= 7.7, 2H), 7.16 (dist t, J = 7.3, 1H), 5.18 (q, J
=6.7,1H), 1.58 (d, J = 6.7, 3H); '3C NMR (125 MHz, CDCls): 5 = 173.9,
166.5, 144.0, 134.4, 134.0, 128.9, 127.6, 124.8, 122.9, 122.5, 102.4,
74.2, 17.8; GC-MS: m/z = 297 (M*, 84), 254 (4), 225 (100), 196 (39),
170 (7), 152 (21), 120 (8), 77 (55); HRMS-ESI (m/2): [(M + H)*] calced
for (C16H12NO3S)": 298.0532; found, 298.0539.

4.2.12. (Z)-5-(Butylimino)- 3,5-dihydro-1H-furo[3,4-b]thieno[3,2-d]
pyran-1-one (2D

Yield: 58.7 mg, starting from 95.7 mg of N-butyl-3-(3-hydroxyprop-
1-yn-1-yDthiophene-2-carboxamide (11) (55%; Table 2, entry 12).

10

Yellow solid, mp = 127-128 °C. IR (KBr): v = 1759 (s), 1682 (s), 1543
(w), 1443 (m), 1373 (w), 1335 (w), 1026 (m), 910 (m), 772 (w) cm ™ %;
'H NMR (500 MHz, CDCl3): § = 7.57 (dist d, J = 5.1, 1H), 7.46 (dist d, J
= 5.1, 1H), 5.00 (s, 2H), 3.54 (t, J = 7.1, 2H), 1.69-1.62 (m, 2H), 1.44
(sextet, J = 7.4, 2H), 0.96 (t, J = 7.4, 3H); 13C NMR (125 MHz, CDCl): 6
= 171.4, 167.6, 144.0, 132.4, 132.2, 127.5, 122.1, 102.3, 66.3, 46.3,
32.6, 20.6, 13.9; GC-MS: m/z = 263 (M™, 26), 246 (63), 220 (15), 207
(100), 178 (92), 149 (20), 121 (22); HRMS-ESI (m/z): [(M + H)*] caled
for (C13H14NO3S)*: 264.0689; found, 264.0693.
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Fig. 4. X-ray molecular structure of (Z2)-6-(butylimino)-4,6-dihydro-1H,3H-
pyrano[4,3-b]thieno[3,2-d]pyran-1-one 6a.

Fig. 5. X-ray molecular structure of (Z)-6-(phenylimino)-4,6-dihydro-1H,3H-
pyrano[4,3-b]thieno[3,2-d]pyran-1-one 6c.

4.2.13. (Z)-5-(Benzylimino)-3,5-dihydro-1H-furo[3,4-b]thieno[3,2-d]
pyran-1-one (2m)

Yield: 65.8 mg, starting from 109.3 mg of N-benzyl-3-(3-hydrox-
yprop-1-yn-1-yDthiophene-2-carboxamide (1m) (55%; Table 2, entry
13). Yellow solid, mp = 92-93 °C. IR (KBr): v = 1769 (s), 1642 (w), 1427
(m), 1331 (m), 1022 (m), 870 (m), 754 (m) cm ™ %; 'H NMR (500 MHz,
CDCl3): 6 = 7.62 (dist d, J = 5.1, 1H), 7.51 (d, J = 5.1, 1H), 7.45-7.38
(m, 2H), 7.38-7.30 (m, 2H), 7.29-7.21 (m, 1H), 5.03 (s, 2H), 4.79 (s,

11
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Fig. structure  of

6. X-ray molecular
5a,6,7,8,8a,10-hexahydro-4H-cyclopenta[5,6]pyrano[4,3-b]thieno[3,2-d]
pyran-4-one 6h.

(5a,8a-cis,Z)-10-(butylimino)-

2H); 3C NMR (125 MHz, CDCl3): 6 = 171.1, 167.5, 145.1, 139.3, 133.0,
132.6, 128.5, 127.5,126.9, 122.2, 102.7, 66.3, 50.0; GC-MS: m/z = 297
M*, 9), 120 (3), 91 (100); HRMS-ESI (m/z): [(M + H)"] caled for
(C16H12NO3S) ™1 298.0532; found, 298.0531.

4.2.14. (Z)-4-(Butylimino)-6,6-dimethyl-4,6-dihydro-8H-furo[3,4-b]
thieno[3,2—d]pyran-8-one (4a)

Yield: 84.0 mg, starting from 107.3 mg of N-butyl-2-(3-hydroxy-3-
methylbut-1-yn-1-yl)thiophene-3-carboxamide (3a) (71%; Scheme 3).
Yellow solid, mp = 166-168 °C. IR (KBr): v = 1759 (s), 1682 (s), 1528
(w), 1458 (m), 1373 (m), 1335 (w), 1188 (m), 995 (m), 926 (w), 756 (w)
em™!; 'H NMR (500 MHz, CDCls): § = 7.49 (dist d, J = 5.3, 1H), 7.35
(distd, J= 5.1, 1H), 3.56 (t, J = 7.3, 2H), 1.67 (quint, J = 7.3, 2H), 1.67
(s, 6H), 1.45 (sextet, J = 7.3, 2H), 0.97 (t, J = 7.3, 3H); 3C NMR (125
MHz, CDCly): 6 = 175.3, 165.8, 144.8, 132.2, 126.7, 126.4, 125.5,
100.1, 82.3, 46.0, 32.6, 24.5, 20.6, 13.9; GC-MS: m/z = 291 (M+, 94),
274 (12), 248 (9), 235 (96), 217 (100), 190 (95), 149 (61), 121 (44), 69
(58); HRMS-ESI (m/2): [(M + H)™] caled for (C15H15NO3S)™: 292.1002;
found, 292.1008.

4.2.15. (Z)-4-(Benzylimino)-6,6-dimethyl-4,6-dihydro-8H-furo[3,4-b]
thieno[3,2-d]pyran-8-one (4b)

Yield 91.0 mg, starting from 120.0 mg of N-benzyl-2-(3-hydroxy-3-
methylbut-1-yn-1-yl)thiophene-3-carboxamide (3b) (70%; Scheme 3).
Yellow solid, mp = 96-97 °C. IR (KBr): v = 1767 (s), 1682 (s), 1643 (m),
1458 (m), 1366 (m), 1342 (m), 1188 (m), 995 (w), 926 (w), 748 (m),
702 (m) cm™~!; 'H NMR (500 MHz, CDCls): § = 7.56 (dist d, J = 5.1, 1H),
7.45-7.41 (m, 2H), 7.37-7.32 (m, 3H), 7.28-7.24 (m, 1H), 4.77 (s, 2H),
1.65 (s, 6H); °C NMR (125 MHz, CDCls): § = 175.0, 165.6, 145.9,
139.5,132.6,128.5,127.6,126.9, 126.7, 125.6, 100.4, 82.3, 50.1, 24.4;
GC-MS: m/z = 325 (M+, 12), 148 (3), 120 (5), 91 (100); HRMS-ESI (m/
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Pdl, (5 mol%), KI (50 mol%) 7 | o
/B + CO + (1/2)0, _ =
~ CO (5 bar), air (35 bar) S =
S = HC(OMe)s-MeCN (2:1, viv)
80°C, 15h
10 0~ o
7 HO 8a (R = Bu): 58%

b (R = Bn): 53%
¢ (R = Ph): 50%

Scheme 4. Synthesis of (Z)-4-imino-6,7-dihydro-4H,9H-pyrano[4,3-b]thieno[2,3-d]pyran-9-ones 8 by PdI,/KI-catalyzed oxidative carbonylative double cyclization

of 2-(4-hydroxy-1-ynyl)thiophene-3-carboxamides 7.
2): [(M + H)™] caled for (C;gH16NO3S) ™ : 326.0845; found, 326.0841.

4.2.16. (Z)-6,6-Dimethyl-4-(phenylimino)-4,6-dihydro-8H-furo[3,4-b]
thieno[3,2-d]pyran-8-one (4c)

Yield: 103.2 mg, starting from 115.2 mg of 2-(3-hydroxy-3-methyl-
but-1-yn-1-yl)-N-phenylthiophene-3-carboxamide (3¢) (82%; Scheme
3). Yellow solid, mp = 195-196 °C. IR (KBr): v = 1767 (s), 1674 (s),
1589 (w), 1528 (w), 1481 (w), 1458 (w), 1373 (w), 1335 (w), 1188 (m),
1049 (w), 995 (m), 926 (m), 764 (m), 694 (m) cm~L; 'H NMR (500 MHz,
CDCl3): 6 = 7.66 (d, J = 4.5, 1H), 7.45 (d, J = 4.5, 1H), 7.40-7.33 (m,
2H), 7.22-7.12 (m, 3H), 1.59 (s, 6H); 13¢ NMR (125 MHz, CDCl3): § =
174.7, 165.3, 144.3, 134.1, 128.9, 127.0, 126.9, 125.8, 124.7, 124.4,
122.5, 100.8, 82.4, 24.5; GC-MS: m/z = 311 (M", 85), 296 (19), 225
(100), 196 (44), 153 (18), 94 (14), 77 (50); HRMS-ESI (m/z): [(M + H)™]
caled for (C17H;14NO3S)™: 312.0689; found, 312.0695.

4.3. Procedure for the synthesis of (Z)-5-(butylimino)-3,3-dimethyl-3,5-
dihydro-1H-furo[3,4-b]thieno[3,2—-d]pyran-1-one (2a) in larger scale

A 250 mL stainless steel autoclave was charged in the presence of air
with PdI, (30.6 mg, 0.085 mmol), KI (141 mg, 0.85 mmol) and a solu-
tion of 1a (450 mg, 1.70 mmol) in a mixture HC(OMe)3 (5.7 mL)-MeCN
(2.8 mL). The autoclave was sealed and, while the mixture was stirred,
the autoclave was pressurized with CO (5 bar) and air (35 bar). After
being stirred at 100 °C for, the autoclave was cooled, degassed and
opened. The solvent was evaporated, and product 2a was purified by
column chromatography on silica gel using as eluent 90:10 hexane-
AcOEt to 70:30 hexane-AcOEt (360 mg, 73%).

4.4. General procedure for the synthesis of iminopyranothienopyranone 6
and 8 from substrates 5 and 7 (Table 3 and Scheme 4, respectively)

A 50 mL stainless steel autoclave was charged in the presence of air
with PdI (7.2 mg, 2.0 x 10~ mmol), KI (33.2 mg, 2.0 x 10™! mmol)
and a solution of 5 (0.40 mmol; 5a, 101.5 mg; 5b, 115.2 mg; 5¢, 109.0
mg; 5d, 107.2 mg; 5e, 112.8 mg; 5f, 120.3 mg; 5 g, 115.0 mg; 5h, 117.0
mg; 5i, 128.2 mg) or 7 (0.40 mmol; 7a, 101.0 mg; 7b, 115.3 mg; 7c,
109.2 mg) in a mixture HC(OMe)3 (2.65 mL)-MeCN (1.35 mL). The
autoclave was sealed and, while the mixture was stirred, the autoclave
was pressurized with CO (5 bar) and air (35 bar). After being stirred at
80 °C for 15 h, the autoclave was cooled, degassed and opened. The
solvent was evaporated, and products 6a-i and 8a-c were purified by
column chromatography on silica gel using as eluent 90:10 hexane-
AcOEt to 70:30 hexane-AcOEt.

4.4.1. (Z)-6-(Butylimino)-4,6-dihydro-1H,3H-pyrano[4,3-b]thieno
[3,2-d]pyran-1-one (6a)

Yield: 100.5 mg, starting from 101.5 mg of N-butyl-3-(4-hydroxybut-
1-yn-1-yDthiophene-2-carboxamide (5a) (90%; Table 3, entry 5). White
solid, mp = 114-116 °C IR (KBr): v = 1721 (s), 1682 (s), 1535 (w), 1466
(w), 1420 (m), 1366 (m), 1320 (m), 1227 (m), 1188 (w), 1111 (m), 1080
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(w), 980 (w), 949 (m), 779 (w) cm~'; 'H NMR (500 MHz, CDCls): § =
7.83(d, J = 5.0, 1H), 7.49 (d, J = 5.0, 1H), 4.52 (t, J = 6.2, 2H), 3.51 (t,
J=7.3,2H), 2.93 (t,J = 6.2, 2H), 1.65 (quint, J = 7.3, 2H), 1.43 (sextet,
J = 7.3, 2H), 0.96 (t, J = 7.3, 3H); '3C NMR (125 MHz, CDCls): § =
163.6,163.1,144.1, 135.2, 131.1, 127.4, 125.5, 103.0, 64.0, 46.0, 32.7,
26.5, 20.7, 14.0; GC-MS: m/z = 277 (M*, 16), 260 (100), 234 (76), 221
(17), 193 (35), 149 (35), 121 (25); HRMS-ESI (m/2): [(M + H)*] caled
for (C14H16NO3S)™: 278.0845; found, 278.0875.

4.4.2. (Z)-6-(Benzylimino)-4,6-dihydro-1H,3H-pyrano[4,3-b]thieno
[3,2-d]pyran-1-one (6b)

Yield: 98.5 mg, starting from 115.2 mg of N-benzyl-3-(4-hydroxybut-
1-yn-1-yDthiophene-2-carboxamide (5b) (78%; Table 3, entry 6). White
solid, mp = 114-115 °C. IR (KBr): v = 1722 (s), 1651 (s), 1531 (w), 1452
(W), 1437 (w), 1416 (m), 1366 (m), 1317 (m), 1233 (m), 1190 (w), 1115
(m), 1082 (w), 1030 (w), 962 (m), 847 (w), 730 (s) cm ™ '; 'H NMR (500
MHz, CDCl3): 6 =7.81 (d, J = 5.1, 1H), 7.49 (d, J = 5.1, 1H), 7.43-7.38
(m, 2H), 7.36-7.30 (m, 2H), 7.27-7.21 (m, 1H), 4.72 (s, 2H), 4.48 (t, J =
6.3, 2H), 2.90 (t, J = 6.3, 2H); 3¢ NMR (125 MHz, CDCl3): 6 = 163.4,
163.0, 145.2, 139.8, 135.5, 131.6, 128.4, 127.6, 126.7, 125.4, 103.1,
64.0, 49.9, 26.4; GC-MS: m/z = 311 (M, 22), 233 (2), 91 (100); HRMS-
ESI (m/2): [((M + H)'] caled for (Ci7H14NOsS)™: 312.0689; found,
312.0698.

4.4.3. (Z)-6-(Phenylimino)-4,6-dihydro-1H,3H-pyrano[4,3-b]thieno
[3,2-d]pyran-1-one (6¢)

Yield: 81.8 mg, starting from 109.0 mg of 3-(4-hydroxybut-1-yn-1-
yl)-N-phenylthiophene-2-carboxamide (5¢) (68%; Table 3, entry 7).
Yellow solid, mp = 178-179 °C. IR (KBr): v = 1721 (s), 1667 (vs), 1589
(m), 1535 (w), 1489 (w), 1420 (m), 1366 (w), 1319 (m), 1196 (m), 1111
(w), 980 (m), 748 (m) cm~*; 'H NMR (500 MHz, CDCls): § = 7.89 (dist d,
J=5.1, 1H), 7.64 (d, J = 5.1, 1H), 7.40-7.30 (m, 2H), 7.22-7.16 (m,
2H), 7.16-7.08 (m, 1H), 4.49 (t, J = 6.2, 2H), 2.87 (t, J = 6.2, 2H); 13C
NMR (125 MHz, CDCl3): § = 163.3, 162.7, 144.7, 143.8, 136.9, 135.0,
133.1,128.8, 125.6, 124.4, 122.9, 103.7, 64.1, 26.4; GC-MS: m/z = 397
(M™, 100), 269 (6), 225 (47), 196 (19), 152 (11), 77 (20); HRMS-ESI (m/
2): [(M + H)™] caled for (C16H;2NO3S)™: 298.0532; found, 298.0561.

4.4.4. (Z)-6-(Butylimino)-3-methyl-4,6-dihydro-1H,3H-pyrano[4,3-b]
thieno[3,2-d]pyran-1-one (6d)

Yield: 96.8 mg, starting from 107.2 mg of N-butyl-3-(4-hydroxypent-
1-yn-1-yDthiophene-2-carboxamide (5d) (82%; Table 3, entry 8). Yel-
low solid, mp = 98-99 °C. IR (KBr): v = 1721 (s), 1682 (s), 1534 (w),
1410 (m), 1391 (m), 1338 (w), 1235 (w), 1119 (m), 1103 (w), 982 (w),
941 (m), 862 (w), 780 (m) cm™'; 'H NMR (500 MHz, CDCls): § = 7.84
(distd, J = 5.1, 1H), 7.49 (d, J = 5.1, 1H), 4.76-4.67 (m, 1H), 3.49 (t, J
=7.2,2H), 2.85 (distdd, J=17.6,11.5, 1H), 2.76 (dist dd, J=17.6, 4.0,
1H), 1.68-1.59 (m, 2H), 1.54 (d, J = 6.3, 3H), 1.47-1.37 (m, 2H), 0.96
(t, J = 7.4, 3H); '3C NMR (125 MHz, CDCl3): § = 163.6, 163.3, 144.3,
135.2, 133.1, 127.2, 125.4, 102.5, 72.2, 46.0, 33.4, 32.7, 20.7, 14.0;
GGC-MS: m/z = 397 (M™, 14), 274 (100), 248 (80), 206 (11), 193 (31),
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149 (36), 121 (30); HRMS-ESI (m/z): [M + H)'] caled for

(C15H1gNO3S)": 292.1002; found, 292.1003.

4.4.5. (Z)-6-(Butylimino)-3-ethyl-4,6-dihydro-1H,3H-pyrano[4,3-b]
thieno[3,2-d]pyran-1-one (6e)

Yield: 101.6 mg, starting from 112.8 mg of N-butyl-3-(4-hydroxyhex-
1-yn-1-yDthiophene-2-carboxamide (5e) (82%; Table 3, entry 9). Yellow
solid, mp = 110-111 °C. IR (KBr): v = 1721 (s), 1682 (vs), 1533 (w),
1458 (m), 1437 (m), 1389 (m), 1234 (w), 1217 (w), 1107 (m), 1072 (m),
974 (m), 951 (m), 777 (m) cm™'; 'H NMR (500 MHz, CDCls): § = 7.83
(d,J =5.2,1H), 7.48 (d, J = 5.2, 1H), 4.55-4.41 (m, 1H), 3.49 (t, J =
7.1, 2H), 2.86 (dist dd, J = 17.5, 11.9, 1H), 2.73 (dist dd, J = 17.5, 3.9,
1H), 1.97-1.86 (m, 1H), 1.86-1.75 (m, 1H), 1.69-1.58 (m, 2H),
1.47-1.37 (m, 2H), 1.09 (t, J = 7.4, 3H), 0.96 (t, J = 7.3, 3H); 13C NMR
(125 MHz, CDCl3): 6 = 163.6, 163.5, 144.3, 135.2, 131.0, 127.2, 125.4,
102.6, 76.9, 46.0, 32.7, 31.3, 27.8, 20.7, 14.0, 9.2; GC-MS: m/z = 305
(M*, 13), 288 (100), 262 (76), 232 (14), 206 (15), 176 (16), 149 (21),
121 (17); HRMS-ESI (m/2): [(M + H)'] caled for (Ci6HaoNO5S)™:
306.1158; found, 306.1164.

4.4.6. (Z)-6-(Benzylimino)-3-methyl-4,6-dihydro-1H,3H-pyrano[4,3-b]
thieno[3,2—d]pyran-1-one (6f)

Yield: 111.3 mg, starting from 120.3 mg of N-benzyl-3-(4-hydrox-
ypent-1-yn-1-yDthiophene-2-carboxamide (5f) (85%; Table 3, entry 10).
Yellow solid, mp = 125-127 °C. IR (KBr): v = 1721 (s), 1679 (s), 1621
(w), 1495 (w), 1410 (m), 1390 (m), 1337 (m), 1236 (m), 1119 (m), 1072
(w), 946 (m), 862 (w), 780 (m), 736 (m) cm'; 'H NMR (500 MHz,
CDCl3): 6 = 7.82 (dist d, J = 5.1, 1H), 7.48 (d, J = 5.1, 1H), 7.43-7.38
(m, 2H), 7.36-7.30 (m, 2H), 7.27-7.22 (m, 1H), 4.72 (s, 2H), 4.72-4.65
(m, 1H), 2.38 (dist dd, J = 17.6, 11.5, 1H), 2.74 (dist dd, J = 17.6, 4.1,
1H), 1.51 (d, J = 6.3, 3H); 1*C NMR (125 MHz, CDCl3): 5 = 162.9, 162.7,
144.9, 139.2, 135.0, 131.1, 127.9, 127.1, 126.6, 126.2, 124.9, 102.3,
71.7, 49.4, 32.8, 21.1; GC-MS: m/z = 325 (M", 13), 207 (1), 91 (100);
HRMS-ESI (m/z): [(M + H)'] caled for (CigH16NO3S)™: 326.0845;
found, 326.0864.

4.4.7. (Z)-3-Methyl-6-(phenylimino)-4,6-dihydro-1H,3H-pyrano[4,3-b]
thieno[3,2-d]pyran-1-one (6g)

Yield: 79.4 mg, starting from 115.0 mg of 3-(4-hydroxypent-1-yn-1-
yD)-N-phenylthiophene-2-carboxamide (5g) (63%; Table 3, entry 11).
Yellow solid, mp = 188-189 °C. IR (KBr): v = 1721 (s), 1666 (vs), 1590
(m), 1448 (w), 1485 (m), 1412 (w), 1336 (w), 1204 (m), 1070 (w), 951
(m), 862 (w), 781 (w), 749 (m) cm™}; 'H NMR (500 MHz, CDCls): 5 =
7.87 (dist d, J = 5.1, 1H), 7.60 (d, J = 5.1, 1H), 7.36-7.28 (m, 2H),
7.23-7.16 (m, 2H), 7.14-7.07 (m, 1H), 4.72-4.61 (m, 1H), 2.78 (dist dd,
J=17.6,11.7, 1H), 2.67 (dist dd, J = 17.6, 3.6, 1H), 1.48 (d, J = 6.3,
3H); 13C NMR (125 MHz, CDCl3): 6 = 163.2,163.1, 144.7, 144.0, 136.9,
135.0, 133.1, 128.8, 125.5, 124.3, 122.9, 103.2, 72.3, 33.2, 20.6;
GC-MS: m/z =311 (M™, 81), 259 (19), 225 (100), 196 (30), 152 (20), 77
(82); HRMS-ESI (m/2): [(M + H)™] calcd for (C17H14NO3S)™: 312.0689;
found, 312.0671.

4.4.8. (5a,8a-cis,Z)-10-(Butylimino)-5a,6,7,8,8a,10-hexahydro-4H-
cyclopenta[5,6]pyrano[4,3-b]thieno[3,2—-d]pyran-4-one (racemic) (6h)
Yield: 78.2 mg, starting from 117.0 mg of N-butyl-3-((2-hydrox-
ycyclopentyl)ethynyl)thiophene-2-carboxamide (5h) (61%; Table 3,
entry 12). Yellow solid, mp = 80-81 °C. IR (KBr): v=1713 (s), 1678 (s),
1531 (w), 1413 (m), 1377 (w), 1234 (w), 1114 (m), 1075 (m), 980 (m),
957 (w), 783 (w) cm~L; 'H NMR (500 MHz, CDCl3): 5 = 7.91 (d, J = 5.2,
1H), 7.49 (dist d, J = 5.2, 1H), 5.05-5.01 (m, 1H), 3.55-3.45 (m, 2H),
2.96 (td, J = 9.0, 5.3, 1H), 2.37-2.27 (m, 1H), 2.25-2.15 (m, 1H),
2.12-2.01 (m, 2H), 1.98-1.80 (m, 2H), 1.65 (quint, J = 7.4, 2H), 1.42
(sextet, J = 7.4, 2H), 0.96 (t, J = 7.4, 3H); '*C NMR (125 MHz, CDCls): 5
= 165.9, 162.8, 144.6, 135.3, 131.9, 127.2, 125.8, 100.8, 81.6, 46.0,
40.6, 33.3, 32.7, 30.3, 23.4, 20.7, 14.0; GC-MS: m/z = 317 (M, 15),
300 (96), 274 (100), 261 (9), 232 (25), 206 (17),176 (18), 149 (27), 121
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(29); HRMS-ESI (m/2): [(M + H)™] caled for (C17HooNO3S)™: 318.1158;
found, 318.1143.

4.4.9. (Z)-6"-(Butylimino)-4',6-dihydro-1'H-spiro[cyclohexane-1,3-
pyrano[4,3-b]thieno[3,2-d]pyran]-1"-one (6i)

Yield: 69.8 mg, starting from 128.2 mg of N-butyl-3-(3-(1-hydrox-
ycyclohexyl)prop-1-yn-1-yl)thiophene-2-carboxamide  (5i) (50%;
Table 3, entry 13). White solid, mp = 81-82 °C. IR (KBr): v = 1713 (s),
1682 (s), 1533 (w), 1437 (m), 1412 (m), 1375 (m), 1362 (m), 1323 (w),
1234 (m), 1105 (m), 1070 (m), 984 (m), 939 (m), 853 (w), 777 (w), 754
(w) cmfl; H NMR (500 MHz, CDCl3): 6 = 7.87 (d, J = 5.1, 1H), 7.48
(dist d, J = 5.1, 1H), 3.50 (t, J = 7.1, 2H), 2.84 (s, 2H), 2.08-1.99 (m,
2H), 1.87-1.76 (m, 2H), 1.69-1.57 (m, 5H), 1.57-1.47 (m, 2H),
1.47-1.35 (m, 3H), 0.96 (t, J = 7.4, 3H); '3C NMR (125 MHz, CDCls): &
= 162.8, 162.2, 144.6, 135.3, 131.0, 127.1, 125.5, 102.2, 79.6, 46.0,
36.7, 36.4, 32.7, 25.1, 21.6, 20.6, 13.9; GC-MS: m/z = 345 (M, 21),
328 (100), 302 (53), 284 (49), 250 (19), 232 (37), 206 (42), 194 (29),
149 (21), 121 (21), 176 (36); HRMS-ESI (m/2): [(M + H) "] calcd for
(C19H24NO3S)™: 346.1471; found, 346.1480.

4.4.10. (Z)-4-(Butylimino)-6,7-dihydro-4H,9H-pyrano[4,3-b]thieno
[2,3-d]pyran]-9-one (8a)

Yield: 65.0 mg, starting from 101.0 mg of N-butyl-3-(3-(1-hydrox-
ycyclohexyl)prop-1-yn-1-yl)thiophene-2-carboxamide ~ (7a)  (58%;
Scheme 4). Yellow solid, mp = 189-190 °C. IR (KBr): v = 1721 (s), 1682
(vs), 1620 (w), 1531 (w), 1456 (m), 1402 (w), 1360 (m), 1342 (w), 1281
(w), 1215 (m), 1194 (w), 1111 (m), 1082 (m), 993 (m), 922 (w), 748 (w)
ecm™!; 'H NMR (500 MHz, CDCl3): 6 = 7.44 (dist d, J = 5.2, 1H), 7.34
(distd, J =5.2, 1H), 4.56 (t, J = 6.4, 2H), 3.51 (t, J = 7.2, 2H), 2.94 (t, J
=6.3, 2H), 1.65 (quint, J = 7.2, 2H), 1.44 (sextet, J = 7.2, 2H), 0.96 (t, J
=7.2, 3H); 13C NMR (125 MHz, GDCls): § = 163.3, 162.2, 144.8, 136.8,
127.8, 125.2, 124.4, 102.7, 64.4, 45.9, 32.7, 26.2, 20.7, 13.9; GC-MS:
m/z =277 (M", 19), 260 (100), 234 (41), 221 (34), 193 (51), 149 (42),
121 (35); HRMS-ESI (m/z): [(M + H)'] caled for (C14H1¢NOsS)™:
277.0845; found, 278.0862.

4.4.11. (Z)-4-(Benzylimino)-6,7-dihydro-4H,9H-pyrano[4,3-b]thieno
[2,3-d]pyran]-9-one (8b)

Yield: 67.0 mg, starting from 115.3 mg of N-benzyl-2-(4-hydroxybut-
1-yn-1-yDthiophene-3-carboxamide (7b) (53%; Scheme 4). Yellow
solid, mp = 102-104 °C. IR (KBr): v = 1749 (s), 1706 (s), 1684 (s), 1457
(w), 1362 (w), 1229 (w), 1203 (m), 1115 (m), 996 (m), 759 (w), 692 (m)
em™!; TH NMR (500 MHz, CDCl3): § = 7.51 (d, J = 5.3, 1H), 7.45-7.40
(m, 2H), 7.37-7.32 (m, 3H), 7.28-7.23 (m, 1H), 4.73 (s, 2H), 4.56 (t,J =
6.3, 2H), 2.95 (t, J = 6.3, 2H); '3C NMR (125 MHz, CDCls): § = 163.1,
162.0, 145.6, 140.0, 135.7, 129.0, 128.4, 127.9, 127.6, 126.7, 124.6,
103.1, 64.4, 49.9, 26.2; GC-MS: m/z = 311 (M™, 12), 207 (5), 91 (100);
HRMS-ESI (m/z): [(M + H)'] caled for (C;7H14NO3S)™: 312.0689;
found, 312.0682.

4.4.12. (Z)-4-(Phenylimino)-6,7-dihydro-4H,9H-pyrano[4,3-b]thieno
[2,3-d]pyran]-9-one (8c)

Yield: 60.3 mg, starting from 109.2 mg of 2-(4-hydroxybut-1-yn-1-
y1)-N-phenylthiophene-3-carboxamide (7c) (50%; Scheme 4). Yellow
solid, mp = 158-160 °C. IR (KBr): v = 1720 (m), 1712 (m), 1659 (s),
1588 (m), 1529 (m), 1483 (m), 1462 (w), 1364 (w), 1227 (w), 1077 (w),
1002 (m), 770 (m), 689 (m) cm™}; 'H NMR (500 MHz, CDCl3): § = 7.60
(d,J=5.1,1H), 7.45 (distd, J = 5.1, 1H), 7.41-7.31 (m, 2H), 7.22-7.07
(m, 3H), 4.54 (t, J = 6.3, 2H), 2.88 (t, J = 6.3, 2H); 13¢ NMR (125 MHz,
CDCls): 6 = 163.0, 161.9, 145.0, 140.2, 137.3, 129.4, 128.9, 128.5,
124.8, 124.2, 122.4, 103.5, 64.4, 26.1; GC-MS: m/z = 297 (M*, 100),
225 (53), 196 (29), 153 (3), 136 (10), 120 (9), 77 (60); HRMS-ESI (m/2):
[(M + H)'] caled for (C16H12NO3S)™: 298.0532; found, 198.0531.
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4.5. Procedure for the synthesis of (Z)-6-(butylimino)-4,6-dihydro-
1H,3H-pyrano[4,3-b]thieno[3,2-d]pyran-1-one (6a) in larger scale

A 250 mL stainless steel autoclave was charged in the presence of air
with PdI; (30.6 mg, 0.085 mmol), KI (142 mg, 085 mmol) and a solution
of 5a (427 mg, 1.70 mmol) in a mixture HC(OMe)s (11.4 mL)-MeCN
(5.6 mL). The autoclave was sealed and, while the mixture was stirred,
the autoclave was pressurized with CO (5 bar) and air (35 bar). After
being stirred 80 °C for 15 h, the autoclave was cooled, degassed and
opened. The solvent was evaporated, and product 6a was purified by
column chromatography on silica gel using as eluent 90:10 hexane-
AcOEt to 70:30 hexane-AcOEt (378 mg, 73%).
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