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Reaction of secondary a-amino acids with
salicylaldehyde-derived alkynes and allenes

Abstract — The reaction of sarcosine and 1,3-thiazolidine-4-carboxylic acid with salicylaldehyde-
derived alkynes and allenes opened the way to new chromemyfgr8ole and chromeno[2,3-
blpyrrole derivatives. Tetrahydro-chromeno[4pyrroles were obtained from the reaction of these
secondary amino acids with-propargylsalicylaldehyde. Interestingly, sarcosine reacted with ethyl 4-
(2-formylphenoxy)but-2-ynoate to give a monocyclic pyrrole resulting from rearrangement of the
initially formed 1,3-dipolar cycloadduct. Decarboxylative condensation of ethyl 4-(2-
formylphenoxy)but-2-ynoate with 1,3-thiazolidine-4-carboxylic acid afforded in a stereoselective
fashion the expected chromeno-pyrrolo[t]thiazole, which structure was unambiguously established
by X-ray crystallography. However, thél,BH-pyrrolo[1,2]thiazole resulting from the opening of the
pyran ring was also isolated. The reaction wi@hbuta-2,3-dienyl salicylaldehyde afforded 3-
methylene-hexahydrochromeno[4Rpyrrole. O-Allenyl salicylaldehyde reacted with sarcosine and
1,3-thiazolidine-4-carboxylic acid to give new type of chromeno-pyrroles. A mechanism proposal for
the synthesis of these chromeno[B]Byrroles has been presented.

Keywords: Cycloaddition / Azomethine ylides / Chromeno[4]gyrroles / Chromeno-pyrrolo[1,2-

c]thiazoles / Chromeno[2,Blpyrrole / Pyrroles / Allenes / Sarcosine / Thiazolidine
1. Introduction

Chromene and chromane substructures are frequently found in naturally occurring
compounds, many of which exhibit useful biological activifjhis led to the search
for new compounds inspired on these structural motifs in order to obtain molecules

with relevance in medicinal chemistry. In this context, hetero-annulated chromene



and chromane derivatives, namely chromenobB)p34role derivatives, are important
target molecules. Reports on the construction of the chromerapyBole ring
system include the condensation of alkenyl and alkynyl ethers of salicylaldehydes
with eithera-amino acid esters or secondary amino acids followed by intramolecular
1,3-dipolar cycloaddition of thi situ generated azomethine ylidesmtramolecular
cycloaddition of mesoionic  2-[2-(prop-2-ynyloxy)phenylloxazolium-5-olates
prepared from the correspondifgacylamino acids is an alternative approach to
chromenol[4,3]pyrroles® 2-Fluorochromeno[4,B]pyrroles have also been prepared

by intramolecular cycloaddition of azomethine ylides generated from the reaction of
difluorocarbenes with imines derived from alkenyl and alkynyl ethers of
salicylaldehyde$.A similar approach involving the generation of azomethine ylides
from ethoxycarbonylcarbenoids and Schiff baseedlkynyl salicylaldehydes is
known? On the other hand, it has been demonstrated that the reaction of imines
derived from O-alkenyl salicylaldehydes and acid chlorides mediated by PhP(2-
catechyl) leads to chromeno[4pRayrrole derivatives via intramolecular

cycloaddition of phosphorus-containing 1,3-dipdles.

Despite the existing methods for the synthesis of chromenb]gy8role derivatives,

there still is demand for strategies to achieve wider structural diversity. Our approach
was to study the reactivity of sarcosine and 1,3-thiazolidine-4-carboxylic acid with a
variety of salicylaldehydes bearing internal dipolarophiles, including derivatives with
an allenic moiety which could give access to new types of tetrahydrochromeno-

pyrrole derivatives.

2. Results and Discussion

O-Propargylsalicylaldehyde 2] was efficiently obtained from the reaction of
salicylaldehyde with propargyl bromine in refluxing ethanol in the presence of
potassium carbonate. The Crabbé homologation of terminal alkynes was applied to
the synthesis 0O-buta-2,3-dienyl salicylaldehyd@)(’ Thus, the copper(l) bromide
mediated reaction of salicylaldehy8eavith formaldehyde antll,N’-diisopropylamine

in refluxing dioxane afforded the corresponding allenic deriva&iwve70% yield. The
protection of the aldehyde functionality of compouhdavas achieved by treatment

with a 5:1 methanol-trimethyl ortoformate solution in the presence p-of



toluenesulfonic acid following previously reported general procedufée acetal
protected salicylaldehydéreacted with potassiutrbutoxide int-butanol at 60 °C to
give the aryloxyallene derivative after 1.5 h, as described for other aryl propargyl
ethers’ The acetal group was smoothly hydrolysed with 1 M HCI to aftallenyl
salicylaldehyde &) in good vyield® Attempts to prepare aldehyd® from O-
propargylsalicylaldehyde2] without resorting to aldehyde protection, following a
reported methodolog¥,were not successful. The functionalization of terminal alkyne
2 with a carboxylate group was carried out by reacting it with butyllithium followed
by the reaction with ethyl chloroformateDeprotectioff of the acetal group gave the
targetO-propargylsalicylaldehydb in 85% overall yield (Scheme 1).
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Scheme 1Synthesis oD-propargylic,0-allenyl andO-buta-2,3-dienyl salicylaldehyde derivatives.

Initially, we looked again into the reaction GFpropargylsalicylaldehyde2)] with
sarcosine (Scheme 2). Under the reported reaction conditicosdensation of
aldehyde?2 with sacorsine (2 equiv.) in toluene at reflux for 4 h, the expected
tetrahydro-chromenol[4,Blpyrroles 7 was obtained in 70% vyield. Increasing the
reaction time to 16 h gave 1,2,4,9b-tetrahydrochromendiyd+ole 7 in 73% vyield
together with the formation of the corresponding aromatized deriv@tmleained in

low yield (11%). Oxidation of compound using Pd/C in refluxing ethyl acetate for
24 h, afforded 1,4-dihydrochromeno[4ipyrrole 8 in 75% yield.
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Scheme 2Synthesis of tetrahydrochromeno[4yrrole 7 and dihydrochromeno[4 Blpyrrole 8
from O-propargylsalicylaldehyde?] and sarcosine.

We extended the study to the reactivity of sarcosine towards salicylald&hyde
bearing an activated alkyne (Table 1). Carrying out the reaction in refluxing toluene
for 1 h, the corresponding 1,2,4,9b-tetrahydrochromendipyd+ole was not formed

and instead pyrrol&0 was isolated in 16% yield (Entry 1). The structural assignment
of this compound was based on one-dimensidhland **C NMR spectra and
confirmed by two-dimensional HMQC spectrum. Tié& NMR spectrum showed a
signal with a chemical shift of 2.14 ppm corresponding to methyl protons. In the
HMQC spectrum, a proton having a chemical shift of 7.40 ppm showed connectivity
with the carbon with the chemical shift 128.9 ppm, which was assigned to carbon C-2.
On the other hand, no connectivity was observed for a proton with the chemical shift
of 5.32 ppm confirming that it belongs to the hydroxyl group.

The conventional thermolysis of aldehyBlen toluene in the presence of sarcosine
was performed using different reaction times (Table 1). Refluxing for 2 h gave
pyrrole 10 in 75% yield, together with the formation of 1,4-dihydrochromenol[4,3-
blpyrrole 9 in low yield (Entry 2). Increasing the reaction time to 4 h afforded pyrrole
10in 81% yield (Entry 3). The formation of compou@dh very low yield was again
observed. However, a longer reaction time did not lead to improvements (Entry 4).
On the other hand, the use of milder reaction conditions did not favour the formation

of chromeno[4,3]pyrrole 9 (Entry 5).



The synthesis of pyrrol@0 was also achieved under microwave induced reaction

conditions (Table 1). Irradiation at 120 °C for 5 min did not lead to any products
(Entry 6) but setting the temperature to 150 °C for 15 min allowed the isolation of
pyrrole 10 in 52% yield (Entry 7).

Table 1. Synthesis of chromeno[43pyrrole 9 and pyrrolel0 from salicylaldehyd® and sarcosine.

CO,Et
Lo Me\m/\cozH
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9 10
Entry  Reaction conditions Isolated Yield Isolated Yield
9 10
1 Reflux, 1 A 16%
2 Reflux, 2 R < 59 75%
3 Reflux, 4 R <19 81%
4 Reflux, 15.5 h < 39 81%
5 95°C, 4 h < 3% 15%
6 MW, 120 °C, 5 min
7 MW, 150 °C, 15 min <3% 52%

¥Dean-Stark apparatus was us&mmpound could not be isolated in pure forrfimolecular sieves

(4A).

The synthesis of the monocyclic pyrrdl® can be rationalized as outlined in Scheme
3. The initially formed 1,3-dipolar cycloaddut® undergoes opening of the pyran

ring to give intermediat&3, which is converted into the final product by prototropy.
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Scheme 3Mechanism proposal for the synthesis of pyride

The reactivity of sarcosine towards the salicylaldehyde-derived allene derigative
was also studied. It was expected that the decarboxylative condensation of
salicylaldehyde-derived allene derivativé with sarcosine would lead to
tetrahydrochromeno[4,Blpyrrole 15 in a process where thg,y—carbon—carbon
double bond of the allene would act as dipolarophile on reacting witimthgu
generated azomethine ylidd (Scheme 4).

L —Y
0 Me~N">co,H o
CHO + _ -
SN
— X |
A @AMe
6 // 14
(O
N
Me

15

Scheme 4The expected outcome of the reactioOedllenyl salicylaldehyde6) with sarcosine.

However, an unexpected result was obtained. In fact, the reacti@atienyl
salicylaldehyde &) with sarcosine afforded chromeno[Zy)pyrrole 16 instead of the
chromeno[4,3]pyrrole 15 (Table 2). Carrying out the reaction in refluxing toluene
for 3 h chromeno[2,®]pyrrole 16 was obtainedn 62% yield (Table 2, Entry 1). A

slight improvement of the yield was achieved when the reaction time was increased to



4 h (Entry 2). Compound6 was also obtained in good yield under microwave

induced reaction conditions (Entry 3).

Table 2. Synthesis of 1-methyl-1,2,3,9a-tetrahydrochromenofp$role (16) from O-allenyl

salicylaldehyde@®) and sarcosine.
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(o . O
" Toluene =
6 16

Entry Reaction conditions Isolated Yielth
1 Reflux, 3 A 62%
2 Reflux, 4 A 66%
3 MW, 150 °C, 15 min 59%

®Dean-Stark apparatus was used.

The assignment of the structure of compodBdvas supported by two-dimensional
HMQC and HMBC spectra (400 MHz). From HMQC spectrum, it was established
that the carbon with the chemical shift 117.2 ppm corresponds to C-4 since it shows
connectivity with the vinylic proton having a chemical shift of 6.24 ppm. The carbon
with the chemical shift 93.8 ppm was assigned to C-9a since it shows connectivity
with the proton chemical shift 4.92 ppm. On the other hand, protons of the two
methylene groups, observed in thé NMR spectrum at 2.66 ppm and 2.97 ppm,
show connectivity with carbons with chemical shift 25.6 ppm (C-3) and 51.3 ppm (C-
2), respectively. In the HMBC spectrum, methyl protons correlate with carbon C-2
(51.3 ppm) and carbon C-9a (93.8). On the other hand, proton H-4 correlates with
carbons C-3 (25.6 ppm) and C-9a (93.8 ppm), C-8a (151.6 ppm) and with the
aromatic carbon observed at 125.2 ppm (Figure 1). From the HMBC spectrum, it was
also established that the quaternary carbons with the chemical shift 123.3 ppm and
135.5 ppm correspond to C-4a and C-3a, respectively, since connectivity was
observed between carbon C-4a and the protons H-6 and H-5 but no correlation was
observed between these protons and carbon C-3a. In addition, the values of the
chemical shift observed for C-4 (117.2 ppm) and C-3a (135.5 ppm) confirmed the

structural assignment and ruled out the alternative isomeric strd&ure
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Figure 1. Main connectivites found in the HMBC spectrum of 1-methyl-1,2,3,9a-

tetrahydrochromeno[2,B}pyrrole 16.

The reaction of sarcosine wit®-buta-2,3-dienyl salicylaldehyde3)( was also
explored under conventional thermolysis and under microwave irradiation (Table 3).
The best result was achieved carrying out the reaction in refluxing toluene for 27 h
giving 3-methylene-hexahydrochromeno[4]gyrrole 17 in 58% yield. The synthesis

of this compound can be explained considering the generation of the expected
azomethine ylide which participates in intramolecular 1,3-dipolar cycloaddition with
the a,f—carbon-carbon double bond of the allenic moiety. The stereochemistry of the
ring fusion was assigned considering that the benzylic methine proton was observed
as a doublet with a coupling constant of 5.2 Hz, which is the value expectedisor a
relationship. On the other hand, in the NOESY spectrum cross-peaks were observed

between protons H-9b and H-3a.

The structure of this chromeno[4pBayrrole derivative is of particular interest since

the presence of the methylene group allows further elaboration.

Table 3. Synthesis of 1-methyl-3-methylene-1,2,3,3a,4,9b-hexahydrochromeroppyrBele (17)
from O-buta-2,3-dienyl salicylaldehyd8&)(and sarcosine.

P =
G,

0 MesNcopm
©/CHO H (2 equiv.)

Toluene

3
Entry Reaction conditions Isolated Yiell?
1 Reflux, 4 A 28%
2 Reflux, 6 31%
3 Reflux, 19.5 h 56%
4 Reflux, 27 A 58%



5 MW, 150 °C, 15 min 6%

®Dean-Stark apparatus was used.

In recent past, we have been interested in exploring the intermolecular cycloaddition
of nonstabilized ylides generated via the decarboxylative condensation of 1,3-
thiazolidine-4-carboxylic acids with aldehyd®&sOn the other hand, the reaction of
O-propargylsalicylaldehyde?] with 1,3-thiazolidine-4-carboxylic acid®) has been
reportec® The authors reported that carrying out the reaction in toluene at 100 °C for
17 h, chromeno-pyrrolo[1,2ithiazole 20 was obtained in 37% vyield via trenti-

dipole but no product resulting from the cycloaddition ofsiedipole was detected.

In this context, we decided to look into this reaction and to extend the study to the
reaction of 1,3-thiazolidine-4-carboxylic acid with other salicylaldehyde-derived

alkynes and allenes.

Carrying out the reaction @-propargylsalicylaldehyde2f with 1,3-thiazolidine-4-
carboxylic acid using conditions similar to those previously deséfiid not lead

to the same outcome (Table 4, Entry 1). In fact, chromeno-pyrrolofthjazole 20

was isolated in 36% yield as previously reported, but the chromeno-pyrrolo[1,2-
cJthiazole 21, derived from the cycloaddition of thleyndipole, was also obtained in
16% vyield. Performing the reaction with a shorter reaction time (7 h or 4 h) also
afforded compoun@0 (37-40%) as the major product together with the formation of
the stereoisomer2l (16-18%) (Entries 2 and 3). The microwave-induced
condensation ofO-propargylsalicylaldehyde2] with 1,3-thiazolidine-4-carboxylic
acid led to the chromeno-pyrrolo[1¢Rhiazoles20 and 21 in lower yields and the

aromatized derivativeé2 was also isolated (Entry 4).

The assignment of the structure of compouisand 21 was supported by two-
dimensional NOESY, HMQC and HMBC spectra (400 MHz). From the HMQC
spectrum of compoun®0, it was established that the carbon with 67.3 ppm chemical
shift corresponds to C-11a since it shows connectivity with the proton having a
chemical shift of 4.69 ppm. On the other hand, the carbon with 76.3 ppm chemical
shift corresponds to C-7a since it shows connectivity with the proton observed as a
multiplet at 4.60-4.61 ppm. The carbon at 123.7 ppm corresponds to C-7 since it
shows connectivity with the vinylic proton (5.65 ppm). In the HMBC spectrum, H-7



correlates with carbons C-7a (76.3 ppm), C-6a (136.4 ppm) and C-11a (67.3 ppm) and
protons H-6 correlate with carbons C-7 (123.7 ppm), C-6a (136.4 ppm), C-4a (153.2
ppm) and C-11a (67.3 ppm). From the HMBC spectrum, it was also established that
the quaternary carbons with the chemical shift 127.3 ppm and 136.4 ppm correspond
to C-11b and C-6a, respectively, since connectivity was observed between carbon C-
11b and two aromatic protons but no correlation was observed between these protons
and carbon C-6a. In the NOESY spectrum of compo2@dno connectivity was
observed between H-7a and H-11a. The same spectroscopy analysis was carried out
for derivative21. In this case, connectivity between H-7a and H-11a was observed in
the NOESY spectrum.

Table 4. Synthesis oEhromeno-pyrrolo[1,2Z]thiazoles fromO-propargylsalicylaldehyde?) and 1,3-
thiazolidine-4-carboxylic acidl@).
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o /_(COZH
©/CHO * S\/NH Toluene
2 18
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R
anti-dipole syn-dipole
R=._ l

19b

o> =L

AN

21
Entry  Reaction conditions Isolated Yield Isolated Yield

20 21

1 Reflux, 17 A 36% 16%
2 Reflux, 7 f 37% 18%
3 Reflux, 4 40% 16%
4 MW, 150 °C, 15 min 19% 6%

3Dean-Stark apparatus was usedmpound2 was also isolated in < 10%.

We have previously described quantum-chemistry calculations, which were carried

10



out in order to explain thanti/synselectivity of the decarboxylative condensation of
1,3-thiazolidine-4-carboxylic acid with aldehydes. Based on the gas-phase
calculations theanti 1,3-dipole was expected to be more stable tharsyhéorm by

ca. 17 kJ mot for R = Ph. Moreover, according to the calculations, the barrier height
for syn—antiinterconversion is low. This suggests that, once producedythand

anti dipoles exist in equilibrium. The theoretical calculations predicted that the
produced amount fyn1,3-dipole should be significantly higher (ca. 92%) than that
of theanti 1,3-dipole (ca. 8%). However, after being formed in a comparatively larger
amount, thesyn 1,3-dipole is expected to partially convert to &rei form.*? These
observations are also in agreement with selective formation of chromeno-pyrrolo[1,2-
cJthiazole 20 resulting from the cycloaddtion of thenti 1,3-dipole19a generated
from O-propargylsalicylaldehyde?] and 1,3-thiazolidine-4-carboxylic acitig).

The work was then extended to the study of the reactivity of 1,3-thiazolidine-4-
carboxylic acid 18) towards salicylaldehyd® (Table 5). Carrying out the reaction in
refluxing toluene a mixture of chromeno-pyrrolo[Ljfhiazoles 23 and 24 and
pyrrolo[1,2¢]thiazole 25 were isolated (Entries 1-3). The best result was achieved
when the thiazolidine and salicylaldehyBeavere left to react for 7 h giving a 94:6
mixture of compound&3 and24 in 73% yield and pyrrolo[1,2}thiazole 25 in 12%

yield (Entry 2). Interestingly, selective crystallization of the mixtur@3xand24 with

ethyl acetate/hexane afford@28 as a white crystalline solid whereas compo@ad

was obtained as a yellow solid by crystallization with ethyl acetate/petroleum ether.
The synthesis of H,3H-pyrrolo[1,2<]thiazole 25 can be explainedtonsidering a
similar pathway to the one leading to pyrr@@(see Scheme 3) although in this case
the process is less favoured which is an indication of the higher stability of the
initially formed cycloadduct. The reaction was also carried out at 95 °C for 30 h with
the aim of favouring the formation of chromeno-pyrrolo[&]Hazoles23 (Entry 4).
However, under these reaction condition80a20 mixture of compounda3 and 24

was obtainedn only 62% vyield and H,3H-pyrrolo[1,2<]thiazole 25 in 4%. The
microwave-induced reaction was less efficient (Entry 5).

The structure of chromeno-pyrrolo[1¢Rhiazole 23 was unambiguously established
by X-ray crystallography (Figure 2). Two molecules of opposite chirality were

present in the crystal structure. There are two chirogenic centres, C-11a and C-7a, in

11



each molecule. The hydrogen atoms bonded to these carbons are placed on opposite
faces of the 3-pyrroline ring. The results described above show that selective
formation of the product resulting from the cycloaddition ofah&-dipole was again

observed.

Table 5. Decarboxylative condensation of salicylaldehyglevith 1,3-thiazolidine-4-carboxylic acid
(19).

CO,Et
!
o /_(COZH
@/CHO + S_NH
5 18
Toluene
. \COZEt on CO,Et
I . I\
NCs N\—s
24 25
Entry  Reaction conditions Isolated Yield Isolated Yield
(23.24)° 25
1 Reflux, 16 A 58% (96:4) 10%
2 Reflux, 7 f 73% (94:6) 12%
3 Reflux, 5 fi 51% (96:4) 7%
4 95°C, 30 62% (80:20) 4%
5 MW, 150 °C, 15 min 42% (86:14) 15%

®Dean-Stark apparatus was us@dplecular sieves were usetatio of isomers determined Bi
NMR.

12



Figure 2. ORTEP-3 diagram of compourB3, using 50% probability level ellipsoids. For clarity
reasons, only one of the molecules present in the asymmetric unit is shown.

The reactivity of 1,3-thiazolidine-4-carboxylic acid8f towards salicylaldehyde-
derived allenés was also explored (Table 6). We were please to find that this reaction
leads to tetrahydroH-chromeno[3',2":4,5]pyrrolo[1,2}thiazole 26 instead of the
expected 7a,8,10,11a-tetrahydtd-¢hromeno[3',4":4,5]pyrrolo[1,2}thiazole, which
would be formed via the generation of the corresponding azomethine ylide followed
by the addition to the,y—carbon—carbon double bond of the allene. Thus, the
chemical behaviour of salicylaldehy@eowards sarcosine was also observed in the

reaction of this compound with 3-thiazolidinel8.

The reaction carried out in refluxing toluene for 17 h resulted in the chromeno-
pyrrolo[1,2¢]thiazole26 on 42% vyield isolated as single stereoisomer (Table 6, Entry
1). The same yield was obtained heating the reaction mixture for a shorter period
(Table 6, Entry 2). Under microwave irradiation compo@edvas isolated in very

low yield (Table 6, Entry 3).

Table 6. Synthesis of chromeno-pyrrolo[1¢®thiazole26 from salicylaldehyd& and 1,3-thiazolidine-
4-carboxylic acid 18).

I
”\O 4a 3

CO,H 6 5 H 4/~g2
" e = LD
oluene
~ ° sa~HAoa; Hia
9 10
6 18 26
Entry Reaction conditions Isolated Yiekb
1 Reflux, 17 A 42%
2 Reflux, 7 A 42%
3 MW, 150 °C, 15 min 9%

®Dean-Stark apparatus was used.

The assignment of the structure of chromeno-pyrrolofjtfiazole 26 was supported

by two-dimensional NOESY, HMQC and HMBC spectra (400 MHz). From the
HMQC spectrum, it was established that the carbon with 119.5 ppm chemical shift
was assigned to C-10 since it shows connectivity with the vinylic proton observed at

6.30 ppm. The carbon with chemical shift 33.3 ppm corresponds to methylene group

13



of pyrrolidine ring (C-11) since it shows connectivity with two protons with different
chemical shifts, 2.50-2.55 ppm and 3.03-3.09 ppm. In the HMBC spectrum, proton H-
10 correlates with carbons C-11 (33.3 ppm) and C-4a (93.5 ppm), C-5a (152.4 ppm)
and with the aromatic carbon observed at 126.4 ppm. The protons H-1 correlate with
carbons C-11 (33.3 ppm), C-11a (66.8 ppm) and C-3 (58.1 ppm). On the other hand,
protons H-11 correlate with carbons C-1 (38.7 ppm), C-11a (66.8 ppm), C-10 (119.5
ppm) and C-10a (134.6 ppm). From the HMBC spectrum, it was also established that
the quaternary carbons with the chemical shift 123.5 ppm and 134.6 ppm correspond
to C-9a and C-10a, respectively, since connectivity was observed between carbon C-
9a and two aromatic protons but no correlation was observed between these protons
and carbon C-10a. Thus, similar spectroscopic features were observed between
chromeno[2,®]pyrrole 16 and chromeno-pyrrolo[1,8thiazole 26. In the NOESY
spectrum no connectivity was observed between H-1la and H-4a, which is in

agreement with the stereochemistry assignment.

A mechanism proposal for the synthesis of chromendjp+ole 16 and chromeno-
pyrrolo[1,2¢]thiazole 26 is outlined in Scheme 5. The initial cyclization@fallenyl
salicylaldehyde &) affords intermediat@7, which undergoes nuclephilic addition on
reacting with the secondary amino acid to g8 Opening of the dihydro-pyran ring,
followed by the elimination of carbon dioxide gives azomethine \ditibearing an
allene moiety. The subsequent 1,3-dipolar cycloaddition, with the internal addition to
the allenef,y—carbon—carbon, leads to the final product.

14
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Scheme 5.Mechanism proposal for the synthesis of chromendplh@rrole 16 and chromeno-

pyrrolo[1,2c]thiazole26.

Interestingly,3-methyl-4H-chromen-4-one33)*® was formed in low yield (4-9%) as
byproduct from the reaction of the salicylaldehy@ewith 1,3-thiazolidine-4-
carboxylic acid 18). This observation reinforces the mechanism proposal for the
synthesis of chromeno-pyrrolo[1¢khiazole 26 since H-chromen-4-one83 derives

from the postulated intermedia2& (Scheme 6).

+ +
o) 0 o)
N ~
LA = Cra. — L
04
H OH o) 0
27 32 H 33

Scheme 6.3-Methyl-4H-chromen-4-one 33) formed as byproduct of the synthesis of chromeno-
pyrrolo[1,2c]thiazole26.

Attempts to carry out the decarboxylative condensation of 1,3-thiazolidine-4-

carboxylic acid withO-buta-2,3-dienyl salicylaldehyd@&)(led to complex mixtures.
3. Conclusions
The reactivity of sarcosine and 1,3-thiazolidine-4-carboxylic acid towards

salicylaldehyde-derived alkynes and allenes was explored as a strategy to obtain new

chromeno[4,3]pyrrole derivatives.
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The decarboxylative condensation of sarcosine and 1,3-thiazolidine-4-carboxylic acid
with O-propargylsalicylaldehyde led to the synthesis of the corresponding
tetrahydrochromeno[4,B}pyrroles. Stereoselectivity was observed in the reaction
with the 1,3-thiazolidine with the formation of the cycloadduct resulting from the

anti-dipole as the major product.

A different outcome was observed from the reaction of sarcosine with ethyl 4-(2-
formylphenoxy)but-2-ynoate. In this case, thigially formed 1,3-dipolar cycloadduct
undergoes opening of the pyran ring followed by prototropy to give a monocyclic
pyrrole. Decarboxylative condensation of ethyl 4-(2-formylphenoxy)but-2-ynoate
with 1,3-thiazolidine-4-carboxylic acid afforded the expected chromeno-pyrrolo[1,2-
cJthiazole with the selective formation of the product derived fromathedipole
which structure was unambiguously established by X-ray crystallography. However,
the H,3H-pyrrolo[1,2<]thiazole resulting from the opening of the pyran ring was

also isolated.

A 3-methylene-hexahydrochromeno[4pyrrole derivative was obtained from the
reaction ofO-buta-2,3-dienyl salicylaldehyde and sarcosine via intramolecular 1,3-
dipolar cycloaddition of the expected dipole with thg-carbon—carbon double bond

of the allenic moiety.

The synthesis of a new type of chromeno-pyrrole derivatives was also achieved from
the reaction ofO-allenyl salicylaldehyde with secondary amino aci@sAllenyl
salicylaldehyde reacted with sarcosine and 1,3-thiazolidine-4-carboxylic acid to
afford  1-methyl-1,2,3,9a-tetrahydrochromeno[B]Byrrole and 3,4a,11,11a-
tetrahydro-H-chromeno[3',2":4,5]pyrrolo[1,2}thiazole, respectively.

4. Experimental Section

4.1. General

Microwave reactions were carried out in a microwave reactor CEM Focused

Synthesis System Discover S-Class. Flash column chromatography was performed
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with silica gel 60 as the stationary phadd. NMR spectra were recorded on an
instrument operating at 400 MHz amiC NMR at 100 MHz. Chemical shifts are
expressed in ppm relatively to internal tetramethylsilane (TMS), and coupling
constants J) are in hertz. IR spectra were recorded on a Fourier Transform
spectrometer. HRMS spectra were obtained on an electron impact (El) or electrospray
(ESI) TOF mass spectrometer. Melting points were determined in open glass
capillaries and are uncorrected. Sarcosine was purchased from Aldrich. 1,3-

Thiazolidine-4-carboxylic acid was prepared by a literature procédure.
4.2. Procedures for the synthesis of salicylaldehyde derivatives

4.2.1.2-(Prop-2-ynyloxy)benzaldehyd) (

Benzaldehyd@ was prepared by modifying a literature procedtf®o a solution of
salicylaldehyde (11.13 mL, 100 mmol) in ethanol (60 mL) anhydra@®CK (15.20

g, 110 mmol) was added and the resulting mixture was stirred for 5 min at room
temperature. After the formation of a yellow solid, propargyl bromide (80% in
toluene, 11.85 mL, 110 mmol) was added and the reaction mixture was heated at
reflux for 4 hours under Natmosphere. After cooling to room temperature, water was
added, the aqueous layer was extracted with diethyl ether, dried over anhydrous
NaSO, and the solvent was removed under reduced pressure. Recrystallization from
diethyl ether afforde@ (14.36 g, 90%) as a white solid. Mp 71-73 °C'{ii64-66 °C)

(from diethyl ether)'H NMR (CDClk) 10.49 (1H, s, CHO), 7.86 (1H, dii= 7.6, 1.2

Hz, Ar-H), 7.55-7.59 (1H, m, Ar-H), 7.07-7.13 (2H, m, Ar-H), 4.83 (2HJ & 2.0

Hz, OCHC=CH), 2.58 (1H, tJ = 2.0 Hz, OCHC=CH).

4.2.2.2-(Buta-2,3-dienyloxy)benzaldehy® (

Benzaldehyde3 was prepared according to a literature procefukemixture of
salicylaldehyde derivativé (2.50 g, 15.62 mmol), paraformaldehyde (1.17 g, 39.05
mmol), N,N’-di-isopropylamine (4.38 mL, 31.24 mmol) and anhydrous cuprous
bromide (1.12 g, 7.81 mmol) in dioxane (25 mL) was heated at reflux for 75 min.
After cooling to room temperature, saturated aqueous NaCl solution was added to the
reaction mixture, the aqueous layer was extracted with diethyl ether, dried over
anhydrous Nz50, and the solvent was removed under reduced pressure. The crude

product was purified by flash chromatography [ethyl acetate/hexane (1:6)] to give
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allene3 (1.90 g, 70%) as a yellow liquid. IR (film, € 1957, 1689, 1238H NMR
(CDCl;) 10.51 (1H, s, CHO), 7.82-7.85 (1H, m, Ar-H), 7.51-7.55 (1H, m, Ar-H),
6.98-7.05 (2H, m, Ar-H), 5.38-5.45 (1H, m, OGEH=C=CH,), 4.88-4.91 (2H, m,
OCH,CH=C=CH,), 4.68-4.69 (2H, m, OC}H=C=CH); **C NMR (CDCE) 209.5,
189.8, 160.8, 135.7, 128.4, 125.3, 120.9, 113.1, 86.6, 77.1, 66.2; HRMS (ESI):
calculated @H110,[M+H "] 175.07536. Found: 175.07484.

4.2.3.1-(Dimethoxymethyl)-2-(prop-2-ynyloxy)benzefie (

Acetal 4 was prepared according to a literature procelure. mixture of
salicylaldehyde derivativ@ (5.00 g, 31.24 mmol) and trimethyl orthoformate (20.50
mL, 187 mmol) in 100 mL of dry methanol was cooled to O °C under nitrogen
atmospherep-Toluenesulfonic acid (0.30 g, 1.56 mmol) was added and the resulting
mixture was stirred at 0 °C for 40 min. The reaction mixture was treated with
saturated aqueous,®80;s solution, the aqueous layer was extracted with ethyl acetate,
washed with water and dried over anhydrousS{a. The solvent was removed under
reduced pressure to give the pure product. Compds®d6 g, 94%) was obtained as

a low melting solid. IR (film, cil): 2120, 1222*H NMR (CDCk) 7.54-7.57 (1H, m,
Ar-H); 7.28-7.32 (1H, m, Ar-H), 7.00-7.04 (2H, m, Ar-H), 5.68 (1H, s,(OMe),),

4.73 (2H, d,J = 2.4 Hz, OCHC=CH), 3.37 (6H, s, OMe), 2.51 (1H, &,= 2.4 Hz,
OCH,C=CH); **C NMR (CDCE) 149.8, 124.2, 122.2, 121.8, 116.0, 107.3, 93.7, 73.4,
70.4, 51.0, 48.3; HRMS (ESI): calculated.8;,NaO; [M*+Na]: 229.0835. Found:
229.0832.

4.2.4.Ethyl 4-(2-formylphenoxy)but-2-ynoa®**

A solution of aceta#t (1.63 g, 7.90 mmol) in dry THF (42 mL) was stirred at -78 °C
for 10 min under nitrogen atmosphere. Butyllithium (2.5M in hexane) (4.74 mL,
11.85 mmol) was slowly added to the reaction mixture over 40 min and the resulting
solution was stirred for 30 min at the same temperature. Ethyl chloroformate (1.28
mL, 13.43 mmol) was slowly added to the reaction mixture and stirred another 40 min
at -78 °C. After warming to room temperature, the reaction mixture was quenched
with saturated aqueous NEI solution (80 mL) and diluted with ethyl acetate (200
mL). The organic layer was washed with water (3x200 mL), brine (2x40 mL), dried
over NaSQ, and the solvent was removed in vacuum. The crude product was

dissolved in acetone (25 mL), the solution cooled to 0 °C, followed by the dropwise
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addition of a HCI aqueous solution (1 M, 56.40 mL) and the resulting solution was
stirred at 0 °C for 5 min. The reaction mixture was treated with saturated aqueous
NaHCQ; solution, extracted with dichloromethane and dried ovesSNa The
solvent was removed under reduced pressure and the crude product was purified by
flash chromatography [ethyl acetate/hexane (1:5)] to give compe(h&5 g, 85%)

as pale white solid. Mp 49-51 °C @it.50-52 °C) (from ethyl acetate/hexan&

NMR (CDCk) 10.47 (1H, s, CHO), 7.86-7.88 (1H, m, Ar-H), 7.57-7.60 (1H, m, Ar-

H), 7.06-7.14 (2H, m, Ar-H), 4.96 (2H, s, OGEEC), 4.25 (2H, gJ = 6.8 Hz,
CO,CH,CHs), 1.31 (3H, tJ = 6.8 Hz, CQCH,CHy).

4.2.52-(Propa-1,2-dienyloxy)benzaldehyd® (

Allene 6 was prepared by modifying a literature proced@ired solution of acetalt

(2.50 g, 12.10 mmol) itert-butyl alcohol (7.0 mL) was added dropwise to a solution

of potassiumtert-butoxide (0.54 g, 4.80 mmol) itert-butyl alcohol (2.5 mL). The
resulting mixture was heated at 60 °C for 1.5 hours. After cooling to room
temperature, water was added to the reaction mixture and the aqueous layer was
extracted with diethyl ether, dried over JS&, and the solvent removed in vacuum.

The crude product was dissolved in acetone (30 mL), the solution cooled to 0 °C,
followed by the dropwise addition of a HCI aqueous solution (1M, 116.0 mL) and the
resulting mixture was stirred at 0 °C for 5 min. The reaction mixture was treated with
saturated aqueous NaHg®olution, extracted with dichloromethane and dried over
Na:SO,. The solvent was removed under reduce pressure and the crude product was
purified by flash chromatography [ethyl acetate/hexane (1:5)] to give comgbund
(1.32 g, 68%) as pale yellow liquid. IR (film, &n 1964, 1691, 1230'H NMR

(CDCl;) 10.47 (1H, s, CHO), 7.87 (1H, ddi= 7.6, 1.2 Hz, Ar-H), 7.54-7.59 (1H, m,
Ar-H), 7.13-7.21(2H, m, Ar-H), 6.91 (1H, d,= 6.0 Hz, OCHC=CH,), 5.49 (2H, d,)

= 6.0 Hz, OCH=C=CH); *C NMR (CDC}) 202.6, 189.2, 159.4, 135.6, 128.4, 126.2,
123.1, 118.0, 116.7, 90.6; HRMS (ESI): calculategHgNaO, [M*+Na]: 183.04165.
Found: 183.04100.

4.3. General procedures for the synthesis of chromeno-pyrroles and pyrrole
derivatives 10 and 25
Method A:A solution of the appropriated aldehyde and sarcosine or 1,3-thiazolidine-

4-carboxilic acid in toluene (10 mL) was heated at reflux, using a Dean-Stark
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apparatus, except where indicated otherwise, for the time indicated in each case. The
reaction was monitored by TLC. After the reaction was complete, the solvent was
removed under reduced pressure and the crude product was dissolved in
dichloromethane. The organic layer was washed several times with water and dried
over NaSQOy. The solvent was removed under reduced pressure and the crude product
was purified by flash chromatography.

Method B:A solution of the appropriate aldehyde and sarcosine or 1,3-thiazolidine-4-
carboxylic acid in toluene (1-1.5 mL) was irradiated in the microwave reactor for 15
min with the temperature set to 150 °C. The solvent was removed under reduced
pressure and the crude product was dissolved in dichloromethane. The organic layer
was washed several times with water and dried ovelS®a The solvent was
removed under reduced pressure and the crude product was purified by flash

chromatography.

4.3.1. 1-Methyl-1,2,4,9b-tetrahydrochromeno[4,3-b]pyrrol&) (and 1-Methyl-1,4-
dihydrochromeno[4,3-b]pyrroled)

Prepared bynethod Afrom aldehyde? (160 mg, 1.00 mmol) and sarcosine (178 mg,
2.00 mmol) using 4A molecular sieves instead of the Dean-Stark apparatus. The
reaction mixture was stirred for 16 hours and solvent was removed under reduced
pressure. Purification by flash chromatography [ethyl acetate/hexane (1:2) to ethyl
acetate/hexane (2:1), then ethyl acetate] afforded, in order of elution, cong(ind

mg, 11%) and compoun®(137 mg, 73%) as white solids.
1-Methyl-1,4-dihydrochromeno[4,3-b]pyrrole 8)( Mp 62-64 °C (from ethyl
acetate/hexane); IR (KBr, ¢ 1224, 1185H NMR (CDCk) 7.43 (1H, dJ = 7.6

Hz, Ar-H), 7.05-7.09 (1H, m, Ar-H), 6.93-6.97 (2H, m, Ar-H), 6.60 (1HJd& 2.0

Hz, H-2), 5.95 (1H, dJ = 2.0 Hz, H-3), 5.21 (2H, s, H-4), 3.89 (3H, s, N-MEL

NMR (CDCk) 153.1, 126.6, 125.0, 123.9, 121.5, 120.2, 119.9, 117.3, 116.6, 103.1,
66.2, 36.7; HRMS (ESI): calculated ;£::2NO [M™+H]: 186.09134. Found:
186.09178

1-Methyl-1,2,4,9b-tetrahydrochromeno[4,3-b]pyrrolé).(Mp 63-65 °C (from ethyl
acetate/hexane); IR (KBr, ¢ii 1235, 1222H NMR (CDCk) 7.37 (1H, dJ = 7.6

Hz, Ar-H), 7.12-7.15 (1H, m, Ar-H), 6.93-6.96 (1H, m, Ar-H), 6.83 (1H,J& 8.4

Hz, Ar-H), 5.71 (1H, br s, H-3), 4.74 (1H, 3= 12.8 Hz, H-4), 4.64-4.68 (1H, m, H-

4), 4.43 (1H, br s, H-9b), 4.04-4.07 (1H, m, H-2), 3.48-3.51 (1H, m, H-2), 2.81 (3H, s,
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N-Me); ¥Cc NMR (CDCB) 153.8, 135.7, 128.3, 127.5, 126.2, 121.6, 121.4, 117.3,
67.1, 65.0, 64.3, 44.0; HRMS (ESI): calculateghtGs,NO [M*+H]: 188.10699.
Found: 188.10642.

4.3.2. Ethyl 1-methyl-1,4-dihydrochromeno([4,3-b]pyrrole-3-carboxylat®) (and
Ethyl 5-(2-hydroxyphenyl)-1,4-dimethyl-1H-pyrrole-3-carboxyla® (

Prepared bynethod Afrom aldehydes (232 mg, 1.00 mmol) and sarcosine (178 mg,
2.00 mmol) in toluene (10 mL) was heated at reflux, using a Dean-Stark apparatus,
for 4 hours. Purification of the crude product by flash chromatography [ethyl
acetate/hexane (1:4)] afforded, in order of elution, comp&urd.%) as a yellow oil
and compoundO (211 mg, 81%) as a white solid.

Prepared bynethod Bfrom aldehydes (116 mg, 0.50 mmol) and sarcosine (89 mg,
1.00 mmol) in toluene (1 mL). Purification of the crude product by flash
chromatography [ethyl acetate/hexane (1:4)] afforded in order of elution, com@ound
(<3%) and compountiO (68 mg, 52%).

Ethyl 1-methyl-1,4-dihydrochromeno([4,3-b]pyrrole-3-carboxylatg). (*H NMR
(CDClg) 7.40-7.42 (1H, m, Ar-H), 7.23 (1H, s, H-2), 7.08-7.12 (1H, m, Ar-H), 6.92-
6.97 (2H, m, Ar-H), 5.45 (2H, s, H-4), 4.26 (2H,X= 7.2 Hz, CQCH,CHs), 3.90

(1H, s, N-Me), 1.34 (3H, tJ = 7.2 Hz, CQCH,CHs;); HRMS (EI): calculated
CysH1sNO3[M™] 257.1052. Found: 257.1063.

Ethyl 5-(2-hydroxyphenyl)-1,4-dimethyl-1H-pyrrole-3-carboxyldt€).(Mp 130-132

°C (from ethyl acetate/hexane); IR (KBr, m3342, 1691, 1252, 1233H NMR
(CDCly) 7.40 (1H, s, H-2), 7.33 (1H, 4,= 8.0, 7.6 Hz, Ar-H), 7.12 (1H, d,= 7.2

Hz, Ar-H), 7.02 (1H, dJ = 8.0 Hz, Ar-H), 6.98 (1H, t) = 7.6, 7.2 Hz, Ar-H) 5.32
(1H, s, OH), 4.28 (2H, q] = 7.2 Hz, CGCH,CHs), 3.41 (3H, s, N-Me), 2.14 (3H, s,
C-Me), 1.35 (3H, tJ = 7.2 Hz, CQCH,CHs); *C NMR (CDCE) 165.2, 154.6, 132.0,
130.6, 128.9, 126.1, 121.1, 120.4, 117.3, 115.6, 114.2, 59.4, 34.8, 14.5, 11.1; HRMS
(El): calculated gH1/NO3[M*] 259.1208. Found: 259.1206.

4.3.3.1-Methyl-1,2,3,9a-tetrahydrochromeno[2,3-b]pyrrol)

Prepared bynethod Afrom aldehydes (237 mg, 1.48 mmol) and sarcosine (264 mg,
2.96 mmol). The reaction mixture was stirred for 4 hours and evaporation of the
solvent under reduced pressure affordl6d184 mg, 66%) as a red oil. Compoulttl

was also prepared bgethod Bn 59% yield (165 mg) from aldehyde(237 mg, 1.48
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mmol) and sarcosine (264 mg, 2.96 mmol). CompoL&dIR (film, cm™): 1229,
1207;*H NMR (CDCk) 7.08 (1H, tJ =8.0, 7.2 Hz, Ar-H), 7.01 (1H, d, = 7.2 Hz,
Ar-H), 6.91 (1H, d,J = 7.6 Hz, Ar-H), 6.88 (1H, t] = 8.0, 7.6 Hz, Ar-H), 6.24 (1H,
br's, H-4), 4.92 (1H, br s, H-9a), 2.97 (2H, m, H-2), 2.66-2.67 (2H, m, H-3), 2.64 (3H,
S, N-Me);13C NMR (CDCk) 151.6, 135.5, 127.1, 125.2, 123.3, 120.6, 117.2, 115.3,
93.8, 51.3, 37.9, 25.6; HRMS (ESI): calculateghHG,NO [M*+H]: 188.10699.
Found: 188.10694.

4.3.4.1-Methyl-3-methylene-1,2,3,3a,4,9b-hexahydrochromeno([4,3-b]pyri@)e (
Prepared bynethod Afrom aldehyde3 (270 mg, 1.56 mmol) and sarcosine (278 mg,
3.12 mmol). The reaction mixture was stirred for 27 hours and purification by flash
chromatography [ethyl acetate/hexane (1:6)] affortlé@@81 mg, 58%) as an orange

oil. IR (film, cm™): 1261, 1231'H NMR (CDCk) 7.18-7.25 (2H, m, Ar-H), 6.88-

6.91 (2H, m, Ar-H), 5.06 (1H, br s, C=GK 5.03 (1H, br s, C=C} 3.94-4.05 (2H,

m, H-4), 3.66 (1H, dJ = 14.0 Hz, H-2), 3.13 (1H, d,= 5.2 Hz, H-9b), 3.02 (1H, br

d,J = 14.0 Hz, H-2), 2.84-2.90 (1H, m, H-3a), 2.47 (3H, s, N-M&;NMR (CDC})

154.9, 146.5, 131.5, 129.0, 120.4, 119.9, 117.1, 107.1, 66.3, 62.6, 60.3, 41.2, 39.9;
HRMS (ESI): calculated GH16NO [M*+H]: 202.12264. Found: 202.12247.

4.3.5. 7a,8,10,11a-Tetrahydro-6H-chromeno[3',4":4,5]pyrrolo[1,2-c]thiazol0),
7a,8,10,11a-Tetrahydro-6H-chromeno[3',4":4,5]pyrrolo[1,2-c]thiaz(?4) and8,10-
Dihydro-6H-chromeno[3',4":4,5]pyrrolo[1,2-c]thiazolE?2)

Prepared bynethod Afrom aldehyde? (120 mg, 0.75 mmol) and 1,3-thiazolidine-4-
carboxylic acid (200 mg, 1.5 mmol) in toluene (10 mL) was heated at reflux for 7
hours, using a Dean-Stark apparatus. Purification of the crude product by flash
chromatography [ethyl acetate/hexane (1:4), then ethyl acetate/hexane (1:2) to ethyl
acetate/hexane (2:1), then ethyl acetate] afforded, in order of elution, com@@®und
(65 mg, 37%) as pale yellow solid and compoRh@30 mg, 18%) as orange oil.

Prepared bynethod Bfrom aldehyde2 (120 mg, 0.75 mmol) and 1,3-thiazolidine-4-
carboxylic acid (200 mg, 1.5 mmol) in toluene (1 mL). Purification of the crude
product by flash chromatography [ethyl acetate/hexane (1:4), then ethyl
acetate/hexane (1:2) to ethyl acetate/hexane (2:1), then ethyl acetate] afforded in order
of elution, compoun®2 (<10%) as orange oil, compou2® (32.5 mg, 19%) and
compound21 (10 mg, 6%).
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7a,8,10,11a-Tetrahydro-6H-chromeno[3',4":4,5]pyrrolo[1,2-c]thiaz¢R0). Mp 87-
89 °C (from diethyl ether/petroleum ether); IR (film, Hm1223, 1109, 754H NMR
(CDCly) 7.37 (1H, dJ = 7.6 Hz, Ar-H), 7.14 (1H, pseudod,= 7.6 Hz, Ar-H), 6.97
(1H, pseudo-t) = 7.2 Hz, Ar-H), 6.82 (1H, d] = 8.4 Hz, Ar-H), 5.65 (1H, br s, H-7),
4.79 (1H, dJ = 13.2 Hz, H-6), 4.74 (1H, d,= 13.2 Hz, H-6), 4.69 (1H, br s, H-11a),
4.60-4.61 (1H, m, H-7a), 4.42 (1H, 8= 10.8 Hz, H-10), 4.33 (1H, d,= 10.8 Hz,
H-10), 3.08 (1H, ddj = 11.2, 8.0 Hz, H-8), 2.85 (1H, ddi= 11.2, 2.4 Hz, H-8)}*C
NMR (CDCk) 153.2, 136.4, 128.3, 127.3, 126.0, 123.7, 121.3, 117.0, 76.3, 67.3,
64.5, 62.9, 39.1; HRMS (EI): calculated;38:3NOS [M*] 231.0718. Found:
231.0717.

7a,8,10,11a-Tetrahydro-6H-chromeno[3',4":4,5]pyrrolo[1,2-c]thiaz{®4). IR (film,
cm®): 1224, 1112, 759'H NMR (CDCk) 7.40 (1H, dJ = 7.6 Hz, Ar-H), 7.18 (1H,
pseudo-tJ = 7.6 Hz, Ar-H), 6.98 (1H, pseudod,= 7.2 Hz, Ar-H), 6.87 (1H, d] =
8.4 Hz, Ar-H), 5.69 (1H, br s, H-7), 5.15 (1H, br s, H-11a), 4.83 (14,4d12.4 Hz,
H-6), 4.75-4.78 (1H, m, H-7a), 4.55-4.59 (1H, m, H-6), 3.65 (1H), d,8.6 Hz, H-
10), 3.58 (1H, dJ = 8.6 Hz, H-10), 3.32 (1H, dd, = 11.2, 7.6 Hz, H-8), 3.08 (1H,
dd, J = 11.2, 2.8 Hz, H-8)2*C NMR (CDCk) 154.6, 136.1, 128.6, 127.8, 125.6,
120.5, 120.2, 116.7, 72.8, 63.5, 63.3, 52.2, 33.8; HRMS (EI): calculatelds8OS
[M*] 231.0718. Found: 231.0720.
8,10-Dihydro-6H-chromeno[3',4":4,5]pyrrolo[1,2-c]thiazol€%). *H NMR (CDCk)
7.21-7.23 (1H, m, Ar-H), 7.02-7.05 (1H, m, Ar-H), 6.89-6.92 (2H, m, Ar-H), 5.73
(1H, s), 5.23 (2H, s), 5.22 (2H, s), 4.07 (2H, s); HRMS (El): calculaigld;INOS
[M*] 229.0561. Found: 229.0561.

4.3.6. Ethyl 7a,8,10,11a-tetrahydro-6H-chromeno[3',4":4,5]pyrrolo[1,2-c]thiazole-7-
carboxylate (23), Ethyl 8,10-dihydro-6H-chromeno[3',4":4,5]pyrrolo[1,2-c]thiazole-
7-carboxylate 24) and Ethyl 5-(2-hydroxyphenyl)-6-methyl-1H,3H-pyrrolo[1,2-
c]thiazole-7-carboxylate 26)

Prepared bynethod Afrom aldehydes (174 mg, 0.75 mmol) and 1,3-thiazolidine-4-
carboxylic acid (200 mg, 1.5 mmol) in toluene (10 mL) was heated at reflux for 7
hours, using a Dean-Stark apparatus. Purification of the crude product by flash
chromatography [ethyl acetate/hexane (1:4)] afforded, in order of elution, a 94:6
mixture of the compound23 and 24 (166 mg, 73%) andlH,3H-yrrolo[1,2-

c]thiazole25 (27 mg, 12%) as a white solid. Selective crystallization of the mixture of
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23 and24 with ethyl acetate/hexane afford2d@ as a white crystalline solid whereas
compound 24 was obtained as a yellow solid by crystallization with ethyl
acetate/petroleum ether.

Prepared bynethod Bfrom aldehydes (174 mg, 0.75 mmol) and 1,3-thiazolidine-4-
carboxylic acid (200 mg, 1.5 mmol) in toluene (1 mL). Purification of the crude
product by flash chromatography [ethyl acetate/hexane (1:4)] afforded in order of
elution, a 86:14 mixture of the compourz8 and the corresponding aromatized
derivative24 (96.5 mg, 42%) aniiH,3H-pyrrolo[1,2-c]thiazole25 (35 mg, 15%).

Ethyl 7a,8,10,11a-tetrahydro-6H-chromeno[3',4":4,5]pyrrolo[1,2-c]thiazole-7-
carboxylate 23). Mp 84-86 °C (from ethyl acetate/hexane); IR (KBr,3ml707,
1216, 1125, 771*H NMR (CDCk) 7.43 (1H, dJ = 7.2 Hz, Ar-H), 7.21 (1H, pseudo-

t, J = 7.6 Hz, Ar-H), 7.07 (1H, pseudod,= 7.4 Hz, Ar-H), 6.95 (1H, d] = 8.0 Hz,
Ar-H), 5.11 (2H, s, H-6), 4.86 (1H, br s, H-11a), 4.76 (1H, m, H-7a), 4.32 (1H=d,
10.8 Hz, H-10), 4.28 (1H, dl = 10.8 Hz, H-10), 4.18-4.26 (2H, m, GCH,CHs),

3.24 (1H, ddJ = 11.6, 8.0 Hz, H-8), 3.08 (1H, ddl= 11.6, 2.4 Hz, H-8), 1.30 (3H, t,

J = 7.2 Hz, CGCH,CHs); *C NMR (CDCk) 163.1, 153.5, 152.4, 128.4, 128.3,
124.6, 122.7, 117.4, 75.5, 69.1, 66.6, 61.9, 60.8, 39.3, 14.3; HRMS (EIl): calculated
C16H17NO3S[M*] 303.0929. Found: 303.0915.

Ethyl 8,10-dihydro-6H-chromeno[3',4":4,5]pyrrolo[1,2-c]thiazole-7-carboxyldtd)

Mp 143-145 °C (from ethyl acetate/petroleum ether); IR (KBrl)cm690, 1227,
1139, 767 H NMR (CDCk) 7.19 (1H, dJ = 7.6 Hz, Ar-H), 7.08 (1H, pseudod=

7.4 Hz, Ar-H), 6.87-6.91 (2H, m, Ar-H), 5.46 (2H, s), 5.26 (2H, s), 4.31 (2H, s) 4.26
(2H, q,J = 7.2 Hz), 1.34 (3H, t) = 7.2 Hz);"*C NMR (CDCE) 164.1, 152.7, 142.8,
127.7, 121.4, 121.0, 120.1, 119.2, 117.6, 117.1, 104.7, 65.5, 59.9, 49.1, 29.4, 14.5;
HRMS (EI): calculated GH:sNOsS[M™] 301.0773. Found: 301.0775.

Ethyl 5-(2-hydroxyphenyl)-6-methyl-1H,3H-pyrrolo[1,2-c]thiazole-7-carboxylate
(25). Mp 175-177 °C (from ethyl acetate/hexane); IR (film, 8390, 1682, 1108,
757;*H NMR (CDCk) 7.30 (1H, pseudo-f] = 7.2, Ar-H), 7.15 (1H, dJ = 6.8 Hz,
Ar-H), 6.95-7.01 (2H, m, Ar-H), 5.62 (1H, br s), 4.88 (1HJd; 8.4 Hz), 4.78 (1H d,

J = 8.4 Hz), 4.35-4.40 (2H, m), 4.28 (2H,Xx 7.2 Hz), 2.17 (3H, s), 1.34 (3HJt=

7.2 Hz);**C NMR (CDCE) 165.0, 154.2, 141.8, 131.4, 130.5, 124.8, 121.5, 120.6,
117.2, 115.9, 107.5, 59.6, 48.5, 31.2, 14.6, 11.8; HRMS (EI): calculaed/8O0sS

[M*] 303.0929. Found: 303.0931.

24



4.3.7.3,4a,11,11a-Tetrahydro-1H-chromeno[3',2":4,5]pyrrolo[1,2-c]thiaz(26)

Prepared bynethod Afrom aldehyde5 (120 mg, 0.75 mmol) and 1,3-thiazolidine-4-
carboxylic acid (200 mg, 1.5 mmol) in toluene (10 mL) was heated at reflux for 7
hours, using a Dean-Stark apparatus. Purification of the crude product by flash
chromatography [ethyl acetate/hexane (1:4)] afforded comp®6iid3 mg, 42%) as

a yellow oil.

Prepared bynethod Bfrom aldehyde5 (120 mg, 0.75 mmol) and 1,3-thiazolidine-4-
carboxylic acid (200 mg, 1.5 mmol) in toluene (1 mL). Purification of the crude
product by flash chromatography [ethyl acetate/hexane (1:4)] afforded compéund
(17 mg, 9%).

3,4a,11,11a-Tetrahydro-1H-chromeno[3',2":4,5]pyrrolo[1,2-c]thiaz(®é). IR (film,

cm™): 1230, 1204, 755H NMR (CDCk) 7.10 (1H, pseudo-f = 7.6 Hz, Ar-H), 7.01

(1H, d,J = 7.2 Hz, Ar-H), 6.88-6.92 (2H, m, Ar-H), 6.30 (1H, br s, H-10), 5.34 (1H,

br s, H-4a), 4.42 (1H, d, = 10.4 Hz, H-3), 4.31 (1H, d,= 10.4 Hz, H-3), 3.96-4.02

(1H, m, H-11a), 3.14 (1H, dd,= 11.2, 7.0 Hz, H-1), 3.03-3.09 (1H, m, H-11), 2.62
(1H, dd,J = 11.2, 6.0 Hz, H-1), 2.50-2.55 (1H, m, H-113¢ NMR (CDCE) 152.4,
134.6, 128.6, 126.4, 123.5, 121.8, 119.5, 116.4, 93.5, 66.8, 58.1, 38.7, 33.3; HRMS
(EI): calculated @H13NOS[M '] 231.0718. Found: 231.0719.

4.4. 1-Methyl-1,4-dihydrochromeno[4,3b]pyrrole (8)

To a solution of compound (135 mg, 0.72 mmol) in ethyl acetate (10 mL) Pd/C 10%
(14 mg, 10 w%) was added. The resulting solution was heated at reflux for 24 hours.
After cooling to room temperature, the reaction mixture was filtered on celite to
remove the oxidant and the solvent was concentrated under reduced pressure.
Purification of the crude product by flash chromatography [ethyl acetate/hexane (1:2)]
afforded 8 (100 mg, 75%) as a white solid. CompouBdwas identified by

comparison with the specimen previous prepared (see above).

4.5. X-ray Diffraction. A crystal of compound23 was selected, covered with
polyfluoroether oil, and mounted on a nylon loop. Crystallographic data for this
compound was collected at the IST using graphite monochromatedoMaekation
(A=0.71073A) on a Bruker AXS-KAPPA APEX Il diffractometer equipped with an
Oxford Cryosystem open-flow nitrogen cryostat, at 150 K. Cell parameters were

retrieved using Bruker SMART software and refined using Bruker SAINT on all
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observed reflections. Absorption corrections were applied using SADABS.
Structure solution and refinement were performed using direct methods with the
program SIR200% included in the package of programs WINGX-Version 1.86.05
and SHELXL" All hydrogen atoms were inserted in idealised positions and allowed
to refine riding on the parent carbon atom, with C—H distances of 0.95A, 0.98 A, 0.99
A and 1.0 A for aromatic, methyl, methylene and methine H atoms, respectively, and
with Uiso(H) = 1.2Je(C). The figure of the molecular structure was generated using
ORTEP-III*®

4.5.1. Crystallographic data for 3,4a,11,11a-TetrahydroH-
chromeno[3',2":4,5]pyrrolo[1,2-cJthiazole  23. Ci;eH17/NOsS, M = 303.38,
orthorhombic,P ¢ a 2; with unit cell, a = 23.4004(6) A,b = 6.9636(2) A,c =
17.3619(4) Aa = 90°,8 = 90°,y = 90°,V = 2829.14(13) A pcalcd =1.424 Mg/r) Z
= 8, u = 0.239 mnt. R[1>20(1)] = 0.0366 andRw = 0.0860 for 8484 independent

reflections.

Supplementary data.'H NMR, **C NMR, HMQC, HMBC and NOESY spectra for

selected compounds. Crystallographic data of comp&8nd
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Figure S23. NOESY spectrum of compourd.
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Figure S28. HMQC spectrum of compouré.
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2. Crystallographic data for ethyl 7a,8,10,11a-tetrahydro-B-
chromeno[3",4":4,5]pyrrolo[1,2¢]thiazole-7-carboxylate (23)

A crystal of compoun@3 was selected, covered with polyfluoroether oil, and mounted
on a nylon loop. Crystallographic data for this compound was collected at the IST using
graphite monochromated MoeKradiation §£=0.71073A) on a Bruker AXS-KAPPA
APEX 1l diffractometer equipped with an Oxford Cryosystem open-flow nitrogen
cryostat, at 150 K. Cell parameters were retrieved using Bruker SMART software and
refined using Bruker SAINT on all observed reflections. Absorption corrections were
applied using SADABS .Structure solution and refinement were performed using direct
methods with the program SIR2G0#cluded in the package of programs WINGX-
Version 1.80.05 and SHELXL? All hydrogen atoms were inserted in idealised
positions and allowed to refine riding on the parent carbon atom, with C—H distances of
0.95A, 0.98 A, 0.99 A and 1.0 A for aromatic, methyl, methylene and methine H atoms,
respectively, and witlJiso(H) = 1.2J¢(C). The figure of the molecular structure was
generated using ORTEP-AI.

Figure S31.0RTEP-3 diagram of compoura3, using 50% probability level ellipsoids.
For clarity reasons, only one of the molecules present in the asymmetric unit is shown.
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Table S1.Crystal data and structure refinement for compdfd

Empirical formula Cl16 H17NO3S

Formula weight 303.37

Temperature 150(2) K

Wavelength 0.71073 A

Crystal system Orthorhombic

Space group Pcaz

Unit cell dimensions a = 23.4004(6) A o= 90°.
b =6.9636(2) A B=90°.
c=17.3619(4) A y=90°.

Volume 2829.14(13) A

z 8

Density (calculated) 1.424 Mg/

Absorption coefficient 0.239 mnt

F(000) 1280

Crystal size 0.50 x 0.40 x 0.20 min

Theta range for data collection 2.10to 30.34°.

Index ranges -32<=h<=33, -9<=k<=9, -24<=|<=24

Reflections collected 32535

Independent reflections 8484 [R(int) = 0.0472]

Completeness to theta = 30.34° 99.9 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.9538 and 0.8900

Refinement method Full-matrix least-squares orf F

Data / restraints / parameters 8484 /1/381

Goodness-of-fit onF 1.043

Final R indices [I>2sigma(l)] R1 =0.0366, wR2 = 0.0860

R indices (all data) R1 =0.0444, wR2 = 0.0892

Absolute structure parameter 0.04(4)

Largest diff. peak and hole 0.315 and -0.235 e:A
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Table S2.Atomic coordinates ( x fpand equivalent isotropic displacement parameters
(A% 10°) for 23. U(eq) is defined as one third of the trace of the orthogonaliﬂed U
tensor.

X y z U(eq)
S(9) 848(1) -6856(1) 5178(1) 22(1)
S(25) 1746(1) 2249(1) 3036(1) 23(1)
o(5) -462(1) -17(2) 5961(1) 20(1)
0(13) 1297(1) 145(2) 6784(1) 26(1)
0(14) 1944(1) -668(2) 5875(1) 18(1)
0(21) 3010(1) -4624(2) 2232(1) 21(1)
0(29) 1262(1) -4486(2) 1398(1) 23(1)
0(30) 608(1) -3566(2) 2277(2) 18(1)
N(11) 643(1) -3378(2) 4640(1) 14(1)
N(27) 1939(1) -1225(2) 3588(1) 14(1)
C(10) 588(1) -5340(2) 4388(1) 18(1)
C(8) 1419(1) -5150(2) 5328(1) 20(1)
C(7A) 1186(1) -3139(2) 5078(1) 14(1)
C(7) 1019(1) -1846(2) 5735(1) 14(1)
C(6A) 452(1) -1637(2) 5772(2) 13(2)
C(6) 100(1) -358(2) 6277(1) 15(1)
C(4A) -481(1) 178(2) 5164(1) 17(1)
C@4) -814(1) 1618(3) 4851(1) 21(1)
C(3) -856(1) 1759(3) 4051(1) 21(1)
C(2) -559(1) 486(3) 3580(1) 21(1)
C(1) -219(2) -932(2) 3904(1) 17(1)
C(11B) -183(1) -1112(2) 4698(1) 14(1)
C(11A) 168(1) -2632(2) 5110(2) 13(2)
C(12) 1421(1) -719(2) 6202(1) 17(1)
C(15) 2350(1) 668(3) 6219(1) 22(1)
C(16) 2917(1) 371(3) 5829(1) 26(1)
C(26) 2014(1) 746(2) 3826(1) 19(1)
C(24) 1159(1) 588(2) 2938(1) 21(1)
C(23A) 1391(2) -1424(2) 3157(1) 14(1)
C(23) 1552(1) -2659(2) 2482(1) 13(1)
C(22A) 2113(2) -2940(2) 2441(1) 14(1)
C(22) 2452(1) -4211(2) 1924(1) 16(1)
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C(20A)
C(20)
C(19)
C(18)
C(17)
C(27B)
C(27A)
C(28)
C(31)
C(32)

3029(1)
3352(1)
3398(1)
3113(1)
2781(1)
2742(1)
2408(1)
1140(1)

183(1)
-360(1)

-4896(2)
-6389(3)
-6598(2)
-5343(3)
-3867(2)
-3611(2)
-2025(2)
-3644(2)
-4648(3)
-4640(3)

3024(1)
3312(1)
4108(1)
4599(1)
4299(1)
3506(1)
3119(1)
1985(1)
1853(1)
2312(1)

17(1)
20(1)
22(1)
21(1)
17(1)
14(1)
14(1)
16(1)
22(1)
29(1)

Table S3.Bond lengths [A] and angles [°] f@s.

S(9)-C(8)
S(9)-C(10)
S(25)-C(24)
S(25)-C(26)
0(5)-C(4A)
0(5)-C(6)
0(13)-C(12)
0(14)-C(12)
0(14)-C(15)
0(21)-C(20A)
0(21)-C(22)
0(29)-C(28)
0(30)-C(28)
0(30)-C(31)
N(11)-C(10)
N(11)-C(11A)
N(11)-C(7A)
N(27)-C(26)
N(27)-C(27A)
N(27)-C(23A)
C(10)-H(10A)
C(10)-H(10B)
C(8)-C(7A)

1.8057(17)
1.8355(17)
1.8037(17)
1.8359(18)
1.392(2)
1.4443(19)
1.210(2)
1.3493(19)
1.4576(19)
1.389(2)
1.4398(19)
1.2098(19)
1.3454(19)
1.4481(19)
1.441(2)
1.4728(19)
1.4889(19)
1.444(2)
1.4740(19)
1.4904(19)
0.9900
0.9900
1.564(2)
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C(8)-H(8A)
C(8)-H(8B)
C(7A)-C(7)
C(7A)-H(7A)
C(7)-C(6A)
C(7)-C(12)
C(6A)-C(6)
C(6A)-C(11A)
C(6)-H(6A)
C(6)-H(6B)
C(4A)-C(4)
C(4A)-C(11B)
C(4)-C(3)
C(4)-H(4)
C(3)-C(2)
C(3)-H@A)
C(2)-C(1)
C(2)-H(2)
C(1)-C(11B)
C(1)-H(A)

C(11B)-C(11A)
C(11A)-H(11A)

C(15)-C(16)

C(15)-H(15A)
C(15)-H(15B)
C(16)-H(16A)
C(16)-H(16B)
C(16)-H(16C)
C(26)-H(26A)
C(26)-H(26B)
C(24)-C(23A)
C(24)-H(24A)
C(24)-H(24B)
C(23A)-C(23)

C(23A)-H(23A)

C(23)-C(22A)
C(23)-C(28)
C(22A)-C(22)

0.9900
0.9900
1.504(2)
1.0000
1.337(2)
1.469(2)
1.497(2)
1.497(2)
0.9900
0.9900
1.381(2)
1.394(2)
1.395(2)
0.9500
1.392(2)
0.9500
1.388(2)
0.9500
1.386(2)
0.9500
1.520(2)
1.0000
1.504(3)
0.9900
0.9900
0.9800
0.9800
0.9800
0.9900
0.9900
1.550(2)
0.9900
0.9900
1.502(2)
1.0000
1.329(2)
1.465(2)
1.489(2)
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C(22A)-C(27A)
C(22)-H(22A)
C(22)-H(22B)
C(20A)-C(20)
C(20A)-C(27B)
C(20)-C(19)
C(20)-H(20)
C(19)-C(18)
C(19)-H(19)
C(18)-C(17)
C(18)-H(18)
C(17)-C(27B)
C(17)-H(17)
C(27B)-C(27A)
C(27A)-H(27A)
C(31)-C(32)
C(31)-H(31A)
C(31)-H(31B)
C(32)-H(32A)
C(32)-H(32B)
C(32)-H(32C)

C(8)-S(9)-C(10)
C(24)-S(25)-C(26)
C(4A)-O(5)-C(6)
C(12)-O(14)-C(15)
C(20A)-0(21)-C(22)
C(28)-0(30)-C(31)
C(10)-N(11)-C(11A)
C(10)-N(11)-C(7A)
C(11A)-N(11)-C(7A)
C(26)-N(27)-C(27A)
C(26)-N(27)-C(23A)
C(27A)-N(27)-C(23A)
N(11)-C(10)-S(9)
N(11)-C(10)-H(10A)
S(9)-C(10)-H(10A)
N(11)-C(10)-H(10B)

1.507(2)
0.9900
0.9900
1.380(2)
1.398(2)
1.395(2)
0.9500
1.391(3)
0.9500
1.389(2)
0.9500
1.391(2)
0.9500
1.511(2)
1.0000
1.501(2)
0.9900
0.9900
0.9800
0.9800
0.9800

88.57(8)
87.99(8)
114.98(11)
115.81(13)
115.02(11)
114.92(12)
115.77(12)
109.79(12)
108.75(11)
115.29(12)
109.63(12)
109.15(11)
106.70(11)
110.4
110.4
110.4
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S(9)-C(10)-H(10B)

H(10A)-C(10)-H(10B)

C(7A)-C(8)-S(9)
C(7A)-C(8)-H(8A)
S(9)-C(8)-H(8A)
C(7A)-C(8)-H(8B)
S(9)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
N(11)-C(7A)-C(7)
N(11)-C(7A)-C(8)
C(7)-C(7A)-C(8)
N(11)-C(7A)-H(7A)
C(7)-C(7TA)-H(7A)
C(8)-C(7A)-H(7A)
C(6A)-C(7)-C(12)
C(6A)-C(7)-C(7A)
C(12)-C(7)-C(7A)
C(7)-C(6A)-C(6)
C(7)-C(6A)-C(11A)
C(6)-C(6A)-C(11A)
O(5)-C(6)-C(6A)
O(5)-C(6)-H(6A)
C(6A)-C(6)-H(6A)
O(5)-C(6)-H(6B)
C(6A)-C(6)-H(6B)
H(6A)-C(6)-H(6B)
C(4)-C(4A)-0(5)
C(4)-C(4A)-C(11B)
O(5)-C(4A)-C(11B)
C(4A)-C(4)-C(3)
C(4A)-C(4)-H(4)
C(3)-C(4)-H(4)
C(2)-C(3)-C(4)
C(2)-C(3)-HE)
C(4)-C(3)-H@®)
C(1)-C(2)-C3)
C(1)-C(2)-H()
C(3)-C(2)-H(2)

110.4
108.6
106.94(11)
110.3
110.3
110.3
110.3
108.6
103.46(12)
109.80(12)
114.63(13)
109.6
109.6
109.6
123.37(14)
111.05(13)
124.96(14)
129.75(14)
110.65(13)
118.76(13)
112.14(12)
109.2
109.2
109.2
109.2
107.9
118.69(14)
121.41(16)
119.86(14)
118.83(16)
120.6
120.6
120.34(15)
119.8
119.8
120.04(15)
120.0
120.0
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C(11B)-C(1)-C(2)
C(11B)-C(1)-H(1)
C(2)-C(1)-H(1)
C(1)-C(11B)-C(4A)
C(1)-C(11B)-C(11A)
C(4A)-C(11B)-C(11A)
N(11)-C(11A)-C(6A)
N(11)-C(11A)-C(11B)
C(6A)-C(11A)-C(11B)
N(11)-C(11A)-H(11A)
C(6A)-C(11A)-H(11A)
C(11B)-C(11A)-H(11A)
0(13)-C(12)-0(14)
0(13)-C(12)-C(7)
0(14)-C(12)-C(7)
O(14)-C(15)-C(16)
0(14)-C(15)-H(15A)
C(16)-C(15)-H(15A)
0(14)-C(15)-H(15B)
C(16)-C(15)-H(15B)
H(15A)-C(15)-H(15B)
C(15)-C(16)-H(16A)
C(15)-C(16)-H(16B)
H(16A)-C(16)-H(16B)
C(15)-C(16)-H(16C)
H(16A)-C(16)-H(16C)
H(16B)-C(16)-H(16C)
N(27)-C(26)-S(25)
N(27)-C(26)-H(26A)
S(25)-C(26)-H(26A)
N(27)-C(26)-H(26B)
S(25)-C(26)-H(26B)
H(26A)-C(26)-H(26B)
C(23A)-C(24)-S(25)
C(23A)-C(24)-H(24A)
S(25)-C(24)-H(24A)
C(23A)-C(24)-H(24B)
S(25)-C(24)-H(24B)

120.11(15)
119.9

119.9
119.24(14)
124.23(14)
116.53(13)
104.69(11)
113.23(12)
106.19(12)
110.8
110.8
110.8
123.76(15)
124.94(15)
111.19(13)
107.63(14)
110.2
110.2
110.2
110.2
108.5
109.5
109.5
109.5
109.5
109.5
109.5
106.65(11)
110.4
110.4
110.4
110.4
108.6
106.80(11)
110.4
110.4
110.4
110.4
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H(24A)-C(24)-H(24B)
N(27)-C(23A)-C(23)
N(27)-C(23A)-C(24)
C(23)-C(23A)-C(24)
N(27)-C(23A)-H(23A)
C(23)-C(23A)-H(23A)
C(24)-C(23A)-H(23A)
C(22A)-C(23)-C(28)
C(22A)-C(23)-C(23A)
C(28)-C(23)-C(23A)
C(23)-C(22A)-C(22)
C(23)-C(22A)-C(27A)
C(22)-C(22A)-C(27A)
0(21)-C(22)-C(22A)
0(21)-C(22)-H(22A)
C(22A)-C(22)-H(22A)
0(21)-C(22)-H(22B)
C(22A)-C(22)-H(22B)
H(22A)-C(22)-H(22B)
C(20)-C(20A)-0(21)
C(20)-C(20A)-C(27B)
0(21)-C(20A)-C(27B)
C(20A)-C(20)-C(19)
C(20A)-C(20)-H(20)
C(19)-C(20)-H(20)
C(18)-C(19)-C(20)
C(18)-C(19)-H(19)
C(20)-C(19)-H(19)
C(17)-C(18)-C(19)
C(17)-C(18)-H(18)
C(19)-C(18)-H(18)
C(18)-C(17)-C(27B)
C(18)-C(17)-H(17)
C(27B)-C(17)-H(17)
C(17)-C(27B)-C(20A)
C(17)-C(27B)-C(27A)
C(20A)-C(27B)-C(27A)
N(27)-C(27A)-C(22A)

108.6
103.27(11)
109.94(12)
114.44(13)
109.7
109.7
109.7
123.33(14)
111.93(13)
124.29(13)
130.29(14)
110.34(13)
118.57(13)
112.27(13)
109.2
109.2
109.2
109.2
107.9
118.61(14)
121.90(16)
119.43(14)
118.69(16)
120.7
120.7
120.32(16)
119.8
119.8
120.27(16)
119.9
119.9
120.12(15)
119.9
119.9
118.67(14)
124.60(14)
116.73(14)
104.52(12)
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N(27)-C(27A)-C(27B)
C(22A)-C(27A)-C(27B)
N(27)-C(27A)-H(27A)
C(22A)-C(27A)-H(27A)
C(27B)-C(27A)-H(27A)
0(29)-C(28)-0(30)
0(29)-C(28)-C(23)
0(30)-C(28)-C(23)
0(30)-C(31)-C(32)
0(30)-C(31)-H(31A)
C(32)-C(31)-H(31A)
0(30)-C(31)-H(31B)
C(32)-C(31)-H(31B)
H(31A)-C(31)-H(31B)
C(31)-C(32)-H(32A)
C(31)-C(32)-H(32B)
H(32A)-C(32)-H(32B)
C(31)-C(32)-H(32C)
H(32A)-C(32)-H(32C)
H(32B)-C(32)-H(32C)

114.56(13)
105.98(12)
110.5
110.5
110.5
123.88(14)
124.52(14)
111.56(13)
108.03(14)
110.1
110.1
110.1
110.1
108.4
109.5
109.5
109.5
109.5
109.5
109.5

Symmetry transformations used to generate equivalent atoms:

Table S4. Anisotropic displacement parameters®A10°) for 23. The anisotropic
displacement factor exponent takes the form?-2%a**U* + ... + 2 h k a* b* J?]

Ull U22 USS U23 UlS U12
S(9) 24(1) 13(1) 29(1) 5(1) 5(1) 1(1)
S(25) 26(1) 14(1) 29(1) 4(1) 4(1) -1(1)
o(5) 17(1) 30(1) 14(1) 0(1) 2(1) 6(1)
0(13) 26(1) 32(1) 20(1) -9(1) -2(1) 0(1)
0(14) 16(1) 17(1) 20(1) -2(1) -3(1) -4(1)
0(21) 16(1) 30(1) 16(1) 0(1) 3(1) 5(1)
0(29) 23(1) 28(1) 16(1) -7(2) -1(1) 2(1)
0(30) 16(1) 20(1) 17(1) -5(1) -2(1) -4(1)
N(11) 16(1) 12(1) 12(1) -1(1) 0(1) 1(1)
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N(27)
C(10)
C(8)
C(7A)
C(7)
C(6A)
C(6)
C(4A)
C4)
C@3)
C(2)
c@)
C(11B)
C(11A)
C(12)
C(15)
C(16)
C(26)
C(24)
C(23A)
C(23)
C(22A)
C(22)
C(20A)
C(20)
C(19)
C(18)
c(17)
C(27B)
C(27A)
C(28)
C(31)
C(32)

13(1)
20(1)
19(1)
14(1)
18(1)
18(1)
16(1)
14(1)
15(1)
16(1)
18(1)
16(1)
11(1)
12(1)
18(1)
21(1)
22(1)
21(1)
19(1)
13(1)
16(1)
19(1)
18(1)
13(1)
14(1)
15(1)
18(1)
15(1)
11(1)
14(1)
17(1)
19(1)
22(1)

15(1)
15(1)
16(1)
14(1)
11(1)
11(1)
16(1)
21(1)
23(1)
25(1)
28(1)
21(1)
17(1)
13(1)
16(1)
19(1)
31(1)
18(1)
18(1)
16(1)
13(1)
12(1)
16(1)
21(1)
20(1)
20(1)
25(1)
20(1)
16(1)
14(1)
15(1)
23(1)
37(1)

14(1)
19(1)
24(1)
15(1)
13(1)
9(1)

14(1)
14(1)
23(1)
23(1)
16(1)
16(1)
15(1)
14(1)
16(1)
27(1)
24(1)
18(1)
25(1)
13(1)
11(1)
11(2)
14(1)
17(1)
26(1)
30(1)
19(1)
18(1)
17(1)
13(1)
14(1)
23(1)
28(1)

-2(1)

-3(1)
0(2)
0(1)
3(1)
2(1)
0(1)

-1(1)
-1(2)

6(1)
4(1)

-2(1)

1(1)
1(1)
3(1)
-1(1)
5(1)
-5(1)
-2(1)
0(1)
2(1)
2(1)
0(1)
1(1)
0(1)
6(1)
4(2)
-1(1)
2(1)
0(1)
2(1)
-8(1)
7(1)

2(1)
-1(1)
-2(1)
0(1)
1(1)

-1(1)

0(1)
0(1)
2(1)
-1(1)
-1(1)
0(2)
-1(1)
2(1)
-3(1)

-10(1)

-3(1)
0(1)
0(1)
2(1)
1(1)
1(1)
1(1)
2(1)
1(1)
-4(1)
-4(1)
0(1)
-2(1)
1(2)
-1(1)
-5(1)
-2(1)

-2(1)
-1(1)

3(1)

-1(1)
-1(1)
-1(1)

1(1)
0(1)
4(1)
3(1)
0(1)

-1(1)
-1(1)
-1(1)

1(1)
-4(1)

-7(1)
-1(1)

3(1)

-3(1)
-2(1)
-2(1)

3(1)

-1(1)

1(1)

-1(1)
-5(1)
-3(1)
-3(1)
-1(1)

0(1)

-3(1)
-12(1)
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Table S5.Torsion angles [°] foR3.

C(11A)-N(11)-C(10)-S(9) -84.35(13)
C(7A)-N(11)-C(10)-S(9) 39.23(14)
C(8)-S(9)-C(10)-N(11) -40.58(11)
C(10)-S(9)-C(8)-C(7A) 29.73(11)
C(10)-N(11)-C(7A)-C(7) -139.55(13)
C(11A)-N(11)-C(7A)-C(7) -11.96(15)
C(10)-N(11)-C(7A)-C(8) -16.75(17)
C(11A)-N(11)-C(7A)-C(8) 110.84(14)
S(9)-C(8)-C(7A)-N(11) -13.32(15)
S(9)-C(8)-C(7A)-C(7) 102.62(13)
N(11)-C(7A)-C(7)-C(6A) 10.20(16)
C(8)-C(7A)-C(7)-C(6A) -109.33(15)
N(11)-C(7A)-C(7)-C(12) -161.00(14)
C(8)-C(7A)-C(7)-C(12) 79.47(18)
C(12)-C(7)-C(6A)-C(6) -2.3(2)
C(7A)-C(7)-C(6A)-C(6) -173.66(14)
C(12)-C(7)-C(6A)-C(11A) 166.87(13)
C(7A)-C(7)-C(6A)-C(11A) -4.50(17)
C(4A)-O(5)-C(6)-C(6A) -37.50(18)
C(7)-C(6A)-C(6)-O(5) 158.53(15)
C(11A)-C(6A)-C(6)-O(5) -9.89(19)
C(6)-0(5)-C(4A)-C(4) -136.76(15)
C(6)-0(5)-C(4A)-C(11B) 45.50(19)
O(5)-C(4A)-C(4)-C(3) -176.92(15)
C(11B)-C(4A)-C(4)-C(3) 0.8(2)
C(4A)-C(4)-C(3)-C(2) -1.0(3)
C(4)-C(3)-C(2)-C(1) -0.1(3)
C(3)-C(2)-C(1)-C(11B) 1.4(2)
C(2)-C(1)-C(11B)-C(4A) -1.7(2)
C(2)-C(1)-C(11B)-C(11A) 178.98(14)
C(4)-C(4A)-C(11B)-C(1) 0.6(2)
0(5)-C(4A)-C(11B)-C(1) 178.26(14)
C(4)-C(4A)-C(11B)-C(11A) 179.96(14)
O(5)-C(4A)-C(11B)-C(11A) -2.4(2)
C(10)-N(11)-C(11A)-C(6A) 133.77(13)
C(7A)-N(11)-C(11A)-C(6A) 9.65(15)
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C(10)-N(11)-C(11A)-C(11B)
C(7A)-N(11)-C(11A)-C(11B)
C(7)-C(6A)-C(11A)-N(11)
C(6)-C(6A)-C(11A)-N(11)
C(7)-C(6A)-C(11A)-C(11B)
C(6)-C(6A)-C(11A)-C(11B)
C(1)-C(11B)-C(11A)-N(11)
C(4A)-C(11B)-C(11A)-N(11)
C(1)-C(11B)-C(11A)-C(6A)
C(4A)-C(11B)-C(11A)-C(6A)
C(15)-0(14)-C(12)-0(13)
C(15)-0(14)-C(12)-C(7)
C(6A)-C(7)-C(12)-0(13)
C(7A)-C(7)-C(12)-0(13)
C(6A)-C(7)-C(12)-0(14)
C(7A)-C(7)-C(12)-0(14)
C(12)-O(14)-C(15)-C(16)
C(27A)-N(27)-C(26)-S(25)
C(23A)-N(27)-C(26)-S(25)
C(24)-S(25)-C(26)-N(27)
C(26)-S(25)-C(24)-C(23A)
C(26)-N(27)-C(23A)-C(23)
C(27A)-N(27)-C(23A)-C(23)
C(26)-N(27)-C(23A)-C(24)
C(27A)-N(27)-C(23A)-C(24)
S(25)-C(24)-C(23A)-N(27)
S(25)-C(24)-C(23A)-C(23)
N(27)-C(23A)-C(23)-C(22A)
C(24)-C(23A)-C(23)-C(22A)
N(27)-C(23A)-C(23)-C(28)
C(24)-C(23A)-C(23)-C(28)
C(28)-C(23)-C(22A)-C(22)
C(23A)-C(23)-C(22A)-C(22)
C(28)-C(23)-C(22A)-C(27A)
C(23A)-C(23)-C(22A)-C(27A)
C(20A)-0(21)-C(22)-C(22A)
C(23)-C(22A)-C(22)-0(21)
C(27A)-C(22A)-C(22)-0(21)
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-111.01(15)

124.87(13)
-3.22(16)
167.29(12)

-123.26(13)

47.25(17)
23.8(2)

-155.56(13)

138.11(15)
-41.23(17)
-6.2(2)
170.13(13)
18.9(2)

-170.98(16)
-157.42(14)

12.7(2)
174.49(14)
85.71(13)
-37.91(14)
41.37(11)
-32.34(11)
136.09(13)

8.93(15)
13.56(16)

-113.59(14)

17.04(15)
-98.61(13)
-7.76(16)
111.72(15)
164.80(13)
-75.72(18)
0.3(2)
172.96(15)

-169.09(13)

3.56(17)
38.21(18)

-159.27(15)

9.40(19)



C(22)-0(21)-C(20A)-C(20)
C(22)-0(21)-C(20A)-C(27B)
0(21)-C(20A)-C(20)-C(19)
C(27B)-C(20A)-C(20)-C(19)
C(20A)-C(20)-C(19)-C(18)
C(20)-C(19)-C(18)-C(17)
C(19)-C(18)-C(17)-C(27B)
C(18)-C(17)-C(27B)-C(20A)
C(18)-C(17)-C(27B)-C(27A)
C(20)-C(20A)-C(27B)-C(17)
0(21)-C(20A)-C(27B)-C(17)
C(20)-C(20A)-C(27B)-C(27A)
0(21)-C(20A)-C(27B)-C(27A)
C(26)-N(27)-C(27A)-C(22A)
C(23A)-N(27)-C(27A)-C(22A)
C(26)-N(27)-C(27A)-C(27B)
C(23A)-N(27)-C(27A)-C(27B)
C(23)-C(22A)-C(27A)-N(27)
C(22)-C(22A)-C(27A)-N(27)
C(23)-C(22A)-C(27A)-C(27B)
C(22)-C(22A)-C(27A)-C(27B)
C(17)-C(27B)-C(27A)-N(27)
C(20A)-C(27B)-C(27A)-N(27)
C(17)-C(27B)-C(27A)-C(22A)
C(20A)-C(27B)-C(27A)-C(22A)
C(31)-0O(30)-C(28)-0(29)
C(31)-0(30)-C(28)-C(23)
C(22A)-C(23)-C(28)-0(29)
C(23A)-C(23)-C(28)-0(29)
C(22A)-C(23)-C(28)-0(30)
C(23A)-C(23)-C(28)-0(30)
C(28)-0(30)-C(31)-C(32)

136.77(15)

-45.92(19)

176.38(14)
-0.9(2)
1.3(2)
-0.2(2)
-1.4(2)
1.8(2)

-178.24(14)

-0.6(2)

-177.86(14)

179.36(14)
2.1(2)

-131.01(13)

-7.13(15)
113.45(15)

-122.67(13)

2.25(16)

-168.56(13)

123.64(13)
-47.17(17)
-23.9(2)
156.13(13)

-138.56(15)

41.45(17)
2.6(2)

-174.94(13)

-15.8(2)
172.48(15)
161.74(14)

-10.0(2)
172.11(15)

Symmetry transformations used to generate equivalent atoms:
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