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Weak-coordination-auxiliary aminocatalysis
enables directed [3 + 2] cyclization for
2-acylindolizines¥
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The synthesis of 2-acylindolizines, possessing a readily modifiable ketone group, is of significant impor-
tance as it provides versatile precursors for the preparation of various indolizines. However, due to the
electronically less active and more sterically demanding nature of a,f-unsaturated ketones toward
iminium formation with an aminocatalyst, the efficient one-pot transformation of «,f-unsaturated ketones
for distinct 2-acylindolizines bearing sensitive groups represents a challenge for synthetic chemists.
Herein, we report a weak-coordination-auxiliary amino-catalyzed approach that enables directed [3 + 2]
cyclization of a,p-unsaturated ketones and N-heteroaryl ketones for the desired 2-acylindolizines via an
iminium ion/enamine tandem sequence. A highly broad range of commercially available a,f-unsaturated
ketones (internal, terminal, and cyclic enones) can act as coupling partners for readily accessible 2-acylin-
dolizines relative to the existing state-of-the-art methods. Control experiments and in-depth DFT calcu-
lations highlight the importance of weakly coordinated glycine’s carboxylic group in promoting the intra-
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Introduction

Indolizines are an important group of N-heterocyclic motifs
that are widely used for pharmaceutics (Scheme 1a),'
materials science® and chemical feedstocks.>” Four represen-
tative traditional strategies, including Scholtz reaction,®® the
use of pyridinium N-methylides,'®'"  Tschitschibabin
reaction'>"™ and cyclization of alkynes with heteroaromatic
feedstocks,'*® are known for the preparation of indolizines.
Efficient transformation methods that utilize readily available
substrates for the one-pot synthesis of diverse indolizines,
particularly those containing an electron-withdrawing group

“Sustainable Materials and Chemistry, Dept. Wood Technology and Wood-Based
Composites, University of Gottingen, Gottingen, Germany.

E-mail: kai.zhang@uni-goettingen.de

bInstitute of Organic and Biomolecular Chemistry, University of Géttingen,

Gottingen, Germany

“Institute of Inorganic Chemistry, University of Gottingen, Géttingen, Germany
dWéhler Research Institute for Sustainable Chemistry (WISCh), University of
Gottingen, Gottingen, Germany

‘DZHK (German Centre for Cardiovascular Research), Potsdamer StrafSe 58, 10785
Berlin, Germany

tElectronic supplementary information (ESI) available. CCDC 2115159 and
2115160. For ESI and crystallographic data in CIF or other electronic format see
DOI: https://doi.org/10.1039/d3gc03552b

fCurrent address: School of Pharmacy, University of Wisconsin-Madison,
Madison, US.

This journal is © The Royal Society of Chemistry 2024

molecular cyclization and 1,5-proton transfer processes.

at the C2 position, are in high demand.'’'8
2-Acylindolizines, with a readily modifiable ketone group at
the C-2 position, provide versatile precursors for the prepa-
ration of various indolizines. In 2012, 2-acylindolizines were
prepared via a palladium-catalyzed three component carbony-
lative cyclization/arylation cascade.'® It not only relies on the
precious metal palladium and toxic CO as the carbonyl
source, the requirement of a pivaloyl (-OPiv) group on 2-pro-
pargylpyridine restricts the substitution pattern of the
product. Wang et al. developed a cycloaddition reaction
between 1-cyanocyclopropane 1-ester and pyridine or benzo-
pyridine for synthesizing 1-cyano,2-acylindolizine.*® Although
this protocol is accessible to 2-acylindolizine with a cyano
group, multiple steps are required to pre-construct complex
1-cyanocyclopropane 1-ester substrates. Alternatively, the [3 +
2] cyclization of readily available pyridine ketone with
a,pf-unsaturated ketones provides another viable route to form
the 2-acylindolizine core. As an example, 2-acylindolizines can
be prepared via one-pot two component Baylis-Hillman reac-
tions (Scheme 1b).>"?* Their o,p-unsaturated ketones can be
activated with a Lewis-acid/Brgnsted acid. However, an
efficient catalyzed approach to a highly expanded range of
commercially available versatile internal, terminal and cyclic
enone substrates for broader scope of 2-acylindolizine with
even higher efficiency via [3 + 2] cyclization is still highly
desired.
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Scheme 1 Design of a weak-coordination-auxiliary strategy with a col-
laborative amino-catalyzed iminium ion/enamine tandem sequence for
the preparation of 1,2,3-trisubstituted indolizine-2-ketones via one-pot
reaction.

Inspired by the strategies of using an iminium ion and
enamine mechanism to activate the carbonyl group with
aminocatalysts,** > our previous glucosamine-catalyzed strat-
egy via a stereoauxiliary-iminium ion/enamine tandem
sequence demonstrated the efficient preparation of a rich
library of indolizine-2-aldehydes with one-pot [3 + 2] cycliza-
tion of 2-acetylpyridine and o,f-unsaturated aldehydes
(Scheme 1c).”” As demonstrated,”” Lewis-acid mediated Baylis—
Hillman reaction (Scheme 1b)*> cannot tolerate a group of sen-
sitive functional groups (such as the hydroxyl group, N,N-
dimethyl group, heterocyclic group, cyclic enone group etc.),
but highlights the ability of the amino-catalyzed method to
gain successful access to these a,p-unsaturated aldehydes.>”
However, due to less electronic activity and more sterically
demanding nature of a,pf-unsaturated ketones toward iminium
formation with aminocatalysts,**° the glucosamine-catalyzed
strategy cannot efficiently access o,p-unsaturated ketones for
the preparation of 2-acylindolizines. We propose herewith that
a weak-coordination-auxiliary strategy involving an aminocata-
lyst would help overcome the challenges, especially the energy
barrier in the intramolecular cyclization step. With our
ongoing interest in the carboxylate assisted activation
strategy®'* and the preparation of N-heterocyclic compounds
by sustainable organic synthesis methods,”’*>?° herein, we
report for the first time glycine-catalyzed [3 + 2] cyclization of
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a,p-unsaturated ketones and N-heteroaryl ketones for various
2-acylindolizines by a weak-coordination-auxiliary strategy
(Scheme 1d).

We initiated our studies using benzalacetone (1a) and
2-acetylpyridine (2a) for the preparation of 2-acylindolizine (4)
via the aminocatalyzed [3 + 2] cyclization reaction (Table 1 and
Table S1t). In the absence of catalyst 3, only a low yield of 4
(13%) was obtained using LiBF, and propionic acid in
CF;CH,O0H solvent at 140 °C for 18 h under an Ar gas atmo-
sphere (Table 1a). To promote the reaction activity with a
higher yield of 4, diverse aminocatalysts (3a-3k) were tested
under the same conditions. The results revealed that amino
acids, e.g. glycine 3i (56%)>” and (tert-butoxycarbonyl)-i-valine
3h (57%),*® were noticeably superior to p-glucosamine 3a
(27%),® 1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-B-p-glucosamine
3b (35%),” 1,3,4,6-tetra-O-acetyl-2-amino-2-deoxy-a-p-glucos-
amine 3¢ (25%),%” (S)-diphenyl(pyrrolidin-2-yl)methanol 3d
(21%),*°  (S)-2-(diphenyl((trimethylsilylJoxy)methyl)pyrrolidine
3e (30%),*° L-proline 3f (32%),>* and (55)-(—)-5-benzyl-2,2,3-tri-
methylimidazolidin-4-one 3g (45%).>* Besides, leucine with b/
t-tert-butyl bulk steric hindrance did not obviously affect the
reaction activity, such as that of 3j (58%) and 3k (53%). Based
on the results presented in Table 1a, glycine was chosen as the
optimal aminocatalyst, given the similar catalytic activity
among these amino acid catalysts and its low price of 0.0837 £
per gram. After considerable experimentation (Table 1b and
Table S17), benzalacetone (1a, 0.2 mmol), 2-acetylpyridine (2a,
0.5 mmol), glycine (3g, 0.04 mmol), LiBF, (0.6 mmol) and pro-

Table 1 Optimization of the aminocatalyzed [3 + 2] cyclization for
2-acylindolizine®

a. Optimization of aminocatalysts

ZaN Me
Amlnocatalysl 3 (20%), LiBF4 (3.0 equiv.) A\
/\)L A=
Propionic acid (2 equiv.), CF3CH,OH o

(0.9 mL), 140 °C, 18 h, Ar Me
1a 4
OAc
/%N . O
None AcO o mph
AcO OA
13% “or NH, ¢ H ™ N OH
3a, Ac=H, 27% 3d, X=H, 21%
3b, B-anomer, 35% 3e, X=TMS, 30% 3f (32%)
3c, a-anomer, 25%
Me
O8N o 0
Me 9 o
PhquMe rBqu\N\/((O HzN\)J\OH t'B“j/U\OH l-Bu\:)J\OH
Hel: i OH NH, NH,
3g (45%) 3h (57%) 3i (56%) 3j (58%) 3k (53%)
Standard conditions
3i (20%), LiBF4 (3.0 equiv.), propionic acid (2 equiv.), CF3CH,OH (0.9 mL),140 °C, 18 h, Ar
Entry  Deviation from standard conditions Yield of 4 (%)
1 None 56
2 AcOH/CF;COOH replacing propionic acid 42/16
3 LiSO,CF3/LiCl replacing LiBF, 25/18
4 HFIP/CH;CN/toluene replacing CF;CH,OH 31/13/0

“1a (0.2 mmol), 2a (2.5 equiv.), aminocatalyst (20 mol%), LiBF, (3.0
equiv.), propionic acid (2.0 equiv.), CF3CH,OH (0.9 mL), Ar, 18 h, and
140 °C. Yields were determined by 'H-NMR analysis with CH,Br, as an
internal standard.

This journal is © The Royal Society of Chemistry 2024
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pionic acid (0.4 mmol) in CF;CH,OH solvent (0.9 mL) at
140 °C for 18 h under an Ar atmosphere were taken as optimal
conditions.

With the established optimal glycine-catalyzed conditions
in hand, we proceeded towards examining the scope with a
variety of a,p-unsaturated ketones 1 and N-heteroaryl ketones 2
under the standard conditions (Table 2). A group of internal
aromatic a,p-unsaturated ketones with electron-donating and
-withdrawing groups were compatible with the reaction, such
as 4 (54%), 5 (59%), 6 (30%), 7 (33%), 8 (57%), 9 (62%), and 10
(47%). It is worth noting that the internal aromatic
a,p-unsaturated ketone (10) with a bulk steric hindrance at the
ketone position was also tolerant to the reaction conditions.
Besides, the internal aliphatic a,f-unsaturated ketone was also
compatible with the standard conditions (11, 88%). In particu-
lar, a group of aliphatic cyclic a,f-unsaturated ketones gave
good to excellent yields (12, 43%; 13, 86%; and 14, 57%). The
ring size of cyclic enones could affect the reaction steps like
Michael addition and cyclization.” In addition to the internal
a,B-unsaturated ketones, the terminal o,f-unsaturated ketone
(pent-1-en-3-one) was also compatible with the standard con-
ditions to give the two products 15:16 (15% : 35%). Even the
terminal o,p-unsaturated ketone (oct-1-en-3-one) could afford
the corresponding product 18 (31%). The structures of 7 and
11 were determined by X-ray crystallographic analysis, and
those of the other products in Table 2 were assigned by
analogy.

The scope of the N-heteroaryl ketones was next studied
using 4-phenylbut-3-en-2-one (1a) as a model substrate
(Scheme 2b). As a result, di(pyridin-2-yl)methanone can well
tolerate the optimal conditions with substrates 4-phenylbut-3-
en-2-one, (E)-4-(4-bromophenyl)but-3-en-2-one and cyclohex-2-
en-1-one to give the corresponding products 19 (88%), 20
(84%) and 21 (70%). Also the substrate pyridin-2-yl(pyridin-4-
yl)methanone was also compatible with the conditions to yield

2 (86%). Moreover, a group of aromatic N-heteroaryl ketones
with electron-donating and -withdrawing groups were found to
give the corresponding products 23-27. Beyond the substrates
N-heteroaryl ketones, we also successfully expanded the
glycine-catalysed strategy to different substrates, such as picoli-
naldehyde (28, 19%).

Large-scale synthesis of 1-(3-(4-bromophenyl)-1-(pyridin-2-
yl)indolizin-2-yl)ethan-1-one (20) was achieved with 53% yield
under optimal conditions (Scheme 2a). Azaheterocycles are the
basic skeletons of many natural compounds and synthetic
drugs with important biological activities.?® The ability to
prepare and achieve late-stage diversification of azahetero-
cycles is highly desired.”™ A group of late-stage transform-
ations was applicable to prepare various 2-acylindolizines, in
order to expand their potential applications. As an example, 1-
(3-(4-bromophenyl)-1-( pyridin-2-yl)indolizin-2-yl )ethan-1-one
(20) was chosen as the substrate for further modifications to
synthesize distinct 2-acylindolizine derivatives (Scheme 2b).
Starting from 20, 3-(4-bromophenyl)-1-methylindolizine-2-car-
baldehyde (29) was unexpectedly synthesized with the
Ph;P'CH;Br~ reagent. 1-(3-([1,1"-Biphenyl]-4-yl)-1-( pyridin-2-yl)

This journal is © The Royal Society of Chemistry 2024
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Table 2 Aminocatalysis [3 + 2] annulation strategy for indolizine?

Glycine (20 mol%), LiBF, (3.0 equiv.) 2 A\ ,R7
RPN g Me  Propionic acid (2.0 equiv.), CF3CH,0H [\ Y\
(0.9 mL), 140 °C, 18 h, Ar o

1 4-18
Scope of the a,p-unsaturated ketones
Me OH OMe
SN Me Z R Me NN Me
= S =/ % N %
Me Me Me
4, 54% 5,59% 6, 30%
‘Br CF,
A Me
NN Ly 2 o Me ] Ph
4 BN \
\, o S/ o S O
© Me Me

w 5 A0
£ o [ ™ >—— < KN \_h 12,n=1,43%
= ~ —& s =/ "o 13,n=286%
\\/L\\/ 0o Al g v)\ 14,n=3, 57%
Me % Me
11, 88% CCDC: 2115160
[0} (e}
Y= nPe
H
Z e\ '/Ei SN =/ ZON- Z . 'npe
/ - ,—\
Y o S N N %
Me Me
15, 15% (minor) 16, 35% (major) 17, trace 18, 31%
B Ph

Glycine (20 mol%), LiBF, (3.0 equiv.)

R' Propionic acid (2.0 equiv.), CF;CH,OH
I (0.9 mL), 140 °C, 18 h, Ar

Scope of the N-heteroaryl ketones
Br

20, 84% 21,70%

24, R=Me, 38%

25, R=OMe, 32%

26, R=Br, 46%
27, R=CF3, 46%

28, 19%

23,31% R

%1 (0.2 mmol), 2 (2.5 equiv.), glycine (20 mol%), LiBF, (3.0 equiv.),
propionic acid (2.0 equiv.), CF;CH,OH (0.9 mL), Ar, 18 h, and 140 °C.
Yields were determined by 'H-NMR analysis with CH,Br, as an
internal standard.

indolizin-2-yl)ethan-1-one (30) was synthesized by the Suzuki-
Miyaura coupling reaction. Notably, 3-(5-bromo-[1,1"-biphenyl]-
2-yl)-1-(pyridin-2-yl)indolizine-2-carbaldehyde (31) was suc-
cessfully synthesized via the dehydration coupling of 20 and
benzaldehyde. Moreover, a one-pot synthesis of (6S)-6-benzoyl-
8-(4-bromophenyl)-7-hydroxy-7-methyl-6,7-dihydroindolizino

Green Chem., 2024, 26, 5253-5259 | 5255
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Scheme 2 Large-scale synthesis (a) and late-stage diversifications (b).

[1,2-a]quinolizin-5-ium bromide (32) was also realized by the
catalyst-free [5 + 1] annulation.

Amino acids such as 3h-3k showed significantly better cata-
lytic activity than 3a-3g for amino-catalyzed preparation of
2-acylindolizine by directed [3 + 2] cyclization under the stan-
dard conditions (Table 1). These higher catalytic activities of
amino acids could be derived from a weak cooperation effect
of the carboxyl group of amino acids. Therefore, to investigate
the proposed weak-coordination-auxiliary effect, a series of
aminocatalysts (31, 3m, 3i and 3n) with different moieties (e.g.
alkyl, hydroxyl, carboxyl and ester groups) at the B position
were tested under the standard conditions (Scheme 3a). As a
result, aminocatalyst 31 gave only a low yield of 4 (19%), which
showed almost the same reactivity as in the case without a
catalyst (13%). Compared with catalyst 31, catalyst 3m with a
hydroxyl group could achieve a higher yield (31%). In particu-
lar, catalyst 3i (56%) with a carboxyl group and catalyst 3n
(52%) with a ester group can obviously generate a better yield
than 31 (19%) and 3m (31%). Therefore, the carboxyl group of
glycine should have significantly promoted the efficiency of
the reaction via a weak-coordination-auxiliary strategy, which
results in a lower energy barrier in the intramolecular cycliza-
tion step (Scheme 3b and c).

To gain further insights into the details of the reaction
mechanism, the DFT calculations for Michael addition and
cyclization steps were performed at the PW6B95-D4/def2-
TZVPP+SMD(2,2,2-trifluoroethanol)/TPSS-D3(B])/def2-SVP level
of theory (Scheme 4) for three plausible pathways. Pathway A
proceeds with a syn-conformed iminium ion, whereas pathways
B and C proceed with an anti-conformed iminium ion in the
absence and presence of a weak cooperation effect of the car-

5256 | Green Chem., 2024, 26, 5253-5259
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a. Weak coordination using catalysts 3m, 3i and 3n

o] Ph
0 . . Me
/\)J\ > Me _ Cat 3(20mol%), LIBF, 30equiv) 7 "N\
+
PR Me B ‘N Propionic acid (2.0 equiv.), CFaCH,0H X\~ o)
(0.9 mL), 140 °C, 18 h, Ar Ve
1a 2a 4

Different yields of 4 from various aminocatalysts
[¢] (SRS

NH )k/NH
Ho)k/ ? MeO 2

3i, 56% 3n, 52%

— nPr _NH; HO/\/NHQ

None, 13% 31, 19% 3m, 31%

Plausible pathways

b. With weak-coordination-auxiliary
Ph Ph

H
SN\ IN O>=0 No>=o0 e
I A —— A
-H O -H o
“Me Favoured
c. Without weak-coordination-auxiliary

Ph
M
~Z "N N\
\/J\ro’l‘ Favoured N
Me
4Me
P
" Ph
+ NN + N M
Z >N ' N nPr N N nPr e
G G——— 7 [
NS -0 i =~
Me Disfavoured Me Disfavoured X o
Higher energy barrier Me
4

\

7 \
o

Me Lower energy barrier
Me

Scheme 3 Control experiments for mechanistic study.

boxyl group of amino acid, respectively. All pathways commence
with the attack of 2-acetylpyridine on the iminium ion via
Michael addition TS1 to generate the enamine intermediate
Int1. The pathways B and C were found to be more energetically
favorable than pathway A by approximately 4.1 kcal mol™" for
the transition state TS1. Unfortunately, on proceeding further,
the transition state for pathway A could not be located, which
may be due to the larger distance between the H and O (4.9 A)
in the intermediate Int2* (Fig. S4f). This provides support for
such a pathway not being involved. Calculations indicate that
pathway C is kinetically favorable over pathway B, given the neg-
ligible and extremely facile energy barriers for the C-C for-
mation and 1,5-proton transfer steps. The weak cooperation
effect of the carboxyl group of the amino acid appears to
promote the cyclization step and the formation of intermediate
Int4€. Thus, DFT calculations highlight the role of the glycine’s
carboxyl group in the reaction mechanism, strongly supporting
the outcome of control experiments (Scheme 3).

On the basis of our experimental and computational find-
ings, a plausible catalytic cycle is proposed (Scheme 5). First, a
more stable anti-conformed iminium ion C forms following
the dehydration step. The carboxyl group of glycine cooperates
with 2-acetylpyridine,** and enamine D is generated via
Michael addition. Next, E forms after the intramolecular cycli-
zation due to the lower energy barriers of C-C formation pro-
moted by the weak-coordination-auxiliary effect of the car-
boxylic group. This was strongly verified by an energy differ-
ence of 5.3 kcal mol™ between TS2¢ (12.3 kcal mol™) and
TS2® (17.6 kecal mol™) in Scheme 4. The weak-coordination-
auxiliary effect further promotes the 1,5-proton transfer to
form F. Then, intermediate I forms after the dehydration of
G and deprotonation reaction of H. Finally, product J is
generated from hydrolyzed I and the catalyst A regenerates to
enter the next catalytic cycle.

This journal is © The Royal Society of Chemistry 2024
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Scheme 4 Computed relative Gibbs free energies (AGaj3.15) in kcal mol™ for the amino-catalyzed 2-acylindolizine formation for the three con-
sidered plausible pathways. Calculations were performed at the PW6B95-D4/def2-TZVPP+SMD(2,2,2-trifluoroethanol)//TPSS-D3(BJ)/def2-SVP level
of theory. Non-relevant hydrogens in the transition state structures were omitted for clarity.
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Scheme 5 The proposed mechanism.

Process mass intensity (PMI) is a key mass-based metric to
evaluate the green credentials of reactions during process and
chemical development.”> The PMI of our current work and

This journal is © The Royal Society of Chemistry 2024

Table 3 The calculations of process mass intensity

Ref. Yield of 13  PMlIgpc, g8 " PMlgy, g8 0 PMILgg™’
21 8% 54.9 823.6 878.5
22 60% 3.6 13.2 16.8
27 22% 85.0 143.0 228.0
This work ~ 86% 15.3 36.6 51.9

representative approaches is shown comparatively using
product 13 as an example (Table 3). In addition to the highest
yield of 13 (83%) achieved in our current work, the PMIggc
(expressed as the amount of reagents, reactants and catalyst)
and PMI,, (solvent relative to the amount of isolated product)
of our current approach and the work from the Badsara
group?” are obviously lower than those in the state-of-the-art
works.?"?” 1t should be noted that PMI,,, does not take into
account any solvent consumed during purification processes
since the reference values for the comparative works are not
available.

Conclusions

We have shown how a combination of organocatalysis and the
weak-coordination-auxiliary strategy can be used to address

Green Chem., 2024, 26, 5253-5259 | 5257
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the problem of activating enones in the one-pot [3 + 2] cycliza-
tion of a,p-unsaturated ketones (internal, terminal, and cyclic
enones) and N-heteroaryl ketones for the one-pot preparation
of valuable 2-acylindolizine molecules. Glycine acts as a repre-
sentative aminocatalyst to favor the reaction through an
iminium ion/enamine tandem sequence, and it also provides a
weak-coordination-auxiliary effect from its carboxyl group to
overcome the energy barrier in intramolecular cyclization and
1,5-proton transfer processes. These were demonstrated by
control experiments and DFT calculations. This novel glycine-
catalyzed strategy with a weak-coordination-auxiliary effect is
versatile enough to enable the development of other
functionalization processes with an iminium ion/enamine
tandem sequence.

Experimental
Preparation of 2-acylindolizines

A mixture of a,f-unsaturated ketones (0.2 mmol), heteroaryl
ketones (2.5 equiv.), catalyst 3g (0.04 mmol), propionic acid
(2.0 equiv.) and LiBF, (3.0 equiv.) in CF;CH,OH (0.9 mL) was
stirred at 140 °C under an Ar atmosphere for 18 h. The reac-
tions were conducted in a sealed Schlenk tube and heated
with an IKA magnetic heating agitator with a heating block.
The reaction temperature was directly read from the tempera-
ture detector of the IKA apparatus and was calibrated with a
thermometer. After cooling to room temperature, the reaction
mixture was basified up to pH 7 using saturated Na,CO;
aqueous solution, before extracting with diether (3 x 3 mL)
and drying over anhydrous Na,SO,. After filtration and concen-
tration in a rotary evaporator, the crude product was purified
by flash chromatography on a silica gel (ethyl acetate:n-
hexane) to give the products. More experimental details and
characterization are available in the ESL.{
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