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A new methodology is described herein which converts simple and
readily accesible furan substrates into complex enantio-enriched
carbocyclic skeletons through the implementation of a simple
one-pot procedure. Singlet oxygen furan photoxygenation affords
an enedione which then participates in an organocatalysed
double-Michael reaction with an enal to furnish a cyclopentanone
structure with up to four new contiguous stereogenic centres. The
enantioselectivity and diastereoselectivity of this process are both
excellent. If desired, further aldol-annulation steps can be
appended to the cascade reaction sequence to afford key enantio-
pure hydrindane motifs.

Introduction

Sustainability in chemistry’ is a complex paradigm that is in
reality very difficult to achieve because it encompasses so
many seemingly disparate facets. From using benign® and
abundant reagents and feedstocks® to both atom-* and step-
economy’ (concepts united in “ideal” chemistry®), a host of
different reaction characteristics affect its overall measure-
ment.” In our work, we have made substantial progress
towards achieving the goal by using the traceless oxidant -
singlet oxygen, 'O,-, to orchestrate cascade sequences which
turn simple, readily accessible and relatively “flat” molecules
into complex three-dimensional target scaffolds over the
course of one synthetic operation.® During this research, we
have managed to solve a number of problems and meet
additional challenges, such as using water as a solvent,” apply-
ing the new methodologies within fragile biological molecu-
les® or scaling-up our photochemical processes.’® However,
one fundamental pillar remained that, unless incorporated
into the strategy, would limit its utility because of the homo-
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chiral world we live in: we needed to turn these racemic syn-
thetic technologies into enantioselective ones. By combining
the enantioselective bond forming power of organocatalysis,'*
which often also scores high in sustainability metrics, with
such cascades,"”” we have now achieved a big step forward
towards meeting this fundamental challenge.

Singlet oxygen reactions have been paired with organo-
catalysis in the past in single step, simple, functional
group interconversions;>™'®> more specifically, stereoselective
a-hydroxylation of ketones," aldehydes'* and 1,3-dicarbonyl
compounds.'® The only multistep procedures are still a form
of enantioselective hydroxylation, but in this case they proceed
via a Kornblum-DeLaMare rearrangement (diene — 4-hydroxy-
2-enone).'® We are targeting something different, a more
general framework building reaction cascade wherein multiple
bonds are diastereo- and enantioselectively constructed in a
single synthetic operation.

Recently, we achieved the syntheses of a number of fused
N-containing [5,5]-bicycles’® via organocatalysed reactions of
4-pyrrolin-2-ones,"”” but we now wanted to target some all-
carbon skeletons with greater ubiquity and value, namely,
enantiopure cyclopentanones, as well as important fused
bicyclic congeners, and we hoped to do this by commandeer-
ing the enedione (of type 1i, Scheme 1) produced upon photo-
oxygenation of furan substrates. Enediones should be extre-
mely versatile due to their multisite and multi-type reactivity;
features that lend themselves to their participation in domino
reactions and/or complexity building sequences.®*'” However,
they have not been used as frequently as one might expect,'®
given these desirable characteristics because of two intrinsi-
cally linked properties of theirs: firstly, there are few general
syntheses of these intermediates,® and, secondly, they are rela-
tively unstable, which makes their storage and handling more
complicated than it would otherwise be. In addition, tunability
- the ability to control the site and type of reaction - has not
yet been broadly achieved." In contrast, 4-oxo-alkyl-2-enoates
(keto-ene-ester/acid) and amido-ene-keto/ester/acid have been
widely studied due to their enhanced stability and more pre-
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Scheme 1 Proposed synthetic strategy for enantioselective access to
cyclopentanones and hydrindane scaffolds.

dictable reactivity patterns.>>' We knew that we could make a

wide variety of enediones in situ through mild furan photoxy-
genation protocols® (1 — 1i, Scheme 1), thus, overcoming the
problems described earlier. Crucially, furans, with a full range
of substitution patterns, are readily accessible®® (including
from biomass®). So we hoped that we could now build into our
singlet-oxygen initiated cascade reaction sequences sub-
sequent organo-catalysed double-Michael reactions (1i + 2 —
3, Scheme 1) that would furnish the desired cyclopentanones;
regioselectively, diastereoselectively and enantioselectively. The
efficient and stereoselective synthesis of cyclopentanes and
cyclopentanones continues to be a very important challenge.*
If this initial target, creating up to four new contiguous stereo-
centers controllably, was successfully attained, we then hoped
to extend the sequence to encompass an aldol-annulation
(3 — 4, reminiscent of the Hajos-Parrish-Eder-Sauer-
Wiechert reaction®®), thus, also giving us stereoselective access
to key hydrindane motifs>*>* (4, Scheme 1). Hydrindanes are
core units of a large number of structurally diverse natural
product targets.

Results and discussion

We chose to start our investigation using the commercially
available Jergensen-Hayashi catalyst®® which had already
proved so successful in many iminium catalysis scenarios
(including hydrindane synthesis®). cis-Enedione 1ai was syn-
thesised from furan 1a using the standard photoxygenation
protocol that we had developed previously;**™ we then tested
its reaction with enal 2a under a range of conditions
(Scheme 2). With regard to solvents, protic solvents proved to
be the most efficient. Moreover, we were gratified to find that
the “green” EtOH : H,O mixture proved to be the best system
tested (EtOH being a green solvent with attractive properties).
The enantiomeric and diastereomeric excesses obtained in
these initial experiments were impressive. Furthermore, it was
revealed that both geometrical isomers 1ai and 1aii gave the
same product. When pure enedione 1ai was subjected to the
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Scheme 2 A) Singlet oxygen triggered transformation of 1a into the
enediones 1lai and 1aii. (B) Optimization of the organocatalytic con-
ditions. “Determined by 'H-NMR of the crude reaction mixture.
b Determined by chiral HPLC analysis after reduction of the aldehyde
group of 3a (isolated) using NaBHj,. € Yields of isolated 3a. (C) One-pot
transformation of furan 1la to enantio-enriched 3a. All reactions were
performed on a 0.1 mmol scale.

organocatalyst (20 mol%) in EtOH:H,O (9:1), after
30 minutes complete isomerisation (cis — trans) had occurred.
Exactly the same isomerisation was observed under the reac-
tion conditions within 30 minutes. Finally, the optimized con-
ditions were applied to a one-pot protocol starting directly
from furan 1a which impressively afforded 3a in 65% overall
isolated yield (with excellent dr and ee, Scheme 2C).

These conditions were then applied to various enals
(Scheme 3). All the ee values were measured using chiral HPLC
analysis after reduction of the aldehyde group using NaBH,
(see the ESIf for full details). It can be seen that the dr and ee
values were consistently extremely high and that isolated
yields were excellent (59-65% for the one-pot processes and
79-95% for the stepwise variant) given the degree to which the
complexity was enhanced through this one-pot process.
Finally, the use of aliphatic enal 2-hexenal led to a messy reac-
tion mixture containing a small amount of the desired
cyclopentanone.

We next turned our attention to extending the reaction
sequence by adding an aldol-annulation step. To this end, iso-
lated cyclopentanones 3a, 3¢, and 3e were heated (70 °C) in
DCE with PTSA (0.7 equiv.) for 8 hours (Scheme 4A). These
conditions gave the desired fused products 4a, 4c and 4e with

This journal is © The Royal Society of Chemistry 2020
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3b: Ar = 4-MeO-CgH,4  >20/1 98 60 (84)
3c:Ar=4ClCqHs  >20/1 >99 59 (79)
3d:Ar=4-EtCgH,  >20/1 599 62(88)
3e: Ar=2-MeO-CgH,  >20/1 >99 63 (95)
3f: Ar = 2-F-CgHy >20/1 >99 65 (90)

Scheme 3 One-pot synthesis of optically pure cyclopentanones of
type 3 from furan 1a. All reactions were performed on a 0.1 mmol scale.
2 Determined by *H-NMR of the crude reaction mixture. ” Determined by
chiral HPLC analysis after reduction of the aldehyde group of the iso-
lated 3 using NaBH,. € Yields of isolated products 3. In parentheses are
the isolated yields of products 3 when the reaction started from pure
1ai.
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Ar
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4e: 55%
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4¢: 53%, Cl
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Scheme 4 A) Synthesis of hydrindanes 4 starting from cyclopenta-
nones 3. (B) One-pot synthesis of hydrindanes 4 starting from furan 1a.
All the reactions were performed on a 0.1 mmol scale. The yields refer
to isolated compounds. The dr values were measured by *H-NMR of the
crude reaction mixture. The ee values were determined by chiral HPLC
analysis.

excellent yields, dr and ee (80-84, >20/1 and >99%, respect-
ively). cis-Hydrindanes 4a, 4c and 4e were formed despite the
starting aldehydes having a trans relationship at the corres-
ponding centres (easily explained by the epimerisability of the
centre next to the ketone when heated in the presence of an
acid). This reaction was then successfully transferred into the
one-pot protocol (1a — 4a, 4c, 4e; Scheme 4B). When the final
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aldol/dehydration step is included in our one-pot sequences,
without isolation and purification of the intermediates, we
observed that isolated yields of the final products were a bit
better when methylene blue was used instead of rose Bengal.
For this reason, we decided to use methylene blue in these
one-pot protocols.

In the next part of our study, unsymmetrical furans were
investigated. In this case, while stereoselectivity remained
paramount, good regioselectivity in the organo-catalysed step
also needed to be attained. Enedione 1bi was prepared and
shown to exhibit identical behaviour to enedione 1ai in terms
of its cis — trans isomerisation (in EtOH:H,O 9:1, complete
in 30 min) catalysed by the organocatalyst (20 mol%,
Scheme 5). The previously optimised protocol (shown in
Schemes 2 and 3) was, therefore, applied to furan 1b with
notable results (entry 1 of the table shown in Scheme 5). The
major product was 5a (5a/5a’ = 3/1, yield 52%, for isolated 5a)
wherein the position o to a ketone that was more substituted
(1bii, the position shown in red, Scheme 5) had reacted prefer-
entially over the less substituted one (1bii, shown in orange,
Scheme 5). Moreover, we managed to improve the regio-
selectivity by further promoting the formation of the product
that comes from the thermodynamic enolate (increasing the

@ O = nucleophilic centers
Q © = electrophilic centers
nCsH11 oot (20%) 0
o o EtOH/H,0 9/1, 30 min \o)kcy”CSH“
80% o
—_—
S -
Me o 1bii
1bi
(0]
0,, RB, hv; )k
Me,S, MeOH nCeH i, o
71% 3 13\(
o] 2
nCsHqs [one-pot] s \ Ph
a
1) O,, RB, hv; Me,S, MeOH o

PN

o)
o] 2) cat (20%) 0]

a
Me EtOH/H,0 (9:1), temperature

24 h
1b
equiv. temp  conv » yield of
of2a  (°C) of 1bii? 5a/5a® / 5a°
15 rt 90 31 52 5a: dr=1.2/1%

15 50 >99 6/1 60
1 50 98 7" 64
1.0 50 98 91 70

0]
fo) PTSA (0.7 equiv.)
o
dr=13/1 nCsHqq DEE, 70 e
99% ee / 80%
6a Ph

Scheme 5 Studies on the stereoselective & regioselective one-pot
transformation of 1b into cyclopentanones 5a and 5a’ and subsequent
conversion to the carbocycle 6a. “ Conversion refers to the transform-
ation of intermediate 1bii to 5a and 5a’ and was determined by *H-NMR
of the crude reaction mixture. ® Determined by *H-NMR of the crude
reaction mixture. “Isolated yields of the inseparable diastereomers of
product 5a from furan 1b.
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temperature and decreasing the equivalence of enal 2a
employed, entries 2-4 in the table within Scheme 5). In this
way a ratio of 9/1 could be obtained for 5a/5a’ and the product
5a could be formed as a 1.2/1 mixture of inseparable diastereo-
isomers (isolated yield of 70% from 1b). In a further mechanis-
tic clarification, the minor isomer 5a’ was isolated, dissolved
in EtOH/H,0 (9/1, 0.1 M) and an organocatalyst (20 mol%)
was added. The resulting solution was heated to 50 °C and
stirred for 24 h. No formation of isomer 5a was seen, confirm-
ing that the cyclisation is not reversible.

Interestingly, the cyclisation reaction of 5a led exclusively to
cis-fused 6a with a high distereomeric ratio and excellent enan-
tiomeric excess (dr: 13/1, ee: 99%, and isolated yield: 80%). In
this case, two epimerisations had occurred (both sides of the
ketone, red and green positions 5a, Scheme 5). The optimised
individual steps were then combined in one-pot reaction
sequences beginning from a variety of disubstituted furans
and employing a variety of enals (1 + 2 — 6, Scheme 6). The
results, presented in Scheme 6, show that all the reactions
afforded the desired products bearing 4 new stereogenic
centres in good yields and with high dr and ee values.

In the final stage of the investigation, and to ensure that
the new method could be applied to a wider range of synthetic
challenges, we transposed the process into a continuous flow
photoreactor®® to facilitate larger scale synthesis of these com-
pounds. The photoreactor we used is our prototype'® based on
the principle of irradiating nebulised mixtures. Use of the
nebula overcomes issues of poor light penetration (rapid light
attenuation, Bouger-Lambert-Beer law) and maximising gas-

R2 [one pot]
1) Oy, MB, hv; Et3N, Me,S, MeOH (e]
- o R2
NN
= 2) cat (20%), AR R /
2a-2c (1.0 equiv.) ;Ar
R'  EtOH/H,0 (9:1), 50 °C 6
1 3) PTSA (0.7 equiv.), DCE, 70 °C
0] [¢]
(0] fo) /
nCsHq4

6a: 63% Ph 0 6b: 65% Ph

dr=13/1 o dr=13/1

99% ee Me 99% ee

Me :
o 6c: 50% Ph
dr=13/1
96% ee

6d: 45% Ge: 42%

d]—=1()/1o Q dr=13/1

99% ee 99% ee

Cl OMe

Scheme 6 One-pot synthesis of enantio-enriched carbocycles of type
6 from disubstituted furans of type 1. All the reactions were performed
on a 0.1 mmol scale. The yields refer to the isolated compounds. The dr
values were measured by *H-NMR of the crude reaction mixture. The ee
values were determined by chiral HPLC analysis.
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4e: Ar = 2-MeO-CgHy, 52%
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1ai: R=H 0
1bi: R=nCsH44 o

from 1bi divided in
two parts
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nCsH14
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6a: Ar = Ph, 55%
dr=13/1, 99% ee
6d: Ar = 4-Cl-CgHy4, 49%
dr=13/1, 99% ee

Scheme 7 Use of a prototype photoreactor to achieve larger scale
reaction sequences.

liquid interfaces for these biphasic reactions which have hin-
dered the development of photochemical continuous flow
reactor technologies. A series of test reactions were run in this
system starting from either furan 1a or 1b (Scheme 7). In each
case, after the photoxygenation step in the photoreactor (con-
100% and productivity = 0.35 mmol min™"), the
oxidation products were collected in two flasks precharged
with methanol and dimethylsulfide to achieve immediate
reduction of the intermediate hydroperoxides to the enediones
1ai and 1bi. The solutions were divided and treated under
different conditions (adapted from those described in
Schemes 3, 4 and 6) to afford a range of products on a larger
scale (1ai — 3a, 3c or 4e and 1bi — 6a or 6d) with the expected
(high) selectivities.

version =

Conclusions

Herein, we have presented a general, flexible and highly
effective method for the regio-, diastereo- and enantioselective
synthesis of important carbocycles, namely, enantiopure cyclo-
pentanones and their hydrindane congeners. The protocols

This journal is © The Royal Society of Chemistry 2020
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developed are all one-pot protocols which involve the use of
relatively “flat” furan substrates and controllably transform
them into three-dimensionally complex scaffolds with very
high levels of stereochemical purity. The method exploits the
ready accessibility of furans, variously substituted at will, as
well as, their highly sustainable photoxygenation which
affords a full range of reactive enedione intermediates ready
for further reaction. The newly developed technology has also
been successfully scaled-up using a prototype continuous flow
photoreactor to further enhance the broad synthetic utility of
this chemistry.
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