DOCTORAL THESIS

Asymmetric
Organocatalytic Reactions of
Cyclopentane-1,2-dione

Estelle Silm

TALLINNA TEHNIKAULIKOOL
TALLINN UNIVERSITY OF TECHNOLOGY
TALLINN 2022



TALLINN UNIVERSITY OF TECHNOLOGY
DOCTORAL THESIS
23/2022

Asymmetric Organocatalytic Reactions of
Cyclopentane-1,2-dione

ESTELLE SILM



TALLINN UNIVERSITY OF TECHNOLOGY

School of Science

Department of Chemistry and Biotechnology
This dissertation was accepted for the defence of the degree of Doctor of Philosophy in

Chemistry 04/05/2022

Supervisor:

Opponents:

Professor Tonis Kanger

School of Science

Tallinn University of Technology
Tallinn, Estonia

Professor Andrei Malkov
School of Science

Department of Chemistry
Loughborough University
Leicestershire, United Kingdom

Assoc. Professor Uno Mdeorg
Faculty of Science and Technology
Institute of Chemistry

University of Tartu

Tartu, Estonia

Defence of the thesis: 13/06/2022, Tallinn

Declaration:

Hereby | declare that this doctoral thesis, my original investigation and achievement,
submitted for the doctoral degree at Tallinn University of Technology has not been submitted
for any other doctoral or equivalent academic degree.

Estelle Silm

European Union Investing
European Regional in your future

Development Fund

signature

Copyright: Estelle Silm, 2022

ISSN 2585-6898 (publication)

ISBN 978-9949-83-825-7 (publication)
ISSN 2585-6901 (PDF)

ISBN 978-9949-83-826-4 (PDF)
Printed by Koopia Niini & Rauam



TALLINNA TEHNIKAULIKOOL
DOKTORITOO
23/2022

Tsuklopentaan-1,2-diooni asiimmeetrilised
organokataliitilised reaktsioonid

ESTELLE SILM






Contents

List Of PUBIICAtIONS ...veieiiieee e et e e s s e e 6
Author’s contribution to the publications ..........cceeeeiiii e s 7
[[a oo [T o1d o o P PP PUPPPUPON 8
FA o] o] Y = o] o OO OO PP PPTUPPROPPRPRRIOt 9
1 LItEratUure OVEIVIEW .....eeiiiiiiiieiietee ettt e e e e e st e e e e e s e sabbe e e e e e s e s anbaraeeeens 10
1.1 OrganoCatalySis .....cueeruieiieeiiieiieeee ettt 10
1.2.2 AMINOCALAIYSIS weeereeiiieiiieeite ettt et 11
1.1.2 H-bonding CatalySis ....ccoueeriiiiiieiierieet ettt 12
1.2 Asymmetric Michael addition .........cc.eeeiiiieiciiii e 14
1.2.1 Asymmetric aminocatalytic Michael addition...........ccceeeeiiiiiiiiee e, 15
1.2.2 H-bond catalysed asymmetric Michael addition..........cccccoveeiciieeeiciie e, 18
1.2.3 Asymmetric Michael addition in cascade reactions.........cccceeeeveeeeiciieeeccieee e, 20
1.3 CyClic dIKETONES ..ottt sttt s 21
1.3.1 Reactions of cyclohexane-1,3-dioNes........ccceeriierieiniienieenie e 21
1.3.2 Reactions of cyclopentane-1,3-diones ........cccoeuierieiniienieeniienieeee e 24
1.3.3 Reactions of cyclohexane-1,2-diones........cccceeveierieiniienieenieeieeee e 25
1.3.4 Reactions of cyclopentane-1,2-dioNes.......cceceecvieeeiiieeeeiiee et eeae e siaee e 27
2 Aims Of the Present WOrK.......cooii i 29
3 ReSUILS aNd diSCUSSION .. ..eeiiiiiiieeiiiiie ettt ettt s bttt e e st e e e e ateeesaneeas 30
3.1 Synthesis of cyclopentane-1,2-dionNe 56 .........cc.ceeeeuieeeiiiiieeeiieie et eeree e e 30
3.2 Reactions of CPD with substituted a,B-unsaturated aldehydes (Publication I) ........ 30
3.3 Reactions of CPD with alkylidene malononitriles (Publication Il and unpublished

FESUIES) 1ottt e e et e e et e e e eaae e e e et e e eetaeeeeetaeeeeetreeeeaaneeeaaraeeans 34
3.3.1 Synthesis of 1,4-dihydropyridines 90 from enamines (unpublished results)......... 37
3.3.2 Synthesis of 1,4-dihydropyridines 92 (unpublished results) ..........cccceevvercvieeiieenns 38
3.4 Reactions of CPD with alkylidene oxindoles (Publication 1) ........ccccccccvveeeeinieeennneen. 39
4 CONCIUSIONS ..ttt ettt ettt et e st e st e e s st e e st e e sabeesabeesaseesareesaneess 45
R o113 = o - | U PPRRNt 46
REFEIENCES oottt ettt e sttt e e sttt e e s sabt e e s sasteeesbbaeeeas 50
FAN o1 o = Yot OO T PP TOTPRPPOP 55
LURTKOKKUVOTE ....eeeiiiiei ettt sttt et e e s bbe e e st e e s easteeessbaeeens 56
Y T 0 1=T T [ SRS 57
PN o] 01T s e | AP URURN 67
YT 0 1=T o T [ 7SS 77
CUITICUIUM VLA .eteeiiiie ettt ettt e e st e e s bt e e e sabbeeesabaeesnanaeas 87
10T o (1 5 =] Lo L¥ PSS 89



List of publications

The list of author’s publications, on the basis of which the thesis has been prepared:

Preegel, G.; Silm, E.; Kaabel, S.; Jarving, I.; Rissanen, K.; Lopp, M. Asymmetric
Organocatalytic Michael Addition-Cyclization Cascade of Cyclopentane-1,2-dione
with Substituted a,B-Unsaturated Aldehydes. Synthesis 2017, 49, 3118-3125.

Silm, E.; Kaabel, S.; Jarving, I.; Kanger, T. Asymmetric Organocatalytic Michael
Addition-Cyclisation Cascade of Cyclopentane-1,2-dione with Alkylidene
Malononitriles. Synthesis 2019, 51, 4198-4204.

Silm, E.; Jarving, I.; Kanger, T. Asymmetric Organocatalytic Michael Addition of
Cyclopentane-1,2-dione to Alkylidene Oxindole. Beilstein J. Org. Chem. 2022, 18,
167-173.



Author’s contribution to the publications

Contribution to the papers in this thesis are:

The author played a significant role in the synthetic preparation and characterisation
of the compounds. The author played a minor role in the preparation of the
manuscript. The author played a significant role in the preparation of the supporting
information.

The author played a major role in the synthetic preparation and characterisation of
the compounds used in the study, and the development of the synthetic procedure.
The author wrote the manuscript and compiled the supporting information.

The author played a major role in the development of the synthetic procedure, and
prepared and characterised the compounds used in the study. The author wrote the
manuscript and compiled the supporting information.



Introduction

The ability to construct chiral molecules is a valuable skill in synthetic and medicinal
chemistry. Chirality plays a vital role in biological systems. For example, some drugs have
an enantiomer that is more active than the other or one of the enantiomers has an
unwanted effect. From the medicinal chemistry point of view, the synthesis of new
enantiomerically enriched or pure compounds is very desirable. Asymmetric
organocatalysis is one of the methods for the formation of carbon-carbon bonds in an
enantioselective manner.

Asymmetric organocatalysis has received a lot of attention in the 21% century. By using
small optically pure organic molecules as catalysts, compounds with high enantiomeric
purities can be synthesised. The reaction setup is usually uncomplicated and the catalysts
can be derived from natural compounds. The rapid development of organocatalysis
began in 2000 and has grown ever since. The pioneering chemists Benjamin List and
David MacMillan were awarded the Nobel Prize in Chemistry in 2021 for their
development of a new method for building molecules: asymmetric organocatalysis.

Among the different starting materials for synthesising complex molecules are cyclic
diketones. There are many examples with cyclic 1,3-diones and cyclohexane-1,2-dione.
However, the studies utilising cyclopentane-1,2-dione are scarce.

This doctoral thesis is focused on the asymmetric organocatalytic Michael addition
reactions of cyclopentane-1,2-dione (CPD). Considering the small number of examples in
the literature, this work increases the possibilities of using CPD as a valuable starting
material. The results demonstrate the synthetic utility of CPD (Publications I-ll). First of
all, the Michael addition/cyclisation cascade with a,B-unsaturated aldehydes was
investigated (Publication 1). Then, the addition/cyclisation cascade with alkylidene
malononitriles was studied (Publication Il). Lastly, the Michael addition of CPD to
Boc-protected alkylidene oxindoles was reported (Publication Ill). In addition to the
above-mentioned publications, the results of this work have been presented at
international conferences in Estonia, Italy and Portugal.
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1 Literature overview

1.1 Organocatalysis

Besides enzymatic catalysis?and transition-metal catalysis?, organocatalysis* is considered
the third principal method in asymmetric catalysis. Since its modern emergence,
organocatalysis has grown immensely and in 2021 List and MacMillan received the Nobel
Prize in Chemistry® for “the development of asymmetric organocatalysis”. In 2000, they
published their findings at the same time independently from each other. Benjamin List®
showed in his publication that small organic molecules (i.e. proline) could catalyse
reactions via enamine mechanism that previously mainly enzymes had been used for
(Scheme 1, A). Meanwhile, MacMillan” introduced iminium catalysis and coined the term
organocatalysis (Scheme 1, B).

[ )=cooH

1 30 mol%
o o H o O OH 6 examples
A . .
PR H)kw 50 Mw yield 54-94%
1 2 3 ee 60-96%
R' = p-NO,Ph, Ph, p-BrPh, 0-CIPh, 2-naphtyl, CH(CHs),
(@) /
n N
N
Ph H .yg)
SRS b Ab Lb 5 examples
o () Ao A oo oo
R 0 MeOH-H,0 R L-CHO yield 75-92%
4 23°C 6a OHC 6b R? ee 90-93/86-91%
5 2 endo exo

R? = Me, Pr, i-Pr, Ph, 2-furyl

Scheme 1 Enamine catalysed aldol reaction and iminium catalysed Diels-Alder cycloaddition

From these results, it was clear what advantages organocatalysis could offer and
therefore the field started to developed rapidly. The benefits of using small organic
molecules as catalysts are the following: generally, they are more stable in air and water
than metal catalysts, are easily synthesisable from natural compounds, they provide less
complex reaction setups and usually both enantiomers are available.® Organocatalysts
can be divided into two groups according to their activation mechanisms: covalent
catalysts (e.g. amines and N-heterocyclic carbenes) and non-covalent catalysts (e.g.
H-bonding and XB-bonding catalysts). In the first group, in the transition state,
the catalyst is covalently bonded to the substrate, whereas in the latter group,
the transition state between the catalyst and the substrate is formed by non-covalent
weak interactions. In this work, amino- and H-bonding catalysts (i.e. thioureas and
squaramides) are used, and therefore a brief overview of them is given.

It is important to note that small organic molecules were used as catalysts in the last
century as well. In 1912 Bredig and Fiske® described a cinchona alkaloid catalysed
cyanohydrin synthesis that can be considered the first organocatalytic asymmetric
reaction (Scheme 2, A). After that, in 1960 Pracejus'® used amines to achieve some
enantioselectivity in the synthesis of 2-phenylpropionic acid methyl ester (Scheme 2, B).
A major stepping-stone in early organocatalysis occurred in 1974, when Hajos and
Parrish!! reported an organocatalytic aldol reaction with excellent enantioselectivities
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(Scheme 2, C) catalysed by (S)-proline. However, the publication did not present
organocatalysis as a method applicable for other reactions. Therefore, the explosive
growth of organocatalysis as a field only happened in the next century.

ee 10%

Fiske,
1912

yield 84%
ee 74%

Pracejus,
1960

o o [ )=cooH o)

I "N 3 mol% yield >99%
¢ - ee 93%
DMF, rt o Parrish,

(0] OH

12 13 1974

Scheme 2 The historical background of asymmetric organocatalysis

1.1.1 Aminocatalysis

Chiral aminocatalysts are used for the effective asymmetric functionalisation of carbonyl
compounds. These catalysts can have two types of activation modes: through an iminium
or through an enamine intermediate. Iminium catalysis is used to activate
a,B-unsaturated carbonyl compounds. The reactive intermediate is formed through
condensation between the chiral secondary amine catalyst and the o,B-unsaturated
carbonyl substrate. After the addition of a nucleophile, a B-functionalised enamine is
formed, and following hydrolysis, an asymmetric product and an aminocatalyst are
released (Scheme 3, A). Enamine catalysis is used to activate carbonyl compounds
with a proton in the a-position. A reactive nucleophilic intermediate is formed through
condensation between a chiral aminocatalyst and a carbonyl compound, followed by the
deprotonation of an iminium ion. This chiral enamine intermediate attacks an electrophile
and forms an a-functionalised iminium ion and, after hydrolysis, an asymmetric product
and a catalyst are released (Scheme 3, B).1>13%|n principle, the catalyst acts as a chiral
auxiliary.’® The chiral amine temporarily binds to the starting compound, thus inducing
chirality. An important difference is that only a catalytic amount of chiral amine can be
used. Stereoselectivity arises from either steric bias or through secondary interactions
with reagents.

11
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Scheme 3 Activation modes of aminocatalysis

The most common catalysts in this category are proline derivatives!®'’,
imidazolidinones’, amino acids'® and chiral primary amines'®; examples are shown in
Figure 1.

Ar o

m N/

Ar

N OR Ph\j)\'” Ph\j)\ﬁ %OH
H H NH,

Ar = Ph, 3,5-(CF3),-Ph st .
R = H, TMS, TES, TBS 1% generation 2" generation L-alanine
MacMillan's catalyst MacMillan's catalyst

9-aza-epi-quinine

Figure 1 Common aminocatalysts

1.1.2 H-bonding catalysis

H-bonding catalysts can be applied in combination with substrates that have the ability
to form hydrogen bonds (hydrogen bond acceptors).?’ These catalysts can be
monofunctional (activation of the electrophile via H-bonding) or multifunctional
(activation of the electrophile via H-bonding and the nucleophile via a general base,
bringing the reaction partners together). Non-covalent interactions are weaker and less
directional, but still can lead to high levels of enantioselectivity.?* The most common
catalysts in this category are thioureas and squaramides. These catalysts differ in terms
of: 1) duality of squaramides, 2) H-bonding directionality and 3) rigidity (Figure 2).2%%3

12



The duality refers to the fact that the squaramide moiety is both a hydrogen bond
acceptor and a donor. The rigidity of squaramides is a consequence of the planar
structure of the cyclobutenedione ring, which contains two coplanar carbonyls and two
amino groups that are almost coplanar, which means the lone pairs of nitrogen atoms
are delocalised through the cyclobutenedione system and this accounts for the limited
conformational changes. Squaramides are in their anti-anti conformation; the syn-anti
conformation is observed only in specifically engineered systems?*, although thioureas
can be in their anti-anti or syn-anti conformations (Figure 2).

B ! © C)
, 1 S S S
[0} O AN )k - ~ /‘\\®/ NN S
! NTON NN N
S ‘ H H H H H H
~ <~ — o ©
NN N N o o o 0 o, 0
)—Lbandl. ' H-bond ' > >
o e : ®y NE)
L~ — —N N— - -
O AP H H H H H H

N N NH HN NH
213 A H H H | | |
) 2.71A anti-anti syn-anti syn-syn

Figure 2 Differences between thioureas and squaramides

In 2003, Takemoto’s group introduced a basic moiety in the thiourea catalyst that
could activate the nucleophile, which therefore led to an efficient catalyst for the Michael
reaction of malonates 15 to nitroolefins 14 (Scheme 4, A).?> This was the first emergence
of bifunctional H-bonding catalysis, which activated both the electrophile and the
nucleophile. A few years later, Sods and his group combined complex cinchona alkaloids
with thioureas, achieving excellent enantioselectivities and yields in the Michael reaction
of nitromethane 18 with chalcones 17 (Scheme 4, B).2% Other H-bond donor motifs have
been less investigated. Rawal et al. demonstrated in 2008 a new family of H-bonding
catalysts based on squaramides?” which provided excellent yields and enantiomeric
excesses (Scheme 4, C).
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cF iR
3
T
: HoR

CF, 10 mol% 7 examples

EtO OEt ield 74-95%

R1/\/N02 + W Eto)%OEt ée 81-93% o
R

14 0 0 15 toluene, rt 16 NO,
R = Ph, 2,6-(MeQO),Ph, p-FPh, 1-naphtyl, 2-thienyl, n-pentyl, i-Bu Takemoto,
2003
Z _\\\\N H H Vi
3 NTTN CF3
B
_0 N S ON_
(e} 2 CFs > O 4 examples
\ N'10 mol% : yield 80-94%
D + _NO, | ee 89-96%
R1/ = 17 RZ 18 toluene, rt R1// 19 R2
Sods, 2005
R' = p-Cl, p-F, 0-Me, H
R?= MeO

10 examples

c N 6 0 yield 83-99%
| 0,
o RZJ%RZ ee 88-98%
U NO, NO
1 2 1 2
R /\14/ RZ%Rz pem e i 21 Rawal, 2008

R! = p-MePh, p-MeOPh, o-BrPh, m-BrPh,
p-BrPh, o-FPh, 2,4-diCIPh, 0-NO, 2-furyl
R? = Me, Ph

Scheme 4 Selected examples in the development of H-bonding catalysis

1.2 Asymmetric Michael addition

The Michael addition is one of the most versatile methods for the construction of
carbon-carbon?®2%% (or carbon-heteroatom33233) bonds. The Michael reaction is the
addition of a nucleophile (Michael donor) to the B-position of an a,B-unsaturated
carbonyl compound or a double bond with a strong electron withdrawing group
(Michael acceptor) (Scheme 5). Arthur Michael reported the first example in 1887.3
Nowadays, due to the rapid development of highly efficient asymmetric organocatalysis,
there are numerous examples of asymmetric Michael additions with a diverse
combination of Michael donors (B-ketoesters, malonates, aldehydes, ketones, amines etc.)
and acceptors (a,B-unsaturated carbonyl compounds, unsaturated nitro compounds
etc.).® This chapter focuses on the formation of C-C bonds, and therefore aza-, oxa- and
thio-Michael addition reactions are not discussed.

Nu + R\/\EWG chiral catalyst Rﬁ*/\EWG
—_—_—
Nu

Michael donor Michael acceptor

Scheme 5 Asymmetric Michael reaction
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1.2.1 Asymmetric aminocatalytic Michael addition

One of the most studied asymmetric Michael reactions is between carbonyl compounds
and nitroalkenes, which leads to products that have synthetic versatility because of the
nitro group. The earliest examples are from List*® and Barbas.?’ List’s group developed
an L-proline | catalysed Michael addition of ketones 22 to nitroalkenes 15. Overall,
the yields were very high (85-97%) but the enantioselectivites were quite poor (<23%),
although excellent syn-diastereoselecitivites were obtained (75:25-95:5) (Scheme 6).

I (B‘COOH o R3 7_examp|ef
0 NO N 15 mol% a yield 85-97%
+ R 2 Sl NO, dr75:25-95:5
4 DMSO, rt ] ;2 . ee 7-23%
R1 RZ R R R R .
22 15 23 List, 2001

R'=H; R? = H, Me; R'-R% = -CH,CH,CH,-, -CH,SCH,-
R3 = Ph, i-Pr, 3-Me-but-1-en-1-yl ; R%-R* = -CH,CH,CH,CH,-; R* = H

Scheme 6 L-proline catalysed conjugated addition of ketones to nitroalkenes

Barbas utilised aldehydes 24 as donors, along with an aminocatalyst, and also
obtained syn-products (Scheme 7). They found that a diamine catalyst VIIl gave better
results than an L-proline | and its analogues, which provided only trace amounts of the
adducts. Compared to the previous example, better diastereomeric ratios and higher
enantioselectivities were achieved. With a bulkier substituent on the aldehyde,
the enantiomeric excess slightly increased.

Vil

OAN’\ 10 examples

NH (G R2 yield 42-96%

20 mol% dr 85:15-98:2

R! . NO NO : :
o>t R THF 1t o” 2 ee56-78%

1
24 14 RT 25 Barbas, 2001

R' = Me, Et, Bu, i-Pr, i-Bu

R? = Ph, 1-naphtyl, 2-naphtyl, 0-CF3Ph, 2-thienyl, n-pentyl

Scheme 7 (5)-2-(morpholinomethyl)-pyrrolidine catalysed Michael addition

A few years later, Hayashi designed a diphenylprolinol silyl ether catalyst IX and
obtained excellent results in the Michael reaction of aldehydes 26 to nitroalkenes 14
(Scheme 8).1° They explained the higher activity of the silyl ether as the effective
formation of the enamine without generation of an aminal (which would be formed in
the case of diphenyl prolinol). All of the adducts 25 were prepared in nearly optically pure
forms, except with isobutyraldehyde (ee 68%).

[>—<en

N _ OTMS 12 examples
flalX R3 yield 52-85%
R «__NO 10 mol% /\('\/NO dr 84:16-96:4
+ 2 > 2 -
Oé\l/ RN hexane, 0 °Corrt O~ N ee 68-99%
26 R 14 RERY 25 Hayashi, 2005

R' = Me, i-Pr, Et, n-Pr, R? = H; R', R? = Me
RS = Ph, p-Br, p-OMe, 2-furyl, n-Bu, Cy, 2-naphtyl

Scheme 8 Diphenylprolinol silyl ether catalysed addition of aldehydes to nitroalkenes
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The stereoselectivity of the enamine catalysed Michael reaction is induced by the
geometry of the enamine intermediate and the facial selectivity of the attack. The facial
selectivity is influenced by the substituent of the chiral aminocatalyst (omitted in Figure 3).
Due to steric effects, the enamine is preferably in E-configuration, which then undergoes
a syn-Michael addition. With specific substituents, it has been shown that the enamine
favours Z-configuration because of intramolecular hydrogen bonding,3° and therefore
undergoes an anti-Michael addition. According to Seebach’s topological rule,*
the enamine is in an acyclic synclinal transition state with the substrate and provides
syn-products (Figure 3). Both Barbas®” and Hayashi'® explained their syn-selectivity as the
formation of an E-enamine and acyclic synclinal transition state proposed by Seebach.

transition state transition state

NR'R? : H
-EWG R® 3 ; \NE\}VG R®
- . 04\/'\/ EWG l Rzo’ - Oé\./'\/ EWG
3 ' d 5 z
R R R* LR OR2
E-enamine syn-Michael l Z-enamine anti-Michael
acyclic synclinal ' acyclic synclinal

Figure 3 E- and Z-enamine transition states leading to Michael adducts

In the previous examples, the enamine catalysis was utilised to activate the carbonyl
compound: a Michael donor (HOMO activation). In the next cases, the Michael acceptor
—an a,B-unsaturated carbonyl compound — was activated instead (LUMO activation).

The first enantioselective Michael addition of malonates 26 to acyclic a,B-unsaturated
carbonyl compounds 27 was reported by Jgrgensen.*! The reaction was catalysed by the
highly efficient imidazolidine catalyst X via iminium catalysis. The selectivity of the
reaction is explained by the formed (E, E)-iminium intermediate, where the Re face is
shielded by the benzyl group and allows the attack to occur from the Si face (Scheme 9).
The authors have previously shown that the transition states from the trans-diastereomer
of the catalyst were calculated to be higher in energy*? and therefore not favoured.

/
15 examples

N
X/[N)"COOH BnO,C. CO,Bn vield 2-99%

o) Bn 10 mol% M ee 59-99%
0 o. H
e .
Bn W Bn " R']/\)LRz neat‘rt R1 R2

26 o o 27 28 Jorgensen, 2003

R" = Ph, 2-naphtyl, p-CIPh, p-OHPh, p-NO,Ph, 0-NO,Ph,
p-NMe,Ph, 2-furyl, 2-thienyl, 2-pyridyl, n-Bu, i-Pr, COOMe N 0
R? = Me, Et, i-Pr

Si éttack

Scheme 9 Imidazolidine catalysed Michael reaction of malonates to a,8-unsaturated ketones
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Warfarin is an anticoagulant (blood thinner) and it is prescribed as a racemate.
The bioactivity of (S)-enantiomer is five to eight times higher than that of the
(R)-enantiomer. The synthesis of the more active isomer was accomplished by using the
(S, S)-imidazolidine catalyst XI.** (R)-Warfarin was obtained when the reaction was
catalysed by (R, R)-imidazolidine. The reaction scope included different a,B-unsaturated
ketones 27 (Scheme 10) and also various cyclic 1,3-dicarbonyl compounds.

Ph, N xi
(5,8)] »COOH 8 examples

1 .
C(i g o GNP W
X + /\)L N R2 ee - o
AN
R R2 DCM, rt W
(6] (0] (6] (6]

30 Jorgensen, 2003

29 27
OH Ph O
R'= p-CIPh, p-NO,Ph, p-OMePh, 2-naphtyl, i-Pr, Ph R
R2 = Me, Et, i-Pr S
P ee 80%
0~ "0
(S)-warfarin

Scheme 10 Utilisation of an imidazolidine catalyst in warfarin synthesis

The last examples are of a vinylogous Michael addition of a,a-dicyanoalkenes 31 to
a,B-unsaturated aldehydes 27. In 2006, Chen et al.** expanded the scope of substrates
of the Michael reaction by using a,a-dicyanoalkenes 31. By activating the acceptor with
diphenylprolinol XII, they obtained the desired products 32 in moderate to high yields
and excellent ee values (Scheme 11, A). In this catalytic system, unfortunately ketones
showed no reactivity. A year later, the same group overcame the problem by using a
primary amine catalyst Xlll derived from quinine.*® In both cases, they observed excellent
diastereoselectivities (dr >99:1) (Scheme 11, B).

O—pn

N OH
Xil o]
H 50 mol% NG CN 8 examples
H Yield 60-83%
A p-NO,PhCOOH 20 mol% | H ee 90-95%
THF, -50 °C R'
X=0 R'= Me, n-Pr, n-Bu, i-Pr, Ph, p-CIPh, o Chen, 2006
p-OMePh, 2-furyl 32
R?Z=H
NC.__CN
‘ /\)O'L
N
1 2
a1 X Xl o~ NHp
_0
X=8 7 Q 8 examples
- N o
20 mol% NC CN_“Npo yield 76-88%
TFA 40 mol% ‘ H ee 90-99%
B THF, 0 °C R
1=
R1 = Eh, p-CIPh, p-OMePh, 2-furyl, n-Pr s Chen, 2007
R'-R“ = -CH2CH20H2- 33

R? = Me, Et, n-Pr

Scheme 11 Secondary and primary amine catalysed Michael additions
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1.2.2 H-bond catalysed asymmetric Michael addition

In April 2005%, Soés demonstrated that bifunctional thiourea derivatives of cinchona
alkaloids are capable of activating both the nucleophile and electrophile, thus achieving
excellent results in a Michael reaction of nitromethane to chalcones (Scheme 4, B). A few
months later, in August 2005, Dixon’s group envisaged the same approach: combining a
thiourea moiety with a cinchonine alkaloid skeleton would give rise to an efficient
bifunctional catalyst. The addition of malonate esters 34 to nitroalkenes 14 provided the
adducts 35 in high yields and in high enantioselectivities (Scheme 12).%¢

15 examples
yield 81-99%
- ee 82-97%

Dixon, 2005

R = Ph, 2-naphtyl, o-CIPh, o-BrPh, m-BrPh, p-BrPh, p-MePh, m-MePh,
0-OMePh, m-OMePh, p-OMePh, 2-furyl, 2-thienyl, n-pentyl, Cy

Scheme 12 Cinchonine derived thiourea catalysed Michael addition

To further extend the synthetic utility of bifunctional thioureas, Takemoto and his
co-workers took on a different type of Michael acceptor, an a,B-unsaturated imide,
which they thought had the ideal structure to form hydrogen bonds through the two
carbonyl groups. The proposed transition state (Scheme 13) led to the formation of
products derived from an attack from the Si face. Various a,B-unsaturated imides 36
were tolerated and throughout the scope high yields, reasonable reaction times and
high enantioselectivities were achieved, except with the electron-rich substrate
(R = p-OMePh), where the reaction was slower and the yield decreased slightly.

S
Q i
CF3 N™ N NC CNO 9 examples

o o v H H N O yield 77-99%
PPN 10mol% 06 84-93%
R N\ + NC._CN R N
36 37

toluene, rt
Takemoto, 2005

R = Ph, p-CIPh, p-CF3Ph, p-OMePh, 1-naphtyl, 2-furyl, PhCH,CH,, Me, t-Bu

Si attack

Scheme 13 Bifunctional thiourea catalysed addition of malononitrile to imides
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An oxindole moiety with quaternary carbon stereocentre is found in numerous
bioactive compounds.*” These structures can be synthesised by a Michael addition of
oxindoles to alkenes. The first asymmetric pathway starting from unprotected oxindoles
39 was suggested by Melchiorre’s group.*® In the presence of a novel bifunctional chiral
primary amine thiourea catalyst XV, the products 41 with two adjacent stereocentres
were obtained in moderate to high yields, with good diastereomeric ratios and excellent
enantioselectivities (Scheme 14).

QO J@L
NN CF3
HH H 9 examples
" 2 0, 2
. OO 10 mol% R yield 47-85%

~O dr83:17-95:5
ee 73-93%

Melchiorre, 2009

N
H

R
|
o+ PhCOOH 50 mol%
N | toluene, rt
H R2
39 40

R" = Me, Bn, Bu
R2 = Ph, p-NO,Ph, p-CIPh, p-CNPh, 2-naphtyl

41

Scheme 14 Primary amine thiourea catalysed Michael reaction of unprotected oxindoles to
a,8-unsaturated aldehydes

Inspired by the utility of squaramides reported by Rawal (Scheme 4, C),%” Xu and his
group investigated the squaramide XVI promoted Michael addition of 4-hydroxycoumarins
29 to B,y-unsaturated a-ketoesters 42 (Scheme 15).*° Changing the amine moiety of the
catalyst to the alkaloid framework increased the enantioselectivity but, when using
thiourea with the same alkaloid moiety, the reaction performed poorly.
The stereochemical outcome of the reaction is explained by the hydrogen bonding of
the catalyst to the a-ketoester and the hydrogen bonding of the quinuclidine moiety to the
4-hydroxycoumarin 29; therefore the attack may have come from the Si face (Scheme 15).

2.5 mol% p
NN
/\C\\ N HN= xwi
» ﬂ Z CO,Et
0o 14 examples
yield 71-95%
ee 86-99%
Xu, 2010

R = Ph, p-MePh, p-OMePh, p-CIPh, p-BrPh, p-CF3Ph,
p-NO,Ph, m-BrPh, 2,4-Cl,Ph, 2-naphtyl, 2-furyl, 2-thienyl

Si attack
h
\:»_(OEt

O
o P
/3
oH O O p
S
7\6\N Ho N/
/O

Scheme 15 Squaramide promoted addition of 4-hydroxycoumarins to ketoesters
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1.2.3 Asymmetric Michael addition in cascade reactions

The conjugate addition reaction has been applied in cascade reactions, which has led to
very effective synthetic methodologies for the one-step synthesis of highly complex
molecules.*® (-)-Oseltamivir phosphate (Tamiflu) is an antiviral medication that is used
in the treatment of type A and B human influenza. In 2016, Hayashi et al.>! improved the
synthesis of (-)-oseltamivir,>? especially regarding time consumption. In only 60 minutes,
they managed to synthesise the target compound in a one-pot manner in five steps with
15% yield and with one purification (Scheme 16). The first Michael reaction requires the
presence of all three catalysts (prolinole derivative XVII, Schreiner’s achiral thiourea XVIII
and formic acid) to be optimised in terms of speed, yield and selectivity. Then, by adding
ethyl acrylate derivative 47, a Michael addition and Horner-Wardsworth-Emmons
reaction occurred. Since time was the main concern, it was further reduced by applying
microwave (MW) irradiation in the last two reactions.

S XVIII
Ph Ar\NkN Ar o)
o Ph  xvii H H 0 I
A N OsiPh,Me 10 mol% \ Eto— |~y GO
c 10mol%  Ar=3,5-(CFs),Ph O EtO 47
44 + K _No,
o] HCOOH 40 mol% AcHN t-BuOK
i 45 PhCI, rt NO, EtOH, 0 °C

/_(» co,et| _TBAF /_(o>

- /), CO,Et TMSCI 0, CO,Et
40 C 40 °C
AcHN AcHN AcHN ‘
®

NO, 0..N_ o @

TMSCI /_(»
Zn COZEt Hayashi, 2016

EtOH 100 °C

( )-Oseltamivir

Scheme 16 Total synthesis of (-)-oseltamivir

The spirocyclic oxindole motif can be found in many bioactive molecules.>® The chiral
quaternary centre at the third position in the oxindole is both very interesting and
challenging to prepare.®® The Michael reaction can be perfectly utilised in an
organocatalytic cascade procedure for the formation of spirooxindoles. Kanger et al.
developed two different strategies in one publication to synthesise spirocompounds 53
and 55 from 3-chlorooxindoles 52: an aminocatalytic cascade with a,B-unsaturated
aldehydes 51 (Scheme 17, A) and an H-bonding promoted cascade with
methyleneindolinones 54 (Scheme 17, B). The diastereomeric ratio was improved when
a substituent was introduced in the 4-position of the 3-chlorooxindole.>®> In 2014,
Boc-protected 3-chlorooxindole was used in the synthesis of spirocyclopropane
derivatives.>®
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CF3
CF3 O CFs
O XIX

N ortes CFs
20 mol%

HO—,
1. toluene, NaHCOj3 rt ' R? 8 examples
2. NaBH4 MeOH 4 yield 44-71%
A ) =0  dr67:33-95:5
o R'=H N ee 75-99%
/\) R2 = p-OMePh, Ph, p-BrPh, 53 H
R p-NO,Ph, 2-thienyl, 2-furyl, Me

XX  CF3
HN
o CF3
p 7 examples
5 mol% yield 71-96%
dr 92:8-97:3
54 ’éloc NaHCOj CHCIj rt ee 83-99%
B R'=cl Kanger, 2013

R3 = COOMe, COOEt, CN
R*=H, 5-NO,, 7-F, 5-CF30, 5-Br

Scheme 17 Two different strategies for synthesising spirooxindoles

1.3 Cyclic diketones

Diketones are a class of compounds that are very versatile precursors in organic
synthesis. The structure of 1,3-diketones is especially prevalent in a plethora of
compounds that show a variety of biological and pharmaceutical activities.’” The highly
active methylene between the two carbonyl groups gives rise to the diverse chemistry of
1,3-diketones.”® Due to keto-enol tautomerism, diketones can be in keto or enol form.
1,2-diketones 56 are mostly in their enol form, because of the stabilising intermolecular
hydrogen bonds formed, and in 1,3-diketones 57 the keto and enol forms are distributed

almost equally (Figure 4).5%80
(0] (0]
O 57 OH

Cyclic 1,3-diketones have received a lot of attention due to the fact that they are very
reactive and the products are highly useful. Cyclic 1,2-diketones, however, have been
less investigated.

O O---y

é;o‘_

56

<

Figure 4 Keto-enol tautomerisation diketones

1.3.1 Reactions of cyclohexane-1,3-diones

Because of the lack of enantioselective benzopyrane and chromenone synthesis
methods, in 2008 Rueping et al. proposed an asymmetric organocatalysed pathway
starting from cyclohexane-1,3-dione 58 and a,B-unsaturated aldehydes 51 (Scheme 18,
A).%1 The addition/cyclisation cascade reaction was catalysed by diaryl prolinol ether XXI.
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The obtained hemiacetals 59 could be later transformed into biologically active lactones,
oxadecalinones and benzopyranes. A few years later, Rueping’s group employed their
previously developed strategy for hemiacetals 59 and synthesised indoloquinolizidines
61 in a one-pot manner (Scheme 18, B).5?

CF3

CF
3 O CF3
O XXI

0 0 N OTMs CFg 0 R
10 mol% B 8 examples
A . H yield 51-95%
\ DCM, 0 °C ee 87-96%
0 R!
58 51

Rueping, 2008
R" = n-propyl, n-heptyl, n-decyl, 0-NO,Ph, o-CIPh,
0-BrPh, m-BrPh, p-BrPh

20 mol%
J)k DCM, 0 °C A
N
H
N 2 eq
CH3COOH, 2 eq, 50 °C

RZ = Me, Et, n-Pr, i-Pr, n-heptyl, 0-BrPh, o-CIPh,
p-BrPh, p-(Me,N)Ph, p-OMePh, 2-furyl ®

11 examples
yield 68-84%
g O ee85-99%

Rueping, 2011

N Ar
| OTMS

.

Ph Si attack

Scheme 18 Synthesis of hemiacetals and indoloquinolizidines via aminocatalysis

Wang et al. used their formerly developed novel bifunctional thiourea catalyst based
on abietic acid®® XXIIl to catalyse the synthesis of 2-amino-4H-chromenes 63. They
obtained the products in high yields and in high enantioselectivities (Scheme 19). When
they extended the conditions to a one-pot three-component reaction with aromatic
aldehydes, malononitrile and cyclohexane-1,3-dione 58, there was no loss in the
enantioselectivity of the products.%

XXl

<N H H

AG NN p
i H

0 O S2mo|%

15 examples
yield 71-95%

+ R/\(CN e 73-99%
N Et,0, rt
o
58 62 Wang, 2012

R = Ph, p-CIPh, p-BrPh, p-FPh, p-CNPh, p-OMePh,
m-CIPh, m-BrPh, m-OMePh, m-MePh, o-BrPh, o-FPh,
0-OMePh, 2-furyl, n-hexyl

Scheme 19 Synthesis of 2-amino-4H-chromenes catalysed by bifunctional thiourea

22



In 2014, both Schneider® (Scheme 20, A) and Rueping® (Scheme 20, B), within the
span of a few months, published the synthesis of tetrahydroxanthenones 65. In both
cases, BINOL-based chiral catalysts were employed. Schneider used the phosphoric acid
derivative XXIIl, and Rueping used N-triflyl phosphoramide®” XXIV.

18 examples
yield 62-98%

0,
. CHCl, ee 86-96%
o) n 2. pTsOH, 40 °C
Schneider,
n=0,1 2014
57/58

R' = p-OMe, p-tBu, H, p-F, 0-OMe, o-Et, [d][1,3]dioxolyl,
2,4-diMe-6-OMe, 3,5-diMe-6-OMe, p-Ph
R? = 4-OMe, 4-Bu, 4-Br, 4-Me

15 examples
yield 56-79%
ee 82-97%

o-xylene, -10 °C
MgSO4
Rueping,
2014

R3 = p-OMe, p-Oallyl, [d][1,3]dioxolyl, p-OPh, p-OEt, p-OBn, 0-OMe
R* = 4-Me, 4-OMe, 4-Cl, 4-Br, 6-OMe

Scheme 20 Chiral phosphoric acid catalysed A and phophoramide catalysed B syntheses of
xanthene derivatives

B-Diketones have also been valuable materials for the total synthesis of different
bioactive compounds.’”%® For example, Huang et al.®® prepared indazol-4-ones from
dimedone and then used them to produce compound 67, which turned out to be a
potential inhibitor for Hsp90 (heat shock protein 90), which stabilises proteins for tumour
growth (Scheme 21).

23



*MsOH

Huang, 2009
\
CF3;

O

HoN.__O
N
IO
NH
© 9 steps O)K/ 2
—_—
— N,N
67
o 66 /)

Scheme 21 Total synthesis of Hsp90 inhibitor

1.3.2 Reactions of cyclopentane-1,3-diones
The five-membered cyclic B-dicarbonyl fragment is less common in bioactive compounds
and this may be why they are less studied. There are only a couple of examples of
organocatalytic enantioselective reactions of cyclopentane-1,3-dione 57 and a few
instances where the five-membered cycle has been used as a single case in a larger
substrate scope. From the latter, we get the overall idea that the conditions for
six-membered  1,3-diketones are not always suitable for five-membered
diketones.®570.7172

A pyran moiety is a quite common fragment in natural products.”>’* Jgrgensen
and his group envisioned that via an organocatalytic cascade reaction between
cyclopentane-1,3-dione 57 and a,B-unsaturated aldehydes 51 they would obtain
enantiomerically enriched substituted 3,4-dihydropyrans 68.7 The reaction was
catalysed by diarylprolinol silyl ether XXI and for separation purposes, they acetylated
the obtained hemiacetal (Scheme 22).

CF,
e 5
O XXI

N ortms CFs

o 20 mol% o R 13 examples
1. PACOOH 10 mol% B yield 48-95%
+ RWO DCM, -35 °C dr 67:33-99:1
2. Ac,0, Et;N, DMAP, DCM ee 82-96%
57 51 O OAc
(0} 68 Jorgensen, 2008

R = Ph, p-FPh, 2-furyl, 2-thienyl, o-BrPh, 0-NO,Ph,
0-CF3Ph, Bn, Me, Et, i-Pr, hex-3-en-1-yl, COOEt

Scheme 22 Diaryl prolinol catalysed Michael addition of cyclopentane-1,3-dione to a,8-unsaturated
aldehydes, followed by acetylation

Gastrodinol has exhibited notable cytotoxic activity against the five human cancer cell
lines in vitro. In 2020, the first total synthesis of gastrodinol’® was published in which
cyclopentane-1,3-dione 57 was the starting material for one of the key segments
(Scheme 23).
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Scheme 23 Total synthesis of gastrodinol

1.3.3 Reactions of cyclohexane-1,2-diones

Overall, cyclic 1,3-diketones have been studied more than cyclic 1,2-diketones.
The authors mentioned in this chapter have stated that the utilisation of 1,2-diones has
not been as widespread as that of 1,3-diones, and their reactivity has been almost
unexplored.

Following an efficient organocatalytic asymmetric addition/cyclisation cascade with
cyclohexane-1,3-dione 58 (Scheme 18),5 Rueping also examined the reactivity of
cyclohexane-1,2-dione 71. In contrast to their previous findings, cyclic 1,2-diketone
followed the iminium/enamine activated (Scheme 25) Michael addition/aldol reaction
cascade pathway, leading to chiral bicyclo[3.2.1]octane-6-carbaldehydes 72 (Scheme
24).77

o D=

0 N  oTms X o 10 examples
o H H 10 mol% yield 44-80%
. \ il gOH ee 90-98%
R EtOH, rt /
7 51 R 72 CHO Rueping, 2009

R = Ph, p-OMePh, p-BrPh, m-BrPh, 0-NO,Ph, p-N(Me),Ph,
benzo[1,3]dioxol-5-yl, 2-furyl, 2-thienyl, n-Bu

Scheme 24 Michael addition/aldol cascade catalysed by diaryl prolinol
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Scheme 25 Iminium/enamine activation of Michael addition/cyclisation cascade’”
Rueping continued to expand the scope of cyclohexane-1,2-dione 71 reactions by
applying another Michael acceptor: nitroalkene 14. The cascade was catalysed by only

1-2 mol% of alkaloid derived thiourea XXV and the products 73 were isolated in high
yields with excellent optical purities (Scheme 26).78

N N A cF
m/ 3
N S o 9 examples

CFs yield 60-87%
o, N"4-2 mol% HO dr 3:91-77:23
ee 91-96%/91-97%
R toluene, rt

Rueping, 2010

7 14 73
R = Ph, p-MePh, 0-OMePh, m-OMePh, p-OMePh, p-FPh, o-FPh, 3,4-(Cl);Ph, m-BrPh

Scheme 26 Michael addition/Henry reaction cascade catalysed by alkaloid derived thiourea

Zhao et al. have also investigated the cascade reaction between cyclohexane-1,2-dione
71 and benzylidene malononitriles 62. The yield and enantioselectivity were much lower
than that of the previous examples listed above; the highest achieved ee-value was only
63% (Scheme 27).7°

CF4
= ; (0] 9 examples

o CF3 O.__NH, Vield 12-63%
it/[/ + R/\/CN N"10 mol% | ee 9-63%

CN toluene, 0 °C CN
7 62 74 R Zhao, 2017

R = Ph, p-CIPh, p-BrPh, p-CNPh, p-NO,Ph, m-BrPh, p-MePh, 2-thienyl, n-hexyl

Scheme 27 Thiourea catalysed Michael addition/cyclisation reaction
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Later, to utilise 1,2-diones as interesting synthetic blocks, Wang’s group developed a
Michael addition/cyclisation cascade® to B,y-unsaturated a-ketoesters 42 catalysed by
indane based thiourea® XXVI. One of the diastereomers of the obtained hemiketals 75
was kinetically favoured (>10:1). The novel indane derived organocatalyst XXVI provided
the perfect dihedral angle between the amino and thiourea fragments, resulting in the
excellent stereoselectivity observed throughout the substrate scope (Scheme 28).

O XXVI

"R R er
S

(e} o 10 mol% CF3 (e} 16 examples

0] OE 0. ,COOEt vyield 72-95%

N t 92-97%
* R/\)Sf toluene, 50 °C OH ee ?
(0]

71 42 75 R Wang, 2011

R = Ph, 0-CIPh, m-CIPh, p-CIPh, p-FPh, 0-BrPh, p-NO,Ph, p-OMePh,
p-SMePh, p-allyloxyPh, m-OPhPh, p-OBnPh, p-iPrPh, 2-thienyl, 1-naphtyl, Et

N7 N
%N HoH
: o

o)
EtO

-H
o O
VR /
Ph
Scheme 28 Michael addition/cyclisation reaction of cyclohexan-1,2-dione to 8,y-unsaturated
a-ketoesters

1.3.4 Reactions of cyclopentane-1,2-diones

There were no examples related to cyclopentane-1,2-dione 56 until 2004, when Lopp

et al. synthesised highly valuable chemicals starting from cyclopentane-1,2-dione 528384
The first publication devoted only to the reactivity of cyclopentane-1,2-dione 56 was

published by Lopp et al. in 2014.8> They used a thiourea catalyst XXVII to activate both

nitroalkene 14 and diketone 56. The reaction tolerated different substituents in the

aromatic ring and even an aliphatic nitroalkene was used (Scheme 29).

H XXV

N CF
hig 2 11 examples
S R yield 48-90%
F

NO, ee 56-76%

DCM, rt OH Lopp, 2014
O 76

R = Ph, p-CIPh, m-BrPh, p-OMePh, p-OCF3, p-CF3Ph, m-MePh, o-MePh, 2-furyl, 2-thienyl, Cy

Scheme 29 Thiourea catalysed Michael addition of cyclopentane-1,2-dione to nitroalkenes
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Shortly after, a Michael addition/cyclisation cascade reaction with (E)-2-oxobut-enoates
77 was developed by the same group.®® Fortunately, the formation of only one
diastereoisomer was observed. Takemoto’s catalyst V activated both the Michael
acceptor and the diketone via hydrogen bonding, the former through the amino groups
and the latter through the tertiary amine moiety (Scheme 30).

N N"O 9 examples
R yield 42-93%
0 5 mol% ; ee 88-96%
R I o
R )
K OH DCM, rt (6] ’”/ AN Lopp, 2015
o]

56 77 © O 78

R = Ph, p-CIPh, p-BrPh, o-CIPh, p-OMePh, p-NO,Ph, 2-thienyl, Cy

R
Q\/\—HOMe
o/ OH
Re attack f :

Scheme 30 Michael addition/cyclisation cascade catalysed by Takemoto’s catalyst
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2 Aims of the present work

Asymmetric organocatalysis has become a powerful tool for obtaining enantiomerically
enriched compounds. A Michael addition is one of the most versatile methods for
forming a C—C bond. Combining these two provides an excellent opportunity to
synthesise complex molecules. The main objective of this work is to broaden the possible
organocatalytic Michael reactions of cyclopentane-1,2-dione 56.

The specific aims of the thesis are:

To synthesise cyclopentane-1,2-dione 56 in an efficient manner;

to expand the scope of Michael acceptors in the reaction with
cyclopentane-1,2-dione 56;

to develop new methods for synthesising enantioenriched substituted
cyclopentenones starting from cyclopentane-1,2-dione 56;

to develop organocatalytic cascade reactions to obtain valuable
enantiomerically enriched pyrans;

to determine the relative and absolute configurations of the novel
compounds.
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3 Results and discussion

3.1 Synthesis of cyclopentane-1,2-dione 56

There are several methods for synthesising cyclopentane-1,2-dione 56. Previously, our
group obtained CPD by making use of different oxidation methods of diol 79 to dione 56.
These include aerobic oxidation with a Pt/C catalyst®”# and Swern oxidation;?® other
oxidants can also be used. Another option is to use Claisen and then Dieckmann
condensations of diethyl oxalate 81 and diethyl glutarate 82, which is not considered
atom efficient, since only five carbons among the 15 of the starting materials are in the
final product (Scheme 31).5%1

o) OH
EtOOC (0] (0] (0] o
>\ /< +
@* OH = OH = w
[87 88, 891 [90, 91] Et0  OEt EtO OFEt
56 80 COOEt 81 82

Scheme 31 Cyclopentane-1,2-dione syntheses

In this work, for synthesising CPD 56 we used a method published by Wrobel and
Cook in 1980 which had been unconsidered for 40 years.?? This procedure is simple
and convenient, and the starting material, cyclopentanone 83, is commercially
available and cheap. First, an aldol condensation is necessary to form the
2-cyclopentylidenecyclopentanone 84. Then, ozonolysis is carried out and, using
dimethyl sulfide as the reducing agent, the desired diketone 56 and cyclopentanone 83
as a by-product are obtained (Scheme 32). After recrystallisation, the diketone 56 is
obtained with an overall yield of 58%. The cyclopentanone 83 can then be recycled to
synthesise the aldol condensation product 84.

0 0 o
(CH3)2S
é HZO reflux &G T MeOH oH ¥
83

83
83% 71%

Scheme 32 Cyclopentane-1,2-dione synthesis via aldol condensation and ozonolysis

3.2 Reactions of CPD with substituted a,B-unsaturated aldehydes
(Publication 1)

The investigation of Michael addition reactions of cyclopentane-1,2-dione was based on
our previous work with CPD. Our group has developed asymmetric organocatalytic
methods for synthesising differently substituted cyclopentane-1,2-diones from
electrophiles, such as nitroalkenes 14 and B,y-unsaturated a-ketoesters 77 (Scheme 29,
Scheme 30).%85% These were the only examples investigating the reactivity of CPD at that
time. Since a Michael addition reaction is a powerful C-C bond forming tool, we started
to look into other electrophiles that could be used in the Michael reaction with CPD
(Scheme 33). We assumed that with a,B-unsaturated aldehydes a cascade reaction
would occur, consisting of a Michael addition followed by a cyclisation reaction.
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Scheme 33 Reactions of CPD with electrophiles

The model Michael acceptor for screening the suitable catalyst and solvent was
trans-cinnamaldehyde 51a. a,B-Unsaturated aldehydes can be activated via an iminium
catalysis, and therefore proline-type catalysts were screened. Starting with L-proline I in
EtOH, the yield of the obtained hemiacetal 85a was very low and the ee was only 16%.
Next, with diarylprolinol XII the reaction was slightly slower; the yield increased to 61%
but the enantiomeric excess remained low. By protecting the hydroxyl group with TMS
(1X), the enantioselectivity increased dramatically, even more so with the bulkier TBS
protecting group (XXIX). Different protic and aprotic solvents were screened and the best
results in terms of both yield and enantioselectivity were obtained in DCM (Table 1, entry
11).

Table 1 Optimisation of the model reaction

Ph
J;% catalyst {
/\)L solvent
O~ OH
56 O 85a

Q—COOH Q—{Eh D—+ Odae D=
H H

OTMS N OTMS H OTBS

I Xl IX XXVl XXIX
Ar = 3,5-(CF3),Ph
Entry? ggtﬂgf;’) Solvent Time, h Yield, %° ee, %°
1 | EtOH 18 6.5 16
2 Xl EtOH 24 61 21
3 IX EtOH 1.5 59 79
4 XXV EtOH 24 20 -70
5 XXIX EtOH 18 83 85
6 XXIX MeOH 24 74 88
7 XXIX THF 24 72 96
8 XXIX toluene 5 83 97
9 XXIX CHCl3 2 76 98
10 XXIX DCE 6 72 96
11 XXIX DCM 2 93 95

a Reaction conditions: 56 (0.24 mmol), 51a (0.2 mmol), catalyst (10 mol%), solvent (0.7 mL), rt.
blsolated yield after column chromatography. ¢ Determined by chiral HPLC.
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With these optimal conditions, the scope of the reaction was studied. The reaction
tolerated different electron-withdrawing (85c-f) and electron-donating (85b) groups in
the aromatic ring, as well as heteroaromatic (85g) and alkyl substrates (85h, i), although
the yield and ee decreased with the latter. Using p-methoxy 51b and p-Cl 51d substituted
starting materials, the yields were lower than average. Surprisingly, the sterically more
hindered o-NO2-cinnamaldehyde 51f gave a high yield. The absolute configuration of 85d
was assigned by a single crystal X-ray diffraction and the configurations of compounds
85 were assigned by analogy (Scheme 34).

R
Q XXX ? Nh
cat. 10 mol% Ph
_—
o) /\)J\ DCM. rt N oTBS
OH (0] OH XXIX
56 O 85
\ @

0 0 O O_ 1
@fl@flﬁfl@@m
§

93%, ee 95% 70%, ee 90% 82%, ee 92% 62%, ee 83%

L
<;(1 Lo

O
t : *NO, ::/
85g 65%, e 51% (E)/
6%, ee 95% 7%, ee 91% 68%, ee 81% 3%, ee 86% 71% (Z2) 7:1

Reaction conditions: 56 (0.24 mmol), 51 (0.2 mmol), cat. XXIX (10 mol%), DCM (0.7 mL), rt; isolated
yields after column chromatography; determined by chiral HPLC.

Scheme 34 Scope of the Michael addition/cyclisation cascade

The Michael addition was catalysed by diarylprolinol silyl ether XXIX. In the proposed
catalytic cycle, the first step was iminium ion formation and the activation of the
unsaturated carbonyl compound 51. Then, the attack of cyclopentane-1,2-dione 56
occurred and, after the release of the catalyst, the formed aldehyde cyclised and formed
the bicyclic hemiacetal 85 (Scheme 35).
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Scheme 35 Proposed catalytic cycle

Generally, an acidic additive is utilised to accelerate the condensation step, but here
a basic additive probably activated the nucleophile.®® Therefore, additional screening
of basic additives was done and the best results were obtained with NaHCO3: 98% vyield
and ee >99% (see Publication 1). With these conditions, we developed a one-pot
procedure for the Michael addition/cyclisation cascade and the reduction of the
formed products 85 (Scheme 36). The yields and ee values were not too much affected
by electron-withdrawing or electron-donating substituents in the phenyl ring. High
enantioselectivity was retained but the yields of the final products were very low in some
cases, for example p-Br-substituted 86¢c and o-NOz-substituted 86f. The cascade followed
the same mechanism as before, and therefore the same absolute configurations were
obtained, which was confirmed by the single crystal X-ray diffraction of 86g.
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Scheme 36 Scope of the one-pot cascade and reduction

In summary, an efficient method for the asymmetric organocatalytic synthesis of
bicyclic hemiacetals 85 and 3-substituted cyclopentane-1,2-diones 86 was developed.
Some of the products 86 were obtained with better yields than with the previous method
which utilised cyclopentane-1,2-dione bis-silyl enol ether in a Mukaiyama-Michael
reaction.®* However, if we consider the overall low yield of the synthesis of bis-silyl enol
ether of CPD, all of the obtained yields of 86 were improvements.

3.3 Reactions of CPD with alkylidene malononitriles (Publication Il and
unpublished results)

To further investigate the behaviour of CPD with other Michael acceptors, we studied
the reaction between cyclopentane-1,2-dione 56 and alkylidene malononitriles 62
(Scheme 37). The products 87 of this Michael addition/cyclisation cascade are highly
substituted 4H-pyrans, which have broad biological and pharmacological properties.®>°

R

CN
Q + R/\’/CN catalyst
0”7 "NH,

||
56 OH o 87

Scheme 37 Michael addition/cyclisation cascade of CPD with alkylidene malononitriles
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The chosen electrophile, benzylidene malononitrile 62a, can be activated via a hydrogen
bonding catalysis. Therefore, the selected samples were thioureas, a squaramide, two
bulkier thioureas and a urea (Figure 5). In toluene (0.2 M) at room temperature,
the Takemoto’s catalyst XXX and the dihydroquinine derived squaramide XXXII displayed
low enantioselectivity, 31% and 27% ee respectively. The enantiomeric excess was even
lower when thiourea XXXIV with two alkaloid moieties was used, 13% ee. Although
catalyst XXXl provided the highest ee-value, 56%, the synthesis for it is quite time
consuming, and therefore a quinine derived catalyst XXVII was considered most
reasonable (in toluene at room temperature, 74% vyield and ee 54%). Further solvent
screening demonstrated the influence of the solvent on enantioselectivity: in THF the ee
was 47% and in its greener alternative, 2-MeTHF, it was racemic. Additional optimisations
of concentration and temperature led to the best results obtained with 10 mol% catalyst
XXVIl in toluene (0.02 M) at —20 °C (see Publication II).

“ NN CF
b s N s N 3
S S S
2 XXVII CF, XXV CF, XXX CF,
H CF
T 3
o]
XXXI CF,
N\
CF, ) CFy (A -
X AN N
NN CFs A 13
o H H - \_N H HN™ ™S g
ase SO he
/HAN“Q XXX
H
N

Figure 5 Catalysts screened

Having determined the optimal conditions, other malononitrile derivatives 62 were
applied (Scheme 38). Overall, both electron-withdrawing (87d-j) and electron-donating
groups (87b, c) were tolerated. However, the enantioselectivities with nitro-substituted
benzylidene malononitriles 62h-j were lower than average. Probably the nitro group
competes in hydrogen bonding with the nitrile groups, therefore influencing the
selectivity. Heteroaromatic 62k and alkyl-substituted 621 malononitriles also underwent
cascade reactions smoothly. The reaction had some limitations in its scope:
pyrrole-derived malononitrile 62m was likely too electron-rich for the reaction to occur
and the substituted double bond in 62n was sterically too hindered. Comparing these
results to those of cyclohexane-1,2-dione 717° (Scheme 27), we can conclude that
cyclopentane-1,2-dione 56 gives better yields and enantioselectivities in reaction with
substituted malononitriles 62. Additionally, the potential for racemisation of the product
was explored and no racemisation took place (see Publication II).
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-20 °C; isolated yields after column chromatography, ee determined by chiral HPLC.

Scheme 38 Scope of the Michael addition/cyclisation cascade

It is believed that the thiourea catalyst activated both the nucleophile, CPD 56, and
the electrophile, benzylidene malononitrile 62a. A reasonable transition state is shown
in Scheme 39. The attack of CPD 56 came from the Si-face, and then after cyclisation and
imine-enamine tautomerisation the product with R-configuration was formed. This is in
accordance with the single-crystal X-ray diffraction data of compound 87a and the
products 87 were assigned by analogy.
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Scheme 39 The proposed transition state and the X-ray crystal structure of compound 87a

We demonstrated the synthetic utility of obtained pyrans 87 by reducing the
compound 87a in a continuous flow reactor in the presence of a Pd catalyst (Scheme 40).
NOE experiments were used to confirm the cis-configuration of the main diastereomer
88a (see Publication Il, Supporting Information). Even in harsher conditions, the reduction
of the enamine double bond did not occur, probably due to its low reactivity under those
conditions.

H-Cube
Pd/C 10%
CN 50 bar.
‘ ‘ 0.8 mL/min
t s
o NH, acetone, 50 °C
@) 87a

Scheme 40 The reduction of 87a

3.3.1 Synthesis of 1,4-dihydropyridines 90 from enamines (unpublished results)
Before starting this project, the initial idea was to synthesise 1,4-dihydropyridines 90
from enamines 89 of cyclopentane-1,2-dione and benzylidene malononitriles 62
(Scheme 41). 1,4-Dihydropyridines (1,4-DHP) have shown a broad range of
pharmacological properties, although they were primarily developed for cardiovascular
agents.®” Their importance and application make them desirable target molecules.

R!
CN
+ RETX CN catalyst \ \
—_—
O MR CN N "NH,
89 62 o 90 R2

Scheme 41 Proposed synthesis of 1,4-DHPs

Different enamines 89 and 91 and benzylidene malononitrile 62a were subjected to
reactions with catalysts, such as DABCO, imidazole, quinine derived thiourea, achiral
thiourea and cyclopropenimine (Scheme 42). Unfortunately none of these reactions
were successful: mostly no reaction occurred. Other electrophiles were also tried,
including nitrostyrene, cinnamaldehyde and methyl (E)-2-oxo-4-phenylbut-3-enoate, but
none of these reacted with the enamine. The outcome is surprising considering the
higher nucleophilicity of enamines compared to enols.
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Scheme 42 Unsuccessful attempts with enamines 89 and 91

3.3.2 Synthesis of 1,4-dihydropyridines 92 (unpublished results)

Considering the previous unsuccessful reactions, a different strategy for the synthesis of
dihydropyridines was applied. Carrying out the cascade reaction in the presence of an
ammonium salt at an elevated temperature (Scheme 43, A) or refluxing the 4H-pyrans
87 in the presence of either ammonia or an ammonium salt (Scheme 43, B) should
provide 1,4-dihydropyrdines 92.98%100 |n reaction A, CPD 56 should first form the enamine,
which then attacks the benzylidene malononitrile 62a. Then, after intramolecular
cyclisation and imine-enamine tautomerisation the 1,4-DHP is formed (Scheme 44, A).
The reaction B is an ammonolysis reaction; the ammonium acetate decomposes upon
heating to ammonia and acetic acid. Next, the ammonia attacks the pyran 87a, and after
water elimination and imine-enamine tautomerisation 1,4-DHP is formed. Unfortunately,
these methods did not provide the 1,4-DHP; only the starting material pyran 87a was
retrieved.

A NH,4OAc
CN
);% + WCN DABCO )
————
o CN EtOH, reflux N~ NH
56 OH 62a 4 92a 2
B
) CN NH,0AC ) CN
NH, EtOH, reflux N NH,
O 87a O 92aH

Scheme 43 Unsuccessful synthesis of 1,4-DHPs
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Scheme 44 Proposed reaction mechanisms for the synthesis of 1,4-DHPs

3.4 Reactions of CPD with alkylidene oxindoles (Publication Iil)

The last electrophiles chosen to react with CPD 56 were alkylidene oxindoles 93.
The oxindole moiety is abundant in many bioactive molecules, as stated in Chapter 1.2,
therefore making them very interesting compounds to investigate. Our group has
previously developed several methods for the synthesis of spiro-1015>10256 gnd
3,3-disubstituted oxindoles.1%31%* Herein, the behaviour of CPD 56 in the Michael
addition to alkylidene oxindoles 93 was studied (Scheme 45).

bifunctional
organocatalyst
iﬁ

Scheme 45 Michael reaction of CPD with alkylidene oxindoles

Preliminary experiments with unprotected benzylidene oxindole and cyclopentane-
1,2-dione 56 in the presence of K2COs or dihydroquinine derived thiourea XXVII gave a
complex reaction mixture. By protecting the oxindole nitrogen with a Boc-group,
we managed to obtain the racemic product in 31% yield and to identify it properly.
The asymmetric Michael addition of cyclopentane-1,2-dione 56 to N-protected oxindole
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derivatives 93 was investigated in the presence of H-bonding catalysts. We believed that
a bifunctional H-bonding catalyst could activate the CPD 56 through the tertiary amino
group of the alkaloid moiety, and the oxindole 93 through the thiourea or squaramide
moiety (Figure 6).

bifunctional
squaramide or thiourea

Figure 6 Possible activation mode

The addition reaction of CPD 56 to Boc-protected benzylidene oxindole 93a with
thiourea catalyst XXVII in chloroform was sluggish and the desired product was obtained
as a mixture of chromatographically inseparable diastereomers in only 12% yield (see
Publication Ill). What is more, the reaction did not occur at all with the achiral Schreiner’s
thiourea XVIII. Considering the necessity of the bifunctionality of the catalyst and the
poor result of thiourea XXVII, squaramides were tested (Figure 7). The yield with
quinidine-derived squaramide with phenyl-substituent XXXV was moderate and the
enantioselectivity was low, 43%/27% (major/minor). Changing the aromatic substituent
to a benzyl group (VI) increased the enantioselectivity to 80%/87%. Furthermore,
cinchonine-derived squaramide XXXVI achieved the highest ee-values (85%/92%),
and a subsequent solvent screening was performed using this catalyst. Chloroform
turned out to be the most suitable solvent. In all cases, the yields were moderate
(12-59%), and to improve them, the concentrations of the substrates were varied. With
2 equivalents of Boc-protected benzylidene oxindole 93a and 1 equivalent of CPD 56 in
chloroform in the presence of catalyst XXXVI, the highest yield (74%) and enantiomeric
purity (90%/94%) were obtained. Decreasing the temperature to 0 °C increased the
reaction time drastically, from 2h to 23h, and increased the enantioselectivity of the
minor diastereomer only 3%; thus carrying out the reaction at room temperature was
preferable.

Figure 7 Catalyst screened
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Next, the influence of the N-protecting group (PG) was investigated (Figure 8). Both
Cbz 94b and the sterically more demanding Fmoc 94c PG slightly decreased the
enantioselectivity. N-Benzyl-protected oxindole 93d did not react with cyclopentane-1,2-
dione 56 under these conditions at all, therefore product 94d was not obtained.
This must be because the carbonyl moiety in the N-protecting group and
electron-withdrawing properties of the PG are necessary for the coordination of the
catalyst. The reaction with tosyl-protected starting material 93e was slow and the yield
was low. All in all, the optimal conditions for this Michael addition are: 1 equivalent of
56, 2 equivalents of Boc-protected 93, in chloroform, at room temperature in the
presence of 10 mol% of catalyst XXXVI.

94a 94b 94c 94d 94e

2 h, 75% yield 2 h, 70% yield 1 h, 52% yield no reaction 1d, 42% yield
dr2.6:1 dr2.9:1 drnd dr2.1:1

ee 90%/94% ee 82%/88% ee 82%/82% ee nd

Figure 8 Influence of N-protecting groups

After establishing the optimal conditions, the scope of the organocatalytic addition of
CPD 56 to oxindole derivatives 93 was examined (Scheme 46). There was a minor
influence of the position of the chloride in the aromatic ring. The reaction with N-Boc
0-Cl-benzylidene oxindole 93f was slower than with m- and p-Cl substrates, and the ee
values for both the major and minor diastereomers were lower. The highest
enantiomeric excess was achieved with the phenyl-substituted product 94a. The adduct
94i was obtained as a racemic mixture, which could have been due to the competing
coordination moiety or the higher acidity of the C-H proton at the a-position of the ester
moiety at the stereogenic centre that could have caused racemisation. The reaction with
thiophenyl-substituted oxindole was very slow and provided the product 94j in very low
yield, 39%, and in moderate enantioselectivities of the diastereomers (75%/85%).
The substitution in the oxindole core increased the diastereomeric ratio, especially when
4-Br oxindole 931 was used, although the yield drastically decreased and because of the
sterical hindrance the reaction proceeded more slowly. Unexpectedly, the addition to
N-Boc p-OMe benzylidene malononitrile 93m was very sluggish and the product 94m was
obtained in only 36% vyield. Also, the reaction with p-Me-substituted starting material
93n was slower than average, but the ee remained high. The reaction proceeded
smoothly with alkylidene oxindole 930, even though the diastereomeric ratio was 1:1,
which could mean that n-it interaction could also be important in the transition state.
The reaction with p-NO2 benzylidene oxindole 93p did not occur, and the poor solubility
of 93p could have been responsible. Throughout the scope diastereoselectivities were
moderate or were missing for the compounds with non-aromatic substituents (94i, 940).
All of the products were obtained with anti-configurations of the vicinal diastereotopic
hydrogens. This was determined by the comparison of the 3/un coupling constants of the
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major (~9 Hz) and minor diastereomers (~5 Hz). Unfortunately, all of the attempts to
crystallise the compounds 94 were unsuccessful and absolute configuration was not
determined. Only relative configurations of major diastereomers are depicted in the
Figures and Schemes.

SN cat. XXXVI 10 mol%
O,: R o} CHCly, 1t
Z N

N
)io 94a
o

2h,74% 1h,87%
dr2.6:1 dr2.7:1
)V ee 90%/94% ee 84%/81%

j
o 1h, 87% o 13 h, 39% o 5h,21%
)V dr1.2:1 )V dr2.1:1 )V dr4.7:1
ee 5%l/rac ee 75%/85% ee 62%/60%
_0 N OzN
o) / o) o /
oOH oOH oOH O
N N N N
=0 94m =0 94n =0 940 93p o
o 2d, 36% o 6h, 59% o 1h, 64% o

)V dr 3.6:1 )V dr2.8:1 )V dr1:1 )T

nd ee 80%/79% ee 74%/74%
Reaction conditions: 0.2 M solution of 56 (1 eq), 93 (2 eq), catalyst XXXVI (10 mol%), chloroform,
rt; isolated yields after column chromatography, ee determined by chiral HPLC.

Scheme 46 Scope of the Michael addition of CPD 56 to oxindoles 93

Only E-isomers were used in the investigation of the reaction scope. In the case of the
3-NOz-substituted benzylidene oxindole 93q, both E- and Z-isomers were tested.
The change in the configuration of the double bond gave rise to an increase in the
opposite enantiomer but provided the same anti-diastereomer (Scheme 47). The yields
and diastereoselectivities were similar, although the enantioselectivity was lower when
the Z-isomer was used.
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Scheme 47 Comparison of E- and Z-starting materials

Overall, the diastereoselectivity of the reaction was low, and with the aim of
increasing the ratio we considered enolisation followed by diastereoselective
protonation.’%>%% The adjacent chiral centre could have potentially influenced the
outcome of the protonation of the formed enolate. Since the racemate of 94a had a
higher diastereomeric ratio, both kinetic and thermodynamic conditions for its
enolisation were applied. In both cases, the ratio decreased and, surprisingly, more of
the syn-isomer was formed. The enantiomerically enriched 94a behaved similarly and
the dr ratio decreased.

Table 2 Epimerisation of 94a

\__OH
\ N &
94a Boc Boc
Entry Starting compound Conditions Product dr
dr

(anti:syn) (anti:syn)

1 94a (rac) 6.3:1 LDA, THF, -78 °C, 30 min, then sat. 271

aq. NH4Cl
2 94a (rac) 6.3:1 t-BuOK/t-BuOH, rt, overnight 2.6:1
3 94a 251 LiIHDMS, THF, -78 °C, 30 min, then 991
sat. ag. NH4Cl

One of our objectives was to cyclise the products 94, either as a cascade reaction or
in a separate step. The used cascade reaction conditions did not produce a cyclic product,
and therefore cyclisation as a separate step was investigated. It has been previously
reported that substituted oxindoles can be transformed to indolopyrans in acidic
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conditions.” Refluxing 94a in methanol in the presence of acid only cleaved the Boc
protecting group (which was expected), but no further cyclisation took place. No reaction
occurred in the case of already deprotected starting compound (Scheme 48). The driving
force in the reference 107 could have been the conjugation in the formed tricyclic
product. In our case, there would be no conjugation in the formed product, which could
explain why the reaction did not occur.

95a

R =Boc
acid: HCI, pTsOH

Scheme 48 Cyclisation experiments of 94

In conclusion, the asymmetric organocatalysed synthesis of various 3-substituted
oxindoles 94 from cyclopentane-1,2-dione 56 has been described. The products 94 were
obtained in high enantioselectivities and moderate diastereoselectivities. Unfortunately,
the attempts to increase the diastereomeric ratio and cyclise the compounds 94 were
unsuccessful.
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4 Conclusions

In this study, three organocatalytic asymmetric reactions of cyclopentane-1,2-dione
were described (Scheme 49).
=  Cyclopentane-1,2-dione 56 was synthesised by the ozonolysis of an
appropriate alkene 84 with an overall yield of 58%.
=  The chemical potential of cyclopentane-1,2-dione 56 was investigated with
different Michael acceptors. These contributed to the increase in the
synthetic potential of cyclopentane-1,2-dione 56.

o Efficient methods for synthesising bicyclic hemiacetals 85 and
3-substituted cyclopentane-1,2-diones 86 were developed, using
o,B-unsaturated aldehydes 51 and an aminocatalyst XXIX. The formed
products were obtained in up to high yields (33-93%) and in good to
excellent enantiopurities (51-95%).

o An efficient cascade reaction for the synthesis of substituted
4H-pyrans 87 was developed, using alkylidene malononitriles 62 and
a thiourea catalyst XXVII via H-bonding catalysis. The products were
obtained in up to high yields (35-87%) and in moderate to good
enantiopurities (40-88%).

o An efficient method for the synthesis of 3-substituted cyclopentane-
1,2-diones 94 with two adjacent stereocentres was developed,
using alkylidene oxindoles 93 and a squaramide catalyst XXXVI via
H-bonding catalysis. The products were obtained in low to high
yields (21-87%), high enantioselectivities (21-87%) and moderate
diastereoselectivities (1:1-4.7:1).

=  The absolute configurations of compounds 85, 86 and 87 and the relative
configuration of compounds 94 were determined.

R

9 examples
yield 33-93%
ee 51-95%

12 examples
yield 35-87%
ee 40-88%

14 examples
yield 21-87%
ee 5/rac-90/94%

Scheme 49 New asymmetric reactions of CPD
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5 Experimental

Full assignment of *H and 3C chemical shifts were based on the 1D and 2D FT NMR
spectra measured with a Bruker Avance IIl 400 MHz instrument. Residual solvent signals
were used (CDClz & = 7.26 *H NMR, 77.2 3C NMR) as internal standards. The reactions
were monitored by thin layer chromatography (TLC) with silica gel-coated aluminium
plates (Merck 60 F254) and NMR. Purchased chemicals and solvents were used as
received. EtOAc was distilled over phosphorous pentoxide. Petroleum ether has a boiling
point of 40-60 °C.

2-(pyridin-2-ylamino)cyclopent-2-en-1-one 89a

In a round bottom flask, equipped with a condenser, cyclopentane-1,2-dione 56 (200 mg,
2 mmol), 2-aminopyridine (1 eq), activated neutral alumina (100 eq) and toluene (4 mL)
is stirred and heated to reflux for 24 h. Upon reaction completion, alumina is removed
by filtration and the residue is purified by column chromatography eluting with
DCM:EtOAc (5% ->10%) to afford the product 89a 31 mg (9%). *H NMR (400 MHz, CDCls)
6 8.28-8.24 (1H, m), 7.75 (1H, t, J = 3.2 Hz), 7.56-7.48 (1H, m), 6.80-6.73 (2H, m), 6.70
(1H, d, J = 8.3 Hz), 2.72-2.68 (2H, m), 2.48-2.44 (2H, m). 3C NMR (100 MHz,) & 204.8,
154.4,148.1, 138.3, 137.6, 133.3, 115.6, 110.8, 32.5, 24.7.

2-((4-methoxyphenyl)amino)cyclopent-2-en-1-one 89b

To a solution of cyclopentanone 56 (442 pL, 5 mmol) in toluene (25 mL) was added
2,2,6,6-tetramethylpiperidine (128 uL, 0.75 mmol), TFA (19 uL, 0.25 mmol) and p-
anisidine (307 mg, 2.5 mmol) under argon atmosphere. Then the atmosphere was
swapped for oxygen atmosphere and stirred for 4 h at 100 °C. The mixture is evaporated
under reduced pressure to remove the solvent. The given residue was purified by column
chromatography (PE:EtOAc 10% - 20%) affording the product 89b 95 mg (19%). 'H NMR
(400 MHz, CDCl3) 6 7.04-6.93 (m, 2H), 6.91-6.81 (m, 2H), 6.59 (t, J = 3.3. Hz, 1H), 6.01
(br. s, 1H), 3.79 (s, 3H), 2.68-2.54 (m, 2H), 2.54-2.36 (m, 2H). 3C NMR (100 MHz, CDCls)
6204.9,154.5,141.2,135.4,123.1, 118.9, 114.8, 55.8, 32.8, 23.9.

1-(benzylamino)cyclopent-2-en-1-one 89c

To a solution of cyclopentane-1,2-dione 56 (100 mg, 1 eq) and p-toluenesulfonic acid
monohydrate (0.2 eq) in toluene (5 mL) equipped with Dean-Stark apparatus was added
benzylamine (1.2 eq). After 20 minutes the diketone was consumed according to the TLC
plate. The reaction mixture was concentrated and purified by column chromatography
eluting with DMC:EtOAc (10%) to afford the product 89¢ 95 mg (50%). *H NMR (400 MHz,
CDCls) 6 7.36-7.23 (5H, m), 5.9 (1H, t, J = 3.1 Hz), 4.2 (2H, s), 2.51-2.45 (2H, m), 2.44-2.39
(2H, m). 3C NMR (100 MHz, CDCl3) § 204.7, 146.1, 138.6, 128.6, 127.4,127.3, 122.1, 48.6,
33.6, 23.6.

5-methyl-2-(pyridin-2-ylamino)cyclopent-2-en-1-one 91a

In a round bottom flask, equipped with a condenser, 2-methylcyclopentane-1,2-dione
(1 g, 10.2 mmol), 2-aminopyridine (1 eq), activated neutral alumina (100 eq) and toluene
(20 mL) is stirred and heated to reflux for 43 h. Upon reaction completion, alumina is
removed by filtration and the residue is purified by column chromatography eluting with
DCM:EtOAc (5% —10%) to afford the product 91a 681 mg (37%). The NMR data is in
agreement with the literature.1%®
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2-(benzylamino)-5-methylcyclopent-2-en-1-one 91b

To a solution of 3-methylcyclopentane-1,2-dione (500 mg, 1 eq) and p-toluenesulfonic
acid monohydrate (0.2 eq) in DCM was added 1.2 g of molecular sieves 3A powder.
This mixture stirred for 30 minutes and then benzylamine (1.2 eq) was added. The solvent
was exchanged to toluene and Dean-Stark apparatus was installed. The reaction stirred
in reflux for 3 h, after that at room temperature for 2 days. When starting material was
consumed, the powdered sieves were removed by filtration and the residue was purified
by column chromatography eluting with DCM:EtOAc (0% —>10%) to afford the product
91b 577 mg (67%). *H NMR (400 MHz, CDCl3) 6 7.32-7.18 (5H, m), 5.78 (1H, t, J = 3.2 Hz),
4.15(2H, s), 2.69 (1H, ddd, /= 17.6, 6.3, 3.3 Hz), 2.43-2.30 (1H, m), 2.01 (1H, ddd, /= 17.6,
3.1, 2.1 Hz), 1.14 (3H, d, J = 7.4 Hz). 3C NMR (100 MHz, CDCls) § 207.3, 145.1, 138.7,
128.6,127.4,120.5, 48.6, 39.1, 33.0, 16.5.

Table 3 Supporting information concerning compounds discussed in the thesis but not presented in
the Experimental section can be found in the corresponding publications.

Entry Compound number in thesis ICompound rl1lumber n publlcal'::on

1 | 4a

2 VII C
3 IX 4c

4 Xi 4b

5 XXV F

6 XXVII A B
7 XXVIII 4d

8 XXIX de

9 XXX B

10 XXXI G

11 XXXII C

12 XXXIII D

13 XXXIV E

14 XXXV A
15 XXXVI D
16 51a 2a

17 51b 2b

18 51c 2c

19 51d 2d

20 51e 2e

21 51f 2f

22 51g 2g

23 51h 2h

24 51i 2i

25 56 1 1 1
26 62a 2a

27 62b 2b

28 62c 2c

29 62d 2d
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30 62e 2e

31 62f 2f

32 62g 2g

33 62h 2h

34 62i 2i

35 62j 2j

36 62k 2k

37 62l 21

38 62m 2m

39 62n 2n

40 85a 3a

41 85b 3b

42 85¢ 3d

43 85d 3c

44 85e 3e

45 85f 3f

46 85g 3g

47 85h 3h

48 85i 3i

49 86a 5a

50 86b 5b

51 86¢ 5d

52 86d 5¢

53 86e 5e

54 86f 5f

55 86g 5g

56 86h 5h

57 86i 5i

58 87a 3a

59 87b 3b

60 87c 3c

61 87d 3d

62 87e 3e

63 87f 3f

64 87g 3g

65 87h 3h

66 87i 3i

67 87j 3j

68 87k 3k

69 871 3l

70 88a 4a

71 93a 2a
72 93b 2b
73 93c 2c
74 93d 2d
75 93e 2e
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76 93f 2f

77 93g 2g
78 93h 2h
79 93i 2i

80 93j 2j

81 93k 2k
82 93l 2|

83 93m 2m
84 93n 2n
85 930 20
86 93p 2p
87 93q 2q
88 93q’ 2q’
89 94a 3a
90 94b 3b
91 94c 3c
92 94e 3e
93 94f 3f
94 94g 3g
95 94h 3h
96 94i 3i

97 94j 3j

98 94k 3k
99 94l 3l

100 94m 3m
101 94n 3n
102 940 30
103 94q 3q

49




References

10.
11.
12.

13.

14.
15.

16.

17.

18.
19.

20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

31.
32.
33.

Peters, R., Ed., Cooperative Catalysis: Designing Efficient Catalysts for Synthesis;
Wiley-VCH, 2015.

Gotor, V.; Alfonso, |.; Garcia-Urdiales, E. Asymmetric Organic Synthesis with
Enzymes; Wiley-VCH, 2008

Noyori, R.; Angew. Chem. Int. Ed. 2002, 41, 2008-2022.

Dalko, P. I, Ed., Comprehensive Enantioselective Organocatalysis: Catalysts,
Reactions and Applications; Wiley-VCH, 2013.

The Nobel Prize in Chemistry 2021. (accessed Dec 21, 2020)
https://www.nobelprize.org/prizes/chemistry/2021/summary/

List, B.; Lerner, R. A.; Barbas lll, C. F. J. Am. Chem. Soc. 2000, 122, 2395-2396.
Ahrendt, K. A.; Borth, C. J.; MacMillan, D. W. C. J. Am. Chem. Soc. 2000, 122,
4243-4244.

MacMillan, D. W. C. Nature 2008, 455, 304-308.

Bredig, C.; Fiske, P. S. Biochem. Z. 1912, 46, 7-23.

Pracejus, H. Justus Liebigs Ann. Chem., 1960, 634, 9-22.

Hajos, Z. G.; Parrish, D. R. J. Org. Chem. 1974, 39, 1615-1621.

Melchiorre, P.; Marigo, M.; Carlone, A.; Bartoli, G. Angew. Chem. Int. Ed. 2008, 47,
6138-6171.

Nielsen, M.; Worgull, D.; Zweifel, T.; Gschwend, B.; Bertelsen, S.; Jgrgensen, K. A.
Chem. Commun. 2011, 47, 632-649.

Bertelsen, S.; Jgrgensen, K. A. Chem. Soc. Rev. 2009, 38, 2178-2189.

Diaz-Mufioz, G.; Miranda, I. L.; Sartori, S. K.; de Rezende, D. C.; Diaz, M. A. N. Chirality,
2019, 31, 776-812.

Hayashi, Y.; Gotoh, H.; Hayashi, T.; Shoji, M. Angew. Chem. Int. Ed. 2005, 44,
4212-4215.

Franzén, J.; Marigo, M.; Fielenbach, D.; Wabnitz, T. C.; Kjaersgaard, A.; Jgrgensen, K. A.
J. Am. Chem. Soc. 2005, 127, 18296-18304.

Jarvo, E. R.; Miller, S. J. Tetrahedron 2002, 58, 2481-2495.

Xie, J.-W.; Chen, W.; Li, R.; Zeng, M.; Du, W.; Yue, L.; Chen, Y.-C.; Wu, Y.; Zhu, J.;
Deng, J.-G. Angew. Chem. Int. Ed. 2007, 46, 389-392.

Taylor, M. S.; Jacobsen, E. N. Angew. Chem. Int. Ed. 2006, 45, 1520-1543.
Jacobsen, E. N.; MacMillan, D. W. C. PNAS 2010, 107, 20618-20619.

Aléman, J.; Parra, A.; Jiang, H.; Jgrgensen, K. A. Chem. Eur. J. 2011, 17, 6890-6899.
Storer, R. |.; Aciro, C.; Jones, L. H. Chem. Soc. Rev. 2011, 40, 2330-2346.

Davis, A. P.; Draper, S. M.; Dunne, G.; Ashton, P. Chem. Commun. 1999, 2265-2266.
Okino, T.; Hoashi, Y.; Takemoto, Y. J. Am. Chem. Soc. 2003, 125, 12672-12673.
Vakulya, B.; Varga, S.; Csampai, A.; So0s, T. Org. Lett. 2005, 7, 1967-1969.
Malerich, J. P.; Hagihara, K.; Rawal, V. H. . Am. Chem. Soc. 2008, 130, 14416-14417
Vicario, J. L.; Badia, D.; Carrillo, L. Synthesis 2007, 14, 2065-2092.

Zhang, Y.; Wang, W. Catal. Sci. Technol. 2012, 2, 42-53.

Roca-Lopez, D.; Sadaba, D.; Delso, I|.; Herrera, R. P.; Tejero, T.; Merino, P.
Tetrahedron: Asymmetry 2010, 21, 2561-2601.

Song, Y.-X.; Du, D.-M. Adv. Synth. Catal. 2021, 363, 4667-4694.

Wang, Y.; Du, D.-M. Org. Chem. Front. 2020, 7, 3266-3283.

Wadhwa, P.; Kharbanda, A.; Sharma, A. Asian J. Org. Chem. 2018, 7, 634-661.

50



34.
35.
36.
37.
38.
39.

40.
41.
42.
43.
44.

45.

46.
47.

48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.

61.
62.

63.

64.

65.

66.
67.

Michael, A. J. Prakt. Chem. 1887, 35, 349-356.

Berkessel, A.; Groger, H. Asymmetric Organocatalysis; Wiley-VCH, 2005.

List, B.; Pojarliev, P.; Martin, H. J. Org. Lett. 2001, 3, 2423-2425.

Betancort, J. M.; Barbas Ill, C. F. Org. Lett. 2001, 3, 3737-3740.

Uehara, H.; Barbas lll, C. F. Angew. Chem. Int. Ed. 2009, 48, 9848-9852.

Kaasik, M.; Noole, A.; Reitel, K.; Jarving, I.; Kanger, T. Eur. J. Org. Chem. 2015,
1745-1753.

Seebach, D.; Goliniski, J. Helv. Chim. Acta. 1981, 130, 1413-1423.

Halland, N.; Aburel, P. S.; Jgrgensen, K. A. Angew. Chem. Int. Ed. 2003, 42, 661-664.
Halland, N.; Hazell, R. G.; Jgrgensen, K. A. J. Org. Chem. 2002, 67, 8331-8338.
Halland, N.; Hansen, T.; Jgrgensen, K. A. Angew. Chem. Int. Ed. 2003, 42, 4955-4957.
Xie, J.-W.; Yue, L.; Xue, D.; Ma, X.-L.; Chen, Y.-C.; Wu, Y.; Zhu, J.; Deng, J.-G. Chem.
Commun. 2006, 1563-1565.

Xie, J.-W.; Chen, W.; Li, R.; Zeng, M.; Du, W.; Yue, L.; Chen, Y.-C.; Wu, Y.; Zhu, J.;
Deng, J.-G. Angew. Chem. Int. Ed. 2007, 46, 389-392.

Ye, J.; Dixon, D. J.; Hynes, P. S. Chem. Commun. 2005, 4481-4483.

Khetmalis, Y. M.; Shivani, M.; Murugesan, S.; Chandra Sekhar, K. V. G. Biomed.
Pharmacother. 2021, 141, 111842.

Galzerano, P.; Bencivenni, G.; Pesciaioli, F.; Mazzanti, A.; Giannichi, B.; Sambri, L.;
Bartoli, G.; Melchiorre, P. Chem. Eur. J. 2009, 15, 7846-7849.

Xu, D.-Q.; Wang, Y.-F.; Zhang, W.; Luo, S.-P.; Zhong, A.-G.; Xia, A.-B.; Xu, Z.-Y. Chem.
Eur. J. 2010, 16, 4177-4180.

Guo, H.-C.; Ma, J.-A. Angew. Chem. Int. Ed. 2006, 45, 354-366.

Hayashi, Y.; Ogasawara, S. Org. Lett. 2016, 18, 3426-3429.

Hayashi, Y. J. Org. Chem. 2021, 86, 1-23.

Trost, B. M.; Brennan, M. K. Synthesis 2009, 18, 3003-3025.

Cheng, D.; Ishihara, Y.; Tan, B.; Barbas lll, C. F. ACS Catal. 2014, 4, 743-762.

Noole, A.; O3eka, M.; Pehk, T.; Oeren, M.; Jarving, |.; Elsegood, M. R. J.; Malkov, A. V.;
Lopp, M.; Kanger, T. Adv. Synth. Catal. 2013, 355, 829-835.

Oseka, M.; Noole, A.; Zari, S.; Geren, M.; Jarving, |.; Lopp, M.; Kanger, T. Eur. J. Org.
Chem. 2014, 3599-3606.

Sharma, D.; Kumar, M.; Das, P. Synth. Commun. 2021, 51, 2553-2573.

De Gonzalo, G.; Alcantara, A. R. Pharmaceuticals 2021, 14, 1043-1067.

Jana, K.; Ganguly, B. ACS Omega 2018, 3, 8429-8439.

Junior, V. L.; Constantino, M. G.; da Silva, G. V. J.; Neto, alvaro, C. N.; Tormena, C. F.
J. Mol. Struct. 2007, 828, 54-58.

Rueping, M.; Sugiono, E.; Merino, E. Chem. Eur. J. 2008, 14, 6329-6332.

Rueping, M.; Volla, C. M. R.; Bolte, M.; Raabe, G. Adv. Synth. Catal. 2011, 353,
2853-2859.

Jiang, X.; Cao, Y.; Wang, Y.; Liu, L.; Shen, F.; Wang, R. J. Am. Chem. Soc. 2010, 132,
15328-15333.

Zhang, G.; Zhang, Y.; Yan, J.; Chen, R.; Wang, S.; Ma, Y.; Wang, R. J. Org. Chem. 2012,
77, 878-888.

El-Sepelgy, O.; Haseloff, S.; Alamsetti, S. K.; Schnneider, C. Angew. Chem. Int. Ed.
2014, 53, 7923-7927.

Hsiao, C.-C.; Liao, H.-H.; Rueping, M. Angew. Chem. Int. Ed. 2014, 53, 13258-13263.
Nakashima, D.; Yamamoto, H. J. Am. Chem. Soc. 2006, 128, 9626-9627.

51



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

80.
81.
82.
83.
84.
85.
86.

87.
88.

89.

90.
91.

92.
93.
94.

Singla, R.; Prakash, K.; Gupta, K. B.; Upadhyay, S.; Dhiman, M.; Jaitak, V. Bioorg.
Chem. 2018, 79, 72-88.

Huang, K. H.; Veal, J. M.; Fadden, P.; Rice, J. W.; Eaves, J.; Strachan, J.P,;
Barabasz, A. F.; Foley, B. E.; Barta, T. E.,; Ma, W.; Silinski, M. A.; Hu, M
Partridge, J. M.; Scott, A.; DuBois, L. G.; Freed, T.; Steed, P. M.; Ommen, A. J,;
Smith, E. D.; Hughes, P. F.; Woodward, A. R.; Hanson, G. J.; McCall, W. S.;
Markworth, C. J.; Hinkley, L.; Jenks, M.; Geng, L.; Lewis, M.; Otto, J.; Pronk, B.;
Verleysen, K.; Hall, S. E. J. Med. Chem. 2009, 52, 4288-4305.

Roudier, M.; Constantieux, T.; Quintard, A.; Rodriguez, J. Eur. J. Org. Chem. 2015,
5709-5711.

Kostenko, A. A.; Bykova, K. A.; Kucherenko, A. S.; Komogortsev, A. N.; Lichitsky, B.
V.; Zlotin, S. G. Org. Biomol. Chem. 2021, 19, 1780-1786.

Wang, Q.; Wang, W.; Ye, L.; Yang, X.; Li, X.; Zhao, Z.; Li, X. Molecules 2017, 22,
1096-1112.

Zaware, N.; LaPorte, M. G.; Farid, R.; Liu, L.; Wipf, P.; Floreancig, P. E. Molecules
2011, 16, 3648-3662.

Donner, C. D.; Gill, M.; Tewierik, L. M. Molecules 2004, 9, 498-512.

Franke, P. T.; Richter, B.; Jgrgensen, K. A. Chem. Eur. J. 2008, 14, 6317-6321.

Lv, Y.-F.; Ren, F.-C.; Kuang, M.-T.; Miao, Y.; Li, Z.-L.; Hu, J.-M.; Zhou, J. Org. Lett. 2020,
22,6822-6826.

Rueping, M.; Kuenkel, A.; Tato, F.; Bats, J. W. Angew. Chem. Int. Ed. 2009, 48,
3699-3702.

Rueping, M.; Kuenkel, A.; Fréhlich, R. Chem. Eur. J. 2010, 16, 4173-4176.
Ramireddy, N.; Abbaraju, S.; Ding, D.; Arman, H.; Zhao, J. C.-G. J. Heterocyclic Chem.
2017, 54, 677-691.

Ren, Q.; Gao, Y.; Wang, J. Org. Biomol. Chem. 2011, 9, 5297-5302.

Gao, Y.; Ren, Q.; Wu, H.; Li, M.; Wang, J. Chem. Commun. 2010, 46, 9232-9234.
Paju, A.; Kanger, T.; Pehk, T.; Eek, M.; Lopp, M. Tetrahedron 2004, 60, 9081-9084.
Paju, A.; Kostomarova, D.; Matkevits, K.; Laos, M.; Pehk, T.; Kanger, T.; Lopp, M.
Tetrahedron 2015, 71, 9313-9320.

10gi, A.; Paju, A.; Pehk, T.; Kailas, T.; MuUrisepp, A.-M.; Lopp, M. Tetrahedron 2009,
65, 2959-2965.

Preegel, G.; Noole, A.; limarinen, K.; Jarving, |.; Kanger, T.; Pehk, T.; Lopp, M. Synthesis
2014, 46, 2595-2600.

Preegel, G.; limarinen, K.; Jarving, |.; Kanger, T.; Pehk, T.; Lopp, M. Synthesis 2015,
47,3805-3812.

Reile, I.; Paju, A.; Eek, M.; Pehk, T.; Lopp, T. Synlett 2008, 3, 347-350.

Reile, I.; Kalle, S.; Werner, F.; Jarving, |.; Kudrjashova, M.; Paju, A.; Lopp, M.
Tetrahedron 2014, 70, 3608-3613.

Paju, A.; Kanger, T.; Pehk, T.; Midrisepp, A.-M.; Lopp, M. Tetrahedron: Asymmetry
2002, 13, 2439-2448.

Tomari, K.; Machiya, K.; Ichimoto, I. Agric. Biomol. Chem. 1980, 44, 2135-2138.
Jogi, A.; llves, M.; Paju, A.; Pehk, T.; Kailas, T.; Miirisepp, A.-M.; Lopp, M.
Tetrahedron: Asymmetry 2008, 19, 628-634.

Wrobel, J.; Cook, J. M. Synth. Commun. 1980, 10, 333-337.

Hong, L.; Sun, W.; Yang, D.; Li, G.; Wang, R. Chem. Rev. 2016, 116, 4006-4123.
Reile, I.; Paju, A.; Kanger, T.; Jarving, I.; Lopp, M. Tetrahedron Lett. 2012, 53,
1476-1478.

52



95.

96.

97.

98.
99.

100.

101.

102.

103.

104.

105.
106.

107.
108.

Foloppe, N.; Fisher, L. M.; Howes, R.; Potter, A.; Robertson, A. G. S.; Surgenor, A. E.
Bioorg. Med. Chem. 2006, 14, 4792-4802.

Wang, J.-L.; Liu, D.; Zhang, Z.-).; Shan, S.; Han, X.; Srinivasula, S. M.; Croce, C. M.
Alnemri, E. S.; Huang, Z. PNAS, 2000, 97, 7124-7129.

Edraki, N.; Mehdipour, A. R.; Khoshneviszadeh, M.; Miri, R. Drug Discov. Today
2009, 14, 1058-1066.

Zonouz, A. M.; Okhravi, S.; Moghani, D. Monatsh. Chem. 2016, 147, 1819-1824.
Abaszadeh, M.; Seifi, M. J. Sulphur Chem. 2017, 38, 440-449.

Cedrén, J. C.; Gutiérrez, D.; Flores, N.; Ravelo, A. G.; Estévez-Braun, A. Eur. J. Med.
Chem. 2013, 63, 722-730.

Noole, A.; Sucman, N. S.; Kabeshov, M. A.; Kanger, T.; Macaev, F. Z.; Malkov, A. V.
Chem. Eur. J. 2012, 18, 14929-14933.

Noole, A.; limarinen, K.; Jarving, I.; Lopp, M.; Kanger, T. J. Org. Chem. 2013, 78,
8117-8122.

Noole, A.; Jarving, I.; Werner, F.; Lopp, M.; Malkov, A.; Kanger, T. Org. Lett. 2012,
14, 4922-4925.

Oseka, M.; Kimm, M.; Kaabel, S.; Jarving, |.; Rissanen, K.; Kanger, T. Org. Lett. 2016,
18, 1358-1361.

Fehr, C. Angew. Chem. Int. Ed. Engl. 1996, 35, 2566-2587.

Philippe, N.; Levacher, V.; Dupas, G.; Quéguiner, G.; Bourguignon, J. Org. Lett. 2000,
2,2185-2187.

Bartsch, H.; Eiden, F.; Buchborn, H. Arch. Pharm. (Weinheim) 1982, 315, 481-490.
Wang, Z.; Reinus, B. J.; Dong, G. J. Am. Chem. Soc. 2012, 134, 13954-13957.

53



Acknowledgements

The work was conducted in the Department of Chemistry and Biotechnology of the
School of Science at Tallinn University of Technology. Financial support was provided by
the Estonian Ministry of Education and Research (Grants No PRG657 and PRG1031 XXX)
and the Centre of Excellence in Molecular Cell Engineering (2014-2020.4.01.15-0013).
This work was partially supported by the ASTRA “TUT Institutional Development
Programme for 2016-2022” Graduate School of Functional Materials and Technologies
(2014-2020.4.01.16-0032).

I would like to thank Professor Lopp for the fascinating lectures that eventually led me
to the fourth floor of the science building. | joined his lab in the first year of my bachelor
studies, under the supervision of Dr. Gert Preegel. | still remember (although vaguely)
that my first task was to synthesise cyclopentane-1,2-dione starting from Claisen and
then Dieckmann condensations. | am very appreciative of the knowledge | gained
throughout those years!

| am extremely grateful to my supervisor, Professor Ténis Kanger, for taking me under
his wing after a year and a half-long failed project at the start of my doctoral studies.
He was very eager to keep me motivated and we both had the same objective in mind:
to defend the thesis as soon as possible. | also would like to thank Dr. Dzmitry Kananovich
for reviewing my thesis.

| had the great pleasure of working with all of the colleagues on the fourth floor and |
wish all the best to the next “orderer of reagents”. | certainly cherish all of the friends
that | have made during my studies. Thank you Anna for the memories, Aleksandra for
always being there for me, Kaarel for making us laugh, Mikk for the boardgame nights
(which still continue even when he is in Denmark) and endless book recommendations,
Dmitri for the positivity, Mariliis for the competitive (and contagious) spirit in Ligretto,
Anni for the interesting talks and Kristin for her support in everything. Of course it goes
without saying that | am thankful for all of the chemistry related advice from all of them.
| also would like to thank Dr. Sandra Kaabel for the X-ray analysis of the crystal structures
and Jevgenija for the attempts that were unfortunately unsuccessful.

| am thankful to my parents, sister and Silver, who encouraged me to study and not to
worry about the future. | love the fact that Silver would discuss different problems with
me and wanted to know more even though the subject was far from his speciality.

54



Abstract
Asymmetric Organocatalytic Reactions of Cyclopentane-1,2-
dione

Starting with the pioneering works of List and MacMillan in 2000, asymmetric
organocatalysis has grown tremendously. Synthesising new chiral molecules has become
an interesting and important challenge to pursue, particularly in medicinal chemistry.
One of the methods to construct a carbon-carbon bond enantioselectively is a Michael
reaction, where asymmetric organocatalysis can be applied.

In general, diketones are versatile starting materials in organic synthesis. However,
the number of examples using cyclopentane-1,2-dione (CPD) as a starting compound for
synthesising more complex molecules are limited. Hence, the aim of this work is to
expand the possibilities of CPD utilisation.

Three different electrophiles were chosen to investigate their reactions with CPD.
Depending on the characteristics of the substrates either aminocatalysis or hydrogen
bonding catalysis was applied. To start with, a diarylprolinol silyl ether catalysed
Michael addition/cyclisation cascade reaction of CPD with a,B-unsaturated aldehydes
was investigated. Different aldehyde substrates were tolerated and substituted
3,4-dihydropyrans were obtained in moderate to high yields (33-93%) and enantiomeric
purities (ee 51-95%). Also, a one-pot procedure for the cascade cyclization and reduction
of the formed enantioenriched aldehyde intermediate was developed. 3-Substituted
cyclopentane-1,2-diones were obtained in better yields than those of the previous
method in the literature.

Then, the Michael addition/cyclisation cascade of CPD to alkylidene malononitriles
was studied. The cascade was catalysed by a dihydroquinine derived thiourea and
provided 4H-pyrans in moderate vyields (35-87%) and ee-values (ee 40-88%).
The enantioselectivity decreased in the presence of nitro group acting as a competitive
hydrogen bond acceptor (ee 40-59%). The pyran moiety is often found in important
biological molecules, and therefore the new synthesized pyrans could also possess
interesting biological properties.

Finally, we developed an asymmetric Michael addition of CPD to alkylidene oxindoles
in the presence of a bifunctional squaramide catalyst. The adducts have two adjacent
stereocentres, but unfortunately the diastereomeric ratio was generally low (1:1-4.7:1).
However, the enantioselectivities were moderate to high (62%/60%-90%/94%), except
for one instance where almost a racemic compound was obtained, likely due to
additional catalyst coordinating moiety in the substrate or racemisation of the product.

In conclusion, this work broadens the scope of the asymmetric organocatalytic
reactions of cyclopentane-1,2-dione and provides new methods for synthesising
different substituted enantioenriched pyrans and 3-substituted cyclopentane-1,2-diones.
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Liihikokkuvote
Tsiiklopentaan-1,2-diooni asiimmeetrilised
organokataliiitilised reaktsioonid

Organokataliiiis on viimase paarikiimne aasta jooksul kiiresti arenenud. Seda suuresti
tanu teedrajavatele keemikutele, Benjamin Listile ja David MacMillanile, kes 2000. aastal
avaldasid kaks aslimmeetrilise organokataliilisi jaoks olulist publikatsiooni. Uute
kiraalsete molekulide siinteesist on saanud huvipakkuv ja vajalik valjakutse, eriti
meditsiinilises keemias. Michaeli liitumine on ks efektiivsetest meetoditest, mis
voimaldab luua sisinik-stsinik sidet, samuti saab selles reaktsioonis rakendada
aslimmeetrilist organokataliilisi ning selle abil siinteesida kiraalseid (ihendeid.

Diketoone, nii lineaarseid kui ka tstklilisi, saab orgaanilises slinteesis kasutada paljude
erinevate Uhendite siinteesiks. Sellegipoolest on tsiiklopentaan-1,2-diooni (TPD)
rakendamisest vahe ndited. Sellest tulenevalt on selle t66 eesmargiks laiendada TPD
kasutust.

Valiti vdlja kolm erinevat elektrofiili, et uurida nende reaktsiooni TPD-ga.
Vastavalt substraatide omadustele kasutati kas aminokatallilsi- voi vesiniksideme
katallitisi. Kdigepealt uuriti  diartulprolinoolsiltitileetri  katallitisitud ~ Michaeli
liitumise/tstkliseerimise kaskaadi TPD ja a,B-killastumata aldehtiiididega. Reaktsioonis
kasutati erinevaid asendatud aldehiiide ning tulemusena saadi asendatud
3,4-dihtdropiraanid méddukate kuni kdrgete saagistega (33-93%) ja enantiomeersete
puhtustega (51-95%). Lisaks sellele, viidi nii kaskaadreaktsioon kui taandamine labi
“Ohe-kolvi” reaktsioonina. Sinteesitud 3-asendatud tsiklopentaan-1,2-dioonide
saagised paranesid vorreldes eelnevalt kirjanduses leiduva meetodiga.

Seejarel  uuriti  dihGdrokiniinipGhise  tiokarbamiidi  katallilisitud  Michaeli
liitumise/tstkliseerimise kaskaadi TPD ja alkilideenmalononitriilidega. 4H-plraanid
slinteesiti keskmiste saagiste (35-87%) ja ee-vaartustega (ee 40-88%). Kui substraat
sisaldas nitroriihma, siis see avaldas md&ju enantioselektiivsusele (ee 40-59%), sest
nimetatud funktsionaalrithm on konkureeriv vesiniksidemete aktseptor. Tanu piraani
tslikli sisaldumisele mitmetes bioloogiliselt tahtsates molekulides, on ka uued
slinteesitud puraanid huvipakkuvad vaheilhendid nii meditsiinilises keemias kui ka
orgaanilises siinteesis.

Jargnevalt tootati vélja TPD aslimmeetriline Michaeli liitumine
alkulideenoksindoolidele, mida kataliiisiti bifunktsionaalse skvaaramiidiga. Produktidel
on kaks korvutiasetsevat stereogeenset tsentrit, kuid kahjuks oli tekkinud
diastereomeeride suhe (ldiselt vaike (1:1-4.7:1). Sellegipoolest saadi produktid
suhteliselt kdrge enantiomeerse puhtusega (62%/60-90%/94%). Erandiks olid
esterrthma ja happelist prootonit sisaldavad produkt, mis viisid reaktsiooni
enantioselektiivsuse langemiseni (ee 5%/rac).

Antud doktorit6o laiendab tsiiklopentaan-1,2-diooni asimmeetriliste
organokataltitiliste reaktsioonide valimit ja pakub uusi meetodeid erinevate
enantiomeerselt rikastatud pliraanide ja 3-asendatud tsiklopentaan-1,2-dioonide
stinteesiks.
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Abstract An asymmetric organocatalytic Michael addition-cyclization
cascade reaction has been developed using cyclopentane-1,2-dione as
a Michael donor and a,B-unsaturated aldehydes as Michael acceptors.
Bicyclic hemiacetals were obtained in excellent yields and enantioselec-
tivities. On the basis of the results, a one-pot reaction has been devel-
oped to obtain chiral 3-substituted cyclopentane-1,2-diones and sub-
stituted dihydropyrans in good yields and excellent enantioselectivity.

Key words organocatalysis, asymmetry, diketones, dihydropyran,
Michael addition

At the present time, chemical synthesis is directed at
sustainability, looking for cleaner and more effective reac-
tions to get compounds of interest. In the biomass conver-
sion discipline, one of the conversions that has been some-
how neglected is selective conversion of biomass via 5-HMF
to cyclopentanone and cyclopent-2-en-1-one.! Both of
these compounds can be easily converted into cyclopen-
tane-1,2-diones (1).2 These are compounds of many uses,
including as precursors with the means to increase the
heating value of conventional bio-jet fuels.? Also derivatives
of cyclopentane-1,2-dione can be used as flavoring agents.*
We have used these molecules as starting materials/plat-
form molecules for making new high value-added fine
chemicals, such as nucleoside analogues’ and several bioac-
tive natural compounds® and their analogues.” On the other
hand, aminocatalysis has been an important research topic
for 10 years, providing the most widely used organocata-
lysts in the field.?

1. R0

10 mol% aminocatalyst B
CH,Cly, rt OH
_—
[o} 2 .
OH - 2 equiv NaBH, OH
MeOH, CH,Cl, o

0°Ctort
9 examples
up to 73% yield

up to 94% ee

We have previously shown that a Mukaiyama-Michael
addition reaction of cyclopentane-1,2-dione dienol silyl
ethers proceeds in an organocatalytic way with o,B-unsatu-
rated aldehydes.’ The preparation of the intermediate cy-
clopentane-1,2-dione dienol silyl ethers, however, is a labo-
rious and complicated procedure, making the overall yield
of the substituted chiral product low, although the addition
reaction proceeds in excellent enantioselectivity (Scheme 1,
path C).° We have also shown previously that a-alkylation
of cyclopentane-1,2-diones in an organocatalytic manner
can be carried out with B,y-unsaturated-a-keto esters and
with nitroolefins (Scheme 1, paths A and B).'®'! Several
other organocatalytic reactions of cyclic diketones with ex-
cellent stereoselectivity have also been investigated:
Rueping carried out two cascade reactions with cyclohex-
ane-1,2-dione and cyclohexane-1,3-dione, giving bicyclic
product in up to excellent yields and enantioselectivity
(Scheme 1, paths D and E);'? Jargensen’s group has also
shown that cyclopentane-1,3-diones undergo a cascade re-
action with o,B-unsaturated aldehydes, giving bicyclic
product in excellent yields and stereoselectivity (Scheme 1,
path F).!> Here we present the results of using a,B-unsatu-
rated aldehydes as electrophiles in a direct reaction with
cyclopentane-1,2-dione.

We started with cyclopentane-1,2-dione (1) and trans-
cinnamaldehyde (2a) with L-proline (4a) as the aminocata-
lyst in ethanol and obtained hemiacetal 3a in very low yield
(6.5%) and with low enantioselectivity (16%; Table 1, entry
1). By using bulkier aminocatalysts, better yields and enan-
tioselectivities were obtained (Table 1, entries 2-5). The
best result was achieved with the bulkiest catalyst, 4e, giv-
ing 83% yield and 85% ee (Table 1, entry 5). The opposite en-
antiomer was also obtained with a catalyst derived from D-
proline (Table 1, entry 4).
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In a search for an optimal solvent for the reaction, dif-
ferent polar and non-polar solvents were screened. The re-
sults are presented in Table 2. We found that the halogen-
containing solvents gave the best stereoselectivity. In chlo-
roform, the reaction was complete in 2 hours, giving a good
yield (76%) and with excellent enantioselectivity (98% ee;
Table 2, entry 5). In 1,2-dichloroethane, similar results were
obtained after 6 hours of reaction (72% yield and 96% ee;
Table 2, entry 6). The best result was obtained with di-
chloromethane, affording an excellent yield (93%) and en-
antioselectivity (95% ee; Table 2, entry 7) in a fast reaction
(after 2 h).

Using these optimal conditions the scope of the reaction
with different aldehydes was investigated. As seen in
Scheme 2, the reaction tolerates different o,B-unsaturated
aldehydes with various electronic densities. Electron-
donating and -withdrawing groups at the aromatic ring

Previous work:

both gave good to excellent yields and enantioselectivities
(3b and 3e). Also, a heteroaromatic ring was tolerated, giv-
ing product 3g in 68% yield and 81% ee. Furthermore, an al-
kyl o,B-unsaturated aldehyde can also be used in the reac-
tion, affording 3h with good enantioselectivity (86% ee), al-
though with low yield (33% only). Finally, hexa-2,4-dienal
(2i) resulted in a 1,4-addition reaction only, giving 3i in an
average yield 65% and enantioselectivity 51% ee. As the
used starting material 2i was a 1:7 mixture of cis- and
trans-isomers, the product obtained was also a 1:7 mixture
of cis/trans isomers.

The absolute configuration of compound 3¢ was deter-
mined by a single-crystal X-ray diffraction to be (2S,4S)
(Figure 1) and the absolute configurations of compounds 3
were assigned by analogy.

As excellent yields were obtained only in some cases
with trans-cinnamaldehydes, additional screening of possi-
ble basic additives, with the usual co-catalyst enhancing

CF3
A)
. Q
/J;% . CF3 H OTMS oH
+ SF o
d 2 nt o NG, ElOH /
OH OH A THo

1 example_s 10 examples
Up to 91% yield Up to 81% yield

Up to 76% ee

\N/

H H
_~\NYN CFs
B
) S \©/ R
i CF. .
R O\R” :
o CHgCly, 1t

11 examples

Up to 93% vyield

Up to 98% ee
dr>20:1

[
) Ph

TBSO'

o Ly e </
J;/? Q | —
— _ > —
o - T EtOH -
on Tesd  otes R
o

This work:
aminocatalysis

(o]
|
o T
OH g

Scheme 1 Previous and proposed work on cyclic diketones

4 (¢} ﬂ/ R

Up to 98% ee

E) Ar
N Ar o

o [¢] R
| H OTMS B
+ —_—
| CH,Cl, 0°C
¢] R O OH
Ar = Ph, 3,5-(CF3)CgH3 8 examples

Up to 95% yield
Up to 98% ee

Ar
F) Ar

O H OTMS

fo) R
PhCOgH T
R 2. Ac0, Et;N, DMAP m
CH,Cl>
Ar=

OH (9) OAc
5 examples Ph 3,5-(CF3)CgH3 13 examples
Up to 66% yield Up to 95% yield
Up to 94% ee Up to 96% ee
Up to 20:1 dr

R R
i ~_-OH
—_— B
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Table 1 Screening of Organocatalysts? Table 2 Screening of Solvents?
Ph Ph
(o) catalyst 0 catalyst 4e Ph
o - -, o o — . o
solvent
OH PRTNT EtOH 0" oH on PN TH s o Son H  omes
o o
1 2a 3a 1 2a 3a 4e

O\( 0\4 O\Q O A wr Entry Solvent Time (h) Yield (%)° ee (%)°
a N A N Ar 1 EtOH 18 83 85

H otms H otms  H oTBS

2 MeOH 24 74 88
4a 4b 4c 4d 4e
3 THF 24 72 96
4b, 4c, 4e: Ar = Ph
4d: Ar = 3,5-diCF5-Ph 4 toluene 5 83 97
5 CHCly 2 76 98
Entry Catalyst (10 mol%)  Time (h) Yield (%)® ee (%)° 6 GH,CI 6 72 %6
201412
1 4a 18 6.5 16 7 CH,Cl, 2 93 95
2 4b 24 61 21 2 Reaction conditions: 1 (0.24 mmol), 2a (0.2 mmol), catalyst 4e (0.02
mmol), solvent (0.7 mL), r.t.
3 4c 15 9 79 b |solated yield after column chromatography.
4 ad 24 20 709 ¢ Determined by chiral HPLC.
5 de 18 83 85
2 Reaction conditions: 1 (0.24 mmol), 2a (0.2 mmol), catalyst 4 (0.02 . .
mmol), EtOH (0.7 mL), r.t. the condensation of aminocatalyst to aldehyde, was per-
bIsolated yield after column chromatography. formed. It was found (see Table 3) that the best additive was

¢ Determined by chiral HPLC.
9 Opposite enantiomer formed.

NaHCO;, leading to perfect yield (98%) and outstanding en-
antioselectivity (>99% ee) of the reaction (Table 3, entry 6).

R
e} catalyst 4e Ph
o : /\)k oo N Ph
CH,Cl,
on RO TH 2V 0" YOH H  otes

1%}
o
w
o
@
a
w
®

3
93%, 95% ee 70%, 90% ee 62%, 83% ee 82%, 92% ee 86%, 95% ee
| S
Z 0: />
NO,

;1

3i
87%, 91% ee 68%, 81% ee 33%, 86% ee 65%, 51% ee (trans)/
71% ee (cis) 7:1

Scheme 2 Scope of the reaction. Reagents and conditions: 1 (0.24 mmol), 2 (0.2 mmol), catalyst 4e (0.02 mmol), CH,Cl, (0.7 mL), r.t.; isolated yields
after column chromatography, the major diastereomer is presented; ee determined by chiral HPLC.
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/J;% o NaHCOy, cat. 4e
+ —
o R/\)kH CH,Cl»

- 2 equiv NaBH,, MeOH
i ey
on CH,Cl,
OH 40°C Y O 0°Ctort

o

0 ©
%H\AOH WOH

5
74%, 92% ee 72%, 90% ee 63%, 9

0

i/\ “No ::/

o
OH

o

5f 59
35%, 94% ee 60%, 83% ee

0% ee 60%, 92% ee

5e
82%, 94% ee

m ﬂ\/\oH
OH OH
1) 4 OH

5h

29%, 75% ee

5i
55%, 7:1 46% ee (trans)/73% ee (cis)

Scheme 3 One-pot reaction in the synthesis of chiral 3-substituted cyclopentane-1,2-diones 5. Reagents and conditions: 1 (0.24 mmol); 2 (0.2 mmol),
NaHCO; (0.02 mmol), catalyst 4e (0.02 mmol), CH,Cl, (0.7 mL), r.t.; isolated yields after column chromatography, ee determined by chiral HPLC.

Figure 1 X-ray crystal structure (see Supporting Information for de-
tails) and the absolute configuration of 3¢

With these optimum conditions (solvent CH,Cl,, cata-
lyst 4e, and additive NaHCOj3), we developed a one-pot pro-
cedure for the reaction sequence: Michael addition, cycliza-
tion reaction and reduction of the formed aldehyde with
NaBH,. This cascade of reactions resulted in a single prod-
uct 5 (Scheme 3).

All of the used substrates gave excellent enantioselec-
tivities, with good to satisfactory overall yields. We made
an attempt to reduce acetal 7 directly to the dihydropyran
according to Oshima et al.'* but without success. Instead,
the cyclization of enol 5 proceeded easily in the presence of
a strong acid, yielding dihydropyran 6 in 56% yield (not op-
timized) (Scheme 4).

: 2M H,S0, T EtySiH, TMSOT! H
g\/\ H o 569 g;(j CH1,Cly
0" NoTms
g o o

Scheme 4 Transformation to dihydropyran

In conclusion, a novel efficient method of making bicy-
clic hemiacetals 3a-i and 3-substituted cyclopentane-1,2-
diones 5a-i has been developed, giving good yields and ex-
cellent enantioselectivities. The method may be used for
the synthesis of a wide variety of substituted dihydropy-
rans 6.

Full assignment of 'H and '3C chemical shifts is based on the 1D and
2D FT NMR spectra measured on a Bruker Avance Il 400 MHz instru-
ment. Residual solvent peaks (CHCl;/CDCl;, § = 7.26/77.2) or TMS (& =
0.00) were used as chemical shift references. Chiral HPLC was per-
formed using Phenomenex Lux® 3um amylose-2, Chiralcel OD-H, and
Chiralpak AS-H and OJ-H columns. Mass spectra were recorded by us-
ing Agilent Technologies 6540 UHD Accurate-Mass Q-TOF LC/MS

© Georg Thieme Verlag Stuttgart - New York — Synthesis 2017, 49, 3118-3125
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Table 3 Screening of Additives?

Ph

O additive, catalyst 4e Ph
[9) M /\)k > N
P X" H CHCl, H

Ph
OH O OH OTBS
[¢]
1 2a 3a 4e
Entry  Additive (10 mol%) Time (h) Yield (%)® ee (%)°
1 - 2 93 95
2 NaOAc 1.5 93 94
3 pyridine 3 95 94
4 DMAP 1 93 94
5 K,CO5 4 84 94
6 NaHCO; 35 98 >99
7 Na,CO; 25 98 95
8 Et;N 2.5 94 94
9 DIPEA 1.5 93 94
10 DABCO 2 99 95
11 DBU 2.5 82 95
12 imidazole 1 99 93

@ Reaction conditions: 1 (0.24 mmol), 2a (0.2 mmol), additive (0.02 mmol),
catalyst 4e (0.02 mmol), CH,Cl, (0.7 mL), r.t.

bIsolated yield after column chromatography.

¢ Determined by chiral HPLC.

spectrometer by using AJ-ESI ionization. Optical rotations were ob-
tained using an Anton Paar GWB Polarimeter MCP 500. IR spectra
were recorded on a Bruker Tensor 27 Fourier transform infrared spec-
trophotometer. Absolute structure of the single crystal with Bruker-
Nonius Kappa CCD diffractometer. TLC: Merck precoated silica gel 60
F,s4 plates; column chromatography: Merck 60 (0.040-0.063 mm)
mesh silica gel. Commercial reagents and solvents were generally
used as received. Racemic samples of all compounds were prepared
following the general procedure using pyrrolidine as catalyst.

Cyclopentane-1,2-dione (1) was prepared according to a literature
procedure? from commercially available cyclopentanone. Aldehydes
2a-i and catalysts 4a-e are commercially available and were used
without further purification.

4-Substituted 2-Hydroxy-3,4,5,6-tetrahydrocyclopenta[b]pyran-
7(2H)-one 3a-i; General Procedure A
2-Hydroxycyclopent-2-en-1-one (1, 23.5 mg, 0.24 mmol), aldehyde 2
(25.2 pL, 0.2 mmol), and aminocatalyst 4e (7.3 mg, 0.02 mmol) were
dissolved in CH,Cl, (0.7 mL). The mixture was stirred at r.t. until com-
pletion of the reaction (TLC monitoring). The mixture was purified by
column chromatography (CH,Cl,/EtOAc 25:1) to yield the product.

(25,4S)-2-Hydroxy-4-phenyl-3,4,5,6-tetrahydrocyclopen-
ta[b]pyran-7(2H)-one (3a)

Following GPA gave 3a after purification as a white solid; yield: 43 mg
(93%); mp 149 °C; 95% ee [HPLC (Chiralcel OD-H, hexane/i-PrOH 8:2,
1 mL/min, 254 nm): t; = 8.2 (major), 6.8 min (minor)]; [a],* +186.8 (¢
0.04, CHCl,).

IR (KBr): 3377,2929, 1701, 1645, 1494, 1454, 1408, 1394, 1283, 1121,
1090, 910, 733, 705 cm™.

1H NMR (400 MHz, CDCl,): § = 7.40-7.33 (m, 2 H), 7.32-7.27 (m, 1
7.24-7.19 (m, 2 H), 5.82 (d, J = 2.8 Hz, 1 H), 5.09 (s, 1 H), 4.00 (dd,
11.5, 6.1 Hz, 1 H), 2.40-2.31 (m, 3 H), 2.28-2.24 (m, 2 H), 1.99 (dd,
13.5,11.8 Hz, 1 H).

13C NMR (101 MHz, CDCl3): § = 202.8, 148.6, 148.5, 140.7, 129.1 (2 C),
128.3(2C),127.4,92.9,37.6,35.7,32.7,23.7.

HRMS (ESI): m/z [M + HJ]* caled for C4H;505: 231.1016; found:
231.1016.

),

(25,4S)-2-Hydroxy-4-(4-methoxyphenyl)-3,4,5,6-tetrahydrocyclo-
penta[b]pyran-7(2H)-one (3b)

Following GPA gave 3b after purification as a yellow oil; yield: 36 mg
(70%); 90% ee [HPLC (Chiralpak AS-H, hexane/i-PrOH 8:2, 1 mL/min,
254 nm): tg = 18.6 (major), 29.5 min (minor)]; [a]p?* +133.9 (c 0.05,
CHCly).

IR (KBr): 3379, 2932, 1703, 1644, 1611, 1583, 1513, 1442, 1394, 1347,
1250, 1087, 1034, 794 cm™".

H NMR (400 MHz, CDCl,): & = 7.15-7.09 (m, 2 H), 6.93-6.86 (m, 2 H),
5.77 (brs, 1 H), 4.53 (brs, 1 H), 3.93 (dd, ] = 114, 6.1 Hz, 1 H), 3.82 (s,
3 H), 2.40-2.36 (m, 2 H), 2.31 (ddd, J = 13.8, 6.2, 2.5 Hz, 1 H), 2.27-
2.23 (m, 2 H),2.01-1.91 (m, 1 H).

3C NMR (101 MHz, CDCl,): & = 202.3, 158.9, 148.7, 148.4, 132.5,
129.3(2C), 114.5(2 C),92.9, 55.5, 36.7, 35.7, 32.8, 23.7.

HRMS (ESI): m/z [M + H]* caled for CisH;;04: 261.1121; found:
261.1103.

(2S,45)-4-(4-Chlorophenyl)-2-hydroxy-3,4,5,6-tetrahydrocyclo-
penta[b]pyran-7(2H)-one (3c)

Following GPA gave 3c after purification as a white solid; yield: 33 mg
(62%); mp 168 °C; 83% ee [HPLC (Chiralpak AS-H, hexane/i-PrOH 8:2,
1 mL/min, 254 nm): & = 13.9 (major), 18.8 min (minor)];
[]p25 +233.2 (€ 0.04, CHCl,).

IR (KBr) 3356, 2947, 1699, 1649, 1492, 1435, 1230, 1088, 844 cm™".

H NMR (400 MHz, CDCl,): 8 = 7.34 (d, ] = 8.3 Hz, 2 H), 7.15 (d, ] = 8.4
Hz, 2 H), 5.79 (s, 1 H), 4.68 (s, 1 H), 3.97 (dd, J = 11.3, 6.0 Hz, 1 H),
2.41-2.36 (m, 2 H), 2.36-2.29 (m, 1 H), 2.27-2.20 (m, 2 H), 1.94 (t, ] =
12.6 Hz, 1 H).

13C NMR (101 MHz, CDCl,): & = 202.4, 148.7, 147.4, 139.1, 133.3,
129.7 (2 C),129.3 (2 €),92.8,37.0, 35.6, 32.7, 23.6.

HRMS (ESI): m/z [M + H]* caled for C,4H;,05Cl: 265.0626; found:
265.0626.

(2S,45)-4-(4-Bromophenyl)-2-hydroxy-3,4,5,6-tetrahydrocyclo-
penta[b]pyran-7(2H)-one (3d)

Following GPA gave 3d after purification as a white solid; yield: 50
mg (82%); mp 173 °C; 92% ee [HPLC (Chiralpak AS-H, hexane/i-PrOH
8:2, 1 mL/min, 254 nm): ty = 16.0 (major), 27.7 min (minor)];
[a]p?® +190.1 (c 0.04, CHCl,).

IR (KBr): 3354, 2947, 1699, 1649, 1489, 1127, 870, 843, 531 cm™".

TH NMR (400 MHz, CDCLy): 6 = 7.49 (d, ] = 8.3 Hz, 2 H), 7.10 (d, ] = 8.3
Hz, 2 H),5.80 (d,] = 1.9 Hz, 1 H), 5.1 (s, 1 H), 3.97 (dd, ] = 11.3, 5.9 Hz,
1 H), 2.41-2.36 (m, 2 H), 2.36-2.28 (m, 1 H), 2.28-2.21 (m, 2 H), 1.94
(t,J=12.7 Hz, 1 H).

13C NMR (101 MHz, CDCly): § = 202.3, 148.7, 147.2, 139.6, 132.3 (2 C),
130.1 (2 C), 121.3,92.7, 37.1, 35.5, 32.7, 23.6.
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HRMS (ESI): m/z [M + HJ* caled for C,4H;,05Br: 309.0121; found:
309.0130.

(25,4S)-2-Hydroxy-4-(4-nitrophenyl)-3,4,5,6-tetrahydrocyclopen-
ta[b]pyran-7(2H)-one (3e)

Following GPA gave 3e after purification as a white solid; yield: 47 mg
(86%); mp 160 °C; 95% ee [HPLC (Chiralpak AS-H, hexane/i-PrOH 8:2,
1 mL/min, 254 nm): t; = 27.8 (major), 41.5 min (minor)];
[a]p?® +184.7 (¢ 0.03, CHCl).

IR (KBr): 3305, 2931, 1693, 1646, 1607, 1516, 1345, 862, 754, 715 cm™".

H NMR (400 MHz, CDCl;): & = 8.25(d, ] = 8.6 Hz, 2 H), 7.42 (d, ] = 8.7
Hz, 2 H),5.85(d,J = 2.0 Hz, 1 H), 5.27 (s, 1 H), 4.16 (dd, ] = 12.4, 6.5 Hz,
1 H), 2.45-2.40 (m, 2 H), 2.40-2.34 (m, 1 H), 2.33-2.21 (m, 2 H), 1.98
(t,J=12.7Hz, 1 H).

13C NMR (101 MHz, CDCly): § = 202.5, 149.0, 148.3, 147.4, 145.9,
129.3(2C),124.4(2C),92.5,37.5,35.5,32.7,23.6.

HRMS (ESI): m/z [M + HJ* caled for Cy4H;4,0sN: 276.0866; found:
276.0875.

(25,4R)-2-Hydroxy-4-(2-nitrophenyl)-3,4,5,6-tetrahydrocyclopen-
ta[b]pyran-7(2H)-one (3f)

Following GPA gave 3f after purification as a white solid; yield: 48 mg
(87%); mp 160 °C; 91% ee [HPLC (Chiralpak AS-H, hexane/i-PrOH 8:2,
1 mL/min, 254 nm): tz = 28.5 (major), 43.9 min (minor)];
[a]p?5 +234.3 (¢ 0.05, CHCl,).

IR (KBr): 3356, 2925, 1700, 1648, 1607, 1524, 1351, 789, 750, 719 cm™".

TH NMR (400 MHz, CDCl,): 8 = 7.90 (dd, J = 8.2, 1.2 Hz, 1 H), 7.62 (td,
J=7.6,1.1Hz, 1 H), 7.49-7.43 (m, 1 H), 7.30 (dd, ] = 7.8, 1.0 Hz, 1 H),
5.80(d,J = 1.8 Hz, 1 H), 4.71 (brs, 1 H), 457 (dd, ] = 10.7, 6.2 Hz, 1 H),
2.56 (ddd, = 13.6, 6.1, 2.5 Hz, 1 H), 2.45-2.39 (m, 2 H), 2.35-2.28 (m,
1H),2.27-2.18 (m, 1 H), 1.99 (t, ] = 11.8 Hz, 1 H).

3C NMR (101 MHz, CDCl,): & = 202.4, 1504, 149.5, 146.2, 135.2,
133.3,130.4, 128.3,124.9,92.7, 35.4, 33.2, 32.7, 23.5.

HRMS (ESI): m/z [M + H]" calcd for C,4H,,0sN: 276.0866; found:
276.0872.

(25,4R)-4-(Furan-2-yl)-2-hydroxy-3,4,5,6-tetrahydrocyclopen-
ta[b]pyran-7(2H)-one (3g)

Following GPA gave 3g after purification as a white solid; yield: 30 mg
(68%); mp 160 °C; 81% ee [HPLC (Chiralcel OD-H, hexane/i-PrOH 95:5,
1 mL/min, 254 nm): t; = 19.6 (major), 15.8 min (minor)];
[a]p?® +162.1 (c 0.04, CHCl,).

IR (KBr): 3375, 2926, 1702, 1647, 1505, 1120, 1088, 745 cm™".

TH NMR (400 MHz, CDCl,): 8 = 7.38 (dd, J = 1.8, 0.7 Hz, 1 H), 6.35 (dd,
J=3.1,19Hz, 1 H),6.19 (d, ] = 3.1 Hz, 1 H), 5.80 (d, ] = 2.7 Hz, 1 H),
5.05 (s, 1 H), 4.13 (dd, J = 11.1, 5.9 Hz, 1 H), 2.44-2.36 (m, 3 H), 2.33-
2.21(m, 2 H), 2.15 (t,] = 12.4 Hz, 1 H).

3C NMR (101 MHz, CDCl;): & = 202.6, 153.3, 148.1, 146.4, 142.3,
110.4,106.9,92.7,32.8,31.8, 31.1, 23.9.

HRMS (ESI): m/z [M + H]* caled for C;,H;30,: 221.0808; found:
221.0815.

(2S,4R)-4-Butyl-2-hydroxy-3,4,5,6-tetrahydrocyclopenta[ b]pyran-
7(2H)-one (3h)

Following GPA gave 3h after purification as a yellow oil; yield: 14 mg
(33%); 86% ee [HPLC (Chiralcel OJ-H, hexane/i-PrOH 9:1, 1 mL/min,
254 nm): tz = 10.7 (major), 8.6 min (minor)]; [«]y?* +36.7 (¢ 0.04,
CHCly).

IR (KBr): 3316, 2926, 1691, 1634, 1461, 1395, 1098, 948, 846, 715 cm™".

1H NMR (400 MHz, CDCl,): & = 5.70 (s, 1 H), 4.79 (s, 1 H), 2.81-2.70
(m, 1 H), 2.61-2.52 (m, 1 H), 2.49-2.36 (m, 3 H), 2.18-2.09 (m, 1 H),
1.81-1.70 (m, 1 H), 1.58-1.47 (m, 1 H), 1.42-1.28 (m, 5 H), 0.97-0.88
(m, 3 H).

13C NMR (101 MHz, CDCl;): & = 202.4, 150.6, 147.8, 92.9, 32.8, 32.3,
31.5,30.1, 29.0, 23.5, 22.9, 14.1.

HRMS (ESI): m/z [M + Na]* caled for C;,H;303Na: 233.1148; found:
233.1151.

(25,4S)-2-Hydroxy-4-[(E)-prop-1-en-1-yl]-3,4,5,6-tetrahydrocyclo-
penta[b]pyran-7(2H)-one (3i)

Following GPA from 2i (trans/cis 7:1) gave 3i after purification as an
orange oil; yield: 25 mg (65%); ratio trans/cis 7:1; cis-isomer 71% ee
[HPLC (Chiralcel OJ-H, hexane/i-PrOH 9:1, 1 mL/min, 254 nm): ty =
16.9 (major), 13.8 min (minor)]; trans-isomer 51% ee [HPLC (Chiralcel
0J-H, hexane/i-PrOH 9:1, 1 mL/min, 254 nm): t; = 24.4 (major), 11.3
min (minor)]; [«]p?® +99.7 (c 0.05, CHCl,).

IR (KBr): 3382, 2925, 1698, 1643, 1440, 1395, 1102, 914, 733 cm™.

1H NMR (400 MHz, CDCl,): § = 5.75-5.59 (m, 2 H), 5.38-5.29 (m, 1 H),
482 (br's, 1 H), 3.36 (dd, J = 15.5, 8.6 Hz, 1 H), 2.57-2.33 (m, 4 H),
2.14-2.05 (m, 1 H), 1.77-1.67 (m, 4 H).

13C NMR (101 MHz, CDCl,): § = 202.4, 149.2, 147.6, 129.5, 128.7, 92.7,
34.6,33.3,32.8,23.9, 18.1.

HRMS (ESI): m/z [M + Na]* caled for C;;H;,03Na: 217.0835; found:
217.0837.

2-Hydroxy-3-(1-substituted 3-hydroxypropyl)cyclopent-2-en-1-
ones 5a-i; General Procedure B

2-Hydroxycyclopent-2-en-1-one (1, 23.5 mg, 0.24 mmol), aldehyde 2
(25.2 pL, 0.2 mmol), aminocatalyst 4e (7.3 mg, 0.02 mmol), and
NaHCO; (0.02 mmol) were dissolved in CH,Cl, (0.7 mL). The mixture
was stirred at 40 °C until completion of the reaction (TLC and NMR
monitoring). The mixture was cooled to 0 °C and dry MeOH (0.5 mL)
and NaBH, (12.6 mg, 0.33 mmol) were added. The mixture was
stirred at 0 °C for 30 min and was warmed to r.t. When the reaction
was completed CH,Cl, (0.5 mL) and sat. aq NH,CI solution (0.5 mL)
were added to the mixture. The mixture was extracted with CH,Cl, (3
x 1 mL) and organic phase was dried with phase separator and con-
centrated. Mixture was purified by column chromatography (CH,Cl,/
MeOH, 50:1) to yield the product.

(S)-2-Hydroxy-3-(3-hydroxy-1-phenylpropyl)cyclopent-2-en-1-
one (5a)

Following GPB gave 5a after purification as a white solid; yield: 28 mg
(74%); mp 117 °C; 92% ee [HPLC (Phenomenex Lux® 3um amylose-2,
hexane/EtOH 8:2, 1 mL/min, 254 nm): tz = 9.1 (major), 13.8 min (mi-
nor)].

H NMR (400 MHz, CDCl,): & = 7.35-7.21 (m, 5 H), 6.52 (br s, 1 H),
420 (t,J=7.9 Hz, 1 H), 3.71-3.61 (m, 2 H), 2.45-2.17 (m, 6 H), 2.09 (br
s, 1H).
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13C NMR (101 MHz, CDCl,): § = 203.6, 148.5, 148.3, 141.3, 128.8 (2 C),
128.0(2 ), 127.0, 60.8, 41.4, 34.5, 31.8, 23.0.

The spectral properties of the compound coincided with literature
data.®

(S)-2-Hydroxy-3-(3-hydroxy-1-(4-methoxyphenyl)propyl)cyclo-
pent-2-en-1-one (5b)

Following GPB gave 5b after purification as a white solid; yield: 32
mg (72%); mp 106 °C; 90% ee [HPLC (Chiralpak AS-H, hexane/EtOH
9:1, 1 mL/min, 254 nm): tg = 29.6 (major), 26.4 min (minor)].

TH NMR (400 MHz, CDCl,): & =7.21 (d, J = 8.7 Hz, 2 H), 6.86 (d, ] = 8.7
Hz, 2 H), 6.10 (s, 1 H), 4.13 (t,] = 8.0 Hz, 1 H), 3.79 (s, 3 H), 3.71-3.60
(m, 2 H), 2.44-2.18 (m, 6 H), 1.86 (br's, 1 H).

3C NMR (101 MHz, CDCl,): § = 203.3, 158.6, 148.3, 148.1, 133.3,
128.9(2C), 114.1 (2 C), 60.8, 55.3, 40.6, 34.9, 31.7, 23.0.

The spectral properties of the compound coincided with literature
data.®

(S)-3-[1-(4-Chlorophenyl)-3-hydroxypropyl]-2-hydroxycyclopent-
2-en-1-one (5¢)

Following GPB gave 5c after purification as a white amorphous solid;
yield: 28 mg (63%); 90% ee [HPLC (Chiralpak AS-H, hexane/EtOH 8:2,
1 mL/min, 254 nm): tz = 8.9 (major), 11.2 min (minor)]; [«]p?* -55.1 (¢
0.11, CHCL,).

IR (KBr): 3317, 2919, 1691, 1646, 1490, 1031, 822 cm™".

14 NMR (400 MHz, CDCl,): § = 7.32-7.27 (m, 2 H), 7.26-7.21 (m, 2 H),
6.24 (s, 1 H), 421-4.13 (m, 1 H), 3.71-3.60 (m, 2 H), 2.43-2.15 (m, 6
H), 1.92 (brs, 1 H).

13C NMR (101 MHz, CDCly): § = 203.3, 148.5, 147.1, 139.8, 132.8,
1293 (2 C), 128.9 (2 C), 60.6, 40.8, 34.7, 31.7, 23.0.

HRMS (ESI): m/z [M + H]" caled for C4H;sClO5: 267.0782; found:
267.0785.

(S)-3-[1-(4-Bromophenyl)-3-hydroxypropyl]-2-hydroxycyclopent-
2-en-1-one (5d)

Following GPB gave 5d after purification as a white solid; yield: 31
mg (60%); mp 105 °C; 92% ee [HPLC (Phenomenex Lux® 3um amy-
lose-2, hexane/EtOH 8:2, 1 mL/min, 254 nm): tz = 8.9 (major), 10.6
min (minor)].

'H NMR (400 MHz, CDCl;): 8 = 7.45 (d, ] = 8.4 Hz, 2 H), 7.17 (d, ] = 8.4
Hz, 2 H), 6.16 (s, 1 H), 4.18-4.12 (m, 1 H), 3.69-3.61 (m, 2 H), 2.44-
2.15(m, 6 H), 1.71 (br s, 1 H).

3C NMR (101 MHz, CDCl5): § = 203.2, 148.4, 146.9, 140.3,131.8 (2 C),
129.7 (2 C), 120.9, 60.5, 40.9, 34.6, 31.7, 23.1.

The spectral properties of the compound coincided with literature
data.®

(S)-2-Hydroxy-3-[3-hydroxy-1-(4-nitrophenyl)propyl]|cyclopent-
2-en-1-one (5e)

Following GPB gave 5e after purification as a white solid; yield: 49 mg
(82%); mp 109 °C; 94% ee [HPLC (Phenomenex Lux® 3um amylose-2,
hexane/EtOH 8:2, 1 mL/min, 254 nm): tz = 16.8 (major), 19.5 min (mi-
nor)].

'H NMR (400 MHz, CDCl;): § =8.19 (dd,J=9.0, 1.2 Hz, 2 H), 7.49(d, ] =
8.7 Hz, 2 H), 6.09 (s, 1 H), 4.34-4.27 (m, 1 H), 3.68 (t,] = 6.1 Hz, 2 H),
2.46-2.21 (m, 6 H), 1.77 (br s, 1 H).

13C NMR (101 MHz, CDClLy): & = 202.9, 149.0, 148.9, 147.0, 145.0,
128.8 (2 C), 124.0 (2 C), 60.3, 41.4, 34.5,31.7, 23.3.

The spectral properties of the compound coincided with literature
data.®

(S)-2-Hydroxy-3-[3-hydroxy-1-(2-nitrophenyl)propyl]cyclopent-
2-en-1-one (5f)

Following GPB gave 5f after purification as a yellow oil; yield: 16 mg
(35%); 94% ee [HPLC (Phenomenex Lux® 3um amylose-2, hex-
ane/EtOH 8:2, 1 mL/min, 254 nm): tz = 20.6 (major), 36.4 min (mi-
nor)]; [a]p* +100.3 (¢ 0.11, CHCl).

IR (KBr): 3332, 2922, 1697, 1653, 1526, 1355, 1108, 755 cm™.

'H NMR (400 MHz, CDCl;): § = 7.77 (dd, J = 8.1, 1.1 Hz, 1 H), 7.60 (dtd,
J=9.1,8.0,1.4 Hz, 2 H), 7.40 (ddd, J = 8.4, 7.2, 1.7 Hz, 1 H), 6.42 (s, 1
H),4.56 (t,]=7.7 Hz, 1 H), 3.71-3.61 (m, 2 H), 2.52-2.22 (m, 6 H), 2.16
(brs, 1H).

3C NMR (101 MHz, CDCl;): & = 203.0, 149.7, 148.6, 144.6, 135.3,
132.3,129.3,127.3,123.7,59.9, 36.4, 35.0, 31.2, 24.1.

HRMS (ESI): m/z [M + H]" caled for C;4,H;gNOs: 278.1023; found:
278.1027.

(R)-3-[1-(Furan-2-yl)-3-hydroxypropyl]-2-hydroxycyclopent-2-
en-1-one (5g)

Following GPB gave 5g after purification as a white solid; yield: 22 mg
(60%); mp 120 °C (dec.); 83% ee [HPLC (Phenomenex Lux® 3um amy-
lose-2, hexane/EtOH 8:2, 1 mL/min, 254 nm): t; = 9.9 (major), 14.4
min (minor)]; [a]p?* -86.0 (¢ 0.11, CHCl;).

IR (KBr): 3427, 3124, 2939, 1697, 1651, 1506, 1447, 739 cm™.

H NMR (400 MHz, CDCL,): 6 = 7.36 (dd, ] = 1.8, 0.7 Hz, 1 H), 6.33 (dd,
J=3.2,1.9Hz,1H),6.17 (d, ] = 3.2 Hz, 1 H), 5.73 (s, 1 H), 439 (dd, J =
8.8,7.0 Hz, 1 H), 3.74-3.59 (m, 2 H), 2.49-2.38 (m, 3 H), 2.33-2.21 (m,
2 H),2.09 (m, 1 H),1.79 (br s, 1 H).

13C NMR (101 MHz, CDCl,): & = 202.7, 154.2, 148.6, 144.9, 141.9,
110.2,106.3, 60.3, 34.4, 33.5, 31.7, 22.7.

HRMS (ESI): m/z [M + H]* caled for Ci,H;504: 223.0965; found:
223.0967.

(R)-2-Hydroxy-3-(1-hydroxyheptan-3-yl)cyclopent-2-en-1-one
(5h)

Following GPB gave 5h after purification as a white solid; yield: 11
mg (29%); mp 97 °C; 75% ee [HPLC (Phenomenex Lux® 3um amylose-
2, hexane/EtOH 8:2, 1 mL/min, 254 nm): t; = 6.7 (major), 21.0 min
(minor)].

'H NMR (400 MHz, CDCl;): § = 6.38 (s, 1 H), 3.63 (ddd,J = 11.0, 6.2, 4.7
Hz, 1H),3.52(ddd,J=11.1,8.9,5.4 Hz, 1 H), 3.05-2.94 (m, 1 H), 2.46-
2.35(m, 4 H), 1.95-1.81 (m, 1 H), 1.70-1.60 (m, 1 H), 1.58-1.50 (m, 2
H), 1.39-1.15 (m, 4 H), 0.88 (t, ] = 7.1 Hz, 3 H).

13C NMR (101 MHz, CDCl;): & = 203.2, 150.4, 149.6, 60.8, 35.9, 34.6,
32.8,31.9,29.9,22.7,21.7, 14.0.

HRMS (ESI): m/z [M + HJ]* caled for Ci,H,,05: 213.1485; found:
213.1487.

The spectral properties of the compound coincided with literature
data.®
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(S,E)-2-Hydroxy-3-(1-hydroxyhex-4-en-3-yl)cyclopent-2-en-1-one
(5i)

Following GPB from 2i (trans/cis 7:1) gave 5i after purification as a
white amorphous solid; yield: 18 mg (55%); ratio trans/cis 7:1; trans-
isomer 46% ee; cis-isomer 73% ee [HPLC (Phenomenex Lux® 3um am-
ylose-2, hexane/EtOH 8:2, 1 mL/min, 254 nm): t = 7.8 (major trans),
20.0 (minor trans), 7.3 (major cis), 10.8 min (minor cis)]; [a]y?® -14.2
(¢ 0.09, CHCl,).

IR (KBr): 3340, 2920, 1697, 1650, 1102 cm.

H NMR (400 MHz, CDCL,): 8 = 6.19 (s, 1 H), 5.66-5.64 (m, 1 H), 5.54-
5.44 (m, 1 H), 3.70-3.59 (m, 2 H), 3.55 (dd, J = 15.0, 7.2 Hz, 1 H), 2.47-
2.37 (m, 4 H), 2.06 (br's, 1 H), 1.95-1.78 (m, 2 H), 1.69 (dd, J = 7.9, 2.7
Hz, 3 H).

13C NMR (101 MHz, CDC,): & = 203.2, 148.7, 148.1, 130.0, 127.3, 60.7,
38.9,35.3,31.8,22.7,17.9.

HRMS (ESI): m/z [M + HJ* caled for C;;Hy,05: 197.1172; found:
197.1173.

4-Phenyl-3,4,5,6-tetrahydrocyclopenta[b]pyran-7(2H)-one (6)
Compound 6 was synthesized using the following modified procedure
of Rueping et al.'?* Precursor 5a (27 mg, 0.1 mmol) was dissolved in 2
M H,SO, solution (0.6 mL). The mixture was stirred at r.t. for 1 h. The
solution was quenched with aqg NaHCO; and extracted with CH,Cl, (3
x 1 mL). The combined organic phases were dried and the residue was
purified by column chromatography (CH,Cl,/EtOAc 5:1) to give a col-
orless oil; yield: 14 mg (56%).

IR (KBr): 3491, 2916, 1701, 1650, 1408, 1234, 1126, 1015, 773, 707
cm .

H NMR (400 MHz, CDCly): 8 = 7.35-7.22 (m, 5 H), 4.2 (dd, ] = 8.6, 7.3
Hz, 1 H), 3.72-3.60 (m, 2 H), 2.46-2.16 (m, 6 H).

3C NMR (101 MHz, CDCl5): & = 203.5, 148.4, 148.2, 141.3,128.7 (2 C),
128.0(2C), 127.0,60.8,41.4, 34.7,31.8, 23.0.

HRMS (ESI): m/z [M + H]* caled for Cy4,H;40,: 215.1067; found:
215.1076.
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Abstract An asymmetric organocatalytic cascade reaction between
cyclopentane-1,2-diones and alkylidene malononitriles affords highly
substituted 4H-pyrans in moderate to high enantiomeric excess. The se-
lective reduction of a bridged double bond leads to the formation of cis-
substituted cyclopentanone with three contiguous stereogenic centres.

Key words organocatalysis, asymmetric catalysis, diketone, pyran,
cascade reaction

Cascade reactions have been an interesting topic for
many researchers over the years.? Such transformations are
atom- and step-economical and proceed in a one-pot man-
ner; thus, there is no need for additional protection/depro-
tection steps or purification of intermediates. These syn-
thetic and operational advantages make this approach
more sustainable and environmentally friendly than classi-
cal syntheses. Forming several bonds in one step is very ap-
pealing for the development of new strategies for the con-
struction of complex molecules, even more so if high stere-
oselectivity is achieved in the presence of a chiral catalyst
or auxiliary. In the last two decades organocatalysis® has
proven to be competitive with metal?“4 and enzymatic ca-
talysis,> so asymmetric organocatalytic cascade reactions
are now a valuable approach for synthetic chemists.*3¢
Starting with the pioneering work by Barbas® of a consecu-
tive Michael addition and aldol condensation (i.e., Robinson
annulation), synthetic chemists have proceeded to quadru-
ple asymmetric cascades, where several chemical bonds
and stereogenic centres are formed in complex structures
in controlled ways.’

Among the different starting materials suitable for cas-
cade reactions, cyclic diketones are widely used. Various cy-
clic 1,3-diketones have been investigated in one-pot reac-

X ON catalyst (10 mol%
B catalyst (10 mol%)
Y

H OH
d w CFs
CN -20°C o SNH, |-O N S

toluene P
o N CF3

catalyst

12 examples
up to 87% yield
up to 88% ee

tions with unsaturated aldehydes?®'0 acetates of ni-
troalkenes,!" cyanoacrylates and alkylidene malononitrile
derivatives.'? Cyclic 1,2-dicarbonyl compounds have been
investigated less in cascade reactions. It has been previously
shown that cyclohexane-1,2-diones undergo a cascade with
nitroolefins,'? benzylidenemalononitriles'* and a,B-unsatu-
rated aldehydes.’> However, cyclopentane-1,2-diones are
less reactive and do not afford the cascade reactions with
Michael acceptors characteristic of cascades involving cy-
clohexane-1,2-diones. Only single-bond-forming organo-
catalytic enantioselective reactions with nitroolefins'® and
cascade reactions with a,B-unsaturated aldehydes'” were
described by our group recently. Highly reactive (E)-2-
oxobut-3-enoates'® were needed to run the cascade reac-
tion.' Considering the previous research that our group has
conducted on cyclopentane-1,2-dione and the reported
cascade reactions using diketones, we assumed that the cy-
clopentane-1,2-dione 1 would undergo a Michael reaction
with alkylidene malononitriles 2, followed by the intramo-
lecular cyclisation of the adduct to afford multifunction-
alised bicycles 3 with one stereocentre (Scheme 1).

R
o]
CN
CN
A — O
CN 0”7 NH;
1 2 o 3

Scheme 1 General scheme for the cascade reaction

Derived compounds are highly substituted 4H-pyrans
with a comprehensive list of biological and pharmacologi-
cal properties, such as kinase inhibition,?° IKc, channel
blocker behaviour?! and antitumor properties.??

Chiral thioureas?® and squaramides®* are widely used as
catalysts in asymmetric Michael additions. We assumed
that H-bonds could activate alkylidene malononitrile suffi-
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CFs

Figure 1 Catalysts screened in the model reaction

ciently to trigger the cascade. Therefore, various H-bond
catalysts (Figure 1) were screened in the model reaction be-
tween cyclopentane-1,2-dione and benzylidene malonitrile
(Table 1).

First, different catalysts were screened at room tem-
perature. The model reaction in the presence of 10 mol%
thiourea A afforded the product within two hours in 74%
yield (Table 1, entry 1). Soos’s bifunctional catalysts F (entry
6) gave the same stereoselectivity (54% ee), eliminating the
influence of the double bond and the methoxy substituent.
With Takemoto’s catalyst B and squaramide C (entries 2 and
3) the product was obtained with low enantioselectivity.
The enantioselectivity found with double-activated Pihko’s
catalyst?®> D (entry 4) was similar to that obtained with
thiourea A. Double thiourea E afforded the product in low
enantiomeric purity (13% ee). Since the synthetic pathway
for catalyst A is less time- and resource-consuming than for
catalyst D, the former was seen as the most reasonable cat-
alyst. Next, we looked into solvent effects on the reaction.
The stereoselectivity was very dependent on the solvent
used (entries 1 and 7-9). Compared to toluene, the enantio-
meric excess was slightly lower in THF. Its greener alterna-
tive, 2-MeTHF, gave a racemic product and in CH,Cl, the
product obtained was almost racemic. In addition, the reac-
tion was run at various temperatures (entries 1 and 10).
The results indicated that catalyst aggregation?® might take

place. Finally, to minimise that effect, the reaction mixture
was diluted 10 times and an increase in enantioselectivity
was achieved (entry 11), even more so at lower tempera-
ture (entry 14). The overall best result was attained using
alkaloid-derived thiourea A and toluene at -20 °C (entry
14).

Using these optimal conditions, the scope of the reac-
tion was investigated. Both electron-withdrawing (3d-j;
Scheme 2) and electron-donating groups (3b, 3c; Scheme 2)
were tolerated. The electronic properties of the aromatic
ring and also the position of the substituent did not seem to
have a significant influence on the yield; however, the en-
antioselectivity was more influenced when nitro-substitut-
ed benzylidene malononitriles were used. It is supposed
that the nitro group competes with the H-bonding acceptor
to influence the enantioselectivity. In addition, heteroaro-
matic malononitrile derivative 2k afforded the product in
slightly lower yield but with good ee. Furthermore, al-
kylidene malononitrile could also be used in this cascade,
although it affords the product in much lower yield and
lower enantioselectivity. Pyrrole derived malononitrile 2m
is probably too electron-rich and therefore did not react
with cyclopentane-1,2-dione 1. It is assumed that the prod-
uct 3n did not form because the substrate 2n was too steri-
cally hindered for the first addition to take place.
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Table 1 Screening Conditions for the Reaction To eliminate racemisation from consideration, the enan-
tiomeric purity of the product was checked throughout the
reaction for a period of 47 hours (Scheme 3). The ee was

o constant and varied only within the detection error. Two
N -ON _catalyst (10 mol%) additional experiments with the product were also carried
+ . N .
OH 5 ON out. The product 3a was stirred for 24 hours in toluene ei-
a . . .
1 ther with 10 mol% of catalyst A or without it (Scheme 3).
The results showed that no racemisation was observed un-
Entry? Catalyst Solvent Time (h) Temp (°C) ee(%)* VYield (%) der either of these conditions.
1 A toluene 2 r.t. 54 74
Time, h | ee%
2 B toluene 1 r.t. 31 nd O 1 7
3 C toluene 1 rt. 27 nd oN Ca“"'yi' 2 72
4 D tol 3 t 56 d S T RN
oluene r.t n
A) OH 2a toluene ‘ 4 74
5 E toluene 1 r.t. 13 nd °C O 3 NHz ¢ 70
a
6 F toluene 3 r.t. 54 74 °© kil 7
7 A CH,Cl, 3 rt. 5 nd
8 A THF 2.5 rt. 47 77
9 A 2-MeTHF 2.5 rt. rac nd
| 45 20 53 d oot s s
10 A toluene L - n 10 mol%)
coN P moTe) (10 mol CN CN
1 A toluened 2 r.t. 70 82 toluene || toluene |
rt
12 A mesitylened 15 r.t. 70 79 07 “NH, 4 0" "NHp
13 G toluene? 20 -20 65 78 70% ee 70% ee 70% ee
14 A toluene? 3 -20 75 78 Scheme 3 Racemisation studies: (A) throughout the reaction, (B) with
15 A toluene? 2 60 31 74 the product 3a
16 A toluened 13days -78 53 nd
2 Reaction conditions: 0.2 M solution of 1 (1 equiv), 2a (1.1 equiv), catalyst The R-absolute configuration of compound 3a was de-
(0.1 equiv). i i _ - i i i
b ee determined by chiral HPLC analysis either from isolated product or pre- termined by single cry_stal X-ray diffraction (Figure 2,) and
parative TLC. the absolute configurations of the products 3 were assigned
¢lsolated yield after column chromatography; nd = not determined. by analogy.
40.02 M solution of 1.
o R
CN catalyst A CN
N R/\r —_—
OH oN -20°C ‘
1 2 toluene o NH,
3 3
Br CFg
Br
N
. . 3c 3d 3e Br 3f 3g
oN oN CN CN CN CN CN
M R [ ] [ ] [ ] [ ] [ ]
o o
(@) NH; 4 ) NHz o NHe o NHe o ° NH; o ° NH; o ° NH.
78%, 78% ee 74%, 63% ee 68%, 78% ee 81%, 79% ee 82%, 66% ee 72%, 77% ee 81%, 74% ee
NO,
0N —
S =
3k
3i 3j ANGZ am
oN 3l 3n
CN CN [ CN CN cN
- | 07 NH, [ [ [ ]
07 NH, 07 NH, o 0" “NH 07 “NH 0" "NH,
o 0 58%, 74% ee o : o : o
76%, 49% ee 79%, 59% ee 87%, 40% ee 1t: 46%, 88% ee 35%, 40% ee 0% 0%

Scheme 2 Scope of the reaction. Reagents and conditions: 0.02 M solution 1 (1 equiv), 2 (1.1 equiv), catalyst A (0.1 equiv), toluene, -20 °C; isolated
yields after column chromatography; ee determined by chiral HPLC.
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Figure 2 X-ray crystal structure of compound 3a

A plausible reaction pathway is shown in Scheme 4. It is
believed that both reactants are activated by the catalyst:
alkylidene malononitrile via hydrogen bonds with thiourea
moiety and diketone via hydrogen bond with a tertiary
amino group of quinuclidine moiety. The stereodetermin-
ing step is the first Michael addition step. According to the
geometry of 3a, the attack of the cyclopentane-1,2-dione
on alkylidene malononitrile occurs from the Si-face, afford-
ing intermediate I with R-configuration of the stereogenic
centre. An O-nucleophile attack of the enol form II on the
cyano group leads to the cyclisation. The target compound
3aisisolated as an enamine tautomer of imine IIL

CFs & CN CN
® CN CN
o o °
H o
1

a

b
ON == cN ‘—;(CN
[ ] T (X
0" NH, 0" NH OH “RD
[e] 3a o [e]
m II

Scheme 4 Proposed transition state and reaction pathway: a) keto-
enol tautomerisation; b) imine-enamine tautomerisation

To show the synthetic utility of the obtained substituted
pyrans, compound 3a was reduced using an H-Cube Pro
continuous-flow reactor in the presence of a Pd catalyst
(Scheme 5). The reduction was cis-selective, affording only
cis-substituted cyclopentanone. The configuration of the
main diastereomer 4a was confirmed by NOE experiments
(see Supporting Information for details).

H-Cube
Pd/C (10%)
50 bar, 50 °C
0.8 mL/min
CN acetone
4 0" “NH,
3a 4a  59% yield

Scheme 5 The reduction of 3a

In summary, we have developed a new, efficient organo-
catalytic cascade for the synthesis of substituted 4H-pyrans.
The cascade is efficiently catalysed by chiral bifunctional
thiourea A to provide bicyclic 4H-pyrans 3a-1 in moderate
to high yields and enantioselectivities. The selective reduc-
tion of the bridged double bond leads to cyclopentanone
derivatives with three contiguous stereogenic centres.

Full assignment of 'H and "3C chemical shifts were based on the 1D
and 2D FT NMR spectra measured with a Bruker Avance Il 400 MHz
instrument. Residual solvent signals were used (CDCls: 8 = 7.26 'H
NMR, 8 = 77.2 3C NMR; (CD;),CO: & = 2.05 'H NMR, & = 29.84/206.26
13C NMR) as internal standards. High-resolution mass spectra were
recorded with an Agilent Technologies 6540 UHD Accurate-Mass Q-
TOF LC/MS spectrometer by using AJ-ESI ionisation. Optical rotations
were obtained with an Anton Paar GWB Polarimeter MCP 500. Chiral
HPLC was performed by using Chiralpak AD-H, Chiralcel OJ-H, Chiral-
cel OD-H columns. Precoated silica gel 60 F254 plates were used for
TLC. Commercial reagents and solvents were generally used as re-
ceived. Toluene was distilled over sodium and CH,Cl, was distilled
over phosphorus pentoxide.

Racemic compounds were prepared by following the general proce-
dure using DABCO as catalyst. Cyclopentane-1,2-dione (1) was pre-
pared according to a reported procedure?’ from commercially avail-
able cyclopentanone. Alkylidene malononitriles were prepared via
Knoevenagel condensation from commercially available malononi-
trile and commercially available aldehydes. Catalysts A, E, F,?8 C,>° B,**
D?° and G*! were prepared according to reported procedures.

Synthesis of 3; General Procedure

To a solution of cyclopentane-1,2-dione (0.07 mmol) and catalyst
(0.007 mmol) in toluene (3.5 mL) was added substituted malononi-
trile (0.08 mmol). The mixture was stirred until the reaction was
complete (TLC and/or NMR monitoring). The mixture was purified by
column chromatography (CH,Cl,/EtOAc, 19:1) to afford the product.

(R)-2-Amino-7-o0x0-4-phenyl-4,5,6,7-tetrahydrocyclopen-
ta[b]pyran-3-carbonitrile (3a)

By following the general procedure (1.5 mmol scale), compound 3a
(78% yield, 301 mg) was obtained as an off-white solid; mp 215 °C
(decomp); 78% ee [HPLC (Chiralcel OJ-H; hexane/i-PrOH, 7:3; 35 °C;
0.9 mL/min; 254 nm): t, = 21.2 (minor), 30.8 (major) min]; [a],*° -117.5
(€ 0.14, acetone).

IR: 3339, 2191, 1713, 1679, 1621, 1593, 1491, 1404, 1111, 752, 698
cm .

'H NMR (400 MHz, (CD;),CO): & = 7.43-7.35 (m, 2 H), 7.35-7.28 (m,
3 H),6.28 (s,2 H), 4.5 (s, 1 H), 2.55-2.28 (m, 3 H), 2.20-2.09 (m, 1 H).
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13C NMR (101 MHz, (CD5),C0): & = 197.1, 161.4, 148.5, 146.1, 142.3,
129.7,129.0, 128.5, 119.8, 58.3, 43.1, 33.4, 23.6.

HRMS (ESI): m/z [M + H]* calcd for [C;5H;3N,0,]*: 253.0972; found:
253.0960.

(R)-2-Amino-4-(3-methoxyphenyl)-7-0x0-4,5,6,7-tetrahydrocy-
clopenta[b]pyran-3-carbonitrile (3b)

By following the general procedure, compound 3b (74% yield, 14.9
mg) was obtained as a yellow solid; mp 143 °C (decomp); 63% ee
[HPLC (Chiralcel OJ-H; hexane/i-PrOH, 7:3; 35 °C; 0.9 mL/min; 254
nm): t, = 24.2 (minor), 40.0 (major) min]; [a]*° -78.8 (¢ 0.07, ace-
tone).

IR: 3323, 2194, 1714, 1678, 1639, 1593, 1492, 1412, 1284, 1113,
1048, 750 cm™.

'H NMR (400 MHz, (CD4),C0O): & = 7.35-7.27 (m, 1 H), 6.91-6.86 (m,
3 H), 6.28 (s, 2 H), 4.47 (s, 1 H), 3.8 (s, 3 H), 2.52-2.30 (m, 3 H), 2.23-
2.14 (m, 1 H).

3C NMR (101 MHz, (CD5),C0): & = 197.1, 161.4, 161.2, 148.4, 146.1,
143.9,130.8,121.1,119.8,114.8, 113.7, 58.2, 55.5, 45.1, 33.4, 23.6.
HRMS (ESI): m/z [M + H]* calcd for [C;6H;sN,05]*: 283.1077; found:
283.1074.

(R)-2-Amino-4-(3,4-dimethylphenyl)-7-0x0-4,5,6,7-tetrahydrocy-
clopenta[b]pyran-3-carbonitrile (3c)

By following the general procedure, compound 3c (68% yield, 13.6
mg) was obtained as a yellow-brown solid; mp 144 °C (decomp); 78%
ee [HPLC (Chiralcel OJ-H; hexane/i-PrOH, 7:3; 35 °C; 0.9 mL/min; 254
nm): t, = 12.0 (minor), 13.9 (major) min]; [a]?° -51.3 (¢ 0.03, ace-
tone).

IR: 3345, 2923, 2198, 1718, 1680, 1644, 1608, 1503, 1412, 1383,
1357,1109, 773 cm™.

"H NMR (400 MHz, (CD;),C0): 8=7.14(d,]J =7.7 Hz, 1 H), 7.07 (s, 1 H),
7.02 (dd,J=7.7,1.6 Hz, 1 H), 6.23 (s, 1 H), 4.40 (s, 1 H), 2.50-2.41 (m,
1H), 2.40-2.33 (m, 2 H), 2.24 (d, ] = 5.3 Hz, 6 H), 2.18-2.11 (m, 1 H).
3C NMR (101 MHz, (CD5),C0): & = 197.1, 161.2, 148.9, 139.8, 137.8,
136.7,130.8, 130.0, 126.4, 119.9, 58.5, 42.7, 23.6, 19.8, 19.4.

HRMS (ESI): m/z [M + H]* calcd for [C;,H;;N,0,]*: 281.1285; found:
281.1283.

(R)-2-Amino-4-(4-bromophenyl)-7-0x0-4,5,6,7-tetrahydrocyclo-
penta[b]pyran-3-carbonitrile (3d)

By following the general procedure, compound 3d (81% yield, 19.1
mg) was obtained as a brownish solid; mp 184 °C (decomp); 79% ee
[HPLC (Chiralcel OD-H; hexane/i-PrOH, 9:1; 25 °C; 1 mL/min; 254
nm): t, = 26.5 (minor), 34.2 (major) min]; [a]2° -13.6 (¢ 0.05, ace-
tone).

IR: 3325, 2191, 1716, 1681, 1633, 1590, 1486, 1402, 1111, 1010, 754
cm .

TH NMR (400 MHz, (CD5),C0): & = 7.61-7.55 (m, 2 H), 7.34-7.27 (m,
2 H),6.34(s,2 H),4.54 (s, 1 H), 2.53-2.30 (m, 3 H), 2.24-2.12 (m, 1 H).
3C NMR (101 MHz, (CD;),C0): & = 197.1, 161.4, 147.6, 146.3, 147.7,
122.0,119.7,57.8,42.5,33.4,23.5.

HRMS (ESI): m/z [M - H]- calcd for [C;5HgBrN,0,]": 326.9775; found:
326.9757.

(R)-2-Amino-4-(3-bromophenyl)-7-0x0-4,5,6,7-tetrahydrocyclo-
penta[b]pyran-3-carbonitrile (3e)

By following the general procedure, compound 3e (82% yield, 19.1
mg) was obtained as a yellowish solid; mp 162 °C (decomp); 65% ee
[HPLC (Chiralcel OJ-H; hexane/i-PrOH, 7:3; 35 °C; 0.9 mL/min; 254
nm): t, = 18.4 (minor), 21.3 (major) min]; [a]y?*° -67.4 (¢ 0.07, ace-
tone).

IR: 3317, 2191, 1720, 1678, 1638, 1607, 1471, 1415, 1110, 1071, 749
cm™.

H NMR (400 MHz, (CD;),C0): & = 7.56-7.47 (m, 2 H), 7.39-7.33 (m,
2H),6.37 (s, 2 H), 4.56 (s, 1 H), 2.56-2.28 (m, 3 H), 2.25-2.11 (m, 1 H).
13C NMR (101 MHz, (CD;),C0): & = 197.1, 161.5, 147.4, 146.4, 145.0,
131.9,131.8,131.7,128.1, 123.4, 119.6, 57.7, 42.7, 33.4, 23.6.

HRMS (ESI): m/z [M + Na]* caled for [C;sH;;BrN,0,Na]": 352.9896;
found: 352.9887.

(R)-2-Amino-4-(2-bromophenyl)-7-o0x0-4,5,6,7-tetrahydrocyclo-
penta[b]pyran-3-carbonitrile (3f)

By following the general procedure, compound 3f (72% yield, 17 mg)
was obtained as a dark-yellow solid; mp 144 °C (decomp); 77% ee
[HPLC (Chiralcel OJ-H; hexane/i-PrOH, 7:3; 35 °C; 0.9 mL/min; 254
nm): t, = 20.9 (minor), 24.0 (major) min]; [a]y2° -77.5 (¢ 0.08, ace-
tone).

IR: 3381, 2197, 1718, 1677, 1645, 1594, 1463, 1417, 1109, 1051, 767,
749 cm™.

'H NMR (400 MHz, (CD5),C0): & = 7.65 (dd, ] = 8.0, 1.1 Hz, 1 H), 7.49-
7.37 (m, 2 H), 7.27 (ddd, J = 8.0, 7.2, 1.9 Hz, 1 H), 6.38 (br s, 2 H), 5.10
(s, 1H),2.63-2.51 (m, 1 H), 2.39 (qdd, ] = 18.8, 6.5, 1.5 Hz, 2 H), 2.22—
2.11(m, 1 H).

13C NMR (101 MHz, (CD;),C0): 8 = 196.9, 161.8, 147.3, 134.0, 131.8,
130.5,129.5,124.2,119.4, 100.9, 57.2, 33.4, 23.6.

HRMS (ESI): m/z [M - H]- calcd for [C;5HgBrN,0,]™: 326.9775; found:
326.9757.

(R)-2-Amino-7-0x0-4-(4-(trifluoromethyl)phenyl)-4,5,6,7-tetra-
hydrocyclopenta[b]pyran-3-carbonitrile (3g)

By following the general procedure, compound 3g (81% yield, 18.4
mg) was obtained as a yellow solid; mp 167 °C (decomp); 74% ee
[HPLC (Chiralcel OJ-H; hexane/i-PrOH, 8:2; 1 mL/min; 254 nm): t, =
24.9 (major), 30.0 (minor) min]; [a]p2° -72.6 (¢ 0.09, acetone).

IR: 3328, 2190, 1720, 1682, 1638, 1589, 1420, 1331, 1123, 764 cm™.
H NMR (400 MHz, (CD,),CO): & = 7.76 (d, ] = 8.1 Hz, 2 H), 7.59 (d, ] =
8.1 Hz, 2 H), 6.41 (s, 2 H), 4.67 (s, 1 H), 2.57-2.30 (m, 3 H), 2.23-2.11
(m, 1 H).

13C NMR (101 MHz, (CD5),C0O): & = 197.1, 161.5, 147.2, 146.8, 146.5,
129.9,126.7,126.6, 119.6, 57.4, 42.8, 33.4, 23.5.

HRMS (ESI): m/z [M - H]- calcd for [C,6H;0F3N,0,]: 319.0700; found:
319.0691.

(R)-2-Amino-4-(2-nitrophenyl)-7-0x0-4,5,6,7-tetrahydrocyclo-
penta[b]pyran-3-carbonitrile (3h)

By following the general procedure, compound 3h (76% yield, 16.1
mg) was obtained as an orange solid; mp 157 °C (decomp); 49% ee
[HPLC (Chiralcel OD-H; hexane/i-PrOH, 8:2; 25 °C; 1 mL/min; 254
nm): t, = 21.6 (major), 26.8 (minor) min]; [a]y?° -21.5 (¢ 0.05, ace-
tone).
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IR: 3321, 2197, 1721, 1679, 1643, 1590, 1526, 1420, 1402, 1113, 765
cm.

TH NMR (400 MHz, (CD5),C0): & = 7.99-7.95 (m, 1 H), 7.84-7.75 (m,
1H),7.67-7.56 (m, 2 H), 6.54 (s, 2 H), 5.19 (s, 1 H), 2.65-2.31 (m, 3 H),
2.24-2.14 (m, 1 H).

13C NMR (101 MHz, (CD;),C0): 8 = 197.0, 161.8, 150.6, 146.8, 146.6,
136.3,134.6, 132.5, 129.9, 125.1, 119.3, 57.3, 38.0, 33.4, 23.7.

HRMS (ESI): m/z [M - H]" calcd for [C;5H;(N304]": 296.0677; found:
296.0657.

(R)-2-Amino-4-(4-nitrophenyl)-7-0x0-4,5,6,7-tetrahydrocyclo-
penta[b]pyran-3-carbonitrile (3i)

By following the general procedure, compound 3i (79% yield, 16.7 mg)
was obtained as an orange solid; mp 214 °C (decomp); 59% ee [HPLC
(Chiralpak AD-H; hexane/i-PrOH, 8:2; 25 °C; 1 mL/min; 254 nm): t, =
21.6 (major), 30.0 (minor) min]; [a]p%° -65.8 (¢ 0.14, acetone).

IR: 3330, 2193, 1716, 1679, 1610, 1519, 1491, 1458, 1425, 1107, 746
cml.

TH NMR (400 MHz, (CD;),CO): & = 8.33-8.22 (m, 2 H), 7.71-7.62 (m,
2 H), 6.46 (brs, 2 H), 4.75 (s, 1 H), 2.53 (ddt, J = 17.2, 6.4, 1.8 Hz, 1 H),
2.45-2.30 (m, 2 H), 2.20 (ddt,J=17.2,6.2, 1.3 Hz, 1 H).

13C NMR (101 MHz, (CD5),C0): & = 197.0, 161.2, 149.5, 148.5, 146.6,
130.3, 124.8,119.5, 57.1, 42.7, 33.4, 23.5.

HRMS (ESI): m/z [M - H]" calcd for [C;5H;oN50,]": 296.0677; found:
296.0520.

(R)-2-Amino-4-(3-nitrophenyl)-7-0x0-4,5,6,7-tetrahydrocyclo-
penta[b]pyran-3-carbonitrile (3j)

By following the general procedure, compound 3;j (87% yield, 18.8 mg)
was obtained as a pale-yellow solid; mp 208 °C (decomp); 40% ee
[HPLC (Chiralpak AD-H; hexane/i-PrOH, 8:2; 25 °C; 1 mL/min; 254
nm): t, = 20.0 (major), 27.5 (minor) min]; [a]*° -48.8 (¢ 0.11, ace-
tone).

IR: 3318, 2192, 1722, 1683, 1648, 1590, 1526, 1413, 1112, 758 cm™".
'H NMR (400 MHz, (CDs),CO): & = 8.24-8.19 (m, 2 H), 7.85 (dt, ] = 7.6,
1.3 Hz, 1H), 7.77-7.70 (m, 1H), 6.47 (br s, 1 H), 4.80 (s, 1 H), 2.54
(ddt, J = 17.5, 6.4, 1.9 Hz, 1 H), 2.49-2.31 (m, 2 H), 2.20 (ddt, ] = 17.5,
6.4, 1.8 Hz, 1 H).

3C NMR (101 MHz, (CD5),C0): & = 197.1, 161.7, 149.7, 146.8, 146.6,
144.6,135.5,131.2, 123.7,123.6, 119.5, 57.3, 42.7, 33.5, 23.5.

HRMS (ESI): m/z [M + H]* calcd for [C;5H;,N30,4]": 298.0822; found:
298.0804.

(R)-2-Amino-7-0x0-4-(thiophen-2-yl)-4,5,6,7-tetrahydrocyclo-
penta[b]pyran-3-carbonitrile (3Kk)

By following the general procedure, compound 3k (58% yield, 10.7
mg) was obtained as a brown solid; mp 207 °C (decomp); 74% ee
[HPLC (Chiralpak AD-H; hexane/EtOH/IPA, 90:5:5; 25 °C; 1 mL/min;
254 nm): t, = 44.0 (major), 63.3 (minor) min]; [a]y?° -94.4 (¢ 0.06, ac-
etone).

IR: 3323, 3108, 2921, 2195, 1715, 1678, 1637, 1590, 1402, 1111, 779,
728 cm™',

H NMR (400 MHz, CDCL,): § = 7.32-7.28 (m, 1 H), 7.02-6.7 (m, 2 H),
4.80 (brs, 1 H),4.74 (s, 1 H), 2.57-2.39 (m, 4 H).

13C NMR (101 MHz, CDCl;): & = 197.0, 159.5, 147.2, 145.0, 143.9,
127.3,126.1,126.13, 126.07, 118.8, 59.9, 37.1, 32.9, 23.1.

HRMS (ESI): m/z [M + H]J* calcd for [Cy5H;;N,0,S]*: 259.0536; found:
259.0517.

(R)-2-Amino-4-hexyl-7-0x0-4,5,6,7-tetrahydrocyclopen-
ta[b]pyran-3-carbonitrile (31)

By following the general procedure, compound 31 (62% yield, 24.5 mg)
was obtained as an off-white solid; mp 106-111 °C; 40% ee [HPLC
(Chiralpak AD-H; hexane/i-PrOH, 9:1; 25 °C; 1 mL/min; 254 nm): t, =
10.9 (major), 18.9 (major) min]; [a.],** -60.4 (¢ 0.08, acetone).

'H NMR (400 MHz, CDCl,): & = 4.68 (br s), 3.44 (t, ] = 4.6 Hz, 1 H),
2.63-2.38 (m, 4 H), 1.85-1.61 (m, 2 H), 1.43-1.23 (m, 7 H), 1.18-1.04
(m, 1H),0.91-0.83 (m, 3 H).

13C NMR (101 MHz, CDCl,): 8 = 197.0, 160.6, 149.8, 146.9, 119.5, 58.0,
35.5,33.0,32.8,31.8,294, 25.1, 23.3,22.7, 14.2.

HRMS (ESI): m/z [M + H]* calcd for [Cy5H,;,N,0,]*: 261.1598; found:
261.1575.

(4S,4a8,7aR)-2-Amino-7-o0x0-4-phenyl-4,4a,5,6,7,7a-hexahydrocy-
clopenta[b]pyran-3-carbonitrile (4a)

Compound 3a (35 mg, 0.14 mmol) was dissolved in acetone (14 mL,
0.01 M). The reaction parameters were set on the H-Cube Pro: full H,,
50 bar, 50 °C and 0.8 mL/min flow rate. The instrument was fitted
with 10% Pd/C CatCart and the process was started. After evaporation
the mixture was purified by column chromatography (CH,Cl,/EtOAc,
12:1-5:1) to afford the product 4a (58% yield, 20.5 mg) as a light-or-
ange solid; mp 148-150 °C.

IR: 3340, 2948, 2183, 1752, 1596, 1492, 1453, 1411, 1129, 752 cm™".

'H NMR (400 MHz, CDCl;): & (major diastereomer) = 7.36-7.31 (m,
2 H), 7.31-7.27 (m, 1 H), 7.24-7.18 (m, 2 H), 4.61 (br s, 2 H), 435 (d,
J=5.1Hz, 1H),4.05 (d, ] = 6.7 Hz, 1 H), 2.65 (dtd, J = 9.4, 6.7, 5.3 Hz,
1H),2.00 (dd, ] = 8.7, 4.7 Hz, 2 H), 1.86 (dq, J = 13.3, 9.1 Hz, 1 H), 1.55
(ddt, = 13.0, 7.7, 4.4 Hz, 1 H).

13C NMR (101 MHz, CDCl;): 8 (major diastereomer) = 209.7, 162.9,
138.7,128.8,128.5,127.8,120.4, 79.5, 57.5, 39.0, 38.0, 34.5, 21.4.
HRMS (ESI): m/z [M + H]* calcd for [Cy5H;5N,0,]*: 255.1128; found:
255.1134.
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An asymmetric Michael reaction between cyclopentane-1,2-dione and alkylidene oxindole was studied in the presence of a multi-

functional squaramide catalyst. Michael adducts were obtained in high enantioselectivities and in moderate diastereoselectivities.

Introduction

Diketones are generally very versatile starting materials in
organic synthesis [1,2]. Specifically, due to their keto—enol
tautomerism and high reactivity, diketones are excellent precur-
sors for different pharmaceuticals [3]. Cyclic 1,3-diketones
have been widely exploited to access enantiomerically enriched
scaffolds with increased molecular complexity. There are many
examples of the organocatalytic synthesis of fused cycles
starting from the cyclohexane-1,3-dione. For example, Rueping
et al. demonstrated that the cyclohexane-1,3-dione undergoes a
cascade reaction with o,B-unsaturated aldehydes [4] and they
later employed the method to synthesise indoloquinolizidines
[5]. Moreover, six-membered and five-membered cyclic 1,3-di-
ketones have been investigated in reactions with acetates of
nitroalkenes [6], cyanoacrylates and benzylidene malononi-
triles [7], ortho-hydroxy-benzhydryl alcohols [8], a,B-unsatu-

rated pyrazolamides [9] and, 2-oxobut-3-enoates [10]. A 1,2-
dicarbonyl moiety is also an important structural fragment
present in various natural products and biologically active com-
pounds [11]. 1,2-Diketones have been used for the synthesis of
photosensitive polymers [12] and substituted imidazoles [13,14]
and have been used in carbohydrate chemistry [15]. Cyclic six-
membered 1,2-diketones have been shown to react with benzyl-
idene malononitriles [7,16], B-nitrostyrenes [17] and substi-
tuted propionaldehydes [18]. For a while, there were no exam-
ples related to cyclopentane-1,2-dione (CPD). In 2004, the first
instance of using CPD as a precursor for high value-added fine
chemicals such as a homocitric acid lactone was published by
our group [19]. Since then we have developed synthetic path-
ways for lycoperdic acid [20] and nucleoside analogues [21]
starting from CPD. The organocatalytic methods for the synthe-
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sis of substituted cyclopentane diones were uninvestigated until
2014 when we showed that CPD undergoes a Michael addition
with nitrostyrenes [22]. Subsequently, different cascade reac-
tions for CPD have been developed: with highly reactive (E)-2-
oxobut-3-enoates [23], a,p-unsaturated aldehydes [24] and
alkylidene malonates [25].

Herein, we report the results of an asymmetric organocatalytic
Michael addition of CPD to alkylidene oxindoles.

Results and Discussion

Chiral multifunctional thioureas [26,27] and squaramides [28]
are extensively used as catalysts in asymmetric Michael addi-
tions. We believed that a bifunctional hydrogen-bonding cata-
lyst would activate both CPD via a tertiary amino group of a
quinuclidine moiety acting as a base via anion-binding, and an
oxindole through the squaramide or thiourea moieties of the
catalyst as hydrogen bond donors (Figure 1) [29-32].

organocatalyst
\H\‘O//HR 0
O
R-N" Y A_\é{
stereoselective
Michael addition

Figure 1: Model of the catalyst action.

CF,

CF3

Figure 2: Catalysts screened.
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Therefore, squaramide and thiourea catalysts were screened in a
model reaction between CPD 1 and Boc-protected benzylidene
oxindole 2a at room temperature in the presence of 10 mol % of

catalyst (Figure 2).

First, the quinidine-derived squaramide A was used and the
desired product was obtained as a mixture of chromatographi-
cally inseparable diastereoisomers in 53% yield but in low
enantiomeric excess for both diastereomers (Table 1, entry 1).
With the quinine-derived thiourea B, the reaction was slow and
the yield was very low, 12% (Table 1, entry 2). For that reason,
we focused on the screening of squaramides. Squaramides were
found to be more selective catalysts than thioureas. When
squaramide C was used as a catalyst, the product was isolated in
80%/87% ee (major/minor diastereoisomer) (Table 1, entry 3).
The enantioselectivity was even higher with the cinchonine-
derived squaramide D, 85%/92% (major/minor) (Table 1, entry
4). To further optimise the reaction, we screened different sol-
vents (apolar, polar aprotic, and chlorinated solvents) (Table I,
entries 5-7). According to the obtained results chloroform was
clearly superior to other solvents. Previously the isolated yield
of the product had been moderate and to increase the yield the
substrate concentration was varied. A substantial excess of CPD
(five equivalents) led to a very slow reaction and a decrease in
enantioselectivity (Table 1, entry 8). It was assumed that the
binding between CPD and the catalyst was stronger than the
binding between the substituted oxindole and the squaramide
decreasing the effective concentration of the catalyst. Taking
this into consideration, 2 equiv of substituted oxindole was used
and the reaction proceeded smoothly in 2 h in high enantiose-
lectivity (90%/94% ee), in high yield (74%) but in moderate

CF3

CF3
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Table 1: Screening conditions for the reaction?.

Q)

Beilstein J. Org. Chem. 2022, 18, 167-173.

g

o] / (¢}
oH * O ° O 0"
) ;U
1 2a o) 3a (o]
(@) (@) )V
Entry Catalyst Solvent Temp. Time Yield® dr ee%* (major/minor)
1 A chloroform rt 2h 53% 3:1 43/27
2 B chloroform rt 6 days 12% 3.8:1 -57/-67
3 Cc chloroform rt 7h 59% 2.41 80/87
4 D chloroform rt 25h 58% 3:1 85/92
5d D toluene rt 2 days 54% 2.5:1 77/81
6d D THF rt 2 days 44% 2.6:1 68/74
7d D DCM rt 1 day 51% 2.5:1 83/83
8¢ D chloroform rt 12 days 59% 2.2:1 71/87
of D chloroform rt 2h 74% 2.6:1 90/94
10f D chloroform 0°C 23 h 75% 2.71 90/97

aReaction conditions: 0.2 M solution of 1 (1 equiv), 2 (1 equiv), catalyst (0.1 equiv). Plsolated yield after column chromatography. See determined by

chiral HPLC analysis. 91.5 equiv of 1; ©5 equiv of 1; 2 equiv of 2a.

diastereoselectivity (Table 1, entry 9). Next, we looked onto the
effect of lower temperature on the reaction. At 0 °C the reac-
tion was approximately 10 times slower and only the ee of the
minor diastereoisomer increased by 3% (Table 1, entry 10), so
there was no justification for carrying out the reaction at a lower
temperature because of the longer time needed.

Next, we screened different protecting groups for the oxindole.
Previously, Boc-protected oxindole 2a gave us the product in
75% yield, in dr 2.6:1 and in ee 90%/94% (Scheme 1, 3a). With
a Cbz-protecting group the enantioselectivity decreased to 82%/
88% (Scheme 1, 3b). The use of a sterically more demanding
Fmoc-protecting group decreased the ee values even more for
the minor diastereoisomer (Scheme 1, 3¢). Surprisingly, with
benzyl-protected oxindole, the reaction did not proceed
(Scheme 1, 3d), which implies that the carbonyl group of the
carbamate moiety in the N-protecting group and electron-with-
drawing properties of the protection groups are essential for
coordination with the catalyst and for the reactivity of the
Michael acceptor. Using a tosyl-protected oxindole the reaction
was sluggish, the yield was low and the enantioselectivity could
not be determined (Scheme 1, 3e). These experiments revealed
that the best results were achieved in chloroform at room tem-
perature with catalyst D, using 1 equiv of diketone and 2 equiv
of N-Boc-substituted oxindole 2a.

Under optimised conditions, the substrate scope of the reaction
was examined by using various substituted oxindoles with an
E-configuration of the double bond. The results are presented in
Scheme 2. Both electron-withdrawing (Scheme 2, 3f-h) and
electron-donating groups (Scheme 2, 3m,n) at the phenyl ring
of the benzylidene moiety were tolerated. The position of the
halide at the aromatic ring did not have a major effect on the
yield or the enantioselectivity. Ortho-, meta- and para-chloro-
phenyl-substituted starting materials afforded products in simi-
lar enantioselectivities (Scheme 2, 3f-h). However, the reac-
tion was slower with the sterically more hindered ortho-chloro
substrate (Scheme 2, 3f). When instead of a benzylidene-con-
taining substrate an alkylidene with an extra ester moiety was
used, the enantioselectivity was lost and the product 3i was ob-
tained as a racemic mixture. Either additional coordination with
the catalyst or a lack of m—m-interaction may have been respon-
sible for that. Also, a higher C-H acidity of the proton at the
stereogenic centre and possible racemisation can’t be excluded.
A heteroaromatic oxindole derivative afforded the product 3j in
lower yield and high ee values. 4- and 5-bromo oxindole deriva-
tives (21 and 2k, respectively) were also used as starting com-
pounds. If the substituent in the oxindole ring was further from
the reaction centre, the outcome was not affected (Scheme 2,
3k). However, when using a 4-bromo-substituted oxindole, the

reaction was slower, the yield drastically decreased and the en-
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cat. D 10 mol %
CHCl3, rt

e
O ) o OH

3a-e
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CF3

\

R

N
B o

SO

2 h, 75% yield 2 h, 70% yield 1h, 52% yield no reaction 1 day, 42% yield
dr2.6:1 dr2.9:1 drnd dr2.1:1
ee 90%/94% ee 82%/88% ee 82%/82% eend

Scheme 1: Screening of different N-protecting groups. Reaction conditions: 0.2 M solution of 1 (1 equiv), 2 (1 equiv), of catalyst D (0.1 equiv), chloro-
form, at room temperature; isolated yields after column chromatography; ee determined by chiral HPLC.

antioselectivity was moderate (Scheme 2, 31). The reaction with
an electron-donating p-MeO-substituted benzylidene oxindole
was very sluggish and did not reach full conversion (Scheme 2,
3m). The product 3m was obtained with only 36% yield and
with undetermined enantiomeric purity, since the peaks were
not separable in various HPLC methods. Similarly, the p-Me-
substituted oxindole was also slow in reacting and the yield was
moderate, but the enantioselectivity remained high (Scheme 2,
3n). The reaction tolerated alkylidene oxindoles, although the
product was obtained in a slightly lower yield and enantioselec-
tivity (Scheme 2, 30). The reaction did not occur when starting
compound 2p was tried. This was probably because of the very
poor solubility of the starting material. Generally, the diastereo-
selectivities of the reactions were moderate (dr 2.1:1-3.6:1)
throughout the scope. The diastereoselectivity was missing or
was very low for the compounds with non-aromatic substitu-
ents at the double bond (3i and 3o0).

The relative anti-configuration of the vicinal diastereotopic
hydrogens was determined by comparing the 3Jyy coupling
constants of the major diastereomer with those of the minor dia-
stereomer. The constants were larger for the major diastereo-

mer, meaning vicinal hydrogens were in anti-configuration.

In all previous experiments only E-isomers were used. In the
case of the 3-nitro-substituted starting material 2q we managed
to separate isomers and carried out the reaction with both the E-
and Z-isomer. In these experiments, both isomers afforded the
same major diastereoisomer but opposite enantiomers
(Scheme 3, 3q). The diastereoselectivities were similar for the

isomers.

Since the diastereoselectivity of the reaction was low, we
attempted to increase the ratio of diastereoisomers via enolisa-
tion followed by diastereoselective protonation (Table 2). As
the racemate of 3a was obtained in a higher diastereomeric ratio
(6.3:1) we applied kinetic and thermodynamic conditions for
the epimerisation of it (Table 2, entries 1 and 2, respectively).
Unfortunately, in both cases the diastereomeric ratio decreased
and the amount of more stable syn diastereoisomer increased. A
similar trend was observed when starting from the enantiomeri-
cally enriched 3a (Table 2, entry 3).

It has been shown that substituted oxindoles can be converted to
indolopyrans via intramolecular cyclisation [33]. We also tried
synthesizing 4H-pyrans in acidic conditions but no cyclised

product was detected.
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FiC
R? : CF,
o] / ¢} HN
R R1'—\ o cat. D 10 mol % R1'—\
OH N CHClj, rt N o
1 2a,f-p )’\o 3a,f—p O)\O D
cl o
o) o)
o OH o OH
N N N
2 h, 74% 5h, 72% 2h, 67% 1h, 87%
3a O)\o a6 O%o dr1.7:1 39 O)\O dr 2:1 3h O%o dr 2.7:1
90%/94% ee )ﬁ 76%/68% ee 87%/90% ee 84%/81% ee

OOH

1h, 87% \
si O)\O arizt 3 O)\o e
5%lrac ee )V 75%/55% ee

oOH

3m 2 days, 36% 3n )\O 6 h, 59%
O)\O dr 3.6:1 (@) dr2.8:1
)V nd 80%/79% ee

oOH

oOH

3K 1h,70% 31 J—o 5h21%
o dr3.2:1 o dr4.7:1
76%(76% ee 62%/60% ee
ON

Scheme 2: Scope of the reaction (the relative configuration of the major diastereoisomer is depicted). Reaction conditions: 0.2 M solution of 1 equiv
of 1, 2 equiv of 2, 0.1 equiv of catalyst D, chloroform, at room temperature; isolated yields after column chromatography; ee determined by chiral

HPLC.

Conclusion

In summary, we have developed a new asymmetric organocata-
lytic Michael addition of cyclopentane-1,2-dione to alkylidene
oxindoles catalysed by bifunctional squaramide which leads to

products in high enantioselectivities and moderate diastereose-

lectivities. The scope of alkylidene oxindoles is reasonably
wide including aromatic and aliphatic substituents at the
double bond and also substituents in the oxindole core.
The work widens the synthetic utility of cyclopentane-1,2-

diones.
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NO,
/ NO,
L
N
29() 5770
o
o
1
cat. D 10 mol %
NO, CHCl3, rt NO,
o ¢
oOH oOH
N 1h, 57% N 1h,53%
dr 1.4:1 S0 dri6

3qO

(0}
)V 91%/93% ee

3q

(0] )ﬁ T7%I76% ee

Scheme 3: Comparison reactions of E- and Z-isomers (the relative configurations of the major diastereoisomers are depicted). Reaction conditions:
0.2 M solution of 1 equiv of 1, 2 equiv of 2, 0.1 equiv of catalyst D, chloroform, at room temperature; isolated yields after column chromatography; ee

determined by chiral HPLC.

Table 2: Epimerisation of 3a.

Entry Starting compound Conditions Product
(dr)
dr
1 3a (rac) 6.3:1 LDA, THF; -78 °C, 30 min, then sat. ag. NH4Cl 2.7:1
2 3a (rac) 6.3:1 t-BuOK/t-BuOH, rt, overnight 2.6:1
3 3a 2.5:1 LIHDMS, THF; =78 °C, 30 min, then sat. aq. NH4CI 2.21
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