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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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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.

© 2019. Thieme. All rights reserved. — Synthesis 2019, 51, 4198-4204
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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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