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CHIRAL ORGANIC CATALYSTS
IN THE DIELS-ALDER REACTION

Abstract. The analysis of scientific investigations in the field of application of chiral
organic catalysts in the reaction of diene synthesis has been carried out. The directions of
using of synthesized adducts in the different part of industry have been described. The
effect of used catalysts to stereo- and enantioselectivity of reactions have been studied.

Key words: diene synthesis, chiral organocatalysts, optically active compounds.

It is known that chiral organic catalysts find wide application in the reaction
of diene synthesis and a huge amount of work has been done in this direction.
However, research in this field continues to develop intensively and the search for
new chiral organocatalytic systems remains relevant to this day [1-18].

Thus, in [19] new highly enantioselective bifunctional organocatalysts for
enantioselective addition reactions, including [4+2] -cycloaddition reactions, were
developed. These catalysts contain fragments of thiourea and a primary amino
group or amine-sgvaramid groups:

CH; S | I8
)J\ S N : )J\ w
N NV Me”” N N
H H H H
NH, O NH,

Synthesized catalysts are widely used in the Diels-Alder reaction (DA) for
the synthesis of structured complex spirocyclic skeletons and indolo- and benzo-
quinolizidine derivatives, which belong to pharmaceutical compounds.

An unusual reaction of cycloaddition of 2-pyrones with aliphatic nitroalke-
nes, catalyzed by new bifunctional catalysts based on cinchon alkaloid derivati-
ves, is associated with a cumbersome ethereal group at position 9 [20]. Bicyclic
[2.2.2] -adducts with good yield and high diastereo- and enantioselectivity were
obtained. The isotope effects of the C atom were studied by the C13-NMR spec-
troscopy method and the reaction mechanism was proposed. At the end, the areas
of application of synthesized adducts are shown.

In [21], the Sc (OTf) 3/ bis (oxazoline) complex was proposed as a catalyst
for the asymmetric reaction of DA 2-arylidene-1,3-indanediones with 2-vinyl-in-
doles. It was shown that the reaction is a convenient and important practical ap-
proach to biologically valuable and synthetically advantageous spiro-tetrahydro-
carbazoles in good yield (92%) and high enantioselectivity (ee 94%).
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A bimetallic heme-DNA cofactor containing Fe and Cu centers was syn-
thesized as new hybrid catalysts for stereoselective synthesis, in particular for DA
reactions [22].

Enantiomeric and periselective D-A reactions were performed with the
participation of nitroalkenes in the presence of catalysts that are donors of a
helico- chiral double hydrogen bond [23]. As a diene, 5-substituted pentamethyl-
cyclopentadiene was used:

*L—’/

NOZ NOZ

The reaction was carried out in a CH,Cl, medium at a temperature of (-78°)
C for 20 hours and in the presence of 10 mol% % of catalyst

O \ BAI‘F24
()

HN R

%5
e,

where -BArF24 is tetrakis [3,5-bis(trifluoromethyl) phenyl] borate.

The authors note that the yield of the adduct in this reaction was 70-84%, and
e.e. 67-70%.

In [24], chiral supramolecular B-containing Lewis acids were obtained from
chiral 3-phosphoryl-1, 11-bis-2-naphthol, (2-cyanophenyl) boronic acid and tri
(pentafluorophenyl) borane containing CN ... B coordination bonds and PO ... B.
It is shown that these catalysts increase the acidity of the active site in the Lewis
acid. They were tested in the DA reaction between acrolein and cyclic (acyclic)
dienes, proceeding in good yield and high enantioselectivity.

It was noted in [25] that the asymmetric D-A reaction is one of the con-
venient and effective methods for obtaining optically active compounds, for the
production of which various kinds of catalysts are widely used. Most often,
complexes based on Schiff bases and transition metal ions, in particular the Salen
complex, are used. Chiral salen ligands can easily be synthesized from enantio-
merically pure diamines and two moles of salicylic aldehyde or its derivatives.
Mn, Cr, Co, V, Cu, Ti, Ru, Pd, Au, Zn and Al are used as the transition metals.
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Chiral sulphinamide urea together with the cochlear-an a chiral strong
Bronsted acid (o-nitrobenzenesulfonic acid) was used as a catalyst system in the
(4 + 2) -cycloaddition of N-arylimines with electron-enriched olefins, such as
vinyllactams and dihydropyrroles [26]. These catalysts have been successfully
applied for the synthesis of tetrahydroisoquinolines, which form the basis of a
number of natural and synthetic biologically active compounds, such as marti-
nellin, skueryrin and tubocurarine.

Chiral polyoxometallate-imidazolidinones were used as catalysts for the D-A
reaction between cyclopentadiene and crotonaldehyde in [27]. The reaction was
carried out in the presence of 5 mol. % catalyst in a medium of 0.5 M CH2CI2 for
3 days according to the scheme:

@ +/\/\O — 7 + 7
-CHO é;z/

The yield of adducts ranged from 45-95%, e.e. 46-54%, the ratio of exo-endo
isomers was 2: 1to 1: 3.

In [28], phosphorylated imidazolidinones were used in the asymmetric D-A
reaction involving 1,2-unsaturated aldehydes with good vyield and high
enantioselectivity.

(S) - (-) - 2- (a-hydroxyethyl) benzimidazole and (S) - (-) - 2- (a-hydroxy-
benzyl) benzimidazole were used as chiral Bronsted bases in the DA reaction
between anthrone t maleimide in moderate conditions [29].

It is shown that chiral C-H acids during the silylation reaction generate
silicon carbanion, which is an extremely active acidic Lewis catalyst for the
enantioselective D-A reaction between cinnamate and cyclopentadiene. The ratio
of enantiomers in the reaction was 97: 3, and the ratio of the diastereomers is
20: 1, respectively [30].

In [31], new main chain polyesters, functionalized with chiral imidazolidine
salts, were synthesized. These polyesters were used as heterogeneous organoca-
talysts in the asymmetric D-A reaction between cyclopentadiene and trans-
cinnamaldehyde. The authors note that the enantioselectivity of the reaction
reaches up to 97%.

In another paper by the same authors [32], the main chain polymers of chiral
imidazolidinones were successfully synthesized by the reaction of dimers of
chiral imidazolidinone with disulfonic acid. The fatty imidazolidinones were
introduced into the main polymer chain through ionic bonding. These compounds
can be used as polymer chiral organocatalysts for asymmetric D-A reaction
according to the scheme:
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CHO
O
-CHO -Ph
PH Ph

CHO

The vyield of the adduct was 99%, e.e. up to 99%, the endo: exo ratio is 45:
55. The catalyst has the following structure:

O

lonic liquids were used to regenerate the McMillan catalyst in the D-A
reaction [33]. The catalyst is an imidazolidinone derivative.

In work [34], benzopyrans were used as starting compounds for the organo-
catalytic reaction DA, leading to the formation of tricyclic systems. As catalysts,
imidazolidinones were used. At the same time, the asymmetric induction was
96%. Synthesized tricyclic scaffold-tetrahydrocannabinol systems form the basis
of many natural compounds.

It was noted that in the first successfully implemented catalytic asymmetric
reaction of D-A in 1979, Koga and co-workers. The chiral aluminum complex
was used as the Lewis acid, and after that the researchers developed a huge
number of catalytic systems for these reactions [35]. In particular, chiral organic
compounds, such as imidazolidinone or TADDOL salts, have been used as
catalysts in the asymmetric reaction of DA. In this paper, chiral amines were
proposed as catalysts for these reactions on the basis of the theory of frontal
molecular orbitals. It is shown that they exhibit high chemo-, regio- and stereose-
lectivity.

In [36, 37], derivatives of chiral phosphoric acids derived from linear chiral
biaryls, as well as analogous chiral Bronsted acids, were used as effective and
widely used compounds - enantioselective organocatalysts for various organic
transformations, including DA reactions.

Endo- and S-selective retro-D-A reactions catalyzed by chiral imidazo-
lethioles were studied [38]. The process between cyclopentadiene and cinna-
maldehyde was carried out in a methanol-water or methyl cyanide-water solvent
system with a high yield of adduct and good enantioselectivity according to the
scheme:
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@ TN Z6@0 ' ZbPh
Ph

CHO

The yield of the adduct is 85-96%, e.e. 56-95%.
The ratio of exo: endo = 1.1: 1 - 1.3: 1. The catalyst used was

S /
N R =Benz, indolyl
).\...HR3 R, =H, CH; Cyclohexyl
R} N R; = CHj t-Butyl, Cyclohexyl
H R,

A new homochiral porous metal-organic complex (MOF) was synthesized on
the basis of (R) -2,21-dihydroxy-1,11-binaphthyl-4,41-dibenzoic acid as a chiral
ligand [39]. It was shown that this complex is an effective heterogeneous catalyst
for the enantioselective D-A reaction between isoprene and N-ethylmaleimide
according to the scheme:

O O
\i + Eé —Et > N—Et
=
O O
The catalyst used was a complex of the type:
COOR
I I OH
R)-
() OO )
COOR

The reaction was carried out at a temperature of 200°C for 24 hours in the
presence of various solvents. The authors give the results of the studies in the
form of table 1.

The authors also studied the effect of the catalyst in this reaction in the
presence of the solvent AcOEt at 0°C for 48 hours. The results of these studies are
given in table 2.
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Table 1 — Effect of solvents on the yield and enantiomeric composition of the adduct
in the reaction of isoprene with N-ethylmaleimide

Solvents Yield of adduct, % E.e., %
Methanol 48 0
Ethanol 66 21
Isopropanol 87 33
AcOEt 49 71
CHCl3 85 13
Toluene 77 21
Cyclohexane 59 63
n-Hexane 80 31

Table 2 — Effect of catalyst on the yield and enantiomeric composition of the adduct
in the reaction of isoprene with N-ethylmaleimide

Catalyst Yield of adduct, % E.e., %
- 10 0
Cu(OAc), 25 0
(R)- BINOL 21 0
Cu(OAc), + (R)- BINOL 10 0
(R)-MOF 81 75

In conclusion, the authors also studied the effect of the substituent R in N-
alkylmaleimide in the same reaction in the presence of an AcOEt solvent at 0°C
for 48 hours.

0 0
+ N—R — = N—R
.
o}

The results of these studies are presented in table 3.

Table 3 — Effect of substituent R on the yield and enantiomeric composition of the adduct
in the reaction of isoprene with N-alkylmaleimide

Substituent R Yield of adduct, % Ee., %
Me 37 87
Et 31 75
n-Pr 11 5
Ph 17 7
Cyclohexyl 18
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It was shown in [40] that imino reactions of DA are an effective method for
the synthesis of aza-heterocycles Zn / BINOL complex was used as catalysts.

The hetero-D-A reaction between o-quinone methides and azlactones has
been studied, leading to the formation of important pharmacophore dihydro-
coumarins catalyzed by the Sc (II1) N, N21-Sci-Ill chiral complex [41]. It was
shown that the reaction proceeds with a high diastereoisomer and enantiose-
lectivity (94% ee, adduct yield 96%, diastereomer ratio 19: 1).

The catalyzed aza-reaction of D-A cyclic C-acylimines with cyclopentadiene
catalyzed by new chiral acids of Bronsted [42]. As a result of the reaction,
optically active aza-tetracycles with good yields and high diastereo- and
enantiostereoselectivity are formed under moderate reaction conditions according
to the scheme:

O
O 00—
N

Me

The reaction was carried out at a temperature of (-78%) C and a duration of 2-
16 hours in the presence of a solvent (toluene, a mixture of toluene and hexane,
CH; Cl,, CHCIy). and 1-5 mol. % of catalyst.

The yield of the adduct was 73-91%, e.e. 8-94%.

Trieneamine intermediates were used as chiral catalysts in the asymmetric
reaction DA according to the scheme'

0ot L

where R = H, CHg, Ph.
The reaction was carried out at a temperature of 60°C in toluene medium in
the presence of the following catalyst:
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0O
0] Me
PhOC
" N—R —> N—R
7 Me
5 (0]
COPh
/
N
NH
MeO 2
¢ \
=
N

Thus, the presented literature review shows that the use of chiral organic
catalysts in the DA reaction continues to develop intensively and the number of
works devoted to these studies is continuously growing.

In our studies, N-methylpyrrolizidone derivatives, which can be considered
as one of the new versions of catalytic systems in the diene synthesis reaction,
will be used as catalysts in the DA reaction.

REFERENCES

[1] Yamada H. Enantioselective Diels-Alder reaction catalyzed by chiral ammonium salts —
the synthetic application and the design of new dienophiles // Graduate School of Engineering,
Nagoya University. Japan, 2014. 124 p.

[2] Guo-Ming H., Huang C., Zulueta M. Unconventional exo-selectivity in thermal normal-
electron-demand D-A reactions // Scientific Reports. 2016. N 6. P. 35147-35157.

[3] Funel J-A., Abele S. Industrial applications of the D-A reaction // Angew. Chem. Int. Ed.
2013. Vol. 52. P. 3822-3863.

[4] Nawrat C., Moody C. Quinones as dienophiles in the D-A reaction — history and
applications in total synthesis // Angew. Chem. Int. Ed. 2014. Vol. 53. P. 2056-2077.

[5] Liu Z. ET EAL. Unique steric effect of germinal bis(silane) to control the high exo-
selectivity molecular D-A reaction // J. Amer. Chem. Soc. 2016. Vol. 138. P. 1877-1883.

[6] LiJ-L., Chen Y., Liu T. Aminocatalytic asymmetric D-A reactions via HOMO activation
/I Acc. Chem. Res. 2012. Vol. 56. P. 1491-1500.

[7] Lestini E., Robertson K., Murphy C. Alternative mild route to the synthesis of 4-methyl-
enecyclohex-2-enone — a key moiety of the anticancer compounds attelione A and B // Synth. Com-
mun. 2012. Vol. 42. P. 1864-1876.

[8] Aiaz A. et al. Concerted stepwise mechanisms in dehydro-D-D reactions // J. Org. Chem.
2011. Vol. 76. P. 9320-9328.

[9] Fernandez I. Combined activation strain model and energy decomposition analysis me-
thods — a new way to understand pericyclic reactions // Phys. Chem. Phys. 2014. VVol. 16. P. 7662-7671.

[10] Mellberg A. Chiral carbocations as Lewis acid catalysts in D-A reactions // Master Thesis
in Chemistry, KTH Stockholm. Swedenm, 2012. 115 p.
[11] Hoye T.// The pentadehydro-D-A reaction // Nature. 2016. Vol. 532. P. 484-488.

107



XUMWYECKHH )KYPHAJI KA3AXCTAHA

[12] Bodnar B., Miller M. The nitrocarbonyl hetero-D-A reaction as a useful tool for organic
synthesis // Angew. Chem. Int. Ed. 2011. Vol. 50. P. 5630-5647.

[13] Wende R., Schreiner P. Evalution of asymmetric organocatalysis — multi- and retrocata-
lysis // Green Chemistry. 2012. Vol. 14. P. 1821-1849.

[14] Shen Z., Cheong H., Lai Y. Application of recyclable ionic liquid-supported imidazolidi-
none catalyst in enantioselective D-A reactions // Green Chemistry. 2012. Vol. 14. P. 2626-2630.

[15] Guizeetti S., Benaglia M., Siegel J. Poly(methylhydrosiloxane)-supported chiral imidazo-
lidinones — new versatile, highly efficient and recyclable organocatalysts for stereoselective D-A
cycloaddition reactions // Chem. Commun. 2012. Vol. 48. P. 3188-3190.

[16] Negishi E., Shiping X. Catalytic enantioselective synthesis of chiral organic compounds of
ultra-high purity of more 99 % e.e. // Proc. Japan Acad., Ser. B. 2015. VVol. 91, N 8. P. 349-374.

[17] Ricci A. Asymmetric organocatalysis at the service of medicinal chemistry // Organic
Chemistry. 2014. N 7. P. 1-29.

[18] Jiang X., Wang R. Recent development in catalytic asymmetric inverse-electron-demand
D-A reaction // Chem. Rev. 2013. Vol. 113, N 7. P. 5515-5546.

[19] Held F., Tsigoyeva S. Asymmetric cycloaddition reactions catalyzed by bifunctional
thiourea and squaramide organocatalysts — recent advances // Catal. Sci. Technol. 2016. Vol. 6.
P. 645-667.

[20] Bartelson K., Singh R., Foxman D. Catalytic asymmetric [4+2]-additions with aliphatic
nitroalkenes // Chem. Sci. 2011. Vol. 2, N 10. P. 1940-1944.

[21] Fen T., Jiarong C., Ping W., Wenjing X. Asymmetric D-A reaction of 2-arylidene-1,3-
indanediones with 2-vinylindoles catalyzed by a Sc(OTf)s/bis(oxazoline) complex — enantiose-
lective synthesis of tetrahydrocarbazole spiro indanedione derivatives // Acta Chimica Sinica. 2016.
Vol. 72, N 7. P. 836-840.

[22] Kuo C-H., Niemeyer C., Fruk L. Bimetallic copper-heme-protein-DANN hybrid catalyst
for D-A reaction // Croat. Chem. Acta. 2011. Vol. 24, N 2. P. 269-275.

[23] Peng Z., Narcis M., Takenaka N. Enantio- and periselective nitroalkene D-A reactions ca-
talyzed by helical-chiral hydrogen bond donor catalysts // Molecules. 2013. Vol. 18. P. 9982-9998.

[24] Hatano M., Hayashi K., Sakamoto T. Enantioselective D-A reaction induced by chiral
supramolecular Lewis acid catalysts based on CN....B and PO...B coordination bonds // Synlett.
2016. Vol. 27, N 7. P. 1061-1067.

[25] Kaminska B., Pazik A. Chiral Schiff base complexes as an effective catalyst in D-A
reactions.// Advances in Chemical and Mechanical Engineering. 2012. Vol. 1. P. 235-240.

[26] Xu H., Zhang H., Jacobsen E. Chiral sulfinamidourea and strong Brensted acid-cocata-
lyzed enantioselective Povarov reaction to access tetrahydroquinolines // Nature Protocols. 2014.
Vol. 9. P. 1860-1864.

[27] Xuan W., Botuha C., Hasenknorf B. Chiral Dawson-type hybrid polyoxometallate
catalyzed enantioselective D-A reactions // Chemistry. A European Journal. 2015. Vol. 21, N 46.
P. 16512-16516.

[28] Qiao S., Junming M., Wilcox C. Chiral GAP-catalysts of phosphonylated imidazolidino-
nes and their applications in asymmetric D-A and Friedel-Crafts reactions // Organic and Biomole-
cular Chemistry. 2017. N 7. P. 111-117.

[29] Mirgane N., Kamik A. Asymmetric D-A reaction involving chiral benzimidazoles as
organocatalysts // Chirality. 2011. Vol. 23, N 5. P. 404-407.

[30] Gatzenmeier T., Gemmeren M., Haffer D. Asymmetric Lewis acid organocatalysts oft he
D-A reaction by a silylated C-H acid // Science. 2016. Vol. 351. P. 949-952.

[31] Haraguchi N., Nguyen T., Shimichi I. Polyesters containing chiral imidazolidinone salts in
polymer main chain — heterogeneous organocatalysts for the asymmetric D-A reaction // Chem, Cat.
Chem. 2017. Vol. 9, N 19. P 3786-3794.

[32] Haraguchi N., Kiyono N., Shinichi I. Design of main chain polymers of chiral imidazolidi-
none for asymmetric organocatalysis application // Chem. Commun. 2012. N 33. P. 427-434.

[33] Srivastava V. lonic-liquid-mediated MacMillans catalyst for D-A reaction // Journal of
Chemistry. 2013. Vol. 13. P. 930-951.

108



ISSN 1813-1107 M1 2018

[34] Brase S., Volz N., Glaser F. Highly enantioselective access to cannabinaid-type tricycles
by organocatalytic D-A reactions // Bellstein J. Org. Chem. 2912. Vol. 8. P. 1385-1392.

[35] LiJ., Chen T., Liu T. Aminocatalytic asymmetric D-A reactions via HOMO activation //
Acc. Chem. Res. 2012. Vol. 45, N 9. P. 1491-1500.

[36] Jang E. Synthesis of water soluble catalysts for the enantioselective hetero-D-A reactions
Il Abstracts of Texas University. USA, 2015. P. 121.

[37] Masahiro T. Enantioselective carbon-carbon bond forming reactions catalyzed by chiral
phosphoric acid catalysts. // Current Orgamic Chemistry. 2011. Vol. 15, N 13. P. 2174-2186.

[38] Li N., Xianrui L., Weike S. New insights into the asymmetric D-A reaction — the endo-
and S-selective retro-D-A reaction // RSC Advances. 2015. N 5. P. 106234-106238.

[39] Tanaka K., Nagase S., Anami T. Enantioselective D-A reaction in the confined space of
homochiral metal-organic frameworks // RSC Advances. 2016. N 6. P. 111436-111439.

[40] Eschenbrenner V. An enantioselective inverse-electron-demand D-A reaction // Angew.
Chem. Int. Ed. Engl. 2014. VVol. 53, N 8. P. 2134-2137.

[41] Haipeng H., Yangbin L., Jing G. Enantioselective synthesis of dihydrocoumarin deriva-
tives by chiral Sc(l11)-complex catalyzed in inverse-electron-demand hetero-D-A reaction // Chem.
Commun. 2015. Vol. 51, N 8. P. 3835-3837.

[42] Rueping M., Raja S. Asymmetric Brensted acid-catalyzed aza-D-A reaction of cyclic
C-acylimines with cyclopentadiene // Bellstein J. Org. Chem. 2012. Vol. 8. P. 1819-1824.

[43] Reboredo S., Parra A. Trienamines — their key role in extended organocatalysis for D-A
reactions // Asymmetric organocatalysis. 2013. N 1. P. 24-31.

Pe3iome
2. I Mameobeiinu, 1. I'. Awobos, I'. 3. I'aoacuesa, C. B. Ucmaiinosa

JIAJIBC-AJIBAEP PEAKIIVSICBIHIAFBI
XUPAJIBJIbI OPTAHUKAJIBIK KATAJIM3ATOPJIAP

Jluenai cUHTE3ley PEeaKUMSChIHIA XUPAIbIbl OPraHUKAJBIK KaTalu3aTopIap/ bl
KOJNJaHy CANacBIHAAFBI FBUIBIMH 3€pTTEYJepre Talfay KYpPri3iimi. OHAIpiCTiH opTypdi
cajanapblH/ia CHHTE3IeNITeH alIyKTepi KojiaHy OarbITTapsl kepcerini. Konganbuiran
KaTaJM3aToOPJIapAbIH CTEPEO- JKOHE SHAHTHOCEIIEKTUBTI peakIUsiapra dcepi 3epTTEeI.

Tyiiin ce3mep: IMeHII CUHTE3, XUPAIbIbl OpPraHOKATAIN3aTOPJAp, ONTHUKAIBIK
OeJiceH i KochUIbICTap.

Pe3iome
2. T Mameobeiinu, 1. I'. Aobos, I'. D. I'adocuesa, C. B. Hcmaiinosa

XWPAJIbHBIE OPTAHUYECKHNE KATAJIN3ATOPBI
B PEAKIIMU AUJIBCA-AJIBJIEPA

OcyIIecTBICH aHAIN3 HAYYHBIX HCCICIOBAHUNA B 00JACTH MPUMEHEHUS XUPATHHBIX
OpPraHMYECKUX KaTaIM3aTOPOB B PEAKIMH AWEHOBOTO CHHTE3a. [loka3zaHBI HAIlpaBICHUS
MPUMEHEHHUSI CHUHTE3WPOBAHHBIX AIYyKTOB B PA3IMYHBIX OTPACISX HPOMBIIIICHHOCTH.
W3ydeHo BIUSHHE NCTIOIH30BAaHHBIX KATaJIM3aTOPOB HA CTEPEO- U YHAHTHOCEIIEKTUBHOCTh
peakiuit

KiroueBble c10Ba: IUEHOBBIN CHHTE3, XUPAJIbHBIC OPraHOKATAJIN3aTOPHI, ONTHYEC-
KW aKTUBHBIE COCTUHECHHSI.
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