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Abstract: The Diels—Alder reaction (DAR) is one of the most effective and reliable strategies for
the construction of six-membered carbocyclic and heterocyclic rings, and it is widely used in the
synthesis of organic molecules and drugs. Due to the high regio- and stereo-selectivity and its
versatility, DARs have represented a powerful tool for organic chemistry for many years. In addition,
the asymmetric DAR has become a fundamental synthetic approach in the preparation of optically
active six-membered rings and natural compounds. The COVID-19-related pandemic requires
continuous research; DAR represents an useful method to obtain optically active intermediates for
the synthesis of antiviral agents under different catalytic conditions. We would like to highlight
an intriguing synthetic procedure applied to the development of novel synthetic protocols that are
potentially useful against a large panel of viruses and other unmet diseases.

Keywords: Diels—Alder reaction (DAR); enantioselective catalysis; six-membered ring; antiviral
agents; SARS-CoV-2; COVID-19

1. Introduction

The Diels-Alder reaction (DAR) is one of the most effective and reliable strategies for
the construction of six-membered carbocyclic and heterocyclic rings, and it is widely used
in the synthesis of molecules endowing biologically activity.

Since the seminal work of Otto Diels and Kurt Alder in 1928, the advances and
development of the reaction have emerged at an impressive rate, and enormous advances
in this area, besides new contributions, are continuously been reported [1].

With recent and continuous outbreaks of SARS-CoV-2, responsible for the COVID-19
pandemic, it became obvious that the research in the antiviral field needed to be developed
and encouraged. This review describes a variety of DARs aimed at obtaining optically
active intermediates that are useful for the synthesis of antiviral agents exploiting several
catalytic conditions. The DAR can be defined as a [4 + 2] cycloaddition in which a conjugate
diene reacts with a dienophile to form an adduct endowing six membered ring with the
formation of two new o bonds, starting from two 7t bonds [2,3] (Scheme 1).
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Scheme 1. General formula of DAR.
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The rate of DAR is determined by the degree of interaction between the highest occu-
pied molecular orbital (HOMO) of one component and the lowest unoccupied molecular
orbital (LUMO) of the other. In a classical DAR, the interaction is between the HOMO
of the diene and the LUMO of dienophile (electron-withdrawing groups on dienophile
and electron-donating ones on the diene accelerate the reaction by reducing the energy
gap between these orbitals). In DARs with inverse electron demand, the interaction which
controls the reaction occurs in an opposite fashion. When the diene and dienophile are part
of the same molecule, it is usually referred to as an intramolecular DAR cycloaddition [4].
On the other hand, when the diene or the dienophile in DAR contains a heteroatom, we can
talk about hetero-DA reaction (HDAR) [4]. DARs are often slow and require either thermal
activation or chemical promoters for the in situ generation of reactive dienophiles [5]. Even
if this kind of reaction proceeds easily at either ambient or high temperature, the yield can
be improved, working at a higher pressure, and the reaction can be accelerated by catalysis.
In this latter case, the presence of a selected catalyst can also control the stereoselectivity [6],
thus allowing us to obtain enantio-enriched DAR adducts. The purpose of this manuscript
is to furnish an overview of the chiral catalysts developed in recent years, highlighting the
useful role of DAR in the synthesis of antiviral agents, endowing optical activity. Recently
Quadrelli et al. dedicated a chapter of a book to the cycloaddition reactions used for the
synthesis of antiviral compounds [7], and a recent review described the biocatalytic routes
applied to antiviral agents [8]. Taking into consideration our experience in the antiviral
field [9-18] and in the application of DAR to the synthesis of antiviral agents [15,18] we
were interested to investigate this topic in more detail. We show some examples in which
the catalytic DARs furnish useful optically active intermediates for the synthesis of selected
bioactive compounds after a brief introduction of enantioselective DAR. An overview of
the catalysts used so far to obtain interesting intermediate with high enantiomeric excess,
which hopefully could contribute to the treatment of COVID-19, is also accomplished.

2. Discussion
2.1. Asymmetric DAR

There are two strategies that are widely used to achieve DAR adducts in high enantios-
elective fashion, encompassing the use of auxiliary-based reactions [19] or the use of chiral
catalysis. Even if the asymmetric DAR using a chiral auxiliary was developed more than
35 years ago [19] and it is still largely used, there are some intrinsic limitations related to
the introduction and the removal of auxiliaries used in equimolar amounts. The discovery
of Lewis acid (LA) as a catalyst for DAR prompted many research groups to investigate
chiral LA that is able to afford DAR adducts endowing optical activity [20]. Moreover,
bases can catalyze DAR in an enantioselective manner. Chiral LA or bases result in being
very interesting, especially because a catalytic amount of chiral component can produce
a huge amount of desired compound. In this manuscript we present different strategies
useful to obtain, in selected examples, the same chiral intermediate, working also on the
gram scale. The dienophiles reported in this review that act in the DAR are summarized
into two main groups, those which bind to the LA at one point and those which bind at
two points. Unsaturated aldehydes and esters are here reported as an example for the first
category, while 3-alkenoyl-1,3-oxazolidin-2-ones, a good bidentate ligand, is representative
for the second one.

2.2. Asymmetric DAR (Unsaturated Aldehydes or Ester as Dienophiles)

Koga and coworkers in 1979 were the pioneers in the use of chiral LA catalyzing
DAR [21]. The menthoxyaluminum dichloride (A, Scheme 2) prepared from EtAICl, and
menthol promoted the DAR between cyclopentadiene 1 and methacrolein 2 in 72% ee.
Chiral aluminum catalyst B (Scheme 2), prepared from Et, AlCl and a biaryl ligand, is
reported to be an effective LA catalyst for the same reaction affording the adduct in 97.7%
ee [22,23]. Similarly, Kobayashi and Mukaiyama developed a zwitterionic proline-based LA
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(C, Scheme 2) by mixing aminoalcohol and BBr3 and, thus, obtaining high enantioselectivity
(97% ee) [24].
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Scheme 2. Synthesis of bicyclic aldheyde 3a or 3b from cyclopentadiene 1 and methacrolein 2 in
presence of chiral catalyst A-F.

The attachment of higher coordination chiral ligand to a metal normally reduces
the Lewis acidity, since additional electron density generally is transferred from ligand
to metal. Starting from this consideration, Corey reported a new class of super-reactive
chiral LA catalysts [25]. The super-reactive cationic catalyst oxazaborinane (catalyst D,
Scheme 2) allowed the reaction between the « and  unsaturated aldehydes not only with
reactive cyclopentadiene, but also with 1,3-butadiene and 1,3-cyclohexadiene at a lower
temperature (—94 °C), in short reaction times and with high exo and enantioselectivity.
Triflic acid—activated chiral oxazaborolidine developed later (catalyst E, Scheme 2) furnished
very good yields and enantioselectivity at impressive rate [26]. Notably, this catalyst
has shown optimal results, even with unreactive dienes, such as 1,3-butadiene and 1,3-
cyclohexadiene, and it was demonstrated to be useful in DARs, employing a lager variety
of dienophiles [27]. Therefore, Corey showed that the coordination of chiral ligands to
LA metal derivatives is a useful strategy for enantioselective electrophilic catalysis and
generally leads to a lower level of catalytic activity than that of the original uncomplexed
compound. Activation by further attachment of a proton or strong LA to the complex
provides a way to overcome the deactivating effect of a chiral ligand. He described the
further enhancement of catalytic activity by the placement of a double fluorine substituents
in the chiral ligand E. This approach has led to a new second-generation family of chiral
oxazaborolidinium cationic species that can be used to effect many DARs in >95% yield
and >95% ee, using catalyst loadings at the 1-2 mol% level [28]. Yamamoto et al. reported
a chiral helical titanium catalyst (F, Scheme 2) prepared from a binaphthol-derived chiral
tetraol and titanium tetraisopropoxide with azeotropic removal of 2-propanol. This is one
of the few catalysts that promote the DAR of unsubstituted aldehydes, such as acrolein,
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with high enantioselectivity. Acrolein reacts not only with cyclopentadiene but also 1,3-
cyclohexadiene and 1-methoxy-1,3-cyclohexadiene to afford cycloadducts in 96%, 81% and
98% ee, respectively [29].

None of the previously described LAs catalyzed asymmetric DARs of diene 4
(Scheme 3), because of its lability under acidic conditions and subsequent polymeriza-
tion. This evidence prompted Yamatsugu and coworkers to develop a conceptually distinct
catalytic asymmetric DA-type reaction that was not dependent on acid catalysis. They
speculated that metal alkoxides (or phenoxides) might activate the siloxy diene 4 through
the formation of a hypervalent silicate or transmetalation (HOMO-raising mechanism). The
catalyst derived from F2-FujiCAPO and Ba(Oi-Pr); (G, Scheme 3) was the most effective in
terms of reactivity, enantioselectivity and diastereoselectivity, affording DA adducts 6,6
with high enantioselectivity (96% ee) in the presence of CsF as an additive [30].
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Scheme 3. DAR in presence of chiral catalyst G.

Noticeably, other types of aldehydes activation, including double-point binding, have
been previously reported and commonly applied [31-33].

2.3. Asymmetric DAR (3-Alkenoyl-1,3-Oxazolidin-2-Ones as Diene)

Since the first successful application of a chiral LA to the DAR between dienophile 7
and cyclopentadiene 1 (Scheme 4) that was achieved from Narasaka with Ti(IV) catalyst
(TADDOL-based, H, Scheme 4) and promoted DA in over 90% ee [34], many research
groups have been widely investigated this reaction. These latter ones allowed for the
discovery of many complexes derived from of metals (Fe(IlI), Mg(II), Ti(IV), Yb(III), Zr-(IV),
AIl(III), Ni(II) and Cu(Il)) and chiral ligands able to afford the DA adduct counterpart with
excellent ee. Corey and co-workers reported catalysts derived from bis-(oxazoline) (box)
complexes of Fe(IlI) (I, Scheme 4), speculating that the reaction between 7 and 1, using
10 mol%, proceeded with 90:10 enantioselectivity to give the endo adduct preferentially
(endo:exo ratio 97:3) [35].
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Scheme 4. Synthesis of bicyclic adducts 8a or 8b, from cyclopentadiene 1 and dienophile 7 in presence
of chiral catalysts H-N.

Similarly, the treatment of bis-(oxazoline) with Mgl, and I, (co-catalyst for I' removal)
(J, Scheme 4) was used as a catalyst in the same reaction to give the DA product in 82%
yield with 95.3:4.7 enantioselectivity and 97:3 endo:exo selectivity [36]. Other significate
contributions from Corey’s laboratory described the use of aluminum (III) complex (K,
Scheme 4) for enantioselective DAR of imides 7 with ee = 96% [37].

Evans and colleagues indicated that [Cu(box)]-(OTf), (L, Scheme 4) and related com-
plexes are excellent catalysts for this reaction, highlighting also that the importance of
catalyst counterions in modulating Lewis acidity is significant. Cationic [Cu(box)](SbFs)»
complexes exhibit both 20-fold greater reactivity and superior enantioselection than their
triflate counterparts [38,39].

Ishitani found that the chiral BINOL-Yb(III) catalyst (X=OH) (M, Scheme 4) effectively
catalyzes the reaction of 7 (R=H, alkyl) with cyclopentadiene at 0 °C with excellent levels
of stereocontrol [40].

Ghosh documented examples of this reaction showing the impact of Platinum and
palladium chiral bisphosphine complexes (N, Scheme 4) and their counterion effects in DAR,
furnishing a methodology able to afford DA adduct with excellent endo/exo selectivity, as
well as endo enantioselectivity (up to 99% ee) [41].

2.4. Base Catalyzed Asymmetric DAR (Organocatalysis)

The first who documented the highly enantioselective organocatalytic DAR reaction
were MacMillan and coworkers in a JACS 2000 [42]. Even if some milestones were achieved
in the organometallic asymmetric catalysts which employ organic molecules and were doc-
umented, only one example of enantioselective DAR was reported with moderate yield [43].
Specifically, MacMillan hypothesized that the LUMO activation that was obtained by using
the LA could be emulated with a carbogenic system (iminium ions from a-8 unsaturated
aldehyde and amine) that exists in a rapid equilibrium between an electron deficient and a
relatively electron rich state, as shown in Scheme 5A. Accordingly, this observation allowed
them to conclude that chiral amines could be employed as enantioselective catalyst in
all transformations that required metal salts. MacMillan and coworkers speculated that
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condensation of cinnamaldehyde 9 with an enantiopure amine would lead to the formation
of an iminium ion 10 that is sufficiently activated to engage a diene reaction partner. Ac-
cordingly, DAR would lead to iminium ion 11, which, upon hydrolysis, would provide the
enantio-enriched cycloaddition product 12, while reconstituting the chiral amine catalyst.
The best results in terms of ee was enriched with catalyst O (Scheme 5B).

Substrate Catalyst LUMO-activation
A NNy ¢ Lewisacid (LA) N
+
X + R....R py-R
o N7,

N - . \
H Hcl )

\
11 H  NRiR, 9 "o

Diels-Alder Dienophile
cycloaddition

Catalyst= Ri~p-Re

H fic

- 4

MN’R1 12 CHO
N
10 R,

Diene

Me
(0]

;\':NyMe
N W

H e
Ph  Hcl

o
MacMillan 2000
Scheme 5. (A) LUMO activation obtained using the LA compared with a carbogenic system (iminium
ions from alfa, beta unsaturated aldehyde and amine). (B) Organocatalyzed DA reaction between
cinnamaldehyde 9 and cyclopentadiene 1.

One example employing a MacMillan catalyst has been reported for the organocatalytic
asymmetric version of DAR of 1,2-dihydropyridines with cinnamaldehyde affording chiral
isoquinuclidines [44]. Nevertheless, this reaction afforded low chemical yield (26%), but
excellent enantioselectivity (99% ee). In this scenario, Fujita and coworkers later developed
a novel organocatalyst that afforded chiral isoquinuclidines with better chemical yield and
similar enantioselectivity. In designing the planned catalyst, they started from previously
developed phosphinooxazolidine (POZ) ligand A (13, Scheme 6), which, in a complex with
Pd, worked to give high enantioselectivity [45,46]. Starting from previous encouraging
results, they designed a series of oxazolidines, 2,4-substituted 5,5-diphenyloxazolidines
(Scheme 6), as a novel organocatalyst for the DAR of 1,2-dihydropyridines. The oxazolidine
catalyst was easily prepared by the reaction of an amino alcohols 14 with a carbonyl
compound affording 15, which, after the reaction of CF3COOH, allowed for the isolation of
the catalyst (P, Scheme 6).
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Scheme 6. Synthesis of Catalyst P.

2.5. Chiral DAR Applied to the Antiviral Agents

There have been reviews on the applications of this “grand old synthesis”, as desig-
nated by Corey [47], to the synthesis of elaborated targets [48], and its application to the
total synthesis [49]. There are also some examples showing its use in industrial processes
on a large-scale application (>1 kg) [50]. Herein we focus the attention on the DAR ap-
plied to the synthesis of the antiviral agents and specifically on the catalysis applied to
asymmetric DAR that could be performed by using a directly chiral catalyst or a chiral
auxiliary-based reaction catalyzed by classical LA. Antiviral drugs can target the six steps
of virus replication: (1) attachment, (2) invasion, (3) uncoating, (4) replication, (5) assembly
and (6) release (Figure 1). We have collected some examples in which the DAR was the
key step for the synthesis of approved drugs, clinical candidate and natural compound
catalogued for mechanism of action.

Diels Alder Reaction

ANTIVIRAL AGENTS NATURAL PRODUCTS
ey
c d f :\d,,f

Targeling Viral function Antiviral activity

Nucleicacid Poly Integrases Neuroaminidases

r—— [Wickerol .
DNA Polymerase 2)Darunavir derivatives
DNA dependant(DNA virus)
Siamenol

RNA Polymerase
RNA dependant (RNA virus) Cytisine derivatives

DNA Polymerase Sorbicatechol
RNA dependant(retrovirus)

Figure 1. Antiviral agents and natural compounds endowing antiviral activity synthesized by means
of DAR.

For example, Abacavir is a reverse transcriptase inhibitor that was launched in 1999
by GSK for the oral treatment of HIV. Its synthesis started from racemic Vince’s lactam [51]
obtained by means of DAR between cyclopentadiene and methanesulfonyl cyanide per-
formed at the ton scale by Lonza [52]. Setrobuvir, which inhibits the hepatitis C enzyme
NS5B, an RNA polymerase, is an experimental drug candidate for treatment of hepatitis C,
discovered at Anadys Pharmaceuticals [53,54] and acquired by Roche in 2011; it concluded
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its development in 2015, and the exo-cyclopentadiene-maleic anhydride adduct is used as
the starting material.

We are going to describe more in details the processes that envisaged the catalytic
asymmetric DAR. At the best of our knowledge, there are not a lot of examples but some of
them belonging to the HIV protease inhibitors (Saquinavir’s, Darunavir’s derivatives), to
the neuroaminidase inhibitors (Oseltamivir) and to natural compounds (wickerol A) are
very intriguing and clearly help us to show the power of the application of this reaction,
that hopefully could push the medicinal chemists to a potential use in drug discovery and
in the development of alternative, more convenient synthesis for other approved antivirals
agents, thus highlighting the power of this reaction for the rapid generation of molecular
complexity.

2.5.1. Synthesis of Saquinavir Derivatives

Saquinavir, discovered by Hoffman-La Roche in 1988 and approved by the FDA in
1995, is the first HIV protease inhibitor (PI) for the treatment of AIDS. As reviewed from
Ghosh et al., several approaches for its synthesis have been developed [55]. However, the
reported synthesis does not allow easy substitution of the carbocyclic ring, which represents
a crucial region that could potentially lead to enhanced potency and better pharmacokinetic
properties of inhibitors. Herein we present an approach published from Cracket and
collaborators in 2004 [56]. They developed a versatile chiral DA route based on chiral
auxiliary to a range of carbocyclic mimetics of scissile Phe-Pro. As described in Scheme 7,
the chiral dienophile 18, which was obtained by coupling aldehyde 16 and phosphonate
17 [57] under Masamune—Roush conditions [58], reacts with the 2-(trimethylsilyloxy)-
1,3-butadiene 19 under LA catalysis (Etp AICI), affording a 4:1 mixture of diastereomeric
trans-diketones 20 in 83% yield. The required trans isomer, easily separable from the cis,
was subjected to reaction by means of LIOH/H,0O; and then affording the required tert-
butylamide 21 via the N-hydroxysuccinimide ester. The equatorial alcohol 22 was obtained
by using L-selectride in excellent yields and selectivity. It also could be readily converted
to a range of ethers by treatment with NaH in DMF at 0 °C and the corresponding alkyl
halide. The equatorial alcohol 22 could also be converted to the saturated carbocycle 23 by
transformation to the mesylate, elimination and reduction. Further transformations of 22
and 23, in particular, the removal of N-Boc and acetonide-protecting groups in presence
ofdichloromethane/TFA containing a few drops of H,O gave amines 24 suitable for further
elaboration of HIV protease inhibitors.

0 Ph— Lic), DBU, Boc, EGAICE DOM, o
Boc EtO-P ~ MeCN, rt Phe TMSO, 78°C /
o o },/ 67% N/\’ X 83% B N
o} g >ro 7Lo o

0
16 17 18 0 19 20

1) LIOH-H,0,, THF/H,0, 0 °C
2) EDAC-HCI, HONSu, DCM, 1t | 729 (over 3 steps)
3)t-BuNHj, DCM, 1t

R HO, 0,
TFA, DM, H,0, tt L-Selectride, THF, -78 °C
= Boc. > = Boc., >
H,N $ NH{Bu N s NHtBu N 3 NHtBuU
o ﬁ\o o 7Lo o]
22 21

HO

24

intermediate useful for synthesis of
Saquinavir derivatives 84% (over 3 steps) | 1 (MeS02);0, DBU, CH,Cly, rt.
” 2. Hy, Pd/C, MeOH, rt
Boc., 2
. ) %; >>~N|—m3u
: ; S
: 23

Scheme 7. Synthesis of Saquinavir derivatives via chiral auxiliary-based DAR.
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2.5.2. Darunavir Derivatives

In the Arun Ghosh research group, based on the “backbone binding concept” and with
the idea to suppress the drug resistance against HIV, a new design strategy was developed.
this provided the synthesis of novel HIV PI able to form a strong network of hydrogen
bonding interaction with the backbone atoms of HIV-1 protease.

In this framework, in 2006, the FDA-approved DARUNAVIR (DRV) (Prezista®) [55]
was born to fight the HIV. DRV was designed to promote extensive active site interactions
with the backbone atoms of the HIV-1 protease active site. It has emerged as the first-line
therapy for rescue treatment in the current US Department of Health and Human Service
(DHHS) guidelines.

Even if DRV is highly active against multidrug-resistant HIV-1 variants with a dual
mechanism of action, as it potently inhibits biologically active dimeric HIV-1 protease and
prevents dimerization of protease monomers [59,60], DRV-resistant and HIV-1 variants
may result in treatment failure [61,62]. Recently, Ghosh et al. reported the design and
synthesis of a new class of PIs incorporating a 6-5-5 ring-fused crown-like tetrahydropyrano-
tetrahydrofuran (crown-THF) as the P2 ligand with a hydroxyethyl sulfonamide transition-
state mimic (28b, Scheme 8) [63,64].

o OH "
é\o . (a) E (20 mol%), CH,Cly 7 , OV

‘ (b) KHCO3, H,0, F

CO,Et

EtO,C 83% (over two steps) 28b, crown-THF
26 1 27a
ee 98%
| _HPh :
3 @/..‘Q—Ph 5 : on
N0 H
PN O TN

42

e A
: E 27b CO,Me

€) Sm(OTf)3, MeOH,
23°C,12h 93% (over two steps)
f) K,CO3, MeOH,

40 °C, 3h.

o
o
o
O/(Nﬁ EL,AICI -78 °C, 4
L — o . @ DCM, 8h o
/ A ome

O
endo:exo=>99:1 0" N
Ph b 98% 2\/0
1

Ph
o]

o o o H, (10 mol%), o

)\N/Uv/\ CH,Cly ;

o] ) [¢] + _— o
endo:exo=>94:6 J(
[

-3

Scheme 8. Synthesis of DAR adducts 27a,b useful for the synthesis of Darunavir derivative 35.

Herein we focused the attention on two synthetic pathways reported for the synthesis
of 28b; both of them are described in the Scheme 8 and provided the catalytic DAR
approach, using in the first strategy the Corey Chiral catalyst (E, Scheme 2) and Evans’ s
chiral auxiliary [19] in the second one. Both strategies allow to obtain the alchools 27a,b
with high enantioselectively (>98% ee).

The first synthesis provided the DAR between the ethyl vinyl boronate 26 and cy-
clopentadiene 1 in the presence of Corey’s chiral catalyst (E Scheme 2) [27,28], affording
the key intermediates 27a in high enantiomeric purity in 80% yield over two steps on the
gram scale. The second strategy provided instead the DARs of chiral 3-(acyloxy)acryloyl
oxazolidinones as dienophiles in various LA promoted reactions with cyclopentadiene 1.
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Herein we report the best conditions found so far that provided the DAR between the chiral
diene 29 and cyclopentadiene 1 in presence of Etp AlCI as LA affording DAR adduct 30 in
98% of yield. Similar intermediate 32 was reported by Sibi [65]. It was achieved by means
of DAR between achiral 3-(acyloxy)acrylates 31 (Scheme 8) and cyclopentadiene 1, using
chiral [Cu(box)]-(OTf); (L, Scheme 4) with good ee (90%). The subsequent exposure of the
cyclo-adduct 30 to Sm(OTf)3 in MeOH followed by K,CO3 in MeOH, provided the corre-
sponding p-hydroxy ester 27b. Alcohols 27a,b were then treated with TBSOTT to afford TBS
ether counterpart, and then they were, in turn, converted to bicyclic acetal 33 in a three-step
sequence involving (1) the reduction of the ester with LAH, (2) one-pot oxidative cleavage
of the olefin and (3) the reduction of the resulting aldehyde with DIBAL-H. The resulting
mixture of lactol (2:1) was treated with TFA to furnish a bridged tricyclic derivative whose
TBS group was removed in tetrabutylammonium fluoride (TBAF), giving the exo-alcohol
28a with good overall yield. This exo-alcohol was then converted to endo-alcohol 28b
by Dess—Martin oxidation, followed by a reduction of the resulting ketone with NaBHy,
thus affording the desired bridged tricyclic ligand, (35,3aS,5R,7aS,85)-hexahydro-4H-3,5-
methanofuro[2,3-b]-pyran-8-ol 28b, which, via carbonate activation with 4-nitrophenyl
chloroformate, and subsequent reaction with the suitable (R)-hydroxysulfonamide isostere,
afforded the inhibitor 35 (Scheme 9).
1. TBSOTf

2. LAH
3. 0sO4 NMO CH0H

OH Phi(OAc), ;
; 4, DIBAL-H O‘ OTES
DIBALH_
59% Bt
COR  (4steps) HO o
27a,b 33
1. TFA 68%
2. TBAF | (2 steps)

H 1. DMP OH
OA%H”OH 2NaBH4 o\
H=7 76% (2 st

o b (2 steps) H o
28b 28a

5 oo of Lul ™o
: o]
(e} H /
J P
crown-THF O
35 34, Darunavir (DRV)

......................................................................................................

Scheme 9. Synthesis of Darunavir derivative 35.

2.5.3. Synthesis of Oseltamivir

Influenza viruses are respiratory pathogens responsible for seasonal influenza and
influenza pandemic. The therapeutic efficacy of current vaccines and drugs is particularly
limited, due to the multidrug-resistant influenza viruses’” phenomenon. Actually, there
are two classes of FDA-approved molecules against influenza virus, namely M2 channel
blockers and neuraminidase inhibitors. Oseltamivir phosphate (Tamiflu), a neuraminidase
inhibitor for the treatment of both type A and type B human influenza, is one of the most
promising drugs [66]. Yujiro Hayashi et al. proposed a multicomponent (MC) approach for
the synthesis of Oseltamivir based on the condensation of alkoxy-aldehyde, nitroalkene
and diethyl vinyl-phosphonate derivative in the presence of diphenylprolinol silyl ether
as the catalyst. This and other reactions concerning the MC synthesis of antiviral agents
have been recently reported [67]. Due to the increase of in drug-resistance phenomena, as
well as novel Influenza virus mutations, novel mechanisms for the inhibition of human
influenza virus have been explored [10-13].

Oseltamivir phosphate (Gilead’s Tamiflu, marketed by Roche) [66,68] inhibits NA
by strongly binding its active site, showing activity in the nanomolar range. Even if the
molecule appears to be very small, the discovery of a practical synthetic route able to
provide the quantity required worldwide is challenging [69]. Several synthetic approaches
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were exploited [70], as reviewed from Gong and Xu in 2008 and from Cloudius R. Sagandira
and coworkers in 2020 [71]. Herein we focus the attention on DAR-based approaches,
since, considering Oseltamivir as a cyclohexene derivative, asymmetric DAR should be
an ideal option. Since the first synthesis proposed from Roche [72] provided enzymatic
resolution, several research groups have tried to develop asymmetric synthesis by applying
the asymmetric DAR approach. In Scheme 10 is reported the retrosynthetic approach for
Oseltamivir, starting from high enantiopure DAR adduct 37-39a,b and 6,6’. The complete
synthesis is described in detail in the Schemes 11-14.

: WCOOCH,CF3

38. Corey

,,,,,,,,,,,,,,,, = i Catalysts O,P

o : ., COOEt ! R~
L‘i i Q P —
COOEt : (ON ! -
H N v : R=Cbz,
97% ee : H o Gy HoPOs i CHO cooph
: 2 :
37. Roche : H 39a,b. Fukuyama, Kohari

536. Oseltamivir phosphate .

OH
@cozlvle
CO,Me

6,6". Shibasaki

Scheme 10. Retrosynthetic approach of Oseltamivir phosphate via enantiopure DAR adducts 37-39
and 6,6’.

Enzymatic

U rCOOEt ZnClz ﬁi Resolution A)i
+ P —— _RESORROnR
B 7 ;
. | M COOEt COOEt
“ 4 ’ 42 37
o
endo:exo=>9:1 (97% ee)
77%
details not
disclosed
Et Et
O, COOEt

Et Et

ACHN” : HsPO, o, COOEt
NH, :
: CHNTY

; ; al :
! 36. Oseltamivir phosphate | OMs

43

Scheme 11. Synthesis of Oseltamivir phosphate by Roche based on racemic DAR adduct 44.
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Scheme 14. Synthesis of Oseltamivir phosphate from Shibasaki.

The synthesis by Roche (Scheme 11) started from racemic DAR between furan 40
and ethyl acrylate 41 catalyzed from ZnCl, affording the exo-42 (dr = 9:1). Subsequent
enzymatic resolution allowed researchers to obtain the desired R isomer 37 with 97% ee at
75% conversion (20% yield). Then the well-known transformation [72,73] allowed them to
obtain the Oseltamivir phosphate 36.

In 2006, Corey reported an elegant synthesis of Oseltamivir phosphate 36 [74] based
on key catalytic asymmetric DAR between butadiene 44 and trifluoroethylacrilate 45 in
the presence of 10% triflimide-activated oxazaborolidine catalyst E, affording the DAR
counterpart 38 with excellent yield and ee (97% yield, >97% ee). The high enantiose-
lectivity was explained by a transition state model, in which butadiene approached the
activated dienophile from the Re-face opposite the shielding phenyl group of the cata-
lyst. Remarkably, the initial DAR step is easily carried out at room temperature on a
multigram scale with recovery of correspondent precatalyst. The next reactions in the
sequence involved (a) ammonolysis of 38 and (b) Iodolactamization, using the Knapp
protocol [74], and N-Boc insertion afforded derivative 46. Then (a) dehydroiodination with
1,8-diazabicyclo-[5.4.0]Jundec-7-ene (DBU), (b) allylical bromination and (c) treatment with
cesium carbonate in ethanol afforded the diene ethyl ester 47. The next step in the synthetic
sequence was a SnBry-catalyzed bromoacetamidation completely regio and stereoselective,
using N-bromoacetamide (NBA), that converted the diene 47 to the bromodiamide 48,
and, in turn cyclized it to the N-acetylaziridine counterpart, which, after treatment with
3-pentanol solution containing a catalytic amount of cupric triflate, removal of the Boc
group and salt formation with phosphoric acid in ethanol afforded 36 (Scheme 12).

Both Fukuyama in 2006 and Kohari in 2010 speculated that chiral isoquinuclidine
(39a,b, Scheme 13) was an efficient synthetic intermediate for Oseltamivir phosphate 36. The
first applied the enantioselective DAR between dihydropiridine 49 and acrolein 50 in pres-
ence of MacMillan Catalyst (O, Scheme 5). As mentioned in Section 2.4, even if he obtained
high enantioselectity (>99% ee), the reaction proceeded in low yield (26%). Later, Kohari
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improved the yield of this reaction by using 2-phenyl-4-tert-butyl-5,5-diphenyloxazolidine
with CF3CO,H (P, Scheme 7) that exhibited a high degree of enantioselectivity (up to >99%
ee) and good chemical yield (up to 90%) in the DAR reaction of 1,2-dihydropyridines 49
with acrolein 50. As Fukuyama reported [75], the resulting DAR adduct 39a was subjected
to Kraus oxidation, bromo lactonization [76] and recrystallization, affording pure 51 (>99%
ee) in 26% yield. The subsequent 10 reported steps [75] afforded Oseltamivir phosphate 36
in 22% overall yield.

Shibasaki [30] proposed the synthesis of Oseltamivir phosphate based on chiral DAR
adduct between diene 4 and methyl fumarate 5, performed in a big scale (58 g), catalyzed
from F2-FujiCAPO and Ba(OiPr); (G, Scheme 3), affording DA adducts 6,6’ with high enan-
tioselectivity (96% ee) in the presence of CsF as additive. The (exo-6’ isomer) decomposed
during the next transformations, which allowed us to obtain the cyclic carbamate 54 in
93% of yield after four steps (96% ee); further recrystallized from CH,Cl,/cyclopenthyl
methyl ether increased the ee up to 99%. Moreover, 54 was converted into N-acyl aziridine
55 in five steps (42%), and the subsequent aziridine opening performed best by using
BF3-OEt; to afford Boc-protected (-)-Oseltamivir. Cleavage of the Boc group with TFA and
salt formation with phosphoric acid produced Tamiflu (36 in 73% yield) (Scheme 14).

2.6. DA Applied for the Synthesis of Natural Compound Endowing Antiviral Activity

Using the Nicolaou words, the DAR has afforded numerous and unparalleled solu-
tions to a diverse range of synthetic puzzles provided by nature in the form of natural
products [49]. Even if there are several examples of the application of this reaction applied
to natural compounds endowing antiviral activity—referred, for example, to anti-influenza
(-)-Cytisine derivatives [77] and Sorbicatechol [78] to the Anti-HIV agent Siamenol [79]
herein we report one selected example in which the asymmetric DAR protocol was applied,
using chiral diene in the presence of LA to the synthesis of anti-influenza wickerol.

Synthesis of Wickerols

Wickerol A and wickerol B are bioactive diterpenoids that were isolated from the fun-
gus Trichoderma atroviride FK-3849 by Omura and Shiomi [80]. Wickerol A (60, Scheme 15),
differently to wickerol B (61, Scheme 15) resulted in being highly active against the type
A/HINT1 influenza virus. Both natural products are endowed with a unique tetracyclic
carbon skeleton that comprises two adjacent quaternary carbons and seven or eight stereo-
centers. In regard to the challenge posed by the wickerols, to the best of our knowledge,
only three synthetic pathways have been disclosed to date [81-83]. Herein we are interested
in a recent approach published from Shu-An Liu [82]. This author published an asymmetric
synthesis of wickerols with a retrosynthetic approach that is described in Scheme 15. This
synthesis, as defined by the authors, could be considered a testament to the power of
catalysis in cycloadditions. Specifically, key intermediate 58 (Scheme 15), which contains all
carbons of the wickerols, save two, could be accessed with a DAR between the chiral diene
61 and the known enone 60 in the presence of AlBr;/AlMej [84,85]. The chiral diene, in
turn, would be derived from known ketone 62, which is readily accessible from geraniol via
Sharpless-epoxidation, Yamamoto rearrangement [86] and carbonyl—ene cyclization [87].
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X, intramol.

Y Me  alkylation
— . —
Me H 0 H

- "OH 0O

Me

X=H wickerol A (56) 58 59
X=0H wickerol B (57)

OH
OTBS
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DAR 7;% ” —— %
— +
e}
oTBS ©
60. dienophile 61. Diene 62

Scheme 15. Retrosynthetic approach to the synthesis of wickerol A 56 via DAR in the presence of
chiral diene 61.

3. Conclusions

The outbreak of COVID-19 has once more emphasized the impact of viral infections
on human health. This review highlighted how the asymmetric DAR could be a key
step for the synthesis of important antiviral agents, using chiral LA, chiral dienophiles
or organocatalysts. Any specific drug against coronavirus should target the virus and its
respiratory and cardiovascular effects. While discovery of this magic bullet is underway,
the current pandemic should enhance our preparedness for the next time, when urgency
will knock at the door again. The scale-up of small molecules, even under the pandemic’s
pressure, could be a challenge, and this challenge could be approached only with a good
knowledge of organic chemistry. This manuscript has furnished a further perspective of
DAR, hoping that this perspective will stimulate further use of this old but very actual
reaction in the discovery of novel chemical entities endowing antiviral activity. Accordingly,
we strongly believe that a crisis such as the one caused by COVID-19 will also open up
important opportunities for those considering this reaction and its asymmetric version as a
possible solution for current organic chemistry issues in the antiviral field.
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