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ABSTRACT: An efficient, highly regio- and stereoselective [4+2] cycloaddition reaction to generate tetrahydropyranopy-
razole frameworks has been developed. To this end, a dienamine-based catalytic strategy that relies on the H-bond-
directing effect of the hydroxy group of a dinaphthylprolinol-type aminocatalyst has been used. This enables the synthesis
of multifunctionalized heterocyclic derivatives with three contiguous stereocenters in good yields and excellent enantiosel-
ectivities.

Optically active pyrazolones and their derivatives are widely occurring scaffolds that can be found in many natural products
and medicinally active molecules.” As a consequence, the catalytic asymmetric synthesis of pyrazolones has been the
subject of several studies,? mainly involving three different strategies: (a) the deprotonation of the relatively acidic a-protons
to generate a transient nucleophile;® (b) the exploitation of the inherent nucleophilicity of the pyrazole nitrogens;* and (c) the
use of exocyclic alkylidene pyrazolones as Michael acceptors,® which can lead to cascade processes for the construction
of spirocycles.
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Figure 1. Some biologically active pyranopyrazol(on)es.

Tetrahydropyranopyrazoles® (THPPs) and dihydropyrano-pirazolones’ (DHPPOs) are formal derivatives of pyrazolones in
which this heterocyclic moiety is fused to a pyran or pyranone ring, respectively. Several members of this subclass present
interesting pharmaceutical and biological properties, which make them appealing synthetic targets (Figure 1). Nevertheless,
the catalytic enantioselective transformation of pyrazolone derivatives into functionalized THPPs has received scant atten-
tion. In 2012, Enders disclosed an aminocatalytic 3-component reaction that provides THPPs with two stereocenters.® One
year later, Wang and co-workers reported the bifunctional thiourea-catalyzed asymmetric [4+2] cycloaddition of a,p-
unsaturated y-butyrolactams with exocyclic alkylidene pyrazolones (Scheme 1, top).® As for the related DHPPOs, the Ye
and Biju groups independently reported NHC-catalyzed enantioselective annulations for the synthesis of these scaffolds.®
However, the catalytic enantioselective construction of THPP scaffolds bearing three contiguous stereocenters is still a
challenging endeavour.



Scheme 1. [4+2] Cycloaddition with alkylidene pyrazolones.
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Cycloadditions play a pivotal role in the construction of diverse heterocyclic skeletons.!" Of special interest is the applica-
tion of aminocatalytic [4+2] processes that involve dienamine intermediates. These can play a dual role as dienes or dieno-
philes' and their nucleophilicity allows inverse-electron-demand hetero-Diels-Alder (IEDHDA) reactions to be carried out
when they are combined with Michael acceptors. In 2012, Jorgensen et al. pioneered the H-bond-directing dienamine
strategy in an excellent report showing a distal regio- and stereoselective IEDHDA reaction.'® More recently, the Chen
group developed a [4+2] cycloaddition reaction of 1-aza-1,3-butadienes with a,p-unsaturated aldehydes by employing
dienamine catalysis." Inspired by previous works on H-bond-directing dienamine-mediated strategies, '®'® we report herein
an IEDHDA reaction between enals and alkylidene pyrazolones. This dienamine-mediated process gives rise to THPPs with
three contiguous stereocenters in excellent stereoselectivities. We began to study this reaction with pyrrolidine-derived
aminocatalysts, given their success in dienamine-mediated processes.'® Alkylidene pyrazolone 2a and a,B-unsaturated
aldehyde 3a were chosen as model substrates and a range of solvents were screened at room temperature (Table 1).

Table 1. Optimization of reaction conditions.?
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“Reactions performed on a 0.1 mmol scale (see Supporting Information).
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We first examined the [4+2] cycloaddition reaction catalyzed by proline, which gave the desired product in excellent regi-
oselectivity and yield, but with poor dr and ee (Table 1, entry 1). When a,a-diarylprolinol silyl ethers were employed, both dr
and ee increased slightly (entries 2 and 3). Subsequently, screening of various a,a-diarylprolinols, gave a remarkable in-
crease in stereoselectivity (entries 4-6). We tentatively attribute this to the H-bonding ability of the free hydroxy group. No-
tably, we found that tetrazole 1g could enhance the reactivity dramatically (6 h) but without any improvement in ee (entry
7). Pleasingly, compared to 1d, catalyst 1h (bearing an extra hydroxy group in C,'") allowed to improve the yield with much
higher ee and dr (entry 8). Based on this, we firstly prepared the more hindered 4-hydroxydinaphthylprolinol catalyst 1i,
which proved beneficial in terms of ee (entry 9). Pyrrolidine-squaramide catalyst 1j failed to improve the catalytic activity
and stereoselectivity (entry 10). Solvent screening (entries 11-17) indicated that toluene was the best option: in these condi-
tions, using catalyst 1i, the THPP 4a could be isolated in 80% vyield, 90% ee and 8:1 dr (entry 15). With the optimized
conditions, the substrate scope of the asymmetric cycloaddition reaction was undertaken and a series of chiral THPPs
were synthesized (Scheme 2).

In general, alkylidene pyrazolones bearing different electron-withdrawing and electron-donating substituents were well
tolerated. Specifically, all of the para-substituted substrates (4b-4h) were obtained in good yields (75-89%), high diastere-
oselectivities (8:1-10:1 dr) and excellent enantioselectivities (90-99% ee). In contrast to these, the meta-substituted 4i and
4j gave a little decrease in the diastereo- and enantioselectivity, while maintaining the high yields. Importantly, the system
also admitted introduction of double substitution on the ortho-ortho” position, providing 4k in excellent diastereoselectivity
(13:1 dr), comparable enantioselectivity (87% ee) and slightly lower yield. Furthermore, 41 bearing a bulkier 2-naphthyl
group was formed in moderate diastereoselectivity (4:1 dr) but with good yield (73%) and excellent enantioselectivity (93%
ee).

Scheme 2. Scope of alkylidene pyrazolones?®
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“Reactions performed on a 0.15 mmol scale (see the Supporting Information). ®Performed at 0 °C.
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Scheme 3. Scope of various enal reaction partners.®?

Reactions performed on a 0.15 mmol scale (see Supporting Information).

Next, we set our sights on the performance of various a,p-unsaturated aldehydes. As presented in Scheme 3, the [4+2]
cycloaddition reactions proceeded smoothly when enals with diverse electronic properties were tested. The corresponding
chiral tetrahydropyranopyrazoles 4m-4p were obtained with high enantioselectivities (84-88%), good diastereoselectivities
(8:1 dr) and good yields ranging from 72-83%. Gratifyingly, an alkylidene pyrazolone bearing a linear aliphatic substituent
afforded product 4q in 88% vyield and high stereoselectivity (7:1 dr, 90% ee). As for alkyl-substituted enals, we have only
tested crotonaldehyde, which gave good yields but very poor stereoselectivities.

The absolute configuration of tosylate 4b’’ (prepared from 4b’ as shown in Scheme 4) was unambiguously determined by
X-ray single-crystal analysis.'® The rest of the cycloadducts have been assigned by analogy to 4b.

Scheme 4. Synthesis and X-ray structure of 4b’’.
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The model we propose to account for the formation of the major product is depicted in Scheme 5. The regioselectivity of
the attack can be easily inferred from the structure of the final product and it also matches with the expected course of
action given the polarization of the dienamine and the alkylidene pyrazolone. Regarding the stereoselectivity, whereas the
pyrazolone geometry is fixed, the dienamine can adopt several conformations. However, as demonstrated by Jergensen
and co-workers on the basis of DFT calculations, ' the (E,s-trans,E)-dienamine is the most stable conformer. Thus, out of
the four possible approaches (see Supporting Information for details) only the one shown in Scheme 5 leads to the major
stereoisomer. The preference for such an exo approach is justified in terms of (a) H-bonding between the hydroxy group of
the diarylprolinol and the carbonyl of the pyrazolone and (b) the repulsion between the aromatic group in the pyrazolone
(slightly tilted out-of-plane) and the dienamine, which would take place in an alternative endo approach.

Scheme 5. Model proposed to explain the regio- and stereoselectivity.
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In summary, we have disclosed the first asymmetric [4+2] cycloaddition between alkylidene pyrazolones and enals through
H-bond-directing dienamine catalysis. The reaction, promoted by a bifunctional 4-hydroxydinaphthylprolinol species, pro-
ceeds smoothly with excellent regioselectivity and high stereoselectivity (up to 89% vyield, 13:1 dr, and 99% ee). Thus, we
have disclosed a new and efficient protocol for the synthesis of enantioenriched, multifunctionalized tetrahydropyranopyra-
zole derivatives containing three contiguous stereocenters. Further application of this method and biological evaluation of
the THPPs is currently underway.
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