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Abstract

The synthesis of unsymmetrical cyclobutanes by controlled heterodimerization of olefins remains
a substantial challenge, particularly in an enantiocontrolled fashion. Here we show that chiral
Lewis acid catalyzed triplet sensitization enables the synthesis of highly enantioenriched
diarylcyclobutanes by photocycloaddition of structurally varied 2 -hydroxychalcones with a range
of styrene coupling partners. We demonstrate the utility of this reaction through a direct synthesis
of a representative norlignan cyclobutane natural product.
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Lewis acid catalyzed triplet sensitization enables the highly enantioselective crossed cycloaddition
of chalcones and styrenes to forge the cyclobutane cores of multiple bioactive natural products.
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Asymmetric catalytic [2+2] cycloadditions® have long been underdeveloped compared to
analogous [4+2], [3+2], and [2+1] cycloadditions.2 Consequently, the enantiocontrolled
synthesis of four-membered carbocycles remains more challenging than the preparation of
structurally complex cyclohexanes, cyclopentanes, and cyclopropanes. One reason for this
discrepancy may be the unique challenge of controlling crossed vs homodimerization in
[2+2] cycloadditions, which introduces an additional complication beyond the issues of
regio- and stereoselectivity common to all cycloaddition methods. Among the most
successful enantioselective catalytic methods for crossed [2+2] cycloaddition of alkenes are
Lewis acid catalyzed? and organocatalytic processes.* The polar nature of these thermal
reactions, however, limits their scope to highly electronically biased substrates and thus
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restricts their general applicability in complex target-oriented synthesis. A handful of
enantioselective photochemical methods for intermolecular [2+2] cycloaddition have also
been recently developed.>6:7 Most of the catalytic methods for asymmetric [2+2]
photocycloaddition, however, require relatively complex cyclic substrates for efficient
intermolecular cycloaddition and are generally limited to electron-deficient coupling
partners.8

Thus, many cyclobutane-containing natural products (Figure 1) and similarly complex
bioactive cyclobutane compounds are challenging to prepare using existing cycloaddition
methods. Recent syntheses have circumvented the problem of crossed [2+2] cycloaddition
by utilizing complementary strategies. Baran pioneered one approach involving the directed
C-H arylation of a simplified cyclobutane scaffold, a strategy that has been utilized in three
elegant but racemic total syntheses.910 Tang and Fox, meanwhile, have offered
enantioselective routes to cyclobutane alkaloids involving ring-expansions of cyclopropane
intermediates.! Notably, the connectivity and stereochemistry of cyclobutane natural
products can be difficult to determine spectroscopically, and the proposed structures of
several cyclobutane natural products have required reassignment through total
synthesis.93.112 Thys, controlled chemical synthesis remains an important tool for the study
of this class of natural products.

Recently, we reported a conceptually novel method for chiral Lewis acid catalyzed crossed
[2+2] photocycloaddition that results in the highly enantioselective synthesis of a range of
vinylcyclobutanes (Scheme 1).12 If this reaction could be generalized, it might offer a
powerful method for the synthesis of diverse cyclobutane-containing structures. The
enabling mechanistic feature of this reaction is a dramatic lowering of the singlet-triplet gap
of 2”-hydroxychalcone 4 (E1 = 54 kcal/mol) upon Lewis acid coordination. This effect
renders triplet energy transfer from a Ru(bpy)s2* photosensitizer (E1 = 45 kcal/mol)
thermodynamically feasible only to the Lewis-acid-bound substrate (5, ET = 32 kcal/mol)
and provides an opportunity for highly enantioselective asymmetric catalysis when a chiral
Lewis acid is used. Triplet [2+2] cycloadditions generally proceed in a stepwise fashion; we
surmised from the regioselectivity of this reaction that the benzylic-allylic 1,4-diradical 6 is
a key intermediate. We hypothesized, therefore, that styrenes and other alkene coupling
partners that would produce similarly stabilized diradicals might also participate in this
cycloaddition. To test this hypothesis, we examined the reaction of hydroxychalcone 4 with
a range of alkenes upon irradiation with a compact fluorescent light bulb (CFL) in the
presence of Sc(OTf)3 and Ru(bpy)s2* (Table 1). Simple aliphatic alkenes (7 and 8) that
would give relatively unstabilized 1,4-diradical intermediates failed to produce cyclobutane
cycloadducts. Electron-rich vinyl ethers (9) are rapidly polymerized in the presence of the
Lewis acid co-catalyst. However, less strongly activated electron-rich alkenes such as vinyl
sulfides (10) and styrenes (11) underwent smooth cycloadditions to afford the corresponding
cyclobutanes.

Moreover, the [2+2] photocycloaddition with styrene was easily rendered enantioselective
under conditions similar to those utilized for chalcone—diene cycloadditions. Optimal
conditions utilized 10 mol% of Sc(OTf)3, 15 mol% of ~BuPybox, and 2.5 mol% of
Ru(bpy)s2* as a triplet photosensitizer. Upon irradiation of 7 and styrene with a 23W CFL,

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2018 September 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Miller et al.

Page 3

cycloadduct 12 was isolated in excellent yield, and the major diastereomer was formed with
very high enantioselectivity (Table 2).13 Styrenes bearing substituents at all positions of the
aromatic ring react smoothly and with high ee (13-23). A variety of electron-withdrawing
moieties on the styrene ring are readily tolerated. These included an ester group (16) whose
Lewis basicity did not interfere with the action of the chiral Sc Lewis acid, and potentially
UV-sensitive halide substituents (13, 14, 20, 22) that survived irradiation without homolytic
degradation. A boronate ester moiety was also readily tolerated (17), providing a versatile
handle for subsequent derivatization of the cycloadduct. A variety of electron-donating
substituents could also be incorporated on all positions of the styrene ring (19, 23, 24).
Substituents on the styryl double bond were also tolerated (25 and 26). Finally, we also
observed excellent ee in a reaction with phenyl vinyl sulfide (27), suggesting that a modified
version of this enantioselective method may be extended to other electron-rich alkene
partners.

The scope of this reaction with respect to the hydroxychalcone is summarized in Table 3.
Chalcones bearing electronically varied p-aryl groups are readily tolerated and react with
high ee (28-36). As we observed in our study of cycloadditions with dienes, electron-rich
2’-hydroxychalcones can exhibit modest levels of background cycloaddition with near-UV
irradiation, a feature that can lead to diminished ee’s using a broad-spectrum CFL light
source. Thus, while B-p-methoxyphenyl cycloadduct 34 was formed with relatively modest
ee using the standard protocol (70% ee), the selectivity could be improved to 85% ee by
irradiating with a monochromatic blue LED. The 2-acylphenol moiety of the substrate was
also readily tolerated substitution, including electron-donating and —withdrawing groups as
well as multiple substitutions (37-42). However, the chelating phenolyl moiety was required
for optimal results. Unsubstituted chalcone itself provided low yields and low ee (43),
suggestive of a diminished propensity to bind to the Lewis acid and poorer organization of
this monodentate substrate around the Sc(lll) center. Finally, replacement of the p-aryl
moiety with an aliphatic group affords an unreactive substrate (44), consistent with the
hypothesis that the less extensive conjugation of this substrate shifts the triplet energy of its
Lewis acid complex above a range accessible using Ru(bpy)s2* as a triplet sensitizer.

This method should provide a direct approach to the synthesis of diarylcyclobutane natural
products. As an initial demonstration of utility, we next developed an expeditious synthesis
of norlignan 3 (Scheme 2),14 a representative member of a small class of cyclobutane
compounds obtained from medicinal plants in the Piperacaeae family.1> The fully elaborated
styrene appropriate for synthesis of 3 unfortunately suffered from competitive
polymerization under the strongly Lewis acidic conditions of the enantioselective
photocycloaddition. The brominated analogue 46, however, undergoes cycloaddition with
chalcone 45 smoothly in 94% ee. The o-hydroxyaryl ketone moiety of cycloadduct 47
proved resistant to Baeyer—Villiger oxidation. In order to install the required cyclobutyl
carboxylate, we adapted a one-pot method recently reported by Chen and coworkers?6 for
the conversion of 2"-hydroxylaryl ketimines into benzoxazoles. Condensation of 47 with
ammonia followed by exposure of the resulting imine to NaOCI triggered Beckmann
rearrangement to afford 48. At this point, the diastereomers could easily be separated by
chromatography. Hydrolysis of the benzoxazole ring and methylation of the cyclobutane
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carboxylate are readily accomplished under standard basic conditions, affording the
corresponding methy! ester (49) without loss of stereochemical integrity. Elaboration to the
reported structure of the natural product was accomplished by a Pd-catalyzed Buchwald
etherification,1’ and the spectral data of the resulting compound 3 matched all reported
values except for the optical rotation, which differed in sign and suggests that the absolute
stereochemistry is the opposite of that arbitrarily depicted in the original isolation report.14

Finally, diarylcyclobutanes are key structural features of several families of bioactive natural
products, and the ability to access this motif in enantiopure form should facilitate the
exploration of the biological properties of these otherwise difficult-to-access architectures.
For instance, the cycloaddition of chalcone 4 with indene affords a tricyclic core (50)
common to the cyclobutane-containing artochamin natural products8 with excellent ee.
Similarly, cycloaddition of 4 with 2 H4-chromene affords a cyclobutane (51) that represents
the core ring system of lindleyaninl? in highly enantiomerically enriched form.

In summary, Lewis acid catalyzed sensitization of chalcones enables the highly
enantioselective crossed [2+2] cycloaddition of styrenic olefins. This method provides a
controlled method to directly synthesize 1,2-diarylcyclobutane structures that are present in
the cores of a variety of natural products. These results thus demonstrate that the Lewis acid
catalyzed triplet-lowering effect recently discovered in our laboratory can be applied to solve
a challenging synthetic problem that we hope will prove enabling in the synthesis of
structurally unique bioactive cyclobutane compounds.
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Representative cyclobutane scaffolds accessible by enantioselective [2+2] cycloaddition.
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Proposed mechanism of cycloadditions featuring Lewis acid catalysed triplet sensitization.
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Synthesis of norlignan cyclobutane 3: a. 2.5 mol% Ru(bpy)3(PFg)2, 32 mol% Sc(OTf)3, 38
mol% (S,S)-BuPybox, 12 h, 23 W CFL. b. NH3, MeOH/THF, 12 h; then NaOCI, THF, 30
min. c. NaOH, H,O/EtOH, 95 °C, 36 h. d. Mel, K,CO3, DMF, 1 h. e. 10 mol% RockPhos
G3 precatalyst, 2.0 equiv Cs,COg3, 5.0 equiv MeOH, PhMe, 90 °C, 24 h.
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Table 2

Reaction scope with respect to styrenes./4/
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Isolated yields are the averaged results of two reproducible experiments. Diastereomer ratios were determined by 14 NMR analysis of the
unpurified reaction mixtures. Enantiomeric excesses for the major diastereomer were determined by chiral SFC or HPLC. See Supporting
Information for details. (S,S5)-BuPyBox = 2,6-his[4"-(S)-(tert-butyl)oxazolin-2”-yl]pyridine.
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Table 3

Reaction scope with respect to chalcones.?
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d g9
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a . . . . . . .
Isolated yields are the averaged results of two reproducible experiments. Diastereomer ratios were determined by 14 NMR analysis of the
unpurified reaction mixtures. Enantiomeric excesses for the major diastereomer were determined by chiral SFC. See Supporting Information for
details.
Reaction was irradiated with monochromatic high-intensity blue LED.

cReaction was irradiated for 40 h.

ineIds determined by 14 NMR analysis using phenanthrene as a calibrated internal standard.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2018 September 18.



	Abstract
	Cross Products
	References
	Figure 1
	Figure 2
	Scheme 1
	Scheme 2
	Table 1
	Table 2
	Table 3

