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ABSTRACT: A highly diastereo- and enantioselective ring-opening/cycloaddition reaction of cyclobutenones with 2-
hydroxyacetophenones or salicylaldehyde was achieved by employing a chiral N,N′-dioxide-scandium(III) complex as the
catalyst. It provided various 3-phenylvinyl-4-hydroxy-dihydrocoumarins in good yields (up to 92%), high enantioselectivities
(up to 93% ee), and excellent diastereoselectivities (>19:1 dr). Moreover, a possible catalytic cycle was proposed based on the
control experiments and previous reports.

Cyclobutenones, readily available unsaturated cyclic
compounds with high ring strain, have proven valuable

in organic synthesis.1 The unique core skeleton provides them
with multiple reactive patterns, depending on the nature of the
reaction partners,2 the activation modes of different catalysts,3

and the reaction conditions as well.1b Of the patterns reported
to date, distinctive ring opening/cycloaddition has attracted
considerable interest.1b,4 In this regard, most of the
enantioselective reactions were promoted by either transition
metal catalyst5 or nucleophilic organocatalyst3b−d (Scheme
1a). In addition, photolysis and thermolysis of cyclobutenones
could afford the important vinylketene intermediates which

possess multiple reactive patterns similar to disubstituted
ketenes.6 Previous reports mainly focused on the nucleophilic
addition2f−h or formal [2 + 2] cycloadditions with electron-rich
alkenes and alkynes.2a−e Recently, we disclosed that chiral
Lewis acids could activate cyclobutenones to generate the
aforementioned vinylketene intermediates under mild con-
ditions, which subsequently acted as electron-rich dienes6a in
formal [4 + 2] cycloaddition reaction with β,γ-unsaturated α-
ketoesters (Scheme 1b).7 Despite that these vinylketene
intermediates are potentially useful in the rapid construction
of structurally attractive and biologically important mole-
cules,2e such kinds of multiple transformations are still rare.1b,2f

3,4-Dihydrocoumarins are core structures of various bio-
logically active compounds and natural products.8 They are
also widely used as important intermediates in organic
synthesis.9 In the past decade, many efforts have been devoted
to their enantioselective synthesis.10 Among them, only a few
examples were related to the synthesis of optically active 4-
hydroxy-chroman-2-one.10a We hypothesized that the reaction
of ketenes with 2-hydroxyacetophenones or salicylaldehyde
might provide a new access to optically active dihydrocoumar-
in derivatives via a formal [2 + 4] process. Mechanistically, in
the presence of a Lewis acid, cyclobutenone is activated to
generate a vinylketene intermediate, which is subsequently
captured by the hydroxyl group of 2-hydroxyacetophenone to
afford a Lewis-acid-bonded dienolate intermediate. If a
stereoselective intramolecular nucleophilic addition of a
dienolate intermediate with the carbonyl group occurs, chiral
4-hydroxy-3,4-dihydrocoumarins could be readily provided.
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Scheme 1. Multiple Reactive Patterns of Cyclobutenones
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Herein, we demonstrate our contribution to this area. The
chiral N,N′-dioxide−scandium(III) complex11 developed by
our group was found to be a suitable catalyst to promote the
titled cascade reaction, furnishing enantioenriched dihydro-
coumarin derivatives in good to excellent results (>19:1 dr, up
to 92% yield, and 93% ee).
Initially, the cycloaddition of cyclobutenone 2a with 2-

hydroxyacetophenone 1a was selected as the model reaction to
optimize the reaction conditions (Table 1). A variety of metal

salts were examined by coordinating with L-proline-derived
N,N′-dioxide L-PrPr2 in ClCH2CH2Cl at 50 °C. It was found
that the complexes of Mg(OTf)2, La(OTf)3, or Yb(OTf)3
could promote the reaction smoothly with low enantioselec-
tivity (entries 1−3). In sharp contrast, the use of Sc(OTf)3/L-
PrPr2 was able to achieve high enantioselectivity (entry 4; 90%
ee). We next chose Sc(OTf)3 as the central metal to screen
chiral N,N′-dioxide ligands. It was found that both the chiral
backbones and the amine moieties in ligands displayed an
obvious effect on the enantioselectivity of the reaction (for
details, see SI). L-PrPr2 and L-RaPr2 were superior to L-PiPr2
derived from L-pipecolic acid in terms of enantioselectivity
(entries 4−6). In addition, we investigated other commercially
available ligands, such as chiral Box ligand, Pybox ligand, and
Salen ligand, while no better results were obtained (see SI for
details). It was worth noting that some acidic byproducts were
detected by HRMS which might inhibit this reaction (see SI
and entries 7−8). Finally, after preparing the catalyst

Sc(OTf)3/L-PrPr2 in anhydrous methanol, decreasing the
amount of 4 Å molecular sieves, and performing the reaction
under N2 atmosphere for 72 h, the product 3aa could be
obtained in a higher yield (entry 9 vs entry 6; 72% yield).
Using an excessive amount of cyclobutenone 2a (1.5 equiv)
could further increase the yield to 84% (entry 10). Finally, the
adjustment of the reaction concentration and the reaction
temperature (from 50 to 60 °C) resulted in the optimal
conditions, and the product 3aa was isolated in 91% yield, 91%
ee, and >19:1 dr (entry 11).
Under the optimized reaction conditions, the substrate

scope was then investigated (Table 2). With respect to the
substrate 1, the effect of different group R1 was first examined.

Table 1. Optimization of the Reaction Conditions

entrya metal salt ligand yield (%)b ee (%)c

1 Mg(OTf)2 L-PrPr2 43 0
2 La(OTf)3 L-PrPr2 44 0
3 Yb(OTf)3 L-PrPr2 72 9
4 Sc(OTf)3 L-PrPr2 58 90
5 Sc(OTf)3 L-PiPr2 46 70
6 Sc(OTf)3 L-RaPr2 55 90
7d Sc(OTf)3 L-RaPr2 18 45
8e Sc(OTf)3 L-RaPr2 24 65
9f,g Sc(OTf)3 L-PrPr2 72 91
10f,g,h Sc(OTf)3 L-PrPr2 84 91
11f,g,h,i Sc(OTf)3 L-PrPr2 91 91

aReactions were performed with 1a (0.10 mmol), 2a (0.10 mmol), 4
Å MS (50 mg), and ligand/metal salt (1:1, 10 mol %) in
ClCH2CH2Cl (1.0 mL) at 50 °C for 48 h. bYield of the isolated
product. cDetermined by chiral HPLC analysis. dWith 3-
ClC6H4COOH (10 mol %). eWith PhCH2CH2COOH (10 mol %).
fThe catalyst L-PrPr2/Sc(OTf)3 (1:1) was prepared in CH3OH.
gPerformed with 1a (0.15 mmol), 2a (0.15 mmol), 4 Å MS (30 mg),
and catalyst L-PrPr2/Sc(OTf)3 (10 mol %) in ClCH2CH2Cl (1.5
mL) at 50 °C under N2 atmosphere for 72 h. h2a (1.5 equiv).
iClCH2CH2Cl (1.2 mL) and at 60 °C for 72 h.

Table 2. Substrate Scope with Respect to the 2-
Hydroxyacetophenones

aReactions were performed with 1 (0.15 mmol), 2a (0.23 mmol), 4 Å
MS (30 mg), and catalyst L-PrPr2/Sc(OTf)3 (10 mol %) in
ClCH2CH2Cl (1.2 mL) at 60 °C for 72 h. bYield of the isolated
product. cDetermined by chiral HPLC analysis. d4 Å MS (50 mg) and
L-PrPr2/Sc(OTf)3 (15 mol %). eAt 50 °C.
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All the alkyl-substituted ketones, ethynyl ketone, and α-ketone
ester could be converted into the corresponding products
3aa−3ga in 54−91% yields and 85−93% ee (entries 1−7).
When R1 was a phenyl group, the product 3ha was obtained in
90% yield with only 20% ee, which might be due to the steric
hindrance (entry 8). Next, various C4-, C5-, and C6-
substituted 2-hydroxyacetophenones were tested, and all the
reactions proceeded smoothly and gave the desired products
3ia−3ra in moderate to good yields with high enantioselectiv-
ities (entries 9−18; 51−92% yield and 87−92% ee). When 3,5-
dimethyl-2-hydroxyacetophenone was used, the product 3sa
was given in lower ee value (entry 19). In addition, 1-(2-
hydroxynaphthalen-1-yl)ethan-1-one was also tolerated well in
this reaction, providing 3ta in 80% yield with 91% ee value
(entry 20).
Subsequently, we turned our attention to the generality of

cyclobutenones 2. As shown in Table 3, all the reactions

proceeded smoothly and gave the 3-vinyl-substituted dihy-
drochromans 3ab−3nf in moderate to good yields with high
enantioselectivities (entries 1−5; 68−92% yields and 89−92%
ee). When R3 was replaced by an electron-rich aryl group, for
instance, 4-MeOC6H4, a lower yield of 3ng was obtained. This
issue could be addressed by increasing the loading of the
catalyst and molecular sieve (entry 6; 88% yield with 90% ee).
The reaction was also applicable to cyclobutenones 2h and 2i
(R2 = Cl), and the desired products 3ah and 3ai were obtained
in moderate yields but with moderate ee values (entries 7 and
8).
Salicylaldehyde 4a was also tolerated in this ring-opening/

cycloaddition process after slight modification of reaction
conditions, and the desired product 5aa was isolated as the
major product in 40% yield with 88% ee (Scheme 2a). It was
worth mentioning that a trace amount of oxa-Diels−Alder
reaction product 6aa was detected where cyclobutenone
participated in the reaction as a diene. When aldehydes as
4b and 4c without a hydroxyl group were employed, racemic
β,γ-unsaturated δ-lactones 6ba and 6ca were produced in
moderate yields under the standard catalytic conditions. After
the newly optimized reaction conditions by the use of L-
RaPr2-Y(OTf)3 as the catalyst, the oxa-Diels−Alder products
could be delivered in good yields with moderate enantiose-
lectivities (Scheme 2b).

To evaluate the synthetic potential of the catalytic system, a
gram-scale synthesis of 3oa was carried out. As shown in
Scheme 3, 4.5 mmol of 1o reacted smoothly with 6.8 mmol of

2a under the optimized reaction conditions, delivering the
corresponding product 3oa in 85% yield (1.37g) with 91% ee.
Furthermore, the absolute configuration of 3oa was
determined to be (3S,4R) by the X-ray crystallographic
analysis. In addition, 3,4-dihydrocoumarin 3oa (96% ee)
could also be oxidized by m-CPBA to generate the expected
epoxide 7oa as a single diastereomer with maintained ee value
(70% yield, 97% ee).
To get insight into the mechanism of this catalytic reaction,

we carried out several control experiments (see SI for details).
Only a trace amount of the product 3ga was detected if
Sc(OTf)3 or ligand L-PrPr2 was absent (Scheme 4a).
Furthermore, the ring-opening product 8ga was not detected
by 1H NMR at different reaction time under the catalytic
conditions (Scheme 4b). Based on these experiments and the
reaction of aldehydes (Scheme 2), we proposed a possible
catalytic cycle to explain the catalytic activation process
(Scheme 4c). Originally, the N,N′-dioxide−scandium(III)
complex could promote ring opening of cyclobutenone 2a to
generate the vinylketene A, which underwent a nucleophilic
addition of the hydroxyl group of 1g to give the dienolate
intermediate B. From the absolute configuration of the product
3oa, we speculated that a bidentate dienolate intermediate C
was formed via coordination with the scandium catalyst in six-
membered cyclic transition states. As the steric hindrance of
one amide subunit of the ligand shielded the styryl group (see
TS1), an intramolecular α-nucleophilic addition occurred via
the transition state TS2 from the Re−Re faces, and then the
chiral product 3ga was generated after protonation procedure
accompanied with the regeneration of the catalyst.
In summary, we have developed an efficient asymmetric

catalytic synthesis of 4-hydroxy-dihydrocoumarins via ring-
opening/cycloaddition reaction of cyclobutenones with 2-

Table 3. Substrate Scope for Cyclobutenones

entrya R1; R2; R3 yield (%)a ee (%)a

1 H; H; 3-MeC6H4 92 (3ab) 91
2 H; H; 2-FC6H4 80 (3ac) 92
3 H; H; 3-FC6H4 86 (3ad) 89
4 H; H; 4-FC6H4 89 (3ae) 90
5 5-MeO; H; 4-MeC6H4 68 (3nf) 91
6b 5-MeO; H; 4-MeOC6H4 88 (3ng) 90
7 H; Cl; 4-MeC6H4 68 (3ah) 59
8 H; Cl; 3-MeC6H4 64 (3ai) 53

aUnless otherwise stated, all reactions were the as same as the
footnote in Table 2. b4 Å MS (50 mg) and L-PrPr2/Sc(OTf)3 (15
mol %, 1:1).

Scheme 2. Reactions of Cyclobutenone with Aldehydes

Scheme 3. Gram-Scale Synthesis of the Product 3oa and Its
Transformation
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hydroxyacetophenones or salicylaldehyde using Sc(OTf)3/L-
PrPr2 as the catalyst. A range of 3-vinyl-substituted 4-hydroxy-
dihydrocoumarins were obtained in good yields, high
enantioselectivities, and excellent diastereoselectivities. A
possible catalytic cycle was provided based on the control
experiments and previous reports.

■ ASSOCIATED CONTENT
*S Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.or-
glett.9b00670.

Experimental details and analytical data (NMR, HPLC,
HRMS) (PDF)

Accession Codes

CCDC 1884906 and 1884908 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Authors

*E-mail: liuxh@scu.edu.cn.
*E-mail: xmfeng@scu.edu.cn.

ORCID

Shunxi Dong: 0000-0002-3018-3085
Xiaohua Liu: 0000-0001-9555-0555
Xiaoming Feng: 0000-0003-4507-0478
Notes

The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We appreciate the National Natural Science Foundation of
China (Nos. 21890723 and 21801175), the National Program
for Support of Top-Notch Young Professionals, for financial
support.

■ REFERENCES
(1) For reviews and examples: (a) Bellus,̌ D.; Ernst, B. Cyclo-
butanones and Cyclobutenones in Nature and in Synthesis. Angew.
Chem., Int. Ed. Engl. 1988, 27, 797−827. (b) Chen, P. H.; Dong, G.
Cyclobutenones and Benzocyclobutenones: Versatile Synthons in
Organic Synthesis. Chem. - Eur. J. 2016, 22, 18290−18315. (c) Chen,
P. H.; Billett, B. A.; Tsukamoto, T.; Dong, G. Cut and Sew”
Transformations via Transition-Metal-Catalyzed Carbon−Carbon
Bond Activation. ACS Catal. 2017, 7, 1340−1360. (d) Fumagalli,
G.; Stanton, S.; Bower, J. F. Recent Methodologies That Exploit C−C
Single-Bond Cleavage of Strained Ring Systems by Transition Metal
Complexes. Chem. Rev. 2017, 117, 9404−9432. (e) Schmit, C.;
Sahraoui-Taleb, S.; Differding, E.; Dehasse-De Lombaert, C. G.;
Ghosez, L. Vicinal Alkylation of Alkynes. A short Route toward Δα,β

Butenolides, Furans and Cyclopentenones. Tetrahedron Lett. 1984, 25,
5043−5046. (f) Liebeskind, L. S.; Stone, G. B.; Zhang, S. 3-(Tri-n-
butylstannyl)-2-cyclobuten-1-one: Synthesis and Stille Cross-Cou-
pling as a Route to 3-Substituted Cyclobutenones. J. Org. Chem. 1994,
59, 7917−7920. (g) Qian, W. Y.; Rubin, Y. Convergent,
Regioselective Synthesis of Tetrakisfulleroids from C60. J. Org.
Chem. 2002, 67, 7683−7687.
(2) (a) Mayr, H. Vinylketenes from Cyclobutenones by Electrocyclic
Ring Opening. Angew. Chem., Int. Ed. Engl. 1975, 14, 500−501.
(b) Ficini, J.; Falou, S.; d'Angelo, J. Unexpected Rearrangement
during the Cycloaddition of Ynamines with Cyclobutenones.
Tetrahedron Lett. 1977, 18, 1931−1934. (c) Danheiser, R. L.; Gee,
S. K.; Sard, H. A [4 + 4] Annulation Approach to Eight-Membered
Carbocyclic Compounds. J. Am. Chem. Soc. 1982, 104, 7670−7672.
(d) Danheiser, R. L.; Gee, S. K.; Perez, J. J. Total Synthesis of
Mycophenolic Acid. J. Am. Chem. Soc. 1986, 108, 806−810. (e) Mak,
X. Y.; Crombie, A. L.; Danheiser, R. L. Synthesis of Polycyclic
Benzofused Nitrogen Heterocycles via a Tandem Ynamide
Benzannulation/Ring-Closing Metathesis Strategy. Application in a
Formal Total Synthesis of (+)-FR900482. J. Org. Chem. 2011, 76,
1852−1873. (f) Jenny, E. F.; Roberts, J. D. Small-Ring Compounds.
XIII. The Mechanism of Racemization of Optically Active 2,4-
Dichloro-3-phenylcyclobutenone. J. Am. Chem. Soc. 1956, 78, 2005−
2009. (g) Baldwin, J. E.; Mcdaniel, M. C. Stereochemical Selectivities
in the Electrocyclic Valence Isomerizations of Cyclobutenones and
2,4-Cyclohexadienones. J. Am. Chem. Soc. 1968, 90, 6118−6124.
(h) Silversmith, E. F.; Kitahara, Y.; Caserio, M. C.; Roberts, J. D.
Small Ring Compounds. XXII. Ring Opening of Halogenated 3-
Phenylcyclobutenones in Acetic Acid and Aqueous Sodium
Hydroxide. J. Am. Chem. Soc. 1958, 80, 5840−5845. (i) Murakami,
M.; Miyamoto, Y.; Ito, Y. A Silyl Substituent Can Dictate a Concerted
Electrocyclic Pathway: Inward Torquoselectivity in the Ring Opening
of 3-Silyl-1-cyclobutene. Angew. Chem., Int. Ed. 2001, 40, 189−190.
(3) (a) Cammers-Goodwin, A. Tri-n-Butylphosphine-Catalyzed
Addition and Ring-Cleavage Reactions of Cyclobutenones. J. Org.
Chem. 1993, 58, 7619−7621. (b) Li, Y.; Su, X.; Zhou, W.; Li, W.;
Zhang, J. Amino Acid Derived Phosphine-Catalyzed Enantioselective
1,4-Dipolar Spiroannulation of Cyclobutenones and Isatylidenemalo-
nonitrile. Chem. - Eur. J. 2015, 21, 4224−4228. (c) Li, B. S.; Wang, Y.;

Scheme 4. Control Experiments and Proposed Mechanism

Organic Letters Letter

DOI: 10.1021/acs.orglett.9b00670
Org. Lett. XXXX, XXX, XXX−XXX

D

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.9b00670
http://pubs.acs.org/doi/abs/10.1021/acs.orglett.9b00670
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.9b00670/suppl_file/ol9b00670_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1884906&id=doi:10.1021/acs.orglett.9b00670
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1884908&id=doi:10.1021/acs.orglett.9b00670
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:liuxh@scu.edu.cn
mailto:xmfeng@scu.edu.cn
http://orcid.org/0000-0002-3018-3085
http://orcid.org/0000-0001-9555-0555
http://orcid.org/0000-0003-4507-0478
http://dx.doi.org/10.1021/acs.orglett.9b00670


Jin, Z.; Zheng, P.; Ganguly, R.; Chi, Y. R. Carbon−Carbon Bond
Activation of Cyclobutenones Enabled by the Addition of Chiral
Organocatalyst to Ketone. Nat. Commun. 2015, 6, 6207. (d) Li, B. S.;
Wang, Y.; Jin, Z.; Chi, Y. R. Cycloaddition of Cyclobutenone and
Azomethine Imine Enabled by Chiral Isothiourea Organic Catalysts.
Chem. Sci. 2015, 6, 6008−6012. (e) Huffman, M. A.; Liebeskind, L.
S.; Pennington, W. T. Synthesis of Metallacyclopentenones by
Insertion of Rhodium into Cyclobutenones. Organometallics 1990,
9, 2194−2196. (f) Huffman, M. A.; Liebeskind, L. S. Insertion of
(.eta.5-indeny)Cobalt(I) into Cyclobutenones: the first Synthesis of
Phenols from Isolated Vinylketene Complexes. J. Am. Chem. Soc.
1990, 112, 8617−8618. (g) Huffman, M. A.; Liebeskind, L. S.
Nickel(0)-Catalyzed Synthesis of Substituted Phenols from Cyclo-
butenones and Alkynes. J. Am. Chem. Soc. 1991, 113, 2771−2772.
(h) Auvinet, A. L.; Harrity, J. P. A Nickel-Catalyzed Benzannulation
Approach to Aromatic Boronic Esters. Angew. Chem., Int. Ed. 2011,
50, 2769−2772. (i) Xu, T.; Dong, G. Rhodium-Catalyzed
Regioselective Carboacylation of Olefins: A C-C Bond Activation
Approach for Accessing Fused-Ring Systems. Angew. Chem., Int. Ed.
2012, 51, 7567−7571. (j) Xu, T.; Dong, G. Coupling of Sterically
Hindered Trisubstituted Olefins and Benzocyclobutenones by C-C
Activation: Total Synthesis and Structural Revision of Cyclo-
inumakiol. Angew. Chem., Int. Ed. 2014, 53, 10733−10736. (k) Corpas,
J.; Ponce, A.; Adrio, J.; Carretero, J. C. CuI-Catalyzed Asymmetric [3
+ 2] Cycloaddition of Azomethine Ylides with Cyclobutenones. Org.
Lett. 2018, 20, 3179−3182.
(4) (a) Magomedov, N. A.; Ruggiero, P. L.; Tang, Y. Remarkably
Facile Hexatriene Electrocyclizations as a Route to Functionalized
Cyclohexenones via Ring Expansion of Cyclobutenones. J. Am. Chem.
Soc. 2004, 126, 1624−1625. (b) Sugimoto, K.; Hayashi, R.; Nemoto,
H.; Toyooka, N.; Matsuya, Y. Efficient Approach to 1,2-Diazepines via
Formal Diazomethylene Insertion into the C−C bond of Cyclo-
butenones. Org. Lett. 2012, 14, 3510−3513.
(5) (a) Xu, T.; Ko, H. M.; Savage, N. A.; Dong, G. Highly
Enantioselective Rh-Catalyzed Carboacylation of Olefins: Efficient
Syntheses of Chiral Poly-Fused Rings. J. Am. Chem. Soc. 2012, 134,
20005−20008. (b) Deng, L.; Xu, T.; Li, H.; Dong, G. Enantioselective
Rh-Catalyzed Carboacylation of C = N Bonds via C-C Activation of
Benzocyclobutenones. J. Am. Chem. Soc. 2016, 138, 369−374.
(c) Ambler, B. R.; Turnbull, B. W. H.; Suravarapu, S. R.; Uteuliyev,
M. M.; Huynh, N. O.; Krische, M. J. Enantioselective Ruthenium-
Catalyzed Benzocyclobutenone−Ketol Cycloaddition: Merging C−C
Bond Activation and Transfer Hydrogenative Coupling for Type II
Polyketide Construction. J. Am. Chem. Soc. 2018, 140, 9091−9094.
(6) For selected examples: (a) Paull, D. H.; Weatherwax, A.; Lectka,
T. Catalytic, Asymmetric Reactions of Ketenes and Ketene Enolates.
Tetrahedron 2009, 65, 6771−6803. (b) Huang, X. L.; He, L.; Shao, P.
L.; Ye, S. [4 + 2] Cycloaddition of Ketenes with N-Benzoyldiazenes
Catalyzed by N-Heterocyclic Carbenes. Angew. Chem., Int. Ed. 2009,
48, 192−195. (c) Li, M.-M.; Wei, Y.; Liu, J.; Chen, H.-W.; Lu, L.-Q.;
Xiao, W.-J. Sequential Visible-Light Photoactivation and Palladium
Catalysis Enabling Enantioselective [4 + 2] Cycloadditions. J. Am.
Chem. Soc. 2017, 139, 14707−14713.
(7) Yao, Q.; Yu, H.; Zhang, H.; Dong, S. X.; Chang, F. Z.; Lin, L. L.;
Liu, X. H.; Feng, X. M. Lewis Acid Catalyzed Asymmetric [4 + 2]
Cycloaddition of Cyclobutenones to Synthesize α,β-Unsaturated δ-
Lactones. Chem. Commun. 2018, 54, 3375−3378.
(8) (a) Sun, X. Z.; Sneden, A. Neoflavonoids from Polygonum
Perfoliatum. Planta Med. 1999, 65, 671−673. (b) Zhang, X. F.; Wang,
H. M.; Song, Y. L.; Nie, L. H.; Wang, L. F.; Liu, B.; Shen, P. P.; Liu, Y.
Isolation, Structure Elucidation, Antioxidative and Immunomodula-
tory Properties of two novel Dihydrocoumarins from Aloe Vera.
Bioorg. Med. Chem. Lett. 2006, 16, 949−953. (c) Posakony, J.; Hirao,
M.; Stevens, S.; Simon, J. A.; Bedalov, A. Inhibitors of Sir2:
Evaluation of Splitomicin Analogues. J. Med. Chem. 2004, 47, 2635−
2644. (d) Iinuma, M.; Tanaka, T.; Mizuno, M.; Katsuzaki, T.; Ogawa,
H. Structure-Activity Correlation of Flavonoids for Inhibition of
Bovin Lens Aldose Reductase. Chem. Pharm. Bull. 1989, 37, 1813−
1815. (e) Modranka, J.; Albrecht, A.; Jakubowski, R.; Krawczyk, H.;
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