
HETEROCYCLES, Vol. 102, No. 2, 2021, pp. 254 - 273. © 2021 The Japan Institute of Heterocyclic Chemistry 
Received, 9th December, 2020, Accepted, 23rd December, 2020, Published online, 6th January, 2021  
DOI: 10.3987/COM-20-14391 

[2+2]PHOTOCYCLOADDITION OF 5,6-SUBSTITUTED 2-OXO-2H- 

PYRAN-3-CARBOXYLATES WITH ALKENES 

Yun-Han Hsieh, Hiroki Iwasaki, Yumina Iwai, Miki Adachi, Kanako Kitai, 

Eri Kuribayashi, Yuri Hirata, Suzuna Sakaguchi, Naoko Sakaguchi, Naoto 

Kojima, and Masayuki Yamashita 

Kyoto Pharmaceutical University, 1 Misasagi-Shichono-cho, Yamashina, Kyoto 

607-8412, Japan; E-mail: yamasita@mb.kyoto-phu.ac.jp

Abstract – The [2+2]photocycloaddition of alkenes and 5,6-substituted 

2-oxo-2H-pyran-3-carboxylates with an ester as an electron-withdrawing group

was developed. The 3,4-adducts, 4,5-disubstituted 

3-oxa-2-oxobicyclo[4.2.0]oct-4-ene-1-carboxylates, were obtained in moderate

yields accompanied by considerable amounts of the 5,6-adducts, 1,6-disubstituted 

2-oxa-3-oxobicyclo[4.2.0]oct-4-ene-4-carboxylates. These structures, including

their stereochemistry, were determined by various spectral and computational 

analyses, and some were examined by X-ray crystallographic analysis. The 

determined regio- and stereoselectivities were explained by frontier orbital theory. 

INTRODUCTION 

Small-ring cycloalkanes, such as cyclopropanes and cyclobutanes, are basic structural constituents in a 

wide range of natural products.1,2 In organic synthesis, these cycloalkanes also play important roles owing 

to the diversity of their reactions, and they have high reactivities toward ring-opening reactions that are 

attributable to both angle and torsional strains.3,4 Thus, cyclopropanes and cyclobutanes undergo reactions 

such as ring-opening to acyclic compounds and ring enlargement. Furthermore, it is also possible for ring 

contraction to cyclopropanes to occur in cyclobutanes. For these reasons, many organic chemists have 

taken note of small cycloalkanes. 

We have been interested in the reactivity of small-ring compounds and have reported reactions 

proceeding via cyclopropane intermediates prepared from coumarin derivatives bearing an 

electron-withdrawing group at the 3-position (1) with dimethylsulfoxonium methylide (CH2=S(O)Me2)
5,6 

and cyclobutane derivatives (4) prepared from 1 with CH2=S(O)Me2 (Scheme 1).7 
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Scheme 1. Our previous report 

 

5,6,7,8-Tetrahydro-2-oxo-2H-1-benzopyran-3-carboxylate (6) can be regarded as a compound that has 

lost the aromaticity of the benzene ring of 1 (electron-withdrawing group = CO2Me) (Scheme 2). Next, 

we focused on other 2-oxo-2H-pyran-3-carboxylates like 6. The 2H-1-pyran-2-one ring system is present 

in a number of natural products8 and biologically active compounds, such as the nonpeptide protease 

inhibitor of human immunodeficiency virus-19; it is also involved in root architecture regulation10 and 

plant growth promotion11 and exhibits antifungal activity12 and antibacterial activity.13 It is also a useful 

building block in organic synthesis as a scaffold for α,β,γ,δ-conjugated lactone groups within a 

six-membered ring.14 

 

Scheme 2. Structural similarity of 5,6,7,8-tetrahydro-2-oxo-2H-1-benzopyran-3-carboxylate and 

2-oxo-2H-1-benzopyron-3-caroboxylate 

 

Recently, we developed a reaction of 2-oxo-2H-pyran-3-carboxylates with an ester as the 

electron-withdrawing group at the 3-position (7) with CH2=S(O)Me2, which proceeded via the 

cyclopropane intermediates. Interestingly, different products were obtained depending on the substituent 

group at the 5-position. With alkyl groups as the substituent, only 8 was produced. On the other hand, 

with aryl groups, both 9 and 8 were obtained (Scheme 3).15  
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Scheme 3. Our previous report 

 

Next, we were interested in the reaction of the cyclobutane derivatives (10) with CH2=S(O)Me2 (Scheme 

4). However, to the best of our knowledge, cyclobutane compounds such as 10, which have an 

electron-withdrawing group at the 2a-position, have not been reported. Some methods for the synthesis of 

cyclobutane derivatives from 2H-pyran-2-ones with themselves and/or alkenes by 

[2+2]photocycloaddition have been reported.16,17 The [2+2]photocycloaddition of alkenes is a highly 

useful methodology for the preparation of cyclobutane compounds in organic synthesis because of the 

formation of two new carbon–carbon bonds that introduce four new stereocenters at a maximum.18 In this 

paper, the preparation of 10 from 7 by [2+2]photocycloaddition is reported. 

 

 

Scheme 4. Synthetic plan for 10 by [2+2]photocycloaddition 

RESULTS AND DISCUSSION 

We previously reported the [2+2]photocycloaddition of coumarin-3-carboxylates (1) and alkenes.7,19 

According to this procedure, a solution of 6 and 10 equivalents of styrene in benzene was irradiated with 

a high-pressure mercury lamp (400 W) to afford the [2+2]cycloadducts. The 3,4-adduct (11), 5,6-adduct 

(12), and dimer of 6 (13) were isolated in 24%, 22%, and 4% yields, respectively (Scheme 5).10 
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Scheme 5. [2+2]Photocycloaddition of 6 and styrene 

 

The structures of 11–13 were determined by spectroscopy, X-ray crystallography, and/or computational 

chemistry. The molecular formulae of 11 and 12 were both C19H20O4 based on high-resolution electron 

impact mass spectrometry, which corresponds to the adduct of 6 and styrene. On the other hand, the 

formula of 13 was C22H24O8, which corresponds to a dimer of 6. The positions of the cyclobutane rings in 

11 and 12 were established by comparison with their 1H-NMR spectra. In the 1H-NMR spectra of 11 and 

12, the protons on the cyclobutane ring were specifically observed between 2.0 and 4.0 ppm regardless of 

other protons. For 12, the number of hydrogen atoms on the cyclobutane ring was three, and the signal 

corresponding to 4-H, the β-hydrogen atom of the ,-unsaturated dicarbonyl compound, was observed at 

6.85 ppm as a singlet. The same signal in the spectrum of 6 was observed at 8.04 ppm. On the other hand, 

for 11, the number of hydrogen atoms on the cyclobutane ring was four, and the downfield-shifted signal 

at approximately 6–7 ppm, similar to 4-H in 6, was not observed. Consequently, it was determined that 11 

was the 3,4-adduct and 12 was the 5,6-adduct. The position of the phenyl group in 11 was determined by 

the coupling pattern of hydrogen atoms on the cyclobutane ring in the 1H-NMR spectrum, the signals of 

which were observed as doublet of doublet of doublets (ddd) for 1-H, a doublet of doublets (dd) for the 

two 2-Hs, and a doublet (d) for 8b-H. Furthermore, interactions between 1-H and 8a-C and between 1-H 

and 2a-C in the heteronuclear multiple bond coherence (HMBC) spectrum were observed. As 11 was a 

sole product, the stereochemistry of the phenyl group could not be determined based on the spectral 

comparison between 11 and its 1-epimer (epi-11). The stereochemistry of the phenyl group of 11 was 

presumed by 1H-NMR spectral prediction of density functional theory (DFT) calculations of 11, epi-11, 

and the cyclobutane compound without the phenyl group (14).20 In the calculated 1H-NMR spectra, the 

chemical shifts for 8-HA and 8-HB were predicted as 1.02 and 1.38 for 11, 1.40 and 1.85 for epi-11, and 

1.98 and 1.76 for 14, respectively. For epi-11 and 14, where there was no phenyl ring influence, the 

signals of 8-HA and 8-HB were predicted to appear at approximately 1.4–2.0 ppm; on the other hand, 

those in the calculated 11 spectrum shifted to the higher field at 1.02 and 1.38 ppm due to the shielding 

effect of the phenyl ring. In reality, the signals of 8-HA and 8-HB in 11 were observed at 0.92–0.98 and 

1.46–1.51 ppm, respectively (Table 1). The stereochemistry of the phenyl group of 11 was established by 

observing the interactions between 7-HA and Ph-H and between 8-HA and Ph-H via nuclear Overhauser 
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effect spectroscopy (NOESY). From these results, 11 was determined to be methyl 

rac-(1R,2aS,8bS)-3-oxo-1-phenyl-1,5,6,7,8,8b-hexahydro-2H-cyclobuta[d]cyclohexa[b]pyran-2a(3H)- 

carboxylate. 

Table 1. Comparison of the 1H-NMR chemical shifts of 11 and calculated shifts for 11, epi-11, and 14 

Position 
Chemical shift (ppm) 

Observed 11 Calculated 11a Calculated epi-11a Calculated 14a 

8-HA 0.92–0.98 (0.95 b) 1.02 1.40 1.98 

8-HB 1.46–1.51 (1.49 b) 1.38 1.85 1.76 

8b-H 3.42 3.43 2.98 2.76 

a: DFT calculations were performed at the B97X-D/6-31G* level of theory. 

b: Median value. 

Although the position of the phenyl group in 12 could not be determined using the coupling pattern of 

hydrogens on the cyclobutane ring in the 1H-NMR spectrum, it was established by observing the 

interactions between 4-H and 10-C and between 10-H and 8a-C in the HMBC spectrum. As 12 was a sole 

product, the stereochemistry of the phenyl group could not be determined based on the spectral 

comparison between 12 and its 10-epimer (epi-12). The stereochemistry of the phenyl group was assumed 

by 1H-NMR spectral prediction of the DFT calculations of 12, epi-12, and the cyclobutane compound 

without a phenyl group (15). The protons at the 4- and 5-positions in 12 and epi-12 should be strongly 

influenced by the phenyl group. The observed chemical shifts of 4-H, 5-HA, and 5-HB were compared 

with the calculated values for 12, epi-12, and 15 and found to be close to the calculated values of 12 

(Table 2). The stereochemistry of the phenyl group of 12 was established by observing the interactions 

between 6-HA and 10-H and between 8-HA and 9-HA via NOESY. From these results, 12 was determined 

to be methyl rac-(4aR,8aS,10S)-5,6,7,8-tetrahydro-2-oxo-10-phenyl-4a,8a-ethano-2H-1-benzopyran-3- 

carboxylate. 
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Table 2. Comparison of the 1H-NMR chemical shifts of 12 and calculated shifts for 12, epi-12, and 15 

Position 
Chemical shift (ppm) 

Observed 12 Calculated 12a Calculated epi-12a Calculated 15a 

4-H 6.85 6.69 7.64 7.48 

5-HA 1.81–1.93 (1.87 b) 1.63 1.39 1.53 

5-HB 1.24–1.43 (1.34 b) 1.19 1.38 1.27 

a: DFT calculations were performed at the B97X-D/6-31G* level of theory. 

b: Median value. 

Finally, the structures of 11, 12, and 13, including their stereochemistry, were confirmed by X-ray 

crystallography (Figure 1). Compound 13 was found to be the dimer of 6, as well as the syn-head to tail 

adduct. 

11 12 13 

Figure 1. ORTEP drawings of 11, 12, and 13 

The regio- and stereoselectivities of 11 and 12 were explained by frontier orbital theory. Generally, in a 

photoreaction, the frontier orbitals, i.e., the HOMO and LUMO, of each of the two reactants in the ground 

state interact. Namely, the important frontier orbitals are the HOMO/’HOMO’ and LUMO/’LUMO,’ 

where single quotation marks indicate the orbitals in the ground state before photoexcitation, not the 

actual orbitals during the reaction.21 The molecular orbitals of 6 and styrene were calculated at the 
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B97X-D/6-31G* level of DFT. The energy gap between the HOMOs of 6 (–8.3 eV) and styrene (–8.0 

eV) was lower than that of the LUMOs (–0.1 and 1.1 eV, respectively). Therefore, this cycloaddition 

reaction should proceed via the interaction between the HOMO of 6 and ‘HOMO’ of styrene. The 

3,4-adduct was preferred over the 5,6-adduct. Regarding the regioselectivity, the orbital overlap of the 

3,4-addition of 6 and styrene is more suitable than the 5,6-addition. Their stereoselectivities were 

described by the secondary orbital interaction between the ,-double bond of 6 and the benzene ring of 

styrene for the 3,4-addition and between the ,-double bond of 6 and the benzene ring of styrene for the 

5,6-addition. Although the production of 13 is disadvantageous with respect to orbital overlap, the 

reaction proceeds to avoid steric hindrance (Figure 2). 

 

Figure 2. Interaction of frontier orbitals. The coefficients were calculated at the STO-3G level of theory 

using the Hartree–Fock method.  

 

The photoreaction with different solvents and amounts of styrene were then investigated, and the results are 

shown in Table 3. Solvents were first tested, and the 3,4-adduct 11 was the major product in all solvents and 

neat (entries 1–11). The highest yield of 11 was neat, while the yield in isopropanol was comparable to that 

in neat. Isopropanol was chosen as the solvent for further reaction because of its ease of handling. Next, the 

amount of styrene was studied. As the amount of styrene increased, the yield of 11 gradually increased 

(entries 11–16). However, there was almost no change above 10 equivalents. 

The reaction conditions for entry 11 in Table 3 were applied to various 2-oxo-2H-pyran-3-carboxylates 

(16) and alkenes, and the results are shown in Table 4. Except for entries 10, 13, and 14, the 3,4-adducts 

(17) were the major product, along with considerable amounts of the 5,6-adducts (18). In entries 6 and 18, 

the 5,6-adducts were not obtained. The structures and stereochemistry of 17 and 18 were confirmed by 

comparison with the 1H-NMR spectra of 11 and 12. In particular, the proton signals around the 

cyclobutane ring of 11 and 12 were characteristic. In the 1H-NMR spectra of 17 and 18, similar signal 

patterns were observed around the cyclobutane ring. Some of the compounds were analyzed by X-ray 

crystallography. 
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Table 3. Examination of solvents and amounts of styrene 

Entry Solvent 
Styrene 

(eq.) 

Timea 

(h) 

Yield (%) 

11 12 13 

1 Benzene 10 10 24 22 4 

2 Toluene 10 23 49 27 8 

3 Acetonitrile 10 11 51 40 2 

4 Dichloromethane 10 29 52 35 Trace 

5 Cyclohexane 10 11 44 19 13 

6 Tetrahydrofuran 10 12 47 34 4 

7 Acetone 10 9 51 30 Trace 

8 Ethyl acetate 10 14 42 27 4 

9 Dimethylformamide 10 10 43 29 3 

10 Neat 10 15 56 29 Trace 

11 Isopropanol 10 9 55 30 4 

12 Isopropanol 1 9 38 25 6 

13 Isopropanol 2 9 43 30 3 

14 Isopropanol b 3 9 48 42 Trace 

15 Isopropanol 5 9 51 39 3 

16 Isopropanol 15 9 50 32 Trace 

a: The time when 6 disappeared by TLC check.  

b: Compound 6 was added in quarters. 

 

The substituent groups at the 5,6-positions were acceptable regardless of the presence of acyclic or cyclic 

groups (entries 1–15, 18) and aliphatic or aromatic groups (entries 8–10). The various substituent groups 

on the benzene ring of the substituted styrenes were also acceptable (entries 12–15). When n-1-hexene 

and 1-n-octene were used as alkenes, only the dimer of 13 was afforded (entries 16 and 17). On the other 

hand, when 1,3-butadiene was used as the alkene, the 3,4-adduct was obtained in 21% yield without the 

5,6-adduct (entry 18). These results showed that the secondary interaction of the frontier orbitals is 

important in this reaction. 
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Table 4. [2+2]Photocycloaddition of 2-oxo-2H-pyran-3-carboxylates (16) with alkenes 

Entry Substrate 
Time 

(h) 

Yield (%) 

R- 17 18 

1 16a: 9 17a: 42j 18a: 22 

2 16b: 13 17b: 45 18b: 30j 

3 16c: 9 17c: 53j 18c: 28j 

4 16d: 13 17d: 58j 18d: 35j 

5 a 16e: 10 17e: 32 18e: 25 

6 a 16f: 15 17f: 50j - 

7 16g: 15 17g: 47 18g: 28j 

8 16h: 21 17h: 21 18h: 18 

9 16i: 21 17i: 17 18i: 5 

O
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10 16j: 44 17j: 20 18j: 22 

11 16k: 
b

9 17k: 63k 18k: 30j,k 

12 6: 
c

9 17l: 39 18l: 37 

13 6: 
d

5 17m: 31 18m: 45 

14 6: 
e

11 17n: 27 18n: 48 

15 6: 
f

9 17o: 38 18o: 36 

16 6: 
g

Me(CH2)3- 10 - - 

17 6: 
h

Me(CH2)5- 11 - - 

18l 6 
i

H2C=CH- 10 17p: 21l - 

a: Ethyl acetate was used as a solvent. 

b: The dimer of 16l was obtained in 5% yield as a diastereomeric mixture. 

c–i: The dimer (13) was obtained (c: 4%, d: 4%, e: 3%, f: 4%, g: 14%, h: 17%, i: 21%) 

j: The structure was confirmed by X-ray crystallography. 

k: Diastereomeric mixtures of 6 : 4. 

l: The reaction was carried out in a sealed tube. 

In conclusion, the [2+2]photocycloaddition reaction of 2-oxo-2H-pyran-3-carboxylates with an ester 

group at the 3-position and conjugated alkenes was developed. The 3,4-adducts were obtained in 

moderate yields accompanied by considerable amounts of the 5,6-adducts. These structures, including 

their stereochemistry, were determined by various spectral and computational analyses, and some were 
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investigated by X-ray crystallographic analyses. The regio- and stereochemistry were explained by the 

HOMO/’HOMO’ interaction in frontier orbital theory. Studies are now ongoing in our group for the use 

of the 3,4-adducts as starting compounds, and the results will be presented in due course.22 

EXPERIMENTAL  

GENERAL: Melting points were measured with a Yanaco MP micro-melting point apparatus and are 

uncorrected. NMR spectra were measured on Bruker UltrashieldTM 300 (1H: 300 MHz; 13C: 75 Hz), JEOL 

ECS-400 (1H: 400 MHz; 13C: 100 Hz), and Bruker AscendTM 500 (1H: 500 MHz; 13C: 125 Hz) 

spectrometers with tetramethylsilane as the internal standard. Chemical shifts are reported in parts per 

million. IR spectra were measured with a JASCO FT/IR-4600 spectrophotometer. A JEOL JMS-GC mate 

II spectrometer was used for low-resolution and high-resolution electron ionization mass spectrometry 

(LR-EIMS and HR-EIMS). X-Ray crystal analyses were performed on a Rigaku RAXIS RAPID II 

imaging plate area detector with graphite monochromatized Cu-Kα or Mo-Kα radiation at 23.0 °C. 

Photochemical reactions were performed on an RH-400-10W (Riko-Kagaku Sangyo). All solvents were 

removed under reduced pressure in the usual work-up procedure. Silica gel 60 F254 (Merck) for thin-layer 

chromatography, silica gel 60N (Kanto Chemical) for column chromatography, silica gel packed in a 

glass column (Yamazen, 0.040 mm) for medium-pressure liquid chromatography (MPLC), Cosmosil 

5SL-Ⅱ, and Cosmosil 5C18-AR-Ⅱ packed column (Nacalai Tesque, 20 mm I.D. × 250 mm) for recycling 

preparative high-performance liquid chromatography (HPLC) were used.  

  

TYPICAL PROCEDURE FOR THE SYNTHESIS OF METHYL rac-(1R,2aS,8bS)-3-OXO-1- 

PHENYL-1,5,6,7,8,8b-HEXAHYDRO-2H-CYCLOBUTA[d]CYCLOHEX[b]PYRAN-2a(3H)- 

CARBOXYLATE (11), METHYL rac-(4aR,8aS,10S)-5,6,7,8-TETRAHYDRO-2-OXO-10- 

PHENYL-4a,8a-ETHANO-2H-1-BENZOPYRAN-3-CARBOXYLATE (12), AND DIMETHYL rac- 

(6aR,6bS,12aR,12bS)-6,12-DIOXO-2,3,4,7,8,9,10,12b-OCTAHYDRO-1H,6H-CYCLOBUTA[1,2- 

c:3,4-c']BIS[1]BENZOPYRAN-6a,12a(6aH,12bH)-DICARBOXYLATE (13): A mixture of methyl 

5,6,7,8-tetrahydro-2-oxo-2H-1-benzopyran-3-carboxylate (6, 1.0 mmol) and styrene (10.0 eq.) in 

2-propanol (5.0 mL) was irradiated with a high-pressure mercury lamp (400 W) to afford the [2+2] 

cycloadducts until 6 disappeared as determined by TLC (9–29 h). The reaction mixture was evaporated 

under reduced pressure. The residue was chromatographed on silica gel with n-hexane-EtOAc as the 

eluent to give the corresponding compounds 11, 12, and 13.  

11: Colorless plates; mp 114.4-115.2 ºC (diisopropyl ether); 1H-NMR (500 MHz, CDCl3) δ 7.31 (t, J = 

7.5 Hz, 2H), 7.27-7.24 (m, 1H), 7.20 (d, J = 7.5 Hz, 2H), 3.91 (q, J = 9.0 Hz, 1H), 3.85 (s, 3H), 3.42 (d, J 
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= 9.0 Hz, 1H), 3.34 (ddd J = 11.5, 9.5, 2.0 Hz, 1H), 2.89 (dd, J = 13.0, 8.0 Hz, 1H), 2.10 (td, J = 6.0, 2.0 

Hz, 2H), 1.58-1.52 (m, 1H), 1.51-1.39 (m, 2H), 1.34-1.27 (m, 1H), 1.07-0.99 (m, 1H), 0.98-0.92 (m, 1H); 

13C-NMR (75 MHz, CDCl3) δ 170.9, 166.2, 146.7, 138.6, 128.2 (2C), 127.9 (2C),127.2, 106.8, 53.2, 47.7, 

46.5, 41.2, 33.9, 26.2, 25.8, 21.9, 21.7; IR (ATR): 3029.6, 1739.5 cm-1; LR-EIMS m/z: 312 (M+, 1.0), 208 

(100), 180 (40), 176 (14), 152 (13), 121 (22), 104 (14).; HR-EIMS calcd for C19H20O4: 312.1362. Found: 

312.1363. 

X-Ray Crystal Data: Crystal Color, Habit; colorless, block, Crystal Dimensions; 0.400 x 0.300 x 0.300

mm, Crystal System; monoclinic, Lattice Type; Primitive, Lattice Parameters; a = 11.1831(2) Å, b = 

9.6074(2) Å, c = 15.8510(3) Å,  = 103.284(7)º, V = 1657.47(8) Å3, Space Group; P21/n (#14), Z value; 4, 

Dcalc; 1.252 g/cm3, F000; 664.00, (CuK); 7.105 cm-1, Intensity Measurement: Diffractometer; R-AXIS 

RAPID, Radiation; CuK ( = 1.54187 Å), graphite monochromated, Voltage, Current; 40 kV, 100 mA, 

Temperature; 23.0 ºC, Detector Aperture; 460.0 x 256.0 mm, Data Images; 45 exposures,  oscillation 

Range (=54.0, =0.0); 80.0 - 260.0º, Exposure Rate; 140.0 sec./º,  oscillation Range (=54.0, =90.0); 

80.0 - 260.0o, Exposure Rate; 140.0 sec./o,  oscillation Range (=54.0, =180.0); 80.0 - 260.0o, 

Exposure Rate; 140.0 sec./o,  oscillation Range (=54.0, =270.0); 80.0 - 260.0o, Exposure Rate; 140.0 

sec./o, Detector Position; 127.40 mm, Pixel Size; 0.100 mm, 2max; 136.1o, No. of Reflections Measured; 

Total: 17813, Unique: 2988 (Rint = 0.0531), Corrections; Lorentz-polarization Absorption (trans. factors: 

0.692 - 0.808), Secondary Extinction (coefficient: 9.39000e-003). Structure Solution; Direct Methods 

(SHELXT Version 2018/2), Refinement; Full-matrix least-squares on F2, Function Minimized;  w (Fo2 - 

Fc2)2, Least Squares Weights; w = 1/ [2(Fo2) + (0.0618 · P)2 + 0.2621 · P ] where P = (Max(Fo2,0) + 

2Fc2)/3, 2max cutoff; 136.1o, Anomalous Dispersion; All non-hydrogen atoms, No. Observations (All 

reflections); 2988, No. Variables; 228, Reflection/Parameter Ratio; 13.11, Residuals: R1 (I>2.00(I)); 

0.0415, Residuals: R (All reflections); 0.0451, Residuals: wR2 (All reflections); 0. 1194, Goodness of Fit 

Indicator; 1.046, Max Shift/Error in Final Cycle; 0.000, Maximum peak in Final Diff. Map; 0.18 e‑ /Å3, 

Minimum peak in Final Diff. Map; -0.15 e‑ /Å3. 

Deposition number CCDC-2047464 for 11. Free copies of the data can be obtained via 

http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Center, 

12 Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk). 

Selected Bond Lengths (Å) 

O1-C9 1.4135(17) O1-C1 1.3460(15) O2-C1 1.1992(19) 

O3-C18 1.326(2) O3-C19 1.442(2) C4-C5 1.5103(19) 
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C4-C9 1.3223(17) C4-C3 1.4929(16) C5-C6 1.515(4) 

C5-C6A 1.531(4) C6-C7 1.522(7) C7-C8 1.555(6) 

C9-C8 1.4932(18) C10-C11 1.545(2) C10-C2 1.552(2) 

C11-C12 1.496(2) C11-C3 1.5780(19) C12-C13 1.392(2) 

C12-C17 1.387(2) C13-C14 1.382(3) C14-C15 1.370(3) 

C15-C16 1.374(3) C16-C17 1.389(3) C18-O4 1.192(2) 

C18-C2 1.517(2) C1-C2 1.5032(19) C2-C3 1.5633(19) 

C8-C7A 1.464(8) C7A-C6A 1.496(10) 

Selected Bond Angles (º) 

C9-O1-C1 122.16(10) C18-O3-C19 117.66(16) C5-C4-C9 120.01(10) 

C5-C4-C3 117.65(10) C9-C4-C3 122.27(12) C4-C5-C6 113.98(19) 

C4-C5-C6A 109.8(3) C5-C6-C7 109.9(4) C6-C7-C8 109.7(4) 

O1-C9-C4 124.23(11) O1-C9-C8 109.15(11) C4-C9-C8 126.60(13) 

C11-C10-C2 89.17(11) C10-C11-C12 121.39(12) C10-C11-C3 88.34(10) 

C12-C11-C3 120.35(11) C11-C12-C13 119.12(13) C11-C12-C17 122.69(13) 

C13-C12-C17 118.13(16) C12-C13-C14 120.83(15) C13-C14-C15 120.41(18) 

C14-C15-C16 119.7(2) C15-C16-C17 120.38(17) C12-C17-C16 120.57(15) 

O3-C18-O4 124.68(15) O3-C18-C2 110.13(12) O4-C18-C2 125.19(16) 

O1-C1-O2 118.30(12) O1-C1-C2 118.12(12) O2-C1-C2 123.49(12) 

C10-C2-C18 113.90(11) C10-C2-C1 113.51(11) C10-C2-C3 88.64(11) 

C18-C2-C1 108.96(12) C18-C2-C3 112.30(11) C1-C2-C3 118.49(10) 

C4-C3-C11 116.31(11) C4-C3-C2 112.23(10) C11-C3-C2 87.60(9) 

C7-C8-C9 110.3(2) C9-C8-C7A 111.7(3) C8-C7A-C6A 111.7(5) 

C5-C6A-C7A 111.6(5) 

12: Colorless needles; mp 126.9-128.4 ºC (diisopropyl ether); 1H-NMR (300 MHz, CDCl3) δ 7.38-7.25 

(m, 3H), 7.12-7.08 (m, 2H), 6.85 (s, 1H), 3.77 (s, 3H), 3.52 (dd, J = 10.8, 7.2 Hz, 1H), 2.80 (t, J = 10.8 

Hz, 1H), 2.37 (ddd, J = 14.7, 4.2, 3.3 Hz, 1H), 2.28 (dd, J =11.1, 7.5 Hz, 1H), 1.95-1.81 (m, 3H), 

1.77-1.57 (m, 2H), 1.43-1.24 (2H, m); 13C-NMR (125 MHz, CDCl3) δ 163.8, 159.4, 156.3, 135.2, 128.7 

(2C), 127.5 (2C), 127.4, 122.9, 77.0 52.5, 48.4, 38.8, 36.9, 34.6, 28.8, 20.6, 20.4; IR (ATR): 3025.8, 

1753.0, 1713.4 cm-1; LR-EIMS m/z: 312 (M+, 1.0), 208 (100), 180 (44), 176 (16), 152 (15), 121 (24), 104 

(15).; HR-EIMS calcd for C19H20O4: 312.1362. Found: 312.1357. 
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X-Ray Crystal Data: Crystal Color, Habit; colorless, platelet, Crystal Dimensions; 0.200 x 0.100 x 0.040

mm, Crystal System; triclinic, Lattice Type; Primitive, Lattice Parameters; a = 9.2261(5) Å, b = 

10.5187(6) Å, c = 10.5900(5) Å,  = 104.403(7)o,  = 103.284(7)º,  = 107.817(8)o, V = 802.79(14) Å3, 

Space Group; P-1 (#2), Z value; 2, Dcalc; 1.292 g/cm3, F000; 332.00, (CuK); 7.335 cm-1, Intensity 

Measurement: Diffractometer; R-AXIS RAPID, Radiation; CuK ( = 1.54187 Å), graphite 

monochromated, Voltage, Current; 40 kV, 100 mA, Temperature; 23.0 ºC, Detector Aperture; 460.0 x 

256.0 mm, Data Images; 45 exposures,  oscillation Range (=54.0, =0.0);80.0 - 260.0º, Exposure Rate; 

360.0 sec./º,  oscillation Range (=54.0, =90.0); 80.0 - 260.0o, Exposure Rate; 360.0 sec./o,  

oscillation Range (=54.0, =180.0); 80.0 - 260.0o, Exposure Rate; 360.0 sec./o,  oscillation Range 

(=54.0, =270.0); 80.0 - 260.0o, Exposure Rate; 360.0 sec./o, Detector Position; 127.40 mm, Pixel Size; 

0.100 mm, 2max; 136.4o, No. of Reflections Measured; Total: 8887, Unique: 2867 (Rint = 0.0714), 

Corrections; Lorentz-polarization Absorption (trans. factors: 0.582 - 0.971), Secondary Extinction 

(coefficient: 9.71000e-003). Structure Solution; Direct Methods (SHELXT Version 2018/2), Refinement; 

Full-matrix least-squares on F2, Function Minimized;  w (Fo2 - Fc2)2, Least Squares Weights; w = 1/ 

[ 2(Fo2) + (0.1217 · P)2 + 0.0000 · P ] where P = (Max(Fo2,0) + 2Fc2)/3, 2max cutoff; 136.4o, 

Anomalous Dispersion; All non-hydrogen atoms, No. Observations (All reflections); 2867, No. 

Variables; 209, Reflection/Parameter Ratio; 13.72, Residuals: R1 (I>2.00(I)); 0.0728, Residuals: R (All 

reflections); 0.1272, Residuals: wR2 (All reflections); 0.2300, Goodness of Fit Indicator; 0.930, Max 

Shift/Error in Final Cycle ; 0.000, Maximum peak in Final Diff. Map; 0.20 e‑ /Å3, Minimum peak in 

Final Diff. Map; -0.23 e‑ /Å3. 

Deposition number CCDC-2047465 for 12. Free copies of the data can be obtained via 

http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Center, 

12 Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk). 

Selected Bond Lengths (Å) 

O1-C1 1.355(4) O1-C9 1.458(3) O2-C1 1.210(4) 

O3-C18 1.193(4) O4-C18 1.332(6) O4-C19 1.440(4) 

C1-C2 1.467(6) C2-C3 1.336(4) C2-C18 1.501(5) 

C3-C4 1.479(4) C4-C5 1.527(6) C4-C9 1.538(6) 

C4-C11 1.586(6) C5-C6 1.519(6) C6-C7 1.522(7) 

C7-C8 1.516(8) C8-C9 1.511(6) C9-C10 1.539(6) 

C10-C11 1.542(5) C11-C12 1.500(6) C12-C13 1.392(6) 
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C12-C17 1.382(5) C13-C14 1.389(7) C14-C15 1.362(5) 

C15-C16 1.378(7) C16-C17 1.381(7) 

Selected Bond Angles (º) 

C1-O1-C9 120.6(3) C18-O4-C19 115.2(3) O1-C1-O2 117.0(4) 

O1-C1-C2 118.4(2) O2-C1-C2 124.5(3) C1-C2-C3 121.6(3) 

C1-C2-C18 117.5(3) C3-C2-C18 120.8(4) C2-C3-C4 124.0(4) 

C3-C4-C5 109.5(3) C3-C4-C9 110.7(2) C3-C4-C11 110.7(3) 

C5-C4-C9 118.3(4) C5-C4-C11 119.8(2) C9-C4-C11 86.0(3) 

C4-C5-C6 113.5(4) C5-C6-C7 110.7(3) C6-C7-C8 108.7(4) 

C7-C8-C9 112.2(4) O1-C9-C4 116.9(3) O1-C9-C8 105.5(3) 

O1-C9-C10 115.5(3) C4-C9-C8 115.1(3) C4-C9-C10 89.6(3) 

C8-C9-C10 114.2(3) C9-C10-C11 87.6(3) C4-C11-C10 87.7(3) 

C4-C11-C12 119.7(3) C10-C11-C12 121.9(4) C11-C12-C13 122.1(3) 

C11-C12-C17 120.8(3) C13-C12-C17 117.1(4) C12-C13-C14 120.3(3) 

C13-C14-C15 121.6(4) C14-C15-C16 118.9(5) C15-C16-C17 119.7(4) 

C12-C17-C16 122.3(4) O3-C18-O4 123.4(3) O3-C18-C2 125.0(4) 

O4-C18-C2 111.5(3) 

13: Colorless plates; mp 221.0-223.7 ºC (diisopropyl ether); 1H-NMR (300 MHz, CDCl3) δ 3.87 (s, 2H), 

3.79 (s, 6H), 2.32-2.09 (m, 6H), 2.00-1.85 (m, 2H), 1.81-1.50 (m, 8H).; 13C-NMR (125 MHz, CDCl3) δ 

169.0 (2C), 162.2 (2C), 148.5 (2C), 106.2 (2C), 53.5 (2C), 53.0 (2C), 45.8 (2C), 26.2 (2C), 25.8 (2C), 

21.9 (2C), 21.8 (2C); IR (CHCl3): 2945.1, 1755.1 cm-1; LR-EIMS m/z: 416 (M+, 5.7), 209 (59), 208 (100), 

180 (48), 177 (61), 176 (33), 121 (31).; HR-EIMS calcd for C22H24O8: 416.1471. Found: 416.1475. 

X-Ray Crystal Data: Crystal Color, Habit; colorless, prism, Crystal Dimensions; 0.300 x 0.200 x 0.150

mm, Crystal System; orthorhombic, Lattice Type; Primitive, Lattice Parameters; a = 17.9688(7) Å, b = 

8.5912(3) Å, c = 13.4535(5) Å, V = 2076.88(13) Å3, Space Group; P21212 (#18), Z value; 4, Dcalc; 1.332 

g/cm3, F000; 880.00, (MoK); 1.015 cm-1, Intensity Measurement: Diffractometer; R-AXIS RAPID, 

Radiation; MoK ( = 0.71075 Å), graphite monochromated, Voltage, Current; 50 kV, 100 mA, 

Temperature; -165.0 ºC, Detector Aperture; 460.0 x 256.0 mm, Data Images; 44 exposures,  oscillation 

Range (=45.0, =30.0); 130.0 - 190.0º, Exposure Rate; 90.0 sec./º,  oscillation Range (=45.0, 

=180.0); 0.0 - 160.0o, Exposure Rate; 90.0 sec./o, Detector Position; 127.40 mm, Pixel Size; 0.100 mm, 

2max; 54.8o, No. of Reflections Measured; Total: 20098, Unique: 4722 (Rint = 0.0624), Corrections; 

Lorentz-polarization Absorption (trans. factors: 0.771 - 0.985), Secondary Extinction (coefficient: 
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6.99000e-003). Structure Solution; Direct Methods (SHELXT Version 2018/2), Refinement; Full-matrix 

least-squares on F2, Function Minimized;  w (Fo2 - Fc2)2, Least Squares Weights; w = 1/ [ s2(Fo2) + 

(0.0294 · P)2 + 4.6023 · P ] where P = (Max(Fo2,0) + 2Fc2)/3, 2max cutoff; 54.8o, Anomalous Dispersion; 

All non-hydrogen atoms, No. Observations (All reflections); 4722, No. Variables; 282, 

Reflection/Parameter Ratio; 16.74, Residuals: R1 (I>2.00(I)); 0.0729, Residuals: R (All reflections); 

0.1134, Residuals: wR2 (All reflections); 0.1850, Goodness of Fit Indicator; 1.129, Max Shift/Error in 

Final Cycle; 0.000, Maximum peak in Final Diff. Map; 0.37 e‑ /Å3, Minimum peak in Final Diff. Map; 

-0.3 e‑ /Å3.

Deposition number CCDC-2047494 for 13. Free copies of the data can be obtained via 

http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic Data Center, 

12 Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk). 

Selected Bond Lengths (Å) 

O1-C9 1.424(9) O1-C1 1.344(8) O2-C1 1.218(8) 

O3-C10 1.219(8) O4-C10 1.333(7) O4-C11 1.454(10) 

O5-C12 1.356(7) O5-C20 1.423(7) O6-C12 1.214(7) 

O7-C21 1.219(7) O8-C21 1.328(7) O8-C22 1.448(8) 

C9-C4 1.318(9) C9-C8 1.477(10) C10-C2 1.492(8) 

C12-C13 1.496(8) C13-C14 1.559(8) C13-C141 1.578(8) 

C13-C21 1.507(8) C14-C15 1.484(8) C15-C16 1.507(9) 

C15-C20 1.324(9) C16-C17 1.535(15) C16-C17A 1.57(5) 

C17-C18 1.45(2) C18-C19 1.504(11) C18-C17A 1.34(4) 

C19-C20 1.480(10) C1-C2 1.502(9) C2-C3 1.557(8) 

C2-C32 1.570(8) C3-C4 1.481(8) C4-C5 1.497(9) 

C5-C6 1.583(14) C6-C7 1.453(14) C7-C8 1.506(14) 

Selected Bond Angles (º) 

C9-O1-C1 121.2(5) C10-O4-C11 116.3(6) C12-O5-C20 121.8(5) 

C21-O8-C22 116.8(5) O1-C9-C4 123.5(6) O1-C9-C8 109.0(6) 

C4-C9-C8 127.5(7) O3-C10-O4 124.3(6) O3-C10-C2 125.8(5) 

O4-C10-C2 109.9(5) O5-C12-O6 118.2(5) O5-C12-C13 120.3(5) 

O6-C12-C13 121.5(5) C12-C13-C14 115.8(5) C12-C13-C141 115.1(5) 

C12-C13-C21 107.7(5) C14-C13-C141 89.6(4) C14-C13-C21 113.3(5) 
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C141-C13-C21 114.8(5) C13-C14-C131 89.2(4) C13-C14-C15 115.3(5) 

C131-C14-C15 119.2(5) C14-C15-C16 118.9(5) C14-C15-C20 121.5(5) 

C16-C15-C20 119.6(6) C15-C16-C17 111.7(6) C15-C16-C17A 110.1(12) 

C16-C17-C18 112.1(9) C17-C18-C19 116.5(9) C19-C18-C17A 121.2(15) 

C18-C19-C20 110.8(7) O5-C20-C15 123.1(5) O5-C20-C19 109.2(5) 

C15-C20-C19 127.7(6) O7-C21-O8 124.6(5) O7-C21-C13 125.7(5) 

O8-C21-C13 109.7(5) O1-C1-O2 117.2(6) O1-C1-C2 120.9(5) 

O2-C1-C2 121.9(6) C10-C2-C1 108.8(5) C10-C2-C3 113.3(5) 

C10-C2-C32 116.5(5) C1-C2-C3 114.8(5) C1-C2-C32 112.8(5) 

C3-C2-C32 89.7(4) C2-C3-C22 89.2(4) C2-C3-C4 115.4(5) 

C22-C3-C4 120.2(5) C9-C4-C3 121.0(6) C9-C4-C5 119.8(6) 

C3-C4-C5 119.3(5) C4-C5-C6 110.9(6) C5-C6-C7 111.8(8) 

C6-C7-C8 109.5(8) C9-C8-C7 110.8(7) C16-C17A-C18 116(3) 

 

COMPUTATIONAL METHODS: The candidate compounds with at most five hundred from the 

lowest energy or less than 40 kJ/mol difference from the lowest energy were generated with the molecular 

mechanics method at the MMFF level of theory in the Spartan’18 software, which automatically 

identifies conformational degrees of freedom (single bonds and flexible rings). The equilibrium 

geometries of the candidate compounds were sequentially recalculated with the semi-empirical method at 

the PM3 level of theory and the Hartree–Fock method at the 6-31G* level of theory. Finally, the 

lowest-energy structures were obtained with the DFT method at the ωB97X-D/6-31G* level of theory. 

The HOMO and LUMO levels of 6 and styrene were determined by DFT, and their molecular orbital 

coefficients were calculated by the Hartree–Fock method at the STO-3G level of theory with the 

optimized geometries of the lowest-energy structures calculated by DFT. The 1H-NMR spectra of 11, 

epi-11, 12, epi-12, 14, and 15 were calculated according to the Boltzmann weights of some of the 

candidate conformers calculated by DFT. 
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