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ABSTRACT: Diastereoselective synthesis of the trans-decalin-based α-hydroxyl butanone spirocarbocycles bearing all-carbon
quaternary stereogenic centers has been achieved via Norrish−Yang photocyclization of trans-decalin-substituted-2,3-butanediones
using daylight. Density functional theory (DFT) calculations suggest that this diastereoselective reaction is affected by both substrate
conformation and intramolecular hydrogen bonds. The developed chemistry could be applied to synthesizing the derivatives of the
trans-decalin-based biologically important natural products.

■ INTRODUCTION

Carbocyclic four-membered ring compounds are important
building blocks in organic synthesis.1 In this aspect, α-hydroxyl
cyclobutanone derivatives are particularly attractive because of
their usefulness as starting materials for the preparation of
structurally diverse molecules.2 Because of its high ring strain,3

synthesis of cyclobutanone is challenging. Although there are
various ways to prepare α-hydroxyl cyclobutanone derivatives,4

the Norrish−Yang reactions of alkyl α-diketones turns out to
be one of the most effective methods of choice.5 Thanks to the
effort of Inoue’s laboratory, the Norrish−Yang reaction has
become an attractive method in the total syntheses of complex
natural products.6

In the early 1960s,7 alkyl α-diketones were identified as
useful substrates for the preparation of structurally diverse
chiral 2-hydroxy-cyclobutanones. However, the diastereoselec-
tive synthesis of 2-hydroxy-cyclobutanone-based spirocarbo-
cycle bearing an all-carbon quaternary stereogenic center8 via
the Norrish−Yang reaction of alkyl α-diketones has not been
reported. Here, we report our recent efforts to achieve a
diastereoselective synthesis of spirocarbocycles9 III via the
Norrish−Yang photocyclization of α-diketones I using day-
light. Our computational and experimental study indicates that
the observed photocyclization proceeds diastereoselectively via
a conformationally controlled hydrogen-bonding-promoted

1,5-H-atom transfer10 through the 1,4-diradical intermediate
II (Figure 1a). The developed chemistry could be applied for
preparing the derivatives of decalin-based biologically
important natural products,11 such as IV−X (Figure 1b).

■ RESULTS AND DISCUSSION

Our research began with the enantioselective synthesis of the
trans-decalin-based diketone 5. Asymmetric synthesis of the
Wieland−Miescher ketone 1 was achieved in 80% yield with
89% ee in the presence of a prolinamide catalyst.12

Regioselective protection of the C8 carbonyl group in diketone
1 was achieved by reaction of diketone 1 with ethane-1,2-diol
in the presence of PTSA and 4 Å molecular sieves to give
enone 2 in 85% yield. Ketone 3 was prepared by subjecting
enone 2 to a Birch reduction by treatment with Li/NH3. The
resultant enolate was then coupled with 1-bromobut-2-yne.13

Product 5 was obtained in 51% overall yield by a sequence of
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Figure 1. (a) Application of the Norrish−Yang photocyclization of α-diketones (I) using daylight to diastereoselectively generate 2-hydroxy-
cyclobutanone-based spiro-trans-decalin (II) via a conformationally controlled hydrogen-bonding-promoted 1,5-H-atom transfer through the 1,4-
diradical intermediate II. (b) trans-Decalin-based natural products bearing C4, C9, and C10 stereogenic centers.

Scheme 1. Enantioselective Synthesis of 1,2-Diketone 5
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ketal formations and subsequent alkyne oxidation14 in the
presence of RuO2/NaIO4 (Scheme 1).
With diketone 5 in hand, we then profiled its Norrish−Yang

photocyclization. We systematically investigated the effects of
the solvent, catalyst, and light source on the outcome of the
photocyclization (Table 1). Accordingly, when diketone 5 was
irradiated with a daylight lamp (65 W) at 30 °C in the solvents
of CH3CN, toluene, chloroform, dichloromethane, and
benzene, the annulated product 6 could be obtained in
good-to-excellent yields with an excellent dr value (entries 1−
5). However, when the reaction proceeded in methanol, both
the yield and the dr value of the product were decreased
dramatically (entry 6). We also tested the reaction under
irradiation with a blue light-emitting diode (LED) lamp, but
the yield was lower and the dr value was unchanged (entries
7−9). Photosensitizer addition did not significantly improve
the yield or dr value of product 6 (entries 10−12), possibly
because the substrate was easily excited15 and did not require
initiation. We also observed that the photocyclization occurred
under sunlight to afford product 6 in 64% yield and with an
excellent dr without the use of additives (entry 14). This
indicates that diketone 5 is a suitable substrate with sufficient
stability16 for use in the desired cyclization.
With the optimized cyclization conditions in hand, we

evaluated the effects of the diketone motif on the annulation
outcome. Four 1,2-diketone derivatives of 5 were prepared
(see the Supporting Information for details), and the effects of
their stereoelectronic and conformational properties on
stereocontrol of the photocyclization were evaluated. The
annulated products 6a−6d were formed with excellent dr

values under the standard reaction conditions, but the
annulated product yields decreased with increasing steric
hindrance at the terminal diketone.
The effects of the substrate conformation on the annulation

were evaluated by performing stereoselective reduction of the
C3 carbonyl group to the corresponding hydroxyl groups and
then investigating the annulations. All of the selected substrates
gave the expected products (7a−7e) with excellent dr values
(Table 2).
To account for the potential feasibility of the silyl groups in

the photocyclization for the formation of 7d and 7e, we
performed density functional theory (DFT) calculation to
evaluate the role of intramolecular hydrogen bonding for the
formation of 7d and 7e. As shown in Figure 2, in both cases,
intramolecular hydrogen bondings indeed play a favorable role
in the formation of products 7d and 7e.
The trans-decalin is a basic structure in many biologically

important molecules such as those listed in Figure 1b.
Strategies that enable the stereoselective addition of structur-
ally diverse functional groups to this motif are therefore useful
in medicinal chemistry and drug discovery. Since the α-
hydroxyl butanone motif can undergo a variety of function-
alization and ring expansion reactions,17 we decided to explore
this synthesis feasibility using 6 as the substrate. In the event, 6
was oxidized with Pb(OAc)4 to afford ketoester 8 bearing an
all-carbon quaternary chiral center at C4 in 92% yield. The
Norrish−Yang photoproducts (e.g. 6a/7b/7d) could also
generate corresponding ketoesters 8a/8b/8c in good yield
under the same reaction condition (Scheme 2).

Table 1. Norrish−Yang Cyclization of Diketone 5

entry light source T (°C) solvent (0.05 M) t (h) yield (%)a dr

1 daylight (65 W) 30 MeCN 8 90 >20:1
2 daylight (65 W) 30 toluene 10 80 >20:1
3 daylight (65 W) 30 CHCl3 10 96 >20:1
4 daylight (65 W) 30 CH2Cl2 10 84 >20:1
5 daylight (65 W) 30 benzene 10 90 >20:1
6b daylight (65 W) 30 MeOH 10 68 >1.5:1
7 blue LED (18 W) 35 MeCN 3 85 >20:1
8 blue LED (18 W) 35 CHCl3 3 76 >20:1
9 blue LED (18 W) 35 CDCl3 5 77 >20:1
10c blue LED (18 W) 35 CHCl3 3 80 >20:1
11d blue LED (18 W) 35 MeCN 3 85 >20:1
12d blue LED (18 W) 35 MeCN 3 85 >20:1
13 none 35 CHCl3 12 0
14e sunlight 37 CHCl3 12 64 >20:1
15f daylight (65 W) 30 CHCl3 12

aReagent and conditions: the flask for the photocyclization of 5 (0.05 mmol) dissolved in a solvent was irradiated under the light source listed in
the table, and the distance between the flask and the light source was ca. 4−5 cm. Product 6 was purified by flash chromatography on silica gel. b6
was obtained as a 1.5:1 mixture of diastereomers. c0.2 equiv of xanthone was added. d0.2 equiv of benzophenone was added. e6 was obtained in ca.
20% with removal of its ketal group. f3.0 equiv of (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl (TEMPO) was added.
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By treatment of 6 with a catalytic amount of a boron
trifluoride etherate complex, tri-substituted furan 9 could be
obtained in 50% yield, which has the cafestol skeleton. By the
reaction of 6 with lithium tri-tert-butoxyaluminum hydride or
methyllithium, diols 10 and 11 were diastereoselectively
obtained in 86% yield and 92% yield, respectively. The
diastereoselective formation of diols 10 and 11 could
presumably be because the bottom face of 6 is a less steric

hindrance, which leads the nucleophiles to approach the
carbonyl group from its bottom face, resulting in cis diol
products.
To explain the diastereoselectivity at C1 of this photo-

cyclization product 6, we performed DFT calculations (at the
B3LYP-D3/def2-TZVP//B3LYP-D3/def2-SVP level) to de-
termine the 1,5-H shift of the Norrish−Yang reactions of A-T
and B-T (Figure 3).18

Notably, the diketone moiety has two different conforma-
tions in the triplet state, i.e., A-T and B-T, in this
photocyclization reaction. Irradiation and subsequent inter-
system crossing of 5 could afford two interchangeable
conformations A-T and B-T. The energy of conformation A-
T is 1.1 kcal mol−1 higher than that of B-T; therefore, it is
reasonable to take B-T as the reference point (0 kcal mol−1).
In path A, a 1,5-H shift of A-T via A-TS-T affords the biradical
species A-H-T with an energy barrier of 6.1 kcal mol−1. This
process is slightly exothermic (ΔG° = −1.9 kcal mol−1). This
implies that the 1,5-H shift of A-T is a reversible process. A-H-
T, promoted by the stabilizing effect of the intramolecular
hydrogen bonding between the O atom of the ketal and the H
atom of the newly formed OH group, could generate the
desired product 6 by subsequent ISC.18b On the other hand,

Table 2. Norrish−Yang Cyclization for the Stereoselective Synthesis of Products 6a−6d and 7a−7ea

aReaction conditions: substrates (0.05 mmol) dissolved in CHCl3 were irradiated under a daylight lamp (65 W) at 30 °C for 10 h. The distance
between the reaction flask and the light source was ca. 4−5 cm.

Figure 2. Energy profiles for the intramolecular hydrogen bonding in
the syntheses of 7d and 7e.
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B-T can undergo a 1,5-H shift via B-TS-T to give the biradical
species B-H-T, with an energy barrier of 7.8 kcal mol−1; this is
1.7 kcal mol−1 higher than that for the transformation of A-T
via A-TS-T. Without the stabilization effect of hydrogen
bonding, the 1,5-H shift is endothermic (ΔG° = +2.5 kcal
mol−1). The distribution of B-T is therefore much greater than
that of B-H-T in this reversible process. Although the energy of
conformation A-T is higher than that of B-T, path A via A-TS-
T is more favorable than path B, with an activation energy
difference (ΔΔG≠) of 0.6 kcal mol−1 (taking the conformation
transformation into consideration, that is, B-T → A-T → A-
TS-T → A-H-T). If the activation energy difference and the
reversibility of the 1,5-H shift are taken into consideration in
the reaction process, a conformational transformation between
A-T and B-T could enable the formation of the hydrogen-
bonding complex A-H-T via path A; path A would become the
dominant pathway. Thus, according to our DFT investigation
of the 1,5-H shift in the Norrish−Yang cyclization process, the
excellent diastereoselectivity at C1 of this photocyclization
product could contribute to the formation of intramolecular
hydrogen bonding,18b which enables the formation of the more
stable intermediate A-H-T and restrains the reverse 1,5-H
shift.19,20

■ CONCLUSIONS

In summary, the trans-decahydronaphthalene-based spirocar-
bocycles bearing an all-carbon quaternary stereogenic center
can be diastereoselectively prepared in good yield and high ee
from their corresponding alkyl α-diketones via the Norrish−
Yang photocyclization. DFT calculations suggest that the key
intermediate A-H-T (Figure 2) affects this highly diaster-

eoselective reaction via conformational restriction and
formation of intramolecular hydrogen bonds.

■ EXPERIMENTAL SECTION

General Information. All reactions were carried out in
oven-dried glassware and under an argon atmosphere with dry
solvents under anhydrous conditions unless otherwise noted.
Reagents were purchased at the highest commercial quality
and used without further purification. Solvent purification was
conducted according to Purification of Laboratory Chemicals
(Peerrin, D. D.; Armarego, W. L. and Perrins, D. R., Pergamon
Press: Oxford, 1980).
Yields refer to chromatographically and spectroscopically

(1H nuclear magnetic resonance (NMR)) homogeneous
materials. Reactions were monitored by thin-layer chromatog-
raphy (TLC) carried out on 0.25 mm Tsingdao silica gel plates
(60F-254) and visualized under UV light at 254 nm or stained
with potassium permanganate (KMnO4) solution and
subsequent heating. Flash column chromatography was
performed using Tsingdao silica gel (60, particle size 0.040−
0.063 mm).
NMR spectra were recorded on a Bruker Avance III 400

(1H: 400 MHz, 13C: 100 MHz) or Bruker Avance 500 (1H:
500 MHz, 13C: 125 MHz) spectrometer and were calibrated
using a residual undeuterated solvent as an internal reference
(CDCl3:

1H NMR = 7.26 ppm, 13C NMR = 77.16 ppm). The
following abbreviations were used to explain the multiplicities:
s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet,
dd = doublet of doublets, and td = triplet of doublets. For all of
the high-resolution mass spectrometry (HRMS) measurements
(ABI, QSTAR Elite), the ionization method was electrospray
ionization (ESI) or atmospheric pressure chemical ionization

Scheme 2. Transformation of 2-Hydroxy-Cyclobutanone Moieties in Norrish−Yang Photoproducts
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(APCI) and the mass analyzer type was TOF. IR spectra were
recorded on an IR Prestige-21 FTIR spectrometer with a KBr
disc. The circular dichroism (CD) spectrum was measured
using the Applied Photophysics Chirascan with a 150 W Xe
lamp (165−900 nm). Optical rotation values were recorded on
a Rudolph Research Analytical AUTOPOL I polarimeter
(Rudolph Research Co.).
Materials. 2-Methyl-2-(3-oxobutyl)cyclohexane-1,3-dione

(1) was synthesized by the reaction according to the literature
procedures.12

Wieland−Miescher Ketone (1). 1 was synthesized accord-
ing to the literature procedure:19 To a solution of 2-methyl-2-
(3-oxobutyl)cyclohexane-1,3-dione (5.00 g, 25.48 mmol, 1.00
equiv) in chloroform (25 mL) was added a prolinamide
catalyst (520 mg, 2.55 mmol, 0.10 equiv) at room temperature,
and the resultant mixture was stirred at the same temperature
for 7 days. Volatile organic materials were removed under
vacuum, and the residue was purified by flash chromatography
on silica gel to give 1.
(S)-8a-Methyl-3,4,8,8a-tetrahydronaphthalene-1,6-

(2H,7H)-dione (1). Yellow oil, 3.63 g (20.37 mmol), 80%, ee =
89%, Rf = 0.37 (silica gel, hexane/EtOAc = 2:1, KMnO4 and
UV); [α]D

23 = 84.18 (c = 1.0, in CHCl3); IR νmax 2954, 1713,
1668, 1421, 1350, 1238, 1014, 940 cm−1; 1H NMR (500 MHz,
CDCl3) δ 5.79 (s, 1H), 2.72−2.63 (m, 2H), 2.47−2.38 (m,
4H), 2.14−2.03 (m, 3H), 1.71−1.61 (m, 1H), 1.40 (s, 3H);
13C NMR (125 MHz, CDCl3) δ 211.0, 198.2, 165.8, 125.8,

50.6, 37.7, 33.6, 31.8, 29.7, 23.3, 22.9; MS (ESI, m/z) calcd for
C11H15O2

+ [M + H]+: 179.1067, found 179.1064. High-
performance liquid chromatography (HPLC) conditions:
Chiralcel OD-H, hexane/i-PrOH 40/1, 1 mL/min.

Wieland−Miescher Ketal (2).21 To a flame-dried bottle
containing activated 4 Å molecular sieves (6.00 g), Wieland−
Miescher ketone 1 (6.00 g, 33.66 mmol, 1.0 equiv), ethane-1,2-
diol (100 mL), and PTSA (6.40 g, 33.66 mmol, 1.0 equiv)
were sequentially added under argon at room temperature, and
the resultant mixture was then stirred at room temperature for
40 min. The reaction was worked up by addition of an ice
water solution (40 mL), followed by addition of a saturated
aqueous solution of NaHCO3 (80 mL) carefully. The resulting
mixture was extracted with ethyl acetate (3 × 80 mL), and the
combined extracts were washed with brine (2 × 15 mL) and
dried over Na2SO4. The solvent was removed under vacuum,
and the residue was purified by flash column chromatography
on silica gel to give ketal 2.

(S)-8a-Methyl-3,4,8,8a-tetrahydro-2H-spiro[naphthalene-
1,2′-[1,3]dioxolan]-6(7H)-one (2). Yellow oil, 6.36 g (28.61
mmol), 85%, Rf = 0.40 (silica gel, hexane/EtOAc = 2:1,
KMnO4 and UV); IR νmax 2950, 2882, 1620, 1332, 1238, 1173,
951, 871 cm−1; 1H NMR (500 MHz, CDCl3) δ 5.77 (d, J = 1.9
Hz, 1H), 3.97−3.90 (m, 4H), 2.43−2.35 (m, 3H), 2.34−2.21
(m, 2H), 1.91−1.83 (m, 1H), 1.78−1.73 (m, 1H), 1.72−1.62
(m, 3H), 1.32 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 199.3,
167.8, 125.7, 112.5, 65.4, 65.2, 45.1, 34.0, 31.5, 30.1, 27.0, 21.8,

Figure 3. Energy profiles of the 1,5-hydrogen shift of 5 via path A and path B and solvated Gibbs free energies (SMD model) are given in kcal·
mol−1 at the B3LYP-D3/def2-TZVP//B3LYP-D3/def2-SVP level.
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20.6; MS (ESI, m/z) calcd for C13H18NaO3
+ [M + Na]+:

245.1148, found 245.1154.
General Procedure A: Enantioselective Synthesis of

1,2-Diketones. To a solution of liquid ammonia (200 mL)
was added lithium solid (683 mg, 97.62 mmol, 3.5 equiv) at
−78 °C in a portionwise manner over 5 min. To this solution
was added a solution of enone 2 (6.20 g, 27.89 mmol, 1.0
equiv) in tetrahydrofuran (THF) (25 mL) in a dropwise
manner over 5 min, and the resultant mixture was refluxed at
−33 °C for 4 h. To this mixture was added a mixed solution of
water/THF (0.5 mL of H2O in 2.0 mL of THF) in a dropwise
manner at the same temperature,13 and the reaction mixture
was held at reflux at −33 °C for 30 min. To this solution was
added a solution of 1-bromobut-2-yne (4.8 mL, 55.78 mmol,
2.0 equiv in 20 mL of THF) at −33 °C in a dropwise manner,
and the reaction mixture was maintained at the same
temperature for 4 h. The resultant mixture was first evaporated
slowly at −33 °C, and then warmed to room temperature,
followed by quenching with a saturated solution of NH4Cl (50
mL). The mixture was extracted with ethyl acetate (3 × 50
mL), and the combined extracts were washed with brine (30
mL) and dried over Na2SO4. The solvent was removed under
vacuum, and the residue was purified by flash column
chromatography on silica gel (EtOAc/hexane = 1:10) to give
ketone 3.
To a solution of ketone 3 (4.60 g, 16.64 mmol, 1.0 equiv)

and ethane-1,2-diol (60 mL) in dichloromethane (DCM) (2
mL) were added PTSA (3.16 g, 16.64 mmol, 1.0 equiv) and 4
Å MS (4.60 g) at room temperature, and the resultant mixture
was stirred at the same temperature for 40 min. The reaction
was worked up by addition of a mixture of ice water (20 mL)
and a saturated aqueous solution of NaHCO3 (40 mL)
carefully. After extraction with ethyl acetate (3 × 50 mL), the
combined extracts were washed with brine (30 mL) and dried
over Na2SO4. The solvent was removed under vacuum, and the
residue was purified by flash column chromatography on silica
gel (EtOAc/hexane = 1:10) to give 4.
To a solution of 4 (2.00 g, 6.24 mmol, 1.0 equiv) in a mixed

solvent of MeCN/CCl4/H2O (8/8/12 mL) were added NaIO4
(3.33 g, 15.60 mmol, 2.5 equiv) and RuO2·H2O (19 mg, 0.12
mmol, 0.02 equiv) at 0 °C, and the resultant mixture was
stirred at 0 °C for 30 min and then at room temperature for 2
h. The reaction was worked up by addition of a mixture of
saturated aqueous NaHCO3 (20 mL) and saturated aqueous
Na2S2O3 (15 mL) at room temperature, and the resultant
mixture was extracted with ethyl acetate (3 × 30 mL). The
combined organic layers were washed with brine (20 mL) and
dried over Na2SO4. The solvent was removed under vacuum,
and the residue was purified by flash chromatography on silica
gel (EtOAc/hexane = 1:10) to give 1,2-diketone 5.
Synthesis of (4aS,5S,8aS)-5-(But-2-yn-1-yl)-8a-methylhex-

ahydro-2H-spiro[naphthalene-1,2′-[1,3]dioxolan]-6(5H)-one
(3). Yellowish oil, 4.62 g (16.82 mmol), 60%, Rf = 0.31 (silica
gel, hexane/EtOAc = 5:1, KMnO4); [α]D

25 = 2.69 (c = 1.0, in
CHCl3); IR νmax 2950, 1710, 1448, 1185, 1107, 1067, 949, 920
cm−1; 1H NMR (500 MHz, CDCl3) δ 4.00−3.84 (m, 4H),
2.53−2.46 (m, 1H), 2.42−2.29 (m, 3H), 2.29−2.23 (m, 1H),
2.03 (td, J = 12.3, 3.3 Hz, 1H), 1.98−1.91 (m, 1H), 1.75−1.67
(m, 7H), 1.59−1.50 (m, 2H), 1.28−1.23 (m, 1H), 1.22 (s,
3H); 13C NMR (125 MHz, CDCl3) δ 210.5, 112.6, 77.4, 76.3,
65.3, 65.1, 49.8, 45.3, 42.4, 37.7, 30.4, 30.2, 25.2, 22.8, 16.0,
14.5, 3.8; MS (ESI, m/z) calcd for C17H25O3

+ [M + H]+:
277.1798, found 277.1799.

Synthesis of (4a′S,5′S,8a′S)-5′-(But-2-yn-1-yl)-8a′-meth-
ylhexahydro-2′H,5′H-dispiro[[1,3]dioxolane-2,1′-naphtha-
lene-6′,2″-[1,3]dioxolane] (4). Colorless oil, 3.47 g (10.84
mmol), 65%, Rf = 0.35 (silica gel, hexane/EtOAc = 5:1,
KMnO4); [α]D

24 = 28.68 (c = 1.0, in CHCl3); IR νmax 2954,
2878, 1439, 1264, 1189, 1127, 1042, 953 cm−1; 1H NMR (500
MHz, CDCl3) δ 4.02−3.77 (m, 8H), 2.35−2.23 (m, 1H),
2.09−2.03 (m, 1H), 1.89 (td, J = 12.4, 3.3 Hz, 1H), 1.80 (dd, J
= 17.6, 3.7 Hz, 1H), 1.75 (t, J = 2.6 Hz, 4H), 1.74−1.64 (m,
4H), 1.51 (dd, J = 10.2, 3.7 Hz, 3H), 1.36−1.32 (m, 1H),
1.23−1.16 (m, 1H), 1.04 (s, 3H); 13C NMR (125 MHz,
CDCl3) δ 112.8, 110.7, 79.4, 75.1, 65.3, 65.1, 64.9, 64.8, 44.3,
44.1, 42.5, 30.6, 30.3, 27.5, 24.5, 23.2, 16.3, 14.4, 3.8; MS (ESI,
m/z) calcd for C19H29O4

+ [M + H]+: 321.2060, found
321.2058.

Synthesis of 1-((4a′S,5′S,8a′S)-8a′-Methylhexahydro-
2′H,5′H-dispiro[[1,3]dioxolane-2,1′-naphthalene-6′,2′-[1,3]-
dioxolan]-5′-yl)butane-2,3-dione (5). Yellowish oil, 1.72 g
(4.88 mmol), 78%, Rf = 0.30 (silica gel, hexane/EtOAc = 5:1,
KMnO4 and UV); [α]D

25 = −31.39 (c = 1.0, in CHCl3); IR νmax
2930, 2354, 1702, 1362, 1288, 1151, 1043, 948 cm−1; 1H
NMR (400 MHz, CDCl3) δ 3.96−3.74 (m, 7H), 3.56 (dd, J =
13.5, 6.7 Hz, 1H), 2.71 (dd, J = 13.8, 4.4 Hz, 1H), 2.49−2.31
(m, 1H), 2.26−2.15 (m, 4H), 1.79−1.58 (m, 4H), 1.53−1.36
(m, 4H), 1.35−1.09 (m, 3H), 1.02 (s, 3H); 13C NMR (100
MHz, CDCl3) δ 198.7, 198.3, 112.6, 110.2, 65.3, 65.0, 64.3,
63.0, 43.3, 42.9, 42.6, 35.2, 29.9, 29.6, 27.2, 24.3, 23.8, 22.7,
14.2; MS (ESI, m/z) calcd for C19H28NaO6

+ [M + Na]+:
375.1778, found 375.1779. Parameters for UV−vis spectros-
copy: instrument model: Shimadzu UV-2450; start WL:
200.00 nm; end WL: 500.00 nm; sample concentration: 1 ×
10−3 mol·L−1 FCNIrpic solution in CH3CN (HPLC grade).
UV−vis spectra: (λmax: 400 nm) (Figure 4).

General Procedure B: Optimized Norrish−Yang
Cyclization. A solution of 1,2-diketone 5 (200 mg, 0.57
mmol) in chloroform (12 mL) was bubbled with Ar at 0 °C for
40 min, and the resultant mixture was then irradiated with a
light lamp (Tornado High Lumen 65 W CDL 865 220V E27,
Philips) for 10 h under Ar at room temperature. The solvent
was removed under vacuum, and the residue was purified by
flash column chromatography on silica gel (EtOAc/hexane =
1:5) to give 6 (188 mg, 96%) as a white solid.

Norrish−Yang Cyclization Product (6). White solid, 188
mg (0.53 mmol), 96%, Rf = 0.25 (silica gel, hexane/EtOAc =
5:1, KMnO4); [α]D

24 = −85.82 (c = 1.0, in CHCl3); IR νmax
3530, 2943, 1784, 1344, 1289, 1186, 1054, 950 cm−1; 1H
NMR (500 MHz, CDCl3) δ 4.12−4.04 (m, 1H), 4.04−3.82
(m, 7H), 3.80−3.77 (m, 1H), 2.76 (d, J = 17.7 Hz, 1H), 2.47

Figure 4. UV−vis spectroscopy of compound 5.
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(d, J = 17.7 Hz, 1H), 2.19 (dd, J = 12.6, 3.4 Hz, 1H), 1.99−
1.86 (m, 2H), 1.73−1.52 (m, 6H), 1.47−1.34 (m, 5H), 1.19
(s, 3H); 13C NMR (125 MHz, CDCl3) δ 210.6, 112.7, 112.5,
88.6, 65.3, 65.1, 64.9, 64.7, 52.6, 45.0, 42.9, 42.1, 30.5, 28.7,
27.6, 24.2, 23.7, 21.2, 16.4; MS (ESI, m/z) calcd for
C19H28NaO6

+ [M + Na]+: 375.1778, found 375.1779.
Norrish−Yang Cyclization Product (6a). White solid, 186

mg (0.51 mmol), 93%, Rf = 0.29 (silica gel, hexane/EtOAc =
5:1, KMnO4); [α]D

24 = −25.90 (c = 1.0, in CHCl3); IR νmax
3534, 2972, 2879, 1782, 1344, 1111, 1054, 949 cm−1; 1H
NMR (500 MHz, CDCl3) δ 4.11−4.03 (m, 1H), 4.00−3.81
(m, 7H), 3.78−3.71 (m, 1H), 2.74 (d, J = 17.5 Hz, 1H), 2.41
(d, J = 17.5 Hz, 1H), 2.16 (dd, J = 12.3, 3.6 Hz, 1H), 2.05−
1.86 (m, 3H), 1.79−1.74 (m, 1H), 1.72−1.51 (m, 6H), 1.43−
1.32 (m, 2H), 1.17 (s, 3H), 0.96 (t, J = 7.2 Hz, 3H); 13C NMR
(125 MHz, CDCl3) δ 209.4, 112.7, 112.6, 92.0, 65.3, 65.1,
64.8, 64.7, 52.5, 45.1, 43.0, 42.1, 30.5, 28.8, 27.6, 27.1, 24.8,
23.8, 16.7, 8.2; MS (ESI, m/z) calcd for C20H30NaO6

+ [M +
Na]+: 389.1935, found 389.1934.
Norrish−Yang Cyclization Product (6b). White solid, 150

mg (0.37 mmol), 75%, Rf = 0.23 (silica gel, hexane/EtOAc =
5:1, KMnO4); [α]D

25 = −33.05 (c = 1.0, in CHCl3); IR νmax
3535, 2955, 2875, 1780, 1184, 1081, 1054, 949 cm−1; 1H
NMR (500 MHz, CDCl3) δ 4.09−4.03 (m, 1H), 3.99−3.81
(m, 7H), 3.76 (d, J = 6.9 Hz, 1H), 2.75 (d, J = 17.5 Hz, 1H),
2.41 (d, J = 17.5 Hz, 1H), 2.17 (dd, J = 12.2, 3.7 Hz, 1H),
2.00−1.86 (m, 3H), 1.73−1.52 (m, 8H), 1.46−1.33 (m, 2H),
1.32−1.19 (m, 5H), 1.18 (s, 3H), 0.86 (t, J = 6.9 Hz, 3H); 13C
NMR (125 MHz, CDCl3) δ 209.5, 112.7, 112.6, 92.0, 65.3,
65.1, 64.9, 64.7, 52.5, 45.2, 43.0, 42.1, 34.3, 32.5, 30.5, 28.8,
27.6, 24.9, 23.8, 23.5, 22.8, 16.8, 14.2; MS (ESI, m/z) calcd for
C23H36NaO6

+ [M + Na]+: 431.2404, found 431.2406.
Norrish−Yang Cyclization Product (6c). White solid, 110

mg (0.26 mmol), 55%, Rf = 0.23 (silica gel, hexane/EtOAc =
5:1, KMnO4); [α]D

25 = −37.60 (c = 1.0, in CHCl3); IR νmax
3518, 2885, 1778, 1450, 1268, 1125, 1054, 949 cm−1; 1H
NMR (500 MHz, CDCl3) δ 4.13 (s, 1H), 4.08−4.01 (m, 1H),
3.99−3.89 (m, 5H), 3.89−3.82 (m, 1H), 3.79−3.70 (m, 1H),
2.69 (d, J = 17.6 Hz, 1H), 2.43 (d, J = 17.6 Hz, 1H), 2.26−
2.21 (m, 2H), 2.13−2.04 (m, 1H), 2.01−1.89 (m, 2H), 1.84−
1.66 (m, 6H), 1.61−1.54 (m, 4H), 1.50−1.40 (m, 1H), 1.37−
1.31 (m, 1H), 1.23−1.10 (m, 8H); 13C NMR (125 MHz,
CDCl3) δ 210.6, 113.1, 112.8, 94.7, 65.3, 65.1, 64.8, 64.5, 54.1,
45.2, 44.2, 43.1, 40.3, 30.4, 30.3, 28.8, 27.9, 27.9, 27.0, 27.0,
26.1, 24.0, 23.8, 17.9; MS (ESI, m/z) calcd for C24H37O6

+ [M
+ H]+: 421.2585, found 421.2586.
Norrish−Yang Cyclization Product (6d). White solid, 106

mg (0.27 mmol), 53%, Rf = 0.26 (silica gel, hexane/EtOAc =
5:1, KMnO4); [α]D

26 = −2.40 (c = 1.0, in CHCl3); IR νmax
3522, 2959, 1774, 1475, 1396, 1122, 1054, 951 cm−1; 1H
NMR (500 MHz, CDCl3) δ 4.43 (s, 1H), 4.15−4.02 (m, 1H),
4.01−3.80 (m, 6H), 3.73 (d, J = 6.9 Hz, 1H), 2.66 (d, J = 17.4
Hz, 1H), 2.40 (d, J = 17.4 Hz, 1H), 2.34−2.24 (m, 1H), 2.07−
1.93 (m, 2H), 1.82−1.63 (m, 3H), 1.63−1.41 (m, 4H), 1.32
(d, J = 12.2 Hz, 1H), 1.19 (t, J = 19.5 Hz, 12H); 13C NMR
(125 MHz, CDCl3) δ 210.4, 113.8, 112.8, 98.3, 65.3, 65.0,
64.7, 64.5, 57.0, 45.1, 44.0, 42.8, 38.0, 30.0, 28.8, 28.0, 27.1,
23.5, 19.2; MS (ESI, m/z) calcd for C22H34NaO6

+ [M + Na]+:
417.2248, found 417.2244.
Synthesis of (1R,2R,2′S,4a′S,8a′S)-2-Hydroxy-2,4a′-di-

methyl-3-oxooctahydrodispiro-[cyclobutane-1,1′-naphtha-
lene-5′,2″-[1,3]dioxolan]-2′-yl acetate (7a). Colorless oil, 92
mg (0.26 mmol), 46%, Rf = 0.25 (silica gel, hexane/EtOAc =

5:1, KMnO4); [α]D
24 = −46.86 (c = 1.0, in CHCl3); IR νmax

3531, 2879, 1785, 1436, 1289, 1054, 883, 697 cm−1; 1H NMR
(500 MHz, CDCl3) δ 5.02 (dd, J = 12.5, 4.4 Hz, 1H), 3.99−
3.80 (m, 4H), 3.52 (s, 1H), 3.02 (d, J = 17.3 Hz, 1H), 2.24 (d,
J = 17.3 Hz, 1H), 2.19−2.06 (m, 1H), 2.05−1.96 (m, 4H),
1.82 (td, J = 13.6, 4.1 Hz, 1H), 1.78−1.61 (m, 6H), 1.59−1.53
(m, 2H), 1.47−1.37 (m, 4H), 1.21 (s, 3H); 13C NMR (125
MHz, CDCl3) δ 210.8, 169.6, 112.6, 89.0, 81.9, 65.3, 65.2,
46.9, 46.6, 45.9, 43.3, 30.5, 29.0, 25.4, 24.1, 23.6, 21.3, 20.9,
16.6; MS (ESI, m/z) calcd for C19H28NaO6

+ [M + Na]+:
375.1778, found 375.1776.

Synthesis of (1R,2R,2′S,4a′S,8a′S)-2-Hydroxy-2′-methoxy-
2,4a′-dimethyloctahydrodispiro-[cyclobutane-1,1′-naph-
thalene-5′,2″-[1,3]dioxolan]-3-one (7b). White solid, 114 mg
(0.35 mmol), 57%, Rf = 0.18 (silica gel, hexane/EtOAc = 5:1,
KMnO4); [α]D

25 = −51.33 (c = 1.0, in CHCl3); IR νmax 3495,
2875, 1788, 1462, 1234, 1115, 1017, 951 cm−1; 1H NMR (500
MHz, CDCl3) δ 4.29 (s, 1H), 3.99−3.77 (m, 4H), 3.36 (s,
3H), 3.25−3.16 (m, 1H), 2.97 (d, J = 17.0 Hz, 1H), 2.32 (d, J
= 17.0 Hz, 1H), 1.91−1.85 (m, 3H), 1.71 (s, 1H), 1.70−1.60
(m, 4H), 1.56 (d, J = 13.3 Hz, 2H), 1.43−1.31 (m, 4H), 1.18
(s, 3H); 13C NMR (125 MHz, CDCl3) δ 211.5, 112.8, 90.6,
88.5, 65.3, 65.1, 57.8, 48.1, 46.7, 46.5, 43.4, 30.6, 28.8, 24.1,
23.8, 23.6, 20.8, 16.7; MS (ESI, m/z) calcd for C18H28NaO5

+

[M + Na]+: 347.1829, found 347.1828.
Synthesis of (1R,2R,2′S,4a′S,8a′S)-2′-(Benzyloxy)-2-hy-

droxy-2,4a′-dimethyloctahydrodispiro-[cyclobutane-1,1′-
naphthalene-5′,2″-[1,3]dioxolan]-3-one (7c). Colorless oil,
110 mg (0.27 mmol), 55%, Rf = 0.19 (silica gel, hexane/EtOAc
= 5:1, KMnO4); [α]D

24 = 2.31 (c = 1.0, in CHCl3); IR νmax
3495, 2874, 1787, 1398, 1233, 1115, 1017, 886 cm‑1; 1H NMR
(500 MHz, CDCl3) δ 7.38−7.32 (m, 2H), 7.32−7.28 (m, 1H),
7.28−7.24 (m, 2H), 4.68 (t, J = 9.5 Hz, 1H), 4.52−4.32 (m,
2H), 4.00−3.79 (m, 4H), 3.43 (dd, J = 11.3, 5.1 Hz, 1H), 2.90
(d, J = 17.0 Hz, 1H), 2.17 (d, J = 17.0 Hz, 1H), 1.96−1.94 (m,
2H), 1.86−1.78 (m, 1H), 1.76−1.52 (m, 7H), 1.42−1.30 (m,
4H), 1.20 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 211.4,
137.0, 128.6, 128.3, 128.2, 112.8, 88.7, 87.2, 71.8, 65.2, 65.1,
48.1, 46.7, 46.4, 43.3, 30.5, 28.9, 24.1, 23.9, 23.7, 20.8, 16.7;
MS (ESI, m/z) calcd for C24H32NaO5

+ [M + Na]+: 423.2142,
found 423.2144.

Synthes i s o f (1R ,2R ,2 ′S ,4a ′S ,8a ′S ) -2 ′ - ( ( t e r t -
Butyldimethylsilyl)oxy)-2-hydroxy-2,4a′-dimethyl-octahy-
dro-dispiro[cyclobutane-1,1′-naphthalene-5′,2″-[1,3]-
dioxolan]-3-one (7d). Colorless oil, 148 mg (0.35 mmol),
74%, Rf = 0.48 (silica gel, hexane/EtOAc = 5:1, KMnO4);
[α]D

24 = −15.48 (c = 1.0, in CHCl3); IR νmax 3513, 2935, 2353,
1789, 1471, 1112, 895, 778 cm−1; 1H NMR (500 MHz,
CDCl3) δ 4.50 (s, 1H), 3.99−3.82 (m, 4H), 3.73 (dd, J = 12.0,
4.2 Hz, 1H), 2.94 (d, J = 17.2 Hz, 1H), 2.32 (d, J = 17.2 Hz,
1H), 2.20−2.05 (m, 1H), 1.86 (d, J = 6.5 Hz, 1H), 1.78−1.61
(m, 6H), 1.56 (dd, J = 11.1, 2.5 Hz, 1H), 1.53−1.46 (m, 1H),
1.37 (s, 4H), 1.19 (s, 3H), 0.86 (s, 9H), 0.09 (d, J = 5.6 Hz,
6H); 13C NMR (125 MHz, CDCl3) δ 211.4, 112.9, 88.6, 82.7,
65.2, 65.1, 48.3, 46.6, 46.4, 43.2, 30.5, 29.1, 28.9, 25.9, 24.2,
23.8, 20.7, 17.9, 16.9, −4.4, −4.9; MS (ESI, m/z) calcd for
C23H40NaO5Si

+ [M + Na]+: 447.2537, found 447.2537.
Synthes i s o f (1R ,2R ,2 ′S ,4a ′S ,8a ′S ) -2 ′ - ( ( t e r t -

Butyldiphenylsilyl)oxy)-2-hydroxy-2,4a′-dimethylocta-
hydrodispiro[cyclobutane-1,1′-naphthalene-5′,2″-[1,3]-
dioxolan]-3-one (7e). Colorless oil, 132 mg (0.24 mmol),
66%, Rf = 0.24 (silica gel, hexane/EtOAc = 10:1, KMnO4);
[α]D

25 = −7.12 (c = 1.0, in CHCl3); IR νmax 3501, 2875, 1788,
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1471, 1393, 1103, 966, 822 cm−1; 1H NMR (500 MHz,
CDCl3) δ 7.70 (dd, J = 8.0, 1.4 Hz, 2H), 7.62 (dd, J = 8.0, 1.4
Hz, 2H), 7.49−7.32 (m, 6H), 4.70 (s, 1H), 3.89−3.63 (m,
5H), 2.94 (d, J = 17.4 Hz, 1H), 2.48 (d, J = 17.4 Hz, 1H),
2.13−2.02 (m, 1H), 1.75−1.58 (m, 5H), 1.54−1.46 (m, 1H),
1.44 (s, 3H), 1.41−1.35 (m, 1H), 1.33−1.19 (m, 3H), 1.16 (s,
3H), 1.05 (s, 9H); 13C NMR (125 MHz, CDCl3) δ 212.1,
136.4, 136.2, 133.7, 131.9, 130.4, 130.0, 128.0, 127.7, 112.7,
88.8, 84.0, 65.1, 65.0, 48.6, 46.7, 46.4, 43.1, 30.5, 29.0, 28.5,
26.9, 24.1, 23.8, 20.9, 19.4, 17.0; MS (ESI, m/z) calcd for
C33H45O5Si

+ [M + H]+: 549.3031, found 549.3032.
Experimental Procedure for the Synthesis of Product

8. To a solution of 6 (200 mg, 0.57 mmol) in MeOH (20 mL)
was added Pb(OAc)4 (277 mg, 0.60 mmol) at 0 °C in one
portion. The mixture was stirred at 0 °C for 1 h, followed by
another 4 h at 50 °C. The reaction was quenched with a
saturated aqueous solution of Na2CO3 (10 mL) at room
temperature and extracted with ethyl acetate (3 × 20 mL). The
organic extracts were washed with brine (15 mL), dried over
Na2SO4, and concentrated under vacuum. The residue was
purified by column chromatography on silica gel (EtOAc/
hexane = 1:10) to afford 8.
Synthesis of Methyl 2-((4a′R,5′R,8a′S)-5′-acetyl-8a′-

methylhexahydro-2′H,5′H-dispiro[[1,3]dioxolane-2,1′-naph-
thalene-6′,2″-[1,3]dioxolan]-5′-yl)acetate (8). Colorless oil,
210 mg (0.55 mmol), 92%, Rf = 0.20 (silica gel, hexane/EtOAc
= 5:1, KMnO4);

1H NMR (500 MHz, CDCl3) δ 4.01−3.76
(m, 8H), 3.56 (s, 3H), 2.84 (d, J = 13.9 Hz, 1H), 2.56 (d, J =
13.9 Hz, 1H), 2.37 (s, 3H), 2.29 (td, J = 14.0 Hz, 1H), 2.15
(dd, J = 12.8, Hz, 1H), 1.91 (td, J = 13.7 Hz, 1H), 1.79−1.73
(m, 1H), 1.72−1.63 (m, 3H), 1.61−1.39 (m, 3H), 1.37−1.30
(m, 1H), 0.92 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 209.8,
172.4, 112.7, 110.8, 65.4, 65.0, 64.6, 63.4, 61.8, 51.4, 48.3, 43.7,
38.7, 31.5, 30.3, 27.4, 27.2, 23.7, 23.5, 15.4; MS (ESI, m/z)
calcd for C20H30NaO7

+ [M + Na]+: 405.1884, found 405.1885.
Synthesis of Methyl 2-((4a′R,5′S,8a′S)-8a′-methyl-5′-

propionylhexahydro-2′H,5′H-dispiro[[1,3]-dioxolane-2,1′-
naphthalene-6′,2″-[1,3]dioxolan]-5′-yl)acetate (8a). Color-
less oil, 285 mg (0.72 mmol), 83%, Rf = 0.22 (silica gel,
hexane/EtOAc = 5:1, KMnO4);

1H NMR (400 MHz, CDCl3)
δ 4.05−3.75 (m, 8H), 3.54 (s, 3H), 2.91−2.72 (m, 2H), 2.69−
2.50 (m, 2H), 2.30 (m, 1H), 2.16 (m, 1H), 1.92 (td, J = 13.7
Hz, 1H), 1.83−1.38 (m, 6H), 1.38−1.20 (m, 2H), 1.09 (t, J =
7.0 Hz, 3H), 0.88 (s, 3H); 13C NMR (100 MHz, CDCl3) δ
212.26, 172.49, 112.77, 110.96, 65.42, 64.93, 64.61, 63.26,
61.78, 51.44, 48.34, 43.63, 38.77, 36.16, 30.34, 27.45, 27.25,
23.80, 23.48, 15.53, 8.85.; MS (ESI, m/z) calcd for
C21H32NaO7

+ [M + Na]+: 419.2040, found 419.2043.
Synthesis of Methyl 2-((4aR,5R,6S,8aS)-5-acetyl-6-me-

thoxy-8a-methyloctahydro-2H-spiro[naphthalene-1,2′-
[1,3]dioxolan]-5-yl)acetate (8b). Colorless oil, 226 mg (0.64
mmol), 76%, Rf = 0.37 (silica gel, hexane/EtOAc = 4:1,
KMnO4);

1H NMR (300 MHz, CDCl3) δ 3.99−3.76 (m, 4H),
3.59 (s, 3H), 3.27 (s, 3H), 3.16−3.00 (m, 2H), 2.34 (s, 3H),
2.17 (d, J = 13.5 Hz, 1H), 1.98 (d, J = 4.0 Hz, 2H), 1.82−1.28
(m, 9H), 0.88 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 210.86,
172.34, 112.80, 85.80, 65.33, 64.96, 57.54, 57.07, 51.42, 50.11,
44.15, 43.73, 31.88, 30.31, 28.66, 23.39, 23.13, 22.31, 16.05;
MS (ESI, m/z) calcd for C19H30NaO6

+ [M + Na]+: 377.1935,
found 377.1930.
Synthesis of Methyl 2-((4aR,5R,6S,8aS)-5-acetyl-6-((tert-

butyldimethylsilyl)oxy)-8a-methyloctahydro-2H-spiro-
[naphthalene-1,2′-[1,3]dioxolan]-5-yl)acetate (8c). Colorless

oil, 298 mg (0.66 mmol), 61%, Rf = 0.21 (silica gel, hexane/
EtOAc = 4:1, KMnO4);

1H NMR (500 MHz, CDCl3) δ 4.03−
3.76 (m, 5H), 3.66 (s, 3H), 2.79 (d, J = 14.4 Hz, 1H), 2.70 (d,
J = 14.4 Hz, 1H), 2.36 (s, 3H), 2.07−1.94 (m, 1H), 1.86 (dd, J
= 12.4, 2.6 Hz, 1H), 1.76 (dt, J = 13.1, 3.8 Hz, 2H), 1.69−1.51
(m, 5H), 1.50−1.38 (m, 2H), 1.38−1.23 (m, 3H), 0.92 (s,
3H), 0.89 (s, 9H), 0.11 (d, J = 18.3 Hz, 6H); 13C NMR (125
MHz, CDCl3) δ 211.77, 171.74, 113.05, 74.51, 65.38, 64.99,
57.94, 51.54, 46.62, 43.39, 38.79, 31.88, 30.51, 28.81, 28.54,
26.07, 23.50, 22.99, 18.20, 16.94, −4.00, −4.79; MS (ESI, m/
z) calcd for C24H42NaSiO6

+ [M + Na]+: 477.2643, found
477.2643.

Experimental Procedure for the Synthesis of Product
9. To a solution of 6 (200 mg, 0.57 mmol) in DCM (20 mL)
was added boron trifluoride etherate (48%, 154 μL, 0.57
mmol) at −78 °C in a dropwise manner, and the resultant
reaction mixture was warmed up to room temperature over 4
h. The reaction mixture was quenched by addition of an aq.
HCl (1.0 M, 600 μL) at room temperature, and the mixture
was extracted with ethyl acetate (3 × 20 mL). The combined
extracts were washed with brine (15 mL) and dried over
Na2SO4. The solvent was removed under vacuum, and the
residue was purified by flash column chromatography on silica
gel (EtOAc/hexane = 1:10) to give 9.

( 5aS , 9aS ) - 2 -A c e t y l - 5a -me thy l - 5 , 5a , 7 , 8 , 9 , 9a -
hexahydronaphtho[2,1-b]furan-6(4H)-one (10). Colorless
oil, 70 mg (0.28 mmol), 50%, Rf = 0.38 (silica gel, hexane/
EtOAc = 3:1, KMnO4); [α]D

26 = −17.66 (c = 1.0, in CHCl3);
IR νmax 2949, 2934, 1668, 1516, 1178, 1118, 1090, 914 cm−1;
1H NMR (500 MHz, CDCl3) δ 7.05 (s, 1H), 2.85−2.56 (m,
4H), 2.40 (s, 3H), 2.31 (d, J = 13.1 Hz, 1H), 2.15 (dd, J =
13.8, 6.3 Hz, 2H), 2.02 (d, J = 8.9 Hz, 1H), 1.79 (t, J = 9.2 Hz,
3H), 1.03 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 214.0,
186.2, 155.1, 152.1, 121.9, 117.2, 47.8, 42.3, 37.0, 28.9, 25.8,
25.7, 23.6, 20.4, 15.4; MS (ESI, m/z) calcd for C15H19O3

+ [M
+ H]+: 247.1329, found 247.1329.

Experimental Procedure for the Synthesis of Product
10. To a solution of 6 (200 mg, 0.57 mmol) in THF (20 mL)
was added lithium tri-tert-butoxyaluminum hydride (290 mg,
1.14 mmol) at 0 °C in a portionwise manner under Ar, and the
resultant mixture was then warmed up to room temperature
and stirred at room temperature for 4 h. The reaction was
carefully quenched by addition of a saturated aqueous solution
of potassium sodium tartrate (20 mL) at 0 °C, and the
resulting mixture was stirred vigorously for another 4 h. The
mixture was extracted with ethyl acetate (3 × 20 mL), and the
combined extracts were washed with brine (15 mL) and dried
over Na2SO4. The solvent was removed under vacuum. The
residue was purified by flash column chromatography on silica
gel (EtOAc/hexane = 1:5) to give 10.

Compound 10. Colorless oil, 173 mg (0.49 mmol), 86%, Rf
= 0.28 (silica gel, hexane/EtOAc = 2:1, KMnO4); IR νmax
3456, 2939, 2883, 1192, 1078, 914, 732, 481 cm−1; 1H NMR
(400 MHz, CDCl3) δ 4.15−3.75 (m, 9H), 3.67 (s, 1H), 3.65−
3.54 (m, 1H), 2.12 (dd, J = 14.6, 7.9 Hz, 1H), 1.87 (dd, J =
10.1, 5.4 Hz, 3H), 1.70−1.54 (m, 5H), 1.54−1.45 (m, 2H),
1.39 (s, 3H), 1.24 (d, J = 24.6 Hz, 2H), 1.14 (s, 3H); 13C
NMR (125 MHz, CDCl3) δ 210.55, 113.07, 112.78, 94.68,
65.31, 65.09, 64.84, 64.50, 54.09, 45.15, 44.21, 43.11, 40.32,
30.36, 30.26, 28.77, 27.93, 27.87, 27.03, 26.98, 26.13, 24.04,
23.80, 17.86; MS (ESI, m/z) calcd for C15H19NaO3

+ [M +
Na]+: 377.1935, found 377.1934.
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Experimental Procedure for the Synthesis of Product
11. To a solution of 6 (200 mg, 0.57 mmol) in THF (20 mL)
was added methyllithium (1.79 mL, 2.85 mmol, 1.6 M) at 0 °C
slowly under Ar, and the resultant mixture was then warmed
up to room temperature and stirred at room temperature for 8
h. The reaction was carefully quenched by addition of a
saturated aqueous solution of NH4Cl (20 mL) at 0 °C. The
mixture was extracted with ethyl acetate (3 × 20 mL), and the
combined extracts were washed with brine (15 mL) and dried
over Na2SO4. The solvent was removed under vacuum. The
residue was purified by flash column chromatography on silica
gel (EtOAc/hexane = 1:5) to give 11.
Compound 11. Colorless oil, 185 mg (0.69 mmol), 97%, Rf

= 0.25 (silica gel, hexane/EtOAc = 2:1, KMnO4); IR νmax
3422, 2948, 2882, 1438, 1191, 1110, 952, 733 cm−1; 1H NMR
(400 MHz, CDCl3) δ 4.72 (s, 1H), 4.17−3.77 (m, 9H), 3.48
(s, 1H), 1.98−1.79 (m, 5H), 1.75 (d, J = 14.6 Hz, 1H), 1.64
(m, 5H), 1.40 (s, 3H), 1.38−1.31 (m, 1H), 1.18 (s, 3H), 1.15
(s, 3H); 13C NMR (125 MHz, CDCl3) δ 210.55, 113.07,
112.78, 94.68, 65.31, 65.09, 64.84, 64.50, 54.09, 45.15, 44.21,
43.11, 40.32, 30.36, 30.26, 28.77, 27.93, 27.87, 27.03, 26.98,
26.13, 24.04, 23.80, 17.86; MS (ESI, m/z) calcd for
C15H19NaO3

+ [M + Na]+: 391.2091, found 391.2090.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.1c02054.

Copies of 1H and 13C NMR spectra for all new
compounds (PDF)
Crystallographic data (CIF)
Crystallographic data (CIF)
Crystallographic data (CIF)

■ AUTHOR INFORMATION
Corresponding Authors
Jun Huang − State Key Laboratory of Chemical Oncogenomics
and Key Laboratory of Chemical Genomics, Peking
University Shenzhen Graduate School, Shenzhen 518055,
China; Email: junhuang@pku.edu.cn

Zhen Yang − State Key Laboratory of Chemical Oncogenomics
and Key Laboratory of Chemical Genomics, Peking
University Shenzhen Graduate School, Shenzhen 518055,
China; Key Laboratory of Bioorganic Chemistry and
Molecular Engineering of Ministry of Education and Beijing
National Laboratory for Molecular Science (BNLMS), and
Peking-Tsinghua Center for Life Sciences, Peking University,
Beijing 100871, China; Shenzhen Bay Laboratory, Shenzhen
518055, China; orcid.org/0000-0001-8036-934X;
Email: zyang@pku.edu.cn

Authors
Sijia Chen − State Key Laboratory of Chemical Oncogenomics
and Key Laboratory of Chemical Genomics, Peking
University Shenzhen Graduate School, Shenzhen 518055,
China

Zhongchao Zhang − State Key Laboratory of Chemical
Oncogenomics and Key Laboratory of Chemical Genomics,
Peking University Shenzhen Graduate School, Shenzhen
518055, China

Chongguo Jiang − State Key Laboratory of Chemical
Oncogenomics and Key Laboratory of Chemical Genomics,

Peking University Shenzhen Graduate School, Shenzhen
518055, China

Chunbo Zhao − State Key Laboratory of Chemical
Oncogenomics and Key Laboratory of Chemical Genomics,
Peking University Shenzhen Graduate School, Shenzhen
518055, China

Haojie Luo − State Key Laboratory of Chemical
Oncogenomics and Key Laboratory of Chemical Genomics,
Peking University Shenzhen Graduate School, Shenzhen
518055, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.1c02054

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the National Key Research and
Dev e l opmen t P r o g r am o f Ch i n a (G r an t No .
2018YFC0310905), the National Science Foundation of
China (Grant Nos. 21632002 and 21871012), the Guangdong
Provincial Key Research and Development Program (Grant
No. 2020B0303070002), and the Shenzhen Outstanding
Talents Training Fund.

■ REFERENCES
(1) For a review, see: Leemans, E.; D’hooghe, M.; De Kimpe, N.
Ring Expansion of Cyclobutylmethylcarbenium Ions to Cyclopentane
or Cyclopentene Derivatives and Metal-Promoted Analogous. Chem.
Rev. 2011, 111, 3268−3333.
(2) (a) Conia, J. M.; Salaun, J. R. Cyclobutane Ring Contractions
Not Involving Carbonium Ions. Acc. Chem. Res. 1972, 5, 33−40.
(b) Carpino, L. A.; Tsao, J.-H. A Novel Ring Enlargement Involving
Electrophilic Attack on the Dienolate Anion Derived from 7,8-
Bis(trimethylsilyIoxy)-cis-bicyclo[4.2.0]octa-3,7-diene. J. Org. Chem.
1979, 44, 2564−2566. (c) Trost, B. M.; Vladuchick, W. C.; Bridges,
A. J. Sulfur as a Regiochemical Control Element. Synthesis of 2-
Alkoxy(acyloxy)-3-alkyl(aryl)thiobuta-1,3-dienes. J. Am. Chem. Soc.
1980, 102, 3548−3554. (d) Sugimura, T.; Paquette, L. A.
Enantiospecific Total Synthesis of the Sesquiterpene Antibiotics
(-)-Punctatin A and (+)-Punctatin D. J. Am. Chem. Soc. 1987, 109,
3017−3024. (e) Brown, M. J.; Harrison, T.; Herrinton, P. M.;
Hopkins, M. H.; Hutchinson, K. D.; Mishra, P.; Overman, L. E. Acid-
Promoted Reaction of Cyclic Allylic Diols with Carbonyl Com-
pounds. Stereoselective Ring-Enlarging Tetrahydrofuran Annulations.
J. Am. Chem. Soc. 1991, 113, 5365−5378. (f) Jenkins, T. J.; Burnell, D.
J. Lewis Acid Catalyzed Geminal Acylation Reaction of Ketones with
l,2-Bis((trimethylsilyl)oxy)cyclobutene: Direct Formation of 2,2-
Disubstituted 1,3-Cyclopentanediones. J. Org. Chem. 1994, 59,
1485−1491. (g) Lin, X.-D.; Kavash, R. W.; Mariano, P. S. Two
Interrelated Strategies for Cephalotaxine Synthesis. J. Org. Chem.
1996, 61, 7335−7347. (h) Gatling, S. C.; Jackson, J. E. Reactivity
Control via Dihydrogen Bonding: Diastereoselection in Borohydride
Reductions of αr-Hydroxyketones. J. Am. Chem. Soc. 1999, 121,
8655−8656. (i) Larock, R. C.; Reddy, C. K. 2-Alkylidenecyclopenta-
nones via Palladium-Catalyzed Cross-Coupling of 1-(1-Alkynyl)-
cyclobutanols and Aryl or Vinylic Halides. Org. Lett. 2000, 2, 3325−
3327. (j) Booker-Milburn, K. I.; Baker, J. R.; Bruce, I. Rapid Access to
Azepine-Fused Oxetanols from Alkoxy-Substituted Maleimides. Org.
Lett. 2004, 6, 1481−1484. (k) Bray, C. D.; Pattenden, G. A
biogenetically patterned synthetic approach to the unusual furan
methylenecyclobutanol moiety in providencin. Tetrahedron Lett. 2006,
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