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ABSTRACT: A new C-center radical-triggered bicyclization
cascade of N-tethered 1,7-enynes for forming 28 examples of
biologically interesting spirocyclohexadienone-containing
cyclopenta[c]quinolin-4-ones with two all-carbon quaternary
stereocenters has been established under mild conditions. The in
situ generated diazonium salts from 4-methoxyanilines and t-
BuONO are served as 4-methoxyphenyl precursors without
additional oxidant, enabling 6-exo-dig cyclization/5-exo-trig ipso-cyclization to construct three new C−C bonds through metal-
free dearomatization. The reaction also features broad substrate scope, annulation efficiency, and high functional group tolerance.

■ INTRODUCTION
Spirocyclohexadienones appear as a pivotal core unit that exist
in a myriad of natural products, such as spirobacillene A,
stepharine, pronuciferine, and annosqualine (Figure 1), which

have been found to display a broad spectrum of biological
activities.1 Furthermore, spirocyclohexadienones are key
intermediates in the synthesis of important alkaloids and
related products.2 With these attributes in mind, a great deal of
effort aimed toward identifying general methods for the
synthesis of these spirocyclohexadienones and their structural
analogues has been made.3 Generally, strategies for spirocyclo-
hexadienone syntheses would be classified into four types, that
is, oxidative dearomatization of phenols,4 nitrenium-ion
induced dearomatization5 and intramolecular electrophilic
ipso-spiroannulation6 as well as radical-triggred ipso-spirocycli-
zation.7 Among them, the last provides an efficient and
straightforward access to molecules containing spirocyclohex-
adienone motif with good functional group compatibility,

especially well-developed oxidative difunctionalization of alkyne
and thus has attracted the interest of synthetic chemists. For
instance, several groups reported ipso-cyclization and dearoma-
tization of N-arylpropiolamides to generate functionalized
spirocyclohexadienones by using various radicals (Scheme
1a).8 Despite these significant advances, however, radical
deaminative ipso-cyclization of 4-methoxyanilines with 1,7-
enynes for the construction of functionalized cyclopenta[c]-
quinolin-4-ones bearing spirocyclohexadienone unit, to the best
of our knowledge, is virtually unexplored.
Meanwhile, oxidative radical 1,7-enyne-bicyclization become

a powerful and applicable methodology for the collection of
polycyclic structures with all-carbon quaternary stereocenters
via synergistic effect across the CC and CC bond π
system, with the advantage of atom economy and extreme
convergence.9 Besides, these reactions feature annulation
efficiency and structural diversity and complexity without the
isolation and purity of intermediates, thereby minimizing waste
generation.10 Recently, we and Li’s group independently
reported the addition of various C-centered radicals to
benzene-tethered 1,7-enynes to generate spiro-fused com-
pounds (Scheme 1b).11 During this project, we reasoned that
under a set of suitable conditions the preformed N-tethered
1,7-enynes 1 would capture aryl radicals generated in situ from
the reaction of aryl amines 2 with tert-butyl nitrite,12 followed
by 6-exo-dig/6-endo-trig bicyclization to generate the desired
tetracyclic benzo[j]phenanthridines 3 described by Li’s group
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Figure 1. Some bioactive spirocyclohexadienone alkaloids.
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(Scheme 1c).13 Interestingly, instead of the expected benzo-
[j]phenanthridine product 3, this transformation proceeded in
an unexpected 6-exo-dig cyclization/5-exo-trig ipso-cyclization
direction, enabling radical-triggered dearomatization of 4-
methoxyanilines to access tetracyclic spirocyclohexadienone-
containing cyclopenta[c]quinolin-4-ones 4 with two quaternary
stereocenters (Scheme 1d). Herein, we would like to report this
attractive transformation. Note that this is the first site-selective
radical-induced deamination and demethylation of 4-methox-
yanilines for the creation of these significant polycyclic
spirocyclohexadienones through a metal- and oxidant-free
bicyclization cascade.

■ RESULTS AND DISCUSSION
To confirm the possibility of our designed method,
commercially available 4-methoxyaniline was selected as a aryl
radical source, due to arylamines being easily converted into the
corresponding aryl radicals in the presence of t-butyl nitrite (t-
BuONO).12 Our initial investigation commenced with the
reaction of the preformed N-Ts tethered 1,7-enyne 1a with 4-
methoxyaniline 2a in a 1:5 mol ratio using t-BuONO as a
deaminative reagent. The reaction was conducted in MeNO2
solvent at 110 °C under air conditions, and the unexpected
product 4a was obtained in 39% yield without observation of
the target product 3a (Table 1, entry 1). This interesting result
promoted us to search the optimal conditions for accessing
product 4a. Decreasing the mole ratio of 1a:2a to 1:4 was
adverse to this transformation and afforded a lower 30% yield
(entry 2). The similar inferior outcome was observed by fine-
tuning the ratio of 1a with 2a to 1:6 mol ratio (entry 3).
Afterward, we considered to change the dosage of t-BuONO to
improve the conversion of this bicyclization reaction. It was
found that the increase of the dosage of t-BuONO is beneficial
to the transformation (entries 4−5). The product 4a was
provided in a 51% yield when 10.0 equiv of t-BuONO were
employed as a deaminating reagent (entry 5). As the next

optimization step, we performed the screening of reaction
temperature and reaction media. With the reaction temperature
being at 80 °C, the deaminative bicyclization reaction hardly
proceeded to give the desired product, suggesting that the
reaction temperature critically affected the efficiency of the
reaction (entry 6). The relatively lower conversion into 4a was
detected when the reaction was performed at either 100 or 120
°C (entries 7−8). The investigation of solvent effect revealed
that the mixed solvent of MeNO2−H2O led to a lower
conversion (entry 9) whereas the reaction did not work and the
starting materials were recovered when N,N-dimethylforma-
mide (DMF), toluene, or acetonitrile (MeCN) was selected as
reaction media (entries 10−12). Similarly, the use of dichloro-
methane (DCM) and 1,2-dichloroethane (DCE) completely
suppressed the reaction process (entries 13−14).
After determining the optimal reaction conditions (Table 1,

entry 5), the generality of this metal-free oxidative bicyclization
was investigate by examining N-tethered 1,7-enyne and 4-
methoxyaniline components. At first, 1,7-enynes with diverse
functionalities were investigated in combination with 4-
methoxyaniline. With the phenyl ring (R2) tethered by the
alkynyl moiety, various substituents with electronically poor
and rich nature at para-position of arylsulfonyl (R) moiety were
proven not to hamper this radical-induced deamination,
affording the corresponding spiro-fused cyclopenta[c]-
quinolin-4-ones 4a−4e in acceptable yields. Functional groups
like methyl, methoxy chloride, bromide, and nitro were
compatible with the deaminative conditions. Among them, a
slight increase in the yield was obtained (4b, 60%) as the p-

Scheme 1. Profiling Applications of ipso-Cyclization Table 1. Optimization of Reaction Conditions for Forming
Product 4aa

entry 1a:2a ratio solvent T (°C) yieldb (%)

1c 1:5 MeNO2 110 39
2c 1:4 MeNO2 110 30
3c 1:6 MeNO2 110 35
4d 1:5 MeNO2 110 42
5e 1:5 MeNO2 110 51
6e 1:5 MeNO2 80 trace
7e 1:5 MeNO2 100 18
8e 1:5 MeNO2 120 38
9e 1:5 MeNO2/H2O (1:1) 110 35
10e 1:5 DMF 110 N.R.
11e 1:5 toluene 110 N.R.
12e 1:5 MeCN 110 N.R.
13e 1:5 DCM 110 trace
14e 1:5 DCE 110 trace

aReaction condition: 1a (0.2 mmol), 2 (x mmol), t-BuONO (y equiv),
solvent (5.0 mL), air conditions. bIsolated yield based on substrate 1a.
ct-BuONO (5.0 equiv). dt-BuONO (8.0 equiv). et-BuONO (10.0
equiv).
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methoxyphenyl (PMP) counterpart (1b) was served as a
reaction partner whereas nitro group resulted in a significantly
dropped yield (4e). Besides, N-methyl protected 1,7-enyne 1f
still showed high reactivity in current oxidative bicyclization,
giving access to the corresponding product 4f in 58% isolated
yield. Next, electronic nature of substituents on the arylalkynyl
(R2) moiety was then explored by changing N-protected
functionalities. As we had expected, the reaction proceeded
readily with a variety of functional groups on both arylalkynyl
and N-protected moieties of substrates 1, leading to the
assembly of structurally diverse cyclopenta[c]quinolin-4-one
products 4g−4n in moderate yields. Alternatively, substrate 1o
with a cyclopropyl group on the alkynyl moiety was proven to
be a suitable radical precursor, providing the corresponding
product 4o in 48% yield. Unluckily, n-butyl (n-Bu) counterpart
1p was not an adaptable candidate, as the reaction only gave a
trace amount of product 4p failed to be isolated. Afterward, the
substrates 1 bearing chloro, fluoro, and bromo groups at 4- or
5-position of the internal arene ring were successfully engaged
in the current radical ipso-annulation, delivering the corre-
sponding spirocyclic cyclopenta[c]quinolin-4-ones 4q−4w with
yields ranging from 45 to 58%. Replacing methyl group with a
phenyl ring on the terminal olefin unit, 1,7-conjugated enyne 1x
would be accommodated, enabling 6-exo-dig/5-exo-trig bicycli-
zation, rather than 6-exo-dig/5-endo-trig bicyclization reported
by Wang et al.,14 under the standard conditions to access the
corresponding 4x in 53% yield. In view of these results, we
considered exploiting 4-methoxyanilines with diverse substitu-
ents to explore the feasibility of the reaction and selected 3,5-
difluoro, 2-chloro, and 3-cyano counterparts as representative
deaminative coupling partners. As anticipated, this metal-free
radical strategy tolerates various functional groups like fluoride,
chloride, and cyano at different positions on the 4-methoxyani-
line ring, furnishing the corresponding spiro-fused cyclopenta-
[c]quinolin-4-ones 4y-4 cm3 with structural diversity, albeit
with 40−50% yield (Scheme 2). It is noteworthy that the
current protocol represents a new and practical pathway for the
construction of richly decorated fused cyclopenta[c]quinolin-4-
ones 4, which are normally difficult to synthesize by other
methods.10 The structures of these cyclopenta[c]quinolin-4-
ones 4 were characterized by their NMR spectroscopy and
HRMS. In the case of 4h, its structure was unequivocally
confirmed by carrying out single crystal X-ray diffraction (see
Supporting Information).15

To understand this reaction mechanism, the following
control experiments were carried out. N-Tethered 1,7-enyne
1f was subjected to the reaction with aryl amines with
substituents including OH (2e), H (2f), Me (2g), and Cl (2h)
at its para-position, respectively. Very low conversion was
obtained when either arylamine 2e, 2f, or 2g behaved as an
ipso-cyclization candidate whereas only trace amount of the
desired product 4f was detected with use of 4-chloro
counterpart (Scheme 3a). These experimental outcomes
indicated that the methoxy group at para-position of phenyl
ring is beneficial to the present transformation. After that, 10.0
equiv of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) as a
radical scavenger was added into the reaction system under
standard conditions, but no product 4f was generated with the
starting material 1f remaining (Scheme 3b). For this reaction,
the TEMPO−PMP adduct was detected by LC-MS (MS =
263.2) analysis, suggesting that the deaminative bicyclization
reaction may be involved in a free-radical process, consistent

with the literature precedents of t-BuONO-mediated deami-
nation.12

Scheme 2. Domino Synthesis of Products 4a

aReaction conditions: All reactions were performed with 1 (0.2
mmol), 2 (1.0 mmol), t-BuONO (2.0 mmol), and MeNO2 (5.0 mL)
at 110 °C under air conditions for 12 h. bIsolated yield based on 1.

Scheme 3. Control Experiments
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Combining our own observations and literature survey,10,12

we proposed a reasonable radical-triggered mechanism as
shown in Scheme 4. The first step is to form 4-

methoxyphenyldiazonium ion, generated in situ from anilines
and t-BuONO,12 which gives the PMP radical by decom-
position of itself with concurrent releasing of N2 and t-butoxyl
radical (t-BuO·) under heating conditions.16 Subsequently, the
resulting PMP radical added to the terminal alkene unit of 1,7-
enynes 1, followed by 6-exo-dig /5-exo-trig bicyclization to give
the radical intermediate C. Next, single electron transfer (SET)
oxidation between C and t-butoxyl radical occurs to access
oxygenium intermediate D, which is converted into the final
products 4 in the presence of bases through demethylation.17

In conclusion, we have established a new C-center radical-
triggered bicyclization of N-tethered 1,7-enynes with a large
variety of functional groups, by which a broad range of
spirocyclohexadienone-containing cyclopenta[c]quinolin-4-
ones with two all-carbon quaternary stereocenters would be
synthesized through t-BuONO-mediated deaminative ipso-
cyclization under oxidant-free conditions. This reaction
proceeds through key methine radical species formed by
addition of PMP radicals to N-tethered 1,7-enynes, resulting in
multiple C−C bond-forming events with the concomitant
cleavage of C−N and C−O of 4-methoxyanilines under
oxidative conditions. The bond-forming/annulation efficiency
and functional group tolerance make this metal-free trans-
formation a direct and powerful synthetic tool with a great
substrate scope. Further investigation on the mechanistic
insight is underway in our laboratory.

■ EXPERIMENTAL SECTION
General Information. All melting points are uncorrected. The

NMR spectra were recorded in CDCl3 or DMSO-d6 on a 400 MHz
instrument with TMS as internal standard. Chemical shifts (δ) were
reported in ppm with respect to TMS. Data are represented as follows:
chemical shift, mutiplicity (s = singlet, d = doublet, t = triplet, m =
multiplet), coupling constant (J, Hz), and integration. HRMS analyses
were carried out using a TOF-MS instrument with an ESI source. X-
ray crystallographic analysis was performed with a SMART CCD and a
P4 diffractometer.
General Procedure for the Synthesis of 4. Example for the

Synthesis of 4a. N-(2-(Phenylethynyl)phenyl)-N-tosylmethacryla-
mide (1a, 83.2 mg, 0.2 mmol 1.0 equiv), 4-methoxyaniline (2a, 123
mg, 1.0 mmol 5.0 equiv), t-BuONO (206 mg, 2.0 mmol 10.0 equiv),

and MeNO2 (5.0 mL) were successively added in a 25 mL reaction vial
under air conditions. The reaction vial was sealed and stirred at 110 °C
for 12 h until TLC (petroleum ether:ethyl acetate = 1:2) revealed that
conversion of the starting material 1a was completed. Then the
reaction mixture was extracted with ethyl acetate and was concentrated
in vacuo. After that, the crude product was purified by flash column
chromatography (silica gel, petroleum ether/acetic ester) to afford the
desired pure product 4a.

3a′-Methyl-1′-phenyl-5′-tosyl-3′,3a′-dihydrospiro[cyclohexa-
[2,5]diene-1,2′-cyclopenta[c]quinoline]-4,4′(5′H)-dione (4a). Or-
ange solid, 51.7 mg, 51% yield; mp 236−237 °C; IR (KBr, ν, cm−1)
2971, 1721, 1666, 1540, 1475, 1372, 1247, 1171, 814, 779; 1H NMR
(400 MHz, DMSO-d6; δ, ppm) 7.84 (d, J = 8.4 Hz, 2H), 7.72 (d, J =
8.0 Hz, 1H), 7.53 (d, J = 8.4 Hz, 2H), 7.45−7.41 (m, 1H), 7.36−7.33
(m, 4H), 7.20−7.16 (m, 1H), 7.07−7.05 (m, 2H), 6.84 (d, J = 7.6 Hz,
1H), 6.22 (d, J = 10.0 Hz, 1H), 5.94−5.88 (m, 2H), 2.46−2.42 (m,
4H), 2.20 (d, J = 14.4 Hz, 1H), 1.22 (s, 3H); 13C NMR (100 MHz,
DMSO-d6; δ, ppm) 184.7, 174.7, 153.4, 152.5, 146.0, 140.6, 137.0,
136.1, 134.8, 133.5, 130.2, 129.0, 128.9, 128.8, 128.7, 128.6, 127.4,
127.2, 125.4, 125.0, 57.6, 56.6, 43.4, 24.0, 21.6; HRMS (APCI-TOF)
m/z: [M+H]+ Calcd for C31H26NO4S, 508.1583; Found 508.1572.

5′-((4-Methoxyphenyl)sulfonyl)-3a′-methyl-1′-phenyl-3′,3a′-
dihydrospiro[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-
4,4′(5′H)-dione (4b). Orange solid, 62.8 mg, 60% yield; mp 173−174
°C; IR (KBr, ν, cm−1) 2971, 1719, 1667, 1540, 1456, 1371, 1266,
1167, 836, 795; 1H NMR (400 MHz, DMSO-d6; δ, ppm) 7.90 (d, J =
9.2 Hz, 2H), 7.72 (d, J = 8.4 Hz, 1H), 7.45−7.41 (m, 1H), 7.36−7.32
(m, 4H), 7.23 (d, J = 8.8 Hz, 2H), 7.19−7.15 (m, 1H), 7.06−7.04 (m,
2H), 6.83 (d, J = 7.6 Hz, 1H), 6.23−6.21 (m, 1H), 5.96−5.93 (m,
1H), 5.88−5.85 (m, 1H), 3.88 (s, 3H), 2.47 (d, J = 14.0 Hz, 1H), 2.21
(d, J = 14.4 Hz, 1H), 1.21 (s, 3H); 13C NMR (100 MHz, DMSO-d6; δ,
ppm) 184.7, 174.6, 164.3, 153.4, 152.6, 140.6, 137.1, 134.8, 133.5,
131.3, 130.1, 128.9(3), 128.9(0), 128.8(3), 128.8(0), 128.5, 127.3,
127.1, 125.4, 124.9, 114.9, 57.6, 56.6, 56.5, 43.4, 24.0; HRMS (APCI-
TOF) m/z: [M+H]+ Calcd for C31H26NO5S 524.1532; Found
524.1515.

5′-((4-Chlorophenyl)sulfonyl)-3a′-methyl-1′-phenyl-3′,3a′-
dihydrospiro[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-
4,4′(5′H)-dione (4c). Orange solid, 51.7 mg, 49% yield; mp 198−199
°C; IR (KBr, ν, cm−1) 2997, 1717, 1637, 1558, 1489, 1385, 1184,
1015, 862, 668; 1H NMR (400 MHz, DMSO-d6; δ, ppm) 7.99 (d, J =
8.4 Hz, 2H), 7.82 (d, J = 8.8 Hz, 2H), 7.74 (d, J = 8.0 Hz, 1H), 7.46−
7.43 (m, 1H), 7.37−7.33 (m, 4H), 7.22−7.18 (m, 1H), 7.07−7.05 (m,
2H), 6.85 (d, J = 7.6 Hz, 1H), 6.25−6.22 (m, 1H), 5.99−5.89 (m,
2H), 2.49 (d, J = 13.2 Hz, 1H), 2.23 (d, J = 14.4 Hz, 1H), 1.23 (s,
3H); 13C NMR (100 MHz, DMSO-d6; δ, ppm) 184.7, 174.7, 153.3,
152.4, 140.9, 140.2, 137.7, 136.7, 134.5, 133.5, 130.6, 130.0, 129.1,
128.9, 128.9, 128.8, 128.8, 128.7, 127.5, 127.4, 125.4, 124.8, 57.6, 56.5,
43.3, 23.9; HRMS (APCI-TOF) m/z: [M+H]+ Calcd for
C30H23NO4SCl 528.1036; Found 528.1027.

5′-((4-Bromophenyl)sulfonyl)-3a′-methyl-1′-phenyl-3′,3a′-
dihydrospiro[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-
4,4′(5′H)-dione (4d). Orange solid, 59.4 mg, 52% yield; mp 179−181
°C; IR (KBr, ν, cm−1) 2966, 1729, 1666, 1571, 1472, 1386, 1238,
1169, 860, 757; 1H NMR (400 MHz, DMSO-d6; δ, ppm) 7.98−7.89
(m, 4H), 7.74 (d, J = 8.4 Hz, 1H), 7.46−7.42 (m, 1H), 7.36−7.33 (m,
4H), 7.22−7.18 (m, 1H), 7.06−7.05 (m, 2H), 6.85 (d, J = 7.6 Hz,
1H), 6.23 (d, J = 10.4 Hz, 1H), 5.95−5.89 (m, 2H), 2.49 (d, J = 12.4
Hz, 1H), 2.23 (d, J = 14.0 Hz, 1H), 1.23 (s, 3H); 13C NMR (100
MHz, DMSO-d6; δ, ppm) 184.6, 174.7, 153.3, 152.3, 140.9, 138.1,
136.7, 134.5, 133.4, 133.0, 130.6, 129.3, 129.1, 128.9(2), 128.9(0),
128.8(4), 128.8(0), 128.6, 127.5, 127.4, 125.4, 124.9, 57.6, 56.5, 43.3,
23.9; HRMS (APCI-TOF) m/z: [M+H]+ Calcd for C30H23NO4SBr
572.0531; Found 572.0525.

3a′-Methyl-5′-((4-nitrophenyl)sulfonyl)-1′-phenyl-3′,3a′-
dihydrospiro[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-
4,4′(5′H)-dione (4e). Orange solid, 43.0 mg, 40% yield; mp 224−225
°C; IR (KBr, ν, cm−1) 2975, 1723, 1664, 1538, 1456, 1375, 1233,
1174, 1084, 857; 1H NMR (400 MHz, CDCl3; δ, ppm) 8.02 (d, J = 8.0
Hz, 2H), 7.81 (d, J = 8.4 Hz, 1H), 7.70−7.66 (m, 1H), 7.58−7.55 (m,
2H), 7.41−7.37 (m, 1H), 7.22 (d, J = 8.4 Hz, 2H), 7.14−7.10 (m,

Scheme 4. Proposed Mechanism for Forming Products 4
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1H), 7.04−6.99 (m, 3H), 6.91 (d, J = 7.6 Hz, 1H), 6.33 (d, J = 9.6 Hz,
1H), 6.01−5.92 (m, 2H), 2.64 (d, J = 14.8 Hz, 1H), 2.10 (d, J = 14.4
Hz, 1H), 1.27 (s, 3H); 13C NMR (100 MHz, CDCl3; δ, ppm) 184.9,
174.9, 152.1, 151.8, 150.7, 145.2, 140.9, 136.4, 134.5, 133.1, 129.8,
129.4, 129.2, 129.0, 128.9, 128.7, 128.1, 128.0, 127.0, 124.8, 124.1,
123.7, 57.3, 56.3, 44.3, 24.1; HRMS (APCI-TOF) m/z: [M+H]+ Calcd
for C30H23N2O6S 539.1277; Found 539.1282.
3a′,5′-Dimethyl-1′-phenyl-3′,3a′-dihydrospiro[cyclohexa[2,5]-

diene-1,2′-cyclopenta[c]quinoline]-4,4′(5′H)-dione (4f). Orange
solid, 42.6 mg, 58% yield; mp 200−202 °C; IR (KBr, ν, cm−1)
2976, 1716, 1647, 1540, 1472, 1387, 1280, 1123, 867, 772; 1H NMR
(400 MHz, DMSO-d6; δ, ppm) 7.47−7.44 (m, 1H), 7.33−7.23 (m,
5H), 7.08−7.06 (m, 2H), 6.95−6.91 (m, 1H), 6.84−6.80 (m, 1H),
6.72 (d, J = 6.4 Hz, 1H), 6.28−6.25 (m, 1H), 5.99−5.96 (m, 1H), 3.37
(s, 3H), 2.90 (d, J = 14.0 Hz, 1H), 2.21 (d, J = 14.0 Hz, 1H), 1.39 (s,
3H); 13C NMR (100 MHz, DMSO-d6; δ, ppm) 185.1, 174.0, 154.7,
154.2, 140.1, 138.8, 138.7, 135.0, 129.9, 128.8, 128.7, 128.6, 128.4(3),
128.4(0), 127.4, 122.8, 120.5, 116.2, 57.5, 53.5, 44.2, 30.1, 26.1;
HRMS (APCI-TOF) m/z: [M+H]+ Calcd for C25H22NO2 368.1651;
Found 368.1641.
1′-(4-Chlorophenyl)-5′-((4-chlorophenyl)sulfonyl)-3a′-methyl-

3′,3a′-dihydrospiro[cyclohexa[2,5]diene-1,2′-cyclopenta[c]-
quinoline]-4,4′(5′H)-dione (4g). Orange solid, 53.9 mg, 48% yield;
mp 199−200 °C; IR (KBr, ν, cm−1) 2989, 1718, 1662, 1540, 1473,
1385, 1174, 1043, 863, 756; 1H NMR (400 MHz, DMSO-d6; δ, ppm)
8.00 (d, J = 8.8 Hz, 2H), 7.82 (d, J = 8.4 Hz, 2H), 7.75 (d, J = 8.0 Hz,
1H), 7.49−7.45 (m, 1H), 7.42 (d, J = 8.4 Hz, 2H), 7.37−7.34 (m,
1H), 7.26−7.22 (m, 1H), 7.08 (d, J = 8.4 Hz, 2H), 6.88 (d, J = 7.2 Hz,
1H), 6.25 (d, J = 10.0 Hz, 1H), 5.98−5.91 (m, 2H), 2.49 (d, J = 14.4
Hz, 1H) 2.23 (d, J = 14.0 Hz, 1H), 1.23 (s, 3H); 13C NMR (100 MHz,
DMSO-d6; δ, ppm) 184.6, 174.6, 153.1, 152.2, 140.2, 139.4, 137.7,
137.4, 134.5, 133.7, 132.3, 130.7, 130.6, 130.1, 129.3, 129.1, 120.0,
128.8, 127.5, 125.1, 124.9, 57.5, 56.6, 43.3, 23.9; HRMS (APCI-TOF)
m/z: [M+H]+ Calcd for C30H22NO4SCl2 562.0647; Found 562.0652.
1′-(4-Chlorophenyl)-3a′-methyl-5′-(phenylsulfonyl)-3′,3a′-

dihydrospiro[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-
4,4′(5′H)-dione (4h). Orange solid, 44.3 mg, 42% yield; mp 271−273
°C; IR (KBr, ν, cm−1) 2977, 1718, 1663, 1596, 1453, 1347, 1246,
1171, 1085, 862; 1H NMR (400 MHz, CDCl3; δ, ppm) 8.00 (d, J = 8.0
Hz, 2H), 7.79−7.76 (m, 1H), 7.70−7.67 (m, 1H), 7.59−7.55 (m, 2H),
7.31−7.26 (m, 3H), 7.10−7.05 (m, 1H), 7.02−6.99 (m, 3H), 6.60−
6.57 (m, 1H), 6.31 (d, J = 10.0 Hz, 1H), 5.95 (d, J = 10.0 Hz, 1H),
5.86−5.83 (m, 1H), 2.62 (d, J = 14.8 Hz, 1H), 2.09 (d, J = 14.8 Hz,
1H), 1.28 (s, 3H); 13C NMR (100 MHz, CDCl3; δ, ppm) 184.8, 174.4,
152.1, 151.7, 139.4, 138.7, 138.0, 135.0, 134.8, 134.0, 131.7, 129.5,
129.3, 129.2, 128.9, 128.8, 128.6, 127.4, 126.8, 124.7, 124.6, 57.2, 56.6,
44.2, 24.1; HRMS (APCI-TOF) m/z: [M+H]+ Calcd for
C30H23NO4SCl 528.1036; Found 528.1037.
1′-(4-Chlorophenyl)-3a′ ,5′-dimethyl-3′ ,3a′-dihydrospiro-

[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-4,4′(5′H)-dione
(4i). Orange solid, 39.3 mg, 49% yield; mp 202−204 °C; IR (KBr, ν,
cm−1) 2945, 1716, 1663, 1540, 1472, 1387, 1282, 1175, 862,752; 1H
NMR (400 MHz, DMSO-d6; δ, ppm) 7.46−7.43 (m, 1H), 7.37−7.31
(m, 3H), 7.25 (d, J = 8.4 Hz, 1H), 7.09 (d, J = 8.4 Hz, 2H), 6.94−6.91
(m, 1H), 6.90−6.86 (m, 1H), 6.75 (d, J = 7.6 Hz, 1H), 6.28−6.25 (m,
1H), 6.02−5.99 (m, 1H), 3.37 (s, 3H), 2.90 (d, J = 14.0 Hz, 1H), 2.20
(d, J = 14.0 Hz, 1H), 1.39 (s, 3H); 13C NMR (100 MHz, DMSO-d6; δ,
ppm) 185.0, 173.9, 154.5, 154.0, 140.2, 139.5, 137.3, 133.9, 133.1,
130.6, 130.1, 129.0, 128.7, 128.5, 127.4, 122.9, 120.2, 116.3, 57.3, 53.6,
44.2, 30.1, 26.1; HRMS (APCI-TOF) m/z: [M+H]+ Calcd for
C25H21NO2Cl 402.1261; Found 402.1252.
1′-(4-Bromophenyl)-3a′ ,5′-dimethyl-3′,3a′-dihydrospiro-

[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-4,4′(5′H)-dione
(4j). Orange solid, 45.4 mg, 51% yield; mp 191−192 °C; IR (KBr, ν,
cm−1) 3127, 1663, 1601, 1460, 1401, 1350, 1281, 1175, 1008, 862; 1H
NMR (400 MHz, DMSO-d6; δ, ppm) 7.46−7.43 (m, 1H), 7.34−7.30
(m, 1H), 7.24 (d, J = 8.0 Hz, 1H), 7.16−7.10 (m, 4H), 6.95−6.92 (m,
1H), 6.88−6.84 (m, 1H), 6.74−6.72 (m, 1H), 6.28−6.25 (m, 1H),
6.01−5.98 (m, 1H), 3.37 (s, 3H), 2.89 (d, J = 14.0 Hz, 1H), 2.20 (d, J
= 14.0 Hz, 1H), 1.38 (s, 3H); 13C NMR (100 MHz, DMSO-d6; δ,
ppm) 185.0, 173.9, 154.5, 154.1, 140.1, 139.5, 137.3, 134.3, 131.9,

130.9, 130.1, 128.7, 128.5, 127.4, 122.9, 121.8, 120.2, 116.3, 57.3, 53.6,
44.2, 30.1, 26.0; HRMS (APCI-TOF) m/z: [M+H]+ Calcd for
C25H21NO2Br 446.0756; Found 446.0757.

1′-(4-Fluorophenyl)-3a′-methyl-5′-tosyl-3′,3a′-dihydrospiro-
[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-4,4′(5′H)-dione
(4k). Orange solid, 47.3 mg, 45% yield; mp 236−237 °C; IR (KBr, ν,
cm−1) 2980, 1722, 1659, 1540, 1457, 1367, 1219, 1173, 817, 788; 1H
NMR (400 MHz, DMSO-d6; δ, ppm) 7.84 (d, J = 8.4 Hz, 2H), 7.73
(d, J = 8.0 Hz, 1H), 7.52 (d, J = 8.4 Hz, 2H), 7.47−7.43 (m, 1H),
7.36−7.33 (m, 1H), 7.24−7.17 (m, 3H), 7.12−7.08 (m, 2H), 6.86 (d, J
= 7.6 Hz, 1H), 6.23 (d, J = 10.0 Hz, 1H), 5.93−5.87 (m, 2H), 2.46−
2.42 (m, 4H), 2.19 (d, J = 14.0 Hz, 1H), 1.21 (s, 3H); 13C NMR (100
MHz, DMSO-d6; δ, ppm) 184.6, 174.6, 162.4 (

1JCF = 244.3 Hz), 153.3,
152.3, 146.0, 139.4, 137.4, 136.1, 134.8, 131.0 (3JCF = 8.3 Hz), 130.2,
129.8 (4JCF = 3.2 Hz), 129.1, 128.9, 128.7(2), 128.7(0), 127.4, 127.3,
125.2, 125.0, 116.0 (2JCF = 21.4 Hz), 57.5, 56.6, 43.3, 23.9, 21.6;
HRMS (APCI-TOF) m/z: [M+H]+ Calcd for C31H25NO4SF
526.1488; Found 526.1475.

1′-(4-Fluorophenyl)-3a′ ,5′-dimethyl-3′ ,3a′-dihydrospiro-
[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-4,4′(5′H)-dione
(4l). Orange solid, 41.6 mg, 54% yield; mp 118−119 °C; IR (KBr, ν,
cm−1) 3127, 1662, 1600, 1557, 1506, 1401, 1223, 1174, 1106, 836; 1H
NMR (400 MHz, DMSO-d6; δ, ppm) 7.49 (d, J = 8.4 Hz, 2H), 7.46−
7.43 (m, 1H), 7.35−7.31 (m, 1H), 7.25 (d, J = 8.4 Hz, 1H), 7.03 (d, J
= 8.4 Hz, 2H), 6.94−6.86 (m, 2H), 6.76−6.74 (m, 1H), 6.28−6.25
(m,1H), 6.02−5.99 (m, 1H), 3.35 (s, 3H), 2.89 (d, J = 14.0 Hz, 1H),
2.20 (d, J = 14.0 Hz, 1H), 1.38 (s, 3H); 13C NMR (100 MHz, DMSO-
d6; δ, ppm) 185.0, 173.9, 154.6, 154.1, 140.1, 139.2, 137.6, 131.3 (4JCF
= 3.3 Hz), 130.9 (3JCF = 8.1 Hz), 130.0, 128.7, 128.5, 127.4, 121.6
(1JCF = 253.8 Hz), 116.2, 115.8 (2JCF = 21.2 Hz), 57.4, 53.5, 44.1, 30.1,
26.1; HRMS (APCI-TOF) m/z: [M+H]+ Calcd for C25H21NO2F
386.1556; Found 386.1563.

1′-(4-Methoxyphenyl)-3a′-methyl-5′-tosyl-3′,3a′-dihydrospiro-
[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-4,4′(5′H)-dione
(4m). Orange solid, 52.6 mg, 49% yield; mp 173−174 °C; IR (KBr, ν,
cm−1) 2931, 1717, 1635, 1540, 1473, 1366, 1250, 1170, 810, 766; 1H
NMR (400 MHz, DMSO-d6; δ, ppm) 7.82 (d, J = 8.4 Hz, 2H), 7.72
(d, J = 8.0 Hz, 1H), 7.51 (d, J = 8.0 Hz, 2H), 7.45−7.41 (m, 1H), 7.33
(d, J = 10.4 Hz, 1H), 7.23−7.19 (m, 1H), 6.99 (d, J = 8.4 Hz, 2H),
6.90 (d, J = 8.4 Hz, 3H), 6.23 (d, J = 9.6 Hz, 1H), 5.95−5.83 (m, 2H),
3.74 (s, 3H), 2.43 (s, 3H), 2.42 (d, J = 8.0 Hz, 1H), 2.16 (d, J = 14.0
Hz, 1H), 1.19 (s, 3H); 13C NMR (100 MHz, DMSO-d6; δ, ppm)
184.8, 174.7, 159.6, 153.7, 152.8, 145.9, 140.3, 136.2, 136.1, 134.8,
130.2, 130.0, 128.8, 128.7, 128.6(4), 128.6(0), 127.4, 127.3, 125.7,
125.5, 125.0, 114.3, 57.6, 56.4, 55.5, 43.4, 23.8, 21.6; HRMS (APCI-
TOF) m/z: [M+H]+ Calcd for C32H28NO5S 538.1688; Found
538.1674.

1′-(4-Methoxyphenyl)-3a′-methyl-5′-(phenylsulfonyl)-3′,3a′-
dihydrospiro[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-
4,4′(5′H)-dione (4n). Orange solid, 52.3 mg, 50% yield; mp 191−192
°C; IR (KBr, ν, cm−1) 2976, 1715, 1664, 1540, 1452, 1369, 1247,
1169, 862, 783; 1H NMR (400 MHz, DMSO-d6; δ, ppm) 7.93 (d, J =
8.0 Hz, 2H), 7.85−7.82 (m, 1H), 7.74−7.69 (m, 3H), 7.47−7.43 (m,
1H), 7.34−7.31 (m, 1H), 7.24−7.21 (m, 1H), 6.99 (d, J = 8.8 Hz,
2H), 6.92−6.89 (m, 3H), 6.24−6.21 (m, 1H), 5.91−5.89 (m, 1H),
5.82−5.79 (m, 1H), 3.74 (s, 3H), 2.40 (d, J = 14.0 Hz, 1H), 2.16 (d, J
= 14.0 Hz, 1H), 1.20 (s, 3H); 13C NMR (100 MHz, DMSO-d6; δ,
ppm) 184.8, 174.7, 159.6, 153.7, 152.7, 140.4, 138.9, 136.0, 135.1,
134.7, 130.0, 129.8, 128.9, 128.7, 128.6(1), 128.6(0), 127.4(4),
127.4(0), 125.8, 125.5, 125.1, 114.3, 57.5, 56.4, 55.5, 43.4, 23.8;
HRMS (APCI-TOF) m/z: [M+H]+ Calcd for C31H26NO5S 524.1532;
Found 524.1528.

5′-((4-Chlorophenyl)sulfonyl)-1′-cyclopropyl-3a′-methyl-3′,3a′-
dihydrospiro[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-
4,4′(5′H)-dione (4o). Orange solid, 47.1 mg, 48% yield; mp 221−222
°C; IR (KBr, ν, cm−1) 2995, 1710, 1658, 1562, 1489, 1370, 1208,
1163, 1005, 857; 1H NMR (400 MHz, CDCl3; δ, ppm) 7.83−7.80 (m,
2H), 7.76−7.74 (m, 1H), 7.55−7.52 (m, 1H), 7.49−7.46 (m, 2H),
7.45−7.41 (m, 1H), 7.38−7.34 (m, 1H), 6.76−6.73 (m, 1H), 6.28−
6.25 (m, 1H), 6.10−6.07 (m, 1H), 5.75−5.71 (m, 1H), 2.57 (d, J =
14.8 Hz, 1H), 1.90 (d, J = 14.8 Hz, 1H), 1.40−1.32 (m, 1H), 1.08 (s,
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3H), 0.75−0.62 (m, 2H), 0.51−0.45 (m, 1H), 0.31−0.25 (m, 1H); 13C
NMR (100 MHz, CDCl3; δ, ppm) 185.3, 174.4, 150.0, 152.2, 141.9,
140.7, 137.6, 135.3, 134.3, 130.1, 129.1, 129.0, 128.4, 128.2, 128.0,
126.8, 125.8, 124.6, 57.1, 56.1, 43.0, 23.8, 9.5, 8.9, 5.9; HRMS (APCI-
TOF) m/z: [M+H]+ Calcd for C27H23NO4SCl 492.1036; Found
492.1022.
8′-Chloro-3a′-methyl-5′-(phenylsulfonyl)-1′-(p-tolyl)-3′,3a′-

dihydrospiro[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-
4,4′(5′H)-dione (4q). Orange solid, 48.7 mg, 45% yield; mp 205−206
°C; IR (KBr, ν, cm−1) 2967, 1721, 1664, 1559, 1466, 1385, 1256,
1126, 882, 738; 1H NMR (400 MHz, DMSO-d6; δ, ppm) 7.95 (d, J =
7.6 Hz, 2H), 7.87−7.83 (m, 1H), 7.77 (d, J = 8.8 Hz, 1H), 7.73−7.69
(m, 2H), 7.54−7.52 (m, 1H), 7.32−7.29 (m, 1H), 7.17 (d, J = 7.6 Hz,
2H), 6.95 (d, J = 8.0 Hz, 2H), 6.83 (d, J = 2.4 Hz, 1H), 6.23−6.21 (m,
1H), 5.91−5.88 (m, 1H), 5.80−5.77 (m, 1H), 2.40 (d, J = 14.0 Hz,
1H), 2.29 (s, 3H), 2.18 (d, J = 14.0 Hz, 1H), 1.23 (s, 3H); 13C NMR
(100 MHz, DMSO-d6; δ, ppm) 184.7, 174.4, 153.2, 152.2, 142.4,
138.6, 135.3, 135.0, 133.6, 131.5, 130.0, 129.9, 129.6, 128.8(4),
128.8(0), 128.7(4), 128.7(0), 128.5, 127.5, 126.9, 126.8, 57.6, 56.3,
43.3, 23.7, 21.3; HRMS (APCI-TOF) m/z: [M+H]+ Calcd for
C31H25NO4SCl 542.1193; Found 542.1180.
8′-Chloro-3a′-methyl-1′-(p-tolyl)-5′-tosyl-3′,3a′-dihydrospiro-

[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-4,4′(5′H)-dione
(4r). Orange solid, 64.4 mg, 58% yield; mp 215−216 °C; IR (KBr, ν,
cm−1) 2993, 1717, 1653, 1540, 1472, 1375, 1173, 1128, 820, 668; 1H
NMR (400 MHz, DMSO-d6; δ, ppm) 7.84 (d, J = 8.0 Hz, 2H), 7.75
(d, J = 8.8 Hz, 1H), 7.52 (d, J = 8.8 Hz, 3H), 7.33−7.29 (m, 1H), 7.17
(d, J = 8.0 Hz, 2H), 6.94 (d, J = 8.0 Hz, 2H), 6.82 (d, J = 2.4 Hz, 1H),
6.22 (d, J = 9.6 Hz, 1H), 5.91−5.84 (m, 2H), 2.44 (s, 3H), 2.43 (d, J =
10.0 Hz, 1H), 2.29 (s, 3H), 2.18 (d, J = 14.0 Hz, 1H), 1.23 (s, 3H);
13C NMR (100 MHz, DMSO-d6; δ, ppm) 184.7, 174.4, 153.2, 152.2,
146.2, 142.3, 138.6, 135.8, 135.2, 133.6, 131.4, 130.3, 130.0, 129.6,
128.8, 128.7(4), 128.7(0), 128.5, 127.5, 126.9, 126.7, 57.6, 56.3, 43.3,
23.8, 21.6, 21.3; HRMS (APCI-TOF) m/z: [M+H]+ Calcd for
C32H27NO4SCl 556.1349; Found 556.1346.
8′-Fluoro-3a′-methyl-1′-phenyl-5′-(phenylsulfonyl)-3′,3a′-

dihydrospiro[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-
4,4′(5′H)-dione (4s). Orange solid, 53.1 mg, 52% yield; mp 236−237
°C; IR (KBr, ν, cm−1) 3123, 1718, 1655, 1585, 1400, 1371, 1256,
1180, 1084, 854; 1H NMR (400 MHz, CDCl3; δ, ppm) 8.41 (d, J = 8.4
Hz, 2H), 8.26 (d, J = 8.4 Hz, 2H), 7.78 (d, J = 8.4 Hz, 1H), 7.40−7.36
(m, 1H), 7.33−7.26 (m, 3H), 7.13−7.07 (m, 4H), 6.96 (d, J = 7.6 Hz,
1H), 6.36 (d, J = 10.0 Hz, 1H), 6.25−6.20 (m, 1H), 6.05 (d, J = 10.0
Hz, 1H), 2.70 (d, J = 14.4 Hz, 1H), 2.15 (d, J = 14.8 Hz, 1H), 1.30 (s,
3H); 13C NMR (100 MHz, CDCl3; δ, ppm) 184.9, 174.2, 160.6 (1JCF
= 247.2 Hz), 151.8, 151.5, 141.8, 139.1, 136.3(9), 136.3(7), 134.1,
132.6, 131.0 (4JCF = 3.1 Hz), 129.3, 129.1, 129.0, 128.9, 128.7(0),
128.6(7), 128.0, 127.1, 127.0, 126.5 (3JCF = 8.6 Hz), 115.8, 115.6,
114.1 (2JCF = 23.9 Hz), 57.4, 56.4, 44.1, 24.1; HRMS (APCI-TOF) m/
z: [M+H]+ Calcd for C30H23NO4SF 512.1332; Found 512.1333.
8 ′ -Bromo-1 ′ - (4-fluorophenyl ) -3a ′ ,5 ′ -d imethyl -3 ′ ,3a ′ -

dihydrospiro[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-
4,4′(5′H)-dione (4t). Orange solid, 50.0 mg, 54% yield; mp 125−127
°C; IR (KBr, ν, cm−1) 3123, 1663, 1623, 1593, 1457, 1340, 1250,
1112, 1021, 858; 1H NMR (400 MHz, DMSO-d6; δ, ppm) 7.45−7.42
(m, 1H), 7.32 (d, J = 1.6 Hz, 1H), 7.17−7.09 (m, 4H), 6.96−6.90 (m,
2H), 6.70 (d, J = 8.4 Hz, 1H), 6.29−6.26 (m, 1H), 6.02−5.99 (m,
1H), 3.37 (s, 3H), 2.89 (d, J = 14.0 Hz, 1H), 2.21 (d, J = 14.0 Hz, 1H),
1.39 (s, 3H); 13C NMR (100 MHz, DMSO-d6; δ, ppm) 185.0, 173.7,
154.2, 153.7, 139.5, 139.2, 137.8, 132.3, 130.9 (3JCF = 8.2 Hz), 130.7
(4JCF = 3.3 Hz), 129.6, 128.7 (2JCF = 21.0 Hz), 122.4, 117.3 (1JCF =
244.2 Hz), 115.8, 114.6, 57.4, 53.2, 44.1, 30.2, 26.1; HRMS (APCI-
TOF) m/z: [M+H]+ Calcd for C25H20NO2BrF 464.0661; Found
464.0659.
8′-Bromo-3a′,5′-dimethyl-1′-phenyl-3′,3a′-dihydrospiro-

[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-4,4′(5′H)-dione
(4u). Orange solid, 46.3 mg, 52% yield; mp 162−164 °C; IR (KBr, ν,
cm−1) 2967, 1677, 1667, 1590, 1466, 1341, 1252, 1110, 1019, 855; 1H
NMR (400 MHz, DMSO-d6; δ, ppm) 7.46−7.43 (m, 1H), 7.31−7.28
(m, 4H), 7.07 (d, J = 3.2 Hz, 2H), 6.93−6.90 (m, 2H), 6.69 (d, J = 8.4
Hz, 1H), 6.27 (d, J = 9.6 Hz, 1H), 5.98 (d, J = 10.0 Hz, 1H), 3.37 (s,

3H), 2.90 (d, J = 14.0 Hz, 1H), 2.21 (d, J = 14.0 Hz, 1H), 1.39 (s,
3H); 13C NMR (100 MHz, DMSO-d6; δ, ppm) 185.0, 173.8, 154.3,
153.8, 140.4, 139.4, 137.3, 134.4, 132.2, 129.6, 128.9, 128.7, 128.6,
128.5, 122.5, 118.4, 114.6, 57.4, 53.3, 44.2, 30.2, 26.1; HRMS (APCI-
TOF) m/z: [M+H]+ Calcd for C25H21NO2Br 446.0756; Found
446.0752.

7′-chloro-1′-(4-fluorophenyl)-3a′,5′-dimethyl-3′,3a′-dihydro-
spiro[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-4,4′(5′H)-
dione (4v). Orange solid, 41.1 mg, 49% yield; mp 192−193 °C; IR
(KBr, ν, cm−1) 2925, 1674, 1666, 1595, 1458, 1374, 1224, 1156, 1095,
847; 1H NMR (400 MHz, DMSO-d6; δ, ppm) 7.49−7.43 (m, 2H),
7.33−7.31 (m, 2H), 7.20 (d, J = 8.8 Hz, 1H), 7.10−7.07 (m, 2H),
6.96−6.92 (m, 1H), 6.75 (d, J = 2.4 Hz, 1H), 6.29−6.26 (m, 1H),
6.01−5.98 (m, 1H), 3.35 (s, 3H), 2.90 (d, J = 14.0 Hz, 1H), 2.21 (d, J
= 14.0 Hz, 1H), 1.40 (s, 3H); 13C NMR (100 MHz, DMSO-d6; δ,
ppm) 185.0, 173.9, 154.4, 153.9, 141.5, 138.4, 138.1, 134.3, 131.0 (4JCF
= 3.3 Hz), 130.8 (3JCF = 8.2 Hz), 128.7, 128.5, 122.7, 117.7 (1JCF =
283.7 Hz), 116.0 (2JCF = 21.3 Hz), 57.3, 53.3, 44.1, 30.2, 26.0; HRMS
(APCI-TOF) m/z: [M+H]+ Calcd for C25H20NO2ClF 420.1167;
Found 420.1165.

7′-Chloro-3a′,5′-dimethyl-1′-phenyl-3′,3a′-dihydrospiro-
[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-4,4′(5′H)-dione
(4w). Orange solid, 45.7 mg, 57% yield; mp 127−128 °C; IR (KBr, ν,
cm−1) 3127, 1684, 1665, 1593, 1508, 1401, 1337, 1253, 1104, 835; 1H
NMR (400 MHz, DMSO-d6; δ, ppm) 7.49 (d, J = 8.4 Hz, 2H), 7.46−
7.43 (m, 1H), 7.35−7.31 (m, 1H), 7.25 (d, J = 8.0 Hz, 1H), 7.03 (d, J
= 8.0 Hz, 2H), 6.94−6.86 (m, 2H), 6.75 (d, J = 7.6 Hz, 1H), 6.28−
6.25 (m, 1H), 6.02−5.99 (m, 1H), 3.35 (s, 3H), 2.89 (d, J = 14.0 Hz,
1H), 2.20 (d, J = 14.0 Hz, 1H), 1.38 (s, 3H); 13C NMR (100 MHz,
DMSO-d6; δ, ppm) 185.0, 174.0, 154.4, 154.0, 141.5, 139.6, 137.6,
134.7, 134.3, 128.9, 128.7(1), 128.7(0), 128.6, 128.4, 122.6, 119.3,
116.3, 57.4, 53.3, 44.2, 30.2, 26.1; HRMS (APCI-TOF) m/z: [M+H]+

Calcd for C25H21NO2Cl 402.1261; Found 402.1264.
1′,3a′-Diphenyl-5′-tosyl-3′,3a′-dihydrospiro[cyclohexa[2,5]-

diene-1,2′-cyclopenta[c]quinoline]-4,4′(5′H)-dione (4x). Orange
solid, 60.3 mg, 53% yield; mp 216−218 °C; IR (KBr, ν, cm−1)
2946, 1711, 1668, 1540, 1473, 1367, 1221, 1190, 859, 773; 1H NMR
(400 MHz, DMSO-d6; δ, ppm) 7.86 (d, J = 8.0 Hz, 2H), 7.57 (d, J =
8.0 Hz, 2H), 7.51 (d, J = 8.0 Hz, 1H), 7.41−7.37 (m, 3H), 7.28−7.24
(m, 3H), 7.21 (d, J = 7.2 Hz, 1H), 7.17−7.13 (m, 5H), 7.07−7.04 (m,
1H), 6.97 (d, J = 6.8 Hz, 1H), 6.16−6.13 (m, 1H), 5.90−5.82 (m,
2H), 2.87 (d, J = 14.0 Hz, 1H), 2.47 (s, 3H), 2.29 (d, J = 14.4 Hz,
1H); 13C NMR (100 MHz, DMSO-d6; δ, ppm) 184.6, 172.0, 152.1,
151.6, 146.2, 144.3, 139.8, 135.9, 134.7, 134.2, 133.2, 130.2, 129.6,
129.1(2), 129.1(0), 128.9(2), 128.9(0), 128.8, 128.3, 127.4(3),
127.4(0), 126.6, 126.4, 125.0, 65.0, 58.1, 46.6, 21.6; HRMS (APCI-
TOF) m/z: [M+H]+ Calcd for C36H28NO4S 570.1739; Found
570.1732.

1′-(4-Chlorophenyl)-3,5-difluoro-3a′ ,5′-dimethyl-3′ ,3a′-
dihydrospiro[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-
4,4′(5′H)-dione (4y). Orange solid, 43.7 mg, 50% yield; mp 202−204
°C; IR (KBr, ν, cm−1) 2974, 1688, 1666, 1594, 1452, 1398, 1255,
1109, 1012, 879; 1H NMR (400 MHz, CDCl3; δ, ppm) 7.33−7.29 (m,
2H), 7.24 (s, 1H), 7.09 (d, J = 8.0 Hz, 1H), 6.97 (d, J = 8.0 Hz, 2H),
6.87−6.79 (m, 3H), 6.29−6.26 (m, 1H), 3.45 (s, 3H), 3.10 (d, J = 14.4
Hz, 1H), 2.39 (d, J = 14.4 Hz, 1H), 1.46 (s, 3H); 13C NMR (100
MHz, CDCl3; δ, ppm) 173.7, 171.5 (t,

3JCF = 23.9 Hz), 153.1 (dd, 2JCF
= 264.8 Hz), 152.8 (dd, 1JCF = 265.0 Hz), 140.3, 140.0, 135.7, 134.7,
132.1, 130.1, 129.9, 129.8(3), 129.8(0), 129.7(6), 129.4 (4JCF = 18.1
Hz), 129.2 (5JCF = 10.7 Hz), 127.9, 123.0, 119.8, 115.4, 53.7, 44.8,
31.0, 30.2, 25.8; HRMS (APCI-TOF) m/z: [M+H]+ Calcd for
C25H19NO2ClF2 438.1072; Found 438.1079.

3,5-Difluoro-3a′,5′-dimethyl-1′-phenyl-3′,3a′-dihydrospiro-
[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-4,4′(5′H)-dione
(4z). Orange solid, 39.5 mg, 49% yield; mp 245−246 °C; IR (KBr, ν,
cm−1) 2983, 1690, 1667, 1596, 1458, 1399, 1255, 1103, 1001, 892; 1H
NMR (400 MHz, CDCl3; δ, ppm) 7.30−7.26 (m, 3H), 7.24 (s, 1H),
7.08 (d, J = 8.4 Hz, 1H), 7.01 (d, J = 7.6 Hz, 2H), 6.83−6.78 (m, 3H),
6.30 (d, J = 10.8 Hz, 1H), 3.45 (s, 3H), 3.11 (d, J = 14.4 Hz, 1H), 2.40
(d, J = 14.4 Hz, 1H), 1.46 (s, 3H); 13C NMR (100 MHz, CDCl3; δ,
ppm) 173.9, 171.7 (t, 3JCF = 23.8 Hz), 153.0 (dd, 2JCF = 263.9 Hz),
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152.8 (dd, 1JCF = 264.6 Hz), 139.9, 139.5, 137.2, 133.6, 130.1 (5JCF =
8.4 Hz), 129.8, 129.4 (4JCF = 10.5 Hz), 128.9, 128.7, 128.1, 128.0,
122.9, 120.1, 115.3, 54.8, 53.7, 44.7, 30.1, 25.9; HRMS (APCI-TOF)
m/z: [M+H]+ Calcd for C25H20NO2F2 404.1462; Found 404.1467.
2-Chloro-1 ′ - (4-chlorophenyl ) -3a ′ ,5 ′ -d imethy l -3 ′ ,3a ′ -

dihydrospiro[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-
4,4′(5′H)-dione (4aa). Orange solid, 40.0 mg, 46% yield; mp 246−247
°C; IR (KBr, ν, cm−1) 3123, 1670, 1659, 1594, 1463, 1399, 1231,
1103, 1017, 821; 1H NMR (400 MHz, CDCl3; δ, ppm) 7.32−7.29 (m,
1H), 7.25−7.19 (m, 3H), 7.09 (d, J = 8.4 Hz, 1H), 7.04 (d, J = 7.6 Hz,
2H), 6.86−6.80 (m, 2H), 6.41 (d, J = 10.0 Hz, 1H), 6.34 (s, 1H), 3.46
(s, 3H), 3.42 (d, J = 14.8 Hz, 1H), 2.26 (d, J = 14.4 Hz, 1H), 1.45 (s,
3H); 13C NMR (100 MHz, CDCl3; δ, ppm) 184.3, 173.7, 158.4, 152.3,
141.7, 140.0, 135.8, 134.4, 131.9, 130.4, 130.0, 129.8, 128.9, 127.8,
127.3, 122.8, 120.1, 115.3, 62.5, 53.6, 44.4, 30.2, 26.5; HRMS (APCI-
TOF) m/z: [M+H]+ Calcd for C25H20NO2Cl2 436.0871; Found
436.0876.
1′-(4-Chlorophenyl)-3a′,5′-dimethyl-4,4′-dioxo-3′,3a′,4′,5′-

tetrahydrospiro[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-
3-carbonitrile (4bb). Orange solid, 34.1 mg, 40% yield; mp 260−262
°C; IR (KBr, ν, cm−1) 3127, 1675, 1602, 1559, 1464, 1399, 1277,
1105, 1010, 849; 1H NMR (400 MHz, CDCl3; δ, ppm) 7.32−7.29 (m,
3H), 7.26−7.23 (m, 2H), 7.10 (d, J = 8.0 Hz, 1H), 6.98 (d, J = 8.0 Hz,
2H), 6.88−6.85 (m, 2H), 6.48 (d, J = 10.0 Hz, 1H), 3.45 (s, 3H), 3.10
(d, J = 14.4 Hz, 1H), 2.32 (d, J = 14.4 Hz, 1H), 1.46 (s, 3H); 13C
NMR (100 MHz, CDCl3; δ, ppm) 178.2, 173.5, 163.1, 153.2, 141.5,
140.0, 135.0, 134.9, 131.9, 130.3, 129.4, 129.3, 127.9, 127.6, 123.0,
119.7, 117.2, 115.6, 113.3, 57.8, 54.1, 44.5, 30.2, 26.1; HRMS (APCI-
TOF) m/z: [M+H]+ Calcd for C26H20N2O2Cl 427.1213; Found
427.1216.
3a′,5′-Dimethyl-4,4′-dioxo-1′-phenyl-3′,3a′,4′,5′-tetrahydro-

spiro[cyclohexa[2,5]diene-1,2′-cyclopenta[c]quinoline]-3-carboni-
trile (4cc). Orange solid, 39.2 mg, 50% yield; mp 256−258 °C; IR
(KBr, ν, cm−1) 2984, 1718, 1672, 1595, 1474, 1349, 1278, 1107, 1008,
839; 1H NMR (400 MHz, CDCl3; δ, ppm) 7.30−7.26 (m, 2H), 7.25−
7.20 (m, 3H), 7.10−7.07 (m, 3H), 6.80−6.79 (m, 2H), 6.39 (d, J = 9.6
Hz, 1H), 6.31 (s, 1H), 3.47 (s, 3H), 3.43 (d, J = 14.8 Hz, 1H), 2.26 (d,
J = 14.4 Hz, 1H), 1.45 (s, 3H); 13C NMR (100 MHz, CDCl3; δ, ppm)
178.2, 173.6, 162.8, 153.1, 141.8, 140.0, 135.0, 134.8, 131.9, 130.3,
129.5, 129.4, 128.0, 128.0, 123.1, 119.6, 116.8, 115.5, 113.8, 57.8, 53.9,
44.5, 30.2, 26.1; HRMS (APCI-TOF) m/z: [M+H]+ Calcd for
C26H21N2O2 393.1603; Found 393.1605.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.joc.7b00704.

1H and 13C NMR spectra for all pure products (PDF)
X-ray crystallographic data for 4h (CIF)

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: wangsl@jsnu.edu.cn.
*E-mail: laotu@jsnu.edu.cn.
*E-mail: jiangchem@jsnu.edu.cn.
ORCID
Guigen Li: 0000-0002-9312-412X
Bo Jiang: 0000-0003-3878-515X
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We are grateful for financial support from the NSFC (Nos.
21232004, 21472071, and 21602087), PAPD of Jiangsu Higher
Education Institutions, the Outstanding Youth Fund of JSNU
(YQ2015003), NSF of Jiangsu Province (BK20151163 and

BK20160212), the Qing Lan Project and NSF of Jiangsu
Education Committee (15KJB150006), and the Graduate
Education Innovation Project of Jiangsu Province (No.
KYZZ16_0466).

■ REFERENCES
(1) (a) Gravel, E.; Poupon, E. Nat. Prod. Rep. 2010, 27, 32. (b) Cai,
Y.-S.; Guo, Y.-W.; Krohn, K. Nat. Prod. Rep. 2010, 27, 1840. (c) Jin, Z.
Nat. Prod. Rep. 2005, 22, 111. (d) Antunes, E. M.; Copp, B. R.; Davies-
Coleman, M. T.; Samaai, T. Nat. Prod. Rep. 2005, 22, 62.
(e) Venkatesan, H.; Davis, M. C.; Altas, Y.; Snyder, J. P.; Liotta, D.
C. J. Org. Chem. 2001, 66, 3653. (f) Gonczi, C.; Csikos, E.; Hermecz,
I.; Heja, G.; Illar, A.; Nagy, L.; Santa-Csutor, A.; Simon, K.; Smelko-
Esek, A.; Szomor, T. PTC Int. Appl. WO0105760, 2001 [Chem. Abstr.
2001, 134, 115851].
(2) (a) Zhuo, C.-X.; Zhang, W.; You, S.-L. Angew. Chem., Int. Ed.
2012, 51, 12662. (b) Roche, S. T.; Porco, J. A., Jr. Angew. Chem., Int.
Ed. 2011, 50, 4068. (c) Leon, R.; Jawalekar, A.; Redert, T.; Gaunt, M.
J. Chem. Sci. 2011, 2, 1487. (d) Jia, M.-Q.; You, S.-L. Chem. Commun.
2012, 48, 6363. (e) Pereira, J.; Barlier, M.; Guillou, C. Org. Lett. 2007,
9, 3101.
(3) For selected examples, see: (a) Su, B.; Deng, M.; Wang, Q. Org.
Lett. 2013, 15, 1606. (b) Rousseaux, S.; García-Fortanet, J.; Sanchez,
M. A. D. A.; Buchwald, S. L. J. Am. Chem. Soc. 2011, 133, 9282.
(c) Gao, F.; Yang, C.; Gao, G.-L.; Zheng, L.; Xia, W. Org. Lett. 2015,
17, 3478. (d) Zhang, Z.-Z.; Tang, X.-J.; Dolbier, W. R. Org. Lett. 2016,
18, 1048. (e) Nemoto, T.; Zhao, Z.; Yokosaka, T.; Suzuki, Y.; Wu, R.;
Hamada, Y. Angew. Chem., Int. Ed. 2013, 52, 2217.
(4) For selected examples, see: (a) Wipf, P.; Methot, J. L. Org. Lett.
2000, 2, 4213. (b) Dohi, T.; Maruyama, A.; Yoshimura, M.; Morimoto,
K.; Tohma, H.; Kita, Y. Angew. Chem. 2005, 117, 6349. (c) Braun, N.
A.; Bray, J. D.; Ousmer, M.; Peters, K.; Peters, E. M.; Bouchu, D.;
Ciufolini, M. A. J. Org. Chem. 2000, 65, 4397. (d) Canesi, S.; Bouchu,
D.; Ciufolini, M. A. Angew. Chem., Int. Ed. 2004, 43, 4336. (e) Liang,
H.; Ciufolini, M. A. Chem. - Eur. J. 2010, 16, 13262. (f) Dohi, T.;
Minamitsuji, Y.; Maruyama, A.; Hirose, S.; Kita, Y. Org. Lett. 2008, 10,
3559. (g) Chabaud, L.; Hromjakova, T.; Rambla, M.; Retailleau, P.;
Guillou, C. Chem. Commun. 2013, 49, 11542.
(5) (a) Glover, S. A.; Goosen, A.; McClei, C. W.; Schoonraad, J. L.
Tetrahedron 1987, 43, 2577. (b) Kawase, M.; Kitamura, T.; Kikugawa,
Y. J. Org. Chem. 1989, 54, 3394. (c) Miyazawa, E.; Sakamoto, T.;
Kikugawa, Y. J. Org. Chem. 2003, 68, 5429. (d) Kikugawa, Y.;
Nagashima, A.; Sakamoto, T.; Miyazawa, E.; Shiiya, M. J. Org. Chem.
2003, 68, 6739. (e) Dohi, T.; Maruyama, A.; Minamitsuji, Y.;
Takenaga, N.; Kita, Y. Chem. Commun. 2007, 12, 1224.
(6) For selected examples, see: (a) Zhang, X.; Larock, R. C. J. Am.
Chem. Soc. 2005, 127, 12230. (b) Unsworth, W. P.; Cuthbertson, J. D.;
Taylor, R. J. K. Org. Lett. 2013, 15, 3306. (c) Chen, Y.; Liu, X.; Lee,
M.; Huang, C.; Inoyatov, I.; Chen, Z.; Perl, A. C.; Hersh, W. H. Chem.
- Eur. J. 2013, 19, 9795. (d) Likhar, P. R.; Subhas, M. S.; Roy, S.;
Kantam, M. L.; Sridhar, B.; Seth, R. K.; Biswas, S. Org. Biomol. Chem.
2009, 7, 85. (e) Low-Beinart, L.; Sun, X.; Sidman, E.; Kesharwani, T.
Tetrahedron Lett. 2013, 54, 1344. (f) Yu, Q.-F.; Zhang, Y.-H.; Yin, Q.;
Tang, B.-X.; Tang, R.-Y.; Zhong, P.; Li, J.-H. J. Org. Chem. 2008, 73,
3658. (g) Tang, B.-X.; Zhang, Y.-H.; Song, R.-J.; Tang, D.-J.; Deng, G.-
B.; Wang, Z.-Q.; Xie, Y.-X.; Xia, Y.-Z.; Li, J.-H. J. Org. Chem. 2012, 77,
2837. (h) Wu, C.-Y.; Deng, G.-B.; Hu, M.; Wei, W.-T.; Li, J.-H.
Synthesis 2014, 46, 2585.
(7) For selected examples, see: (a) Ouyang, X.-H.; Song, R.-J.; Li, Y.;
Liu, B.; Li, J.-H. J. Org. Chem. 2014, 79, 4582. (b) Ouyang, X.-H.;
Song, R.-J.; Liu, B.; Li, J.-H. Chem. Commun. 2016, 52, 2573. (c) Yang,
X.-H.; Ouyang, X.-H.; Wei, W.-T.; Song, R.-J.; Li, J.-H. Adv. Synth.
Catal. 2015, 357, 1161. (d) Wen, J.; Wei, W.; Xue, S.; Yang, D.; Lou,
Y.; Gao, C.; Wang, H. J. Org. Chem. 2015, 80, 4966. (e) Jin, D.-P.;
Gao, P.; Chen, D.-Q.; Chen, S.; Wang, J.; Liu, X.-Y.; Liang, Y.-M. Org.
Lett. 2016, 18, 3486. (f) Li, M.; Song, R.-J.; Li, J.-H. Chin. J. Chem.
2017, 35, 299.
(8) Song, R.; Xie, Y. Chin. J. Chem. 2017, 35, 280.

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.7b00704
J. Org. Chem. 2017, 82, 6621−6628

6627

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.joc.7b00704
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00704/suppl_file/jo7b00704_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.7b00704/suppl_file/jo7b00704_si_002.cif
mailto:wangsl@jsnu.edu.cn
mailto:laotu@jsnu.edu.cn
mailto:jiangchem@jsnu.edu.cn
http://orcid.org/0000-0002-9312-412X
http://orcid.org/0000-0003-3878-515X
http://dx.doi.org/10.1021/acs.joc.7b00704


(9) For selected examples, see: (a) Liu, Y.; Zhang, J.-L.; Song, R.-J.;
Li, J.-H. Org. Lett. 2014, 16, 5838. (b) Kaminsky, L.; Clark, D. A. Org.
Lett. 2014, 16, 5450. (c) Liu, Y.; Zhang, J.-L.; Zhou, M.-B.; Song, R.-J.;
Li, J.-H. Chem. Commun. 2014, 50, 14412. (d) Pardo-Rodriguez, V.;
Bunuel, E.; Collado-Sanz, D.; Cardenas, D. J. Chem. Commun. 2012,
48, 10517. (e) Ota, K.; Lee, S. I.; Tang, J. M.; Takachi, M.; Nakai, H.;
Morimoto, T.; Sakurai, H.; Kataoka, K.; Chatani, N. J. Am. Chem. Soc.
2009, 131, 15203.
(10) (a) Zhao, Y.; Hu, Y.; Wang, H.; Li, X.; Wan, B. J. Org. Chem.
2016, 81, 4412. (b) Lv, L.; Li, Z. Org. Lett. 2016, 18, 2264. (c) Zhu, Y.-
L.; Wang, D.-C.; Jiang, B.; Hao, W.-J.; Wei, P.; Wang, A.-F.; Qiu, J.-K.;
Tu, S.-J. Org. Chem. Front. 2016, 3, 385. (d) An, Y.; Kuang, Y.; Wu, J.
Org. Chem. Front. 2016, 3, 994. (e) Gao, F.; Yang, C.; Ma, N.; Gao, G.-
L.; Li, D.; Xia, W. Org. Lett. 2016, 18, 600. (f) Li, J.; Hao, W.-J.; Zhou,
P.; Zhu, Y.-L.; Wang, S.-L.; Tu, S.-J.; Jiang, B. RSC Adv. 2017, 7, 9693.
(11) (a) Qiu, J.-K.; Jiang, B.; Zhu, Y.-L.; Hao, W.-J.; Wang, D.-C.;
Sun, J.; Wei, P.; Tu, S.-J.; Li, G. J. Am. Chem. Soc. 2015, 137, 8928.
(b) Hu, M.; Fan, J.-H.; Liu, Y.; Ouyang, X.-H.; Song, R.-J.; Li, J.-H.
Angew. Chem., Int. Ed. 2015, 54, 9577. (c) Jiang, B.; Li, J.; Pan, Y.; Hao,
W.; Li, G.; Tu, S. Chin. J. Chem. 2017, 35, 323.
(12) (a) Xia, Z.; Huang, J.; He, Y.; Zhao, J.; Lei, J.; Zhu, Q. Org. Lett.
2014, 16, 2546−2549. (b) Ni, Z.; Wang, S.; Huang, X.; Wang, J.; Pan,
Y. Tetrahedron Lett. 2015, 56, 2512. (c) Ni, Z.; Huang, X.; Pan, Y. Org.
Lett. 2016, 18, 2612.
(13) Liu, Y.; Zhang, J.-L.; Zhou, M.-B.; Song, R.-J.; Li, J.-H. Chem.
Commun. 2014, 50, 14412.
(14) Wang, Q.; Song, H.; Liu, Y.; Song, H.; Wang, Q. Adv. Synth.
Catal. 2016, 358, 3435.
(15) CCDC 1539783 for 4h.
(16) (a) Galli, C. Chem. Rev. 1988, 88, 765. (b) Mo, F.-Y.; Dong, G.-
B.; Zhang, Y.; Wang, J.-B. Org. Biomol. Chem. 2013, 11, 1582. (c) Hari,
D. P.; König, B. Angew. Chem., Int. Ed. 2013, 52, 4734. (d) Zollinger,
H. Angew. Chem., Int. Ed. Engl. 1978, 17, 141.
(17) Ibarra-Rivera, T. R.; Gamez-Montano, R.; Miranda, L. D. Chem.
Commun. 2007, 3485.

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.7b00704
J. Org. Chem. 2017, 82, 6621−6628

6628

http://dx.doi.org/10.1021/acs.joc.7b00704

