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ABSTRACT: Spiro-lactams and polysubstituted pyrroles were synthesized by reactions of furfurylamines with ynones followed
by oxidation. Specifically, the protocol involved in situ generation of N-furan-2-ylmethyl-f-enaminones and their subsequent
oxidation by ceric ammonium nitrate (6 equiv for spiro-lactam formation, 3 equiv for pyrrole formation). This useful
dearomatizing oxidation, which likely proceeds via a free-radical pathway, can be expected to extend the synthetic applications of

furan and pyrrole derivatives.

B INTRODUCTION

Furans are aromatic heterocycles that act as masked functional
groups such as alkenes, dienes, enol ethers, and 1,4-diketones.
As such, biomass-derived furans are attractive four-carbon
building blocks for the synthesis of structurally diverse
molecules.' > Oxidation of the electron-rich aromatic furan
ring is one method of unmasking the latent functionality
present within these heterocyclic molecules. For example,
bromination or chlorination of furans in alcoholic solvent at
low temperature efficiently produces 2,5-dialkoxy-2,5-dihydro
compounds.®” "’ Furans tend to be oxidized to a,f-unsaturated-
oO-dicarbonyl derivatives, including pyrone and pyridone, when
m-CPBA or pyridinium chlorochromate is used as the
oxidant."'~"” Oxidation of furans with singlet molecular oxygen
(*0,) provides furan endoperoxides, which can be subjected to
additional transformations.'®'” Despite the existence of these
methods, development of more eflicient methods for oxidative
transformation of furan derivatives is of great significance for
both synthetic chemistry and resource utilization chemis-
try 2022

Oxidative cyclizations mediated by high-valent metals such as
Cu(I1)**7*” and Ce(IV),”*™** which proceed via a free-radical
pathway, have received much attention in organic synthesis.
Typically, enolic or enamic substrates 1 are initially oxidized by
the high-valent metal to form carbon-centered radicals 2.
Radicals 2 are subsequently trapped intramolecularly by a
pendant unsaturated group to form cyclized products 3, which
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can be subjected to further transformations (Scheme 1). By
means of this protocol, a wide range of cyclic compounds,
including various natural products, can be efliciently synthe-
sized.

Because electron-rich furans and pyrroles are essentially
masked enol ethers and enamines, respectively, we envisioned
that furans and pyrroles 4 could be oxidized by high-valent

Scheme 1. Oxidative Intramolecular Free-Radical
Cyclizations Involving Electron-Rich Olefins and Aromatic
Rings
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metals to form carbon-centered radicals S. If § could then be
intramolecularly trapped by a suitable terminal functional group
to form 6, the result would be a novel oxidative transformation
of furans and pyrroles via a free-radical pathway (Scheme 1).
Recently, we reported that chlorinated pyrroles can be accessed
via copper chloride—catalyzed aerobic oxidative annulation of
N-furfuryl-f-enaminones, which are generated in situ from
reactions of furfurylamines with ynones.”* As an extension of
our research on dearomatizing transformations of furans,*> ™’
we now report the synthesis of spiro-lactams and polysub-
stituted pyrroles from N-furan-2-ylmethyl-f-enaminones via a
dearomatizing oxidation of furan and pyrrole rings mediated by
ceric ammonium nitrate (CAN).

B RESULTS AND DISCUSSION

When N-furfuryl-$-enaminone 4a was treated with 1 equiv of
CAN in THF at room temperature (rt) in air, a trace of
polysubstituted pyrrole 8a was formed (Table 1, entry 1). The

Table 1. Optimization of Reactions Conditions for
Oxidation of 4a by CAN“

HO
Ox-Ph o n-Pr
OMe CAN (xequiv.
@ }@K solv(ent,c:t - oHe + i
orn \*\ COPh
4a \
N <\©\0Me
n-Pr
8a
entry 7 solvent % yield 7a” (dr°) % yield 8a”

1 1 THF ND trace
2 2 THF trace 37

3 3 THE trace 74

4 4 THF 49 (1/2) 37

N S THF 50 (1/1.5) 25

6 6 THF 73 (1/3) trace
7 7 THF 56 (1/3) trace
8 3 AcOH ND 35

9 3 EtOH trace 53
10 3 THF-H,0 trace 70
11 6 AcOH ND N
12 6 EtOH ND ND
13 6 THF-H,O ND 54

“Reaction conditions: 4a (0.27 mmol), solvent (15 mL), in air for 1 h
at rt. “Isolated yield; ND = not detected. “Ratios were determined by
"H NMR spectroscopy.

possible pathway for the formation of 8a may be similar to that
of chlorinated pyrroles via Cu(II)-catalyzed oxidation of N-
furfuryl-f-enaminones, previously reported by our group.’
When the amount of CAN was increased to 2 equiv, a trace of
7a (as a mixture of two diastereoisomers) and a 37% yield of 8a
were produced (entry 2). In the 'H NMR spectrum of 7a
(Figure 1), the semiacetal protons (C1—H) of the major and
minor isomers appear as broad peaks at 6.38 and 6.11 ppm,
respectively. The olefinic protons at C2—H and C3—H of the
major isomer appear as doublets (J = 6.0 Hz) at 6.35 and 5.95
ppm, respectively. The corresponding protons of the minor
isomer appear as doublets (J = 5.7 Hz) at 6.32 and 6.13 ppm,
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Figure 1. Partial "H NMR spectrum (400 MHz, CDCL,) of 7a.

respectively. The structure of 7a was assigned on the basis of
single-crystal X-ray data for 7c (Figure 2).

With 3 equiv of CAN, 8a was obtained in 74% yield (entry
3). Increasing the amount of CAN to 4 or S equiv (entries 4
and §, respectively) increased the yield of 7a and reduced that
of 8a. Six equiv of CAN afforded the highest yield of 7a (73%,
entry 6) and the lowest yield of 8a. The yield variations of 7a
and 8a with the amount of CAN indicated that 7a might be
produced from 8a or its cis-isomer by a CAN-mediated
overoxidation of the pyrrole ring. The real mechanism for the
transformation of 8a into 7a is not very clear presently and
need further explorations. When we screened solvents with an
OH group, as well as the use of water as a cosolvent, with 3
equiv (entries 8—10) or 6 equiv (entries 11—13) of CAN, we
found that the yield of 8a dropped, and little or no 7a was
formed.

Because polysubstituted pyrroles and spiro-lactams have
been reported to have 4gotent bioactivities*”*' and various
synthetic applications,””~** we proceeded to synthesize a series
of these valuable heterocyclic compounds via reactions of N-
furfuryl-$-enaminones with 3 or 6 equiv of CAN, respectively,
in THF, as described below.*” To our knowledge, the
conventional methods for synthesis of spiro-lactam usually
starts from an amide and need multiple steps to prepare the
precursor for cyclization.”®™>* This access to spiro-lactams via
oxidation of pyrrole ring to form the amide group
accompanying with cyclization is of high efficience and novelty
and has never been reported.

PS-Enaminone 4a can be prepared simply by stirring a mixture
of furfurylamine 9a and ynone 10a in MeOH at 60 °C;>
therefore, to simplify the reaction protocol, we investigated
one-pot formation of 7a from 9a and 10a (Scheme 2).
Gratifyingly, we found that 7a could be obtained in 73% yield
in one pot by removal of the MeOH after the addition reaction
between 9a and 10a, and subsequent treatment of the
unpurified residue with 6 equiv of CAN in THF at rt. Using
this protocol, we prepared various spiro-lactams 7 from
furfurylamines 9 and ynones 10.

As shown in Table 2, the structures of the two substrates
markedly influenced the outcome of the reaction. For example,
when R? and R? of 10 were aryl groups, either unsubstituted or
with electron-donating or electron-withdrawing substituents,
the desired spiro-lactams were obtained in moderate to good
yields and with moderate diastereoselectivities (entries 1—6, 8—
18, 21). Notably, when R* was an alkyl group (n-Pr) and R* was
a phenyl group, 7g was obtained in a good yield (entry 7). In
contrast, when R* was an alkyl group (n-Pr) and R® was an aryl
group (4-Me-Ph), a complex mixture was produced, and 7s was
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Figure 2. ORTEP diagram of 7c¢ with 30% ellipsoid probability (CCDC 1437106).

Scheme 2. One-Pot Protocol for the Formation of 7a
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Table 2. Synthesis of Spiro-lactams”

M\ COR®
o+ Roc—=R? “g:?g» B XRz
NHR! 10 (1 equiv) (@) N
9 (1 equiv) 4 R!
foc\\/R2
CAN ( 6 equiv) NS
THF, rt >Ho \O> NR!
7 o
entry R! R? R} 7 (% yield,” dr°)

1 n-Pr 4-MeO-Ph Ph 7a (73, 1/3)
2 n-Pr 4-MeO-Ph 2-Cl-Ph 7b (71, 1/8)
3 n-Pr 4-MeO-Ph 4-F-Ph 7¢ (63, 1/5)
4 n-Pr 4-Me-Ph Ph 7d (70, 1/6)
S n-Pr 4-Me-Ph 4-MeO-Ph 7e (45, 1/3)
6 n-Pr 4-Me-Ph 4-F-Ph 7f (53, 1/3)
7 n-Pr Ph n-Pr 7g (70, 1/5)
8 n-Pr 4-Cl-Ph 4-Me-Ph 7h (45, 1/4)
9 n-Pr 4-Cl-Ph 2-Cl-Ph 7i (68, 1/8)
10 n-Pr 4-Cl-Ph 4-F-Ph 7j (65, 1/3)
11 n-Pr Ph Ph 7k (72, 1/5)
12 n-Pr Ph 4-Me-Ph 71 (77, 1/3)
13 n-Pr Ph 4-MeO-Ph 7m (58, 1/3)
14 n-Pr 3-Br-Ph 4-Me-Ph 7n (60, 1/3)
15 n-Pr 3-Br-Ph 4-MeO-Ph 70 (64, 1/3)
16 n-Pr 4-F-Ph 4-Br-Ph 7p (60, 1/3)
17 n-Pr 4-F-Ph 4-CF,-Ph 7q (78, 1/3)
18 n-Pr 2-Me-Ph 4-Me-Ph 7r (61, 1/5)
19 n-Pr n-Pr 4-Me-Ph 7s (ND)

20 n-Pr COOMe COOMe 7t (ND)

21 Bn Ph Ph 7u (60, 1/3)
22 H Ph Ph 7v (ND)

“Reaction conditions: 9 (0.27 mmol), 10 (0.27 mmol), CAN (1.62
mmol), THF (15 mL), in air for 1 h at rt. *Isolated yield; ND = not
detected. “The ratios in parentheses were calculated from the ratios of
the areas obtained by integration of the semiacetal (CH) peaks.

not detected (entry 19). When both R? and R® were ester
groups, the reaction provided not spiro-lactam 7t (entry 20)
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but rather pyrrole 8m. A substrate with a Bn group as R gave
desired product 7u in 60% yield (entry 21), whereas when R'
was H, a complex mixture was obtained (entry 22). Note that
the presence of a 2-Cl group on the phenyl ring of R? led to
higher diastereoselectivities (7a < 7b > 7c; 7h < 7i > 7j). The
structures of the pairs of diastereomers of 7b—7r and 7u were
determined by comparison of their '"H NMR spectra with the
spectrum of 7a.

A single crystal of 7c was obtained by slow evaporation of the
solvents from a saturated solution of 7c¢ diastereomers in 1/1
(v/v) petroleum/ethyl acetate at rt. The ORTEP diagram of 7c
is shown in Figure 2. The obtained single crystal was the trans-
isomer, that is, the isomer with the OH group located on the
opposite side of the furan ring from the amide group. Data
analysis indicated the presence of an O1---H—O4 hydrogen
bond in this isomer, with H-04 and O1---H bond lengths of
0.82 and 2.21 A, respectively, and a bond angle of 154.3°. The
dihedral angle between H14 and H13 (that is, H14—C14—
C13—H13) was 121.2°. The interplane angle between the two
aryl groups was 20.5°. Mutarotation of the semiacetals occurred
in this isomer, as indicated by the fact that its '"H NMR
spectrum was nearly the same as that of the mixture of
diastereomers.

A library of polysubstituted pyrroles 8 was also synthesized
from substrates 9 and 10 with 3 equiv of CAN as the oxidant
(Table 3).°*°” The R! substituent could be an alkyl group such
as n-Pr, Et, or Bn (entries 1—13, 15, 16), but when R' was H or
Ts, no pyrrole product was formed (entries 14 and 17). R* and
R® of 10 could be unsubstituted phenyl groups or phenyl
groups with electron-donating or electron-withdrawing sub-
stituents. Notably, even when either R or R® was an alkyl
group (n-Pr), the reaction proceeded well, affording good yields
of the desired products (entries 10 and 11). However, when
both R? and R® were n-Pr groups, 81 was not detected (entry
12). Gratifyingly, in addition to ynones, dimethyl acetylenedi-
carboxylate could also be used as a substrate, affording 8m in
60% yield (entry 13).

B CONCLUSION

In summary, we have developed a simple, practical protocol for
synthesis of spiro-lactams or polysubstituted pyrroles from N-
furfuryl-f-enaminones mediated by ceric ammonium nitrate (6
or 3 equiv, respectively) as the oxidant. Although there have
been numerous reports of CAN-mediated oxidations of
enamines, to our knowledge, dearomatizing oxidation of
pyrrole rings has not previously been reported. This protocol
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Table 3. Synthesis of Pyrroles 8“

m COR®
o + R30C—R? ME?H> 7\ i\,Rz
NHR' 10 (1 equiv) oo%e \O/ N
9 (1 equiv) 4 R!
OHC
CAN (3 equi\Q \:\ {ORS
THF, 1t N\ "
R' 8

entry R! R? R® 8 (yield [%])
1 n-Pr 4-MeO-Ph Ph 8a (74)
2 5-Pr Ph 4.MeO-Ph 8b (46)
3 n-Pr Ph 4-Me-Ph 8c (64)
4 n-Pr 2-Me-Ph 4-Me-Ph 8d (60)
5 n-Pr Ph Ph 8e (77)
6 n-Pr 4-F-Ph 4-Me-Ph 8f (76)
7 n-Pr 4-F-Ph 4-Br-Ph 8g (62)
8 n-Pr 4-Cl-Ph 2-Cl-Ph 8h (76)
9 n-Pr 3- Br-Ph 4-MeO-Ph 8i (62)
10 n-Pr Ph n-Pr 8j (62)
11 n-Pr n-Pr 4-Me-Ph 8k (60)
12 n-Pr n-Pr n-Pr 81 (ND)
13 n-Pr COOMe COOMe 8m (60)
14 H Ph Ph 8n (ND)
15 Et Ph 4-Me-Ph 80 (72)
16 Bn Ph Ph 8p (80)
17 Ts Ph Ph 8q (ND)

“Reaction conditions: 9 (0.27 mmol), 10 (0.27 mmol), CAN (0.81
mmol), THF (15 mL), in air for 1 h at rt. “Isolated yield; ND = not
detected.

can be expected to extend the synthetic applications of furan
and pyrrole derivatives.

B EXPERIMENTAL SECTION

General Methods. All reactions were carried out in air. Unless
specified otherwise, all reagents and starting materials were purchased
from commercial suppliers and used as received. Solvents were purified
by means of standard literature procedures. FT-IR spectra were
recorded with thin film samples or KBr pellets, and peaks are
expressed in cm™'. 'H (400 MHz) and "*C (101 MHz) NMR spectra
were recorded using CDCl; as a solvent, and product ratios were
determined from the "H NMR spectra. Chemical shifts are expressed
in ppm downfield relative to tetramethylsilane. Coupling constants are
reported in Hz; the following abbreviations are used for splitting
patterns: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet),
and dd (double doublet). Analytical thin-layer chromatography was
performed on silica gel with a mixture of petroleum ether and ethyl
acetate as the eluent. High-resolution mass spectra were obtained with
an LC/MS-IT-TOF mass spectrometer.

General Procedure for the Preparation of 7. The mixture of
furfurylamine 9 (0.27 mmol), ynone 10 (0.27 mmol), and MeOH (1S
mL) was stirred at 60 °C in air for about 6 h until the disappearance of
the starting materials. After cooling to room temperature, the MeOH
was evaporated under reduced pressure. To the mixture of the residue
in THF (15 mL) was added cerium ammonium nitrate (neat, 6 equiv)
in one portion at room temperature. The resulting yellow-orange
solution was stirred at this temperature for 1 h. The reaction was then
quenched with saturated aqueous sodium bicarbonate (10 mL). The
resulting slurry was diluted with water (40 mL) and ethyl acetate (30
mL), and the layers were separated. The aqueous phase was extracted
with ethyl acetate (3X 20 mL), and the combined organics were dried
over sodium sulfate and concentrated in vacuo. The crude residue was
purified by flash column chromatography The crude residue was
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purified by flash column chromatography using petroleum ether and
ethyl acetate as the eluent to give 7.
9-Benzoyl-2-hydroxy-8-(4-methoxyphenyl)-7-propyl-1-oxa-7-
azaspiro[4.4]Jnona-3,8-dien-6-one (7a, dr = 1/3). White solid (79
mg, 73%); mp 148.5—149.5 °C; IR (KBr) v 3393, 1771, 1711 cm™}
'"H NMR (400 MHz, CDCl;) 6 7.42 (d, ] = 7.3 Hz, 0.5H), 7.19—6.97
(m, 6.5H), 6.70 (d, ] = 8.7 Hz, 0.5H), 6.63 (d, ] = 8.7 Hz, 1.5H), 6.38
(br, 0.75H), 6.35 (d, ] = 6.0 Hz, 0.75H), 6.32 (d, J = 5.7 Hz, 0.25H),
6.13 (d, J = 5.7 Hz, 0.25H), 6.11 (br, 0.25H), 5.95 (d, ] = 6.0 Hz,
0.75H), 5.47 (d, ] = 119 Hz, 1H), 3.73 (s, 0.7SH), 3.72 (s, 2.25H),
3.59-3.41 (m, 2H), 1.41-1.31 (m, 2H), 0.76—0.70 (m, 3H); °C
NMR (101 MHz, CDCL,) § 192.7, 191.5, 177.4, 176.3, 161.2, 159.7,
139.3, 133.4, 131.0, 130.6, 128.7, 128.6, 128.3, 127.6, 127.4, 120.4,
116.0, 113.9, 106.0, 104.9, 91.8, 90.9, 55.3, 43.0, 21.7, 10.9; HRMS
(ESI) m/z caled for C,,H,;NNaOg [M + Na]* 428.1474, found
428.1468.
9-(2-Chlorobenzoyl)-2-hydroxy-8-(4-methoxyphenyl)-7-propyl-1-
oxa-7-azaspiro[4.4lnona-3,8-dien-6-one (7b, dr = 1/8). White solid
(84 mg, 71%); mp 140.3—142 °C; IR (KBr) v 3349, 1726 cm™'; 'H
NMR (400 MHz, CDCl;) § 7.12—6.94 (m, SH), 6.93—6.85 (m, 1H),
6.72—6.52 (m, 2H), 6.39 (br, 0.89H), 6.36 (d, ] = 5.2 Hz, 0.89H), 6.28
(d, J = 5.7 Hz, 0.11H), 6.15 (br, 0.11H), 6.06 (d, ] = 5.7 Hz, 0.11H),
5.98 (d, J = 5.2 Hz, 0.89H), 5.54 (d, ] = 12.4 Hz, 1H), 3.75 (s, 0.33H),
3.72 (s, 2.67H), 3.43—3.23 (m, 2H), 1.38—1.27 (m, 2H), 0.73—0.67
(m, 3H); 3C NMR (101 MHz, CDCl;) & 189.6, 176.1, 162.1, 160.9,
139.5, 133.4, 130.1, 129.3, 129.0, 128.3, 126.4, 119.3, 116.7, 113.6,
106.1, 105.0, 90.0, 55.3, 42.9, 21.8, 10.9; HRMS (ESI) m/z calcd for
C,,H,,CINNaO;g [M + Na]* 462.1084, found 462.1079.
9-(4-Fluorobenzoyl)-2-hydroxy-8-(4-methoxyphenyl)-7-propyl-1-
oxa-7-azaspiro[4.4inona-3,8-dien-6-one (7¢, dr = 1/5). White solid
(72 mg, 63%); mp 164.1-164.5 °C; IR (KBr) v 3350, 1726 cm™'; 'H
NMR (400 MHz, CDCly) 6 7.48—7.43 (m, 0.33H), 7.24—7.17 (m,
1.67H), 7.10=7.02 (m, 2H), 6.76—6.64 (m, 4H), 6.36 (br, 0.83H),
6.34—6.30 (m, 1H), 6.12 (d, J = 5.8 Hz, 0.17H), 6.10 (br, 0.17H), 5.94
(d, ] = 5.7 Hz, 0.83H), 5.34 (d, ] = 12.0 Hz, 1H), 3.74 (s, 3H), 3.58—
341 (m, 2H), 1.44—1.29 (m, 2H), 0.76—0.67 (m, 3H) ; 3C NMR
(101 MHz, CDCL;) § 191.1, 189.8, 177.1, 176.2, 163.8 (d, Jc_ = 250.0
Hz), 161.4, 159.6, 135.5 (d, Jo_r = 3.0 Hz), 131.3 (d, ] c_r = 9.0 Hz),
130.8, 128.5, 120.3, 115.9, 114.5 (d, Jc_g = 21.0 Hz), 114.0, 106.0,
104.8, 91.9, 90.9, 55.4, 43.0, 21.8, 10.9; HRMS (ESI) m/z calcd for
C,4H,,FNNaO; [M + Na]* 446.1380, found 446.1374.
9-Benzoyl-2-hydroxy-7-propyl-8-(p-tolyl)-1-oxa-7-azaspiro[4.4]-
nona-3,8-dien-6-one (7d, dr = 1/6). White solid (74 mg, 70%); mp
144.1-144.5 °C; IR (KBr) v 3398, 1725 cm™'; "H NMR (400 MHz,
CDCly) § 741 (d, ] = 7.6 Hz, 0.3H), 7.17—6.88 (m, 8.7H), 6.37—6.27
(m, 1.86H), 6.13 (d, ] = 5.7 Hz, 0.14H), 6.09 (br, 0.14H), 5.96 (d, ] =
5.7 Hz, 0.86H), 5.43 (d, ] = 10.3 Hz, 1H), 3.56—3.38 (m, 2H), 2.23 (s,
0.43H), 2.21 (s, 2.57H), 1.40—1.28 (m, 2H), 0.75—0.66 (m, 3H); *C
NMR (101 MHz, CDCl,) § 192.7, 177.3, 176.2, 160.0, 140.9, 133.4,
1304, 129.2, 129.1, 128.9, 128.6, 1282, 127.5, 127.4, 125.4, 116.2,
106.0, 104.7, 91.8, 90.9, 42.9, 21.8, 21.2, 10.9; HRMS (ESI) m/z calcd
for C,,H,sNNaO, [M + Na]* 412.1525, found 412.1519.
2-Hydroxy-9-(4-methoxybenzoyl)-7-propyl-8-(p-tolyl)-1-oxa-7-
azaspiro[4.4lnona-3,8-dien-6-one (7e, dr = 1/3). White solid (51
mg, 45%); mp 141—141.4 °C; IR (KBr) v 3329, 1725 cm™'; '"H NMR
(400 MHz, CDCl,) 6 7.52 (d, ] = 8.7 Hz, 0.5H), 7.19 (d, ] = 8.7 Hz,
1.5H), 7.09—6.94 (m, 4H), 6.61 (d, ] = 8.7 Hz, 0.5H), 6.46 (d, ] = 8.7
Hz, 1.5H), 6.36 (br, 0.75H), 6.32 (d, ] = 6.0 Hz, 0.75H), 6.29 (4, ] =
5.8 Hz, 0.25H), 6.15 (d, ] = 5.8 Hz, 0.25H), 6.0S (br, 0.25H), 5.93 (d,
J = 6.0 Hz, 0.75H), 5.35 (d, J = 11.6 Hz, 1H), 3.74 (s, 0.75H), 3.69 (s,
2.25H), 3.58—3.39 (m, 2H), 2.27 (s, 0.7SH), 2.25 (s, 2.25H), 1.41—
1.27 (m, 2H), 0.75—0.68 (m, 3H); 3*C NMR (101 MHz, CDCl,) §
191.6, 189.9, 177.3, 1762, 162.6, 161.9, 158.3, 140.7, 140.5, 133.4,
131.5, 130.7, 129.3, 129.2, 129.0, 128.9, 128.6, 125.8, 125.7, 116.4,
113.0, 112.7, 105.9, 104.6, 91.2, 92.1, 55.3, 42.9, 21.8, 21.3, 10.9;
HRMS (ESI) m/z caled for C,sH,sNNaOg [M + Na]* 442.1630,
found 442.1625.
9-(4-Fluorobenzoyl)-2-hydroxy-7-propyl-8-(p-tolyl)-1-oxa-7-
azaspiro[4.4]nona-3,8-dien-6-one (7f, dr = 1/3). Syrup (58 mg,
53%); IR (film) v 3389, 1725 cm™'; 'H NMR (400 MHz, CDCl;) §
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7.53=7.35 (m, 0.5H), 7.19—7.17 (m, 1.5H), 7.07—6.95 (m, 4H), 6.75
(t, J = 8.3 Hz, 0.5H), 6.64 (t, ] = 8.3 Hz, 1.5H), 6.37—6.30 (m, 1.75H),
6.12 (d, J = 5.7 Hz, 0.25H), 6.10 (br, 0.25H), 5.94 (d, ] = 5.8 Hz,
0.75H), 5.31 (d, J = 12.1 Hz, 1H), 3.59—3.34 (m, 2H), 2.27 (s, 3H),
1.39-1.29 (m, 2H), 0.75—0.66 (m, 3H); *C NMR (101 MHz,
CDClL,) 6 191.2, 189.8, 176.1, 177.3, 163.9 (d, Jo_g = 250.0 Hz), 159.8,
141.3,135.5 (d, Jo_r = 3.0 Hz), 133.5, 130.6 (d, J c_¢ = 8.0 Hz), 129.3,
129.1, 128.5, 125.4, 116.2, 1144 (d, Jc_p = 22.0 Hz), 106.0, 104.8,
90.9, 919, 43.0, 21.8, 21.3, 10.9; HRMS (ESI) m/z caled for
C,4H,,FNNaO, [M + Na]* 430.1431, found 430.1425.
9-Butyryl-2-hydroxy-8-phenyl-7-propyl-1-oxa-7-azaspiro[4.4]-
nona-3,8-dien-6-one (7g, dr = 1/5). Syrup (64 mg, 70%); IR (film) v
3388, 1744 cm™*; '"H NMR (400 MHz, CDCl;) 6 7.66—7.52 (m, 3H),
7.49—7.34 (m, 2H), 6.41—6.17 (m, 2H), 6.02 (d, ] = 5.8 Hz, 0.16H),
5.85 (d, J = 5.7 Hz, 0.84H), 5.51 (d, J = 12.2 Hz, 1H), 3.29-3.1S (m,
2H), 1.89—1.70 (m, 2H), 1.44—1.25 (m, 4H), 0.72 (t, ] = 7.4 Hz, 3H),
0.58 (t, ] = 7.4 Hz, 3H); *C NMR (101 MHz, CDCl,) § 196.3, 194.3,
177.0, 175.6, 158.2, 156.6, 132.8, 131.1, 130.9, 129.8, 129.4, 129.0,
128.8, 128.3, 117.6, 116.9, 106.1, 104.8, 91.2, 90.2, 43.1, 42.8, 22.1,
17.8, 13.5, 11.0; HRMS (ESI) m/z calcd for C,,H,;NNaO, [M + Na]*
364.1525, found 364.1519.
8-(4-Chlorophenyl)-2-hydroxy-9-(4-methylbenzoyl)-7-propyl-1-
oxa-7-azaspiro[4.4lnona-3,8-dien-6-one (7h, dr = 1/4). White solid
(51 mg, 45%); mp 170.1-170.2 °C; IR (KBr) v 3411, 1726 cm™; 'H
NMR (400 MHz, CDCl,) 6 7.29 (d, ] = 7.8 Hz, 0.5H), 7.13 (d, ] = 7.8
Hz, 0.7H), 7.05 (d, J = 7.8 Hz, 2H), 6.97 (d, ] = 7.8 Hz, 2.8H), 6.85
(d, J = 7.6 Hz, 0.4H), 6.73 (d, ] = 7.6 Hz, 1.6H), 6.27 (s, 0.8H), 6.26
(d, J = 5.7 Hz, 0.8H), 6.22 (d, ] = 5.7 Hz, 0.2H), 6.04 (d, ] = 5.7 Hz,
0.2H), 5.99 (br, 0.2H), 5.86 (d, J = S.7 Hz, 0.8H), 5.28 (br, 1H),
3.50—3.24 (m, 2H), 2.19 (s, 0.6H), 2.15 (s, 2.4H), 1.30—1.22 (m, 2H),
0.70—0.59 (m, 3H); *C NMR (101 MHz, CDCl;) § 192.3, 190.9,
176.0, 157.6, 141.8, 136.8, 136.3, 133.7, 130.6, 130.2, 128.6, 128.5,
128.4, 128.3, 128.2, 127.1, 117.0, 106.1, 104.8, 90.9, 43.0, 21.9, 21.3,
10.9; HRMS (ESI) m/z caled for C,,H,,CINNaO, [M + Nal*
446.1135, found 446.1130.
9-(2-Chlorobenzoyl)-8-(4-chlorophenyl)-2-hydroxy-7-propyl-1-
oxa-7-azaspiro[4.4Jnona-3,8-dien-6-one (7i, dr = 1/8). White solid
(81 mg, 68%); mp 157—158 °C; IR (KBr) v 3410, 1725 ecm™; 'H
NMR (400 MHz, CDCl;) 6§ 7.11-6.80 (m, 8H), 6.30—6.28 (m,
1.78H), 6.20 (d, ] = 5.7 Hz, 0.11H), 6.05 (br, 0.11H), 5.97 (d, ] = 5.7
Hz, 0.11H), 5.90 (d, J = 5.6 Hz, 0.89H), 5.36 (d, ] = 12.4 Hz, 1H),
3.31-3.11 (m, 2H), 1.31-1.21 (m, 2H), 0.63 (t, ] = 7.2 Hz, 3H); °C
NMR (101 MHz, CDCl;) § 189.2, 175.8, 160.4, 139.3, 136.7, 133.7,
133.2, 130.3, 130.1, 129.3, 128.8, 128.5, 128.4, 128.1, 126.5, 126.2,
125.8, 117.3, 106.3, 105.1, 90.5, 89.9, 43.0, 22.0, 10.9; HRMS (ESI)
m/z caled for Cp3H,sCLNNaO, [M + Na]* 466.0589, found 466.0583.
8-(4-Chlorophenyl)-9-(4-fluorobenzoyl)-2-hydroxy-7-propyl-1-
oxa-7-azaspiro[4.4lnona-3,8-dien-6-one (7j, dr = 1/3). Yellow oil
(75 mg, 65%); IR (film) v 3427, 1725 ecm™'; 'H NMR (400 MHg,
CDCl,) 6 7.32—6.89 (m, 8H), 6.35—6.30 (m, 1.75H), 6.15—6.04 (m,
0.5H), 5.94 (d, ] = 5.2 Hz, 0.75H), 5.22 (s, 1H), 3.50—3.24 (m, 2H),
1.32—1.22 (m, 2H), 0.77-0.66 (m, 3H); *C NMR (101 MHz,
CDCly) 6 191.1, 189.9, 177.0, 175.9, 163.8 (d, ] c_r = 250.0 Hz),
158.7, 138.0, 137.3, 133.7, 133.0, 131.5 (d, J c_¢ = 8.0 Hz), 130.8,
129.7, 128.3, 125.6, 124.4 (d, Jo_p = 4.0 Hz), 116.7, 116.0 (d, Jc_g =
22.0 Hz), 106.1, 104.9, 91.6, 90.7, 43.0, 21.8, 10.9; HRMS (ESI) m/z
caled for C,3H3CIFNNaO, [M + Na]* 450.0884, found 450.0879.
9-Benzoyl-2-hydroxy-8-phenyl-7-propyl-1-oxa-7-azaspiro[4.4]-
nona-3,8-dien-6-one (7k, dr = 1/5). Yellow oil (73 mg, 72%); IR
(film) v 3379, 1725 cm™"; 'H NMR (400 MHz, CDCl,) 6§ 7.33 (4, ] =
7.2 Hz, 0.34H), 7.14—6.84 (m, 9.66H), 6.34—6.18 (m, 1.83H), 6.08
(d, J = 5.7 Hz, 0.17H), 6.02 (br, 0.17H), 5.90 (d, J = 5.6 Hz, 0.83H),
5.32 (br, 1H), 3.48—3.29 (m, 2H), 1.32—1.20 (m, 2H), 0.67—0.57 (m,
3H); ®C NMR (101 MHz, CDCL) § 192.7, 1922, 177.2, 176.1,
159.6, 139.2, 138.6, 133.5, 130.7, 130.5, 129.3, 128.5, 128.3, 128.2,
127.6, 127.4, 117.3, 116.4, 106.1, 104.7, 91.9, 90.9, 43.0, 21.8, 10.9;
HRMS (ESI) m/z caled for C,;H, NNaO, [M + Na]* 398.1368,
found 398.1363.
2-Hydroxy-9-(4-methylbenzoyl)-8-phenyl-7-propyl-1-oxa-7-
azaspiro[4.4]nona-3,8-dien-6-one (71, dr = 1/3). White solid (81 mg,
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77%); mp 133—134 °C; IR (KBr) v 3416, 1725 cm™'; 'H NMR (400
MHz, CDCL;) 6 7.36 (d, J = 7.5 Hz, 0.5H), 7.24—7.05 (m, 6.5H), 6.87
(d, J = 7.7 Hz, 0.5H), 6.73 (d, ] = 7.7 Hz, 1.5H), 6.35 (br, 0.75H),
6.34—6.28 (m, 1H), 6.15 (d, ] = 5.8 Hz, 0.25H), 6.08 (br, 0.25H), 5.96
(d, J = 5.7 Hz, 0.75H), 5.40 (br, 1H), 3.57—3.37 (m, 2H), 2.21 (s,
0.75H), 2.15 (s, 2.25H), 1.40—1.26(m, 2H), 0.75—0.66 (m, 3H); *C
NMR (101 MHz, CDCL,) § 192.5, 191.0, 177.4, 176.2, 158.9, 142.3,
141.3, 136.4, 135.6, 133.5, 132.6, 130.1, 129.3, 128.9, 128.5, 128.3,
128.1, 117.6, 116.5, 106.0 104.6, 92.0, 91.0, 42.9, 21.8, 21.3, 10.9;
HRMS (ESI) m/z caled for C,,H,3NNaO, [M + Na]* 412.1525,
found 412.1519.
2-Hydroxy-9-(4-methoxybenzoyl)-8-phenyl-7-propyl-1-oxa-7-
azaspiro[4.4]nona-3,8-dien-6-one (7m, dr = 1/3). White solid (63
mg, 58%); mp 128.2—128.3 °C; IR (KBr) v 3396, 1726 cm™'; 'H
NMR (400 MHz, CDCl,) § 7.43 (d, ] = 8.6 Hz, 0.5H), 7.22—7.07 (m,
6.5H), 6.51 (d, ] = 8.6 Hz, 0.5H), 6.38 (d, ] = 8.6 Hz, 1.5H), 6.27 (br,
0.75H), 6.25—6.18 (m, 1H), 6.09 (d, ] = 5.6 Hz, 0.25H), 5.99 (br,
0.25H), 5.88 (d, J = 5.7 Hz, 0.75H), 5.27 (br, 1H), 3.65 (s, 0.75H),
3.60 (s, 2.25H), 3.51-3.31 (m, 2H), 1.30—1.20 (m, 2H), 0.68—0.58
(m, 3H); *C NMR (101 MHz, CDCl;) § 191.5, 190.1, 177.3, 176.2,
162.7, 161.9, 157.9, 133.5, 132.5, 131.4, 130.7, 130.4, 130.2, 129.4,
128.9, 128.6, 128.4, 117.7, 116.6, 113.0, 112.8, 105.9, 104.6, 92.2, 91.2,
55.3, 42.9,21.8, 10.9; HRMS (ESI) m/z calced for C,,H,;NNaOg [M +
Na]* 428.1474, found 428.1468.
8-(3-Bromophenyl)-2-hydroxy-9-(4-methylbenzoyl)-7-propyl-1-
oxa-7-azaspiro[4.4lnona-3,8-dien-6-one (7n, dr = 1/5). Yellow oil
(76 mg, 60%); IR (film) v 3367, 1744 cm™'; 'H NMR (400 MHg,
CDCl,) 6 7.42—7.26 (m, 2H), 7.20 (s, 0.66H), 7.11-7.02 (m, 3.34H),
6.93 (d, J = 7.9 Hz, 0.34H), 6.81 (d, ] = 7.9 Hz, 1.66H), 6.37 (br,
0.83H), 6.34 (d, J = 5.2 Hz, 0.83H), 6.30 (d, ] = 5.8 Hz, 0.17H), 6.12
(d, ] = 5.8 Hz, 0.17H), 6.07 (br, 0.17H), 5.94 (d, J = 5.2 Hz, 0.83H),
5.32 (d, J = 12.3 Hz, 1H), 3.55—3.33 (m, 2H), 2.25 (s, 0.5H), 2.20 (s,
2.5H), 1.39—1.27 (m, 2H), 0.77—0.69 (m, 3H); *C NMR (101 MHz,
CDCL,) § 192.3, 190.9, 176.9, 175.9, 157.1, 142.5, 141.5, 136.4, 135.8,
133.7, 133.0, 132.5, 130.5, 129.8, 128.3, 128.2, 128.1, 127.5, 127.3,
122.4, 118.5, 117.3, 106.1, 104.8, 91.7, 90.8, 43.0, 21.9, 21.3, 10.9;
HRMS (ESI) m/z caled for C,,H,,BrNNaO, [M + Na]* 490.0630,
found 490.0624.
8-(3-Bromophenyl)-2-hydroxy-9-(4-methoxybenzoyl)-7-propyl-1-
oxa-7-azaspiro[4.4lnona-3,8-dien-6-one (70, dr = 1/3). Yellow oil
(83 mg, 64%); IR (film) v 3462, 1744 cm™'; 'H NMR (400 MHg,
CDCly) 6 7.50 (d, J = 8.5 Hz, 0.5H), 7.44—7.31 (m, 1.5H), 7.28 (s,
1H), 7.20 (d, ] = 8.3 Hz, 1H), 7.16—7.03 (m, 2H), 6.65 (d, ] = 8.5 Hz,
0.5H), 6.53 (d, J = 8.5 Hz, 1.5H), 6.42—6.21 (m, 1.75H), 6.13 (d, ] =
5.6 Hz, 0.25H), 6.06 (br, 0.25H), 5.94 (d, J = 5.6 Hz, 0.75H), 5.24 (br,
1H), 3.76 (s, 0.75H), 3.73 (s, 2.25H), 3.57—3.36 (m, 2H), 1.43—1.30
(m, 2H), 0.79—0.68 (m, 3H); *C NMR (101 MHz, CDCl;) § 191.3,
189.8, 177.0, 175.9, 162.9, 162.0, 156.1, 133.7, 133.3, 132.5, 131.3,
130.6, 130.4, 130.1, 129.9, 128.4, 127.7, 127.4, 122.6, 122.5, 117.4,
113.1, 113.0, 106.0, 104.1, 92.0, 91.0, 55.4, 43.0, 21.9, 10.9; HRMS
(ESI) m/z caled for C,,H,,BrNNaOg [M + Na]* 506.0579, found
506.0574.
9-(4-Bromobenzoyl)-8-(4-fluorophenyl)-2-hydroxy-7-propyl-1-
oxa-7-azaspiro[4.4Inona-3,8-dien-6-one (7p, dr = 1/3). White solid
(76 mg, 60%); mp 150—151 °C; IR (KBr) v 3464, 1750 cm™; 'H
NMR (400 MHz, CDCl;) § 7.55—7.42 (m, 0.5H), 7.29—7.07 (m,
5.5H), 6.82 (t, ] = 8.4 Hz, 0.5H), 6.71 (t, ] = 8.4 Hz, 1.5H), 6.35—6.33
(m, 1.5H), 6.30 (d, J = 5.8 Hz, 0.25H), 6.11 (d, ] = 5.8 Hz, 0.25H),
6.07 (br, 0.25H), 5.95 (d, ] = 5.7 Hz, 0.75H), 5.19 (s, 1H), 3.58—3.35
(m, 2H), 1.40—1.28 (m, 2H), 0.77—0.67 (m, 3H); *C NMR (101
MHz, CDCl;) 6 190.8, 189.6, 177.0, 175.9, 164.2 (d, Jo_¢ = 250.0 Hz),
157.9,137.1,135.3 (d, Jo_g = 3.0 Hz), 132.2, (d, Jc_r = 9.0 Hz), 130.7,
130.6, 128.9, 128.3, 126.9, 116.8, 114.7 (d, Jo_r = 22.0 Hz), 106.1,
104.8, 91.8, 90.9, 43.0, 21.8, 10.9; HRMS (ESI) m/z calcd for
C,3H oBrFNNaO, [M + Na]* 494.0379, found 494.0374.
8-(4-Fluorophenyl)-2-hydroxy-7-propyl-9-(4-(trifluoromethyl)-
benzoyl)-1-oxa-7-azaspiro[4.4]nona-3,8-dien-6-one (7q, dr = 1/3).
White solid (97 mg, 78%); mp 146.5—147 °C; IR (KBr) v 3417, 1725
cm™'; 'TH NMR (400 MHz, CDCl,) 6 7.43 (d, J = 7.7 Hz, 0.5H), 7.35
(d, J = 8.3 Hz, 0.5H), 7.26 (d, J = 8.3 Hz, 1.5H), 7.21 (d, ] = 7.7 Hz,
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1.5H), 7.18=7.11 (m, 0.5H), 7.10—7.05 (m, 1.5H), 6.91 (t, ] = 7.8 Hz,
0.5H), 6.84 (t, J = 7.8 Hz,1.5H), 6.40—6.31 (m, 1.75H), 6.12 (br,
0.25H), 6.09 (d, ] = 5.6 Hz, 0.25H), 5.96 (d, ] = 5.5 Hz, 0.75H), 5.23
(d, J = 12.1 Hz, 1H), 3.53—3.32 (m, 2H), 1.40—1.30 (m, 2H), 0.75—
0.69 (m, 3H); *C NMR (101 MHz, CDCl;) § 190.8, 189.9, 176.9,
175.8, 163.7 (d, Jo_g = 250.0 Hz), 159.8, 142.5, 142.0, 133.8, 132.0 (q,
Je—r = 32.0 Hz), 131.4 (d, Jo_p = 9.0 Hz), 130.5, 128.6, 1282, 124.5
(g Jop = 3.7 Hz), 123.4 (q, Jo_r = 270.8 Hz), 116.8, 116.0 (d, Jc_r =
22.0 Hz), 106.2, 104.9, 91.4, 90.5, 43.1, 21.8, 10.9; HRMS (ESI) m/z
caled for C,,H;sF,NNaO, [M + Na]* 484.1148, found 484.1142.

2-Hydroxy-9-(4-methylbenzoyl)-7-propyl-8-(o-tolyl)-1-oxa-7-
azaspiro[4.4]nona-3,8-dien-6-one (7r, dr = 1/5). Yellow oil (66 mg,
61%); IR (film) v 3412, 1725 cm™'; '"H NMR (400 MHz, CDCL,;) §
7.04—6.66 (m, 8H), 6.38 (br, 0.83H), 6.35 (d, ] = 5.6 Hz, 0.83H), 6.27
(d, J = 5.9 Hz, 0.17H), 6.08 (br, 0.17H), 6.06 (d, ] = 5.9 Hz, 0.17H),
5.96 (d, ] = 5.6 Hz, 0.83H), 5.55 (d, ] = 11.3 Hz, 1H), 3.4 0—3.22 (m,
2H), 2.23 (s, 0.5H), 2.23 (s, 0.5H), 2.20 (s, 2.5H), 2.18 (s, 2.5H),
1.36—1.25 (m, 2H), 0.73—0.66 (m, 3H); *C NMR (101 MHz,
CDCly) 6 193.9, 192.6, 177.3, 176.1, 161.3, 140.4, 140.0, 134.4, 133.4,
130.0, 128.8, 128.7, 128.5, 1282, 127.4, 124.9, 124.8, 118.0, 117.5,
106.1, 104.7, 91.1, 90.3, 42.9, 21.8, 212, 19.3, 10.9; HRMS (ESI) m/z
caled for C,sH,NNaO, [M + Na]* 426.1681, found 426.1676.

9-Benzoyl-7-benzyl-2-hydroxy-8-phenyl-1-oxa-7-azaspiro[4.4]-
nona-3,8-dien-6-one (7u, dr = 1/3). Yellow oil (68 mg, 60%); IR
(film) v 3349, 1746 cm™; 'H NMR (400 MHz, CDCl;) 6 7.37—7.27
(m, 0.5H), 7.12—6.72 (m, 14.5H), 6.32 (d, J = 11.8 Hz, 0.75H), 6.28
(d,]J = 5.8 Hz, 0.75H), 6.25 (d, ] = 5.9 Hz, 0.25H), 6.09 (d, ] = 5.9 Hz,
0.25H), 6.06 (br, 0.25H), 5.93 (dd, J = 5.8 Hz, 0.75H), 529 (d, ] =
12.3 Hz, 1H), 4.70—4.48 (m, 2H); *C NMR (101 MHz, CDCl;) §
192.6, 191.2, 177.3, 176.3, 159.3, 139.1, 138.4, 135.8, 133.7, 130.8,
130.4, 129.5, 129.2, 128.6, 128.4, 1282, 128.1, 127.7, 1274, 127.2,
117.7, 116.7, 106.2, 105.0, 92.0, 91.0, 45.0; HRMS (ESI) m/z calcd for
Cy;H,;NNaO, [M + Na]* 446.1368, found 446.1363.

General Procedure for the Preparation of 8. The mixture of
furfurylamine 9 (0.27 mmol), ynone 10 (0.27 mmol), and MeOH (15
mL) was stirred at 60 °C in air for about 6 h until the disappearance of
the starting materials. After cooling to room temperature, the MeOH
was evaporated under reduced pressure. To the mixture of the residue
in THF was added cerium ammonium nitrate (neat, 3 equiv) in one
portion at room temperature. The resulting yellow-orange solution
was stirred at this temperature for 1 h. The reaction was then
quenched with saturated aqueous sodium bicarbonate (10 mL). The
resulting slurry was diluted with water (40 mL) and ethyl acetate (30
mL), and the layers were separated. The aqueous phase was extracted
with ethyl acetate (3X 20 mL), and the combined organics were dried
over sodium sulfate and concentrated in vacuo. The crude residue was
purified by flash column chromatography using petroleum ether and
ethyl acetate as the eluent to give 8.

(E)-3-(4-Benzoyl-5-(4-methoxyphenyl)-1-propyl-1H-pyrrol-3-yl)-
acrylaldehyde (8a). Yellow oil (75 mg, 74%); IR (film) v 1736, 1621
cm™; 'H NMR (400 MHz, CDCl;) § 9.50 (d, J = 8.0 Hz, 1H), 7.69
(d, J = 15.9 Hz, 1H), 7.55 (d, J = 7.5 Hz, 2H), 7.31-7.25 (m, 2H),
7.14 (t, ] = 7.7 Hz, 2H), 7.04 (d, ] = 8.6 Hz, 2H), 6.70 (d, J = 8.6 Hz,
2H), 6.4S (dd, ] = 15.9, 8.0 Hz, 1H), 3.83 (t, ] = 7.3 Hz, 2H), 3.71 (s,
3H), 1.65 (dd, J = 14.7, 7.4 Hz, 2H), 0.81 (t, ] = 7.4 Hz, 3H); *C
NMR (101 MHz, CDCL,) & 194.2, 193.6, 159.6, 146.7, 139.2, 138.9,
131.9, 129.5, 127.7, 126.4, 122.9, 122.4, 121.9, 120.3, 113.7, 55.2, 49.2,
242, 11.0; HRMS (ESI) m/z caled for C,,H,,NO, [M + H]*
374.1756, found 374.1751.

(E)-3-(4-(4-Methoxybenzoyl)-5-phenyl-1-propyl-1H-pyrrol-3-yl)-
acrylaldehyde (8b). Yellow oil (46 mg, 46%); IR (film) v 1736, 1671
cm™; '"H NMR (400 MHz, CDCL;) § 9.49 (d, J = 7.9 Hz, 1H), 7.58
(d, J = 9.3 Hz, 3H), 7.30—7.36 (m, 3H), 7.27 (s, 1H), 7.15—7.06 (m,
2H), 6.69 (d, ] = 7.9 Hz, 2H), 6.42 (dd, ] = 15.9, 7.9 Hz, 1H), 3.85 (4,
] = 7.1 Hz, 2H), 3.78 (s, 3H), 1.70—1.61 (m, 2H), 0.83 (t, ] = 7.2 Hz,
3H); *C NMR (101 MHz, CDCl,;) & 194.1, 191.8, 163.0, 146.1,
136.3, 133.4, 132.4, 131.9, 131.5, 129.8, 129.2, 126.6, 123.3, 123.0,
122.2, 1202, 113.2, 55.4, 49.4, 24.3, 11.0; HRMS (ESI) m/z calcd for
C,H,,NO; [M + H]* 374.1756, found 374.1751.
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(E)-3-(4-(4-Methylbenzoyl)-5-phenyl-1-propyl-1H-pyrrol-3-yl)-
acrylaldehyde (8c). Yellow oil (62 mg, 64%); IR (film) v 1734, 1670
cm™'; '"H NMR (400 MHz, CDCl;) 6 9.49 (d, J = 8.0 Hz, 1H), 7.62
(d,J =159 Hz, 1H), 7.48 (d, ] = 8.1 Hz, 2H), 7.28 (s, 1H), 7.18 (t, ] =
6.5 Hz, SH), 6.95 (d, ] = 8.0 Hz, 2H), 6.43 (dd, ] = 15.9, 8.0 Hz, 1H),
3.87-3.83 (m, 2H), 2.25 (s, 3H), 1.69—1.62(m, 2H), 0.81 (t, ] = 7.4
Hz, 3H); *C NMR (101 MHz, CDCL,) § 194.3, 193.2, 167.0, 146.7,
142.8, 138.7, 136.1, 130.6, 129.8, 128.5, 128.4, 128.2, 126.3, 123.1,
122.4, 1202, 49.3, 24.2, 21.5, 11.0; HRMS (ESI) m/z caled for
C,4H,,NO, [M + H]" 358.1807, found 358.1802.

(E)-3-(4-(4-Methylbenzoyl)- 1-propyl-5-(o-tolyl)-1H-pyrrol-3-yl)-
acrylaldehyde (8d). Yellow oil (60 mg, 60%); IR (film) v 1735, 1669
cm™'; '"H NMR (400 MHz, CDCl;) 6 9.55 (d, J = 7.8 Hz, 1H), 7.92
(d, J = 16.0 Hz, 1H), 7.25 (s, 1H), 7.10—-6.97 (m, 2H), 6.94—6.81 (m,
6H), 6.51 (dd, ] = 16.0, 7.8 Hz, 1H), 3.70 (t, ] = 6.8 Hz, 2H), 2.27 (s,
3H), 2.23 (s, 3H), 1.65—1.56 (m, 2H), 0.78 (t, ] = 6.9 Hz, 3H); *C
NMR (101 MHz, CDCl;) § 195.5, 194.5, 147.2, 141.1, 140.3, 138.3,
136.1, 130.3, 130.2, 129.6, 129.0, 128.5, 127.0, 126.7, 124.8, 122.9,
122.5, 120.5, 49.1, 24.2, 21.1, 19.8, 11.0; HRMS (ESI) m/z calcd for
C,sH,sNNaO, [M + Na]* 394.1783, found 394.1777.

(E)-3-(4-Benzoyl-5-phenyl-1-propyl-1H-pyrrol-3-yl)acrylaldehyde
(8e). Yellow oil (71 mg, 77%); IR (film) v 1731, 1667 cm™"; "H NMR
(400 MHz, CDCl;) 6 9.52 (d, ] = 8.0 Hz, 1H), 7.71 (d, ] = 16.0 Hz,
1H), 7.54 (d, ] = 7.4 Hz, 2H), 7.32—7.24 (m, 2H), 7.19=7.07 (m,
7H), 6.47 (dd, ] = 16.0, 8.0 Hz, 1H), 3.85 (t, ] = 7.3 Hz, 2H), 1.69—
1.60 (m, 2H), 0.80 (t, J = 7.4 Hz, 3H); *C NMR (101 MHz, CDCl,)
51942, 193.5, 146.6, 139.2, 138.8, 132.0, 130.6, 130.3, 129.5, 128.5,
1282, 127.7, 126.5, 123.1, 122.1, 120.4, 49.3, 24.2, 11.0; HRMS (ESI)
m/z caled for C,3H,NO, [M + H]* 344.1651, found 344.164S.

(E)-3-(5-(4-Fluorophenyl)-4-(4-methylbenzoyl)-1-propyl-1H-pyr-
rol-3-yl)acrylaldehyde (8f). Yellow oil (78 mg, 76%); IR (film) v
1731,1664 cm™; "H NMR (400 MHz, CDCl,) 6 9.47 (d, ] = 7.9 Hg,
1H), 7.59 (d, ] = 15.9 Hz, 1H), 7.48 (d, ] = 7.7 Hz, 2H), 7.29 (s, 1H),
7.20—7.10 (m, 2H), 6.98 (d, J = 7.7 Hz, 2H), 6.90 (t, ] = 8.2 Hz, 2H),
642 (dd, J = 15.9, 7.9 Hz, 1H), 3.82 (t, ] = 7.2 Hz, 2H), 2.28 (s, 3H),
1.71-1.58 (m, 2H), 0.81 (t, J = 7.3 Hz, 3H); *C NMR (101 MHz,
CDCl,) 6 194.1, 193.0, 163.8, 161.4, 146.4, 143.1, 137.4, 136.1, 132.5,
132.4, 129.8, 128.6, 126.4, 123.1, 122.6, 120.1, 115.5, 115.3, 49.2, 24.2,
21.5, 11.0; HRMS (ESI) m/z caled for C,,H,;FNO, [M + H]*
376.1713, found 376.1707.

(E)-3-(4-(4-Bromobenzoyl)-5-(4-fluorophenyl)-1-propyl-1H-pyr-
rol-3-yl)acrylaldehyde (8g). Yellow oil (73 mg, 62%); IR (film) v
1734, 1666 cm™'; '"H NMR (400 MHz, CDCL;) 6 9.42 (d, ] = 7.9 Hz,
1H), 7.65—7.43 (m, 3H), 7.22 (s, 1H), 7.13 (d, ] = 8.2 Hz, 2H), 7.01
(d,J = 7.8 Hz, 2H), 6.78 (t, ] = 8.4 Hz, 2H), 6.36 (dd, ] = 15.9, 7.9 Hz,
1H), 3.75 (t, ] = 7.2 Hz, 2H), 1.64—1.52 (m, 2H), 0.74 (t, ] = 7.3 Hz,
3H); ®C NMR (101 MHz, CDCL) § 194.0, 191.6, 166.4, 163.9,
145.9, 137.4, 135.0, 135.9, 134.9, 132.1, 132.0, 131.8, 128.7, 128.6,
123.4, 122.2, 1204, 115.2, 114.9, 49.4, 24.2, 11.0; HRMS (ESI) m/z
caled for C,3H oBrFNNaO, [M + Na]* 462.0481, found 462.0475.

(E)-3-(4-(2-Chlorobenzoyl)-5-(4-chlorophenyl)-1-propyl-1H-pyr-
rol-3-yl)acrylaldehyde (8h). Yellow oil (84 mg, 76%); IR (film) v
1726, 1670 cm™"; 'H NMR (400 MHz, CDCl;) § 9.63 (d, ] = 8.0 Hz,
1H), 8.16 (d, ] = 16.0 Hz, 1H), 7.28 (s, 1H), 7.13—6.95 (m, 8H), 6.56
(dd, J = 16.0, 8.0 Hz, 1H), 3.65 (t, ] = 7.2 Hz, 2H), 1.65—1.55 (m,
2H), 0.78 (t, J = 7.3 Hz, 3H); *C NMR (101 MHz, CDCL;) & 194.4,
191.3, 146.9, 140.4, 140.1, 135.0, 131.8, 130.9, 130.4, 129.5, 129.2,
128.1, 127.4, 1262, 122.8, 121.8, 121.0, 49.2, 24.1, 10.9; HRMS (ESI)
m/z caled for C,3H,oCLNO, [M + H]* 412.0871, found 412.0866.

(E)-3-(5-(3-Bromophenyl)-4-(4-methoxybenzoyl)-1-propyl-1H-
pyrrol-3-yl)acrylaldehyde (8i). Yellow oil (52 mg, 62%); IR (film) v
1734, 1669 cm™'; '"H NMR (400 MHz, CDCL;) 6 9.48 (d, J = 7.9 Hz,
1H), 7.65—7.54 (m, 3H), 7.37—7.27 (m, 3H), 7.14—=7.05 (s, 2H), 6.69
(d, J = 8.7 Hz, 2H), 6.42 (dd, ] = 15.9, 7.9 Hz, 1H), 3.85 (t, ] = 7.2 Hz,
2H), 3.77 (s, 3H), 1.71-1.60 (m, 2H), 0.82 (t, ] = 7.3 Hz, 3H); *C
NMR (101 MHz, CDCL,) § 194.1, 191.8, 163.0, 146.2, 136.4, 133.4,
1324, 1319, 131.5, 129.8, 129.2, 126.5, 123.3, 123.0, 122.2, 120.2,
113.2, 55.4, 49.4, 242, 11.0; HRMS (ESI) m/z caled for
C,,H,,BrNNaO; [M + Na]* 474.0681, found 474.0675.

(E)-3-(4-Butyryl-5-phenyl-1-propyl-1H-pyrrol-3-yl)acrylaldehyde
(8)). Yellow oil (52 mg, 62%); IR (film) v 1731, 1669 cm™; '"H NMR
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(400 MHz, CDCl;) 6 9.63 (d, ] = 7.8 Hz, 1H), 8.18 (d, ] = 16.0 Hz,
1H), 7.52 (s, 3H), 7.35 (s, 2H), 7.21 (s, 1H), 6.50 (dd, ] = 16.0, 7.8
Hz, 1H), 3.65 (t, ] = 6.8 Hz, 2H), 2.04 (t, ] = 6.6 Hz, 2H), 1.67—1.58
(m, 2H), 1.48—1.39 (m, 2H), 0.80 (t, J = 6.8 Hz, 3H), 0.65 (t, J = 7.0
Hz, 3H); *C NMR (101 MHz, CDCL,) § 199.3, 194.6, 148.1, 139.3,
131.6, 130.7, 129.6, 128.9, 126.8, 122.6, 122.0, 120.2, 49.2, 43.9, 24.2,
18.0, 13.6, 11.0; HRMS (ESI) m/z caled for C,,H,,NO, [M + H]*
310.1807, found 310.1802.

(E)-3-(4-(4-Methylbenzoyl)-2-oxo-1,5-dipropyl-2,3-dihydro-1H-
pyrrol-3-yl)acrylaldehyde (8k). Yellow oil (52 mg, 60%); IR (film) v
1725, 1640 cm™'; '"H NMR (400 MHz, CDCL) 6 9.74 (d, J = 7.4 Hz,
1H), 7.69 (d, J = 7.8 Hz, 2H), 7.28—7.26 (m, 3H), 6.71 (d, ] = 12.0
Hz, 1H), 6.09—5.98 (m, 1H), 3.58—3.44 (m, 1H), 3.27—3.12 (m, 1H),
243 (s, 3H), 2.15—1.95 (m, 2H), 1.86—1.64 (m, 2H), 1.33—1.16 (m,
2H), 0.98 (t, J = 7.1 Hz, 3H), 0.90 (t, ] = 7.2 Hz, 3H); 3*C NMR (101
MHz, CDCL,) 6 193.0, 191.1, 166.8, 146.5, 135.3, 133.3, 129.9, 129.8,
92.7, 414, 37.9,22.1,21.9, 17.4, 13.8, 11.7; HRMS (ESI) m/z calcd for
C,1HyNO, [M + H]* 324.1964, found: 324.1958.

(E)-Dimethyl 4-(3-oxoprop-1-en-1-yl)-1-propyl-1H-pyrrole-2,3-di-
carboxylate (8m). Yellow oil (45 mg, 60%); IR (film) v 1707, 1662
em™’; '"H NMR (400 MHz, CDCL;) 6 9.58 (d, J = 7.8 Hz, 1H), 7.57
(d, J = 16.0 Hz, 1H), 7.19 (s, 1H), 6.43 (dd, ] = 16.0, 7.8 Hz, 1H), 4.17
(t, ] = 7.2 Hz, 2H), 3.90 (s, 3H), 3.87 (s, 3H), 1.85—1.75 (m, 2H),
0.93 (t, ] = 7.4 Hz, 3H); *C NMR (101 MHz, CDCl,) § 193.7, 165.1,
160.9, 144.1, 127.4, 126.4, 124.7, 120.7, 118.6, 52.2, 51.3, 24.5, 10.9;
HRMS (ESI) m/z caled for C,H;;NOg [M + Na]* 302.1004, found
302.0999.

(E)-3-(4-Benzoyl-1-ethyl-5-phenyl-1H-pyrrol-3-yl)-propenal (80).
Yellow oil (62 mg, 72%); IR (film) v 1734, 1669 cm™'; '"H NMR
(400 MHz, CDCl;) 6 9.48 (d, J = 8.0 Hz, 1H), 7.61 (d, ] = 15.9 Hg,
1H), 7.48 (d, ] = 8.0 Hz, 2H), 7.29 (s, 1H), 7.17—7.14 (m, SH), 6.93
(d, J = 7.9 Hz, 2H), 6.43 (dd, ] = 15.9, 8.0 Hz, 1H), 391 (q, ] = 72
Hz, 2H), 2.23 (s, 3H), 1.29 (t, ] = 7.2 Hz, 3H); 3C NMR (101 MHz,
CDCL,) & 194.2, 193.0, 146.5, 142.6, 138.3, 136.0, 130.4, 130.2, 129.7,
128.4, 128.3, 128.1, 126.2, 122.3, 120.2, 42.5, 21.4, 16.3; HRMS (ESI)
m/z calcd for HRMS (ESI) m/z caled for Cp3H,,NO, [M + HJ*
344.1651, found 344.1645.

(E)-3-(4-Benzoyl-1-benzyl-5-phenyl-1H-pyrrol-3-yl)acrylaldehyde
(8p). Yellow oil (84 mg, 80%); IR (film) v 1731, 1669 cm™'; "H NMR
(400 MHz, CDCl;) 6 9.40 (d, J = 8.0 Hz, 1H), 7.60 (d, ] = 16.0 Hz,
1H), 7.50—7.45 (m, 2H), 7.23—7.16 (m, SH), 7.05—6.98 (m, 7H),
6.92—6.88 (m, 2H), 6.33 (dd, ] = 16.0, 8.0 Hz, 1H), 4.96 (s, 2H); °C
NMR (101 MHz, CDCl;) § 194.1, 193.5, 146.3, 139.6, 138.7, 136.3,
132.1, 130.7, 130.0, 129.6, 129.0, 128.6, 128.2, 127.8, 127.0, 126.9,
123.7, 122.2, 120.9, 51.3; HRMS (ESI) m/z caled for Cp,H,NO, [M
+ H]* 392.1651, found 392.1645.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the

ACS Publications website at DOI: 10.1021/acs.joc.5b02919.
Crystal data for 7c. (CIF)
X-ray data for 7c, HSQC of 7a, 7b, 7e and 7r, copies of
'"H and “C NMR spectra of all the new compounds.
(PDF)

B AUTHOR INFORMATION
Corresponding Author
*E-mail: blyin@scut.edu.cn.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS
This work was supported by grants from the National Natural
Science Foundation of China (nos. 21272078 and 21572068),

the Science and Technology Planning Project of Guangdong
Province, China (no. 2014A020221035), and the Program for

4945

New Century Excellent Talents in Universities (no. NCET-12-
0189).

B REFERENCES

(1) Lipshutz, B. H. Chem. Rev. 1986, 86, 795—819.

(2) Lichtenthaler, F. W. Acc. Chem. Res. 2002, 35, 728—737.

(3) Rosatella, A. A.; Simeonov, S. P.; Frade, R. F. M.; Afonso, C. A.
M. Green Chem. 2011, 13, 754—793.

(4) van Putten, R. J.; van der Waa, J. C;; de Jong, E.; Rasrendra, C.
B.; Heeres, H. J.; de Vries, J. G. Chem. Rev. 2013, 113, 1499—1597.

(5) Trushkov, L. V.; Uchuskin, M. G.; Butin, A. V. Eur. J. Org. Chem.
20185, 2015, 2999.

(6) Nieto-Mendoza, E.; Guevara-Salazar, J. A.; Ramirez-Apan, M. T;
Frontana-Uribe, B. A,; Cogordan, J. A; Cardenas, J. J. Org. Chem.
2005, 70, 4538—4541.

(7) Pinot, E.; Guy, A; Fournial, A.; Balas, L.; Rossi, J.-C.; Durand, T.
J. Org. Chem. 2008, 73, 3063—3069.

(8) Etchells, L. L; Helliwell, M.; Kershaw, N. M,; Sardarian, A.;
Whitehead, R. C. Tetrahedron 2006, 62, 10914—10927.

(9) Pinot, E; Guy, A; Guyon, A.-L; Rossi, J.-C,; Durand, T.
Tetrahedron: Asymmetry 2005, 16, 1893.

(10) Etchells, L. L.; Sardarian, A.; Whitehead, R. C. Tetrahedron Lett.
2008, 46, 2803—2807.

(11) Zhou, X. F.,; Wu, W. Q,; Liu, X. Z.; Lee, C.-S. Org. Lett. 2008,
10, 5525—5528.

(12) Hatano, M.; Mizuno, T.; Ishihara, K. Chem. Commun. 2010, 46,
5443—-544S.

(13) Egan, B. A.; Paradowski, M.; Thomas, L. H.; Marquez, R. Org.
Lett. 2011, 13, 2086—2089.

(14) Harris, J. M.; Padwa, A. J. Org. Chem. 2003, 68, 4371—4381.

(15) Yim, H-K;; Wong, H. N. C. J. Org. Chem. 2004, 69, 2892—2895.

(16) Bi, J.; Aggarwal, V. K. Chem. Commun. 2008, 1, 120—122.

(17) Harris, J. M.; Padwa, A. Org. Lett. 2002, 4, 2029—2031.

(18) Montagnon, T.; Kalaitzakis, D.; Triantafyllakis, M.; Stratakis, M.;
Vassilikogiannakis, G. Chem. Commun. 2014, 50, 15480—15498.

(19) Montagnon, T.; Noutsias, D.; Alexopoulou, I; Tofi, M,
Vassilikogiannakis, G. Org. Biomol. Chem. 2011, 9, 2031—2039.

(20) Nicolaou, K. C.; Adsool, V. A.; Hale, C. R. H. Angew. Chem., Int.
Ed. 2011, 50, 5149—5152.

(21) Peng, S.-Z; Sha, C.-K. Org. Lett. 20185, 17, 3486—3489.

(22) Yamamoto, M.; Izukawa, H.; Saiki, M.; Yamada, K. J. Chem. Soc,
Chem. Commun. 1988, 560—561.

(23) Wendlandt, A. E.; Suess, A. M; Stahl, S. S. Angew. Chem., Int. Ed.
2011, 50, 11062—11087.

(24) Shi, Z.; Zhang, C; Tang, C.; Jiao, N. Chem. Soc. Rev. 2012, 41,
3381.

(25) Zhang, C; Tang, C. H.; Jiao, N. Chem. Soc. Rev. 2012, 41, 3464.

(26) Armstrong, A.; Collins, J. C. Angew. Chem., Int. Ed. 2010, 49,
2282—22885.

(27) Hirano, K.; Miura, M. Chem. Commun. 2012, 48, 10704—10714.

(28) Nair, V.; Deepthi, A. Chem. Rev. 2007, 107, 1862—1891.

(29) Sridharan, V.; Menendez, J. C. Chem. Rev. 2010, 110, 3805—
3849.

(30) Bekkaye, M.; Masson, G. Org. Lett. 2014, 16, 1510—1513.

(31) Undeela, S.; Ramchandra, J. P.; Menon, R. S. Tetrahedron Lett.
2014, 55, 5667—5670.

(32) Sivan, A; Deepthi, A. Tetrahedron Lett. 2014, SS, 1890—1893.

(33) Sivan, A.; Deepthi, A.; Nandialath, V. Synthesis 2011, 15, 2466—
2470.

(34) Liy, J. C; Zhang, X. T; Peng, H,; Jiang, H. F.; Yin, B. L. Adv.
Synth. Catal. 2018, 357, 727-731.

(35) Yin, B. L; Zeng, G. H,; Cai, C. B;; Ji, F. H;; Huang, L.; Li, Z. R;;
Jiang, H. F. Org. Lett. 2012, 14, 616—619.

(36) Yin, B. L; Cai, C. B,; Zeng, G. H.; Zhang, R. Q.; Li, X,; Jiang, H.
F. Org. Lett. 2012, 14, 1098—1101.

(37) Yin, B. L,; Zhang, X. Y,; Liy, J. C; Li, X. H;; Jiang, H. F. Chem.
Commun. 2014, 50, 8113—8116.

(38) Yin, B. L.; Zhang, X. Y.; Zhang, X. T.; Peng, H.; Zhou, W.; Liu,
B.; Jiang, H. F. Chem. Commun. 2018, 51, 6126—6129.

DOI: 10.1021/acs.joc.5b02919
J. Org. Chem. 2016, 81, 4939—-4946


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.joc.5b02919
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.5b02919/suppl_file/jo5b02919_si_001.cif
http://pubs.acs.org/doi/suppl/10.1021/acs.joc.5b02919/suppl_file/jo5b02919_si_002.pdf
mailto:blyin@scut.edu.cn
http://dx.doi.org/10.1021/acs.joc.5b02919

The Journal of Organic Chemistry

(39) Ji, F. H; Peng, H; Zhang, X. T.; Lu, W. H; Liu, S. B;; Jiang, H.
F.; Yin, B. L. J. Org. Chem. 2015, 80, 2092—2102.

(40) Gutiérrez-Rodriguez, M.; Martin-Martinez, M.; Garcia-Lopez,
M. T.; Herranz, R;; Cuevas, F.; Polanco, C.; Rodriguez-Campos, I;
Manzanares, I; Cardenas, F.; Feliz, M.; Lloyd-Williams, P.; Giralt, E. J.
Med. Chem. 2004, 47, 5700—5712.

(41) Manam, R. R; Teisan, S.; White, D. J.; Nicholson, B.; Grodberg,
J.; Neuteboom, S. T. C.; Lam, K. S.; Mosca, D. A,; Lloyd, G. K,; Potts,
B. C. M. J. Nat. Prod. 2008, 68, 240—243.

(42) Khan, F. A; Dash, J. J. Org. Chem. 2003, 68, 4556—4559.

(43) Khasanov, A. B.; Ramirez-Weinhouse, M. M.; Webb, T. R;;
Thiruvazhi, M. J. Org. Chem. 2004, 69, 5766—5769.

(44) Somu, R. V,; Johnson, R. L. J. Org. Chem. 2005, 70, 5954—5963.

(45) Cremonesi, G.; Croce, P. D.; Fontana, F.; La Rosa, C. J. Org.
Chem. 2010, 75, 2010—2017

(46) Li, M; Dixon, D. J. Org. Lett. 2010, 12, 3784—3787.

(47) Presset, M.; Coquerel, Y.; Rodriguez, J. Org. Lett. 2010, 12,
4212—-421S.

(48) Liang, J. X.; Chen, J. B; Du, F. X,; Zeng, X. H,; Li, L.; Zhang, H.
B. Org. Lett. 2009, 11, 2820—2823.

(49) Reaction conditions were optimized separately for the syntheses
of spiro-lactams and polysubstituted pyrroles. Moreover, we also
wanted to highlight that the product depended on the number of
equivalents of ceric ammonium nitrate. Thus, these two classes of
heterocyclic compounds were synthesized via two different sets of
optimized conditions.

(50) Annadi, K.; Wee, A. G. H. J. Org. Chem. 2016, 81, 1021—1038.

(51) Marien, N.; Brigou, B; Pinter, B.; De Proft, F.; Verniest, G. Org.
Lett. 2015, 17, 270—-273

(52) Gicquel, M.; Gomez, C.; Retailleau, P.; Voituriez, A.; Marinetti,
A. Org. Lett. 2013, 15, 4002—400S.

(53) Xiao, J.-A,; Zhang, H.-G; Liang, S.; Ren, J.-W.; Yang, H.; Chen,
X.-Q. J. Org. Chem. 2013, 78, 11577—11583.

(54) Cremonesi, G.; Croce, P. D.; Fontana, F.; La Rosa, C. J. Org.
Chem. 2010, 75, 2010—2017.

(S5) Substrate 4a was obtained in almost quantitative yield via the
reaction of furfurylamine 9a with ynone 10a in MeOH at 60 °C in the
absence of a catalyst. For a related reaction, see: Cacchi, S.; Fabrizi, G;
Filisti, E. Org. Lett. 2008, 10, 2629—2632.

(56) Balme, G. Angew. Chem., Int. Ed. 2004, 43, 6238—6241.

(57) Nakamura, I; Yamamoto, Y. Chem. Rev. 2004, 104, 2127—2198.

4946

DOI: 10.1021/acs.joc.5b02919
J. Org. Chem. 2016, 81, 4939—-4946


http://dx.doi.org/10.1021/acs.joc.5b02919

