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Abstract A simple and highly efficient approach to the synthesis of
bis(naphthol)methane (BNM) and bis(indolyl)methane (BIM) deriva-
tives has been developed. In the presence of 1,4-diazabicyclo[2.2.2]oc-
tane (DABCO)-based ionic liquid catalysts, which are environmental
friendly, inexpensive, and recyclable, the reaction afforded the corre-
sponding products in good to excellent yields within short times under
solvent-free conditions. The catalysts can be easily recovered and re-
used several times without significant loss in activity.

Keywords ionic liquids, solvent-free, bis(naphthol)methanes, bis(in-
dolyl)methanes, Friedel-Crafts alkylation

Bis(naphthol)methanes (BNMs) have been reported as
the key intermediates in many organic processes, such as in
the synthesis of macrocyclic naphthacrowns,! benzofuran
spirans,? and benzoxanthenes.> Some of these compounds
show interesting antifugal activities.* BNMs are also known
as a non-steroidal class of medication with anticancer, anti-
inflammatory, and antianalgesic activity with good gastric
tolerance.’ The unique structural of BNM is shown in Figure
1. Chemists have particularly focused on the synthesis of
xanthenes and benzoxanthenes because of their biological
activity. However, reports on the synthesis of BNM inter-
mediates are rare.’ Furthermore, many disadvantages are
associated with the few methods that are available, such as
the requirement for high-pressure conditions, moisture-
sensitive catalysts, low yields, and long reaction times, and
most approaches afford a mixture of products.

Indole and its derivatives are an important class of het-
erocyclic compounds. They have received significant atten-
tion because of their wide range of biological and antican-
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Figure 1 Significant structures of the BNMs and BIMs

cer activities.” Among them, bis(indolyl)methanes (BIMs)
have attracted particular interest because of their biological
and pharmacological activities, such as antimicrobial,? anti-
inflammatory,® and antioxidant properties;!° furthermore,
BIMs are also effective in cancer chemotherapy,'! whereby
it can aid the inhibition of cancer cell growth through the
induction of apoptosis and metastasis.'? Significant exam-
ples of two marine-isolated BIM natural products are
shown in Figure 1.!3 Various methods have been described
for the synthesis of BIM derivatives, which involve conden-
sation of indoles with carbonyl compounds catalyzed by
different catalysts.'* Ionic liquids (ILs), such as [Bmim][BF,],
[Bmim][PFg],'"> [Bmim][MeS0,],'® guanidinium ILs,!” and
secondary amine-based ILs,'® have also been employed in
this transformation. However, despite their own merit, in
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some cases, the reactions must be performed with an ex-
cess of catalyst, or under special conditions, such as micro-
wave irradiation.

Therefore, the development of green and efficient pro-
cedures for the synthesis of both BNMs and BIMs is crucial
in terms of both synthetic technology and environmental
concerns. To our knowledge, no universal catalyst has been
described that can promote the Friedel-Crafts reaction to
synthesize both BNMs and BIMs with high yields under the
same conditions.

In recent years, ILs have become increasingly important
as environmentally friendly media in many chemical and
biochemical transformations because of their unique physi-
cochemical properties.! On the basis of these benefits,
many functional ILs have been synthesized and utilized as
recyclable catalysts for a range of reactions with good to ex-
cellent performance.2%-24 Recently, we have reported a se-
ries of ionic liquid catalysts based on the skeleton of 1,4-di-
azobicyclo[2.2.2]octane (DABCO) that have been shown to
be very effective catalysts for Michael addition reaction,?
Knoevenagel condensation,?® Kabachnik-Fields reaction,?’
and tandem Knoevenagel-phospha-Michael reaction.?® As
part of our ongoing interest in IL-mediated organic reac-
tions, here, we disclose the results of our study on the use
of DABCO-based ILs as highly efficient catalysts for the syn-
thesis of bis(naphthol)methane and bis(indolyl)methane
derivatives through Friedel-Crafts alkylation.

The ionic liquid catalysts that we have synthesized such
as  1-butyl-1,4-diazabicyclo[2.2.2]octanylium  bromide
([DABCO-C,4]Br), and 1,4-diazabicyclo[2.2.2]octane hydro-
acetate ([DABCO-H][AcO]), hydrogensulfate ([DABCO-
H][HSO,]), hydrochloride ([DABCO-H]CI) and hydrotetraflu-
oroborate ([DABCO-H][BF,]) are shown in Figure 2.25

(R o
ING X
[DABCO-C4]Br, X =Br, R=n-Bu
[DABCO-H][AcO], X = AcO, R = H
[DABCO-H][HSO,], X = HSO4, R = H
[DABCO-HICI, X =Cl, R=H
[DABCO-H][BF4], X = BF4, R=H

Figure 2 Structures of the DABCO-based ionic liquid catalysts

Initially, our studies were focused on optimizing the
conditions for the synthesis of BNMs with 2-naphthol
(2 mmol) and benzaldehyde (1 mmol) under different con-
ditions (Table 1). The yields of BNM 3a differed significantly
when different DABCO-base IL catalysts were employed in
the reaction in methanol at room temperature (entries 1-
5). All the IL catalysts could promote the reaction, and bet-
ter yield was obtained when [DABCO-H]|[HSO,] was used
under the same conditions (entry 3 vs. entries 1, 2, 4, and
5). However, the product 3a could be obtained with a high-
er yield of 69% when the temperature was increased to

60 °C (entry 7). We then tried to raise the temperature of
this reaction in other solvents, such as EtOH, MeCN, DCE
and DMSO, but the product 3a was only formed in poor
yields even after long reaction times (entries 8-11). Finally,
it was found that under neat conditions, 3a was obtained in
87% yield at 90 °C within only one hour (entry 12). The sol-
vent-free conditions allowed the reactions to be performed
in a very simple, inexpensive, and green manner. Upon
completion of the reaction, the mixture was washed with
cold water to separate the catalyst from organic phase, then
the water was evaporated under vacuum and the catalyst
could be reused for the same reaction.

Table 1 Optimization of Reaction Conditions®

OO " - oL o O ‘
+
solvent (0.2 mL), T ‘ O

1 2a
OH OH
3a
Entry  Cat (10 mol%) Solvent Temp Time  Yield

Q) (h) (%)

1 [DABCO-C,]Br MeOH r.t. 24 23
2 [DABCO-H]AcO MeOH r.t. 24 8
3 [DABCO-H][HSO,] MeOH rt. 24 43
4 [DABCO-HICI MeOH rt. 24 31
5 [DABCO-H][BF,] MeOH r.t. 24 27
6 [DABCO-H][HSO,] MeOH 40 6 55
7 [DABCO-H][HSO,] MeOH 60 3 69
8 [DABCO-H][HSO,] EtOH 75 6 46
9 [DABCO-H][HSO,] MeCN 80 6 19
10 [DABCO-H][HSO,] DCE 80 6 22
1 [DABCO-H][HSO,] DMSO 90 6 26
12 [DABCO-H][HSO,] neat 90 1 87

2 Reaction conditions: 2-naphthol (1a; 2 mmol), benzaldehyde (2a; 1
mmol), DABCO-based catalyst (0.7 mmol).
b Isolated yield.

The efficiency and applicability of this method for the
synthesis of 3a are compared with those of other reported
catalysts in Table 2. Under solvent-free conditions, the
DABCO-based IL catalyst, which can be recovered and re-
used, is the most effective catalyst for the formation of BNM
3a with a good yield in short times.

Having optimized the conditions, we next explored the
generality of this method for the synthesis of BNMs with 2-
naphthol and aldehydes in the presence of 10 mol% IL [DAB-
CO-H][HSO,] as catalyst. As shown in Table 3, the reaction
of 2-naphthol and aldehydes proceeded smoothly to afford
the corresponding BNMs in good to excellent yields (76—
98%) within 1-2 hours. Especially, the BNM of 3¢, which has
been reported to have interesting antifugal activities, was
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Table 2 Comparison with Reported Catalysts for the Synthesis of 3a

Entry Catalyst (mol%) Conditions Time (h) Yield (%) Recyclable? Ref.
1 H3[P(M030;0),]-nH,0 CH,Cl,, reflux 1 51 no 14
2 TfOH (10) EtOH, 3 kbar, 60 °C 24 89 no 17b
3 concd HC AcOH, 0°C 50 64 no 6f
4 BF,-OEt,, ACOH CH,Cl,, rit. 1 85 no 6e
5 [DABCO-H][HSO,4] neat, 90 °C 1 87 yes this work

obtained in a good yield of 85% (entry 3). The products were
often obtained in high yields when aromatic aldehydes with
electron-withdrawing groups, such as a nitro group, were
employed in the reaction (entries 4 and 11). When aromatic
aldehydes have the same substituents, the reaction of or-
tho- or meta-substituted substrates required shorter reac-
tion times, and afforded the corresponding BNMs in higher
yields than the substrates with para substituents (entry 2
vs. 6, entry 3 vs. 7 and 8). When 2-naphthaldehyde was
used in the reaction with 2-naphthol, the product, contain-
ing three units of naphthyl, BNM 3i was isolated in a good
yield of 76% (entry 9). 2-Naphthol with other substituents,

Table 3 Synthesis of Bis(naphthol)methanes by Friedel-Crafts Reac-
tions from 2-Naphthol and Aldehydes Catalyzed by [DABCO-H][HSO,]?

[DABCO-H][HSO,] Ar
OH (10 mol%)
. ArcHO —
neat

1 2 OH OH
3
Entry R Ar 3 Time (h) Yield (%)®
1 H Ph 3a 1 87
2 H 4-MeCeH, 3b 2 83
3 H 4-CICeH, 3¢ 2 85
4 H 4-0,NCeH, 3d 1 98
5 H 4-BrCeH, 3e 1 79
6 H 3-MeCeH, 3f 15 94
7 H 2-CICH, 3g 1 98
8 H 2,4-CL,CeHs 3h 15 91
9 H 2-naphthyl 3i 1 76
10 6-Br Ph 3j 1.5 81
11 6-Br 4-0,NCH, 3k 1 92
12 6-Br 3-MeCeH, 30 1 85
13 6-Br 2,4-CL,CeHs 3m 1 90
14 6-CN Ph 3n 1 88

2 Reaction conditions: 2-naphthol (1; 2 mmol), aldehyde (2; 1 mmol),
[DABCO-H][HSO,4] (21 mg, 0.1 mmol), 90 °C.

b Isolated yield.

¢ Reaction temperature 120 °C.

such bromo and cyano, were also examined in the reaction,
and afforded the corresponding products in good to excel-
lent yields (entries 10-14).

This is a highly efficient method for the synthesis of
BNMs, and some of the above BNM derivatives cannot be
prepared by using the previous method. After the above
success, to confirm the generality of the present approach,
we then extended the method to the synthesis of BIMs
through Friedel-Crafts alkylation with indoles. The results
are summarized in Table 4. The reactions of indole (4a) and
substituted benzaldehydes 4a-g containing electron-with-
drawing or -donating groups were converted into the corre-
sponding products 5a-g in good to excellent yields (74-
98%) within 0.7-2 hours (entries 1-10). Heteroaromatic al-
dehydes, such as thiophene-2-carbaldehyde (5k) were also
effective substrates in the Friedel-Crafts alkylation of indole
with a good yield of 86% (entry 11). Other substituted in-
doles were found to be compatible with [DABCO-H]|[HSO,]
and gave the corresponding BIMs in good yields (entries 12
and 13). This catalytic system was also successfully applied
for the reaction of aliphatic aldehydes, such as isobutyral-
dehyde, with indole and produced the desired BIM 5n in a
high yield of 92% within 1.5 hours (entry 14).

The recyclability of the catalyst was investigated for the
synthesis of bis(indolyl)methane 5¢, which was carried out
on a 5-mmol scale. Upon completion of the reaction, the re-
action mixture was diluted with cold water. Once the or-
ganic phase had been separated from the mixture, the wa-
ter was evaporated under vacuum, and the catalyst was
used directly in the next recycling run under the same con-
ditions. Friedel-Crafts alkylation of indole with 4-chloro-
benzaldehyde gave the corresponding product 5c¢ in similar
yields over six cycles (Figure 3).

Recycling of the catalyst [DABCO-H][HSO,4] for the syn-
thesis of BIM 5c¢ was also investigated. Resorcinol dimers
are the key intermediates in the synthesis of macrocyclic
host molecules resorcin[4]arenes.?® The synthetic proce-
dures for these compounds often suffered from long reac-
tion times, low yields, and the use of large quantities of vol-
atile organic solvents. Under optimized reaction conditions,
resorcinol dimer 7 was formed from the reaction of resorci-
nol and 4-methylbenzaldehyde with a good yield of 76% in
only 1.5 hours (Scheme 1).
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Table 4 Synthesis of Bis(indolyl)methanes by Friedel-Crafts Reactions
from Indoles and Aldehydes Catalyzed by [DABCO-H][HSO,]?

R21- S |
Z N [DABCO-HIHSO.] 0l
i (10 mol%) - _:/\ | | | \_R2
R1-CHO neat A N N NF
) H . H
Entry R R2 5 Time (h) VYield (%)°

1 Ph H 5a 2 91
2 4-MeCgH, H 5b 1 79
3 4-CICH, H 5¢ 0.7 97
4 4-BrCH, H 5d 1 81
5 4-0,NCeH, H 5e 1 98
6 4-MeOC,H, H 5f 2 74
7 2-CICH, H 5g 1 95
8 2,4-ClL,CeH, H 5h 0.7 98
9 2,5-(Me0),CgH; ~ H 5i 1 98
10 2-naphthyl H 5j 1.5 96
1 2-thienyl H 5k 2 86
12 4-CICH, 5-Br 51 2 61
13 4-CICgH, 5-OMe 5m 2 70
14 i-Pr H 5n 1.5 92

2 Reaction conditions: indole (4; 2 mmol), aldehyde (2; 1 mmol), [DABCO-
H][HSO,] (21 mg, 0.1 mmol), 90 °C.
b |solated yield.
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Figure 3

It is of interest to further extend the application of this
IL catalysis to other potential bioactive skeleton synthesis.
Thus, we selected a marine natural product trisindoline as
the target compound, which was synthesized with a high
yield of 95% in the presence of 10 mol% [DABCO-H][HSO,]
with water as solvent at 90 °C (Scheme 2).

CHO [DABCO-H]HSO4]
+ _— >
HO OH \e neat, 90 °C

6 Zb ] 10
HO OH
OH OH
7
yield 76%

Scheme 1 Synthesis of the resorcinol dimer

(0] [DABCO-H][HSO4]
A (10 mol%)
+ o R ——
H N H20,90°C,2h
4a H
8
trisindoline (9)
yield 95%

Scheme 2 Synthesis of the marine-isolated natural product trisindole

In summary, it was demonstrated that the readily avail-
able, economical, DABCO-based ionic liquids could be used
as a recyclable and highly efficient catalyst for the synthesis
of bis(naphthol)methanes and bis(indolyl)methanes
through Friedel-Crafts alkylation. The reactions, which
were performed under solvent-free conditions, allowed a
very simple, clean synthesis of both bis(naphthol)methanes
and bis(indolyl)methanes with good to excellent yields in
short times. By using the ionic liquid catalyst, other poten-
tial bioactive skeleton compounds, such as the natural
product trisindoline, were also synthesized with excellent
yields. The catalyst was easily isolated from the reaction
mixture and could be reused six times without loss of activ-
ity. Further investigations on the applications of these ionic
liquid catalysts are in progress in our laboratory.

All chemicals were purchased from commercial suppliers and were
used without further purification. Flash column chromatography was
performed on silica gel (200-300 mesh). Melting points were deter-
mined with an X-4 apparatus and are uncorrected. "H NMR and 3C
NMR spectra were recorded on a Bruker AV-400 spectrometer with
DMSO0-dg and CDCl; as the solvent. Chemical shifts are reported rela-
tive to TMS as internal standard. The '"H NMR data are reported as the
chemical shift in parts per million, multiplicity (s, singlet; d, doublet;
t, triplet; m, multiplet), coupling constant in hertz, and number of
protons. HRMS were obtained on an IonSpec FT-ICR mass spectrome-
ter with ESI resource.

Synthesis of Bis(naphthol)methanes; Typical Procedure for 3a

A 25 mL round-bottomed flask was charged with 2-naphthol (1; 288
mg, 2 mmol), aldehyde 2a (1 mmol), and [DABCO-H]|[HSO,4] (21 mg,
0.1 mmol). The reaction mixture was well stirred and heated to 90 °C
for the appropriate time under air. After completion of the reaction
(monitored by TLC), the reaction mixture was diluted with cold water
(5 mL) and CH,Cl, (5 mL), and extracted with CH,Cl, (2 x 5 mL), the
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organic phase was washed with brine (5 mL), and dried over anhy-
drous Na,SO,. After the removal of the solvent under reduced pres-
sure, the residue was subjected to chromatography on a silica gel
(200-300 mesh) column (petroleum ether-EtOAc, 3:1) to afford 3a.

1,1’-(Phenylmethylene)bis(naphthalen-2-ol) (3a)?

White solid; yield: 328 mg (87%); mp 194-196 °C.

'H NMR (400 MHz, DMSO-ds): & = 7.02 (d, ] = 7.2 Hz, 2 H, ArH), 7.06
(s,1H, CH),7.11-7.23 (m, 9 H, ArH), 7.69 (d, J = 8.8 Hz, 2 H, ArH), 7.73
(d,J=7.6 Hz, 2 H, ArH), 8.12 (d, J = 8.0 Hz, 2 H, ArH), 9.70 (s, 2 H, OH).
13C NMR (100 MHz, DMSO-dg): 6 = 41.83, 119.36, 120.76, 122.55,
124.44, 125.40, 126.22, 128.11, 128.63, 128.83, 128.96, 129.09,
134.68, 144.52, 153.11.

1,1’-(p-Tolylmethylene)bis(naphthalen-2-ol) (3b)>

Yield: 324 mg (83%); white solid; mp 164-165 °C.

'H NMR (400 MHz, DMSO-dg): § = 2.23 (s, 3 H, CH;), 6.91 (d, J = 7.6 Hz,
2 H, ArH),6.98 (d,J=7.6 Hz, 2 H, ArH), 7.02 (s, 1 H, CH), 7.13-7.23 (m,
6 H, ArH), 7.68 (d, J = 8.8 Hz, 2 H, ArH), 7.72 (d, ] = 7.6 Hz, 2 H, ArH),
8.12(d,J=8.4Hz, 2 H, ArH), 9.64 (s, 2 H, OH).

13C NMR (100 MHz, DMSO-dg): & = 21.08, 41.54, 119.42, 120.90,
122.56, 124.42, 126.25, 128.56, 128.82, 128.85, 128.93, 129.12,
134.26, 134.70, 141.35, 153.16.

1,1’-[(4-Chlorophenyl)methylene]bis(naphthalen-2-ol) (3c)?

Yield: 349 mg (85%); white solid; mp 191-193 °C.

TH NMR (400 MHz, CDCl,): & = 7.00-7.02 (m, 3 H, CH and ArH), 7.15-
7.23 (m, 8 H), 7.68 (d, J = 8.8 Hz, 2 H, ArH), 7.72 (d, J = 8.0 Hz, 2 H,
ArH), 8.12 (d,J = 8.4 Hz, 2 H, ArH), 9.84 (s, 2 H, OH).

13C NMR (100 MHz, CDCl5): 6 = 41.37, 119.37, 120.39, 122.64, 124.30,
126.36, 127.93, 128.88, 129.09, 129.16, 129.84, 130.48, 134.56,
143.92, 153.02.

1,1’-[(4-Nitrophenyl)methylene |bis(naphthalen-2-ol) (3d)®s

Yield: 413 mg (98%); yellow solid; mp 141-143 °C.

'H NMR (400 MHz, DMSO-dg): & = 7.17-7.24 (m, 7 H, ArH and CH),
7.29 (d, ] = 8.8 Hz, 2 H, ArH), 7.73 (d, ] = 8.8 Hz, 4 H, ArH), 8.10 (d, ] =
8.8 Hz, 2 H, ArH), 8.18 (d, J = 8.4 Hz, 2 H, ArH), 10.06 (s, 2 H, OH).

13C NMR (100 MHz, DMSO-dg): 6 = 41.62, 118.85, 119.23, 122.32,

122.83, 123.65, 126.09, 126.55, 128.48, 128.67, 129.04, 129.26,
134.00, 145.11, 152.54.

1,1’-[(4-Bromophenyl)methylene ]bis(naphthalen-2-ol) (3e)*°
Yield: 359 mg (79%); yellow solid; mp 191-192 °C.

'H NMR (400 MHz, DMSO-dg): 8 = 6.99 (d, J = 8.4 Hz, 2 H, ArH), 7.03
(s, 1H, CH), 7.18-7.26 (m, 6 H, ArH), 7.38 (d, ] = 8.4 Hz, 2 H, ArH), 7.72
(t,] = 8.8 Hz, 4 H, ArH), 8.15 (d, J = 8.4 Hz, 2 H, ArH), 9.92 (s, 2 H, OH).
13C NMR (100 MHz, DMSO-dg): 6 = 40.94, 117.80, 118.91, 119.82,
122.16, 123.79, 125.89, 128.40, 128.59, 128.69, 130.36, 130.44,
134.08, 143.93, 152.58.

1,1’-(m-tolylmethylene)bis(naphthalen-2-ol) (3f)*!

Yield: 367 mg (94%); white solid; mp 123-125 °C.

H NMR (400 MHz, DMSO-d;): 8 = 2.16 (s, 3 H, CH5), 6.78 (d, ] = 7.6 Hz,
1H, ArH), 6.88 (s, 1 H, ArH), 6.93 (d, J = 7.2 Hz, 1 H, ArH), 7.02 (s, 1 H,
CH), 7.06 (d, ] = 7.6 Hz, 1 H, ArH), 7.12-7.23 (m, 6 H, ArH), 7.69-7.73
(m, 4 H, ArH), 8.11 (d, J = 8.0 Hz, 2 H, ArH), 9.67 (s, 2 H, OH).

13C NMR (100 MHz, DMSO-dg): & = 21.19, 41.30, 118.89, 120.34,
122.07, 123.91, 125.30, 125.76, 127.58, 128.35, 128.45, 128.59,
128.77,134.20, 136.34, 143.98, 152.64.

1,1’-[(2-Chlorophenyl)methylene]bis(naphthalen-2-ol) (3g)?
Yield: 402 mg (98%); white solid; mp 133-135 °C.

H NMR (400 MHz, DMSO-d;): 8 = 7.03-7.16 (m, 8 H, ArH and CH),
727 (t,] = 8.4 Hz, 2 H, ArH), 7.37 (d, ] = 7.6 Hz, 1 H, ArH), 7.63 (d, J =
8.4 Hz, 1H, ArH), 7.71 (m, 3 H, ArH), 7.95 (d, ] = 7.6 Hz, 1 H, ArH), 8.31
(s,1H, ArH), 9.59 (s, 1 H, OH), 10.10 (s, 1 H, OH).

13C NMR (100 MHz, DMSO-dg): 8 = 40.00, 118.24, 118.39, 118.88,
120.79, 121.96, 122.10, 122.89, 124.43, 125.60, 126.01, 126.20,
126.76, 128.31, 128.39, 128.45, 128.63, 128.70, 130.57, 133.43,
133.98, 134.13, 142.23, 152.14, 153.07.

1,1'-[(2,4-Dichlorophenyl)methylene]bis(naphthalen-2-ol) (3h)?
Yield: 404 mg (91%); white solid; mp 153-155 °C.

H NMR (400 MHz, DMSO-d;): 8 = 6.95 (d, J = 8.4 Hz, 1 H, ArH), 7.01
(s, 1H, CH), 7.02 (d, J = 8.4 Hz, 1H, ArH), 7.12-7.19 (m, 4 H, ArH),
7.22-7.28 (m, 2 H, ArH), 7.49 (d, ] = 2.0 Hz, 1 H, ArH), 7.66-7.73 (m,
3 H, ArH), 7.88 (d, J = 8.8 Hz, 1 H, ArH), 8.25 (s, 1 H, ArH), 9.67 (s, 1 H,
OH), 10.18 (s, 1 H, OH).

13C NMR (100 MHz, DMSO-dg): & = 39.60, 117.75, 118.17, 118.84,
120.32, 122.06, 122.17, 122.67, 124.27, 125.70, 126.17, 126.36,
127.71, 128.43, 128.49, 128.62, 128.93, 130.30, 131.71, 133.85,
133.93, 134.18, 141.69, 152.13, 152.98.

1,1’-(Naphthalen-2-ylmethylene)bis(naphthalen-2-ol) (3i)®

Yield: 324 mg (76%); white solid; mp 126-129 °C.

TH NMR (400 MHz, CDCl,): & = 7.25-7.33 (m, 7 H, CH and ArH), 7.39-
7.48 (m, 4 H, ArH), 7.63 (d, J = 8.0 Hz, 1 H, ArH), 7.80-7.84 (m, 5 H,
ArH), 7.89 (d, J = 8.0 Hz, 1 H, ArH), 8.30 (d, J = 8.4 Hz, 2 H, ArH), 9.87
(s,2 H, OH).

13C NMR (100 MHz, CDCl,): § = 41.94, 119.16, 120.33, 122.36, 124.12,
125.06, 125.18, 125.77, 126.07, 127.02, 127.40, 127.49, 128.39,
128.62, 128.87,131.63, 133.23, 134.46, 142.38, 152.96.

1,1’-(Phenylmethylene)bis(6-bromonaphthalen-2-ol) (3j)
Yield: 431 mg (81%); white solid; mp 212-215 °C.

H NMR (400 MHz, DMSO-d;): 8 = 6.98-7.01 (m, 3 H, ArH and CH),
7.13-7.19 (m, 5H, ArH), 7.29 (d, J = 8.8 Hz, 2 H, ArH), 7.69 (d, J =
8.8 Hz, 2 H, ArH), 7.97 (d, ] = 8.8 Hz, 2 H, ArH), 7.99 (s, 2 H, ArH), 9.93
(s, 2 H, OH).

13C NMR (100 MHz, DMSO-dg): & = 41.19, 114.92, 119.88, 120.51,
125.19, 126.68, 127.83, 128.12, 128.18, 129.93, 132.76, 143.47,
153.31.

HRMS: mjz [M + H]* caled for C,;H;¢Br,0,": 532.9752; found:
532.9749.

1,1'-[(4-Nitrophenyl)methylene]bis(6-bromonaphthalen-2-ol)
(3k)%s
Yield: 531 mg (92%); yellow solid; mp 145-148 °C.

H NMR (400 MHz, DMSO-dy): 8 = 7.07 (s, 1 H, CH), 7.23 (d, ] = 8.4 Hz,
2H, ArH), 7.24 (d, ] = 8.4 Hz, 2 H, ArH), 7.31 (d, J = 2.0 Hz, 1 H, ArH),
7.33 (d, ] = 2.0 Hz, 1 H, ArH), 7.34 (d, ] = 8.8 Hz, 2 H, ArH), 7.98-8.02
(m, 4 H, ArH), 8.10 (d, J = 8.4 Hz, 2 H, ArH), 10.25 (s, 2 H, OH).
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13C NMR (100 MHz, DMSO-dg): 8 = 41.35, 115.24, 119.30, 119.93,
122.96, 126.03, 128.43, 128.67, 129.21, 129.97, 130.13, 132.46,
145.22,152.73,153.11.

1,1’-(m-Tolylmethylene)bis(6-bromonaphthalen-2-ol) (31)
Yield: 464 mg (85%); white solid; mp 204-206 °C.

H NMR (400 MHz, DMSO-dg): 8 = 2.15 (s, 3 H, CH,), 6.76 (d, ] = 7.6 Hz,
1H, ArH), 6.86 (s, 1 H, CH), 6.95 (d, ] = 7.2 Hz, 1 H, ArH), 6.98 (s, 1 H,
ArH), 7.07 (t,] = 7.6 Hz, 1 H, ArH), 7.18 (d, = 8.8 Hz, 2 H, ArH), 7.30 (d,
J=9.2Hz, 2 H, ArH), 7.69 (d, ] = 8.8 Hz, 2 H, ArH), 7.98 (d, J = 9.2 Hz,
2 H, ArH), 7.99 (s, 2 H, ArH), 9.90 (s, 2 H, OH).

13C NMR (100 MHz, DMSO-dg): § = 21.16, 41.16, 114.92, 119.88,
120.61, 125.29, 126.00, 126.69, 127.79, 128.17, 128.73, 129.92,
132.78,136.59, 143.45, 153.32.

HRMS: mjz [M + HJ* caled for C,gH,;Br,0,": 546.9908; found:
546.9903.

1,1'-[(2,4-Dichlorophenyl)methylene]bis(6-bromonaphthalen-2-
ol) (3m)
Yield: 543 mg (90%); white solid; mp 176-179 °C.

H NMR (400 MHz, DMSO-d;): & = 6.91 (d, J = 8.8 Hz, 1 H, ArH), 6.97
(s, 1H, CH), 7.09 (d, ] = 8.8 Hz, 1 H, ArH), 7.22 (dd, J = 8.4, 2.0 Hz, 1 H,
ArH), 7.28 (dd, J = 9.2, 1.6 Hz, 1 H, ArH), 7.36 (t, J = 8.0 Hz, 2 H, ArH),
7.54(d, ] = 2.0 Hz, 1 H, ArH), 7.65 (d, ] = 8.4 Hz, 1 H, ArH), 7.77 (t, ] =
8.8 Hz, 2 H, ArH), 7.96 (d, ] = 2.0 Hz, 1 H, ArH), 8.01 (d, ] = 2.0 Hz, 1 H,
ArH), 8.16 (d, ] = 8.8 Hz, 1 H, ArH), 9.79 (s, 1 H, OH), 10.47 (s, 1 H, OH).

13C NMR (100 MHz, DMSO-dg): 8 = 54.89, 115.08, 115.23, 117.93,
11938, 119.97, 120.29, 124.99, 126.42, 126.57, 127.89, 127.96,
128.45, 128.50, 128.86, 129.99, 130.14, 130.19, 130.62, 131.47,
132.41,134.20, 140.89, 152.74, 153.44.

HRMS: m/z [M + Na]* calcd for C,;H;¢Br,Cl,NaO,": 622.8792; found:
622.8795.

5,5’-(Phenylmethylene)bis(6-hydroxy-2-naphthonitrile) (3n)
Yield: 375 mg (88%); white solid; mp 237-239 °C.

'H NMR (400 MHz, DMSO-ds): & = 7.02 (d, ] = 7.2 Hz, 2 H, ArH), 7.08
(s,1H, CH), 7.15-7.24 (m, 3 H, ArH), 7.30 (d, J = 8.8 Hz, 2 H, ArH), 7.48
(d,J=8.8 Hz, 2 H, ArH), 7.88 (d,] = 8.8 Hz, 2 H, ArH), 8.09 (d, ] = 9.2 Hz,
2 H, ArH), 8.39 (s, 2 H, ArH), 10.42 (s, 2 H, OH).

13C NMR (100 MHz, DMSO-dg): & = 41.18, 104.06, 119.49, 120.21,
120.59, 125.50, 125.64, 125.72, 127.44, 128.05, 128.13, 129.58,
134.74,135.87, 142.94, 156.01.

HRMS: m/z [M - HJ" caled for CyH;;N,0,": 425.1290; found:
425.1296.

Synthesis of Bis(indolyl)methanes; Typical Procedure for 5a

A 25 mL round-bottomed flask was charged with indole (4a; 234 mg,
2 mmol), aldehyde (2a; 106 mg, 1 mmol), and [DABCO-H][HSO,] (21
mg, 0.1 mmol). The reaction mixture was well stirred and heated to
90 °C for the appropriate time under air. Upon completion of the reac-
tion (monitored by TLC), the reaction mixture was diluted with cold
water (5 mL) and CH,Cl, (5 mL), and extracted with CH,Cl, (2 x 5 mL),
the organic phase was washed with brine (5 mL), and dried over an-
hydrous Na,SO,. After the removal of the solvent under reduced pres-
sure, the residue was subjected to chromatography on a silica gel
(200-300 mesh) column (petroleum ether-EtOAc, 4:1) to afford 5a.

3,3’-(Phenylmethylene)bis(1H-indole) (5a)4h

Yield: 294 mg (91%); pink solid; mp 124-126 °C.

H NMR (400 MHz, CDCL,): & = 5.73 (s, 1 H), 6.35 (s, 2 H), 6.87 (t, ] =
7.6 Hz, 2 H), 7.02 (t, ] = 7.6 Hz, 2 H), 7.07-7.14 (m, 5 H), 7.19 (d, J =
6.8 Hz, 2 H),7.25(d, J=8.0 Hz, 2 H), 7.46 (br s, 2 H).

13C NMR (100 MHz, CDCl,): § = 39.07, 110.04, 118.11, 118.43, 118.81,
120.79,122.60, 125.07, 125.95, 127.16, 127.64, 135.53, 142.97.

3,3'-(p-Tolylmethylene)bis(1H-indole) (5b)!4"

Yield: 265 mg (79%); red solid; mp 95-96 °C.

1H NMR (400 MHz, CDCl,): 8 = 2.30 (s, 3 H), 5.82 (s, 1 H), 6.59 (s, 2 H),
6.98 (t,] = 7.6 Hz, 2 H), 7.06 (d, ] = 7.6 Hz, 2 H), 7.13 (t, ] = 7.2 Hz, 2 H),
7.20 (d, J = 8.0 Hz, 2 H), 7.29 (d, J = 8.0 Hz, 2 H), 7.37 (d, J = 8.0 Hz,
2H),7.78 (brs, 2 H).

13C NMR (100 MHz, CDCl5): 6 = 21.09, 39.79, 111.03, 119.2, 119.91,
119.98, 121.88, 123.57, 127.13, 128.59, 128.94, 135.5, 136.71, 141.02.

3,3'-[(4-Chlorophenyl)methylene]bis(1H-indole) (5c)'4"

Yield: 345 mg (97%); red solid; mp 77-78 °C.

H NMR (400 MHz, CDCl;): & = 5.83 (s, 1 H), 6.59 (s, 2 H), 7.02 (t, ] =
7.6 Hz, 2 H), 7.16 (t, ] = 7.2 Hz, 2 H), 7.20-7.26 (m, 4 H), 7.33 (t,J
8.0 Hz, 4 H), 7.84 (br's, 2 H).

13C NMR (100 MHz, CDCl;): § = 39.64, 119.21, 119.38, 119.84, 122.11,
123.63, 126.90, 128.39, 130.10, 131.81, 136.70, 142.58.

3,3'-[(4-Bromophenyl)methylene]bis(1H-indole) (5d)'7°

Yield: 324 mg (81%); red solid; mp 113-115 °C.

H NMR (400 MHz, CDCl,): 8 = 5.86 (s, 1 H), 6.64 (s, 2 H), 7.04 (t, ] =
7.6 Hz, 2 H), 7.18-7.24 (m, 4 H), 7.36-7.41 (m, 6 H), 7.97 (br s, 2 H).

13C NMR (100 MHz, CDCl): § = 39.69, 111.16, 119.08, 119.38, 119.82,
119.94, 122.1, 123.65, 126.88, 130.52, 131.33, 136.69, 143.11.

3,3’-[(4-Nitrophenyl)methylene]bis(1H-indole) (5e)'4"

Yield: 360 mg (98%); red solid; mp 228-230 °C.

H NMR (400 MHz, CDCL,): & = 5.98 (s, 1 H), 6.67 (s, 2 H), 7.02 (t, ] =
7.2 Hz,2 H),7.19(t,J= 7.6 Hz,2 H), 7.33 (d, ] = 8.0 Hz, 2 H), 7.38 (d, ] =
8.0 Hz, 2 H), 7.50 (d, ] = 8.4 Hz, 2 H), 8.00 (br s, 2 H), 8.13 (d, ] = 8.8 Hz,
2 H).

13C NMR (100 MHz, CDCl;): § = 40.22, 111.26, 118.16, 119.56, 119.62,
122.36, 123.62, 126.67, 129.52, 136.71, 151.84.

3,3'-[(4-Methoxyphenyl)methylene]bis(1H-indole) (5f)'4"

Yield: 260 mg (74%); red solid; mp 188-190 °C.

H NMR (400 MHz, CDCL;): & = 5.76 (s, 1 H), 6.52 (s, 2 H), 6.74 (d, ] =
8.0 Hz, 2 H), 6.93 (t,J = 7.2 Hz, 2 H), 7.09 (t, ] = 7.2 Hz, 2 H), 7.17 (d, ] =
7.6 Hz,2 H),7.25(d, ] = 8.0 Hz, 2 H), 7.32 (d, ] = 8.0 Hz, 2 H), 7.74 (br's,
2 H).

13C NMR (100 MHz, CDCl3): 8 = 39.35, 55.24, 111.07, 113.6, 119.2,
120, 120.03, 121.9, 123.57, 127.09, 129.63, 136.27, 136.72, 157.92.

3,3'-[(2-Chlorophenyl)methylene]bis(1H-indole) (5g)'4¢

Yield: 338 mg (95%); red solid; mp 105-108 °C.

H NMR (400 MHz, CDCLy): & = 6.41 (s, 1 H), 6.57 (s, 2 H), 7.07-7.15
(m, 3 H), 7.19-7.29 (m, 4 H,), 7.35 (d, ] = 8.4 Hz, 2 H), 7.46-7.50 (m,
3 H),7.74 (brs, 2 H).
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13C NMR (100 MHz, CDCl;): 8 = 36.67, 111.20, 118.30, 119.37, 119.88,
122.07, 123.90, 126.72, 127.02, 127.60, 129.55, 130.39, 134, 136.73,
141.37.

3,3'-[(2,4-Dichlorophenyl)methylene]bis(1H-indole) (5h)'4s

Yield: 382 mg (98%); red solid; mp 100-102 °C.

H NMR (400 MHz, CDCLy): 8 = 6.25 (s, 1 H), 6.57 (s, 2 H), 6.99-7.06
(m, 4 H),7.10-7.18 (m, 4 H), 7.32-7.36 (m, 4 H), 7.89 (br s, 2 H).

13C NMR (100 MHz, CDCl;): 8 = 36.36, 111.24, 117.78, 119.46, 119.74,
122.20, 123.85, 126.82, 126.99, 129.30, 131.20, 132.45, 134.62,
136.73, 140.09.

3,3'-[(2,5-Dimethoxyphenyl)methylene]bis(1H-indole) (5i)!4¢
Yield: 374 mg (98%); red solid; mp 158-160 °C.

1H NMR (400 MHz, CDCl,): 8 = 3.61 (s, 3 H), 3.75 (s, 3 H), 6.30 (s, 1 H),
6.54 (s, 2 H), 6.68-6.74 (m, 2 H), 6.84-6.86 (d, ] = 8.0 Hz, 1 H), 6.98 (t,
J=7.2Hz,2 H),7.12 (t,] = 8.0 Hz, 2 H), 7.27 (d, ] = 8.0 Hz, 2 H), 7.40 (d,
J=8.0Hz, 2 H),7.77 (br's, 2 H).

13C NMR (100 MHz, CDCl5): 6 = 32.17, 55.51, 56.61, 110.63, 110.95,
111.82, 116.84, 119.03, 119.35, 119.97, 121.74, 123.52, 127.23,
134.07,136.72, 151.43, 153.45.

3,3’-(Naphthalen-2-ylmethylene)bis(1H-indole) (5j)'4

Yield: 357 mg (96%); red solid; mp 108-110 °C.

'H NMR (400 MHz, CDCl3): 8§ = 6.02 (s, 1 H), 6.59 (s, 2 H), 6.96 (t, ] =
8.0Hz, 2 H), 7.14 (t,J = 8.0 Hz, 2 H), 7.30 (d, ] = 8.4 Hz, 2 H), 7.37-7.41
(m, 4 H), 7.49 (dd, ] = 1.6, 8.4 Hz, 1 H), 7.66-7.68 (m, 1 H), 7.72 (t, ] =
4.4 Hz, 2 H),7.77-7.80 (m, 3 H).

13C NMR (100 MHz, CDCl): § = 40.32, 111.08, 119.30, 119.53, 119.96,
121.98, 123.82, 125.30, 125.71, 126.76, 127.12, 127.59, 127.77,
127.93,132.38, 133.62, 136.72, 141.63.

3,3’-(Thiophen-2-ylmethylene)bis(1H-indole) (5k)*?

Yield: 282 mg (86%); red solid; mp 147-149 °C.

H NMR (400 MHz, CDCl,): 8 = 6.13 (s, 1 H), 6.76 (s, 1 H), 6.77 (s, 1 H),
6.89 (m, 2 H), 7.01 (t, ] = 7.2 Hz, 2 H), 7.11-7.17 (m, 3 H), 7.30 (d, J =
8.0 Hz, 2 H), 7.44 (d, ] = 8.0 Hz, 2 H), 7.84 (br s, 2 H).

13C NMR (100 MHz, CDCl5): 6 = 35.34, 111.16, 119.37, 119.69, 119.77,
122.02, 123.22,123.62, 125.15, 126.44, 126.77, 136.59, 148.69.

3,3’-[(4-Chlorophenyl)methylene]bis(5-bromo-1H-indole) (51)2
Yield: 312 mg (61%); red solid; mp 163-165 °C.

H NMR (400 MHz, CDCl;): & = 5.69 (s, 1 H), 6.56 (s, 2 H), 7.16-7.24
(m, 8 H), 7.43 (s, 2 H), 7.97 (br s, 2 H).

13C NMR (100 MHz, CDCl,): & = 39.3, 112.77, 118.48, 122.13, 124.82,
125.13,128.46, 128.63, 129.9, 132.22, 135.34, 141.63.

3,3'-[(4-Chlorophenyl)methylene]bis(5-methoxy-1H-indole)
(5m)33
Yield: 291 mg (70%); red solid; mp 156-158 °C.

H NMR (400 MHz, CDCl,): & = 3.73 (s, 6 H), 5.77 (s, 1 H), 6.63 (s, 2 H),
6.81 (d, J = 2.4 Hz, 2 H), 6.86 (d, J = 2.4 Hz, 1 H), 6.88 (d, J = 2.4 Hz,
1H),7.24-7.30 (m, 6 H), 7.88 (br s, 2 H).

13C NMR (100 MHz, CDCl,): & = 39.68, 55.91, 101.88, 111.85, 111.97,

118.71, 124.51, 127.32, 128.38, 130.09, 131.76, 131.88, 142.51,
153.75.

3,3'-(2-Methylpropane-1,1-diyl)bis(1H-indole) (5n)3*
Yield: 265 mg (92%); red solid; mp 58-60 °C.

H NMR (400 MHz, CDCL,): § = 1.12 (d, J = 6.8 Hz, 3 H), 2.67-2.76 (m,
1H), 432 (d, J = 8.4Hz, 1H), 6.80 (s, 2 H), 7.12 (d, J = 8.0 Hz, 2 H),
7.19-7.27 (m, 4 H), 7.33 (s, 2 H), 7.80 (d, J = 7.2 Hz, 2 H).

13C NMR (100 MHz, CDCl,): & = 22.06, 33.12, 41.28, 111.4., 119.13,
119.58,119.77,121.71, 121.98, 127.70, 136.28.

4,4'-(p-Tolylmethylene)bis(benzene-1,3-diol) (7)
Yield: 245 mg (76%); white cream.

H NMR (400 MHz, DMSO-d;): & = 2.25 (s, 3 H, CH,), 5.76 (s, 1 H, CH),
6.11(dd, ] =2.0,8.0 Hz, 2 H, ArH), 6.27 (d, ] = 2.0 Hz, 2 H, ArH), 6.42 (d,
J=8.4Hz, 2 H, ArH), 6.84 (d, | = 7.6 Hz, 2 H, ArH), 7.02 (d, ] = 7.6 Hz,
2 H, ArH), 8.98 (s, 2 H, OH), 9.01 (s, 2 H, OH).

13C NMR (100 MHz, DMSO-dg): § = 21.74, 40.62, 103.50, 106.50,
117.60, 122.70, 129.46, 129.92, 131.25, 135.12, 156.51, 157.32.

HRMS: m/z [M + H]* calcd for C,yH;90,4": 323.1283; found: 323.1285.

Trisindoline (9)'32
Yield: 345 mg (95%); white solid; mp 277-280 °C.

H NMR (400 MHz, DMSO-d,): § = 6.79 (t, ] = 7.6 Hz, 2 H, ArH), 6.86 (d,
J=2.0Hz,2 H,-C,HNH), 6.91 (t,] = 7.6 Hz, 1 H, ArH), 6.99 (t, ] = 8.0 Hz,
3 H, ArH), 7.18-7.27 (m, 4 H, ArH), 7.34 (d, ] = 8.0 Hz, 2 H, ArH), 10.58
(s, 1 H, NH), 10.92 (s, 2 H, NH).

13C NMR (100 MHz, CDCl; + DMSO-dg): & = 52.53, 109.52, 111.50,
114.27, 118.13, 120.75, 120.83, 121.34, 124.21, 124.82, 125.66,
127.70,134.57, 136.88, 141.28, 178.74.

Acknowledgment

This work was financially supported by the National Natural Science
Foundation of China (NSFC) (No. 21302101), and NFFTBS (No.
J1103306), and National Training Programs of Innovation and Entre-
preneurship for Undergraduates (No. 201610055092). We also thank
the Nankai University State Key Laboratory of Elemento-Organic
Chemistry for support.

Supporting Information

Supporting information for this article is available online at
http://dx.doi.org/10.1055/s-0035-1561655.

References

(1) Pal, D.; Kundu, K.; Nayak, S. K.; Bhattacharya, S. Spectrochim.
Acta Part A 2015, 138, 958.

(2) Alizadeh, A.; Khodaei, M. M.; Moradi, K. H. J. Iran. Chem. Soc.
2010, 7, 351.

(3) (a) Nandi, M.; Mondal, ].; Sarkar, K.; Yamauchic, Y.; Bhaumik, A.
Chem. Commun. 2011, 47, 6677. (b) Khaligh, N. G. Catal. Sci.
Technol. 2012, 2, 2211. (c) Shirini, F.; Abedini, M.; Seddighi, M.;
Jolodar, O. G.; Safarpoor, M.; Langroodi, N.; Zamani, S. RSC Adv.
2014, 4, 63526. (d) Das, P. ].; Das, J. RSC Adv. 2015, 5, 11745.
(e) Karimi, A. R.; Dalirnasab, Z.; Karimi, M. Synthesis 2014, 46,
917. (f) Venu Madhav, ].; Suresh Kuarm, B.; Rajitha, B. ARKIVOC

© Georg Thieme Verlag Stuttgart - New York — Synthesis 2016, 48, A-H

Downloaded by: University of Kentucky. Copyrighted material.



Synthesis J. Tong et al.

2008, (ii), 204. (g) Naeimi, H.; Nazifi, Z. S. C. R. Chim. 2014, 17,
41. (h) Rivera, T. S.; Blanco, M. N.; Pizzio, L. R.; Romanelli, G. P.
Green Chem. Lett. Rev. 2012, 433.

(4) De Leeuw, E.; Mackerell, ]J. R.; Alexander, D. US Patent
US2013/331413 A1, 2013.

(5) (a) Lacroix, R.; Arbeille, B.; Armaing, C.; Lacroix, J.; Reynouard, F.
Ann. Pharm. Fr. 1985, 43, 479. (b) Poupelin, J. P. US Patent
US1979/4147806.

(6) (a)Kito, T.; Yoshinaga, K.; Ohkami, S.; Ikeda, K.; Yamaye, M.
J. Org. Chem. 1985, 50, 4628. (b) Ohishi, T.; Kojima, T.; Matsuoka,
T.; Shiroc, M.; Kotsukia, H. Tetrahedron Lett. 2001, 42, 2493.
(c) Su, W.; Yang, D.; Jin, C.; Zhang, B. Tetrahedron Lett. 2008, 49,
3391. (d) Han, B.; Liu, F.; Zhang, Y.; Wang, Q.; Ma, R.; Guo, H.
Chin. J. Org. Chem. 2012, 32, 1121. (e) Dutta, P.; Saikia, M.; Das,
R. ].; Borah, R. J. Chem. Sci. 2014, 126, 1629. (f) Ranjbar, P. R.;
Abbasi, A.; Vafakisha, B.; Fischer, A. Acta Crystallogr., Sect. E:
Struct. Rep. Online 2007, 63, 02093. (g) Xu, C.; Yuan, H.; Liu, Y.;
Wang, M.; Liu, Q. RSC Adv. 2014, 4, 1559.

(7) (a)Kaur, P.; Koura, S.; Singh, K. Org. Biomol. Chem. 2012, 10,
1497. (b) Bose, P.; Ghosh, P. Chem. Commun. 2010, 46, 2962.
(c) Martinez, R.; Espinosa, A.; Tarraga, A.; Molina, P. Tetrahedron
2008, 64, 2184. (d) Hibino, S.; Choshi, T. Nat. Prod. Rep. 2001, 18,
66.

(8) (a) Sivaprasad, G.; Perumal, P. T.; Prabavathy, V. R.; Mathivanan,
N. Bioorg. Med. Chem. Lett. 2006, 16, 6302. (b) Kamal, A.; Khan,
M. N. A;; Reddy, K. S.; Srikanth, Y. V. V.; Ahmed, S. K.; Kumar, K.
P.; Murthy, U. S. N. J. Enzyme Inhib. Med. Chem. 2009, 24, 559.

(9) Sujatha, K.; Perumal, P. T.; Muralidharan, D.; Rajendran, M.
Indian J. Chem. 2009, 48, 267.

(10) Benabadiji, S. H.; Wen, R.; Zheng, ].; Dong, X.; Yuan, S. Acta Phar-
macol. Sin. 2004, 25, 666.

(11) (a) Safe, S.; Papineni, S.; Chintharlapalli, S. Cancer Lett. 2008,
269, 326. (b)Lei, P.; Abdelrahim, M.; Cho, S. D.; Liu, S;
Chintharlapalli, S.; Safe, S. Carcinogenesis 2008, 29, 1139.

(12) Shiri, M.; Zolfigol, M. A.; Kruger, H. G.; Tanbakouchian, Z. Chem.
Rev. 2010, 110, 2250.

(13) (a) Veluri, B.; Oka, I.; Wagner-Dobler, I.; Laatsch, H. J. Nat. Prod.
2003, 66, 1520. (b) Bell, R.; Carmeli, S. J. Nat. Prod. 1994, 57,
1587.

(14) (a) Noland, W. E.; Venkiteswaran, M. R.; Richards, C. G. J. Org.
Chem. 1961, 26, 4241. (b) Hagiwara, H.; Sekifuji, M.; Hoshi, T.;
Qiao, K.; Yokoyama, C. Synlett 2007, 1320. (c) Singh, K.; Sharma,
S.; Sharma, A. J. Mol. Catal. A: Chem. 2011, 347, 34. (d) Mendes,
S. R.; Thurow, S.; Fortes, M. P.; Penteado, F.; Lenardao, E. |.;
Alves, D.; Perin, G.; Jacob, R. G. Tetrahedron Lett. 2012, 53, 5402.
(e)Sharma, D. K.; Hussain, A.; Lambu, M. R.; Yousuf, S. K;
Maiety, S.; Singha, B.; Mukherjee, D. RSC Adv. 2013, 3, 2211.
(f) Shi, X.-L.; Xing, X.; Lin, H.; Zhang, W. Adv. Synth. Catal. 2014,
356, 2349. (g) Wang, A.; Liu, X.; Su, Z.; Jing, H. Catal. Sci. Technol.
2014, 4, 71. (h) Liang, D.; Huang, W.; Yuan, L.; Ma, Y.; Ma, J.;
Ning, D. Catal. Commun. 2014, 55, 11. (i) Xie, Z.-B.; Sun, D.-Z,;
Jiang, G.-F.; Le, Z.-G. Molecules 2014, 19, 19665. (j) Chhattise, P.
K.; Arbuj, S. S.; Mohite, K. C.; Bhavsar, S. V.; Horne, A. S,;
Handore, K. N.; Chabukswar, V. V. RSC Adv. 2014, 4, 28623.
(k) Gogoi, P.; Dutta, A. K.; Sarma, P.; Borah, R. Appl. Catal,, A
2015, 492, 133. (1) Ramesh, C.; Banerjee, J.; Pal, R.; Das, B. Adv.
Synth. Catal. 2003, 345, 557. (m) Karthik, M.; Tripathi, A. K;

Gupta, N. M.; Palanichamy, M.; Murugesan, V. Catal. Commun.
2004, 5, 371. (n) Kamble, S. B.; Swami, R. K.; Sakate, S. S.; Rode,
C. V. ChemPlusChem 2013, 78, 1393.

(15) Yadav, ]. S.; Reddy, B. V. S.; Sunitha, S. Adv. Synth. Catal. 2003,
345, 349.

(16) Chakraborti, A. K.; Raha Roy, S.; Kumar, D.; Chopra, P. Green
Chem. 2008, 10, 1111.

(17) (a) Rad-Moghadam, K.; Sharifi-Kiasaraie, M. Tetrahedron 2009,
65, 8816. (b) Kalla, R. M. N.; John, ]J. V.; Park, H.; Kim, 1. Catal.
Commun. 2014, 57, 55.

(18) Das, P.].; Das, ]. Tetrahedron Lett. 2012, 53, 4718.

(19) (a) Jain, N.; Kumar, A.; Chauhan, S.; Chauhan, S. M. S. Tetrahe-
dron 2005, 61, 1015. (b) Park, S.; Kazlauskas, J. Curr. Opin. Bio-
technol. 2003, 14, 432.

(20) (a) Luo, S.-Z.; Mi, S.-Z.; Zhang, L.; Liu, S.; Xu, H.; Cheng, ].-P.
Angew. Chem. Int. Ed. 2006, 45, 3093. (b) Ni, B.; Zhang, Q. Y;
Headley, A. D. Green Chem. 2007, 9, 737. (c)Ranu, B. C;
Banerjee, S. Org. Lett. 2005, 7, 3049. (d) Xu, J.-M.; Qian, C.; Liu,
B.-K.; Wu, Q.; Lin, X.-F. Tetrahedron 2007, 63, 986. (e) Xu, J.-M.;
Wu, Q.; Zhang, Q.-Y.; Zhang, F.; Lin, X.-F. Eur. J. Org. Chem. 2007,
1798.

(21) (a) Zhou, L.; Wang, L. Chem. Lett. 2007, 35, 628. (b) Luo, S.-Z.; Mi,
X.-L.; Zhang, L.; Liy, S.; Xu, H.; Cheng, ].-P. Tetrahedron 2007, 63,
1923. (c) Huy, S.-Q.; Jiang, T.; Zhang, Z.-F.; Zhu, A.-L.; Han, B.-X;
Song, J.-L.; Xie, Y.; Li, W.-]. Tetrahedron Lett. 2007, 48, 5613.

(22) (a) Albert, S. C. Green Chem. 2010, 12, 949. (b) Sayin, S.; Yilmaz,
M. RSC Adv. 2014, 4, 2219. (c) Petrovi¢, V. P.; Simijonovié, D.;
Zivanovié, M. N.; Kogari¢, J. V.; Petrovié, Z. D.; Markoviéa, S.;
Markovi, S. D. RSC Adv. 2014, 4, 24635.

(23) (a) Wasserscheid, P.; Sesing, M.; Korth, W. Green Chem. 2002, 4,
134. (b) Luo, Y.; Pan, A. X.; Xing, M.; Chen, M.; Xie, ].-M. Adv.
Mater. Res. 2012, 443, 917. (c) Tran, P. H.; Duus, F.; Le, T. N. Tet-
rahedron Lett. 2012, 53, 222.

(24) (a) Ying, A.-G.; Xu, S.-L.; Liu, S.; Ni, Y.-X.; Yang, J.-G.; Wu, C.-L.
Ind. Eng. Chem. Res. 2014, 53, 547. (b)Epishina, M. A.;
Ovchinnikov, 1. V.; Kulikov, A. S.; Makhova, N. N.; Tartakovsky, V.
A. Mendeleev Commun. 2011, 21, 21. (c) Li, Z.-H.; Zhou, Z.-M,;
Hao, X.-Y.; Zhang, ].; Dong, X.; Liy, Y.-Q.; Sun, W.-W.; Cao, D.
Appl. Catal,, A 2012, 425, 28.

(25) Xu, D.-Z.; Liu, Y.; Shi, S.; Wang, Y. Tetrahedron: Asymmetry 2010,
21, 2530.

(26) (a) Xu, D.-Z,; Liu, Y.; Shi, S.; Wang, Y. Green Chem. 2010, 12, 514.
(b) Xu, D.-Z.; Shi, S.; Wang, Y. RSC Adv. 2013, 3, 23075.

(27) Yy, Y.-Q.; Xu, D.-Z. Synthesis 2015, 47, 1869.

(28) (a) Yu, Y.-Q.; Xu, D.-Z. RSC Adv. 2015, 5, 28857. (b) Yu, Y.-Q.; Xu,
D.-Z. Tetrahedron 2015, 71, 2853.

(29) (a) Timmermann, P.; Verboom, W.; Reinhoudt, D. N. Tetrahe-
dron 1996, 52, 2633. (b) Moore, D.; Matthews, S. E. J. Inclusion
Phenom. Macrocyclic Chem. 2009, 65, 137.

(30) Rashidi-Ranjbar, P.; Khoramabadi-zad, A.; Roohi, M. Phospho-
rus, Sulfur Silicon Relat. Elem. 2000, 159, 229.

(31) Poupelin, J. P.; Saint-Ruf, G.; Foussard-Blanpin, O.; Narcisse, G.;
Uchida-Ernouf, G.; Lacroix, R. Eur. J. Med. Chem. 1978, 13, 67.

(32) Lin, X.-F.; Cui, S.-L.; Wang, Y.-G. Synth. Commun. 2006, 36, 3153.

(33) Srinivasa, A.; Nandeshwarappa, B. P.; Kiran, B. M.; Mahadevan,
K. M. Phosphorus, Sulfur Silicon Relat. Elem. 2007, 182, 2243.

(34) Mulla, S. A. R.; Sudalai, A.; Pathan, M. Y.; Siddique, S. A;
Inamdar, S. M.; Chavan, S. S.; Santosh Reddy, R. RSC Adv. 2012, 2,
3525.

© Georg Thieme Verlag Stuttgart - New York — Synthesis 2016, 48, A-H

Downloaded by: University of Kentucky. Copyrighted material.



