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ABSTRACT: An efficient, inexpensive, environmentally
friendly and high yield one-pot route to new spiro[indolo-
3,10′-indeno [1,2-b]quinolin]-trione derivatives has been
developed, involving three-component reaction of enami-
nones, N-substituted isatins and Indane-1,3-dione catalyzed by
FeCl3. The approach to this spiro-heterocycle is noteworthy
because it results in the formation of three new σ (two C−C
and one C−N) bonds in a single operation, leading to the
construction of novel spiro skeleton. This method works on a
large scale in excellent yields.
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■ INTRODUCTION

Multicomponent reactions (MCRs) are important tools for
medicinal and organic chemists because they offer significant
advantages over the stepwise convergent construction of com-
plex molecules.1 The structurally diverse enaminones have been
of longstanding interest for the construction of biologically rele-
vant core structures via multicomponent reactions (MCRs).2

Examples of such heterocyclic spiro-fragments are shown in
Figure 1,3 including those derived from isatin,4 quinoline,5

indenone,6 and indole,7 building blocks. Furthermore, C-3
spiroindoline compounds8 represents an important structural
unit found in many natural alkaloids9 such as spirotryprostatins
A and, B, which function as inhibitors of microtubule assembly,
and pteropodine and isopteropodine alkaloids, which interact
with muscarinic serotonin receptors. In this chemistry, our atten-
tion has been drawn to iron(III) chloride as a green and efficient
Lewis acid catalyst for C−C bond and carbon−heteroatom

formation10,11 including MCRs under mild reaction condi-
tions.12 Several FeCl3-based isatin-based multicomponent
methods have been reported for the synthesis of spiro-
[indolo-3,10′-indeno [1,2-b]quinolin]-triones heterocycles4

and related molecules.13

We describe here the extension of FeCl3-catalyzed three-
component coupling methodology to commercially available
cyclic1,3-dicarbonyl compounds, amines and isatins for the
synthesis of highly functionalized spiro-derivatives (Scheme 1).
This process provides good to excellent yields of the desired
compounds under mild conditions.

■ RESULTS AND DISCUSSION
Reaction Conditions. Enaminone 1{1}, N-substituted

isatin 2{1}, and indane 1,3-dione 3{1} served as model
substrates to explore the three-component reaction conditions
in the presence of various Lewis acidic catalysts in organic
solvent (Figure 2, Table 1). FeCl3 (10 mol %) was found to be
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Figure 1. Examples of biologically important fused spiro-compounds.

Scheme 1. MCR Synthesis of Spiro[Indolo-3,10′-indeno-
[1,2-b]quinolin]-triones Heterocycles
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the best catalyst, giving 4{1,1,1} in 92% yield (Table 1, entry 5).
While diminishing (entry 6) or increasing (entry 7) the amount
of catalyst made no significant difference, the presence of catalyst
was required (entry 1). Other Lewis acids (entries 2−4) and
mild protic acids (entries 8 and 9) gave the same product in
moderate yield, but HCl provided only trace amounts, perhaps
because of decomposition of the product in the presence of
strong acid. Among the organic solvents tested (CH3CN, EtOH,
MeOH, toluene, THF, DMF and DMSO; entries 11−17),
CH2Cl2 gave the best yields by substantial amounts.
Substrate Scope. With favorable reaction conditions estab-

lished (10 mol % FeCl3, CH2Cl2 solvent, room temperature),
the substrate scope of this FeCl3-catalyzed MCRs process was
explored with 27 enaminones (1{1}−1{27}), 8 N-substituted
isatins (2{1}−2{8}) and indane-1,3-dione (3{1}) (Figure 2
and Table 2).
Various 5,5 disubstituted enaminones 1 were found to give

corresponding products 4{1,1,1}−4{18,1,1}, in yields ranging
from 60% to 93% (Table 2, entries 1−11). Unsubstituted
enaminones also gave good yields (Table 2, entries 18−20, 24,
25, 27, and 31). Phenyl substitution at the 5 position (1{19}
and 1{20}), as well as 6,6-disubstitution (1{21}) provided
lower yields (Table 2, entries 12, 16, 17, 34), the latter most
probably due to steric factors. The electronic nature of N-aryl
enaminone substituents had little effect, with electron-donating

(methyl, isopropyl, methoxy) or electron-withdrawing (chloro,
bromo, nitro, carboxylic acid) aromatic groups (R1) giving
similar results (Table 2, entries 1−6).
N-Alkyl enaminones also gave good yields (Table 2, entries

7−10) with this method. To further broaden the scope of this
reaction, we investigated the electronic properties of the
substituents (X = chloro, bromo, and nitro) at the isatin C5
position and the N-substituent (R5 = allyl, benzyl, and n-butyl).
Each variation was well tolerated, giving structurally diverse
spiro-products in excellent yields (82−94%). Note that
N-protected isatins bearing electron-withdrawing substituents
(X) at the C5 position afforded reproducibly higher yields
than other analogues, suggesting an electronic effect (Table 2,
entries 23−38).
Enaminones derived from acyclic 1,3-diketones (5{1−3})

also proved to be effective in this ferric-caralyzed process,
reacting cleanly with isatins (3{1,2,4}) and indane-1,3-dione
(3{1}) compounds under the same reaction conditions. The
corresponding spiro[indolo-3,4′-indeno[1,2-b]pyridin]-
2,5′dione derivatives were isolated in good yields (75−85%,
Scheme 2, 6{1,1,1}−6{3,4,1}). All compounds were charac-
terized by 1H, 13C NMR, and IR spectroscopy analysis.
To the best of our knowledge, this is the first report of the

synthesis of spiro-heterocycle using FeCl3 as a lewis acid cata-
lyst via multicomponent protocols and is perfectly amenable to

Figure 2. Enaminone and isatin reagents tested in FeCl3-catalyzed multicomponent condensation.
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automation for combinatorial synthesis. Here, lewis acidic
nature of FeCl3 helps to coordinate with oxygen and nitrogen
atoms, thereby increasing the electrophilic character of carbonyl
carbon and finally, facilitating the dehydration process6,14

(A detailed mechanistic pathway is proposed in Supporting
Information.) The structures of the above spiro-compounds
were confirmed unambiguously from single crystal Xray
diffraction of the compound 4{16,1,1} and all the compounds
were well characterized by 1H, 13C NMR and IR spectroscopy.
The ORTEP plot of compound 4{16,1,1} (Figure 3) is shown
in Supporting Information 1.

■ CONCLUSION
In summary, we have successfully developed a novel,
straightforward, cheap, and environmentally friendly one-pot
three-component reaction to synthesize highly functionalized
spiro[indolo-3,10′-indeno [1,2-b]quinolin]-2,9′,11′triones de-
rivatives in DCM at room temperature (25−30 °C) in the
presence of the Lewis acid catalyst FeCl3 (10 mol %). The pro-
cedure has the following advantages: (1) it is highly efficient,
has good atom economy and uses an ecologically benign multi-
component reaction strategy, (2) a wide variety of functional
groups are tolerated, (3) the FeCl3 catalyst is easily available
and environmentally friendly, and (4) it should be readily
scalable.

■ EXPERIMENTAL PROCEDURES
Representative Procedure for FeCl3-Catalyzed Three

Component Synthesis of Functionalized Spiro Deriva-
tives. A 25 mL flask was charged with a mixture of enamenones

Table 1. Optimization of Reaction Conditions for the
Synthesis of Compound 4{1,1,1}a

entry catalyst (mol %)/solvent yieldb 4{1,1,1} (%)

1 none (−), DCM 5
2 AlCl3(10), DCM 45
3 SnCl2 (10), DCM 32
4 ZnCl2 (10), DCM 35
5 FeCl3 (10), DCM 92
6 FeCl3(5), DCM 80
7 FeCl3(20), DCM 87
8 AcOH (5), DCM 55
9 H3BO3 (5), DCM 38
10 HCl (5), DCM trace
11 FeCl3 (5), ACN 75
12 FeCl3(5), EtOH 65
13 FeCl3(5), MeOH 52
14 FeCl3(5), Tolune 66
15 FeCl3(5), THF 55
16 FeCl3(5), DMF 30
17 FeCl3(5), DMSO 25

aReaction conditions: enaminone (1{1}, 1 mmol), isatin (2{1},
1 mmol), indane-1,3-dione (3{1}, 1 mmol), different catalysts,
different solvents. bYields of isolated products.

Table 2. Synthesized Spiro Compounds

entry
product
(4) time (h)

yield
(%) mp (°C)

1 4{1,1,1} 3 92 286−288
2 4{2,1,1} 3 93 280−282
3 4{3,1,1} 4 86 240−242
4 4{9,1,1} 3.5 90 304−305
5 4{12,1,1} 4 88 132−134
6 4{13,1,1} 4 87 310−312
7 4{14,1,1} 5 74 158−160
8 4{15,1,1} 3.5 83 248−250
9 4{16,1,1} 3 85 280−281
10 4{17,1,1} 5 75 238−240
11 4{18,1,1} 3.5 84 254−255
12 4{20,1,1} 6 60 254−256
13 4{23,1,1} 3.5 92 340−342
14 4{6,2,1} 3.5 85 278−279
15 4{10,2,1} 3 86 292−293
16 4{19,2,1} 5 72 200−202
17 4{20,2,1} 6 65 210−212
18 4{23,2,1} 3 87 328−330
19 4{24,2,1} 4 70 296−298
20 4{25,2,1} 5 75 277−278
21 4{2,3,1} 3.5 88 266−268
22 4{15,3,1} 3 80 268−270
23 4{10,4,1} 3 91 258−260
24 4{22,4,1} 3.5 86 >350
25 4{25,4,1} 6 72 216−218
26 4{7,5,1} 2.5 94 328−330
27 4{26,5,1} 4 83 336−338
28 4{27,5,1} 3.5 82 >350
29 4{4,6,1} 3 92 308−310
30 4{5,6,1} 3.5 88 320−322
31 4{22,6,1} 3 88 >350
32 4{8,7,1} 3 90 >350
33 4{11,7,1} 5 84 340−342
34 4{21,7,1} 3 75 318−320
35 4{1,8,1} 2 92 284−286

Scheme 2. Synthesis of Spiro[Indolo-3,4′-indeno-
[1,2-b]pyridin]-2,5′diones Derivatives
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(1, 1 mmol), N-protected isatin (2, 1 mmol), indane-1,3-dione
(3, 1 mmol), and a catalytic amount of anhydrous FeCl3 (16
mg, 0.1 mmol) in dichloromethane (5 mL). The mixture was
mag-
netically stirred at room temperature (25−30 °C) for the
appropriate time mentioned in Table 2. The progress of the
reac-
tion was monitored by TLC. After completion of the reaction
the mixture was poured into water. Then it was extracted with
DCM (20 mL) for three times and followed by brine solution.
Next, it was dried over Na2SO4, and evaporated under reduced
pressure to remove the excess solvent. Finally the crude residue
was directly purified by silica gel column chromatography using
30% ethyl acetate in petroleum ether (60−80 °C) as eluant to
afford the desired product as red solid. All the obtained
products were characterized by 1H NMR, 13C NMR, and IR
spectral data. The spectra data for two representative
compounds are given as follows.
1-Allyl-7′,7′-dimethyl-5′-p-tolyl-1,3,6′,7′,8′-pentahydro-

5H-spiro[indolo-3,10′-indeno [1,2-b]quinolin]-2,9′,11′tri-
ones: (Table 2, 4{1,1,1}) yield 92% (484 mg); red solid; mp
286−288 °C (EtOH); Rf [50% EtOAc/petroleum ether (60−
80 °C)] 0.60; IR (νmax, KBr, cm

−1) 3044, 2955, 2343, 1719,
1690, 1654, 1631, 1487, 1396, 1356, 1281, 1172, 1086, 897,
739, 501; 1H NMR (300 MHz, CDCl3) δH 7.30−7.04 (m, 6H,
ArH), 6.94 (t, J = 7.4 Hz, 2H, ArH), 6.82−6.72 (m, 3H, ArH),
6.02−5.92 (m, 1H, allyl-CH), 5.58−5.52 (m, 1H, N−CH2),
5.20 (d, J = 10.5 Hz, 1H, N−CH2), 5.12 (d, J = 7.5 Hz, 1H,
ArH), 4.46−4.41 (m, 2H, allyl-CH2), 2.42 (s, 3H, Ar−CH3),
2.18−2.10 (m, 2H, CH2), 1.97 (d, J = 17.4 Hz, 2H, CH2), 0.84
(d, J = 18.0 Hz, 6H, CH3);

13C NMR (75 MHz, CDCl3) δC
194.9, 190.1, 177.8, 154.5, 152.5, 143.3, 140.7, 136.8, 135.7,
134.6, 133.1, 132.1, 131.3, 130.7, 129.5, 129.0, 128.2, 122.4,
121.9, 121.3, 121.0, 117.2, 114.6, 110.3, 108.7, 50.0, 47.3, 43.1,
41.2, 32.2, 29.4, 26.5, 21.3; Anal. Calcd for C35H30N2O3 C
79.82, H 5.74, N 5.32; Found C 79.98, H 5.77, N 5.24%.
1-Butyl-5′-(4-methoxy-phenyl)-7′,7′-dimethyl-1,3,6′,7′,8′-

pentahydro-5H-spiro[indolo-3,10′-indeno[1,2-b]quinolin]-
2,9′,11′triones: (Table 2, 4{2,3,1}) yield 88% (492 mg); red
solid; mp 266−268 °C (EtOH); Rf [50% EtOAc/petroleum
ether (60−80 °C)] 0.70; IR (νmax, KBr, cm

−1) 2956, 2345,
1719, 1661, 1511, 1403, 1360, 1251, 1086, 986, 677; 1H NMR
(300 MHz, CDCl3) δH 7.44−7.35 (m, 2H, ArH), 7.28−7.20
(m, 2H, ArH), 7.12−7.06 (m, 4H, ArH), 6.95−6.90 (m, 3H,
ArH), 5.33 (d, J=7.5 Hz, 1H, ArH), 3.97 (s, 3H, −OCH3,
3.89−3.84 (m, 2H, N−CH2), 2.30−2.08 (m, 4H, CH2), 1.94−
1.88 (m, 2H, CH2), 1.60−1.53 (m, 2H, CH2), 1.07−1.02 (m,
9H, CH3);

13C NMR (75 MHz, CDCl3) δC 194.8, 190.1, 177.8,
160.6, 154.7, 152.8, 143.8, 136.9, 134.9, 133.2, 131.4, 130.9,
130.8, 130.4, 129.5, 128.2, 122.5, 121.6, 121.3, 121.0, 115.2,
115.0, 114.8, 110.4, 107.8, 55.7, 50.1, 47.4, 41.3, 40.3, 32.2,
29.4, 28.9, 26.6, 20.4, 13.8; Anal. Calcd for C36H36N2O3 C
77.12, H 6.47, N 5.00; found C 77.25, H 6.46, N 5.07%.

■ ASSOCIATED CONTENT
*S Supporting Information
Detailed experimental procedures for synthesis of spiro[indolo-
3,10′-indeno[1,2-b]quinolin]-2,9′,11′-triones derivatives, scale
up reaction and spectral data, copies of 1H and 13C NMR
spectra, and IR analysis data of all the new synthesized
compounds. The Supporting Information is available free of
charge on the ACS Publications website at DOI: 10.1021/
acscombsci.5b00038.

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: cmukhop@yahoo.co.in.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This research was supported by Department of Chemistry,
University of Calcutta and grateful to the CAS Instrumentation
Facility for spectral data. One of the authors (A.M.) thanks the
University Grants Commission (UGC), New Delhi, for the
award of a Junior Research Fellowship.

■ REFERENCES
(1) (a) Toure, B. B.; Hall, D. G. Natural product synthesis using
multicomponent reaction strategies. Chem. Rev. 2009, 109, 4439−
4486. (b) Balme, G.; Bossharth, E.; Monteiro, N. Pd-assisted
multicomponent synthesis of heterocycles. Eur. J. Org. Chem. 2003,
68, 4101−4111. (c) Hulme, C.; Gore, V. Multi-component reactions:
Emerging chemistry in drug discovery from xylocain to crixivan. Curr.
Med. Chem. 2003, 10, 51−80. (d) Orru, R. V. A.; de Greef, M. Recent
advances in solution-phase multicomponent methodology for the
synthesis of heterocyclic compounds. Synthesis. 2003, 1471−1499.
(e) Zhu, J. Recent developments in the isonitrile-based multi-
component synthesis of heterocycles. Eur. J. Org. Chem. 2003, 7,
1133−1144. (f) Bienayme, H.; Hulme, C.; Oddon, G.; Schmitt, P.
Maximizing synthetic efficiency: Multi-component transformations
lead the way. Chem.Eur. J. 2000, 6, 3321−3329. (g) Tietze, L. F.;
Modi, A. Multicomponent domino reactions for the synthesis of
biologically active natural products and drugs. Med. Res. Rev. 2000, 20,
304−322. (h) Maiti, S.; Biswas, S.; Jana, U. Iron(III)-catalyzed four-
component coupling reaction of 1,3-dicarbonyl compounds, amines,
aldehydes, and nitroalkanes: A simple and direct synthesis of
functionalized pyrroles. J. Org. Chem. 2010, 75, 1674−1683. (i) Gu,
Y. L. Multicomponent reactions in unconventional solvents: State of
the art. Green Chem. 2012, 14, 2091−2128. (j) Gers, C. F.; Nordmann,
J.; Kumru, C.; Frank, W.; Müller, T. J. J. Solvatochromic fluorescent 2-
substituted 3-ethynyl quinoxalinesFour-component synthesis, pho-
tophysical properties, and electronic structure. J. Org. Chem. 2014, 79,
3296−3310.
(2) (a) Wan, J.-P.; Zhou, Y.; Jiang, K.; Ye, H. Tioacetamide as an
ammonium source for multicomponent synthesis of pyridines from
aldehydes and electron-deficient enamines or alkynes. Synthesis 2014,
46, 3256−3262. (b) Jiang, B.; Yi, M.-S.; Shi, F.; Tu, S.-J.; Pindi, S.;
McDowell, P.; Li, G. A multi-component domino reaction for the
direct access to polyfunctionalized indoles via intermolecular allylic
esterification and indolation. Chem. Commun. 2012, 48, 808−810.
(c) Wan, J.-P.; Zhou, Y.; Cao, S. Domino reactions involving the
branched C−N and CC cleavage of enaminones toward pyridines
synthesis. J. Org. Chem. 2014, 79, 9872−9877.
(3) (a) Longeon, A.; Guyot, M.; Vacelet, J. Araplysillins-I and-II:
Biologically active dibromotyrosine derivatives from the sponge
Psammaplysilla arabica. Experentia 1990, 46, 548−550. (b) Kobayashi,
J.; Tsuda, M.; Agemi, K.; Shigemiri, H.; Ishibashi, M.; Sasaki, T.;
Mikami, Y. Purealidins B and C, New bromotyrosine alkaloids from
the okinawan marine sponge Psammaplysilla purea. Tetrahedron 1991,
47, 6617−6622. (c) James, D. M.; Kunze, H. B.; Faulkner, D. J. Two
new brominated tyrosine derivatives from the sponge Druinella
(=Psammaplysilla) purpurea. J. Nat. Prod. 1991, 54, 1137−1140.
(4) (a) Mondal, A.; Brown, M.; Mukhopadhyay, C. Multicomponent,
one-pot and expeditious synthesis of highly substituted new
spiro[indolo-3,10′-indeno[1,2-b]quinolin]-2,4,11′-triones under micel-
lar catalytic effect of CTAB in water. RSC Adv. 2014, 4, 36890−36895.
(b) Liu, Y.; Wang, H.; Wan, J. Recent advances in diversity oriented
synthesis through isatin-based multicomponent reactions. Asian J. Org.
Chem. 2013, 2, 374−386.

ACS Combinatorial Science Research Article

DOI: 10.1021/acscombsci.5b00038
ACS Comb. Sci. 2015, 17, 404−408

407

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acscombsci.5b00038
http://pubs.acs.org/doi/abs/10.1021/acscombsci.5b00038
mailto:cmukhop@yahoo.co.in
http://dx.doi.org/10.1021/acscombsci.5b00038


(5) (a) Ma, Z.; Hano, Y.; Nomura, T.; Chen, Y. Novel quinazoline-
quinoline alkaloids with cytotoxic and DNA topoisomerase II
inhibitory activities. Bioorg. Med. Chem. Lett. 2004, 14, 1193−1196.
(b) Denton, T. T.; Zhang, X.; Cashman, J. R. 5-Substituted, 6-
substituted, and unsubstituted 3-heteroaromatic pyridine analogues of
nicotine as selective inhibitors of cytochrome P-450 2A6. J. Med. Chem.
2005, 48, 224−239.
(6) (a) Ghahremanzadeh, R.; Shakibaei, G. I.; Ahadi, S.; Bazgir, A.
One-pot, pseudo-four-component synthesis of a spiro[diindeno[1,2-
b:2′,1′-e]pyridine-11,3′-indoline]-trione library. J. Comb. Chem. 2010,
12, 191−194. (b) Shakibaei, G. I.; Feiz, A.; Khavasi, H. R.; Soorki, A.
A.; Bazgir, A. Simple three-component method for the synthesis of
spiroindeno[1,2-b]pyrido[2,3-d]pyrimidine-5,3′-indolines. ACS Comb.
Sci. 2011, 13, 96−99.
(7) Houlihan, W. J.; Remers, W. A.; Brown, R. K. Indoles: Part I;
Wiley: New York, 1992.
(8) (a) Joshi, K. C.; Chand, P. Biologically active indole derivatives.
Pharmazie 1982, 37, 1−12. (b) Da-Silva, J. F. M.; Garden, S. J.; Pinto,
A. C. The chemistry of isatins: A review from 1975 to 1999. J. Braz.
Chem. Soc. 2001, 12, 273−324. (c) Abdel-Rahman, A. H.; Keshk, E.
M.; Hanna, M. A.; El-Bady, S. M. Synthesis and evaluation of some
new spiro indoline-based heterocycles as potentially active antimicro-
bial agents. Bioorg. Med. Chem. 2004, 12, 2483−2488.
(9) (a) Dandia, A.; Singh, R.; Khaturia, S.; Merienne, C.; Morgant,
G.; Loupy, A. Efficient microwave enhanced regioselective synthesis of
a series of benzimidazoly/triazolyl spiro [indole-thiazolidinones] as
potent antifungal agents and crystal structure of spiro[3H-indole-3,2′-
triazolidine]-3′(1,2,4-triazol-3-yl)-2,4′(1H)-dione. Bioorg. Med. Chem.
2006, 14, 2409−2417. (b) Khafagy, M. M.; El-Wahas, A. H. F. A.; Eid,
F. A.; El-Agrody, A. M. Synthesis of halogen derivatives of
benzo[h]chromene and benzo[a]anthracene with promising anti-
microbial activities. Farmaco. 2002, 57, 715−722. (c) Sebahar, P. R.;
Williams, R. M. The asymmetric total synthesis of (+) and
(−)-spirotryprostatin B. J. Am. Chem. Soc. 2000, 122, 5666−5667.
(d) Ma, J.; Hecht, S. M. Javaniside, A novel DNA cleavage agent from
Alangium javanicum having an unusual oxindole skeleton. Chem.
Commun. 2004, 1190−1191. (e) Kang, T. H.; Matsumoto, K.; Tokda,
M.; Murakami, Y.; Takayama, H.; Kitajima, M.; Aimi, N.; Watanabe,
H. Peteropodine and isopteropodine positively modulate the function
of rat muscarinic M1 and 5-HT2 receptors expressed in Xenopus
oocyte. Eur. J. Pharmacol. 2002, 444, 39−45.
(10) (a) Cahiez, G.; Marquais, S. Cu-catalyzed alkylation and Fe-
catalyzed alkenylation of organomanganese reagents. Pure Appl. Chem.
1996, 68, 53−60. (b) Bolm, C.; Legros, J.; Paih, J. L.; Zani, L. Iron-
catalyzed reactions in organic synthesis. Chem. Rev. 2004, 104, 6217−
6254. (c) Plietker, B., Ed. Iron Catalysis in Organic Chemistry; Wiley-
VCH: Weinheim, Germany, 2008. (d) Enthaler, S.; Junge, K.; Beller,
M. Sustainable Metal Catalysis with Iron: From Rust to a Rising Star?
Angew. Chem., Int. Ed. 2008, 47, 3317−3321. (e) Correa, A.; Garcia
Mancheno, O.; Bolm, C. Iron-catalyzed carbon−heteroatom and
heteroatom−heteroatom bond forming processes. Chem. Soc. Rev.
2008, 37, 1108−1117. (f) Morris, R. H. Asymmetric hydrogenation,
transfer hydrogenation and hydrosilylation of ketones catalyzed by
iron complexes. Chem. Soc. Rev. 2009, 8, 2282−2291. (g) Sherry, B.
D.; Furstner, A. The promise and challenge of iron-catalyzed cross
coupling. Acc. Chem. Res. 2008, 41, 1500−1511. (h) Czaplik, W. M.;
Mayer, M.; Cvengros, J.; Jacobi von Wangelin, A. Coming of age:
Sustainable iron-catalyzed cross-coupling reactions. ChemSusChem
2009, 2, 396−417. (i) Czaplik, W. M.; Mayer, M.; Grupe, S.; Jacobi
von Wangelin, A. On direct iron-catalyzed cross-coupling reactions.
Pure Appl. Chem. 2010, 82, 1545−1553. (j) Sun, C.-L.; Li, B.-J.; Shi, Z.-
J.; Dierct, C.-H. Transformation via iron catalysis. Chem. Rev. 2011,
111, 1293−1314. (k) Junge, K.; Schroder, K.; Beller, M. Iron catalysed
reduction reactions. Chem. Commun. 2011, 47, 4849−4859.
(11) (a) Olah, G. A. Friedel−Crafts and Related Reactions; Wiley-
Interscience: New York, 1964; Vol. II, Part 1. (b) Roberts, R. M.;
Khalaf, A. A. Friedel−Crafts Alkylation Chemistry: A Century of
Discovery; Dekker: New York, 1984. (c) Olah, G. A. Friedel−Crafts
and Related Reactions; Wiley: New York, 1973. (d) Olah, G. A.;

Krishnamurthi, R.; Prakash, G. K. S. Friedel−Crafts alkylations. In
Comprehensive Organic Synthesis, 1st ed.; Pergamon Press: Oxford,
U.K., 1991. (e) Bandini, M.; Melloni, A.; Umani-Ronchi, A. New
catalytic approaches in the stereoselective Friedel−Crafts alkylation
reaction. Angew. Chem., Int. Ed. 2004, 43, 550.
(12) (a) Miura, M.; Nomura, M. Direct arylation via cleavage of
activated and unactivated C−H bonds. Top. Curr. Chem. 2002, 219,
211−241. (b) Sezen, B.; Sames, D. Diversity synthesis via C−H bond
functionalization: Concept-guided development of new C-arylation
methods for imidazoles. J. Am. Chem. Soc. 2003, 125, 10580−10585.
(13) (a) Zhu, S.-L.; Ji, S.-J.; Zhang, Y. A simple and clean procedure
for three-component synthesis of spirooxindoles in aqueous medium.
Tetrahedron 2007, 63, 9365−9372. (b) Redkin, R. Gr.; Shemchuk, L.
A.; Chernykh, V. P.; Shishkin, O. V.; Shishkina, S. V. Synthesis and
molecular structure of spirocyclic 2-oxindole derivatives of 2-amino-
4H-pyran condensed with the pyrazolic nucleus. Tetrahedron 2007, 63,
11444−11450. (c) Shanthi, G.; Subbulakshmi, G.; Perumal, P. T. A
new InCl3-catalyzed, facile and efficient method for the synthesis of
spirooxindoles under conventional and solvent-free microwave
condition. Tetrahedron 2007, 63, 2057−2063. (d) Wang, L.-M.; Jiao,
N.; Qiu, J.; Yu, J.-J.; Liu, J.-G.; Guo, F.-L.; Liu, Y. Sodium stearate-
catalyzed multicomponent reactions for efficient synthesis of
spirooxindoles in aqueous micellar media. Tetrahedron 2010, 66,
339−343. (e) Dabiri, M.; Bahramnejad, M.; Baghbanzadeh, M.
Ammonium salt catalyzed multicomponent transformation: Simple
route to functionalized spirochromenes and spiroacridines. Tetrahe-
dron 2009, 65, 9443−9447. (f) Litviniv, Y. M.; Mortikov, V. Y.;
Shestopalov, A. M. Versatile three-component procedure for
combinatorial synthesis of 2-aminospiro[(3′H)-indol-3′,4-(4H)-pyr-
ans]. J. Comb. Chem. 2008, 10, 741−745. (g) Hui, P.; Cheng, Y.; Qu,
T.; Wang, W. Z. AcOH catalyzed three-component synthesis of
spirooxindole derivatives. Res. Chem. Intermed. 2013, 39, 463−468.
(14) (a) Li, Y.; Chen, H.; Shi, C.; Shi, D.; Ji, S. Efficient one-pot
synthesis of spirooxindole derivatives catalyzed by L-proline in aqueous
medium. J. Comb. Chem. 2010, 12, 231−237. (b) Zou, Y.; Hu, Y.; Liu,
H.; Shi, D. Rapid and efficient ultrasound-assisted method for the
combinatorial synthesis of spiro[indoline-3,4′-pyrano[2,3-c]pyrazole]
derivatives. ACS Comb. Sci. 2012, 14, 38−43. (c) Rahmati, A.;
Kenarkoohi, T.; Khavasi, H. R. Synthesis of 2,6′-dioxo-1′,5′,6′,7′-
tetrahydrospiro[indoline-3,4′-pyrazolo[3,4-b]pyridine]-5′-carbonitriles
via a one-pot, three-component reaction in water. ACS Comb. Sci.
2012, 14, 657−664. (d) Swetha, A.; Kumar, G. S.; Kumar, A. S.;
Meshram, H. M. FeCl3-catalyzed efficient synthesis of di(5-
methylfuran/thiophen-2-yl) isatin analogues. Tetrahedron Lett. 2014,
55, 4705−4710.

ACS Combinatorial Science Research Article

DOI: 10.1021/acscombsci.5b00038
ACS Comb. Sci. 2015, 17, 404−408

408

http://dx.doi.org/10.1021/acscombsci.5b00038

