1068

Synlett N. Morita et al.

Gold-Catalyzed Formal (3+2) Cycloaddition in an lonic Liquid: En-
vironmentally Friendly and Stereoselective Synthesis of Polysub-
stituted Indanes from Benzylic Alcohols and 1-Phenylpropenes

Nobuyoshi Morita*
Hitomi Chiaki

Kanae Ikeda

Kosaku Tanaka lll
Yoshimitsu Hashimoto
Osamu Tamura*

Showa Pharmaceutical University, Machida, Tokyo, 194-8543,
Japan

morita@ac.shoyaku.ac.jp

tamura@ac.shoyaku.ac.jp

Received: 30.11.2022

Accepted after revision: 20.12.2022

Published online: 21.12.2022 (Accepted Manuscript), 19.01.2023 (Version of Record)
DOI: 10.1055/a-2002-4122; Art ID: ST-2022-11-0519-L

Abstract A gold-catalyzed formal (3+2) cycloaddition of benzylic al-
cohols with 1-phenylpropenes in an ionic liquid permits the environ-
mentally friendly stereoselective synthesis of polysubstituted indanes in
good yields and with high selectivity. The gold catalyst can be recycled
at least five times.
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The efficient synthesis of polysubstituted indanes is of
great importance because of their potent and diverse bio-
logical activities.! Examples include diaporindene A? (anti-
inflammatory activity), asarone dimer? (insect-growth reg-
ulator, fungicide, insecticide, sedative, and hyperthermic
agent), and enrasentan*® (antagonist of nonpeptide endo-
thelin receptors) (Figure 1).
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Figure 1 Natural and synthetic polysubstituted indanes

Therefore, much effort has been directed at the develop-
ment of efficient synthetic pathways to polysubstituted in-
danes.®” Reported methods include dimerization® of 1-
phenylpropenes and the formal (3+2) cycloaddition®! of
benzylic alcohols with 1-phenylpropenes. However, these

OH

R20. ;
R AuCl
RO (0.1-1 mol%)

[EMIM][NT,]

Recyclable
(at least 5x)

19 examples, 34-97%

methods often require the use of a stoichiometric amount
of a reagent (BF;-OEt, or SnCl,), and a toxic volatile haloge-
nated solvent (CH,Cl, or CHCl;) is employed in many cases.
Consequently, there is a need to develop methods that use
environmentally benign solvents and sustainable (recycla-
ble) reagents to advance green chemistry.

We recently reported an environmentally friendly and
stereoselective synthesis of cyclic compounds (1,2,3-trisub-
stituted indanes'! and 2-aryl-3-methyl-dihydrobenzofu-
rans'?) by the strategic use of a m-philic (soft) gold(I) cata-
lyst and an oxophilic (hard) gold(Ill) catalyst'? in an ionic
liquid' (Scheme 1). Thus, treatment of 1-phenylpropenes
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Scheme 1 (a) Gold-catalyzed dimerization of 1-phenylpropenes (previ-
ous work). (b) Formal (3+2) cycloaddition of p-quinones with 1-phenyl-
propenes (previous work). (c) Formal (3+2) cycloaddition of benzylic
alcohols with 1-phenylpropenes (this work).
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with a soft gold(I) catalyst (AuCl) resulted in dimerization
to furnish 1,2,3-trisubstituted indanes with good stereose-
lectivity, due to activation of the double bond of 1-phenyl-
propenes by coordination of gold(I) (Scheme 1a). In con-
trast, similar treatment of 1-phenylpropenes and p-qui-
nones with a hard gold(Ill) catalyst induced formal (3+2)
cycloaddition to afford 2-aryl-3-methyldihydrobenzofurans
with high stereoselectivity, due to activation of the carbonyl
oxygen of the p-quinone by coordination to gold(IIl), even
in the presence of 1-phenylpropenes (Scheme 1b). More-
over, recycling of the gold catalyst/ionic liquid was achieved
in both reactions (Schemes 1a and 1b).

As a part of our continuing research on environmentally
friendly gold-catalyzed reactions, we next focused on the
formal (3+2) cycloaddition of benzylic alcohols with 1-
phenylpropenes in an ionic liquid to prepare polysubstitut-
ed indanes (Scheme 1c). Here, we report a gold-catalyzed,
environmentally friendly, stereoselective synthesis of poly-
substituted indanes in an ionic liquid through a formal
(3+2) cycloaddition of benzylic alcohols with 1-phenylpro-
penes. This reaction is advantageous from both environ-
mental and economic points of view, as it does not require
the use of a toxic volatile halogenated solvent or a stoichio-
metric amount of reagent, and the gold catalyst/ionic liquid
can be recycled several times.

Initially, we investigated the formal (3+2) cycloaddition
of 3,4-dimethoxybenzyl alcohol (1a) with trans-anethole
(2a) in 3-ethyl-1-methyl-1H-imidazol-3-ium bis(trifluoro-
methylsulfonyl)imide ([EMIM][NTTf,]) in the presence of a

Table 1 Optimization of the Reaction Conditions for the Gold-Cata-
lyzed Formal (3+2) Cycloaddition of Benzylic Alcohol 1a with trans-
Anethole (2a)

Me [EMIM][NTf,] trans-3aa

/Ej/\/ temp., time . OMe
Meo” N 2a MeO
Sach
! MeO
Mo~ NN~y NTf,
[EMIM][NT#,] O

[EMIM] = Ethylmethylimidazolium cis-3aa OMe

Entry  Catalyst (mol%) Temp (°C) Time (h) Yield (%) of 3aa (trans/cis)

1 AuBr; (5) rt 0.5 58 (98:2)
2 AuBr; (2) rt 1.5 64 (98:2)
3 AuBr; (1) 60 0.5 64 (98:2)
4 Aucl (1) 60 0.5 75 (96:4)
52 Aucl (1) 60 77 35 (96:4)

2 The reaction was carried out in DCE.

gold catalyst that can activate the hydroxy group of 1a (Ta-
ble 1). The gold(Ill) catalyst AuBr; afforded the desired in-
dane 3aa in a moderate yield with great selectivity (Table 1,
entries 1-3), whereas the gold(I) catalyst AuCl (1 mol%) fur-
nished 3aa in a good yield with high selectivity (entry 4). In
terms of both yield and stereoselectivity, AuCl (1 mol%) in
the ionic liquid appeared to be the best catalyst for this re-
action.

NMR spectroscopic data supported the formation of a
1,2-disubstituted indane trans-3aa, and the expected struc-
ture was confirmed by means of X-ray crystal-structure
analysis of 3aa (Figure 2).> Reactions in other solvents
([EMIM][AcO],  [EMIM][BF,],  [EMIM][MeSO,],  or
[EMIM][(MeO),P0,]) gave little or no 3aa. In the case of the
reaction with AuCl (1 mol%), the use of an organic solvent
(Dichroloethane:DCE) reduced the yield of 3aa to 35% and
increased the reaction time to 77 hours (entry 3 vs entry 5).
Lee’s group has reported various advantages of ionic liquids
for catalytic reactions, including the formation of more-re-
active catalysts and the stabilization of reactive intermedi-
ates and transition states.!® Although the precise reason for
the high activity of AuCl in [EMIM][NTf,] (entry 4) remains
unclear, two possibilities can be considered. The first is that
an active gold species, AuNTf,, might be generated by anion
exchange between the chloride ion of the gold catalyst and
the NTf, ion of the ionic liquid [EMIM][NTf,]. The second
possibility is the formation of a reactive gold species bear-
ing an N-heterocyclic carbene ligand,'” which might be gen-
erated from the EMIM cation of [EMIM][NT®,].

Figure 2 X-ray crystal structure of the 1,2-disubstituted indane trans-
3aa

To examine the effect of ring substituents on the ben-
zylic alcohol 1, we conducted the gold-catalyzed formal
(3+2) cycloaddition of benzylic alcohols 1a-c¢ with trans-
anethole (2a) (Table 2). Whereas the reaction of benzylic al-
cohol 1a, bearing two methoxy groups, afforded a good
yield of 3aa (Table 2, entry 1), the reaction of benzylic alco-
hol 1b having one methoxy group afforded only a trace of
the corresponding product 3ba (entry 2). In the case of ben-
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Table 2 Effect of Substituents on Benzylic Alcohols 1a-c on the Gold-
Catalyzed Formal (3+2) Cycloaddition

1070

zyl alcohol (1¢), bearing no methoxy group on the ring, no
product was obtained (entry 3). Thus, the presence of two
methoxy groups on the aromatic ring of the benzylic alco-

. OH e Ao hol 1a appears to bg required to obtain indane 3aa.
| A /@A/ —_— Next, we investigated the scope of the gold-catalyzed
RIS MeO pg Jg][ggfé] formal (3+2) cycloaddition for the synthesis of disubstitut-
tae 2 ed indanes 3 by using various benzylic alcohols 1a and 1d-f
i and 1-phenylpropenes 2a-d in the presence of 1 mol% AuCl
O’ Me in the ionic liquid [EMIM][NTf,] (Scheme 2). Various combi-
, nations of 1a or 1d-f with 2a-d afforded the corresponding
O products 3 in moderate to good yields with high selectivity,
even in the presence of various oxygen-containing func-
cis-3 OMe tional groups on the substrates.
: : In addition, we extended the procedure to prepare
Entry 1 R R? Product  Yield (%) (trans|cis) 1,2,3-trisubstituted indanes 4 (Scheme 3). Treatment of
1 1a MeO MeO 3aa 75 (96:4) benzylic alcohols 1g and 1h bearing an ethyl group at the
) 1b MeO H 3ba trace benzylic position wiFh l-pheqylpropenes 2a-e in the pres-
ence of 1 mol% AuCl in the ionic liquid [EMIM][NTTf,] afford-
3 1c H H - - . . . . N
ed the corresponding 1,2,3-trisubstituted indanes 4 in high
OH

OH R3 o~ AUCI (1 mol%) @)\Et . Me\/\© AuCI (1 mol%)

ol ' S UOF EMIMINT) Tls O EmmTy

# 60°C,0.5h 2a-e 60°C, 0.5h

1a,d-f 2a-d -
N 135 ,
Rlo-t R3 RIOT_ / Me
. P
~AoR? ==7~OR? ==/ "OR?
4 (1,2-cis-2,3-trans) 4' (1,2-trans-2,3-trans)

trans-3 cis-3

[e] (0]
3ab, 51% 3ac, 55% 3da, 63%
(trans:cis = 96:4) (trans:cis = 96:4) (trans:cis = 96:4)

e
3db, 34% 3dc, 58% 3dd, 57%
(trans:cis = 98:2) (trans:cis = 96:4) (trans:cis = 96:4)

OMe
3ea, 61% 3fa, 63%
(trans:cis = 98:2) (trans:cis = 99:1)

Scheme 2 Scope of the gold-catalyzed formal (3+2) cycloaddition of
benzylic alcohols 1a and 1d-f with 1-phenylpropenes 2a-d

97% 91% 95%
(4ga:4'ga =6:1) (4gc:4'gc =7:1) (4gb:4'gb = 5:1)

83% %
A'ge = 3:1) OMe d:4" dO: . OJ ,8.7/_ .1y OMe
(4ge:4'ge = 3:1) (4gd:4'gd = 6:1) (4ha:4'ha = 6:1)

OMe

(4hb:4'hb=6:1) OH (4hd:4'hd = 6:1)

Scheme 3 Gold-catalyzed formal (3+2) cycloaddition of benzylic alco-
hols 1g and 1h with 1-phenylpropenes 2a-e in an ionic liquid to give
1,2,3-trisubstituted indanes 4
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yields with good selectivity.' Interestingly, the yields of the
1,2,3-trisubstituted indanes 4 in this reaction were general-
ly higher than those of the 1,2-disubstituted indanes 3.

In the case of indene (2f), the gold-catalyzed formal
(3+2) cycloaddition with benzylic alcohol 1g afforded the
corresponding indane 4gf in high yield, albeit with low ste-
reoselectivity (Scheme 4).

OH

MeO. AuClI (1 mol%)
[EMIM][NTf,]
MeO o
19 of 60°C,0.5h

92% (4gf:4'gf = 2:1)

Scheme 4 Gold-catalyzed formal (3+2) cycloaddition of benzylic alco-
hol 1g with indene (2f)

In addition, even when the methyl group at the 2-posi-
tion of 1-phenylpropene 2 was replaced with an ester group
(2g), the reaction proceeded to give the corresponding in-
dane 4gg (Scheme 5). Although the use of one equivalent of
ethyl trans-p-methoxycinnamate (2g) in the reaction re-
sulted in a moderate yield, the use of three equivalents of
2g furnished the desired product 4gg in a good yield.'® The
ester group in indane 4gg could be a useful functionality for
further elaboration.

AuClI (1 mol%)

[EMIMNTf,]
60°C, 0.5h

81% (4gg:4'gg = 4:1)

Scheme 5 Gold-catalyzed formal (3+2) cycloaddition of benzylic alco-
hol 1g with ethyl trans-p-methoxycinnamate (2g)

The structure of 4gg was definitively established by
means of X-ray crystal structure analysis (Figure 3).2°

We next conducted a large-scale preparation of indane
3aa and we examined the effect of a reduced amount of the
gold catalyst (Scheme 6). The large-scale preparation of 1,2-
disubstituted indane 3aa was achieved from 1.0 g (6.0
mmol) of benzylic alcohol 1a and trans-anethole (2a), af-
fording the product 3aa in 73% yield.?! Moreover, even
when the amount of AuCl was reduced to 0.1 mol%, the re-

Figure 3 X-ray crystal structure of 1,2,3-trisubstituted indane 4gg

action proceeded smoothly over a slightly longer reaction
time (5 h) to give the desired product 3aa in good yield with
high selectivity.

MeO.

cat. Au MeO
1a (1.00 g)
* [EMIM]JNTf,]

Me
/Ej/\/ 60 °C, time
= trans-3aa (1.28 g) OM
MeO 2a(0.88 g) 9 ©

AUCI (1 mol%), 0.5 h, 73%
AuCI (0.1 mol%), 5 h, 71%

MeO

Scheme 6 Large-scale preparation of indane 3aa and the effect of a
reduced amount of the gold catalyst (0.1 mol%)

Finally, recycling of the gold catalyst in ionic liquid
[EMIM][NTTf,] was investigated. In the reactions of benzylic
alcohols 1a and 1g with trans-anethole (2a), the AuCl (1
mol%) and ionic liquid [EMIM][NTf,] could be recycled at
least five times with only slight loss of activity (Table 3).22

A plausible mechanistic model for the reaction of ben-
zylic alcohol 1g with trans-anethole (2a) in [EMIM][NTf,] is
shown in Scheme 7. The gold species coordinates to the ox-
ygen atom of the benzylic alcohol 1g, forming active inter-
mediate I. Addition of trans-anethole (2a) to the active in-
termediate I affords intermediate Il bearing an electron-
rich aromatic ring and an electron-deficient ring. Cycliza-
tion takes place between the aromatic ring and the benzylic
position in intermediate II to furnish intermediate III,
which undergoes aromatization to provide indane 4ga with
good selectivity (1,2-cis-2,3-trans). The first C-C bond for-
mation (addition step, I — II) would be important in con-
trolling the stereochemistry. In the addition step, m-m
stacking between the electron-rich ring and the electron-
deficient ring in intermediate I would make the orthogonal
approach favorable, leading to the formation of a 1,2-cis
configuration. Cyclization proceeds again under the influ-
ence of -7 stacking in intermediate II to form a five-mem-
bered ring with a 1,2-cis-2,3-trans stereochemistry.
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Table 3 Recycling of the Gold Catalyst and Solvent in the Formal (3+2)
Cycloaddition of Benzyl Alcohols 1a and 1g with trans-anethole (2a)

o~
o =

2a

Me AuCI (1 mol%)

[EMIM][NTY,]
60 °C, time

e
e

e
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1 0.5 75 (96:4) 0.5 97 (6:1)
2 20 58 (96:4) 22 81(6:1)
3 20 66 (95:5) 22 79 (6:1)
4 22 57 (96:4) 24 73 (6:1)
5 24 48 (96:4) 24 71 (6:1)

—— 4ga
1 m OMe
electron-deficient electron-rich
T ing -1 ring
stacking OMe stacking  oue

electron-rich
ring

electron-deficient
1 ring I

Scheme 7 Plausible reaction mechanism for the gold-catalyzed formal
(3+2) cycloaddition of benzylic alcohol 1g and trans-anethole (2a)

In summary, we have developed a stereoselective, gold-
catalyzed formal (3+2) cyclization of benzylic alcohols 1
with 1-phenylpropenes 2 in the ionic liquid [EMIM][NTf,].
This reaction provides an environmentally friendly alterna-
tive for the synthesis of a variety of polysubstituted in-
danes. We are currently pursuing further applications of
this environmentally benign and sustainable catalyst sys-

tem.
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(18) There are four possible diastereomers for 1,2,3-trisubstituted

indanes 4, namely, a-(1,2-cis-2,3-trans), p-(1,2-cis-2,3-cis), y-
(1,2-trans-2,3-trans), and 6-(1,2-trans-2,3-cis), as shown below
in Figure 4. The stereochemical assignment of the 1,2,3-trisub-
stituted indanes 4 was based on 'H NMR spectra, chemical
shifts (ppm), coupling constants (J values), and the application
of double-irradiation techniques. MacMillan et al. reported J
values for the a-(1,2-cis-2,3-trans) and y-(1,2-trans-2,3-trans)
configurations of 1,2,3-trisubstituted indanes 4 (see ref. 8a).
Lantafio et al. also reported similar chemical shifts (ppm) and
coupling constants (J values) for the a-(1,2-cis-2,3-trans) and y-
(1,2-trans-2,3-trans) configurations of 1,2,3-trisubstituted
indanes 4 (see ref. 9e).

p Y
(1,2-cis-2,3-trans) (1,2-cis-2,3-cis)  (1,2-trans-2,3-trans) (1,2-trans-2,3-cis)

Figure 4

(19) Ethyl (1R*,2§*,3S*)- and (1R*,2R*,3R*)-1-Ethyl-5,6-dime-

thoxy-3-(4-methoxyphenyl)indane-2-carboxylate (4gg and
4'gg)

1 mol% AuCl (1.2 mg, 0.0051 mmol) was added at rt to a solu-
tion of benzylic alcohol 1g (100 mg, 0.51 mmol) and ethyl
trans-p-methoxycinnamate (2g) (315 mg, 1.53 mmol) in
[EMIM][NTf,] (1 mL). When benzylic alcohol 1g was completely
consumed (TLC; usually <30 min), the product was extracted
with Et,0 and the solvent was removed in vacuo. The crude
product was purified by column chromatography (silica gel,
hexane-EtOAc) to give 4gg and 4'gg as a colorless oil; yield: 158
mg (81%, 4:1).
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IR (KBr): 2958, 2933, 2833, 1728, 1609, 1510, 1500, 1463 cm-'.
H NMR (300 MHz, CDCL;): & = 7.18 (d, J = 8.7 Hz, 2 H x 4/5)*,
7.13(d,J=8.7Hz,2 Hx 1/5), 6.88 (d, ] = 8.7 Hz, 2 H x 1/5), 6.86
(d,J=8.7Hz, 2 Hx4/5)",6.78 (s, 1 H x 4/5)*,6.75 (s, 1 H x 1/5),
6.41 (s, 1 Hx 4/5)% 6.38 (s, 1 Hx 1/5), 475 (d, ] = 9.9 Hz, 1 H x
4/5)*, 452 (d, J =93 Hz, 1 Hx 1/5), 4.16 (q, J = 7.2 Hz, 2 H x
4/5)*,4.14(q,J=7.2 Hz, 2 Hx 1/5),3.91 (s, 3 Hx 4/5)*,3.91 (s, 3
H x 1/5), 3.83 (s, 3 H x 1/5), 3.81 (s, 3 H x 4/5)* 3.74 (s, 3 H x
4/5)*,3.73 (s,3 Hx 1/5), 3.52-3.45 (m, 1 H x 1/5), 3.41 (t, ] = 8.1
Hz, 1 H x 4/5)*, 3.41-3.34 (m, 1 H x 4/5)*, 2.86 (t, ] =9.0 Hz, 1 H
x 1/5), 2.09-1.98 (m, 1 H x 1/5), 1.80-1.50 (m, 2 H x 4/5)*, 1.27
(t,J=7.2Hz,3H x4/5)* 1.23 (t,J = 7.2 Hz, 3H x 1/5), 0.99 (t, ] =
7.5 Hz, 3 H x 1/5), 0.96 (t, ] = 7.5 Hz, 3 H x 4/5)*. 13*C NMR (75
MHz, CDCl;): & = 175.0, 172.6% 158.5, 158.4%, 148.8, 148.7%,
148.1%, 136.71%, 136.67*, 136.6, 136.2, 135.8, 135.5%, 129.7,
129.3, 113.9, 113.8*% 108.1%, 107.8* 107.7, 106.3, 60.7, 60.5,
60.3* 60.2%, 56.1% 56.0%, 55.2%, 53.9, 50.7*, 48.8, 47.7*, 26.5,
24.6%,14.3%,11.7%, 10.6. HRMS (EI): m/z [M*] calcd for C,3H,505:
384.1937; found: 384.1935.

(20) CCDC 2223279 contains the supplementary crystallographic

data for compound 4gg. The data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/structures

(21) 5,6-Dimethoxy-1-(4-methoxyphenyl)-2-methylindane (3aa);

Enlarged-Scale Procedure
1 mol% AuCl (14 mg, 0.060 mmol) was added at rt to a solution
of benzylic alcohol 1a (1.0 g, 6.0 mmol) and ethyl trans-aneth-

ole (2a) (0.88 g, 6.0 mmol) in [EMIM][NTf,] (5 mL). When ben-
zylic alcohol 1a was completely consumed (TLC; usually <30
min), the product was extracted with Et,0 and the solvent was
removed in vacuo. The crude product was purified by column
chromatography (silica gel, hexane-EtOAc) to give a colorless
oil; yield: 1.3 g (73%).

IR (KBr): 3033, 299, 2931, 2837, 1614, 1512, 1472, 1446, 1512,
1471, 1445, 1410, 1313, 1213, 1173, 1088, 1028, 995, 856, 820,
804, 764 cm™. 'H NMR (300 MHz, CDCl,): & = 7.11 (d, ] = 8.7 Hz,
2H),6.87(d,J=8.7Hz,2H),6.79 (s, 1H),6.39 (s, 1H),3.88(s, 3
H), 3.81 (s, 3 H), 3.72 (s, 3 H), 3.70 (d, J = 9.5 Hz, 1 H), 3.06 (dd,
J=14.9, 7.5 Hz, 1 H), 2.55 (dd, ] = 14.9, 9.5 Hz, 1 H), 2.42-2.30
(m, 1 H), 1.17 (d, ] = 6.6 Hz, 3 H). 13C NMR (75 MHz, CDCl,): & =
158.2, 148.14, 148.07, 138.3, 136.4, 135.2, 1294, 113.8, 108.1,
107.4, 58.9, 56.1, 56.1, 55.2, 46.9, 40.1, 18.4. HRMS (EI): m/z
[M*] caled for CygH,,05: 298.1569; found: 298.1569.

(22) In the recycling of the gold catalyst in this reaction, the reaction

time was prolonged after the first cycle. The cause is assumed to
be imidazole, which is a decomposition product generated
when water produced during the reaction reacts with the ionic
liquid in the presence of the gold catalyst.?® The generated imid-
azole might coordinate to the gold catalyst, significantly reduc-
ing its activity and prolonging the reaction time; however, this
has not been confirmed.

(23) Vieira, J. C. B.; Villetti, M. A.; Frizzo, C. P. J. Mol. Liq. 2021, 330,

115618.

© 2023. Thieme. All rights reserved. Synlett 2023, 34, 1068-1074

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



