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scope, and simple catalytic system. The mechanistic investigations demonstrate that both C2
prenylation and C3 prenylation/migration pathways are engaged in the reaction. Notably, this prac-
tical strategy can be applied to the late-stage diversification of tryptophan-based peptides and con-
cise synthesis of tryprostatin B.
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1. Introduction

C2 prenylated indoles are fascinating frameworks embed-
ded in a variety of natural alkaloids that usually display potent
medicinal properties, because the presence of prenyl group can
improve their interactions with the target proteins [1,2]. As
exemplified in Fig. 1, tryprostatins A and B are two secondary
metabolites of a marine strain BM939 featuring a prenyl group
at C2 position of cyclodipeptide of L-tryptophan and -proline
(cyclo-L-Trp-L-Pro). They have been demonstrated to be potent
inhibitors of the mammalian cell cycle [3]. Besides, a diastere-
omer of tryprostatin B exhibits cytotoxic activity toward hu-
man cancer cell lines [4,5]. Terpeptin, produced by Aspergillus

terreus 95F-1, is a C2 prenylated tryptamine-based noncyclic
peptide and also shows cell cycle inhibitory activity [6,7].
Asterriquinone E is a marine natural product consisting of C2
prenylated tryptophol, which can inhibit the binding of adaptor
proteins to tyrosine phosphorylated protein [8,9]. These intri-
guing properties render indole alkaloids promising lead struc-
tures for drug discovery [10-12].

Synthetically, the selective incorporation of prenyl group at
C2 position of NH indole is of great significance. However, less
attention has been paid to this area compared with the
significant progress made in C3 prenylation [13-20]. In 1996,
Danishefsky et al. [21,22] discovered that 3-Cl indolenine, in
situ generated by reaction of tBuOCI and indole, could undergo

* Corresponding author. Tel: +86-411-84379260; Fax: +86-411-84379223; E-mail: qachen@dicp.ac.cn

tThese authors contributed equally to this work.

This work was supported by the National Natural Science Foundation of China (21801239, 22071239).
DOI: 10.1016/S1872-2067(20)63780-9 | http://www.sciencedirect.com/journal/chinese-journal-of-catalysis | Chin. ]. Catal, Vol. 42, No. 9, September 2021


http://crossmark.crossref.org/dialog/?doi=10.1016/S1872-2067(20)63780-9&domain=pdf

1594 Yan-Cheng Hu et al. / Chinese Journal of Catalysis 42 (2021) 1593-1607

Tryprostatin A (R = OMe)

Tryprostatin B (R = H) Terpeptin

Asterriquinone E

Fig. 1. Representative C2 prenylated indole alkaloids.

addition with prenyltin in the presence of BCl3 to afford C2
prenylated indole (Fig. 2(a), (i)). A combination of tert-prenyl
boronate and NCS could make the reaction conditions milder
(Fig. 2(a), (i)) [23]. Alternatively, the prenyl group could be
installed via an acid-promoted rearrangement of pre-formed
N-prenylated indole (Fig. 2(a), ii) [24,25]. Another feasible
protocol involving lithiation of Boc-protected indole was also
reported (Fig. 2(a), iii) [26,27]. Besides, an elegant C-H activa-
tion strategy [28-30] consisting of pre-installation of a direct-
ing group on the nitrogen atom of indole and directed C2
prenylation was disclosed recently [31-37]. While these
methodologies have great potential, they require a multi-step
procedure and rely on the use of promoters. From the view-
point of step- and atom-economy, developing a direct catalytic
C2 prenylation of NH indole would be highly desirable yet
challenging [38], likely because the nucleophilicity of C2 site is
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Fig. 2. An overview on C2 prenylation of NH indoles.

weaker than that of other two positions (N, C3) [39,40].

In nature, enzyme-catalyzed C2 prenylation of indole gener-
ally proceeds through a Friedel-Crafts Sn1-type alkylation with
a prenyl cation-pyrophosphate ion (PPi) pair derived from
dimethylallyl pyrophosphate (DMAPP) (Fig. 2(b)) [41,42].
Prompted by this mechanism and our long-standing interests
in pentenylations [43-48], we envisioned that if a stable prenyl
cation can be selectively formed via a chemical route, the ex-
pected indole prenylation might also occur. Indeed, by em-
ploying 2-methyl-3-buten-2-ol (tert-prenyl alcohol) as precur-
sor and Lewis acid AlCl3 as catalyst, various 3-substituted in-
doles, tryptophol and tryptamine derivatives in particular, can
undergo C2 prenylation with high selectivity (Fig. 2(c)). This
strategy also features good applications in peptide diversifica-
tion and concise synthesis of natural indole alkaloid. Herein, we
present these results.

2. Experimental
2.1. General information

Commercially available reagents were purchased from
Aladdin, Innochem, TCI, Energy and J&K chemical companies,
and were used as received. Before use, the solvents were
treated according to the standard methods. Acid resins Amber-
lyst-15 and Nafion were purchased from Aladdin company and
their acid amount was determined as 3.397 and 2.123 mmol/g
by temperature-programmed desorption of ammonia
(NH3-TPD), respectively [49].

All reactions were performed under nitrogen atmosphere
using standard Schlenk techniques or in a nitrogen-filled
glove-box. NMR data was acquired on 400 or 700 MHz instru-
ment using CDCls or DMSO-ds as the solvent and tetrame-
thylsilane (TMS) was chosen as the internal standard. All reac-
tions were monitored by TLC or NMR analysis and were sepa-
rated via column chromatography on silica gel (200-300 mesh).
Petroleum ether (PE) and ethyl acetate (EtOAc) were used as
the eluent. HRMS data was obtained with Micromass
HPLC-Q-TOF mass spectrometer (ESI) or Agilent 6540 Accu-
rate-MS spectrometer (Q-TOF). More experimental details are
available in the Supporting Information.

2.2. General procedure for catalytic C2 prenylation of indole
derivatives

In a sealed tube (4 mL), indole derivatives 1 (0.40 mmol)
and AlCIz (10 mol%-30 mol%) were dissolved in 2-MeTHF
(0.40 mL). For tryptamine derivatives, PhCl was used as sol-
vent. Subsequently, 2-methyl-3-buten-2-ol 2 (3.0 equiv, 120
pL) was introduced. After stirring at 80 °C for 24 h, the ex-
pected C2-prenylated products 3 were furnished via column
chromatography purification. Spectral data for products 3 are
listed as following.

2-(2-Prenyl-3-indolyl)ethan-1-0l (3a): AlClz (10 mol%,
5.4 mg), colorless oil, an inseparable mixture of 3a and 3a’
(3a/3a’=12/1), 62.5 mg, 68% yield, Re= 0.75 (PE/EtOAc 2/1).
NMR data for main isomer 3a was provided. 1H NMR (400 MHz,
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CDCl3) § 7.91 (s, 1H), 7.52 (d, ] = 7.7 Hz, 1H), 7.26 (d,] = 7.7 Hz,
1H), 7.15-7.01 (m, 2H), 5.29 (t, ]/ = 7.4 Hz, 1H), 3.82 (t, ] = 6.5
Hz, 2H), 3.47 (d, ] = 7.3 Hz, 2H), 2.98 (t, ] = 6.5 Hz, 2H), 1.77 (s,
3H), 1.75 (s, 3H). 13C NMR (100 MHz, CDCl3) § 135.79, 135.38,
134.75,128.89,121.28,120.47,119.43, 118.19, 110.56, 106.92,
62.97,27.78, 25.86, 25.22, 18.01. HRMS calculated for C1sH20NO
[M+H]* 230.1539, found 230.1541.

2-(5-(Benzyloxy)-2-prenyl-3-indolyl)ethan-1-0ol  (3b):
AlCl3 (10 mol%, 5.4 mg), colorless oil, an inseparable mixture of
3b and 3b’ (3b/3b’ = 11/1), 69.5 mg, 52% yield, Rr = 0.70
(PE/EtOAc 2/1). NMR data for main isomer 3b was provided.
1H NMR (400 MHz, CDCls) 6 7.76 (s, 1H), 7.47 (d,] = 7.5 Hz, 2H),
7.38 (t,/ = 7.5 Hz, 2H), 7.31 (d, = 7.0 Hz, 1H), 7.17 (d,] = 8.7 Hz,
1H), 7.07 (s, 1H), 6.91-6.81 (m, 1H), 5.30 (t, / = 7.4 Hz, 1H), 5.09
(s, 2H), 3.81 (t,] = 6.4 Hz, 2H), 3.46 (d, ] = 7.4 Hz, 2H), 2.94 (t,] =
6.5 Hz, 2H), 1.77 (s, 3H), 1.75 (s, 3H). 13C NMR (100 MHz,
CDCls) & 153.33, 137.85, 136.74, 134.88, 130.69, 129.40,
128.61,127.87,127.73,120.38,111.81, 111.20, 106.89, 102.38,
71.20, 62.94, 27.84, 25.90, 25.34, 18.03. HRMS calculated for
C22H26NO2 [M+H]* 336.1958, found 336.1959.

2-(5-Fluoro-2-prenyl-3-indolyl)ethan-1-ol (3c): AlClz (10
mol%, 5.4 mg), colorless oil, an inseparable mixture of 3¢ and
3¢’ (3c/3c¢’ = 12/1), 70.3 mg, 71% yield, Rr = 0.75 (PE/EtOAc
2/1). NMR data for main isomer 3c was provided. tH NMR (400
MHz, CDCl3) & 7.85 (s, 1H), 7.22-7.11 (m, 2H), 6.94-6.76 (m,
1H), 5.30 (t,J = 7.3 Hz, 1H), 3.82 (q, / = 6.3 Hz, 2H), 3.48 (d, ] =
7.3 Hz, 2H), 2.94 (t,] = 6.5 Hz, 2H), 1.78 (s, 3H), 1.76 (s, 3H). 13C
NMR (100 MHz, CDCls) & 157.98 (d, J = 234.1 Hz), 137.76,
135.25,131.81, 129.41 (d, ] = 9.4 Hz), 120.08, 111.07 (d, / = 9.7
Hz), 109.38 (d, / = 26.1 Hz), 107.41 (d, ] = 4.5 Hz), 103.32 (d, ] =
23.4 Hz), 62.87, 27.79, 25.91, 25.34, 18.05. HRMS calculated for
C1sH19FNO [M+H]*+ 248.1445, found 248.1447.

2-(5-Chloro-2-prenyl-3-indolyl)ethan-1-01 (3d): AICl3
(10 mol%, 5.4 mg), colorless oil, an inseparable mixture of 3d
and 3d’ (3d/3d’ = 24/1), 68.4 mg, 65% yield, Rr = 0.75
(PE/EtOAc 2/1). NMR data for main isomer 3d was provided.
1H NMR (400 MHz, CDCls) 6 7.94 (s, 1H), 7.47 (d,] = 1.9 Hz, 1H),
7.16 (d, ] = 8.6 Hz, 1H), 7.05 (dd, / = 8.5, 2.0 Hz, 1H), 5.28 (t,] =
7.3 Hz, 1H), 3.80 (t,/ = 6.5 Hz, 2H), 3.46 (d, ] = 7.3 Hz, 2H), 2.92
(t,] = 6.5 Hz, 2H), 1.77 (s, 3H), 1.74 (s, 3H). 13C NMR (100 MHz,
CDCls) & 137.37, 135.27, 133.69, 130.09, 125.13, 121.43,
119.99, 117.73, 111.51, 106.98, 62.86, 27.66, 25.88, 25.25,
18.03. HRMS calculated for CisH19CINO [M+H]* 264.1150,
found 264.1150.

2-(7-Methyl-2-prenyl-3-indolyl)ethan-1-01 (3e): AlCl3
(10 mol%, 5.4 mg), colorless oil, an inseparable mixture of 3e
and 3¢’ (3e/3e’ = 16/1), 65.7 mg, 68% yield, Rf = 0.70
(PE/EtOAc 2/1). NMR data for main isomer 3e was provided.
1H NMR (400 MHz, CDCls) 6 7.74 (s, 1H), 7.38 (d, ] = 7.8 Hz, 1H),
7.01 (t,] = 7.5 Hz, 1H), 6.93 (d, / = 7.0 Hz, 1H), 5.31 (t,/ = 7.1 Hz,
1H), 3.83 (t,/ = 6.5 Hz, 2H), 3.50 (d, / = 7.2 Hz, 2H), 298 (t, ] =
6.5 Hz, 2H), 2.46 (s, 3H), 1.77 (s, 6H). 13C NMR (100 MHz,
CDCls) & 135.55, 134.90, 134.66, 12841, 122.07, 120.65,
119.75, 116.00, 107.58, 63.04, 27.95, 25.89, 25.34, 18.09, 16.73.
HRMS calculated for CicH22NO [M+H]* 244.1696, found
244.1698.

2-(7-Ethyl-2-prenyl-3-indolyl)ethan-1-ol (3f): AICl3 (10

mol%, 5.4 mg), colorless oil, an inseparable mixture of 3f and
3f (3f/3f = 10/1), 56.8 mg, 55% yield, Rr = 0.70 (PE/EtOAc
2/1). NMR data for main isomer 3f was provided. 1H NMR (400
MHz, CDCls) 6 7.75 (s, 1H), 7.39 (d,] = 7.8 Hz, 1H), 7.05 (t,/ = 7.5
Hz, 1H), 6.98 (d, ] = 7.3 Hz, 1H), 5.32 (t,] = 7.3 Hz, 1H), 3.84 (q,]
= 6.2 Hz, 2H), 3.50 (d, J = 7.2 Hz, 2H), 2.99 (t, ] = 6.4 Hz, 2H),
2.84 (q,] = 7.6 Hz, 2H), 1.77 (s, 6H), 1.36 (t, ] = 7.6 Hz, 3H). 13C
NMR (100 MHz, CDCl3) § 135.46, 134.72, 134.19, 128.64,
125.96, 120.66, 120.05, 119.86, 116.05, 107.57, 63.05, 27.96,
25.89, 25.36, 24.07, 18.12, 13.94. HRMS calculated for C17H24NO
[M+H]* 258.1852, found 258.1853.
3-(2-Methoxyethyl)-1-methyl-2-prenyl-1H-indole (3g):
AlCl3 (20 mol%, 11.0 mg), colorless oil, 48.5 mg, 47% yield, Rt =
0.80 (PE/EtOAc 10/1). 'H NMR (400 MHz, CDCls) 6 7.54 (d, ] =
7.8 Hz, 1H), 7.23 (d, ] = 8.2 Hz, 1H), 7.15 (t, ] = 7.6 Hz, 1H), 7.07
(tJ=7.4Hz 1H),5.10 (t,J = 6.2 Hz, 1H), 3.61 (s, 3H), 3.53 (t, ] =
7.7 Hz, 2H), 3.48 (d, J = 6.8 Hz, 2H), 3.36 (s, 3H), 3.02 (t, /= 7.7
Hz, 2H), 1.79 (s, 3H), 1.71 (s, 3H). 13C NMR (100 MHz, CDCls) &
137.07,136.82,132.50, 127.91, 121.58, 120.82, 118.89, 118.19,
108.78, 107.25, 73.52, 58.73, 29.76, 25.78, 25.22, 24.10, 18.12.
HRMS calculated for Ci7H22NO [M+H]+ 258.1852, found
258.1856.
1-Benzyl-3-(2-(benzyloxy)ethyl)-2-prenyl-1H-indole
(3h): AlCls (30 mol%, 16.0 mg), colorless oil, 95.7 mg, 58%
yield, Rr = 0.80 (PE/EtOAc 5/1). 1H NMR (400 MHz, CDCl3) &
7.66-7.49 (m, 1H), 7.40-7.04 (m, 11H), 6.89 (d, ] = 7.2 Hz, 2H),
5.25 (s, 2H), 5.00 (t, / = 6.4 Hz, 1H), 4.53 (s, 2H), 3.68 (t, /= 7.6
Hz, 2H), 3.39 (d, ] = 6.8 Hz, 2H), 3.11 (t, ] = 7.7 Hz, 2H), 1.63 (s,
3H), 1.55 (s, 3H). 13C NMR (100 MHz, CDCl3) § 138.72, 138.35,
136.99, 136.72, 132.56, 128.69, 128.43, 128.21, 127.72, 127.56,
127.13,125.94,121.82,121.12,119.19, 118.33, 109.34, 108.21,
73.12,71.13,46.67, 25.60, 25.49, 24.18, 18.03. HRMS calculated
for C20H32NO [M+H]* 410.2478, found 410.2476.
2-(1-Benzyl-2-prenyl-3-indolyl)ethan-1-ol (3i): Amber-
lyst-15 (10 mol%, 12.0 mg), colorless oil, 52.8 mg, 41% yield, R¢
= 0.30 (PE/EtOAc 4/1). H NMR (400 MHz, CDCls) § 7.64-7.54
(m, 1H), 7.28-7.15 (m, 4H), 7.14-7.06 (m, 2H), 6.96-6.86 (m,
2H), 5.29 (s, 2H), 5.02 (t, ] = 6.6 Hz, 1H), 3.85 (t, ] = 6.6 Hz, 2H),
3.42 (d,] = 6.3 Hz, 1H), 3.04 (t,] = 6.6 Hz, 1H), 1.66 (s, 3H), 1.59
(s, 3H). 13C NMR (100 MHz, CDCls) § 138.22, 137.62, 136.89,
133.05,128.75, 128.19, 127.23, 125.95, 121.59, 121.39, 119.42,
118.37,109.48,107.57, 63.27, 46.76, 28.24, 25.63, 24.16, 18.10.
HRMS calculated for C22H26NO [M+H]+ 320.2009, found
320.2008.
4-Methyl-N-(2-(2-preny-3-indolyl)ethyl)benzenesulfon
amide (3j): AlClz (20 mol%, 11.0 mg), colorless oil, 66.8 mg,
44% yield, Rr= 0.75 (PE/EtOAc 2/1). 1H NMR (400 MHz, CDCl3)
6 7.83 (s, 1H), 7.60 (d, J = 8.0 Hz, 2H), 7.34-7.24 (m, 2H), 7.20
(d,] = 7.9 Hz, 2H), 7.10 (t,] = 7.5 Hz, 1H), 7.01 (t,] = 7.4 Hz, 1H),
5.26 (t, /= 6.9 Hz, 1H), 4.33 (t,/ = 5.9 Hz, 1H), 3.40 (d, /= 7.2 Hz,
2H), 3.21 (q,/ = 6.5 Hz, 2H), 2.91 (t, / = 6.7 Hz, 2H), 2.38 (s, 3H),
1.78 (s, 3H), 1.75 (s, 3H). 13C NMR (100 MHz, CDCl3) 6 143.31,
136.94, 135.80, 135.32, 135.18, 129.70, 128.34, 127.13, 121.46,
120.15, 119.61, 117.89, 110.63, 106.49, 43.35, 25.90, 25.19,
24.66, 21.63, 18.07. HRMS calculated for C22H27N202S [M+H]*
383.1788, found 383.1787.
N-(2-(2-Prenyl-3-indolyl)ethyl) acetamide (3k): AICls
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(20 mol%, 11.0 mg), colorless oil, 44.4 mg, 41% yield, Rr= 0.30
(PE/EtOAc 2/1). tH NMR (700 MHz, CDCls) & 7.98 (s, 1H), 7.50
(d,] = 7.8 Hz, 1H), 7.29 (d,] = 8.0 Hz, 1H), 7.12 (t,] = 7.5 Hz, 1H),
7.08 (t,] = 7.4 Hz, 1H), 5.54 (s, 1H), 5.29 (t,] = 7.2 Hz, 1H), 3.51
(q,/= 6.4 Hz, 2H), 3.45 (d, ] = 7.3 Hz, 2H), 2.93 (t,] = 6.6 Hz, 2H),
1.88 (s, 3H), 1.78 (s, 3H), 1.76 (s, 3H). 13C NMR (175 MHz,
CDCls) 6 170.16, 135.42, 135.38, 134.88, 128.78, 121.37,
120.41, 119.54, 118.06, 110.64, 107.92, 40.20, 25.92, 25.17,
24.16, 23.49, 18.05. HRMS calculated for C17H23N20 [M+H]*
271.1805, found 271.1808.
N-(2-(5-Methoxy-2-prenyl-3-indolyl)ethyl) acetamide
(31): Nafion (5 mol%, 9.4 mg), colorless oil, 57.6 mg, 48% yield,
Re= 0.30 (PE/EtOAc 1/1). 1H NMR (400 MHz, CDCls) & 7.90 (s,
1H), 7.17 (d, ] = 8.7 Hz, 1H), 6.97 (d, ] = 2.4 Hz, 1H), 6.78 (dd, ] =
8.7,2.4 Hz, 1H), 5.58 (s, 1H), 5.28 (t,/ = 7.3 Hz, 1H), 3.84 (s, 3H),
3.50 (q,/ = 6.4 Hz, 2H), 3.43 (d,J = 7.3 Hz, 2H), 2.89 (t,/ = 6.6 Hz,
2H), 1.90 (s, 3H), 1.77 (s, 3H), 1.75 (s, 3H). 13C NMR (100 MHz,
CDCl5) 6 170.14, 154.18, 136.29, 134.81, 130.46, 129.23,
120.38, 111.33, 111.08, 107.77, 100.35, 56.10, 40.10, 25.89,
25.27, 24.18, 23.49, 18.01. HRMS calculated for CisH25N202
[M+H]*301.1911, found 301.1915.
N-(2-(2-Prenyl-3-indolyl)ethyl) benzamide (3m): AlCl3
(20 mol%, 11.0 mg), colorless oil, an inseparable mixture of 3m
and 3m’ (3m/3m’ = 20/1), 77.2 mg, 58% yield, Rr = 0.50
(PE/EtOAc 4/1). NMR data for main isomer 3m was provided.
1H NMR (400 MHz, CDCls) 6 7.93 (s, 1H), 7.63 (d, ] = 7.7 Hz, 2H),
7.56 (d,] = 7.7 Hz, 1H), 7.44 (t, ] = 7.3 Hz, 1H), 7.35 (t,] = 7.6 Hz,
2H), 7.30 (d, J = 8.0 Hz, 1H), 7.18-7.04 (m, 2H), 6.21 (s, 1H),
5.23 (t,/ = 7.1 Hz, 2H), 3.73 (q,] = 6.4 Hz, 2H), 3.44 (d,] = 7.2 Hz,
2H), 3.06 (t, ] = 6.6 Hz, 2H), 1.70 (s, 3H), 1.69 (s, 3H). 13C NMR
(100 MHz, CDCl3) 6 167.53, 135.55, 135.42, 134.96, 134.79,
131.39,128.77,128.58, 126.98, 121.44, 120.27, 119.60, 118.14,
110.68, 107.89, 40.62, 25.83, 25.17, 24.14, 17.97. HRMS
calculated for C22H2sN20 [M+H]* 333.1961, found 333.1965.
tert-Butyl(2-(2-prenyl-3-indolyl)ethyl) carbamate (3n):
AlCl3 (20 mol%, 11.0 mg), colorless oil, an inseparable mixture
of 3n and 3n’ (3n/3n’ = 14/1), 52.4 mg, 40% yield, Rt = 0.65
(PE/EtOAc 2/1). NMR data for main isomer 3n was provided.
1H NMR (400 MHz, CDCls) 6 7.81 (s, 1H), 7.43 (d, ] = 7.6 Hz, 1H),
7.20 (d, ] = 7.9 Hz, 1H), 7.09-6.95 (m, 2H), 5.23 (t, ] = 7.1 Hz,
1H), 4.50 (s, 1H), 3.38 (d, / = 7.2 Hz, 2H), 3.33-3.16 (m, 2H),
2.83 (t,J = 6.3 Hz, 2H), 1.71 (s, 3H), 1.68 (s, 3H), 1.36 (s, 9H). 13C
NMR (100 MHz, CDCl3) 6 156.07, 135.36, 134.72, 128.75,
121.24, 120.56, 119.39, 118.20, 110.50, 108.03, 79.10, 41.10,
28.56, 25.90, 25.16, 24.67, 18.02. HRMS calculated for
C20H29N202 [M+H]*+ 329.2224, found 329.2226.
2-(2-(2-Prenyl-3-indolyl)ethyl)isoindoline-1,3-dione
(30): AlClI3 (20 mol%, 11.0 mg), light yellow oil, 90.6 mg, 63%
yield, Rr = 0.80 (PE/EtOAc 4/1). 1H NMR (400 MHz, CDCl3) &
7.85 (s, 1H), 7.83-7.77 (m, 2H), 7.71-7.62 (m, 3H), 7.24 (d, ] =
7.2 Hz, 1H), 7.07 (p, ] = 6.9 Hz, 2H), 5.27 (t, ] = 6.8 Hz, 1H),
4.11-3.73 (m, 2H), 3.49 (d, J = 7.2 Hz, 2H), 3.13-3.02 (m, 2H),
1.74 (s, 6H). 13C NMR (100 MHz, CDCls) 6 168.41, 135.25,
135.23,134.75,133.91, 132.34, 128.77, 123.22, 121.22, 120.34,
119.50, 118.19, 110.46, 107.30, 38.54, 25.86, 25.14, 23.53,
17.96. HRMS calculated for C23H23N202 [M+H]* 359.1754, found
359.1757.

2-Prenyl-3-phenyl-1H-indole (3p): AlCls (30 mol%, 16.0
mg), colorless oil, 56.8 mg, 54% yield, Rr = 0.80 (PE/EtOAc
10/1). H NMR (400 MHz, CDCls) 6 7.99 (s, 1H), 7.66 (d, ] = 7.8
Hz, 1H), 7.51 (d, J = 7.6 Hz, 2H), 7.45 (t, J = 7.5 Hz, 2H),
7.36-7.27 (m, 2H), 7.16 (t, ] = 7.5 Hz, 1H), 7.10 (t, ] = 7.4 Hz,
1H), 5.36 (t,/ = 7.1 Hz, 1H), 3.59 (d, ] = 7.3 Hz, 2H), 1.79 (s, 3H),
1.73 (s, 3H). 13C NMR (100 MHz, CDCls) 6 135.48, 135.30,
135.08, 134.80, 129.68, 128.60, 128.10, 125.97, 121.67, 120.57,
120.06, 119.07, 114.09, 110.58, 25.94, 25.75, 18.07. HRMS
calculated for C19H20N [M+H]*+ 262.1590, found 262.1587.

1-Methyl-2-prenyl-3-phenyl-1H-indole (3q): AlClz (30
mol%, 8.0 mg, 0.2 mmol scale), colorless oil, 32.1 mg, 58%
yield, Rr = 0.85 (PE/EtOAc 6/1). 1H NMR (400 MHz, CDCl3) &
7.66 (d, ] = 7.9 Hz, 1H), 7.51-7.41 (m, 4H), 7.31 (t, ] = 7.5 Hz,
2H),7.22 (t,] = 7.6 Hz, 1H), 7.11 (t, ] = 7.4 Hz, 1H), 5.24 (t, ] = 5.8
Hz, 1H), 3.72 (s, 3H), 3.57 (d, ] = 6.4 Hz, 2H), 1.74 (s, 3H), 1.71
(s, 3H). 13C NMR (100 MHz, CDCl3) 6 136.91, 136.79, 135.85,
133.12,129.95,128.56, 127.15, 125.88, 121.49, 121.39, 119.75,
119.10, 114.23, 108.90, 29.93, 25.82, 24.58, 18.13. HRMS
calculated for C20H22N [M+H]+ 276.1747, found 276.1748.

1-(3-Methyl-2-prenyl-1H-indol-1-yl)ethan-1-one  (3r):
AlCl3 (30 mol%, 16.0 mg), colorless oil, 53.1 mg, 55% yield, Rt =
0.80 (PE/EtOAc 6/1). 1H NMR (400 MHz, CDCls) & 7.89 (d, ] =
8.4 Hz, 1H), 7.55-7.37 (m, 1H), 7.33-7.09 (m, 2H), 5.17 (t, ] =
5.5 Hz, 1H), 3.71 (d, J = 6.0 Hz, 2H), 2.72 (s, 3H), 2.21 (s, 3H),
1.74 (s, 3H), 1.70 (s, 3H). 13C NMR (100 MHz, CDCl3) 6§ 170.22,
136.45,135.87,132.97, 131.32,123.91, 122.87, 121.65, 118.48,
115.61, 114.98, 27.37, 26.43, 25.79, 18.21, 8.87. HRMS
calculated for C16H20NO [M+H]* 242.1539, found 242.1541.

3-Prenylindolin-2-one (3s): AICls (30 mol%, 16.0 mg),
colorless oil, 50.4 mg, 63% yield, Rr = 0.45 (PE/EtOAc 2/1). 1H
NMR (700 MHz, CDCls) & 8.77 (s, 1H), 7.22 (d, ] = 7.4 Hz, 1H),
7.20 (t,] = 7.7 Hz, 1H), 6.99 (t, ] = 7.5 Hz, 1H), 6.89 (d,] = 7.7 Hz,
1H), 5.14 (t, J = 7.2 Hz, 1H), 3.47 (dd, J = 8.0, 4.9 Hz, 1H),
2.80-2.65 (m, 1H), 2.63-2.50 (m, 1H), 1.67 (s, 3H), 1.58 (s, 3H).
13C NMR (175 MHz, CDCl3) § 180.41, 141.68, 134.91, 129.90,
127.92, 12445, 122.27, 119.74, 109.74, 46.32, 29.39, 2591,
18.19. HRMS calculated for Ci13H1sNO [M+H]* 202.1226, found
202.1228.

2-(2-Prenyl-3-indolyl)acetonitrile (3t): AlClz (30 mol%,
16.0 mg), colorless oil, 51.4 mg, 57% yield, Re= 0.60 (PE/EtOAc
4/1). 'H NMR (400 MHz, CDCl3) & 7.97 (s, 1H), 7.56 (d, ] = 7.2
Hz, 1H), 7.30 (d, ] = 7.5 Hz, 1H), 7.23-7.08 (m, 2H), 5.32 (t, ] =
7.1 Hz, 1H), 3.76 (s, 2H), 3.50 (d, J = 7.2 Hz, 2H), 1.80 (s, 3H),
1.76 (s, 3H). 13C NMR (100 MHz, CDCls) 6 136.08, 135.86,
134.95,127.63,122.02, 120.23, 119.00, 118.22, 117.56, 110.84,
99.48, 25.89, 25.23, 18.08, 12.96. HRMS calculated for C1sH17Nz
[M+H]* 225.1386, found 225.1388.

2.3.  General procedure for catalytic late-stage prenylation of
peptides

In a sealed tube (4 mL), (L)-Trp-based peptides (0.40 mmol)
and AICl3 (30 mol%, 16.0 mg) were dissolved in PhCl (0.40 mL).
Subsequently, 2-methyl-3-buten-2-ol 2 (3.0 equiv, 120 pL) was
introduced. After stirring at 80 °C for 24 h, the target
C2-prenylated peptides were obtained via column chromatog-
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raphy purification. Spectral data for products 5 and 7 are listed
as following.
(5)-2-((tert-butoxycarbonyl)amino)-3-(2-prenyl-3-indol
yl)propanoate (5a): colorless oil, 65.6 mg, 42% yield, R = 0.60
(PE/EtOAc 2/1). [a]2%p = +40.3 (¢ 0.36, CHCI3). 1TH NMR (400
MHz, CDCl3) & 7.89 (brs, 1H), 7.44 (d, ] = 7.4 Hz, 1H), 7.32-7.19
(m, 1H), 7.18-6.98 (m, 2H), 5.30 (t,/ = 7.0 Hz, 1H), 5.08 (d, ] =
7.8 Hz, 1H), 4.70-4.50 (m, 1H), 3.65 (s, 3H), 3.43 (d, ] = 7.1 Hz,
2H), 3.24 (d, / = 5.2 Hz, 2H), 1.79 (s, 3H), 1.76 (s, 3H), 1.41 (s,
9H). 13C NMR (100 MHz, CDCls) § 172.95, 155.22, 136.19,
135.26,135.08, 129.04, 121.35, 120.36, 119.56, 118.27, 110.48,
105.25, 79.82, 54.26, 52.39, 28.44, 27.30, 25.92, 25.18, 18.04.
HRMS calculated for Cz2H31N204 [M+H]+ 387.2278, found
387.2277.
(5)-2-acetamido-3-(2-prenyl-3-indolyl)propanoate
(5b): colorless oil, 67.4 mg, 51% yield, Rr = 0.40 (PE/EtOAc
1/1). []2% = +109.2 (¢ 1.01, CHCI3). 1H NMR (400 MHz, CDCl3)
57.92 (brs, 1H), 7.44 (d, ] = 7.6 Hz, 1H), 7.27 (d, ] = 6.6 Hz, 1H),
7.17-7.00 (m, 2H), 6.00 (d, J = 8.0 Hz, 1H), 5.28 (t, ] = 6.8 Hz,
1H), 4.87 (q, / = 5.8 Hz, 1H), 4.28-4.10 (m, 1H), 4.10-3.91 (m,
1H), 3.42 (d, J = 7.1 Hz, 2H), 3.33-3.15 (m, 2H), 1.92 (s, 3H),
1.79 (s, 3H), 1.76 (s, 3H), 1.19 (t,/ = 7.1 Hz, 3H). 13C NMR (100
MHz, CDCl3) § 172.33, 169.72, 136.10, 135.29, 135.25, 129.24,
121.42, 120.24, 119.63, 118.10, 110.60, 105.26, 61.65, 53.18,
26.95, 25.91, 25.13, 23.36, 18.06, 14.09. HRMS calculated for
C20H27N203 [M+H]*+ 343.2016, found 343.2015.
(5)-(1-hydroxy-3-(2-prenyl-3-indolyl)propan-2-yl)carb
amate (5c): colorless oil, 76.0 mg, 53% yield, Rr = 0.40
(PE/EtOAc 2/1). [a]20p = -18.2 (c 0.77, CHCls). 1H NMR (400
MHz, CDCl3) 6§ 7.88 (brs, 1H), 7.56 (d, J = 7.5 Hz, 1H), 7.29-7.24
(m, 1H), 7.16-7.03 (m, 2H), 5.31 (t, ] = 7.2 Hz, 1H), 4.85 (d, ] =
6.2 Hz, 1H), 4.00-3.86 (m, 1H), 3.72-3.61 (m, 1H), 3.59-3.51
(m, 1H), 3.48 (d, ] = 7.2 Hz, 2H), 2.94 (d, ] = 6.9 Hz, 2H), 2.52 (s,
1H), 1.79 (s, 3H), 1.77 (s, 3H), 1.42 (s, 9H). 13C NMR (100 MHz,
CDCls) & 156.43, 135.71, 135.32, 135.05, 129.10, 121.36,
120.37, 119.62, 118.34, 110.49, 106.90, 79.71, 64.87, 53.43,
28.50, 25.92, 25.25, 22.48, 18.06. HRMS calculated for
C21H31N203 [M+H]*+ 359.2329, found 359.2281.
(5)-(2-((tert-butoxycarbonyl)amino)-3-(2-prenyl-3-ind
olyl)propanoyl) glycinate (5d): colorless oil, an inseparable
mixture of 5d and 5d’ (5d/5d’ = 10/1), 46.7 mg, 51% yield
(0.20 mmol scale), Rr = 0.50 (PE/EtOAc 2/1). [a]2% = -51.8 (c
0.65, DMA). NMR data for main isomer 5d was provided. 1H
NMR (700 MHz, CDCl3) 6 7.88 (brs, 1H), 7.54 (d, ] = 7.6 Hz, 1H),
7.27 (s, 1H), 7.10 (t, ] = 7.5 Hz, 1H), 7.07 (t, ] = 7.7 Hz, 1H), 6.14
(s, 1H), 5.33-5.25 (m, 1H), 5.19 (s, 1H), 4.43 (s, 1H), 4.12 (q,] =
7.0 Hz, 2H), 3.95-3.88 (m, 1H), 3.81-3.76 (m, 1H), 3.47 (d,] =
7.3 Hz, 1H), 3.34-3.22 (m, 1H), 3.19-3.09 (m, 1H), 1.79 (s, 3H),
1.76 (s, 3H), 1.41 (s, 9H), 1.22 (t, / = 7.1 Hz, 3H). 13C NMR (175
MHz, CDCl3) § 172.01, 169.37, 155.48, 136.24, 135.31, 135.18,
128.83, 121.49, 120.26, 119.76, 118.43, 110.52, 105.66, 80.10,
61.56, 55.09, 41.61, 28.43, 28.32, 25.95, 25.19, 18.08, 14.23.
HRMS calculated for Cz2sH3sN3Os [M+H]* 458.2649, found
458.2645. HPLC: Chiralpak IA column, 254 nm, 30 °C,
n-hexane/i-propanol = 80/20, flow = 1.0 mL/min, retention
time 5.6 min and 6.6 min (maj).
((S)-2-((tert-butoxycarbonyl)amino)-3-(2-prenyl-3-ind

olyl)propanoyl)-L-alaninate (5e): colorless oil, 70.9 mg, 50%
yield (0.30 mmol scale), Re = 0.35 (PE/EtOAc 2/1). [a]2% =
+18.7 (c 0.55, CHCl3). TH NMR (700 MHz, CDCls) & 7.88 (brs,
1H), 7.54 (d, ] = 7.6 Hz, 1H), 7.26 (d, ] = 7.9 Hz, 1H), 7.16-7.01
(m, 2H), 6.24 (d, J = 7.0 Hz, 1H), 5.30 (t,J = 7.1 Hz, 1H), 5.20 (s,
1H), 4.36 (t, ] = 7.1 Hz, 1H), 4.06 (q, J = 7.0 Hz, 2H), 3.47 (d, ] =
7.3 Hz, 2H), 3.31-3.25 (m, 1H), 3.18-3.04 (m, 1H), 1.79 (s, 3H),
1.76 (s, 3H), 1.42 (s, 9H), 1.25 (d, /= 7.1 Hz, 3H), 1.21 (t, /= 7.1
Hz, 3H). 13C NMR (175 MHz, CDCl3) & 172.38, 171.28, 155.38,
136.17,135.34, 135.14, 128.86, 121.42, 120.26, 119.71, 118.50,
110.42, 105.72, 80.02, 61.50, 55.12, 48.44, 28.45, 27.68, 25.95,
25.21, 18.75, 18.07, 14.19. HRMS calculated for C26H3sN30s
[M+H]* 472.2806, found 472.2810.
((S)-2-((tert-butoxycarbonyl)amino)-3-(2-prenyl-3-ind
olyl)propanoyl)-L-leucinate (5f): colorless oil, an inseparable
mixture of 5f and 5f (5f/5f = 10/1), 81.5 mg, 41% yield, Rf =
0.60 (PE/EtOAc 2/1). [0]2% = -19.8 (c 0.27, DMA). NMR data
for main isomer 5f was provided. 1H NMR (700 MHz, CDClz) §
7.86 (brs, 1H), 7.55 (d, ] = 7.8 Hz, 1H), 7.27 (d, ] = 6.8 Hz, 1H),
7.10 (t,/ = 7.2 Hz, 1H), 7.06 (t,] = 7.2 Hz, 1H), 6.07 (d,] = 7.9 Hz,
1H), 5.29 (t, ] = 6.8 Hz, 1H), 5.18 (s, 1H), 4.53-4.43 (m, 1H), 4.37
(s, 1H), 3.59 (s, 3H), 3.51-3.42 (m, 2H), 3.32-3.19 (m, 1H),
3.17-3.07 (m, 1H), 1.79 (s, 3H), 1.76 (s, 3H), 1.49-1.35 (m,
12H), 0.85 (d, J = 6.2 Hz, 3H), 0.83 (d, J = 5.8 Hz, 3H). 13C NMR
(175 MHz, CDCl3) 6 172.75, 171.48, 155.49, 136.19, 135.36,
135.10, 128.80, 121.40, 120.30, 119.75, 118.46, 110.43, 105.75,
80.06, 55.14, 52.27, 50.93, 42.04, 28.42, 27.46, 25.95, 25.23,
24.73, 22.76, 22.22, 18.07. HRMS calculated for C2sH42N30s
[M+H]* 500.3119, found 500.3112.
((S)-2-((tert-butoxycarbonyl)amino)-3-(2-prenyl-3-ind
olyl)propanoyl)-L-phenylalaninate (5g): colorless oil, an
inseparable mixture of 5g and 5g’ (5g/5g = 9/1), 78.9 mg,
36% yield, Rr = 0.70 (PE/EtOAc 3/1). [a]2% = +21.4 (¢ 1.25,
CHCI3). NMR data for main isomer 5g was provided. 1H NMR
(700 MHz, CDCls) & 7.87 (brs, 1H), 7.55 (d, J = 7.5 Hz, 1H),
7.30-7.24 (m, 1H), 7.18-7.02 (m, 5H), 6.82 (d, ] = 6.9 Hz, 2H),
6.13 (d, J = 6.9 Hz, 1H), 5.28 (t, J = 7.3 Hz, 1H), 5.21-5.00 (m,
1H), 4.70-4.55 (m, 1H), 4.37 (s, 1H), 4.09-3.88 (m, 2H), 3.47 (d,
J =7.2 Hz, 2H), 3.38-3.20 (m, 1H), 3.15-3.03 (m, 1H), 2.93 (d, J
= 5.7 Hz, 2H), 1.78 (s, 3H), 1.75 (s, 3H), 1.41 (s, 9H), 1.13 (t, ] =
7.1 Hz, 3H). 13C NMR (175 MHz, CDCls) § 171.34, 170.75,
155.38, 136.20, 135.83, 135.37, 135.14, 129.41, 128.84, 12845,
127.03, 121.49, 120.26, 119.79, 118.49, 110.48, 105.71, 80.03,
61.43, 55.23, 53.52, 38.16, 28.42, 27.67, 25.93, 25.22, 18.07,
14.14. HRMS calculated for C32H42N30s [M+H]* 548.3119, found
548.3112.
((S)-2-((tert-butoxycarbonyl)amino)-3-(2-prenyl-3-ind
olyl)propanoyl)-L-methioninate (5h): colorless oil, 82.9 mg,
39% yield, Rr = 0.60 (PE/EtOAc 2/1). [a]2% = +22.5 (¢ 0.36,
CHCl3). 'H NMR (700 MHz, CDCl3) § 7.86 (brs, 1H), 7.53 (d, J =
7.5 Hz, 1H), 7.26 (d, ] = 6.7 Hz, 1H), 7.20-6.95 (m, 2H), 6.30 (d, /
=7.3 Hz, 1H), 5.30 (t,/ = 7.2 Hz, 1H), 5.19 (s, 1H), 4.57-4.42 (m,
1H), 4.42-4.32 (m, 1H), 4.06 (q,] = 6.9 Hz, 2H), 348 (d,/ = 7.2
Hz, 2H), 3.36-3.21 (m, 1H), 3.19-3.03 (m, 1H), 2.37-2.16 (m,
2H), 2.10-1.94 (m, 4H), 1.89-1.82 (m, 1H), 1.79 (s, 3H), 1.77 (s,
3H), 1.43 (s, 9H), 1.21 (t,J = 7.1 Hz, 3H). 13C NMR (175 MHz,
CDCls) 6 171.69, 171.18, 155.44, 136.19, 135.36, 135.17,
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128.80, 121.47, 120.24, 119.77, 118.37, 110.48, 105.66, 80.15,
61.66, 55.33, 51.90, 32.02, 29.64, 28.45, 27.50, 25.95, 25.23,
18.09, 15.49, 14.20. HRMS calculated for C2sH42N30sS [M+H]*
532.2840, found 532.2848.
(5)-3-(2-((tert-butoxycarbonyl)amino)-3-(2-prenyl-3-in
dolyl)propanamido) propanoate (5i): colorless oil, 65.1 mg,
46% yield (0.30 mmol scale), Re= 0.40 (PE/EtOAc 2/1). [a]2% =
+13.2 (c 0.40, CHCl3). 1H NMR (700 MHz, CDCls) 6 7.86 (brs,
1H), 7.55 (d, ] = 7.4 Hz, 1H), 7.25 (d, ] = 7.1 Hz, 1H), 7.15-7.02
(m, 2H), 6.02 (s, 1H), 5.29 (t,/ = 7.8 Hz, 1H), 5.19 (s, 1H), 4.33 (s,
1H), 4.00 (q, / = 7.2 Hz, 2H), 3.54-3.41 (m, 2H), 3.38-3.19 (m,
3H), 3.19-3.00 (m, 1H), 2.37-2.20 (m, 1H), 2.19-2.03 (m, 1H),
1.79 (s, 3H), 1.77 (s, 3H), 1.42 (s, 9H), 1.18 (t,/ = 7.1 Hz, 3H). 13C
NMR (175 MHz, CDCls) & 172.14, 171.74, 155.38, 136.05,
135.27,135.19, 128.80, 121.53, 120.21, 119.81, 118.51, 110.47,
105.86, 79.97, 60.71, 55.23, 34.83, 33.74, 28.45, 27.92, 25.95,
25.15, 18.08, 14.23. HRMS calculated for Cz2sH3sN3Os [M+H]*
472.2806, found 472.2800.
((S)-2-((tert-butoxycarbonyl)amino)-3-(2-prenyl-3-ind
olyl)propanoyl)-L-aspartate (5j): colorless oil, an inseparable
mixture of 5j and 5§ (5j/5§" = 5/1), 84.8 mg, 39% yield, Rr =
0.65 (PE/EtOAc 3/1). [a]2%p = -30.5 (¢ 0.40, DMA). NMR data
for main isomer 5j was provided. 1H NMR (700 MHz, CDCl3) §
7.86 (brs, 1H), 7.53 (d, ] = 7.8 Hz, 1H), 7.25 (d, ] = 7.6 Hz, 1H),
7.09 (t,] = 7.4 Hz, 1H), 7.05 (t,] = 7.2 Hz, 1H), 6.66 (d, ] = 7.3 Hz,
1H), 5.30 (t,/ = 7.3 Hz, 1H), 5.12 (s, 1H), 4.60-4.64 (m, 1H), 4.41
(s, 1H), 4.11 (q, ] = 6.7 Hz, 2H), 4.07-3.98 (m, 2H), 3.47 (d, ] =
7.2 Hz, 2H), 3.34-3.23 (m, 1H), 3.20-3.11 (m, 1H), 2.88 (dd, J =
17.0, 4.2 Hz, 1H), 2.74 (dd, J = 17.0, 4.9 Hz, 1H), 1.79 (s, 3H),
1.77 (s, 3H), 1.58 (s, 9H), 1.22-1.17 (m, 6H). 13C NMR (175 MHz,
CDCls) 6 171.76, 170.63, 170.18, 155.34, 136.18, 135.36,
135.12,128.49,121.41, 120.31, 119.68, 118.40, 110.44, 105.58,
80.04, 61.88, 60.99, 55.15, 49.00, 36.43, 28.41, 27.54, 25.94,
25.22, 18.07, 14.17, 14.14. HRMS calculated for C29H42N307
[M+H]+544.3017, found 544.3020.
((S)-2-((tert-butoxycarbonyl)amino)-3-(2-prenyl-3-ind
olyl)propanoyl)-L-isoleucinate (5K): colorless oil, an insepa-
rable mixture of 5k and 5k’ (5k/5k’ = 8/1), 84.2 mg, 41%
yield, Re = 0.50 (PE/EtOAc 3/1). [a]2% = +8.6 (c 0.63, CHCls).
NMR data for main isomer 5k was provided. 1H NMR (700
MHz, CDCls) & 7.84 (brs, 1H), 7.54 (d, ] = 7.5 Hz, 1H), 7.25 (d, ] =
6.2 Hz, 1H), 7.16-7.00 (m, 2H), 6.19 (d, / = 8.0 Hz, 1H), 5.30 (t, /
= 6.3 Hz, 1H), 5.21 (s, 1H), 4.45-4.30 (m, 2H), 4.03 (q,/ = 7.5 Hz,
2H), 3.47 (d, ] = 7.1 Hz, 2H), 3.32-3.20 (m, 1H), 3.20-3.07 (m,
1H), 1.79 (s, 3H), 1.76 (s, 3H), 1.42 (s, 9H), 1.37-1.29 (m, 2H),
1.19 (t, J = 7.1 Hz, 3H), 1.09-0.99 (m, 1H), 0.85 (t, / = 7.3 Hz,
3H), 0.73 (d, / = 6.9 Hz, 3H). 13C NMR (175 MHz, CDCl3) &
171.43,171.05, 155.51, 136.13, 135.35, 135.10, 128.83, 121.38,
120.32, 119.73, 118.42, 110.40, 105.80, 80.04, 61.16, 56.69,
55.32, 38.28, 2845, 27.57, 25.95, 25.38, 25.24, 18.07, 15.12,
14.27, 11.74. HRMS calculated for Cz9H44N30s [M+H]*
514.3275, found 514.3282.
(5)-2-(2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)
acetamido)-3-(2-prenyl-3-indolyl) propanoate (51): color-
less oil, 97.3 mg, 43% yield, Rr = 0.50 (PE/EtOAc 2/1). [a]?%p =
+12.59 (c 1.85, CHCls). 'H NMR (700 MHz, CDCl3) 6 7.91 (brs,
1H), 7.76 (d, J = 7.6 Hz, 1H), 7.56 (t, ] = 8.1 Hz, 2H), 7.44-7.35

(m, 3H), 7.34-7.27 (m, 2H), 7.22 (d, ] = 7.8 Hz, 1H), 7.10-6.99
(m, 2H), 6.43 (d, J = 7.7 Hz, 1H), 5.30 (s, 1H), 5.24 (t,/ = 6.2 Hz,
1H), 4.89 (q, ] = 6.3 Hz, 1H), 434 (d, ] = 7.2 Hz, 2H), 4.18 (t, ] =
7.3 Hz, 1H), 3.79 (d, ] = 5.6 Hz, 1H), 3.67 (s, 3H), 3.45-3.32 (m,
2H), 3.32-3.19 (m, 2H), 1.76 (s, 3H), 1.73 (s, 3H). 13C NMR (175
MHz, CDCl3) 6 172.33, 168.58, 156.41, 143.91, 141.40, 141.39,
136.24, 135.34, 135.25, 129.02, 127.84, 127.20, 125.21, 121.53,
120.11, 120.08, 119.75, 117.82, 110.76, 104.84, 67.30, 53.13,
52.64,47.16, 44.38, 26.82, 25.87, 25.05, 18.05. HRMS calculated
for C34H3¢N30s [M+H]* 566.2649, found 566.2654. HPLC: Chi-
ralpak IA column, 254 nm, 30 °C, n-hexane/i-propanol = 80/20,
flow = 1.0 mL/min, retention time 11.8 min and 16.7 min (maj).
(5)-2-((S)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)ami
no) propanamido)-3-(2-prenyl-3-indolyl) propanoate
(5m): colorless oil, 111.3 mg, 48% yield, Rr = 0.40 (PE/EtOAc
2/1). [a]2% = +36.9 (c 0.23, CHCI3). H NMR (400 MHz, CDCls) 6
7.87 (brs, 1H), 7.76 (d, ] = 7.6 Hz, 2H), 7.62-7.51 (m, 2H), 7.40
(t,J=7.7 Hz, 3H), 7.31 (t,] = 7.3 Hz, 2H), 7.22 (d, ] = 7.4 Hz, 1H),
7.13-6.99 (m, 2H), 6.42 (d, / = 8.0 Hz, 1H), 5.24 (t, /] = 7.7 Hz,
2H), 4.94-4.76 (m, 1H), 4.43-4.25 (m, 2H), 4.24-4.09 (m, 2H),
3.66 (s, 3H), 3.45-3.34 (m, 2H), 3.35-3.19 (m, 2H), 1.76 (s, 3H),
1.72 (s, 3H), 1.27 (d, ] = 6.1 Hz, 3H). 13C NMR (100 MHz, CDCl3)
6 172.29, 171.83, 155.77, 143.94, 141.41, 136.20, 135.34,
135.23,129.08,127.84, 127.20, 125.22, 121.53, 120.10, 119.72,
117.96,110.74, 104.95, 67.08, 53.17, 52.58, 50.51, 47.23, 26.94,
25.86, 25.07, 19.02, 18.04. HRMS calculated for C3sH3sN3Os
[M+H]* 580.2806, found 580.2807.
(5)-2-((S)-2-((tert-butoxycarbonyl)amino)-3-methylbut
anamido)-3-(2-prenyl-3-indolyl) propanoate (5n): color-
less oil, an inseparable mixture of 5n and 5n’ (5n/5n’ = 6/1),
89.4 mg, 46% yield, Rr= 0.50 (PE/EtOAc 2/1). [a]2% = +13.9 (c
1.52, CHCl3). NMR data for main isomer 5n was provided. H
NMR (700 MHz, CDCl3) 6 7.90 (brs, 1H), 7.45 (d, ] = 7.0 Hz, 1H),
7.27 (d, ] = 6.3 Hz, 1H), 7.14-7.07 (m, 2H), 6.31 (d, ] = 7.8 Hz,
1H), 5.28 (t,J = 7.1 Hz, 1H), 5.00 (d, / = 8.2 Hz, 1H), 4.84 (q,/ =
6.2 Hz, 1H), 3.91 (t,/ = 7.3 Hz, 1H), 3.64 (s, 3H), 3.47-3.39 (m,
2H), 3.32-3.22 (m, 2H), 2.10-2.01 (m, 1H), 1.79 (s, 3H), 1.76 (s,
3H), 1.43 (s, 9H), 0.88 (d, J = 6.9 Hz, 3H), 0.77 (d, ] = 6.2 Hz, 3H).
13C NMR (175 MHz, CDCl3) 6 172.41, 171.23, 155.74, 136.17,
135.36,135.27,129.01, 121.57, 120.08, 119.84, 117.98, 110.69,
109.84, 105.00, 79.82, 59.69, 53.13, 52.51, 31.33, 28.42, 27.11,
2591, 25.10, 19.15, 18.09, 17.48. HRMS calculated for
C27H40N30s [M+H]+ 486.2962, found 486.2956.
(5)-2-((S)-2-((tert-butoxycarbonyl)amino)-3-phenylpro
panamido)-3-(2-prenyl-3-indolyl) propanoate (50): color-
less oil, an inseparable mixture of 50 and 50’ (50/50’ = 6/1),
86.3 mg, 40% yield, Re = 0.70 (PE/EtOAc 1/1). [0]2% = +9.5 (c
0.99, CHCl3). NMR data for main isomer 50 was provided. 'H
NMR (700 MHz, CDCl3) & 7.86 (brs, 1H), 7.27-7.23 (m, 4H), 7.20
(d,] = 7.3 Hz, 1H), 7.17-7.12 (m, 2H), 7.10 (t, ] = 7.4 Hz, 1H),
7.05-6.98 (m, 1H), 6.33-6.23 (m, 1H), 5.24 (t, / = 7.5 Hz, 1H),
4.93-4.75 (m, 2H), 4.30 (s, 1H), 3.61 (s, 3H), 3.40-3.30 (m, 2H),
3.24-3.12 (m, 2H), 3.05-2.93 (m, 1H), 2.88 (s, 1H), 1.78 (s, 3H),
1.74 (s, 3H), 1.35 (s, 9H). 13C NMR (175 MHz, CDCl3) 6 172.06,
170.79, 155.22, 136.77, 136.08, 135.30, 135.20, 129.52, 129.07,
128.68,127.00, 121.49, 120.08, 119.71, 117.95, 110.70, 105.00,
80.08, 55.82, 53.19, 52.47, 38.67, 28.32, 27.14, 25.91, 25.03,
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18.07. HRMS calculated for C31H40N30s [M+H]* 534.2962, found
534.2970.

(35,8aS)-3-((2-Prenyl-3-indolyl)methyl)hexahydropyrr
olo[1,2-a]pyrazine-1,4-dione (71): white solid, m.p. 87-89 °C,
23.1 mg, 33% yield, Rr = 0.50 (EtOAc). [a]2% = +12.0 (¢ 0.41,
DMA). H NMR (400 MHz, CDCl3) & 8.07 (brs, 1H), 7.47 (d, ] =
7.7 Hz, 1H), 7.31 (d, ] = 7.9 Hz, 1H), 7.20-7.12 (m, 1H),
7.12-7.06 (m, 1H), 5.64 (s, 1H), 5.31 (td, J = 7.2, 3.8 Hz, 1H),
4.46-4.30 (m, 1H), 4.05 (t, J = 8.0 Hz, 1H), 3.74-3.63 (m, 2H),
3.63-3.54 (m, 1H), 3.54-3.39 (m, 2H), 2.95 (dd, J = 15.1, 11.4
Hz, 1H), 2.40-2.26 (m, 1H), 2.10-1.95 (m, 2H), 1.95-1.86 (m,
1H), 1.78 (s, 3H), 1.75 (s, 3H). 13C NMR (100 MHz, CDCls) &
169.47,165.94, 136.57, 135.59, 135.57,128.11, 121.97, 120.02,
119.86, 117.86, 110.92, 104.74, 59.40, 54.73, 45.55, 28.48,
25.87, 25.76, 25.26, 22.77, 18.11. HRMS calculated for
C21H26N302 [M+H]*+ 352.2020, found 352.2015.

(35,65)-3-Methyl-6-((2-prenyl-3-indolyl)methyl) piper-
azine-2,5-dione (7m): white solid, m.p. 250-251 °C, 55.8 mg,
86% yield, Rr = 0.30 (PE/EtOAc 1/2). [a]2%p = -9.7 (c 0.16,
DMSO0). 1H NMR (700 MHz, DMSO-ds) § 10.60 (s, 1H), 7.96 (d, J
= 2.7 Hz, 1H), 7.90 (d, ] = 2.7 Hz, 1H), 7.47 (d, ] = 7.8 Hz, 1H),
7.21(d,J = 8.0 Hz, 1H), 6.94 (t, ] = 7.4 Hz, 1H), 6.87 (t,] = 7.4 Hz,
1H), 5.31 (t,/ = 7.2 Hz, 1H), 4.10-3.95 (m, 1H), 3.52 (qd, /= 7.1,
2.4 Hz, 1H), 3.41 (d, ] = 7.4 Hz, 2H), 3.22 (dd, J = 14.6, 4.2 Hz,
1H), 2.96 (dd, J = 14.6, 4.7 Hz, 1H), 1.72 (s, 3H), 1.70 (s, 3H),
0.31 (d, / = 7.0 Hz, 3H). 3C NMR (175 MHz, DMSO-ds) & 167.39,
166.79, 137.26, 135.24, 132.10, 128.83, 121.53, 120.05, 118.50,
118.32,110.33,103.95, 55.82, 49.99, 28.80, 25.61, 24.83, 19.82,
17.81. HRMS calculated for C19H24N302 [M+H]* 326.1863, found
326.1838.

2.4. General procedure for one-step prenylation-isomerization
of tryptophols/tryptamines

To a sealed tube (2 mL) was added tryptophol or trypta-
mine 1 (0.40 mmol), Nafion (5 mol%, 9.4 mg), [Bmim]|Cl (0.50
g) and 2-methyl-3-buten-2-ol 2 (6.0 equiv, 0.24 mL) succes-
sively. After stirring at 120 °C for 24 h, water was added and
the solution was extracted with ethyl acetate for three times.
The combined organic layer was dried over sodium sulfate and
concentrated in vacuo. The desired products 9 were isolated
via column chromatography purification. Spectral data for
products 9 was listed as following.

(E)-2-(2-(3-Methyl-1-butenyl)-3-indolyl)ethan-1-ol
(9a): colorless oil, 50.6 mg, 55% yield, R = 0.70 (PE/EtOAc
2/1). H NMR (400 MHz, CDCl3) & 8.09 (brs, 1H), 7.53 (d,] = 7.9
Hz, 1H), 7.26 (t, ] = 7.7 Hz, 1H), 7.20-7.13 (m, 1H), 7.11-7.04
(m, 1H), 6.49 (dd, J = 16.1, 1.4 Hz, 1H), 5.97 (dd,J = 16.1, 6.9 Hz,
1H), 3.85 (t, / = 6.6 Hz, 2H), 3.04 (t, ] = 6.4 Hz, 2H), 2.62-2.42
(m, 1H), 1.51 (brs, 1H), 1.11 (d, J = 6.7 Hz, 6H). 13C NMR (100
MHz, CDCl3) § 136.84, 136.27, 133.86, 129.12, 122.72, 119.70,
118.73, 116.01, 110.55, 110.10, 63.11, 31.92, 27.65, 22.63.
HRMS calculated for CisH20NO [M+H]* 230.1539, found
230.1542.

(E)-2-(5-Fluoro-2-(3-methyl-1-butenyl)-3-indolyl)ethan
-1-0l (9b): colorless oil, 56.8 mg, 57% yield, Rf = 0.70
(PE/EtOAc 2/1). 'H NMR (400 MHz, CDCls) & 8.08 (brs, 1H),

7.23-7.09 (m, 2H), 7.02-6.80 (m, 1H), 6.47 (dd, J = 16.1, 1.4 Hz,
1H), 5.98 (dd, / = 16.2, 6.9 Hz, 1H), 3.83 (t, ] = 6.5 Hz, 2H), 2.99
(t,J = 6.5 Hz, 2H), 2.58-2.42 (m, 1H), 1.51 (brs, 1H), 1.11 (d,] =
6.7 Hz, 6H). 13C NMR (100 MHz, CDCl3) & 157.97 (d, ] = 234.5
Hz), 137.55, 135.62, 132.69, 129.58 (d, /] = 9.5 Hz), 115.89,
111.08 (d, J = 9.5 Hz), 110.77 (d, ] = 26.2 Hz), 110.28 (d, ] = 4.7
Hz), 103.74 (d, ] = 23.6 Hz), 62.96, 31.92, 27.64, 22.57. HRMS
calculated for C1sH19FNO [M+H]+ 248.1445, found 248.1444.

(E)-2-(5-Chloro-2-(3-methyl-1-butenyl)-3-indolyl)ethan
-1-0l (9¢): colorless oil, 49.1 mg, 47% yield, Rf = 0.70
(PE/EtOAc 2/1). TH NMR (400 MHz, CDCls) & 8.11 (brs, 1H),
7.48 (d, ] = 2.0 Hz, 1H), 7.17 (d, ] = 8.5 Hz, 1H), 7.09 (dd, ] = 8.5,
2.0 Hz, 1H), 6.47 (dd, J = 16.2, 1.4 Hz, 1H), 5.99 (dd, / = 16.2, 6.9
Hz, 1H), 3.83 (t,] = 6.5 Hz, 2H), 2.99 (t,] = 6.5 Hz, 2H), 2.61-2.41
(m, 1H), 1.47 (brs, 1H), 1.11 (d, ] = 6.7 Hz, 6H). 13C NMR (100
MHz, CDCl3) 6 137.78, 135.20, 134.57, 130.30, 125.36, 122.84,
118.22, 115.78, 111.50, 109.87, 62.99, 31.94, 27.55, 22.56.
HRMS calculated for CisHi9CINO [M+H]+ 264.1150, found
264.1152.

(E)-2-(7-Methyl-2-(3-methyl-1-butenyl)-3-indolyl)ethan
-1-0l (9d): colorless oil, 42.7 mg, 44% yield, Rr = 0.70
(PE/EtOAc 2/1). TH NMR (400 MHz, CDCls) & 7.88 (brs, 1H),
7.39 (d,] = 7.4 Hz, 1H), 7.06-6.90 (m, 2H), 6.51 (dd,J = 16.2, 1.4
Hz, 1H), 6.01 (dd, J = 16.2, 6.9 Hz, 1H), 3.85 (q, / = 6.4 Hz, 2H),
3.05 (t,] = 6.4 Hz, 2H), 2.64-2.50 (m, 1H), 2.49 (s, 3H), 1.41 (t,]
= 6.3 Hz, 1H), 1.14 (d,] = 6.7 Hz, 6H). 13C NMR (100 MHz, CDCl5)
6 136.60, 135.72, 133.58, 128.68, 123.43, 119.99, 119.79,
116.52,116.16,110.76, 63.16, 31.98, 27.81, 22.69, 16.76. HRMS
calculated for C16H22NO [M+H]* 244.1696, found 244.1698.

(E)-2-(7-Ethyl-2-(3-methyl-1-butenyl)-3-indolyl)ethan-
1-0l (9e): colorless oil, 48.4 mg, 47% yield, Rr= 0.70 (PE/EtOAc
2/1). H NMR (400 MHz, CDCl3) & 7.90 (brs, 1H), 7.40 (d,] = 7.3
Hz, 1H), 7.14-6.95 (m, 2H), 6.51 (d, / = 16.2 Hz, 1H), 6.00 (dd, J
= 16.2, 6.9 Hz, 1H), 3.86 (q, / = 6.3 Hz, 2H), 3.05 (t, / = 6.4 Hz,
2H), 2.87 (q, / = 7.6 Hz, 2H), 2.65-2.46 (m, 1H), 1.45-1.40 (m,
1H), 1.38 (t, ] = 7.6 Hz, 3H), 1.14 (d, J = 6.7 Hz, 6H). 13C NMR
(100 MHz, CDCl3) 6 136.54, 134.99, 133.49, 128.90, 126.02,
121.43, 120.09, 116.53, 116.19, 110.75, 63.15, 31.98, 27.80,
24.06, 22.69, 14.03. HRMS calculated for Ci7H2aNO [M+H]*
258.1852, found 252.1860.

(E)-N-(2-(2-(3-Methyl-1-butenyl)-3-indolyl)
ethyl)benzamide (9f): colorless oil, 67.4 mg, 51% yield, R =
0.65 (PE/EtOAc 2/1). tH NMR (400 MHz, CDCls) & 8.08 (brs,
1H), 7.63 (d, ] = 7.5 Hz, 2H), 7.56 (d, ] = 8.0 Hz, 1H), 7.44 (t, ] =
7.4 Hz, 1H), 7.36 (d, ] = 7.7 Hz, 2H), 7.33-7.28 (m, 1H), 7.18 (t, ]
= 7.5 Hz, 1H), 7.09 (t, ] = 7.5 Hz, 1H), 6.45 (d, J = 16.1 Hz, 1H),
6.14 (s, 1H), 5.97 (dd, J = 16.1, 6.9 Hz, 1H), 3.74 (q, / = 6.2 Hz,
2H), 3.12 (t, ] = 6.3 Hz, 2H), 2.48-2.34 (m, 1H), 1.01 (d,/ = 6.7
Hz, 6H). 13C NMR (100 MHz, CDCl3) é 167.46, 137.03, 136.35,
134.74,133.67, 131.39, 128.85, 128.54, 126.99, 122.87, 119.83,
118.60, 115.83, 111.05, 110.66, 40.49, 31.88, 23.91, 22.50.
HRMS calculated for Cz2H2sN20 [M+H]* 333.1961, found
333.1963.

(E)-2-(2-(2-(3-Methyl-1-butenyl)-3-indolyl)
ethyl)isoindoline-1,3-dione (9g): colorless oil, an inseparable
mixture of 9g and 30 (9g/30 = 4/1), 87.5 mg, 61% yield, Rf =
0.70 (PE/EtOAc 4/1). NMR data for main isomer 9g was
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provided. H NMR (400 MHz, CDCl3) 6 7.96 (brs, 1H), 7.87-7.81
(m, 2H), 7.74-7.66 (m, 3H), 7.28-7.24 (m, 1H), 7.18-7.12 (m,
1H), 7.11-7.05 (m, 1H), 6.46 (dd, ] = 16.2, 1.4 Hz, 1H), 5.91 (dd,
J = 16.1, 6.8 Hz, 1H), 4.02-3.84 (m, 2H), 3.19-3.03 (m, 2H),
2.56-2.34 (m, 1H), 1.05 (d, J = 6.7 Hz, 6H). 13C NMR (100 MHz,
CDCls) 6 168.41, 136.79, 136.14, 133.94, 133.38, 132.38,
128.96,123.28,122.68,119.79, 118.67, 115.72,110.49, 110.37,
38.57, 31.82, 23.35, 22.51. HRMS calculated for C23H23N202
[M+H]* 359.1754, found 359.1759.

3. Results and discussion
3.1. Establishing catalytic C2 prenylation of NH indoles

We initially set out to investigate the feasibility of C2
prenylation of tryptophol 1a (Table 1). Commercially available
and cheap tert-prenyl alcohol 2 was chosen as the prenyl do-
nor, since it would probably be easier to generate a stable car-
bocation at the tertiary allylic position under acidic conditions.
To our delight, treatment of a solution of 1a and 2 in DCE with
Brgnsted acid CSA at 70 °C furnished the target product 3a in
39% yield, albeit with an observation of N-prenylated product
3a’ (Table 1, entry 1). The stronger protic acid Tf2NH gave an
inferior result (Table 1, entry 2). An array of Lewis acids were
further evaluated. Both AlCl3 and FeCls could promote the reac-
tion and the former led to a better yield (Table 1, entries 3, 4).
The stronger Lewis acids including Bi(OTf)3, Sc(OTf)s, BF3-Et20
and Al(OTf)s delivered a complex mixture (Table 1, entries 5-7,
16). In comparison, Cu(OTf)z, Zn(0Tf)2, Mg(ClO4)2 and AlMes
showed poor catalytic activities (Table 1, entries 17-20)
[50,51]. The prenylation did not occur in the presence of
Al(OiPr)s (Table 1, entry 21), while a combination of Al(OPr)3
and HCI (Table 1, entry 22) gave similar result to sole HCI cata-
lyst (Fig. 6(f)), revealing that Al(O?Pr)s had no positive effect on
the selectivity. Although acid resins Amberlyst-15 and Nafion
were suitable catalysts as well, the selectivity of 3a was
moderate (Table 1, entries 8, 9). A survey of solvents revealed
that C2 prenylation in ethers resulted in comparable yields and
selectivities, while strong polar solvent NMP totally suppressed
the process (Table 1, entries 10-14). 2-MeTHF, a renewable
feedstock derived from biomass [52], was selected as the
optimal solvent. An elevated temperature led to an increase of
the yield while maintaining good selectivity (Table 1, entry 15).

3.2. Substrate scope

With the optimized conditions in hand, the generality of this
protocol was subsequently scrutinized (Fig. 3). Both elec-
tron-rich and -deficient substituents on the phenyl ring of
tryptophol were well tolerated, delivering C2 prenylated prod-
ucts 3b-3d in good selectivities. 7-Me and 7-Et tryptophols
were suitable substrates as well (3e, 3f). This method was also
applicable to Me and Bn protected tryptophols (3g, 3h). It is
worth noting that acid resin Amberlyst-15 proved to be a better
catalyst for C2 prenylation of N-Bn tryptophol (3i). The reac-
tions between tryptophol 1a and branched phenyl-substituted
allylic alcohols proceeded well, providing the target products in

satisfactory yields (SI, 3aa, 3ab). However, simple allylic alco-
hol and cinnamyl alcohol proved to be unsuccessful. A treat-
ment of N-Ts tryptamine 1j with the standard conditions
mainly yielded cyclized C3 prenylated product (SI, 3j-I). When
varying the solvent to DCE, both C3 and N-prenylation took
place at 100 °C (S, 3j-II). In contrast, the reaction in PhCI gave
the desired C2 prenylated product 3j in an acceptable yield.
Hence, for tryptamine derivatives, PhCl was selected as an op-
timal solvent. The protecting groups including Ac, Bz, Boc and
phthalimide on the amine had no significant impact on the re-
actions (3k-30). Unprotected and N-Me tryptamines, which
can form salts with AlCls, could not participate in the process.
Melatonin is an important natural tryptamine produced mainly
in the pineal gland and has anti-inflammatory and -oxidant
effects [53]. Its modification took place readily with acid resin
Nafion as catalyst (31). 3-Ph and -Me indoles all underwent the
transformation smoothly, regardless of whether NH was pro-
tected (3p-3r). In most cases, migration of the 3-alkyl substit-
uents were not observed. Surprisingly, subjecting
3-acetoxyindole to the optimized conditions produced 3-prenyl
indolinone 3s in 63% yield, presumably because acyloxy group

Table 1
Optimization of C2 prenylation of tryptophol. 2

— _
OH o
N\ . \>< acid (10 mol%) N\
. —_— _
N N
H OH H
1a 2

solvent, T °C

Entry Acid Solvent T(°C) Yield® (%) 3a:3a’c
1 CSA DCE 70 39 3:1
2 TzNH DCE 70 22 4:1
3 AlClz DCE 70 46 5:1
4 FeCls DCE 70 29 10:1
5 Bi(OTf)s DCE 70 Mixture —
6 Sc(0Tf)3 DCE 70 Mixture —
7 BF3-Et20 DCE 70 Mixture —
8 Amberlyst-15 ¢ DCE 70 57 4:1
9 Nafion e DCE 70 54 3:1
10 AlCIz PhCl 70 56 10:1
11 AlCl3 NMP 70 N.R. —
12 AlCl3 dioxane 70 69 12:1
13 AlClIz THF 70 66 10:1
14 AlCIz 2-MeTHF 70 67 12:1
15 AICl; 2-MeTHF 80 75 12:1
16 Al(OTf)3 2-MeTHF 80 Mixture —_
17 AlMes 2-MeTHF 80 N.R. —
18 Cu(OTf)2 2-MeTHF 80 N.R. —
19 Zn(0Tf)2 2-MeTHF 80 19 5:1
20 Mg(Cl0s); 2-MeTHF 80 N.R. —
21 Al(OPr); 2-MeTHF 80 N.R. —
22 Al(OPr)s/HCIf 2-MeTHF 80 46 6:1

aReaction conditions: 1a (0.20 mmol), 2 (0.60 mmol), acid (10 mol%),
solvent (0.20 mL), T °C, 24 h.?Total yield, determined by HPLC with
naphthalene as the internal standard.<Determined by H NMR of crude
reaction mixture. ¢ Amberlyst-15 (acid amount 3.397 mmol/g, 6.0 mg).
eNafion (acid amount 2.123 mmol/g, 9.4 mg). fHCI (4.0 M in dioxane, 30
mol%). CSA = Camphorsulfonic acid. DCE = Dichloroethane. NMP =
N-Methyl pyrrolidone. 2-MeTHF = 2-Methyltetrahydrofuran. N.R. = No
reaction.
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Fig. 3. Catalytic C2 prenylation of 3-substituted indoles. Reaction conditions: 1 (0.40 mmol), 2 (1.20 mmol), AlCl3 (10 mol%-30 mol%), 2-MeTHF or
PhCl (0.40 mL), 80 °C, 24 h. Isolated yields were given. The ratio (3/3’) was determined by 'H NMR, unless otherwise stated, the ratio was > 20:1.
aAlCls (30 mol%). > Amberlyst-15 (12.0 mg), 100 °C for 24 h.<Nafion (9.4 mg).

is favourable to migrate via a five-membered ring (SI). In addi-
tion, 3-indoleacetonitrile was also compatible with the process
(3t). Unsubstituted and N-Boc indoles, as well as 3-iodoindole
and bisindole all afforded complex unidentified mixtures under
the standard conditions.

3.3. Late-stage peptide diversification

Unnatural peptides cannot be recognized by protease, lead-
ing to their improved resistance toward biodegradation in liv-
ing organisms. As such, they have found extensive applications
in various aspects, including diagnostics, proteomics, and drug
discovery [54,55]. In this context, tremendous efforts have

been devoted to their synthesis over the past decades [56].
Among the known methods, late-stage diversification of the
existed peptides is arguably the simplest strategy [57-65].
Given that tryptophan plays a critical role in protein biosynthe-
sis, we attempted direct modification of tryptophan-containing
skeletons using the developed protocol (Fig. 4). Gratifyingly,
with AlCl3 catalyst, C2 prenylation of N-Boc and -Ac trypto-
phanates also occurred, giving rise to the desired products 5a
and 5b in acceptable yields. Boc-L-tryptophanol was converted
to 5¢ in 53% yield under the investigated conditions. Remarka-
bly, a set of peptides derived from Boc-L-tryptophan and di-
verse amino acid esters including Gly, Ala, Leu, Phe, Met, 3-Ala,
Asp, and Ile, were all amenable to this catalytic process
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(5d-5k). In addition, the peptides consisting of methyl
L-tryptophanate and Fmoc/Boc protected amino acids (Gly,
Ala, Val, Phe) could participate in the C2 prenylation as well
(51-50). Most of the cases gave moderate yields because the
starting peptides could not be totally consumed. It is noted that
peptides might undergo racemization in an acidic milieu via an
enolate intermediate [66]. In light of this, products 5d and 51
were selected as the representatives to study the issue. The
complete retention of chirality showed no detectable racemiza-
tion in the process.

3.4. Total synthesis of tryprostatin B

Tryprostatin B is a prominent C2 prenylated natural indole
alkaloid. The groups of Danishefsky [21,22], Cook [26], Lobo
and Prabhakar [24,25], Fukuyama [67,68], Ruijter [23], and
Hossain [27] have contributed to its total synthesis. In their
works, C2 prenyl decoration was accomplished at the ear-
ly-stage. In contrast, the biosynthesis of tryprostatin B involves
a final prenyl transfer from DMAPP to C2 position of breviana-
mide F [69,70]. In terms of the synthetic efficiency, the
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late-stage prenyl installation is undoubtedly more appealing.
Then we wondered whether this step could be realized via our
strategy. Pleasingly, brevianamide F 6l [71] reacted with
tert-prenyl alcohol smoothly to yield tryprostatin B 71 in the
presence of AlCls (Fig. 5, top). Therefore, a two-step concise
synthesis of tryprostatin B has been established starting from
commercially Boc-L-tryptophan and methyl
L-prolinate.

In comparison, cyclodipeptide 6m derived from methyl
L-tryptophanate and Fmoc-L-alanine remained intact under the
same conditions, due to its poor solubility in PhCl (Fig. 5,
bottom). However, its precursor 4m was a viable substrate,
which could be readily transformed into the desired product
5m (098 g) even in a gram scale. Subsequently, a
piperidine-mediated deprotection of 5m resulted in the
formation of C2 prenylated cyclodipeptide 7m in 86% yield.
Moreover, following this three-step process, tryprostatin B
could also be synthesized in an overall 38% yield starting from
methyl L-tryptophanate and Fmoc L-proline (SI).

available

0
0
R R
. ~R'
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H
4 2 5
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o [
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Fig. 4. Late-stage prenylation of tryptophanate and peptide. Reaction conditions: 4 (0.40 mmol), 2 (1.20 mmol), AlClz (30 mol%), PhCl (0.40 mL), 80
°C, 24 h. Isolated yields were given. The ratio (5/5") was determined by 'H NMR, unless otherwise stated, the ratio was > 20:1.
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Fig. 5. Concise synthesis of tryprostatin B and cyclodipeptide.

3.5.  Mechanistic investigation

To gain deeper insights into the reaction mechanism, some
control experiments were performed (Fig. 6). In-
dole-3-carboxylate 1u proved to be a suitable substrate. The
electron-deficient 3-ester substituent can reduce the nucleo-
philicity of C2 site, thus giving the target product in a slightly
decreased yield (3u, 25%, Fig. 6(a)). The same product 3u
could also be obtained from the rearrangement of 3-prenyl
3H-indole-3-carboxylate 8u under the standard conditions (Fig.
6(b)). This result reveals that C3 prenylation/migration path-
way is likely involved in the process but direct C2 prenylation
dominates the process. Subjecting pre-synthesized
N-prenylated phthalimide-protected tryptamine 8o to the
standard conditions did not generate C2-prenylated product
30, thus excluding the possible N-prenylation/migration path-
way (Fig. 6(c)). This protocol was also able to facilitate the
prenylation of 3-prenyl indole 1v with tert-prenol 2 to deliver
2,3-diprenyl indole 3v in 45% yield (Fig. 6(d)). Interestingly,
when deuterated tert-prenol 2-d was employed, a mixture of
3v-d and 3v’-d was obtained, thus explicitly demonstrating that
both C2 prenylation and C3 prenylation/migration pathways
are engaged in the reaction (Fig. 6(e)). In addition, this C2
prenylation process might be promoted by in situ generated
acid HCI from the reaction of AlClzwith byproduct H20. To in-
vestigate this possibility, HCl was directly used as the additive
in the absence of AlCl3. With 10, 30 and 100 mol% of HCI, the
prenylation indeed took place but the selectivity of C2- and
N-prenylated products (3a, 3a’) maintained 6:1 (Fig. 6(f)). In
comparison, AlCls could increase the selectivity to 12:1 (Table
1, entry 15), suggesting that the main contributor Al3+ likely
coordinates with NH of indole to increase the C2 selectivity and

@ CO,Me CO,Me

\)( AICI3 (30 mol%)
R

3u: 25% vyield

OH 2-MeTHF, 80 °C 1u: 47% conversion

N H
1u 2 3u
CO,Me CO,Me
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2-MeTHF, 80 T oWeTHR 80°C H N

3u, 5% yield 1u, 14% yield

(c) §(§
L o I 'Z ‘
(d)
/
+ \>< AICIa (30 mol%)
OH
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2-MeTHF, 80 °C
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2-MeTHF, 80 °C
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D,C, CDs 3 cD;
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3a 3a’'
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10 14% 71
30 32% 6:1
100 27% 71

Fig. 6. Mechanistic investigation.

its interaction with OH of tert-prenol presumably facilitates the
formation of prenyl cation to improve the catalytic efficiency,
but the HCl mediated pathway cannot be ruled out.

3.6.  Prenyl isomerization

The synthetic utility of C2 prenylated tryptophol 3a was
further studied (Fig. 7). It was found that 3a could be isomer-
ized to 9a at 120 °C in ionic liquid [Bmim]Cl using acid resin
Nafion as catalyst. As Nafion could also promote the prenyla-
tion, we reasoned that it might be feasible to combine both
processes into one-step. Just as anticipated, direct treatment of
tryptophol with the same conditions furnished 9a in 55% yield.
This cascade reaction was also applicable to 5-F, -Cl, 7-Me and
-Et tryptophols (9b-9e). Bz and phthalimide protected trypta-
mines were tolerated as well, delivering the isomerized prod-
ucts in acceptable yields (9f, 9g). It should be noted that further
intramolecular cyclization can lead to the formation of natural
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Fig. 7. Isomerization of prenyl group. Reaction conditions for one-step procedure: 1 (0.40 mmol), 2 (2.40 mmol), Nafion (9.4 mg), [Bmim]CI (0.50

g), 120 °C, 24 h. [Bmim]Cl = 1-Butyl-3-methylimidazolium chloride.

alkaloids tetrahydro-B-carbolines [72-74].
4. Conclusions

In conclusion, we have realized a chemical catalytic C2
prenylation of NH indoles with cheap tert-prenyl alcohol. The
main advantages include simple system, good regioselectivity,
step- and atom-economy, and wide functional group tolerance.
Notably, the versatility and practicability of this methodology
were demonstrated in the late-stage diversification of
tryptophan-based peptides and concise synthesis of
tryprostatin B. Moreover, a one-step prenylation and
isomerization cascade was accomplished by using ionic liquid
[Bmim]Cl as solvent. Further applications of this protocol in the
total synthesis of other natural indole alkaloids are currently
underway in our laboratory.
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