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Asymmetric construction of pyridol[1,2-a]-1H-
indole derivatives via a gold-catalyzed
cycloisomerizationf

Feng Jiang,@ Chunling Fu and Shengming Ma ©*

Pyrido[1,2-al-1H-indoles are important scaffolds found in many biologically active compounds. Herein, we
first developed an IPrAuCl/AgSbFes-catalyzed cycloisomerization of N-1,3-disubstituted allenyl indoles
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affording pyrido[1,2-a]-1H-indoles. Then the axial-to-central chirality transfer starting from enantio-

enriched N-1,3-disubstituted allenylindoles affording optically active pyrido[1,2-a]-1H-indoles has been
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Introduction

Polycycles containing indole units are prevalent ring systems
distributed in many bioactive alkaloids and pharmaceuticals.
Gold-catalyzed cycloisomerizations of different types of allenyl
indoles have contributed greatly to this topic:** In 2006,
Widenhoefer and his group reported the pioneering work on
the synthesis of tetrahydrocarbazoles and cyclohepta[b]indoles
via a 6- and 7-exo cycloisomerization of 2-allenyl indoles
(Scheme 1a).* As for 3-allenyl indoles, the gold-catalyzed 6-
endo,” 6-exo0,* and 5-endo’ annulations as well as [2 + 2] cyclo-
addition® successfully furnished the construction of varied
indole scaffolds (Scheme 1b); however, annulations of N-allenyl
indoles have been less explored:*'® Toste's group reported the
construction of dihydropyrroloindole skeletons via a 5-exo
cyclization of N-allenyl indoles (Scheme 1(c1)).® Shi and co-
workers realized the construction of indole-fused tricyclic
systems via a [3 + 2] or [2 + 2] cycloaddition of N-allenyl indoles
under varied reaction conditions (Scheme 1(c1)).*
Pyrido[1,2-a]-1H-indoles are core motifs in ubiquitous bio-
logically active alkaloids (Scheme 1d)."* Extensive efforts have
been devoted to the development of new methods for their
efficient synthesis. General approaches developed are the RCM
reaction of diallyl indoles,”> Michael addition of «,B-unsatu-
rated ketones' and radical cyclization of N-alkylindoles,"
mostly suffering from the substrate scope, selectivity, and effi-
ciency. Recently, Gonzalez's'® and Munoz's* groups reported
the elegant Au- or Pt-Au catalyzed cycloisomerization of N-2,3-

Laboratory of Molecular Recognition and Synthesis, Department of Chemistry,
Zhejiang University, Hangzhou 310027, Zhejiang, People's Republic of China.
E-mail: masm@sioc.ac.cn
T Electronic supplementary information (ESI) available. CCDC 1956055 and
1956072. For ESI and crystallographic data in CIF or other electronic format see
DOI: 10.1039/d0sc05619g

696 | Chem. Sci, 2021, 12, 696-701

realized in excellent yields and enantioselectivities. A mechanism has been proposed based on
mechanistic studies. Synthetic applications have also been demonstrated.
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Scheme 1 Gold-catalyzed cycloisomerization of allenylindoles and
representative natural products containing pyrido[1,2-al-1H-indole
scaffolds.
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Table 1 Optimization of the reaction conditions for cyclization of the racemic 1a“

catalyst (5 mol%)

o
N\\//\"'CAHg solvent, 65°C, 24 h

N

1a

A n-C4Hg N n-C4Hg
N Y, + N\

2a 3a

Entry Catalyst Solvent Yield of 2a’ (%) Yield of 3a’ (%) Recovery” (%)
1 IPrAuCl/AgNTf, Toluene 81 1 —
2 AuCl/AgNTf, Toluene — — 84
3 AuCl(PPh;)/AgNTf, Toluene 14 3 61
4 AuCl(PMe;)/AgNTf, Toluene 14 4 62
5¢ [Au,Cl,(dppm)]/AgNTT, Toluene 15 4 50
AuCl(LB-phos)/AgNTf, Toluene 26 3 50
7 IPrAuCl/AgBF, Toluene 66 16 —
8 IPrAuCl/AgOTs Toluene — — 91
9 IPrAuCl/AgPF, Toluene — 69 —
10 IPrAuCl/AgSbFe Toluene 70 13 —
114 IPrAuCl/AgSbFy Toluene 92 — —
124 IPrAuCl/AgSbFy CH,CN 9 — 87
134 IPrAuCl/AgSbFy CH,Cl, 91 — —
144 IPrAuCl/AgSbFy CHCl, 95 — —

“ Reaction conditions (unless otherwise noted): 1a (0.2 mmol) and catalyst (5 mol%) in 5.0 mL of solvent at 65 °C. ” Yields were determined by the
'H NMR analysis of the crude products with mesitylene as the internal standard. © 2.5 mol% [Au,Cl,(dppm)] was used. ¢ The reaction was carried

out at room temperature for 12 h.

butadienylindoles  affording  6,9-dihydropyrido[1,2-a]-1H-
indoles, which further reacted with heteroarenes or the elec-
tron-rich m-trimethoxybenzene to furnish racemic 9-aryl-
6,7,8,9-tetrahydropyrido[1,2-a]-1H-indoles ~ (Scheme  1(c2)).
Enantioselective syntheses have not been developed. We
envisaged that the cycloisomerization of optically active N-(2,3-
allenyl)indoles would provide an efficient approach to various 9-
substituted pyrido[1,2-a]-1H-indoles with high ee provided that
the efficiency of chirality transfer may be ensured (Scheme

1(c3)).

Results and discussion

Initially, we conducted the reaction of racemic N-(2,3-allenyl)
indole 1a in toluene under the catalysis of [IPrAuCl]/[AgNTf,],
and the expected 6-endo cycloisomerization product 2a was
afforded in 81% yield, accompanied by 1% of the C=C bond
migration by-product 3a (entry 1, Table 1). Then we tested
different neutral gold catalysts, AuCl, AuCl(PPh;), AuCl(PMej;),
Au,Cly(dppm), and AuCl(LB-phos); they all led to high recov-
eries of 1a (entries 2-6, Table 1). We reasoned that the cationic
gold catalyst may have a much higher philicity towards the C=C
bond in allenes to increase the overall reactivity. Thus, different
silver salts were added:"” when AgSbF, was applied, the expected
product 2a and the C=C bond migration product 3a were
formed in the yields of 70% and 13%, respectively (entry 10,
Table 1). Considering that the high reaction temperature may
have accelerated the C=C bond migration, the reaction was
conducted at room temperature to successfully form 2a in 92%
yield, exclusively (entry 11, Table 1). Further screening of
solvents (entries 12-14, Table 1) revealed that CHCl;, CH,Cl,,
and toluene were the best. Finally, we defined the standard

© 2021 The Author(s). Published by the Royal Society of Chemistry

Table 2 Gold-catalyzed cyclization reaction of racemic N-alleny-
lindoles 1¢

R3 R3
0, 1
TS RPN 110 W
N Rl ——————— Z~N
\\/ CHClg, rt, t /
Nz
1 2
1
Entry R' R’ R’ t/h  Yield of 2 (%)
1 n-C4Ho H H (1a) 12 71 (2a)
2 n-CyoHay H H (1b) 12 68 (2b)
3 CH,=CH(CH,); H H (1c) 12 72 (2¢)
4 n-C4Ho 5-OMe H (1d) 12 78 (2d)
5 n-C,Ho 4-Me H(1e) 12 77 (2€)
6 n-C4Ho 6Cl  H(1f) 12 84 (2f)
7 n-C,Ho H Me (1g) 17 96 (2g)
8 CI(CH,)s H Me (1h) 10 92 (2h)
9 BnCH, H Me (1i) 12 94 (2i)
10  3-Pentyl H Me (1) 12 98 (2§)
11 n-C4H, H Ethyl (1k) 14 97 (2k)
12 n-C4H, H TBSO(CH,), (1I) 12 100 (2I)
13 n-C4H, 6-Cl  Me (1m) 12 96 (2m)
14 n-C4Hy 5-OMe Cl (1n) 13 98 (2n)
15> Ph H Me (10) 16 96 (20)
16”  2-BrC¢H, H Me (1p) 12 93 (2p)
17 4-FC¢H, H Me (1q) 12 86 (2q)
18 4-BrC¢H, H Me (1r) 12 80 (2r)
19°  4-BrCgH, H TBSO(CH,), (1s) 14 83 (2s)

“ Reaction conditions: 1 (1 mmol), IPrAuCl (3 mol%) and AgSbFs (3
mol%) in CHCI; (5.0 mL) at room temperature unless otherwise
noted. ” The reaction was performed on a 0.2 mmol scale in 5.0 mL of
CHCIl;. € The reaction was performed on a 2.8 mmol scale with 1.6
mol% catalyst.
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Table 3 Optimization of the reaction conditions for the intramolecular cyclization of (R,)-1a“

IPrAuCl (5 mol%)

©f\> AgSbFg (5 mol%) \__CaHe
N\\/ "n-CaHs  solvent, 0°C, 40 h N
N2
(Ra)1a (R)-2a
98% ee

Entry Solvent Yield/ee of (R)-2a (%)” (%) Recovery/ee of (R,)-1a (%)” (%)°
1 CHCL, 93/91 —

2 DCE 74/90 13/84
3 CH,Cl, 98/90 —

4 Toluene 56/92 47/93
5 CH,CN — 100/98
6 THF 88/84 —

7 Dioxane 52/60 —

8 DMF 54/66 31/87
o?f CHCl, — 92/98
10% CHCl, — 91/98
112 CHCIl, 90/87 —
12/8h CHCl, 94/90 —

“ Reaction conditions: (R,)-1a (0.2 mmol), catalyst (5 mol%) in solvent (5.0 mL) at 0°C under a N, atmosphere unless otherwise noted. ? Yields were
determined by "H NMR using mesitylene as the internal standard. ¢ The ee was determined by HPLC analysis using a chiral stationary phase.
4 Without AgSbF,. ¢ Without IPrAuCl. / Reaction was carried out at 0 °C for 48 h. ¢ The reaction was performed on a 1 mmol scale. " 3 mol%

catalyst was used.

conditions as follows: IPrAuCl and AgSbF, in CHCI; at room
temperature.

With the optimal conditions in hand, the substrate scope of
this gold-catalyzed cycloisomerization of racemic N-(2,3-allenyl)
indoles has been examined (Table 2). Both alkyl- and aryl-
substituted allenylindoles could work smoothly. Functional
groups such as the C=C bond, OMe, Cl, OTBS, Br, F, are all
compatible (entries 3-4, 6, 12, and 16-17, Table 2). Substitution
on the indoles with electron-withdrawing and -donating
substituents at positions 3, 4, 5, or 6 has a very little impact on
the yield (entries 4-7 and 11-14, Table 2). Furthermore, it was
worth noting that when R® = Me, Et, Cl, TBSO(CH,),, the yields
of 2 were much higher, as compared with R* = H (compare
entries 10-14 with entries 1-6, Table 2).

With these encouraging results, we then began the inves-
tigation of the cycloisomerization of the optically active
substrates with (R,)-1a as the model substrate. Such optically
active substrates are readily available via the enantioselective
allenation of terminal alkynes (EATA) reaction.'® Initially, the
combination of IPrAuCl and AgSbFs was tested in CHCI; at
0 °C, the product (R)-2a was formed in 93% yield and 91% ee
(entry 1, Table 3). Additional screening of solvents showed
inferior results (entries 2-8, Table 3). Control experiments
showed that essentially no reaction occurred when either
IPrAuCl or AgSbFs was omitted (entries 9 and 10, Table 3).
However, when the reaction was conducted on a 1 mmol scale,
the ee of (R)-2a dropped again (entry 11, Table 3). Reducing the
catalyst loading solved this problem, thus, the optimal
conditions have been successfully re-defined by running the
reaction with 3 mol% each of IPrAuCl and AgSbF, in CHCl; at
0 °C (entry 12, Table 3).

698 | Chem. Sci,, 2021, 12, 696-701

Having identified the optimal conditions, we aimed to define
the scope of both the allene part and the indole part. First, we
conducted a brief study of the substrate scope for R* = H. As
shown in Table 4, R' could be a butyl, decyl, or decenyl group
(entries 1-3, Table 4). For the indole part, substrates with
substituents at positions of 4 or 5 also reacted smoothly with
high yields and ee values (entries 4 and 5, Table 4). However,
when the weak electron-withdrawing group Cl was employed,
the ee of the product decreased (entry 6, Table 4).

Table 4 Gold-catalyzed cycloisomerization reaction of 3-unsub-

stituted (R,)-1¢
H
IPrAuCl (3 mol%) R
AgSbFg 3mol%)  mo L T N\ ¢
Akl ,
CHCl,, 0°C, t Z N p
N2

(Ra)-1 )
(Ra)-1/(ee%) 2
t
Entry R'/R® (h)  Yield (%) ee (%)
1 n-C,Ho/H ((R,)-1a)/97 48 94((R}2a) 90
2 1-CroHay/H ((Ro)-1b)/98 48 95((R)2b) 90
3 CH,=CH(CH,)s/H ((R,)1¢)/96 51 96 ((R)-2¢) 92
4 1-C,4Hy/5-OMe ((R,)-1d)/98 53 95((R}2d) 91
5 n-C,Hy/4-Me ((R,)-1€)/98 48 88((R)2¢) 90
6 1n-C4Ho/6-Cl ((R,)-1£)/98 58 93 ((R}2f) 78

¢ Reaction conditions: (R,)-1 (1 mmol), IPrAuCl (3 mol%), and AgSbFs (3
mol%) in CHCl; (25.0 mL) at 0 °C unless otherwise noted. ” 5 mol%
catalyst was used.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Gold-catalyzed cyclization reaction of 3-substituted (R,)-1¢

R3
NS0 NP4 1 e
N\\/”R CHCI;;\,IO"C.t NN P
(Ra)1 2 2
(Ra)-1/(ee%) 2
¢

Entry RYR*R® (h) Yield (%) ee (%)
1° n-C,Ho/H/Me ((R,)-1g)/98 59 90 ((R)2g) 96
2 CI(CH,)s/H/Me ((R,)-1h)/98 48 99 ((R)2h) 99
3 BnCH,/H/Me ((R,)-1i)/97 48 98 ((R)-2i) 98
4 3-Pentyl/H/Me ((R.)-1j)/98 48 89 ((R)-2j) 90
5 n-C,Ho/H/ethyl ((R,)-1k)/99 48 98 ((R)-2k) 97
6 n-C4Ho/H/TBSO(CHS,), ((R.)-11)/98 48 98 ((R)2) 96
7 n-C,4Ho/6-Cl/Me ((R,)-1m)/98 48 97 (R)-2m) 95
8 n-C4Ho/5-OMe/Cl ((R,)-1n)/98 42 98 ((R)2n) 98
9 Ph/H/Me ((R.)-10)/99 48 99 ((S)20) 95
10 2-BrCeH,/H/Me ((R,)-1p)/96 48 98 ((S)2p) 96
11 4-FCeH,/H/Me ((R,)-1q)/98 48 89 ((S)}2q) 95
12 4-BrCqH,/H/Me ((R,)-1r)/98 48 91 ((S)}2r) 96

13 4-BrC¢H,/H/TBSO(CH,), ((R.)-1)/99 48 90 ((S)-2s) 92

“ Reaction conditions: (R,)-1 (1 mmol), IPrAuCl (3 mol%) and AngF6 (3
mol%) in CHCI; (25.0 mL) at 0 °C unless otherwise noted. * 5 mol%
catalyst was used.

We further studied the scope of substrates for R®> # H and
observed higher yields and ee values. As shown in Table 5, both
alkyl- (entries 1-8) and aryl-substituted allenes (entries 9-13)
could work smoothly. For aryl-substituted allenes, both F and Br
may survive (entries 10-13, Table 5). Furthermore, the Br atom
installed at the ortho- or para-positions of the phenyl ring had
little effect on the yield and ee of (S)-2. For the indole part,
electron-donating as well as electron-withdrawing substituents
and functional groups, including OTBS, OMe, and Cl, which
could further be elaborated, were well tolerated (entries 6-8 and
13, Table 5).

Notably, this reaction could be easily scaled up to 3.0 mmol
and the loading of IPrAuCl/AgSbFs may further be reduced to
1.5 mol%, providing 1.27 g of (S)-2s (88% yield) in 97% ee
(Scheme 2). To illustrate the synthetic potential of this protocol,
the transformations of cycloisomerization product (S)-2s were
demonstrated: Suzuki coupling of (S)-2s with 3-methoxyphenyl
boronic acid gave product (S)-4 in 66% yield and 91% ee.”
Treatment of (S)-2s with HCl and IBX successively afforded
aldehyde (S)-5 in 78% yield and 97% ee. The hydrogenation of
(S)-2s gave product (S)-6 in 89% yield and 90% ee (Scheme 2).
Products (S)-2s and (S)-6 contain the core unit in goniomitine.**?
Then, an extra chiral centre was further introduced to the 1-
position of the allene side chain by including a methyl group.
The reaction of (R,R,)-1u and (S,R,)-1u could also work
smoothly, providing diastereomers (R,S)-2u (92% yield) and
(S,8)-2u (89% yield) in 99% ee and 98% ee respectively. These
results provide a possibility to synthesize a library of
(—)-goniomitine derivatives (Scheme 2).

In order to unveil the nature of the stereoselectivity of the
reaction, the absolute configurations of the starting materials

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 A gram-scale reaction and the syntheses of simplified
analogues of (—)-goniomitine.

(R.)-1n and (R,)-1r have been established based on the liter-
ature."*° The absolute configurations of their corresponding
products were unambiguously established by X-ray single
crystal diffraction analysis of (R)-2n and (S)-2r (eqn (1) and (2),
Scheme 3). The electronic effect of the 3-position substituent of
indole on chirality transfer has been studied by conducting the
parallel reactions of (R,)-1g (R*> = Me) and (R,)-1t (R* = CO,Me)
under standard conditions (eqn (3) and (4), Scheme 3): the
reaction of (R,)-1g proceeded smoothly to afford the product (R)-
2g in 91% yield and 96% ee while the reaction of (R,)-1t afforded
the target product (R)-2t in 21% yield with only 24% ee. Inter-
estingly, we found the ee value of the recovered (R,)-1t is 0,

cl IPrAUCI (3 mol%) cl
;i AgSbF (3 mol%) 1-CaH
MeO. { nca _AgSba(3motz) _ MeO { acas \/\ /
N J~H CHCl, 0°C, 42h N = ’ \v
/" /
98% ee 98% yield, 98% ee
(Ra)-n (Ry-2n
CCDC: 1956072
Br, Br
IPrAUCI (3 mol%) 7
@ AgSbF (3 mol%) @ \, \ 7L ‘/(,,_«&/
D CHCly, 0°C, 48 h N = @
A " \I/
98% ee 91% y\eld 96% ee O

(Ra-r

E:E\é n-CqHo
NS

98% ee

CCDC: 1956055

(©)]

91% y\eld 95% ee

IPrAUCI (3 mol%)
AgSbFg (3 mol%)
CHCly, 0°C, 48 h

(Ra)-19

CO;Me IPrAUCI (3 mol%) COZMS

) 7-CaHo AgSbFe (3 mol%) _ Mo fecovery of (Ry)-1t @
N j~H  CHCl5, 0°C, 48 h

\\/\ 34%, 0% ee
98% ee 21% yield, 24% ee

(Ra)-1t (R)-2t

IPrAUCH (5 mol%)
AgSbFg (5 mol%)
CD;0D (5.0 equiv.)
CDClg, 1t, 12 h

N\\/H /0 (50%D)

19 96% y\eld

Scheme 3 Determination of absolute configurations and control
experiments.
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Scheme 4 Proposed mechanism.

indicating the potential competitive racemization and cyclo-
isomerization of N-(2,3-allenyl)indoles. This also explains why
the loading of the catalyst has an effect on the efficiency of
chirality transfer. Furthermore, a control experiment of
exposing 1g and CD;O0D to the gold catalyst in CHCl; afforded
2g-D with 50% deuterium incorporation, confirming the
process of proto-deauration (eqn (5), Scheme 3).

Based on these experimental data, we proposed a plausible
mechanism'>** of the reaction (Scheme 4): firstly, the catalytically
active cationic Au(i) species generated in situ coordinated with the
“distal” double bond of the allene unit (R,)-I. Subsequent anti-
attack of the C2 atom at the coordinated C=C bond formed (R)-II
with a high stereoselectivity. At this stage, when R*> = Me, Et, Cl,
and TBSO(CH,),, because of the higher stability of carbon cation
(R)-II, the direct aromatization (path a) was prone to proceed,
affording the alkenyl-gold species (R)}-IV. Alternatively, highly
active cationic species (R)-II could also undergo the 1,2-H shift to
afford intermediate (R)-I (path b), which would undergo
subsequent aromatization and proto-deauration to afford the
optically active final products (R)-2, and released the catalytically
active cationic gold catalyst back into the catalytic cycle. The final
step was confirmed by the D-labeling experiment in eqn (5) of
Scheme 3. While deprotonation of (R)-III followed by a 1,3-H shift
of complex V and proto-deauration of complex VI would generate
rac-2 (path ¢, Scheme 4), explaining the lower ee and yield for R®
being H and CO,Me. Also, racemization of the starting allene
(R.)I and further cycloisomerization may be an alternative
pathway for the erosion of the optical purity as confirmed by the
parallel reaction in eqn (3) and (4) of Scheme 3.

Conclusions

In summary, we have developed a Au'-catalyzed intramolecular

cycloisomerization of N-1,3-disubstituted allenylindoles.

700 | Chem. Sci, 2021, 12, 696-701
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Various functionalized 6,9-dihydro-pyrido[1,2-a]-1H-indoles can
be accessed directly. Furthermore, the optically active 6,9-
dihydro-pyrido[1,2-a]-1H-indoles can be prepared with high
yields and ee values via an efficient transfer of the axial chirality
to central chirality. The core structure of (—)-goniomitine has
been prepared in excellent yields and ee values. This protocol
features simple operation, mild conditions, and good func-
tional group compatibility. We anticipated that this protocol
may provide a new route for the synthesis of natural product
analogues and pharmaceuticals containing the core unit of the
pyrido[1,2-a]-1H-indole unit.
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