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The rhodium-catalyzed olefination and deuteration of tetrahydrocarbazoles in water with the aid of an N,N-

dimethylcarbamoyl-protected group is presented. This olefination method features a broad substrate
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Accepted 25th January 2021 scope, good functional-group tolerance, and high efficiency in water. Practical applications of the
protocol are illustrated by the synthesis of various evodiamine derivatives. As such, this environmentally

DOI 10.1035/d1ra00236h friendly approach to directly modify natural products will attract much attention in academic and
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Introduction

C-H functionalization strategies, which emerged as an
increasingly powerful synthetic method, can functionalize the
inactivated C-H bond or C-C bond directly, but provide high
reaction efficiency and atom economy.* Rhodium catalysts have
become quite popular in this field due to their high efficiency,
good regioselectivity, and wide functional group tolerance.” The
tetrahydrocarbazole framework is a common subunit in many
bioactive compounds, and serves as the core to a wide variety of
natural products, bioactive molecules and pharmaceuticals
(Scheme 1a).* Tetrahydrocarbazole is one type of indole in
which the C2 and C3 position were fused with a six-membered
ring. Few studies on the C-H functionalization of tetrahy-
drocarbazole were reported, such as N,N-dimethylcarbamoyl-
protected tetrahydrocarbazoles undergo directly oxidative to
exclusively provide products from C(sp®)-H oxidation (2014).*
However, indoles and indolines mediated by organocatalysts
and transition metals have made fruitful and important prog-
ress.” For instance, alkenylation,® arylation,” alkylation® and
others® of indoles and indolines at the C7 position have been
described. The Oestreich group reported the palladium(u)-
catalyzed arylation of 2,3-substituted indolines (Scheme 1b).*

These results led us to explore whether this C8-
functionalization strategy can be applied in
tetrahydrocarbazoles.
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The regioselective modification of natural products via the
metal-catalyzed C-H bond activation strategy is difficult,"* we
demonstrated an efficient rhodium-catalyzed synthetic route for
regioselective olefination of tetrahydrocarbazole in water. The
present protocol using water as the solvent was compatible with
a wide range of substituents on the tetrahydrocarbazole
substrate. Furthermore, olefinated products could also be
generated in a moderate yield at a lower reaction temperature in
the developed system. It was also found that regioselective
alkenylation of tetrahydrocarbazole derivatives followed by one-
pot subsequent deprotection provides the desired product in
good yield. In addition, synthetic applications of this novel
alkenylation method were further demonstrated in an efficient
modification of evodiamine.

a) Natural products and bioactive molecules with tetrahydrocarbazole scaffold

¢

= /\77/

D
H /

Evodiamine

OH
Ho
N ,( 76@ ’
@lfﬁ oy H
— H H H
A B
b) i i

ive arylation of 2,3 indolines

cat Pd

N\
N

v
o\ o’

Tetrahydrocarbazole

Evodiamine

/
R

Scheme 1 Outline of the research.
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On the other hand, isotopic labelling is of high significance
for their utility, e.g. for investigating reaction mechanisms,"
exploring the ADMET properties of existing drug candidates,"
or in nuclear magnetic resonance spectroscopy™ and mass
spectrometry.” Since the FDA approved deutetrabenazine,
which is the first deuterated drug in 2017,® deuterium has
received unprecedented widespread attention. Versatile appli-
cations of deuterium-labelled compounds demand effective
synthetic methods to regioselectively introduce deuterium
atoms at specific positions. Hydrogen isotope exchange (HIE)
assisted by metal-catalyzed C-H activation has become a widely
utilized and elegant method for synthesizing isotopically
labelled compounds, allowing direct and selective late-stage
incorporation of deuterium or trittum (*H or *H)."” Inspired
by our above developed rhodium-catalyzed regio-olefination, we
have also successfully achieved deuteration labelling of tetra-
hydrocarbazole with D,O, which serves as an economical
deuterium source and solvent in this reaction.

Results and discussion

Initially, we started this idea using N,N-dimethylcarbamoyl-
protected'® tetrahydrocarbazole 1a and ethyl acrylate 2 as the
template substrates. To our delight, the desired olefinated
product 3a was obtained in good yield (75%) under the

Table 1 Optimization of olefination conditions®

@[@ o
, 7
A

1a 2

[Cp*RNCL], oxidant
additive solvent
100 °C

Entry Oxidant Solvent Additive Yield” (%)
1 Cu(OAc), DCE AgSbF, 75

2 AgOAc DCE AgSbF, Trace
3 BQ DCE AgSbF, Trace
4 PhI(OAc), DCE AgSbF, —

5 Ag,CO; DCE AgSbF, 28

6 Cu(OAc), Dioxane AgSbF, 40

7 Cu(OAc), PhCF, AgSbF, 61

8 Cu(OAc), CH,CN AgSbF, —

9 Cu(OAc), t-AmOH AgSbF, 17

10 Cu(OAc), DCE AgNTf, 86
11° Cu(OAc), DCE AgNTf, 93
12¢ Cu(OAc), H,0 AgNTf, 90
134 Cu(OAc), H,0 AgNTf, 86
14%¢ Cu(OAc), H,0 AgNTf, 78

15 — H,0 AgNTf, 10

16 Cu(OAc), H,O — Trace

“1a (0.1 mmol, 1 equiv.), 2 (5 equiv.), [Cp*RhCL,], (5 mol%), AgSbF,
(20 mol%), Cu(OAc), (3 equiv.), solvent (1.0 mL), 100 °C, 12 h. ® Data
were obtained by 'H NMR analysis with CH,Br, as reference. ¢ 80 °C.
4 1a (0.1 mmol, 1 equiv.), 2 (2 equiv.), [Cp*RhCL,], (4 mol%), AgSbF
(20 mol%), Cu(OAc), (2 equiv.), H,O (1.0 mL), 80 °C, 12 h. ® 60 °C.
DCE = dichloroethane, BQ = benzoquinone, PhCF; =
benzotrifluoride, CH;CN = acetonitrile, -AmOH = 2-methyl-2-butanol.
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conditions of 5 mol% [Cp*RhCl,],, 20 mol% AgSbF,, and 3
equiv. of Cu(OAc), in DCE at 100 °C for 12 h (Table 1, entry 1).
Then, through evaluating different types of oxidants, Cu(OAc),
was found to be superior to the rest (entries 2-5).* Thereafter,
further screening of reaction solvents revealed that DCE showed
the best performance in this reaction using AgSbFs as an
additive (entries 6-9). Addition of AgNTf, in place of AgSbFs
could improve the yield of 3a (entry 10).**» Further shortening or
extending the reaction time offered no improvement to the yield
(Table S1 in the ESI}). Moreover, decreasing the reaction
temperature to 80 °C was beneficial to the olefination, and the
product 3a was obtained in 93% yield (entry 11 and Table S27).
To our delight, we accidentally found that the reaction pro-
ceeded smoothly in water without obvious decrease in the yield
(entry 12). Considering the cost and environmental factor, we
decided to employ the reaction using water as the solvent.
Lowering the amount of catalyst, oxidant, additive and ethyl
acrylate (Tables S3-S51), we got the final optimized reaction
conditions (entry 13). In addition, we also found that this
reaction could proceed and provided the desired alkenylated
product 3a in moderate yield (78%) when the temperature was
decreased to 60 °C (entry 14). 3a was observed with a yield of
10% when the reaction was carried out without an oxidant
(entry 15). The reaction hardly happened without an additive
(entry 16). These results showed that the oxidant and additive
had crucial roles in this olefination.

With the optimal reaction conditions established, we next
explored olefination with a variety of substituted tetrahy-
drocarbazoles (Table 2). For Cé6-substituted substrates,
moderate to good yields were obtained with both electron-
donating (3b, 3c) and electron-withdrawing groups (3d-3h)
compared to C5-substituted substrates (3i, 3j) and C7-
substituted substrates (3k-3m). It is noteworthy that the
halogen groups such as F (3e, 3n) and Cl (3f) performed well in
C8-olefination. In comparison with substrates bearing electron-
donating groups (-CHj, -C(CHj);), those bearing electron-
withdrawing groups (-F, -Cl and -Br) decreased the overall
yields, which might imply an electrophilic activation pattern.
We were pleased to find that tetrahydrocarbazoles containing
a methyl group at the six-membered ring were olefinated in
good yields, with good selectivity (30-3t) and did not affect the
efficiency of this process. The size of the aliphatic ring was well
tolerated (3u). The presence of an additional piperidine ring
was also tolerated (3v, 3w), providing a moderate yield (67%).
Notably, a fluzoxazone analogue was embedded in drug candi-
dates in excellent yield (3x). Interestingly, medicinally useful
carbazole was alkenylated to give the mono-olefinated product
3y in good yield.

We further investigated whether the protocol could be
applied to a wide range of olefin coupling partners (Table 3).
Methyl acrylate (2a), phosphonate (2b), styrene (2c), 3-fluo-
rostyrene (2d) and phenyl vinyl sulfone (2e) were effectively
coupled with 1u to furnish the corresponding products (3aa,
3ab, 3ac, 3ad and 3ae) in moderate to good yields (47-89%),
respectively. In addition, maleimide was also successfully
coupled in moderate yield (3af).

RSC Adv, 2021, 11, 8356-8361 | 8357
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Table 2 Scope of olefinated tetrahydrocarbazoles®
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Table 3 Scope of olefin coupling partners®?

[Cp*RNClyl; (4 mol%)
Cu(OA0); (2 equiv.)

/)\N Va o AgNTF, (20 mol%)
o\ H,0, 80°C

12h

E0” Yo B0 Yo E0” S0 E0” S0

< ()
N , N
/
e QPR
EtO’ 0 EtO’ 0 EtO’

“1a (0.1 mmol, 1 equiv.), 2 (2 equiv.), [Cp*RhCL,], (4 mol%), AgNTf,
(20 mol%), Cu(OAc), (2 equiv.), H,O (1.0 mL), 80 °C, 12 h. ” Data are
reported as isolated yields.

We have established a method for the olefination of tetra-
hydrocarbazole in water. This approach led us to explore
whether this functionalization strategy could be applied for
deuteration. We studied the selective deuteration process of
tetrahydrocarbazole with substrate 1u as the initial substrate.
On the basis of olefination conditions, different deuterium-
containing solvents (D,O, [D,]-methanol, [D,]-TFA, CDCl;)
were tested (Table S6 in the ESIt).” To our delight, 1u was
proceeded with 5 mol% [Cp*RhCl,],, 20 mol% AgNTf,, and 3
equiv. Of Cu(OAc),, providing deuterated product 5u in 90%
yield. This result was very meaningful as D,O acted as not only
a deuterium provider, but the solvent of the reaction, and
encouraged us to explore the utility of this method. Gratifyingly,
most substrates were compatible, which greatly enhanced the
scope of the method (Table 4). Under the reaction condition, the
CH;-, CH30-, F-, Cl- and Br-substituted at the C6-position (5b,
5d-5e, 5g) could be smoothly deuterated. The F-substituent at
C-5 (5i, 5n) had little influence on the results for the deuteration

8358 | RSC Adv, 2021, 11, 8356-8361

[CP*RCl,l, (4 mol%)
Cu(OAC), (2 equiv.)

e s
N + !

)\N/ AGNT, (20 mol%)
o’ H,0,80 °C “ o
12h R
1u 2 3

N N
EtO. 79 Z &N
£o” o Z ]

3ab, 54%

[ I\E ] \;:‘
_ ON)\N\/ )‘N/

3ac, 57%

o=\, 7\

AN
/ 0

3ae, 47% 3af, 43%

“1u (0.1 mmol, 1 equiv.), 2 (2 equiv.), [Cp*RhCL,], (4 mol%), AgNTT,
(20 mol%), Cu(OAc), (2 equiv.), H,O (1.0 mL), 80 °C, 12 h. * Data are
reported as isolated yields.

Table 4 Scope of tetrahydrocarbazole deuteration®

[CP*RNCl,], (5 mol %) A
Cu(OAc), (3 equiv.)
D,0, 80 °C

AgNTF, (20 mol %) N
b /
199] )/\N
o\
12h

1u 5u, 90% °©

HqC. H4CO. F
N [10] N [22] N\~ N)\ ,
[85] / [85] / [94] / [87]
N N N N
o)\ \ o}\ \ o% \ o\
5a, 88% 5b, 83% 5d, 80% 5e, 85%
F F
Br F4CO.
N\ A\ N A
N N 1l N 3 N
[80] / [83] / [99] / 78] /
N N N N
s \ s \ 7 \ s \
59, 76% 5h, 79% 5i, 82% 5m, 78%
CHs, CHy
F
F F $)
\ : e
N Y 2\/\ p 14 N% , ;\ [igl
[99] / [91] (e8] [99]
N N N N
o)\ \ o\ o\ o\
5n, 81% 50,91% 5p, 81% 5y, 94%

¢ 1u (0.1 mmol, 1 equiv.), [Cp*RhCl,], (5 mol%), AgNTf, (20 mol%),
Cu(OAc), (3 equiv.), D,O (0.5 mL), 80 °C, 12 h. ? Deuterium
incorporation at the aromatic position was determined by '"H NMR
spectroscopy. ¢ Data are reported as isolated yields.

rates and gave more than 99% D incorporation. Carbazole was
also shown to exhibit high levels of reactivity.

Next, the practicality of this protocol was examined. As
shown in Scheme 2a, the reaction was scalable in normal
reaction equipment and gave the olefinated products (52% and
80%) using water and DCE as solvent, respectively. Compounds

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a) Gram-scale reaction

< [CP*RNCl,]; (4 mol%) N
N OFt Cu(OAc), (2 equiv.) N
~ At p
)\ Vi o AGNTY, (20 mol%) 2 N
d N\ solvent, 80 °C o\
12h £t0” 0
1u(19) 2 3u
DCE, 78%
H,0, 52%
N
N
30% NaOH aq H
80°C,12h -
HO” o
3u 3u, 75%
199] / 80°C,3h o) H
N
o)\ \
sy 5y, 89%
c) One-pot of 8 il ivati
i) [CP*RNCI] (4 mol%)
Cu(OAc), (2 equiv.)
AgNTf, (20 mol%) N
A\ OEt 2
= H,0, 80 °C, 12h
N * o B ]
)\N/ ii) 30% NaOH aq, 80 °C,12h P
o\
HO” Yo
1u 2 3u', 71%

Scheme 2 The utility of this method.

3u and 5y were further deprotected under basic conditions to
provide the corresponding products in 75% and 89% yield
(Scheme 2b). In order to improve the synthetic utility of this
protocol and avoid the tedious purification, we next pursued the
direct synthesis of 3u’ by a one-pot method. Following rhodium-
catalyzed olefination, the product was filtered out through
a celite pad without additional purification. Then, the directing
group was removed, and the desired product 3u’ was obtained
in 71% yield (Scheme 2c), which further demonstrated the
applicability of the method.

An application of this novel methodology on the olefination
of a more complex natural product evodiamine was tested
(Scheme 3). The method was used to directly modify evodi-
amine and obtain evodiamine derivatives (4a-4d) with
moderate yields.

To perceive the reaction mechanism, the following experi-
ments were performed (Scheme 4).>° First, N,N-dimethyl-
carbamoyl-protected tetrahydrocarbazole 1a under the reac-
tion condition with 10 equiv. of D,O gave a C8-deuterated
compound in 60%, indicating the reversibility of the C-H acti-
vation step. Next, an intermolecular competition experiment
between electronically diverse tetrahydrocarbazoles led to the
conclusion that an electron-rich substrate tended to react at

@cﬁb

o
N
A\
N
N
be

4a, 49%

go” Yo

N N
\ 7 N
be 2y, A
top
DG protected e N /N

evodiamine

| b= N 4d,37%

Scheme 3 Moadification of natural product evodiamine.
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a) H/D exchange experiment

[CP*RACI, (4 mol%)
A AgNTf, (20 mol%) A
N Cu(OAc), (2 equiv.)
it b A N
D,0 (10 equiv.
)\N/ ,0 (10 equiv.) s,
o\

1a

2 (2 equiv.) HiC
[CP*RNCI, (4 mol %)
k/L _ AGNTG(20mol %)
)w

Cu(OAc), (2 equiv.)
H20 80°C

DCE, 80 °C

oSN
12h (60] \

3b/3& =17

1b (0.1 mmol) 1e (0.1 mmol) 3b 3e

c) Radical trapping experiments
2 (2 equiv.)
Q [CP*RNCI; (4 mol %)
\ AGNTF, (20 mol %)

Cu(OA); (2 equiv.)
o)\"‘\/ H,0, 80 ’g
12h
1a (0.1 mmol) 3
entry radical scavengers Yield® (%)
1 2 equiv. TEMPO 20
2 2 equiv. BHT 12
3 1 equiv. TEMPO 27
4 1 equiv. BHT 17
5 0.5 equiv. TEMPO 29
6 0.5 equiv. BHT 24
7 - 82

Scheme 4 Mechanistic studies. ¢ Data were obtained by H NMR
analysis with CH3Br; as reference. BHT = 2,6-di-tert-butyl-4-meth-
ylphenol, TEMPO = 2,2,6,6-tetramethylpiperidinooxy.

a higher rate. Subsequently, radical trapping experiments were
explored. The yield of the desired compound decreased
remarkably with the addition of the radical scavengers. Adding
different proportions of free radical scavenger had almost no
obvious change, and the yield was similar to the variable
without adding oxidant. These results suggest that a radical
should not be involved in the reaction and the added radical
scavengers may destroy the properties of the oxidant copper
acetate.

To develop a better understanding of the catalyst reaction
state, on-line '"H NMR experiments were carried out (Fig. 1).
There was a slight change in the peak position of the substrate

NaOAc (4 equiv.)
80°C, 30 min
slight change

[Cp*RhCl;]; (0.25 equiv.)
80C, 30 min

N a b c

732 730 728 726 724 722 720 718 716 714 712 710 708 206 704 702 700 638 636 634 652 630 658 696 684 6
i (oo

Fig. 1 Real-time on-line *H NMR monitoring of substrate-Rh-NaOAc
interaction.
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after adding the catalyst [Cp*RhCL,],. After adding sodium
acetate, the peak shape of the substrate changed sig-
nificantly.>*** We speculate that the -OAc group promotes the
weak coupling between the catalyst and the substrate, resulting
in the change of the peak, producing the intermediate I'. These
data indicated that intermediate I' may be the reaction state of
the catalyst in the system. Considering that C8-olefination could
occur in DCE using Ag,CO; as the oxidant, the reaction of 1e in
CDCl; was monitored with "H NMR spectroscopy.?'? The "H
NMR analysis experiments were carried out in the same clean
NMR tube in a continuous sequence. As shown in Fig. 2, the
signals of 1e and 2 disappeared while that of product 3e
increased with time. The reaction rate slowed down after 3.5 h.
The contrast spectra of 3e (top trace of Fig. 2) indicated nearly
no byproduct formation.

Based on the above mechanistic studies and precedent
literature,* we have proposed a tentative catalytic cycle for this
reaction (Scheme 5). We presume that, initially, a more active
cationic rhodium complex I is formed with AgNTf, and
Cu(OAc),, followed by the C-H functionalization of substrate 1u
to generate the six membered rhodacycle II. A subsequent olefin
insertion step provides intermediate III. Then, rhodacycle III
provides the eight-membered IV, which undergoes B-hydride
elimination to continue the catalytic cycle and produces the
desired olefinated product. Meanwhile, the Rh™ complex
regenerates Rh' by reoxidation, thereby completing the mech-
anistic cycle. Besides, the presence of intermediates (II and III
or IV) was also detected by ESI-MS supporting the plausibility of
our reaction hypothesis (see the ESIT).

2 (2 equiv.)
[CP*RAClyl, (4 mol %)
AgNTf, (20 mol %)

o

N Va Ag,CO;3 (2 equiv.)
g N\ CDCly, 80 °C
1e (0.1 mmol) 3e

#

f) The spectra of 3e
* *
| *
e) =61 # ¥ - 4
d)t=3.5h ‘
c)t=25h
b)t=1.5h ) |
| |

a)t=0h b

Fig.2 C-H olefination monitored by *H NMR (left) and *°F NMR (right)
spectroscopy. The spectrum (a) was acquired prior to heating, the
spectrum (b) after heating for 1.5 h, the spectrum (c) after heating for
2.5 h, the spectrum (d) after heating for 3.5 h and the spectrum (e) after
heating for 6 h. *3e (product) peaks. #1e (reactant) peaks.
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[Cp*RhCly] + AgNTT, + Cu(OAc), [I\gj
I "
cu() AgCl+ CuCl, )\N/
[Cp*RhOAC!INT,” u g
' INT, \
cu(lly e
, c
reoxidation C-H activation
N [Cp*RA()]
N
g N
Z 0o Z N p
3u Rh._ /)\N
£10” Y0 Py O\
]
B -hydride s
elimination
0
A

Scheme 5 A plausible mechanistic cycle.

Conclusion

In summary, we have reported an efficient, selective, direct
olefination and deuteration of tetrahydrocarbazoles attached to
the N,N-dimethylcarbamoyl-protected group by rhodium catal-
ysis. Substitutions at various positions of the tetrahy-
drocarbazoles were tolerated. Easy removal of the template and
gram-scale reaction demonstrate the extensive utility of this
protocol. This method has been successfully applied to the
natural product evodiamine. In this olefination reaction, water
is an efficient solvent. The deuterium reaction uses D,0, which
is desirable and atom economical, as the deuterium source.
Exclusive site selectivity, functional group tolerance, and late-
stage modifications are the important practical features. We
believe that the new facile and green approach for modifying
natural products could pave a new way in drug discovery.
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