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ABSTRACT: An efficient Rh(lll)-catalyzed C—H alkenylation/directing group migration cascade between indoles and alkynes for
the assembly of tetrasubstituted alkenes is reported. The carbamoyl directing group migrates to the carbon of the alkene moiety of
the products through the rare Rh-catalyzed C—N bond cleavage after the C—H alkenylation step and thus acts as an internal ami-

dation reagent. This protocol shows broad substrate scope, excellent regio-/stereoselectivity and good to excellent yields.

The tetrasubstituted alkene motif is considered as a privi-
leged structure because of its large presence in pharmaceutical
agents. Representative examples of active pharmaceutical
ingredients possessing a tetrasubstituted alkene scaffold in-
clude Tamoxifen,! squalene synthetase inhibitor P-3622,2 Di-
ethylstilbestrol,® Imrecoxib* and Nifedipine® (Figure S1 in
Supporting Information). Therefore, the synthesis of tetrasub-
stituted alkenes has captured wide attention of the scientific
community. However, despite the remarkable achievements
made,® the synthesis of tetrasubstituted alkenes remains a chal-
lenging area as it faces the challenges of achieving high regio-
and stereoselectivity in such a congested structure. The three-
component reaction of internal alkynes, organometallic rea-
gents and electrophiles through a carbometalation/cross-
coupling sequence constitutes a conventional and classic strat-
egy to tetrasubstituted alkenes.” Nevertheless, this strategy
involves the employment of stoichiometric organometallic
reagents under harsh reaction conditions, which makes it not
eco-friendly and cost-effective. Apparently, the development
of straightforward and efficient approaches for the synthesis of
tetrasubstituted alkenes is still highly demanding.

With the assistance of directing groups (DGs), transition
metal-catalyzed C—H alkyenylation, which constitutes an effi-
cient method to prepare multi-substituted alkenes, has received
much attention.®*® Particularly, direct C—H alkyenylation in-
cluding oxidative C—H olefination with alkenes!*® and hy-
droarylation of alkynes'®” via rhodium catalysis has contrib-

uted significantly in multi-substituted alkene synthesis. How-
ever, monosubstituted alkenes were generally employed in Rh-
catalyzed oxidative C—H olefination to achieve high reactivity
and stereoselectivity, thus mainly affording disubstituted al-
kenes (Scheme 1a). In Rh-catalyzed hydroarylation of alkynes,
the alkenyl-metal species formed by C—H activation and

Scheme 1. Rh-catalyzed C—H alkyenylation.
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successive alkyne insertion preferentially underwent proto-
demetalation to construct a C(sp?)—H bond, thus providing di-
or trisubstituted alkenes (Scheme 1b). Moreover, it should be
noted that the DGs in these two types of reactions only acted
as the auxiliary groups which help to enhance reactivity and
site selectivity. It is quite appealing but also challenging to
achieve the further utilization of the DG such as migration to
the carbon of the alkene moiety of the products to form an
extra C-C or C-heteroatom bond in Rh-catalyzed C-H al-
kyenylation, which makes the formation of tetrasubstituted
alkenes possible. In this context, only one example was re-
ported by Lu and Liu who pioneered an intriguing furnishment
of tetrasubstituted enamides through Rh-catalyzed C-H al-
kyenylation and the following DG transfer via N-O bond
cleavage (Scheme 1c¢)*®. To the best of our knowledge, Rh-
catalyzed C-H functionalization involving DG migration
through the cleavage of C-N bond remains unprecedented.®
Based on our experience in functional group migration via C—
N bond cleavage® and together with our interest in rhodium
catalysis,* we herein reported an efficient Rh(lll)-catalyzed
C—H alkenylation and DG migration via C-N bond cleavage
for the synthesis of tetrasubstituted alkenes containing the
privileged indole moiety (Scheme 1d). In this reaction, the
carbamoy! directing group (CONHOMe)?? not only played as
the auxiliary group, but also acted as an internal amidation
reagent which migrated to the alkene moiety of the products to
deliver the tetrasubstituted a,B-unsaturated amides.

Initially, we optimized the reaction conditions using com-
pounds laa and 2aa as the model substrates (Table 1). With
NaOAc as the additive, different metal catalysts were screened
in DCE at 25 °C for 5 h under N, atmosphere (entries 1-6). To
our delight, [Cp*RhCl;]. could catalyze this C-H alkenyla-
tion/DG migration cascade highly stereoselectively, providing
the cis-adduct 3aa as the only stereoisomer in a high yield.
Subsequently, various solvents were investigated (entries 7-
16). The results showed the green solvent EtOH? turned out to
be the best of choice (entry 14), in which the desired tetrasub-
stituted alkene 3aa precipitated out as white solids and could

be simply collected by filtration in a quantitative yield (>99%).

Next, a variety of additives were screened in EtOH.2* Among
them, CsOAc and Zn(OAc), were also found to be effective
additives, with which high yields (92-97%) and stereoselectiv-
ities of 3aa were observed (entries 17-18). Delightfully, when
1.1 equivalent of 2aa or 2.5 mol% [Cp*RhCl;], or 5 mol%
NaOAc was used, no impacts on the yield or stereoselectivity
were observed (entries 19-21). A survey of the reaction time
revealed the reaction could complete in 20 minutes (entry 22).
Besides, product 3aa was still obtained in an excellent yield
and cis-stereoselectivity under air atmosphere (entry 23). At
last, blank experiments showed the reaction could not occur
with single catalyst or additive (entries 24-25). Notably, no
trans-stereoisomer was observed when optimizing the reaction
conditions, suggesting the exclusive cis-stereoselectivity of
this process.

Next, we investigated the general applicability of the C—H
alkenylation/DG migration sequence. At first, the substrate
scope of indoles was explored (Scheme 2). In general, a
variety of indoles 1 carring diverse substituents at R?, R? and
R® could interact with 2aa to produce tetrasubstituted alkenes
3 with high yields and excellent cis-stereoselectivities. For
instance, the reactions of halogenated indoles with 2aa could
complete within 30 minutes in a highly cis-selective manner to

Table 1. Optimization of the reaction conditions®

A\ Ph Catalyst
Additive I )
N _F ‘ ‘ - \—, NH
’ Solvent, 25 °C, 5 h
Ny

CCDC 2027548

Entry Catalyst Additive Solvent  Yield (%)°
1 MnBr(CO)s  NaOAc DCE 0

2 Pd(OAC)2 NaOAc DCE 0

3 Cu(OAc)2 NaOAc DCE 0

4 CoCp2*PFs NaOAc DCE 0

5 Ni(OTf). NaOAc DCE 0

6 [Cp*RNhClz]2. NaOAc DCE 92
7 [Cp*RhCl2)2 NaOAc Toluene 88
8 [Cp*RNhClz]2. NaOAc CH:Cl. 93
9 [Cp*RhCl2]2 NaOAc THF 97
10 [Cp*RhCl2]2  NaOAc Acetone 87
11 [Cp*RhCl2J2 NaOAc Dioxane 92
12 [Cp*RhCl2]2 NaOAc CHsCN 93
13 [Cp*RhCl2]2  NaOAc MeOH 85
14 [Cp*RhCl2]2  NaOAc EtOH >99
15 [CP*RNhClz]2  NaOAc DMF 66
16 [Cp*RhCl2]2 NaOAc DMSO 84
17 [Cp*RhCI2]2  CsOAc EtOH 92
18 [Cp*RhCl2)2  Zn(OACc): EtOH 97
19¢ [Cp*RhCl2)2 NaOAc EtOH >99
20¢d [Cp*RhCl2]2 NaOAc EtOH 99
21¢de [Cp*RhCl2]2  NaOAc EtOH 99
22¢def  [Cp*RhCl2]2 NaOAc EtOH 98
23¢defs  [Cp*RhCl2].  NaOAc EtOH 98
24cd [CP*RhCL]. - EtOH 0
25¢e - NaOAc EtOH 0

@Reaction conditions: 1aa (0.25 mmol, 1.0 equiv.), 2aa (0.325
mmol, 1.3 equiv.), catalyst (5 mol%), additive (0.25 mmol, 1.0
equiv.), solvent (4.0 mL), 25 °C, 5 h, N,. Isolated yield. 2aa
(0.275 mmol, 1.1 equiv.) was used. %2.5 mol% [Cp*RhCl.],
was used. ®5 mol% NaOAc was used. The reaction was run
for 20 min. 9The reaction was performed under air.

yield the corresponding products 3ab-3al in excellent yields
(93-99%). Similarly, electron-rich indoles underwent this
transforantion smoothly to give the cis-adducts 3am-3av ex-
clusively in 81-99% vyields. Likewise, electron-deficient in-
doles smoothly added to 2aa to deliver the cis-adducts 3aw-
3ax in quantitative yields (99%). Gratifyingly, when Me, Bn,
Ph, CH,COEt or CH,CN was introduced at the C3 position of
the indole substrates, the desired products 3ay-3bc were also
prepared in high yields (75-98%) and perfect cis-
stereoselectivities. Moreover, this protocol was also compati-
ble with N-carbamoyl pyrroles. They reacted successfully with
2aa to furnish products 3bd-3be in 84-88% yields without
affecting the stereoselectivities. At last, the reactions of in-
doles with diverse alkyl substituents at R® (Et, i-Pr, t-Bu, Bn)
also afforded products 3bf-3bi in 57-99% yields and exclusive
cis-stereoselectivities. The steric hindrance of the bulky
directing group could lead to the lower yield of product 3bh. It
is noteworthy that the indicated products in



Scheme 2. Scope of indoles.??
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@Reaction conditions: 1 (0.25 mmol, 1.0 equiv.), 2aa (0.275

mmol, 1.1 equiv.), [Cp*RhCl.]2 (2.5 mol%), NaOAc (5 mol%),

EtOH (4.0 mL), 25 °C, 20 min-24 h. ®Isolated yield. 5 mol%
[Cp*RhCI;], and 10 mol% NaOAc were used.

Scheme 2 were obtained as single stereoisomers in all cases,
indicating the excellent stereochemical control of this reaction.

Subsequently, the substrate scope of alkynes was studied
(Scheme 3). Overall, the desired tetrasubstituted alkenes 4
were obtained with excellent regio-/stereoselectivities when
various symmetrical and asymmetrical alkynes 2 were em-
ployed. For example, symmetrical diarylalkynes containing
halogens and electron-donating groups or symmetrical

Scheme 3. Scope of alkynes.®”
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#Reaction conditions: laa (0.25 mmol, 1.0 equiv.), 2 (0.275
mmol, 1.1 equiv.), [Cp*RhCI.]; (2.5 mol%), NaOAc (5 mol%),
EtOH (4.0 mL), 25 °C, 1-26 h. PIsolated yield. °1,4-dioxane
was used as the solvent. “The reaction was conducted in 1,4-
dioxane with 5 mol% [Cp*RhCl], and 10 mol% NaOAc.

dialkylalkynes reacted smoothly with laa to produce the cis-
adducts 4aa-4ah in 26-99% yields. Pleasingly, a variety of
asymmetrical alkyl/aryl alkynes could undergo this reaction to
deliver the corresponding cis-adducts 4ai-4ao in high yields
(71-99%) with excellent regioselectivities, in which the indole
fragment was exclusively attached to the less hindered carbon
of the alkyne moiety. Similarly, the addition of 1aa to various
asymmetrical alkyl/ester alkynes also took place successfully,
providing products 4ap-4at in a cis-selective way and good to
high yields (57-86%). Besides, terminal alkynes like
phenylacetylene failed to react with laa to afford the desired
adduct 4au under standard conditions.?® This indicates
terminal alkynes are not suitable alkyne conponents for this
reaction. It should be noted that the indicated products in
Scheme 3 were obtained as single isomers in all cases, sug-
gesting the excellent regio- and stereoselectivities of this pro-
cess.

To demonstrate the synthetic practicality of this reaction, we
carried out the model reaction on a gram scale. Impressively,



product 3aa collected by a simple filtration as white solids was
still obtained in an excellent yield (96%),% suggesting the
industrial perspective of this reaction.

To investigate the role of the DG, the reactions of five 1H-
indole-1-carboxamides carrying different substituents on the
amide nitrogen with 2aa were independently studied (Scheme
S1 in Supporting Information). The results showed the free
hydrogen and alkoxyl group attached to the amide nitrogen
were both essential. To probe the reaction mechanism, isotope
labelling experiments and kinetic isotope effect (KIE)
experiments were performed (Scheme 4). First, treatment of
laa with CD3;OD resulted in no apparent deuteration (<5% D)
at the C2 position of laa under standard conditions.
Subsequently, the reaction of 1aa with 2aa in CD;OD gave the
deuterated 3aa with 68% and 69% deuterium incorporation at
amide N and indole N positions, respectively. In addition, the
reaction of deuterated 1aa-D with 2aa in CH3CN provided the
deuterated 3aa with 16% and 17% deuteration at amide N and
indole N positions, respectively. The intermolecular
competition reaction and two parallel reactions gave two low
KIE values of 0.88 and 1.43, respectively. These data
indicated the C-H cleavage step was unlikely involved in the
rate-determining step. Additionally, intermolecular
competition experiment was performed using electronically
different indoles lao and lax, and the ratio of the desired
products 3ao/3ax was 1/1.68. This suggested that electron-
deficient indole was preferred and a concerted
metalation/deprotonation (CMD) mechanism was likely
involved in the step of C-H cleavage.?” Meanwhile, when
alkyne 2ab was used to compete with 2ae, a 1.51:1 mixture of
the products 4aa and 4ad was obtained. This indicated the
electron-rich alkyne was favored.

Scheme 4. Mechanistic studies.
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On the basis of the preliminary mechanistic studies and
previous studies,’**?® a proposed reaction mechanism was
shown in Scheme 5. At first, the active rhodium complex
Cp*Rh(OACc), was produced by exchanging the ligand . Then
coordination of laa to the rhodium complex forms a
rhodacyclic intermediate A. Intermediate B was then
generated through the migratory insertion of the alkyne into
the Rh-C bond of intermediate A. The following
intramolecular nucleophilic addition of Rh-C bond to the
carbonyl group affords intermediate C. After C-N bond
cleavage and protonation, it generates the desired
tetrasubstituted alkenes 4 and the active rhodium catalyst.

Scheme 5. Proposed reaction mechanism.
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In conclusion, a robust and highy efficient Rh(l1)-catalyzed
C-H alkenylation/directing group migration cascade between
indoles and alkynes for the assembly of tetrasubstituted
alkenes has been disclosed. This reaction features: a) rare Rh-
catalyzed directing group migration through C-N bond
cleavage, b) excellent regio- and stereoselectivity, c) broad
substrate scope and good to excellent yields, d) good
functional group tolerance and high atom- and step-economy,
e) mild redox-neutral reaction conditions at room temperature
and green solvent, f) simple operation and easy work-up
(chromatography-free in most case). Further bioactivity
studies of the tetrasubstituted alkenes containing an indole
moiety are currently in progress.
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