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Olefins Catalyzed by Rh(Ill) or Ir(lll) Complexes
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Abstract: Olefins are widely available feedstocks and can be
readily functionalized into complex organic molecules. In par-
ticular, the regioselective allylic C-H functionalization of olefins
can provide highly valuable allylic functionalized organic mol-
ecules in a highly atom- and step-economical manner. This

present review describes the recent advancement on allylic
C(sp®-H functionalization of olefins catalyzed by Rh(lll) or Ir(lll)
complexes. This review covers the advancement in the allylic
C-H amination, arylation and etherification of olefins catalyzed
by Rh(lll) or Ir(lll) complexes.

1. Introduction ing the C-H bond activation as a key step.?! In particular, the
allylic C-H bond functionalization reaction has evolved as a po-
tential alternative to the corresponding allylic substitution reac-

tion having the leaving group (Figure 1, Path A).1®!

Over the past few decades, the transition-metal-catalyzed func-
tionalization of C-H bond has emerged as an inevitable tool in
organic synthesis."! By employing this strategy, various chemi-
cal bonds such as C-C and C-hetero bonds can be achieved in
a highly atom- and step-economical manner. Various natural
products and biologically active molecules are prepared by us-

In general, a substrate having a leaving group at the allylic
position is required to attain allylic substitution (Figure 1, Path
A). Interestingly, the allylic C-H bond functionalization method
provides a direct access to allylic functionalized products by
using unsaturated hydrocarbons (Figure 1 Path B).! Thus, the
later method is considerably more atom- and step-economical.
Allylic functionalization of unsaturated hydrocarbons can be at-
tained by two distinct mechanistic pathways. A) A nucleophilic
metalation followed by [-hydride elimination of unsaturated
hydrocarbons can provide desired allylic functionalized mol-
ecules (Figure 2, Path A).
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Meanwhile, the C-H bond activation followed by reductive
elimination can also provide the desired allylic functionalized
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Alic cubentution nal alkenes is very difficult to achieve due to the formation of
[m™] thermodynamically more stable linear selective products.
S~ =) Despite of significant progress made in the linear selective
X = leaving group Nu C-H bond functionalization of olefins, the complementary
branch selective C-H bond functionalization reaction remains
underexplored. Recently, Rh(lll) and Ir(lll) complexes were found
~ o suitable catalysts to achieve branch selective C-H bond func-
[ PR . Y
N A tionalization of terminal olefins. In addition, it has been realized
(T™] that the allylic C-H bond functionalization of internal olefins
was also achieved efficiently by using these complexes. This
[T™] review describes the recent advancements on the allylic C-H
Haox N bond functionalization of olefins with nucleophiles by using
PN;? 5 Rh(lll) and Ir(lll) complexes (Figure 3b and Figure 3c).
ath.
C-H Bond activation
Figure 1. Allylic substitution vs. C-H functionalization. 2. A"ylic C-H Bond Amination
Path: A 2.1. Rh(lll)-Catalyzed Intramolecular C(sp3)-H Amination of

Nucleophilc metalation o-Unsaturated N-Tosylamide Derivatives
Nu E— In 2015, Cossy's group has reported the intramolecular C(sp3)-
[T™] beta-hydride H amination using activated amines providing cyclic amine de-
elimination rivatives catalyzed by a rhodium(lil)complex.”! It is important
to note that the amine employed in this reaction was protected

vl ™ = A by the tosyl group. When w-unsaturated N-tosylamide (1a) was
treated in the presence of cationic complex [(MeCN);RhCp*]-

PN 5 (SbFg)5 (5 mol%), and Cu(OAc),*H,0 (2.1 equiv.) at 83 °C in DCE,

Nu_ N-tosylpyrrolidine 2a and N-tosyltetrahydropyridine 3a were

(] Reductive isolated in 77 % combined yields in a 5:1 ratio (Scheme 1). This

Path B alimination methodology was compatible with various substituted sulfon-

C-H Bond activation amides and w-unsaturated N-tosylamides. In the reaction, mix-

ture of cyclized products 2b/3b to 2k/3k were observed in

Figure 2. Nucleophilic metalation vs. C-H activation. good to moderate yields. N-Hept-6-en-tosylamide produced

products (Figure 2, Path B). It is important to note that a linear e Ts
! . ) . . [(MeCN);RhCp*(SbFg), (5 mol %) = N N
type selective functionalization of terminal alkenes can be WN% Cu(OAc)H;0 (2.1 equiv) . \O<
H =
3a
)

achieved efficiently via m-allyl-palladium intermediate (Fig- DCE, 83 °C, N,
ure 3a).) However, the functionalization of allylic C~-H bond 1a 1h
present in the internal alkenes is hard to achieve due to the

2a
77% (5:1

. . o . ) SOR SO.R e T Ts
high thermodynamic stability of the internal olefins. On the  _~__\ N ZN =N %tﬂ)_ N _Cehry
other hand, the branch selective C-H functionalization of termi- /\[% + @ CoHay +U
(cisltrans) (4:1)
2 3

2h, 50% 2i:3i, 50%, (9:1)

a: Linear selective functionalization of terminal olefins
2b:3b R = 4-OMe-CgH,, 61% (15:1)

26:3¢ R = CgHs, 32% (7:1) e Ts
H 2d:3d R = 4-Br-CgHy, 25% (3:1) = N N Bn
Pd(h) H 2e:3e R = 4-NO,-CgHy, 14% (4:1) Bn o+
RM - > 2 2f:3f R = 2-NO»-CgHs, 0% 2
Nu R Nu 2g:3g R = Me,42% (4:1) (cisArans) (4:1)
2j:3), 25%, (15:1)
In this review
ITs Ts
b: Branch selective functionalization of terminal olefins 4\[h>_/08n rh
. 0Bn
Nu U\
H Rh(llT) or Ir(lIl) )\% (cisltrans) (4:1)
/I\/ _ R 2k:3K, 30%, (7:1)
R e
u T I
5
¢: Functionalization of internal olefins ((MeCN)sRACP"|(SbFp), (5 mal %) = N =
: /Y\/\/NHTS Cu(OAc); H;0 (2.1 equiv) +
H Rh(llI) or Ir(lIl) Nu H DCE, 120 G, N, 20 3l
1 16h % (55/45
o - PN 31% (55145)
R R e R R
Scheme 1. Synthesis of N-tosylpyrrolidine and N-tosyltetrahydropyridine de-
Figure 3. Linear and branch selective C-H functionalization of olefins. rivatives.
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mixtures of corresponding 2-crotylpyrrolidine 2l and 2-vinyl-
piperidine 3l in 31 % combined yields under optimized reaction
conditions.

Cossy's group has proposed a plausible mechanism for the
present catalytic reaction which involves the formation of -
allylic rhodium intermediate followed by N-metalation and re-
ductive elimination sequence. Finally, the active Rh(lll) complex
can be regenerated by external oxidant Cu(OAc),. But, Blakey's
group has recently revealed that the present amination reaction
might proceed through the formation of energetically feasible
allyl acetate intermediate which undergoes a Lewis acid cata-
lyzed Sy1 type substitution with amine to deliver allylic C(sp®)-
H amination product (Section 2.8).'#

To examine the formation of m-allyl rhodium species, tosyl
amides contains £ and Z double bonds 1m and 1n were exam-
ined under the optimized reaction conditions. In these reac-
tions, 1:1 ratio of cyclized products 2m/3m and 2n/3n were
observed in 50 % and 38 % yields, respectively. It is important
to note that in both reactions, products 2m/3m and 2n/3n
possessing E-double bond were observed. This result clearly

H CH T CH pi
<Ha s sHy
>
Im

H im
2m

NHTS  [(MeCN);RhCp*J(SbFg); (5 mol %)

Cu(OAc)H;0O (2.1 squiv)

DCE, 120 °C, Np
16h

50%
(1:1)

.
[(MeCN);RhCp*](SbFg); (5 mol %)  CuHg Is = N
Cu(OAckH,0 (2.1 equiv) \4\@ + \/\EJ
2n 3n

NHTs

DCE, 120 °C, Nz

n 38% (11

Scheme 2. Reaction of E and Z tosylamides.

supports the formation of s-allyl rhodium intermediate during
the reaction process (Scheme 2).

2.2. Electrophilic Rh(lll)-Mediated Intramolecular C(sp3)-H
Amination

In 2016, Tanaka's group has reported a strongly electrophilic
n°-cyclopentadienyl rhodium complex, [CpERhCL,],, is capable
for activating allylic C-H bond of terminal olefins at room tem-
perature!® When electron deficient rhodium complex
[CPERNCI,], 4 was treated with aliphatic alkene 5a (4.0 equiv.)
in the presence of AgBF, (4.0 equiv.) and CsOAc (2.0 equiv.),
m-allyl rhodium (Ill) complex 6a was isolated in 95 % yield
(Scheme 3). During the optimization studies, it was found that
the non-coordinating anion BF, significantly increased the yield
of the complexes 6a and 6a” as compared with SbFs. The more
ionic CsOAc was also crucial to increase the yield of the com-
plex.

A possible mechanism for the formation of complexes 6a
and 6a’ was proposed in Scheme 4. An active alkene rhodium
complex 7 was formed from electron deficient rhodium com-
plex 4 and silver additive. In the presence of coordinating coun-
ter anions (OTf, NTf, and OAc), complex 7 undergoes allylic de-
protonation and ligand exchange with chloride anion leads to
the formation of m-allyl rhodium complex 6a. On the other
hand, the association of non-coordinating counter anions such
as BF, or SbFs with complex 7 provides more reactive cationic
complex 9 after the allylic deprotonation. Then, a series of
hydrogen transfer reactions leads to the formation of complex
6a’.

Me Me
Meﬁmza EiOM(e: EAOZET
AgBF, (4.0 equiv) Et0,C Me + 2 e
[CPERNCll,  + /\I/“'P’ Additive (2.0 equiv) | - th:;
H CH,Cl,3 h, rt c‘,Rh.?L Cl ! "
4, (1.0 equiv) 5a, (4.0 equiv) then quenched with brine n-Pr
T 6a 6a"
Additive = Cu(OAc),H,0 6a:6a’ (62:38)
Additive = CsOAc 6a.6a" (95:<1)
Scheme 3. Isolation of st-allyl rhodium (Ill) complex.
Me
X MEﬁCOQEI
Rh EtO,C ! Me
s E = Rh
— et t —_— =
NS x a- 1
8 n-Pr
6a
RhX;
P HX
"\)\/Et
BF, [-X Cr|-X
Rh = CpERh
7 Me
o 0 o © Me ~ =) COEt
H X EtO,C Me
AN 2
= Et ] N
sAce &Y | b
H Rh - Rh " crr !
] - Et
% Et TN
9 10 6a’
Scheme 4. Possible mechanism.
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AgBF4 (4.0 equiv)
CsOAc (2.0 equiv)

Me

Me ﬁzcoza
(a)

R
[CPERNCLL  + %\I/
H

4 5b, R = i-Pr
5c, R =Ph

CHCl;, 3 h,40°C
then quenched with brine

EtO,C | Me

_RhZ
oS
R

6b, R=/-Pr92%
6c, R=Ph 73%

Me

Meﬁ COE |
AgBF, (4.0 equiv) EtO,C Me N (b)
CsOAc (2.0 equiv +
[CoRRCLL,  + f\l/\/\nms 20 equ) JRhIT
i CH,Cla,3 h, 1t c .
4 (1.0 equiv) 5d, (4.0 equiv) then quenched with brine 6d, 47% 11, Trace
NHTs
. J Ts
AgSbFg (1.0 equiv) !
Cu(OAC).H20 (2.0 equiv) N
6d
(CHCI);, 80 °C, 3 11, 51%

Scheme 5. Scope of alkenes and intramolecular oxidative cyclization.

The sterically hindered terminal alkenes 5b and 5c were also
compatible for the reaction producing corresponding m-allyl
rhodium complexes 6b and 6c in good yields (Scheme 5a).
N-tosylamine substituted alkene 5d produced alkene complex
6d, which further converts into pyrrolidine derivative 11 under
the oxidative conditions (Scheme 5b).

2.3. Rh(lll)-Catalyzed Oxidative Intermolecular C(sp®)-H
Amination Reaction

In 2017, Blakey's group reported the intermolecular C(sp3)-H
amination of internal alkenes with activated amides catalyzed
by a rhodium(lll) complex in the presence of external oxidant.”}
When trans-1,3-diphenylpropene (12a) was treated with N-tos-
ylamide (13a) (2.5 equiv.) in the presence of [Cp*RhCl,],
(1.0 mol-%), AgBF, (4.0 mol-%) and AgOAc (2.1 equiv.) at 40 °C
in DCM for 24 h, an allylic C-H amination product 14a was
observed in 88 % yield (Scheme 6). Tosylamine derivatives con-
taining N-substituent such as Me, Ph and Bn produced allylic
C-H amination products 14b-d in 88-41 % yields, respectively.
o0-Nosyl amide 13e yielded the corresponding C-H amination
product 14e in 76 % yield. Activated amide having Cbz group
13f-g produced the corresponding C-H amination products
14f-g in 95-78 % yields, respectively.
[CP*RhClaly (1 mol %)

o Ph = Ph
Ph\/\I/Ph + TsNH, AgBF4 (4 mol %)
H AgOAc (2.1 equiv) NHTs
12a 13a o o,
DCE or DCM, 40-60 °C, N, 14a, 88%
24-48h
NO,
@ O
R.\-T® ,sfo,H B )J\N’R

07N o
P“/\)\ Ph Ph/\\)\ ph Ph/\)\ Ph

14b R = Me, 88%
14c R = Ph, 44%
14d R =Bn, 41%

14e 76% 14f R = H, 95%

14g R = -CH,CO,Me, 78%

Scheme 6. Scope of activated amides.

The scope of amination reaction was examined with unsym-
metrical olefin 15a. In the reaction, regioisomeric products 16a

Eur. J. Org. Chem. 2020, 7304-7319 www.eurjoc.org
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and 16a” were observed in 86 % yields in 6.3:1 ratio (Scheme 7).
A similar type of reactivity and selectivity was also observed
with other unsymmetrical olefins 16b-k in 91-42 % yields, re-
spectively (Scheme 7).

In the present reaction, a thermodynamically more stable
product formation was observed at elevated temperatures
(Scheme 8a). An olefin containing Z-type double bond 18 was
examined for the present amination reaction. In the reaction,
products 16a/16a” were observed in 50 % and 6 % yields, re-
spectively. It is important to note that no Z-type amination
product was formed in the reaction. This result clearly supports
that the formation of m-allyl rhodium species in the reaction
during the course of the reaction (Scheme 8b).

2.4. Cp*Ir(lll)-Catalyzed Oxidative Intermolecular C(sp3)-H
Amination Reaction

In 2019, our group has reported an intermolecular C(sp3)-H
amination of internal alkenes with substituted sulfonamides un-
der the oxidative conditions catalyzed by Cp*Ir complex.®

Are =
\/\I/HE,OTBDPS

TsNH; (2.5 equiv)

NHTs
[Cp*RNCl3]; (2 mol %)
Arw_ = AgBF4 (8 mol %) 16a-k
30TBDPS
H AgOAc (2.1 equiv) Ar
15a- DCE or DCM, 40-80 °C, N, 30TBDPS
24-48h NHTs
16a"-k'

S
)+
16j:16j", 42% (5.4:1)
at 60 °C

R :E R@E

At 40 °C in DCM At 60 °C in DCE

16a:16a' R = H, 86% (6.3:1) 16e:16e’' R = 4-F, 82% (20:1)

16b:16b' R = 2-Me, 84% (6.1:1)  16f:16f R = 4-CF3, 56% (4:1)

16¢:16¢" R = 4-Cl, 91% (5.0:1) 16g:16g’ R = 4-CO3Me, 51% (4.0:1) J

16d:16d" R = 4-OMe, 87% (20:1)  16h:16h" R = 2-OMe, 79% (20:1)
16i:16i' R = 3-OMe, 65% (9.5:1)

16k:16k’, 52% (20:1)
at80°C

Scheme 7. Scope of unsymmetrical olefins.
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Ar =
\/\r(ﬁéDTBDPS

NHTs

TsNH, (2.5 equiv) + 16e
[Cp*RACL]; (2 mol %)

Ar AgBF 4 (8 mol %) Ar =
MOTBDPS 3OTBDPS ©

H AgOAG (2.1 equiv) NHTs
15e DCE, N, N

16e’

Ar =
\/\rH;OTBDPE

Reaction composition after 24 h at 40 °C: Ohc
15e:16e:16e"17 = 3:60:15:10%

Reaction composition after 24 h at 60 °C: + 17
15e:16e:16e"17 = 0:78:3:1%

TsNH; (2.5 equiv)
[Cp*RACI]; (2 mol %)

AgBF, (8 mol % Ph =
MOTBDPS ol ) 30TBOPS
Ph H AgOAG (2.1 equiv) NHTe
18 DCE, Nz, 24 h 16a-16a"

(50%:6%)

Scheme 8. Preliminary mechanistic studies.

Treatment of trans-1,3-diphenylpropene (12a) with tosylamide
13a (2.5 equiv.) in the presence of [Cp*IrCl;];, (2.5 mol-%), AgBF,
(10 mol-%) and AgOAc (2.2 equiv.) at 65 °C in DCE for 8 h
provided allylic C-H amination product 14a in 84 % yield
(Scheme 9). The present oxidative amination reaction was ex-
amined with various substituted aryl sulfonamides 14h-I, sym-
metrical trans-1,3-diarylpropenes 14m-p and unsymmetrical
trans-1,3-diarylpropene derivatives. In the reaction, the ex-
pected amination products were observed in good to excellent
yields. It is important to note that in the case of unsymmetrical
alkenes, the C-N bond formation majorly take place at the all-

[Cp*IrCl5]; (2.5 mol %)

9 Ph Ph
Ph. = Ph + TsNH, AgBF, (10.0 mol %) =
H 13 AgOAG (2.2 equiv) NHTs
12a a DCE, 65 °C, N 14a, 84%
8h

Tso
NH
[] \‘ \
R=u
R =

14q:14q' R = 4-Me, 62% (1:1)
14r:14r" R = 4-Br, B0% (1:1)
14s:14s' R = 4-NO,, 66% (4:1)
1414t R = 2-F, 53% (7:1)

Ph/\\\)\Ph R

14h R = OMe, 66%
14i R = tert-Bu, 65%
14j R = Br, 70%
14k R = F, 92%

141 R = NO;, 30%

14m R = OMe, 42%
14n R = Me, 56%
140 R = Br, 94%
14p R =F, 92%

Scheme 9. Scope of alkenes and activated amides.

TsNH; (2.5 equiv)
[Cp*IrCl3); (2.5 mol %)

ylic carbon of phenyl ring rather than the phenyl ring having
an electron-withdrawing substituent 14s-t.

The amination reaction was examined with unsymmetrical
aryl-alkyl alkenes 19a-e. In the reaction, amination selectively
takes place at the alkyl-substituted allylic carbon of internal alk-
enes (Scheme 10). The reaction of aryl-alkene 19b with tosyl-
amide 13a in the presence of CD;COOD under the optimized
reaction conditions was examined. In the reaction, the deuter-
ium incorporation was observed at the alkyl-substituted allylic
carbon of product 20b (Scheme 11).

A possible mechanism was proposed in Scheme 12. The cata-
lytic cycle likely commences by the formation of cationic Ir
complex 21 from [Cp*IrCl,],, AgBF, and AgOAc. Coordination
of alkene, C-H cleavage and isomerization sequence leads to
the formation of intermediate 24. Nucleophilic addition of tosyl
amide with intermediate 24 followed by reductive elimination
provides product 14a. An active catalyst 21 was regenerated in
the presence of AgOAc for the next cycle.

2.5 Cp*Ir(lll)-Catalyzed Intermolecular Redox-Neutral
C(sp3)-H Amination Reaction

In 2019, Rovis's group has reported an Iridium(lll)-catalyzed

intermolecular C(sp®)-H amination of alkenes with dioxazolones

TsNH; (2.5 equiv)
[Cp*IrClz), (2.5 mol %)

P Gty AgBF, (10.0 mol %) = CsHi
AgOAc (2.2 equiv) 50% 2 NHTs
b CD;COOD (10.0 equiv)
196 DCE, 65 °C, N, [D]-20b, 32%

8h

Scheme 11. Deuterium scrambling studies.

AcOH

+
ok
);o | . —Ph
o |I'~q‘-
BF, '
Ph 4 }
2

Ph

AgBF, (10.0 mol %) R
AgOAc (2.2 equiv) NHTs )
DCE, 65 °C, Ny Ph AgBF,
8h H AgOAc
Ph 13a
ﬁ AgOAc
=
J BF.
NHTs NHTs NHTs E“E !
20a, R = heptyl, 40% 20d, 67% 20e, 48% )/
20b, R = pentyl, 46%
20c, R = propyl, 56% 21
Scheme 10. Scope of activated amides. Scheme 12. Plausible mechanism.
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as nitrenoid precursors under the redox-neutral conditions.”!
The reaction of alkene 25a with dioxazolone 26a (1.5 equiv.) in
the presence of [Cp*IrCl,], (2.5 mol-%), AgNTf, (15 mol-%) and
LiOAc (20 mol-%) at 35 °C in DCE for 20 h provided allylic C-H
amination product 27a in 70 % yield (Scheme 13). Terminal alk-
enes containing various substituents such as OAc, OTBS, CO,Et,
Br, CN, COOH and phthalimide 25b-25j were compatible for
the amination reaction. In the reaction, the C(sp®-H amination
products 27b-27j were observed in good to excellent yields.
Substituted allylarenes were also compatible for the reaction.
The dioxazolones having alkyl and aryl substituents were also
effectively involved in the reaction, producing amination prod-
ucts 270-27s in good yields. When 28-d, was subjected for the
reaction with AcOH as a proton source, amination product 29-
d, was obtained in 81 % yield without any loss of deuterium.
This result clearly reveals that the C-H activation process might
be irreversible in nature (Scheme 14a).

An allyl Ir(lll) complex 30 was isolated when p-toluenesulfon-
amide employed as a stabilizing agent in the reaction of termi-
nal alkene with a stoichiometric amount of rhodium complex.
Treatment of complex 30 with 26a in the presence of AgNTf,
produced amination product in 84 % yield (Scheme 14b). A pos-
sible mechanism for the formation of amination product 27 was
proposed in Scheme 15. The catalytic cycle like commences by
the formation of coordinatively unsaturated Ir complex 31 from
[Cp*IrCl,],, AgNTf, and LiOAc. Coordination of alkene to the
complex 31 followed by irreversible metalation leads to the
formation of species 33. The N-O bond cleavage followed by
CO, extrusion of 26 furnishes nitrenoid intermediate 34. Migra-
tory insertion followed by proto-demetalation of intermediate
34 produces amination product 27 and regenerates the active
catalyst 31 for the next cycle.

In the meantime, a similar type of transformation was ob-
served by Glorius's group." When alkene 35 was treated with

[CP*IrCl,L, (2.5 mol %)
AgNTF, (15 mol %)
LIOAG (20 mol%)

Y TH

W*o)j\ HN
T

o
o]
H \
\=(

DCE (0.5 M),
3580 °C, 20 h o
25a 26a 27a, 73% (>20:1)
=
o Y
.
= R /\l/\/\N =
HN\n/ HN\H/ HNY
o
0 ) 0

271, R = H, 81% (>20:1)
27m,R = 4-OMe, 86% (>20:1)

27b, R = OAc, 83% (16:1)
27¢, R = OTBS, 72% (>20:1)
27d, R = OBn, 72% (>20:1)
27e, R = NMeTs, 70% (12:1)
271, R = CO,Et, 57% (20:1)

AT
27g, R = Br, 58% (14:1) HH HNY\/\
27h, R = CN, 50% (>20:1) j( 3

27i, R = CH,CO,H, 38% (>20:1) o

27, 80% (13:1)

27n, 68% (>20:1)

= 4
HN 0 27p, R =H, 68% (>20:1)
HN\H/\F 27q, R = 4-OMe, 58% (>20:1)
27r, R = 4-Br, 62% (>20:1)
o g 27s, R = 4-CO,Me, 62% (>20:1)
1
270, 83% (>20:1) =

Scheme 13. Iridium-catalyzed redox-neutral C(sp3)-H amination reaction.
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a. Irreversible C-H activation

o [CP*IrCly]; (2.5 mol %) D
A AgNTI, (15.0 mol %) Z
Z o o LiOAc (1.0 equiv) 7
AT 4 9 N
Db NJ\ HOAG (1.0 equiv) \f(
DCE, 35°C o
28-d, 26a 29-d,, 81%

b. Stoichiometric Studies

[Cp*IrClz),

H
25a, (10.0 equiv)

~ I
| . 9»
Y [ Sy N=
TsHN \L§< F\ DCE (0.02M), rt, 10 min a
30 i 26a, (3.0 equiv)

AN

TsNH; (2.0 equiv)
AGNT, (4.0 equiv)
Cs;CO4 (4.0 equiv)

DCE (0.05M),
20h,35°C

AgNTF; (1.0 equiv)

27a, 84% (>20:1)

Scheme 14. Preliminary mechanistic studies.

dioxazolone 26a (1.2 equiv.) in the presence of [Cp*IrCl,],
(2.0 mol-%), AgSbFg (10 mol-%) and AgOAc (20 mol-%) at 40 °C
in DCM for 18 h, an allylic C-H amination product 36 was ob-
served in 90 % yield (Scheme 16). The reaction was also com-
patible with various substituted alkenes and dioxazolones.

/\rcﬁH‘\‘l

35

o]
OAO
+ o
H N-‘(
26a

[Cp*IrCly]5 (2.0 mol %)

AgSbFg (10 mol %) 2 st
AgOAc (10 mol%)
HNY
DCM
40°C,18h 0

36, 89%, (>20:1)

Scheme 16. Iridium-catalyzed C(sp)-H amination reaction.

Later, Blakey's gro
amination of terminal
by Cp*Rh(lll) and Cp

AcOH

- s
(NTf,) o'

b

3 /Y\R

up has reported redox-neutral C(sp3)-H
and trans-disubstituted olefins catalyzed
*Ir(ll) complexes.'™ Interestingly, it was

b — ?JZ’O

+ 4
(NTR) ~ '“—2 ‘{
b

R ,Irt-.\
(NT) ~
R
34
AcOH
HN T R
0 27

Scheme 15. Plausible mechanism.
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demonstrated that the Cp*Ir complex provides a high branch
selective products in terminal olefins as compared with a
rhodium complex (Scheme 17). Meanwhile, Cp*Rh complex was
efficient for the regioselective benzylic amination of trans-
disubstituted olefins (Scheme 18).

2.6 Cp*Ir(ll)-Catalyzed Regioselective C(sp®)-H Amination
Reaction

In 2019, Blakey's group has reported the redox-neutral C(sp3)-
H amination of allylarene derivatives with sulfonyl azides as
nitrenoid precursors catalyzed by an Iridium (lll) complex.['?
When allylarene (40a) was treated with p-toluenesulfonyl azide
(41a) (2.0 equiv.) in the presence of [Cp*IrCl,], (2.5 mol-%),
AgNTf, (10.0 mol-%) and CsOAc (5.0 mol-%) at 80 °C in HFIP for
24 h, benzylic C-H amination product 42a was observed in
60 % yield with exclusive benzyl selectivity (Scheme 19). The
present reaction was compatible with various substituted all-
ylarenes having substituents such as 4-OMe, 4-tBu, 4-CO,Me,
4-F and 4-CF; 40b-h. In the reaction, desired products 42b-f
with exclusive benzyl selectivity was observed in 67-46 %
yields, respectively.

Cp*Rh(MeCN)3(SbFg); (5.0 mol %)

o or [Cp*IrCly, (2.5 mol %) R
R )L AgSbFg (30 mol %) =
= * o o HN. _R?
\ :< CsOAc (5 mol %) j]’
H N " DCE (0.2 M), o
37 2% 40°C,24 h 38
Ph

HN_ HN
Piv HN\FW “Ac

38a 38b 38c

[Rh] = 22% (1.5:1) [Rh] = 73% (1:1) [Rh] = No reaction
[Ir] = 73% (>20:1) [Ir] = 79% (12:1) [Ir] = 58% (8:1, 5:1 dr)

Scheme 17. Ir-catalyzed branch selective amination.

[Cp*IrCly]; (2.5 mol %)
AgNTf, (10 mol %)
CsOAc (5 mol%)

S

HN

/\I/© N TsN3

H HFIP (0.2 M), Ts
80°C,24-48h

40a 41a 42a, 60%
R 0

f\|/©/ /\(@0 /\p

HN HN
Ts HN‘TS Ts
42b, R = OMe, 57% 429, 47% 42h, 60%

42c, R =t-Bu, 61%
42d, R = CO;Me, 52%
42e, R=F, 67%

42f, R =CF;, 46%

Scheme 19. Iridium-catalyzed redox-neutral C(sp®)-H amination with azides.

The amination products were utilized to synthesize pharma-
ceutically relevant nitrogen-containing heterocyclic molecules
(Scheme 20). The allylation of 42c followed by ring-closing
metathesis (RCM) provides dihydropyrrole in 61 % yield
(Scheme 20a). The tosylamide 44 was cyclized under the basic
conditions providing 2-vinyl pyrrolidine in 96 % yield
(Scheme 20b).

tBu t+-Bu

1. K2COj3 (2.0 equiv)
allyl bromide (1.1 equiv)

NHTs 2. Grubbs II (5 mol %) T
DCM, 40 °C, 16 h s
o
42¢c 61% 43
K2COj3 (7.0 equiv,
B SN 2C05 (7.0 equiv) m ()
NHTs MeCN, 80 °C, 6 h N~T
96% s
a4 45

Scheme 20. Diversification of amination products.

2.7 Ir-Catalyzed Site Selective Amination Reaction

In 2020, Rovis's group has reported a site selective amination
of unsymmetrical disubstituted alkenes catalyzed by Cp™ir

Ar\/\r(")gomnps ArMOTBDPS
H CD*Rh('EASC:\Ig:t]%b(er? (5,?::1)0| %) NHPiv complex (Cp™, tetramethylcyclopentadienyl).l'*! Treatment of
or [Cp*Ir .5 mol % . . . .
15 + A;SbFez(gﬂ mol %) 39 1,1-disubstituted alkene 46a with p-toluenesulfonyl azide (41a)
’IZ) in the presence of [Cp™IrCl,], (5.0 mol-%), AgBF, (60.0 mol-%),
o CsOAc (5 mol %) Al & o
NP a%§é0.224mh;, 30TBDPS  AgTFA (25.0 mol-%) and Cs,CO3 (50.0 mol-%) at 35 °C in DCE
266 \iﬂ ‘ NHPiv provided & C-H amination product 47a along with a minor
u . . . . . .
39 amount of  C-H amination product 48a in 80 % yield with
R [Rh] o 20:1 ratio (Scheme 21).
39a:39a' R = H, 78%, (16:1) 45%, (1:7) . ; ; ; ; _
b0 R - OMo, B6%, (20)  30%, (1) Initially, the catalytic reaction was examined with metal com
30TBDPS  39c:39¢'R=CFs,  19%, (9:1) 28%, (1:19) plexes such as [Cp*RhCl,],, [Cp*CoCl,], and [Cp*IrCl,],. Among
NHPiv them, Ir complex was active for the reaction providing the ex-
~o pected amination product. However, Rh and Co complexes
o NHBoc 394:39d" were completely ineffective. The present selective 6 C-H amin-
[R] = 71% (16:1) ation reaction was examined with various 1,1-disubsitituted alk-
[ir] = 48% (1:5) . . .
enes 46b-m. The reaction was tolerated with electron with-
30TBDPS drawing and aryl-substituted alkenes. In these reactions, the
NHPiv expected & C-H amination products 47b-j were observed in
Scheme 18. Rh-catalyzed branch selectivity. good yields. It is important to note that the ratio of the regio-
Eur. J. Org. Chem. 2020, 7304-7319 www.eurjoc.org 7310 © 2020 Wiley-VCH GmbH
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Fgc% TsNg
+
H H

46a 41a

PN

NHTs

47b, R = OTBDPSO, 73% (>20:1 r.r)
47c, R = PhthN, 83% (15:1 r.r)

47d, R = OBn, 50% (>20:1 r.r)

(1.2 eq AgBF 4 used)

F3C\/\)H/\/

NHTs
47i, 76% (6.6:1r.r)

o

NHTs
471, 65% (>20:1 r.r)

AgTFA (25 mol%)
Cs,C05 (50 mol%)
DCE (0.5 M), 35 °C

7R
R
= NHTs

47e, R=H, 78% (11:1rr)atr.t
47f, R = 4-CF,, 89% (14:1 rr) atr.t
47g, R = 3,4-OMe, 85% (9:1r.r) atrt

TsO OTBDPS
Ph

47, 79% (3.4:1 rr)
(1.0 eq Cs,CO4 used)

TSO\AIJ\

47m, 77% (7.7:11.r)

Scheme 21. Scope of unsymmetrical 1,1-disubstituted alkenes.

selectivity was increased while increasing the number of meth-
ylene group between 1,1-disubstituted double bond and elec-
tron withdrawing group of the alkene 46. Meanwhile, the C-H
amination was observed selectively at the methylene position
in products 47k-n.

After the successful selective C-H activation of 1,1-disubsti-
tuted alkenes, the trans-1,2-disubstituted alkenes were exam-
ined. The reaction of trans-1,2-disubstituted alkene 48a
(1.0 equiv.) with p-toluenesulfonyl azide (41a) (1.5 equiv.) in the
presence of TMS substituted Cp based [Ir] complex (15 mol-%
of monomer), AgBF, (60 mol-%) and LiOAc (1.0 equiv.) at 35 °C
in DCE for 40 h yielded the distal allylic C—-H amination product

H

~pS "
(15 mol % of monomer)
Ts0 ! + TsN3 AgBF, (B0 mol %) 1oq x
e

Ir
LiOAc (1.0 equiv) H c” é|
49a, 76% (>20:1 r.r)
n

48a 41a
40 h

NHTs NHTs

=X /\/\)\
PhthN/\/\)\ cl =

49b, 70% (15:1 r.r) 49c, 44% (8:1r.r)

Ts NHTs HO
N X

49f, 75% (>20:1r.r)
5 mol% [Cp™IrCl,], was used

AgBF;4 (60 mol %)

DCE (0.5 M), 35°C

o]

499, 86% (>20:1r.r)
5 mol% [Cp™IrCl,), was used.

[Cp™IrCly], (5 mol %) Facf\l)J\l/\/ FSC/\H"\I/\/

H  NHTs NHTs H

47a:48a, 80% (>20:1)

PhthN
7

NHTs

47h, 70% (>20:1 r.r)

NHTs NHTs

4Tk, 74% (17:1 rr)

TsO /\/\I)L

NHTs
47n, 87% (>20:1r.r)

NHTs

49a along with a minor amount of other regioisomeric product
combinedly in 76 % yields with >20:1 ratio (Scheme 22).
Initially, the reaction was examined with various Cplr com-
plexes having sterically hindered electronically variable aryl
substituents such as pentafluoro phenyl and p-trifluoromethyl
phenyl group. In addition, Cp ligand having less substituent was
also examined. Among them, sterically hindered electronically
variable ligands show little effect on the outcome of the selecti-
vity of the reaction. Interestingly, the Cp ligands having less
substituent show improved regioselectivity. Various alkenes
having electron withdrawing groups, conjugated carbonyl
group and aryl substituents yielded the desired amination

NHTs

NHTs NHTs

Ts ~N /\/\\-)\ phthl\"\/\/l\
|

49d, 50% (6.5:1 r.r) 49e, 83% (>20:1 r.r)

NHTs NHTs

= ™

49h, 71% (>20:1 r.r)

The reaction was conducted at 50 °C.

Scheme 22. Scope of unsymmetrical trans-1,2-disubstituted alkenes.
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products in good to moderate yields 49b-h. Meanwhile, it was
found that in a competition between intramolecular or inter-
molecular allylic C-H bonds, the one which having lowest
Jey constant preferably get functionalized (Scheme 23).

¢

hthN
P #a hih

TsN3 (1.5 equiv)
[Cp™IrCl,], (5 mol %)
AgBF,4 (60 mol %)
Bl 8 il N
AGTFA (25 mol%)

Cs,C03 (50 mol%)
DCE (0.5 M), r.t

;

Ha  Hp

TJCHa = 128.2 Hz
TJCHb = 124.9 Hz

phthNﬁ)'Ll/\

He  Hg

46¢ NHTs

47c, 72% (Isolated yield)

phthN

5

NHTs
4 )

60 1 jCHe = 130.3 Hz 470, 4% (NMR yield)
1JCHd = 125.4 Hz

41a
TsN3 (1.5 equiv)
[Cp™IrClyl, (5 mol %)
AgBF, (60 mol %)
IR et T

f
7

NHTs

48h 1JCHa = 125.6 Hz 49h, 76% (Isolated yield)

AgTFA (25 mol%)
Cs5C03 (50 mol%)

Et DCE (0.5 M), r.t Et

o~ o

Hy NHTs

!
g

48i 'JCHb=126.3 Hz 49i, 4% (NMR yield)

Scheme 23. 'Joy Coupling constants and regioselectivity.

2.8. Detailed Mechanistic Analysis of Rhodium-Catalyzed
Allylic C-H Oxidative Amination Reaction

In 2020, Blakey's group has reported a detailed investigation of
the course of allylic C(sp®)-H oxidative amination process by
using kinetics experiments, mechanistic investigation, DFT cal-
culations and cyclic voltammetry experiments.'¥ This report
states that the desired amination product was formed through
a Sy1 ligand exchange mechanism of allylic acetate intermedi-
ate which was formed by an oxidatively induced reductive elim-
ination of allyl fragment with acetate ligand via Rh(IV) interme-
diate.

It was found that the coordination of alkene with a rhodium
follows the first order kinetics. The inverse rate constant was
observed in the amine concentration. The inverse rate constant
observed in amine concentration could be due to the nucleo-
philic binding to the rhodium metal in an off cycle equilibrium.
The KIE of ky/kp = 2.6 with equal distribution of deuterium at
C1 and C3 carbons was observed (Scheme 24). This observation
indicates the formation of m-allyl rhodium complex during the

Ph =~ Ph

course of the reaction. In addition, Blakey's group has showed

that the allylic C-H cleavage is an irreversible in nature. Afore-
mentioned observation clearly indicates the irreversible allylic
C-H activation could be the rate-limiting step for the allylic
C(sp®-H oxidative amination process.

In addition, the synthesis of possible intermediates and their
reactivity analysis provided more insight on the catalytic cycle.
Treatment of [Cp*Rh(MeCN);](SbFg), with 4-phenyl-1-butene
37a (2.0 equiv.) in the presence of CsOAc (1.5 equiv.) at 40 °C in
DCM for 16 h followed by the addition of tetraethylammonium
chloride provided a mixture of m-allyl rhodium complexes 54a
and 54a’ in 53 % yield with 9:1 ratio (Scheme 25a conditions
A). At slightly elevated temperature, thermodynamically stable
complex 54a” was observed in DCE solvent exclusively in 61 %
yield (Scheme 25a conditions B). Complex 54a’ was isolated
and characterized by 'H and 3C NMR spectroscopy and a sin-
gle-crystal X-ray diffraction technique. Allylic acetate 55a and
expected allylic amine 56a were isolated under the identical
reactions conditions in 31 % and 43 % yields, respectively
(Scheme 25b). But, the complex 54a” was remain unreacted
after 48 h with treatment of one equivalent of amine 50. These
experimental observations indicated that the active species
54a’ could be formed by the exchange of ligand between
Cl into OAc in the presence of AgOAc. The required allylic
C(sp)-H oxidative amination product could be formed via the
formation of substituted allyl acetate 55a. In addition, the ex-
pected allylic aminated product was not observed in the treat-
ment of 57 with 5.0 equivalent of amine 50 at 40 °C in DCM for
14 h followed by the addition of tetraethylammonium chloride
(Scheme 26a). Complex 58 produced only 10 % of expected
amination products 56b and 56c under the oxidative condi-
tions (Scheme 26b). In contrast, complex 59 yielded allyl acet-
ate product 55a quantitatively in the presence of AgSbFg
(2.0 equiv.) (Scheme 26¢). This result clearly reveals that the
allylic amination process proceeds through the formation of
substituted allylic acetate 55a via an oxidatively induced reduc-
tive elimination pathway.

Further, allyl acetate 55a was converted into amination prod-
uct 56a in the presence of Lewis acid. Notably, at 0 °C, in the
presence of AgSbF, the expected allyl amination product 56a
was formed in 2.5 h in few seconds. DFT calculations revealed
that the reductive elimination from Rh(lll) to Rh(l) (38.4 kcal/
mol) has higher activation barrier than the reductive elimina-
tion of oxidized metal center Rh(IV) to Rh(ll) (17.6 kcal/mol). In
addition, reductive elimination from Rh(V) to Rh(lll) does not
significantly enhance the reaction center (19.5 kcal/mol). Fur-
ther, the cyclic voltammetry experiment showed that the forma-
tion of Rh(V) complex (= 0.85 V) is less likely in the reaction as

Cp*RhCly], ([Rh] = 12 mM) Ph._ = Ph Ph Ph
H H [ 22 Ph._.= Ph
+ CbzNH, AgBF, (26 mM) =
12a (0.2 M) (0.49 M) AgOAG (2.1 equiv) H NHCBz D NHCBz D NHCBz
Ph._ 7 Ph 50 DCE (0.2 M), 60 °C
2h 51 52 53

DD
d;-12a (0.2 M)

Scheme 24. Kinectic isotope experiments.
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(0P RNMECNYISHs: 1 Goorn (18 oquie) ve Mo
(1.0 equiv) DCM,40°C,16h  Me Me Me Me
2ELNCI (20 equiv) e ‘ Me + Me ‘ Me ._..(q)
DCM, 23 °C, 30 min - Rh <L
+ - - PLUBN [« I
Conditions B: ¢ ’ Ph
/Y\ Ph 1.CsOAc (1.5 equiv) 54a b saa

H DCE, 80 °C, 16 h
2.Et4NCI (2.0 equiv)
DCM, 23 °C, 30 min

37a, (2.0 equiv) A = 54a:54a' 53% (9:1)

B =54a"61%

Me

Mo~y Ve
CbzNH; (1.1 equiv)
Me Me 2
| AgSbFg (2.2 equiv) P"\/Y + Ph. 7
cl’Rhﬁ —_— i)
‘&pn  AgOAc(1.5 equiv) Ohe NHCbz
DCM, 23 °C, 80 min

" 552, 31% 56a, 43%

Scheme 25. Synthesis and reactivity of Cp*Rh(lll)(;t-allyl) complexes.

the redox potential of Ag* is = 0.65 V. Based on the aforemen-
tioned studies, a possible reaction mechanism for the allylic
acetoxylation was proposed in Scheme 27.

The catalytic cycle starts with the coordination of olefin 12a
and acetate ligand with complex 60 followed by concerted
metalation deprotonation pathway (CMD) leads to the forma-
tion of complex 62 which requires mild elevated temperature
(computed activation barrier 26.7 kcal/mol) (Scheme 3). The
complex 63 was formed via ligand exchange and one electron
oxidation of Rh(lll) to Rh(IV). This one electron oxidation is re-
quired for the facile reductive elimination (computed activation
barrier 17.6 kcal/mol). Finally, one electron oxidation of Rh(ll) to
Rh(lll) releases product 65 via ligand exchange process. The allyl
amination product 56 was obtained via allyl cation intermedi-
ate 67 catalyzed by Rh(lll) or Ag(l) followed by Sy1 nucleophilic
substitution of amine (Scheme 28).

j@
H A
AcOH
C-H
Clevage 1e° AgP
ﬁ‘e Oxldatlon j
‘m Ph ||v Ph
. 2 Rh_T
AcO AcO’ }
Ph Ph
61
| 63
Reductive
elimination

AgBF,
Ph™ 424
j@
S —
Sac @ 2AgCI ‘
i Ph
.y
oL Oxidation A9 Xl S

60

Scheme 27. Plausible mechanism.

2.9 Enantioselective Allylic C(sp3)-H Amination Reaction

In 2020, Blakey's group has reported an enantioselective allylic
C(sp®-H amination of terminal as well as trans disubstituted
alkenes with dioxazolones catalyzed by a new planar chiral
indenyl rhodium complex."> This method proceeds via a RhY

MeﬁMe
Me | Me

©
Me —® SbFg
) Me Me RhZ:
AgSbFg (1.1 equiv) Me Me 1.CbzNH; (5.0 equiv) cl” B
MeCN, r.t, 2h | DCM, 40 °C, 14 h Ph
—
_RhZ I > R
MeCN 2. ELNCI (2.0 equiv) T @)
57, 95% 10 min Ph \/\I/
NHCbz
56a, not observed
Me
MeﬁMe Me
Me Me i Me Me
| 1.AgSbFs (1.0 equiv), M Me  AGSBFs (2.0 equiv),
_RhS THF, rt, 46 min ° ‘ ®  NH,SO,Ph (2.0 equiv) \/\|/
Cl : 2.KHNTSs (1.1 equiv), RhZS -
Ph THF, rt, 3h TsHN / DCM, , 40 °C, 20 min
s4ar Ph 56b, R=Ts,
58, 53% 56¢c, R = SO,Ph
1:1.5, 10% combined yield
Me
MeﬁMe
AgOAc (1.5 equiv), Me Me AgSbFg (2.0 equiv
DCM, r.t, 25 min | Lo @0owM, Ph\/\I/"”(c)
—_— JRhZ; CD,Cl,, 25 °C
) , [ A
AcQ iph 1, 4-dinitrobenzene (1.S) OAe
590, 90% §5a, 5 min = 50%,
» 9970 20 min = 70%
Scheme 26. Synthesis and reactivity of Cp*Rh(lll)(;t-allyl) complexes.
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,C Rh(Il)
+
0"y, Ph™ "y i
67
66
RNH;
OAc
Ph™ .
NH;R
Rh(lll)
Ph
Rh(ll
65 (1)
NHR
AcOH *
Ph =

Scheme 28. Formation of allyl amination product.

nitrenoid intermediate. The reaction provides highly valuable
enantioenriched allylic amide products. Treatment of 2-methyl-
3-phenylindene (69) with [Rh(1)(COD)CI], provided racemic mix-
tures of chiral Rh complexes 70 (Scheme 29). The correspond-
ing enantiomers were resolved by chiral HPLC. Then, they were
further oxidized into the corresponding Rh(lll) complex 71 by
the addition of I,. When 4-phenylbut-1-ene (37a) was treated
with tert-butyldioxazolone (26b) in the presence of (S,5)-71
(5.0 mol-%), AgNTf, (20.0 mol-%), LiOAc (10.0 mol-%) and LiNTf,
(1.0 equiv.) at room temperature in DCE, the C-H amination
product 72a was observed in 68 % yield with 955 er
(Scheme 30). The present regio- and enantioselective amination
reaction was compatible with various substituted dioxazolones
having substituents such as tBu, cyclohexyl and benzyl group.
In the reaction, the expected amination products were ob-
served in moderate to good yields 72b-h. (Scheme 31).

The present amination reaction was also compatible with
substituted linear terminal olefins. In the reaction also, the ex-
pected amination products were observed in good to moderate
yields with excellent enantioselectivity 72i-n. In addition, trans-
disubstituted alkene such as 1,3-diphenylpropene (12a) was
also involved in the reaction, affording corresponding amin-
ation product 720 in 24 % yield with 98:2 er.

A possible reaction mechanism for the formation of regio-
and enantioselective amination product was proposed in

KO'Bu (1.36 equiv)
Ph

jo 5,5-71 (5 mol %) Ph/\H
J{ AgNTF, (20 mol %)
o - HN
s P
-
N

Ph/\l/\
H

LiOAc (10 mol%)

t-Bu LiNTf; (1.0 equiv) e}
37a, (10equv)  26b, (20equy) DO QM 72a, 68% (35:5 e.r)

4
HNY

o]
72b, 69% (>99:1e.r)

72f, 87% (97:3 e.r)

HN \H< HN p HN e Bn
(o]
T2¢c, 77% (98:2 e.r)

72d, 55% (94:6 e.r) T2e, 37% (99:1 e.r)

T2g, 44% (98:2 e.r) 72h, 61% (99:1 e.r)

Scheme 30. Scope of dioxazolone substrates.

RR-T1 (5 mol %)
AgNTF, (20 mol %)
-

o”f R1/\J

R‘/\I/\\ N o Y
H /E-N’ LiOAc (10 mol%) HN. R,
. Rz LiNTf, (1.0 equiv)
37, (1.0 equiv) 26, (2.0 equiv) DCE (0.2 M), r.t, 72 0
48h

\/\) PhthN/v\) TEDFSO/\/\;)

HN. R Hrim/ R HN \[rR

I‘I/ o o

72i, R = t-Bu, 51% (98:2 e.r)
72j, R = CHyNPhth, 81% (93:7 e.r)

72k, R =t-Bu, 90% (98:2 e.r)
721, R = CH;NPhth, 73% (92:8 eur)

72m, R = t-Bu, 49% (90:10 e.r)

72n, R =1t-Bu, 57% (98:2 er) 720, R = t-Bu, 24% (98:2 e.r)

Scheme 31. Scope of dioxazolone and alkene substrates.

Scheme 32. The catalytic cycle like commences by the forma-
tion of coordinatively unsaturated Rh complex 73 from (R,R)-Rh
71, AgNTf, and LiOAc. Coordination of alkene to the complex
73 followed by irreversible enantioselective metalation leads to
the formation of species 75. The N-O bond cleavage followed
by CO, extrusion furnishes nitrenoid intermediate 76. Migratory
insertion followed by proto-demetalation of intermediate 76
produces amination product 72 and regenerates the active cat-
alyst 73 for the next cycle. (Scheme 32).

W

[Rh(COD)Cl]»
M M.. H | |2 (2.0 equiv) Me' H
e N |
THF (0.1 M), 20°C /RQ Rh Et,0, r.t, 30 min /Rh”'-_|

63% =
. 7

(R)-70
Scheme 29. Synthesis of planar chiral Rh(lll) complex.
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were observed in good to excellent yields. Arylated and alkyl-
ated furans 79j-1 and N-phenyl pyrrole (79m) were also compat-

<~
AcOH Ph\‘Rh jﬁ ible for the reaction.
(]
[C*RhCll (5 mol %)
7 ; AgBF, (20 mol %)

' AgOAc (2.2 equiv)
( \ _‘ ® R. =~ R
“@;ﬁéj T © \/\L/

Me | H L=/“

Rh 78 79 80
Ph/\_J \
v OAc R

RR)}T1 = -
(RR) 5 5 O
4AgNTI,
/““ Ph " p, P,
@
® 7 |
e

DCE, 60°C,22h
02M

4Agl, 2LiNTF, 80a, R =H, 93% 80i, 79% 80j, R = CF3, 93%

W [ 80D, R = 4-Me, 91% 80K, R = Me, 82%
Me | H Rh 80c, R = 2-Me, 68% CeH
|h tuoc., R 80d, R = 4-Br, 86% /o e
Rh . 80e, R = 4-CF3, 89%
\ : : /
" O onc or — 80f, R = 4-OMe, 83% %0
o 77 80g, R = 4-Ac, 91% - s
)J\ 80h, R = 4-NHBoc, 69% Ph Ph Ph Ph
£Bu” NH
P: _ AcOH 801, 37% 80m, 51%
72
Scheme 32. Plausible mechanism.
CsH1y
3. Allylic C-H Bond Arylation % 0
=
! 80n, 61% (>20:1) 800, 46% (1.9:1)
3.1 Cp*Rh(lll)-Catalyzed Dehydrogenative C(sp3)-H Scheme 33. Dehydrogenative C(sp®)-H arylation.

Arylation Reaction

When allylbenzene (40a) or trans-B-methylstyrene (82) was
treated with thiophene 79p under the optimized reaction con-
ditions, the same type of allyl C-H arylated product 81 was

In 2018, Glorius's group has reported the cross dehydrogenative observed with identical selectivity (Scheme 34a). This result

coupling of allylic C(sp®)-H bonds with heterocycles. The reac-
tion of trans-1,3-diphenylpropene (12a) (7.5 equiv.) with 2-aryl-
thiophene 79a (1.0 equiv.) in the presence of [Cp*RhCl,], (Co*RNCI,J, (5 mol %) O
(5.0 mol-%), AgBF,4 (20 mol-%) and AgOAc (2.2 equiv.) at 60 °C ©\I/§ . O;? Raone 23 saus) i
in DCE for 22 h gave the C-H arylated product 80a in 93 % H s
yield (Scheme 33).'® The present arylation reaction was exam- 15 e 799 N
ined with various substituted 2-aryl thiophene derivatives 79b- (GRS (5 mot %)

i. In the reaction, the expected C-H arylated products 80b-i @\f\;” @} A0BF, (20 mal %) O N 1 O

DGE, 80 °C, 22 h s

82 799 H 0zM 81, 18% (7:1)
1.5 equiv

Y

DCE, 60 °C, 22 h
02M 81, 19% (7:1)

cp*
Cl~gf,
[Cp*RhClz): (1 equiv)

AgBF, (4 equiv) ol
l l = CsOAc (2 equiv)

DCM,rt, 1.5h 84

Cp* AgBF (1.0 equiv) (b)
Cl~gp AgOAG (2.20 equiv)

L. 79 80,

- P
+ 4 equiv i
N DCE, 60°C, 22h 24% NMR yield
0.05M

84

Scheme 34. Mechanistic investigations.
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supports the possible formation of m-allyl Rh intermediate dur- (ArBO)s FNTNCH,
ing the reaction progress. This hypothesis was further con- & > “CiH “i{’;?é‘fﬁ]éo‘%”éf l/')’) 88/88-D /AFXH\C"HS
firmed by the successful isolation of m-allyl Rh intermediate 84. 8 AgOAc (3.0 equiv) [<1%] 90, [2%]
Later, intermediate 84 was converted into arylated product 80b /\[\/\CTHw DCE, 60 °C, 1 h /\f(\cmm = Cothe
in 24 % NMR yield in the presence of 79b (Scheme 34b). oD DD Ar D
D,-89 D,-91
D289 [927%1 [925%]

Scheme 36. Deuterium scrambling studies.
3.2 Cp*Rh(lll)-Catalyzed C(sp®)-H Arylation of Olefins with
Boroxines

In 2019, Glorius's group reported a rhodium-catalyzed allylic
C(sp3)-H arylation of olefins with aryl boroxines.'”? When (£)- 3.3 Cp*Rh(lll)-Catalyzed Oxidative Allylic C-H Indolylation
2-pentene (85a) was treated with tris(4-fluorophenyl)boroxine
(86a) in the presence of [Cp*RhCl,], (5 mol-%), AgSbFs (30 mol-  |n 2019, Li's group reported a rhodium-catalyzed allylic C(sp3)-
%) and AgOAc (3.0 equiv.) at 60 °C in DCE for 4 h, the C-H  H indoylation of o-alkynyl anilines with olefins.l'® When o-alk-
arylated product 87a was observed in 60 % yield (Scheme 35).  ynyl aniline 92a was treated with trans-1,3-diphenylpropene
During the optimization studies, it was found that the arylbor-  (12a) in the presence of [Cp*Rh(MeCN)s](SbFs), (5 mol-%) and
onic acid provides traces of homocoupling arene product and  AgOAc (3.0 equiv.) at 70 °C in DCE for 12 h, the C-H indoylated
the expected C-H arylated product was not observed. The aryl  product 93a was observed in 92 % yield (Scheme 37). The
boroxine was effective for the reaction, providing the desired present reaction was compatible with various substituted alk-
arylation product in the presence of a Rh(lll) catalyst. The ynes containing aryl substituents at the para and meta position
present reaction was compatible with various substituted aryl ~ 92b-h. In addition, the present oxidative cyclization reaction
boroxines 86b-g. It is interesting to note that the allylarenes  produced the expected indoylated products 93i-m in good to
produced arylation products 87h-k with good diastereoselecti-  excellent yields. However, an internal alkene yielded 1:1 mixture
vity. Phenylalanine derivative containing olefin and an alkene  of indoylated regioisomers 93s. Under the optimized reaction
having internal double bond provided products 87m and 87n  conditions, substituted allyl benzene derivatives having halo-
in 54 % and 50 % yields, respectively. gen substitutents provided indoylated products 93t, 93u and
The deuterium scrambling studies between olefin 88 93v in 39 %, 37 % and 34 % yields, respectively. There was no
and deuterated olefin D,-89 under the optimized reaction con- H/D exchange observed in indoylated product 93a and the
ditions produced arylated products 90 and D,-91 without starting material trans-1,3-diphenylpropene (12a) was recov-
any significant amount of deuterium/hydrogen exchange ered when D,0 (10 equiv.) was employed under the optimized
(Scheme 36). This result indicated that the initial C-H activation  reaction conditions. It reveals that the C-H cleavage might be
or olefin coordination may not be reversible in the nature. irreversible in nature (Scheme 38).

[Cp*RhCl3); (5 mol %)
AgSbFg (30 mol %)

. AgOAc (3.0 equiv) R =~ R
R\/\r R (A/BO), \/\I/

H DCE, 60 °C, 4 h Ar
85 86 87
= = “
o —-R
4 0 J O s
S R
= Et n-Pr

87h, R = H, 77%, E/Z:20:1, Ib:>20:1

87a, R = 4-F, 60% (E/Z:11:1) 87f, R = 4-t-Bu, 45% (E/Z:>20:1) _ o o 10
87b, R = 4-Br, 58% (E/Z:8:1) 879, R = 4-OMe, 49% (E/Z:>20:1) :;]!’ E z z'c'" g?o/’: %;gg;} l';g_‘:gg_‘:
87c, R = 4-CFy, 64% (E/2:3:1) 87k, R = OTF, 65%, E/Z:20:1, /b:>20:1
87d, R = 4-OCF;, 53% (E/Z:12:1) o
87e, R = 3-CHO, 62% (E/Z:>20:1) )m
~
o}
o 05 NH
= S
= o~ 3
5 2-FCgH,
2-FCgHy
2-FCgHs 87m, 54%, 87n, 50%, 6
871, 77%, E/Z:>20:1, bl:2/1 E/Z:>20:1, bil:2/1

E/Z:>20:1, b/l:2/1

Scheme 35. C(sp3)-H arylation of alkenes with boroxines.
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Ph
Ph - Ph
= on. o _pn [CPRAMECN)I(SOFe), (5 mol %)
. \/\r AgOAc (3.0 equiv) N O
N
NHTs H DCE, 70 °C, 12 h Ts
92a 12a 93a, 92%
Ph
— R
Ph Ph Ph =\
_—
e ol o5 ¥y
YY) RS N -0
NN R L 8=0 ¥
Ts Ts o R

93b, R = 4-Me, 88%
93¢, R = 4-OMe, 87%

93

93j, R=6-F, 72%

93q, R = 4-MeCgHj, 50%
93r, R = 4-CICgH,, 72%

93n, R = 4-CICgH,, 62%
930, R = 4-OMeCgHy, 91%

i, R = 6-Me, 94%

93d, R = 4-F, 46% 93K, R = 6.0, 83% 93p, R = 2-napthyl, 76%
b 931, R = 6-CO;Me, 84%
! T7% 93m, R = 5-Me, 92%

93g, R = 4-Ph 86%
93h, R = 3-Me, 86%

N
N

Scheme 37. Scope of alkenes and alkenes.

4 /
+

93s, 65% (1:1)

/r.f*
-0

93t, R = H, 39%, I/b:10:1
93u, R = 4-Cl, 37%, I/b:8:1
93v, R = 4-Br, 34%, I/b:7:1

Ph 4. Cp*Rh(lll) Catalyzed Allylic C-H
Ph = N—Ph Etherification
7 A\

O N O In 2018, Blakey's group reported a rhodium-catalyzed allylic
NHTs [CP*Rh(MeCN);)(SbFg); (5 mol %) Ts 7 C(sp®)-H etherification of olefins with alcohols.!'®! Treatment of
92a AgOR: (20 sauv) 932, 66%, nodeuteration 4 53 with benzyl alcohol (94a) (5.0 equiv.) in the presence of
+ [Cp*RhCl,]1; (2 mol-%), AgSbFg (10 mol-%) and AgOAc
P oh DCE, 70°C, 12h Ph._ Ph (2.2 equiv.) at 60 °C in DCE for 5 h provided C-H etherification
\/\I/ H product 95a in 97 % yield (Scheme 39). The present reaction
12a " 12a, 12% recovered was compatible with various substituted alcohols 94b-I. In the

Scheme 38. Deuterium scrambling studies.

no deuteration . . ..
reaction, the corresponding etherification products 95b-I were

observed in good to moderate yields. Various substituted un-

[Cp*RhClL, (2 mol %)

Ph. = AgSbFg (10 mol %) Ph. =
\/\rHSOTBDF'S 4 \/\rHSOTBoPs
H (5.0 equiv) AgOAC (2.2 equiv) OBn
15 DCE, 60 °C, N
@ 5h z 95a, 97%
Ph._ = Ph. = Ph. =~ Ph
MOTBDPS 30TBDPS 3OTBDPS & S0TBDPS
OR o 0 O,
95b R = Me, 51% “ 2R o
toe g 0%, S ; e
950 R = CHCOL. 44% 959 R = H, 87% 95) X = 0, 33%
95FR = iBu 50% 95h R = 4-CF3, 65% 95k X = N-Boc, 56% 951, 75%
' 95 R = 4-OMe, 42% (dr=1:1)

7N

3OTBDPS

OBn

95m R = 2-Me, 43%
95n R = i-Pr, 57%
950 R = 4-CF3, 45%
95p R = 4-F, 61%

Scheme 39. Scope of alkenes and alcohols.
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symmetrical alkenes produced the desired products 95m-q in
good yields in a highly regioselective manner.

The primary kinetic isotope effect (KIE = 3.3) was observed
in the reaction of 1:1 mixture of 12a and D-12a under the
optimized reaction conditions (Scheme 40).

Ph. = Ph
Cp*RhCly]; (2 mol %
o [)‘::;SbFsz(]fO( mol %) ) Ph Ph
12a BnOH H H OBn
+ 94a AgOAc (2.2 equiv)
(5.0 equiv) DCE, 60 °C, N, T 1
Ph. = Ph 0.3h 14% 12%
D D
DD
KIE =[H/D]=3.3
D-12a

Scheme 40. Deuterium labeling studies.

5. Miscellaneous Reaction

In 2015, Rovis's group reported the formation of azabicycles via
a rhodium-catalyzed allylic C(sp®)-H activation of olefins with
alkynes.?®? When olefin 96a was treated with diphenylacet-
ylene (97a) (1.25 equiv.) in the presence of [Cp*RhCl,], (10 mol-
%), AgSbF¢ (25 mol-%) and Cu(OAc),-H,0 (2.1 equiv.) at 120 °C
in 1,4-dioxane for 16 h, the cyclized product 98a was observed
in 70 % yield (Scheme 41). The present cyclization reaction pro-
vided various 6-7 membered ring systems with various substit-
uents on the nitrogen atom. The present reaction was also com-
patible with various substituted diarylacetylene derivatives
97e-h. In the reaction, the desired products 98e-h were ob-
served in good to moderate yields. The reaction of 2-methyl
thiophene and vinyl cyclohexene substituted alkynes were also
effective for the reaction, providing the cyclized products 98i-
j in good to moderate yields.

Ph [Cp*RACI3]; (10 mol %) i Ts
AgSbFg (25 mol %)
/\(\/NHTS | ‘ R —
& + Cu(OAG);.H,0 (2.1 equiv) |
Ph 1,4-dioxane, 120 °C, 16 h Ph
96a 97a 98a, 70%
(1.25 equiv)
H
H Ts i
H R
e
Ph ), & H
pn H O
R
98bR=Ts 72%,n=1  98eR =Me, 69% 98i, 49% 98j, 55%

98c R=Ts, 66%,n=3
98d R =Ms, 70%, n =2

98f R = i-Pr, 61%
98g R = t-Bu, 60%
98h R = n-Pent, 59%

Scheme 41. Scope of alkenes and alkynes.

The deuterated olefin [D,]-96a reacted with alkyne 97a
yielding product [D,]-98a. In the product, the deuterium was
retained at the position C4. In the reaction of olefins (E)-[D]-
96a and (2)-[D]-96a, product [D]-98a was observed with the
deuteration at position 6 and 8. It reveals that the possibility of
1,3-shift during reaction process (Scheme 42). A possible mech-
anism for the formation of product azabicycle was proposed
in Scheme 43. The catalytic cycle commences with C(sp3)-H

Eur. J. Org. Chem. 2020, 7304-7319 www.eurjoc.org
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activation followed by the formation of m-allyl rhodium com-
plex 99. Insertion of alkyne 97a with intermediate 100 followed
1,3-Rh migration leads to the formation of intermediate 102. A
sterically favorable 4m-conrotatory electrocyclization followed
by reductive elimination produces product 98a with the re-
duced form of Rh(l). The active Rh(lll) catalyst was regenerated
to the next cycle in the presence of Cu(OAc),-H,0.

s Ph [Cp*RACIy]; (10 mol %) g Ls
AgSbFg (25 mol %)
6 W\/NHTS ‘ | Ph -
D D + Cu(OAc)z.H;0 (2.1 equiv) s
Ph 1,4-dioxane, 120 °C, 16 h pho D
[D;]-96a a7 38%
a [D]-98a
(1.25 equiv)
30% D
DH
5 Ph [Cp*RNClo], (10 mol %) 6 Ls
D\(\‘V\/ NHTs | | AgSbFg (25 mol %) on
6 7
H * Cu(OAC),.Ho0 (2.1 equiv) oHTg B
Ph 1,4-dioxane, 120 °C, 16 h  70%D  Ph
(E)-[D]-96a 97a 32% [D]-98a
(1.25 equiv)
70% D
DH o
Ph [Cp*RhCly]> (10 mol %) 6 ‘Pfls
H /5 NHTs AgSbFs (25 mol %) oh
W\/ Il .
D + Cu(OAc);.H;0 (2.1 equiv) D/H™ 8D
Ph 1,4-dioxane, 120°C, 16h  30%D  Ph
(2)-[D]-96a 97a 40% [D}-98a
(1.25 equiv)

Scheme 42. Deuterium labeling studies.

96a
98a

R &
N R
UNTs L 2Cu! NHTs
Ph 2Cu rRA7)

Ph H 405 99 \
/ Rh" ‘ NHTs
Rh”l
: NHTs
100
Ph H

104Ph 4pi- conrotatory migratory 97a
K electrocyclization insertion

i
Fh /Rh 1,3-(viny! to allyl)
jf/—\UHTS Rh migration Ph
; \ ‘ | NHTs
IJ\/‘

Ph RA!
Ph
Ph

102

Ph

Scheme 43. Catalytic cycle.

6. Conclusion

In this present review, the recent advancement in allylic C(sp3)-
H activation of various substituted olefins catalyzed by Rh(lll)
or Ir(lll) complexes has been discussed. This method provides
highly valuable allylic functionalized molecules in a highly
atom- and step-economical manner. It is important to note that
the Rh(lll) or Ir(lll) complexes can be able to do the functionali-
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zation of internal as well as terminal olefins efficiently in a
highly regioselective manner. Apart from this significant ad-
vancement, there are still several challenges are in the field and
it has to be explored. For instance, an enantioselective allylic
C(sp®-H activation of olefins has to be explored. Very recently,
Blakey's group has demonstrated an enantioselective allylic
amination of olefins in the presence of a chiral rhodium
complex.['! This type of enantioselective reactions can be ex-
plored with various chiral ligands?'@ as well as chiral addi-
tives.[2P-21dl |n addition, the catalytic reaction has to be ex-
plored with abundant first row transition metal complexes.
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