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Abstract Bicyclic alkenes, including oxa- and azabicyclic alkenes,
readily undergo activation with facial selectivity in the presence of tran-
sition-metal complexes. This is due to the intrinsic angle strain on the
carbon-carbon double bonds in such unsymmetrical bicyclic systems.
During the past decades considerable progress has been made in the
area of ring opening of bicyclic strained rings by employing the concept
of C-H activation. This short review comprehensively compiles the vari-
ous C-H bond activation assisted reactions of oxa- and azabicyclic
alkenes, viz., ring-opening reactions, hydroarylation, and annulation re-
actions.
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1 Introduction

Heterobicyclic olefins are versatile synthons for con-
structing biologically and medicinally significant com-
pounds containing multiple stereocenters.'® Of these, 7-
oxa/azabenzonorbornadienes are extremely important and
reactive synthetic intermediates. The presence of a free
alkene, bridged heteroatoms (for the coordination of elec-
trophiles, Lewis acids, and metals), and ring strain contrib-
utes to the reactivity of these compounds. They are the cru-
cial precursors for synthesizing medicinally relevant mole-
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cules such as benzocarbazoles, sertraline, dihydrexidine,
and aphanorphine.'® E. J. Corey proposed an asymmetric
method for synthesizing such strained oxabenzonorborna-
dienes via the Diels-Alder reaction between 2,5-dimethyl-
furan and diverse dienophiles.? In addition, Suzuki report-
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ed the Diels-Alder reaction of in situ generated benzyne
precursors (using n-BuLi) with furan.?’ Another method to
synthesize these bicyclic systems is to employ in situ gener-
ated benzyne (formed by the reaction between anthranilic
acid and isoamyl nitrite) and furan/N-Boc-pyrrole in DME
as the solvent.

These bicyclic strained systems undergo a variety of
ring-opening,? hydrofunctionalization,* cycloaddition,® and
C-H activation reactions. The ring-opening reaction has re-
ceived more attention because various natural products
and biologically active molecules have been synthesized by
employing this methodology. Numerous research groups
have reported transition-metal-catalyzed ring-opening de-
symmetrization reactions of oxo- and azabicyclic alkenes
with nucleophiles in the past two decades. Different nucle-
ophiles, including hydrides, carbanions, alcohols, amines,
and carboxylates, have been employed in these reactions.®
This transformation results in the generation of two new
stereogenic centers in a highly diastereoselective manner.

Two activation modes have been employed for the ring
opening of these heterobicyclic olefins: Lewis acid activa-
tion and transition-metal activation. In the former, the
Lewis acid coordinates to the heteroatom followed by the
generation of an allyl-type cation leading to reactions with
nucleophiles to form the corresponding products. In the lat-
ter case, after the exo-coordination of the metal complex,
three reaction pathways are possible: (1) carbometalation
followed by B-heteroatom elimination leading to the cis-
product, (2) oxidative insertion followed by Sy2 nucleophil-
ic attack resulting in a product with trans-geometry, and
(3) formation of a m-allyl intermediate followed by reduc-
tive elimination to form a cis-product (Figure 1). The type of
metal and nucleophile determine which pathway is fol-
lowed.”

In 2013, Li reported pioneering research employing the
concept of transition-metal-assisted C-H activation for the
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Figure 1 Transition-metal-activated ring-opening pathways
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ring-opening/coupling with the oxa/azabenzonorborna-
dienes.? For the first time, an Rh(Ill) catalyst was employed
for the ring opening of strained bicyclic systems leading to a
naphthylated product. Since then, other transition-metal
catalysts such as ruthenium and cobalt have also been ex-
plored. In this case, the initially cyclometalated arene inter-
mediates, produced via chelation with the directing group,
further coordinate with the heterobicyclic alkene. Subse-
quently, migratory insertion occurs, which is the enantio-
determining step. Additionally, f-heteroatom elimination
can give the ring-opened product; alternatively, direct re-
ductive elimination occurs, incorporating the bicyclic core
into the final product.

In the case of the ring-opening reaction, it is challenging
to control elimination of the hydroxy or amine group from
the ring-opening product. It has been found that this can be
achieved by controlling the reaction conditions used for a
particular aryl substrate. In general, the presence of excess
silver salt in the reaction mixture favors elimination, lead-
ing to a naphthylated product. Apart from ring-opening-
type reactions, hydroarylation and oxidative cyclization of
bicyclic alkenes with substituted aromatics catalyzed by
rhodium or ruthenium have also been well explored.

In this short review, we discuss the various literature re-
ports on the concept of C-H bond activation assisted ring-
opening reactions of these strained bicyclic systems. In ad-
dition, reports on hydroarylation and annulation reactions
employing 7-oxa/azabenzonorbornadienes have been in-
cluded.

2 Reactions of Heterobicyclic Ring Systems

2.1 Ring-Opening Reactions of Oxa- and Aza-
benzonorbornadienes

2.1.1 Reactions Using 7-Oxabenzonorbornadienes

In 2013, Li and Qi reported their work utilizing norborna-
diene systems for C-H activation and subsequent (ring-
opening) coupling with other cyclic structures possessing
different directing groups.® The reaction involves the gener-
ation of a Rh(III)-C bond via C-H activation, followed by in-
sertion into the strain-activated C=C bond in 7-oxa/azaben-
zonorbornadienes and subsequent ring opening. The cou-
pling of 7-oxa/azabenzonorbornadienes occurs under
redox-neutral and oxidative conditions, respectively. In this
reaction, mono- and difunctionalized products have been
observed, depending on the directing group employed. The
reaction of 2-phenylpyridine 1 with 7-oxabenzonorborna-
diene (2) in the presence of [Cp*RhCl,], (5 mol%), AgSbFg
(30 mol%) and PivOH (2.0 equiv) in 1,4-dioxane at 130 °C
resulted in naphthylated product 3 in 71% yield. It has been
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observed that substrates containing electron-donating and
electron-withdrawing groups at different positions on the
phenyl and pyridine rings all coupled smoothly with 2 to
give the naphthylation products 3a-h in 59-77% yields
(Scheme 1). However, the coupling of 2-phenylpyridine
with 7-azabenzonorbornadiene 4 did not occur under the
above redox-neutral conditions; instead, the reaction fol-
lows an oxidative pathway as product formation requires a
stoichiometric amount of AgOAc as the oxidant (Scheme 2).
Similar to the 2-naphthylation reaction, in this case, a broad
scope of directing groups was tolerated. Also, substrates
with different substituents on the phenyl and pyridine
rings resulted in the cyclization products 5a-i in good to
high yields. Mechanistic studies revealed that this reaction
with azabenzonorbornadiene proceeds via a double C-H
activation pathway, which involves a seven-membered rho-
dacycle complex as a key intermediate. The cis insertion of
the Rh-C(aryl) bond into the olefin unit has been confirmed
from the X-ray structure of the rhodacycle intermediate.

A plausible mechanism for this reaction is shown in
Scheme 3. Once intermediate A has formed, there are two
possible reaction pathways. In pathway 1, B-nitrogen elimi-
nation occurs to give the amidate B, which undergoes cyclo-
metalation to afford the six-membered rhodacycle D. Sub-
sequent reductive elimination gives the product along with
a rhodium(I) intermediate that is reoxidized to Rh(IIl) to
complete the catalytic cycle. In the case of pathway 2, A un-
dergoes cyclometalation before B-nitrogen elimination to
result in the same intermediate D. The pathway followed
directly depends on the relative rate of the cyclometalation
versus the B-nitrogen elimination. Also, NMR analyses gave

2 AgOAc
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Scheme 1 Dehydrative coupling with 7-oxabenzonorbornadienes®
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Scheme 2 Oxidative coupling with 7-azabenzonorbornadienes®

indicated that essentially no C-N coupling occurred, and it
was thus concluded that pathway 1 was less likely, and that
pathway 2 was strongly preferred. In the case of the cou-
pling of 7-oxabenzonorbornadiene, it has been proposed
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that B-oxygen elimination occurs preferentially resulting in
intermediate E after olefin insertion. Further, protonolysis
of the Rh-0 bond by an acid releases the dihydronaphthol
intermediate, which is then dehydrated to give the product.

Later, Li’s group demonstrated a Rh(Ill)-catalyzed redox-
neutral coupling of N-sulfonyl 2-aminobenzaldehydes with
oxygenated allylic olefins such as 7-oxabenzonorborna-
dienes and allyl carbonate (Scheme 4).° In this case, C-H ac-
tivation is proposed to occur via an oxidative addition path-
way. The dehydrative coupling reaction of N-Ts 2-amino-
benzaldehyde 6 with 7-oxabenzonorbornadiene (2) was
carried out using [Cp*RhCl,], (2.5 mol%) as the catalyst and
Ag,CO; (2 equiv) as the base in the presence of KPFg and
DCE as the solvent. During optimization, it was observed
that when Ag,CO; was omitted or switched to K,COs;, the
coupling occurred with lower efficiency. This attests to the
unique role of Ag,CO; as a base, although it is a typical oxi-
dant in coupling reactions. This methodology is also
compatible with substrates with differently substituted N-Ts
2-aminobenzaldehydes, yielding products 7a-i in good to
moderate yields.

The rhodium-catalyzed redox-neutral direct ortho-ary-
lation of aryl phosphine derivatives 8 with heterobicyclic
alkene 2 has been reported by Miura et al. (Scheme 5).1°
Several biaryl phosphine derivatives 9a-g have been ob-
tained from various substituted aryl phosphine oxides.
During optimization, it was found that the cationic rhodi-
um species generated in situ was less effective than
[Cp*Rh(MeCN),(SbFg),]. Furthermore, a one-pot synthesis
of dibenzophosphole derivatives from the combination of
rhodium-catalyzed ortho-arylation and acid-mediated in-
tramolecular phospha-Friedel-Crafts reaction was possible
from readily available diarylphosphinothionic amides.

o)
[Cp*RhCl5], (2.5 mol%) N
“ KPFs (2 equiv) | OO
NHSO,R A92003 (2 equiv) R'/ Z
DCE, 100 °C, 16 h NHSO2R
2
R 5 NHSOQTS N NHTs
7aR=H,79% o)

EN 4y T

7fR=H, 80%
7b R = 3-Me, 75%
7c¢ R=3-F, 73%

79 R =Cl, 70% 7i, 77%
= : 7h R = NO,, 87%
7e R = 4-NOy, 84%

7d R =3-Br, 77%
R

Scheme 4 Dehydrative coupling with 7-oxabenzonorbornadienes®

Further, in 2016, Li’s group demonstrated a Co(IIl)-cata-
lyzed C-H arylation of N-pyrimidinylindoles 10 with 7-oxa-
benzonorbornadienes 2 as the naphthylating reagents. They
employed [Cp*CoCl,], (5 mol%) as the catalyst, AgSbFs (30
mol%), AcOH (2 equiv) and DCE as the solvent at 50 °C for 12
hours (Scheme 6).1'? The amount of silver additive present

Special Topic
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N P\\x | X (4 mol%)
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:\< 0 ‘
EtO\ p=
= \\
S

ob 0,
ve, 800/,, of, 41% 9g, 36%*

Scheme 5 Reactions of arylphosphine derivatives 8 with heterobicyclic
alkene 2.1° 2 Substrates 8 (0.5 mmol) and 2 (0.25 mmol) were used.
AgOAc (0.5 mmol) was used.

in the reaction had a drastic effect on the reaction yield. It is
expected that the presence of excess silver likely activates
the 7-oxabenzonorbornadiene substrate as a Lewis acid. This
reaction shows good compatibility with N-pyrimidinylin-
doles and 7-oxabenzonorbornadienes substituted with dif-
ferent electron-withdrawing and electron-donating groups,
resulting in naphthylated products 11a-j in good to moder-
ate yields.

o I

!, N [Cp*CoCll; (5 mol%) ]\
RSN TH ‘ \ ‘a AgSbFe (30 mol%)  RA=E N A
. e ——
o AcOH (2 equiv) Y
N)\N R DCE, 50 °C, 12 h N)\N R

v 2

\

N7 ‘N N |N
W I
11aR=H, 81% 11f R = Me, 82% 11j, 52%

11b R = OMe, 77%
11c R=0Bn, 83%
11d R = COOMe, 80%
11e R = Br, 84%

11g R = OMe, 58%
11h R = COOMe, 75%
11i R =Cl, 70%

Scheme 6 Dehydrative coupling of indoles 10 with 7-oxabenzonor-
bornadienes 21

The presence of substituents at the 3- and 7-positions of
the indole and on the pyrimidine ring had minimal influ-
ence indicating a tolerance towards steric effects. Further,
based on a competition experiment, it has been suggested
that the C-H activation probably occurs via a concerted
metalation-deprotonation (CMD) mechanism. Cheng’s
group reported similar methodology in 2017 utilizing a co-
balt catalyst for the arylation of various aromatic systems,
e.g., N-pyrimidinylindoles and 2-arylpyridines, with oxy-
gen-containing bicyclic ring systems.!?
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A synergic bimetallic-catalyzed cascade reaction of
alkynols 12 and 7-oxabenzonorbornadienes 2 was reported
by Liu et al. in 2016 (Scheme 7).!2 This methodology provid-
ed spirocyclic dihydrobenzo[a]fluorenefurans 13 with ex-
cellent regioselectivity and in good yields. This methodolo-
gy has been proposed to involve three main steps, viz., tran-
sient hemiketal group directed C-H activation, dehydrative
naphthylation, and intramolecular Prins-type cyclization.

[Cp*RNClo], (2.5 mol%)

Sc(OTf)3 (5 mol%)

AgOAc (50 mol%)

PlvOH (1.5 equiv)
H,0 (6 equiv)

DCE, 80°C, 18 h

“”

13a R = Me, 76% 13f, 41% 139, 52%
13b R = OBn, 63%

13c R=Cl, 52%

13dR= |, 50%

13e R=Ph, 67%
o
R!
O . a¥ . “
RZ
13hR‘ R2 = Me, 67%
13iR1=F, R2= M, 6% 13K 60% (dr=1:1) 131 40%

13j R' = Cl, R? = Me, 60%

Scheme 7 Synergic bimetallic cascade reactions of alkynols 12 and
7-oxabenzonorbornadienes 22

Treatment of alkynol 12 with 7-oxabenzonorborna-
diene (2) in the presence of [Cp*RhCl,], (2.5 mol%) and
Sc(0Tf); (5 mol%) as the catalysts and AgOAc (0.5 equiv),
PivOH (1.5 equiv) and H,0 (6 equiv) as additives in DCE at
80 °C for 18 hours resulted in the spirocyclic product. In this
methodology, various alkynols substituted with different
functional groups and possessing a secondary hydroxy
group were compatible, providing products 13a-1 in good
to moderate yields. Further, mechanistic studies and densi-
ty functional theory calculations indicated that C-H bond
cleavage was the rate-determining step and provided evi-
dence for the key roles of both the transient hemiketal and
synergistic Rh(IIT)/Sc(III) catalysis.

In 2018, Zhang’s group reported a ruthenium-catalyzed
redox-neutral ring-opening reaction for the assembly of
valuable hydronaphthylamines 15 from anilides 14 and 7-aza-
benzonornadienes 4.'3 Treatment of the anilides with 7-aza-
benzonornadienes in the presence of [RuCl,(p-cymene)],
(5 mol%), AgSbFg (30 mol%) and NaOAc (50 mol%) in 1,2-di-
chloroethane (DCE) at 100 °C for 8 hours provided function-
alized products 15a-h in good to moderate yields (Scheme
8). The transformation exhibited high stereoselectivity to
afford cis-configured products. 7-Oxabenzonornadienes 2
were also compatible with this catalytic system and gave

Special Topic

functionalized naphthalenes 16a-g under modified reac-
tion conditions (Scheme 9). Mechanistic studies suggested
the occurrence of C-H activation via a concerted metala-
tion-deprotonation mechanism.

[RuCly(p-cymene)], (5 mol%)

N._ _R?
x
| \[( N ‘ = |
/P H o // AgSbFg (20 mol%), NaOAc (50 mol%)
R' DCE, 100 °C, 8 h

NH
NH 15a R' = H, 80%
} 15b R' = Me, 82%
R ‘ 15¢ R' = OMe, 67% ‘
N 15dR'=Cl,60%  BoC~
Bod 15e R' = |, 56% H
¢ 15f R' = Ph, 58%

159, 76%

15h, 52%

Scheme 8 Redox-neutral ring-opening reactions of anilides 14 and
7-azabenzonornadienes 4'3

H R? 5
| X \n/ \ \ [RuCly(p-cymene)], (5 mol%)
N
I H (o} // AgSbFg (20 mol%), PivOH (2 equiv)
R R3 1,4-dioxane, 100 °C, 8 h
14 2

o) OY
NH K\/ X NH
16aR=H,81% A |
O 16b R = Me, 82% (/ (/
R O 16¢ R = OMe, 62% O O
16dR=F, 71%
‘ 16e R = I, 70% O O
16f, 76% 169, 62%

Scheme 9 Direct ring-opening reactions of 7-oxabenzonorborna-
dienes 2 with anilides 14"

2.1.2 Reactions Using 7-Azabenzonorbornadienes

Li’s group described asymmetric ring openings of bicy-
clic systems with good to excellent enantioselectivities by
combination of a Cramer-type Cp*Rh(III) catalyst and silver
additives (Scheme 10).1 This methodology was designed to
overcome the challenges of unwanted elimination leading
to naphthylated products and to the control the enantio-
selectivity of the reaction by sufficient steric bias between
the directing group and the arene ring. This was made pos-
sible by carrying out the enantioselective C-C coupling of
N-substituted indoles 17 with azabenzonorbornadienes 4
using (R)-Rh 1/AgSbF; to afford the dihydronaphthylamines
(5,5)-18a-j in moderate yields and good enantioselectivi-
ties. Solvent screening revealed that combinations of
AgOAc/3,4-dichlorotoluene (DCT) and Ag,SO,/toluene were
optimal. While extending the substrate scope of this
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| er
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(Ag2S0y4, DCT)

18i 67%, 97:3 e.r.
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Scheme 10 Asymmietric ring opening of bicyclic systems'

methodology, it was observed that the reaction outcomes
were strongly dependent on the nature of the indole sub-
strate and the azabenzonorbornadienes; hence, for a partic-
ular substrate, a particular silver salt/solvent combination
provided a better yield and enantioselectivity. A significant
impact of the C7-substituent on the enantioselectivity was
also observed.

It has been proposed that the reaction follows a se-
quence of olefin migratory insertion, acetate-assisted C3-H
activation and a second migratory insertion (Scheme 11),
leading to the formation of a complex which is isolated and
characterized by single-crystal X-ray diffraction (XRD). It
has also been inferred that neither A nor B is catalytically
active during the reaction. Further, mechanistic studies
confirmed the role of AgSbF; in preventing the undesired
C3-H activation as the reaction of the rhodium complex A
in the presence of AgSbF results in the desired monofunc-
tionalized product.

Subsequently, Li’s group reported the [3+2] annulation
of N-cyclopentylbenzamides 19 with 7-azabenzonorborna-
dienes 4 using a similar Cramer-type Rh catalyst for the en-
antioselective synthesis of cis-fused dihydrocarbazoles
20a-g (Scheme 12)."> Different arenes and azabenzonor-
bornadienes were examined and all were smoothly con-
verted into the desired products 20a-g in good yields and
enantiomeric ratios. During solvent optimization, it was
found that anisole provided a high yields, whereas methyl
tert-butyl ether (MTBE) was favorable for high enantio-

18j70%, 97:3 e.r.
(Ag2S04, DCT)

selectivities but reduced the yields. Hence, using a combi-
nation of MTBE/PhOMe allowed isolation of the desired
products in high yields and enantioselectivities. Mechanis-
tically, it has been proposed that the arene ring is oriented
toward the rear, so when an olefin approaches with the NTs
group pointed upward to minimize steric interactions with
the ligated arene, cis insertion occurs syn to the NTs group,
leading to the observed enantioselectivity. In addition, un-
der slightly modified reaction conditions, a variety of aryl
ethers also proved to be viable substrates, where a (4-meth-
yl)-1-isoquinolyl moiety acted as a directing group.

A (1 equiv) (2 equiv)

“Cp

=3p—Rh0Ac N’TS
Al

Y —
N__= %

*Cp(AcO)Rh
TsN

OO~ 5

c P il
Cp Ts ym Ts
ACO~F%h N R‘h N
I\ C—H activation
O ‘

y e

! — AcOH |

Pym ¢ Pym

Scheme 11 Mechanistic studies: a stochiometric-scale reaction
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SNy oPent (R)-Rh cat (4 mol%)
|/ P> H AgF, (2 equiv), PivOH (2 equiv)
R H PhOMe/MTBE, 30 °C

Special Topic

20a R = 3-OMe, 80%, 90:10 e.r.
20b R = 3-Cl, 81%, 95:5 e.r.

20c R =2-F, 40%, 94.5:5.5 e.r.
20d R =2-Me, 77%, 97.5: 2.5 e.r.
20e R =1-F, 66%, 97.5: 3.5 e.r.

20f, 85%, 93.5:6.5 e.r.

209, 65%, 94.5:5.5 e.r.
(40 °C)

Scheme 12 [3+2] Annulations of N-cyclopentylbenzamides 19 with 7-azabenzonorbornadienes 4'>

Our group has also reported the rhodium(IIl)-catalyzed
redox-neutral ring opening of 7-azabenzonorbornadienes
with aromatic ketoximes 21 to afford 2-arylated hy-
dronaphthylamines 22a-k in a highly diastereoselective
manner (Scheme 13).'® This protocol is suitable for differ-
ent substituted ketoximes and bicyclic ring systems, result-
ing in good to moderate product yields. Further, the prod-
ucts have been converted into fused tetracyclic benzo-
phenanthridine derivatives by acid hydrolysis followed by
aromatization in the presence of DDQ.

N [{Rh(CH3CN)3(Cp*)}(SbF)]
(3 mol%)
©/>\E 1,2-DCE
80°C,15h

22a R = 4-OMe, 70%
22b R = 4-Br, 80%
22¢ R = 4-NOy, 72%
22d R = 2-Me, 80%
22e R =2-Cl, 70%

22f, 76%

0
22h, 76% 22i, 80% 22j, 71% 22k, 60% O—/

Scheme 13 Redox-neutral ring opening of 7-azabenzonorbornadienes
4 with aromatic ketoximes 218

A plausible mechanism for this ring opening is shown in
Scheme 14. Initially, the rhodium species A is obtained by
coordination of the lone pair of the nitrogen atom of the
ketoxime, which is followed by C-H activation leading to
the five-membered rhodacycle intermediate B along with
loss of a proton. Further, the exo face coordination of the
alkene m-bond of 7-azabenzonorbornadiene to the rhodium
intermediate B forms intermediate C. Subsequently, the

double bond is inserted into the Rh—C bond of the interme-
diate C to provide the seven-membered rhodacycle inter-
mediate D. B-N elimination of the intermediate D affords
the ring-opened intermediate. Finally, protonation of inter-
mediate E yields the product and regenerates the active cat-
alyst.

[Cp*Rh(MeCN)3][SbFg]>

\& :

Rgh\ cp*

|

_Boc

Scheme 14 A plausible mechanism for the ring opening of 7-aza-
benzonorbornadienes

A pioneering report on the addition of C(sp3)-H bonds
to azabenzonorbornadienes using a cobalt catalyst was re-
ported by Fan’s group (Scheme 15).17 The reactions of 8-
methylquinolines 23 with azabenzonorbornadienes 4 using
a catalytic system consisting of [Cp*Col,(CO)] (10 mol%),
AgSbFg (30 mol%) and Fe(OAc), (10 mol%) in PhOMe yielded
the ring-opened C-H addition products. This methodology
was compatible with various electron-donating and elec-
tron-withdrawing substituted 8-methylquinolines and aza-
benzonorbornadienes, resulting in functionalized deriva-
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tives 24a-1 in good to excellent yields. Single-crystal XRD
confirmed the cis-configuration of the products. Mechanis-
tic studies demonstrated that a reversible C-H activation
step was the rate-determining step.

An efficient regioselective Rh-catalyzed addition reac-
tion between weakly coordinating directing groups like ke-
tones 25 and carboxylate arenes 26 with oxa/azabicyclic

BocHN,, O

BoC 16p*Coly(CO)] (10 mol%)
, % AngF6 (30 mol%)
—n
Fe(OAc), (10 mol%)

PhOMe, 70 °C

BocHN,,, BocHN, BQCHN,
24a R = 3-H, 87% (18 h)

24b R = 3-Me, 93% (24 h)
NNy, 24cR=3-Cl, 69% (16 h)
R | 24d R = 3-CF3, 67% (24 h)
2 24e R = 2-OMe, 96% (12h)
24 R = 1-Me, 38% (24 h)

249 25% (48 h) 24h 69% (24 h)

Br
BocHN,,_ BocHN, TsHN,, ‘ CbzHN.,.
= / = /

24i 51% (48 h) 24j35% (48 h) 24k 60% (48 h) 241 62% (48 h)

Scheme 15 Addition of C(sp?)-H bonds to azabenzonorbornadienes'”

[Cp*RhCla], (5 mol%)
@b AgNTf, (15 mol%)
NaOAc (0.5 equiv)

DCE, 100 °C

Special Topic

alkenes has been reported by Fan (Scheme 16).'® The ke-
tones and benzoic acids afforded different addition prod-
ucts 27 or 28 when reacted with oxa/azabicyclic alkenes. In
the case of ketones, regioselective ring-opening addition
occurred at the ortho-position of the ketone. In contrast, in
the case of benzoic acids, 1:2 hydroarylation occurred at
both ortho positions in the absence of a silver additive. This
protocol is favorable for different substituted ketones and
azabicyclic alkenes, giving mono-substituted products in
good yields. It was observed that substitution at different
positions of the benzoic acid affected the type of product
formed. para-Substituted benzoic acids resulted in disubsti-

D Ts
G N [CP*RAClyls (2.5 mol%) DG
Xt =\ AgNTf, (20 mol%) NS
+ —_— >
I w \ I T iPrcooag @omors) |l »
R Y DCE, Nz, 100°C,20h R

oo, oz,

N Oa N Oo

30a R =H, 85% O O

30b R =Cl, 82%

R 30c R = OMe, 88% 30d, 55% 30e, 72%
X BL !
o > N
N
30f, 80% 309, 45% 30h, 53%

Scheme 17 Naphthylation of anilides and benzamides 29 with 7-aza-
benzonorbornadienes'

(o}

27a R =3-F, 46% (11 h)
27b R = 3-OMe, 80% (11 h)
27¢ R = 2-OMe, 60% (9 h)
27d R = 1-OMe, 82% (8 h)

NHBoc

27e, 78% (11 h)

[CP*RICl,]5 (5 mol%)
NaOAc (2 equiv)
DCE, 80 °C

27§ R' = Me, 53% (14 h)
27g R'=F, 68% (14 h)

28a R = H, 96% (8 h)

R 28bR=Cl, 94% (8 h)
28c R = Bu, as% ® h)
28d R = Me, 93% (4 h)

28e, 90% (14 h)

(

28f R' = Me, 88% (7 h)
28g R'=F, 94% (7 h)

Scheme 16 Addition reactions of weakly coordinating ketones 25 and carboxylate arenes 26 with oxa/azabicyclic alkenes'®
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tuted products. In contrast, meta- or ortho-methyl-substi-
tuted benzoic acids resulted in the corresponding mono-
substituted products.

Recently, the Wang group reported the use of 7-aza-
benzonorbornadienes 4 as naphthylation reagents for the
functionalization of anilides and benzamides 29 catalyzed
by a Rh(Ill) catalyst (Scheme 17).° This methodology has
broad substrate scope. In mechanistic studies, the role of
the excess AgNTf, additive was identified as enabling the
elimination of the NTs group leading to naphthylated prod-
ucts 30a-h. It has been inferred that the reaction of the
ring-opening product, which is expected to be that of the
intermediate with AgNTf,, resulted in the naphthylated
products in good yields.

2.2 Hydroarylation Reactions

Another type of reaction is possible with these bicyclic
systems that retains the heterobicyclic system core, i.e., hy-
droarylation-type reactions. The hydroarylation reaction
allows keeping the backbone of the unsaturated starting
material intact.

The Bolm group were the first to report the formation of
hydroarylation products from a bicyclic alkene. It has been
observed that the reactions of NH-sulfoximines 31 and ben-
zo-substituted heterobicyclic olefins 2 in the presence of
[Cp*Rh(MeCN);][BF,], (2.5 mol%), Fe(OAc), (20 mol%), and
dioxygen (1 atm) in toluene at 120 °C resulted in saturated
benzo-fused 7-oxanorbornane products 32a-g instead of
the oxidative olefination products (Scheme 18).2° Various
diversely substituted sulfoximines were reacted efficiently
with alkenes 2 to give good to excellent product yields. Fur-
ther, the hydroarylated product obtained on treatment with
the methylsulfonic acid in chloroform under reflux condi-
tions resulted in the ortho-naphthylated product. Also, aryl-
fused thiazines were obtained by the palladium-catalyzed
oxidative ring closure catalyzed by a combination of
Pd(OAc), and PhI(OAc),.

In 2015, the same group reported a ruthenium-cata-
lyzed C-H bond activation leading to additions of (hete-
ro)arenes 33 to bicyclic olefins 2 (Scheme 19).2! The syn-

[Cp*Rh(MeCN)3][BF 4],
(2.5 mol%)

q ‘ ‘ Fe( OAc (20 mol%)

toluene, 120 °C, 4 h

Special Topic

thetically useful functionalized 7-oxa- and 7-azabenzonor-
bornane derivatives 34a-f were obtained. In this report, no
metal additives were required for catalyst activation. In-
stead, the presence of additives had a detrimental effect on
product formation. It was observed that dioxygen played a
decisive role in product formation, but its exact role re-
mains unclear.

[RuCly(p-cymene)]o S

o
(1 mol/ |//
/ Pz 02 (1 atm) R
toluene, 3-12 h, 120 °C DG
34

ﬁ

34d R = Me, 94% 34f, 72%
34e R = Br, 93%

34a R = Me, 80%
R 34bR=Cl, 88%
34¢ R = Br, 80%

Scheme 19 Hydroarylation reactions of heteroarenes 332!

The intermolecular carboaminations of bicyclic alkenes
catalyzed by Cp*Co(Ill) via non-annulative redox-neutral
couplings were reported by the Zhao group in 2019
(Scheme 20).22 A range of substrates was explored under
these carboamination conditions. Various substituted N-
phenoxyacetamides 35 and bicyclic alkenes 36 were com-
petent substrates, resulting in carboamination products
37a-o0 in good to excellent yields and enantioselectivities.
Further, this methodology has been extended for the diver-
sification of various natural scaffolds such as estrone, tyra-
mine, etc.

2.3 Annulation Reactions

Various annulations have been described using bicyclic
systems as m-components. These reactions have been most-
ly reported using Co, Rh, and Ni catalysts.

In 2017, Cheng’s group reported unusual [3+2] cyclo-
additions of bicyclic ring systems with secondary amides.

32a R' = OMe, 90%
32b R' = NOy, 70% 32e R = /Pr, 86%
32¢ R'=Cl, 79%

32d R=FEt, 91%

(R Me (R,Me
s\\NH

32f, 82%

329, 76%

Scheme 18 Hydroarylation reactions of NH-sulfoximines 31 and benzo-substituted heterobicyclic olefin 22°
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This represented pioneering work on [3+2] annulations be-
cause transition-metal-catalyzed C-H activation reactions
of secondary amides with alkenes usually lead to [4+2] or
[4+1] annulations (Scheme 21).23 The Co-catalyzed amide
C(sp?)-H bond activation/[3+2] annulation reaction with
substituted N-(quinolin-8-yl)benzamides 38 and 7-oxaben-
zonorbornadiene 2 as well as other bicyclic systems 36 in
the presence of Co(OAc),, Ag,CO; and K,CO; in 2,2,2-trifluo-
roethanol (TFE) as the solvent at 80 °C for 20 hours resulted
in substituted dihydroepoxybenzofluorenone products
39a-m. It was found that the reaction did not work when
the quinolyl (Q) unit was replaced with an 8-aminoquino-
line moiety. It has been inferred that the 8-aminoquinoline

[Cp*Co(CO)l5] (10 mol%)
AngFs (20 mol%)
K3POy4 (0.5 equiv)
KOAc (0.5 equiv)
TFE, 40 °C, 24 h

(I“

37d R = iPr, 78%
37e R=F,78%
37f R=Ph, 58%

37a R = Me, 86%
37b R=Et, 72%

37g R =Me, 77%
37hR=F, 52%

O o
OH OH
HN HN OH
o
a 37n R = CO,Me, 55%
370 R = COEt, 68%

37i, 74% 37] X=NTs, 71%
37k X = NMs, 63% R
371 X = NBoc, 46%
3Tm X =0, 81%

Scheme 20 Redox-neutral carboamination reactions of N-phenoxy-
acetamides and bicyclic alkenes??

(40 mol%)

Co(OAc),
“ A92003 (2 equiv)
K2003 (2 equiv)

TFE, 80°C, 20 h

Special Topic

(AQ) released during the reaction coordinates to the metal,
which probably reduces the catalytic activity of the Co cata-
lyst. Mechanistic investigations indicated that the reaction
might be catalyzed by a Co(Ill) species formed in situ from
Co(II) by oxidation with Ag*. It has also been found that the
stereochemistry observed occurs due to exo-face insertion
of the bicyclic system into a metalacyclic intermediate.

Later Chatani and Skhiri reported [3+2] annulation reac-
tions of benzamides 40, possessing an 8-aminoquinoline
directing group, and norbornene (36a) using Ni(OTf), as the
catalyst, BINAP as an efficient ligand and AgOAc as an addi-
tive (Scheme 22).24

Ni(OTf)5 (15 mol%) [

BINAP (10 mol%)

| * AgOAc (1.2 mol%)
_AgoAc (1.2 molve) |
chlorobenzene (0.8 mL) R 3

36a 140°C, 60 h 4

H
41e R = Me, 79%
41f R = MeO, 86%
41gR=Cl, 72%
41h R = CFg, 73%

41a R = Me, 81%
41b R =H, 86%
41cR= F, 68%
41d R = CF3, 73%

41i R = Me, 90%

41j R = MeO, 71%
41k R = Br, 76%

411 R = CO,Me, 67%

41p, 79% 41q, 91% 41r, 87% 41s, 86%

Scheme 22 Ni-catalyzed [3+2] annulation reactions?*

H H 39aR =Me, 91%
39b R =Cl, 80%
39cR=F,77%
39d R = Ph, 93%

39i R' = OMe, 79% 39k, 87%
39 R' = Br, 53%

39%e R=Me, 91%
39f R =Cl, 90%

391, 64% 39m, 71%

Scheme 21 [3+2] Cycloadditions of bicyclic ring systems with secondary amides??

© 2021. Thieme. All rights reserved. Synthesis 2021, 53, 3249-3262

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



3259

P. Sihag, M. Jeganmohan

In 2017, the Bolm group developed the rhodium(IIl)-
catalyzed annulation of N-methoxybenzamides 42 with 7-
oxabenzonorbornadienes 2, leading to synthetically rele-
vant benzo[b]phenanthridinones 43a-h (Scheme 23).25
N-Methoxybenzamides bearing both electron-donating and
electron-withdrawing groups at various positions on the
arene ring reacted smoothly with 7-oxabenzonorborna-
diene to afford the corresponding annulated products in
yields of 83-99%. Benzo|b]|phenanthridinones have been
prepared by the elimination reactions of annulation prod-
ucts in acidic medium. Further functionalization of the NH
group leads to the synthesis of an anti-hepatitis C virus
(HCV) active product.®® Similarly, the Co(lll)-catalyzed
[4+2] redox annulation reaction of N-methoxybenzamides
with 7-oxa/azabenzonorbornadienes without any external
oxidant has been reported by Volla’s group using CsOAc as
an additive and TFE as the solvent.?>¢ Further, an acid-medi-
ated ring-opening/aromatization of a product benzo-
phenanthridinone has also been described.?>*

O,

(o]
(Y‘\ y-OMe 8 [CP*RNClyl, (2 mol%) /==
H + Cu(OAc)2 (2.0 equiv)
e m CuOAD) 20eaut)_
R' 2 R
42

NH O

tAmylOH, air, 60 °C

43
o) o o
> NH
o Qo OO
R/\/
Q) :

43aR=H, 97% 431, 99% 43g R = OMe, 94% g
43b R = OMe, 95% 43h R = Me, 94%

43c R =1, 96%

43d R =F, 88%

43¢ R = NO,, 83%

Scheme 23 Annulations of N-methoxybenzamides 42 with 7-oxabenzo-
norbornadiene (2)2>

Volla’s group has also reported an annulation reaction of
diphenylphosphinamides 44 with the readily available
bicyclic olefin 2 wusing Co(acac), as the catalyst,
Mn(OAc);-2H,0 as the oxidant, and NaOPiv as the base
(Scheme 24).26 It was found that the formed annulation
products 45a-m were the thermodynamically more favor-
able exo-isomers, as confirmed by single-crystal XRD stud-
ies. This methodology shows compatibility with differently
substituted phoshinamides and bicyclic olefins, resulting in
the desired substituted products in moderate to good
yields.

Recently, annulations using sulfoxonium ylides as di-
recting groups were reported by Li et al. (Scheme 25).2” The
sulfoxonium ylide also functions as an oxidizing carbene-
type directing group. In this report, under different reaction
conditions, [4+2] annulation and C-H (di)alkylation oc-
curred. It was found that the introduction of PivOH shifted
the selectivity to ring-retentive alkylation. Various sulfoxo-

Special Topic

Co(acac)z (20 mol%)

R'\:\
/\\ /\/ o} !
_0 Mn(OAc)3-2H,0 (2 equiv)
P/ . .
A \NH—Q N \ NaOPiv (2 equiv)

TFE, 48 h, it

45a R =H, 85%
45b R = Me, 72%
45¢ R = OMe, 67%
45d R=F, 77%
45e R = Br, 86%

45h R =H, 74%
45i R = Me, 75%
45j R= OMe, 70%
45k R = Br, 86%

OMe 451, 71% 45m, 67%

Scheme 24 Annulation reactions of diphenylphosphinamides and bi-
cyclic olefin 226

nium ylides bearing electron-donating and electron-with-
drawing groups at the ortho, meta and para positions of the
benzene ring all reacted smoothly with substituted 7-
oxa/azabenzonorbornadiene to afford products 47a-r in
good to excellent yields. To demonstrate the synthetic utili-
ty of the products, a polycyclic aromatic hydrocarbon was
obtained via oxidative dimerization on treatment with
p-TSA.

Some other examples of annulation reactions using
oxa/azabenzonorbornadienes catalyzed by chiral rhodium
and cobalt complexes have also been reported.??

2.4 Other Reactions

Glorius reported an efficient Rh(IlI)-catalyzed combined
C-H activation/Wagner-Meerwein-type rearrangement in
the reaction of N-phenoxyacetamides 48 with azabenzo-
norbornadienes 4, leading to bridged polycyclic molecules
49 (Scheme 26).2° In this context, the oxidative directing
group acts as both an internal oxidant and an intramolecu-
lar nucleophile after O-N bond cleavage. This methodology
required a lower catalyst loading and was tolerated various
substituents on the N-phenoxyacetamides and 7-azabenzo-
norbornadienes, leading to substituted polycyclic products
49a-1.

The two possible pathways proposed for this reaction
are shown in Scheme 27. Initially, C-H activation occurs.
This is followed by the generation of rhodacycle A and then
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Conditions A: [RhCp*(MeCN)3](SbF)z
(6 mol%), DCM, 36 h, Ny, 70 °C

Special Topic

N

46 20r4

Conditions B: [RhCp*(MeCN)3](SbFg)2
(8 mol%), DCM, 20 h, 60 °C, 4 A MS

Synithesis P. Sihag, M. Jeganmohan
0.

47aR=H, 88%
47b R = Me, 89%
R 47cR=F 58%

47d R = CN, 52%

47e R = Me, 76%
47fR=F, 47%

Conditions B:

47k R =H, 82%

471 R = Me, 85%

R 47m R = OMe, 61%
47n R = Br, 82%

470, 40%

| pocsrlpees

47, 85% 47h R = OMe, 48%
47i R = Me, 67%
47j R = Br, 62%

Ar

o) N ©
47q, Ar = Ph, 63%
47r, Ar = 4-O,NCgHj, 53%

47p, 67%

Scheme 25 Annulation reactions of sulfoxonium ylides 46 with bicyclic systems?”

olefin insertion forms the seven-membered rhodacycle B.
In the presence of acetic acid, protonation of B occurs, lead-
ing to the Rh(V) nitrene complex C (pathway a). Coordina-
tion of AcOH to the Rh(V) nitrene intermediate then gener-
ates the intermediate D. The Rh(V) intermediate D then un-
dergoes rearrangement to form intermediate E, which
finally gives the product and regenerates the catalyst via li-
gand exchange. In another possible pathway, a Wagner-
Meerwein-type rearrangement occurs directly from the
Rh(III) species B to afford the rearranged Rh(I) intermediate
G (pathway b). This is followed by oxidative addition of
Rh(I) in the presence of AcOH to produce E.

Very recently, Ellman’s group reported a modular three-
component reaction to access 1,2-disubstituted [2.2.1]-
bridged bicycles via the Rh(Ill)-catalyzed 1,2-addition of C-H
bonds and amidating reagents to bridged bicyclic alkenes

o R [Cp*Rh(CH3CN)3](SbFe)2
o (0.5 mol%)
| X \N NaOAc (1. Oequlv)
H
R// H AgOAc 20 mol%)
48 0°C

ﬁs 49aR =H, 82%
o 49b R = Cl, 68%
49¢ R = CF3, 61%
49d R = Me, 88%

49e R = OMe, 52%
49f R = Br, 75%

499, 78%

49h R = Me, 87%
49i R = Br, 54%

49j, 72% 49k, 92% 491, 77%

Scheme 26 \Wagner-Meerwein-type rearrangements in reactions of
N-phenoxyacetamides 48 with 7-azabenzonorbornadienes?

(Scheme 28).3° Different types of arene substrates 50, ali-
phatic and aromatic amidating reagents 51, and a variety of
bridged bicyclic alkenes 52 reacted to afford a broad range
of 1,2-disubstituted products 53a-j. Cramer designed a chi-
ral ligand. Asymmetric catalysis is achieved using the chiral
Rh(III) catalyst. During optimization studies, it was found
that the addition of sodium acetate as an additive was es-
sential in facilitating the initial C-H activation step leading
to product formation in good yields.

3 Conclusion

In this short review, recent reports on C-H activation
ring-opening reactions of bicyclic rings assisted by high-
valent metal complexes have been discussed. Due to the in-
trinsic angle strain on the carbon-carbon double bonds of
these unsymmetrical bicyclic systems, including oxa- and
azabicyclic alkenes, they can be readily activated with facial
selectivity using transition-metal complexes. In the litera-
ture, the use of such strained systems have led to remark-
able advancements. Additionally, ring-opening reactions of
bicyclic heteroalkenes via activation of a Lewis acid or tran-
sition metal in the presence of nucleophiles is well-known
chemistry.

The utilization of high-valent transition-metal complex-
es for the ring opening of such bicyclic systems via C-H ac-
tivation represents a growing field. Various directing
groups, including aldehydes, amides, acids, ketoximes, alky-
nols, and many others, have been employed. Apart from
ring-opening reactions, several hydroarylation, as well as
other annulation reactions, have also been reported.

Since this is a growing area of chemistry, there is room
for the extension of this field. Bicyclic systems are import-
ant synthons for the synthesis of biologically and naturally
relevant molecules, and such compounds can be obtained
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AcOH + product

AcOH

Special Topic

PhONHAc

2 AcOH
Cp*Rh(OAC), A<
X0,
DR
Z Rh 0
A CF

AcOH

Scheme 27 Proposed mechanism of the Wagner-Meerwein-type rearrangement

by employing the concept C-H activation. Moreover, this
chemistry could be explored by utilizing alternative strong
and weak directing groups, whilst the development of
asymmetric C-H activation using strained bicyclic systems
needs to be further explored with other directing groups.
This may represent crucial steps for the enantioselective
synthesis of natural products.

FG
[Cp*Rh(MeCN)3](SbFe)» O
“ (10 mol%)
_ (10mof%)
>—N NaOAc (1 equiv)
dloxane (0.2 M)
52 70 °C, 15 h R O 53

Boc

53a, X = NBoc, 86% 53¢, R = Me, 86% 53i, 56% 53j, 85%
53b, X = NC(O)OMe, 65% 53f, R = 1Bu, 63%

53¢, X = O, 82% 539, R = Ph, 69%

53d, X = CH,, 87% 53h, R = 4-MeCgH,, 61% (at 50 °C for 2 h)

Scheme 28 Three-component reactions of bicyclic alkenes°
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