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Abstract Selective carbon-hydrogen activation reactions can be ac-
complished in a predictive manner using directing auxiliaries. However,
the majority of directing groups discovered to date are difficult to re-
move or to transform into a desirable functionality. Recently, remov-
able, cleavable, and redox-neutral directing groups have been devel-
oped that significantly broaden both the substrate scope and synthetic
diversity of carbon-hydrogen functionalization reactions. In this short
account, we summarize recent progress we have made in the develop-
ment of multitasking (removable, cleavable, redox-neutral, manipula-
ble) directing groups for carbon-hydrogen activation reactions.
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1 Introduction

Over the past decades, the development of new carbon-
hydrogen activation strategies has re-emerged as a goal for
next-generation synthetic organic chemists.! The ability to
carry out direct functionalization reactions of ‘inert (non-
activated)’ carbon-hydrogen bonds is one of the most
straightforward approaches to increasing molecular com-
plexity in organic molecules. The field of carbon-hydrogen
activation has enjoyed tremendous advances, thanks in part
to the design of various directing groups (DGs) that enable
selective carbon-hydrogen bond cleavage and functional-
ization.? A DG generally contains an electron lone pair that
coordinates to a transition metal in a catalyst in order to
orient it properly for insertion into a neighboring carbon-
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Novel, removable and multitasking directing groups for the synthesis of heterocycles

hydrogen bond (Scheme 1). This property enables the DG to
govern the site selectivity of carbon-hydrogen functional-
ization reactions.

Many DGs, ranging from strongly chelating to weakly
binding, have been developed for a wide range of carbon-
hydrogen coupling and annulation reactions.> However, it
must be pointed out that this approach is a double-edged
sword because although it provides precise site selectivity,
it suffers from the fact that the DG remains as a functional
entity in the product of the reaction. For example, DGs for
sp?-carbon-hydrogen functionalization reactions are typi-
cally linked to aromatic substrates via stable carbon-car-
bon, carbon-oxygen, or carbon-nitrogen bonds, which are
difficult to cleave.

Consequently, strategies have been devised to address
this problem, including incorporation of the DG into a het-
erocyclic ring* and use of a traceless DG that can be re-
moved or is capable of a wide range of desirable ensuing
chemical manipulations (Scheme 1).> Recently, a number of
traceless, cleavable, and redox-neutral DGs have been de-
veloped that significantly broaden the applications of car-
bon-hydrogen activation reactions and the resulting prod-
ucts.

In this account, we summarize the results of recent in-
vestigations we have carried out aimed at uncovering new
multitasking DGs for carbon-hydrogen functionalization
reactions.

2 Triazene

In 2012, we reported that the triazene moiety serves as
a new traceless DG for rhodium(Ill)-catalyzed carbon-
hydrogen functionalization reactions.® In the study, we
found that the central nitrogen atom of the triazene group
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Scheme 1 Strategies for transformations of directing groups

coordinates with rhodium(IIl) and guides its insertion into
ortho-aryl-hydrogen bonds to form five-membered metal-
lacycles. Subsequent insertion of an electron-deficient ole-
fin into the labile rhodium-carbon bond leads to regioselec-
tive carbon-hydrogen olefination (oxidative Heck reaction)
(Scheme 2). The catalytic cycle in this process is closed us-
ing stoichiometric copper(Il) acetate [Cu(OAc),] to regener-
ate the rhodium(III) catalyst.

Similarly, a dialkyltriazene group was shown by the
Brdse group to direct ortho-selective, silver(I)-promoted
arene trifluoromethylation reactions (Scheme 3).” It should
be noted that excellent ortho-selectivity attends these pro-
cesses even though, as the authors suggested, a radical
mechanism might be operating.

The triazene-directed carbon-hydrogen olefination re-
actions were observed to display a broad substrate scope.
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Electron-rich arenes undergo functionalization at room
temperature, while reactions of electron-deficient sub-
strates require gentle heating. Notably, although substances
containing the strong electron-withdrawing nitro group are
often poor substrates for the carbon-hydrogen activation
reactions, they are well tolerated under the conditions em-
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Scheme 3 Triazene-directed trifluoromethylation reactions

substituted substrate is used, double olefination occurs,
suggesting that the triazene moiety also directs carbon-
bromine bond insertion. In contrast, the carbon-bromine
bond in a 3-bromo-substituted arene is not activated for
olefination in this system. Interestingly, the triazene moiety
is stronger than other DGs in directing carbon-hydrogen
insertion.

The use of the triazene moiety as a DG for carbon-
hydrogen activation reactions is highly advantageous be-
cause it can undergo a wide variety of reactions following
the carbon-hydrogen functionalization step. For example,
compared with common DGs, the aryl-nitrogen bond of ar-
yltriazenes is polarized and significantly weak owing to the
electron negativity of the two other nitrogens. In fact, aryl-
triazenes are documented to undergo a number of reac-
tions that mimic aryl cation, radical, and organometallic
processes.®

We and Brdse both described the chemical versatility of
triazene products generated by carbon-hydrogen function-
alization reactions (Schemes 3 and 4). We found that the
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Scheme 4 Transformations of the triazene directing group

DG can be removed using boron trifluoride-diethyl ether
complex under ambient conditions to yield the correspond-
ing arene-hydrogen product in near quantitative yield
(Scheme 4). Upon treatment with methyl iodide, the tria-
zene group is replaced by an iodine, which is capable of
participating in a large number of cross-coupling reactions.
In the presence of an acid, the aryltriazene can be convert-
ed into an aryl cation or radical, which reacts with nucleop-
hiles or ‘SOMOphiles’ (SOMO = singly occupied molecular
orbital), respectively. In addition, transition metals readily
insert into the aryltriazene carbon-nitrogen bond as part of
direct cross-coupling reactions. Because of its chemical
flexibility toward structure diversification, the triazene
moiety is unique among DGs.

Like other DGs, triazenes can be converted into N-het-
erocycles. In 2011, Zhu and Yamane described a method for
the synthesis of cinnolines through reactions between 2-
iodo-1-triazenylarenes and internal alkynes (Scheme 5,
part a).? In our attempt to carry out a carbon-hydrogen ver-
sion of the Yamane cinnoline synthesis, we were surprised
to find that the triazine was converted instead into an NH
indole via an unprecedented nitrogen-nitrogen double
bond cleavage process (Scheme 5, part b).°

Although carbon-hydrogen activation/annulation strat-
egies for indole synthesis using rhodium(III) have been ex-
plored previously, the formation of unprotected NH indoles
in reactions of acetylenes with triazenes has unique advan-
tages.!12 To demonstrate this feature, we applied this
methodology to the preparation of a number of drug scaf-
folds and substances that play a role in organic light-emit-
ting diode devices (Scheme 6).
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a: Yamane's cinnoline synthesis
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Scheme 5 N-Heterocycle synthe5|s through in-situ condensation

The initial conditions for alkyne annulation using [Rh-
Cp*Cl,],, Cu(OAc),, and methanol were only applicable to
electronically neutral substrates. Arenes bearing either
electron-rich or -poor substituents reacted in very low
yields. Subsequently, we found that the combination of cop-
per(II) pivalate and a solvent mixture (MeOH-t-AmOH, 1:1)
led to significantly higher conversions for these substrates
(Scheme 6).!3 Also, aryl,aryl-, aryl,alkyl-, and alkyl,alkyl-
disubstituted acetylenes were all well tolerated. It is note-
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Scheme 6 Triazene-directed NH indole synthesis

worthy that alkynes bearing two different alkyl groups re-
act with impressive levels of regioselectivity (Scheme 6). In
comparison, reactions using other directing groups, such as
NHAGc, yield mixtures of regioisomers.!22b

The mechanism of the indole-forming, nitrogen-nitro-
gen double bond cleavage reaction has been studied. The
results of collision-induced diossociation-high-resolution
mass spectrometry (CID-HRMS) experiments suggest that
1,2-rhodium and 1,2-alkyl migrations might be major steps
taking place in the pathway which lead to loss of nitrogen
as part of the highly exergonic formation of tetrahydropyri-
dazine,'* a byproduct observed using HRMS. The observa-
tion of a primary kinetic isotope effect (KIE, ky/kp = 2.7) as-
sociated with deuterium replacement of the ortho-hydro-
gens showed that carbon-hydrogen activation is the rate-
determining step of the reaction.

Based on these data, we proposed that the seven-mem-
bered rhodacycle formed by the addition of the acetylene to
the initially generated five-membered rhodacycle under-
goes rapid ring contraction by migration of rhodium to pro-
duce a six-membered intermediate. Subsequent 1,2-alkyl
migration and reductive elimination then lead to the forma-
tion of the indole and tetrahydropyridazine products
(Scheme 7).

To gain an understanding of the scope of reactions be-
tween triazenes and alkynes, substrates in which the react-
ing moieties are intramolecularly disposed were treated
with different metal ions. We found that the reaction of (2-
alkynylaryl)triazenes follows two distinct cyclization path-
ways depending upon whether it is promoted by copper(II)
or silver(I). Specifically, substrates of this type produce 2H-
indazoles through oxidative cyclization when treated with
copper(Il) salts. In contrast, 2-substituted indoles are gen-
erated via a nitrogen-nitrogen bond cleavage pathway
when silver(l) is used as the metal cation (Scheme 8).1

The results of computational studies of these processes
suggest that the reaction promoted by copper(Il) involves
Lewis acid catalysis and that silver(I) in the indole-forming
reaction serves as a 7-acid catalyst.

The observation that unprotected NH indoles are pro-
duced in reactions using triazene as the DG inspired us to
design a novel cascade carbon-hydrogen activation/annula-
tion sequence. We envisaged that in the reaction of the tria-
zene with an excess of the alkyne, the initial NH indole
product would undergo a second carbon-hydrogen activa-
tion using the indole NH as the DG. In this event, the pro-
cess would generate an indolo[2,1-a]isoquinoline in one
pot.'?

While intriguing, this seemingly straightforward cas-
cade reaction turned out to be nontrivial. We found that the
two carbon-hydrogen activation steps in the cascade re-
quire different sets of conditions (Scheme 9) because those
that lead to a high yield for the first step normally cause the
second step to be inefficient. Eventually, two solvent sys-
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Scheme 8 Selective intramolecular triazene-alkyne cyclization using different metal ions

© Georg Thieme Verlag Stuttgart - New York — Synlett 2015, 26, 2751-2762

Downloaded by: Chinese University of Hong Kong. Copyrighted material.



2756

Synlett H. Sun, Y. Huang

tems were identified as being applicable for carrying out
reactions of two, electronically different families of sub-
strates.

For electron-poor triazenylbenzenes, use of a metha-
nol-tert-amyl alcohol solvent mixture (1:1) was required to
bring about efficient formation of the corresponding indo-
lo[2,1-a]isoquinolines, while reactions of electron-neutral
or -rich arenes required the use of 1,2-dichloroethane. Fur-
thermore, we observed that diarylacetylenes containing
various substituents were viable substrates for this process
when carried out under the optimized conditions.

To gain insight into this double carbon-hydrogen acti-
vation reaction, density functional theory calculations were
performed on the second catalytic cycle. Owing to the con-
gested environment in the rhodacycle intermediate formed
in the second cycle, the barrier for alkyne insertion is ener-
getically the highest. Moreover, analysis of the calculated
potential energy surface showed that the carbon-hydrogen
activation step is reversible, which is consistent with the
observation of a small deuterium KIE (1.1).

[RhCp*Cly]o, AgSbFg

Cu(OPiv),, MeOH—-t-AmOH
Ar 90 °C, Ar
Ny /'\O conditions A =" N

X N
| o | — N
A [RhCp*Cly]5, AgOAC -/ =
R Ar Cu(OAc)»H0,DCE R Al Ar
90 °C, Ar
conditions B

35%, B 50%, A

Scheme 9 Synthesis of indolo[2,1-alisoquinolines via cascade carbon-
hydrogen activation/annulation reactions

3 Nitrous Amide

Generally, carbon-hydrogen functionalization is oxida-
tive in nature and, as a result, stoichiometric amounts of an
oxidant are required to regenerate the precious metal cata-
lyst produced in the final reductive elimination step. Cop-
per and silver salts most often serve as efficient oxidants for
this purpose. However, the required use of more than two
equivalents of the metal oxidant is highly impractical and

not suitable for redox-labile substrates. Recently, a strategy
involving redox-neutral carbon-hydrogen activation has
guided a large effort aimed at the development of self-oxi-
dative DGs.'® In this approach, a nitrogen-oxygen or nitro-
gen-nitrogen bond serves as both the DG and an internal
oxidant. Groups of this type, referred to as DG%s, have been
particularly effective for promoting regioselective carbon-
hydrogen activation/annulation reactions.

The nitrogen-oxygen bond was first identified as a
highly efficient internal oxidant to turn over rhodium, pal-
ladium, ruthenium, and other transition-metal catalysts. In
particular, N-oxides, O-ethers of oximes, and N-hydroxyam-
ides were successfully used in reactions carried out in the
absence of an external oxidant (Scheme 10, part a).' In
contrast, the use of a nitrogen-nitrogen bond as the DG
was not investigated until a recent study by Glorius and co-
workers which showed that a hydrazide acts as an internal
oxidant via nitrogen-nitrogen bond cleavage (Scheme 10,
part b).4

Although the triazene moiety also contains potentially
oxidatively active nitrogen-nitrogen single and double
bonds, it is not able to oxidize rhodium(I) to form rhodi-
um(IIl). We envisioned that replacement of the terminal ni-
trogen in triazenes with more-electronegative oxygen
might yield a nitrogen-nitrogen moiety that could be used
as a DG in indole-forming reactions (Scheme 10, part c).”
Indeed, the results of studies showed that the nitrous am-

a: Reported redox-neutral strategy through N-O bond cleavage
(Cui, Wu, Fagnou, Hartwig, Guimond, Glorius, Liu, Lu, etc.)
R1

? al
+ 2
N\ R cat. Pd(0)
| > N _pe
_— N intramolecular
OAc N
H
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©/ e |

b: Hydrazide as DG®X via N-N bond cleavage

(Glorius)
H
N. _Ac
N [RhCp*Cly]o, CsOAc
H + \ RZ
AcOH, DCE, 70-100 °C N
R2 H

c: The traceless nitroso strategy through N-N bond cleavage
(Zhu, Huang)
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H internal oxidant

Scheme 10 Carbon-hydrogen activation/annulation reactions using
nitrogen-oxygen and nitrogen-nitrogen DG%s
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ide (NR-NO) moiety serves as an excellent DG* in reactions
that were demonstrated to have a very broad substrate
scope.

Thus, a straightforward redox-neutral protocol for the
carbon-hydrogen activation/annulation governed synthesis
of N-alkylindoles, using the acetate salt of the rhodium cat-
alyst ([RhCp*(OAc),]) and nitrous amide DG*s, was devised.
Reactions promoted in this manner take place efficiently
and they are not sensitive to air and moisture.

In addition, many substrates found to be unreactive un-
der previously developed conditions are well tolerated us-
ing the new DG%-based protocol (Figure 1). Specifically, in-
doles bearing multiple electron-donating substituents,
commonly found motifs in natural products, can be pre-
pared in high yields employing this technique. Moreover,
when nitrous amide is tethered to the arene, fused [5,6,n]-
tricyclic scaffolds are formed. Also, reactions with various
diaryl, aryl,alkyl-, and alkyl,alkyl-disubstituted alkynes oc-
cur smoothly, and those of unsymmetrically disubstituted
acetylenes take place with regioselectivities that match
those of processes directed by the triazene DG.

Mechanistic experiments suggested that the nitrous
amide directed carbon-hydrogen insertion process is asyn-
chronous, with the arene/rhodium interaction contributing
more to the carbon-hydrogen insertion step than the acidi-
ty of the ortho-carbon-hydrogen bond. The KIE, deter-

Ph Ph Ph
Me MeO.
Ph | Ph Ph
©jNg7 R = Me, 90% Z N N

) R = Et, 90% \ \
R R=iPr,54% Me Me

R = Ph, 60%

R=Bn, 73% 95% 7%

Ph Pr Me
Ac MeO,C MeO,C
N\ N N\
Ph | Pr Ar
N Z N N
\ \ \
Me Me Me

Ar= 4-BnOCGH4

97% 61% %
Ph
MeO.
N—pn N N Q
MeO N — P
Bn Ph Ph Ph
80% 65% 89%

Figure 1 Substrate scope for N-alkylindole synthesis via N-nitroso-di-
rected carbon-hydrogen activation/annulation

H H
N

mined using a deuterium-labeled substrate, indicated that
carbon-hydrogen activation is the rate-determining step of
the process and, as a result, that the oxidation step takes
place rapidly.

At nearly the same time, Zhu and co-workers reported a
very similar strategy using a nitrous amide as the DGox.12f
Subsequently, the groups of Hua, Cheng and Matsuda inde-
pendently described the use of a hydrazone moiety as the
combined DG and internal oxidant for rhodium(IIl)-cata-
lyzed indole-forming reactions (Scheme 11).'® Owing to the
fact that the directing hydrazone group is formed in situ,
the process developed by these researchers corresponds to
a one-pot synthesis of indoles using arylhydrazines.

4 Pyrazolidinone

Interestingly, a large majority of carbon-hydrogen acti-
vation reactions explored to date have focused on nonter-
minal alkynes. Generally, both rhodium and palladium
form inactive metal acetylides with terminal alkynes, and
homocoupling of these alkynes is a serious and often un-
avoidable side reaction.’®d° Considering the prevalence of
the 2-substituted indole moiety in the structures of natural
products, the development of carbon-hydrogen activa-
tion/annulation reactions that utilize terminal alkynes as
substrates is a highly desirable goal.

To address these issues, our attention turned to the use
of ruthenium-based catalysts. Although ruthenium has
been employed extensively in carbon-hydrogen activation
reactions'® and it is significantly cheaper than both rhodi-
um and palladium, processes promoted by ruthenium cata-
lysts are not fully compatible with triazene, nitrous amide,
and simple hydrazide based DG%s without an external oxi-
dant. The reason for this lies in the inability of these func-
tionalities to oxidatively regenerate the ruthenium catalyst
in situ because of their relatively low oxidation potentials.

We proposed that a cyclic hydrazide would have a
weaker nitrogen-nitrogen bond because of ring strain and,
as a result, might have a relatively higher oxidation poten-
tial than acyclic hydrazides. This type of potential DG is
exemplified by a pyrazolidin-3-one moiety (Scheme 12),
which has a slightly longer/weaker nitrogen-nitrogen bond
than its acyclic counterpart.?°

The results of studies exploring this proposal demon-
strated that the pyrazolidin-3-one moiety is an excellent
DG for ruthenium-catalyzed carbon-hydrogen activa-

R2

T N =
“NH, o) R \N/\R1 Rh(lll) N -
R2———R3 N
H

Scheme 11 Redox-neutral carbon-hydrogen activation/annulation via hydrazone as a nitrogen-nitrogen DG
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tion/annulation reactions of arenes and alkynes (Scheme
12). The process is applicable to a very broad range of sub-
strates, including ortho-, meta-, and para-substituted
arenes regardless of their electronic nature. It is noteworthy
that a substrate bearing the strongly electron-withdrawing
nitro group reacted smoothly to form the desired 5-nitro-
substituted indole in 93% yield. Furthermore, excellent lev-
els of regioselectivity were observed for reactions involving
unsymmetrically substituted internal alkynes. Most signifi-
cantly, terminal alkynes serve as reactants for highly effi-
cient and regioselective 2-substituted indole forming reac-
tions. In addition to terminal arylacetylenes, their alkyl-
substituted analogues participate in this process. The prod-
ucts of these reactions contain a three-carbon moiety on
the indole nitrogen which is a privileged pattern for many
drug pharmacophores.

R4 H
%z N/N [RU(p cymene)zCIz]z
o, ||
NaOAc, PhCl, 110 °C
R2 R*

RS

Ph H
02N
N A\
N_pp, y Ph y
N Me M
e
Me Me Me
Me
 NH NH NH

ﬁ ?NHz ﬁ
NH; o} NH,

O O
53%
87% 77%

Scheme 12 Ruthenium(ll)-catalyzed redox-neutral carbon-hydrogen
activation/annulation of 1-arylpyrazolidinones and alkynes

Unlike reactions using rhodium(III), the ruthenium(II)-
catalyzed process has a unique feature: the ruthenium spe-
cies with a higher oxidation state is likely involved in the
pathway. Based on only limited mechanistic information,
we proposed that a ruthenium(II)-ruthenium(IV)-rutheni-
um(Il) catalytic cycle is likely involved and that, following
alkyne insertion, ruthenium(II) is internally oxidized before
the reductive elimination step.

5 N-Oxyacetamide

In the studies described above, we and others have
shown that the DGs can play many roles in carbon-hydro-
gen activation/annulation reactions. As a result, they are
not innocent auxiliaries whose sole purpose is directing
carbon-hydrogen activation. In fact, the DGs also serve as
central building blocks to increase molecular complexity.
However, the structural diversity of the DGs probed to date
remains low and, as a result, challenges remain in the de-
sign of new, cascade carbon-hydrogen activation/annula-
tion reactions that can be utilized to install structural com-
plexity. Complex, multiply substituted heterocyclic scaf-
folds, which can be generated in a direct, one-pot manner
from simple starting materials, would be ideally suited for
this purpose.

To address this challenge, we proposed the concept of
‘multitasking functional groups’ (MFGs). We envisaged that
an MFG would play multiple roles in a cascade carbon-
hydrogen activation/annulation reaction. Firstly, it would
serve as a DG to activate and govern the selectivity of car-
bon-hydrogen insertion. Secondly, it would be an internal
oxidant to both turn over the transition-metal catalyst and
initiate redox processes that form new structural motifs.
Thirdly, the reactivity of the MFG would be used to trigger
versatile rearrangement, cyclization, and other bond reas-
sembly processes. Finally, the function of the MFG should
be controllable using either an orthogonal catalyst or by
variation of common condition parameters.

The results of recent investigations focusing on this is-
sue demonstrate that the N-oxyamide moiety can function
as a desirable MFG.?! The redox properties of the nitrogen-
oxygen bond and amide functionality in these substances
are particularly attractive for designing multitasking cas-
cades. During the course of our investigation, Lu and co-
workers reported that the N-oxyacetamide group acts as a
DG in redox-neutral carbon-hydrogen olefination reac-
tions of internal alkynes.*d Subsequently, Wang and co-
workers described other redox-neutral carbon-hydrogen
olefination reactions with hydrazones or diazo substrates
which are guided by the same DG*.?2 Zhao and co-workers
later disclosed the discovery of a method for palladium-cat-
alyzed benzisoxazole synthesis using an N-oxyacetamide as
a DG (Scheme 13).4¢ It is noteworthy that in the reactions
studied by Lu’s group, either ortho-olefinic phenols or ben-
zofurans could be generated by controlling the reaction
conditions.

These initial observations highlighting the multitasking
ability of N-oxyacetamides encouraged us to carry out a
more-detailed study focusing on the preparation of more-
complex targets. During our efforts, we found that olefina-
tion products generated in the reactions Lu studied under-
g0 an intriguing oxidative double ring-closure reaction to
produce dihydrobenzofuro[2,3-d]oxazoles containing two
contiguous stereogenic centers (Scheme 14).
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Scheme 13 Redox-neutral carbon-hydrogen activation/annulation re-
actions using an N-oxyacetamide

This process occurs smoothly at room temperature us-
ing 1.2 equivalents of silver(I) carbonate (Ag,CO;). Interest-
ingly, hydrogen is released in this transformation. Thus, by
simply adding Ag,CO; to the product mixture generated us-
ing Lu’s conditions, a double cascade reaction between the
N-oxyacetamide and alkyne functionalities takes place to
form a dihydrobenzofuro[2,3-d]oxazole directly.

The 5,5-fused heterocyclic ring system in dihydroben-
zofuro[2,3-d]oxazoles contains a chemically labile hemiam-
inal group, which has the potential of being used to trigger
interesting rearrangement/oxidation pathways that lead to

[RhCp*Clo)o (5%)
Ag2COj3 (1.2 equiv)

the generation of substituted polycondensed heterocycles.
Therefore, N-oxyacetamides, serving as MFGs, might enable
rapid structural diversification following carbon-hydrogen
activation/annulation through multistep cascade processes.

To explore this proposal, the dihydrobenzofuro[2,3-
d]oxazole formed by the reaction of an N-(aryloxy)acet-
amide and an alkyne was treated with another alkyne un-
der the carbon-hydrogen activation/annulation conditions.
The ensuing reaction produced a polysubstituted isoquino-
line product (Scheme 15).

Observations made in mechanistic studies revealed that
dihydrobenzofuro[2,3-d]oxazole undergoes reversion to the
initial olefination product, which then participates in an
enamine-directed alkyne annulation reaction to yield the
new heterocyclic ring system. In a subsequent effort, we
demonstrated that it is possible to utilize two different
alkynes in a one-pot reaction. The chemoselectivity in each
step of this cascade, which forms an isoquinoline derivative,
was achieved by controlling the reaction temperature. Spe-
cifically, the second alkyne insertion occurs after the first
alkyne reaction is completed when the temperature is
raised to 120 °C.

Treatment of N-phenoxyacetamide with excess diphe-
nylacetylene, [RhCp*Cl,],, and silver(I) acetate (AgOAc, 2.1
equiv) in methanol leads to the formation of an isoquino-
line, a higher oxidation state product, via a three-step car-
bon-hydrogen vinylation, oxidation, and carbon-hydrogen
activation/annulation cascade reaction (Scheme 16). Inter-
estingly, this product is not produced upon subjecting the

0
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1
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H R?
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14
R JN\+ R

-

PR
97% 79%

O,

L R M

60%

Ph
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Scheme 14 Double cascade reaction for dihydrobenzofuro[2,3-d]oxazole formation using an N-oxyacetamide as a multitasking functional group
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Scheme 15 Double cascade reaction for isoquinoline formation using an N-oxyacetamide as a multitasking functional group
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Scheme 16 Triple cascade reaction to form an isoquinoline using an
N-oxyacetamide as a multitasking functional group

corresponding double cascade product to benzylic oxida-
tion conditions. We propose that in this process, an enam-
ine oxidation reaction, taking place prior to isoquinoline
formation, generates an imine intermediate that directs the
second carbon-hydrogen activation/annulation reaction.
Finally, we observed that by increasing the amount of
oxidant to 6 equivalents, this reaction leads to the forma-
tion of a rearranged isoquinoline product in 80% yield via a
quadruple cascade route (Scheme 17). Treatment of the tri-
ple cascade product with methanol-d, (CD;0D) and excess
AgOAc (5 equiv) was observed to produce the hexadeuterat-
ed product. We proposed that the mechanism for this pro-

ph [RhCp*Clol (5%)

| AgOAc (6 equiv)

cess involves silver-mediated single-electron transfer (SET).
Upon dearomatization by phenolate addition, the resulting
dihydropyridine intermediate is readily oxidized by silver
to generate a conjugated radical cation. The radical cation
then undergoes B-fragmentation to yield a more-stable a-
methoxy diarylmethyl radical. Further oxidation of this rad-
ical, followed by CD;0D addition to the resulting cation
then forms the observed product.

6 Conclusion

In summary, great progress has been made over the past
several years in the development of traceless, cleavable, re-
dox-neutral, and multitasking DGs for carbon-hydrogen ac-
tivation/annulation reactions. The advances have signifi-
cantly extended the synthetic utility of the carbon-hydro-
gen functionalization strategy so that it is now applicable to
practical and straightforward methods to prepare polysub-
stituted heterocycles. The examples discussed in this ac-
count capture some of the most recent developments made
in the design of new DGs. We expect that the new concept
of MFGs will stimulate further innovative studies leading to
the discovery of novel strategies for heterocycle synthesis.
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