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CONSPECTUS: Because of the importance of nitrogen-containing compounds in chemistry
and biology, organic chemists have long focused on the development of novel methodologies |
for their synthesis. For example, nitrogen-containing compounds show up within functional
materials, as top-selling drugs, and as bioactive molecules. To synthesize these compounds in
a green and sustainable way, researchers have focused on the direct functionalization of f
hydrocarbons via C—H or C—C bond cleavage. Although researchers have made significant
progress in the direct functionalization of simple hydrocarbons, direct C—N bond formation
via C—H or C—C bond cleavage remains challenging, in part because of the unstable

character of some N-nucleophiles under oxidative conditions.
The nitriles are versatile building blocks and precursors in organic synthesis. Recently, chemists have achieved the direct C—H
cyanation with toxic cyanide salts in the presence of stoichiometric metal oxidants. In this Account, we describe recent progress
made by our group in nitrile synthesis. C—H or C—C bond cleavage is a key process in our strategy, and azides or DMF serve as
the nitrogen source. In these reactions, we successfully realized direct nitrile synthesis using a variety of hydrocarbon groups as
nitrile precursors, including methyl, alkenyl, and alkynyl groups. We could carry out C»—H functionalization on benzylic, allylic,
and propargylic C—H bonds to produce diverse valuable synthetic nitriles. Mild oxidation of C=C double-bonds and C=C

triple-bonds also produced nitriles.

The incorporation of nitrogen within the carbon skeleton typically involved the participation of azide reagents. Although some
mechanistic details remain unclear, studies of these nitrogenation reactions implicate the involvement of a cation or radical
intermediate, and an oxidative rearrangement of azide intermediate produced the nitrile. We also explored environmentally
friendly oxidants, such as molecular oxygen, to make our synthetic strategy more attractive. Our direct nitrile synthesis
methodologies have potential applications in the synthesis of biologically active molecules and drug candidates.

B INTRODUCTION

Nitrogen-containing compounds occupy a significant position in
living matter, dyes, and medicines.’ Therefore, the preparation of
N-containing compounds has always been an important topic in
organic synthesis. In general, the methods for C—N bond
formation include substitution reactions (both nucleophilic and
electrophilic amination), cross coupling, cycloaddition, con-
densation, and rearrangement reactions.” Among them, the
development of catalytic cross coupling reactions provides
efficient approaches to N-containing compounds. In the past
decade, some direct C—H aminations and amidations have been
significantly developed.® Despite the significance, improvement
is still needed in the C—N bond formation through C—H or C—C
bond cleavage. For example, the functionalization of a specific
C—H bond in simple substrates requires highly regioselective
catalytic systems.” Meanwhile, C—N bond formation through
simple C=C double bond and C=C triple bond cleavage is still
rarely reported.*

Nitriles are versatile building blocks and precursors in organic
synthesis.” The cyano group itself is ubiquitous in useful
medicines and functional materials. Traditional methodologies
for the preparation of nitrile compounds include Sandmeyer and
transition-metal mediated cyanation reactions,® transformations
from amines, alcohols,” amides, or oximes,® and direct cyanations
through C—H bonds.” However, cyanide salts and stoichiometric
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metal oxidants are usually employed, some of which cause
unpleasant conditions and operations.

To build nitriles in high efficiency, we had tried to develop the
direct approach from some readily available hydrocarbons
through C—H/C—C bond cleavage by using nonmetal oxidants
and simple nitrogen sources. Recently, on the basis of our copper
catalyzed direct transformation of methyl arenes to aryl nitriles
under mild conditions, we have developed some novel
approaches to aromatic, alkenyl, and propargylic nitriles, via
C,,»—H functionalization. Furthermore, unactivated olefins and
alkynes are successfully converted into nitriles through C—C
bond cleavage. In addition, we found that DMF can be employed
as a cyano source for direct C—H cyanation reactions.

B DIRECT TRANSFORMATION OF METHYL ARENES
TO ARYL NITRILES

We were inspired by the reported direct ammoxidation of methyl
arenes,'* although it required very harsh conditions and had low
selectivity and limited substrate scope. We hypothesized that the
direct C—H functionalization may execute under mild conditions
employing a radical process due to the high activity of a radical
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intermediate. This project was initially investigated by using the
electron-rich para-methylanisole (1) as the substrate in the
presence of sodium azide as the nitrogenation reagent (eq 1). 106

NaN3 (4.0 eq.)

PIDA (3.2 eq.)
MeO—@—CH3 - . MeOOCEN 1)
MeCN, 25 °C
1 2 42%

Many oxidants were screened to oxidize sodium azide for the
initial generation of an azide radical to trigger the designed
nitrogenation transformation. To our delight, when phenyl-
iodonium diacetate (PIDA) was employed as an oxidant, three
benzylic C—H bonds were broken to give aryl nitriles in
moderate yield even at room temperature. The efficiency of this
transformation can be promoted by catalytic amounts of copper
salts such as CuSO,-5H,0.

Various para-heteroatom-substituted toluenes with electron-
donating groups were well tolerated (Scheme 1). The require-

the cation B undergoes a Schmidt type rearrangement to afford
the product.'” The cation could be stabilized by the a-N; group
and para-substituent on the aromatic ring (Scheme 3). Most

Scheme 3. Proposed Mechanism
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Scheme 1. Direct Transformation of Methyl Arenes to Aryl
Nitriles
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ment of a heteroatom substituent at the para-position provides a
possibility for the regioselectivity control. For example, the meta
methyl group is untouched in the reaction of 4-methoxy-1,2-
dimethylbenzene (76%, Scheme 1). Some hydroxyl protecting
groups are easily removable, providing the possibility of further
functional group transformations. There are still some drawbacks
in the above-mentioned method: (1) the substrate scope is
limited; p-heteroatom-substituent on the aromatic ring of methyl
arenes is required; (2) excess amounts of azides and oxidants
were loaded in this transformation.

To get in-depth mechanistic insight in this reaction, control
experiments with possible intermediates were investigated
(Scheme 2).'® Since 4- -methoxybenzonitrile (2) cannot be

Scheme 2. Control Experiments

standard conditions
MeOOCHZNa _— MeOOCEN

3 2 >99%

N3
MGOOCEN

2 56%

standard conditions
MeO —_—
N3

4 44% recovered

obtained in the absence of PIDA or NaNj, the azide radical was
involved in this transformation. Benzylic azide (3) was converted
into 2 quantitatively, whereas 4 gave the product in 56% yield
with 44% recovered starting material. These results indicate that
3 was more likely the key intermediate involved. When 1 was
reacted under molecular oxygen, 4-methoxybenzaldehyde was
obtained in 16% yield, indicating that the formation of aryl
nitriles may proceed through a benzylic radical, A, which can be
trapped by molecular oxygen."" The radical is oxidized to give the
benzylic cation through single electron transfer (SET). Finally,
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recently, Wang and co-workers reported a direct transformation
of methyl arenes into aromatic n1tr11es using tert-butyl nitrite as
the nitrogen source and oxidant."

This direct transformation of methyl arenes to aryl nitriles
provides potential applications in organic synthesis. For instance,
disoxaril tetrazole analogue 7 has broad spectrum antipicorna-
virus activity and was reported to be prepared from an expensive
starting material, 4-hydroxy-3,5-dimethylbenzonitrile."* Regard-
ing methyl group as a precursor of nitrile, the aryl nitrile
intermediate 6 was prepared from the functionalized methyl
arene S in high regioselectivity controlled by the heteroatom
substituent at the para-position of the methyl group. By using
this method as the key step, 7 was obtained in a 10% overall yield
for six steps from inexpensive starting materials (Scheme 4).

B DIRECT TRANSFORMATION OF METHYL IMINES TO
a-IMINONITRILES

a-Iminonitriles are versatile precursors for many compounds
such as a-ketoacids, amides, N-alkylketene-imines, cyanoenamides,
and amidines." According to the reported cases, there are still
inadequacies in substrate scope, manipulation, and reagents in the
preparation procedures. Inspired by our previous work, methyl imines
were intended to build these kinds of nitriles through the direct

C,»—H functionalizaion strategy. Therefore, the reaction of readily
available imines 8 was mvestlgated under similar conditions by using
PIDA as the oxidant.' This proposed nitrogenation was successfully
achieved by using TMSN; as the nitrogen source (Scheme S). The
reaction showed good tolerance of different substituent groups under
the optimized conditions as shown in Scheme S. Notably, although
the specific role of sodium bromide is not clear yet, it is effective to
improve the yields of the desired ar-iminonitriles 9.

This transition-metal-free reaction was carried out under air at
room temperature. The direct transformation of methyl imines in
a one-pot fashion shows potential application value in organic
synthesis (eq 2). Notably, N-heterocyclic compound 10 also
performed well to give 11, which is difficult to obtain in
traditional manners (eq 3).

B EFFICIENT TRANSFORMATION FROM BENZYL OR
ALLYL HALIDES OR ESTERS TO ARYL OR ALKENYL
NITRILES

As previously mentioned, benzylic azide has been proven to be
the key intermediate to afford aryl nitrile. We therefore
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Scheme 4. Synthesis of a Tetrazole Analogue Related to Disoxaril
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Scheme S. Transformation of Methyl Imines to a-
Iminonitriles

TMSN; (2.0 eq.)
NaBr (2.0 eq.)

=z
R /CH3 PIDA (3.0 eq.) R1©\ 1
X R,  DMSO,20°C NONTR,
8 9
R1 =4-OMe, R; = 4-MeCgHy,, 80% R; =4-OMe, R; = furan-2-yl, 72%
=4-OMe, R; = 4-MeOCgHy, 83%  Rq =4-OMe, R; = benzofuran-2-yl, 32%

Ry = 4-F, Ry = CgHs, 76%
Ry = 4-tBu, Ry = CgHs, 83%
Rq = H, Ry = 4-MeCgHj, 65%

MeO m
1) 4 AMS, Et,0, RT C
/)\
H 2) TMSN3 (2.0 eq.) N Ph

NaBr (2.0 eq.)

PIDA (2.0 eq.)
DMSO, RT
TMSN3 (2.0 eq.)
NaBr (2.0 eq.)
_PIDA(2Oeq)
"DMSO, RT, 60%

envisioned that a tandem substitution reaction of allyl and benzyl
halides (12 and 14) to generate allyl and benzyl azides in situ and
the subsequent oxidative rearrangement process should be
possible to pre{)are the corresponding aryl and alkenyl nitriles
(13 and 15).'7'®

The reactions proceeded well with a wide range of allyl
chlorides and bromides to give the corresponding alkenyl
nitriles in moderate to excellent yields (Scheme 6). Even alkyl-
substituted allyl chlorides can give the product but in a little lower
yield. In the runs of trisubstituted alkenyl substrates, E-isomers
were isolated as major products. The reactions of benzyl halides
were also highly functional group tolerant. In addition, a
methylthio group is also compatible in the reaction without
further oxidation (Scheme 7).

Furthermore, allyl acetates 16 have been employed for the
synthesis of alkenyl nitriles. A tandem Pd-catalyzed Tsuji—Trost
reaction for the formation of allyl azides in situ and the
subsequent oxidative process are involved in this trans-
formation.'” After the Tsuji—Trost reaction step, a catalytic
amount of sulfur was employed to poison the Pd-catalyst. Then
the generated allyl azides are further oxidized by DDQ to form
the nitrile products 17 (Scheme 8).

R = 4-OMe, R, = CH=CHCgHs, 73%
R = 3-Me, R, = CgHs, 50%

B DIRECT OXIDATIVE TRANSFORMATION OF
ALLYLARENES OR ALKENES TO ALKENYL NITRILES

Alkenyl nitriles are building blocks widely used in the synthe51s of
pharmaceuticals, agrochemicals, and natural products.”’

Although fascinating examples of allylic amination by palladium
catalysis have been disclosed," the direct transformation of allyl
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Scheme 6. Transformation from Allyl Halides to Alkenyl
Nitriles
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Scheme 7. Transformation from Benzyl Halides to Aryl
Nitriles
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Scheme 8. Efficient Approach to Alkenyl Nitriles from Allyl
Esters
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arenes via C_>—H activation remains attractive.”” The designed
tandem C—H azidation and oxidative arrangement of allyl arenes
was therefore investigated. When DDQ was employed as the
oxidant, 1-allylbenzene 18 gave the desned product (E)-3-phenyl-
2-propenenitrile 19 in 19% yield (eq 4).>® In recent years, iron salts
have emerged as efficient catalysts in C— heteroatom bond
formation through C,»—H functionalization.”* It was exciting
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that the desired product was isolated in 95% yield using FeCl, as
the catalyst.

Various allyl substrates were investigated under the iron
catalytic oxidative conditions (Scheme 9). The allylarenes

Scheme 9. Transformation of Allylarenes or Alkenes to
Alkenyl Nitriles
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bearing different substituents were compatible in this trans-
formation. Notably, 3,3- and 2,3-disubstituted propenes gave the
corresponding trisubstituted alkenyl nitriles in moderate yields
with high stereoselectivity. The reactions of 3-allylarenes made
our protocol noteworthy. Both (E)- and (Z)-propenylbenzene
20 can provide 19 in high stereoselectivity, indicating that a 7-
allyl species may be involved in the reaction. Unfortunately,
when the simple aliphatic (E)-deca-1,4,9-triene was employed as
the substrate, no desired nitrile product was obtained.

The mechanism studies indicate that the activation of the allyl
C,,’—H bond should be the rate-determining step (Scheme 10).

Scheme 10. Mechanism Studies
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Both intra- and intermolecular kinetic isotopic effects were evident
(ku/kp = 3.5 and 4.6, respectively). In addition, no azide
substitution product was observed by reducing the amount of DDQ.

A SET oxidation mechanism is proposed for this reaction
(Scheme 11). Initially, allyl arene 18 or 20 undergoes successive
iron-assisted single-electron oxidation to produce the corresponding
allyl cation B. Subsequently, B experienced nucleophilic attack to
give allyl azides 21 and 21’, which would emst as an equilibrating
mixture by [3,3]-sigmatropic rearrangement.”> Azide 21 is further
oxidized to generate allyl azide cation C, which undergoes Schmidt-
type rearrangement to afford the desired nitrile 19.

The allyl cation intermediate is also 1nv01ved in other
nitrogenation reactions developed by us (Scheme 12).%° The cation
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Scheme 11. Proposed Mechanism
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would be attacked by azide to form allylic azide cation A under
oxidative conditions. Then the aryl migration to the proximal
nitrogen with the extrusion of nitrogen gas could generate
intermediate B."* It is demonstrated that B is an active species to
be trapped by diverse nucleophiles. For instance, tetrazoles would be
formed by the nucleophilic addition and cyclization of excess azides,
while acrylamides were produced in the presence of water.

Bl OXIDATIVE TRANSFORMATION OF ARYL
PROPARGYLIC AZIDES TO ARYL
PROPIOLONITRILES

After achieving the goal by direct allylic C,,;’—H functionaliza-
tion, we began to concentrate on propargylic C, ,*—H activation.
Although aryl propiolonitriles are useful bulldlng blocks to many
chemical and biological active molecules,®” limited cases were
reported to synthesize them from simple starting materials under
mild conditions.”® We envisioned that propargylic azide 22 may
be the proper substrate for the transformation. However, an
unexpected C—O coupling product 23 was observed when acetic
acid was employed as an additive (eq 5).*

OAc

DDQ (2.0 eq.)
/N3 AcOH (2.5 eq.) =z N )
Ph DCE, Ar,30°C Ph
22 23 43%

During the optimization, no desired aryl propiolonitrile 24 was
detected in most cases except in the presence of DDQ. However,
the product may be consumed due to the potential [2 + 2]
cycloadditions with DDQ.*® Finally, (CuOTf),-PhMe is found
to be essential to the desired reaction when tert-butyl
hydroperoxide (TBHP),*' which has been widely used in
metal catalyzed dehydrogenatlve couplings, is employed as the
oxidant (Scheme 13).*> Various aryl propargylic azides can
produce 24 in moderate to good yields, whereas aliphatic
substrates did not work under these conditions.

A single electron transfer (SET) mechanism is proposed in this
transformation (Scheme 14). Two types of possible intermediates
are likely generated through this Cu/TBHP catalytic system, both of
which can be converted into propargylic azide cations. Finally, a
Schmidt-type rearrangement gives the desired products.

B DIRECT TRANSFORMATION OF OLEFINS TO
OXO-NITRILES VIA C=C DOUBLE-BOND CLEAVAGE

The C=C double bond is among the valuable bonds broadly

existing in pharmaceuticals, functional materials, and natural
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Scheme 12. Direct Approaches to Tetrazoles and Acrylamides via Allyl Cations
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Scheme 13. Transformation of Aryl Propargylic Azides to Aryl
Propiolonitriles
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products. The functionalization of the C=C double bond is
intriguing in synthetic methodology.® After developing some
approaches to N-containing compounds through an oxidative
nitrogenation strategy, we envisioned that C=C double bond
nitrogenation could be realized by an azide mediated radical
process (eq 6). Although transition-metal catalyzed C=C

Ar

. H ,-—C=N
N organocatalyst

LT oo M, @
AR 02 IN] AR

double-bond functlonahzatlon has been highly developed in
recent decades,®* we proposed organocatalysis as an alternative
solution by its own merits.*® Molecular oxygen has been
considered as an ideal terminal oxidant, as well as the potential
O source. Inspired by the N-hydroxyphthalimide (NHPI)
catalyzed oxygenation reaction of olefins,*”* many catalysts
such as NHPI, azodiisobutyronitrile (AIBN), and benzoyl
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peroxide (BPO) have been screened to realize the C=C double
bond nitrogenation. Interestingly, when TMSN; was employed
as the nitrogen source, 2,2,6,6-tetramethylpiperidine 1-oxyl
(TEMPO) was identified as an efficient catalyst to the internal
alkenes for the synthe51s of oxo-nitriles through C=C double
bond cleavage

Various terminal and disubstituted alkenes were subsequently
investigated (Scheme 15). The reaction proceeds well with

Scheme 18. Direct Transformation of Olefins to Oxo-nitriles
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benzylic alkenes 25. To enhance the efficiency of the reaction
with aliphatic olefins 27, a series of additives were investigated.
The oxo-nitrile products could be obtained in moderate yield in
the presence of PIDA, although its role was not clear yet.*®

The synthesis of many multipurpose oxo-nitriles underscores
the utility of this direct transformation of olefins. For example,
(S)-ketamine 29, an anesthetic and anaI% sic medicine, was
prepared from oxo-nitrile 30 in many steps.”” Our strategy gave a
concise route to this compound in 86% yield (Scheme 16).

Preliminary mechanistic studies have been investigated
(Scheme 17). TEMPO is the essential catalyst in this trans-
formation (Scheme 17). The result of an '*0 labeling experiment
shows molecular oxygen as the oxygen source of the product
(Scheme 17). Furthermore, a-azido ketone was reacted in the
control experiments, but no oxo-nitrile was obtained. In addition,
f-hydroxy azides did not work under the standard conditions
(Scheme 17).* These results indicate that both a-azido ketone
and f-hydroxy azides are not involved in this transformation.

A radical pathway is proposed (Scheme 18). Initially, TMSN;
generates azido free radical associated with the formation of
intermediate A, which is detected by GC-MS. The azido free
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Scheme 16. Synthesis of Key Intermediate of Ketamine
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Scheme 18. Proposed Mechanism
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radical subsequently attacks the alkene and terminates with
molecular oxygen to form peroxide radical B. Subsequently,
intermediate B undergoes a continuous rearrangement with the
release of dinitrogen gas, C—C bond cleavage, and heterolysis of the
O—-0 bond to give the product oxo-nitrile. An in-depth study for
understanding of the details about the rearrangement is still required.

B DIRECT APPROACH TO NITRILES THROUGH C=C
BOND CLEAVAGE

The transition-metal catalyzed cleavage of C=C bond has been
practiced, but the exploration of alkyne transformations still
remains to be extended.*! In this scenario, transition-metal
catalytic nitrogenation of acetylenes to nitriles was investigated.
A preactivation strategy by a hydroazidation process to introduce
an azido group into alkynes was designed. Varying from
traditional z-acid catalysis, the silver catalyst is essential to this
transformation (eq 7). When TMSNj was screened to serve as

2% Ag cat., [N] -N
R N — g C” @)
-IN2

nitrogen donor, benzonitrile was obtained in moderate yield.**
Very recently, an approach to nitriles from internal alkynes was
reported by Yanada and co-workers.*
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Scheme 19. Direct Approach to Nitriles from Terminal
Alkynes
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Various phenylacetylene derivatives were well tolerated in this
transformation (Scheme 19). Electron-rich substrates gave the
corresponding aromatic nitriles in good to excellent yields.
Halogen atoms as well as unprotected amide groups on the
aromatic rings are compatible to give the corresponding nitrile
products. Heterocyclic and aliphatic alkynes also proceeded well
in this transformation.

Vinyl azide 32 was identified as the key intermediate (Scheme 20).
Notably, additional TMSN; is required when vinyl azide was

Scheme 20. Mechanistic Studies
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employed in the reaction (Scheme 20). The control experiments
exclude azirine and tetrazole as the intermediates. Internal alkynes
can also generate vinyl azides, but nitriles cannot be obtained under
these conditions.**

The reaction was monitored by 'H NMR spectroscopy in
DMSO-dg (Figure 1). The signal at 4.0 ppm (0—1.5 h) belonged
to 31. The vinyl azide 32, weak signals of which emerged at 4.93
and 5.53 ppm after 10 min, reached a peak after 1.5 h. The nitrile
product 2 was identified to appear after 10 min.

A possible mechanism is proposed (Scheme 21). The silver
activated alkyne is initially attacked by azide anion to generate
alkenyl metal complex B. Vinyl azide C may be formed from the
protonation of B by trace water in the solvent. The subsequent
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Figure 1. 'H NMR spectroscopy monitoring reaction of 31 (400 MHz,
DMSO-dg). A = 31 alkynyl group, B = 31 methoxy group, C =31 Ar—H,
D = 32 alkenyl group, E = 32 Ar—H, F = 2 Ar—H, and G = 2 methoxy
group.

Scheme 21. Proposed Mechanism
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cyclization of vinyl azide C with azide affords the unstable inter-
mediate D.** The control experiment excludes E as an intermediate
under optimized conditions. Alternatively, a continuous rearrange-
ment of D is concerned to produce 2 with the extrusion of HN; and
CH,N,, which were detected by GC-MS. The HN; may be reused
in the cyclization of C.

The exploration of CN sources is an ongoing issue in organic
synthesis.** We have developed many direct transformations
using azides as the nitrogen source. Despite the significance of
azides and the traditional metal cyanide salts, many safe and
readily available reagents as CN sources generated in situ have
been developed in recent years.*’ These studies revealed that
DMEF and DMSO not only are polar solvents but also could be
versatile synthetic precursors to give a number of functional
units.** Recently, we developed direct C—H cyanation of indoles
just by using DMF as the CN source (eq 8),* although the
mechanism is still not completely clear.
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Bl CONCLUSION

Through these developed nitrogenation processes of simple
hydrocarbons, various common groups, such as methyl, alkenyl,
and alkynyl groups, could be considered as the precursors of
nitriles. Direct Cy—H functionalization, including benzylic,
allylic, and propargylic C—H bonds, has been realized to produce
diverse synthetically valuable nitriles. The C=C double-bond
and C=C triple-bond also proceeded well under mild oxidative
conditions for the synthesis nitriles. The incorporation of
nitrogen was usually accomplished by the participation of azide
reagents. The mechanistic studies of these transformations
revealed that, although some details are still unclear, a cation or
radical intermediate is involved in these nitrogenation reactions.
In most cases, an oxidative rearrangement of an azide
intermediate is involved to give nitriles. To get practical insight
into these reactions, environmentally friendly reagents, such as
molecular oxygen, were investigated to make our strategy more
attractive. Versatile building blocks such as DMF have emerged
as “CN” sources in the research. Ultimately, the exploration of
efficient, readily available, and safe nitrogenation reagents are
always favorable.
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