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In the past years, the activations of aromatic nitriles for radical
arylations under photoirradiation have been developed. We here
report the first example of radical arylations using aromatic nitriles
without the assistance of photoirradiation. Importantly, with this
method, the direct arylation of C(sp®)—H in benzyl amines provided
a practical method for the synthesis of diarylmethylamines without
the use of precious transition metal catalysts.

Diarylmethylamines are important structural motifs in medicinal
chemistry and often act as central components of pharma-
ceuticals, bioactive natural products, and agrochemicals.1
Importantly, recent statistical studies have indicated that the
prominence of heteroaromatic rings in marketed oral drugs is
increasing (Fig. 1)." In this context, the synthesis of diaryl-
methylamines has attracted more and more attention. In the
past decades, the transition-metal-catalyzed direct o-C(sp®)-H
arylations of benzyl amines with aryl halides have been developed,
which provided convenient methods to prepare diarylmethyl-
amines.” The reactions avoid the commonly employed nucleo-
philic addition of aryl-metal reagents (aryl lithium or Grignard
reagent) to imines. In the reactions, precious transition-metal
catalysts (mostly Pd) were required (Scheme 1, a).

In the past years, the application of aromatic nitriles for
radical C(sp®)-H arylation has been developed.® The reactions
were usually proceeded under photoirradiation, in which the
aromatic nitrile received an electron from the photoreductant
and formed an aryl radical anion. This intermediate was
then subjected to the subsequent radical coupling reactions
(Scheme 1, b). For example, the MacMillan group recently
realized the first example of photoinduced radical C-H arylation
using aromatic nitriles as the arylation reagents.* In these reactions,
the sp® C-H bonds at the allylic, benzylic, and o-positions of
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Fig. 1 Pharmacologically active compounds containing diaryl (heteroaryl)
methylamines.

alkyl amines were successfully coupled with a variety of (hetero)-
aromatic nitriles. With this strategy, the reactions needed to be
conducted under UV light irradiation or proceeded under visible
light with the assistance of a precious Ir photocatalyst.” In 2013,
Inoue and co-workers reported a novel photoinduced transition-
metal free arylation reaction with aromatic nitriles. In this reaction,
a sub-stoichiometric amount of benzophenone (0.5 equiv.) and
100 W medium pressure mercury lamp irradiation were essentially
required to mediate the electron transfer.® So far, the strategy to
activate aromatic nitriles and apply to radical arylation without the
assistance of photoirradiation has been undeveloped, and is still
highly desirable.

In the past years, organic molecule based electron donors
have received much attention due to their tunable reduction
ability and environmentally benign reaction conditions.” Among
them, one class of compounds called super-electron-donors (SEDs)
possess reduction potentials as high as —1.50 eV (versus SCE),?
which were able to initiate the dissociation of a large variety of
chemical bonds.’ In the reactions, organic SEDs are capable of
spontaneous one- or two-electron transfer from a donor to an
organic substrate, while the bond dissociation can take place
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(a) Transition-metal catalyzed C-H arylations to prepare diarylmethylamines
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Scheme 1 Research background introductions.

either simultaneously or in a stepwise process under mild and
homogeneous conditions. Different ranges of redox potentials
and choices of reactivities and selectivities can be achieved by
simple modulation of their structure and the reaction para-
meters. These unique properties are now attracting more and
more attention in various original applications like substitutions,
addition, cyclization, polymerization initiators, and greenhouse
gas reduction.'® For example, the Walsh group recently developed
a novel transition-metal free radical coupling reaction of 2-azaallyl
species with vinyl, aryl and alkyl halides."* The DFT computational
studies and EPR experiment suggested that the 2-azaallyl anion
served as an SED and mediated the SET (single electron transfer)
with organic halides.

As a complementary method to the previously reported photo-
induced activation of aromatic nitriles for radical arylations,*®
we were interested in developing an alternative method without
the assistance of photoirradiation. We envisioned that an SED,
such as the 2-azaallyl anion, could possibly provide an electron to
aromatic nitriles and promoted the generation of aryl radicals.
Importantly, the direct arylation of 2-azaallyl based ketimines
could provide a practical method for C(sp®)-H arylation for the
synthesis of diarylmethylamines without the use of precious
transition metal catalysts (Scheme 1, c).” In this reaction, the
ketimine served not only as the SED to activate the aromatic
nitrile but also as the radical coupling partner after SET.

The investigation was initiated using ketimines 1a and
4-cyanopyridine 2a (2 equiv.) as model substrates, and the
reaction was proceeded at room temperature for 4 h in 1 ml
methyl tert-butyl ether (MTBE). It was delightful that the
desired arylation product 3a was obtained in 40% yield using
3 equiv. of NaHMDS (NaN(SiMes),, Table 1, entry 1). Other
basic additives were also tested in our reactions, such as
LiO‘Bu, NaO'Bu, KO'Bu, K,CO;, Na,CO;, NaOAc, Et;N, TMEDA,
DBU, DMAP, etc.; however, only LIHMDS and KHMDS gave the
desired products but with lower yields (entries 2 and 3, see the
ESIf for details). The solvent screening indicated that dimethoxy-
ethane (DME) was the best choice (entries 4-8). Increasing the
amount of NaHMDS to 4 equiv. did not improve the yield (entry 9).
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Table 1 Optimization of the reaction conditions?
N\
H Ph NC = conditions ‘ _
A, L Y e
Ph” “N” "Ph N rt 2l
1a 2a Ph” >N” "Ph 3a
Entry Base Solvent Time (h) Yield (%)
1 NaHMDS MTBE 4 40
2 LiHMDS MTBE 4 28
3 KHMDS MTBE 4 18
4 NaHMDS THF 4 56
5 NaHMDS DME 4 72
6 NaHMDS Toluene 4 21
7 NaHMDS Dioxane 4 44
8 NaHMDS Et,0 4 22
9° NaHMDS DME 4 68
10° NaHMDS DME 4 38
11 NaHMDS DME 12 95 (88)
12 NaHMDS DME 24 69

% Reaction conditions: unless otherwise noted, reactions were conducted
using 0.2 mmol of 2a, 2 equiv. of 1, 2 equiv. of 1a, 3 equiv. of base, and
1 ml solvent. NaHMDS 2 M in THF was used. 4 equiv. of NaHMDS used.
€2 equiv. of NaHMDS used. Yields were determined by "H NMR using
mesitylene as the internal standard; the isolated yield indicated in
parentheses.

To our satisfaction, upon reducing the loading of NaHMDS to
2 equiv. and extending the time to 12 h, a complete conversion of
1a was observed with 95% yield (88% isolated yield, entries 10-12).

With the optimized reaction conditions in hand, we first
studied the substrate scope with respect to the ketimine with
different substituents. The substrates with -ter¢-Bu, -OMe, -OPh,
-F, and -Cl at the para-position of the aryl ring all gave good
results (3b-3f). The aromatic ketimines with -3-CHj3, -2-F, and
-2-Cl afforded compatible yields (3g-3i). It was worth noting
that heteroaryl substituted substrates, such as 2-pyridyl, 2-furyl,
and 2-thiophenyl ketimines, also underwent the reaction
smoothly and afforded the corresponding products in good
yields (3j-31). Our attention then turned to the variation of the
aromatic nitriles. Cyano-substituted pyridines with halide or
phenyl substituents at the 2-position of pyridine were tolerated
and afforded the corresponding heteroarylated products with
good results (3m-3q). Unfortunately, 2-cyanopyridine and
3-cyanopyridine did not give the desired products, which might
be attributed to the competing side-reaction under basic
conditions."” The cyanopyridine substrates were consumed in
the system with complex by-products formed. The site specificity
of the coupling process can be further exploited through the use
of 1,2-dicyanobenzene, efficiently forming diarylmethylamines 3r
and 3s in 66% and 70% yields respectively. The substrates with
the -F (3u) and -OMe (3v) groups were also well tolerated.
A simple chloride can function equivalently to -CN as a suitable
leaving group; this enables heteroarylation of ketimines with
chloro-substituted benzoxazole (3t) (Table 2).

To test the scalability of this protocol, we performed the
gram-scale synthesis of a heterocyclic product (3k). Ketimine 1k
was prepared from the corresponding furyl amine and benzo-
phenone imine precursors and directly used for the next step
without further purification. The radical arylation step was
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Table 2 Substrate scope studies?
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“ Reaction conditions: unless otherwise noted, reactions were conducted
using 0.2 mmol of 2, 2 equiv. of 1, 2 equiv. of NaHDMS, and 1 ml DME,
and the mixture was stirred at r.t. for 12 h. Isolated ylelds b 4 equiv. of
NaHDMS, 1 ml DME, and stirred at r.t. for 15 h.

performed with 4-cyanopyridine with a standard process and
afforded the desired product (3k) in 61% overall yield (1.03 g,
Scheme 2, eqn (1)). Hydrolysis of 3s was conducted to afford
4-(amino(2-chlorophenyl)methyl)benzonitrile (4) in 80% yield.

In order to gain some information on the reaction mechanism,
radical inhibition experiments were carried out. When 2 equiv. of
radical scavenger TEMPO (2,2,6,6-tetromethyl-1-piperidinyloxy)
was added under the standard conditions, the reaction was
completely suppressed (Scheme 3, eqn (1)). Addition of
butylated hydroxytoluene (BHT) led to a dramatic decrease of
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the yield (eqn (2)). These results suggested that a radical
pathway might be involved in the current reaction.

Although the precise reaction mechanism remains to be
clarified, guided by these supporting pieces of evidence and
known literature reports,"’ a plausible mechanism for the
reaction is depicted in Scheme 4. At the beginning, the azaallyl
anion A was formed after deprotonation of 2-azaallyl by
NaHMDS, which could serve as an SED to donate an electron
to nitriles and formed the corresponding arene radical anion C.
In the meantime, 2-azaallyl radical B was simultaneously
formed during this SET process. The subsequent coupling of
the relatively long lived persistent 2-azaallyl radical B with the
short lived transient aromatic radical provided the desired
arylation product owing to the persistent radical effect.™

CN oN
N SET . X
» [ s
X X
c CN Z
Ph
/‘L j’i NaHMDS i . .j\h Ar N/)\Ph
A SN Nph AN PR A TN e
A B

Scheme 4 Proposed mechanism.
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In summary, we reported that organic SEDs (2-azaallyl
anions) drove SET, which was able to activate aromatic nitriles
for radical arylations without the assistance of photoirradiation.
The reaction required only commercially available base and
proceeded under mild conditions. The azaallyl based ketimine
acts not only as an electron donor reagent but also a benzyl
amine substrate, which facilitated the C(sp®)-H arylation of
benzyl amines for the synthesis of diarylmethylamines under
transition metal free conditions.
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