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ABSTRACT: A facile and versatile catalytic system involving
copper catalyst, K;PO, as the base, and O, as the oxidant has
been developed to enable eflicient synthesis of 2,4,6-
trisubstituted and 2,6-disubstituted 1,3,5-triazines and 1,3-
disubstituted 1,2,4-triazoles from amidines with trialkylamines,
DMSO, and DMF as the reaction partners, respectively. This
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protocol features inexpensive metal catalyst, green oxidant, good functional group tolerance, and high regioselectivity, providing
an efficient entry to those products that are challenging to prepare by traditional methods. A single-electron-transfer (SET)

mechanism is proposed for these transformations.

N itrogen-containing heterocycles are privileged compounds
in natural products and pharmaceutical chemistry. In
particular, heterocycles containing three nitrogen atoms such as
1,2,4-triazoles' and 1,3,5-triazines® feature broad-spectrum
biological activities. For example, fluconazole and voriconazole
are two triazole drugs that are the most frequently used
antifungals in clinical settings.'* Triazine CH5015765 has also
been determined to exhibit nice biolo%ical, physicochemical, and
pharmacokinetic profiles (Figure 1).2
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Figure 1. Representative drugs with three nitrogen-containing hetero-
cycle frameworks.

While there exist various synthetic methods for the two
heterocycles from cyclic or acyclic precursors,”* amidines are
frequently used to prepare multiple-nitrogen-containing hetero-
cycles because of their innate structural advantage. We can
summarize four types of reactions for these transformations
according to the different substituted heterocycle products: (i)
condensation or oxidative condensation of two molecular
amidines with a C1 source such as diimino salt, 1,1-diethoxy-
N,N-dimethylmethanamine, and DMF® (Scheme 1la); (ii)
oxidative condensation of two molecular amidines with aryl
aldehydes or aryl methanols® (Scheme 1b); (iii) oxidative
cyclization with nitriles or acylhydrazines to form 3,5-
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Scheme 1. Synthesis of 1,2,4-Triazoles and 1,3,5-Triazines
from Amidines

Previous work:

Nl =N Ph
PhANJ\Ph cr RCN N\
a) [Cu)io, N R
Ar ©
WAy ACHO [Cuyo; F’“)_N
o b) d) N Dpn
Ph” "N” “Ph H
This work:
R
(RCHg)3N )-\\
j‘jl HO or {CupRPOss )NI\ /JN\ oo NTH—
Ar NH. ) e) Ar N~ “Ar /L\“N'
2 DMSO DMF Ar

(R =H, aryl, alkyl)

disubstitued 1,2,4-triazoles” (Scheme 1c); and (iv) oxidative
dimerization to form 3,5—(].iaryl—1,2,4-triazoles8 (Scheme 1d).
Despite the synthetic efficiency of these reactions, problems
related to substituent diversity of the products are evident. For
example, the yield of 2-alkyl-4,6-diaryl-1,3,5-triazines was rather
low with the oxidative condensation of amidine and alkyl
aldehyde.9 In the case of 1,2,4-triazoles, the products obtained
are usually restricted to 1H-3,5-disubstitued products, while 1,3-
disubstituted or 1,3,5-trisubstitued 1,2,4-triazoles could not be
achieved from the existing methods. It is therefore highly
desirable to develop more general and efficient methods for the
synthesis of these two kinds of heterocycles.
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In recent years, copper-catalyzed oxidative transformation has
received much attention in organic synthesis because it allows
construction of C—X (X = C, N, O, etc.) bonds directly from the
C—H bond and notably provides synthetic convergence and
flexibility.'® Copper-catalyzed oxidative functionalization of
C(sp®)—H adjacent to a nitrogen atom has been intensively
investigated for direct cross dehydrogenative coupling (CDC)"!
or heterocyclization.'> Among these reactions, although organic
radical oxidants, such as TBHP, TEMPO, and NBS, were often
used, molecular oxygen (O,) has gradually became a hot topic of
research in recent years.'”" The obvious advantages of the
reactions with O, are the low cost, high atom economy, and
innocuous reaction byproduct (ie., water). As part of our
continued interest in copper-catalyzed aerobic transformations '
and aza-heterocycle synthesis' >~ via oxidative functionalization
of C(sp®)—H adjacent to a nitrogen atom, we herein describe a
facile synthesis of 1,2,4-triazoles and 1,3,5-triazines via an aerobic
oxidative cyclization of amidines with amines, catalyzed by Cu
with O, as the terminal oxidant (Scheme 1e). This protocol is an
efficient complement to the previous synthesis, which provides
highly efficient access to diverse three-nitrogen-containing
heterocycles.

Considering that the alkylamines could serve as carbon sources
to construct heterocycles under an oxidative system,'” we
initially chose benzamidine hydrochloride (1a) and triethyl-
amine (TEA, 2a) as the model substrates and toluene as the
reaction media under 1 atm of oxygen atmosphere to optimize
the reaction conditions (Table S1, Supporting Information).
Both the copper catalyst and the base were found to be critical.
Non-halide copper(II) catalysts showed high levels of catalytic
activity (Table S1, entries 1—7), of which Cu(OAc), gave the
best results in the presence of K;PO, as the base (entry 7).
Interestingly, carbonates such as K,COj; and Cs,COj inhibited
this cyclization completely (Table S1, entries 8 and 9). Other
inorganic or organic bases screened did not enhance the yield of
the target product (Table S1, entries 10 and 11). While the
reaction performed under air decreased the reaction efliciency to
70% yield (Table S1, entry 12), N, atmosphere delivered only a
trace amount of 3aa (Table S1, entry 13). Then 2 equiv of K;PO,
was found to be beneficial since the yield decreased with a
reduction of the amount of base (Table S1, entries 14 and 15).
Finally, when acetaldehyde or ethylamine (3 equiv) instead of
triethylamine was subjected to this Cu(OAc),/O, catalytic
system, a moderate yield of 3aa was obtained (Table S1, entries
16 and 17), which might be due to the higher levels of reactivity
of the iminium ion intermediate in situ generated by the copper-
initiated single-electron oxidation of 2a.

Having identified the optimized reaction conditions in hand,
we next probed the reaction generality and the scope of the
substrates (Table 1). Generally, arylamidines bearing either
electron-donating or electron-withdrawing groups (1b—e) are all
efficient substrates, reacting with TEA to provide the desired
products in good yields (Table 1, entries 1—5). Pyridinylami-
dines 1f (entry 6) and 1g (entry 7) were also effective, although
they gave moderate yields (52% and 61%, respectively).
Gratifyingly, when arylamidines were treated with tribenzyl-
amines 2b and 2c under the present catalytic Cu(OAc),/0O,
system, triaryl-substituted 1,3,5-triazines were smoothly ob-
tained in moderate to good yields (Table 1, entries 8—12).

The highlight of this triazine synthesis lies in the capability to
prepare various trisubstituted triazines in one step. To our
satisfaction, an arbitrary combination of two different arylami-
dines and trialkylamines under the optimized reaction conditions
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Table 1. Synthesis of Trisubstituted 1,3,5-Triazines”
Cu(OAc), (10 mol %)

\H KsPO, (2 equiv) R
"HCL | (ReHy)N 0, (1 atm) N/KN
Ar NH, toluene (0.25 M) )I\ /)\
100°C,8h Ar N Ar
1 2
entry 1 (Ar) 2 (R) 3 yleldb (%)
1 1a (Ph) 2a (Me) 3aa 85
2 1b (4-MeC¢H,) 2a (Me) 3ba 81
3 1c (4-CIC¢H,) 2a (Me) 3ca 62
4 1d (4-CF,CH,) 2a (Me) 3da 65
S le (3-OMeC4H,) 2a (Me) 3ea 69
6 1f (pyridin-3-yl) 2a (Me) 3fa 52
7 1g (pyridin-4-yl) 2a (Me) 3ga 61
8 1a (Ph) 2b (Ph) 3ab 73
9 1a (Ph) 2¢ (4-MeCg¢H,) 3ac 68
10 1c (4-CIC(H,) 2b (Ph) 3cb 46
11 1d (4-CF,C¢H,) 2b (Ph) 3db 54
12 le (3-OMeCgH,)  2b (Ph) 3eb 71

“The reaction was performed with 1 (0.25 mmol), 2 (0.25 mmol),
Cu(OAc), (10 mol %), and K3PO, (2 equiv) in toluene (1 mL) at 100
°C for 8 h. “Isolated yields based on 1a.

could afford the cross-cyclized triazines as the major product,
albeit with some homocyclized heterocycles. However, the
problem related to isolation is evident. Fortunately, by using two
different amidines with high polarity difference, a range of cross-
cyclized triazines (3aaa—aaf) have been isolated in moderate
yields (Scheme 2).

Scheme 2. Synthesis of Cross-Cyclized Triazines
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In our previous work, copper-catalyzed aerobic cyclization of
amidines using DMF as one carbon source provided novel access
to 2,6-diaryl-1,3,5-triazine (3a) in moderate to good yields>® (eq
1). However, in the present Cu(OAc),/O, system, using DMF as
the reaction media did not afford this product; instead, 1-methyl-
3-aryl-1,2,4-triazole (4a) was isolated as the main product.
Interestingly, 2,6-diphenyl-1,3,5-triazine (3a) was formed
efficiently when DMSO was used as the solvent in the catalytic
Cu(OAc),/0, system (eq 2), where DMSO served as an
efficient one-carbon source. Moreover, the reaction conditions
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for 1,2,4-triazole synthesis were further modified by changing the
catalytic amount of Cu(OAc), into stoichiometric CuCl,, which
could generate the desired triazole product 4a in 84% yield (eq
3).

To probe the reaction generality for the synthesis of 2,6-
disubstituted 1,3,5-triazines (3) and 1,3-disubstituted 1,2,4-
triazoles (4), a serious of arylamidines were subjected to the
DMSO- and DMF-based systems, respectively (Scheme 3). It

Scheme 3. Reactions of Amidines with DMSO or DMF
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was found that various functional groups on the benzene ring,
such as methyl, fluoro, chloro, bromo, trifluoromethyl, and
methoxy, were well tolerated in both systems. The desired three-
nitrogen heterocycles were prepared in moderate to good yields.
Notably, pyridinylamidines reacted smoothly with DMSO to
afford pyridinyltriazines (3i and 3j) in moderate yields, whereas
the same substrates could not generate triazole products. In the
case of cyclopropylamidine, the correspondmg cyclopropyltria-
zole (4j) was formed efficiently."*

Direct C—H halogenation of the electron-rich aromatic ring
under a Cu/O, system has been well established. Thus, we
hypothesize that the resultant 1,3-disubstituted triazoles could
undergo further CS halogenation in a one-pot manner. While the
standard operation led to a trace amount of halogenated product,
prolonging the reaction time at an elevated temperature was
found optimal to furnish the desired CS chlorination product 4k
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(eq 4). This conveniently provides synthetic flexibility for a
further transformation of the resultant heterocycles.

cl
NH CuCl; (1 equiv)
“HCl  KsPO, (1 equiv), air N\ N
NH, DMF (0.25 M) @)\N
0O
100 °C, 14 h 4K 64%

then 130°C, 12 h

The reaction mechanism of the copper-catalyzed aerobic
cyclization of amidines and amines was proposed on the basis of
the experimental observation and related work in literature. As
shown in Scheme 4, copper-catalyzed C(sp*)—H activation of

Scheme 4. Possible Reaction Mechanism
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the amine 1 to form imine-type intermediate A via a single-
electron-transfer (SET) process would be the first step of these
transformations.'®*° Subsequently, nucleophilic attack of an
imine-type intermediate by the amidine resulted in the formation
of intermediate B. In the case of tertiary amine, the amine moiety
was released to give imine intermediate C. The second
nucleophilic attack of C by another molecular amidine afforded
D, with an intramolecular nucleophilic cyclization and
subsequent oxidation to yield the final 1,3,5-triazine products
3. When DMF"® was used as the reaction medium in the catalytic
system, copper(Il) coordinated with intermediate B to form
intermediate E, which was rather different from the previously
reported formation of triazines. Reductive elimination of E
delivered cyclic product F, which underwent hydrolysis and
subsequent oxidation to form the final 1,2,4-triazole products.
The speculation that the dimethylamine moiety of DMF was
integrated into the final triazoles has been demonstrated since
benzamidine 1a could be converted into 4a when DMA was used
as the solvent or treated with tetramethylethylenediamine
(TMEDA) in toluene."® The copper(0) or copper(I) species
generated would be oxidized by oxygen to catalytically active
copper(1).”* In the DMSO-based system, an analogous SET/
nucleophilic attack based reaction sequence would rationalize the
generation of 2,6-disubstituted 1,3,5-triazines.

As to the special role of base, previous works in the literature
revealed that a catalytic system containing K;PO, as base seems
to feature very high efficiency for C—heteroatom bond
formation, especially for copper-catalyzed C—N bond forma-
tion.'” We hypothesize that K;PO, serves as not only a base but
also a phase freshener since normal organic solvents hardly
dissolve phosphates. In our system, the reaction mixture behaved
as an obvious liquid—solid two-phase system throughout the
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whole reaction process, so that the crude product could be
obtained simply by filtration or centrifugal separation.

In summary, a highly efficient catalytic [Cu]/O, system has
been developed for the assembly of 1,2,4-triazoles and 1,3,5-
triazines from amidines through a catalytic C(sp®)—H oxidative
functionalization. A wide range of the two three-nitrogen-
containing heterocycles can be readily accessed by using three
different reaction partners: trialkylamines, DMSO, and DMF.
The method significantly provides synthetic divergence and
flexibility for the synthesis of multinitrogen heterocycles from
amidines. These all make the protocol attractive and fascinating.
The mechanistic investigation and further application of this
method in the synthesis of more complex compounds are
currently underway in our laboratory.
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