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Summary of main observation and conclusion

Oxidative dehydrogenative [3+3] annulation of benzylhydrazines with N-sulfonylaziridines is described. A

series of complex tetrahydro-1,2,4-triazines were produced under mild reaction conditions.

Background and Originality Content

Single electron transfer (SET) is the simplest and smallest el-
emental reaction in chemistry. One electron oxidation (OEO)
means taking an electron away.m Usually, there are two pathways
to remove an electron from organic compound to subsequently
generate radical intermediate, as shown in Scheme 1. In addition,
proton-coupled electron transfer (PCET), in which the transferring
electron and proton come from the same bond, is also an im-
portant pathway for OEO chemistry.m With the rapid develop-
ment of green chemistry and sustainable chemistry, the concepts
of “atom economy” become prevalence. In this context, OEO in-
volved oxidative dehydrogenative C—H bond functionalization has
become a valuable synthetic approach in the last decade.” Oxida-
tive dehydrogenative cyclization has become one of the hot re-
search topics in the last decade.”

Scheme 1 One electron oxidation (OEO) chemistry
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1,2,4-Triazines and their derivatives display a broad spectrum
of biological activities, such as antitumor, antiviral, antibacterial,
anti-inflammatory, etc.” These compounds possess a wide range
of applications in medicinal chemistry and agricultural chemistry.
The triazine units are also valuable synthetic building blocks for
the preparation of complex heterocyclic systems.m In addition,
these triazine skeletons are widely used as ligands for transi-
tion-metal complexes.m Thus, the development of new and atom-
economic synthetic approaches to triazine derivatives is highly
desirable.

Very recently, our group achieved an oxidative dehydrogena-
tive [2+3]-cyclization of secondary amines with N-sulfonylaziri-
dines to deliver substituted imidazolidines.® We questioned if the
substrates secondary amines were replaced with secondary hy-
drazines, as shown in Scheme 2, the method has the potential to
produce triazine derivatives through [3+3] manner or N-amino
imidazolidine derivatives through [2+3] manner. Based on our

Scheme 2 Oxidative dehydrogenative cyclization of aziridines with
amines or hydrazines
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benzylhydrazines could be chosen instead of the corresponding
secondary amines because benzyl position of benzylhydrazine
derivatives may be easily oxidized to generate carbocations for
further transformation. And Carbobenzyloxy (Cbz) could be se-
lected as protecting group because: (1) It will improve the toler-
ance of hydrazine motif under oxidation conditions; (2) It will
differentiate two hydrazine N atoms' nucleophilic ability; (3) It is
easy to be removed.

With these considerations in mind, we describe herein a facile
and practical approach to highly functionalized tetrahydro-1,2,4-
triazine derivatives based on the dehydrogenation, subsequential
nucleophilic ring opening and finally intramolecular oxidative
amination reaction of benzylhydrazines with N-sulfonylaziridines.

Results and Discussion

Our investigation began with optimization of the reaction of
benzyl 2-benzylhydrazinecarboxylate 1a with 2-phenyl-1-tosyl-
aziridine 2a (Scheme 3a). Under the similar reaction conditions of
the ref 8, a product B was isolated. After overall screening, we
found that the optimized reaction conditions for the coupling of
two substrates include 10 mol% of copper acetate as the dehy-
drogenation catalyst under aerobic conditions, 20 mol% of boron
trifluoride diethyl etherate as the nucleophilic ring opening cata-
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lyst, and dichloromethane as solvent under room temperature.
The coupling product (B) was obtained in 69% yield (Scheme 3a,
entry 4). A variety of redox-active metal salts were tested (Scheme
3a, entries 1—5), and Cu(OAc), provided the highest yield. When
the loading of Cu(OAc), was reduced (5 mol%) or increased (15
mol%), compound B was obtained in lower yields (Scheme 33,
entries 6—7). Importantly, O, was found superior than classic
chemical oxidants such as quinone (DDQ) and peroxide (TBHP),
which constitutes a practical advantage in terms of economics and
sustainability. Various Lewis acids and Bronsted acids, such as
different BF; ethers, Y(OTf)3;, Sc(OTf);, HCl and PTSA, were investi-
gated as additives. No higher yield than that of BF;-Et,0 was ob-
served (Scheme 3a, entries 11—16). A lower yield was observed
when the amount of BF;-Et,0 was decreased or increased
(Scheme 3a, entries 17—18).

Likewise, the performance of the process at higher tempera-
tures did not improve the reaction (Scheme 3a, entry 22). Then
compound B was used to optimize the reaction conditions of
ring-closure oxidative amination (Scheme 3b). Again, after careful
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Entry Catalyst Oxidant 1 Additive 1 Solvent 1 Temp. B (yield/%)”
1 CuCl, (10 mol%) O,  BF3OEt; (20 mol%)  CH,Cl, rt 34
2 CuCl (10 mol%) 0O, BF3'OEt; (20 mol%) CH,Cl, rt 21
3 CuBr; (10 mol%) 0O, BF3'OEt; (20 mol%) CH,Cl, rt 31
4 Cu(OAc), (10mol%) O,  BFyOEt, (20 mol%)  CH,Cl, rt 69
5 FeCls (10 mol%) 0,  BF3OEt; (20mol%)  CH,Cl, rt 30
6 Cu(OAc), (5 mol%) o BF3OEt; (20 mol%) CH,Cl, rt 48
7 Cu(OAc) (15mol%) Oz  BF3OEt; (20 mol%)  CH,Cl, rt 68
8  Cu(OAc), (10mol%) DDQ  BFzOEt, (20 mol%)  CH,Cl, rt 31
9 Cu(OAc); (10 mol%) TBHP BFyOEt, (20 mol%)  CH,Cl, rt 30
10 Cu(OAc), (10 mol%)  air  BF3OEt; (20 mol%)  CH,Cl, rt 59
11 Cu(OAc), (10 mol%) O,  BF3THF (20mol%)  CH,Cl, rt 66
12 Cu(OAc), (10 mol%) O,  BF3OMe; (20 mol%)  CH,Cl, rt 68
13 Cu(OAc), (10 mol%) O, Y(OTf)3 (20 mol%) CH,Cl, rt 25
14 Cu(OAc), (10mol%) O,  Sc(OTf)3 (20 mol%)  CH,Cl, rt 31
15 Cu(OAc), (10 mol%) O, HCI (20 mol%) CH,Cl, rt -
16 Cu(OAc); (10 mol%) O, PTSA (20 mol%) CH,Cl, rt -
17 Cu(OAc), (10 mol%) O  BFzOEt; (10mol%)  CH,Cl, rt 55
18 Cu(OAc), (10 mol%) O,  BF3OEt, (30 mol%)  CH,Cl, rt 65
19 Cu(OAc), (10'mol%) O, BF;-OEt, (CHCl, 1t 65
20 Cu(OAc), (10 mol%) O, BF;-OEt, CH3Cl rt 53
21 Cu(OAc); (10 mol%) Oy BF3-OFEt, toluene rt 32
22 Cu(OAc), (10 mol%) O, BF3-OEt, CH,Cl, 30°C 68

condtions 2°

Entry Oxidant 2 Additive 2 Solvent 2 Temp.  3aa (yield/%)?
1 PhI(OAc), (2 equiv.) Zn(OTf), (10 mol%) ~ (CH.Cl),  60°C 89
2 Phi(OAc); (2 equiv.) Y(OTf)3 (10 mol%) (CHCI), 60 °C 73
3 Phi(OAc), (2 equiv.) Sc(OTf)3 (10 mol%) (CH,CI), 60 °C 78
4 PhI(OAc); (2 equiv.) Cu(OTf), (10 mol%) (CH,Cl), 60 °C 76
5  Phl(OAc), (2equiv.)  Cu(OAc), (10 mol%)  (CH,Cl),  60°C —
6 Phi(OAc); (2 equiv.) Zn(OTf), (5 mol%) (CH,CI), 60 °C 80
7 PhI(OAc); (2 equiv.) Zn(OTf), (15 mol%) (CH,CI), 60 °C 84
8  PhI(OAc), (1.5equiv.)  Zn(OTf), (10 mol%)  (CH,Cl),  60°C 73
9  PhI(OAc), (2.5 equiv.)  Zn(OTf), (10 mol%)  (CH,Cl),  60°C 86
10 PhI(OAc); (2 equiv.) Zn(OTf), (10 mol%) CH3ClI 60 °C 66
11 PhI(OAc), (2 equiv.) Zn(OTf), (10 mol%) toluene 60 °C -
12 PhI(OAc), (2 equiv.) Zn(OTf), (10 mol%) DCE 50°C 62
13 PhI(OAc), (2 equiv.) Zn(OTf), (10 mol%) DCE 70°C 87

“Reaction conditions: 1 (0.5 mmol), 2 (1 mmol), catalyst, oxidant 1, addi-
tive 1, solvent 1 (3 mL), 3 h; “Yield of the isolated product; “oxidant 2,
additive 2, solvent 2 (1 mL), 60 °C, 2 h.
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screening, we found that the desired product tetrahydro-1,2,4-
triazine 3aa was obtained in 89% yield with a combination of 2
equiv. of iodobenzene diacetate as the oxidant, 20 mol% of zinc
triflate as the additive, and dichloroethane as solvent at 60 °C.
With a set of optimized reaction conditions in hand (Scheme
3a, entry 4; Scheme 3b, entry 1), we explored the scope of the
oxidative dehydrogenative [3+3] annulation reaction by investi-
gating the reaction between different benzylhydrazines 1 and
2-phenyl-1-tosylaziridine 2a (Scheme 4). Various benzylhydrazines
with valuable functional groups on the aromatic ring, either elec-
tron-donating or -withdrawing groups, could react smoothly with
2a to afford the corresponding products (3aa—3ka) in good yields.
The substituents at the ortho-, meta-, and para-positions of the
phenyl ring were all tolerated in the cyclization reaction, providing
corresponding products (3da—3fa) in good yields. The excellent
functional group tolerance enables potential application of the
reaction in synthesis of complex tetrahydrotriazines by function-
alization of bioactive compounds or pharmaceuticals. Compound
3ja derived from menthol and compound 3ka derived from diace-
tonefructose were successfully achieved in 54% and 46% vyields,
respectively. This example indicates that this protocol represents a
practical application in synthetic medicinal chemistry. We next
focused our attention to the scope of the aziridines (Scheme 4).
Pleasingly, a variety of N-sulfonylaziridines reacted smoothly with

Scheme 4 Oxidative dehydrogenative [3+3] cyclization reaction of ben-
zylhydrazines with aziridines
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? Reaction conditions: 1 (0.5 mmol), 2 (1 mmol), Cu(OAc), (10 mol%),
BF;-Et,0 (20 mol%), O, (balloon), DCE (3 mL), rt, 3—10 h; PhI(OAc),
(2 equiv.), Zn(OTf), (10 mol%), DCE (1 mL), 60 °C, 4—8 h. ®Yield of the
isolated product.
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benzylhydrazine 1a. Aziridines bearing various functional groups
on the phenyl ring were tolerated well, delivering the desired
products in good yields (3aa—3ai). Depressingly, no correspond-
ing cyclization product was obtained when N-Benzoyl analog of 2a
was used. Furthermore, a series of substituted tetrahydrotriazines
with halo or ester groups at the phenyl ring reacted smoothly to
produce the corresponding products (3ae—3ai), which provided
useful handles for further transformations.

The reaction was amenable to scale-up to gram quantity in a
similar yield leading to the formation of 3aa in 60% yield, as
shown in Scheme 5. In order to better illustrate our obtained tet-
rahydro-1,2,4-triazine products, further deprotection of the units
was conducted. The versatile 3aa could be treated with Pd/C/H,
to remove the cbz protecting group and give the compound 4aa in
95% vyield. In addition, compound 4aa could be treated with
‘BuONa to remove the Ts protecting group and give the protect-
ing-free tetrahydro-1,2,4-triazine 5aa in 84% yield. The dehydro-
genation also occurred in this step to generate a big conjugate
system because the reaction was not carried out under inert gas.
Furthermore, compound 5aa could be easily and efficiently aro-
matized to the corresponding 3,6-diphenyl-1,2,4-triazine 6aa by
oxidation with DDQ at room temperature in an hour. Moreover,
deprotection of Cbz and Ts and the following aromatization could
be also accomplished in one-pot manner to give 3,6-diphenyl-
1,2,4-triazine 6aa directly in 75% yield. The structure of 6aa was
confirmed using single crystal X-ray diffraction.!”

Scheme 5 Scale-up experiment and further transformation of tetrahy-
dro-1,2,4-triazine 3aa
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DDQ (1.2 equiv.),

toluene, rt, 1 h
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To gain insight into the mechanism, control experiments were
conducted. Firstly, the reaction of benzyl 2-benzylhydrazinecar-
boxylate 1a in the absence of 2-phenyl-1-tosylaziridine 2a under
the Cu(OAc), catalyzed aerobic conditions was investigated. Hy-
drazone A was isolated in an excellent yield (Scheme 6, rxn. 1). At
the same time, no reaction occurred under argon atmosphere
(Scheme 6, rxn. 2). These results indicate that the hydrazone A is
involved as an intermediate and copper salt acts as the redox
catalyst with O, as terminal oxidant. Secondly, the reaction of A
and 2a in the presence of BF;-Et,0 (Scheme 6, rxn. 3) was investi-
gated. The nucleophilic ring opening product B was obtained in a
high yield. This result indicates that BF;-Et,0 is crucial for this step
and acts as Lewis acid catalyst. Thirdly, the ring closure reaction of
B was investigated. When PhI(OAc), was used, the desired prod-
uct 3aa was detected, albeit in a relatively lower yield and longer
reaction time (Scheme 6, rxn. 4). When catalytic amount of
Zn(OTf), was added, the desired product 3aa was obtained in a
higher yield (Scheme 6, rxn. 5). These results indicate that hyper-
valent iodine reagent PhI(OAc), is the oxidant for this oxidative
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Scheme 6 Control experiments

H
Qo ki
N
I S
A (97%)

Cu(OAc),, 0,
e,

@\/ N ©\/ N
O.__N. O__N. =
T N/\© Cu(OAc),, Ar \m N/\© 2
1a o A@0%) O
2a
NTs
S Qe
OTN\W\© BF5EL,O OYN\W\@ o
A o B(71%) ©O

PhI(OAc),

N - T)\© 14]

Phi(OAC),,

O N7 Zn(0Tf),

3aa (89%) O =1

amination reaction and Zn(OTf), improved the oxidation potential
of PhI(OAc), through ligand exchange.

The plausible mechanism for this oxidative dehydrogenative
[3+3] cyclization protocol is outlined in Scheme 7. With the aid of
Cu(OAc), as redox catalyst and O, as terminal oxidant, hydrazine
1a is oxidized and generates hydrazone A. Ring opening of aziri-
dine 2a then occurs to form C—N coupling product B with inter-
mediate A as nucleophile and BF;-Et,0 as Lewis acid catalyst,
which sequentially undergoes intramolecular oxidative amination
by the PhI(OAc),/Zn(OTf), system to afford the desired product
3aa.

Scheme 7 Proposed mechanism

Intermediates A & B were isolated
and identified by HRMS and NMR
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Intermediate D was detected by HRMS
in template reaction of 1a with 2a after 0.5 h under standard reaction conditions

Conclusions

In conclusion, we demonstrate the first oxidative dehydro-
genative formal [3+3]-cyclization of benzylhydrazines with aziri-
dines under mild reaction conditions, providing an efficient and
general method for the synthesis of highly functionalized tetrahy-
dro-1,2,4-triazines, a core structure in many bioactive compounds.
The protocol is atom-economic and exhibits a broad substrate
scope and wide functional group compatibility. Scalability was
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demonstrated by a gram scale reaction without diminished yield.
Further studies on developing more type of oxidative dehydro-
genative cyclization reactions to the synthesis of cyclic compounds
are currently underway.

Experimental

To a 10 mL reaction tube with a magnetic stirring bar were
added CH,Cl, (3 mL), benzylhydrazines (1, 0.5 mmol) and Cu(OAc),
(0.05 mmol) successively. The resulting reaction mixture was per-
formed at room temperature under oxygen atmosphere (balloon)
for 1 h. 3 A molecular sieve was added for another 1 h. Aziridines
(2, 1 mmol) and BF;-Et,0 (0.1 mmol) were then added. The solu-
tion was stirred at room temperature and completed within 3—10
h as monitored by TLC. The compounds B were isolated by column
chromatographic separation (hexane/DCM/EA =5:3:0.2 t0 5:3:
0.6). Then to a 10 mL reaction tube with a magnetic stirring bar
were added above isolated compounds B, (CH,Cl); (1 mL),
PhI(OAc), (2 equiv.) and Zn(OTf), (10 mol%) successively. The re-
sulting reaction mixture was performed at 60 °C for 2—8 h as
monitored by TLC. After the reaction was completed, the reaction
mixture was concentrated under reduced pressure, and the resi-
due was purified by column chromatography to afford desired
products 3 (EA/hexane=1:6to 1:2).

Supporting Information

The supporting information for this article is available on the
WWW under https://doi.org/10.1002/cjoc.201900214.
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