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Scheme 1. Cyclization of compound 2 led to 3 containing an eight-memb
and 4 containing a five-membered ring. Reaction conditions: (a) BH3–THF
THF, 80 �C, 1–2 h; (b) Pd(OAc)2, Cs2CO3, DMF, 70 �C, overnight. Recovere
Yield of 3: 45%; Yield of 4: 8%.
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a b s t r a c t

From multi-substituted 8-aminoimidazo[1,2-a]pyrazines, prepared via modified Groebke–Blackburn–
Bienaymé reaction, a Pd-catalyzed cyclization reaction was discovered, leading to a rare (Z)-4,5-dihy-
dro-3H-[1,3]diazocine system. Conditions of this cyclization were screened and DMF solvent was found
as one of the key factors for the cyclization.

� 2016 Elsevier Ltd. All rights reserved.
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Introduction

We have previously reported the synthesis of multi-substituted
8-aminoimidazo[1,2-a]pyrazine by Groebke–Blackburn–Bienaymé
reaction.1 Derivatization from these 8-aminoimidazo[1,2-a]pyrazi-
nes was explored, and one conversion was found highly interest-
ing. When compound 2, prepared from compound 1 by borane
reduction, was treated with Pd(OAc)2 in DMF at elevated tempera-
ture, eight-membered ring product 3 was isolated,2 along with the
expected five-membered ring product 4.3 The structure of com-
pound 3 was further corroborated with single crystal analysis,
clearly displaying a distorted eight-membered ring system
(Scheme 1).4

In respect of similar reactions, intermolecular C–H arylation at
C-5 of imidazo[1,2-a]pyrazines have been reported by several
groups.5 Palladium catalysts and phosphine ligands were usually
involved. In our case, phosphine ligands were found detrimental
to the reaction, while DMF solvent was identified necessary for
the conversion. In terms of the product structure, the central motif
of compound 3 can be regarded as (Z)-4,5-dihydro-3H-[1,3]dia-
zocine (Scheme 1), which constitutes the rare eight-membered
ring heterocycles,6 and could serve as a valuable scaffold for
organic synthesis and medicinal chemistry.
Thus, we screened the cyclization condition, and prepared some
useful (Z)-4,5-dihydro-3H-[1,3]diazocine derivatives with different
8-aminoimidazo[1,2-a]pyrazine substrates. Details of the work will
be disclosed herein.
ered ring
complex,
d 2: 5%;
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Scheme 2. Preparations of substrates for the cyclization study. Reaction conditions:
(a) morpholine or BnNH2, NMP, DIPEA,120–130 �C, 12 h; (b) Yb(OTf)3, 2-isocyano-
2,4,4-trimethylpentane, R2CHO, MeOH, 65 �C, 2 h; (c) HCl/EtOAc, MeOH, 25 �C, 8 h;
(d) R3COOH, HOBt, EDCI, TEA, DCM, RT, 8 h; (e) BH3–THF complex, THF, 80 �C, 1 h.
See Table 1 and supporting information for structural and experimental details.

Table 1
Products and yields of the reactions described in Scheme 2

No. R1 Products 6–7
and yields

R2 Products 8–10
and yields

Products 11–13
and yields

R3 Products
1, 14a–14k
and yields

Products
2, 15a–15l
and yields

1
NO

6, 92% Me– 8, 86% 11, 98%
O

Br
1, 88% 2, 76%

2

Br
14a, 88% 15a, 77%

3

Br

O

O 14b, 87% 15b, 73%

4

Br

F

14c, 84% 15c, 73%

5

Br

F3C
14d, 79% 15d, 80%

6

Cl
14e, 83% 15e, 71%

7

I
14f, 91% 15f, 82%

8

Br
14g, 61% 15g, 74%

9 BnNH- 7, 61% Me– 9, 84% 12, 96%
Br

14h, 90% 15h, 83%

10

Br

F

14i, 83% 15i, 87%

11
O

Br
14j, 86% 15j, 85%

12

Br

O

O 10, 77% 13, 95%
Br

14k, 90% 15k, 74%
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Results and discussion

As described in Scheme 2, to prepare 8-aminoimidazo[1,2-a]
pyrazine substrates, pyrazine 5 was condensed with morpholine
or benzylamine to produce diaminopyrazines 6 and 7, which were
subjected to a variation of Groebke–Blackburn–Bienaymé multi-
component reaction (MCR) previously developed by us.1 With
two types of aldehyde components, the yields of multi-substituted
8-aminoimidazo[1,2-a]pyrazines 8–10 were generally good. Next,
the alkyl protections on 3-NH2 of compounds 8–10 were removed
under acidic condition with excellent yields, releasing the free ami-
nes 11–13, which were subjected to acylation to give compounds
1, and 14a–14k. At last, the amide oxygen of compounds 1, and
14a–14k were reduced by borane to afford compounds 2, and
15a–15k. Thus, in a five-step sequence, substrates for the projected
cyclization study were prepared efficiently. The structures and
yield details are listed in Table 1.

Meanwhile, using compound 2 as a probe, we also screened the
conditions for cyclization. The results are described in Table 2. The
absence of palladium catalyst was first inspected and showed no
conversion at all (Table 2, entry 1). As Snieckus et al has suggested
and experimentally validated,5b the C–H arylation on C-5 of
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Scheme 3. Cyclization reactions of compounds 15a–15k. Reaction conditions: (a)
Pd(OAc)2, Cs2CO3, DMF, 70 �C, overnight.

Table 2
Condition screening for the cyclization described in Scheme 1a

No Catalyst Base Solvent Recovered 2 Yield of 3 Yield of 4

1 — Cs2CO3 DMF 100% n.d.b n.d.
2c Pd(OAc)2 Cs2CO3 DMF n.d. 6% n.d.
3d Pd(OAc)2 Cs2CO3 DMF 41% 10% 39%
4 PdCl2 (MeCN)2 Cs2CO3 DMF 86% n.d. 12%
5 PdCl2(dppf) Cs2CO3 DMF n.d. 10% 82%
6 Pd(PPh3)4 Cs2CO3 DMF n.d. 14% 74%
7 10% Pd/C Cs2CO3 DMF 100% n.d. n.d.
8 CuBr-DMS Cs2CO3 DMF 100% n.d. n.d.
9 CuOTf-benzene Cs2CO3 DMF 100% n.d. n.d.
10 Ni (II) acetyl-acetonate Cs2CO3 DMF 100% n.d. n.d.
11 RhCl-(PPh3)3 Cs2CO3 DMF 100% n.d. n.d.
12 Pd(OAc)2 Cs2CO3 toluene 100% n.d. n.d.
13 Pd(OAc)2 Cs2CO3 DMAC n.d. 39% n.d.
14 Pd(OAc)2 Cs2CO3 NMP n.d. 36% n.d.
15 Pd(OAc)2 Cs2CO3 HCONH2 96% n.d. n.d.
16 Pd(OAc)2 Cs2CO3 HCO-NHMe 92% n.d. 5%
17 Pd(OAc)2 Cs2CO3 DMSO 56% 11% n.d.
18 Pd(OAc)2 Cs2CO3 HMPA 72% 7% n.d.
19 Pd(OAc)2 Cs2CO3 Sulfolane n.d. n.d. n.d.
20e Pd(OAc)2 Cs2CO3 THF + DMF 72% 5% 16%
21f Pd(OAc)2 Cs2CO3 THF + DMF 98% n.d. n.d.
22g Pd(OAc)2 Cs2CO3 THF + urea 98% n.d. n.d.
23h Pd(OAc)2 Cs2CO3 THF + succin-imide n.d. n.d. n.d.
24 Pd(OAc)2 K2CO3 DMF 45% 35% 4%
25 Pd(OAc)2 Na2CO3 DMF 75% 15% 4%

a Unless otherwise mentioned, 0.2 equiv of metal catalyst and 1.4 equiv of base were always reacted under nitrogen at 70 �C overnight. Yields were determined by HPLC.
b n.d.: not detected by HPLC.
c Reaction was performed with dry air balloon.
d Reaction was performed at 110 �C.
e With 3 equiv of DMF.
f With 200 equiv of DMF.
g With 3 equiv of urea.
h With 3 equiv of succinimide.
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imidazo[1,2-a]pyrazines proceeds through Heck-type mechanism,
but not C–H oxidative mechanism. Thus, we ran one control
experiment with a dry air balloon, and found that the cyclization
yield was significantly reduced, most probabaly due to the
presence of oxygen (Table 2, entry 2). The reaction temperature
was next examined, and elevated temperature decreased the
yield of compound 3 (Table 2, entry 3). Therefore the reaction
temperature was kept at 70 �C and palladium catalysts with
different ligands were screened. It was found that no other
tested palladium catalysts could compete with Pd(OAc)2 in
producing the 8-membered ring 3, as other palladium catalysts
promoted the formation of amination product 4 (Table 2, entries
4–7). Metal catalysts other than palladium salts, including
copper, nickel, and rhodium salts, were also tested and gave no
conversion to either 3 or 4 (Table 2, entries 8–11). Different
reaction solvents were investigated, too (Table 2, entries 12–19).
Not surprisingly, polar solvents favored the consumption of
starting material 2. Furthermore, for the 8-membered ring
cyclization, certain amide solvents, including DMAc and NMP
performed better than sulfoxide or phosphoramide solvents such
as DMSO, sulfolane, or HMPA. To find if the amide structure
supported the cyclization, stoichiometric amounts of DMF, urea,
and succinimide were tested in THF solvent, and it was found
that only a large excess of DMF could still enable the conversion
(Table 2, entries 20–23). In addition, other alkaline bases,
including Na2CO3 and K2CO3 were examined and found less
efficient than Cs2CO3 (Table 2, entries 24 and 25). Eventually, the
original cyclization condition described in Scheme 1 was found
the best one so far.

Due to the important role of DMF in this cyclization, it might be
proposed that it formed a catalytic intermediate with Pd.7 Since
large excess of DMF was required, and typical Pd ligands inhibited
the cyclization, the contact between DMF and Pd should be weak.
The cyclization condition in Scheme 1 was then applied on
substrates 15a–15k (Scheme 3). Compounds 15a–15d with
bromobenzene side chains gave diazocine products 16–19 with
22–57% yields. The iodo-derivative 15f did not show better cycliza-
tion yield, and the chloro-analogue 15e failed to give cyclization.
Compound 15g with a shorter linker between imidazole ring and
phenyl ring did not cyclize to a 7-membered ring, and the starting
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material could be recovered, indicating the intramolecular cycliza-
tion has a unique geometry demand. Compounds 15h–15j with
benzylamine substitution instead of morpholin gave cyclization
products 21–22 with low yields, indicating the C–H arylation can
be sensitive to the electron density on the pyrazine ring. The last
substrate 15k with a piperonyl substitution on the imidazole ring
failed to give the cyclization product. Additionally, amide 1 could
not react under the same condition. Both cases again revealed
the sterical requirement of the C–H arylation.

Conclusion

In summary, some new multi-substituted 8-aminoimidazo
[1,2-a]pyrazine substrates were efficiently prepared in a 5-step
procedure, including a modified Groebke–Blackburn–Bienaymé
reaction. Starting from these substrates, a Pd-catalyzed cyclization
reaction was discovered, leading to the formation of rare
(Z)-4,5-dihydro-3H-[1,3]diazocine system, which could be useful
for further study in the fields of organic chemistry and medicinal
chemistry. Also, conditions of this cyclization were screened and
DMF solvent was found one of the key factors for the conversion.
Much information could be derived from the condition screening
and could be used for further study of mechanism related to this
unusual cyclization reaction.
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