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Abstract: Herein oxidative ring-opening of 1H-pyrazol-5-amines to
form 3-diazenylacrylonitrile derivatives under mild and transition-
metal-free conditions is described. In addition, the nucleophilic
addition of deprotonated 1H-pyrrole-2-carbaldehydes to the vinyl
moiety of the yielded 3-diazenylacrylonitriles could trigger domino
cyclization to afford the 3H-pyrazolo[3,4-e]pyrrolo[1,2-a]pyrazine
derivatives. Computational studies suggest that the oxidation of 1H-
pyrazol-5-amines in the presence of PhlO is through the formation
of a hydroxylamine intermediate followed by elimination of H,O to
result in the ring-opening product. The detailed domino cyclization
pathway leading to the pyrazolo-pyrrolo-pyrazine scaffolds is
revealed.

Introduction

Nitrogen-containing heterocycles are usually considered as
significant motifs in bio-active compounds. Developing
concise and efficient approaches to synthesize nitrogen-
containing heterocycles continue to attract significant
research interests.[”! In this context, azoalkenes are one of
valuable building blocks in constructing multi-nitrogen-
containing scaffolds via cycloaddition reactions.? For
instance, azoalkenes involved formal [2 + 2],B [3 + 2], [4
+ 11,8 [4 + 2],8 and [4 + 3]! cycloaddition reactions to
access various multi-nitrogen-containing frameworks have
been extensively investigated. The commonly employed
method to generate azoalkenes in situ is through the base
induced dehydrohalogenation of a-halohydrazones
(Scheme 1a).1® In addition, azoalkenes can be formed by
the oxidation of hydrazones with oxidizing agents, such as
l,, HgO, and TEMPO (Scheme 1b).! Moreover, the
pyrolysis of precursors, such as 2,5-dihydro-1,2,3-
thiadiazole-1,1-dioxides and analogues, can also lead to
the formation of azoalkene intermediates (Scheme 1c).1%
The conversions of (hetero)aromatic nitrenes have
been documented by Wentrup and co-workers.'Y For
instance, the N, dissociation of phenyl azide (A) can
produce phenylnitrene (B), which could undergo direct ring
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Scheme 1. The reported methods to generate azoalkenes.

contraction to afford 1-cyanocyclopentadiene (C) (Scheme
2a). Interestingly, for 2-pyridylnitrene (E), the formation of
ring expansion intermediate (F) has been established
under the conditions of flash vacuum thermolysis or
photolysis. In the presence of nucleophiles, the preparation
of diazepines (G) has been realized as the application of
aryl nitrene rearrangement in organic synthesis (Scheme
2b). Alternatively, E might undergo the ring-opening or ring
contraction reactions, leading to | or J, respectively. In
addition, for 3-pyridylnitrene (L), the generation of nitrile
ylides via the ring-opening reaction has been reported
(Scheme 2c). In particular, it would be reasonable to
propose that 1H-pyrazol-5-azide derivatives (P) might
undergo N elimination to form Q. For the formed special
hetero-aromatic nitrene intermediate Q, in which there is an
ortho-(1,2)-relationship between a nitrene center and a ring
heteroatom, the subsequent rearrangement might result in
ring-opening to form cyano-containing azoalkene derivative,
3-diazenylacrylonitrile (R) (Scheme 2d).
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Scheme 2. Rearrangements of aryl nitrenes.

On the other hand, the oxidation of primary amines in
the presence of appropriate hypervalance iodine
compounds could lead to the dehydrogenation intermediate,
which might behave as nitrene precursors to undergo C—H
insertion®? and aziridination reactions*®. Guided by this
strategy, we propose that 1H-pyrazol-5-amine derivatives
(S) might undergo ring opening to form R after the
dehydrogenation of the primary amino group in the
presence of appropriate oxidants (Scheme 2e). In this work,
a convenient approach to generate 3-diazenylacrylonitrile
derivatives (R) is realized by the aforementioned approach.
In particular, the nucleophilic addition of deprotonated 1H-
pyrrole-2-carbaldehydes to the vinyl moiety of R could
trigger domino cyclization to construct a novel pyrazolo-
pyrrolo-pyrazine fused heterocycles (T). To our knowledge,
the synthetic methodologies to access the pyrazolo-pyrrolo-
pyrazine frameworks are very limited. In 2012, Stanforth
and co-workers reported the formation of pyrazolo[1,5-
alpyrrolo[2,1-c]pyrazine skeleton as an unexpected
product.®4 In 2015, Balci and co-workers disclosed a
AuCls-catalyzed cyclization of the N-propargyl pyrazoles to
synthesize pyrazolo[1,5-a]pyrrolo[2,1-c]pyrazine
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derivatives.'! Herein, we describe a concise and efficient
approach to construct a  novel 3H-pyrazolo[3,4-
e]pyrrolo[1,2-a]pyrazine scaffold under mild and transition-
metal-free conditions.

A
Rad I
N 7 "N

pyrazolo[1,5-a]pyrrolo[2,1-c]pyrazine 3H-pyrazolo[3,4-e]pyrrolo[1,2-a]pyrazine

Results and Discussion

Our initial studies focus on the exploration of optimal conditions
to enable the dehydrogenation of the primary amino group of
1H-pyrazol-5-amine (la) in the presence of appropriate
oxidizing agent. We are pleased to find that, when 1 equiv
iodosobenzene (PhlO) is employed as the oxidant in toluene
solvent, 70% vyield of the proposed product (2)-3-
diazenylacrylonitrile derivative (2a), confirmed by single-crystal
X-ray diffraction analysis'®, is obtained at room temperature
(entry 1, Table 1). Using CH3CN as solvent, the yield of 2a can
increase to 75% (entry 2). When the amount of PhlO increases
to 2 equiv, excellent yield (90%) of the desired product is
obtained (entry 9). Other oxidants, such as PhI(OAc),, K2S;0s,
and TBHP, however, are less efficient or ineffective in driving
this transformation.

Table 1. Optimization of the reaction conditions for the oxidative ring-opening
of 1a@

\ N Ph
HoN \N;N [0] \\=<\1 =N
solvent rt
1a 2a
Entry Solvent Oxidant (equiv.) Time (h)  Yield ™ (%)
1 Toluene PhIO (1.0) 12 70
2 CHzCN PhIO (1.0) 12 75
3 DCE PhIO (1.0) 12 71
4 ProH PhIO (1.0) 12 63
5 DMF PhIO (1.0) 12 trace
6 DMSO PhIO (1.0) 12 trace
7 NMP PhIO (1.0) 12 trace
8 CHsCN PhIO (1.0) 1 75
9 CHzCN PhIO (2.0) 1 90
10 CHsCN PhI(OAC): (2.0) 12 58
11 CHsCN KIO4 (2.0) 12 trace
12 CH3CN K2S20s (2.0) 12 trace
13 CH3CN TBHP (2.0) 12 trace

@ Reaction conditions: 1a (0.2 mmol), solvent (1 mL). [l Isolated yield.

Next, the isolated 2a was tried to react with 1H-pyrrole-2-
carbaldehyde (3a) in the presence of base. Interestingly, a
cyclization to construct a novel pyrazolo-pyrrolo-pyrazine fused
heterocycle, 3H-pyrazolo[3,4-e]pyrrolo[1,2-a]pyrazine (4aa),
was found. The employment of base, Cs,COs, in CH3CN solvent
is more operative (Table S1). We envision whether the reaction
could proceed in one pot. To our delight, the desired product
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4aa is obtained in 41% vyield using 1a and 3a as reagents, PhlO
and Cs,CO; as additives (entry 1, Table 2). Significantly,
increasing the amount of la to 2 equiv, the yield of 4aa is
improved to 58% (entry 2). We also screen other bases, such as
KsPO,, NaOH and CH3;ONa (entries 3-5), which are less
effective than Cs,COjs. Subsequently, we continue to increase
the amount of 1a to 3 equiv, the desired product 4aa is obtained
in 62% yield (entry 6). Moreover, when 3a and Cs,COj; are
added after the conversion of 1a, the yield of 4aa can increase
to 74% via a "one-pot two steps" manner (entry 7). The change
of temperature is not effective to enhance the yield (entries 8-
12). This reaction is allowed to proceed for one hour with similar
yield of 4aa (entry 13). It should be noted that the reaction can
be carried out on gram scale with good yields.!*"]

Table 2. Optimization of the domino cyclization to afford 4aa @

Ph PhIO (1.2 mmol) /F’h
r\ll R £ _CsCO; (04mmo) NN
HaN N * [/)_/ CH4CN, 12 h o l 7"
\ CN, /N
1a 3a 4aa
Entry Ratio (1a/3a) Base T(C) Yield ™ (%)
1 11 Cs2C0s3 60 41
2 2:1 Cs2CO3 60 58
3 2:1 KsPOs 60 45
4 2:1 NaOH 60 44
5 2:1 CHsONa 60 53
6 31 Cs2C03 60 62
70 31 Cs2COs3 60 74(72) @
8l 31 Cs2COs3 30 68
9l 31 Cs2C03 40 69
10 31 Cs2C03 50 71
11 31 Cs2COs3 70 68
120 31 Cs2C03 80 62
13lcd 31 Cs2C03 60 74

@ 1a (0.6 mmol), 3a (0.2 mmol), PhlO (1.2 mmol) and base (0.4 mmol) in
CH3CN (1 mL) were heated to 60 °C for 12 h. [’ Determined by *H NMR with
dibromomethane as internal standard. @ A suspension solution of PhlO (1.2
mmol) in CH3CN (5 mL) was added over 30 min to a mixture of 1a (0.6 mmol)
in CHsCN (5 mL) at rt, after 1 h, filtrated and concentrated in 1mL, then 3a
(0.2 mmol) and Cs2COs (0.4 mmol) were added, heated for 12 h. [ |solated
yield. [ Reaction for 1 h.

With the optimized conditions in hand, the scope of the
cyclization reaction with respect to 1H-pyrazol-5-amine
derivatives was examined (Table 3). A series of aryl group (R?)
bearing electron-donating groups, such as Me, Et, 'Pr, Bu, and
OMe, are well tolerated in the reaction of 1 with 3a, giving the
corresponding products (4ba-4fa) in moderate to good yields.
When R! is OCF; group, the corresponding product 4ga is
obtained in 65% yield. The substrates with halogen-containing
aryl groups in 1 also show good reactivity, affording the desired
products (4ha-4ka) in good yields. Moreover, when R? is
replaced by a phenyl group, the expected product 4la is given in
84% yield. For the substrates with electron-withdrawing groups
at the aryl group, such as trifluoromethyl and sulfonyl groups,
moderate yields of the desired product are isolated (4ma-4na).
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When R? is 1-naphthyl (10), the corresponding product 4oa is
afforded in good vyield of 82%. Furthermore, for 1-pyridineyl and
1-benzothienyl pyrazoles, the yields of corresponding products
4pa and 4ga are isolated in 47% and 40%, respectively.
Unfortunately, the 1-cyclohexyl pyrazole fails to undergo this
transformation to give the product 4ra. A possible explanation is
given in the computational studies below.

Table 3. Substrate scope of substituted 1H-pyrazol-5-amines. @

R1
’
N
d I N\
/N
7 "N
— R2
4
1

;B
/N N\

I N
7 "N

4ea, 60%

1) PhiO (1.2 mmol)
| N0 CHZCN, t, 1 h

H
()
Y 2) Cs,C03 (0.4 mmol)

R2 60°C,1h

u

3a
Et
/N N\ z
| N
7 "N 7 N

4ca, 70%
OMe OCF,

/N N\ /N
| N | N
7 "N 7 “N 7 N

4fa, 51% 4ga, 65%

cl
; 7 cl ;
- N\ /N N\ /N N\ /N
| N | N | N
7 "N 7 "N 7 "N 7N
= — — Ph —

4ja, 78% 4ka, 77%

4na, 56%

g8

4pa, 47%

S,
);N :):
/N N\ /N N\
| N I N
7 "N 7 "N

4oa, 82% 4qa, 40% 4ra, trace

[al Reaction conditions: a suspension solution of PhlO (1.2 mmol) in CHsCN (5
mL) was added over 30 min to a mixture of 1 (0.6 mmol) in CHsCN (5 mL) at rt,
after 1 h, filtrated and concentrated in 1 mL, then 3a (0.2 mmol) and Cs2CO3

(0.4 mmol) were added and heated to 60 °C for 1 h; isolated yield.

Next, we explored the substrate scope of 1H-pyrrole-2-
carbaldehydes (3) (Table 4). A variety of 4-aryl-substituted 1H-
pyrrole-2-carbaldehyde (3b-3e) can undergo the reaction with
la to afford the corresponding products in moderate yield (4ab-
4ae). The 4-Br-substituted pyrrole aldehyde can also react with
la to afford 4af in moderate yield. When 3,5-dimethylpyrrole
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aldehydes (3g and 3h) are tried to react with 1a, the

corresponding products, 4ag and 4ah, are obtained in low yields,

which might be due to the steric hindrance caused by the 3,5-
dimethyl groups attached to the pyrrole moiety. Encouragingly, a
series of ketone derivatives of 3 (R® = Me) are tolerated in this
reaction with 1a, giving the corresponding products (4ai-4al) in
moderate yields. Apart from the pyrrole aldehyde substrates,
analogous 1H-imidazole-2-carbaldehyde (3m) can also react
with 1a, although only 34% yield of the product 4am is obtained.

Table 4. Substrate scope of substituted 1H-pyrrole-2-carbaldehydes. @

1) PhIO (1.2 mmol)
CH;CN t,1h I(
“S/ N
2) Cs,C0O3 (0.4 mmol)
60°C,1h

Ph
Ph N I3 Ph

/ N
z N\ = N\ /N NI
'/N ,/N | N
7 N 7
- — )
Cl
F

4ab, 54% 4ac, 57% 4ad, 62% 4ae, 50%

Ph
1

IPh
N
z N, N NI z N,
| N z \ | N
% { L 2
_N 72\ _ / N
Br

EtOOC
4af, 44% 4ag, 28% 4ah, 23% 4ai, 45%
w W "’ " £
d N\ z N\ N /N N
| N | N \
Y, / / / | / N
- - ! NN
Cl Br
4aj, 62%! 4ak, 56%! 4al, 50%0! 4am, 34%[!

@ Reaction conditions: a suspension solution of PhlO (1.2 mmaol) in CHsCN (5
mL) was added over 30 min to a mixture of 1a (0.6 mmol) in CH3CN (5 mL) at
rt, after 1 h, filtrated and concentrated in 1 mL, then 3 (0.2 mmol) and Cs2COs

(0.4 mmol) were added and heated to 60 °C for 1 h; isolated yield. [’! Reaction
for 12 hours. ¥ Using KsPO4 (0.6 mmol) instead of Cs2COs, reaction for 12

hours.

As proposed and experimentally verified previously, the (Z)-3-
diazenylacrylonitrile (2a) is suggested to be the key intermediate
in the formation of the desired product. Nevertheless, when the
reaction is carried out in a one-pot manner, one may
hypothesize alternative mechanistic pathways via an imine
intermediate to afford the final product, which are independent
on the formation of 2a. The imine intermediate 5a, which might
be formed by the condensation of 1a with 3a in the reaction,

was prepared to test the possibility in leading to the final product.

When 5a is treated under the standard conditions, the desired
product 4aa is not found (Scheme 3a). Consequently, the
possible imine intermediate could be ruled out to play a critical
role in this reaction. When TEMPO is added in this reaction, the
yield of 4aa is almost unchanged, implying that this reaction is
not a radical process (Scheme 3b). In the absence of PhlO or
Cs,CO3, no desired product is observed, indicating that these
two additives are indispensable (Scheme 3c). Overall, the
formed (2)-3-diazenylacrylonitrile molecule via  the
dehydrogenation of the primary amino group of la is the key
intermediate in leading to the final product.

10.1002/ejoc.202000265
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(a) Reaction of imine 5a in the standard conditions
Ph
@NH\/N l\'l standard conditions
= N 4aa (U]
z
\ N
N.D.

5a (0.2 mmol)
(b) Reaction of 1a with 3a in the presence of TEMPO

standard conditions
1a + 3a R —— 4aa (")

TEMPO (0.4 mmol) 72%

(c) Reaction of 1a with 3a without PhlO or Cs,CO5

1la + 32 ———— 3  4aa (i

N.D.
Scheme 3. Control experiments.

Computational studies were carried out to gain mechanistic
insights into the formation of 2a and subsequent transformation
to afford the product 4aa. Initially, the ring-opening of 1a in the
presence of PhlO to generate 2a was explored. After the
formation of an initial complex INT1 via H-bonding interaction
between 1la and PhIO, a transition state of proton migration from
the amino group of 1a to PhlO was located as TS1, in which the
N...H bond length is lengthened to 1.34 A while the O...H bond
length is shortened to 1.11 A. In addition, the O...I distance is
lengthened to 2.15 A. The process of proton migration leads to
the formation of hydroxylamine intermediate (INT2) and Phl.
The dehydration of INT2 with the assistance of two water
moleculesi®® could result in the ring-opening of the five-
membered ring and lead to the formation of 2a in a concerted
manner. It should be noted that the oxidation of 1a is through
the formation of a hydroxylamine intermediate followed by
elimination of H,O, instead of the formation of any nitrene
intermediate, which may account for the experimental result that
the reaction is not sensitive to TEMPO.

The substrate 3a could undergo deprotonation in the
presence of base, Cs;COs, to form INT4 (Figure S1). The
consequent nucleophilic addition of INT4 to the alkenyl carbon
of 2a could occur to form the adduct INT5 and the
corresponding transition state is located as TS3. The optimized
TS3 is characterized by the shortening of the N...C distance to
2.09 A. The predicted free energy barrier is 27.4 kcal/mol for this
addition step relative to separated INT4 and 2a (Figure 1). It
should be noted that the negatively charged N* in INT5 could be
stabilized by the attached phenyl group while such stabilization
effect is absent for the 1-cyclohexyl pyrazole substrate (1r),
which might account for the failure of the formation of 4ra.
Subsequently, an intramolecular nucleophilic addition of INT5
via N! to the carbon of cyano group could follow to form the
cyclized intermediate INT6. The optimized TS4 features the
shortening of C...N* distance to 1.97 A. Due to the presence of
Cs cation, the formed imino group in INT6 could be stabilized to
some extent. Afterwards, the second cyclization via
intramolecular nucleophilic addition of the formed imino group to
the carbon of aldehyde moiety could take place via TS5 to form
the framework of the fused ring. Subsequent protonation of the
oxygen atom in INT7 could lead to the formation of INT8. Finally,
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the dehydration of INT8 facilitated by two water molecules could
lead to the final product 4aa. Overall, a feasible domino
cyclization pathway is suggested to produce 4aa after the

AGy,; (keal/mol)  M06-2X/6-311++G(d,p)-SDD/SMD//B3LYP/6-31G(d)-LANL2DZ

>
s B

Ho o O

N Ph

AP ’
n —
=N 1Ts1
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nucleophilic addition of deprotonated 3a to the vinyl moiety of
the key 2a intermediate.

Figure 1. Energy profiles (in kcal-mol?) for the formation of final product 4aa. Bond distances are given in A.

Conclusion

In conclusion, the oxidative ring-opening of 1H-pyrazol-5-
amines to form 3-diazenylacrylonitrile derivatives is realized in
the presence of PhlO. Computational studies suggest that the
oxidation of 1H-pyrazol-5-amines is through the formation of a
hydroxylamine intermediate followed by elimination of H,O to
afford the ring-opening product. Interestingly, the nucleophilic
addition of deprotonated 1H-pyrrole-2-carbaldehydes to the
vinyl moiety of the formed 3-diazenylacrylonitriles could trigger
domino cyclization followed by dehydration to afford the 3H-
pyrazolo[3,4-e]pyrrolo[1,2-a]pyrazine derivatives under mild and
transition-metal-free conditions. Other reaction types related to
the formed 3-diazenylacrylonitriles, which could be a useful
building block in organic synthesis, are currently under
exploration in our laboratory.

Experimental Section

General Procedure: A round bottom flask equipped with a magnetic
stirrer bar was charged with PhlO (1.2 mmol, 264 mg), CH3CN (5 mL),
then the suspension solution was added over 30 min to a mixture of 1H-
pyrazol-5-amine (1) (0.6 mmol) in CH3CN (5 mL). The mixture was
stirred for 1 h at room temperature. Upon completion, the mixture was
filtrated and concentrated in 1 mL, then 1H-pyrrole-2-carbaldehyde (3)
(0.2 mmol) and Cs2COs3 (0.4 mmol) were added and heated for the given
time at 60 C. Finally, the reaction mixture was quenched with saturated
solution of brine and extracted with EtOAc (3 x 10 mL). The combined

organic layer was then dried over Na2SOs and concentrated under
vacuum to give a residue, which was purified by flash column
chromatography to give the product 3H-pyrazolo[3,4-e]pyrrolo[1,2-
alpyrazine (4).

Computational details: The B3LYP density functional method (DFT)9
was employed to carry out all the geometry optimizations. The LANL2DZ
basis set in conjunction with the LANL2DZ pseudopotentiall2®l was used for Cs
and | atoms. The 6-31G(d)?Y basis set was used for other atoms.
Vibrational frequency analyses at the same level of theory were
performed on all the optimized geometries to characterize stationary
points as local minima (no imaginary frequency) or transition states (one
imaginary frequency). In addition, intrinsic reaction coordinate (IRC)
calculations were used to verify that the transition state connects with
appropriate reactant and product??. The gas-phase Gibbs free energies
for all species were obtained at 298.15 K and 1 atm at their respective
optimized structures. To consider the effect of solvation, MO06-2X
functional® with the SMDI4 continuum solvation model (in acetonitrile
solvent) was used in single-point energy calculations. A larger basis set,
SDDP?¥ for Cs, | atoms and 6-311++G(d,p) for the remaining atoms, was
utilized for such single-point energy calculation. The solvation Gibbs free
energy was used for discussion and its value was obtained from the addition of
solvation single-point energy and gas-phase thermal correction to Gibbs free
energy. All calculations were carried out with the Gaussian 09 suite of
programs(?e],
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