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A catalytic system-controlled divergent reaction was reported to construct three distinct nitrogen-

containing heterocycles from readily available starting materials via a precise chemical bond activation
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and annulation cascade. Notably, this is the first capture of pyrazolidinones and propargyl alcohols to

construct tetrahydropyrimidinones via selective N-N bond activation and to generate previously
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Introduction

Nitrogen-containing heterocyclic structures are highly valued
patterns present in a wide range of natural products, pharma-
ceuticals, agrochemicals, and organic materials."® Recently,
pyrazolidinones with a free NH moiety have been employed as
a traceless directing group for constructing diverse privileged
nitrogen-containing heterocyclic frameworks, including N-
substituted indoles,** pyrazolo[1,2-a]pyrazolones,” N,N-bicy-
clic pyrazolidinones,'**" diazepines'*™* and CF;-tethered inda-
zoles.” The propargylic alcohols have also been successfully
involved in constructing diverse nitrogen-containing heterocy-
clic compounds.**"” In 2020, Fan's group developed a pioneer-
ing  Rh(m)-catalyzed redox-neutral coupling of 1-
phenylpyrazolidinones with alkynyl cyclobutanols, enabling
selective construction of 2-acylindoles and pyrazolo[1,2-a]pyr-
azolones through [3 + 2] and [4 + 1] annulations, respectively, by
adjusting reaction conditions (Scheme 1a, left).'® In 2018, Ji's
group reported three examples where Rh(m)-catalyzed [4 + 1]
annulation of substituted 1-phenylpyrazolidinones with 1-
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unreported 3-acylindoles. This protocol demonstrates a broad substrate scope, moderate to good yields,
and valuable transformations, laying a robust foundation for drug discovery applications.

phenylbut-2-yn-1-ol was used to construct desired pyrazolo[1,2-
alindazolones.” In 2020, the groups of Cui and Fan indepen-
dently accomplished the Rh(m)-catalyzed [4 + 3] annulations of
pyrazolidinones with propargyl alcohols or propargylic acetates
to construct benzodiazepines (Scheme 1a, right).”*** Despite
these elegant works, they mainly focused on C-H bond
activation/annulation cascades, with limited exploration of N-N
bond activation for heterocyclic framework construction from
these substrates.

In our continuous efforts to pursue rapid construction of
diverse drug-like heterocyclic skeletons via transition-metal
catalysed chemical bond activation/annulation cascades,* >’
we sought to develop more distinct and structurally complex
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nitrogen-containing heterocycles by employing the polycyclic
propargyl alcohols. Interestingly, we observed an interesting
phenomenon when the propargylic alcohols (2) with a large
sterically hindered group were introduced as the coupling
partner, 1-phenylpyrazolidinones (1) looked like a generalist
that could be precisely and independently assembled into three
distinct types of nitrogen-containing heterocyclic skeletons at
different reaction sites of itself under different catalytic condi-
tions (Scheme 1b). Of note, except for passing through a C(sp*)-
H/N-H activation to generate pyrazolo[1,2-a]pyrazolones (4), we
have captured a new N-N bond activation product tetrahy-
dropyrimidinones (3) and an unusual product 3-acylindoles (5).
These findings provide a versatile strategy for synthesizing
diverse and biologically active nitrogen-containing heterocycles.

Results and discussion

We initially investigated this transformation by employing the
4,4-dimethyl-1-phenylpyrazolidin-3-one (1a, 0.24 mmol) and 3-
hydroxy-3-(phenylethynyl)isoindolin-1-one (2a, 0.2 mmol) as
model substrates, and the results showed that the desired N-N
bond activation product 3aa could be constructed with a 20%
yield under [Cp*RhCl,], (5 mol%) as the catalyst and 1,2-
dichloroethane (DCE) as the solvent at 90 °C for 4 h (Table 1,
entry 1). Surprisingly, adding silver acetate and acetic acid into
the catalytic system would result in a new [4 + 1] annulation

Table 1 Optimization of reaction conditions®
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product 4aa with 8% yield (Table 1, entry 2), while the addition
of cesium pivalate and acetic acid into the catalytic system
simultaneously formed 4aa (28% yield) and a [3 + 2] annulation
product 5aa (10% yield) (Table 1, entry 3). Interestingly, the
yield of 5aa could be increased to 50% when we used dioxane as
the solvent (Table 1, entry 4). Encouraged by these results, we
further screened different catalysts, including Rh,(esp)s,
CyJohnPhos AuCl, (PhzP)AuCl, Ph;PAuNTf,, CyJohnPhos
AuNTf, and AuCl(IPr) (Table 1, entries 5-10). The results
showed that the AuCl(IPr) offered the best catalytic activity
(Table 1, entry 10) for the formation of 3aa, the yield of which
could be increased to 54%. Subsequent solvent screening
indicated that DCE was the most conducive to this trans-
formation (Table 1, entries 11-13). Next, lowering the reaction
temperature to 70 °C could further increase the yield to 65%
(Table 1, entry 14), while increasing the reaction temperature to
100 °C resulted in a slight decrease in yield (Table 1, entry 15).
In brief, the optimal reaction conditions for 3aa were as follows:
1a (0.24 mmol), 2a (0.2 mmol), and AuCl(IPr) (5 mol%) in DCE
at 70 °C for 4 h (condition A). Likewise, the optimal reaction
conditions for 4aa and 5aa were also separately investigated (see
Tables S1 and S27). The results displayed that when using 1a
(0.24 mmol), 2a (0.2 mmol), [Cp*Rh(CH3CN);](SbF), (5 mol%),
LiOAc (0.2 mmol), BzOH (0.1 mmol) at 100 °C for 8 h (Table 1,
entry 16, condition B) and 1a (0.2 mmol), 2a (0.24 mmol),
[Cp*RhCl,], (5 mol%), CsOPiv (0.2 mmol) and AcOH (0.2 mmol)

Catalytic system
Sovlent

@/& : C%j;

Ph

1a 2a

Yield (%)

Entry Catalytic system Solvent 3aa 4aa 5aa
1 [Cp*RhCL,], DCE 20 — —
2P [Cp*RhCl,],/AgOAc/AcOH DCE — 8 —
3? [Cp*RhCl,],/CsOPiv/AcOH DCE — 28 10
4P [Cp*RhCl,],/CsOPiv/AcOH Dioxane — — 50
5 Rh;,(esp), DCE 44 — —
6 CyJohnPhos AuCl DCE 31 — —
7 CyJohnPhos AuNTf, DCE 44 — —
8 (Ph;P)AuCl DCE 44 — —
9 Ph;PAuUNTTY, DCE 36 — —
10 AuCl(TPr) DCE 54 — —
11 AuCI(IPr) MeCN 15 — —
12 AuCI(IPr) CHCl, M — —
13 AuCl(IPr) HFIP Trace — —
14° AuCI(TPr) DCE 65 — —
154 AuCI(IPr) DCE 50 — —
16° [Cp*Rh(CH;CN);](SbF6),/LiOAc/BzOH CH;CN — 60 Trace
17 [CP*RhCl,],/CsOPiv/AcOH Diglyme — — 80

“ Reaction conditions: 1a (0.24 mmol), 2a (0.2 mmol), catalyst (5.0 mol%) in solvent (4 mL) at 90 °C for 4 h, NMR yield (1,3,5-trimethoxybenzene as
the internal standard). ? 1a (0.2 mmol), 2a (0.24 mmol), inorganic salts (0.4 mmol), AcOH (0.2 mmol) at 80 °C for 8 h, isolated yield. 70 °C. ¢ 100 °C.
¢ 1a (0.24 mmol), 2a (0.2 mmol), [Cp*Rh(CH;CN);](SbFs), (5 mol%), LiOAc (0.2 mmol), BzOH (0.1 mmol) at 100 °C for 8 h, isolated yield.” 1a (0.2
mmol), 2a (0.24 mmol), [Cp*RhCL,], (5 mol%), CsOPiv (0.2 mmol), AcOH (0.2 mmol) at 80 °C for 2 h, isolated yield.
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in diglyme at 80 °C for 2 h (Table 1, entry 17, condition C) as
their respective catalytic systems, the products 4aa and 5aa were
effectively prepared with 60% and 80%, respectively. Their
structures were confirmed by 'H and "*C NMR, MS and X-ray
spectra.

With the optimized reaction conditions in hand, we firstly
conducted a comprehensive investigation into the scope of
pyrazolidinones 1 and coupling partners 2 under the optimal
reaction condition to build diversified tetrahydropyrimidinones
3. As shown in Scheme 2, whether introducing halogen atoms
(F, Cl and Br) or electron-donating groups (CH; and OCHj3;) into
4-position of benzene ring of substrate 1, the reaction efficien-
cies were maintained at a moderate yield (Scheme 2, 3ba-3fa,
36-64%). However, introducing an F atom into 3-position of
phenyl ring resulted in a decrease in yield (3ia, 25%). Subse-
quently, we investigated the effect of various substituents on the
coupling partners 2. Notably, substrates 2 bearing halogen
atoms (F, Cl and Br) or electron-donating groups (CHz, OCHj3
and (CH,),CHj;) at the 4-position of the phenyl ring afforded
corresponding products in moderate to good yields (3ab-3ag,
49-72%). Introducing CH; and ClI groups into the 3-position of
the phenyl ring also gave satisfactory results (3ai-3ak, 69-72%).
Replacing the phenyl ring of 2 with the thiophene ring also
provided a good yield (3al, 66%).

During the reaction condition screening, we observed the
pyrazolo[1,2-a]pyrazolone derivative 4aa could be selectively

o
NH R! ?L/(
X
k. YR Ok
LN N\n . I AUCI(IPr) (5 mol %) —( N\
R'-¢
> = DCE, 70°C, 4 h X/ W

o H3C(H,C)s o R o o
3ai, R? = CH3, 69%

3af, 56%
3ak, R? = Cl, 72%

3al, 66%

Scheme 2 The investigation of substrate scope for the synthesis of 3.
General reaction conditions (condition A): 1 (0.24 mmol), 2 (0.2 mmol),
AUCL(IPr) (5 mol%) in DCE (4.0 mL) at 70 °C under air for 4 h, isolated
yields.

21874 | RSC Adv, 2025, 15, 21872-21878

View Article Online

Paper

NH
[Cp*Rh(CH3CN)3](SbFg); (5 mol %)
N 0 // OH LiOAc (1.0 eq.), BzOH (0.5 eq.)
XN T E——
Rg J H * CH5CN, 100°C, 8 h
N\ TR?

'ﬁ%o
$r i

2,
O
Il

¢
o o
4aa, 60% CCDC 2410625 4ba, 51%
N-y N-y N~y

Sy

Y HN HyC HN HN

o O O
4ea, 54%

' S

e RIS ¢

4ab, R? = F, 60%
4ac, R? = Cl, 52%
4ad, R? = Br, 40%
4ae, R? = CHy, 43%

4ia, 45% 4ja, R' = Cl, 47%

4ka, R' = Br, 68%

4al, 21%

4ai, R? = 3-CH3, 54%
4aj, R? = 2-C1, 52%
4ak, R? = 3-Cl, 46 %

Scheme 3 The investigation of substrate scope for the synthesis of 4.
General reaction conditions (condition B): 1 (0.24 mmol), 2 (0.2 mmol),
[Cp*RN(CH3CN)zl(SbFg), (5 mol%), LIOAc (0.2 mmol), BzZOH (0.1 mmol)
in MeCN (4.0 mL) at 100 °C under air for 8 h, isolated yields.

constructed via a C(sp*)-H bond activation/[4 + 1] annulation
cascade. As shown in Scheme 3, the reaction worked well with
electron-withdrawing and electron-donating groups at the 4-
position of the phenyl ring of substrates 1, affording 4ba-4ha
with 47-71% yields (Scheme 3). Translocating Cl or Br to the 3-
position of the phenyl ring could also successfully generate
corresponding products with 45-68% yields (4ia-4ka). Next,
various substituted groups at the 4-position of the phenyl ring
of substrate 2 were explored, and the results indicated that all
substrates could react smoothly with 1a to provide the corre-
sponding products 4ab-4ag in moderate to good yields (40-
60%). Likewise, introducing CH; or Cl into the meta or ortho
position of the benzene ring was also satisfactory (4ai-4ak).
However, replacing benzene ring of 2 with thiophene ring gave
a relatively low yield (4al, 21%).

Another discovery was that we successfully obtained previ-
ously unreported 3-acylindoles via a C(sp®)-H bond activation
and [3 + 2] annulation cascade from pyrazolidinone 1 and its
coupling partner 2. As shown in Scheme 4, whether introducing
electron-donating or electron-withdrawing groups into pyr-
azolidinones 1 or 3-alkynyl-3-hydroxyisoindolinones 2 could

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 The investigation of substrate scope for the synthesis of 5.
General reaction conditions (condition C): 1 (0.2 mmol), 2 (0.24 mmol),
[Cp*RNCly], (5 mol%), CsOPiv (0.2 mmol), AcOH (0.2 mmol) in diglyme
(4.0 mL) at 80 °C under air for 2 h, isolated yields.

generate desired products in good yields (5ba-5fa, 81-91%j;
5ab-5ak, 62-72%). In particular, in this transformation,
replacing the benzene ring of 2 with the thiophene ring could
provide a good yield (Scheme 4, 5al, 75%). Additionally, we also
attempted to introduce the group into R* position of substrate
2, the corresponding product 5am was obtained with good yield.

Given the potential application of these intriguing hetero-
cycles, the gram-scale preparations for the products 3aa, 4aa,
and 5aa were performed with 61%, 47%, and 67% isolated
yields, respectively (Scheme 5a). Then, the synthetic trans-
formations of compounds 4aa and 5aa were also explored. For
example, the C-C double bond of 4aa could be selectively
reduced using hydrogen gas and Pd/C, generating the desired
product 6 with 80% yield (Scheme 5b). Interestingly, we
successfully fulfilled a simultaneous transformation of two
amide groups in 5aa, in which compound 5aa could be con-
verted into nitrile product 7 with 84% yield in the presence of
cyanuric chloride (Scheme 5b). Additionally, treatment of 5aa
with triethylsilane and trifluoroacetic acid afforded a ring-
closed product 8 (Scheme 5b).

Having established the substrate scope and utility of the
product, we then conducted a series of experiments to explore
the preliminary mechanism (Scheme 6). Firstly, 95% of ortho H
could be deuterated by treating 1a with D,O under standard
condition B, 25% of the ortho H could be deuterated by treating
la with D,O under standard condition C, suggesting the
reversibility of the C(aryl)-H bond cleavage during the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Gram-scale preparations and conversions.

formation of products 4 and 5 (Scheme 6a). Next, the kinetic
isotope effect (KIE) values of 1.70 for 4aa and 1.17 for 5aa
indicated that the C-H bond cleavage was likely not the
turnover-limiting step (Scheme 6b). Moreover, three competi-
tive experiments within three reaction conditions by intro-
ducing different substrates with electron-withdrawing and
electron-donating groups were carried out. Treating a 1:1
mixture of fluorine/methoxy substituted pyrazolidinone (1b/1f)
with 2a under conditions A and C, respectively, showed that
there is no apparent difference in the reaction rate between two
substrates 1 with electron-withdrawing and electron-donating
groups (Scheme 6¢). These results indicated that these
different groups are well tolerated in these transformations.
However, we observed a high ratio (8.0) between 4ga and 4fa
when treating a 1:1 mixture of trifluoromethyl/methoxy
substituted pyrazolidinone (1g/1f) with 2a under condition B
(Scheme 6¢c), suggesting that the electron-withdrawing
substrates reacted faster in this transformation.

Based on the above observations and literature
precedents,®*>4?5-32 three plausible catalytic mechanisms are
proposed for N-N bond activations and C-H functionalizations.
As shown in Scheme 7a, the propargylic alcohol 2a initially
forms the intermediate A by coordinating with the Au(i) catalyst.
Upon the entry of the pyrazolone 1a into the system, it

RSC Adv, 2025, 15, 21872-21878 | 21875
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undergoes alkyne hydroamination with Au(1) to yield complex B,
which further forms the intermediate C after the intramolecular
electrophilic addition. Finally, elimination of the Au(i) catalyst
and the hydroxy group from C gives the desired product 3aa.
The speculated mechanisms of the desired products 4aa and
5aa are shown in Scheme 7b. The NH directing group of 1a
assists the activated Rh catalyst with the cleavage of the ortho
C(sp’)-H bond, enabling the formation of a five-membered
rhodacycle D. Next, the complexation of Rh(m) with the triple
bond of 2a gives intermediate E. The following regioselective
insertion of the alkynyl unit of 2a into the C-Rh bond of E
generates intermediate F, which is most likely driven by addi-
tional coordination of the OH group with Rh(m) to overcome the
unfavorable steric interactions between the isoindolin-1-one
group and the Cp ligand. Further, the cleavage of the C-Rh
bond and elimination of water under the assistance of benzoic
acid offers the allenyl intermediate G. Finally, G undergoes
nucleophilic addition and followed by protodemetalation to
form target product 4aa. Specially, using [Cp*RhCl,], as the
catalyst in diglyme results in the opposite regioselective inser-
tion of the alkyne unit of 2a into the C-Rh bond of E to form
intermediate H, probably because the solvent prevents the
additional coordination of the OH group of propargylic alcohol
with Rh(m) complex. Then protonation of intermediate H leads
to the generation of intermediate I, which then undergoes an
oxidative addition with N-N bond to form intermediate J.
Finally, intermediate J undergoes a reductive elimination and
a following N-demethylation/protonation to produce the
desired product 5aa.

Conclusions

In summary, we have successfully fulfilled a catalytic system-
controlled divergent reaction strategy to construct three types
of nitrogen-containing heterocyclic skeletons through chemical
bond activation/annulation routes of pyrazolidinones with 3-
alkynyl-3-hydroxyisoindolinones. More importantly, this is the
first capture of pyrazolidinones and propargyl alcohols to
construct tetrahydropyrimidinones and unusual 3-acylindoles.
These strategies exhibit a broad range of substrates, moderate
to good yields, and valuable transformations, offering structural
and biological potentials for further drug discovery.
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