nature communications

Article

https://doi.org/10.1038/s41467-024-55312-9

Transforming an azaarene into the spine of
fusedbicyclics via cycloaddition-induced
scaffold hopping of 5-Hydroxypyrazoles

Received: 26 June 2024

Accepted: 5 December 2024

You Zhou®", Shuang-Gui Lei', Baihetiguli Abudureheman’, Li-Sheng Wang',
Zhi-Cheng Yu', Jia-Chen Xiang ®2

& An-Xin Wu®"3

Published online: 30 December 2024

M Check for updates

Skeleton editing for heteroarenes, especially pyrazoles, is challenging and
remains scarce because these non-strained aromatics exhibit inert reactivities,

making them relatively inactive for performing a dearomatization/cleavage
sequence. Here, we disclose a cycloaddition-induced scaffold hopping of
5-hydroxypyrazoles to access the pyrazolopyridopyridazin-6-one skeleton
through a single-operation protocol. By converting a five-membered aza-arene
into a five-unit spine of a 6/6 fused-bicyclic, this work unlocks a ring-opening
reactivity of the pyrazole core that involves a formal C = N bond cleavage while
retaining the highly reactive N-N bond in the resulting product. A [4 + 2]
cycloaddition of a temporarily dearomatized 5-hydroxypyrrole with an in situ
generated aza-1,3-diene, followed by oxidative C-N bond cleavage, constitutes
the domino pathway. A library of pyrazolopyridopyridazin-6-ones, which are
medicinally relevant nitrogen-atom-rich tricyclics, is obtained efficiently from
readily available materials.

Synthetic chemists and pharmaceutical researchers have been capti-
vated by the generalized concept of “skeleton editing” for nearly one
and a half centuries'”. As eye-catching paradigms, inspiring ideas of
skeletal editing’ associated with a deconstructive ring-opening process
for arenes and heteroarenes are constantly emerging only recently.
The state-of-the-art in this field covering single-atom editing’
(insertion®®, deletion’", mutation'*), atom-pair swapping®, decon-
structive functionalization'*® and so on. Despite the formidable
challenge that ring-opening of specific aromatics requires a tailored
dearomatisation/cleavage process to not only overcome the aromati-
city but also to cleavage a o-bond in their non-strained parent skeleton,
the development of more editing modes for more types of aromatic
systems is still fascinating, for achieving scaffold hoppings® that was
impossible by otherwise peripheral diversifications?.
Notwithstanding elegant skeleton editing recorded for five-
membered heteroarenes including furan® 2, imidazaole*, oxazole”,
pyrrole®, thiazole”, thiophene*** and 1,2,4-oxadiazole’’; decon-
structive ring-opening of pyrazoles are relatively limited despite

their significant properties as pharmacophores™**. A remarkable
work was reported in early 1966 by Pagani et al., revealing a C3 car-
banion induced N-N bond dissociation to generate the N--alkyl-
anthranylamides from 3-carboxy- and 3-unsubstituted pyrazoles***
(Fig. 1A). In 2010, Schmidt and co-workers disclosed a fascinating
rearrangement of pyrazolium-3-carboxylates to 4-aminoquinolines
via an in situ formed N-heterocyclic carbene intermediate®. Recently,
pre-prepared pyrazolium halides and in situ generated pyrazolium
ylide have been further employed to furnish the editing of pyrazole
series®*** (Fig. 1B). To the best of our knowledge, ring opening of
pyrazoles has not yet been able to bypass the N-N bond cleavage
although it has been developed for almost 60 years. Understandably,
these pioneering contributions have chosen the N-N bond, with the
lowest bond energy in the pyrazole ring system, as the point of
penetration for the fragmentation (N-N bond, ~ 159 kJ/mol; N-C bond,
~-305kJ/mol; N=C bond, -615k)/mol;)***. We suspected that it
would be not only synthetically valuable but also mechanistically
interesting to avoid breaking the N-N bond during the ring opening
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of the pyrazole cores, thus inheriting this difficult-to-form but easy-
to-fragment linkage in the product®.

In connection with our long-term interest in cycloaddition cas-
cade reactions**™*%, we surmised that it might be possible to carry out
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the deconstructive ring-opening of pyrazole series by a rational
designed [4 + 2] cycloaddition, although we note that the dearomative
cycloadditions of azaarenes are particularly challenging due to the
inherent high kinetic barrier for the aromatic system to conquer*’=".
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Fig. 1| Ring opening of pyrazoles and our design strategy. A Carbanion-induced
ring opening of 3-carbonyl pyrazole series. B Pyrazolium ylide induced ring
opening and rebound of 1H-pyrazole series. C Our working hypothesis of this work.
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Table 1| Screening of reaction conditions. *

Me
4
N=N
Me Me ph—(/ o
o N/ I, (1.0 equiv.)
] \ N— DTBP (2.0 equiv.) Me -
+ + R4
Ph)]\ N\N NH, ||\/>_OH DMSO (¢ = 0.2 M), 100 °C | \ N/
I N\
Ph N
1a 2a 3a }Dh 4a
Entry Variation from ‘standard conditions’ Yield of 4a (%)°
1 none 75
2 w/o |, trace
3 DMF instead of DMSO trace
4 w/o DTBP 47
5 K2S,0g (2.0 equiv.) instead of DTBP 19
6 PhI(OAc), (2.0 equiv.) instead of DTBP 12
7 70% TBHP (2.0 equiv.) instead of DTBP 43
8 AIBN (2.0) instead of DTBP 70
9 I, (1.0 equiv.), DTBP (1.0/ 3.0 equiv.) 72/70
10 I, (0.5/ 2.0 equiv.), DTBP (1.0 equiv.) 60/57
" At 80/ 120°C 59/62

“Reaction conditions: 1a (1.2 mmol), 2a (1.0 mmol), 3a (1.0 mmol), I, (1.0 mmol) and DTBP (2.0 mmol) in a solution of DMSO (5.0 mL, ¢c=0.2 M) at 100 °C for 4 h under air. ®Isolated yields.

To address this issue, we hypothesized to introduce an auxiliary
hydroxyl group at C5 for pyrazole for achieving two fundamental
purposes: (A) increasing the electron density of the pyrrole core,
resulting in a highly-active C4 site for incorporating a cycloaddition
and (B) endowing pyrazoles with the capability to spontaneous col-
lapsing their aromaticity by tautomerism. First reported by Knorr in
1895, three tautomers of N1, C3-disubstituted 5-hydroxypyrazole will
show equilibria as Il > 1> 11 in the gas phase®>*. However, the phenol
form (I) is reported favored for pyrazolones in aprotic solvents such as
DMSO**. Indeed, dissolved in deuterated DMSO for 'H-NMR testing, 1-
methyl-1H-pyrazol-5-ol presented only as the phenol form (Please see
“Supplementary Figs. 1-3” in Supporting Information). Furthermore,
we anticipate that in polar aprotic solvent, the tautomers equilibrium
may partially tend towards Il by 1,5-H shift, thus assisting the tem-
porary de-aromatized pyrazole to be captured by intermolecular
cycloaddition. In the presence of a tailored amphiphilic aza-diene in
the reaction mixture, the cycloadduct intermediate IV would be
formed and then be oxidized into V due to the high reactivity of C3-H
(Fig. 1C). The pre-aromatic intermediate V would undergo an
aromatization-driven C-N bond cleavage to provide VI, resulting in a
pyridine core. Such oxidative elimination features a key step in Fischer
indole synthesis® but is still less explored in a fused-ring scenario®®”.
Moreover, aiming at expanding the surrounding chemical space, a
carbonyl group was planted at the C5 position of the aza-diene as a
“hook” in the first place. A second-fold cyclization would then occur to
afford a pyridazinone product VII. We note that pyrazolopyridopyr-
idazine and related dinones are useful agents in pharmaceutical
research, especially for the treatment of erectile dysfunction®®°
(Fig. 1D). Conventionally, the preparation of these nitrogen-atom-rich
tricyclics relies on tedious synthetic steps thus limiting the develop-
ment of their functionality as well as the studies of Structure-Activity
Relationships®. By seeking in the I,-DMSO synthetic tool-box devel-
oped by our group®’, we anticipate that using aryl methyl ketone and
5-aminopyrazole in the presence of I,-DMSO manifold would provide
aza-1,3-diene-5-one straightforwardly as the ideal precursors for the
proposed aza-[4 + 2] cyclization, therefore achieving a one-pot synth-
esis of pyrazolopyridopyridazin-6-one skeleton. It is also conceivable
that I, and DMSO would play as an oxidant®® to promote the oxidative

cleavage of the C-N bond downstream. Conceptually, the planned
transformation hops from a five-membered azaarene to a five-unit
tether by forging with a linear partner and eventually presents as the
spine of the resulting 6/6 fused ring. We believe that such skeleton
editing is more than neither a well-defined ring-expansion (Fig. 1E-
a)*18%*%5 nor a deconstructive functionalization (Fig. 1E-b)'*"*%¢’, but a
distinct model entitled ring-upgrading (Fig. 1E-c). Here, we show a
three-component reaction of acetophenones with 1H-pyrazol-5-amines
and S5-hydroxypyrazoles, achieving the direct synthesis of
pyrazolopyridopyridazin-6-one skeletons. An I,-DMSO reagent mani-
fold, together with di-tert-butyl peroxide, is used as the reagents for
this ring-upgrading reaction. The transformations of 5-hydro-
xypyrazole, a five-membered azaarene, into the 6/6 fused-bicyclic are
illustrated by more than 85 diverse examples.

Results

Synthesis of pyrazolopyridopyridazin-6-one skeleton by ring
opening of 5-hydroxypyrazoles

Initially, acetophenone (1a), 3-methyl-1-phenyl-1H-pyrazol-5-amine
(2a), and 1-methyl-1H-pyrazol-5-ol (3a) were chosen as the model
substrates to optimize the reaction conditions. After a series of
screenings (Please see “Supplementary Table 1” in Supporting Infor-
mation), the optimal conditions were determined as follows: 1a (1.2
equiv.), 2a (1.0 equiv.), 3a (1.0 equiv.), I, (1.0 equiv.) and di-tert-butyl
peroxide (2.0 equiv.) in a solution of DMSO at 100 °C for 4 h, affording
the target product 4a in 75% yield (Table 1, entry 1). It is noteworthy
that the absence of iodine or DMSO was unfavorable (Table 1, entries 2-
3). The reaction was facilitated by additional peroxide such as DTBP,
through the desired product was also obtained in moderate yield
without DTBP input (Table 1, entry 4). A variety of peroxide/oxidants
were tested as alternatives to DTBP. Potassium persulfate and PIDA
both lead to a drastic decrease in yield (Table 1, entries 5-6). TBHP was
not as effective as DTBP (Table 1, entry 7), while radical initiator azo-
bisisobutyronitrile (AIBN) was also able to promote the reaction,
resulting in a yield of 70% (Table 1, entry 8). Reducing or increasing the
amount of oxidative agent had no positive effect on the reaction (Table
1, entries 9-10). Finally, when the reaction was carried out at 80 or
120 °C, the yields were slightly reduced (Table 1, entry 11). To our
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delight, we did not observe any type of ring-opening for 2a throughout
the screening, illustrating the exclusive selectivity for the editing of
5-hydroxypyrazoles.

Under our established conditions, the generality of the reaction
substrates was then examined. As shown in Fig. 2, aryl methyl ketones
bearing alkyl and alkoxy substitution on the benzene ring (4a-4e)
participated in the reaction smoothly to afford desired tricyclic pro-
duct 4 in good yields (70-77%). Ortho-substituted methoxy (4 f), 3,4-
methylenedioxy (4g), and functional groups such as trimethylsilyl
(TMS, 4 h) and thiomethyl (4i) are all tolerated. When using halogen or
dihalogen-containing substrates (F, Cl, Br, I) with different substituent
positions (o, m, p) in the benzene ring (4j-4p, 65-73%), significant
effects on yields were not observed. Furthermore, strong electron-
withdrawing groups, such as -CF;, -OCF;, -CO,Me, -CN, -NO,, -SO,Me
were suitable substitutions successfully taking part in the transfor-
mation (4q-4x). In these cases, diverse functional groups bring us the
possibility of further modifying the product at a later stage. The type of
aryl belonging to the methyl ketones was next tested. To our delight, 1-
and 2-naphthyl (4 y, 4z), or even sterically bulkier 2-fluorenyl (5a) were
competent substrates. Heterocycles such as different substitution sites
of furan, thiophene, benzofuran, and benzothiophene were compa-
tible in the reaction (5b-5h, 60-73%), thus providing inherent advan-
tages for the study of Structure-Activity Relationship. Furthermore,
structurally sensitive 1H-indole and alkaline quinoline substituents
were all able to produce the desired product, albeit with slightly
reduced yields (5i, 59%; 5j, 52%). Delightfully, the corresponding
pyrazolopyridopyridazin-6-one products were successfully obtained
using a, B-unsaturated methyl ketones as substrates (5k-5p, 56-67%).
Moreover, 3,5-diene methyl ketones are also tolerated in our reaction
conditions (5q, 64%; 5r, 61%). In contrast to the usage of aryl methyl
ketones, the incorporation of methyl ketone substrates containing
conjugated double bonds, as previously outlined, enables the further
expansion of our product diversity since the double bonds in these
products can be converted to saturated ones through hydrogenation.
Despite the failure of the direct use of aliphatic methyl ketones in our
reaction, the above experimental results serve to offset, to some
extent, the impact of the inherent limitations of this methodology.

Additionally, a series of 5-aminopyrazole (2) varying from NI-
substituents was employed to further evaluate the substrate scope
(Fig. 3). N-aryl substituents bearing electron-donating or electron-
withdrawing groups, or even 2,5-disubstitions were all capable of the
transformation (5s-5y). The target tricyclics were also obtained in 68%
and 56% yields when 3-nitrophenyl and 2-pyridyl patterns were sub-
stituted on the NI atom (5z, 6a). Moreover, 5-aminopyrazole with N-
alkyl substitutions, including methyl, tert-butyl, cyclohexyl, benzyl,
and -CH,CO;kEt, all performed well in the reaction (6b-6h, 62%-83%).
Exploring the different types of substituents at the C3 of
5-aminopyrazole is important since the corresponding product should
be spatially crowded. Gratefully, no matter whether cyclopropyl, tert-
butyl, or even phenyl groups (6i, 6 m, 6n) were all compatible in the
reaction although the yields are relatively lower than the C3-free sub-
strate (6j-6l). It is worth noting that 3-methyl-5-aminooxazole also
successfully converts into the corresponding product (60, 61%; 6p,
63%) further demonstrating the diversity of substrates. Enamine deri-
vatives 3-amino-1-methylpyrazole were proved to be suitable candi-
dates (6q, 32%; 6r, 57%). Notably, non-aromatic enamine motifs
6-aminouracil were also compatible in our transformation, providing,
therefore, the desired 6/6/6 fused tricyclics containing a biologically
significant uracil fragment (6 s, 72%; 6t, 75%). Next, for the pyrazole
core, NI-H 5-hydroxypyrazole was viable to afford the desired pro-
ducts in 66% yield (6 u), pending further modification. Both N1-aryl and
NI-alkyl substituents could be incorporated under our reaction con-
ditions (6v-6x). For the C4 position of the pyrazole core, H and methyl
substituents are applicable, while other substituents, such as phenyl
could not produce the target product (6y-7b).

Synthetic applications
Encouraged by the good substrate generality scope demonstrated
above, we attempted to further explore the applicability of this mul-
ticomponent reaction (Fig. 4). Biological molecules such as (-).
Menthol, (+)-Borneol, and Probenecid (an agonist of TRPV2
channels) were installed in the acetophenone. Those pre-prepared
methyl ketones were all tolerated in the reaction (7c, 7d, 7f), indicating
the compatibility of our conditions with ester groups and easily oxi-
dizable fragments. Furthermore, NH-amide, as well as lactone, were
proved to be suitable in the reaction by applying substrates linked with
Amantadine (7e), Camphanic acid (7g), and Ibuprofen (7 h) motifs,
respectively. The easy and efficient introduction of biologically rele-
vant compounds into the pyrazolopyridopyridazin-6-one skeleton
rendered a positive effect of this synthetic methodology on the
pharmaceutical study. We also conducted gram scale scaling experi-
ments on products 4n and 6b and found that the separation yield of
the target product could still be maintained at a moderate level at a
reaction scale of 8.0 mmol. Treating 4n, which reserves an aryl bro-
mide site, under Sonogashira conditions affords 8 smoothly. A
palladium-catalyzed P-C coupling of 4n provides triarylphosphine
oxide derivative 9 in good yield. As expected, chlorination of pyr-
idazine using POCI; gives chlorophthalazine 10, which could be further
converted into other synthetic valuables.

Control experiments and proposed mechanism

Based on our previous study regarding the mechanism of I,-DMSO
mediated C-H oxidation of methyl ketone, we anticipate that 2-iodo-1-
phenylethanone (1ad) and phenylglyoxal (1ac) should act as the key
intermediates. Indeed, treating 1ad and 1ac under standard conditions
affords 4ain good yield, respectively (Fig. 5a and b-1). In order to figure
out what conditions are required in the downstream domino process
after 1ac has been generated, a series of control experiments using 1ac
as the substrate were performed. It was found that DTBP could further
promote the downstream domino, possibly by accelerating the oxi-
dative aromatization step or by facilitating the regeneration of iodine
(Fig. 5b-2). Without adding DTBP and I,, the control experiment gave
only a 12% yield of 4a, indicating that iodine has a more important role
than DTBP for the subsequent transformation (Fig. 5b-3). Finally, using
Hl instead of the combination of DTBP and I, provides 4a in 65% yield.
Considering that HI could be oxidized to I, in a DMSO solution, we
believe that the acid plays an important role in both cycloaddition and
the C-N bond cleavage steps (Fig. 5b-4). Furthermore, radical sca-
vengers were submitted to our model reaction (Fig. 5¢), as it has been
documented that the proposed C-N bond cleavage could also be
triggered by a single-electron oxidation®®. After a comprehensive
consideration of those experimental results, we concluded that our
transformation should not be a free radical-driven reaction. According
to the present observations and literature existence® ”*, a possible
mechanism has been proposed in Fig. 5d, which was further supported
by HRMS detection using acetophenone-D3 as a probe (Please see
“Supplementary Fig. 4-9” in Supporting Information). The domino
reaction is initiated by iodine substitution and the Kornblum Oxidation
sequence of acetophenone. The Hl generated in the former step would
account for the acid-promoted 1,5-H shift of 5-hydroxypyrazole,
therefore affording the temporary dearomatized tautomer pending
for polar [4 + 2] cyclization. Instead of oxidizing NH into imine, HRMS
results support that the resulting cycloadduct C undergoes C-H oxi-
dation to generate pre-aromatic intermediate D with the assistance of
I, and DTBP. The fact that either the iodination of C3-H or C4-H would
lead to a quick elimination to generate D. The successful HRMS
detection of C and D supports the formation of C;-C, double bonds is
preferred over the formation of imines. Oxidative elimination of the
C-N bond was then driven by the aromatization of the pyridine core.
This step should be also promoted by acidic conditions since forming
the intermediate E would further weaken the C-N bond.
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Fig. 2 | Reaction scope of methyl ketones (1)**. “General conditions: 1 (1.2 mmol), 2 (1.0 mmol), 3a (1.0 mmol), I, (1.0 mmol), DTBP (2.0 mmol), DMSO (5.0 mL, c=0.2 M),
100°C, 4 h. ®General conditions: 1 (1.2 mmol), 2 (1.0 mmol), 3 (1.0 mmol), I, (1.0 mmol), DMSO (5.0 mL, c=0.2 M), 100 °C, 2 h. ‘isolated yields.

Discussion

In summary, we report a multicomponent reaction strategically using
aryl methyl ketone, 5-aminopyrazole, and 5-hydroxypyrazole to afford
pyrazolopyridopyridazin-6-one scaffolds. It provides a distinct para-
digm for pyrazole ring opening in which 5-hydroxypyrazole servers as

a five-unit tether for the de novo generated 6/6 fused bicyclics.
Enabled by the I,-DMSO reagent manifold and facilitated by DTBP, this
reaction features high yield and good functional group compatibility,
accessing, therefore, pharmaceutical interest nitrogen-atom-rich tri-
cyclics in a modular fashion. Mechanistic studies supported a [4 +2]
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DMSO (5.0 mL, c=0.2 M), 100 °C, 4 h. *General conditions: 1 (1.2 mmol), 2 (1.0 mmol), 3 (1.0 mmol), I, (1.0 mmol), DMSO (5.0 mL, c=0.2 M), 100 °C, 2 h. “isolated yields.

cyclization and a cascade oxidative elimination of the C-N bond asthe ~Methods

key to realizing the transformation. Precedential disconnection of the = General procedure for nitrogen-atom-rich tricyclics

weakest N-N bond in the pyrazole core is completely bypassed in our  General conditions a (4a-5j, 5s-6x, 7c-7h): The reactions did not
conditions. We anticipate our ring-upgrading tactics will extend to require the protection of inert gases. In a 35mL sealed tube were
other aromatic compounds. added arylmethyl ketones 1 (1.2 mmol), iodine (254 mg, 1.0 mmol), and
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Fig. 4 | Study of synthetic applications. A Pre-modification, General conditions: 1 (1.2 mmol), 2 (1.0 mmol), 3 (1.0 mmol), I, (1.0 mmol), DTBP (2.0 mmol), DMSO (5.0 mL,
¢=0.2M),100°C, 4 h, isolated yields. B Gram-scale experiments. C Late-modification. D Transformations of 6i.

dimethyl sulfoxide (5mL), and the resulting mixture was stirred at
100 °C (heating block), the reaction tube was removed after about 1 h.
Then additional enamines 2 (1.0 mmol), 5-hydroxypyrazoles 3
(1.0 mmol), and DTBP (292 mg, 2.0 mmol) were added at room tem-
perature, followed by reaction at 100 °C for 4 h until substrate con-
version was almost complete by TLC analysis. After the reaction
stopped and cooled at room temperature, the reaction mixture was
quenched with saturated Na,S,03 solution (50 mL) and NaCl solution
(200 mL). The mixture was then extracted with EtOAc (150 mL x 2),
and the organic layers were separated and merged. The mixture was

dried with anhydrous Na,SO, and concentrated under reduced pres-
sure. The crude product was purified by column chromatography on
silica gel (200-300 mesh) to afford the product.

General conditions b (5k-5r, 6y-7b): The reactions did not require
the protection of inert gases. In a 35 mL sealed tube were added methyl
ketones 1 (1.2 mmol), iodine (254 mg, 1.0 mmol), and dimethyl sulf-
oxide (5mL), and the resulting mixture was stirred at 100 °C (heating
block), the reaction tube was removed after about 1 h. Then, additional
enamines 2 (1.0 mmol), 5-hydroxypyrazoles 3 (1.0 mmol) were added
at room temperature, followed by reaction at 100 °C for 2h until
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Fig. 5 | Control experiments and proposed mechanism. Controlled experiments (a-c) and possible mechanisms supported by HRMS experiments (d).

substrate conversion was almost complete by TLC analysis. After the
reaction stopped and cooled at room temperature, the reaction mix-
ture was quenched with saturated Na,S,05 solution (50 mL) and NaCl
solution (200 mL). The mixture was then extracted with EtOAc
(150 mL x 2), and the organic layers were separated and merged. The
mixture was dried with anhydrous Na,SO, and concentrated under
reduced pressure. The crude product was purified by column chro-
matography on silica gel (200-300 mesh) to afford the product.

Data availability

The X-ray crystallographic coordinates for structures reported in this
Article have been deposited at the Cambridge Crystallographic Data
Center (CCDC), under deposition numbers CCDC 2344553 and CCDC
2344669. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Center via https://www.ccdc.cam.ac.uk/
structures/. All other data supporting the findings of the study,
including experimental procedures and compound characterization,
are available within the paper and the Supplementary Information.
Correspondence and requests for materials should be addressed to
AXW., all data are available from the corresponding author upon
request.
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