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nalization of the 1H-imidazo[1,2-
b]pyrazole scaffold. A new potential non-classical
isostere of indole and a precursor of push–pull
dyes†

Kuno Schwärzer,a Saroj K. Rout,a Derya Bessinger,a Fabio Lima,b

Cara E. Brocklehurst,b Konstantin Karaghiosoff, a Thomas Bein a

and Paul Knochel *a

We report the selective functionalization of the 1H-imidazo[1,2-b]pyrazole scaffold using a Br/Mg-

exchange, as well as regioselective magnesiations and zincations with TMP-bases (TMP ¼ 2,2,6,6-

tetramethylpiperidyl), followed by trapping reactions with various electrophiles. In addition, we report

a fragmentation of the pyrazole ring, giving access to push–pull dyes with a proaromatic (1,3-dihydro-

2H-imidazol-2-ylidene)malononitrile core. These functionalization methods were used in the synthesis

of an isostere of the indolyl drug pruvanserin. Comparative assays between the original drug and the

isostere showed that a substitution of the indole ring with a 1H-imidazo[1,2-b]pyrazole results in

a significantly improved solubility in aqueous media.
Introduction

N-heterocyclic scaffolds are key structural units for pharma-
ceutical, agrochemical and material science applications.1,2 The
study of less common heterocyclic ring systems is of special
interest, since new physicochemical and medicinal properties
may be expected from such classes of molecules.3 Condensed
ve membered N-heterocycles such as 1H-imidazo[1,2-b]pyr-
azoles of type 1 recently attracted much attention due to the
diverse and very useful bioactivities (antimicrobial,4,5 anti-
cancer,6,7 anti-inammatory8) of such molecules (Fig. 1).

Furthermore, the scaffold 1 can also be considered as
a potential non-classical isostere of indole (2). The search for
new indole replacements is mainly motivated by their oen low
solubility and metabolic stability.9 The promising indolyl drug
pruvanserin (3, selective 5-HT2A serotonin receptor antago-
nist)10–12 has been discontinued in phase II clinical trials as
a drug for the treatment of insomnia.13 The corresponding 1H-
imidazo[1,2-b]pyrazole isostere 4 was predicted to display
improved solubility in physiological media. We therefore have
developed a toolbox allowing the selective functionalization of
-Universität München, Munich 81377,
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the 1H-imidazo[1,2-b]pyrazole skeleton, which enabled the
preparation of the pruvanserin isostere 4 in order to compare
the physicochemical properties of the matched pair 3 and 4
(Fig. 2).

Previously reported protocols for the preparation of 1H-imi-
dazo[1,2-b]pyrazoles require the synthesis of new starting
materials for every functionalized derivative, as the ring fusion
is only achieved in the nal steps.14–17 To avoid this issue, we
have chosen a synthetic approach involving a successive and
selective functionalization of the readily available 1H-imidazo
[1,2-b]pyrazole scaffold. Therefore, we envisioned to employ
a Br/Mg-exchange as well as selective magnesiations and zin-
cations using metal amides. Previously, we have reported
Fig. 1 Examples of 1H-imidazo[1,2-b]pyrazoles with biological
activities.
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Fig. 2 1H-Imidazo[1,2-b]pyrazole (1) as a potential replacement of
indole (2) as shown for the 5-HT2A serotonin receptor antagonist
pruvanserin (3).

Scheme 1 Functionalization of SEM-protected 1H-imidazo[1,2-b]
pyrazoles of type 5 via a sequence consisting of a Br/Mg-exchange and
two consecutive metalations, each followed by electrophile trapping.

Scheme 2 Fragmentation of functionalized 1H-imidazo[1,2-b]pyr-
azoles of type 11 leading to fluorescent push–pull dyes of type 14.

Scheme 3 Selective bromination of the SEM-protected 1H-imidazo
[1,2-b]pyrazole 15a.
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a range of powerful Br/Mg-exchange reagents18,19 as well as
kinetically highly active, sterically hindered TMP-bases (TMP ¼
2,2,6,6-tetramethylpiperidyl).21,22 These organometallic reagents
have been used successfully in the selective functionalization of
various N-heterocycles, including 1,3,4-oxadiazoles and 1,2,4-
triazoles,22 and other unsaturated substrates.23
12994 | Chem. Sci., 2021, 12, 12993–13000
Herein, we report such a selective functionalization
sequence starting with the two readily available 7-brominated,
SEM-protected 1H-imidazo[1,2-b]pyrazoles 5a and 5b 15 (Scheme
1). First, a Br/Mg-exchange with iPrMgCl$LiCl (6),18 followed by
trapping reactions with various electrophiles, yielded mono-
substituted 1H-imidazo[1,2-b]pyrazoles of type 7. Two further
functionalizations in the 3- and 2-positions were achieved
through consecutive metalations with TMPMgCl$LiCl (8),20 and
TMP2Zn$MgCl2$2LiCl (9).21 Subsequent quenching reactions
with various electrophiles then gave access to the increasingly
functionalized 1H-imidazo[1,2-b]pyrazoles of type 10 and 11
respectively. Aer deprotection of the SEM-group, a N-
heterocyclic compound of type 12 was obtained.

In addition, we report a mild fragmentation of the pyr-
azole ring24–27 in functionalized 1H-imidazo[1,2-b]pyrazoles
of type 11 induced by metalation at the 6-position
with TMP2Zn$MgCl2$2LiCl (9) (Scheme 2). This reaction pro-
ceeded via zincated intermediates of type 13 and led to a ser-
ies of (1,3-dihydro-2H-imidazol-2-ylidene)malononitriles of
type 14. While some (1,3-dihydro-2H-imidazol-2-ylidene)
malononitriles were already reported,28,29 this fragmentation
provided an entry to a variety of newly functionalized deriva-
tives of type 14. This functional group diversity was essential
for tuning the uorescent properties of the push–pull dyes
14.30

Finally, we report a concise synthesis of the 1H-imidazo[1,2-
b]pyrazole isostere 4 of pruvanserin as well as an experimental
evaluation of its physicochemical properties in comparison to
the original drug (3).

Results and discussion
Functionalization of the heterocyclic scaffold

In order to differentiate all of the positions in the SEM-pro-
tected31–33 1H-imidazo[1,2-b]pyrazole 15a, we performed a selec-
tive bromination with N-bromosuccinimide (NBS, 1.0 equiv.) in
acetonitrile (25 �C, 8 min, Scheme 3), providing the 7-bromide
5a in 98% yield.

The prefunctionalization of the position 7 considerably
facilitated further selective metalations of the 1H-imidazo[1,2-b]
pyrazole scaffold. Furthermore, when the brominated 1H-imi-
dazo[1,2-b]pyrazole 5a was treated with iPrMgCl$LiCl (6, 2.1
equiv., 0 �C to 25 �C, 1 h) in THF, the magnesiated 1H-imidazo
[1,2-b]pyrazole 16 was obtained and aer quenching with
various electrophiles a range of products of type 7 was obtained
(Scheme 4). This included the reactions with S-methyl sulfo-
nothioate,34 tosyl cyanide and TESCl leading to the products 7a–
7c in 50–96% yield. The addition of CuCN$2LiCl35 allowed an
allylation in 94% yield (7d) and the formation of the ethyl ester
7e with ethyl cyanoformate in 50% yield. Additional reactions
included an acylation with benzoyl chloride catalyzed by
Pd(PPh3)4 (7f) in 60% yield and a range of Kumada-type cross-
couplings with electron-decient (7g, 7h) and electron-rich
(7i) iodides catalyzed by PEPPSI-iPr36 in 68–88% yield.

The mono-functionalized products of type 7 were then
submitted to a selective magnesiation at the 3-position using
TMPMgCl$LiCl (8, 1.5 equiv., �20 �C, 2 h) in THF (Scheme 5).
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Selective functionalization of the brominated 1H-imidazo
[1,2-b]pyrazole 5a via Br/Mg-exchange leading to 7-functionalized
1H-imidazo[1,2-b]pyrazoles of type 7.

Scheme 5 Selective metalation of the 1H-imidazo[1,2-b]pyrazole 7b
using TMPMgCl$LiCl (8) followed by electrophile trapping leading to 3-
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Thus, the cyano-substituted 1H-imidazo[1,2-b]pyrazole 7b was
magnesiated to generate the metalated intermediate 17, which
was then successfully reacted with a variety of electrophiles in
57–89% yield (10a–10j). This included a copper-catalyzed ally-
lation in 65% yield (10a), a thiolation with S-phenyl sulfono-
thioate in 69% yield (10b) and the reaction with ethyl
cyanoformate in 65% yield (8c). A transmetalation with ZnCl2
allowed a series of Negishi-type cross-couplings affording the
arylated products 10d–10j in 57–89% yield. When electron-rich
iodides were used (10d, 10e), a mixture of 5 mol% Pd(OAc)2 and
10 mol% SPhos37 gave the best results. However, for electron-
decient and heteroarylic halides (10f–10i) the NHC catalyst
PEPPSI-iPr36 (2 mol%) performed best. By increasing the reac-
tion temperature from 40 �C to 60 �C, the cross-coupling could
be conducted using less reactive bromides instead of iodides
(10i). By using 3 mol% of the more active catalyst PEPPSI-iPent38

at 60 �C, it was possible to react a highly functionalized iodide
containing an a,b-unsaturated amide, providing the polyfunc-
tional product 10j in 57% yield.

A third functionalization was achieved using the 3-ester
substituted N-heterocycle 10c (Scheme 6). In this metalation,
the bis-base TMP2Zn$MgCl2$2LiCl (9, 0.55–0.65 equiv.),
prepared by adding MgCl2 (1.0 equiv.) and ZnCl2 (1.0 equiv.)
solutions to TMPLi (2.0 equiv.) in THF, yielded the best results.
The metalation proceeded selectively in the position 2 and was
completed aer 30 min at 0 �C, providing the bis-zinc species
18. This heterocyclic organometallic was then allylated with
allyl bromide in the presence of 20 mol% CuCN$2LiCl to
© 2021 The Author(s). Published by the Royal Society of Chemistry
generate the product 11a in 72% yield. In addition, a series of
copper-catalyzed acylations with aromatic, aliphatic and heter-
oaromatic acyl chlorides was conducted to generate the
trisubstituted heterocycles 11b–11e in 61–81% yield. Finally,
a range of Negishi-type cross-couplings catalyzed by 5 mol%
Pd(PPh3)4 gave access to the arylated products 11f–11k in 50–
69% yield. The scope of possible coupling partners included
electron-decient (11f–11h), electron-rich (11i, 11j) and
heterocyclic (11k) iodides. The high chemoselectivity of the
intermediate zinc species allowed the use of electrophiles con-
taining sensitive functional groups such as an ester (11f) or
a nitro group (11c, 11h).
Synthesis and characterization of push–pull dyes of type 14

Further metalation of the functionalized 1H-imidazo[1,2-b]pyr-
azoles of type 11 at the 6-position with TMP2Zn$MgCl2$2LiCl (9,
0.65 equiv., 0 �C, 30–150 min) resulted in a fragmentation of the
substituted 1H-imidazo[1,2-b]pyrazoles of type 10.

Chem. Sci., 2021, 12, 12993–13000 | 12995
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Scheme 6 Selective metalation of the 1H-imidazo[1,2-b]pyrazole 10c
using TMP2Zn$MgCl2$2LiCl (9) followed by electrophile trapping
leading to 2-substituted 1H-imidazo[1,2-b]pyrazoles of type 11.
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pyrazole ring (Scheme 7). This reaction presumably proceeded
via a zincated intermediate of type 13. The shi of an electron
pair to the bridgehead nitrogen then led to the formation of
a second nitrile. Aer an aqueous work-up a series of push–pull
dyes of type 14 containing a (1,3-dihydro-2H-imidazol-2-ylidene)
malononitrile core were isolated in 67–96% yield. The reaction
Scheme 7 Fragmentation of 1H-imidazo[1,2-b]pyrazoles of type 11
after treatment with TMP2Zn$MgCl2$2LiCl (9) leading to push–pull
dyes of type 14.

12996 | Chem. Sci., 2021, 12, 12993–13000
was successfully performed with a range of different function-
alized aryl (14a–14c), a 3-thienyl (14d) and a benzoyl substituent
(14e) in the 2-position of the 1H-imidazo[1,2-b]pyrazole scaffold.

In contrast to previously reported (1,3-dihydro-2H-imidazol-
2-ylidene)malononitriles, for which no special optical proper-
ties were described,28,29 the compounds of type 14 displayed
a distinct uorescence in solution when irradiated with UV-
light. These compounds can be classied as push–pull dyes,
as they contain electron donor and electron acceptor groups
connected via an organic p-system.30 The optoelectronic prop-
erties in these dyes result from an intramolecular charge-
transfer (ICT), which leads to the formation of a new low-
energy molecular orbital. The band gap between such
a charge-transferred state and the neutral ground state is
signicantly lower and thus an excitation of electrons between
them can oen be achieved using lower energy visible light.
Therefore, push–pull dyes have become highly sought aer for
applications in devices such as organic eld-effect transistors
(OFET),39 organic light-emitting diodes (OLED)40–42 and organic
photovoltaic cells (OPVC).43 In addition, some push–pull
compounds found application in metal-free photoredox-
catalysis.44,45

The main donor–acceptor (D–A) interaction in the
compounds of type 14 is presumably happening between the
malononitrile group, which is widely considered one of the
strongest natural electron-withdrawing groups in organic
chemistry,46,47 and the proaromatic electron-donor 2-methylene-
2,3-dihydro-1H-imidazole. This group is comparable to the
widely explored 1,3-dithiol-2-ylidene (dithiafulvene). The strong
donor properties of these heterocycles can be attributed to the
fact that the ICT in these molecules results in the formation of
a resonance stabilized 6p-aromatic system.48–51 The ester
substituent can also function as a second, albeit weaker
acceptor group. The ICT between these groups can be described
using several resonance structures (Fig. 3). Overall, the (1,3-
dihydro-2H-imidazol-2-ylidene)malononitriles of type 14 can be
characterized as quadrupolar donor–acceptor systems (A–p–D–
p–A), as they contain a donor group, which is connected to two
acceptor groups via a p-system.30

To characterize the optical properties of the (1,3-dihydro-2H-
imidazol-2-ylidene)malononitriles of type 14 we measured their
UV/vis (Fig. 4) as well as photoluminescence (PL) spectra (Fig. 5)
in 50 mM solutions. These measurements revealed that the
compound 14e with a benzoyl substituent on the heterocycle
differs signicantly from the compounds 14a–14d. While the
latter mainly absorb in the UV range and only show a weak
absorption up to approximately 450 nm, the former possesses
Fig. 3 Resonance structures visualizing the ICT in the push–pull dyes
of type 14.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 UV/vis spectrum of the push–pull dyes of type 14.

Fig. 5 Pl spectrum of the push–pull dyes of type 14.
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a very pronounced second absorption band in the high-energy
part of the visible spectral region with a peak absorption at
430 nm, accompanied by an overall red shi of the absorption
onset. This is consistent with the colour of the compounds:
14a–14d only exhibit a very slight yellow to orange colour, while
14e is intensely yellow. A similar effect can also be seen in the PL
spectrum, where the photoluminescence of 14e is signicantly
Scheme 8 Full functionalization of the 1H-imidazo[1,2-b]pyrazole 5b
followed by a SEM-deprotection leading to the tetra-substituted
product 12a.

© 2021 The Author(s). Published by the Royal Society of Chemistry
red shied compared to the other compounds. A possible
explanation for these observations lies within the strong
acceptor properties of the benzoyl group, leading to a stronger
D–A character. Thus, the (1,3-dihydro-2H-imidazol-2-ylidene)
malononitrile 14e can be seen as an octupolar ((A–p)3–D),
instead of a quadrupolar push–pull system.30
Functionalization of the substituted heterocycle 5b

Since the fragmentation of the pyrazole ring prevented a full
functionalization of the 1H-imidazo[1,2-b]pyrazole scaffold via
metalation, we have prepared a new starting material with
a substituent in the 6-position following a literature proce-
dure.15 A SEM-protection and bromination with NBS resulted in
the formation of the compound 5b, which was then submitted
to the previously optimized functionalization sequence
(Scheme 8). The Br/Mg-exchange of 5b followed by the tosyla-
tion proceeded smoothly and provided the heterocyclic nitrile 7j
in 77% yield. The rst metalation with TMPMgCl$LiCl (8) then
gave access to the ester 10k in 42% yield aer trapping with
ethyl cyanoformate. The second metalation with TMP2-
Zn$MgCl2$2LiCl (9) was followed by a Negishi-type cross-
coupling, as well as an acylation to generate the products 11l
and 11m in 66–79% yield. Finally, the SEM-deprotection of 11l
was achieved using TBAF (6.0 equiv.) in THF, leading to the
tetra-functionalized 1H-imidazo[1,2-b]pyrazole 12a in 81%
yield.
Synthesis and assays of the pruvanserin isostere 4

With these methods in hand, we have performed a synthesis of
the pruvanserin isostere 4 (Scheme 9). In a rst step, the ester 7e
(Scheme 4) was saponied with aqueous NaOH in MeOH to
generate the free acid 19 in 68% yield. This was followed by an
Scheme 9 Synthesis of the pruvanserin isostere 4.

Chem. Sci., 2021, 12, 12993–13000 | 12997
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Table 1 Physicochemical properties of the 5-HT2A serotonin receptor
antagonist pruvanserin (3) and the 1H-imidazo[1,2-b]pyrazole
analogue (4)

Physicochemical property measured 3 4

log D @ pH ¼ 7.4 3.5 ¼ log P 2.0 (log P z 2.4)a

Solubility @ pH ¼ 6.8 (mM) 17 226
pKa 6.4 7.3

a Given the acidic pKa at 7.3, the log P was extrapolated.
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amide coupling with the amine 20 using bis(pentauorophenyl)
carbonate (BPC) as a coupling reagent,52 affording the amide 21
in 74% yield. The previously optimized conditions for the
metalation of the 1H-imidazo[1,2-b]pyrazole scaffold in the 3-
position (TMPMgCl$LiCl (8, 1.5 equiv.),�20 �C, 2 h) allowed the
formation of the nitrile 22 in 85% yield. Finally, the SEM-group
was deprotected using a combination of caesium uoride (5.0
equiv.) and the phase-transfer catalyst 18-crown-6 (1.0 equiv.) in
acetonitrile to generate the pruvanserin isostere 4 in 57% yield.‡

Following the synthesis of pruvanserin (3)53 and the 1H-
imidazo[1,2-b]pyrazole analogue 4, we analysed the physico-
chemical properties of the matched pair in order to understand
the impact of incorporating an indole replacement (Table 1).
Interestingly, the 1H-imidazo[1,2-b]pyrazole analogue 4 showed
a lowering in the log D, or lipophilicity, which translated into
a signicant improvement in aqueous solubility compared to
pruvanserin (3). The pKa measured at 6.4 for pruvanserin (3)
corresponds to protonation of the piperazine tertiary amine,
whereas the pKa measured at 7.3 for the 1H-imidazo[1,2-b]pyr-
azolo analogue 4 likely corresponds to the deprotonation of the
core NH, which is considerably lower than the expected pKa for
an indole NH. Overall, the results indicated that 1H-imidazo
[1,2-b]pyrazoles could be promising core morphs worth further
investigation in light of their enhanced solubility compared to
indoles. Such investigations could include direct bioassay
studies in order to compare the biological activity of the
analogues and the original indolyl drugs. In particular, depro-
tonation of the 1H-imidazo[1,2-b]pyrazole in physiological
mediummight lead to a change in receptor interactions and cell
membrane permeability. Additionally, studies regarding cyto-
chrome P450 oxidation would be necessary in order to deter-
mine the metabolic stability of the analogues.
Conclusions

In summary, we developed a sequence for the selective func-
tionalization of the 1H-imidazo[1,2-b]pyrazole scaffold starting
from SEM-protected and brominated compounds of type 5. The
12998 | Chem. Sci., 2021, 12, 12993–13000
functionalizations were achieved using various magnesiated
and zincated organometallics, which were generated either via
a Br/Mg-exchange or via regioselective metalations using TMP-
bases. A range of different trapping reactions were possible,
including cross-couplings, allylations, acylations, cyanations
and carboxylations. A nal deprotection of the SEM-group
allowed the isolation of tetra-functionalized N-heterocycles of
type 12.

In addition, we reported a fragmentation of the pyrazole ring
in 1H-imidazo[1,2-b]pyrazoles of type 11, which was induced by
a metalation at the 6-position. This gave access to push–pull
dyes of type 14 containing a proaromatic (1,3-dihydro-2H-
imidazol-2-ylidene)malononitrile core. The optical properties of
these dyes were explored and it was found that a benzoyl
substituent resulted in a signicant red shi of both the
absorption as well as the photoluminescence.

Finally, we have prepared a non-classical isostere (4) of the
indolyl drug pruvanserin (3) in a concise manner using the
previously established methodologies. The physicochemical
properties of this new isostere were compared to those of the
original drug and it was found that a substitution of the indole
ring with a 1H-imidazo[1,2-b]pyrazole led to a signicant
decrease in the lipophilicity (log D). This translated into an
increased solubility in aqueous media. Thus, further investi-
gations of 1H-imidazo[1,2-b]pyrazoles as potential replacements
of indoles in drug molecules might lead to compounds with
a higher bioavailability.
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(Novartis, Basel) in the nal purication and proling of pru-
vanserin and its isostere.
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C. A. Seyfried, Eur. J. Pharmacol., 2003, 473, 229.

11 R. Adamec, K. Creamer, G. D. Bartoszyk and P. Burton, Eur. J.
Pharmacol., 2004, 504, 79.

12 B. R. Teegarden, H. Al Shamma and Y. Xiong, Curr. Top. Med.
Chem., 2008, 8, 969.

13 ClinicalTrials.gov. Bethesda (MD): National Library of
Medicine (US). Identier NCT00259311, Efficacy Study of
LY2422347 to treat Insomnia. Nov 29, 2005; https://
clinicaltrials.gov/ct2/show/NCT00259311 (accessed June 21,
2021).

14 E. Vanotti, F. Fiorentini and M. Villa, J. Heterocycl. Chem.,
1994, 31, 737.

15 P. Seneci, M. Nicola, M. Inglesi, E. Vanotti and G. Resnati,
Synth. Commun., 1999, 29, 311.

16 J. Khalafy, A. P. Marjani and F. Salami, Tetrahedron Lett.,
2014, 55, 6671.

17 N. N. Kolos, B. V. Kibkalo, L. L. Zamigaylo, I. V. Omel'chenko
and O. V. Shishin, Russ. Chem. Bull., 2015, 64, 864.

18 A. Krasovskiy and P. Knochel, Angew. Chem. Int. Ed., 2004,
43, 3333; Angew. Chem., 2004, 116, 3396.
© 2021 The Author(s). Published by the Royal Society of Chemistry
19 D. S. Ziegler, B. Wei and P. Knochel, Chem. – Eur. J., 2019, 25,
2695.

20 A. Krasovskiy, V. Krasovskaya and P. Knochel, Angew. Chem.
Int. Ed., 2006, 45, 2958; Angew. Chem., 2006, 118, 3024.

21 S. H. Wunderlich and P. Knochel, Angew. Chem. Int. Ed.,
2007, 46, 7685; Angew. Chem., 2007, 119, 7829.

22 K. Schwärzer, C. P. Tüllmann, S. Graßl, B. Górski,
C. E. Brocklehurst and P. Knochel, Org. Lett., 2020, 22, 1899.

23 A. Kremsmair, J. H. Harenberg, K. Schwärzer, A. Hess and
P. Knochel, Chem. Sci., 2021, 12, 6011.

24 M. Takahashi, T. Mamiya, H. Hasegawa, T. Nagai and
H. Wakita, J. Heterocycl. Chem., 1986, 23, 1363.

25 M. Schlosser, J.-N. Volle, F. Leroux and K. Schenk, Eur. J. Org.
Chem., 2002, 2913.

26 A. Bunnell, C. O'Yang, A. Petrica and M. J. Soth, Synth.
Commun., 2006, 36, 285.

27 V. L. Blair, D. C. Blakemore, D. Hay, E. Hevia and D. C. Pryde,
Tetrahedron Lett., 2011, 52, 4590.
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