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Abstract

A practical and scalable cyclization method for the preparation of C4-functionalized isoxazolidine and pyrazolidine building
blocks is described. The methodology is based on the use of commercially available 1,3-dihalide and protected hydroxylamine
or hydrazine derivatives under unified NaH/DMF conditions, enabling direct assembly of both N,0- and N,N-heterocycles.
The process is operationally robust and successfully implemented on an over 100 g scale. The oxidative conversion of exocy-
clic alkene intermediates made it possible to obtain isoxazolidin-4-one and pyrazolidin-4-one scaffolds. The resulting pyra-
zolidine derivatives demonstrate a broad tolerance to reductive and oxidative conditions, whereas isoxazolidines exhibit
certain stability limitations. The combination of the modular C4 diversification, orthogonal nitrogen protection, and prepara-
tive scalability transforms these saturated heterocycles into practically accessible building blocks for medicinal chemistry
applications.
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MacwraboBaHui cuHTe3 4-PyHKLiOHANI30BaHUX i30KCa30MigUHIB Ta nipa3oniguHis
AHoOTaLiA
Y cTaTTi ONUCaHO NPaKTUYHUI Ta MaclwTaboBaHUIM MeToa, ofeprKaHHA C4-PpyHKLIOHANI30BaHUX BiNANHT-6/10KiB i30KCa30i-
OVHY Ta nipasonignHy. MeTtogonoria 6a3yeTbca Ha BUKOPUCTAaHHI KOMEPLiMHO JOCTYNHUX 1,3-aAnranoreHigy  saxmweHmx
noxigHUX rigpoKcuaaminy abo riapasuHy B yHidikosaHux ymosax NaH/DMF, wo 3abesneuye npsame ytBopeHHs Ak N,O-,
TaK i N,N-retepoumKnis. MpoLec XapakTepu3yeTbCA HAAiINMHICTIO Ta MaclTabyBaHHAM noHag, 100 r. OKUCHEHHS MPOMIKHUX
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B Introduction

In contemporary medicinal chemistry, it is vir-
tually impossible to envision drug-like molecules
devoid of cyclic frameworks. More than 90% of
approved small-molecule drugs contain at least
one ring system, and 67% of compounds current-
ly in the clinical development rely on ring motifs
already present in marketed drugs [1]. Among
these, heterocycles play a particularly prominent
role as the introduction of heteroatoms enables
fine-tuning of the electronic distribution, hydrogen-
bonding capacity, conformational preferences, and
key physicochemical parameters, such as lipophi-
licity, solubility, and metabolic stability [2].

Nitrogen-containing heterocycles are espe-
cially dominant [3]. The analysis of 321 small-
molecule drugs approved between 2013 and 2023
revealed that 82% of them incorporate at least one
N-heterocyclic unit [4]. While aromatic systems
are extensively represented in pharmaceutical
chemistry, their saturated counterparts remain
comparatively underexplored. Among them, there
are isoxazolidines and pyrazolidines, fully hydro-
genated analogs of isoxazoles and pyrazoles, which
represent structurally intriguing yet underutilized
five-membered heterocycles. Despite the preva-
lence of their aromatic congeners in approved
drugs [1, 5], saturated isoxazolidine and pyrazo-
lidine motifs are rarely encountered in medicinal
chemistry programs (Figure 1A). This discrep-
ancy likely stems not from intrinsic limitations of
the scaffolds, but from the lack of general, prac-
tical, and scalable synthetic routes that enable
structural diversification. Nevertheless, emerg-
ing examples suggest their untapped potential
(Figure 1B). Cevidoplenib (SKI-O-703), an ex-
perimental SYK kinase inhibitor that received
Orphan Drug designation from the FDA in 2024
for the treatment of immune thrombocytopenia,
incorporates an isoxazolidine ring [6, 7]. Similarly,
the pyrazolidine framework has appeared in drug
discovery efforts, including the antiemetic can-
didate dazopride [8] and, more recently, in dual
orexin receptor antagonist IDOR-1117-1680 [9].
Notably, these examples share the substitution
in position C4 of the heterocycle, underscoring
the synthetic and medicinal relevance of this di-
versification site.

Despite these precedents, synthetic access
to C4-functionalized isoxazolidines (Figure 1C)
and pyrazolidines (Figure 1D) remains limited.
Most reported methodologies rely on the cycli-
zation of protected hydroxylamines [10—14] or

hydrazines [15—20] with 1,3-dielectrophiles.
While efficient in selected cases, these approach-
es often focus on the N-functionalization, provi-
de a limited carbon-centered diversification (par-
ticularly in C4), require the multi-step precursor
preparation, or are demonstrated only on small
scales. In the case of isoxazolidines, the 4-hydroxy
derivative remains the most commonly accessible
functionalized variant. Similar limitations apply
to the pyrazolidine synthesis where examples of
C4-functionalized derivatives are sporadic and
frequently lack scalable or operationally simple
protocols [21—-25]. Thus, a practical, scalable syn-
thetic platform that enables reliable access to
structurally diverse C4-substituted isoxazolidine
and pyrazolidine building blocks remains highly
desirable.

Herein, we report a straightforward, robust,
and multigram-scale method for the synthesis
of C4-functionalized isoxazolidines and pyrazo-
lidines bearing orthogonal N-protecting groups
from inexpensive, commercially available start-
ing materials (Figure 1E). In addition to deve-
loping an operationally simple synthetic route, we
addressed the reactivity and stability profiles of
the resulting heterocycles, thereby establishing
their suitability as building blocks for medici-
nal chemistry and diversity-oriented synthesis.
Collectively, this work expands the accessible che-
mical space of saturated N,0- and N,N-hetero-
cycles and provides practical entry points to pre-
viously underrepresented scaffolds.

B Results and discussion

For the synthesis of the targeted five-mem-
bered heterocycles, we adopted a strategy his-
torically recognized for its reliability, involving
the reaction of protected hydroxylamine or hy-
drazine derivatives with 1,3-dielectrophilic rea-
gents. This approach enables a predictable ring
closure and, importantly, the modular introduc-
tion of substituents in the future C4 position by
varying the dihalide component.

Our design was inspired by our previous work
on the reaction of 3-chloro-2-(chloromethyl)prop-
1-ene with N-Boc-2-aminoethanol, which provi-
ded access to functionalized 1,4-oxazepanes via
a robust multigram protocol [26]. In that study,
careful control of the reagent order, concentra-
tion, and temperature proved essential for en-
suring reproducibility and scalability, while also
enabling safe handling of NaH/DMF systems.
The successful diversification of 6-methylene and

ISSN 2308-8303 (Print) / 2518-1548 (Online)



Journal of Organic and Pharmaceutical Chemistry 2025, 23 (4)

A [HETEROCYCLIC FRAMEWORKS IN FOCUS]

9 FDA rq . 3 (3 ﬂ 14 FDA
approved |‘/\> high Esp analogs of popular drug fra.gments s N approved
drugs N<o HN~q" | expansion of MedChem relevant chemical space ” b | drugs
B [CLINICAL SIGNIFICANCE OF ISOXAZOLIDINES & PYRAZOLIDINES]
O antiemetic &
HO.. O primary immune gastroprokinetic
Co Me thrombocytopenia O treatment of agent
insomnia
W “C} ]@\* LNJ
CEVIDOPLENIB (SKI-O-703) IDOR-1117-1680 DAZOPRIDE (AHR-5531)
SYK kinase inhibitor Dual orexin receptor antagonist 5-HT3 antagonist & 5-HT, agonist

C [SELECTED COMMON APPROACHES TO ISOXAZOLIDINE CORE] 0 harsh conditions

(o) O custom chemicals
Q narrow scope

OH o R R’
w s /k 5 N=1R'=HR2=OH RP=H
base MeOH N§<R HCI, reflux ~ HN _R® 1 =1.R"=H,R2=OH, R3 = Me

—» ~
T 50-96% % o) R® 75 06 % O0-/ "R? n=2R'=CH,0H,R*=H,R*=H
(j:;( CcO,Me

O no C4 functionalization
PG\N,OH v g /\/\B . Yield: 90 % (PG = CO,Et)
r r > - -
H reflux (PG = CO,EY) or 1t (PG = Boc), 6h  pg’ O 70 % (PG = Boc)

D [SELECTED COMMON APPROACHES TO PYRAZOLIDINE CORE]

Corpas et al.
| o] ’ ] H,N—NH, /™ ~OH Boc,0, K,CO3 /™ OH DMP /T - © mmol scale
—————> HN > BocN, > BocN, 0 moderate yield
%Cl H20 N J THF /H0 NJ DCM N 0 narrow scope
H 37 9% Boc 81% Boc
[Laufersweiler et al.]
Cl cl S~ O 0 no synthetic
Boc,0, EtzN 03, DMS 2

CbzHN-NH, ————" » ChzHN-NHBoc —— = B0cN J 3 BooN ] protocols

DCM NaH, DMF N~ DCM N opo sl

81 % 96 % 56 % bz no analytics
[Wildonger et al.] OTBS OH

BocHN—NHB ~a nBu.NF S~a" O gram scale
Br~ Br —°¢ o BocN, J i BocN, J 0 moderate yield
OTBS NaH, DMF N s O narrow scope
47 % oc 97 % oc

E THIS REPORT

Q scalable access to 4-FG isoxazolidines & pyrazolidines C'\)Jv r( r«
a q EEE——

Q easily accessible precursors & robust method
q q 0 q . 'N X.N
9 two convenient points for the further functionalization HX— NHBoc

- . . . Boc Boc
9 a set of new building blocks for libraries design
Figure 1. The hallmarks of the work
6-ox0 oxazepane cores demonstrated the synthe- Isoxazolidin-4-one 4 was envisioned as a ver-

tic flexibility of this platform and encouraged us satile intermediate for further structural diver-
to extend the methodology to insufficiently ex- sification. However, no practical protocol for its
plored five-membered heterocycles. We therefore scalable preparation has been described. Alkene 3
sought to adapt this operationally simple strategy = was obtained via the nucleophilic substitution of
to the preparation of 4-functionalized isoxazoli- IN-Boc-protected hydroxylamine (1) with 3-chloro-
dines and pyrazolidines. 2-(chloromethyl)prop-1-ene (2) in the presence of
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Scheme 1. The synthesis and functionalization of the oxazolidine core
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NaH in DMF (Scheme 1), following the optimi-
zed protocol developed in our previous work to
suppress undesired excessive foaming. In parti-
cular, deviations from the procedure described
in the Experimental Section, especially with re-
spect to the reaction time and temperature, may
result in uncontrolled foaming, which ultimately
leads to the reaction mixture solidification and
subsequent complications during the alkylation
step. Surprisingly, despite the favorable forma-
tion of five-membered rings, alkene 3 was obtained
with an isolated yield of only about 35%, even af-
ter extensive optimization efforts. Nevertheless,
the operational simplicity of the transformation
and the use of inexpensive, commercially avail-
able reagents allowed the process to be imple-
mented reproducibly on a scale of about 50 g
without significant complications. The purifica-
tion of product 3 was achieved without chroma-
tographic techniques by the vacuum distillation,
which proved convenient for the multigram-scale
synthesis. However, the spontaneous ignition of
the hot residue in the distillation flask upon ex-
posure to air may occur, likely due to residual
N-Boc-hydroxylamine (see the FExperimental
Section).

The oxidation of the exocyclic double bond pro-
ved more challenging than anticipated. In con-
trast to our earlier oxazepane study, the RuCl.-
mediated oxidation resulted in unidentifiable re-
sinous by-products. Improved results were achie-
ved using OsO, with periodate as the stoichio-
metric oxidant, giving ketone 4 in the yield of
56% on a gram scale. Further functional diver-
sification of alkene 3 and ketone 4 was explored,
but did not yield satisfactory results. In particu-
lar, the hydroboration/oxidation of alkene 3 pro-
ved impractical due to low yields and poor purity
of the corresponding hydroxymethyl derivative.
Attempts to obtain the corresponding carboxylic
acid via the crude hydroxymethyl intermediate
oxidation using the RuCl,/NalO, system were like-
wise unsuccessful.

The next step was to extend the strategy to
the pyrazolidine synthesis. N,N'-di-Boc-protected
hydrazine 5 was reacted with 3-chloro-2-(chloro-
methyl)prop-1-ene (2) under similar conditions to

obtain alkene 6, which was subsequently oxidized
using OsO,/NalO, to give pyrazolidin-4-one 7
(Scheme 2A). One worth noting that compounds 6
and 7 were previously described [27]. Although
the reported protocols demonstrate the feasibility
of accessing these structures, they do not address
key experimental aspects of such transformations
as discussed in our previous work [26] likely be-
cause they were implemented on a small scale.

In contrast to the isoxazolidine system, the py-
razolidin-4-one core demonstrated greater tole-
rance toward the downstream functionalization.
Exocyclic alkene 6 underwent the hydroboration/
oxidation to give alcohol 8, which was further
oxidized to acid 9 using the RuCl,/NalO, system
(Scheme 2B). Additionally, the carbonyl group
reduction with sodium borohydride furnished al-
cohol 10, which was smoothly converted to bro-
mide 11 via the Appel reaction. The carbonyl
functionality was also transformed into an ami-
no group via oxime intermediate 12, followed by
the Raney Ni-mediated hydrogenation. Collecti-
vely, these transformations demonstrate the ver-
satility of the C4-functionalized pyrazolidine
scaffold as a synthetic intermediate.

A defining feature of the pyrazolidine core is
the presence of two endocyclic nitrogen atoms,
offering multiple points for the selective modifi-
cation. To enable the controlled functionalization,
an orthogonally Boc- and Cbz-protected alkene 15
was prepared in a similar way (Scheme 3A).
Subsequent transformations confirmed the prac-
tical value of this design. The downstream hydro-
boration/oxidation of the double bond, followed
by the oxidation to the corresponding acid and
the methylation with methyl iodide, provided a se-
ries of crude pyrazolidine derivatives that could
further be transformed into mono-N-deprotected
building blocks. Thus, the Cbz group was remo-
ved selectively by the hydrogenolysis, clean-
ly providing access to alcohol 19 and ester 20
(Scheme 3B). If needed, the Boc deprotection could
be achieved independently under standard acidic
conditions. In this way, the orthogonal protection
strategy enables the stepwise and predictable
functionalization of the pyrazolidine framework,
significantly enhancing its synthetic utility.
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Scheme 2. The synthesis (A) and functionalization (B) of the pyrazolidine core
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Hm Conclusion

Thus, we have developed a practical and sca-
lable cyclization method that allows us to obtain
C4-functionalized isoxazolidine and pyrazolidine
building blocks from commercially available ma-
terials. It has been found that a single set of re-
action conditions is applicable to both NV,0- and
N,N-heterocycles, simplifying the experimental

workflow. The protocol has been demonstrated to
be operationally robust, including its implemen-
tation at an over 100 g scale. Systematic down-
stream transformations have confirmed the
synthetic versatility of the pyrazolidine scaffold
and defined stability limitations of the isoxazo-
lidine core under reductive conditions. The com-
bination of the modular C4 functionalization,
orthogonal nitrogen protection, and preparative
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scalability transforms these previously underu-
tilized heterocycles into practically accessible build-
ing blocks for medicinal chemistry applications.

B Experimental part

All starting compounds were obtained from
commercial sources and used without additional
purification. All solvents were purified according
to standard procedures. '"H NMR spectra were
recorded on a Varian Unity Plus 400 (400 MHz),
or a Bruker 170 AVANCE 500 (500 MHz) instru-
ment; *C NMR spectra were recorded on a Varian
Unity Plus 400 (101 MHz) or an Agilent ProPul-
se 600 (151 MHz) spectrometer. The NMR che-
mical shifts are referenced using the solvent sig-
nals at 7.26 and 77.1 ppm for 'H and *C nuclei,
respectively, in CDCl,, and 2.48 and 39.5 ppm
for 'H and '*C nuclei, respectively, in DMSO-d,.
LCMS and GCMS analyses were performed using
an Agilent LC/MSD SL 1100 instrument (atmo-
spheric pressure electrospray ionization (ES-API))
or an Agilent 5890 Series II 5972 GCMS instru-
ment (electron impact (EI) ionization (70 eV)),
respectively. The elemental analysis results were
obtained at the Analytical Laboratory of the
Institute of Organic Chemistry of the National
Academy of Sciences of Ukraine. Melting points
were determined on an MPA100 OptiMelt auto-
mated melting point system.

Tert-butyl 4-methyleneisoxazolidine-2-
carboxylate (3)

tert-Butyl hydroxycarbamate (1) (100 g,
0.75 mol) was dissolved in DMF (1 L), and the
resulting solution was cooled to -10 °C. Sodium
hydride (60% dispersion in mineral oil, 63.1 g,
1.58 mol) was added in one portion, and the sus-
pension was stirred at -10 °C for 40 min. The so-
lution of 3-chloro-2-(chloromethyl)prop-1-ene (2)
(104.3 mL, 0.90 mol) was then added dropwise,
maintaining the internal temperature between
-5 and -10 °C. After the completion of the addi-
tion, the reaction mixture was stirred at -10 °C
for 1 h, then warmed to room temperature and
stirred overnight. The reaction was carefully
quenched by the dropwise addition of water (1 L).
The resulting mixture was extracted with MTBE
(2 x 1 L). The combined organic layers were washed
with water (3 X 500 mL) and a brine (500 mL),
dried over the anhydrous sodium sulfate, filtered,
and concentrated under reduced pressure. The cru-
de product was purified by distillation under re-
duced pressure to give tert-butyl 4-methylene-
isoxazolidine-2-carboxylate (3).

Caution: To avoid a potential ignition, the
distillation flask must be cooled completely be-
fore the residue is exposed to air.

A colorless liquid. Yield — 49.1 g (35.5%).
Anal. Calced. for C;H,,NO,, %: C 58.36, H 8.16, N
7.56. Found, %: C 58.43, H 8.20, N 7.43.'H NMR
(400 MHz, CDCL,), 6, ppm: 1.46 (9H, s), 4.14 (2H,
s), 4.36 (2H, s), 5.04 (1H, t, J=2.5 Hz), 5.07 (1H,
t,J=2.3 Hz).'*C NMR (101 MHz, CDCl,), 6, ppm:
27.6,51.8,71.2, 81.8,104.1, 145.0, 157.3. LC-MS,
m/z (ES-API): 86.2 [M-C,H,-CO,+H]".

Tert-butyl 4-oxoisoxazolidine-2-carboxy-
late (4)

Osmium tetroxide (0.27 g, 10.8 mmol) was add-
ed to a stirred solution of tert-butyl 4-methyle-
neisoxazolidine-2-carboxylate (3, 20 g, 0.108 mol)
and sodium periodate (57.7 g, 0.27 mol) in the mix-
ture of dioxane (400 mL) and water (100 mL) pre-
cooled to 10 °C. The resulting reaction mixture
was allowed to warm to room temperature and
stirred for 16 h. The precipitated solids were
removed by filtration and washed with MTBE
(2 X 200 mL). The combined filtrates were diluted
with water (500 mL) and extracted with MTBE
(3 X 500 mL). The combined organic layers were
washed successively with a brine (500 mL), 2 M
aqueous Na,SO, solution (2 X 500 mL), and wa-
ter (500 mL), then dried over the anhydrous sodi-
um sulfate, filtered, and concentrated under re-
duced pressure. The crude product was purified
by distillation under reduced pressure to give
tert-butyl 4-oxoisoxazolidine-2-carboxylate 4.

A colorless oil. Yield — 11.3 g (65.9%). Anal.
Calcd. for C;H,,NO,, %: C 51.33, H 7.00, N 7.48.
Found, %: C 51.45, H6.91, N 7.59. '"H NMR (500
MHz, CDCl,), 6, ppm: 1.52 (9H, s), 3.97 (2H, s),
4.08 (2H, s). 3C NMR (126 MHz, CDCl,), 6, ppm:
28.1, 53.8, 70.9, 83.6, 156.8, 209.0. GC-MS, m/z
(EI): 87.0 [M-C,H,-CO,]".

Di-tert-butyl 4-methylenepyrazolidine-1,2-
dicarboxylate (6) [27]

Di-tert-butyl hydrazine-1,2-dicarboxylate (5,
132.3 g, 0.57 mol) was dissolved in DMF (1.3 L),
and the resulting solution was cooled to -10 °C.
Sodium hydride (60% dispersion in mineral oil,
83.5 g, 2.1 mol) was added in one portion, and the
suspension was stirred at -10 °C for 40 min. The so-
lution of 3-chloro-2-(chloromethyl)prop-1-ene (2)
(138.0 mL, 1.2 mol) was then added dropwise,
maintaining the internal temperature between
-5 and -10 °C. After the completion of the addi-
tion, the reaction mixture was stirred at -10 °C for
1 h, then warmed to room temperature and stirred
overnight. The reaction mixture was carefully
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quenched by the dropwise addition of water
(1.3 L). The resulting mixture was extracted
with MTBE (2 X 1 L). The combined organic layers
were washed with water (3 X 500 mL) and a bri-
ne (500 mL), dried over the anhydrous sodium
sulfate, filtered, and concentrated under reduced
pressure. The crude product was purified by the
flash column chromatography (EtOAc/hexane, gra-
dient 0—40%) to give di-tert-butyl 4-methylene-
pyrazolidine-1,2-dicarboxylate (6).

A light-yellow solid. Yield — 115.4 g (71.2%).
M. p. 88-90 °C. Anal. Calcd. for C,,H,,N,O,, %:
C59.14,H 8.51, N 9.85. Found, %: C 59.26, H 8.39,
N 9.60.'H NMR (500 MHz, CDCL,), §, ppm: 1.47
(18H, s), 3.83 (2H, d, J=16.0 Hz), 4.43 (2H, d, J =
15.0 Hz), 5.04-5.09 (2H, m).*C NMR (101 MHz,
CDCl,), 6, ppm: 28.2, 51.1, 81.3, 105.8, 143.5, 155.6.
LC-MS, m/z (ES-API): 129.0 [M-2C,H,-CO,+H]".

Di-tert-butyl 4-oxopyrazolidine-1,2-di-
carboxylate (7) [27]

Osmium tetroxide (0.92 g, 36.1 mmol) was add-
ed to a stirred solution of di-tert-butyl 4-methy-
lenepyrazolidine-1,2-dicarboxylate 6 (102.7 g,
0.36 mol) and sodium periodate (193.0 g, 0.90 mol)
in the mixture of dioxane (1.2 L) and water (300 mL)
pre-cooled to 10 °C. The resulting reaction mix-
ture was allowed to warm to room temperature
and stirred for 16 h. The precipitated solids were
removed by filtration and washed with MTBE
(2 X 400 mL). The combined filtrates were dilut-
ed with water (1.0 L) and extracted with MTBE
(83 X 700 mL). The combined organic layers were
washed successively with a brine (800 mL), 2 M
aqueous Na,SO, solution (2 X 800 mL), and wa-
ter (900 mL), then dried over the anhydrous sodi-
um sulfate, filtered, and concentrated under re-
duced pressure. The crude product was purified
by flash column chromatography to give di-teri-
butyl 4-oxopyrazolidine-1,2-dicarboxylate (7).

A white solid. Yield — 53.6 g (51.8%). M. p.
109-111 °C. Anal. Calcd. for C,,H,,N,O, %: C 54.53,
H 7.74, N 9.78. Found, %: C 54.40, H 7.70, N 9.67.
'H NMR (500 MHz, CDCl,), §, ppm: 1.49 (18H, s),
3.65 (2H, d, J=18.1 Hz), 4.25 (2H, d, J = 18.1 Hz).
3C NMR (151 MHz, CDCl,), 6, ppm: 28.1, 53.2, 82.5,
155.0, 207.9. GC-MS, m/z (EI): 186.1 [M-C,H,-CO,]".

Di-tert-butyl 4-(hydroxymethyl)pyrazo-
lidine-1,2-dicarboxylate (8)

To the suspension of sodium borohydride
(28.7 g, 0.76 mol) and di-tert-butyl 4-methylene-
pyrazolidine-1,2-dicarboxylate 6 (204.8 g, 0.72 mol)
in THF (1.5 L), dimethyl sulfate (75.8 mL, 0.79 mol)
was added dropwise under the argon atmosphe-
re, while maintaining the internal temperature
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below 40 °C. After the completion of the addi-
tion, the reaction mixture was stirred for 3 h.
The mixture was then cooled to 0 °C, and water
(210 mL) was added slowly dropwise, followed by
the addition of KOH (46.5 g, 0.83 mol) dissolved
in water (210 mL). After stirring for 15 min,
hydrogen peroxide (210 mL, 33 wt%) was added
dropwise at 0-10 °C, and the reaction mixture
was stirred for the additional 30 min after the
addition was complete. MTBE (1.0 L)) was add-
ed, and the organic phase was decanted from
the inorganic precipitate. The organic layer was
washed successively with water (700 mL), 2 M
aqueous Na,SQO, solution (2 X 700 mL), and a bri-
ne (700 mL), then dried over the anhydrous so-
dium sulfate, filtered, and concentrated un-
der reduced pressure. The crude product was
purified by the flash column chromatography
(MeCN/CHCI,, gradient 0—50%) to give di-tert-
butyl 4-(hydroxymethyl)pyrazolidine-1,2-dicarb-
oxylate (8).

A yellow oil. Yield — 94.2 g (43.3%). Anal.
Calcd. for C,,H,;N,O,, %: C 55.61, H 8.67, N 9.26.
Found, %: C 55.42, H 8.55, N 9.07. '‘H NMR
(400 MHz, DMSO-d,), 6, ppm: 1.39 (18H, s), 2.90
(1H, dd, J=10.2, 5.4 Hz), 3.16 (1H, t, J = 9.5 Hz),
3.27 (2H, t, J = 5.9 Hz), 3.62 (1H, dd, J = 11.0,
3.7 Hz), 3.76 (1H, t, J = 9.5 Hz), 4.82 (1H, t, J =
5.0 Hz). GC-MS, m/z (EI): 302.1 [M]*. LC-MS,
m/z (ES-API): 147.0 [M-2C H,-CO,+H]".

1,2-bis(tert-Butoxycarbonyl)pyrazolidine-
4-carboxylic acid (9)

Sodium periodate (467.2 g, 2.17 mol) was dis-
solved in the mixture of water (1.0 L) and MeCN
(1.0 L), and the resulting solution was cooled to
5 °C. Ruthenium(III) chloride hydrate (5.9 g,
27.3 mmol) was then added, followed by the
dropwise addition of the solution of di-tert-butyl
4-(hydroxymethyl)pyrazolidine-1,2-dicarboxyla-
te (8) (180 g, 0.53 mol) in MeCN (300 mL), while
maintaining the internal temperature between
0 and 10 °C. After the completion of the addition,
the reaction mixture was stirred at 5 °C for 1 h,
then warmed to room temperature and stirred
for the additional 12 h. The precipitated solids
were removed by filtration and washed with
MTBE (2 X 700 mL). The combined filtrates were
diluted with water (700 mL) and extracted with
MTBE (3 x 50 mL). The combined organic layers
were washed successively with a brine (700 mL)
and water (700 mL), then dried over the anhy-
drous sodium sulfate, filtered, and concentrated
under reduced pressure to give 1,2-bis(tert-bu-
toxycarbonyl)pyrazolidine-4-carboxylic acid (9).
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A white solid. Yield — 72.4 g (46%). M. p.
130-132 °C. Anal. Calcd. for C,,H,,N,O,, %: C 53.15,
H 7.65, N 8.86. Found, %: C 53.29, H 7.81, N 8.75.
'H NMR (400 MHz, CDCl,), 6, ppm: 1.48 (18H,
s), 3.25-3.32 (1H, m), 3.43 (1H, t, J = 10.1 Hz),
3.63 (1H, dd, J = 11.5, 5.9 Hz), 3.89-3.98 (1H,
m), 4.12 (1H, t, J = 10.0 Hz), 4.25 (1H, dd, J =
11.7, 3.7 Hz), 9.16 (1H, s). *C NMR (101 MHz,
CDCl,), 6, ppm: 28.0, 28.1, 41.1, 43.9, 48.7, 49.4,
76.7,717.0,77.3, 81.8, 155.4, 155.8, 176.7. LC-MS,
m/z (ES-API): 117.2 [M-2C,H,-2CO,+H]".

Di-tert-butyl 4-hydroxypyrazolidine-1,2-
dicarboxylate (10) [22, 24]

Sodium borohydride (1.6 g, 42 mmol) was add-
ed portionwise to the stirred solution of di-tert-
butyl 4-oxopyrazolidine-1,2-dicarboxylate (7, 20.0 g,
0.070 mol) in MeOH (250 mL) at room tempera-
ture. The resulting reaction mixture was stirred
at room temperature for 1 h. The solvent was
then removed under reduced pressure, and the
residue was diluted with water (200 mL) and
MTBE (200 mL). The organic layer was separat-
ed, washed with a brine (100 mL), dried over the
anhydrous sodium sulfate, filtered, and concen-
trated under reduced pressure to give di-tert-bu-
tyl 4-hydroxypyrazolidine-1,2-dicarboxylate (10).

A white solid. Yield — 20.3 g (99%). Anal.
Calcd. for C,;H,,N,O,, %: C 54.15, H 8.39, N 9.72.
Found, %: C 54.36, H 8.57, N 9.81. 'H NMR
(400 MHz, DMSO-d,), 6, ppm: 1.39 (18H, s), 3.04 (2H,
t,J=12.9 Hz), 3.63-3.76 (2H, m), 4.38 (1H, s), 5.11
(1H, d, J=2.4 Hz). *C NMR (101 MHz, DMSO-d,),
0, ppm: 28.2 and 28.3 (rotamers), 55.2, 70.1, 80.2
and 80.5 (rotamers), 154.9 and 157.0 (rotamers).
LC-MS, m/z (ES-API): 133.2 [M-2C,H,-CO,+H]".

Di-tert-butyl 4-bromopyrazolidine-1,2-
dicarboxylate (11)

To the stirred solution of di-tert-butyl 4-hy-
droxypyrazolidine-1,2-dicarboxylate (10, 24.0 g,
83.2 mmol) in DCM (400 mL), triphenylphosphi-
ne (32.8 g, 0.125 mol) was added in one portion,
followed by the portionwise addition of tetrabro-
momethane (41.4 g, 0.125 mol). The resulting re-
action mixture was stirred at room temperature
for 6 h. The solvent was removed under reduced
pressure, and the resulting residue was purified
by flash column chromatography (EtOAc/hexane,
gradient 0—-30%) to give di-tert-butyl 4-bromo-
pyrazolidine-1,2-dicarboxylate (11).

A white solid. Yield — 21.0 g (71.8%). M. p.
98-100 °C. Anal. Calcd. for C,;H,;BrN,O,, %:
C 44.45,H 6.60, N 7.98. Found, %: C 44.29, H 6.79,
N 7.81. 'H NMR (500 MHz, DMSO-d,), &, ppm:
1.39 and 1.41 (18H, s, rotamers), 3.54 (1H, d, J

=13.4 Hz), 3.59 (1H, d, J =12.6 Hz), 4.07 (1H, d,
J=13.4 Hz), 4.13 (1H, dd, J=12.7, 5.8 Hz), 4.87
(1H, t,J=5.0 Hz). *C NMR (101 MHz, DMSO-d,),
0, ppm: 28.1 and 28.3 (rotamers), 48.3, 57.1, 80.9
and 81.2 (rotamers), 154.9 and 156.5 (rotamers).
LC-MS, m/z (ES-API): 195.0 [M-2C,H,-CO,+H]".

Di-tert-butyl 4-(hydroxyimino)pyrazoli-
dine-1,2-dicarboxylate (12)

Triethylamine (7.3 mL, 52.4 mmol) was add-
ed to the stirred solution of di-tert-butyl 4-oxo-
pyrazolidine-1,2-dicarboxylate (7, 10.0 g, 0.035 mol)
in the appropriate solvent, followed by the ad-
dition of hydroxylamine hydrochloride (3.6 g,
52.4 mmol). The resulting reaction mixture was
stirred at room temperature for 12 h. The sol-
vent was removed under reduced pressure, and
the residue was diluted with DCM (100 mL) and
washed with water (2 X 50 mL). The organic lay-
er was dried over the anhydrous sodium sulfate,
filtered, and concentrated under reduced pres-
sure to give di-tert-butyl 4-(hydroxyimino)pyra-
zolidine-1,2-dicarboxylate (12, 10.1 g, crude), which
was used directly in the next step without fur-
ther purification.

Di-tert-butyl 4-aminopyrazolidine-1,2-di-
carboxylate (13)

The mixture of di-tert-butyl 4-(hydroxy-
imino)pyrazolidine-1,2-dicarboxylate (12, 37.1 g,
122.4 mmol) and freshly prepared Raney Ni (17 g)
in methanol (500 mL) was hydrogenated at 50 atm
and 20 °C for 18 h. After the completion, the ca-
talyst was filtered off and washed with methanol
(100 mL). The combined filtrates were concen-
trated under reduced pressure. Water (200 mL)
was added to the residue, and the aqueous
phase was acidified to pH 3 using sodium hydro-
gen sulfate. The mixture was washed with DCM
(2 x 100 mL), then basified to pH 12 with aque-
ous KOH and extracted with DCM (2 x 200 mL).
The combined organic layers were dried over
anhydrous sodium sulfate, filtered, and concen-
trated under reduced pressure to give di-tert-bu-
tyl 4-aminopyrazolidine-1,2-dicarboxylate (13).

A white solid. Yield — 31.9 g (90.4%). M. p.
98-100 °C. Anal. Calcd. for C,;H,.N,O,, %: C 54.34,
H 8.77, N 14.62. Found, %: C 54.49, H 8.56,
N 14.83.'H NMR (500 MHz, DMSO-d,), 6, ppm:
1.38 (18H, s), 2.84 (1H, d, J=10.5 Hz), 3.08 (1H,
dd, J=11.1,5.2 Hz), 3.44 (1H, d, J = 11.1 Hz), 3.58
(1H, tq, J = 5.7, 2.6 Hz), 3.64 (1H, dd, J = 10.6,
6.0 Hz). *C NMR (101 MHz, DMSO-d,), 6, ppm:
28.27 and 28.31 (rotamers), 51.8, 54.9 and 55.9 (ro-
tamers), 80.2, 155.1 and 156.7 (rotamers). LC-MS,
m/z (ES-API): 88.4 [M-2C,H,-2CO,+H]".
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1-Benzyl 2-(tert-butyl) 4-methylenepyra-
zolidine-1,2-dicarboxylate (15)

1-Benzyl 2-(tert-butyl) hydrazine-1,2-dicarboxy-
late (14, 200 g, 1.65 mol) was dissolved in DMF
(2 L)), and the resulting solution was cooled to
-10 °C. Sodium hydride (60% dispersion in mi-
neral oil, 66.1 g, 1.65 mol) was added in one por-
tion, and the suspension was stirred at -10 °C for
40 min. The solution of 3-chloro-2-(chloromethyl)-
prop-1-ene (2, 104.3 mL, 0.90 mol) was then add-
ed dropwise, maintaining the internal tempera-
ture between -5 and -10 °C. After the comple-
tion of the addition, the reaction mixture was
stirred at -10 °C for 1 h, then warmed to room
temperature and stirred overnight. The reaction
was carefully quenched by the dropwise addition of
water (1 L). The resulting mixture was extract-
ed with MTBE (2 x 1 L)). The combined organic
layers were washed with water (3 X 500 mL)
and a brine (500 mL), dried over the anhydrous
sodium sulfate, filtered, and concentrated under
reduced pressure. The crude product was puri-
fied by the flash column chromatography (EtOAc/
hexane, gradient 0—-40%) to give 1-benzyl 2-(tert-
butyl) 4-methylenepyrazolidine-1,2-dicarboxyla-
te (15, 217 g, crude) as a light-yellow oil, which
was used directly in the next step without fur-
ther purification.

1-Benzyl 2-(tert-butyl) 4-(hydroxymethyl)-
pyrazolidine-1,2-dicarboxylate (16)

To the suspension of sodium borohydride
(6.23 g, 165 mmol) and 1-benzyl 2-(tert-butyl)
4-methylenepyrazolidine-1,2-dicarboxylate (15,
50.0 g, 157 mmol) in THF (100 mL), dimethyl
sulfate (16.38 mL, 173 mmol) was added drop-
wise under the argon atmosphere, while main-
taining the internal temperature below 40 °C.
After the completion of the addition, the reac-
tion mixture was stirred for 3 h. The mixture
was then cooled to 0 °C, and water (50 mL) was
added slowly dropwise, followed by the addition
of KOH (10.1 g, 180 mmol) dissolved in water
(50 mL). After stirring for 15 min, hydrogen per-
oxide (50 mL, 33 wt%) was added dropwise at
0-10 °C, and the reaction mixture was stirred
for the additional 30 min after the addition was
complete. MTBE (500 mL) was added, and the or-
ganic phase was decanted from the inorganic pre-
cipitate. The organic layer was washed succes-
sively with water (300 mL), 2 M aqueous Na,SO,
solution (2 X 200 mL), and a brine (200 mL), then
dried over the anhydrous sodium sulfate, filte-
red, and concentrated under reduced pressure
to give 1-benzyl 2-(tert-butyl) 4-(hydroxymethyl)-

pyrazolidine-1,2-dicarboxylate 16 (56 g, crude),
which was used directly in the next step without
further purification.

A white oil. Yield — 56 g (crude). 'H NMR
(400 MHz, CDCl,), 6, ppm: 1.43 (9H, s), 1.98 (1H,
d, J = 33.0 Hz), 2.59-2.70 (1H, m), 3.02-3.45
(2H, m), 3.55 (2H, s), 3.83-3.94 (1H, m), 4.05
(1H, d, J = 12.4 Hz), 5.11 (1H, d, J = 12.5 Hz),
5.26 (1H, d, J = 11.8 Hz), 7.26 — 7.42 (5H, m).
LC-MS, m/z (ES-API): 337.2 [M+H]".

1-((Benzyloxy)carbonyl)-2-(tert-butoxy-
carbonyl)pyrazolidine-4-carboxylic acid (17)

Sodium periodate (127.2 g, 0.59 mol) was
dissolved in the mixture of water (500 mL) and
MeCN (500 mL), and the resulting solution was
cooled to 5 °C. Ruthenium(III) chloride hydrate
(1.66 g, 7.4 mmol) was then added, followed by
the dropwise addition of the solution of 1-benzyl
2-(tert-butyl) 4-(hydroxymethyl)pyrazolidine-1,2-
dicarboxylate (16, 50.0 g, 149 mmol) in MeCN
(100 mL), while maintaining the internal tem-
perature between 0 and 10 °C. After the comple-
tion of the addition, the reaction mixture was
stirred at 5 °C for 1 h, then allowed to warm to
room temperature and stirred for the additional
12 h. The precipitated solids were removed by
filtration and washed with MTBE (2 x 500 mL).
The combined filtrates were diluted with water
(5600 mL) and extracted with MTBE (3 x 400 mL).
The combined organic layers were washed succes-
sively with a brine (500 mL) and water (500 mL),
then dried over the anhydrous sodium sul-
fate, filtered, and concentrated under reduced
pressure to give 1-((benzyloxy)carbonyl)-2-(tert-
butoxycarbonyl)pyrazolidine-4-carboxylic acid
(17, 61 g, crude), which was used directly in the
next step without further purification.

1-Benzyl 2-(tert-butyl) 4-methyl pyrazo-
lidine-1,2,4-tricarboxylate (18)

The mixture of 1-((benzyloxy)carbonyl)-2-(tert-
butoxycarbonyl)pyrazolidine-4-carboxylic acid 17
(25 g, 71.3 mmol), potassium carbonate (19.7 g,
143 mmol), and methyl iodide (8.88 mL, 143 mmol)
in acetone (250 mL) was heated at 50 °C for 8 h.
The reaction mixture was cooled to room tempe-
rature and concentrated under reduced pressure.
The residue was diluted with EtOAc (200 mL)
and washed with water (2 x 200 mL). The crude
product was purified by the flash column chro-
matography (EtOAc/hexane, gradient 20—40%)
to give 1-benzyl 2-(tert-butyl) 4-methyl pyrazoli-
dine-1,2,4-tricarboxylate (18).

A yellow oil. Yield — 8.3 g (crude). Anal.
Calcd. for C,;H,,N,O,, %: C 59.33, H 6.64, N 7.69.
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Found, %: C 59.25, H 6.80, N 7.50. 'H NMR
(500 MHz, DMSO-d;), 6, ppm: 1.43 (9H, s),
3.20-3.30 (1H, m), 3.36-3.63 (2H, m), 3.64-3.75
(3H, m), 4.09—-4.28 (2H, m), 5.07-5.32 (2H, m),
7.28-7.40 (5H, m). LC-MS, m/z (ES-API): 265.1
[M-C,H,-CO,+H]".

tert-Butyl 4-(hydroxymethyl)pyrazolidine-
1-carboxylate (19)

The mixture of 1-benzyl 2-(tert-butyl) 4-(hy-
droxymethyl)pyrazolidine-1,2-dicarboxylate 16 (10 g,
29.7 mmol) and 10% Pd/C (1 g) in methanol (100 mL)
was hydrogenated at 50 atm and 20 °C for 18 h.
After the completion, the catalyst was removed
by filtration and washed with methanol (30 mL).
The combined filtrates were concentrated under
reduced pressure to give tert-butyl 4-(hydroxy-
methyl)pyrazolidine-1-carboxylate 19.

A white solid. Yield — 5.8 g (96.5%). M. p.
60—-63 °C. Anal. Calcd. for C,H (N, O,, %: C 53.45,
H 8.97, N 13.85. Found, %: C 53.61, H 9.12,
N 13.98. 'H NMR (400 MHz, CDCl,), 6, ppm:
1.43 (s, 9H), 2.51-2.64 (1H, m), 2.99 (1H, dd,
=11.6, 4.9 Hz), 3.10 (1H, dd, J = 11.6, 6.8 Hz),
3.21 (1H, dd, J = 10.8, 5.0 Hz), 3.52 — 3.67 (3H,
m), 4.02 (2H, s). *C NMR (101 MHz, CDCL,) 6
28.4, 42.9, 48.7, 50.3, 63.0, 80.5, 154.9. LC-MS,
m/z (ES-API): 147.2 [M-C,H +H]".

B References

1-(tert-Butyl) 4-methyl pyrazolidine-1,4-
dicarboxylate (20)

The mixture of 1-benzyl 2-(tert-butyl) 4-me-
thyl pyrazolidine-1,2,4-tricarboxylate (18, 10.0 g,
27.4 mmol) and 10% Pd/C (1 g) in methanol (100 mL)
was hydrogenated at 50 atm and 20 °C for 18 h.
After the completion, the catalyst was filtered off
and washed with methanol (30 mL). The com-
bined filtrates were concentrated under reduced
pressure. Water (50 mL) was added to the resi-
due, and the aqueous phase was acidified to pH 3
using sodium hydrogen sulfate. The mixture was
washed with DCM (2 x 40 mL), then basified to
pH 12 with the aqueous KOH and extracted with
DCM (2 x 50 mL). The combined organic layers
were dried over the anhydrous sodium sulfate,
filtered, and concentrated under reduced pres-
sure to give 1-(tert-butyl) 4-methyl pyrazoli-
dine-1,4-dicarboxylate (20).

A yellow oil. Yield — 5.1 g (80.7%). Anal. Cal-
cd. for C,, HN,O,, %: C 52.16, H 7.88, N 12.17.
Found, %: C 52.29, H 7.69, N 12.01. 'H NMR
(500 MHz, CDCL,), 6, ppm: 1.48 (9H, s), 3.14
(1H, dd, J = 11.5, 6.5 Hz), 3.21-3.31 (2H, m),
3.63 (1H, dd, J=11.1, 4.3 Hz), 3.72 (3H, s), 3.76
(1H, dd, J = 11.1, 8.4 Hz), 4.14 (1H, s). LC-MS,
m/z (ES-API): 231.2 [M+H]".
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