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ABSTRACT: Azetidinones with a sulfenyl group on the β-lactam nitrogen atom show
interesting biological activities as antimicrobial agents and enzyme inhibitors. We report
in the present study a versatile synthesis of N-sulfenylated azetidinones starting from
the corresponding N-bromo derivatives by means of the (2,2,6,6-tetramethylpiperidin-
1-yl)oxyl (TEMPO) radical as the catalyst and disulfides. Preparation of N-halo-
azetidinones was studied and optimized. The reactivity of N-bromo-azetidinone 2a as a
model compound in the presence of TEMPO radical was investigated by NMR and
electron paramagnetic resonance (EPR) spectroscopy studies. Optimization of the reaction conditions allowed the access of N-
alkylthio- or N-arylthio-azetidinones from 55 to 92% yields, and the method exhibited a good substrate scope.

■ INTRODUCTION
N-Sulfenyl-azetidinones have emerged some years ago as new
members of the class of bioactive β-lactam molecules.1 Just
after the discovery of the monocyclic β-lactam aztreonam
(Figure 1) which has a N-sulfonic group,2 Miller reported a
study on N-sulfenyl-β-lactam derivatives3 that were further
deeply investigated by Turos and co-workers for their
antimicrobial,4 anticancer,5 and antifungal activities.1 Later,
some more bioactivities were discovered, such as the ability of

N-sulfenyl-azetidinones to inhibit β-lactamases of resistant
bacterial strains,1 to activate the lecithin-cholesterol acyltrans-
ferase enzyme, whose deficiency is implicated in several
cholesterol-dependent diseases (Figure 1A),6 and to selectively
inhibit the histone deacetylase protein HDAC8 significantly
overexpressed in many cancer cells.7

When considering the mechanism of bioactivity for N-
alkylthio-azetidinones, since the beginning it has shown a
mechanism different from the ring-opening mechanism of
classical β-lactam compounds,8 and recently it was elucidated
for antitubercular activity.9

It was demonstrated that the inhibition of transpeptidase
LdtMt2 of Mycobacterium tuberculosis occurs on transfer of the
thio residue from the nitrogen atom of the β-lactam to the
cysteine residue of the active site of the transpeptidase, thus
forming a covalent disulfide adduct with the protein, as
revealed by mass spectrometry (Figure 1B).9

The facility to transfer the N-thio group from N-sulfenylated
azetidinones was also demonstrated for the antibacterial
activity against Staphylococcus aureus. In that case, N-
alkylthio-β-lactams transfer the thio group to coenzyme A to
form mixed disulfide species (Figure 1B).8 The effect of
different N-thio residues was investigated for linear and
branched N-sulfenyl derivatives for anticancer10 and anti-
bacterial activities,1,11 and it was ascertained that it strictly
depends on the lipophilicity of residues. So, with the aim of

Received: August 5, 2023
Published: September 28, 2023

Figure 1. (A) Selected bioactive N-thiolated azetidinones. (B)
Sulfenyl group transfer in LdtMt2 inhibition and in reaction with
coenzyme A for antibacterial activity.
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discovering new and potent compounds, it would be
meaningful to have a versatile and robust methodology to
insert sulfenyl residues to get differently substituted N-
thiolated azetidinones.

Few methods are known for the insertion of an alkylthio
residue on the nitrogen atom of azetidinones (Figure 2).

Starting from S-methyl thiomethanesulfonate, the correspond-
ing N-methylthio-azetidinones can be obtained but with the
use of nBuLi at low temperature under an inert atmosphere.12

The harsh reaction conditions of this procedure could,
however, limit its application. Our group developed a
procedure with dialkyl- or diaryl-disulfides and sulfuryl
chloride which, however, has severe hazards for acute
toxicity.13 N-Sulfenylation could finally be obtained with
alkyl- or arylthio-phthalimides which, in turn, are prepared
from a disulfide and sulfuryl chloride, but with the same
concerns described above.8a,14

The aim of the present work is to establish a new route to
obtain N-sulfenyl-β-lactam derivatives. We envisaged the
possibility to get N-sulfenylation by means of a radical-based
strategy to transfer a sulfenyl group starting from N-halo-
azetidinones and disulfides in the presence of (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) as a promoter
(Figure 2). At first, we investigated the synthesis of N-halo-
azetidinones and their characterization and finally their
application in the synthesis of N-alkyl- or N-arylthio-β-lactam
derivatives.

■ RESULTS AND DISCUSSION
Among methods already reported in the literature, N-
sulfenylation of amides could be achieved starting from

Figure 2. Previously developed syntheses of N-alkylthio-azetidinones
in comparison with the present work.

Table 1. Synthesis of N-Halo-azetidinones 2a−h, 3a, and 4a and Optimization of Reaction Conditionsa

entry 1a−h (mmol) [1a−h] (M) NXS (equiv) time (h) yield %b (product)

1 1a (0.4) 0.1 NBS (3) 3 67 (2a)
2 1a (0.4) 0.1 NBS (2) 1.5 69 (2a)
3 1a (0.4) 0.1 NBS (1) 3 74 (2a)
4 1a (2.4) 0.2 NBS (1) 3 81 (2a)
5 1a (2.4) 0.4 NBS (1 + 0.25) 5 96 (2a)
6 1b (0.6) 0.4 NBS (1 + 0.25) 5 28 (2b)
7 1b (0.6) 0.1 NBS (2) 3 96 (2b)
8 1c (0.5) 0.4 NBS (1 + 0.25) 5 74 (2c)
9 1c (0.5) 0.1 NBS (2) 5 97 (2c)
10 1d (0.5) 0.1 NBS (2) 4 58 (2d)
11 1e (0.1) 0.1 NBS (2) 3 86 (2e)
12 1f (0.9) 0.4 NBS (2) 1 15 (2f)
13 1g (0.3) 0.4 NBS (1) 1 81 (2g)
14 1h (0.44) 0.4 NBS (1) 2 89 (2h)
15 1a (0.9) 0.3 NIS (2) 4 71 (3a)
16 1a (1.2) 0.3 NCS (4) 7 42 (4a)

aReaction conditions: Experimental Section general procedure GP1, inert atmosphere (N2), 0 °C, TLC monitoring. bIsolated yields after flash
chromatography.
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disulfides under oxidative conditions with N-halo-succinimide
and TEMPO as a promoter.15 Then, we postulated to apply
the same strategy via the corresponding N-halo-azetidinones,
disulfides, and TEMPO. N-Halo-β-lactam compounds have
already been reported in the literature but poorly inves-
tigated.12,16 We then began exploring the synthesis of N-
bromo-azetidinones by means of N-bromo-succinimide (NBS)
in dichloromethane (DCM) with two commercially available
4-acetoxy-azetidinones 1a and 1b and azetidinones 1c−h
obtained with known procedures (see Supporting Information)
(Table 1).

The reaction conditions were preliminarily evaluated on
azetidinone 1a as a model compound. The reaction of 1a was
conducted with 1 equiv of NBS in anhydrous DCM at 0 °C
and in an inert atmosphere. After consumption of the starting
azetidinone (thin-layer chromatography (TLC) monitoring),
the expected N-bromo-azetidinone 2a was isolated by flash
chromatography in 74% yields (Table 1, entry 3).

It was observed that the amount of NBS did not affect the
yields, which instead depended on the concentration (Table 1,
entries 1−5), and the best conditions obtained with a 0.4 M
solution gave excellent isolated yields, 96%, of 2a after flash
chromatography (Table 1, entry 5). However, the same
reaction conditions on azetidinones 1b and 1c, gave lower
yields, 28 and 74%, respectively (Table 1, entries 6 and 8).
Instead, 0.1 M concentration and 2 equiv of NBS gave
excellent yields of 2b and 2c (Table 1, entries 7 and 9).
Compounds 2e, 2g, and 2h were obtained with the optimized
conditions in good yields (Table 1, entries 11, 13, and 14),
whereas azetidinone 2f was obtained in very poor yields (Table
1, entry 12) probably because of its poor stability to flash
chromatography, and, moreover, it was observed that the pure
compound 2f fully decomposed in 72 h on storage at 4 °C.

The synthesis of N-chloro and N-iodo analogues were
tentatively investigated over azetidinone 1a, with N-chloro-
and N-iodo-succinimide (NCS and NIS), respectively. Under
the optimized conditions obtained for N-bromination, with
NIS, the conversion was still incomplete after 4 h, and the N-
iodo-β-lactam 3a was obtained in poor yields (28%). On
increasing the molar concentration to 0.4 M, the conversion
was complete, and 3a was obtained with 71% isolated yields
(Table 1, entry 15). However, it should be noted that the
isolated product was quite unstable, and it released I2 and
azetidinone 1a.16b Regarding N-chloro-azetidinone 4a, the
conversion was not complete after 7 h even with 4 equiv of
NCS, obtaining only 42% yield after flash chromatography
(Table 1, entry 16). The sulfenylation reaction of N-bromo-
azetidinones has been previously reported by an electro-
oxidation reaction but scantly investigated.17 We decided to try
the procedure reported by Sun et al., who treated NCS with
disulfides and TEMPO to obtain N-thio-substituted succini-
mides.15 The reaction between N-bromo-azetidinone 2a and
diphenyl disulfide was thus investigated as a model reaction to
optimize the reaction conditions. Different parameters were
considered: solvents, radical initiators, concentration of 2a,
ratio between the reagents, and temperature (Table 2).
Reactions were performed under a nitrogen atmosphere and
anhydrous conditions. After the work up, a simple solvent
evaporation, crude reaction mixtures were analyzed by 1H
NMR in order to establish the ratio between N-phenylthio-
azetidinone 5, the unreacted starting material 2a, and the
byproduct 4-acetoxy-azetidinone 1a; the isolated yields of 5
were determined after flash chromatography (Table 2, general
procedure GP2). In the absence of a radical initiator, the
reaction did not proceed (Table 2, entry 1), and the crude
reaction mixture showed the starting N-bromo-azetidinone 2a

Table 2. N-Phenyl Sulfenylation of Azetidinone 2a and Optimization of Reaction Conditionsa

entry radical promoter (equiv) Ph2S2 (equiv) solvent [2a] (M) time temperature 2a:1a:5b 5 (yield %)c

1 1 DCM 0.4 2 h Rt 1/0.15/0
2 TEMPO (0.1) 1 ACN 0.15 overnight Rt 0/0/0d

3 TEMPO (0.1) 1 THF 0.15 overnight Rt 0/0/0d

4 TEMPO (0.1) 1 DMF 0.15 overnight Rt 0/0/trd

5 TEMPO (0.1) 1 DCM 0.15 overnight Rt 0/0.34/1 44
6 TEMPO (0.1) 1 DCM 0.08 overnight Rt 0/0.27/1 24
7 TEMPO (0.1) 1 DCM 0.08 overnight 0 °C 0/0.31/1 19
8 TEMPO (0.1) 1 DCM 0.15 5 h reflux 0/tr/trd

9 TEMPO (0.1) 1 DCM 0.4 overnight Rt 0/0.09/1d 49
10 TEMPO (0.2) 1 DCM 0.4 5 h Rt 0/0.10/1 82
11 TEMPO (0.3) 1 DCM 0.4 5 h Rt 0/0.33/1 65
12e TEMPO (0.1 × 3) 1 DCM 0.4 5 h Rt 0/0.18/1 78
13f benzophenone (0.2) 1 DCM 0.4 5 h Rt 0/0/0d

14f benzoyl peroxide (0.2) 1 DCM 0.4 5 h Rt 0/tr/0d

15 AIBN (0.2) 1 DCM 0.4 5 h reflux 0/tr/0d

16 4-OH TEMPO (0.2) 1 DCM 0.4 5 h Rt 0/0.9/1 23
17 ABTS (0.2) 1 DCM 0.4 5 h Rt 0/0.6/1 32
18 TEMPO (0.2) 0.5 DCM 0.4 overnight Rt 0/0.15/1 74
19 TEMPO (0.2) 2 DCM 0.4 5 h Rt 0/0.07/1 84
20 TEMPO (0.2) 2 DCM 0.15 overnight Rt 0/0.03/1 63

aReaction conditions: 2a (1 equiv, 0.2 mmol, 42 mg), anhydrous DCM, diphenyl disulfide, TEMPO, nitrogen atmosphere in Schlenk tube, rt; work
up by solvent evaporation. bRatio determined by 1H NMR analysis on the reaction crude. cIsolated yields after purification by flash
chromatography. dPresence of byproducts. eTEMPO portions every 1h 40 min. fActivation of the radical promoter by irradiation at 254 nm.
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and traces of the corresponding NH-derivative 1a. A
preliminary solvent screening confirmed DCM as the best
solvent among acetonitrile (ACN), tetrahydrofuran (THF),
and N,N-dimethylformamide (DMF) (Table 2, entries 2−5),
and hydrocarbons such as hexane or cyclohexane were not
suitable because of the insolubility of the starting 2a. In THF
or ACN, despite the complete conversion of 2a, an insoluble
mixture of byproducts was obtained (Table 2, entries 2, and
3); in particular, the starting compound 2a was unstable and
completely decomposed into a complex mixture of byproducts,
and neither the desired product 5 nor 1a was observed in the
crude mixture. In DMF (Table 2, entry 4), only traces of
product 5 were obtained, whereas in DCM at room
temperature the product 5 was isolated in 44% yield (Table
2, entry 5). Reactions at 0 °C or reflux did not show any
improvement of the yields (Table 2, entries 5, 7, and 8); we
observed a positive effect with 0.4 M concentration of 2a , with
a 49% isolated yield of 5 (Table 2, entry 9). On increasing the
amount of TEMPO to 20 mol %, 82% yield of 5 was
successfully obtained; however, higher amounts or stepwise
additions of 30 mol % were detrimental (Table 2, entries 10,
11 and 12). Other radical initiators such as benzoyl peroxide
and benzophenone, which need UV activation at 254 nm, or
AIBN (Table 2, entries 13−15), were tried, but only traces of 5
were detected in the crude mixtures. Only 4-OH TEMPO and
ABTS gave the expected product in 23 and 32% yields,
respectively, but with a great amount of byproduct 1a (Table 2,
entries 16 and 17). Finally, on testing how the equivalents of
diphenyl disulfide could influence the yields, on doubling the
amount, good yields of 5 (84%) were obtained but without a
significant improvement with respect to the use of 1 equiv

(82%) (Table 2, entries 10 and 19). Moreover, with 0.5 equiv,
we obtained 5 in only 74% yields (Table 2, entry 18). The final
reaction mixtures were deep brown solutions that showed
positive results with cyclohexene in a control test for the
presence of molecular bromine.

Then, the reaction scope was explored. First, various
disulfides were tested with N-bromo-4-acetoxy-azetidinone 2a
under optimized conditions (Table 3). Only for obtaining
compounds 10 and 12 (Table 3, entries 5 and 7), the
concentration was reduced due to the poor solubility of the
starting disulfides. The conversion was always complete, and
moderate to good isolated yields were obtained for all products
6−13, showing great tolerance to the methodology for
disulfides.

The byproduct 1a was obtained in large amounts with iPr2S2
(Table 3, entry 2), thus raising a likely issue of steric
hindrance. In the case of compound 12, the lower yield (55%)
was due to difficult purification by flash chromatography. Next,
with the optimized conditions, diphenyl-, diisopropyl- and
dibenzyl-disulfides were selected to react with N-bromo-β-
lactams 2b, 2c, 2g, and 2h (Table 4).

Excellent yields were obtained in the case of 14 and 15, with
no formation of the corresponding NH byproduct 1c. With
azetidinone 2b, the results were comparable to those obtained
with 2a, with a lower yield in the case of the S-propyl derivative
18.

To investigate the reaction mechanism of the sulfenylation
reaction and the formation of NH-azetidinone, we conducted
extended experiments of 1H NMR monitoring and electron-
paramagnetic resonance spectroscopy (EPR).

Table 3. Substrate Scope for Disulfidesa

entry time (h) [2a] (M) 2a/1a/6−13b product (yield %)c

1 5 0.4 0/0.15/1 6 (75)
2 16 0.4 0/0.50/1 7 (64)
3 16 0.4 0/0.27/1 8 (74)
4 5 0.4 0/0.17/1 9 (72)
5d 16 0.2 0/0.20/1 10 (70)
6 5 0.4 0/0.03/1 11 (82)
7d 16 0.2 0/0.15/1 12 (55)
8 5 0.4 0/0.05/1 13 (78)

aReaction conditions: 2a (1 equiv, 0.2 mmol), anhydrous DCM (0.5 mL), disulfide (1 equiv, 0.2 mmol), TEMPO (0.2 equiv, 0.04 mmol), N2
atmosphere, rt; work up by solvent evaporation. bRatio determined by 1H NMR analysis on the crude reaction mixture. cIsolated yields after flash
chromatography. dReaction conditions: 2a (1 equiv, 0.2 mmol) and anhydrous DCM (1 mL).

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.3c01759
J. Org. Chem. 2023, 88, 14728−14735

14731

https://pubs.acs.org/doi/10.1021/acs.joc.3c01759?fig=tbl3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c01759?fig=tbl3&ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.3c01759?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


In the EPR experiment, the time-dependent behavior of the
signal of the aminoxyl radical TEMPO in DCM in the presence
of N-bromo-azetidinone 2a at three different concentrations
was monitored (Figure 3). The TEMPO radical disappeared

rapidly in the presence of N-bromo-azetidinone 2a, its EPR
signal decayed exponentially in a 2a concentration-dependent
manner, and under these conditions, no regeneration of the
aminoxyl radical was observed.

A tentative EPR experiment to detect an azetidinyl radical
was conducted on 2a in DCM with triethylsilane (TES) in the
presence or absence of di-t-butyl peroxide, but the mixture
resulted in great instability with sudden decomposition.

The reaction of N-bromo-azetidinone 2a under optimized
conditions with diphenyldisulfide was performed in DCM-d2 in
an NMR tube, monitoring the ratio of 2a:1a:5 over time in a
1H NMR 400 MHz spectrum. N-Bromo-azetidinone 2a was
completely consumed in 5 h. The N-sulfenylated product 5
appeared immediately together with the NH derivative 1a, and
at complete conversion the composition of the crude mixture
of 2a:1a:5 as 0:0.26:0.76 (Figure S1, Supporting Information).
There was no evidence of deuterium exchange from the
solvent, the signal of the NH appeared clearly in the spectra,
and no deuterated species were detected in the mixture, so the

reduced species 1a could presumably derived from a hydrogen
atom transfer (HAT) process by the highly reactive N-
azetidinyl radical.

Thus, a further NMR investigation was realized to monitor
the behavior of N-bromo-azetidinone 2a in the presence of
TEMPO at 20 mol % in DCM-d2 (Figure S2, Supporting
Information).

The only product observed was the corresponding NH-
azetidinone 1a which, after the work up and within the
experimental error in the integration, was recovered at around
a 20% as the mol amount of TEMPO. It was also observed by
1H NMR analysis that the disulfide 3a was stable over time in
the presence of TEMPO (Figure S3, Supporting Information).

On considering the redox behavior of TEMPO that could
give a reversible one-electron oxidation to the corresponding
oxoammonium cation, a relative strong oxidant,18−20 a
tentative hypothesis of the mechanism of the sulfenylation
reaction could be formulated (Figure 4).

N-Bromo-azetidinones would be able to oxidize TEMPO, as
evidenced by the EPR experiment, to give the oxammonium
cation and the radical anion A by single-electron-transfer
(SET). The highly reactive species A decomposes to azetidinyl
radical B and the bromide anion. Amidyl radicals are highly
reactive intermediates which can undergo some reactions as
remote functionalization δ to nitrogen similar to a Hofmann−
Löffler−Freytag reaction, cyclizations, or intermolecular
additions.21 In our case, the amidyl radical B is quenched by
the disulfide to give the desired sulfenylated product N-
phenylthio-azetidinone. The formation of the byproduct NH
azetidinone 1a could be from a HAT process on the azetidinyl
radical B. The hydrogen transfer could occur from the acetyl
residue on the C-4 of 2a, thus resulting in 1,5-HAT.22 The
absence of NH-azetidinone as the byproduct in the
sulfenylation reactions of N-bromo-azetidinones 14, 15, 16,
and 20 (Table 4), which have no 5 H atom, supports this
hypothesis (Figure S4, Supporting Information). A restoration
cycle for the TEMPO radical would be necessary, since only 20
mol % TEMPO is sufficient to give complete conversions and

Table 4. Extension of the Substrate Scopea

aReaction conditions: 2b, 2c, 2g, and 2h (1 equiv, 0.2 mmol),
anhydrous DCM (0.5 mL), disulfide (1 equiv, 0.2 mmol), and
TEMPO (0.2 equiv, 0.04 mmol).

Figure 3. EPR analysis of time decay of the TEMPO radical in the
presence of 2a at 0.2, 0.4, and 1 M concentrations.

Figure 4. (a) Tentative reaction mechanism of the N-sulfenylation
reaction of N-bromo-azetidinones; (b) 1,5-HAT process of azetidinyl
radicals.
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good yields (Table 2). The reaction conditions limit some
possibilities; in particular, anaerobic conditions by inert
atmosphere, aprotic reaction solvent, and the absence of H-
donating species exclude the formation of N-hydroxy-TEMPO
species.

The redox equilibrium between the oxoammonium salt and
the nitroxyl radical in an electron self-exchange between the
two species could then sustain the catalysis. This equilibrium,
which is responsible for the paramagnetic character of
oxoammonium salt in solutions, has been investigated in
detail in the past by NMR and EPR.23 Traces of molecular
bromine observed in the final reaction mixtures could have
been derived from bromide oxidation by the oxoammonium
cation, which was favored by the low concentrations of the
species.

■ CONCLUSIONS
In summary, a new N-sulfenylation reaction of azetidinones for
the preparation of N-aryl-, or -alkylthio-β-lactam derivatives
was established by an efficient redox catalysis by TEMPO. N-
Bromo-azetidinones were able to oxidize the TEMPO radical
for the generation of reactive azetidinyl radicals, which were
further trapped by aryl- or alkyldisulfides to give the final N-
sulfenylated azetidinones. The formation of N-halo-azetidi-
nones was preliminary optimized as well as the next radical
sulfenylation. The method exhibited a good substrate scope for
either the starting N-bromo-azetidinones or the disulfides. This
transformation presents not only a new radical reactivity of
azetidinones but also a robust approach for the synthesis of
bioactive N-sulfenyl-β-lactams. Moreover, the results reported
here open the gate for further investigation on the chemistry of
azetidinyl radicals.

■ EXPERIMENTAL SECTION
General Procedure for N-Halogenation (GP1) (Table 1):

Synthesis of 2a as an Example. In a round-bottom flask under a
nitrogen atmosphere, the halogenating agent NBS (430 mg, 2.4
mmol, 1 equiv) was added at 0 °C to a solution of the starting β-
lactam 1a (310 mg, 2.4 mmol, 1 equiv) in anhydrous DCM (6 mL).
The reaction was left under stirring at 0 °C and monitored by TLC. A
second addition of NBS (110 mg, 0.6 mmol, 0.25 equiv) after 4 h
allowed a complete conversion. The reaction was then quenched with
water and extracted with DCM (3 × 20 mL). The collected organic
phase was dried over Na2SO4, filtered, and the solvent removed under
reduced pressure. The crude product was then purified by flash
chromatography on silica gel (Cy/EtOAc = 70:30), and the product
2a was isolated in 96% yield (478 mg).

General Procedure for the Synthesis of 2a on a 5.0 mmol
Scale. In a round-bottom flask under a nitrogen atmosphere, NBS
(890 mg, 5 mmol, 1 equiv) was added at 0 °C to a solution of the
starting β-lactam 1a (645 mg, 5 mmol, 1 equiv) in anhydrous DCM
(12.5 mL). The reaction was left under stirring at 0 °C and monitored
by TLC. A second addition of NBS (223 mg, 1.25 mmol, 0.25 equiv)
after 4 h allowed a complete conversion. The reaction was then
quenched with water and extracted with DCM (3 × 40 mL). The
collected organic phase was dried over Na2SO4, filtered, and the
solvent removed under reduced pressure. The crude product was then
purified by flash chromatography on silica gel (Cy/EtOAc = 70:30),
and the product 2a was isolated in 89% yield (921 mg).

Caution! NBS is an irritating and sensitizing agent for skin and eyes
(Category 2) and could cause skin burns and eye damage (H314 and
H315, PubMed Source), handled with gloves in a normal fume-hood.
It is very toxic to aquatic life, H400 (PubMed Source). The new N-
bromo derivatives could be considered with hazard concerns similar
to NBS and used with the same care.

General Procedure for Thioalkylation/Thioarylation (GP2)
(Tables 2−4): Synthesis of 5 as an Example. In a Schlenk flask
under a nitrogen atmosphere, the selected N-bromo-azetidinone 2a
(41.5 mg, 0.2 mmol, 1 equiv) was diluted in 0.5 mL of anhydrous
DCM; diphenyl disulfide (44 mg, 0.2 mmol, 1 equiv) was then added,
followed by TEMPO (0.04 mmol, 0.2 equiv, 6.3 mg). The reaction
was stirred at room temperature and monitored by TLC for 5 h. At
completion, DCM was evaporated under reduced pressure, and the
crude was purified by flash chromatography on silica gel (Cy/EtOAc
= 70:30), yielding compound 5 as a colorless oil in 82% yield (39
mg).

General Procedure for the Synthesis of 5 on a 5.0 mmol
Scale. In a round-bottom flask under a nitrogen atmosphere, the
selected N-bromo-azetidinone 2a (1.040 g, 5 mmol, 1 equiv) was
diluted in 12.5 mL of anhydrous DCM; the diphenyl disulfide (1.091
g, 5 mmol, 1 equiv) was then added, followed by TEMPO (1 mmol,
0.2 equiv, 0.156 g). The reaction was stirred at room temperature and
monitored by TLC. After 5 h, DCM was evaporated under reduced
pressure, and the crude was purified by flash chromatography on silica
gel (n-hexane/EtOAc = 75:25), yielding compound 5 (1.033 g) as a
colorless oil in 87% yield.

■ ASSOCIATED CONTENT

Data Availability Statement
The data underlying this study are available in the published
article and its Supporting Information.
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.joc.3c01759.

Detailed experimental procedures and characterization;
copies of 1H and 13C NMR spectra; and HPLC−MS
spectra of N-thio-β-lactams (compounds 5−21) (PDF)

■ AUTHOR INFORMATION

Corresponding Author
Daria Giacomini − Department of Chemistry a “Giacomo
Ciamician”, University of Bologna, Bologna 40129, Italy;
orcid.org/0000-0001-8038-3926;

Email: daria.giacomini@unibo.it

Authors
Valentina Giraldi − Department of Chemistry a “Giacomo
Ciamician”, University of Bologna, Bologna 40129, Italy;
orcid.org/0000-0002-0593-1010

Francesco Giunchino − Department of Chemistry a
“Giacomo Ciamician”, University of Bologna, Bologna 40129,
Italy

Maria Edith Casacchia − Department of Chemistry a
“Giacomo Ciamician”, University of Bologna, Bologna 40129,
Italy; Department of Physical and Chemical Sciences,
University of Aquila, Coppito, L’Aquila 67100, Italy

Andrea Cantelli − Department of Chemistry a “Giacomo
Ciamician”, University of Bologna, Bologna 40129, Italy

Marco Lucarini − Department of Chemistry a “Giacomo
Ciamician”, University of Bologna, Bologna 40129, Italy;
orcid.org/0000-0002-8978-4707

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.joc.3c01759

Notes
The authors declare no competing financial interest.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.3c01759
J. Org. Chem. 2023, 88, 14728−14735

14733

https://pubs.acs.org/doi/suppl/10.1021/acs.joc.3c01759/suppl_file/jo3c01759_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c01759?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.3c01759/suppl_file/jo3c01759_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daria+Giacomini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8038-3926
https://orcid.org/0000-0001-8038-3926
mailto:daria.giacomini@unibo.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Valentina+Giraldi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0593-1010
https://orcid.org/0000-0002-0593-1010
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesco+Giunchino"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Edith+Casacchia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+Cantelli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marco+Lucarini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8978-4707
https://orcid.org/0000-0002-8978-4707
https://pubs.acs.org/doi/10.1021/acs.joc.3c01759?ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.3c01759?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ ACKNOWLEDGMENTS
This research was funded by MIUR through the National
Project PRIN2020 Synthesis and Biomedical Applications of
Tumor-Targeting Peptidomimetics and Conjugates�
2020833Y75�and by University of Bologna RFO (2022-
23). The author would like to thank Gabriel Macchia for
technical assistance.

■ REFERENCES
(1) Bhattacharya, B.; Turos, E. Synthesis and biology of N-thiolated

β-lactams. Tetrahedron 2012, 68, 10665−10685.
(2) Sykes, R. B.; Cimarusti, C. M.; Bonner, D. P.; Bush, K.; Floyd, D.

M.; Georgopapadakou, N. H.; Koster, W. H.; Liu, W. C.; Parker, W.
L.; Principe, P. A.; Rathnum, M. L.; Slusarchyk, W. A.; Trejo, W. H.;
Wells, J. S. Monocyclic beta-lactam antibiotics produced by bacteria.
Nature 1981, 291, 489−491.
(3) Woulfe, S. R.; Iwagami, H.; Miller, M. J. Efficient N-sulfenylation

of 2-azetidinones using S-substituted thiophthalimides. Tetrahedron
Lett. 1985, 26, 3891−3894.
(4) (a) Turos, E.; Long, T. E.; Konaklieva, M. I.; Coates, C.; Shim, J.

Y.; Dickey, S.; Lim, D. V.; Cannons, A. N-thiolated beta-lactams:
novel antibacterial agents for methicillin-resistant Staphylococcus
aureus. Bioorg. Med. Chem. Lett. 2002, 12, 2229−2231. (b) Galletti,
P.; Cocuzza, C. E. A.; Pori, M.; Quintavalla, A.; Musumeci, R.;
Giacomini, D. Antibacterial agents and cystic fibrosis: synthesis and
antimicrobial evaluation of a series of N-thiomethylazetidinones.
ChemMedChem 2011, 6, 1919−1927. (c) Cervellati, R.; Galletti, P.;
Greco, E.; Cocuzza, C. E. A.; Musumeci, R.; Bardini, L.; Paolucci, F.;
Pori, M.; Soldati, R.; Giacomini, D. Monocyclic beta-lactams as
antibacterial agents: Facing antioxidant activity of N-methylthio-
azetidinones. Eur. J. Med. Chem. 2013, 60, 340−349. (d) Majewski,
M. W.; Watson, K. D.; Cho, S.; Miller, P. A.; Franzblau, S. G.; Miller,
M. J. Syntheses and biological evaluations of highly functionalized
hydroxamate containing and N-methylthio monobactams as anti-
tuberculosis and β-lactamase inhibitory agents. MedChemComm 2016,
7, 141−147.
(5) (a) Smith, D. M.; Kazi, A.; Smith, L.; Long, T. E.; Heldreth, B.;

Turos, E.; Dou, Q. P. A novel beta-lactam antibiotic activates tumor
cell apoptotic program by inducing DNA damage. Mol. Pharmacol.
2002, 61, 1348−1358. (b) Kuhn, D.; Coates, C.; Daniel, K.; Chen,
D.; Bhuiyan, M.; Kazi, A.; Turos, E.; Dou, Q. P. Beta-lactams and
their potential use as novel anticancer chemotherapeutics drugs. Front.
Biosci. 2004, 9, 2605−2617. (c) Chen, D.; Falsetti, S. C.; Frezza, M.;
Milacic, V.; Kazi, A.; Cui, Q. C.; Long, T. E.; Turos, E.; Dou, Q. P.
Anti-tumor activity of N-thiolated beta-lactam antibiotics. Cancer Lett.
2008, 268, 63−69.
(6) Freeman, L. A.; Demosky, S. J. Jr.; Konaklieva, M.; Kuskovsky,

R.; Aponte, A.; Ossoli, A. F.; Gordon, S. M.; Koby, R. F.; Manthei, K.
A.; Shen, M.; Vaisman, B. L.; Shamburek, R. D.; Jadhav, A.; Calabresi,
L.; Gucek, M.; Tesmer, J. J. G.; Levine, R. L.; Remaley, A. T.
Lecithin:Cholesterol Acyltransferase Activation by Sulfhydryl-Reac-
tive Small Molecules: Role of Cysteine-31. J. Pharmacol. Exp. Ther.
2017, 362, 306−318.
(7) (a) Galletti, P.; Quintavalla, A.; Ventrici, C.; Giannini, G.; Cabri,

W.; Penco, S.; Gallo, G.; Vincenti, S.; Giacomini, D. Azetidinones as
zinc-binding groups to design selective HDAC8 inhibitors. Chem-
MedChem 2009, 4, 1991−2001. (b) Pori, M.; Galletti, P.; Soldati, R.;
Calza,̀ L.; Mangano, C.; Giacomini, D. Azetidinone-retinoid hybrids:
synthesis and differentiative effects. Eur. J. Med. Chem. 2013, 70, 857−
863.
(8) Revell, K. D.; Heldreth, B.; Long, T. E.; Jang, S.; Turos, E. N-

thiolated beta-lactams: Studies on the mode of action and
identification of a primary cellular target in Staphylococcus aureus.
Bioorg. Med. Chem. 2007, 15, 2453−2467.
(9) Martelli, G.; Pessatti, T. B.; Steiner, E. M.; Cirillo, M.; Caso, C.;

Bisognin, F.; Landreh, M.; Monte, P. D.; Giacomini, D.; Schnell, R.
N-thio-β-lactams targeting L,D-transpeptidase-2, with activity against

drug-resistant strains of Mycobacterium tuberculosis. Cell Chem. Biol.
2021, 28, 1321−1332.e5.
(10) Frezza, M.; Garay, J.; Chen, D.; Cui, C.; Turos, E.; Dou, Q. P.

Induction of tumor cell apoptosis by a novel class of N-thiolated beta-
lactam antibiotics with structural modifications at N1 and C3 of the
lactam ring. Int. J. Mol. Med. 2008, 21, 689−695.
(11) Heldreth, B.; Long, T. E.; Jang, S.; Reddy, G. S.; Turos, E.;

Dickey, S.; Lim, D. V. N-Thiolated beta-lactam antibacterials: effects
of the N-organothio substituent on anti-MRSA activity. Bioorg. Med.
Chem. 2006, 14, 3775−3784.
(12) Turos, E.; Konaklieva, M. I.; Ren, R. X.-F.; Shi, H.; Gonzalez, J.;

Dickey, S.; Lim, D. N-Thiolated bicyclic and monocyclic β-lactams.
Tetrahedron 2000, 56, 5571−5578.
(13) Giacomini, D.; Torricelli, P.; Gentilomi, G. A.; Boanini, E.;

Gazzano, M.; Bonvicini, F.; Benetti, E.; Soldati, R.; Martelli, G.;
Rubini, K.; Bigi, A. Monocyclic β-lactams loaded on hydroxyapatite:
new biomaterials with enhanced antibacterial activity against resistant
strains. Sci. Rep. 2017, 7, 2712.
(14) Iwagami, H.; Woulfe, S. R.; Miller, M. J. Reactions of (2-oxo-1-

azetidinyl)-thiophthalimides with nucleophiles. Tetrahedron Lett.
1986, 27, 3095−3098.
(15) Lei, X.; Wang, Y.; Fan, E.; Sun, Z. In situ activation of disulfides

for multicomponent reactions with isocyanides and a broad range of
nucleophiles. Org. Lett. 2019, 21, 1484−1487.
(16) (a) Khasanova, L. S.; Valiullina, Z. R.; Galeeva, A. M.; Egorov,

V. A.; Gimalova, F. A. New azetidinone building block for
carbapenems. Russ. J. Org. Chem. 2019, 55, 377−380. (b) Rajashekar
Reddy, C. B.; Rajasekhara Reddy, S.; Suthindhiran, K.; Sivakumar, A.
HDAC and NF-κB mediated cytotoxicity induced by novel N-chloro
β-lactams and benzisoxazole derivatives. Chem. Biol. Interact. 2016,
246, 69−76. (c) Elriati, A.; Loose, J.; Mayrhofer, R.; Bergmann, H.-J.;
Otto, H.-H. β-Lactam derivatives as enzyme inhibitors: halogenated
β-lactams and related compounds. Monatsh. Chem. 2008, 139, 835−
846. (d) Zhong, Y.-L.; Zhou, H.; Gauthier, D. R.; Lee, J.; Askin, D.;
Dolling, U. H.; Volante, R. P. Practical and efficient synthesis of N-
halo compounds. Tetrahedron Lett. 2005, 46, 1099−1101. (e) Jiang,
B.; Tian, H.; Huang, Z.-G.; Xu, M. Successive copper (I)-catalyzed
cross-couplings in one pot: A novel and efficient starting point for
synthesis of carbapenems. Org. Lett. 2008, 10, 2737−2740.
(17) Tanaka, H.; Arai, S. Y.; Ishitobi, Y.; Kuroboshi, M.; Torii, S.

Electrooxidative N-halogenation of 2-azetidinone derivatives. Electro-
chemistry 2006, 74, 656−658.
(18) (a) Beejapur, H. A.; Zhang, Q.; Hu, K.; Zhu, L.; Wang, J.; Ye,

Z. TEMPO in chemical transformations: from homogeneous to
heterogeneous. ACS Catal. 2019, 9, 2777−2830. (b) Tebben, L.;
Studer, A. Nitroxides: applications in synthesis and in polymer
chemistry. Angew. Chem., Int. Ed. 2011, 50, 5034−5068. (c) Sheldon,
R. A.; Arends, I. W. C. E. Organocatalytic oxidations mediated by
nitroxyl radicals. Adv. Synth. Catal. 2004, 346, 1051−1071.
(19) Nutting, J. E.; Rafiee, M.; Stahl, S. S. Tetramethylpiperidine N-

oxyl (TEMPO), phthalimide N-oxyl (PINO), and related N-oxyl
species: electrochemical properties and their use in electrocatalytic
reactions. Chem. Rev. 2018, 118, 4834−4885.
(20) Anelli, P. L.; Biffi, C.; Montanari, F.; Quici, S. Fast and selective

oxidation of primary alcohols to aldehydes or to carboxylic acids and
of secondary alcohols to ketones mediated by oxoammonium salts
under two-phase conditions. J. Org. Chem. 1987, 52, 2559−2562.
(21) Horner, J. H.; Musa, O. M.; Bouvier, A.; Newcomb, M.

Absolute kinetics of amidyl radical reactions. J. Am. Chem. Soc. 1998,
120, 7738−7748.
(22) (a) Zard, S. Z. Recent progress in the generation and use of

nitrogen-centred radicals. Chem. Soc. Rev. 2008, 37, 1603−1618.
(b) Xiong, P.; Xu, H. C. Chemistry with electrochemically generated
n-centered radicals. Acc. Chem. Res. 2019, 52, 3339−3350. (c) Kumar,
G.; Pradhan, S.; Chatterjee, I. N-centered radical directed remote C−
H bond functionalization via hydrogen atom transfer. Chem.−Asian J.
2020, 15, 651−672.
(23) (a) Bobbitt, J. M.; Eddy, N. A.; Cady, C. X.; Jin, J.; Gascon, J.

A.; Gelpí-Dominguez, S.; Zakrzewski, J.; Morton, M. D. Preparation

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.3c01759
J. Org. Chem. 2023, 88, 14728−14735

14734

https://doi.org/10.1016/j.tet.2012.06.012
https://doi.org/10.1016/j.tet.2012.06.012
https://doi.org/10.1038/291489a0
https://doi.org/10.1016/S0040-4039(00)98680-5
https://doi.org/10.1016/S0040-4039(00)98680-5
https://doi.org/10.1016/S0960-894X(02)00343-8
https://doi.org/10.1016/S0960-894X(02)00343-8
https://doi.org/10.1016/S0960-894X(02)00343-8
https://doi.org/10.1002/cmdc.201100282
https://doi.org/10.1002/cmdc.201100282
https://doi.org/10.1016/j.ejmech.2012.12.024
https://doi.org/10.1016/j.ejmech.2012.12.024
https://doi.org/10.1016/j.ejmech.2012.12.024
https://doi.org/10.1039/C5MD00340G
https://doi.org/10.1039/C5MD00340G
https://doi.org/10.1039/C5MD00340G
https://doi.org/10.1124/mol.61.6.1348
https://doi.org/10.1124/mol.61.6.1348
https://doi.org/10.2741/1420
https://doi.org/10.2741/1420
https://doi.org/10.1016/j.canlet.2008.03.047
https://doi.org/10.1124/jpet.117.240457
https://doi.org/10.1124/jpet.117.240457
https://doi.org/10.1002/cmdc.200900309
https://doi.org/10.1002/cmdc.200900309
https://doi.org/10.1016/j.ejmech.2013.09.057
https://doi.org/10.1016/j.ejmech.2013.09.057
https://doi.org/10.1016/j.bmc.2006.12.027
https://doi.org/10.1016/j.bmc.2006.12.027
https://doi.org/10.1016/j.bmc.2006.12.027
https://doi.org/10.1016/j.chembiol.2021.03.008
https://doi.org/10.1016/j.chembiol.2021.03.008
https://doi.org/10.3892/ijmm.21.6.689
https://doi.org/10.3892/ijmm.21.6.689
https://doi.org/10.3892/ijmm.21.6.689
https://doi.org/10.1016/j.bmc.2006.01.029
https://doi.org/10.1016/j.bmc.2006.01.029
https://doi.org/10.1016/S0040-4020(00)00407-5
https://doi.org/10.1038/s41598-017-02943-2
https://doi.org/10.1038/s41598-017-02943-2
https://doi.org/10.1038/s41598-017-02943-2
https://doi.org/10.1016/S0040-4039(00)84724-3
https://doi.org/10.1016/S0040-4039(00)84724-3
https://doi.org/10.1021/acs.orglett.9b00275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b00275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b00275?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1134/S1070428019030187
https://doi.org/10.1134/S1070428019030187
https://doi.org/10.1016/j.cbi.2016.01.010
https://doi.org/10.1016/j.cbi.2016.01.010
https://doi.org/10.1007/s00706-007-0837-5
https://doi.org/10.1007/s00706-007-0837-5
https://doi.org/10.1016/j.tetlet.2004.12.088
https://doi.org/10.1016/j.tetlet.2004.12.088
https://doi.org/10.1021/ol800845r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol800845r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol800845r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5796/electrochemistry.74.656
https://doi.org/10.1021/acscatal.8b05001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b05001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201002547
https://doi.org/10.1002/anie.201002547
https://doi.org/10.1002/adsc.200404110
https://doi.org/10.1002/adsc.200404110
https://doi.org/10.1021/acs.chemrev.7b00763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00763?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00388a038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00388a038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00388a038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00388a038?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja981244a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b613443m
https://doi.org/10.1039/b613443m
https://doi.org/10.1021/acs.accounts.9b00472?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00472?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/asia.201901744
https://doi.org/10.1002/asia.201901744
https://doi.org/10.1021/acs.joc.7b00846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.3c01759?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of some homologous TEMPO nitroxides and oxoammonium salts;
notes on the NMR spectroscopy of nitroxide free radicals; observed
radical nature of oxoammonium salt solutions containing trace
amounts of corresponding nitroxides in an equilibrium relationship. J.
Org. Chem. 2017, 82, 9279−9290. (b) Wu, L.; Guo, X.; Wang, J.;
Guo, Q.; Liu, Z.; Liu, Y. Kinetic studies on the single electron transfer
reaction between 2, 2, 6, 6-tetramethylpiperidine oxoammonium ions
and phenothiazines: the application of Marcus theory. Sci. China, Ser.
B: Chem. 1999, 42, 138−144. (c) Grampp, G.; Rasmussen, K. Solvent
dynamical effects on the electron self-exchange rate of the TEMPO/
TEMPO+ couple (TEMPO = 2,2,6,6-tetramethyl-1-piperidinyloxy
radical). Part I. ESR-line-broadening measurements at T = 298 K.
Phys. Chem. Chem. Phys. 2002, 4, 5546−5549.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.3c01759
J. Org. Chem. 2023, 88, 14728−14735

14735

https://doi.org/10.1021/acs.joc.7b00846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.7b00846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.7b00846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.7b00846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/BF02875509
https://doi.org/10.1007/BF02875509
https://doi.org/10.1007/BF02875509
https://doi.org/10.1039/B206313A
https://doi.org/10.1039/B206313A
https://doi.org/10.1039/B206313A
https://doi.org/10.1039/B206313A
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.3c01759?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

