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A cost-effective method for the synthesis of 5,5-disubstituted 1,2-oxathiolan-4-one

2,2-dioxides (β-keto γ-sultones) on a several-hundred-gram scale without the use of

halogenated organic solvents has been developed. β-Keto γ-sultones exhibit selective

anticancer activity and are considered bioisosteres of tetronic acid, promising

pharmacological templates that possess active reactive centers allowing further structural

modification and modulation of bioactivity. Because keto-enol tautomerism can strongly

impact bioactivity by influencing binding interactions with biological targets and altering

physicochemical properties, the keto-enol tautomerization of β-keto γ-sultones in DMSO

was studied using EXSY NMR (exchange spectroscopy) in combination with DFT (density

functional theory) calculations. The obtained experimental and computational data confirm

the key role of DMSO in keto-enol tautomerization and proton exchange in β-keto

γ-sultones. The developed mechanistic model can be applied to other carbonyl compounds

and solvents, as well as to compounds that facilitate their enolization.
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Introduction
Bioisosteric substitution is indeed one of the

cornerstones of contemporary drug design. It is based
on the replacement of atoms or functional groups
within a bioactive molecule by chemically or sterically
similar moieties, aiming to retain the desired biological
activity while improving physicochemical and
pharmacokinetic properties. Moreover, rational
bioisosteric modifications can enhance the binding
affinity, selectivity, metabolic stability, and overall
drug identity of candidate molecules. Sulfonamides
and sulfonylated derivatives acting as bioisosteres of
carbonyl compounds allowed the creation of many
potent anticancer agents [1,2]. In this context,

1,2-oxathiolan-4-one 2,2-dioxides (β-keto γ-sultones)
are considered as the bioisosters of naturally occurring
tetronic acid (Fig. 1), whose framework is a key
constituent of many vital biologically active compounds
(ascorbic acid, penicillinic acid) and agricultural
chemicals (insecticides spirodiclofen and
spiromesifen). In vitro cytotoxicity assay showed that
β-keto γ-sultones exhibited selective cytotoxicity against
triple-negative breast cancer cell line MDA-MB-231,
and did not affect non-malignant cells [3].

Previously, we developed procedures for a gram-
scale synthesis of β-keto γ-sultones [3], explored their
reactivity [4], and discovered their strong tendency
towards tautomerization. Because this may influence
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biological activity through effects on binding
interactions, structural and physicochemical properties
[5–7], a better understanding and control of
tautomerism is necessary to achieve the design and
optimization of biological activity of this class of
molecules.

Considering β-keto γ-sultones as prospective
templates with selective anticancer activity, possessing
a set of synthetically valuable handles allowing further
structural modification and activity modulation, we
developed an improved procedure for their multi-
hundred-gram scale synthesis. Accordingly, α-hydroxy
acid esters 1a,b were sulfonylated with methanesulfonyl
chloride, and the resulting mesylates 2a,b were further
treated with potassium tert-butoxide in THF medium.
Sulfa-Dieckmann condensation gave corresponding
potassium enolates, which were quenched with glacial
acetic acid to give the desired β-keto γ-sultones 3a,b
(Scheme 1).

The modified method is more general, cost-
effective, and nonpolluting since the environmentally
friendly solvents were used and their consumption
was substantially reduced. Specifically, in comparison
with our originally developed procedure [3], we

eliminated the use of dichloromethane in the first
step and trifluoroacetic acid in the second step.
Moreover, all these changes had a positive impact on
the overall yield of the final products.

Experimental

All the reagents and solvents were obtained from
Enamine Ltd. (www.enamine.net) and UORSY
(www.uorsy.com). Melting points were measured on
MPA100 OptiMelt automated melting point system.
1H and 13C{1H} NMR spectra were recorded on a
Varian Unity Plus 400 spectrometer (at 400 MHz for
1H and 101 MHz for 13C nuclei). Chemical shifts are
reported in ppm using residual solvent peak as a
secondary reference standard. Mass spectra were
recorded on an Agilent 1100 LCMSD SL instrument
using chemical ionization (CI). Two-dimensional
exchange spectra (2D EXSY) were recorded on a
Bruker Avance III HD 600 MHz spectrometer
(600 MHz for 1H and 151 MHz for 13C nuclei).
2D EXSY spectra with mixing times of 10, 50, and
100 ms were acquired using the phase-sensitive NOESY
pulse sequence (noesygpph, Bruker). All spectra were
recorded with 1024 data points in the F2 dimension
and 256 increments in the F1 dimension. Each

Fig. 1. Tetronic acid, their biologically active derivatives and bioisosters

Scheme 1. Synthesis of β-keto γ-sultones 3a,b in a multi-hundred-gram scale
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increment was obtained with 24 scans, a spectral width
of 9862 Hz, and a relaxation delay of 2 s. After zero-
filling to 1024 points in both dimensions, resulting
in equal digital resolution, the time-domain data were
multiplied in both dimensions by a π/2 sine-squared
window function.

General procedure for the synthesis of alkyl
2-((methylsulfonyl)oxy)carboxylates 2a,b

α-Hydroxy ester 1a,b (4 mol, 1 equiv.) was
dissolved in ethyl acetate (7 L) loaded in a 20-L
reactor equipped with an overhead stirrer and a calcium
chloride tube. Then triethylamine (526 g, 721 mL,
5.2 mol, 1.3 equiv.) was added in one portion, and
the resulting mixture was cooled with ice–water. When
the internal temperature had dropped to 00C,
methanesulfonyl chloride (504 g, 341 mL, 4.4 mol,
1.1 equiv.) was added at a fast dropwise rate,
maintaining the internal temperature below 50C. After
the addition had been finished, the reaction mixture
was allowed to reach ambient temperature and stirred
for 24 h. Then 1 M aqueous sodium hydrosulfate
(3 L) was added in one portion and the resulting
biphasic mixture was stirred for 10 min, the upper
organic layer was separated, dried over anhydrous
sodium sulfate (300 g), and evaporated at reduced
pressure. The obtained residue was additionally dried
in vacuo (0.1 Torr) at 500C for 5 h to remove the
residual quantities of ethyl acetate. Thus obtained
O-mesylated α-hydroxy esters 2a,b were used in the
subsequent step without additional purification.

Ethyl 2-methyl-2-((methylsulfonyl)oxy)propanoate
(2a) was obtained from ethyl 2-hydroxy-2-
methylpropanoate (1a, 530 g). Yield 740 g (3.52 mol,
88%). White solid, mp=28–290C. 1H NMR
(400 MHz, CDCl3): δ=1.32 (t, J=7.1 Hz, 3H,
OCH2CH3), 1.71 (s, 6H, 2×CH3), 3.12 (s, 3H,
SO2CH3), 4.26 (q, J=7.1 Hz, 2H, OCH2CH3) ppm.
13C NMR (101 MHz, CDCl3): δ=14.1 (OCH2CH3),
26.3 (2×CH3), 40.7 (SO2CH3), 62.2 (OCH2CH3), 86.5
(quaternary C), 171.7 (C=O) ppm. MS (CI):
m/z=211 [M+H]+. The physicochemical properties
and spectra date are identical to that described elsewhere
[3].

Methyl 1-((methylsulfonyl)oxy)cyclobutane-1-
carboxylate (2b) was obtained from ethyl methyl 1-
hydroxycyclobutane-1-carboxylate (1b, 520 g). Yield
750 g (3.6 mol, 90%). Colorless oil. 1H NMR
(400 MHz, CDCl3): δ=1.89–2.03 (m, 2H, CH2

cyclobutyl), 2.59 (qd, J=13.1, 9.2 Hz, 4H, 2×CH2

cyclobutyl), 3.09 (s, 3H, SO2CH3), 3.78 (s, 3H,
OCH3) ppm. 13C NMR (101 MHz, CDCl3): δ=14.3
(CH2 cyclobutyl), 33.3 (2×CH2 cyclobutyl), 40.2
(SO2CH3), 52.8 (OCH3), 83.9 (quaternary C), 171.2
(C=O) ppm. MS (CI): m/z=209 [M+H]+. The
physicochemical properties and spectra date are identical

to that described elsewhere [3].
General procedure for the synthesis of 1,2-

oxathiolan-4-one 2,2-dioxides 3a,b
Potassium tert-butylate (471 g, 4.2 mol, 1.2

equiv.) was dispersed in THF (7 L) loaded in a 20-L
reactor equipped with an overhead stirrer and a calcium
chloride tube. The resulting mixture was cooled with
ice water bath, and when the internal temperature
had dropped to 00C, the solution of O-mesylated
α-hydroxy ester 2a,b (3.5 mol, 1 equiv.) in THF
(3 L) was added at a fast dropwise rate, maintaining
the internal temperature below 50C. After the addition
had been finished, the reaction mixture was allowed
to reach ambient temperature and stirred for 24 h.
Then glacial acetic acid (252 g, 240 mL, 4.2 mol, 1.2
equiv.) was added at a fast dropwise rate, the resulting
mixture was stirred for 10 min, and evaporated at
reduced pressure to dryness. Water (180 mL) was
added to dissolve the formed potassium acetate and
the resulting slurry was diluted with ethyl acetate
(4 L). The organic layer was separated, dried over
anhydrous sodium sulfate (400 g), and evaporated at
reduced pressure. Thus obtained residue was washed
with hexane–ethyl acetate (3:1 (v/v), 2×50 mL) to
give pure β-keto γ-sultones 3a,b. If necessary, the
product can be recrystallized from a minimal amount
of propan-2-ol.

5,5-Dimethyl-1,2-oxathiolan-4-one 2,2-dioxide
(3a) was obtained from O-mesylated α-hydroxy ester
2a (736 g). Yield 385 g (2.35 mol, 67%). White
solid, mp=61–620C. 1H NMR (400 MHz,
DMSO-d6): δ=1.53 (s, 6H, 2×CH3), 4.82 (s, 2H,
CH2) ppm. 13C NMR (101 MHz, DMSO-d6): δ=24.7
(2×CH3), 52.3 (CH2), 95.1 (quaternary C), 202.1
(C=O) ppm. MS (CI): m/z=163 [M–H]–. The
physicochemical properties and spectra date are identical
to that described elsewhere [3].

Spectra data for 4-Hydroxy-5,5-dimethyl-5H-1,2-
oxathiole 2,2-dioxide (4a, an enol form of 3a).
1H NMR (400 MHz, DMSO-d6): δ=1.53 (s, 6H,
2×CH3), 6.01 (s, 1H, CH), 12.68 (s, 1H, OH) ppm.
13C NMR (101 MHz, DMSO-d6): δ=23.6 (2×CH3),
87.8 (CH), 92.2 (quaternary C), 169.2 (C–OH) ppm.

5-Oxa-6-thiaspiro[3.4]octan-8-one 6,6-dioxide
(3b) was obtained from O-mesylated α-hydroxy ester
2b (729 g). Yield 333 g (1.89 mol, 54%). White
solid, mp=97–980C. 1H NMR (400 MHz,
DMSO-d6): δ=1.79 (q, J=8.8 Hz, 1H, CH2

cyclobutyl), 1.85–2.00 (1H, m, CH2 cyclobutyl),
2.54 (t, J=8.8 Hz, 4H, 2×CH2 cyclobutyl), 4.65 (s,
2H, ÑÍ2) ppm. 13C NMR (101 MHz, DMSO-d6):
δ=13.5 (CH2 cyclobutyl), 33.1 (2×CH2 cyclobutyl),
52.5 (CH2), 92.9 (quaternary C), 200.0 (C=O) ppm.
MS (CI): m/z=175 [M–H]–. The physicochemical
properties and spectra date are identical to that described
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elsewhere [3].
Spectra data for 8-hydroxy-5-oxa-6-

thiaspiro[3.4]oct-7-ene 6,6-dioxide (4b, an enol
form of 3b). 1H NMR (400 MHz, DMSO-d6):
δ=1.70–2.01 (m, 2H, CH2 cyclobutyl), 2.54 (t,
J=8.3 Hz, 4H, 2×CH2 cyclobutyl), 6.03 (s, 1H, CH),
12.86 (s, 1H, OH) ppm. 13C NMR (101 MHz,
DMSO-d6): δ=12.7 (CH2 cyclobutyl), 32.6 (2×CH2

cyclobutyl), 86.7 (CH), 91.9 (quaternary C), 167.0
(C–OH) ppm.

Results and discussion

Having developed a multi-hundred-gram scale
synthesis of β-keto γ-sultones 3a,b, we focused on a
study of their tautomerization (Scheme 2).

molecule played a crucial role in the enolization
process. Our assumption was supported by the results
of previous studies, which proved that the oxygen
atom of the DMSO molecule acts as a hard Lewis
base, forming stronger H-bonds than those with water
[10].

Building the theoretical model for the DMSO-
assisted enolization of β-keto γ-sultones, we
hypothesized that both tautomeric forms existed as
solvates in DMSO medium (i.e., keto form 3•DMSO
and enol form 4•DMSO), which might greatly
facilitate the enolization reaction. Thus, keto tautomers
formed the corresponding solvates 3•DMSO through
a weak H-bonding of the CH2 group with the oxygen
atom of the DMSO molecule. In turn, enol tautomers
4•DMSO formed a significantly stronger H-bond of
the OH group with the oxygen atom of the DMSO
molecule [3]. This statement was confirmed by the
variable temperature 1H NMR spectra of β-keto
γ-sultone 3b in DMSO d6. Specifically, the peaks
corresponding to the enol form and water broadened
and moved toward coalescence upon heating, indicating
rapid proton exchange. At the same time, the signals
of cyclobutyl CH2 protons of both keto and enol
tautomers shifted away from the coalescence point,
which was particularly evident for two signals at
1.8–1.9 ppm (Fig. 2).

Variable temperature 1H NMR measurements
revealed coupled chemical exchange processes occurring
at different rates, prompting further investigation using
the two-dimensional exchange spectroscopy
(2D EXSY). These experiments belong to an NMR
technique that has a great opportunity for elucidating
molecular dynamics, such as chemical or
conformational changes [11,12]. 2D EXSY studies
focus on slow molecular motions to provide valuable
insight into the kinetics of exchange processes, allowing
the determination of rate constants and activation
barriers [13,14].

EXSY uses the same pulse sequence as the
NOESY (nuclear Overhauser effect spectroscopy)
experiment, observing the magnetization transfer
between different spin systems through exchange.
NOESY experiment operates with magnetization
transfer by cross-relaxation using mixing times in a
range of T1 time scale. Since exchange processes
typically occur faster than nOe accumulation, EXSY
experiments generally use shorter mixing times, which
should be selected to overlap with the expected time
frame of the exchange process. As a result, the EXSY
cross-peaks have the opposite sign phase to the NOESY
cross-peaks and the same phase as the diagonal peaks.
This feature allows us to distinguish them within the
same 2D spectra obtained for small molecules.

The kinetic parameters of exchange processes

Scheme 2. The keto-enol tautomerism of β-keto γ-sultones

In general, the enolization of carbonyl
compounds, specifically ketones, belongs to a well-
studied reaction [8], parameters of which can be readily
determined utilizing density functional theory [9].
This background allows the creation of accurate
theoretical models for the enolization of certain
substances in a definite medium. However, the vast
majority of the suggested models take into account
the acid, base, or polarity of the solvent (medium),
and only a few recent models take into account explicit
solvation. To our knowledge, an appropriate theoretical
model for the DMSO-assisted keto-enol
tautomerization of carbonyl compounds has not been
reported to date. Besides, this model is important for
biochemistry since the aqueous DMSO is a standard
medium for in vitro experiments.

When observing the tautomerization of sultones
3a,b in DMSO medium, we found that the addition
of water did not affect the ratio of tautomers. The
computed Gibbs free energy change for the keto-enol
tautomerism of water-solvated keto sultones also showed
that hydrated ketone tautomers 3a,b•H2O remained
more energetically favorable than the corresponding
enol hydrates 4a,b•H2O [3]. This allowed us to
conclude that the specific solvation with the DMSO
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can be derived from 2D EXSY data using the matrix
method developed by Charles Perrin [13]. For a first-
order multispin system involving chemical exchange,
the peak intensity in 2D EXSY spectra is related to
the exchange rate constant, the relaxation rate, and
the mixing time (τm) by the expression given by the
matrices [13,14]:

A=M0⋅exp(–R⋅τm)

Intensity matrix A consists of the peak volumes
extracted from the 2D EXSY spectrum with a given
mixing time (τm). Reference matrix M0 is a diagonal
matrix of equilibrium magnetization values obtained
from a 2D EXSY spectrum with a reference «zero»
mixing time (τm≈0) or simply measured from a one-
dimensional spectrum. Relaxation matrix R contains
the kinetic parameters to be determined, namely
chemical exchange and longitudinal relaxation rates.

A series of 2D EXSY spectra was recorded for
sultones 3a,b at different mixing times (10, 50, and
100 ms) in DMSO-d6 at 25

0C (Fig. 3). EXSY spectra
have reviled magnetization exchange between four
exchanging sites A–D related to proton signals of
keto-enol form of the studied sultones and

H2O•DMSO-d6 solvate. Species A and B were
assigned to the signals of the OH and CH groups of
enol form 4. The species C was assigned to the signal
of the CH2 group of ketone form 3, while species D
corresponds to the H2O•DMSO-d6 solvate.

EXSY spectra revealed 16 main peaks (4 diagonal
auto-peaks and 12 cross-peaks), which were used to
build up the intensity matrix A by measuring their
volume. The reference matrix M0 of the initial
magnetization population was generated from a 1H
NMR spectrum. Then, the relaxation matrix R was
calculated using EXSYCalc software, yielding the
corresponding rate constants. In this way, quantitative
information on the exchange dynamics between the
involved species depicted in Scheme 3 was obtained.

It should be noted that even at the lowest mixing
time τm=10 ms, measurable magnetization exchange
rate constants were obtained, indicating a fast exchange
process. The magnetization exchange rates determined
at a mixing time of 10 ms had a substantial values for
kAC, kCA, kCB, kBC, kAD, kDA, and a negligible ones for
kAB, kBA, kBD, kDB, kCD, kDC (about ≤1 s–1).
Interestingly, increasing the mixing time to 50 or
100 ms promoted a further distribution of
magnetization among the exchange sites A–D, leading

Fig. 2. Variable temperature 1H NMR spectra of β-keto γ-sultone 4b in DMSO d6 from 20 to 500C. The height of the signals of

the cyclobutyl fragment was understated
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Fig. 3. 3D view of 2D EXSY spectra of sultone 3b in DMSO-d6 at 250C with a mixing time of 10 ms (on the top)

and 100 ms (in the bottom)
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Scheme 3. Magnetization exchange rates according to the EXSY NMR spectra. Depicted in red hydrogen atoms HA,B,C,D and

their chemical shifts correspond to those ones involved in magnetization exchange, forming peaks in the 2D EXSY spectrum

to the appearance of noticeably higher rate constants
for kAB, kBA, kBD, kDB, kCD, kDC. At the same time,
kCA, kCB, kAD, kDA decreased while kCA and kCB still
remained essentially unchanged.

These experimental results demonstrated how
two coupled processes, i.e., keto-enol tautomerism
and proton exchange were reflected in the EXSY
data. At short mixing times, magnetization exchange
occurred only between directly exchanging sites,
corresponding to the chemical exchange rate constants
shown in Scheme 4. The increase in mixing time
allowed magnetization to equilibrate among all sites
due to exchange processes and longitudinal relaxation.
Therefore, we observed «pseudo» proton-exchange rate
constants, such as between the keto species C and
water, which were actually mediated through the enol
species A. Similarly, the exchange reaction between
HA and HB protons of the enol species A and B
occurred indirectly through the keto species C. These
«pseudo» proton-exchange reactions were marked with
dotted arrows (Scheme 3). Therefore, kinetic
parameters of coupled chemical equilibrium should
be determined from EXSY data acquired at short
mixing times, when spin diffusion contributions are
negligible (τm=10–50 ms).

Having the established cyclic network of
magnetization exchange processes, we took into account
the Onsager reciprocal relation, which states that the
product of the forward and reverse rate constants in a
closed cycle is equal. Consequently, the observed
chemical exchange constants represent a composite
contribution from the individual magnetization
exchange rates involved in the cycle. Further analysis
of the kinetics parameter clearly verified a coupled
chemical exchange process: keto-enol equilibrium and
proton exchange between enol form and the
H2O•DMSO-d6 solvate D (Scheme 4). Moreover,
the absence of proton exchange between the keto
form and water served as important evidence for the
mechanism of keto-enol tautomerization involving
DMSO. The kinetic parameters obtained and the
activation energies calculated using the Eyring equation
for chemical exchange processes are summarized in
Table.

Taking into account the above experimental
data we suggested a plausible mechanism for the
DMSO-assisted enolization of β-keto γ-sultones, which
involves the proton shift inside the 3a,b•DMSO
solvate. This process occurred through the transition
structure for proton transfer (TS) from C–H bond of
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Fig. 4. Potential energy surface for the DMSO-assisted enolization of β-keto g-sultones 3a (top) and 3b (bottom) calculated at

the PBE0/QZVP level of theory using SMD (DMSO) solvation model

sultone to DMSO molecule followed by formation 
solvated enol 4a,b•DMSO through the ion pair 
intermediate (Scheme 5).

The above mechanism for the explicit DMSO-
assisted interconversion of the tautomers 3 and 4 was
modeled by DFT calculations at the PBE0/QZVP
level of theory using SMD (DMSO) solvation model.
DFT calculations were performed using ORCA 5.0.3

software package [15]. The nature of the stationary
points of the potential energy surface was revealed
based on the calculations of harmonic frequencies
(NIMAG=0 and 1 for minima and transition
structures, respectively). The barriers for the proton
transfer from 3•DMSO through the transition state
TS are within 13–14 kcal/mol; we were able to detect
the corresponding ion pair on the potential energy



49

DMSO-assisted enolization of β-keto γ-sultones: a combined NMR and DFT study

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2026, No. 2, pp. 41-51

surface, which lie only slightly above the corresponding 
transition structures. The proton transfer in the ion 
pair resulted in exergonic formation of enol solvates 
4•DMSO that are 1–3 kcal/mol more stable than 
the starting keto solvate 3•DMSO (Fig. 4). These 
results explained and rationalized the experimental 
data, since the calculated reaction barriers were in 
complete agreement with those obtained in the EXSY 
NMR experiment.

Conclusions

As a result, we developed a cost-effective method
for the multi-hundred-gram scale synthesis of

5,5-disubstituted β-keto γ-sultones. Given the
pharmacological potential of this class of molecules,
we studied their DMSO-mediated tautomerization in
detail using NMR experiments combined with DFT
computations. In particular, 2D EXSY spectra allowed
us to obtain rate constants and experimental activation
barriers that agree well with the theoretical model
only when explicit solvation with DMSO is considered.
Since DMSO is a standard in vitro testing medium,
we hope that our model will be useful for drug
development based on enolizable molecules.

Scheme 4. Chemical exchange rates outlined the tautomer equilibrium and proton exchange

Rate constant and activation free energies for the proton exchange reactions of βββββ-keto γγγγγ-sultones in DMSO-d6 medium

(T=298 K, τττττm=10 ms)

Rate constant 
Entry Proton transfer reaction 

equation k, s
–1

 

Activation energy 

∆G, kcal/mol 

1 3a→4a k1=kCA+kCB 56.5 15.1 

2 4a→3a k–1=kAC=kBC 38.3 15.3 

3 4a→H2O k2=kAD 180 14.4 

4 H2O→4a k–2=kDA 168 14.4 

5 3b→4b k1=kCA+kCB 49.7 15.1 

6 4b→3b k–1=kAC=kBC 51.6 15.1 

7 4b→H2O k2=kAD 168 14.4 

8 H2O→4b k–2=kDA 101 14.7 

Scheme 5. A plausible mechanism for the DMSO-assisted enolization of β-keto γ-sultones 3a,b
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ÄÌÑÎ-ÎÏÎÑÅÐÅÄÊÎÂÀÍÀ ÅÍÎË²ÇÀÖ²ß βββββ-ÊÅÒÎ
γγγγγ-ÑÓËÜÒÎÍ²Â: ÊÎÌÁ²ÍÎÂÀÍÅ ÄÎÑË²ÄÆÅÍÍß
ÌÅÒÎÄÀÌÈ ßÌÐ ÒÀ ÒÔÃ

Ä.Ñ. Ì³ëîõîâ, À.Â. ßöèìèðñüêèé, À.Î. Ïîëþäîâ, À.À. Ôîê³í,
Î.Â. Äîáðèäíºâ

Ðîçðîáëåíî åêîíîì³÷íî åôåêòèâíèé ìåòîä ñèíòåçó
5,5-äèçàì³ùåíèõ 1,2-îêñàò³îëàí-4-îí 2,2-ä³îêñèä³â (β-êåòî
γ-ñóëüòîí³â) ó ìàñøòàá³ ê³ëüêîõ ñîòåíü ãðàì³â áåç âèêîðè-
ñòàííÿ ãàëîãåíîâàíèõ îðãàí³÷íèõ ðîç÷èííèê³â. β-Êåòî
γ-ñóëüòîíè ïðîÿâëÿþòü ñåëåêòèâíó ïðîòèðàêîâó àêòèâí³ñòü
³ ðîçãëÿäàþòüñÿ ÿê á³î³çîñòåðè òåòðîíîâî¿ êèñëîòè ³ ââàæà-
þòüñÿ á³î³çîñòåðàìè òåòðîíîâî¿ êèñëîòè – ïåðñïåêòèâíè-
ìè ôàðìàêîëîã³÷íèìè øàáëîíàìè, ùî ìàþòü àêòèâí³
ðåàêö³éí³ öåíòðè, ùî äîçâîëÿþòü ïîäàëüøó ñòðóêòóðíó ìî-
äèô³êàö³þ òà ìîäóëÿö³þ á³îàêòèâíîñò³. Îñê³ëüêè êåòî-
åíîëüíà òàóòîìåð³ÿ ìîæå ìàòè ñèëüíèé âïëèâ íà á³îàê-
òèâí³ñòü, âïëèâàþ÷è íà çâ’ÿçóâàííÿ ç á³îëîã³÷íèìè ì³øå-
íÿìè òà çì³íþþ÷è ô³çèêî-õ³ì³÷í³ âëàñòèâîñò³, êåòî-åíîëü-
íó òàóòîìåðèçàö³þ β-êåòî γ-ñóëüòîí³â â ñåðåäîâèù³ ÄÌÑÎ
áóëî äîñë³äæåíî çà äîïîìîãîþ EXSY (îáì³ííî¿ ñïåêòðî-
ñêîï³¿) ßÌÐ (ÿäåðíîãî ìàãí³òíîãî ðåçîíàíñó) ó ïîºäíàíí³
ç ðîçðàõóíêàìè ÒÔÃ (òåîð³¿ ôóíêö³îíàëó ãóñòèíè). Îòðè-
ìàí³ åêñïåðèìåíòàëüí³ òà ðîçðàõóíêîâ³ äàí³ ï³äòâåðäæóþòü
êëþ÷îâó ðîëü ÄÌÑÎ â êåòî-åíîëüí³é òàóòîìåðèçàö³¿ òà
ïðîòîííîìó îáì³í³ â β-êåòî γ-ñóëüòîíàõ. Ðîçðîáëåíó ìå-
õàí³ñòè÷íó ìîäåëü ìîæíà çàñòîñîâóâàòè äî ³íøèõ êàðáî-
í³ëüíèõ ñïîëóê òà ðîç÷èííèê³â, à òàêîæ äî ñïîëóê, ùî
ñïðèÿþòü ¿õ åíîë³çàö³¿.

Êëþ÷îâ³ ñëîâà: öèêë³çàö³ÿ; ñóëüôîíàòè; β-êåòî
γ-ñóëüòîíè; EXSY (îáì³ííà ñïåêòðîñêîï³ÿ); DFT-
ðîçðàõóíêè; òàóòîìåðèçàö³ÿ; ìåõàí³çì ðåàêö³¿
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DMSO-ASSISTED ENOLIZATION OF βββββ-KETO
γγγγγ-SULTONES: A COMBINED NMR AND DFT STUDY

D.S. Milokhov a, A.V. Yatsymyrskyi a, A.O. Poliudov b,
A.A. Fokin b, A.V. Dobrydnev a, c, *

a Taras Shevchenko National University of Kyiv, Kyiv,
Ukraine

b National Technical University of Ukraine «Igor Sikorsky
Kyiv Polytechnic Institute», Kyiv, Ukraine

c Enamine Ltd., Kyiv, Ukraine
* e-mail: alexey.pierrot@gmail.com

A cost-effective method for the synthesis of 5,5-
disubstituted 1,2-oxathiolan-4-one 2,2-dioxides (β-keto
γ-sultones) on a several-hundred-gram scale without the use of
halogenated organic solvents has been developed. β-Keto γ-sultones
exhibit selective anticancer activity and are considered bioisosteres
of tetronic acid, promising pharmacological templates that possess
active reactive centers allowing further structural modification
and modulation of bioactivity. Because keto-enol tautomerism
can strongly impact bioactivity by influencing binding interactions
with biological targets and altering physicochemical properties,
the keto-enol tautomerization of β-keto γ-sultones in DMSO
was studied using EXSY NMR (exchange spectroscopy) in
combination with DFT (density functional theory) calculations.
The obtained experimental and computational data confirm the
key role of DMSO in keto-enol tautomerization and proton
exchange in β-keto γ-sultones. The developed mechanistic model
can be applied to other carbonyl compounds and solvents, as well
as to compounds that facilitate their enolization.

Keywords: cyclization; sulfonates; β-keto γ-sultones;
EXSY; DFT calculations; tautomerization; reaction mechanism.
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