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The stable products of reactions of mucochloric acid and some of its ethers with 2-mer-
captoacetic acid were synthesized and characterized. The variation of experimental conditions
allowed targeted introduction of a sulfur-containing fragment into particular position of the
heterocycle: the reaction in aqueous potassium hydroxide gives 3-substituted 2(5H)-furanone,
the triethylamine additive in nonaqueous solvents facilitates the formation of 4-substituted
products, and acid catalysis results in the replacement of the hydroxy (methoxy) group at C(5).
(3,4-Dichloro-2-ox0-2,5-dihydrofuran-5-ylthio)ethanoic acid and (3-chloro-5-hydroxy-
2-0x0-2,5-dihydrofuran-4-ylthio)ethanoic acid were characterized by X-ray diffraction; their
crystal and gas-phase structures were discussed. The 5-monosubstituted product crystallizes as
a racemate, while 4-monosubstituted product, as a conglomerate.
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Mucochloric acid (3,4-dichloro-5-hydroxy-2(5H)-
furanone) is one of the most readily accessible and reac-
tive representatives of five-membered oxygen-containing
heterocycles whose derivatives play an important role
in both theoretical and applied organic chemistry.
2(5H)-Furanone structural fragments are parts of natural
biologically active compounds such as clavacin, penicillic
acid, vitamin C, and synthetic pharmaceutical sub-
stances.!=* The interest in mucochloric acid from
the standpoint of theoretical and experimental organic
chemistry is due to its structural features (ring—chain
tautomerism) and to the presence of a number of reaction
centers owing to which this acid and its derivatives can be
involved, as effective building blocks, in reactions with
nucleophilic, electrophilic, and other reagents.! A large
number of publications are devoted to reactions of
2(5H)-furanones with N-, C-, O-, and P-nucleophiles;
however, among reactions with S-nucleophiles, only those
with thiols were described.5—11

Our recent studies of reactions of mucochloric acid
with various sulfur-containing nucleophiles!=13 were

* Dedicated to Academician A. I. Konovalov on his 75th birthday.

mainly aimed at elucidating the conditions for selective
thiolation, preparation of sulfides of different structural
types, investigation of their spatial and electronic struc-
tures, and the possibilities to be involved in intermole-
cular contacts. This appears especially important in view
of the hypothetical high biological activity of this class
of compound as predicted by the PASS (Prediction of
Activity Spectra for Substances) program!415 available on
the Internet (most likely are antiinflammatory, dermato-
logical, and antiarthritic activities and antiviral, antiathero-
sclerotic, antipruritic, and hypolipidemic actions).

Previously, we studied the reactions of mucochloric
acid and some its derivatives with substituted thiophenols
and found conditions for selective introduction of arylthio
substituents into various positions of the furanone ring.!!
The use of sulfur-containing binucleophilic reagents
(ethane-1,2-dithiol'2 and 2-mercaptoethanol'?) furnished
nucleophilic substitution products including mono- and
bicyclic and unexpectedly acyclic ones.

The purpose of this work was to study the reactivity of
mucochloric acid, its ethers, and some other derivatives
with respect to 2-mercaptoacetic acid and to prepare and
characterize the fine structure of products containing a
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2-mercaptoacetic acid fragment in heterocycle positions
3,4, and 5.

The reactions of mucochloric acid 1 and its methyl
ether 2 with 2-mercaptoacetic acid carried out in benzene
in the presence of catalytic amounts of concentrated
sulfuric acid resulted in the product of replacement of
the hydroxy group at the C(5) atom of the lactone ring
(Scheme 1).

Scheme 1
I I
cl 3 HSCH,COOH cl %
45 H,S0, (conc.), CgHg
R R PN
H OR H S COOH
15 6,7

R=Cl(1—4, 6), p-TolS (5, 7); R =H (1, 5), Me (2), Et (3), Pr' (4)

Similar reactions with ethyl (3) and isopropyl (4)
mucochlorates did not proceed even on long-term reflux-
ing of the reactants. Only the starting ethers and 2-mer-
captoacetic acid were recovered from the reaction mix-
tures. On increasing the reaction temperature, resinifica-
tion of the reaction mixtures took place.

The reaction of 4-(p-tolylthio)-substituted furanone 5
with 2-mercaptoacetic acid in the presence of concen-
trated sulfuric acid follows a similar route with replacement
of the hydroxy group to give sulfide 7 (see Scheme 1).

The structures of new compounds 6 and 7 were proved
by IR and 'H NMR spectroscopy; the structure of com-

H(3)

o) C()

Fig. 1. Geometry of molecule 6 in the crystal. Interatomic dis-
tances (in A) are marked by dashed line.

pound 6 was additionally confirmed by X-ray diffraction
study. According to X-ray diffraction data (Fig. 1, Table 1),
the five-membered ring is planar (within 0.009(4) A),
which is typical of both the proper mucochloric acid!®
and the products of its reactions with thiophenols.!! The
molecules of 6 in the crystal occur in a “coiled” confor-
mation in which the terminal carbonyl group C(7)=0(7)
and the endocyclic bond O(1)—C(2) are spatially proxi-
mate. The structure has short contacts, C(7)...0(1)
(3.071(4) A) and C(2)...0(7) (3.032(5) A) (the sum of the
van der Waals radii of oxygen and carbon is 3.22 A).
Taking into account the polarity of the carbonyl group
(a partial negative charge on oxygen and a partial positive
charge on carbon) and the electron lone pair of the ring
oxygen atom, the stability of this unexpected conforma-
tion of molecules in the crystal can be attributed to
through-space electrostatic interactions of oppositely
charged atoms (see Fig. 1).

Previously,®!! it was shown that in the presence of
basic substances, 3,4-dichloro-2(5H)-furanones react with
S-nucleophiles with substitution of chlorine in position 4
of the lactone ring. The reactions of mucochloric acid 1
and its alkoxy derivatives 2—4 with 2-mercaptoacetic acid
in the presence of triethylamine in acetone follow a similar
route resulting in the products of replacement of chlorine
at the C(4) atom in the lactone ring 8—11 (Scheme 2).

Scheme 2
| |
cl | 5 HSCH,COOH Cl | 5
—_—
Et:N, Me,CO
cl e Hooc” s
H OR H OR
1-4 811

R=H (1, 8), Me (2, 9), Et(3, 10), Pr' (4, 11)

The structures of new sulfides 8—11 was proved by IR
and NMR spectroscopy. The IR spectra of compounds
8—11 contain a narrow band for the C=C stretching
vibrations in the y-lactone ring at 1590—1595 cm~!, two
strong signals at 1654—1723 and 1725—1772 cm™! for
C=0 stretching vibrations of carboxylic acids and y-lac-
tone ring, respectively, and a group of broadened bands
at 2500—3300 cm~' due to v(OH) stretching vibrations of
the carboxy group. The 'H NMR spectra of sulfides 8—11
typically exhibit a singlet for the H(5) methine proton
with 8 6.25—6.43 and an AB quadruplet with & 4.0—4.3
corresponding to the methylene protons in the 2-mercapto-
acetic acid fragment.

The structure of compound 8 in the crystalline state
was confirmed by X-ray diffraction (Fig. 2, Table 1). The
conformation of this compound differs from that observed



128

Russ.Chem.Bull., Int. Ed., Vol. 58, No. 1, January, 2009

Kurbangalieva ef al.

Table 1. Selected geometric parameters (bond lengths (d), bond angles (), and torsion angles (1)) of com-
pounds 6 and 8 in the crystals from X-ray diffraction data and in the gas phase from B3LYP/6-31G(d,p)

quantum chemical calculations

Parameter 6 8
X-Ray diffraction Monomer*  Dimer* X-Ray diffraction Monomer*
Bond d/A
S(1)—C(5) 1.793(3) 1.831 1.831 — —
S(1)—C4) — — — 1.714(8) 1.746
S(1)—C(6) 1.801(3) 1.838 1.838 1.80(1) 1.844
O(1)—C(2) 1.370(5) 1.381 1.379 1.34(1) 1.380
Oo(1)—C(5) 1.440(4) 1.433 1.434 1.45(1) 1.433
0(2)—C(2) 1.190(6) 1.197 1.198 1.21(1) 1.199
O(7)—C(7) 1.221(4) 1.211 1.233 1.22(1) 1.207
0(8)—C(7) 1.298(4) 1.347 1.309 1.32(1) 1.355
C(2)—C(3) 1.462(6) 1.491 1.490 1.47(1) 1.483
C(3)—C#) 1.324(5) 1.339 1.339 1.35(1) 1.345
C(4)—C(5) 1.492(5) 1.509 1.509 1.50(1) 1.527
C(6)—C(7) 1.505(4) 1.517 1.516 1.52(1) 1.516
Angle w/deg
C(5)—S(1)—C(6) 102.1(1) 102.8 102.7 — —
C(4)—S(1)—C(6) — — — 103.4(4) 104.1
C(2)—0(1)—C(5) 110.0(3) 110.8 110.8 110.9(7) 110.7
O(1)—C(22)—0(2) 121.3(4) 123.2 123.2 123(1) 123.2
0(2)—C(2)—C(3) 131.4(4) 129.8 129.7 128.8(9) 129.8
0(1)—C(2)—C(3) 107.3(3) 107.0 107.1 107.9(7) 106.9
C(2)—C(3)—CH“) 109.4(3) 108.6 108.6 109.3(8) 110.1
C(3)—C(4)—C(5) 109.2(3) 109.4 109.4 107.8(7) 107.5
O(1)—C(5)—C4) 104.0(3) 104.2 104.2 104.1(6) 104.8
S(1)—C(6)—C(7) 113.5(2) 114.2 113.9 109.4(6) 113.7
O(7)—C(7)—C(6) 121.4(3) 124.2 120.7 124.5(9) 124.7
0(8)—C(7)—C(6) 114.6(3) 112.1 113.8 113.7(7) 112.0
O(7)—C(7)—0(8) 124.0(3) 123.7 125.5 121.8(9) 123.3
Angle t/deg
C(6)—S(1)—C(5)—C4) 50.2(3) —48.1 —49.9 — —
C(5)—S(1)—C(6)—C(7) 68.3(3) —67.4 —68.6 — —
C(6)—S(1)—C(4)—C(5) — — — 17.5(9) 10.9
C(4)—S(1)—C(6)—C(7) — — — 79.4(7) 87.4

* Gas.

for molecule 6, in particular, it is nearly eclipsed along
the S(1)—C(4) bond (the corresponding torsion angle is
17.5(9)°), which gives rise to stereochemical conditions for
the conjugation of the sulfur lone pair with the C(3)=C(4)
multiple bond. The decrease in the C(4)—S(1) bond length
to 1.714(9) A (c¢f.: in the crystal of 6 the length of this
bond is 1.794(3) A) may serve as evidence for this conju-
gation. The conformation along the S(1)—C(6) bond is
nearly staggered, the corresponding torsion angle being
equal to 79.4(7)°.

The significant difference between the spatial struc-
tures of the crystalline state of compounds 6 and 8 was
an incentive for more thorough studies of the structure of
these compounds. Having assumed that conformations
of the two molecules in the free state should be similar and
the unusual spatial structure of 5-substituted sulfide in the
crystal is due to a packing effect and to a different motif of

intermolecular H-bonding compared to that in the 4-sub-
stituted derivative, we carried out the B3LYP/6-31G(d,p)
DFT calculations for structures of 6 and 8 in the gas-
phase taking account of the possibility of existence of

Fig. 2. Geometry of molecule 8 in the crystal.
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different conformations and additionally studied the
crystal packing motifs for both compounds by X-ray dif-
fraction. The experimental and theoretical geometric
parameters of both structures were found to be rather

Fig. 4. Network of hydrogen-bonded molecules 8.

similar (see Table 1). As expected, the most stable confor-
mations of individual compounds 6 and 8 (gas phase) are
nearly the same: the substituent SCH,COOH has a zigzag
conformation and is directed away from the furanone ring;
the “X-ray-like” structure of compound 6 is 1.39 kcal mol™!
lower in energy; the stability of the latter twisted conforma-
tion is largely determined by through-space electrostatic
interactions (according to calculation, the O(7)...C(2) and
C(7)...0(1) distances are 3.032 and 3.070 A, respectively,
the charges on the O(7), C(7), C(2), and O(1) atoms are
—0.447, 0.584, 0.640, and —0.460, respectively; the num-
bering is shown in Fig. 1). However, the crystal packing
motifs of these compounds are considerably different.
Compound 6 crystallizes as a racemate (space group
P1). Neighboring molecules 6, which represent an enan-
tiomeric pair, are connected to centrosymmetric S-shaped
dimers through classical hydrogen bond O(8)—H(8)...0(7)
(H(8)...0(7),1.86 A; O(7)...0(8), 2.679(4) A; O(8)—H(8)...0(7),
173°) (Fig. 3). The intermolecular hydrogen bonds are
strong (8AG,,, = —4.33 kcal mol~! per hydrogen bond).
Unlike compound 6, in the case of compound 8, X-ray
diffraction data indicate the presence of one enantiomer
in the crystal (space group P2,), which may attest to con-
glomerate crystallization. The system of hydrogen bonds
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in the crystal of compound 8 is much more complicated
than that in 6 due to the presence of an additional donor
center, a hydroxy group. In this case, the classical dimer
is probably no longer the most favorable supramolecular
associate. Hydrogen bonds of two types (Fig. 4) combine
molecules 8 into networks along a crystal cell diagonal.
Parameters of the O(5)—H(5)...0(2") bond [1 — x,
—1/2 + y, 1 — z]: H(5)...0(2"), 2.05 A; 0(5)...0(2"),
2.84(1) A; O(5)—H(5)...0(2"), 162°; parameters of the
O(8)—H(8)...0(7)bond [2 —x, 1/2 +y, —z]: H(8)...O(7"),
1.78 A; O(8)...0(7), 2.59(1) A; O(5)—H(5)...0(2"), 173°.

The reaction of mucochloric acid 1 with 2-mercapto-
acetic acid in the presence of alkali followed by treatment
of the reaction mixture with dilute HCI gave a product of
chlorine substitution at C(3), compound 12 (Scheme 3).
Unlike the "H NMR spectrum of compound 8 (4-substi-
tution product), in the spectrum of compound 12, the

Scheme 3

methine proton and the proton of the hydroxy group at
C(5) are responsible for doublets, which can be attributed
to the lack of intramolecular exchange interactions
between the hydroxyl and carboxyl protons in the 3-regio-
isomer product molecule 12.

It is noteworthy that selective introduction of ArS
group to positions 3, 4, and 5 of mucochloric acid mol-
ecule in previously studied! reactions with substituted
thiophenols or the SCH,COOH group in reactions with
2-mercaptoacetic acid proceed under similar experimen-
tal conditions. In the presence of acidic and basic com-
pounds, the attack of the S-nucleophile is directed on
different sites; the difference in regioselectivity is evi-
dently due to different reaction mechanisms. The mecha-
nisms we propose for the formation of the 3-, 4-, and
5-substituted products under different reaction conditions
are shown in Scheme 4.

In alkaline medium, the lactone ring is opened and
potassium mucochlorate is formed;!” in its molecule, the
C(3) atom is the most electron deficient site attacked by
the thiolate ion as a result of greater mesomeric effect of

0 R EgﬁHf_icgoH’ ? the carbonyl group compared to the carboxy group. In the
cl 2) HCI 2 HOOC._-S reactions carried out in the presence of triethylamine, the
| o | o C(4) atom is, in our opinion, most susceptible to nucleo-
Cl Cl philic attack, and halogen is replaced according to the
H OH H OH generally accepted nucleophilic vinylic substitution pat-
1 12 tern.'® With acid catalysis, the increased electrophilicity
of the C(5) atom in the protonated mucochloric acid
Scheme 4
Alkaline medium
0 o) 0 (?
cl | cl RS RS
3 OK RS- OK HCl
| o K" | - | — 0
o S -H,0 JH -CI- o H —KClI ol
H OXH @’ 4 3 4 H OH
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directs the RSH attack on the C(5) atom of the lactone
ring; this is followed by elimination of the water molecule
and the proton to give 5-thiosubstituted mucochloric acid
derivatives.

The reaction of mucochloric acid with methyl 2-
mercaptoacetate in basic and acidic media leads to the
following results. The reaction carried out in the presence
of triethylamine in acetone gives the expected product of
chlorine replacement at C(4) atom of the lactone ring of
13 (Scheme 5). In the case of acid catalysis, the above-
described sulfide 6 was isolated as a result of hydrolysis of
the ester fragment COOMe.

Scheme 5

HoS0, (conc.), ¢ |

C6H6 | o
cli
H s >COOoH
HSCH,COOMe
= 6
Et,N, Me,CO cl | |
- > o
MeooC” s
H OH
13

In summary, by varying the conditions for performing
reactions of mucochloric acid, its ethers, and its thioether
with 2-mercaptoacetic acid, it is possible, as in the case of
aromatic thiols, ! to selectively obtain 3-, 4-, and 5-mono-
substituted products. Ethers 2—4 and sulfide 5 react with
aromatic and aliphatic thiols similarly to the proper
mucochloric acid. The 5-monosubstituted product (6)
crystallizes as a racemate to give dimers usual for car-
boxylic acids. In the crystal of 4-monosubstituted product
(8), a branched system of hydrogen bonds is formed
owing to the simultaneous presence of hydroxy and
carboxy groups in the molecule. A different type of crystal
packing (more complicated system of intermolecular
interactions) may be responsible for the conglomerate
crystallization of compound 8 in a homochiral space group.

Experimental

IR spectra of crystalline samples were recorded on a
Tensor-27 FT spectrometer (Bruker) in the 4000—400 cm™!
range (Nujol was used as the carrier, the sample was placed
between KBr plates). The NMR spectra were recorded on a
Varian Unity-300 spectrometer (299.94 (‘H) and 75.13 MHz
(13C)) for solutions in acetone-d at 25 °C. The chemical shift
was referred to residual proton signals of acetone-d,. The melting
points were measured on a Boetius hot stage and were not
corrected. TLC analysis was carried out on Silufol UV-254 plates
(elution with hexane—diethyl ether, 1 : 3 v/v).

Mucochloric acid 1 (Shostka Chemical Reagents Plant,
Ukraine) was recrystalized from water, m.p. 127 °C. 3,4-Dichloro-
5-methoxy-2(5H)-furanone!? (2), 3,4-dichloro-5-ethoxy-2(5H)-
furanone?? (3), 3,4-dichloro-5-isopropoxy-2(5H)-furanone!®
(4), and 3-chloro-5-hydroxy-4-[(4-methylphenyl)thio]-2(5H)-
furanonel! (5) were synthesized by known procedures.

(3,4-Dichloro-2-0x0-2,5-dihydrofuran-5-ylthio)ethanoic acid
(6). A. Compound 1 (1.50 g, 8.88 mmol) and 2-mercaptoacetic
acid (0.62 mL, 8.88 mmol) were dissolved in anhydrous benzene
(30 mL) in a round-bottom flask equipped with a Dean—Stark
trap and a reflux condenser. Concentrated sulfuric acid (0.024 mL,
5 mol.%) was added to the resulting solution. The reaction
mixture was refluxed to complete consumption of compound 1
(16 h) according to TLC monitoring. The reaction mixture was
cooled and the resulting yellow precipitate was filtered off and
recrystallized from benzene. Yield 89%, white-colored plate
crystals, m.p. 114 °C, Rf 0.54. Found (%): C, 29.48; H, 1.32;
Cl, 28.87; S, 13.28. C,H,CI,0,S. Calculated (%): C, 29.65;
H, 1.66; Cl, 29.17; S, 13.19. IR, v/ecm™': 3160, 2689, 2575 (OH);
1799, 1698 (C=0); 1622 (C=C). '"H NMR, &: 3.45, 3.47 (AB
quadruplet, 1 H each, SCH,, J = 15.5 Hz); 6.57 (s, 1 H, H(5)).

B. Ether 2 (1.00 g, 3.60 mmol) was refluxed with 2-mercapto-
acetic acid (0.25 mL, 3.60 mmol) in benzene (30 mL) in the
presence of concentrated sulfuric acid (0.003 mL, 5 mol.%) for
26 h. The yield of compound 6 was 35%.

C. Compound 1 (1.00 g, 5.9 mmol) was refluxed with methyl
2-mercaptoacetate (0.44 mL, 5.9 mmol) in benzene (30 mL) in
the presence of concentrated sulfuric acid (0.03 mL, 0.59 mmol)
for 16 h. The yield of compound 6 was 42%.

[3-Chloro-4-(4-methylphenylthio)-2-o0x0-2,5-dihydrofuran-
5-ylthio]ethanoic acid (7) was synthesized similarly to compound
6 from sulfide 5 (0.70 g, 2.72 mmol), 2-mercaptoacetic acid
(0.19 mL, 2.72 mmol), and concentrated sulfuric acid (0.007 mL,
5 mol.%), reaction time 21 h. Yield 68%, m.p. 142—144 °C
(from a CCl,—CH,Cl, mixture), R;0.25. Found (%): C, 47.09;
H, 3.18; CI, 10.64; S, 19.25. C;H,CIO,S,. Calculated (%):
C, 47.20; H, 3.35; CI, 10.72; S, 19.39. IR, v/cm~': 3176, 2678,
2563 (OH); 1768, 1704 (C=0); 1574 (C=C). 'H NMR, &: 2.38
(s, 3 H, Me); 3.29, 3.39 (AB quadruplet, 1 H each, SCH2,
J=15.3 Hz); 6.23 (s, 1 H, H(5)); 7.30, 7.60 (AA"BB” system,
4H,Harom.,, N="J, ; +°J, ;.= 8.0 Hz).

(3-Chloro-5-hydroxy-2-oxo-2,5-dihydrofuran-4-ylthio)ethanoic
acid (8). A solution of 2-mercaptoacetic acid (0.62 mL, 8.88 mmol)
in acetone (6 mL) and then a solution of triethylamine (1.24 mL,
8.88 mmol) in acetone (4 mL) were added dropwise with vigorous
stirring to a solution of mucochloric acid 1 (1.5 g, 8.88 mmol) in
acetone (10 mL). The reaction mixture was refluxed for 4 h and
the end of the reaction was determined by TLC. The white
precipitate of Et;N+HCI was filtered off and washed with
acetone. The filtrate was concentrated in vacuo and the dark oily
residue was purified by column chromatography (elution with
hexane—ether, 1 : 3) followed by recrystallization of the main
fraction from CH,CI,. Yield 56%, white-colored precipitate,
m.p. 114 °C, R;0.28. Found (%): C, 32.41; H, 2.45; Cl, 15.99;
S, 14.27. C(H,CIO,S. Calculated (%): C, 32.08; H, 2.24; Cl, 15.78;
S, 14.28. IR, v/em™': 3296, 2685, 2564 (OH); 1725, 1654 (C=0);
1589 (C=C). '"H NMR, &: 4.09, 4.29 (AB quadruplet, 1 H each,
SCH,, J = 16.5 Hz); 6.43 (s, 1 H, H(5)).

(3-Chloro-5-methoxy-2-0x0-2,5-dihydrofuran-4-ylthio)-
ethanoic acid (9) was synthesized similarly to compound 8 from
ether 2 (0.41 g, 2.23 mmol), 2-mercaptoacetic acid (0.16 mL,
2.23 mmol), and triethylamine (0.31 mL, 2.23 mmol). Yield
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46%, white-colored precipitate, m.p. 95 °C (from a CCl,—benzene
mixture), R; 0.48. Found (%): C, 34.92; H, 2.76; Cl, 14.72;
S, 13.28. C H,CIO,S. Calculated (%): C, 35.23; H, 2.96;
Cl, 14.86; S, 13 44, IR v/em~1: 3093, 2731, 2597 (OH); 1772,
1700 (C=0); 1595 (C=C). 'H NMR, &: 3.57 (s, 3 H, OMe);
4.07, 4.21 (AB quadruplet, 1 H each, SCH,, J = 16.3 Hz); 6.25
(s, 1 H, H(9)).

(3-Chloro-5-ethoxy-2-0x0-2,5-dihydrofuran-4-ylthio)ethanoic
acid (10) was prepared similarly to compound 8 from ether 3
(0.92 g, 4.67 mmol), 2-mercaptoacetic acid (0.33 mL, 4.68 mmol),
and triethylamine (0.65 mL, 4.68 mmol). Yield 52%, colorless
crystals, m.p. 93—94 °C (from a hexane—benzene mixture),
R; 0.55. Found (%): C, 38.12; H, 3.46; Cl, 14.00; S, 12.58.
C HyClO,S. Calculated (%): C, 38.03; H, 3.59; Cl, 14.03;
S, 12 69. IR v/em~1: 3095, 2706, 2599 (OH); 1768, 1723 (C=0);
1590 (C=C). '"H NMR, &: 1.28 (t, 3 H, Me, 3J = 7.2 Hz); 3.85,
3.90 (both m, 1 H each, OCHZ, 2J=9.5Hz,3J=17.2 Hz); 4.06,
4.22 (AB quadruplet, 1 H each, SCH,, J = 16.6 Hz); 6.29 (s,
1 H, H(9)).

(3-Chloro-5-isopropoxy-2-0x0-2,5-dihydrofuran-4-ylthio)-
ethanoic acid (11) was synthesized similarly to compound 8
from ether 4 (1.00 g, 4.74 mmol), mercaptoacetic acid (0.33 mL,
4.74 mmol), and triethylamine (0.66 mL, 4.74 mmol), reaction
time 2 h. Yield 48%, colorless crystals, m.p. 89—90 °C (from a
petroleum ether—benzene mixture), R.0.49. Found (%): C, 40.23;
H, 3.98; Cl, 13.24; S, 11.89. C H”CIO S. Calculated (%):
C, 40.53; H, 4.16; Cl, 13.29; S, 12.02. IR, v/cm*1 3221, 2679,
2576 (OH); 1770, 1721 (C=0); 1594 (C=C). '"H NMR, &: 1.29,
1.33 (both d, 3 H each, Me, J = 6.1 Hz); 4.07, 4.24 (AB
quadruplet, 1 H each, SCHZ, J=16.5Hz); 4.22 (sept, 1 H, CH,
J=06.1 Hz); 6.35 (s, 1 H, H(5)).

(4-Chloro-5-hydroxy-2-o0xo0-2,5-dihydrofuran-3-ylthio)ethanoic
acid (12). A solution of mercaptoacetic acid (0.41 mL, 5.9 mmol)
and potassium hydroxide (0.66 g, 11.84 mmol) in water (12 mL)
was added dropwise with vigorous stirring to a solution of
mucochloric acid 1 (1 g, 5.9 mmol) and potassium hydroxide
(0.33 g, 5.9 mmol) in water (12 mL). The reaction mixture was
stirred for 2 h, acidified with dilute hydrochloric acid to pH 2,
and evacuated to dryness. The oily residue was purified by column
chromatography (elution with a hexane—diethyl ether mixture,
1: 3), and the product was recrystallized from chloroform. Yield
39%, m.p. 86 °C, R; 0.44. Found (%): C, 31.96; H, 2.01; CI,
15.72; S, 14.11. C H CIO,S. Calculated (%): C, 32.08; H, 2.24;
Cl, 15.78; S, 14. 28 IR v/cm*l 3311, 2682, 2569 (OH); 1760,
1705 (C=0); 1598 (C=C). 'H NMR, &: 4.08, 4.12 (AB quadruplet,
1 H each, SCH,, J = 16.2 Hz); 6.13 (d, 1 H, H(5), J/ = 8.4 Hz);
7.30 (d, 1 H, OH, J= 8.4 Hz).

Methyl (3-chloro-5-hydroxy-2-oxo0-2,5-dihydrofuran-
4-ylthio)acetate (13) was synthesized similarly to compound 8
from compound 1 (1.0 g, 5.9 mmol), methyl mercaptoacetate
(0.44 mL, 5.9 mmol), and triethylamine (0.83 mL, 5.9 mmol) in
acetone, reaction time 4 h. Yield 31%, m.p. 68 °C (from CCly),
R, 0.38. Found (%): C, 35.35; H, 2.45; Cl, 14.47; S, 13.57.
C H.CIOS. Calculated (%): C, 35.23; H, 2.96; CI, 14.86;
S 13 44. IR v/em™!: 3365 (OH); 1772, 1734 (C=0); 1591
(C=C). '"H NMR, &: 3.75 (s, 3 H, Me); 4.09, 4.30 (AB
quadruplet, 1 H each, SCH,, /= 16.3 Hz); 6.42 (s, 1 H, H(5));
7.38 (br, 1 H, OH).

X-Ray diffraction analysis. The single crystals of compounds
6 and 8 were prepared by crystallization from benzene. The
X-ray diffraction experiments were carried out on an Enraf-
Nonius CAD 4 diffractometer (graphite monochromator,

Table 2. Crystal parameters of compounds 6 and 8 and X-ray
diffraction experiment details

Parameter 6 8
Molecular formula CeH4Cl1,04S C¢H;Cl105S
M 243.05 224.61
Crystal system Triclinic Monoclinic
Space group Pl P2,
a/A 6.9452(7) 7.775(3)
b/A 7.4525(8) 6.542(1)
c/A 9.942(1) 8.865(2)
o/deg 108.895(9) 90.00
B/deg 99.925(3) 102.67(2)
v/deg 101.027(2) 90.00
V/A3 462.41(8) 439.9(2)
Z 2 2
dye/g cm™ 1.746 1.696
u/cm™! 83.08 60.34
Scanning range 486<0>74.24 5.11<6>74.20
Number of measured 1947 1022
reflections (R,;) (0.077) (0.1167)
Number of reflections 1729 669
with 1> 26(1)
Number of refined 120 119
parameters
Ry (I220(D)) 0.0837 0.0625
wR, (for all reflections) 0.2059 0.1789

MCu-Ko) = 1.54184 A, 293 K, w/26-scanning). The crystal
data and selected structure refinement parameters for 6 and 8
are summarized in Table 2. The absorption corrections were
applied using the experimental azimuthal scanning curves
(T in/ Tnax = 0-7981/0.9968 for the crystalof 6and 7, /T, - =
= O 9061 /0.9982 for the crystal of 8). The structure was solved
by the direct method.2! The positions and thermal parameters of
non-hydrogen atoms were refined in the isotropic and then in
the anisotropic approximation by the full-matrix least-squares
method. The hydrogen atoms were placed into geometrically
calculated positions and included in the refinement in the riding
model. All calculations were carried out using SHELXL-97
software.22

The structures of compounds 6 and 8 were calculated by the
B3LYP/6-31G(d,p) method using the Gaussian-98 program (see
Ref. 23) with full geometry optimization without symmetry
limitations; for all stationary points the matrix of second
derivatives was calculated. The structures had only positive
frequencies.

This work was supported by the CRDF and the Rus-
sian Federation Ministry of Education and Science (Ba-
sic Research and Higher Education Program, joint grant
REC KSU 007, No. Y2-C-07-17).
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