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MOLECULAR AND CRYSTAL STRUCTURES
OF 4-CYANO-3(2H)-FURANONES AND STRUCTURAL
EFFECTS IN 'H NMR SPECTRA*

A. V. Afonin'**, A. V. Vashchenko',
0. G. Volostnykh', A. V. Stepanov’,
and A. G. Mal'kina'

Features of the molecular structure in crystals of a series of functionalized 4-cyano-3(2H)-furanones with
a spiro-cyclohexane substituent or two methyl groups at position 2 of the furanone ring and also an aryl or
heteroaryl substituent at position 5 are analyzed in comparison with the literature data. Effects appearing in
'H NMR spectra, which are caused by the features of the molecular structures of these compounds are
interpreted. Their crystal structure is considered and intermolecular interactions responsible for the

supramolecular architecture of the crystals formed are revealed.
DOI: 10.1134/S0022476619060131
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INTRODUCTION

Functionalized 3(2H)-furanones have an exclusively broad spectrum of application in medicine and pharmacology.
Thus, the furanone moiety is contained in the composition of many drugs such as bullatenone [1], geiparvarine [2],
eremantholide A [3], jatrophone [4], pseurotin A [5], and (—)-englerin A [6]. 3(2H)-Furanone derivatives are considered to be
promising precursors in the production of pharmaceuticals exhibiting antitumor [7-10], antiulcer [11], and antiallergic [12]
activities, and also selective inhibition of the activity of cyclooxygenase-2 [13-15], monoamine oxidase-B [10, 15-17], and
human tyrosinase [18]. Moreover, a series of functionally substituted 3(2H)-furanones are applied as nonsteroid anti-
inflammatory [14, 19], analgesic [12, 20], and anticancer [8-10, 15, 21] drugs used in the treatment of metabolic disorders
[20]. Recently [22-26], based on the reaction of tertiary cyanopropargyl alcohols with carboxylic acids in the presence of
triethylamine a series of 4-cyano-3(2H)-furanones functionalized by pharmacophore substituents were synthesized. Among
them are: 4-oxo-2-(thiophen-2-yl)-1-oxaspiro[4.5]dec-2-ene-3-carbonitrile (1), 2-(benzo[b]thiophen-2-yl)-4-oxo-1-
oxaspiro[4.5]dec-2-ene-3-carbonitrile (2) [22], 2-(naphthalen-1-yl)-4-ox0-1-oxaspiro[4.5]dec-2-ene-3-carbonitrile (3) [23]
and 2-[1-vinyl-5-(4-chlorophenyl)-1H-pyrrol-2-yl)-4-oxo-1-oxaspiro[4.5]dec-2-ene-3-carbonitrile (4) [24], 2-(1-vinyl-1H-
pyrrol-2-y1)-5,5-dimethyl-4-ox0-4,5-dihydrofuran-3-carbonitrile (5) and 5,5-dimethyl-2-(1-vinyl-5-phenyl-4-ethyl-1H-pyrrol-
2-yl)-4-0x0-4,5-dihydrofuran-3-carbonitrile (6) [24], and also 5,5-dimethyl-4-ox0-2-phenyl-4,5- dihydrofuran 3-carbonitrile
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Scheme 1. Synthesis of 4-cyano-3(2H)-furanones 1-7 and 3-cyanomethylene-4,5-dihydrofuran 8.

(7) [25], (2£)-1-(3-cyano-4-(cyanomethylene)-1-oxaspiro[4.5]dec-2-ene-2-yl)cyclohexyl 1-vinyl-5-(4-chlorophenyl)-1H-
pyrrole-2-carboxylate (8) [26] (Scheme 1).

The structure of 4-cyano-3(2H)-furanones 4-7 and 3-cyanomethylene-4,5-dihydrofuran 8 is proved by X-ray
crystallography (CCDC codes 1449929, 1411948, 1411949, 772519, and 992073 respectively) [24-26], however, the
molecular and crystal structures of these compounds has not been discussed. The X-ray crystallographic data for 1-3
molecules is presented for the first time. In order to generalize the X-ray crystallographic data for known 4-cyano-3(2H)-
furanones whose single crystals were obtained, the molecular and crystal structures of compounds 1-7, and also compound 8

with a heterocyclic fragment having a similar structure, were studied in detail in this work.
EXPERIMENTAL

The synthesis of compounds 1-8 was described in [22-26] (see INTRODUCTION). The crystals of compounds 1, 2,
and 3, representing yellow plates, colorless and yellow prisms, respectively, were obtained by slow evaporation of solutions
of the compounds in acetone.

The X-ray diffraction experiment was performed on a single crystal Bruker D8 Venture diffractometer with a Photon
100 detector using w—@ scanning. The main crystallographic characteristics and parameters of the experiment are listed in
Table 1. The reflection intensity was integrated using the Bruker SAINT program package. The X-ray absorption correction
was applied from the analysis of equivalent reflection intensities. After their averaging only independent reflections were
used. The model was searched for by direct methods using the SHELXS program [27]. As a result, the coordinates of all non-
hydrogen atoms were found. Positions of hydrogen atoms were determined in the riding model. The obtained structure was
refined by the least squares technique using the SHELXL program [27].

Full information on the crystal structure of compounds 1, 2, and 3 has been deposited with the Cambridge
Crystallography Data Center (CCDC Nos. 1868513, 1868515, and 1868514 respectively).

'H NMR spectra of compounds 1, 4, and 5 were measured on a Bruker DPX-400 spectrometer (400.1 MHz) in
a CDCl; solution with TMS as the internal standard.

The main results were obtained using the facilities of the Baikal Analytical Center, Siberian Branch, Russian

Academy of Sciences.
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TABLE 1. Crystallographic Data and Details of the X-Ray Diffraction Experiment

Compound 1 2 3
Formula CsH3NO,S CisHsNO,S CyH7NO,
M, g/mol 259.31 309.37 303.35
Crystal system Triclinic Orthorhombic Monoclinic
Space group P-1 Pcnb P2,/n
a, A 7.0895(3) 7.0760(3) 11.829(9)
b, A 11.1436(4) 19.4721(8) 9.589(7)
c, A 16.0985(6) 22.5722(10) 14.318(10)
a, deg 80.9020(10) - -
B, deg 87.2040(10) - 99.52(3)
v, deg 83.2170(10) - -
v, A’ 1246.44(8) 3110.1(2) 1602(2)
Z 4 8 4
Peale, g/cm’ 1.382 1.321 1.258
Absorption coefficient, mm ™' 0.25 0.21 0.08
Wavelength A, A MoK, 0.71073 MoK, 0.71073 MoK, 0.71073
Temperature, K 273.0(2) 273.0(2) 293.0(2)
20, deg 5.4-46.2 5.2-48.6 5.0-46.2
Crystal dimensions, mm 0.77x0.73x0.37 0.83%x0.54x0.24 0.90x0.44x0.38
Crystal description Yellow plates Yellow prisms Colorless prisms
F(000) 544 1296 640
Total number of reflections 33384 57021 34388
Number of indep. reflections 5707 3645 3414
Number of parameters 320 199 208
R,/ wR (F?) 0.0450/0.1178 0.0584/0.1807 0.0456/0.1537
Ry 0.034 0.061 0.033
GOOF | F* 1.03 1.03 1.16
Max and min el. density, e/A* 1.87 and —0.73 0.99 and —0.44 0.17 and -0.23
Weight scheme, w = 1/[cX(F§)+(0.0539P)* + w=1/[cXFg)+(0.095P+ | w=1/[c*(Fg)+
P=(Fg+2F})3 +1.665P] +1.539P] +(0.1PY]
CCDC code 1868513 1868515 1868514
RESULTS AND DISCUSSION

Molecular structures of compounds 1-8 and atomic numbering are depicted in Fig. 1a—A. The crystal structures of 1
and 7 contain two crystallographically independent molecules in the unit cell, which differ in the values of dihedral angles
between the heterocyclic (aryl) fragments.

In the molecules of 1-8 the 4-cyano-3(2H)-furan (or 4-cyano[3-cyanomethylene]-2,3-dihydrofuran) component is almost
planar. The maximum mean square deviation of atoms from the plane formed by atoms of this part of the 1-8 molecules
marks the position in the molecule of 8 (0.028 A). Heterocyclic fragments in the molecules of 1, 2, 4-6 have the syn(O,S)-
arrangement. In the molecules of 1-4, and 8 the 2-spiro-cyclohexane moiety is in the canonical chair conformation. In the
same molecules the plane of the heterocyclic component and the conventional plane of spiro-cyclohexane in the chair
conformation (i.e. the plane formed by four atoms of this fragment) are nearly orthogonal. The respective dihedral angle is
within 84.4-90°, with the conventional plane of the chair-like cyclohexane fragment being always oriented to the endocyclic

oxygen atom of the furanone ring.
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Fig. 1. ORTEP diagram of the molecular structure of 4-cyano-3(2H)-furanones 1 (a), 2 (b),
3(c), 4(d),5(e), 6(f), 7 (2) and 3-cyanomethylene-4,5-dihydrofurane 8 (%) (50% probability
thermal ellipsoids). ORTEP diagram of the molecular structure of 7 is taken from [ 25 ].
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Methyl groups at position 2 of the furanone ring are non-equivalent in the molecules of 6 and 7; differences in the
C(C=N)-C(0)-C(2)-CHj; dihedral angles are 8.0° and 4.7° (7.7°)" respectively. At the same time, 2-methyl groups in the
molecule of 5 are almost equivalent; the difference in the dihedral angles mentioned decreases to 0.5°.

In the crystal, the molecule of 5 is practically planar (except 2-methyl groups). The dihedral angles between the
planes of the pyrrole and furanone rings as well as the pyrrole ring and the vinyl group are within 0.1-0.2°, which is
facilitated by the anti(O)-orientation of the vinyl group relative to the furanone ring. The other molecules studied are more or
less non-planar. Dihedral angles between the mean square planes of the furanone and thienyl (benzothienyl or phenyl) rings
in the molecules of 1, 2, and 7 are 11.6° (5.7°)*, 7.7°, and 28.2° (26.0°)* respectively. In the molecule of 3 the dihedral
angles between the mean square planes of the furanone ring and the naphthyl moiety increases to 40.3°, the latter having the
anti(O)-orientation relative to the furanone ring.

It should be noted that there is a short contact between the H(9) and H(22) hydrogen atoms of the thiophene ring and
centroids of the C=N bond, Cg[C(14)N(15)] and Cg[C(27)N(1)], the 4-cyano-3(2H)-furanone component in the molecule of
1 [reg-1u=2.679 A (2.824 A)*] (Scheme 2).

Scheme 2. Short contact
of the hydrogen atom of
the thiophene ring and the
centroid of the C=N bond
in the molecule of 1.

The cyano group is known to have substantial magnetic anisotropy manifested in the "H NMR spectra. Hydrogen
atoms on the axis perpendicular to the —C=N axis experience deshielding and their signal shifts to the lower field whereas the
hydrogen atoms located along the —C=N axis are shielded and their signal shifts to the strong field [28, 29]. A short distance
Cg(C=N)---H(9) [H(22)] explains the anomalous downfield shift of the signal from this hydrogen atom in the 'H NMR
spectrum of the 1 molecule relative to the signal from the neighboring hydrogen atom of the thiophene ring H(8)[H(23)]
(8.29 ppm and 7.32 ppm respectively, [22]") (Fig. 2a). In the absence of the anisotropy effect of the cyano group the
difference between the chemical shifts of these hydrogen atoms of the thienyl ring is less than 0.1 ppm [30, 31]. A similar
downfield shift of the signal from this hydrogen atom (~1 ppm) is observed for the entire series of synthesized 4-cyano-5-
thienyl-3(2H)-furanones [22], indicating the syn(O,S)-orientation of heterocycles in the entire series of these compounds.

Since the naphthyl moiety has the anti(O)-orientation relative to the furanone ring in the molecule of 3, there is
a short contact between the H(4) hydrogen atom and the centroid of the C=N bond, Cg[C(12)N(1)] (rcg--1u = 2.792 A). This
enables the interpretation of a significant downfield shift of the H(4) signal in the "H NMR spectrum of the 3 molecule
relative to the signal from the neighboring H(5) hydrogen atom of the naphthyl moiety (8.10 ppm and 7.63 ppm respectively,
[23]**) as the anisotropy effect of the cyano group. Since in the 7 molecule there is a similar short contact between H(11A)
and H(11B) hydrogen atoms of the aryl ring and centroids of the C=N bond, Cg[C(8A)N(9A)] and Cg[C(8B)N(9B)],

* Value in parentheses corresponds to the second crystallographically independent molecule of 1 or 7.
** in the part of [22] devoted to the spectra, the H(9)[H(22)] and H(8)[H(23)] atoms of the 1 molecule are designated as H-3'
and H-4' respectively; two crystallographically independent molecules of 1 are identical in the solution; in [23] the H(4) and
H(5) atoms of the 3 molecule are designated as H-2' and H-3'; in [24] the H(6) and H(7) atoms of 4 and 5 molecules are
designated as H-3' and H-4' respectively; in [25] the H(11A)[H(11B)] and H(12A)[H(12B)] atoms are designated as H, and
H,, respectively; two crystallographically independent molecules of 7 are identical in the solution.
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Fig. 2. Fragment of the "H NMR spectrum of molecules of 1 (a), 4 (b), 5 (c).

[rcen=2.673 A (2.701 A)*]. Their signal in the "H NMR spectrum is also shifted to the lower field relative the signal from
the neighboring H(12A) and H(12B) atoms (8.19 ppm and 7.69 ppm respectively [25]**).

In the molecules of 4 and 6 the dihedral angles between the mean square planes of the furanone and pyrrole rings,
the pyrrole and aryl rings, and also the C(5)N(1)C(9)C(10) and C(8)C(7)C(14)C(15) torsion angles between the planes of the
pyrrole ring and the vinyl group are 22.9° and 6.0°, 41.2° and 64.7°, 47.3° and 50.4° respectively. The vinyl group is in the
syn(O)-position in the 4 molecule, but in the 6 molecule it has the anti(O)-orientation relative to the furanone ring (Fig. 1d
and f respectively). The ethyl group in the 6 molecule is orthogonally oriented relative to the pyrrole ring (torsion angle
C(®)C(7)C(14)C(15) = 86.4°, Fig. 1f).

Since in the molecules of 4 and 5 the pyrrole and furanone rings take the syn(O,N)-orientation, there is again a short
contact between the H(6) hydrogen atom of the pyrrole ring and the centroid of the C=N bond, Cg[C(11)N(2)], 4-cyano-
3(2H)-furanone component (rcg-n = 2.836 A and 2.588 A respectively). Due to such a short contact an anomalous downfield
shift of the H(6) hydrogen signal is also observed in the "H NMR spectra of the molecules of 4 and 5 relative to the signal
from the neighboring H(7) hydrogen atom of the pyrrole ring (7.77 ppm, 7.77 ppm and 6.47 ppm, 6.52 ppm respectively,
[24]**) (Fig. 2b, ¢). In the absence of the anisotropy effect of the cyano group the difference between the chemical shifts of
these hydrogen atoms of the pyrrole ring are within 0.2-0.3 ppm [30, 31]. The downfield shift of this hydrogen atom signal is
retained for the entire series of synthesized 1-vinyl-pyrrolyl- and 1H-pyrrolyl-4-cyano-3(2H)-furanones [24], indicating the
syn(O,N)-orientation of heterocycles in the entire series of these compounds.

The molecule of 8 has the largest number of degrees of freedom associated with internal rotation (Scheme 3). First
of all, it should be noted that this compound, according to the X-ray crystallographic data, is the Z-isomer. The cyclohexane
ring in the side substituent, as well as the spiro-ring, has the chair conformation. Its spatial arrangement corresponds to the
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syn(0,0)-arrangement of two ether oxygen atoms (torsion angle y; [O(1)C(4)C(19)O(4)] = 47.8°) and the anti-orientation of
the carbonyl group (torsion angle y, [C(4)C(19)0O(4)C(25)] = 53.0°).
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Scheme 3.  Structure of
compound 8.

The carbonyl group in turn has the syn(O,0)-orientation relative to the furan and pyrrole rings while the vinyl group
has the syn(O)-orientation relative to the carbonyl one (torsion angles 3 [C(19)O(4)C(25)0(3)], w4 [O(3)C(25)C(5)N(1)],
and ye [C(5)N(1)C(9)C(10)] are 10.4°, 17.0°, and 39.6° respectively). Finally, the dihedral angle s between the mean square
planes of the pyrrole and phenyl rings is 8 is 58.6° (Scheme 3).

The published X-ray crystallographic data on 3(2H)-furanones with the spiro-cyclohexane substituent at the second
position are scarce. Nonetheless, for 6-acetoxy-2-(trifluoromethyl)-1-oxaspiro(4.5)dec-2-en-4-one [32] and methyl-4-(2-
methyl-4-oxo-1-oxaspiro[4.5]dec-2-en-3-yl)benzoate [33] it is found that the structure of the heterocyclic and spiro-
cyclohexane components are similar to that of the entire series of compounds 1-4, 8: the heterocyclic moiety is planar, the
cyclohexane substituent has the chair conformation, and the conventional plane of the chair is almost orthogonal to the
heterocycle plane and oriented to the endocyclic oxygen atom.

The X-ray crystallography data on 3(2H)-furanones with two methyl groups as substituents at the second position
are more numerous. In 4-(4',5'-bis(methoxy)-2'-(phenylthio)phenyl)-2,2-dimethyl-2,3-dihydrofuran-3-one [34], 7-(3-(4,5-
dihydro-5,5-dimethyl-4-oxo-2-furanyl)-but-2-enyl)-oxy-(2 H-1-benzopyran-2-one) [35], 4-acetyl-5-methoxy-2,2-
dimethylfuran-3(2H)-one and methyl-2-(4-bromophenyl)-5,5-dimethyl-4-ox0-4,5-dihydrofuran-3-carboxylate [36], 6-(6-(5,5-
dimethyl-4-oxo0-4,5-dihydrofuran-2-yl)-1,2-dihydroxy-2-methylheptyl)-4-methyl-5,6-dihydro-2 H-pyran-2-one ~ [37], 3,4-
dimethyl-7-[(3-(5,5-dimethyl-4-0x0-4,5-dihydro-2-furanyl)-2-butenyl)oxy]-2 H-chromen-2-one [16] and 4-[(3-(4,5-dihydro-
5,5-dimethyl-4-oxo0-2-furanyl)-butyl)oxy]-7H-furo(3,2-g)(1)bensopyran-7-one [38] the furanone ring is planar and methyl
groups are more or less non-equivalent. The maximum difference in =C—C(O)—C(2)—-CHj torsion angles is 8.9° [35], and the
minimum one is only 0.3° [36], which is consistent with the obtained data for compounds 5-7 studied.

The crystal packing of the molecules of 1-8 is diverse, which is caused by distinctions in the spatial structure of
4-cyano-3(2H)-furanone derivatives. The supramolecular architecture of the crystals under study is governed by several types
of intermolecular interactions: intermolecular hydrogen bonds (ordinary and bifurcated), C—H---m interactions, and
m,m-stacking interactions. Colored figures of the crystal packings in 1-8 are presented as the Supplementary Material
(Fig. la—h_SM) published in the electronic form at the site of the Journal of Structural Chemistry (http://jsc.niic.nsc.ru) and
at the site of the Springer Publishing Company (https://link.springer.com/journal/10947).

In the crystal of 1, chains are formed along the (b—c) vector and layers along the bc plane with a width equal to the
a lattice parameter (Fig. 1a_SM). The layered structure of the crystal is provided by the m,m-stacking interaction between the

thienyl rings of the face-to-face type with a displacement [39] of molecules from different layers. The distance between the
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centroids of thienyl rings of the neighboring molecules is Cg[C(1)S(1)C(2)C(9)C(8)]---Cg[C(21)-C(24)S(2)] =3.739 A,
which satisfies the criterion for the appearance of the m,m-stacking interaction (the distance between the centroids of the
interacting fragments <3.8 A [40]). The layers are linked by weak intermolecular hydrogen bonds C(5)-H(5B)---N(15),
C(29)-H(29A)--"N(1), and C(18)-H(18A)---O(4) (intermolecular distances ryo)-n=2.668 A, 2.614 A, and 2.614 A
respectively), and also intermolecular bifurcated hydrogen bonds C(13)-H(13A)---O(2)---H(24)-C(24) (ro--.y = 2.455 A and
2.612 A) which form the ring motif R22(5), and S(2)---H(13A)---O(2) (rs..y =2.994 A). The distance H---X (X=N, O, S,
Cl), which must be less than the sum of their van der Waals radii [41, 42], was used as a criterion for the formation of the
hydrogen bond (H---N <2.75 A, H---0<2.72 A, H---S <3.00 A, H---C1 < 2.95 A [43]).

The crystal structure of compound 2 is similar to that of 1 molecules (Fig. 15_SM). In this case, layers are formed
along the ¢ and b axes with a layer width of 1/2a. This is promoted by the w,m-stacking interaction between the thienyl rings
of the benzothienyl moieties of molecules from different layers. The distance between the respective centroids is
Cg[C(1AA)C(9AA)C(2BA)C(3AA)S(0AA)]---Cg[C(1AA)C(9AA)C(2BA)C(3AA)S(0AA)] = 3.554 A. The layers are linked
by the intermolecular bifurcated hydrogen bond C(4BA)-H(4BA)---O(1AA)---H(6AB)-C(6AA) (ro-.=2.502 A and
2.535 A), forming the ring motif R22(10).

The crystal of 3 consists of zigzag molecular chains along the 4 axis due to which a parquet motif is formed in the
plane parallel to crystallographic b and c¢ axis (Fig. 1c._ SM) [39]. This motif is provided by C-H---n intermolecular
interactions between the phenyl rings of the edge-to-face type [44] C(15)-H(5)---Cg[C(1)-C(4)C(17)C(18)]
(reg-c=3.739 A, reg-.n=2.945 A) and C(16)-H(9)---Cg[C(4)C(5)C(14)-C(17)] (rcg-c=4.179 A, rcg-u=3.429 A), and
also the C—H---m hydrogen bond between the a-C—H group of the cyclohexane moiety and the m system of the phenyl ring
C(19)-H(10)---Cg[C(1)-C(4)C(17)C(18)] (rcg--c=4.305 A, rcg.u=3.348 A). The intermolecular distance between the
carbon atom of the respective C—H bond and the centroid of the n-acceptor fragment was used as a criterion for the formation
of the C-H---n hydrogen bond (r¢g-.c <4.5 A [45, 46]). Moreover, the intermolecular C(18)-H(6)---N(1) hydrogen bond is
found in this crystal (ry..; = 2.741 A).

The crystal of 4 has a layered structure along the crystallographic ¢ axis with a layer width equal to the a cell
parameter (Fig. 1d_SM). In this case, this structure is made by intermolecular hydrogen bonds C(12)-H(12A)---CI(1) and
C(10)-H(10B)---O(2) (rcioy-u=2.922 A and 2.598 A respectively), the intermolecular bifurcated hydrogen bond
C(9)-H(9):-"N(2)---H(22)-C(22) (rn-- =2.605 A and 2.691 A), forming the ring motif Ré (8), and also the intermolecular

hydrogen bond C-H---m between the o-C—H group of the cyclohexane moiety and the m system of the phenyl ring
C(13)-H(13B)---Cg[C(17)-C(22) (rcg-c = 4.367 A, rcg-n=3.493 A).

In the crystal of 5 infinite chains are formed along the crystallographic b axis due to the formation of intermolecular
hydrogen bonds C(8)-H(8)---O(2) (ro--u = 2.334 A), while the layers with a width equal to the a cell parameter are formed
along the crystallographic b and ¢ axes due to the m,m-stacking interaction between the pyrrole ligands (distance
Cg[N(1)C(5)-C(8)]---Cg[N(1)C(5)-C(8)] = 3.945 A) (Fig. 1e_SM). Similar infinite ribbons along the crystallographic b axis
are found in the crystal of 6 whereas intermolecular bifurcated hydrogen bonds C(17)-H(17)---N(2)---H(18)-C(18) (ring
motif R22 (20), rn-n=2.719 A and 2.709 A) and C(10)-H(10A)---O(2)---H(15)-C(15B) (ro.-y=2.578 A and 2.633 A)

facilitate the formation of a molecular layer with a width equal to the a cell parameter along the bc plane (Fig. 1/ SM).

In the crystal of 7 it is possible to distinguish layers oriented along the ¢ axis with a layer width of 1.2a. In the ac
plane of this crystal the parquet motif is traced (Fig. 1g SM) [39], which is stabilized by numerous intermolecular
interactions: bifurcated hydrogen bond C(7B)-H(7B)---N(9A)---H(13A)-C(13A) (ro--y =2.719 A and 2.648 A), trifurcated
hydrogen bond C(6B)-H(6B)---O(2B)---H(12A)-C(12A)[---H(14B)-C(14B)] (ro..n=2.655A, 2.688 A, and 2.597 A

respectively) that generates ring motifs R22 (9) and R32 (10), and also intermolecular interactions C—H- -7 between the phenyl
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rings of the edge-to-face type C(12B)-H(12B)---Cg[C(10A)-C(15A)] (rcg-c=3.912 A, reg-y=3.253 A) and C(13B)-
H(13B)---Cg[C(10A)-C(15A)] (rcg—c =3.907 A, reg-1 = 3.270 A).

In the crystal of 8 it is possible to distinguish molecular ribbons along the (c—a) vector, which are located in
orthogonal planes (Fig. 12 SM). In the crystal under study the molecular ordering is generated by intermolecular hydrogen
bonds C(10)-H(10A)---CI(1) (ring motif R22 (20) e = 2.940 A), the C(17)-H(17)---O(3) (ro--.y = 2.604 A) and C-H---
interaction of T-shaped stacking [47] between the aryl and pyrrol rings of the neighboring molecules C(30)—
H(30)--Cg[N(1)C(5)-C(8)] (rcg—c =3.519 A, reg-y = 2.716 A).

CONCLUSIONS

By X-ray crystallography the molecular and crystal structures of a series of functionalized 4-cyano-3(2H)—furanones
having a spiro-cyclohexane substituent or two methyl groups at position 2 of the furanone ring and also aryl or heteroaryl
substituents at position 5 are studied. In all molecules the cyanofuranone component is planar. The spiro-cyclohexane moiety
has the chair configuration; its conventional plane is almost orthogonal to the furanone ring plane and oriented to the
endocyclic oxygen atom. Methyl groups at position 2 are more or less non-equivalent. The heterocyclic substituent at position
5 has the syn-orientation relative to the furanone ring. Unsaturated fragments are more or less out of the plane of the furanone
ring, except the 5 molecule having a planar structure.

The molecular structure of the studied compounds generates the appearance of a short contact between hydrogen
atoms at the a-position of the substituent at position 5 of the furanone ring and the centroid of the C=N bond, which results in
a downfield shift of the signal from this hydrogen atom in the "H NMR spectra relative to that of the hydrogen atom at the
B-position. The shift may underlie the conformational analysis of functionalized 4-cyano-3(2H)-furanones in the solution.

The architecture of the crystals formed by the molecules of the series studied is governed by several types of
intermolecular interactions: intermolecular hydrogen bonds (ordinary and bifurcated), C—H-- -7 interaction, and 7,m-stacking

interactions that form supramolecular chain motifs and the layered structure.
CONFLICT OF INTERESTS
The authors declare that they have no conflict of interests.

REFERENCES

1. M. Reiter, H. Turner, R. Mills-Webb, and V. Gouverneur. J. Org. Chem., 2005, 70, 8478.
2. D. Villemin, P.-A. Jaffres, and M. Hachemi. Tetrahedron Lett., 1997, 38, 537.
3. Y.Liand K. Hale. J. Org. Lett., 2007, 9, 1267.
4. M. Pertino, G. Schmeda-Hirschmann, L. S. Santos, J. A. Rodriguez, and C. Theoduloz. Z. Naturforsch., 2007, 62b, 275.
5. M. Ishikawa, T. Ninomiya, H. Akabane, N. Kushida, G. Tsujiuchi, M. Ohyama., S. Gomi, K. Shito, and T. Murata.
Bioorg. Med. Chem. Lett., 2009, 19, 1457.
6. Y. Akbulut, H. J. Gaunt, K. Muraki, M. J. Ludlow, M. S. Amer, A. Bruns, N. S. Vasudev, L. Radtke, M. Willot, S. Hahn,
T. Seitz, S. Ziegler, M. Christmann, D. J. Beech, and H. Waldmann. Angew. Chem. Int. Ed., 2015, 54, 3787.
7. Y. Ishida, H. Tsuruta, S. T. Tsuneta, T. Uno, K. Watanabe, and Y. Aizono. Biosci. Biotechnol. Biochem., 1998, 62,
2146.
. S. Chimichi, M. Boccalini, B. Cosimelli, F. Dall’Acqua, and G. Viola. Tetrahedron, 2003, 59, 5215.
9. J.P. Rappai, V. Raman, P. A. Unnikrishnan, S. Prathapan, S. K. Thomas, and C. S. Paulose. Bioorg. Med. Chem. Lett.,
2009, 19, 764.
10. M. Egi, K. Azechi, M. Saneto, K. Shimizu, and S. Akai. J. Org. Chem., 2010, 75,2123.

987



11.
12.

13.

14.

15.
16.

17.
18.
19.
20.
21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

988

S. W. Felman, I. Jirkovsky, K. A. Memoli, L. Borella, C. Wells, J. Russell, and J. Ward. J. Med. Chem., 1992, 35, 1183.
R. A. Mack, W. . Zazulak, L. A. Radov, J. E. Baer, J. D. Stewart, P. H. Elzer, C. R. Kinsolving, and V. S. Georgiev. J.
Med. Chem., 1988, 31, 1910.

F. E. Silverstein, G. Faich, J. L. Goldstein; L. S. Simon, T. Pincus, A. Whelton, R. Makuch, G. Eisen, N. M. Agrawal,
W. F. Stenson, A. M. Burr, W. W. Zhao, J. D. Kent, J. B. Lefkowith, K. M. Verburg, and G. S. Geis. J. Am. Med.
Assoc., 2000, 284, 1247.

S. S. Shin, Y. Byun, K. M. Lim, J. K. Choi, K.-W. Lee, J. H. Moh, J. K. Kim, Y. S. Jeong, J. Y. Kim, Y. H. Choi,
H.-J. Koh, Y.-H. Park, Y.I. Oh, M.-S. Noh, and S. Chung. J. Med. Chem., 2004, 47, 792.

B. Crone and S. F. Kirsch. J. Org. Chem., 2007, 72, 5435.

A. Carotti, A. Carrieri, S. Chimichi, M. Boccalini, B. Cosimelli, C. Gnerre, A. Carotti, P.-A. Carrupt, and B. Testa.
Bioorg. Med. Chem. Lett., 2002, 12, 3551.

S. Chimichi, M. Boccalini, G. Cravotto, and O. Rosati. Tetrahedron Lett., 2006, 47, 2405.

S. Okombi, D. Rival, S. Bonnet, A.-M. Mariotte, E. Perrier, and A. Boumendjel. J. Med. Chem., 2006, 49, 329.

J. L. Shamshina and T. S. Snowden. Tetrahedron Lett., 2007, 48, 3767.

J.-K. Jung, G. Semple, and B. R. Johnson. U.S. Patent 7803837 B2, 2010.

R. F. W. Jackson and R. A. Raphael. Tetrahedron Lett., 1983, 24, 2117.

A. G. Mal'’kina, O. G. Volostnykh, A. V. Stepanov, 1. A. Ushakov, K. B. Petrushenko, and B. A. Trofimov. Synthesis,
2013, 45, 3435.

A. G. Mal'kina, O.G. Volostnykh, K. B. Petrushenko, O. A. Shemyakina, V.V. Nosyreva, 1. A. Ushakov, and
B. A. Trofimov. Tetrahedron, 2013, 69, 3714.

A. G. Mal'kina, O. A. Shemyakina, A. V. Stepanov, O. G. Volostnykh, I. A. Ushakov, L. N. Sobenina, T. N. Borodina,
V. 1. Smirnov, and B. A. Trofimov. Synthesis, 2016, 48, 271.

B. A. Trofimov, O.A. Shemyakina, A.G. Mal'kina, I. A. Ushakov, O.N. Kazheva, G.G. Alexandrov, and
0. A. Dyachenko. Org. Lett., 2010, 12, 3200.

A. G. Mal’kina, A. V. Stepanov, L. N. Sobenina, O. A. Shemyakina, I. A. Ushakov, V. I. Smirnov, and B. A. Trofimov.
Synthesis, 2016, 48, 1880.

G. M. Sheldrick. Acta Crystallogr., 2008, D64, 112.

H. Giinther. NMR Spectroscopy. An Introduction. John Wiley & Sons: Chichester-New-Y ork-Brisbane-Toronto, 1980.
A. V. Afonin, A. V. Vashchenko, A. I. Albanov, V. V. Nosyreva, A. G. Mal’kina, John Wiley & Sons B. A. Trofimov.
Magn. Reson. Chem., 2017, 55, 563.

A. V. Afonin, S. Yu. Kuznetsova, 1. A. Ushakov, V. K. Voronov, A. I. Mikhaleva, and E. Yu. Shmidt. Russ. J. Org.
Chem., 2002, 38, 1655.

A. V. Afonin, 1. A. Ushakov, S. Yu. Kuznetsova, O. V. Petrova, E. Yu. Schmidt, and A. I. Mikhaleva. Magn. Reson.
Chem., 2002, 40, 114.

D. N. Bobrov, A. S. Lyakhov, A. A. Govorova, and V. I. Tyvorskii. Chem. Heterocyclic Comp., 2000, 36 (8), 899-904.

C. Qi, H. Jiang, L. Huang, G. Yuan, and Y. Ren. Org. Lett., 2011, 13, 5520.

D. G. McCarthy, C. C. Collins, J. P. O'Driscoll, S. E. Lawrence. J. Chem. Soc., Perkin Trans. 1, 1999, 3667.

B. H. Toder, D. Boschelli, and A. B. Smith. J. Cryst. Mol. Struct., 1979, 9, 189.

H. Burghart-Stoll and R. Bruckner. Org.Lett., 2011, 13, 2730.

J. Liu, X.-F. He, G.-H. Wang, E.F. Merino, S.-P. Yang, R.-X. Zhu, L.-S. Gan, H. Zhang, M. B. Cassera,
H.-Y. Wang, D. G. I. Kingston, and J.-M. Yue. J. Org. Chem., 2014, 79, 599.

C. Terreaux, M. Maillard, H. Stoeckli-Evans, M. P. Gupta, K. R. Downum, J. M. E. Quirke, and K. Hostettmann.
Phytochemistry, 1995, 39, 645.

I. Yu. Bagryanskaya. J. Strust. Chem., 2009, 50, S182.

C. Janiak. J. Chem. Soc. Dalton Trans., 2000, 3885.



41.

42.

43.
44.
45.
46.
47.

E. Arunan, G. R. Desiraju, R. A. Klein, J. Sadlej, S. Scheiner, I. Alkorta, D. C. Clary, R. H. Crabtree, J. J. Dannenberg,
P. Hobza, H. G. Kjaergaard, A. C. Legon, B. Mennucci, and D. J. Nesbitt. Pure Appl. Chem., 2011, 83, 1619.

E. Arunan, G. R. Desiraju, R. A. Klein, J. Sadlej, S. Scheiner, I. Alkorta, D. C. Clary, R. H. Crabtree, J. J. Dannenberg,
P. Hobza, H. G. Kjaergaard, A. C. Legon, B. Mennucci, and D. J. Nesbitt. Pure Appl. Chem., 2011, 83, 1637.

A. Bondi. J. Phys. Chem., 1964, 68, 441.

H. Adams, F. J. Carver, C. A. Hunter, J. C. Morales, and E. M. Seward. Angew. Chem. Int. Ed. Engl., 1996, 35, 1542.
M. Brandl, M. S. Weiss, A. Jabs, J. Stihnel, and R. Hilgenfeld. J. Mol. Biol., 2001, 307, 357.

M. Nishio, Y. Umezawa, J. Fantini, M. S. Weiss, and P. Chakrabarti. Phys. Chem. Chem. Phys., 2014, 16, 12648.

M. O. Sinnokrot, E. F. Valeev, and C. D. Sherrill. J. Am. Chem. Soc., 2002, 36, 10887.

989




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 650
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


