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The crystal structure of 1,1-dioxo-tetrahydro-1l6-thiopyran-3-one has been determined and analyzed

in terms of the topology of intermolecular interactions between the basic molecule located in the

asymmetric part of the unit cell and its first coordination sphere. Supramolecular architecture of the

crystal represents packing of strongly bonded flat layers formed mainly due to the SLO…H–C

hydrogen bonds. Comparison of the crystal structure of the title compound and its analogues

demonstrates the major role of the sulfonic group in the crystal organization. A layered structure is

observed also for cyclic sulfone without the carbonyl group and in the case of replacement of the CLO

bond by a cyclic oxygen atom. Presence of a saturated six-membered ring is a second factor

influencing the crystal structure of the title compound. Absence of a ring in the dimethylsulfone

results in formation of a highly corrugated columnar structure. Similar architecture of the crystal is

found also for the cyclohexanone. A highly corrugated columnar structure is observed also in the case

of replacement of the carbonyl group of the title compound by a considerably more polar sulfoxide S–

O bond which is more active in the formation of intermolecular hydrogen bonds than a sulfone SO2

group.

Introduction

It is well recognized that the crystal structure of molecular

crystals depends on the structure of the molecules forming the

crystal. First of all this concerns the presence and mutual

arrangement of fragments of molecules which are able to

participate in different types of intermolecular interactions. For

example, presence of a carboxyl group results in the formation of

hydrogen bonded dimers with the orientation of two neighboring

molecules by these substituents towards each other.1–3 The

appearance of an extended aromatic system very often causes the

formation of stacked dimers or even columns (see, for example

ref. 4). These and other examples represent the background of

the modern supramolecular synthons concept5–7 which tries to

explain supramolecular architecture of molecular crystals in

terms of intermolecular interactions between specific fragments

of molecules. Recent investigation of the structure of N-

(fluorophenyl)pyridinecarboxamides clearly demonstrated con-

siderable dependence of supramolecular architecture of the

crystals on position of the fluorine substituent.8 Therefore in

general it is possible to consider how the appearance of some

substituents or molecular fragments may influence the character

of the crystal packing.

However, more detailed analysis of supramolecular synthons

concept indicates that this approach is very useful mainly for

understanding of arrangement of molecules bonded by relatively

strong specific interactions (hydrogen or halogen bonds, stacking

etc.). Unfortunately, it is difficult to apply this method in the

case of the absence of such interactions. One of the main reasons

of limitations of the supramolecular synthons concept is a

geometrical approach for the determination and comparison of

intermolecular interactions. The standard way for recognition of

intermolecular interactions includes an analysis of interatomic

distances which are shorter than van der Waals radii sum.

Certainly, the geometrical parameters of the molecular com-

plexes depend on the strength of intermolecular interactions.

However, direct comparison of interactions is possible only on

the basis of values of interaction energy.

Recently,9–15 it was suggested to use the values of the energies

of a pairwise intermolecular interactions for the determination of

the main features of supramolecular architecture of the

molecular crystals. Application of such an energetic approach
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to the analysis of the crystal structure clearly demonstrated

significant advantages as compared to geometrical method.

Based on the values of the energy of intermolecular interactions

it is possible to recognize a basic structural motif (BSM) of any

crystal. A BSM represents usually an infinite fragment of a

crystal containing the most strongly bonded molecular pairs

while interactions between the molecules of neighboring basic

structural motifs are considerably weaker. Determination of

BSM is especially important for the crystals without strong

specific interactions. In particular an application of the energetic

analysis allowed the determination of layered or columnar

crystal structure of bicyclic aziridines,9 polymorphs of 3,4-

diamino-1,2,4-triazole,8 sets of fluorinated compounds16–18

containing only weak interactions between the molecules.

Especially interesting results were obtained for the crystals of

fused hydrocarbons where any specific intermolecular interac-

tions are absent.10 Nevertheless, it was found that clear

anisotropy of intermolecular interactions leading to the forma-

tion of layered or columnar supramolecular architecture of the

crystals depended on shape of the molecule.

In some sense a basic structural motif of the crystals is an

analogue of a secondary structure of nucleic acids or proteins.

In these biopolymers a huge number of variants of nucleotides

or amino acids sequences describe the primary structure of

macromolecules. However, only several types of secondary

structures are found (helix, loops, etc.). This allows a rational

description of the supramolecular architecture of biopolymers,

creating background for understanding their structure,

dynamics and functioning. A similar situation is observed in

molecular crystals. Modern X-ray diffraction studies provide

very reliable data about atomic coordinates in the crystal. In

other words they give us accurate data about the geometry of

molecules and positions of the molecules with respect to each

other in the crystals. This information may be considered as a

primary structure of the molecular crystals. Basic structural

motifs of the crystals demonstrate how the molecules are

organized in some infinite supramolecular assemblies where the

energy of interaction of each molecule with its neighbors within

such assembly is considerably higher than the energy of

interactions with the molecules belonging to the neighboring

assembly. Therefore, a BSM may be considered as a secondary

structure of the molecular crystals describing their supramole-

cular organization.

Thus, an energetic approach represents a powerful tool for an

analysis of the crystal structure of molecular crystals. Therefore

it is interesting to use this method in order to understand how the

presence of some substituents or molecular fragments may

change the character of the crystal structure. From this

viewpoint the crystal of 1,1-dioxo-tetrahydro-1l6-thiopyran-3-

one 1 represents a very suitable object for investigation. Presence

in the molecule of only two polar fragments (the carbonyl and

SO2 groups) within one six-membered ring allows consideration

of the crystal structures following from the simplest molecules

like dimethylsulfone to compound 1. In this paper we

demonstrate that the sulfone group is the most active molecular

fragment influencing supramolecular architecture of the crystal

of 1,1-dioxo-tetrahydro-1l6-thiopyran-3-one 1 while the carbo-

nyl group and saturated part of six-membered ring play only a

secondary role in the crystal organization.

Experimental

Synthesis

The method of synthesis of compound 1 is shown in Scheme 1.

All commercially available chemicals were purchased from

Aldrich and Merck. The course of the reactions and purity of

the products obtained were monitored by thin-layer chromato-

graphy on Merck 60 F254 plates using 1 : 1 hexane–ethyl acetate

as the eluent. Melting points were determined on a Mel-Temp

capillary apparatus. 1H and 13C spectra were recorded on a

Varian Mercury 400 spectrometer at 400.45 MHz and 100.70

MHz, respectively, using DMSO-d6 as solvent and Me4Si as

internal standards. IR spectra were obtained on a Perkin Elmer

BX II spectrometer in KBr tablets and are reported in cm21.

Mass spectra were recorded on an Agilent 1100 Series with an

Agilent LC/MSD SL detector by chemical ionization (CI).

Elemental analysis (C, H, S) determined by means of a Vario

MICRO Cube CHNOS elemental analyzer (Elementar

Analysensysteme GmbH).

Synthesis of methyl 4-[(2-methoxy-2-oxoethyl)thio]butanoate (a)

To a mixture of methyl 4-chlorobutanoate (6.09 ml, 50 mmol)

and methyl mercaptoacetate (2.83 ml, 50 mmol) in DMF (22 ml)

K2CO3 (6.9 g, 50 mmol) was added. The mixture was stirred at

120 uC for 10 h, then cooled to room temperature, and the

precipitate was filtered off and washed with DMF (5 ml). The

solvent was removed under reduced pressure. Yield 88%; 1H

NMR: d 1.83 (m, 2H, C3H2), 2.39 (t, 2H, C2H2), 2.62 (t, 2H,

C4H2), 3.23 (s, 2H, CH2), 3.62 (s, 2H, OCH3), 3.67 (s, 2H,

OCH3); 13C NMR: d 28.59, 37.98, 39.48, 41.05, 54.01, 57.91,

190.85, 194.77; MS (CI): m/z = 207.4 ([M]+); analysis calculated

for C8H14O4S: C, 46.58; H, 6.84; S, 15.55. Found: C, 46.01; H,

6.59; S, 14.98.

Synthesis of sodium methoxy-(3-oxo-tetrahydro-thiopyran-2-

ylidene)-methanolate (b)

Compound a (10.3 g, 50 mmol) was dissolved in toluene (20 ml)

and sodium added (1.38 g, 60 g atom). The mixture was stirred at

100 uC for 12 h. The solvent was removed under reduced

pressure. Then was added water (10 ml), mineral acid to pH , 7

and extracted three times with benzene (5 ml). The benzene

solution was dried over anhydrous sodium sulfate and solvent

was removed under reduced pressure. Yield 86%; 1H NMR: d

1.93 (m, 2H, C5H2), 2.41 (t, 2H, C6H2), 2.70 (t, 2H, C4H2), 3.62

(s, 3H, OCH3); 13C NMR: d 35.41, 39.97, 47.91, 59.04, 134.11,

Scheme 1
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171.03, 201.23; MS (CI): m/z = 197.0 ([M]+); analysis calculated

for C7H9O3NaS: C, 42.86; H, 4.59; S, 16.33. Found: C, 43.03; H,

4.37; S, 15.92.

Synthesis of 1,1-dioxo-tetrahydro-1l6-thiopyran-3-one (1)

Compound b (50 mmol) was boiled in 10% H2SO4 (70 ml) for 5 h

then cooled to room temperature and the layers were separated.

The aqueous layer was extracted several times with ether and the

extracts were added to the original oil layer. The ether solution

was washed with sodium bicarbonate solution and dried over

anhydrous sodium sulfate. The solvent was removed under

reduced pressure.

The oil (without identification) after removing the solvent was

dissolved in a mixture of acetic acid (23 ml, 400 mmol) and acetic

anhydride (3.7 ml, 39 mmol). Then hydrogen peroxide (4.86 ml,

200 mmol) was added drop-wise over 20 min so that temperature

did not exceed 20 uC while cooling in an ice-bath. After the

addition was complete, the mixture was left at room temperature

for 7 days. The precipitate was filtered off, washed by hexane

(100 ml) and dried. Yield 94%; m. p. 141–142 uC; 1H NMR: d

2.05 (m, 2H, C5H2), 2.56 (t, 2H, C4H2), 3.39 (t, 2H, C6H2), 4.18

(s, 2H, C2H2); 13C NMR: d 26.11, 46.87, 57.09, 76.51, 221.03; IR,

sm21 1117SO2(s), 1307SO2(as), 1716CLO; MS (CI): m/z = 147.2

([M]2); analysis calculated for C5H8O3S: C, 40.83; H, 5.44; S,

21.64. Found: C, 39.95; H, 5.04; S, 22.19.

Crystallographic data

Crystals for X-ray diffraction study were obtained by slow

evaporation of saturated ethanol solution. The colorless

crystals of 1 (C5H8O3S) are triclinic. At 293 K, a = 5.6790(8),

b = 5.8215(8), c = 10.7072(14) Å, a = 103.502(12)u, b =

93.207(11)u, c = 107.717(12)u, V = 324.78(8) Å3, Mr = 148.17, Z

= 2, space group P1̄, dcalc= 1.515 g cm23, m(Mo Ka) = 0.426

mm21, F(000) = 156. Intensities of 2058 reflections (1473

independent, Rint = 0.015) were measured on the ‘‘Xcalibur-3’’

diffractometer (graphite monochromated Mo Ka radiation,

CCD detector, v-scanning, 2hmax = 58u). The structure was

solved by direct method using SHELXTL package.24 Positions

of the hydrogen atoms were located from electron density

difference maps and refined by ‘‘riding’’ model with Uiso =

1.2Ueq of the carrier atom. Full-matrix least-squares refinement

against F2 in anisotropic approximation for non-hydrogen

atoms (82 parameters) using 1473 reflections was converged to

wR2 = 0.099 (R1 = 0.040 for 1217 reflections with F . 4s(F),

S = 1.055).

Structures of model compounds 2–6 were extracted from

Cambridge Crystal Structure Database25 (release 2011). They are

listed in Table 1.

Crystal structure analysis and quantum-chemical calculations

It is well known that lengths of the X–H bonds obtained from

X-ray diffraction data are systematically shorter than compared

to the real values.26 Therefore, before calculations of inter-

molecular interaction energies the positions of the hydrogen

atoms in the molecules under consideration were corrected and

the C–H bond lengths were fixed to 1.089 Å without changes of

corresponding bond and torsion angles.

In order to analyze characteristics of intermolecular interac-

tions it is necessary to determine the molecular shell of the basic

molecule (BM) located in the asymmetric part of unit cell. The

molecular shell represents all neighboring molecules belonging to

the first coordination sphere of the BM. Such molecules were

located using the ‘‘Molecular Shell Calculation’’ option in

Mercury program27 (version 2.4). This option allows finding all

molecules for which the distance between the atoms of the basic

molecule and its symmetric equivalents is shorter than the van

der Waals radii sum plus 1 Å at least for one pair of the atoms.

In all dimers formed by the BM the positions of all atoms were

taken from X-ray diffraction data and the positions of the

hydrogen atoms were normalized as mentioned above.28 Energy

of the interaction between the molecules in each dimer was

obtained by single point calculations using B3LYP-D3/def2-

TZVP method29–31 as the difference between the energy of a

dimer and the energy of monomers and it has been corrected for

basis set superposition error using the Boys–Bernardi counter-

poise procedure.32 Total energy of interactions of the basic

molecule with its environment in the crystal was determined as

the sum of the energies of pairwise interactions of the BM with

Table 1 Numbering, chemical formulas and CCDC refcodes of
structures under consideration

Numb. Chemical formula Refcode Reference

1 This work

2 KAGMUA 19

3 ZZZWGK01 20

4 DMSULO04 21

5 LARZOT22 19

6 JUBKEW 23
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the molecules of its first coordination sphere. All calculations

were performed using ORCA program.33 Full results of

calculation for the structures 1–6 are listed in Tables S1–S6,

ESI.{
In each structure analysed so far two dimers with the highest

values of intermolecular interaction energy determine the basic

structural motif (BSM) of the crystal.9 Consequent application

of the symmetry operations determining the position of the

second molecule in these dimers gives an infinite fragment of the

crystal (layer or column) containing the most strongly bonded

dimers as well as some other dimers with lower interaction

energies.

Graphic representation of the topology of intermolecular

interactions in the crystals was done using energy-vector

diagrams (or ‘‘hedgehogs’’) of intermolecular interactions.10

According to this approach the interaction between each pair

of the molecules corresponds to two vectors originated from the

geometric center of one molecule and oriented towards the

geometric center of second molecule. The length of vectors is

proportional to the energy of the intermolecular interactions. In

the case of the strongest interaction these two vectors form a

straight line connecting the geometrical centers of the molecules

in the most strongly bonded dimer. The length of vectors of

intermolecular interactions Li was calculated using eqn (1):

Li = (RiEi)/2Estr (1)

where Ri is the distance between the geometrical centers of

interacting molecules, Ei is the energy of intermolecular

interactions between these molecules and Estr is the energy of

the strongest interaction of the basic molecule with the molecule

belonging to its first coordination sphere. Thus, a hedgehog of

intermolecular interactions represents an image of the molecule

in terms of the strength and directionality of its intermolecular

interactions in the crystal. Therefore, a hedgehog may be

multiplied using all symmetry operations of the crystal, giving

packing of hedgehogs. Distances between the ends of vectors

indicate the relative strength of intermolecular interactions

between the molecules. Thus, it is possible to recognize easily

the basic structural motif of the crystal packing as the most

densely packed fragment of hedgehog packing containing

straight lines connecting the geometrical centers of the most

strongly bonded molecules. It should be noted that similar ideas

represent the background of the Periodic Bond Chains (PBC)

approach34 which is used for an analysis of the morphology of

crystals.

The basic structural motif of each crystal may be described

quantitatively using some geometrical descriptors. In the case of

columnar structures the character of arrangement of the

molecules within a column is characterized by a corrugation

degree (CCD) as a deviation from linearity of the angle between

lines connecting the geometrical centers of the basic molecule

and its closest neighbors within the column. It is calculated using

eqn (2):

CCD = 180 2 Q (2)

where Q is angle between lines connecting geometrical center of

BM and geometrical centers two the closest molecules within

column. The CCD value should be zero for ideal straight column

and non-zero for corrugated columns.

Strongly bonded layers in the crystal may be described by the

flatness degree and thickness. In the case of an ideal flat layer the

geometrical centers of the molecules belonging to the layer

should lie in the same plane. Maximal deviation of geometrical

centers of molecules belonging to such layer from mean plane

passed through these centers describes degree of flatness of layer

(LDF). It is possible to suggest that the value of LDF higher

than 0.05 should indicate corrugated character of a layer. Each

layer may also be described by its thickness, which should

depend on size of molecules. Thickness of layer (LT) is calculated

as the shortest distance between the mean plane of the layer and

the geometrical center of the molecule belonging to the

neighboring layer.

Results and discussion

According to X-ray diffraction (XRD) data six-membered ring

in the compound 1 adopts a chair conformation (Fig. 1). The S1

and C3 atoms deviate from the mean plane of the remaining

atoms of the ring by 0.83 Å and 20.63 Å, respectively.

Comparison of the molecular structure of 1 and cyclic sulfone

2 indicates that presence of the carbonyl group does not

influence the ring conformation. In molecule 2 the six-membered

ring also adopts a chair conformation with almost the same

deviations of the sulfur and carbon atoms (0.84 Å and 20.66 Å,

respectively). Absence of the sulfone group in the cyclohexanone

4 results in considerable flattening of a chair conformation of the

ring (deviations of relevant atoms are 0.68 Å and 0.56 Å).

Results of calculations of the energy of interaction of the basic

molecule 1 located in the asymmetric part of the unit cell with its

neighbors indicate the existence of one strongly bonded

centrosymmetric dimer. It is stabilized by the C–H…O hydrogen

bonds formed between the oxygen atoms of the SO2 group of one

molecule and the a-methylene groups of a second molecule

(Fig. 2). The energy of interaction between the molecules in this

dimer is almost twice higher than for next strongly bonded

dimers (Table 2). It should be noted that the formation of the

hydrogen bonds between the sulfone oxygens and the a-methy-

Fig. 1 Molecular structure of compound 1 according to results of X-ray

diffraction study. Thermal ellipsoids are drawn at 50% probability level.

This journal is � The Royal Society of Chemistry 2012 CrystEngComm, 2012, 14, 8698–8707 | 8701
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lene groups is the preferable way of interaction in the crystal

phase between molecules containing the SO2 group.35

These dimers are arranged in the layers along the bc

crystallographic plane due to weaker interactions (Fig. 3) than

for the most strongly bonded dimers. Total energy of interac-

tions of the BM with neighbors within the layer is almost four

times higher than the energy of interaction of the basic molecule

with the molecules belonging to neighboring layer (Table 3). The

layered structure of the crystal 1 may be easily detected from

packing of the hedgehogs of intermolecular interactions (Fig. 3).

Distances between ends of the energy vectors within layer are

considerably smaller than in other directions.

It is well known that layers in crystals may have different

shapes, varied from ideal flat layers to corrugated ones. Usually

their shape is determined by visual inspection without any

numerical characteristics. From this viewpoint strongly bonded

layers in the crystal 1 seem to be quite smooth and flattened.

Character of the layer may be characterized quantitatively using

analysis of location of geometrical centers of the molecules

within the layer instead of the molecules themselves. In the case

of an ideal flat layer the geometrical centers of the molecules

within the layer should be located within the same plane.

Deviation of a layer from flattened character may be described

as maximal deviation of geometrical centers from mean-squared

plane of the layer. It is quite clear also that thickness of layer

strongly depends on size and orientation of the molecules within

the layer. Therefore it may be described as the distance between

the mean plane of the layer and the closest geometrical center of

the molecule belonging to neighboring layer.

The analysis of the crystal structure of 1 confirms flattened

character of the layers. Maximal deviation of geometrical centers

from the mean plane of the layer is less than 0.03 Å (Table 4).

Thickness of the layer almost corresponds to the longest distance

between the atoms in the molecule (5.297 Å), in agreement with

flattened character of the layer. Thus, the crystal structure of 1

represents a packing of almost flat layers along the a crystal-

lographic axis.

It is well known that packing of molecules in the crystal

depends on the presence and mutual arrangement of different

molecular fragments within the molecule. In the case of

compound 1 it is possible to distinguish three molecular

fragments which may influence the character of the basic

structural motif of the crystal. There are sulfone and carbonyl

groups which may be a source of hydrogen bonding and strong

electrostatic interactions in the solid state. The polymethylene

chain of the six-membered ring is the third fragment of the

molecule which can influence the crystal packing because of

participation in weak but numerous C–H…O hydrogen bonds

and creation of some steric hindrances preventing close approach

of polar bonds to each other. Therefore a comparison of the

crystal structure of 1 and its analogues without some of these

molecular fragments may shed light on the role of each of them

in the formation of layered architecture of the crystals of 1,1-

dioxo-tetrahydro-1l6-thiopyran-3-one.

Analysis of intermolecular interactions in the crystal 1 clearly

indicates that the oxygen atom of the carbonyl group is not

involved in any kind of specific interactions. Therefore, it is

possible to expect that the absence of the CLO bond in molecule

2 will not lead to drastic changes of the crystal structure. Results

of calculations demonstrate that the most strongly bonded dimer

of the molecules 2 is very similar to such a dimer in crystal 1

(Fig. 2). The energy of interaction between the molecules in this

dimer also is considerably higher than for next strongly bonded

dimer (Table 2). However, this difference is smaller than for

structure 1, probably because of decrease of electrostatic

interactions due to the absence of highly polar carbonyl group.

Fig. 2 The most strongly bonded dimers in crystals 1, 2, 5 and 6.

8702 | CrystEngComm, 2012, 14, 8698–8707 This journal is � The Royal Society of Chemistry 2012
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Analysis of packing of the hedgehogs of intermolecular

interactions demonstrates the layered structure of the crystal 2

(Fig. 4). However, the character of the layers significantly differs

from the crystal 1. Absence of highly polar carbonyl group

allows more tight packing of molecules within the layer.

Therefore the strongest interactions between the molecules 2

are oriented in a zigzag way within the layer leading to the

formation of double layer along the ab crystallographic plane, as

was found in some fluorinated pyridines and fused hydro-

carbons.

The double layer in the crystal 2 consists of two ideally flat

sublayers (Fig. 4) with the distance between their mean planes

4.534 Å. However, despite the double character of the layer its

thickness remains almost the same as for the crystal 1 (Table 4).

This is caused by inclined arrangement of the molecules with

respect to the mean plane of the layer.

It should be noted that energy of interaction of the basic

molecule with its neighbors within the layer and to the molecules

from neighboring layer is almost the same for the structures 1

and 2 (Table 3). This fact may be considered as additional

confirmation that the carbonyl group plays only a minor role in

the formation of the basic structural motif of the crystal 1.

Table 2 Symmetry codes, energy of interaction and geometrical
parameters of intermolecular hydrogen bonds of the basic molecule with
neighboring molecules (Eint) belonging to the first coordination sphere of
the basic molecule with the highest values of intermolecular interaction
energy in the crystals 1–6 (full list of dimers is listed in Tables S1–S6,
ESI{). Dimers belonging to the basic structural motif are highlighted in
bold

Symmetry code
Eint,
kcal mol21 CH…O, Å C–H…O, u

Structure 1
1 2 x, 2y, 1 2 z 214.35 2.48 (4 bonds) 143
1 2 x, 1 2 y, 1 2 z 27.63 2.32 (2 bonds) 159
1 2 x, 1 2 y, 2 2 z 27.57 2.63 (2 bonds) 138
x, 21 + y, z 25.79
x, 1 + y, z 25.79
Structure 2
1 2 x, 1 2 y, 1 2 z 212.29 2.32 (2 bonds) 155
20.5 + x, 0.5 2 y, z 28.90 2.39, 2.40 152, 146
0.5 + x, 0.5 2 y, z 28.90 2.39, 2.40 152, 146
1.5 2 x, 20.5 + y, 1 2 z 24.53
1.5 2 x, 0.5 + y, 1 2 z 24.53
Structure 3
20.5 + x, 0.5 2 y, 2z 24.96 2.54 134
0.5 + x, 0.5 2 y, 2z 24.96 2.54 134
1 2 x, 20.5 + y, 0.5 2 z 23.26
1 2 x, 0.5 + y, 0.5 2 z 23.26
21 + x, y, z 23.03 2.71 138
1 + x, y, z 23.03 2.71 138
Structure 4
1 2 x, 1 2 y, 20.5 + z 27.85 2.73 (4 bonds) 145
1 2 x, 1 2 y, 0.5 + z 27.85 2.73 (4 bonds) 145
0.5 2 x, 0.5 2 y, 20.5 + z 25.73
0.5 2 x, 0.5 2 y, 0.5 + z 25.73
1.5 2 x, 0.5 2 y, 20.5 + z 25.73
1.5 2 x, 0.5 2 y, 0.5 + z 25.73
Structure 5
1 2 x, 2y, 2z 213.66 2.47 (2 bonds), 147

2.55 (2 bonds) 147
1 2 x, 1 2 y, 1 2 z 210.40 2.60 (2 bonds) 146

2.50 (2 bonds) 149
1 2 x, 1 2 y, 2z 210.23 2.53 (2 bonds) 133
21 + x, y, z 25.94
1 + x, y, z 25.94
Structure 6
0.5 2 x, 1 2 y, 20.5 + z 213.18 2.24, 2.64, 2.48 169, 154, 149
0.5 2 x, 1 2 y, 0.5 + z 213.18 2.24, 2.64, 2.48 169, 154, 149
20.5 + x, 0.5 2 y, 1 2 z 26.16 2.46, 2.65 144, 123
0.5 + x, 0.5 2 y, 1 2 z 26.16 2.46, 2.65 144, 123
1.5 2 x, 1 2 y,20.5 + z 25.00
1.5 2 x, 1 2 y, 0.5 + z 25.00

Fig. 3 Layered packing of the molecules (A) and their hedgehogs of

intermolecular interactions (B) in the crystal 1.

Table 3 Energy of interaction (kcal mol21) of the basic molecule with
molecules belonging to its first coordination sphere (Etot), the same
(EBSM) and neighboring (EinterBSM) basic structural motif, ratio of
interactions energies (ER = EBSM/EinterBSM) for crystal structures 1–6

Structure Etot BSM EBSM EinterBSM ER

1 264.01 Layer 241.67 211.18a 3.7
2 254.84 Layer 243.35 211.49 3.8
3 232.64 Column 215.98 22.78b 5.8
4 255.51 Column 214.24 26.88b 2.1
5 261.56 Layer 243.53 29.02a 4.8
6 269.14 Column 232.96 26.03b 5.5
a Average for two neighboring layers. b Average for six neighboring
columns.

Table 4 Numerical characteristics of basic structural motifs of crystals
1–6: degree of flatness (LDF, Å) and thickness (LT, Å) of layer and
corrugation degree (CCD, u) of columns

Structure BSM LDF LT CCD

1 Layer 0.029 5.330
2 Double layer 3.011 5.443
3 Column 126.4
4 Column 94.4
5 Layer 0.039 6.173
6 Column 117.4
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Absence of the SO2 group in the molecule of cyclohexanone 3

leads to significant change of the character of BSM of its crystal.

Results of calculations demonstrated that the energy of the

strongest intermolecular interactions in the crystal 3 is consider-

ably smaller than for the structures 1 and 2 (Table 2). Two of the

most strongly bonded dimers are stabilized by the C–H…O

hydrogen bonds (Fig. 5). These dimers form infinite zigzag

chains along the a crystallographic axis. Very big value of

corrugation angle (Table 4) allows consideration of these

columns as intermediate between single and double columns

(Fig. 5). Thus, disappearance of the sulfonic group in the

molecule results in transformation of a layered crystal structure

to a columnar one while the absence of the carbonyl group leads

just to modification of the shape of the layer as the basic

structural motif of the crystal.

In order to elucidate the role of the polymethylene ring

fragment in the formation of the crystal structures 1 and 2 it is

interesting to analyze the crystal structure of dimethylsulfone 4.

The saturated part of this molecule is limited only by two

methyl groups mimicking a-methylene groups of the molecules

1 and 2. Results of calculation demonstrate that the crystal

structure of 4 does not contain only one very strongly bonded

dimer as it was found in the structures 1 and 2 (Table 2). Two

of the strongest interactions of the basic molecule are

equivalent and they correspond to dimers bonded by the

C–H…O hydrogen bond. These dimers are organized in infinite

columns (Fig. 6) along the c crystallographic axis. The columns

have a highly corrugated character with the angle of corruga-

tion being more than 100u (Table 4) due to tetrahedral

orientation of the S–O bonds of the sulfonic group. Each

column is surrounded by six neighbors which may be divided

into two groups in accordance with values of interaction

energy. Four of them strongly interact with the basic column

containing the basic molecule 4. Energy of interactions (210.71

kcal mol21) is the same for these columns giving the energy

ratio (ER) 1.33 which is lower than the average ER value for all

six columns (Table 3). However, interaction of BM with the

molecules belonging to two other columns is slightly repulsive

(+1.58 kcal mol21).

Thus, it is possible to assume that the sulfonic group itself

stimulates the formation of columnar crystal structure with

highly corrugated columns caused by tetrahedral configuration

of substituents at the sulfur atom. Appearance of an extended

cyclic saturated fragment of the molecule results in increase of

steric requirements leading to formation of layered structure of

crystal allowing more dense packing of molecules. Presence of

the carbonyl group influences only the character of the layers but

not the type of basic structural motif of the crystal.

Fig. 4 Layered crystal structure of 2 as packing of hedgehogs of intermolecular interactions (top) and molecules (bottom). Projection along a (left)

and b (right) crystallographic axis. Layers are highlighted.
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Fig. 5 Structure of columns and packing of columns in the crystal 3 presented as packing of the molecules (top) and the hedgehogs of intermolecular

interactions (bottom).

Fig. 6 Structure of columns and packing of columns in terms of the molecules (top left, top right and bottom right) and the hedgehogs (top central

and bottom left) of intermolecular interactions in the crystal 4.
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A layered supramolecular architecture of the crystal is

observed also for the structure 5 where the carbonyl group is

replaced by an oxygen atom (Fig. 7). Results of calculations

indicate the leading role of the sulfonic group in the crystal

structure formation. In particular, the most strongly bonded

dimer is stabilized by the C–H…O hydrogen bonds with

participation of the SO2 group similar to structures 1 and 2

(Fig. 2, Table 2). However, presence of the methyl group results

in some changes in orientation of the molecules within the layer

in such way that this substituent is located outside of the basic

structural motif (Fig. 7). Therefore, single layers in the crystal 5

are less flattened and slightly thicker than in the structure 1

(Table 4).

The role of the SO2 fragment in the formation of supramo-

lecular architecture of crystal 1 may be illustrated by the crystal

structure of compound 6 differing from 5 by replacement of the

cyclic oxygen atom by the S–O group. Results of calculations

indicate that appearance of a highly polar S–O bond36 leads to

the transformation of the layered structure of 1 and 5 to a

columnar structure (Fig. 8). Moreover the sulfoxide fragment is

more active in intermolecular interactions. In contrast to the

structures 1, 2 and 5 the most strongly bonded dimer in the

crystal 6 is stabilized by the C–H…O hydrogen bonds with

participation of the SO bond instead of the SO2 group (Fig. 2).

This leads to the change of the basic structural motif of the

crystal 6, which may be described as a strongly corrugated zigzag

column with a corrugation degree of almost 120u (Table 4). The

energy of interaction of the basic molecule with neighbors within

the column is more than five times higher as compared to the

Fig. 7 Layered structure of the crystal 5 represented as packing of the

molecules (top) and the hedgehogs of intermolecular interactions

(bottom).

Fig. 8 Structure of columns and their packing in the crystal 6 in terms of the molecules (left and top right) and the hedgehogs of intermolecular

interactions (central and bottom right).

8706 | CrystEngComm, 2012, 14, 8698–8707 This journal is � The Royal Society of Chemistry 2012

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
on

ne
ct

ic
ut

 o
n 

13
 N

ov
em

be
r 

20
12

Pu
bl

is
he

d 
on

 1
8 

O
ct

ob
er

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2C
E

26
33

2G

View Online

http://dx.doi.org/10.1039/c2ce26332g


average value of interaction with the molecules belonging to

neighboring columns (Table 3).

Conclusions

The 1,1-dioxo-tetrahydro-1l6-thiopyran-3-one (1) molecule

represents a suitable object for the investigation of a role of

different molecular fragments in the formation of supramole-

cular architecture of molecular crystals on the basis of the

analysis of topology of intermolecular interactions in the crystal

phase. Molecule 1 consists of only three fragments which may

influence the character of intermolecular interactions in crystals

leading to a change of the basic structural motif of crystal. There

are the sulfonic SO2 and carbonyl groups and polymethylene

fragment of the saturated six-membered ring.

It is demonstrated that the crystal 1 has a layered structure

with almost flat layers. Orientation of the molecules within the

layer is determined mainly by the C–H…O hydrogen bonds with

participation of the SO2 group, while the carbonyl group does

not form any hydrogen bonds. The layered structure of the

crystal is kept in the case of replacement of the carbonyl bond by

the methylene group. However, the character of the layer

becomes considerably different. Instead of single flat layers in

the crystal 1 the basic structural motif of the crystal structure of

cyclic sulfone 2 is a double layer consisting two flat sub-layers.

Absence of the SO2 fragment in cyclohexanone molecule results

in formation of highly corrugated columnar structure of the

crystal. Therefore it is possible to conclude that the carbonyl

group in molecule 1 plays only a minor role in formation of the

layered supramolecular architecture of this crystal but it

influences the orientation of molecules within the layer. From

this viewpoint the carbonyl group of 1 is an equivalent of a cyclic

oxygen atom according to results of analysis of the crystal

structure of analogue of compound 1 containing the oxygen

atom instead of the CLO bond.

Besides the SO2 group, the layered structure of the crystals 1

and 2 is determined by the presence of the polymethylene chain

of the six-membered ring. Absence of this fragment in

dimethylsulfone results in formation of strongly corrugated

columns as the basic structural motif of the crystal.

Replacement of the carbonyl bond in molecule 1 by more

polar sulfoxide S–O bond results in drastic changes of character

of crystal structure. In this case the most strongly bonded dimers

in the crystal are stabilized by the C–H…O bonds with

participation of this bond instead of the SO2 fragment leading

to formation of highly corrugated columnar architecture of the

crystal.

It should be noted that such analysis of influence of different

molecular fragments on the crystal structure is almost impossible

to do using a classic geometrical approach based on location and

directionality of weak C–H…O hydrogen bonds. For example, in

the case of dimethyl sulfone 4 the hydrogen bonds form a three-

dimensional network. Therefore it is impossible to recognize a

basic structural motif of this crystal. The same results may be

obtained also for structures 2 and 6.
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