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The crystal and molecular structures of 3-methyl-2,4-diphenyl-(1,3)-thiazolidine-5-spaathantane and
3-methyl-2,4,5,5-tetraphenyl-(1,3)-thiazolidine are investigated showing the existence §f-E{spS and
C(sp)—H---N intramolecular contacts. The use of the Bader theory shows that CS interactions existing
in crystal structures may be treated as weak H bonds. Fid.CN and C-H...S interactions are also analyzed

here for simple modeled complexes of (1,3)-thiazolidine as the proton acceptor and simple proton donators:

HF, H,O, GH,, and GH, molecules. The calculations for these complexes were performed within the DFT
method, B3LYP/6-311++G** level of theory. The bond critical points (BCPs) were found for these modeled
systems and the analysis of the electron densities and their Laplacians at BCPs was performed.

1. Introduction

It is well-known that hydrogen bonding is one of the most
important interactions influencing on the arrangement of
molecules in molecular organic crystals. The studies on this

interaction have shown that the proton donating and accepting

abilities of molecules determine the architecture of crystals. In
recent years, the role of H bonds with the-B proton donating
bond in the crystal engineering has been extensively stidfed.
Among them C-H-:-O interactions are the most often inves-
tigated because of their frequency of occurrence in crydtals.
In earlier studies, Taylor and Kennafchave shown that for
C—H---X contacts H bonds with the oxygen atom accepting
center (X= O) are of the most frequent occurrence; it is 54%
the full sample of G-H---X systems taken from the Cambridge
Structural Databas€The occurrence of the other-G1-+-X (X
= N, P, Cl, Br, S, C) interactions is much smaller, the-C
H---Y systems for which H-X distance is smaller than the
corresponding sum of van der Waals radﬁ’f’ + r‘>’<dW) have
been investigate.

The problem of the role of €H---X H bonds in crystals is
the aim of this study, but special attention is paid totG--S
and C-H---N interactions because they occur in the crystal

using crystallographic data retrieved from the Cambridge
Structural Database and using ab initio calculatiohs.

There are early reports on individual crystal structures
showing the presence of>H---S hydrogen bonds; among them
the C—H---S interactions are considered. The H bond witgs C
C—H alkyne terminal group as a proton donator is an example
of such interactiod® The C(sB)—H-:-S(sp) and C(sp)—
H---N(sp’) intramolecular contacts are analyzed in this paper
because they occur within the crystal structures of 3-methyl-
2,4-diphenyl-(1,3)-thiazolidine-5-spird-adamantanelj and
3-methyl-2,4,5,5-tetraphenyl-(1,3)-thiazolidir) {nvestigated
here. Compound4 and 2 were synthesized within the more
extensive studies on derivatives of (1,3)-thiazolidifes? some
of these heterocycles may be used in synthesis of immuno-
modulating drugs or antibioticg16

The studies on intermolecular---S systems are not often
reported. The same is in force for the corresponding intramo-
lecular systems. For example, the possibility of the existence
of intramolecular G-H-++S hydrogen bonding despite a strongly
bent angle £105°) has been discussed for the crystal structure
of 4-(methylthio)-4-nitro-1-(pyrrolidin-1-yl)buta-1,3-dierté.

The studies of intramolecular H bonds mentioned above are

structures investigated here. The above-mentioned contacts havéupported in this paper by DFT calculations on the related

been investigated previously both theoretically as well as
experimentally? the G-H-++S hydrogen bonds are not well-
known because of their rare occurrence in crystélaylor
and Kennard in their early study on-&1---X interactions have
found only four C-H---S contacts, three of them being
intramolecula® More recently, the hydrogen bond proton
accepting ability of sulfur in &S bonds has been investigated

modeled systems. The atoms in molecules theory (AIM) of
Bader'®is also applied here to find bond critical points (BCPs)

and to analyze them in terms of their electron densities and
Laplacians.

The calculations on very simple systems containing &{sp
H---X hydrogen bonds have been performed previously showing
the low S(sp) sulfur ability as proton acceptor and low ability
of C(sp)—H bond as proton donor. For example, the calcula-
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plexes performed at MP2/6-3+#G** level of theory, cor-
rected by BSSE, show the binding energies of 0.34, 0.31, and
0.07 kcal/mol, respectively. Itis in line with other investigations
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SCHEME 1: (a) Complex of 1,3-Thiazolidine and HF; and of the isolated molecules were fully optimized during the
Nitrogen as Proton Acceptor; (b) the Complex of 1,3- calculations. Basis set superposition error (BSSE) was corrected
Thiazolidine and C;H; Sulfur as Proton Acceptor, where by the counterpoise procedure of Boys and Berr&r@harges
Molecular Graphs Show Attractors Which Correspond to on individual atoms were computed using the natural population
Atomic Positions, Bond Paths Connecting Atoms, and scheme. The additional calculations on the modeled complexes
Critical Points described above have been performed at MP2/6+31G**

level of theory.

The H-bonding characteristics of the complexes studied have
been investigated through the use of the atoms in molecules
(AIM) theory of Bader!® For this purpose, the bond critical
points (BCPs) have been locat¥d,e., the points where the
charge density functiop(r) is a minimum along the bond path
and maximum in the other two directions. The Laplacians of
the electron density functions at BCPs were also calculated.
Scheme 1 shows the molecular graphs of the mentioned above
complexes; the localization of bond and ring critical points
(BCPs and RCPs) is visible.

3. Experimental Section

The colorless single crystals [0.25 0.25 x 0.50 mm ()
and 0.2x 0.4 x 0.5 mm @)] were chosen for structure
determination, at room temperature.

The diffraction data have been collected on AFC5S Rigaku
diffractometer with graphite monochromatized Co Kadiation
for 1 and Mo Ko radiation for2, with @ scan. After each group
of 150 reflections, three standard intensities were monitored,
and no evidence of crystal decay was observed both ford
2.

In the data reduction step?intensities were corrected for
Lorentz and polarization factors and the absorption correction
was applied forl: minimum and maximum transmission fac-
tors were 0.5898 and 0.8155.

The structures were solved by direct meti8dmd refined
on P by full-matrix least-squares calculatiéh.All non-
hydrogen atoms for both structures were located and refined
with anisotropic thermal displacement parameters. The hydrogen
atoms of structurel were introduced in the last step of the
since it has been pointed out that-B---S interactions are  refinement procedure for calculated positions and refined

weaker than €H---O hydrogen bond3. isotropically. For structur, the H atoms were located from
) ) difference Fourier map and refined isotropically (except of
2. Computational Details H251) with the G-H distance restrained geometrically. The

crystal data and details of the X-ray analysis are given in Table
1. Atomic coordinates and equivalent isotropic displacement
coefficientsUeq for 1 and2 are given in Table 2, parts a and b

The complexes analyzed here were chosen to investigate
interactions similar to those existing within crystal structures
of 1 and2. The (1,3)-thiazolidine molecule being the hetero-
cyclic ring with the sulfur and nitrogen atoms was chosen as (SuPpPlementary Tables).
the proton acceptor for H bridges. The same ring exists within
3-methyl-2,4-diphenyl-(1,3)-thiazolidine-5-spir6-2daman-
tane () and 3-methyl-2,4,5,5-tetraphenyl-(1,3)-thiazolidigg ( 4.1. Crystal and Molecular Structures. The crystal and
molecules. HF, bO, GH,, and GH4 molecules are chosen here  molecular structures of 3-methyl-2,4-diphenyl-(1,3)-thiazolidine-
as proton donors. Hence, for each complex analyzed here, thereés-spiro-2-adamantane 1 and 3-methyl-2,4,5,5-tetraphenyl-
are two types of dimers with the sulfur or nitrogen atoms, (1,3)-thiazolidine 2) are the subject of the present study. Table
respectively, as acceptors. Scheme 1 presents molecular graphs collects the crystal data and structure refinement details for
of two dimers analyzed in this study: (1,3)-thiazolidifieHF these compounds; Table 2 shows the atomic coordinates and
with F—H--*N hydrogen bonding and (1,3)-thiazolidine equivalent isotropic displacement coefficierltt; Table 3
HCCH with C—H--*S H bond. For two dimers of (1,3)- shows the selected bond lengths and angles. Figure 1 shows
thiazolidine+ C;H, investigated here, there are interactions of the molecular structures df and 2 with the atom-labeling
the same type as those existing for structdrasd2: C(sp)— scheme; Figure 2 presents the unit cell contests for both crystal
H---N and C(sp)—H---S. structures.

The calculations have been performed using Gaussian 98 sets The molecular structures for these compounds differ in the
of codes?? within the density functional methods (DFT). The substituent for the C5 carbon atom within the heterocyclic ring.
B3LYP functional and 6-31t+G** basis set were used. Itis the adamantane fdr and two phenyl rings foR. As it is
Interaction energies were computed as the difference in energywell-known, directional interactions such hydrogen bonds mostly
between the complex on one hand and the sum of isolatedinfluence on the crystal architectute® There are not typical
monomers on the other hand. The geometries of the complexesproton donating and proton accepting groups for the crystal

4. Results and Discussion
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TABLE 1: Crystal Data and Structure Refinement Details
for Compounds 1 and 2

1 2
formula GsHaNS CogH2sNS
M 375.55 407.55
T (K) 293 293
wavelength Cul& MoKa
crystal system monoclinic orthorombic
space group P2:/n Pna2;
a(h) 11.931(1) 20.744(2)
b (A) 15.305(1) 8.923(1)
c(A) 12.164(1) 12.194(2)
o (deg) 90.00 90.00
S (deg) 112.75(1) 90.00
y (deg) 90.00 90.00
V (A3 2048.4(2) 2257.1(5)
VA 4 4
Dy (g cm™) 1.218 1.199
u (mm-) 1.447 0.158
absorpcion correction analytical none
Trmin = 0.5898,Tiax = 0.8155
F(000) 808 864
no. of collected data 3659 4422
no. of data with > 2 o(l) 2455 3824
no. of parameters varied 275 333
S 0.885 1.035
RMWR 0.0358/0.0912 0.0295/0.0761
R (all data)/wR (all data) 0.0620/0.0965 0.0396/0.0799

TABLE 3: Selected Bond Lengths (A) and Angles (deg) for
1 and 2 (Parts a and b, Respectively)

Part a
S1-C2 1.830(2) C2S1-C5 94.5(1)
S1-C5 1.850(2) N3-C2-S1 104.5(1)
C2-N3 1.459(3) C2-N3—-C31 112.1(2)
N3-C31 1.465(3) C2N3-C4 110.0(2)
N3—C4 1.472(3) C31N3-C4 114.0(2)
C4-C5 1.546(3) N3-C4-C5 105.5(2)

C4-C5-S1 102.7(1)

Partb
S1-C2 1.838(2) C2S1-C5 93.9(1)
S1-C5 1.853(2) N3-C2-S1 104.6(1) Figure 1. Molecular structures ofl (Figure la) and® (Figure 1b)
C2—N3 1.452(2) C2N3—-C31 112.8(2) compounds
N3—-C31 1.466(2) C2N3—-C4 109.7(1)
gi_gé i:gig% C,\:ggi_gg iéé:gg; parameters presented in Table 4 are not accurate because of

C4—C5-51 102.6(1) the positions of H atoms. The structures bfand 2 were

. . . determined using X-ray diffraction, and it is well-known that
structures investigated here. There are accepting centers for

o . H-atom positions are not accurate within this technique of
heterocyclic rings: nitrogen and sulfur atoms, but both are not P N

. . .~~ measurement. Neutron diffraction is a much better approach
strong acceptors. The short review of the I|§erature CONCErNING ¢4 he investigations of hydrogen bridges. Despite the above-
accepting abilities of sulfur was presented in the Introduction. )

There is also the émitrogen atom within the heterocyelic fings mentioned restrictions, we can give some conclusions based on
. . . . . " _ the results of Table 4. We see that al-B---A bonds are

This acceptor center is not so strong; in the previous mvesuga-s,[ron Iv bent svstems because.B-+-A angles are far from

tions, it was pointed out that ¥mitrogen atom is not a good gy Y 9 .

proton accepto# The similar situation is present for donators; 180° (96-127). It may suggest that these contacts exist only

there is no typical OH or NH proton donating bonds for the because of the steric effects but not because of the creation of

crystal structures and2. It was pointed out early on that “good H bonds. The contacts are intramolecular what may confirm

proton donors” and “good proton acceptors” are always used that the stgrlc effects are dominant. The-N distances ofl
in hydrogen bond&! The rules concerning the architecture of and2 are slightly greater or are approximately equal to the sum

molecules in crystals have been extended later by E2tgho of van der Waals radii, whereas the-Hs distances are smaller
claimed that if there is no “good donors”; thus—& bonds than the sum of van der Waals radii; the Pauling radii of S, N,

are involved in hydrogen bonds. Such situation occurs for the @1d H amount to 1.85, 1.5, and 1.2 A respectively. We see that
present structures since there are only &)¢spl bonds which Fhe proton donators are C&pH bonds. There are not short
may be proton donators. However, it should be pointed out that intermolecular contacts for structurésand2.

the acidity of donators decrease as follows: C{gf) > 4.2. Results of Calculations.The B3LYP/6-314#+G**
C(sp)—H > C(sp)—H.%3 calculations for modeled systems similar to those solved using
Table 4 presents the parameters of l*--A contacts ofl X-ray diffraction techniques were performed here. The com-

and2 which are possible hydrogen bonds; D and A designate plexes of (1,3)-thiazolidine as the proton accepting molecule
the proton donator and the proton acceptor, respectively. We and the simple proton donators were analyzed. HR,H:H,,
have to take into account the fact that some of the geometricaland GH, were chosen as the donating molecules. For each of



Role of C-H---S and C-H---N Hydrogen Bonds J. Phys. Chem. A, Vol. 107, No. 15, 2003733

thiazolidine and its complexes in the table. The designations of
atoms for calculated systems correspond to those of Figure 1
and to those of Tables 3 fdrand2 structures. We see that the
geometrical parameters of calculated systems approximately
correspond between themselves (Table 5); the similar situation
is observable for these parametersf@nd2 structures (Tables

3). However, the differences between experimental and theoreti-
cal results are not negligible. It may be easily interpreted because
the experimental data (Tables 3) concern much greater and
complicated molecules which may be additionally affected by
the packing effects in crystals. Additionally, there are usually
differences between different ab initio and DFT results of
calculations and various experimental measurements.

Table 5 presents for comparison the parameters of (1,3)-
thiazolidine not involved in H-bond formation. We see that the
molecular geometries of (1,3)-thiazolidine within H-bonded
complexes are much more deformed for the stronger proton
b donators such as the HF molecule and for nitrogen as a stronger
proton acceptor center. In other words, the stronger H bonds
may more efficiently influence on the geometry. Table 6 shows
the energetic, geometrical, and topological parameters character-
izing H-bonded systems calculated in this study. These results
% show that the nitrogen atom is a stronger accepting center than

the sulfur atom. For the first kind of complexes, for which-B-

--N bonds exist, the H-N distances are much smaller than the
corresponding sum of van der Waals radii. The same effect is
not so strong for B-H---S bonds. One can see that for the-D
H---N systems there is the greater elongation of the proton
donating bonds than for BH---S systems. The results of
B3LYP/6-31H-+G** calculations for the isolated proton dona-
tors are given in Table 7; the geometrical and topological
parameters are presented. Comparing the parameters of Table
6, we also see that the-EH---N systems are closer to linearity
than the corresponding-BH---S bonds. All these data show
evidently that the nitrogen atom is the stronger acceptor than
the sulfur one. The similar insight in Table 6 shows the
following order of the strength of proton donators: HROH
CoH,, and GHa.

b The binding energies;n) corrected for BSSE are also given

) ] ) ) in Table 6. Two complexes of (1,3)-thiazolidiAe C;H,4 with
Figure 2. Unit cell contests fod (Figure 2a) an@ (Figure 2b) crystal e sylfur and nitrogen atoms as proton acceptors are the most

&2

structures similar systems to the experimental ones (structidrasd 2).
TABLE 4: Geometry of Possible Hydrogen Bonds (A, deg) We have G-H-N and C-H-S contacts and C(8pH

for 1 and 2 for Some of Contacts the BCPs Were Found and donators for them; the similar contacts exist fbrand 2

hence the Electron Densities and Their Laplacians at BCPs structures. The binding energies calculated for (1,3)-thiazolidine
(in au) Are Given? + C,H,4 dimers amount to 0.6 and 0.4 kcal/mol, for-@&---N

D—H---A d(D—H) d(D--A) d(H---A)  <(DHA) and C-H---S contacts, respectively. It means that for corre-
Structurel sponding intramolecular contacts existing within crystal struc-

C22-H221---N3  0.93(1) 2.90(1) 2.62(1) 99(1) tures such interactions may be weaker, and hence, the existence

C46-H461---S1  0.93(1)  3.48(1)  2.86(1) 126(1) of hydrogen bonds is problematic.
(PH s= 0.0108 auVZpH s= 0. 0335) y g p

C52-H521-++S 097(1)  3.14(1)  2.69(0) 109(1) ~ To get the more reliable insight into the nature of H-bond
C54—H542~--Sl 0.97(1) 3.15(1) 2.71(1) 109(1) interactions, the additional MP2/6-31%G** calculations on
C55-H551+-N3  0.98(1)  3.10(1)  2.78(1) 100(1) the modeled complexes considered here have been also per-
Structure2 formed. The binding energies obtained with this level of theory
C22-H221:-:N3  0.93(1) 2.94(1) 2.70(1) 96(1) and corrected for BSSE are included in Table 6. However, for

C46-H461+-S1  0.93(1)  3.42(1) 2.77(2) 127(1) - . g
(pn..s= 0.0128 au¥py, o= 0.0388) three systems with €H donating bonds, the local minima were

C56-H561---S1  0.92(3) 3.10(1) 2.64(3) 111(2) not obtained; hence, the main analysis of hydrogen bonds is
(on..s= 0.0151 auV?pu_s= 0.0522) based on the results of DFT method.

C58-H581-N3  0.93(1)  3.16(1)  2.68(1)  113(1) The topological parameters obtained from the Bader tHéory

aThe designations correspond to those applied for crystal structures.support the mentioned above conclusions based on the results
of calculations obtained at B3LYP/6-31#G** level of theory.

the complexes, there are two conformations differing in the It was detected that the kinetic energy density at BCP of the

proton acceptor: the nitrogen or sulfur atom. H-bonded contact(rCP)) roughly corresponds to the H-bond
Table 5 presents the selected geometrical parameters beingnergy — Eng; Eng = Y2V(rCP)34 V(rCP) values may be

the results of calculations. There are the results of (1,3)- directly obtained from the AIM theor3# In other words, it is
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TABLE 5: Molecular Geometry of (1,3)-Thiazolidine (Th) and Its Complexes Obtained after the Optimization within the
B3LYP/6-311++G** Level of Theory (in A) 2

parameter Th Th HF? Th ‘|‘H20b Th+ Cszb Th+ (:2H4b Th+ HF® Th + H,O° Th+ CH° Th‘f’C2H4b
S1-C2 1.895 1.912 1.911 1.900 1.896 1.869 1.880 1.886 1.892
S1-C5 1.844 1.849 1.848 1.846 1.844 1.848 1.846 1.846 1.845
C2—N3 1.439 1.429 1.430 1.437 1.439 1.458 1.450 1.446 1.442
N3—C4 1.462 1.459 1.459 1.462 1.462 1.475 1.471 1.466 1.464
C4-C5 1.548 1.555 1.553 1.548 1.548 1.539 1.542 1.544 1.546
C2-S1-C5 90.9 90.5 90.5 90.9 91.0 91.6 91.3 91.2 91.0
N3—C2-S1 107.9 107.1 107.3 107.7 107.8 107.6 107.8 107.9 107.8
C2—N3—-C4 107.8 108.1 107.9 108.0 107.9 107.5 107.5 107.6 107.7
N3—-C4—-C5 109.4 109.8 109.7 109.3 109.4 108.9 109.1 109.2 109.3
C4—-C5-S1 105.7 106.1 106.0 105.7 105.7 105.8 105.8 105.7 105.7

aThe designations correspond to those applied for crystal strucffes.complexes with €H:--S bonds For complexes with EH-+*N
bonds.

TABLE 6: Geometrical (A, deg), Energetic (kcal/mol), and Topological (au) Parameters for Complexes of (1,3)-Thiazolidine
Obtained after the Optimization within the B3LYP/6-311++G** Level of Theory?

Th+HF®  Th+H0® Th+CHP Th+CHP Th+HF  Th+H,0° Th+CHF Th+CHe

H-bondtype  FH--S O-H--S C—H-S C—H-S F-HN  O—H-N C—H-N C—H-N
(N—H-**F) (N—H---0) (C—H---S)

d(D—H) 0.952 0.974 1.069 1.085 0.965 0.977 1.073 1.086
(1.016) (1.017) (1.085)

D(H-+-A) 2.106 2.401 2.762 3.339 1.655 1.956 2.280 2.704
(2.719) (2.314) (3.630)

<(DHA) 161.6 145.7 169.4 130.8 177.7 166.3 178.5 178.8
(125.3) (137.1) (118.9)

Po-H 0.3292 0.3506 0.2854 0.2804 0.3142 0.3469 0.2837 0.2811
(0.3393) (0.3387) (0.2801)

V204 —2.327 —2.405 -1.036 —0.9624 —2.144 —2.386 ~1.030 —0.9686
(—1.554) 1.580) -0.9599)

P 0.0364 0.0196 0.0098 0.0032 0.0594 0.0300 0.0157 0.0076
(0.0054) (0.0119) (0.0017)

V2pp1.n 0.0566 0.0469 0.0251 0.0097 0.1100 0.0857 0.0463 0.0188
(0.0210) (0.0416) (0.0063)

Ebin (DFT) -8.7 -5.8 0.4 0.4 ~11.7 -55 2.5 -0.6

BSSE (DFT)  0.8032 0.7307 1.5741 0.0216 1.2291 0.8006 0.5293 0.1776

Ebin (MP2) -10.4 5.7 -3.3 —6.8 5.7

BSSE (MP2)  2.9066 2.2086 1.5809 2.2880 2.3599

@ The topological parameters obtained from the B3LYP/6-8+G** wave functions. The designations correspond to those applied for crystal
structures and those within Table 5. The binding energies obtained at the MP2/6-&t1 level of theory and corrected for BSSE (in kcal/mol)
are also included® For complexes with €H-++S bonds* For complexes with €H---N bonds.

TABLE 7: Geometrical (in A) and Topological (in au)
Parameters for Proton Donating Bonds of Monomers
Optimized within the B3LYP/6-311++G** Level of Theory

parameter/ Th
molecule HF HO HCCH (N—Hbond) GH,4
D—Hbond 0.922 0.962 1.063 1.016 1.085
length
PD-H 0.3698 0.3663  0.2880 0.3395 0.2798
V20p-1 —2.803 —2.491 -—-1.044 —1.511 —0.9579

possible to calculate “the topological H-bond energy” using the
appropriate wave function or the electron density. Figure 4
presents the relationship betweEps and/,V(rCP) showing

that for some of cases the agreement is not good. It refers to
complexes of (1,3)-thiazolidine with HF and,® molecules
with sulfur atom as an accepting center The binding energies figyre 3. Contour map obtained from B3LYP/6-31%G* wave

are usually obtained within ab initio or DFT techniques and functions for (1,3)-thiazolidineHCCH complex connected through
are treated as H-bond energies. They seem to be too high forC—H---N bond; triangles correspond to attractors and circles to the
two mentioned above complexes. It may be simply justified bond critical points and the ring critical point

because for them the proton donating HF an®Hnolecules greater than the sum of corresponding van der Waals radii.
are simultaneously proton donors and proton acceptorsd-N However, both slightly contribute to the binding energy because
-*F and N-H---O bonds exist for them respectively (see Table for both the bond critical points exist (Scheme 2). We see that
6); the (1,3)-thiazolidine molecule is the donator for these the properties of the H-Y (Y designates the accepting center)
interactions. In other words, the binding energies consist at leastbond critical point more properly describe the energetic
of two H bonds for these complexes. The similar situation is parameters of H bridge than the binding energy or geometrical
observed for the complex of (1,3)-thiazolidine with,HG parameters. The application of geometrical criteria of the
connected through CHS contacts; both H-S contacts are  existence of H bondsdoes not show hydrogen bonds for the
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S..CoHs
N...CoH,

binding energy

-14 -12 -10 -8 %
LHCCH .4 |
-8 -0,6
12 4
16 -
>
]
207 T

Figure 4. Binding energy versud/,V energy ¥, potential energy
density obtained within AIM theory); energies in kcal/mol

Ea

R =1.000 -16 -

1/2v

20 -
Figure 5. Ea energy (corresponding t89,V but obtained from the
Abramov relation) vs/,V; energies in kcal/mol; 9 points are visible
because for TR C;Hs complex with sulfur accepting center there are
two H--+S contacts.

SCHEME 2: Molecular Graph for the Complex of (1,3)-
Thiazolidine with C,H4, where the Molecules Are
Connected through H--S Contacts

complex of thiazolidine with gH,; the topological parameters
detect them.
Figure 5 shows additionally the relationship betwégiv
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electron density

0.06 0.08

-16

12V

-20 -

Figure 6. Electron density at H-N (or S) BCP— pu...y (in au) vs
4,V energy (kcal/mol); 9 points for the same reasons as within Figure
5.

structures. For geometries of 3-methyl-2,4-diphenyl-(1,3)-thia-
zolidine-5-spiro-2adamantane and 3-methyl-2,4,5,5-tetraphe-
nyl-(1,3)-thiazolidine molecules taken from the crystal structures,
the wave functions were obtained at the B3LYP/6-8#1G**

level of theory. Further, for these results, the critical points and
bond paths were analyzed. In other words, the theoretically
obtained electron density for the experimental geometry was
analyzed for the mentioned above molecules. The critical points
were found for some of the intramolecular contacts presented
in Table 4; bold lines indicate the contacts for which BCPs were
detected. For thé crystal structure, the ++S BCP was found

for C46-H461:--S1 contact, and for the structuzetwo BCPs
were found for C46:H461:--S1 and C56-H561---S1 contacts.
Table 4 also presents the electron densities-atSHBCPs and
their Laplacians dy...s and V2p...s values) for these intramo-
lecular H bonds. These values are in agreement with the
topological criteria of the existence of the hydrogen bonding
given by Popelief because the ranges for the electron density
and its Laplacian were given for H-bond interaction; they are
[0.002-0.04 audlfor the electron density and.02—0.15 aul

for Laplacian at H--A (acceptor) BCP. We see that the values
given in Table 4 are within these ranges. It is also visible that
the C-H---S hydrogen bonds detected for the crystal structures
analyzed here are not weak since the electron density at the
proton—acceptor BCP correlates with the H-bond enefgy?

For example, for the linear (trans) conformation of water dimer
this value amount to 0.023 au for the MP2/6-3HG** wave
function and 0.024 au for the B3LYP/6-31t%#G** wave
function; the H-bond energy for the water dimer is of about
5—6 kcal/mol. For the M-S contacts presented in Table 4, the
electron density values are of 0.610.015 au. We also see from
the results for water dimer that the topological parameters do
not strongly depend on the level of theory for which the wave
function was obtained. B3LYP and MP2 results are ap-
proximately the same; it means that the B3LYP topological
results presented here for molecules taken from crystal structures
may be successfully used to discuss the nature of H-bond
interactions.

energy and the same energy obtained from the electron density The electron densities and their Laplacians presented in Table

at H---Y BCP. The relation to obtail energy frompy...y was
derived by Abramov?® The correlation betweeW energies

4 may be a surprise because the topological approach does not
detect the &H---N intramolecular H bonds. Additionally, the

obtained from AIM and those obtained from the Abramov results of calculations on modeled complexes presented in this

relation E,) is excellent giving the value of the linear correlation
coefficientR of 1.0000.

study show that the €H---N interactions are stronger than the
C—H---S ones. However, we see that the results derived from

Figure 6 presents the correlation between the electron densitythe Bader theory are in agreement with the geometrical criteria

at H---Y BCP — py...y and¥,V — energy; there is the second-
order polynomial regression with the correlation coefficiBnt
of 0.999. It confirms the idea thaiy...y value correspond to
the H-bond strengtff—3°

of the existence of hydrogen bonding (Table 4). TheHz--S
systems are roughly closer to the linearity than theHz--N
ones, additionally the H-S distances are shorter than the
corresponding sum of van der Waals radii (3.05 A), whereas

The Bader theory may be also applied as a decisive tool for the H-+N distances are approximately close to this sum (2.7

detection of intramolecular hydrogen bonds fcaind2 crystal

A). Hence, it may be concluded that the crystal packing effects
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for 1 and 2 crystal structures cause that short intramolecular _ (10) Shalamov, A. E.; Agashkin, O. V.; Yanowskii, A. I.; Yu. Struchkov,
C—H-++S contacts exist which from the geometrical and T.; Lagunov, A. P.; Revenko, G. P.; Bosyakov, G. ¥ah. Strukt. Khim.

logical . f Vi h 1990 31, 153.
topological point of view may be treated as hydrogen bonds. (11) Mloston G.; Linden, A.; Heimgartner, Hdelv. Chim. Actal998
81, 558.
5. Conclusions (12) Gebert, A.; Linden, A.; MlostarG.; Heimgartner, HHeterocycles
. 2002 56, 393.

The intramolecular €H---S and C-H---N contacts were (13) Mloston G.; Urbaniak, K.; Heimgartner, Helv. Chim. Acta2002
found for the crystal structures of 3-methyl-2,4-diphenyl-(1,3)- 85, 2056. . o o
thiazolidine-5-spiro-2adamantane1j and 3-methyl-2,4,5,5- .(14) Pellegrini, N.; Refouvelet, B.; Crini, G.; Blacque, O.; Kubicki, M.

. - . . M.; Robert, J.-FChem. Pharm. Bull1999 47, 950.
tetraphenyl-(l,3)-thlagolld|n621. chordlng to the geometrical (15) Hwu, J. R.; Hakimelahi, S.; Moosavi-Movahedi, A. A.; Tsay, S.-
and topological criteria of the existence of H bonds, the C  C. Chem. Eur. J1999 5, 2705.

H---S systems may be treated as such interactions. (16) Gallager, T. JHeterocycl. Cheml1999 36, 1.365|.  chakcabart

The additional calculations on the simple related modeled He(lz:}gt)ici%?\?ge’A?:ia?;C)’QKYUQOa?gZ’g.’ Rajappa, S.; Pal, D.; Chakrabarti, P.
complexes at B3LYP/6-31+G** level of theory have been (18) Bader, R. F. WAtoms in Molecules. A Quantum Thep@xford

performed showing that-€H---N and C-H---S H bonds may University Press: New York, 1990.
exist. For the complex of (1,3)-thiazolidine and acetylene, the (19)3 Novoa, J. J.; Planas, M.; Rovira, M. Chem. Phys. Let1996

binding energy amounts to 2.5 kcal/mol for C(sp)--*N H (20) Gu, Y.; Kar, T.; Scheiner, S. Mol. Struct.200Q 552 17.
bonding and only 0.4 kcal/mol for C(spH-++S hydrogen bond. (21) Rovira, M. C.; Novoa, J. £hem. Phys Lettl997, 279, 140.
The corresponding binding energies for the complex of (1,3)-  (22) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

i idi i M. A,; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A, Jr.;
thlé}ZOlldlne \.Nm? e%t‘gleR?Mare lev:an_smaller, 0.6 a('jnd ?.'4dk%a|/ Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.
mol, respectively. The calculations were used to find the D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,

bond critical points for &H---Y (S or N) contacts what M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
supports the prediction of the existence of hydrogen bonding. Ochterski, J.; Petersson, G. A; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,

. . - D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Despite weak interactions for the modeled systems the bondOrtiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,

paths and the bond critical points exist for appropriate & I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A,;
and H--S contacts. Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
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