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D ABSTRACT: The relationship between DSC profiles and changes of '*C and *'P the spin-lattice relaxation time of

the host and 'H T; of guest in inclusion complexes of bis[6-0,6-0'-(1,2:3,4-diisopropylidene-a-D-galactopyrano-
syl)thiophosphoryl] disulfide (DGTD) with n-propanol is discussed in term of guest migration in the crystal lattice.
"H-'>C FSLG HETCOR experiment recorded with different contact times was employed to establish the guest
localization in the crystal lattice for different modifications of the inclusion complex. The migration pathway of the
guest was verified by means of theoretical DFT calculations. Copyright © 2005 John Wiley & Sons, Ltd.
Supplementary electronic material for this paper is available in Wiley Interscience at http://www.interscience.

wiley.com/jpages/0894-3230/suppmat/
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INTRODUCTION

Inclusion complexes (ICs) are attractive models for
searching for the mechanism of molecular recognition
and for the investigation of the nature of intermolecular
contacts." The recognition phenomena in chemistry and
biology involve such interactions as electrostatic, van der
Waals, hydrophobic, hydrogen bonding, charge transfer,
n—r stacking interactions and steric effects.”” A wide
variety of experimental methods have been employed to
investigate subtle structural effects in ICs at both the
macroscopic and molecular levels. A complementary
approach which provides the bridge between these two
levels is of particular interest.

There are number of organic host molecules which are
commonly used to search for host—guest interactions.
Natural cyclodextrins consisting of at least 6-8 glucopyr-
anoside rings belong to the class of the most important
host molecules owing their ability to incorporate selec-
tively many organic and inorganic molecules, ions and
even radicals.* Another group of significant host mole-
cules is represented by cyclophosphazene derivatives
with a phosphorus atom in the central part of host.” The
attraction of phosphazenes is due to their wide range of
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applications in fields such as medicine, flame retardancy
and microlithography.

In this paper, we present results for inclusion
complexes formed by bis[6-0,6-0'-(1,2:3,4-diisopropy-
lidene-a-D-galactopyranosyl)thiophosphoryl]  disulfide
(DGTD) (1, Chart 1) host molecule, for which the
building units consist of sugar residues and phosphorus
atoms. Employing DFT, DSC and solid-state NMR stu-
dies, we demonstrated that a consistent insight into self-
organization of ICs can be gained with a multi-technique
approach. In this work, we used a DGTDern-propanol
assembly as a model complex with established x-ray
structure for one of the modifications.’

RESULTS
DSC and TGA studies

Differential scanning calorimetry (DSC) is frequently a
preferred analytical technique because of its ability to
provide detailed macroscopic information about both the
physical and energetic properties of substances.’ Figure 1
shows the DSC curves for samples crystallized from
n-propanol under slightly different conditions (see
Experimental for details). For modification 1a
[Fig. 1(a)], one exothermic and two endothermic peaks
are seen, whereas 1b shows a slightly different DSC
profile, where the exothermic peak is not so sharp and
intense [Fig. 1(b)]. For 1c¢, a rather broad exothermic
profile is observed. The sharp peak at 109.53°C
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Figure 1. DSC profiles of inclusion complexes of 1 with n-
propanol inside lattice (a—c). Trace (d) represents homomo-
lecular sample without solvent in lattice. Trace (e) shows
profile of modifications b and ¢ kept at ambient temperature
2 months. Only the region of interest is shown

corresponds to solvent release from the lattice. The
endothermic peak at 156.05 °C represents melting tem-
perature of samples. The fourth modification (1d) repre-
sents a homomolecular system that has not included a
solvent molecule in the crystal lattice during the crystal-
lization process. For 1d, only an endothermic peak
(melting-point) is seen. Thermogravimetric analysis of
la—c confirms the presence of n-propanol in the lattice
(see Supplementary material, available in Wiley Inter-
science).

Their yields are very similar (~8%) and correspond to
theoretical values calculated from x-ray data. The most
interesting results were noted on repeating DSC measure-
ments for samples kept at room temperature for 2 months.
Figure 1(e) shows the DSC profile of 1b and ¢ with a clear
exothermic peak. This curve is very similar to that
observed for 1a. The DSC of 1a and d after 2 months
does not show changes.

The challenge is to rationalize this observation on the
molecular level. The method of choice, which allows the
investigation of all material, not just an arbitrary selected

Copyright © 2005 John Wiley & Sons, Ltd.

part of a sample (e.g. x-ray of a single crystal), is high-
resolution solid-state NMR of powders.

13¢ and 3P CP/MAS NMR of host molecule

Figure 2 presents 3p cross-polarization magic angle
spinning (CP/MAS) spectra of complexes with n-propa-
nol (la—¢) and host matrix 1d without solvent. The
difference between the spectra for samples with and
without solvent is apparent. In contrast, the *'P CP/
MAS spectra of 1-c are similar. The principal compo-
nents 6; of the *'P CST calculated from the spinning
sideband intensities using the SIMPSON program9 are
also very similar (see Supplementary material). The '*C
CP/MAS spectra for modifications 1a—¢ show only min-
ute differences, whereas that of 1d is considerably
different (Fig. 3). It was found that the diagnostic and
sensitive NMR parameters that correlate very well with
DSC profiles is the spin—lattice relaxation times, >'P T}
and "°C T, of anomeric carbons (Table 1).!° For 1a the
3p T, is shortest, whereas for 1c it is about eight times
longer and comparable to that of without solvent in the
lattice. For 1b, *'P T is between those for 1a and 1c. For
samples 1b and ¢ kept at room temperature, the relaxation
times gradually decrease, reaching the value for 1la.
These changes are consistent with the changes in the
DSC curves [Fig. 1(e)] and show a simple relationship,
with larger exothermic peaks with shorter relaxation
times. Our results clearly prove that the presence of a
solvent molecule inside the crystal lattice has a signifi-
cant influence on the relaxation parameters of the host
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Figure 2. 3'P CP/MAS spectra of modifications 1a—e re-
corded with a spinning rate of 4kHz. The right column
shows the expanded isotropic part of the spectra
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Figure 3. '>C CP/MAS spectra of modifications 1a (a) and d
(b) recorded with a spinning rate of 10 kHz. Asterisks denote
n-propanol signals in the lattice

Table 1. '3C and 3'P T, relaxation times of different
modifications of DGTDen-propanol®

Sample
la (2a) 1b 1c (2¢) 1d le
3p 7y (s) 14.8 38.0 115.0 1148  15.0
Be T, s) 15.2 322 36.1 79.1 185
34.0 35.0 46.1 80.0  41.0

1d represents solvent-free host matrix. For '*C T, only anomeric carbons
are shown.

(see 1a and d). Comotti et al. reported similar observa-
tions for cyclophosphazene derivatives.'' They con-
cluded that a solvent-free matrix is more rigid, hence
13C T, relaxation times are longer. However, the question
of what the influence of the guest on the relaxation
time of the host is remains open. We assume that
host—guest interaction is an important mechanism for
the relaxation rate R; and at least three factors, R; =
Ricsa + Ripp + Riguests should be taken into considera-
tion. If this assumption is valid, the localization of the
solvent and close proximity to a particular center of the
host will be critical factors contributing to overall relaxa-
tion. Thus for 1a—c ICs we predict that during crystal-
lization we have two kinds of crystals with exactly the
same geometry of the host but different orientations of
the guests.

"H NMR and "H-"3C FSLG HETCOR NMR studies
of host-guest interactions

So far, the inclusion complexes of 1 were studied by
inspection of the spectral parameters of the host mole-
cule. In this section, we present NMR data for guest
species. The localization of n-propanol in the crystal
cavity of la is known from x-ray studies of single
crystals. As shown in Fig. 4(a), the n-propanol is located
around parallel columns. The guest molecules are kept in
channels in which isopropylidene methyl groups are
directed to the inside of channels causing steric hin-
drance. The shortest distances between the host and guest
are presented in Fig. 4(b). In order to establish the

Copyright © 2005 John Wiley & Sons, Ltd.

Figure 4. (a) Molecular packing of host—guest in inclusion
complex of 1a. Guest is shown as spacefill and host as stick
models. (b) Distances between guest and host in the crystal
lattice. Data are taken from Ref. 6 (This figure is available in
colour online)

correlation between the structure of the IC and NMR
spectral parameters we carried out "H MAS measure-
ments. Figure 5(a) displays the spectrum of 1a recorded
with a spinning speed 30kHz at 278 K. The spectrum
presents two kinds of proton signals. We assume that the
very broad line represents protons which belong to sugar
molecules whereas very sharp signals characterize the n-
propanol. However, in this assumption it is not clear what
the contribution of the methyl signals of isopropylidene
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Figure 5. "H MAS spectra recorded with a spinning rate of
30kHz. (a) Modification 1a; (b) 2a (with CDs groups); (c) 1¢;
(d) 1d

groups is to the overall spectrum. It is known that methyl
groups in the solid state are usually under a fast exchange
regime and can be observed as a sharp line.'? This doubt
was explained by employing 2 as host molecule, where
the methyl groups are replaced by CDj residues. From
comparative analysis of liquid-phase "H NMR spectra of
1 and 2, the H abundance for methyl groups of iso-
propylidene residues was found to be ~75%. As can be
seen [Fig. 5(b)] the background for 2 is much weaker than
that for 1 and resonance lines for n-propanol are better
split. Figure 5(c) presents the "H MAS spectrum of lc
with a long *'P 7. The differences between spectra are
apparent. The linewidth for resonance lines of 1¢ is much
larger and in consequence the resolution is much worse.
Finally, we recorded the "H MAS spectrum for 1d with-
out solvent in the crystal lattice. As can be seen, the
spectrum is very broad, which clearly proves that the
sharp signals observed in Fig. 5(a) and (b) characterize
guest molecules in the host cavity.

Finally, we have established 'HT | relaxation times for
guests employing the inversion-recovery technique. As
we found, the T, for a guest located in the cavity are
slightly longer compared with the case when the guest
molecule is probably outside cavity. The corresponding
spin—lattice relaxation times are 1.47 and 0.87s for 1la
and c, respectively.

In the next step, we were prompted to answer the
question of whether heteronuclear 2D correlation techni-
ques can be used to assign the alignment of a guest in the
crystal lattice of the host. For this purpose we employed
the "H-'C frequency switched Lee—Goldburg (FSLG)
decoupling experiment (Fig. 6)."* In FSLG HETCOR, the
sample is spun very rapidly, which greatly improves the
resolution of carbon and proton projections. Through
lengthening of the contact time (CT) in the pulse se-
quences, it is possible to observe long-range intermole-
cular interactions. We carried out measurements with six
contacts times, 1, 2, 4, 6 and 10 ms, at a spinning rate of
25kHz and a temperature of 278 K. With the shortest
contact time we monitored cross peaks which belong to
the n-propanol molecule. The relatively weak intensity of
methyl group due to the well-known small efficiency of
cross polarization for rotating groups is noteworthy.'*

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 6. Pulse sequence used for recording of 2D HETCOR
spectra; p3 is 90° proton pulse, p23 is 54.7° proton pulse,
arrows denote LG offsets, CT is contact time

In order to simplify the interpretation of the spectra, we
used an IC with 2 as host. Figure 7(a) shows the 2D
correlation for the 2a IC with a contact time of 6 ms. Of
course, for apparent reasons the resolution in the F
projection is not as good as for the 'H-'>C HSQC
spectrum measured in the liquid phase (see Supplemen-
tary material); however, some structural information can
be gained. The cross peak between protons of the methyl
group of the guest and methyls of the isopropylidene
residue is evident. The other cross peaks showing the
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Figure 7. "H-'3C FSLG HETCOR MAS spectra of (a) 2a and
(b) 2c recorded with a spinning rate of 25kHz
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short-range correlation for both guest and host molecules
are clearly seen. The important structural constraint is
presence of a long-range cross peak between residual
protons of the methyl groups of isopropylidene and
quaternary carbons. The most significant information
was obtained on searching the region of the anomeric
signal at 97 ppm. The cross peak for the C1 carbon is in
an unexpected region. From the HSQC correlation, we
predicted the presence of the 'H signal at 5.5 ppm in the
F, dimension. The signal observed at ~4ppm (F;
projection) may be due to intramolecular contact with a
CH, group (the C1—C6 distance is 3.63 A) and/or inter-
molecular interaction with the —CH,(1)— proton of the
guest molecule [see Fig. 4(b)]. Further results were
obtained for 2¢. Figure 7(b) shows the FSLG HETCOR
spectrum recorded with CT 6 ms and other experimental
parameters as for 2a. The difference between Fig. 7(a)
and (b) is apparent. The lack of the cross peak for
anomeric carbon in Fig. 7(b) suggests that in the former
case the cross peak rather reflects host—guest interactions
and very likely for 2¢ n-propanol is outside the cavity.
The signals that correspond to the guest molecule in
the crystal lattice are much weaker in Fig. 7(b) than in
Fig. 7(a). The methyl group is not seen in the 2D
projection. On the other hand, the "H NMR studies in
the liquid phase unambiguously prove that for both
samples the quantity of guest in the ICs is exactly the
same. In the FSLG HETCOR experiment, for each
sample, even with very long CT, we did not monitor a
C1-H1 host cross peak corresponding to the closest
intramolecular contact. This means that the proton signal
of the anomeric group is very broad, hidden in the
baseline, which causes that C—H intramolecular interac-
tion not to be detected. Finally, it is worth stressing that
analysis of the cross-polarization profiles for 2a and ¢ in
the CT range from 10ps to 12ms did not reveal a
distinction in the 'H T, , Telaxation times for anomeric
carbons. Hence the difference between 2D spectra is not
due to distinction of the cross-polarization dynamics of
2a and c.

DFT calculations

In order to have better insight into the structure of the ICs
of 1, in the next step we carried out density functional

Copyright © 2005 John Wiley & Sons, Ltd.

theory (DFT) calculations.”® Theoretical methods have
recently become an attractive approach to search for
various possible geometries of host—guest compounds.'®
The host molecule of 1 is a species in which the cavity
has few sites that can be considered as hydrogen bond
acceptors. From x-ray studies, it is apparent that hydro-
gen bonding occurs between n-propanol and the oxygen
of the isopropylidene blocking group. Such a structure,
labeled case a in Chart 2, was considered as a starting
point in our calculations. We also built up a structure
where thiono-sulfur is a hydrogen bond acceptor (case B).
It is worth emphasizing that such a geometry was
established by means of x-ray diffraction for the inclusion
complex of 1 with 2-propanol.'” Moreover, structures vy
and & have been taken into consideration. In each case,
the crystal structure of the host molecule was taken as the
starting geometry. The position of the hydrogen atoms of
1 was optimized at the PM3 level since x-ray diffraction
often has difficulty locating protons accurately.

In all calculations, the geometry of host was ‘frozen’
and the distance between heavy atoms of the hydrogen
bridge (S or O) was kept in the region of 3.2 A as found in
x-ray structures. For f and & structures the alignment of
n-propanol was optimized. In each case the guest was
considered as a static molecule although from the experi-
ment it is clear that at room temperature n-propanol
undergoes reorientation. With these precautions, DFT
calculations at the B3PW91/6-311 + G* level were car-
ried out.'® The calculated energies for modifications o—g
are given in Table 2. From these data, it is clear that
localization of the guest molecule in the crystal lattice has
a noticeable influence on the global energy of complexes.
Structures with n-propanol inside the cavity have lower
energy, in particular those where oxygen is an acceptor of
hydrogen bonding (o and 7). Complex & with the guest
molecule outside the cavity has the highest energy, higher
than the solvent-free matrix.

Table 2. SCF energy in arbitrary units (AU) for modifications
o—&

Sample o B v & g
E (A)U —4539 —4539 —4539 —4539 —4539
8599 8557 8605 8543 8568

28 shows complex with solvent outside cavity.
¢ (not shown in Chart 2) represents solvent-free host matrix.
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DISCUSSION

Experimental data and theoretical calculations enable us
to establish the alignment of guest molecules in the
crystal lattice of the host and also to construct a model
that in pictorial form explains the nature of the changes.

Chart 3 shows the border stages with exo and endo
cavities. The cylinders represent the sugar molecules and
the solid lines correspond to the thiophosphoryl skeleton.
When the guest molecule is outside the cavity (exo case),
the *'P T, is very long (l¢, 2¢) and comparable to the
solvent-free host 1d. Samples 1a and 2a represent the
pure endo case, with guest molecule deeply aligned
inside the cavity. In consequence the relaxation times
are considerably shorter. We further assume that 1b is a
mixture of la and ¢, very likely in the proportions
0.77:0.23. The rearrangement at ambient temperature of
1c-1e and the dramatic change of the spin-lattice relaxa-
tion times is very impressive. It is worth noting that
during crystallization we found a number of samples that
cover a range of >'P relaxation times from 15 to 115s.
Analysis of '>C T for anomeric carbon is another source
of structural information. Inspection of the data for 1a
and 2a (Table 1) reveals a significant difference in the
relaxation times for two observed C1 carbons (15.2 and
34.0s). From x-ray data it is clear that only two of four
sugar residues are involved in short contacts with n-
propanol [Fig. 4(b)]. For other samples the BC 1, of
the C1 carbons have comparable values. The much longer
relaxation times of anomeric carbons for 1d without
solvent in the lattice is worth noting.

exo cavity

Chart 3

Copyright © 2005 John Wiley & Sons, Ltd.

Judging from the changes in DSC profiles, it is plau-
sible that self-organization of ICs causes the subtle
crystal lattice modification and release of the guest
from the endo cavity requires exothermic host recrystal-
lization. Variable-temperature experiments provides
further evidence confirming the rearrangement of the
host lattice. Figure 8 presents 3'p CP/MAS and 'H
MAS spectra of 1a at 65 °C, in the region of exothermic
changes [see Fig. 1(a)]. From the 3tp spectrum it is
apparent that at this temperature the host lattice is
changed and we have two components. The '"H MAS
spectrum proves that the guest is still in the lattice, but the
lineshape is significantly broader than that observed for
1a. The quantitative liquid-phase 'H NMR measurements
show that for both samples, before and after thermal
treatment the amount of n-propanol in IC is exactly the
same. On the other hand, the 31P, 13C and 'H relaxation
times are dramatically different. For 1a after rearrange-
ment appropriate values are very similar to those estab-
lished for 1c.

The instability of 1b and ¢ suggests the formation of
kinetically controlled products, which undergo rearran-
gement to the thermodynamically more stable form 1le
(1a). The thermodynamics of inclusion complexes are
well established.!® Nevertheless, information about the
self-organization of ICs under mild conditions is not
common. Our experimental and theoretical studies en-
abled us to establish the mechanism of thermal changes
of ICs of 1 and to understand the migration pathway of
the guest molecules in the crystal lattice. The crystal-
lization of DGTD in n-propanol is a random process with
equal probability of forming exo and endo complexes. It
is apparent that weak intermolecular interactions (hydro-
gen bonding between guest and host molecules) make a
very small but important contribution to the total energy
of ICs and can be thought of as a driving force which is
responsible for the alignment of guest molecules in the
‘proper place’ in the cavity.

The solid-state NMR measurement of 7 relaxation
times allows the localization of the guest molecules in the
lattice to be established. To the best of our knowledge,

a)

b) 90 88 86 84 82 ppm
T T T 1 1 1
20 15 10 S 0 ppm

Figure 8. (a)>'P CP/MAS spectrum (only the isotropic part is
shown); (b) "H MAS spectrum for 2a after heating to 65 °C,
recorded with a spinning rate of 30kHz
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this paper presents the first such spectacular example and
tools to investigate the self-organization of ICs on macro-
scopic and molecular levels.

EXPERIMENTAL

Sample synthesis and crystallization. DGTD was synthe-
sized according to procedure described elsewhere.”’ A
100 mg amount of host was dissolved in 20ml of n-
propanol by gentle heating. Crystals were grown by slow
isothermal evaporation of the solvent over a few days.
In most cases when employing this procedure la was
obtained. When the solute—solvent mixture after
dissolution was quickly cooled, usually crystals of 1c
appeared. However, the crystallization of 1 is random
process and in many cases mixtures of different forms are
obtained.

NMR measurements. The solid-state 'H, '*C and *'P
NMR experiments were performed on a Bruker Avance
DSX 300 spectrometer at 300.13 75.47 and 121.49 MHz.
The instrument was equipped with a MAS probehead
using 4 mm and 2.5 mm ZrO, rotors. A sample of glycine
was used for setting the Hartmann—Hahn condition and
adamantane as a secondary chemical shift reference,
8 =738.48 and 29.46 ppm from external TMS.?' Phospho-
ric acid (85%) was used reference for 3P and TMS for 'H
spectra. The conventional spectra were recorded with a
proton 90° pulse length of 3.5 pus and a contact time of
1 ms. The repetition delay was 10 s and the spectral width
was 25kHz. The FIDs were accumulated with a time
domain size of 2K data points. The RAMP shape pulse
was used during the cross-polarization and TPPM with
T,=06.8 us and a phase angle of 20° during acquisi-
tion.”>** The spectral data were processed using the
WIN-NMR program.24

FSLG HETCOR spectra were recorded with the pulse
sequence given in Ref. 13. The 3 us /2 'H pulse was set
up in each 2D experiment. Thirty-two serial files with
increment 19.2 pus were recorded. Linear prediction in F
was employed. The LG offset was shifted 3 kHz in order
to avoid overlap of axial peaks with cross peaks. The
spectra were processed with Qsine apodization functions,
2.51in F5 and 3 in F;.

The magnitudes of the principal elements of the CSA
were obtained from the best-fitting simulated spinning
patterns. Simulations of the spinning CSA sidebands
spectra were carried out on a PC using the SIMPSON
program under a LINUX environment.

Other methods. DFT GIAO calculations were carried out
with the GAUSSIAN 98 program running on a Silicon
Graphics Power Challenge computer. The GIAO method
with the B3PWO91 hybrid method and 6-311+4G**
basis set was used to calculate geometry and NMR
parameters.

Copyright © 2005 John Wiley & Sons, Ltd.

DSC and TGA measurements were carried out on TA
instruments, 2920 Modulated DSC and Hi-Res TGA
2950 Analyzer.
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