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Abstract:  Bis[6-0,6-0'-(1,2:3 4-diiso-
propylidene-a-D-galactopyranosyl)thio-
phosphoryl] disulfide shows a strong
tendency to form inclusion compounds.
The crystal and molecular structure of
eight different solvates was established
by X-ray analysis. The results indicate
three different types of disulfide ar-
rangements in the crystal lattice. By

means of 3P CP and single-crystal
NMR for the complex with propan-2-
ol. The principal axis 1 of both chemi-
cally equivalent phosphorus atoms is
nearly parallel to the P—S bond and the
principal axis 3 is very close to the P=S
bond. DFT GIAO calculations of the
model compound (EtO),(S)P'SSP%(S)-
(OEt), allowed assignment of the ex-

perimental chemical shift curves to the
magnetically nonequivalent atoms P!
and P2 The maximum difference be-
tween calculated angles (X i—P—X)cuicq
and experimental angles (X i—P—X).u
is 8.3° and the rms distance 3.8° (i=
principal axes 1, 2, 3; X=S§, -S-, -O1-,
-02-). The influence of C—H---S weak
hydrogen bonding on phosphorus

means of P CP/MAS NMR experi-
ments the principal values d,;, 0, and
035 of the 3P chemical shift tensor were
obtained for each form. The orientation
of its principal axes with respect to a
molecular frame was investigated by

drogen bonds -

Introduction

Analysis of known crystal structures shows that only 15 % of
organic compounds are able to include solvent molecules in
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shielding was tested theoretically (*'P
DFT GIAO) employing the dimethoxy-
thiophosphoryl disulfide - CH, complex
as a model compound. The sensitivity of
SIP ¢; parameters to intermolecular
forces is demonstrated.

the solid state.l!l The formation of different structures depends
on complex solute —solvent interactions. The thermodynamics
in the process of crystallization of the host — guest compounds
were recently discussed by Desiraju and co-workers.”) The
significance of noncovalent interactions (for example, strong
and weak hydrogen bonds) and their influence on the crystal
packing in these systems was also explored in detail.’! Much
attention was paid to the importance of weak C-H---O
hydrogen bonding. Taylor and Kennard® showed that
C—H--- O contacts are electrostatic in nature and occur for
C---O distances between 3.0 and 4.0 A assuming that the
C—H---O angle is in the range 90—180°. The geometry of
C—H-- O contacts in crystals of carbohydrates was reported
by Steiner and Saenger.P!

Investigating the bis[6-0,6-O'-(1,2:3,4-diisopropylidene-a-
D-galactopyranosyl)thiophosphoryl] disulfide (1) we conclud-
ed that this molecule belongs to the rare class of compounds
that have a very strong tendency to form inclusion com-
plexes.>7 A number of factors is responsible for the
formation of different forms of 1. Our attention was focused
on possible P=S:--H—C intermolecular contacts.®°l The
role of C—H --- S hydrogen bonding and the influence of weak
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contacts on molecular packing of organic crystals was
discussed by Borrmann et al.l! A theoretical investigation
of C—H--- X hydrogen-bonded complexes (X=F, N, O, P, S)
was recently reported by Radom and co-workers.['!]

We wished to find out the mechanism of the solute —solvent
interactions in 1, about the possible influence of P=S---H-C
forces on NMR shielding parameters, and whether it is
possible to learn the nature of such contacts by studying the
tensorial character of the shielding of the 3P nucleus. The
project was carried out in several stages. In the first step, the
crystal structures of different forms of 1 were established, and
C—H - S and other intermolecular contacts were analyzed. In
the second step, 3P CP/MAS NMR experiments analyzed by
the Herzfeld-Berger approach,l'”l were used to find the values
of the principal elements J;; of the 3P chemical shift tensor for
each complex. The next step was the measurement of the
values of the principal elements of *'P chemical shift tensors
and the orientations of the principal axes with respect to a
molecular frame by means of single-crystal NMR for the
inclusion compound containing propan-2-ol in the crystal.
Finally, the DFT GIAO method was used i) to assign the
measured tensors to the two crystallographically equivalent,
magnetically inequivalent phosphorus atoms in the unit cell,
ii) to evaluate the accuracy of the calculated chemical shift
tensors, and iii) to test the sensitivity of the J; parameters to
P=S--- C—H contacts.

The GIAO B3PW 91 hybrid method!"® was employed for
calculating the 3'P shielding parameters. Unfortunately,
calculation of the full structure of 1 is very time consuming
and, because we were interested only in the
NMR shielding parameters of the phospho-
rus atoms, we removed the sugar groups.

S
1}
i_s_ Pfo O _-CH,
[0} S 0.0 CH,
00
\/\CH
H.C 3 2

1a: 1 with propan-2-ol 1f: 1 with benzene and n-hexane

1b: 1 with n-propanol 1g: 1 with benzene

1c: 1 with diisopropyl ether 1h: 1 with acetone

1d: 1 with toluene 1i: 1 crystallized from methanol

(without solvent in crystal
lattice)

1e: 1 with chloroform 1j : 1 with methylcyclohexane

(EtO),(S)PSSP(S)(OEL), (2) (MeO)x(S)PSSP(S)OMe), (3)

isostructural (Table 1). These crystals are monoclinic, with the
space group C2, and a host:guest ratio of 1:2. The disulfide
bridge of the host molecule is located on a crystallographic
twofold symmetry axis, thus the molecule in the solid state has
the point symmetry C, (Figure 1).

The S=P, P—S bond lengths and the angles S=P—S and
P—S—S—P in 1b, 1¢ and 1d are almost identical, with
respective values of about 1.9 (P=S), 2.08 A (P-S), 106°
(S=P-S) and |80|° (P—S—S—P) (Table 2). This geometry is
characteristic for the SSPSSP=S fragmentl® 7 as well as anti—
anti orientation of the S=P bonds (S=P—S—S is about
—159°).1 The values of torsion angles indicate that the
galactopyranose ring in structures 1b, 1¢ and 1d adopt a
distorted twist-chair conformation.

Table 1. Crystallographic and experimental data for complexes 1b-d.

These residues were replaced by ethoxy

groups Ri 2. The geometry of the
(R'0),(S)PSSP(S)(ORY), unit was kept ex-
actly the same as that established by the
single crystal X-ray studies of 1a.

Bis(dimethoxythiophosphoryl) disulfide
3. CH, complex was used as a model com-
pound for the theoretical studies of P=S---
H—C contacts. The compounds and models
investigated in this work are summarized
below.

Results and Discussion

X-ray single crystal studies: In our previous
work we found that bis[6-0,6-0"-(1,2:3,4-
diisopropylidene-a-D-galactopyranosyl)thio-
phosphoryl] disulfide (1) crystallizes from
polar as well as nonpolar solvents, for
example from benzene, n-hexane, chloro-
form, acetone, and propan-2-ol, and forms
different inclusion complexes.>7] In this
work we show that molecular complexes
with propan-2-ol (1a),! propan-1-ol (1b),
diisopropyl ether (1¢) and toluene (1d) are

2692

1b 1c 1d

empirical formula C,,H;0,,PS,/C;H;O C,,H;0,,PS,/CiH;,O0 C,,H;0,,PS,/C;Hg

formula weight 673.73 715.81 705.77

crystal system monoclinic monoclinic monoclinic

space group Cc2 Cc2 Cc2

unit cell dimensions

a[A] 29.386(6) 30.762(6) 30.457(6)

b [A] 10.430(2) 10.396(2) 10.372(2)

c[A] 11.920(2) 12.017(2) 11.811(2)

BI°] 105.73(2) 93.48(3) 93.44(3)

vV [A% 3516.6(11) 3836.0(12) 3724.4(12)

zZ 4 4 4

Peatea [gCmM ™) 1.273 1.239 1.259

p [mm~'] 2.301 2.138 2.179

F(000) 1436 1532 1500

crystal size [mm] 0.49 x 0.16 x 0.1 0.62 x0.23 x 0.1 0.83 x 0.23 x 0.49

60 range [°] 312<6<67.24 2.88<6<80.37 2.91<6<80.38

index ranges —-33<h<11 0<h<39 —38<h<37
—-12<k<11 —-13<k<0 —-13<k<0
—-13<i<14 —-15<I<15 —-15<I<15

reflections collected 5698 3668 7980

reflections independent

data/restraints
refined parameters
goodness of fit

R indices [ > 20(1)]
wR,

R indices (all data)
wR,

absolute structure parameter
extinction coefficient
largest diff. peak, hole [e A~3]

5081 (R = 0.039)
5081/5

3614 (R, = 0.0366)
3614/23

4263 (Ryy = 0.071)
4260/7

364 403 368

1.025 1.021 1.054

0.0571 0.0766 0.0497
0.1427 0.1761 0.1222
0.0991 0.1608 0.1170
0.1694 0.2241 0.1727
0.03(3) 0.07(5) 0.09(3)
12(2) x 10 0.8(2) x 103 1.5(2) x 10-3
0.52, —0.44 0.49, —0.35 0.26, —0.23
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Figure 1. Molecular structure of the asymmetric unit of 1b and the atomic
numbering scheme.

Table 2. Selected bond lengths [A], bond angles, and torsion angles [°].

1b 1c 1d
P1-06’ 1.569(3) 1.568(6) 1.559(4)
P1-06" 1.570(3) 1.555(6) 1.553(4)
P1-S1 1.898(2) 1.908(3) 1.900(2)
P1-S2 2.088(2) 2.075(4) 2.080(3)
S2-821 2.073(3) 2.068(6) 2.072(4)
S1-P1-82-S214 —158.7(1) —158.6(2) —158.5(1)
P1-S2-S201-P1la) —79.3(1) 81.1(3) —80.4(2)

[a] Atoms are the symmetry equivalent atoms created by the twofold
symmetry axis.

All crystals are built up of molecules of 1 packed along the
twofold symmetry axes, and solvent molecules located around
twofold screw axes. The guest molecules are locked in
channels (parallel to the b axis) in which isopropylidene
methyl groups of 1 are directed to the inside of channels
causing steric hindrance. The dimension of a channel is about
8 x 13 A, but the distance between methyl groups lying on the
opposite walls of the channel is ~6 A. So, these groups are the
main factor promoting the inclusion of guest molecules, even
when no strong host --- guest hydrogen bonds are formed. This
conclusion is consistent with our NMR and DSC studies
published elsewhere.["]

In all structures, intermolecular C—H --- S=P contacts are
observed (Table 3): in 1b and 1c they are important compo-
nents of both host---guest (shortest C---S distances are
3.88(4) and 3.52(2) A for 1b and 1¢, respectively), and host -
host contacts, whereas in 1d they link host molecules only
(C---S 3.87(1) A). Other attractive host --- guest forces de-
pend on the nature of the included solvent:

i) The propan-1-ol hydroxyl group in crystal 1b is involved in
a very weak Ogyeq—H ++- Oyoq hydrogen bond (geometry of

Table 3. Geometry of C—H -+- S=P contacts (C---S1 <4.1 A).

C--S1* H--S1 ¥C-H--S1
[A] [A] (']

(*) Symmetry code Type of contact

1b 3.88(4) 3.03 152 Yr—x,y—", -z host --- guest

3.92(1) 313 141 X y+lz host - host
4.041) 312 162 xy,z-1 host --- host
1c 3.52(4) 3.04 119 host -+~ guest
4.004) 375 94 host --- guest
4.07(2) 3.70 104 host --- guest
391(2) 315 136 x,y—1,z2 host --- host
1d 3.87(1) 311 137 x,y—1,z host -+ host
3.98(1) 3.06 160 x, ¥, z—1 host --- host

Chem. Eur. J. 2002, 8, No. 12
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this bond: O(1P)---O(1”) 3.345(3) A, H(10)---O(1")
223 A, ¥ O(1P)-H(10)---O(1") 110°).

ii) Weak hydrophobic Cy,—H -+, interactions in crystal
1d are observed between the toluene phenyl ring and the
methine C—H group of the galactopyranose (with distan-
ces C+--m 4.06 and H-+- 7t 3.11 A).

Inclusion crystals of 1 obtained from other solvents are built
up of host molecules without the molecular twofold symmetry
about the S—S bond.[® 7] Their structures are: 1e monoclinic,
P2;; 1f orthorhombic, P2,2,2,; 1g and 1 h trigonal, P3,.

However, the crystal lattice symmetry, the kind of guest
molecule (polar or nonpolar) and its interactions with 1 have
only a slight effect on host molecular geometry. A least-
squares fit of the S=PSSP=S fragment of molecule 1, adopting
in the solid state eight inclusion compounds 1a—h, showed
that the molecular structures of the host molecules are very
closed. The maximum deviation between respective atoms is
1.42 A for 1g, but between the four isostructural crystals 1a—
d the maximum deviation is only 0.82 A.

This molecule is the basic building block of the solid-state
structure. The common feature observed in each of crystals
1la-h is the presence of molecular columns formed by 1
(Figure 2a): molecules aggregate in the “head-to-tail” mode,
that is the disulfide bridge contact methyl groups of the
opposite side of 1, and they are repeated by a translation along
the column. The translation period of 10.4—11.9 A is simulta-
neously the length of the shortest of the unit-cell parameters.
Different relative orientations of the columns in the three-
dimensional crystal lattices depend on crystal symmetry. So
far, three types of column packing have been observed
(Figure 2b):

i) Columns are parallel in the space group C2.

ii) Columns are antiparallel, rotated by 180° in the space

groups P2, and P2,22,.

iii) Columns are rotated by 120° in the space group P3,.

The included solvent molecules occupy free volumes
between columns.

To check the importance of C—H:---S=P intermolecular
contacts, Version 5.211"4! of the CSD was used to search for
geometrical data. The general search was performed for
compounds containing C, H, O, S and P elements only, and for
intermolecular C---S distances <4.1 A and C—H -+ S angles
90-180°. Among these structures, the subset of compounds
with the S=P(O),—S fragment was found to have the shortest
contacts (104 contacts in total); the minimal C---S contact is
of 3.545(6) A for 1,6-anhydro-2-O-tosyl-4-S-(5,5-dimethyl-2-
thioxa-1,3,2-dioxaphosphorinan-2-yl)-3-D-glucopyranose
propan-2-ol solvate at 85 K.

3P CP/MAS solid state NMR: The room-temperature 3'P CP/
MAS spectra of bis[6-0,6-O"-(1,2:3,4-diisopropylidene-a-D-
galactopyranosyl)thiophosphoryl] disulfide complexes 1b, ¢,
and d show one set of spinning sidebands from the large
chemical-shielding anisotropy (CSA). The principal compo-
nents 0y of the 3'P chemical shift tensors were calculated from
the spinning sideband intensities employing the program
WINMASI! that is based on the Herzfeld—Berger algo-
rithm.['? The isotropic chemical shifts d;,, and the calculated
values of J; are given in Table 4. The accuracy of the
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aj b

Figure 2. a) Packing of host molecules 1 within a column, and a symbolic description. b) Types of molecular
column orientations of 1 observed in its inclusion complexes. I: parallel columns in the space group C2; II:
antiparallel columns in the space groups P2, and P2,2,2;; III: columns rotated by 120° in the space group P3,.

Table 4. 3'P NMR chemical shift parameters for bis[6-0,6-O’-(1,2:34-
diisopropylidene-a-p-galactopyranosyl) phosphorothioyl] disulfide (1).

Solvent Oiso o % [ 2% References
[ppm]  [ppm] [ppm] [ppm]

2-propanol (1a) 83.4 194.3 993 —432 I

n-propanol (1b) 83.3 197.0 953  —424 this work

isopropyl ether (1¢) 84.6 1939 1045  —44.6 this work

toluene (1d) 84.7 195.9 98.9  —40.6 this work

chloroform (1e) 88.0 2002 1032 —392 W

85.9 200.4 96.2 —39.0
benzene/n-hexane (1f)  86.8 196.6 105.0 —412 @
86.2 1971 102.0 —40.7

benzene (1g) 89.1 203.5 1028 —39.1 @
86.5 199.7  101.8 —42.1
acetone (1h) 86.2 197.6 971 =360 [
84.2 191.2 91.5 —30.2
without solvent (1i) 87.3 1982 107.4  —43.8 this work

84.0 190.8  102.6 —-413
methylcyclohexane (1j) 88.4 201.6 97.0 —334
87.5 2054 1044 —47.1
84.3 1951 101.0 —433
82.4 196.4 95.2 —445

this work

calculations was verified by comparison with simulated
spectra.

It is worth mentioning that 3P CP/MAS NMR also offers
the chance to test the ability of host molecule 1 to include
solvents for phases of which we were not able to grow single
crystals suitable for X-ray studies. Thus, Figure 3 displays the
3P CP/MAS spectra of crystals of 1 obtained from methanol
(1i) (without solvent in crystal lattice) and methylcyclohexane
(1j) solutions.

It is known that the number of resonance lines in the
isotropic part of such spectra provides information about the
molecular content of the asymmetric unit. As concluded from
BC CP/MAS measurements, sample 1i does not contain
solvent molecules in the crystal lattice. For this homomolec-
ular system we can assume that one molecule is present in the
asymmetric unit, and that two phosphorus centers P1 and P2

2694
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are distinguishable. The com-
pound 1i is only one example
among others where the host 1
is not able to trap the guest
molecule. Crystal 1j presents a
more complex picture with four
SIP. NMR resonances in the
isotropic part of the spectrum
(Figure 3b). 3C CP/MAS stud-
ies clearly show that methylcy-
clohexane is present inside the
parent crystal lattice. Judging
from the thermal instability of
1j, which was also confirmed by
a variable temperature (VT) 3P
CP/MAS investigation (Fig-
ure 3¢), it can be assumed that
solvent molecules are included
only in part of the lattice of 1.
The less intensive outer lines in
each sideband arise from crys-

a)

240 200 160 120 80 40 0 -40
S8/ ppm
b)
240 200 160 120 80 40 0 -40
8/ ppm
o \«NMW
240 200 160 120 80 40 0 -40
&/ ppm

Figure 3. 'H»P CP/MAS experimental spectra at 121.49 MHz of a) 1i
modification, b) 1j modification, and c¢) modification of 1j after heating.
The spectra have 4 K data points with 10 Hz line broadening, a contact time
of 1 ms, 100 scans and 7,,, = 3.7 kHz.
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tal ranges with included methylcyclohexane molecules while
the more intensive inner lines correspond to solvent-free
ranges. With an increase in temperature, a migration of the
solvent molecules and a change of the crystal lattice is
observed.

The 3P O; values for phases la-j differ significantly
(Table 4). A similar observation was recently reported for
13C NMR by Smith et al. who investigated the polymorphism
phenomenon of 5-methyl-2[(2-nitrophenyl)amino]-3-thiophe-
necarbonitrile by means of solid state *C 2D NMR techni-
ques.'®l Grant and coworkers studied polymorphs of dimeth-
yl-3,6-dichloro-2,5-dihydroxyterephtalane and found signifi-
cant differences in the principal elements of the *C chemical
shift tensors.'”l These authors concluded that conformational
changes are responsible for the differences in the "“C dj
parameters. Note, from our X-ray studies (see previous
section) it follows that a change of the conformation of
disulfide 1 cannot be responsible for the observed spread of
the 3'P ¢; values of its crystal structures.

It is known that conclusions regarding changes in the local
environment of thiophosphoric systems can be drawn from an
analysis of the principal components o; of the 3'P chemical
shift tensor.'8! The analysis of the data collected in Table 4
shows several intriguing features. All principal components d;
show differences up to Ad; = 15 ppm for the different forms.
To explain such differences, we propose that they are due to
weak hydrogen bonding to the thiophosphoryl group or to the
bridging sulfur atoms. The origin of this effect is related to the
change in electronic shielding of the phosphorus as the sulfur
atoms becomes more polarized by the formation of the
hydrogen bond. It is very hard to find an experimental method
that could provide straightforward evidence for such subtle
contacts as weak hydrogen bonding and, further, to find out
how such contacts affect NMR parameters. On the other
hand, very recently developed methods of quantum chemistry
are a powerful tool for analysis of such problems. However, to
discuss the question of P=S---H—C contacts in terms of the
tensorial nature of the phosphorus shielding on the ab initio
level, it is a prerequisite to know experimentally the
orientation of the 3P principal axes i with respect to a
molecular frame of reference. The orientation of the principal
axes remains hidden from MAS NMR investigations. This
missing information can be obtained experimentally by NMR
goniometer measurements of single crystals. Such NMR
investigations were done only for a few phosphorus com-
pounds,['”! because the measurements are time consuming,
require a special probe head and a sufficiently large sample
crystal with edges not smaller than 3 mm. In the following
section we describe such measurements on the modification
1a.

Single-crystal NMR of 1a: As crystals of 1a are monoclinic
with two crystallographically equivalent, magnetically inequi-
valent phosphorus atoms P1 and P2 in the unit cell (not
counting translationally equivalent ones), its single crystal 3'P
spectrum consists of a general orientation of the applied field
B, of two chemically shifted resonances, which may, but need
not, be split by the dipolar couplings of closest pairs of 3'P
nuclei, see inset of Figure 4.

Chem. Eur. J. 2002, 8, No. 12
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Figure 4. Angular dependence of the 3P lines of a single crystal of 1a from
rotating the cube about the y, axis. Inset: Spectrum for ¢ = 136.5° [note, it is
a typical quasi-AB spectrum].

The dipolar splitting is given by R(3cos?0 — 1), where 0 is
the angle between the applied field B, and the line connecting
the two P atoms. From the structure of 1a, we deduce R=
262 Hz. In general, such spectra will be determined by the
difference of chemical shifts (7, —75) and by the direct and
indirect spin-spin interactions. The 3/ coupling, estimated
from the solution 3C NMR spectra of § and y carbons are
found to be below 2 Hz (this value is in accordance with that
in other bis(dialkoxythiophosphoryl) disulfides™®!), and can
be neglected in the analysis of solid-state single-crystal spectra
with a line width over 250 Hz. If B, is either parallel to the
monoclinic axis [010], or lies in the monoclinic plane (010) of
the crystal, the resonances from P1 and P2 will collapse into a
single one.

To access the symmetric parts of the chemical shift tensors
of P1 and P2, we rotated an orientated single-crystal sample of
1a fixed inside a hollow cube about the three cube edges
labelled x., y., and z. and took spectra for each 7.5° increment
of the rotation angle. The rotation axis is, as usual, perpen-
dicular to B,. In Figure 4, the spectral positions of the
observed lines are plotted for rotation of the sample about the
y. edge of the cube. The large variations of the line positions
seen in that Figure are due to the anisotropic chemical shifts,
the small splittings with their characteristic angular depend-
ence due to the dipolar couplings. The centers of gravity of the
dipolar split resonances, that is, the pure chemical shifts, are
plotted in Figure 5 for rotation of the sample about the three
cube edges x., y. and z..

By a least-squares fitting procedure we want to analyse
these so-called rotation patterns in terms of the chemical shift
tensors o of P1 and P2. In fact, only one shift tensor has to be
determined because the second is symmetry related to the
first. The important question is which of the two tensors is to
be assigned to P1 and which to P2, and is beyond the pure data
analysis so will be discussed further below.

For the data analysis we need to know the orientation of the
sample crystal relative to the cube edges x., y. and z.. The plan
was to fix the crystal inside the hollow cube such that the b
axis, the —c axis and the reciprocal axis a* of the crystal,
respectively, are parallel to the cube edges y., x. and z.. Had

0947-6539/02/0812-2695 $ 20.00+.50/0 2695
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Figure 5. Angular dependence of the *'P chemical shifts of a single crystal
of 1a. The curves reflect the fitted 3'P chemical shift tensors.

we succeeded perfectly, no chemical shift differences of P1
and P2 should be detectable in the y. rotation pattern and,
furthermore, the x. and z. patterns should be mirror sym-
metric about the crossings of the two traces in these patterns.
As Figure 5 shows, these criteria are satisfied approximately,
but not perfectly. As the x, pattern displays nearly perfect
mirror symmetry we concluded that the x. edge of the cube
lies very close to the monoclinic plane (010) of the crystal. To
start the data analysis we assume that it is, as planned, parallel
to —c. The data in Figure5 are highly redundant for
determining the six cartesian components o; (=0j;) of the
symmetric part of a chemical shift tensor in a suitable chosen
crystal-fixed axes system for which we use the so-called
standard orthogonal system (SOS) with xgos || @, ysos || & and
Zsos || ¢*. Therefore, we can use these data for improving our
knowledge of the orientation of the sample crystal inside the
cube. The possible improvement concerns primarily the
orientation of the y. and z. cube edges inside the plane
perpendicular to —c. This orientation is described by the
(signed) angle a =% (b, y.). We point out that the data do not
allow us, unfortunately, to detect and correct a deviation of
the cube edge x. from —c so long as x. remains within the
monoclinic plane (010).

Fitting is done with the second-rank tensor least-squares
fitting program SUPERFIT.?! Apart from shift data as in
Figure 5, SUPERFIT needs as input (i) the orientation of the
rotation axis R of each pattern specified by, for example, its
polar angles 3y and ¢y, in the SOS and, ii) a reference angle ¢y
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for which rotation angle ¢ the applied field B, is parallel to a
specified reference direction in the plane perpendicular to the
rotation axis. By inspection of the x. and z. patterns in
Figure 5 we can safely conclude that the crossing of the two
traces at the common value of about 6 = 160 must correspond
to By, approximately parallel to b. Therefore, the other
crossings of the traces (at about 0 =88 in the x, pattern and at
about 0 =8 in the z, pattern) and also the (single) crossing of
the traces in the y, pattern must correspond to crossings of the
path By(R;,$), Ri=x., y., z., with the monoclinic plane (010)
of the crystal. The direction of B, at a crossing point is fixed
once the rotation axis of the crystal is known and we take that
direction as the reference direction for SUPERFIT. The
corresponding reference angles ¢, %) can be read from the
rotation patterns with considerable accuracy.

SUPEREFIT calculates for a test tensor ¢**' the shifts for all
crystal orientations implied by data as in Figure5 and
minimizes with respect to the components of* the standard
deviation sigma of the (weighted) squares of the differences
between calculated and actually measured shifts. In the
present data analysis we also considered « as a free parameter
to minimize sigma. The best-fit value for a turned out to be
Qo =—35.0°. After the fitting procedure had converged, we
still noticed deviations between calculated and observed
shifts, which were systematic with respect to the rotation angle
¢ in the three rotation patterns. We tried to eliminate them by
allowing x. to move out of the monoclinic plane (010) by an
angle . A slightly smaller minimum of sigma was reached for
B =1.0° but systematic differences remained. We think they
are due to the assumed orthogonality of the three rotation
axes implied by our data analysis, which in reality need not be
exactly true. The result of the fit is given in Table 5. Its quality
may be appreciated by comparing the data points in Figure 5
with the full curves, which represent the fitted tensors.
Included in Table 5 are d;, and the principal values o; as
obtained from a side band analysis of CP/MAS experiments,
as well as results from DFT GIAO calculations to which we
turn now.

Table 5. Experimental and calculated 3P nuclear magnetic shielding
tensors of 1a characterized by principal values o; [ppm]® and orientations
of the principal axes i in the SOS.[]

Method Jiso oy [ 033 rms distance
[ppm]
CP/MAS 83.4 133.7 228.7 371.2 1.3
single crystal 841 1328 2297  369.3 1.5l
DFT GIAQ! 101.6 111.4 199.7 368.0 21.3
axis 1 axis 2 axis 3

0, P 0, @2 05 @3
single crystal 81.77 61.28 40.98 321.70 129.79 338.20
DFT GIAO 77.92 63.02 34.47 314.85 121.72 340.63

[a] 0; =328 ppm — Jj, see ref. [22]. The o;; are referenced to H;PO, (85 %).
[b] The polar angles 6; and the azimuth angles ¢; define the orientation of
the principal axis i for atom P1 in the standard orthogonal system: x5 | |a;
Ysos | |3 zsos | | ¢*. For atom P2 these angles amount to 6;(2) =180° — 6;(1)
and ¢;(2) = 180° — ¢;(1). [c] rms distance = {[Z(A;, — A;,)*]/n}'?, with A —n
values, i =1...n,x: MAS NMR values or DFT GIAO values, s: single crystal
NMR values. [d] See ref. [7]. [e] The standard deviation s of the fitting
procedure for single-crystal measurements. [f] For model compound 2.
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As mentioned above, there is no purely experimental way
to assign the chemical shift tensor specified in Table 5 to
either P1 or P2. To learn which assignment is correct we
performed chemical shift tensor calculations using the DFT
GIAO approach included in the Gaussian98 program pack-
age.[’] Rather than perform the calculations for the compli-
cated molecule 1a, we did them for the simpler model
compound 2. In ref [19h] we showed that such model
calculations lead to only slightly poorer results than calcu-
lations for the larger molecule of actual interest. According to
the calculations, the principal axis3 (most shielded) is
expected to be very close to the P=S double bond while
principal axis 1 (least shielded) should be close to the P—S
single bond. Indeed, one and only one of the two possible
assignments reflects these shielding characteristics such that
we can safely conclude that the tensor specified in Table 5 is to
be assigned to P1. Following this assignment we show the
relation of the principal axes 1, 2 and 3 of the 3'P chemical
shift tensor to the molecular framework of 1a. In Table 6 we
list the angles subtended by the principal 3'P shielding axes 1,
2 and 3 and all bonds of the phosphorus atom P1 in 1a as they
are found in the experiment and, in the model compound 2, by
the DFT GIAO calculation. The root-mean-square-distance
between the measured and calculated angles is 3.8°, which
confirms the adequacy of the calculation for the purpose of
the tensor assignment.

Table 6. Angles between principal axes i and P—X bonds from a single
crystal of 1a and calculated values for the model compound 2. The shaded
entries demonstrate that the principal axis 3 is nearly parallel to the P=S
bond while the principal axis 1 is nearly parallel to the P—S bond.

Method i xi—P=S ¥ i-P-S X i—P-O01 x i—P-0O2
single crystal 1 93.6 14.2 110.1 120.5

2 89.5 96.7 38.7 134.9

3 3.7 102.5 121.5 119.6
DFT GIAO 1 89.9 17.0 113.7 121.1

2 97.0 92.8 342 131.0

3 7.0 106.8 113.2 123.4

[a] rms distance = {Z [(Xi—P—X)cgreq — (K i7P—X) oy |2+ Vi2}2 =3.8°.

3P DFT GIAO calculation of P—S..-H—C contacts: We now
turn to the influence of P=S--- H—C contacts on 3'P shielding
parameters. In order to analyse this problem within a
reasonable time and with sufficient accuracy, we employed
an even simpler model, bis(dimethoxythiophosphoryl) disul-
fide 3, for which the X-ray structure and preliminary 3'P CP/
MAS studies were published previously.?* 2 This compound
crystallizes in the space group C2/c with one molecule in the
asymmetric unit. The experimental isotropic 3'P resonances of
P1 and P2 are separated by 3.0 ppm. As coordinates for
calculation of the model compound 3 we have used the crystal
structure data of the real molecule. We may conclude that the
orientation of the 3'P principal axes in the molecular frame is
the same as in the case of 2.

In the next step, we built the molecular complex shown in
Figure 6 a, where the methane molecule is in close proximity
to one of the thiono-sulfurs of 3 and the P1=S--- H—C unit is
aligned in the plane of S=P1—S bonds. The distance d between
the sulfur and the carbon in the P1=S--- H—C fragment was
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Figure 6. The molecular complex of bis(dimethoxythiophosphoryl) disul-
fide 3 with methane.

varied in the range from 2.4-4.1 A. Several DFT GIAO
calculations were carried out with constant increments of d
equal to 0.1 A. When d is equal to 4.0 A, the shielding
parameters for both centers P1 and P2 are the same as in the
isolated molecule 3. The calculated isotropic *'P resonances of
P1 and P2 are separated by 2.2 ppm. The results of the
calculations for P1 are presented in Figure 7a. With decreas-
ing d a change of the J; for P1 takes place while these values
for P2 remain practically constant. It is interesting to note that
the changes of o;; and 0, on the one hand, and o0s; on the
other, go in opposite directions: with increasing o;; and 0,, a
decrease of 035 is observed. When d is in the range of 3.2—
3.8 A (the region of interest) the changes of o, and oy
amount to a few parts per million.

Finally, we were attracted by the prospect of establishing
the influence of P1-S---H—C forces on *'P NMR shielding
parameters considering the thiolo sulfur. The model used for
such a calculation is presented in Figure 6b. Figure 7b shows
the relationship between d distance and oy values for P1.
Analysis of the data obtained shows that the influence of this
type of interaction on 3P NMR shielding is much smaller
compared to analogous thiono sulfur---CH, contacts. This
fact is apparent from comparison of changes of span Q
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calculated by the DFT GIAO method.

parameters®! defined as 03;;-0;; versus d as shown in
Figure 8.

As known, the inner shell electrons contribute to a strong
and nearly isotropic shielding of a nucleus, while the valence
electrons give anisotropic deshielding contributions. If one
considers that the deshielding contributions to a given oy
depend on the electronic structure in a plane perpendicular
to the principal axis i, bonds almost perpendicular to a certain
principal axis i should mainly affect the magnitude of o;;. This
effect is well demonstrated by the LMO contributions of
IGLO calulations.?"! The considered P=S --- H—C interactions
lie in the direction of the principal axis 3 and the distortion of

300 -
280
260 A
240

220

Gaz-c11/ ppm

200

180 3

160 T T T T T d
2.6 2.8 3 3.2 34 3.6 3.8
d(S-H-C)/ A
Figure 8. Comparison of changes of the span parameter (2 = 03; — 0y;) of
the 3'P nuclear magnetic shielding tensors calculated by the DFT GIAO
method versus the distance d between the sulfur and the carbon in the
P=S---H—-C and the P—S--- H—C units.
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the electronic structure of molecule 3 results in a decrease of
deshielding in 0y, and 0,, and a increase in 03; while the P—S ---
H—C interactions lie in the direction of the principal axis 1 and
the distortion of the electronic structure results in a decrease
of deshielding in 0,, and 03; and an increase in oy;. Therefore,
the curves in Figure 8 show an opposite slope.

Conclusion

In this work the nature of solute —solvent interactions in solid
dithiophosphoroorganic carbohydrate derivative 1 is dis-
cussed. From X-ray studies it is apparent that the most
important factor responsible for holding guest molecules in
the crystal lattice is the van der Waals force together with
steric complementarity between host cavity and guest. The
importance of the packing coefficient of host cavities was
discussed recently by Nakano et al.’”l For 1, the barrier caused
by methyl groups of the isopropylidene blocking group is
crucial. The cases of methanol and ethanol, which are too
small to be trapped in the channels of 1, are very convincing.

Intermolecular interactions other than van der Waals forces
can be considered as a secondary factor, which operates when
the first condition is fulfilled. This synergistic mechanism
seems to be especially important for 1 and is responsible for its
high affinity for host—guest complex formation. The combi-
nation of experimental and theoretical approaches gives a full
picture of the nature of such contacts. The single-crystal NMR
studies provide the necessary information about the orienta-
tion of the principal axes of the chemical shift tensors with
respect to the molecular frame of 1. From our 3P CP/MAS
measurements and DFT calculations it became clear that the
0; components are sensitive to P=S--- C—H hydrogen bond-
ing. The analysis of the whole set of 3P ¢; parameters gives
much more information about the nature of such contacts
than the inspection of only the isotropic values. In particular,
the span parameter defined as the difference between o03; and
0y, gives straightforward information about the strength of
C—H---S hydrogen bonding.

Experimental Section

Preparations: Compound 17! (100 mg) was dissolved by warming in the
liquid guest (usually 5 mL), and the resulting solution allowed to stand at
room temperature. The crystals obtained were collected and dried on filter
paper.

X-ray Studies: Crystal data and experimental details are displayed in
Table 1. Diffraction data were measured at room temperature on a KM 4
diffractometer using Cuy, radiation (A=1.54178 A). Crystal structures
were solved by direct methods (SHELXS-97)1?8] and refined by full-matrix
least-squares minimization on F? using the program SHELXL-93% for 1b
and 1d, and SHELXL-97%! for 1¢. The starting coordinates used in the
refinement were those for the enantiomer of 1 having the known
configuration of D-galactopyranose. Non-H atoms of the host molecules
were refined with anisotropic thermal parameters. Solvent molecules are
disordered or poorly localized. Thus, for toluene and diisopropyl ether,
non-H atoms coordinates and isotropic displacement parameters were
refined, and for propan-1-ol non-H atoms positions only were refined,
isotropic thermal factors were kept fixed at U, =0.5 A2 Moreover, bond
length restraints were applied to all guest molecules. Methyl groups of
diisopropyl ether were found to be rotationally disordered with an
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occupation ratio 0.6:0.4. Hydrogen atoms of host, toluene, and diisopropyl
ether were positioned geometrically and their isotropic displacement
parameters were set to Ug=12 U, of the C-atom to which they are
bonded, while isotropic displacement parameters of all H-atoms of propan-
1-ol were set to Uy, =0.55 A2

CCDC-172522, 172523, and 172524 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccde.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK fax:
(+44)1223-336033; or e-mail: deposit@chemcrys.cam.ac.uk).

CP/MAS NMR Spectroscopy: Cross-polarization magic angle spinning
solid state P NMR spectra were recorded at 121.46 MHz on a Bru-
ker 300 DSX instrument with proton decoupling. Powder samples of 1 were
placed in a cylindrical rotor and spun at 2.0-4.5 kHz. The field strength for
'H decoupling was 1.05 mT, a contact time of 5 ms, a repetition delay of 6 s,
and a spectral width of 50 kHz were used, and 8 K data points represented
the FID. Spectra were accumulated 500 times, giving a reasonable signal-to-
noise ratio. P chemical shifts were calibrated indirectly through bis(di-
neopentoxyphosphorothioyl) disulfide set at 6 =84.0.

The principal elements of the 3P chemical shift tensor were calculated with
the program WINMAS.['’] Details describing the method and the accuracy
of calculations are exhaustively discussed elsewhere.*"!

Single-crystal >'P NMR spectroscopy: A special probe made by G. Scheler,
Jena (Germany), equipped with a goniometer and working at 121.5 MHz
on BRUKER widebore 7.1 T magnets was used. 'H high-power decoupling
coils were added by BRUKER. The rod for crystal rotation contains a cubic
hole to pick up an open 3 x 3 x 3 mm? cube as crystal holder to which the
crystal was fixed with its largest face, the 100 plane. The approximate
orientation x.|| — ¢,y | |b and z.||a* of the monoclinic crystal relative to
the cube axes x., y. and z. was controlled by X-rays. Three series of
measurements were carried out by rotating the crystal about the three cubic
axes from 0-180° perpendicular to B, in steps of 7.5°. Duration of m/2
pulse: 11 ps; dwell time: 9.1 ps; number of samples/fid: 2048; recycle delay:
6 s; number of accumulations per spectrum: 500 —1000.

Calculations: The primary calculations were performed on the model
compound (EtO),(S)P'SSP*(S)(OEt),. The coordinates of the correspond-
ing atoms were adopted from the crystal structure 1a.”’ Geometry
optimization was allowed for the hydrogen atoms only. The influence of
P=S---H—C contacts on the principal values ¢; of the 3'P shielding tensor
was simulated employing (MeO),(S)P'SSP*(S)(OMe), - CH, complexes as
model compounds. In the DFT part of GAUSSIAN98" the B3LYP
functionals and the 6-31 4+ G** basis sets were used. Calculation of the
nuclear magnetic shielding tensors was by the GIAO method.
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