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X-ray crystal structure analyses of four related 2,4,6-
tris-(alkylphenoxy)-1,3,5-triazine host candidates
were planned to clarify conditions of the Piedfort
pair based inclusion formation. The 3,5-di-t-butyl-
phenoxy substituted compound yields inclusion and
exhibits dimorphism as well. Contrasting the inclu-
sion, no Piedfort pairing was observed in the
dimorphs. Other para- and meta-t-butyl/methyl
substituted molecules did not give clathrates. Homo-
molecular columns of polymeric Piedfort stacks
were formed instead. The stacking distances be-
tween triazine rings in the polymeric columns vary
smoothly with the size and position of the sub-
stituents. We conclude that bulky substituents must
impede parallel to the expected direction of favor-
able Piedfort stacking to form inclusion supra-
molecules.

Keywords: Polymeric Piedfort complex, inclusion com-
pounds, crystal structures, molecular modeling

INTRODUCTION

One of the basic tasks in supramolecular chem-
istry [1] is the rational design of host molecules
[2]. This implies engineering of weak intermo-
lecular interactions and using fine details of
their balance. This is only recently put into prac-
tice in the form of crystal engineering [3,4]. In
its most common form it requires the knowl-
edge of some analogous structures so the task
remains to be completed.

Recent efforts aimed at utilizing molecules with
Cs; symmetry were both focusing on possible
applications, e.g., in octupolar non-linear optical
materials design [4] and on synthetic and com-
plexation aspects in general [5]. Such molecules
attract considerable interest due to their inherent
requirements to yield to trigonal stacks/nets of
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molecules in the form of, e.g., Piedfort type
associations [6].

The Piedfort concept of host design [6] is
based on an abstraction of the so called hexa-
hosts idea {7]. It implies that a sym-hexasubsti-
tuted benzene molecule is mimicked by a
self-assembled dimer of sym-1,3,5-trisubstituted
six-membered aromatic rings [6] (Scheme 1).
The hexahosts are often located on centers of
inversion in the crystals. The two molecules
of a Piedfort unit may also be related by
this symmetry element [8]. According to the
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preferred geometry of m—= interactions [9], the
central rings have to be properly polarized to
allow for such a close arrangement without a
lateral offset. The contribution of these rather
weak interactions to the overall stabilization of
the crystal may or may not suffice to preserve
the associates. Therefore this is a fairly non-
trivial crystal engineering strategy since it im-
plies the use of relatively labile supramolecular
building blocks, the Piedfort pairs, to construct
a macroscopic inclusion crystal.

Crystal structures of several related 24,6-
triaryloxy-1,3,5-triazines were reported recently
[4]. It was established that these molecules form
quasi-trigonal or trigonal networks. The role of
o-hydrogen atoms on the aryloxy groups was
emphasized in the formation of Piedfort units
via CH---Oand CH - - - N interactions. Inclusion
formation was observed with 2,4,6-tris-(4-chlo-
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rophenoxy)-1,3,5-triazine and 2,4,6-tris-(4-bro-
mophenoxy)-1,3,5-triazine. These molecules form
large hexagonal cavities supported by trimeric X3
(X =C}, Br) supramolecular synthons [4a].

A plan was set to investigate crystal structures
of the four related putative host molecules 2,4,6-
tris-(3,5-di-t-butylphenoxy)-1,3,5-triazine (1), 2,4,6-
tris-(4-t-butylphenoxy)-1,3,5-triazine (2), 2,4,6-tris-
(3,5-di-methylphenoxy)-1,3,5-triazine (3) and 2,4,6-
tris-(4-methylphenoxy)-1,3,5-triazine (4) (Scheme 2).
Such a series of homologous hosts with a more
or less homologous series of possible guest com-
pounds allows for the systematic investigation
of the packing modes of 1-4. The central triazine
rings should provide the proper alternating
polarization needed for the Piedfort pair forma-
tion. The variation in the size and in the position
of the substituents and in the applied solvents
serve the means of exploring the prerequisites of
inclusion formation via the Piedfort manner.

EXPERIMENTAL RESULTS

Compounds 1-4 have been synthesized from
trichloro-s-triazine (cyanuric chloride) and the
respective phenols following a literature proce-
dure [10]. Presumed hosts 1-4 were dissolved
in a variety of solvents. The range of putative
guests comprised protic and aprotic, aromatic
and aliphatic, low and high permittivity solvents
(Tab. I). Since compounds 1-4 possess slightly
basic N atoms in the triazine rings the choice has
fallen first on a homologous series of simple
aliphatic carboxylic acids. Formic acid, acetic acid
and propionic acid were all acceptable solvents to
a somewhat varying degree, also depending on
the host molecule. However, solubility with the
higher homologues decreased drastically. Series
of 6-membered cyclic compounds both of alipha-
tic (cyclohexane, cyclohexanol, 1,4-dioxane) and
of aromatic nature (benzene, toluene, p-xylene,
pyridine) as well as some 5-membered carbo-
cycles or heterocycles and higher alcohols were
also probed to grow crystals.

TABLEI Crystalline inclusion compounds of 1*

Guest solvent® Stoichiometric ratio (1: guest)

Cyclopentane 1:2
Cyclopentene 1:1
Cyclohexane 2:3°
Cyclohexene 2:3
Benzene 2:3
Tetrahydrofuran 1:2
1,3-Dioxolane 2:1
1,4-Dioxane 2:1°
Acetone 2:1
Nitromethane 3:1
Ethyl acetate 2:1°
Acetic acid 1:1° (1a)

"See Experimental section for methods of preparation, drying
standard and characterization..

PMethylcyclohexane, n-hexane, n-heptane, toluene, o-, m-, p-xylene,
mesitylene, pyridine, DMF, DMSO, cyclopentanone, triethylamine,
ethanol, 1-propanol, 2-butanol, t-butanol, cyclopentanol, cyclohex-
anol, formic acid, propionic acid which were also tested as guest
solvents, yielded no inclusion compounds.

€Stoichiometric ratios determined from X-ray structures.

The first crystallizations of 1 from simple
aliphatic acids led to the observation of di-
morphism. On crystallizing 1 from formic acid
the so called a-form yields while from propionic
acid the other 3-form appears. With acetic acid,
however, 1 forms a 1 : 1 inclusion compound (1a;
Tab. I). The unit cell parameters of the crystals
obtained from p-xylene, pyridine, n-hexane and
cyclohexanol agreed within experimental error
with that of the a-form. However, 1 yielded
Piedfort type inclusions also from the low
permittivity solvents 1,4-dioxane, cyclohexane,
ethyl acetate and benzene [11].

The molecular structure of 1 shows a con-
siderable variability in the above three crystal
structures (a-1, 5-1, 1a). The differences between
the observed conformers may best be expressed
in terms of two torsion angles. The
Cl—-0O—C;—N;j: torsion angle is periplanar
(syn- or anti-} in all the structures we report and
in other triazine-trieters as well {6,12]. This
observation is attributed to the conjugation of
the lone pair on the O atom with the ring =
electrons [12a]. As to the variation of these
torsions being syn or anti, there are four basic
possibilities which these three substituents may
adopt. Either there are all anti or syn values, or
there are one syn and two anti values and vice
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versa. Changing the N-atom selection renders
anti equal syn, thus the number of the possibi-
lities reduces to two basically symmetric con-
formations. The full anti conformer is thus called
type I in this paper and the one with one
different (syn) torsion angle is defined as type 11
(Fig. 1). There is, nevertheless, a further param-
eter to aid molecular shape description. This is
the inclination angle of the phenoxy moieties,
expressed by the C2—C1—O—C torsion angle
here (defined as 7 hereinafter). It renders further

distinction between the conformers (Fig. 1c). If 7
is greater than 90° we designate it by a slash /"
character, if 7 is less than 90° then a backslash
“\" is used as a shorthand for the aromatic ring
inclination towards the central ring. The nota-
tion imitates the side view of the phenyl ring
when looking at the molecule from the direction
of the phenoxy substituent.

Accordingly (Tab. II), the molecular structure
in the a-crystal form of 1 has the type II confor-
mation (Fig. 2). All bond lengths agree with

FIGURE 1 Definition of the conformational parameters. All three C1  O—C;—N,  torsion angles are anti-periplanar in type I
conformers (a), while one of them is syn-periplanar in type II conformers (b). Definition of the 7 torsion angle is shown in (). C2
and C6 are equivalent because of the symmetry of the substituent. Thus one can select either to get positive value of the torsion

angle.
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TABLEIl Conformational descriptors of the molecular shapes in the crystals of the host molecule 1 and in the molecules 3 and

4 as well
a-1 5-1 1a 3 4
Type I 1 I I 1 1
Tors. angle 7 94 88 82 79 89 70
Tors. angle 7, 69 65 76 98 89 70
Tors. angle 75 65 65 73 86 89 70
Residue_4

Residue_3

Nes
8

FIGURE 2 Molecular structure of 1 in the o-form. Secondary components of the disordered t-butyl groups are drawn
with dashed bonds. Hydrogen atoms and thermal ellipsoids are omitted for clarity. See the Experimental section for details.

Residues 3 and 4 are numbered the same way as residue 2.

the expected values and atomic displacement
parameters are also normal except for atoms of
the disordered t-butyl groups. The planes of the
two phenyl rings close to each other are nearly
parallel possibly because of steric reasons. The
third ring is, however, tilted in the other way.
Thus the simplified notation to describe this con-
formation is II-(\ //).

There are two molecules in the asymmetric unit
in the crystal of the S-form (Fig. 3). The geometry
of both molecules corresponds to expectations

except for the disordered t-butyl groups. Both
molecules have type Il conformation. Contrasting
the a-form, however, all three phenyl rings, two
close to each other and the third distant one,
incline in the same direction from 7=90° thus
forming a type II-(\\\) shape. The difference in
the torsion angles r of the two molecules in the
asymmetric unit (Tab. IT) also excludes a pseudo-
symmetry operator between the two entities.
The host molecule in 1a (1'acetic acid) adopts
the all-alike type I conformation (Fig. 4). Appar-
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Residue_3 -

Residue_1 (

Residue_4

Residue_5

FIGURE3 Structure of the two molecules in the asymmetric unit of the 5-1 crystals. Bonds to the secondary components of the
disordered t-butyl groups are drawn with dashed lines. Hydrogen atoms and thermal ellipsoids are omitted for clarity. Atom
numbering is the same as shown in Figure 2.

ently there are no steric restrictions in type 1  is observed in the inclusion crystal. The bond
conformers as to the 7 angle of the three sub- lengths and angles of the host molecule are
stituent residues. Conformation of type I-(/\\)  similar to those in the dimorph crystals. The
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Residue_2
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Residue_5

Residue_1

Residue_4

FIGURE 4 The asymmetric unit of 1a contains one host and one guest molecule. Secondary components of the disordered
t-butyl groups are drawn with dashed bonds. Hydrogen atoms and thermal ellipsoids are omitted for clarity. The atom
numbering of the host molecule is the same as in Figure 2, only the numbering of the guest molecule (residue 5) is indicated.

t-butyl groups are disordered here as well.
The C—O bond lengths of the guest molecule
are of intermediate values (1.248 A and 1.282 A)
indicating probable positional disorder around
a proximal inversion center.

Both dimorphs crystallize in the same P2,/c
(Nr. 14) space group. (The structure of the
pB-form was solved in the P2,/n setting.) The
crystal packing of the two forms is illustrated
in Figures 5 and 6, for the o- and [-forms,
respectively. Fairly large voids were found in
the crystal structure of the a-form. However, no
substantial residual electron density could be
located in these cavities. Preliminary thermo-
gravimetric measurements also suggest that they
do not contain solvent molecules [13].

There are no strong specific intermolecular
interactions in these crystals. It is also apparent

from these figures, that neither form of the
dimorphic 1 molecules exhibit Piedfort-pairing
behavior in their pure host forms. This is an
interesting contrast to the first reported sym-
1,3,5-triazines, where Piedfort formation does
occur in the pure host crystal [6].

Nevertheless, the host molecules 1 do form
Piedfort units in the inclusion crystals 1a (Fig. 7).
Acetic acid guest molecules form a dimer in a
cavity between two pairs of Piedfort units. The
two molecules of the host unit as well as the two
acetic acid molecules are related by two inde-
pendent centers of inversion. This represents a
simple way of installing Piedfort-type inclu-
sions. The basic building block with a centro-
symmetric guest-dimer between two Piedfort
units is repeated by unit cell translations. As it
appears from this structure and other related
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FIGURE 5 Crystal packing of the a-dimorph of 1. Hydrogen atoms are removed and t-butyl groups are indicated as one atom

for clarity.

FIGURE 6 Crystal packing of the -dimorph of 1. Hydrogen atoms are removed and t-butyl groups are indicated by one t —C

atorn for clarity.

ones, formation of a Piedfort-unit may well be a
solvent-driven phenomenon.

The crystals of a probable clathrate of 2 grown
from dioxane were extremely labile and decom-
posed on removing from the solution within a
few minutes. Up to now we were unable to grow
suitable single crystals of this compound. The
fast decomposition, however, suggests that
an inclusion compound was formed as these
crystals are usually less stable.

Compound 3 did not form inclusion com-
pounds with the investigated range of solvents
(cf. Tab. I). The cell parameters of the crystals
obtained from these solvents (e.g., 1,4-dioxane,
1,2-dichloroethane, dichloromethane, tetrahy-
drofuran and pyridine) were all the same.
Recently, an independent X-ray study of 3
reported [4b] a structure identical with that of
the crystals obtained by us from 1,4-dioxane.
Thus we discuss structure 3 only to the extent
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FIGURE 7 Crystal structure of the associate crystals of 1 with acetic acid dimers. Hydrogen atoms are removed and t-butyl
groups are shown by one t —C atom for clarity.

FIGURE 8 Molecular structure of 4. Anisotropic displacement parameters are at the 50% probability level and H atoms are
shown as spheres of arbitrary radius. The asymmetric unit contains only one third of the molecule (the numbered atoms).

required by this work and not necessarily  both 3 and 4 that no solvent molecule incorpora-
emphasized in Thalladi et al. [4b]. tion occurred.

We could only grow single crystals of 4 from The molecules of 4, like that of 3, [4b] adopt
n-hexane. These crystal structures indicate for  perfect threefold symmetry with standard bond
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FIGURE9 Crystal structure of 4. A view from the ab plane shows the symmetry related molecular stacks in the rhombohedral
unit cell. The vertical offset of these stacks is determined by the rhombohedral centering (see Scheme 3).

000 2/31/31/3 113213213 } centering
—
2 »/ sle ) .
A 21 ring center
E— positions
12 »J and directions
W] "3 of the NCOC
torsion angles
»/ s
0 )
w/
SCHEME 3

lengths and angles and with relatively large
displacement parameters of the methyl groups
(Fig. 8). Accordingly, 4 is of conformation type I-
(A\\). The molecules of 4 thread and stack along
crystallographic threefold rotors, which coincide
with the molecular symmetry axes. The molecules
in a stack are propagated in the unit cell by a ¢
glide plane at (2x, x, z). While the crystals of 3 are
built from the parallel stacks via simple transla-
tions and there is no offset between the adjacent
stacks, they are translated relative to each other by
1/6 along c in 4 corresponding to the rhombohe-
dral centering (Fig. 9, Scheme 3). This out-of-
plane offset is attributable to the increased space
demand at the para position due to the p-methyl
substitution vs. the m,m-dimethyl substitution in

3. The distance between the threefold symmetry
axes comprising the neighboring polymeric
stacks is 13.30 A in 3 while it is 13.65 A in 4. The
0.35A increase is also a demonstration of the
strain relief due to the p-alkyl groups.

COMPUTATIONAL RESULTS

The observed polymorphy phenomena of 1
suggested analysis of its conformational space
using computational methods [14]. We search-
ed for local energy minima using molecular
mechanics geometry optimization from different
chemically reasonable starting points. Four
different energy minima were located (Tab. IID).
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TABLE Ill Molecular mechanics energies of the conformers
of host molecule (1), as calculated for isolated molecules in
vacuo using the cff 91 force field as implemented in Insight II
[14]

Subsequently conformational energy profiles
of the C1—O—C;—N;_; and of the C2—
C1—O—<C torsion angles have been calculated

Conformation Energy [kcal mol™'] (Figs. 10 and 11).
/) —165.92 From these computations it appears that the
-(\//) ~165.85 Cl—O—C;—N;j_; torsion angles have well-
1-(///) -171.44 .. . .
I-(\\) 17140 separated minimum energy positions either
close to 0° (sp) or close to 180° (ap). The peak at
-163 T T T T T T T
-164 } -
-165 | .
o~ 166 |- .
S
E e} =
g
X
— -168 | =
£
W 169 | -
-170 -
A7 F -
472 1 1 1 1 L ] 1
200 150  -100 -50 0 50 100 150 200

C1-0O-C-N torsion angle

FIGURE 10 Conformational energy profile of the C1—O—C—N rotation in 1.

-163 T T T
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-165 |-
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-168 |-
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|
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-172
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C2-C1-O-C torsion angle

FIGURE 11 Conformational energy profile of the C2—C1—O—C torsion angle in 1. The two graphs present the results for a

type I conformer and for the independent ring of a type II one.
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60° in Figure 10 is a consequence of impeding by
a neighboring substituent. Note, that the plot is
not symmetric because of this interaction with
the rest of the non-symmetric molecule.

There are only two energy minima according
to the changes of the C2—C1—O—C torsion
angle, which correspond to 34° and 147° (ie.,
approximately +/-34°). The energy barrier
between these two minima at 90° is about
2kcalmol™'. The symmetry of the plots in
Figure 11 reflects the symmetry of the 3,5-di-t-
butylphenoxy fragment. Thus, these results
confirm the classification of the conformers as
reflected by the solid state molecular shapes.

Further analysis shows that type II confor-
mers are preferred energetically by approxi-
mately Skcalmol™! (Tab. III). An inspection of
the individual molecular mechanics terms re-
veals that this difference is attributable to the
stronger nonbond dispersion in this conforma-
tion. The favorable interaction comes from the
contact of the two di-t-butylphenoxy substitu-
ents. The energy difference between conformers
of the same type is negligible.

Bearing in mind the peculiar crystallization
behavior of 1 when exposed to formic-, acetic-
or propionic acids we tried to account for the
difference in the solvation of the different con-
formers in formic acid and in propionic acid.
The intermolecular interaction energies of a
solute with one to three acid molecules were
calculated. However, simple molecular me-
chanics calculations did not show clear ten-
dencies at all. Thus a more extended and
environment handling treatment is deemed
necessary. Considering the low barriers between
the conformers, the role of nucleation and/or
crystal growth processes may be decisive.

DISCUSSION

Conformation

Only propeller shaped host molecules can form
Piedfort units and enclathrate guest molecules.

Type II conformers observed only in the di-
morphs of 1 are not analogous with the sym-
metry needed for hexahost-mimicry. One of the
reasons for the different conformation of 1 is its
bulkiness. The triazine rings cannot stack effec-
tively because of the bulky t-butyl substituent. If
a guest molecule fills the void between the
adjacent pairs of molecules then 1 adopts type I
conformation similarly to 3 and 4.

Comparison of the Polymorphs

Crystallographically, the fundamental difference
between the two modifications is the presence of
one and two molecules in the asymmetric unit.
This is one of the a posteriori explanations of the
formation of the g-form.

The packing coefficient of the a-form has the
rather low value of 0.52 in accord with the voids
it contains. The cavities are surrounded by t-
butyl groups. The calculated electrostatic poten-
tial of the molecule shows that there is a
negative region around the aromatic groups
while positive potential is observed around the
t-butyls. Thus the existence of unoccupied
regions in the a-form is explained both by the
electrostatic repulsion of its surroundings and
by the poor shape complementarity of the bulky
t-butyl groups.

The two molecules within the unit cell of the
S-form complement each other better so the
molecules can pack more effectively (Fig. 6). As
more favorable interactions are present in the -
structure the packing coefficient increases to
0.61. Thus, on the basis of the packing one may
anticipate the S-form to be more stable than the
a-one. As Gavezzotti alluded to, higher density
often means higher packing energy though there
is not a true correlation [15).

Inclusion Formation

The only efficient host molecule is 1. The reason
for this is its specific bulkiness, i.e., it has a large
enough bulk at the proper position. When this
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condition is met two host molecules, while
forming a Piedfort unit, can not have a third
one stacked on them due to these massive
substituents. As the t-butyl groups hinder the
effective stacking of the host they also provide
the void for inclusion. The effect of these steric
conflicts is demonstrated by the large spacing
between the stacked Piedfort pairs. The mean
planes distance is 7.10(3) A between two triazine
rings encircling the guest molecules in 1a. One
may also speculate that the instability of the
crystals of 2 can be attributed to the weaker
repelling effect of the only substituent in para
position. In a molecule of type I conformation
the steric congestion exerted by the para position
is approximately perpendicular to the direction
of stacking, while in meta positions it is inclined
to act parallel to the stacking direction. Accord-
ingly, m-substituents must repel more than
p-substituents.

As steric hindrance reduces due to the smaller
alkyl size, the Piedfort pairs of the methyl sub-
stituted compounds 3 and 4 can stack effec-
tively and form crystals without intervening
guest molecules. (The packing coefficients of
0.64 for both 3 and 4 indicate the tightest
packing in this series.) As a combined result
of diminished repulsion and effective use of
the threefold crystallographic rotors, interstack
spans, i.e., the distances between Piedfort pairs
reduce from 7.10 A to virtually the same value as
the Piedfort base stacking values themselves
(Tab. IV). Thus polymeric homomolecular stacks
of Piedfort pairs assemble instead of inclusion
formation. These stacks thread on threefold axes
yielding to columns.

The distances between the mean planes of
stacked Piedfort stacks of triazine rings decrease
gradually from the value in the crystal structure
of the m-dimethyl substituted 3, through the
m-monomethyl substituted equivalent [4b] until
its smallest value in the p-methyl substituted 4
(Tab. IV). Thus, the meta-disubstituted methyl
analogue 3 is somewhat closer to being a host
than 4 is.

TABLE IV Intra- and inter-associate distances between the
mean planes of triazine rings in the stacked molecules of
Piedfort-pairs in 1a and in the polymeric Piedfort stacks of
3, 4 and 2,4,6-tris(3-methylphenoxy)-1,3,5-triazine (5) [4b]

Compound Distance
1a 3420 A2
3 3.97(2) Ab<
4.01(2) Ab4
4 3332MA
5 3.627A¢
3.569 Ad

* Distance between the molecules of a Piedfort unit.

® Respective data from Thalladi et al. [4b] are 3.970 and 4.029 A.

¢ Inter-associate distance between molecules related by twofold axis.
9 Distance between molecules related by inversion center.

One may thus conclude that para alkyl sub-
stituents are weaker repulsors in the stacking
direction that one meta substituent and much
weaker than two of the same substituents in
meta positions. The direction of methyl groups
in Figure 9 is instructive in this respect. This
substitutional sequence bears practical impor-
tance for crystal engineering purposes. It allows
fine-tuning of the stacking distance in combina-
tion with solvent effects, host symmetry and
threefold molecular stacking like Piedfort pair
formation.

Whereas the crystals of meta-chloro and meta-
methyl substituted 2,4,6-triaryloxy-1,3,5-triazines
are isostructural, the para-methyl derivative (4)
and its chloro-analogue are completely different
[4b]. Clearly, the geometrical requirements of the
favorable C1~C1 contact observed in the chloro
compound are not fulfilled in 4. C1 atoms are
replaced and the unfavorable alky~alkyl repul-
sions yield to a differing crystal packing.

CONCLUSION

The results of this study into some Piedfort host
candidates based on symmetrically trisubsti-
tuted triazine rings provided general conse-
quences as to the realization of such a design
strategy. Since this kind of supramolecular
systems is constructed by a multitude of supra-
molecular effects, the conclusions emanating
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from this study are somewhat qualitative in their
nature. These can be summarized in the follow-
ing points.

o The central aromatic 6-membered ring must
be properly polarized resulting in an alternat-
ing 4/—charge distribution. This may be
simply the consequence of either sym-1,3,5-
trisubstitution [6] or sym-1,3,5-heteroatom sub-
stitution or a combination of both.

e Since the interaction between the juxtaposed
6-membered rings in a Piedfort pair is of fairly
weak cohesion, one may suppose that the
rings must be properly shielded from other
competing interactions by a minimum of bulk
and by a minimal length of the substituent
arms.

¢ The stacking of aromatic (triazine) rings is a
favorable interaction. The proper shape of the
bulk must hinder sterically too close approach
of Piedfort pairs in order to avoid the for-
mation of homomolecular stacks. In other
words properly sized and placed bulk must
maintain enough empty space around the
Piedfort pairs allotted for putative guests.

e The right place in this sense means that the
bulky substituents must protrude in the ex-
pected direction of stacking to keep Piedfort
units away from each other to a proper meas-
ure. In case of these alkyl-substituted aromatic
rings meta positions are preferred over para
ones. It is to be expected that branched alkyl
substituents are more suitable repulsors than
their n-isomers since conformational flexibility
of the latter type allows for variance in the
direction of their protrusion.

e The role of the solvents is important. As it
appears the formation of a Piedfort unit may
well be a solvent-driven phenomenon as well.
The analysis of the relationship between, e.g.,
permittivity, Piedfort formation and inclusion
formation in the applied range of solvents
is somewhat inconclusive. As a general ten-
dency one observes that Piedfort pair for-
mation is preferred in the low permittivity

solvents while high permittivity perhaps
disprefers this kind of association. The anom-
alous behavior observed in the homologous
series of the simple aliphatic acids in this
study does not necessarily contradict to such a
conclusion due to their different inclination to
dimer formation.

o Formation of the novel polymeric Piedfort
stacks, when embedding chirality in such host
molecules must directly yield to crystals that
have profitable NLO activities [4].

Obviously, a future design strategy should
incorporate a systematic variation of the central
aromatic ring. Earlier investigations appear to
broaden the Piedfort concept into a more general
design manner than used hitherto [16]. We
expect that the modification of the substituent
groups on the side arms can provide further
exaggeration of the shielding and bulk proper-
ties. It may provide proper tools for inducing
guest selectivity, too. This work complements
results of the Desiraju group [4] providing
further details on the crystal structures of sym-
metrically trisubstituted s-triazines and may
promote the design of novel non-linear optical
materials.

EXPERIMENTAL

Synthesis

2,4,6-Tris(alkylphenoxy)-1,3,5-triazines 1-4. General
procedure. A mixture of trichloro-s-triazine (cya-
nuric chloride) and of the respective phenol in a
molar ratio 1:3-4 was stirred at 170-210°C for
5h. After cooling to room temperature the solid
reaction mixture was grinded and treated with
boiling methanol. The residue was collected and
recrystallized from pure or dilute acetic acid.
2,4, 6-Tris(3, 5-di-t-butylphenoxy)-1, 3, 5-triazine
(1): 3,5-Di-t-butylphenol was used; white pow-
der (42% yield), mp. 234-236°C; 'H NMR
(CCl,) 6 125 (s, 54H, CHj), 6.92 (s, 6H,
o—ArH), 7.20 (s, 3H, p—ArH); IR (KBr) 1600,
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1500 (C =C,C = N), 1485 (CH,), 1390, 1360
(C —Mes), Anal. Caled for CysHgN3O5 @ C,
77.88; H, 9.15; N, 6.05. Found : C, 78.13; H, 9.25;
N, 6.24.

2,4,6-Tris(4-t-butylphenoxy)-1,3,5-triazine (2): 4-
t-Butylphenol was used; white powder (37%),
mp 193-195°C (lit. [17] mp 192-193°C).

2,4,6-Tris(3, 5-di-methylphenoxy)-1, 3, 5-triazine
(3): 3,5-Dimethylphenol was used; white powder
(43%), mp 271°C (lit. [10] mp 268.5-269.5°C).

2,4,6-Tris(4-methylphenoxy)-1,3,5-triazine (4): 4-
Methylphenol was used; white powder (54%),
mp 215-216°C (lit. [17] mp 216°C).

Crystalline Inclusion Compounds

The inclusion compounds used for the stoichio-
metric analysis (Tab. I) were prepared by dis-
solving the host compound 1 under heating in a
minimum amount of the respective guest sol-
vent. After storage for 12 h at room temperature,
the crystals that formed were collected, washed
with diethyl ether or methanol, and dried (1h,
15 Torr, room temp.). Host: guest stoichiometric
ratios were determined by "H NMR integration.

Single Crystal Preparation

The appropriate solvent was added to 10-30mg
of each host candidate until it was completely
dissolved under application of mild heat. The
vial was covered to decrease the speed of eva-
poration. All the samples were kept at room
temperature until single crystals of suitable size
were grown.

X-ray Structure Determinations

Reflection data were collected on an Enraf-
Nonius CAD4 diffractometer in the w/268 scan
mode. Data reduction was done by using the
program XCAD4 [18]. Absorption was corrected
for using i-scan data [19). The non-hydrogen

atoms were located using direct methods and
Fourier techniques [20]. The positions of the
hydrogen atoms were generated assuming stan-
dard geometry. Full matrix least squares refine-
ments of F? led to convergence at the respective
R values (Tab. V) [21]. The atomic positions in
the disordered t-butyl regions are ill determined
so we had to use constraints to obtain acceptable
geometries. All heavy atoms were treated using
anisotropic displacement parameters. The hy-
drogen atoms were refined using a riding model
and their isotropic displacement parameters
were also derived from that of the attached
non-hydrogen atoms. Thermal ellipsoid plots
were generated using Zortep [22] while other
structure drawings by using PX {23].

Computational

All the molecular mechanics calculations were
performed using the software Insight II and the
force field cff 91 [14]. The energy minimizations
were carried out using conjugate gradient
algorithm until the maximum derivative was
less than 0.1kcal A~ and then the quasi-New-
ton-Raphson minimizer until the maximum
derivative decreased below 0.001kcal A='. The
torsion energy profiles presented are obtained
using the following procedure: Starting from the
I-OA\\) energy minimum structure model the
respective torsion angle was set to -180°. Then
the model was minimized using a restraint
potential to keep the above torsion angle fixed.
The energies of the restrained minima are
reported in Figures 12 and 13. Then the starting
torsion angle was increased by 15° and the
structure was minimized again. The procedure
was repeated until the torsion angle reached
180°. The electrostatic potential of 1 was calcu-
lated using the semiempirical AM1 method as
implemented in Insight II [14]. The geometry of
the molecule was optimized starting from the
a-1 structure prior to the electrostatic calculation.
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TABLE V  Summary of X-ray data for crystal structures of 1, 3 and 4

a-1 £-1 la 3 4

Empirical formula CasHeaN3O3 CisHgaN3O; Ca7He7N30s Ca7H27N304 Ca¢H21N;30;
Formula weight 693.98 693.98 754.04 441.52 399.44
Crystal system monoclinic monoclinic triclinic hexagonal trigonal
Space group P2,/c P2,/n P-1 P —-3c1 R3c
alA] 17.870(4) 17.759(4) 10.720(2) 13.295(2) 23.644(1)
blA] 16.064(3) 20.693(4) 16.083(3) 13.295(2) 23.644(1)
clA) 17.908(4) 23.856(5) 16.326(3) 15.946(1) 6.664(1)
af°) 90.00 90.00 116.38(3) 90.00 90.00
B°] 119.70(3) 101.13(3) 102.28(3) 90.00 90.00
yI° 90.00 90.00 98.74(3) 120.00 120.00
VIAY) 4465.4(16) 8601.9(31) 2364.3(8) 2440.9(4) 3226.3(5)
VA 4 8 2 4 6
Peatealg em ] 1.032 1.072 1.059 1.201 1.234
plmm™] 0.494 0513 0.534 0.079 0.670
F(000) 1512 3024 820 936 1260
Crystal color colorless colorless colorless colorless colorless
Crystal size[mm] 0.35x025%0.15 0.70x0.60 x 050 0.25x0.20x0.13 0.40 x 0.30 x0.30 0.40 x 0.25 x 0.25
TIK] 293(2) 293(2) 293(2) 293(2) 293(2)
Radiation Cu-Ka Cu-Ka Cu-Ka Mo-Ka Cu-Ka
MA] 1.54184 1.54184 1.54184 0.71073 1.54178
6 range {°} 2.85-66.42 2.85-75.59 3.19-65.90 2.55-26.51 3.74-74.80
Index ranges -21<h<18; -2<h<2]; —12<h<0; -16<h<16; -29<h<14;

0<k<19; -25<k<0; —18<k<19; ~14<k<14; -14<k<29;

0<l<21 -8<1<?29 -18<1<19 -20<1<20 -8<1<7
Reflns collected 8585 18752 9118 5168 4237
Independent refins 7813 17849 8223 1696 1452
Rine 0.0121 0.0331 0.0114 0.0389 0.0300
Observed reflns(I > 20(0)] 4378 12010 4286 851 1356
Max/min transmn 0.9812/0.9369 0.9832/0.8668 0.970/0.755 0.9766/0.9690 0.879/0.522
Data/restraints/ param 6048/72/579 15478/481/1135 6097/73/617 1696/0/104 1419/1/95
GOF on F? 1.114 1.102 1.104 0.851 1.059
R1/wR2[I>20(D] 0.056/0.174 0.062/0.191 0.059/0.173 0.038/0.108 0.026/0.071
R1/wR2(all data) 0.129/0.213 0.098/0.221 0.143/0.221 0.110/0.125 0.029/0.074
Largest diff. peak/hole[eA‘ 3 0.25/-0.19 0.61/-0.40 0.33/-0.15 0.11/-0.15 0.07/-0.08
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