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ABSTRACT: 2,4-Diamino-1,3,5-triazinyl (DAT) groups are known to form N−H···N
hydrogen bonds according to reliable patterns of self-association. In compounds 3a−c,
three DAT groups are attached to trigonally substituted phenyl cores via identical flexible
arms. Crystallization of compounds 3a−c produces robust networks in which each
molecule is linked to its immediate neighbors by a total of 10−12 hydrogen bonds. In
compound 3a, the DAT groups are designed to lie close to the plane of the phenyl core,
thereby giving hydrogen-bonded sheets built from hexameric rosettes. In contrast, the
more highly substituted phenyl cores of analogues 3b and 3c favor conformations in
which the DAT groups are no longer coplanar, leading predictably to the formation of
three-dimensional networks. In general, the nominally trigonal topologies of compounds
3a−c favor structures in which hexagonal networks are prominent, so they behave like
trimesic acid despite their greater complexity and flexibility. The structures of all crystals
incorporate open networks with significant fractions of volume accessible to guests
(32−60%). Despite their flexibility, compounds 3a−c appear to be unable to assume
conformations that pack efficiently and simultaneously allow the DAT groups to engage in normal hydrogen bonding.

■ INTRODUCTION

The properties of molecular materials are determined in part by
how the individual components are arranged, which depends in
turn on their shape and intermolecular interactions. Rising
interest in advanced materials makes it increasingly important
to understand collective molecular behavior and to develop
better tools for predicting and controlling organization. An
effective emerging strategy for rational construction focuses on
using molecules designed so that their topology and inter-
actions work in harmony to place neighbors in predetermined
relative positions.1,2 For example, planar trigonal molecules
with three peripheral sites that engage in strong interactions
aligned with the core are expected to produce hexagonal frame-
works (Figure 1). Such behavior is shown by trimesic acid (1)
and analogues, which can form related frameworks held together
by either hydrogen bonds or coordination to metals.3−6

The strategy of using molecular topology and interactions in
tandem to produce predictably ordered materials is simple but
powerful. It is particularly effective when (1) the components
have well-defined structures with little flexibility, (2) the
intermolecular interactions are strong and directional, and (3)
topology and interactions operate synergistically. Nevertheless,
the approach remains broadly valuable even when these condi-
tions are not met, such as when conflicting topology and inter-
actions favor different patterns of molecular packing. Indeed, the
strategy can even be used to specifically design molecules so that
they do not readily crystallize or form other ordered arrays.7−14

It is instructive to test the strategy by altering molecular struc-
tures systematically and observing how the overall organization
changes in response. Previously, we studied the association of

compounds 2a and 2b15 in which the trigonal planar 1,3,5-
trisubstituted phenyl core of trimesic acid (1) is retained but
the COOH groups are replaced with 2,4-diamino-1,3,5-triazinyl
(DAT) groups. DAT groups can form multiple hydrogen bonds
according to three established motifs (I−III), which differ only
in the relative orientation of the molecular cores (represented
by gray spheres). Molecules 2a and 2b are larger than trimesic
acid (1), the sites of hydrogen bonding are placed farther from
the central core, and 2,4,6-trialkyl substitution forces the DAT
groups to lie nearly perpendicular to the plane of the core.
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Figure 1. Representation of a hexagonal framework built from trigonal
planar molecules such as trimesic acid (1). The molecules are
represented by triangles, and intermolecular interactions aligned with
the trigonal core are shown as broken lines.
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Analysis of crystals by X-ray diffraction confirmed that
compounds 2a and 2b adopt complex nonplanar topologies,
making efficient packing difficult and leading to the formation
of open three-dimensional hydrogen-bonded frameworks with
significant volume available for including guests. In these
structures, the DAT groups fail to form all of the potential
hydrogen bonds permitted by motifs I−III, possibly because
the central 1,3,5-trisubstituted phenyl cores of compounds 2a
and 2b are too compact to accommodate many neighbors.

To gain deeper understanding of how topology and inter-
actions direct molecular organization, we have now examined
the association of trigonal analogues 3a−c. They resemble
compounds 2a and 2b but introduce significant new features,
including increased flexibility and greater separation between
the congested trigonal core and the principal sites of inter-
molecular interaction.16−18 Despite these changes, we have
found that the nominally trigonal topologies of compounds
3a−c continue to favor the formation of open hydrogen-
bonded hexagonal networks with significant fractions of volume
accessible to guests.

■ RESULTS AND DISCUSSION
Synthesis of Compounds 3a−c. Compounds 3a−c were

synthesized in 88, 86, and 85% yields, respectively, by treating
the corresponding trinitriles 4a, 4b,19 and 4c with dicyandia-
mide and KOH under standard conditions.20 Trinitrile 4b was
prepared from 1,3,5-tris(bromomethyl)-2,4,6-trimethylben-
zene21 by a modification of the published method,19 and
trinitriles 4a and 4c were made in a similar way.

Structure of Crystals of Compound 3a Grown from
DMF/Toluene. Exposing a solution of compound 3a in DMF
to vapors of toluene induced the formation of crystals of
composition 3a·2 DMF·0.5 toluene·0.5 H2O.

22 The crystals
proved to belong to the triclinic space group P1̅. Crystallo-
graphic details are provided in Table 1, and views of the
structure appear in Figures 2 and 3. Equal numbers of two
slightly different conformations of compound 3a are present
(3aA and 3aB), and each adopts a flattened structure of approxi-
mate C3 symmetry in which the 1,3,5-trisubstituted phenyl core
and the three DAT rings lie close to the same plane. As is
normally observed,23 the dihedral angles between the DAT
groups and the aryl substituent at C6 are small (13−22°).
The extended flattened conformation of compound 3a fully
exposes each DAT group and allows it to engage in a total of

Table 1. Crystallographic Data for Compounds 3a−c

compound 3a·2 DMF·0.5 PhMe·0.5 H2O 3ba 3ca 3ca

crystallization medium DMF/PhMe DMF/PhCl DMF/PhCl DMSO/PhMe
formula C91H104N34O11 C39H39N15O3 C42H45N15O3 C42H45N15O3

crystal system triclinic orthorhombic triclinic monoclinic
space group P1̅ Pca21 P1̅ P21/n
a (Å) 12.6738(3) 28.7618(17) 12.4986(9) 29.665(6)
b (Å) 19.3375(5) 11.6367(7) 14.7043(10) 9.049(2)
c (Å) 20.0114(7) 35.138(2) 20.3073(13) 31.666(6)
α (deg) 88.963(2) 90 70.131(4) 90
β (deg) 72.912(1) 90 74.396(4) 99.090(6)
γ (deg) 75.267(1) 90 72.114(4) 90
V (Å3) 4525.2(2) 11760.4(13) 3283.4(4) 8394(3)
Z 2 8 2 4
T (K) 150 100 100 100
ρcalc (g cm−3) 0.772 0.865 0.817 0.639
λ (Å) 1.54178 1.54178 1.54178 1.54178
μ (mm−1) 2.577 0.479 0.445 0.348
R1, I > 2σ(I) 0.0478 0.0645 0.0778 0.0604
R1, all data 0.0516 0.0910 0.1307 0.1538
wR2, I > 2σ(I) 0.1365 0.1888 0.2234 0.0947
wR2, all data 0.1409 0.2146 0.2629 0.1048
measured reflections 74264 186187 49760 157058
independent reflections 14340 22105 12253 15916

aGuests not identified unambiguously by crystallography are omitted from the composition, as described in more detail in the Supporting
Information.

The Journal of Organic Chemistry Article

DOI: 10.1021/acs.joc.5b02552
J. Org. Chem. 2016, 81, 3076−3086

3077

http://dx.doi.org/10.1021/acs.joc.5b02552


four N−H···N hydrogen bonds according to standard motif II.
In this way, each molecule 3aA (or 3aB) is linked to three
adjacent molecules 3aB (or 3aA) by a total of 12 N−H···N
hydrogen bonds to define sheets (Figure 2), which stack to
form various π···π contacts and to produce the observed
structure (Figure 3). All N···N distances lie in the normal range
(2.985−3.122 Å).23 The sheets are of special interest because
they can be considered to be built from molecules 3aA and
3aB that associate by hydrogen bonding of DAT groups to
form hexameric rosettes. Rosettes of this type have often been
postulated to explain the association of aminotriazines in solu-
tion, in liquid crystals, and on surfaces,24−27 but they have
rarely been characterized crystallographically.28

Hydrogen-bonded molecules of compound 3a thereby define
an open network, and approximately 32% of the volume of the
crystals can be considered to be accessible to guests.29−31 Space
within the network is occupied by ordered molecules of DMF,
toluene, and H2O. DMF and H2O engage in hydrogen bonding
with DAT groups of compound 3a using sites not involved
in the formation of hexameric rosettes.32 Hydrogen-bonded

molecules of H2O bridge adjacent sheets and help control their
relative positions.32

Structure of Crystals of Compound 3b Grown from
DMF/Chlorobenzene. Exposing a solution of analogue 3b in
DMF to vapors of chlorobenzene produced crystals that were
found to belong to the orthorhombic space group Pca21.
The crystals contained disordered guests, and the exact com-
position could not be determined crystallographically. Table 1
summarizes crystallographic details, and Figures 4−8 provide
views of the structure. Compound 3b is present in equal
numbers of two symmetry-independent conformations (3bA
and 3bB). As expected, methyl groups at the 2,4,6-positions of
the trigonal aryl core help orient the flexible CH2O arms
connecting the DAT groups to the core. The oxygen atoms are
forced out of the plane of the central aromatic ring, thereby
producing extended nonplanar conformations in which the
DAT groups are nearly perpendicular to the core. In both
conformers, two of the arms are directed above the plane of the
core and one below. Again, the dihedral angles between the
DAT rings and their aryl substituent at C6 are small (4−23°).
In these ways, conformers 3bA and 3bB adopt closely related
molecular structures in which the DAT groups form hydrogen
bonds above and below the plane of the trigonal core.
In the observed structure, symmetry-independent molecules

3bA and 3bB have the same connectivity, and each forms a total
of 12 N−H···N hydrogen bonds with six neighbors, two of the
same conformation and four of the alternative conformation
(Figure 4). The three DAT groups of each molecule are linked
to those of three neighbors by pairs of N−H···N hydrogen
bonds according to standard motif I. In addition, one of the
three DAT groups forms hydrogen bonds of type III with two
other neighbors, and each molecule is also paired with a
symmetry-independent neighbor by two single N−H···N
hydrogen bonds as well as by C−H···aromatic and C−H···O
interactions. Hydrogen bonds of type I are observed to be
stronger than those of type III, as shown by the average N···N
distances (2.996 and 3.070 Å, respectively). The difference
arises in part because the DAT groups that participate in motif
III are constrained to lie in distinctly different planes.
The resulting network is complex, but the primacy of motif I

(as measured both by the number of hydrogen bonds and their
strength) reveals that the structure is analogous to that of
trimesic acid with open hexagonal sheets constructed from
hydrogen-bonded trigonal subunits (Figure 5). At each
3bA/3bB contact, one of the DAT groups engaged in motif I
simultaneously forms supplementary hydrogen bonds of type

Figure 2. Partial view of a sheet in the structure of crystals of
compound 3a grown from DMF/toluene, showing a hexameric rosette
formed by the association of three molecules 3aA (light gray) and three
molecules 3aB (dark gray) that engage in hydrogen bonding according
to motif II. Hydrogen bonds are represented by broken lines, and
guests are omitted for clarity.

Figure 3. Representation of the hydrogen-bonded framework obtained by crystallizing compound 3a from DMF/toluene, showing how the structure
is composed of slightly offset parallel sheets. The centroid of each molecule 3a is shown as a sphere, and each line connecting a sphere to its three
neighbors corresponds to the formation of four intermolecular hydrogen bonds of type II, as shown in Figure 2.
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III with neighbors in the two adjacent sheets, thereby forming
hydrogen-bonded zippers aligned with the b-axis (Figure 6).
This yields a three-dimensional network in which adjacent
sheets are offset (Figure 7). The full structure consists of three
equivalent interpenetrated networks of this type (Figure 8)
linked by single N−H···N bonds as shown in Figure 4.33,34

Despite interpenetration, approximately 44% of the volume of
the resulting crystals of compound 3b remains accessible to

guests, which occupy channels parallel to the b-axis with cross
sections of approximately 6 Å × 5 Å.35

Structure of Crystals of Compound 3c Grown from
DMF/Chlorobenzene. Exposing solutions of compound 3c in
DMF to vapors of either toluene or chlorobenzene yielded
crystals with the same structure. The crystals proved to belong
to the triclinic space group P1̅ and to contain disordered
guests so the exact composition could not be determined

Figure 5. View along the b-axis of the structure of crystals of compound 3b grown from DMF/chlorobenzene, showing part of a single hexagonal
network constructed by hydrogen bonding of type I. Symmetry-independent molecules 3bA and 3bB appear in red and blue, respectively.

Figure 4. Representation of the structure of crystals of compound 3b grown from DMF/chlorobenzene. A central molecule of conformation
3bA is shown in white with six hydrogen-bonded neighbors, two of the same conformation (in red) and four of symmetry-independent confor-
mation 3bB (in blue). Hydrogen bonds are represented by broken lines with those of type I shown in red, those of type III in blue, and others in
black.
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crystallographically. Details are summarized in Table 1, and views
of the structure are shown in Figures 9−11. Hexasubstituted
derivatives Ph(CH2X)6 of hexamethylbenzene normally adopt

so-called ababab conformations IV in which the substituents
X are oriented alternately above and below the plane of the
central ring.36−38 In the observed structure, however, com-
pound 3c does not obey this pattern; instead, two of the DAT
groups lie above the plane and one below (Figure 9). Estimates
based on use of the MM2 force field suggest that the observed
conformation is approximately 2.0 kcal/mol less stable than the
normal ababab alternative. As expected, the dihedral angles
between the DAT rings and the aryl substituent are small
(15−27°). Molecules of compound 3c thereby adopt a well-
defined extended conformation with three readily accessible
DAT groups available to form hydrogen bonds above and
below the plane of the trigonal core.

In the observed structure, the DAT groups of compound 3c
interact normally to give a total of ten N−H···N hydrogen
bonds involving five neighbors (Figure 9), three linked by
bonding of type I and two others by motif III. DAT groups that
interact according to motif I are nearly coplanar, and the
average N···N distances are short (2.957 Å), whereas groups
bonded according to motif III lie in widely different planes, and
the average distances are relatively long (3.138 Å). The primary
network can therefore be considered to be maintained by motif
I based both on the number of hydrogen bonds of this type and
their strength. Again, the resulting structure resembles that of
trimesic acid with corrugated hexagonal sheets constructed
from hydrogen-bonded trigonal subunits (Figure 10). Adjacent
sheets are joined by hydrogen bonds of type III (Figure 9)
to form an open three-dimensional network (Figure 11), which
accommodates 3-fold interpenetration (Figure 12).33,34 Despite

Figure 6. View of the structure of crystals of compound 3b grown
from DMF/chlorobenzene, showing how adjacent sheets joined by
hydrogen bonds of type I (broken lines in red) are further inter-
connected along the b-axis by hydrogen bonds of type III (broken
lines in blue), thereby defining a zipper. Symmetry-independent
molecules 3bA and 3bB appear in red and blue, respectively.

Figure 7. Partial representation of the structure of crystals of compound 3b grown from DMF/chlorobenzene, as viewed approximately along the
b-axis. This representation shows offset hexagonal sheets linked by hydrogen-bonded zippers to form a three-dimensional network. Symmetry-
independent molecules 3bA and 3bB appear in red and blue, respectively.
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interpenetration, approximately 44% of the volume of crystals
of compound 3c is accessible to guests.29

Structure of Crystals of Compound 3c Grown from
DMSO/Toluene. Crystals belonging to the monoclinic space
group P21/n were obtained when vapors of toluene were
allowed to diffuse into solutions of compound 3c in DMSO.
The crystals were found to contain disordered guests, and the

exact composition could not be determined crystallographically.
Table 1 summarizes additional crystallographic details, and
Figures 13−16 provide views of the structure. Like typical
hexasubstituted derivatives Ph(CH2X)6 of hexamethylbenzene,
compound 3c adopts a characteristic ababab conformation (IV)
in crystals grown from DMSO/toluene, unlike those grown from
DMF/chlorobenzene. As a result, all three DAT groups lie on

Figure 8. Representation of the complete structure of crystals of compound 3b grown from DMF/chlorobenzene, as viewed approximately along the
b-axis. The view shows how three equivalent networks (in white, light gray, and dark gray) of the type shown in Figure 7 are further linked through
single hydrogen bonds (Figure 4) to produce the final three-dimensional structure.

Figure 9. Representation of the structure of crystals of compound 3c grown from DMF/chlorobenzene, showing a central molecule (in white), three
neighbors that form N−H···N hydrogen bonds of type I (light gray), and two other neighbors that interact according to motif III (dark gray).
Hydrogen bonds are represented by broken lines, and guest molecules are omitted for clarity.
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one side of the plane of the central aromatic ring (Figure 13).
Dihedral angles between the DAT rings and the aryl substitu-
ents are small (2−19°), as usual, so molecules of compound 3c
favor a well-defined conformation with DAT groups extended
trigonally on the same face of the aromatic core.
Each molecule of compound 3c forms a total of ten N−H···N

hydrogen bonds with four neighbors (Figure 13). The DAT
groups are attached to divergent trigonally extended arms, but

each molecule is nevertheless paired with one neighbor in a
special two-armed embrace that forms four hydrogen bonds of
type II. A second neighbor is linked by two additional hydrogen
bonds of type I, and the other two neighbors both form two
single N−H···N hydrogen bonds. Molecules of compound 3c
are thereby joined in zigzag chains by primary hydrogen bonds
of types I and II (Figure 14). The secondary single hydrogen
bonds connect the chains in a helical manner (Figure 15),
thereby producing a three-dimensional hydrogen-bonded
structure with the unusual dmp topology.39−42

The resulting network is open and defines two types of
channels parallel to the b-axis, one 10 Å × 10 Å in cross section
and the other 10 Å × 4 Å (Figure 16).35 The channels are
occupied by disordered molecules of solvent, and approxi-
mately 60% of the volume of crystals is accessible to guests.29

In crystals of compound 3c grown from DMSO/toluene, the
degree of openness is high (60%), six hydrogen bonds of
standard types I−III are formed per molecule, and molecules
adopt standard ababab conformation IV. In contrast, in crystals
grown from DMF/chlorobenzene, the openness is lower
(46%), ten hydrogen bonds of types I−III are formed per
molecule, and the molecules have a conformation destabilized
by approximately 2.0 kcal/mol. These differences reveal how
topology and interactions vie to control molecular organization.
In one structure, the molecules adopt a preferred conformation
but packing is ineffective, as measured by the greater openness
of the network and the smaller number of standard hydrogen
bonds of types I−III; in the alternative structure, the molecular
conformation is unfavorable, but packing is improved. These
conclusions, although primarily qualitative in nature, provide
valuable guidelines based solidly on measured experimental
values. In particular, assessing the efficiency of packing by

Figure 10. View along the b-axis of the structure of crystals of compound 3c grown from DMF/chlorobenzene, showing part of a single hexagonal
network constructed by hydrogen bonding of type I. Carbon atoms appear in gray, hydrogen atoms in white, nitrogen atoms in blue, and oxygen
atoms in red.

Figure 11. Partial representation of the three-dimensional hydrogen-
bonded network observed in crystals of compound 3c grown from
DMF/chlorobenzene. White spheres correspond to molecular
centroids, light gray lines represent hydrogen bonds of type I that
link molecules into hexagonal sheets, and dark gray lines indicate
hydrogen types of type III that join adjacent sheets.
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comparing volumes accessible to guests is appropriate because
the guests are closely similar in both cases. Improved packing in
crystals grown from DMF/chlorobenzene, together with the

larger number of standard hydrogen bonds, appears to com-
pensate adequately for the need to adopt a slightly unfavorable
conformation.

Figure 12. Representation of the complete structure of crystals of compound 3c grown from DMF/chlorobenzene, as viewed approximately along
the b-axis. The view shows how three independent networks (in white, light gray, and dark gray) of the type shown in Figure 11 interpenetrate to
produce the final three-dimensional structure.

Figure 13. View of the structure of crystals of compound 3c grown from DMSO/toluene, showing a central molecule (in white) and its four
hydrogen-bonded neighbors, including one (in blue) that engages in a two-armed embrace involving motifs of type II, another (in red) that
associates according to motif I, and two others (in gray) that both form two single N−H···N hydrogen bonds to the central molecule. Hydrogen
bonds are represented by broken lines, and molecules of guests are omitted for clarity.

Figure 14. View of the structure of crystals of compound 3c grown from DMSO/toluene, showing a zigzag chain held together by N−H···N
hydrogen bonds of types I and II. One molecule is highlighted in red. In the other molecules, carbon atoms appear in gray, hydrogen atoms in white,
nitrogen atoms in blue, and oxygen atoms in red.
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■ CONCLUSIONS
Compounds 3a−c form a structurally related series of mole-
cules in which trigonally substituted phenyl cores are attached
via identical flexible arms to three DAT groups, which form
hydrogen bonds according to reliable patterns. As a result,
compounds 3a−c can be expected to crystallize as hydrogen-
bonded networks with architectures that jointly reflect the
nominally trigonal molecular topology and the associative
preferences of DAT groups. Unlike trimesic acid and other
analogues with relatively rigid geometries and obvious patterns
of association, compounds 3a−c are complex molecules with
significant flexibility, and their precise organization in the
crystalline state cannot be predicted with confidence. Never-
theless, certain expected patterns of association are observed,
and the structures provide valuable new understanding of how
topology and interactions work in tandem to control molecular
organization.
In all structures studied, association is directed primarily by

N−H···N hydrogen bonds formed by DAT groups according to
standard motifs I−III. The resulting structures are robust, with
each molecule of compounds 3a−c linked to its neighbors by
10−12 hydrogen bonds. By design, compound 3a orients its
three DAT groups close to the plane of the phenyl core,
thereby favoring the formation of hydrogen-bonded sheets built
from hexameric rosettes. In contrast, the hexasubstituted cores

of analogues 3b and 3c ensure the adoption of conformations
in which the DAT groups are no longer coplanar, leading
predictably to the formation of three-dimensional hydrogen-
bonded networks. In general, the nominally trigonal molecular
topologies favor structures in which hexagonal networks are a
prominent feature. Compounds 3a−c thereby can be considered
to behave like trimesic acid despite their greater complexity and
flexibility.
It is noteworthy that all structures incorporate open networks

with significant fractions of volume accessible to guests (32−60%).
Despite their flexibility, compounds 3a−c appear to be unable
to assume low-energy conformations that can pack efficiently
and simultaneously allow the DAT groups to engage in normal
hydrogen bonding. This observation underscores how options
for molecular organization are severely constrained by the
introduction of substituents that form strong directional inter-
actions.
Materials with predetermined structures and properties can

be built from molecular components by ensuring that their
individual topologies and interactions work in concert to
control local organization. This strategy is now widely used in
many areas of science and technology. Our study of flexible
trigonal compounds 3a−c confirms that the strategy is broadly
useful and can lead to new ordered materials with expected
features, even when fine structural details cannot be predicted
with confidence.

■ EXPERIMENTAL SECTION
1,3,5-Tris[(4-cyanophenoxy)methyl]benzene (4a). K2CO3

(1.38 g, 10.0 mmol) was added to a solution of 1,3,5-tris-
(bromomethyl)benzene (0.893 g, 2.50 mmol) and 4-cyanophenol
(1.19 g, 10.0 mmol) in acetone (40 mL). The mixture was then heated
at reflux for 6 h, cooled to 25 °C, and filtered. Volatiles were removed
from the filtrate by evaporation under reduced pressure, and the
residual solid was purified by flash column chromatography on silica
gel (CH2Cl2) to give a pure sample of 1,3,5-tris[(4-cyanophenoxy)-
methyl]benzene (4a; 1.10 g, 2.33 mmol, 93%) as a colorless solid: mp
173 °C; FTIR (ATR) 3926, 3803, 3576, 3303, 3174, 2969, 2321, 2217,
1972, 1601, 1563, 1532, 1506, 1435, 1394, 1299, 1235, 1161, 1114,
1046, 982, 904, 852, 813, 771, 708, 671, 645 cm−1; 1H NMR
(400 MHz, CDCl3, 293 K) δ 7.51 (d, 6H, 3J = 8.9 Hz), 7.40 (s, 3H);
6.95 (d, 6H, 3J = 8.9 Hz), 5.07 (s, 6H); 13C NMR (100 MHz, CDCl3,
293 K) δ 161.7, 137.1, 134.1, 126.3, 119.0, 115.6, 104.6, 69.7; HRMS
(+ESI, TOF) calcd for C30H21N3O3 + H m/e 472.1656, found
472.1655.

1,3,5-Tris[(4-cyanophenoxy)methyl]-2,4,6-trimethylbenzene
(4b).19 An analogous reaction transformed 1,3,5-tris(bromomethyl)-
2,4,6-trimethylbenzene (1.19 g, 2.98 mmol)21 into 1,3,5-tris[(4-
cyanophenoxy)methyl]-2,4,6-trimethylbenzene (4b; 1.36 g, 2.65 mmol,
89%) as a colorless solid: mp 210 °C; FTIR (ATR) 3303, 3211, 2914,
2330, 2219, 1601, 1506, 1436, 1392, 1300, 1222, 1166, 1111, 1047,
980, 903, 852, 813, 772 cm−1; 1H NMR (400 MHz, CDCl3, 293 K) δ
7.64 (d, 6H, 3J = 8.8 Hz), 7.08 (d, 6H, 3J = 8.8 Hz), 5.17 (s, 6H), 2.43
(s, 9H); 13C NMR (100 MHz, CDCl3, 293 K) δ 162.6, 140.2, 134.5,
131.5, 120.1, 115.7, 104.9, 65.6, 16.4; HRMS (+APPI, TOF) calcd for
C33H27N3O3 + H m/e 514.21252, found 514.21293.

1,3,5-Tris[(4-cyanophenoxy)methyl]-2,4,6-triethylbenzene
(4c). An analogous reaction transformed 1,3,5-tris(bromomethyl)-
2,4,6-triethylbenzene (1.12 g, 2.55 mmol)43 into 1,3,5-tris[(4-
cyanophenoxy)methyl]-2,4,6-triethylbenzene (4c; 1.19 g, 2.14 mmol,
84%), which was isolated as a colorless solid: mp 224 °C; FTIR (ATR)
3789, 3655, 3483, 3319, 3188, 2969, 2218, 1956, 1600, 1505, 1435, 1393,
1299, 1234, 1165, 1113, 1047, 980, 904, 851, 812, 772, 707, 613 cm−1;
1H NMR (400 MHz, CDCl3, 293 K) δ 7.68 (d, 6H, 3J = 8.6 Hz),
7.11 (d, 6H, 3J = 8.6 Hz), 5.16 (s, 6H), 2.80 (q, 6H, 3J = 7.4 Hz), 1.25
(t, 9H, 3J = 7.4 Hz); 13C NMR (100 MHz, CDCl3, 293 K)
δ 162.3, 147.1, 134.6, 130.7, 119.5, 115.7, 104.9, 64.8, 23.5, 16.8;

Figure 15. View along the ac diagonal of the helical connection
between adjacent zigzag chains in crystals of compound 3c grown from
DMSO/toluene. Red spheres correspond to molecular centroids.
Intrachain N−H···N hydrogen bonds between centroids are
represented by single and double red lines, which correspond to
motifs of type I and II, respectively. Blue lines represent single
hydrogen bonds that link adjacent chains.
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HRMS (+APPI, TOF) calcd for C36H33N3O3 + H m/e 556.2597,
found 556.2594.
1,3,5-Tris[[4-(4,6-diamino-1,3,5-triazin-2-yl)phenoxy]-

methyl]benzene (3a). A mixture of 1,3,5-tris[(4-cyanophenoxy)-
methyl]benzene (4a; 1.41 g, 3.00 mmol), dicyandiamide (1.68 g,
20.0 mmol), and powdered KOH (0.396 g, 7.06 mmol) in
2-methoxyethanol (40 mL) was heated at reflux for 12 h. The
resulting mixture was cooled, and the precipitated solid was separated
by filtration. The solid was washed thoroughly with hot H2O, rinsed
with MeOH, and dried in vacuo to give a pure sample of 1,3,5-tris[[4-
(4,6-diamino-1,3,5-triazin-2-yl)phenoxy]methyl]benzene (3a; 1.91 g,
2.64 mmol, 88%) as a colorless solid: mp >200 °C (dec); FTIR (ATR)
3790, 3306, 3189, 2889, 2291, 1602, 1520, 1435, 1395, 1301, 1227,
1159, 908, 905, 846, 811, 611 cm−1; 1H NMR (400 MHz, DMSO-d6,
293 K) δ 8.23 (d, 6H, 3J = 8.7 Hz), 7.57 (s, 3H), 7.12 (d, 6H,
3J = 8.7 Hz), 6.70 (br s, 12H), 5.22 (s, 6H); 13C NMR (100 MHz,
DMSO-d6, 293 K) δ 169.7, 167.3, 160.8, 137.4, 129.7, 129.4, 126.7,
114.3, 69.1; HRMS (+ESI, TOF) calcd for C36H33N15O3 + H m/e
724.29636, found 724.29654.
1,3,5-Tris[[4-(4,6-diamino-1,3,5-triazin-2-yl)phenoxy]-

methyl]-2,4,6-trimethylbenzene (3b). An analogous reaction
transformed 1,3,5-tris[(4-cyanophenoxy)methyl]-2,4,6-trimethylben-
zene (4b; 1.92 g, 3.74 mmol) into 1,3,5-tris[[4-(4,6-diamino-1,3,5-
triazin-2-yl)phenoxy]methyl]-2,4,6-trimethylbenzene (3b; 2.46 g, 3.21
mmol, 86%), which was isolated as a colorless solid: mp >200 °C
(dec); FTIR (ATR) 3780, 3696, 3573, 3304, 3194, 2325, 1602, 1525,
1435, 1393, 1304, 1230, 1159, 1108, 1047, 980, 904, 846, 812,
696 cm−1; 1H NMR (300 MHz, DMSO-d6, 293 K) δ 8.24 (d, 6H,
3J = 8.3 Hz), 7.13 (d, 6H, 3J = 8.3 Hz), 6.70 (br s, 12H), 5.17 (s, 6H),
2.37 (s, 9H); 13C NMR (75 MHz, DMSO-d6, 293 K) δ 170.6,
168.2, 162.1, 139. 9, 132.2, 130.5, 130.3, 114.9, 65.8, 16.5; HRMS
(+ESI, TOF) calcd for C39H39N15O3 + H m/e 766.34331, found
766.34298.

1,3,5-Tris[[4-(4,6-diamino-1,3,5-triazin-2-yl)phenoxy]-
methyl]-2,4,6-triethylbenzene (3c). An analogous reaction trans-
formed 1,3,5-tris[(4-cyanophenoxy)methyl]-2,4,6-triethylbenzene (4c;
1.55 g, 2.79 mmol) into 1,3,5-tris[[4-(4,6-diamino-1,3,5-triazin-2-
yl)phenoxy]methyl]-2,4,6-triethylbenzene (3c; 1.92 g, 2.37 mmol,
85%), which was isolated as a colorless solid: mp >200 °C (dec); FTIR
(ATR) 3784, 3574, 3308, 3174, 2905, 2180, 2162, 2047, 2018, 1601,
1532, 1435, 1394, 1301, 1233, 1159, 1115, 1046, 984, 904, 847, 814,
771, 638, 612 cm−1; 1H NMR (300 MHz, DMSO-d6, 293 K) δ 8.26
(d, 6H, 3J = 8.5 Hz), 7.17 (d, 6H, 3J = 8.5 Hz), 6.69 (br s, 12H), 5.17
(s, 6H), 2.73 (q, 6H, 3J = 7.2 Hz), 1.19 (t, 12 H, 3J = 7.2 Hz);
13C NMR (75 MHz, DMSO-d6, 293 K) δ 170.7, 168.2, 162.0, 146.7,
131.6, 130.7, 130.4, 114.9, 65.2, 23.4, 17.2; HRMS (+ESI, TOF) calcd
for C42H45N15O3 + H m/e 808.39026, found 808.39059.

X-ray Crystallographic Studies. The structure for compound 3a·2
DMF·0.5 PhMe·0.5 H2O was solved using SIR2004.44 Other structures
were solved by direct methods using SHELXS-97, and all the refine-
ments were performed using SHELXL-97 and SHELXL-2014.45,46

All non-hydrogen atoms were refined anisotropically, whereas hydro-
gen atoms were placed in ideal positions and defined as riding atoms.
For some structures, guest molecules were highly disordered, and
the PLATON/SQUEEZE procedure was applied.47
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