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Isomeric 2,2'-bipyridines 4a—6a and 1,10-phenanthrolines 7a—9a with two diaminotriazinyl
(DAT) substituents were synthesized to explore their dual ability to direct association by the
chelation of metals and the characteristic hydrogen bonding of DAT groups. Crystals of
compounds 4a—6a and 7a—9a were grown under diverse conditions, and their structures were
solved by X-ray crystallography. Analysis revealed multiple shared features analogous to those
observed in the structures of simpler DAT-substituted pyridines 1—3. For example, the bipyr-
idines and phenanthrolines favor flattened conformations except in the cases of compounds 8a
and 9a, where the patterns of substitution prevent the DAT groups from lying in the plane of the
phenanthroline core. As expected, the DAT groups form approximately coplanar hydrogen bonds
according to standard motifs I—III, which play a key role in directing molecular organization.
However, the structures of simple pyridines 1—3, which favor efficiently packed chains and sheets,
differ predictably from those of bipyridines 4a—6a and phenanthrolines 7a—9a in two ways: (1)
The larger number of DAT groups in compounds 4a—9a typically leads to complex three-
dimensional networks held together by a larger number of hydrogen bonds per molecule, and
(2) the need to respect multiple directional interactions prevents compounds 4a—9a from forming
closely packed structures, and significant quantities of guests are included. Together, these
observations confirm the effectiveness of incorporating special groups such as DAT within more
complex molecular structures to control association according to reliable patterns. Bipyridines
4a—6a and phenanthrolines 7a—9a promise to be particularly rich sources of new supramolecular
chemistry because they have well-defined molecular topologies and a dual ability to direct
association by chelating metals and by engaging in multiple hydrogen bonds according to reliable
patterns.
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Introduction

Isomeric diaminotriazinyl-substituted pyridines 1—3 form
a family of compounds with diverse properties of interest. In
particular, the dual presence of diaminotriazinyl (DAT) and
pyridyl groups creates a significant potential for association
controlled by hydrogen bonds,' aromatic interactions, and
coordination to metals.>”® As a result, such compounds are
well designed to serve as components of ordered molecular
structures created by design, such as three-dimensional
crystals or two-dimensional networks adsorbed on surfaces.
In addition, such compounds and their complexes have
potential applications in biological science; for example,
they show promise in cancer chemotherapy as cytotoxic
DNA-metallointercalators,’ and they are also effective
insect chemosterilants and larvicides.”
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To provide a deeper understanding of the associative
properties of such compounds, we have recently reported
the structures of DAT-substituted pyridines 1—3 and various
analogues.® Comparison of the structures revealed significant
underlying similarities. Specifically, the compounds tend to
adopt predictably flattened conformations,' and they form
approximately coplanar hydrogen bonds according to mo-
tifs characteristic of DAT groups, as defined by isomeric
supramolecular homosynthons I-IIL"? These interactions
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play a dominant role in directing molecular organization in
the crystalline state. Together, the flattened molecular topol-
ogies and the shared presence of a dominant site of association
ensure that compounds 1—3 and simple analogues crystallize
in related ways to give structures that feature chains, tapes,
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and layers. In certain cases, in fact, the molecular organization
adopted by different DAT-substituted pyridines was found to
be virtually identical, even when the orientation of the pyridyl
group was changed. These observations show that the DAT
group has a special ability to control aggregation by forming
multiple directional intermolecular interactions according to
reliable patterns. This suggests that the group can be incor-
porated within more complex molecular structures to deter-
mine how association will occur.
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The intriguing behavior of relatively simple DAT-substi-
tuted pyridines 1—3 encouraged us to study two sets of more
complex relatives, isomeric DAT-substituted 2,2'-bipyri-
dines 4a—6a and 1,10-phenanthrolines 7a—9a. By offering
well-defined molecular structures, combined with the ability
of DAT groups to direct association by hydrogen bonding
and with the capacity of 2,2'-bipyridines and 1,10-phenan-
throlines to chelate metals,'® compounds 4a—9a promise to
be rich sources of new supramolecular chemistry. Syntheses
and structures of these compounds are reported below to
provide a foundation for future studies.

Results and Discussion

Syntheses of Isomeric DAT-Substituted 2,2'-Bipyridines
4a—6a and 1,10-Phenanthrolines 7a—9a. Bipyridines 4a, 5a,
and 6a were prepared from the corresponding dinitriles
4b,"1713 5p 13715 and 6b,'>'¢ respectively, by heating with
dicyandiamide and KOH under standard conditions.'” Phe-
nanthrolines 7a, 8a, and 9a were synthesized in an analogous
way from dinitriles 7b, 8b,'8 and 9b, respectively. Yields of
DAT-substituted compounds 4a—8a were all excellent
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FIGURE 1. Views of the structure of crystals of the 1:2 solvate of
DAT-substituted bipyridine 4a with MeOH. (a) View showing how
hydrogen bonding according to a variant of motif I with intervening
molecules of MeOH produces chains and how the chains stack to
produce layers. Hydrogen bonds are represented by broken lines,
and carbon atoms are shown in gray, hydrogen atoms in white,
nitrogen atoms in blue, and oxygen atoms in red. (b) View showing
hydrogen bonding between two adjacent layers, with one layer
highlighted in green.

(85—90%), but ortho-disubstituted phenanthroline 9a was
obtained in only 20% yield. Other arenes with adjacent DAT
groups have been prepared by the normal method,'® so we
attribute the poor yield of phenanthroline 9a to the high
degree of substitution of the central ring.

Dinitrile precursor 4b was made from the corresponding
dibromide as reported by John et al.,'" and isomeric dinitrile
6b was obtained by a modified Reissert—Henze reaction, as
described by Stanek et al.'> Known dinitrile 5b was prepared
by a new route in 63% yield from dibromide 5¢*° by applying
the catalytic methodology of John et al.'' This proced-
ure was also used to convert 3,8-dibromo-1,10-phenan-
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throline (7¢),*' 4,7-dibromo-1,10-phenanthroline (8¢),* and
5,6-dibromo-1,10-phenanthroline (9¢)** into dinitriles 7b—9b,
respectively, in good yields (52—62%).

Structure of Crystals of DAT-Substituted 2,2'-Bipyridine
4a. Compound 4a proved to have low solubility in most
organic solvents, but crystals suitable for X-ray diffraction
could be grown from DMSO/MeOH and H,O/CF;COOH
(TFA). Crystals obtained from DMSO/MeOH were found
to belong to the monoclinic space group P2/c and to have the
composition 4a-2MeOH. Views of the structure are pro-
vided in Figure 1, and other crystallographic data are pre-
sented in Table 1. As expected, the bipyridyl core of
compound 4a adopts an essentially coplanar anti conforma-
tion (dihedral angle = 0.0°),* and the DAT groups lie close
to the plane of the core. Molecules associate to form zigzag
chains by hydrogen bonding according to a variant of synthon I,
with intervening molecules of MeOH (Figure 1a). In the intra-
chain hydrogen bonds, the O—H- - -Nand N—H- - - O distances
have normal values (2.772 and 2.960 A, respectively). Face-to-
face aromatic interactions of the chains direct the formation of
layers, which are linked to form the ultimate three-dimensional
structure by various interlayer interactions (Figure 1b), mcludmg
N—H- - - N(pyridine) hydrogen bonds (2.976 A) and N—H
O hydrogen bonds (2.960 A and 2.998 A)

Crystals of DAT-substituted bipyridine 4a grown from
TFA/H,O proved to belong to the monoclinic space group
P2;/c and to have the composition 4a-2TFA - H,O. Figure 2
provides a view of the proposed structure, and Table 1 pre-
sents other crystallographic data. The bipyridyl core adopts
a twisted anti conformation (dihedral angle = 32.1°), but
each pyridyl ring and its DAT substituent are nearly copla-
nar. The proposed structure (Figure 2) shows that both DAT
groups are engaged in hydrogen bonding with TFA accord-
ing to a variant of standard heterosynthon IV, with full
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proton transfer (IV").>~2® Each molecule of doubly proto-
nated compound 4a is joined to two neighbors to form tapes
by a total of four N—H--:N(pyridine) hydrogen bonds

(23) Feng, M.; Chan, K. S. Organometallics 2002, 21, 2743-2750.

(24) For recent references, see: Chein, R.-J.; Corey, E. J. Org. Lett. 2010,
12, 132-135. Zahn, S.; Reckien, W.; Kirchner, B.; Staats, H.; Matthey, J.;
Liitzen, A. Chem.—Eur. J. 2009, 15, 2572-2580. Amarante, T. R.; Figueir-
edo, S.; Lopes, A. D.; Gongalves, 1. S.; Almeida Paz, F. A. Acta Crystallogr.
2009, E65, 02047.

(25) For recent references, see: Singh, D.; Bhattacharyya, P. K.; Baruah,
J. B. Cryst. Growth Des. 2010, 10, 348-356. Shattock, T. R.; Arora, K. K.;
Vishweshwar, P.; Zaworotko, M. J. Cryst. Growth Des. 2008, 8, 4533-4545.
Babu, N. J.; Nangia, A. Cryst. Growth Des. 2006, 6, 1995-1999. Aakerdy,
C. B.; Desper, J.; Urbina, J. F. CrystEngComm 2005, 7, 193-201. Dale, S. H.;
Elsegood, M. R. J.; Hemmings, M.; Wilkinson, A. L. CrystEngComm 2004,
6,207-214.

(26) The large difference between the pK, value of TFA (pK, 0.5) and
those of the conjugate acids of pyridine (pK, 5.2) or aminotriazines such as
melamine (pK, 5)>’ provides a substantial driving force for proton transfer.?®

(27) Jang, Y. H.; Hwang, S.; Chang, S. B.; Ku, J.; Chung, D. S. J. Phys.
Chem. A4 2009, 113, 13036-13040.

(28) Fordiscussion, see: He, G.; Chow, P. S.; Tan, R. B. H. Cryst. Growth.
Des. 2009, 9, 4529-4532. Mohamed, S.; Tocher, D. A.; Vickers, M.;
Karamertzanis, P. G.; Price, S. L. Cryst. Growth. Des. 2009, 9, 2881-2889.
Childs, S. L.; Stahly, G. P.; Park, A. Mol. Pharmaceutics 2007, 4, 323-338.
Bhogala, B. R.; Basavoju, S.; Nangia, A. CrystEngComm 2005, 7, 551-562.

J. Org. Chem. Vol. 76, No. 5, 2011 1335



]OCArtzcle Duonget al.
TABLE 1.  Crystallographic Data for Isomeric DAT-Substituted Bipyridines 4a—6a
4a-2MeOH 4a-2TFA-H,0 5a-7TFA 6a-2DMSO
crystallization medium DMSO/MeOH TFA/H,0 TFA/H,0 DMSO/CH,Cl,
formula CisHnN O, CyoH gFsN1205 C30H2 1 F2iN ;2014 CoH26N 10,8,
crystal system monoclinic monoclinic monoclinic monoclinic
space group P2/c P2y/c P2,y/c P2y/c
a(A) 15.4348(4) 17.4190(17) 18.1219(19) 7.9366(2)
b(A) 5.1653(2) 7.4383(7) 15.1818(15) 16.990(1)
c(A) 12.6502(3) 19.102(2) 17.9876(16) 19.563(1)
o (deg) 90 90 90 90
p (deg) 95.858(1) 107.558(5) 119.092(4) 113.204(9)
Y (dﬂeg) 90 90 90 90
V(A 1003.3(1) 2359.7(4) 4325.7(7) 2424.5(5)
zZ 2 4 4 4
Peate (2cm™3) 1.451 1.746 1.801 1.454
T (K) 100 150 100 100
wu (mm ) 0.861 1.423 1.803 2.382
Ry, I > 20(]) 0.0446 0.0616 0.0689 0.0541
Ry, all data 0.0456 0.0739 0.0779 0.0544
WRy, I > 20(1) 0.1381 0.1406 0.1633 0.1278
WR,, all data 0.1396 0.1425 0.1784 0.1279
independent reflections 1791 3061 7988 4402
observed reflections [ > 2 o(])] 1681 1601 5352 4356

FIGURE 2. View of the structure of crystals of the 1:2:1 solvate of DAT-substituted bipyridine 4a with TFA and H,O. The view shows how
doubly protonated compound 4a forms hydrogen bonds according to standard motif IV’, how tapes are produced by additional N—H - - - N-
(pyridine) hydrogen bonds, and how the tapes are further linked by molecules of H,O to give sheets. Hydrogen bonds are represented by broken
lines, and carbon atoms are shown in gray, hydrogen atoms in white, fluorine atoms in light blue, nitrogen atoms in dark blue, and oxygen

atoms in red.

FIGURE 3. View of the structure of crystals of the 1:7 solvate of DAT-
substituted bipyridine 5a with TFA. The view shows that molecules of
the doubly protonated form of compound Sa are prevented from
entering into direct contact by surrounding hydrogen-bonded TFA.
Hydrogen bonds are represented by broken lines, and carbon atoms are
shown in gray, hydrogen atoms in white, fluorine atoms in light blue,
nitrogen atoms in dark blue, and oxygen atoms in red.

(average distance = 2.972 A), reinforced by various
C—H---N and C—H- - -O interactions (Figure 2).**° Ad-
ditional hydrogen bonds involving H,O link the tapes to
form corrugated sheets (Figure 2), which stack to generate
the full three-dimensional structure.®' Surprisingly, the pyr-
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idyl nitrogen atoms of compound 4a are not protonated by
TFA to give a salt, despite the potential exothermicity of this
process.”® 2% It is possible that the N—H- - -N(pyridine)
hydrogen-bonding motif of neighboring molecules (Figure 2)
is favorable enough to engage the pyridyl nitrogen atoms
and prevent their protonation by TFA.

Structure of Crystals of Isomeric DAT-Substituted 2,2'-
Bipyridine Sa. Crystals of isomeric DAT-substituted bipyr-
idine 5a grown from TFA/H,O were found to belong
to the monoclinic space group P2;/c and to have the compo-
sition Sa-7TFA. A view of the proposed structure appears
in Figure 3, and other crystallographic data are provided
in Table 1. The bipyridyl core of compound Sa unexpectedly
adopts a nearly coplanar syn conformation (dihedral
angle = 2.2°), and each DAT substituent lies essentially in
the plane of the core (Figure 3). In the structure shown in
Figure 3, a DAT group is protonated by TFA according
to motif IV, and the preference for a syn conformation is
rationalized by proposing that a pyridyl nitrogen atom is also
protonated by TFA.>"® Molecules of the doubly proto-
nated form of compound 5a are not in direct contact but

(29) Desiraju, G. R.; Steiner, T., The Weak Hydrogen Bond in Structural
Chemistry and Biology; Oxford University Press: Oxford, U.K., 1999.

(30) For a review of C—H- - - O interactions, see: Desiraju, G. R. Chem.
Commun. 2005, 2995-3001.

(31) See the Supporting Information for details.
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2

FIGURE 4. View of robust hydrogen-bonded layer in the structure
of crystals of the 1:2 solvate of DAT-substituted bipyridine 6a with
DMSO. Hydrogen bonds are represented by broken lines, and
carbon atoms are shown in gray, hydrogen atoms in white, and
nitrogen atoms in blue. Molecules of DMSO are omitted for clarity.

are instead virtually surrounded by hydrogen-bonded TFA
(Figure 3).

Structure of Crystals of Isomeric DAT-Substituted 2,2'-
Bipyridine 6a. Crystals of DAT-substituted bipyridine 6a
grown from DMSO/CH,Cl, proved to belong to the mono-
clinic space group P2,/c and to have the composition 6a e 2
DMSO. Figure 4 provides a view of the structure, and Table 1
summarizes other crystallographic data. As usual, the bipyr-
idyl core of compound 6a favors a nearly coplanar anti
conformation (dihedral angle =0.0°), and the DAT substit-
uents lie close to the same plane (Figure 4). Each DAT group
participates in four N—H- - - N(triazine) hydrogen bonds of
type II (average distance =3.162 A), leading to the construc-
tion of robust layers in which each molecule of compound 6a
is linked to four neighbors by a total of eight hydrogen bonds
(Figure 4). Molecular organization in the resulting layers is
closely analogous to that observed in certain structures of
simpler analogs 1-3 and their relatives.® Adjacent layers are
separated by included molecules of DMSO,”" which form
N—H- -0 hydrogen bonds (average distance =3.037 A)
with nearby DAT groups.

Crystallization of simple DAT-substituted pyridines 1—3
and their relatives has been shown to be controlled primarily
by their flattened molecular topologies and by the ability of
DAT groups to direct the formation of coplanar hydrogen
bonds of types I-II1.% As a result, these compounds typically
crystallize in similar ways to give structures that incorporate
chains, tapes, and layers. More complex DAT-substituted
bipyridines 4a—6a have the same key features, including a
preference for flattened conformations and multiple DAT
groups, so their behavior should be analogous. Indeed, both
compounds 4a and 6a crystallize under selected conditions to
give layered structures built from nearly planar conformers
that engage in hydrogen bonding according to motifs I—III
or similar patterns. In contrast, crystals of compounds 4a
and 5a grown from TFA/H,O have largely unrelated struc-
tures. This inconsistency can be attributed to the ability of
TFA to protonate DAT groups and thereby disrupt their

JOC Article

FIGURE 5. Views of the structure of crystals of the 1:2:1 solvate of
DAT-substituted phenanthroline 7a with DMSO and CHCl;. Hy-
drogen bonds are represented by broken lines, and carbon atoms are
shown in gray, hydrogen atoms in white, and nitrogen atoms in blue,
except when selected molecules are highlighted in green. Molecules
of DMSO and CHCl; are omitted for clarity. (a) View showing how
hydrogen bonding of molecules of compound 7a according to motif
I generates chains and how the chains are connected to produce
layers by hydrogen bonds of type III and additional interactions.
Chains in the upper level are shown in normal colors and chains in
the lower level are highlighted in green. (b) View along the chains
showing the relationship between the upper and lower chains in a
single layer.

standard patterns of self-association. For this reason, we
avoided using TFA in subsequent efforts to crystallize
analogous DAT-substituted phenanthrolines 7a—9a.

Structure of Crystals of DAT-Substituted 1,10-Phenan-
throline 7a. Crystals of DAT-substituted phenanthroline 7a
grown from DMSO/CHCI; were found to belong to the
triclinic space group Pl and to have the composition
7a-2DMSO-CHCl;. Views of the structure are presented
in Figure 5, and other crystallographic data are summarized
in Table 2. As expected, molecules of compound 7a adopt a
flattened conformation, with the DAT substituents lying
close to the plane of the phenanthroline core (dihedral angles
of 5.7° and 32.4°). As illustrated in Figure 5a, molecules of
compound 7a are connected by N—H - - - N(triazine) hydro-
gen bonds of type I (average distance = 2.970 A) to form
chains, which are then joined to adjacent chains by
N—H- - -N(triazine) hydrogen bonds of type III (3.012 A),
as well as by additional N—H---N(pyridine) hydrogen
bonds (3.010 A) and C—H---N(pyridine) interactions in-
volving CHCI; (C- - -N distance = 3.109 A). The result is a
robust corrugated layer in which each molecule is linked to
four neighbors by a total of eight hydrogen bonds
(Figure 5b). Adjacent layers are separated by included
molecules of DMSO and CHCl.*!

Structure of Crystals of Isomeric DAT-Substituted 1,10-
Phenanthroline 8a. Crystals of isomeric DAT-substituted
phenanthroline 8a grown from DMSO/CH,Cl, were found
to belong to the triclinic space group P1 and to have the
approximate composition 38a-2DMSO-CH,Cl,. Views of
the structure are shown in Figure 6, and other crystallo-
graphic data are presented in Table 2. The structure
is composed of three crystallographically independent

J. Org. Chem. Vol. 76, No. 5, 2011 1337
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TABLE 2.  Crystallographic Data for Isomeric DAT-Substituted Phenanthrolines 7a-9a

7a-2DMSO-CHCly 38a-2DMSO-CH,Cl, 9a-2DMSO
crystallization medium DMSO/CHCl; DMSO/CH,Cl, DMSO/CH,Cl,
formula Cy3H,7CI3N 1,058, Cs9Hs6CI1oN360,S, CyHy6N 12058,
crystal system triclinic triclinic triclinic
space group P1 Pl Pl
a(A) 9.4341(4) 14.5409(13) 11.0524(2)
b(A) 9.6042(5) 14.7369(12) 11.1745(2)
c(A) 16.7333(13) 21.9376(17) 11.6989(3)
o (deg) 95.152(5) 84.221(4) 88.330(1)
p (deg) 98.059(4) 82.535(4) 67.213(1)
y (dﬂeg) 111.604(3) 69.260(4) 76.467(1)
V(A 1379.16(14) 4351.5(6) 1292.10(5)
zZ 2 2 2
Peate (2cm™3) 1.623 1.096“ 1.426
T (K) 150 150 150
wu (mm ) 4.848 1.590 2.263
Ry, I > 20(]) 0.0892 0.0646 0.0537
Ry, all data 0.1994 0.0707 0.0570
WRy, I > 20(1) 0.1831 0.1544 0.1280
WR,, all data 0.2195 0.1553 0.1288
independent reflections 5004 13545 4559
observed reflections [ > 2 o(])] 3511 7919 3089

“The value of peue does not take into account all molecules of guests included in the structure, but only those that occupy well-located positions.

a

FIGURE 6. Views of the structure of crystals of the 3:2:1 solvate of DAT-substituted phenanthroline 8a with DMSO and CH,Cl,. Hydrogen
bonds are represented by broken lines, and carbon atoms are shown in gray, hydrogen atoms in white, and nitrogen atoms in blue. Molecules of
DMSO and CH,Cl, are omitted for clarity. (a) View showing how hydrogen bonding of molecules A and B according to motif III generates
pairs. (b) View showing how the AB pairs are further connected to form columns by hydrogen bonding to molecules C, which are shown in

green.

molecules A, B, and C, which interact to form a complex
three-dimensional hydrogen-bonded network. As expected,
the 4,7-pattern of disubstitution prevents the DAT groups
from lying in the plane of the phenanthroline core, and the
dihedral angles lie in the range 23.9—69.3°. The structure can
be considered to be built from a fundamental pair of
molecules A and B, which are joined by a total of four
N—H- - -N(triazine) hydrogen bonds of type III with an
average distance of 3.068 A (Figure 6a). The AB pairs are
linked into columns along the b axis by intervening molecules
C, each of which engages in a total of five intracolumn
hydrogen bonds, including four of type II with an average
distance of 3.011 A (Figure 6b). Adjacent columns are
further connected by the formation of various inter-
column hydrogen bonds of types II and III involving pairs
Az and Bz.
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Structure of Crystals of Isomeric DAT-Substituted 1,10-
Phenanthroline 9a. Crystals of isomeric DAT-substituted
phenanthroline 9a grown from DMSO/CH,Cl, were found
to belong to the triclinic space group P1 and to have the
composition 9a-2DMSQO. Figure 7 provides a view of the
structure, and Table 2 summarizes other crystallographic
data. In the structure, molecules of compound 9a interact to
generate a complex three-dimensional hydrogen-bonded
network. As anticipated, the 5,6-pattern of disubstitution
forces the DAT groups to twist significantly out the plane of
the phenanthroline core, and the dihedral angles are 54° and
74°. As shown in Figure 7, molecules of compound 9a are
linked into chains aligned with the ¢ axis by N—H---N-
(triazine) hydrogen bonds of type III (average distance =
2.956 A), augmented by single N—H - - - N(pyridine) hydro-
gen bonds (3.013 A). Adjacent chains are further connected
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FIGURE 7. View of the structure of crystals of the 1:2 solvate of DAT-substituted phenanthroline 9a with DMSO. Hydrogen bonds are
represented by broken lines, and carbon atoms are shown in gray, hydrogen atoms in white, and nitrogen atoms in blue. Molecules of DM SO
are omitted for clarity. The view shows how chains are formed by N—H- - - N(triazine) hydrogen bonds of type IlI, reinforced by single
N—H: - - N(pyridine) hydrogen bonds. Adjacent chains are further connected by N—H - - - N(triazine) hydrogen bonds of type I to form a three-

dimensional network.

by N—H- - - N(triazine) hydrogen bonds of type I (3.039 A)
to form a three-dimensional network. Each molecule of com-
pound 9a thereby participates in a total of seven N—H- - N
hydrogen bonds involving four neighbors.

Conclusions

Previous work has established that isomeric DAT-substi-
tuted pyridines 1—3 and simple relatives tend to crystallize in
foreseeable ways.® In particular, they prefer to adopt flat-
tened conformations and to engage in approximately copla-
nar intermolecular hydrogen bonds of types I—III, which are
characteristic of DAT groups.! Together, these properties
ensure that molecular association is dominated by the pre-
sence of the DAT groups and favors the formation of net-
works that incorporate linear or planar elements such as
chains, tapes, or layers.

Our present results confirm that the crystallization of
more complex analogues such as DAT-substituted bipyri-
dines 4a—6a and phenanthrolines 7a—9a normally follows
similar patterns, as expected. Again, flattened conforma-
tions are adopted in all cases except those of compounds 8a
and 9a, which have patterns of substitution that prevent
the DAT groups from lying in the plane of the phenanthro-
line core. Nevertheless, DAT groups in all compounds
4a—9a continue to play a dominant role in directing
molecular association according to standard motifs I—III
or related patterns. Notable exceptions to this generalization
arise when crystallization is carried out in media with
components such as TFA, which can protonate the DAT
groups and thereby prevent them from engaging in normal
self-association.

Detailed comparison of the hydrogen-bonded networks
generated by simple DAT-substituted pyridines 1—3 with
those of more complex analogs 4a—9a reveals a series of
predictable differences in connectivity and architecture. In
particular, compounds 1—3 contain a single DAT group
per molecule, whereas analogues 4a—9a incorporate two
DAT groups per molecule and can thereby form structures

in which each molecule is connected to more neighbors
by a larger number of hydrogen bonds. As a result, com-
pounds 4a—9a are able in many cases to generate potentially
robust architectures maintained by three-dimensional
networks of hydrogen bonds, whereas simpler analogues
1-3 are typically limited to connectivity in one or two
dimensions.®

In addition, the structures of simple compounds 1—3 differ
predictably from those of more complex analogues 4a—9a in
the efficiency of molecular packing. Compounds with multi-
ple substituents that engage in strong directional intermole-
cular interactions cannot normally form periodic structures
in which the interactions and packing are optimized
simultaneously.' As a result, such compounds tend to form
open networks with significant volumes occupied by mole-
cules of solvent or other guests. This pattern of behavior is
nicely illustrated by the structures of compounds 1-3,
4a—6a, and 7a—9a. Simple compounds 1—3, in which direc-
tional interactions are derived primarily from a single DAT
group, can crystallize without excessive constraints, and
they form compact, guest-free structures in four out of six
cases studied, with no structure showing a molar guest:host
ratio larger than 1. In contrast, more complex analogues
4a—9a, in which directional interactions are approximately
doubled, fail to generate guest-free structures in any of
the seven cases examined, and the molar guest/host ratios
range up to 7.

Our work identifies DAT-substituted bipyridines 4a—6a
and phenanthrolines 7a—9a as potentially rich sources of
new supramolecular chemistry and describes how they can
be made. The compounds feature well-defined molecular
topologies and an ability to engage extensively in strong
intermolecular interactions, directed both by hydrogen
bonding and chelation of metals. Our initial structural
studies have confirmed that the DAT groups of compounds
4a—9a can play a dominant role in directing crystallization
by self-associating according to standard hydrogen-bonding
motifs I—III. This observation suggests that the sites of
hydrogen bonding and chelation in compounds 4a—9a

J. Org. Chem. Vol. 76, No. 5, 2011 1339



JOC Article

can accomplish their tasks independently and can thereby
control association without mutual interference. Future
studies will examine how metal complexes of compounds
4a—9a can be formed and used to construct complex
three-dimensional hydrogen-bonded networks. As a result,
the present work is a promising starting point for a wide
range of projects in organic and inorganic chemistry that
target the design and synthesis of related ligands for the self-
assembly of metal—organic materials with predetermined
structures.

Experimental Section

General Notes. 2,2'-Bipyridine-5,5'-dicarbonitrile (4b),'! 4,4'-
dibromo-2,2'-bipyridine (5¢),*® 2,2'-bipyridine-6,¢'-dicarbonitrile
(6b)," 3,8-dibromo-1,10-phenanthroline (7¢),?' 4,7-dibromo-1,10-
phenanthroline (8¢),?* and 5,6-dibromo-1,10-phenanthroline (9¢)*
were prepared by methods reported previously. The syntheses of
dinitriles 5b and 7b—9b are described below, followed by the
preparation of DAT-substituted derivatives 4a—9a. Other chem-
icals were purchased from commercial sources and used without
further purification.

Syntheses of Dinitriles 5b and 7b—9b. 2,2'-Bipyridine-4,4'-
dicarbonitrile (5b)'*~'°, A stirred mixture of 4,4’-dibromo-2,2’-
bipyridine (5¢; 0.873 g, 2.78 mmol),>® NaCN (0.274 g, 5.59 mmol),
Pd(OAc), (0.031 g, 0.14 mmol), 1,5-bis(diphenylphosphino)-
pentane (0.247 g, 0.561 mmol), TMEDA (0.488 g, 4.20 mmol),
and mesitylene (15 mL) was sparged with N, for 10 min and then
was heated at reflux under N, for 12 h. The mixture was allowed
to cool, degassed water was added, and the resulting slurry was
stirred for 10 min. The slurry was filtered, and the solid was
rinsed with pentane and then purified by flash chromatography
(silica gel, hexane/ethyl acetate 7/3) to give 2,2'-bipyridine-4,4’-
dicarbonitrile (5b; 0.363 g, 1.76 mmol, 63%) as a colorless solid:
mp 220 °C; IR (ATR) 2238 cm ™ '; "H NMR (400 MHz, CDCl5) 6
8.90 (dd, 2H, °J = 0.87 Hz, °J = 4.9 Hz), 8.74 (dd, 2H, *J = 1.5
Hz, 5/ =0.93 Hz), 7.62 (dd, 2H, °J = 4.9 Hz, *J = 1.5 Hz); "*C
NMR (100 MHz, CDCl;) 6 155.9, 150.7, 126.3, 123.5, 122.2,
116.8; HRMS (ESI) caled for C;;HgNy + H m/e 207.06652,
found 207.06687.

1,10-Phenanthroline-3,8-dicarbonitrile (7b). A stirred mixture
of 3,8-dibromo-1,10-phenanthroline (7¢; 1.10 g, 3.25 mmol),>!
NaCN (0.322 g, 6.57 mmol), Pd(OAc), (0.036 g, 0.16 mmol),
1,5-bis(diphenylphosphino)pentane (0.291 g, 0.661 mmol),
TMEDA (0.572 g, 4.92 mmol), and mesitylene (15 mL) was
sparged with N, for 10 min and then was heated at reflux under N,
for 12 h. The mixture was allowed to cool, degassed water was
added, and the resulting slurry was stirred for 10 min. The slurry
was filtered, and the solid was rinsed with pentane and then purified
by flash chromatography (silica gel, hexane/ethyl acetate 1/1) to
give 1,10-phenanthroline-3,8-dicarbonitrile (7b; 0.460 g, 2.00 mmol,
62%) as a yellow-orange solid: mp > 250 °C dec; IR (ATR) 2230
cm™'; "H NMR (400 MHz, CDCl;) 6 9.44(d,2H, *J=2.0 Hz), 8.71
(d, 2H, *J = 2.0 Hz), 8.03 (s, 2H); '*C NMR (100 MHz, CDCl;) &
151.3, 146.6, 140.9, 128.5, 127.9, 116.3, 110.1; HRMS (ESI) calcd
for C14HgNy + H m/e 231.0665, found 231.0662.

1,10-Phenanthroline-4,7-dicarbonitrile (8b).'® Compound 8b
was prepared in 60% yield by the method described above for
making isomer 7b. Crystallization from CHCl;/MeCN lprovided
yellow blocks: mp > 250 °C dec; IR (ATR) 2105cm™'; '"HNMR
(400 MHz, CDCl5) 6 9.43 (d, 2H, *J = 4.4 Hz), 8.46 (s, 2H), 8.08
(d, 2H, *J = 4.4 Hz); '*C NMR (100 MHz, CDCl3) 6 151.2,
146.4, 127.8, 127.4, 126.3, 119.8, 115.4; HRMS (ESI) calcd for
C4HgNy + H m/e 231.0665, found 231.0677.

1,10-Phenanthroline-5,6-dicarbonitrile (9b). Compound 9b
was prepared in 52% yield by the method described above for

1340 J. Org. Chem. Vol. 76, No. 5, 2011

Duong et al.

making isomer 7b. Crystallization from CH,Cl,/MeCN pro-
vided red blocks: mp > 250 °C (dec); IR (ATR) 2231 cm™'; 'H
NMR (400 MHz, CDCl3) 8 9.46 (dd, 2H, *J=4.3 Hz, 7= 1.7
Hz),8.77(dd,2H, */=8.3Hz */=1.7Hz),7.97(dd,2H,*/=8.3
Hz, *J = 4.3 Hz); '*C NMR (100 MHz, CDCls) 6 154.8, 147.0,
135.3, 126.0, 125.7, 117.1, 114.0; HRMS (ESI) calcd for
C4HgNy + H m/e 231.0665, found 231.0658.

Syntheses of DAT-Substituted Bipyridines 4a—6a and Phenan-
throlines 7a—9a. 6,6'-(2,2'-Bipyridine-5,5'-diyl)bis(1,3,5-triazine-
2,4-diamine) (4a). A mixture of 2,2'-bipyridine-4,4'-dicarbonitrile
(4b; 0.673 g, 3.26 mmol),'! dicyandiamide (0.688 g, 8.18 mmol),
and KOH (0.202 g, 3.60 mmol) in 2-methoxyethanol (25 mL) was
heated at reflux for 12 h. The mixture was allowed to cool, and
precipitated solids were then separated by filtration, washed with
hot water, rinsed with MeOH, and dried under vacuum to
provide DAT-substituted bipyridine 4a (1.10 g, 2.94 mmol,
90%) as a nearly colorless solid: mp > 350 °C; IR (ATR) 3459,
3327, 3153, 1662, 1633, 1525, 1442, 1394, 1359, 857 cm ™ '; 'H
NMR (400 MHz, DMSO-d;) 6 9.47 (d, 2H, *J=2.0 Hz), 8.69 (dd,
2H,3J=8.3Hz,*J=2.0Hz),8.58 (d,2H, *J = 8.3 Hz), 6.929 (brs,
8H); '*C NMR (100 MHz, DMSO-ds) 6 169.4, 168.2, 157.4,
149.8,137.2,133.8, 121.5; HRMS (ESI) caled for C;¢H 4N, + H
m/e 375.1537, found 375.1547.

6,6'-(2,2'-Bipyridine-4,4’-diyl)bis(1,3,5-triazine-2,4-diamine)
(5a). Compound 5a was prepared from 2,2'-bipyridine-4.,4’-
dicarbonitrile (5b) in 85% yield by the method described above
for making analogue 4a: mp > 350 °C; IR (ATR) 3463, 3317,
3119, 1643, 1531, 1396, 809 cm ™ '; "H NMR (400 MHz, DMSO-
dg) 99.27 (s, 2H), 8.86 (d, 2H, >J=4.9 Hz), 8.17 (dd, 2H, >/ =4.9
Hz), 7.02 (br d, 8H); '°C NMR (100 MHz, DMSO-ds) 6 169.5,
168.4, 156.6, 150.8, 146.7, 122.9, 119.5; HRMS (ESI) calcd for
CigH 14N> + H m/e 375.1537, found 375.1538.

6,6’-(2,2'-Bipyridine-6,6'-diyl)bis(1,3,5-triazine-2,4-diamine)
(6a). Compound 6a was prepared from 2,2'-bipyridine-6,6'-
dicarbonitrile (6b)'*in 90% yield by the method described above
for making analogue 4a: mp > 350 °C; IR (ATR) 3479, 3357,
3146, 1617, 1538, 1403, 805cm ™ '; '"H NMR (400 MHz, DMSO-
dg) 0 8.55 (d, 2H, *J = 7.8 Hz), 8.23 (d, 2H, *J = 7.6 Hz), 8.11
(t, 2H, *J = 7.8 Hz), 6.92 (br d, 8H). *C NMR (100 MHz,
DMSO-dy) 6 171.3, 168.5, 155.8, 155.7, 138.6, 124.6, 123.1;
HRMS (ESI) caled for CigH 4N, + H m/e 375.1537, found
375.1537.
6,6'-(1,10-Phenanthroline-3,8-diyl)bis(1,3,5-triazine-2,4-dia-
mine) (7a). Compound 7a was prepared from 1,10-phenanthro-
line-3,8-dicarbonitrile (7b) in 89% yield by the method de-
scribed above for making analogue 4a: mp >350 °C; IR
(ATR) 3325, 3165, 1634, 1531, 1391 cm™'; 'H NMR (400
MHz, DMSO-ds) 6 9.88 (s, 2H), 9.20 (s, 2H), 8.18 (s, 2H),
7.01 (brs, 8H); '*C NMR (100 MHz, DMSO-dg) 6 169.1, 167.8,
149.7, 147.0, 135.9, 132.3, 128.9, 128.2; HRMS (ESI) calcd for
CigH 14N> + H m/e 399.1537, found 399.1537.
6,6'-(1,10-Phenanthroline-4,7-diyl)bis(1,3,5-triazine-2,4-diamine)
(8a). Compound 8a was prepared from 1,10-phenanthroline-
4,7-dicarbonitrile (8b) in 85% yield by the method described
above for making analogue 4a: mp > 350 °C; IR (ATR) 3330,
3150, 1532 cm™ ' TH NMR (400 MHz, DMSO-dg) 4 9.20 (d, 2H,
3] = 4.4 Hz), 8.66 (s, 2H), 8.03 (d, 2H, °J = 4.4 Hz), 7.03 (br s,
8H); '*C NMR (400 MHz, DMSO-dg) 6 172.4, 167.9, 150.4,
147.0, 144.3, 126.0, 125.5, 123.8; HRMS (ESI) calcd for
C18H14N]2 +H m/e 3991537, found 399.1543.
6,6'-(1,10-Phenanthroline-5,6-diyl)bis(1,3,5-triazine-2,4-diamine)
(9a). Compound 9a was prepared from 1,10-phenanthroline-
5,6-dicarbonitrile (9b) in 20% yield by the method described
above for makin% analogue 4a: mp >350 °C; IR (ATR) 3120,
1629, 1540 cm™'; "H NMR (400 MHz, DMSO-dg) & 9.12
(d, 2H, 3J = 3.0 Hz), 8.36 (d, 2H, 3J = 8.3 Hz), 7.75 (dd, 2H,
3J=3.0 Hz, >J = 8.0 Hz), 6.66 (br s, 8H); '*C NMR (100 MHz,
DMSO-d¢) 6 172.7, 167.5, 150.9, 146.0, 136.0, 134.0, 127.1,
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124.1; HRMS (ESI) calced for CigH 14N, + H m/e 399.1537,
found 399.1535.

Crystallization of DAT-Substituted Bipyridines 4a-6a and
Phenanthrolines 7a—9a. Crystals used for structural studies by
X-ray diffraction were grown at 25 °C in the following ways.
DAT-substituted bipyridine 4a was crystallized by allowing
vapors of MeOH to diffuse into a saturated solution in DMSO.
In addition, crystals of compound 4a and isomer 5a
were obtained by allowing vapors of water to diffuse into
solutions in TFA (~5 mg/mL). Crystals of DAT-substituted
bipyridine 6a were grown by allowing vapors of CH,Cl, to
diffuse into a saturated solution in DMSO. Similarly,
DAT-substituted phenanthrolines 7a, 8a, and 9a were crystal-
lized by allowing vapors of CHCl; (compound 7a) or CH,Cl,
(compounds 8a and 9a) to diffuse into saturated solutions in
DMSO.

Analysis of the Structures of DAT-Substituted Bipyridines
4a—6a and Phenanthrolines 7a—9a by X-ray Crystallography.
Crystallographic data were collected using a Bruker Microstar
diffractometer with Cu Ko radiation. The structures were
solved by direct methods using SHELXS-97, and non-hydro-
gen atoms were refined anisotropically with SHELXL-97.3
Hydrogen atoms were first located from difference Fourier

(32) Sheldrick, G. M. Acta Crystallogr. 2008, 464, 112-122.

(33) Spek, A. L. PLATON, A Multipurpose Crystallographic Tool,
Utrecht University: Utrecht, The Netherlands, 2001. van der Sluis, P.; Spek,
A. L. Acta Crystallogr. 1990, A46, 194-201.
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maps, and then their positions were recalculated, using stan-
dard values of distances and angles, before refining them as
riding atoms. In the structures of compounds 4a and 6a
crystallized from TFA, the positions of hydrogen-bonded
atoms of hydrogen derived from TFA could not be determined
reliably. These atoms were assigned to the nitrogen atom of the
hydrogen-bond acceptor, and a full proton transfer was as-
sumed to occur. In the case of crystals of compound 8a grown
from DMSO/CH,Cl,, only part of the included molecules
of solvent could be resolved. The SQUEEZE option of
the program PLATON?? was used to eliminate the contribu-
tion of included molecules that were highly disordered,
thereby giving a final model for the most ordered part of the
structure.
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