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The Use of Non-Covalent Interactions in the Assembly
of Metal/Organic Supramolecular Arrays
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The design and synthesis of molecules that can organize into specific supramolecular
assemblies in the solid state is an area of considerable interest, since incorporation of spe-
cific structural components into a crystal lattice may lead to new materials with desirable
chemical and physical properties. However, it is still difficult to reliably predict crystal
structures especially those in non-centrosymmetric space groups. To develop compounds
whose assembly is more controlled and predictable, we are investigating the formation of
supramolecular assemblies from C,- and Cs-symmetric molecular species. The C,-sym-
metric systems use arigid template to control the orientation of appended groups. Using
hydrogen bonds and weak metal-ligand interactions as the key forces to control molecular
structure, a variety of helical forming compounds can be isolated. The assembly of these
compounds was monitored in the crystalline phase and shown to yield a diverse group of
lattice architectures. Molecular helices have produced i) microporous networks,
ii) extended helices in the lattice and iii) chira arrays that assemble enantioselectively
during crystallization. The use of Cs-symmetric compounds in supramolecular assembly
isillustrated by achiral tripodal system that forms non-centrosymmetric crystal lattices. A
Ni(I1)-F salt of this tripod has a lattice that is noteworthy for its six-fold symmetric open
framework structure and the alignment of all the molecular Ni-F bonds along a crystallo-
graphic axis.
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INTRODUCTION

The organization of molecules into specific supramolecular assemblies
in the solid state is currently an area of considerable interest in chemis-
try. This research generates excitement because of the possibility of
incorporating well-ordered structural and functional components into a
crystal latticelll. This can lead to the development of new materials hav-
ing desirable chemical and physical properties. A variety of different
synthetic methods have been reported recently which produce intricate
|attice architectures?l. All these systems rely on designed molecules to
influence the assembly process. Thus the structural properties of the
individua molecules are essential in the design and prediction of
supramolecular assemblies. Wuest has coined the term tecton to
describe the molecular building blocks for supramolecular assemblyt3].
Tectons are molecules whose intermolecular interactions are controlled
by forces alowing for specific assemblies with defined structures or
functions. Organic-based tectons often use intermol ecular, non-covalent
interactions to assist in either self-assembly or guest-host processestd.
These tectons are modeled usually after the complementary properties
found in biomolecules. Inorganic-based tectons (metal complexes) can
also be used for the formation of unique lattices: examplesinclude coor-
dination networks® and supramolecular assemblies derived from heli-
cates'®. These inorganic tectons often use polyfunctional organic
ligands and transition metal salts to form the molecular precursor that
then assembles into a supramolecular structurel®€].

One area of this research that continues to present challenges is the
prediction of the supramolecular structures (i.e., lattice architectures in
crystal phases) for a given tecton. This difficulty arises because individ-
ual molecules within alattice may adopt several different, nearly degen-
erate, conformations depending on the specific conditions under which
the crystals are grown. For example, several factors influence assembly
in inorganic tectons, such as solvent, counter-ions, and geometry of the
ligands bonded to the metal ion(s). To elucidate the relationship
between metal ion stereochemistry and ligand geometry in assembly
processes, we have been investigating the assembly of C,- and C3-sym-
metric metal complex&em. These complexes contain organic molecules
that have tri- or tetradentate chelates. When bonded to metal ions, these
chelates can direct the assembly of supramolecular arrays in the solid
state. A key component of these systems is that metal complexes are

46



12:19 15 January 2011

Downl oaded At:

often chiral, and thus aid in the formation of non-centrosymmetic lat-
tices. These types of crystal lattices are a necessary prerequisite for
materials having unique characteristics such as non-linear optical prop-
erties.

The general design features of our systems are shown schematically in
Fig. ().

@ = grganic species
& = metal ions

FIGURE 1 Schematic for the general approach used to make supramolecular arrays

Organic compounds are designed such that significant structural
changes occur upon metal ion binding. The magnitude of these struc-
tural changes is dependent on the coordinated metal ion: metal ions with
different stereochemical requirements will produce species with distinct
molecular structures. This allows us to probe a variety of molecular
structures either by binding different metal ions or by using metal ions
that can accommaodate various coordination geometries.

The assembly of the supramolecular structures is assisted by non-cov-
alent, intermolecular interactions. Hydrogen bonding and aryl-aryl
interactions are the dominant forces used in the assembly processes.
These types of interactions have shown great utility in directing struc-
tural properties in synthetic and biomolecules'®l. Hydrogen bonds and
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aryl-aryl interactions are weak, electrostatic interactions usually having
bond energies ranging from 1 to 10 kcal/mol!®°l. Their usefulness in
structural control originates from the clustering of these interactions
within a given assembled system. This effect provides significant
energy of stabilization to direct the assembly process. One of the major
objectives of our research isto incorporate functional groups within tec-
tons that can orchestrate assembly of supramolecular systems through
non-covalent forces.

This review summarizes our most recent studies in this area. Two
types of C,-symmetric systems are discussed: molecular helices that
assemble into a variety of supramolecular arrays in the solid state. The
discussion on C3-symmetric systems emphasizes an organic tecton that
assembles into chiral columnsin the solid state. When coordinated to a
Ni(11)-F unit, a unique non-centrosymmetric, open framework lattice is
observed that has six-fold symmetry.

C,-Symmetric Systems

Design Considerations

Fig. (2) shows the design factors used in developing the C,-symmetric
systems. These compounds contain a rigid 2,6-bis(carbamoyl!)pyridyl
unit that serves either as a site for intramolecular hydrogen bonding or a
tridentate metal binding site. The metal-binding site is formed by double
deprotonation of the 2,6-bis(carbamoyl)pyridyl center to afford a merid-
ional chelate that becomes planar after coordination to a metal ion. This
planar structure is caused by the rigidity of the 2,6-bis(carbamoy!)pyri-
dyl chelate and is independent of the coordinated metal ion. The metal-
lated 2,6-bis(carbamoyl)pyridyl unit has a similar function as the rigid
scaffolds used by many groups in organizing peptides*®!. However, our
design differs from these other scaffolds by the use of metal ions to reg-
ulate molecular structurel™!. The molecular structure in our systems is
determined by the relative orientation of the groups appended from the
amide nitrogens. The orientations of the appended groups are directed,
to a large extent, by their interactions with the bonded metal. Each
appended group is designed to contain additional donor atoms capable
of binding to the metal ion. These donors are relatively weak Lewis
bases whose interactions depend on the stereochemical preference of the
coordinated metal ion, and not on the geometric requirements of the lig-
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and. The coordinating donors in our systems are acyl oxygens appended
from either acetophenone (H,1) or amide (H,2) groups. Attaching these
carbonyl groups to phenyl rings allows the formation of thermodynami-
cally favored six-membered chelate rings upon metal binding. Thistype
of coordination results in compounds having a helical twist because
both carbonyl groups can not be coplanar with the 2,6-bis(car-
bamoyl)pyridyl chelate.

= Metal lon Binding Chelate
| * Planar and rigid
(0] S O [ « synthetic ease in placing appended
N groups from amidate nitrogens

M Weak Lewis Base Donors

’,5 N M N %

pl ~ * Weak metal-acyl oxygen bonds

4 N from tides
o o B-pep!
'7-,_‘ ,5( « QOrientation of appended groups
determined by electronic properties
R R
AN J

of the metal ion

Y

Easy Derivations of R Groups

FIGURE 2 Schematic of the design concepts used in generating C,-symmetric helices

The weak M---O=C(R) bonds are designed to influence the structures
in a similar fashion as non-covalent interactions in biomolecules. For
example, non-covalent interactions in protein helices allow for a variety
of subtle adjustments in form which are less likely to be achieved with
stronger covalent bonds!?l. By using weak M---O=C(R) bonds as a key
structural element, we anticipated that a variety of molecular structures
could be achieved by binding metal ions with different coordination
requirements. Moreover, these differences in molecular structure
between complexes should result in varied lattice architectures. Thisis
particularly true for complexes containing divalent metal ions that will
be electronically neutral. To investigate the usefulness of this approach,
we studied the solution and solid state structures of Nil and Cul. These
studies will demonstrate that M---O=C(R) bonds are indeed weak inter-
actions and significant lattice changes can occur with only minor molec-
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ular changes. The design concept is further developed with the
B-peptide compound H,2. Systems derived from this compound show
that chiral resolution can be obtained during crystal growth.

Solution Properties Nil

The IH NMR spectrum of the diamagnetic Nil complex contains six
distinct aryl signals and one acyl methyl peak; this result is consistent
with a symmetrical coordination of [1] 2 about the Ni(ll) ion. This sym-
metrical interaction mandates tridentate coordination between the Ni(Il)
and the 2,6-bis(carbamoyl)pyridyl binding pocket. Because the binding
pocket does not complete the inner coordination sphere about the Ni(I1)
ion, the acyl oxygens of the appended acetophenone groups al so interact
symmetrically with the Ni(ll) center. These Ni---O=C(Ph) interaction(s)
should influence the proton chemical shifts of the supporting phenyl
groups, such asis seen for the protons ortho to the amide nitrogens (H,)
whose chemical shift is observed at 8.29 ppm. The downfield proton
chemical shift of H, is caused by a deshielding effect from the amide
carbonyl groups of the planar 2,6-bis(carbamoyl)pyridyl binding
pocket. For this deshielding to occur the dominant conformation of the
appended acetophenone moieties is one that has the phenyl rings nearly
coplanar with the Ni(ll)-2,6-bis(carbamoyl)pyridyl unit. This agrees
with molecular models that predict that a Ni---O=C(Ph) interaction
reguires nearly coplanar conformations between the appended groups
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and the metal binding pocket. Finally, we have observed a positive NOE
between Hy (pheny! protons ortho to the carboryl groups) and the acetyl
methyl protons, indicating that the appended carbonyl oxygens are ori-
ented towards the bound Ni(l1).

Structural information for Nil and Cul in solution was also obtained
from FTIR measurements. The FTIR spectrum of Nil in CH,Cl, con-
tains two acetophenone carbonyl stretches at 1680 and 1653 em L,
whereas Cul has only one signal at afrequency of 1627 cm™L. The low-
ering of the ketone stretching frequency from 1684 cm™t (Vo for ace-
tophenone) to 1653 and 1627 cm™ in Nil and Cul respectively, is
expected for an acyl oxygen interacting weakly with a metal center.
These shifts to lower energy are comparable to those found for carbonyl
oxygens involved in hydrogen bonding[13]. Furthermore, these results
suggest that Cul and Nil have different molecular structures, with Cul
favoring a symmetric five-coordinate species while Nil has an unsym-
metrical four-coordinate structure. A conformational equilibrium for
Nil that is consistent with the results from NMR and FTIR spectroscop-
ies is shown in eq 1. Each four-coordinate Nila and Nilb species has
only one Ni---O=C(Ph) interaction which yields the two unsymmetrical
square planar complexes. This equilibrium is rapid compared to the
NMR timescale (even at —60°C) and prevents us from observing these
individual species, as seen from the symmetrical spectrum for Nil, but
can be resolved in the FTIR spectrum.

X Z
oM |
rapid

—_—

NZ 0 o} N (o}
' 0 f
N—Ni—N —_— N—Ni—N
; ()
o o)
Nila Ni1b

Molecular Structures

The molecular structures of Nil and Cul agree qualitatively with the
picture that emerged from our spectroscopic studies in solution. Both
complexes have three of their coordination sites occupied by nitrogen
donors from the 2,6-bis(carbamoyl!)pyridyl chelate. In Nil the geometry
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around the Ni(l1) is approximately square planar, with the fourth donor
provided by a carbonyl oxygen, O(4), from one of the appended ace-
tophenone groups. The acyl oxygen coordination orients this group
nearly coplanar with the rigid, tridentate chelate. The remaining ace-
tophenone oxygen O(3) is pointed away from the Ni(Il) center at a dis-
tance of ~ 5.5 A (videinfra).

FIGURE 3 Thermal ellipsoid diagrams of Nil (A) and Cul (B). The ellipsoids are drawn
at the 40% probability level and hydrogens are removed for clarity
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In contrast to Nil, both acetophenone oxygens in Cul interact with
the copper(I1) center producing a square pyramidal five-coordinate spe-
cies with O(3) occupying the axial position. These oxygen donors are
coordinated unsymmetrically to Cu(ll), with distances of 2.357(3) and
1.933(3) A for the Cu-O(3) and Cu-O(4) bonds respectively. Dual coor-
dination of carbonyl oxygens causes the appended acetophenone groups
to orient on opposite faces of the plane formed by the
Cu(l1)-[2,6-bis(carbamoyl)pyridyl] unit. The structural consequence of
this displacement gives Cul an overall helical morphology!4.

The solid state molecular structures of Nil and Cul aso allowed usto
further probe the nature of the M---O=C(Ph) interaction. The Ni-O(4)
and Cu-O(4) bond distances of 1.828(3) and 1.932(3) A are suggestive
of relatively strong equatorial M-O interactions present in these com-
pounds. However, molecular modeling studies show that for equatorial
coordination of an acyl oxygen to the M(l1)-[2,6-bis(carbamoy!)pyridyl]
unit, the oxygen donor must reside ca. 1.9 A from the bound metal
center. This inflexibility in the ligand system restricts all near-planar
metal-carbonyl oxygen interaction(s); thus we propose that these short
bond lengths in Cul and Nil are actually caused by the structura con-
straints imposed by [1]%. This hypothesis is supported by two lines of
structural evidence in Nil which show that the Ni-O(4) interaction is
indeed weak. First, the Ni-N(2) bond distance of 1.805 (2) A is excep-
tionally short compared to known pyridine nitrogen-nickel bonds incor-
porated into two five-membered ring metallocycles (>1.95 A).1> This
short bond length is consistent with a weak trans influence of the O(4)
with the Ni center. Secondly, the C(22)-O(4) bond length of 1.260 (4) A
isonly dightly longer than that normally observed for a C=0 bond (1.23
A) but is still much shorter than the distance for a C-O single bond (1.43
A)18l This minor elongation of the C=O bond reflects the small
decrease in the carbonyl bond order that occurs from the M---O=C(Ph)
interaction which agrees with our FTIR measurements (vide supra).

Comparison of Molecular Structures of Nil and Cul

An overlay of the two molecular structures (Fig. (4)) reveals that the
complexes have a strong structural similarity through the coordination
square plane (RMS=0.10 A). The only difference between the two
structures is in the position of the appended acetophenone group con-
taining O(3). This acetophenone group in Nilis nearly coplanar to the
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FIGURE 4 Overlay of the molecular structures of Nil and Cul

2,6-bis(carbamoyl)pyridyl chelate with a dihedral angle of 3.8°
observed between the plane formed by the chelate and the aryl ring of
the appended acetophenone group. The corresponding dihedral anglein
Cul is 12.5°. The mgjor difference between the molecular structures of
Nil and Cul is the orientation of the acetophenone groups containing
O(3). In Nil, this group is oriented such that the aryl ring is rotated
118.5° out of the coordination square plane. The acetyl oxygen O(3) is
pointed away from the Ni(Il) center and is hydrogen bonded to one sol-
vated water molecule. However in Cul, where O(3) is coordinated to
the Cu(ll) center, this appended group is displaced only 48° from the
plane of the 2,6-bis(carbamoyl)pyridyl chelate. This structural differ-
ence has a significant influence on the assembly of the complexes in
their respective crystal lattices.

Lattice Structuresfor Cul and Nil

As shown in Fig. (5), there are three principal intermolecular interac-
tions between complexes in the lattice of Cul. The complexes are
arranged such that the aryl rings of [1]2' in one complex are n-stacked
with the corresponding rings of neighboring complexesm]. Hence,
n-stacking interactions between pyridyl rings are found at a cen-
troid-centroid distance of 3.92 A and at 4.45 A for the aryl rings from
the equatorial coordinated acetophenones. These two interactions sup-
port the arrangement of Cul complexes into coils that are aligned along
the crystallographic b-axis. Adjacent coils interact via w-stacking inter-
actions between the aryl rings of the apically coordinated acetophenone
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Apical aryl n-stacking:
3.74A

Equatorial aryl n-stacking:
4.45A

.
—
.

Pyridyt n-stacking:
A

coil
axis

FIGURE 5 Intermolecular nt-stacking interactions observed in the lattice of Cul

groups (i.e., the appended group containing O(3)) with a centroid-cen-

troid distance of 3.74 A.

An open-framework lattice results (Fig. (6)) where the distance
between adjacent set of stack rings is 7.74 A. This space in the present
structure of Cul isfilled with toluene molecules that come from the sol-

vent used in crystallization.

FIGURE 6 A portion of the crystal lattice for Cul (view of the b,c plane). Solvent mole-

cules have been omitted for clarity
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FIGURE 7 A portion of the crystal lattice for Nil illustrating the hydrogen bonding net-
work used to stabilize the column motifs. Intra-columnar Ni-Ni distances: a, 4.42 A and b,
6.21A

Fig. (7) shows that Nil1 complexes assemble into supramolecular col-
umns that are positioned along the crystallographic b-axis. The columns
are stabilized through two hydrogen bond networks that are on opposite
sides of each column. The hydrogen bond networks connect every other
complex through repeated units consisting of two hydrogen bonded
water molecules. These pairs of water molecules in turn hydrogen bond
to O(3) of an appended acetophenone group from one complex and O(1)
of a 2,6-bis(carbamoyl)pyridyl chelate of an alternating complex. Addi-
tional columnar stabilization comes from stacking interactions between
the coordination square planes of adjacent molecules where the average
inter-plane distance is 3.75 A. This arrangement of Nil complexes
results in two unique intra-columnar Ni-Ni distances at 4.42 A and 6.21
A. The dominant inter-columnar forces are edge-to-face interactions
between molecules in adjacent columns that are aligned along the crys-
tallographic c-axis: these weak aryl interactions occur between the
appended acetophenone groups that contain O(3) where the cen-
troid-centroid distance is 4.88 A. This arrangement of columns within
the lattice produces extended hydrophilic channels that are filled with
water molecules (Fig. (8)).

56



Downl oaded At: 12:19 15 January 2011

a

FIGURE 8 Portion of the crystal lattice for Nil (view of the a,c plane) showing the inter-
molecular column interactions and the resulting water filled channels

Helical Tectons: Structure of H,2

The results obtained with Nil and Cul show that our design yields com-
pounds that serve as building blocks to assemble varied supramolecular
structures in the solid state. The use of relatively weak M---O=C(R)
interactions alows for diverse molecular structures which affects
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supramolecular assembly. To further explore these concepts in the
assembly of supramolecular arrays, we investigated the structural prop-
erties of H,2. This compound has appended groups that contain (3-pep-
tides: each appendage contains two aryl rings connected by amide
linkages. The increase in aryl groups affects assembly by increasing the
number of possible aryl-aryl interactions within a supramolecular array.
It should be noted that a similar design strategy to that of H,2 has been
reported by Hamilton and coworkers, although they have not reported
the effects of metal binding on helicity!18l.

H,2 contains two preorganized aryl appendages that are self-assem-
bled through hydrogen bonds and tethered covalently to the 2,6-bis(car-
bamoyl)pyridyl template. As described in the design section, this
compound will have an inherent helical twist that is stabilized by bifur-
cated hydrogen bonding between the pyridyl nitrogen, the amide pro-
tons (Hy), and the adjacent acyl oxygens of the appendages. This
intramolecular hydrogen bonding is indicated from the 1H NMR spec-
trum of H,2 in CDCl5 that shows that the amide protons H, and Hy, have
large down-field chemical shifts (Fig. (9)). These hydrogen bonds
restrict the orientation of the aryl rings within the appended arrays as
shown by the strong intra-array NOEs observed between Hy, and Hy, of
the neighboring phenyl ring and between H, and the methyl protons of
the terminal ketone (H,;,). In the solid state, H,2 has a helical structure,
which largely results from bifurcated hydrogen bonds between the pyri-
dyl nitrogen, the amide protons (H,), and the adjacent acyl oxygens
(O(2) and O(5)) of the appendages. The appendages cross with a stack-
ing distance of 3.27 A (Fig. (9)).

The effects of metal binding on the structure of H,2 was probed by
examining the structural properties of Ni2 and Cu2. The 1H NMR spec-
trum of the Ni2 complex contains one acyl methyl and 10 aryl signals.
This result is consistent with a symmetrical coordination of [2] 2 about
the Ni(I1) ion- aresult that is similar to that observed in our other Ni(ll)
system, Nil (vide infra). The large downfield shift of the amide protons
(Hp) at 13.01 ppm shows that intramolecular hydrogen bonding is main-
tained within the appended groupsi*3l. Moreover Ni2 has NOEs analo-
gous to those observed for H,2. These results show the significant effect
that the hydrogen bonds impart on the conformation of the appended
arrays in Ni2; restricting the aryl rings in an anti orientation about the
amide bond.
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13.04 ppm ¢
=

|
12.31 ppm m\f

NOE

Ho1

FIGURE 9 A structural scheme of H,2 showing selected NMR data (left) and a thermal
ellipsoid diagram of H,2 (right) with ellipsoids drawn at the 50% probability level.
Non-amide hydrogens are removed for clarity

Ni2 exists as a racemic mixture of left- and right-handed enantiomers
in solution that are slow to exchange on the NMR timescale. This is
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c2r c

Ly

.
c2n e

Cu2r

FIGURE 10 Thermal ellipsoid diagrams of Cu2gP (A) and Cu2r (B). Ellipsoids are drawn
at the 50% probability level. The solvent molecules and non-amide hydrogens are
removed for clarity
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demonstrated by treating a CDCl5 solution of Ni2 with Pirkle's reagent,
[(9-(+)-trifluoro-1-(9-anthryl)ethanol][1%. An upfield shift and dou-
bling of the proton signals are observed upon addition of the chiral sol-
vating reagent, consistent with the presence of a pair of diastereomeric
adducts. In contrast, H,2 does not show this resolution with Pirkle's rea-
gent illustrating the importance of the metal ion in maintaining helical
morphol ogy.

Attempts to obtain single crystals of Ni2 were unsuccessful. However,
Cu2 readily yielded crystals that were suitable for X-ray diffraction
studies; Cu2 confirms that helicity is preserved in the solid state. Cu2
crystallizes initialy in the centrosymmetric space group P1 as green
blocks having a molecular structure composed of two crystallographi-
caly independent chiral molecules (Cu2gp and Cu2g,,). The chirality
observed in Cu2gp and Cu2g,, arises from their helical form, with
Cu2gp having a right-handed helix and Cu2g,, a left-handed one (the
subscripts, P and M denote the right and left-handed conformations of
the helix)2%]. The molecular structure of Cu2gp is shown in Fig. (10a).

TABLE | Selected Structural Parameters for H,2, Cu2g and Cu2r

Distances (A) and angles (°) Ho1 Culgp Culgy Culr
p? 4.190 7.613 7.413 6.168
ra 3.140° 3192 3412 2.453

o(2)? -1.8°(-15°) 00(5.3) -1.6(7.3) -2.8(-1.0)

a g@isdescribed by N(2)-C(7)-C(8)-C(13), &' by N(4)-C(23)-C(24)-C(29). Pitch of the
helix isthe distance (A) from C(14) to C(30). Radius of helix isthe distance (A) of theline
from the Cu(l1) center perpendicular to the pitch line.

b. RadiusinH,2 is measured from the centroid of N(5), N(4), O(2), and O(5).

These molecules have nearly identical square pyramidal coordination
geometry about the copper(ll) ion; three nitrogen donors are provided
by the rigid 2,6-bis(carbamoyl)pyridyl template with additional ligation
supplied by the two adjacent amide oxygens of the appendages. The
H-bonded appendages are held rigid by intramolecular hydrogen bond-
ing, with the aryl rings in a dlightly twisted anti alignment around the
amide bond. The helical morphologies of the complexes are clearly
determined by the interactions of the arrays with the metal template via
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the Cu-O bonds. For example, the helices in Cu2gp and Cu2gy, have a
pronounced unsymmetrical twist, asis evident by the nonequivalent tor-
sional angles (g and @) found for each molecule (Table I). This asym-
metry is caused by the large difference between the Cu-O(5) and
Cu-0O(2) bond lengths which leads to unsymmetrical orientation of the
appended arrays about the metal template.

FIGURE 11 Space-filling representations for a portion of the crystal lattice in Cu2g
(viewed aong b-c plane) illustrating the microporous motif (A), and Cu2r (aligned along
aaxis) showing the intermolecular helix (B). The solvent molecules and non-amide
hydrogens are removed for clarity

Cu2 provides an opportunity to examine how coordination changes at
the metal center alter morphology. Over a period of several weeks, the
crystalline five-coordinate green complex changes to a red species
(Cu2r) whose molecular structure is depicted in Fig. (10b). The molecu-
lar basis for the color change is the absence of the weak axial Cu-O(5)
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interaction in Cu2r, leaving this complex with a four-coordinate cop-
per(ll) center. This single reduction in coordination at the metal results
in a mgjor structural rearrangement of the helix. The amide oxygen
O(5), which isaxialy coordinated to Cu(ll) in the green form, isrotated
away from the metal template in Cu2r, causing most of the axia
appended groups to be poised within van der Waals contacts of the
metal template. This realignment of the axial appendage (the one that
contains O(5), see Fig. (10)) produces a much smaller helix compared to
those found in the green form. For example, the pitch (p) in Cu2r is
smaller by 1.445 A than that found in Cu2r and the radius (r) has
decreased by 0.739 A. Moreover, the helix in Cu2r has similar torsional
angles of —2.8° and —1.0° (Tablel).

The variance in structure between the green and red forms of Cu2 is
amplified in the crystal lattice. The lattice of Culg has an open-fram-
work (Fig. (11a)); the pores are formed via parallel aryl ring © stacking
between the axial appendages of Cu2gp and Cu2gy, (the aryl-ary! stack-
ing distance is 3.40 A). The space between adjacent sets of stacked rings
(~7.60 A) contains two disordered toluene molecules. In contrast, the
helical molecules of Culr associate to form longer, extended helicesin
the solid state (Fig. 11b). Each extended helix consists of alternating
right- and left-handed helical monomers that assembl e through intermo-
lecular mt-stacking interactions. Within an extended helix, two intermo-
lecular Cu-Cu distances (5.504 A and 9.131 A) are observed between a
Cu(ll) monomer and its nearest neighbors. This close arrangement of
molecules in the lattice of Culr yields crystals that are significantly
more dense than those found for the porous Culg isomer (Culr,
1.505 g/cm®; Culg, 1.137 g/cm3). The structural properties of Cu2r
appear to be present only in the crystalline state; dissolution of the red
crystals in toluene or CH,Cl, produces green solutions that have spec-
troscopic properties identical to those found for Cu2g.

Chiral Resolution During Crystal Growth: Cu2(py)

The results of H,2, Ni2, and Cu2 showed that these helical compounds
are useful in assembling new supramolecular structures. However, in
both solution and the solid state they exist as racemic mixtures of
left-handed and right-handed helices. Clearly, an exciting application of
these systems is to use their intrinsic chirality to form chiral supramo-
lecular arrays. Insight into how this might be accomplished came from a
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Cu2(lut)

FIGURE 12 Thermal ellipsoid diagrams of Cu2(py) (A) and Cu2(lut) (B). Hydrogens are
removed for clarity

further analysis of the structure of the five-coordinate Cu2g compound.
The coordination sphere of the Cu(Il) center is provided by three nitro-
gen donors from the 2,6-bis(carbamoyl)pyridyl chelate and two inner
amide oxygens (O(2), O(5)) of the appended aryl groups. The Cu---Ogp,.
ide interactions are significant in determining the helical morphology;
the unsymmetrical helix in Cu2g results from different Cu-Ogpyige bond
distances (Cu---O(2), 1.931 (4); Cu--O(5), 2.315 (4) A).

This analysis on Cu2g suggested that modifications in helicity can
occur by breaking either one or both of the structuraly important
Cu--Ogmige bonds. Since these bonds are relatively weak, the Ogmige
donors should be readily substituted by more basic exogenous ligands.
Substitution can indeed happen when Cu?2 is treated with pyridine lig-
ands. Dissolving Cu2 in neat pyridine changes the electronic absorption
and EPR spectroscopic properties of the complex indicating that the
coordination environment about the Cu(ll) center has been altered.

Crystallization of Cu2(py) produces crystals having diamond mor-
phology. X-ray diffraction studies on Cu2(py) confirms that binding of a
single pyridine to copper causes a significant structural rearrangement.
The molecular structure of Cu2(py) is presented in Fig. (12). The copper
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FIGURE 13 A portion of the crystal lattice for Cu2(py) (view of a,b plane). Selected inter-
molecular aromatic centroid-centroid distances (A) [and corresponding interplane angles
(°)]: x, 4.98[64.5]; y, 5.10[70.7]; z, 5.86, [62.7]

in Cu2(py) is bound by a pseudo-sguare planar arrangement of nitrogen
atoms provided by the 2,6-bis(carbamoyl)pyridyl chelate and the exoge-
nous pyridine. Nitrogen atom N(4) of the exogenous pyridine is posi-
tioned trans to the pyridyl nitrogen N(3) of 22. The Cu2(py) complex
has exact C, symmetry where the axis bisects the two pyridine rings,
coinciding with atoms N(3), Cu and N(4). The two Ogyyge donors that
were coordinated originally to the copper in Cu2 (O(2) and O(5)) are
rotated away from the copper in Cul(py) and no longer interact with the
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FIGURE 14 View of the molecular structure of H33%™ illustrating the Cy rotational
symmetry of the molecule

metal ion (Cu--O(2) distance is 5.89 A). A chiral cleft about the exoge-
nous pyridine is formed by the appended groupsin [2]%. The inner ary!
moieties of the appended groups are intramol ecularly w-stacked with the
bound pyridine at centroidyy,-centroidy, distances of 4.37 A and all
three rings are canted in the same direction relative to the planar
2,6-bis(carbamoyl)pyridyl chelate (average angle between ring planes
and the chelate is—57°). The outer aryl rings of the appendages are posi-
tioned above and below the equatorial coordination plane with the ace-
tophenone oxygens O(3) and O(6) located 2.618 (9) A from the
copper(Il) center.

The difference in the molecular structure of Cu2(py) from that of Cu2
correlates with large changes in their lattice architectures. The crystal
structure of Cu2(py) shows that chiral assembly has occurred where all
the compounds within the lattice have the same helical chirality. Since
NMR studies show that H,2 is achiral in solution (vide supra), the
observed helicity in Cu2(py) must result from spontaneous resolution as
individual crystals form. Crystallization from solution should produce
enantiomeric crystals in equal numbers. A crystal of the other handed-
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ness has been characterized for Cu2(lut); this diamond shape crystal
belongs to the tetragonal space group P442,2, the enantiomorph of the
P4,2,2 space group found for Cu2(py). The crystal lattices of the two
structures are amost identical with only dight deviations (< 8%)
observed in their unit cell parameters. Moreover, the molecular structure
of Cu2(lut) issimilar to that described above for Cu2(py), the major dif-
ference being the opposite hdicity (Fig. (12)).

An explanation into the observed chiral resolution comes from the
similar lattice architecture shared by Cu2(py) and Cu2(lut). The lattices
contain ordered arrays of helices in the a,b plane. Each helix is posi-
tioned at the center of a hexagon composed of six surrounding helices;
between neighboring helices there are twelve edge-to-face aromatic
interactions. Three of these interactions are unique by symmetry, which
for Cu2(py) are at aryl ring centroid-centroid distances of 4.98, 5.10,
and 5.86 A with corresponding interplane angles of 64.5, 70.7, and
62.7° (Fig. (13). For Cul(lut), two unique edge-on interactions are
observed at centroid-centroid distances of 5.39 and 6.30 A. Four weak
methyl-aryl interactions between the methyl groups of the coordinated
lutidine and the aromatic rings of neighboring helices are also observed
at distances of 4.07 A. The clustering of weak edge-on interactions
within an array undoubtedly contributes to the stabilization of these
supramolecular assemblies of heliced®2l Edge-on interactions are
weakly electrostatic and depend on the orientation of the two aryl rings.
Theoretical investigations suggest that attractive edge-on interactions
similar to those observed in Cu2(py) and Cu2(lut) can contribute
between 0.5-2 kcal/mol (per interaction) to the stabilization of a struc-
tural motifl®. This type of stabilization necessitates the nearly perfect
alignment of helices within an array that is only possible if individual
helices are of the same helicity. Thus the assembly of the arrays during
crystallization is enantioselective for one helicity.

C3-Symmetric Systems

Design Considerations

We have also designed a new series of C3-symmetric compounds based
on atripodal arrangement of functional groups. The tripodal character
of these compounds arises from the three carbamoylmethyl arms sur-
rounding a central amine nitrogen. We have synthesized a homochiral
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FIGURE 15 A portion of the crystal lattice for H335 ™02 (view of the b,c plane) showing
the column motif

analog (H335™) by placing optically pure (9-(-)-(c)-methylbenzyl
groups at the ends of each tripodal arm via linkages to the amide nitro-
gens?23] |t was anticipated that the placement of these chiral groups
next to the amide moieties, which have the potential to hydrogen bond,
would influence the assembly of the crystal lattice. Thus, the self-com-
pl ementary[24] character of this compound would control its assembly
into aggregates via both intermolecular hydrogen bonds and
edge-to-face aryl interactions.

N\ l N
N—Ni 0}
N /e\n/ NY){; ’ \/K/(Ph
0 Ph © N\/L
H33S'mbz [Ni3s’"‘°z(F)]2' ©
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FIGURE 16 The crystal structure of H33%™ showing the intercolumn interactions
within the crystal lattice (view of the b,cplane)

FIGURE 17 Thermal ellipsoid diagram of [Ni3%™PZ(F)|2 and a space-filling representa-
tion of the complex. The ellipsoids are drawn at the 40% probability level and hydrogens
are omitted for clarity. Selected bond distances (A) and angles (°): Ni(1)-F(1) = 1.950 (6);
Ni(1)-N(1) = 2.104 (10); Ni(1)-N(2) = 2.073 4); C(6)-F(1) = 3.165;
N(2)-Ni(1)-F(1) = 180.000 (2); N(2)-Ni(1)-F(1) = 100.86 (11); N(2)-Ni(1)-N(1) = 79.15
(11); N(2)-Ni(1)-N(2) = 116.54
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cation
layer

FIGURE 18 A portion of the crystal lattice for [Ni3S™P4(F)]2 (A) (viewed along the a,b
plane and (B) (viewed along the b, ¢ plane) showing the positions of the nitrogen atoms of
the Et;N* ions. Hydrogens have been omitted for clarity

Solid State Structure of H435 02

Crystallization of H335 ™7 resulted in colorless sheet-like crystals
belonging to the non-centrosymmetric space group R3. A representation
of the molecular structure of H335™P is located in Fig. (14). Each
H335™PZ molecule sits on a crystallographic three-fold axis where the
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three tripodal arms are symmetrically positioned around the central
amine nitrogen. The three amide moieties in each molecule of H335MP?
are oriented such that the carbonyl groups are on one molecular face
with the NH bonds positioned on the opposite face. The radialy sym-
metric orientation of amide groups produces supramolecular C3-sym-
metric columns that are aligned parallel with the crystallographic c-axis.
Each column is stabilized by a network of hydrogen bonds where indi-
vidual moleculesin acolumn participate in six intermolecular hydrogen
bonds, three to each of its nearest neighbors (Fig. (15)). The positioning
of H335™2 molecules within a column is ideal for the formation of
intermolecular hydrogen bonds as is indicated by the short N---O dis-
tance of 2.846 A and the nearly linear N-H-O angle of 179.4°. In addi-
tion, an individual molecule is involved in three aryl-aryl stacking
interactions with each adjacent molecule within a column. The aryl
rings of the methylbenzy! groups of the tripodal arms have n-n stacking
interactions at a distance of 4.887 A (centroid-to-centroid) causing the
stacked ringsto have identical orientations (Fig. (15)).

Inter-columnar stabilization is dominated by edge-to-face aryl and
methyl-to-aryl interactions. Every column is surrounded by six other
columns, three of which are in-register and three columns are
out-of-register, offset by one-third of a unit cell as required by the R3
crystal symmetry (Fig. (16)). This ordering results in each tripodal arm
of an individual molecule within a column having two edge-to-face aryl
interactions with molecules of adjacent columns where the aryl cen-
troid-centroid distances are 5.397 and 6.089 Al822l. |n addition, two
inter-column methyl to aryl interactions per tripodal arm are observed at
distances of 4.448 and 5.145 A (methyl carbon to aryl centroid).

The columnar motif found in the crystal lattice of H335 ™Y resembles
that found by Hamilton and coworkers for the 6-picoline derivative of
cis,cis-cyclohexane-1,3,5 tricarboxamidel?l. In this compound, which
also crystallized in a trigona space group (R3c), the cyclohexyl group
was used to create disc-shaped molecules containing carboxamide
groups at the periphery. A similar intra-column hydrogen bond network
observed in H33%™ s present in Hamilton's system. However, the
inter-column aryl interactions appear to be more extensive in H33&mbz
than in Hamilton's systems: this undoubtedly results from the increased
order obtained by positioning chiral groups at the periphery of the tripo-
dal armsin Hg3>M02,
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Solid State Structure of [NEt,],[Ni3S™4(F)]

The trianionic derivative [35™73 formed by deprotonating each
amide group in H335 M2, binds metal ions with tetradentate coordina-
tion3*%%. The methylbenzyl groups appended to each amide nitrogen
act as scaffolding for the generation of chiral cavities whose structures
are affected by the binding of external ligands. The effects of placing a
fluoride ion inside a chira cavity were examined because of its rela
tively small radius and high electronegativity. Specifically, we wanted
to investigate: i) if binding fluoride ions would order the methylbenzyl
groups to form Cg-symmetric chiral complexes and ii) whether a
non-centrosymmetic metal-containing lattice would form that had unu-
sual structural features. [NEt4]2[Ni3& me(F)] crystallized as yellow
block crystals in the non-centrosymmetic space group P63. The molecu-
lar structure of [Ni3S5™(F)|2 is shown in Fig. (17) and reveals that the
complex has a trigonal bipyramidal coordination geometry around the
Ni(11) ion. The three amidate nitrogens of [35™07]% are arranged in the
trigonal plane with interplanar Ngmig-Ni(1)-Ngnig angle of 116.54(7)°.
The fluoro ligand is apically bonded to the Ni(I1) center!2®]. The bound
fluoro ligand is positioned trans to nitrogen N(1) of [35™07)3 with the
Ni ion located 0.39 A above the trigonal plane toward the coordinated
fluoride ion.

FIGURE 19 A portion of the crystal lattice for [Ni3>™PZ(F)]2 showing the alignment of
the Ni-F bonds. Hydrogens have been omitted for clarity

[Ni35™PZ(F)] 2 possesses C5 symmetry where the axis coincides with
the F-Ni-N(1) vector. The appended methylbenzyl groups are thus sym-
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mbz(F)]2- s positioned such that the C(6) hydrogen is directed toward
the coordinated fluoro ligand with a C(6)H---F distance of 2.251 A. The
methyl moieties of the appended groups also interact with the fluoro lig-
and where the C(4)H---F distance is 2.444 A. Both of these distances are
within the range reported for other systems which have CH---F interac-
tions 2”28l These CH--F interactions are of sufficient strength to direct,
in part, the orientation of the methylbenzyl groups in the chiral cavity.
Support for this suggestion comes from comparing the cavity structure
in [Ni35MZ(F)]2 to those found in the Zn(11) and Fe-NO complexes of
[35-MbZ)3- [34] | these latter systems, the major intra-cavity interac-
tions are Ph--Me that arise from interactions between adjacent arms.
This type of interaction produces a cavity structure that is significantly
different from that observed in [Ni3>™P%(F)]2 where intra-cavity
Ph---Me interactions are absent.

Figs. (18) and (19) show the crysta lattice packing for
[NEt,],[Ni3>MPZ(F)]. For this salt, the packing pattern in the a,b plane
is similar to that found for H335™PZ each anion is surrounded by six
neighboring anions within the ab plane where intermolecular
edge-to-face aryl interactions are the dominant packing forces. The aryl
groups of each tripodal arm are involved in two edge-to-face aryl inter-
actions at a centroid-to-centroid distance of 5.622 A. Layers of [Ni3S
mbZ(F)]2 anions are thus observed in the a,b plane with each anionic
layer being separated by a layer of tetraethylammoniun cations (Fig.
(18b)). Unfortunately, the ethyl groups of each cation are severely disor-
dered and only the positions of the nitrogen atoms could be determined.
Nevertheless, two potentially useful structural features can be obtained
from the relative positioning of the anions and cations in the crystal lat-
tice. All the Ni-F bonds in the [Ni3% ™P4(F)]2 anions are oriented in the
same direction, coincident with the crystallographic c-axis (Fig. 19).
This alignment of Ni-F bonds, which should have large dipoles, may
lead this crystalline salt to have a large net dipole moment which is a
prerequisite for important physical properties, such as nonlinear optical
activity. Secondly, as illustrated in Fig. (20), six-fold symmetric chan-
nels are dispersed throughout the lattice that are walled by the chiral
tripodal arms of the [Ni3%™°%(F)]? anions. The channels in this lattice
have diameters of ~11.5 A and are filled with tetragthylammonium cati-
ons. The role of the cations in the channel formation is not presently
known because the disorder in the ethyl groups has hindered any
detailed structural analysis.
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SUMMARY

Our work has shown that a diverse group of lattice architectures can be
obtained using simple molecular templates as building blocks. C,-sym-
metric derivatives of the template 2,6-bis(carbamoyl)pyridine, form
compounds with helical or planar molecular structures. These molecular
species assemble into open-framework, columnar, and helical lattice
motifs, many of which are members of non-centrosymmetric space
groups. The varied nature of these lattice typesis adirect result of using
weak metal-ligand interactions to control molecular structure. The
self-complementary Cz-symmetric, tripodal compound H335 M also
forms chiral crystals, as does a metallated derivative containing a
Ni(lI)-F moiety. The assembly processes in both symmetry types are
driven by the clustering of weak electrostatic interactions such as hydro-
gen bonding and aryl-aryl interactions.

These results show the potential of these designsin forming new crys-
talline species. However, thereis still much to learn about the growth of
these complex lattice architectures. It is evident for our results that the
precise control of intermolecular interactions is need to generate new
crystals lattices. The control of these interactions from the molecular
level will result ultimately in the ability to tune supramolecular struc-
tures to produce specific physical properties 2930,
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