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The substituted carboxylate compounds N-(3-propanoic acid)-1,8-naphthalimide (HL¢2) and N-(4-butanoic acid)-1,8-
naphthalimide (HL¢3) react with Cux(0,CCHz)4(H,0), in the presence of either pyridine (py) or 4,4’-bipyridine (bipy)
to produce the dimeric complexes [Cux(Lc2)a(py)2]:2(CHoCly) - (CH30H) (1), [Cus(Les)a(py)z]-2(CHoClo) (2),
[Cus(Lca)4(bipy)] - unknown solvent (3), and [Cua(Les)4(bipy)] - (CHz0H), - (CH,Cly)3.37 (4). The core of these four
compounds contains the square Cu,(O,CR), “paddlewheel” secondary building unit (SBU) structural motif with
nonbonding Cu- - - Cu distances that average 2.66 A, with each copper in a nearly square pyramidal geometry. Strong
st— gt stacking interactions of the 1,8-naphthalimide groups organize the structures of 1 and 2 into sheets and into a
three-dimensional structure for 1. The propylene connector in the Lcs ligand allows an arrangement of the
1,8-naphthalimide groups that is different from the square shape of the SBU core. Use of the 4,4’-bipyridine linking
ligand produces a three-dimensional structure for 4 organized by both covalent bonds and noncovalent forces where
the 1,8-naphthalimide groups organize into a sheet structure and the 4,4’-bipyridine ligands link the sheets. In contrast,
in 3, the 1,8-naphthalimide groups overlap to form only one-dimensional ribbons, with the second dimension formed by
the 4,4'-bipyridine ligands and the third dimension linked by mechanical interlocking of these two-dimensional units.
Although many of the t—ar stacking interactions of the 1,8-naphthalimide groups are made with the dipole vectors of
this group oriented at 180° (head-to-tail arrangement), skewed arrangements are observed in many cases. Ab initio
calculations show that the interaction is relatively insensitive to this angle of rotation, apart from the region of steric
repulsion when the rotation angle of the dipoles approaches 0°. Structural results also demonstrate that the rings
can slip with respect to each other and maintain substantial interactions. These highly organized, extended
structures influence the magnetic properties where all four compounds are strongly antiferromagnetically coupled,
leading to diamagnetic Cu(ll) solids at and above room temperature with J values that must be more negative than

—600 cm™ .

Introduction

Crystal engineering is a topic of intense research interest
that holds promise for revolutionizing materials design and
synthesis. While promising results have been achieved and
startling applications are being developed,' much work is still
needed to lay a foundation for a unified supramolecular
theory® with practical applications in the field of crystal
engineering. A crucial step along the path to predicting solid
structures from the substituent groups of the chemical species
of interest is to better understand the factors that govern the
noncovalent assembly of molecules or ions into solid state
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architectures. Remarkable strides have been made with both
common organic and inorganic systems as has been the
subject of several reviews.

The essential key is the identification of reliable, robust
supramolecular synthons that can be transferred from one
system to another. Hydrogen bonding is a widely used tool in
crystal engineering because the directionality and strength of
its associative protocol enables easy and reliable transfer to
other systems.* In contrast, 7—x stacking is generally a
weaker force and has a less predictable directional associative
protocol, because variable orientations of the involved moi-
eties often occur in order to maximize the electrostatic
attraction between the ¢ framework and the s electron
density of the stacked groups.’ Although association of
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several 7t species in solution has been substantiated in some
cases, little is known about their solution structure and their
relative orientation.’®

It has long been established that the order of stability in
the interaction of two s systems is w-deficient—s-deficient >
m-deficient—s-rich > s-rich—z-rich.> We have recently in-
corporated a s-deficient functionality, a 1,8-naphthalimide
group (Scheme 1), into bis(pyrazolyl)methane and 2,2’-bi-
pyridine systems of ligands and shown that several metal
complexes of these ligands have a common feature: a 7—x
stacking interaction with the dipole vectors (which run from
the center of the fused aromatic group through the nitrogen
atom, red arrow, Scheme 1) of the 1,8-naphthalimide groups
oriented at 180°, antiparallel.7 Thus, we have shown that it is
possible to design, synthesize, and implement strong, direc-
tional t— stacking for crystal engineering, because the 1,8-
naphthalimide group leads to association into dimers of
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Scheme 1. The 1,8-Naphthalimide Group”

“The red arrow represents the dipole moment. Color code: carbon,
yellow; oxygen, red; nitrogen, blue; hydrogen, gray.

metal complexes of the ligands in both solution and the solid
state, as evidenced by electrospray mass spectrometry,
pulsed-field gradient spin echo NMR spectroscopy techni-
ques and X-ray diffraction experiments.

We desired to use this strong r— stacking interaction of
the 1,8-naphthalimide group in the synthesis of metal organic
frameworks (MOFs). In this area, three overlapping syn-
thetic approaches are followed: reticular synthesis,® ligand-
to-metal coordination,” and supramolecular assembly.!”
Reticular synthesis can be described as the process of assem-
bling judiciously designed, rigid molecular building blocks
into predetermined ordered structures (networks), which are
held together by strong bonding forces. Multidentate linkers
such as carboxylates have been used for the formation of rigid
MOFs via reticular synthesis due to their ability to aggregate
metal ions into neutral clusters, referred to as secondary
building units (SBUs). The SBUs are rigid because the metal
ions are locked into their positions by the carboxylates; thus,
the SBUs serve as large rigid vertices that can be joined by
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robust organic links to produce extended frameworks of high
structural stability.

Ligand-to-metal coordination (using mostly rigid pyridine-
based ligands) is widely used in the formation of similar
coordination polymers containing large voids, usually filled
with solvent molecules.” These species can be viewed as
different from those obtained using reticular synthesis in that,
in some cases, the stability of the MOFs is reduced, and the
network collapses upon the removal of solvent molecules. %3
A third approach, supramolecular assembly,'® consists of
utilizing noncovalent interactions (such as hydrogen bonding
and 1—z stacking) to assemble the framework, in this case, the
structural stability of the assembly being the most fragile."!

Reported here are results obtained by preparing ligands
that contain both the carboxylate and the 1,8-naphthalimide
group, a group we have shown to enter into strong m—m
stacking interactions, for the synthesis of new complexes built
around the copper carboxylate dimer core, using pyridine
ligands as the axial group. This unique synthetic approach
combines all three of the methods described above: the reticular
synthesis based on carboxylate groups, the ligand-to-metal
coordination of rigid pyridine-based ligands, and the strong
m— stacking interactions of the 1,8-naphthalimide group.
As such, we anticipated the formation of neutral MOFs of the
formula Cu,(O,CR)4(pyridine), with architectures that are
usually associated with reticular synthesis yet organize in at
least one dimension using the (supramolecular) directional,
noncovalent 7— association algorithm of the 1,8-naphthal-
imide moieties. We have chosen the copper carboxylate
system, from a variety of possible SBUs, ~ for three main
reasons. First, we wanted the “square” architecture offered
by the paddlewheel shape, an architecture that we planned to
manipulate by changing the length of the link between the
carboxylate and 1,8-naphthalimide group in our ligands.
Second, we desired to have the strong axial ligation provided
by this system in order to build framework solids using both
terminal axial ligands, such as pyridine, and compare the
structures and properties of those solids to those that form
using linking ligands, such as 4,4’-bipyridine. Third, we were
interested in determining the impact of highly organized
supramolecular structures on the magnetic properties of
copper carboxylate dimers. These types of complexes are
known to exhibit strong antiferromagnetic properties.'>

Experimental Section

General Considerations. All reactants were used as purchased
from Aldrich. The '"H NMR spectra were recorded on a Varian
Mercury VX 300 spectrometer; the chemical shifts are reported
in parts per million and are referenced to the protonated solvent
residual. The '*C NMR spectra were recorded on a Bruker
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Avance DRX 400 spectrometer, and the chemical shifts in parts
per million were referenced to a residual deuterated solvent
signal. Mass spectrometric measurements were obtained on a
VG 708 instrument. Elemental analyses were performed by
Robertson Microlit Laboratories (Madison, NJ). The reflec-
tance measurements were done on a Perkin-Elmer Lambda
35 UV—vis spectrometer using the Labsphere RSA-PE-20
reflectance spectroscopy accessory. Microcrystalline samples
were used in a 2 nm slit/4 nm cell. The magnetic properties were
measured using a Quantum Design MPMSXL superconducting
quantum interference magnetometer. Gelatin capsules were
used as sample containers that make a negligible contribution
to the overall magnetization. Complexes 1 and 2 were both
warmed and cooled between 5 and 300 K in an applied field of
4 T and 0.7 T, respectively. Subsequently, complex 2 was
warmed and cooled between 200 and 400 K in an applied field
of 0.7 T. Complexes 3 and 4 were treated similarly between 5 and
300 K in a field of 1 T.

Synthesis of N-(3-Propanoic Acid)-1,8-naphthalimide (HL>).
A mixture of 1,8-naphthalic anhydride (1.98 g, 10 mmol) and
3-aminopropanoic acid (0.89 g, 10 mmol) was heated at reflux in
dimethylformamide (100 mL) overnight. Upon addition of the
hot reaction mixture to ice and cold water, the product, HLc5,
precipitated. The resulting precipitate was filtered, washed with
diethylether, and air-dried to yield 2.40 g (8.9 mmol, 89%) of a
white solid. Anal. Caled (Found) for C;sH;;04N: C, 66.91
(66.71); H, 4.12 (3.98); N, 5.20 (5.40). HRMS calcd. for
C1sH,104N: 269.0688. Found: 269.0691. '"H NMR (CDCls,
300 MHz): 6 8.63 (d, J= 7.5 Hz, 2H, napht), 8.24 (d, J = 8.4
Hz, 2H, napht), 7.78 (t, J=17.5 Hz, 2H, napht), 4.53 (t,J = 7.5
Hz, 2H, N—CH.,), 2.85 (t, J = 7.5 Hz, 2H, CH,—COOH). '*C
NMR (DMSO-dg, 100 MHz): 6 172.5 (COOH), 163.3 (C=0),
134.4,131.3,130.7,127.4, 127.2, 122.0 (arene), 35.7, 32.2 (CH»).

Synthesis of /N-(4-Butanoic Acid)-1,8-naphthalimide (HL3).
A mixture of 1,8-naphthalic anhydride (1.98 g, 10 mmol) and 4-
aminobutanoic acid (1.03 g, 10 mmol) was heated at reflux in
dimethylformamide (100 mL) overnight. Upon addition of the
hot reaction mixture to ice and cold water, the product, HLc3,
precipitated. The resulting precipitate was filtered, washed with
diethylether, and air-dried to yield 2.71 g (9.6 mmol, 96%) of a
white solid. Anal. Caled. (Found) for C;¢H304N: C, 67.84
(67.62); H, 4.63 (4.24); N, 4.94 (4.93). HRMS calcd. for
C6H,304N: 283.0845. Found: 283.0841. 'H NMR (CDCls,
300 MHz): 6 8.61 (dd, /=7.2 Hz, J= 1.2 Hz, 2H, napht), 8.22
(dd, J=8.1 Hz, J=1.2 Hz, 2H, napht), 7.76 (dd, J = 8.1 Hz, /=
7.5Hz, 2H, napht), 4.27 (t, /J=6.9 Hz, 2H, N—CH,), 2.47 (t, J=
7.5 Hz, 2H, CH,—COOH), 2.09 (quint, J = 7.2 Hz, 2H,
CH,—CH,—CH,). *C NMR (DMSO-d,, 100 MHz): 6 174.0
(COOH), 163.5(C=0), 134.2 (CH arene), 131.2 (C arene), 130.6
(CH arene), 127.4 (C arene), 127.1 (CH arene), 122.1 (C arene),
31.3 (CH,—COOH), 23.0 (CH,—CH,—CH,). In the '*C NMR
spectrum, the N—CH, signal is overlapped by the DMSO-dj,
septet. The presence of a N—CH, signal was demonstrated in a
gradient HMQC experiment.

Synthesis of [Cus(Lc2)4(py)2]-2(CH,Cl,)-(CH30H) (1).
HL(; (0.054 g, 0.20 mmol) was dissolved in dichloromethane
(20 mL) containing 10 drops of pyridine. Cu,(O,CCH3)4(H,0),
(0.020 g, 0.050 mmol) was dissolved in methanol (20 mL). These
solutions were filtered, and equal aliquots of each solution were
divided into three test tubes with a buffer layer of pure methanol
placed between the two solutions. After a few days, X-ray-
quality crystals were obtained. Yield: 0.0266 g (0.016 mmol,
33%). Anal. Caled. (Found) for C73HsgCl4CusNgO;7: C, 56.20
(57.33); H, 3.75(3.35); N, 5.39 (5.26). The reflectance spectrum
shows two bands having maxima at 384 nm (band II) and 714
nm (band I).

Synthesis of [Cuy(Lc3)4(py)2]-2(CH,Cl,) (2). HL¢3 (0.057 g,
0.20 mmol) was dissolved in dichloromethane (20 mL) contain-
ing 10 drops of pyridine. Cu,(O,CCHj3)4(H,0), (0.020 g,
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0.050 mmol) was dissolved in methanol (20 mL). These solutions
were filtered, and equal aliquots of each solution were divided
into three test tubes with a buffer layer of pure methanol placed
between the two solutions. After a few days, X-ray-quality
crystals were obtained. Yield: 0.0396 g (0.025 mmol, 50%).
The analytical sample was dried to a constant weight. Anal.
Calcd. (Found) for C74HsgCu,NgOq 4 (Without solvent): C, 62.84
(62.15); H, 4.13 (3.41); N, 5.94 (5.91). The reflectance spectrum
shows two bands having maxima at 384 nm (band II) and
732 nm (band I).

Synthesis of [Cuy(Lc2)4(4,4'-bipy)]-unknown solvate (3).
HL(; (0.054 g, 0.20 mmol) was dissolved in dichloromethane
(20 mL); then, 10 drops of triethylamine and 4,4’-bipyridine
(0.020 g, 0.13 mmol) dissolved in 1 mL of dichloromethane were
added. Cu,(O,CCH3)4(H,0), (0.020 g, 0.050 mmol) was dis-
solved in methanol (20 mL). These solutions were filtered, and
equal aliquots of each solution were divided into three test tubes
with a buffer layer of pure methanol placed between the two
solutions. After five days, X-ray-quality crystals were obtained.
Yield: 0.013 g (0.010 mmol, 19%). The analytical sample was
dried to a constant weight. Anal. Caled. (Found) for C7oH4gCu,-
NO16 (Without solvent): C, 61.99 (61.81); H, 3.57(3.09); N, 6.20
(6.13). The reflectance spectrum shows two bands having
maxima at 371 nm (band II) and 753 nm (band I).

Synthesis of [Cuy(L¢3)4(4,4'-bipy)]- (CH30H), - (CH,Cl,)3 37
(4). HLc3 (0.057 g, 0.20 mmol) was dissolved in dichloro-
methane (20 mL); then, 10 drops of triethylamine and 4,4'-
bipyridine (0.020 g, 0.13 mmol) dissolved in 1 mL of dichloro-
methane were added. Cu,(O,CCH3)4(H50), (0.020 g, 0.050
mmol) was dissolved in methanol (20 mL). These solutions were
filtered, and equal aliquots of each solution were divided into
three test tubes with a buffer layer of pure methanol placed
between the two solutions. After three weeks, X-ray-quality
crystals were obtained. Yield: 0.030 g (0.017 mmol, 32%). The
analytical sample was dried to a constant weight. Anal. Calcd.
(Found) for C;4HscCu,NgO;¢ (without solvent): C, 62.93
(61.86); H, 4.00 (3.34); N, 5.95 (5.93). The reflectance spectrum
shows two bands having maxima at 376 nm (band II) and 720
nm (band I).

Crystallographic Studies. For all of the complexes, X-ray
diffraction intensity data were measured at 150(1) K on a Bruker
SMART APEX CCD-based diffractometer system (Mo Ka
radiation, 1 = 0.71073 A).!* Raw data frame integration and
Lorentz-polarization corrections were performed with
SAINT+."? Analysis of the data showed negligible crystal decay
during collection. Direct methods structure solution, difference
Fourier calculations, and full-matrix least-sc%uares refinement
against F? were performed with SHELXTL.'* All non-hydro-
gen atoms were refined with anisotropic displacement para-
meters. Details of the data collection are given in Table 1, while
further details regarding the solution and refinement of the
structures follow below.

Final unit cell parameters of compound 1 were determined by
least-squares refinement of 5951 strong reflections from the data
set. The asymmetric unit consists of half of one Cu,(Lc2)4(py)2
complex residing on a crystallographic inversion center, one
CH>Cl, molecule, and half of a CH3OH molecule, which is
disordered about an inversion center. Hydrogen atoms, except
for those of the CH3;OH group, were located in difference maps
before being placed in geometrically idealized positions and
included as riding atoms. Hydrogen atoms could not be located
and were not calculated for the disordered CH;OH.

Final unit cell parameters of compound 2 were determined by
least-squares refinement of 6311 strong reflections from the data

(13) SMART, version 5.625; SAINT+, version 6.22; SADABS, version
2.05; Bruker Analytical X-ray Systems, Inc.: Madison, WI, 2001.

(14) Sheldrick, G. M. SHELXTL, version 6.1; Bruker Analytical X-ray
Systems, Inc.: Madison, WI, 2000.
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set. The asymmetric unit consists of half of one Cu,(Lc3)4(py)2
complex residing on a crystallographic inversion center and one
CH,Cl, molecule. Hydrogen atoms were located in difference
maps before being placed in geometrically idealized positions
and included as riding atoms.

There was no observable high-angle X-ray scattering of
compound 3 due to the small crystal size and the presence of
disorder in the crystal. The data were truncated at 26 = 45° for
this reason. Final unit cell parameters were determined by least-
squares refinement of 3029 strong reflections from the data set.
The asymmetric unit consists of one copper atom, two Lc,
ligands, and half of a 4,4-bipyridine ligand located on a 2-fold
axis of rotation. The Cu,(Lc3)4 core of the compound is also
located on a C, axis. There is a region of disordered solvent
molecules in the crystal which could not be modeled satisfacto-
rily. Trial modeling attempts indicated a mixture of CH,Cl, and
CH;OH. The program Squeeze (Platon)'® was used to remove
the contribution of these diffusely scattering species from the
structure factor calculations. The program calculated a solvent-
accessible region of 857.3 A* per unit cell (13.4% of the total unit
cell volume). The reported FW, F(000), and d4)cq reflect known
unit cell contents only. Hydrogen atoms were placed in geome-
trically idealized positions and included as riding atoms.

Final unit cell parameters of compound 4 were determined by
least-squares refinement of 9495 strong reflections from the data
set. The asymmetric unit consists of one Cu atom, two L¢3
ligands, and half of a 4,4’-bipyridine molecule. The 4,4’-bipyr-
idine group is situated about a crystallographic inversion center.
Another inversion center generates a Cuy(Lc3)4 unit. There are
also one methanol molecule of crystallization and a region of
disordered dichloromethane molecules in the asymmetric unit.
The dichloromethane disorder was modeled with five indepen-
dent CH,Cl, molecules of variable occupancy. A total of 15
C—Cl and CI1—Cl distance restraints were used for the disor-
dered species. Site occupation factors for each CH»Cl, group
were refined, resulting in the final reported composition. Non-
hydrogen atoms were refined with anisotropic displacement
parameters, except for some of the disordered CH,Cl, groups,
which were refined isotropically. Hydrogen atoms were placed
in geometrically idealized positions and included as riding
atoms. The largest residual electron density peaks remained in
the vicinity of the CH,Cl, disorder, indicating the approximate
nature of the disorder model and solvent composition of the
crystal.

Results

Synthesis. The protonated ligands were prepared in a
one-pot reaction between 1,8-naphthalic anhydride and
the corresponding amino acids in dimethylformamide
(Scheme 2). The ligands formed as white solids after
precipitation with ice and cold water and were isolated
by filtration. Both N-(3-propanoic acid)-1,8-naphthal-
imide (HLc;) and N-(4-butanoic acid)-1,8-naphthal-
imide (HLc3) have only limited solubility in organic
solvents, an indication of strong m—u interactions be-
tween the naphthalimide moieties and hydrogen bonds
between the carboxylic groups. These compounds
have been prepared previously by a similar route for
use in medicinal studies'® but do not appear to have been
used previously in the syntheses of coordination com-
plexes.

(15) SQUEEZE: Sluis, P. v. d.; Spek, A. L. Acta Crystallogr., Sect. A
1990, 46, 194—201. PLATON; Spek, A. L., Ed.; Utrecht University: Utrecht,
The Netherlands, 1998.

(16) (a) Chapman, J. M.; Wyrick, S. D.; Maguire, J. H.; Cocolas, G. H.;
Hall, I. H. Pharm. Res. 1984, 1,267. (b) Hall, I. H.; Chapman, J. M.; Voorstad, P.
J.; Cocolas, G. H. J. Pharm. Sci. 1984, 73, 956.
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Table 1. Selected Crystal Data and Structure Refinement for [Cus(Lc2)a(py)a]-2(CH,Cly) - (CH;0H) (1), [Cuy(Lez)a(py)a]- 2(CH,Cly) (2), [Cuy(Lez)4(bipy)]- unknown

solvate (3), and [Cuy(Lca)a(bipy)]- (CH;0H),+ (CH,Cly)3 37 (4)

1 2 3 4
formula C73Hs53Cl14Cu,NgO 7 C76HeaClyCusNgO 16 C7oHa3Cu,NGOy6 C19.37H70.74Cl6 74CuNO 15
fw 1560.13 1584.20 1356.22 1762.79
cryst syst triclinic triclinic orthorhombic monoclinic
space group P P Pben P2y/n
T (K) 150(1) 150(1) 150(1) 150(1)
a, A 10.3790(5) 10.3864(4) 13.9745(6) 13.9313(5)
b, A 12.0345(6) 12.7283(5) 26.8970(12) 22.1401(8)
¢, A 14.4327(7) 14.2234(6) 17.0340(8) 14.2574(5)
o, deg 91.8070(10) 105.6330(10) 90 90
f, deg 108.7970(10) 93.8260(10) 90 117.6210(10)
Y, doeg 101.0450(10) 108.8280(10) 90 90
Vv, A 1666.51(14) 1689.36(12) 6402.6(5) 3896.4(2)
Z 1 1 4 2
Ry, I > 20(]) 0.0434 0.0350 0.0468 0.0549
WRy, I > 20(1) 0.1128 0.0805 0.0884 0.1437

Scheme 2. Preparation of HLc, and HLc3
OH

'
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The reaction of these carboxylic acids with Cu,-
(O,CCH3)4(H50), was carried out using the layering
method in the presence of a base, and either pyridine
(py) or 4,4-bipyridine (bipy) as the axial ligand. Onto the
dichloromethane solution of HL ¢, or HL 3 and pyridine
or 4,4'-bipyridine was layered pure methanol, and then a
methanol solution of Cu,(O,CCH3)4(H,0), was added as
the third layer. After a few days, blue or green X-ray-quality
crystals of [Cua(Lc2)a(py)2] - 2(CH,Cl,) - (CH30H) (1), [C-
us(Le3)a(py)a] - 2(CHCL) (2), [Cux(Lez)4(bipy)] - unknown
solvent (3), and [Cuy(Lc3)4(bipy)]-(CH;0H),-(CH>-
Cl,)3 37 (4) were obtained. In the cases of 1 and 2, the added
base was pyridine, which is also a reactant, and therefore
was added in excess. In the cases of 3 and 4, the base was
NEt;, and only a slight excess of 4,4’-bipyridine was added
to the reaction mixture. The products are insoluble materi-
als. The reflectance spectra of all four compounds show two
bands characteristic to Cu(Il) paddlewheel complexes hav-
ing maxima in the ranges 371—384 nm (band II) and
714—753 nm (band I).

Solid State Structure Analysis. Selected bond lengths
and angles are gathered in Table 2. In all cases, at the core
of these four compounds lies the square Cu,(O,CR),
“paddlewheel” SBU structural motif. The nonbonding
Cu- - -Cudistances average 2.66 A. The orientation of the
naphthalimide arms is a function of the length of the link
between the carboxylate and the 1,8-naphthalimide
group.

Figure 1 shows an ORTEP diagram for [Cuy(Lcz)s-
(py)2]-2(CH,Cl,)-(CH30H) (1). Four carboxylic groups
from four separate ligands bridge the two copper(Il)

Y

\

Table 2. Selected Bond Lengths (;\) and Angles (deg) for 1-4

1 2 3 4

Bond Distances

Cu(1)—0(7) 1.9634(19) 1.9706(16) 1.915(3)  1.967(3)
Cu(1)—0(4a) 1.9639(18) 1.9770(15) 2.039(3)  1.968(3)
Cu(1)—0(8a) 1.9722(19) 1.9666(16) 2.054(3)  1.967(2)
Cu(1)—0(3) 1.9769(18) 1.9730(16) 1.915(3)  1.983(3)
Cu(1)—N(3) 2.164(2) 2.1796(18) 2.120(3)  2.150(3)
Cu(1)—Cu(la) 2.6572(6)  2.6632(5)  2.6870(9) 2.6147(8)
Bond Angles
O(7)—Cu(1)—0O(4a) 89.40(8) 90.04(7) 88.50(14) 88.13(12)
O(7)—Cu(1)—0(8a) 167.07(8)  167.47(6) 85.36(14) 168.44(10)
O(4a)—Cu(1)—0O(8a) 86.66(8) 88.72(7)  156.67(12) 89.15(11)

O(7)—Cu(1)—0(3)  88.06(8)  88.57(7) 174.35(14) 90.69(12)

O(da)—Cu(1)—0(3) 167.66(8) 167.50(6)  95.14(11) 168.76(10)
O(8a)—Cu(1)—0(3) 93.18(8)  89.95(7)  89.61(14) 89.80(11)
O(7)—Cu(1)-N(@3) 101.36(9)  96.80(7)  92.38(14) 98.17(11)
O(4a)—Cu(1)-N(3) 100.28(8)  95.21(6)  101.25(13) 100.38(11)
O(8a)—Cu(1)~N(3) 91.46(8)  95.72(7)  101.48(14) 93.37(11)
0(3)—Cu()-N@3)  92.06(8)  97.28(7)  91.15(14) 90.85(10)
O(7)—Cu(l)—Cu(la) 87.33(6)  83.34(5)  89.58(10) 87.47(8)
O(4)—Cu()—Cu(la) 88.58(6)  84.18(4)  80.08(8)  87.75(8)
O(8a)—Cu(1)-Cu(la) 80.28(6)  84.14(5)  77.39(9)  81.21(7)
0(3)—Cu(l)~Cu(la) 79.25(6)  83.32(5)  86.80(9) 81.03(7)
N(3)—Cu(1)—~Cu(1a)167.57(7)  179.38(5)  177.66(12) 170.20(8)

atoms. In addition, one pyridine molecule completes the
remaining coordination site on the Cu(II) metallic center.
When observed along the py—Cu—Cu—py axis (see
Figure 2a), for each SBU there are two pairs of ligands
with different orientations of the alkyl spacers: one is
almost linear, while the second is bent at approximately
60°. As shown, all naphthalimide moieties participate in
m—r stacking interactions, with the dipole vectors of the
1,8-naphthalimide groups oriented at 180°. While there
are no criteria to prefer one interaction over the other,
since they both have the same characteristics, for ease of
description, it will be considered that the w—u stacking
interactions formed by the “linear” ligand generate chains
along the body diagonal of the unit cell, while the inter-
actions formed by the “bent” ligand assemble the chains
into sheets, yielding an overall two-dimensional arrange-
ment of the Cuy(O,CR)4 SBUs, solely organized by
noncovalent forces. The distance between the rings for
the linear ligands is 3.38 A, whereas for the bent ligands, it
is 3.52 A. In both cases, the rings are exactly parallel.
Figure 2b shows a view down the chain of the same sheet;
in this orientation, the stacking of the “bent” ligands lies
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Figure 1. ORTEP diagram of [Cuy(Lc2)4(py)2]-2(CH,Cly) - (CH30H)
(1). Solvent molecules not shown.

in the middle of the picture. The pyridine molecules are
situated on top of and below the sheets.

As shown in Table 3, we have defined a parameter that
relates the amount of slippage one ring involved in the
m—a stack has with respect to the other. The parameter
(x) 1s a composite number that takes into account both
slippage along the direction of the naphthalimide dipole
vectors and slippage at right angles to the vectors
(sideways), both of which are observed. The value is
(Figure 3) the third side of the right triangle (red line)
formed with the average perpendicular distance (green
line) between the rings and the line joining the central
carbon atoms (C3 and CI18 in this case, blue line) of the
two rings. For 1, as can be seen in Figure 2, the naphthal-
imide groups in the chain direction have mainly sideways
slippage of the vectors with y = 1.64 A, whereas for the
sheet direction, the groups are nearly exactly centered on
top of each other with no sideways slippage, giving y =
0.62 A.

A third type of w—x stacking arranges the sheets into a
three-dimensional structure, as shown in Figure 4, where
three layers, in the same orientation as pictured in
Figure 2b, are shown. The interaction is between the
“chain”- and “sheet”-type naphthalimide groups from
different layers with the dipole vectors oriented at 141°;
the distances between the naphthalimide rings is 3.44 A
and y = 1.17 A. Interestingly, the axial pyridine groups
do not interfere with this interaction and reside in the
pockets between the stacked naphthalimide groups. The
closest Cu- -+Cu nonbonding, interdimer distance is in
this direction at 8.51 A, within the sheets the shortest
distances are longer at 14.8 and 18.5 A

The ORTEP diagram of [Cus(Lc3)4(py)2]-2(CH,Cly)
(2) is shown in Figure 5. The central Cu,(O,CR), “pad-
dlewheel” core remains essentially unchanged, but the
presence of an extra CH, within the alkyl chain linking the
carboxylate and naphthalimide groups provides enough
flexibility to arrange two naphthalimide moieties one on
top of the other rather than retain the “square” architec-
ture imposed by the SBU core. Each SBU unit of 2 has a
double cleft shape which is self-complementary to others
with each end interacting with the end of another, form-
ing chains that run along the body diagonal of the unit cell

Reger et al.

Figure 2. (a) The two-dimensional structure of 1 observed along the
py—Cu—Cu—py axis. Each type of naphthalimide group contributes to
the growth of the network in one direction, as indicated by the blue and
red arrows, respectively. (b) View down the chain of the sheet shown in
part a. Color code: copper, purple; carbon, yellow; oxygen, red; nitrogen,
blue; hydrogen, gray.

(Figure 6, left to right, three chains shown). These chains
are arranged in sheets by additional 7—z stacking of the
“outside” naphthalimide units that overlap to form the
chains. As with 1, the pyridine molecules are situated
above and below the sheets. In contrast to 1, there is no
organizing feature that binds the sheets into a 3-D
structure. In 1 the naphthalimide groups are parallel to
the sheets and can interact with the next sheet, whereas in
2 they are perpendicular to the sheets.

The three types of mw—m stacking interactions of the
naphthalimide units have different interaction para-
meters. There are two types of interactions between each
end of the molecules forming the “chain” direction: two
“outer” interactions in each case with distances between
the rings of 3.32 A and one “inner” interaction where the
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Table 3. 1,8-Naphthalimide Interaction Parameters

central
carbon— central dipole plane av. av.
carbon distance angle angle perpendicular slippage,

compound ring type (A) (deg) (deg) distance (A) x (A)
1 chain 3.76 180 0.0 3.38 1.64
sheet 3.58 180 0.0 3.52 0.62
intersheet 3.64 141 3.1 3.44 1.17
2 chain 3.59 169 3.5 3.32 1.35
chain 4.44 180 0.0 3.40 2.86
interchain 3.95 180 0.0 3.40 2.01
3 ribbon 391 180 0.0 3.60 1.52
ribbon 3.96 134 6.7 3.68 1.45
interribbon 4.57 68 6.4 3.52 2.90
4 inter 3.74 86 2.3 3.41 1.54
intra 3.80 35 54 3.42 1.66

perpendicular distance is 3.40 A. The two “outer” inter-
actions have the dipole vectors of the naphthalimide units
oriented at 169° with y = 1.35 A, whereas the “inner”
interaction, although oriented at 180°, is significantly
slipped with ¥y = 2.86 A, indicating a weaker interaction.

Figure 3. The slippage parameter y, shown as the red line. The green line
is the perpendicular distance between the rings and blue line is the distance
between the two ring central carbon atoms.

Inorganic Chemistry, Vol. 48, No. 18,2009 8917

Figure 7a,b shows the view of the two interactions
perpendicular to the naphthalimide planes. While both
have sideways slippage, it is much larger in the case of the
inner interaction (Figure 7b), but still some interaction is
evident. Table 3 shows that the interchain interaction is
oriented at 180° with a perpendicular distance between
the rings of 3.40 A and ¥y = 2.01 A. As can be seen in
Figure 7c, in this case, x is intermediate between the other
two interactions. In this structure, the closest Cu---Cu
nonbonding, interdimer distance is between the chains at
13.6 A.

The ORTEP diagram of [Cu,(Lc2)4(bipy)] (3) is shown
in Figure 8. The asymmetric unit consists of one copper
atom, two L¢;, ligands, and half of a 4,4-bipyridine ligand
located on a 2-fold axis of rotation. The Cu,(Lc3)4 core of
the compound is also located on a C; axis. The program
Squeeze (Platon) was used to remove diffusely scattering

Figure 5. ORTEP diagram of [Cuy(Lc3)4(py)2] - 2(CH,CL) (2). Solvent
molecules not shown.

Figure 4. The three-dimensional structure of 1 down the “chain” axis. Blue and red colors delineate each sheet, light and dark colors each dimer in the
sheet. Two of the numerous intersheet 7—a stacking interactions are indicated by the orange double arrows.
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Sheet

formation

I

Figure 6. Sheet structure for 2. The # symbol marks a pair of “outer”, the § symbol one “inner”, and the X{ symbol one interchain naphthalimide 7—m

interaction.

Figure 7. Perpendicular view of the three types of m—m stacking ar-
rangements for 2: (a) “outer” interaction in chain direction, (b) “inner”
interaction in chain direction, and (c) interchain interaction.

species from the structure factor calculations (13.4% of
the total unit cell volume).

The copper(II) core for 3 is the same structural motif as
for 1 and 2. These SBUs are linked by covalent bonds into
a one-dimensional chain by the 4,4-bipy ligands
(Figure 9). Although the naphthalimide side arms are
approximately arranged in the square shape imposed by
the SBU, the Cu,(Lc2)4 SBUs are held together only in a
second dimension into one-dimensional ribbons
(Figure 10) by two different types of m-stacking interac-
tions. In this ribbon, there are two parallel rows of Cu,-
(Lc2)s units. Between the two rows are two of the
naphthalimide groups in each SBU involved in a 7—x
stacking interaction with a 180° orientation of the dipole
vectors (see the middle of Figure 10), a perpendicular

formation
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Figure 8. ORTEP diagram of [Cuy(Lc2)4(bipy)]- unknown solvent (3).
Solvent molecules not shown.

distance of 3.60,and y = 1.52 A. The other two naphthal-
imide groups undergo a different type of w— stacking on
the outside of the SBU rows, with another equivalent
moiety, which also supports the two rows of SBU units
within the ribbon. In this case, the naphthalimide groups
have their dipole vectors skewed at 134°, a perpendicular
distance of 3.68 A, and y = 1.45 A.

These wide and thick ribbons are connected by the 4,4'-
bipy groups (Figure 11). If we consider only the ribbons
formed by the noncovalent 7—u stacking interactions and



Article

. "
| ¢
- LJ
L .l
L |
||k l—b
.l {f
L)

L

Figure 9. Two dimeric copper units in 3 bridged by a bipyridine molecule.
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Figure 10. Formation of one-dimensional ribbons in 3 showing the two different types of 7—z stacking that built up the one-dimensional supramolecular

structure. Only the nitrogen atoms from the bipy are shown.

covalent 4,4'-bipy ligand pillars, the overall structure of 3
has an infinite two-dimensional double columnar archi-
tecture, with large void spaces within them.

In the third dimension, these linked two-dimensional
grids are interpenetrating, forming an infinite three-di-
mensional polycatenated framework. In Figure 12, the
red line represents only the w— stacking interactions
that have the dipole vectors oriented at 180°, and the
blue line represent the 4,4’-bipy pillars. The Cu,(0,C),
core is linked into a two-dimensional double-columnar

architecture by the strong 77— stacking interaction of the
naphthalimide groups and by 4,4'-bipyridine ligands.
This double columnar architecture is interpenetrated at
both of its lateral sides by other double-columnar con-
structions, forming a three-dimensional structure.
Figure 12 does not show the naphthalimide groups that
overlap at 120°. Figure 13 shows a different representa-
tion from the same direction that includes these rings,
where the light and dark red and blue coloring indi-
cate four complete (dark) or half interpenetrating units.
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As can be seen by the blue color-coded rings in the column
indicated by the arrow, the pairs of naphthalimide groups
that overlap at 120° are sideways to each other (in this
column, the dark blue rings from the units to the left are in
front of and block the light blue rings from the half
units to the right). There are 77— stacking interactions
between the red and blue units, in this column, between
these blue rings and the “red” 180° overlapping rings
above and below them. Only one of the blue 120° rings
overlaps in each area, with a vector angle of only 68°, a
perpendicular distance of 3.52 A, and y = 2.90 A, values

Figure 11. The double columnar architecture of 3 formed by the strong
m— stacking interaction of the naphthalimide groups and by the covalent
bonds of the 4,4’-bipyridine ligands.

Reger et al.

that indicate a weak interaction. The metrics of the blue
rings that do not interact are a vector angle = 120°, a
perpendicular distance of 3.09 A, and ¥ = 6.30 A, showing
the value of the slippage parameter y. The closest
Cu---Cu nonbonding, interdimer distance is in the
bipy-linked direction at 11.3 A; other distances are longer
than 17.0 A.

An ORTEP diagram of [Cuy(Lcs)4(bipy)]-(CHs-
OH),:(CH,Cly)337 (4) is shown in Figure 14. As in the
previous compounds, the “paddlewheel” motif of the SBU is
present in 4. Figure 15 pictures two such copper(Il) units
linked by one 4,4'-bipy molecule, forming a one-dimen-
sional, covalently linked chain. The naphthalimide groups
of Lz in 4 are again situated one on top of the other, asin 2,
but at a much closer distance due to a significant intramo-
lecular skewed r— gt stacking interaction. The perpendicular
distance between the naphthalimide rings is 3.42 A and y =
1.66 A; because the interaction is intramolecular, the dipole
vectors are oriented at a low angle of 35°. In addition to the
intramolecular 71— stacking, each of the four naphthalimide
units in a SBU is involved in an intermolecular t—o stacking
interaction with four different neighboring units (Figure 16)
at a distance of 3.41 A with y = 1.54 A. Although inter-
molecular, the dipole angle is low at 86°. These additional
interactions build up a two-dimensional corrugated sheet
network.

The 4,4'-bipyridine moieties link these sheets into a
three-dimensional framework (Figure 17). The red
lines represent the swt—s stacking of the naphthalimide
moieties, and the blue lines represent the bipyridine
molecules. The sheets formed by the 7—s stacking are
parallelly positioned and linked in the third direction
by the “pillars”. As with 3, the closest Cu---Cu non-
bonding, interdimer distance is in the bipy-linked direc-
tion at 11.4 A, with the through naphthalimide distances
being 12.6 A.

Figure 12. Schematic representation of the polycatenated (interpenetrated) three-dimensional overall structure of 3. The red lines represent the 71—z
stacking of the naphthalimide moieties and the blue lines the bipyridine molecules.
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Figure 13. Four interpenetrating double columnar units of 3, colored dark and light (only half of these units shown), red and blue.

Figure 14. ORTEP diagram of [Cuy(Lc3)4(bipy)]-(CH3;0H),-(CH,-
Cly)3 37 (4). Solvent molecules not shown.

SBU Core Geometry. The stereochemistry of the cop-
per centers in the four complexes can be determined by the
Addison 7 factor, a parameter that describes the distor-
tion from the square pyramidal to trigonal bipyramidal
geometry.'” In a regular square pyramid, 7 = 0, and for
an ideal trigonal bipyramid, 7 = 1. For 1, 2, and 4, the
coordination environment of the copper centers is nearly
a perfect square pyramid with 7 factors of 0.010, 0.001,
and 0.005; 3 shows a moderate distortion with 7= 0.29.

Magnetic Properties. The magnetic susceptibilities of 1,
2, 3, and 4 were investigated from 4 to 300 K; for
compound 2, the temperature range was extended to
400 K. The magnetic behavior of 2 is illustrated in
Figure 18, which shows that the compound exhibits
diamagnetic behavior in the 5—300 K and 200—400 K
ranges. The magnetic properties of the other three
compounds were the same. Because of these unusual
results, we measured the magnetic properties of the

(17) (a) Addison, A. W.; Rao, N. T.; Reedijk, J.; van Rijn, J.; Verschoor,
G. C. J. Chem. Soc., Dalton Trans. 1984, 1349. (b) Rodiguez-Fortea, A.;
Alemany, P.; Alvarez, S.; Ruiz, E. Chem.—Eur. J. 2001, 7(3), 627.

Cu,(0,CCH3)4(H,0), starting material for our studies,
which proved to be paramagnetic at room temperature,
showing antiferromagnetic behavior at lower tempera-
tures, with the data matching literature values.'?

Impact of Rotation of Naphthalimide Groups in 7—x
Stacking. We have investigated the orientation depen-
dence of intermolecular interaction energy between
naphthalimide rings using the MP2/6-31G* level of the-
ory, with all electrons correlated, using Q-Chem software
and custom script files.'® The rings were constrained to
parallel planes separated by 3.5366 A, which is the energy
minimum at this level of theory. The centers of mass of the
rings were constrained to be on the axis of rotation, and
the hydrocarbon bridge to the carboxylate group was
modeled by a methyl group. Surprisingly, the computed
energy profile, Figure 19, is relatively insensitive to the
angle of rotation, apart from the region of steric interac-
tion of methyl groups, consistent with very recent
calculations on polycyclic hydrocarbons.'” The binding
energies are substantial, varying between about 16.5 and
15 kcal/mol, until the dipole vector angle goes under 30°.

Discussion

Four new compounds that combine the robustness and
directional orientation of the Cu,(O,CR)4 core with the
strong s— stacking capabilities of the 1,8-naphthalimide
synthon were successfully prepared and structurally analyzed.

As expected from the design of the system, the “square”
SBU units in 1 and 2 are linked by the m—m stacking
interactions of the 1,8-naphthalimide groups into a two-
dimensional sheet structure. The addition of the extra CH,
group in the alkyl chain of the ligand in 2 greatly influ-
ences both the molecular and the supramolecular structures.
The semirigidity of L in 1 limits the possible orientations of

(18) Shao, Y.; et al. Phys. Chem. Chem. Phys. 2006, 8, 3172.
(19) Yurtsever, E. J. Phys. Chem. 2009, 113, 924.
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Figure 16. Six Cu,(Lc3)4 units of 4 involved in skewed intermolecular
— o stacking.

the ligand “arms”; they are fairly coplanar and directed in the
four directions implanted by the SBU units (Figure 2). This
compels the building blocks to self-assemble into a two-
dimensional sheet, based on the m—m stacking of the
naphthalimide moieties in the basically “square” arrange-
ment of the SBU. This arrangement of the naphthalimide
groups orients them in positions that can form additional
qt—u stacking interactions in the third direction, leading to a
three-dimensional overall structure, completely organized by
noncovalent forces. The increased flexibility of Lz allows the
arms in 2 to adopt a linear orientation not based on the
“square” arrangement of the SBU. The 7—u stacking inter-
actions of the naphthalimide moieties in this structure are
different than in 1 (Figure 6), restricting the overall structure
to a two-dimensional sheet. In both cases, the pyridine
molecules bounded in the axial positions do not appear to
influence the overall structures.

Adding linear covalent bonding interactions by changing
the axial ligand from pyridine to 4,4-bipyridine leads to three-
dimensional structures, as anticipated, but the forces that
hold together the three-dimensional structure for 3 were
unexpected. While the covalent link of the 4,4'-bipyridine
group adds a dimension of connectivity, the w— stacking

Reger et al.

interactions do not form the expected two-dimensional sheet,
as observed with this ligand in 1. Instead, the w—u stacking
interactions only lead to one-dimensional ribbons. Despite
this difference, 3 has a three-dimensional structure. The third
dimension is held together by mechanical interlocking that
arises from interpenetration of the two-dimensional structure
formed by the covalent bonds of the 4,4'-bipyridine linker
and noncovalent 7—u stacking interactions. Thus, the t/ree-
dimensional structure of 3 is very unusual in that each of the
three directions are held together by different forces: covalent
bonding in the 4,4'-bipyridine direction, robust 7— stack-
ing interactions of the naphthalimide groups in the
second direction, and mechanical interlocking in the third
direction.

In the case of 4, the flexibility of the ligand leads to the only
example of intramolecular m—m stacking, but intermolecular
q—u stacking leads to the expected sheet structure supported
only by the noncovalent interactions. In this case, the use of
the linking 4,4-bipyridine axial ligand leads to the expected
three-dimensional structure supported by the covalent linker
and m— stacking.

A number of the naphthalimide 77—z stacking interactions
in these four structures are not made with the dipole vectors
oriented at 180°; skewed stack arrangements are observed.
This difference from our earlier work was particularly im-
portant in the formation of ribbons rather than sheets in the
structure of 3 and the intramolecular interactions in 4. Our
calculations show very little loss in energy on rotation of the
rings and indicate that the interaction at all angles of rotation,
other than near the point where the dipole vectors are close to
parallel, is substantial. For the compounds reported here, the
angle ranges from 180 to 68° for intermolecular interactions
and is very low at 35° for the one intramolecular interaction,
in compound 4. Both the computed and observed lack of the
rotational dependence is likely due to efficient screening of
partial charges on the electronegative nitrogen and oxygen
atoms by the aromatic 7 electrons, which reduces the impact
of the dipole contributions that are maximized with the
dipole vectors oriented at 180°.

In addition to determining the angle of rotation of each
interaction, we have determined the perpendicular distance
between the rings, the classic indication of the strength of a
m—m stacking interaction (Table 3).° The range of this
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Figure 17. The three-dimensional framework of 4. The red lines repre-
sent the 77— stacking of the naphthalimide moieties and the blue lines the
bipyridine molecules.

parameter is 3.32 to 3.60 A, distances indicating strong
interactions in all cases. The rings are parallel or nearly
parallel, even the one case of the intramolecular interaction.
A “slippage” distance, y, a parameter that we have developed
to indicate the offset of one ring with respect to the other, also
helps define the interaction, as visualized in Figure 7 for the
three types of interactions in compound 2. The parameter
ranges from 0.62 A to 2.90 A, showing, in conjunction with
the large range in the orientation of the dipole vectors, that
the 1,8-naphthalimide supramolecular synthon is extremely
versatile and flexible. That some slippage is observed in all
cases is expected, as a previous search of the CSD database on
somewhat similar systems has noted that “near face-to-face
m-stacking interaction is a rare phenomenon.” From the
available y daclta,7 strong interactions appear to range from
0.62 Ato2.4 A, although more data are needed. Importantly,
although the perpendicular distances between the rings for all
of the interactions in Table 3 are in the range of a strong
interaction, in two cases, the slippage parameter y is large,
indicating that these two interactions are not as strong as the
others in the table. In assessing the strength of the m—x
stacking interactions, all of the parameters in Table 3 need to
be considered.

Recent calculations on the “slippage” of polycyclic hydro-
carbons, specifically the linear four-ring fused tetracene,
indicate that in those systems the minimum energies are
achieved with substantial (ca. 1 A) slippage both along the
chain and perpendicular to it.'"” We also point out that, as
part of a larger study on the supramolecular chemistry of
phthalimide derivatives, including metal complexes,”’ an
interesting report on the structures of a number of 1,8-
naphthalimide groups N-substituted with pyridine or an
arene group and their protonated derivatives has appeared

(20) Barooah, N.; Baruah, J. B. Mini-Rev. Org. Chem. 2007, 4, 292.
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that discusses the relative importance of 7— stacking when
other forces such as hydrogen bonding are present.

The four new structures reported here show that ligand
design can lead to supramolecular metal organic framework
(SMOF) solids in which the structures are dominated by a
combination of covalent bonds and noncovalent 7— stack-
ing forces. Analogous structures that combine covalent and
hydrogen bonding forces have been reported previously.'®!!
Clearly, these types of structures are not as robust as
conventional MOF solids held together exclusively by cova-
lent forces but are an important class of organized solids. A
particularly attractive feature of building extended structures
using ligands containing the 1,8-naphthalimide synthon is the
case of synthesis of the ligand, the condensation of an
appropriately substituted amine with 1,8-naphthalic anhy-
dride (Scheme 2).

Complexes that contain the paddlewheel Cu,(O,CCHj3),
building unit are known to possess very strong antiferromag-
netic interaction between the unpaired electrons of the Cu(II)
centers.'” This interaction is mediated by superexchange via
the four bridging carboxylates and leads to a singlet ground
state and a thermally populated triplet excited state.'* The
singlet—triplet energy gap is characterized by the J parameter

(21) (a) Sarma, R. J.; Tamuly, C.; Barooah, N.; Baruah, J. B. J. Mol.
Struct. 2007, 829, 29. (b) Barooah, N.; Tamuly, C.; Baruah, J. B. J. Chem. Sci.
2005, 717, 117.

(22) (a) Bie, H.-Y.; Yu, J.-H.; Zhao, K.; Duan, L.-M.; Xu, J.-Q. J. Mol.
Struct. 2005, 741, 77. (b) Bie, H.-Y.; Yu, J.-H.; Zhao, K.; Duan, L.-M.; Xu, J.-Q.
J. Mol. Struct. 2006, 791, 201. (c) Campbell, G. C.; Haw, J. F. Inorg. Chem.
1988, 27, 3706. (d) Jotham, R. W.; Kettle, S. F. A.; Marks, J. A J. Chem. Soc.,
Dalton Trans. 1972, 428. (e) Dalai, S.; Mukherjee, P. S.; Zangrando, E.;
Chaudhuri, N. R.; Chaudhuri, L. J. Chem. Soc., Dalton Trans. 2002, 822.
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Table 4. Structural Parameters of Carboxylato-Bridged Cu(Il) Compounds

Reger et al.

compound Cu—Cu(A) Cu—O (basal) (A) Cu—L (axial) (A) O—C(A) Cu—O-C (deg) O—C—O (deg) —J(cm ")
Cuy(CH3CO0)4(py)2* 2.630(3) 1.981(10) 2.126(10) 1.239(18) 123.4(7) 125.1(9) 325
Cuy(CH3CO0)4(py),” 2.645(3) 1.955(8) 2.186(8) 1.244(18) 123.4 125.6
Cu,y(CH3CO0),4(2-pic), 2,671 1.975(10) 2.240(12) 1.244(14) 121.7(10) 125.9(14) 318
[Cuy(CH;3CO0),(4,4'-bipy)],- DMF 2.6037(8) 1.969 2.169(3) 1.247 123.45 124.6
[Cus(fum?)(4.4"-bipy)]-0.5H,0 2.675(1) 1.970 2.144 1.258 123.9 124.1 296
Cu,(C;H,C00), 2.584(1) 1.961 1.255 123.5 124.6 322
{[Cus(glu®),(bpmp/))(H,0)4} 2.6513(7) 1.9697 2.179(2) 1.258 123.63 124.85 283(8)
[Cus(Les)a(py)>l(CH,Cla)»(CH;0H) (1) 2.6572(6) 1.9691 2.164(2) 1.258 123.06 125.55
[Cus(Lea)a(py)al(CHLCL), (2) 2.6632(5) 1.9718 2.1796(18) 1.258 123.65 125.15
[Cus(Ls)a(4.4"-bipy)] - unknown solvent (3) 2.6870(9) 1.9808 2.120(3) 1.257 123.28 125.1
[Cus(Les)s(4.4"-bipy)(CH,Cl,); 3,(CH;0H), (4)  2.6147(8) 1.9725 2.150(3) 1.257 123 124.9

“Monoclinic. ? Orthorhombic. ¢ pic = picoline. ‘fum = fumarate. “glu = glutarate.” bpmp = N,N’-bis(4-pyridyl)piperazine

that expresses the magnitude of the intramolecular exchange
interaction. For Cuz(OzCR24(L)2-type compounds, J is typi-
cally about —300 cm™".'** For complexes with J values of
this magnitude, the antiferromagnetic behavior starts to
become evident in magnetic studies below ca. 260 K.'? The
magnetic properties of the new compounds 1—4 indicate that
these SMOF solids organized partially by m7—x stacking
interactions can lead to novel materials. All four compounds
are very strongly antiferromagnetically coupled; they are
diamagnetic Cu(Il) solids at temperatures as high as 400 K.
The J values must be more negative than —600 cm ™.

The magnitude of the exchange interaction is known to be
influenced by several factors, including the stereochemistry of
the Cu(Il) ions, the bridging mode of the ligand, the bond
angles at the bridging atoms, and the copper—bridge ligand
bond lengths. Table 4 contains a comparison of the structural
parameters of 1—4 with related carboxylato-bridged com-
pounds.'>?* Although, there are slight differences in bond
lengths and angles around the copper cores of 1—4 and the
other tetracarboxylato complexes, these variations do not
explain the unusually high J values of the former compounds.
In terms of Cu(II) stereochemistry, Rodriguez-Fortea et al.'”
concluded that, for these types of complexes, an increase of
the 7 parameter (structures closer to trigonal bipyramidal)
leads to a decrease of the antiferromagnetic coupling.
Although 3, the only compound with a structure not close
to pure square pyramidal, may have a smaller J value
compared to 1, 2, and 4, the effect of the structural distortion
could not be determined because the triplet excited state is
still not populated in any of these complexes in the studied
temperature range. The 4,4’ -bipy link is not solely responsible
for these J values; the entry in the fifth row of Table 4 has such
a linkage with / = —296 cm ™. Direct interactions between
the different copper(Il) dimers are ruled out by the long
Cu(Il)- - - Cu(II) (shortest 8.51 A) separations of the SBU
units.

To the best of our knowledge, these compounds represent
the first examples of copper carboxylate dimers having
antiferromagnetic interactions of this magnitude. We con-
sider that the explanation for the unusual magnetic behavior
of 1,2, 3, and 4 lies in the highly organized SMOF structures
of these compounds. The mechanism for how the structures

impact the magnetic properties is not clear. Clearly, the
strong s— stacking organizing forces of the naphthali-
mide group have an important influence on these
magnetic properties, much greater than was expected at the
start of this investigation. Future studies will explore this
issue further.

Conclusion

The strong 7— stacking interaction of the 1,8-naphthal-
imide moiety has been utilized into constructing classical
paddlewheel Cu,(O,CR)4(L), compounds leading to high-
dimensionality materials. The use of the 4,4'-bipyridine
ligand in conjunction with the 1,8-naphthalimide functional
group leads to three-dimensional solids. In the case of
[Cuy(Lca)4(bipy)], the compound is unique because it is
organized in each of its three dimensions by different forces:
covalent bonding from the 4,4-bipyridine, robust 77— stack-
ing interactions of the naphthalimide, and mechanical inter-
locking. All four structures serve to demonstrate the viability
of the 1,8-naphthalimide as a synthon for the self-assembly of
supramolecular edifices, in this case, complexes that mix the
covalent bonds generally used with MOF solids with weaker,
but still substantial, noncovalent forces to form supramole-
cular MOF solids. Both the domination of the structures by
these m—m stacking interactions and the calculations show
that this stacking is a substantial force. These new complexes
are all diamagnetic at room temperature, the first examples of
such behavior for Cu(O,CR) L), compounds, showing that
the new structural features can lead to unusual physical
properties.
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