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ABSTRACT: Four new neutral copper azido polymers,
[C114(N3)8(L1)2]n (1), [Cu4(N3)8(L2)2]n (2), [Cu4(N3)8(L3)2]n
(3),and [Cuo(N3)15(LY),4], (4) [L'*are formed in situ by reacting
pyridine-2-carboxaldehyde with 2-[2-(methylamino)ethyl]pyridine
(mapy, LY, N,N-dimethylethylenediamine (N,N-dmen, L*), N,N-
diethylethylenediamine (N,N-deen, L*), and N;N,2,2-tetramethyl-
propanediamine (N;N,2,2-tmpn, L*)], have been synthesized by
using 0.5 mol equiv of the chelating tridentate ligands with Cu-
(NO;3),-3H,0 and an excess of NaNj. Single-crystal X-ray struc-
tures show that the basic unit of these complexes, especially 1—3,

contains very similar Cu" building blocks. The overall structure of 3 is two-dimensional, while the other three complexes are one-dimensional
in nature. Complex 1 represents a unique example containing hemiaminal ether arrested by copper(II). Complexes 1 and 2 have a rare bridging
azido pathway: both end-on and end-to-end bridging azides between a pair of Cu" centers. Cryomagnetic susceptibility measurements over a
wide range of temperature exhibit dominant ferromagnetic behavior in all four complexes. Density functional theory calculations (B3LYP
functional) have been performed on complexes 1—3 to provide a qualitative theoretical interpretation of their overall ferromagnetic behavior.

B INTRODUCTION

The design and synthesis of multidimensional coordination
polymers has attracted unabated attention during the last 2
decades, motivated not only by their structural and topological
novelty but also by the potential practical applications of these
materials in fields such as molecular magnetism, electrical con-
ductivity, catalysis, molecular absorption, ion exchange, etc."

Despite interest in the properties of such complexes, synthetic
methods have yet to achieve the level of competence attained
with mononuclear complexes. Molecular magnetic materials are
usually constructed through a building-block approach (designed
assembly) or by serendipitous assembly, combining paramag-
netic transition- or lanthanide-metal ions with suitable bridging
ligands that allow for magnetic exchange coupling. The nature of
the exchange coupling (sign and magnitude) depends mainly on
the bridging ligand (bridging mode and geometry). Only a small
number of polyatomic bridging ligands (cyanide, oxalate, dicya-
namide, azide, pyrimidine, imidazole, carboxylate, etc.) have
been shown to be capable of mediating strong magnetic coupling
between transition-metal ions, which, in some cases, leads to bulk
magnetic ordering.”

The density functional theory (DFT) study of exchange
interactions between paramagnetic metal centers through var-
ious bridging ligands has also proved to be very fruitful for
understanding the fundamental factors governing the magnetic
properties of transition-metal compounds.’
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Metal azido systems with various structures have been widely
studied because of the enormous number of opportunities
available with this versatile pseudohalide for the building of
higher-dimensional complexes as well as its well-known adjus-
table exchange properties. The end-on (EO) bridging mode
generally results in a predictable exchange coupling depending
mainly on the bridging angle, while the end-to-end (EE) mode
mediates antiferromagnetic interaction with very few excep-
tions.* '

With a large number of bridging modes, an azido anion
provides great opportunities for the building of higher-dimen-
sional materials with intriguing magnetic properties. However,
auxiliary blocking ligands also can play a vital role when used
prudently. We have recently shown the effect of the relative
molar quantities of copper and the diamine ligand on the
structure and magnetic properties of the neutral copper azido
systems.'® The use of lower equivalents of blocking amine is
expected to increase the coordination sites available around the
metal center, which, in turn, allows a short bridging ligand like
azide to bring several metal ions closer and prefers the formation
of clusters as building units. Here we report our studies on the use
of tridentate blocking ligands, derived from simple condensation
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Scheme 1. Four Tridentate Ligands Used in the Present Study
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Table 1. Crystallographic Data and Refinement Parameters for 1—4

1 2 3 4
empirical formula C30H35N300,Cuy CyoH30N30Cuy C,4H33N30Cuy Cs,HguNgCugy
fw 1105.01 944.90 1000.94 2205.58
T (K) 293(2) 293(2) 293(2) 293(2)
cryst syst triclinic monoclinic monoclinic triclinic
space group P1 P2,/n P2,/n PI
a(A) 9.9271(16) 8.7634(14) 11.0755(10) 10.9200(3)
b (A) 10.6663(18) 17.151(3) 11.1386(8) 11.1292(3)
c(A) 11.4566(19) 12.1511(19) 16.5852(14) 20.3016(5)
o (deg) 106.620(3) 90.00 90.00 91.627(1)
B (deg) 108.265(3) 90.496(11) 103.199(4) 90.081(1)
7 (deg) 90.265(3) 90.00 90.00 115.390(1)
V(A% 1097.9(3) 1826.3(5) 1992.0(3) 2227.81(10)
z 2 4 4 1
Peated (g cm ™) 1.671 1718 1.669 1.644
(Mo Ka) (mm ™) 1.980 2361 2169 2.180
2 (A) 071073 071073 071073 0.71073
F(000) 560.0 952.0 1016 1119
collected reflns 12673 13851 34974 47173
unique reflns 5101 5422 6045 13405
GOF (F*) 1.028 1.015 1.007 0.996
R’ 0.0599 0.0678 0.0477 0.0444
Wsz 0.1332 0.1258 0.0921 0.0870

“Ry = 3| |E| — |El/ZIF|. PwRy = [E{w(F,> — E2)*}/2{w(E,2)*}]">

reactions of pyridine-2-carboxaldehyde and four different
diamines.

The synthesis and structures, including the magnetic properties of
[Cuy(N3)s(L)a], (1), [Cus(N3)s(L7)a], (2), [Cua(N)s(L)o],
(3),and [Cuo(N3)15(L*)4],, (4) [Scheme 1; L'~ * are formed in situ
by reacting pyridine-2-carboxaldehyde with 2- [2-(methylamino)-
ethyl]pyridine (mapy, L'), N,N-dimethylethylenediamine (N,N-
dmen, L?), N,N-diethylethylenediamine (N,N-deen, L*), and N,
N,2,2-tetramethylpropanediamine (N,N,2,2-tmpn, LY], are pre-
sented, along with the theoretical treatment of 1—3 through DFT
studies. Hemiaminal ethers are well-known unstable intermediates
and spontaneously transform to enamines or dissociate into reactants
immediately upon formation. Complex 1 in the present paper
represents a unique example where a new hemiaminal ether has
been isolated in metal-arrested form. Between 2 and 3, a dramatic
structural change is observed just through an exchange of the two
methyl groups in L* by two ethyl groups in L*. Moreover, in 1 and 2,
the peripheral metal atoms are bridged simultaneously by EO and EE
azido groups, which is very rare. This unusual bonding mode, in turn,
carries the Cu—Ngo—Cu angle beyond 130° in both complexes, and
to the best of our knowledge, the angle in 2 is the largest (134.7°)
observed so far.

B EXPERIMENTAL SECTION

Materials. Cu(NO;),-3H,0, NaNj3, pyridine-2-carboxaldehyde, 2--
[2-(methylamino)ethyl]pyridine (mapy), N,N-dimethylethylenediamine
(N,N-dmen), N,N-diethylethylenediamine (N,N-deen), and N,N,2,2-tetra-
methylpropanediamine (N,N,2,2-tmpn) were obtained from commercial
sources and were used as received without further purification.

Physical Measurements. Elemental analyses of C, H, and N were
performed using a Perkin-Elmer 240C elemental analyzer. IR spectra
were recorded as KBr pellets using a Magna 750 FT-IR spectrophot-
ometer. The powder X-ray diffraction (XRD) data were collected using a
D8 Advance X-ray diffractometer to verify the phase purity of these
complexes (Figure S1 in the Supporting Information). The measure-
ments of variable-temperature magnetic susceptibility were carried out
on a Quantum Design MPMS-XLS SQUID magnetometer. Suscept-
ibility data were collected using an external magnetic field of 0.2 T for all
complexes in the temperature range of 1.8—300 K. The experimental
susceptibility data were corrected for diamagnetism (Pascal’s tables)."!
Magnetizations of all complexes were also measured in the field ranging
from —7 to +7 T at 1.8 K, but no hysteresis loop was observed (Figure
S6 in the Supporting Information).

Caution! Although we did not experience any problems with the
compounds reported in this work, azido complexes of metal ions in the
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Table 2. Selected Bond Distances (A) and Angles (deg) for 1
and 2 in a 1/2 Format*

Cul—N1 1.978(4)/2.029(4) Cul—N2 2.097(4)/
1.961(4)
Cul—N3 1.973(4)/2.068(4) Cul—N4 2.018(4)/
1.962(4)
Cul—N6*1/% 2.899(5)/2.645(5) Cul—N7 2.579(5)/
2.645(5)
Cu2—N4 2.689(4)/2.641(4) Cu2—N9 1.983(4)/
1.973(4)
Cu2—N10 1.915(5)/1.930(5) Cu2—N13 2.005(4)/
2.012(4)
Cu2—N13"/* 1.972(4)/2.020(4) C6—N2 1.489(6)/
1.256(6)
NI1—Cul—N2 81.61(2)/80.35(2) N2—Cul—N3 91.84(2)/
83.39(2)
Cul—N4—Cu2 131.09(2)/134.71(2) Cu2—N13— 103.41(2)/
Cu2™** 103.28(2)

¢ Symmetry transformations used to generate equivalent atoms: #1, —x,
—y+1L,—z#2,—x—1,—y+1,—z;#3, —x+ 2, =y, —z+ 1; #4, —x +
L, =y —z+ 1L

presence of organic ligands are potentially explosive. Only a small amount of
the material should be prepared, and it should be handled with care.

Synthesis of the Complex [Cuy(N3)s(L')5], (1). A'S mL methanolic
solution of pyridine-2-aldehyde (1 mmol, 107 mg) and mapy (1 mmol,
136 mg) was refluxed for 15 min and was added slowly (hot) to a hot
methanolic solution (10 mL) of Cu(NO3),-3H,0 (2 mmol, 484 mg).
After this mixture was stirred and heated at 50 °C for S min, a hot
aqueous solution (S mL) of NaN; (20 mmol, 1300 mg) was added
slowly. The mixture was stirred for 1S min (at 50 °C) and filtered.
Rectangular black crystals of 1 were obtained in 12 h from the filtrate.
Isolated yield: 60%. Anal. Calcd for 1, C30H33N300,Cuy: C, 32.61; H,
3.47; N, 38.03. Found: C, 32.74; H, 3.44; N, 38.01. IR (KBr, cm ):
2029, 2049, and 2071 for the azido groups.

Synthesis of the Complex [Cuy(N3)s(L?)5], (2). A'S mL methanolic
solution of pyridine-2-aldehyde (1 mmol, 107 mg) and N,N-dmen (1
mmol, 88 mg) was refluxed for 1S min, and after cooling to room
temperature, it was added slowly to a methanolic solution (10 mL) of
Cu(NO3;), - 3H,0 (2 mmol, 484 mg). After this mixture was stirred for S
min, an aqueous solution of NaN3 (20 mmol, 1300 mg) dissolved in
S mL of water was added slowly. The mixture was stirred for 15 min and
filtered. Rectangular black crystals of 2 were obtained in 24 h from the
filtrate. Isolated yield: 75%. Anal. Calcd for 2, CoH3oN30Cuy: C, 25.42;
H, 3.20; N, 44.47. Found: C, 25.59; H, 3.34; N, 44.41. IR (KBr, cm ):
2020, 2054, and 2069 for the azido groups.

Synthesis of the Complex [Cu4(N3)g( L%),], (3). The rod-shaped black
crystals of 3 were obtained in 24 h by a method similar to that described
above for complex 2, using N,N-deen (1 mmol, 116 mg) instead of N,N-
dmen. Isolated yield: 47%. Anal. Calcd for 3, C,4H33N30Cuy: C, 28.80;
H, 3.83; N, 41.98. Found: C, 28.72; H, 3.77; N, 41.81. IR (KBr, cm "):
2030 and 2064 for the azido groups.

Synthesis of the Complex [Cuo(N3) 15(L*) 4] (4). The rectangular black
crystals of 4 were obtained in 24 h by a method similar to that described
above for complex 2, using N,N,2,2-tmpn (1 mmol, 130 mg) instead of N,
N-dmen. Isolated yield: 42%. Anal. Caled for 4, C5,HgyNgsCug: C, 28.32;
H, 3.84; N, 41.91. Found: C, 28.28; H, 3.79; N, 41.95. IR (KBr, cm ™ ):
2022, 2051, and 2080 for the azido groups.

X-ray Crystallographic Data Collection and Refinements.
Single-crystal X-ray data for all four complexes were collected on a
Bruker SMART APEX CCD diffractometer using the SMART/SAINT
software."” Intensity data were collected using graphite-monochroma-
tized Mo Kot radiation (0.710 73 A) at 293 K. The structures were solved
by direct methods using the SHELX-97"® program incorporated into

Table 3. Selected Bond Distances (A) and Angles (deg) for 3
and 4°

3
Cul—N1 2.098(3)  Cul—N2 1.951(2) Cul—N3  2.123(2)
Cul—N4 1.959(2)  Cul—N7 2.610(5) Cul—N9™ 2.383(3)
Cu2—N4 2208(2)  Cu2—N7 2.000(3) Cu2—NI10 1.975(4)
Cu2—N13  1.992(3)  Cu2—N13" 2.128(3) C6—N2 1.263(4)

NI—Cul— 7892(10) N2—Cul—N3 83.46(10)

N2
Cul—N4— 108.60(11) Cul—N7—Cu2 93.60(11)
Cu2
Cu2—N13— 101.29(12)
cu2*®

4
Cul—N1 1.990(2)  Cul—N177 1.990(2) Cul—N4 1.999(2)
Cul-N4"7 1999(2)  Cul—-N19 2591(2)  Cu2—N1 1.977(2)
Cu2—N4  2.022(2) Cu2—-N7 2.014(2)  Cu2—NI10 1.974(2)
Cu2—N22"% 2263(2) Cu3—N7 2.015(2)  Cu3—NI10 2.006(2)
Cu3—NI13 1953(3) Cu3—N16 1.958(3)  Cu3—N25 2.663(2)
Cu4—N19 1.989(2) Cu4—N22 2242(2)  Cu4—N28 2.038(2)
Cu4—N29 2.010(2) Cud4—N30 2.070(2)  CuS—N24 2.447(3)
Cus—N25 1.987(2)  Cus—N277° 2.729(3)  CuS—N31 2.042(2)
CuS—N32  2.012(2) Cu5S—N33 2.059(2)

Cul—N1— 101.63(10) Cul—N4—Cu2 99.78(10)

Cu2

Cu2—N7— 101.09(12) Cu2—N10—Cu3 102.85(12)

Cu3
“ Symmetry transformations used to generate equivalent atoms: #5, —x
+ /2;y+ 1/2) 7Z+ 1/2} #61 7x+21 7)/; 7Z+ 1;#71 7x+ 11 7y+21
-z #,x+ 1,y,z#,—x+1,—y+2, —z+ 1.

WinGX.'"* Empirical absorption corrections were applied with
SADABS."> All non-hydrogen atoms were refined with anisotropic
displacement coefficients (except for 4, for which two nitrogen atoms
of an azido group were found to be disordered). The hydrogen atoms
bonded to carbon were included in geometric positions and given
thermal parameters equivalent to 1.2 times those of the atom to which
they were attached. Structures were drawn using ORTEP-3 for
Windows.'® Crystallographic data and refinement parameters are given
in Table 1, and important interatomic distances and angles are given in
Table 2 (for 1 and 2) and 3 (for 3 and 4).

B COMPUTATIONAL METHODOLOGY

The exchange coupling constants in the reported complexes (1—3) have
been calculated using the following computational methodology."”~*°
Using a phenomenological Heisenberg Hamiltonian H = —%,,J;;S:S;
(where where S; and S; are the spin operators of the paramagnetic metal
centers i and j and the J; parameters are the exchange coupling constants
for the different pairwise interactions between the paramagnetic metal
centers of the molecule) to describe the exchange coupling between each
pair of transition-metal ions present in the polynuclear complex, the full
Hamiltonian matrix for the entire system can be constructed.

To calculate the exchange coupling constants for any polynuclear
complex with n different exchange constants, at least the energy of
n + 1 spin configurations must be calculated. In the case of the studied
tetranuclear complexes, the exchange coupling values J; and ], were
obtained by taking into account the energy of three different
spin distributions: quintet with S = 2, triplet with S = 1, and singlet
with § = 0.

The hybrid B3LYP functional”' has been used in all calculations, as
implemented in the Gaussian 03 package,” mixing the exact Hartree— Fock-
type exchange with Becke’s expression for the exchange functional® and that
proposed by Lee—Yang—Parr for the correlation contribution.”* The use of
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Scheme 2. Graphical Representation of a Possible Reaction Pathway for the Formation and Trapping of L'
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Figure 1. ORTEP view of the basic unit of 1. Hydrogen atoms have
been removed for clarity. Thermal ellipsoids are at the 30%
probability level.

the nonprojected energy of the broken-symmetry solution as the energy of
the low-spin state within the DFT framework provides more or less
satisfactory results, avoiding cancellation of the nondynamic correlation
effects.” The broken-symmetry approach along with electron correlations at
the B3LYP level has been widely used to investigate the magnetic properties
in a large number of magnetic systems. We have considered the LanL2DZ
basis set for all atoms. All of the energy calculations were performed including
10~ ® density-based convergence criterion.

B RESULTS AND DISCUSSION

Synthesis. All four complexes were obtained from the reaction
of Cu(NOs3),:3H,0 and 0.5 mol equiv of chelating tridentate
ligands, formed in situ, with an excess of NaN; in a MeOH/H,0
mixture. It is well established in the literature that the excess of NaN3
prevents immediate precipitation and allows crystallization of multi-
dimensional compounds via the self-assembly of smaller units. The
ligands L% L?, and L* are simple condensation products (imines) of
an aldehyde and a primary amine (actually diamines, with one
primary nitrogen atom and one tertiary nitro§en atom), formed by
elimination of a water molecule. However, L™ requires a little more
attention because the amine used for condensation is secondary.
Secondary amines normally react with aldehydes to form an unstable
hemiaminal, which can later eliminate a water molecule to form an
enamine. However, in this case, deprotonation leading to an enamine
is not possible because of the lack of an a-hydrogen atom. The source
of the methoxy group in L' (which is a hemiaminal ether) is thus the
excess of MeOH present in the reaction mixture. Several attempts to
isolate L' failed, which is not surprising because it is well-known in the
literature that the hemiaminal ethers are generally very labile (unstable
in both acidic and basic solutions, as well as very highly temperature-
sensitive, with the equilibrium lying almost entirely toward the starting

3624

Figure 2. ORTEP view of the basic unit of 2. Hydrogen atoms have
been removed for clarity. Thermal ellipsoids are at the 30%
probability level.

materials), and only a few cyclic or protected compounds have been
characterized.”® It is interesting to note that for 2—4 the reaction can
be carried out at room temperature (after the condensation step), but
we were unable to isolate 1 in this way. Furthermore, 2—4 can also be
obtained (in comparable yields as described in the synthesis section)
by heating the reaction mixture as in the case of 1. So, the ligand L' can
be considered as a trapped unstable intermediate. Complex 1
represents a unique example where the so-called unstable hemiaminal
ether (L") has been isolated in metal-arrested form. Scheme 2 shows a
simplified way of forming and trapping L' (may not be the actual
reaction mechanism). Nevertheless, formation of the hemiaminal
ether moiety is very interesting and will be explored in detail
elsewhere.

Intense and broad multiple IR absorptions of azido stretching
vibrations in the range from 2020 to 2080 cm ™" are consistent
with the presence of various bonding modes of the bridging azido
ligands.

Structure Description of 1 and 2. The crystal structures of
complexes 1 and 2 reveal remarkably similar one-dimensional
(1D) arrangements consisting of tetranuclear building units
(Figures 1 and 2), although the space groups in which they
crystallize are different (Table 1). The asymmetric units consist
of two metal atoms, one tridentate L' or L* ligand, and four azido
anions. The tridentate ligands coordinate to one of the Cu"
atoms (Cul, having a distorted octahedral geometry) and the
other metal (Cu2, having a square-pyramidal coordination en-
vironment) has only azido anions in its coordination sphere. The
symmetry of both crystals allows two Cu2 atoms to join together
by azido bridges to form the basic tetranuclear unit. Cul has
three nitrogen atoms from the blocking ligand and one p; ;-
nitrogen atom of an azido group (joining it with the adjacent
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Figure 3. ORTEP view of the basic unit of 3 (left). Thermal ellipsoids are at the 30% probability level. Ball-and-stick representation of the 2D chain of 3.
Color code: copper, green; nitrogen, blue; carbon, gray. Hydrogen atoms have been removed for clarity (right).

Figure 4. ORTEP views of the two fragments of the basic unit of 4. Thermal ellipsoids are at the 30% probability level. Hydrogen atoms have been

removed for clarity.

Figure S. Ball-and-stick representation of the 1D arrangement of 4. Color code: copper, green/cyan; nitrogen, blue; carbon, gray. Hydrogen atoms have

been removed for clarity.

metal atom in an EO fashion) in its equatorial sites [Cul—Ng,
1.973(4)/1.961(4)—2.097(4)/2.068(4) A, from here on the
parameters regarding 1 and 2 are given in the format 1/2].
The axial nitrogen atoms are provided by one u;3-azido
[Cul—N7, 2.579(5)/2.645(5) A] group and one u,,3-azido
group [Cul—NG6, 2.899(5)/2.645(5) A] from an adjacent tetra-
nuclear unit. In the basal plane of Cu2, there are two u, ;-
nitrogen atoms from two EO azido bridges (which join it to a
neighboring Cu2 atom), a nitrogen atom from a ¢, 3-azido group,
and a nitrogen atom from a pendant azido group [Cu2—Ny,,,
1.915(5)/1.930(5)—2.005(4)/2.020(4) A], while the apical
nitrogen is provided by an EO azido group bridging to an
adjacent Cul atom [Cu2—N4, 2.689(4)/2.641(4) A]. Thus,
Cul is bridged to Cu2 by one EO and one EE azido group, and

Cu2 is connected to its adjacent Cu2 by two EO azido bridges,
forming the tetranuclear unit. The coexistence of EO and EE
azido bridges between a pair of metal centers (Cul and Cu2) is
unusual because the EO mode pulls the metals closer while a
wide separation is preferred in the EE bridging pathway. Each
unit joins to its neighboring unit by two 1, ; ;-azido bridges, and
the chain formed runs along the crystallographic a axis (Figure S2
in the Supporting Information).

Within the Cu," units, the Cul—Cu2 distance [4.293(1)/
4.255(1) A] is larger than that for Cu2—Cu2 [3.121(1)/
3.161(1) A], while the two nearest Cul atoms from the adjacent
units are separated by 5.687(1)/5.409(1) A. The EO bridging
angles Cul—N4—Cu2 [131.1(2)/134.7(2)°] and Cu2—NI-
3—Cu2 [103.4(2)/103.3(2)°] are almost equal in the two
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complexes. However, the torsion angles involving the EE azido
group bridging Cul and Cu2 vary widely (Cul —N7—N9—Cu2,
—52.80° for 1 and —20.09° for 2), probably because of the
differences in the geometrical and steric constraints of the two
different ligands. For L', the three nitrogen donor atoms N1, N2, and
N3 have sp”, sp>, and sp hybridizations, respectively, while those in L
have sp’, sp’, and sp® arrangements, respectively. The total bite angles
of the two ligands also differ considerably (N1—Cul—N3, 173.1° for
1and 163.4° for 2). In effect, the N6 atom (of the EO azido group that
joins Cul and Cu2) in 2 comes very close in space [Cu2—NG6,
3.003(5) A] at the sixth coordination position of an otherwise square-
pyramidal Cu2 atom. However, for 1, the Cu2—N6 distance is too
large [4.667(5) A] to have any bonding interaction.

Examples of the coexistence of both EO and EE azido bridges
between two copper atoms are limited.**" Generally the EO mode
is converging in nature and brings two bridged metal centers very
close (ca. 3 A), while the three-atom EE mode prefers the metals at
greater separations (ca. S A). In this situation, the EO mode needs to
involve at least one longer bond (axial) and the bridging angle also
expands. For both 1 and 2, the Cul—Cu2 distance is ca. 4.2 A and
the EO bridging angle is greater than 130°. To the best of our
knowledge, the Cul —Ngo—Cu2 angle for 2 (134.7°) is the largest
for this kind of bridging.

Structure Description of 3. 3 crystallizes in the monoclinic
space group P2,/n and like the previous two complexes contains
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Figure 6. Plots of yy vs T and yT vs T (inset) for complex 1 in the
temperature range of 1.8—300 K. The red line indicates the fitting using
the theoretical model (see the text).

a Cu'", basic unit (Figure 3). However, the bridging arrangement
between the peripheral copper atoms is different in 3, and unlike
1 and 2, it has an overall two-dimensional (2D) structure. The
asymmetric unit contains two metal atoms (Cul, which has a
tetragonally distorted octahedral geometry, and Cu2, which has a
highly distorted square-pyramidal coordination geometry), one
tridentate ligand L°, and four azido anions. All of the azido groups
linking the metals within the basic unit are EO in nature (unlike 1
and 2). Cul has three nitrogen atoms from the ligand L3 and a
Uy, -nitrogen atom (linking to Cu2) in its equatorial plane
[Cul—N,q, 1.951(2)—2.123(2) A], while the axial sites contain
one nl-nitrogen atom and one 172-nitrogen atom of two U113
azido groups [Cul—N,,, 2.383(3)—2.610(5) A]. The approx-
imate basal plane of Cu2 consists of two EO azido nitrogen atoms
(linking to a neighboring Cu2 atom within the basic unit), one
17”-nitrogen atom of a i, ; s-azido group (linking to a Cul atom
within the unit), and a nitrogen atom from a pendant azido group
[Cu2—Ny,, 1.975(4)—2.128(3) A], while the apical position is
taken up by another ¢, ;-nitrogen atom [Cu2—N4, 2.208(2) A]
of an EO azido group (linking to Cul). The double EO azido
bridge between the two central Cu2 atoms of the basic tetra-
nuclear unit is symmetrical in nature, with the two
Cu2—Ngo—Cu?2 angles being equal to 101.29(12)°, while the
same for the peripheral atoms (Cul and Cu2) is asymmetric,
with the two different Cul—Ngo—Cu2 angles measuring at
93.60(11)° and 108.60(11)°.

Each of these Cu', units is linked to four such adjacent units
through four , ; ;-azido bridges and thus forms an overall 2D
structure (Figure 3).

Structure Description of 4. This complex crystallizes in the
triclinic space group P1 and has a complicated 1D structure with
Cu'ly repeating units. The Cu"; basic unit can be broken down
into two centrosymmetric fragments, a linear tetranuclear unit,
[Cuy(LH)4(N3)6)*", in which all copper atoms have the L*
ligated to them (Figure 4), and a linear pentanuclear unit,
[Cus(N3)1]*, in which the copper atoms have only azido
anions in their coordination spheres. In the tetranuclear unit, the
copper atoms are joined by only EE azido groups, while in the
pentanuclear unit, all copper atoms are linked by double EO azido
bridges. The pentanuclear unit has three crystallographically inde-
pendent copper atoms, among which the central Cul atom has a
distorted octahedral geometry, while the other two metal atoms
are (Cu2 and Cu3) square-pyramidal in nature.

Scheme 3. Schematic Diagrams Representing the Exchange Interaction Models Used for Complexes 1 and 2 (Left) and Complex

3 (Right)

Complex 1/2
a=103.4/103.3°, f=131.1/134.7°, 7=-52.8/-20.1°( Inrsilim )
2=2.69/2.64, b=2.02/1.96, ¢=2.58/2.64, d=1.98/1.97 A

Complex 3
¥=101.3°,0=108.6°,p=93.6°.
e=2.00, f=2.61, g=1.96, h=2.21A.
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Figure 7. Plots of yy vs T and )T vs T (inset) for complex 4 in the
temperature range of 1.8—300 K.

All six coordination sites of Cul are taken up by u; ;-nitrogen
atoms of six EO azido bridges, of which the equatorial nitrogen
atoms join two neighboring Cu2 atoms [Cul—N.g, 1.990-
(2)—1.999(2)A] and the axial nitrogen atoms link to the Cu4
atoms in the two adjacent tetranuclear units [Cul —N,,, 2.591(2)
A]. The basal plane of the Cu2 atom is occupied by four u, ;-
nitrogen atoms of four EO azido groups [CuZ—NaP, 1.974-
(2)—2.022(2) AJ, and the apical position is taken up by a n*-
nitrogen atom (linking to a Cu4 atom of an adjacent Cu", unit)
of a ;) 3-azido group [Cu2—N22, 2.263(2) A]. The Cu3 atom
has two EO azido nitrogen atoms and two pendant azido
nitrogen atoms in its basal plane [Cu3—Ny,,, 1.953(3)—2.015-
(2) A), while the apical position is taken up by a 7*-nitrogen
atom (linking to a Cu$ atom of an adjacent Cu", unit) ofa Ui,
azido group [Cu3—N25, 2.663(2) A].

The Cu" unit has two crystallographically different copper
atoms; the two peripheral Cu4 atoms have a square-pyramidal
geometry, while the two central CuS atoms are distorted
octahedral in nature. Within this tetranuclear unit, Cu4 is linked
to the neighboring Cu$S atom by a single EE azido group, while
the two Cu$ atoms are linked by double EE azido bridges. Three
nitrogen atoms from the ligand L* and a nitrogen atom of an EO
azido group occupy the basal plane of Cu4 [Cu4—Ny,,, 1.989-
(2)—2.070(2) A], while the apical position is taken up by a
nitrogen atom of an EE azido group [Cu4—N22, 2.242(2) A].
For Cus$, the equatorial plane is taken up by three nitrogen atoms
from the tridentate ligand and a nz—nitrogen atom (linking to a
Cu3 atom of an adjacent Cu's unit) of a i, s-azido group
[CuS—N,g, 1.987(2)—2.059(2) A, while the axial positions
have two # -nitrogen atoms of two u;,3-azido groups
[CuS—N,,, 2.447(3)—2.729(3) A]. Thus, the two adjacent Cu L
and Cu s units are joined together by one u, ;-azido and two
U1,15-azido groups, and the process repeats to form a 1D
arrangement along the crystallographic ¢ axis (Figure S).

Magnetic Behavior. Complexes T and 2. The close similarities
in the structures of 1 and 2 are also reflected in their magnetic
behavior (Figure 6 and the Supporting Information). The room
temperature (300 K) y T values [1.59 (1)/1.76 (2) cm® K mol ]
are slightly higher than that for four uncoupled Cu" ions (T =
0.375 cm® K mol ' for an § = '/, ion with g = 2). For both
complexes, the YT value gradually increases upon a decrease in the
temperature from 300 K, and below 50 K, there is a sharp jump, and
finally it reaches a maximum value of 4.83 (1)/5.58 (2) em® K
mol ' at 1.8 K. The 1/yy vs T plot (300—50 K) obeys the

Table 4. Comparison of the Experimental and DFT Studies

complex Ik from fitting (cm ™) from DFT (cm ')
1 I 22 —317
I +55.1 +10S8.7
2 I\ —14 —227
A 1393 1567
3 I ~19 ~136
A 272 544

Scheme 4. Systems Used for Computational Studies on 2

Model ZA

Curie—Weiss law with a positive Weiss constant of 6 = 5.03 (1)/
16.40 (2) K (Figure SS in the Supporting Information). The nature of
the ypT vs T plot and the positive 6 suggest a dominant ferromagnetic
exchange among the four Cu" ions through the azido bridges.

The magnetic exchange in the basic centrosymmetric core
can be modeled as Cu(S;) — J; — Cu(S,) — J, — Cu(S;) — J; —
Cu(S,), and because the two central copper atoms are bridged by
double EO azido bridges while the peripheral copper atoms are
bridged by one EO azido group and one EE azido group, J; and ],
are not expected to be identical (Scheme 3).27’10d A reasonable fit
can be obtained for interaction of the tetranuclear units by
application of the conventional Hamiltonian

H= —Ji(5S% + $8) — 125:S;

and the introduction of an intertrimer zJ' term. Considering
these three different exchange parameters, analysis of the experi-
mental susceptibility values has been performed using the
following expression:

2 = /11— (22 /NGB

i = (Ng*B*/3KT)(4/B)

where A = 30 exp(E,/kT) + 6 exp(E,/kT) + 6 exp(E3/kT) + 6
exp(E4/kT) and B =S exp(E,/kT) + 3 exp(E,/kT) + 3 exp(E;/
kT) + 3 exp(E4/kT) + exp(Es/kT) + exp(E¢/kT).

Ei = Ji/2+]/4
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By = —Ji/2+]/4

i +]22)1/2/2

Ej

—h/4—
E = —L/4+ (2 +10) "2

Es = —Ji/2—h/4— 42—+ )22

Es = —Ji/2—h/4+ @2 —20h+ 1222

The values giving the best fit (10—300 K) forlareJ;=—22(1)em ',
J=+551(7) em™ 2] = —1.7(2) em™ andg 2.15(1) (R=88: x
10%), and those for2are]1 —14(1) em™ ', J, = +39.3(6) cm

z = —10(2) an”, and g = 2.12(1) (R =73 x 10~ 5)

In both complexes, the two central Cu" ions of the linear
Cuy basic units are in square-pyramidal environments,
whereas the peripheral Cu" ions have octahedral geometries.
The longer axial bond lengths in both cases indicate the
presence of the unpaired electron in the basal/equatorial
d,2_,» orbital. The Cu—Ngo—Cu bond angles for the two
central metal atoms (for both complexes) are well below the
cutoff angle 108°, and also all bridging bonds are “short” in
nature. So, a moderately strong ferromagnetic interaction is
expected for this pair of copper ions and is indeed found from
the fitting [J, = +55 (1)/+39 (2) cm '], whereas the
Cu—Ngo—Cu bond angle between the other pair is very high
[131.1° (1)/134.7° (2)] and this pair is also linked by an EE
azido group, which generally transmits antiferromagnetic
interaction. Because both bridges for this pair involve ax-
ial—equatorial exchange interactions, the low negative fitting
value obtained matches well with our expectations. The
intercluster antiferromagnetic interaction is probably a result
of cis-EE pathways.

Complex 3. At 300 K, the T value is 1.56 cm® K mol ',
which is a little higher than expected for four uncoupled Cu" ions
(Figure S4 in the Supporting Information). The y\T value
gradually increases upon a decrease in the temperature and
shows a rapid jump below 50 K, to reach a maximum value of
1.97 cm® Kmol ' at 14 K. Below this temperature, the y)T value
decreases sharply (saturation effect) to 1.26 cm® K mol " at 1.8
K. The 1/ym vs T plots (300—50 K) obey the Curie—Weiss
law (Supporting Information) with a positive Weiss constant of
0 = +13.77 K, which along with the nature of the y\T vs T plot
indicates a dominant ferromagnetic interaction among the
metal ions.

The Cu", building unit of 3 can be treated similarly to that of 1
and 2 (Scheme 3), and thus the same model can be used to fit
the magnetic susceptibility data. The values giving the best fit
(10—300 K) are ]1 = —1.9(1) cm ), T, = +27.2(8) cm ),
2] = —15(1) em Y, and g = 2.11(1) (R=6.6 X 10°).

For 3, the two central copper ions are in a distorted square-
pyramidal geometry, but the bond parameters suggest that the
bridging between this pair of metal atoms is otherwise very much
similar to that of 1 and 2. The peripheral copper atoms, however,
are bridged by double (asymmetric) EO azido groups, with
the two Cu—Ngo—Cu bridging angles on both sides of the
cutoff angle (108.6 and 93.6°). The bridging bonds involving
the larger angle are smaller (equatorial—apical) than the bonds
(axial—basal) involving the shorter angle (Scheme 3). Thus,
the antiferromagnetic interaction (108.6°, with short bonds;
ndaVg =208 A) is stronger than the ferromagnetic interaction
(93.6°, with longer bonds; d,y, = 2.31 A), giving an overall small
negative value for J;.

Complex 4. The temperature dependence of the magnetic
susceptibility of 4 in the form of y T and y vs T is displayed in
Figure 7 (where yy is the molar magnetic susceptibility per Cu'
unit). At room temperature, the value of yyT is 3.81 cm® K
mol ', which is slightly above the expected value of 3.38 cm® K
mol " for nine uncoupled Cu" ions. Upon cooling, the yyT
value increases slowly and then more rapidly below 75 K to reach
the maximum value of 6.49 cm® K mol ™" at 6 K and then falls
rapidly to 5.12 cm® K mol " at 1.8 K, indicating a ferromagnetic
coupling between the Cu" ions. Accordingly, the 1/y vs T plot
(300—50 K) follows the Curie—Weiss law (Figure SS in the
Supporting Information) with a positive Weiss constant of
0=+2491 K

Unfortunately, we were not able to model the exchange
pathways because of the complicated structure of the complex
and a basic unit of high nuclearity, which leads to overparame-
trization. The ferromagnetlc exchange within the complex is
dominant because the Cu''s unit is expected to be very strongly

Table 5. Atomic Spin Densities (in au) of 2 in Its Three Spin
States

atom quintet triplet singlet
Cul 0.496727 0.522 840 0.510389
Cu2 0.494 519 0.518 581 —0.322628
Cu3 0.503729 0.519932 0.329 160
Cu4 0.492239 —0.540176 —0.510563
N1 0.134774 0.130965 0.128 922
N2 0.114448 0.106 334 —0.065 606
N3 —0.023018 —0.017 885 —0.001011
N4 0.045473 0.037738 —0.038 617
NS 0.110300 0.105 357 —0.011659
N6 0.110 145 0.105925 0.007 452
N7 0.140 195 —0.118975 —0.125910
N8 0.043261 0.033 519 0.042 287
N9 —0.020 048 —0.015 444 —0.001272
0.109 200 0.102 818 0.070392

quintet

o el et

triplet

singlet

Figure 8. Spin-density maps calculated for model 2 at the B3LYP level for the three states. Positive and negative spin populations are represented as
yellow and green surfaces. The isodensity surfaces correspond to a value of 0.0025 e/b>.
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f—-—o.‘:

triplet singlet

triplet singlet

Figure 9. Spin-density maps calculated for 2A (top) and 2B (bottom)
at the B3LYP level for singlet and triplet states. Positive and negative spin
populations are represented as yellow and green surfaces. The isodensity
surfaces correspond to a value of 0.0025 e/b>.

ferromagnetically coupled by the EO azido bridges (the average
Cu—Ngo—Cu bridging angle is 101.3°).

Theoretical Study. To gain insight into the magnetic exchange
mechanism in complexes 1—3, spin-unrestricted calculations
were performed at the X-ray geometry using the Gaussian 03
package at the B3LYP level employing the LanL2DZ basis set.
The results of the theoretical studies (see the Computational
Methodology section for details) in terms of the calculated
exchange parameters are summarized in Table 4.

For all three complexes, the quintet state is found to be the
ground state, followed by the triplet and singlet states, respec-
tively. The ] values were calculated using the energy differences of
these states as described earlier.

Because all three complexes present similar features in terms of
the relative energies of their spin states, here we will give a
detailed description for 2, and the same for the other two
complexes is presented in the Supporting Information. To
further ascertain the accuracy of the exchange parameter values,
we have performed single-point energy calculations (singlet and
triplet states) of the two dinuclear fragments of the tetranuclear
unit to determine individually the pairwise exchange coupling
constants (models 2A and 2B, Scheme 4). The calculated values
for the exchange parameters J; and J, from the two fragments are
—18.1 and +44.1 cm™ ', respectively, and are in good agreement
with the values calculated for the tetranuclear model (see
Table 4).

The representations of the spin-density distribution corre-
sponding to three spin states for 2 are Iplotted in Figure 8, and the
atomic spin densities of the four Cu' atoms and the bridging N
atoms of the three states are summarized in Table S. As expected,
the spin-density distributions for the two central metal atoms in
the quintet ground states in 2 and 2A (Figure 9) show pre-
dominance of the delocalization mechanism through a o-type
exchange pathway involving the d,._,» magnetic orbitals of the
Cu" atoms and the sp” hybrid orbitals of the EO azido nitrogen
bridging atoms, providing evidence for the moderately strong
positive exchange observed experimentally. For 2, the spin
densities delocalized over the nitrogen bridging atoms (NS and
N6) are around 0.11 e, and the average spin population on the
Cu" atoms (Cu2 and Cu3) is 0.50 e (see Table 5). Spin-density
distributions for complexes 1 and 3 also show similar features
(see the Supporting Information).

Although the agreement in the sign and magnitude order
between the theoretical and experimental results for the three
complexes is fairly good, the ] values obtained by DFT calcula-
tions are considerably higher than the experimental ones. This
may be attributed to either the intrinsic limitations of the
method, the flexibility of the structures that allow structural
changes when the sample is cooled, or simply the fact that the
basic units are not magnetically isolated, as indicated by the
intercluster exchange parameter.

Bl CONCLUDING REMARKS

We have presented versatility of azide as a linker using lower
molar amounts (0.5 equiv with respect to copper) of the blocking
ligands, by introducing four tridentate ligands to synthesize and
characterize four polyclusters. All four complexes were found to
be predominantly ferromagnetic, and the results of the theore-
tical treatment (DFT) corroborated nicely with the experimental
findings. The chelating ligands were prepared in situ by simple
condensation reactions. Interestingly, in 1, the blocking ligand,
which is a new hemiaminal ether, was found to be “trapped”.
Although hemiaminal ethers are known to be very unstable
intermediates, complex 1 represents a unique stable system
containing trapped hemiaminal ether L'. Although the two
tridentate ligands in 1 and 2 are structurally different, the basic
and overall structures (1D) of these two complexes were found
to be remarkably similar, whereas for 2 and 3, the two ligands
differ only by the alkyl (Me/Et) groups on one of the nitrogen
atoms, and results in the two are very different in both basic
repeating unit and overall structures. Like most of the serendi-
pitous assemblies, no conclusive explanation is available for these
observations, and probably this inadequacy fuels the surge for
new reaction methodologies and, in turn, new structures.
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