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ABSTRACT: The synthesis and magnetic properties of five new homo- and

heterometallic nickel(II) complexes containing artificial amino acids are ’
reported: [Ni,(aib);(aibH);(NO3)](NO3),4+3.05MeOH (1-3.05MeOH), / : \
[NiéLa(aib)lz] (NO3)3 * SSHzo (2 * SSHzo), [Nispr(aib)lz] (NO3)3 * 1

55H20 (3'55H20), [le(OH)Z(L-aba)4(OAC)4]'04EtOH-03H20
6(4-0.4EtOH-0.3H,0), and [NigLa(i-aba);,][La,(NO3)s] (55 aibH = £, S\
2-aminoisobutyric acid; 1-abaH = L-2-aminobutyric acid). Complexes 1 ‘_" e s

and 4 describe trigonal-pyramidal and square-based pyramidal metallic

clusters, respectively, while complexes 2, 3, and § can be considered to be

metallocryptand-encapsulated lanthanides. Complexes 4 and S are chiral and crystallize in the space groups 1222 and P2,3,
respectively. Direct-current magnetic susceptibility studies in the 2—300 K range for all complexes reveal the presence of dominant
antiferromagnetic exchange interactions, leading to small or diamagnetic ground states.

B INTRODUCTION

Over the past few years, the synthesis of polymetallic clusters
has attracted enormous interest because of the applications that
such species present in various fields of science and technology."
One of the most intriguing developments in molecular magnet-
ism is the discovery that simple coordination compounds of para-
magnetic metal ions can function as nanomagnets at low temper-
atures in the absence of an external magnetic field, retaining their
magnetization once magnetized.” This phenomenon, which has
been termed single-molecule magnetism, was initially investi-
gated for 3d metals such as manganese and iron and has now
been expanded to include all other d- and f-block metal ions.
F-block ions such as the lanthanides are the most recent addition
to the single-molecule magnet (SMM) family with examples of
lanthanide-only clusters, including single-ion complexes, exhibit-
ing slow relaxation of the magnetization at low temperatures.
This is also true for the 3d—4f heterometallic clusters because
such species represent excellent candidates for displaying
enhanced magnetic properties.” In order for a cluster to display
SMM behavior, two criteria must be met, namely, a large spin
ground state, S, and a large negative magnetoanisotropy, D. That
justifies why lanthanides are considered to be central players in
the SMM field; the magnitude of the spin and the magnetic
anisotropy of the lanthanides provide good starting “ingredients”
for the synthesis of SMMs.

An important future development for the 3d—4f SMM field is
the discovery of new synthetic schemes that can yield new
molecules and families of related molecules with large spins
and/or significant values of magnetoanisotropy. With the above
in mind, we initiated a project to examine the synthetic systems of
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NiZ"/Ln>"/aibH and Ni>"/Ln>"/ L-abaH, where aibH is 2-ami-
noisobutyric acid and 1-abaH is L-2-aminobutyric acid (Scheme 1).
Herein we report the syntheses, structures, and magnetic proper-
ties of five new homo- and heterometallic clusters built with these
artificial amino acids.

B EXPERIMENTAL SECTION

All manipulations were performed under aerobic conditions, using
materials as received.

[Nig(aib)s(aibH)3(NO3)1(NOs),-3.05MeOH (1-3.05MeOH).
Method 1: To a stirred solution of Ni(NOj3), - 6H,0 (292 mg, 1 mmol)
and La(NO3);-6H,0 (177 mg, 0.5 mmol)) in MeOH (30 mL) was
added aibH (103 mg, 1 mmol). The resulting pale-green solution was
left to stir for 45 min, during which time it did not change color. The
solution was then filtered and layered with Et,O (40 mL). Pale-green
crystals of 1-3.05MeOH formed over 2 days in ~40% yield. Anal. Calcd
(found) for 1: C, 26.37 (26.45); H, 5.42 (5.24); N, 11.67 (11.72).

[NisLa(aib)12](NO3)3 -55 Hzo (2 . 5.5H20). To astirred solution
of Ni(NO3),+6H,0 (292 mg, 1 mmol), La(NO3)3-6H,0 (177 mg,
0.5 mmol), and aibH (103 mg, 1 mmol) in MeOH (30 mL) was added
NEt; (2 mmol). The resulting pale-green solution was left to stir for
4S min, during which time the solution turned pink. The solution was
then filtered and allowed to evaporate slowly. Pink crystals of 2+ 5.5H,O
formed over 2 days in ~45% yield. Anal. Calcd (found) for 2: C, 30.30
(30.36); H, 5.09 (4.93); N, 11.04 (11.09).

[NigPr(aib);21(NO3)3+5.5H,0 (3-5.5H,0). Complex 3 was
synthesized according to the procedure followed for 2. Yield: ~55%.
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Scheme 1. Structures of aibH and r-abaH and Their Coordination Modes in 1—§
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Anal. Calcd (found) for 3: C, 30.27 (30.35); H, 5.08 (4.90); N, 11.03
(11.12).

[Nis(OH),(L-aba)4(OAc),]-0.4EtOH-0.3H,0 (4-0.4EtOH-
0.3H,0). To a stirred solution of Ni(OAc),-4H,0 (245 mg, 1 mmol)
and La(NO3); - 6H,0 (177 mg, 0.5 mmol) in EtOH (30 mL) was added
L-abaH (103 mg, 1 mmol). The resulting pale-green solution was left to
stir for a further 45 min, during which time it did not change color. The
solution was then filtered and layered with Et,O (40 mL). Pale-green
crystals of 4 formed over 2 days in ~25% yield. Anal. Calcd (found) for
4: C, 30.14 (30.25); H, 5.25 (5.34); N, 5.41 (5.29).

[NigLa(L-aba);,][Las(NO3z)o]l (5). To a stirred solution of
Ni(OAc),-4H,0 (245 mg, 1 mmol), La(NO3)3-6H,0 (177 mg, 0.5 mmol),
and L-abaH (103 mg, 1 mmol) in MeOH (30 mL) was added NEt;
(2 mmol). The resulting pale-green solution was left to stir for 25 min,
during which time the solution turned green-purple. The solution was
consequently filtered and allowed to slowly evaporate. Pink crystals of §
formed over 2 days in ~45% yield. Anal. Calcd (found) for S: C, 22.59
(22.46); H, 3.79 (3.53); N, 11.52 (11.64).

Physical Methods. Elemental analyses (C, H, N)) were performed
by the University of Ioannina microanalysis service. IR spectra (4000—
450 cm ') were recorded as KBr pellets on a Jasco FT/IR-410 spec-
trophotometer. Variable-temperature, solid-state direct-current (dc)
magnetic susceptibility data down to 2.0 K were collected on a Quantum
Design MPMS-XL SQUID magnetometer equipped with a S T' dc magnet
at The University of Crete. Diamagnetic corrections were applied to the
observed paramagnetic susceptibilities using Pascal’s constants.

X-ray Crystallography and Structure Solution. Diffraction
data for complexes 1, 3, and 4 were collected on an Xcalibur PX
diffractometer with CCD Onyx and for 2 and 5 on a KM4 diffractometer
with a CCD sapphire camera and Mo Ko radiation (4 = 0.71073 A).
The crystal for 2 was slowly cooled from room temperature to 100 K, at
which data collection was carried out. On the contrary, slow cooling of
crystal 3 resulted in its twinning; thus, it was immediately placed at 100 K
(supercooling). All structures were solved by direct methods and refined
by full-matrix least-squares techniques on F* (SHELX).

In the structure of 1, one of the methanol molecules coordinated to a
Ni atom was split into two positions because of disorder. Most of the
anions were disordered over two positions as well. In the structure of 2,
one of the Ni atoms was modeled as disordered over two positions with
occupation factors of 0.74 and 0.36. The nitrate anions were disordered
over three and two sites for N15 and N16, respectively. All water
molecules are disordered. The refinement of structure 3 was started by
using the coordinates for heavy atoms of the isomorphous structure of 2.
Additional disorder was introduced to the complex cation (one La atom
disordered over three positions and two Ni atoms over two positions,
each). The nitrate anions were disordered over two positions. The water
molecules showed behavior similar to that in the structure of 2. In the
structure of 4, two of four coordinated r-aba ligands show disorder

(terminal ethyl groups occupy two positions). One of the coordination
sites of Ni3 consists of water (50%) and ethanol (50%) molecules. In the
structure of S, the terminal groups of three coordinated L-aba ligands
were refined as disordered over two positions, each.

Data collection parameters and structure solution and refinement
details are listed in Table 1. Full details for 1—S$ can be found in the CIF
files provided in the Supporting Information.

B RESULTS AND DISCUSSION

Synthesis. The reaction between Ni(NOs;),:6H,0, La-
(NO;);+6H,0, and aibH in the absence of a base in MeOH
gives complex 1, which was crystallographically identified as
1-3.05MeOH. To our initial surprise, the complex contains only
Ni" ions, despite the fact that La"" ions were added in the reac-
tion “blend” in a 2:1 (Ni"/La™) ratio. Furthermore, repeating
the same reaction in the absence of the Ln"" ions did not lead to
any crystalline material. Therefore, we repeated the synthetic
procedure with decreased ratios of Ni'/La™ as a means to
“force” the Ln centers into the reaction product. Nevertheless,
our attempts were not successful even at Ni''/La'" ratios as low as
1:3. With the identity of complex 1 established, we repeated the
synthetic procedure by adding a base, NEt;, to our reaction
mixture while keeping all other reaction conditions unchanged
(e.g., reaction time, concentrations, etc.). This was done as a
means of creating OR™/ o> groups that would favor the binding
of the oxophilic Ln ions. Indeed, the result was the isolation of
complex 2, in which both Ni" and La™ centers are present, albeit
with no OR™/O”" groups present. A possible explanation may
lie in the ratios employed. The ratio of Ni"/aib ™ in complex 1 is
2:3 (considering the deprotonated carboxylic group of the
ligands present), while in 2, this ratio has decreased to 1:2.
The addition of a base increased the amount of aib , leading to a
lower Ni/aib ratio, resulting in the presence of more O-contain-
ing ligands, and therefore to encapsulation of the oxophilic Ln™"
ion. This assumption is further supported by the fact that in both
1 and 2 the ligand is found in the same binding mode (vide infra).
With the identity of complex 2 established, the next obvious step
was the synthesis and characterization of an analogous NigLn
complex in which the Ln center would be both paramagnetic and
magnetically anisotropic. Therefore, we repeated the synthesis of
2 but with the use of Pr(NO;);*6H,O as the lanthanide source,
and complex 3 was formed. Complexes 2 and 3 are isostructural
and only differ in the nature of the central lanthanide. Similar
[NigLn] complexes have been isolated and reported in the past
with the use of naturally occurring amino acids (vide infra).
Having isolated complexes 1—3 with the use of aibH, we then
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Table 1. Crystallographic Data for Complexes 1—5

1.3.0SMeOH 2-5.5H,0 3.5.5H,0 4-0.4EtOH-0.3H,0 S
formula“ C32.05Hs3.20- CysHio7LaN s- CysHi07N)5- Ca6.80Hs7Ny- CasHoslaN 5NigO04 -
N 1NiyO35.05 NigO3s.5 NigO3g.50Pr NisO20.70 La;NyO,7
M,, 1418.54 2001.66 2003.66 1060.11 255245
cryst syst triclinic orthorhombic orthorhombic orthorhombic cubic
space group P1 Pnnm Pnnm 222 P2,3
a/A 11.950(4) 16.557(5) 16.373 (7) 13.172 (6) 21.510 (7)
b/A 12.369(4) 17.905(5) 17.206 (8) 17.242 (8)
/A 21.992(6) 14.130(4) 13.912 (4) 22.112 (10)
o./deg 91.86(3)
f/deg 101.19(3)
y/deg 103.07(3)
V/A3 3096.3(17) 4189(2) 3919(3) 5022(4) 9952(10)
VA 2 2 2 4 4
T/K 100(2) 298(2) 100 100 110
°/A 0.71073 0.71073 0.71073 0.71073 0.71073
D./g om”? 1.522 1.587 1.698 1.402 1.704
#(Mo Ka)/ mm ™" 1.30 191 2.12 191 2.46
measd/indep (Rio) reflns  32935/16778 (0.022) 51 641/5256 (0.061) 18237/4641 (0.025) 14 198/5484 (0.077) 130979/13 567 (0.057)
obsd reflns [I > 20(I)] 12337 4458 3786 2700 10145
wR2¢ 0.108 0.131 0.103 0.189 0.136
R1%¢ 0.038 0.042 0.039 0.062 0.047
GOF on F* 1.062 1.05 1.10 1.04 1.08
APmaxmin/€ A3 1.04, —0.90 1.13, —1.03 1.34, —1.51 1.33, —0.81 2.49, —1.09
“Including solvate molecules, Mo Kat radiation, and a graphite monochromator. “wR2 = [Zw(|F2| — |F2)*/sw|F.2*1Y2 9For observed data.

‘Rl =3YIF,| — [Fll/2|F,|.

modified the amino acid in order to investigate how this would
affect the identity of the product. Therefore, we turned our
attention to L-abaH, an isomer of 2-aminoisobutyric acid. Even
though the two ligands employed in our work are structural
isomers, their differences could quite easily affect the structures
and/or magnetic properties of the products. Initial attempts to
isolate any crystalline material with the use of Ni(NO3), - 6H,0O
as the source of Ni"" were not fruitful, and therefore we employed
Ni(OAc),-2H,0. Indeed, the reaction between Ni(OAc),-
4H,0, La(NO3);+:6H,0, and r-abaH in alcoholic solvents in
the absence of a base led to the formation of the homometallic
Ni" pentanuclear (vs tetranuclear in the case of aibH) complex 4,
in which the Ln ions do not participate in the reaction product as
in the case of 1. We tried to repeat the synthesis of 4 without
adding La"" in the reaction mixture, but all of our attempts were
unsuccessful. In order to verify our initial hypothesis that it was
the added base that was responsible for lanthanide encapsulation,
we repeated the synthesis of 4 in the presence of NEt;. The result
was the formation of S, which can be regarded as the “L-abaH
analogue” of complexes 2 and 3. Interestingly, the counterion in
the case of complex § is the lanthanide dimer, [Lay(NO5)o]*". It
is noteworthy that, although r-abaH affects the identity of the
homometallic Ni"' product, it does not affect the identity of the
heterometallic complex. Also, despite the structural similarity of
aibH and r-abaH, the ligands do not adopt the same binding
modes (Scheme 1, vide infra).

The coordination chemistry of 2-aminobutyric acid has scar-
cely been investigated, with the only metal complexes reported so
far being a europium(III) monomer and four copper(Il) mono-
mers.> On the other hand, the coordination chemistry of

5177

Figure 1. Molecular structure of the cation of complex 1. Color code:
Ni, green; O, red; N, blue; C, gold.

2-aminoisobutyric acid has been explored more extensively. Yet
again, most of the complexes isolated are monomers or dimers
(i.e., in the case of lanthanides),” with the only exceptions being a
beautiful impressive [Cu,4,Gds] complex® and a [Zn;] complex.”

Description of the Structures. The structure of complex 1 is
shown in Figure 1, with select bond lengths and angles given in
Table 2. The central core of 1 describes a [Ni,(aib);(aibH);]>"
trigonal pyramid, in which the basal metal centers occupy the
corners of an isosceles triangle (Ni3- - *Ni2 = Ni2- - -Ni4, ~5.4 A;
Ni3- - -Ni4, ~5.3 A), with the edges of the triangle consisting of
aib” ligands. The height of the pyramid is ~1.45 A. The aib™
ligands coordinate as shown in Scheme 1 to produce the [Ni,-
(aib);(aibH);]** magnetic core in which the peripheral metal
atoms are connected to each other via three 7% :n"15-aib™
ligands, which also bond to the central Ni center via three
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Table 2. Select Interatomic Distances (A) and Angles (deg) for 1-3.05MeOH

Nil—O011 2.0345(18) Ni2—026
Nil—012 2.0515(16) Ni2—021
Nil—013 2.0547(17) Ni2—014
Nil—015 2.0551(17) Ni2—N14
Nil—016 2.0624(15) Ni3—022
Nil—014 2.0749(16) Ni3—024
O11-Nil—-012 87.50(7) O13—Nil—-014
O11-Nil—013 84.34(7) 015—-Nil-014
012—Nil—013 87.42(7) 016—Nil—014
0O11-Nil—015 173.41(6) 026—Ni2—021
012—Nil—015 92.29(6) 026—Ni2—014
013—Nil-015 89.08(7) 021-Ni2—014
011-Nil—016 90.83(7) 026—Ni2—N14
012—Nil-016 175.87(6) 021-Ni2—N14
013—Nil-016 96.17(7) O14—Ni2—N14
015—Nil-016 89.80(6) 022—Ni3—024
O11-Nil—014 94.36(7) 022—-Ni3—015
O12—Nil—014 87.85(6) 024—Ni3—015

2.0192(17) Ni3—015 2.0295(15)
2.0224(18) Ni3—N1$ 2.0573(19)
2.0386(16) Ni4—025 2.0334(17)
2.063(2) Ni4—016 2.0405(17)
2.0202(16) Ni4—N16 2.045(2)
2.0224(16) Ni4—023 2.051(2)
Ni4—O0114 2.132(2)
175.14(6) 022—-Ni3—N15 89.95(7)
92.21(7) 024—Ni3—N1S 178.99(6)
88.52(6) 015-Ni3—N15 81.71(7)
89.98(7) 025-Ni4—016 99.33(7)
97.01(6) 025—Ni4—N16 179.01(8)
93.32(7) 016—Ni4—N16 81.51(8)
177.04(8) 025—Ni4—023 88.27(7)
87.84(9) 016—Ni4—023 93.41(7)
81.12(7) N16—Ni4—023 92.21(9)
89.78(7) 025-Ni4—0114 81.28(7)
93.62(7) 016—Ni4—0114 92.44(7)
99.28(7) N16—Ni4—O114 98.18(9)
023—Ni4—0114 168.73(7)

Figure 2. Crystal packing (left) and hydrogen bonding (right) in 1. The differently colored nickel(II) polyhedra indicate molecules belonging to

neighboring sheets. Color code: same as that in Figure 1.

monatomic Ocyboxylate Pridges. The bonding of the peripheral Ni
atoms to the central Ni3 ion is further supported by three
additional syn,syn-17":;";t,-aibH ligands in their zwitterionic
form. The coordination spheres for the Ni atoms are completed
by four MeOH molecules and one NO; ™ anion, which is ter-
minally bonded to Ni4. Each Ni center is six-coordinate, adopt-
ing a distorted octahedral geometry. Alternatively, the core of the
structure can be described as a [Ni,(OR);]>" “star”, in which the
central Ni atom (Nil) is connected via three monatomic bridges
(from three 7”:17":)": t3-aib ™~ ligands) with the three peripheral
Ni atoms. A detailed CCDC search reveals a total of 397 Ni',
complexes, with the vast majority describing [Nis(OR),] i
cubanes, distorted cubanes, cubes (i.e., cubanes with diatomic
bridges present), defective double cubanes, [Ni,(OR)4]"" squares,
rectangles, “dimer-of-dimers”, and linear topologies. From all

~400 structures, there is only one report of a similar Ni", star,
whose magnetic ground state has not been reported.'

In the crystal lattice, the molecules stack upon each other in a
“head-to-head” fashion, forming sheets with the solvent mol-
ecules and the nitrate counterions occupying the space within
these sheets (Figure 2, left). In addition, the [Ni,] molecules and
the non-disordered nitrate form a one-dimensional tape along
the b axis. The rest of the disordered solvates as well as the
disordered NO; ™ participate in the hydrogen bonding connect-
ing the tapes to the three dimensions, but because of their highly
disordered nature, analysis of the hydrogen-bonded network is
not possible (Figure 2, right).

The structures of complexes 2, 3, and § are shown in Figures 3
and 4, with select bond lengths and angles given in Tables 3, 4,
and 6. Complexes 2, 3, and § display very similar structures, and
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Figure 3. Molecular structures of the cations of complexes 2 (left) and 3 (right). Color code: Ni', green; La™, purple; pr'™ orange; O, red; N, blue;

C, gold.

Figure 4. Molecular structure of complex S. Color code: Ni', green;
La™ purple; O, red; N, blue; C, gold.

so for the sake of brevity, we provide a generic description,
highliﬁhting individual differences. Their metallic core consists of
a Ni's octahedron, which encapsulates one Ln™ ion. The
encapsulation of the Ln"" ion occurs via 12 deprotonated aib™
(L-aba™ in the case of 5) ligands, which each bonds to the central
Ln ion via one monatomic Oco, bridge, providing Ln™ with an
icosahedral coordination sphere (Figure 5, left). The Ln"" ion is
held captive within the cavity of three macrocycles, which are
assembled perpendicular to each other, with the threading points
being the Ni" centers, forming a cryptand-like molecule
(Figure S, right). The 12 aib™ (r-aba™ for §) ligands all bond
in a %' 5 fashion, and each Ni center is six-coordinate,
adopting a distorted octahedral geometry. For §, the structure of
the counteranion [LaIHZ(NO3)9]37 consists of two La'" ions at
~4 A bridged by three *:n": NO; ™. In addition, each La'™"
center “carries” three chelate nitrates. The closest [NigLa]®>" - - «
[La,(NO;)s]* distance is ~12 A. For complexes 2 and 3 in the
crystal, each [NigLn] complex sits directly on top of another,
creating a column of [NigLn] molecules encapsulating the
nitrates and the solvate molecules (Figure 6), while for complex
S, the [Nigla] and [La,] units assemble through multiple
hydrogen bonds to form a three-dimensional framework that
conforms to the pcu—(412.63) net (Figure 7). In this arrangement,
each [NigLa] unit is connected to six [La, ] units, and each [Laj,
moiety is connected to six [Nigla] species. Therefore, the
underlying net is uninodal, with two chemically different nodes
of the same connectivity.

Complex 4 crystallizes in the chiral (orthorhombic) space
group 1222. Select bond lengths and angles are given in Table 5.
Its metallic core consists of two corner-sharing, scalene [Ni;-
(13-OH)]*" triangles (Nil - - -Ni2, 2.85 A; Ni2- - - Ni3, ~3.0 A;
Nil - - -Ni3, 3.47 A), with the edges of the triangles consisting of

L-aba” and acetate ligands (Figure 8). Alternatively, the structure
may be considered to be square-based pyramidal, in which the
central apical Ni'" ion, Nil, is located at ~1.3 A above the mean
plane defined by the remaining four Ni centers. The r-aba™
ligands coordinate in two ways: two of them in a 7”:;7":17 15
fashion, responsible for the intertriangular linkage, and the
remaining two in a 7*1";u manner with one “free” carboxylate
oxygen, responsible for the intratriangular stability. Furthermore,
there are four 17':57";u acetates bridging Ni centers belonging to
the same triangle. In the crystal lattice, the molecules of 4 form a
two-dimensional hydrogen-bonded square grid parallel to the ab
plane (Figure 8, right). A thorough CCDC search revealed 81
discrete [Nis] clusters reported so far, with complex 4 being only
the second chiral Ni"s cluster.”

dc Magnetic Susceptibility Studies. Variable-temperature
dc magnetic susceptibility data were collected for all complexes in
the temperature range 5.0—300 K under an applied field of 0.1 T.
These are plotted as y\T versus T in Figure 9. For 1, the room
temperature ¥ T value of 4.34 cm® Kmol ' is slightly lower than
the expected value of 4.41 cm® K mol ™' for four noninteracting
Ni'" ions (with g = 2.1). Upon cooling, the value of T remains
almost constant until ~50 K, below which it increases to a
maximum value of 5.03 cm® K mol ' at 6.5 K and then decreases
to 4.97 cm® K mol ™" at 5 K. This behavior is consistent with the
presence of both antiferromagnetic and ferromagnetic interac-
tions between the metal centers, with the low-temperature value
indicating an S & 2 spin ground state. We were able to
successfully simulate the magnetic susceptibility data using the
3] model of Figure 10 and Hamiltonian equation (1), which
assumes the following exchanlge interactions: one exchange (J;)
between the peripheral Ni' ions and the central Ni" ion
(mediated by one monatomic and one syn,syn-1":17";u,-carbox-
ylate bridge) and two J's (J, and J3) between the Ni pairs located
on the isosceles triangular base of the trigonal pyramid: J, be-
tween Ni3- - -Ni2 and Ni2- - -Ni4 and J; between Ni3- - -Ni4,
all mediated by one 77%:":77";u3-carboxylate bridge. Using the
program MAGPACK'? and employing the Hamiltonian in eq 1

I:I = - 2]1(31 '32 + Sl '33 + 31 '34)
—2]2(32'§3+§2’§4) —2]3(33'34) (1)
afforded the parameters J; = 3.15 em ™', J, = —2.05 cm ™,
J3=—0.95 cm ™', and g = 2.08. The ground state of 1 was found

to be S = 2, with the first excited state (S = 3) located only
1.2 cm™ ' above. The ferromagnetic nature of J; may be attributed
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Table 3. Select Interatomic Distances (A) and Angles (deg) for 2-5.5H,0"

La—Ol1 2.719(2) Nil—021
La—013 2.735(3) Ni2—O011
La—014 2.746(3) Ni2—N11
La—012 2.746(2) Ni2—023'
Nil—-012 2.035(2) Ni2—024
Nil—N12 2.042(3)

011"~La—011 114.66(9) 013—La—014
O11-La—013' 63.36(6) 012—La—012"
011-La—014 62.96(6) 011" ~La—012

2.057(3) Ni3—O014 1.971(6)
2.029(2) Ni3—N14 2.006(6)
2.049(3) Ni3—022 2.080(2)
2.062(3) Ni3—013 2.081(5)
2.063(3) Ni3—N13 2.109(7)
64.86(9) Ol1-La—012 62.95(6)
114.17(9) 013—La—012 62.69(5)
63.16(6) 014—La—012 62.72(5)

¢ Symmetry codes: (i) —x+1, —y+1,—z+1 (i) —x + 1, -y+ 1,z (iii) s, »—z+1 (iv) —x + 1, -y +2z

Table 4. Select Interatomic Distances (A) and Angles (deg) for 3 5.5H,0"

Pr—O11 2.706(3) Nil—-012
Pr—012 2.710(3) Nil—021
Pr—013 2.703(4) Ni2—011
Pr—O14 2.734(4) Ni2—023'
Nil—N12 2.041 (4)

013—Pr—011 116.78(9) 011" -Pr—012
011-Pr—O11% 65.33(12) O11-Pr—012
013—Pr—012 62.87(6) 012" ~Pr—012

2.030(3) Ni2—N11 2.049(4)
2.050(3) Ni2—024 2.060(4)
2.024(3) Ni3—013 2.036(4)
2.030(4) Ni3—N13 2.058(6)
63.35(8) 012—Pr—O012* 65.81(12)
62.76(8) 014—Pr—012 62.60(6)
114.19(12)

? Symmetry codes: (i) —x + 1, —y + 1, —z + 1; (i) —x + 1, —y + 1, z; (iii) &, y, —z + 1.

Table 5. Select Interatomic Distances (A) and Angles (deg) for 4-0.4EtOH-0.3H,0"

Nil—022 2.025(8) Ni2—012
Nil-01 2.060(7) Ni2—014
Nil—011 2.068(7) Ni3—01
Ni2—O11 2.025(6) Ni2—023
Ni2—N11 2.075(8) Ni2—01
022'-Nil—022 93.1(5) O11-Ni2—023
022'-Nil-01' 90.8(3) 0O11-Ni2—01
022—Nil-O01* 93.8(3) 023—Ni2—01
022'-Nil-01 93.8(3) 011-Ni2—N11
022—Nil—-01 90.8(3) 023—Ni2—N11
O1'-Nil-01 173.3(5) O1-Ni2—N11
022'-Nil-011 175.4(3) O11-Ni2—012
022—Nil-011 89.9(3) 023—Ni2—012
O1'-Nil—-011 92.4(3) 01-Ni2—012
O1-Nil—O011 82.7(3) N11-Ni2—012
022'-Nil—011" 89.9(3) O11-Ni2—014
022—Nil-011* 175.4(3) 023—Ni2—014
O1'-Ni1-011 82.7(3) 0O1-Ni2—014
O1-Nil-O11' 92.4(3) N11-Ni2—O014
O11-Nil-O011* 87.2(4) O12—-Ni2—014
0O1-Ni3—014 83.8(3) 0O1-Ni3—015

“ Symmetry code: (i) —x + 1, —y + 1, z.

2.080(8) Ni3—N14 2.066(10)
2.110(7) Ni3—021' 2.107(7)
2.030(7) Ni3—013 2.114(6)
2.033(6) Ni3—014 2.039(7)
2.059(7) Ni3—01§ 2.047(8)
179.2(4) 01-Ni3—013 89.6(3)
83.7(2) 014—Ni3—013 90.3(3)
96.7(3) 015—-Ni3—013 86.2(3)
81.0(3) N14—Ni3—013 88.6(4)
98.6(3) 021'-Ni3—013 170.3(3)
163.7(3) Ni3—O01—Ni2 95.4(3)
89.6(3) Ni3—O01-Nil 126.9(4)
91.1(3) Ni2—O1-Nil 94.0(3)
92.4(3) 015—Ni3—N14 98.6(3)
93.0(3) 01-Ni3—021' 98.8(3)
91.9(3) 014—Ni3—021' 95.2(3)
87.5(3) 015-Ni3—021' 88.2(3)
81.3(3) N14—Ni3—021' 84.5(3)
93.6(3) 014—Ni3—015 176.4(3)
173.4(3) 01-Ni3—N14 164.4(3)
96.8(3) 0O14—Ni3—N14 80.7(3)

to countercomplementarity effects between the monatomic car-
boxylate bridge and the syn,syn-17":n":u,-bridging carboxylate.'®

Complexes 2 and § ([NigLa] analogues) display similar mag-
netic behavior. For 2, the room temperature YT value of
7.21 cm® K mol " is slightly lower than the expected value of

7.26 cm® K mol ™! for six noninteracting Ni" ions (with g=22).
Upon cooling, the value of yT remains almost constant until
~80 K, below which it decreases to a minimum value of 4.76 cm®
Kmol " at § K. This behavior is consistent with the presence of
dominant antiferromagnetic interactions between the metal
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Table 6. Select Interatomic Distances (A) and Angles (deg) for 5*

Lal—-013
Lal—0O11
Lal-014
Lal—012
Nil—-011
Nil—NI11

013—Lal—013'
013—Lal—011
013—Lal—011
013'-Lal—011
011'-Lal—011
013—Lal—014'
013—Lal—012
013'-Lal—012

2.720(3)
2.722(3)
2.723(3)
2.736(3)
2.035(3)
2.040(4)

62.46(10)
64.06(9)

118.10(9)
114.58(8)
116.58(4)
66.10(9)

116.96(8)
116.74(8)

Nil—012"
Nil—N12"
Nil—022!
Nil—024'
Ni2—013

013" -Lal—012
011'-Lal—012
Ol11—Lal—012

011" ~Lal—012
014—Lal—012

012'~Lal—012
014'—Lal—012
014" ~Lal—012

2.048(3) Ni2—N13 2.048(4)
2.048(4) Ni2—O014' 2.050(3)
2.053(3) Ni2—N14' 2.057(4)
2.063(3) Ni2—021* 2.072(3)
2.042(3) Ni2—023" 2.075(4)
179.13(8) 011-Lal—014' 63.48(9)
65.38(8) 014 —Lal—014" 117.26(3)
116.77(8) 013—Lal—014 117.11(9)
61.42(8) 013'-Lal—-014 63.09(8)
113.95(8) 011'-Lal-014 178.77(9)
63.83(9) Ol1-Lal—014 62.65(8)
117.39(8) 014 —Lal—014 117.26(3)
62.06(8)

“ Symmetry codes: (i) y, z, x; (ii) 2, x, .

Figure S. Lanthanide(III) icosahedron in 2, 3, and § (left). Cryptand-
like molecule responsible for encapsulating the Ln"" center in 2
and 3 (right). Color code: Ni", green; Ln'", purple; O, red; N, blue;
C, gold.

D

=4 oo »
ATPRE SNSRI AL/

0is;

}s‘.;_

Figure 6. Column-like packing of 2 in the crystal lattice. Molecules of
the same color belong to the same column. The noncoordinate nitrates
and solvate molecules are omitted for clarity.

centers. We were able to successfully simulate the magnetic
susceptibility data using a model that assumes only one ] between
the Ni"" ions (Figure 10, center). Using the program MAGPACK
and employing the Hamiltonian of eq 2

I:I = —2]1(31‘§2+§1‘§3 +§1'\§4+§1‘§5 +\§2'§3+§2‘34
+ 8585+ 83-85 + 8384+ 83+ 85 + S5+ 86 + 84 S5
+S4‘§6 +§5'§5) (2)

yielded the parameters ] = —0.4 cm ' and g = 2.2. The
ground state of 2 was found to be S = 0, with the first excited
state (S = 1) located only 0.8 cm ™" above. Similarly, for
complex §, the parameters found were ] = —0.13 cm~ ' and
g=2.18, yielding a ground state of S = 0, with the first (S=1)
and second (S = 2) excited states located within 0.8 cm ™"
above the ground state.

For complex 3, the room temperature yyT of 8.15 cm® K
mol " is close to the theoretical value of six noninteracting Ni"
ions with § = 1 and g =2.2 and one ' PH, S=1,L=5,]=4,
and g = */s) of 8.85 cm® K mol . Upon cooling, the yyuT
product decreases to a minimum value of 4.6 cm® Kmol " at S K,
suggesting the presence of dominant antiferromagnetic interac-
tions and/or depopulation of the Stark sublevels of the Pr'" ion
(°H,). The presence of the orbitally degenerate Pr'" ion pre-
cludes a fitting of the experimental data. Thus, it becomes appa-
rent that all our [NigLn] complexes display dominant antiferro-
magnetic interactions, leading to small or even diamagnetic
ground states (in the case of 2 and §) regardless of the ligand
employed. Complexes 2, 3, and § join a small but growing famil?r
of structurally characterized [NigLn] clusters in which the Ln""
center is encapsulated within a Ni'g octahedron (Table 7).
Interestingly, not all of these complexes display the same
magnetic behavior. It is noteworthy to compare and contrast
the magnetic properties of 2 (and/or § and/or 6) with 11 (and/
or 14). In each case, the metallic skeleton is identical with the
diamagnetic Ln ion housed within a Nis octahedron; i.e., the
magnetic properties are solely based on the Ni- - -Ni exchange
interactions. However, Zhang et al.'® reported ferromagnetism in
both 11 and 14, while we and Aromi et al.** report antiferro-
magnetism with a diamagnetic ground state. This is also the case
for complexes 3 and 13, both of which contain the [NigPr] metal
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Figure 8. Molecular structure of complex 4 (left) and crystal packing in the lattice (right). Color code: same as that in Figure 1.
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Figure 9. Plot of T vs T for complexes 1 (black triangles), 2 (black squares), 3 (orange triangles), 4 (blue triangles), and § (green circles). The solid
lines represent a fit of the data in the temperature range 5—300 K (see the text for details).
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Figure 10. Exchange interaction models used for complexes 1 (left), 2 and §) (center), and 4 (right) (see the text for details).

Table 7. Formula and Spin Ground State for Structurally Characterized [NigLn] Complexes

complex”

[NigLa(aib);,](NO3)3-5.5H,0 (2)
[NigPr(aib),,](NO3); (3)
[NigLa(1-aba);,][Lay(NO3)s] (5)
(NMey)[LaNig(pro) 1] (ClO4)4 (6)

(NMe,) [GdNié(pro)l;_] (ClO,), (7)
(NMe,)[SmNig(pro);5](ClO4)4 (8)
(NMe,)[EuNig(pro)1,](ClO,)4 (9)
[Sm{Ni(pro),}6][ClO,]3-6MeOH (10)
Na[LaNis(gly)u](C104)4(H20)u (11)
Nas[LaNig(gly) 12](Cl04)s(H,0) 10 (12)
Na[PrNig(gly)12](ClO4)4(H,0)1; (13)
[LaNig(gly)12] [Ni(im) (H,0)5](ClO4)s(H,0)s (14)
[LaNis(gly)Iz] [Ni(NCS)3(H,0);][Ni(NCS),(H,0)4](ClO4),(H,0)s (15)
[LaNig(ala),,](ClO,); (H,0)5 (16)
[LaNig(thr);,](C104)3(H,0):5 (17)
{La[Ni(L)]}(ClO,)5 (18)

{Ce[Ni(L)]s} (ClO4); (19)

{Pr[Ni(L)]s}(ClO4)5 (20)

{Nd[Ni(L)]s}(ClO4); (21)

ground state, S ref

0 this work
N/A, antiferromagnetic behavior this work
0 this work
0 14

B 14

N/A 15

N/A 16

N/A 17

N/A, ferromagnetic behavior 18

N/A 18

N/A, ferromagnetic behavior 18

N/A, ferromagnetic behavior 18

N/A 18

N/A 18

N/A 18

N/A 19, 20
N/A, antiferromagnetic behavior 19

N/A 19

N/A, antiferromagnetic behavior 19

“ Abbreviations: aibH = 2-aminobutyric acid; L-abaH = L-2-aminobutyric acid; pro = proline; gly = glycine; ala = alanine; thr = threonine; L = tetradentate

Schiff-base ligand.

core; complex 3 displays dominant antiferromagnetic exchange
interactions, while 13 displays ferromagnetic behavior."® These
findings strongly suggest that the magnetic behavior of such
complexes depends on subtle geometric changes from one
complex to another. This is further supported by the fact that,
although both 2 and § are antiferromagnetically coupled with
a diamagnetic ground state, 5 displays much weaker antifer-
romagnetic interactions than 2 (—0.13 vs —0.4 cm ™~ ), sug-
gesting that switching from antiferromagnetic to ferromag-
netic interaction is indeed plausible, especially because the
magnetic interactions found in these clusters are very small in
magnitude.

For complex 4, the room temperature T of 5.32 cm® K mol '
is very close to the theoretical value of 5.40 for five noninter-
acting Ni" jons with S = 1 and g = 2.08. Upon cooling, the
value of y\T remains almost constant until ~50 K, below
which it decreases to a minimum value of 4.16 cm® K mol " at
5 K, indicating the presence of a small spin ground state.
Despite the presence of at least three different exchange
interactions, we were able to successfully simulate the data,

using the 2J model of Figure 10 (right) and Hamiltonian
equation (3) assuming one ], between the central Nil ion and
peripheral Ni3 and Ni3’ ions mediated by one u3-OH  and
one 17%:1 " :1u3-1-aba” carboxylate bridge and one J, between
the Nil—Ni2, Nil—Ni2/, Ni2—Ni3, and Ni2'-Ni3’ pairs
mediated by one u3- OHf, one 7*:;' " ius-L-aba” carboxy-
late brldge, and one 77":17":u-acetate bridge, as well as for the
Ni2—Ni3’ and Ni3/-Ni2 pairs mediated by one n”:;":u5-1-
aba™ carboxylate bridge. Using the program MAGPACK and
employing the Hamiltonian in eq 3

H = 72]1(31'334’31‘33‘) *2]2(31'3'24’31‘32’ +Sz‘§3
+§2"§3’ +§2‘§3’ +§2/‘§3) (3)

afforded the parameters J; = 3.00 cm Y, J, = —1.00 cm ™!, and
g=2.08. The ground state of 4 was found to be S = 1, with the first
excited state (S = 2) located only 4 cm ™ ! above. The ferromag-
netic nature of J; may, as in the case of 1, again be attributed to
countercomplementarlty effects between y3-OH ™~ and the 7™:
17" ius-1-aba~ carboxylate bridge.
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Figure 11. Plot of reduced magnetization (M/Nug) versus H/T for 1in
the field and temperature ranges 0.5—3 T and 2—6 K. The solid lines
correspond to the fit of the data.

In order to further determine the nature of the ground state of
complex 1, variable-temperature and variable-field dc magnetization
data were collected in the ranges 2—6 K and 0.5-5 T,
and these are plotted as reduced magnetization (M/Nug) vs
H/T in Figure 11. The 0.5—3 T data were fitted by a matrix
diagonalization method to a model that assumes that only the
ground state is populated, includes axial zero-field splitting
(DS,?) and the Zeeman interaction, and carries out a full powder
average. The corresponding Hamiltonian is given by eq 4, where
D is the axial anisotropy, up is the Bohr magneton, p is the
vacuum permeability, S, is the easy-axis spin operator, and H is
the applied field.

H = DS.” + guyuoS-H (4)

The best fit gave S=2,¢=2.07,and D = 4-0.82 em™ L Attempting
to use data from higher fields (>3 T) resulted in a poor-quality fit,
in agreement with the susceptibility data and the presence of
low-lying excited states of larger S.

For complex 4, no satisfactory fit of the data was possible
because the magnetization rises almost linearly with the applied
magnetic field, indicating the existence of small spin ground
states with the presence of many low-lying excited states of larger
multiplicity that become populated with increasing field. Low-
lying excited states are a common problem in (large) polyme-
tallic clusters, particularly when very weak exchange interactions
are present, as is the case here.

Bl CONCLUSIONS

The use of the artificial amino acids aibH and r-abaH in
nickel(II) and nickel(II) /lanthanide(I1I) chemistry has led to the
synthesis of five new homo- and heterometallic complexes.
Furthermore, these synthetic systems are highly sensitive to
the presence of a base that dictates the formation of either
lanthanide-free nickel(II) clusters or heterometallic nickel(II)/
lanthanide(1II) complexes. In addition, the use of artificial amino
acids in nickel(II) chemistry has led to the synthesis of poly-
nuclear homometallic nickel(Il) complexes (i.e., [Ni",] and
[Nins]), while the use of naturally occurring amino acids in

nickel(II) chemistry has, so far, led to the synthesis of mono-
nuclear complexes or catena-like structures.”"
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