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CuAAC click reactions were used for the first time to assemble
click-functionalized magnetic molecules into extended molecular
arrangements in a deliberate manner.

Single-molecule magnets" (SMMs) show magnetic hysteresis of
purely molecular origin and thus are proposed for trendsetting
applications like quantum computing or ultra-high density
memory devices.>? In particular the quantum entanglement
of molecular magnets using a weak antiferromagnetic coupling
is proposed as an excellent approach to perform quantum
information processing.>* Impressive examples include anti-
ferromagnetically coupled Mn, SMMs>® where tuning of the
quantum tunneling of magnetization was successfully investigated®
and the persuasively demonstration that Cr;Ni molecular wheels
can be covalently assembled in a rational way.” In spite of the large
number of SMMs present in the literature, examples of covalently
linked metal complexes are rare. Apart from the few achievements
with coupled Cr,Ni rings and Fe,M clusters (M = Ni, Co)® the
linkage of magnetic molecules to defined molecular assemblies in
a rational manner is still in its infancy.

To overcome this problem we present here an innovative
new approach using click reactions to link magnetic molecules.
Since its report in 2001° click chemistry has been used in
almost all key areas of synthetic chemistry."® Interestingly, up to
now the only known example of a clearly successful click reaction
with polynuclear complexes is the decoration of Ru, clusters with
organic dendrons." However, on our view the Cu(i)-catalyzed
Huisgen cycloaddition between azide and alkyne (CuAAC)" is
entirely suitable for covalently linking magnetic building blocks
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Fig. 1 Schematic representation of click chemistry as innovative method
for the linkage of MBBs. (a) Magnetic molecules (grey dots) are linked
together using the CuAAC. (b) Overview of potential applications.

(MBBs) which bear appropriate functional groups (Fig. 1a).
The process selectively leads, under mild conditions, to a
1,4-disubstituted 1,2,3-triazole as a conjugated bridge, which even
guarantees magnetic communication between two or more MBBs.

Our strategy for the synthesis of MBBs is to use ligands with
additional non-coordinating functional groups in the periphery to
prepare functionalized derivatives of proven mono- or polynuclear
complexes. To realize defined molecular assemblies the following
points have to be considered: the number of introduced modified
ligands must be limited to prevent an overloading of the complex,
and, most crucial, the structural integrity of the complex in the
reaction solvent is required. This has to be ensured by checking with
suitable methods like NMR spectroscopy and mass spectrometry.
Following this new approach, supramolecular arrangements of
magnetic molecules can be achieved with a maximum degree of
control and flexibility, while preserving the structure and the
fundamental magnetic properties of the MBBs. It is worth mentioning
that this click concept can be used further in other promising
research fields of molecular magnetism such as covalent anchoring

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Molecular structure of [Cu"(12-MCcuunesn-412~ @). Symmetry-
equivalent positions are denoted by an “a”. Hydrogen atoms are omitted for
clarity and only selected atoms were labeled. Grey (C), red (O), dark blue (N).

of SMMs on surfaces to attain an applicability of them® or to
develop new cluster-based inorganic-organic hybrid materials
(Fig. 1b).™

Here we present alkyne-functionalized salicylhydroxamic acid
based 12-MC-4 metallacrowns as paramagnetic building blocks.
For non-functionalized copper complexes, the structural integrity
has been shown by Pecoraro and co-workers."> As this is an
important precondition for suitable PBUs we synthesized the four-
fold alkyne-functionalized complex (TMA),[Cu"(12-MCgyguneshiy4)]
(1) (TMA = tetramethylammonium) in high yield from 4-ethynyl-
salicylhydroxamic acid (Hseshi). In the centrosymmetric penta-
nuclear copper complex 1 (Fig. 2) each of the copper ions shows
an almost square planar coordination geometry.f The peripheral
four copper ions are bridged by N-O groups of the deprotonated
ligand eshi®~ forming a 12-membered metallacrown ring which
encapsulates one central Cu(u) ion. Complex 1 is nearly planar
and the four alkyne groups protrude from the cluster orthogonal
to each other.

To prove structural integrity in solution NMR spectroscopy
was used. Although the compound is paramagnetic and
copper(u) complexes usually give spectra of no use due to slow
electronic relaxation, unequivocal 1D and 2D NMR spectra are
obtained for 1. Presumably in our case the magnetic coupling
between the metal ions increases the relaxation times and allows
for a reasonable use of the NMR technique.'® The 'H NMR
solution spectrum of complex 1 (Fig. 3) in de-DMSO shows four
NMR signals for the metallacrown anion as a result of the Cy
symmetry in solution. According to the "H-'"H COSY spectrum
(see Fig. S5, ESIT) the signals at 5.70 and 7.23 ppm are correlated
and are thus assigned to the two neighboring protons 3-H and
4-H. The signal assignment of the remaining protons is based on
the assumption that the paramagnetic effect is stronger for a
shorter Cu-H distance. The broad signal at 7.23 ppm with a line
width of 26 Hz is assigned to 3-H based on the short crystallo-
graphically determined average Cu-H distance of 4.8 A. Assigning
the narrow signal at 5.70 ppm with a line width of 10 Hz to the
proton 4-H is in accordance with a larger Cu-H distance of 6.5 A.
The relatively sharp signal at 4.17 ppm can clearly be assigned to
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the acetylene proton in the periphery. The remaining signal is
hence assigned to 6-H. The structural integrity of 1 in solution
is therefore confirmed. Moreover, ESI MS studies also prove
evidence of the complex 1 in solution. The measured peak at
m/z = 506.3 (Fig. 4) in a DMSO-MeOH solvent matrix corresponds to
a fully intact [Cu"(12-MCcyunesnir4)]” ion. The magnetic properties
of 1, investigated by dc susceptibility measurements, are similar to
those reported for non-functionalized copper metallacrowns.*>*”
The y,T value of 0.41 cm® K mol " at 2 K corresponds to an isolated
S = 1/2 ground spin state and is explained by the observed strong
antiferromagnetic coupling between the Cu(u) ions (see ESIt).

Once we had confirmed complex 1 being a suitable MBB,
various reactions were performed proving its ability as reagent for
the CuAAC. All click reactions were run in de-DMSO with copper
iodide as catalyst (Scheme 1). Reactions of 1 with 1-azido-
adamantane and phenylazide at 80 °C led to the new copper
metallacrowns (TMA),[Cu"(12-MCcyunashiy4)] (2) (Hsashi =
4-(1-adamantyl-1H-[1,2,3]triazol-4-yl)salicylhydroxamic acid) and
(TMAL[CU"(12MCepnird)] (3) (Hopshi = 4{1-phenyl-1H-
[1,2,3]triazol-4-yl)salicylhydroxamic acid), respectively. The pro-
cess was monitored using NMR spectroscopy and the reaction
found to be completed after 24 h for both, 2 and 3. The "H NMR
spectrum of 2 (Fig. 3) shows the disappearance of the acetylene
signal and a simultaneous increase of a signal at 8.35 ppm,
arising from the emerging triazole proton. The assignment of
the remaining protons was made analogous to complex 1. ESI
MS studies show intact M>~ ions at m/z = 861.7 for 2 and m/z =
745.4 for 3 (Fig. 4), confirming the success of the click reaction.
The UV-Vis spectra of both compounds are in good agreement
with the spectrum of 1 with typical d-d absorption maxima
between 616 and 620 nm.'*> The magnetic susceptibility data of
complexes 2 and 3 (Fig. S12, ESIt) are in accordance with the
molecular structures of pentanuclear copper metallacrowns (see
ESIT). The successful syntheses of extended copper metalla-
crowns unambiguously verify the potential of copper metalla-
crowns to perform click reactions.
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Scheme 1 Synthesis of extended copper metallacrowns by CuAAC.
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Fig. 3 'H NMR spectra and assignment (A = acetylene, T = triazole, oda =
oxodiacetate, terpy = terpyridine) for complexes 4, 2 and 1.
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Consequently, we applied the established click concept for the first
time to connect SMMs in a deliberate manner (Scheme 1). The copper
metallacrown 1 was used as scaffold to get nonanuclear arrangements
with the azide-functionalized complexes [M(oda)(aterpy)] (oda =
oxodiacetate, aterpy = 4’-azido-2,2’:6’,2"-terpyridine) with M =
Zn and Co. We recently reported the two click-functionalized
building blocks and discussed the SMM behavior of the mono-
nuclear cobalt complex in detail.'® Reaction of the building
units resulted (TMA)Z[Cun[1Z'MCCu(ll)N([M(ll)(oda)(ttshi)])'4]:| with
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Fig. 4 ESI-MS(—) spectra of 1 (top left, [M>~ ion), 3 (top right, [M]?>~ ion), 4
(bottom left, [M + 2Na]~ ion) and 5 (bottom right, [M + 2Na]~ ion).
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M = Zn (4) and Co (5) (Hsttshi = 4-(2,2':6,2"-terpyridyl-1H-
[1,2,3]triazol-4-y])salicylhydroxamic acid). As expected for the
CusZn, complex 4 with additional diamagnetic zinc units,
'"H NMR studies were possible and the disappearance of the
acetylene signal indicated completeness of the reaction in
de-DMSO after 48 h. Assignment of the 'H NMR signals (Fig. 3)
was done with help of the COSY NMR spectrum (Fig. S10, ESI{).
Intact [M + 2Na] ™ ions in the ESI MS spectra at m/z = 2947.9 for 4 and
m/z=2916.0 for 5 (Fig. 4) provide the evidence for the successful click
reactions in both cases. The infrared spectra, UV-Vis spectra
and preliminary magnetic studies support this. The y,,T value
of 0.34 cm® K mol " at 2 K of the CusZn, complex 4 is in a good
agreement with the values of the Cus; metallacrowns 1-3
(0.41, 0.31 and 0.29 cm® K mol ", respectively), indicating fairly
strong exchange interactions. Due to orbital contributions of
Co(n)" in the CusCo4 complex 5 the y,,T value of 13.10 cm® K
mol " at 300 K (Fig. S26, ESIt) is significantly higher than the
calculated value of 9.38 cm® K mol ™" for five non-interacting
Cu(u) ions with § = 1/2, four non-interacting Co(u) ions with
S =3/2 and g = 2.0. The observed decrease of y,,,T on cooling is
typical for antiferromagnetic interactions within the Cus core
as well as for spin-orbit coupling effects of cobalt ions."®
Therefore, fitting of the y,,T data was not attempted to avoid
over-parameterization.

However, Ac susceptibility measurements of complex 5
reveal a weak out-of-phase signal at low temperatures and low
field oscillation frequencies (Fig. S14, ESIt). The observed slow
relaxation of magnetization possibly indicates preserving of
SMM behavior in the assembled CusCo, compound, although
the presence of small amounts monomeric cobalt SMM cannot
be ruled out entirely.

In conclusion, we report the first example of a successful
linking of magnetic molecules using CuAAC click chemistry to
synthesize a CusCo, complex as a novel magnetic arrangement
of different MBBs. For this purpose we have synthesized an
alkyne-functionalized copper metallacrown which is a highly
suitable MBB for click reactions. The structural integrity in
solution as a key property as well as the fundamental reactivity
has been proven in great detail.
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i Crystallographic data for 2.2H,0: C;3H,;,CusNgO;4, M = 1198.56,
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a=6.2137(14) A, b = 16.2226(36) A, ¢ = 22.6452(48) A, f = 91.2531(53)°,
V = 2282.1(9) A%, T = 173(2) K, Z = 2, pearea = 1.744 g cm >, 25686
reflections collected, 5407 unique (Riy: = 0.057), Ry = 0.038, WR, = 0.113
using 3885 reflections with I > 24(I).
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