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Abstract: Insight into the ineffectiveness of a subcomponent
self-assembly procedure between 4-aminopyridine (4-apy) and
pyridine-2-carbaldehyde (2-pyA) led to a new aminal ligand (L).
The combination of L with Ag' gave a 2D luminescent network,
in which the silver ions have a distorted triangular-pyramidal
coordination geometry. The aminal is stable in acetonitrile and
\DMSO but decomposes in alcohol solvents. Moreover, we found

that Cu" also induced the decomposition of L, which led to
Cu(pic)y,  {[Cu(4-apy)4(ClO4),}, and an  unprecedented
{[Cu4(pic)4(OH),(H,0)6](ClO,),} tetramer based on Cu" ions and
picolinic acid (Hpic) generated in situ. The decomposition path-
way of L was clarified by a combination of single-crystal XRD
analysis, NMR spectroscopy, and ESI-MS.

%

Introduction

The development of metallo-supramolecular architectures has
allowed chemists to explore key issues such as self-assembly,
self-organization, self-sorting, and molecular recognition.™
Metal-ligand interactions are directional: metallo-supramolec-
ular chemistry allows the partial design and hence control of
the resulting products thanks to coordination bonds that act as
an organizing algorithm for the self-assembly protocol. In the
last few years, the subcomponent self-assembly route has been
established as a powerful tool to produce coordination-driven
assemblies.”! In particular, Nitschke and co-workers have largely
explored and developed this route to produce metallo-supra-
molecular capsules and other architectures as prototypes of
complex and dynamic systems.® The subcomponent approach
is based on a metal-templated reaction to produce imine
bonds. In this way, complex structures can be generated from
simple molecular precursors such as amines, aldehydes, and
metal salts. The presence of a metal atom assures stabilization
of the imine bonds. However, aminals and hemiaminals are in
equilibrium with the metal-stabilized imine species?? and can
also be isolated as metal complexes.” Recently, the first exam-
ple of an anion-controlled metal-templated synthesis of an
aminal-(bis)imine Fe' complex was reported.”) Again, aminal-
and hemiaminal-based dynamic combinatorial libraries (DCLs)
have been developed through Zn'-templated reactions.®
Herein, we report an example for which metal-templated sub-
component self-assembly fails. This ineffectiveness is ascribed
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to the electron-withdrawing effect of the pyridine group in the
4-aminopyridine used for the sub-component route. Accurate
analysis of the system allowed us to identify and then synthe-
size a new aminal ligand used to generate a 2D Ag-based net-
work. The ligand was found to decompose in the presence of
Cu" and in alcohol solvents. In situ Cu'-assisted decomposition
led to an unprecedented tetramer based on picolinic acid. The
decomposition pathway was clarified by a combination of
single-crystal XRD analysis, NMR spectroscopy, and ESI-MS.

Results and Discussion

We are very interested in the design and development of dis-
crete coordination-driven boxes and capsules and to exploit the
potential of confined supramolecular environments.”? In this
context, to produce a metallo-supramolecular “corner” for the
design of new coordination-driven vessels, we decided to
explore the sub-component self-assembly route through con-
densation of 4-aminopyridine (4-apy) and pyridine-2-carbalde-
hyde (2-pyA) (Scheme 1a).

In particular, we decided to use templating metal ions such
as Ag' and Cu". Ag' has already proved to be a well-suited metal
for a “corner ligand” such as 4-(2-pyridyl)pyrimidine that leads
to molecular squares, rectangles, and infinite helical chains de-
pending on the used anion.!® On the other hand, we envisaged
that by using Cu'" the chelating moieties would be able to coor-
dinate the equatorial positions of the metal centers, whereas
the axial positions would be prone to expand the metal coordi-
nation through the bridging group of the “corner ligand”. A
mixture of 4-apy, 2-pyA, and AgCIO, (molar ratio 1:1:1) in CD3CN
at 50 °C was monitored by NMR spectroscopy. Overnight heat-
ing, as well as longer reaction times (up to 1 week), did not
lead to the imine product. The NMR spectrum only showed the
signals of unreacted 4-apy and 2-pyA, along with very small
traces of unidentified products. Hence, we analyzed the reac-
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Scheme 1. (a) Proposed (but ineffective) design of a coordination-driven cor-
ner by sub-component self-assembly. (b) Observed products from the reac-
tion of 4-apy and 2-pyA in hot acetonitrile. (c) Synthesis of aminal L.
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tion between 4-apy and 2-pyA in the absence of silver ions. A
previous study claimed that the reaction between 4-apy and
2-pyA did not give any condensation products.”? On the con-
trary, the same study demonstrated that the reaction of 2-pyA
with the 2-aminopyridine or 3-aminopyridine isomer led to the
formation of an aminal species. However, thin-layer chromatog-
raphy (TLC) of the 4-apy/2-pyA mixture in acetonitrile at 50 °C,
and at reflux after 4, 6, and 24 h, evidenced the presence of
two products (very light spots, low concentrations), which sug-
gested that condensation was activated by higher tempera-
tures. The two products were identified by ESI-MS and NMR
spectroscopy (see Section S1.2 in the Supporting Information)
as a hemiaminal and an aminal species, (pyridin-2-yl)[(pyridin-
4-yl)lamino]lmethanol (hA) and 1-(pyridin-2-yl)-N,N’-bis(pyridin-
4-yl)methanediamine (L), respectively (Scheme 1b). TLC also
revealed the same light spots for the reaction performed at
50 °C in the presence of Ag' (subcomponent route). By perform-
ing the condensation in hot dry toluene, with a molar ratio of
1:1, aminal L was obtained in good yield (ca. 50 %), as con-
firmed by NMR spectroscopy. The yield could be improved
(75 % after purification) by heating 4-apy and 2-pyA in dry tolu-
ene at reflux under argon for 24 h with the correct molar ratio
(2:1; Scheme 1c). The NMR spectrum of pure L allowed us to
unambiguously identify the low-intensity signals from the reac-
tion of 4-apy, 2-pyA, and AgClO, (molar ratio 1:1:1) in CDsCN
(50 °C) as the aminal species L. Compound L is insoluble in
chlorinated solvents, poorly soluble in acetonitrile and acetone,
and soluble in alcohols (MeOH and EtOH), DMSO, and hot tolu-
ene. It is well known that the reactivity of aromatic rings is
significantly affected by substituent groups through electron-
donating or electron-withdrawing effects. It was previously
demonstrated that the electronic effects of the para substituent
of aniline could be used to orchestrate subcomponent substitu-
tion reactions of imine-based Cu' complexes.'? In particular,
limited amounts of imines were formed in the Cu'-templated
synthesis with electron-withdrawing-group-substituted 4-nitro-
aniline. Again, in the absence of Cu', this aniline did not form
the imine. Similarly, two recent dynamic covalent reaction (DCR)
studies on imine species derived from 2-pyA and aromatic
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amines pointed out the possibility to control the equilibrium
mixture through substituent effects.*>' For instance, electron-
withdrawing groups such as CN and NO, facilitate the forma-
tion of aminal species over imine products.®® Again, it was re-
ported that only trace amounts of products (aminal 4 %, hemi-
aminal ether 2 %, and imine 9 %) were observed in the reaction
of 2-pyA, 4-nitroaniline, and ethanol.l' On the other hand, the
reaction between 2-pyA and aniline or aromatic amines with
electron-donating and weak electron-withdrawing para substit-
uents led to the formation of imine species as major prod-
ucts.02101 The pyridine group has withdrawing character
comparable to that of the nitro group. We postulate that the
subcomponent self-assembly route in the case of 4-apy is ham-
pered by the electron-withdrawing effect of pyridine.

The obtained aminal was treated at room temperature with
AgClO, in acetonitrile in the absence of light. The presence of
silver ions highly increased the solubility of L in acetonitrile,
likely as a result of Ag-L coordination. Single crystals of a coor-
dination polymer with the formula {[AgL(CH5CN)I(ClO,)}, (1)
were obtained (yield 70 %) after 2 weeks. The obtained assem-
bly was found to form a 2D network, in which the Ag' ion has
a distorted triangular-pyramidal coordination geometry (Fig-
ure 1b). Three independent L molecules coordinate to the metal
jon at the equatorial positions (Ag-N 2.23-2.35 A), whereas one
acetonitrile molecule coordinates to the metal atom at the
apical position (Ag-N 2.63 A). The 2D network is supported by
the formation of two different rings, as shown in the simplified
structure (Figure 1c). The smaller is a 4-ring composed of two
Ag' ions and two independent ligands with a s-m stacking in-
teraction between two pyridine moieties (centroid—centroid dis-
tance 3.53 A, shift distance 1.12 A; Figure 1d). The larger is an
8-ring composed of four Ag ions and four independent ligands,
with an average ring diameter of 15 A. The combination of
these structural features leads to a network of topological type

Figure 1. (@) Asymmetric unit in compound 1; disordered atoms are omitted.
Color code: Ag, orange; Cl, green; O, red; N, blue; C, gray; H, white. (b) Coordi-
nation polyhedron of the Ag ion; selected bond lengths [Al: Ag1-N1
2.629(12), Ag1-N2 2.232(7), Ag1-N3i 2.277(7), Ag1-N4' 2.355(8) (symmetry
operations: it =1/2 + x, 3/2 -y, 1/2 + zii: 2 - x, 1 = ¥, 1 = 2). (c) Simplified
structure overlapped with the real one (Ag, orange; L centroid, green). (d) 8-
ring and dimeric pocket forming the 4-ring (cyan dashed line: -t stacking).
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4.8%-fes, with Ag and L as nodes (Figure 1¢).['? Upon treating
the three building blocks though a one-pot reaction (AgClQ,,
4-apy, 2-pyA) in CDsCN at 82 °C for 12 h, the aminal ligand was
formed only in trace amounts. This is coherent with the results
of the reaction between 4-apy and 2-pyA in MeCN at reflux
temperature (Section S1.2), for which the reaction led to the
partial formation of aminal L and hA as a byproduct. Moreover,
analysis of the one-pot reaction (Section S1.5) by NMR spectro-
scopy evidenced that the amount of L formed was considerably
smaller in the presence of Ag* ions. As shown by NMR spectro-
scopy, the metal ions coordinate to the nitrogen atoms of the
starting material (pyridine and -NH, group), and this may affect
the formation of L.

Ligand L and coordination polymer 1 both exhibit lumines-
cence at room temperature upon excitation in the UV and visi-
ble regions. We observed visible emission from both com-
pounds (see Figure 2); the corresponding bands present a simi-
lar profile, and they are centered in the green region. The maxi-
mum emission of ligand L (ca. 530 nm) is slightly blueshifted
relative to the maximum emission of silver compound 1 (ca.
560 nm). On the other hand, the emission band of L is over-
lapped with that of 1 in the red region, and it is broader in the
blue region, which results in a larger bandwidth.
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Figure 2. Emission spectra of L and 1 in the solid state at room temperature.

Upon treating L with Cu", the ligand decomposed and un-
derwent oxidation to give the picolinate anion (pic) and 4-apy.
The same behavior was observed in the one-pot reaction of
Cu", 2-pyA, and 4-apy. We succeeded in isolating the decompo-
sition products of L as single crystals of Cu" complexes through
a set of different crystallization conditions (Figure 3). Deg-
radation of the aminal ligand in the presence of transition
metals was already observed.['3! Moreover, 2-pyA with Cu'" was
used as a source of different ligands through in situ reactions
such as the Cannizzaro reaction, aldol and nucleophilic addition
to give the picolinate anion, gem-diol and hemiacetal spe-
cies."™ From the reaction of L with Cu(ClO,), in acetonitrile,
single crystals of {[Cu(4-apy)4(CH3CN),1(ClO,4),} (yield 70 %) were
isolated (see the Supporting Information). On the contrary, from
alcohol or DMSO solutions we isolated copper picolinate spe-
cies. In particular, the major product (yield 90 %) was the
well-known Cu(pic), complex (Figure 3a), along with a minor
tetrameric product (yield 4 %) of formula {[Cu4(pic)4(OH),-
(H20)61(Cl0,),} (2) (Figure 3b,c).
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Figure 3. (a) Cu(pic),. (b) Asymmetric unit in compound 2. (c) Tetrameric unit
of compound 2. Color code: Cu, purple; Cl, green; O, red; N, blue; C, gray; H,
white; dashed red line, H-bond; 4-apy and picolinate H atoms are omitted.

It is noteworthy that 2 was obtained only through the in situ
degradation of L, as every effort to synthesize it from picolinic
acid and a Cu" source gave Cu(pic), exclusively. This unprece-
dented tetramer displays two different picolinate coordination
modes: one anion acts as an N,O chelating ligand, and the other
one acts either as an N,O chelating ligand and as a bridging
ligand. In the asymmetric unit, 2 shows two independent Cu"
centers (Figure 3b), both with a distorted square-pyramidal co-
ordination geometry. In the equatorial positions, Cu1 is coordi-
nated by one chelating picolinate anion (Cu1-O1 1.98, Cu1-N1
1.99 A), one bridging OH group (Cu1-05 1.92 A), and the oxy-
gen atom of a bridging picolinate anion (Cu1-03 1.96 A). The
apical position is occupied by a water molecule (Cu1-06
2.40 A). Cu2 is coordinated by two water molecules, one axial
and one equatorial (Cu2-08 2.48 A and Cu2-07 1.97 A, respec-
tively), one bridging OH group (Cu2-05 1.93 A), and one N,0
chelating picolinate anion (Cu2-04 1.99, Cu2-N2 1.98 A). More-
over, the presence of coordinating water molecules and
hydroxy groups (Figure 3b,c) set up large arrays of strong intra-
tetramer H-bonds (1.82-2.08 A) along with inter-tetramer (1.87-
2.04 A) and tetramer-perchlorate anion H-bonds (2.09 A).

The behavior of L in the presence of Cu" led us to analyze
the stability of the ligand further. Aminal species are known to
be quite sensitive to hydrolysis; however, in the solid state, L
was found to be stable for several months. Dissolved in aceto-
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Figure 4. "H NMR (600 MHz, CD50D, 25 °C) spectrum of L after 12 h. Color code: L, light blue; hemiaminal ether (hAE), red; 4-apy, green.

nitrile or DMSO, L was stable, and TLC showed only one spot.
On the contrary, if dissolved in alcohol, after a few hours, TLC
revealed the presence of three spots, which suggested ligand
decomposition. Analysis of L by NMR spectroscopy after 12 h
in deuterated methanol confirmed that the ligand underwent
nucleophilic hydrolysis promoted by methanol to give starting
4-apy and the hemiaminal ether N-[methoxy(pyridin-2-
yl)methyl]lpyridin-4-amine (hAE). Figure 4 shows the NMR spec-
trum in CD3;0D along with a suggested mechanism for the
degradation of L. Area integration confirmed that the ratio
between hAE and 4-apy was ca. 1:1, as expected according to
the suggested decomposition pathway. On the contrary, the
NMR spectrum in [Dg]DMSO does not show any degradation.
The same findings were confirmed by ESI-MS. The spectrum
recorded in acetonitrile gives the [L + H*] signal (m/z = 278.1)
along with fragmentation products (see the Supporting Infor-
mation). As-prepared methanol solutions of L did not show any
degradation product, but after 24 h the signal of the hemi-
aminal ether hAE was clearly detectable ([hAE + H*], m/z =
216.0).

Conclusions

Insight into the ineffectiveness of the subcomponent self-as-
sembly procedure among Ag', 2-pyA, and 4-apy led to a new
aminal ligand L. Ligand L was synthesized in high yield and was
treated with silver ions to give 1. The aminal was found to be
unstable in alcohol solvents and in the presence of Cu", and its
decomposition pathway was unraveled. From the in situ degra-
dation of L, Cu" tetramer 2 was isolated. Moreover, we demon-
strated that the condensation of 2-pyA and 4-apy (at 50 and
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80 °C, with or without Ag ions) gave a mixture of the two reac-
tants, hemiaminal hA, and aminal L in low yield. The ineffective-
ness of the subcomponent self-assembly process was ascribed
to the electron-withdrawing effect of the pyridine group in
4-apy. This finding is very intriguing, as it opens the possibility
to exploit the behavior of 4-apy to obtain new aminal products
with other aldehyde species. We are currently exploring this
possibility to obtain new multidentate pyridine-based ligands
and coordination-driven architectures through reaction with
different metal ions.

CCDC 1487013 (for 1), 1487014 (for 2), and 1487015 (for 3) contain
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre.

Supporting Information (see footnote on the first page of this
article): Experimental, spectral, and crystallographic data.

Acknowledgments

M. R. thanks the University of Padova for a “Senior Research”
fellowship and for a “Young Scholar” grant. J. T. thanks the
CaRiPaRo Foundation for a PhD scholarship. The authors thank
Dr. A. Mattarei and Dr. M. Romio of the University of Padova for
assistance with the ESI-MS analysis.

Keywords: Self-assembly - N ligands - Aminals -

Silver

Copper -

[1] a) J.-M. Lehn, Chem. Soc. Rev. 2007, 36, 151-160; b) Y. Yoshizawa, M.
Fujita, Bull. Chem. Soc. Jpn. 2010, 83, 609-618; c) R. Chakrabarty, P. S.
Mukherjee, P. J. Stang, Chem. Rev. 2011, 111, 6810-6918; d) M. D. Ward,

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/ejic.201601121
http://www.ccdc.cam.ac.uk/
http://www.ccdc.cam.ac.uk/

potat

A® xChemPubSoc
e Europe

o

P. R. Raithby, Chem. Soc. Rev. 2013, 42, 1619-1636; e) M. M. J. Smulders,
I. A. Riddell, C. Browne, J. R. Nitschke, Chem. Soc. Rev. 2013, 42, 1728-
1754; f) T. R. Cook, P. J. Stang, Chem. Rev. 2015, 115, 7001-7045.

[2] a) J. R. Nitschke, Acc. Chem. Res. 2007, 40, 103-112; b) V. E. Campbell,
J. R. Nitschke, Synlett 2008, 20, 3077-3090.

[3] a) T. K. Ronson, S. Zarra, S. P. Black, J. R. Nitschke, Chem. Commun. 2013,
49, 2476-2490; b) S. Zarra, D. M. Wood, D. A. Roberts, J. R. Nitschke,
Chem. Soc. Rev. 2015, 44, 419-432.

[4] S. Mukherjee, B. Gole, Y. Song, P. S. Mukherjee, Inorg. Chem. 2011, 50,
3621-3631.

[5] C. Giri, F. Topi¢, P. Mal, K. Rissanen, Dalton Trans. 2014, 43, 15697-15699.

[6] a) L. You, S. R. Long, V. M. Lynch, E. V. Anslyn, Chem. Eur. J. 2011, 17,
11017-11023; b) L. You, J. S. Berman, E. V. Anslyn, Nat. Chem. 2011, 3,
943-948; ) Y. Zhou, Y. Yuan, L. You, E. V. Anslyn, Chem. Eur. J. 2015, 21,
8207-8213.

[7]1 a) M. Rancan, A. Dolmella, R. Seraglia, S. Orlandi, S. Quici, L. Armelao,
Chem. Commun. 2012, 48, 3115-3117; b) M. Rancan, J. Tessarolo, P. L.
Zanonato, R. Seraglia, S. Quici, L. Armelao, Dalton Trans. 2013, 42, 7534~
7538; ¢) M. Rancan, J. Tessarolo, M. Casarin, P. L. Zanonato, S. Quici, L.
Armelao, Inorg. Chem. 2014, 53, 7276-7287; d) M. Rancan, J. Tessarolo,
S. Quici, L. Armelao, Chem. Commun. 2014, 50, 13761-13764.

Eur|IC

European Journal
of Inorgariic Chemistry

Communication

[8] a) D. A. Beauchamp, S. J. Loeb, Chem. Commun. 2002, 2484-2485; b) M.
Maekawa, S. Kitagawa, T. Kuroda-Sowa, M. Munakata, Chem. Commun.
2006, 2161-2163.

[9] a) E. Galvez, A. Lorente, I. Iriepa, F. Florencio, S. Garcia-Blanco, J. Mol.
Struct. 1986, 142, 447-450; b) I lovel, L. Golomba, J. Popelis, S. Grinberga,
S. Belyakov, E. Lukevics, Chem. Heterocycl. Compd. 2002, 38, 1210-1229.

[10] D. Schultz, J. R. Nitschke, J. Am. Chem. Soc. 2006, 128, 9887-9892.

[11]1 Y. Zhou, L. Li, H. Ye, L. Zhang, L. You, J. Am. Chem. Soc. 2016, 138, 381-
389.

[12] V. A. Balatov, IUCr CompComm Newslett. 2006, 7, 4-38.

[13] H. Adams, M. S. Shongwe, I. Al-Bahri, E. Al-Busaidib, M. J. Morris, Acta
Crystallogr., Sect. C 2005, 61, m497-m500.

[14] a) J.-L. Liu, W.-Q. Lin, Y.-C. Chen, S. Gémez-Coca, D. Aravena, E. Ruiz, J.-D.
Leng, M.-L. Tong, Chem. Eur. J. 2013, 19, 17567-17577; b) J.-L. Liu, Y.-C.
Chen, W.-Q. Lin, S. Gémez-Coca, D. Aravena, E. Ruiz, W.-Q. Lin, J.-D. Leng,
M.-L. Tong, Chem. Commun. 2013, 49, 6549-6551; c) P. Dhal, A. Sasmal,
C. J. Gomez-Garcia, A. Bauza, A. Frontera, G. Pilet, S. Mitra, Eur. J. Inorg.
Chem. 2014, 3271-3278.

Received: September 12, 2016
Published Online: December 6, 2016

Eur. J. Inorg. Chem. 2017, 30-34 www.eurjic.org

34

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



