ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/26817582

Robust recognition of malonate and 2-amino-4-picolinium in conjunction
with M(II) as a triad (M = Ni/Co/Mn): role of this highly stable hydrogen-
bonded motif in driving supramolecu...

Article in Dalton Transactions - October 2009

DOI: 10.1039/b905127a - Source: PubMed

CITATIONS READS

27 100

9 authors, including:

i Somnath Ray Choudhury Arturo Robertazzi
g Jadavpur University Quantistry

32 PUBLICATIONS 1,584 CITATIONS 38 PUBLICATIONS 1,598 CITATIONS
SEE PROFILE SEE PROFILE
Atish Dipankar Jana = Hon Man Lee
Behala College w@ National Changhua University of Education
121 PUBLICATIONS 1,918 CITATIONS 248 PUBLICATIONS 7,735 CITATIONS
SEE PROFILE SEE PROFILE

All content following this page was uploaded by Arturo Robertazzi on 22 February 2015.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/26817582_Robust_recognition_of_malonate_and_2-amino-4-picolinium_in_conjunction_with_MII_as_a_triad_M_NiCoMn_role_of_this_highly_stable_hydrogen-bonded_motif_in_driving_supramolecular_self-assembly?enrichId=rgreq-bcad324629e17be8966f3bf60a19a880-XXX&enrichSource=Y292ZXJQYWdlOzI2ODE3NTgyO0FTOjE5OTY1OTEyMjM2ODUxMkAxNDI0NjEzODUyMDU0&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/26817582_Robust_recognition_of_malonate_and_2-amino-4-picolinium_in_conjunction_with_MII_as_a_triad_M_NiCoMn_role_of_this_highly_stable_hydrogen-bonded_motif_in_driving_supramolecular_self-assembly?enrichId=rgreq-bcad324629e17be8966f3bf60a19a880-XXX&enrichSource=Y292ZXJQYWdlOzI2ODE3NTgyO0FTOjE5OTY1OTEyMjM2ODUxMkAxNDI0NjEzODUyMDU0&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-bcad324629e17be8966f3bf60a19a880-XXX&enrichSource=Y292ZXJQYWdlOzI2ODE3NTgyO0FTOjE5OTY1OTEyMjM2ODUxMkAxNDI0NjEzODUyMDU0&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Somnath-Choudhury-2?enrichId=rgreq-bcad324629e17be8966f3bf60a19a880-XXX&enrichSource=Y292ZXJQYWdlOzI2ODE3NTgyO0FTOjE5OTY1OTEyMjM2ODUxMkAxNDI0NjEzODUyMDU0&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Somnath-Choudhury-2?enrichId=rgreq-bcad324629e17be8966f3bf60a19a880-XXX&enrichSource=Y292ZXJQYWdlOzI2ODE3NTgyO0FTOjE5OTY1OTEyMjM2ODUxMkAxNDI0NjEzODUyMDU0&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Jadavpur-University?enrichId=rgreq-bcad324629e17be8966f3bf60a19a880-XXX&enrichSource=Y292ZXJQYWdlOzI2ODE3NTgyO0FTOjE5OTY1OTEyMjM2ODUxMkAxNDI0NjEzODUyMDU0&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Somnath-Choudhury-2?enrichId=rgreq-bcad324629e17be8966f3bf60a19a880-XXX&enrichSource=Y292ZXJQYWdlOzI2ODE3NTgyO0FTOjE5OTY1OTEyMjM2ODUxMkAxNDI0NjEzODUyMDU0&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Arturo-Robertazzi?enrichId=rgreq-bcad324629e17be8966f3bf60a19a880-XXX&enrichSource=Y292ZXJQYWdlOzI2ODE3NTgyO0FTOjE5OTY1OTEyMjM2ODUxMkAxNDI0NjEzODUyMDU0&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Arturo-Robertazzi?enrichId=rgreq-bcad324629e17be8966f3bf60a19a880-XXX&enrichSource=Y292ZXJQYWdlOzI2ODE3NTgyO0FTOjE5OTY1OTEyMjM2ODUxMkAxNDI0NjEzODUyMDU0&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Arturo-Robertazzi?enrichId=rgreq-bcad324629e17be8966f3bf60a19a880-XXX&enrichSource=Y292ZXJQYWdlOzI2ODE3NTgyO0FTOjE5OTY1OTEyMjM2ODUxMkAxNDI0NjEzODUyMDU0&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Atish-Jana?enrichId=rgreq-bcad324629e17be8966f3bf60a19a880-XXX&enrichSource=Y292ZXJQYWdlOzI2ODE3NTgyO0FTOjE5OTY1OTEyMjM2ODUxMkAxNDI0NjEzODUyMDU0&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Atish-Jana?enrichId=rgreq-bcad324629e17be8966f3bf60a19a880-XXX&enrichSource=Y292ZXJQYWdlOzI2ODE3NTgyO0FTOjE5OTY1OTEyMjM2ODUxMkAxNDI0NjEzODUyMDU0&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Behala-College?enrichId=rgreq-bcad324629e17be8966f3bf60a19a880-XXX&enrichSource=Y292ZXJQYWdlOzI2ODE3NTgyO0FTOjE5OTY1OTEyMjM2ODUxMkAxNDI0NjEzODUyMDU0&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Atish-Jana?enrichId=rgreq-bcad324629e17be8966f3bf60a19a880-XXX&enrichSource=Y292ZXJQYWdlOzI2ODE3NTgyO0FTOjE5OTY1OTEyMjM2ODUxMkAxNDI0NjEzODUyMDU0&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hon-Man-Lee?enrichId=rgreq-bcad324629e17be8966f3bf60a19a880-XXX&enrichSource=Y292ZXJQYWdlOzI2ODE3NTgyO0FTOjE5OTY1OTEyMjM2ODUxMkAxNDI0NjEzODUyMDU0&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hon-Man-Lee?enrichId=rgreq-bcad324629e17be8966f3bf60a19a880-XXX&enrichSource=Y292ZXJQYWdlOzI2ODE3NTgyO0FTOjE5OTY1OTEyMjM2ODUxMkAxNDI0NjEzODUyMDU0&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/National_Changhua_University_of_Education?enrichId=rgreq-bcad324629e17be8966f3bf60a19a880-XXX&enrichSource=Y292ZXJQYWdlOzI2ODE3NTgyO0FTOjE5OTY1OTEyMjM2ODUxMkAxNDI0NjEzODUyMDU0&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Hon-Man-Lee?enrichId=rgreq-bcad324629e17be8966f3bf60a19a880-XXX&enrichSource=Y292ZXJQYWdlOzI2ODE3NTgyO0FTOjE5OTY1OTEyMjM2ODUxMkAxNDI0NjEzODUyMDU0&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Arturo-Robertazzi?enrichId=rgreq-bcad324629e17be8966f3bf60a19a880-XXX&enrichSource=Y292ZXJQYWdlOzI2ODE3NTgyO0FTOjE5OTY1OTEyMjM2ODUxMkAxNDI0NjEzODUyMDU0&el=1_x_10&_esc=publicationCoverPdf

PAPER

www.rsc.org/dalton | Dalton Transactions

Robust recognition of malonate and 2-amino-4-picolinium in conjunction with
M(1n) as a triad (M = Ni/Co/Mn): role of this highly stable hydrogen-bonded
motif in driving supramolecular self-assembly
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The crystal lattice of the three isostructural compounds 1-3, (C;HsN,H),[M(C;H,0,),(H,0),]-4H,0
(C¢HgN,H = protonated 2-amino-4-picoline, M = Ni/Co/Mn, C;H,O, = malonate dianion; hereafter,
malonate) is formed by supramolecular 2D layers. Hydrogen-bonding, ©t- - - w and lone pair - - -7t
interactions play crucial role in organizing monomeric [M"(mal),(H,0),] units into 2D sheets along the
ab plane, through the self-association between two different supramolecular building blocks, namely a
tetrameric water cluster including metal-coordinated water molecules, and R,%(8) and R,%(7)
hydrogen-bonded recognition synthons between 2-amino-4-picolinium and malonate. DFT calculations
clearly show that the robust 2-amino-4-picolinium/malonate hydrogen-bonded motif drives the

self-assembly of the supramolecular network observed.

Introduction

Molecular recognition is not only at the heart of bio-chemical
processes,’ but is also crucial in various other areas of science
and technology, such as the design of sensor materials,® selective
catalysis,”® host—guest systems,® surface patterning,’® nano-scale
assembly,'’ and so on. The basis of molecular recognition is the
appropriate complementarities between the host and the guest.
Although various weak forces such as «---w,”*™ C-H---x,'*"
etc. have been employed for this purpose, hydrogen bonding still
remains the most reliable and widely used means for enforcing
molecular recognition.’®*?° Self-assembly of molecular building
blocks through molecular recognition has led the way in the
design and preparation of various functional materials, both of
organic as well as of hybrid organic-inorganic type.?*? Tt is
generally assumed that identical recognition patterns exist both in
solution and in the crystalline solid state; in many cases, this has
been unequivocally established.” The rational synthesis of desired
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supramolecular materials has reached a state of the art where
one relies on the most commonly observed recognition pattern
between a set of molecular building blocks. However, sometimes,
various unforeseen factors such as the participation of solvent
molecules or the pH of the solution play an important role in the
self-assembly process.

Malonate has been widely used as ligand for the synthesis of
crystalline coordination materials of diverse architectures, as the
result of its various potential binding modes to transition metals
as well as its participation in hydrogen bonding interactions.**2
Moreover, in combination with other ligands,”>** malonate has
allowed the generation of remarkable architectures. The use of
malonate in association with 2-amino-4-picoline in copper(i1)
systems*** has shown that these two ligands have a preferred
recognition pattern through the formation of a R,?(8) hydrogen-
bonding synthon. It is also worth mentioning that this recognition
is enforced in situ by the protonation of 2-amino-4-picoline.

In the present study, the preparation of malonate-metal-2-
amino-4-picoline ternary systems has been extended to other
transition metals, namely nickel(11), cobalt(ir) and manganese(1r).
As expected, this investigation shows that a similar recognition
mode between 2-amino-4-picolinium and malonate, through in
situ protonation of 2-amino-4-picoline, is responsible for the
formation of supramolecular assemblies. However, contrary to
the Cu(11) compounds described earlier,*** for which the malonate
moiety acts as a bridging ligand producing 2D coordination poly-
mers, the present systems exhibit individual mononuclear units.
The crystal packing of the three isostructural compounds reveals
the presence of two types of hydrogen-bonded supramolecu-
lar units. The first network is generated by the association of
[M"(mal),(H,0),] (M = Ni/Co/Mn) synthons through hydrogen
bonds involving coordinated and lattice water molecules. The
second network is produced via hydrogen-bonding interactions
between [M"(mal),(H,0),] units and protonotated 2-amino-4-
picoline molecules (via the typical R,*(8) hydrogen-bonding motif

This journal is © The Royal Society of Chemistry 2009
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for malonate/2-amino-4-picolinium recognition). The combina-
tion of these two gives rise to the formation of 2D supramolecular
sheets. These two different supramolecular associations have been
theoretically investigated to compare their formation energies and
their relative involvement in the construction of the 2D self-
assembly.

Experimental
General

All reactions were carried out in aerobic conditions and in water
as the solvent. Malonic acid (Lancaster), manganese(ll) acetate
tetrahydrate (Aldrich), cobalt(i1) acetate tetrahydrate (Aldrich),
nickel(11) acetate tetrahydrate (Aldrich) and 2-amino-4-picoline
(Aldrich) were used as received. Doubly distilled and then freshly
boiled water was used throughout. Elemental analyses (C, H,
N) of compounds 1-3 were performed on a Perkin-Elmer 240C
elemental analyzer. IR spectra were recorded on a Perkin-Elmer
L120-00A FT-IR spectrophotometer with the sample prepared as
a KBr pellet in the range 4000-600 cm™ . The TGA were carried out
with a Mettler Toledo TGA/SDTA 851°¢ system (Fig. S1, ESI¥).%¢

All the compounds exhibit almost identical IR spectra. The
absorption band at 3342 cm™ can be assigned to the stretching
vibration, v(O—H), of the hydroxyl groups in the water molecules.
The band at 3058 cm™ can be assigned to the stretching vibration,
V(N-H), of the primary aromatic amine. The next band at
2848 cm™! corresponds to the stretching vibration, v(C-H), of the
malonate ligands. The v,(OCO) and v,(OCO) absorption bands
are observed at 1579 and 1434 cm™, respectively. The 6(OCO)
absorptions are located at 796 and 742 cm™.

The thermogravimetric analyses of compounds 1-3 show that
dehydration starts approximately at 62 °C and all water molecules
are lost at 112 °C (the calculated weight loss corresponding to
six water molecules is 18.33% for 1, found 17.23%; 18.32% for
2, found 17.25% and 18.45% for 3, found 17.32%). Complete
decomposition of the dehydrated compounds is achieved at
400 °C. A representative TG curve (of 1) is shown in Fig. S1
(ESIf).%¢

Preparation of the coordination complexes

Synthesis of the complex (C,H3N,H),[Ni(mal),(H,0),]-4H,O
(1). Nickel(1) acetate tetrahydrate (0.248 g, 1.0 mmol), dissolved
in 25 mL of water, was allowed to react with malonic acid (0.208 g,
2.0 mmol) in water (25 mL), resulting in a clear light-green
solution. A hot (60 °C) aqueous solution (25 mL) of 2-amino-4-
picoline (0.216 g, 2.0 mmol) was added dropwise to the above green
solution with continuous stirring. The pH of the resulting solution
was adjusted to 5.5 by the addition of dilute aqueous NaOH. The
reaction mixture thus obtained was further heated at 60 °C for
1 h with continuous stirring. The solution was then cooled to
room temperature and left unperturbed for crystallization. Flat,
pale-green, single crystals of 1, suitable for X-ray analysis, were
obtained after several weeks from the mother-liquor by slow
evaporation. The crystals were filtered off, washed with cold water
and dried in air (yield 48%). Anal. Calc. for C;3H3;N,O,Ni: C,
36.71; H, 5.77; N, 9.51. Found: C, 36.59; H, 5.61; N, 9.40%.

Synthesis of the complex (CsH;N,H),[Co(mal),(H,0),]-4H,O
(2). Cobalt(1) acetate tetrahydrate (0.249 g, 1.0 mmol), dissolved
in 25 mL of water, was allowed to react with malonic acid
(0.208 gm, 2.0 mmol) in water (25 mL), resulting in a clear light-
pink solution. A hot (60 °C) aqueous solution (25 mL) of 2-amino-
4-picoline (0.216 g, 2.0 mmol) was added dropwise to the above
pink solution with continuous stirring. The pH of the resulting
solution was adjusted to 5.5 by the addition of dilute aqueous
NaOH. The solution mixture thus obtained was further heated
at 60 °C for 1 h with continuous stirring. The resulting reaction
mixture was then cooled to room temperature and left unperturbed
for crystallization. Flat, pale-pink, single crystals of 2, suitable
for X-ray analysis, were obtained after several weeks from the
mother liquor by slow evaporation. The crystals were filtered off,
washed with cold water and dried in air (yield 52%). Anal. Calc.
for C,sH,N,O,,Co: C, 36.70; H, 5.77; N, 9.51. Found: C, 36.53;
H, 5.66; N, 9.41%.

Synthesis of the complex (CsHsN,H),[Mn(mal),(H,0),]-4H,O
(3). Manganese(11) acetate tetrahydrate (0.245 g, 1.0 mmol),
dissolved in 25 mL of water, was allowed to react with malonic
acid (0.208 gm, 2.0 mmol) in water (25 mL), resulting in a clear,
almost colorless solution. A hot (60 °C) aqueous solution (25 mL)
of 2-amino-4-picoline (0.216 g, 2.0 mmol) was added dropwise
to the above solution with continuous stirring. The pH of the
resulting solution was adjusted to 5.5 by the addition of dilute
aqueous NaOH. The reaction mixture thus obtained was further
heated at 60 °C for 1 h with continuous stirring. The solution
was then cooled to room temperature and left unperturbed for
crystallization. Flat, pale-pink, single crystals of 3, suitable for
X-ray analysis were separated after several weeks from the mother-
liquor by slow evaporation. The crystals were filtered off, washed
with cold water and dried in air (yield 52%). Anal. Calc. for
CsHy, N, O ,Mn: C, 36.95; H, 5.81; N, 9.57. Found: C, 36.68; H,
5.66; N, 9.51%.

Crystallography

Single crystals having suitable dimensions for 1-3 were used for
data collection using a ‘Bruker SMART APEX II” diffractometer
equipped with graphite-monochromated Mo-Ka radiation (4 =
0.71073 A) at 150(2) K. The molecular structures were solved
by direct methods and refinement by full-matrix least squares
on F? using the SHELX-97 package.’’” The non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were placed in
their geometrically idealized positions and constrained to ride on
their parent atoms. H atoms of water molecules were located by
difference Fourier maps and were kept fixed.

Computational details

Following our recent investigations,*?* single-point calculations
and full optimizations were carried out using the Gaussian03 suite
of programs,® employing the Becke’s half-and-half (BHandH)
DFT functional for the stacked system (motif 2, see text).*
This functional combined with medium-sized basis sets is able
to reproduce high-level calculations for systems governed by
dispersive forces, leading to significant results reported in a number
of recent studies.** In addition, only for the H-bonded synthon
(motif 1, see text), the B3LYP/6-31+G(d) level was also employed
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Table 1 Crystallographic data for compounds 1-3

Compound 1 2 3

Formula C,sH3,N,O,Ni CsH,N,0,,Co CsH,N,O,Mn
M 589.20 589.42 585.43
Crystal system Triclinic Triclinic Triclinic
Space group P1 (no. 2) P1 (no. 2) P1 (no. 2)
Crystal dimensions/mm 0.30 x 0.40 x 0.50 0.09 x 0.37 x 0.50 0.30x0.31 x0.50
a/A 7.4284(2) 7.5389(2) 7.6690(6)
b/A 8.9640(2) 9.0543(2) 9.1074(7)
c/A 10.5124(2) 10.4107(3) 10.3380(8)
o/ 94.669(1) 93.349(2) 92.776(1)
B/° 92.165(1) 93.305(2) 92.558(1)
y/° 111.418(1) 112.098(1) 111.734(1)
F(000) 310 309 307
S(GOF) 1.08 1.06 1.64

V/A 647.78(3) 654.86(3) 668.41(9)

zZ 1 1 1

T/K 150(2) 150(2) 150(2)

6 Range/° 2-28.6 2-28.7 2-28.6
D./Mgm™ 1.510 1.495 1.454
AMo-Ko/A 0.71073 0.71073 0.71073
u(Mo-Ka)/mm™ 0.823 0.729 0.566

R1, I >20(I) (all) 0.0226 0.0259 0.0278

wR2, I > 20(1) (all) 0.0610 0.0673 0.0804
Total reflections 9820 9535 7406
Unique data (R;,) 3285(0.017) 3376 (0.017) 3390 (0.014)
Observed data [/ > 20([)] 3133 3045 3070

APras. min/ € A7 —0.31,0.48 —0.44,0.39 -0.38,0.57

in order to double check the results obtained with BHandH (e.g.
positive formation energy, vide infra). The formation energies
were obtained via the super-molecule approach, ie. calculated
as the difference between the energy of the entire complex and
the energies of the single components of the complex, with no
correction for the basis set superposition error.

The atoms-in-molecules (AIM)*-* theory was then performed
directly on the experimental and optimized structures (motif 1
and motif 2, see text) to estimate the inter-molecular interactions.
In particular, AIM is based upon those critical points where the
gradient of the density, Vp, vanishes. In this work, we will only
consider (3, —1) or bond critical points, wherein one curvature (in
the internuclear direction) is positive and two (perpendicular to
the bond direction) are negative. Two bonded atoms are connected
with a bond path through the bond critical point. Importantly,
several studies have shown that the electron density at the bond
critical points correlates with the strength of the chemical bonds
and interactions.***** We would like to note that, as the structures
of all the three compounds reported here are very similar, we have
performed DFT studies only on the Ni(11) compound, 1.

Results and discussion

Crystal structures of (C;HsN,H),[M(mal),(H,0),]-4H,O0
(C¢HgN,H = protonated 2-amino-4-picoline; mal =
malonate; M = Ni" (1), Co" (2), Mn" (3))

Compounds 1-3 are isostructural. The three coordination com-
pounds crystallize in the triclinic space group P1with the asymmet-
ric unit consisting of half of the molecular anion [M(mal),(H,0),]*
(with M = Ni" (1), Co" (2) or Mn" (3)), one C,H;N,H* cation and
two lattice water molecules. The anionic unit is centrosymmetric
with the metal atoms occupying the center of inversion. A

07 @&

7

H7a

H2

Fig. 1 Representative ORTEP diagram of compounds 1-3. Thermal
ellipsoids are drawn at the 30% probability level. Atoms marked with
an asterisk (*) are at equivalent position (* =1-x, -y, —zfor1;1-x, 1 —
y, 1 —zfor2;1 —x, 1 —y, —zfor 3).

representative ORTEP diagram is shown in Fig. 1, while detailed
crystal and structure refinement data of 1-3 are collected in
Table 1. Two oxygen atoms (Ol and O3) from one bidentate
malonate moiety and their centrosymmetric counterparts (O1*
and O3*, * =1-x,-y,—zforl,1-x,1 -y, 1 —zfor2, 1 -
x, 1 —y, —z for 3) of a symmetry-related malonate unit constitute
the equatorial plane. Two water molecules occupy the trans axial
positions forming a distorted octahedral MO,O/, chromophore.
The M-O bond distances in the equatorial plane vary in the
range 2.0198(8)-2.1843(8) A. The lowest M—O bond length is

This journal is © The Royal Society of Chemistry 2009
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Table 2 Selected bond lengths (A) and angles (°) for compounds 1-3

1

C(1)-0(1) 1.2640(13)  C(3)-O(4) 1.2528(14)
C(1)-0(2) 1.2579(14)  Ni(1)-O(1) 2.0198(8)
C(1)-C(2) 1.5221(16)  Ni(1)-O(3) 2.0532(8)
C(2)-C(3) 1.5233(16)  Ni(1)-O(5) 2.0691(10)
C(3)-0(3) 1.2698(14)

0(2)-C(1)-0(1) 123.09(11)  O(1)-Ni(1)-03)  90.86(3)
O(1)-C(1)-C(2) 118.88(10)  O(1)-Ni(1)-0(5)  93.50(4)
C(1)-C(2)-C(3) 114.94(10)  O(I)-Ni(1)-O3)  89.14(3)
C(2)-C(3)-0(4) 117.30(10)  O(1)-Ni(1)-0(5)  86.50(4)
C(2)-C(3)-0(3) 119.23(10)  O(3)-Ni(1)-0(5) 90.37(4)
Ni(1)-O(1)-C(1)  125.09(8) O(3)-Ni(1)-0(5)  89.63(4)
Ni(1)-0(3)-C(3)  124.47(8) O(3)-Ni(1)-0(5)  90.37(4)

2

C(1)-0(1) 1.2598(14)  C(3)-O(4) 1.2496(16)
C(1)-0(2) 1.2569(15)  Co(2)-O(1) 2.0546(8)
C(1)-C(2) 1.5260(18)  Co(2)-O(3) 2.0895(9)
C(2)-C(3) 1.5251(18)  Co(2)-0(5) 2.0781(12)
C(3)-0(3) 1.2679(16)

0(2)-C(1)-0(1) 123.24(11)  O(1)-Co(2)-O(3)  89.37(3)
O(1)-C(1)-C(2) 118.74(10)  O(1)-Co(2)-O(5)  91.99(4)
C(1)-C(2)-C(3) 114.57(11)  O(1)-Co(2)-O(3)"  90.63(3)
C(2)-C(3)-0(4) 117.72(11)  O(1)-Co(2)-0(5)*  88.01(4)
C(2)-C(3)-0(3) 118.49(11)  O(3)-Co(2)-O(5)  94.15(6)
Co(2-O(1)-C(1)  127.03(8) O(1)'-Co(2)-03)  90.63(3)
Co(2)-0(3)-C(3)  125.52(8) 0(3)-Co(2-O(5)"  85.85(6)

3

C(1)-0(1) 1.2620(14)  C(3)-O(4) 1.2491(15)
C(1)-0(2) 1.2553(14)  Mn(1)-0(1) 2.1172(8)
C(1)-C(2) 1.2691(15)  Mn(1)-O(3) 2.1843(8)
C(2)-C(3) 1.5274(16)  Mn(1)-O(5) 2.1806(11)
C(3)-0(3) 1.2691(15)

0(2)-C(1)-0(1) 123.07(11)  O(1)-Mn(1)-0(3)  86.80(3)
O(1)-C(1)-C(2) 118.65(10)  O(1)-Mn(1)-O(5)  88.90(4)
C(1)-C(2)-C(3) 114.50(11)  O(1)-Mn(1)-O(3)"  93.20(3)
C(2)-C(3)-0(4) 117.79(10)  O(1)-Mn(1)-O(5)"  91.10(4)
C(2)-C(3)-0(3) 118.32(10)  O(3)-Mn(1)-O(5)  84.06(4)
Mn(1)-O(1)-C(1)  128.63(8) O(1)"-Mn(1)-0(3)  93.20(3)
Mn(1)-0(3)-C(3)  125.65(7) 0(3)-Mn(1)-O(5)"  95.94(4)

=1-x,-y,—zii=1-x, 1=y, 1-zjiii=1-x,1-y, -z

observed for 1, where the Nil-Ol bond length is 2.0198(8) A,
whereas the highest one is found for 3, with the Mn1-O3 bond
length amounting to 2.1843(8) A. In the same way, the M—O5
bond length corresponding to the axially bound water molecule
is also found to be the lowest in 1 (2.0691(10) A) and the
highest in 3 (2.1806(11) A). The angle subtended at the metal
centers by the malonato moiety is comparable in compounds 1-3.
Selected bond lengths and angles for compounds 1-3 are listed in
Table 2.

The comparison of the present bond lengths and angles with
those reported earlier for analogous compounds reveals that the
axial bonds are shorter in 1-3.2*5*57 The equatorial bonds
and angles subtended at the metal centers are comparable,
which indicates that the MO,0O’, octahedra in 1-3 are axially
compressed.®*

Compounds 1-3 exhibit identical crystal lattices. The 3D
supramolecular self-assembly in the solid-state structures of the
three compounds can be regarded as the stacking of successive
metal-organic and organic layers. 2-amino-4-picoline molecules
constituting the organic layer are sandwiched between metal—
malonate layers. The spatial organization of the monomeric
[M(mal),(H,0),]* units, generating the metal-malonate layer, ap-
pears to be driven by lattice water molecules (O7). As is evidenced
in Fig. 2, the coordinated water molecules (O5) from successive
[M(mal),(H,O),]* anions and lattice water molecules O7 along
with its symmetry related counterpart O7* form a tetrameric water
cluster. These tetrameric units connect [M(mal),(H,0),]* units,
producing a 2D layer in the ab plane. The NbO-type topology
of the layer is probably templated by the topology of the water
tetramer itself. Adjacent [M(mal),(H,0),]* coordination units
along the a direction on the 2D sheet are doubly linked to each
other through the two arms of the tetramer (O5-H5A---O7 =
2.750, 2.724 and 2.718 A for 1, 2 and 3 and O5-H7B---O7 =
2.758, 2.750 and 2.751 A for 1, 2 and 3) hydrogen bonds (see
Tables 3, 4 and 5 for hydrogen bonding parameters), forming a
supramolecular chain along the a-axis. Each such chain is linked
to adjacent chains by means of hydrogen-bonding contacts. These
supramolecular interactions give rise to a shifting of the successive
chains, by a/2 with respect to each other, to facilitate the hydrogen
bonding of the malonate (O2) atom at the other corner of the
water tetramer, where O7 acts as a donor for O2, producing a
supramolecular layer. The organization of this layer is such that
the carboxylate terminals of the chelated malonate ligands project
outwards of this plane and make an angle of about 45° with the
mean plane.

Fig. 2 Organization of the monomeric [M(mal),(H,0),]* units (M =
Ni/Co/Mn) into a 2D layer in the ab plane in which the water tetramer
acts as a supramolecular subunit.

The protonated 2-amino-4-picoline molecules are attached
to the layer from either side of it and bind to the malonate
terminals through the formation of the characteristic R,*(8)
recognition motif (Fig. 3). The binding of the 2-amino-4-picoline
molecules to the layer is further strengthened by an additional
C-H--- O hydrogen bond with the nearest oxygen atom of the
adjacent malonate terminal across the metal, forming a R,*(7)
supramolecular pattern. These two motifs act in unison and a
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Table 3 Hydrogen-bonding parameters in 1¢

D-H---A d(D---A)/A Z(D-H---A)/°
NI-HIA - Oda 2.791(1) 170
NI-H1B---O6b 2.834(1) 164
N2-H2---O3a 2.834(1) 177(2)
05-H5A ---O7c 2.750(1) 141
O5-H5B---07d 2.758(1) 167(2)
06-H6A - -- Ode 2.778(1) 171.3(2)
06-H6B - -- 02c 2.720(1) 169(2)
O7-H7A --- O6f 2.766(1) 170(2)
O7-H7B--- 02 2.737(1) 172(2)
C9-H9---Olg 3.253(2) 130

“Symmetry codes:a=1-x,-y, 1 —z;b=x-1+y,z;c=1-x,1-y,
—zid=-1+x,-l+y,ze=-1+x,y,z;f=1+xpy,z,2=x,, | +z.

Table 4 Hydrogen-bonding parameters in 2¢

D-H---A d(D---A)/A Z(D-H --A)/°
N1-HIA---O4a 2.805(2) 177
NI-HIB---06b 2.838(2) 173
N2-H2---O3a 2.831(2) 175
05-H5A---O7b 2.724(2) 170
05-H5B---O7c 2.750(2) 173
06-H6A - -- 04d 2.780(1) 174
06-H6B--- 02 2.732(2) 168
O7-H7A--- O6e 2.770(1) 168
O7-H7B---02f 2.704(1) 174
C9-H9---Olg 3.249(2) 139

“Symmetrycodes:a=1-x,1-y,-z;b=1-x,1-y,1—-z;c=1+x,y,
zd=-x,-p,1-zie=-x,1-p, 1-zif=x,1+y,z;8=x,y, -1 + z.

Table 5 Hydrogen-bonding parameters in 3

D-H---A dD---A)/A Z(D-H---A)/°
N1-HIA---Oda 2.818(1) 166
NI-HIB---06 2.834(1) 173
N2-H2---O3a 2.822(1) 175
05-H5A---07 2.718(1) 171
05-H5B---O7b 2.751(1) 175
06-H6A - -- O4c 2.778(1) 172
06-H6B---02d 2.740(1) 165
O7-H7A - - O6e 2.768(1) 170
O7-H7B---02f 2.694(1) 171
C9-H9---Olg 3.275(2) 138

“Symmetry codes:a=1-x,1-y,1-z;b=2-x,1-y,-z;c=-1 +x,
“1+y,z;d=1-x,1-y,—ze=1+x,1+y,z;f=x,-1+y,z,2=x,,
14z

tripodal recognition of the protonated 2-amino-4-picoline ligands
enhance the stability of the supramolecular assembly.

Successive 2-amino-4-picoline-studded layers pack along the
crystallographic c-axis through interdigitation which is facilitated
by lone pair--- %% and n--- & interactions (Table S1, ESIT)3%
between the 2-amino-4-picoline moieties attached to adjacent
layers (Fig. 4).

Understanding and controlling the self-assembly of molecular
building blocks is at the crux of designed synthesis of functional
materials. Though it is possible to preconceive certain preferred
recognition motifs between a set of building blocks, it is still not
possible to a large extent to completely predict the self-assembly of
crystalline materials. In this regard, the most disturbing aspect is

Fig. 3 Tripodal recognition between protonated 2-amino-4-picoline
molecules and malonate moieties through the formation of R,*(8) and
R,*(7) hydrogen bonding motifs on both sides of the water assembled
layer.

Fig. 4 Interdigitation of organic layers through lone pair---m and
7--- T interactions along the crystallographic ¢ axis in a penultimate 3D
supramolecular organization of the complexes.

the near impossibility to predict the role of the solvent in the self-
assembly process. For instance, the role of water, one of the most
common solvents, has been extensively analyzed in the assembly
of crystalline materials. Although no concrete rule has yet been
established, it is generally assumed that water normally plays two
types of role: it fills the void space in porous materials and it acts
as balancing agent for the number of donors and acceptors when
there is a mismatch between a set of hydrogen-bonding partners.*

In recent years, there have been a number of reports of crystalline
materials encapsulating water clusters of various nuclearities™ "
and morphologies,’*” either remaining in the void space or as
a constituent of the supramolecular network itself. The water
tetramer is one of the important water motifs that has been
observed in crystalline materials in more instances than the other
water motifs.**¥" This suggests that water molecules have an
inherent tendency to self-organize themselves especially in the
form of the water tetramer even in the presence of other molecular
building blocks. In the gas phase it has a calculated binding energy
of ca. 27 kcal mol™ (quite strong)® and it would not be wrong to
treat it as a kind of stable supramolecular synthon. The influence
of this synthon on the geometry of a number of coordination
environments has been established beyond doubt through neutron
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diffraction studies.® In the gas phase, the highest formation energy
for the water tetramer has been found for the hydrogen-bonded
motif R,*(8).% In the present system, the water tetramer exhibits
a R,%(8) motif as a result of the coordination of two of the
water molecules to metal ions and this is expected to be less
stable than the gas phase water tetramer cluster (R,*(8) hydrogen
bonded motif). The presently observed R,*(8) motif has been
reported previously® in other frans-aquo ligated transition metal
coordination compounds. Also, when two of the water molecules
in this cluster are replaced by two acceptor atoms of coordinating
ligand molecules, the R,*(8) motif remains intact.?#58¢

To saturate the dangling hydrogen-bonding sites of the tetramer,
additional lattice water molecules (O6) also take part in the
hydrogen-bonding network, further stabilizing the assembly (Ta-
bles 3, 4 and 5), and filling the remaining void space.

Previous studies on copper(il) complexes prepared from mal-
onate and 2-amino-4-picolinium have clearly shown that the pre-
ferred recognition mode between these two molecules is the forma-
tion of a R,?(8) hydrogen-bonded pattern.’*3*5 This motif is found
as well in the present compounds. In the copper(il) complexes, the
malonate units act as bridging ligands to form a 2D framework. In
contrast, for the compounds herein described, the malonates func-
tion as chelating ligands, resulting in mononuclear coordination
compounds, which are involved in hydrogen-bonding interactions.
The significant structural differences observed for the copper(ir)
complexes may arise from the allowed Jahn-Teller distortion,
usually occurring in Cu" octahedral coordination environments.
Indeed, a syn—antibridging coordination mode between Cu centers
is possible, which gives rise to a 1D coordination polymer, in
contrast to the monomeric coordination units formed in the
present compounds.

It is important to mention that, while the recognition between
2-amino-4-picolinium units and the Cu-malonate coordination
polymer takes place through the same R,*(8) hydrogen-bonding
motif, a subtle difference exists. Actually, in the compounds de-
scribed in the present paper, the N2 atom of the 2-amino-4-picoline
acts as donor (donating H2) to the malonate oxygen atom O1 that
is directly coordinated to the metal center, and the N1 atom of
the 2-amino-4-picoline donates H1A to the uncoordinated oxygen
atom O2 of the malonate (Fig. 3). For the Cu complexes, the
reverse situation is observed.3** Indeed, the N1 atom of 2-amino-
4-picoline donates its hydrogen to the inner oxygen atom of the
malonate which is directly coordinated to the Cu center, and the N2
atom of 2-amino-4-picoline donates its hydrogen to the bridging
malonate oxygen that is axially bound to the nearest Cu center
(Fig. S2).%¢ Effectively, in comparison to the present compounds,
the malonate in the Cu complexes has rotated 180° around an
axis normal to the metal-malonate plane. Nevertheless, the R,%(8)
hydrogen-bonding pattern between 2-amino-4-picolinium and
malonate is maintained, which is indicative of its robust nature.
It is to be further noted that in all these compounds (including
the Cu complexes), the 2-amino-4-picoline gets protonated in situ,
which is a prerequisite for this robust recognition motif to prevail.
Moreover, regardless of the transition metal salts used (acetate,
nitrate, chloride or carbonate salt), the same molecular structures
are obtained, therefore showing that the particular supramolecular
features observed are not anion dependent.

As mentioned above, the supramolecular network characteriz-
ing compounds 1-3 is built through the formation of two types

of hydrogen-bonded synthons. These two supramolecular motifs,
i.e. motif 1 (water tetramer) and metif 2 (2-amino-4-picolinium-—
malonate recognition), are represented in Fig. 5.

€

Motif 1 Motif 2

Fig.5 Supramolecular synthons generating a 2D network in compounds
1-3, by means of hydrogen-bonding, lone pair - - - mand n- - - winteractions.

The formation energy of motif 1 and motif 2 (Fig. 5) has
been calculated to investigate their relative involvement in the
generation of the 2D supramolecular network.

First, the stability of the isolated H-bonded system, i.e. motif
1, has been determined by running both B3LYP/6-31+G(d) and
BHandH/6-31+G(d) single-point calculations, which generate a
positive formation energy (Table S2, ESIT).3 To corroborate these
results, the full optimization of the system has been carried out
with both DFT functionals. These additional calculations confirm
that the H-bonded structure observed experimentally may not
exist on its own, as the two metal-malonate units fall apart during
optimization.

Certainly the most interesting system is that constituted by
the association between the metal-malonate compound and two
protonated 2-amino-4-picoline molecules, namely motif 2. Single-
point calculations and full optimization have been performed at
the BHandH/6-31+G(d) level of theory (Fig. S3 (ESIT)* and see
computational details). The single-point calculations suggest that
the supramolecular complex is thermodynamically stable, i.e., the
formation energy equals —208.7 kcal mol™ (Table S2, ESIt).* The
optimization carried on the experimental structure confirms the
first data, as the resulting complex (slightly distorted compared to
the initial configuration, see Fig. S3, ESI{)* shows a formation
energy of —274.0 kcal mol™ (Table S2, ESIt).*® The AIM analysis
has been initially carried out directly on the experimental structure
to visualize and estimate the intermolecular interactions between
the single molecules constituting the whole system. Remarkably,
this analysis reveals an intricate network of supramolecular
interactions (Table S3 (ESIY),* Fig. 6). The aminopicoline rings
show two fairly strong and virtually symmetrical interactions
involving the amino nitrogen atoms (N - - - N, blue lines in Fig. 6)
with p values of 0.00637 and 0.00604 au.

Two significant lone pair-- -7 interactions between aromatic
carbons and the oxygen atoms of a coordinate malonate are
found as well, with p values of 0.00206 and 0.00266 au (blue
lines in Fig. 6). As expected from the crystal structure, two strong
N-H- - O bonds (red lines) also contribute to the relatively large
formation energy of motif 2, with a total electron density of 0.0537
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Hydrogen-bonding
interaction

Lone pair . Weak C—H--+0

N---N interaction interaction interaction

Fig. 6 Schematic view of the AIM analysis, revealing the occurrence of
N--- N and lone pair - - - 7 interactions (dotted blue lines), weak C-H - -- O
interactions (dotted light gray lines) and hydrogen bonds (red lines). Both
lines schematically represent the bond path connecting two interacting
atoms through the bond critical points as obtained through the AIM
analysis (see Computational details for further information). For the sake
of clarity, critical points are not displayed.

au. Finally, very weak C-H - - - O interactions between the hydrogen
atoms H4 and H6 (from the C4 and C6 carbon atoms of 2-amino-4-
picoline) and the malonate oxygen atoms O1 and O4, respectively,
could also contribute to the formation energy of meotif 2. These
hydrogen-bonding associations have a total electron density equal
to 0.00666 au (gray lines in Fig. 6). Interestingly, the optimization
strengthens these interactions, increasing in all cases the electron
density at the bond critical points (see Table S3, ESIT).3 This
effect is, perhaps, not surprising as the optimization carried out
in vacuo maximizes all possible interactions with respect to those
occurring in solid state structures and calculated via single-point
calculations.

The DFT calculations confirm that the stacked structure
(corresponding to motif 2, Fig. 5), observed experimentally, is
stable upon optimization. Several supramolecular interactions,
particularly N --- N and lone pair - - - w interactions, contribute to
the relatively large formation energy.

Conclusions

In summary, we have shown that the malonate dianion have a
robust recognition mode towards 2-amino-4-picoline which gets
protonated in situ to enact this R,*(8) hydrogen-bonded synthon.
This recognition pattern leads to a layered assembly constituted
of successive organic layers sandwiched between hybrid organic—
inorganic layers. The study also revealed that in the supramolecu-
lar assembly of the metal-malonate layers, solvent water molecules
(most likely in synergistic combination with the previous 2-amino-
4-picoline/malonate motif, as well as w---m and lone pair--- &
interactions) are involved in the organization of individual co-
ordination monomers, through their inherent tendency to self-
assemble into tetrameric water clusters. The present study, besides
establishing the robust nature of the recognition between malonate
and 2-amino-4-picolinium generating a R,*(8) hydrogen-bonded
supramolecular species, also reveals the importance of dispersion
forces, such as lone pair - - - winteractions, in the molecular packing
of crystalline materials.
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