Inorganic Chemistry

pubs.acs.org/IC

Heterometallic Coordination Polymers Assembled from Trigonal
Trinuclear Fe,Ni-Pivalate Blocks and Polypyridine Spacers:
Topological Diversity, Sorption, and Catalytic Properties

Svetlana A. Sotnik,” Ruslan A. Polunin,” Mikhail A. Kiskin,** Alexander M. Kirillov,’
Victoria N. Dorofeeva,T’|| Konstantin S. Gavrilenko,”’l Igor L. Elremenko,i Vladimir M. Novotortsev,i

and Sergey V. Kolotilov* "

"L. V. Pisarzhevskii Institute of Physical Chemistry of the National Academy of Sciences of the Ukraine, Prospekt Nauki 31, Kiev

03028, Ukraine

*N. S. Kurnakov Institute of General and Inorganic Chemistry, Russian Academy of Sciences, Leninsky Prosp. 31, 119991 GSP-1

Moscow, Russian Federation

$Centro de Quimica Estrutural, Complexo I, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1049-001 Lisbon,

Portugal

IResearch-And-Education ChemBioCenter, National Taras Shevchenko University of Kyiv, Chervonotkackaya str., 61, Kiev 03022,

Ukraine
‘Enamine Ltd., A. Matrosova str. 23, Kiev 01103, Ukraine

© Supporting Information

ABSTRACT: Linkage of the trigonal complex [Fe,NiO(Piv)s] (where Piv™ =

pivalate) by a series of polypyridine ligands, namely, tris(4-pyridyl)triazine (L*),
2,6-bis(3-pyridyl)-4-(4-pyridyl)pyridine (L*), N-(bis-2,2-(4-pyridyloxymethyl)-3-
(4-pyridyloxy)propyl) )pyridone-4 (L*), and 4-(N,N-diethylamino)phenyl-bis-
2,6-(4-pyridyl)pyridine (L°) resulted in the formation of novel coordination
polymers [Fe,NiO(Piv)4(L*)], (2), [Fe,NiO(Piv)s(L*)], (3), [Fe,NiO-
(Piv)4(L*)],-nHPiv (4), and [{Fe,NiO(Piv)4},{L}¢],-3nDEF (5, where DEF
is N,N-diethylformamide), which were crystallographically characterized. The
topological analysis of 3, 4, and $ disclosed the 3,3,4,4-connected 2D (3, 4) or
3,4,4-connected 1D (5) underlying networks which, upon further simplification,
gave rise to the uninodal 3-connected nets with the respective fes (3, 4) or SP 1-
periodic net (4,4)(0,2) (5) topologies, driven by the cluster [Fe,Ni(u3-O)(u-
Piv)s] nodes and the polypyridine u3-L** or p,-L° blocks. The obtained
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topologies were compared with those identified in other closely related derivatives [Fe,NiO(Piv)4(L')], (1) and
{Fe,NiO(Piv)4}s{L},, (6), where L' and L® are tris(4-pyridyl)pyridine and 4-(N,N-dimethylamino)phenyl-bis-2,6-(4-
pyridyl)pyridine, respectively. It was shown that a key structure-driven role in defining the dimensionality and topology of
the resulting coordination network is played by the type of polypyridine spacer. Compounds 2 and 3 possess a porous structure,
as confirmed by the N, and H, sorption data at 78 K. Methanol and ethanol sorption by 2 was also studied indicating that the
pores filled by these substrates did not induce any structural rearrangement of this sorbent. Additionally, porous coordination
polymer 2 was also applied as a heterogeneous catalyst for the condensation of salicylaldehyde or 9-anthracenecarbaldehyde with
malononitrile. The best activity of 2 was observed in the case of salicylaldehyde substrate, resulting in up to 88% conversion into

2-imino-2H-chromen-3-carbonitrile.

B INTRODUCTION

Porous coordination polymers (PCPs) are considered as a basis
for the creation of functional materials for sorption and
separation processes,l catalysis,2 luminescent,” or magnetic
applications.* Due to the unique possibility of PCPs to combine
several properties within one structure, such compounds have a
recognized potential to become multifunctional materials.'®
Sorption properties of PCPs are determined by their porosity
that depends on the crystal structures of such compounds and
the arrangement of structural elements. On the other hand,
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magnetic, catalytic, luminescent, and other properties of PCPs
are determined by the composition and structure of metal-
containing units. Despite numerous methods having been
developed for the synthesis of PCPs, in the overwhelming
majority of cases it is impossible to rationally predict the
structure of the resulting compounds, since the same reagents
can often lead to completely different products, depending on
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Figure 1. Polypyridine building blocks (nitrogen atoms that coordinate to metal ions are shown in blue).

solvent, stoichiometry, reaction temperature, or time.’ Poly-
nuclear “building blocks” in the frameworks of PCPs are usually
formed by the self-assembly of metal ions and organic ligands in
the reaction mixture,’ or via the decomposition of high
nuclearity derivatives.® However, the number of examples of
presynthesized polynuclear complexes being used as building
blocks is much lower.” "> Some success in the directed
synthesis of PCPs possessing the desired structures can only be
expected if a very similar system has already been studied.'* In
particular, the series of similar PCPs was synthesized using the
strategy of reticular synthesis.'”” In contrast, the use of
polynuclear complexes as building blocks (without undergoing
rearrangement during reaction) can lead to the assembly of
porous lattices, the structure of which is predetermined to a
certain extent by the topology of such blocks and bridging
ligands.

In recent years, we reported that the combination of
heterometallic trigonal blocks [Fe,NiO(Piv)s] (hereinafter
abbreviated as [Fe,Ni]) and several polypyridine ligands
resulted in coordination polymers or discrete complexes, the
topologies of which depend on the symmetry of [Fe,Ni] blocks
and the type of polypyridine spacers.””"" The [Fe,NiO(Piv)]
can be considered as a pseudotrigonal building block, since
both the Fe" and Ni" atoms show the same coordination
environments and thus could not be distinguished by the X-ray
diffraction analysis. The reaction of [Fe,Ni] with linear
bidentate ligands such as 4,4’-bipyridine (bipy) or trans-bis-
(4-pyridyl)ethylene (dpe) produced 2D coordination polymers
[Ee,NiO(Piv)4(bipy), 5], or [Fe;NiO(Piv)s(dpe)ys],, respec-
tively, which possess honeycomb structures.'®"" Each honey-
comb in a 2D layer of these compounds is constructed from six
[Fe,Ni] moieties linked by six polypyridine ligands, resulting in
the interpenetrated layers. The interpenetration is possible due
to the sufficiently large size of the cavities in honeycombs. The
combination of the same [Fe,Ni] building block with a
pseudotrigonal planar tridentate 2,4,6-tris(4-pyridyl)pyridine
ligand (L', Figure 1) also gave a 2D coordination polymer
[Fe,NiO(Piv)4(L")],-3rDMS0-0.84nH,0 (1) with a honey-
comb structure.” In contrast to [Fe,NiO(Piv)4(bipy),s], or
[Fe,NiO(Piv)s(dpe);s),, each honeycomb in [Fe,NiO-
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(Piv)s(L!)], is built from three [Fe,Ni] and three us-L' blocks,
and the 2D layers are not interpenetrated presumably due to
the small cavity size. The linkage of [Fe,Ni] units by bidentate
angular bipyridines resulted in the formation of cyclic
structures, namely, a 1D chain with {Fe,NiO(Piv)s},(cis-
dpe), cycles in the case of cis-bis(4-pyridyl)ethylene (cis-dpe),
or a discrete 0D “nanocube” {Fe,NiO(Piv)}{L°},, in the case
of bis-2,6-(4-pyridyl)-4-(4-N,N-dimethylaminophenyl)pyridine
(LS, Figure 1).”"" Each of these structures also corresponds to
one of the possibly expected topological types.

As a continuation and possible merging of these studies, the
present work aimed at investigating the influence of the type of
polypyridine ligand on structure and topology of the resulting
coordination polymers based on the pseudotrigonal [Fe,NiO-
(Piv)s] blocks. Three analogues of L' were used, namely, (i)
tris(4-pyridyl)triazine L* containing a “central” triazine ring
instead of pyridine, (ii) a derivative L? that bears two 3-pyridine
groups instead of two 4-pyridine rings in L' and L?, and (iii) a
tripyridine derivative L* that possesses a nonplanar structure in
contrast to L' and L* (Figure 1). As expected, a coordination
polymer with L? [Fe,NiO(Piv)¢(L?*)],-1.25nH,0 (2), is
isostructural to previously reported compound 1. In contrast,
the replacement of L' by L* or L* resulted in the generation of
two novel 2D coordination polymers [Fe,NiO(Piv)s(L?)],-
1.5nDMSO-3nH,0 (3) and [Fe,NiO(Piv)4(L*)],-nHPiv (4),
respectively, the topologies of which are different from that of
[Ee,NiO(Piv)4(L")], (1). In addition, a similar reaction of an
analogue of L° that comprises a diethylamino group (L®, Figure
1) was examined, giving rise to a novel double chain 1D
polymer [{Fe,NiO(Piv)4},{L%}¢],-3nDEF (5, where DEF is
N,N-diethylformamide) instead of the discrete 0D “nanocube”
{Fe,NiO(Piv)¢}¢{L®},,-30DMF (6).

In the present work, we report the synthesis and character-
ization of 2, 3, 4, and §, as well as their structural features and
topological analysis. For comparative purposes, the latter has
also been performed for 1 and 6. Since solvent has a significant
influence on ordering the crystal lattice of 3 (as evidenced by
powder XRD) and its sorption characteristics, two different
samples were studied: 3 and 3’ that were synthesized in DMSO
or DMEF, respectively. For characterization of porous structures
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of compounds 2 and 3, N, and H, sorption was measured.
Sorption of methanol, ethanol, salicylaldehyde, and 9-
anthracenecarbaldehyde by 2 was also investigated. Moreover,
catalytic activity of 2 in the condensation of aldehydes with
malononitrile was evaluated.

B EXPERIMENTAL SECTION

General Methods. Commercially available reagents and solvents
(Aldrich, Merck) were used as received. The starting materials
[Fe,NiO(Piv)4(HPiv),],'"" tetrakis(O-tosyl)pentaerythritol,'® and
2,4,6-tris-(4-pyridyl)triazine (L?)'” were prepared as previously
reported. C,H,N-elemental analyses were carried out using a Carlo
Erba 1106 analyzer. "H NMR spectra were recorded on a Varian Unity
Plus 400 spectrometer at 400.4 MHz. Chemical shifts are reported in
ppm. Powder X-ray diffraction experiments were run on a Bruker D8
instrument with Cu radiation (1 = 1.540 56 A). UV—vis spectra were
measured on a Specord 210 spectrophotometer.

Measurements of N, and H, sorption were studied on a
Sorptomatic-1990 instrument by volumetric method at 78 K, while
sorption of methanol and ethanol was investigated gravimetrically at
293 K, as previously described."” In order to remove solvent and other
compounds that could be captured in the voids, the samples of 2, 3,
and 3’ were dried in vacuum and hold in acetone for one week
(acetone was changed several times) prior to the measurements. The
samples were then finally dried in vacuum (10~ Torr) at 150 °C.

Sorption measurements of salicylaldehyde (Sal) or 9-anthracene-
carbaldehyde (Aca) by 2 were performed at 373 + 1 K in hermetic
vials as follows: weighed samples of 2 (2 X 10~ mmol) were mixed
with toluene solutions (2 mL) of substrate (c(Sal) was from 0.00S to
0.055 M, c(Aca) = 0.0S M), and the concentration of aldehyde was
measured at certain time moments by spectrophotometry at 330 and
405 nm for salicylaldehyde and 9-anthracenecarbaldehyde, respec-
tively. In sorption and catalytic experiments, effective concentration of
2 in suspension was determined as the ratio of a quantity of suspended
2 (in moles) to the volume of solution.

In catalytic experiments, typical reaction mixtures were prepared as
follows: aldehyde (0.2 mmol), malononitrile (0.2 mmol), and 2 (2.2 X
1073 mmol) were continuously stirred in toluene (2 mL) at 100 °C
during certain time period (2—40 h). Concentrations of products were
measured by 'H NMR.'® Separate portions of the reaction mixtures
were used for determination of conversion versus time. For '"H NMR
analysis the following steps occurred: stirring of the reaction mixture
was stopped, catalyst was filtered off and washed with hot
dichloromethane several times, solvent was evaporated, and the
obtained residues were quantitatively dissolved in CDCl; or DMSO-d,
for reaction mixtures when using salicylaldehyde or 9-anthracene-
carbaldehyde as substrates, respectively. In order to determine
conversion of salicylaldehyde, 1,2-dimethoxyethane (0.02 mmol) was
added to the probes as standard. Signal with 6 = 11.02 ppm was used
for integration. In the case of 9-anthracenecarbaldehyde, the standard
was not added, and the yields of 2-(9-anthrylmethylene )malononitrile
were determined as @ = 100% X I(product)/[I(product} + I(Aca)],
where I(product) is integral intensity of signal with § = 9.65 ppm, and
I(Aca) is integral intensity of signal with § = 11.48 ppm. Typical NMR
spectra are shown on Figure S1 (Supporting Information).

Control tests for condensations of aldehydes and malononitrile
were also performed in the presence of L* (2.2 X 10~ mmol) over 40
h under typical reaction conditions as mentioned above. Concen-
trations of aldehydes were measured by spectrophotometry. For
spectrophotometric measurements, heating and stirring of reaction
mixtures was stopped, and aliquots (0.2 mL) of the clear reaction
solutions (without particles of L) were diluted by toluene (2 mL);
spectra of resulting solutions were measured (4 = 320—400 nm in the
case of reaction mixtures with Sal, A = 320—600 nm in the case of
reaction mixtures with Aca).

Blank experiments in the absence of any catalyst were also
performed by mixing 0.2 mmol of aldehyde with 0.2 mmol of
malononitrile in 2 mL of toluene. Reaction mixtures were stirred at
100 °C over 40 h. Concentrations of aldehydes were determined by
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spectrometry measurements as described above, which confirmed that
the condensation reactions do not occur without a catalyst.

Synthesis of L%. A modified procedure published by Smith et a
was used. 3-Acetylpyridine (10 g, 82.5 mmol) was added to a
suspension of crushed NaOH (3.3 g, 82.5 mmol) in polyethylenegly-
col PEG-400 (100 mL) and stirred at 0 °C for 10 min. 4-
Pyridinecarboxaldehyde (4.42 g, 41.2 mmol) was then added, and
the suspension was left standing at 0 °C for 2 h. Every 30 min the
mixture was manually stirred with a spatula. After 2 h, NH,OAc (20 g,
excess) was added, and the suspension was heated at 110 °C for 10 h.
During this time, the color of the mixture changed from cherry-red to
auburn, and a precipitate of the product formed. Water (200 mL) was
then added, and the precipitate was isolated by filtration and washed
with water (100 mL) and cold acetone (20 mL). Recrystallization from
CHCI, gave white solid, yield 9 g (70%). Anal. Found/Calcd for
CyoH N, %: C, 77.3/77.4; H, 4.55/4.55; N, 18.2/18.1.

Synthesis of L*. 4-Hydroxypyridine (0.95 g, 10 mmol), tetrakis(O-
tosyl)pentaerythritol (1.88 g, 2.5 mmol), and K,CO; (5 g) were
heated under reflux in DMSO (50 mL) for 8 h. Then, the reaction
mixture was cooled down to room temperature and poured in 250 mL
of water. The obtained precipitate was filtered off, recrystallized from
chloroform, and dried in vacuum over P,Os. Yield 0.10 g (10%). Anal.
Found/Caled for C,sH,,N,O,, %: C, 67.8/67.6; H, 5.55/5.44; N,
12.5/12.6.

Synthesis of L°. The synthetic procedure was similar to that for L?,
with the difference that 4-acetylpyridine (10 g, 82.5 mmol) was used
instead of 3-acetylpyridine, and p-diethylaminobenzaldehyde (7.3 g,
41.2 mmol) was applied instead of 4-pyridinecarboxaldehyde. For the
isolation of the product, water (150 mL) was added, and the
precipitate was removed by filtration and washed with H,0 (100 mL)
and cold acetone (40 mL). Recrystallization from acetone gave yellow
solid, yield 7.0 g (45%). Anal. Found/Calcd for C,,H,,N,, %: C, 78.3/
78.2; H, 6.55/6.57; N, 15.3/15.2.

Synthesis of Compound 2. A solution of [Fe,NiO(Piv)s(HPiv);]
(0.198 g, 0.18 mmol) in DMF (15 mL) was slowly added to a DMF
solution (60 mL) containing L* (0.066 g, 0.21 mmol) and pivalic acid
(0.81 g, 7.93 mmol), and the reaction mixture was heated at 120 °C
for 1 h resulting in the formation of yellowish-green microcrystals.
These were collected by filtration, held in acetone for 3 days, and then
filtered off and dried in vacuum. Yield 0.190 g (95%). Anal. Found/
Calcd for Fe,NiCugHgs N¢O14,5, [Fe,NiO(Piv)4(L?)],:1.250H,0, %:
C, 50.9/51.1; H, 5.92/6.12; N, 7.46/7.45. Water molecules were
captured from air prior to elemental analysis.

Synthesis of Compound 3. Synthesis was carried out using the
same procedure as for 2, with the difference that L* (0.065 g, 0.21
mmol) was used instead of L% Two alternative solvents were used:
DMSO or DMF. Yield of 3 in the reaction with DMSO as solvent was
022 g (95%). Anal. Found/Caled for Cg3Hg;N,O,;S; Fe,Ni,
[Fe,NiO(Piv)4(L?)],-1.5sDMSO-3nH,0, %: C 49.9/49.9; H 6.21/
6.56; N 4.58/4.40. Water molecules were captured from air prior to
elemental analysis. Yield of 3" in the reaction with DMF as solvent was
0.190 g (95%). Anal. Found/Caled for Cy,H,(N,O,,Fe,Ni, [Fe,NiO-
(Piv)g(L)],-nH,0, %: C, 532/53.6; H, 599/629; N, 4.89/5.00.
Water molecule was captured from air prior to elemental analysis.

Synthesis of Compound 4. A solution of L* (0.022 g, 0.05
mmol) in DMF (10 mL) was added to a DMF/MeCN (40 mL/20
mL) solution containing [Fe,NiO(Piv)s(HPiv);] (0.05S g 0.0S
mmol) and HPiv (0.05 g 0.49 mmol). Greenish-brown crystals
formed in 3 days and were then collected and dried in air. Yield 0.03 g
(50%). Anal. Found/Caled for CgoHgsN,O,4Fe,Ni, [Fe,NiO-
(Piv)4(L*)],-nHPiv, %: C, 53.6/53.8; H, 6.80/6.62; N, 4.10/4.18.

Synthesis of Compound 5. A solution of [Fe,NiO(Piv)s(HPiv),]
(0.030 g, 0.027 mmol) in acetonitrile (6 mL) was carefully layered
over an N,N-diethylformamide (DEF) solution (2 mL) containing L*®
(0.019 g, 0.05 mmol) and HPiv (0.06 g, 0.58 mmol). Dark greenish-
brown crystals were formed in 10 days and then were collected and
dried in air. Yield 0.03 g (50%). Anal. Found/Calcd for
CyroH303N,,04FegNiy, [{Fe,NiO(Piv)s},(L?)s],-3nDEF, %: C, 59.2/
58.9; H, 7.00/6.97; N, 6.45/6.65.
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Table 1. Crystal Data and Structure Refinement Details for 2—5

2 3 3
empirical formula CysHgFe,NgNiO 5 CsoHggFe,NyNiO 5 CsoHggFe,NyNiO 3
fw (g mol™) 1105.48 1103.49 1103.49
temp (K) 150(2) 160(2) 230(2)
wavelength (A) 0.71073 0.71073 0.710 73
cryst size, mm? 0.15 X 0.1 X 0.1 0.2 X 0.1 X 0.1 0.1 X 0.1 X 0.1
cryst syst trigonal monoclinic monoclinic
Space group P3,/c P2,/c P2,/c
a(h) 16.667(5) 13.1615(11) 13.164(4)
b (A) 16.667(3) 16.9299(14) 17.071(5)
¢ (A) 14.966(4) 30.922(3) 31.150(9)
B (deg) 90 92.319(2) 92.110(6)
Vv (A% 3600(2) 6884.5(10) 6996(4)
V4 2 4 4
caled density (g cm™) 1.020 1.065 1.048
abs coeff (mm™) 0.705 0.736 0.724
F(000) 1160 2320 2320
0 range for data collection (deg) 1.41-23.31 1.32-25.69 1.31-25.69
refns collected 19 891 58968 57 839
reflns unique 1751 13092 13291
R(int) 0.1502 0.1362 02014
params 121 631 631
GOF on F* 1.206 0.834 0.817
R1 ([I > 26()]" 00752 0.0622 0.0774
wR2 [I > 26(1)]° 02301 0.1419 0.1805
4 S

empirical formula CeoHg,Fe,N,NiOg Ci35H 50Fe,N,Ni, O

fw (g mol™) 1338.75 2727.73

temp (K) 296(2) 296(2)

wavelength (A) 0.71073 0.71073

cryst size, mm® 0.12 X 0.08 x 0.01 0.20 X 0.15 X 0.1

cryst syst monoclinic monoclinic

space group P2,/n P2,

a (A) 11.917(6) 12.514(2)

b (A) 34.750(18) 60.998(9)

¢ (A) 23.067(12) 12.873(2)

B (deg) 98.817(8) 98.645(3)

V(&) 9439(9) 9714(3)

V4 4 2

caled density (g cm™) 0.942 0.933

abs coeff (mm™) 0.550 0.532

F(000) 2828 2884

0 range for data collection (deg) 1.07-26.41 0.67—25.69

reflns collected 75 894 42413

reflns unique 19292 29 160

R(int) 0.1734 0.1245

params 765 1237

GOF on F* 0.722 0.841

R1 ([I > 26(D)]* 0.0763 0.1013

wR2 [I > 26(1)]” 0.1798 02270

“R1 = YIIF,| — IFIl/YIF. PwR2 = {3 [w(F.2 = F2)*]/ X [w(F 2]},

X-ray Crystal Structure Determinations. The X-ray data sets for
the compounds 2, 3, 4, and § were collected on a Bruker APEX II
diffractometer equipped with a CCD camera and a graphite
monochromated Mo Ka radiation source (A = 0.71073 A).*° The
X-ray quality crystals of compounds 4 and § were taken from the
reaction mixtures, while single crystals of 3 were grown by diffusion of
diethyl ether into solution of starting compound in DMSO. In the case
of 2, X-ray data were collected using an air-dried sample in order to
check the stability of the crystal structure upon desolvation
(isostructural nature of 1 and 2 was confirmed by single-crystal unit
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cell measurements and powder XRD). X-ray data for 3 were collected
at 160 and 230 K. The structures were solved using SHELXS-97>" and
refined with SHELXL-97*" by full-matrix least-squares on F%. The H
atoms were treated by a riding model. Disordered solvent molecules in
compounds 3 (at 230 K), 4, and S could not be localized, and thus, the
corresponding electronic density was corrected by SQUEEZE.>” Table
1 contains crystal data. CCDC deposition numbers are 1040164—
1040168 for 2, 3 (160 K), 3 (230 K), 4, and 5, respectively. The
channel diameters in 1, 2, and 3 were estimated from the Mercury
diagram for a probe molecule with r = 1.4 A, taking into account that
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/ Interrelation between

1D chain (down) and
(CHy)s
C(CHy), cube (up)
A

‘

I U
(CH,),C  C(CH,); S\

M = Ni'" or Co"
L = pivalic acid
or DMF (in solution)

Figure 2. Scheme illustrating the formation of 1—6 and their structural fragments. All H atoms, t-Bu groups, and noncoordinated molecules (if any)
are omitted for clarity. In 3, planes marked by yellow or green belong to sets; planes within each set are parallel, but planes from different sets are
inclined ca. 85° to each other. In 4, yellow and green indicate different metallocycles. Structural fragments of 1 and 6 are drawn using published

data’

the image of the channel corresponds to the centers of spheres that
touch channel “wall”, and a true channel is 2r wider.

B RESULTS AND DISCUSSION

Synthesis. Synthesis of the L* and L° ligands was performed
similarly to reported procedures.'” The preparation of L*
involved a reaction of tetrakis(O-tosyl)pentaerythritol with 4-
hydroxypyridine, similar to reported procedures.”> However,
instead of the expected derivative with four 4-pyridine groups, a
different compound was obtained that bears one N-substituted
4-pyridone fragment (Scheme S2, Supporting Information).
This group formed as a result of N-alkylation of 4-
hydroxypyridine instead of O-alkylation.

The coordination polymers ([Fe,NiO(Piv)4(L*)],-
1251H,0) 2, ([Fe;NiO(Piv)4(L?)], 1.5nDMSO-3nH,0) 3,
([Fe,NiO(Piv)4(L*)],-nHPiv) 4, and ([{Fe,NiO-
(Piv)}4{L°}¢),-3nDEF) § were synthesized via treatment of
[Fe,NiO(Piv)s(HPiv);] with the corresponding polypyridine
spacers, with adoption of the protocols reported for related
compounds.””"" In all cases the total number of donor atoms in
polypyridine ligands that can be bound by the metal ions in the
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[Fe,Ni] unit (i.e., N atoms of central pyridine and dialkyamino
groups, and all O atoms of L* were not counted) was equal to a
number of “free” coordination sites in [Fe,NiO(Piv)4], thus
allowing a comparison of the observed and expected structures.

Two samples were prepared by the reaction of [Fe,NiO-
(Piv)¢(HPiv);] with L?* in DMSO or DMF (3 and 3/,
respectively), which possess the same ratio of [Fe,Ni]
trinuclear block and L? but differ by solvent composition.
Despite being rather similar, these samples exhibit significantly
distinct sorption properties, which can be explained by different
crystallinity of these compounds, vide infra.

Crystal Structures. Compound 2. Compound 2 is
isostructural to a previously characterized derivative 1,° as
confirmed by powder X-ray data (see Figure S3, Supporting
Information) and unit cell parameters measured for a single
crystal. In order to check the stability of crystal lattice of 2 upon
desolvation, the X-ray data were collected using a crystal dried
in air for several days. It was found that a single crystal of 2
preserves crystallinity under these conditions, and the crystal
structure was successfully solved. Unit cell parameters a and b
for 2 were 0.1 A lower compared to those of 1 (16.667(5) A in

DOI: 10.1021/ic503061z
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2 vs 16.775(2) A in 1 at the same temperature), while the
values of ¢ were closer (14.966(4) A vs 14.973(2) A,
respectively). We suppose that these differences are not caused
by solvent content in voids, but by the replacement of a central
pyridine ring in 1 into a triazine one in 2. Since the L' and L?
structures have a local C; axis, the C—C and C—N bonds in
central rings were averaged in the structural model. These
average values were equal to 1.341(6) A in 2 and 1.364(6) A in
1, and can be responsible for unit cell contraction, even despite
slightly longer M—N bonds in 2 compared to 1 (2.192(7) vs
2.175(7) A, respectively). Other structural features, including
porosity characteristics, are almost the same for 1 and 2. Crystal
lattice of 2 features similar channels with the cavity diameter of
~10.6 A, window diameter of ~6.4 A, and pore volume of
~0.24 cm®/g (estimated from X-ray data by Platon®* for a
probe molecule with r = 1.4 A).>

Compound 3. The crystal structure of 3 was solved using
the data collected at two temperatures, 160 and 230 K. Though
main features of the structure at these temperatures are similar,
only low-temperature modification will be described in detail
and significant differences will be noted.

The crystal structure of 3 features the corrugated 2D layers
(Figure 2 and Supporting Information Figures S6, S7).
Similarly to 1 and 2, each L* moiety is bound to three
[Fe,Ni] units. The L* spacers are almost planar (the largest
deviation of carbon atoms from the mean plane of L’ is
0.217(2) A at 160 K or 0.209 A at 230 K), which is essential for
the formation of a network with a predetermined topology
(Figure 3). Two adjacent [Fe,Ni] blocks are linked by two L?

Ligand-governed angle

between M-N bonds 1200

\
Planar structure

_(~\__ cis-dpe
0 2

/)
7N

S

—M-0,
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\ 7

Planar structure
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RN

Figure 3. Metallocycles [FezNi]X(L)y formed as a result of junction of
trinuclear pivalate with various polypyridines in different combinations
in 1-3, S, 6, and related compound derived from cis-(4-pyridyl)-
ethylene (cis—clpe).11

ligands in such way that the centrosymmetric cyclic
[Fe,Ni],(L?), motifs can be distinguished (highlighted by
yellow and green in Figure 2 and separately shown in Figure 3).
Each [Fe,Ni],(L?), motif has a structure resulting from the
combination of a trigonal metal-containing building block and
rigid ligand, which predetermine the 60° angle between the M—
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N bonds (where M are metal atoms of different trinuclear
blocks, Figure 3). The metal atoms in each [Fe,Nil,(L?), cyclic
motif lie in one plane, and the angle between the mean planes
of the adjacent motifs (yellow and green in Figure 2) is 84.14°
at 160 K (83.20° at 230 K). Four above-mentioned
[Fe,Ni],(L%), cyclic fragments form a larger ring-containing
void (vide infra).

Due to the fact that the arrangement of 2D layers in 3 can be
considered as a result of translation along the a axis without a
shift, the voids of each 2D layer are arranged in channels along
the a axis (Figure 4). Such channels can be presented as a
consequence of cavities (diameter ~13.8 A) separated by
windows (diameter ~8.1 A). Solvent-accessible volume of voids
in 3, estimated by PLATON, is equal to 27% at 160 K (28% at
230 K) for a probe molecule with r = 1.4 A, corresponding to
the pore volume of ~0.25 cm®/ g As can be seen from
structural data, the channels in 3 are bigger than those in 1
because they are located inside a larger {[Fe,Ni],(L?),}, “cycle”
compared to [Fe,Ni];(L'); in 1. However, the total solvent-
accessible volumes in 1 and 3 are close, which is consistent with
more “thick” walls between the channels in 3.

Compound 4. The crystal lattice of the coordination
polymer 4 is built from 2D layers (Figure 2). Each L* spacer
acts as a tridentate ligand and links three [Fe,Ni] units, while
each [Fe,Ni] block is bound by three L* moieties (Figure S4,
Supporting Information). Every L* ligand participates in the
formation of two different metallocycles, which involve two and
four [Fe,Ni] units, respectively (marked by green and yellow in
Figure 2). All metal ions within the metallocycle containing two
[Fe,Ni] units lie in one plane, while the neighboring
metallocycles of this type are not coplanar. Thus, the bent
character of 2D layers is consistent with a nonplanar structure
of L* in contrast to L' and its perfectly planar derivative 1.°
The adjacent 2D layers are shifted with a distance of 5.244 A,
which is estimated as the separation between the parallel mean
planes that go through metal ions in the [Fe,Ni] units from the
adjacent layers. The pyridone rings of L* from the neighboring
layers are coplanar and located at 3.396 A from each other (the
distance between the mean planes of such rings, Supporting
Information Figure S5), indicating some stacking interactions
between them.

Compounds 5 and 6. The compound S is a 1D
coordination polymer with a double chain structure, wherein
two {[Fe,Ni](L*)}, chain motifs are held together via
additional linkage of L° between each [Fe,Ni] unit (Figure
2). Alternatively, S can be considered as a series of 24-
membered units [Fe,Ni],(L°), interconnected by the L°
linkers. As expected,” the [Fe,Ni],(L%), fragments are not
planar. Previously, we reported a related compound
[Fe,Nilg(L*),, (6) with a cube-like structure.” The replacement
of dimethylamino group in L® by a diethylamino moiety in L
led to the formation of a 1D chain structure in $ instead of
“folding” into a OD cube (Figure 2). Cube-like molecules of 6
were polycatenated in the solid state.” It can be assumed that
such polycatenation was important to stabilize the crystal lattice
and decrease AG of compound 6 formation. In such a case, a
possible reason for the difference between the topologies of §
and 6 can consist of a larger size of the diethylamino group over
the dimethylamino group in L® and LS, respectively. In 6, there
is a short contact between the H atoms of dimethylamino
group of LS of one cube and the H atoms of tert-butyl group of
[Fe,NiO(Piv)s] of adjacent cube (Figure S8, Supporting
Information). Hence, there is probably no enough space for
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Figure 4. Visualization of voids in the crystal structure of 3 (160 K). Mercury diagram drawn for a probe molecule with 7 = 1.4 A. Projections along

the a and b axes.

the ethyl group in a hypothetic polycatenated cubic structure,
which leads to the formation of a chain. The adjacent 2D layers
in § are arranged in such a way that no apparent voids are
formed (Supporting Information Figure S9).

Topological Diversity of 1—6. To get further insight into the
structures of 2D (1—4), 1D (5), and 0D (6) networks, we have
performed their topological analysis.*® Following the concept of
the underlying net,””*% all the y-Piv and y-L'~° moieties in 1—6
have been reduced to their centroids resulting in simplified
metal—organic networks.

Thus, an underlying net of 2 is composed of the 4-connected
Fe and Ni nodes (topologically equivalent), 3-connected y5-L>
and ;-0 nodes, as well as 2-connected u,-Piv linkers (Figure
Sa and Figure S10, Supporting Information). This trinodal
3,3,4-connected net possesses a rare 3,3,4L40 topolog)726’29
expressed by the point symbol of (3°.9%.10),(3%)(9%), with the
(3°.92.10), (3%), and (9°) indices corresponding to the Fe/Ni,
U3-O, and p3-L* nodes, respectively. This network can be
reduced further to a uninodal 3-connected net with the hcb
[Shubnikov hexagonal plane net (6,3)] topology and the point
symbol of (6%) (Figure Sa), after treating the heterometallic
[Fe,Ni(u;-O)(u-Piv)s] blocks as the 3-connected cluster
nodes. The compound 1 is topologically similar to 2.

From the topological viewpoint, the underlying 2D networks
of 3 and 4 are similar. These are assembled from the 4-
connected Fe and Ni nodes, 3-connected p;-O and p;-L>*
nodes, and 2-connected y-Piv linkers (for 3, see Figure Sb and
Supporting Information Figure S10). Their topological
ana1y51526 discloses the complex tetranodal 3,3,4,4-connected
networks with a unique topology described by the point symbol
of (3%12213)(3%6.7%),(3%)(6.12%), wherein the (3%.122%13),
(3%.6.7%), (3%), and (6.12%) notations correspond to the Ni, Fe,
#3-0, and p3-L** nodes, respectively. Further simplification of
the obtained networks, namely, by considering the hetero-
metallic [Fe,Ni(u;-O)(u-Piv)s] blocks as the 3-connected
cluster nodes, furnishes the uninodal 3-connected nets (for 3,
see Figure Sb) with the fes [Shubnikov plane net] topology and
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1D: SP 1-periodic net topology (5)  OD—1D catenated: 3M8-1 topology (6)
Figure S. Topological representations of the simplified uninodal 3-
connected networks in 2 (a), 3 (b), 5 (c), and 6 (d) after contracting
the [Fe,Ni(u;-O)(u-Piv),] units to 3-connected cluster nodes (second
simplification; for initial simplification, see Supporting Information
Figure $10). (a) 2D net with the hcb [Shubnikov hexagonal plane net
(6,3)] topology and the point symbol of (6°) (view along the ¢ axis).
(b) 2D net with the fes [Shubnikov plane net] topology and the point
symbol of (4.8%). (c) 1D chain with the SP 1-periodic net (4,4)(0,2)
topology and the point symbol of (42.6). (d) 0D — 1D catenated net
with the 3M8-1 topology and the point symbol of (4*). Networks
shown in parts b, ¢, and d are along the a axis. Further details:
[Fe,Ni(u3-O)(u-Piv)s] cluster node is shown in the center [t-Bu
groups of -Piv are omitted for clarity; Fe (green), Ni (cyan), O (red),
C (gray)]; (a—d) centroids of [Fe,Ni(u3-O)(u-Piv)e] cluster nodes
after simplification (green), centroids of y;-L" nodes or y,-L>® linkers

(blue).

the point symbol of (4.82).2*3**" Although various compounds
with the fes topology have been described,” 3 and 4 reveal the
first example of the present topological type that is assembled
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from a pi;-oxo trimetallic hexacarboxylate cluster [M3(/43 0)(u-
RCOO);] as a secondary building unit (SBU).>***>

After simplification procedure, the obtained trinodal 3,3,4-
connected double chain of § (Figure Sd and Supporting
Information Figure S10) can be topologically described by the
point symbol of (3%.8.9%),(3%.8%9)(3%) with the (3%.8.9%),
(3°.829), and (3%) notations corresponding to the 4-connected
Fel/Fe3/Nil/Ni2, 4-connected Fe2/Fe4, and 3-connected y5-
O nodes, respectively. Further simplification of this topolog-
ically unique 1D network by treating the [Fe,Ni(u3-O)(u-
Piv)¢] units as 3-connected cluster nodes and y,-L°> moieties as
2-connected linkers furnishes a uninodal net (Flgure 5d) with a
rare SP 1-periodic net (4,4)(0,2) topology defined by the
point symbol of (4.6).

The underlying structure of 6 is composed of the discrete 0D
clusters that are catenated into a 1D array. The topological
analysis reveals a binodal 3,4-connected net (Figure Sc and
Supporting Information Figure S10) that features an
unreported topology”®****** described by the point symbol
of (3°.8%.9),(3%), wherein the (3°.8%.9) and (3°) indices are
those of the 4-connected Fe and Ni nodes (topologically
equivalent) and 3-connected p;-O nodes, respectively. The
[Fe,Ni(u3-O)(u-Piv)s] blocks can be contracted to the 3-
connected cluster nodes which, along with the 2-connected y,-
L® linkers, give rise to a further simplified uninodal net (Figure
5c) with the 3M8-1 topology and the point symbol of (4°). The
present type of tapology is very rare and has been reported only
in a single case.

Thermal Stability and Sorption Properties of 2, 3, and 3'.
Partial or complete desolvation of 2 has almost no influence on
its crystal structure, as confirmed by comparison of powder
XRD patterns (Supporting Information Figure S11) and
successful X-ray structure determination of the desolvated
crystal. Only some redistribution of relative intensities of
reflections was observed in the experimental patterns compared
to calculated ones. All expected reflections were found on
experimental patterns.

In contrast, the powder XRD pattern of air-dried sample of 3,
prepared in DMSO (the same solvent as used for single-crystal
growth), contains wide reflections which are evidence for poor
crystallinity of the bulk sample of this compound or small
particle size (Supporting Information Figure S12). While
positions of these reflections correspond to the expected ones
(with some redistribution of relative intensities, as in the case of
2), some expected reflections are not found. In particular, all
low-angle reflections (at 20 = 5.6°, 5.9°, and 6.7°, which
correspond to 002, 011, and 100 planes, respectively) are
absent, and there is also no reflection at 20 = 18.7 ° (12—5
plane). Reflections expected between 260 = 8.5° and 9.0°
(planes 110, 003, 10—2, 11—1, 102, and 111) merge in the
experimental powder XRD pattern of 3.

As mentioned in the Experimental Section, the reaction
between the same reagents in DMF instead of DMSO led to
the formation of sample 3’. Surprisingly, powder XRD pattern
of 3’ contained more distinct and narrow reflections, which fit
much better to the expected powder XRD pattern (Supporting
Information Figure S12). The dominating majority of expected
reflections was found (redistribution of relative intensities
occurred).

Heating of samples 2 and 3’ in 10~ Torr vacuum, performed
for activation prior to sorption measurements, did not lead to
significant structural changes, as evidenced by comparison of
their powder XRD patterns with X-ray diffraction for
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nonactivated samples (Supporting Information Figures S11
and S12). Under the same conditions, the crystallinity of 3
slightly deteriorated, and reflections on the PXRD pattern
became wider and less intense.

Since crystallographic studies showed that only compounds 2
and 3 possess voids in crystal lattices, sorption properties of 4
and § were not studied (sorption properties of 1 and 6 were
previously reported ). Bearing in mind a significant difference
between powder XRD patterns for 3 and 3’ ([Fe,NiO-
(Piv)¢L?],, sorption properties of both samples were inves-
tigated.

Desolvated compounds 2, 3, and 3’ exhibit permanent
porosity, which has been confirmed by sorption of N, and H, at
78 K (Figure 6ab). Nitrogen adsorption isotherms for
compounds 2 and 3’ are typical for microporous sorbents.*
A sharp growth of N, adsorption up to 150 and 40 cm® g™' at a
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2004

V, (cm’atn.c.)/g

V, (cm® atn.c.)lg
8

aVidk, cm*/(A g)
aVidr, cm*/(A g)

14 16
D, Angstrom

(c)

12

10

Figure 6. (a) Isotherms of N, () and H, (O) sorption for 2; (b)
isotherms of N, () and H, (O) sorption for 3, and N, (A) and H,
(<) sorption for 3'; (c) Saito—Foley distribution of micropores with
diameter (D) derived from N, adsorption data for 1—3. dV/dr for 1
was calculated on the basis of published data.”
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very low pressure (3 Torr) for 2 and 3/, respectively, is caused
by micropores filling. The second sharp growth of N,
adsorption isotherms at P close to Pg can be explained by
interparticle condensation. The N, sorption is completely
reversible for both these compounds. At the same time, the
shape of nitrogen sorption isotherm of 3 indicates the presence
of not only regular micropores, but also a significant
contribution of irregular mesopores. Adsorption isotherm for
3 continuously grows after micropores filling at PPg™" between
3 and 750 Torr (Figure 6b). In addition, there is a small
hysteresis of N, adsorption—desorption in 3, which is absent in
2 and 3'. The difference between the N, sorption for
compounds 2 and 3’ on one side versus 3 on the another
side is consistent with their powder XRD patterns (vide supra).
In fact, compounds 2 and 3’ possess high crystallinity, while 3 is
significantly disordered.

For 2, the micropore volume estimated using the Dubinin—
Radushkevich approach (Vpg = 0.29 cm® g~!, Table 2) is

Table 2. Parameters of N, and H, Sorption Isotherms of 1-3

compd®  Sgpr, m> g% Vi, cm® ¢! u(H,), % by weight ref
1 730 0.28 091 9
2 730 0.29 0.93 this work
3 140 0.03 0.20 this work
3 205 0.08 0.25 this work

“All compounds were desolvated in vacuum prior to sorption
measurements. "Sggr, Vg, and u(H,) stand for BET surface area,
Dubinin—Radushkevich micropore volume, and the highest exper-
imentally achieved hydrogen capacity at 78 K, respectively.

consistent with the value calculated from crystallographic data
(024 cm® g™"). In contrast, Vpy is significantly lower for both 3
and 3’ (0.03 and 0.08 cm® g™, respectively, Table 2) than the
value expected from the X-ray structure (0.25 cm® g™'). This
difference can be explained by partial blocking of micropores or
crystal structure disorder (more significant for 3, less significant
for 3'). Sorption properties of 2 resemble those of its
isostructural analogue 1 (Table 2).”

The diameter of micropores (D) was estimated from N,
adsorption isotherms by the Saito—Foley model using potential
function derived for N, on zeolite at 77.3 K as an
approximation.’® Such an approach gave the D values of
~10.0 and ~10.8 A (maxima of dV/dr curves, Figure 6c) for 1
and 2, respectively. These values are consistent with crystallo-
graphic data (vide supra). A similar analysis performed for 3 and
3’ showed maxima of dV/dr at D of ~13.6 and ~14.3 A,
respectively, which fit well with the value expected from the X-
ray structure of 3. Notably, the dV/dr curve for 3 has a second
poorly defined maximum at D ~189 A, which can be
considered as a numerical estimation of effective average
diameter of “additional” irregular pores present in the sample.
Surprisingly, hydrogen sorption capacity values for 3 and 3’ are
very close (Figure 6b and Table 2). This can be rationalized
assuming that channels in the crystal lattice of 3 are partially
blocked and not accessible for N, (r = 3.64 A),*” but are
accessible to H, (r = 2.8 A). Notably, close values of H,
sorption for 3 and 3’ can be considered as an argument,
confirming that (i) there is no impurity of nonporous phase in
these samples, and (ii) possible presence of such impurity
cannot be responsible for the difference between N, sorption
isotherms for these compounds.
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To get additional information about accessibility of pores of
2 to various substrates, sorption of methanol and ethanol was
measured at 293 K from the gaseous phase, and sorption of
salicylaldehyde and 9-anthracenecarbaldehyde was studied from
toluene solution at 373 K as well. Both isotherms of alcohol
sorption reach saturation at V of ~0.3 cm® g™' (Figure 7) that is

[m}]

o0

V, ey’

0,0 T T T T T
00 02 04 06 08

E
PP,

Figure 7. Isotherms of methanol (OJ0) and ethanol (O) sorption by 2 at
293 K. Arrows indicate direction of isotherm at absorption and
desorption.

very close to Vpy calculated from N, adsorption (Table 2),
providing evidence that 2 possesses “rigid” micropores, which
do not change on interaction with guest molecules in contrast
to previously reported cases.""'>*** This observation is
consistent with powder XRD data, which indicate that the
crystal lattice of 2 is stable upon desolvation (vide supra).
Pressure decrease to zero leads to complete desorption of
methanol without significant hysteresis, providing evidence that
MeOH is not bound by covalent bonds. In fact, coordination to
metal ion is impossible, because there are no free sites available
in 2.

Isotherm of ethanol absorption reaches saturation at lower
PP;"!, compared to methanol absorption (Figure 7). This can
be explained by a higher affinity of more hydrophobic ethanol
(compared to methanol) to hydrophobic tert-butyl groups of
[Fe,NiO(Piv)4] units. These results are consistent with the
difference, observed previously between methanol and ethanol
absorption by pivalate-based coordination polymers [Fe,MO-
(Piv)¢(L)15], (M = Co" or Ni', L = 4,4'-bipyridine or trans-
1,2-bis(4-pyridyl)ethylene).'"'* Though the absorption of
alcohol by [Fe,MO(Piv)¢(L) 5], probably led to expansion of
the crystal lattice due to rearrangement of 2D layers (and
alcohol absorption could not be considered as filling of rigid
micropores), ethanol sorption capacity was higher than that of
methanol.'"'?

Catalytic Activity of 2 in Aldehyde Condensation with
Malononitrile. Compound 2 can be considered as a potential
heterogeneous catalyst for condensation reactions that can be
catalyzed by N atoms of triazine rings in pores, similarly to
reported cases.**™* Hence, condensation of salicylaldehyde or
9-anthracenecarbaldehyde with malononitrile was studied in the
present work. For analysis of catalytic results (vide infra),
sorption of salicylaldehyde from toluene solution at T = 373 K
was investigated. In contrast to sorption of N, or H,, isotherm
of salicylaldehyde sorption by 2 was not typical for pores filling
in microporous sorbent (Figure 8a). Noticeable sorption begins
at equilibrium salicylaldehyde concentration c(Sal) &~ 7 X 1073
M, and then the adsorption isotherm continuously rises,
reaching the sorption capacity of 1.2 mol salicylaldehyde per
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Figure 9. Condensation reactions of aldehydes with malononitrile catalyzed by 2.

Fe,Ni unit at c(Sal) 5.3 X 107 M. Estimation of
salicylaldehyde sorption capacity, assuming that pores are filled
by liquid salicylaldehyde at room temperature, gives the value
corresponding to 3.1 molecules of salicylaldehyde per Fe,Ni
formula unit, indicating that the experimental data are
consistent with partial filling of pores of 2 by salicylaldehyde.
Notably, in contrast to salicylaldehyde sorption by 2, isotherms
of this aldehyde sorption by other MOFs under similar
conditions were quite similar to those expected for type I, and
the values of saturation sorption capacity were consistent with
those expected for pore filling by liquid aldehyde.*>**

In addition, kinetics of salicylaldehyde sorption by 2 was
studied (Figure 8b). The obtained data cannot be satisfactorily
fit by a kinetic equation of the first order* or a mixed-sorption
model,* thus indicating that sorption rate is not controlled by
salicylaldehyde diffusion in pores. Application of the second-
order equation®® allowed us to fit the experimental data
(Supporting Information Figure S13), giving k, = 0.38
mol(Fe,Ni) mol(Sal)™" min™" (average value for two different
concentrations, details are presented in Supporting Information
Figure S13). This value is significantly lower in comparison to
sorption rate constants determined previously with the same
pseudo-second-order model for salicylaldehyde sorption in Cu"
benzenetricarboxylate [Cus(btc),],, HKUST-1 (k, = 5.7
mol(Cu,) mol(Sal)™ min™" at 373 K),** or Fe'" benzenedi-
carboxylate [Fe,(OH)y3(H,0);,(btc),,3]ClL, (k, = 4.3 mol-
(Fe,) mol(Sal)™ min~! at 373 K).** Besides, it is also much
lower than the rate constant of xylenol orange adsorption in
MIL-101(Cr) (3—90 mol(Cr,) mol(XO)™" min~', depending
on dye concentration, at T between 298 and 318 K).47 Hence,
the salicylaldehyde adsorption by 2 is much slower compared to
that for similar systems, which can be explained by a smaller

pore size or stronger competition between salicylaldehyde and
solvent (toluene). Nevertheless, adsorption data do not

5178

contradict to the fact that pores of 2 are accessible to
salicylaldehyde. In contrast, compound 2 does not adsorb 9-
anthracenecarbaldehyde in similar conditions.

As mentioned above, catalytic activity of 2 was investigated in
a condensation reaction between aldehydes and malononitrile.
This process is typically catalyzed by coordination polymers
containing basic*® or acidic*® sites, and in the case of 2 the
noncoordinated N-atoms of triazine ring can be active catalytic
sites. Condensation of aldehydes with malononitrile normally
gives the derivative of 1,1-dicyanoethylene, which in the case of
salicylaldehyde undergoes further intermolecular transforma-
tion to furnish 2-imino-2H-chromen-3-carbonitrile (Figure
9).* These reactions do not proceed without a catalyst, as
confirmed by “blank experiments”.

Reactions of malononitrile with salicylaldehyde or 9-
anthracenecarbaldehyde in the presence of 2 gave expected
products; no byproducts could be detected by '"H NMR in the
reaction mixtures. It was also shown previously that selectivity
in this reaction is almost quantitative.”® Thus, the values of
aldehyde conversion correspond to the product yields (these
were determined from spectra with respect to concentration of
aldehyde, though equal initial concentrations of reagents were
used). In the presence of 2, the conversion of salicylaldehyde to
condensation product, 2-imino-2H-chromen-3-carbonitrile, rea-
ches 70% in 2 h. Then, the reaction rate decreases, and further
heating of the reaction mixture for 38 h leads to just 18%
increase of conversion (total conversion is 88%, Figure 10). In
contrast, total conversion of 9-anthracenecarbaldehyde after 15
h of reaction is about 20%, increasing to 30% after 40 h of
heating. Thus, the catalytic activity of 2 in the condensation of
salicylaldehyde is much higher compared to that when using 9-
anthracenecarbaldehyde as substrate. The conversions achieved
with catalyst 2 in condensation of salicylaldehyde with
malononitrile are comparable with those reported for a number
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Figure 10. Time dependency of the condensation product yields for
the reactions of salicylaldehyde (O or M) or 9-anthracenecarbaldehyde
(O or @) with malononitrile catalyzed by 2 (red) or L* (blue).
c(aldehyde) = 0.1 M, c(malononitrile) = 0.1 M, ¢(2) = ¢(L*) = 1.1 X
1073 M (effective concentration), toluene, 100 °C.

of MOFs or polynuclear complexes in similar reactions. In
addition, the activity of 2 in terms of catalyst turnover number
(TON) exceeds the majority of reported catalysts*>*°~>*
(Table S1, Supporting Information).

Considering the possibility of triazine moieties to catalyze
such condensation reactions, we also performed control tests
with L? as a catalyst instead of compound 2. As in the case of 2,
reactions of salicylaldehyde or 9-anthracenecarbaldehyde with
malononitrile in the presence of L* gave the same products,
although in much lower yields under similar reaction conditions
(e.g, 27% for L* vs 88% for 2 in the case of Sal substrate for the
same catalyst loading and identical concentrations of the
reagents, see also Figure 10). While the process involving 2 was
heterogeneous, catalytic reaction in the presence of L* was
partially homogeneous, but without achieving complete
dissolution of L. Thus, higher activity of 2 compared to L*
can be caused by better accessibility of the catalyst’s active sites.

Conversion of salicylaldehyde in the presence of L* was 2—5
times higher compared to conversion of 9-anthracenecarbalde-
hyde, which can be explained by distinct reactivity of these
aldehydes. However, there was 20-fold difference between
conversions of these aldehydes at t =2 h (or 10-fold at t = 5 h)
in the case of catalysis by 2. This value exceeds the difference in
conversions associated with reactivity of aldehydes, and it can
be explained by better accessibility of active sites of 2 to
salicylaldehyde versus bulkier substrate (9-anthracenecarbalde-
hyde). The fact that the reaction of 9-anthracenecarbaldehyde
occurs in the presence of 2 can provide evidence for the
presence of some accessible active sites, located probably on the
surface of microparticles of 2. Apparently, these sites are active
in catalytic condensations of both aldehydes, making the sieving
effect (if any) less explicit. It should be noted that the substrate
selectivity of 2 with respect to salicylaldehyde versus 9-
anthracanecarbaldehyde was significantly higher than that for
reported MOF [Zr604(OH)4(L7)6]n52 (Supporting Informa-
tion Table S1).

B CONCLUSIONS

The present study has extended the growing family of
coordination polymers built from the trimetallic hexacarbox-
ylate [M;(p5-O)(1-RCOO)4] SBUs, resulting in the synthesis
and characterization of the four new heterometallic Fe/Ni
coordination polymers 2, 3, 4, and S. These, along with the
related derivatives 1 and 6, have been topologically classified,
revealing uninodal 3-connected underlying 2D, 1D, or 0D nets
with distinct topologies. After additional simplification, these
include the hcb (1, 2), fes (3, 4), SP 1-periodic net (4,4)(0,2)
(5), and 3M8-1 (6) topologies constructed from the cluster
[Fe,Ni(u5-O) (u-Piv)s] nodes and the polypyridine u3-L"*** or
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Ur-L3¢ blocks. The latter appear to play a crucial structure-
driven role in defining the dimensionality and topological type
of the resulting network.

In 2, the values of pore volume found from N, sorption and
sorption capacity regarding methanol and ethanol were close to
those expected from the X-ray crystal structure. The isotherm
of N, sorption by 2 resembled those of type I according to
IUPAC classification, typical for microporous sorbents. The
difference between sorption of methanol or ethanol by 2 was
only in the shape of the isotherm (which can be explained by
host—guest interaction energy), but not in the volume of pores
accessible to these alcohols. In 2, the volume of pores accessible
to N,, methanol, or ethanol was close to 0.3 cm® g_l, indicating
that the pores could be completely filled by these substrates
without any size discrimination. These findings point out that
the crystal lattice of 2 is rigid and does not change upon
interaction with N, and alcohols. Pores of 2 were accessible to
salicylaldehyde, but the rate of its adsorption is rather low if
compared to those of similar previously reported systems.
Nevertheless, catalytic activity of 2 in the condensation of
salicylaldehyde and malononitrile was significantly higher than
its activity in a similar reaction involving 9-anthracenecarbalde-
hyde and malononitrile substrates. In addition, the difference
between salicylaldehyde and 9-anthracenecarbaldehyde con-
versions catalyzed by 2 was higher than the corresponding
difference in the reactions catalyzed by L* This finding can be
partially explained by the sieving effect (discrimination of
aldehyde molecules by size) rather than the higher reactivity of
salicylaldehyde. Pore volumes for 3 and 3’ found from N,
adsorption were much lower than the values expected from
crystallographic data, which can be explained by pore blocking.
Significant dependency of sorption characteristics of 3 on a
sample’s crystallinity (estimated from the width of reflections
on powder XRD patterns) was found. It can be concluded that
crystal lattice of 3 is less stable toward collapse than that of 2.

The design of novel metal—organic materials constructed
from the different heterometallic hexacarboxylate SBUs and
polypyridine type spacers and the investigation of their
functional properties are currently in progress.
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