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ABSTRACT: The new two-dimensional (2D) heterometallic Cu"/Mg
coordination polymer [Cu,Mg,(u-Htea),(pg-pma)(H,0),],-6nH,O (1) with
an unprecedented [Cu,Mg(p-O),(u-COO),]” core has been easily generated by
aqueous medium self-assembly from copper(II) nitrate, triethanolamine
(Hstea), magnesium hydroxide, and pyromellitic acid (H,pma). The crystal
structure of 1 is composed of infinite interdigitated 2D metal—organic layers
that extend via H-bonds into an intricate 3D supramolecular framework. The

+CO o+ H,0 + 55042

topological analysis of 1 discloses a binodal 2,4-connected underlying 2D net

with the unique topology described by the point symbol of (6*8:10)(6), further simplification of which leads to an uninodal
4-connected net with the sql topology. Apart from representing a very rare example of the heterometallic Cu/Mg coordination
network, compound 1 also acts as an efficient catalyst precursor for the mild single-pot hydrocarboxylation of linear and cyclic C,
(n = 5—9) alkanes into the corresponding C,,; carboxylic acids.

he research on coordination polymers or metal—organic

frameworks has recently attracted a great deal of attention
within the fields of crystal engineering and inorganic,
coordination, and materials chemistry, particularly in view of
the structural diversity and promising agplications of such
compounds as multifunctional materials.'™ In contrast to the
very broad use of transition metals as nodes in the construction
of coordination networks, the application of the common
s-block metal centers (i.e, Na, K, Mg, Ca) for such a purpose
has been explored to a lesser extent,” in spite of their versatile
coordination and supramolecular behaviors, nontoxic nature,
and widespread presence in diverse natural environments and
living systems. Moreover, heterometallic coordination polymers
incorporating both a transition and an alkali or alkaline earth
metals are even less common,' ™ although the introduction of
two different metal centers can alter the structural, topological,
and physicochemical characteristics of the resulting network
material.

Within our general projects on the design of new metal—
organic networks,> we have recently reported a number of
heterodimetallic Cu""/M (M = Na, K) coordination polymers,
which also showed some notable structural, host—guest,
magnetic, and catalytic features.®” In particular, series of metal—
organic networks have been generated by a versatile aqueous
medium self-assembly protocol, using various Cu-aminopolyal-
coholate building blocks, aromatic polycarboxylate spacers, and
the corresponding alkali metal hydroxides that acted simulta-
neously as pH-regulators and extra nodes or linkers.’ In pursuit

-4 ACS Publications  © 2012 American Chemical Society

1069

of these studies, the first objective of the present work consisted
in further extending the synthetic strategy and the type of the
heterometallic coordination network thereof, namely by
introducing magnesium as an alkaline earth metal ion. In this
regard, it should be highlighted that heterometallic Cu/Mg co-
ordination polymers are extremely rare,® as attested by the search
of the Cambridge Structural Database (CSD).* Furthermore,
since the application of Cu containing coordination polymers in
oxidation catalysis also remains an underexplored area of
research,” the second objective of this study was to probe the
catalytic function of the newly obtained Cu/Mg product.
Hence, we report herein the facile self-assembly synthesis,
X-ray crystal structure, detailed topological analysis, and catalytic
application of the new 2D heterometallic Cu"/Mg coordination
polymer [Cu,Mg,(u-Htea),(g-pma)(H,0)],,6nH,0 (1),
which features an unprecedented [Cu,Mg(u-O),(u-CO0),]”
core and a unique net topology, as well as acts as an efficient
and versatile catalyst precursor for the mild hydrocarboxylation
of alkanes under homogeneous conditions. The combination
in water, at room temperature (rt, ~25 °C), and in air, of
Cu(NO;), and triethanolamine (Hjtea) as a main ligand
source, followed by the alkalization of the obtained mixture
with Mg(OH), (pH regulator and building block) and the
addition of lithium pyromellitate (spacer source) generated
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Scheme 1. Aqueous Medium Self-assembly Synthesis and Structural Formula of 1¢

Cu(NO3), L
Hstea

| Self-assembly in H,0, 25 °C

HOOC ~ COOH
Mg(OH),

HOOC  COOH

Hpma + LiOH

“Numbers 1, 2, and 3 correspond to extensions of polymeric motifs.

in situ from LiOH and pyromellitic acid (H,pma, 1,2,4,5-
benzenetetracarboxylic acid) results in the self-assembly forma-
tion of 1 (Scheme 1).'° This has been isolated in ~50% yield as
a pale blue crystalline solid, and its molecular structure
has been established by single-crystal X-ray diffraction'' and
supported by elemental and thermal analyses and IR spectro-
scopy.'°

The triclinic structure of 1 (Figure 1a) crystallizes within the
P1 space group and is composed of two symmetry equivalent
Cul atoms and two tetradentate bis-deprotonated p-Htea(2—)
ligands, two symmetry nonequivalent Mgl and Mg2 atoms, one
ugpyromellitate(4—) ligand, and six coordinated (two at Mgl
and four at Mg2 atoms) and six crystallization water molecules
per formula unit. The five-coordinate Cul atoms adopt rather
distorted {CuNO,} square-pyramidal environments, filled by
the u-O1, O3, and N1 atoms of yu-Htea [Cul—O1 1.963(2),
Cul—03 1.950(2), Cul—N1 2.003(2) A] and the O4 atom of
pgpma [Cul—04 1.933(2) A] in basal sites, whereas the
remaining O2 atom of y-Htea [Cul—02 2.270(2) A] is located
in the apical position. The six-coordinate Mgl atom shows a
distorted {MgO¢} octahedral geometry occupied by the
symmetry generated pairs of x-Ol, OS, and O6 atoms
[Mgl—01 2.040(2), Mgl—0S5 2.047(2), Mg—06 2.123(2) A]
from p-Htea, ps-pma, and aqua ligands, respectively. The
Mg2 atom also exhibits a distorted {MgOg} octahedral
environment completed by the two O7 atoms from p¢-pma
[Mg2—07 2.059(2) A], as well as by the symmetry generated
pairs of the O9 and 010 aqua ligands [Mg2—09 2.062(2),
Mg2—010 2.061(2) A], thus forming the 2-connected aqua-
magnesium linkers. The Mgl atoms act as the 4-connected
nodes, which, along with the O4—C7—0S5 carboxylate groups
of ug-pma, assemble two adjacent Cu(Htea) moieties into a
heterometallic Cu,Mg cluster core [Cu,Mg(u-O),(u-COO),]
(Figure 1b), an unprecedented character of which is supported
by a search in the CSD.* The latter also reveals that compounds
incorporating a simple Cu—O—Mg—O—Cu structural fragment
are unexpectedly limited to only two examples,'> which, how-
ever, are not coordination polymers. In 1, the Cu,Mg cluster
cores are further interlinked with the yi;-pma and Mg2 linkers,
generating 1D ~pma—Cu,Mg—pma—Mg~ chain motifs
(Figure 1c). These are simultaneously pillared by the second
two carboxylate groups of yg-pma, giving rise to an infinite 2D
metal—organic layer (Figures 1d and S3). Each layer in 1 can
also be described as a “rhombic grid” network'® composed of
“windows” formed by two Cu,Mg cores, two Mg2 linkers,
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and four pyromellitate spacers (Figure S1 of the Supporting
Information).

To get a deeper understanding of the 2D layered structure of
1, we have carried out its topological analysis by applying the
concept of the simplified underlying net'* and using the
TOPOS software package."> Hence, by contracting the
Cu(Htea) and pg-pma moieties to their centroids, and omitting
all H,O ligands from the Mg atoms, the network of 1 can be
described as an underlying net (Figure 2a,b), constructed from
the 2-connected Cu(Htea) and Mg2 linkers, as well as the
formally 6-connected pma and 4-connected Mgl nodes. The
latter are better treated as the 4-connected (pma) and
2-connected (Mgl) nodes due to the collinearity of some
bonds between them.'® The topological analysis of the resulting
net discloses a binodal 2,4-connected network with the new
topology described by the point symbol of (6%8:10)(6),
wherein the notations (6*8-10) and (6) correspond to the pma
and Mgl nodes, respectively. Although 2,4-connected networks
are known,'® the present type of topology has not been
documented previously.*'>'” To match this topology with one
of the common topological types encountered in 2D co-
ordination polymers,"*'>'” the metal—organic network of 1
can be further simplified by considering the heterotrimetallic
[Cu,Mg(u-Htea),(H,0),]** blocks as the 2-connected cluster
linkers. Given the presence of the 2-connected Mg2 linkers and
4-connected pma nodes, the resulting uninodal 4-connected 2D
net features the sql (Shubnikov tetragonal plane net) topology,
with the point symbol of (4*6%) (Figure 2c). It should be noted
that a number of coordination polymers with the sql nets have
been identified in recent years.'®

Furthermore, the packing pattern of 1 along the ¢ axis reveals
that the neighboring 2D layers are repeated every 10.4720(3) A
(the a unit cell dimension), also being mutually interdigitated
and held together, via direct intermolecular H-bonds [O2—
H20--03" 2.520(3) A), into an infinite 3D supramolecular
framework (Figures 3a and S2). Hence, the H-bonds assemble
the Htea moieties from adjacent 2D layers into the dimeric
(Htea), blocks that can be considered as the 4-connected
nodes, which, along with the 4-connected Mg2 and 6-connected
pma nodes, as well as the Cul and Mg2 linkers, construct a
binodal 4,6-connected 3D network. This supramolecular net
(Figures 3b and S4) features the new topology with the point
symbol of (3%6'%-7%8)(3%6%7),, wherein the notations
(3%6'%7*8) and (3%6"7) correspond to pma and the topologically
equivalent (Htea),/Mgl nodes, respectively.
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Figure 1. Structural fragments of 1 showing: (a) ellipsoid plot (50% probability) with partial atom labeling scheme, (b) heterometallic Cu,Mg core
with polyhedral representation of the coordination environments around the Cul and Mgl atoms, (c) 1D ~pma—Cu,Mg—pma—Mg~ chain motif,
and (d) infinite 2D metal—organic layer. H atoms and crystallization H,O molecules are omitted for clarity. Color codes: Cu balls (green), Mg balls
(magenta), N (blue), O (red), C (cyan). Selected distances (A): Cul—O1 1.963(2), Cul—02 2.270(2), Cul—03 1.950(2), Cul—04 1.933(2),
Cul—N1 2.003(2), Mgl—O1 2.040(2), Mgl—0S 2.047(2), Mgl—06 2.123(2), Mg2—07 2.059(2), Mg2—09 2.062(2), Mg2—010 2.061(2),
Cul--Mgl 3.4693(5), Cul--Cul' 6.9386(7), Cul--Mg2 4.4437(2), Mgl-~-Mg2 5.5295(2), Mgl--Mgl® 11.2635(3), Mg2--Mg2" 11.2402(6).
Hydrogen bonds [A, deg]: within a 2D layer: O6—H6D--02 [2.679(3), 173.6], 09—H9A--03" [2.637(3), 165.5], O10—H10A--O1" [2.763(3),
157.3], O10—H10B--O8 [2.706(3), 154.4]; interlayer: O2—H20---03" [2.520(3), 170.8]. Symmetry operators: (i) 2 — x, —y, 1 — z; (ii) 2 — x, —,
2 — z; (iii) “1l-x-1-y-1+z (iv)l—x,—l—y,l—z; (v) “1+x-1+yz (vi)l—x,—y,l—z.

In pursuit of our interest in the use of copper coordination
polymers in oxidation catalysis,**>**” we have tested the
activity of 1 in the mild hydrocarboxylation of C, alkanes into
C,. carboxylic acids. These reactions were run following our
recently developed alkane hydrocarboxylation protocol,"
namely by reacting various Cs—C, linear and C;—Cyq cyclic
alkanes with carbon monoxide, water, and potassium
peroxodisulfate, in neutral H,0/MeCN medium, at low
temperature (60 °C) for 4 h, and in the presence of 1
(Scheme 2). Although 1 is insoluble in H,0/MeCN medium, it
acts as a homogeneous catalyst precursor generating soluble
catalytically active species upon the treatment with K,S,05 and
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CO. All the product yields are given in molar % based on
alkanes, and the obtained results are summarized in Table 1.
The reactions using the linear alkane substrates result in the
single-pot formation of three or four isomeric acid products
(Table 1, entries 1—5). Among them, the branched acids
derived from the carboxylations at different secondary carbon
atoms within the alkane chain are the major products, while the
corresponding linear (fatty) acids are only generated in minor
amounts (<1% yield). All the secondary C atoms are carboxylated
without a considerable preference to any particular one, as
attested by the regioselectivity”® parameters (normalized for the
relative number of H atoms) of C(1)/C(2)/C(3) = 1:36:33

dx.doi.org/10.1021/cg201459 | Cryst. Growth Des. 2012, 12, 1069—1074
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Figure 2. Topological representations of the simplified underlying 2D
network in 1: front (a) and side (b) views of the topologically unique
binodal 2,4-connected net with the point symbol of (6*8-10)(6); (c)
further simplified uninodal 4-connected net with the sql (Shubnikov
tetragonal plane net) topology. Color codes: (a—c) centroids of
4-connected pma nodes (cyan), and 2-connected Mg2 linkers (pale
pink); (a, b) 2-connected Mgl nodes (magenta) and centroids of
2-connected Cu(Htea) linkers (green); (c) centroids of 2-connected
[Cu,Mg(u-Htea),(H,0),]** cluster linkers (green).

(for n-CsH;,) and C(1)/C(2)/C(3)/C(4) = 1:24:21:20 (for n-
C,Hs). The maximum total yield is achieved in the
hydrocarboxylation of n-pentane (25%), followed by n-hexane
(17%), n-heptane (15%), and n-octane (15%), whereas
n-nonane (9%) is the least reactive alkane. In contrast to the
linear alkanes, the transformations of the Cs—Cjg cyclic alkanes
result in only one carboxylic acid product (Table 1, entries 6—9)
due to the presence of a single type of carbon atoms in these
substrates. The maximum yields of cycloalkanecarboxylic acids
are obtained in the reactions with cyclopentane (40%) and
cyclohexane (28%), followed by cycloheptane (21%) and cyclo-
octane (14%), thus indicating a declining trend on increasing
the size of the cycloalkane ring. The effect of time has been
studied in the hydrocarboxylation of cyclohexane as a model
substrate, showing that the typical reaction time of 4 h has been
quite reasonable, since rather high yields of cyclohexanecarboxylic
acid are already achieved after 2 h of the reaction (Figure S6
and Table S2 of the Supporting Information). The formation
of the cyclic ketones and alcohols (oxidation products) in up to
13% overall yields also takes place when using cycloalkanes as
substrates, while the yields of the oxidation products were
negligible (typically below 1%) in the reactions of linear
alkanes. The achieved herein yields of carboxylic acids are very
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(2)

(b)

Figure 3. Structural fragments of 1: (a) 3D supramolecular framework
formed via the direct H-bonding linkage [02—H20--03" 2.520(3) A]
of three adjacent interdigitated 2D layers represented by different
colors (H atoms and crystallization H,O molecules are omitted for
clarity); (b) topological representation of the underlying binodal 4,6-
connected net with an unprecedented topology. Color code: centroids
of 6-connected pma (cyan) and 4-connected (Htea), nodes (yellow),
4-connected Mgl nodes (magenta), 2-connected Mg2 (pale pink) and
Cul (green) linkers.

Scheme 2. Mild Single-Pot Hydrocarboxylation of C,
Alkanes into C,,; Carboxylic Acids

high considering the exceptional inertness of alkanes®' and the
fact that the present hydrocarboxylations undergo at a very mild
temperature (60 °C), in aqueous acid-solvent-free medium and
involve C—H bond cleavage and C—C bond formation.

In conclusion, the present work has widened the still very
limited family of the heterometallic Cu"/Mg coordination poly-
mers to a new example, [Cu,Mg,(u-Htea),(ys-pma)(H,0)4],
6nH,0O (1), which shows a number of remarkable structural
features, namely concerning its unprecedented heterotrimetallic
[Cu,Mg(u-0),(u-CO0),]™ core, and an identification of the
new topologies in the binodal 2,4- or 4,6-connected 2D
coordination or 3D supramolecular underlying networks,

+CO + H,0 +5,04%"

> | R-coOH |

-2HSO,", Compound 1,
H,0/MeCN, 60 °C
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Table 1. Single-Pot Hydrocarboxylation of C, Alkanes into
C,.1 Carboxylic Acids Catalyzed by 1

total
yield
entry  alkane carboxylic acid product (yield, %)°? (%)
1 n-CsHy,  2-methylpentanoic (16.8), 2-ethylbutanoic (7.6),  25.1
hexanoic (0.7)
2 n-C¢Hy;4  2-methylhexanoic (7.8), 2-ethylpentanoic (8.3), 16.6
heptanoic (0.5)
3 n-C;H;s  2-methylheptanoic (6.5), 2-ethylhexanoic (5.6), 2- 15.0
propylpentanoic (2.7), octanoic (0.4)
4 n-CgH;g  2-methyloctanoic (5.0), 2-ethylheptanoic (5.1), 2- 14.8
propylhexanoic (4.4), nonanoic (0.3)
S n-CoH,,  2-methylnonanoic (3.1), 2-ethyloctanoic (2.5), 2- 9.2
propylheptanoic (2.3), 2-butylhexanoic (1.1),
decanoic (0.2)
6 CH,, cyclopentanecarboxylic (39.3), one/ol (4.3)d 43.6
7 C¢H,, cyclohexanecarboxylic (28.1), one/ol (2.1)% 302
8 CH,, cycloheptanecarboxylic (20.9), one/ol (6.5)7 27.4
9 CgHy4 cyclooctanecarboxylic (13.7), one/ol (12.5)% 262

“Reaction conditions: alkane (1.0 mmol), p(CO) = 20 atm (1 atm =
0.266 mmol); compound 1 (4.0 pmol); K,S,04 (1.5 mmol). H,O
(2.0 mL)/MeCN (4.0 mL); 60 °C, 4 h, 13.0 mL autoclave. “Moles of
product/100 moles of alkane. “Yield of all products. The following
regioselectivity parameters C(1)/C(2)/C(3)/C(n) (normalized for
the relative number of H atoms at different positions of linear alkane
chains) were obtained: 1:36:33 (n-C{H;,), 1:23:25 (n-C¢Hy,),
1:24:21:20 (n-C,H,q), 1:25:25:22 (n-CgHyq), and 1:23:19:17:16
(n-CoH,). 9one/ol = overall yield of cyclic ketones and alcohols
(products of oxidation).

respectively. Besides, compound 1 has been applied as an
efficient and versatile catalyst precursor for the mild single-pot
hydrocarboxylation of inert C, alkanes into the corresponding
C,.1 carboxylic acids, thus extending the limited application of
copper—organic networks in oxidation catalysis. Further
research toward the exploration of the aqueous medium self-
assembly protocol as a convenient synthetic tool for the design
of new functional heterometallic coordination polymers is
currently in progress.
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and then collected and dried in air to furnish 1 in ~50% yield, based
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