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Introduction

Three-component 1D and 2D metal phosphonates:
structural variability, topological analysis and
catalytic hydrocarboxylation of alkanesf

Konstantinos D. Demadis,*® Zafeiria Anagnostou,® Aggeliki Panera,® Gellert Mezei,*°
Marina V. Kirillova® and Alexander M. Kirillov**

Herein, we report the use of diphosphonate building blocks and chelating auxiliary N,N-ligands to generate
novel polymeric architectures. Specifically, we report new 1D and 2D coordination polymers incorporating
three components: transition metal ions (Co®*, Cu®*, Mn?* or Zn®*), diphosphonate ligands (methane-
diphosphonate, MDPA, or 1,2-ethanediphosphonate, EDPA) and N,N-heterocyclic chelators (1,10-
phenanthroline, phen, or 2,2'-bipyridine, bpy). Six compounds were isolated under mild synthesis (ambient
temperature) conditions: [Cux(phen),(EDPA),(H,0)4l . (1), [Co(phen)(EDPA)(H,O0),l. (1a), {I[Cu(phen)(MDPA)]-
HoOllw (2), [IMN(bpy)(EDPA)H,O)l. (3), [Zn(bpy)(EDPA)l. (4), and, lastly, a discrete Ni?" molecular
derivative [Ni(phen)(H,O)4(EDPA) (5). Synthetic details, crystal structures, and intermolecular interactions
(rt—m stacking and hydrogen bonding) in 1-5 are discussed. Topological analyses and classification of the
underlying metal-organic networks in 1-4 were performed, revealing the uninodal 1D chains with the 2C1
topology in 1-3 and the binodal 2D layers with the 3,4L13 topology in 4. In 1-3 and 5, multiple hydrogen
bonds lead to the extension of the structures to give 3D H-bonded nets with the seh-4,6-C2/c topology in
1 and 3, 2D H-bonded layers with the 3,5L52 topology in 2, and a 3D H-bonded net with the 6,6T1
topology in 5. The catalytic activity of compounds 1 and la was evaluated in a single-step
hydrocarboxylation of cyclic and linear Cs—Cg alkanes to furnish the carboxylic acids with one more carbon
atom. These reactions proceed in the presence of CO, K,S,0g, and H,O at 60 °C in MeCN/H,O medium.
Compound 1 showed higher activity than 1a and was studied in detail. Substrate scope was investigated,
revealing that cyclohexane and n-pentane are the most reactive among the cyclic and linear Cs—Cg
alkanes, and resulting in the total yields of carboxylic acids (based on substrate) of up to 43 and 36%,
respectively. In the case of cycloalkane substrates, only one cycloalkanecarboxylic acid is produced,
whereas a series of isomeric monocarboxylic acids is generated when using linear alkanes; an increased
regioselectivity at the C(2) position of the hydrocarbon chain was also observed.

and hydrolysis,** (c) a wide selection of metal ion sources available
for their syntheses," (d) an extensive phosphonate (and mixed

Metal phosphonate chemistry is a rapidly expanding discipline
under the umbrella of coordination polymers.* Several attrac-
tive features of these materials have motivated the interest of
researchers: (a) thermal stability,>* (b) resistance to oxidation
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phosphonate) ligand “toolbox” available for new synthetic
systems,”® (e) access to the mono- (R-POs;H ), and bis-
deprotonated (R-PO,>") forms of the phosphonate moiety
(depending on pH),"* thus generating distinct reaction
outcomes, and (f) the ability of the tetrahedral phosphonate group
to create commonly unpredictable structural architectures.

It is well established that there are several factors that influ-
ence the outcome of a synthetic procedure involving a metal ion
and a ligand.” More specifically, in metal phosphonate chem-
istry the following specific factors must be taken into account for
the design of synthetic systems: (a) solution pH,'*" (b) reactant
molar ratios,'® (c) nature of the metal ion (charge, ionic radius),*
(d) number of phosphonate groups on the ligand,* (e) reaction
time,** (f) presence of other “functional” moieties within the
phosphonate ligand backbone e.g. amine,” carboxylate,>?*
sulfonic groups,***” heterocyclic aromatic moieties,”*** and (g)

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic structures of the ligands used in this study. Abbre-
viations: MDPA = methane-diphosphonic acid, EDPA = 1,2-ethane-
diphosphonic acid, bpy = 22-bipyridine, phen = 110-
phenanthroline.

incorporation in the reaction system of a secondary ligand.***
Last but not least, the profound tendency of the phosphonate
moiety to bridge metal ions, and thus to increase framework
dimensionality must be highlighted.****

Incorporation of a secondary ligand into the reaction
mixture can dramatically influence the synthesis outcome and
the structure of the final product. Such ligands can either
disrupt the “coordination polymer” architecture, by generating
mononuclear complexes,*® or “decorate” or structurally alter the
initial “metal phosphonate” structural motif. Such ligands have
been called secondary auxiliary ligands (SALs) and they are
usually neutral or anionic.?****

Herein, we report that the use of diphosphonate
building blocks along with chelating auxiliary ligands (2,2'-
bipyridine and 1,10-phenanthroline) can generate novel poly-
meric architectures in metal phosphonate chemistry. Specifi-
cally, we report novel 1D and 2D coordination polymers or a 0D
monomer incorporating three components: transition metal
ions (Co*", Cu®**, Mn**, Zn*", or Ni**), phosphonate ligands
(methane-diphosphonate, MDPA, or 1,2-ethanediphosphonate,
EDPA) and N,N-heterocyclic chelators (2,2’-bipyridine, bpy, or
1,10-phenanthroline, phen), Fig. 1. Five compounds were
isolated: [Cu,(phen),(EDPA),(H,0)4]. ([Cu(phen)(EDPA)], 1),
[Cos(phen),(EDPA),(H0)4].  ([Co(phen)(EDPA)], 1a),
{[Cu(phen)(MDPA)]-H,0]}..  ([Cu(phen)(MDPA)],  2),
[Mn(bpy)(EDPA)(H,O). .. ([Mn(bpy)(EDPAJ}, 3), [Zn(bpy)(EDPA)]..
([Zn(bpy)(EDPA)], 4), and [Ni(phen)(H,0),](EDPA) ([Ni(phen)(EDPA)], 5).
Synthetic details, crystal structures, and intermolecular inter-
actions (- stacking and hydrogen bonding) are discussed. In
addition, topological analysis and classification of the under-
lying metal-organic and/or H-bonded networks of 1-5 have
been performed. Schematic structures of all ligands used
(diphosphonates and SALs) are given in Fig. 1.

Furthermore, catalytic activity of compounds 1 and 1a has
been studied in the mild hydrocarboxylation of cyclic and linear
C5s-Cg alkanes into carboxylic acids with one more carbon atom.
The selection of alkane hydrocarboxylation as a model catalytic
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reaction has been governed by the following reasons. As main
components of petroleum, alkanes are very abundant
substrates for the synthesis of added-value organic products via
various C-H functionalization protocols.** However, the high
inertness of alkanes prevents their broad application for
a single-pot functionalization into valuable products. Thus, the
development of new, selective, and efficient catalytic systems
that are capable of transforming alkanes into desirable prod-
ucts under mild conditions and in a single-step is an important
topic of modern chemistry.*** In this regard, the hydro-
carboxylation of alkanes to carboxylic acids represents a partic-
ularly interesting albeit still poorly explored transformation,*
as it involves both the C-H activation and C-C formation steps,
undergoes under mild conditions and in aqueous acetonitrile
medium, and is preferably catalyzed by copper coordination
polymers® or multinuclear complexes.**

Experimental section
Materials and methods

All reagents were from commercial sources (CuCl,-2H,0
Fluka, MnSO,-H,0 Fischer, Zn(NO3), 6H,0, Ni(NOj;), 6H,0
and bpy Alfa-AESAR, EDPA and MDPA from Aldrich), and were
used as received. Stock solutions of 1 M NaOH and HCI were
used for pH adjustment. Ion exchange column-deionized (DI)
water was used for all syntheses. The pH-meter used was a wIw
pH315i set-up, equipped with a SeTix 41 electrode. All products
reported herein gave satisfactory elemental analyses. Yields
range from 60 to 80% based on the metal salt.

Syntheses

Cu(phen)(EDPA) (1). EDPA (0.190 g, 0.970 mmol) is mixed
with phen (0.235 g, 1.305 mmol) in 30 mL DI water (solution A).
Separately, CuCl,-2H,0 (0.170 g, 1.000 mmol) is dissolved in 20
mL DI water (solution B). Both solutions are stirred until clear.
Then, solution B is slowly added to solution A in a dropwise
fashion under vigorous stirring. The pH of the final combined A
+ B solution is adjusted to 2.00 with NaOH. The clear blue
solution is left undisturbed at ambient conditions. A blue
crystalline precipitate appears after a few days, which is isolated
by filtration and air-dried. Anal. caled (%) for CgH36Cu,N,O16P,
(FW 935.57 g mol™'): C 35.91%, H 3.85%, N 5.99%. Found: C
35.81%, H 3.72%, N 5.77%.

Co(phen)(EDPA) (1a). EDPA (0.210 g, 1.070 mmol) is mixed
with phen (0.243 g, 0.990 mmol) and CoSO,-7H,0 (0.173 g,
1110 mmol) in 100 mL DI water. The pH of the resulting solu-
tion is adjusted to 4.95 with NaOH. The clear reddish solution is
left undisturbed at ambient conditions. A red crystalline
precipitate appears after a few days, which is isolated by filtra-
tion and air-dried. Anal. calcd (%) for C,gH36C0,N,016P, (FW
935.57 g mol '): C 36.32%, H 3.89%, N 6.06%. Found: C
36.44%, H 3.97%, N 6.18%.

Cu(phen)(MDPA) (2). MDPA (0.176 g, 1.000 mmol) is mixed
with phen (0.235 g, 1.305 mmol) in 30 mL DI water (solution A).
Separately, CuCl,-2H,0 (0.170 g, 1.000 mmol) is dissolved in 20
mL DI water (solution B). Both solutions are stirred until clear.

RSC Aadv., 2017, 7, 17788-17799 | 17789
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Then, solution B is slowly added to solution A in a dropwise
fashion under vigorous stirring. The pH of the combined final A
+ B solution is adjusted to 2.05 with NaOH. The clear blue
solution is left undisturbed at ambient conditions. A blue
crystalline precipitate appears after a few days, which is isolated
by filtration and air-dried. Anal. calcd (%) for C;3H;4,CuN,O,P,
(FW 435.74 g mol™%): C 35.80%, H 3.22%, N 6.43%. Found: C
36.09%, H 3.53%, N 6.55%.

Mn(bpy)(EDPA) (3). EDPA (0.154 g, 0.780 mmol), bpy
(0.154 g, 0.980 mmol) and MnSO,-H,O (0.154 g, 0.910 mmol)
are dissolved in 100 mL DI water under vigorous stirring. The
final pH of the resulting solution is adjusted to 4.10 with NaOH.
The clear yellow solution is left undisturbed at ambient condi-
tions. A yellow, crystalline precipitate appears after a few days,
which is isolated by filtration, washed with DI water and air-
dried. Anal. caled (%) for C;,H;sMnN,OgP, (FW 435.16 g
m01,1): C 33.09%, H 4.14%, N 6.43%. Found: C 33.57%, H
3.99%, N 6.72%.

Zn(bpy)(EDPA) (4). EDPA (0.280 g, 1.420 mmol), bpy (0.282 g,
1.800 mmol) and Zn(NOj3),-6H,O (0.291 g, 0.980 mmol) are
dissolved in 100 mL DI water under vigorous stirring. The final
pH of the resulting solution is adjusted to 4.20 with NaOH. The
clear colorless solution is left undisturbed at ambient condi-
tions. A white crystalline precipitate appears after a few days,
which is isolated by filtration, washed with DI water and air-
dried. Anal. caled (%) for C;,H4N,O¢P,Zn (FW 409.56 g
molfl): C 35.16%, H 3.42%, N 6.84%. Found: C 35.82%, H
3.37%, N 6.66%.

Table 1 Crystallographic data of the reported materials
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Ni(phen)(EDPA) (5). EDPA (0.194 g, 0.990 mmol), phen
(0.221 g, 0.940 mmol) and Ni(NO;), -6H,0 (0.303 g, 1.040 mmol)
are dissolved in 100 mL DI water under vigorous stirring. The
final pH of the resulting solution is adjusted to 3.30 with NaOH.
The light greenish clear solution is left undisturbed for 3 days.
Green crystals form and are isolated by filtration, washed with
DI water and air-dried. Anal. caled (%) for C,4H,,N,NiO, P, (FW
498.98 g molfl): C 33.67%, H 4.41%, N 5.61%. Found: C
33.56%, H 4.51%, N 5.69%.

X-ray crystallography

X-ray diffraction data were collected at room temperature from
a single-crystal mounted atop a glass fiber with cyanoacrylate
adhesive, with a Bruker SMART APEX II diffractometer using
graphite-monochromated Mo-Ka (A = 0.71073 A) radiation.
The structures were solved by employing SHELXTL direct
methods and refined by full-matrix least squares on F?, using
the APEX2 v2014.9-0 software package (Bruker AXS Inc.:
Madison, WI, 2014). All non-H atoms were refined with inde-
pendent anisotropic displacement parameters. Hydrogen
atoms were placed at calculated positions and refined using
a riding model, except for the water and phosphonic acid O-H
hydrogens, which were located from the Fourier difference
density maps and refined using a riding model with O-H
distance restraints. Crystallographic details are summarized
in Table 1, and important metric features (bond distances and
angles) are found in Table 2. Hydrogen bonding interactions
are given in Table 3.

Cu(phen)(MDPA) (2)

Mn(bpy)(EDPA) (3)

Zn(bpy)(EDPA) (4)

Ni(phen)(EDPA) (5)

Formula 1 C13H;,CuN,O,P, C1,H;sMnN,O4P, C1,H1,N,04P,Zn C14H,,N,NiO; P,
Formula 2 {[Cu"(phen)(MDPA)]-H,O]}..  [Mn"(bpy)(EDPA)(H,0),]..  [Zn"(bpy)(EDPA)].. [Ni"(phen)(H,0),](EDPA)
FW (g mol ™) 435.74 435.16 409.56 498.98

Crystal system Monoclinic Monoclinic Triclinic Orthorhombic
Space group Cc C2/c P1 Pnma

a (&) 22.3946(4) 12.3487(3) 5.5335(2) 7.2046(1)

b (A) 4.8894(1) 14.3471(4) 10.6895(3) 19.6744(2)

c (&) 16.9441(3) 10.0005(3) 12.6347(4) 13.6407(1)

a (deg) 90.000 90.000 95.967(2) 90.000

8 (deg) 122.616(1) 107.578(1) 90.237(2) 90.000

v (deg) 90.000 90.000 103.332(2) 90.000

V(A% 1562.73(5) 1689.04(8) 722.96(4) 1933.52(4)
Crystal size 0.05 x 0.25 x 0.40 0.05 x 0.25 x 0.42 0.07 x 0.08 x 0.28 0.10 x 0.12 x 0.50
zZ 4 4 2 4

Deale (g cm™?) 1.852 1.711 1.881 1.714

w (mm™) 1.645 1.016 1.953 1.227

60 range (deg) 2.16-30.56 2.24-29.70 1.62-28.84 1.82-28.70
Reflns collected 27 347 23 096 28 580 37 488

Obsd reflns [I> 20(I)] 4360 2088 3265 2250
Data/restraints/ 4637/6/238 2388/3/123 3780/0/214 2570/6/199
parameters

GOF (on F?) 1.043 1.043 1.057 1.067

R factor [I > 20(1)]
R factor (all data)
Maximum peak/
hole (e-A™3)

R; = 0.0220, WR, = 0.0500
Ry = 0.0251, WR, = 0.0512
0.292/—0.257

17790 | RSC Adv., 2017, 7, 17788-17799

R; = 0.0257, wR, = 0.0711
R, = 0.0321, wR, = 0.0754
0.291/—0.352

R; = 0.0269, wR, = 0.0585
R, = 0.0347, R, = 0.0619
0.459/—0.392

R; = 0.0243, R, = 0.0607
Ry = 0.0302, R, = 0.0643
0.483/—0.370

This journal is © The Royal Society of Chemistry 2017
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Catalytic hydrocarboxylation of alkanes

In a typical experiment, the reaction mixtures were prepared as
follows: a stainless steel autoclave (20.0 mL) equipped with
a Teflon-coated magnetic stir bar was filled with compound 1 or 1a
(0.01 mmol), K,S,05 (1.5 mmol), H,O (2.0 mL) and MeCN (4.0 mL;
total solvent volume was 6.0 mL), and an alkane (1.0 mmol). Then,
the autoclave was closed and flushed with CO three times to
remove the air, and finally pressurized with 20 atm of CO.
CAUTION: Due to the toxicity of CO, all operations should be
carried out in a well-ventilated hood! The obtained reaction
mixture was stirred for 4 h at 60 °C using a magnetic stirrer and an
oil bath, whereupon it was cooled in an ice bath, degassed,
opened, and transferred to a flask with tap. Diethyl ether (9.0 mL)
and cycloheptanone (45 pL, typical GC internal standard) were
added. In the case of cycloheptane hydrocarboxylation, cyclohex-
anone (45 pL) was used as a GC standard instead for cyclo-
heptanone. The obtained mixture was vigorously stirred for 10 min

Table 2 Selected bond lengths (A) for the reported materials
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using a magnetic stirrer. Then, the organic layer was analyzed by
gas chromatography (internal standard method), revealing the
formation of the corresponding monocarboxylic acids as the
dominant products. The formation of oxidation products (cyclic
alcohols and ketones) was also detected when using cycloalkanes
as substrates. Assignment of peaks was made by comparison with
chromatograms of authentic samples. Gas chromatography (GC)
analyses were run on an Agilent Technologies 7820A series gas
chromatograph (He as carrier gas) equipped with the FID detector
and BP20/SGE (30 m x 0.22 mm x 0.25 pm) capillary column.

Results and discussion
Synthetic considerations

All syntheses were carried out in acidic aqueous solutions (the
pH varied in different synthetic systems) and all products were
isolated as crystalline solids that precipitated out of solution at

Cu(phen)(MDPA) (2)
Cu1-01 1.958(2)
Cu1-02 2.150(2)
Cul-04 1.947(2)

Cul-N1 2.025(2)
Cul-N2 2.026(2)

Mn(bpy)(EDPA) (3)
Mn1-01 2.105(1)
Mn1-04 2.223(1)

Mn1-N1 2.288(1)

Zn(bpy)(EDPA) (4)
Zn1-01 1.975(1)
Zn1-04 2.001(1)
Zn1-06 1.976(1)

Zn1-N1 2.174(2)
Zn1-N2 2.152(2)

Ni(phen)(EDPA) (5)
Ni1-04 2.017(2)
Ni1-05 2.047(1)

Ni1-06 2.058(1)
Ni1-N1 2.078(1)

P1-01 1.511(2)
P1-02 1.485(2)

P1-01 1.495(1)

P1-O1 1.493(1)
P1-02 1.583(2)

P1A-O1A 1.534(8)
P1B-O1B 1.467(5)

P1-03 1.592(2)
P2-04 1.510(2)

P2-05 1.500(2)
P2-06 1.577(2)

P1-02 1.582(1)

P1-03 1.513(1)

P1-03 1.511(2)
P2-04 1.494(1)

P2-05 1.570 (2)
P2-06 1.511(1)

P1A-02A 1.595(7)
P1B-02B 1.555(8)

P1A-03A 1.476(7)
P1B-03B 1.558(7)

Table 3 Summary of the hydrogen bonding data for the reported materials

Compound D-H---A D-H (A) H-A(A) D---A (&) D-H-A (°) Symmetry operator for A

Cu(phen)(MDPA) (2) 03-H30---07# 0.78(2) 1.92(2) 2.703(3) 173(4) xy—1,2
06-H60---05# 0.79(2) 1.84(3) 2.606(2) 165(4) xy+1,z
O7-H7A---O5# 0.82(3) 1.93(3) 2.746(3) 172(4) x,—y+1,z—1/2
07-H7B---03 0.78(2) 2.17(3) 2.937(3) 169(4)

Mn(bpy)(EDPA) (3) 02-H2---03# 0.804(15) 1.760(15) 2.5616(14) 174(2) —X,¥, -z —1/2
04-HA4A---03# 0.785(15) 1.934(15) 2.7057(15) 168(2) —x—1/2, -y +1/2, —z
04-H4B---02# 0.791(15) 2.025(16) 2.7832(15) 160(2) —x,y, =z +1/2

Zn(bpy)(EDPA) (4) 05-H5---03 0.72(3) 1.92(3) 2.629(2) 168(3) —x+1, -y, —z+1
02-H6---0O3# 0.80(2) 1.87(2) 2.662(2) 174(2)

Ni(phen)(EDPA) (5) 02A-H2A---O3A# 0.82(2) 1.87(3) 2.581(6) 146(5) x—1/2,y, —z+3/2
04-H4A---O1A# 0.83(2) 1.95(2) 2.756(2) 165(2) x+1/2, =y +3/2, =z +3/2
04-H4A---O1B# 0.83(2) 1.83(2) 2.629(2) 164(2) x+1/2, =y +3/2, —z+3/2
05-H5A---O3A# 0.80(2) 2.12(2) 2.809(3) 144(2) X, —y+3/2,2
05-H5A:--O1B# 0.80(2) 2.24(2) 2.902(3) 141(2) X, —y+3/2,z
O5-H5B---03A# 0.82(2) 1.89(2) 2.695(4) 168(2) X —1/2, =y +3/2, —z + 3/2
05-H5B---03B# 0.82(2) 2.01(2) 2.781(3) 159(2) x —1/2, =y +3/2, —z + 3/2
06-H60---O1A# 0.81(1) 1.93(1) 2.714(2) 164(2) x —1/2, =y +3/2, —z + 3/2
06-H60---O1B# 0.81(1) 1.95(1) 2.738(2) 164(2) x —1/2, =y +3/2, —z + 3/2

This journal is © The Royal Society of Chemistry 2017
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ambient conditions, without the addition of any other precipi-
tant solvent. As reported earlier in synthetic
attempts,'***?****% pH is a dominant factor for the reaction
outcome.>” Specifically, the solution pH has to be within a range
where the product precipitates/crystallizes and incorporates all
three reaction components, i.e. metal ion, phosphonate ligand,
and SAL. Regarding the phosphonic acid, the pH has to be
sufficiently high so that the phosphonic acid moieties become
partially or fully deprotonated. If the pH is too high, intractable
amorphous products or mixtures of phases are isolated. In
addition, due to the high affinity of a doubly-deprotonated
phosphonate moiety (R-PO;>7) for metal ions, the neutral
pyridine-based SAL may be excluded from coordination. On the
other hand, if the reaction pH is too low, the phosphonate ligand
is mostly protonated and does not coordinate to the metal center.
At the same time, a pyridine-based SAL can become protonated
(due to the presence of basic N atoms on the ligand backbone)
and can precipitate out of solution as salt. Therefore, selection of
the proper pH for each synthesis is crucial for isolation of
a single-phase crystalline product. Because of the idiosyncrasies
of different synthetic systems, there are no specific guidelines to
be followed. Based on past experience, we find a pH range of 3-5
to be appropriate for such three-component systems.

several

Crystallographic studies

The crystal structures of compounds [Cu,(phen),(EDPA),(-
H,0),]« (1)*® and [Co(phen)(EDPA)(H,0),]. (1a)*® have been
reported before. These two compounds are isostructural. The
products we isolated from our synthetic methodology are the
same as the ones previously reported, although the synthetic
conditions were different. Hence, we will not present their
crystal structures herein. However, we will discuss their
topological analysis, vide infra.

As a short comment, we would like to report that the struc-
ture of 1 is rather different from the previously reported
[Cu(bpy)(EDPA)(H,0)],-3H,O derivative.** While the EDPA
ligand is doubly deprotonated in both cases, only one of its two
PO;H™ groups is coordinated to the copper center in the case of
[Cu(bpy)(EDPA)(H,0)],-3H,0. In fact, this phosphonate group
bridges two Cu atoms, leading to a dimeric structure, with two
dangling phosphonate groups being hydrogen-bonded to the
neighboring molecules. A molecular (dimeric) analog of 1 is
also known, [Cu,(phen),(EDPA)(H,0),]-9H,0. This discrete
copper(u) dimer was prepared by heating a mixture of CuSOy,
EDPA and 1,10-phenanthroline in water, at pH 10 and 140 °C for
24 h. In this case, the diphosphonate ligand is completely
deprotonated (bears a “4—” charge) and acts as a bridging
moiety between two copper centers.*

Cu(phen)(MDPA) (2). In 2, {{Cu"(phen)(MDPA)]-H,0]} .., the
repeating unit is on a general position and the Cu atom has an
approximately square-pyramidal coordination geometry (Fig. 2).
The “2—” charged MDPA ligand (both phosphonic acid groups
are singly deprotonated, -PO;H™) chelates the Cu center,
contributing two equatorial O atoms to the metal atom's coor-
dination sphere. The other two equatorial positions are
provided by the phen ligand's N atoms, whereas the axial
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position is occupied by a phosphonate O atom of an adjacent
MDPA moiety. Thus, MDPA acts both as a chelating and
a bridging ligand, giving rise to a linear 1D metal-organic chain.
On one side of the chain, O atoms and OH groups of adjacent
phosphonate ligands hydrogen-bond to each other, while O
atoms are bridged by a water molecule of crystallization on the
other side. The lattice H,O molecule also bridges adjacent
chains together, forming supramolecular 2D sheets. Within the
chains, the phen units are w-m stacked (interplanar angle: 0°,
plane-centroid distance: 3.293(2) A, centroid-centroid distance:
4.889(1) A).

H60,
o7
Cim_ ° @
H\; QCZ DH7A
013‘/0353; N1 e
‘ ce”0 ~_Cu1
c7
C12 \H\ 03
c8 2
CQ‘\."Cﬂ ¥30
c10

Fig. 2 Crystal structure of Cu(phen)(MDPA) (2). Top image: 50%
probability thermal ellipsoids (C—H hydrogens not shown for clarity).
Symmetry code: (a) x, y + 1, z. Center images: linear 1D metal-organic
chain and packing diagram (view along the b axis). Bottom image:
coordination mode of the MDPA ligand. Atom color codes: Cu dark
blue, P orange, O red, C black, N light blue, H white.
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Fig. 3 Crystal structure of Mn(bpy)(EDPA) (3). Top image: 50% prob-
ability thermal ellipsoids (C—H hydrogens not shown for clarity).
Symmetry codes: (a) —x,y, —z+ 1/2; (b) —x, -y + 1, =z, () x, -y + 1, z +
1/2. Center images: 2D sheet motif formed by interdigitated zigzag 1D
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Mn(bpy)(EDPA) (3). As in the case of 1, the 1D coordination
polymer 3, [Mn"(bpy)(EDPA)(H,0),]-, features zigzag metal-
organic chains (Fig. 3). These are extended by hydrogen bonds
to a 3D supramolecular framework, composed of the layered 2D
sheet motifs assembled from the interdigitated (- bonding)
zigzag coordination chains. The distorted-octahedral Mn atom
is located on a two-fold symmetry axis that bisects the bpy
ligand, while the diphosphonate (EDPA) unit is centered on an
inversion center. The EDPA ligand carries a “2—” charge, as
each phosphonic acid group is singly deprotonated (-POzH ™).
Within the zigzag 1D chains, EDPA ligands are connected to
each other covalently by a Mn atom on one side and by two short
H-bonds on the opposite side (O---O distance: 2.562(1) A, Table
3). The two water molecules coordinated to the Mn atom each
form one H-bond within the chain (O---O distance: 2.783(2) A),
and another one with the adjacent 2D sheet motif (O---O
distance: 2.706(2) A), thus connecting these motifs together into
a 3D supramolecular framework. The bpy moieties, in which the
two pyridyl groups are nearly coplanar (2.5(1)°), form -7
interactions between neighboring zigzag chains within the 2D
layer motifs (interplanar spacing: 3.516(2) A; interplanar angle:
0°; centroid-centroid distance: 3.699(2) A).

Zn(bpy)(EDPA) (4). In 4, [Zn"(bpy)(EDPA)].., the Zn atom is
found in a distorted trigonal bipyramidal coordination envi-
ronment, without H,O ligands (Fig. 4). As a consequence of this
fact and due to the presence of two distinct p,- and p,-EDPA
moieties, the overall 2D metal-organic structure of 4 is signifi-
cantly different than the one of 3, [Mn"(bpy)(EDPA)(H,0),]..
Hence, in 4 there are two crystallographically independent EDPA
ligands (both phosphonic acid groups are singly deprotonated,
-PO;H™): in one, both phosphonate groups bridge a pair of Zn
atoms; in the other, each phosphonate group coordinates to one
single Zn atom. The result is an undulating 2D metal-organic
sheet, within which the phosphonate groups form strong H-
bonds to each other (O---O distances: 2.662(2) and 2.629(2) A,
Table 3), and the bpy moieties (with nearly coplanar pyridyl
groups, 1.67(7)°), form m-stacks (pyridyl-pyridyl interplanar
spacing: 3.328(2) A; interplanar angle: 1.67(7)°; centroid-
centroid distance: 3.618(1) A). The undulating 2D sheets are
layered on top of each other, and interact by weak m—7 stacking
interactions (pyridyl-pyridyl interplanar spacing: 3.279(3) A;
interplanar angle: 0°; centroid-centroid distance: 4.172(2) A).

Ni(phen)(EDPA) (5). In contrast to the coordination polymers
described above, 5, [Ni"(phen)(H,0),](EDPA), is a molecular
complex. The “2—” charged EDPA ligand (each phosphonic acid
group is singly deprotonated, -POs;H ™) does not coordinate to
the metal center (Fig. 5). The coordination sphere around the
slightly distorted octahedral Ni center is comprised of a phen
ligand and four H,O molecules, and is bisected by a mirror

metal-organic chains and packing diagram showing layered 2D sheet
motifs (view along the c¢ axis). Bottom image: coordination mode of
the EDPA ligand. Atom color codes: Mn magenta, P orange, O red, C
black, N light blue, H white.
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Fig. 4 Crystal structure of Zn(bpy)(EDPA) (4). Top image: 50% probability
thermal ellipsoids (C—H hydrogens not shown for clarity). Symmetry
codes: (@) —x, =y, —z+ 1, (b) —x+ 1, -y, -z () x — Ly, z (d) —x, —y, —z.
Center images: undulating 2D metal—organic sheet and packing diagram
showing the interdigitation of adjacent undulating 2D sheets (view along
the a axis). Bottom image: coordination mode of the EDPA ligand. Atom
color codes: Zn green, P orange, O red, C black, N light blue, H white.
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plane perpendicular to the phen unit. The EDPA counterion, in
turn, is located on and is disordered (50/50) about an inversion
center. Within the crystal lattice, the phen units are organized
into parallel columns by m-m stacking (interplanar angle:
0.73(6)°, plane-plane distance: 3.586(1) A, centroid-centroid
distance: 4.3805(8) A), while the phosphonate groups of the
EDPA units form an intricate H-bonded lattice with the H,O
molecules (Table 3).

Topological analysis of compounds 1-5

To get further insight into the crystal structures of 1-5, we have
performed topological analysis and classification of both metal-
organic and H-bonded networks, by following the concept of the
simplified underlying net.**®” Such simplified nets have been
generated by reducing building blocks of 1-5 to their centroids
maintaining their connectivity via coordination bonds or both
coordination and hydrogen bonds. In the construction of
underlying H-bonded nets, only the conventional D-H:--A
hydrogen bonds have been considered, wherein H---A < 2.50 A,
D--A<3.50 A, and Z(D-H:--A) > 120° D and A stand for donor
and acceptor atoms.***® The obtained underlying networks
(Fig. 6-9) have been topologically analyzed and classified. We
excluded compound 1a from the analysis, because it is iso-
structural to 1.

The zigzag metal-organic chains of 1 can be topologically
classified as a uninodal 2-connected net with a simple 2C1
topology driven by the [Cu(phen)(H,0),] and EDPA nodes (Fig. 6a).
These 1D chains are further extended by means of numerous
hydrogen bonds into a very complex 3D H-bonded framework
(Fig. 6b). It is composed of the 4-connected [Cu(phen)(H,0),] and
6-connected EDPA nodes (Fig. 6b). The topological analysis of this
net discloses the seh-4,6-C2/c topology**** described by the point
symbol of (3.4%.5%.6)(3%.4%.5%.6".7".8), wherein the (3.4%.5%.6) and
(3%.4%.5%.6".7*.8) notations are those of the [Co(phen)(H,0),] and
EDPA nodes, respectively.

It should be mentioned that a binodal 6,10-connected 3D H-
bonded framework with the 6,10T9 topology, built from the
[Cu(bpy)(EDPA)(H,0)], molecular nodes and (H,O)s cluster
nodes, has been earlier identified in a related discrete copper()
dimer [Cu(bpy)(EDPA)(H,0)],-3H,0.* In the present case, the
discrete dicopper(n) units are assembled into 2D layers,
which are then extended into a 3D framework by H-bonding
interactions involving water clusters from crystallization
H,O molecules.** In contrast, the 3D H-bonded net of
[Cu(phen)(EDPA)(H,0),] (1) is directly assembled via H-bonds
between adjacent 1D metal-organic chains.

The linear metal-organic chains of 2 are built from the 2-
connected [Cu(phen)] and MDPA nodes (Fig. 7a), featuring the
same 2C1 topology as in 1. These chains are reinforced by the
intra-chain hydrogen bonds and extended to a 2D layer via H-
bonding interactions with the water of crystallization. From
the topological viewpoint, the resulting 2D H-bonded layer
(Fig. 7b) is composed of the 5-connected MDPA and 3-con-
nected H,0 nodes and the 2-connected [Cu(phen)] linkers, thus
leading to a binodal 3,5-connected net with a rare 3,5L52
topology.***>*® 1t is defined by the point symbol of

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Crystal structure of Ni(phen)(EDPA) (5). Top: 50% probability
thermal ellipsoids (C—H hydrogens not shown for clarity; one of the
disordered EDPA ions is shown in green). Symmetry codes: (a) x, —y + 3/2,
z; b) —x, —y + 1, —z + 2. Center: 1D column showing mt—7 stacking
between phen units. Bottom: packing diagram (view along the a axis).
Atom color codes: Ni bright blue, P orange, O red, C black, N light blue,
H white.

6-c EDPA nodes

4-c [Cu(phen)(H,0),] nodes

\

@ (®)

Fig. 6 Topological representation of the underlying networks in 1: (a) 1D
metal-organic chain and (b) 3D H-bonded net. (a) Uninodal 2-con-
nected zigzag chain with the 2C1 topology (view along the c axis). (b)
Binodal 4,6-connected net with the seh-4,6-C2/c topology (view along
the ¢ axis). Color codes: centroids of 4-connected [Cu(phen)(H,0)]
(green) and 6-connected EDPA (gray) nodes.
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(3.5%)(3%.5%.6*.7) with the (3.5%) and (3%.5°.6".7) indices corre-
sponding to the H,O and MDPA nodes, respectively. Although
a few examples of compounds with the 3,5L52 topology have
been identified, such Cu-based networks are limited to single
cases.”®

Compound 3 is isostructural to 1 and also possesses similar
zigzag metal-organic chains with the 2C1 topology (see Fig. 6a
for 1 as an example). These chains in 3 are assembled from the
[Mn(bpy)(H,0),] and EDPA blocks and are further extended into
a 3D H-bonded framework, which is topologically similar to that
of 1 (Fig. 6a).

In contrast to 1D metal-organic chains in 1-3 driven by the
uo-diphosphonates, compound 4 features a more complex 2D
coordination network owing to the presence of both ,- and p,-
EDPA building blocks. Hence, an underlying metal-organic 2D
net in 4 is composed of the 3-connected [Zn(bpy)] and 4-con-
nected p,-EDPA nodes, as well as the 2-connected p,-EDPA
linkers (Fig. 8). This net can be classified as a binodal 3,4-con-
nected layer with the 3,4L13 topology**** and the point symbol

%%
<2

§ o<

5-c MDPA nodes

~

3-c H,0 nodes
N

2-c [Cu(phen)] linkers

Fig. 7 Topological representation of the underlying networks in 2: (a)
1D metal-organic chain and (b) 2D H-bonded layer (views along the
a axis). (a) Uninodal 2-connected linear chain with the 2C1 topology.
(b) Binodal 3,5-connected layer with the 3,5L52 topology. Color
codes: (a) centroids of 2-connected [Cu(phen)] (green) and MDPA
(gray) nodes; (b) centroids of 5-connected MDPA (gray) and 3-con-
nected H,O (pale yellow) nodes, centroids of 2-connected [Cu(phen)]
linkers (green).

o — Y

2-c EDPA linkers

4-c EDPA nodes

Fig. 8 Topological representation of the underlying 2D metal-
organic network in 4 showing a binodal 3,4-connected layer with the
3,4L13 topology (view along the b axis). Color codes: centroids of 3-
connected [Zn(bpy)] nodes (green), centroids of 2- and 4-connected
EDPA linkers and nodes (gray).
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6-c [Ni(phen)(H,0),] nodes

Y

6-c EDPA nodes

Fig. 9 Topological representation of the underlying 3D supramolec-
ular network in 5 showing a binodal 6,6-connected net with the 6,6T1
topology (view along the a axis). Color codes: centroids of 6-con-
nected [Ni(phen)(H,O)4] nodes (green), centroids of 6-connected
EDPA nodes (gray).

of (4.6%),(4%.6%.8%), wherein the (4.6%) and (4°.6%.8%) indices
concern the [Zn(bpy)] and p,-EDPA nodes, respectively. The
metal-organic layers in 4 are further reinforced by hydrogen
bonds, although without extending an overall network dimen-
sionality. A few Zn coordination polymers with the 3,4L13
topology have been reported.>*>*%%-%*

In contrast to coordination polymers 1-4, the crystal struc-
ture of 5 is discrete and composed of a [Ni(phen)(H,0),*"
cation and an EDPA?~ anion. However, both the cation and
anion are multiply held together by strong hydrogen bonds,
resulting in a 3D supramolecular network. This was simplified
and analyzed topologically, revealing a binodal 6,6-connected
underlying net (Fig. 9) with the 6,6T1 topology. It is defined by
the point symbol of (4'%.6%)(4%.6°.8), wherein the (4'*.6%) and
(4%.6°.8) indices are those of the [Ni(phen)(H,0),] and EDPA
nodes, respectively.

Catalytic activity in hydrocarboxylation of alkanes

Catalytic activity of compounds 1 (Cu-phen-EDPA) or 1a (Co-
phen-EDPA) was investigated in the hydrocarboxylation of
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various Cs-Cg alkanes, including cyclic (cyclopentane, cyclo-
hexane, cycloheptane, cyclooctane) and linear (n-pentane, n-
hexane, n-heptane, n-octane) substrates. The hydro-
carboxylation consists of reacting a C, alkane with CO (carbonyl
source), potassium peroxodisulfate (oxidant), and H,O
(hydroxyl source) to form directly a C,.; carboxylic acid, C,-
COOH, or a mixture of isomeric carboxylic acids.*® The reactions
proceed at 60 °C in water-acetonitrile medium and require the
use of a homogeneous metal containing catalyst. The obtained
results are summarized in Tables 4 and 5.

Hence, the Cu-containing compound 1 catalyzes the hydro-
carboxylation of cyclopentane and cyclohexane (Table 4, entries
1, 3) to give cyclopentanecarboxylic and cyclohexanecarboxylic
acids in 26% and 43% yields, respectively; hereinafter, all the
yields are based on alkane substrate. Under similar reaction
conditions, the Co-containing compound 1a is less effective,
resulting in 7% and 12% yields of C;HoCOOH and C¢H;;COOH,
respectively (Table 1, entries 2, 4). Given a much higher activity
of 1, it was selected to further investigate the substrate scope.
In fact, cycloheptane can also be converted into cyclo-
heptanecarboxylic acid in up to 25% yield (entry 5), whereas in
the case of the cyclooctane substrate only 10% yield of the
corresponding acid product was detected (entry 6). In all cases,
the hydrocarboxylation of cycloalkanes results in the formation
of one monocarboxylic acid product due to the presence of
a single type of carbon atom in their molecules. No formation of
dicarboxylic acids was observed. However, the corresponding
cyclic ketones and alcohols are also formed as a result of the
competing partial cycloalkane oxidation reaction. The total
yield of these oxidation products (ketone being formed in larger
amounts than alcohol in all cases, Table 4) increases with the
hydrocarbon size, namely from 1-3% for CsH;, and C¢H;, to 9-
13% for C;H,, and CgH;, respectively.

To further investigate the substrate scope, we studied the
hydrocarboxylation of linear Cs-Cg alkanes catalyzed by
compound 1. Since linear alkanes contain both secondary
(more reactive) and primary carbon atoms, a mixture of
isomeric carboxylic acids is produced (Table 5). As expected, the
branched carboxylic acids are formed as the main products,
while the yields of the linear ones are negligible (~1%). The

Table 4 Single-pot hydrocarboxylation of C,, (n = 5-8) cycloalkanes to the corresponding C,,1 cycloalkane carboxylic acids”

catalyst

C,Hy, + CO + H,O K25,05,MeCN/H,0

CnHZYlflCOOH + C)7H2n—20 + CnHZn—IOH

Product yield,” %

Entry Cycloalkane Catalyst Carboxylic acid Ketone Alcohol Total®
1 CsHio 1 25.9 0.8 0.3 27.0
2 CsHy, 1a 7.3 0.3 0.1 7.7
3 CeHys 1 42.7 2.3 0.5 45.5
4 CeHiz 1a 11.9 0.6 0.1 12.6
5 C,H,, 1 25.4 7.2 2.0 34.6
6 CgHyg 1 10.4 9.1 3.5 23.0

“ Cyclic ketones and alcohols are also formed as products of cycloalkane oxidation. Reaction conditions (unless stated otherwise): cycloalkane (1.00
mmol), catalyst 1 or 1a (0.01 mmol), p(CO) = 20 atm, K,S,0g (1.50 mmol), H,O (2.0 mL)/MeCN (4.0 mL), 60 °C, 4 h in an autoclave (20.0 mL capacity).
b [Moles of product per mol of alkane] x 100%; determined by GC analysis. ¢ Yield of all products.
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Table 5 Single-pot hydrocarboxylation of linear C,, (n = 5-8) alkanes into the corresponding C,,,; acids catalyzed by 1 ¢

catalyst

CpHapya + CO + HoO o5 tenmo

C,Ha,+ 1 COOH

(various isomers)

Entry Alkane Carboxylic acid® (yield, %)

d

Total yield® (%) Regioselectivity C(1) : C(2) : C(3) : C(4)

1 n-CsHy, C,H;CH(COOH)C,H; (10.6)
C3H,CH(COOH)CHj (24.0)
n-CsH;;COOH (1.2)
C3H,CH(COOH)C,H; (15.1)
C,H,CH(COOH)CH; (16.3)
n-C¢H,3COOH (1.0)
C;H,CH(COOH)C;H; (5.3)
C4H,CH(COOH)C,H; (10.5)
CsH,,CH(COOH)CH; (12.4)
n-C,H,;COOH (0.9)
C4H,CH(COOH)C;H; (7.4)
C5H,;CH(COOH)C,H; (7.6)
CeH,;CH(COOH)CHj (8.0)
n-CsH,,COOH (0.7)

2 n-CeHya

3 n-C;Hye

4 n-CgH,g

35.8 1:30:26

1:24:22

1:21:18:18

23.7 1:18:16:16

“ Reaction conditions (unless stated otherwise): alkane (1.00 mmol), catalyst 1 (0.01 mmol), p(CO) = 20 atm, K,S,05 (1.50 mmol), H,O (2.0 mL)/
MeCN (4.0 mL), 60 °C, 4 h in an autoclave (20.0 mL capacity). ? [Moles of acid per mol of alkane] x 100%; determined by GC analysis. ¢ Yield of
all acid products. ? Regioselectivity parameter C(1): C(2):C(3): C(4) means the normalized (for the relative number of hydrogen atoms)

reactivity of H atoms at different positions of linear alkane chains.

highest total yield of acid products was observed for the n-
pentane hydrocarboxylation (36%, Table 5, entry 1), followed by
n-hexane (32%, entry 2), n-heptane (29%, entry 3), and n-octane
(24%, entry 4). On increasing the length of the hydrocarbon
chain, a regioselectivity parameter, C(1) : C(2) : C(3) : C(4), that
indicates the normalized (for the relative number of hydrogen
atoms) reactivity of H atoms at different positions of linear
alkane chains, gradually decreases from 1:30:26 for n-
pentane to 1:18:16:16 for n-octane. In addition, the
increased selectivity of the carbon atom at the second C(2)
position of the hydrocarbon chain was observed in all the tested
linear alkanes. Given a homogeneous character of the catalytic
systems and complexity of the reaction mixtures, it is particu-
larly difficult to recover the catalyst. This can potentially be
overcome in future research by attaching the homogeneous
catalysts onto a solid support.

Following a previous approach*” and guided by the selectivity
parameters observed herein, a simplified free-radical mecha-
nism for the hydrocarboxylation of alkanes can be proposed

RH =------- C5-Cg alkanes
] SO
2 4 N
e VN
i Y HSO4
OH /' 50,2 NS
S70827 ' R‘

Fig. 10 Simplified free-radical mechanism for the hydrocarboxylation
of alkanes.

This journal is © The Royal Society of Chemistry 2017

(Fig. 10). The first principal step (step a) involves the formation
of alkyl radicals via the abstraction of a hydrogen atom from the
alkane by SO, (sulfate radicals are generated from K,S,0s).
Then, alkyl radicals R" are rapidly carbonylated by CO to give
acyl radicals RCO" (step b). These are further oxidized by Cu" to
acyl cations RCO" (step c), whereas the regeneration of the Cu"
species occurs upon oxidation of Cu' by K,S,0z (step ¢'). The
acyl cations are finally hydrolyzed by water to form carboxylic
acids RCOOH (step d).

Conclusions

The present paper continues our efforts for structural mapping
of metal phosphonate materials that incorporate a metal ion,
a phosphonate ligand, and a secondary auxiliary ligand (the
chelating bpy and phen, in this case).

The conclusions of this work are summarized below:

(a) Chelating N-heterocyclic ligands, such as 2,2'-bipyridine
and 1,10-phenanthroline can be used to “decorate” a metal-
phosphonate coordination network, imparting dramatic
changes to the dimensionality and overall structure.

(b) Small structural alterations of the phosphonate ligand
backbone impart significant changes to the product. This is
exemplified in compounds 1 and 2. Coordination polymer 1
contains EDPA, and 2 contains MDPA, a structural “analog” of
EDPA having one -CH,- less than EDPA. Compound 1 features
a 1D zigzag chain that is formed by the bridging action of EDPA
(each end phosphonate coordinates Cu in a terminal fashion).
However, 2 forms a linear 1D chain in which MDPA chelates a Cu
center (by the two end phosphonates) and simultaneously bridges
(through one of the phosphonates) a neighboring Cu center.

(c) The two rather similar SALs, bpy and phen, can chelate
metal centers in the same fashion; however, they form different

RSC Adv., 2017, 7, 1778817799 | 17797
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-7 interactions that influence the supramolecular structure of
the materials.

(d) The coordination geometry of the M>" centers apparently
affects the final structure. The Cu®* center in 1 is octahedral,
whereas it is square pyramidal in 2. The Mn®" center is octa-
hedral in 3 and the Zn>" center is trigonal bipyramidal in 4.

(e) The hydrogen bonding interactions can play a significant
role in the structure of each compound. The presence of water
molecules (either metal-coordinated or in the lattice) enriches
the hydrogen-bonding patterns.

(f) An additional factor that plays a role in the crystal packing
of the discussed compounds is the w-7 stacking interactions
between the bpy or phen aromatic rings.

(g) Both the metal-organic and/or H-bonded networks in 1-5
were analyzed from the topological viewpoint. This analysis has
disclosed the simple 2C1 topology of 1D coordination chains in 1-3
and the 3,4L13 topology of the 2D metal-organic layers in 4.
Besides, the structures of 1-3 and 5 are further extended [1D — 3D
(1, 3), 1D — 2D (2), 0D — 3D (5)] by numerous hydrogen bonds,
resulting in the generation of H-bonded nets with the seh-4,6-C2/c
topology in 1 and 3, the 3,5L52 topology in 2, and the 6,6T1 topology
in 5. Hence, the current study also contributes to the topological
classification of metal-organic and H-bonded networks.

(h) Furthermore, some of the obtained coordination
compounds were tested as homogeneous catalysts for the mild
hydrocarboxylation of alkanes, by CO, K,S,0s, and H,O to give
carboxylic acids with one more carbon atom. In fact, compound
1 efficiently catalyzes the hydrocarboxylation of various cyclic
(cyclopentane, cyclohexane, cycloheptane, cyclooctane) and
linear (n-pentane, n-hexane, n-heptane, n-octane) alkanes. The
investigation of the substrate scope revealed that the highest
yields of products are observed when using cyclohexane (43% of
Ce¢H,;COOH) and n-pentane (36% of isomeric CsH;;COOH).
These product yields are very good in the field of mild oxidative
functionalization of alkanes, considering their extremely high
inertness and the rather mild reaction conditions employed
(60 °C, aqueous medium, absence of a strong acid).***
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