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ABSTRACT: The five metal azolate/carboxylate (MAC) com-
pounds [Cd(dmpzc)(DMF)(H2O)] (Cd-dmpzc), [Pd-
(H2dmpzc)2Cl2] (Pd-dmpzc), [Cu(Hdmpzc)2] (Cu-dmpzc),
[Zn4O(dmpzc)3]·Solv (Zn-dmpzc·S), and [Co4O(dmpzc)3]·Solv
(Co-dmpzc·S) were isolated by coupling 3,5-dimethyl-1H-pyrazol-
4-carboxylic acid (H2dmpzc) to cadmium(II), palladium(II),
copper(II), zinc(II), and cobalt(II) salts. While Cd-dmpzc and
Pd-dmpzc had never been prepared in the past, for Cu-dmpzc, Zn-
dmpzc·S, and Co-dmpzc·S we optimized alternative synthetic
paths that, in the case of the copper(II) and cobalt(II) derivatives, are faster and grant higher yields than the previously reported
ones. The crystal structure details were determined ab initio (Cd-dmpzc and Pd-dmpzc) or refined (Cu-dmpzc, Zn-dmpzc·S,
and Co-dmpzc·S) by means of powder X-ray diffraction (PXRD). While Cd-dmpzc is a nonporous 3D MAC framework, Pd-
dmpzc shows a 3D hybrid coordination/hydrogen-bonded network, in which Pd(H2dmpzc)2Cl2 monomers are present. The
thermal behavior of the five MAC compounds was investigated by coupling thermal analysis to variable-temperature PXRD.
Their catalytic activity was assessed in oxidative and C−C coupling reactions, with the copper(II) and cadmium(II) derivatives
being the first nonporous MAC frameworks to be tested as catalysts. Cu-dmpzc is the most active catalyst in the partial oxidation
of cyclohexane by tert-butyl hydroperoxide in acetonitrile (yields up to 12% after 9 h) and is remarkably active in the solvent-free
microwave-assisted oxidation of 1-phenylethanol to acetophenone (yields up to 99% at 120 °C in only 0.5 h). On the other hand,
activated Zn-dmpzc·S (Zn-dmpzc) is the most active catalyst in the Henry C−C coupling reaction of aromatic aldehydes with
nitroethane, showing appreciable diastereoselectivity toward the syn-nitroalkanol isomer (syn:anti selectivity up to 79:21).

1. INTRODUCTION

The enormous fields of coordination polymers (CPs)1 and
metal−organic frameworks (MOFs)2 have been unexhaustively
developing because of their potential use in a wide range of key
functional applications, spanning from luminescence to
magnetism, gas storage, gas or liquid separation, drug delivery,
and imaging, to mention only a few. Heterogeneous catalysis is
another, industrially relevant application for which CPs3 and
MOFs4 have shown promising performances, emerging as
versatile alternatives to the traditional all-inorganic materials for
a number of organic syntheses. Indeed, CPs and MOFs couple
the periodic organization of catalytically active centers (the

metal nodes) to a convenient modulation of the catalytic
performances through the electronic and steric properties of
the spacers. To these aspects, when size and shape selectivity
are required, MOFs add homogeneous pore-size and pore-wall
decoration.
A crucial aspect potentially hampering the implementation of

CPs and MOFs into real-world applications is their chemical
and thermal stability. Poly(carboxylato)-based MOFs, the first
class of MOFs to be systematically explored, have shown
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interesting functional properties, yet, on some occasions, they
have shown a limited stability to hydrolysis,5 hampering their
use at the industrial level.
Poly(azolate) ligands, generally granting stronger metal-to-

ligand coordinative bonds compared to their oxygen-donor
counterparts, have been exploited more recently as a means to
improve the chemical and thermal stability of the resulting
coodination compounds.6 The interested reader can find in ref
7 a comprehensive review of the most recent advances achieved
in the field of metal azolate frameworks, from the points of view
of crystal engineering and functional properties. In the past
years, we have been focusing on the preparation of rigid and
flexible poly(pyrazole) ligands, with the final aim of building up
CPs and MOFs characterized by remarkable thermal robust-
ness8 and chemical stability toward harsh conditions.9 Besides
these aspects, poly(pyrazolato)-containing CPs and MOFs
typically possess interesting crystal structures and functional
properties.10

More recently, a limited number of metal azolate/carboxylate
(MAC) frameworks,11 built up with pyrazolate-,11,12 triazo-
late-,13 tetrazolate-,14 or imidazolate/carboxylate15 spacers, have
appeared in the literature.
To the best of our knowledge, NH4[Cu3(μ3-OH)(μ3-4-

carboxypyrazolato)3]
12a is the only MAC framework ever tested

as a catalyst, namely, in the oxidation of cyclohexane (CyH)
and cyclohexene with tert-butyl hydroperoxide. Aiming at
enlarging the family of MAC compounds essayed as catalysts,
we focused our attention on 3,5-dimethyl-1H-pyrazol-4-
carboxylic acid (H2dmpzc, Scheme 1). This spacer has already

been employed successfully in the recent past: the MOF
[Cu2(dmpzc)2(H2O)]·1.5DMF (DMF = N,N-dimethylforma-
mide) has shown selective adsorption of C2H2 versus C2H4,
C2H6, and CO2 in the low-pressure range (P < 10 kPa) and a
very high selectivity toward C2H2, C2H4, C2H6, and CO2 with
respect to CO or N2.

12c After thermal activation, when probed
with CO2 and CH4, the MOFs [M4(O)(dmpzc)3]·Solv [M =
Zn (Zn-dmpzc·S),11,12a Co (Co-dmpzc·S)11], undergo guest-
induced gate opening. More interestingly, the cobalt(II)
derivative adsorbs up to 20.8 wt % CO2 at 273 K and 1
bar,11 while the zinc(II) compound selectively captures harmful
volatile organic compounds, even in competition with
moisture.12b At 10 K and under a static field of 5 kOe,
[Cu(Hdmpzc)2] (Cu-dmpzc) is dominated by antiferromag-
netic interactions.12d Finally, [Cr3O(Hdmpzc)6(DMF)3] ad-
sorbs up to 57 mL/g of CO2 at 100 kPa.12f

In the present work, we isolated and characterized two novel
MAC compounds, namely, [Cd(dmpzc)(DMF)(H2O)] (Cd-
dmpzc) and [Pd(H2dmpzc)2Cl2] (Pd-dmpzc). For our
catalytic tests, we adopted Cd-dmpzc and Cu-dmpzc as
representatives of the class of 3D nonporous MAC frameworks
and Pd-dmpzc as an example of a 3D hybrid coordination/
hydrogen-bonded network. Finally, repeatedly failing at
isolating novel derivatives having the M(dmpzc) formula with
M = Zn and Co, we selected Zn-dmpzc·S and Co-dmpzc·S as

members of the class of 3D porous MAC frameworks to be
thermally activated and essayed. In the following, the results of
our catalytic tests in oxidative and C−C coupling reactions are
reported and discussed.

2. EXPERIMENTAL SECTION
2.1. Materials and Methods. All chemicals and reagents were

purchased from Sigma-Aldrich Co. and used as received, without
further purification. All solvents were distilled prior to use following
consolidated procedures.16 Before the analytical characterization was
performed, all samples were dried in vacuo (50 °C, ∼0.1 Torr) until a
constant weight was reached. The IR spectra were recorded from 4000
to 650 cm−1 with a PerkinElmer Spectrum 100 instrument by
attenuated total reflectance (ATR) on a CdSe crystal. Elemental
analyses (carbon, hydrogen, and nitrogen) were performed with a
Fisons Instruments 1108 CHNS-O elemental analyzer. Thermogravi-
metric analyses (TGAs) were carried out under a N2 flow with a
PerkinElmer STA 6000 simultaneous thermal analyzer with a heating
rate of 7 °C/min. 1H NMR spectra were recorded at ambient
temperature on a Bruker Avance II + 300 (UltraShield Magnet)
spectrometer operating at 300 MHz. In the following, the chemical
shifts are reported in ppm, using tetramethylsilane as the internal
reference.

2.2. Synthesis of H2dmpzc. H2dmpzc was synthesized by
following a previously reported procedure.11 Elem anal. Calcd for
C6H8N2O2 (fw = 140.14 g/mol): C, 51.42; H, 5.75; N, 19.99. Found:
C, 51.11; H, 5.63; N, 19.45. Mp: 295−300 °C (dec). IR (ATR, cm−1):
3192 (w, br); 2932 (w, br); 2516 (m, br); 1669 (s); 1566 (m); 1505
(s); 1422 (s); 1320 (s); 1272 (s); 1122 (s); 1054 (m); 992 (m); 917
(m); 760 (s). 1H NMR (DMSO, 298 K): δ 2.29 (s, 6H, CH3), 12.3 (s,
COOH).

2.3. Synthesis of [Cd(dmpzc)(DMF)(H2O)] (Cd-dmpzc).
H2dmpzc (0.07 g, 0.5 mmol) was dissolved in DMF (15 mL); after
complete dissolution, Cd(CH3COO)2·2H2O (0.15 g, 0.5 mmol) was
added. The mixture was left under stirring in a high-pressure glass tube
at 150 °C for 24 h, until a white precipitate formed. The latter was
filtered off, washed with DMF (2 × 10 mL), and dried in vacuo. Yield:
68%. Cd-dmpzc is insoluble in alcohols, dimethyl sulfoxide (DMSO),
DMF, acetone, acetonitrile (MeCN), chlorinated solvents, and water
(H2O). Elem anal. Calcd for C9H15CdN3O4 (fw = 341.64 g/mol): C,
31.64; H, 4.42; N, 12.30. Found: C, 31.29; H, 4.12; N, 11.95. IR
(ATR, cm−1): 3329 (w, br) ν(O−Hwater); 3000−2900 (w) ν(C−
Haliphatic); 1664 (s); 1655 (s) ν(CODMF); 1549 (vs); 1509 (vs)
νasym(COO

−); 1419 (vs); 1396 (vs); 1376 (vs) νsym(COO
−); 1167

(vs); 1112 (m); 1064 (w); 1014 (w); 990 (w); 935 (w); 838 (s); 824
(s); 805 (s); 682 (s); 666 (s).

2.4. Synthesis of [Pd(H2dmpzc)2Cl2] (Pd-dmpzc). H2dmpzc
(0.07 g, 0.5 mmol) was dissolved in methanol (MeOH; 5 mL); after
complete dissolution, Pd(CH3CN)2Cl2 (0.13 g, 0.5 mmol) was added.
A yellow suspension was formed and left overnight under stirring at
room temperature. The yellow precipitate was filtered off, washed with
MeOH (3 × 5 mL), and dried in vacuo. Yield: 61%. Pd-dmpzc is
soluble in DMSO and DMF, while it is insoluble in alcohols, acetone,
MeCN, chlorinated solvents, and water. Elem anal. Calcd for
C12H16Cl2N4O4Pd (fw = 457.61 g/mol): C, 31.49; H, 3.52; N,
12.24. Found: C, 30.96; H, 3.24; N, 11.86. IR (ATR, cm−1): 3195 (m,
br) ν(N−H); 3200−2400 (br); 1683 (vs) ν(CO); 1571 (m); 1521
(s) ν(CC+CN); 1148 (vs); 1036 (w); 921 (s); 776 (s).

2.5. Synthesis of [Cu(Hdmpzc)2] (Cu-dmpzc). Cu-dmpzc was
previously isolated in the form of single crystals with 40% yield by
following a 3-day synthetic path.12d No mention was made by Qi and
co-workers of an alternative method to isolate bulk powders. Here we
propose a faster, 1-day procedure to obtain Cu-dmpzc in the form of
polycrystalline powders with a higher yield. H2dmpzc (0.07 g, 0.5
mmol) and Cu(CH3COO)2 (0.09 g, 0.5 mmol) were added to distilled
water (10 mL). The mixture was left overnight at reflux under stirring:
a brown suspension was formed. Upon cooling of the solution to room
temperature, a violet precipitate was eventually formed. The latter was
filtered off, washed with distilled water (2 × 10 mL), and dried in

Scheme 1. Molecular Structure of H2dmpzc
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vacuo. Yield: 55%. Cu-dmpzc is insoluble in alcohols, acetone, MeCN,
DMF, DMSO, chlorinated solvents, and water. Elem anal. Calcd for
C12H14CuN4O4 (fw = 341.81 g/mol): C, 42.17; H, 4.12; N, 16.39.
Found: C, 42.27; H, 4.28; N, 15.94. IR (ATR, cm−1): 3170 (m) ν(N−
H); 3000−2900 (w) ν(C−Haliphatic); 1585 (vs) νasym(COO

−); 1518
(m) ν(CC+CN); 1373 (s) νsym(COO

−); 1308 (m); 1179 (s);
1161 (s); 1073 (m); 825 (m); 808 (m); 787 (m); 753 (vs).
2.6. Synthesis of [Zn4O(dmpzc)3]·2DMF·5H2O (Zn-dmpzc·S).

Zn-dmpzc·S was previously synthesized either in the form of bulk
powders12b or as single crystals.11 Here we propose an alternative
synthetic path, which was originally implemented by us to obtain a
coordination compound having the formula Zn(dmpzc): H2dmpzc
(0.07 g, 0.5 mmol) was dissolved in DMF (5 mL); after complete
dissolution, Zn(NO3)2·6H2O (0.12 g, 0.5 mmol) was added. The
solution was left under stirring in a high-pressure glass tube at 120 °C
for 1 day. The resulting white precipitate was filtered off, washed with
warm DMF (2 × 5 mL), and dried in vacuo. Yield: 75%. Zn-dmpzc·S
is insoluble in alcohols, DMSO, DMF, acetone, MeCN, chlorinated
solvents, and water. Elem anal. Calcd for C24H42N8O14Zn4 (fw =
928.15 g/mol): C, 31.05; H, 4.56; N, 12.07. Found: C, 31.21; H, 4.45;
N, 11.73. IR (ATR, cm−1): 3000−2900 (w) ν(C−Haliphatic); 1678 (s)
ν(CODMF); 1517 (vs); 1491 (vs) νasym(COO

−); 1428 (vs); 1407
(vs); 1377 (vs) νsym(COO

−); 1182 (vs); 1090 (m); 995 (m); 821 (s);
804 (s); 658 (m).
2.7. Synthesis of [Co4O(dmpzc)3]·4DMF·H2O (Co-dmpzc·S).

Co-dmpzc·S was previously synthesized in the form of single crystals
with 60% yield by following a 3-day synthetic path.11 No mention was
made by Heering and co-workers of a method to isolate bulk powders.
Here we propose a 2-day procedure, which was originally implemented
by us to obtain a coordination compound having the formula
Co(dmpzc), allowing us to isolate Co-dmpzc·S in the form of
polycrystalline powders with a higher yield: H2dmpzc (0.07 g, 0.5
mmol) was dissolved in DMF (5 mL); after complete dissolution,
Co(NO3)2·6H2O (0.12 g, 0.5 mmol) was added. The solution was left
under stirring in a high-pressure glass tube at 120 °C for 2 days. The
resulting dark-blue precipitate was filtered off, washed with warm
DMF (2 × 5 mL), and dried in vacuo. Yield: 65%. Co-dmpzc·S is
insoluble in alcohols, DMSO, DMF, acetone, MeCN, chlorinated
solvents, and water. Elem anal. Calcd for C30H48Co4N10O12 (fw =
976.49 g/mol): C, 36.90; H, 4.95; N, 14.34. Found: C, 37.23; H, 4.62;
N, 13.96. IR (ATR, cm−1): 3000−2900 (w) ν(C−Haliphatic); 1657 (s)
ν(CODMF); 1515 (vs); 1486 (vs) νasym(COO

−); 1424 (vs); 1404
(vs); 1373 (vs) νsym(COO

−); 1179 (vs); 1091 (m); 991 (m); 820 (s);
800 (s); 659 (m).
2.8. Powder X-ray Diffraction (PXRD) Crystal Structure

Determination or Refinement. Polycrystalline samples of M-
dmpzc (M = Cd, Pd, Cu) and M-dmpzc·S (M = Zn, Co) were gently
ground in an agate mortar. Then, they were deposited in the hollow of
a silicon zero-background plate. Diffraction data were collected at
room temperature by means of overnight scans in the 2θ range of 5−
105°, with steps of 0.02°, on a Bruker AXS D8 Advance diffractometer,
equipped with nickel-filtered Cu Kα radiation (λ = 1.5418 Å), a
Lynxeye linear position-sensitive detector, and the following optics:
primary beam Soller slits (2.3°); a fixed divergence slit (0.5°); a
receiving slit (8 mm). The generator was set at 40 kV and 40 mA. For
Cd-dmpzc and Pd-dmpzc, a standard peak search, followed by
indexing through the Singular Value Decomposition approach,17

implemented in TOPAS-R,18 allowed us to retrieve their approximate
unit cell parameters. The space groups were assigned on the basis of
the systematic absences. Structure solutions were performed by the
simulated annealing method, implemented in TOPAS-R, employing a
rigid, idealized models for the crystallographic independent portion of
the ligand and DMF.19 When viable, the torsion angle around the C−
COO(H) bond was allowed to refine. The final refinements were
carried out by the Rietveld method, maintaining the idealized models
used at the solution stage. With regard to Cu-dmpzc, Zn-dmpzc·S,
and Co-dmpzc·S, Rietveld refinements were carried out starting from
the available structural information in refs 12d, 11, and 11,
respectively. Because the atom-by-atom approach is unfeasible in
PXRD, in all cases, the ligand was described as a rigid group19 and its

degrees of freedom (position of the center of mass, orientation within
the unit cell) were refined. In the case of Cu-dmpzc, the starting point
was a single-crystal structure determination at 150 K:12d our
refinement from PXRD data collected at room temperature highlights
the feasibility of obtaining the main structural details even without
resorting to unconventional experimental conditions (e.g., the N2 flow
necessary to maintain the single crystal at 150 K). In all cases, the peak
shapes were described with the fundamental parameters approach.20 In
the case of Pd-dmpzc and Cu-dmpzc, the peak-shape anisotropy was
modeled with the aid of spherical harmonics. The background was
modeled by a polynomial function. One, refined, isotropic thermal
parameter was assigned to the metal atoms (BM), with lighter atoms
being given a B = BM + 2.0 Å2 value. The final Rietveld refinement
plots for Cd-dmpzc, Cu-dmpzc, and Pd-dmpzc are collectively
supplied in Figure S1. Fractional atomic coordinates are provided in
the Supporting Information as CIF files. CCDC 1444441−1444443
contain the supplementary crystallographic data for Cd-dmpzc, Cu-
dmpzc, and Pd-dmpzc, respectively. The data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via www.
ccdc.cam.ac.uk/structures.

2.9. Variable-Temperature Powder X-ray Diffraction (VT-
PXRD). To complement the TGAs, the thermal behavior of the M-
dmpzc (M = Cd, Pd, Cu) and M-dmpzc·S (M = Zn, Co) materials
was investigated by VT-PXRD.21 As a first experiment, the
cadmium(II), palladium(II), copper(II), and cobalt(II) derivatives
were heated in air from 30 °C up to decomposition, with steps of 20
°C; a PXRD pattern was acquired at each step, covering a sensible low-
to-medium-angle 2θ range, using a custom-made sample heater
(Officina Elettrotecnica di Tenno, Ponte Arche, Italy). Treating the
data acquired before loss of crystallinity by means of a Le Bail
parametric refinement allowed us to disclose the behavior of the unit
cell parameters as a function of the temperature. A VT-PXRD
characterization of Zn-dmpzc·S, from 30 °C up to decomposition, was
carried out by some of us in the recent past,12b and, consequently, it
was not repeated in the present work. As a second experiment, in
order to evaluate their reusability, the M-dmpzc (M = Cd, Pd, Cu)
and M-dmpzc·S (M = Zn, Co) compounds were monitored by PXRD
during five heating−cooling cycles, in air, in the range of 30−150 °C.
The upper limit of the temperature range was chosen in view of the
conditions adopted for the catalytic tests (see section 2.10).

2.10. Catalysis. 2.10.1. Peroxidative Oxidation of CyH with t-
BuOOH. The oxidation reactions of CyH were typically carried out in
air, in thermostated Pyrex cylindrical vessels or round-bottom flasks,
under vigorous stirring, and using MeCN as the solvent (total volume
of up to 5.0 mL). In a typical experiment, M-dmpzc and, in selected
occasions, trifluoroacetic acid (TFA), were added to MeCN together
with CyH and the gas chromatography (GC) internal standard
(MeNO2, 0.05 mL). In the experiments carried out in the presence of
radical traps, either CBrCl3 (2.3 mmol) or NHPh2 (2.3 mmol) was
added to the reaction mixture. The reaction was started upon the
addition of t-BuOOH (aqueous, 70%). Concentrations in the reaction
mixture were as follows: M-dmpzc (2.5−10 μmol, 0.1−0.5 mol % vs
substrate), TFA (5 × 10−3 M), CyH (0.46 M), and t-BuOOH (0.56
M). The reaction mixture was vigorously stirred at 50 °C for 0.5−12 h;
aliquots of the reaction mixture were taken during the reaction and
analyzed by GC. Before GC analysis was performed, an excess of
triphenylphosphine was added to the aliquot, following a method
developed by Shul’pin,22 in order to reduce both the residual t-
BuOOH and the alkyl peroxides that are formed as major products in
alkane oxidations. GC measurements were carried out using a FISONS
Instruments GC 8000 series gas chromatograph, equipped with a
flame ionization detector, a DB-WAX capillary column (length = 30
m; internal diameter = 0.32 mm), and helium as the carrier gas, and
run by the Jasco-Borwin version 1.50 software. The temperature of the
injection was 240 °C. The column was initially maintained at 100 °C
for 1 min, and then it was heated up to 180 °C with steps of 10 °C/
min and held at this temperature for 1 min. The attribution of the
observed GC peaks was carried out on the basis of chromatograms
acquired on pure cyclohexanol (CyOH) and cyclohexanone (CyO)
samples. Besides that, calibration curves were obtained with known
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concentrations of samples of pure products and standard. A number of
blank experiments, performed in the absence of M-dmpzc by varying
the amount of t-BuOOH and the other reagents, confirmed that no
product of CyH oxidation can be obtained unless the metal catalyst is
employed. In addition, control experiments were performed under the
above-mentioned reaction conditions but in the presence of
Cu(MeCOO)2, Cd(MeCOO)2·2H2O, Pd(MeCN)2Cl2, Co(NO3)2·
6H2O, or Zn(NO3)2·6H2O as the source of catalytic centers. No
appreciable conversion of CyH was observed.
2.10.2. Microwave-Assisted Solvent-Free Peroxidative Oxidation

of 1-Phenylethanol with t-BuOOH. The solvent-free peroxidative
oxidations of 1-phenylethanol were performed in a focused Anton Paar
Monowave 300 reactor, using a 10 mL capacity reaction tube with a 13
mm internal diameter and equipped with a rotational system and an IR
temperature detector. The alcohol (2.5 mmol), M-dmpzc (10 μmol,
0.4 mol % vs substrate), and an aqueous solution of t-BuOOH (5
mmol, 70%) were introduced to a cylindrical Pyrex tube, which was
subsequently sealed. In the experiments performed in the presence of
radical traps, either CBrCl3 (2.5 mmol) or NHPh2 (2.5 mmol) was
added to the reaction mixture. The tube was then placed in the
microwave reactor, and the system was left under stirring and under
irradiation (20 W) at 80 or 120 °C for 0.5−3 h. After cooling to room
temperature, 150 μL of benzaldehyde (as internal standard) and 2.5
mL of MeCN (to extract the substrate and the organic products from
the reaction mixture) were added. The obtained mixture was stirred
for 10 min; then a sample (1 μL) was taken from the organic phase
and analyzed by GC using the internal standard method. The GC
measurements were carried out using the FISONS Instruments gas
chromatograph mentioned in section 2.10.1. The temperature of the
injection was 240 °C. The column was initially maintained at 120 °C
for 1 min, and then it was heated up to 200 °C with steps of 10 °C/
min and held at this temperature for 1 min. The attribution of the
observed GC peaks was carried out on the basis of chromatograms of
pure 1-phenylethanol and acetophenone. Besides that, calibration
curves were obtained with known concentrations of samples of pure
products and standard and, in some cases, by GC−mass spectrometry
analysis using a PerkinElmer Clarus 600 C instrument, equipped with
a 30 m × 0.22 mm × 25 μm BPX5 (SGE) capillary column, and
helium as the carrier gas. Control experiments were performed under
the same reaction conditions but in the presence of Cu(MeCOO)2,
Cd(MeCOO)2·2H2O, Pd(MeCN)2Cl2, Co(NO3)2·6H2O, or Zn-
(NO3)2·6H2O as the source of catalytic centers. No appreciable
conversion of the alcohol was observed. Moreover, blank experiments
showed that no significant amount of products is obtained in the
absence of any catalysts.
The catalyst recyclability was also tested; first, the used catalyst was

separated from the reaction mixture by centrifugation, followed by
filtration of the supernatant solution, washed with MeOH, and dried in
oven overnight at 60 °C. A new reaction was performed by the
addition of new portions (see the quantities specified above) of all

reagents besides the recycled catalyst. After completion of the run, the
products were analyzed as described above.

2.10.3. Nitroaldol (Henry) C−C Coupling of Nitroethane and
Benzaldehyde. In a typical reaction, the M-dmpzc species (5 μmol)
were added, under ambient conditions, to a capped glass vessel
containing a mixture of nitroethane (286 μL, 4 mmol) and aldehyde (1
mmol). Then, either water or MeOH (2 mL) was added. The reaction
mixture was kept under stirring for 24 h; then it was centrifuged to
remove the solids. When water was employed as the solvent, the
organic compounds were extracted from the reaction mixture with
dichloromethane (2 × 2 mL). All of the extracted fractions were
merged and dried with anhydrous sodium sulfate. Subsequent
evaporation of the solvent yielded the crude product, which was
dissolved in DMSO-d6 and analyzed by 1H NMR. The yield in β-
nitroalkanol (relative to the aldehyde) was established by means of 1H
NMR spectroscopy,23 using 1,2-dimethoxyethane as the internal
standard. For the β-nitroalkanol products, the values of the vicinal
coupling constants between the α-N−C−H and α-O−C−H protons
(J = 7−9 or 3.2−4 Hz,24 respectively) helped in identification of the
syn or anti isomers. Control experiments were performed under the
same reaction conditions but in the presence of Cu(MeCOO)2,
Cd(MeCOO)2·2H2O, Pd(MeCN)2Cl2, Co(NO3)2·6H2O, or Zn-
(NO3)2·6H2O as the source of catalytic centers. No appreciable
formation of nitroaldol was observed. Moreover, blank experiments
showed that no significant amount of products is obtained in the
absence of any catalysts.

The catalyst recyclability was also tested; first, the used catalyst was
separated from the reaction mixture by centrifugation, followed by
filtration of the supernatant solution, washed with water and MeOH,
and dried in air at room temperature. A new reaction was performed
by the addition of new portions (see the quantities specified above) of
all reagents besides the recycled catalyst. After completion of the run,
the products were analyzed as described above.

2.10.4. Suzuki−Miyaura Cross-Coupling of Aryl Halides with
Phenylboronic Acid. Potassium carbonate (0.15 mmol), bromoanisole
(0.10 mmol), and phenylboronic acid (0.12 mmol) were mixed in a
round-bottom flask, followed by the addition of M-dmpzc (in the
range of 1 × 10−5−1 × 10−3 mol) dissolved in ethanol (1 mL). The
flask was placed in an oil bath preheated at 80 °C and allowed to set
for 2−6 h. Then the reaction mixture was cooled to 25 °C and
evaporated to dryness either under a stream of N2 or in vacuo,
followed by the addition of 1,2-dimethoxyethane (0.10 mmol), as the
1H NMR standard, and extraction of the organic phase with CDCl3 (4
× 0.20 mL). The extracted fractions were merged and analyzed by 1H
NMR spectroscopy. Assignment of the 1H NMR signals was based on
pure samples of substrates and product. 1H NMR spectroscopy
revealed that no coupling product was found, irrespective of the M-
dmpzc compound employed: the signal due to the −OCH3 protons of
the substrate (ca. 3.77 ppm) was invariably the only signal observed,

Figure 1. (a) Fourier transform infrared spectra of Cd-dmpzc (blue), Zn-dmpzc·S (black), and Co-dmpzc·S (red). (b) Fourier transform infrared
spectra of Pd-dmpzc (red) and Cu-dmpzc (black).

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.5b02997
Inorg. Chem. XXXX, XXX, XXX−XXX

D

http://dx.doi.org/10.1021/acs.inorgchem.5b02997


whereas, if coupling would have been successful, the signal would have
shifted approximately to 3.86 ppm.25

3. RESULTS AND DISCUSSION

3.1. Synthesis and Spectroscopic Characterization.
The solvothermal reaction (DMF, 120−150 °C) of cadmium-
(II), zinc(II), and cobalt(II) salts with dmpzc2−, obtained by in
situ deprotonation of H2dmpzc, enabled us to isolate
polycrystalline powders formulated as Cd-dmpzc, Zn-dmpzc·
S, and Co-dmpzc·S. In coupling cobalt(II) and zinc(II) to
dmpzc2−, we originally aimed to isolate CPs having the formula
[M(dmpzc)] (M = Zn, Co), different from the already known
[M4O(dmpzc)3]·Solv (M = Zn, Co) MAC frameworks
showing the same pcu-a topology of MOF-5.26 To this aim,
different reaction paths were followed with respect to those that
lead to [M4O(dmpzc)3]·Solv (M = Zn,12b Co11), adopting
DMF instead of ethanol/water (zinc) or DMF/DMSO/MeOH
(cobalt) as the solvent. In spite of this, Zn-dmpzc·S and Co-
dmpzc·S were invariably obtained. For the sake of complete-
ness, sections 2.6 and 2.7 report the synthetic paths optimized
during this work. At least in the case of Co-dmpzc·S, a faster
and higher-yield (65% vs 55%11) path was identified. The IR
spectra of Cd-dmpzc, Zn-dmpzc·S, and Co-dmpzc·S (Figure
1a) reveal the absence of N−H stretching bands, as well as the
presence of a carboxylate anion, water, and DMF.27,28

The room temperature reaction of bis(acetonitrile)-
dichloropalladium(II) with H2dmpzc in MeOH yielded Pd-
dmpzc in the form of yellow polycrystalline powders. Unlike
the other M-dmpzc derivatives, which are insoluble in water
and in the most common solvents, Pd-dmpzc is soluble in
DMF and DMSO. The presence of neutral H2dmpzc spacers is
confirmed by IR spectroscopy (Figures 1b vs S2).29

The interaction of copper(II) acetate with H2dmpzc under
reflux in distilled water afforded the violet compound Cu-
dmpzc in the form of polycrystalline powders. It is worth
noting that the synthetic procedure proposed here, allowing us
to recover the compound in 1 day, is faster and grants a higher
yield (55 vs 40%) than the 3-day previously reported path.12d

The presence of a monoanionic ligand is confirmed by IR
spectroscopy (Figure 1b).30 To the best of our knowledge,
besides determination of the crystal structure, a somehow
incomplete (see section 3.3) investigation of the thermal
behavior, and a study of the magnetic properties,12d no
functional characterization has been ever carried out on Cu-
dmpzc.
3.2. Crystal Structures. Within this section, the main

structural features of the novel compounds Cd-dmpzc and Pd-
dmpzc are described. For the sake of completeness, a brief
description of the crystal structures of Cu-dmpzc, Zn-dmpzc·S,
and Co-dmpzc·S is also provided. Overall, the four structural
topologies described below demonstrate the coordination
versatility of both H2dmpzc and its mono- and dianionic forms.
Cd-dmpzc crystallizes in the monoclinic space group P21/m.

The asymmetric unit is composed of two independent metal
ions (Cd1 and Cd2, in the following), lying on a crystallographic
mirror plane, two dmpzc2− spacers, lying on a mirror plane and
on an inversion center, respectively, one DMF molecule and
one water molecule, both lying in general positions. Cd1
possesses a CdNO5 octahedral stereochemistry defined by the
oxygen atoms of two DMF molecules and the donor atoms of
four dmpzc2− spacers (Figure 2a); more in detail, three ligands
coordinate Cd1 through one oxygen atom of their carboxylate
groups, while the forth one is bound to Cd1 through one

nitrogen atom of the pyrazolate ring (Figure 2a). Cd2 possesses
a CdO5 square-pyramidal coordination sphere defined by the
oxygen atoms of two water molecules and three oxygen atoms
of three ligands (one of which occupies the apical position,
Figure 2a). Overall, the two independent ligands show an exo-
tridentate coordination mode, involving the oxygen atoms of
the carboxylate group and one nitrogen atom of the pyrazolate
ring.31 The mutual arrangement of nodes and spacers gives rise
to a 3D architecture featuring rhombic channels parallel to the
(101) crystallographic plane (Figure 2b). The coordinated
DMF molecules protrude within the channels (Figure 2b),
denying access to possible guest species. Indeed, no empty
volume is present at room temperature.32

Pd-dmpzc crystallizes in the monoclinic space group C2/c.
The asymmetric unit is composed of one metal ion, lying on an
inversion center, one neutral H2dmpzc ligand and one chloride
ion, both situated in general positions. Each metal center shows
a trans square-planar coordination sphere defined by two
chloride ions and two nitrogen atoms of two ligands. H2dmpzc
acts as a nitrogen-donor monodentate ligand. The crystal
structure is composed of monomeric units having the formula
[Pd(H2dmpzc)2Cl2] (Figure 3a), connected by means of
hydrogen-bonding interactions. Indeed, as was somehow
expected, adjacent carboxylic groups are reciprocally hydro-
gen-bonded; this occurrence generates 1D zigzag chains
running parallel to the crystallographic direction [100] (Figure
3b). Hydrogen bonds are present also along the crystallo-
graphic direction [001] between the chloride ions belonging to
one chain and the N−H groups of nearby chains (Figure 3c).
Overall, therefore, a 3D hybrid coordination/hydrogen-bonded
network is formed. The latter possesses 1D ellipsoidal channels
(Figure 3d) running parallel to the crystallographic direction
[001]. Taking into account the van der Waals radii of the
hydrogen atoms33 of the methyl groups that protrude within
the channels, the latter possess an aperture of ca. 4.6 Å,
responsible for the presence of an empty volume, at room
temperature, amounting to 38.4% of the unit cell volume.32

Cu-dmpzc crystallizes in the orthorhombic space group
Fdd2. Each metal center shows a trans square-planar
coordination sphere defined by two nitrogen atoms and two
oxygen atoms belonging to four different ligands (Figure 4a).
Each Hdmpzc− spacer acts as a N,O-exo-bidentate ligand and
bridges adjacent metal centers 8.3262(3) Å apart, forming a 3D

Figure 2. Representation of the crystal structure of Cd-dmpzc: (a)
Coordination sphere of the two independent cadmium(II) ions. (b)
Portion of the crystal packing viewed along the [101] direction. Color
code: carbon, gray; cadmium, yellow; nitrogen, blue; oxygen, red.
Hydrogen atoms have been omitted for clarity.
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diamondoid network (Figure 4c), in which square meshes
parallel to the (110) plane are present (Figure 4b). The methyl
groups of the ligands protrude within the meshes, so that no
empty volume is present.32 The framework is further
strengthened by the presence of hydrogen bonds running
parallel to the crystallographic direction [001] and involving
the uncoordinated oxygen atom of one ligand and the N−H
group of an adjacent pyrazole ring.
The two porous MAC frameworks Zn-dmpzc·S12b and Co-

dmpzc·S11 are isostructural and possess the cubic pcu-a
topology of MOF-5. Hence, they feature M4O nodes (Figure
5a), connected to six nearby ones by N,N′,O,O′-exo-
tetradentate spacers within a 3D porous framework (Figure
5b). Rather narrow windows lead to ca. 6 Å wide cavities
accounting for an empty volume amounting to ca. 45% at room
temperature.32

3.3. Thermal Behavior. To evaluate the thermal behavior
of the five MAC compounds, TGA (Figure 6), performed
under a N2 flow, was coupled with VT-PXRD, carried out in air.
Cd-dmpzc is stable up to 250 °C both under N2 and in air

(Figures 6 and 7a): the 26% mass loss observed in the
temperature range of 250−350 °C (Figure 6) corresponds to
the loss of one DMF molecule and one water molecule per
formula unit (theoretical loss: 26.6%). The loss of solvent
molecules at such a high temperature, well above their boiling
points, suggests that they are bound to the metal centers
through strong coordinative bonds. Already at 350 °C,
immediately after the complete loss of solvent, decomposition

takes place. VT-PXRD substantiates this evidence and provides
further information. In the temperature range of 250−350 °C21

(Figure 7a, light-green region), solvent loss is accompanied by
the disappearance of Cd-dmpzc, concomitant with the
appearance and growth of a new low-crystallinity phase. Cd-
dmpzc definitely disappears at 370 °C: a PXRD acquisition,
carried out at 370 °C up to 2θ = 60°, enabled us to detect the
presence of cadmium(II) oxide. The Le Bail parametric
treatment of the PXRD data of Cd-dmpzc in the range of
30−290 °C highlights a very modest variation of the unit cell
parameters34 (Figure 7b), resulting into a volumetric thermal
expansion of 1.1%. Finally, the material is recovered intact after
five heating−cooling cycles in the temperature range of 30−150
°C (Figure 7c), thus surviving to consecutive thermal stresses,
an encouraging aspect in view of possible practical applications.
Compound Pd-dmpzc is stable up to 300 °C under N2

(Figure 6) and in air: VT-PXRD shows that it starts to lose
crystallinity around 300 °C21 (Figure S3a) and does not
undergo phase transitions prior to decomposition. The Le Bail
parametric treatment of the PXRD data in the temperature
range of 30−290 °C highlights (Figure S3b) an overall
volumetric thermal expansion of 3.7%. In particular,35 the
expansion is moderate along the ab plane; definitely more
significant is the increment of the crystallographic axis c, along
which the N−H···Cl hydrogen bonds are at work (Figure 3c).
In light of this, we suggest that heating might favor a weakening
of the N−H···Cl nonbonding interactions. Finally, Pd-dmpzc is

Figure 3. Representation of the crystal structure of Pd-dmpzc: (a) Coordination sphere of palladium(II). (b) Portion of the 1D chain generated by
hydrogen-bonding interactions (orange dashed lines) involving adjacent carboxylic groups. (c) Portion of the crystal packing viewed along the
crystallographic direction [010] (horizontal axis, a; vertical axis, c): the Cl···H−N hydrogen bonds have been depicted with cyan dashed lines. (d)
Portion of the crystal packing viewed in perspective along the crystallographic direction [001] (horizontal axis, a; vertical axis, b). Color code:
carbon, gray; chlorine, green; nitrogen, blue; oxygen, red; palladium, yellow. Hydrogen atoms have been omitted for clarity.
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recovered intact after five heating−cooling cycles in the
temperature range of 30−150 °C (Figure S3c).
The thermal behavior of Cu-dmpzc was previously

investigated by coupling TGA and VT-PXRD.12d The authors
ended the VT-PXRD acquisition at 240 °C and, consequently,
claimed that the material, in air, preserves its structural integrity

up to that temperature. The TGA and VT-PXRD experiments
carried out in the present work allowed us to complete this
information. Cu-dmpzc is stable up to 275 °C (TGA evidence),
the temperature at which the material starts to lose crystallinity
(VT-PXRD evidence; Figure S4a). VT-PXRD also demon-
strates that no phase transitions take place up to decom-
position: the material is therefore slightly more stable than that
envisaged by Chen and co-workers.12d The Le Bail parametric
treatment of the data acquired in the temperature range of 30−
270 °C highlights a modest variation of the unit cell
parameters36 (Figure S4b), with an overall volumetric thermal
expansion of 1.1%. Finally, Cu-dmpzc is recovered intact after
five heating−cooling cycles in the temperature range of 30−150
°C (Figure S4c).
The TGA traces of Zn-dmpzc·S and Co-dmpzc·S (Figure 6)

show progressive weight losses of 25% (in the range of 30−250
°C) and 31% (in the range of 30−450 °C), respectively,
corresponding to the loss of all of the clathrated solvent
molecules (theoretical losses 25.4 and 31.7%, respectively). In
both cases, at 450 °C, a slow decomposition begins. VT-
PXRD12b not only highlights that Zn-dmpzc·S preserves its
structural features and high crystallinity up to decomposition
but also demonstrates the rigidity of the framework, undergoing
a slight unit cell volume contraction amounting to −0.5% upon
heating, which could be attributed to the release of the guest
solvent molecules. The behavior of Co-dmpzc·S is not
monotonic (Figure S6a); its framework is even more rigid
than that of the zinc(II) counterpart: more in detail, the
−0.15% contraction of the unit cell volume in the temperature
range of 30−190 °C can be attributed to solvent molecules
release from the 1D channels, followed by a slight thermal
expansion of 0.1% in the temperature range of 190−330 °C.
Finally, Zn-dmpzc·S and Co-dmpzc·S survive along five
heating−cooling cycles in the temperature range of 30−150
°C (Figures S5 and S6b).

3.4. Catalytic Applications. 3.4.1. Oxidation of Alkanes
and Alcohols with t-BuOOH. After thermal activation of Zn-
dmpzc·S and Co-dmpzc·S, all of the M-dmpzc materials were
tested as catalysts in the oxidation of CyH with tert-butyl
hydroperoxide (t-BuOOH; aqueous, 70%) in MeCN under
relatively mild conditions (in air, at 50 °C and ambient
pressure; Scheme 2, reaction a). The oxidation of CyH to
cyclohexyl hydroperoxide (CyOOH; primary product), CyOH,
and CyO, which are typically the final products, was monitored
by GC after treatment of the aliquot extracted from the
reaction mixture with PPh3 (to reduce CyOOH to CyOH). Cu-
dmpzc and Co-dmpzc revealed the highest catalytic activity

Figure 4. Representation of the crystal structure of Cu-dmpzc: (a)
Coordination sphere of the copper(II) ion. (b) Portion of the crystal
packing viewed along the crystallographic direction [001] (horizontal
axis, a; vertical axis, b). N−H···O hydrogen-bonding interactions have
been represented with orange dashed lines. (c) Portion of the
underlying diamondoid network viewed, in perspective, along the
[010] direction (horizontal axis, a; vertical axis, c). Color code: carbon,
gray; copper, yellow; nitrogen, blue; oxygen, red. Hydrogen atoms
have been omitted for clarity.

Figure 5. Representation of the crystal structure of Zn-dmpzc·S: (a)
The node. (b) Portion of the crystal packing viewed along the
crystallographic direction [001] (horizontal axis, a; vertical axis, b).
Color code: carbon, gray; nitrogen, blue; oxygen, red; zinc, yellow.
Hydrogen atoms and solvent molecules have been omitted for clarity.

Figure 6. TGA traces of Cd-dmpzc (blue), Pd-dmpzc (green), Cu-
dmpzc (fuchsia), Zn-dmpzc·S (black), and Co-dmpzc·S (red).
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under the essayed experimental conditions: while Cu-dmpzc
exhibits an average activity (yields up to 12%), the latter is
somehow less efficient (yields up to 8%). Cd-dmpzc, Pd-
dmpzc, and Zn-dmpzc are almost inactive (yields up to 1%).
Because Zn-dmpzc and Co-dmpzc are isostructural but show
different activities, we suggest that the nature of the metal ion
reasonably plays a prominent role in this catalytic reaction.
In the applied conditions, the recovery and isolation of the

catalysts from the reaction mixture after the oxidation reaction
were not possible, thus hampering recyclability tests.
The beneficial effect of an acid cocatalyst in the oxidation of

alkanes has been observed for other catalytic systems.37 The
overall yields in oxygenated products (CyOH and CyO),
obtained in the absence and in the presence of TFA, are
reported in Table 1 and Figures 8 and 9. Cu-dmpzc catalyzes
the oxidation reaction in the absence of any added acid with an
overall yield, reached after ca. 30 min, amounting approximately
to 3% (Table 1, entry 1). An increase of the reaction time

enhances the overall yield up to ca. 9% after 12 h (Table 1,
entry 7). The activity exhibited by Cu-dmpzc in the absence of
TFA after 6 h of reaction (7.4% total yield, Table 1, entry 5) is
higher than that shown, e.g., by [Cu(OTf)2(Py2S2)] (Py2S2 =
1,6-bis(2′-pyridyl)-2,5-dithiahexane; 4.3% total yield after 6
h)38 or by NH4[Cu3-(μ

3-OH)(μ3-4-carboxypyrazolato)3]
(yielding 4% CyO as a single product at 70 °C after 24 h).12a

However, comparable results were obtained in the presence of
complexes bearing azathia macrocycles, e.g., [Cu(OTf)2(L

3)]
(L3 = mixed 14-membered N2S2 azathia macrocycle) or
[Cu(OTf)(L4)(H2O)](OTf) (L4 = nine-membered NS2
macrocyclic ligand with a 2-methylpyridyl pendant arm)
(overall yield of ca. 8% after 6 h).39 The presence of TFA
improves the catalytic performance of Cu-dmpzc: the total
yield achieves a maximum value of ca. 12% after 9 h (Table 1,
entry 14).
The formation of CyOOH (typical primary product in

radical-type CyH oxidations),36,40 along with the complete
suppression of the catalytic activity upon the introduction of a
radical trap (Ph2NH or CBrCl3) to the reaction mixture
(entries 37 and 38 in Table 1), supports a free-radical reaction
mechanism. The reaction is possibly initiated by metal-
catalyzed decomposition of the peroxide, leading to the radicals
t-BuOO• and t-BuO•, which form the cycloalkyl radical Cy•

upon hydrogen abstraction from CyH. Cy• reacts with oxygen,
leading to CyOO•. CyOOH can be formed, e.g., upon
hydrogen abstraction from ROOH by CyOO•. Metal-assisted
decomposition of CyOOH to CyO• would then lead to CyOH
and CyO products.
TheM-dmpzcMAC compounds were tested as catalysts also

in the oxidation of 1-phenylethanol to acetophenone (Scheme
2, reaction b) following a procedure recently developed by us,41

employing t-BuOOH (aqueous, 70%) as the oxidizing agent,
under typical conditions of 80−120 °C, microwave irradiation

Figure 7. (a) Plot of the PXRD patterns measured on Cd-dmpzc as a function of the temperature heating in air, with steps of 20 °C, from 30 °C up
to decomposition: (green region) as-synthesized phase; (light-green region) coexistence of as-synthesized and novel phase; (blue region) novel
phase. (b) Percentage variation of the unit cell parameters (pT) of Cd-dmpzc as a function of the temperature. At each temperature, the actual values
(pT) have been normalized with respect to those at 30 °C (p30). a, green circles; b, orange squares; c, red triangles; β, cyan circles; V, blue rhombi. (c)
Plot of the PXRD patterns measured on Cd-dmpzc along five heating−cooling cycles in the temperature range of 30−150 °C: heating step, red;
cooling step, blue.

Scheme 2. Peroxidative Oxidations, with tert-Butyl
Hydroperoxide, of (a) CyH and (b) 1-Phenylethanol,
Performed by Using the M-dmpzc (M = Co, Cu, Zn, Pd, Cd)
Compounds as Catalysts
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(20 W), for a 0.5−3 h reaction time and in the absence of any
added solvent. All M-dmpzc compounds showed catalytic
activity in this oxidation reaction (Table 2): Cu-dmpzc, Co-
dmpzc, and Pd-dmpzc exhibited the best catalytic perform-
ances in the essayed experimental conditions. Although Zn-
dmpzc and Co-dmpzc are isostructural, the former is much less
active (38% yield; Table 2, entry 15) than the latter (64% yield;
Table 2, entry 11). Once again, and given also the exceptional
performance of the copper derivative (see below), the metal ion
reasonably plays a key role in such a catalytic reaction.
Using M-dmpzc, acetophenone is the only oxidation product

obtained in the adopted experimental conditions. The high

selectivity observed (typically >98%) was confirmed, in all
cases, by mass balance.
Under typical reaction conditions (80 °C and 0.5 h reaction

time), yields of 40% and 25% were obtained with Cu-dmpzc
and Co-dmpzc, respectively, for a catalyst/substrate molar ratio
of 0.4% and in the absence of any additive (Table 2, entries 1
and 7). For a longer reaction time (3 h), the oxidation of 1-
phenylethanol by t-BuOOH led to 64 and 40% of
acetophenone (Table 2, entries 3 and 9) for Cu-dmpzc and
Co-dmpzc, respectively.
The hypothesis of significant leaching under the tested

conditions was verified in the case of Cu-dmpzc: no
acetophenone was formed in a typical assay performed with
the reaction solution recovered after filtration from the first run
(Table 2, entry 7) and taken to dryness, to which new portions
of all reagents except the catalyst were added. On the other
hand, the catalyst recovered by filtration from the first run was
tested in a subsequent reaction by the addition of fresh
reagents: only 62% yield of acetophenone was obtained (Table
2, entry 29). A PXRD analysis enabled us to assess that, after
the first run, the catalyst recovered is slightly impure and has
lost crystallinity with respect to a fresh sample.
Temperature has an important accelerating effect on the

conversion of 1-phenylethanol: at 120 °C, a yield of 97% or
64% was obtained after 30 min reaction in the presence of Cu-
dmpzc or Co-dmpzc, respectively (Table 2, entries 4 and 11).

Table 1. Total Yield (CyOH and CyO), as a Function of
Time, in the Oxidation of CyH by t-BuOOH (Aqueous,
70%) Catalyzed by M-dmpzc at 50 °C in CH3CN

a

yield (%)b

entry catalyst cocatalyst
reaction
time (h) CyOH CyO total

1 Cu-dmpzc 0.5 1.7 1.2 2.9
2 1 2.2 1.4 3.6
3 3 2.7 1.7 5.4
5 6 4.9 2.4 7.3
6 9 5.5 2.7 8.2
7 12 5.8 3.1 8.9
9 TFA 0.5 2.9 1.9 4.8
10 TFA 1 3.9 2.2 6.1
11 TFA 3 6.2 2.7 8.9
12 TFA 6 7.6 3.6 11.2
13 TFA 9 8.2 3.7 11.9
14 TFA 12 8.1 4.0 12.1
15 Co-dmpzc 0.5 0.3 0.4 0.7
16 1 1.0 0.6 1.6
17 3 1.3 1.2 2.5
18 6 2.5 1.2 3.7
19 9 3.0 1.9 4.9
20 12 3.4 2.1 5.5
21 TFA 0.5 2.2 1.1 3.1
22 TFA 1 2.8 1.2 4.0
23 TFA 3 3.2 2.0 5.2
24 TFA 6 3.9 2.9 6.8
25 TFA 9 4.1 3.1 7.2
26 TFA 12 4.5 3.8 8.3
27 Zn-dmpzc TFA 9 0.2 0.2 0.4
28 Pd-dmpzc TFA 9 0.5 0.7 1.2
29 Cd-dmpzc TFA 9 0.4 0.4 0.8
30 9 0.0 0.0 0.0
31 TFA 9 0.0 0.0 0.0
32 Cu(MeCOO)2 TFA 9 1.9 1.3 3.2
33 Co(NO3)2·6H2O TFA 9 1.8 1.1 2.9
34 Zn(NO3)2·6H2O TFA 9 0.0 0.0 0.0
35 Cd(MeCOO)2·

2H2O
TFA 9 0.2 0.1 0.3

36 Pd(MeCN)2Cl2 TFA 9 0.2 0.0 0.2
37c Cu-dmpzc TFA 9 0.0 0.0 0.0
38d TFA 9 0.0 0.0 0.0

aReaction conditions: CyH (0.46 M), M-dmpzc (2.5 μmol), TFA (5
× 10−3 M), t-BuOOH (70% in H2O, 0.56 M), in CH3CN (total
volume of the reaction solution, 5 mL), 50 °C. bMoles of products
(CyOH + CyO) per 100 mol of CyH, as determined by GC after
treatment with PPh3.

cIn the presence of Ph2NH (2.3 mmol). dIn the
presence of CBrCl3 (2.3 mmol).

Figure 8. Total yield (CyOH and CyO), as a function of time, in the
oxidation of CyH (0.46 M) by t-BuOOH (aqueous, 70%, 0.56 M)
catalyzed by Cu-dmpzc (5 × 10−4 M) in the absence of any additive
(curve 1) or in the presence of TFA (1:10 catalyst/acid molar ratio)
(curve 2) at 50 °C in CH3CN.

Figure 9. Accumulation of oxygenated products (CyOH, curve 1;
CyO, curve 2) as a function of time in the oxidation of CyH (0.46 M)
with t-BuOOH (aqueous, 70%, 0.56 M) catalyzed by Cu-dmpzc (5 ×
10−4 M) in MeCN (total volume of the reaction solution, 5 mL) at 50
°C. The concentration of the products was measured after their
reduction with PPh3.
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The presence of 2,2,6,6-tetramethylpiperydil-1-oxyl
(TEMPO), known as an efficient promoter in the aerobic
oxidation of alcohols,42 did not significantly affect the yield:
namely, in the presence of Cu-dmpzc, TEMPO enabled us to
obtain slightly higher yields (43 or 99%, in the presence of
TEMPO at 80 or 120 °C, respectively, vs 40 or 97%, in the
absence of TEMPO at 80 or 120 °C, respectively; see Table 2,
entries 1, 4, 5, and 7), whereas in the system catalyzed by Co-
dmpzc, a slight decrease was observed [62% in the presence of
TEMPO (Table 2, entry 13) vs 64% in the absence of TEMPO
(Table 2, entry 11)]. This inhibiting effect is not surprising
because it was already observed for other catalytic systems,
namely, in the solvent-free microwave-assisted oxidation of 1-
phenylethanol in the presence of the Schiff base copper(II)
complexes [Cu4(μ4-O)(μ2-L

1)Cl4] and [Cu4(μ4-O)(L
2)2Cl4],

derived from 2,6-diformyl-4-methylphenol (DFF) and 1,3-
bis(aminopropyl)tetramethyldisiloxane and from DFF and
trimethylsilyl p-aminobenzoate, respectively.37c

In the tested conditions, on the basis of suppression of the
catalytic activity obtained by the introduction of a radical trap
(Ph2NH or CBrCl3) to the reaction mixture (Table 2, entries
27 and 28), a radical mechanism is proposed for the oxidation
of 1-phenylethanol by t-BuOOH, similar to those proposed in
other cases.3b,36,40a,41 The mechanism might involve the
microwave-assisted generation of t-BuOO• and t-BuO•

radicals,43 which behave as hydrogen-atom abstractors from
the alcohol.

3.4.2. Nitroaldol (Henry) C−C Coupling of Nitroethane
with Aldehydes. The catalytic activity of M-dmpzc was tested
at room temperature, in MeOH or water, in the nitroaldol
reaction between an aromatic aldehyde and nitroethane to yield
the corresponding β-nitroalkanol (Scheme 3).

According to 1H NMR spectroscopy, the products of the
Henry reaction catalyzed by M-dmpzc are a mixture of the
corresponding β-nitroalkanol diastereoisomers (syn and anti
forms, with a general predominance of the former; Table 3).
Stereochemical control of the newly generated carbon centers is
rather difficult, in particular because of easy epimerization of
the nitro substituent on the carbon chain.44

Zn-dmpzc and Cd-dmpzc exhibit the highest catalytic
activities, leading to almost quantitative yields (e.g., for 4-
nitrobenzaldehyde, entries 13 and 33; Table 3) in water at

Table 2. Selected Results for the Microwave-Assisted Oxidation of 1-Phenylethanol by t-BuOOH with M-dmpzc as the Catalysta

entry catalyst reaction time (h) temperature (°C) additive (μmol) yieldb (%) TONc (TOF)d

1 Cu-dmpzc 0.5 80 40 100 (200)
2 1 80 47 118 (118)
3 3 80 64 160 (53)
4 0.5 120 97 243 (485)
5 0.5 80 TEMPO (30) 43 108 (215)
6 3 80 TEMPO (30) 71 178 (59)
7 0.5 120 TEMPO (30) 99 248 (495)
8 Co-dmpzc 0.5 80 25 63 (125)
9 1 80 31 78 (78)
10 3 80 40 100 (33)
11 0.5 120 64 160 (320)
12 0.5 80 TEMPO (30) 27 68 (135)
13 0.5 120 TEMPO (30) 62 155 (310)
14 Zn-dmpzc 0.5 80 9 23 (46)
15 0.5 120 38 95 (190)
16 Pd-dmpzc 0.5 80 18 45 (90)
17 0.5 120 64 160 (320)
18 Cd-dmpzc 0.5 80 5 13 (26)
19 0.5 120 16 40 (80)
20 0.5 120 0
21 TEMPO (30) 0
22 Cu(MeCOO)2 0.5 120 TEMPO (30) 5 13 (26)
23 Co(NO3)2·6H2O 4 10 (20)
24 Zn(NO3)2·6H2O 4 11 (22)
25 Cd(MeCOO)2·2H2O 2 5 (9)
26 Pd(MeCN)2Cl2 2 6 (13)
27 Cu-dmpzc 0.5 120 Ph2NH (2500) 0 0
28 CBrCl3 (2500) 0 0
29 recovered from entry 7 0.5 120 TEMPO (30) 62 155 (310)

aReaction conditions (unless stated otherwise): 2.5 mmol of substrate, 10 μmol of catalyst (0.4 mol % vs substrate), 5 mmol of t-BuOOH (aqueous,
70%), 80−120 °C, microwave irradiation (20 W). bMolar yield (%) based on substrate, i.e., moles of product per 100 mol of substrate as determined
by GC. cTurnover number = number of moles of product per mole of metal catalyst. dTurnover frequency = turnover number per hour.

Scheme 3. Nitroaldol (Henry) C−C Coupling Reaction
between an Aromatic Aldehyde (R = H, NO2, Cl, Me, MeO)
and Nitroethane, Performed by Adopting the M-dmpzc (M =
Co, Cu, Zn, Pd, Cd) Derivatives as Catalysts
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room temperature, with an appreciable diastereoselectivity
toward the syn isomer (anti/syn molar ratios of 24:76 and
27:73, respectively; Table 3). It is worth noting that water was a
more convenient solvent than MeOH for this C−C coupling
reaction, allowing higher yields and better stereochemical
control (Table 3). For the other essayedM-dmpzc compounds,
the reactivity order is Co > Cu > Pd (Table 3). Again,

considering the existing structural similarities among the
zinc(II) and cobalt(II) derivatives, the metal center must
display a crucial role on the catalytic activity of these
compounds. No significant Henry reaction between the tested
aldehydes and nitroethane was observed in the absence of M-
dmpzc but in the presence of Cu(MeCOO)2, Co-
(NO3)2.6H2O, Zn(NO3)2·6H2O, Cd(MeCOO)2·2H2O, or

Table 3. Selected Results for the Henry C−C Coupling Reaction Catalyzed by M-dmpzca

entry catalyst substrate solvent yield (%)b selectivity anti:synb

1 Cu-dmpzc 4-nitrobenzaldehyde H2O 78 32:68
2 MeOH 73 27:73
3 benzaldehyde H2O 75 36:64
4 MeOH 75 39:61
5 4-methoxybenzaldehyde H2O 69 29:71
6 MeOH 60 42:58
7 Co-dmpzc 4-nitrobenzaldehyde H2O 81 26:74
8 MeOH 79 28:72
9 benzaldehyde H2O 74 21:79
10 MeOH 71 33:67
11 4-methoxybenzaldehyde H2O 52 31:69
12 MeOH 51 37:63
13 Zn-dmpzc 4-nitrobenzaldehyde H2O 98 24:76
14 MeOH 93 29:71
15 4-chlorobenzaldehyde H2O 88 33:67
16 MeOH 87 36:64
17 benzaldehyde H2O 86 27:73
18 MeOH 86 39:61
19 4-methylbenzaldehyde H2O 78 40:60
20 MeOH 75 38:62
21 4-methoxybenzaldehyde H2O 67 32:68
22 MeOH 63 48:52
23 Pd-dmpzc 4-nitrobenzaldehyde H2O 62 37:63
24 MeOH 61 39:61
25 4-chlorobenzaldehyde H2O 52 43:57
26 MeOH 45 48:52
27 benzaldehyde H2O 41 41:59
28 MeOH 48 31:69
29 4-methylbenzaldehyde H2O 35 32:68
30 MeOH 43 36:64
31 4-methoxybenzaldehyde H2O 33 42:58
32 MeOH 30 45:55
33 Cd-dmpzc 4-nitrobenzaldehyde H2O 97 27:73
34 MeOH 95 30:70
35 4-chlorobenzaldehyde H2O 89 28:72
36 MeOH 87 39:61
37 benzaldehyde H2O 79 40:60
38 MeOH 86 49:51
39 4-methylbenzaldehyde H2O 77 31:69
40 MeOH 73 31:69
41 4-methoxybenzaldehyde H2O 69 37:63
42 MeOH 68 42:58
43 Cu(MeCOO)2 4-nitrobenzaldehyde H2O 9 29:71
44 Co(NO3)2·6H2O 11 32:68
45 Zn(NO3)2·6H2O 13 28:72
46 Cd(MeCOO)2·2H2O 10 30:70
47 Pd(MeCN)2Cl2 6 39:61
48 4-nitrobenzaldehyde MeOH 0
49 H2O 0
50 recovered from entry 13 4-nitrobenzaldehyde H2O 50 32:68

aReaction conditions: 5 μmol of catalyst, MeOH or water (2 mL), nitroethane (4 mmol), and aldehyde (1 mmol), in air, at room temperature, 24 h.
bDetermined by 1H NMR analysis (see the Experimental Section).
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Pd(MeCN)2Cl2 as the source of catalytic centers (Table 3,
entries 43−47).
The hypothesis of significant leaching under the tested

conditions was verified for Zn-dmpzc: no nitroalkanol was
formed in a typical assay performed with the solution recovered
from a first run (Table 3, entry 13) after filtration and taken to
dryness, to which new portions of all reagents except the
catalyst were added. The catalyst recovered by filtration from
the first run was tested in a subsequent reaction by the addition
of fresh reagents: only 50% of the nitroalkanol mixture was
obtained (Table 3, entry 50). Also in this case, a PXRD analysis
allowed us to assess that, after the first run, the catalyst
recovered is slightly impure and has lost crystallinity with
respect to a fresh sample. The nature of substrates greatly
influences the yield and selectivity. Benzaldehydes bearing the
electron-withdrawing −NO2 substituent at the aromatic ring
(Table 3, entries 13, 14, 23, 24, 33, and 34) exhibit considerably
higher reactivity compared to that of the benzaldehyde having,
e.g., the electron-donor −CH3 group in the same position
(Table 3, entries 19, 20, 29, 30, 39, and 40). This evidence may
be related to the decreasing electrophilicity of the aldehyde
along the series. According to recent publications,45 the
reaction mechanism is expected to involve metal-assisted
(upon coordination) deprotonation of the methylene group
of nitroethane (to give a nitronate species), followed by
activation of the aldehyde for its electrophilic attack (with C−C
coupling) toward the nitronate. Hence, the M-dmpzc materials
tested in the present work appear to be able to act as Lewis
acids for the above-quoted activations.
As a preliminary study, we attempted to correlate the average

crystal size, retrieved by PXRD, and catalytic activity for the
two oxidation reactions and the Henry C−C coupling reaction
tested. An inverse linear correlation seems to exist for the
Henry C−C coupling reaction (Figure S7), suggesting that the
exposed surface of the catalyst plays a nonnegligible role. On
the other hand, the average crystal size seems to have a
marginal role in the CyH oxidation reaction (Figure S7). Yet, a
word of caution is necessary at this point: the model we
adopted to estimate the average crystal size (Scherrer’s law)
assumes, as a first approximation, a spherical morphology for
the crystallites. Hence, for a more complete picture and a more
sensible correlation, the crystallite morphology should also be
derived and taken into consideration, which is out of the scope
of this work.
3.4.3. Suzuki−Miyaura Cross-Coupling of Bromoanisole

with Phenylboronic Acid. Although no significant activity was
expected for the M-dmpzc materials but the palladium(II)
derivative, all of them were tested as catalysts for the Suzuki−
Miyaura cross-coupling reaction of bromoanisole with phenyl-
boronic acid, in the presence of a base, at 80 °C (Scheme 4), a
renowned C−C coupling catalyzed by palladium(II) monomeric
complexes.25 Despite the different loads of M-dmpzc and
reaction times adopted, less than 5% coupling product was
detected in the essayed conditions (see section 2.10.4).

Possibly, the coordination/hydrogen-bonded polymeric net-
work somehow hampers the catalytic activity of our palladium-
(II) derivative.

4. CONCLUSIONS
Five metal/azolate carboxylate compounds, built up with the
H2dmpzc ligand, have been synthesized and tested as catalysts
in oxidation or Henry C−C coupling reactions. Cu-dmpzc and
Co-dmpzc are the most active catalysts in both the partial
oxidation of CyH by tert-butyl hydroperoxide in MeCN and the
solvent-free microwave-assisted oxidation of 1-phenylethanol to
acetophenone. It is worth noting the remarkable activity
exhibited by Cu-dmpzc in the latter system (yields up to 99%
at 120 °C after only 0.5 h). On the other hand, Zn-dmpzc is
the most active M-dmpzc derivative in the Henry C−C
coupling reaction of aromatic aldehydes with nitroethane,
showing considerable diastereoselectivity toward the syn-
nitroalkanol isomer. On the basis of the present results, the
design of these materials seems to be worth of further
development toward more effective (in particular, recyclable)
catalysts, a topic that will be addressed in our future studies.
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