
Halogen Bonding in the Decoration of Secondary Coordination
Sphere of Zinc(II) and Cadmium(II) Complexes: Catalytic Application
in Cycloaddition Reaction of CO2 with Epoxides
Vusala A. Aliyeva, Ana B. Paninho, Ana V. M. Nunes,* Anirban Karmakar, Atash V. Gurbanov,
Arianna R. Rutigliano, Emma Gallo, Kamran T. Mahmudov,* and Armando J. L. Pombeiro*

Cite This: ACS Omega 2023, 8, 42290−42300 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Three new zinc(II) complexes [Zn(H2L3)2(H2O)3]
(Zn2), [Zn(H3L2a)(H2O)3]n (Zn3) (H3L2a = 2,4-diiodo-5-(2-(2,4,6-
trioxotetrahydropyrimidin-5(2H)-ylidene)hydrazineyl)isophthalate)
and [Zn(HL4)(DMF)(H2O)]n (Zn4) were synthesized by the
reaction of Zn(II) salts with 5-(2-(2,4-dioxopentan-3-ylidene)-
hydrazineyl) isophthalic acid (H3L3), 2,4,6-triiodo-5-(2-(2,4,6-triox-
otetrahydropyrimidin-5(2H)-ylidene)hydrazineyl) isophthalic acid
(H5L2) (in the presence of NH2OH·HCl) and 5-(2-(2,4-dioxopen-
tan-3-ylidene)hydrazineyl)-2,4,6-triiodoisophthalic acid (H3L4), re-
spectively. According to the X-ray structural analysis, the intra-
molecular resonance-assisted hydrogen bond ring remains intact, with
N···O distances of 2.562(5) and 2.573(5) Å in Zn2, 2.603(6) Å in
Zn3, and 2.563(8) Å in Zn4. In the crystal packing of Zn3, the
cooperation of I···O and I···I types of halogen bonds between tectons
leads to a one-dimensional supramolecular polymer, while I···O interactions aggregate 1D chains of coordination polymer Zn4.
These new complexes (Zn2, Zn3, and Zn4) and known [Zn(H3L1)(H2O)2]n (Zn1) (H3L1 = 5-(2-(2,4,6-trioxotetrahydropyrimidin-
5(2H)-ylidene) hydrazineyl)isophthalate), {[Zn(H3L1)(H2O)3]·3H2O}n (Zn5), [Cd(H3L1)(H2O)2]n (Cd1), {[Cd(HL3)-
(H2O)2(DMF)]·H2O}n (Cd2), [Cd(H3L3)]n (Cd-3), {[Cd2(μ-H2O)2(μ-H2L4)2(H2L4)2]·2H2O}n (Cd4), and {[Cd(H3L1)-
(H2O)3]·4H2O}n (Cd5) were tested as catalysts in the cycloaddition reaction of CO2 with epoxides in the presence of
tetrabutylammonium halides as the cocatalyst. The halogen-bonded catalyst Zn4 is the most efficient one in the presence of
tetrabutylammonium bromide by affording a high yield (85−99%) of cyclic carbonates under solvent-free conditions after 48 h at 40
bar and 80 °C.

1. INTRODUCTION
Due to the progress of human civilization and development of
the chemical industry, the atmospheric CO2 concentration has
increased from ca. 280 ppm (in the early 1800s) to 417 ppm
(in 2022), and the Intergovernmental Panel on Climate
Change is predicting it to reach 950 ppm by 2100.1−3 As a
result, the excessive accumulation of a predominant green-
house gas (CO2) on Earth’s ecosystems is a major cause of
glacier melting, global warming, and other climate change
issues.4 In order to reduce or remain fairly stable the CO2
emissions, we must keep under control/monitor the industrial
processes and develop new energy efficient technologies.
Among the strategies for decreasing emissions and mitigating
atmospheric CO2, (i) CO2 capture and storage and (ii) CO2
capture and utilization are expected to play important roles.5

Development of an effective CO2 conversion into high value-
added chemicals and fuels has emerged as one of the active
research topics in recent years.6−11 In industry, CO2 is mainly

used as a chemical feedstock in the synthesis of urea, methanol,
salicylic acid, and organic carbonates.12

Due to the high bonding enthalpy of the C�O double bond
(+805 kJ mol−1)13 and the linear molecular configuration of
centrosymmetric CO2, a catalyst is generally required to bring
down the energy barrier in its chemical transformations. The
organocatalytic and metal complex catalyzed conversion of
CO2, as an abundant, inexpensive, nontoxic, nonflammable,
and renewable C1 source/building unit (instead of the
commonly used phosgene, COCl2) in chemical synthesis has
already been recognized as a powerful synthetic strategy.1−25
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For example, metal complex-catalyzed cycloaddition of CO2
with epoxides leads to cyclic and/or polymeric carbo-
nates,14−25 which find a variety of applications in the
pharmaceutical industry,26−28 electrolytes in lithium ion
batteries,29,30 paint-strippers,31 aprotic polar solvents in
organic synthesis,32,33 intermediates in the synthesis of
carbamates,34,35 etc. The search for a new effective, environ-
mentally friendly, and inexpensive catalytic system is a
tremendous challenge in the synthesis of cyclic carbonates
from the CO2 and epoxides.
On the other hand, decoration of the secondary coordina-

tion sphere of metal complexes is a recognized synthetic
strategy in catalysis.36,37 Similarly to hydrogen bonds, other
weak interactions such as halogen,38 chalcogen,39 and
pnictogen40 bonds can also be used in the crystal engineering
of metal complexes and enhance their functional properties.41

For example, due to the high directionality, these weak forces
have been employed as selectivity directing tools in
homogeneous catalysis.42 The application of halogen bonded
metal complexes as catalysts in the reaction of CO2 with

epoxides had not yet been reported, whereas there are only two
examples of the halogen bond involved organocatalytic version
of this reaction.43,44

Considering all the above points, in this work, we focused on
the following aims: (i) to design the secondary coordination
sphere of new Zn(II)-arylhydrazone complexes with hydrogen
bond and halogen bond donor centers (Schemes 1 and 2); (ii)
to study the influence of methylene active fragments
(comparing acetylacetone with barbituric acid, see Scheme
1), halogens (comparing isophthalic and 2,4,6-triiodoisoph-
thalic fragments in arylhydrazone ligands, see Scheme 1) and
metal centers (comparing Zn with Cd, see Scheme 2) on
Zn(II)- or Cd(II)-catalyzed cycloaddition of CO2 with
epoxides.

2. EXPERIMENTAL SECTION
2.1. Materials and Instrumentation. All chemicals were

obtained from commercial sources and used as received. The
synthesis and characterization of 5-(2-(2,4,6-trioxotetrahydro-

Scheme 1. Arylhydrazones of Isophthalic Acid (AHIPA) and Their Iodine-Substituted Analogs

Scheme 2. Zn(II) and Cd(II) Complexes of Arylhydrazone Ligands; the New Compounds Zn2−Zn4 Are Highlighted in Green
Color
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pyrimidin-5(2H)-ylidene)hydrazineyl)isophthalic acid (H5L1),
2,4,6-triiodo-5-(2-(2,4,6-trioxotetrahydropyrimidin-5(2H)-
ylidene)hydrazineyl) isophthalic acid (H5L2), 5-(2-(2,4-
dioxopentan-3-ylidene)hydrazineyl)isophthalic acid (H3L3),
and 5-(2-(2,4-dioxopentan-3-ylidene)hydrazineyl)-2,4,6-triio-
doisophthalic acid (H3L4) were reported earlier.41,45,46 The
complexes [Zn(H3L1)(H2O)2]n (Zn1), {[Zn(H3L1)(H2O)3]·
3H2O}n (Zn5), [Cd(H3L1)(H2O)2]n (Cd1), {[Cd(HL3)-
(H2O)2(DMF)]·H2O}n (Cd2), [Cd(H3L3)]n (Cd3),
{[Cd2(μ-H2O)2(μ-H2L4)2(H2L4)2]·2H2O}n (Cd4), and {[Cd-
(H3L1)(H2O)3]·4H2O}n (Cd5) were previously reported by
us.41,45 The IR spectra (4000−400 cm−1) were recorded on a
Bruker Alpha-P ATR-IR spectrometer. The 1H and 13C NMR
spectra were obtained at room temperature (r.t.) on a Bruker
400.13 MHz spectrometer using tetramethylsilane [Si(CH3)4]
as the internal reference. Carbon, hydrogen, and nitrogen
elemental analyses were carried out by the Microanalytical
Service of the Instituto Superior Tećnico. Electrospray mass
spectrometry (ESI-MS) was run with an ion-trap instrument
(Varian 500-MS LC Ion Trap Mass Spectrometer) equipped
with an electrospray ion source. For electrospray ionization,
the drying gas and flow rate were optimized according to the
particular sample with 35 psi nebulizer pressure. Scanning was
performed from m/z 0 to 1500 in methanol solution. The
compounds were observed in the positive or negative ion
mode (capillary voltage = 80−105 V).
2.2. Synthesis of Zn(II)-Arylhydrazone Complexes.

[Zn(H2L3)2(H2O)3] (Zn2). A mixture of H3L3 (15 mg, 0.05
mmol) and Zn(NO3)2·6H2O (15 mg, 0.05 mmol) was
dissolved in 3 mL of ethanol. The resulting mixture was

sealed in an 8 mL glass vessel and heated to 65 °C for 48 h.
Subsequent gradual cooling to room temperature (0.2 °C
min−1) afforded colorless crystals of Zn2. Yield: 65% (based on
Zn). Anal. calcd for C26H28N4O15Zn (M = 701.90): C, 44.49;
H, 4.02; N, 7.98; found: C, 44.46; H, 4.00; N, 7.95. IR (ATR,
298 K): 1625 ν(C�O) and 1513 ν(C�N) cm−1. MS (ESI,
positive ion mode), m/z: 648.86 [Mr−3H2O+H+].

[Zn(H3L2a)(H2O)3]n (Zn3). A mixture of H5L2 (35 mg, 0.05
mmol), Zn(CH3COO)2·2H2O (11 mg, 0.05 mmol) and
NH2OH·HCl (4 mg, 0.057 mmol) was dissolved in 10 mL
of methanol. The resulting mixture was left at room
temperature for slow evaporation; colorless crystals of Zn3
suitable for X-rays started to form after ca. 2 days. Yield: 69%
(based on Zn). Anal. calcd for C12H10I2N4O10Zn (M =
689.42): C, 20.91; H, 1.46; N, 8.13; found: C, 20.88; H, 1.45;
N, 8.09. IR (ATR, 298 K): 1699 ν(C�O) and 1595 ν(C�N)
cm−1. MS (ESI, positive ion mode), m/z: 636.37 [Mr−3H2O
+H+].

[Zn(HL4)(DMF)(H2O)]n (Zn4). A mixture of H3L4 (34 mg,
0.05 mmol) and Zn(CH3COO)2·2H2O (11 mg, 0.05 mmol)
was dissolved in 3 mL of ethanol/DMF (30/1, v/v). The
resulting mixture was left at room temperature for slow
evaporation; colorless crystals of Zn4 suitable for X-rays
started to form after ca. 5 days. Yield: 54% (based on Zn).
Anal. calcd for C16H16I3N3O8Zn (M = 824.41): C, 23.31; H,
1.96; N, 5.10; found: C, 23.28; H, 1.95; N, 5.07. IR (ATR, 298
K): 1595 ν(C�O) and 1498 ν(C�N) cm−1. MS (ESI,
positive ion mode), m/z: 734.30 [Mr−DMF−H2O+H+].
2.3. X-ray Analysis. X-ray diffraction patterns of Zn2, Zn3,

and Zn4 were collected using a Bruker SMART APEX-II CCD

Table 1. Crystallographic Data and Structure Refinement Details for Zn2, Zn3, and Zn4

Identification name Zn2 Zn3 Zn4
Formulas C26H28N4O15Zn C12H10I2N4O10Zn C16H16I3N3O8Zn
Mol. wt. 701.89 689.41 824.39
Crystal system Triclinic Triclinic Monoclinic
Space group P-1 P-1 P21c
Temperature/K 296 296 296
Wavelength /Å 0.71073 0.71073 0.71073
a /Å 7.4901(16) 7.4035(6) 17.972(3)
b /Å 8.8763(18) 9.4276(9) 7.7821(12)
c /Å 24.455(5) 14.1061(16) 17.281(3)
α/° 88.773(8) 103.836(4) 90
β/° 87.729(8) 100.670(3) 105.292(5)
γ/° 65.960(8) 101.367(4) 90
V/ Å3 1483.7(5) 908.92(16) 2331.3(6)
Z 2 2 4
Density/Mgm−3 1.571 2.519 2.349
Abs. Coeff. /mm−1 0.909 4.812 5.072
F(000) 724 652 1544
Refl. Collected 15830 19213 30494
Refl. Unique 4682 3733 3970
Max. 2θ/° 25.431 26.444 24.717
Complete to 2θ (%) 95.5 99.4 99.9
Refl. with I > 2σ(I) 6642 3233 3294
Data/Restraints/Parameters 4682/0/420 3733/4/282 3970/0/312
Goof (F2) 1.087 1.062 1.102
R1 [I > 2s(I)]a 0.0593 0.0411 0.0380
wR2 [I > 2s(I)]b 0.1882 0.1085 0.0697
R1 [all data] 0.0698 0.0484 0.0510
wR2 [all data] 0.2059 0.1140 0.0739

aR1 = Σ||F0| − |Fc||/Σ|F0|. bwR2 = [Σ[w(F0
2 − Fc

2)2]/ Σ[w(F0
2)2]]1/2.
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area detector equipped with graphite-monochromated Mo−
Kα radiation (λ = 0.71073 Å) at 296(2) K (Table 1).
Absorption correction was applied by SADABS.47,48 The
structures were solved by direct methods and refined on F2 by
full-matrix least-squares using Bruker’s SHELXTL-97.49 All
nonhydrogen atoms were refined anisotropically. The hydro-
gen atoms were inserted at the calculated positions. Crystallo-
graphic data for the structural analysis have been deposited to
the Cambridge Crystallographic Data Center (CCDC 2248269
for Zn2, 2248270 for Zn3, and 2248271 for Zn4). A copy of
this information can be obtained free of charge from The
Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(Fax: (+44) 1223−336033; E-mail: deposit@ccdc.cam.ac.uk
or www.ccdc.cam.ac.uk/data_request/cif).
2.4. Catalytic Activity Studies. The coupling reaction of

CO2 with epoxide was performed following an experimental
procedure earlier described.24 All reactions were performed in
stainless steel (11 mL) high-pressure reactors equipped with
two sapphire windows, which allowed a direct visualization of
the internal volume (Figure 1). A typical experiment consisted

of loading the reactor with the catalyst, cocatalyst, and epoxide.
A magnetic stirring bar was used to ensure an efficient mixing
of the reaction mixture. After the reactor is closed, a small
amount of CO2 is introduced into the system through an inlet
high-pressure valve. The pressure within the system was
measured by a Setra pressure transducer (model 204) with
accuracy of determination ±0.007 MPa. The reactor is then
immersed in a water bath previously heated to the desired
temperature using a temperature controller (Selecta Thermo-
tronic II) with a precision of ±0.1 °C. Finally, the CO2
pressure is increased until the desired value is reached. After
the completion of the reaction, the reactor was cooled, and
excess CO2 was released slowly before a known amount of
mesitylene and 0.3 mL of CHCl3 were added and mixed. Next,
an aliquot of the resulting mixture was taken and analyzed by
NMR spectroscopy (Bruker Avance III 400 MHz) with CDCl3
as a solvent. Thus, the NMR yield is calculated from the

integration of the peaks characteristic of the mesitylene, epoxy
and carbonate Cβ−H (methine) at the 1H NMR spectrum of
this crude sample and comparison to published spectra.50−56 It
should be noted that the selectivity toward cyclic carbonate
formation was >99%, and no other byproducts were detected.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of Zn(II)-Arylhy-

drazones. The solvothermal reaction of Zn(NO3)2·6H2O
with 5-(2-(2,4-dioxopentan-3-ylidene)hydrazineyl)iso-phthalic
acid (H3L3) in ethanol at 65 °C for 48 h leads to the
monomeric Zn(II) complex, [Zn(H2L3)2(H2O)3] (Zn2)
(Scheme 2). Meanwhile, the reaction of Zn(CH3COO)2·
2H2O with 2,4,6-triiodo-5-(2-(2,4,6-trioxotetrahydropyrimi-
din-5(2H)-ylidene)hydrazineyl)isophthalic acid (H5L2) or 5-
(2-(2,4-dioxopentan-3-ylidene)hydrazineyl)-2,4,6-triiodoisoph-
thalic acid (H3L4) in the presence or absence of NH2OH·HCl
in methanol or ethanol/DMF (30/1, v/v) at room temperature
affords the coordination polymer [Zn(H3L2a)(H2O)3]n (Zn3)
or [Zn(HL4)(DMF)(H2O)]n (Zn4), respectively (Scheme 2).
It should be noted that in complexation in the presence of
NH2OH·HCl (to form Zn3) one C−I bond cleavage occurs at
the aromatic moiety of H5L2 leading to 2,4-diiodo-5-(2-(2,4,6-
trioxotetrahydropyrimidin-5(2H)-ylidene) hydrazineyl)-
isophthalate (H3L2a)2− (Scheme 2). All three compounds
were characterized by IR spectroscopy, ESI-MS spectra,
elemental analysis, and single crystal X-ray diffraction. In the
IR spectra of Zn2, Zn3, and Zn4, the ν(C�O) and ν(C�N)
signals appear at 1625 and 1513, 1699 and 1595, and 1595 and
1498 cm−1, respectively, which are values that are significantly
shifted in relation to the corresponding signals of (1654 and
1558) H3L3, (1670 and 1494) H5L2, and (1614 and 1491)
H3L4 ligands.41 The major fragmentation peaks in the ESI-MS
spectra of the compounds in methanol solution can be
assigned as follows: 648.86 [Zn(H2L3)2+H+] for Zn2, 636.37
[Zn(H3L2a)+H+] for Zn3, and 734.30 [Zn(HL4)+H+)] for
Zn4. Both elemental analyses and X-ray crystallography (see
below) are consistent with the proposed formulations.
The bis-ligand mononuclear complex Zn2 crystallizes in the

triclinic crystal system and space group P1 (Table 1, Figure 2).
Each coordinating arylhydrazone exists as a monoanion acting
as a monodentate ligand. In the complex, the zinc atom is five-
coordinated in a distorted trigonal-bipyramidal ZnO5 environ-
ment, in which the basal coordination sites are occupied by
three oxygen atoms (O1, O7, and O14), with bond lengths of
1.952(3), 1.967(4), and 2.008(4) Å, respectively. The axial
positions are occupied by two oxygen atoms (O13 and O15)
from water molecules, with bond lengths of 2.165(4) and
2.138(4) Å, respectively. In both coordinated ligands in Zn2
the resonance assisted hydrogen bond (RAHB) system N1−
H1···O6 and N3−H3···O11 remains intact, with N···O
distances of 2.562(5) and 2.573(5) Å, respectively (Figure
2), which falls in the average N···O distance range (2.538−
2.661 Å) observed for other arylhydrazones of active
methylene compounds.57−59 In the crystal packing of Zn2,
the molecules are linked by O(4)−H(4)···O(2) (2.630 Å) and
O(9)−H(9)···O(8) (2.720 Å) hydrogen bonds, which
generate R2

2(24) ring motifs,60 resulting in a 1D supramolecular
chain (Figure S1).
The five-coordinate Zn(II) center in Zn3 adopts a distorted

trigonal-bipyramidal geometry (τ5 = 0.75),61 ligated by two
arylhydrazone ligands and three water molecules (Figure 2).
The zinc atom sits almost in the trigonal plane of the O1O4O8

Figure 1. High pressure reactors in a water bath.
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atoms, and the sum of the trigonal angles is 360°. The axial
positions are occupied by the oxygen atoms of two water
molecules, in which dihedral ∠O8−Zn1···O10 and ∠O8−
Zn1···O9 angles are 81.88 and 84.73°, respectively. The crystal
structure showed strong RAHB interactions between N(4)−
H(4)···O(7) at distance of 2.603(6) Å. The intermolecular
O(10)−H(10A)···O(3) (2.698 Å) hydrogen bond-assisted
combination of two Zn3 molecules leads to a zero-dimensional
R2
2(12) aggregate60 (Figure S2). Moreover, Zn3 forms a zigzag

chain 1D supramolecular polymer exclusively through N(1)−
H(1)···O(6) (2.865 Å) and N(2)−H(2)···O(7) (2.870 Å)
hydrogen bonds (Figure S3). In the packing structure of Zn3,
there are ∠C(7)−I(1)···O(6) (162.16°) and ∠C(9)−I(2)···
I(2) (171.20°) types of intermolecular halogen bonds with

distances of 3.264 and 3.705 Å, respectively, both being
significantly shorter than the sum of the Bondi’s van der Waals
radii of the interacting atoms (I + O = 1.98 + 1.52 = 3.50 Å
and I + I = 1.98 + 1.98= 3.96 Å)62 (Figure 2). Thus, a
cooperation of these halogen bonds between tectons leads to
1D supramolecular polymer (Figure S4).
In Zn4, the Zn(II) center has a distorted tetrahedral

geometry, with two oxygen donor atoms from the arylhy-
drazone ligands occupying two coordination sites along with
one DMF and one water molecules occupying the other two
sites (Figure 2). The tetrahedral environment around zinc is
confirmed by the ∠O(2)−Zn(1)−O(7) (116.57°) and
∠O(2)−Zn(1)−O(8) (112.87°) angles with τ4 index of
0.92.63 The Zn−O bond lengths range from 1.914(4) to

Figure 2. Molecular structures of Zn2, Zn3, and Zn4.
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1.985(5) Å. Similarly to Zn2 and Zn3, the RAHB system [N···
O distances of 2.563(8) Å] of Zn4 does not participate in the
coordination, but its carbonyl oxygen acts as the hydrogen and
halogen bond acceptor (Figure 2). The intermolecular halogen
bond assisted aggregation was found in the molecular packing
of Zn4, in which the I(2)···O(6) (3.163 Å) distance is
significantly shorter than the sum of van der Waals radii of the
interacting atoms (ΣrvdW (I···O) = 3.50 Å (Figure 2). In
addition, the ∠C(6)−I(2)···O(6) (164.58°) angle is consistent
with the directionality term of halogen bonding.64 The overall
crystal structure is organized by strong hydrogen bonding
interactions between the coordinated water hydrogens and
both carboxylate and carbonyl groups in adjacent units (Figure
S5).
3.2. Catalytic Activity of Zn(II)- and Cd(II)-Arylhy-

drazonates in the Cycloaddition Reaction of CO2 with
Epoxides. All Zn(II)- and Cd(II)-arylhydrazonate complexes,
as well as Zn(NO3)2·4H2O, Cd(NO3)2·4H2O, Zn-
(CH3COO)2·2H2O, and Cd(CH3COO)2·2H2O, have been
tested as homogeneous catalysts for the coupling of CO2 with
2-phenyloxirane (as a model substrate) to produce the cyclic
carbonate 4-phenyl-1,3-dioxolan-2-one under solvent-free
conditions (Scheme 3, Table 2). As can be seen in Table 2

(entry 1), there is no reaction between the substrate and
carbon dioxide in the absence of the cocatalyst, metal salts, or
catalysts, while tetrabutylammonium bromide (TBABr) leads
to the 15% yield of cyclic carbonate (entry 2). No
cycloaddition reaction between CO2 with 2-phenyloxirane
takes place in the absence of the cocatalyst (TBABr), even in
the presence of Zn(II)- and Cd(II)-salts or their arylhy-
drazonate complexes. Zn(CH3COO)2·2H2O, in the presence
of TBABr, is slightly more active than the other salts (entries

3−6). As expected, due to high Lewis acidity, the Zn(II)
complexes (mainly Zn4) are significantly more active in
comparison to Cd(II)-arylhydrazonate (entries 7−16). Not
only a change of the metal but also a modification of the active
methylene fragment (compare acetylacetone with barbituric
acid) in the arylhydrazone ligands, as well the use of halogen
bond donor centers at their aromatic moiety, allows the yield
of 4-phenyl-1,3-dioxolan-2-one to be increased (see Scheme 2
and entries 7−16). The iodo-substituted zinc compounds
(Zn3 and Zn4) are more active than the unsubstituted ones
(compare entries 9 and 10 with entries 7, 8, and 11), and the
same trend, although less pronounced, seems to occur within
the less active cadmium series. Taking into consideration that
the halogen bonded Zn4 presented the highest catalytic
activity, it was selected for further optimization.
Due to involvement in the ring-opening or ring-closure

stage, the ionic cocatalysts tetrabutyl-ammonium chloride
(TBACl), tetrabutylammonium bromide (TBABr), or tetra-
butylammonium iodide (TBAI) have been widely used in the
cycloaddition of CO2 with epoxides.65−69 Herein, we have
studied the effect of TBACl, TBABr, TBAI, and tetrabuty-
lammonium tetrafluoroborate (TBABF4) on the Zn4-catalyzed
coupling of CO2 with 2-phenyloxirane, and the results (Table
3, entries 1−4) show the crucial role of anions in this reaction.
Due to the expected participation of BF4− and Cl− anions in
strong intermolecular charge assisted hydrogen bonding,65

both TBABF4 and TBACl are not effective in the reaction, in
contrast to weaker hydrogen bond acceptor and good leaving
ability of Br− and I− in TBABr and TBAI, which can facilitate
the ring-opening or ring-closure stage in the formation of cyclic

Scheme 3. Cycloaddition of CO2 with 2-Phenyloxirane into
4-Phenyl-1,3-dioxolan-2-one

Table 2. Screening of Zn(II)- and Cd(II)-Arylhydrazonate
Catalysts for the Reaction of CO2 with 2-Phenyloxiranea

entry catalyst yield, %b

1 blank
2 TBABr (cocatalyst) 15
3 Zn(NO3)2·4H2O 15
4 Cd(NO3)2·4H2O 11
5 Zn(CH3COO)2·2H2O 27
6 Cd(CH3COO)2·2H2O 17
7 Zn1 29
8 Zn2 49
9 Zn3 52
10 Zn4 56
11 Zn5 30
12 Cd1 17
13 Cd2 22
14 Cd3 23
15 Cd4 26
16 Cd5 19

aCatalyst 0.10 mol %, TBABr 0.4 mol %, T = 60 °C, P = 40 bar, 24 h.
bDetermined by 1H NMR analysis (see Experimental Section).

Table 3. Effect of Cocatalyst, Reaction Time, Amount of
Catalyst, Temperature, and Pressure on Zn4-Catalyzed
Cycloaddition of CO2 with 2-Phenyloxirane

entry time, h
amount of

catalyst, mol % cocatalysta P, bar T, °C yield, %b

1 24 0.10 TBABF4 40 60 0
2 24 0.10 TBACl 40 60 27
3 24 0.10 TBABr 40 60 56
4 24 0.10 TBAI 40 60 55
5 3 0.10 TBABr 40 60 9
6 6 0.10 TBABr 40 60 19
7 18 0.10 TBABr 40 60 39
8 24 0.10 TBABr 40 60 56
9 36 0.10 TBABr 40 60 62
10 48 0.10 TBABr 40 60 65
11 48 0.05 TBABr 40 60 48
12 48 0.10 TBABr 40 60 65
13 48 0.15 TBABr 40 60 66
14 48 0.20 TBABr 40 60 68
15 48 0.25 TBABr 40 60 70
16 48 0.30 TBABr 40 60 70
17 48 0.25 TBABr 10 60 57
18 48 0.25 TBABr 25 60 62
19 48 0.25 TBABr 40 60 70
20 48 0.25 TBABr 60 60 71
21 48 0.25 TBABr 40 20 1
22 48 0.25 TBABr 40 40 11
23 48 0.25 TBABr 40 60 70
24 48 0.25 TBABr 40 80 94

a0.4 mol % of cocatalyst. bDetermined by 1H NMR analysis (see
Experimental Section).
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carbonate.65,68 Since TBABr appears to be an appropriate
cocatalyst, it was used in further optimization experiments in
this study.
As can been seen in Table 3 (entries 5−10), the yield of

cyclic carbonate grows by increasing the reaction time, but
after 36 h, it did not change considerably. After 48 h the yield
of 4-phenyl-1,3-dioxolan-2-one reached 65% (entry 10), and
this reaction time was maintained in the next steps. Next, the
amount of catalyst in the conversion of 2-phenyloxirane was
investigated (Table 3, entries 11−16). The increase of the
catalyst amount up to 0.10 mol % loading resulted in a marked
yield improvement of cyclic carbonate (entries 11 and 12),
whereas a higher catalyst amount (0.10−0.25 mol %) had a
much lower effect (entries 13−15), and a further increase to
0.30 mol % (entry 16) did not improve the product yield.
Hence, the catalyst amount of 0.25 mol % was used as the
optimal in the next steps. The catalytic activity of Zn4
moderately decreased from 70 to 57% by reducing the initial
CO2 pressure from 40 and 10 bar (entries 19 to 17). The
increase of CO2 pressure from 40 to 60 bar does not affect the
yield of 4-phenyl-1,3-dioxolan-2-one (entries 19 and 20), and
thus further reactions were performed under 40 bar. The
temperature (in the 20−80 °C range) also had a crucial
promoting effect on the yield of the cyclic carbonate (entries
21−24), and a remarkable conversion (94%) of 2-phenyl-
oxirane is observed at 80 °C.
Having the reaction conditions optimized (0.25 mol % of

catalyst, 48 h, 40 bar, 80 °C), we investigated the reactivity of a
variety of epoxides, and the appropriate cyclic carbonates were
generally obtained in good yields (85−99%, Table 4).

Epichlorohydrine bearing an electron-withdrawing chloro
group exhibits the highest reactivity as compared to the
electron-donating −CH3, −C2H5 or −OC(CH3)3 group
containing substrates (entries 1−4). In contrast to 2-phenyl-
oxirane (entry 5) and other aliphatic epoxides (entries 1−4),
7-oxabicyclo[4.1.0]heptane showed a lower reactivity because
of the rigidness of the chair conformation (entry 6).

The yields of 4-methyl-1,3-dioxolan-2-one (97%, entry 1)
and 4-ethyl-1,3-dioxolan-2-one (93%, entry 3) observed in this
work are higher than those reported70 for a pyrrole-Schiff base
zinc complex (74 and 81%, respectively) in the presence of
cocatalyst TBABr, in which the use of dichloromethane as a
solvent can also be considered a disadvantage in comparison to
our solvent-free system. Relatively to Zn4 (94%, entry 5, Table
4), the conversion of 2-phenyloxirane is also lower in the
Zn(II)-N,N-bis(2-pyridinecarboxamide)-1,2-benzene/TBABr
(27%),71 Zn(II)-bis-thiosemicarbazonate/TBAI (29%),72 Zn-
(II)-bis(arylimino) acenaphthene)/TBABr (70%),24 zinc(II)-
azatrane/TBAI (75%),73 and Zn(II)-[2-(4,5-diphenyl-1H-
imidazol-2-yl)-4-((triphenylphosphonio)methyl)phenolate
chloride]2 (86%)

74 catalyzed systems.
Inspired on the reported24,75−80 transition metal complex

catalyzed reaction mechanism for cycloaddition of CO2 with
epoxides, we propose that the reaction proceeds as shown in
Scheme 4, according to the following main steps with

postulated involvement of iodo bonding: (i) ring opening in
epoxide though its coordination to a metal center and
conceivable halogen bonding with an iodo-substituent (I)
and nucleophilic attack by halide anion; (ii) insertion of CO2
possibly through the negative charge assisted halogen and
tetrel bonding (II);81 (iii) ring-closing (III) with liberation of
cyclic carbonate and regeneration of the catalyst as well as of
the halide anion (conceivably assisted by halogen bonding with
a second catalyst molecule). Although the electron-with-
drawing ability of the iodo-substitents in the ligand phenyl ring
may increase the Lewis acidity of the metal center and thus
promote the activation of the epoxide, we believe that this
effect is much lower than that of the proposed iodo-bonding in
view of the long distance of the iodo-substituents to the metal
ion center (5 or 7 nonconjugated bonds), in contrast with the
proposed iodo-bonding directly involving the epoxide.

4. CONCLUSIONS
Three new Zn(II)-arylhydrazonate complexes (Zn2, Zn3, and
Zn4) were synthesized and structurally characterized. The

Table 4. Cycloaddition Reaction of Various Epoxides and
CO2 Catalyzed by Zn4a

aReaction conditions: epoxide (8.74 mmol), 0.25 mol % of catalyst,
0.40 mol % of cocatalyst, 48 h, 40 bar, 80 °C. bDetermined by 1H
NMR analysis (see Experimental Section)

Scheme 4. Proposed Reaction Mechanism of CO2 Coupling
with Epoxide, with Postulated Promoting Non-Covalent
Interactions
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coordination environment around the zinc center and the
supramolecular arrangement in these complexes are strongly
dependent on the active methylene fragment (acetylacetone or
barbituric acid) or the attached iodo-substituents at the
aromatic moiety of the molecule. Not only normal
intermolecular and strong intramolecular resonance assisted
hydrogen bonds are present but there are also I···O and I···I
types of halogen bonds in crystal packing of Zn4 or Zn3
leading to aggregates of 1D chains or 1D supramolecular
chains, respectively.
In contrast to the metal−organic frameworks bearing

derivatives of 5-aminoisophthalic acid in heterogeneous
catalysts,82,83 these new iodine-substituted complexes of
arylhydrazones of isophthalic acid (Zn3 and Zn4) are
completely soluble in the substrates and act as homogenouse
catalysts in added-solvent-free coupling of CO2 with epoxides.
According to our experiments, the following facts should be
emphasized: (i) due to a higher Lewis acidity of the Zn center
at Zn3 and Zn4, these compounds show a higher catalytic
activity in comparison to their Cd analogs (Cd3 and Cd4) (see
Table 2); (ii) the high solubility in epoxides (through
intermolecular interactions, including halogen bonding) of
the iodo-substituted compounds favors their catalytic activity
in comparison with that of the unsubstituted ones (compare
Zn3 and Zn4 with Zn1, Zn2, and Zn5, as well as Cd3 and
Cd4 with Cd1, Cd2, and Cd5 in Table 2); (iii) the active
methylene fragment also affects the catalytic activity of the
corresponding complexes (compare Zn3 with Zn4, as well as
Cd3 with Cd4 in Table 2); (iv) in the absence of cocatalyst
(tetrabutylammonium bromide (TBABr)) all tested Cd and
Zn complexes do not show catalytic activity; (v) Zn4 is the
most efficient catalyst for the cycloaddtion of CO2 with both
functionalized and nonfunctionalized epoxides in the presence
of TBABr to produce the corresponding cyclic carbonates in
high yields (85−99% after 48 h at 40 bar and 80 °C) (Table
4); (vi) the higher catalytic activity of the iodo-substituted
complexes can be accounted for by considering the postulated
promoting effect of halogen-bonding on the epoxide ring
opening and on the ring closure step with CO2 upon bromide
extrusion.
In addition, it should be noted that this is the first report on

the application of halogen bonded metal complexes in CO2
coupling with epoxides, a topic which deserves to be further
explored for other substrates such as diamines, diols, amino-
diols, etc.
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through COMPETE 2020, POCI, and PORL and FCT
through PIDDAC).
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