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In this work, the synthesis, characterization, and X-ray powder diffraction data for dichloridodioxido-
[(4,7-dimethyl)-1,10-phenanthroline]molybdenum(VI) are reported. The crystal structure of this
compound was solved from powder diffraction data using the simulated annealing method with a
subsequent refinement using the Rietveld method. The dioxo-molybdenum (VI) complex
C14H12Cl2MoN2O2 crystallizes in a monoclinic system with space group C2/c (N° 15) with refined
unit-cell parameters a = 12.9495 (5) Å, b = 9.7752 (4) Å,c = 12.0069 (6) Å, β= 101.702 (3) °, unit-
cell volume V = 1488.27 (11) Å3, and values of Z′ = 0.5 and Z = 4. The molecules are organized
into chains diagonally along the a and c axis. Parallel polyhedra are observed along these axes formed
by the interactions of Mo, Cl, O, and N atoms present in the coordination sphere. The crystalline
packing of this dioxo-molybdenum (VI) complex is dominated by five intermolecular hydrogen
bonds, two intramolecular hydrogen bonds, and the four interactions between the centroids
(CgI⋯CgJ) of the aromatic rings. An analysis of the Hirshfeld surface revealed that the greatest
contributions of the attractive forces are given by H⋯Cl/Cl⋯H, H⋯C/C⋯H, H⋯O/O⋯H, and
H⋯H interactions.
© The Author(s), 2024. Published by Cambridge University Press on behalf of International Centre
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[doi:10.1017/S0885715624000393]

Keywords: 1,10-phenanthrolines disubstituted, dioxo-molybdenum (VI) complex, Rietveld
refinement, X-ray diffraction of polycrystalline samples

I. INTRODUCTION

In selective oxidation processes, it is a technological
challenge to use atmospheric oxygen directly under ambient
conditions of pressure and temperature to replace highly
polluting oxidizing agents normally used, avoiding excess
reagents and reducing the formation of byproducts (Anastas
and Kirchhoff, 2002; Hermans et al., 2009; Roduner et al.,
2013; Hone and Kappe, 2019). The activation of molecular
oxygen and more specifically the action of depositing an oxy-
gen atom on a substrate is a process that in nature is carried out
by enzymes such as oxotransferases or hydroxylases, where
the molybdenum-oxygen unit (Mo = O) is present as the active
center (Arzoumanian, 1998; Hille, 2002; Hille et al., 2011;
Heinze, 2015).

The study of these natural systems called molybdenum-
enzymes has been the source of inspiration to synthesize
biomimetic structures with the dioxo-Mo unit as the active
center, compounds which have been used as catalysts selec-
tively in oxygen atoms transfer (OAT) process to substrates
such as phosphines, alcohols, arylalkanes, and alkenes using
different oxo-donors in solution (Martínez et al., 2016;

Martinez Q et al., 2020; Kargar et al., 2021; Julião et al.,
2022).

Molybdenum’s ability to selectively generate oxygenated
products has been explained by its natural property to incorpo-
rate oxygen atoms into its coordination sphere in high oxida-
tion states (>4) (Dupé et al., 2015; Zwettler et al., 2019). On
the other hand, it has been shown that its oxotransfer capacity
can be increased by factors such as the presence of a second
oxo ligand in the Mo = O unit and/or the presence of ligands
with a high electronic density that can provide charge density
and populate the metal center to reduce the bond order and
facilitate oxygen donation (Arzoumanian et al., 1994; Kühn
et al., 2006).

Different studies of OAT catalyzed by dioxo-Mo com-
plexes have been reported using bidentate dithiocarbamates,
bipyridines, Schiff bases, salen-type ligands, or combinations
of these, and the results have shown their high selectivity and
reactivity as homogeneous and heterogenous catalysts
(Arzoumanian et al., 2006; Bakhtchadjian et al., 2011;
Castellanos et al., 2012, 2013, 2021; Qin et al., 2019;
Bouzari et al., 2021; Nunes et al., 2023). Oxygen atom transfer
processes using dioxo-Mo complexes with phenanthroline-
type ligands are less frequent in the literature although this
polypyridine ligand is considered one of the main symmetric
platforms to obtain transition metal complexes. Its relevance
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lies in the donor capacity of nitrogen atoms, which can be
modulated by the incorporation of different substituents on
its periphery, influencing the catalytic activity of the metal
center (Shen and Patrick Sullivan, 1995; Bencini and
Lippolis, 2010; Camargo et al., 2016).

In this work, we report the synthesis of a new dioxo-
molybdenum (VI) complex using the bidentate ligand 1,10-
phenanthroline disubstituted with methyl groups. The results
obtained by NMR, elemental analysis, and infrared spectro-
scopy allowed the respective molecular characterization. The
structural determination of the dichloridodioxido-[(4,7-
dimethyl)-1,10-phenanthroline]molybdenum(VI) compound
as a biomimetic complex of molybdenum-enzymes was
solved from X-ray powder diffraction (XRPD) data analysis
using the simulated annealing method with a subsequent
refinement using the Rietveld method. The atomic coordinates
were determined using the EXPO2014 program and validated
using the PLATON multipurpose software.

II. EXPERIMENTAL SECTION

4,7-dimethyl-1,10-phenanthroline was obtained from
Alfa Aesar and MoO2Cl2 was purchased from Sigma-
Aldrich and used without further purification. Commercial
grade solvents were dried and deoxygenated by refluxing for
at least 12 h over appropriate drying agents under argon atmo-
sphere and were freshly distilled prior to use. IR (KBr) was
recorded with a Perkin-Elmer 1720XFT. 1H and 13C NMR
were performed with Bruker Avance 400 spectrometer. The

CHN elemental analysis was performed on a Thermo
Scientific Flash 2000 CHNS/O analyzer equipped with a
TCD detector.

A. Synthesis of dichloridodioxido-[(4,7-dimethyl)-1,10-

phenanthroline]molybdenum(VI)

0.208 g (1.0 mmol) of 4,7-dimethyl-1,10-phenanthroline
ligand dissolved in acetonitrile (20 mL) was slowly added
under a nitrogen atmosphere to a solution of acetonitrile
(20 mL) containing 0.200 g (1.0 mmol) of MoO2Cl2 and the
reaction mixture was stirred overnight at reflux temperature
(85 °C). After that, the reaction mixture was cooled to room
temperature, the solid obtained separated from the reaction
medium by filtration under N2 atmosphere, and the resulting
solid was washed three times with ethyl ether (3 × 20 mL) to
obtain a light pink solid. (0.310 g; %R = 75.9) IR (cm−1)
KBr: 3089 (=CH), 2991 (CH), 1622 (C = C), 1427 (C = C),
935 (Mo = Oasym), 899 (Mo = Osym).

1H NMR (400 MHz,
DMSO) δ 9.17 (d, J = 5.1 Hz, 2H), 8.47 (s, 2H), 8.10 (d,
J = 5.1 Hz, 2H), 2.99 (s, 6H). Elemental analysis calculated
for C14H12Cl2MoN2O2 (407.93): C 41.30, H 2.97, N 6.88.
Found: C 41.44, H 2.99, N 6.39 (Figure 1).

B. Powder diffraction data collection

XRPD measurement of the dichloridodioxido-[(4,7-
dimethyl)-1,10-phenanthroline]molybdenum(VI) complex
(Figure 2, blue line) was carried out at 298 K using an

Figure 1. Synthesis of dichloridodioxido-[(4,7-dimethyl)-1,10-phenanthroline]molybdenum(VI).

Figure 2. Experimental XRPD diffractogram of the dichloridodioxido-[(4,7-dimethyl)-1,10-phenanthroline]molybdenum(VI) using Cu Kα radiation (blue solid
line) and the refined pattern obtained using WPPD procedure (red solid line).
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TABLE I. X-ray powder diffraction data obtained for the dichloridodioxido-[(4,7-dimethyl)-1,10-phenanthroline]molybdenum(VI) complex.

No. 2θobs (°) dobs (Å) I/Io h k l 2θcal (°) dcal (Å) Δ2θ

1 11.472 7.7070 42 −1 1 0 11.438 7.7300 −0.034
2 12.937 6.8377 61 −1 1 1 12.904 6.8548 −0.032
3 14.011 6.3159 71 2 0 0 13.979 6.3303 −0.032
4 14.508 6.1006 7 1 1 1 14.473 6.1152 −0.035
5 15.112 5.8581 25 0 0 2 15.102 5.8617 −0.009
6 17.822 4.9729 51 −1 1 2 17.809 4.9764 −0.013
7 18.196 4.8715 77 0 2 0 18.163 4.8802 −0.033
8 18.427 4.8110 71 −2 0 2 18.413 4.8146 −0.014
9 19.713 4.5000 19 0 2 1 19.689 4.5054 −0.024
10 20.104 4.4132 66 1 1 2 20.095 4.4152 −0.009
11 22.677 3.9179 14 2 0 2 22.648 3.9230 −0.030
12 −3 1 1 22.781 3.9004
13 −3 1 0 22.940 3.8736
14 22.989 3.8655 17 −2 2 0 22.992 3.8650 0.003
15 23.347 3.8070 5 −2 2 1 23.306 3.8136 −0.041
16 23.710 3.7497 45 0 2 2 23.704 3.7505 −0.006
17 −1 1 3 24.196 3.6753
18 25.076 3.5483 4 −3 1 2 25.067 3.5495 −0.009
19 2 2 1 25.117 3.5427
20 25.524 3.4871 4 3 1 1 25.504 3.4898 −0.021
21 25.985 3.4263 11 −2 2 2 25.976 3.4274 −0.009
22 1 1 3 26.784 3.3258
23 4 0 0 28.171 3.1652
24 28.314 3.1495 17 1 3 0 28.299 3.1511 −0.015
25 −1 3 1 28.945 3.0823
26 2 2 2 29.184 3.0576
27 29.199 3.0560 100 −4 0 2 29.200 3.0559 0.001
28 0 2 3 29.254 3.0504
29 −3 1 3 29.266 3.0491
30 29.712 3.0044 11 1 3 1 29.703 3.0053 −0.010
31 3 1 2 29.895 2.9864
32 30.428 2.9354 7 −2 2 3 30.426 2.9355 −0.002
33 0 0 4 30.475 2.9309
34 −2 0 4 30.891 2.8924
35 −1 1 4 31.246 2.8603
36 31.525 2.8357 11 −1 3 2 31.524 2.8357 −0.001
37 32.914 2.7191 22 1 3 2 32.916 2.7189 0.002
38 −4 2 1 33.276 2.6903
39 33.748 2.6537 4 4 2 0 33.725 2.6555 −0.024
40 33.969 2.6370 14 1 1 4 34.001 2.6346 0.032
41 34.588 2.5912 16 2 2 3 34.572 2.5923 −0.016
42 −4 2 2 34.604 2.5900
43 −3 3 1 34.680 2.5845
44 34.718 2.5818 19 −3 1 4 34.751 2.5794 0.033
45 −3 3 0 34.789 2.5767
46 4 0 2 34.806 2.5755
47 3 1 3 35.507 2.5262
48 35.675 2.5147 5 −1 3 3 35.660 2.5157 −0.015
49 0 2 4 35.706 2.5126
50 4 2 1 35.892 2.5000
51 −5 1 1 35.902 2.4993
52 −2 2 4 36.068 2.4882
53 36.266 2.4751 4 2 0 4 36.262 2.4753 −0.004
54 −3 3 2 36.278 2.4743
55 3 3 1 36.592 2.4538
56 36.641 2.4506 7 5 1 0 36.635 2.4510 −0.006
57 0 4 0 36.804 2.4401
58 36.830 2.4384 12 −5 1 2 36.840 2.4378 0.010
59 37.290 2.4094 6 −4 0 4 37.324 2.4073 0.033
60 37.517 2.3954 10 1 3 3 37.528 2.3947 0.011
61 −4 2 3 37.545 2.3937
62 37.621 2.3890 9 0 4 1 37.622 2.3889 0.001
63 −1 1 5 38.696 2.3250
64 5 1 1 38.957 2.3101
65 39.326 2.2892 5 −5 1 3 39.346 2.2881 0.020
66 −3 3 3 39.403 2.2849

Continued
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X’Pert Pro MPD PANalytical diffractometer with a Cu anode
(λ = 1.5418 Å) and a nickel filter. The diffractometer
employed the Bragg–Brentano configuration and a high-
speed PIXcel solid-state detector for data acquisition with a
primary and secondary goniometer radius of 240 mm. A
small fraction of the sample was ground and homogenized

in an agate mortar and then mounted on a stainless-steel sam-
ple holder using the face-fill technique. The diffraction data
were collected using a step size of 0.0263° 2θ and a counting
time of 97.920 s with a No. of points of 2856. From the pow-
der diffractogram data obtained, crystallographic characteriza-
tion (indexing and space group determination), whole powder

TABLE I. Continued

No. 2θobs (°) dobs (Å) I/Io h k l 2θcal (°) dcal (Å) Δ2θ

67 4 2 2 39.533 2.2777
68 39.549 2.2768 6 2 4 0 39.550 2.2768 0.000
69 −2 4 1 39.743 2.2662
70 39.878 2.2588 8 3 3 2 39.890 2.2582 0.012
71 39.979 2.2533 7 0 4 2 39.991 2.2527 0.012
72 2 2 4 40.844 2.2076
73 40.891 2.2052 13 2 4 1 40.891 2.2052 0.000
74 −1 3 4 40.949 2.2022
75 −3 1 5 41.093 2.1948
76 41.441 2.1772 5 −2 4 2 41.454 2.1765 0.013
77 1 1 5 41.576 2.1704
78 41.770 2.1608 11 −4 2 4 41.807 2.1589 0.038
79 41.897 2.1545 9 3 1 4 41.937 2.1526 0.040
80 42.445 2.1280 10 −6 0 2 42.455 2.1275 0.010
81 −2 2 5 42.516 2.1246
82 5 1 2 42.649 2.1183
83 0 2 5 42.751 2.1134
84 6 0 0 42.822 2.1101
85 43.136 2.0954 13 1 3 4 43.166 2.0941 0.030
86 −5 1 4 43.190 2.0930
87 2 4 2 43.649 2.0720
88 43.683 2.0705 16 0 4 3 43.699 2.0697 0.017
89 −3 3 4 43.782 2.0660
90 4 2 3 44.346 2.0410
91 3 3 3 44.407 2.0384
92 −2 4 3 44.537 2.0327
93 −5 3 1 44.736 2.0242
94 45.352 1.9981 5 −5 3 0 45.348 1.9982 −0.004
95 45.494 1.9922 4 −5 3 2 45.520 1.9911 0.027
96 −2 0 6 45.700 1.9837
97 −6 2 1 46.017 1.9707
98 4 0 4 46.246 1.9615
99 0 0 6 46.437 1.9539
100 46.498 1.9515 4 −1 1 6 46.470 1.9526 −0.028
101 −6 2 2 46.530 1.9502
102 −4 4 1 46.642 1.9458
103 −6 2 0 46.871 1.9368
104 −4 4 0 46.982 1.9325
105 1 5 0 47.065 1.9293
106 −1 3 5 47.092 1.9282
107 −4 2 5 47.106 1.9277
108 5 3 1 47.315 1.9197
109 5 1 3 47.456 1.9143
110 −1 5 1 47.486 1.9132
111 47.623 1.9080 14 2 4 3 47.629 1.9077 0.006
112 −5 3 3 47.648 1.9070
113 −4 4 2 47.654 1.9068
114 −6 0 4 47.696 1.9052
115 2 2 5 47.755 1.9030
116 47.965 1.8952 7 1 5 1 47.987 1.8943 0.022
117 −3 1 6 48.058 1.8917
118 −5 1 5 48.120 1.8894
119 −6 2 3 48.376 1.8800
120 0 4 4 48.506 1.8753
121 4 4 1 48.651 1.8700
122 6 0 2 48.695 1.8684
123 −2 4 4 48.789 1.8651

The d-values were calculated using Cu Kα1 radiation (λ = 1.5405981 Å).

4 Powder Diffr., 2024 Bonilla et al. 4

https://doi.org/10.1017/S0885715624000393 Published online by Cambridge University Press

https://doi.org/10.1017/S0885715624000393


profile decomposition (WPPD), structural elucidation using
the simulated annealing method, and refinement using the
Rietveld method were then carried out. Finally, the quality
of the results obtained was evaluated using the PLATON
and DIAMOND programs.

III. RESULTS AND DISCUSSION

The pattern obtained by XRPD was indexed on a
monoclinic unit cell with a = 12.9287 Å, b = 9.7604 Å, c =
11.9717 Å, β = 101.688°, unit-cell volume V = 1479.376 Å3

using TOPAS v.5 (Coelho and Kern, 2004; Bruker AXS
GmbH, 2017a, 2017b) (Figure 2, blue line). Analysis of the
systematic absences using EXPO2014 (Altomare et al.,
2013) suggested the space group C2/c (No. 15) with figures
of merit: M(20) = 20.7 and F(30) = 31.3 (Table I). The refine-
ment of microstructural parameters of polycrystalline material
was performed with TOPAS v.5 (Pawley, 1981) fitting using
the WPPD procedure employing fundamental parameters (
Cheary and Coelho, 1992; Le Bail, 2005; Bruker AXS
GmbH, 2017b) (Figure 2, red line). To generate the emission
profile, the CuKα5_Berger profile option was selected, and a

TABLE II. Atomic coordinates obtained for the compound dichloridodioxido-[(4,7-dimethyl)-1,10-phenanthroline]molybdenum(VI)

Number Atom Level Xfrac Yfrac Zfrac Biso Occupancy

1 C C1 0.1582 0.8388 1.0192 3.0004 1
2 C C2 0.1310 0.9666 0.9720 3.0004 1
3 C C3 0.0622 0.9711 0.8629 3.0004 1
4 C C4 0.0272 0.8456 0.8095 3.0004 1
5 N N1 0.0568 0.7225 0.8579 3.0004 1
6 C C5 0.1199 0.7193 0.9599 3.0004 1
7 H H1 0.2100 0.8296 1.1023 6.0007 1
8 C C6 0.1732 1.0955 1.0340 3.0004 1
9 H H2 0.1409 0.6182 0.9949 6.0007 1
10 C C13 0.0266 1.0957 0.8042 3.0004 1
11 H H5 0.0408 1.1787 0.8423 6.0007 1
12 Mo Mo1 0.0000 0.5272 0.7500 1.0028 1
13 O O1 0.0441 0.4354 0.8722 3.0004 1
14 Cl Cl1 0.1650 0.5622 0.6981 3.0004 1
15 H H10 0.1751 1.0860 1.1251 6.0007 1
16 H H11 0.1245 1.1846 1.0023 6.0007 1
17 H H12 0.2538 1.1173 1.0230 6.0007 1

Figure 3. Rietveld refinement result of the dichloridodioxido-[(4,7-dimethyl)-1,10-phenanthroline]molybdenum(VI) (red line). The blue diffractogram
corresponds to the experimental profile and the refinement residual is the gray baseline. The perpendicular solid blue lines correspond to the reflections of
impurities identified in the material.
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Chebyshev Polynomial of order 5 was used to fit the back-
ground and to obtain the refined unit-cell parameters.
Residual values from Pawley fit obtained from the refinement
process allowed us to validate the experimental data obtained
(Rexp = 1.23, Rwp = 4.65, Rp = 4.65, R′

wp = 17.96, R′
p = 19.05,

and GoF = 3.78). It is important to mention that six weak
peaks (2θ = 10.342°, 10.784°, 16.120°, 17.379°, 19.432°,
and 27.034°) observed in the experimental diffractogram
were excluded from the indexing process and were associated

with the presence of remaining impurities of the precursors
used in the synthesis which were not possible to eliminate in
the purification process, and it was not possible to attribute
directly to another specific phase present in the sample.

Once the crystallographic characterization was com-
pleted, the structural elucidation was carried out using
EXPO2014 program applying the simulated annealing method
(Altomare et al., 2009, 2013). The angular range used for the
structural determination was 5.0° to 45.0° 2Theta with a

TABLE III. Experimental data for dichloridodioxido-[(4,7-dimethyl)-1,10-
phenanthroline]molybdenum(VI)

Empirical formula C14H12Cl2MoN2O2

Formula weight 407.106
Crystal system Monoclinic
Space group C2/c (No.15)
a/Å 12.9495 (5)
b/Å 9.7752 (4)
c/Å 12.0069 (6)
α/° 90
β/° 101.707 (3)
γ/° 90
Volume/Å3 1488.27 (11)
Z 4
Z′ 0.5
Rexp 1.23
R′
exp

4.76

Rwp 4.65
R′
wp

17.96

Rp 3.26
R′
p

19.05

GoF 3.78

Figure 4. Representation of the molecular structure of the dichloridodioxido-
[(4,7-dimethyl)-1,10-phenanthroline]molybdenum(VI) with labeling of atoms
and rings. Cg2 and Cg3 refer to the centroids of the aromatic rings.

Figure 5. Octahedral coordination of the cis-dioxo-molybdenum (VI) complex coordinated with chlorine and the bidentate nitrogenous ligand 4,7-dimethyl-
1,10-phenanthroline.
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Chebyshev-type polynomial background noise modeling of
order 19. To solve the structure and obtain the best fit between
the observed profile and the calculated profile, it was neces-
sary to work with the dynamic occupation model, in turn refin-
ing the torsions between the atoms C4:N1:Mo1:O1, C2:C3:
C13: H5, and C1:C2:C6:H10. The cost function obtained
was 9.719 and the atomic positions of the refined atomic posi-
tions are given in Table II.

Finally, the structure obtained was refined using the
Rietveld method (least squares) with the TOPAS program,
and the function of fundamental parameters was used as a pro-
file modeling function and for peak corrections, the Zero error
variable whose value obtained was 0.0646(8). Additionally,
the scale factor, cell constants, and possible preferential orien-
tations were refined using the mathematical model of spherical
harmonics of order 4. Background was treated using a

Chebyshev-type model of order 7, and the microstructural fac-
tors corrections using Lorentzian-type Double-Voigt mathe-
matical approximation (Cry size). The signals of the
identified impurities are highlighted in blue in Figure 3 and
were included in the modeling using the fundamental param-
eter function refining their position, intensity, and peak width.
The final crystallographic parameters obtained are presented
in Table III.

Figure 4 shows the molecular structure generated using
the Mercury program. The planarity of the phenanthroline
rings and the bidentate coordination of the nitrogen atoms
with the central metal of molybdenum (VI) were confirmed.
The asymmetric unit corresponds to half of the molecule (Z′

= 0.5) and the other half is reproduced by symmetry, which
is why the labels of the atoms are repeated. It is so the chlorine,
nitrogen, oxygen, and molybdenum atoms form a distorted

TABLE IV. Most relevant geometric parameters of the dichloridodioxido-[(4,7-dimethyl)-1,10-phenanthroline]molybdenum(VI)

D–H⋯A D–H (Å) H⋯A (Å) D–A (Å) D–H⋯A (°) Symmetry operations

(C1–H1⋯Cl1)a 1.09 2.812 3.8139 153 1/2−x,3/2−y,2−z
(C13–H5⋯ O1)a 0.93 2.534 3.4161 158 x,1 + y,z
(C5–H2⋯ O1)a 1.09 2.487 3.0585 112
CgI⋯CgJ d (Å) α/β/γ (°) CgI_Perp/CgJ_Perp (Å)
π–π
Cg2⋯Cg2 4.6234 0/41.5/41.5 −3.4632/−3.4632 −X,2−Y,2−Z
Cg2⋯Cg2 4.5692 0/57.7/57.7 2.4387/24387 1/2−X,3/2−Y,2−Z
Cg2⋯Cg3 4.7955 5/42.1/47.0 −3.2680/−3.5591 −X,2−Y,2−Z
Cg2⋯Cg3 4.7955 5/42.1/47.0 3.2680/−3.5591 X,2-Y,1/2 + Z

Cg2 is the centroid of the ring formed by atoms C1 to C5 and N1. These atoms are reproduced through symmetry to obtain the other aromatic ring, also with the
centroid denoted Cg2 present in the other half of the molecule.
Cg3 is the centroid of the ring formed by the atoms C4, C3, C13, C4*, C3* y C13*.
aAtoms with atomic positions that are reproduced by symmetry. D is the Donor atom; A is the acceptor atom.

Figure 6. Representation of the intermolecular interactions of the C1–H1⋯Cl1 atoms in the crystalline packing of dichloridodioxido-[(4,7-dimethyl)-1,10-
phenanthroline]molybdenum(VI).
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octahedral coordination geometry with a volume of 12.307 Å3

and a quadratic elongation of 1.063 (Figure 5).
Previous research has established that the chlorine atoms

are in -trans- position, while the oxygen and nitrogen atoms of
the phenanthroline ligand are in the cis-configuration, generat-
ing greater stability in the molecule as a product of their
respective electronic contributions. This preferential

configuration (-cis-oxo, trans-Halogen, cis-N–N) has been
previously studied by both experimental and theoretical mea-
surements in bioinspired complexes of molybdenum or tung-
sten using ligands such as the chlorine, bromine fluorine, and
bidentate ligands such as bipyridines and Schiff bases (Pietsch
and Hall, 1996; Barea et al., 1998; Hofmann, 2006; Agustin
et al., 2009; Roy et al., 2021).

A. Intermolecular hydrogen bonds

The geometry of the different intermolecular interactions
and the π–π interactions between the centroid rings CgI and
CgJ (I take the values of 2 and J take the values of 2 or 3)
were determined through the PLATON program (Spek,
2003, 2015, 2020), where it was specified that Cg2 and Cg3
are the centroids of rings 2 and 3 as described in Figure 4.
The value of d refers to the distance between the centroids
CgI⋯CgJ, α corresponds to the dihedral angle between planes

Figure 7. Representation of the intermolecular interactions of the
C13–H5⋯O1 atoms in the crystalline packing of dichloridodioxido-[(4,7-
dimethyl)-1,10-phenanthroline]molybdenum(VI).

Figure 8. Representation of the intramolecular interactions between
C5–H2⋯O1 atoms in the crystalline packing of dichloridodioxido-[(4,7-
dimethyl)-1,10-phenanthroline]molybdenum(VI).

Figure 9. π–π interactions of the Cg2 centroids between neighborhood molecules (a) along the axes a (b) along the axes c.
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I and J, β is the angle between the vector Cg(I)→Cg(J) and
the normal to plane I, γ is the angle between the vector
Cg(I)→ Cg(J) and the normal to the plane J, CgI_Perp is
the perpendicular distance of the centroid CgI on the ring J,
and CgJ_Perp is the perpendicular distance of the centroid

CgJ on the ring I. Table IV summarizes the most relevant geo-
metric parameters generated by the variety of interactions
between hydrogen bond donor (D) and acceptor (A) atoms.

The structural elucidation process revealed the presence
of four intermolecular hydrogen bonds. The C1–H1⋯Cl1

Figure 10. π–π interactions between the centroid Cg2 and the centroid Cg3 along the axes a.

Figure 11. Analysis of the Hirshfeld surface (dnorm surface) of the dichloridodioxido-[(4,7-dimethyl)-1,10-phenanthroline]molybdenum(VI). The boxes show
the atoms of the surrounding molecule with which the interaction is generated.
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(2 interactions throughout the molecule) which in a projection
on the c axis, form zigzag chains along the a axis
[Figure 6(a)], and in the projection along the b axis are orga-
nized forming chains diagonally along the a and c axes
[Figure 6(b)]. Furthermore, the other two intermolecular
hydrogen atoms are present in the C13–H5⋯O1 bonds form
linear chains along the b axis whose distance between the
hydrogen atom and the oxygen atom corresponds to 2.534 Å
(Figure 7).

Additionally, the analysis of the structure also indicates
the existence of two intramolecular hydrogen bonds
(C5–H2⋯O1) that help in the stability of the bonds of the
octahedral system formed by the central molybdenum atom.
In Figure 8, these interactions are observed in a projection
along the a axis.

B. π–π interactions

In addition to hydrogen bond interactions, connectivity
between the molecules was also determined through π–π

interactions. Figure 9 shows the π–π interactions generated
between the centroids Cg2⋯Cg2, at distances of 4.623 and
4.569 Å. These interactions are related to the symmetry oper-
ations −X, 2−Y, 2−Z, and 1/2−X, 3/2−Y, 2−Z (Table IV),
evidencing the formation of chains diagonally along the
axes a and c.

The π–π interaction obtained at a longer distance (d =
4.795 Å) was determined between the centroid of ring 2
(Cg2) and the centroid of ring 3 (Cg3) of its neighboring mol-
ecule. This π–π interaction is associated with the X, 2−Y,
2−Z; X, 2−Y, 1/2 + Z; X, 2−Y, −1/2 + Z symmetry operation.
and is presented in a projection along the a axis in
Figure 10.

C. Hirshfeld surface analysis

The calculated Hirshfeld surface mapped over the normal-
ized contact distance dnorm and the associated two-dimen-
sional fingerprint plots of the dioxo-molybdenum complex
(VI) were calculated using CrystalExplorer21 (Spackman
et al., 2021). Hirshfeld surfaces mapped on dnorm use the func-
tion of normalized distances from a given point to the closest
atom inside (di) and outside (de) the surface (Spackman and
Jayatilaka, 2009). The blue, white, and red color conventions
used for Hirshfeld surfaces show long, van der Waals, and
short interatomic contacts, respectively. Figure 11 shows the
short-range interactions between the atoms H⋯O (H5⋯O1)
and C⋯C (C1⋯C5 y C5⋯C1) with a distance between
atoms of 2.534 and 2.890 Å, respectively.

The shape index and the curvature surfaces provide a
greater chemical understanding of the packing of the complex.
Figure 12(a) presents the shape index obtained, where the
interactions of the atoms present in the aromatic rings (π⋯π
interactions) of the complex are highlighted. The region,
atom, or zone that acts as a donor corresponds to blue color
and the acceptor is represented with a red color. It is important
to mention that surface shape is only a qualitative analysis of
the donor–acceptor interactions. Additionally, in Figure 12(b),
the curvature surface is presented from which it is possible to
define that there are no flat areas in the structure, which is an
indication of the absence of stacking of one structure on top of
another in the packing.

Finally, Figure 13 presents the fingerprint plots of the con-
tributions corresponding to the most important interactions on
the surface of the dichloridodioxido-[(4,7-dimethyl)-1,10-
phenanthroline]molybdenum(VI) complex structure. In the
crystalline packing, the greatest contributions were obtained
by the interactions H⋯Cl/Cl⋯H, H⋯C/C⋯H, H⋯O/O⋯H,
and H ⋯H whose percentages are 30.2%, 23.4%, 20.3%,
and 16.5%, respectively. Additionally, the C⋯Cl/Cl⋯C,
C⋯C, N⋯H/H⋯N contacts contribute in a percentage of
3.3%, 2.3%, and 2.2%, respectively. Some other interactions
with contributions to a lesser degree reached a percentage of
1.8%.

IV. DEPOSITED DATA

The CIF (Chemical Information File) of the compound
was deposited with ICDD. The data can be requested from
the Managing Editor at pdj@icdd.com.

Figure 12. Hirshfeld surface analysis of the structure of the dioxo-
molybdenum (VI) complex, (a) shape index and (b) curvature.
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