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Abstract: Dihydro-1,3,2H-benzoxazine dimer derivatives or dihydro-benzoxazine dimers are a class
of compounds typically prepared by ring-opening reactions between dihydro-benzoxazines and
phenols. Dihydro-benzoxazine dimers act as chelating agents for several transition and rare-earth
cations. To better understand the chelating properties, it is necessary to examine their structural
features and electrochemical characteristics thoroughly. However, the electrochemical properties of
dihydro-benzoxazine dimers have not been tremendously examined. Herein, eight derivatives of
dihydro-benzoxazine dimers possessing different substituents on the benzene ring and the tertiary-
amine nitrogen were synthesized as model compounds to investigate their influences on crystal
structures and electrochemical properties. The crystal structure of the dihydro-benzoxazine dimer,
namely 2,2′-(cyclohexylazanediyl)bis(methylene)bis(4-methoxyphenol) (7), is identified for the first
time and further used to compare with the crystal structures of other derivatives reported previously.
For all the derivatives, intermolecular O–H···O hydrogen bonds are the significant interactions to
hold the crystal packing of (7) and also the other derivatives. Hirshfeld surface analyses confirm
the presence of intermolecular O–H···O hydrogen bonds. Redox behavior of the eight dihydro-
benzoxazine dimers was studied by cyclic voltammetry. An oxidation peak observed at 0.25–0.47 V
corresponds to the oxidation of the phenolic –OH group to the phenoxonium intermediate. The
shift in the electrochemical peak positions is due to the different abilities of the substituents to
stabilize the phenoxonium cation intermediate. The stabilizing power is ranged in the following
order: methoxy > dimethyl > ethyl ≈ methyl, and N-cyclohexyl > N-methyl. Thus, the derivative (7),
which contains both the methoxy and N-cyclohexyl groups, has the lowest oxidation potential. Our
work elucidates the effect of the substituents on the crystal structures and electrochemical properties
of the dihydro-benzoxazine dimers.
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1. Introduction

Dihydro-benzoxazines are small molecules containing a benzene ring fused with a
dihydro-oxazine heterocyclic ring. Among the different isomers of dihydro-benzoxazines,
only dihydro-1,3,2H-benzoxazines can polymerize through a ring-opening polymerization
forming polybenzoxazines, so they are usually called “benzoxazine monomers”. The
one-pot Mannich reaction of phenols, primary amines, and formaldehyde is the most
common route to synthesize dihydro-benzoxazines [1,2]. The ability to vary the starting
materials brings about the structural diversity of this class of compounds. This enables
researchers to fabricate functional benzoxazine monomers as well as polybenzoxazines with
a broad spectrum of properties, such as near-zero shrinkage upon polymerization [3–6],
high chemical and thermal stabilities [7–14], desirable mechanical strengths [14,15], low
flammability [16,17], low water absorption [18], good dielectric properties [19–22], and
high anti-corrosion performances [23–28]. A variety of polymerization conditions (e.g.,
temperatures, reaction periods, and initiators) have also been investigated to produce
polybenzoxazines with even better properties. Surprisingly, the attempt of using phenols
as initiators for the polymerization of dihydro-benzoxazines to create polybenzoxazines
was not successful [29]. The progressive reactions are terminated by the formation of the
intramolecular hydrogen bonds in the molecules of the adducts according to the ring-
opening reaction of dihydro-benzoxazines and phenols. These products are then named
dihydro-benzoxazine dimers [29].

A particularly interesting structural feature of dihydro-benzoxazine dimers is the
aza-bis(methylene)-bis(phenol) moiety, which is typically generated from the ring-opening
polymerization reaction. The aza-methylene-phenol group is the repeating unit in polyben-
zoxazines. Therefore, dihydro-benzoxazine dimers are often used as simplified models for
studying the properties of polybenzoxazines [30]. A detailed understanding of the inter-
actions between the dihydro-benzoxazine dimers (and/or polybenzoxazines) themselves
within their crystal structures and the ones with other molecules (or ions) is essential for
the development of new materials with improved properties. Particularly, it can formulate
better additives for composite materials, which are applicable as the major use of polyben-
zoxazines [2,31–33]. Apart from their use as the models of polybenzoxazines due to their
structural similarity, dihydro-benzoxazine dimers are also utilized in many different areas,
such as the starting materials to synthesize cyclic derivatives with ion-extracting proper-
ties [34,35], the pendant groups for thermochromic polymers [36], and even as agents for
lung cancer treatment [37,38]. Moreover, dihydro-benzoxazine dimers with two oxygen
and one nitrogen atoms may serve as ligands for various metal ions since different coordi-
nation geometries (monodentate, bidentate, and tridentate coordination modes) may be
found [39,40]. This might extend the application range of dihydro-benzoxazine dimers to
other fields, such as catalysis [41–43], luminescence [44], medical applications [45,46], and
pollutant removal [43,47]. To gain insights into their chelating abilities, understanding their
chemical functionalities, crystal structures, and electrochemical properties can be helpful.
Although some crystal structures have been reported, the electrochemical properties of
dihydro-benzoxazine dimers have not been systematically investigated.

In this work, we report the synthesis of eight dihydro-benzoxazine dimers vary-
ing the substituents on the phenol rings and the tertiary amine. The substituents on
the phenol rings include methyl, ethyl, methoxy, and dimethyl groups, while the N-
substituents include methyl and cyclohexyl groups. The crystal structure of one of the
dihydro-benzoxazine dimers (namely (7)) is reported for the first time and compared with
other reported structures. The resemble intra- and intermolecular interactions within the
crystals of dihydro-benzoxazine dimer derivatives have been revealed. Hirshfeld surfaces
have been computed to confirm the presence of intermolecular interactions. The influence
of the chemical functionality of substituents on electrochemical properties has been inves-
tigated and explained in detail. Moreover, a mechanism concerning the electrochemical
processes is proposed.
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2. Materials and Methods
2.1. Synthesis and Characterization of Dihydro-benzoxazine Dimer Derivatives

Benzoxazine dimers were synthesized by two steps, namely (a) Mannich reaction
for preparing the benzoxazine monomers and (b) ring-opening reaction of the benzox-
azine monomers and phenols. For the Mannich reaction, primary amines (150 mmol),
paraformaldehyde (300 mmol), and para-substituted (or ortho- and para-substituted) phe-
nols (150 mmol) were dissolved in dioxane (RCI Labscan, 100 mL) and then refluxed for
6 h [29,48–50]. After the reaction was complete, dark yellow solutions were obtained. The
solvent was then removed under reduced pressure with a rotary evaporator. To remove un-
reacted starting materials and impurities, the solutions were extracted with 3N NaOH and
deionized water. Note that dichloromethane was added prior to the liquid-liquid extraction.
The extracted products were dried with anhydrous sodium sulfate (Ajax Finechem). Then,
the dichloromethane solvent was removed with a rotary evaporator. As a result, viscous
brown liquids containing benzoxazine monomers were obtained. Equimolar amounts of
the benzoxazine monomers and phenols were then mixed without solvent. The mixture
was stirred at 60 ◦C for a day until the mixtures were solidified. Diethyl ether was added
to the solidified mixtures to remove impurities, and the dihydro-benzoxazine dimers were
collected as white precipitates. The chemical structures of dihydro-benzoxazine dimers
synthesized and studied in this work are schematically shown in Figure 1.

Figure 1. Chemical structure of the dihydro-benzoxazine dimers studied in this work.

To determine the chemical structures of the dihydro-benzoxazine dimers, Fourier-
transform infrared spectroscopy (FTIR, Perkin Elmer FT-IR spectrometer, Spectrum 100
model, ATR mode) and nuclear magnetic resonance spectroscopy (NMR, Bruker AVANCE
III NMR spectrometer, 500 MHz for 1H and 126 MHz for 13C) were used. The dihydro-
benzoxazine dimers were dissolved in CDCl3 prior to the NMR investigation.

To examine the crystalline phase purity of the obtained products, powder X-ray
diffraction (PXRD) was carried out at Beamline 1.1W, Synchrotron Light Research Institute,
Thailand. For sample preparations, the crystal samples were ground into fine powders
and then packed into a Kapton capillary with a diameter of 1.0 mm. The capillary sample
was attached onto a goniometer head, and the sample position was then adjusted. The
goniometer-mounted capillary sample was attached to the sample stage, which contin-
uously spun during the measurement. The synchrotron PXRD was carried out at room
temperature in Debye–Scherrer geometry using monochromatic X-ray radiation with the
energy of 12 keV (wavelength of 1.0332 Å). The one-dimensional Strip detector (Mythen6K
450, DECTRIS®) was used for data collection.

Characterization details:

(1): FTIR (cm−1): 3263 (br, O–H), 1498 (vs, Ca–Ca), 1456 (m, N–CH3), 1248 (m, C–O), 1206 (m,
C–N–C), 812 (m, C–N–C); 1H NMR (δH, ppm): 2.35 (s, 9H), 3.80 (s, 4H), 6.82 (d, J = 8.0 Hz,
2H), 6.98 (d, J = 2.0 Hz, 2H), 7.01 (dd, J = 2.0, 8.5 Hz, 2H); 13C NMR (δC, ppm): 20.46
(–CH3), 40.85 (CH3–NR2), 59.27 (–CH2–NR2), 115.73 (Ca), 122.50 (Ca), 128.45 (Ca), 129.38
(Ca), 130.65 (Ca), 154.08 (Ca), 154.10 (C–OH). (Yield: 88%)

(2): FTIR (cm−1): 3263 (br, O–H), 1497 (vs, Ca–Ca), 1454 (m, N–CH3), 1272 (m, C–O), 1204 (m,
C–N–C), 820 (m, C–N–C); 1H NMR (δH, ppm): 1.29 (d, J = 8.0 Hz, 6H), 2.36 (s, 3H), 2.64 (d,



Crystals 2021, 11, 979 4 of 19

J = 7.5 Hz, 4H), 3.81 (s, 4H), 6.85 (d, J = 8.0 Hz, 2H), 6.99 (d, J = 2.2 Hz, 2H), 7.05 (dd, J = 2.0,
8.0 Hz, 2H); 13C NMR (δC, ppm): 15.89 (–CH3), 27.94 (–CH2–Ca), 40.98 (CH3–NR2), 59.24
(–CH2–NR2), 115.80 (Ca), 122.31 (Ca), 128.22 (Ca), 129.47 (Ca), 135.16 (Ca), 154.19 (C–OH).
(Yield: 89%)

(3): FTIR (cm−1): 3312 (br, O–H), 1493 (vs, Ca–Ca), 1432 (m, N–CH3), 1247 (m, C–O), 1204
(m, C–N–C), 1038 (m, C–O), 813 (m, C–N–C); 1H NMR (δH, ppm): 2.36 (s, 3H), 3.80 (s, 4H),
3.84 (s, 6H), 6.76 (d, J = 3.0 Hz, 2H), 6.77–6.81 (m, 2H), 6.85 (d, J = 8.5 Hz, 2H); 13C NMR (δC,
ppm): 40.98 (CH3–NR2), 55.78 (–CH2–NR2), 59.23 (–CH3), 113.74 (Ca), 116.03 (Ca), 116.44
(Ca), 123.36 (Ca), 150.12 (C–OH), 152.76 (C–O–CH3). (Yield: 83%)

(4): FTIR (cm−1): 3391 (br, O–H), 1482 (vs, Ca–Ca), 1456 (m, N–CH3), 1241 (m, C–O), 1199
(m, C–N–C), 846 (m, C–N–C); 1H NMR (δH, ppm): 2.32 (s, 12H), 2.34 (s, 3H), 3.77 (s, 4H),
6.83 (d, J = 2.5 Hz, 2H), 6.98 (d, J = 2.5 Hz, 2H); 13C NMR (δC, ppm): 15.86 (–CH3), 20.42
(–CH3), 41.06 (CH3–NR2), 59.35 (–CH2–NR2), 121.41 (Ca), 124.54 (Ca), 128.40 (Ca), 128.59
(Ca), 131.15 (Ca), 151.95 (C–OH). (Yield: 80%)

(5): FTIR (cm−1): 3217 (br, O–H), 1500 (vs, Ca–Ca), 1447 (m, N–Ccy), 1275 (m, C–O), 1209
(m, C–N–C), 819 (m, C–N–C); 1H NMR (δH, ppm): 1.16–1.24 (m, 1H), 1.24–1.35 (m, 2H),
1.52–1.65 (m, 2H), 1.68–1.76 (m, 1H), 1.85–1.97 (m, 2H), 2.03–2.14 (m, 2H), 2.32 (s, 6H),
2.75–2.86 (m, 1H), 3.85 (s, 4H), 6.77 (d, J = 8.0 Hz, 2H), 6.93 (d, J = 2.5 Hz, 2H), 6.98 (dd,
J = 2.5, 8.0 Hz, 2H); 13C NMR (δC, ppm): 20.45 (Ccy), 25.88 (–CH3), 26.18 (Ccy), 27.36 (Ccy),
51.06 (–CH2–NR2), 58.35 (Ccy–NR2), 115.87 (Ca), 122.32 (Ca), 128.45 (Ca), 129.31 (Ca), 130.80
(Ca), 154.14 (C–OH). (Yield: 81%)

(6): FTIR (cm−1): 3232 (br, O–H), 1498 (vs, Ca–Ca), 1447 (m, N–Ccy), 1249 (m, C–O), 1206 (m,
C–N–C), 817 (m, C–N–C); 1H NMR (δH, ppm): 1.17–1.25 (m, 2H), 1.27 (t, J = 7.5 Hz, 6H),
1.29–1.33 (m, 1H), 1.52–1.63 (m, 2H), 1.69–1.77 (m, 1H), 1.86–1.97 (m, 2H), 2.08 (dd, J = 3.5,
12.0 Hz, 2H), 2.62 (q, J = 7.5 Hz, 4H), 2.83 (tt, J = 3.5, 12.5 Hz, 1H), 3.88 (s, 4H), 6.82 (d,
J = 8.0 Hz, 2H), 6.95 (d, J = 2.5 Hz, 2H), 7.02 (dd, J = 2.0, 8.0 Hz, 2H); 13C NMR (δC, ppm):
15.88 (–CH3), 25.85 (Ccy), 26.15 (Ccy), 27.37 (Ccy), 27.94 (–CH2–Ca), 51.24 (–CH2–NR2), 58.32
(Ccy–NR2), 116.00 (Ca), 122.10 (Ca), 128.21 (Ca), 129.61 (Ca), 135.19 (Ca), 154.25 (C–OH).
(Yield: 80%)

(7): FTIR (cm−1): 3269 (br, O–H), 1503 (vs, Ca–Ca), 1430 (m, N–Ccy), 1261 (m, C–O), 1200 (m,
C–N–C), 1041 (m, C–O), 858 (m, C–N–C); 1H NMR (δH, ppm): 1.15–1.23 (m, 1H), 1.27–1.36
(m, 2H), 1.53–1.63 (m, 2H), 1.74 (d, J = 12.5 Hz, 1H), 1.93 (d, J = 12.5 Hz, 2H), 2.07 (d, J = 12.0
Hz, 2H), 2.84–2.92 (m, 1H), 3.83 (s, 6H), 3.91 (s, 4H), 6.72 (d, J = 3.0 Hz, 2H), 6.80 (dd, J = 3.5,
9.0 Hz, 2H), 6.90 (d, J = 9.0 Hz, 2H); 13C NMR (δC, ppm): 25.68 (Ccy), 25.92 (Ccy), 27.36
(Ccy), 51.63 (–CH2–NR2), 55.76 (–CH3), 58.93 (Ccy–NR2), 114.16 (Ca), 116.13 (Ca), 116.98
(Ca), 122.11 (Ca), 149.90 (C–OH), 152.95 (C–O–CH3). (Yield: 80%)

(8): FTIR (cm−1): 3452 (br, O–H), 1484 (vs, Ca–Ca), 1451 (m, N–Ccy), 1171 (m, C–O), 1153
(m, C–N–C), 854 (m, C–N–C); 1H NMR (δH, ppm): 1.14–1.23 (m, 1H), 1.24–1.34 (m, 2H),
1.46–1.61 (m, 2H), 1.73 (dt, J = 3.5, 13.0 Hz, 1H), 1.91 (dt, J = 3.5, 13.0 Hz, 2H), 2.03 (dd, J = 3.5,
9.0 Hz, 2H), 2.30 (d, J = 4.5 Hz, 12H), 2.81 (tt, J = 3.5, 12.0 Hz, 1H), 3.83 (s, 4H), 6.79 (d,
J = 2.0 Hz, 2H), 6.95 (d, J = 2.0 Hz, 2H); 13C NMR (δC, ppm): 15.90 (–CH3), 20.45 (Ccy), 25.78
(–CH3), 26.15 (Ccy), 27.45 (Ccy), 51.48 (–CH2–NR2), 57.43 (Ccy–NR2), 121.69 (Ca), 124.83
(Ca), 128.45 (Ca), 128.50 (Ca), 130.90 (Ca), 152.06. (Yield: 89%)

Note for abbreviation used herein: cy = cyclohexyl and a = aromatic.

2.2. Single-Crystal X-ray Diffraction (SC-XRD)

Since the crystal structures of the dihydro-benzoxazine dimers discussed in this
work have been previously reported (see Results and Discussion Session) except that of
compound (7), only the single crystal of (7) was measured to examine its crystallographic
information. Colorless crystals of (7) were crystallized after dissolving the white precipitate
of (7) in hot propan-2-ol and then left to cool down naturally for 3 days. A single crystal



Crystals 2021, 11, 979 5 of 19

of (7) was selected under an optical microscope and mounted on a crystal holder. The
diffraction spots were recorded on a Bruker D8 Venture diffractometer using Cu Kα

radiation (λ = 1.54178 Å) at room temperature (298 K). Cell refinement and data reduction
were performed using SAINT [51], while absorption correction was carried out by the
multi-scan method using SADABS [52]. Using Olex2 [53], the structure was solved by the
ShelXT [54] structure solution program with the intrinsic phasing method, and it was then
refined using the ShelXL [55] refinement package by a least-squares minimization. All
non-hydrogen atoms were treated anisotropically. The C-bound H atoms were placed in
idealized positions (C–H = 0.93–0.98 Å depending on their hybridization) and refined as
riding atoms. The constraint Uiso(H) = 1.2Ueq(carrier) or 1.5Ueq(methyl C) was applied in
all cases. However, the O-bound H atoms that were responsible for the H-bond formation
were located in a different Fourier map and refined freely. The molecular graphics and
materials for publication were prepared using the Mercury software package [56]. The
corresponding crystal data and refinement details of (7) are listed in Table 1.

Table 1. Crystallographic data and structure refinement details for the compound (7).

Crystallographic Data
and Structural Refinement Details Dihydro-benzoxazine Dimer (7)

CCDC number 2092708
Empirical formula C22H29NO4

Formula weight 371.46
Temperature/K 298
Crystal system Monoclinic

Space group P21/n
a/Å 11.4973(2)
b/Å 10.5236(2)
c/Å 17.6607(4)
α/◦ 90
β/◦ 108.6290(10)
γ/◦ 90

Volume/Å3 2024.87(7)
Z 4

$calcg/cm3 1.218
µ/mm−1 0.669

F(000) 800.0
Crystal size/mm3 0.05 × 0.05 × 0.05

Radiation CuKα (λ = 1.54178)
2Θ range for data collection/◦ 9.928 to 140.094

Index ranges −12 ≤ h ≤ 14, −12 ≤ k ≤ 12, −21 ≤ l ≤ 20
Reflections collected 28878

Independent reflections 3677 [Rint = 0.0271, Rsigma = 0.0178]
Data/restraints/parameters 3677/0/254

Goodness-of-fit on F2 1.103
Final R indexes [I >= 2σ (I)] R1 = 0.0444, wR2 = 0.1295

Final R indexes [all data] R1 = 0.0486, wR2 = 0.1333
Largest diff. peak/hole/e Å−3 0.14/−0.14

2.3. Electrochemical Study

The redox behavior of eight dihydro-benzoxazine dimers was investigated by cyclic
voltammetry (CV) in acetonitrile (ACN). A CV experiment was performed using a Palm-
Sens 4 potentiostat/galvanostat controlled by the PSTrace 5.8 software (PalmSens, Houten,
The Netherlands). All cyclic voltammetric measurements were carried out with a three-
electrode setup consisted of a Pt-planar disk (3 mm diameter) as a working electrode, an
Ag/Ag+ (0.01 M AgNO3) as a reference electrode, and a Pt plate as a counter electrode. All
dihydro-benzoxazine dimers were dissolved in ACN to attain a concentration of 2 mM.
In addition, 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) was added as an
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electrolyte. Prior to CV measurements, the solution of dihydro-benzoxazine dimers in
ACN was purged with argon gas for 10 min to remove oxygen.

2.4. Computational Simulation

Density Functional Theory (DFT) calculations were performed with the B3LYP density
functional and the 6-311++G(d,p) basis set. Solvent interactions were taken into con-
sideration by using the polarizable continuum model (PCM) for acetonitrile (ACN) [57].
Geometry optimizations were conducted by using the Berny algorithm. Special options
used included the use of a finer integration grid and higher two-electron integral accuracy
than used by default (integral = (ultrafine, acc2e = 12)). The Gaussian 09 code was used
in all calculations [58]. The highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) were visualized with the VESTA program.

3. Results and Discussion
3.1. Crystal Structure, Crystal Packing, and Hirshfeld Surface Analysis of the
Dihydro-benzoxazine Dimer Derivatives

Crystals of eight dihydro-benzoxazine dimer derivatives possessing four different
substituent groups on the phenol rings with two different groups at the N-substituent
position have been prepared. As mentioned previously, only the crystal structure of (7)
has not been reported yet. Therefore, the analysis of crystallographic information of (7)
is compared with the other derivatives reported in the literature [59–65]. Moreover, the
correlation of crystal structures, crystal packing, and interactions within the crystals with
respect to the chemical functionalities of these eight dihydro-benzoxazine dimer derivatives
are explained.

The molecular structure of (7) based on the single-crystal X-ray crystallographic data
is illustrated in Figure 2 to be representative of the other derivatives. To compare the
crystal structures of the dihydro-benzoxazine dimers, a similar atomic labeling scheme
as shown in Figure 2 is applied to the other derivatives. Specifically, the tertiary-amine
nitrogen atom (N1) of the derivative (7) adopts a distorted trigonal pyramidal shape as
seen from the C–N–C bond angles: C8–N1–C9 = 110.77(12)◦, C8–N1–C17 = 112.80(12)◦, and
C10–N1–C19 = 114.66(11)◦. The sum of these three C–N–C bond angles of the derivative (7)
is 338◦, illustrating the deviation of the bond angles from the theoretical trigonal pyramidal
geometry (showing the sum of the bond angles = 321◦). This distorted trigonal pyramidal
structural feature is observed in the other derivatives as well, since the sums of three
C–N–C bond angles of all the dihydro-benzoxazine dimer derivatives are in the range from
333◦ to 338◦ (as seen from the C–N–C bonds listed in Table 2). Interestingly, the N1–C17 (N–
CH3) bond lengths of the dihydro-benzoxazine dimers (1)–(4) are shorter than the N1–C17
(N–Ccyclohexyl) bond lengths of the dihydro-benzoxazine dimers (5)–(8). Consequently, the
bond angles corresponding with the N-substituent carbon atom of the cyclohexyl group
(C17) in the compounds (5)–(8) are expanded more than those of the methyl group (C17) in
the compounds (1)–(4). For instance, the C9–N1–C17 bond angles of the compounds (1)–(4)
are ranged from 111◦ to 112◦, while the C9–N1–C17 bond angles of the compounds (5)–(8)
are ranged from 114◦ to 115◦. Moreover, the C8–N1–C17 bond angles are also increased
from 111◦ in the compounds (1)–(4) to 113◦ in the compounds (5)–(8). The elongation of
the N1–C17 bond lengths, the expansion of the C8–N1–C17 and C9–N1–C17 bond angles,
and the larger sums of the C–N–C bond angles are due to the greater steric effect of the
N-cyclohexyl substituent than that of the N-methyl substituent. In summary, the steric
hindrance of the N-substituent group in the dihydro-benzoxazine dimer derivatives plays
a significant role in the degree of distortion of the trigonal pyramidal structure.

When closely considering the other structural parameters of the dihydro-benzoxazine
dimer (7), the C–O bond lengths range from 1.3686(19) to 1.415(2) Å. The C–O bonds of the
–OCH3 groups are relatively longer than those of Caromatic–O bonds, as expected from their
different hybridization. The non-hydrogen atoms of the first methylene(4-methoxyphenol)
moiety (C1–C8/O1/O3) are situated planarly, as illustrated by a very small r.m.s. deviation
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from the mean plane of 0.02 Å. However, the other methylene(4-methoxyphenol) moiety
constructed from C9–C16/O2/O4 shows a slightly higher deviation from planarity, with the
r.m.s. deviation from the mean plane of 0.07 Å. The calculated dihedral angle between the
two mean planes of the methylene(4-methoxyphenol) moieties is 79.00(5)◦. The cyclohexyl
substituent adopts a regular chair conformation as seen from the C–C–C bond angles,
which are in the range from 110.6(2)◦ to 111.89(18)◦. This arrangement of the cyclohexyl
group is also found in the derivatives (5), (6), and (8).

Figure 2. Molecular structure and non-IUPAC labeling scheme of the dihydro-benzoxazine dimer (7)
with displacement ellipsoids drawn at the 30% probability level.

Table 2. Selected bond lengths and bond angles of all the eight dihydro-benzoxazine dimer derivatives.

Dihydro-benzoxazine Dimer (1) (2) (3) (4) (5) (6) (7) (8)

Reference [59] [60] [61] [62] [63] [64] This work [65]

CCDC number 613813 1434969 889808 887033 643602 907527 2092708 2014264

Measurement temperature (K) 283–303 283–303 283–303 283–303 283–303 283–303 298 100

Bond length (Å)

O1–H1 0.829(9) 0.844(16) 0.88(2) 1.04(3) 0.95 * 0.94(3) 0.93(3) 0.89(4)
O2–H2 0.834(9) 0.904(15) 0.98(3) 0.95(3) 0.93 * 0.88(3) 0.90(3) 0.99(4)
N1–C8 1.458(2) 1.468(3) 1.4714(17) 1.472(2) 1.477(2) 1.474(2) 1.4739(19) 1.482(3)
N1–C9 1.4692(18) 1.469(3) 1.4726(17) 1.473(2) 1.482(2) 1.4756(19) 1.4777(19) 1.479(2)
N1–C17 1.461(2) 1.460(3) 1.459(2) 1.456(2) 1.484(2) 1.4833(19) 1.4822(19) 1.485(2)

Bond angle (◦)

C8–N1–C9 111.85(11) 112.4(2) 111.83(11) 110.75(12) 110.5(1) 111.05(12) 110.77(12) 109.97(15)
C8–N1–C17 111.19(13) 111.2(2) 111.38(12) 111.00(14) 112.9(1) 112.92(12) 112.80(12) 112.59(15)
C9–N1–C17 111.69(12) 112.2(2) 110.81(12) 111.41(14) 114.8(1) 114.48(11) 114.66(11) 115.09(15)

Sum of the C–N–C angles 335 336 334 333 338 338 338 338

The values with the asterisk (*) contain no standard uncertainties since they are measured by Mercury software.

Considering the crystal packing of (7), the intramolecular hydrogen bonds and the
intermolecular hydrogen bonding ring (as depicted in Figure 3) play an important role in
the hydrogen-bonding framework of (7). Correspondingly, the refined bond distances and
bond angles are tabulated in Table 2. The freely refined positions of O-bound hydrogen
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atoms show that the H1 atom is located inside of the methylene-aza-methylene bridge,
while the H2 atom is pointing outwards. The O2–H2 distance is 0.90(3) Å, while the
O1–H1 bond length (0.93(3) Å). As observed in the crystal structure, the location of the
H1 atom is suitable for the formation of the intramolecular O1–H1···N1 hydrogen bonds
with S(6) graph set [66–68], as shown in Figure 3a. Note that this intramolecular hydrogen
bonding is remarkably stable due to the formation of a six-membered ring. Interestingly,
such an intramolecular O–H···N hydrogen bond is commonly observed in compounds
containing the benzene ring with –OH and azamethylene substituents at ortho-positions of
each other [69], especially the dihydro-benzoxazine dimer derivatives (see a comparison in
Table 3) [59–65]. This observation highlights the resemble hydrogen-bonding interactions
within the eight dihydro-benzoxazine dimer crystals regardless of the different substituent
groups on the phenol rings and the N-substituent position. Furthermore, it can be applied
to the interactions of polybenzoxazines with other materials and, consequently, their
resulting properties [70]. Although the H1 is situated inside the methylene-aza-methylene
bridge, the intramolecular O1–H1···O2 hydrogen bonds with the S(10) graph-set motifs
are not likely to be formed since the O1···O2 distances are too large and the O1–H1···O2
angles are too small [60].

Apart from the intramolecular hydrogen bonds, the intermolecular hydrogen bonds
(O–H···O) are also found when O1 behaves as a H-bond acceptor. In the crystal packing of
(7), two intermolecular O–H···O hydrogen bonds (O2–H2···O1) link two inversion-related
molecules of the compound (7) together, giving rise to a dimeric structure with an R2

2(20)
motif as illustrated in Figure 3b. Interestingly, this R2

2(20) motif is also found in the other
dihydro-benzoxazine dimers (compound (1)–(7)) [59–64]. Note that the O2–H2···O1 bond
angle in the compound (4) is significantly lower than the other compounds ((1) to (7)). In
detail, the O2–H2···O1 bond angle in the compound (4) is about 158◦, while the O2–H2···O1
bond angles of the other compounds are ranged from 168◦ to 176◦, because compound (4)
has both the ortho- and para- substituent groups with respect to the –OH groups in both
the phenol rings, indicating the larger steric effect. The dihydro-benzoxazine dimer (8) does
not form R2

2(20); however, it forms a C(10) H-bond chain instead, as it possesses higher
numbers of substituents and with bulkier chemical groups (Table 3) [65]. It indicates herein
that the different steric hindrance of both the N-substituent and the phenol substituent
groups of the dihydro-benzoxazine dimer derivatives shows the influence on the hydrogen-
bond interactions within the crystals. Note that the existence of O–H···O interactions
stabilizes the crystal packing of the compounds (1)–(8), making it readily crystallize at
room temperature upon solvent evaporation.

Figure 3. (a) The intramolecular S(6) O–H···N hydrogen bonding and (b) the intermolecular R2
2(20)

O–H···O hydrogen bonding. The atoms regarding the H-bond motifs are displayed in ball-and-stick
style, while other atoms are drawn as displacement ellipsoids with 30% probability level.
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Table 3. Geometries of O–H···N and O–H···O hydrogen bonding interactions (Å, ◦).

Dihydro-benzoxazine
Dimer

Reference D–H···A d(D–H)/Å d(H···A)/Å d(D···A)/Å D–H···A/◦ Graph Set
[66–68]

(1) [59] O1–H1···N1 0.829(9) 1.898(13) 2.6594(15) 152(2) S(6)
O2–H2···O1 0.834(9) 1.881(10) 2.7065(15) 170(2) R2

2(20)

(2) [60] O1–H1···N1 1.00(5) 1.79(4) 2.642(3) 141(4) S(6)
O2–H2···O1 0.84(3) 1.86(3) 2.701(3) 171(3) R2

2(20)

(3) [61] O1–H1···N1 0.98(3) 1.78(3) 2.6679(16) 149(2) S(6)
O1–H1···O2 0.88(3) 1.89(3) 2.7550(16) 169(2) R2

2(20)

(4) [62] O1–H1···N1 1.03(3) 1.71(3) 2.6895(18) 156(2) S(6)
O2–H2···O1 0.94(3) 2.02(4) 2.9114(18) 158(2) R2

2(20)

(5) * [63] O1–H1···N1 0.95 1.80 2.60 145 S(6)
O2–H2···O1 0.93 1.77 2.70 176 R2

2(20)

(6) [64] O1–H1···N1 0.94(3) 1.79(3) 2.6352(19) 147.8(19) S(6)
O2–H2···O1 0.88(3) 1.84(3) 2.708(2) 168(3) R2

2(20)

(7) This work O1–H1···N1 0.93(3) 1.79(3) 2.6436(17) 151(2) S(6)
O2–H2···O1 0.90(3) 1.85(3) 2.7464(19) 176(2) R2

2(20)

(8) [65] O1–H1···N1 0.89(4) 1.81(4) 2.630(2) 153(3) S(6)
O2–H2···O1 0.99(4) 1.87(4) 2.741(2) 145(3) C(10)

* The values of the compound (5) contain no standard uncertainties since they are measured by Mercury software.

The significant interactions within the crystal of (7) can be visually determined by
analyzing Hirshfeld surfaces (HS) [71,72] using Crystal Explorer 17.5 software [73]. Views
of the Hirshfeld surface for the compound (7) mapped over dnorm in the range from −0.66
to +1.47 arbitrary units are illustrated in Figure 4. The faint red spots around O1 and
H2 confirm the intermolecular O2–H2···O1 hydrogen bonds, while the smaller red spot
near H6 corresponds to the relatively weaker C–H···C interactions (Figure 4). No red
spots close to the N1 atom are found, implying that the O–H···N interaction is not a major
contributor in stabilizing the crystal packing of the compound (7). This observation is
also recognized in the other dihydro-benzoxazine dimer derivatives, which indicates the
common intermolecular interactions for the crystal packing of this class of compounds.

To obtain a quantitative contribution of each contact on the crystal packing, the
corresponding 2D fingerprint plots are calculated [74]. The full fingerprint plot and
those delineated into H···H, H···O/O···H, and H···C/C···H interactions are illustrated in
Figure 4. The fingerprint plots reveal that the significant interactions and their contributions
in the crystal structure of the compound (7) are H···H (67.1%), H···O/O···H (15.4%), and
H···C/C···H (14.3%), of which the contributions add up to 96.8%. The two most important
contacts, namely H···H contacts and H···O/O···H contacts (with a joint contribution of
82.5%), are characterized by a single spike at de + di ' 2.0 Å and a pair of peaks at de + di '
1.75 Å, respectively. These results suggest that the molecular packing within the crystal of
(7) is majorly held by hydrogen bonds. In addition to the hydrogen bonds, the molecules
also interact through the C–H···C and/or C–H···π interactions, as seen from the presence
of a pair of peaks of H···C/C···H contact at de + di ' 2.75 Å. For other dihydro-benzoxazine
dimer derivatives, the contributions of each contact are listed in Table 4. It is noteworthy
that the H···H contact is the most significant contact in the crystals of all the derivatives
studied in this work. However, the percentage contribution of the H···H contact is lowered
in the case of the compounds (3) and (7), compared to the other derivatives. Moreover, the
contribution of the H···O/O···H contacts of the derivatives (3) and (7) are higher than the
other derivatives due to the presence of the –OCH3 substituent groups.
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Figure 4. The two-dimensional fingerprint plots showing (a) all interactions and those delineated into (b) H···H, (c)
H···O/O···H, and (d) H···C/C···H interactions, together with their corresponding views of the Hirshfeld surface for the
compound (7). Note that Hirshfeld surface is mapped over dnorm in the range from −0.66 to +1.47 arbitrary units and the di

and de values are the closest internal and external distances (in Å) from given points on the Hirshfeld surface.

Table 4. Contributions of the contacts found in the crystals of most of the eight dihydro-benzoxazine dimers derivatives
calculated from the 2D fingerprint plots of the Hirshfeld surfaces.

Dihydro-benzoxazine Dimer (1) (2) (3) (4) (5) * (6) (7) (8)

Reference [59] [60] [61] [62] [63] [64] This work [65]

CCDC number 613813 1434969 889808 887033 643602 907527 2092708 2014264

Measurement temperature (K) 283–303 283–303 283–303 283–303 283–303 283–303 298 100

The dnorm range for HS (a.u.) −0.68 to
+1.56

−0.68
to +1.36

−0.64 to
+1.36

−0.48 to
+1.89 - −0.66 to

+1.70
−0.66 to

+1.47
−0.56

to +1.39

Contact contribution (%)

H···H 70.2 74.7 56.7 73.3 - 78.9 67.1 76.4
de + di 2.20 2.20 2.30 2.20 - 2.30 2.0 2.25

H···O/O···H 9.5 8.2 20.6 8.5 - 6.4 15.4 7.2
de + di 1.75 1.80 1.75 1.95 - 1.75 1.75 1.85

H···C/C···H 20.0 17.1 22.2 18.2 - 12.8 14.3 16.3
de + di 2.95 3.05 2.70 2.65 - 2.75 2.75 2.70

Other contacts with each
contribution less than 2% 0.3 0.0 0.5 0.0 - 1.9 3.2 0.1

* The percentage contribution of each contact cannot be determined for compound (5) as the CIF file of (5) does not contain sufficient input
for the HS calculation.

3.2. Powder X-ray Diffraction (PXRD)

PXRD is carried out to identify crystalline phase purity and to study the effect of
different substituent groups on the crystal packing of the dihydro-benzoxazine dimers.
Herein, PXRD patterns of the synthesized dihydro-benzoxazine dimers (Figure 5) were
collected by using the synchrotron monochromatic X-ray with the photon energy of 12 keV.
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It is found that each dihydro-benzoxazine dimer exhibits its unique diffraction pattern, as
listed in Table 5. The different compositions of the molecules according to the variation
of substituent groups lead to the different space occupations in the crystal packing, even
though they possess similar intermolecular hydrogen bonding interactions. Note that
the powder XRD data observed herein are well-matched with the calculated patterns
derived from the corresponding single-crystal X-ray crystallography, even though the peak
intensities are slightly deviated (see Figures S1–S8 in the Supplementary Information).
These results indicate that all dihydro-benzoxazine dimers studied in this work are highly
crystalline, which may be due to the formation of strong intermolecular O–H···O and
intramolecular O–H···N hydrogen bonds.

Figure 5. Powder XRD patterns of the dihydro-benzoxazine dimers.

Table 5. Space groups of the dihydro-benzoxazine dimers.

Dihydro-benzoxazine
Dimer

Space
Group

Measuring
Temperature (K)

CCDC
Number Reference

(1) P-1 283-303 613813 [59]
(2) P-1 283-303 1434969 [60]
(3) P21/c 283-303 889808 [61]
(4) P-1 283-303 887033 [62]
(5) C2/c 283-303 643602 [63]
(6) P-1 283-303 907527 [64]
(7) P21/n 298 2092708 This work
(8) Pna21 100 2014264 [65]

3.3. Electrochemical Properties of Benzoxazine Dimers

The use of an aprotic solvent (herein, acetonitrile) to study the electrochemical behav-
ior of dihydro-benzoxazine dimers offers several advantages, including an improvement
of their solubility. Moreover, it eliminates or reduces the difficulty related to the chemical
reaction coupled with multi-step electron transfers. The CV measurement of the dihydro-
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benzoxazine dimers in acetonitrile also allows the wide range of potential to be measured
without interference from the redox reaction of the solvent. The obtained cyclic voltam-
mograms are shown in Figure 6 (and also in Figures S9–S14), while the corresponding
electrochemical potentials of the oxidation-reduction processes are listed in Table 6. Only
one oxidation peak is found in the dihydro-benzoxazine dimers with the alkyl substituents,
namely 4-methyl, 4-ethyl, and 2,4-dimethyl (or the compounds (1), (2), (4), (5), (6), and
(8)). For the dihydro-benzoxazine dimers (3) and (7) having the methoxy (–OCH3) group
at the para-position with respect to the –OH group, two oxidation peaks are recognized.
The first oxidation peak, found in all the dihydro-benzoxazine dimers in this work, can be
assigned to the oxidation of the hydroxy group. The second oxidation peak is detected in
only the dihydro-benzoxazine dimers (3) and (7). Therefore, it is likely associated with the
oxidation of the methoxy group, which takes place at potentials above 1 V, in agreement
with previous studies [75].

According to the oxidation potentials of different dihydro-benzoxazine dimers, it is
clearly seen that the oxidation potentials depend on the substituent groups on both the
ortho- and para- positions. The first oxidation potentials for the dihydro-benzoxazine
dimers follow the order of (7) < (3) < (8) < (4) = (6) < (5) = (2) < (1). To interpret this
trend, the mechanism in Figure 7 is proposed to explain the first oxidation of the dihydro-
benzoxazine dimers. Specifically, the first oxidation peak is ascribed to the oxidation of
the hydroxy group, leading to the formation of phenoxonium ions as positively charged
intermediates [76]. Firstly, an electron and a hydrogen ion are removed from the hydroxy
group forming a phenoxy radical [76,77], then the additional electron loss takes place,
yielding the phenoxonium ion. The phenoxonium cation is stabilized by delocalizing its
positive charge throughout the π-electron system [78].

Different substituents have different effects on stabilizing the cationic intermediate,
and therefore shift the oxidation potential. The dihydro-benzoxazine dimers with the
methoxy groups show the greatest shift towards less positive potentials, meaning that the
methoxy groups facilitate the oxidation of the hydroxy group. The interpretation is that
the methoxy group can enhance the stabilization of the positive charge by a resonance
effect since the lone pair of electrons on the methoxy oxygen is donating to the benzene
ring, while other substituents cannot cause this resonance stabilization. However, the alkyl
substituents (4-methyl, 4-ethyl, and 2,4-dimethyl) can also stabilize the positive charge by
an inductive effect. Among the alkyl substituents, 2,4-dimethyl groups can stabilize the
cationic intermediates more than the ethyl and the methyl substituents since the positive
charge is mainly distributed in the 2nd and the 4th positions of the phenyl ring with respect
to the –OH group. Therefore, the oxidation potentials of (4) and (8) are less positive than
those of (1), (2), (5), and (6). The methyl and ethyl groups seem to exert a similar inductive
effect, as seen from the equal oxidation potentials between (2) and (5). Apart from the
substituents on the benzene rings, the substituents on the tertiary N-atom can also help
explain the oxidation potential trend. Having a bulkier cyclohexyl group results in a lower
oxidation potential than having a methyl group.

Reduction peaks are also observed in the cyclic voltammograms of all the dihydro-
benzoxazine dimers. The reduction peak potentials range from −1.47 to −1.67 V, sug-
gesting that the reduction process for the dihydro-benzoxazine dimers is likely to be
irreversible [79]. The reason for the irreversible character of the oxidized products might
be due to the possibility to undergo further reactions, such as coupling, proton loss, and/or
nucleophilic attack [76,77,80]. Hence, our work demonstrates that the substituents on the
phenyl and the tertiary-amine moieties have an impact on the oxidation potentials due to
their different abilities to stabilize the cationic intermediates.
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Figure 6. Cyclic voltammograms of (a) the dihydro-benzoxazine dimer (5) and (b) the dihydro-benzoxazine dimer (7) in
ACN containing TBAPF6 as an electrolyte at the scan rate of 100 mV s−1.

Table 6. List of the reduction and the oxidation peak potentials of the dihydro-benzoxazine dimers
derived from cyclic voltammetry.

Dihydro-benzoxazine
Dimer

Reduction Peak
Potential (V)

First Oxidation
Peak Potential (V)

Second Oxidation
Peak Potential (V)

(1) −1.67 0.47 -
(2) −1.59 0.41 -
(3) −1.52 0.33 1.19
(4) −1.59 0.39 -
(5) −1.59 0.41 -
(6) −1.47 0.39 -
(7) −1.50 0.25 1.05
(8) −1.63 0.36 -

Figure 7. Proposed mechanism for the first oxidation of the dihydro-benzoxazine dimers.
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3.4. Computational Study

DFT calculations were carried out to determine the bandgaps of the dihydro-
benzoxazine dimer derivatives in both vacuum and acetonitrile. The calculated bandgaps
of the eight derivatives of the dihydro-benzoxazine dimers (Table 7) are around 5 eV.
Different substituents altered the bandgap energies. It was clearly seen that the dihydro-
benzoxazine dimers possessing the methoxy substituent groups, herein compounds (3)
and (7), have the lowest bandgaps among others in both the calculations in a vacuum and
in acetonitrile.

The frontier molecular orbitals (HOMO and LUMO) of the optimized structures of the
eight dihydro-benzoxazine dimer derivatives were visualized with the VESTA program
using the isosurface of 0.02 (as shown in Table 8). Note that the optimized structures
possess one of the –OH substituent of the phenolate moieties pointing towards the N amine
center in a similar fashion to the one observed from the X-ray crystallographic data. These
observations confirm the possibility of forming the intermolecular hydrogen bond of the
studied compounds, as discussed previously.

As visualized in Table 8, the obtained HOMO of each dihydro-benzoxazine dimer
derivative reveals the contribution of the aza-methylene-phenol moiety, including the
substituents on the phenol ring. The relatively higher energy (Hartree) HOMO is observed
in both compounds (3) and (7), possessing the methoxy substituent group. In addition,
most of the obtained LUMO indicates the major contribution from the phenyl-methylene-
aza-methylene-phenyl centered scaffold. In this case, the relatively lower energy (Hartree)
LUMO is observed in both compounds (3) and (7), possessing the methoxy substituent
group. Combining both the increase of HOMO energy and the decrease of LUMO energy,
the electron-donating methoxy substituents exhibit the effect of lowering the bandgap of
the dihydro-benzoxazine dimer derivatives, as the methoxy groups have lone pairs of
electrons that can delocalize towards the benzene rings. These DFT results are firmly in line
with the electrochemical study. Overall, the computational results reveal the effects of the
substituents on the electronic and electrochemical properties of the dihydro-benzoxazine
dimer derivatives.

Table 7. Calculated HOMOs, LUMOs, and bandgap energies of the dihydro-benzoxazine dimers in vacuum and acetonitrile.

Dihydro-benzoxazine
Dimer

In Vacuum In Acetonitrile

HOMO
(Hartree)

LUMO
(Hartree)

Bandgap
(eV)

HOMO
(Hartree)

LUMO
(Hartree)

Bandgap
(eV)

(1) −0.20818 −0.02709 4.93 −0.22056 −0.02685 5.27
(2) −0.20871 −0.02642 4.96 −0.22085 −0.02612 5.30
(3) −0.19663 −0.02850 4.58 −0.20990 −0.02959 4.91
(4) −0.20359 −0.02205 4.94 −0.21691 −0.02321 5.27
(5) −0.20685 −0.02395 4.98 −0.21975 −0.02522 5.29
(6) −0.20675 −0.02281 5.01 −0.21926 −0.02357 5.32
(7) −0.19486 −0.02508 4.62 −0.20871 −0.02709 4.94
(8) −0.20815 −0.02120 5.09 −0.21694 −0.02468 5.23
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Table 8. Visualization of the HOMO and LUMO of the dihydro-benzoxazine dimers (1) to (8) in acetonitrile. The isosurface
is 0.02.

Compound HOMO LUMO

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)
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4. Conclusions

Eight dihydro-benzoxazine dimer derivatives possessing four different substituent
groups on the phenyl rings with two different substituents at the tertiary-amine nitrogen
were successfully synthesized. The crystal structure of (7) is reported herein for the first
time and consequently correlates with the other dihydro-benzoxazine dimers for better
understanding. According to the refined crystallographic data and the Hirshfeld surface
analysis, the hydrogen bonding interactions play a crucial role in the crystal packing of
dihydro-benzoxazine dimers. Interestingly, the intermolecular O–H···O hydrogen bonds
linked to inversion-related molecules with the R2

2(20) motif are commonly found to be the
major interactions responsible for crystal packing of the dihydro-benzoxazine dimers. The
increase of the steric effect of the substituent groups, such as in the case of compound (8),
may lead to the formation of the C(10) hydrogen bond chain instead. A variety of chemical
functionalities of the substituents leads to a variation of crystal space group and unit
cell parameters referring to the unique PXRD data of each compound. Moreover, the
different substituent groups induce the characteristic electrochemical behavior of each
compound. The first oxidation peak represents the oxidation of the phenolic –OH group
and is varied in the range from 0.25 to 0.47 eV depending on the ability of the substituents
to stabilize the phenoxonium cation intermediate via electron donation and/or induction.
Combining the better electron-donating behavior of both the para-methoxy group and
the N-substituted cyclohexyl group, (7) reveals the lowest oxidative potential among the
others. The decrease of DFT-calculated bandgaps is observed in a similar fashion as the
electrochemical behavior monitoring by cyclic voltammetry, which highlights the effect
of a variety of substituents. This work significantly indicates the influence of chemical
functionalities on crystal structures and electrochemical properties of dihydro-benzoxazine
dimer derivatives, which could provide the perspectives towards understanding their
redox nature and chelating properties used for metal-organic complex formation. A
comprehensive investigation will be undertaken in future work.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cryst11080979/s1, Figures S1–S14.
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