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Protonation Effects on the Benzoxazine Formation
Pathways and Products Distribution

Francisco W. M. Ribeiro,®® Isaac Omari,” J. Scott McIndoe,” and Thiago C. Correra

The effect of acidic media on the formation of the 3,4-dihydro-
2H-3-phenyl-1,3-benzoxazine Bz is evaluated, focusing on the
differentiation of intermediates and products formed by the
distinct pathways observed in the presence and absence of
acid. The use of real-time mass spectrometry (PSI-ESI-MS)
coupled to tandem mass spectrometry and infrared multiple
photon dissociation (IRMPD) allowed the differentiation of the
species observed during the synthesis of benzoxazines in these
different conditions. The results suggest that formic acid
promotes the formation of aniline and phenol condensation

Introduction

Benzoxazines are a class of easily prepared heterocyclic
compounds that consist of an oxazine ring fused to a benzene
ring.!"® The polybenzoxazines resins formed by the polymer-
ization of the benzoxazine monomers have been explored as a
low-cost alternative for common petroleum-based resins.'*®
Accordingly, new methods, synthetic strategies and source
materials for novel benzoxazine precursors have become
sought after. The advances in this area can be witnessed by
reports describing the use of polybenzoxazines produced from
different source materials and by diverse strategies as bioactive
polymers, superhydrophobic materials, anti-corrosion coatings,
shape memory and self-healing materials, in electrochromic,
environmental and textile applications.”® This variety of
applications is based on the fact that benzoxazines can be
tailored for different uses by employing distinct reactants,
additives and reaction conditions, allowing the resin properties
to be adjusted.'!

Despite their simple synthesis from a phenolic compound
with unprotected ortho positions, a primary amine and
formaldehyde, some benzoxazines poses an increased synthetic
challenge due to substituent effects and the specific reactivity
of the actual reactants used."™"” In this context, the develop-
ment of different reaction conditions and the understanding of
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products (IC and IIC) by protecting the aniline amino group and
enhancing the formaldehyde electrophilicity. The results also
suggest that although the presence of acid allow a more
efficient potential energy landscape to be accessed, the last
cyclization step for the formation of benzoxazines cannot be
mediated by the protonation route intermediate (ROP Bz).
Overall, the conclusions presented here provide important
information about the synthesis of benzoxazines under acidic
conditions, allowing the development of optimal reaction
conditions.

factors that influence the reaction outcome become instrumen-
tal for the production of specific polybenzoxazines.

Different solvents, reaction temperatures and other con-
ditions were previously evaluated and showed great effect on
the reaction outcome™® The ideal temperature for the
production of benzoxazine monomer, for instance, was deter-
mined to be around 80°C."® However, some reactants and
products can undergo oxidation at higher temperatures,
generating species that can influence the benzoxazine
formation."®*”

The use of acids was also reported in literature to improve
the yield of benzoxazines.”*? Aversa et al. reported the syn-
thesis of 3,4-dihydro-6,8-dimethyl-2H-3-phenyl-1,3-benzoxa-
zine 3 at room temperature from N-(2-hydroxy-3,5-dimethylben-
zyl)-B-aminopropanoic acid 2 (Figure 1b) using ethanol as
solvent in the presence of sulfuric acid?" This approach
allowed the reaction to be carried out at much lower temper-
ature than the original methodology presented by Burke et al.,
which involved heating the reaction media under 1,4-dioxane
reflux at 101 °C (Figure 1a).

Some 3,4-dihydro-2H-1,3-benzoxazines with substituents on
methylene carbons (oxazine ring, sp® carbons) such as 2,2-
dibenz-1,3-oxazine, were also synthesized by the reactions of
salicylamines (o-hydroxybenzylamine) with glyoxal or diketones
in methanol at lower temperatures (20°C).**

3,4-dihydro-2H-1,3-benzoxazines Bz were also synthesized
in one-pot by directed ortho-lithiation of phenols and by
sidechain lithiation of substituted phenols in the presence of
N,N-bis[(benzotriazol-1-yl) methyl] amines (Figure 1c).*”

Another display that the reaction conditions have a great
impact in the benzoxazine preparation is reported by Oliveira
et al. They report the formaldehyde-free synthesis of a carda-
nol 4 biobased benzoxazine using microwave radiation and
hexamethylenetetramine (HMTA) in few minutes (Figure 1d).””!

Deng et al. reported a kinetic study on the formation of 3,4-
dihydro-2H-3-phenyl-1,3-benzoxazine Bz (Figure 1e) and found
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Figure 1. Diverse approaches for the benzoxazines synthesis: a) traditional method for the synthesis of benzoxazine using 1,4-Dioxan reflux (101 °C), b)
condensation using sulfuric acid at room temperature, c) benzoxazine synthesis using organolithium compounds at 80°C, d) formaldehyde-free benzoxazine
synthesis from cardanol (R represents the 4 different alkyl chains and different insaturations) and e) synthesis of 3,4-dihydro-2H-3-phenyl-1,3-benzoxazine Bz

in the presence of formic acid (0.1 % in volume) evaluated in this work.

that the concentration of benzoxazine during the reaction is
consistent with an acid-catalyzed methylene glycol dehydration
being the rate-controlling step in the overall reaction between
a Mannich base and formaldehyde to form benzoxazine.*®

Thus, the presence of an acid in the reaction media play an
important role in the production of benzoxazine monomers.”?”
This is expected because the formation of the imine/iminium
intermediates involved in this process was previously shown to
be pH-dependent.”®

In this context, this study evaluated the formation of 3,4-
dihydro-2H-1,3-benzoxazine Bz from phenol, formaldehyde and
aniline in the presence and absence of formic acid as the
proton source by following the reaction in real time by mass
spectrometry. The ion structure for the species observed to be
present at the reaction media was further evaluated by tandem
MS, infrared multiple photon dissociation (IRMPD) spectroscopy
and theoretical modeling using density functional theory (DFT)
calculations so the effect of the acid medium in the reaction
pathways could be unraveled.

Methodology

The 3,4-dihydro-2H-3-phenyl-1,3-benzoxazine Bz synthesis was
carried out by adding 0.18 mmol of phenol (Sigma, >99.5%)
and aniline 0.18 mmol (Sigma, >99.5%) to a reaction flask
containing 6.0 mL of CH,CN (Sigma, >99.5%).%?* The effect of
the acidic media was evaluated by adding 1.0 mL of 0.1%
formic acid to the 10 mL of CH,CN before the addition of the
other reactants resulting in a final formic acid concentration of
0.01%. After the complete dilution of the phenol and aniline,
0.37 mmol of formaldehyde (Sigma, 37 %) was added and the
mixture was stirred for 1.0 hour at 353 K.'"?
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The reaction was examined by a triple quadrupole mass
spectrometer (Waters Acquity Triple Quadrupole Detector-TQD).
The reactions were sampled in real time by the ESI-PSI (Electro-
spray ionization — pressurized sample infusion)®*3? method. In
this method, a reaction vessel was pressurized with 5 psi of N,
and the reaction media was transferred to the ESI source via
PEEK tubing at an estimated flow rate of 40 uL/min. The MS
parameters used were as follows: capillary voltage 3.0 kV; cone
voltage 15 V; extraction voltage 3.0 V; temperature source 90°C;
cone gas flow rate 100 pL/h; desolvation gas flow rate: 100 L/h,
number of scans 5. Collision-induced dissociation (CID) experi-
ments were carried out with argon (99.999 %) and the excitation
energy in the 5 to 40 V range.”**” CID spectra are available in
Figure S1.

IRMPD spectra for the relevant species (Figure S2 and S3)
were recorded in the 2800-3800 cm™' range by coupling an
optical parametric oscillator/amplifier (OPO/OPA; LaserVision
14-21 mJ/pulse, 3.7 cm™' resolution) output beam to an in-
house modified 3D ion trap described previously.® The photo-
fragmentation efficiency at a given wavelength v, PEv, was
calculated according to the equation PEv=—In((Pv)/(Pv+XPjv)),
where Pv represents the parent ion intensity at a given
wavelength; v and Pjv represent the fragment ion intensities at
the same wavelength v. The laser beam power dependence
with the wavenumber can be found in the Supporting
Information (Figure S4).

All quantum mechanical calculations were carried out using
Gaussian 09 (Revision C.07)®¥ employing the B3LYP functional®”
for optimizations at the 6-311+ 4 G(d,p)®® basis set with
default convergence criteria. The suitability of this methodology
is discussed elsewhere 24"

The vibrational analysis showed the absence of imaginary
frequencies for all stationary points along the potential energy
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surfaces with exception of the transition states, that showed
one imaginary frequency confirmed by intrinsic reaction
coordinates (IRC) calculations to be correlated to the TS
found.”¥ Vibrational analysis was also compared with the
experimental IRMPD spectra by using a scale factor of 0.967.""
Solvation effects were included in all single point calculations
with the polarizable continuum model (PCM),“*? considering
CH;CN as solvent. All reported energy values are reported as
relative Gibbs energy in kJ.mol™" at 353.15 K. The coordinates
for the structures presented in this work are available in the
Supplementary Information.

Results and Discussion
Experimental Results

To evaluate the effect of the acidic media on the benzoxazine
synthesis, the reaction media of a mixture of aniline,
formaldehyde and phenol were evaluated by PSI-ESI(+)-MS.

Figure 2a shows a typical mass spectrum obtained for the
reaction media after the reaction is completed using CH;CN as
solvent in the absence of any acid addition. Figure 2b shows
the mass spectrum for this same sample used in Figure 2a with
0.01% of formic acid added just before the MS analysis, and
Figure 2c shows a mass spectrum during the online reaction in
acetonitrile with formic acid (0.01%) added at the beginning of
the reaction.

The reaction in absence of formic acid (Figure 2a) shows
signals assigned as the protonated aniline with m/z 94 and the
iminium intermediate and some isomeric side products with
m/z 106, as observed in previous reports.>*¥ The species were
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observed in low intensities under these reaction conditions as
can be derived by the presence of contaminants that would not
be observed in the presence of high ion counts as, for instance,
the species with m/z 105 assigned as the [(CH,CN),+Na]*
cluster.

It is known that ESI-MS analysis can be influenced by the
addition of acids and other additives*' and this effect was
evaluated in Figure 2b. The addition of acid to the same
solution evaluated in Figure 2a immediately before the analysis
allows the detection of the intermediate with m/z 124 - the
species la, precursor of the iminion ion lla, in addition to the
protonated intermediate Il with m/z 200 generated by the
reaction between phenol and imine, besides the protonated
benzoxazine product Bz with m/z 212.

Figure 2c show the same reaction carried out in the
presence of 0.01% formic acid from the beginning of the
reaction. In addition to the characteristic intermediates and [Bz
+H]* observed in Figure 2b, species with m/z 209 (llc) and m/z
315 (Ic) were also observed.***”’ The nature of these species
will be discussed further on the text.

By comparing Figure 2b to Figure 2c, it is possible to rule
out that the acid presence could have enhanced the ionization
efficiency of the species llc and Ic that could be present in the
absence of acid. Therefore, these results suggest the use of acid
since the beginning of the reaction does interfere with the
reaction mechanism. A better evaluation of the progress of the
reaction media during the reaction can be obtained by the real-
time analysis of the reaction media in both conditions (with and
without acid) shown in Figure 2(d-e), respectively.

Figure 2(d-e) shows that, in both conditions, the intensity of
aniline (m/z 94, red) decreases dramatically after 30 min as
expected by the consumption of aniline to form the product.

-
o
s

o
o
L

0.6

0.4

0.2

d) - m/z 94
- m/z 106
— m/z 124
- m/z 212
- m/z 222
- m/z 209
= m/z 315

0 20 30 40 50

time (min)

Figure 2. Mass spectra for the benzoxazine Bz synthesis: a) without acid addition, b) with addition of formic acid just before the MS analysis and c) with formic
acid addition since the beginning of the reaction. Real-time analysis by PSI-ESI(+)-MS of Bz synthesis in the d) absence and e) presence of formic acid.
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For the reaction carried without acid addition, only the intermediatesla or Ib and; ii) the protonation of the

intermediate with m/z 106 (lla) can be observed reaching its
maximum intensity after 15 min. After 30 min no significant
changes to the ion intensities were observed. Only trace
amounts of the ions with m/z 209 and 315 (lic and lc) are
observed in these conditions.

The reaction in acidic media shows signals relative to the
intermediates with m/z 106, and intermediates with m/z 124
(la) besides the protonated product as m/z 212 and the
sodiated intermediate Ill as m/z 222 in trace amounts after two
minutes. The by-products llc and Ic are observed in consid-
erable intensities (10x the Bz product) being formed up to
12 min. After that, the intensity of llc increases slowly. The by-
product Ic decreases steadily after this period accompanied by
a decrease in the [Bz+H]™" intensity, suggesting that Ic can be
subjected to further reactions, as already observed for Bz."®

Side Products Observed in the Presence of Acidic Media

The ion with m/z 209 was assigned as llc based on previous
reports from Crescentini et al. that observed llc species to be
present during the analysis of commercial methylenedianiline
(MDA) using ion mobility spectrometry.l*¢+”!

The formation of compound llc can be explained by the
reaction of aniline and formaldehyde followed by a dehydration
to form the intermediate D (Figure 3a) previously observed by
our group.”™ Two molecules of this intermediate D can react to
form compound llc (Figure 3a). Although it is possible that Ilc
(and Ic) could react with additional D molecules, no higher
molecular mass species were observed in this study.

llc could react with another formaldehyde molecule
generating the intermediate E after dehydration (Figure 3b)
that would be prone to a phenol attack generating lc. The
identity of both species, llc and ¢, were confirmed by tandem
MS (Figure S1) and IRMPD spectroscopy (Figures S2 and S3).

We suggest that the species lc and llc are formed in the
presence of acid for two reasons: i) the protonation of the
aniline amino group reduces its nucleophilicity towards the
formaldehyde to start the benzoxazine formation via the

formaldehyde increases its electrophilicity allowing the aro-
matic attack depicted in Figure 3b. It is important to highlight
that this hypothesis would be in accordance with the fact that
only trace amounts of Ic and llc were observed in the reaction
media carried out without acid addition.

The greater reactivity of the aromatic ring promoted by the
aniline protonation could enable reactions to take place in the
ortho, meta and para positions, adding further variability to
these subproducts.“®

Benzoxazine Formation Mechanism in Acidic Media

To rationalize the different species generated under acidic
conditions, the following mechanism is proposed [Figure 4(a—
b)], based not only on the species observed but also on
previous works of Ishida’s and Ribeiro’s.""?

Our proposal is that in the initial step the primary amine
(aniline) will react with formaldehyde to form either the
protonated (Figure 4a) or the neutral (Figure 4b) N-hydroxy-
methyl amine intermediate |, observed as the ion with m/z 124.

In the presence of an acidic media, the dehydration of
intermediate la would give rise to the imine intermediate (lla).
This electrophilic species would be susceptible to an electro-
philic aromatic substitution with the phenol ring, forming
intermediate Il that would react with another formaldehyde
molecule forming IVa. This species would later undergo dehy-
dration to generate ROP-Bz, which could form the benzoxazi-
nes Bz, depending on the transition state viability, as will be
discussed further on. The nomenclature ROP-Bz is used in this
case as this is the same intermediate for the ring opening
polymerization of the Bz previously characterized."®

Without the addition of acid to the reaction media, the
mechanism would take place via the imine llb that, in a similar
fashion, would be prone to an electrophilic aromatic substitu-
tion to form intermediate lll after proton transfer. A further
attack to another formaldehyde molecule would vyield the
intermediate IVb that would dehydrate to form the benzox-
azines monomer in its neutral form (Figure 4b).
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Figure 3. a) Mechanism of synthesis of the compound llc, b) Synthesis of compound Ic from llc.
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Figure 4. Different reaction pathways proposed for the benzoxazine formation a) with acid addition and b) without acid addition. The purple arrow indicates

the overall path to the formation of Bz.

These reaction mechanisms were modeled by electronic
structure calculations (Figure 5) so the reaction thermochemis-
try and, therefore, the mechanism viability, could be evaluated.

Figure 5a and 5b show the potential energy surface for the
proposed mechanisms with and without the use of acid,
respectively. The overall exergonicity in the presence of acid
(127.8 kJmol™") is greatly reduced to 4.3 kJmol™" without acid.

This would be in line with the fact that the acid presence is
extremely relevant for the formation of the iminiunlla ion
(Figure 5) as there is an ideal pH range of 4-6"" that must be
present in order to protonate the formaldehyde carbonyl and
avoid the protonation of the amine group. This effect can be
observed in Figure5 as the transition state TSlla for the
formation of the iminiumlla in the presence of a proton is
195.3 kJ/mol lower in energy than the TSllb for the same
process in the absence of an acid (Figure 5).

It is interesting to notice that despite the mechanism
representing the acid effect has most of the transition states

a) = acid addition

and intermediates lower in energy than the mechanism without
acid, the Gibbs energy of the TSV a transition state representing
the dehydration step to generate the ROP-Bz intermediate is
240 kJmol™" higher than the isolated reactants. Therefore, this
last step would not be kinetically favored relatively to the
neutral one, which is 131.4 kimol ™' lower in energy.

This observation suggests that the acid pathway is the most
favorable path up to the intermediate IVa. In this point the
protonation equilibrium favors the neutral IVb intermediate by
28.3 kimol™, and this IVb intermediate would proceed to the
final dehydration to form the benzoxazine product Bz.

So, the formation of benzoxazines is proposed to be
dependent on the presence of acid or acidic reagents up to the
last dehydration step, that takes place via the unprotonated
intermediate IVb to produce the benzoxazine species.

Figure 6 represents the final steps of the benzoxazines
cyclization process in detail. In blue, the cyclization of the
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Figure 5. Potential energy surface for the benzoxazine Bz synthesis at the B3LYP/6-311 + + G(d,p) level of theory considering acetonitrile as solvent (PCM): a)
in the presence and, b) absence of acid. Energy for the protonated intermediate Il ([Ill +H]*) is shown for reference. Transition states with question marks
denotes species that were not found.*A detailed description of the last reaction step is presented in Figure 6.
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Figure 6. Final steps of the potential energy surface for the benzoxazine Bz
synthesis at the B3LYP/6-311+ + G(d,p) level of theory considering
acetonitrile as solvent (PCM) a) in the presence (blue) and, b) absence (pink)
of acid.

protonated benzoxazine monomer can be seen, while in pink
the process for the unprotonated species is depicted.

Besides the fact that the TS for the neutral pathway is more
favorable by 131.4 kJmol™' than the protonated pathway, as
discussed in Figure 5, a careful evaluation shows that while the
neutral pathway would lead directly to the benzoxazine via
TSV b, the protonated pathway leads to the iminium intermedi-
ate ROP Bz.

This path occurs because the TSVb for the neutral pathway
allows the intramolecular dehydration to take place concerted
with attack on the adjacent electrophilic carbon, allowing the
ring formation to produce Bz to take place (Figure 6a). The
protonated species cannot perform these processes in a
concerted way and the dehydration generates the iminium
intermediate ROP Bz (Figure 6b).

Even with the ROP Bz formation being less favorable, the
literature describes this species as the intermediate that allows
the formation of benzoxazine.®™ Nevertheless, we have pre-
viously described that the Bz protonated at the oxygen atom
(0-Bz) that would be formed upon cyclization of ROP Bz is not
a stable species.”>*"

In fact, our calculations show that upon protonation of the
benzoxazines at the O center, the species spontaneously break
and forms the ROP Bz species. This result is in line with the fact
that the TS for the cyclization of ROP Bz could not be found,
suggesting barrier to form O-Bz from ROP Bz (TSOBz) is
inaccessible, as the reverse pathway seems to be spontaneous
and have 178.9 kimol™' of relative Gibbs energy as driving
force.

Conclusions

This work studied the role of the acidic medium in the
formation of benzoxazine by evaluating the reaction intermedi-
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ates and products observed by mass spectrometry. Possible
reaction mechanisms were further examined by DFT calcula-
tions. The experimental results show that the addition of formic
acid promotes the formation of aniline and phenol condensa-
tion subproducts Ic and ll ¢, as characterized by mass spectrom-
etry, and monitored over time using PSI-ESI-MS and confirmed
by tandem MS and IRMPD spectroscopy.

The potential energy surface calculated at B3LYP/6-311+ +
G(d,p) and PCM solvation model show that the protonated
pathway is favored over the neutral pathway up to the last
reaction step for the cyclization and formation of the benzox-
azine. At this stage the formation of the ROP Bz iminium
intermediate dehydration (ROP Bz) would not be favorable.
Conversely, the neutral pathway at this stage would form the
benzoxazine Bz directly by dehydration and cyclization via a
concerted TS that is 131.4 kJmol™' lower in energy than the
protonated pathway.

The formation of species Ic and llc under acidic conditions
can be explained by the protonation of the aniline amine group
and the formaldehyde, making the aromatic attack to the
formaldehyde a favorable pathway in the presence of acid.
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