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Towards high-performance polyurethanes: a
mechanism of amine catalyzed aromatic imide
formation from the reaction of isocyanates with
anhydridest¥

Yunfei Guo,? Sebastian Spicher,® Anna Cristadoro,” Peter Deglmann,®
Rint P. Sijbesma (2 *>® and Zeljko Tomovi¢ (2 *2P

Poly(urethane imide)s (PUIs) with improved thermal properties and flame retardancy can be made in a
direct way by the reaction of isocyanates with anhydrides to give aromatic imides. We investigated the
mechanism of this reaction in the presence of water with experimental studies and quantum chemical
calculations. The catalytic cycle is driven by the urea obtained from the hydrolysis of isocyanates. We
show that with a secondary amine as a pre-catalyst and tertiary amine as a co-catalyst, the reaction pro-
ceeds fast without a need for additional solvent. The insights in the underlying mechanism provided by
the computational study have guided the development of a solvent-free synthetic method that provides a

rsc.li/polymers

Introduction

Polyurethanes (PU’s) are among the most widely produced
plastics worldwide." Showing versatile properties, PU’s are
used for construction, consumer products, furniture and in
the automotive industry.>” Although many different PU
materials are available, further improvement of the physical
properties of the materials will make them suitable for an
increased number of applications, providing new market
opportunities. Aromatic polyimides present a class of well-
known high-performance polymers with outstanding thermal,
mechanical, and electrical properties.®** They have been used
to improve the properties of a variety of polymer matrixes (e.g.,
poly(ether imide)s, poly(ester imide)s, poly(amide imide)
5).'¢1418 Especially the co-polymerization of prepolymers con-
taining aromatic polyimide structures with conventional PU
raw materials results in significant improvements in thermal
stability and flame retardancy and hence, poly(urethane imide)
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pathway to produce PUIs on an industrial scale.

s are promising building blocks for the development of new
thermoplastics,'® rigid foams®®° and coatings.?’>*

Aromatic imides are usually introduced in poly(urethane-
imide)s by the reaction of amines or isocyanates with
anhydrides.” ™" It is generally accepted that the amine-anhy-
dride reaction follows a two step mechanism. First, the nucleo-
philic amine attacks one of the carbonyl carbon atoms of the
anhydride, forming an amic acid. Second, imidization of the
amic acid leads to the release of a molecule of water.”'">
Whereas the mechanism of the reaction of anhydrides with
amines is known, the much more complicated mechanism of
imide formation from reaction of anhydrides with aromatic
isocyanates is still under debate."*

Two distinct mechanisms have been proposed for the for-
mation of imides from reaction of aromatic isocyanates with
anhydrides. Based on Fourier-transform infrared spectroscopy
(FT-IR) studies, several groups proposed that the reaction
between aromatic isocyanate and anhydride forms a seven-mem-
bered-ring, followed by imidization with elimination of a CO,
molecule (Scheme 1a).**™*° Later, these findings were challenged
by Carleton et al. who postulated that the spectroscopic evidence
points to a hydrolysis product rather than an intermediate with a
seven-membered ring, because they discovered that the polymer-
ization rate increased with water concentration.*®**" Accordingly,
they proposed that the aromatic imide is obtained from the reac-
tion of anhydride with a urea (Scheme 1b), accelerated by water
and other nucleophiles. However, no reliable kinetic or mechan-
istic studies are currently available to give conclusive evidence for
either proposed mechanism.
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Scheme 1 Proposed mechanisms of aromatic isocyanate—anhydride reaction proposed from literature: (a) 7-membered ring mechanism;*®
(b) urea—dianhydride mechanism, where urea is formed from the intermediary amine hydrolysis product of isocyanate.**

[¢]

A common feature in all experimental studies on aromatic
isocyanate-anhydride reactions is the use of highly polar sol-
vents such as NMP, DMAc, DMF.?®3%™%! These solvents not
only ensure the solubility of reactants and products, but also
inevitably contain water, which catalyzes the reaction.
Therefore, it is very difficult to prove a mechanism with a
seven-membered-ring intermediate, because it will only occur
in water-free conditions.

A better understanding of the mechanism of aromatic iso-
cyanate-dianhydride reactions will allow further development
of poly(urethane-imide) chemistry, by guiding optimization of
the reaction conditions. Here, the reaction mechanism of
imide formation from aromatic isocyanates and dianhydrides
in the presence of catalytic amounts of water was investigated
with nuclear magnetic resonance (NMR) spectroscopy, liquid
chromatography-mass spectrometry (LC-MS), and quantum
mechanical (QM) computations. The results reveal (i) that the
preferred pathway involves formation of urea as a hydrolysis
product, and (ii) in the reaction of excess isocyanate with anhy-
drides, urea instead of water is the actual catalyst in the reac-
tion. Furthermore, we demonstrate that secondary amines are
better pre-catalysts than water and that addition of a nucleo-
philic co-catalyst considerably reduces reaction time. These
novel insights of the underlying mechanism will help to pave
the way towards a completely solvent-free synthetic route to
imides, which is important for developing poly(urethane-
imide)s in industrial applications.

Results and discussion

Hydrolysis products in aromatic isocyanate-anhydride
reactions

The reaction between phthalic anhydride and phenyl isocya-
nate (this combination giving rise to a soluble imide) in the
presence of water was used to determine the hydrolysis pro-
ducts (Scheme 2). First, model reaction (2) was carried out in
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Scheme 2 Formation of N-phenylphthalimide from reaction between
phthalic anhydride and phenyl isocyanate.
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an NMR tube in DMSO-ds. The reaction was monitored with
NMR spectroscopy at room temperature and the formation of
N-phenylphthalimide was observed. However, neither the
proton nor the carbon NMR spectra showed evidence of an
intermediate with a seven-membered-ring (see ESI}). To shed
some light on this mechanism, we also performed QM calcu-
lations for the seven-membered ring pathway. The results
given in the ESI (Scheme S1}) show no indication of the for-
mation of such an intermediate, due to a high kinetic barrier
resulting from a very high activation energy for its formation.
When water is present in the reaction mixture, isocyanate
or anhydride can be hydrolyzed to urea or the diacid, respect-
ively. To verify the formation of these hydrolysis products,
model reaction (2) was further dissected by studying reactions
(3a) and (3b), in which each one of the phthalic anhydride or
phenyl isocyanate hydrolysis products was allowed to react
with the other component in a 1:1 molar ratio (Scheme 3).
According to "*C NMR spectra (Fig. 1a), full conversion to
N-phenylphthalimide was achieved after reacting 1,3-diphenyl
urea and phthalic anhydride (reaction (3a)) in DMF at 140 °C
for 22 h, while no N-phenylphthalimide was obtained by carry-
ing out the reaction at lower temperature (e.g., at 66 °C in
refluxing THF). Reaction of phthalic acid with phenyl isocya-
nate (reaction (3b)) in refluxing THF only gave mono- and di-
amides. Interestingly, the formation of phthalic anhydride
(carbonyl carbon at 164.0 ppm) and 1,3-diphenylurea (carbonyl
carbon at 153.5 ppm) were observed (Fig. 1b).**** In DMF at
140 °C, phthalic anhydride and diphenylurea were formed
within 15 min, and a small amount of imide was produced.
Comparison of reactions (3a) and (3b) suggests that urea is
more readily formed than diacid, and that the reaction
between urea and anhydride requires high temperatures.
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Scheme 3 Formation of N-phenylphthalimide from reaction between

(a) 1,3-diphenylurea and phthalic anhydride; (b) phthalic acid and phenyl
isocyanate.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 13C NMR spectra (400 MHz, acetone-dg) of the product obtained from reaction between (a) 1,3-diphenylurea and phthalic anhydride in DMF
at 140 °C; (b) phthalic acid and phenyl isocyanate in THF reflux or DMF at 140 °C.

Nevertheless, the mechanism of the reaction between urea
and anhydride needs further investigation because it is not
clear how urea reacts with two molecules of anhydride under
the release of one molecule of each CO, and H,0. Therefore,
LC-MS was used to identify the intermediates in the isocyanate-
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Scheme 4 Model reaction of pyromellitic anhydride and hexyl isocya-
nate in the presence of catalytic amount of water. The reaction was
used to identify the intermediate during the isocyanate—anhydride
reaction.
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anhydride reaction in the presence of water. To speed up the
reaction, a highly reactive anhydride, pyromellitic dianhydride
(PMDA) was used, while the solubility of the imide product for
LC-MS measurement was improved by using hexyl isocyanate.
Model reaction (4) between PMDA and hexyl isocyanate was
carried out in refluxing THF containing 1 mol% water
(Scheme 4). After 21 h, new peaks in the "H NMR spectrum
between 3.65-3.80 ppm (Fig. 2a) indicated formation of dihexyl-
urea and imide. In LC-MS of the mixture obtained (Fig. 2b and
Table S1t), a peak with a signal at m/z = 548.25 was observed,
which was assigned to the ring-opened product of the reaction
of PMDA with 1,3-dihexylurea (VI and VII). This is a strong indi-
cation that a urea is involved as intermediate in the formation
of imide from reaction of isocyanate with anhydride.
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Fig. 2 (a) *H NMR spectrum (400 MHz, acetone-de) and (b) LC-MS spectrum of the intermediates obtained in model reaction (4) (all detected struc-

tures in LC-MS spectrum are listed in Table S11).

This journal is © The Royal Society of Chemistry 2023
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Optimization of the aromatic isocyanate-anhydride reaction

Based on the observation of a signal with m/z = 548.25 in
LC-MS, we proposed that during the aromatic isocyanate—
anhydride reaction, the urea is deprotonated and attacks the
positively charged carbonyl carbon of PMDA, forming an amic
acid. After the ring closure of the amic acid and formation of
an imide, the urea is released. To accelerate this reaction, we
systematically investigated different pre-catalysts, other than
water in combination with additional co-catalysts.

Reaction conditions were optimized with PMDA as a sub-
strate. PMDA is one of the most reactive dianhydrides due to
its high electron affinity,”** and thus, it is commonly used to
react with excess of isocyanates to prepare isocyanate prepoly-
mers that contain imides. The imide-containing prepolymer is
used to prepare different polyurethane materials such as
compact materials and rigid foams with enhanced thermal
properties. In our optimization experiments, PMDA was
reacted with polymeric methylene diphenyl diisocyanate
(PMDI), Lupranate® M20 (NCO = 31.5 wt%, f, =2.7)ina 1:19
weight ratio to investigate and optimize the pre-catalyst as
well as co-catalyst (Scheme 5). The dosing amount of the pre-
catalyst and co-catalyst was based on the mole amount of
PMDI. Model reaction (5) was carried out at 140 °C in bulk
with 10 vol% triethyl phosphate (TEP) as an additive to avoid
sublimation of PMDA. The reaction was followed with '*C
NMR spectroscopy, monitoring the carbonyl carbon peaks of
anhydride and imide products (Fig. S21). When an excess of
isocyanate reacted with PMDA in the presence of water, we
have demonstrated that urea was the only hydrolysis product
(Fig. S3 and S4t1). This also supports the proposal that urea is
the real catalyst of the reaction, with water only acting as a pre-
catalyst.

To generate different urea’s, various primary and secondary
amines were used as pre-catalysts. The reaction time to achieve
full conversion is listed in Table 1. It was found that dibutyl-
amine, a secondary amine, was able to accelerate the reaction.

Next, using dibutylamine as a pre-catalyst, basic or nucleo-
philic tertiary amines were used as co-catalysts to deprotonate
urea (Table 2). With the help of co-catalysts, the reaction time
was significantly reduced, particularly when co-catalysts with
little steric hindrance were used. However, the more nucleo-
philic the co-catalyst was, the more likely it was to catalyze the
cyclotrimerization of isocyanates after the isocyanate-dianhy-
dride reaction (entries 5-8 to 5-10).*>
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Scheme 5 Model reaction between pyromellitic anhydride and poly-
meric methylene diphenyl diisocyanate in a 1: 19 weight ratio.
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Table 1 Reaction time of model reaction (5) using different amines as
pre-catalysts (dosing amount 2 mol%) without co-catalyst

Entry Pre-catalyst Reaction time®
5-1 Water 24h

5-2 N-Butylamine >21h

5-3 Dibutylamine 16 h

“The time when there was only di-imide carbonyl peak in *C NMR
spectra was defined as reaction time.

Table 2 Reaction time of model reaction (5) using 2 mol% dibutylamine
as a pre-catalyst and different tertiary amine as co-catalysts (dosing
amount 0.4 mol%)

Entry Co-catalyst Reaction time”

5-4 N,N-Diisopropylethylamine 8h

5-5 Tributylamine 8h

5-6 N,N-Dimethylcyclohexylamine 6h

5-7 4-Methylmorpholine >18 h

5-8 4-(Dimethylamino)pyridine Isocyanurate formation
5-9 1,4-Diazabicyclo[2.2.2]octane Isocyanurate formation
5-10 1,5,7-Triazabicyclo[4.4.0]dec-5-en Isocyanurate formation

“The time when there was only di-imide carbonyl peak in *C NMR
spectra was defined as reaction time.

Table 3 Reaction time of model reaction (5) using 0.4 mol% N,N-di-
methylcyclohexylamine as a co-catalyst and different secondary amine
as pre-catalysts (dosing amount 2 mol%)

Entry Pre-catalyst Reaction time®
5-11 N-Methylaniline 4h
5-12 4-Methoxy-N-methylaniline 6h
5-13 N-Methyl-o-toluldine 7h
5-14 Imidazole 7h
5-15 Diphenylamine 6h
5-16 e-Caprolactam 5h
5-17 Phthalimide 8h

“The time when there was only di-imide carbonyl peak in '*C NMR
spectra was defined as reaction time.

Based on results shown in Table 2, N,N-dimethylcyclohexyl-
amine (DMCHA) was chosen as the optimal co-catalyst and
various secondary amines were evaluated as a pre-catalyst
(Table 3). N-Methylaniline turned out to be a better secondary
amine pre-catalyst than dibutylamine. When N-methylaniline
was used as a pre-catalyst and DMCHA was used as a co-cata-
lyst, the reaction time was greatly shortened from 24 h (entry
5-1) to 4 h (entry 5-11).

Based on these experimentally findings, we conclude that
water or amines function as pre-catalysts in the aromatic iso-
cyanate-anhydride reaction, while the urea obtained out of it
is the real catalyst. Additional experiments were performed by
replacing secondary amines with urea as catalysts in model
reaction (5); also here, imide structures were obtained in the
end (see ESIt).

This journal is © The Royal Society of Chemistry 2023
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Computational studies of aromatic isocyanate-anhydride
reaction with secondary amines as pre-catalysts

To obtain further insights into the thermodynamics and kine-
tics of the isocyanate-anhydride reaction, computer simu-
lations were additionally applied. Quantum chemical calcu-
lations serve nowadays as an indispensable tool to reveal reac-
tion mechanism at an atomic level. Therefore, in state-of-the-
art computational workflows, efficient screening techniques
are combined with highly accurate density functional theory
(DFT) methods for postprocessing.® In this work, we employ
the widely used CREST algorithm combined with extended
tight-binding QM methods (GFN2-xTB) to explore the low-
energy conformational space.*® Conformational screening was
followed by DFT re-optimization (TPSS-D3/def2-TZVP)*’>° and
final single-point energies were computed with the M06-2X >
density functional approximation in a large def2-QZVP basis
set. Bulk phenyl isocyanate was taken as the solvent and
accounted for implicitly by COSMO-RS**? theory (Fig. 3). For
further computational details see Experimental section.

CREST Conformer Search Geo. Opt. + Ene

GFN2-XTB & GFN-FF
GBSA/(THF)

TPSS-D3/def2-TZVP
COSMO(e=c0)

MO06-2X/def2-QZVP
COSMO-RS

Fig. 3 Computational workflow combining efficient SQM and DFT
methods to generate conformers and compute free energies in solution.
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The free energy diagram of the imide-forming reaction is
given in Fig. 4 (black line). As an upstream process,
N-methylaniline is added to phenyl isocyanate to form
1-methyl-1,3-diphenyl-urea, or simply urea from now on. In the
transition state TS, (see Fig. S5at), water acts as a hydrogen
shuttle and forms a six-membered ring. With secondary
amines, the urea formation is 30 k] mol™" higher in energy,
underlining the assumption that water is the pre-catalyst for
fast urea generation. Urea is then deprotonated by DMCHA,
yielding the effective catalyst of the imide-forming reaction
mechanism. Please note, from this point on, the reaction path
occurs via charged species. In a nucleophilic addition, the urea
anion ring-opens the anhydride A to form intermediate B. The
reaction is facilitated by hydrogen-bonding between DMCHA"
and PMDA within the transition state TS; (Fig. S5bt), showing
an activation barrier (AG*) of 9 k] mol™. As none of the two
nitrogen atoms within this intermediate are good nucleophiles,
ring-closure at this stage of the reaction cycle is not possible.
Instead, the carboxylate group of B adds one more equivalent of
phenyl isocyanate to form the second intermediate C via TS,
(Fig. S5ct) with a AG* of 63 k] mol™. In the rate determining
step of the reaction, CO, is released via TS; that occurs via a
four-membered ring (Fig. S5df). The activation barrier for the
CO, release amounts to 52 kJ mol ™. It is now the nucleophilic
nitrogen atom in D that initializes the ring closure by formation
of the tetrahedral intermediate E. Elimination of the catalyti-
cally acting urea anion finally yields the desired imide F.

Our quantum chemical computer simulations prove that
water only acts as a pre-catalyst, while urea, or to be more
precise its deprotonated form, acts as the actual catalyst. All
findings can be summarized in a single catalytic cycle shown
in Fig. 5 (black lines).

130

X=0
X=

-101

Fig. 4 Free energy diagram of the conversion of pyromellitic anhydride and phenyl isocyanate to form an (di)imide at the MO06-2X/def2-
QZVP+COSMO-RS(phenyl isocyanate)//TPSS-D3(COSMO(co))/def2-TZVP level of theory. Al free energies are given in kJ mol™

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Catalytic cycle of the aromatic isocyanate—dianhydride reaction
using N-methylaniline as a pre-catalyst and N,N-dimethylcyclohexyl-
amine as a co-catalyst. The computed activation free energies (AG*) for
all transition states and reaction free energies (AG) are given in kJ mol™.

Further theoretical insights were needed to explain a fast
initial release of CO, (minutes) that was observed experi-
mentally, followed by a slower release of CO, over the next few
hours. NMR studies suggested that the symmetric anhydride
PMDA reacts in a two-step process via a one-sided imide to a
di-imide (Fig. 6). Therefore, the QM simulation of the reaction
cycle of imide formation was repeated, starting from the half-
imide-half-anhydride structure (Fig. 4 and 5 red line). The
change in the electronic structure caused by the half-imide for-
mation leads to an upshift in energy of the reaction path com-
pared to PMDA. Especially at the highest energy point (TS;),
according to transition state theory,>* a relative increase of 8 kJ
mol ™" causes the reaction to last more than ten times longer
(hours instead of minutes). This good agreement between
computer simulations and experimental findings further
establishes the correctness of the identified reaction
mechanism.

There is a discrepancy between experimental observations
and absolute theoretically computed activation barriers. With
optimal catalysts (N-methylaniline, DMCHA) and additives
(TEP) the reaction finishes within four hours, whereas it would
take days to overcome the highest activation barrier (TS;3) of

1778 | Polym. Chem., 2023, 14,1773-1780
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Fig. 6 *C NMR spectra (400 MHz, acetone-de) of model reaction (5)
using N-methylaniline as a pre-catalyst and N,N-dimethylcyclohexyl-
amine as a co-catalyst.

168 kJ mol™" with respect to the catalytic resting state. It can
be expected that the applied implicit COSMO(-RS) solvation
model does not accurately describe the charge separation
leading to free anions. Especially because of the high tempera-
tures (140 °C), the validity of the applied solvation model is
questionable. Since the importance of additive TEP is experi-
mentally known, yet the implicit incorporation of 10 vol%
within COSMO-RS shows no significant energy lowering of the
ionic species, we added an explicit TEP molecule for stabiliz-
ation. Exemplary, the deprotonation of urea by DMCHA was
explicitly solvated with TEP, lowering the free energy of the
resulting complex by —10 kJ mol™". Since the explicit incorpor-
ation of TEP within the entire catalytic cycle is computationally
too demanding, we assume that this energy lowering can be
transferred to all ionic species along the reaction path. This
simple example of explicit solvent addition already signifi-
cantly reduces the divergence between experiment and theory.
It highlights the importance of an accurate description of sol-
vation effects and shows that in current solvent models there
is still room for improvement if ionic species are concerned.

Conclusion

We investigated the reaction mechanism of aromatic isocya-
nates and dianhydrides in the presence of water to form
imides. Our study revealed that during the reaction urea,
formed as the hydrolysis product from isocyanate, acted as the
actual catalyst in the reaction. Secondary amines, with the help
of tertiary amine bases, were further discovered as better pre-
catalysts (or, rather, co-catalysts) than water. The reaction time
strongly decreased from 24 h with water as a pre-catalyst to 4 h
with N-methylaniline and N,N-dimethylcyclohexylamine as
pre-catalyst and co-catalyst respectively. Further, the combi-
nation of experimental and computational results revealed

This journal is © The Royal Society of Chemistry 2023
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exclusive insights in the reaction of aromatic isocyanates and
dianhydrides, starting from the deprotonated urea, which
ring-opens the anhydrides to form an amic acid intermediate.
After this step, the carboxylate of the acid intermediate reacts
with one more isocyanate molecule, followed by release of a
CO, molecule and ring closure, forming the imide structure.

Our current study highlights how the combination of state-
of-art experimental and computational techniques allows for
unique mechanistic insights and is able to answer questions
that have been open for debate for quite a while. These exclu-
sive insights into the underlying mechanism demonstrate the
possibility of producing poly(urethane-imide)s under comple-
tely solvent-free conditions with a short reaction time. This is
especially important for industrial applications in terms of
green chemistry and low costs. Our results provide convincing
evidence that the revealed mechanism of aromatic imide for-
mation can also be applied in the reaction between various ali-
phatic isocyanates and dianhydrides to form aliphatic imides.
These aliphatic imides can potentially help to improve the
thermal stability of materials that are synthesized from ali-
phatic isocyanates such as PU coatings, sealants, and
adhesives.
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