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Abstract: Due to growing concerns about environmental issues and the decline of petroleum-based
resources, the synthesis of new biobased compounds for the polymer industry has become a prom-
inent and timely topic. P-menthane-1,8-diamine (PMDA) is a readily available compound synthe-
sized from turpentine, a cheap mixture of natural compounds isolated from pine trees. PMDA has
been extensively used for its biological activities, but it can also serve as a source of valuable mono-
mers for the polymer industry. In this work, commercial PMDA (ca. 85% pure) was purified by
salinization, crystallization, and alkali treatment and then converted into p-menthane-1,8-diisocya-
nate (PMDI) through a phosgene-free synthesis at room temperature. A thorough analytical study
using NMR techniques (*H, 1*C, ¥C-'H HSQC, *C-'H HMBC, and 'H-'H NOESY) enables the char-
acterization of the cis-trans isomeric mixtures of both PMDA and PMDI. These structural studies
allowed for a better understanding of the spatial configuration of both isomers. Then, the reactivity
of PMDI with a primary alcohol (benzyl alcohol) was studied in the presence of nine different cata-
lysts exhibiting different activation modes. Finally, the use of PMDI in the synthesis of polyure-
thanes was explored to demonstrate that PMDI can be employed as a new biobased alternative to
petrochemical-based isocyanates such as isophorone diisocyanate (IPDI).

Keywords: bio-based; polyurethanes; phosgene-free; isocyanate

1. Introduction

Polyurethanes (PU) are industrially important polymers since they are ranked as the
seventh most produced synthetic polymer, with a worldwide consumption valued at US$
83.1 billion in 2022 [1]. Generally, PU is obtained by reacting a polyfunctional alcohol
(polyol) with a polyfunctional isocyanate (polyisocyanate). Most of the time, these reac-
tive compounds are derived from petroleum, a resource subject to shortage risks and price
fluctuations. To address sustainability concerns regarding PU monomers, both academic
and industrial teams have been working on the development of bio-derived polyols and
polyisocyanates. Both sides successfully synthesized a variety of bio-based polyols from
short bio-based diols/polyols [2—4] like bio-propanediol, bio-butanediol, glycerol, vegeta-
ble oil-derived polyols [5-8], lignin-derived polyols [9-12], and terpene-derived polyols
[13] to polymer bio-based polyols [14-16]. However, only a few teams have worked on
the synthesis of bio-based polyisocyanates, particularly by exploring the available phos-
gene-free methods. For example, Wadgaonkar and coworkers [17,18] highlighted the pos-
sibility of designing a toluene diisocyanate “look-alike” compound from cashew nutshell
liquid (CNSL) using the well-known method of amine phosgenation with bis(trichloro-
methyl) carbonate (triphosgene). This research group [19] also used the Curtius rearrange-
ment to design the 5,5'-diisocyanato-2,2',3,3"-tetramethoxy-1,1"-biphenyl (BDI) from vanil-
lic acid. Similarly, Klein et al. [20] reported the synthesis of furan-derived diisocyanates.
However, in these examples, the methods used to synthesize isocyanates exhibit several
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disadvantages. In particular, the Curtius rearrangement requires the utilization of an acyl
azide intermediate, which can raise handling and safety concerns. The thermolysis of ure-
thane and the reductive carbonylation of nitro compounds have several drawbacks. No-
tably, the reductive carbonylation reaction necessitates a high pressure of carbon monox-
ide, a highly toxic gas. Both of these methods are energy-intensive and require elevated
reaction temperatures exceeding 200 °C [21]. As we recently demonstrated for the synthe-
sis of bisguaiacol F diisocyanate [22], these issues can be avoided by using a very promis-
ing and relatively under-exploited method reported by Knolker’s et al. [23] in the 1990s to
synthesize bisguaiacol F diisocyanate. This phosgene-free and room-temperature protocol
uses di-tert-butyl dicarbonate (Boc20) in the presence of a catalytic amount of 4-dimethyl-
aminopyridine (DMAP) to obtain isocyanate compounds from amines. The only limita-
tion of this method is related to the choice of the starting material, as only poorly nucleo-
philic (e.g., aromatic and very sterically hindered alkyl) primary amines can be used to
avoid the formation of urea side-products. Since p-menthane-1,8-diamine is composed of
two very sterically congested primary amines, it is a good candidate for the preparation
of its isocyanate analogue using Knolker’s protocol.

P-menthane-1,8-diamine is derived from turpentine [24], a mixture of natural com-
pounds isolated from pine trees. The main components of turpentine, a- and (3-pinene,
are considered the most abundant natural raw materials used for the synthesis of terpine
hydrate in industrial production [25]. This monohydrate plays an essential role in the
preparation of medicine intermediates, fragrances, and other fine chemicals like p-men-
thane-1,8-diamine (PMDA) [26]. Indeed, p-menthane-1,8-diamine, a primary alicyclic di-
amine, is widely used as an antibacterial agent, curing agent, or reactive raw material.
Traditionally, PMDA is produced by the acidic hydrolysis of N,N'-diformacyl-p-men-
thane-1,8-diamine obtained from terpine hydrate and hydrogen cyanide [26]. However,
this method induces the production of numerous by-products and uses hydrogen cyanide,
a poisonous compound. Henceforth, PMDA is obtained via alkali hydrolysis of the N,N'-
diacetyl-p-menthane-1,8-diamine amine moiety at high temperature (Scheme 1) [25,27].

OH NHCOCH; NH,
30% HpSO4 Ritter reaction alkali hydrolysis
. e, ALl -
a-pinene B-pinene OH NHCOCH; NH,
p-menthane-1,8-diol N,N'-diacetyl-p-menthane- p-menthane-1,8-diamine
1,8-diamine (PMDA)

Scheme 1. Synthesis of p-menthane diamine through Jians et al. [25] procedure.

We decided to work with commercially available PMDA and described, for the first
time, a detailed purification protocol. Indeed, Zhu et al. [25] mentioned the possibility of
purifying PMDA through salinization, crystallization, and alkali treatment, but no de-
tailed experimental protocol was provided in their work. Afterwards, we synthesized
PMDI via the phosgene-free, room-temperature route using Knolker’s et al. [23] proce-
dure.

Next, we carried out an analytical study of p-menthane diamine, diisocyanate, and
dicarbamate using NMR techniques (*H, *C, 3C-"H HSQC, *C-'H HMBC, and 'H-'H NO-
ESY). This investigation facilitated our understanding of the spatial arrangement of cis
and trans isomers within the difunctionalized p-menthane-based compounds. In parallel,
we explored the reaction between PMDI and a primary alcohol activated by nine different
catalysts. Lastly, we designed a PMDI-based thermoset and compared its physicochemical
properties as well as the reaction rate during material fabrication. Therefore, we believe
that PMDI can be viewed as a biosourced substitute for the petrochemical-based monomer
isophorone diisocyanate, given their structural similarities.
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2. Results and Discussion
2.1. PMDI Synthesis

Commercially available p-menthane 1,8-diamine, with a purity of approximately
85%, was employed as the starting material. PMDA is sold as a clear to pale-yellow liquid.
In order to ensure good repeatability and reproducibility of our experiments, it was nec-
essary to enhance the purity of the initial diamine compound using a simple, efficient, and
rapid purification method. We turned our attention to a three-step purification procedure
to isolate PMDA. First, the salinization of crude PMDA with a solution of acetic acid al-
lowed us to obtain protonated PMDA (PMDAH:?*)(2AcO") as a white to yellowish solid.
We then proceeded with the two-solvent cold crystallization step by dissolving the proto-
nated diamine (PMDAH>*)(2AcO") in a minimal volume of isopropanol, followed by the
addition of acetone. This process allowed us to obtain a solid product in a few hours of
refrigeration at 3 °C. Finally, treating the purified (PMDAH2?*)(2AcO") with a saturated
aqueous solution of sodium hydroxide resulted in a pale-yellow liquid with a purity of
approximately 99%, with yields in the 65-70% range. The purified PMDA was fully char-
acterized by 'H, *C, 3C-"H HSQC, *C-'H HMBC, and 'H-'H NOESY, as well as by FTIR,
GC-MS, and LC-MS analysis. The NMR chemical shifts of the purified PMDA are depicted
in Table 1.

We were then able to proceed with the synthesis of PMDI using phosgene-free and
transition metal-free conditions. Building upon the work of Knolker [23] and our recent
results [22], we obtained the corresponding diisocyanate from PMDA using a catalytic
amount of DMAP (10 mol%) and a slight excess of di-tert-butyldicarbonate (2.2 equiv.) in
dry acetonitrile. We monitored the reaction by GC-MS and reached full conversion of the
diamine after 2 h. However, we observed residual amounts of DMAP and Boc2O. To ad-
dress this issue, we isolated PMDI using flash column chromatography on silica gel. This
purification step effectively removed DMAP residuals, although traces of di-tert-butyldi-
carbonate were still present and visible in GC-MS chromatograms. The adjustment of the
flash column chromatography parameters did not prevent the presence of a residual
amount of Boc2O in the isolated PMDI. We thus decided to reduce the initial amount of
Boc20 until reaching strictly stoichiometric conditions (1 equiv. of PMDA for 2 equiv. of
Boc20), as explained in Scheme 2. Indeed, with stoichiometric conditions, we were able to
achieve complete conversion of PMDA into PMDI within 2 h and fully consume the Boc2:O
reagent.

NH, Boc,0 2 equiv. NCO
DMAP 10 mol%
ACN, rt,2 h
NH NCO

1 equiv.

Scheme 2. Synthesis of PMDI from PMDA under phosgene-free conditions.

PMDI was obtained as a light yellow to colorless liquid with a purity above 99% and
a yield of 75%. The isolated PMDI was fully characterized by 'H, *C, *C-"H HSQC, 13C-
H HMBC, and 'H-'H NOESY, as well as FTIR, GC-MS, and LC-MS analysis. The NMR
chemical shifts of the obtained PMDI are exposed in Table 1. Moreover, back-titration of
NCO functions was carried out to confirm the functionality and purity of PMDI. To per-
form the volumetric determination, we initially reacted PMDI with an excess of amine and
then titrated the remaining unreacted amine with a hydrochloric acid solution. To this
end, we employed di-n-butylamine, a highly reactive amine, and a solution of bromocre-
sol green for colorimetric titration. The titration was repeated three times, allowing us to
obtain an experimental NCO value of 37.71%, while the expected theoretical NCO value
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was around 37.85%. This observed NCO content shows that PMDI was efficiently purified,
and it is consistent with the result obtained by GC-MS analysis.

2.2. NMR Characterization of PMDA, PMDI, and p-Menthane-1,8-Dicarbamate

A comprehensive characterization of purified PMDA and PMDI was conducted by
NMR analysis to elucidate the spatial configuration of cis and trans isomers. Indeed, as
indicated by the GC-MS chromatograms, PMDA and PMDI exhibit two distinct peaks
corresponding to either cis or trans isomers. However, it is impossible to attribute one
peak to a particular isomer using GC-MS. Nonetheless, NMR was employed as an effec-
tive analytical method for differentiating the cis and trans isomers, and consequently the
major and minor isomers. This was made possible by combining the PMDA and PMDI
NMR studies with the NMR study of p-menthane dicarbamate (PMDC).

PMDI possesses a unique chemical structure where no hydrogen atoms are in the
position of the isocyanate group. In order to track the disappearance of the isocyanate
groups and the formation of carbamate groups using '"H NMR analysis, it is thus crucial
to employ an alcohol with hydrogen atoms that do not overlap with the 'H NMR signals
of PMDI. Therefore, we chose to work with benzyl alcohol, which features reactive pri-
mary alcohol functionality in the benzylic position, and we used the two benzylic protons
as a probe for the monitoring of the carbamate formation. Since the hydrogen atoms in the
a-position of the alcohol are attached to a six-membered aromatic ring, we were confident
that there would be no interference when monitoring the signals corresponding to the
CH:-OCONH moiety.

This NMR study enabled the distinction between major and minor isomers of PMDI.
Specifically, to differentiate between the positions of both CHz benzyl groups (position 1
or 8 in the molecule), NOE correlations (Figures 516 and S17) were observed between me-
thyls and NH, and subsequently between NH and the methylene groups. For the major
cis-isomer, the methyl group CHs(7) at 1.33 ppm shows a correlation with the NH(1) func-
tion at 4.53 ppm. The latter exhibits a correlation with methylene CH: at 5.06 ppm. For
trans-isomer, methyl groups 9 and 10 (1.27 ppm) correlate with NH(8) at 4.67 ppm, and
this NH(8) correlates with CH2 at 5.04 ppm. Furthermore, the configuration of position 1
was established thanks to additional NOE correlations. The axial CH(4) of the cis-isomer
at 1.87 ppm correlates with Hax(2/6) at 1.28ppm and Hax(3/5) at 1.55ppm. The NH(1) shows
correlations with Heq(2/6) at 2.17 ppm and Heq(3/5) at 1.15 ppm, confirming the axial posi-
tion of CHa(7).

These interpretations were confirmed by the literature [28], where it was demon-
strated that the signal of the CHs(7) methyl group in *C NMR undergoes an upfield shift
of approximately 6 ppm when it is in the equatorial orientation compared to the axial
orientation. Consequently, the major isomer can be identified as the cis isomer with an
axial orientation of the CH3(7) and an equatorial orientation of the amine, isocyanate, or
carbamate group, while the minor isomer can be identified as the trans-isomer. This study
also presents, for the first time, a comprehensive description of the chemical shifts and
spatial positioning of the various atoms of PMDA, PMDI, and PMDC molecules, as illus-
trated in Figure 1, Tables 1 and 2.
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R =NH; NCO or NHCOOBnN

HiC, R HiC, R

77,

H3C CH3 H30 CHS
g 10 9 10
cis isomer trans isomer

Figure 1. Spatial representation of the cis and trans isomers of p-menthane diamine, diisocyanate,
and dicarbamate components.

Table 1. 'TH NMR chemical shift of PMDA, PMDI and PMDC.

1H R = NH: (Purified) R=NCO R =NHCOOBn

cis trans cis trans cis trans

2/6 ax 1.34 1.27 1.37 1.63 1.28 1.52
2/6 eq 1.51 1.61 1.85 1.89 2.17 2.00
3/5 ax 1.62 1.68 1.72 1.76 1.55 1.65
3/5 eq 1.25 1.12 1.39 1.22 1.15 1.19

4 1.04 1.10 1.28 1.30 1.87 1.86

7 1.08 1.05 1.36 1.34 1.33 1.34

9/10 1.04 1.04 1.33 1.32 1.25 1.27
1-NH 4.53 4.75
8-NH 4.67 4.68
1-CH: (Bn) 5.06 nd
8-CH: (Bn) 5.04 nd

nd = not determined. The background color is here to indicate that there is no signal attributed to
the proton of the corresponding molecule.

Table 2. 3C NMR chemical shift of PMDA, PMDI and PMDC.

1BC R = NH: (Purified) R=NCO R =NHCOOBn

cis trans cis trans cis trans

1 47.8 49.0 58.1 57.6 52.0 52.6
2/6 40.1 41.9 39.5 40.1 36.8 37.3
3/5 22.8 24.5 23.4 24.0 22.6 23.4

4 49.1 49.2 47.8 47.5 44.3 449

7 33.1 25.7 31.6 25.5 28.0 21.9

8 51.3 51.2 61.0 60.7 55.5 55.5
9/10 28.5 28.5 28.1 28.5 24.5 24.5
1-NCO 122.2 154.7 nd
8-NCO 122.5 122.6/1228 154.6 nd
CH: (Bn) 66.1 nd
Cq (Bn) 136.9 nd

nd = not determined. The background color is here to indicate that there is no signal attributed to
the proton of the corresponding molecule.
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PMDI is a molecule that exhibits structural similarities to the well-known isophorone
diisocyanate compound. Both diisocyanates, PMDI and IPD], are six-membered heterocy-
clic, non-aromatic compounds (Figure 2). They are also asymmetrical molecules with non-
equivalent isocyanate groups. Specifically, PMDI has a quaternary cycloaliphatic isocya-
nate group on Ci and a quaternary isocyanate group on Cs, while IPDI features a tertiary
cycloaliphatic isocyanate group on Cs and a secondary isocyanate group on Cio [29]. IPDI
is a monomer used to synthesize polyurethane systems for various industrial applications.
IPDI is widely used in the formulation of coatings and acts as a hardener and cross-linking
agent, generating durable and fast-drying coatings. It is also used in the manufacturing of
adhesives as it provides excellent adhesion to a variety of substrates, including metals,
woods, plastics, and composites [29-32]. IPDI can also be used in the production of ther-
moplastic polyurethanes and elastomers, which are used in several applications, such as
automotive, electronics, and consumer products. To the best of our knowledge, there is
currently no bio-based alternative to IPDI available on the market, despite its wide-rang-
ing applications in various fields.

10

Isophorone diisocyanate p-menthane-1,8-diisocyanate
(IPDI) (PMDI)

Figure 2. Chemical structures of IPDI and PMDI compounds.

Given their similar structures, a comparison was made between the reactivity of
PMDI and IPDI using NMR analyses. Moreover, an investigation was carried out to assess
the influence of catalyst type on the reactivity of PMDI.

2.3. Influence of Catalyst Nature on the Reactivity of PMDI

The catalytic activation of the isocyanate-alcohol reaction, in our case PMDI and ben-
zyl alcohol, was investigated using a range of catalysts with three different activation
modes, as seen in Scheme 3. In total, nine catalysts (Figure 3) N,N-dimethylcyclohexyla-
mine (DMCHA), 1,5,7-triazabicyclo [4.4.0]dec-5-ene (TBD), 1,8-diazabicyclo [5.4.0]lundéc-
7-éne (DBU), dibutyl tin dilaurate (DBTDL), stannous octoate, bismuth decanoate (Bicat
8118), zinc decanoate (Bicat Z), 4-dimethylaminopyridine (DMAP), and 1,4-diazabicyclo
[2.2.2]octane (DABCO) of Breonsted base, Lewis acid, or relay nucleophile types were em-
ployed. In the case of the alcohol-isocyanate reaction catalyzed by a Lewis acid, two coor-
dination modes are potentially achievable, allowing the binding of the metal center either
to the oxygen or to the nitrogen atom. Indeed, soft Lewis acids have a propensity to readily
coordinate with atoms or groups of atoms that possess lower electron densities and
greater polarizabilities, such as nitrogen atoms. On the contrary, oxygen is more electro-
negative and has a greater affinity for electrons than nitrogen, making it "harder." Nitro-
gen is thus considered relatively “softer” than oxygen. However, it is important to note
that this classification is a simplification, and the hardness or softness of atoms can vary
based on the chemical context and specific interactions. In Scheme 3B, an activation mode
involving coordination by the nitrogen atom with a soft Lewis acid catalyst is proposed.
Nevertheless, achieving coordination by the oxygen atom is also potentially feasible when
harder Lewis acid catalysts are used [33].
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Scheme 3. Activation modes of the catalyzed isocyanate-alcohol reaction [34] with Brensted bases
[35] (A), Lewis acids [36] (B), and relay nucleophiles [37-39] (C).

\N/
O QO
Bronsted base
n N)\\N SN
H
DBU

DMCHA TBD
Oy Ct1Has
CiHo / e
\§n"'\o o
Lewis acid lo)
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CAHQ/ Ae) O- | Sn?* Q 3+ 2+
| 9& Bi o-| 2n
o} o-
CiqHas , N A
DBTDL Stannous octoate Bicat 8118 Bicat Z
g ©
Relay nucleophile S | : N
DMAP ! pABCO |

with basic character

Figure 3. Structure of the catalysts employed for the activation of the isocyanate-alcohol reaction,
their abbreviations, and their categorization types.

As explained previously, PMDI has two alpha-quaternary isocyanate groups, includ-
ing one attached to the cycloaliphatic ring. Differentiating the reactivity between the two
isocyanate groups is challenging as they are both quaternary, which prevents us from fol-
lowing the consumption of one isocyanate over the other one by '"H NMR spectroscopy.
However, the isocyanate group on Ci appears to be less hindered than that on Cs, which
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could enhance its reactivity. Indeed, it has been shown that in most instances, the second-
ary isocyanate group in IPDI exhibits higher reactivity due to lower steric hindrance in
the chair conformation when compared to the quaternary isocyanate group [40,41]. Nev-
ertheless, some catalysts have proven to be effective for activating both isocyanates in a
similar manner [41-48]. For example, DABCO slightly enhances the reactivity towards the
quaternary isocyanate group of IPDI and even results in equal reactivity for both isocya-
nate groups [40]. However, the study of the different reactivities of the isocyanate groups
of IPDI is limited to a few catalysts. Our strategy was to work with the most conventional
and commonly used catalysts to enhance the isocyanate-alcohol reaction and compare
their effects on PMDI reactivity. However, we were not able to distinctly follow the reac-
tivity of the quaternary isocyanate carried by the cycloaliphatic ring and the one carried
by Csby NMR analysis. We were limited by the overall reactivity of PMDI with respect to
the alcohol-bearing components and thus were unable to differentiate the intrinsic reac-
tivities of each isocyanate group within the PMDI structure.

To follow the isocyanate-alcohol reaction kinetics through 'H NMR analysis, we em-
ployed benzyl alcohol as a mono-alcohol to react with IPDI in the presence of an internal
standard in deuterated toluene. We used a 5 mol% catalyst loading at two distinct tem-
peratures (80 °C and 50 °C), as seen in Scheme 4. In fact, the reactivity of some catalysts at
80 °C was so high that the reaction took place instantaneously before we could even pro-
ceed to NMR monitoring, redirecting us towards the lower temperature of 50 °C.

1o 1
NCO
@OH 5 mol% cat. NT(O
- ]
50°Cor80°C

+

o
2 equiv.
NCO q N)ko
. H
1equiv.
X PDMC
MeO OMe
OMe
Internal standard
33 mol%

Scheme 4. Synthesis of PMDC with 1,2,5-trimethoxybenzophenone as an internal standard.

Bi- and Sn-based catalysts exhibit the highest catalytic activity. Indeed, we had to
lower the temperature from 80 °C to 50 °C to be able to clearly monitor the carbamate
formation. The reactivity of DBTDL and Bicat 8118 is so strong that the first kinetic points
obtained, when following the reaction kinetics by NMR analysis, had already reached 45%
and 35% of conversion, respectively, for DBTDL and Bicat 8118, as seen in Figure 4.

100 100
80 4
—e—TBD

< DBU =
5 —*— DBTDL §
ke} 60 Bicat 8118 hej
o 604 ——TBD (IPDI) ° =~ DMCHA
q>; 3 + - TBD
- % Stannous octoate
£ £ v BicatZ
& 40 T DMAP
2 g «  DABCO
S 8

20

0+ T T T T T T T Y T T T T !
0 1 2 3 4 5 6 7 8 0 5 10 15 20 25
Time (h) Time (h)

Figure 4. Influence of catalysts on the kinetics of the reaction between PMDI and benzyl alcohol at
50 °C (A) and 80 °C (B).
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Amidine and guanidine catalysts, namely DBU and TBD, and a tertiary amine cata-
lyst, DMCHA, exhibited the strongest catalytic activity after Sn- and Bi-based Lewis acid
catalysts. However, the catalytic activity of TBD and DMCHA cannot challenge DBTDL,
Bicat 8118, and DBU catalytic activity, as DBTDL achieved complete conversion of the
isocyanate groups into carbamate groups after 1 h 50 min, Bicat 8118 after 2 h 35 min, and
DBU after 6 h 30 min at 50 °C. Comparatively to DBTDL, TBD only achieved 9% conver-
sion after 1 h 50 min in the same conditions (50 °C), as seen in Figure 4. Nevertheless, at
80 °C, the TBD-catalyzed reaction reached full conversion after 8 h and 20 min of reaction,
whereas DMCHA provided the same result in nearly 17 h. DMAP, an organic catalyst
with a relay nucleophile activation mode, exhibited the lowest catalytic activity. Even after
40 h of reaction, complete conversion of the isocyanate function could not be achieved.
Stannous octoate, Bicat Z, and DABCO demonstrated comparable catalytic activities. They
were able to achieve full conversion within approximately 20 h at 80 °C. Furthermore, we
compared the reactivities of PMDI and IPD]I, both activated with 5 mol% of TBD, at 50 °C
and 80 °C. As anticipated, at 50 °C, the reactivity of IPDI was slightly higher than that of
PMDI in the same conditions. However, at 80 °C, their reactivities were comparable. In-
deed, it was expected that IPDI would exhibit a higher reactivity than PMDI, given that
IPDI has fewer hindered isocyanate groups and also possesses an a-secondary isocyanate.
Nevertheless, our results strongly suggest that during polymer elaboration, IPDI-based
formulations have better reactivities than PMDI-based formulations.

The above-mentioned studies have allowed us to classify the reactivities of each cat-
alyst and identify the one with the greatest capacity for activating the reaction. In general,
hard Lewis acid catalysts exhibit the strongest reactivity, and among them, DBTDL show-
cases the most potent catalytic effect. Brensted base catalysts provide an alternative to
transition-metal catalysts as they demonstrate favorable reactivity, which can be particu-
larly appealing for applications that require metal-free formulations, such as in the elec-
tronic, food, cosmetics, and pharmaceutical industries.

2.4. Synthesis, Characterization, and Reaction Study of PMIDI- and IPDI-Based Polyurethanes

Due to the common usage of IPDI in coating formulations, our objective was to syn-
thesize PU thermoset materials from IPDI and PMDI and to compare their reactivities and
properties. In order to achieve partially bio-sourced PU materials, we utilized two polyols
derived entirely from renewable resources, namely poly(1,3-propanediol) and glycerol.
Specifically, the PMDI monomer possesses a bio-based content of 83%, and the IPDI mon-
omer is fully derived from petroleum resources. By employing a two-step method to de-
velop a PMDI-based polyurethane, we successfully obtained a PU material with a remark-
able biobased content of 92%.

Firstly, we prepared an NCO-telechelic prepolymer at 80 °C by reacting the diisocy-
anate compound (IPDI or PMDI) with the poly(1,3-propanediol) with a molar mass of
approximately 500 g.mol (marketed under the trade name Velvetol® H500, WeylChem
International GmbH, Frankfurt am Main, Germany) in the absence of a catalyst. The con-
version of the reaction was assessed by monitoring the disappearance of the signal corre-
sponding to the two CHb close to the terminal alcohol groups of Velvetol® H500 at 3.50
ppm (t) and 3.59 ppm (t). Unfortunately, with the PMDI monomer, even after 4 h of reac-
tion, the signal attributed to the terminal alcohol groups was still present in the 'H NMR
spectra of the reaction aliquots, unlike for the preparation of the IPDI prepolymer. More-
over, the obtained integration values suggest that an oligomer was obtained instead of a
prepolymer terminated by one PMDI unit. It is likely that there was an uneven addition
of Velvetol® H500 onto PMDI due to the slow reaction between the alcohol and isocyanate
groups. Consequently, we used a relatively low amount of DBTDL (0.1 mol%) in both
prepolymer syntheses to ensure a fast and efficient reaction between the NCO of PMDI or
IPDI and the alcohol end groups of Velvetol® H500. We were finally able to obtain the
desired NCO telechelic prepolymers consisting of a single unit of Velvetol® H500 com-
bined with both diisocyanate monomers as displayed in Scheme 5.
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Scheme 5. Idealized synthesis of NCO-terminated prepolymer with IPDI (in red) and PMDI (in blue)

The prepolymer structures were confirmed by "H NMR, as seen in Figures 5 and 6,
13C NMR, and FTIR analyses, as seen in Supplementary Information.
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Figure 5. "H NMR spectrum of IPDI-based prepolymer.
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Figure 6. 'H NMR spectrum of PMDI-based prepolymer.

Subsequently, the synthesized prepolymer was reacted with glycerol in a stoichio-
metric ratio with respect to the NCO functionality (NCO:OH = 1). The mixture was then
stirred and cured in a silicon mold at 80 °C for 24 h. As seen in Figure 7, the IPDI-based
thermoset is transparent and colorless, while the PMDI-based thermoset is transparent
with a slight yellowish tint.

ICGM

Institut Charles Gerhardt Montpellier

Figure 7. Photograph of IPDI-based thermoset (left) and PMDI-based thermoset (right).

We characterized these two materials using FTIR, TGA, and DSC analyses and deter-
mined their swelling index and gel content. Additionally, to underscore and compare the
reactivity of IPDI and PMDI monomers, we monitored the disappearance of the NCO
group during thermoset formation at 80 °C using FTIR and measured the gelation time of
both materials through rheological analysis using a multi-frequency method and a plate-
plate geometry at 90 °C with a stress of 3 Pa.

Indeed, the intersection of G'(t) and G"(t) allows us to determine the gelation time of
thermoset systems. More precisely, the point where G'(t) intersects with G"(t) corresponds
to the moment where the system undergoes a transitional phase. This transition is associ-
ated with the progression from an “elastic-dominated” formulation (a liquid) to a “viscos-
ity-dominated” formulation, corresponding to the initial stage of a crosslinked/solid ma-
terial. Table 3 presents the gelation time for three different frequencies under a stress of 3
Pa, along with the average gelation time obtained for both formulations. Additionally, the
G’ and G" curves for both formulations at the three different frequencies are displayed in
Figures S25 and S27. The IPDI-based formulation has an average gelation time of 430 s,
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corresponding to approximately 9 min, while the PMDI-based formulation has an average
gelation time of 4875 s, corresponding to 1 h 23 min. These results highlight the higher
reactivity of IPDI compared to PMD], in agreement with what was observed in a diluted
system during the synthesis of the prepolymer. The gelation of the IPDI-based formula-
tion is eleven times faster than the PMDI-based formulation gelation time. It was also pre-
dictable considering the steric hindrance between the NCO groups of the two monomers,
as PMDI has a higher hindrance in its NCO groups compared to IPDL

Table 3. Gelation times of IPDI- and PMDI-based formulations.

Gelation Times (s)

Frequency (Hz) IPDI-Based Formulation = PMDI-Based Formulation
5Hz 430 4805
71Hz 424 4933
10 Hz 424 5189
Average 426 +3 4975 + 142

In parallel, we monitored the disappearance of the C=0O signal of the NCO group at
2260 cm™ during the curing process of the formulation at 90 °C by using a Nicolet 210
Fourier transform infrared (FTIR) spectrometer equipped with a Specac golden gate at-
tenuated total reflection (ATR) heating cell. The degree of conversion for the curing reac-
tion can be expressed as U = (Ao — At)/Ao, where Ao represents the initial peak area of the
C=0 stretching (OCN function) at to and At represents the peak area of the C=0 stretching
(OCN function) at a given time. In accordance with the gelation time results, the complete
conversion of isocyanate into carbamate groups was faster with the IPDI monomer com-
pared to the PMDI monomer. Specifically, IPDI-based formulations achieved 80% conver-
sion after 6 min, whereas PMDI-based formulations reached the same level of conversion
after 1 h 28 min of reaction. Furthermore, the complete disappearance of NCO peaks took
a significantly longer time for PMDI monomer (24 h in total), while it was considerably
faster for the IPDI-based formulation (1 h 50 min), as seen in Figure 8.

@ ——0min ® —Omin
—— 1 min ——30 min
3 min ——45min
—— 6 min ——1h 15 min
~——10 min ——2h
8 NCO function {7min 3 NCO function ———2h45min
3 ——28min = ———5h 45 min
< ——1h50min £ —12h
3 2 —1da
S 2 y

T Y ! T ! . T T T T T T 1
2400 2350 2300 2250 2200 2150 2100 2450 2400 2350 2300 2250 2200 2150 2100

= ¥
Wavenumber / cm Wavenumber / cm™'

Figure 8. Evolution of the C=O stretching peak of the NCO function of IPDI-based formulation (A)
and PMDI-based formulation (B) over time at 80 °C.

Figure 9 shows the FTIR spectra of cured materials obtained with IPDI (top) and
PMDI (bottom) monomers. In both cases, the spectra display a broad band ranging from
3660 to 3200 cm™ that corresponds to the N-H bond of the urethane groups. Additionally,
both spectra exhibit a distinct peak at around 1700 cm™, indicating the presence of the
C=0 functionality of the urethane groups. Furthermore, the absence of a band around
2300 to 2200 cm corresponding to the C=O stretching of the isocyanate bond indicates
the complete consumption of the isocyanate groups for both thermosets.
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Figure 9. FTIR spectrum of IPDI- and PMDI-based thermosets.

be explained by the presence of a weaker linkage in the PMDI-based system.

Table 4. Thermal and chemical properties of MDI- and BGI-based thermosets.

Finally, the thermal stability of both cured materials was studied by TGA analysis
under a nitrogen atmosphere (Table 4). While both materials have the same maximal tem-
peratures of degradation around 430 °C, it appears that the PMDI-based material displays
a slightly different thermal behavior. More specifically, the thermogram of PMDI-based
material exhibits two distinct mass losses, as shown in Table 4 and Figure 10, which can

Masse / %

T ™ 1% Ty SI GC
Unit (°CQ) %
IPDI-based thermoset 285 348 399 53 50 99
PMDI-based thermoset 240 297 393 18 75 98
100 4 —— IPDI-based thermoset

—— PMDI-based thermoset

80

60

40

20+

T T T T T T T 1
100 200 300 400 500 600 700 800
Temperature / °C

Figure 10. TGA curves of IPDI- and PMDI-based thermosets.

The steric hindrance of PMDI isocyanate groups reduces its reactivity compared to

IPDI, but it also appears to contribute to the creation of a weak point in the PMDI-derived
polymer system. Regarding their characterization by DSC, both materials exhibit a glass

transition, which is typical for thermoset materials. The IPDI-based thermoset has a T

value of 53 °C, while the PMDI-based thermoset has a Ty value of 18 °C (Table 4 and Figure

11). These results are consistent with the behavior of the materials in the THF solvent.
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Specifically, the IPDI-based material has a swelling index of 50% at room temperature in
THF, whereas the PMDI-based material has a swelling index of 75%. These results are
closely related to the network size. The formation of the IPDI-based thermoset likely re-
sulted in a narrower network compared to the PMDI-based thermoset. However, both
materials exhibit a high gel content, indicating the formation of a fully crosslinked mate-
rial.

i —— |IPDI-based thermoset
€X0o —— PMDI-based thermoset

DSC /mw

T 1
-100 -50 0 50 100 150
Temperature /°C

Figure 11. DSC curves of IPDI- and PMDI-based thermosets.

This indicates that, despite the lower reactivity of the PMDI monomer and its higher
steric hindrance compared to IPD], it is possible to employ PMDI in the design of polyu-
rethane systems that showcase nearly identical physical and chemical attributes to IPDI-
based materials. Furthermore, as PMDI originates from renewable resources, it offers a
sustainable approach to polyurethane design.

3. Materials and Methods
3.1. General Information

P-menthane-1,8-diamine mixture of cis and trans isomers (PMDA, 85%), acetic acid
(99.5%), potassium iodide (=85%), di-tert-butyl dicarbonate (Boc2O, 99%), 4-(dimethyla-
mino)pyridine (DMAP, 299%), 1,3,5-trimethoxybenzene (299%), isophorone diisocyanate
mixture of cis and trans isomers (IPDI, 299%), d-chloroform (CDCls, 99.5% D), were sup-
plied by Sigma-Aldrich (Darmstadt, Germany) and used as received. D-toluene (99.5% D)
was supplied by Fluorochem (Hadfield, UK) and used as received. Velvetol® H500 was
kindly supplied by WeylChem International GmbH (Frankfurt am Main, Germany) and
used as received. Glycerol (299.5%) was purchased by Prolabo (Paris, France) and used as
received.

NMR spectra were recorded at 298 K on a Bruker Avance III 600 MHz NMR spec-
trometer using TCI Cryoprobe Prodigy® (Bruker Biospin, Féallanden, Switzerland). Chem-
ical shift data are given in ® ppm calibrated with residual protic solvent (e.g., CDCls: 7.26
ppm - 'H/77.16 ppm - C). A C UDEFT sequence was used with a spectral width of
33,300 Hz and 4096 scans. In addition, 2D homonuclear 'H-'H g-COSY (1 scan, 512 real
(t1) x 2048 (t2) complex data points) and 2D heteronuclear spectra of *C-'H g-edited
HSQC and ®*C-'"H g-HMBC were acquired to assign the compound (8 scans, 512 real (t1)
x 2048 (t2) complex data points). Homonuclear 2D spectra '"H-'H NOESY were recorded
using data matrices of 256 real (t1) x 2048 (t2) complex data points; 16 scans per t1 incre-
ment with a 3s recovery delay and a spectral width of 7200 Hz in both dimensions were
used. Spectra were processed and visualized with Topspin 3.6.2 (Bruker Biospin) on a
Linux station. Fourier transform infrared spectra were collected with a Thermo Scientific
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(Waltham, MA, USA) Nicolet 210 FT-IR spectrometer featuring a Specac Golden Gate at-
tenuated total reflection (ATR) heating cell. High-resolution mass spectrometry (HRMS)
data were acquired using an LC-TOF mass spectrometer (micrOTOF-Q) with electrospray
ionization (ESI) in either positive or negative mode. GCMS analyses were conducted using
electrospray ionization (ESI) on a Chimadzu QP2010SE mass spectrometer. Thermograv-
imetric analyses (TGA) of the cured polyurethanes were carried out on a Netzsch (Bur-
lington, MA, USA) STA 449 F1 TGA. Nitrogen gas at a flow rate of 20 mL-min~ was used
as the protective gas. About 10 mg of the sample was placed in an alumina crucible and
heated from room temperature to 800 °C with a heating ramp of 10 °C-min-". Differential
scanning calorimetry (DSC) analyses were performed using a Netzsch DSC 3500 Sirius
calorimeter. Nitrogen gas at 40 mL-min~! was used as the purge gas. Approximately 10 mg
of the sample was placed in pierced aluminum pans. The thermal properties of the ther-
moset materials were examined between —100 and 200 °C at a heating rate of 20 °C-min™!
to observe the glass transition temperature. To determine gelation times, a Thermo Fischer
Mars 60 rheometer was used with a plate-plate aluminum disposable geometry (25 mm
diameter, 0.4 mm gap, 0.2 mL of formulation). Measurements were conducted at 80 °C
with a stress of 3 Pa, employing a multi-frequency program with frequencies of 5 Hz, 7.10
Hz, and 10 Hz.

3.2. Experimental Section
3.2.1. General Procedure for the Purification of p-Menthane-1,8-diamine (PMDA)

A solution of acetic acid (2.5 equivalents, 0.293 mol, 17.60 g) in 40 mL of dichloro-
methane was prepared in a 100 mL beaker and then poured into a round-bottomed flask
containing 20 g of PMDA (1 equivalent, 0.117 mol). The resulting solid was washed three
times with dichloromethane and concentrated under reduced pressure. The solid was pu-
rified through cold recrystallization. Initially, a small amount of isopropanol was used to
dissolve the solid, and then acetone was added to enable the recrystallization of the prod-
uct. The solid was filtered using a Biichner funnel, followed by an alkali treatment process
in which PMDAH* solids were dissolved using a sodium hydroxide-saturated aqueous
solution. The aqueous phase was extracted three times with dichloromethane, washed
once with a saturated brine solution, and finally dried over MgSOa. The product was con-
centrated under reduced pressure and dried. A highly pure (299%) p-menthane-1,8-dia-
mine was obtained as a yellowish liquid with a yield of 70%.

3.2.2. General Procedure for the Synthesis of p-Menthane-1,8-diisocyanate (PMDI)

A solution of di-tert-butyl dicarbonate (2.0 equivalents, 11.74 mmol, 2.56 g) and
DMAP (0.1 equivalent, 0.59 mmol, 0.072 g) in 10 mL of dry acetonitrile was prepared in a
50 mL round-bottomed flask with a magnetic stirrer. Subsequently, a solution of p-men-
thane-1,8-diamine (1 equivalent, 5.87 mmol, 1 g) in 10 mL of dry acetonitrile was gradually
added to the previous solution. The resulting mixture was stirred at room temperature for
2 h and then concentrated under reduced pressure. The crude product was subjected to
purification using flash column chromatography on silica gel with cyclohexane/ethyl ac-
etate as eluents. After solvent evaporation, a highly pure (299%) p-menthane-1,8-diisocy-
anate was obtained as a white to yellowish liquid with a yield of 75%.

3.2.3. General Procedure for the Synthesis of p-Menthane-1,8-dicarbamate Monitoring by
H NMR

In a test tube, 35 mg of 1,3,5-trimethoxybenzene (33 mol% relative to the diisocyanate,
0.21 mmol), a catalyst (5 mol% relative to the diisocyanate), 0.146 g of benzyl alcohol (2
equivalents, 1.26 mmol), and 0.150 g of diisocyanate (1 equivalent, 0.68 mmol) were intro-
duced in this specific order. The test tube was preserved in an ice bath, and 0.4 mL of
deuterated toluene (toluene-ds) was added. The solution obtained was transferred into an
NMR tube, and the reaction was monitored by NMR. The NMR spectrometer was pre-set
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at a specific temperature (50 °C or 80 °C), and NMR spectra were recorded over time to
track the appearance of CH2-COONH peaks.

3.2.4. General Procedure for the Synthesis of a Polyurethane Thermoset through a
Two-Step Method

As an illustrative example, 2.59 g of PMDI or IPDI (2.5 equivalents, 1.17 mol) and 7
mg of DBTDL (0.1 mol%, 0.012 mmol) were placed in a 10 mL round-bottom flask with
two necks. The setup was purged with nitrogen for 10 min and then heated to 80 °C. Sub-
sequently, 2.41 g of Velvetol® H500 (1 equivalent, 4.68 mmol) was slowly added using a
syringe driver during 1 h. The resulting mixture was stirred magnetically for 4 h at 80 °C.
Afterwards, 2 g of the obtained prepolymer was transferred to a PP flask, and 0.174 g of
glycerol was added. The mixture was mixed at 2500 rpm for 2 min in a PP flask using a
SpeedMixerTM. Next, the mixture was poured into a silicon mold and cured at 80 °C for
24 hin an oven.

4. Conclusions

To conclude, p-menthane-1,8-diisocyanate was successfully synthesized using a raw
material derived from turpentine, PMDA, through a phosgene-free route at room temper-
ature. The NMR study of PMDA, PMDI, and PMDC has provided, for the first time, a
comprehensive understanding of the spatial configuration of the cis:trans isomers of these
three different molecules. Furthermore, we investigated the reaction rate of PMDI with
benzyl alcohol in the presence of nine different catalysts to understand their effects. As
expected, hard Lewis acid catalysts exhibited the highest reactivity. However, some or-
ganic catalysts, such as DBU or TBD, offered a viable alternative to transition-metal cata-
lysts, as their reactivity proved to be quite competitive when compared to tin or bismuth-
based catalysts. PMDI was subsequently used in designing a polyurethane material with
a bio-based content of 92% that exhibited satisfying physicochemical properties when
compared to its petrochemical counterpart.

We believe that the successful synthesis of PMD]I, along with the findings of this re-
search, contributes to the development of more sustainable practices and paves the way
for further advancements in environmentally friendly materials.

Supplementary Materials: The following supporting information can be downloaded at:
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