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Introduction

Lignin-based bisguaiacol diisocyanate: a green
route for the synthesis of biobased polyurethanest

12 Aliénor Delavarde,? Frédéric Lamaty, ©°

@ and Sylvain Caillol 2 *®

Sébastien Lemouzy,
Xavier Bantreil, €2 *€ Julien Pinaud

The synthesis of a new biobased aromatic diisocyanate derived from lignocellulosic raw material, namely
guaiacol and vanillyl alcohol, through phosgene-free route offers the prospect of greener approaches for
isocyanate production and the polyurethane industry. Indeed, bisguaiacol F diisocyanate (BGI) was
obtained via a three-step process from readily available bisguaiacol F (BGF), involving conversion of aro-
matic amine into aromatic isocyanate. The unusual transition-metal-free conversion of BGF to bisguaiacol
F diamine (BGA) was performed by a two-step approach: (a) the Williamson-type alkylation of BGF and
then (b) the base-promoted Smiles rearrangement of bis O-alkylated BGF. In order to improve the sus-
tainability of this process, the first step was realized under solvent-free mechanochemical conditions, and
the second step was performed using two different activating methods: thermal and microwave. The
thermal process provided an isolated BGA yield of ca. 70%. Microwave activation proved to be an interest-
ing alternative, although a lower yield (32%) of the desired BGA was achieved. Finally, the diisocyanate syn-
thesis was performed via a phosgene-free/room temperature protocol using di-tert-butyl dicarbonate in
the presence of a catalytic amount of 4-dimethylaminopyridine (DMAP). Two polyurethane thermosets
were designed and synthesized using the aromatic diisocyanates, biobased BGI and petrochemical-based
methylene diphenyl diisocyanate (MDI), by a solvent-free two-step polymerization. Their thermo-chemi-
cal properties as well as their reactivities for polymer synthesis were evaluated. These preliminary results
suggest that BGI could be potentially used as a nearly fully biobased surrogate for MDI.

urethanes by developing a wide range of new bio-based
polyols.>* In particular, polyurethanes can be easily prepared

Within a few decades, polyurethanes have emerged as a power-
ful class of organic polymers. These materials possess a wide
range of industrial applications,! ranging from foams to CASE
(Coatings, Adhesives, Sealants and Elastomers), owing from
the increasing array of polyfunctional alcohol and isocyanate
monomers available. Until very recently, polyurethane
materials were synthesized from petrochemical-based com-
pounds with high toxicity. However, with the growing concerns
regarding raw material origin and resource scarcity in the
upcoming decades,” the design of monomers based on renew-
able sources is becoming a need.

Therefore, both academic and industrial research have
focused on the enhancement of the sustainability in poly-
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from renewable resources such as plant oils,” as unsaturated
fatty acids have proven to be efficient precursors of polyols®®
and isocyanate’ monomers. However, bio-based poly-isocya-
nate monomers have seen less development,'® especially aro-
matic isocyanates, which have received very little attention."
One of the main reasons for this lack of development is the
need to use phosgene gas to obtain isocyanate molecules.
Indeed, the acute toxicity of phosgene gas is a major hinder to
the development of phosgene-based industrial processes.
Since 1928, when the first accident related to phosgene
occurred in Hamburg,"> numerous industrial incidents and
accidents involving phosgene production and/or use have been
reported. Especially, lethal industrial accidents have been
reported by DuPont® and BASF' in the last decade.
Henceforth, phosgene is always produced in situ where isocya-
nate synthesis occurs and drastic regulations (such as the
Seveso directive in the European Union) have been
implemented to make sure that the companies that use phos-
gene possess the appropriate technology and knowledge to
avoid such severe accidents. Consequently, phosgene-free
routes have been explored to design isocyanate compounds in
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B. Synthetic pathway of BGI

A. Process for the production of MDI
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Scheme 1 Process for the preparation of MDI (A) and synthetic pathway

a greener way. The triphosgenation of amine with bis(trichloro-
methyl) carbonate (triphosgene) can be explored to synthesize
isocyanate compound. This one-step reaction is easy to
implement but does not prevent phosgene production during
the reaction. Thermolysis of urethanes and reductive
carbonylation of nitro-compounds'® are both energy-consum-
ing, requiring high reaction temperatures (>200 °C). Regarding
the reductive carbonylation reaction, high-pressure of carbon
monoxide (85 atm) is used, which severely impacts the sustain-
ability of the process. On the other hand, since the thermolysis
of urethane requires a reagent with urethane functions, the
synthetic possibilities of this method are limited. Another
promising approach is the preparation of isocyanate via the
Curtius rearrangement, but the preparation and handling of
acyl azide intermediates raises safety concerns, preventing this
method from reaching industrial scale-up production.
However, recent development in this chemistry using continu-
ous-flow reaction allow for more promising environmental
impact.'”"®

In the 1990s, Knolker reported a very mild method for the
preparation of isocyanates."®*° This reaction operates in the
presence of 4-dimethylaminopyridine (DMAP) as the catalyst
(usually 10 mol%) using cheap and readily available di-tert-
butyl dicarbonate (Boc,0) as the carbonyl source,>'>* in aceto-
nitrile or dichloromethane at 25 °C. The main limitation of
this method lies in the choice of the amine starting material,
as only anilines and hindered alkyl amines are suitable for
this reaction. More nucleophilic primary alkyl amines often
yield ureas as the major side-product. We thought that this
process could be viewed as a much greener alternative to the
phosgene route (room temperature, much less hazardous
reagents), especially since Boc,O can be synthesized directly
from CO,.>* However, to our great surprise, it has hardly ever
been used for the synthesis of isocyanate monomers for the
preparation of polyurethanes materials.>* Thus, in our quest to
design a greener alternative to methylene diphenyl diisocya-
nate (MDI), we decided to synthesize a structurally analogous

4834 | Green Chem., 2023, 25, 4833-4839

of BGI (B).

molecule from lignin feedstock using the Boc,O route
(Scheme 1B).

Methylene diphenyl diisocyanate (MDI) is a diaromatic dii-
socyanate with three common isomers (4,4’-MD], 2,4-MDI and
2,2-MDI) produced by a 4 step synthesis starting from
aniline.>>*® The process for producing MDI (Scheme 1A)
involves the reaction of aniline with formaldehyde in the pres-
ence of an acid catalyst to produce a mixture of methylene
(diphenyldiamines) (MDA) and polymeric aniline (pMDA).

Further reaction with phosgene provides the corresponding
poly-isocyanates (step C). Finally, isolation of MDI isomers is
performed through distillation (step D). Aniline, involved in the
first step, is classified as highly toxic for human beings and
environment, CMR and corrosive. Formaldehyde is fatal if
inhaled and is also classified as highly corrosive, CMR and flam-
mable. Therefore, raw materials for MDI synthesis are highly
toxic compounds obtained from petro-based resources. Indeed,
aniline is usually obtained from nitration of benzene followed by
nitro to amine reduction. Product of the second step is a mixture
of MDA isomers and polymeric aniline that is deemed as more
toxic than MDI isomers. Finally, in the third step, phosgene gas
is used to transform amine into isocyanate. Phosgene is classi-
fied by EU as highly toxic material. It has the highest NFPA
704 health rating of 4, “very short exposure could cause death or
major residual injury”.>” Since MDI is the most produced diiso-
cyanate with a total European production capacity of
770 000 metric tons in 2020, the design of an analogous bio-
based aromatic isocyanate could be of high interest. In addition
to use renewable feedstocks, a greener and safer synthetic
pathway is proposed in order to avoid the use of lethal com-
pounds such as aniline, formaldehyde and phosgene gas.

Results and discussion

Our initial idea was to use bisguaiacol F (BGF) as the starting
material. Indeed, BGF can be easily synthesized by acid-

This journal is © The Royal Society of Chemistry 2023
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mediated Friedel-Crafts-type alkylation*®*° of guaiacol with
vanillyl alcohol, which are both bio-based and readily available
lignin-derived phenols. We selected the procedure of
Periyasamy et al.>® (1:1 ratio on both bio-based phenol, sulfu-
ric acid, EtOH, 100 °C) for multi-gram synthesis of BGF. Using
these conditions, we were able to obtain 125 g of BGF in an
approximately 3:1 mixture (p,p-BGF: o,p"-BGF ratio) of
isomers (Scheme 2).

We then turned our attention to the transformation of BGF
3 into the corresponding diamine 6 (BGA). However, the direct
amination of phenol derivatives, although very attractive, is
usually difficult and requires harsh conditions and expensive
transition-metal catalysts to achieve effective dearomative
“hydrogen-borrowing strategy” (Scheme 3A).>°*> Moreover, the

©/0Me HZSOA \/OH OH
7
EtOH, 100 °C, 48 h MeowOMe
3
Guaiacol Vanillic alcohol BGF (62%)
1.2 equiv. 1 equiv. approx. 3 / 1 mixture of isomers

Scheme 2 Synthesis of BGF according to literature procedure.?®
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substrate scope of such transformations is somewhat limited,
especially when wusing ammonia as the nitrogen
nucleophile.’”** Alternatively, the amination of phenols via
transition-metal-free Smiles rearrangement has also been
described (Scheme 3B).**7*°

The reaction operates via a three-step process, first a
Williamson-type O-alkylation of the phenolic substrate, then
the subsequent base-promoted Smiles rearrangement of the
pendant amide moiety, followed by the base-promoted amide
cleavage. Such a rearrangement is highly kinetically dis-
favoured, owing from the loss of aromaticity in the
Meisenheimer-type intermediate (especially when using a
phenol substituted with electron-donating groups), and there-
fore high temperatures (>100 °C) are usually required. In
addition, it also seems that the formation of the
Meisenheimer intermediate is accelerated by Thorpe-Ingold
effect, as highlighted by the superior reactivity of secondary
aryl ethers (R, = Me or Ph) versus primary ones (R, = H).”’
Interestingly, this method features a broad scope of phenol
derivatives, even for the formation of unsubstituted anilines.?”
Another advantageous feature of the reaction is the possibility
to perform the two-step sequence in one-pot**® as the con-
ditions used for the O-alkylation are very close to the ones
required for the Smiles rearrangement/amide cleavage.
Therefore, we settled for a strategy based on the transition-
metal-free Smiles rearrangement of bisguaiacol F. Initial
attempts using bisguaiacol F 3 and 2-bromopropionamide 4 as
the amination reagent in a one-pot process in DMSO under
previously reported conditions®"*®*! resulted in very low
yields (<10%) of bisguaiacol F diamine 6.

Thus, we decided to synthesize 6 via a two-step sequence:
(a) the Williamson-type alkylation of BGF 3 and (b) the base-
promoted Smiles rearrangement/amide hydrolysis of bis
O-alkylated BGF 5 (Scheme 4). The alkylation of BGF was first
carried out in DMSO at 50 °C for 24 h using K,CO; as a base

NH,

-------------------

--------- Solvent T(°C) t(h) base (equiv.) yield%®

| Solvent T(°C) t(h) conv.% i DMSO 140 18 KOH (10) traces ,
: DMSO 140 18  KOH(4) traces

| DMSO 50 24 89 DMSO 140 18  KOH (2.2) 35-49 (34-47)"

! CHCN 50 24 68 DMSO 120 18  KOH(22) 26

| CHCN 80 24 >99(94) DMSO 100 18 KOH(22) 14

! CHCN 25 15 90 DMsO? 140 18 KOH(22)  70(67)

H none? - 1.5 91 :

: none®® - 15 43 DMSO 200° 0.5  KOH (4) 13 :

! none - 3 >0 DMSO : DMPU (3:1) 200° 0.5  KOH (4) 15
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Scheme 4 Optimization of the synthesis of BGA 6.
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d (i yield after col chr phy in
brackets). 47% after 4 h, 26% after 43 h.
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and KI as a catalyst. Surprisingly, incomplete conversion (89%)
was obtained. Moreover, the high solubility of 5 in water made
its purification difficult, since a substantial amount of product
(>50%) was lost when attempting to remove DMSO from the
mixture via aqueous work-up. When switching the reaction
solvent to acetonitrile, incomplete conversion was observed at
50 °C (68%), but full conversion of BGF was observed at 80 °C
after 24 h, and pure compound 5 was isolated in nearly quanti-
tative yield (94%) after evaporation of acetonitrile followed by
filtration on silica gel. To further improve this synthetic step in
which using a solvent was found to be problematic, we turned
our attention to solvent-free ball-milling.****

Indeed, this approach already gave excellent results in our
hands for monomer or polymer synthesis.**™*” Gratifyingly,
using a 20 mL stainless steel milling jar with a 1 cm diameter
stainless steel ball agitated at a frequency of 30 Hz, in a vibra-
tory ball-mill, we obtained an excellent yield (90%) of 5 after
only 90 minutes of milling. The yield of the transformation
was even improved to nearly quantitative (>99%), when
running the reaction for 3 h in the presence of potassium
iodide catalyst.*® It is worth noting that under these mechano-
chemical conditions, the reaction can be carried out with
similar success (96% conversion) in the absence of potassium
iodide as catalyst. The purified product 5 was fully character-
ized by '"H NMR, *C NMR, FTIR, LC(MS) and DSC analysis
(see ESIT).

With these alkylation conditions in hand, we then moved to
the optimization of the Smiles rearrangement of bis-amide 5
to yield the desired diamine 6. We first examined the feasi-
bility of such a rearrangement under thermal activation
(140 °C) in DMSO and we observed that decreasing the
amount of potassium hydroxide from 10 to 2.2 equiv. resulted
in the increase of the yield of 6. We attributed this result to the
potential irreversible hydrolysis of the starting di-amide in 5 at
high hydroxide anion concentrations. However, at 140 °C
using 2.2 equiv. of KOH, 6 was isolated in yields ranging from
34 to 47%. Decreasing the reaction temperature resulted in
lower yields of the desired diamine and increasing the reaction
time at 140 °C allowed the degradation of the desired product.
Concerned by the reproducibility issues at 140 °C, we decided
to run the reaction using dry DMSO, hypothesizing that an
inconsistent amount of water in the reaction mixture might be
detrimental to the effectiveness of the Smiles rearrangement.
Using dried DMSO, we obtained compound 6 in an improved
67% isolated yield, and more importantly, with an enhanced
reproducibility, obtaining differences in yields within the
range of experimental error. The purified product 6 was fully
characterized by 'H NMR, *C NMR, FTIR, LC(MS), GC(MS)
and DSC analysis (see ESIT). Next, we examined the possibility
of performing the Smiles rearrangement using microwaves
activation. After prior optimization, we found that 4 equiv. of
KOH at 200 °C for 30 minutes (50 W) was the optimal set of
conditions. However, in DMSO, very low yield of 6 was
obtained (13%). The use of polar co-solvents was found to be
beneficial for the yield of rearrangement product in that case,
with NMP being the best co-solvent (21-32%). The yield could

4836 | Green Chem., 2023, 25, 4833-4839
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Scheme 5 Synthesis of BGI 7 from 6 under phosgene-free conditions.

be slightly increased when increasing the reaction time to 1 h
(29-35%). Once again, reproducibility issues prompted us to
explore the use of anhydrous solvents, but under microwave
activation, these conditions did not improve the efficiency of
the process (32%).

After having optimized the Smiles rearrangement con-
ditions, we finally carried out the isocyanate synthesis using
phosgene-free conditions (Scheme 5). Inspired by the work of
Knolker, we synthesized the bisguaiacol F diisocyanate 7 from
the corresponding diamine 6. We first tried the described set
of conditions! using catalytic amount of DMAP (10 mol%)
along with a slight excess of di-tert-butyl dicarbonate (2.2
equiv.) in dry acetonitrile. Full conversion into the diisocyanate
was observed by GCMS after 2 h, but the crude product was
found to contain a substantial amount (ca. 15%) of Boc,O.

Therefore, we isolated BGF diisocyanate by flash column
chromatography on silica gel. However, fast column chromato-
graphy with less polar solvents was found to be critical to
obtain good yield of the diisocyanate, as 7 decomposes rapidly
on silica gel. In these conditions, the desired BGF diisocyanate
7 was successfully isolated as a white solid with an isolated
yield of 70%. A greener solvent, 1,3-dioxolane, was also used in
substitution of acetonitrile and showed promising results
(90%). Noteworthy, diisocyanate 7 possesses a calculated
biomass degree of 88% against a biomass degree of 0% for
MDI. Finally, the chemical structure of product 7 was ascer-
tained by "H NMR, *C NMR, and FTIR, spectroscopy, while
LC(MS) and GC(MS) confirmed the good purity of the isolated
product. The latter possesses a melting point of 82.5 °C as
determined by DSC analysis.

In order to prepare a polymeric system from our BGI
monomer, we decided to synthesize a BGI-based polyurethane
thermoset and to compare its properties with the MDI-based
analogue. Since BGI and MDI are solid compounds, a two-step
method was used to design these materials. This method con-
sists in synthesizing an isocyanate-terminated prepolymer fol-
lowed by the formation of a 3D network though the addition
of a trifunctional chain extender (Scheme 6).

Thereby, the selected isocyanate was heated up above its
melting point (~90 °C) and the system was purged with nitro-
gen to avoid side reactions. Velvetol® H500, which is a fully
biobased difunctional hydroxyl-terminated poly(1,3-propane-
diol) with an approximative molecular weight of 500 g mol™,
was slowly added to the system. An excess of diisocyanate (2.5

This journal is © The Royal Society of Chemistry 2023
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Scheme 6 Synthesis of isocyanate-terminated prepolymer.

equiv.) was used to react with Velvetol® H500 (1 equiv.) to
control the system stoichiometry and to form an isocyanate-ter-
minated prepolymer. The prepolymer structure was confirmed
by 'H NMR, >C NMR and FTIR analyses (Fig. $22-S24 and
S26-S2871). Finally, the obtained prepolymer was poured in a
polypropylene flask and the appropriate amount of glycerol
was added. The mixture was stirred and cured into a silicon

caM

Institut Charles Gerhardt Montpellier

Fig. 1 Picture of MDI-based thermoset (left) and BGI-based thermoset
(right).

Table 1 Gelation times of MDI- and BGI-based thermosets

Gelation times (s)

Frequency MDI-based thermoset BGI-based thermoset
0.8 Hz 1802 14 520

2.4 Hz 1853 14 500

7 Hz 1950 14 460

Average 1868 + 75 14493 + 30

e O MIiN
=== 6 min
A 24 min
NCO functionl [===53 min
[0) =1 h 20 min
2 1 h 45 min
(4]
=
(<}
172
Q
<
2350 2300 2250 2200

Wavenumber / cm
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mould at 90 °C for 24 h in an oven. In the case of BGI-based
thermoset, an additional curing step has been done during
48 h to obtain a complete disappearance of isocyanate peaks.
Fig. 1 shows a picture of both cured materials.

In addition to fully characterizing both materials by FTIR
(ATR), TGA and DSC analysis, we monitored the curing reac-
tion of both materials through the determination of the gela-
tion time. We also followed the disappearance of NCO func-
tion by FTIR monitoring to monitor the degree of conversion.
The determination of the crosslinked materials gelation time
can be very useful to compare the reactivity of monomers. The
gelation times were determined by rheological analyses using
a multi-frequency method and a plate-plate geometry at 90 °C
with a stress of 3 Pa. The cross-over between G’ and G” for each
frequency was followed and used to determine the average
gelation time of BGI- and MDI-based thermosets. G' and G"
curves are displayed in Fig. S32 and S37,f whereas Table 1
shows the gelation times values obtained at the three different
frequencies and the average gelation times for each material.

MDI-based thermoset presents a gelation time around
31 min while BGI-based thermoset have a gelation time
around 4 h. The lower reactivity of BGI-based thermoset can be
attributed to a combination of steric and electronic effect of
the neighbouring ortho-methoxy groups. To monitor the con-
version curing at 90 °C, we used a Nicolet 210 Fourier trans-
form infrared (FTIR) spectrometer equipped with a Specac
golden gate attenuated total reflection (ATR) heating cell.

In line with the gelation time results, the conversion of
BGI-based thermoset was slower than that of the MDI-based
one as seen in Fig. 2 and Fig. S33, S38.1 Indeed, MDI-based
material exhibits 80% isocyanate conversion after 55 min of
reaction while BGI-based material exhibits 80% isocyanate
conversion after 13 h 35 min of reaction.

Finally, the FTIR (ATR) spectra of cured materials made
with BGI and MDI monomers are displayed in Fig. S29 and
S34.f In both cases, a broad band between 3600 and
3300 cm™', corresponding to the N-H bond of the urethane
groups, is observed. A sharp peak around 1700 cm™", corres-
ponding to C=O0 function of urethane groups, is also observed
in both spectra. Moreover, the absence of a band around
2300-2200 cm ™" corresponding to isocyanate bond shows fully
conversion of isocyanates functions for both thermosets.

=0 min
[===1h
B. —2h
[===3h
NCO functionl e 5 1y
=10 h

[=—11h

15 h

=19 h
3 days

Absorbance

2200

2250
Wavenumber / cm’

2300

Fig. 2 Evolution of C=0 stretching peak of NCO function of MDI-based (A) and BGl-based (B) formulations over time at 90 °C.

This journal is © The Royal Society of Chemistry 2023
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Table 2 Thermal and chemical properties of MDI- and BGl-based
thermosets

. T(G:l% Tg()% TgS% Tg SI GC
Unit (°C) %
MDI-based thermoset 287 380 487 34 100 99
BGI-based thermoset 287 391 428 16 286 77

The thermal stability of each cured materials was studied
by TGA measurements under nitrogen atmosphere (Table 2).
Both materials have quite similar degradation profiles. The
BGI-based thermoset tends to be slightly less thermally resist-
ant compared to the MDI-based thermoset. Moreover, the BGI-
based material exhibits a lower T, value (16 °C) compared to
the MDI-based material (34 °C) (Table 2). This can partially
result from the presence of a neighbouring methoxy group in
the BGI-based material.*® Finally, gel contents were measured
for both materials (Table 2) and indicate that the material syn-
thesized with BGI possesses a lower crosslink density than the
one synthesized with MDI. This can also be observed by com-
paring the swelling index of both materials since the MDI-
based thermoset has a much lower swelling index (100%) than
the BGI-based thermoset (290%). However, the formation of a
crosslinked material was confirmed since the BGI-based ther-
moset features a 75% of insoluble fraction.

Consequently, ortho-methoxy groups induce some differ-
ences regarding reactivity and properties of BGI-based
materials compared to MDI-based ones. However, we proved
that these differences do not preclude the use of BGI
monomer for the synthesis of PUs.

Conclusions

In summary, we have developed an efficient synthetic strategy
to produce a greener lignin-based surrogate of MDI with a bio-
based content of 88%. This approach involves a 4-step syn-
thesis from lignin-based, readily available guaiacol and vanillic
alcohol. Unlike the MDI synthesis, our strategy relies on a tran-
sition-metal-free and phosgene-free route to afford the bio-
based aromatic diisocyanate BGI, avoiding the use of very toxic
and environmentally harmful compounds such as aniline, for-
maldehyde and phosgene. BGI was found to be a convincing
alternative to MDI for the preparation of cross-linked poly-
urethanes, as similar thermal properties were obtained for
both MDI- and BGI-based materials. Even though BGI exhibits
a lower reactivity compared to MDI, as confirmed by rheologi-
cal analyses and FTIR monitoring, BGI can be considered as a
new biobased aromatic diisocyanate of great interest to replace
MDI.

Moreover, chemical companies such as BASF>° are actively
working on the development of biobased MDI from biobased
aniline, highlighting once more the urgent need for the design
of more sustainable aromatic isocyanates monomers. In this
study, we offer a possibility to avoid the risks associated with
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the conventional preparation of MDI and to valorise green-
house gas through Boc,O synthesis.”® In particular, we believe
that bypassing the use of phosgene is a significant advance in
the design of greener isocyanate monomers, and further
studies using phosgene-free isocyanate monomers are cur-
rently underway in our laboratory.
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