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ABSTRACT: A new approach to synthesize valuable 3,4-
dialkoxyanilines and alkyl propionates from lignin-derived 4-
propylguaiacol and -catechol with overall isolated yields up to
65% has been described. The strategy is based on the introduction
of nitrogen via a Beckmann rearrangement. Amino introduction
therefore coincides with a C-defunctionalization reaction; overall a
replacement of the propyl chain by an amino group is obtained. The
process only requires cheap bulk chemicals as reagents/reactants
and does not involve column chromatography to purify the reaction
products. Furthermore, all carbon atoms from the biorenewable
lignin-derived monomers are transformed into valuable compounds.
Greenness was assessed by performing a Green Metrics analysis on

Lignin depolymerization Pharmaceuticals, agrochemicals

& Sy
3
HO 4-5 steps R‘o M "NH
_—
j@\/\ 6 examples lo)
(e] 36-65%

| RY )I\/
R! (¢]
R'=CH, H | '
Natural flavors, solvents

two dialkoxyanilines. A comparison was made with literature routes for these compounds starting from a petrochemical

substrate.
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B |NTRODUCTION

Aromatic amines are key building blocks in industry. Aniline,
the parent molecule of this family, is used to manufacture more
than 300 products." About 65% of the worldwide aniline
production, estimated to 4—7 Mt/year, is used to produce
methylene diphenylene isocyanate (MDI), the most widely
used isocyanate for polyurethane synthesis." Substituted
anilines find many applications in the production of more
complex molecules such as azo dyes, pigments, fertilizers,
pesticides, and pharmaceuticals.

Aniline is industrially mainly produced from benzene via its
direct nitration in liquid phase using nitric and sulfuric acid,
followed by catalytic hydrogenation of nitrobenzene generally
using palladium or copper on activated carbon or an oxidic
support as catalyst.”” "> Most substituted anilines, such as
chloroanilines, toluidines, anisidines, and xylidines, are
manufactured following the same process by nitration and
reduction of the corresponding substituted benzene.' A second
minor route involves nucleophilic substitution (SyAr) of a
halogen, hydroxyl, alkoxy, or hydroxysulfonyl group by an
amino group using ammonia.

Although nitration of substituted benzenes with nitric acid is
a common industrial process, it is not hazard-free, and serious
accidents have been reported.” Nitric acid is not only very
corrosive but also toxic and a strong oxidant. Because of its
high oxidizing power, nitric acid reacts violently with various
organic compounds. The nitrated organic compound itself,
however, can also be shock sensitive or thermally instable and

is therefore not an ideal intermediate for a sustainable aromatic
amine synthesis.” Approaches which avoid nitration to
introduce nitrogen and start from a feedstock that already
possesses arene substituents, such as a biorenewable resource,
therefore are attractive new strategies to produce aromatic
amines.

Biorenewable resources are an interesting source of arenes.
In 2016, Caillol et al. reviewed the various routes for synthesis
of bio-based amines from available renewable feedstock.”
Remarkably, while aliphatic amines have been extensively
studied, only a few examples are hitherto reported for aromatic
amine synthesis. These are all based on cardanol, extracted
from cashew nut shell liquid, and involve SzAr reactions.®™"’
Cardanol derivatives are nitrated with nitric acid or undergo
diazo coupling with the diazonium salt of sulfanilic acid.
Reduction toward amine is performed in the presence of a Pd/
C catalyst with hydrazine for the nitro and with sodium
dithionite for the diazo group. Hence, the safety concerns
related to the use of nitric acid are not eliminated in this
approach.

Lignin is considered as the largest source of biorenewable
aromatics and therefore an interesting feedstock for producing
bioaromatic chemicals.'”~"* Many strategies for depolymeriza-
tion of lignin have been reported,ls_24 producing mixtures of



para-substituted guaiacols and syringols. However, only a few
examples gave a discrete set of chemicals which would be
required as a feedstock for transformation into industrially
relevant chemicals. Thus, reductive cleavage of lignin or wood
with external or in situ generated H, using Ni/C, Pd/C, and
Ru/C as catalysts, developed by various groups, produced
mixtures of mainly 4-propylguaiacol (1a) and 4-propylsyringol,
with a total monomer yield up to 50% (carbon yield) at a
temperature of 250 °C and a pressure of 30 bar H, gas when
using birch wood.”>™** Despite the lower total monomer yield
(20%), treatment of pine wood under the same conditions
delivered a lignin oil consisting for more than 80% 1la in an
amount corresponding to 12 wt % of the original lignin
content.”” Other examples producing 4-propylcatechol (1b)
and  5-(3-hydroxypropyl)pyrogallol’> or 3-hydroxy-1-(4-hy-
droxy-3,5-dimethoxyphenyl)propan-1-one®" as predominant
products were also reported (Figure 1).
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Figure 1. Lignin-derived monomers.

Valorization of those phenolic monomers by transformation
in new or known (drop-in) chemicals is very important in the
context of fossil resource replacement. 4-Propylguaiacol and 4-
propylcatechol have for example been used to make new bio-
based epoxy resins,***® bisphenol analogues,”™** and cyclo-
hexanone-based polymer bulldlng blocks featuring an addi-
tional propyl substituent.*® Transformations which remove the
propyl chain and concomitantly introduce a substituent on the
arene, although not studied yet, would be interesting to further
broaden the product scope of these phenolic monomers.
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Surprisingly there is, to the best of our knowledge, also no
reported example of aromatic amine synthesis from lignin-
derived monomers.”” Combining these aspects, we reasoned
that 4-propylguaiacol and 4-propylcatechol could serve as
platform chemicals to synthesize 3,4-dialkoxy-substituted
anilines, by replacement of the propyl chain by an amino
group. 3,4-Dialkoxyanilines find application in the preparation
of 4-chloro-6,7-dialkoxyquinazoline (A) and 2,4-dichloro-6,7-
dialkoxyquinazoline (B) (Figure 2),”**" intermediates in the
preparation of widely used anticancer drugs such as Prazosin,
Alfuzosin, Doxazosin, Terazosin, Gefitinib, and Erlotinib
(Figure 2).*°"* 3 4-Dimethoxyaniline is a chemical used in
dyes synthesis, with a price of 10—16 €/kg (1.5—-2.5 €/mol),*
and 34-diethoxyaniline finds a niche application in the
preparation of Diethofencarb, a fungicide used to prevent
Botrytis.49

The proposed strategy to access 3,4-dialkoxyanilines from 4-
propylguaiacol (1a) is presented in Figure 3. It consists of an
alkylation of the -OH group followed by a benzylic oxidation, a
Beckmann rearrangement, and finally an amide alcoholysis.
Beckmann rearrangement on the propiophenones 3, relying on
cheap salts of hydroxylamine, is the core reaction of the
strategy and a safe way to introduce nitrogen onto an aromatic
ring.so In the last step of the sequence, besides 3,4-
dialkoxyanilines S, a propionate ester byproduct is obtained.
These esters are valuable compounds as they are industrially
used as solvents and as flavors.”' Interestingly, our strategy
therefore allows one to concomitantly valorize the byproduct
into natural flavors and to transform all biorenewable carbon
into industrially valuable products, and therefore to maximize
the utilization of the functionality given by Nature. In our
approach to access dialkoxyanilines we aim to maximize the
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Figure 2. Synthesis of 4-chloro-6,7-dialkoxyquinazoline (A) and 2,4-dichloro-6,7-dialkoxyquinazoline (B) from 3,4-dialkoxyanilines, and APIs

derived from them.
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Figure 3. Strategy for 4-alkoxy-3-methoxyaniline (5) synthesis from
biorenewable 4-propylguaiacol (1a).
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use of green and industrially acceptable chemicals (considering
price) as reactants, reagents, and solvents.

¥ RESULTS AND DISCUSSION

Route Development. As a proof of concept to explore the
new strategy, the synthesis of 3,4-dimethoxyaniline (Sa) from
4—pr&pylguaiacol (1a) was chosen given its current industrial
use.

Step 1: Methylation of 4-Propylguaiacol (1a). 1,2-
Dimethoxy-4-propylbenzene (2a) was prepared from la
using dimethyl carbonate (DMC) as the methylating agent
and solvent in the presence of a catalytic amount of base, i.e., 1
mol % K,CO5.>*7>* A quantitative yield was obtained after
heating at 200 °C for 24 h in a sealed vessel (see the
Supporting Information (SI) for optimizations). DMC is
recognized as a green, biodegradable, nontoxic, and mild
methylation agent. It is therefore more suitable than other
classical methylating agents, such as iodomethane and
dimethyl sulfate (Figure 4).

K,CO;, (1 mol %)

(0] O
~ j@/\/ Dimethyi carbonate (6.0 equiv) -~ :@A/
HO 24 h, 200 °C \O

1a 2a, >99%

Figure 4. Methylation of 1a using dimethyl carbonate.

Step 2: Oxidation of 1,2-Dimethoxy-4-propylbenzene
(2a). Benzylic oxidation of 2a has been reported using 2.2
equiv of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in
a mixture of 1,4-dioxane/H,0 at reflux, yielding 70% 32578
Photoredox catalysis based on dicyanonapthalene (DCN)
under air in CH3;CN/H,O at room temperature gave 78%
3a.”” However, both DDQ and the photoredox catalyst are too
expensive to allow scaleup of this benzylic oxidation. To
synthesize 1 mol of 3a, about 47 € of DDQ and 44 € of DCN
oxidant cost would be required (Figure S).

We therefore searched for conditions based on a cheaper
oxidant commonly used in industry. tBuOOH was the first
oxidant considered. It is commonly used in various oxidation
reactions and finds industrial application in the production of
propylene oxide.”” However, 3 equiv of tBuOOH in pyridine
catalyzed by FeCl;-6H,0 gave only 12% 1-(3,4-
dimethoxyphenyl)propan-1-one (3a) after 64 h at 85 °C.%!
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NC cl O //N tBUOOH (70%) in H,0
4.7-8.1 €/kg
0.61-1.0 €/mol
>5 t scale
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DDQ DCN X=NH4 Na, K Oxone
62-72 €/kg 3890 €/kg 0.70-2.0 €/kg 1.7-2.0 €/kg
14-16 €/mol 693 €/mol 0.16-0.54 €/mol 0.52-0.61 €/mol
>150 kg scale 100 g scale >15 t scale >15 t scale

Figure S. Prices of bulk and fine chemical oxidants.*®

We then turned our attention to salts of peroxydisulfate (K*,
Na*, and NH,*). These are cheap oxidants (0.16—0.54 €/mol)
produced in about 160 kton quantities annually.*® In industry,
they are mainly used to initiate polymerization and to etch
metal.”> Although they are common reagents, they have not
often been studied as oxidants for benzylic oxidation. Such
oxidations have been observed as side reactions®”** or have
been applied on specific substrates under acidic conditions
(H,80,).” Nevertheless, those results suggest that perox-
ydisulfate salts could promote benzylic oxidation in a general
way. The highest yield was obtained when combining 2.4 equiv
of Na,S$,0; with 1.0 equiv of NaOAc in a mixture of CH;CN/
H,O0 (Figure 6; see the Supporting Information for
optimization).
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Figure 6. Oxidation of 2a into 3a.

Step 3: Beckmann Rearrangement of 1-(3,4-
Dimethoxyphenyl)propan-1-one (3a). Ketone 3a was trans-
formed into N-(3,4-dimethoxyphenyl)propionamide (4a) by
Beckmann rearrangement of the in situ formed oxime. With
hydroxylamine hydrochloride in formic acid at 80 °C, 3a was
smoothly transformed into the expected amide 4a (74% yield)
(Figure 7). Noteworthy, no undesired regioisomeric amide 4a’
was obtained. Migration was therefore fully regioselective
toward veratrole.
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Figure 7. Beckmann rearrangement of 3a.

Step 4: Amide Cleavage of N-(3,4-Dimethoxyphenyl)-
propionamide (4a). Amide 4a could be cleaved under acidic
conditions using a solution of HCI in ethanol. 3,4-
Dimethoxyaniline (5a) and ethyl propionate were obtained
in a nearly quantitative yield by heating at 70 °C in ethanol

. . 6,67
followed by a basic workup (Figure 8).
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Figure 8. Alcoholysis of 4a.
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Transformation of 1a into 5a without Intermediate
Purification. In order to test the robustness of this four-step
procedure and to pave the way to an industrial process, the
synthesis was performed without any purification after each
individual synthetic step, the crude mixture being directly
engaged in a following transformation. Workup only required
filtrations and liquid—liquid extractions. After the alcoholysis
step, Sa was obtained as a hydrochloride salt together with
alkyl propionate. Taking advantage of the salt formation, the
reaction mixture was concentrated under reduced pressure in
order to afford an alcoholic solution of alkyl propionate as
distillate. The crude product remaining was then diluted with
H,O and extracted with an organic solvent to remove the
organic impurities, whereas the aqueous layer contained Sa-
HCI Basification of this aqueous layer with an aqueous
solution of NaOH and extraction with an organic solvent gave
pure 3,4-dimethoxyaniline in 52% yield upon solvent removal
(Figure 9).
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Figure 9. Workup procedure for the purification of crude 3,4-
dimethoxyaniline (Sa) obtained from 1la without intermediate
isolation.

4-Alkoxy-3-methoxyanilines (5) from 4-Propylguaia-
col (1a). O-Ethylated derivative 2b was obtained by using
DEC (diethyl carbonate), since ethylation using DEC was
found to be greener than the classical approach using EtI (see
Supporting Information for Green Metrics). The O-Ethox-
yethyl alkylated 4-propylguaiacol derivative 2¢ was synthesized
from la by using an alkyl bromide reactant instead of a
carbonate for the alkylation reaction (step 1). These O-
alkylated propylguaiacols delivered the corresponding anilines
5b and Sc with isolated yields ranging from 61 to 65% (Figure
10) after 4 steps.

Unfortunately, aniline Sd, precursor of the Gefitinib
synthesis, could not be prepared following this procedure.
Oxidation of 2d by Na,S,04/NaOAc into 3d proved
unsuccessful (Figure 11). Compound la was therefore
transformed into 2e using 1-bromo-3-chloropropane as the
alkylating reactant. Fortunately, oxidation of 2e into 3e worked
smoothly, and subsequent Beckmann rearrangement gave
amide 4e. Substitution of the chlorine in 4e by morpholine
in the presence of K,COj; in CH;CN under reflux finally gave
amide 4f, which was then transformed into the desired aniline
5d by alcoholysis using HCI in EtOH at 70 °C. This provided
5d with an overall yield of 36% after five steps (Figure 11).

The synthesis of Gefitinib from 5d has been described with a
yield of 60%;" its synthesis from 4-propylguaiacol (1a) results
then in an overall yield of 22% in 10 steps (Figure 12).

1) Alkylation
fo) 2) Na,S,0g, NaOAc o NH
- CH,CN/H,0, 16 h, reflux - 2
3) NH,OH-HCI R
HO HCOOH, 5 h, 80 °C S

1a 4a) HCI, EtOH, 24 h, 70 °C 5a-d
4b) NaOH, H,0, 5 min, r.t.

5a, 52% B¢, 61%
SN SO
/\O (\N/\/\O
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Figure 10. Transformation of la into 3,4-dialkoxyanilines § without
intermediate isolation. Reaction conditions: (1) la (2.80 mmol),
DMC (or DEC) (6 equiv), and K,CO; or Cs,CO; (0.01 equiv) for
preparation of Sa and Sb, respectively; 1a, 1-bromo-2-ethoxyethane or
4-(3-chloropropyl)morpholine (1.5 equiv) with K,CO; (2.0 equiv) in
acetone or ethanol (10 mL) for preparation of Sc and 5d, respectively.
(2) Crude 2 (around 2.80 mmol), Na,S,0; (2.4 equiv), NaOAc (1.0
equiv) in CH;CN/H,O (50 mL, 1/1 mixture). (3) Crude 3 (around
1.82 mmol), NH,0H-HCl (2.0 equiv) in HCOOH (S mL). (4a)
Crude 4 (around 1.55 mmol) in 1.25 M HCl solution in EtOH (2.0
equiv). (4b) Crude $-HCl, NaOH (1.5 equiv). Overall yields of the
isolated product.

Similar to the synthesis starting from 1a, 4-propylcatechol
(1b) was used in the same procedure (Figure 9). In this case a
double O-alkylation occurs giving access to dialkoxyanilines. A
first example is 3,4-bis(methoxyethoxy)aniline (Sg), a
precursor for Erlotinib, which was prepared using methox-
yethyl bromide with an overall yield of 47% (Figure 13).

A second example is 3,4-diethoxyaniline (Sh), which was
obtained with a similar yield of $4% (Figure 13). Fungicide
diethofencarb (6) was subsequently prepared from Sh by
reaction with isopropyl chloroformate, with a yield of 89% in
toluene following a literature procedure68 (Figure 14).
Diethofencarb can therefore be synthesized in five steps from
1b with an overall yield of 48%.

2-Bromo-4,5-dimethoxyaniline (7) from 4-Propyl-
guaiacol (1a). Having this simple procedure to access 3,4-
dialkoxyanilines in hand, we decided to combine it with an
SEAr reaction to show that even more substituted anilines can
be easily accessed. The synthesis of 2-bromo-4,5-dimethox-
yaniline (7) from la was selected as a model case as we
recently developed a new methodology to access 6,7-
dimethoxy-2,4-dichloroquinazoline (12) from 7 by a Pd-
catalyzed three-component reaction of 2-bromoanilines, CO,,
and isocyanides which form 11 (Figure 15).%

In literature, synthesis of 7 from 3,4-dimethoxyaniline (Sa)
has been described using tetrabutylammonium tribromide in
CH,Cl,/MeOH, but it gave only 30% isolated yield after
column chromatography.” In order to efficiently prepare 7
from 1a, the bromination therefore needs to be performed in
an earlier step. Treating 2a with an aqueous HBr solution and
DMSO in EtOAc® gave 85% 8 (Figure 16, reaction A), but its
oxidation using Na,$S,05/NaOAc gave only 34% 9 (Figure 16,
reaction B; see the Supporting Information). It turned out that
treatment of 3a with HBr and DMSO in EtOAc led to an
undesired bromination in the a-position of the ketone instead
of a SgAr (Figure 16, reaction C, and Supporting Information).
Finally, bromination of amide 4a using the same system turned
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Figure 11. Preparation of aniline Sd from 1la.
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Figure 12. Preparation of Gefitinib from 1a.*®

1) RX, K,CO3, Acetone or EtOH
2) Na,S,04, NaOAc

HO CH,CN/H,0, 16 h, reflux o NH
3) NH,OH-HCI
HO HCOOH, 6 h, 80 °C R
1b 4a) HCI, EtOH, 24 h, 70 °C 59-h

4b) NaOH, H,0, 5 min, r.t.

Figure 13. Transformation of 1b into 3,4-dialkoxyaniline 5 without
intermediate isolation. Reaction conditions: (1) 1-Bromo-2-methoxy-
ethane (3.0 equiv) or iodoethane (4.0 equiv) with K,CO; (2.0—4.0
equiv) in acetone (10 mL) for preparation of Sg and in ethanol (10
mL) for preparation of Sh. (2) Crude 2 (2.80 mmol), Na,S,05 (2.4
equiv), NaOAc (1.0 equiv) in CH;CN/H,O (50 mL, 1/1 mixture).
(3) Crude 3 (around 1.82 mmol), NH,OH-HCl (2 equiv) in
HCOOH (4.43 mL). (4a) Crude 4 (around 1.55 mmol) in 1.25 M
HCI solution in EtOH (4 equiv). (4b) Crude $-HCl, NaOH (1.5
equiv). Overall yields of the isolated product.
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Figure 14. Preparation of diethofencarb (6) from Sh, as described by
Xu et al.
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Figure 15. Preparation of APIs from 7.7~

out to be the solution as it gave the desired amide 10 with a
satisfying yield of 86% (Figure 16, reaction D).

With identification of the right step for bromination, after
the Beckmann rearrangement and preceding the alcoholysis, 7
was prepared from 1a following the order of steps presented in
Figure 17. The sequence was again performed without any
purification after each synthetic step, the crude mixture being
each time directly used in a following transformation. Using
the workup depicted in Figure 9, 7 was isolated with 32% yield.
This procedure to access 7 is a beautiful example where an
aromatic amine can be more efficiently obtained and in an
easier manner from a biorenewable feedstock than from fossil
resources. Indeed, the yield of 7 from 1la is already higher than
the reported yield from Sa,** which furthermore needs to be
prepared from benzene as raw petrochemical material. This
highlights the genuine potential of biorenewable resources to
serve as surrogate aromatic starting material in fine chemicals
applications.
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Figure 16. Possible strategies to access 2-bromo-3,4-dimethoxyaniline (7) from 2a. Reaction conditions: (A, C, and D) HBr (48% in H,0) (1.1
equiv), DMSO (1.1 equiv) in EtOAc (S mL), 4 h, 60 °C. (B) Na,S,05 (2 equiv), NaOAc (2 equiv) in CH;CN/H,O (50 mL, 1/1 mixture, 3 h, 80

°C).
1) DMC, 24 h, 200 °C
o) 2) Na,S,04, NaOAc o NH
- D/\/ CH,CN/H,0, 16 h, reflux - 2
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HO HCOOH, 5 h, 80 °C o Br

4) aq. HBr (48%), DMSO
EtOAc, 4 h, 60 °C

5a) HCI, EtOH, 24 h, 70 °C
5b) NaOH, H,0, 5 min, r.t.

1a 7, 32%

Figure 17. Preparation of 2-bromo-4,S-dimethoxyaniline (7) from 1a
without intermediate isolation. Reaction conditions: (1) la (2.80
mmol), DMC (1.4 mL), K,CO; (1 mol %). (2) Crude 2a (around
2.80 mmol), Na,5,05 (2.4 equiv), NaOAc (1.0 equiv) in CH;CN/
H,0 (50 mL, 1/1 mixture). (3) Crude 3a (around 2.08 mmol),
NH,OH-HCI (2.0 equiv) in HCOOH (3.2 mL). (4) Crude 4a
(around 1.56 mmol), DMSO (1.1 equiv), HBr (48% in H,0) (1.1
equiv) in EtOAc (15 mL). (Sa) Crude 10 (around 1.47 mmol) in
1.25 M HCl solution in EtOH (2.0 equiv). (Sb) Crude §-HCl, NaOH
(1.5 equiv). Overall yields of the isolated product.

Evaluation of the Green Credentials for the Synthesis
of 3,4-Dimethoxyaniline (5a) and 2-Bromo-4,5-dime-
thoxyaniline (7). In order to evaluate the “greenness” of the
developed approach for the synthesis of dimethoxyanilines
from biorenewable 4-propylguaicol, the different synthetic
steps involved were evaluated using the CHEM21 Green
Metrics Toolkit, developed by Clark et al.”® This assessment of
the so-called “green metrics” is a relative concept considering
both quantitative and qualitative parameters. Therefore, the
same assessment of a classical synthesis route for the same
compounds, obtained from literature data starting from a
petrochemical resource, needs to be performed as well. This
way, we were able to compare the newly developed routes with
existing pathway(s) with respect to greenness. The literature
pathways are also at the discovery level (First Pass in the Green
Metrics) (vide infra). The selected classical pathways for Sa
and 7 are shown in Figure 18 (black reactions). A detailed
discussion of this approach can be found in the Supporting
Information, together with an overview of the assumptions that
were made for performing the calculations and general
information about the Green Metrics Toolkit.

Quantitative Metrics. The following parameters were
calculated for each individual step and the overall route:
yield, AE (atom economy), RME (reaction mass efficiency),
PMI (process mass intensity), PMI RRC (reactants, reagents,
catalysts), PMI Rxn (reaction), and PMI WU (workup). When
comparing the two approaches toward 3,4-dimethoxyaniline
(5a), it can be seen that the step economy of the newly
developed approach is higher since only four steps are required

from 4-propylguaiacol (1a), while in the classical approach
seven steps are necessary starting from benzene (Figure 18).
For the synthesis of 2-bromo-4,5-dimethoxyaniline (7), both
approaches require one additional step, the bromination,
however at different places in the reaction sequence (Figure
18). In the classical synthesis, this additional step is performed
on the reaction product Sa, while in the new approach this is
done on N-(3,4-dimethoxyphenyl)propanamide (4a), provid-
ing a significantly higher yield and, importantly, avoiding
column chromatography for purification significantly impacting
PMI. Important to note is that, in all steps of the new routes
toward Sa and 7, no column chromatography is required. For
the classical route this is also the case, except in the
bromination step of 5a toward 7 (step 8) (Figure 18).

In Table 1, the cumulative overall values for the quantitative
metrics for both the new and classical synthesis sequence
toward Sa and 7 are reported. Values for the quantitative
metrics for individual steps as well as the cumulative involving
that specific step n and all the preceding ones are presented in
Figure S19 and Figure S20 for the classical synthesis route of
Sa and 7, and in Figure S21 and Figure S22 for the new
synthesis route of Sa and 7, respectively.

When looking at the synthesis of 7, the yield for the new
approach is increased with 10% compared to the classical
approach and the PMI Rxn reduced with 31% of the original
value. The difference is smaller when reaction solvents (PMI
RRC) are omitted (23% reduction). The increases in RME and
AE are the same (18%). The graphical representation (see
Supporting Information) of the metrics in the classical
synthesis reveals that the bromination step (step 8) is the
most material intensive step, while this is not the case for the
new approach (step 4) (Figure S20d and Figure S$22d). For
mass-based metrics, the bottleneck in the new approach is the
benzylic oxidation, which requires a high dilution of material in
the CH;CN/water (0.12 M) system (the impact of reaction
solvent on PMI is revealed from the difference between PMI
RRC and PMI Rxn; see Figure S21e,f and Figure S22e,f) and
excess of oxidant (2.4 equiv, resulting in an RME for this
specific step of 16%, which is much lower than the AE (46%);
see Figure S21b,c and Figure $22b,c). Though the oxidation
step requires a larger amount of solvent, cumulative overall
PMI Rxn of the new approach for 7 is still lower than for the
classical approach (225 versus 327). It can be expected that
further research regarding the optimization of solvent use in
this specific step when moving toward pilot scale will make the
new process overall even greener compared to existing
methods. Solvent recycling on the other hand can also be an
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Figure 18. Synthesis of 3,4-dimethoxyaniline (Sa) and 2-bromo-4,5-dimethoxyaniline (7) via a classical route (black) starting from benzene versus
a new route (green) based on 4-propylguaiacol (1a). References regarding the literature procedure are given in the Supporting Information.

Table 1. Calculated Cumulative Overall Quantitative Metrics for the Synthesis of 3,4-Dimethoxyaniline (5a) and 2-Bromo-4,5-

dimethoxyaniline (7)“

route yield (%) AE (%) RME (%) PMI (gg™") PMI RRC” (gg™")
(1) 3,4-Dimethoxyaniline (Sa)
classical 35 45 10.30 423 12.7
new 41 26 4.22 524 16.6
(2) 2-Bromo-4,5-dimethoxyaniline (7)
classical 16 28 5.06 1394° 242
new 26 34 6.15 673 18.7

PMI Rxn® (g-g™") PMI WU (g-g™")

194 228
187 336
327 1067¢
225 449

“For each compound, the obtained quantitative metrics are reported for both the classical and new route. "RRC: Reactants, reagents, and catalysts.
“Rxn: Reaction. “WU: Workup. “These values decrease to 805 (PMI) and 478 (PMI WU) when column chromatography in step 8 is neglected in

the calculation.

option when working on a larger scale. For the synthesis of Sa
both classical and new approaches have a similar cumulative
overall PMI Rxn (194 versus 187).

For the classical route toward Sa and 7, one needs to take
into account that the first four steps, transforming benzene to
catechol, are actually commercial processes and performed on
a large scale and therefore fully optimized. On the contrary,
our new routes entirely consist of steps for which at present
only data on the discovery level are available. Cumulative
overall PMI contains the PMI WU, which is not yet optimized
in the discovery phase of development, and comparing
cumulative overall PMIs for which one route partly contains
steps performed on a larger scale is therefore not very
instructive and has to be interpreted with care. However, for 7

the new route still reveals a much lower cumulative PMI. Even
when the column chromatography in step 8 for the classical
route is omitted from the calculations, the value is still much
higher. “Neglecting” column chromatography of the workup
decreases the cumulative overall PMI from 1394 to 805 which
is still 17% higher than the new route (673). When comparing
cumulative overall PMI for Sa, the classical route performs
better, 423 versus 524, though the yield is slightly lower.
Qualitative Metrics. Next to the assessment of mass-based
metrics, the Toolkit also focuses on some qualitative metrics
for both routes, which are summarized in Table 2. A first
improvement for the new route is the use of a biorenewable
substrate, propylguaiacol (1a), fully in accordance with one of
the 12 Principles of Green Chemistry.”' Compound 1a scores
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Table 2. Qualitative Appraisal of Solvent Use, Inherent Hazards of Used Chemicals, Catalyst or Reagent Use, Energy and
Workup Methods for the Different Approaches for the Synthesis of 3,4-Dimethoxyaniline (5a) and 2-Bromo-4,5-

dimethoxyaniline (7)

Critical Health and

Step Solvents Flag clements * Flag Safety ® Flag Reagent used Flag Energy Flag Work-up Flag
1) Classical synthesis of 3,4-dimethoxyaniline (Steps 1-7) and 2-bromo-4,5-dimethoxyaniline (Steps 1-8)
Benzene: H372, No additional o s
1 No solvent - 1340, H350 reagent 150 °C - Distillation
2 No solvent - Cumene: H411 No additional ! 1% Distillation
reagent 126 °C
3 HOAc - - Catalyst <22°C Filtration
4 H,O S - Catalyst 50 °C Distillation
5 CH;CN - DBU: H311 Stoichiometric 170 °C - Extraction
Et,0: H224 o Filtration,
6 Et,O - - HNO»: H331 Catalyst 0°Ctor.t. Washing
7 MeOH Pd - MeOH: H370 Catalyst r.t. Filtration
MeOH: H370 No additional e e
8 CH,Cl,, Et,0 - - Heptane: HA10 reagent r.t. Column chrom. -
2)  New synthesis of 3,4-dimethoxyaniline
1 DMC, EtOAc - 4-PG: H311 Catalyst 200 °C Filtration
2 CH;CN S Na,S,05: H371 Stoichiometric Reflux Extraction
HCOOH, NH,OH-HCI: No additional o .
3 MTBE - H400 - reagent 80°c Extraction
EtOH, H,0, No additional o .
4 EtOAc - - reagent 70 °C Extraction
3) New synthesis of 2-bromo-4,5-dimethoxyaniline
1 DMC, EtOAc - 4-PG: H311 Catalyst 200 °C Filtration
2 CH;CN S Na,S,04: H371 Stoichiometric Reflux Extraction
HCOOH, NH,OH-HCI: No additional o .
3 MTBE . H400 - reagent 80°C Extraction
4 EtOAc S - Stoichiometric 60 °C Extraction
EtOH, H,0, No additional o .
5 FtOAC - - reagent 70 °C Extraction

“When a yellow or red flag is not applicable, this column is left blank.

better for “Health and Safety” than benzene and cumene as
substrate, since it is only considered as “toxic in contact with
skin” (H311), which gives it a yellow flag, while the
involvement of benzene and cumene brings serious implica-
tions (benzene, “Causes damage to organs through prolonged
or repeated exposure” (H372), “May cause genetic defects”
(H340), “May cause cancer” (H350), 3 red flags; cumene,
“Toxic to aquatic life with long-lasting effects” (H410), one red
flag). Furthermore, looking at other chemicals used, in the new
method only one red flag is obtained for Health and Safety on
the basis of NH,OH-HCI (“Very toxic to aquatic life”, H400)
involvement, though it is widely used in industry, while the
classical method requires the use of MeOH and heptane (this
last solvent was not used in the reaction but as column
chromatography solvent for the workup), both leading to an
additional red flag. Also for the yellow flags in the Health and
Safety category, the new approach scores better (1 yellow flag
for Na,$,05) than the classical (3 yellow flags for DBU, Et,0,
and HNO;). Considering the most recent CHEM21 Solvent
Selection Guide,”> we specifically avoided the use of
“hazardous” and “highly hazardous” solvents in both reaction
and workup, such as Et,0 or CH,Cl,, which are both present
in the classical approach. Therefore, for the new approach only
yellow flags are obtained for CH;CN, HCOOH, and MTBE, in
contrast with the classical method which scores 3 red flags (for

CH,Cl, and 2 times for Et,0) and 2 yellow flags (HOAc and
CH;CN). Also for critical elements, only 1 yellow flag was
obtained in the new method, while for the classical method 1
yellow and 1 red flag are obtained. The yellow flags (estimated
supply remaining for S0—S00 years) are due to the use of
sulfur (Na,S,04 and DMSO in the new method and H,SO, in
the classical) and the red flag (estimated supply remaining for
less than 50 years) because of the use of palladium. In all other
steps, elements were used of which the remaining supply is
estimated more than 500 years, leading to green flags.

‘When looking at chemical requirements of the new method,
it can be seen that for the benzylic oxidation (NaOAc) in the
formation of both products and for the additional bromination
step (DMSO) in the specific synthesis of 7, the use of a
stoichiometric reagent was required (yellow flag), which was
for the literature approach only the case in one reaction step
(DBU in step S). None of the reported reactions, both in the
classical and in the new routes, made use of reagents in excess.
Concerning energy requirement, two steps in the new route
receive a red flag because reflux was found crucial in the
benzylic oxidation of 4-propylveratrole (2a) and 200 °C was
required for achieving high yield and selectivity in the
methylation of 4-propylguaiacol (1a) using dimethyl carbo-
nate, which is an inherent property of this reactant. Also in the
classical route, 2 red flags were obtained for energy



requirement since both the alkylation of benzene and the
methylation of catechol require high temperature. One needs
to realize that this is a very basic analysis and does not reflect
the final energy use which is also not possible at the discovery
level as the reaction times are not minimized. This analysis
therefore just highlights specific steps with high energy use.
Considering the number of steps for the new routes toward Sa
and 7 are significantly smaller, it can moreover be expected
that energy use on larger scale will be smaller.

Concerning workup, the classical method involves unavoid-
able column chromatography for one of the reactions, namely,
the bromination of Sa (step 8) (Figure 18), leading to a red
flag, while none of the steps in the new approach required this
purification method. Although we repeated this literature
bromination reaction, we could only slightly increase the yield
and application of alternative workups hitherto completely
failed. On the other hand, all other reaction steps in the
classical approach are worked-up via simple techniques, such as
filtration or distillation (green flags) and extraction (yellow
flag). These techniques were used in all steps of the new
approaches toward Sa and 7.

B CONCLUSIONS

We have developed a methodology to transform important
lignin-based monomers such as 4-propylguaiacol (1a) and 4-
propylcatechol (1b) into valuable aromatic amines and esters.
The process is based on an O-alkylation of 1a and 1b followed
by a benzylic oxidation, Beckmann rearrangement, and amide
alcoholysis to access the target 3,4-dialkoxyanilines. In the
amide alcoholysis, alkyl propionates are formed as byproducts
which are valuable products used as solvents and flavors in
industry. The aromatic amines were prepared from a
biorenewable arene resource as a direct alternative to their
classical preparation from petrochemical benzene, avoiding the
use of nitric acid to introduce the nitrogen atom. Several of the
bio-based 3,4-dialkoxyanilines obtained are drop-in chemicals
as they are described in the synthesis of anticancer drugs
(Prazosin, Alfuzosin, Doxazosin, Terazosin, Gefitinib, and
Erlotinib) agrochemicals (Diethofencarb) and dyes.

Based on the first pass metrics assessment, we can conclude
that the new approaches for the synthesis of dialkoxyanilines
Sa and 7 are more step efficient. Moreover, they perform
respectively similar or better in comparison to literature routes
with respect to PMI Rxn. In addition, our procedures make use
of cheap and industrially accepted chemicals and start from a
compound obtained via a biorefinery, 4-propylguaiacol (1a).
Concerning “Health and Safety” of substrate, reactants, and
reagents, only one red flag for NH,OH-HCI is obtained, while
the classical got 3 or S for respectively Sa and 7. The use of
hazardous and highly hazardous solvents is avoided. Moreover,
all reactions could be performed regio- and chemoselectively
(e.g, in the Beckman rearrangement only one product was
formed). The metrics allowed identification aspects in the
reactions which should be part of further research when
moving toward scaleup. For example, the benzylic oxidation
requires a higher dilution (CH;CN/water mixture as solvent).
Considering our developed approach is only in a discovery
stage, workup cannot be objectively compared with literature
routes. Nevertheless, the cumulative PMI for 7 was already
lower. The workup of our new routes only involved
recommended solvents and simple techniques such as
extraction and filtration.

All experimental procedures, together with character-
ization of the obtained compounds (PDF)
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