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1. The growing interest in triarylamines for optoelectronic applications poses significant
synthetic challenges. We report a dehydrogenative aromatisation strategy for
accessing triarylamines from simple anilines and cyclohexanones, maximising atom
and step economy while reducing the E-factor, and demonstrating scalability through
a continuous-flow process.

2. The green metrics evaluation confirms the substantial improvements of the Pd-
catalysed dehydrogenative aromatisation compared to benchmark protocols. The E-
factor of 5 under flow conditions and 9 in batch demonstrates the ability of the
developed process to reduce waste generation. Moreover, the increased VMR
reflects enhanced human and environmental safety.

3. Future research will focus on the synthesis of triarylamines from lignin-derived
phenols and on the exploration of triarylamines as electron donor—acceptor
complexes, photoredox catalysts, and functional materials for advanced materials
science applications.
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Process-Optimised Access to Triarylamines through Catalytic
Dehydrogenative Aromatisation
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Despite the growing interest in triarylamines as rapidly advancing materials for optoelectronic and organic photovoltaic
DOI: 10.1039/x0xx00000 applications, their synthesis generally relies on multistep routes and requires functionalization of the starting materials. The
development of atom- and step-economical strategies for their preparation remains highly desirable. In parallel, engineering
new reaction pathways beyond C—N bond formation via cross-coupling is crucial to enhance process sustainability, reduce
waste generation and resource consumption, and improve overall system performance. Here, we report the development
of a multigram-per-day production Pd-catalysed dehydrogenative aromatisation route to triarylamines, using anilines and
potentially lignin-derived cyclohexanones as readily available arylating partners in place of arylalides. Mild oxidant
conditions have been provided by molecular oxygen as the sole oxidant. To enable scale-up while ensuring effective gas-
liquid contact, the methodology is implemented in a continuous-flow system comprising multiple packed-bed reactors,

where slug flow maintains the aerobic conditions required. Green metrics are assessed against benchmark protocols to
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contextualise the process within current sustainability frameworks.

Introduction

Characterised by  distinctive  physicochemical  properties,
triarylamines are a rapidly growing class of compounds. Due to their
distinctive electron-rich architecture, which promotes strong m-
conjugation, and the ability of strategic modification of aryl
substituents to tune electronic properties, triarylamines serve as
crucial benchmarks in materials science.! Their relatively low
ionisation potential, lower than that of many organic and inorganic
materials, endows them with excellent electron-donating abilities,
enabling efficient hole and electron transport.*®

Owing to these characteristics, triarylamine serves as a hole-injecting
and hole-transporting layer in OLEDs,” & as an organic sensitiser
molecule for solar cells,® 1 and as a host emitting material for
organic photovoltaic devices.! 12 They are also employed as
luminescent probes for biomarker detection and environmental
sensing,'> 14 organic field-effect transistors,’> nonlinear optical
materials, and xerographic applications.’®%7 Additionally, this
structural motif shows potential as an effective catalytic donor in
light-induced electron donor—acceptor (EDA) complexes for C-H
perfluoroalkylation of arenes and heteroarenes,® alkylation and
cyanation of arenes,' visible light sulfonylation reactions,?® and
photoredox complexes.?!

The synthesis of triarylamines typically relies on a two-step
approach, involving the former preparation of diarylamines and their
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subsequent coupling with aryl halides via Cu-promoted Ullmann
condensation.?? 23 Despite being well established, this methodology
typically depends on stoichiometric, or, at best, ligand-assisted
catalytic, quantities of Cu(l) or Cu(ll) salts, in combination with a large
excess of strong inorganic base. Moreover, it generally proceeds
under harsh conditions, requiring elevated temperatures (150-220
°C under classical conditions or 80—130 °C in ligand-assisted variants)
in polar aprotic solvents such as DMSO, DMF, and NMP. Buchwald-
Hartwig coupling is a well-established methodology for accessing
triarylamines  from  diarylamines, catalysed by either
homogeneous,?*2¢ or heterogeneous Pd-based catalysts.?” Buchwald
et al. developed a one-pot Pd-catalysed protocol involving the
sequential coupling of an aniline with both chloro- and bromoarenes
(Figure 1a).28 Although these methodologies provide access to a wide
variety of symmetrical and unsymmetrical triarylamines with diverse
functional groups, they inevitably produce halide salt by-products.
This underscores the need for more atom- and step-economical
strategies, further developing new reaction pathways beyond the
classical “oxidative addition and reductive elimination” mechanism
of cross-coupling.2®3° The transition-metal-catalysed formal cross-
coupling of phenols with amines has emerged as an effective strategy
for accessing diarylamines, proceeding via reduction of the phenol
followed by condensation with the amine. (Figure 1b).31735

In recent years, since the pioneering work of Deng and Li in 2012,36
catalytic dehydrogenative aromatisation has emerged as a means of
accessing C—N bonds.3” This methodology involves a sequence of
nucleophilic addition, dehydration, and catalytic oxidative
dehydrogenation, employing oxygen as the sole oxidant or hydrogen
transfer strategies.3® Cyclohexanones, which are inexpensive,
chemically stable, and readily accessible from lignin-derived
biomass, are recognised for their renewable and sustainable
character.342 These features make them preferred arylating agents,
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valuable intermediates in the synthesis of a wide range of industrially
prominent compounds.*> 44 They act as efficient arylating agents for
synthesising diarylamines from both anilines and nitroarenes, with a
Pd-based catalyst facilitating the process (Figure 1c).4>->0

Herein, we report a direct, operatively streamlined methodology to
access symmetrical triarylamines from anilines and cyclohexanone
via Pd/C-catalysed oxidative dehydrogenative aromatisation. This
method overcomes the challenging requirement of two consecutive
condensations between cyclohexanone and anilines, affected by the
diminished nucleophilicity of the intermediate diarylamines. Aerobic
conditions provide the required oxidative environment, using O, as
the terminal oxidant and generating water as the sole byproduct
(Figure 1d).>>* The process exhibited efficiency in cyclopentyl
methyl ether (CPME), a well-established solvent known for its low
environmental impact, suitable safety profile, and compatibility
under oxidative conditions,>>=>’ reflecting the significant influence of
the reaction medium on overall environmental sustainability and
process efficiency.>%-60

The development of methodologies beyond traditional oxidative
addition—reductive elimination pathways meets the need to
establish a process compatible with flow conditions.®* Conventional
approaches typically require overstoichiometric amounts of
inorganic bases, which are often insoluble and cause reactor
clogging.?” By avoiding such bases, the proposed strategy ensures
efficient mass transport under continuous-flow conditions, thereby
improving the safety of O, handling.62-%3 This approach enables a
multigram-per-day production platform for the synthesis of both
diarylamines and triarylamines, while minimizing side-product
formation, facilitating recovery of excess reagents, and eliminating
the need for labor-intensive and solvent-intensive chromatographic
purification. The setup is based on a modular reactor configuration
consisting of two packed-bed columns: the first packed with
polymer-bound p-toluenesulfonic acid (PS-TsOH) and a second
loaded with Pd/C. Aerobic oxidation was achieved by introducing
gaseous O, generating a stable slug-flow regime (Figure 1d).

Results and discussion

The optimisation of the reaction conditions began with the selection
of 4-methylphenylamine (1a) and 4-methylcyclohexanone (2a) as
preferred substrates. Pd/C (10 wt%) was chosen as the
heterogeneous catalyst, and TsOH was used as a co-catalyst due to
its proven efficiency in promoting dehydrogenative aromatisation.>®
An oxidative aromatic dehydrogenation was performed: the reaction
mixture was refluxed in an open vessel for 16 h, after which O, was
introduced via balloon (100 mL), so the system remained at
atmospheric pressure, and the reaction continued for an additional
6 h.

We began the optimisation by determining the most suitable solvent.
Nonpolar aromatic hydrocarbons, such as p-xylene, toluene, and
mesitylene, exhibited low selectivity toward the desired product 6a.
Specifically, p-xylene failed to yield 6a, instead favouring the
formation of intermediate 5a (Table 1, entry 1). Toluene and
mesitylene produced mixtures of 3a and 4a, with only trace amounts
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Figure 1. Overview of synthetic strategies for accessing triarylamines.

of 6a detected, thereby preventing the second condensation (Table
1, entries 2 and 3). This retention of intermediates is likely attributed
to n—mt stacking interactions, which stabilise these species within the
reaction environment. In contrast, the use of nonpolar ethers, such
as 1,4-dioxane, facilitated the second condensation of
cyclohexanone, thereby increasing selectivity toward a mixture of 6a
and 5a. However, this solvent system hindered complete
dehydrogenative aromatisation (Table 1, entry 4). Notably,
employing CPME, complete selectivity for product 6a was achieved
(Table 1, entry 5). It is essential to note that all reactions conducted
under these conditions resulted in the complete conversion of the
limiting reagent 1a. A lower concentration of CPME led to decreased
conversion, with reagent 1a remaining partially unreacted, and a
mixture of 5a and 6a was observed (Table 1, entry 6). Similarly,
reducing 2a from 10 to 5 equiv. led to the formation of both 5a and
6a (Table 1, entry 7).

The catalytic amounts of Pd/C and TsOH were optimised to achieve
the highest selectivity. Utilising 10 mol% of both Pd/C and TsOH
resulted in optimal selectivity toward product 6a. However, reducing
the Pd/C amount from 10 mol% to 2 mol% led to a significant
decrease in conversion toward 6a, favouring the formation of 5a
(Table 1, entries 8 and 9). Notably, performing the reaction with 1
equiv. of TsOH yielded a mixture of 3a and 5a, with no formation of
the desired product 6a, thereby preventing the dehydrogenative
aromatisation process (Table 1, entry 10).

To further elucidate the role of TsOH in the optimised process,
additional co-catalyst screening was conducted. TsOH outperformed

This journal is © The Royal Society of Chemistry 20xx
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both CH3;COOH (Table 1, entry 11) and NEt; (Table 1, entry 12) in
terms of selectivity and vyield. Interestingly, the use of polymer-
bound TsOH (PS-TsOH) afforded the desired product 6a, although the
dehydrogenative aromatisation of 5a to 6a was not complete (Table
1, entry 13). Furthermore, conducting the reaction without TsOH as
a co-catalyst led to incomplete dehydrogenative aromatisation of 5a
to 6a, even after the addition of O, (Table 1, entry 14), underscoring
the necessity of TsOH for the desired transformation.

Control experiments without Pd/C yielded no product (Table 1,
Entries 15-16), confirming the catalytic role of Pd in the process.
The reaction was conducted without adding the O, balloon after 24
h, resulting in incomplete dehydrogenative aromatisation of 5a to 6a
(Table 1, entry 17). This outcome highlights the need for an
additional oxidising environment. To further support this
observation, the reaction was also performed in a screw-capped vial
under closed-vessel conditions, confirming the need for O, to
complete the aromatisation of 5a (Table 1, entry 18).

Table 1. Optimization of the reaction conditions for triarylamine synthesis.?

PdIC (10 mol%)
TSOH (10 mol%)
CPME (1 M)

@fP

10 equiv.

140°C, reflux
1)air, 16 h
2) 0, (balloon), 6 h

)@CU@’Q@?QQQ

2a 3a
. " C>(%)
Entry Reaction Medium Co-catalyst

3a 4a 5a 6a

1 p-xylene TsOH 45 0 55 0
2 mesitylene TsOH 50 37 3 10
3 toluene TsOH 29 46 9 16
4 1,4-dioxane TsOH 9 5 48 38
5 CPME TsOH 0 0 0 >99
6¢ CPME TsOH 0 0 19 56
7¢ CPME TsOH 0 0 35 65
8¢ CPME TsOH 14 2 42 42
9f CPME TsOH 44 12 21 24
108 CPME TsOH 50 0 50 0
11 CPME AcOH 0 5 75 20
12 CPME NEts 7 0 70 23
13 CPME PS-TsOH 0 0 40 60
14 CPME - 0 4 61 35
15h CPME - 0 0 0 0
16 CPME TsOH 0 0 0 0
17 CPME TsOH 6 1 47 46
18k CPME TsOH 20 7 14 59

2Reaction condition: 1a (0.5 mmol), 2a (5 mmol, 10 equiv.), Pd/C (10 wt%, 10
mol%), TsOH (10 mol%), CPME (1 M), reflux, 16 h under air, additional 6 h under
balloon of 0; ®Conversion determined by gas-liquid chromatographic analysis, the
remaining material is unreacted 1a; <CPME (0.25 M); 92a (5 equiv.); ®Pd/C (5 mol%);
fPd/C (2 mol%); 8TsOH (1 equiv.); "standard conditions no Pd/C and no TsOH;
istandard conditions with TsOH and no Pd/C; lopen-vessel under reflux, 24 h; ¥
closed vial 24 h.

With optimised reaction conditions (Table 1, entry 5), the substrate
scope for the direct synthesis of symmetric triarylamines was
investigated using a range of anilines (1a—1l) and cyclohexanones
(2a—2e). This approach enables the obtainment of 15 triarylamines
(6a—60), featuring various functional groups, in moderate to good
isolated yields.

Anilines 1a-1d smoothly afforded the corresponding triarylamines
(6a—6g). However, the steric hindrance of the aniline and
cyclohexanone significantly influenced reactivity. Bulky substituents
required prolonged reaction times to achieve full conversion.
Replacing the methyl group with more sterically demanding
isopropyl (1e) or tert-butyl (1f) groups markedly reduced reactivity,
yielding products 6h—6k in lower efficiency.

This journal is © The Royal Society of Chemistry 20xx

Electronic effects also played a critical role: electron:defisient
anilines inhibited product formation. DWHel033gO o RGHiSRE
triarylamines 6l and 6m in moderate yields, anilines 1i and 1j
remained unreactive under the optimised conditions. In contrast,
substrate 1h successfully delivered products 6n and 60 in good
yields.

Aniline 1k underwent dehalogenation, whereas the nitro-substituted
1l yielded a mixture that was difficult to interpret and characterise.
Moreover, the bulky 4-tert-butylcyclohexanone (2c) entirely
suppressed product formation, yielding only the intermediate 3p.
Similarly, 2,6-dimethylcyclohexanone (2d) proved unreactive,
further highlighting the reaction's sensitivity to steric effects.

Pd/C (10 mol%)

R? 3

TsOH (10 mol%) '

i f CPME (1 M), reflux 1
140°C reflux N :

1) air, 16 h ©/ \@ H

10 equiv.  2) O, (balloon), 6 h R RZE

1a 2a 6a :

o ¢
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00 who geL O
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@
Lo gov o O

6m:® 72% 6n: 62% 60:0 75% 3p: 85%

Scheme 1. Scope of symmetric triarylamines. 2Reaction condition: 1a (0.5 mmol), 2a (5
mmol, 10 equiv), Pd/C (10 mol%), TsOH (10 mol%), CPME (1 M), reflux, 16 h under air,
additional 6 h under balloon of O,; breflux, 24 h under air, additional 24 h under balloon
of Oz‘

At this stage, mechanistic investigations were conducted to elucidate
the oxidative dehydrogenative aromatisation pathway under the
optimised conditions. The reaction profile was monitored over time
to clarify the product distribution. Substrates 1a and 2a were rapidly
consumed upon initiation, with full conversion to the imine
intermediate (7) detected within 5 minutes, which converted to
intermediates 3a and 4a, demonstrating that this step is the fastest
in the reaction (Figure S1). The time course for the first minutes of
the reaction suggested that 3a forms primarily via the
disproportionation of the imine pathway, as this pathway is faster
than the dehydrogenative aromatisation of 4a to 3a.
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In separate experiments, we confirmed that 4b is active in the
reaction pathway leading to diarylamine 3b, which then undergoes a
second arylation to yield the desired triarylamine 6b. Concurrently, a
significant amount of 5b was produced (Figure 2a). At this stage, we
examined the oxidative dehydrogenative aromatisation of N-
cyclohexylamine 4b, promoted by O, (balloon) in CPME at 140°C for
6 hours. Under this condition, just a reduced amount of 20% of the
desired product 3b was obtained, confirming that intermediate 4b
preferentially condenses with a second molecule of 2b instead of
undergoing dehydrogenative aromatisation (Figure 2b).

Due to the excess of 2a, intermediate 3a is immediately converted
into 6a and 5a. This arylation initially favours the formation of 5a as
the major intermediate, which subsequently undergoes
dehydrogenative aromatisation to form the final product, 6a, and
then reaches equilibrium. Introducing O3 via a balloon promoted the
complete conversion of 5a to the target product, 6a, achieving full
selectivity within 6 hours (Figure S1).

a. Intermediate test: necleophilic addition of 4b

Pd/C (10 mol%)
[o) p-TsOH (10 mol%)

H
/@,N\O . ? CPME (1 M), reflux

4b 2b

1) air, 16 h
2) O, (balloon), 6 h
Conversion:

O
w20 oo o't

b. aerobic dehydrogenative aromatization of 4b

PdIC (10 mol%)
H

ORI o @
4b

p-TSOH (10 mol%)
C(/a) 20

CPME (1 M), reflux
c. aerobic dehydrogenative aromatization of 5b

5b: 65% 6b: 21%

o2 (balloon), 6 h

Pd/C (10 mol%)
p-TSOH (10 mol%)

CPME (1 M), reflux I

0, (balloon), 6 h

¢
0 oo T

d. intermediate test: cyclohexanone

Pd/C (10 mol%)
o p-TSOH (10 mol%)
e
o '
: JeRe
10 equiv.

CPME (1 M), reflux
6b: 79%

1) air, 16 h
2) 0, (balloon), 6 h

Figure 2. Control experiment.

We examined the oxidative dehydrogenative aromatisation of N-
cyclohexyl-4-methyl-N-phenylaniline 5b, promoted by O, (balloon) in
CPME at 140°C for 6 h, obtaining 6b with an isolated yield of 73%
(Figure 2c). The same experiment performed without Pd/C gave no
6b formation (Scheme S2). We hypothesise that O, guarantees the
from H-Pd(Il)-H,
dehydrogenative aromatisation.

regeneration of Pd(0) thereby promoting
To gain further insight into the process, we tested cyclohexen-2-one
(8a) instead of cyclohexanone. As expected, this resulted exclusively
in the formation of product 6b, as this reagent requires only a single
double-bond dehydrogenation to achieve complete aromatisation
(Figure 2d).%*

Based on the literature, the reaction time course, and control
experiments, we propose a plausible reaction mechanism. First, 2
and 1 undergo condensation to form the imine intermediate 7, which
subsequently generates products 3 and 4. Both intermediates can
then proceed through a second condensation with an additional

4| J. Name., 2012, 00, 1-3
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molecule of 2, yielding the target product 6 and the intermediate; 5,
which forms an enamine that is barely deteBXablé) Th@iRtérntédiate
5 undergoes Pd-catalysed dehydrogenative aromatisation to form
the desired product 6. The Pd-catalyst plays a crucial role in
dehydrogenative aromatisation. While molecular oxygen plays a
critical role in regenerating Pd(0) from the H-Pd—H intermediate,
thereby enabling complete selectivity for product 6 (Figure 3).

§E¥%©C¢iﬁ!g©é
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Pd(O)AXZ H,0
2 HzOX Pd(0) » H-Pd-H [
0, H-Pd-H R R1

RL@ Q

Pd(0) H-Pd-H
2H,0 0,

Figure 3. Proposed reaction mechanism for the direct synthesis of triarylamines from

aniline and cyclohexanone via oxidative dehydrogenative aromatisation.

The recyclability of the Pd/C was investigated. Although the
recovered Pd/C catalyst maintained complete conversion of 1a, a
distribution of 3a, 4a, 5a, and the desired product 6a was obtained
(Table S1). To understand the origin of the loss in reactivity, the
catalyst was recycled after 16 h of reflux under open-vessel
conditions, prior to the addition of the O, balloon. Under these
conditions, the same ratio between 6a and 5a was preserved for two
consecutive cycles, but a mixture of 3a, 4a, 5a, and the desired
product, 6a, was obtained in the third run (Table S2).

MP-AES analysis revealed a minimal Pd loss of only 0.1%, confirming
that the lack of reactivity was not attributable to Pd leaching into the
solution. To assess whether the reaction follows a heterogeneous
mechanism, a hot-filtration test was performed after 45 minutes of
reaction. Upon removal of the Pd/C catalyst, the reaction stopped,
indicating a heterogeneous pathway. This conclusion was further
supported by MP-AES analysis at the same stage, which showed Pd
loss below 0.1%. The experiment was repeated prior to introducing
the O3 balloon, confirming once again the heterogeneous nature of
the reaction (Table S3 and Table S4).

STEM analysis of Pd/C, performed before and after the introduction
of the O balloon, showed an increase in nanoparticle size. The
average diameter shifted from 2.5-3.5 nm of the fresh Pd/C to 3.5-
4.5 nm after 16 h of reaction under atmospheric conditions. In
addition, upon O; introduction, the fraction of Pd nanoparticles with
diameters exceeding 5 nm increased, along with the formation of
even larger aggregates. This trend is consistent with the decline in
selectivity observed after the first reaction cycle and confirms that
O, adversely affects the catalyst’s recyclability (Figure 4).
Furthermore, EDS and elemental analyses revealed residual traces of
sulfur (0.42%) and nitrogen (1.26%), which we hypothesize to
contribute to catalyst deactivation.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. STEM analysis of (a) fresh Pd/C; (b) Pd/C after 16 h of reaction under
atmospheric conditions, prior to the addition of O,; (c) Pd/C after optimized reaction
conditions.

To address the reduced reactivity of recycled Pd/C, overcome the
challenges associated with the use of an unrecoverable and poorly
soluble co-catalyst such as TsOH, and facilitate process scale-up with
molecular O,, we developed a continuous gas-liquid flow system for
dehydrogenative aromatisation, employing PS-TsOH as a solid-
supported acid co-catalyst.

Substrates 1a and 2a were chosen for protocol optimization using a
continuous-flow setup comprising two sequential packed-bed
reactors: the first packed with 50 mg of PS-TsOH with a commercial
loading of 2.5 mmol/g (R1; length = 4.5 cm; internal diameter = 2
mm) and the second with Pd/C 10 wt% (R2, length = 22 cm; internal
diameter = 4 mm). The reaction mixture, consisting of 1a and 2a
dissolved in CPME, was delivered to R1 via an HPLC pump and
maintained at room temperature. Gaseous O3 is introduced into the
system via a T-junction, and the flow is regulated to maintain a
constant slug-flow regime, before R2, which is maintained at 140°C.
An inline BPR-controlled system pressure was placed to maintain a
constant pressure inside the apparatus. The outlet stream is
collected and analysed by gas-liquid chromatography.

According to the control test, we found that R1 efficiently promotes
the condensation of 1a and 2a. The continuously produced 7a then
flows directly into R2, where, in the presence of O, and Pd/C, it is
converted into intermediate 3a. In contrast, in the absence of
gaseous Oy, 7a converted to 4a, which, as observed in the control
test under batch conditions, scarcely enables the formation of 3a.
This setup enables tandem condensation and dehydrogenative
aromatisation, which is controlled by fine-tuning the reactor length
and residence time, thereby enabling the selective synthesis of
diarylamine 3a and triarylamine 6a. At a flow rate of 0.05 mL/min,
the reaction initially yields a mixture of 7a, 3a, and 4a (Table 2, entry
1). When the equivalent of 2a is reduced, selectivity shifts away from
3a, favouring the formation of 4a (Table 2, entries 2-3). Higher
dilution and longer residence time negatively affected the formation
of 3a (Table 2, entry 4). By adjusting the BPR settings, the flow rate
was reduced to 0.02 mL/min, and the residence time increased,
resulting in the complete formation of product 3a (Table 2, entry 5).
An isolated yield of 92% was achieved (Scheme S1).

To drive the reaction toward 6a, we increased the reactor length,
which, along with higher BPR (Table 2, entries 6-7). Ultimately,
extending the reactor length enabled complete conversion and
maximised 6a production (Table 2, entry 8).

By optimizing the reaction conditions under continuous flow, using
an apparatus designed to maximize gas-liquid-solid interactions, the
formation of by-products resulting from excess 2a could be
minimized. This result is strategic as, in turn, it opens the route for

This journal is © The Royal Society of Chemistry 20xx

the purification of compound 6a without ugsing, GolmMp
chromatography. Therefore, we tested the pgssibility35f iKolativg thé
pure products via salt precipitation.

After distillation of CPME and recovery of the unreacted 2a (82%),
CPME (5 mL) was added, followed by an aqueous solution of HBF, (48
wt%, 1.5 equiv.), leading to the formation of the corresponding
[ArsNH]* BF4 salt, as a white precipitate. Precipitation was completed
by adding cold heptane, and the resulting solid was collected by
filtration. Subsequently, aqueous NaOH (1 M) and the recovered
CPME were added. After centrifugation, the distillation of CPME
afforded pure 6a (Yield: 88%). The solvents CPME and heptane used
in the procedure were recovered by distillation (95% and 92%,
respectively) and reused.

The robustness of the flow step-up was tested in the synthesis of 6a,
and over 83 h operating time, efficiency was constant yielding to 89%
isolated yield (Scheme S1). The developed system exhibited a space-
time yield of 0.181 Kg L day?, a TON for Pd/C of 18.5, and a Pd
leachate concentration of 0.4 ppm (Pd loss below 0.1%), indicating
successful synthesis of 6a.

Table 2. Optimisation of the reaction conditions for the selective synthesis of diarylamine
and triarylamine under flow. 2

140°C

NH,
/@ 1a (0.3 M) in CPME

S

o
/g 2a (3 M) in CPME
Packed Bed Reactor 1 (R1)

Packed Bed Reactor 2 (R2)
PS-TsOH:Quartz beads (1:1 w/w) Pd/C:Quartz beads (1.5:8.5 wiw)

Entry ('::o R2 Flow rate Refi‘:::ce BPR € (%)
) (em) (ml/min) (min) (bar) 7a 3a 4a 5a 6a
1 0.47 22 0.05 80 238 29 39 27 5 0
204 0.47 22 0.03 133 238 34 52 6 8 0
3¢ 0.47 22 0.03 133 238 99 0 [ 0 0
4 0.47 22 0.03 133 238 80 20 [ 0 o
5 0.47 22 0.02 200 5.2 0 >99 0 0 0
6c 0.94 a4 0.02 400 238 0 37 43 5 8
7 0.94 a4 0.02 400 5.2 0 47 0 12 41
8 141 66 0.02 600 5.2 0 0 0 0 >99

aReaction condition: 1a (5 mmol), 2a (50 mmol, 10 equiv.), CPME (0.3 M); ®
Conversion determined by gas-liquid chromatographic analysis, the remaining
material is unreacted 1a; <CPME (1 M); 92a (5 equiv.); ®2a (1.5 equiv.)

The green metrics of the developed protocols, evaluated under both
batch and flow conditions, were compared with those of
representative, well-established methods for accessing product 6a.
We selected a) the benchmark Pd-catalysed one-pot synthesis of
triarylamines from anilines and two different aryl halides;?® b) a Pd-
catalysed direct catalytic nitrogenation using N as nitrogen source;®
c) a Pd-catalysed direct catalytic C—-N formation employing NaNH, as
the nitrogen source;®® d) an heterogeneous N/O-doped carbon-
supported nano-Pd catalyst for the synthesis of triarylamines from
cyclohexanone and nitrobenzene;®” e) Cu-catalysed C—N coupling
reaction for the synthesis of triarylamines from aniline and
iodarenes;® f) and an acceptorless dehydrogenative aromatization
one-pot triarylamine synthesis from anilines and two different
cyclohexanones to achieve first the synthesis of diarylamines and
then triarylamines, selecting the product (4-methoxyl-N-phenyl-N-
(m-tolyl)aniline) which present the highest isolated yield for this
process.”® The comparison considered atom economy (AE),
stoichiometric factor (SF), material recovery parameter (MRP),
benign index (Bl), safety hazard index (SHI), vector magnitude ratio
(VMR), reaction mass efficiency (RME), and the E-factor (Figure 5; see
ESI for detailed calculations and data).
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Figure 5. Green metrics evaluation and comparison of the developed methodology under batch and flow conditions with benchmark methodologies.

Workup and purification steps were explicitly included in the green
assessment. Heterogeneous catalytic systems were assumed to be
fully recovered from the reaction mixture. The amounts of the
materials used for chromatographic purifications were, in all cases,
considered identical, considering the eluent being recoverable by
distillation for all the procedures. Additionally, solvents were
considered recoverable by distillation only if used in volumes larger
than 10 mL.

The use of 4-methylcyclohexanone as an arylating agent significantly
improves the AE compared to well-established protocols that rely on
bromo- and chloroarenes as starting materials, making it comparable
to that reported by Yamaguchi et al (Figure 5).>°

Despite the lack of LDspand LCso data for some starting materials, the
evaluation of the safety hazard index (SHI) and benign index (BI)
indicates that the major contribution arises from solvent selection
and dilution, while the reactants themselves have a more moderate
impact. In particular, the use of toluene and 1,4-dioxane at low
concentrations negatively affects these metrics. However, this effect
is partially mitigated when toluene is used at higher concentrations,
as in the protocol reported by Buchwald et al. (Figure 5; see the ESI
for SHI and Bl calculations using different starting materials).

Our protocols exhibit high Bl and SHI values, particularly under flow
conditions, approaching 0.95 (optimal case = 1).

Regarding the benchmark processes analysed, the use of inorganic
bases necessitates additional aqueous extraction steps. The
presence of homogeneous Pd catalysts, excess reagents, and
incomplete conversion to triarylamines requires purification of the
targeted product by column chromatography. Similarly, the batch
protocol reported herein suffers from the use of excess
cyclohexanones, leading to by-product formation and necessitating
chromatographic purification, thereby increasing waste production
as reflected by a high E-Factor and a low RME. E-Factor profiles

6 | J. Name., 2012, 00, 1-3

confirmed that the highest impact on waste generation occurs in the
purification step (Figure 6).

On the other hand, the flow setup enables efficient control over
reaction selectivity, thereby minimizing side-product formation and
facilitating the recovery of the reagents used in excess. It should be
noticed that selectivity towards the triarylamine is crucial for its
successful purification. In fact, the presence of partially aromatized
products formed in the absence of oxygen, makes the purification
tedious and sometimes impossible even by column chromatography,
due to the very similar natures of all the possible products. In these
cases, only theoretical yields could be reported. The presence of
oxygen allows high selectivity towards the product and therefore, it
also allows satisfactory actual isolation yields.

We also proved that is also possible to eliminate the
chromatographic purification by forming the corresponding BF4-
salt. This is relevant at a larger scale that is achievable using the
optimized flow protocol that also leads to a significant improvement
in the mass-based green metrics (MRP, RME, and E-Factor).

In fact, pure product isolation was achieved through a carefully
optimized salification-precipitation protocol, in which the amounts
of acid and anti-solvent were tuned to ensure quantitative
precipitation of the target compound while minimizing inorganic
waste generation in the aqueous phase. This strategy limits waste
formation primarily to aqueous streams and inorganic salts. As a
result, the E-factor is reduced from values above 100 to 5.3 and 4.8
for the transformation of 5 mmol and 3 mmol of la to 6a,
respectively (Figure 6).

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. Comparison of E-Factor and RME for the developed methodology under batch
and flow conditions versus benchmark processes, including E-Factor contribution
analysis

Experimental section

General procedure for the synthesis of triarylamines

In a 10 mL round-bottom flask equipped with a magnetic stirrer, Pd/C
(10 mol%; 53 mg), TsOH (10 mol%; 8.6 mg), CPME (1 M; 0,5 mL), 1
(0.5 mmol), and 2 (5 mmol, 10 equiv.) were consecutively added. The
reaction was stirred at 140°C in an open vessel under reflux for 16
hours. Then, an O; balloon was connected to the apparatus, and the
reaction was stirred for an additional 6 hours at 140°C. Pd/C was
filtered from the reaction mixture and washed with CPME (10 mL).
The pure product was obtained by column chromatography on silica
with ETP as the eluent.

General procedure for the synthesis under flow

Setup 1: The p-toluidine (1a) (5 mmol, 530 mg) and 4-
methylcyclohexanone (2a) (50 mmol, 10 equiv., 6 mL) were dissolved
in CPME (16.7 mL, 0.3 mol/L). The PS-TsOH (50 mg, 2.5 mmol/g) was
mixed with 1 mm glass beads in a 1:1 ratio and packed into a 4.5 cm
stainless steel reactor with an internal diameter of 2 mm (R1). The
Pd/C 10 wt% (0.47 mmol of Pd) was mixed with 1 mm-diameter glass
beads in a 1.5:8.5 ratio and packed into a 22 cm stainless steel
reactor with an internal diameter of 4 mm (R2). The R1 is placed at
room temperature. The R2 is placed at 140°C. Both reactors were
placed in a laboratory-made continuous-flow system equipped with
a T-junction to introduce gaseous O; (0.25 mL/min) upstream of R2,
thereby establishing a slug-flow regime. The entire system was
equipped with a 5.2 bar BPR. The solution of 1a and 2a in CPME was
delivered to the system via an HPLC pump at an effective flow rate
of 0.02 mL/min. After a residence time of 200 min, a complete
conversion to 3a was achieved. After distillation of CPME and
recovery of the unreacted 2a (82%), CPME (5 mL) was added,
followed by an aqueous solution of HBF, (48 wt%, 1.5 equiv.).
Precipitation was completed by adding cold heptane (5 mL), and the
resulting solid was collected by filtration.

Subsequently, aqueous NaOH (3 M, 2 mL) and the recovered CPME
(5 mL) were added. After centrifugation, the distillation of CPME
afforded pure 3a (Yield: 92%). The solvents CPME and heptane used
in the procedure were recovered by distillation (95% and 92%,
respectively) and reused.

This journal is © The Royal Society of Chemistry 20xx

Setup 2: The p-toluidine (1a) (5 mmol, 530 \mghape.ds
methylcyclohexanone (2a) (50 mmol, 10 equiv, 16 MEPdre isksIved
in CPME (16.7 mL, 0.3 mol/L). The PS-TsOH (50 mg, 2.5 mmol/g) was
mixed with 2 mm glass beads in a 1:1 ratio and packed into a 4.5 cm
stainless steel reactor with an internal diameter of 2 mm (R1). The
Pd/C 10 wt% (1.41 mmol of Pd) was mixed with 2 mm-diameter glass
beads in a 1.5:8.5 ratio and packed into a 66 cm stainless steel
reactor with an internal diameter of 4 mm (R2). The R1 is placed at
room temperature. The R2 is placed at 140°C. Both reactors were
placed in a laboratory-made continuous-flow system, equipped with
a T-junction to introduce the gaseous 0, (0.25 mL/min) upstream of
R2, thereby establishing a slug-flow regime. The entire system was
equipped with a 5.2 bar BPR. The solution of 1a and 2a in CPME is
delivered to the system via an HPLC pump at an effective flow rate
of 0.02 mL/min. After a residence time of 600 min, a complete
conversion to 6a was achieved. The conversion was evaluated by gas
chromatographic analysis.

After distillation of CPME and recovery of the unreacted 2a (82%),
CPME (5 mL) was added, followed by an aqueous solution of HBF, (48
wt%, 1.5 equiv.). Precipitation was completed by adding cold
heptane (5 mL), and the resulting solid was collected by filtration.
Subsequently, aqueous NaOH (3 M, 2 mL) and the recovered CPME
(5 mL) were added. After centrifugation, the distillation of CPME
afforded pure 6a (Yield: 88%). The solvents CPME and heptane used
in the procedure were recovered by distillation (95% and 92%,
respectively) and reused.

Conclusions

In conclusion, we developed a practical and scalable strategy for
direct access to triarylamines via Pd/C-catalysed oxidative
dehydrogenative aromatisation, using anilines and potentially lignin-
derived cyclohexanones as readily accessible arylating partners, in
both batch and continuous-flow systems. The optimised conditions
were applied to the synthesis of 15 variously functionalized
symmetric triarylamines.

The protocols rely on Pd/C as a heterogeneous metal-based catalyst
and TsOH as a co-catalyst. After rapid condensation, products 3 and
4 are formed. Both intermediates can then undergo a second
condensation with an additional molecule of 2, yielding the target
product 6 and the intermediate 5, which can be fully converted to 6.
The Pd-catalyst plays a crucial role in dehydrogenative
aromatisation. Atmospheric pressure of O, serves as the sole
oxidant, playing the crucial role of regenerating Pd(0) from the H-
Pd-H, thereby enabling complete selectivity for the product
targeted.

An increase in Pd nanoparticle aggregation led to a progressive
decline in catalytic activity over successive runs.

To address the reduced reactivity of recycled Pd/C, overcome the
challenges associated with using an unrecoverable and poorly
soluble co-catalyst, such as TsOH, and facilitate process scale-up with
molecular O, a continuous gas-liquid flow system was developed.
This system employed multiple column reactors packed with Pd/C
and PS-TsOH as a solid-supported acid co-catalyst. The system
operates under slug flow with gaseous O,, maintaining aerobic
conditions while improving efficiency and robustness.
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The robustness of the flow step-up was tested through an 83-hour
synthesis, representative of the synthesis of 6a, achieving an isolated
yield of 89%. The developed system exhibited a space-time yield of
0.181 Kg L-1 day-1, a TON for Pd/C of 18.5, and a Pd leaching of 0.4
ppm.

Finally, the developed continuous-flow methodology enables
enhanced control of the selectivity of the reaction. This aspect is
crucial as it allows the actual isolation of the pure products without
tedious and sometimes impossible column chromatography
purifications. minimizes by-product formation, and allows efficient
recovery of excess reagents. The elimination of chromatographic
purification, achieved through an optimized salification-precipitation
protocol, significantly reduces solvent consumption and waste
generation. As a result, the process shows a marked improvement in
VMR, and the E-factor decreases from values above 100 to 5.
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