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Sustainability spotlight

The development of environmentally responsible methods for producing value-added 
chemicals from renewable resources is essential for advancing sustainable industry and 
consumption. In this study, a mild, scalable, and solvent-free mechanochemical protocol 
was developed for the synthesis of terpene-derived phthalimides, avoiding toxic 
reagents, excess energy consumption, and solvent waste. This strategy replaces 
traditional multi-step thermal processes with a one-pot tandem reaction under ambient 
conditions, showcasing the power of enabling technologies in green chemistry. The 
methodology maximises atom economy, minimises environmental impact, and valorises 
abundant biomass. These achievements directly support UN Sustainable Development 
Goals 9 (Industry, Innovation and Infrastructure) and 12 (Responsible Consumption and 
Production), demonstrating a significant step forward in the design of sustainable 
chemical processes.
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Mechanochemical Synthesis of Phthalimides from Terpenes via 
Tandem Diels–Alder and Iodine-Mediated Aromatization
Jhully Anne Barros Carvalho Ribeiro,a Renan Rodini Mattioli a Duncan L. Browne b and Julio C. Pastre 

*a

A solvent-minimized, two-step mechanochemical protocol has been developed for the synthesis of terpene-derived 
phthalimides via sequential Diels–Alder cycloaddition and iodine-mediated aromatization at room temperature. Efficient 
conversion of isoprene and maleimides under ball-milling yields adducts in up to 86% yield, followed by in situ aromatization 
using iodine and 1,1,3,3-tetramethylguanidine to furnish phthalimides in up to 82% yield. The process tolerates a range of 
functional groups and is sensitive to steric hindrance around the diene and dienophile. This method circumvents 
conventional thermal protocols, offering a scalable, operationally simple route to value-added aromatics from renewable 
feedstocks under ambient conditions.

Introduction
The design of modern chemical processes is increasingly guided 
by the principles of green chemistry, which emphasize atom 
economy, solvent minimization, energy efficiency, and the 
reduction of resource consumption. In this scenario, modern 
synthetic chemistry faces the challenge of developing 
methodologies that minimize human health and environmental 
impact without compromising process efficiency, selectivity or 
scalability, requiring significant experimental effort and 
creativity.1–3

In response to social and environmental demands, new 
enabling technologies have been integrated into modern 
chemistry.4 Among them, mechanochemistry has emerged as a 
strategic platform for organic synthesis, offering access to new 
reactivity modes and solvent-minimized protocols under mild 
conditions.5,6 Recent advances have demonstrated that 
mechanically induced reactions can unlock synthetic routes that 
are challenging or even inaccessible via solution-based 
methods. Furthermore, these protocols often operate under 
solvent-free, air-tolerance and energy-efficient conditions, 
providing simpler and greener alternatives to conventional 
approaches.7–12

Mechanochemistry can also be implemented on larger 
scales, either through the use of very large milling devices or by 
alternative approaches such as resonant acoustic mixing (RAM) 
and twin-screw extrusion (TSE), which allow scale-up without 

substantially increasing the equipment footprint,13,14 an 
important consideration for the treatment of renewable raw 
materials, such as chitin and microcrystalline cellulose.15,16 
Furthermore, can be designed as one-pot or cascade processes, 
minimizing workup and tedious purification steps.17,18 As a 
result, mechanochemistry provides simpler and greener 
alternatives to conventional approaches, with significant 
reductions in solvent use, reaction time, and waste generation, 
as demonstrated by the solvent-free dehydrogenation of γ-
terpinene in a ball mill, which achieved quantitative yields in 
just 5 minutes, aligning with key principles of process 
sustainability.15,19

Similar to furans, terpenes also occupy a significant global 
market and drive innovations in platform technologies, to cite 
in cosmetics, biofuels, rubber, food, fragrances and drugs.20 The 
term terpene is originated from turpentine (balsamum 
terebinthinae), a resin obtained from pine trees, however is also 
present in coniferous wood, citrus fruits, eucalyptus and several 
other plants. The abundance and wide availability of terpenes 
in natural sources make the optimization of extraction methods 
a relevant field of study. The diversity of these sources requires 
considering variables such as harvest location and time, in 
addition to specific pretreatments, solvents, and extraction 
techniques, to ensure efficient recovery and the preservation of 
the compounds' chemical profile.21,22

A common characteristic of many terpenes is the presence 
of an isoprene structure (2-methyl-1,4-butadiene) as a basic 
unit in the carbonic skeleton. These backbones are classified 
according to the number of isoprene units following the (C5H8)n 
formula. In the realm of biomass conversion, terpenes have 
great potential for chemical valorization due to their suitable 
structural and reactivity characteristics.21,23 Although terpenes 
have long been employed as cost-effective and suitably 
functionalised starting materials in organic synthesis, their full 
potential for chemical valorisation remains underexplored, 
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b.Department of Pharmaceutical and Biological Chemistry, School of Pharmacy, 
University College London (UCL), 29-39 Brunswick Square, WC1N 1AX London, UK. 
E-mail: duncan.browne@ucl.ac.uk

Supplementary Information available: Experimental methods and characterization 
data. See DOI: 10.1039/x0xx00000x

Page 2 of 10RSC Sustainability

R
S

C
S

us
ta

in
ab

ili
ty

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
N

hl
an

gu
la

 2
02

5.
 D

ow
nl

oa
de

d 
on

 2
02

5-
10

-1
6 

22
:3

1:
27

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5SU00509D

mailto:jpastre@unicamp.br
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00509d


ARTICLE RSC Sustainability

2 | J. Name., 2025, 00, 1-3 This journal is © The Royal Society of Chemistry 2025

Please do not adjust margins

Please do not adjust margins

particularly in the context of generating novel chemical entities. 
For instance, isoprene is widely used as a starting material in the 
production of terephthalic acid obtained by the oxidation of p-
xylene intermediate (Figure 1a).24 Terephthalic acid is one of the 
main precursors to the production of polyester polymers, such 
as polyethylene terephthalate (PET), which is extensively 
applied in packaging and synthetic fibers.24–28

 Although these representative approaches demonstrate 
the use of isoprene as a bio-based raw material for the synthesis 
of industrially relevant aromatic compounds, there is still a 

dependence on severe reaction conditions (high temperatures 
and pressures) and metal usage over multiple stages. In 2016, 
iodine was used as a key promoter aromatization of a wide 
variety of terpenes and terpenoids under thermal conditions via 
carbocation pathways (Figure 1b).29 Based on previous studies, 
the authors proposed that other dienes could be converted to 
their aromatic analogues through rearrangements and 
migrations, thus enabling the aromatization of quaternary 
centers. However, despite being metal-free, these protocols still 
usually require high temperatures and long reaction times.

Figure 1 Terpenes and terpenoids as powerful starting materials for chemical valorization towards aromatics.

Our research group has previously explored DA reactions 
involving terpenes and maleic anhydride in solution-phase 
employing continuous flow technology to achieve high-yielding 
DA adducts (Figure 1c), potentially useful for new green 

polymers30. Building on this precedent, we sought to develop a 
solvent-minimized, room-temperature protocol for the direct 
conversion of terpenes into aromatics under mechanochemical 
conditions.
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Results and discussion 
DA reaction investigations
 To lay the groundwork and provide a basis for comparison with 
the solid-state synthesis, we started our study with the DA 
reaction using isoprene and maleimide at equimolar 
stoichiometry in diethyl ether (0.2 M) at room temperature for 
18 hours.31 Since this was not successful, we decided to 
investigate the stoichiometry of isoprene, temperature, and 
solvent. Best results were then obtained using 2.0 equiv. of 
isoprene in ethanol (0.2 M) at 90 °C for 5 hours affording 78% 
and 84% yield for maleimide and N-phenylmaleimide, 
respectively. At this point, we defined isoprene and N-
phenylmaleimide as model starting materials for subsequent 
investigations.

Based on preliminary results, we decided to evaluate the DA 
reaction under mechanochemical conditions. Our initial tests 
were covered by the screening of milling jar volume, milling ball 
diameter, isoprene equiv., sodium chloride mass equiv. and 
time (see Table S2 for the full range of conditions tested).

First reactions were performed at room temperature for 90 
minutes using a stoichiometric amount of isoprene (1a) and N-
phenylmaleimide (2a). In absence of sodium chloride, the DA 
adduct was obtained in very low 6% yield (Table 1, entry 1). The 
addition of 0.5 mass equiv. of sodium chloride as grinding 
auxiliary increased the yield to 36% (Table 1, entry 2). Increasing 
sodium chloride to 2.5 mass equivalents improved the yield to 
60%, highlighting its key role as a grinding auxiliary (Table 1, 
entry 3). Conversely, the yield resulted in a significantly drop to 
45% when 5.0 mass equiv. was used (Table 1, entry 4). Then, 
increasing isoprene equiv. from 1.0 to 2.0 with 2.5 mass equiv. 
of sodium chloride led to no enhancement in yield. Probably, 
doubling isoprene amount can negatively interfere to the 
powder formation in grinding process (Table 1, entry 5). 
However, when sodium chloride is raised to 5.0 mass equiv., the 
yield slightly increases to 69% (Table 1, entry 6). When isoprene 
is raised to 3.0 equiv., DA adduct 3a is ultimately produced in 
98% yield followed by a subsequent purification to 86% yield 
(Table 1, entry 7). We propose that the optimal DA grinding 
process may be achieved when sodium chloride is employed as 
grinding auxiliary in mass equiv. amount approximately equal to 
twice of isoprene. In fact, the presence of a solid auxiliary is 
crucial for most grinding processes involving liquid reactants, 
enabling the reaction to proceed in a powdered state and 
optimizing mass and energy transfer.6 On the other hand, the 
high volatility of isoprene makes it expected that an excess 
would be necessary in the reaction.

The successful synthesis of DA adduct 3a within satisfactory 
conversion and yield drove our efforts to further develop a 
sustainable, safe, and one-pot phthalimide synthesis. As the 
aromatization reaction require more reactants, we judged it 
necessary to transfer the reaction to 25 mL milling jar, ensuring 
that the grinding process would not be compromised. In terms 
of milling jar volume, the degree of filling – including the space 
occupied by the milling ball, reactants and grinding auxiliaries – 
plays a crucial role in energy transfer of reaction. Considering 
this, we opt to evaluate the performance of the DA reaction in 

the 25 mL volume milling jar using a 15 mm diameter milling 
ball. Fortunately, the adjustments resulted in unchanged 
conversion and yield values for the synthesis of DA adduct 3a 
(Table 1, entry 8).

Table 1 Mechanically DA between isoprene (1a) and N-phenylmaleimide (2a)

Entry Isoprene (equiv.) NaCl (mass equiv.) Yield (%)b

1 1.0 - 6

2 1.0 0.5 36

3 1.0 2.5 60

4 1.0 5.0 45

5 2.0 2.5 60

6 2.0 5.0 69
7 3.0 5.0 98 (86)c

  8d 3.0 5.0 98 (86)c

aStainless steel materials. bDetermined by 1H NMR analysis using mesitylene as 
internal standard and deuterated chloroform at 0.1 M concentration. cIsolated 
yield. d25 mL volume milling jar and 15 mm diameter milling ball.

Aromatization investigations
Motivated by promising results obtained in the DA reaction by 
milling, we delivered some attention to solution-phase 
experiments in order to achieve phthalimides through the 
aromatization of DA adducts. Initially, we performed a 
screening of conditions as indicated in Table S3 available in 
Supporting Information. Different reaction conditions were 
evaluated, including the use of oxidants such as Pd/C32 and 
DDQ, the combination of H-Y zeolite and Pd/C33, acidic 
conditions with Amberlyst-1534, and more severe conditions 
employing elemental sulfur35. The final crude reaction mixtures 
were analyzed by gas chromatography-mass spectrometry (GC-
MS), and only those in which the desired product was identified 
were further investigated. However, no condition led to yields 
or selectivities that justified the continuation of solution-based 
studies.

Afterwards, we decided to adopt a methodology proposed 
by Domingos et al.29 to convert DA adduct 3a into the desirable 
phthalimide. This methodology describes the aromatization of 
terpenes in the presence of I2 under solution-phase conditions 
depicted in Figure 1b. Surprisingly, when we applied the 
reported conditions to DA adduct 3a, we did not detect the 
formation of the expected phthalimide. Consequently, we 
decided to investigate harsh conditions in solution-phase. 
Initially, we substituted toluene for dimethyl sulfoxide to enable 
higher temperatures and evaluated acidic, basic and oxidant 

1a
(X equiv.)

3a

2a

Me

NO O

Ph

N

O

O

Ph

Me

NaCl (X mass equiv.)

 = 30 Hz
rt, 90 min

V = 10 mLa

 = 10 mma
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reaction conditions (see Tables S4–S6 for the full range of 
conditions tested).

The most satisfactory outcome was obtained by conducting 
the reaction in two separate steps. First, DA adduct 3a is placed 
to 2.0 equiv. of iodine in dimethyl sulfoxide for 30 minutes at 
140 °C, then 2.0 equiv. of DBU is added and reacted for 
additional 30 minutes at same temperature, yielding 65% after 
two steps (1H NMR measurement using an internal standard).

In our efforts to identify the optimal condition, we 
systematically examined the impact of temperature, solvent, 
solution concentration and addition sequence of reactants on 
the reaction. In most cases, we observed a rapid consumption 
of DA adduct 3a accompanied by low yields of the desired 
phthalimide (see Table S7 in the Supporting Information). In the 
absence of base, iodine could mediate the aromatization step 
yielding 40% for desired phthalimide with full conversion of DA 
adduct 3a.

Based on these early findings and TLC analysis, we propose 
that the base acts as an additive, reducing the formation of 
unwanted side products in solution. Consequently, we chose to 
investigate alternative bases, including 1,4-
diazabicyclo[2.2.2]octane (DABCO) and 1,1,3,3-
tetramethylguanidine (TMG), but unfortunately we did not 
observe any improvement despite the complete consumption 
of the DA adduct 3a.

After verifying the feasibility of solution-phase 
aromatization of DA adduct 3a, attention was then directed 
towards the aromatization step under mechanochemical 
conditions. Preliminary experiments showed that the reaction 
using 2.0 equiv. of iodine, 3.0 equiv. of DBU and 2.5 mass equiv. 
of sodium chloride at room temperature for 90 minutes 
afforded phthalimide 4a in 33% yield (Table 2, entry 1). Our 
subsequent investigations were covered by the screening of jar 
volume, ball diameter, iodine equiv., base equiv., sodium 
chloride mass equiv. and time (see Table S8 for the full range of 
conditions tested). We found that increasing the DBU amount 
to 5.0 equiv. had no impact on the yield (Table 2, entry 2).

We believe that the aromatization of the DA 3a adduct 
occurs by an iodine mechanism. In the presence of bases such 
as DBU and TMG, the alkene reacts readily with molecular 
iodine, forming the iodonium ion. Subsequently, the vicinal 
diiodide is formed through a replacement mechanism with 
iodide anion. In the subsequent step, the base abstracts a 
proton, leading to the formation of a new π bond and the 
release of the iodide anion. Succeeding iodide elimination led 
to another new π bond formation, and then spontaneous 
aromatization takes place. However, it should be noted that – 
alternatively and/or simultaneously – alpha iodination of the 
carbonyl followed by further elimination of hydrogen iodide can 
also proceed. The formation of the strong acid HI could account 
for the low yield obtained without bases due to acid-catalyzed 
polymerization of the olefins.

Consistent with our expectations, the use of a 25 mL volume 
milling jar and 15 mm diameter milling ball led to a modest 
increase in yield to 45% (Table 2, entry 3). Larger jar volume and 
ball mass improve energy transfer, increasing yield from 33% to 
45% under identical milling frequency. Furthermore, the 

increase in yield observed in this second system may also be 
associated with the better energy kinetics involved. Given the 
mass-dependent nature of kinetic energy, the 15 mm milling 
ball (13.87 g of mass) is expected to transfer over three times 
the kinetic energy of the 10 mm milling ball (4.11 g of mass) at 
an equivalent frequency.

Table 2 Mechanically aromatization of DA adduct 3a 

Entry I2 (equiv.) Base (equiv.) Jar (mL) Ball (mm) Yield (%)b

1 2.0 DBU (3.0) 10 10 33

2 2.0 DBU (5.0) 10 10 33

3 2.0 DBU (5.0) 25 15 45

4 3.0 DBU (5.0) 25 15 54

5 3.0 TMG (3.0) 25 15 66

6 3.0 TMG (4.0) 25 15 75
7 3.0 TMG (5.0) 25 15 93 (82)c

aStainless steel materials. bDetermined by 1H NMR analysis using mesitylene as 
internal standard and deuterated chloroform at 0.1 M concentration. cIsolated 
yield.

Increasing iodine equiv. to 3.0, the yield improved to 54% 
(Table 2, entry 4). At this point, we stated that the aromatization 
step in solid-phase seemed to be more selective when 
compared to solution-phase. We thus elected bases that 
showed high conversion rates but low yields in solution-phase 
reactions to investigate their reactivity in milling. Using TMG as 
base, the yield was improved to 66% using 3.0 equivalents of 
TMG (Table 2, entry 5). Gratifyingly, increasing gradually TMG 
equiv. to 4.0 and 5.0 afforded phthalimide 4a in 75% and 93% 
yield, respectively (Table 2, entries 6 and 7). More details can 
be found in Supporting Information along with solution-phase 
comparisons. After achieving optimal conditions for the iodine-
mediated aromatization of DA adduct 3a to phthalimide 4a 
through milling, we expanded our research to the development 
of a one-pot tandem protocol (Scheme 2). Fortunately, we were 
able to successfully integrate the two steps by adjusting the 

3a

N

O

O

Ph

Me

NaCl (2.5 mass equiv.)

 = 30 Hz
rt, 90 min

V = X mLa

 = X mma

4a

N

O

O

Ph

Me

I2 (X equiv.), base (X equiv.)
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mass equivalent of sodium chloride, as both stages were 
already optimized under identical grinding conditions 
(frequency, jar volume, and ball diameter). Thus, we performed 

the DA step with 5.0 mass equiv. of sodium chloride and added 
only the difference to complete 2.5 mass equiv. in the further 
aromatization step.

Scheme 1 Optimized one-pot tandem protocol for the production of phthalimides 4a–4s. aStainless steel materials. *Non-terpene DMBD used.

Scope

3a-3d 4a-4s

NaCl (2.5 mass equiv.)

1a-1d

Optimal conditions

The milling jar is filled up with
reactants, grinding auxiliary and

milling ball, then closed and milled

The milling jar is opened and filled
up with reactants and grinding

auxiliary, then closed and milled

1 2 3

Proceed to
purification

 = 30 Hz
rt, 90 min

R2

terpenes
(or DMBD) DA adducts phtalimides

maleimides
(1.0 equiv.)

+ N OO

R

N

O

O

R

R2

N

O

O

R

R2

TMG (5.0 equiv.)
I2 (3.0 equiv.)

NaCl (5.0 mass equiv.)

 = 30 Hz
rt, 90 min

V = 25 mLa

 = 15 mma

2a-2p

N

Me
O

O4a; 82%

R1 R1

R1

N

O

O4b; 33%

Me

Me

N

Me
O

O4c; 80%

MeMe

NH

Me
O

O4d; 14%

N

Me
O

O4e; 60%

NMe2 N

Me
O

O

Me

4f; 61%

N

Me
O

O4g; 52%

N

Me
O

O4h; 67%

OMe

N

Me
O

O4i; 71%

OMe N

Me
O

O4j; 55%

OMe

N

Me
O

O4k; 10%

N

Me
O

O4l; 45%

Br

N

Me
O

O4m; 48%

Br

N

Me
O

O4n; 71%

Cl N

Me
O

O4o; 47%

I N

Me
O

O4p; 57%

O

OMe

N

Me
O

O4q; 31%

NO2

R3
R3 R3

N

Me
O

O4r; 61%*

Me

N

Me
O

O4s; 27%

N

Me
O

O3a; 86%

N

O

O3b; 69%

Me

Me

N

Me
O

O3c; 37%

MeMe

NH

Me
O

O3d; 42%

DA adducts
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After integration of mechanically DA and iodine-mediated 
aromatization, we decided to explore a short scope using 
different terpenes and maleimides. The optimized conditions 
were successfully applied to three different terpenes and N-
substituted maleimides, obtaining a library of nineteen 
phthalimides yielding around 65% in average for both steps 
(Scheme 1).

Remarkably, structural variations in both diene and 
dienophile starting materials led to significant changes in yield. 
A maximum yield of 82% was achieved when the reaction was 
conducted with isoprene and N-phenylmaleimide (Scheme 1, 
4a). The change of isoprene for myrcene caused a dramatic drop 
in yield to 33% for phthalimide 4b. Surprisingly, when ocimene 
is reacted with N-phenylmaleimide, phthalimide 4c is obtained 
in 80% yield. Bearing a bulkier substituent, DA adduct 3b differs 
from 3a and 3c analogues, which have a methyl group attached 
to the sp² carbon. According to the proposed mechanism, 
where aromatization is initiated by iodine addition to the 
double bond, the lower yield of 4b can be attributed to steric 
hindrance caused by the bulky group in 3b. This steric effect 
may impede iodine's approach to the reaction site, thereby 
compromising the efficiency of the initial step.

The observation of a favorable methyl effect during 
aromatization led us to select isoprene for further exploration 
in the scope. Bulky groups attached to the maleimide, such as 
1-naphthyl and 1-adamantyl, resulted in significantly poorer 
results (10% for phthalimide 4k and 27% for phthalimide 4s). 
Also, when non-substituted maleimide is used, it was observed 
a very low yield (14% for phthalimide 4d). In an effort to 
understand the mesomeric effect, we assessed the impact of 
diverse functional groups at the para position of N-phenyl 
substituted maleimides. No clear trend was observed with para-
substituted maleimides, indicating minimal mesomeric 
influence on yield.

The disparate yields of phthalimides 4b, 4d and 4s prompted 
us to investigate whether the low yields were a consequence of 
the integrated process or a specific step. For phthalimide 4b, 
the DA step presents yield of around 69%, while the 
aromatization step yields 50% from isolated DA adduct. 
Unfortunately, no improvement was obtained even using BHT-
stabilized β-myrcene, showing that probably the yield is highly 
limited by steric hindrance from substrate. For phthalimide 4d, 
we observed 57% and 42% yield for the DA step, with and 
without Lewis acid (AlCl3 20 mol%), respectively. On the other 
hand, the aromatization step separately led to 75% yield, 
indicating that the integrated process possibly diminishes the 
production of phthalimide.

Our milling protocol for the preparation of phthalimides 
harnesses renewable feedstocks (terpenes) at room 
temperature under solvent-minimized conditions. To further 
strengthen its green credentials, we assessed our protocol using 
sustainability metrics. Aromatization was identified as the key 
step, and we therefore selected it for comparison. Two 
plausible benchmarks were considered, the first contrasting our 
milling methodology with the solution-phase approach, for 
which we had developed and optimized the synthesis of 
phthalimide 4a (Table 3, entries 1 and 2). The latter comparison 

involved our milling methodology and the study by Domingo et 
al.29, which served as inspirations for optimizing the 
mechanochemical synthesis of phthalimide 4a. For this second 
comparison, we chose the starting material methyl 
hydroabietate, which was elected the closest example to a 
convenient comparison. However, it was challenging to identify 
alternative methodologies from other authors that preserved 
the same reaction characteristics, including the starting 
material, aromatization reagents, and final product.

In Table 3, we selected the parameters yield, reaction mass 
efficiency and process mass intensity, which in turn was 
separated into process mass intensity of reaction, process mass 
intensity of work-up and total process mass intensity. Process 
mass intensity of purification was not included in total process 
mass intensity due to lack of information.

Table 3 Sustainable metrics comparison between milling (1) and solution-phase (2 and 
3) methods of iodine-mediated aromatization

Process Yield (%) RME (%) PMIR (g g–1) PMIWU (g g–1) PMIT (g g–1)

1 89 5.6 17.8 888.0 905.8

2 72 1.4 71.5 3,292.6 3,364.1
3 84 6.5 15.3 3,632.9* 3,648.2*

RME: Reaction mass efficiency. PMIR: Process mass intensity of reaction. PMIWU: 
Process mass intensity of work-up. PMIT: Total process mass intensity. *Without 
considering NaSO4 used in work-up due to lack of information.

From the comparison between our methodologies, the 
milling conditions yield (process 1) is not only slightly higher, but 
also affords a RME that is roughly 4 times higher than in 
solution-phase protocol (process 2). Furthermore, all PMI 
instances are at least threefold lower, highlighting the 
significant technological advantage achieved in the 
aromatization of DA adduct 3a to phthalimide 4a.

When we compare our milling aromatization of DA adduct 
3a to phthalimide 4a (process 1) with methyl hydroabietate 
aromatization in solution-phase (process 3), we note that in 
terms of RME process 3 takes slightly the lead because of less 
use of reactants compared to process 1 (6.5% versus 5.6%). 
Finally, the most precise metric to measure the resource 
utilization is obtained in process mass intensity. It is worthy to 
note that process 3 has 4-fold PMIT than process 1 to afford the 
analogue product in similar comparable yield (3,648.2 g g–1 
versus 905.8 g g–1). Furthermore, the major contribution to PMIT 
in process 3 is derived from solvent utilization in the work-up 
procedure.

Conclusions
In this work, we demonstrated an unprecedented way of 
terpene biomass valorization to obtain phthalimides 4a–4s 
under mechanochemical conditions. From solution-phase 
studies, we were able to demonstrate not only an improvement 
in the selectivity and yield of reactions but also to develop a 
more effective, fast, economical and safe protocol.

We developed a mild, scalable, solvent-free protocol for 
synthesizing terpene-derived phthalimides, demonstrating 
mechanochemistry’s utility in biomass valorization. The two-
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step one-pot milling protocol developed engaged cheap 
materials and energy saving due to no heating conditions. These 
mild protocols in integrated one-pot milling process also avoid 
bulk use of solvent, encompassing many of Green Chemistry 
Principles. The DA step provides adducts up to quantitative 
yields showing great structural versatility and robustness. The 
aromatisation step – although more challenging – was 
successfully unlocked through the use of iodine and TMG, 
achieving phthalimide yields of up to 82%. We also evaluated 
two green metrics to highlight overall sustainability benefits 
that arise from our work. This study exemplifies how the 
strategic use of enabling technologies such as 
mechanochemistry can unlock sustainable, solvent-free routes 
to high value-added molecules from renewable feedstocks, 
paving the way for greener and more efficient synthetic 
practices.
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