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Alkenes and conjugated dienes play an important role in organic synthesis and polymer chemistry. Being
essentially fossil-based materials, there is a strong interest in developing alternative ways to obtain such
compounds from renewable resources. In this study, we report the synthesis of 1-methyl-1,3-cyclohexa-
diene, a cyclic conjugated diene that is rarely reported in the literature and not widely available commer-
cially. This compound is synthesized from pseudoionone using ruthenium-catalysed ring closing olefin
metathesis transformation. Mesityl oxide, a known chemical with wide applications, is concomitantly

rsc.li/greenchem obtained.

Green foundation

1. Advancing the field of Green Chemistry: the synthesis from a biosourced reagent of a rare and fossil-sourced conjugated diene is reported. Regardless of

the scale-up, this is yet another example of how biomass can be inspiring and used to replace fossil-based compounds.
2. Green Chemistry achievement: we use a catalytic transformation to obtain the desired product under mild conditions of temperature (70 °C) with yields up

to 63%. This synthesis is greener than those previously reported utilising fossil resources and hazardous and/or toxic reagents, with the generation of

harmful wastes.

3. This work would benefit from efficient distillation separation (chemical engineering) that would enable the use of greener solvents such as dimethyl-

carbonate (DMC). A catalyst that would be selective for the transformation of only one stereoisomer from the feed would greatly facilitate the separation of

the product of interest. If the product of interest is to be synthesised from an appropriate stereoisomer, its synthesis will need to be improved in terms of

green chemistry.

A. Introduction

The utilisation of biomass and biosourced compounds as sur-
rogates for fossil-based fuels and chemicals'™ has gained tre-
mendous interest and has been considered a dream turned
into reality in the last three decades. Besides food and feed,
biomass is increasingly used in a number of areas, such as raw
materials in the chemical industry and energy production.* If
biomass can generate high volumes of raw materials of indus-
trial interest, it can also be the source of high-value-added
niche compounds obtained in much lower volumes. Terpenes
and their derivatives are one of the high-value-added classes of
compounds obtained from a variety of plants and trees and
are used in the domains of flavours and fragrances (FnFs).*>’
They are also the source of new synthetic products, provided
efficient and selective transformations can be used for the
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transformation of these sometimes multi-functional com-
pounds. Owing to the isoprene-based structure of terpenes,
olefin metathesis®® has been shown to be an efficient and
selective catalytic tool for their valorisation,'®™* including
those sterically hindered, for which high reactivity was difficult
to predict. Recently, inspired by the work of Robinson," we
and other researchers have demonstrated that sterically hin-
dered carbon-carbon double bonds in a variety of cyclic ter-
penes and terpenoids are, in fact, reactive, provided the pro-
ductive reaction pathways are triggered by the utilisation of
sterically hindered cross-metathesis partners.'®® With this in
mind, we turned our attention to pseudoionone, a biosourced
terpene derivative containing, in principle, poorly reactive
carbon-carbon double bonds. Pseudoionone is commonly
obtained by the aldol condensation of citral (a mixture of neral
and geranial) with acetone under basic conditions
(Scheme 1).'9**

Only a few examples of ring closing metathesis (RCM) of
terpenes have been reported thus far, in particular with lina-
lool, a terpenoid incorporating a terminal carbon-carbon
double bond."***** The RCM of citronellene, f-myrcene, and
B-ocimene, which comprise a terminal carbon-carbon double
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Scheme 1 Pseudoionone 1a/1b mixture from citral.

bond, was also reported.”*> The transformation of pseudoio-

none by olefin metathesis has not been reported, and we
propose that the RCM of this compound could lead to mesityl
oxide 2,°*” a well-known and accessible compound with mul-
tiple applications but, more interestingly, could also yield
1-methyl-1,3-cyclohexadiene 3 (Fig. 1).

Indeed, several isomers of methylcyclohexadiene exist, but
only few are commercially available at reasonable costs.
1-Methyl-1,3-cyclohexadiene 3 has been used as a reagent in a
number of cycloaddition reactions,”®>' and it could be of
interest in polymer synthesis, where polycyclohexadiene has
already been investigated.>*™*” To the best of our knowledge, 3
is commercially accessible at a very high cost, and its synthesis
requires multiple steps involving toxic and/or hazardous
reagents, while being poorly atom economic (Fig. 2).°*™*'
Accessing 3 from biomass using a robust and efficient catalytic
process would thus be of high interest and we focused our
efforts on this objective.

B. Results and discussion

We started our investigations with the metathesis transform-
ation of the commercially available pseudoionone, which con-
sists of a mixture of stereoisomers 1a and 1b in a ratio of
approximately 29/71, respectively (determined by 'H NMR).
Initial attempts were conducted on a 100 mg scale in toluene
and the greener dimethylcarbonate,*>*® the two solvents
known to provide similar activities in olefin metathesis,***’
using the commercially available 2™ generation Hoveyda pre-
catalyst (HII)."® As depicted in Scheme 2, this transformation
proceeded with 90% conversion in DMC (and 88% in toluene),
yielding numerous products, most of them being identified
using GC/MS (Fig. 3). Notably, the desired product 3 was
detected in a substantial amount (38% GC yield), along with 2
(30% GC yield) and other compounds, resulting from cross-
metathesis reactions (GC yields determined by calibration with
pure 2 and 3 using dodecane as an internal standard). The mul-

: é
2 3
Fig. 1 Mesityl oxide 2 and 1-methyl-1,3-cyclohexadiene 3.
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Scheme 2 Metathesis transformation of commercial pseudoionone
(29% 1a/71% 1b; 100 mg; 0.51 mmol).

tiplicity and diversity of the compounds detected is proof that
sterically hindered carbon-carbon double bonds, supposedly
poorly reactive, are in fact efficiently converted by metathesis. Of
note, the identification of 7 resulting from the activation of the
precatalyst evidenced the reactivity of the « C=C bond.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 GC/MS chromatogram of the commercial pseudoionone metathesis reaction.

Following this promising result, we turned our attention to
the isolation of 2 and 3, which proved difficult due to their low
and close boiling points of 130 °C (2) and 110 °C (3) compared
to 90 °C for the DMC solvent. To overcome this issue, we
moved to high-boiling solvents from which the products of
interest could be distilled off. After ruling out diethyl carbon-
ate and xylenes due to their low boiling points (120 °C and
approximately 140 ©°C, respectively), we considered using
alkanes. Alkanes are not considered to be the solvents of
choice in olefin metathesis due to their poor solvation of
organometallic catalysts. As a result, they are rarely used, or
even evaluated, in olefin metathesis transformations.
Nevertheless, a few reports have shown that high conversions
could be obtained in such solvents.*”"*® Interestingly, attempts
in decane (b.p. = 172 °C) at 70 °C with 2.5 mol% of HII furn-
ished similarly high conversions (85%) despite the low (visual)
solubility of HII in this solvent. However, purification was still
not efficient, as some amount of decane was distilled along
with compounds 2 and 3. Hence, we used to paraffin oil as a
non-volatile solvent. Here again, the solubility of HII at room
temperature was (visually) low, but optimization of reaction
temperature and time allowed reaching the highest conversion
of 85% at 70 °C. Lowering the catalyst loading to 1 mol%
proved detrimental as the conversion dropped to 75%. With
both solvents (decane and paraffin oil), the same multiple pro-
ducts were detected by GC, but GC/MS could not be used due
to the high boiling point of decane and the non-volatility of
paraffin oil. To confirm the reactivity and product distribution
in such apolar solvents, the reaction was also performed in
cyclohexane, and a GC/MS analysis could be performed, con-
firming the nature of the products obtained (see SI). Here
again, although 2 and 3 are expected to be produced in equi-
molar amounts, GC yields of 26% and 36% were determined
for 2 and 3, respectively, in paraffin oil, which is similar to the
ratio of 30/38 obtained in DMC (vide supra). This difference in
the ratio of these two compounds will be examined later. As
explained earlier, paraffin oil was selected as the solvent to
enable the distillation of volatile compounds 2 and 3. The reac-

This journal is © The Royal Society of Chemistry 2025

tion was thus repeated on a larger scale (1 g) under dynamic
vacuum, connecting the reaction vessel (Schlenk tube) to a
liquid nitrogen-cooled trap from the onset of the reaction.
After 3 h, the fraction collected in the cold trap was analysed
by GC/MS and 'H NMR, revealing the presence of 2 and 3 in a
30/70 ratio. Note that this ratio should not be given too much
importance, as it depends on the difference in volatility between
these two compounds. 'H NMR also evidenced the presence of
tetramethylethylene (TME, Scheme 5) in low amounts (<2%, not
detected by GC/MS owing to its high volatility and detector cut-
off parameter for detector protection). The presence of TME
revealed that cross metathesis or ring-closing metathesis between
two gem-dimethyl-substituted carbon-carbon double bonds
occurred during the transformation. The mixture of trapped vola-
tiles was further separated by column chromatography on basic
alumina. Here again, the nature and selection of an appropriate
solvent for this purification was done according to its ability to
separate 2 and 3 and its high boiling point. After several tests,
dodecane and dibenzyl ether were found suitable for this separ-
ation, although dibenzyl ether decomposed to some extent into
toluene and benzaldehyde on alumina (see SI). Thus, following
separation on the alumina column, the fractions containing 3
(identified by GC) were collected and submitted to a second dis-
tillation under vacuum, which allowed isolating 3 in 31% yield
with only 7% of TME.

Clearly, the metathesis process is very complex, and it is
difficult to understand and identify the pathways leading to
each of the compounds detected. We have therefore continued
our studies with the aim of providing answers to the questions
raised by these initial results. Hence, we have studied the reac-
tivity of both isomers 1a and 1b, prepared individually from
nerol and geraniol (Scheme 3).>° Both products were obtained
in acceptable yields subject to rigorous temperature control
during the initial oxidation step in order to prevent double-
bond isomerisation. 1b was obtained as a single stereoisomer,
while 1a contained about 2% of 1b.

The transformation of 1a was first investigated at 70 °C in
paraffin oil using 2.5 mol% HIIL. This reaction proceeded in

Green Chem., 2025, 27, 1809-11815 | 11811
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19 h with almost quantitative conversion (98%), yielding 2 and
3 as unique products of the reaction (Scheme 4). Notably, 92%
conversion was still obtained when the catalyst loading was
lowered to 1 mol%. Purification of compounds 2 and 3 was
performed in 3 steps, starting with the trapping of volatiles
under vacuum and further separation by column chromato-
graphy on alumina using dibenzyl ether as solvent. Hence, fol-
lowing the separation of 2 and 3, the fractions containing 3
were again submitted to vacuum trapping to isolate compound
3 in 63% yield. "H NMR analysis revealed a purity of 92% as
4% of mesityl oxide was detected, along with 4% of tetra-
methylethylene (TME).

The other stereoisomer 1b (3E,5E) was then subjected to the
same experimental conditions, yielding, as could be antici-
pated from the results with commercial pseudoionone, a
complex mixture of several compounds 4-6 and 8-10. Of note,
2 and 3 were still observed but in low amounts (~8%). This
very different reactivity between the two stereoisomers is well
rationalized if one considers the possible conformations of
these two compounds. As depicted in Fig. 4, when the C=C
bond in position 5-6 (y) presents a Z-configuration, the C3-C4
double bond («) can be in the proximity of the prenyl double
bond, whereas this is not possible with 1b. Furthermore, the
identification of 7 in the reaction mixture indicates the for-
mation of Ru-1 upon reaction with 1a and 1b, in which the
bottom-side mechanism*® places the prenyl-group in the trans
position relative to the bulky NHC ligand, thus allowing RCM
to occur. We cannot claim that this is the only pathway at play

% HII Q
X (2.5 mol%)
o | +
RCM A 70°C,19h
njl ‘\/ Paraffin oil
1a (3E,52) Conv. = 98% 2 3

Scheme 4 Metathesis transformation of 1a (150 mg, 0.78 mmol).
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and that RCM does not occur following activation of the pre-
catalyst at the prenyl-group (n double bond), but we did not
detect the resulting product of such an activation by GC/MS,
as we did with 7.

Concerning the formation of products 5, 6, 8-10, they can
be easily interpreted by the various possibilities for the bimole-
cular self-metathesis of 1b, each possibility potentially leading
to four products depending on the regioselectivity of the inter-
action. For instance, 5 and 10 might result from the cross-
metathesis of the y and n carbon-carbon double bonds,
whereas 6 and 8 might arise from the « and n C=C bonds,
and 9 from a and y C=C bonds. From the nature of the
formed products, it appears that the a + a cross metathesis
does not occur, as 3-hexene-2,5-dione was not detected.

While the formation of 2 and 3 from 1a can be rationalized,
the formation of these two compounds from 1b is not straight-
forward. This is also true if one considers that the commercial
pseudoionone, composed of 1a/1b in a 29/71 ratio (determined
by 'H NMR), provided 38% (GC yield) of 3 (vide supra), i.e., a
higher amount than theoretically expected.

As proposed above, the o + n double bond cross metathesis
of 1b leads to 8 and 6, the latter possibly leading to 3 by RCM,
which would also explain the formation of tetramethylethylene
(TME) (Scheme 5). Note that the other regioselectivity, that of
the o + 1 double bond cross-metathesis, would lead to 2 and a
product of formula C,,H3,0 that was not detected by GC/MS,
making this hypothesis unlikely.

In order to bring a rationalisation of these results, the com-
position of the reaction mixture using commercial pseudoio-
none was monitored vs. time by sampling and analysing ali-
quots with gas chromatography. As shown in Fig. 5, the two
stereoisomers are not converted at similar rates, with 1a being
much more rapidly consumed. This is in line with the results
obtained by Behr during the metathesis of cis- and trans-
ocimene.”® Most importantly, following a quick and almost

— O X

3 TME

Scheme 5 Possible pathway for the synthesis of 3 by the RCM of 6
with TME as a co-product.

This journal is © The Royal Society of Chemistry 2025
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full consumption of 1a in the first minutes, its amount
increased substantially to nearly ~33% of its initial amount
before slowly decreasing (monitoring triplicated). If the refor-
mation of 1a during the reaction progress allows the formation
of 3 in a higher amount than theoretically accessible, it is
important to understand how this can occur, and several
hypotheses can be proposed to explain this.

A first hypothesis would imply the formation of 1a by sec-
ondary metathesis between products detected in the reaction
mixture. For instance, 1a and 1b are accessible via cross-meta-
thesis between compounds 5 and 6, concomitantly explaining
the formation of 4 (Scheme 6).

The isomerisation of 1b into 1a was also considered as a
possible pathway accounting for the formation of 1a during
the reaction. However, if the isomerisation of vinyl carbenes,
such as Ru-2 (Fig. 6), is known, it concerns the selective iso-
merisation of the Z-isomer into the E-isomer,>>' i.e., the
opposite of what should occur in our case.

Furthermore, the rate of isomerisation of 1b to 1a should
be higher than the rate of RCM from 1a to account for the
increase in the amount of 1a following its drop to a minimal
amount in the first 25 minutes (Fig. 5). Such a rate of isomeri-

+
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Scheme 6 Cross metathesis of 5 and 6.
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Fig. 6 Isomerisation of vinyl carbene.
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sation of 1b should translate into a slope break in the conver-
sion of 1b, which is not visible in Fig. 5. For these reasons, we
do not consider an isomerisation pathway as a realistic
pathway accounting for the formation of 1a during the reaction
with commercial pseudoionone.

Finally, we turned our attention to the evolution of the
amounts of 2 and 3 during the reaction. Theoretically, com-
pounds 2 and 3 should be formed in equimolar amounts from
1a, but we observed a higher amount of 3 as compared to 2.
Any loss of 2 due to evaporation was eliminated, and we
propose that 2 could undergo metathesis transformation and
thus be consumed once formed (secondary metathesis trans-
formation). To check this hypothesis, 2 was reacted with (2)-5-
decene under our experimental conditions. As anticipated, this
reaction delivered the cross-metathesis products 11 and 12,
along with some side metathesis products, resulting from
double bond migration in (Z)-5-decene (Scheme 7). In an
additional experiment, we have also disclosed that 2 does not
react by self-metathesis. This reactivity of 2 accounts for the
higher amount of 3 observed in our studies.

C. Conclusions

We synthesised and isolated the barely accessible 1-methyl-1,3-
cyclohexadiene 3 from the biosourced pseudoionone. We have
demonstrated that the stereoisomer 1a (3E,5Z) in pseudoio-
none was the main precursor of 3 obtained by a ring-closing
metathesis reaction. Consequently, with commercial pseudoio-
none consisting of a ~30/70 mixture of 1a and 1b (3E,5E),
respectively, 3 could be obtained in an isolated yield of 31%,
corresponding to the theoretical yield. Alternatively, 3 could be
produced in a very clean way and in high yield (63%) starting
from pure 1a obtained from the biosourced nerol. In this case,
the only co-product of the reaction is mesityl oxide 2, a known
compound with well-identified applications. This work is a
new contribution to the field of new bio-based chemicals.
However, further improvements can be foreseen. Notably, due
to the close boiling points of 2 and 3, the purification of 3 was
somehow difficult at laboratory scale, but this should not be
an issue at a larger scale using an advanced distillation
column with a large number of theoretical plates. Another way
to explore is the selective transformation of commercial pseu-
doionone into 2 and 3. This would require finding a catalyst
and experimental conditions for the selective ring-closure of
1a while leaving 1b intact. This would also indirectly enable
the isolation of pure unreacted 1b.
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