
lable at ScienceDirect

Tetrahedron 126 (2022) 133068
Contents lists avai
Tetrahedron

journal homepage: www.elsevier .com/locate/ tet
A simple one-pot oxidation protocol for the synthesis of
dehydrohedione from Hedione

James S. Sharley a, Guido Gambacorta a, Ana María Collado P�erez b, Estela Espinos Ferri b,
Amadeo Fernandez Miranda b, Isabelle Fern�andez Fern�andez b, Jorge Sanchez Quesada b,
Ian R. Baxendale a, *

a Department of Chemistry, University of Durham, South Road, Durham, DH1 3LE, United Kingdom
b International Flavours & Fragrances Inc., Avda Felipe Klein 2, 12580, Benicarl�o, Castell�on, Spain
a r t i c l e i n f o

Article history:
Received 2 August 2022
Received in revised form
20 September 2022
Accepted 30 September 2022
Available online 5 October 2022

Keywords:
Hedione
Fragrance
Chlorination
Dehydrochlorination
Trichloroisocyanuric acid
Sulfuryl chloride
Process development
Dehydrohedione
Oxidation
Flow chemistry
* Corresponding author.
E-mail address: i.r.baxendale@durham.ac.uk (I.R. B

https://doi.org/10.1016/j.tet.2022.133068
0040-4020/© 2022 The Authors. Published by Elsevie
a b s t r a c t

A new method for the oxidation of Hedione 1 to dehydrohedione 2, a high value intermediate in the
flavour and fragrance industry, has developed based upon one pot a-chlorination-elimination sequence
which can be readily scaled. The spontaneous elimination of the a-chloro in methanol was unprece-
dented and has allowed for the oxidation, typically performed in multiple steps/reactions, to be carried
out as a one-pot protocol. A continuous flow process for performing the reaction utilising sulfuryl
chloride has also demonstrated allowing for steady, safe evolution of SO2 gas during the reaction.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The synthetic fragrance ingredient methyldihydrojasmonate (1,
Trade names, Hedione/Kharismal) is widely used in perfumery
being manufactured at a scale of over 1000 tonnes per year [1]. Its
unsaturated analogue, dehydrohedione (DHH, 2), is a highly valu-
able synthetic target due to its ability to deliver Hedione diaste-
reomeric mixtures through hydrogenation comprising the sort
after (1R,2S)-(þ)-cis isomer 1a (Fig. 1) [2e5] the principal constit-
uent responsible for the characteristic odour.

Enhanced cis isomer mixtures possess a superior scent profile
and hence are worth more than commercial Hedione (90% trans).
Although awide variety of synthetic routes towards DHH have been
developed [7e13], Hedione is cheap (~$5/kg) and readily available
in its predominantly trans form (1c þ 1d) and so the preferred
axendale).
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method of DHH synthesis at scale is through direct oxidation of
Hedione [14]. Historically, this has been enacted via a 3 steps
sequence involving regioselective formation of ester 3, followed by
brominationwith a bromine source (typically Br2), followed by base
induced elimination. However, the stepwise nature of this
sequence, the increasing expense of the bromine and the large
amounts of waste produced indicated a need for improvement.
Following preliminary work conducted by ourselves involving
oxidation of 3 via an a-bromo intermediate 4 [15], we were inter-
ested in developing a more efficient and environmental-friendly
method for the oxidation of Hedione based upon an a-chloro in-
termediate 5 (Scheme 1).

Commonly used a-chlorinating agents for ketones include CuCl2
[16], sulfuryl chloride (SO2Cl2) [17], trichloroisocyanuric acid (TCCA,
6) [18], 1,3-dichloro-5,5-dimethylhydantoin (DCDMH, 7) [19], p-
toluenesulfonyl chloride [20], N-chlorosuccinimide (NCS, 8) [21],
tetraethylammonium trichloride [22] and elemental chlorine [23]
(Fig. 2). From prior work [15], CuCl2 was known to be ineffective for
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Methyldihydrojasmonate diastereomer odour thresholds [4,6].

Scheme 1. Our work in the area of DHH synthetic strategies, top previously used copper mediated oxidation route to DHH 2; bottom, proposed analogous alternative route.

Fig. 2. Structures of TCCA, DCDMH and NCS.
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Hedione oxidation. Of the remaining reagents, NCS, Cl2, and SO2Cl2
were previously reported as effective agents for the targeted
chlorination, although stoichiometric amounts of amines were
required to subsequently induce the HCl elimination to occur [24].
As such SO2Cl2, DCDMH, TCCA were selected as potential candi-
dates due to the fact that they are cheap and readily available. We
herein report a simple and highly cost effective procedure for the
one-pot synthesis of DHH from Hedione using such a-chlorinating
methodology.
2. Results and discussion

2.1. Implementing a batch process

Upon establishing that TCCA (a cheap industrial disinfectant and
bleaching agent used in swimming pools and in the textile in-
dustry) was a suitable candidate for the chlorination of Hedione to
2

the desired a-chloro intermediate 5, initial studies looked to assess
the potential for the subsequent elimination. Pleasingly, it was
found that the elimination occurred spontaneously when the re-
action was conducted in methanol (MeOH) (Table 1). Screening
other alcoholic solvents such as EtOH, i-PrOH and t-BuOH, a
reduced rate of elimination to furnish 2 was noticed probably due
to the steric hindrance of alkyl group (Entries 4 e 7). Employing
chlorinated solvents and toluene resulted in only partial chlorina-
tion and the subsequent elimination did not occur (Entries 1 e 3).
Chlorination was not detected in solvents where TCCA is highly
soluble, such as acetonitrile (MeCN), ethyl acetate (AcOEt), and
acetone (Entries 8 e 10). As the addition of liquids can be better
controlled than the addition of solid reagents, AcOEt as a co-solvent
was still interesting to employ, as it would facilitate the addition of
a solution of TCCA. Having gained successful results utilising a
mixture 1:1 of AcOEt:MeOH (Entry 11), it was speculated whether
smaller (stoichiometric) amounts of alcohol could be enough for
the reaction to occur (Entry 12). Unfortunately, almost no reaction
was observed when a 9:1 mixture of AcOEt:MeOH was employed,
suggesting the methanol plays a key role in both chlorination and
the subsequent elimination steps (Entry 12).

Considering the elimination sequence, a mechanistic sequence
was postulated (Scheme 2). Our hypothesis comes from experi-
mental observations. It is observed that initially two intermediate
stereoisomers of 5 are produced during the chlorination step (TLC
shows a major and minor product forming upon addition of TCCA
~9:1 ratio by NMR). However, the minor isomer is observed to



Table 1
Solvent screening for the TCCA oxidation of Hedione.

Entrya Solvent Yield (%)b

1 CH2Cl2 0
2 CHCl3 0
3 Toluene 0
4 MeOH 28
5 EtOH 19
6 i-PrOH 11
7 t-BuOH traces
8 AcOEt 0
9 Acetone 0
10 MeCN 0
11 MeOH:AcOEt (1:1) 20
12 MeOH:AcOEt (1:9) 3

a Reactions conducted on a 5 mmol scale (1 M).
b Calculated using 1,3,5-trimethoxybenzene as an internal 1H NMR standard. The

reactions 4e6, and 11 all showed full consumption of the Hedione starting material
and formation of the mixture of intermediates isomers of 5.

Scheme 2. Proposed mechanism sequence for the elimination to DHH.

Scheme 3. Reaction conditions for the synthesis of the fluoro intermediates 12 and
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diminish over time with the appearance of the desired product 2.
This can also be seen through the use of 2D TLC analysis and NMR
time-based monitoring. This transformation is also rendered
instantaneous if any form of base is added to the reaction. We
therefore speculate this material is the antiperiplanar HeCl
configured species Minor-5 which can readily undergo E2 elimi-
nation to generate compound 2 (Scheme 2). Consequently, we
propose the relative configuration of the predominant chloro in-
termediate as Major-5 which is more stable due to its inability to
undergo an E2 process and has thus been isolated. We rationalise
the role of the alcohol solvent and its ability to induce elimination
due to the electrophilicity of the carbonyl group, methanol could
add into the ketoneMajor-5, forming the hemiketal intermediate 9.
Depending on the relative configuration of the chloro atom and the
hydroxyl group, the chlorohydrin 9 could convert into the epoxide
10 via intra-molecular SN2 substitution, eliminating hydrogen
chloride. The methanol would finally eliminate through E2 ring
opening of the epoxide yielding the target molecule 2. A similar
process to based promoted epoxide isomerisation to form allylic
alcohols [25,26].

It was also noted that the initial chlorination process was rate
3

enhanced by the addition of acid sources, both Brønsted (e.g., AcOH,
HCl) and Lewis (e.g., BF3, ZnCl2, CeCl3), of particular note was that
the use of trifluoroethanol or hexafluoroisopropanol lead to rapid
formation of the chloro intermediates 5 but interestingly failed to
induce any elimination. In overview we took as supporting evi-
dence indicating methanol's key attributes as a protic solvent for
the chlorination step and suitably nucleophile (electronics and
sterics) to fulfil the elimination stage.

To gain further evidence, we wished to establish the stereo-
selectivity of the chlorination however despite repeated attempts
only one of the two isomers could be successfully isolated. In an
attempt to evaluate the process via analogue we determined it
interesting to prepare the more stable fluoro intermediates 12 and
compare the data by correlation (Scheme 3). Unfortunately, we
found no obvious correlations when comparing the two fluoro
diasteroisomers to the major chloro isomer 5 previously isolated by
chromatography.

Despite being unable to categorically identify the mechanistic
process involved we elected to further investigate the potentially
valuable reactions optimisation (Table 2). It was shown that gradual
addition of the TCCA was preferable to control the exotherm and
avoid a runaway reaction especially upon scaling the reaction. The
solid was added directly to the reaction in portions (or as a solution
in e.g EtOAc) such that the temperature was maintained within the
quoted range. At higher temperatures (Table 2, entry 1), the reac-
tion occurred immediately upon addition of the TCCA which made
controlling the temperature unchallenging. At lower temperatures,
however, a long and unpredictable delay was always observed
between addition of TCCA and reaction initiation. This suggests that
TCCA itself was not reacting directly with the starting material (as
an electrophilic chlorinating agent) but that it was instead probably
acting as a source of Cl2 or Cl radicals.

The observed delay was explained by considering the fact that
cleavage of an NeCl bond in TCCA is first required in order to
generate a chlorine radical/Cl2 and initiate the reaction. With
radical initiators such as AIBN, this is classically achieved by heating
performed strategy to establish the HCl elimination step.



Table 2
Chlorine source (reagent) screening for the oxidation of Hedione.

Entrya Conditions Yield (%)b

1 Reflux, TCCA (0.5 equiv.), 20 h 36
2 Thermal initiation / < 30 �C, TCCA (0.5 equiv.), HCl (2 drops), 20 h 48
3 Thermal initiation / < 30 �C, TCCA (0.5 equiv.), HCl (5 drops), 20 h 35
4 Thermal initiation / < 30 �C, TCCA (0.5 equiv.), SiO2 (0.5 g), 20 h [29] 47
5 Thermal initiation / < 30 �C, TCCA (0.5 equiv.), 20 h 56
6 Thermal initiation / < 30 �C, TCCA (0.33 equiv.), 20 h 51
7 Thermal initiation / < 30 �C, TCCA (0.67 equiv.), 20 h 54c

a Reactions conducted on a 50 mmol scale (1 M in MeOH), 0.37 equiv. of TCCA equates to 1.1 equiv. of active chlorine content.
b Calculated using n-undecane as an internal GC standard; c Product isolated by SiO2 column chromatography in 52%.

Table 3
Chlorine source (reagent) screening for the oxidation of Hedione.

Entrya Reagent Yield (%)b

1 TCCA 56
2 NCS 48
3 DCDMH 35
4 Cl2 gas 28
5 SO2Cl2 79c

a Reactions conducted on a 50 mmol scale (1 M).
b Calculated using n-undecane as an internal GC standard.
c Conducted as a two-step process, SO2Cl2 added in CHCl3 followed by addition of

MeOH after 5 h.

Table 4
Solvent screening for the oxidation of Hedione with SO2Cl2.

Entrya Solvent Yield (%)b

1 CHCl3 79
2 EtOAc 74
3 toluene 75
4 neat 58

a Reactions conducted on a 5 mmol scale (1 M).
b 1

J.S. Sharley, G. Gambacorta, A.M. Collado P�erez et al. Tetrahedron 126 (2022) 133068
or irradiating with UVevisible light [27]. By heating the reaction
therefore, this ‘initiation’ can be induced and made to occur pre-
dictably. The initiation is highly exothermic and leads to a rapid
propagation in the presence of additional TCCA. Initiating the re-
action in the presence of small amounts of TCCA and then dosing
the balance of the TCCA portion wise was therefore the safest and
most favourable way to carry out the process (Entries 2 e 7).
Thermal initiation was found to occur within the temperature
range of 45e51 �C and it was also possible to initiate the reaction by
irradiation with visible light (also previously demonstrated for the
chlorination of chloro(methyl)pyridine with TCCA) [28]. Interest-
ingly, the reaction proceed smoothly and initiate at the same
temperature in the presence of an added radical scavenger
(Na2SeO3). Thus, indicating a Cl2 mediated reaction. Indeed, a blue
litmus paper test showed the rapid indicative red then bleaching
effect.

By performing the reaction at reflux, a lower yield was observed
(Table 2, entry 1). The reaction was therefore heated briefly in the
presence of ~5 mol% of TCCA to induce initiation and then cooled
intermittently while the remainder of the TCCA was added. In the
presence of catalytic acid, the rate of the reaction was enhanced,
however, poorer yields and selectivity was observed (Entries 2 e 3).
The addition of acidic silica gel did not lead to initiation of the re-
action (Entry 4). TCCA stoichiometry could be lowered to 0.33
equivalents without a drastic impact on yield (Entries 5 e 6) and
using more than 0.5 equivalents resulted in a slightly poorer yield
due to over-chlorination (Entry 7).

Using the conditions for TCCA (Table 2, entry 5), other chlori-
nating agents were also investigated (Table 3). Of these, the best
yield was obtained with TCCA, with NCS giving the product in 48%
(Table 3, entry 2) and DCDMH resulting in a 35% yield (Table 3,
entry 3) as estimated by GC (n-undecane internal standard). Based
upon the probable Cl2 involvement Cl2 gas was generated from
TCCA in a separate vessel and bubbled into a solution of Hedione in
methanol under a stream of nitrogen, this resulted in a 28% yield of
the product (Table 3, entry 4), reinforcing the proposedmechanism.
The reduced yield was attributed to loss of Cl2 through nitrogen
purging.

The use of sulfuryl chloride (SO2Cl2) had to be evaluated sepa-
rately as MeOH would result in decomposition of the chlorinating
agent generating the highly toxic dimethyl sulfate. Addition of
methanol was still required in order for the a-chloro intermediate 5
to undergo elimination. The process was therefore carried out in
two steps and a solvent screen for the initial chlorination step was
4

conducted (Table 4). The yield was found not to be greatly affected
by the solvent used in the first step (Entries 1 e 3), however, con-
ducting the reaction under solvent-free conditions led to a lower
yield of 58% (Entry 4).

Beneficially for the reaction using SO2Cl2, ‘initiation’ was not
necessarye the reaction occurred immediately upon mixing with a
solution of Hedione both at room temperature and at 0 �C. These
Calculated using 1,3,5-trimethoxybenzene as an external H NMR standard.
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results point towards a potentially different chlorination mecha-
nism than is in operation with TCCA. It is likely that SO2Cl2 reacts
directly with the enolised starting material, acting as an electro-
philic chlorinating agent.

Gradual addition of SO2Cl2 was used to regulate the temperature
below 30 �C, however, the reaction was far less exothermic than
with TCCA and hence much easier to control. Cooling during SO2Cl2
additionwas found to be unnecessary and sowas not used from this
point onwards. The stoichiometry of SO2Cl2 was investigated
(Table 5) and it was found that the number of equivalents could be
reduced to 0.75 equivalents without a significant impact on the
yield (Entries 2 e 3). The reactionwas scaled up to 0.5 then 5 mol at
an increased concentration of 2 M. Monitoring the reaction by both
GC and 1H NMR revealed that the first step was essentially com-
plete in 2 h (typically no more starting material was identified
within 2.25e2.5 h) and the second step (following addition of
MeOH) required 3 h to reach completion (Fig. 3). At the larger 5 mol
scale (1.1 Kg of 1), the product was isolated in 85% yield by vacuum
distillation (Table 5, entry 5).

The optimum reagent for chlorination-elimination of Hedione
was therefore shown to be SO2Cl2 (85% isolated yield vs 56% with
TCCA). While SO2Cl2 has been widely used as an a-chlorinating
agent [17,30], its use in a one-pot chlorination-elimination
sequence is completely new. In 1957, the use of SO2Cl2 for the
synthesis of 2-methyl-2-cyclohexenone from 2-
methylcyclohexanone was demonstrated [31]. However, this was
performed as a discrete 2-step procedure wherein CCl4 was used as
a solvent for the initial chlorination and either collidine or a LiCl/
DMF system was used to promote elimination in a completely
separate reaction of a fully worked up a-chloro product. Aside from
the fact that SO2Cl2 gives the best yield of all chlorinating agents
tested, its liquid nature (at room temperature) makes the process
highly attractive in terms of transposition into a continuous-flow
process. Another advantage in this regard is that no precipitates
are formed during the reaction with SO2Cl2, as is the case with
TCCA, NCS and DCDMH. The development of a flow process was
therefore subsequently investigated.
2.2. Creating a flow process

Having devised a successful batch procedure for the oxidation of
1, as a research group interested in applying continuous-flow ap-
plications toward flavour & fragrance manufacturing [32], we
Table 5
SO2Cl2 equivalents screening for the oxidation of Hedione with SO2Cl2.

Entrya SO2Cl2 equiv. Yield (%)b

1 0.5 48
2 0.75 72
3 0.9 73
4 1.0 75
5 1.1 77c (85)d

a Reactions conducted on a 50 mmol scale (1 M).
b Calculated using n-undecane as an internal GC standard.
c Isolated yield - reaction conducted on 0.5 mol scale (2 M) and product isolated

by distillation.
d Isolated yield - reaction conducted on 5 mol scale (2 M) and product isolated by

distillation.

5

decided to investigate a flow approach to determine outline criteria
suitable for potential industrial applications. Although TCCA had
proven in batch to be less viable than SO2Cl2 it still offers the
highest active chlorine content (45.8 wt% of active chlorine
compared to 26.3 wt% respectively) and as such we wished to
further explore its use.

The continuous flow oxidation of 1 employing TCCA presented
several challenges based upon precipitation of cyanuric acid [33]
and the inherently corrosive nature of TCCA solutions. We first
needed to modify a set of Vapourtec SF-10 peristaltic pumps to
withstand the corrosive nature of the TCCA input solution [34]. We
noted that Vapourtec already offered a red pump tube which uti-
lises PEEK seals, however, the plastic construction material of the
tubing swells when using polar organic solvents such MeOH, AcOEt
or acetone leading to rapid rupture. Consequently, Vapourtec en-
gineers designed a customised 'blue' tube peristaltic unit with PEEK
seals to be applied under these reaction conditions.

We established a three pumps system where the chlorinating
agent was added in two stages simulating the initiation procedure
in batch. In the first coil, a certain amount of the TCCA was mixed
with the solution of 1 in MeOH and heated to 45 �C to initiate the
chlorination. At a second downstream input the remainder of the
TCCA was mixed with the reacting biphasic mixture and streamed
into two connected 10 mL 1.5 mm FEP coils maintained at room
temperature (Scheme 4). The chlorinated mixture was then
collected into a flask where the HCl elimination occurred overnight.

Unfortunately, the accumulation of the cyanuric acid led to
clogging of the system after ~10 min of runtime. To avoid clogging,
the coil reactors were placed in an ultrasonic bath where the water
was regulated to maintain a constant specified temperature.
Ultrasound-induce mixing has also been employed in prevention of
clogging when solids are formed in the reaction mixture, it allows
the formation of smaller solids and prevents accumulation
[35e40]. We decided to employ two ultrasonic baths and vary the
temperature of the final coil, however this did not significantly
change the reaction outcomes (Table 6, entries 1e5). The low yields
obtained were also attributed to a possible decomposition of the
final material 2 occurring under strong acidic conditions. Surpris-
ingly, quenching the reaction with either water or sodium bicar-
bonatewas not successful as wemainly recovered startingmaterial,
suggesting 1 was being substantially chlorinated in the collection
flask (Entries 6&7). Finally, splitting in to two equal additions the
equivalents of TCCA allowed for the reaction to occur in the coils,
albeit with no real improvement in efficiency (Entry 7). Increasing
the residence time to 0.8 min did not increase the final yields (Entry
8). The best flow conditions (Scheme 5) were run for 30 min to
collect 6 g of final material 2 (35% NMR conversion).

The alternative reaction using SO2Cl2 is potentially well suited to
flow since all materials used are miscible liquids. Another feature of
the reaction making flow attractive is the fact that SO2 gas evolu-
tion occurs. In batch, exothermic reactions that involve the gener-
ation of gas are prone to rapid gas evolution and overpressures,
hence, very careful addition of reagents to such reactions are
necessary at scale. Gas generation can be easily managed in flow by
pressurising the system with a suitable back pressure regulator
(BPR) [41]. The gas can be kept in solutionwhilst in the flow stream
and then ejected from the reaction upon passing the BPR. This al-
lows for steady, constant release of the gas in a manner that carries
with it improved safety implications compared to batch.

A semi-continuous system was devised in which the chlorina-
tion stepwas performed in flowand the eliminationwas performed
batch-wise (Scheme 6). Neat Hedione was fed into a 0.27 mL
Uniqsis mixing chip along with a solution of SO2Cl2 in CHCl3 at a
rate such that 1.1 equiv. of SO2Cl2 was used with a residence time of
either 1 or 2 h within the subsequent reactor(s). The flow system



Fig. 3. Monitoring of the reaction by GC-MS.
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Scheme 4. Setup for the continuous preparation of 2 employing TCCA.

Table 6
Reaction conditions for the optimisation of continuous-flow oxidation of 1
employing TCCA.

Entrya T1 (�C) T2 (�C) t1 (min) %Loading Yield (%)b

1 45e50 45e50 0.8 0.15 36c

2 45e50 30e35 0.8 0.15 29c

3 45e50 45e50 0.8 0.15 26c

4 45e50 45e50 1.6 0.15 35c

5d 45e50 45e50 1.6 0.15 traces
6e 45e50 45e50 1.6 0.15 traces
7 45e50 45e50 1.6 0.25 35
8 45e50 45e50 0.8 0.25 24

a Reactions conducted on a 5 mmol scale (1.25 M).
b Calculated using 1,2-dimethoxybenzene as an internal 1H NMR standard.
c The chlorination only occurs partially in the coil.
d Reaction was quenched with water when collected.
e Reaction was quenched with a saturated solution of sodium carbonate when

collected.

Scheme 5. Optimised reaction conditions for the chlorination of 1 employing TCCA.
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was pressurised using a 100 psi (~6.9 bar) BPR for the chlorination
step and the outlet was collected in a collection flask to which a
stream of methanol was added (1 vol equiv.). The reaction mixture
was left to stir overnight at r.t.

This simple system worked well and gave comparable yields to
the batch process (Table 7 & Table 5) under the conditions initially
tested (Table 7, entries 1&2). Improved heat dissipation/transfer
meant that the exothermwas well controlled and the release of SO2
gas was steady and controlled upon the stream passing the BPR.

Higher concentrations were investigated to explore the pro-
ductivity of the reaction (throughput at 0.76 M ¼ 12 g h�1). This
initially proved detrimental to the yield due to lower selectivity at
the higher reaction concentrations (Table 7, entries 3&5). However,
it was considered that potential inadequate mixing of the highly
concentrated reagents streams could be influencing these results.
As such a larger replacement 2 mL Uniqsis mixing chip was
substituted into the set-up and the experiments repeated (Table 7,
entries 6&7). This gave improved selectivity and resulted in a
proportionally higher yield although it still appears that an engi-
neering limitationwas reached (Table 7, entry 7) which still showed
an improvement but indicated significant levels of by-product
formation (over chlorination). As such any future commercial
flow unit would need to be designed to enhance mixing for this
initial step to maximise productivity. Finally, comparing the
equivalent concentration over different residence times (Table 7,
entry 1 v's 2 and 3 v's 4) indicates negligible differences again
indicating a rapid reaction and highlighting the need for effective
mixing.

Next, as a demonstration of process consistency, a prolonged 8 h
run at 1 M concentration was performed (Table 7, entry 8). To test
the steady state operation, four 30 min samples (1, 2.5, 5 and 7.5 h)
were taken and treated with MeOH in batch (16 h) before the
product was isolated using column chromatography in a consistent
73e75% yield. This indicates a high fidelity for the first chlorination
stage of the process under steady state processing conditions.

As a final scoping exercise, we modified the flow system to
integrate the downstream MeOH quench step. The reactor (Scheme
6) was thus extended to incorporate a further input stream (MeOH)
sited prior to the inline BPR along with an additional 156 mL resi-
dence time tubular reactor (3 � 52 mL coils), for the quench before
collection. Furthermore, based upon the evidence of increasemixing
we retained the 2 mL Uniqsis mixing chip. To enable direct com-
parison of the reaction we used a Hedione reagent concentration of
1.69 M (Table 7, entry 6). A 3 M stock solution of sulfuryl chloride in



Scheme 6. Flow setup used for the SO2Cl2 oxidation of Hedione.

Table 7
Screening for the oxidation of Hedione with SO2Cl2 in flow.

Entry Hedione conc. (M) time (h)a Yield (%)b

1 0.76 1 76
2 0.76 2 79
3 1.69 1 67
4 1.69 2 66
5 2.45 1 60
6 1.69 1 78d

7 2.45 1 71d

8 1 1 75c

a Residence time for first step.
b Calculated using n-undecane as an internal GC standard.
c Isolated yield based upon 30min of sample collectione product isolated by SiO2

column chromatography.
d 2 mL mixing chip used.
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chloroformwas pumped at a flow rate of 0.651mLmin�1 to combine
with the Hedione stream (flow rate 0.402 mL min�1). The streams
weremixed in the 2mLmixer chip and directed into a 52mL tubular
flow coil (residence time 51 min). A T-piece mixer was used to add
theMeOH flow stream (flow rate 1.053mLmin�1) giving a residence
time of 74 min for the quench step. Direct sampling and GC-MS
Scheme 7. Final integrated flow setup used
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analysis indicated the reaction had essentially undergone full chlo-
rination but that about 12e15% of this material remained. Consistent
with our batch results if this material was left to stand for a further
0.5e1 h complete consumption of this chloro intermediate was
observed. As such reconfiguring the reactor to give a 1.5e2 h quench
based incubation time would be necessary. To facilitate this the first
52 mL coil was exchanged for a 30 mL coil allowing it to be used to
supplement the residence time for the quench step (Scheme 7). We
also found a value in maintaining the quench step at ~30 �C [42].
Overall, this enabled us to achieve complete conversion of the chloro
intermediate 5 to the desired product 2, permitting isolation of
dehydrohedione 2 in an 80% (38.88 g) yield based upon a 9 h run
following distillation. This equates to a nominal throughput of
4.32 g h�1 and a STYof 0.077mol L�1 h�1 (based upon a 250mL total
volume reactor inclusive of feedlines) for this evaluation system.
3. Conclusion

A new method for the oxidation of Hedione to dehydrohedione
has been developed that offers significant advantages upon prior
work in terms of cost-effectiveness and potential for transfer to
flow. The reaction with chlorinating agents such as TCCA could be
conveniently performed in a single step, however, superior yields
were obtained using SO2Cl2 in a two-step procedure. Flow pro-
cesses for the two procedures were developed which showed
improved characteristics such as exotherm control, solid handling,
and gas evolution over the batch procedures. The reaction with
SO2Cl2 has been deemed feasible for use at industrial scale and is
currently being used by IFF Benicarl�o.
for the SO2Cl2 oxidation of Hedione.



J.S. Sharley, G. Gambacorta, A.M. Collado P�erez et al. Tetrahedron 126 (2022) 133068
4. Materials and methods

Unless otherwise stated, all solvents were purchased from
Fisher Scientific and used without further purification. Substrates,
their precursors and reagents were purchased from either Alfa
Aesar, Sigma Aldrich, Fluorochem, TCI or Acros Organics or supplied
by IFF and used as received. 1H NMR spectra were recorded on
Bruker Avance-400 instrument and are reported relative to residual
solvent: CDCl3 (d 7.26 ppm), DMSO‑d6 (d 2.50 ppm). 13C NMR
spectra were recorded on the same instruments and are reported
relative to CDCl3 (d 77.16 ppm) and DMSO‑d6 (d 39.52 ppm). Data
for 1H NMR are reported as follows: chemical shift (d/ppm) (mul-
tiplicity, coupling constant (Hz), integration). Multiplicities are re-
ported as follows: s ¼ singlet, d ¼ doublet, t ¼ triplet, q ¼ quartet,
m ¼ multiplet, s, br ¼ broad singlet, app. ¼ apparent. Data for 13C
NMR are reported in terms of chemical shift (dC/ppm). DEPT-135,
COSY, HSQC, HMBC, PSYCHE and NOESY experiments were used
in structural assignments. IR spectra were obtained using a Perki-
nElmer Spectrum Two UATR Two FT-IR Spectrometer (neat, ATR
sampling) with the intensities of the characteristic signals being
reported as weak (w, <20% of tallest signal), medium (m, 21e70% of
tallest signal) or strong (s, >71% of tallest signal).

Low and high resolution mass spectrometry were performed
using the indicated techniques. Low resolution gas chromatography
mass spectrometry (GC-MS) was performed on a Shimadzu
QP2010-Ultra equipped with an Rxi-5Sil MS column
(0.15 mm � 10 m x 0.15 mm) in EI mode. Low resolution liquid
chromatography mass spectrometry (LC-MS) was performed using
a Waters TQD mass spectrometer and an Acquity UPLC BEH C18
1.7 mm column (2.1 mm � 50 mm) in ESI mode. ESI-HRMS was
performed using a Waters QtoF Premier mass spectrometer. For
accurate mass measurements the deviation from the calculated
formula is reported in ppm. Reactions were conducted in flowusing
Vapourtec SF-10 as peristaltic pumps, along with 0.5e1.5 mm PTFE
tubing and Uniqsis glass static mixer reactor block 2 input 0.27 mL.
All the connectors tubing were 1/400 OD. The ultrasonic cleaning
bath employed is an Ultrawave U300H.

SiO2 column chromatography was performed using Sigma
Aldrich silica gel (grade 9385, pore size 60A) and standard manual
column apparatus. For TLC, Sigma Aldrich glass-backed plates were
used and visualisation was performed using UV-irradiation or a
KMnO4 stain. Organic solutions were concentrated under reduced
pressure using a Buchi rotary evaporator and hi-vacuum was ach-
ieved using an Edwards RV5 pump and Schlenk line. Kugelrohr
distillation was performed using a Buchi Glass Oven B-3585 and
vacuum distillation was performed using a Buchi V-700 vacuum
pump equipped with a V-850 vacuum controller attached to a
standard distillation pig setup.
4.1. Batch synthesis of 2 by TCCA oxidation of Hedione

Hedione 1 (11.3 g, 50mmol) was dissolved inMeOH (40mL) and
trichloroisocyanuric acid (TCCA), (0.58 g, 5 mol%) was added. The
mixture was stirred and heated to 50 �C in order to initiate the
reaction. After initiation, the reaction was brought back to room
temperature and the remainder of the TCCA (5.23 g, 45 mol%) was
added over 10 min, keeping the temperature below 30 �C. The re-
action was then left to stir at r.t. for 20 h before the resultant sus-
pensionwas filtered and the filtrate was concentrated in vacuo. The
residue was purified using SiO2 column chromatography (8:2,
hexane:EtOAc) to give the pure product as a colourless liquid
(5.83 g, 52%).
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4.2. Batch synthesis of 2 by SO2Cl2 oxidation of Hedione

Hedione (113.0 g, 0.50 mol) was dissolved in CHCl3 (110 mL) and
sulfuryl chloride (40.4mL,1.1 equiv.) was slowly added, keeping the
reaction below 30 �C. The reaction was then left to stir at r.t. for 2 h
before MeOH (100 mL) was added. The resultant mixture was then
stirred for 3 h before solvents were removed under reduced pres-
sure. To the residue, saturated aqueous Na2CO3 (200mL) was added
and the mixture was then stirred for 16 h at r.t. before the product
was extracted with EtOAc (2 � 200 mL). After concentration of the
organic layers in vacuo the resultant liquid was purified using
vacuum distillation (100e110 �C & 1 mbar) to give the product 2 as
a colourless liquid (86.2 g, 77%).
4.3. Flow synthesis of 2 by TCCA oxidation of Hedione

A solution of 1 (1.25 M in MeOH) was pumped employing a
Vapourtec SF-10 (blue pump tube) and directed into Y piece where
it was mixed with a solution of TCCA (0.625 M in AcOEt) pumped
with another Vapourtec SF-10 (blue pump tube with PEEK seal).
The mixed solutionwas streamed through a 1.5 mm FEP coil (5 mL)
placed into an ultrasound bath maintained at 45e50 �C. The output
stream was then mixed with another pumped solution of TCCA
(0.625 M in AcOEt) employing a Y piece and then directed into two
connected 1.5 mm FEP coils (2 � 10 mL) and placed in the ultra-
sound bath. The exit stream was collected into an ice-cooled
250 mL flask (collection time 10 min). After collection, the
mixturewas allowed towarm at room temperature and left stirring
overnight. The white suspension was then filtered off and the
mixture concentrated under vacuum. A 30 min sample was
collected after waiting the system to reach the steady state
(10 min). After concentration of the organic layers in vacuo the
resultant liquid was purified using SiO2 column chromatography
(8:2, hexane:EtOAc) to give the pure product 2 as a colourless liquid
(6.0 g, 35%).
4.4. Flow synthesis of 2 by SO2Cl2 oxidation of Hedione

A solution of SO2Cl2 (1.45 M in CHCl3) and neat Hedione
(d¼ 0.998 g cm�3) were directed into a Uniqsis 2 mLmixing chip at
0.682 mL min�1 and 0.201 mL min�1 respectively where they were
blended. The outlet of the mixing chip was directed into a 52 mL
reactor coil at r.t. (Rt ¼ 1 h) and collected in a stirred round-bottom
flask (collection time 8 h). Four 30 min sample were collected
separately for testing (1, 2.5, 5 and 7.5 h) towhichMeOH (7mL)was
added and the mixturewas stirred at r.t. for 16 h. The solvents were
removed in vacuo and saturated aqueous Na2CO3 (20 mL) was
added to the residue, the mixture was then stirred for 20 h at r.t.
and the product was extracted with EtOAc (2 � 20 mL). After
concentration of the organic layers in vacuo the resultant liquid was
purified using SiO2 column chromatography (8:2, hexane:EtOAc) to
give the pure product as a colourless liquid (Sample 1 (1 h): 4.46 g,
75%; Sample 2 (2.5 h): 4.40 g, 74%; Sample 3 (5 h): 4.34 g, 73%;
Sample 4 (7.5 h): 4.46 g, 75%).

Methyl 2-(3-oxo-2-pentylcyclopentyl)acetate (1): 1H NMR
(600 MHz, CDCl3) d 3.69 (s, 3H), 2.65e2.57 (m, 1H), 2.22 (dddd,
J ¼ 11.3, 7.1, 5.5, 2.3 Hz, 1H), 2.16e2.04 (m, 1H), 1.78 (dtd, J ¼ 11.3,
5.0, 2.3 Hz, 1H), 1.57e1.42 (m, 3H), 1.39 (dddd, J ¼ 11.0, 9.6, 8.2,
6.5 Hz, 0H), 1.32e1.16 (m, 5H), 0.86 (t, J ¼ 7.1 Hz, 3H). 13C NMR
(150 MHz, CDCl3) d 219.80, 172.78, 54.35, 51.76, 39.08, 38.22, 37.81,
32.21, 27.97, 27.35, 26.46, 22.60,14.15. FT-IR nmax 2954 (CH, w), 2929
(CH, w), 2858 (CH, w), 1733 (C]O, s), 1443 (w), 1436 (w), 1253 (w),



J.S. Sharley, G. Gambacorta, A.M. Collado P�erez et al. Tetrahedron 126 (2022) 133068
1194 (m), 1158 (m), 1125 (m), 1019 (w), 989 (w). GC-MS Rt 4.48 min,
m/z 226 [M]þ; LC-MS (ESIþ) Rt ¼ 2.61 min m/z [MþH]þ ¼ 227.5.
HR-MS calculated for C13H23O3 227.1647, found 227.1658
(D ¼ 4.8 ppm, 1.1 mDa).

Methyl 2-(3-oxo-2-pentylcyclopent-1-en-1-yl)acetate (2) [11]: 1H
NMR (400MHz, CDCl3) d 3.74 (s, 3H), 3.46 (s, 2H), 2.63 (m, 2H), 2.42
(m, 2H), 2.19 (m, 2H),1.21e1.44 (m, 6H), 0.88 (t, J¼ 8.0 Hz, 3H) ppm;
13C NMR (100 MHz, CDCl3) dC 209.2, 169.6, 163.3, 143.3, 52.3, 36.6,
34.3, 31.8, 29.7, 28.0, 23.2, 22.5, 14.0 ppm; FT-IR nmax 1171 (s), 1194
(s), 1435 (m), 1644 (m), 1698 (s), 1738 (s), 2860 (w), 2929 (w), 2954
(w) cm�1; GC-MS Rt 4.70 min, m/z 224 [M]þ, 193 [M-OMe]þ, 154
[M � C5H11]þ, 151 [M-CH2CO2Me]þ. LC-MS (ESIþ) Rt ¼ 2.40 min m/
z [MþH]þ ¼ 225.5. HR-MS calculated for C13H21O3 225.1491, found
225.1497 (D ¼ 2.7 ppm, 0.6 mDa).

4.5. Synthesis of the chloro intermediate 5

The chloro intermediates were prepared following the proced-
ure described above. After the TCCA addition, the mixture was
partially concentrated under vacuum keeping the water batch at
around 20 �C. Celite was added into the mixture to prepare a dry
loading. Once the solid was dry, the mixture was purified via col-
umn chromatography adopting a deactivated silica gel prepared
following literature procedure (Eluent: Hexane:AcOEt 1:99) [43].
The isolated intermediate 5was rapidly characterised via High Field
NMR. Unfortunately, we were unable to fully characterise the ma-
terial further as it decomposed overnight.

Methyl 2-(2-chloro-3-oxo-2-pentylcyclopentyl)acetate (5): 1H
NMR (600 MHz, CDCl3) d 3.68 (s, 3H), 2.68 (dd, J ¼ 16.1, 4.0 Hz, 1H),
2.63e2.54 (m, 2H), 2.46 (dd, J¼ 16.1, 9.0 Hz, 1H), 2.17e2.07 (m, 2H),
2.04 (ddd, J ¼ 14.0, 12.1, 4.0 Hz, 1H), 1.83 (ddd, J ¼ 14.0, 12.3, 4.0 Hz,
1H), 1.77e1.66 (m, 1H), 1.40e1.31 (m, 1H), 1.26 (dtdt, J ¼ 13.9, 12.0,
6.3, 3.2 Hz, 5H), 1.14e1.03 (m, 1H), 0.84 (dd, J ¼ 8.0, 6.0 Hz, 3H). 13C
NMR (150 MHz, CDCl3) d 209.53, 172.43, 75.56, 51.92, 41.08, 35.11,
35.04, 34.74, 32.02, 24.76, 22.38, 13.96.

Methyl 2-(4-chloro-3-oxo-2-pentylcyclopentyl)acetate
(regioisomer by-product from chlorination see Fig. 3).

Rf (9:1, hexane:EtOAc) 0.3. 1H NMR (400 MHz, CDCl3) d 4.45 (d,
J ¼ 6.7 Hz, 1H), 3.76 (s, 3H), 3.10e3.00 (m, 1H), 2.75 (dd, J ¼ 16.3,
4.4 Hz,1H), 2.57e1.88 (m, 4H),1.56e1.12 (m, 8H), 0.97e0.79 (m, 3H)
ppm; 13C NMR (101MHz, CDCl3) d 202.7, 171.8, 74.7, 54.0, 52.0, 38.0,
35.8, 35.5, 34.2, 31.8, 24.6, 22.3, 13.9 ppm; FT-IR nmax 998 (w), 1173
(m), 1284 (m), 1377 (w), 1436 (m), 1739 (s), 1768 (s), 2955 (m); GC-
MS Rt 4.96 min, m/z 260 [M]þ.

4.6. Synthesis of the fluoro intermediate 12

To an ice-cooled solution of 11 (1.39 g, 5.19mmol, 1 eq.) in MeCN
(50 mL), selectfluor (1.82 g, 5.19 mmol, 1 eq.) was added within
30 min. The solution was then allowed to warm at room temper-
ature. The mixture was partitioned in AcOEt (20 mL) and a 10%
aqueous solution of Na2S2O3 (20 mL). The organic phase was then
washed with water, brine, and concentrated under vacuum. The
residue was purified through chromatography (Eluent: Hex-
ane:AcOEt 1:9) to gain anti-12 and syn-12 as white oils.

methyl 2-(-2-fluoro-3-oxo-2-pentylcyclopentyl)acetate (anti-12):
1H NMR (400 MHz, CDCl3) d 3.71 (s, 3H), 2.70e2.31 (m, 4H),
2.28e2.10 (m, 2H), 1.92e1.61 (m, 4H), 1.38e1.10 (m, 6H), 0.93e0.83
(m, 3H). 13C NMR (151 MHz, CDCl3) d 211.90 (d, J ¼ 16.7 Hz), 172.73,
98.05 (d, J ¼ 183.8 Hz), 51.98, 39.52 (d, J ¼ 19.3 Hz), 34.80, 32.95 (d,
J¼ 7.7 Hz), 32.14, 31.35 (d, J¼ 23.3 Hz), 24.19 (d, J¼ 1.4 Hz), 22.98 (d,
J ¼ 7.9 Hz), 22.50, 14.04. 19F NMR (376 MHz, CDCl3) d �168.06
to �168.38 (m). FT-IR nmax 2955 (CH, w), 2931 (CH, w), 2861 (CH,
w), 1758 (C]O, s), 1736 (C]O, s), 1464 (w), 1437 (w), 1316 (w), 1273
(w), 1181 (CF, m), 1174 (CF, m), 1000 (w), 943 (w), 890 (w), 812 (w).
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LC-MS (ESIþ) Rt¼ 2.71minm/z [MþH]þ ¼ 245.6. HR-MS calculated
for C13H22FO3 245.1553, found 245.1570 (D ¼ 6.9 ppm, 1.7 mDa).

methyl 2-(-2-fluoro-3-oxo-2-pentylcyclopentyl)acetate (syn-12):
1H NMR (400 MHz, CDCl3) d 3.71 (d, J ¼ 2.6 Hz, 3H), 2.81e2.58 (m,
2H), 2.47e2.11 (m, 4H), 1.73e1.39 (m, 4H), 1.39e1.16 (m, 5H),
0.97e0.79 (m, 3H). 13C NMR (151MHz, CDCl3) d 212.10,172.12, 99.44
(d, J ¼ 193.4 Hz), 52.06, 41.44 (d, J ¼ 21.0 Hz), 33.59, 33.22 (d,
J ¼ 1.6 Hz), 32.21, 29.25 (d, J ¼ 24.9 Hz), 22.78 (d, J ¼ 8.2 Hz), 22.52,
21.81 (d, J ¼ 3.7 Hz), 14.07. FT-IR nmax 2955 (CH, w), 2933 (CH, w),
2873 (CH, w), 1758 (C]O, s), 1735 (C]O, s), 1464 (w), 1437 (w),
1262 (w), 1196 (CF, m), 1164 (CF, m), 1135 (m), 1037 (w), 1000 (w),
947 (w). LC-MS (ESIþ) Rt ¼ 2.89 min m/z [MþH]þ ¼ 245. HR-MS
calculated for C13H22FO3 245.1553, found 245.1570 (6.9 ppm,
D ¼ 1.7 mDa).
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