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CHEMICAL PROCESS OF PREPARING DEHYDROHEDIONE

CROSS REFERENCE TO RELATED APPLICATION
This application claims priority to US Application No. 62/479,919, filed on March 31,

2017, the content of which isincorporated herein by reference in its entirety.

FIELD OF THE INVENTION

The present invention relates to synthesis of unsaturated cyclic ketones, in particular
synthesis of dehydrohedione (DHH), acompound useful for preparing fragrance ingredient
Hedione.

BACKGROUND OF THE INVENTION

Methyl 2-(3-oxo-2-pentylcyclopentyl)acetate (known as Hedione, also named as
methyldihydrojasmonate) isawidely used synthetic fragrance ingredient produced at a scale of
over 1,000 tons per year. Its unsaturated analogue, DHH, is ahighly valuable synthetic target due
to its ability to deliver Hedione diastereomeric mixtures comprising high (IR,29)-(+)-cis isomer
content through hydrogenation. Such mixtures possess a superior scent profile and hence are
more valuable than commercial Hedione (90% trans). Although awide variety of synthetic
routes towards DHH have been developed, apreferred method of DHH synthesis at scaleis
simple oxidation of Hedione, which ischeap and readily available in its predominantly trans
form (see US 6,586,620). Synthesis of DHH from Hedione via an a-bromo intermediate has
recently been reported (Sharley et a., Tetrahedron 2016, 72, 2947-2954). A process of oxidizing

Hedione to DHH based on a-chlorination and elimination remains underexplored.
SUMMARY OF THE INVENTION

The present application discloses anew method of preparing dehydrohedione (DHH)
from Hedione via a-chloro intermediate (a-chlorohedione). Itis surprisingly found that DHH can
be prepared in high yields via elimination of chlorine from a-chlorohedione and that the
chlorinating step and the eliminating step can conveniently be performed in one pot or in a

continuous reactor system.
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In one aspect, the present invention provides a chemical process using methyl 2-(3-oxo-
2-pentylcyclopentyl)acetate (Hedione) as a starting material and including the following steps:
(a) chlorinating Hedione to obtain methyl 2-(2-chloro-3-oxo-2-pentylcyclopentyl)acetate (a-
chlorohedione) in the presence of achlorinating agent at atemperature of 55 °C or below, and (b)
eliminating chlorine from a-chlorohedione to obtain methyl 2-(3-oxo-2-pentylcyclopent-1-en-I-
yl)acetate (DHH).

In some embodiments, the chemical process of the present invention further including the
step of reducing DHH to (IR,29)-(+)-cis Hedione or its mixture in the presence of achiral
catalyst system.

Other aspects and advantages of the present invention can be better appreciated in view

of the detailed description and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows an example schematic flow setup used for the SO,CI,, oxidation of

Hedione.

DETAILED DESCRIPTION OF THE INVENTION

The present invention isbased on the surprising discovery of afacile process for
chlorination-elimination oxidation of Hedione resulting in its formal oxidation to DHH. The
process can be readily conducted in one pot or in a continuous reactor system. And accordingly,
asimple and cost effective synthesis process of DHH from Hedione i s devel oped.

In one aspect, Hedione is chlorinated to obtain a-chlorohedione in the presence of a
chlorinating agent at atemperature of 55°C or below, followed by eliminating chlorine from a-
chlorohedione to obtain DHH.

In some embodiments, the eliminating step of a-chlorohedione can be conducted in a
solvent comprising alower alkyl alcohol, preferably methanol or ethanol, and more preferably,
methanol. Lower alkyl amines and thiols are also suitable to promote the elimination reaction.

In some embodiments, the eliminating step, together with or without the chlorinating

step, is conducted in methanol.
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In some embodiments, the chlorinating agent is sulfuryl chloride, chlorine gas, acyclic
chlorine compound having a structural moiety of -N(C1)-C(0)- (such as-C(0)-N(C1)-C(0)-) ina
5- or 6-membered ring (such as I,3-dichloro-5,5-dimethylhydantoin), or acombination thereof.

In one preferred embodiment, the cyclic chlorine compound is selected from the group
consisting of trichloroisocyanuric acid, |,3-dichloro-5,5-dimethylhydantoin, N-chlorosuccini-
mide, and combinations thereof.

In some embodiments, the chlorinating agent is added in portions into neat Hedione or a
solution of Hedione.

In apreferred embodiment, the chlorinating step includes an initiation stage after the
addition of afirst portion of the chlorinating agent, and the initiation stage is achieved by a
thermal initiation at atemperature of 40 °C or greater (preferably 40 °C to 120 °C, and more
preferably 45 °C to 55 °C) or aUV-visible light initiation, in the presence or absence of aradical
initiator.

In one preferred embodiment, the chlorinating agent is added in the total amount of 0.8 to
2.2 chlorine equivalents relative to Hedione, and the first portion of the chlorinating agent
congtitutes 5 % to 25 % by weight of the total amount of the chlorinating agent added to the
reaction.

In some embodiments, the chlorinating step isperformed at atemperature of 30 °C or
below {e.g., 0 °C to 30 °C, 5 °C to 30 °C, and 15 °C to 30 °C) after the initiation stage.

In some embodiments, the chlorinating agent is sulfuryl chloride (SO.CIl.). Sulfuryl
chloride provides one chlorine atom when chlorinating Hedione, with the other chlorine atom
forming a molecule of HCI as aby-product. As such, one mole of sulfuryl chloride equals to one
chlorine equivalent in the chlorination reaction relative to one mole of Hedione.

In some embodiments, when the chlorinating agent is sulfuryl chloride, the chlorinating
step isperformed at atemperature of 30 °C or below without a solvent or in a solvent selected
from the group consisting of chloroform, dichloromethane, ethyl acetate, toluene, xylenes, and
combinations thereof. In one preferred embodiment, the amount of sulfuryl chloride isin arange
of 0.75 to 1.1 chlorine equivalents as compared to that of Hedione.

In some embodiments, the chemical process further comprising reducing DHH to

(IR,29)-(+)-cis Hedione or its mixture in the presence of achiral catalyst system.
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Exemplary chiral catalysts include ruthenium (I1) catalyst comprising ligands formed of
bidentate phosphines, characterized in that it i s obtainable by aprocess which comprises treating
an appropriate Ru(ll) complex and abidentate diphosphine ligand, present in equimolar amounts,
with an acid of formula HX, wherein X is anon-coordinating anion, said acid being used in a
ratio which does not exceed 2 molar equivalents per mole of the Ru(ll) complex, the treatment
being carried out in anon-coordinating or weakly coordinating medium and under an inert
atmosphere. See US Patent 5,874,600. Suitable Ru(ll) complexes can be selected from the group
of Ru(Il) compounds of the type (diene)Ru(allyl)2 or bis(pentadienyl)Ru such as bis(2-methallyl)
(1,5-cyclooctadiene)Ru(ll), bis(2,4-dimethylpentadienyl)Ru(ll) or bis(2,4-dimethyl-I-
oxapentadienyl)Ru(l1). The diphosphine ligand can be the chiral ligands known under the
abbreviations of Me-DUPHOS, Et-DuPHOS, BINAP, TolBINAP, SKEWPHOS and JOSIPHOS,
preferably (R,R)-(-)-Me-DUPHOS.

In some embodiments, the chlorinating and eliminating steps are performed in a one-pot
process. In some embodiments, the chlorinating step, the eliminating step, or both are performed
in acontinuous reactor system.

In one preferred embodiment, the continuous reactor system is a single continuous stirred
tank reactor ("CSTR"), a system having multiple CSTRs in series, or a continuous flow reactor
system such as atubular flow system. In any continuous reactor system, Hedione and the
chlorinating agent can be fed into the system which is pressurized using aback pressure
regulator (BPR).

Combinations of any of the embodiments disclosed herein are possible and contemplated.

The term "lower akyl acohol", as used herein, means an acohol of formula "R-OH",
where R isalower alkyl group containing 1to 4 carbon atoms. Representative examples of
lower alkyl alcohol include, but are not limited to, methanol, ethanol, n-propanol, zo-propanal,
etc., preferably methanol and ethanol, and more preferably methanol.

The term "chlorine equivalent”, as used herein, refers to the molar equivalent of chlorine
atoms supplied by the chlorinating agent in the chlorination reaction relative to Hedione.

The term "flow reactor”, as used herein, refers to adynamic reactor system in which
reactants flow continuously into the vessel and products are continuously removed, in contrast to
abatch reactor (as defined in McGraw-Hill Dictionary of Scientific & Technical Terms, 6E,
Copyright® 2003 by The McGraw-Hill Companies, Inc.). Examples of flow reactors include, but
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are not limited to, continuous flow microreactors (e.g., the H-Cube® continuous flow
hydrogenation reactor marketed by ThalesNano), fluidized bed reactors, membrane reactors,
laminar flow reactors, baffle flow reactors and the like.

The singular forms "a’, "an", and "the", as used herein, include plural reference, and vice
versa, unless the context clearly dictates otherwise.

The values and dimensions disclosed herein are not to be understood as being strictly
limited to the exact numerical values recited. Instead, unless otherwise specified, each such value
isintended to mean both the recited value and afunctionally equivalent range surrounding that
value. For example, avalue disclosed as "50%" isintended to mean "about 50%."

In one aspect, the present invention particularly relates to achemical process involving
the transformation of Hedione to DHH. Of al the possible isomers of Hedione in Scheme 1, the
(IR,29)-(+)-cis isomer isthe most desirable, being amost entirely responsible for the
characteristic odor of Hedione. Whilst enantiosel ective routes to this compound have been
reported, they are prohibitively expensive and poorly scalable, hence, 'czs-enhancement’ of
Hedione® is still the favored approach within the fragrance industry. This is primarily achieved
through hydrogenation of DHH (lb, its a/?-unsaturated analogue). Although several syntheses of
DHH have been developed, the preferred method of DHH synthesis on alarge scale till remains
through direct oxidation of Hedione (see, e.g., US 6,586,620).

0 0
E‘é—cgﬂk :’—C;;e\~

(1R, 28)-(+)-cis (18.2R)-(-)-cis O

Odour threshold = 15 ppb Odour threshold = 12,500 ppb
O O
CO2Me
\_L z Dehydrohedione
CO,Me —CO,Me 1b

(1R,2R)-(-)-trans (18,28)-(+)-trans H, |
Odour threshold = 240 ppb Odour threshold = 15,360 ppb

Enhanced cis-content

Hedione
1

Scheme 1. Hedione (1) diastereomers and the "cis-enhancement” process
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Herein, one advantage of this process involves aconvenient and operationally ssimple
means of effecting the oxidative transformation of Hedione 1to DHH 2 via a-chlorohedione 5,
as shown in Scheme 2.

CO,Me CO,Me CO;Me
1 5 2

Scheme 2. Transformation of Hedione to DHH via a-chlorination-elimination

Suitable chlorinating agents include sulfuryl chloride (SO ,Cl,), chlorine gas, and cyclic
chlorine compounds each having a structural moiety of -N(C1)-C(0)- in a5- or 6-membered ring.
These chlorinating agents are cost effective and readily available. They surprisingly chlorinate
Hedione in high yields and under mild conditions.

Exemplary cyclic chlorine compounds having a structural moiety of -N(C1)-C(0)- in a5-
or 6-membered ring include trichloroisocyanuric acid (TCCA, 6) and its salts (such as a sodium
salt), dichloroisocyanuric acid and its salts (such as a sodium salt), monochloroisocyanuric acid
and its salts (such as a sodium salt), 1,3-dichloro-5,5-dimethylhydantoin (DCDMH, 7), and N-
chlorosuccinimide (NCS, 8), whose structural formulae are shown in Scheme 3 below. TCCA
has three chlorine atoms available for achlorination reaction. As such, 1 mole of TCCA
(including its salts) equals to 3 chlorine equivalents relative to 1 mole of Hedione. Similarly, 1
mole of dichloroisocyanuric acid (including its salts) equals to 2 chlorine equivalents relative to
1 mole of Hedione, 1 mole of monochloroisocyanuric acid (including its salts) equals to a
chlorine equivalent relative to 1 mole of Hedione, 1 mole of DCDMH equals to 2 chlorine
equivalents relative to 1 mole of Hedione and 1 mole of NCS equals to 1 chlorine equivalent
relative to 1 mole of Hedione.

Among these cyclic chlorine compounds, TCCA 6, an inexpensive industrial disinfectant
and bleaching agent used in swimming pools and in the textile industry, is preferable for its

selectivity towards the desired a-position (5) chlorination.
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Scheme 3. Structural formulae of TCCA 6, DCDMH 7 and NCS 8

Another advantage of this process comes with the subsequent straightforward elimination
of chlorine from a-chlorohedione to obtain DHH. More advantageously, the chlorine elimination
in many cases occurs spontaneously when the chlorination reaction isconducted in alower alkyl
alcohol, especialy in methanol. Thisisa surprising finding, asthe spontaneous elimination of
chlorine from the a-chlorohedione 5 isunprecedented. While not intending to be bound by
theory, the system described in Scheme 4 isproposed as amechanistic pathway, in which

methanol involves in the elimination of a-chloro and the formation of ethylenic bond.

Co.
H Me 0
o) 0 -
via enol Cl
®
Cl source
COzMe COzMG COzMG

highly electropositive
alpha-carbon
(inductive effect of C-
Cl bond enhanced by
carbonyl)

Scheme 4: Proposed chlorination-elimination  sequence

The chlorinating step ispreferably conducted at atemperature of 55 °C or below, so asto
avoid arunaway reaction. More preferably, the reaction temperature in the chlorinating stepis
kept at 30 °C or below, and even more preferably, at an ambient temperature such asfrom 15 °C
to 25 °C. In some embodiments, the chlorinating agent is added portion-wise. For example, the
chlorinating agent alone or in asolution (e.g. amethanol solution) isadded in portions into neat

Hedione or a solution of Hedione. In some embodiments, the chlorinating agent isadded at a
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total amount of 0.8 to 2.2 chlorine equivalents relative to Hedione. A dlight superstoichiometric
chlorine equivalent of the chlorinating agent, for instance, from 1to 1.5 chlorine equivalents for
the cyclic chlorine compound and 0.7 to 1.5 chlorine equivalents for SO,Cl,, is preferable for the
conversion to a-chlorohedione.

When acyclic chlorine compound is used as achlorinating agent, an initiation stageis
beneficial after the addition of afirst portion of the chlorinating agent.

Table 1below shows the chlorination results using TCCA. Typically, solid TCCA was
added in portions to control the temperature and avoid arunaway reaction. At ahigh temperature
such as 64.7 °C (Table 1, entry 1), the reaction occurred immediately upon addition of the TCCA
which makes controlling the reaction temperature challenging. At alow temperature (e.g., 30 °C,
25 °C, and 15 °C), adelay was observed between addition of TCCA and reaction initiation. Not
to be bound by any theory, it isbelieved that TCCA itself isnot reacting directly with the starting
material (as an electrophilic chlorinating agent) but that it acts as a source of Cl,, or Cl radicals

which are the reactive species.

Table1: Chlorination reaction of Hedione with TCCA

O O
TCCA, MeOH
conditions
CO,Me CO,Me
_Entry Conditions GCyield®
1 Reflux, TCCA (0.5 equiv.), 20 h 36%
2 Thermal initiation — < 30 °C, TCCA (0.5 equiv.), HC1 (2 drops), 20 h 48%
3 Thermal initiation — < 30 °C, TCCA (0.5 equiv.), HC1 (5 drops), 20 h 35%
4 Thermal initiation — < 30 °C, TCCA (0.5 equiv.), SiO,SO,H(0.5 g), 20h 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 54%b

Reactions conducted with 1M Hedione in methanol). 2 Calculated using n-undecane as an

internal GC standard. b Product isolated by Silica column chromatography.



WO 2018/183788 PCT/US2018/025319

Aninitiation stage assists cleavage of an N-Cl bond in TCCA to generate a chlorine
radical or Cl, with an initiation stage using radical initiators such as AIBN. Thisisclassically
achieved by heating or irradiating with UV-visible light. By heating the reaction therefore, this
initiation can be induced and made to occur predictably. The initiation is highly exothermic and
leads to arapid propagation in the presence of additional TCCA. Initiating the reaction in the
presence of small amounts of TCCA and then dosing the remainder of the TCCA afterwardsisa
preferred way to carry out the process. Thermal initiation typically occurs at 45 °C to 51 °C. Itis
also possible to initiate the reaction by irradiation with UV-visible light, as demonstrated for the
chlorination of chloro(methyl)pyridine with TCCA in Wen et al., CN 104086480 A .
Interestingly, the reaction can proceed smoothly and initiate at the above temperature in the
presence of aradical scavenger (Na,Se0 ).

By performing the reaction at reflux, alower selectivity and yield were observed (see
Table 1, entry 1). The reaction was heated briefly in the presence of 5 % TCCA (by mole of
Hedione) 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, with
less selectivity or poorer yields (see Table 1, entries 2 and 3). The addition of acid did not lead to
initiation of the reaction. TCCA stoichiometry could be brought down to 0.33 equivalents
(approximate 1 chlorine equivalent) without a drastic impact on yield (Table 1, entries 5 and 6)
and using more than 0.67 equivalents (2 chlorine equivalents) resulted in agood yield (Table 1,
entry 7).

Similar phenomenon was also observed with the use of other cyclic chlorine compounds
such asNCS and DCDMH, and Cl,, gas. Among others, an initiation stage at 45 °C to 55 °C is
preferred after the addition of afirst portion of the chlorinating agent, which constitutes 5 to
25 % by weight of the total amount of the chlorinating agent. The chlorinating step after the
initiation stage, however, ispreferably performed at atemperature of 30 °C or below.

Table 2 below shows yields of a-chlorohedione were obtained by using different
chlorinating agents.

The use of sulfuryl chloride (SO ,C1,) resulted in high yields (Table 2, entry 5). The
reaction with SO ,C 1, was conducted in chloroform for 5 hours at 25 °C followed by the addition
of methanol for eliminating chlorine from the resultant a-chlorohedione, thereby obtaining DHH.
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WO 2018/183788
Table2: Yields using different chlorinating agents
O 8]
Cl source (1.5 Cl equiv.).
MeOH, < 30 °C
CO,Me CO,Me
Entry Reagent GCyield 2
1 TCCA 56%
2 NCS 48%
3 DCDMH 35%
4 Cl, gas 20%
5 S0.Cy, 75% b

Reactions conducted on a50 mmol scale (1 M). 2 Calculated using n-undecane as an internal GC

standard. P conducted as a two-step process, SO,Cl, added in CHCI 5 followed by addition of
MeOH after 5 hours.

The SO,CI, chlorination step can be carried out in suitable solvents as shown in Table 3.

Conducting the reaction under a solvent-free condition led to ayield of 58% (Table 3, entry 4).

Methanol was added to the reaction mixture after the chlorination step.

Table3: Chlorination of Hedione with SO,Cl, in different solvents

0O O

_SO9CI9 (1.1 equiv.)_»
Solvent, 0°C - r.t., 2h

CO,Me then MeOH, r.t., 3h CO,Me
__Entry Solvent 'H-NMRyield “

1 CHCI3 73%

2 EtOAC 2%

3 Toluene 74%

4 Neat 58%

Reactions conducted on a5 mmol scale (1 M). 2 Calculated using 1,3,5-trimethoxybenzene as an

external 1H-NMR standard.

10
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Unlike the cyclic chlorine compounds and Cl,, gas, ‘initiation’ is not necessary for the
reaction with SO ,C1,. The chlorination reaction occurs upon mixing Hedione and SOCI ., between
0°C and 25 °C. Itislikely that SO ,C1, reacts directly with the enolized Hedione, acting as an
electrophilic chlorinating agent.

Gradual addition of SO ,C1, ispreferred to keep the temperature at 30 °C or below.
Cooling means during SO ,C 1, addition can be used in alarge-scale reaction. The stoichiometry
of SO ,C 1, between 0.5 equivaents (also 0.5 chlorine equivalents) and 1.1 equivalents is suitable
to achieve ahigh yield (Table 4). Typicaly, the reaction is performed with Hedione a a
concentration of up to 5 moles/Liter ("M"), e.g., upto 3M, 0.01 M to 5M with an upper limit of
5M,4M,3M,and2M and alower limit of 0.01 M, 0.05M,0.1 M,05M,and 1M, and
preferably at 1M to 2 M. The chlorination step can be complete within 10 hours (such as within
8 hours, within 5 hours, within 3 hours, within 2 hours, 1hour to 10 hours). The elimination step
can be complete within 24 hours (e.g., within 20 hours, within 16 hours, within 12 hours, within
10 hours, within 8 hours, within 5 hours, within 3 hours, and 1 hour to 24 hours). The reactions
can be monitored with aliquid chromatography and mass spectrometer (LC-MS) showing the
peaks of Hedione, a-chlorohedione (the intermediates), and DHH (the final product).

Table 4 below shows the chlorination of Hedione to a-chlorohedione and the subsequent
elimination to DHH. Theyield iscalculated asthe overal yield from Hedione to DHH.

Table4: Preparing DHH using SO ,C 1, and Hedione

O @]
S0O,Cl,, CHCI;
rt,2h,
CO,Me then MeOH, r.t., 16 h CO,Me
Entry S02CI2 equiv. Yield
1 0.5 48% 2
2 0.75 72% a
3 1.0 75% @
4 11 T77% P

Reactions conducted in a 1M Hedione solution. 2 Calculated using n-undecane as an internal GC
standard. Plsolated yield - reaction conducted in a2 M Hedione solution and product isolated by
distillation.

11
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While SO,CI, has been used as an a-chlorinating agent (Moussa, Aust. J. Chem. 2012,
65, 95-96; Masilamani et al., J. Org. Chem. 1981, 46, 4486-4489), its use in a one-pot
chlorination-elimination process isnovel. SO,Cl, was used for the synthesis of a completely
different compound, 2-methyl-2-cyclohexenone from 2-methylcyclohexanone as demonstrated
(Warnhoff et al., Org. Synth. 1957, 37, 8-12). However, this was performed as a discrete 2-step
procedure wherein CCl, was used as a solvent for the initial chlorination and either collidine or a
LiCI/DMF system was used to promote elimination in acompletely separate reaction of afully
worked up a-chloro product. The fact that SO,CI, isliquid makes the process using SO,Cl,
highly attractive in terms of transposition into a continuous-flow process. Another advantage is
that no precipitates are formed during the reaction with SO,ClI,.

Upon the formation of DHH, the chemical process of the present invention may further
comprise a step of reducing DHH to (IR,29)-(+)-cis Hedione or its mixture. The reducing step
can be performed using hydrogen in the presence of achiral catalyst system. See Demole et al.,
Helev. Chim. Acta 1962, 45, 675-92; Werkhoff et al., Food Rev. Int. 2002, 18, 103-22; and
Davies, Chem. World-UK 2009, Feb., 40-44.

This application also discloses a system for conducting the chemical process of the
present invention. By virtue of the spontaneous elimination of chlorine from a-chlorohedione,
the oxidation of Hedione to DHH via chlorinating and eliminating steps, as well asthe
subsequent reduction of DHH to (IR,29-(+)-cis Hedione, may be performed in a one-pot
process, which greatly simplifies the process and the equipment required.

Instead of the use of abatch reactor, the chlorinating step, the elimination step, or both
may be performed in a continuous reactor system. The continuous reactor system employed in
the present invention may comprise a single continuous stirred tank reactor ("CSTR"), a system
having multiple CSTRs in series, or acontinuous flow reactor system, such as H-Cube®
continuous flow hydrogenation reactor marketed by ThalesNano. Some examples of continuous
flow reactor system are shown in US20160175829.

A continuous flow reactor system is attractive for the reaction with SO,Cl,, due to the
fact that SO, gas evolution occurs. In batch, exothermic reactions that involve the generation 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

pressurizing the system with a suitable back pressure regulator (BPR) (Mallia et al., Org.

12
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Process Res. Dev. 2015). The gas can be kept in solution whilst in the flow stream and then
removed from the reaction upon passing the BPR. This allows for steady, constant removal of
gas in amanner that carries with it improved safety implications compared to batch. Another
advantage of continuous flow reactor system for the reaction with SO,CI, isthat all materials
used are miscible liquids.

Figure 1 shows a schematic semi-continuous system of the present invention, in which
the chlorination step isperformed in flow and the elimination isperformed batch-wise.

Asanillustrative example, neat Hedione was fed into a0.27 mL Unigsis mixing chip
along with a solution of SO,CI, in CHCI 5 at arate such that 1.1 equivalent of SO,CI, was used
with aresidence time of 1hour to 2 hours within the flow reactors. The flow system was
pressurized using a 100 psi (~7 bar) BPR for the chlorination step and the outlet was collected in
astirred flask. Upon halting collection, methanol (MeOH) was added and the reaction was left to
stir for 16 hours at 25 °C. The system worked well and gave comparable yields to the batch
process (Table 5 vs. Table 4). Improved heat dissipation or transfer meant that the exotherm was
well controlled and the release of SO, gas was steady and controlled upon the stream passing the

BPR. A 100 psi BPR was sufficient to keep all gas in solution within the reactor.

Table5: Oxidation of Hedione with SO,ClI, in flow

0] 0]
SO,Cl, (1.1 equiv.)
flow .
CHCIs, rt, 1-2h
then MeOH, r.t., O/N

COsMe CO,Me
_Entry  SO,Cl, conc.(M) Hedione cone. (M) time (h)2 Yield
1 i 076 i an
2 1 0.76 2 78b
3 3 1.69 1 67b
4 6 2.45 1 60 &
5 1.45 1 1 72°

Reactions conducted on a’5 mmol scale (1 M). 2 Residence time for first step. ” Calculated using
n-undecane as an internal GC standard. ¢ Isolated yield of 35 min. sample collection - product
isolated by S10, column chromatography.

13
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It ispossible to perform the second step (MeOH addition) in aflow reactor that is united
with the first step flow units to create a single linked processing stream.

Aspresented anew chemical process for the oxidation of Hedione to DHH has been
developed that offers significant advantages over prior work in terms of cost-effectiveness and
potential for continuous manufacture. The oxidation reaction with chlorinating agents such as
TCCA or SO,ClI, can be conveniently performed in aone-pot process through chlorination and

elimination. This oxidation reaction can be readily operated as aflow process.

EXAMPLES

General Method

Unless otherwise stated, all solvents were purchased from Fisher Scientific (Hampton,
New Hampshire) and used without further purification. Substrates and their precursors and
reagents were purchased from Alfa Aesar (Haverhill, Massachusetts) or Sigma Aldrich (St
Louis, Missouri) and used as received.

1H-NMR spectra were recorded on either Bruker Avance-400 or Varian VNMRS-700
instruments and are reported relative to residual solvent: CHCI 5 (8 7.26 ppm). BC-NMR spectra
were recorded on the same instruments and are reported relative to CHCI 5 (8 77.16 ppm). Data
for 1H-NMR are reported as follows: chemical shift (6/ ppm) (multiplicity, coupling constant
(Hz), integration). Multiplicities are reported as follows: s= singlet, d = doublet, t = triplet, q =
quartet, p = pentet, m = multiplet, br. s=broad singlet, app. = apparent. Data for ®C-NMR are
reported in terms of chemica shift (6/ ppm). DEPT-135, COSY, HSQC, HMBC and NOESY
experiments were used in structural assignments.

IR spectra were obtained using a Perkin EImer 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, 21-70% of tallest signal) or strong (s,
>71% of tallest signal). Low and high resolution mass spectrometry was performed using the
indicated techniques. Gas chromatography mass spectrometry (GC-MS) was performed on a
Shimadzu QP2010-Ultra equipped with an Rxi-5Sil M'S column in EI mode.

14
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Example 1. Synthesis d dehydrohedione (DHH) by TCCA oxidation ofHedione

Hedione (11.3 g, 50 mmol) was dissolved in MeOH (40 mL) and mixed with
trichloroisocyanuric acid (TCCA), (0.58 g, 5 mol%). 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 (i.e., 25 °C) and the remainder of the TCCA (5.23 g, 45 mol%) was added over 10
min, keeping the temperature below 30 °C. The reaction was then left to stir at room temperature
for 20 hours before the resultant suspension was filtered and the filtrate was concentrated in
vacuo. The residue was purified using silica column chromatography (8:2, hexane:EtOAc) to

give DHH as acolorless liquid (5.83 g, 52%).
8]

DHH
CO,Me

Chemical Formula: c13H2003
Molecular Weight: 224.30

B NMR (400 MHz, CDCL,) 33.74 (s, 3H), 3.46 (s, 2H), 2.63 (m, 2H), 2.42 (m, 2H),
2.19 (m, 2H), 1.21-1.44 (m, 6H), 0.88 (t, J = 8.0 Hz, 3H) ppm; ’C NMR (100 MHz, CDCI3) 5
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 v,__
1171 (9), 1194 (s), 1435 (m), 1644 (m), 1698 (s), 1738 (s), 2860 (w), 2929 (w), 2954 (w) cm’L;
GC-MS R, 4.70 min, myz 224 [M]*, 193 [M-OM€] *, 154 [M-CgHn] *, 151 [M-CH,CO ,Me] *.

Example 2. Batch Synthesis & DHH by SO,CI,, oxidation ofHedione

Hedione (113 g, 0.5 mol) was dissolved in CHC1, (110 mL). Sulfuryl chloride (40.4 mL,
1.1 equiv.) was added slowly, keeping the reaction below 30 °C. The reaction mixture was left
to stir at room temperature for 2 hours before MeOH (100 mL) was added. The resultant mixture
was then stirred for 3 hours before solvents were removed under reduced pressure. To the
residue, a saturated agueous Na,CO0 , solution (200 mL) was added. Subsequently, the mixture
was stirred for 16 hours at room temperature before the product was extracted with EtOAc (2 x
200 mL). After concentration of the organic layers in vacuo the resultant liquid was purified
using vacuum distillation (1 mbar, 100-110 °C) to give DHH as acolorless liquid (86.2 g, 77%).
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Example 3. Flow Synthesis ofDHH by SO,CI, oxidation ofHedione

A solution of SO,Cl, (1.45 M in CHCI ;) and neat Hedione were directed into aUnigsis
0.27 niL mixing chip at 0.682 mL/min and 0.201 mL/min respectively where they were merged.
The outlet of the mixing chip was directed into a 52 mL reactor coil at room temperature
(Retention time R, = 1hour) and collected in astirred round-bottom flask (collection time = 8
hours). A sample was collected separately 35 minutes since Hedione and SO,CI, were fed into
the system. Upon halting collection, MeOH (7 mL) was added and the mixture was stirred at
room temperature for 16 hours. The solvents were removed in vacuo and a saturated agueous
Na,CO 5 solution (20 mL) was added to the residue. The mixture was then stirred for 20 hours at
room temperature. The product was extracted with EtOAc (2 x 20 mL). After concentration of
the organic layers in vacuo the resultant liquid was purified using silica column chromatography
(8:2, hexane:EtOAC) to give DHH as acolorless liquid (5.06 g, 72%).

All references cited herein are incorporated by reference in their entirety. The foregoing
examples and description of certain preferred embodiments should be taken as illustrating, rather
than as limiting, the present invention. Aswould be readily appreciated by aperson skilled in the
art, numerous variations and combinations of the features set forth above can be utilized without

departing from the present invention, which are all encompassed by the present invention.
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WHAT ISCLAIMED IS:

1. A chemical process using methyl 2-(3-oxo-2-pentylcyclopentyl)acetate ("Hedione") as
a starting material comprising:

chlorinating Hedione to obtain methyl 2-(2-chloro-3-oxo-2-pentylcyclopentyl)acetate
("a-chlorohedione") in the presence of achlorinating agent at atemperature of 55°C or below,
and

eliminating chlorine from a-chlorohedione to obtain methyl 2-(3-oxo-2-pentylcyclopent-
1-en- |-yl)acetate ("dehydrohedione™).

2. The process of claim 1, wherein the eliminating step is conducted in a solvent

comprising methanol.

3. The process of clam 1or 2, wherein the chlorinating agent is sulfuryl chloride,
chlorine gas, acyclic chlorine compound having a structural moiety of -C(0)-N(C1)-C(0)- ina

5- or 6-membered ring, or acombination thereof.

4. The process of claim 3, wherein the cyclic chlorine compound is selected from the
group consisting of trichloroisocyanuric acid, |,3-dichloro-5,5-dimethylhydantoin, N-

chlorosuccinimide, and combinations thereof.

5. The process of any one of claims 1-4, wherein the chlorinating agent is added in

portions into a solution of Hedione.

6. The process of clam 5, wherein the chlorinating step includes an initiation stage after
the addition of afirst portion of the chlorinating agent, and the initiation stage is achieved by a
thermal initiation at atemperature of 45 to 55 °C or aUV-visible light initiation, in the presence

or absence of aradical initiator.

7. The process of claim 6, wherein the chlorinating agent is added in the total amount of
0.8 to 2.2 chlorine equivalents relative to Hedione, and the first portion of the chlorinating agent
constitutes 5 to 25 % by weight of the total amount of the chlorinating agent.

17
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8. The process of any one of claims 1to 7, wherein the chlorinating step isperformed at a

temperature of 30 °C or below after the initiation stage.

9. The process of clam 3, wherein the chlorinating agent is sulfuryl chloride.

10. The process of claim 9, wherein the chlorinating step isperformed at atemperature of
30 °C or below in a solvent selected from the group consisting of dichloromethane, chloroform,

acetonitrile, ethyl acetate, toluene, xylenes, and combinations thereof.

11. The process of claim 9 or 10, wherein the amount of sulfuryl chloride isin arange of

0.75 to 1.1 molar equivalents as compared to that of Hedione.

12. The process of any one of claims 1-11, further comprising reducing dehydrohedione

to (IR,29)-(+)-cis Hedione or its mixture in the presence of achiral catalyst system.

13. The process of any one of claims 1-12, wherein the chlorinating and eliminating steps

are performed in one pot.

14. The process of any one of claims 1-13, wherein the chlorinating step, the elimination

step, or both are performed in a continuous reactor system.

15. The process of claim 14, wherein the continuous reactor system is a single continuous
stirred tank reactor ("CSTR"), a system having multiple CSTRs in series, or a continuous flow
reactor system, and Hedione and the chlorinating agent are fed into the continuous reactor

system which ispressurized using aback pressure regulator (BPR).
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Figure 1
O
CO,Me 0.27 mL. 2 %52 mL
mixing chip
neat O — 1or2h,rt

302C|2 in CHC|3
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COzMe
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