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A set of macrocyclic unsaturated musk compounds was obtained from unbiased dienes via ring-closing
metathesis at 20—-40 times higher concentration than recommended in state-of-the-art, proceeding via
formation of oligomers and then by a backbiting metathesis reaction. As the commercial Schrock catalyst
Mol does not lead to the parasitic C-C double bond migration process, the above reactive distillation
proceeded with very high chemical selectivity, leading to pure macrocyclic musk products in 24-92%
yield and selectivity around 90% or higher. It was also shown that this process can be performed under
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user-friendly conditions, using Schrock catalyst Mol suspended in paraffin tablet, cheap PAO-6 engine oil
as a diluent, on air, in simple distillation glassware, and with a standard laboratory vacuum pump. In
addition, most of the substrates were obtained from bio-sourced oleic acid, making the high-concen-

rsc.li/greenchem tration RCM (HC-RCM) process even more environmentally friendly.
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Introduction

Unsaturated macrocyclic musk compounds play an important
role in the flavour and fragrance industry."”* These compounds
can be obtained from natural sources such as animals (e.g
Siberian musk deer, African civet), plants (e.g. Abelmoschus
moschatus), or they can be synthesized. In the latter case, the
catalytic olefin metathesis is one of the preferred methods of
forming the macrocycle." However, one of the key problems in
ring-closing metathesis macrocyclisation of unbiased dienes
(molecules defined by Fiirstner as the dienes that lack struc-
tural motifs that could help to achieve effective macrocyclisa-
tion at reasonable concentration)® is related to the unfavour-
able entropic effect of such a transformation, making—
especially in more concentrated solutions—the process of
oligomerisation dominate over the desired macrocyclisation
(Scheme 1a). Therefore, ever since the very first reports from
the academia (1980)," and industry (1984)° to the most recent
publications,®* the preparation of medium and large rings by
RCM of unbiased dienes was always conducted under the so-
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called high dilution conditions (usually 1-5 mM). Sadly, this
makes RCM macrocyclisation (mRCM) technology very proble-
matic from an industrial perspective, because of the high
environmental and economic costs of utilising and disposing
of large volumes of carefully purified organic solvents."
Interestingly, such a cardinal problem in the olefin metathesis
methodology remained unsolved for almost 40 years!"*'®> Some
approaches, based on using of specialised catalysts'® or
techniques'”° such as membrane pervaporation and continuous
flow can allow to increase concentration up to 10-20 mM.
However, when RCM of unbiased dienes is conducted at >20 mM
concentration, the macrocycle yield is usually visibly reduced.
Recently, some original solutions to this problem have been pro-
posed, ie. by using specially designed homogeneous catalysts>"
or tailored ruthenium complexes covalently bound to meso-
porous silica with defined pore diameters.>*>> Another approach
was related to the use of cavitands.?® In contrast, we decided to
make use of the intriguing observation by Fogg et al., that macro-
cyclisation via RCM always involves oligomerisation being in equi-
librium with the backbiting and RCM processes.*'> As a result,
using a reactive distillation technique, we achieved a successful
RCM at concentration of 0.2-0.7 M (Scheme 1b).”” Notably, this
was only possible with a very few Ru olefin metathesis catalysts
bearing unsymmetrical NHC ligands as all standard commercially
available Ru-complexes with symmetrical NHCs led to severe iso-
merisation of the obtained musk products, making this process
impractical (Scheme 1c).”’
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Scheme 1 (a) Classical RCM macrocyclisation (MRCM) of unbiased

dienes in solution; (b) high-concentration polymerisation-depolymerisa-
tion process (HC-RCM); (c) problems resulted from the use of popular
Ru metathesis catalysts in HC-RCM. Low concentration = 0.001-0.01 M;
high concentration >0.2 M.

Our goal was to search for conditions that allow the selec-
tive synthesis of unsaturated macrocyclic products of a valued
musky smell via RCM of unbiased dienes at a high concen-
tration utilising easily available commercial catalysts, but at the
same time avoiding the previously observed low selectivity
caused by unwanted C-C double bond shifts.>” The latter
process, resulting in formation of a very complex mixture of
isomerised products, was observed with several of popular
commercially available Ru catalysts®>” and unfortunately made
this method unusable in the context of the flavour and
fragrance industry.

Results

As molybdenum alkylidene catalysts®® tend to be less prone to
unwanted C-C double bond isomerisation,?* ' we decided to
test them in the high-concentration RCM process. In contrast
to classic RCM macrocyclisation in solution, the HC-RCM tech-
nique does not require a solvent.>” However, to keep the distil-
lation flask content liquid, a minimal amount of a non-volatile
diluent is needed. In this role, we opt to use a low cost syn-
thetic engine oil constituent—poly-a-olefin (PAO-6)*>*—keeping
the initial diene concentration at 5-9 wt% (ca. 0.25 mol kg™,
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ca. 200 mM). Reactive distillation of a model unbiased diene
(S1a) leading to a 16-membered unsaturated Exaltolide™ ana-
logue (P1) was conducted in a standard Hickmann apparatus®?
at 110 °C on the 0.5 mmol scale using an oil diffusion pump
as a vacuum source (the nominal pressure at the pump inlet
was set at 10”® mbar, Scheme 2). Under such conditions, the
Schrock catalyst Mol (weighted and handled in a glovebox)
was tested. After a number of exploratory experiments, it was
found that 10 mol% of Mol after 8 hours of distillation
allowed one to collect in the receiver of the Hickmann appar-
atus an oily, musk-smelling distillate in an amount that corres-
ponds to 84% of yield. Subsequent GC and NMR analysis of
this product showed that it contains practically pure macro-
cyclic lactone P1 formed with an excellent selectivity of 96%
(Scheme 2).

For comparison, and to underline the uniqueness of the
Mo-complex, it should be noted that virtually all popular Ru-
based catalysts, such as Grubbs and Hoveyda-Grubbs second
generation complexes, gave in the same process selectivity
levels of 13-47%,”” causing a substantial C-C double bond
migration during the process, which results in a complicated
mixture of 12 to 20-membered diversely unsaturated macro-
cycles—an outcome which is unfortunately useless in the
industrial production context. With Mo1, the selectivity was in
the range of 96-98%, which means that the only process to
take place was a fully selective formation of sixteen-membered
lactone with the double bond situated at C-9 position
(Scheme 2).

Having an experimental proof that the Mo-alkylidene cata-
lyst Mol offers an almost ideal selectivity in HC-RCM, we
sought to making the process more user-friendly. We see that
air- and moisture-sensitivity of molybdenum alkylidene com-
plexes is a barrier to more practical procedure that could be
more widely adopted without the need for special training.**
To avert this potential problem, we turned our attention to the

(0]
o 0o
Mo1
) _ Mot 6 O
Et 8 h, vacuum
PAO-6 >

- 0.2 M (9 wt.%)
8M17 P1

Mo1 Temp. Yield Selectivity (E)/(Z)
Loading (c)y (%) (%)
10 mol% 110 84 96 4.7

80 46 98 4.7

° 90 76 98 4.6
- 100 89 96 4.3
2.6 mol% 110 92 94 4.7
(1 tablet) 120 80 95 4.4

Mo1

Scheme 2 Optimisation of HC-RCM process catalysed by Mol in pure
form or as a paraffin tablet. Oil diffusion pump with simple Hickman dis-
tillation adapter was used. Selectivity = (integration of (E)-P1 + (2)-P1)/
(integration of all products) x 100%; determined by GC. Isolated yields
of pure compounds.

This journal is © The Royal Society of Chemistry 2023
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Mol catalyst suspended in solid paraffin tablets that were
recently made commercially available.****> On the reaction
scale used by us (0.5 mmol) one of such tablets was equal to
2.6 mol% of Schrock catalyst Mol (10 mg of Mo-complex in
200 mg of paraffin§). Next, a range of temperatures was tested
to find the optimal distillation parameters. Although the temp-
erature of 80 and 90 °C was not high enough to promote
efficient distillation of the formed macrocycle, the HC-RCM
made at 100-120 °C was found to yield >80% of macrocyclic
lactone P1 with very good selectivity >97% (Scheme 2).
Importantly, the set-up of the reaction can now be done
outside of the glovebox, as short exposures to air do not cause
any significant reduction in conversion and product selectivity.

Oleic acid—a widely-available natural feedstock—an
internal olefin, possesses a CgH;, alkene fragment at the end
of the olefinic bond. To check the influence of the end-groups
present at the C-C double bond of the substrate, a small set of
dienes (S1a-S1c) have been synthesized and tested in HC-RCM
under the previously established conditions (coded as
“Method A”, Scheme 3).

In this experiment, substrate Sla derived from oleic acid
and (Z)-6-nonenol was compared with a diene containing a
terminal and an internal C-C double bond (S1b) and with a
bis(terminal) substrate (S1c, Scheme 3). In the last two cases,
the predicted boiling point of a diene was similar to that of
product P1, and we observed co-distillation of the substrate
together with the cyclic product. To avoid this problem, we
gradually increased the temperature over time to polymerise
substrates S1b-Sic into non-volatile ADMET (acyclic diene
metathesis) oligomers before the distillation began,*® and the
whole process required three tablets (7.8 mol% of Mo1l) to
complete the mRCM reaction during the same distillation
time (for optimisation of loading and other parameters, see

O

>
\ Mo1 (cat.) o)
Method A-B

R 8 h, vacuum
— PAO-6
R 0.2 M (9 wt.%)
S1a-c P1

Entry R R' Method Diene Yield Selectivity (E)/(Z)
(%) (%)

1 CgHy7 Et A S1a 92 94 4.7

2 H Et B S1b 67 95 4.6

3 H H B S1c 57 94 4.4
Scheme 3 Influence of C—C double bond substitution on the HC-RCM

process catalysed by Mol. Method A = Mol (2.6 mol%, 1 tablet), con-
stant temp. of 110 °C; method B = Mo1 (7.8 mol%, 3 tablets), tempera-
ture increase 40 — 110 °C during the process. Oil diffusion pump with
simple Hickman distillation adapter was used. Isolated yields of pure
compounds.

§ The amount of paraffin from tablets was added to the calculated volume of the
reaction medium (see ESI for detailst).
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ESI}). However, we were pleased to find that under these con-
ditions (“Method B”) even terminal diene Slc can be used in
mRCM at high concentration and it can provide a high selecti-
vity of 95%. However, we noted that in the case of lighter sub-
strates (S1b-Sic) slightly lower yields of musk compound P1
(57-67%) were obtained.

To prove that the HC-RCM with Mol indeed proceeds via
polymeric intermediates, one experiment performed with
diene S1a under standard reaction conditions (“Method A”)
was interrupted after one hour (% of the standard time) and the
reaction mixture was analysed by matrix-assisted laser desorp-
tion-ionisation (MALDI) mass spectrometry (Scheme 4).

The observed positive mono-charged ions [M + H]" or [M +
Li]" signals were in the range of 761 to 3000 Da and could be
associated with cyclic and linear dimers, trimers, and higher
oligomers (n = 2-11) possessing repeating —~CH(CH,),C(0)O
(CH,)sCH- unit (of 238 Da). Because the substrate Sla pos-
sesses two differently substituted alkene groups—one with an
ethyl group and the other one with a larger n-octyl substituent
—we expected the presence of both of these groups at the out-
ermost positions of the linear oligomers. To our surprise, the
mass spectrometry data suggest that the oligomers contain
mostly n-octyl groups and not, as expected, mixture of n-octyl
and ethyl groups as in the substrate S1a (see ESI for details of
oligomers MALDI analysist). These results suggest—in perfect
agreement with Fogg’s hypothesis for mRCM in solution****>—
that also high-concentration RCM starts with polymerisation,
and so formed oligomers are further backbiten by Mo1 catalyst
during the reaction, forming the macrocyclic product that can
eventually be distilled-off (Scheme 4).

To better present the unique catalytic activity of the Schrock
Mo-catalyst in macrocyclisation at high concentration, we
attempted to form 16-membered macrocycle P2 from unbiased
precursor S2 (Scheme 5). It is prudent to note that this purely
hydrocarbon macrocycle was first described by Fiirstner as
impossible to form in classical RCM using Grubbs catalyst

S1a
PAO-6
Mo1 | vacuum
1h, 110 °C
— O —
CgH CgH
8 17NOW gH17
(@]
+ 7 O 4 I
n=2-1
Mo1¢
P1

Scheme 4 Observed oligomerisation en route to mRCM of diene Sla
(conditions as in “Method A"). Oligomers analysed by MALDI.
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This work \‘
- [ 4
1 R Mo1 1.3 mol%
(0.5 tablet)
\ PAO-6,8 h, 110 °C
R 1%x1072 mbar,
0.2 M (9 wt. %) P2, (E)/((Z)=3.5
S2(R=CH,) Yield 59% (sel. 95%)
Previous results Yield Ref.
R=H Ru1, 4 mol%, RCM, “high dilution” none 2

R=C.H, Ru2, 1mol%, HC-RCM, PAO-6

7 S
PCY3

cl \( \é
S Cl
Ru:\
c’| 'Ph A=
PCy3 CI :
Ru1 \(O

Scheme 5 Catalysed by Mol HC-RCM formation of macrocyclic
cycloalkene P2 that was unobtainable in classical mRCM in solution.
Rotary vain pump was used as the source of vacuum. Isolated yields of
pure compounds.

22% (GC) 10

Rul at high dilution because of the lack of the so-called tem-
plating effect.’” To our delight, P2 was formed in 59% yield and
excellent selectivity of 95% in the presence of 1.3 mol% of
Mo1 (} tablet) at 0.2 M concentration. We recently demon-
strated synthesis of P2 using a specialised ruthenium complex
Ru2 under HC-RCM conditions, although with a much lower
yield (22%).”

In order to map out the scope and limitations of the macro-
RCM reaction catalysed by Mol tablets, a small library of
dienes was subjected to the reactive distillation process
(Scheme 6). Most of tested dienes underwent a smooth macro-
cyclisation that led to the corresponding 14-17 membered
musk products in moderate to good isolated yields (38-85%).
Importantly, both terminal and internal dienes can be used in
the HC-RCM process with Mol. The larger, 19-memberd ring
was also formed, albeit in a lower yield (36%, P9, Scheme 6).
To our delight, all macrolactones were formed with an almost
perfect selectivity (91-98%), which is a better result than the
one previously reported for the Ru-catalysts (81-97%).%”

Interestingly, the carbonate -OC(O)O- moiety present in a
diene S8 remained inert during the reaction and no carbonyl
group olefination products were observed with Mo1,?® but the
yield of P8 was rather low (24%).

To further explore the practical prospects and the green
chemistry angle®*® of HC-RCM reaction, we focused on sub-
strate Sla which can be derived from renewable feedstocks—
bio-sourced oleic acid and (Z)-6-nonenol.*°
decided to test the practicality of unsaturated Exaltolide ana-
logue P1 manufacturing using the studied HC-RCM method.
To do so, we attempted the reactive distillation of Sla using
fully user-friendly conditions, which included a standard lab-

Therefore, we

2302 | Green Chem., 2023, 25, 2299-2304
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R
o Mo1 ‘/
N =~ (1-3 tablets) 3tablets | )z
R" o] PAO-6, 8 h
\(\_/ vac.,c=02M ring size
. 14-19
R S1a Method A-C P1, P3-P9
S3-S9 Substrate R, R', R"

yield (selectivity) method

0 0 0
o
¢ 0

711 14 15 15

14 1.1

. R=CgHyy R = CgHq7

R'=CsHi;R"=H R =Et;R"=H R=R'=R"=H
P3,59% (93%)C  P4,74% (94%)C  P4,44% (89%)B

Me

R=R=R"'=H
PG, 38% ( 91%)3

8 17
R'=Et;R"=H
P1,92% (94%) A

R=R =R"=H
P5, 52% (95%) B

| 4.1

R=R=R"=H
P7, 67% (92%) B

R=R'=R"=H
P8,24% (90%) A

R=R'=CgHyz R"=H
P9, 36% (91%) C

Scheme 6 Scope and limitations of the HC-RCM promoted by Mol.
Method A = Mol (2.6 mol%, 1 tablet), 110 °C; Method B = Mol
(7.8 mol%, 3 tablets), 40 — 110 °C. Method C = Mol (7.8 mol%, 3
tablets), 110 °C. In all experiments oil diffusion pump with simple
Hickman distillation adapter was used. Isolated yields of pure
compounds.

oratory rotary vain vacuum pump, and as before, the prepa-
ration of the reaction took place entirely in the air. To our sat-
isfaction, the macrocyclisation at high concentration pro-
ceeded with Mol tablet with a very high selectivity (96-98%),
giving the highest isolated yield of 84% in the reactive distilla-
tion run at 110 °C (Scheme 7).

Thanks to reactive distillation employed in this study, much
less solvent (diluent) was needed compared to the volume of
solvent that is usually used in a standard RCM macrocyclisa-
tion in solution. Therefore, we were interested to quantify this
difference with the help of green chemistry metrics, such as

EcoScale and the environmental (E) factor.*"**

First, we com-
pared the E factor—defined by the ratio of the mass of waste
per mass of product—for the reaction of S1 performed under
classic conditions in solution (¢ = 1.5 mM in toluene)'! and
the same reaction performed at high concentration (0.2 M in
PAO-6) using the Schrock catalyst Mo1 (used as a tablet). In the
latter case, the value of 224 was calculated, while the process
performed in a classic high dilution gave E-factor around
13 000 which is almost 60 times higher (for detailed calcu-

lations, see ESI{). When we compared other important green

This journal is © The Royal Society of Chemistry 2023
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S o
Mo1 2 6 mol% I}
(1 tablet) 16
_—
PAO- 6 8h 7
C 1x102mbar P1

vacuum

gH17 (standard lab. pump)
0.2 M (8 wt. %)
Entry Temp. Yield Selectivity (E)/(Z)
| cC) (R (%)

o
5’: + @ 1 100 54 97 4.4
T 2 110 84 96 44

oleic acid + 3 115 59 97 4.2
(2)-6-nonen-1-ol 4 120 62 95 4.3

Scheme 7 Practical promise of HC-RCM promoted by Mol in synthesis
of musk P1. Substrate was synthesised from renewable oleic acid and
kosher (Z)-6-nonenol (flavour & fragrance grade). Standard laboratory
rotary vain oil vacuum pump with simple Hickman distillation adapter
was used.

metrics parameter, the EcoScale, which evaluates the total
effectiveness of a synthetic reaction in terms of cost, safety,
technical set-up, energy, and purification aspects, we observed
that the high concentration mRCM reaction is still more envir-
onmentally friendly (total score for HC-RCM reaction was
equal to 75, while for mRCM in solution it was 68; for details
see ESIT).

In addition to the green metrics analysis (for full details of
them see ESIf), the present methodology has a viable advan-
tage over the previously described HC-RCM distillation with
ruthenium complexes,”” as it uses the commercially available
general purpose catalyst Mol, instead of the specialised and
non-commercial ruthenium catalysts.

Conclusions

In summary, utilising commercial Schrock catalyst Mol, a
number of 14- to 19-membered unsaturated macrocyclic musk
compounds were selectively obtained from terminal and
internal dienes in moderate to good isolated yield, making it
the second example of reactive distillation in mRCM reaction
described in the literature.”” Using these conditions, challen-
ging macrocyclisation reactions of unbiased dienes can be
made at a concentration 20-40 times higher than rec-
ommended in state-of-the-art. Since molybdenum alkylidenes
did not cause the parasitic C-C double bond shifting process
(even at 100-120 °C), the title reaction proceeded with a very
high selectivity, leading to well-defined unsaturated macro-
cyclic musk compositions. This constitutes a significant
improvement over the previously reported process which was
either completely non-selective when commercial general
purpose ruthenium metathesis catalysts were utilised or it
required the use of specialised Ru-complexes.”” We believe
that this process offers a premise for practical applications as
it can be made with inexpensive PAO-6 synthetic engine oil as
a diluent and a standard laboratory vacuum pump, on air,
using dienes obtained from bio-based substrates.

This journal is © The Royal Society of Chemistry 2023
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