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Continuous flow synthesis of menthol through the tandem
cyclisation-hydrogenation of citronellal catalysed by scrap
catalytic converters
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A continuous flow synthesis of menthol starting from citronellal catalysed by scrap catalytic converters is reported. The
reaction was conducted in a tandem system connecting in series two catalytic systems, the first having Lewis acid properties
(favouring the cyclisation of citronellal to isopulegols) and the second having hydrogenation catalytic activity (catalysing the
hydrogenation of isopulegols to menthols). A Lewis acid catalyst was prepared by supporting iron oxide nanoparticles over
a waste material, i.e. the ceramic core of scrap catalytic converters (SCATs) via a microwave assisted method. Most
importantly, SCATs, containing low residual noble metals content, could be directly employed in the second step as
hydrogenation catalyst. The reaction was performed studying the influence on the yield and selectivity to (-)-menthol of
various reaction parameters (T, p and flow rate). Operating with the best reaction conditions (at 0.1 mL min flow rate and
at 373 K and 413 K for cyclisation and hydrogenation steps respectively) a conversion of >99% of (+)-citronellal with 77%
final yield to (-)-menthol was obtained.

Its interaction with human receptors confers a fresh taste and a
cooling effect to a large variety of products ranging from oral
hygiene, drugs and tobacco to confectionary, cosmetics and
foodstuffs.3-> Moreover, (-)-menthol has been proved to be an
analgesic substance, potentially expanding its market to
drugs.57

Remarkably, the commonly used term “menthols” refers to the
group of eight stereoisomeric forms: menthol, neomenthol,
isomenthol and neoisomenthol, represented in Fig.1.28
However, (-)-menthol has enhanced cooling and tasting
properties, being the most valuable isomer.?10 Despite
(-)-menthol is primarily extracted from natural oils, typically of
Mentha piperita and Mentha arvensis, alternative synthetic
routes have been developed in order to stabilise the market
fluctuations resulting from unpredictable bad harvests.!

Main industrial processes include the Symrise process (known
as Haarmann & Reimer process) and the Takasago process.

In the Symrise process, thymol is hydrogenated to menthols
(therefore the all diastereomers isomenthol, neomenthol,
neoisomenthol and menthol) and sequentially (-)-menthol is
recovered by distillation and crystallization. In the Takasago
process (Scheme 1A), myrcene is transformed into
(+)-citronellal, which is sequentially cyclised and hydrogenated

1. Introduction

(-)-menthol (Fig.1) is one of the most produced solid-flavour
compound with a worldwide demand of more than 30.000
metric tons per year.12
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Fig.1 Structure of (-)-menthol and its isomers.
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to (-)-menthol.12

Similarly to Takasago process, in 2012, BASF started a new plant
where (-)-menthol is synthesized from (+)-citronellal derived
from the upgrading of citral oils (e.g. by the enantioselective
hydrogenation of geraniol and nerol).3 The cyclisation of
citronellal to isopulegols is normally carried out using zinc
bromide or tris(2,6-diarylphenoxy)aluminium as catalysts.4
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hydrogenation of citronellal.

However, the homogeneous nature of the catalysts and the
corrosion issues derived from the utilisation of bromide salts
has driven research in the field to investigate heterogeneous
systems.1>-18 These systems have been further explored in order
to design bi-functional catalysts having Lewis-acid and
hydrogenating properties for the one-step synthesis of
(-)-menthol starting from (+)-citronellal.19-23

For example, Ru supported over zeolites (H-BEA) has been
recently reported as effective catalytic system for menthols
production (up to 87% operating at 372 K under 25 bar H;
pressure in 1 h).2* Oldani et al. employed Pd and Ru
nanoparticles supported over perfluorinated superacid
polymers obtaining 99% vyield to (-)-menthol at 353 K under
10 bar H, pressure after 23 h of reaction using water as
solvent.?> More recently, Pt/W bifunctional catalysts supported
over mesoporous silica (TUD-1) have led to 96% vyield to
menthols operating at 353 K for 16 h under 20 bar H, pressure.26
Despite these interesting results, the proposed synthetic
strategies still entail a number of practical limitations, mainly
due to the conventional batch conditions, long times of reaction
and the utilisation of expensive-containing noble metals and/or
sophisticated catalytic systems (Scheme 1B).

Herein, an alternatively simple and efficient approach for the
selective synthesis of (-)-menthol starting from (+)-citronellal
performed under continuous flow (tandem) conditions
catalysed by waste-derived catalysts was explored (Scheme 1C).
Under optimum reaction conditions, a maximum of 92% yield
to menthols (84% selectivity to (-)-menthol) could be achieved.
To the best of our knowledge, no reports on a similar approach
have been reported in literature up to today. Flow conditions
were selected as safe and controllable alternative to batch
synthesis.27:28 |n addition, flow chemistry has been reported as
one of the “Top Ten Emerging Technologies” with the potential
to turn the planet more sustainable.?? In order to maximize each
step of the reaction, avoiding the formation of side products,
flow conditions were carefully designed and controlled
stepwise in a tandem protocol by connecting in series two
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cartridges, one containing a Lewis acid catalyst (designed for the
cyclisation of citronellal) and one containing an hydrogenation
catalyst (for the sequential hydrogenation of isopulegols). The
continuous flow apparatus was set up by linking an H-Cube®
Mini Plus (Thalesnano Inc.) to an X-Cube™ (Thalesnano Inc.).
The apparatus allowed to individually control the temperature
of each cartridge.

The Lewis acid catalyst was prepared by supporting iron over a
cheap waste material, i.e. the ceramic core of scrap automotive
catalytic converters (denoted as “SCATs”) to obtain iron oxide
nanoparticles. SCATs were selected due both to low cost (and
availability) and to the presence of noble metal nanoparticles
(<0.5 wt.%).3° Furthermore, the direct applicability of SCATs in
catalysis have been previously demonstrated in simple batch
experiments.31-33

2. Experimental Sections

Iron (I1) chloride tetrahydrate (FeCl,-4H,0, 99.99% trace metals
basis), iron (l11) chloride hexahydrate (FeCls-6H,0, 99.99% trace
metals basis), toluene (299.8%), acetone (299.5%), sodium
hydroxide (NaOH, 298%), (+)-citronellal (295%), (+)-citronellal
(>96%), octane (98%), (-)-isopulegol (299%, enantiomeric ratio:
>99.5:0.5), (-)-menthol (299%, enantiomeric ratio: 299.5:0.5),
silica, and ethanol (298%) were purchased from Sigma-Aldrich
Inc., St. Louis, MO, USA. All reagents were used without any
further purification. Scrap ceramic-cores of automotive
catalytic converters (SCATs) were collected from Provaluta
Espafia Reciclaje de Metales, S.L., Cérdoba (ES). SCATs were
previously smashed in Provaluta S.L. via a grinding process and
provided in the form of powders.

2.1 Set up of the Tandem apparatus

The tandem apparatus was set up by linking an H-Cube® Mini
Plus (Thalesnano Inc.) to an X-Cube™ (Thalesnano Inc.), as
illustrated in Fig. 2. More in details, the outcome connector of
the cartridge of the H-Cube® (Cartridge 1) was connected with
the income of the cartridge of the X-Cube (Cartridge 2). The
outcome of the cartridge of the X-Cube was connected to the
pressure valve of the H-Cube®. More details can be found in the
Fig.S1 of the ESI.

Cartridge 2
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Gas Pressure
Vaive,

H-Cube® Mini Plus I

Cartridge 1
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Heating
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A J
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Fig.2 Diagram of the set-up for the continuous flow synthesis of
menthols from citronellal.
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2.2 General procedure for synthesis of the catalysts

Before utilisation, SCATs were washed and dried in order to
remove the superficial carbonaceous residuals and all other
pollutant residues. More in details, 50 g of SCATs were
dispersed in 100 mL of distilled water and ethanol (1:1).
Sequentially, the mixture was ultrasonicated in a US bath for 2
h (due to US thermal effects, the temperature measured ~323
K). Finally, the sonicated SCATs were filtrated on a vacuum filter,
washed several times with water, acetone and ethanol and
dried in a 373 K oven for 12 h.

A sequence of Fe/SCATs catalysts was prepared varying the %wt
of Fe adapting a microwave-assisted synthesis developed by
Moores et al.3* More in details, a fixed amount of washed SCATs
(1.15 g) was added to 20 mL of a previously stirred (10’)
homogeneous aqueous solution of FeCl,-4H,0, FeCls-6H,0 and
4.7 mL of a solution 1.25 M of NaOH. Three samples (called A, B
and C) were produced varying the quantities of the iron
precursors, as reported in Table 1.

Table 1 Quantities of Fe precursors for the theoretical x%w:Fe /SCATSs.

Sample  Theoretical x%u:Fe FeCl,:4H,0 / mg FeCls-6H,0 / mg
A 12% 188 510
B 6% 94 255
C 3% 47 127

Sequentially, the mixture was heated in a MW-oven (Ethos
Microwave, Milestone Srl) at 383 K for 1 h (5 ramp). The
resulting material was filtrated, washed several times with
water and ethanol, and dried in a 373 K oven for 12 h.
Following the same procedure, three additional samples of
Fe/SiO, were prepared with the quantities of iron precursor
reported in Table 2 (having the same theoretical 12%.: iron
content of sample A, the most active Fe/SCATSs, as explained in
following section 3.2).

Table 2 Quantities of Fe precursors for the theoretical 12%uw:Fe /SiO>.

Sample  Theoretical x%wtFe FeCl,:4H,0 / mg FeCl3-6H,0 / mg
D 12% 188 510
E 12% 556 /
F 12% / 270

2.3 Preparation of the cartridges

In order to perform the continuous flow tests, washed SCATSs,
Fe/SCATs or Fe/SiO, were charged in stainless steel cartridges
sealed on both sides with sealings systems, made of graphite
filled PTFE sealing rings, stainless steel filters and PTFE
membranes (CatCatrs® Thalesnano Inc.). Two different types of
cartriges were employed: 30 mm and 70 mm-long ThalesNano
CatCarts®. The cartridges were filled with 150 mg and 450 mg of
catalysts respectively. Prior to utilisation, the filled cartridges
were washed in the flow apparatus at 30 bar liquid pressure
with toluene at 373 K for 30" at 8 mL min! flow rate, in order to
remove all the eventual residues and all iron nanoparticles not
fixed/slightly fixed on the SCATs. After the washing cycles, fresh
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fluxed toluene was analysed by GC and ICP-MS analysis in order
to confirm the cleanliness of the system and that no leaching of
the catalysts occurred.

2.4 Catalysts characterization

Powder X-ray diffraction (XRD) patterns were recorded with a
Bruker D8 DISCOVER A25 diffractometer (PanAnalytic/Philips,
Lelyweg) using CuKa (A = 1.5418A) radiation. The patterns were
collected over a 26 ranging from 10° to 80° with a step size of
0.018° and counting time of 5 s per step.

The metallic composition of the catalysts was determined by
Microwave Plasma Atomic Emission Spectroscopy (MP-AES)
(Agilent 4100 MP-AES). The analysis were carried out by
digesting 20 mg of the selected catalyst with 5 mL of nitric acid
(HNOs) and hydrochloric acid (HCI) in a volume ratio of 1:3 at
473 K for 20’ in a microwave oven (Milestone Ethos Plus,
Milestone Srl). Before analysis, the digested sample was
filtrated with hydrophilic syringe filters (0.2 um) in order to
discard any fragmented particles and dilueted with Milli-Q
water to a final volume of 30 mL.

The aberration corrected Scanning Transmission Electron
Microscopy (Cs-corrected STEM) images were adquired in a FEI
XFEG TITAN electron microscope operating at 300 kV and
equipped with a CETCOR Cs-probe corrector (CEOS Company),
allowing the formation of an electron probe of 0.08 nm. The
samples were prepared by US dispersion in ethanol and by
pipetting 10 pL of the obtained suspension onto a TEM copper
grid having a continuous carbon film. After complete
evaporation of the solution, the samples were analysed by High-
angle annular dark-field
microscopy (STEM-HAADF).
Elemental analysis were performed with an EDS (EDAX)
detector which allows performing EDS experiments in the

scanning transmission electron

scanning mode. The analysis were conducted at the Laboratory
of Advanced Microscopies, LMA-INA-University of Zaragoza.
Z-contrast (achieved by the HAADF detector) was employed in
order to enable an image contrast based on the atomic number.
X-ray photoelectron spectroscopy (XPS) analysis were
performed with an Axis Ultra DLD spectrometer (Kratos Tech).
In order to perform the anlysis, the samples were mounted on
a sample rod placed in the pretreatment chamber of the
spectrometer and sequentially evacuated at room temperature.
The spectra were excited by a monochromatized AlKa source at
1486.6 eV and subsequently ran at 12 kV and 10 mA. Survey
spectra were measured at 160 eV pass energy and for the
individual peak regions, the spectra were recorded with a pass
energy of 20 eV. The analysis of the peaks were performed with
the CasaXPS software using a weighted sum of Lorentzian and
Gaussian component curves after Shirley background
subtraction. The binding energies were referenced to the
internal C1s standard at 284.9 eV.

2.5 Catalytic experiments

The catalytic tests were performed in the continuous apparatus
described previously. Before starting the reaction, the system
was rinsed with a solution 20 mM of (+)-citronellal (or 20 mM of
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()-citronellal or 20 mM of (-)-isopulegol) and 20 mM octane
(internal standard) in toluene at 1 mL min-? flow rate for 20’. GC
analysis of the outline solution confirmed the cleanliness of the
system. Sequentially, the reaction conditions were setted. The
H, was generated by in situ water electrolysis in the H-Cube®
equipment. The reactions were perfomerd for 2 h, collecting
samples every 15’ for further analysis. The data were reported
after reaching stationary state conditions. Time “0” was set up
as the first outcome under operative reaction conditions passed
through the apparatus.

The conversion and selectivity were determined by gas
chromatography (GC) in an Agilent 6890N gas chromatograph
(60 mL min=1 N3 carrier flow, 1.38 bar (20 psi) column top head
pressure) using a flame ionization detector (FID). A Restek
Rt®-yDEXsa chiral capillary coloumn (30 m x 0.25 mm x 0.25 pm)
was employed. The calibration curve was obtained using octane
as internal standard. Standard solutions of (+)-citronellal,
(-)-isopulegol and (-)-menthol (from 5 to 20 mM) and 20 mM
octane in toluene were analysed by GC to give linear regressions
(RZ > 0.999). Gas chromatography-mass spectroscopy (GC-MS)
analysis were also performed using an Agilent 7820A GC/5977B
High Efficiency Source (HES) MSD, in order to identify the
obtained products in comparison with commercial standards.
The optical rotation was measured using a Zuzi Polarimeter
(Model 412), at 20°C and at 589.44 nm wavelenght irradiation.

3. Results and discussion
3.1 Characterization of the catalysts

The structure of the SCATs was reported to be composed of a
sequence of coats, made of alumina, silica, titania and ceria3>
and offers the possibility to support metal nanoparticles, as
demonstrated in a recent work.3° Iron oxide nanoparticles were
then supported on SCATs adapting the microwave-assisted
methodology previously described.3* Washed SCATs (Cartridge
2 in Figure 2B) were directly employed as catalyst for the
hydrogenation step, in order to exploit the presence of trace
quantities of noble metals in the matrix, potentially highly active
for hydrogenation reactions.37:38

In order to evaluate the leaching effects as well as changing in
the oxidation states of the metals or morphology variations,
STEM-HAADF, MP-AES (in order to check the metal content as
well as metal leaching), XPS and XRD analysis were performed
both before and after the utilisation of the catalysts.

The elemental compositions of SCATs and Fe/SCATs were
analysed by ICP-MS (Inductively Coupled Plasma Mass
Spectrometry) and MP-AES (Microwave Plasma Atomic
Emission Spectroscopy). Al, Si and Mg as well as Ce, Fe and
traces of Pt (<0.2 wt.%) were detected in the SCATs matrix. On
the other hand, the three samples of Fe/SCATs catalyst
contained 7.5, 3.4 and 1.8%w: Fe (for a detailed list of elemental
analysis, please see ESI). Remarkably, the supporting of iron
nanoparticles on SCATs was achieved with an important loss of
iron of ~40-50%: during the preparation phase, in accordance
with the published procedure.3* After preliminary studies,
described below, sample 7.5%.: Fe/SCATs was selected as best
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one, and the article will refer to it as “Fe/SCATs” from now on.
No leaching of the employed catalysts was detected by ICP-MS
and MP-AES analysis after utilisation.

As shown in XRD patterns in Fig.3, some diffraction lines
corresponding to silica, one of the major components of
catalytic converter, were observed in both SCATs and Fe/SCATs
before and after utilisation.

I SCATs

l Fe/SCATs

T T T ‘\ T T
10 20 30 40 50 60 70 80
2 Theta [ degree

Si0, (JCPDS 00-011-0252)

Fig.3 XRD patterns for SCATs and Fe/SCATs.

More in details, the most intense peaks of Fe/SCATs and SCATs
at 20 of 21.72°, 28.49° and 54.67° were attributed to the (1 0 0),
(011), (2 02) planes of SiO, with hexagonal structure (JCPDS
00-011-0252).3° No specific peaks assignable to iron oxides were
clearly observed in the XRD patterns of Fe/SCATs. Also, no
relevant changes in the XRD patterns before and after utilisation
of the catalysts were detected.

High-angle annular dark-field scanning transmission electron
microscopy (STEM-HAADF) and Energy-dispersive X-ray
Spectroscopy (EDS) of SCATs and Fe/SCATs materials were
subsequently conducted to elucidate the location of metal
(oxide) nanoparticles. As depicted in Fig.4-A and Fig.4-B (SCATs),
the presence of laminar smashed structures of silica and
alumina derived from the honeycomb structure of the catalytic
converter could be observed.
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Fig.4 (A) and (B) STEM-HAADF images of SCATs. (C) EDS analysis of
selected locations (L1 and L2) of SCATSs. (D), (E), (F) and (G) STEM-HAADF
images of Fe/SCATs. (H) EDS analysis of selected locations (L3-L6) of
Fe/SCATSs.
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Entry Position / eV Atomic / %
Sample Fe 2ps Fe 2ps/; Sat. omic /7
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Fe/SCATs 711.2 712.7 715.4 720.4 17 83
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Fig.5 XPS patterns and data of (A) Fe/SCATs before and (B) after reaction

The
homogeneously covered by iron in Fe/SCATs (Fig.4-D and Fig.4-
E). With EDS analysis (Fig.4-C and Fig.4-H), selected surface
areas (L1, L2 in Figure 1B, L3 in Fig.4-E and L5 in Fig.4-F) could
be associated to Pt and Ce in both SCATs and Fe/SCATSs, proving
that the MW treatment did not influence the morphology of the
supporting material. Other selected surface areas could be
associate to Fe in sample Fe/SCATSs (L4 in Fig.4-F and L6 in Fig.4-
G). Homogenously distributed iron oxide nanoparticles of an
average size of 2.410.4 nm with well-defined crystalline
structure could be clearly observed in Fe/SCATs (Fig.4-1). No
relevant changes were observed by STEM-HAADF and EDS of
SCATs and Fe/SCATs after utilisation (please see Fig.S2 in the ESI
for the STEM-HAADF images and EDS analysis).

XPS analysis (Fig.5) evidenced the presence of two intense
peaks at binding energies of ca. 712.7 eV and 726.3 eV, which
confirmed the presence of an iron oxide phase, as reported by
Moores et al.3* The fitting of multiplets and satellites with high-
binding energy could be assigned to iron oxide Fe (lll) and the
low-binding energy ones to Fe (I1).4041

same laminar structure could also be Vvisualised

3.2 Selecting iron content in Fe/SCATs

Firstly, the three different Fe/SCATs samples (called sample A, B
and C, previously reported in Table 1) were tested in the

one-pot cyclisation-hydrogenation of (z)-citronellal to menthols
(analysing the diasteroisomers together) in order to select the
most active catalyst, as illustrated in Scheme 2. For this purpose,
only the H-Cube® Mini Plus was employed (as illustrated in
Fig.S1-C in the ESI). The catalysts (150 mg) were charged in a 30
mm-long cartridge. The reactions were run using 20 mM
(z)-citronellal in toluene, operating at 30 bar H; pressure and at
373 K, with a 0.1 mL min! flow rate. As illustrated in Table 3,
Entry 4, the best performance, specifically ¥95% conversion of
()-citronellal with ~53% selectivity to menthols and ~40%
selectivity to isopulegols, was achieved employing sample A,
containing 7.5%uw:Fe.

As a result, sample A was selected for the following tests. Higher
contents of iron were discharged due to the complexity in fixing
the iron nanoparticles on the supporting material which would
have had required much effort, not necessary against the high
conversion already obtained (considering that iron
nanoparticles catalyse only the cyclisation step).

Remarkably, Fe/SCATs were able to both catalyse the cyclisation
of citronellal and the sequential hydrogenation of isopulegols
(Table 3, Entries 2-4). SCATs also showed some activity (Table 3,
Entry 1), but the low conversion of only 13% at 373 K
demonstrated the need of two cartridges.
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Scheme 2 Cyclisation of citronellal to isopulegols catalysed by Lewis acid

and hydrogenation of isopulegols to menthols. A) Most relevant side

products derive from the hydrogenation of citronellal. B) Proposed catalytic mechanism adapted from Sakamoto et al.*?

Table 3 One-pot cyclisation-hydrogenation of (+)-citronellal to menthols catalysed by Fe/SCATs.

Entry Sample Conversion %l Si % S % S3,7-dimethyloctanol % S3,7-dimethyloctanal % Scitronellol % Ymenthols%
1 SCATs 9.6 38.5 9.6 39.4 0 12.4 0.9
2 C (1.8%uwiFe /SCATSs) 66.2 60.2 36.0 0.8 1.6 1.5 23.8
3 B (3.4%uwiFe /SCATs) 84.5 44.8 52.0 0.6 13 1.4 43.9
4 A (7.5%wiFe /SCATSs) 94.4 40.0 56.1 1.3 1.6 1.0 52.9
3.3 Preliminary studies
100 ~
Sequentially, the tandem system was set up (please see Fig.S1-A
and S1-B in the ESI). The reactions were run fixing Cartridge 1
(150 mg Fe/SCATs, 30 mm-long cartridge) to the maximum 80 ~
operative temperature of the H-Cube® Mini Plus (373 K), while
the temperature of Cartridge 2 (450 mg SCATs, 70 mm-long 60 -
cartridge) and the flow rate were varied. The reactions were o
. . . . @ —&— Conversion of citronellal
carried out operating at 30 bar H, pressure. As summarized in o
) . i i -~ Selectivity to menthols
Fig.6, operating at a flow rate of 0.1 mL min-1, the conversion of 40 . )
. . . —&— Selectivity to isopulegols
citronellal improved from 74.8% up to ~100% and the selectivity
to menthols enhanced from 65.2% to 83.1% by only increasing 20
the reaction temperature in Cartridge 2 (for a complete list of
the trials please see Table S1, Entries 1-6 in the ESI). The best 1 L\‘_\A . . .
performance of ~83% vyield to menthols were obtained 0

operating at 373 K in Cartridge 1 and 423 K in Cartridge 2. A
higher T in Cartridge 2 was discharged as it gave almost the
same yield to menthols.

A quick study varying the flow rate, confirmed that best
operative conditions were obtained at 0.1 mL min! (please see
Table S1, Entries 5,7 and 8 in the ESI).

T T T T T T
360 375 390 405 420 435

Temperature of Cartridge 2 /K

T T
330 345 450
Fig.6 Performances of the tandem reaction carried out using 30
mm-long Cartridge 1 and 70 mm-long Cartridge 2.
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3.4 Optimising the reaction

In a second phase, in order to maximise the cyclisation step, a
70 mm-long cartridge was employed as Cartridge 1. The best
operative conditions of the preliminary study were employed
as starting parameters for the optimisation phase. The influence
of the reaction parameters of T (of Cartridge 2), pressure and
flow rate on (+)-menthol yields were determined. As shown in
Table 4, an improvement on the yields by increasing the
temperatures could be observed, reaching a plateau at 413 K
(Table 4, Entries 4-6). The results confirmed the data obtained
in the preliminary study.

Table 4 Tandem cyclisation-hydrogenation of (t)-citronellal to (+)--menthol.
Reaction parameters: citronellal 20 mM in toluene, 30 bar Hz pressure, 0.1 mL
min! flow rate.

Entry T3/ K Yms / %° Sgym [ % Ym/ %
1 348 76.7 81.1 62.2
2 373 86.3 80.7 69.7
3 398 87.6 79.7 69.8
4 413 91.1 79.5 72.4
5 423 89.8 80.6 72.4
6 448 92.0 77.8 71.5

2 Temperature of Cartridge 1 fixed at 373 K - temperature of Cartridge 2
reported in the table. ® Yield % to menthols at stationary state.

Sequentially, the temperature of Cartridge 2 was set at 413 K
(the minimum value of temperature of the plateau Y)-m vs T of
Table 4, Entries 4-6) and the H, pressure of the system was
varied. The best performance was obtained working at 5 bar H,
pressure (Table 5, entry 4).

H, pressure was then set at 5 bar and the flow rate was
subsequently optimized. As expected, a linear reduction in
yields from 77.3% at 0.1 mL min! to 30.4% at 0.5 mL min'! was
noticed (please see ESI, Table S2, for the complete list of
experiments).

A long-term stability analysis was eventually performed to
demonstrate the stability of the tandem catalytic system under
the investigated optimum reaction conditions (Fig. 7). Despite
almost no changing in the yields to (+)-menthol in the first 7 h
was noticed, a decrease of the yield to (+)-menthol (down to
64.4% from an initial value of 75.6%) was observed after 24 h,
and a plateau was noticed up to 72 h of reaction.

Table 5 Tandem cyclisation-hydrogenation of (t)-citronellal to (+)-menthol.
Reaction parameters: citronellal 20 mM in toluene, Cartridge 1 at 373 K;
Cartridge 2 at 413 K, 0.1 mL min** flow rate.

Entry H.p / bar Yms / %° Sgpm / %° Yigpm [/ %°
1 30 91.1 79.5 72.4
2 15 90.1 82.2 74.0
3 10 90.4 82.9 74.9
4 5 91.8 84.2 77.3
5 2 89.4 80.9 72.4
6 0 - - -

2Yield % to menthols at stationary state. ® Selectivity to (+)-menthol. ¢ Yield
to (t)-menthol.
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Fig.7 Selectivity and yields to (+)-menthol in the tandem cyclisation-
hydrogenation of (t)-citronellal. Reaction parameters: citronellal 20
mM in toluene, Cartridge 1 at 373 K; Cartridge 2 at 413 K, 0.1 mL min
flow rate, 5 bar H> pressure. 2" cycle performed after washing the
continuous flow apparatus with toluene for 20’.

A washing cycle was subsequently performed by pumping
toluene in the continuous flow apparatus in order to check if the
reduction of the activity was due to adsorption of
reactants/materials on the active surface of the catalysts rather
than a deactivation. Almost identical yields were observed in
the second cycle, most likely confirming that the slight drop in
activity after 72 h could be due to adsorbed materials on the
catalysts. ICP-MS analysis of the collected outcome liquid was
also performed detecting no traces of iron or other metals,
proving that no metal leaching occurred even under long term
experiments. In order to confirm the efficiency of the proposed
catalytic system, optimum reaction conditions were selected to
produce (-)-menthol starting from enantiomerically pure
(+)-citronellal. The final yield to (-)-menthol of 77.1% (side
products include isomers of menthols) operating at 373 K
(Cartridge 1, cyclisation step), 413 K (Cartridge 2, hydrogenation
step), 5 bar H; pressure and 0.1 mL min? flow rate, was
calculated by GC analysis on a chiral column and confirmed the
versatility of the proposed system and the potential to extend
the protocol to multiple tandem flow reactions. The menthols
(having a high concentration of (-)-menthol) were sequentially
isolated by distillation (in order to remove the solvent and low
boiling substances) and chromatographic purification on a silica
column. The optical rotation of the isolated menthols, derived
from the optical rotation of (-)-menthol ([a]?°, =-50)*3 and its
isomers, was measured to be [a]2% =-38.

In order to validate the proposed system in comparison with a
conventional supporting material as well as with commercially
available catalysts, the best reaction conditions were applied
using Fe/SiO, and commercial 5%wtPt/C and 5%w:Pd/C as
catalysts, as illustrated in Table 6.
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Table 6 Tandem cyclisation-hydrogenation of (t)-citronellal to (+)-menthol.
Reaction parameters: citronellal 20 mM in toluene, Cartridge 1 at 373 K;
Cartridge 2 at 413 K, 0.1 mL min‘* flow rate, 5 bar H, pressure.

Entry Cartridge 1 Cartridge 1 Yims / Yz)m / %P
%a
1 Fe/SCATSs (A) SCATs 91.8 77.3
2 Fe/SiO; (D) SCATs 86.4 70.2
3 Fe/SiO2 (E) SCATs 69.1 50.4
4 Fe/SiOz (F) SCATs 61.4 40.3
5 Fe/SCATSs (A) 5%Pd/C 88.1 70.3
6 Fe/SCATs (A) 5%Pt/C 88.9 82.3

2 Yield % to menthols at stationary state. ® Yield to (+)-menthol.

Entries 2-4 demonstrated that the best performances were
obtained using as iron precursor the mixture of Fe (Il) and Fe (111)
(that is the case of sample D, Entry 2). This behaviour was
observed also by Moores et al.3* The slightly increased activity
of Fe/SCATs (A) compared to sample D (having same iron
content but supported on SiO,), reported in Entry 1, can be
explained in terms of higher stability of the iron nanoparticles
over the smashed catalytic converters, as recently
demonstrated by supporting Ru over SCATs.36 |n addition, as
reported in Table 3 Entry 1, SCATs itself showed some activity in
the cyclization of citronellal to isopulegols, therefore increasing
the final yield to menthols, where instead silica do not have
catalytic activity.

4. Conclusions

In conclusion, a continuous flow tandem system for the
synthesis of (-)-menthol starting from (+)-citronellal using low
cost waste-derived catalysts was proposed for the first time.
The efficiency of the instrumental set-up in both steps of the
reaction was proved under different reaction conditions,
highlighting the influence of flow parameters on the final yield
to menthols. The catalytic system was also found to be highly
robust as demonstrated in long-term stability tests, with no
metal leaching nor changing in morphology or oxidation state of
the metal. Under optimized conditions, (-)-menthol (~77%
yield) could be produced from enantiomerically pure
(+)-citronellal. The high versatility of the proposed system
combined with its efficiency will pave the way to a number of
additional chemistries under continuous flow conditions that
will be reported in due course.
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