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The cyclohexanone / cyclohexanol mixture (KA oil) is one of the most produced Cg chemicals worldwide, derived
from renewable sources if desired; however, the use of KA oil as a precursor for zero net emission fuels has not
been studied in-depth yet, as far as we know. We show here that KA oil is converted to an aromatic-free product
mixture compatible with the composition of jet fuels after a series of carbon-carbon coupling reactions, of either
KA oil with itself or with bioderived alcohols, in the presence of a commercially available solid-supported

palladium on carbon catalyst under basic conditions (KOH). Water is the only by-product of the reaction, and
phosphines can be used as ligands to variate the final product composition.

1. Introduction

Zero net emission fuels are considered a practical alternative to
current fossil-based fuels since they have a similar chemical composition
and, thus, properties to the latter. Still, they do not contribute to global
warming since CO» is adsorbed by the original source (i.e. plants) in the
same amount emitted by the final sustainable fuel. However, it has to be
said that this is only strictly true if the processing of these fuels (i.e.,
plants to fuel) is CO, emission free, which has to be taken into consid-
eration when calculating the overall carbon footprint for the whole
process. Nevertheless, despite renewable energies (Hy, photovoltaics,
electric batteries,...) are superior in terms of overall carbon footprint, air
transportation will still require the use of highly energetic fuel sources
such as jet fuel or kerosene. Thus, the search for zero net emission jet
fuels should be a priority from the global warming point of view, much
more considering that the contribution of aeroplanes to the global
transport CO2 emissions can be as high as 14% [1]. Jet fuels are a
mixture of hydrocarbons comprising molecules between 8 and 16 atoms,
and cyclohexane derivatives are a typical major component of this
mixture; thus the use of the cyclohexanone / cyclohexanol mixture (KA
oil) as a starting material to prepare jet fuel seems a valid synthetic
pathway. However, we could just find in the literature one single
example of this approach, where different types of cycloketone
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compounds (5 and 6-membered cycles) were employed to prepare
decalin derivatives [2].

Fig. 1 shows that KA oil is produced industrially from benzene by
hydrogenation to cyclohexane and later aerobic oxidation to KA oil [3].
The production of KA oil for 2023 is estimated to be ~8000 thousand
tonnes worldwide. Half of this amount is destined for the fabrication of
nylon 6,6 after preparing adipic acid with HNOs [4]. This is a highly
contaminant process sought to be circumvented. Indeed, producing
adipic acid directly from biomass sources is a hot topic of much research
[5]. Not only adipic acid but also all the intermediates in the production
chain of nylon 6,6 (in concrete, benzene, cyclohexane and KA oil) can be
sustainably produced from renewable sources, despite it must be
recognized that a cost effective and commercially available approach for
bioderived benzene and cyclohexane is still to be found, thus they are
still likely to be prepared from oil in the short term. Anyway, benzene
can be obtained from lignin [6,7], fatty acids [8], bioalcohols [9,10] and
methane derivatives (after CO, hydrogenation) [11,12]; cyclohexane
can be obtained from bio-oils [13] and guaiacol [14]; and the same KA
oil can be obtained from lignin and derivatives [2]. With this in mind,
one could envision that KA oil will be produced at some point from
renewable sources but that its fate will not be the production of adipic
acid. Thus, other industrial production uses might be of interest. Here
we propose the use of KA oil for the synthesis of jet fuel.
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Jet fuel? (This work)
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Fig. 1. Industrial synthesis of nylon 6,6 through KA oil, which can be diverted here to jet fuels.

2. Materials and methods
2.1. General

Reagents were obtained from commercial sources (Merck-Aldrich)
and used without further purification otherwise indicated. Pd/C was
obtained from different commercial sources (Merck Aldrich / ABCR /
Stream chemicals) and used as received. The characteristics for these
Pd/C solids can be found elsewhere [4], in particular, they were dried
pre-reduced catalysts with 5 wt% Pd and rounded Pd nanoparticles of
~3 nm diameter size. Gas chromatography (GC) and gas chromatog-
raphy coupled to mass spectrometry (GC-MS) were carried out in gas
chromatographs with 25 m capillary columns filled with 1 or 5 wt%
phenyl silicone (Shimadzu GC-2025, Agilent GC 6890 N coupled with
Agilent MS5973). 'H- and 'C-nuclear magnetic resonance (NMR) were
measured in CDCl3 at room temperature on a 400 MHz spectrometer
(Bruker Ascend 400), respectively, using Me4Si as the internal standard.
The metal content of the samples was determined by inductively
coupled plasma-emission optical spectrophotometry (ICP-OES). Solids
were disaggregated in aqua regia and later diluted in miliQ water before
analysis. The Pd/C digestion solutions were centrifuged and filtered
prior to analysis. 3!P solid state magic angle spinning nuclear magnetic
resonance (MAS NMR) of the Pd/C sample containing PPh3 was recor-
ded in a Bruker Ascend 400WB, with a 90 pulse of 4 ps and a recycle
delay of 20 s, spinning the sample at 20 kHz. The spectrum was refer-
enced to H3PO4 (0 ppm).

2.2. PXRD measurements

Routine measurements were performed in Bragg-Brentano geometry
using a PANalytical CUBIX diffractometer. X-ray radiation of Cu Ka (A
= 1.5406 A, Ay = 1.5444 A, I/I; = 0.5) was used, with a tube voltage
and intensity of 45 kV and 40 mA respectively. The length of the arm of
the goniometer was 200 mm, and a variable divergence slit with an
irradiated sample area of 3 mm was used. The measurement range was
from 2.0’ to 90.0' (26), with a step of 0.020° (26) and a counting time of
17 seconds per step. The measurements were performed at 298 K,
rotating the samples at 0.5 revolutions per second. In-situ measurements
were performed in Bragg-Brentano geometry using an Anton Paar XRK-
900 high temperature chamber installed in a PANalytical EMPYREAN
diffractometer. X-ray radiation of Cu Ko (A; = 1.5406 A, A2 = 1.5444 10\,
Io/I; = 0.5) was used, with a tube voltage and intensity of 45 kV and
40 mA, respectively. The length of the arm of the goniometer was
240 mm, and a fixed divergence slit with an aperture of 1/4 was used.
The measurement range was from 5 to 90.0' (260), with a step of 0.026
(20) and a counting time of 132 seconds per step. The measurements
were performed at 298 K, rotating the samples at 0.5 revolutions per
second, under a continuous flow of 10% Hj in He.

2.3. CO adsorption

The dispersion of Pd in the catalyst was estimated from the adsorp-
tion of CO using the double isotherm method in a Quantachrome
Autosorb-1 C equipment. The samples were diluted with silica to

prepare the pellet (60:40, sample: SiO5). Before adsorption, the samples
(300 mg with a pellet size of 0.8-1.1 mm) were degassed under vacuum,
and then pure CO was supplied to measure the first adsorption isotherm
(i.e. total CO adsorption). After evacuation to 25 °C, the second isotherm
(i.e. reversible CO adsorption) was recorded. The amount of chem-
isorbed CO was obtained by subtracting the two isotherms. The equa-
tions used for metal dispersion and metal diameter determination are D
(%) = Nm-Fs-M-100 L -100, where Nm is the chemisorption adsorption
expressed in mol of CO per gram of sample, Fs is adsorption stoichi-
ometry, M is molecular weight of the supported metal and L is per-
centage of loading of the supported metal; d = L-6 ASA-Z-100, where d is
average diameter of the metal (m), ASA is the active surface area
(m2g~! of sample) calculated from the following equation: ASA =
Nm-Fs-Am-Ay (Am is cross-sectional area occupied by each active sur-
face atom and Ay is Avogadro’s number) and Z is the density of the
supported metal (g-m®).

2.4. General reaction procedure

A typical reaction procedure is as follows: To a mixture of Pd/C
(0.02 mmol), KOH (0.6 mmol), and PPh3 (0.02-0.32 mmol) is added the
ketone (2 mmol) and alcohol (4 mmol) under N,. All the batch re-
actions, in this work, were performed in 6 mL round-bottomed vials with
0.6 mL of reaction volume and a stirring magnet. The reaction mixture
was magnetically stirred in a pre-heated oil bath at 100 °C for 4 h. Al-
iquots were taken either by direct extraction trough a reactor steel exit,
or after stopping the reaction and taken from the supernatant. Filtration
was carried out when some solid was present in the sample. The con-
versions and yields of products were estimated from the peak areas
based on the internal standard technique using GC. GC-coupled mass
spectrometry and NMR were used to identify the products, besides
comparison with pure product samples.

2.5. Reuse of the catalyst

After cooling the reaction mixture, the solid catalyst was recovered
by gravity filtration, rinse with alcohol for washing, weighted, and
placed in a new vial for a subsequent use, re-calculating the amounts of
reactants as a function of the new catalyst weight, to maintain the same
relative amounts.

2.6. Hot filtration test

The kinetics of the reaction was followed by GC under optimized
reaction conditions, and then the reaction was repeated under exactly
the same reaction conditions but filtering the reaction mixture in hot
through a 25 pm Teflon™ membrane filter, after 5 min reaction time
(12% conversion), in order to remove the solid catalyst. The filtrates
were placed in a previously heated vial at the same reaction temperature
and magnetically stirred at the reaction temperature. The corresponding
kinetics was followed by GC.
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Fig. 2. Non-catalytic and catalytic strategies used here to prepare hydrocarbon compositions compatible with jet fuels.

2.7. In-situ hydrogenation reaction

After performing the cyclohexanone coupling reaction in a re-
inforced double-walled reactor, an additional 9 mol% of Pd/C was
added to the mixture and the reactor was capped with a sealed tap
equipped with an entrance vessel and coupled to a manometer. The vial
was flushed twice with H and left under Hy atmosphere (30 bar). Then,
the reaction was placed in a pre-heated oil bath at 200 °C and magnet-
ically stirred for 48 h. The reaction mixture was analyzed as indicated
above.

3. Results and discussion
3.1. Results with stoichiometric reagents

A simple aldol condensation reaction under basic stoichiometric
conditions is the more obvious reaction to engage cyclohexanone (1) in
carbon-carbon (C-C) coupling reactions and extend the carbon chain to
acceptable fuel jet compositions. Fig. 2A shows that, in our hands, this
approach works well; however, the final product (2) is an unsaturated
ketone, unsuitable for fuel purposes. Besides, the use of stoichiometric

(6]
é + ROH

(3a,d)
(1) (4 mmol)
(2 mmol)

Pd/C (0.02 mmol, 1 mol%)
KOH (O 6 mmol, 3 mol%)

N2 100°C, 4 h

(1) +(1)

60% -
50% A
40% -
30% A
20% A

10% A =

0% I

amounts of base made the procedure unattractive for scaling up, with
increased environmental impact and higher costs due to the need for
more raw materials and disposal of waste by-products, including
neutralization steps. The use of lower amounts of base, less than 1
equivalent (catalytic), gave low conversions.

A second approach could consist in the coupling of cyclohexanone
(1) with bio-based alcohols [15] through hydrogen-borrowing coupling
reactions [16,17], as shown in Fig. 2B. This approach has been reported
with palladium on carbon (Pd/C) as a catalyst and a sacrificial alkene
(1-octene) as a stoichiometric reagent to trap the excess of Hy generated
during the reaction [18-20]. In our hands, the reaction of cyclohexa-
none 1 with n-hexanol (3a) under the reported conditions [18-20] gave
a 92% of the aromatic anisole derivative (4a) (see Table S1 in the
Supplementary Information for reaction details). The aromatised prod-
uct is the major component of the final mixture without base, regardless
of the use or not of the sacrificial alkene, and the C-O coupling reaction
occurs almost exclusively, which is not suitable for producing a fuel
hydrocarbon mixture (Tables S2-S3 and Figure S1). Both the undesired
C-O coupling and aromatisation reactions occur within a wide range of
alcohols and reaction conditions to give the corresponding anisole de-
rivatives and/or C-O coupled compounds as major products in all cases.

@Ocs@@&@

(7a,d) (8a,d)

(1) +(1) I

(3d) R-OH

(3a)

Fig. 3. Catalytic results for the alkylation of cyclohexanone (1) with n-hexanol 3a or n-propanol 3d using Pd/C and KOH as catalysts under the indicated reaction
conditions. The remaining % of cyclohexanone (1) is a mixture with in-situ formed cyclohexanol (1) (KA oil). Error bars account for a 5% uncertainty.
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Fig. 4. Catalytic results for the alkylation of cyclohexanone (1) with the different alcohols 3a,d-f using Pd/C and KOH as catalysts and PPhg 9a as a ligand under the
indicated reaction conditions. The remaining % of cyclohexanone (1) is a mixture with in-situ formed cyclohexanol (1) (KA oil). Error bars account for a 5%

uncertainty.

Regarding the influence of the reaction atmosphere, in general, the
conversion decreases with O,. The reactions carried out under a nitrogen
atmosphere tend to exhibit higher conversion rates compared to those
performed under an oxygen atmosphere, despite the selectivity for the
desired products may vary (please compare entries 1, 2, 5 and 6; and
also 8 and 9, in Table S3).

Fig. 2C shows that, at this point, we envisioned that the reactions in
Figs. 2A and 2B could be merged to promote the formation of saturated
C-C bonds after ketone deprotonation, hydrogen-borrowed coupling
reactions and concomitant hydrogenation reactions, in one-pot, without
aromatizing the cyclohexanone product and by-passing the C-O coupled
products [21,22]. For that, we just needed, in principle, to employ the
Pd/C catalyst and KOH, also in catalytic (rather than stochiometric like
in Fig. 2A) amounts without the sacrificial alkene. In this way, the
cyclohexanol (1) present in the KA oil mixture could also react, since (1)
is in equilibrium with cyclohexanone (1) through the Pd-catalysed
hydrogen-borrowing reaction [23]. Besides, as the only by-product is
water, the same Pd/C catalyst will allow further hydrogenation of the
product mixture with Hy after the coupling reactions. The resulting
product mixture is an aromatic-free and C-O-free hydrocarbon positions
of potential use as a jet fuel.

3.2. Catalytic results without phosphines

Fig. 3 shows the results for the reaction between cyclohexanone (1)
and n-hexanol 3a or n-propanol 3d catalysed by Pd/C (1 mol%) and
KOH (3 mol%) after 4 h at 100 °C under an inert atmosphere, to mini-
mize aromatisation reactions. The catalyst was the Pd/C (5 wt%) com-
mercial sample employed for the reaction in Fig. 2B, which has an
average Pd nanoparticle diameter size of ~1.7 nm according to high
angle annular dark field scanning transmission electron microscopy
(HAADF-STEM) imaging (Figure S2) and the corresponding powder X-
ray diffractogram (PXRD), after applying the Scherrer equation
(Figure S3) [4]. CO adsorption measurements confirmed the Pd nano-
particle dispersion on the solid catalyst. The dispersion of Pd (D) was
calculated from the amount of CO irreversibly adsorbed, assuming a
stoichiometry of Pd/CO = 1 [24-27]. The average diameter of the Pd
nanoparticles (d) was determined from the chemisorption data assuming
a spherical geometry for the metal particle according to the procedure
described by Anderson [28]. A 78% overall palladium dispersion was

obtained, which corresponds to a 1.4 nm average particle size, in good
agreement with the TEM measurements. This good dispersion, com-
bined with the small particle size of the relatively highly loaded Pd solid
catalyst, should enable the use of phosphines as ligands for further
catalytic control (see ahead; unfortunately, the adsorption experiment
did not work well after PPhs incorporation, probably due to the relative
volatility of the latter, to the fact that the phosphine blocks the Pd sur-
face and hinders CO adsorption, or to the weaker CO adsorption in the
presence of the phosphine, to the point that the equilibrium coverage is
far lower) [29]. Besides the commercial availability and wide use in
industry of the Pd/C catalyst, the latter is very convenient for high-scale
reaction productions [4].

It can be seen in Fig. 3 that neither aromatic, C-O coupled nor the
unsaturated ketone 5 products are obtained when both alcohols (3a)
and (3d) are used as reactants, but only the desired alkylated products 6
and 7 (a or d) in 45-60% yield, with a remarkable >75% selectivity to
the ketone-alcohol coupled product 7 (a or d). These alkylated products
fall within the specification of jet fuels (10-12 carbon hydrocarbons)
and are particularly suitable for fueling purposes since they contain
branched cyclohexane moieties.

The recovered cyclohexanone (1) is mixed with in-situ formed
cyclohexanol (1), thus a KA oil composition. Kinetic experiments under
exactly the same reaction conditions in Fig. 3 but with either simulated
KA oil mixture or neat cyclohexanol (1) confirms the reactivity of both
to give alkylated products, although with lower selectivity (Figures 54
and S5). The kinetic plot for the KA oil mixture (Figure S5) shows that
cyclohexanone (1) reacts faster than cyclohexanol (1), which indicates
that the alkylation reaction is somewhat faster than the hydrogen-
borrowing reaction between (1) and (1). Nevertheless, the kinetic plot
for neat (1) (Figure S5) confirms that both starting materials are inter-
converted during the reaction. If the base is not employed as a catalyst,
the interconversion between (1) and (1) still occurs, but the coupling
products are barely formed even after prolonged times (6 h reaction
time, Figure S6), which is in good agreement with the expected role of
each catalyst, i.e. Pd/C to trigger the hydrogen-borrowing reactions and
KOH to activate the alpha carbon atom of the ketone. Please notice that a
significant further transformation from (1) to (1) does not occur when
there are equal amounts of (1) and (1) from the beginning (Figure S7).
This might be explained by an initial competitive absorption of (1),
which may inhibit further reactivity of (1), and indicates that there is a
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Fig. 5. A) Catalytic results for different phosphines during the alkylation of cyclohexanone (1) with alcohol 3a under the reaction conditions in Fig. 4 above. The
remaining % of cyclohexanone (1) is a mixture with in-situ formed cyclohexanol (1) (KA oil). Error bars account for a 5% uncertainty. B) Correlation between the
conversion of (1) and the phosphine electronic properties, expressed in terms of v(CO, em ™)) of the corresponding Ni(CO)3(PR3) complex. C) Electronic and steric
values for the different phosphines (9a-e) [29,40,41]. D) Correlation between the conversion of (1) and the phosphine Tolman cone angle.

balance between the rate of conversion from (1) to (1) and the reverse
reaction. Further kinetic experiments with different relative amounts of
(1) and (1), with and without base (Figures S8 and S9), show that the
interconversion between both occur in the presence of base, regardless
the initial relative amount of (1) and (1). The fact that neat (1) trans-
forms to (1) without base could be tentatively explained by the forma-
tion of some active deprotonated species in the complete absence of
starting (1) (Figure S6).

The Pd/C catalyst could be recovered from the reaction mixture and
reused three times with slight loss of catalytic activity and selectivity
throughout the reuses (Figure S10). In accordance, a hot filtration test
shows that some catalytic species (<20%, considering also the blank
experiment) are present in solution (Figure S11, top). Please notice that
the increasing conversion after filtration in Figure S11 (orange line)
nearly matches the blank experiment, i.e. the residual conversion with
base and without palladium catalyst (grey line), which indicates that
just minor catalytically active Pd species are leached into solution. We
repeated again the hot filtration experiment, to confirm that a slight
leaching occurs, which barely reflects in the final yield of the reaction
(Figure S11, bottom). Inductively coupled plasma optical emission
spectroscopy (ICP-OES) analyses of the spent Pd/C catalyst shows that
up to 28% of the original supported Pd might be removed during reac-
tion, and that the final Pd/C contains significant amounts (up to 5 wt%)
of K on their structure, which obviously comes from the base employed
during reaction. However, some loss of Pd and the incorporation of K (as
K") on the solid does not hamper the catalytic activity. This loss of
palladium species during reaction could be palliated by palladium re-
covery after cooling, which is well-known in industry.

3.3. Catalytic results with phosphines as ligands

The interaction of phosphines with Pd nanoparticles was studied
twenty years ago [30-36]; however, their catalytic implications have
been only recently studied, mainly for hydrogenation [29,32-36] and
cross-coupling reactions [37], but scarcely for other reactions [38]. In
particular, we could not find any example of phosphine-ligated catalytic
palladium nanoparticles for hydrogen-borrowing coupling reactions.

Fig. 4 shows the results for the reaction between cyclohexanone (1)
and different alcohols under exactly the same conditions as above
(Fig. 3) but employing, in this case, triphenylphosphine (9a) (PPhg,
4 mol%) as a ligand for Pd/C. As it can be seen, the use of phosphine
(9a) as a ligand produces an entirely different distribution of products,
being the products (8) coupled to both the ketone (1) and the alcohol
(3), the major one in most cases. Notice here that the alkyl substituent in
products (8) can be in different positions of the cyclohexane moieties,
which is indicated with an undefined bond. It is also noticeable the
appearance of the unsaturated ketone (5) in significant amounts, which
indicates that most of the reactive Hy released from the hydrogen-
borrowing events (i.e. from alcohols (3)) is now being consumed dur-
ing the couplings of (1) and (6) with (3), in contrast with the reactions
where phosphines are not present (see Fig. 3 above). A new experiment
starting from neat (5) and (3a) shows that product (8a) is barely formed
(Figure S12), which supports the necessity of the hydrogen-borrowing
mechanism to occur, beyond the deprotonation reaction, for further C-
C couplings to proceed. The influence in the reaction rate of the relative
amounts of reagents (1), (3a) and phosphine ligand (9a) was studied by
kinetic experiments (Figures S13-S14). The use of a two-fold amount of
alcohol (3a) increases the reaction rate (Figure S13), and the maximum
rate is found for a 4 mol% of phosphine (9a) (Figure S14). The reaction
rate may also be increased here with the phosphine amount (see
Figure S13, bottom left kinetics). Overall, phosphine (9a) as a ligand
allows to obtain heavier fuel jet compositions since longer alkylated and
saturated hydrocarbon chains (up to 17 carbon atoms, i.e. 8 f) can be
prepared.

Different phosphines [(9b-d)] were then tested for the reaction with
n-hexanol (3a), the less reactive alcohol, according to the results shown
in Fig. 4 above. Notice that using an inert atmosphere and the contin-
uous generation of hydrides during the reaction assure that phosphines
will not be significantly oxidised and can be used safely as ligands for
Pd/C. The presence of hydrides was confirmed by the clear shifting of
the signal at 40° in PXRD experiments of the fresh catalyst sample, after
exposition to Hy atmosphere, in the presence or not of PPhg (Figure S15),
and also by previously reports on RAMAN-IR [29]. The peak at 27° in
PXRD (see also Figure S3), which corresponds to C support, decreases in
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Fig. 6. Tentative mechanism for the Pd/C-KOH catalysed coupling reactions of KA oil with n-hexanol. Phosphines are ligated to Pd/C when used (omitted for the

sake of clarity). [Hy] refers to Pd-H species.

the presence of PPhs, probably because the peaks of the latter are much
more intense. Notice that the phosphine is in excess respect to Pd, so
there is free phosphine that can be adsorbed on the support. Since all
other evidences point to the persistance of the Pd nanoparticles crys-
tallinity after phosphine adsorption, we must accept that the a decrease
in the intensity of the C peak (260 = 27°) occurs after phosphine addition.
The new diffraction peaks after adsorption of PPhg just appear in the
region of diffraction angles of 25-40°, shifted respect to the free PPhs.
Nevertheless, not all the phosphine is adsorbed into the catalyst and
minor amounts can be oxidized during reaction, as confirmed by GC-MS
analysis of the reaction mixture (Figure S16). Other differences respect
to the PXRD of the fresh sample (See Figure S3) can be due to the use of
different measurement conditions.

Fig. 5A shows the comparative catalytic results for the different
phosphines, together with their chemical structure. Phosphines (9a-d)
were selected in order to cover a wide range of electronic and steric
properties, with different accepting-donating capabilities, parametrised
as the vibrational frequency of the carbonyl stretch of the corresponding
Ni(CO)s(phosphine) complex (from 2059 to 2069 em™Y), which corre-
lates to the phosphine lone pair charge density [39], as well as cone
angles ranging from 127° (1,3-bis(diphenylphosphino)propane, dppp
9¢) to 205° (2-dicyclohexylphosphino-2,6-dimethoxybiphenyl, SPhos
9d) [40,41].

The catalytic results show that the phosphine’s nature strongly in-
fluences the conversion of (1) and the product distribution of the reac-
tion. Fig. 5B shows that the conversion of (1) decreases as the phosphine
electronic density does, nearly linearly. Indeed, the catalytic result for a
totally different phosphine to those tested, i.e. secondary dicyclohexyl
phosphine (9e), fitted perfectly in that correlation (circled in green in
Fig. 5B). Fig. 5C tabulates the electronic parameters and the Tolman
cone angles for the phosphines (9a-e), and while a catalytic activity-
phosphine electronics relationship was found (Fig. 5B), the phosphine
sterics seems to be irrelevant for the conversion of (1), as indicated by
the correlation shown in Fig. 5D. Phosphine 9e was tested to check the
validity of this correlation and fitted well (green circle).

The use of a simulated KA oil mixture under phosphine (9a)-cata-
lysed conditions confirmed the catalytic activity in the KA oil mixture
(Figure S17) and, as occurred for the reaction without phosphines, the
presence of the base is necessary for the coupling reactions to proceed
(Figure S18). Remarkably, the Pd/C-PPh3 (9a) catalyst can be recovered

and reused without activity losses (Figure S19), and without the need of
adding any additional phosphine throughout the reuses (Figure S20).
These results indicate that the percentage of phosphine anchored to Pd/
C from the beginning is the one doing the catalysis throughout the re-
uses. The solvent-free catalytic system reported here is amenable to
being easily scaled up since Pd/C, KOH and phosphine (9a) are widely
available commercial chemicals, Pd/C can be reused, and water is the
only by-product of the reaction. Thus, a reaction at 10 times gram scale
was performed, and the results were similar to those obtained at lower
scales (Figure S21), thus confirming the easy scalability of the process.
These results support the potential use of the Pd/C-PPhs (9a) solid as a
truly recoverable and reusable catalyst for this reaction. We also tested
the complex Pd(PPh3), as a catalyst for the reaction, and while a high
conversion was observed, a plethora of products were found and any Pd
could not be recovered from the reaction. Thus, despite it is true that
some leached Pd could be acting during reaction, the advantage of our
system is that we can recover most of the Pd (and some phosphine, see
Figure S20) after reaction, and use the metal catalyst again. Notice that
the supporting of the phosphine on the Pd/C catalyst has been confirmed
by 3P solid state magic angle spinning nuclear magnetic resonance
(MAS NMR, Figure S22) [29], since the new 31p chemical shift value for
the solid catalyst is different and falls within the 3!P values for either
PPhjs (solid-state NMR) [42], Pd(PPhy)Cl, (solid-state NMR) [42], Pd
(PPh3)4 (in CDCl3) [43] or PPh30 (in CDCl3) [44].

Noble metals supported on carbon, including Pd/C, are able to ca-
talyse the hydrogenation reaction not only of alkenes but also of
carbonyl groups [4,45]. Thus, in principle, the obtained hydrocarbon
mixture constituted by (1), (1) and (5—8) could be further hydroge-
nated, in-situ, by simply setting an atmosphere of H; after the coupling
reactions, and continuing the reaction. Indeed, we were able to in-situ
hydrogenate the remaining alkene and carbonyl groups, after adding
additional Pd/C catalyst and setting 30 bars of Hy at 200 °C for 48 h, to
achieve a further Cg-Cig saturated hydrocarbon mixture mainly
composed by biscyclohexyl (53.7%), and free of aromatics and C-O ether
bonds (Figure S23). The overall process constitutes a potential route for
the synthesis of chemical mixtures compatible with a jet fuel composi-
tion [46].

A tentative reaction mechanism for the coupling of cyclohexanone
(1) and n-hexanol (3a) is shown in Fig. 6. The alcohol is transformed to
the corresponding aldehyde by a hydrogen-borrowing mechanism
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catalysed by the (phosphine) Pd/C catalyst, probably also assisted by the
catalytic base. Concomitantly, (1) is deprotonated by the base and the
alkoxide intermediate couples with the aldehyde to give (7a) after hy-
drogenation of the alkene. Parallelly, products (5) and (6) are formed by
the same reaction pathway but exclusively with (1). (1) and (1) are
interconverted during the process. Finally, product (8a) is formed by a
new hydrogen-borrowing /deprotonation reaction sequence either over
(6) or (7a). Notice that the (phosphine) Pd/C and KOH catalysts inter-
vene in at least 5 steps during the reaction and that the only by-product
is water, showcasing the catalytic process’s efficiency and sustainability.

The released hydrogen atoms, depicted as [Hy] in the proposed
mechanism, do not necessarily correspond to free Hy but more probably
to Pd-H species, ready to be transferred to the new products, which is
supported by the lack of reactivity of (5) when used as the starting
material (Figure S10). To confirm this point, product (6) was also used
as the starting material during the reaction and, in contrast to (5),
triggered the formation of products (8) (Figure S24). These results
strongly support the hydrogen-borrowing /deprotonation reaction
sequence proposed above.

4. Conclusions

Cyclohexanone (also KA oil) and bio-based alcohols react in the
presence of catalytic amounts of Pd/C and KOH to give hydrocarbon
mixtures of potential use as jet fuels. The process is solvent-free, gives
water as the only by-product, and the Pd/C catalyst is recovered and
reused. Phosphines can be used as ligands to modulate the hydrogen-
borrowing reaction and, thus, the final product distribution. The
resulting catalytic process can be considered as an efficient and sus-
tainable system to give an aromatic-free, zero net emission jet fuel,
potentially implementable at higher scales.
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