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Rhodium and palladium nanoparticles were generated within
an unconventional polymeric borate monolith by a mild flow
processes, and the resulting reactor used in the catalytic
liquid-phase hydrogenation reaction of unsaturated carbonyl
compounds under continuous flow, showing excellent
conversions, durability and selectivity.

Due to the considerable benefits in terms of purification, safety,
waste emission, automation, energy consumption and space-
heterogeneous  catalysis under
continuous flow is receiving increasing interest for use in
selective chemical processes,’ as these usually require
stoichiometric reagents, protective groups, additives, expensive
homogeneous catalysts or batch operations, causing severe
economic and environmental problems.? In particular, true
monolithic flow reactors® have shown to be extremely useful in
the fine-chemicals synthesis because of the improved mass and
heat transfer, lower pressure drop and uniform residence times
distribution, compared to conventional packed-bed setups.* A
limited number of inorganic® and polymeric® monoliths have
been successfully used as support for selective chemical
catalyst, including metal nanoparticles (MNP). Despite the
simpler manufacture technology of polymeric monoliths,’
issues have still to be solved concerning chemical stability,
shrinking phenomena, limited porosity and catalyst
deactivation, which adversely affect their performance as
support materials.® Recently, we described the synthesis of
PANP immobilized onto a cation-exchange borate, macroporous
resin monolith and their use in the catalytic semi-hydrogenation
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Fig. 1 Sketch of the composition (left) and optical camera image (right) of
M@MonoBor (M = Pd, Rh).

reaction of substituted alkynes under continuous flow.*'°

Herein we report on the mild, flow immobilization of RhNP
onto MonoBor and the application of M@MonoBor (M = Pd,
Rh, Fig. 1) to the selective, catalytic hydrogenation reaction of
unsaturated carbonyl compounds flow
conditions.

under continuous

Following the approach we developed for the sustainable
synthesis of ion-exchange resin-supported MNP,'"'? which
avoids use of toxic reagents, harsh conditions or sophisticated
equipments,”> RANP were generated in one-pot within
MonoBor by flowing a solution of [Rh(NBD),]|BF, through a
preformed monolith encased in a commercial glass column (3.0
i.d. x 25 mm length, 3 h @ 0.5 ml min™!, rt,), followed by
reduction under a stream of H, (1.5 bar, 2 ml min’, 3 h, rt). The
as-prepared grey monolith Rh@MonoBor (0.82% w/w Rh
loading, ICP-OES) was directly subsequent
hydrogenation reactions under continuous flow, with no need of

used in

further treatments. TEM analysis revealed the presence of
embedded RhNP of 3.9 + 1.0 nm diameter (Fig. 2),"* while
EDS measurements showed the uniform radial and longitudinal
distribution of the metal within the support, as illustrated in
Fig. 3 in which carbon, sodium and Rh X-ray maps are
reported for comparison. To the best of our knowledge this is
the first example of monolith-embedded RhNP.'>'®
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Fig. 2 Representative TEM
Rr@MonoBor catalyst.

image (right) and RhNPs size distribution (left) of

Fig. 3 From the left: EDS carbon (C Ka1), sodium (Na Ka1) and Rh (Rh La1) X-
ray emission maps and ESEM image (secondary electrons) of a quadrant of a
radial section of Rh@MonoBor monolith (25 keV, 70 magnifications).

The hydrogenation reaction of cyclohexene (1) was first
used to evaluate the activity and the resistance of the novel
Rh@MonoBor monolith catalyst, using an home-made reactor
system allowing for concurrent flows of substrate solution and
H, gas. Excellent conversions under very mild conditions (ca. 1
bar H, and rt, WSVH 4.2 - 6.8 h™') were observed, while the
catalyst retained > 98% of its starting activity after 7 h time-on-
stream (Fig. 4). A productivity of 9.9 mol;, gr,' h',
corresponding to 1020 h™! TOF and 1.1 kg I'' h'' STY, was
estimated at 98% conversion on these basis (Table 1)."”
Conversion could be easily adjusted to 100 %, either by
decreasing the solution flow rate (i.e. by increasing the
residence time t) or by increasing the hydrogen flow rate (i.e.
by increasing the H, / substrate molar ratio), while selectivity to

100
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70
60
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Time-on-stream (h)

Fig. 4 Continuous flow hydrogenation of 1 over Rh@MonoBor catalyst (29 mg,
0.82% w/w Rh, 0.1 M methanol solution 0.40 ml min'1, H, 1.95 ml min'1, 1.8 bar, rt,
reactor volume 176 pl). Start time: attainment of steady state conditions (ca. 1 h).

cyclohexane (1a) was maintained above 99.9%. In no case
rhodium leached in solution was detected by ICP-OES. The
above results can be attributed to the strategic combination of
strong metal anchoring on the non-coordinating support,'®'
with the low pressure drop generated by the macroporous, rigid
structure of the monolith.”'® Deactivation of ion-exchange
resins-supported MNP catalysts was previously attributed to the
loss of active species, to unfavourable interactions with the
exchange groups, to the chemical degradation of the polymer
under catalytic conditions and to the sintering of MNP,'' that
can be reasonably ruled out in our case.”'

We then investigated the hydrogenation of the carbonyl
sketched in Scheme 1, under similar flow
using both Rh@MonoBor and Pd@MonoBor
catalysts. Various combination of H, and solution flow rates

compounds
conditions,

were used to evaluate the effect of the residence time and the
H, / substrate ratio on the processes conversion and selectivity.
As general trend, the catalysts showed high activity and
selectivity to C=C bond hydrogenation, with slight selectivity
decrease upon increasing conversion, as expected for similar
Selected, best
conversion and selectivity are reported in Table

results between

117

systems.? compromise

Thus, the hydrogenation of trans-4-phenyl-3-buten-2-one (2)

Table 1 Representative data for continuous flow hydrogenation reactions by M@MonoBor monolithic catalyst.

Reaction conditions “ Selectivity
Substrate Catalyst Solution H —  H,/Sub. Conversion® Productivity’ o/ g
M Flow r_at_? T’ Flow r_at_? Pressure® o0 (%) (molyog gy h) Prod. (%)
(mlmin™) (s) (mlmin™) (bar)
1 cyclohexene Rh 0.40 26 1.95 1.8 3.6 98.1£1.0 9.9 la  100.0
2 trans-4-phenyl-3-buten-2-one *  Rh 0.05 211 0.29 1.2 5.7 974+09 0.6 2a 944
Pd 0.05 211 0.25 14 5.7 100 0.8 2a  94.6
Pd 0.10 106 0.47 1.5 5.7 99.5+0.1 1.6 2a  96.0
3 isophorone’ Rh 0.20 53 0.90 14 8.2 91.4+0.6 1.4 3a 963
Pd 0.05 211 3.60 1.3 124 91.9+1.0 0.4 3a  100.0
4 (R)-carvone’ Rh 0.18 59 0.43 1.2 11.9 92.0+£0.8 0.4 4a 77.6
Rh 0.10 106 1.00 1.2 49 100 0.3 4b 857
Pd 0.18 59 0.43 1.2 11.9 100 0.6 4b 67.1
5 (R)-citronellal’ Rh 0.03 352 3.50 1.3 594 57.0+£0.4 0.1 5a  100.0
Pd 0.03 352 0.25 1.1 38 95.5+0.9 0.1 5a  99.0

“ Methanol solution 0.1 M, room temperature. Dry catalyst 29 mg, 0.82 % (w/w)

Rh, 0.67 % (w/w) Pd. Reactor volume 176 pl. * T = residence time. © Pressure

measured at the reactor inlet. ¢ Hydrogen to substrate molar ratio. © Data from GC analysis. Start time: attainment of steady state conditions, ca. 1h. Average
value over 7 h time-on-stream.” Calculated from conversion average value. ¢ For example, 2a selectivity = 2a/(2a+2b)." 0.05 M. 1 0.03 M. ' 0.01 M.
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Scheme 1 Sketch of the substrates investigated and products detected.

was accomplished with 94% selectivity to 4-phenyl-butan-2-one
(2a) at 97% conversion using the Rh@MonoBor catalyst (t 211
s, Hy/sub. ratio 5.7), corresponding to 0.6 mol gg,' h'
productivity. The Pd@MonoBor catalyst showed a better
performance, providing similar selectivity at 100% conversion
under the same flow conditions, and 96% selectivity at 99.5%
conversion under optimized conditions (t 106 s, H,/sub. ratio
h™' productivity. The
relevant selectivity/conversion diagrams, obtained by varying

5.7), which corresponds to 1.6 mol gpq"

the H, or the solution flow rates, are reported in Fig. 5. The
only by-product detected was 4-phenyl-butan-2-ol (2b). This
represents the best result so far reported for the catalytic
hydrogenation reaction of 2 under continuous flow. The flow
hydrogenation of 2 to 2a was previously reported in 95%
72% monolith
Results comparable with those reported in the present

selectivity at conversion using Pd@TiO,
catalyst.*®
paper were only obtained under batch conditions using Pd@SiO,
(70 °C, 1 bar H,).?

Similarly, the important fine-chemical dihydroisophorone
(32)** was obtained by the hydrogenation of isophorone (3)
over Rh@MonoBor in 96.3% selectivity at 91.4% conversion,
with traces of 3b and 3¢ (7 53 s). Pd@MonoBor was less active
but more selective, requiring longer times (t 211 s) to provide
100 % 3a at the same conversion level. Previously reported
flow hydrogenation of 3 using the comparable ion-exchange
supported catalyst Pd@Dowex gave 3a in 74.8% sel. at 84.6%
conversion.”> Full conversion to 3a was reported using
5%Pd@Deloxan in scCO, flow at 120 bar and 120 - 200 °C,
however.?® Poisoning of metal catalysts in the hydrogenation of 3
due to formation of oligomers has been described.?’

The hydrogenation of (R)-(-)-carvone 4 over Rh@MonoBor
was particularly intriguing, as it showed that careful tuning of the
flow rates may drive the reaction to different partial hydrogenation
products. Thus, use “soft” hydrogenation conditions (t 59 s, Hy/sub

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 Continuous-flow hydrogenations of 2 over Pd@MonoBor catalyst (29 mg,
0.67% Pd w/w, rt, methanol, reactor volume 176 pl). Left: conversion and
selectivity as a function of residence time 1 (solution flow rate 0.05-0.15 ml min
1) at fixed Ha:substrate ratio 5.7. Right: selectivity/conversion diagram at: @ fixed
Ha/substrate ratio = 5.7 and residence time 70-106 s , O fixed residence time
106 s and Hy/substrate ratio range 3.4-5.7 (H flow rate 0.30-0.47 ml min-1).
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Fig. 6 Continuous-flow hydrogenation of 4 over Rh@MonoBor under fixed
residence time 106 s and Hy/substrate ratio range 12-49 (H; flow rate 0.25-1.00
ml min™", catalyst 29 mg, 0.82% Rh w/w, rt, methanol, reactor volume 176 pl).
Conversion above 98.5% in any case.

ratio 12) led to the preferential formation of carvotanacetone (4a)
in 77.6% selectivity at 92%
overhydrogenation conditions (t 106 s, H,/sub. ratio 49) resulted in

conversion, whereas adoption of

the production of cis-carvomenthone (4b) in > 90% selectivity at
full conversion. Fig. 6 shows the yield dependence of 4a and 4b
from the H, / substrate ratio in the range 12-49, at fixed T 106 s.
Interestingly, no C=0 nor selective C=C ring bond hydrogenation
products were whatsoever observed under the above conditions.
Pd@MonoBor
considerable amount (ca. 23%) of carvacrol dehydrogenation by-

was less selective, invariably resulting in
product, in addition to 4a and 4b.”® Best selectivity results reported
for the catalytic flow hydrogenation of 4 gave 4a in 20% and 4b in
80% yield, respectively, using Rh@Al,O5 in scCO,.”’

The tough substrate (R)-(+)-citronellal was quite resistant to
hydrogenation, requiring long residence times (t > 300 s) to
achieve ca. 60% and 95% conversion over Rh and Pd@MonoBor,
respectively. However, despite the large number of potentially
obtainable products (due to competitive acetalisation, cyclization,
isomerisation and hydrogenation reactions) the only product
detected (R)-3,7-dimethyloctanal 5a to partial

hydrogenation, with unprecedented > 99% selectivity. Previous

was due

examples of catalytic flow hydrogenation of 5 resulted in mixtures

of isopulegol and citronellol, or gave Sa in ca. 80% sel. at ca. 60%
conversion, with fast catalyst deactivation, however.*

| J. Name, 2014, 00, 1-3 | 3
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Differences observed in the activity and selectivity of the
Rh and Pd-catalyzed reactions are difficult to explain. Previous
studies invoked a different adsorption mechanism on the metal
surface.”” MNP size may play a role, although the lack of direct
connection between size and shape of RhNP and their catalytic
activity was demonstrated.®!

In conclusion, we have shown that borate monoliths may act
as efficient support materials for Rh and PANP catalysts under
very mild conditions, namely room temperature and 1-2 bar H,,
in both preparation and use.'>** Compared to known systems,
the catalysts offer reproducible, superior performances in the
continuous flow, selective hydrogenation reactions of unsaturated
carbonyl compounds, in terms of energy consumption, durability
and selectivity at full conversion. Hydrogenation of challenging
substrates derived from natural terpenoids was possible, to give
important fine-chemicals, e.g. the polymer intermediate 3a, the
antimicrobial agent carvacrol,* the fungicide 4a.**
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