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A novel palladium nanoparticles (NPs)-metalated porous organic
ligand (Pd NPs/POL-xantphos) has been prepared for
chemoselective decarbonylation of aldehydes. The heterogenous
catalyst not only has excellent catalytic activity and
chemoselectivity, but also hold high activity after 10 runs of reuse.
The effective usage of this method is demonstrated through the
synthesis of biofuels such as furfuryl alcohol (FFA) via the highly
chemoselective decarbonylation of biomass-derived 5-hydroxy-
methylfurfural (HMF) with a TON up to 1540. More importantly, 9-
fluorenone could be obtained in one step through the
decarbonylation of 2-bromobenzaldehyde by using this
heterogeneous catalyst.

It is imperative to search for new sources of both trans-
portation fuels and bulk chemicals due to the increasing
environmental concerns and urgent shortages of fossil
resources.’ Biomass-derived sugars are wonderful substitutes
for fossil resources due to their structural diversity and
abundance.’ Current strategies for the implementation of
biofuels from biomass-derived sugars are mostly directed to
the fermentation of cellulose into bioalcohols or the
conversion of biomass-derived sugars into synthesis gas with
the subsequent formation of synthetic fuels by a Fischer—
Tropsch process.3 As we all know, biomass-derived sugars are
significantly more oxygen rich than those frequently-used
chemicals and fuels. Thus, the chemoselective deoxygenation
of saccharides is central for the valid utilization of biomass-
derived carbohydrate feedstocks. At present, this goal is
mainly achieved by dehydration and decarbonylation/dec-
arboxylation.4
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Scheme 1. Synthesis of POL-xantphos and corresponding Pd nanocatalyst.

Furan derivatives are accessible from furfurals which have
already been produced on an industrial scale from biomass-
derived pentose.5 For example, 5-hydroxymethylfurfural (HMF)
which was obtained through selective dehydration from
hexoses or even cellulose® can further transform into value-
added furan derivatives such as furfuryl alcohol (FFA) through
the decarbonylation by removing a CO moiety. Decarbonyl-
ation of HMF was first reported by Lillwitz, which suffered
from low chemoselectivity or needed a stoichiometric amount
of metal catalysts.7 To overcome the shortcomings, a series of
methods have been developed for effective decarbonylation of
HME.2 However, high metal Ioading,8b high pressure in
supercritical COZ,8a low chemoselectivity,gc’Sf or molecular
sieves were needed.®®®® According to previous studies,
compared with homogeneous catalysts, their heterogeneous
counterparts with immobilized metals on high surface solids
could be more effective and chemoselective.’ Thus we intend
to use heterogeneous catalysts to improve the reactivity and
chemoselectivity of the decarbonylation of HMF.

Porous organic ligands (POLs), a new kind of porous organic
polymer (POP) material, which can be synthesized through
free-radical polymerization routes from the corresponding
vinylfunctionalized diphosphine monomers by using AIBN
initiator under solvothermal conditions.'®™? Compared with
other supports, POLs have attracted attention from many
chemists due to their high surface area, large pore volume,
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hierarchical porosity, superior stability, high efficiency, and
excellent selectivity. More importantly, they have been used
not only as a solid support but also a ligand for various metal
catalysts.11 The POLs also can swell in different solvents, and
the structure of those swollen polymers could be described as
solution. The “quasi-homogeneous” character of Metal/POLs
makes them have better catalytic activity than the “real
homogeneous” catalysts.12b For example, a series of
phosphorus-doped porous organic polymers were used as
recyclable catalysts in hydroformyl-ation, isonitrile insertion,
and hydrogenation reactions by our group and others.uHerein,
we report a new Pd NPs-metalated porous organic ligand (Pd
NPs/POL-xantphos)13 as recyclable catalysts for the
chemoselective decarbonylation of aldehydes.

The new type of porous organic polymer (POL-xantphos)
was designed and synthesized by free-radical polymerization
reaction using the corresponding vinylfunctionalized
diphosphine monomer. After Pd(OAc), loading and H,
reduction, the POL-xantphos could be turned into palladium
nanocatalyst Pd NPs/POL-xantphos (Scheme 1). To study the
structure—reactivity relationship, the prepared POL-xantphos
and Pd NPs/POL-xantphos were fully characterized.
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Figure 1. a) Pore size distribution curves, b) N2 adsorption-desorption
isotherms, ¢) TG curve of POL-xantphos, d) SEM image of POL-xantphos.

In the *'P NMR spectrum of fresh Pd NPs/POL-xantphos, the
peak at 28.42 ppm can be ascribed to the palladium
coordinate with P atom (Supporting Information, Figure S8),
and the coordination of Pd nanoparticle with POL-xantphos is
further confirmed by XPS (Figure S7). TG curve of POL-
xantphos shows that the polymer remains intact at
temperatures up to 450 °C (Figure 1c). The nitrogen
adsorption-desorption analysis (Figure 1b) demonstrates that
POL-xantphos and Pd NPs/POL-xantphos have hierarchical
porosity, high surface area and large pore volume, which is
further confirmed by TEM and SEM images (Figure S2-S6 and
Figure 1d). Base on nonlocal density functional theory (NLDFT),
the pore sizes of POL-xantphos and Pd NPs/POL-xantphos were
primarily distributed between 0.7nm and 3 nm (Figure 1a). The
X-ray diffraction (XRD) shows POL-xantphos and Pd/POL-
xantphos are amorphous, XRD of fresh Pd/POL-xantphos
shows a peak at about 40 theta, indicating the appearance of
Pd NPs. XRD of used Pd/POL-xantphos demonstrates almost
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the same curve as fresh Pd/POL-xantphos, which can be
ascribed the stability of Pd NPs in the polymer supported
catalysts (Figure S9). These structural characteristics are very
desirable for substrate-catalyst interactions. And the ICP-AES
shows that palladium loading is 4.81 wt%.

Table 1. Optimization of the reaction conditions.’

Catalyst

OH OH o
o o Ligand i
/\E/%CHO K;COs3 o} o} o} o
1,4-dioxane W) | ) W, M
140 1b 1c 1d

1a C, 6 h, air te

Entry Catalyst Ligand 1b 1c 1d le
1 Pd(PPhs), / 18 23 <1 <l
2 Pd(OAc), PPh, 34 31 6 <1
3 Pd(OAc), dppm 26 33 10 5
4 Pd(OAc), dppe 33 26 4 <l
5 Pd(OAc), dppb 30 25 9 7
6 Pd(OAc), xantphos 39 27 12 14
7 Pd NPs/POL-PPh;™ / 62 18 <1 <l
8 Pd NPs/POL-xantphos™  / 93 2 <1 <l
9 Pd/C! / 2 <1 <1 <

“Reaction conditions: HMF 1a (0.5 mmol), K,COs (0.5 mmol), homogeneous
catalyst (5 mol%), ligand (12 mol%), 1,4-dioxane (1.5 mL), 140 °C, 6 h, under air
atmosphere, GC yield. *Heterogeneous catalyst (2 mol%). “Different Pd/C were
tested (See Table S1 in supporting information).

Due to the significance of decarbonylation of 5-hydroxymet-
hylfurfural (HMF) in developing sustainable energy, this
reaction was chosen to investigate the reactivity of the Pd
NPs/POL-xantphos (Table 1). And the reaction conditions were
carefully screened and results were depicted in Table 1. When
the reaction was treated with 5 mol% Pd(PPh;), in 1,4-dioxane
at 140 °C, the target product furfuryl alcohol (FFA) was
obtained with a yield of 18% (Table 1, entry 1). Then, ligands
were chosen to improve the chemoselectivity of this reaction.
Pd(OAc),/xantphos was identified as the optimal homogen-
eous catalytic system for the reaction, increasing the yield of
FFA to 39% with poor chemoselectivity (Table 1, entries 2-6).
In order to further increase the yield of FFA, drawing on the
experience from preceding studies on metalated porous
organic Iigands,12 we synthesized two heterogeneous catalysts,
3 which were used for the decarbonylation of HFM. The yield
of FFA was amazingly improved to 93% with excellent
chemoselectivity when we used Pd NPs/POL-xantphos (2
mol%) as a catalyst (Table 1, entry 7-8). In the meantime, we
chose the commercial catalyst Pd/C as a comparison, but the
yield of FFA catalysed by Pd/C was only 40% after 6 hours of
reaction (Table 1, entry 9). With this, the optimal conditions to
the decarbonylation of HFM were Pd NPs/POL-xantphos (2
mol%) as a catalyst in 1,4-dioxane with K,CO;(1 eq.) at 140 °C
under air atmosphere (Table 1, entry 8).

The reusability is another significant characteristic of the
heterogeneous catalyst. We repeated the decarbonylation of
HMF with Pd NPs/POL-xantphos (Figure 2a) up to 10 times.
After each run, the nanocatalyst was recovered by vacuum
evaporation and washed sequentially with ethyl acetate, water,
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and acetone. We were surprised to find that the nanocatalyst
could be used for at least 10 runs without losing any catalytic
activity. TEM images show Pd NPs were formed with no nota-
ble aggregation after the 10th run (Figure 2b and Figure 2c).
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Figure 2. a) Recycling studies of Pd NPs/POL-xantphos for the decarbonylation of
HMF, b) TEM image of fresh Pd NPs/POL-xantphos, c¢) TEM image of used Pd
NPs/POL-xantphos.

In order to study the industrial application of this catalyst,
we reduced the amount of heterogeneous catalyst to 0.05
mol%. The decarbonylation of 3.78 g of HMF produced the
corresponding product FFA with a yield of 77% and the TON up
to 1540 (Scheme 2).

HOT QP PdiPOLxantphos 2moie,  HO™ 70
W K,CO3 (0.5 equiv) /

1,4-dioxane, 140 °C, 60 h

HMF FFA
30 mmol yield: 77%
3.78¢ 2.26 g. TON up to 1540

Scheme 2. Industrial studies of Pd NPs/POL-xantphos for the decarbony-
lation of HMF.

To expand the scope of application of this catalytic system,
we examined the decarbonylation of other aldehydes. The
aldehydes bearing various aromatic substituents reacted
successfully. The electron-donating and electron-accepting
groups (R1 = 4-NMe,, 4-t-Bu, 4-NO,, 4-CN, 4-OMe, 4-COMe, 4-
COOH, 4-Ph, 3-Ph, 2-Ph, 4-vinyl, 4-acetylene) on the benzene
ring of the benzaldehyde all reacted smoothly (Table 2, entries
1-12). Ketonic carbonyl and carboxyl groups did not undergo
decarbonylation under this condition, indicating the
nanocatalyst has high chemoselectivity (Table 2, entries 6-7).
Due to the steric effect, probably, the yield of 3j was much
lower (Table 2, entry 10). Two molecules of CO can also be
successfully removed from the [1,1'-biphenyl]-4,4'-dicarbal-
dehyde with two formyl groups to give the decarbonylated
product 3m (Table 2, entry 13). And fused-ring aryl aldehydes
such as naphthaldehydes (2n), 9-anthraldehyde (20) and
pyrene-1-aldehyde (2p) have all reacted smoothly in removing
one molecule of CO to give the decarbonylated products with
good vyields (Table 2, entries 14-16). Various five and six
membered nitrogen-containing heterocyclic compounds (2q-2t)
afforded the products (3q-3t) with good to satisfactory yields

This journal is © The Royal Society of Chemistry 20xx

Table 2. The decarbonylation of aldehydes.’

Pd/POL-xantphos

R—CHO R-H
2 3

Entry Aldehyde Prouduct Yield
1 R'= 4—NMe,, 2a R'= 4—NMe,, 3a 87%
2 4—t-Bu, 2b 4—t-Bu, 3b 81%
3 4-NO,, 2¢ 4-NO,, 3¢ 78%
4 4-CN, 2d 4—CN, 3d 76%
5 4-OMe, 2e 4-OMe, 3e 92%
6 4—COOH, 2f 4—-COOH, 3f 83%

~~CHO ~H
7 R1©/ 4-COMe, 29 piff 4-COMe, 3g 71%
i i

8 Z 4—Ph, 2h & 4—Ph, 3h 97%b
9 3—Ph, 2i 3—Ph, 3i 91%”
10 2—Ph 2j 2—Ph 3j 37%"

Xx-CHO

2k K 90%, 61%°

o
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86%

z
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91%
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I
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o
I
[9)

24
N

N
Ij(ﬁ

g

(o)
I
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21 73%

o o
22 UCHO 2v UH 3v 99%

CHO H
23 51%, 39%°
2w 3w

“Reaction conditions: aldehydes 2 (0.5 mmol), cyclohexane (2 mL), K,CO;
(0.5 mmol), Pd NPs/POL-xantphos (25 mg, 2 mol% Pd), 150 °C, 8 h, GC yield.
b1,4-Dioxane (1.5 mL) as solvent, t-BuOK (0.5 mmol) as base. ‘Solvent free.

(Table 2, entries 17-20). Furan or benzothiophene derivatives
can also be decarbonylated smoothly by this method (Table 2,
entries 21-22). The long chain alkyl aldehydes (2w) did not get
a satisfactory yield, maybe because of the influence of B-H
eliminating (Table 2, entries 23). Interestingly, several liquid
starting materials can also react without the involvement of
solvents to give the decarbonyla-ted products (Table 2, entry
11 and entry 23).
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Pd/POLoxantphos (2 mol%) 1
K2CO; (1 equiv) '
1.4-dioxane, 140 °C, 8 h ™
4a 4b,72%

Pd/POL-xantphos (2 mol%) CHO O CHO
KOy (feu) o
1,4-dioxane, 140 °C O O O
OHC
4d o
4t

e

Time 4d 40

6h 6% 19% 73%
12h 22% 51% 17%
48h 68% 1%< 1%<

1) Pd/POL-xantphos (2 mol%)

o

o K;CO; (1 equiv)

Sl Ol e
2)140°C,4h

49 4h, 75%

Scheme 3. The applications of Pd NPs/POL-xantphos in decarbonylation of 4-
halobenzaldehydes.

Moreover, some special substrates could be converted into
interesting products using this nanocatalyst. For example,
when we used 4-halobenzaldehydes as the raw materials, fluo-
robenzaldehyde 4a can be decarbonylated to fluorobenzene
4b (Scheme 3, eq 1). But when we used 4-bromobenzaldehyde
4c as the substrate, we found that [1,1'-biphenyl]-4,4'-
dicarbaldehyde 4f, [1,1'-biphenyl]-4-carbaldehyde 4e, and
biphenyl 4d can be obtained. And the yields of the products
were dependent on the reaction time (Scheme 3, eq 2).
Another interesting finding is that the amount of produced 9-
fluorenone 4h was more than that of decarbonylated product
when we used 2-bromobenzaldehyde 4g as a substrate in
standard conditions in one step (Scheme 3, eq 3). And this is
the first time that 9-fluorenone 4h was synthesized through
the Pd-catalyzed dimerization of 2-bromobenzaldehyde.

In summary, we have developed a highly chemoselective
and efficient method for decarbonylation of aldehydes with a
novel recyclable and highly stable heterogeneous
nanocatalyst. To study their structure-reactivity relationships,
the prepared POL-xantphos and Pd NPs/POL-xantphos were
fully character-rized. TEM images show that the Pd NPs are
highly discretely distributed in this porous polymer, which
results in the high activity of this nanocatalyst. More
importantly, this nanocatalyst can be reused in the
decarbonylation of HMF, which makes upgrading of this
significant biomass into biofuels possible for industrial
application.
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