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Microwave-assisted Decarbonylation of Biomass-derived 
Aldehydes using Pd-doped Hydrotalcites 
Nan Ana, Diana Ainembabazia, Christopher Reida, Kavya Samudralaa, Karen Wilsonb 

Adam F. Leeb, Adelina Voutchkova-Kostala 

Abstract: Catalytic decarbonylation is an underexplored strategy 
for deoxygenation of biomass-derived aldehydes due to a lack of 
lowcost and robust heterogeneous catalysts able to operate in 
benign solvents. A family of Pd functionalized hydrotalcites (Pd-
HTs) were synthesized, characterized, and applied to the 
decarbonylation of furfural, HMF, and aromatic and aliphatic 
aldehydes under microwave conditions. This catalytic system 
delivered enhanced decarbonylation yields and turnover 
frequencies, even at a low Pd loading (0.5 mol%). Furfural 
decarbonylation was optimized in a benign solvent (ethanol) 
compatible with biomass processing; HMF selectively affords 
excellent yields (93 %) of furfuryl alcohol without humin formation, 
however longer reaction favors furan via tandem alcohol 
dehydrogenation and decarbonylation. Yields of substituted 
benzaldehydes (37 - 99 %) were proportional to the calculated 
Mulliken charge of the carbonyl carbon. Activity and selectivity 
reflect loading-dependent Pd speciation. Continuous flow testing 
of the best Pd-HT catalyst delivered good stability over 16h on 
stream, with near-quantitative conversion of HMF. 

Introduction 

Replacement of fossil fuel feedstocks for chemical and fuel 
production with alternative oxygenated biomass-derived sources 
requires the development of efficient methods for 
deoxygenation.[1] In recent decades, catalytic aldehyde 
decarbonylation has attracted significant interest as an effective 
method for the deoxygenation of organic compounds.[2] 
Decarbonylation provides a hydrogen-free alternative to 
hydrogenolysis in upgrading the octane and energy density of 
potential biofuels.[3] The decarbonylation of biomass-derived 
aldehydes, such as furfural and 5-hydroxymethylfurfural (HMF), 
also offers atom and energy efficient routes to valuable platform 
chemicals, such as furan and furfuryl alcohol (FFA) (Scheme 1).[4] 
However, HMF is a challenging substrate for decarbonylation due 
to its propensity to form oligomers and poorly defined polymers 
(humins) at elevated reaction temperatures in polar solvents.  

There are only a handful of examples of catalytic 
decarbonylation using either homogeneous or heterogeneous 
catalysts. Homogeneous decarbonylation catalysts are primarily 
based on Rh,[5]  Ru,[6] Ir,[7] and Pd[8] complexes. Although 

some operate under relatively mild conditions, most require high 
catalyst loading 

 

Scheme 1. Decarbonylation strategy for converting lignocellulose to platform 
chemicals HMF, furfural, furfuryl alcohol and furan. 
 
(from 0.5 mol% for Ir[9] to 16 mol% for heptanal decarbonylation 
over Pd).[8a] In a recent example, Hu et al reported the tandem 
dehydration-decarbonylation of fructose using a Lewis acid for 
dehydration (aluminum chloride) and palladium acetate for 
decarbonylation, but required 11 mol% Pd to achieve full 
conversion with a turnover frequency (TOF) of only ~3 h-1.[10] 
Heterogeneous catalysts reported for HMF and furfural 
decarbonylation are all Pd-derived (Scheme 2), but require 
significant improvements in efficiency (TOF range from 1–26 h-1)  
and robustness.  

 

 
 

Scheme 2. Heterogeneously catalyzed HMF decarbonylation. 

The earliest example, a commercial Pd/charcoal catalyst, was 
active for furfural decarbonylation at 170 °C; however, activity was 
strongly dependent on the type of charcoal and also sensitive to 
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trace acid.[4, 11] Silica supported Pd catalysts (Pd/SBA-15 and 
Pd/fibrous silica)[12] were also reported for HMF decarbonylation 
employing 1 wt% and 5 mol% Pd respectively; however, further 
catalyst optimization was not achieved (Scheme 2). In contrast, 
Li et al showed that doping Pd/alumina with alkali earth metals 
tuned both Pd dispersion and charge density, and in turn 
decarbonylation activity.[13]  

The above literature precedents suggest that potential 
improvements to catalytic activity may arise from the use of 
basic[4] and tunable supports[13] that afford high metal dispersion. 
Given our prior work on a class of palladium catalysts 
incorporating tunable hydrotalcite (HT) solid bases,[14] we sought 
to explore whether these may offer advantageous activity and 
selectivity for the decarbonylation of biomass-derived and 
synthetic aldehydes. HTs are a subset of layered double 
hydroxides (LDHs) composed of metal hydroxide sheets 
sandwiched by weakly bound anions and water.[15] Naturally 
occurring HT consists of Mg2+ and Al3+ hydroxides in the cationic 
layer and carbonate anions in the interlayers, but synthetic 
analogs can be prepared by isomorphically substituting Mg2+ and 
Al3+ ions in the metal hydroxide sheets for isovalent metal ions 
with compatible ionic radii. Such substitution is important in two 
ways: first, it allows modulation of the surface acid/base,[16] 
redox,[17] and catalytic properties[18] of HTs with minimal impact 
on morphology;[19] and second, it facilitates the stabilization of 
highly dispersed metal ions in the HT matrix. Thus, HT-supported 
catalysts could serve as a useful platform for stabilizing dispersed 
catalytic species on supports possessing tunable electronic 
properties. We recently developed a highly reproducible synthesis 
route to Pd functionalized hydrotalcites (Pd-HTs) using co-
precipitation under continuous flow.[20] These Pd-HTs have 
characteristics distinct from similar HT supported species 
obtained via post-synthetic deposition.[21] Herein, we describe the 
high activity of Pd-HTs synthesized in flow for selective aldehyde 
decarbonylation under microwave and conventional conditions, 
using low catalyst loadings and short reaction times, wherein 
activity and selectivity can be readily optimized. Microwave 
heating is advantageous in chemical synthesis[22] and biomass 
processing[23] due to direct reactant heating as compared to slow 
conductive and convective heat transfer by conventional heating. 
This catalytic system does not require a promoter, soluble base, 
or the exclusion of air or water, and provides a notable reduction 
in the precious metal loading and environmental impact compared 
to the state-of-the-art (Scheme 2). 

Results and Discussion 

Characterization of Pd-HTs 
Pd-HTs were synthesized using a meso-scale continuous flow 
method previously described[14, 24] (Figure S1), which yields 
materials with reproducible elemental composition, surface area, 
and acid-base properties. Four Pd-HT catalysts (A, B, C and D) 
were synthesized with nominal loadings of 5, 1, 0.5 and 0.1 mol% 
Pd by varying the metal precursor concentrations (Table S1). A 
fifth pure HT (E) was synthesized as a control by the same 
method. Elemental analysis by ICP-AES showed that the actual 
metal compositions were within 0.8 % of the nominal values 
(Table S2). Increasing the Pd loading from 0 to 4.7 mol% only 
induced a small (but systematic) decrease in the Mg:Al ratio from 
3.0 to 2.84 (Table S2).  

Powder X-ray diffraction (XRD) patterns of the five HTs all 
evidenced a single hydrotalcite phase, with no detectable 
crystalline Pd or PdO phases (Figure 1). The lack of crystalline 
Pd phases, even at 5 mol% loading, suggests that palladium is 
highly dispersed, either as low nuclearity species or particles with 
sub-2 nm dimensions. The (003), (006), (009) reflections of the 

HT are sensitive to the interlayer spacing, while the (110) and 
(113) reflections are related to the average metal-metal distance 
within the metal cation layers. Consistent a and c parameters 
(Table S2 for crystallographic parameters) for all the HTs 
suggests that Pd functionalization had negligible impact on the 
underlying support structure; crystallite sizes determined by the 
Scherrer equation were also consistent across all samples (10.5 
± 0.2 STD). BET surface areas and pore volumes determined by 
nitrogen porosimetry increased systematically with decreasing Pd 
loading from 53 m2/g to 148 m2/g, attributed to partial blockage of 
micropore entrances to the interlayer spaces for higher loadings. 
FT-IR spectra were also indicative of a hydrotalcite phase, 
showing the expected stretches associated with interlayer 
carbonate anions (νC=O 1350 - 1370 cm-1) and water (νH-O-H 
bending at 1400~1700 cm-1) (Figure S2). The only feature that 
changed with increasing Pd loading was the intensity of the νPd-O 
at 500 cm-1. We recently reported that increasing the Pd content 
of Pd-HTs results in decreased basicity and increased acidity, 
suggesting that Pd species may associate with surface hydroxyls 
and introduce Lewis acidic Pdd+ species,[25] and decreased 
thermal stability, possibly associated with greater structural 
disorder.

 
Figure 1. Powder XRD patterns of Pd-HT catalysts (A – D) and parent HT (E). 

 
Pd surface speciation was investigated by X-ray 

photoelectron spectroscopy (XPS) (Figure 2 and Table S3). No 
Pd signal was detectable for the 0.1% Pd-HT (D) sample due to 
the low metal content. Catalysts A, B, and C exhibited two 
common Pd chemical environments, one with a 3d5/2 binding 
energy of 335.4 eV characteristic of Pd0 metal[26] and the second 
with a 3d5/2 binding energy of 336.8 eV characteristic of Pd2+ in 
PdO.27,[14] A third chemical environment with a higher binding 
energy of 338.0 eV was also observed for C (0.5% Pd-HT) and is 
attributed to Pd4+, although it is important to note that both initial[27] 
and final[28] state effects can also increase the binding energy of 
small metal clusters over conductive and insulating supports. The 
presence of multiple Pd species is unsurprising, given that HTs 
offer both framework and surface coordination environments. 
Highly oxidized (and dispersed) Pd species are not observed 
when functionalization is performed by post-synthetic 
immobilization of HTs or calcined HTs (mixed metal oxides), 
which favor nanoparticulate Pd (either as metal[21a, 21b] or oxide[21e]). 
The distribution of Pd surface species (Figure 2b) reveals a 
significant decrease in the proportion of Pd4+, and concomitant 
rise in Pd2+, with increasing loading. In contrast, the 
corresponding Pd0 concentration shows only a small variance 
with Pd loading; this  likely reflects the presence of an 
approximately constant proportion of (large) metallic 
nanoparticles, although this variation is also consistent with a 
growth mode reported by Matolin and Stara over alumina, in 
which highly dispersed Pd species initially present subsequently 
agglomerate into 3D clusters before re-dispersing as 2D 
islands.[29] 
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Figure 2. (a) Pd 3d XP spectra of Pd-HTs, and (b) corresponding fitted Pd 
speciation. 

TEM images of A and B confirmed the presence of 1-2.5 nm 
nanoparticles (Figure 3a-b and Figure S3), consistent with XRD 
and XPS data. In contrast, no nanoparticles were observed for C 
or D (Figure 3c-d), although EDS mapping of D indicated a 
uniform Pd dispersion (Figure 4e). High resolution TEM images 
identified two types of NPs in A: those with 0.227 nm lattice 
fringes corresponding to fcc Pd(111) facets; and those with 0.215 
nm lattice fringes attributed to PdO(110) facets (Figure S4). Only 
metallic Pd nanoparticles were identified for B. Considering the 
XPS and TEM measurements, and the ionic radii data of Pd in 
different oxidation states, we propose that the 0.5% Pd-HT (C) 
consists of atomically dispersed Pd4+ species incorporated into 
the HT cationic layers, and low nuclearity Pd2+ species dispersed 
over the surface of HT layers. The 5% Pd-HT (A) comprised small 
PdO clusters and metallic Pd nanoparticles. Direct measurement 
of the Pd dispersion (surface:total atom ratio) by CO 
chemisorption was not possible since CO titrates both Pd metal 
and the basic hydrotalcite supports. Consequently, catalytic 
activity is quantitated based on the total Pd content, consistent 
with literature precedents,[30] and hence reported TONs could 
underestimate the true catalyst performance. 
 
Furfural decarbonylation 
Solvent optimization. Furfural and HMF decarbonylation is 
primarily reported in 1,4-dioxane (Scheme 2),[31] a polar aprotic 
solvent often used in lignocellulose pretreatment. However, the 
short-term acute toxicity of 1,4-dioxane (symptoms include vertigo, 
drowsiness, anorexia, and ear/nose/lung irritation), and long-term 
effects resulting from chronic exposure (such as hepatotoxicity, 
neurotoxicity and carcinogenicity in animal models)[32] suggest 
dioxane is not suitable for the sustainable, large scale processing 
of biomass. The development of greener methods for 
lignocellulose pretreatment, such as the lignin-first ethanolsolv 
process,[33] pave the way for decarbonylation using a bio-derived 
and less hazardous solvent, such as ethanol. A solvent screen 
was therefore first conducted using catalyst A to direct solvent 
selection, with reactions performed using closed vials and 
microwave heating to mitigate boiling point limitations and enable 
comparison at the same temperature (150 °C); the potential 
advantages and limitations of microwave heating for biomass 
transformation were recently reviewed.[34] 

Preliminary results using 0.5 mol% A (relative to furfural) 
showed that GVL and p-xylenes were poor solvents, with furan 
yields <15 %, whereas ethanol and 2-propanol deliver yields of  

 
Figure 3. STEM images of: (a) A, 5% Pd-HT; (b) b, 1% Pd-HT; (c) C, 0.5% Pd-
HT; (d) D, 0.1% Pd-HT at 50 nm scale, and (e) EDS Pd mapping of D (Large 
image is shown in Figure S3). 

 
82 % and 63 % respectively after 5 h at 150 °C (Table S5). 
Reaction in ethanol was also completely selective to furan; in 
contrast 2-propanol afforded ~12 % furfuryl alcohol arising from 
transfer hydrogenation. This may reflect the higher solubility of 
furfural in alcohols than p-xylenes, and/or solvent reduction of 
Pdd+ to Pd0. The latter is implicated in catalyst activation[35]: 
primary alcohols, such as ethanol and n-butanol, can reduce Pdd+ 
via b-hydride elimination, unlike tertiary alcohols such as t-butanol. 
Indeed, furfural decarbonylation in t-butanol, which has similar 
polarity and microwave absorptivity to ethanol, afforded only a 
15 % furan yield, supporting the notion of solvent-induced catalyst 
activation. Solventless decarbonylation at the same catalyst 
loading (0.5 mol%) was also evaluated, resulting in a furan yield 
of 45 % after 6 h and 72 % after 24 h. The low catalyst loading 
and high selectivity under neat conditions suggest scope for 
further optimization, for example by reactive distillation. For 
practical purposes ethanol was chosen as the optimal solvent for 
reaction at 150 °C; at 110 °C furan yields decreased to 55 %, 
while at 160 °C no significant improvement in yield was observed 
relative to 150 °C reaction. Microwave heating delivered superior 
conversion and furan yields to conventional heating in a closed 
vial, with the latter requiring 8 h to achieve 85 % furan (versus 
only 5 h under microwave irradiation) consistent with slower 
conduction and convection heat transfer.[34]  
 
Catalyst screening for furfural. The performance of catalysts A-
D was subsequently explored for furfural decarbonylation under 
these optimized conditions (Figure 4a). The parent HT was 
inactive under our conditions. Control reactions without catalyst 
afforded no conversion to furan, with ~10 % yield of acetal product. 
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Furan was the major product in all cases, with furfuryl alcohol the 
major by-product (arising from catalytic transfer hydrogenation 
from ethanol, Scheme 3). Minute amounts of furoic acid were also 
observed, arising from hydration-dehydrogenation of the carbonyl 
due to residual water in the solvent. Product yields were 
uncorrelated with one another, evidencing independent reaction 
pathways. Furan production decreased slightly with decreasing 
Pd loading, with catalyst A (5%Pd-HT) offering 82 % and 
complete selectivity to furan. Commercial Pd/C performed poorly 
(18 % furan and 6 % furfuryl alcohol), while only 25 % furan was 
obtained using a homogeneous Pd(OAc)2 catalyst. The furan 
yield was directly proportional to the surface concentration of 
Pd(II) species (Figure 4b), while that of furfuryl alcohol was only 
weakly correlated with surface Pd(0) (Figure S5). This 
relationship is consistent with the conclusions of the DFT study 
from Vlachos et al, which describe the furfural reduction to furfuryl 
alcohol as being kinetically favored over Pd(111), but 
decarbonylation to furan as thermodynamically more favorable.[36] 
Mechanistically, there is a small kinetic barrier to hydrogenation 
of the carbonyl oxygen in furfural to form furfuryl alcohol over 
Pd(111), which in turn may undergo facile hydrogen-assisted OH 
removal to 2-methylfuran (not observed in the present study). In 
contrast, furan production from furfural (and furfuryl alcohol) is 
predicted to occur through initial dehydrogenation to an acyl 
intermediate over palladium surfaces,[36-37] prior to C-C scission 
(decarbonylation), consistent with experimental temperature-
programmed desorption studies for furfural[37] and aliphatic 
aldehydes.[38] 

 
Scheme 3. Furfural decarbonylation to furan (1) or transfer hydrogenation to 
furfuryl alcohol (2). 
 

 
Figure 4. (a) Furan and furfuryl alcohol yields for furfural decarbonylation over 
Pd-HT catalysts and controls, and (b) relationship between surface Pd(II) 
species (from XPS) and furan production. Reaction conditions: 1 mmol furfural, 
3 mL ethanol, 0.5 mol% Pd catalyst, 5 h, 150 °C, and microwave heating (200 
W), under air. 
 
Evolved gas. When reactions were performed in air, the evolved 
gas was identified as CO2, rather than CO (Figure S6). In contrast, 
under inert atmosphere conditions, CO was evolved in an 
approximately constant amount. This suggests that CO produced 
by direct aldehyde decarbonylation undergoes catalytic oxidation 
in air to CO2. However, to exclude the possibility that the aldehyde 
was first oxidized to a carboxylic acid, which undergoes 
subsequent decarboxylation, benzoic acid was reacted with 
catalyst A under standard reaction conditions. No reaction was 
observed, confirming that the catalyst is not active for 
decarboxylation. Thus, the reactively-formed CO2 must arise from 
catalytic CO oxidation. Supported Pd catalysts are widely 

reported for CO oxidation, for example Ladas et al observed high 
CO oxidation activity over dispersed Pd nanoparticles on Al2O3.[39] 

HMF decarbonylation 
5-hydroxymethylfurfural (HMF) may undergo a broader range of 
metal-, acid- or base-catalyzed transformations, including 
decarbonylation (Scheme 4), dehydrogenation, transfer 
hydrogenation, hydrogenolysis and hydration-dehydrogenation. 
HMF may also undergo undesirable polymerization to humins, 
although these were not observed in the present work using 
ethanol as a solvent in the absence of additional water, i.e. 
anhydrous conditions were not required. However, humin 
formation was observed when ethanol was intentionally spiked 
with water (Figure S7 shows TEM images of catalyst A and 
reactor residue post-reaction).  
 Effective conversion of HMF to value added products 
requires control over reaction selectivity. In addition to 
decarbonylation of the acyl group, the primary alcohol group may 
dehydrogenate to form an aldehyde, which can undergo further 
decarbonylation. The product distribution for HMF in the presence 
of catalysts A-D in ethanol at 150 °C was therefore quantified and 
compared with that for alternative Pd catalysts (Figure 5). As for 
furfural, the parent HT was inactive, and both homogeneous 
palladium acetate and the heterogeneous Pd/C catalysts offered 
poor (<30 %) yields of decarbonylation products; significant humin 
was also produced for the acetate. Note that the source (supplier) 
of Pd/C strongly influenced the reaction outcome due to variability 
in physicochemical properties. In contrast, all Pd-HTs gave 
furfuryl alcohol yields between 75-95 %. Catalyst A was highly 
selective for furfuryl alcohol, affording only trace amounts of 
furfural and 5-(hydroxymethyl)-2-furoic acid in a few reactions, 
whereas catalysts B – D produced 5-10 % by-products (furfural, 
furan and bis(hydroxymethyl) furan). As observed for furfural in 
Figure 4, the decarbonylation product yield was directly 
proportional to the surface concentration of Pd(II) species (Figure 
5b); this suggest a common Pd(II) active site for furfural and HMF 
decarbonylation. A affords 92 % furfuryl alcohol and <3 % furfural, 
with no humin formation in 5 h, while C and D afford 75 and 74 % 
yield of furfuryl alcohol respectively in 5 h. Catalyst A was also 
tested using conventional heating of a sealed tube, but required 
20 h to achieve 88 % yield  (albeit the reaction temperature inside 
the tube was found to be 140 °C, rather than 150 °C). Control 
reactions without catalyst afforded no conversion to HMF. 

 

 
Scheme 4. HMF decarbonylation and subsequent dehydrogenation-
decarbonylation to furfural (3) and furan. 
 

 
Figure 5. (a) Product yields for HMF decarbonylation over Pd-HT catalysts and 
controls (‘other’ includes furan (1) and humins), and (b) relationship between 
surface Pd(II) species (from XPS) and furfuryl alcohol production. Reaction 
conditions: 1 mmol HMF, 3 mL ethanol, 0.5 mol% Pd catalyst, 5 h, 150 °C, and 
microwave heating (200 W), under air. 
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Benzaldehyde decarbonylation 
Akin to furfural, benzaldehyde can also undergo decarbonylation 
and/or transfer hydrogenation in the presence of a hydrogen 
donor solvent such as ethanol (Scheme 5). However, 
decarbonylation was the dominant pathway over all Pd-HT 
catalysts, which achieved comparable benzene yields of 48-59 %. 
Catalyst A was again the most selective for decarbonylation 
(Figure 6a), and the decarbonylation product (benzene) yield was 
found to be proportional to surface Pd(II) (Figure 6b). Although 
Pd(OAc)2 (and the parent HT) again exhibited poor activity 
towards the aldehyde substrate, in this instance Pd/C 
outperformed Pd-HTs for benzaldehyde decarbonylation. 
 

 
Scheme 5. Benzaldehyde decarbonylation to benzene (4) and competing 
transfer hydrogenation to benzyl alcohol (5) in ethanol. 
 

 
Figure 6. (a) Benzene and benzyl alcohol yields for benzaldehyde 
decarbonylation over Pd-HT catalysts and controls; (b) relationship between 
surface Pd(II) species (from XPS) and benzene production. Conditions: 1 mmol 
benzaldehyde, 3 mL ethanol, 0.5 mol% Pd catalyst, 5 h, 150 °C, microwave 
heating (200 W), under air. 
 

The substrate scope of catalyst A was subsequently 
investigated for substituted benzaldehydes, with 50-99 % yields 
of the desired decarbonylation products obtained in all cases 
except for aryl halides (Figure 7), which readily undergo 
competing oxidative addition. Benzaldehydes with electron-
withdrawing groups afforded the highest yields (e.g. p-
nitrobenzaldehyde, 99 %), whereas those with electron-donating 
groups were least reactive (e.g. p-anisaldehyde, 37 %). 
Cinnamaldehyde was converted to styrene quantitatively in only 
2 h (Figure 7).  

The increased reactivity of benzaldehydes possessing 
electron-withdrawing groups was explored computationally. 
Madsen et al recently showed that the selectivity of homogeneous 
Rh species[40] for the decarbonylation of para-substituted 
benzaldehydes correlates with Hammett parameters.[40b] 
Halogenated benzaldehydes were an exception, and were better 
fitted by splitting the σ values into resonance and inductive 
contributions. To understand whether the Pd-catalyzed process 
follows a similar trend, and develop a more general computational 

model to predict relative catalytic activity, we explored the 
relationship between Mulliken charge on the carbonyl carbon, 
 

 
 

 
Figure 7. Substrate scope for benzaldehydes using catalyst A. Reaction 
conditions: 1 mmol aldehyde, 3 mL ethanol, 0.5 mol% catalyst A, 5h, 150 °C, 
microwave heating (200 W), under air. aReaction time 2 h reaction. 
 
calculated using density functional theory (B3LYP/6-31G(d)), and 
average reaction rate. The latter was calculated as the average 
rate of formation of decarbonylation product over the course of 
the reaction (Table S6). The carbonyl carbon charge is related to 
the C-H bond dissociation energy, which in turn influences the 
rate of C-H oxidative addition of the acyl group, the likely rate-
determining step in decarbonylation. The Mulliken charge on the 
carbonyl carbon was directly proportional to the reaction rate for 
substituted benzaldehydes and cinnamaldehyde (Figure 8); note 
that iodo- and bromobenzaldehydes were excluded since they 
afforded no decarbonylation product due to competing reactivity 
at the C-X bond. This relationship indicates that negative charge 
accumulates in the rate-determining step of the reaction, 
consistent with the formation of a new metal-carbon bond with 
reactively-formed CO during C-C scission of a surface acyl 
intermediate.[36-37] The carbonyl charge may also be a surrogate 
for the C-C(O)H bond strength of the aldehyde which relates to 
the ability to eliminate CO after C-H oxidative addition. In the Rh-
catalyzed reaction studied by Madsen et al, calculated energy 
paths suggest that CO and reductive elimination are much slower 
than oxidative addition, and thus more likely rate-limiting. 
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Figure 8. Correlation between Mulliken charge on the carbonyl carbon of 
substituted benzaldehydes and cinnamaldehyde and the decarbonylation rate 
over catalyst A (see Table S6 for further details). 
 
Aliphatic aldehyde decarbonylation 
Aliphatic aldehydes heptanal and phenacetaldehyde were also 
examined under neat conditions, however the major products 
afforded were not the result of direct decarbonylation. Since these 
substrates possess α-methylene groups, they can undergo aldol 
condensations in the presence of solid bases such as 
hydrotalcites. In both cases, subsequent decarbonylation of the 
aldol condensation product affords the E-alkene in 45% and 74 % 
yield respectively (Scheme 6). The fact that the direct 
decarbonylation products of the aldehydes are minor (5 % and 
10 % respectively of heptane and toluene respectively) suggests 
that aldol condensation is faster than decarbonylation for these 
catalysts.  Given the exciting nature of this new transformation, its 
substrate scope and applications will be explored further in a 
future report.[41] 
 

 
Scheme 6. Decarbonylation of aliphatic aldehydes. 
 
Catalyst stability 
Poisoning tests. To examine whether decarbonylation was 
heterogeneously catalyzed or driven by soluble (leached) Pd 
species, we performed quantitative poisoning tests using 1,10-
phenanthroline as a scavenger of soluble Pd.[42] The relative 
impact of this scavenger on cinnamaldehyde decarbonylation was 
compared for catalyst A versus commercial 5% Pd/C. Addition of 
stoichiometric 1,10-phenanthroline (relative to Pd) significantly 
reduced the activity of Pd/C, which was completely deactivated in 
the presence of 5 equivalents of the scavenger; in contrast, 
catalyst A only lost 20 % of its activity in the presence of such an 
excess (Figure 9). Hence aldehyde decarbonylation appears to 
operate largely through a homogeneous catalytic reaction 
involving leached Pd species for Pd/C, but a predominantly 
heterogeneous catalytic mechanism for Pd-HT (A).  

 
Figure 9. Poisoning test using 1,10-phenanthroline on decarbonylation of 
cinnamaldehyde, catalyzed by A and 5% Pd/C. (Conditions: 1 mmol 
cinnamaldehyde, 3 mL ethanol, 1 h at 150 °C, microwave heating). 
 
Characterization post-reaction. The Pd content of catalysts A –
D and Pd/C post-reaction was determined by ICP-AES (Table S7) 
after reaction with HMF. That for Pd/C fell to 32 % of the original 
value post-reaction, however the loss for Pd-HTs was significantly 
smaller, and decreased with decreasing Pd loading in the case of 
B and C. These results are consistent with the results of poisoning 
tests (see “Poisoning tests”), which showed more significant Pd 
leaching for Pd/C than catalyst A. HRTEM shows that the mean 
size of Pd/PdO species in the used catalyst A increased from 1.84 
nm to 2.76 nm after use (Figure S8), with a corresponding broader 
distribution of particle sizes. In addition, HRTEM identified two Pd 
phases: reduced Pd(111), and PdO(101), in contrast to the 
phases identified for the fresh catalyst (Pd(111) and PdO(110).  
 
Catalytic testing under continuous flow conditions 
Since microwave reactions are not always readily scalable, we 
opted to translate the preceding chemistry to a continuous flow 
reactor. The numerous advantages of flow versus batch reactions 
have been extensively reviewed.[43] The activity and stability of 
catalyst A were explored under continuous flow for HMF 
decarbonylation (Scheme 7). Flow parameters were selected 
based on extrapolation from batch conditions, using a flow rate of 
0.1 mL/min, 160 °C reaction temperature, and 10 bar N2 (see ESI 
for full experimental details and reactor configuration Figure S9). 
  

 

Scheme 7. Continuous flow decarbonylation of HMF using catalyst A (5%Pd-HT). 
Under these conditions near-quantitative HMF conversion 

was observed, which remained fairly constant for 10 h on stream 
(Figure 10). The selectivity for furfuryl alcohol started low but 
increased to a steady state value of >90 % over several hours, 
suggesting that the catalyst has an induction period for 
decarbonylation. Given that batch experiments showed that 
decarbonylation activity is most strongly related to surface Pd(II) 
abundance for all substrates, we postulate that catalyst activation 
consists of solvent-assisted reduction of Pdd+ to Pd0, most likely 
forming smaller and more reactive Pd(111) species than those 
formed during catalyst synthesis. This is consistent with recent 
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reports implicating small size in the high activity of Pd clusters for 
similar processes.[44] 

By-products observed during this induction period include 
bis(hydroxymethyl) furan and 5-(hydroxymethyl)-2-furoic acid, 
respectively arising from transfer hydrogenation and hydration-
dehydrogenation of the aldehyde due to residual water in the 
ethanol. At steady state, furfuryl alcohol productivity reached 
645.8 µmol.g-1.h-1. The catalyst was then cooled to room 
temperature overnight, and re-tested at 130 °C for a subsequent 
7 h. Stable and high conversion (83-94 %) and furfuryl alcohol 
selectivity (66-78 %) were immediately attained, consistent with 
the catalyst pre-activation; the same by-products were observed 
as at the higher reaction temperature. ICP-AES revealed that only 
10 % of the initial Pd was lost over 17 h reaction on-stream (Table 
S7); this small amount is consistent with heterogeneously 
catalyzed decarbonylation, as observed in batch (Figure 9). 

             
Figure 10. Continuous flow HMF decarbonylation using catalyst A (5% Pd-HT). 
Conditions: 0.05 M HMF in ethanol, 160 °C, 0.1 mL/min flow rate, 10 bar N2, residence 
time ~2 min. 

 
The significance of Pd leaching from catalyst A in batch 

reactions merits some additional discussion. Figures 4-6 
evidence only a small change in total product yield with Pd loading 
for furfural, HMF and benzaldehyde decarbonylation, despite a 
50-fold reduction in the amount of Pd between catalysts A and D. 
Furthermore, no quantifiable leaching was apparent by ICP-AES 
for the latter 0.1% Pd-HT (catalyst D). These findings strongly 
indicate that leached Pd makes negligible contribution to the 
observed catalysis, i.e. decarbonylation is overwhelmingly 
heterogeneously catalysed, consistent with: (i) the low activity and 
selectivity of soluble Pd species in all our Pd(OAc)2 control 
reactions; (ii) 1,10-phenanthroline ‘poisoning’ tests (Figure 9) 
which demonstrate that catalyst A retained 80 % of its initial 
activity despite scavenging of leached Pd species; and the 
excellent stability of catalyst A in continuous flow conditions 
(Figure 10) under which leached Pd is removed from the reactor 
(which would result in rapid deactivation if the catalytic reaction 
was homogeneous). It is worth recalling that the observation of 
leaching from a solid is an essential, but not sufficient, condition 
to prove a homogeneous contribution to catalysis. The body of 
evidence overwhelming suggests our Pd-HT catalysts operate by 
a heterogeneous mechanism; Pd weakly bound to the HT support 
in catalyst A may leach during reaction, but is catalytically inactive. 

 

Conclusions 

A family of Pd-HT catalysts was prepared by flow synthesis. 
Structural and textural properties of the parent HT (Mg:Al = 3:1) 
were retained in all cases, however Pd particle size and oxidation 
state was a strong function of metal loading: £0.5 mol% Pd 
favours highly dispersed Pd2+ and Pd4+, likely associated with low 
nuclearity clusters and atomically dispersed species within the 
cationic layers respectively; higher loadings favor PdO 
nanoparticles. Pd-HT catalysts were efficient for the 
decarbonylation of furfural, HMF, and aromatic aldehydes (other 
than aryl halides) under relatively mild microwave conditions. 
Activity and selectivity to the desired decarbonylation products 
slightly increased with Pd loading for substrates, with Pd-HT 
catalysts significantly outperforming commercial Pd/C and 
Pd(OAc)2 controls in almost all cases. Decarbonylation 
performance was a strong function of solvent selection. Alcohols 
with b-hydrogens, such as ethanol and 2-propanol, proved most 
effective, possibly through catalyst activation by in-situ reduction 
of Pd2+; decarbonylation product yields were proportional to the 
initial Pd2+ surface concentration in the as-prepared Pd-HT. Minor 
by-products arose predominantly from either transfer 
hydrogenation (furfural and benzaldehydes) or dehydrogenation-
decarbonylation (HMF). In contrast to commercial Pd/C, which 
underwent significant Pd leaching during reaction, 5%Pd-HT 
exhibited good stability during HMF decarbonylation in both batch 
and continuous flow operation. 
 

Keywords: aldehydes, decarbonylation, heterogeneous 
catalysis, hydrotalcite, palladium 
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