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ABSTRACT: Multistep H,-free upgrading of alcohols to liquid hydro- RO

carbons is highly desirable for producing drop-in fuel substitutes, but the l Pd |

limited reports of this process for select substrates require multiple catalysts H NS R__. R
and bases, resulting in limited applicability. Direct conversion processes that R/\o/o > \O/O\/
rely on multifunctional catalysts and do not require base are yet to be

reported. Here we describe such a Pd-catalyzed deoxygenative coupling of l H, CO H;0

heptanol with heterogeneous catalysts composed of Pd immobilized on acid—

base supports, which actively participate in the reaction cascade. The /\Cfo > R\Oﬁ\/ﬂ
supports include primarily basic MgO, acidic y-Al,O; and Mg—Al R Aldol self-condensation .-
hydrotalcite (HT), with a combination of Lewis acidic and basic sites. Pd— o//

HTs with 1% and S wt % Pd loading afforded the highest overall activity in support = Al,05, MgO, hydrotalcite

the multistep cascade, yielding 30% hydrocarbons (tridecene 6-E-tridecene g — pentyl

and tridecane) from a neat reaction with heptanol with 0.2 mol % Pd loading.

Heterogeneity tests suggest that Pd—HT is operationally heterogeneous. The impact of support selection on the activity and
selectivity offers insights into the design principles for next-generation catalysts for this process and related transformations.

KEYWORDS: Fuels from renewable alcohols, Decarbonylation, Olefination, Dehydrogenation, Palladium, Alumina, Magnesium oxide,
Hydrotalcite

B INTRODUCTION supported noble metal catalysts, metal oxides, and mixed metal

The ability to produce hydrocarbon fuels from renewable
alcoh.ols is an attractive stratelgy for producing ‘drop—in oxides (MMOS)_6,7,11—13,16—18
substitutes for energy-dense fuels” and platform chemicals for
petrochemical processes. Renewable alcohols are becoming

Scheme 1. Upgrading of Primary Alcohols to Longer Chain

increasingly abundant,” surpassing 1%00 million metric tons Alcohols (a) and Hydrocarbons (b)

globally for C2—C4 alcohols alone,” and increasingly cost- "~
competitive with fossil-fuel alternatives ($0.13—$0.16/L). R

Thus, there is intense interest in their eflicient catalytic (a) ;

conversion to energy-dense hydrocarbons.” Practical processes Guerbet OH &

for such transformations should be energy-efficient, use low- 2 Ry, -H0 )

cost, robust, heterogeneous catalysts, and be tolerant to alcohol (b) ':;_-_-_-_-_-_-_-_-;_-;;_-;:
feedstreams of different concentrations. As highlighted in a _> R :
recent life-cycle analysis of ethanol conversion processes, s work k

reducing the impact of such processes requires consolidation of -co i 1)
multistep processes in a one-pot reaction to minimize reactor “heo l 8
complexity, cost, and waste.” The latter necessitates the design e

of active and selective supported catalysts tailored for the

tandem processes required to upgrade biomass-derived Received: August 10, 2021 §:u:sﬂtrmg§£|"eg
alcohols. Current approaches to upgrading alcohols primarily Revised:  October 19, 2021 .
rely on Guerbet condensation, which affords longer-chain, Published: October 26, 2021

branched primary alcohols through sequential dehydrogen-
ation, aldol condensation, and hydrogenation reactions
(Scheme 1, Reaction A).°""” The latter can be catalyzed by
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Scheme 2. Proposed Mechanism for Deoxygenative Olefination of Alcohols to Hydrocarbons and Other Byproducts
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While the Guerbet reaction partially deoxygenates alcohols,
complete alcohol deoxygenation via deoxygenative olefination
(Scheme 1, Reaction B) has only been achieved for 2-aryl
ethanol derivatives. Specifically, homogeneous Ir,”” Ry,* and
Mn”' catalysts and a Ru heterogeneous catalyst”* have been
shown to facilitate dehydrogenation of 2-aryl ethanols,
followed by base-promoted aldol condensation and decarbon-
ylation. While the sequence is very atom-economical, the base-
promoted decarbonylation limits the substrate scope'’ and
results in high E-factors (3.9—38.1, Supporting Information
(SI) Table S1). Deoxygenative olefination, to the best of our
knowledge, has not been demonstrated for (i) aliphatic
alcohols, (ii) in the absence of base, and (iii) using a single
heterogeneous catalyst. However, Pd-catalyzed deoxygenative
amination of biomass-derived phenols has been reported,
affording biaryl amines.”* Effecting the tandem transformations
in a one-pot reaction necessitates multifunctional catalysts
possessing catalytic sites effective for dehydrogenation, aldol
condensation, and decarbonylation. Optimizing the formula-
tion and operation of multifunctional catalysts is generally
challenging, since it hinges on controlling the activity and
selectivity of several interdependent steps. The latter requires
control over the size, location, and structure of catalytically
active species, and mechanistic insight into corresponding
structure—activity relationships, including the role of sup-
ports.”* Efforts by our group and others to develop Pd catalysts

on active, tunable supports for organic synthesis and biomass
valorization take advantage of cooperative catalytic activity of
the support and strong interactions with support matrices that
regulate metal speciation, reactivity, and stability.”> >

MgO and y-Al,O; supported metal catalysts are well-known
to present divergent acid—base properties:*~*° Saad et al.
reported that Pt-supported MgO displays strong basicity,
whereas Pt—ALO; displays strong acidity.”” Similar observa-
tions were made by Groppo et al. for Pd analogues.’’
Hydrotalcites (HTs) are a subset of layered double hydroxides
(LDHs) with the formula [M,_>"M,**(OH),]*"(A"),/
mH,0, where M** and M are Mg? AI**, or compatible
alkali earth and transition metal cations.”® Although LDH
materials, similar to HT's, exhibit basic properties approaching
those of MgO,‘?’9 the tunable nature of such materials means
that both O*~ Lewis base and AI** Lewis acid centers are
accessible.*>*!

The unique reactivity of Pd-doped LDH (or HT) catalysts
includes decarbonylation of aldehydes,”” aldol condensa-
tions,”> and acceptorless alcohol and amine dehydrogen-
2042 elementary steps in deoxygenative olefination of
alcohols. Recently, we reported that Pd—HT catalysts are
highly active for the atom-economical olefination of carbonyls
via aldol-decarbonylative coupling, producing only CO and
H,O byproducts.”® We postulated that similar catalysts could
be applied to alcohols to selectively form long-chain hydro-

ation:
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carbons via initial acceptorless dehydrogenation of the alcohol.
The significantly higher barrier for decarbonylation than aldol
condensation was expected to control the reaction sequence,
such that initial alcohol dehydrogenation would afford the
aldehyde, which would then undergo stepwise aldol con-
densation and decarbonylation to the alkene (Scheme 2).
Here we demonstrate the feasibility of one-pot, hydrogen-
free, and base-free alcohol upgrading and deoxygenation over
multifunctional Pd catalysts, featuring supports possessing
different acid—base properties:*>** MgO, with primarily basic
character; a hydrotalcite (HT) support with Lewis acidic and
basic sites; and y-Al, O3, with primarily acidic character. In this
initial report we focus on heptanol as a substrate, but this
process can be readily adapted to other aliphatic alcohols.

B RESULTS AND DISCUSSION

Catalyst Synthesis and Characterization. Pd—y-Al,O,
was synthesized by wet impregnation using commercial y-
AlL)O;, while Pd~MgO and Pd—HT were synthesized via
continuous coprecipitation previously described by us for
HTs" and Pd—HTs.”” Pd loading was targeted at 1—2 wt %.
Pd—HT with higher loading (S wt %) was also prepared to
examine the effect of Pd loading. Physicochemical properties
and Pd composition were investigated by ICP-AES, BET,
TEM, XPS, and powder XRD (see catalyst characterization in
Table S2). Powder XRD of Pd—y-Al,0; and Pd—HTs only
show reflections for the respective supports, indicating that Pd
is highly dispersed (Figure S2). The diffractogram of Pd—
MgO, however, shows reflections associated with crystalline
PdO phases, in addition to reflections characteristic of brucite
nanocrystals. Crystallographic parameters of Pd—HTs are
consistent with those of the unmodified support (Table S3).
Catalyst acidity and basicity were determined by studying NH;
and CO, temperature-programmed desorption (TPD) (Figure
$4). In line with prior reports,*®*” TPD spectra reveal that
Pd—MgO has a high number of base sites of weak—moderate
strength (CO, desorption spanning 50—400 °C), whereas Pd—
AL O, has abundant weak—strong acid sites (NH; desorption
spanning 50—500 °C). Both Pd—HTs exhibit significant acid—
basic character and possess more moderate-strength basic sites
than Pd—MgO, irrespective of Pd loading, indicating that
support selection is the primary factor in determining the
overall catalyst acid—base character. XPS revealed some
differences in Pd surface speciation for the four catalysts
(Figure S2). All catalysts comprise Pd** as the major species in
addition to Pd’, with Pd—MgO, Pd—Al,O;, and Pd—HT also
exhibiting a low level of Pd*". The Pd** surface concentration
was highest for Pd—AlL,O; (87%), whereas 5% Pd—HT shows
the greatest Pd’ concentration (42%), suggesting that the
support acid—base properties impact Pd speciation.”” Corre-
sponding TEM images (Figure 1) reveal oxide agglomerates
decorated with palladium nanoparticles typical of wet
impregnation syntheses."**’ Nanoparticles (NPs) dispersed
over Al,O; and HT supports exhibited size and shape
uniformity, with mean diameters of 3.7, 1.5, and 2.4 nm
respectively for Pd—Al, O, Pd—HT, and 5% Pd—HT. HRTEM
of PdA—HT and Pd—Al,O; shows only Pd(111), while 5% Pd—
HT shows Pd(111) and PdO(110) phases (Figure S3). No
lattice fringes were observable by TEM for Pd—MgO, and
hence, the nature of the corresponding Pd phase could not be
directly assigned; however, XRD identified reflections con-
sistent with PdO(101), (112), and (220) planes.
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Figure 1. Bright-field TEM images and corresponding Pd particle size
distributions for (a,b) Pd—ALO;, (c,d) Pd—MgO, (e,f) Pd—HT, and
(gh) 5% Pd—HT.

Catalytic Activity for Deoxygenative Coupling. The
Pd catalysts were subsequently tested for alcohol coupling
using heptanol (1) as the substrate at 180 °C, based on
previously optimized conditions for aldol-decarbonylation.”
The proposed mechanism for the process is shown in Scheme
2. Initial dehydrogenation produces aldehyde 6, which can
either undergo ketal hydrogenolysis®® to form 2, alcohol
coupling and dehydrogenation to form ester 3, or aldol
condensation to form 7. Double transfer hydrogenation (TH)
of 7 (with hydrogen adatoms from alcohol dehydrogenation)
forms the Guerbet alcohol $; alternatively, decarbonylation of
7 forms alkene 8, which can be hydrogenated to alkane 9 over
Pd metal. As reported by Li et al."> and Zhang et al,'® the
selectivity for § is promoted by co-operative acid and base
catalysis, as possible for Pd—HT. It is also possible for § to
undergo dehydrogenation and decarbonylation to form 9.

Control reactions with Pd-free MgO, HT and y-AlL,O;
supports showed no heptanol conversion. Pd—Al,O; afforded
>90% alcohol conversion in 48 h, with diheptyl ether as the
major product (2, 97% selectivity, Table S4). Only trace heptyl
heptanoate (3) and no alkene or alkane products were
observed (Figure 2). This high ether selectivity is attributed to
Pd-catalyzed hydrogenolysis of ketal 10, for which there is
precedent using supported Pd catalysts."" Given that y-AL,O;
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Figure 2. Product yield and selectivity for deoxygenative olefination
of n-heptanol over supported Pd catalysts. See Scheme 2 for product
structures. Conditions: 0.2 mol % Pd-support, 180 °C, 48 h.

affords no conversion with either heptanol, or heptanal and
heptanol, Pd is clearly required, which implicates the ketal
hydrogenolysis route depicted in Scheme 2.

A comparable reaction with Pd—HT affords a negligible
quantity of the ether (2). Instead, we observe near complete
selectivity for products arising from aldol condensate 7
(Scheme 2): namely, 25% and 27% selectivity respectively
for 6-E-tridecene (8) and tridecane (9), 9% for the Guerbet
alcohol (8), and 62% ester 3 (with 58% alcohol conversion).

Compared to the other catalysts, Pd—MgO afforded
significantly lower heptanol conversion (17%) but exhibited
the highest selectivity for hydrocarbons 8 (29%) and 9 (47%),
alongside ester 3. These observations suggest that Pd—MgO
possesses few or weak Lewis acidic sites and limited Pd metal
sites, accounting for slower dehydrogenation. These features
also favor decarbonylation over rehydrogenation of the aldol
condensate 7. Attempts to increase activity by increasing
catalyst loading to 1 mol % did not afford higher hydrocarbon
yields, but further reaction optimization can be explored.

While the Pd loading for the reactions was constant at 0.2
mol %, the Pd loading on the support had some variation (1—2
wt %, as did the Pd particle size distribution (Figure 1). To
probe whether the observed reactivity differences are due to
the support, rather than Pd loading on the support, we
synthesized a 5% Pd—HT. The latter has slightly larger particle
size (Figure 2) but affords comparable alcohol conversion to
Pd—HT (1 wt % Pd) (52% vs 51%) albeit with slightly lower
selectivity of 8 and 9 (31% total yield vs 52% for Pd—HT).
The 5% Pd—HT is also more selective for the Guerbet alcohol
§ over the ester 3 (Table S4), but this is attributed to the
difference in total catalyst mass used in the reactions when
controlling Pd loading: the larger mass of HT in the 1 wt %
Pd—HT introduces additional water in the matrix, which may
disfavor aldol condensation. In support of this theory, we
showed that adding 20 uL of water to the reaction increases
the selectivity for ester 3 over alcohol § by ~10%. Thus, we
conclude that the differences observed among the three
catalysts arise from unique metal—support interactions and not
differences in Pd surface loading or particle size.

In kinetic terms, the selectivity differences are driven by the
relative rates of reactions of heptanal: fast aldol condensation
favored by a high density of Brensted basic sites increases
selectivity for saturated oxygenates 4 and §, or alkenes/alkanes
8/9, while slower aldol gives way to formation of ketal 10 and
its byproducts 2 and 3. We thus expect supports with strongly
basic sites to favor downstream aldol products, while those

with stronger Lewis acidic sites to favor products from ketal
10. Consistent with this hypothesis, the catalyst on the most
basic support, Pd—MgO, affords the highest selectivity for
aldol products, while that on the most acidic support examined
(Pd—AlL,O;) affords almost exclusively products from ketal 10.
Pd—HT, which is predominantly a basic support, also provides
high selectivity for aldol condensate 7. However, selectivity
among aldol products depends on the relative rates of transfer
hydrogenation versus decarbonylation of 7. High selectivity to
hydrocarbons requires faster decarbonylation, which is depend-
ent on the Pd speciation.”””" To show that the reaction is not
specific to heptanol, 1% Pd—HT was also tested with hexanol.
Under closed vessel conditions the reaction affords comparable
conversion and product distribution to that obtained for
heptanol.

We briefly probed the gases evolved in reactions performed
in a sealed vial at 180 °C. The hydrogen pop test was
consistent with the presence of hydrogen. Under air, we
identify CO, rather than CO by mass spectrometry. This is not
surprising given that supported Pd catalysts are widely
reported for CO oxidation; for example Ladas et al. observed
high CO oxidation activity over dispersed Pd nanoparticles on
ALO,>?

Additional insights into catalyst design for this multistep
process were sought from activity trends for the three steps:
dehydrogenation, aldol condensation, and decarbonylation.
Dehydrogenation was assessed from the total conversion, given
that all products are derived from dehydrogenation, including
ether 3 in the case of Pd—Al,O;. Thus, the trend follows Pd—
ALO; > PAd—HT ~ 5% Pd—HT > Pd—MgO. Activity for aldol
condensation was assessed from reactions with heptanal at 100
°C, where no decarbonylation occurs. Based on the net 2 h
yields of aldol condensate 7 (see Figure SS), the trend for aldol
condensation follows Pd—MgO ~ Pd—HT > Pd—AlO;,
indicating that the strong basic sites on MgO and HT are
significantly more effective for aldol condensation than the
Lewis acidic sites of Al,O. Trends in decarbonylation activity
were assessed from 24 h reactions with heptanal at 150 °C
based on percent of aldol product decarbonylated (Figure S6
for details). Under these conditions, the decarbonylation trend
follows Pd—Al,O; > Pd—HT > Pd—MgO. Comparing this
trend to the lower selectivity observed for hydrocarbons 8 and
9 using 5% Pd—HT vs Pd—MgO (Pd—HT affords ~3:2 ratio
of Guerbet alcohol (5) to 8 and 9 vs Pd—MgO affords no
alcohol §), we conclude that it is not that 5% Pd—HT is a less
efficient decarbonylation catalyst than Pd—MgO, but rather
that it facilitates competing transfer hydrogenation of 7. The
relative competence of the catalysts for the three steps (Figure
3) suggests that obtaining high activity and selectivity for
hydrocarbons requires a balanced efficiency for each of the
three steps and limiting competing ketal hydrogenolysis and
transfer hydrogenation.

To rationalize the ratio of alkene 8 versus alkane 9, and thus,
the ability of the catalyst to facilitate transfer hydrogenation of
alkenes, we compared the catalyst efficiency for the TH of 6-E-
tridecene (8 in Scheme 2) using 2-propanol as an efficient
hydrogen donor (Scheme 3). Pd—MgO afforded ~4-fold lower
yield of alkane than Pd—HT (18% vs 62%), consistent with the
lower fraction of 9:8 afforded by Pd—MgO in the heptanol
reaction (1:1.7 for and 1:4 with Pd—MgO and Pd—HT
respectively, Figure 2). This trend is also consistent with the
higher heptanol conversion observed with Pd—HT compared
to Pd—MgO. Interestingly, Pd—Al,O; affords 51% vyield of 9
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Figure 3. Radial plot of catalytic activity for the three-step
deoxygenative olefination of alcohols. Data described in Table SS.

Scheme 3. Transfer Hydrogenation of Tridec-6-ene (8)
Using 2-Propanol

Pd-
4 5 iPrOH, 180 °C 3 5
24 h

sup = Al,O3, HT, MgO
Pd loading: 2 mol%

from 8, suggesting it too is an efficient TH catalyst, although its
high selectivity for ether 2 makes it insignificant for this
reaction. In a similar experiment with aldol product 7, we find
Pd—HT is ~2-fold more active than Pd—MgO for formation of
alcohol S. Thus, the selectivity of Pd—MgO for 8 and 9 over §
is the result of its faster decarbonylation and slower TH
relative to that of Pd—HT.

While we intend to investigate the stability of these catalysts
under continuous flow conditions in a full report, elemental
analysis of the postreaction of the 5% Pd—HT shows a small
loss of Pd and Mg (<10%, Table S4). HRTEM images of this
used catalyst do not indicate extensive morphological changes
but do show a small increase in mean particle size, from 2.4 to
3.4 nm nanoparticles (Figure S7) and a broadening of the
particle size distribution. HRTEM also identified two Pd
phases: reduced Pd(111) and PdO(101). Powder XRD of the
used Pd—HT does not show reflections of Pd phases. We
briefly examined whether decarbonylation was driven by
soluble Pd species using poisoning tests with 1,10-phenanthro-
line as a scavenger of soluble Pd.>” Addition of 5 equiv of 1,10-
phenanthroline relative to total Pd only resulted in a 22%
reduction of activity, suggesting catalysis is predominantly
heterogeneous. A hot filtration test was also performed by
sampling a portion of the reaction mixture after 3 h and
passing this through a 2-ym hot frit. Product concentrations of
the filtrate did not change significantly over the following 5 h,
suggesting lack of catalytically competent soluble species.
None of the metals could not be detected in solution
postreaction by ICP-AES. These results are consistent with
our previous findings for a decarbonylation catalyst”” but are
not definitive without planned operando studies to establish
whether soluble Pd species play a significant role in any of the
steps in the cascade.

B CONCLUSION

Pd immobilized on basic supports at 1—2 wt % loading, such as
MgO and hydrotalcite (HT), yields promising catalysts for an
atom-economical alcohol upgrading to long-chain hydro-
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carbons, proceeding via tandem dehydrogenation, aldol
condensation, and decarbonylation. Initial results with
heptanol suggest that the support acid—base properties are
the primary factors influencing catalyst activity and selectivity,
likely due to their influence on the Pd speciation and ability to
facilitate aldol condensation. PdA—MgO exhibits the highest
selectivity to alkene and alkane products, but lowest
conversion, whereas Pd—HT offers higher conversion albeit
with slightly lower selectivity for hydrocarbons. Pd—AlL,O;
affords only ether product due to faster ketal hydrogenolysis
versus aldol condensation. Optimizing selectivity for deoxy-
genative coupling requires synergy between active Pd species
and support basic sites, as well as optimization of the four
sequential catalytic steps required for the overall trans-
formation. Further mechanistic investigations that can inform
the design of more active and selective multifunctional
catalysts for this attractive alcohol coupling pathway are
underway.
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