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ABSTRACT: RuNi nanoparticles supported on a metal—
organic framework (RuNi@MOF) and formed in situ
from a ruthenium complex enclosed inside a nickel-based
MOF act as a highly active catalyst for the Guerbet
reaction of ethanol to 1-butanol, providing turnover
numbers up to 725000 Ru™'. Negligible activity of the
RuNi@MOF ethanol upgrading catalyst system toward
chemically similar 1-butanol makes it possible to
synthesize the competent Guerbet substrate 1-butanol
with >99% selectivity.

A. chieving high selectivity for a desired product in a
catalytic reaction is exceedingly challenging when the

Scheme 1. Proposed Mechanism of EtOH Upgrading to n-
BuOH
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starting material and the product bear strong chemical
resemblance, because the product itself can act as a substrate,
leading to oligomerization and polymerization. Indeed,
polymerization reactions rely on the fact that the catalyst
continues to add monomers to a growing chain because the
same functional group terminates the polymer after every
addition of monomer.  The synthesis of 1-butanol (n-BuOH)
from ethanol (EtOH) via the Guerbet reaction, on the other
hand, is an example of a reaction where the ideal catalyst
would display very high activity for the conversion of EtOH,
but be unreactive toward n-BuOH, which only differs from
EtOH by the length of the primary alcohol’s carbon chain.
Beyond the academic interest in achieving differential
catalytic selectivity toward chemically similar compounds,
the efficient conversion of EtOH to n-BuOH is desirable
because n-BuOH is a promising drop-in alternative to
gasoline.”” Although EtOH itself can replace a fraction of
gasoline in transportation fuel, EtOH, unlike n-BuOH, cannot
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Scheme 2. Synthetic Scheme for Accessing MOF-Derived
Guerbet Pre-catalysts for EtOH Upgrading to n-BuOH
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be transported via pipelines or fully replace gasoline for use
in cars without special engine modifications.””* Due to its
considerably lower corrosiveness, as well as physical and
chemical properties that more closely resemble gasoline, n-
BuOH can serve as a drop-in biofuel if obtained from a
renewable source such as bio-derived EtOH."”

The homogeneous and heterogeneous catalysts currently
available for the Guerbet upgrading of EtOH to n-BuOH
show distinct side product profiles: whereas homogeneous
Guerbet catalysts commonly produce sodium acetate and Cq,
alcohols as undesirable side products, heterogeneous catalysts
tend to form undesirable olefins, ethers, alkanes, as well as
Ce, alcohols.° > Furthermore, although homogeneous
Guerbet reactions can be conducted at 150—160 °C,
heterogeneous Guerbet reactions typically require temper-
atures in excess of 250 °C for practical reaction rates. A more
desirable catalyst is one that combines the process advantages
of heterogeneous catalysts, but operates below 200 °C and
produces minimal side products.

One class of compounds that share characteristics of both
homogeneous and heterogeneous catalysts and are therefore
well positioned to answer this challenge is metal—organic

Received: August 19, 2019
Published: October 22, 2019

DOI: 10.1021/jacs.9b08968
J. Am. Chem. Soc. XXXX, XXX, XXX—XXX


pubs.acs.org/JACS
http://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.9b08968
http://dx.doi.org/10.1021/jacs.9b08968

Journal of the American Chemical Society

Communication

ethanol
upgrading

~OH

F As.l.lcatalyst

60,000

170°C
ratio of STY for
ethanol : butanol
upgrading

40,000

20,000

Site-time yield, STY (Ru™)

talyst
|smwl?;o i

SO

[Ru(nbd)cl,], [Ru(nbd)CL], 2 1
Ni(OAc),

Figure 1. Comparison of site-time yield (STY) for n-BuOH
production (red bars) and 2-ethyl-hexanol production (green bars)
in the Guerbet upgrading of neat EtOH (containing 21 wt%
NaOEt) and neat n-BuOH (containing 21 wt% NaOBu),
respectively, with 1, 2, and control Ru and Ru/Ni systems after
14.5 h at 170 °C.

frameworks (MOFs). We thus set out to develop new MOF-
based Guerbet catalysts, focusing in particular on the design
of a catalyst that can effectively differentiate between the
chemically similar EtOH starting material and the n-BuOH
product, and can thus prevent the formation of higher alcohol
products.”* ¢

Inspired by highly active ruthenium-based homogeneous
catalysts for EtOH upgrading,”'*'>'® we incorporated simple
ruthenium compounds into the pore space of MOFs featuring
different secondary building units (SBUs) and topologies. To
our surprise, the reductive reaction conditions of the Guerbet
reaction did not simply induce reduction of pore-confined
ruthenium precursors to form Ru nanoparticles, but also led
to the reduction of a small fraction of the first-row transition
metal comprising the MOF SBU to yield alloyed Ru
nanoparticles. This presented the possibility of limiting the
use of precious metal by alloying with a cheaper first-row
transition metal.

Most notable was an increased activity observed when
nickel was added to EtOH upgrading catalyzed by
commercially available [Ru(nbd)CL,], (nbd = norbornadiene;
Table S1). We thus sought to identify a nickel-based MOF
that would be stable to water, polar organic solvents, base,

» 1-butanol
NaOAc

product (mmol)

NaOEt (%)

Figure 2. Formation of undesirable NaOAc can be virtually
eliminated by decreasing the NaOEt content. Results are shown
for reactions with 2 after 14.5 h at 170 °C.

and high reaction temperatures, the typical conditions for the
Guerbet reaction. To this end, we selected water-stable
Nig(OH),(OH,),(L1)s, (L1 = 2,6-bis(1H-pyrazol-4-yl)-
pyrrolo[3,4-f Jisoindole-1,3,5,7(2H,6H)-tetrone, Figure S1)
as a promising starting point.27 Furthermore, given the
formation and destruction of charged and/or highly polar
intermediates in the proposed catalytic cycle (Scheme 1) we
considered that the polarity of the pore environment could
be crucial to catalysis. To evaluate the importance of pore
polarity, we also targeted a new MOF,
Nig(OH),(OH,),(L2)s (L2 = 4,4'-(perfluoro-[1,1’-biphen-
yl]-4,4’-diyl)bis(1H-pyrazole), which is isostructural to
Nig(OH),(OH,),(L1), but significantly more hydrophobic
(Figures S2—S4). A convenient strategy to incorporate
ruthenium into Nig(OH),(OH,),(L1)s and
Nig(OH),(OH,),(L2), is to soak the as-synthesized MOFs
in a suspension of ruthenium(Il) precursor [Ru(nbd)CL], in
a polar solvent (Scheme 2, Figure SS). This produces Ru@
MOF pre-catalysts 1 (Ru@Nig(OH),(OH,),(L1), Figures
S6—S18) and 2 (Ru@Nig(OH),(OH,),(L2),, Figures S19—
S24).

Powder X-ray diffraction (PXRD) analysis showed that
while the MOFs remain crystalline upon Ru incorporation
(Figures S6, S14, and S19), subjecting the Ru@MOF pre-

Table 1. EtOH Upgrading Results with Ru@MOF Pre-catalysts in Neat EtOH Containing 21 wt% NaOEt

variable cat. loading” [Ru]? T [°C]
MOF support 1 0.016 24 x 1077 170
2 2 0.018 23 x 1077 170
3 maximizing TON 1 0.016 2.1 x 1077 170
1 0.016 9.5 x 107* 170
5 4.6 wt% NaOH 1 0.011 1.6 X 1077 170
6 5.7 wt% NaOEt 2 0.018 2.3 X 1077 170

t [h] cony® Seoral” Siq” TON TOF
14.5 112 0.79 0.997 152 699 10531
14.5 10.7 0.74 0.997 153 471 10 584
68 26.6 0.68 0.995 414320 6093
89 212 0.69 0.999 729 526 8197
14.5 6.2 0.78 0.999 123 483 8516
14.5 39 0.99 0.999 57 660 3976

“Ruthenium loading is expressed as a molar ratio relative to the metal in the MOF support. b[Ru] = moles of ruthenium used. “Conv = conversion
of EtOH. 7S, = overall selectivity for n-BuOH. “S;, = selectivity for n-BuOH formation among liquid products. JTONs were calculated by
dividing moles of EtOH consumed by moles of ruthenium used. *TOFs were calculated by dividing moles of EtOH consumed per hour by the
number of moles of ruthenium. For additional information see Figures S30—S51 and Table S6.
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Figure 3. Characterization of recovered 1 and 2. (a, b) TEM of 2. (c) STEM of 2. (d) PXRD patterns of recovered 1 with different ruthenium
loadings. (e) High-resolution TEM image of recovered 1. (f) Lattice fringes of recovered 1. Ni (g) and Ru (h) EDS mapping for recovered 2.
(i) Fast Fourier transform of electron diffraction data from recovered 1. (j) SAD pattern measurement of d-spacing for recovered 1.

catalysts to elevated temperatures in the presence of EtOH
and NaOEt led to the formation of RuNi nanoparticles
(Figure S25). Importantly, formation of n-BuOH, the product
of the Guerbet reaction of EtOH, was detected by gas
chromatography—mass spectrometric (GC-MS) analysis
under these reaction conditions (Figures S26—S28).

To test the premise that MOF-derived Guerbet catalysts
could effectively differentiate between EtOH and n-BuOH as
substrates for alcohol upgrading, we tested the activity of
MOF-supported and unsupported ruthenium compounds
toward EtOH and n-BuOH under otherwise identical
reaction conditions. Thus, both [Ru(nbd)Cl,], and a
combination of [Ru(nbd)Cl,], and Ni(OAc), show reason-
able activity for the upgrading of both EtOH (to produce n-
BuOH) and n-BuOH (to produce 2-ethyl-hexanol) (Figure 1,
Table SS). In contrast, ruthenium compounds confined in the
pores of MOF supports (pre-catalysts 1 and 2) show a strong
preference for EtOH as a substrate for Guerbet reactivity and
exhibit negligible reactivity toward n-BuOH: for 2, the site-
time yield (STY) for n-BuOH formation exceeds the STY for
2-ethyl-hexanol by a factor of 10.5, and the selectivity for
EtOH wupgrading versus n-BuOH upgrading is further
improved with 1, which is at least 100 times more competent
at forming n-BuOH than 2-ethyl-hexanol (Figure 1). Given
that both 1 and 2 contain the same octanuclear nickel cluster,
are formed from identical Ru precursors, and produce RuNi
particles of similar size (average diameter 4.3 nm for 1 and
4.4 nm for 2, see Figures S56 and SS9), the large difference
in substrate selectivity must be associated with the different
linkers present in the MOF precursors.

Because catalyst 1 shows very low activity for the coupling
of EtOH and n-BuOH to form Cg alcohols 2-ethyl-butanol or
1-hexanol (Figure S29) in addition to preventing further
reaction between n-BuOH product molecules, 1 should retain
its high selectivity for n-BuOH formation even at high EtOH

conversion.

Notably, even though previous heterogeneous Guerbet
catalysts for EtOH upgrading are effective only above 200 °C,
our systems exhibit high activity for EtOH upgrading as low
as 170 °C, an operating temperature previously accessible
only with homogeneous catalysts. Furthermore, none of the
side products commonly formed with heterogeneous Guerbet
catalysts (ethylene, diethyl ether, ethyl acetate, methane, or
CO) are detected with our catalysts.>®'"'7'#?73% Although
NaOEt is the optimal base for promoting EtOH upgrading, it
can be replaced with the more convenient NaOH with
minimal loss of n-BuOH STY (Table 1, entry §).
Optimization of the per-ruthenium activity led to a
remarkable activity of 725,000 turnovers per Ru atom after
89 h starting from 1. This compares favorably with the
current record turnover number among homogeneous
catalysts, 114 120 turnovers over 168 h.*’

Importantly, pre-catalyst 1 leads to the production of n-
BuOH with 99.5 + 0.1% selectivity among liquid products at
EtOH conversions up to 26.6% (Table 1, entry 3). The only
products other than #-BuOH detected in significant
quantities under these conditions are sodium acetate
(NaOAc) and H,, common side products in Guerbet
reactions (Figures S41—844).'%’** Notably, the overall
selectivity for n-BuOH reaches 99% (among both solid and
liquid products) when the amount of NaOEt promoter is
decreased (Figure 2 and Table 1, entry 6). Use of 5.7 wt%
NaOEt essentially completely suppresses the formation of
NaOAc and H,, albeit with a concomitant reduction in
overall EtOH conversion to 3.9% after 14.5 h.

Because 1 and 2 can be reused without loss of activity
(Figures S4S and S46), we propose that RuNi nanoparticles
formed in situ and recovered after catalytic runs are the likely
active catalysts. ICP-MS analysis of filtered reaction mixtures
showed leaching of only 2.5% of the ruthenium content for 2.
No leaching of either nickel or ruthenium was observed for 1
after 14.5 h of catalytic operation at 170 °C (Table S7).
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UV—vis analysis and hot filtration experiments showed,
however, that partial leaching of entire RuNi nanoparticles
occurred after prolonged reaction times (Figures S47 and
S48). Analysis of the Ni 2p peaks in high-resolution XPS data
indicates that a fraction of Ni" is reduced to Ni’ under the
reaction conditions (Figure S$S49). Microscopy and PXRD
data showed that the reduced metal species form alloyed
nanoparticles (Figures 3a—d and S52—S59) with an average
diameter of 4.3 nm for 1 and 4.4 nm for 2.

The only other Ni species, observed post-catalytically only
in cases where a MOF precursor containing a high ruthenium
loading was used, was Ni(OH),, which does not impact n-
BuOH formation (Figures SSO and S51). Splitting of the
diffraction peak around 26 = 44° suggests that Ru as well as
RuNi nanoparticles are formed at ruthenium loadings
exceeding Ru:Ni = 0.028:1, likely because efficient RuNi
alloy formation only occurs for low ruthenium loadings
(Figure 3d). Notably, recovered catalysts containing pure Ru
nanoparticles showed lower activity on a per-ruthenium basis,
suggesting that optimal catalytic activity requires the
formation of RuNi alloys. Analysis of the precise d-spacing
of the PXRD peaks of RuNi nanoparticles, coupled with
energy-dispersive X-ray spectroscopy (EDS) mapping (Figure
3gh) and selected area diffraction (SAD, Figure 3j) pattern
measurement of lattice fringes (Figure 3e,f) indicate that
RuNi nanoparticles with a Ru content of approximately 5%
(ie, RugosNiges) are formed from 1 under the reaction
conditions.”’ Alloy formation with the SBU-derived metal
partially accounts for the notable dependence of activity and
selectivity on the MOF support despite the loss of
crystallinity.”>** The exact nature of the interaction between
the MOF and the nanoparticles, as well as the possible effect
of pore size, aperture, and other properties of the host MOF
on catalysis are the subject of future studies.

The foregoing results show that impregnation of simple Ru
precursors within a suitable MOF precursor and treatment
under conditions relevant for EtOH upgrading reactions give
rise to highly active catalysts that show strongly diverging
activity toward two chemically similar alcohols. Pre-catalyst 1,
derived from a nickel-based MOF catalyzes EtOH upgrading
with a turnover frequency of >725000. The same pre-
catalyst’s very low reactivity toward n-BuOH ensures the
stability of the desired product under the reaction conditions
and leads to excellent overall selectivity for the C, product.
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