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ABSTRACT: Guerbet alcohols, a class dfranched terminal
alcohols, nd widespread application because of their low melting==z,,
points and excellenuidity. Because of the limitations in the 7/ /= /
activity and selectivity of existing Guerbet catalysts, Guergg;\ Al
alcohols are not currently produced via the Guerbet reaction but
via hydroformylation of oil-derived alkenes followed by aldol

condensation. In pursuit of a one-step synthesis of Guerbet

alcohols from simple linear alcohol precursors, we show that MOF- /Ng.
derived RuCo alloys achieve over a million turnovers in the_~_ox \
Guerbet reaction of 1-propanol, 1-butanol, and 1-pentanol. The p

NN

active catalyst is formed in situ from ruthenium-impregnated
metal organic framework MFU-1. XPS and XAS studies indicate
that the precatalyst is composed of Ru precursor trapped inside the MOF pores with no change in the oxidation state
coordination environment of Ru upon MOF incorporation. Thecsigthy higher reactivity of Ru-impregnated MOF versus a
physical mixture of Ru precursor and MOF suggests that the MOF plays an important role in templating the formation of the ac
catalyst and/or its stabilization. XPS reveals partial reduction of both ruthenium and MOF-derived cobalt under the Guerl
reaction conditions, and TEM/EDX imaging shows that Ru is decorated on the edges of dense nanoparticles, as well as
nanoplates of CqOThe use of ethanol rather than higher alcohols as a substrate results in lower turnover frequencies, and Ru
recovered from ethanol upgrading lacks nanostructures with plate-like morphology and does not exhibit Ru-enrichment on
surface and edge sites. NotaHlgnd3P NMR studies show that through use;Bf§as a base promoter in the RuCo-catalyzed
alcohol upgrading, the formation of carboxylate salts, a common side product in the Guerbet reastiorelyvabneinated.

KEYWORDS:Guerbet reaction, RuCo, 2-ethylhexanol, MOF-derived catalyst, alcohol upgrading

INTRODUCTION acetone-butanol-ethanol (ABE) process wherebmitine-

organism Clostridium acetobutylmamerts sugar into

To enable full incorporation of fermentation and biomass-I ble feedstodkdhe biochemical i lanted
derived renewable feedstock into the production of fuels ayg'yable teedstocksne biochemical route was suppiante

chemicals, new catalysts are required to convert biobaé@q cost-e cient c_hem|cal synth_e3|s of 1-buta_no| from
oxygenates into commodity chemicalilike aliphatic petrochemical-derived propene via hydroformylation, but the

petrochemical precursors, which are apolar and devoid ) erest in biochemical aoproaches to the svnthesis of 1-
reactive functional groups, renewable feedstock is gener o : ) Pp € Synihesis
anol. New microbial strains, as well as innovation in the

more highly oxygenated than the targeted productient f {mentation setup, have sigaintly improved the productiv-

use of renewable feedstock will thus rely on the developmelzg of microbial 1-butanol synthesis, but isolation of low

d for sustainable liquid transportation fuels has renewed

of highly active catalysts for transformations that reduce th ncentrations of the alcohol from aqueous solution is both
oxygen content, extend carbon chain lengths, and enaf1| d

selective transformation of polar, functionalized substrates wii sty ?nd em::jrgy mtensﬁ@l'lé? Heterogeneous catalysts for f
high selectivity.Condensation reactions like the Guerbet anol upgrading generally require reaction temperatures o
reaction are of particular utility in the conversion of smau
oxygenates, such as short-chain alcohols, into useful fuels @pferial IssueEmerging Materials for Catalysis anc
commodity chemicalsThe high energy density, low water- Energy Applications

miscibility and low corrosivity of 1-butanol render it promisingeceived: May 28, 2021

as a second generation biofuel, which has inspired many receftepied: August 5, 2021

reports on catalysts for the sustainable production of 1-

butanol® © Original access to 1-butanol was provided by the
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Figure 1.(a) Preparation of catalyktActivity (b) and selectivity for desired Guerbet product (c), sodium carboxylate derived from starting
alcohol (d), and unsaturated derivatives of the desired Guerbet product (e) for the Guerbet reaction of 1-propanol, 1-butanol, and 1-pentz
catalyzed by ([Ru] = 0.0027 mmol) using varying amounts of sodium alkoxide promoter. For 1-propanol and 1-butanol, tedeiteadsing

from either Ru(nbd)Glor Ru(COD)C} are shown.f{ Comparative site time yields per hour for formation of desired Guerbet product using
either sodium alkoxide ogRQO, as a base promoter. $égures S1S6andTables S16 for detailed results and reaction conditions.

250 °C or more to achieve suitable reaction rates, but theu ciently stabilize a homogeneous catalyst for long-term
reduced activity is set by the low price and recyclability of use®® 3’ Furthermore, the metallic deposit has, in some cases,
the catalyst in many of these systémsWhile the lack of  been shown to be the main contributor to catalytic attivity.
base promoter prevents the formation of sodium acetate, othdOFs, being both porous and densely functionalized, can
side products, such as higher alcohols, CO, alkenes, or efluyiction as a suitable support for both oxidized and reduced
acetate, are commonly formed alongside the desired 1-butaweisions of the catalytically active metal. In addition to acting
product. Recently developed homogeneous ruthenium, ids a catalyst support, the metals contained in the MOF
dium, and manganese catalysts for the Guerbet reactionsefcondary building unit (SBU) can take an active part in
fermentation-derived ethanol can achieve high turnoveatalytic conversion. Indeed, we have found that the positive
numbers and high selectivity among liquid products for theooperative ect of nickel on both the eiency and
formation of 1-butanol at moderate conversiotisUse of selectivity of ruthenium-catalyzed ethanol upgrading was
base promoters, such as NaOEt, commonly result in thsrongly enhanced when a Ni-based MOF acted as catalyst
formation of sodium acetate alongside the desired 1-butarsmlpport and source of nick&lSupported RuNi alloy
product, but high catalyst activity can be achieved atanoparticles, formed in situ, could achieve turnover numbers
temperatures at or below 60 (TON) up to 750 000 Ru at 170°C for ethanol upgrading
Transition metals are readily reduced to the metallic state hile showing negligible activity toward the 1-butanol product.
H, released during the Guerbet reaction in the basic alcohBlubsequent development of a catalyst for 1-butanol upgrading
reaction medium commonly employed, renderingattito through simple replacement of the MOF precursor validated
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Figure 2.0ptimized conditions for 1-propanol and 1-pentanol upgrading catalyzeddycted in a stainless steel pressure reactor@t 170
(seeTables S7S9for details).

that in situ formation of catalytically active Ru-alloypromoter (sodium propoxid®r 1-propanol upgrading,
nanostructures from Ru-impregnated MOF precursors cosedium butoxide for 1-butanol upgrading, and sodium
stitutes a tunable design approach for Guerbet catalysts. MQientoxide for 1-pentanol upgrading) on both the catalyst
derived RuCo nanoparticles catalyze upgrading of 1-butanolactivity and the selectivity with which the desired product is
the high-volume chemical 2-ethylhexanol with TON®> 10formed shows a remarkably similar trend to that observed for
Rutat 170°C>*° 1-butanol. In addition to the expected carboxylate product
Our previous studies were aimed at the development of ttemmonly formed in base-promoted Guerbet reactions via a
optimized MOF-derived catalytic systems for the synthesis @impeting Cannizzaro or Tishchenko reattich,3348°4>>
isolated alcohol substrates, which are currently produced products of incomplete reduction can be formed alongside the
large scales in a nonrenewable fashion. However, maigsired Guerbet alcohol (degures & andS4. Notably,
Guerbet alcohols, with feature distinctilanching that  higher catalytic activity fbwas observed in the upgrading of
engenders high liquidity and oxidative stabilifyapplication ~ 1-propanol compared to that previously reported for 1-
in lubrication, paper processing and personal care probutanof;’ and the selectivity for the formation of the desired
ucts>*%*1 vet, reports, especially of a recent nature, on selBuerbet product 2-methylpentanol was likewise increased,
condensation of short-chain alcohols other than ethanol fearticularly in the presence of high loadings of base promoter.
high-volume Guerbet alcohols have been 3t&fte>* The identity of the ruthenium precursor (Ru(nbg)ahd =
Here, we show that MOF-derived alloys can funcgemasal  norbornadiene or Ru(COD)CICOD = cyclooctadiene) used
Guerbet catalysts with high catalytic activity for a suite ¢6 generaté has a small, but noticeablea on the reaction
alcohol substrates, such as 1-propanol, 1-butanol and €l-ciency and selectivity for all alcohols tested. The sodium
pentanol. We have previously shown the superior cataly@itkoxide solutions used throughout this work were prepared by
performance of MOF-derived RuCo, formed in situ frondissolving sodium in the corresponding alcohol, because
bench stable precursors, over RuCo nanoparticles supporgdtpstantial contamination of commercial batches of sodium
on a variety of traditional su 3p8?tm an eortto understand  alkoxide with sodium carboxylates and sodium carbonate has
why Ru-impregnated MFB%1° serves as a superior precursor been reportetf. While we did not observe any decomposition
of supported RuCo nanoparticles we investigate the changegiaducts of sodium alkoxide batches up to 10 months after
ruthenium coordination environment and oxidation state upopreparation biH NMR or *C NMR analysis{jgures S2 and
incorporation into the MOF support, as well as the importanc€d, potential reproducibility issues arising from degradation of
of the ligands present on the impregnation precursor. Talkoxide batches further tiwated the exploration of
eliminate solvent waste and maximize the space-time yield 2{grnative bases.
Guerbet reactions with MOF-derived catalysts are conductedGratifyingly, alcohol upgrading withalso proceeded
neat, so that the reaction substrate simultaneously functionseagctively when the sodium alkoxide cocatalyst was replaced
the reaction solvent for the upgrading reaction as well as theli KsPO, (Figure ), and essentially no sodium carboxylate
situ reductant for the formation of the catalytically active Rucgde product was formed when the weaker base was employed
species. Since eent alcohol upgrading reactions with the (Figure Sp Because of the dirent side product prie, we
same catalyst can be performed using 1-propanol, 1-butar@lalyzed the ect of the base promoter on the site time yield

and 1-pentanol, and to a lesser degree, ethanol, we were abltbY) for the formation of the desired Guerbet alcohol rather
examine the ect of the substrate/solvent on the compositionthan on the TOF, which is derived from the conversion of the

and morpho|ogy of RuCo nanostructures formed. starting alcohol and thus takes into account all products
formed in the reactioirigure f). Notably, the change in base
EXTENSION OF MOE-DERIVED RU a ected the relative activity of the catalyst toward theai

alcohol substrates: While 1-pentanol displayed the lowest
éb"BOSYI_gAA;?SLYSB TO OTHER GUERBET activity in the series wiflisodium alkoxide, the reverse was
observed witi/K ;PO, (Figure f). When soluble alkoxide
Encouraged by the dramatic increase in catalytic activity lodises are used, the amount of sodium carboxylate side product
ruthenium salts in the Guerbet reaction of 1-butanol wheoan be determined by simple precipitation of the salts from the
supported on MFU-1 (Ru@§(L1)s 1),%° we set out to reaction mixture with acetone and gravimetric determination
investigate if the Guerbet reaction of 1-propanol and Iof amount of solid removed Hiration. Analysis by PXRD of
pentanol could similarly be catalyzet(ifygures 4 andS1 the recovered solids from alcohol upgrading reactions
S3. Notably, we found that 1-pentanol can be upgraded to Zatalyzed by/K ;PO, did not reveal any daction peaks
propylheptanol with almost equakiency and comparable indicative of carboxylate formatigfig(re S)i Since any
selectivity to that observed for 1-butaR@uie b e). The amorphous solids formed during the reaction would not appear
e ect of the concentration of the sodium alkoxide bas@ the diraction pattern, we further analyzed the recovered
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Table 1. Ethanol Upgradifig

run variable Ru source [Ru] basé€ (%) TON TOF cony' selectivity
1 Ru source Ru(nbd)Cl 4.32x 107 5 55590 3088 0.07 0.83

2 Ru(COD)Cl, 4.32x 107 5 63196 3511 0.08 0.80

3 base concentration Ru(nbg)Cl 2.07x 107 18 216151 13301 0.13 0.54

4 Ru(nbd)C} 4.32x 107 10 86 051 4988 0.11 0.73

5 Ru(nbd)C} 4.32x 107 5 55590 3088 0.07 0.83

6 catalyst loading Ru(COD)CI 1.29% 106 5 22452 554 0.09 0.76

2Conditions: 20.0 mL NaOEt in ethanol, stainless steel Parr reactt, 2&mount of ruthenium [molesfConcentration of NaOEt.
dConversion of ethan8Belectivity for butanol formation. For control reactions with unsupported ruthenium and cobalt compahledS2see
18 mol % base concentration corresponds to 21 wt %.

solid by!H and 3P NMR in DO using tetraethylphospho- analyses ofitered reaction mixtures to gain insight into the
nium tetrauoroborate (TEP BF) as an internal standard. nature of Ru species leached from MOF-supported RuCo
We found that under conditions where 196 mg of sodiunfFigures 3andS11 S13. Ethanol upgrading experiments in
propanoate where formed using NaOPr as a base additive, less
than 2 mg of potassium propanoate were formed yBig K
as the base~{gure SB Similarly, with/K ;PQ,, <1 mg of
carboxylate was formed in butanol upgrading (760 mY with
NaOBu), and <2 mg in 1-pentanol upgrading (537 mdAwvith
NaOPentFigures fl S9 andS10.
The catalyst loading could also be reduced from [Ru] = 2.7
x 10 ¢ mol to [Ru] = 3.3x 10 & mol without a substantial
decrease in the conversion achieved after 15 h, and under the
optimized reaction conditions, TON = 1 679 714 RtOF
= 108369 RU h 1) was observed for the upgrading of 1-
propanol, and TON = 1381007 RGTOF = 89097 Ru'
h %) for the upgrading of 1-pentandfiqure 2. RuCo
nanoparticle catalysts formed in situ from a cobalt-based MOF
impregnated with ruthenium can thus be employed for the
e cient synthesis of a variety of branched Guerbet alcohols.
This contrasts with our earlier developed MOF-derived RuNiigure 3.UV vis spectrum of ethanol upgrading reaction mixture,
catalyst system, which can deliver exquisite selectivity for theludingl (purple) or MFU-1 (turquoise) and 18 mol % NaOEt,
linearGuerbet product 1-butanol by virtue of its negligible Itered after 4 h at 17C. The additional presence of small quantities

activity for the further conversion of 1-butanol to 2-Of water in the ethanol upgrading reaction led to more pronounced
ethylhgxanSP absorption for both (red), or MFU-1 (blue).

While reduced product selectivity would be expectetl with

in the upgrading of ethanol to 1-butanol because of thge presence of 18 mol % NaOEt were carried out both with
established high activity bfor the Guerbet reaction of 1- 5nd with the Ru-free support MFU-1 for 4 h at°Tz@nd
butanol to 2-ethylhexanol, we were nonetheless interestedgger cooling to 70C, the reaction mixture walsered to
see ifl showed comparable activity for ethanol upgrading tgemove particles >20@n. During the Guerbet reaction, an
that observed with terminaj @s alcohols. We found that  equimolar amount of water is formed along with the upgrading
while ethanol upgrading witkeould be achieved, the turnover product, so that both alkoxide and hydroxide are present under
frequency (TOF) measured with ethanol as the reactiothe reaction conditions, either of which could give rise to metal
substrate was substantially lower than was observed withidgching. Since no Guerbet reaction and, hence, no NaOH
propanol, 1-butanol, or 1-pentanol. Furthermore, despite ofdrmation is expected in the absence of RE(zee ), the
best eorts, we were unable to achieve ethanol conversiogame experiment was also repeated with deliberate addition of
exceeding 10% under reaction conditions that furnish ivater to the reaction mixture (sEeble S1)to simulate
butanol with >73% selectivifjaple ), even if the reaction  reaction conditions after substantial conversion for experi-
time was prolonged to 65 Tiaple S10entry 9). An increase ments with bothl and MFU-1. The ltrate of ethanol
in the catalyst loading similarly did not result in an increase @pgrading reaction mixtures conducted in the absence of
the conversion beyond 9%able 1 entry 6), but merely led  ruthenium (pure MFU-1 support) shows featureless absorp-
to a decrease in the TOF. A high turnover frequency (13 30don in the visible region extending past 500 nm, which
Ru 1 h 1) and a conversion of 13% could only be achieved bindicates the presence of metal nanoparficiesd 3.°’ The
employing a low catalyst loading and increasing the baaédition of 1.5 at% Ru (relative to the cobalt content of the
concentration to 18 mol % NaOEt (which corresponds to 2kupport) however, led to a substantial increase in the
wt % NaOEt}® At these concentrations of base promoter,absorption intensity in the visible region of thered
however, the selectivity for 1-butanol was only 0.54, andaction® The substantial absorption in the visible range
furthermore, substantial leaching of catalytically active narineicates that both Co (pure MFU-1) and either RuCo or a
particles from the catalyst support was observed. mixture of Ru and Co (Ru@MFU-1) were leached into the
We performed a combination of hibtation experiments, reaction mixture in the form of nanoparticles rather than as
UV vis, and transmission electron microscopy (TEM)molecular species. A noticeable increase in absorption intensity
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Figure 4.(a) Surface area of MFU-1 was reduced upon ruthenium incorporation. BET surfatb¢RuéabdjCh, A), 1034+ 6 n?g % 1
(Ru(nbd)Ch, B), 881+ 19 nf-g %; 1 (Ru(COD)ClL), 804+ 1 nfg L 1 (RuCl(CO)y), 1034+ 1 nf/g; MFU-1 used for ruthenium
incorporation, 1268 1 n/g (reported BET surface area for MFU-1 obtained by microwave synthesis (not shoaj if85(50) Aig).>>%°

(b) STY for 2-ethylhexanol formation for 1-butanol upgrading reactions conducté@ étaFie S1R (c) Comparison of alcohol upgrading
catalyzed by MFU-1 in the presence and absence of ruthEsilenS13

was observed upon addition of water to the ethanol upgrading CHARACTERIZATION OF MOF-INCORPORATED
experimentKigure 3andTable S1}| indicating that NaOEt, RUTHENIUM PRECATALYSTS

which was present at a >10-fold higher concentration thayy aid in further eorts to improve the performance of MOF-
NaOH, has a less substantiatceé on leaching than the derived Ru-alloy catalysts, we examined #w ef pore
hydroxide basé-{gures S11S13. Recent work by Han et al. incorporation on the coordination environment of ruthenium,
detailed how the adverseet of water on the selectivity and and the changes in structure and chemical properties observed
conversion of NiCo/HAP and TiQ catalyzed Guerbet UPON conversion to the presumed active species. Synthesis of
reaction of 1-butanol can be mitigated by addition of 1,1NvOlves soaking of the preformed MOF in a suspension of a

. . o . suitable ruthenium compound in a polar solvent, leading to
dibutoxybutane, which undergoes in situ hydrolysis to thr%thenium incorporation as detected by ICP-MS and a

alcohql substrate and corresppnding aldehyde interﬁ?edigtesi ni cant reduction in surface aréag(re 4). Washing of
Leaching of RuCo nanoparticles caused by water-derivRghenium-incorporated MOFs with DMF, ethanol, methanol,
hydroxide is another deleterious outcome of the increase in theetone, or MeCN does not lead to a noticeable reduction in
concentration of water with increased alcohol conversion attte ruthenium content, and the crystal structure of the MOF is
may thus be addressed by addition of an additive that removegained upon ruthenium incorporation. Control experiments
water from the reaction mixture. were carried out to determine whether the increased activity of
Hot ltration experiments camed that the metal Ru(nbd)Chor Ru(COD)C} when supported on MFU-1 was

nanoparticles leached into the reaction mixture were cataly?lfnply due to the presence of a source di_f azothe
: ) . . . nitrogenous ligand used as a linker in MFBidu(e b,
cally active. Substantial leaching of the catalytically active m gﬂ)le S1p While a small increase in activity was observed in

nanoparticles into a reaction mixture_ devoi_d_ of stapili;in&e presence dfl or a cobalt (but not a nickel) salt, the
ligands may account for the substantial activity but limitegatalytic activity in 1-butanol upgrading fell far short of that
conversion observed withn ethanol upgrading reactions. For observed witd, which formed comparable amounts of 2-
higher alcohol substrates, substantial conversions are accessibijghexanol after 14.5 h only when ruthenium loading was
with the same catalyst, but sigaitly lower amounts of base reduced 10-fold. Furthermore, we found that a physical
promoter. We had previously found that leaching of catalyfPixture of MFU-1 and Ru(nbd)}Cshowed similar activity
cally active RuCo from the MOF support was observed iff_Pure Ru(nbd)Gl rather than Ru(nbd)a@MFU-1 ,

: . igure #). In the absence of ruthenium, on the other hand,
butanol upgrading reactions promoted by 10 mol % NaOB one of the alcohol substrates testeatdad signicant

whereas leaching was completely absent for reactions carygtt) ints of the Guerbet product in the presence of MFU-1 and
out in the presence of 5 mol % NaGBQ@nly substrates 10 mol % sodium alkoxide promoféig(re ¢, Table S1B
displaying the targeted level of activity in the presence of 5 molGiven the high catalytic activity Ipfcare was taken to

% sodium alkoxide ogfO, are thus well suited for catalysis exclude catalytic contributions by impurities or cross-
by 1, because the metalipport interaction between RuCo contamination between dient experiments. Catalytically

and the MFU-1 appear to be insiently strong to completely ~active rhodium nanoparticles have previously been immobi-

retain the catalytically active nanopatrticles in the presencegé?d on the surface of Tm stir bars, and they were not

. slodged by washing with organic sol¥elstween each
larger z_amounts of base. Furthermore, it suggests that RL_]N'akaohol upgrading experiment, the stir bar and stainless steel
more tightly bound to the MOF support from which it is

: reactor was cleaned using a solution of K®EH, followed
promoter did not result in substantial leaching in ethandatatalytic results was observed when the reactor and stir bar
upgrading reactioffs. were cleaned using concentrated sulfuric acid rather than

E https://doi.org/10.1021/acsami.1c09873
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Figure 5.Comparison of (a) extended X-rag structure (EXAFS) and (b) X-ray absorption near edge spectra (XANES) of ruthenium alkene
complexes incorporated into MFU-1 with Ru(COP)CI

Figure 6.(a) Butanol upgrading catalyzedlbgenerated from RDl,(CO)¢ incorporated into MFU-1. (b) Comparison of IR spectra of
Ru,Cl,(CO)s@MFU-1 with Ru(nbd)G®MFU-1, RyCl,(CO)e, and TpRu(COXCI. (c) TpRu(CO)CI (d) SBU of MFU-1 having undergone
Ru-cation exchange. (e) Cleavage #EIRGO)¢ by pyrazole linker. (f) Proposed structure fg€ RCO);@MFU-1.

KOH/'PrOH. Furthermore, no alteration in the catalyticwidely dierent reactivity observed with physical mixtures of
results was observed either when a stir bar used for >MFU-1 and Ru(nbd)GIl versus1, however, a striking
reactions was replaced by an unusezhTsir baf? Catalytic resemblance in the XAS data of Ru(CODad Ru(COD)-
reactions were carried out either directly inside a stainless st€gl incorporated into MFU-11) was observed={gure .
Parr reactor or using a glass liner with no noticeadlersie,  XAS analysis thus comed that no cobalt to ruthenium
so that the steel surface appears to neither aid nor hinder th&tion exchange takes place at the SBU of MFU-1, and showed
progress of the reactfhMost importantly, the control furthermore that no sigeant modication of the ruthenium
reactions with ruthenium-free support showiyime ¢ were  coordination sphere occurs upon incorporation into the MOF.
carried out after the vast majority of all catalytic alcohol
upgrading reactions reported here, using the same equipment, cEEEcT OF RUTHENIUM LIGAND
chemicals and cleaning routine. The low levels of activity in ) )
propanol and pentanol upgrading and entire lack of activity ¥/e then tested whether ruthenium precursors whose chemical
butanol upgrading of Ru-free MFU-1 furthermore indicate thand physical properties @i signicantly from Ru(nbd)Gl
cobalt does not itself display catalytic activity. Theould be introduced into a MOF support in analogous fashion.
complementary substrate preference of RuNi and RuCWe found that RCI(CO)e, which unlike Ru(nbd)SCteadily
however, suggests a substantial level of synergy betwéiggolves in many organic solvents and features @asigni
ruthenium and either cobalt or nickel in MOF-derived Ru-allognore electron-deient ruthenium center, could successfully be
catalysts. incorporated into MFU-1 by soaking of MFU-1 in a solution of
To obtain insight into the coordination environment of thethe ruthenium compound in EtOH or DMFidures & and
MOF-incorporated ruthenium compounds, we obtained X-rayl5 S1§. Catalystl derived from R(l,(CO)q as the
absorption spectroscopy (XAS) data Ifgorepared using ruthenium precursor instead of Ru(CODR)EIRu(nbd)C)
either Ru(nbd)Gland Ru(COD)Cl. A variety of standards led to much lower activity for the upgrading of 1-butanol to 2-
that mimic various potential ligand exchange processes at #ikylhexanolHigure &, Table S1§ Furthermore, while no
ruthenium center were analyzéifre S14 Despite the  unsaturated Guerbet alcohol products could be detected, in the
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Figure 7 X-ray photoelectron spectroscopy analysis of the change of Ru oxidation state during in situ formation of the activeraatédyst. (a)
being exposed to alcohol upgradingl fecovered from alcohol upgrading. (¢) Ru(nbdi€ad for the synthesislofd) 1 after reduction by
H2.

presence of >2.5 mol % NaOBu base promoter, over 35% ofréported for Ru(CQELl,(pyridine) are 2136, 2075, and 2051
butanol consumed was converted into sodium butyrate rathemn %, more than one strongly donating ligand must be present
than 2-ethylhexanol. We speculate that strong binding of C® the coordination sphere of ,Bl(CO)s@MFU-15" A
ligands to the reduced metal active species formed in siteiasonable similarity between the carbonyl stretches observed
under the reaction conditions may account for the pronouncddr RyCl,(CO)s@MFU-1 and those reported for Ru(gt»)
decrease in catalytic activity. (glycinate) (2143.5, 2065.0, and 1989.0%¢hand Ru-

To test if structural dérences betweeh derived from (C0O)4Cl(2,2-bipyridine} (2112.4, 2060.7, and 1993.3
RuwCl4,(CO)s and 1 synthesized using Ru(nbd)Qir cm 1),°® leads us to suggest the structure depicteid)ime
Ru(COD)CL accompany the decreased activity, the rutheéf as the most reasonable assignment fGi,f&0O)@MFU-
nium environment after incorporation into the MOF host wad. The complex shown kigure 6 could be formed via
probed using infrared spectroscopy (IR). The CO ligand is tansfer of chloride to the adjacent cobalt center upon
convenient IR handle since the carbonyl stretch of thdisplacement from ruthenium by the MOF linker, similar to
ruthenium-bound CO ligand shifts upon nuation of the  chloride transfer to a second molecule of RyQ®OH)
coordination sphere of Ru. Carbonyl stretches at 2181, 205#en this precursor reacts with a stoichiometric amount of
and 1985 cnt were observed for Ji,(CO)s@MFU-1, bipyridine®® Prior examples of the coordination of two donor
which dier substantially from the carbonyl stretches of théigands to the ruthenium center with transfer of the chloride
ruthenium precursor R, (CO)g (2141, 2091, and 2064 ligand to a dierent metal center provides support for our
cm &, Figure 8).°* Ruthenium cobalt cation exchange in the assignment of Rbl,(CO);@MFU-1 as the structure shown
MOF SBU was excluded due to the presence of a high Figure 6(Table S15-igure S19 Because incorporation of
frequency band, which is absent for ruthenium complexassecond-row transition metal into a MOF SBU is highly
featuring a tridentate nitrogen-donor ligand such as trispywnusual, however, further studies are needed to conclusively
azoleborate (Tp) and only two carbonyl ligarfeigu(e establish the coordination geometry around ruthenium in
6b,c,d). A control experiment where,G4CO)s was  RwCl,(CO)@MFU-15%7°
exposed to ethanoFiure S1 the solvent employed in Formation of the Active Catalyst under the Reaction
the preparation of RDI,(CO)s@MFU-1 Figure @), shows  Conditions. The reaction conditions used for the Guerbet
that the CO stretching frequencies ofOR(CO)g are not reaction are both basic and reductive, witielig evolved in
signi cantly altered by solvent exposure. In donor solventtie dehydrogenation of the alcohol substrate duringsthe
symmetrical cleavage of@&(CO)g to yield RuG(CO)4(S) step of the Guerbet mechanism. Comparison of the Ru 3d X-
(S = solvent) is known to océlrbut in the case of ethanol, ray photoelectron spectroscopy (XPS) signals of the pristine
splitting of the dimer has been shown to be reversible upanthenium-incorporated MFU-1 speclégre @) and the
solvent evaporati6f.The remaining possible reaction sites ruthenium precursor Ru(nbd)QFigure €) shows no change
are the linker or SBU of the MOF: displacement of the solverih the binding energy of Ru 3d core electrons. This observation
ligand in RUG(CO)4(S) by the pyrazole group of the MOF is in line with the XAS data far (Figure %, where no
linker would yield a structure showirigure @, which may  evidence of changes in the ruthenium coordination environ-
be further stabilized through the formation of a chloride bridgment or oxidation state upon MOF incorporation could be
between Co and R0.Considering that the CO stretches found. Catalyst recovered from the alcohol upgrading reaction
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Figure 8. TEM and STEM images and EDS mapping of Ru@MFU-1 nanoparticles recovered from upgrading of 1g)rdphotdrial (f
j), and 1l-pentanol (ko).

mixture, however, gave rise to two distinct peaks, which wdre expected, but such an assignment was considered unlikely

assigned to Band RA (Figure B). Similar reduction of part due to the sign¢antly lower binding energy of 398.8 eV

of the ruthenium content df was observed when the observed upon reductionlbfn the presence of,H{Figure

ruthenium-incorporated MOF was subjected to reduction S210."° Interestingly, when the Guerbet reaction of 1-butanol

with H, in isopropanol/benzene mixtures at A2QFigure promoted by 10 mol % NaOBu was carried out under an

7d). We conclude that a substantial fraction of the rutheniuratmosphere of ;Na TOF of 20 956 Rtih ! (Table S1pwas

content ofl is reduced to the zerovalent state under theobserved forl (versus TOF = 17416 Ruh ! for the

reaction conditions of alcohol upgrading, withresumed to  equivalent reaction carried out underTaible Sdentry 1)).

be the reducing agent. The observed increase in catalytic activity upon exclusion of air
In the conversion of RU@MFU-1 to the active catalyst, & consistent with ruthenium and cobalt reduction during the

fraction of the cobalt cations forming part of the secondaif@rmation of the active catalyst.

building unit (SBU) of the MOF support is incorporated into As expected, alloy nanoparticle formation in situ leads to a

catalytically active RuCo alloy nanoparticles. Co 2p XPsibstantial decrease in the surface area of the recovered

analysisRigure S20revealed the presence of @ongside  catalyst (18% 3 n?.g *, Figure SJversus pristing (881+

Cd', but a quantitative analysis of ®as complicated by the 19 nf-g %, Figure 3 since a fraction of the cobalt is removed

complex multiplet structure of'Cé To verify that reduction ~ from the MOFs metal oxo clusters to yield RuCo. While the

of a fraction of cobalt species occurs under the reactigirts of the material that function as support for RuCo are

conditions, we turned our attention to N 1s XPS of thePresumed to largely retain the original M©&nnectivity, the

bisdimethylprazolephenyl ligand present in MFEigure lack of PXRD resctions attributable to MFU-1 indicate an

S2). We observed a shift in the binding energy from 400.3 egbsence of long-range order, so that a decrease in the accessible

for the pyrazole linker bound to"Cim the intact MOF  surface area would be expected.

structure to 398.8 eV after reductiod wfith H,. Catalysf

recovered from ethanol upgrading likewise displayed a EFFECT OF ALCOHOL SUBSTRATES ON

decreased N 1s binding energy of 399.6 eV versus the pristine NANOSTRUCTURE FORMATION

catalyst. We attribute the decrease in N 1s binding energy linportantly, for Guerbet reactions with MOF-derived Ru-alloy

both cases to reduction of a fraction df oa low-valent  catalysts, the catalytically active species is formed in situ, and to

state, leading to decreasedonation from the pyrazolate maximize the space-time yield, reactions are performed neat.

ligand to the cobalt centér/* The observation of a single N The alcohol, thus, simultaneously serves as the substrate and as

1s XPS signal is inconsistent with the presence of notallee reaction medium for the formation of the catalytically

amounts of pyrazole for which distinétasl sp nitrogen active species. We compared TEM, scanning transmission

signals separated by LB eV would be expected, unlike the electron microscopy (STEM) and energy dispersive X-ray

single peaks characteristic of metal-bound pyrazdfates. spectroscopy (EDS) imaging data for cafatgsbvered from

reduction to form a free pyrazoline had occurred in thethanol, 1l-propanol, 1l-butanol, and 1-pentanol upgrading

presence of Jlone symmetrical signal aroud®0 eV would  reactions, respectively, to determine if the structwadrdies
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Figure 9.STEM images of Ru@MFU-1 nanopatrticles recovered from upgrading of 1-pentanol (a, b) and 1-propanol (c, d) showing the presel
of small ruthenium nanoparticles and isolated ruthenium atom on the support matrix.

exist between the nanoparticles formed inFSguré $ We gives rise to small nanoparticles and isolated atoms on the
found that RuCo particles formed in ethanol not only wergupport matrix, as well as forming a thin shell on cobalt oxide
substantially larger (400 nm to rh, Figure S23z) than nanoparticles{gures S24S3(). The formation of a catalyst
those recovered from upgrading reactions of higher alcohalgih high ruthenium dispersion that is maintained at high
but also appeared to be moreatively mixed with regard to  temperature and in the presence of strong base may be
Ru and Co. Ecient alloy formation was also observed in theyyrihytable to spatial separation of the noble metal by organic
prewogsly reported ethanol upgradlng. reaction with Ru(nbdjikers in the Ru(diene)@MFU-1 precatalyst, which could
CL@NE(OH) 4(OH ) (tet)s (tet = 2,6-bis(H-pyrazol-4-yl)- o 4chieved by simple adsorption of a commercially available

pyrrolo[3,4tJisoindole-1,3,5,7f2 6H)-tetrone) where ruthenium precursor into the MOF pores.
Ry, oNig o5 alloy nanoparticles of relatively uniform distribu-

tion and 4.3 nm size were obseftedhile only dense

spherical particles were recovered from ethanol upgrading CONCLUSION

reactions, formation of the active catalyst in propanol, butanglie have shown that the selectivity and sjtgcof MOF-

and pentanol additionally led to the formation of nanoplat@erived Guerbet catalysts can be tuned by the choice of MOF
morphology Kigure 8, g, I). The nanoplates could be most template: while RuNi nanopeles derived from Ru@
clearly visualized in the case of butanol upgrading, where tWX(OH)4(OH2)2(tet)G serve as selective catalysts for the
are 200300 nm in diametei{gure & h) but display only a (ﬁynthesis of linear Guerbet product 1-butanol, RuCo

thickness of a few atomic layers. The dense spherical parti ERostructures derived frdncan e ciently and selectively

observed il rec.overed from 1-pr0pano!, 17butanol,. and 1'furnish a suite of branched Guerbet products. High catalytic
pentanol upgrading were aroundZ@ nm in size, and in the

case of propanol, smalleld nm particles were additionally activity can be achieved in the presence of either a sodium

observed Rigure @, c). For alcohols other than ethanol, &koxide promoter or 3RO, the use of which ectively
ruthenium is more accurately described as decorating the edg@inates a common Guerbet side reaction, which forms
of cobalt-rich nanoparticles rather than as being incorporate@rPoxylate salts. An XAS study of the precatalyst revealed that,
into a homogeneous substitutional allogutes @ e, i |, in general, no substantial change in the ruthenium coordina-
n o, S24 and S2§. The clear morphological diences tion sphere occurs upon introduction into the MOF. Use of
between the nanostructures formed in ethanol and thofuwCl(CO)g as the ruthenium precursor, however, leads to
obtained with higher alcohol substrates are a possible souiteractions between incorporated ruthenium compound and
for the lower activity observed in ethanol upgrading versus tttee MOF support discernible by IR. XPS analysis of
other alcohols. In addition to the enrichment of Ru on théndicated that both Ru and Co are partially reduced under the
edges of CoOnanostructures, small Ru nanoparticleS (2 reaction conditions of alcohol upgrading, and (S)TEM/EDS
nm) and isolated Ru atoms were also found on the suppoghalysis revealed the formation oréit nanostructures
matrix for both 1-propanol and 1-pentanol-detiV€tjures  gepending on whether ethanol or higher alcohols are employed
9, d andS25¢ S28 andS29. . as the reaction medium.

Enrichment of ruthenium nanoparticles on the edges of the
support material is apparent from the darkened edges of the
support observed in TEMigure § and light edges found in ASSOCIATED CONTENT
STEM (Figure @) images. Elemental mappikgre S27 Supporting Information
con rmed that the small nanoparticles on the support materighe Supporting Information is available free of charge at

were composed of ruthenium rather than cobalt. Highhttps://pubs.acs.org/doi/10.1021/acsami.1c09873
resolution STEM imaging also permitted detection of isolated

ruthenium atoms dispersed over the support matrix in catalyst ~Detailed experimental procedure for alcohol upgrading;
samples recovered from both 1-propanol upgrddimg¢g gas chromatograms; NMR quaztiion of potassium

9d) and 1-pentanol upgradingiqure S29 The ruthenium- carboxyla_lte formatl_on; _U\ﬁs and TEM data} showing
doped cobalt MOF, which serves as a template for both the ~ Nanoparticle leaching in ethanol upgrading; data on
catalyst and its support material, contains cobalt in the form of ~ reference reactions; XAS data Tprexperimental
metal oxo nodes (D) separated by organic linkers and procedure for the preparation ot&YCO)s@MFU-
ruthenium in the form of isolated molecules occupying the 1 PXRD, gas sorption, TGA, and IR data of
MOF pores. Upon partial decomposition of the MOF during RuCl(CO)s@MFU-1; Co 2p and N 1s XPS data of
the Guerbet reaction, a substantial fraction of cobalt L and TEM, STEM, and EDS images of catalysts
agglomerates to large nanostructures, whereas ruthenium recovered from alcohol upgrading reactfens)(

*
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