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Abstract: Deoxygenation of 1,2-propanediol (1.0M
in sulfolane) catalyzed by bis(dicarbonyl)(p-hydri-
do)(pentamethylcyclopentadiene)ruthenium  trifluo-
romethanesulfonate  ({[Cp*Ru(CO),],(un-H)JTOTE")
(0.5 mol%) at 110°C under hydrogen (750 psi) in the
presence of trifluoromethanesulfonic acid (HOTY)
(60 mM) gives n-propanol as the major product, indi-
cating high selectivity for deoxygenation of the inter-
nal hydroxy group over the terminal hydroxy group
of the diol. The deoxygenation of 1,2-propanediol is
strongly influenced by the concentration of acid,
giving faster rates and proceeding to higher conver-
sions as the concentration of HOTY is increased. Pro-
pionaldehyde was observed as an intermediate, being

formed through acid-catalyzed dehydration of 1,2-
propanediol. This aldehyde is hydrogenated to n-
propanol through an ionic pathway involving proto-
nation of the aldehyde, followed by hydride transfer
from the neutral hydride, dicarbonyl(pentamethylcy-
clopentadiene)ruthenium hydride [Cp*Ru(CO),H].
The proposed mechanism for the deoxygenation/hy-
drogenation reaction involves formation of a highly
acidic dihydrogen complex [Cp*Ru(CO),(n*H,)]"
OTf".

Keywords: deoxygenation; dihydrogen complexes;
heterolytic reaction; homogeneous catalysis; metal
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Introduction

Carbohydrates and other biomass-derived compounds
are abundant, renewable resources that offer a very
appealing alternative to the use of petroleum-based
feedstocks."! The development of efficient reactions
to convert biomass-derived resources into chemicals
or fuels on a large scale requires the discovery of new
catalytic reactions that can carry out the transforma-
tions required for the effective use of this resource.
The problem of converting biomass-derived materials
into useful chemicals or fuels can, in some ways, be
viewed as the opposite challenge faced in efforts to
convert readily available hydrocarbons (e.g., meth-
ane) into fuels. Conversion of hydrocarbons to fuels
requires reactions that will selectively introduce func-
tionalization. Sugars and related compounds, in con-
trast, are “overfunctionalized,”®> with an OH group
on nearly every carbon, so new reactions are needed
that will selectively remove some of the oxygen-con-
taining functionalities.
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Several studies of homogeneous as well as support-
ed heterogeneous metal catalysts have been reported
for deoxygenation reactions of diols or glycerol. Di-
cationic, mononuclear complexes such as [cis-Ru(6,6'-
Cl,-2,2"-bipy),(OH,),] ™ catalyze the deoxygenation of
diols; alcohols were formed in most cases but in some
cases further hydrogenation to alkanes was ob-
served.*”! 1,3-Propanediol is one of the components
used in the manufacture of textile fibers with the
tradenames Sorona® (DuPont) and Corterra® (Shell).
If chemoselective deoxygenation of glycerol to 1,3-
propanediol could be achieved, this could be econom-
ically and environmentally attractive, as there is a
large oversupply of glycerol generated as the by-prod-
uct of bio-diesel production. Glycerol was converted
to 1,3-propanediol and 1,2-propanediol at 200°C
under CO/H, (4600 psi) using Rh(CO),(acac) and
H,WO, as the catalyst precursors.’! Reaction of glyc-
erol with (CO),Rul, with added HI under H,/CO
pressure produced n-propanol and several ether prod-
ucts.”” Tomishige and co-workers discovered several
supported Ru catalysts for the hydrogenolysis of glyc-
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erol.®! The major product was 1,2-propanediol, with
smaller amounts of 1,3-propanediol, n-propanol and
isopropyl alcohol also being observed. Drent and
Jager patented a palladium catalyst, (diphosphine)Pd-
(OAc),, for the deoxygenation of glycerol at 175°C
under CO/H, in the presence of added acids; they ob-
tained 1,3-propanediol, 1,2-propanediol and n-propa-
nol in addition to acrolein.’! Supported catalysts of
Ru, Pt and Cu were reported for the catalytic hydro-
genolysis of glycerol; they generally favor the forma-
tion of 1,2-propanediol.' A Pt on TiO, catalyst was
reported to hydrogenate hydroxypropionaldehyde
(available from the dehydration of glycerol) to 1,3-
propanediol with good selectivity.'!!

As shown in generalized form in Eq. (1), one ap-
proach to the deoxygenation of diols or polyols is se-
quential treatment with H* and H™ sources, releasing

OH H* ® H™ H

PN

R R'

-H0 RR R™OR

R,R'=CH,; CH,OH, ...

water and formally resulting in the conversion of OH
to H."!' A homogeneous metal catalyst capable of
heterolytic cleavage of H,!"*! could potentially enable
use of H, as the source of both HT and H™. Metal
complexes with dihydrogen ligands can function as
acids, and have been shown to exhibit a wide range of
acidities.'"*"! Proton transfer from a cationic dihydro-
gen complex [M(n?-H,)]" would produce a neutral
metal hydride (MH). From studies of the kinetics of
hydride transfer to Ph;C*, we have shown that neutral
metal hydrides exhibit more than six orders of magni-
tude of range in their rate constants of kinetic hydrici-
ty.'>1°! Extensive studies of the thermodynamic hy-
dricity of metal hydride complexes by DuBois and co-
workers has shown that the range of thermodynamic
hydricity of metal hydrides spans more than
40 kcalmol """ Achieving catalytic deoxygenation of
diols would require that proton and hydride transfer
steps occur, followed by metal catalyst regeneration
through heterolytic activation of H, to “H*” (as a
Brgnsted acid) and “H™” (as a metal hydride).
Stoichiometric ionic hydrogenations of ketones can
be accomplished under mild conditions by addition of
a strong acid (HOTf; OTf=0OSO,CF;) to solutions
containing ketones and metal hydrides."! These reac-
tions document that transition metal hydrides can
function as hydride donors in the presence of a strong
acid. As shown in generalized form in Eq. (2), these
proton and hydride transfer reactions are related to
those outlined for the deoxygenation of diols in Eq.
(1). Similar reactions were found for ionic hydrogena-
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tion of alkenes,"” o,B-unsaturated ketones,*! and acyl
chlorides,®™ as well as conversion of acetals to
ethers.”!l Catalytic ionic hydrogenations™ were de-
veloped using molybdenum and tungsten complexes,
in which both the proton as well as the hydride were
delivered from a metal hydride bond, with regenera-
tion of the metal hydrides being carried out through
reaction with H,.’)

These reactivity patterns suggest that deoxygena-
tion of diols might be possible by using acidic and hy-
dridic reactions catalyzed by organometallic com-
plexes. Many ruthenium complexes react with H, and
elicit heterolytic cleavage reactions of H, that have
been used in a variety of catalytic hydrogenations.**!
We reported in a communication that {[Cp*Ru(CO),],
(u-H)}* OTf™ under H, in the presence of acid cata-
lyzes the deoxygenation of 1,2-propanediol to pro-
duce n-propanol.”? This paper reports a complete
mechanistic study of this reaction, including evidence
that the reaction involves the heterolytic activation of
H, gas through a highly acidic dihydrogen complex of
ruthenium. Intermediates observed in the catalytic re-
action are subjected to the reaction conditions to give
a better understanding of the role of the ruthenium
catalyst and the added acid.

Results and Discussion

Consideration of possible molecular catalysts for the
catalytic deoxygenation of diols as outlined in Eq. (1)
suggests the need for an acidic metal dihydrogen (or
dihydride) complex. Heinekey and co-workers have
shown that the ruthenium hydride complex Cp*Ru-
(CO),H reacts with HBF-Et,0O at low temperature to
generate  the  cationic dihydrogen  complex
[Cp*Ru(CO),(n*-H,)]" BF, . This complex is highly
acidic, as indicated by its deprotonation by Et,O to
give Cp*Ru(CO),H. Not only did the cationic com-
plex [Cp*Ru(CO),(n*-H,)]* appear to be ideal for de-
oxygenation due to its high acidity, but in addition,
our studies of the hydricity of the neutral hydride
Cp*Ru(CO),H showed that it was an excellent hy-
dride donor." Studies of the kinetics of hydride
transfer from Cp*Ru(CO),H to Ph;C*t BF,” showed
that the rate constant for hydride transfer in CH,Cl,
at 25°C was k>10°M's™".

The potential viability of catalytic reactions using
[Cp*Ru(CO),(n*-H,)]" as the proton donor and
Cp*Ru(CO),H as the hydride donor was, however,
not obvious, since Heinekey had found™®' that
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[Cp*Ru(CO),(m*-H,)]" BF,” decomposes at tempera-
tures above —38°C to form the bridging hydride com-
plex {[Cp*Ru(CO),],(u-H)}* BF,", a reaction that re-
leases H, and H* [Eq. (3)].*%!

® -38°C

2 Br, 2

H
Cp*(CO),Ru—|
H

3)

@

N
Cp*(CO)QRu/ RuCONCp| BF,© + Mo + HBFsELO

Study of {{Cp*Ru(CO),],(n-H)}*OTf Under H,

Although the dihydrogen complex [Cp*Ru(CO),(n*-
H,)]* had been shown to decompose at low tempera-
tures, it would be accessible from {[Cp*Ru(CO),],(p-
H)}* if suitable conditions could be found to reverse
the reaction shown in Eq. (3). A pathway for the for-
mation of the acidic dihydrogen complex
[Cp*Ru(CO),(n*-H,)[" OTE" from {[Cp*Ru(CO),],(u-
H)}* OTf under catalytic conditions, in the presence
of HOTHT, is shown in Scheme 1. In an attempt to di-

H ®

OTf~

Ru(CO),Cp*

|

Cp*(CO),Ru—H +

[Cp*(CO)zRu/

®

H
Cp*(CO),Ru—| oTf"
H

HOTf

Scheme 1.

rectly observe the dihydrogen complex involved in
the equilibria postulated in Scheme 1, variable tem-
perature 'HNMR experiments were carried out
under H,. In one experiment a 50 mM solution of
{[Cp*Ru(CO),],(p-H)}* OTf™ in CD,Cl, was em-
ployed, and in another experiment an additional 0.5
equivalent of HOTf was added to the solution. In
both cases the spectra showed a small linear tempera-
ture dependence of the chemical shift of the bridging
hydride ligand of {{Cp*Ru(CO),],(u-H)}* OTf™ over a
temperature range from 25°C (6=-17.75) to 85°C
(0=-18.15). No dihydrogen complex or any other
new hydride resonances were observed, even when
the experiment was carried out in a sapphire NMR
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tube at pressures of 50 atm H,. The temperature de-
pendence of the hydride shift is reversible and inde-
pendent of the presence or absence of added HOTH.
The small range of the chemical shift, as well as its di-
rection (upfield with increasing temperature, that is,
away from the shift (6 =—5.7) of the postulated active
catalyst [Cp*Ru(CO),(n*-H,)]* OTf") suggests that it
is not due to an intermolecular chemical exchange re-
action, but is merely the temperature dependence of
the chemical shift.

Even though neither the dihydrogen complex nor
any other reactive intermediate could be directly ob-
served in the variable temperature NMR experiment,
evidence supporting the accessibility of [Cp*Ru(CO),
(m*-H,)]* under H, came from experiments on
{[Cp*Ru(CO),],(up-H)}* OTf  conducted under D,.
When a solution of {[Cp*Ru(CO),],(u-H)}* OTf~
(40 mM) in CH,Cl, was heated at 100°C under of D,
(4 atmospheres), incorporation of deuterium oc-
curred, as evidenced by the formation of a bridging
deuteride complex, {[Cp*Ru(CO),],(u-D)}* OTf", ob-
served by 2HNMR spectroscopy after 30 min
(Scheme 2). The bridging deuteride (u-D) resonance

@ D, (4 atm)
OTf

Cp*(CO)ZRu/ Ru(CO),Cp*

100 °C

|

D1 ®
Cp*(CO),Ru—H  + [Cp*(CO)ZRu—II3 }

H

H1®
Cp*(CO),Ru—D  + [Cp*(CO)QRu—[I) }

D ®

HD +

Cp*(CO)ZRu/ Ru(CO),Cp*

Scheme 2.

appeared at 0=—17.78 in the “H NMR spectrum, es-
sentially the same chemical shift as that of the bridg-
ing hydride complex (6=-17.79) in the 'HNMR
spectrum. A similar experiment in CD,Cl, solution
was monitored by '"H NMR and showed a triplet at
0=4.58 (J=45Hz), indicative of HD gas. These ex-
periments show that {[Cp*Ru(CO),],(u-H)}* under
H, is in equilibrium with the cationic dihydrogen
complex [Cp*Ru(CO),(n*-H,)]* (Scheme 2). Under
the experimental conditions for catalysis described
below, the neutral hydride, Cp*Ru(CO),H, would be
converted to the cationic dihydrogen complex
[Cp*Ru(CO),(n*-H,)]™, indicating that the reaction
shown as a decomposition in Eq. (3) is actually a re-

asc.wiley-vch.de 791


http://asc.wiley-vch.de

FULL PAPERS

Marcel Schlaf et al.

versible equilibrium in the presence of H, heat, and
sufficient pressure of H,.

Initial Experiments on Catalytic Deoxygenation of
1,2-Propanediol and Choice of Solvent

Initial experiments on the deoxygenation of 1,2-pro-
panediol catalyzed by {[Cp*Ru(CO),],(u-H)}* OTf~
were carried out in NMR tubes in CD,Cl, under H,
(4 atm). It was established that 1,2-propanediol was
slowly catalytically deoxygenated to give n-propanol
at temperatures above 85°C with added HOTf. Ex-
periments in NMR tubes were convenient to examine
the reaction under different conditions, but it became
clear that the complexity of products formed made
NMR unsuitable for quantitative determination of the
reaction products. Subsequent experiments required
monitoring of the reaction by quantitative gas chro-
matography (GC) with an internal standard, to pro-
vide an accurate determination of organic intermedi-
ates and products.

One of the long-term goals of this work is the de-
velopment of catalytic ionic deoxygenations/hydroge-
nations for the conversion of naturally abundant poly-
ols and monosaccharides to chemical feedstocks with
reduced oxygen content. An important consideration
is the choice of a suitable solvent to dissolve both
diols or polyols (which have high solubility in water)
and organometallic catalysts (which are normally
used in organic solvents of lower polarity). Seminal
work by Andrews has shown that NMP (N-methylpyr-
rolidinone) can be used as the solvent in the decar-
bonylation of carbohydrates with ruthenium or rhodi-
um catalysts.””) We were concerned that the basicity
of NMP, even if rather low, might be a drawback for
ionic deoxygenation reactions under acidic conditions.
An ideal solvent should have high thermal stability in
the presence of acids and high polarity to dissolve the
diol and promote ionic reactions (proton and hydride
transfers). It should be non-coordinating, or at most
weakly coordinating, so that it does not compete with
H, binding to the metal catalyst. Sulfolane (tetrame-
thylenesulfone, bp 285°C, dielectric constant ¢ =43.3)
fulfills all these conditions. An initial small-scale reac-
tion under conditions comparable to those in CD,Cl,
established that the catalytic system is indeed active
in sulfolane solvent [Eq. (4)], generating n-propanol

OH {{CP'RU(CO),,(u-H)}'OTF (catalyst)
HO

CH, H, (750 psi), 110 °C, HOTf

()

s
/)
o

O~ + HO @)
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and di-n-propyl ether along with other intermediates
described in detail below. Subsequent studies on these
deoxygenation reactions were carried out in sulfolane.

Quantitative Study of the Catalytic Deoxygenation of
1,2-Propanediol

Figure 1 shows the products formed in the deoxygena-
tion of 1,2-propanediol (1.0M) in sulfolane catalyzed
by 5mM {[Cp*Ru(CO),],(k-H)}* OTf (0.5 mol%
catalyst loading) with 60 mM added HOTf (ie., 6
molar equivalents of acid per Ru). Acid-catalyzed de-
hydration of 1,2-propanediol would produce propion-
aldehyde, as shown in Eq. (5). Catalytic hydrogena-

A(O (5)

H

OH cat. H*

)\/OH ~H,0

tion of the C=0 bond of the aldehyde generates the
observed product, n-propanol [Eq. (6)]. Mechanistic

{[CP'RU(CO),],(u-H)} OTF~
(catalyst)

o]
/Y+H2

H

_~_-OH (6

considerations will be discussed in more detail in a
later section. Condensation of two molecules of n-

6001--; RN T T T NS U SN W T T T T T Y Y S Y T ST T S Y T SO S

Deoxygenation Products (mM)

Time (hours)

Figure 1. Time-dependence of the major products formed
from the deoxygenation of 1,2-propanediol (1.0M in sulfo-
lane with 0.1 M toluene as an internal standard) at 110°C.
Initial conditions were 5 mM {[Cp*Ru(CO),],(n-H)}* OTf",
60 mM HOT( under 750 psi H, (before heating).
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propanol gives di-n-propyl ether. Propylene glycol
propyl ether (two isomers as shown in Figure 1) is
generated from acid-catalyzed cross-condensation of
the product n-propanol with the starting material diol

[Eq. (7)].

cat. H' A

OH o) OH
OH —— + (7)
)\/OH e - H,0 /\/OH )\/O\/\

The concentration of 1,2-propanediol had dropped
from its initial value of 1.0M to 82 mM (92% conver-
sion) after 30 h, as determined by quantitative GC.
The concentration of n-PrOH was 538 mM (54%, 108
turnovers based on the bimetallic Ru catalyst precur-
sor), that of n-Pr,0 was 74 mM, and 110 mM of pro-
pylene glycol propyl ether was detected. Defining the
products as [deoxygenation products]=[n-propanol] +
2 [di-n-propyl ether]+ [propylene glycol propyl ether]
gives a total of 796 mM, corresponding to an 80%
yield of deoxygenation and hydrogenation products,
accounting for about 160 turnovers of the catalyst.

Careful examination of the reaction mixture by GC
revealed additional observable intermediates (not
shown in Figure 1) that provide further information
about the reaction mechanism. In addition to the ob-
servation of propionaldehyde (maximum concentra-
tion observed 38 mM), small amounts of the acetal,
cis/trans-2-ethyl-4-methyl-1,3-dioxolane [Eq. (8)] were

cat. H” O‘(i ®)
A

- H,0 o}

/\fo . OH o
o 1

observed (maximum concentration observed 16 mM).
This substituted dioxolane is formed under the cata-
lytic reaction conditions through acid-catalyzed con-
densation of 1,2-propanediol with propionaldehyde,
and its identity was verified [two isomers as shown in
Eq. (8)] by independent synthesis using this route. An
alternative mechanism for production of propylene
glycol propyl ether would be through hydrogenation
of the acetal, as outlined in Eq. (9). A related reac-

2 e e

OH

tion of n-propanol with propionaldehyde to give a
hemiacetal, followed by deoxygenation of the hemi-
acetal, would provide an alternate mechanism to gen-
erate di-n-propyl ether.
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The regioselectivity of the deoxygenation is excel-
lent, owing to the high preference for dehydration at
the secondary OH of the diol rather than the less re-
active primary OH. An upper limit of about 0.5%
yield is estimated for the alternative product isopro-
pyl alcohol. The absence of detectable isopropyl alco-
hol does not entirely preclude its formation, as it
would be more reactive under the reaction conditions.
We did not, however, detect any products derived
from isopropyl alcohol, such as di(isopropyl) ether,
the mixed ether, n-propyl isopropyl ether, or isopro-
pyl triflate.

The color of the samples removed from the reac-
tion solution progresses from the pale yellow color of
{[Cp*Ru(CO),],(p-H)}* OTf™ to the orange color of
[Cp*Ru(CO)(u-CO)], as the catalyst activity decreas-
es, indicating that the overall rate is dependent on the
amount of water present in the reaction mixture. The
catalyst is deactivated through deprotonation by
water generated in the reaction [Eq. (10)]. Addition

H @
Cp*(CO),RUI——Ru(CO),Cp* * HO
o
Cp*CO)RUI——Ru(CO)Cp* +  H,0" (10)
o}

of water to a yellow solution of {[Cp*Ru(CO),],(p-
H)}* OTf™ in CD,Cl, leads to deprotonation, and pre-
cipitation of the neutral dimer [Cp*Ru(CO)(u-CO)J,
as an orange solid. Deprotonation of {{Cp*Ru(CO),],
(u-H)}* OTf™ was also observed in DMSO-dj, contain-
ing small amounts of water. Even with no acid added,
reaction of H, with {[Cp*Ru(CO),],(n-H)}* OTf™ gen-
erates one equivalent of highly acidic dihydrogen
complex [Cp*Ru(CO),(n*-H,)]" OTf™ (Scheme 1), but
the catalytic reactions proceed faster, and to much
higher conversions, in the presence of added acid. We
therefore studied catalyst activity as a function of acid
concentration, as described below.

Dependence on Acid Concentration

The deoxygenation of 1,2-propanediol (1.0M) cata-
lyzed by {[Cp*Ru(CO),,(p-H)}* OTf" was studied
using variable amounts of added HOTY (Figure 2).
Reaction of {{Cp*Ru(CO),],(u-H)}* OTf™ with H,
produces 0.5 equivalent of the acidic dihydrogen com-
plex [Cp*Ru(CO),(n*-H,)]” OTf", but additional acid
is needed to obtain higher turnovers of the catalyst.
This is because the water formed in the deoxygena-
tion, together with any formed through the condensa-
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Figure 2. Deoxygenation products as a function of added
HOT{ for catalytic deoxygenation of 1,2-propanediol (1.0M
in sulfolane) at 110°C. Initial conditions were 5 mM
{{Cp*Ru(CO),],(n-H)}* OTf~, under 750psi H, (before
heating), with [HOT(] as labeled in the figure.

tion reactions [Egs. (7) and (8)] deprotonates the cat-
alyst precursor {[Cp*Ru(CO),l,(u-H)}* OTf™ to give
the dimer [Cp*Ru(CO)(u-CO)], that does not react
with H,. In addition to promoting the acid-catalyzed
pathways for the organic transformations [e.g., Egs.
(5), (7), (8)] additional acid thus maintains a higher
concentration of the catalyst precursor
{{Cp*Ru(CO),],(u-H)}* OTf™ by converting the water
to H;O" [Eq. (10)]. Thus little reactivity is observed
in the absence of added acid, and the rate of the reac-
tion is much faster with larger acid concentrations; at
the highest acid concentration (60 mM) shown in
Figure 2, about 400 mM of deoxygenation products
were detected after 1.4 h, corresponding to an initial
turnover frequency of about 28 h™!. As can be clearly
seen from Figure 2, the overall conversion achieved is
also strongly dependent on the acid concentration,
with the run carried out with only 6 mM added HOTf
leveling off at about 210 mM of deoxygenation prod-
ucts.

Dependence on Temperature

Most of the catalytic experiments reported here were
carried out at 110°C. An experiment at 85°C gave
much slower rates of catalysis, suggesting that this
temperature may be close to the lowest one at which
the equilibrium that generates the postulated catalyti-
cally active mononuclear species by breaking up the
bimetallic complex {[Cp*Ru(CO),],(u-H)}* OTf™ is
thermally accessible. Reactions at 135°C were faster
than those at 110°C, but above 150°C the catalyst suf-
fers some decomposition, based on the visual observa-
tion of black products that deposited in the reaction
vessel. A reaction temperature of 110°C was chosen
to provide reasonable ability to monitor the early
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Figure 3. Pressure dependence study of deoxygenation of
1,2-propanediol by {[Cp*Ru(CO),],(p-H)}* OTf™ at 110°C,
at 750 psi (diamonds), 500 psi (circles), and 250 psi (trian-
gles). [1.0M 1,2-propanediol in sulfolane containing 0.1 M
toluene as an internal standard; 5 mM {[Cp*Ru(CO),],(n-
H)}" OTf; 60 mM HOTH]

stages of the reaction, while preventing decomposi-
tion of the catalyst.

Dependence on H, Pressure

Experiments were carried out at 750, 500, and 250 psi
initial pressure of H, to determine any pressure de-
pendence of the catalytic deoxygenation, using condi-
tions described in Figure 3. No significant dependence
of the reaction rate on pressure was observed. Con-
sidering that the reaction showed little or no depend-
ence on pressure, experiments were designed to carry
out the catalytic reaction under 1 atmosphere of H,,
by bubbling hydrogen through the reaction mixture in
normal glassware (vs. a high-pressure autoclave).
These experiments were carried out on a solution that
was initially 0.93M in 1,2-propanediol in sulfolane, at
110°C at initial concentrations of 5mM of
{[Cp*Ru(CO),],(p-H)}* OTf and 60 mM HOTTY, very
similar to the conditions at higher pressure.
Conversions from the atmospheric pressure reac-
tions were, however, inferior to the high-pressure re-
actions. For example, the concentration of the deoxy-
genation products was only 0.37M (39%) after 5h,
substantially less than that of the 51% yield observed
after 4.4 h at 750 psi. The n-propanol concentration
showed similar trends, reaching 0.23M (5 h at 1 atm),
vs. 0.32M (after 4.4 h at 750 psi). Another substantial
difference between the atmospheric and the high-
pressure reactions is the higher amount of 2-ethyl-4-
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methyl-1,3-dioxolane isomers in the atmospheric pres-
sure experiments (0.34M, 36%, after 5 h) than in the
high-pressure experiments (0.016 M, after 4.4 h at 750
psi). This difference is due to the volatile dioxolane
being removed from the atmospheric pressure reac-
tion since it distills, whereas in the high-pressure ex-
periment it remains in the reaction solution and un-
dergoes further reaction.

Synthesis of the Triflate Complex Cp*Ru(CO),0THf,
and Comparison of Cp*Ru(CO),O0Tf vs.
{[Cp*Ru(CO),],(n-H)}* OTf as Catalyst Precursors

The triflate complex, Cp*Ru(CO),OTf, was previous-
ly reported as an 0il.”®! We prepared it from the reac-
tion of Cp*Ru(CO),Cl with AgOTf in CH,Cl,, and
isolated it in 89% yield as a yellow solid [Eq. (11)].

Cp*(CO),Ru—Cl + AgOTf —  Cp*(CO),Ru—OTf + AgClI (11)

Bands for the ruthenium carbonyls appeared the IR
spectrum at 2050 cm™' and 1999 cm™', significantly
higher energies than the corresponding v(CO) bands
for Cp*Ru(CO),Cl (2032, 1978 cm™') or Cp*Ru-
(CO),H (2005, 1939 cm™'), thus indicating, as expect-
ed, much less electron density on the metal in the
metal triflate compared to ether the chloride or hy-
dride. The identity and purity of the triflate complex
were further confirmed by elemental analysis.

As shown in Figure 4, the performance of Cp*Ru-
(CO),0Tf was found to be nearly identical to that of
{{Cp*Ru(CO),,(w-H)}*,  verifying that Cp*Ru-
(CO),0OTf reacts with H, under the reaction condi-
tions to produce [Cp*Ru(CO),(n*-H,)]* OTf  (Eq.

800
700
600
500
400
300
200
100

T
0 10 20 30 40 50
Time (hours)

Deoxygenation Products (mM)

Figure 4. Catalytic deoxygenation of 1,2-propanediol (1.0M)
in sulfolane carried out at 110°C under 750 psi hydrogen
(initial pressure before heating). The squares represent
5 mM {[Cp*Ru(CO),],(n-H)}* OTf™ and 60 mM HOTI, and
the circles represent 10 mM Cp*Ru(CO),OTf and 65 mM
HOTL.
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Ru tH, Ru__ ot (12)
oc' 1 oTf oc* / /
oC oC

(12), cf. Scheme 1 for generation of [Cp*Ru(CO),(n*
H,)[* from {[Cp*Ru(CO),],(u-H)}*OTf")). To provide
equivalent concentrations of total available acid
equivalents, the experiment using Cp*Ru(CO),OTf
was carried out with 65 mM HOTTf added (vs. 60 mM
HOTT in the experiment starting with the bimetallic
complex {[Cp*Ru(CO),],(u-H)}* OTf") to account for
the incipient HY present in {[Cp*Ru(CO),],(u-H)}*
OTf".

Comparison of OTf™ vs. BF,” Counterions

Most of our studies were conducted using the OTf"
counterion for the starting Ru complex, along with
HOT( as the added acid. A comparison with the use
of BF,” was briefly investigated, using
{[Cp*Ru(CO),],(v-H)}* BF,” as the Ru catalyst pre-
cursor, along with HBF,-OEt,. An experiment using
5mM  {[Cp*Ru(CO),L,(n-H)}* BF,, 60mM
HBF,-OEt,, 1.0M 1,2-propanediol at 110°C under an
initial pressure of 750 psi H, did produce catalytic de-
oxygenation, but the reaction leveled off after produc-
ing 169 mM of deoxygenation products at 48 h, thus
being significantly inferior to the performance of cor-
responding reactions with triflate. This may be caused
by the somewhat lower acid strength of HBF,-OEt,
compared to HOTY influencing this change in reactivi-
ty, though on the basis of the limited study carried
out, this cannot be distinguished from a lower stability
of the Ru complexes with a BF,” counterion. An ex-
planation for the lower reactivity of the BF, salt is
the possible hydrolysis of BF,” to B(OH),F,", releas-
ing fluoride ions that could act as a powerful catalyst
inhibitor through coordination to the ruthenium
center.

Reactivity of the Dioxolane and Aldehyde
Intermediates Under Catalytic Conditions

In addition to the deoxygenated products n-propanol
and di-n-propyl ether, small amounts of the inter-
mediates propionaldehyde and cis/trans-2-ethyl-4-
methyl-1,3-dioxolane [formed by pathways shown in
Egs. (5) and (8)] were identified and quantitatively
measured by GC of the reaction mixtures. Both the
aldehyde and the dioxolane were subjected to the
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same catalytic conditions; the deoxygenation of 1,2-
propanediol is also plotted in Figure 5 for compari-
son. Figure 5 shows that propionaldehyde is hydro-

700 e L
600 v o
] %[ )
= 1 0
E 400 " .
5 1 OH (H")
S 300 4 L
) 7] L
g, 1
z ]
g 200 L
] 0
100 %[ " (ot d
] (0] L
oF—7FT—"F T T
0 2 4 6 8 10
Time (hours)

Figure 5. Time-dependence of deoxygenation products
formed in separate catalytic reactions, with starting materi-
als shown in the figure. Initial concentrations were 1.0M for
1,2-propanediol, 1.0M for propionaldehyde, and 0.5M for 2-
ethyl-4-methyl-1,3-dioxolane. Initial conditions were 5 mM
{[Cp*Ru(CO),],(n-H)}* OTf™ under 750 psi H, (before heat-
ing) at 110°C in sulfolane. 30 mM HOTf was added in the
deoxygenation of 1,2-propanediol and one experiment with
2-ethyl-4-methyl-1,3-dioxolane, as labeled. The hydrogena-
tion of propionaldehyde and one experiment with 2-ethyl-4-
methyl-1,3-dioxolane were carried out with no added acid.

genated by {{Cp*Ru(CO),],(u-H)}* OTf™ in the ab-
sence of any added free acid, at rates faster than the
rate of deoxygenation of 1,2-propanediol. After 25 h,
630 mM n-propanol, 75 mM di-n-propyl ether, and
16 mM propylene glycol propyl ether were formed,
corresponding to 78% conversion of the substrate to
deoxygenated/hydrogenated products. This result
strongly supports the proposed hydrogenation of pro-
pionaldehyde under the reaction conditions by an
ionic hydrogenation mechanism, and the rate of hy-
drogenation accounts for the small amounts of the al-
dehyde observed under the deoxygenation conditions.

In contrast to the reaction of the aldehyde in the
absence of added acid, subjecting the 2-ethyl-4-
methyl-1,3-dioxolanes at an initial concentration of
0.5M to the same reaction conditions leaves most of
the dioxolane unreacted. After 0.75h of reaction,
about 50 mM of the dioxolane had been consumed,
but after that early time the reaction essentially
ceases, leaving the remaining dioxolane unreacted.
When the dioxolane was reacted in the presence of
added HOTI, however, a much faster reaction was ob-
served, with the reaction being essentially complete in
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less than 2 h due to rapid acid-induced ring-opening
of the dioxolane.

Mechanism of the Catalytic Deoxygenation and
Hydrogenation

The proposed mechanism for the catalytic deoxygena-
tion involves acid-catalyzed formation of propionalde-
hyde, which is then catalytically hydrogenated. Proto-
nation of the diol results in dehydration, generating
propionaldehyde [Eq. (5)]. This acid-catalyzed reac-
tion could be initiated by the highly acidic dihydrogen
complex, [Cp*Ru(CO),(n*-H,)]*, but under the reac-
tion conditions the acid-catalyzed dehydration would
also readily occur from reaction with HOTf. Once the
aldehyde is generated, the process for the hydrogena-
tion of its C=0 bond to an alcohol proceeds through
an ionic hydrogenation pathway'®” as reported earlier
for a series of molybdenum and tungsten hydrides,
with the cationic dihydride or dihydrogen complex
serving as the proton source and the neutral hydride
being the hydride donor.”®! A series of experiments to
be reported separately show that a variety of ketones
can be hydrogenated using {[Cp*Ru(CO),],(uw-H)}*
OT(f" as a catalyst precursor.

In the mechanism shown in Scheme 3 [where the
Cp*(CO), ligands on Ru are omitted for clarity], the
metal complex shown as Ru* may have the alcohol

® H
Hz RU_| (@]
H !
Et” TH
® o
Ru
Ru—H * (|;
Et & H
?/H
Et/c\\R
H

Scheme 3.

initially bound to the metal prior to displacement by
H,. In our studies of related complexes of tungsten,
we found that complexes with alcohol ligands,
[Cp(CO);W(ROH)]* OTf", are readily prepared by
addition of HOTf to solutions of Cp(CO);WH and
ketones.” These alcohol complexes have been isolat-
ed as kinetic products, and crystal structures have
been obtained in some cases, but the counterion OTf~
displaces the alcohol to give Cp(CO);WOTTf and free
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alcohol. Similar alcohol complexes of Ru may be
formed in these reactions; Casey and co-workers have
characterized related cationic alcohol complexes of
ruthenium.”” However, if any alcohol complexes
were formed under our reaction conditions, they
would not be detected since they would be converted
to Cp*Ru(CO),0Tt, or directly to [Cp*Ru(CO),(n*-
H,)]*. Heating the bimetallic catalyst precursor
{[Cp*Ru(CO),],(n-H)}* OTf  under hydrogen con-
verts it to mononuclear species (cf Scheme 1), the
neutral ruthenium hydride Cp*Ru(CO),H and the
cationic dihydrogen complex [Cp*Ru(CO),(n*-H,)]*.
The acid protonates the neutral hydride, so that both
Ru complexes convert under these conditions to
[Cp*Ru(CO),(m*-H,)]*. Hydride transfer from the
neutral ruthenium hydride, Cp*Ru(CO),H, to the
protonated aldehyde then generates the alcohol and
Cp*Ru(CO),0Tf. Reaction of this triflate complex
with H, regenerates the dihydrogen complex
[Cp*Ru(CO),(n*-H,)] *OTf™ [Eq. (12)]. Thus either
Cp*Ru(CO),OTf or the bimetallic catalyst precursor
{[Cp*Ru(CO),],(p-H)}* OTf™ would be converted to
[Cp*Ru(CO),(n*-H,)]* under the reaction conditions.

Deoxygenation of Glycerol

Having shown that the internal OH of 1,2-propane-
diol could be deoxygenated by these Ru catalysts, we
then carried out preliminary attempts on the catalytic
deoxygenation of glycerol, using conditions similar to
those discussed above for 1,2-propanediol. However,
deoxygenation of glycerol (initial concentration
1.0M) catalyzed by {[Cp*Ru(CO),],(u-H)}* OTf"
(10 mM) in sulfolane at 110°C with added HOTf
(20 mM) generated only 29 mM of the desired prod-
uct, 1,3-propanediol, after 19 h, corresponding to 2.9
turnovers of the bimetallic catalyst [Eq. (13)]. In ad-

OH

HOWOH —

OH
HOL_~__-OH + N _OH * ~_oH (13)

dition, n-propanol (31 mM) and 1,2-propanediol
(9 mM) were observed, along with several other un-
identified products. Another reaction using 120 mM
HOTT, but otherwise conducted under the same con-
ditions, produced 46 mM 1,3-propanediol (4.6 turn-
overs), 57 mM n-propanol (5.7 turnovers), a small
amount (3 mM) of n-Pr,O, but no detectable 1,2-pro-
panediol. Thus, the deoxygenation of glycerol is cata-
lyzed by the ruthenium catalyst, but in much lower
yields of desired products compared to the deoxyge-
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nation of 1,2-propanediol. The beneficial effect of
added acids may need to be balanced against acid-in-
duced reactions that polyols such as glycerol can un-
dergo.”! As noted in the introduction, catalysts devel-
oped by others for the deoxygenation of glycerol have
also led to product mixtures.

Deoxygenation of 1-Phenyl-1,2-ethanediol

A few experiments were also conducted to compare
the deoxygenation of 1-phenyl-1,2-ethanediol to that
of 1,2-propanediol. Deoxygenation of 1-phenyl-1,2-
ethanediol (1.0M) in sulfolane at 110°C catalyzed by-
{[Cp*Ru(CO),],(p-H)}* OTf (5mM) with added
HOT{ (60 mM) generated 0.66 M (66% yield) of phe-
nethyl alcohol after 8 h [Eq. (14)]. The phenyl group

OH {[Cp'RU(CO),L(u-H)}*OTF (catalyst)
HO.

Ph H, (750 psi), 110 °C, HOTf

HO\/\Ph + H,0 (14)

may provide significant stabilization of some of the
intermediates. More study would be needed to make
a detailed comparison between the catalytic deoxyge-
nation of this substrate with 1,2-propanediol.

Conclusions

The deoxygenation of 1,2-propanediol is catalyzed by
{{[Cp*Ru(CO),],(u-H)}* OTf™ under H, in the pres-
ence of acid. Addition of H, and removal of H,O lead
to the net removal of one O from the diol, giving an
alcohol. These reactions are proposed to proceed
through the formation of the highly acidic mononu-
clear dihydrogen complex [Cp*Ru(CO),(n*H,)]"
OTf™ that is formed from the bimetallic catalyst pre-
cursor {{Cp*Ru(CO),],(u-H)}* OTf". The predomi-
nant product is n-propanol; condensation products
derived from n-propanol are also observed. The deox-
ygenation of a diol is a simpler version of the type of
reactivity that would be needed for the deoxygenation
of higher polyols and carbohydrates that contain
more OH groups. These results are therefore relevant
to the need to develop new catalytic methods for de-
oxygenation of biomass-derived compounds to pro-
vide higher value chemicals or fuels. The high selec-
tivity, giving n-propanol rather than isopropyl alcohol,
is due to the acid-catalyzed dehydration preferring
dehydration at the secondary over the primary OH in
the diol. Added acid (HOTY) accelerates the reaction
and leads to higher conversions. Most reactions were
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carried out under high pressures of H,, but there is
little or no dependence on H, pressure, and the reac-
tion does proceed under 1 atm of H,. The proposed
mechanism involves acid-catalyzed dehydration of
1,2-propanediol to produce propionaldehyde, which
was observed in the reaction mixture as an intermedi-
ate. Catalytic hydrogenation of the propionaldehyde
gives the alcohol product; this hydrogenation is pro-
posed to occur by an ionic hydrogenation mechanism,
involving proton transfer and hydride transfer steps.
Regeneration of the catalyst occurs through reaction
with H,, with the metal-mediated heterolytic cleavage
of H, being a key step in the mechanism.

Experimental Section

General

All manipulations were carried out under an atmosphere of
argon using Schlenk or vacuum-line techniques, or in a
Vacuum Atmospheres drybox. Solvents were purified and
deoxygenated by standard methods. Sulfolane, 1,2-propane-
diol and glycerol were degassed by multiple freeze-pump-
thaw cycles, but otherwise were used as received from Al-
drich. cis/trans-2-Ethyl-4-methyl-1,3-dioxolane was prepared
from acid-catalyzed condensation of propionaldehyde with
1,2-propanediol, as previously described.! NMR spectra
were recorded on Bruker AM-300 (300 MHz for 'H) and
Bruker Avance (400 MHz for 'H) spectrometers. IR spectra
were recorded on a Mattson Polaris spectrometer. Elemen-
tal analyses were obtained from Schwarzkopf Microanalyti-
cal Laboratory, Woodside, NY. Cp*Ru(CO),H was prepared
by either of the two methods reported previously.!*!

Synthesis of {{Cp*Ru(CO),],(n-H)}* OTf"

HOT( (155 pL, 1.75 mmol) was added dropwise with stirring
over a period of Smin to a yellow solution of Cp*Ru-
(CO),H (1.03 g, 3.51 mmol) in CH,Cl, (1 mL). Hydrogen
evolution was observed, and the color of the reaction mix-
ture changed to orange. Yellow microcrystals of
{[Cp*Ru(CO),],(w-H)}*OTf~ precipitated upon addition of
ether (10 mL) and were isolated by filtration and were dried
under vacuum to obtain {[Cp*Ru(CO),l,(w-H)}t OTf;
yield: 126 g (98%). 'HNMR (CD,CL): 6=2.05 (s, 30H,
CsMes); —17.74 (s, 1H, Ru-H); IR (CH,CL,): v(CO)=2047
(w), 2021 (s), 1990 (s) cm™".

Synthesis of Cp*Ru(CO),0Tf

Cp*Ru(CO),Cl (0.250 g, 0.762 mmol) and AgOTf (0.216 g,
0.841 mmol) were stirred overnight in CH,Cl, (30 mL) at
room temperature. Formation of a white precipitate was ob-
served. The solution was filtered and the filtrate was evapo-
rated to obtain Cp*Ru(CO),OTf as a yellow solid; yield:
0.300 g (89%). '"H NMR (CD,CL,): 6=1.88 (s, 15H, CsMes);
BCNMR (CD,CL): 6=1983 (s, CO), 1193 (q, Ycr=
319 Hz, CF;), 101.0 (s, CsMes), 102 (q, YJeu=129 Hz,
CsMes); "FNMR (CD,CL): 6=-77.6 (s); IR (CH,CL):
v(CO)=2050 (s), 1999 (s) cm™'; anal. caled. for
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CH,s0sSF;Ru: C 35.37%, H 3.42%; found: C 35.38%, H
3.37%.

Synthesis of {{Cp*Ru(CO),],(uw-H)}" [BF,]"

This complex was previously synthesized by protonation of
[Cp*Ru(CO)(u-CO)], with HBF,Et,0." We prepared it by
the method described here. To a yellow solution of Cp*Ru-
(CO),H (0.200 g, 0.682 mmol) in CH,Cl, (ca. 1 mL) was
added HBF,-OEt, (50 uL of 85% solution) slowly dropwise
with stirring. Hydrogen evolution was observed during the
course of the addition and the color of the reaction mixture
changed to orange. Yellow microcrystals of {{Cp*Ru(CO),],
(u-H)}* [BF,]” precipitated out upon addition of ether
(10 mL) to the reaction mixture. These yellow microcrystals
were isolated by filtration and were dried to obtain
{[Cp*Ru(CO),l,(w-H)}* [BF,]"; yield: 0.189g (82%).
"H NMR (CD,ClL): 6=2.05 (s, 30H, CsMes), —17.76 (s, 1H,
Ru-ll’—l); IR (CH,CL,): v(CO)=2047 (w), 2021 (s), 1990 (s)
cm™.

Procedure and Conditions for the Catalytic
Hydrogenation of 1,2-Propanediol

Catalysis experiments were carried out in a 300-mL Parr
(Model 4561) mini-reactor. In a glovebox {[Cp*Ru(CO),],
(w-H)}T OTf (0.184 g, 0.250 mmol) was weighed into a glass
liner for the reactor, and dissolved in 50 mL of a degassed
sulfolane solution that was 1.0M in 1,2-propanediol and
0.1M in the internal GC standard toluene. HOTf (266 uL,
3.01 mmol) was added slowly dropwise to the reaction mix-
ture. The reactor was sealed, brought outside the drybox,
flushed twice with H, gas, and pressurized to 750 psi. The re-
action was started by switching on the stirrer (stirring speed
600 rpm) and the heating, with this point taken as t=0.0 h.
With the reaction volume used, about 10 samples of
~0.5 mL each can be obtained from the reactor, with a 1 mL
flush of the dip-tube before each sample (except the first) to
ensure authenticity of sampling. Reactor temperatures were
verified by and calibrated using a thermocouple immersed
into the reaction solutions. Analyses of the catalysis runs
were carried out on Hewlett Packard Model 5890 Series II
gas chromatograph with an flame ionization detector. A
DB-Wax column (J & W Scientific, 30 mx0.25 mm, film
thickness 0.25 um) with a helium carrier flow of 2 mLmin "
was used for the GC analyses at temperatures from 35 to
250°C. To protect the column, samples from the reaction
were neutralized with excess NaHCO; or Na,CO;, and fil-
tered or decanted from the solid base prior to injection.
Quantitative analysis of all components were based on cali-
brations with authentic samples of known concentrations
using at least three levels over the concentration range of
10-1000 mM in sulfolane with 0.1 M toluene as the internal
standard. Response factors showed excellent linearity with
concentration. Reactions of glycerol were conducted in an
analogous manner.

Deoxygenation of 1,2-Propanediol by
{[Cp*Ru(CO),|,(n-H)}" [BF,]”

This experiment was carried out in an analogous manner to
those described above using {[Cp*Ru(CO),],(u-H)}" OTf"
This experiment used {[Cp*Ru(CO),,,(ui-H)}* [BF,]"
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(0.135 g, 0.200 mmol); 40 mL of 0.942M solution of 1,2-pro-
panediol (containing 0.1M toluene as an internal standard)
in sulfolane; HBF,-Et,O solution (54% by weight, 7.25M;
331 pL, 2.40 mmol), hydrogen pressure (750 psi), tempera-
ture 110°C. After 72 h, 0.14M (15%) of the 1,2-propanediol
remained, and the concentrations and yields of hydrogenat-
ed products were n-propanol (0.089M, 9% ), and propylene
glycol propyl ether (0.075M, 8%). Di-n-propyl ether was
not detected. The total yield of deoxygenation products
from this experiment indicated 16 catalyst turnovers (17%
yield).
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