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Today more than 80 % of the energy consumed worldwide is
based on fossil fuels.! It is undisputable that the resulting
CO, release has unwanted environmental consequences, such
as global warming. In addition, fossil fuels are inherently
limited. Therefore, developing a benign, unlimited energy
system based on renewable resources represents one of the
major challenges for the future. Among the different concepts
for alternative energy carriers, the development of a “hydro-
gen-economy” has been proposed.”? In this respect in recent
years, the use of biomass for hydrogen production has
attracted much attention. Here, the dehydrogenation of
bioalcohols and carbohydrates shows high potential. In the
past, significant progress for this process has been achieved by
using heterogeneous catalysts.>*! Unfortunately, relatively
drastic reaction conditions (> 200°C) have to be used. Hence,
the development of more-active molecularly defined com-
plexes represents an important challenge. However, the
complexity of most carbohydrates renders this field rather
cumbersome. Consequently, until now, most of the attention
has been given to the dehydrogenation of model substrates,™
such as isopropyl alcohol.

Since the explorative work by Robinson an co-work-
ers,™™ and Cole-Hamilton and co-workers*™ in the 1970s
and 1980s, the concept of acceptorless dehydrogenation of
alcohols has attracted significant interest.* Currently, the
state-of-the-art catalyst for dehydrogenation of the model
substrate isopropyl alcohol has a turnover frequency (TOF),
after 2 hours [TOF(2 h)], of 519 h™'. This TOF is achieved by
using a 1:20 mixture of [{RuCl,(p-cymene)},] and tetramethyl-
ethylene diamine (TMEDA) at a 4.0 ppm loading of ru-
thenium.*! The same system provided the highest turnover
number (TON) measured to date (17215); however, this
required an 11 day reaction time. In addition, strongly basic
(0.8M NaOiPr) conditions were necessary for the reaction to
proceed and attempts to broaden the scope to biorelevant
ethanol proved unfeasible.
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For the development of hydrogen production from
aliphatic primary alcohols there has been very little progress
since Cole-Hamilton and co-workers showed that ethanol can
be dehydrogenated using [RuH,(N,)(PPh;);] (TOF(2 h):
210 h ") An excess of base (NaOH), high temperatures
(150°C), and an intense light source were needed to achieve
this value.

New catalytic systems capable of more efficient hydrogen
production from, for example, ethanol at neutral conditions
are a prerequisite for additional advancements in this area.
Herein, we present the combination of [RuH,(PPh;);CO]/
HPNP™ (2b/3b; see Table 2 for structures.) which shows
unprecedented high efficiency in hydrogen production from
isopropyl alcohol under mild reaction conditions without an
activation additive. In addition, this system can be extended
to ethanol, which represents to the best of our knowledge, the
first example of a catalytic system capable of efficient
hydrogen production from a renewable alcohol source
below 100°C.

Recently, important progress has been achieved in accep-
torless dehydrogenation of alcohols.! In these reactions,
metal complexes coordinated by non-innocent pincer ligands
such as 1a,” have been shown to be particularly selective and
active (Table 1).) Based on this work we were attracted to the
use of these novel catalysts and derivatives thereof for
hydrogen production from alcohols.

At the start of our investigation, we tested the activity of
Milstein’s catalyst 1a® with isopropyl alcohol using neat
conditions (Table 1, entry 1). To our delight, high initial
efficiency was observed but, unfortunately, the catalyst was
deactivated at unpredictable reaction times. Hence, we
performed a series of experiments in the presence of various
amounts of base (NaOiPr). Employing 100 equivalents of
NaOQiPr relative to 1a led to an unprecedented and efficient
initial hydrogen production with a TOF(2h) of 855h7".
Notably, the system becomes stable for a prolonged reaction
time with a reproducible TOF(6h) of 379 h™' (Table 1,
entry 2). Using even more base such as 2000 equivalents,
corresponding roughly to a 0.8m NaOiPr solution, did not
show any improvements (Table 1, entry 3).

In realizing the potential of this type of catalyst, we
decided to test a range of complexes containing pincer-type
ligands. The rutheniun complex 1b containing an HPNP™
ligand with an aliphatic NH moiety was tested in neutral
isopropyl alcohol and in both the presence of 1.3 and
100 equivalents of NaOiPr (Table 1, entries 4-6). In contrast
to Milstein’s catalyst, a base additive is required to achieve
any hydrogen production with 1b. However, with merely
1.3 equivalents of NaOiPr, a TOF(2h) of 1165h™' is
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Table 1: Screening of a range of pincer-ligand/metal complexes for the

dehydrogenation of isopropyl alcohol.”

OH 1(32 ppm

Reflux (90 °C)
NaOiPr (0-; 2000 equiv)

H
H -
|:PtBu; My, | \PPh,
%ﬂ—co ( "R
U
NEt, Eg(|:| co
1a 1b
H
Hy, |?PiPrz -PiPr,
“Ir. 5
~ — _N—Ir—H
(Pi/ | H / \
Prp, CI PiPr,
1d 1e
Entry 1 NaOiPr [equiv] TOF(2 h) [h"]®"  TOF(6 h) [~
1 la - - -
2 1a 100 855 379
3 la 2000 826 407
4 b - <1001 -
5 1b 13 1231 644
6 1b 100 929 346
7 1c 2000 313 217
8 1d 2000 <100 -
9 le 2000 <100 -

[a] Performed under argon atmosphere with isopropyl alcohol (10 mL), 1
(4.2 umol, 32 ppm), and NaOiPr (indicated in table) at reflux. Hexade-
cane (1 mL) was used as an internal standard. All reproducible reactions
were reproduced with an error margin of 10%. [b] Determined by burette
measurements. [c] No value was assigned because the reaction was
irreproducible. Two attempts were made at this reaction and a
reproducible TOF(1 h) value of 1012 h™' is observed; however, already
after 2 h, each of the reactions had TOF(2 h) values of 686 and 459 h™",
respectively. After 4 h, TOF(4 h) values of 417 and 100 h™', respectively,
were observed. [d] A minimum value of 100 h™' for TOF(2 h) is set as a
reasonable lower limit. This corresponds approximately to a minimum
20 mL of evolved hydrogen.

observed. Employing 100 equivalents of NaOiPr led to an
inferior result with a TOF(2 h) of 961 h™!, which is probably
due to faster degradation of the catalyst under the more harsh
basic conditions. Furthermore, the Baratta-type ruthenium
catalyst 1¢/” was tested in the presence of 2000 equivalents of
NaOQOiPr, but unfortunately lower activity was observed
(Table 1, entry7). The two PNP/Ir complexes 1d and
1e!'"“'" were also analyzed for activity. However, neither of
them resulted in any significant hydrogen production
(Table 1, entry 8 and 9). Typically, no or merely trace amounts
of mesityl oxide—arising from the aldol condensation of
acetone—are found in any of the reactions. The same is true
for Guerbet products. For example, the simplest Guerbet,
product 4-methyl-2-pentanone, which consists of the reduc-
tive condensation of two molecules of acetone and one
molecule of hydrogen, is not observed. This strongly indicates
that all hydrogen produced is released as molecular hydrogen
and not transferred to other sources. In previously known
systems, these types of side products have been observed.]

We next turned our attention to investigate the catalytic
potential of a range of ruthenium precursors (2) and pincer
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Table 2: Screening of the precursors 2 and pincer ligands 3 for
dehydrogenation of isopropyl alcohol.”!

2/3
OH (1:1, 32 ppm) (o]
Reflux (90 °C) . @
No base
or 1.3 equiv NaOiPr
HN/ PPh, HN PiPry
[RuHCI(PPh3)3CO] PPh, PiPr,
2a
3a 3b
[RuH,(PPh3);CO]
2b
HN/ PtBu, x PtBu,
[RUHCI(PPh3)3(CsHsCHa)] ( [ __N
& PtBu, PtBu,
3c 3d
Enty 2 3 NaOiPr[equiv] TOF(2h) [h'[®' TOF(6h) [h "™
1 2a - 13 <100 -
2 2b - - <100 -
3 2c¢ - 1.3 <100 -
4 2a 3a 139 460 384
5 2a 3b 13 1187 851
6 2b 3b 1.3 1843 1009
7 2c¢ 3b 13 <100 -
8 2a 3b - L -
9 2b 3b - 2048 1109
10 2b 3¢ - <100 -
11 2a 3d 13 <100 -
12 2b 3d - 111 -

[a] Performed under an argon atmosphere with isopropyl alcohol

(10 mL), 2 (4.2 umol, 32 ppm), 3 (4.2 umol, 32 ppm), and NaOiPr
(indicated in the table) at reflux; neat conditions. Hexadecane (1 mL)
was used as an internal standard. All reproducible reactions were
reproduced with an error margin of 10%. [b] Determined by burette
measurements. [c] A minimum value of 100 h™' for TOF(2 h) was set as
a reasonable lower limit. This corresponds approximately to a minimum
of 20 mL for evolved hydrogen. [d] One additional equivalent of NaOiPr
used to quench the hydrogen chloride on the ligand. [e] In the two
reactions performed, two very different TOF(2 h), 455 h ™' and <100 h™",
respectively, are observed.

ligands (3; Table 2). First, the precursors 2a—¢ were found to
be devoid of catalytic activity under the given reaction
conditions (Table 2, entries 1-3). With the analogue of 1b
(Table 1, entry 5) prepared in situ from 2a and ligand 3a, the
TOF(2 h) and TOF(6 h) values of 460 and 384 h™', respec-
tively, are observed (Table?2, entry4). Compared to the
preformed complex the in situ analogue is approximately half
as active. We were pleased to find that replacing the
bis(diphenylphosphine)-based HPNP*" ligand 3a with the
bis(di(isopropyl)phosphine-based HPNP** 3b led to a sig-
nificant increase in activity with a TOF(2h) of 1187 h™
(Table 2, entry 5). An even more active system was observed
when employing precursor 2b instead of 2a and a TOF(2 h)
of 1843 h™' was observed (Table 2, entry 6). In contrast, the
activity almost entirely disappeared when using 2¢ (Table 2,
entry 7), thus implying a fundamental role of the carbon
monoxide. Then, we tested some of the catalytic systems in
isopropyl alcohol without a base. Unfortunately, this led to
inconsistent results when using 2a/3b (Table 2, entry 8).
However, employing 2b/3b, which does not need any base
activation, led to an improved TOF(2 h) of 2048 h™' in neutral
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isopropyl alcohol, which is even higher than using 1.3 equiv-
alents of base (Table 2, entry 9 versus 6). In the latter case we
speculate that isopropanoate might negatively interfere with
the catalytic intermediates, for example, by coordination to
the metal center. Interestingly, replacing the four iPr sub-
stituents in 3b with the tBu groups (HPNP™") results in 3¢, a
completely inactive system (Table 2, entry 10). The same is
true for the pyridine derivative 3d, though very little activity
is observed when employing the precursor 2b (Table 2,
entries 11-12). This deactivation might be due to a spatial
block of ruthenium by the more sterically demanding fBu
substituents."”) Again, the reactions are very clean with
acetone and hydrogen as the only products (>99 %). Of all
the tested catalytic systems the combination of 2b/3b in
neutral media showed the highest activity and was hereafter
used.

To compare our results with the known state-of-the-art
data, catalyst concentrations similar to those in previous
publications!”! were used (Table 3). Lowering the catalyst
concentration in isopropyl alcohol from 32 ppm (Table 3,
entry 1) to 4.0 ppm gave a TOF(2h) of 8382 h~', which is
approximately 16 times higher than the best one obtained
before (Table 3, entry 2). The maximum turnover frequency
was observed after 20 minutes with a TOF(max) of 14145 h™".
In addition, a TON of more than 40000 is observed after
12 hours, which should be compared with 17215 after 11 days
in the previously unsurpassed work. Notably, our system is
still highly active after 12 hours.

Table 3: Hydrogen production of different alcohols under the optimal
reaction conditions with the 2b/3b catalytic system.?!

Entry  Alcohol  2b/3b[ppm] TOF(2h) [h|®'  TOF(6h) [h "]
OH

1 )\ 32 2048 1109
OH

2 PY 4.0 8382 4835

3 ~OH 3. 1483 690

[a] Performed under an argon atmosphere and at reflux in the given
alcohol (10 mL for entry 1, and 40 mL for entries 2 and 3), and an
equivalent amount of 2b and 3b (indicated in the table). Hexadecane
(1 mL for entry 1, and 4 mL for entries 2 and 3) was used as an internal
standard. All reactions are reproduced with an error margin of 10%.
[b] Determined by burette measurements. [c] An oil trap between the
condenser and measuring burette was employed.

Having found a highly active catalytic system that
efficiently produces hydrogen from isopropyl alcohol under
mild reaction conditions, we turned our attention to ethanol,
which is more relevant as a renewable hydrogen source.
Employing ethanol instead of isopropyl alcohol leads to a
TOF(2 h) of 1483 h™! (Table 3, entry 3), which is more than a
sevenfold improvement compared to the previous state-of-
the-art. Furthermore, no base is needed and much milder
reaction conditions are employed. For the first time it is
possible to dehydrogenate the thermodynamically less-favor-
able primary aliphatic alcohols below 100°C efficiently.
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Hydrogen production was accompanied by the formation of
acetaldehyde and ethyl acetate, both in substantial amounts.

The mechanistic proposal for the catalytic cycle of our
alcohol dehydrogenation is presented in Scheme 1 (shown for
2b/3b). First, complex A is formed by an exchange of the

Hy PR
+  [RuHy(PPh3);CO]

PiPr; 2b

3b
% 3 PPhs

H
HNI/,__ ‘:\PiPrz

o Ru‘
1 prp? | GO
R”OR H
Outer-sphere A
mechanism H,
OH N/ SPiPry
( “Ru
RER a7 | Tco
iPryP H

B
R =CHj, R"=H or CH3

Scheme 1. Proposed catalytic cycle for the 2b/3 b-catalyzed dehydro-
genation of isopropyl alcohol.

three triphenylphosphine ligands in 2b with ligand 3b.[314

Upon heating, A loses a molecule of hydrogen to form the
highly active complex B. This type of hydrogen loss from
analogues of A has been suggested by Schneider et al.l*
The fact that NaOiPr has a negative influence on the 2b/3b
system suggests that this step proceeds through an intra-
molecular and concerted mechanism. This step was shown to
occur at a reduced rate with the 2a/3b system (Table 2,
entry 5 versus 6), which contained a chloride coordinated
trans to the hydride atom. Therefore, adding a base additive
to this catalyst system is beneficial because of the exchange of
the chloride with a hydride, thus leading to an HPNP™
analogue of complex A. Employing 2¢/3b should lead to a
metal complex similar to A, but with a toluene ligand instead
of the carbon monoxide. As shown in Table 2 this complex is
not active at all. We believe the carbon monoxide ligand is
necessary to lower the overall energy of B because of its
higher m-accepting properties, which stabilize the amide.
Next, dehydrogenation of the alcohol with simultaneous
regeneration of A takes place. The tridentate ligand 3b
strongly binds to the ruthenium center, which suggests that [3-
hydride elimination of a coordinated alcoholate is not feasible
as a result of the lack of free sites. This fact combined with the
presence of an amide ligand suggest that the dehydrogenative
step occurs through an outer-sphere mechanism.' The
detrimental effect of adding isopropanoate to the reaction
additionally supports this proposal.l'>

In conclusion, we have developed the first example of an
effective alcohol acceptorless dehydrogenation that employs
mild, neutral reaction conditions. Importantly, the protocol is
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extended beyond the typical model substrate isopropyl
alcohol to the biorelevant ethanol. Unprecedented high
turnover frequencies for both isopropyl alcohol and ethanol
are observed at low temperatures (< 100°C).

Experimental Section

All compounds 1, 2, and 3, except 1¢, were bought from fine-chemical
suppliers and used as received. 1¢ was synthesized according to a
literature procedure.”® Isopropyl alcohol and ethanol were bought
with the highest purities and contained molecular sieves; and were
distilled over sodium prior to use. All substances were stored under an
argon atmosphere.

All experiments were carried out under an argon atmosphere
with the exclusion of air. The amount of hydrogen generated over
time was measured by manual gas burette (100 mL, 500 mL, and
1000 mL burettes were used). Subsequently, the gas purity was
established by GC analysis. Typically, only hydrogen and argon are
observed, though trace amounts of impurities may occasionally be
found. The total hydrogen volume determined by burette measure-
ment was verified indirectly by GC quantification of the substances in
the reaction liquid phase. All reproducible reactions were reproduced
with an error margin of 10%.

For the standard procedure with prepared complexes 1 (Table 1),
10 mL isopropyl alcohol with the given amount of base (ranging from
no base to 2000 equiv to the complex) and an internal standard (1 mL
hexadecane) were heated to reflux (90°C). Then the complex 1
(4.2 pmol, 32 ppm) was added, which marked the starting point for
measuring the gas volume.

For the standard procedure with the in situ complex 2/3 using
32 ppm of the metal precursor 2 (Table 2 and Table 3, entry 1), the
ligand 3 (4.2 pmol) was dissolved in 10 mL isopropyl alcohol
containing the given amount of base (ranging from no base to
1.3 equiv to the metal precursor) and the internal standard (1 mL
hexadecane). After heating to reflux (90°C), the metal precursor 2
(4.2 umol) was added, which marked the starting point for measuring
the gas volume.

For the standard reactions in entries2 and 3 of Table 3, 3b
(2.1 pmol) was dissolved in 40 mL of the alcohol containing the
internal standard hexadecane (4 mL), and the mixture was then
heated to reflux (90°C). 2b (2.1 umol) was then added, which marked
the starting point for measuring the gas volume. For entry 3, an oil-
trap between the condenser and measuring burette was employed to
avoid excessive ethanol flux into the gas phase after the condenser.
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