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Abstract: Selective hydrogen transfer remains a central research focus in catalysis: hydrogenation and dehydrogenation
have central roles, both historical and contemporary, in all aspects of fuel, agricultural, pharmaceutical, and fine chemical

synthesis. Our lab has been involved in this area by designing homogeneous catalysts for dehydrogenation and hydrogen

transfer that fill needs ranging from on-demand hydrogen storage to fine chemical synthesis. A keen eye toward

mechanism has enabled us to develop systems with excellent selectivity and longevity and demonstrate these in a

diversity of high-value applications. Here we describe recent work from our lab in these areas that are linked by a central

mechanistic trichotomy of catalyst initiation pathways that lead highly analogous precursors to a diversity of useful

applications.

1. Introduction

Hydrogen transfer is one of the historically most developed
and most useful applications of homogeneous catalysis and
remains a very fruitful area of active investigation today,l_8
and many important advancements have been made in the
field in recent years.g'33 Dehydrogenation is a major frontier of
this enterprise, with well-established dehydrogenation of
alkanes to olefins and alcohols to carbonyl compounds among
important examples of such transformations. Hydrogen
produced in these reactions has utility as a carbon-free energy
carrier,aa_37 but mastery of hydrogen fuel will require improved
methods for its weight-efficient, reversible storage on liquid
media, which in turn, motivates further work in hydrogen
transfer catalysis. Such developments in catalysts lead to high-
value new reactions that have utility in all areas of synthesis,
including fuel upgrading, fine chemicals, and even complex
molecule synthesis.

This feature will highlight a recent project of our lab in which
we set out to discover useful catalysts for hydrogen release
from small-molecule hydrogen carriers.® The work led us to a
family of iridium hydride clusters and related organometallics
that have utility in on-demand hydrogen generation, fine
chemicals synthesis, biofuels, and complex molecules, with
each application arising from distinct, related derivatives of
highly analogous catalyst precursors that differentiate
themselves through intricate catalyst initiation pathways. Here
we will summarize the context and application of these new
catalytic reactions and advance, for the first time, a unifying
hypothesis of how subtly different influences in catalyst
initiation govern the capability of the initiated catalysts.

This journal is © The Royal Society of Chemistry 20xx

1.1 Catalytic release of stored hydrogen

Hydrogen has a high energy content (120 MJ/kg) that exceeds
that of gasoline by almost three times (44 MJ/kg),39 therefore
it is well suited for chemical energy storage.40 It can either be

burned in an engine or oxidized in a fuel cell to produce

electricity. In both cases, water is the only by-product,
providing clean, carbon-free energy storage. Moreover,
vehicles powered by hydrogen fuel cells have other

advantages such as silent operation and higher efficiency,

making them particularly desirable for urban communities.”*

Large scale utilization of hydrogen as a fuel is challenging,
since it is a gas at ambient conditions. Compression, cryogenic
liguefaction, and absorption are among available hydrogen
storage strategies, however all of these are known to have
undesirable cost, capacity, safety
Dehydrogenation of small molecules is an attractive approach

and issues.*
to on-demand hydrogen release. Organic hydrogen carriers
like formic acid or methanol have high hydrogen storage
density and can be distributed by existing fuel infrastructure.
Furthermore, selective dehydrogenation of these compounds
would result in only hydrogen and carbon dioxide. The latter
can then be recycled by known systems,%_45 fulfilling a carbon-
neutral fuel cycle.

Today there are many heterogeneous*®**%* % and
homogeneoussg’sg’ss_m'so_67 systems for catalytic formic acid
dehydrogenation. Heterogeneous catalysts are known to be
reusable and easily separable from the reaction mixture.>*
However, these often require forcing conditions and afford
poor selectivity. Homogeneous catalysts are typically more
efficient and selective, but have longevity and recovery costs
that make them impractical. Selectivity is a crucial issue:
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carbon monoxide is a common side product of formic acid
decomposition, and a small amount of is known to poison fuel
cells, thus disqualifying unselective catalysts from this use.
Therefore, studies that help define the origin of selectivity and
give us structural insight into how formic acid and methanol
dehydrogenation catalysts work have value in our ability to
realize practical solutions to on-demand hydrogen release in a
C1 fuel cycle.

1.1 Glycerol utilization

Glycerol oxidation is an example of alcohol dehydrogenation
that has important similarities to the C1 dehydrogenation
problem above. The most important of these similarities is
scale: glycerol production is growing rapidly, because glycerol
is a 10 wt% by-product of biodiesel production. Biodiesel
production has grown to 2.1 billion gallons annually in the U.S.
alone in 2017.”° Since there are no convenient ways to use or
dispose glycerol, this is creating a glut of this highly-
functionalized C3 fragment in the global market. Thus, many
excellent catalytic methods have appeared in which glycerol is
converted to value-added materials like glycols or fine
chemicals.”®®" Our favorite among these products is lactic
acid, although like formic acid to hydrogen, this glycerol to
lactic acid is another example of a reaction made impractical
by low selectivity: even when lactate is the major product in
this transformation, small portions of glycols are usually
formed. These inhibit the thermal oligomerization of lactic acid
that is needed for its conversion to the lactide monomers used
in poly(lactic acid) synthesis. With the rapidly growing market
for biodegradable plastics82 and low efficiency of
fermentation-based lactic acid production, the major source of
lactate today, selective glycerol-based technology has great
value.

2. Reaction & Mechanism Data

In this section we will summarize several dehydrogenative
reactions of high utility and intriguing mechanism that have
emerged from our group in the last two years. The first is
formic acid dehydrogenation by iridium precursor 1 (Figure 1).
We took on this reaction, because it has potential utility in on-
demand hydrogen evolution and energy generation. Despite a
lower hydrogen storage density (4.4 wt%) than methanol (12.6
wt%), formic acid has important advantages: first, it is a
potential solar fuel, because H, can be generated from solar-
driven water splitting and efficient synthesis of formic acid
from CO, and H, is known, 368917948350 Further, formic acid
and its spent fuel by-products are environmentally benign. The
corrosivity of formic acid makes its dehydrogenation very
difficult to achieve in the absence of high loadings of solvent or
base, so we saw an opportunity to introduce the first system
for dehydrogenation of neat formic acid, with the hope that
understanding the mechanism of such a reaction could teach
valuable lessons on how to create catalysts that are robust and
selective in these challenging conditions.

2| J. Name., 2012, 00, 1-3

2.1 Iridium based formic acid dehydrogenation

Complex 1, prepared from [Ir(COD)CI],, was designed by our
group as a hydrogenation catalyst (Figure 1).95 The design was
based on our hypothesis that the P—N ligand in 1 can be
deprotonated in basic media and then serve as part of an H,-
activation system, analogous to those developed by Milstein.’®
We rapidly learned that although such an H, cleavage
mechanism was plausible, complex 1 was much less reactive in
the reduction direction than it is in dehydrogenation, and that
1 is among the most prolific formic acid dehydrogenation
catalysts known. The weak basicity of the optimized catalytic
conditions does not deprotonate the P—N ligand as it

mediates this catalysis.

\
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CO, + H2 \Ir/
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' |

tBu
1
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[Ir] Cat. 1
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neat, 90 °C, > 2 million TON P<iBu

Figure 1. Formic acid dehydrogenation by iridium complex 1.

The reaction in figure 1 has several very practical features.
First, iridium precursor 1 forms a robust, prolific catalytic
species that enables useful turnover frequency (average TOF
0.82 s, maximum TOF 3.7 s'l) through more than 2 million
turnovers. Second, the catalyst is easy to use and reuse. The
setup comprises simply mixing the reaction components in a
reactor, heating to the desired temperature, and venting and
collecting the gaseous products: no measures are needed to
exclude air or water. In our lab, we have successfully reused
the catalyst for 50 charges seeing only marginal loss in
reactivity. Third, the catalyst is highly selective. In our
optimized conditions, CO evolution is limited below our CO
detection limit (10 ppm). Lastly, the reaction works in neat,
technical grade formic acid with no purification or pre-
treatment. This last fact is vital for this technology to be
applied outside the lab. Obviating the need for any solvent
increases the amount of energy per mass of fuel, and air and
water tolerance mitigates many logistical hurdles.

We probed the mechanism of our formic acid
dehydrogenation by first attempting directly to observe
catalyst initiation, which gave us a good structural starting
point (Scheme 1). Treating precatalyst 1 with conditions similar
to the catalytic conditions, but at lower temperatures, enabled
us to see a stepwise catalyst initiation. The first observable
step is hemi-reduction of the COD ligand, which is dissociated
from the complex as cyclooctene. This is then further reduced
to cyclooctane at a slower rate. We can observe an
intermediate in this reduction, 2, under similar reducing
conditions, such as H, or alkoxide. We propose a short-lived
iridium hydride species (such as 3) that quickly dimerizes to
afford intermediate 4, a long-lived, binuclear iridium species

This journal is © The Royal Society of Chemistry 20xx
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with two bridging and two terminal hydrides. Although
analogous, 4-like structures are commonly observed in iridium-
catalyzed hydrogenations,97 4 does not persist after our
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catalytic reaction starts. In fact, isolated catalytic species from
the dry, solid substance that remains after a catalytic run
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Scheme 1. Proposed mechanism for formic acid dehydrogenation by iridium precatalyst 1.

comprises a mixture of 5 and 6. The structure of intermediate
5 was confirmed crystallographically by independent synthesis
of its more stable acetate congener. These studies gave us
reliable structural proposals for materials 1, 2, 4, and 5 and
authenticated 5 and 6 as the resting states of the active
catalyst.

Kinetic experiments were done to evaluate the roles of each
component in the reaction and to understand the relationships
of the observable species in the catalysis. The reaction is first
order in iridium, which indicates that the active species is
robust throughout the cycle. We observe half order
dependence on the formate co-catalyst, which we interpret to
indicate that a single formate is generating two active sites on
the catalyst with each cycle. Further, when the reaction is
diluted in tetraglyme, we see first-order inhibition of catalysis
by formic acid, which we understand to indicate that acid
drives the 5/6 equilibrium backwards.

The observation of half order dependence on formate is
perplexing, however, it is quite possible with 5. There are two

This journal is © The Royal Society of Chemistry 20xx

formate bridges in 5, each presenting a possible reaction site.
One formate can activate a formate bridge, demonstrated in
the conversion 5 to 6. The formate can be regenerated by
deprotonating formic acid, activating the other formate bridge,
thus setting up the other reactive site for H, release. In doing
so, one formate enables two turnovers. Another reasonable
interpretation of this half order dependence is a radical chain
mechanism, but we disfavor such a path because the rate of
catalysis is not modified by radical inhibitors like BHT. Further,
we think that the exclusive selectivity against CO formation is
inconsistent with a radical chain. We are continuing to probe
this issue.

Kinetic isotopic studies show significant isotopic effects in both
the C—H (3.8) and the O—H (1.7) of formic acid, indicating that
both C-H and O-H are involved in or before the rate
determining step in the catalytic cycle. The product of C-H and
O-H KIEs equals the overall CHOH/CDOD KIE (6.5), which
indicates involvement of both C—H and O-H in a single rate
determining step. Moreover, H-D crossover experiments show
perfect C-H/O-H fidelity. These data point to an hypothesis

J. Name., 2013, 00, 1-3 | 3
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that the rate determining step may be protonation of an
iridium hydride to evolve H,, where the iridium hydride
originates from decarboxylation of a formate.

Rather remarkably, none of the many known congeners of 4
engage in the twisting rearrangement necessary form 5, which
might explain why 5’s reactivity was not reported prior to our
discovery. It is also interesting that, while multi-metallic
formate clusters are known to form bridges when treated with
acid,”® even neat formic acid does not effectively block the
conversion of 5 to 6, thus enabling catalysis to continue.

2.2 Iridium based glycerol dehydrogenation

Glycerol has historically been an important industrial material
that, in prior years, was made in its own production facilities.”®
This situation has changed with the rapid growth of biodiesel
production. Glycerol accounts for ca. 10% the total mass of
vegetable oils, the raw material for biodiesel production.
Increasing biodiesel production has led to an oversupply of
glycerol, and in some places it had become common practice
to dump glycerol into water streams as a light poIIutant.99 This
is a huge waste. By our calculation, disposing glycerol waste
accounts for nearly 10% of the total cost in biodiesel
production. Such environmental damage and economic loss is
foreseeably going to exacerbate as global biodiesel production
has been ramping up at a rate of 14.1% per year.100

(Il
dimers

Scheme 2. A. Decomposition of Crabtree’s di(carbene)iridium
catalysts. B. Pyridine-supported carbenes should not deactivate in a
similar way.

Catalytic conversion of glycerol to lactic acid is known with
P 101-106 P . . .
several conditions, but selectivity remains an issue with

4| J. Name., 2012, 00, 1-3

Journal Name

many of them. Our entry into this reactions was designed from
an observation by Crabtree that his di(carbene)iridium
catalysis have good selectivity (ca. 95%), and deactivates by
carbene exchange (Scheme 2). We reasoned that if a
di(carbene)iridium precursor deactivates as a
tri(carbene)iridium dihydride product, there must be a
mono(carbene)iridium species in the reaction, and, since it is
not observed, it is likely to be reactive. We determined
therefore to prepare a mono(carbene)iridium species in which
the carbene ligand was chelated to the metal with a
supporting pyridine fragment. We hoped that this would
reduce what appears to be a 3-catalyst problem to a 1-catalyst
system and enable higher selectivity.

Iridium complexes 1, 5, and 7-9 were synthesized (Figure 2)
and tested in reactions with neat glycerol.107 In the presence of
sodium or potassium hydroxide at typically 120-145 °C, 7, 8
and 9 proved to be exceptionally selective in dehydrogenating
glycerol to lactate — no other product was observed in -
NMR. This selectivity is important, because in most glycerol
dehydrogenation reactions, by-products that are similar in
physical properties make it very costly to isolate the desired
lactic acid.™®*'% Iridium complex 1 also oxidizes glycerol at a
fast rate but with unusable selectivity. Curiously, despite being
a reactive intermediate in formic acid dehydrogenation, 5 is
ineffective in glycerol oxidation. This is evidence that the
reactive species of alcohol oxidation by 1 is different than 5.

~Jom _~o0

=/ Bu Oy |
N\lr/ I | ’ H/\Ir\/N X
tBu—i/ N — BEP— Vo
tBu

l
tBu
1 ™\ 5
N N‘Me
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N\ | \ N/
G- 2 \Ir/l
N‘( ~ |
/:\ §/N"Me
NTN‘Mes
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N él G |
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/—\_N §/N~Mes
N ~Mes
T :
TN Ag-f _ ot
| O
G-I, N, 00
N——— ~
then CO —~ N CcO
&/ “Mes
9

Figure 2. Synthesis of iridium complexes 7-9.
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Utility studies show that iridium precatalyst 7 enables a
glycerol dehydrogenation system that is both fast and robust.
Up to 4.56 million turnovers were observed and up to 4x10* Kt
TOF was measured at 145 °C. In a typical run, 7 can convert >
90% glycerol to lactate, and the reaction then slows down as
the reaction solidifies as an ionic solid. The catalyst is stable to
impurities in the glycerol stream, moreover even common
catalytic poisons (e.g. 1,10-phenanthroline,
triphenylphosphine) have no impact on the reaction kinetics.

A
— oTi — oTf
H() ] W o _
N | N OoH
H \Ir/ -~ H \Ir/SoIv _—
U N | N\ \/N \Solv glycerol
~ ~N
7 10
H OH N
s Z
ZH N/O‘\ | \ N\ (I—)i H
Z - o
e o
%N\ Solv VN\
1 12
(o] B-H elimination
Hj\ slow, RDS
OH OH —
H HO H HO

OH OH
14 13
B o OH
H - -
0 G o o
OH o)
H -He +HO ~
OH -H* OH -HO OH

Scheme 3. Proposed stepwise glycerol dehydrogenation by 7
to yield lactate.

Direct observation of the catalytic cycle was impeded by
speciation of the iridium complex under catalytic conditions:
we believe the catalyst rests as a glycerol chelate, which must
necessarily have many geometrical isomers. However, indirect
interrogation provided enough information for a working
understanding of the reaction mechanism (Scheme 3A). NMR
evidence first establishes that iridium 7 is initiated by loss of
COD, initially as cyclooctene. Kinetic studies show that the first
step in the catalysis is most likely a deprotonation of the ligand
on the iridium species, which allows an interaction with
glycerol, apparently in a dual-center activation shown as 11.
We propose that a B-hydride elimination of an iridium alkoxide
is the rate-determining step, based on first order kinetic
dependence on alcohol and a negligible O—H kinetic isotope
effect (1.1(1)) that excludes a bifunctional C—H/O—H dual
activation. At the reaction operating temperature, there is
little discrimination between the secondary alcohol and

This journal is © The Royal Society of Chemistry 20xx

primary alcohol in glycerol, respectively yielding a ketone or an
aldehyde product. These two products interconvert rapidly
under the conditions; we perceive that this is unselective,
because we find that 1- and 2-propanol react with similar
rates. Once formed, glyceraldehyde is quickly converted to
lactate in the presence of base (Scheme 3B), far too quickly for
glyceraldehyde to be observed. Whereas the chirality of the
product is established by a hydride migration taking place in
the absence of the catalyst and at a barrier far lower than the
oxidation, we perceive that this reaction is not a good target
for asymmetric catalysis. Moreover, chirality of (L)-lactic acid
that is formed by fermentation is typically destroyed when it is
thermally oligomerized in poly(lactic acid) synthesis. We
therefore see little motivation to control this chirality.

Iridium complex 7 is a general catalyst for dehydrogenation of
alcohol. Complex 7 dehydrogenates methanol to carbonates in
an alkaline medium. Detailed exploration of alcohol
dehydrogenation reactivity of 1 and 7 is provided in section
2.4.

2.3 Hydrogen transfer from glyceride to fatty esters

Direct conversion of crude glycerol to lactate is an appealing
complement to conversion of vegetable triglycerides to
biodiesel, however it has an intrinsic inefficiency in that one
equivalent of hydrogen is released from the reaction and
would most probably be discarded as waste by many
practitioners. Simultaneously, most vegetable oils are highly
unsaturated, which is problematic if these are to be burned in
a diesel engine. This situation presages the question of
whether hydrogen from glycerol conversion can be used to
upgrade biodiesel in the same reactor. Striking such a balance
of glycerol oxidation and fatty acid reduction requires a
delicate balance of catalyst stability, hydricity, and redox
kinetics that, if achieved, could give rise to a very high utility
tandem hydrogen transfer process.

The U.S. is the world’s largest biodiesel manufacturer, and
more than 80% of U.S. biodiesel originates from
transesterification of soybean or corn oil. Both of these oils
bear more than 50% polyunsaturated fatty acids, mostly the
doubly-unsaturated linoleic acid (18:2) and a small portion of
the triply-unsaturated linolenic acid (18:3).110 In each case, the
olefins of the fatty acids are segregated by single methylene
groups whose C—H bonds are doubly activated for homolytic
cleavage by the proximity of the two flanking alkenyl systems.
Without hydrogenation of these olefins, biodiesels made from
these polyunsaturated oils are unstable to oxidation of the
activated methylene, leading to problems such as gum
formation, oil filter clogging, tart deposition in engine, and
slow ignition. Such problems reduce the overall value of
biodiesel ' Hydrogenation conditions such as palladium/H,
involve cost and safety issues (from handling compressed
HZ)113 and give fully saturated fatty acid chains. These are
disadvantages; particularly, the latter causes a new problem of

J. Name., 2013, 00, 1-3 | 5
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high melting point and propensity for precipitation in the fuel
system.lm‘115 Transfer hydrogenation is an appealing solution
to these problems, and glycerol itself is an outstanding
candidate to be the hydrogen donor. This concept is sketched
in scheme 4. As with most catalytic processes, selectivity plays
an important role on the outcome of this proposed reaction:
the biodiesel upgrading should stop at one degree of
unsaturation, which sets up a challenge of finding a selective
poly-ene reduction catalyst.

H R= H
0-R X — 5
{ir]
H H
O—R
H
O-R H, Transfer
H—OH
Catalysis
OH R=
© [IrH]
(0]
:LL,./:\/:\/:H‘\
o]
KN

Scheme 4. Hydrogen transfer from glycerol to polyunsaturated
fatty acids.

Iridium complex 7 achieves the right balance of hydrogen
transfer rates and stability needed to execute the proposed
tandem catalysis in scheme 4 with high selectivity, leaving
exactly one degree of unsaturation in the products of
polyunsaturation fatty acid. Glycerol is dehydrogenated
selectively to lactate, and all polyunsaturation is reduced to
monounsaturation with no other product observed in NMR.
While this can be done on many triglyceride feedstocks, the
reaction optimization using corn oil is summarized in table 1. It
is important to note that there is not enough hydrogen
imbedded in the glycerol of the triglycerides to achieve mass
balance. Scheme 4 highlights the issue: only one equivalent of
H, is available in the glycerol while more than one are needed
to effect full conversion of polyunsaturation in all three of the
glycerol’s fatty acids. In a typical corn oil sample, the
triglyceride has about 4.5 degrees of unsaturation per glycerol,
and the product blend will have about 2.5 degrees per
glycerol: a further reducing equivalent must be provided.

Table 1. Hydrogenation of polyunsaturation in corn oil to
monounsaturation.’

Entry Reductant (equiv.) Degree of
MeOH Glycerol H, hydrogenation
1° 25 0 0 100%
2° 0 25 0 99%
3¢ 0 25 0 90%
4 0 25 0 25%
5 0 0 1atm 62% (18% )

6| J. Name., 2012, 00, 1-3

@ Reaction condition: 0.5 mL corn oil, 0.3 mol% Ir complex, 5
eq. NaOH, 120 °C, 1 day in a sealed flask. Degree of
hydrogenation refers to the portion of 2" and 3" olefins that
are reduced to oleate. Oleate and saturated fatty esters are
not derivatized in this reaction. ° 1.0 equiv. lactate also
formed. © 10 equiv. NaOH was used to obtain 11 equiv. of
lactate. ¢ 25 equiv. NaOH was used to obtain 19 equiv. of
lactate. © Operated in a flask connected to a eudiometer. fNo
base was added.

Several features of the tandem catalysis make the process
quite appealing. First, the choice of the external reductant is
flexible. Both methanol and glycerol are abundant materials in
the biodiesel industry, and each of them works well. Second,
the catalytic system is water and air tolerant: the catalysis
shows no change in kinetic behavior when prepared in air with
200 equiv. added water. Thirdly, while the price of iridium is
prohibitive in most fuel cycle applications, our catalyst can be
recovered by extraction and reused in a subsequent catalytic
run. This iridium recovery method reduces the cost of metal
below the value threshold of the synthetic lactate: to our
calculations the value in the lactate by-product of upgrading is
high enough to support the rental of the catalytic metal.

=L

[LnlrIH,

reductant

alcohol — @
solution \ 7 —l reductant
N
7 — ~ = solv
N < \solv
§/ NQ

solv
/
\solv

Ir
OH \\(
reductant = MeOH or H, or HO\/l\/OH N—NQ

Scheme 5. Proposed base-accelerated pathway vs. base-free
pathway.

While studying the mechanism of such catalytic systems can
be frustrated by rapid speciation of the iridium, we were able
to identify two possible pathways (Scheme 5). Precatalyst 7 is
first initiated by reductive cleavage of COD to form 15, a
species observable in NMR, then the two possibilities diverge.
In a simple system where H, is the reductant (e.g. Table 1,
entry 5), both base-free and base-present conditions showed
hydrogenation reactivity. However, when there is base, the
reaction rate is accelerated several-fold. It is not obvious
whether this reaction runs through liberation of intermediate
H, gas, which is later re-activated or whether a catalytic metal
hydride directly deposits hydride on its target olefin without
reforming the H—H bond. A comparison between entries 4
and 5 in table 1 provides insight: it appears that both
mechanisms are working at competitive rates in these
respective conditions. The conversion appears slightly faster in
direct hydrogen transfer, which is apparently the major path in

This journal is © The Royal Society of Chemistry 20xx
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entry 4, but H, formation and re-activation must be possible in
order for entry 5 to function at the observed yield.

Although full hydrogenation of fatty acids results in lower
value biodiesel product, these saturated fatty acids have value
as fine chemicals. We find that iridium complex 7 can reduce
polyunsaturation at a catalyst loading of 30 ppm but will only
reduce monounsaturation at high (6 mol%) catalyst loading. To
mitigate the cost of iridium, a second hydrogenation catalyst
(16) was introduced. Although not a good dehydrogenation
catalyst for glycerol, 16 proved to be a useful hydrogenation
catalyst, enabling up to 90% hydrogenation of all unsaturation
(Table 2). Although air sensitivity of 16 can be an issue in some
contexts, we did not find this problematic in this reaction.

Table 2. Full hydrogenation of vegetable oil fatty acids.”

all fatty acids in corn oil
(18:1), (18:2), (18:3)

ot HoBr
OCHEW ==
\ Ir/ N—Fe—CO
¢/

P Br
Pry
NaOM 7 16
Entry Ir precursor Fe precursor full
hydrogenation
1 7 (6 mol%) NA 95%
2 NA 16 (0.3 mol%) 7%
3 7 (0.3 mol%) 16 (0.3 mol%) 21%
4 7 (0.3 mol%) 16 (0.6 mol%) 34%
5 7 (0.3 mol%) 16 (3.0 mol%) 90%

? Reaction condition: 0.5 mL corn oil, 5 eq. NaOH, 25 eq. MeOH, 120
°C, 1 day in a sealed flask.

2.4 Application to fine chemicals: carboxylate synthesis

Discovery of structurally novel, prolific, and selective catalysts for
fuel cycle applications opens the door to apply these same systems
to problems of fine chemical synthesis. In these applications, the
high value of the products formed enables more room to design
molecular complexity, and thus cost, into a catalytic architecture.
While it is unlikely that any complex, precious metal catalyst will be
value-positive in a fuel application, linking such reactions to a fine
chemical (as in the lactate presented in the prior example), or a
complex molecule adds justification for the use of synthetic ligands
and high-value metals. Thus, we test our hydrogen transfer
catalysts in important reactions in fine chemicals and complex
molecule synthesis applications.

We find that our iridium(l) complexes have useful activity in
acceptorless dehydrogenation of primary alcohols to carboxylates
in the presence of KOH (Scheme 7).116 This is valuable, because
while we have known since 1841 that heating primary alcohols with
metal hydroxides can result in carboxylate formation,117 most
complex molecules are not tolerant of the requisite 350 °C reaction
temperature for that transformation. Rather, we frequently employ

high valent chromium, sulfur, iodine, or manganese reagents to

This journal is © The Royal Society of Chemistry 20xx

effect such transformations, thus generating costly stoichiometric
waste streams.

It is only in the last decade that a number of homogeneous catalytic
methods have appeared for the conversion of primary alcohols to
carboxylic acids. Rhodium based catalytic systems require hydrogen
acceptors,mi120 while ruthenium complexes 23 — 25 enable
acceptorless dehydrogenation.mf123 Recently, Fujita’s group
reported the first iridium based catalytic system that converts
simple benzyl alcohols directly to benzoic acids in water without
any base and hydrogen acceptor (Scheme 6).124 Still, because each
of these systems has restrictive limits on substrate scope, we set
about to determine the utility of our -catalysts in this
transformation.

R
OH,
N/ oH

Ir.
~
N
50
— —/  2-5mol%
oH \—/
R
H,0, reflux, 20 h

R =H, 3-Me, 4-Me,
3-OMe, 3-Br, 3-Cl

COH

Isolated 60 - 72 %

Scheme 6. Catalytic alcohol dehydrogenation by Fujita.

We find that both complexes 1 and 7 are excellent pre-catalysts for
selective conversion of primary alcohols to carboxylates. The
interchangeability of 1 and 7 in this reaction was not expected,
since they have mutually exclusive activities in formic acid and
glycerol dehydrogenation, respectively. We demonstrated a wide
substrate scope and a unique functional group tolerance of our
catalytic method. For example, secondary amines, thioethers,
pyridines, and quinolines remain intact under the
conditions; this type of functional group tolerance was not
previously observed for this reaction.

reaction

1 or 7 (0.1 mol%)
KOH (1.1 eq.) 0]

OH
_/ )-k + 2H,
R R” TOK
Toluene, reflux
R—@*C%H R—CO.H R—COK

R =H (98%), OMe (79%),
SMe (74%), Br (40%),

R = n-CzH7 (96%), -C7H5 (90%),
n-CysHzq (85%), cyclo-Bu (81%),
2-pyridyl (63%),

R = 1-adamantyl (77%),
1-naphthy! (84%),
PhCH,CH, (80%)

avalllssa

80% 82%

| (42%)
H o

~ N \)kOH
82%

Scheme 7. Catalytic alcohol dehydrogenation with 1 and 7.

Further,
mechanism of catalytic primary alcohol dehydrogenation, so we

there had not yet been an exhaustive study on the

endeavored to get insight into the activation of pre-catalysts 1 and
7 in the catalytic mechanism. Traditionally, phosphines and NHC
carbenes are thought to have similar coordinative properties.125 Our
observations highlight different behavior of 1 and 7 in catalyst
initiation (Scheme 8). Thus, 1 reacts with an alcohol and KOH to give

J. Name., 2013, 00, 1-3 | 7
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stable iridium(lll) hydride complex 2, whereas 7 forms reactive
iridium(l) alkoxide 19 under the same conditions. We believe that
formation of 2 proceeds through an iridium alkoxide analogous to
17, which undergoes B-hydride elimination from the alkoxide ligand
and isomerisation of nz,rlz-COD to r;l,rf'-Cngz. This transformation
was observed previously in the synthesis of 26.%

B
ot
tBU\ tBu _| tBu | _
p ArCH,0H N
\Ir/LI 5 |
— / Ty —
N KOH Ty P 7\
CeHe, RT

Active

(e} Catalyst
, L
7 18 o

cyclooctene 4+ )J\ o~ 19

Ar (0] Ar
A= OMe

Scheme 8. Reactions of 1 and 7 with alcohols and KOH at 25 °C.

When 1 and 7 are subjected to the catalytic reaction conditions
(alcohol, KOH, toluene, reflux), different organometallic species are
observed. Only one iridium-containing intermediate is detected in
the case of 7: alkoxide 17 formed rapidly, then converts to the
active catalyst. On the contrary, 1 converts to a mixture of dinuclear
iridium hydride complexes 20 — 22 after a few turnovers (Scheme
9). We find that 20 — 22 are the catalyst resting states, and that they
interconvert during catalysis. While we suspect that analogous
species are involved in the initiation of 7 as in the initiation of 1, we
propose that the carbene-supported iridium hydrides are made
electron rich by the combination of hydride and carbon ligands and
are thus too reactive to observe cleanly.

BU tBu

oTf
H q tBu
Toluene, reflux | /

\ / \ [
Ir\ N\
| THTTN 1By
H co

Bu ¢
/\/002K
~ou tBu, "{ ON Cco /tBu
+KOH +2H, o i S—r
tBu— \\ H — tBu
22

Scheme 9. Reaction of 1 with 1-butanol and KOH at 111 °C.
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Several structural features of complexes 20 — 22 deserve discussion.
The first is the CO ligand that emerges in catalyst activation. Iridium
complexes enable decarbonylation of aldehydes,m'130 which we
find to be the origin of our CO ligand. Interestingly, we do not
observe decarbonylation of glyceraldehyde with the same catalyst.
Tandem iridium catalyzed dehydrogenative decarbonylation of
alcohols is known,m’132 but we do not observe this potential side-
reaction, probably due to the presence of KOH, which promotes
conversion of the aldehyde intermediate to the corresponding
hemiacetal. Another structural feature is the catalyst’s ortho-
metalated pyridyl moieties. ortho-Metalation of pyridines by
iridium via C—H activation is also known.**™* We like to think of
the coordination environment of the carbonylated iridium atom as
a mimic of an iridium bound into a PNP pincer complex like 28.1%
We think about the non-carbonylated iridium center in 20 as an
analog of the second phosphorus atom in 28. Further stabilization
of the diiridium core in 20 is facilitated by ortho-metalation of the
pyridyl fragment at high temperature, yet the reversibility of this
cyclometallation leaves our Ir—Ir bond labile to open as needed for
catalysis.

/

| Ru—ci | H
\( o ‘Bu—P"‘FT\P\—tBu
N Bu
> Hex Bu H co
23 24
</ \>
——PPh, Cl N=
Ph,P ‘ o, \ oo,/ GH
2P — 2 lr 4[N
W N\ =
\ = N N\
\ 7/
26 27 28

Figure 3. Structures of Iridium Complexes 23-28.

The proposed mechanism of pre-catalyst 1 activation is shown in
scheme 10. The process begins with a nucleophilic attack of an
alkoxide on the iridium atom producing alkoxo complex 17 followed
by B-hydride elimination and cyclooctadiene isomerization to give
2. Complex 2 proceeds at elevated temperature to give dinuclear
species 20 — 23, which are in equilibrium. It is likely that 23 provides
access to the catalytic cycle via reaction with an aldehyde. We do
not know the structures of iridium species participating in the
catalytic cycle, however we propose that the cycle involves B-
hydride elimination from a diiridium alkoxo complex followed by
reductive elimination of dihydrogen.

This journal is © The Royal Society of Chemistry 20xx
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H
tBu
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tBu 21 tBu 23
RCOK
Hz RCHO
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Catalytic
Cycﬁl Catalyst RCH,OH
RCH,OH <
KOH
tBu\ "{ :N\ /CO 18U
p—Ir. Ir—P
tBu/l\C\Hj/ tBu
22

Scheme 10. Mechanism of pre-catalyst 1 activation.

2.5 The difference between iridium and ruthenium: an application
in amination

While we achieved our best results in the reactions above using
iridium complexes, we constantly apply our ligand design ideas to
other metals in search of superior or orthogonal reactivity. For
example, iridium and iron catalysts have complementary reactivity
in biodiesel upgrading. We have historically had great success using
ruthenium complexes in dehydrogenation reactions,38’137_140 but we
found that ruthenium complexes of our pyridyl phosphine ligand
did not give useful reactivity with glycerol or formic acid, affording
poor stability and uncontrolled, unselective reactions. By
remarkable contrast—and quite unlike iridium chelates of the same
P—N ligand—analogous ruthenium complexes do not convert
alcohols to the corresponding carboxylate complexes, but rather
participate in amination by hydrogen borrowing.141

Table 3 illustrates some striking observations from the scope of
hydrogen borrowing amination realized with ruthenium P—N
chelate 29. We were surprised to learn that the indoles such as 30
and 32 did not poison the catalyst, but rather were well tolerated.
We were even more surprised to find that delicate, reduction-

This journal is © The Royal Society of Chemistry 20xx
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sensitive groups like aryl iodide 31 were successfully converted to
product with little over-reduction of the aryl halide group (entry 2).
We take this as evidence that the intermediate ruthenium hydride
species is not long lived (we never observed it) and reacts
specifically with carbonyl and imine groups. Most amazing among
the several examples we found were those presented with both an
alkyl amine and an aniline. We were able to achieve selective
alkylation of the alkyl amine in the presence of these anilines
(entries 3, 4)! This is unprecedented and very useful reactivity to
add to the literature of hydrogen borrowing amination.

We believe that the reason for this unanticipated selectivity is that
the redox steps are too fast to allow imine formation to equilibrate.
For example, introduction of deuterium labels into our starting
alcohol enables us to observe the scrambling of those labels
between the starting alcohol and amine faster than any coupling
can be observed. We propose, therefore, that since the redox is
fast, we can realize kinetic selectivity for imine formation and
execute reactions that should not be possible when delicate
functional groups are allowed to compete thermodynamically for
imine formation with the intermediate aldehyde. This scenario, a
straightforward modification of the traditional hydrogen borrowing
mechanism, is outlined in scheme 11.

Table 3. Unanticipated selectivity in amination.

_| ®
1mol%  1BU

tBu—P-
=R
— 29
R
X" oH ¢ NN Ho
Ry + HaN—R; Ry H + 2
= sealed flask =
neat, 110 °C
100% conversion
Entry Alkylated amine Time Isolated
(hr) yield (%)
20 74

N
O
H
30
NN
/©/\” 20 65
2 I 31

12 57

OMe
/\/©[ ’ "
N OMe

w
I
IS
P4
w IZ
N 2
z
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Catalyst _
BN RNOH e yst o RZ/\N/\H1 From here a proton donor (e.g. RO—H) a.dd.s to the compllex to f?rm
1 2 2 H the C8 by-product, cyclooctene. Mechanistic pathways differentiate
[Ru] from this intermediate coordination complex, 17’.
s § c 2 When L = PtBuz, 17’ goes on to form centrosymmetric dimer 4. In
= o

g _ - 5 . S: the presence of a carboxylate substrate, this irreversibly converts to

73 =+ 3 c = » =
> 8 2 & & gllgé the C2-symmetric formic acid catalyst, 5. In the presence of a CO
E §. g - donor, such as an aldehyde, one equivalent of 17’ carbonylates,

= o o
> [Ru-H] + H* = E which appears to touch off a dimerization sequence that leads to
the equilibrium of 20-22: these are the carboxylate synthesis
N talyst. In th n f rboxylat r C recursor,
RN+ RAO Rz/\N/\m Fa alys . e absence of a c'a b.o ylate o. O pec.u sor,
1 2 ; : intermediate 17’ appears to engage in ligand substitution to give an
R1/\NH2 H,0 or iridium(l) chelate species. In the presence of glycerol, this appears

to be a system of isomeric glycerol chelates, which we propose to

NH;
be resting states of our glycerol to lactic acid catalyst.

Scheme 11. Amination by hydrogen borrowing: fast redox
enables unanticipated chemoselectivity.

4. Conclusions

3. A Unifying Hypothesis

Returning to our iridium story, we looked back on the surprisingly
differentiated reactivities that we realized for apparently analogous
species 1 and 7 and found in our mechanistic work some general
guidelines that helped us to understand how and why catalyst
initiation governs reactivity as these two very similar precursors
enable mutually exclusive reactivity in some cases and nearly
identical reactivity in others. These ideas are summarized in scheme
12.

In all cases, we anticipate that catalysis initiates with reductive
cleavage of the 1,5-COD ligand. This proceeds by coordination of
the metal to a hydride donor (alcohol, formate, H,) and formation
of a transient iridium hydride. This hydride then appears to insert
into the COD ligand, which then isomerizes to from intermediate 2’.

The dehydrogenation of small molecules both for production
of H, and formation of value-added products continues to be
an important endeavor in catalysis. Large scale use of these
the potential to mitigate many
and economic problems. While empirical
screening approaches to catalyst discovery are meritorious,

transformations has

environmental

and can be effective in many cases, each of the reactions
presented here is an example of hypothesis- and mechanism-
directed catalyst development: without understanding how
these systems initiate, compete for substrate, and eventually
die, we would have been unable to realize the selectivity and
longevity needed to make them useful and broadly applicable.
We hope that these stories of directed discovery will inspire
others, as they inspire us, to develop deep, relevant

mechanistic understanding to motivate future research.

/
H solv \ — L N\ OR
donor atom = P - =
] | < =1 R = CHX N\ QT\
N |\ nd | R=CHO CO precursor H\Ir\\h//'—
— "\ solv 4 - L/ \H/ \CO
® 20
L donor atom = C; R = CHpX \
o/i O\ = ’ No CO precursor O
/ SN H\ N\ /co
L HT N Y
i o = ——Ir——r—L
| =L
N/ r\o’:/\ N\ /O /|\ /Ir \\H/
— L - Ir.
—\ L N,
H A @
5 formic acid hydrogenation alcohol to carboxylate 22

glycerol to lactic acid

Scheme 12. A unifying proposal.
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