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Preface

Climate change, resource depletion, and environmental protection create new
challenges for the scientific community. In order to maintain quality of life by
developing novel technologies and sciences, chemists have to find new catalytic
processes toward green and sustainable chemistry and to offer useful industrial
applications. One consensus already reached is that organometallic chemistry and
related catalysts constitute a strength in the development of green chemistry.
Indeed, organometallic catalysis plays a crucial role in straightforward access to
complex molecules and novel molecular materials with the discovery of unprece-
dented reactivities and has been a pillar of industrial chemistry. While both energy
and green chemistry fields are still under development, the emergence of concepts
and strategies based on organometallics that contribute lasting value is beginning to
be observed.

This volume of Topics in Organometallic Chemistry is dedicated to giving an
overview of the most important aspects of the applications of transition metal
complexes in green chemistry, including the transformation of renewables and
the formation of bulk chemicals as well as some examples of the storage or
production of energy.

Developing new strategies to recycle carbon dioxide into useful resources is
becoming increasingly crucial. The valorization of carbon dioxide into useful
products or its use as an energy carrier can now be achieved owing to the develop-
ment of novel transition metal complexes. The first chapter of this volume, written
by Beller and Hertrich, focused on hydrogenation of carbon dioxide into methanol,
which is one of the most important reactions related to the “methanol economy”
concept. The prospect of utilizing carbon dioxide as a C1 feedstock for synthetic
applications is also discussed in two chapters. Leitner et al. give an outline of
catalytic pathways to synthesize a variety of useful compounds on reactions of
carbon dioxide as C1 building block with simple alkenes, while Klankermayer and
Beydoun summarize the recent applications of carbon dioxide for the formation of
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C-N and C-O bonds within the syntheses of formamides, methyl amines, and
dialkoxymethanes.

Sustainable production of bulk chemicals from renewables is not limited to the
use of carbon dioxide as the valorization of bio-based raw materials is also an
important green catalysis research topic. Recent progress was made using organo-
metallic catalysts. The chapter by Bruneau and Fischmeister reveals the state of the
art for the valorization of oils by olefin metathesis, where specific organometallic
catalysts are now performant to be used for low purity renewable materials trans-
formations. Among renewables or bio-based raw materials, phenol derivatives have
attracted significant attention as a renewable aromatic feedstock for the production
of organic compounds that are useful for our society. Chatani and Tobisu give a
comprehensive overview of recent advances in the area of catalytic transformations
of phenol derivatives via the activation of C(aryl)-O bonds of aryl esters, carba-
mates, ethers, as well as phenols.

Pincer complexes have recently brought revolutions in catalysis and especially
in the way to generate and activate hydrogen, leading to new catalytic processes
with high TON never reached before. The contribution of Jones points out the
predominant role of low-cost iron pincer complexes as sustainable catalysts for the
hydrogenation and dehydrogenation reactions of common organic compounds. By
contrast, Milstein and Hu, employing water instead of hazardous oxidants, reveal
the eco-friendly oxidation of alcohols into carboxylic acids with the use of catalytic
amount of pincer complexes. De Vries et al. point out the advantages of hydrogen
transfer reactions as green and selective processes for the preparation of allylic
alcohols, which are versatile compounds useful in a large variety of industrial
processes.

C—H bond activation and functionalization, which is one of most useful eco-
friendly processes in organic synthesis, and recently presented in two volumes of
Topics in Organometallic Chemistry by Dixneuf and Doucet, can now be achieved
with the help of photoredox systems enabling valorization of sunlight as a clean
energy source. Dixneuf and Soulé give an overview of the advantages of the use of
photoredox systems for the formation of C—C bonds from C(sp?)~H bonds under
green conditions, whereas Lei et al. present the contribution of C—H bond oxidation
using visible light for the formation of C—O and C-N bonds.

This volume of Topics in Organometallic Chemistry offers a versatile point of
view on the recent progress of organometallic catalysis for valorization of bulk
chemicals into the high-value daily-life products and/or energy vector using green
catalytic processes, which is of growing importance for academic and industrial
scientists. The green catalytic processes presented in this volume are likely to
highlight the profit brought by catalysis for a better environment but also to the
improved knowledge of teachers and students in this developing field. Many
catalytic processes presented in this volume will initiate the design of new organ-
ometallics as more efficient catalysts and find further applications attractive for
industry and economy.
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Abstract The conversion of carbon dioxide into value-added chemicals is of
growing importance for academic and industrial scientists. Regarding scale, the
reduction of carbon dioxide to methanol is the most important reaction, not only
for chemical products but also as a potential energy vector. Herein, we describe
recent developments in carbon dioxide reduction to methanol focusing on the use of
organometallic catalysts.

Keywords Carbon dioxide - Homogenous catalysis - Methanol

1 Methanol: From Platform Chemical to “Methanol
Economy”

One of the main problems we have to face in the next decades is the climate change
caused by the increase of carbon dioxide and other greenhouse gases in the atmo-
sphere, which will even more accelerate in the future due to the growing world
economy and population. In order to reduce emissions and to overcome intensive
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consumption of fossil energy carriers, society, politics and economy all over the
world focus on “energy turnaround” and “traffic turnaround”. For example, in
Europe, Belgium, Germany, Italy, Denmark, Norway, Switzerland and other coun-
tries not only ban coal, oil and natural gas as energy sources but also ban nuclear
power. Therefore new value chains and technologies for a renewable energy supply
are highly desired [1].

A key issue for the transformation of the current global energy system is the
storage of flexible and dynamic renewable energy in form of more stable chemical
energy carriers. In this context the concept of a so-called methanol economy was
established by Olah [2]. In this concept, methanol is proposed as a universal energy
storage medium, either to use it (directly) or its derivative dimethylether (DME) as
fuel for engines and fuel cells, respectively. In general, methanol is biologically
easily degradable and has advantageous properties with respect to handling and
storage infrastructure [3]. In this concept methanol should be produced through
hydrogenation of carbon dioxide, which can be obtained via separation from air
directly [4], from flue gas or other sources [5]. The required hydrogen for the
reduction of the carbon dioxide should be produced by electrolysis with renewable
electricity. This also opens the possibilities for economic development of countries
with large deserts in the global south [6]. In that way a closed cycle for the
production of energy carriers and fuels based on renewable resources could be
achieved. However, currently the synthesis of methanol with hydrogen produced
by electrolysis is not competitive under the economic conditions of 2018 [7]. There-
fore, most of the methanol is still fabricated from fossil resources based on synthesis
gas [8].

Beside its use as fuel, methanol is widely applied as platform chemical in
today’s chemical industry. More specifically, methanol is used for the production
of formaldehyde, acetic acid (Monsanto process), methyl fert-butyl ether, olefins and
specialities [9]. Hence, in principle starting from methanol, a variety of industrially
relevant products could be obtained from this C; building block [3, 8]. For this
reason, methanol from carbon dioxide can be a significant substitute for oil in the
chemical industry [10].

2 Physicochemical Approach: Nature of CO,
Hydrogenation to Methanol

Hydrogenation of carbon dioxide to methanol in the gas phase is closely related to
the (reverse) water-gas shift reaction and the hydrogenation of carbon monoxide to
methanol (Eqgs. I-III, Scheme 1). These reactions are typically catalysed by hetero-
geneous materials composed of different metal oxides [11]. All three reactions will
occur simultaneously and are in chemical equilibria. Since the reaction steps and the
formation of possible intermediates on the surface of a heterogeneous catalyst are
still not fully understood, the research in that field concentrates on fundamental
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Scheme 1 Hydrogenation CO,*3H, === CH30H *H,0 1)
of carbon dioxide to
methgnol and related CO, * H, <=——= CO+H,0 (I
reactions

CO+2H, =<——= CH3OH iy

thermodynamic and kinetics of the corresponding reactions. In this context, Graaf
et al. have made great efforts to describe the thermodynamic equilibria properly and
find the equilibria constants [12, 13]. Moreover, they investigated the kinetics of
carbon dioxide reduction catalysed by a commercial Cu-Zn-Al mixed oxide [14].

The reductions of carbon oxides to methanol are both exothermic, whereas the
water-gas shift reaction is endothermic. Obviously, the gas phase reactions to
methanol can be positively influenced by applied pressure and decreased tempera-
ture following the principle of Le Chatelier [15]. However, with regard to practica-
bility, carbon dioxide reduction is normally carried out at 50 bar and 220-270°C,
which limits the yield for thermodynamically reasons to under 35% [16]. Besides
increasing pressure, some groups pointed out that the separation of either water or
methanol via condensation or sorption can improve the methanol yield up to about
70% [16, 17].

In contrast to heterogeneously catalysed gas phase reactions, the formation of
methanol from carbon dioxide in liquid phase is better understood [18]. In general,
there are three steps with three different intermediates for the hydrogenation of
carbon dioxide assumed: initial reduction to formic acid or formates, respectively,
followed by the reductive formation of formaldehyde or related formyl species
coupled with dissociation of water and, finally, further hydrogenation and release
of methanol. The first two steps have a higher activation barrier, whereas the
reduction of formaldehyde to methanol is kinetically easier. Typically, the hydroge-
nation of formic acid or the formate species is supposed to be the rate determining
step [19].

3 Industrial Relevant Catalysts and Established Processes

Notably until the 1920s, methanol was synthesised mainly out of wood as a
by-product of the coking process [3]. In contrast, all currently applied industrial
methanol processes are based on synthesis gas using heterogeneous catalysts. In
general, synthesis gas for methanol is mostly produced via steam reforming, partial
oxidation of natural gas or coal gasification. As early as 1924, BASF took out the
first patent in this field [20]. In this first industrial process, a mixture of carbon
monoxide and dioxide was reduced with hydrogen at 200 bars and 400°C in the
presence of zinc-chromium-oxides doped with other metals. Nowadays, Cu/ZnO/
Al,O5 systems constitute state-of-the-art catalysts with or without different addi-
tives. Almost 80% of the presently used catalysts belong to this type of materials. In
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addition, palladium and bimetallic catalysts have been studied to a lesser extent
[21]. For this reason, the copper-based systems are relatively well understood. As an
example, Schlogl, Behrens and co-workers investigated in detail the active sides of
this latter heterogeneous catalysts [22], whereas the group of Stoczyriski pointed out
the influence of different transition metal additives to the established system
[23, 24]. Besides different palladium-based materials [25-28], also platinum [29-
31] and nickel [32, 33] were shown to be active for carbon monoxide/carbon dioxide
hydrogenation. Interestingly, not only oxidic species but also carbides were shown
to catalyse this reaction [34]. Nonetheless, most of the currently used catalysts
belong to the Cu/ZnO/Al,O3 type [21]. Typical reaction conditions vary from
190°C to 270°C and 15 bar to 90 bar pressure [35]. It should be clearly pointed
out that the present processes use synthesis gas as feedstock vide supra, which is
transformed with water to carbon dioxide in situ. Nevertheless, different life cycle
assessment studies for carbon dioxide hydrogenations [11] and concept studies [36]
suggest methanol production directly from carbon dioxide. Indeed, besides some
pilot plants [10], the “George Olah CO, to Renewable Methanol Plant” in Iceland
with a capacity of about 4,000 tons per year [37] demonstrates the feasibility of
this approach. It produces methyl alcohol electrochemically from flue gas of a
geothermic power plant. The special conditions for low-cost geothermal energy in
Iceland are essential for the competitiveness of this demonstration unit. Due to the
low oil and natural gas prices in recent years, methanol production from syngas out
of fossil resources will still dominate in industry in the coming decade [38].

Nonetheless, direct carbon dioxide hydrogenation is a research field of high
interest and is not confined to heterogeneous catalysis. Organometallic well-defined
complexes catalyse the reduction of carbon dioxide at lower temperatures [39] and in
some cases even at ambient pressures [40] which is positive with respect to the
thermodynamics or costs of the reaction. Additionally, such processes might be
beneficial for decentralised small-scale production units for methanol, which may
play a role as part of a storage technology for an energy supply system in the future.
Although homogenous catalysts are prone to a more rational design, currently their
performance is far away from being practically relevant. Also other approaches for
the formation of methanol from carbon dioxide based on photo- [41] or plasma-
catalysts are interesting but yet not applicable [42].

4 Organometallic Catalysed Hydrogenation of CO,

4.1 First Active System

In 1993, the group of Tominaga reported that carbon dioxide can be reduced with
hydrogen in the presence of ruthenium dodecacarbonyl and alkalimetal iodides to
form methanol, methane and carbon monoxide, respectively [43]. The reaction was
performed in N-methylpyrrolidone at 240°C under 20 bar of carbon dioxide and
60 bar of hydrogen. The presence of dissolved iodide ions was essential for the
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stabilisation of the active species: Without addition of iodide, the ruthenium
complex decomposed to ruthenium metal particles, which gave methane as main
product. In a follow-up publication, Tominaga et al. described the proposed mech-
anism for the hydrogenation of carbon dioxide with that system based on results
from IR experiments [44]. First, the tetranuclear complex [HyRu,(CO) 7 s
formed under reaction conditions. This complex releases carbon monoxide in the
presence of iodide in a reverse water gas shift reaction. Next, carbon monoxide
reacts with [HzRu4(CO)12]27 and iodide to form the trinuclear [HRu5(CO);;]™ and
mononuclear [Ru(CO);13]~ complex, which undergo in a following catalytic cycle
the hydrogenation of carbon monoxide to methanol (Scheme 2).

At the optimal reaction temperature (240°C), a TON of 32 (based on ruthenium)
was obtained with that system. At lower temperatures only formation of carbon
monoxide or no reaction and at higher temperatures formation of methane took
place. Other precursors as Fe;(CO)g, Co,(CO)g, Mo(CO)g, Rh3(CO);,, W(CO)g or
Ir4(CO);, were not active in the reaction, whereas different iodide sources can be
applied. Although the ruthenium carbonyl-based system has significant disadvan-
tages such as high reaction temperature, low selectivity and low stability, it was
state-of-the-art in this homogeneous transformation for over 15 years.

H, 21
[H2RU4(CO)12]2'

CO, Ha, I’
2 HI

[HRu3(CO)11]

co [Ru(CO)als] MeOH

[Rua(CO)13]* [Rus(CO)12]*

[HRu3(CO)11]
[Ru(CO)4l2]
H,0, 2 I’ CO,

[Rua(CO)12(CO2)1>
2 HI

Scheme 2 Proposed mechanism for the first homogeneous carbon dioxide hydrogenation (adapted
from Tominaga et al. [44])
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4.2 Indirect or Stepwise CO, Hydrogenation

More recently, different groups suggested an indirect pathway for the methanol
synthesis out of carbon dioxide via reduction of carbonates, carbamates or other
more activated carbon dioxide derivatives, which can be easily prepared from carbon
dioxide with amines or alcohols [45]. In 2011, based on previous efforts in the
hydrogenation of amides [46] and urea derivatives [47], Milstein and co-workers
described ruthenium PNN pincer-type catalysts (Scheme 3) for hydrogenation of
carbonates, carbamates and formates to methanol as indirect method for carbon
dioxide reduction [48]. The ability of the so-called non-innocent ligand metal
complex to split hydrogen to form an active dihydride species is essential for that
reaction. The thermodynamically favoured aromatisation of the pyridine moiety in
the ligand backbone is considered to be responsible for that reactivity (Scheme 3).
For the hydrogenation of urea derivatives, carbonates, carbamates and formates,
Milstein et al. achieved with catalyst 1 TONs of methanol production up to 57 [47]
and 4400, 98, 4700 [48], respectively. Despite these interesting results, it should be
mentioned that this system is not able to hydrogenate carbon dioxide directly.

In the same year, Huff and Sanford described a so-called cascade catalysis
process, which overcomes this problem [49]. The individual three steps are (1) reduc-
tion of carbon dioxide to formic acid with [Ru(PMes)4(OAc)Cl], (2) formation of
methyl formate catalysed by Sc(OTf); and (3) hydrogenation of methyl formate to
methanol by Milstein’s catalyst (1, see Scheme 3). The reaction was performed
under 30 bar of hydrogen and 10 bar of carbon dioxide at 135°C in methanol for
16 h. However, the TON for methanol is with 2.5 significantly too low for any
application. The authors pointed out that the deactivation of Milstein’s catalyst by
Sc(OTH); is the main reason for that. In a control experiment where they separated

Scheme 3 Different
hydrogenation catalysts
prepared by Milstein’s
group and proposed
formation of the catalytic
active species for the
hydrogenation of carbon
dioxide derivatives [48]
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the third from the two former reaction steps via transferring the volatile, generated
methyl formate from a first to a second reaction vessel, they improved the TON
to 21.

An interesting approach for indirect carbon dioxide hydrogenation was developed
by Ding and co-workers, who reduced cyclic carbonates at 140°C with different
ruthenium PNP pincer catalysts and KOtBu (1 eq. regarding the catalyst) as
co-catalyst under 50 bar of hydrogen [50]. As shown in Scheme 4, the stable
pre-catalyst 3 forms the active ruthenium complex 3'. This species activates hydro-
gen under generation of dihydride complex 3" which transfers in a consecutive
reaction step the activated hydrogen to the cyclic carbonate. After rearrangement it is
reduced again by 3" to give ethylene glycol and formaldehyde. Finally, the generated
formaldehyde is reduced in a third hydrogenation step to methanol. It should be
mentioned that Gordon recently assumed a more elaborated mechanism for this type
of reactions [51].

Catalyst 3 was identified to be the most active one for this reaction with a
maximum TON of 84000 and has not only the ability to hydrogenate cyclic
carbonates but also polycarbonates. The authors suggest for an industrial application
to link their reaction with the well-established Shell Omega process which is carried
out to produce ethylene carbonate out of ethylene oxide and carbon dioxide.

In 2015, Milstein’s group reported a further development of the system described
above [52]. In a two-step process, carbon dioxide was captured with different amino
alcohols forming oxazolidinones in the presence of caesium carbonate. Consecutive
hydrogenation proceeded with ruthenium pincer complexes (e.g. 1, 2) and KOtBu as

Hy

KCl
\/’ o/ an KOtBu  BUOH /H\ Ph A/ 0\ Ph
P N pL_
. /\ N A ( \l / Ph \'L o Ph
u
— /C! co | “co
/ ph) / P~/ H
Ph 3 Ph v
R =Ph (3)
R =iPr, tBu, Cy, Ad
H><OH )OJ\
R - R -

Scheme 4 Different hydrogenation catalysts prepared by Ding’s group, proposed formation of the
catalytic active species and simplified depiction of the catalytic cycle for the hydrogenation of cyclic
carbonates [50]
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(co-)catalyst. For the optimal capturing of carbon dioxide, valinol (1-isopropyl-2-
hydroxylamine) was reacted in DMSO for 24 h under 1 bar of carbon dioxide in the
presence of caesium carbonate as catalyst. After cooling to room temperature,
degassing and filtering the reaction mixture, the ruthenium catalyst 1 and KOtBu
were added and the hydrogenation was carried out (60 bar hydrogen, 135°C, 72 h).
Under these optimal conditions, 53% overall yield for methanol was achieved.
Based on the success of these indirect carbon dioxide hydrogenations, recently
more efforts focused also on the direct carbon dioxide hydrogenation.

4.3 Direct CO, Hydrogenation

In 2012, the group of Klankermayer and Leitner published an interesting study for
direct carbon dioxide hydrogenation [53]. In their work, ruthenium complexes of the
special tridentate ligand triphos were applied as catalyst. In addition, strong acids
(methane sulfonic acid, p-toluene sulfonic acid, bis(trifluoromethane) sulfimide)
were required as co-catalyst. More specifically, the reaction was carried out at
140°C, 80 bar pressure (H,:CO, = 3:1) with ethanol as additive and THF as solvent.
As active species the ruthenium complex 4’ was postulated, which can be formed in
situ from Ru(acac); and triphos (Scheme 5). Notably, applying 4 as isolated direct
precursor improved results for hydrogenation of carbon dioxide can be obtained. The
authors assumed ethanol as a stabiliser by in situ formation of ethyl formate. Best
yields for methanol were achieved when bis(trifluoromethane) sulfimide (HNTT,)
was used as co-catalyst. A reason for that might be the weakly coordinating character
of the anion compared to methane sulfonate and p-tosylate anions. A ratio of 1:1 of
catalyst and co-catalyst was pointed out to be optimal for the reaction. With optimal
parameters a maximum TON of 221 was achieved.

Later, the same group investigated the reaction mechanism of this transformation
using NMR, MS and computational studies [54]. In addition to their former findings
regarding the role of ethanol, the authors describe another mechanism without
formation of a formate ester as intermediate. As a starting point, they obtained
some methanol in an NMR experiment without addition of any alcohol in the
presence of catalyst 4. Further in situ measurements of the solution pointed out

+

FI’PhZI-\| FI’F’hz
(0]
Ph,P Ph,P 2
PRy H Z>Ru_ D>—H| NTh
N NS
P H P 0
Ph, & Phy &
4 4 4"

Scheme 5 Catalyst precursor, catalytic active species and intermediate/resting state of the carbon
dioxide hydrogenation catalyst from Klankermayer and Leitner [53, 54]
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complex 4” as active intermediate or resting state of the catalyst. In the same study,
the TON of the catalyst could be improved by increasing the pressure or lowering the
catalyst concentration up to 442. Additionally, recycling of the catalyst was provided
applying the aqueous biphasic system 2-methyl tetrahydrofuran/water. The catalyst
retained at least four times with 50% loss in activity.

In 2015, the group of Sanford described a homogeneous catalyst system for
carbon dioxide hydrogenation under basic conditions [55]. This is of interest as
the capturing of carbon dioxide and formation of more activated intermediates are
usually carried out under basic and not acidic conditions. Hence, a catalytic process
for carbon dioxide fixation in basic media can be advantageous [56]. Sanford and
co-workers disclosed known ruthenium catalysts (1, 2, 5, see Schemes 3 and 7) and
potassium phosphate as co-catalyst for their carbon dioxide reduction. First, they
studied the ability of different ruthenium catalysts to reduce dimethylammonium
dimethylcarbamate (DAMC) to methanol. Here, the commercial available complex
5 was successful to give methanol in addition to dimethylformamide (DMF) and
dimethylammonium formate (DAF) as by-products. The addition of potassium
phosphate as co-catalyst was essential for obtaining activity. The authors suggested
two different mechanistic pathways for overall reaction, which are shown in
Scheme 6: (a) direct reduction of DAMC via DMF to methanol and dimethyl
amine (pathway I) or (b) decomposition of DAMC to carbon dioxide and dimethyl
amine, consecutive reduction to formic acid, followed by substitution reaction to
generate DMF and, finally, hydrogenation to methanol (pathway II). According to
the second pathway, the addition of dimethyl amine should accelerate the formation
of DMF from formic acid. Indeed, under optimal conditions 96% conversion of
carbon dioxide and TONSs of 220 for methanol and 740 for DAF/DMF were reached,

o}
)J\HzNMe{
Me,N 0
Ho 2 DAMC
HNMe, 2 HNMe,
cat.
o]

O
)J\ pathway | pathway Il 04
o”

H NMe,
DMF
H
H, 2
jcat' F:N Feat.
0 o)
H,0 HNMez)J\ HNMe, )J\H NMo.
MeOH " oH | 5
DAF

Scheme 6 Two possible reaction pathways for DAMC hydrogenation to methanol described by
Sanford’s group [55]
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respectively. As major drawback of that system, the authors pointed out that the
catalyst starts to decompose at 155°C.

Ding et al. discussed a related approach for carbon dioxide reduction under basic
conditions with morpholine as capturing agent [57]. In this work, different ruthe-
nium pincer complexes were tested for the N-formylation reaction of different
amines using carbon dioxide and hydrogen (120°C, 40 h, 35 bar hydrogen, 35 bar
carbon dioxide). Then, hydrogenation of methanol continued in the same pot at
160°C and 50 bar hydrogen pressure for 1 h. Ru-MACHO (3) as catalyst and THF as
solvent were used for both steps.

Another interesting example for amine-assisted carbon dioxide fixation was
published by Prakash’s group in 2016 [40]. Herein, they reported different ruthe-
nium PNP pincer complexes (Scheme 7), which were active for carbon dioxide
hydrogenation with amine intermediates. The polyamine pentaethylenehexamine
(PEHA) was used as capturing agent and triglyme as solvent. The process proceeded
best at 75 bar (CO,:H, = 1:3) and 155°C with § as catalyst. Again, relatively long
reaction times were needed (40 h). When potassium phosphate was used as additive,
TONSs up to 690 could be reached — without an additive the TON decreased to 520.
The bifunctional catalyst is essential for the reaction, and the corresponding

N\
N, | oP—ph (N//,,,] SP—pn CN//, | &P—=ph N, | o8
Ru Ru Ru Ru
L I/ 7|y 7 |y 7 |
P 0 P co P co S co
ph~/ CI PR/ H Ph"/ Cl [ cl
Ph Ph BH, Ph Et

w
o
)
~

Scheme 7 Different ruthenium pincer catalysts and proposed reaction cycle for carbon dioxide
hydrogenation with PEHA as capturing agent (adapted from Prakash et al. [40])
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N-methylated derivative of 5 is not active in this reduction at all. Since PEHA and
triglyme both have a high bowling point, water and methanol as main products can
be easily separated by distillation from the reaction mixture. Using this strategy, the
catalyst was recycled several times and was still active after the fifth cycle.

Notably, Prakash et al. captured carbon dioxide directly from synthetic air by
passing it through an aqueous solution of PEHA at ambient pressure and room
temperature. Afterwards a triglyme solution of 5§ was added, and the captured carbon
dioxide derivatives were reduced for 55 h at 155°C and 50 bar of hydrogen to give a
yield of 79% methanol (with reference to captured carbon dioxide).

It is worth mentioning that the same group reported recently a system for
sequential hydrogenation of carbon dioxide in aqueous media using pincer com-
plexes as catalyst and PEHA as capturing agent [58]. The hydrogenation was carried
out in a two-step process: First, carbon dioxide (partial pressure of about 0.07 bar)
was captured in a mixture of catalyst, PEHA and water at 70°C for 4 h. Second,
2-methyl tetrahydrofuran was added, and the carbon dioxide derivatives were
hydrogenated at 145°C and 70 bar of hydrogen for 72 h. Using 5 as catalyst, a
maximum TON of 520 was achieved, and the catalyst and the auxiliary amine were
recycled successfully multiple times.

In 2016, the groups of Himeda and Laurenczy disclosed a new concept for carbon
dioxide reduction to methanol based on the disproportionation of formic acid
[59]. The authors suggested as strategy the reduction of carbon dioxide to formic
acid followed by the disproportionation of the formed formic acid to methanol
and back to carbon dioxide. It was demonstrated that the iridium catalyst 8 (see
Scheme 8) catalysed both reactions in water with sulfuric acid as co-catalyst. Under
optimal conditions (20 bar CO,, 60 bar H,, 70°C, 2.5 mol/kg molality of sulfuric
acid), the system was still active after 45 h, and the selectivities for the dispropor-
tionation products were >95% for methanol. Based on NMR and GC/MS experi-
ments, the authors assumed an inner sphere mechanism for the reaction and direct
hydrogenation of carbon dioxide to formic acid and consecutive disproportionation.
Notably, this is the only methodology described in literature for carbon dioxide
fixation to methanol in water, until now. Moreover, in a follow-up study, the authors

HO N Ph Ph Ph Ph
| Pl c | _Phopn | o | Ph
/ N P///’/, l \\\\\P P/// , | R\
\I/O so, < Ru_ > < Ru
SN AR 7N
= |N 2 < ¢ TH ~ | o | >
H
o™ i
8 9 10

Scheme 8 Different iridium and ruthenium complexes used as catalyst for carbon dioxide fixation
by Sordakis et al. [59] and Everett and Wass [60]
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demonstrated the recycling of their catalyst multiple times under aerobic conditions
without a loss in activity [61].

In the same year, Everett and Wass identified ruthenium complexes based on
bidentate phosphinoamine ligands to be active in carbon dioxide hydrogenation
(Scheme 8) [60]. Once again, different amines were used as capturing agent for
carbon dioxide and the reaction proceeded stepwise via formamides as intermedi-
ates. The hydrogenation was carried out at 180°C at a pressure of 10 bar carbon
dioxide and 30 bar hydrogen in a mixture of toluene and amine as solvents with
sodium ethanolate as additive. Most efficiently, complex 9 catalysed the reaction
(TON of 8900) at very low catalyst loading of 50 nmol with di-isopropyl amine as
auxiliary reagent. Based on their results the authors assumed an outer sphere
mechanism according to Gordon’s studies [51]. Furthermore, they hypothesised
that a more steric demanding amine as capturing agent decelerates the generation
of the formamide, whereas it increases the reaction rate of the hydrogenation of the
formamide to methanol.

Up to this point, all discussed catalyst systems for homogeneous hydrogenation
of carbon dioxide to methanol are based on different noble metal complexes.
Recently, some groups made some efforts to overcome this problem. In 2017, Beller
and co-workers described the first non-noble metal-based homogeneous catalyst for
carbon dioxide hydrogenation [62]. Inspired by Leitner’s and Klankermayer’s
ruthenium-based system [53], the catalytic active species is formed in situ from a
mixture of cobalt(IIl) acetylacetonate, triphos and HNTf,. The optimised reaction
was performed at 100°C for 24 h and at a pressure of 20 bar carbon dioxide and
70 bar hydrogen. Under these conditions a maximum TON of 50 for methanol was
achieved. Different cobalt precursors and additives were tested, and NMR and MS
studies were carried out to investigate the mechanism of the reaction. As a result of
that, a cationic cobalt triphos complex with the weakly coordinating NTf, ™ as anion
was suggested as active species which is formed after an induction period from the
cobalt precursor. Shortly after that, Klankermayer’s group showed for a slightly
different cobalt triphos system that substation of THF by a fluorinated isopropanol
can improve the catalyst productivity. Both systems are working under non-basic
conditions [63].

As another class of non-noble metal catalysts, Prakash and co-workers described
manganese PNP pincer complexes for the title reaction (Scheme 9) [64]. The
methodology followed a two-step process: (1) N-formylation of the amine (110°C,
30 bar CO,, 30 bar H,) and (2) hydrogenation of the in situ generated formamide

Scheme 9 Different H . H
iPr / \
manganese complexes used \N ocC a \N ocC o /Cy
as catalyst for carbon ///'l\l/l ‘\\\\P\Ipr 2 ] T Cy
dioxide hydrogenation by n Mn
P’ | “co p?” | co

the group of Kar et al. [64] ipr— Blr oy Bt

iPr Cy
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(150°C, 70-80 bar hydrogen). Complex 11 was found to be most active under the
optimised conditions with morpholine as capturing agent, KOtBu as activating base
and THF as solvent. With 11 a TON for methanol up to 36 was reached.

5 Outlook

The catalytic hydrogenation of synthesis gas to methanol constitutes a major indus-
trial process with fundamental importance for today’s chemical industry. Currently,
in this process also small amounts of carbon dioxide, which constitutes the active
substrate, are present. In the future, larger amounts of carbon dioxide might be added
to this process, which makes it also interesting for hydrogen storage technologies.
However, the vision of a “methanol economy” is still far away from realisation since
until now there are no economical competitive processes to produce methanol from
carbon dioxide. The development of catalysts enabling much higher TONs and
TOFs is crucial to overcome this problem. Besides that objective, costs of the
catalysts have to be low, and the materials should be abundant. Moreover, other
hurdles like carbon dioxide supply and water tolerance have to be addressed in the
future. Although none of these problems has been solved in satisfying manner,
interesting concepts and catalysts have been developed which are working under
relatively mild conditions. In the future, work for homogeneous carbon dioxide
valorisation should include more easily available feedstocks such as CO, streams
directly from power plants.
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Abstract The present chapter comprises an overview on catalytic pathways to
synthesize a highly desired variety of common compounds/chemicals starting from
carbon dioxide as C1 building block and simple alkenes. After a summary of the
corresponding pioneering work of the past, the authors focus on state-of-the-art
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protocols. New transformations based on simple and non-activated starting materials
containing a C—C double bond functionality leading to a broad product portfolio are
covered. Overall, this chapter embraces sustainable routes, reagents, and apparatus
to produce value-added products starting from CO, and alkenes as cheap and readily
available building blocks.

Keywords Alcohols - Aldehydes - Alkenes - Amines - Carbon dioxide -
Carbonates - Carbon—carbon bond formation - Carboxylic acids - Esters -
Homogeneous catalysis - Lactones - Reverse water-gas shift reaction

1 General Introduction

Fossil fuels are currently the world’s main source of carbon, with 93% used for
energy and transportation purposes and the remaining 7% being used for chemical
production [1]. Challenges associate with the use of fossil fuels are their finite nature
and their release of greenhouse gases into the atmosphere by combustion. To address
these problems, researchers have turned to CO, as an alternative, abundant, and
green carbon source. While enormous amounts of CO, are released annually from
anthropogenic sources, only about 0.3% is being utilized today [2]. Pursuing new
routes to utilize CO, would allow further exploitation of the vast and ubiquitous
carbon source.

Researchers have successfully incorporated CO, into simple compounds like urea
and formic acid and into complex compounds like polyurethanes [3, 4]. In addition,
CO; has reacted effectively with numerous substrates, including alcohols, epoxides,
aromatics, and alkynes, to produce molecules of industrial importance. In detail, this
embeds the synthesis of fuels, bulk chemicals, commodities, and even fine chemicals
and pharmaceuticals [5, 6]. The use of CO, in their synthesis can significantly reduce
the carbon footprint of chemical production, when coupled with renewable energy
input [3, 7-10].

Among many conceivable target products, carbonates, lactones, carboxylic acids,
esters, aldehydes, alcohols, and amines appear highly attractive. Their general
structure implies a close relationship to the CO, molecule. At the same time, their
synthesis is particularly challenging as they mostly require formation of new
carbon—carbon bonds. While CO, reacts readily with O- and N-nucleophiles to
give carbonic and carbamic acids, reactions to form C-C bonds require typically
stoichiometric use of carbanions such as Grignard reagents or other metal alkyl and
aryl species. Alternative pathways involving catalytic combinations of alkenes with
CO, are of great interest to synthesize the mentioned target molecules (Scheme 1),
especially when the transformed alkene can be provided from biomass, e.g., by
selective dehydration of the corresponding alcohol [11, 12]. According to the
principles of Green Chemistry and Engineering, the synthesis of the target molecules
will involve essentially a (molecular metal) catalyst and a highly intensified process
scheme. Different classes of highly important chemical products are outlined in the
next sections.
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Scheme 1 Schematic overview of the target molecules and the systems illustrated in this book
chapter

2 Reaction Products from CO, and Alkenes

2.1 Cyclic Carbonates

Cyclic carbonates are generally stable compounds which can guarantee a long-term
fixation of CO, [13]. Carbonates are employed in a wide variety of industrial
applications. Fluorinated carbonates are used in batteries production (as electrolytes
additives) [14, 15]. Other carbonates, i.e., dimethyl carbonate, are used as solvents,
considered greener compared to traditional VOCs [13, 16]. They are employed for the
synthesis of compounds such as diols (i.e., ethylene glycol), carbamates, methanol,
heterocyclic compounds, and ionic liquids [13]. In addition, carbonates are useful
precursors for the synthesis of different polymers for various applications
[17, 18]. Polycarbonates are thermoplastic polymers of high importance, finding
application in the electrical sector, building, and automotive fields as well as data
storing (i.e., CDs) and optical equipment (i.e., laboratory goggles) [19].
Traditionally, the production of carbonates requires the use of the highly toxic
phosgene [16]. Recently, many protocols coupling epoxides and CO, have been
reported leading to a greener synthesis of carbonates [16, 18, 20, 21]. Nevertheless,
some of the used epoxides (i.e., propylene oxide) are considered toxic, and they
usually require to be synthesized from alkenes [16, 22]. Starting directly from alkenes,
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a safe oxidant, and CO, can lead to a greener synthesis of these useful compounds,
eliminating the need of toxic reagents such as phosgene and corresponding epoxides.

The synthesis of carbonates from alkenes is considered as oxidative carboxylation
since it involves an oxidation step (to epoxides) followed by the carboxylation of the
intermediate (Fig. 1). Different oxidants and different catalysts (homogeneous,
heterogeneous, and nonmetallic) have been reported in the literature. The present
literature deals mainly with the production of cyclic carbonates starting from
alkenes, while other types of carbonates synthesis are not well represented by the
current research. Linear carbonates can also be obtained by coupling CO, with
alcohols; however, this approach is reviewed elsewhere [23, 24]. Herein, the authors
report a list of significant examples dealing with the production of cyclic carbonates
starting from alkenes, CO,, and different types of oxidants.

The group of Aresta reported about a rhodium complex able to perform the
transformation of olefins to carbonates in the presence of O, and CO, [25]. The
homogenous system suffered from very low activity (TON = 3); therefore they
decided to implement the system using a heterogeneous catalyst. Different hetero-
geneous catalysts known to perform a first epoxidation step and a following carbox-
ylation were tested. Nb,Os showed good catalytic activity but resulted in only low
yields of the desired product (4.5%) [26]. Titanosilicate molecular sieves coupled
with H,O, or tert-butyl hydroperoxide (TBHB) oxidants were able to catalyze the
oxidative carboxylation of alkenes in organic solvents with yields up to 52%
[27]. The system was further implemented using ionic liquids as solvents, abolishing
the need of organic volatile solvents [28]. More elaborated heterogeneous catalytic
systems were developed more recently based on the gained mechanistic knowledge.
In 2015, Jain et al. reported the immobilization of a cobalt complex and
triphenylphosphonium bromide on chitosan [22]. The catalyst was able to convert
alkenes, CO,, and O, into carbonates, providing yields up to 85%. In addition, the
catalyst was recyclable up to four times by simple magnetic separation. The same
year the group of Han developed a polyoxometalate-based homochiral metal-organic
framework (MOF) able to produce even enantiomerically pure carbonates [29]. The
catalyst consists of a pyrrolidine moiety as chiral organocatalyst and Keggin-type
anions (Zn(II)-based polyoxometalate) as oxidation catalyst. This moiety can con-
vert the alkene into a chiral epoxide, using TBHB as oxidant. The MOF contains an
amine-bridged ligand to adsorb and activate CO, and therefore be able to perform
the following transformation of the epoxide into the carbonate. Yields up to 92% for

Fig. 1 Geperal oxidative 01, o, o J<O
carboxylation of alkenes to R Catalvet Lo
carbonates. [O] = general v R
oxidant (i.e., HzOz, Oz, G[C.) [0] co

2
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enantiomerically pure carbonates were achieved using this multifunctional catalytic
system [29].

In addition to metal-based catalyst, other systems were reported. In 2007, Li et al.
reported the transformation of alkenes to carbonates using CO,, H,0O, as oxidizing
agent and bromides in catalytic amounts to activate the transformation [30]. The
system is highly active and can lead to yields of carbonates of 89%. Recently, other
examples of nonmetallic catalysts performing similar transformations were reported.
For example, homoallylic alcohols and CO, can lead to the enantioselective synthe-
sis of cyclic carbonates with the aid of a dual Brgnsted acid/base organocatalyst [31].

The reported examples represent an interesting step forward toward the develop-
ment of technologies able to fix CO, in valuable chemicals such as cyclic carbonates.
In addition, the use of alkenes and CO, for these processes would lead to substitute
processes using highly toxic reagents (phosgene) and allow to elude the additional
transformation step of alkenes via epoxides.

2.2 Lactones

Due to the formal relation in their synthetic pathway from CO, and an alkene
functionality or diene moiety, respectively, lactones and co-oligomerization prod-
ucts like 3-ethylidene-6-vinyltetrahydro-2H-pyran-2-one are discussed together
within this section. Both products embody a 1-oxacycloalkan-2-one unit which is
known to be abundant within comonomers for plastics, in flavors and fragrances, or
for sesquiterpenoids in plants and in drugs. Apart from a- and f-lactones, these
compounds are mostly made by an internal esterification of an alcohol and a
carboxylic acid functionality under the release of one equivalent of water. Another
typical method of producing lactones is the Baeyer-Villiger oxidation. Cyclic
ketones are oxidized with peroxycarboxylic acids under ring expansion. The
Baeyer-Villiger oxidation of cyclohexanone provides e-caprolactone, which is
industrially produced in considerable quantities as starting material for the prepara-
tion of polyesters and polyethers. However, the formation of lactones starting from
simple alkenes in combination with renewable CO, is so far rare in literature. Yet,
the formation of B-lactones has never been observed experimentally.

Early catalytic reactions with CO, in the formation of y-lactones were carried out
by Inoue et al. in 1979 [32]. For methylenecyclopropanes, 2.4 mol% of, e.g., [Pd
(dpa),] (dba = dibenzylideneacetone), in the presence of a phosphine ligand
(2.0-4.0 eq.) catalyzed the reaction with CO, (40 atm) and provided successfully a
mixture of five-membered lactones in good yields (Fig. 2, up to 77%, 2 and 3). They
were able to influence the selectivity between 2 and 3 by changing from PPh; to a
chelating dppe ligand. They suggest that the transformation with CO, proceeds via
a trimethylenemethane species 4 (Fig. 2) which has been suggested for the
Pd-catalyzed cycloadditions of methylenecyclopropanes to alkenes before [33]. How-
ever, a methyl-substitution in positions 3 and 3’ instead of position 1 was not tolerated
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g R’ [Pd9], phosphine
J\> + CO,
2[>3 (40 bar) 126 °C, 20 h
3 in benzene
1 2 3 4

R, R" = CHj or n-C3H,

Fig. 2 Reaction of methylenecyclopropanes with CO, catalyzed by palladium(0) complexes [32]

since no conversion was observed. Further details on the mechanism and on catalyst
reusability remain unknown.

Subsequently, Binger and Weintz described the dependence on the reaction
conditions like temperature, pressure, ligand concentration, and substrate amount
on the desired formation of products 2 and 3. During their investigations, even
co-oligomerization products from 3 and 1 were observed which were already known
for Pd’-catalyzed alkylations of CH-acidic compounds [34, 35]. Based on their
experiments and optimizations (precursor, cyclopentadienyl allyl palladium, DMF,
165°C, PPh;), they were even able to yield compound 3 (R, R = H) with 80% yield
from methylenecyclopropane and proposed a plausible reaction pathway involving
the insertion of CO, into a Pd—C bond forming a palladalactone with the mentioned
consecutive reactions. The few protocols herein reported are still unique examples to
produce simple five-membered y-lactones 2 and 3 from monoenes and CO, under
catalytic conditions.

Compared to monoenes, reactions of dienes with CO, have been studied more
deeply. Regarding the coupling of dienes with CO,, lactones can be synthesized in
the so-called co-oligomerization or telomerization (“linear dimerization”) reactions.
In particular with conjugated dienes, transition metal compounds can readily
form complexes via coupling reactions with CO,. Early publications from the
1970s reported about the first telomerization of dienes with CO,. In general,
telomerizations can be considered as dimerization of two dienes in the presence of
a suitable nucleophile, for example, alcohols, resulting in the case of 1,3-butadiene
in substituted octadienes (1-substituted-2,7-octadienes, 3-substituted 1,7-octadiene).
These products are useful intermediates, for example, in the total synthesis of natural
products, precursors for plasticizer alcohols, solvents, corrosion inhibitors, and
herbicides. From an industrial point of view, 1,3-butadiene and methanol are the
most attractive starting materials due to their availability and low price. However,
carbon dioxide can be used as suitable coupling partner as well for this reaction.
Thus, Inoue et al. and Musco et al. found in the 1970s that highly functionalized
organic compounds, y- and J-lactones, can be prepared by homogeneously
Pd-catalyzed telomerization of 1,3-butadiene with CO, [36-38]. In 1980, D&hring
and Jolly introduced 1,2-butadienes (methylallene) as substrates [39]. However,
theses transformations suffered from low selectivity for the lactone products, since
open esters, carboxylic acids, and higher alkenes can be formed, too [40]. With
immobilized palladium catalysts, prepared from [Pd(;°-Cp)(;°-C5Hs)] and polymer-
bound phosphines, the group around Dinjus was able to produce up to 72%
selectivity of o-lactone 2-ethylidene-6-heptene-5-olid, albeit at low conversion
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(7%) [41]. The resulting -lactone is a highly functionalized compound and may be
used for producing various products and as intermediate for consecutive reactions,
e.g., like hydrogenations, hydroformylations, hydroaminations, or polymerizations
[42, 43].

Recently, Behr et al. discussed in detail the mechanistic pathways for the syn-
thesis of y- and §-lactones with palladium-phosphine catalysts [42, 44] (Fig. 3). After
coupling of two butadiene molecules, the equilibrium between bis-7°allyl- and
mono-allyl-species complex allows insertion of carbon dioxide to the allylic car-
bonate species. Reductive elimination leads to the lactone isomers depending on the
C-O formation. During an intensive investigation of this reaction [41], the same
group published about their improvements toward a mini-plant with up to 95%
selectivity of the d-lactone at a conversion rate of 45% butadiene (Fig. 4) [42].

The group developed a stable and robust process enabling recycling of the
by-products and closing all solvent and catalyst loops. In a continuously stirred
tank reactor, butadiene and carbon dioxide are mixed together with acetonitrile and
the catalyst system Pd(acac),/PPh;. The product mixture is continuously fed into a
thermal separation and a connected distillation unit to remove the gaseous phase and
recycle the feeds. Thus, in their mini-plant, 5-lactone was obtained maintaining the
catalyst activity over 70 h of continuous operation and with a constant product
stream of 8 g h™' with an overall yield of 30% and a selectivity of 85% [45].

In the rhodium-catalyzed reaction of butadiene and carbon dioxide, a C13 y-
lactone-2-ethyl-2,4,9-undecatrien-4-olide is formed by a combination of three mol-
ecules of butadiene with one CO,, besides the C9-lactones generated as in the case of
palladium catalyst system [46]. Inspired by the given literature basis and results of
the group of Nozaki in 2014 (Pd-catalyzed one-pot/two-step co-/terpolymerization

[Pd] + ligand P /
X t COp ——m and o
X (¢}
o0 o
=

2 N

PdL,

Fig. 3 Pd-catalyzed transformation of 1,3-butadienes into lactones [42]
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Fig. 4 Flow scheme of the production process for the §-lactone (6 h, 80°C) [42, 44, 45]

of carbon dioxide and 1,3-dienes) [47], the group of Beller improved the yield of the
o-lactone up to 67% [48]. They reported a system comprised of Pd,dba;/TOMPP
(tris-(o-methoxyphenyl)-phosphine) as catalyst showing high productivity at low
loadings and under mild conditions (0.06 mol% [Pd], 0.18 mol% ligand, 80°C,
TONS up to 1,500). Most recently, Bay6én and Dupont developed a similar catalyst
system, in the presence of an ionic liquid additive giving an increased TON of 4,540
of lactone with 96% selectivity after 5 h at 70°C [49].

2.3 Carboxylic Acids and Derivatives

Carboxylic acids and their derivatives are highly important for the synthetic utiliza-
tion in the production of, e.g., polymers, pharmaceuticals, solvents, and food
additives (commodities) [50]. Presently, the global market for carboxylic acids is
predicted to grow each year ca. 5% [51]. Carboxylic acids are especially produced
for applications in polymer industry as both monomers and additives, e.g., as
polyvinyl acetate (glue) from acetic acid [52, 53], PET (polyethylene terephthalate)
[54], nylon fibers (polyamides) [55] based on adipic acid, and amines or acrylic/
methacrylic polymers [56]. For modifying the properties of synthetic polymers,
long-chain carboxylic acids (>Cy) are used as additives for alkyd resin films
[57]. Apart from the polymer sector, carboxylic acids are widely used as solvents
[58], for the textile and leather industry [59, 60]; in agrochemical industry to provide
herbicides, fungicides, and rodenticides [58]; in pharmaceutical industry [51, 61,
62]; and for the food and feed industry [58, 63]. Moreover, Shell reported the use of
valeric acid derivatives as biofuels [64], while formic acid is discussed as hydrogen
carrier/storage [7, 65, 66]. Today, the majority of aliphatic (C4—C;3), aromatic
carboxylic, and dicarboxylic acids are produced via oxidation of the corresponding
aldehydes usually obtained by the oxo synthesis (alkene hydroformylation).
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Oxidation catalysts are usually Co or Mn salts, and O, (or HNO3;, KMnQ,) is used as
oxidant [58, 67]. Small-chain acids like formic acid or acetic acid [53, 68, 69] are
mainly produced by carbonylation, using, e.g., alcohols [70] or alkenes [71, 72], as
substrates. Pivalic acid and other tertiary carboxylic acids can be obtained from
alkenes by the Koch synthesis [58, 73]. Industrially, carboxylic acid esters can be
synthesized by alkoxycarbonylations of alkenes, since it produces esters in a single
step without coupling agents [74], or more generally via esterification reactions
[75]. Stereoselective hydroesterification processes, mostly palladium- or rhodium-
catalyzed, also enable the access to a variety of compounds which are widely used
not only in the pharmaceutical field [76, 77]. For production of biodiesel, large
quantities of fatty acid methyl esters are produced by transesterification of vegetable
oils (mostly soybean, rapeseed or palm oil) with methanol [78].

The use of CO, as C1 building block for industrial production of carboxylic acids
is implemented for decades in the synthesis of salicylic acid according to Kolbe [79]
and Schmitt [80], converting phenol with CO, in the presence of a base (NaOH).
However, this reaction has limited synthetic scope being applicable to phenolic type
substrates and is based on a stoichiometric approach.

The examples discussed in this section focus on catalytic reactions where free
acids are isolated as the products (if appropriate, after acidic hydrolysis) using
mainly simple and non-activated alkenes as substrates.

According to Fig. 5, two basic routes (1) and (2) toward carboxylic acids based on
an alkene moiety in combination with CO, can be envisaged.

Following pathway (1), acrylic acid as important platform chemical is one of the
major target molecules provided by this transformation [81]. Preliminary work in
this field was carried out in particular by the group of Hoberg. They studied the
oxidative coupling of different alkenes like ethene [82], 1,3-butadiene [83], or
styrene [84] with CO,-forming metalla-latone intermediates in the presence of [Ni
(cod),] and a stabilizing base additive (DBU, 1,8-diazabicyclo[5.4.0]Jundec-7-ene).
Starting from the isolated and stabile Ni-lactone, further saturated (e.g., propionic
acid) and unsaturated carboxylic acids were accessible after hydrolysis. However, f-
H elimination toward acrylic acid was not feasible at that time. These kinetic and
thermodynamic constraints were computationally investigated by DFT calculations
in 2007 [85]. A breakthrough for the catalytically Ni-promoted synthesis of acrylates
was shown by Lejkowski et al. in 2012 [86, 87]. They developed a robust nickel
catalyst for the direct carboxylation of simple alkenes, like ethene, styrene, and

Oy _OH

1) cat. o
2) work-up 1
R"™Sy" "OH andlor R'"™
R? 2

C-H carboxylation R

(1)
2+ CO,

Rﬂ/\/R

() 1 d
R1, R2= 9. H, alkyl, o ) cat., reductant
e.g. H, alkyl, aryl 2) work-up Rr\)‘LOH and/or & R?

reductive carboxylation R?

Fig. 5 Possible routes to carboxylic acids from alkenes and CO,
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1,3-dienes with CO, to their corresponding linear a,f-unsaturated carboxylic acid
salts (TONs up to 116 for butadiene carboxylation) by the usage of an electron-rich
bisphosphine ligand (BenzP*) and a suitable base (sodium 2-fluorophenoxide).

Vogt and coworkers were also able to develop a catalytic procedure for the
synthesis of acrylate with diphosphine nickelalactones in the presence of Et;N as
base (with TONs up to 21) [88].

In addition to transition metal catalysts, such as Ni, Mo, and W, especially Pd
offers new promising strategies to generate acrylic acid [88-90]. Most recently, the
group of Schaub enhanced the TON to sodium acrylate to 514 using a Palladium
system in an amide solvent (CHP: N-cyclohexylpyrrolidone) with a basic additive
(alcoholates) [91, 92]. Additionally, the system was found suitable for other alkenes
like propene and cyclopentene (TONs up to 92). In a semicontinuous reaction setup,
they could show good results for the ethene conversion to acrylate with a total TON
from 2 cycles of 235 in combination with an integrated catalyst recycling stream
(Fig. 6).

The second pathway (2) to combine alkenes with CO, to yield carboxylic acids
involves an overall reductive process, whereby saturated aliphatic acids are obtained
as the final products (Fig. 5). One of the first examples in literature for the homo-
geneous catalytic conversion of ethene with CO, to the free propionic acid dates
back to 1978. Lapidus et al. carried out the transformation in 38% yield in the
presence of Wilkinson’s catalyst under harsh reaction conditions (180°C, 700 bar)
[93]. An exact mechanism of this transformation has so far remained unclear as no
reduction equivalents required for product formation are specified in the described
protocol.

Based on the approach from pioneering work by Hoberg [82-84] as well as
Walther and Dinjus [94] to regenerate reactive metal species for alkene/CO, cou-
pling, Rovis and coworkers reported about the first nickel-catalyzed reductive

NaOH
NaOR
CO, C,oH,
~ H,0 ROH
cat.: dried
[Pd(PPhg)4)/dcpe stream cat. / solvent — H,0
Base: NaOR
H,O
Solvent: Amide H,0
Acrylate
Acrylate Acrylate
ROH
Product
Carboxylation Settler separation

Fig. 6 Semicontinuous process scheme for Pd-catalyzed synthesis of sodium acrylate from ethene
and CO, [91]
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carboxylation of styrenes using CO, under ambient conditions (23°C, 1 bar CO,)
[95]. The transformation led regioselectively to saturated a-substituted carboxylic
acids (phenylacetic acid derivatives). However, transmetallation of nickel by Et,Zn
was required to regenerate the active species in this hydrocarboxylation. Under
comparable reaction conditions (r.t., 1 bar CO,, THF), an iron-catalyzed system
with similar regioselectivities of the formed a-aryl carboxylic acids has been
reported in 2012 using an excess of a Grignard reagent (EtMgBr) as reductant
[96, 97]. For aryl carboxylation reactions, light-driven transformations [98] or
generally photo-redox catalytic systems [99, 100] have also attracted interest
recently.

In 2013 the group of Leitner reported the rhodium-catalyzed formal hydro-
carboxylation of alkenes. The reaction of olefins with CO, and H, leads to the
corresponding one-carbon-atom elongated carboxylic acids (Fig. 7) [101]. Saturation
of the C—C double bond provides an important energetic driving force, but competing
hydrogenation poses also mechanistic challenges on the transformation [102].

With a [RhCI(CO),],/PPh; system and a promoting iodide reagent, very high to
excellent yields (up to 92%) for the free acids were obtained for a range of cyclic and
linear alkenes. For internal olefins, the ratio of regioisomeric acids is largely
independent of the original position of the double bond. Mechanistic studies includ-
ing isotopic labeling studies with '*CO,, D,, and H,'®0 demonstrated that the
formal hydrocarboxylation results from the effective interconnection of two catalytic
cycles. In the first step, catalytic reverse water-gas shift reaction (rWGSR) generates
carbon monoxide and water, which consecutively get converted in a subsequent
Reppe-type hydroxycarbonylation cycle to yield the free carboxylic acid (Fig. 7).

In 2016 the group of Mikami published ambient synthesis of a-aryl carboxylic acids
from CO, and styrene derivatives via rhodium-catalyzed hydrocarboxylation (precur-
sor, [RhCl(cod),]) [103]. Depending on the substrate, yields up to 95% were obtained.
As reduction equivalents, 1.2 eq. of ZnEt, per mol substrate was most suitable.
Remarkably, they were able to perform the catalytic asymmetric hydrocarboxylation
of a,f-unsaturated esters synthesize with ee values up to 66% employing a

Fig. 7 Overall R [RhCI(CO)slz, PPhg, CHyl o
hydrocarboxylation of ﬂ + CO, + H, PTSOHH,0 RL"Non
alkenes involving the R? (60 bar) (10 bar) 180°C, 16 h R
rWGSR followed by the AcOH

consecutive R' = H or alkyl up to 92 % yield

hydroxycarbonylation [101] R? = alkyl
IWGSR

CO, + Hp co + HO
AH% 298 = -41.2 kJmol”! AH%g 298 = +41.2 kJmol”!

WGSR
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cationic rhodium complex with (S)-(—)-4,4'-bi-1,3-benzodioxole-5,5-diylbis
(diphenylphosphine) [(S)-SEGPHOS] as a chiral diphosphine ligand (Fig. 8).

The group of R. Martin has reported a variety of carboxylation reactions of divers
starting materials like allylic alcohols [104], styrenes [105], 1,3-dienes [106], halo-
genated aliphatic hydrocarbons [107, 108], unsaturated hydrocarbons [109-111],
and others [112, 113]. They were able to control regioselective hydrocarboxylation
of aryl- and alkyl-substituted C—C bonds with a catalytic system based on a nickel
precursor, a bipyridine-based ligand, and a reducing reagent (metallic manganese)
(Fig. 9) [109]. Even more recently, the same group published about the
1,4-dicarboxylation of 1,3-dienes (e.g., butadiene) using the Ni-based reaction
system in Fig. 9 [106]. This multiple CO, incorporation into abundant 1,3-dienes
gives access to adipic acids from simple and available precursors. The salient
features of this method are its excellent regio- and chemo-selectivity, mild condi-
tions, and ease of execution. The (over-)stoichiometric use of a metal-based reducing
agent is, however, a major limitation for large-scale application.

Clearly, the principle outlined in Fig. 7 utilizing a combination of CO, and H; as
source for in situ formed CO (and H,O, respectively) offers the most attractive
strategy for alkene transformations. Meanwhile, protocols were published about
carboxylation-, alkoxycarbonylation- or hydroformylation-related reactions and
may open new strategies in CO, utilization [89, 114, 115]. Notably, the required
hydrogen may also come from organic substrates, in particular alcohols, as most
catalysts active in these reactions are generally active for dehydrogenation or
reforming processes.

In 2012 the group of Garcia reported the first example of catalytic reductive
hydroesterification reaction of styrenes using CO, as a C1 source and methanol as a
reductant catalyzed by nickel complexes [116]. Yields up to 71% for the linear
isomer were obtained using complex [(dippe)Ni(u-H)], for styrenes bearing o-
electron-withdrawing groups. The corresponding TON was limited, however, as
high catalyst loadings (20 mol%) were required.

CO,H

H  33-959%yield

Pyl
Q
Pl

CO, (1 bar)
Rh cat. (5-10 mol%)
ZnEt, (1.2 equiv.)
COR DMF, 0°C, 3h RO,C, COH
- . Ho 14599 % yield
R R 42 -66 ee%

Ph O °
2

N o>

RK °
P

Ph, >

SbFg 0

Fig. 8 Rh-catalyzed hydrocarboxylation of alkenes with CO, and ZnEt, [103]
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R\/\
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R CO,H - + H
e DMA, 0°C-70°C |  h,0 DMF, 50 °C R
R = alkyl 4-9 equiv. R =aryl
linear acid y ¢ quiv.) Y branched acid
] Ni precursor (5-10 mol%)
Ylelds(‘slo‘a(ed) up to 70 % ligand .(5_25 mol%) Yields gsolated) UP t0 91 %
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t-Bu t-Bu
I N
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Fig. 9 Site-selective incorporation of CO, to a wide range of unsaturated hydrocarbons utilizing
water as formal hydride source [109]

In 2014, the group of Beller published a Ru-based conversion of alkenes, CO,,
and alcohols into carboxylic acid esters (Fig. 10) [117]. Essential for their transfor-
mation is the activity of the catalytic system [Ru3(CO);,]/[BMIM]CI in the 'WGSR
(reverse water-gas shift reaction), coupled with alkoxycarbonylation. A variety of
linear and cyclic alkenes afforded the corresponding carboxylic acid esters with a
yield range of 41-95% in the presence of different alcohols. No external hydrogen is
required since the reduction of CO, is proceeded by hydrogen transfer from the
alcohol used in excess as solvent [118]. Investigations including isotopic labeling
experiments provided experimental evidence for this catalytic pathway, similar to
the previous reports on Rh-catalyzed hydrocarboxylation [101]. In case of the use of
an internal alkene, isomeric mixtures of the ester products were obtained, whereby
the distribution of product isomers seemed independent of the original substitution
pattern, albeit with a slight preference toward the linear product.

In 2015, Fleischer et al. described the indirect utilization of CO, as a C1 source
under ambient reaction conditions by using N-formylsaccharin as a CO transfer
reagent with an integrated recycling approach of the CO-surrogate (Fig. 11)
[119]. The carbonylation proceeds in a highly region-selective manner yielding the
desired branched ester from styrene derivatives in yields up to 97%. In contrast,
linear esters were obtained in yields up to 91% with exclusive formation of the n-
product from alkyl-substituted alkenes. The catalyst system is based on a Pd’
precursor, a bidentate phosphine ligand, and a Brgnsted acid.
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Cl
M ON—
N
nBu
[Ru3(CO),]
[Bmim]ClI CO,R?
3 R + 2CO, + 4R20H 37X 2H,0
40 b 160 °C, 20-36 h )
(40 ban) up to 95 % yield
R' = Alkyl

R?= e.g. Me, Et, Benzyl

Fig. 10 Ru-catalyzed alkoxycarbonylation of alkenes with carbon dioxide and methanol [117]
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2
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Fig. 11 Indirect utilization of CO, as a C1 source under ambient reaction conditions using N-
formylsaccharin as a CO transfer reagent [119]

2.4 Further Reduced Target Molecules

The following section summarizes the state of the art for the use of CO, as a Cl
building block in combination with alkenes for the generation of more strongly
reduced functional groups such as aldehydes, alcohols, and amines. It covers
synthetic protocols comprising, e.g., hydroformylation, hydrohydroxymethylation,
and hydroaminomethylation, using CO,/H, as synthon to generate useful com-
pounds. The target molecules are highly important for a lot of different applications
like pharma, agriculture, or health care as well as for further chemical transforma-
tions by addressing compounds like APIs, solvents, lubricants, dyeing reagents, or
plastics. Considering their usual synthetic routes, a change from common CI1
building blocks to CO, opens new fields and opportunities for upcoming synthetic
pathways and transformations.

2.4.1 Aldehydes

While CO, is long known as a possible C1 source in technical hydroformylation, its
application has found more widespread attention in organic synthesis only most
recently. In 2017, the research groups of Xia and Ding used the readily available and
inexpensive poly(methylhydrosiloxane) (PMHS, My, = 1900) as alternative
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reductant to high pressure H, for hydroformylation of alkenes and CO, [120]. The
desired aldehydes from alkyl- and aryl-based substrates were isolated in moderate to
good yields (up to 70%) and with good selectivity to the linear product (I:b = up to
89:11). From their mechanistic studies, they found that CO, was inserted preferen-
tially into the Si—H bond to form the corresponding silyl formate [Si]JOC(O)H which
either decomposes into CO and silanols [SiJOH or is hydrolyzed to formic acid
subsequently releasing CO and H,O. With the production of CO, aldehydes could
then be formed by established Rh-catalyzed hydroformylation chemistry [121]. Inter-
estingly, an excess of CO, hindered the further reduction of the formed aldehyde
toward the alcohol moiety (Fig. 12) [120].

2.4.2 Alcohols

Pioneering work in this area has been reported in 2000 by Tominaga and Sasaki,
who used CO, as building block with various ruthenium cluster complexes to obtain
C,-elongated alcohols from different alkenes (Fig. 13) [122]. The highest yield of
88% alcohol was achieved using [H4Ru4(CO),], a well-known rWGSR catalyst.
The nature and performance of the required alkali salt additive were intensively
studied together with investigations about the active species [123-126]. An
immobilized system was also reported [127]. Although the inferred primary product
of this reaction is the aldehyde obtained by hydroformylation of the alkene, these
intermediates were not observed in high yield due to rapid further reduction. This
system proved effective for several substrates. When CO was used instead of CO,,
the yield of the alcohol was either significantly decreased or comparable to the

[Rh(acac)(CO),]/L (0.01 mol%) H
RN+ CO, + H g EH
PMHS, KF, NMP, 100 °C up to 70% yield
R = alkyl, aryl (b = 89:11)
CH3 | CH3
PMHS: H;C- Sl [¢] SI [e] Sl CHj;
CH | CHs | CH,
n

Fig. 12 Hydroformylation of alkenes with CO,, silane, and H, [120]

[H4Ru4(CO)45] (2 mol%)

4eq LiCl
O + CO, + Hy O/\
(40 bar) (40 bar) NMP
30 h, 140 °C 88 % . 6%
o

[Ru]
via  CO, + —_— + H,0

Fig. 13 Ru-catalyzed hydroformylation/reduction of cyclohexene using CO, [122]
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system with CO,, showing that this catalyst was rather negatively affected by a large
presence of CO in the system.

More recently, the Beller group used a ruthenium catalyst comprising a (bulky)
phosphite for this reaction, allowing the use of CO, to afford alcohols from terminal
and internal alkenes (Fig. 14) [128, 129]. The optimization of the catalyst and ligand
allowed slightly lower temperatures to be used while suppressing the undesired
hydrogenated product formed from the alkene. In the same year, the group of Dupont
developed a catalytic system in which the ionic liquids [BMI-CI] or [BMMI-CI]
reacted in the presence of H3;PO, with [Ru3(CO);,] to generate Ru-hydride-car-
bonyl-carbene species as further efficient catalysts for this transformation
[130]. Thus, even lower temperatures (120°C) and shorter reaction times (12 h)
were feasible.

In 2017, Yu and coworkers realized a highly regio- and enantioselective copper-
catalyzed hydrohydroxymethylation of alkenes with CO, as the C1 source and
(EtO);Si-H as reductant (Fig. 15) [131]. A series of chiral homobenzylic/allylic
alcohols from styrenes and 1,3-dienes were obtained under mild conditions. In this
transformation, many functional groups, including halides, amine, ether, and ester,
were tolerated. The isolated products were directly applied for the further synthesis of
bioactive compounds like (R)-(—)-curcumene and (S)-(+)-ibuprofen. Mechanistic
studies suggested that the key step was the formation of the active L*CuH catalyst
which gave an alkyl copper species after subsequent insertion of the alkene into the
Cu-H bond. Carboxylation of this complex with CO, formed the copper carboxylate.
Further reduction of the carboxylate by two equivalents of hydrosilane produced first

L= >P-0

L0
(0N
o

~

(0]

[Rus(CO);,] (0.5 mol%)

ligand (1.1 eq./cat.
R1’\/R2 + CO, + H, gand (1.1 eq./cat.) R1/\ﬂCH20H
(30°ban) (30 bar) LiCI (25 mol%) R2
130':‘2/'24 h up to 90 % yield
Ry, Ry = H, Alkyl, Aryl
CH,OH
CH,OH
O/ -~ CH,OH SN2
. . 88 % yield
0, 0,
90 % vyield 51 % yield (I:b = 57:43)

Fig. 14 Ru-catalyzed hydroformylation/reduction of alkenes with carbon dioxide (hydrohydro-
xymethylation) [128]
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Fig. 15 Enantioselective hydrohydroxymethylation with CO, to give chiral alcohols [131]

the silyl ether which released the alcohol product after treating with NH4F. Thus,
these studies suggest that pathways without involving the rWGS equilibrium may
also be possible to exploit the CO,/H; synthon.

2.4.3 Amines

Amines are large-scale industrial products or intermediates that are often produced
by multistep processes [70]. To provide amines in a single-unit operation,
the hydroaminomethylation reaction approach can lead to the formation of
Cl-elongated amines from alkenes [132]. An initial hydroformylation of the
alkene forms the aldehyde that gets further converted in a second step with an
amine toward an enamine/imine from which the final amine is formed through
subsequent reduction. The group of Eilbracht demonstrated already in 2009 the
possibility to use CO, as a CO surrogate for the conversion of alkenes with
secondary amines and aniline [133]. The use of the rWGSR catalyst system
[Ru3(CO),)/LiCI/BTAC (BTAC = benzyltrimethylammonium chloride) proved
to be an efficient system for the in situ formation of CO from CO, and H,.
Optimization of the four-step tandem reaction was successfully demonstrated
using cyclopentene and morpholine as substrates (Fig. 16). The combination of
promoting salts revealed a synergetic effect on the yield and selectivity, with the
phase-transfer catalyst enhancing the solubility of LiCl in toluene. Isomeric mix-
tures (1:b up to 64:36) of secondary and tertiary amines were formed effectively
from a variety of alkenes with yields in the range of 35-98%.
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Fig. 16 Hydroaminomethylation of cyclopentene with morpholine applying carbon dioxide as C1
building block [133]

In 2016, Dupont and coworkers reported about further development of this
system that was able to perform more efficient under milder reaction conditions
(120°C, 24-36 h). Similar to the alcohol synthesis mentioned above, the
imidazolium salt-based ionic liquid [BMMI]CI in the presence of H3;PO, was used
to generate the active Ru catalyst for the CO,-based hydroaminomethylation [134].

3 Conclusion

The development of new processes to address a broad spectrum of chemicals starting
from simple non-activated alkenes and CO, has been an active field of research that
has seen a high dynamic progress in the past decades. Many new synthetic pathways
have been reported by groups all around the world. The reported protocols show a
basis for processes reducing the dependence on fossil by incorporating CO, into
useful chemicals. Although many systems are still in an early stage of development,
they set the stage for opening new perspectives in the development of processes that
follow the “Green Chemistry” principles. At present, however, the need of organo-
metallic (reducing) reagents in stoichiometric quantities is still a limiting factor. In
this context, protocols relying on the use of CO, and H, as CO surrogate via the
rWGSR appear very attractive, as they can capitalize on the established knowledge
in organometallic carbonylation catalysis. These strategies offer alternatives to
replace fossil-based CO by CO,, without changing drastically the chemistry of the
following transformation. With the rapidly growing implementation of renewable
electricity, the required H, may be generated by electrolysis exploiting and buffering
fluctuating energy sources. To develop these protocols toward practical procedures,
deeper knowledge about the molecular transformations has to go hand in hand with
the development of advanced reaction engineering solutions right from the begin-
ning. Assessment tools beyond established life cycle assessment (LCA) methods are
necessary to critically analyze the potential of using CO, in combination with
catalysis to lower the carbon footprint for industrial synthesis and, by that, provide
more sustainable alternatives to conventional petrochemical productions.
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Abstract In the last decade, enormous efforts have been initiated to establish
catalytic transformations with carbon dioxide (CO,) as a C; building block toward
the synthesis of value-added products. The scientific development was largely based
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on the design of tailored molecular catalysts and ligands, making novel synthetic
pathways with CO, as substrate achievable. Herein, recent applications using CO,
for the homogeneous catalyzed formation of C-N and C-O bonds within the synthe-
sis of formamides, methylamines, and dialkoxymethanes are summarized, focusing
on the construction of value-added intermediates and products.

Keywords CO, utilization - Ligand development - Molecular catalysis - Sustainable
chemistry

1 General Introduction

In addition to the established efforts dedicated to the direct reduction of carbon
dioxide (CO,) to methanol, novel approaches with molecular catalysts for the
sustainable utilization of CO, were initiated in the last years. These synthetic efforts
are summarized and visualized in pathway diagrams, showing the possibility to
utilize CO, via reduction, functionalization, or combinations thereof [1]. This
structural synthetic approach is assisted by the concept of synthesizing complex
molecular products from CO, via multiple bond cleavage and bond-forming events.
The coupling partner is a hydrogenated CO, building block with varying reduction
levels, enabling innovative reaction with amines, alcohols, and olefin substrates (see
also “Catalytic Chess at the Interface of Chemistry and Energy” [2]) [3—12]. Three
scenarios emerge from this concept where CO, is either incorporated into products
(1) without formal reduction of the oxidation state at carbon, (2) with partially
reduced carbon by the removal of one oxygen atom, or (3) by reduced carbon to
saturated hydrocarbons under removal of both oxygen atoms (Fig. 1).

The development of molecular transition metal-based catalysts has made enor-
mous progress in the last decade, enabling to activate challenging functionalities or
molecules and to tailor the organometallic species with the ligand environment for
unprecedented reactions and transformations. Alongside, great efforts have been
dedicated to explore versatile synthetic pathways for the formation of CO,-based
value-added products for pharmaceutical, industrial, and fuel applications. Within
this approach, the exploration of sustainable reducing agents for CO, activation and
the combination with bio-based feedstock have been in the research focus. This
methodology would minimize the overall carbon footprint of the envisaged trans-
formations via the integration of renewable energy and could foster the reduction of
fossil-based substrates. In this manner, the utilization of bio-based feedstock in
combination with CO, together with “green hydrogen” (from water photo- or
electrolysis) [13—19] as the reducing partner would represent a sustainable approach
toward the recently introduced “biohybrid” fuels or materials [20-22].

In this chapter, we will discuss three application fields of CO, as a building block
for the synthesis of formamides, methylamines, and dialkoxymethanes, as these
compounds represent value-added products for diverse interesting applications [2].
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Fig. 1 Classification of utilization of carbon dioxide as a carbon source at the interface of the
chemical and energetic value chains: incorporation of the CO, molecule without formal reduction
(left), complete reduction of CO, to methane and saturated hydrocarbons (right), or combined
reduction and bond formation to result in a large synthetic diversity (middle)

2 N-Formylation of Amines

2.1 Formamides

Formamides are considered as valuable platform chemicals for the synthesis of many
important chemical products such as fragrances, pharmaceuticals, agrochemicals,
industrial solvents, and dyes [23-27]. Moreover, formyl moieties are found in many
natural product analogues as important amine protecting groups [28]. Among several
methods developed for the synthesis of formamides, the general method involves the
use of excess amount of a formylating reagent (e.g., alkyl formate, formic acids, or
formamide) in the presence of the corresponding amine [29, 30]. However, most
traditional methods are showing drawbacks such as high costs, toxicity, poorly
accessible starting materials, sensitivity, high waste streams, and long reaction
times [30]. One other pathway to formamide synthesis comprises the use of carbon
monoxide CO as the C1 building block. This is the case for the two formamide
derivatives with the highest industrial relevance [27], formamide (HCONH,) and
N,N-dimethylformamide (HCON(CH3),, DMF), that can be synthesized starting
from CO in a two-step process or in a direct synthesis (Scheme 1la, b, ) [27, 31,
32]. Other N-substituted formamides have also been documented with commercial
significance [27, 31] such as N-methylformamide (used as solvent or intermediate of
insecticide formation), N-formylmorpholine (as solvent or anticorrosive agent), and
formanilide (used as an antioxidant in the rubber industry and as intermediate in the
pharmaceutical industry).
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Scheme 1 Diverse approaches for the production of formamides

In the last few years, many researchers reported the use of more sustainable routes
for the synthesis of formamides starting from the abundant feedstock methanol as the
C1 source of the formyl group (Scheme 1d;,) [33-37]. These routes can also use
methanol from renewable resources (biomass) or CO,, thus further reducing the
environmental impact [38]. However, the direct use of CO, as a C1 building block
for the formyl group in amides is gaining more attention in terms of reducing the
overall energy demand and the number of process units compared to the use of
biomass- or CO,-based methanol as the C1 building block. The formation of
formamides from CO, and amines comprises a one-equivalent reduction step
of CO, (using H, or reducing agent) and the subsequent condensation with the
amine substrate via a new C-N bond formation resulting in a formamide product in a
one-pot procedure (Scheme 1e). All this triggered researchers from different groups
to deeply focus on the development of different catalytic systems to perform this
CO,-based reaction under more sustainable conditions. Many methods have been
reported, employing the use of solid catalysts for N-formylation [39—46]; however,
only recent homogeneous approaches will be discussed in this chapter.

2.2 Production of Formamides Using CO, and Reducing
Agents (Excluding Molecular H,)

2.2.1 Metal-Free Systems

Formamides can be synthesized from CO, and amines in the presence of a variety of
reducing agents. This might not be the most atom-economic procedure compared to
the use of hydrogen gas; however, milder reaction conditions with low reaction
pressures and temperatures and extended substrates scope are broadly applied. The
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most used reducing agents for the reductive formylation of amines with CO, are
hydrosilanes, which are mild and easily handled reagents, possessing in many cases
high reactivity due to lower bond dissociation energy. Moreover, they are inexpen-
sive, nontoxic, and more resistant to air and moisture compared to other reducing
agents (e.g., aluminum and boron hydrides). The first examples of formamide
synthesis using amines, CO,, and hydrosilanes were reported by the group of Cantat
in 2012 [1]. The organocatalyst 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) was
chosen as a base to promote the insertion of CO, to N-H bonds [47] under low
CO, pressure (<3 bar), forming the [TBDH][O,CNR,] intermediate (Scheme 2).
Subsequently, the presence of phenylhydrosilane reduces the carbamate moiety to
afford the formamide products in yields up to 99% and the corresponding siloxane as
by-product (Scheme 2) with the favor of amine substrates having higher basicity.
Outstanding developments were then achieved by the use of readily available
1-alkyl-3-methylimidazolium ionic liquids (ILs) (specifically 1-butyl-3-
methylimidazolium chloride ([BMIm]CI)), as highly efficient nonmetal catalyst for
the formylation of amines using CO, and phenylsilane PhSiH; at room temperature
(Scheme 3a) [48]. In this approach, the ILs acted as bifunctional catalysts, which can
in a first step catalyze the activation of the Si-H bond of PhSiHj; to react with CO,,
forming the silyl formate intermediate. In a second step, an IL-activated amine (R,N-
H:IL) reacts with the silyl formate intermediate to form the formamide product
[48]. This metal-free approach to formamides from CO, is promoted by the ILs
with a synergetic effect of both, the corresponding anions and cations, to afford the
resultant formamide products in moderate to excellent yields. On the other hand, as it
is well-known for phosphorus ylide (P-ylides) to be powerful and versatile nucleo-
philic reagents in organic synthesis [49-51], the use of P-ylide-CO, adducts as an
efficient metal-free catalyst for CO, utilization reactions was also investigated. The
P-ylide-CO, adduct catalysts, which can be obtained by the nucleophilic addition of
P-ylides to CO, [52], proved to be very efficient for CO, utilization as C1 building

o%

0

TBD (5 mol% ~ Frmmmeommeosmmees

CO, + R,NH (6 mol%) RN | N !

PhSiH; 2 ' /l\ !
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o o) o) o i oo !
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Scheme 2 Metal-free approach for the formylation of amines using CO, as C1 building block and
TBD as catalyst
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Scheme 3 Recent applications of metal-free catalytic systems for the N-formylation of amines
using CO, with the corresponding maximum yields obtained

block for the synthesis of functionalized cyclic o-alkylidene carbonate and
oxazolidinone derivatives [53]. Moreover, the P-ylide-CO, adducts were also
applied to CO, reduction to form N-formylated (or N-methylated) compounds with
moderate activity, using PhSiH; (or 9-BBN) as reductant [53]. The silyl formate
intermediate is catalytically formed and converted in the presence of amines to the
corresponding formamide product in up to 91% yield (Scheme 3b). Another metal-
free approach to formamides synthesis from CO, was described in 2016 [54, 55]. In
this work, the use of 1,3,2-diazaphospholene (NHP-H) as a catalyst in the presence
of diphenylhydrosilane as reducing agent showed to be highly reactive for the
stepwise reduction of CO,, following the sequence hydrophosphination/P-to-Si
formate transfer/N-formylation. More precisely, hydrophosphination of CO, with
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NHP-H afforded phosphorus formate (NHP-OCOH) which then transfers the for-
mate group to Ph,SiH, in a catalytic manner (5 mol% of NHP-H) to afford the silyl
formate intermediate Ph,Si(OCHO),. Finally, the silyl formate intermediate
formylate the amine present in the mixture to afford wide variety of formamide
products with yields up to 94% (Scheme 3c) [54].

A highly active organocatalytic system based on N-heterocyclic carbene (IPr)
also showed high reactivity for the formylation of a variety of amine substrates using
CO, in presence of the reducing agent polymethylhydrosiloxane (Me;Si
(OSiMeH),,0SiMe;, PMHS), which is highly accessible as an abundant and
nontoxic chemical waste in silicone industry (Scheme 3d) [56]. This approach
disclosed an efficient catalytic system for the utilization of CO, at mild conditions,
where the reaction can be performed at room temperature and yet affording the
desired N-formyl products in high yields (Scheme 3d). Another interesting study
involved the use of N-heterocyclic olefin (NHO) organocatalysts for the activation of
CO; in the N-formylation reaction of amines in presence of a mixture of PMHS and
9-borabicyclo[3.3.1]nonane (9-BBN) as the reducing agents [57]. Similarly, highly
effective and inexpensive thiazolium carbene-based catalysts (T-NHC) were also
investigated for the N-formylation and N-methylation of amines, using PMHS as a
reducing agent [58, 59]. This new catalytic system can operate under ambient
conditions compared to typical NHC catalysts (under low pressures of CO,) and
employing more tolerant (to reduction) amine substrates to afford the corresponding
formamide products in high yields up to 95% (Scheme 3e) [58, 59]. Interestingly,
such thiazolium carbenes are inexpensive and nontoxic, and their corresponding
salts are air stable and can be stored without the need to exclude moisture and
oxygen [60]. More interestingly, tuning of the reaction temperature (up to 100°C)
resulted in the complete reduction of the formyl group to afford the corresponding
N-methylated products (see Sect. 3.2) [58]. Another simple and attractive approach
for N-formylation with CO, and hydrosilane reducing agents was also described by
using cheap fluoride and hydroxide salt catalysts. These catalysts showed high
efficiency in catalyzing the reaction of various amines into formamides in excellent
yields and high selectivity at room temperature and under low pressure of CO,
(1 bar) [61]. As tetrabutylammonium fluoride (TBAF) and other fluoride salts are
known to have highly nucleophilic anions, they possess high affinity for silicon and
are thus frequently employed as catalysts for efficient hydrosilane reduction of
carbonyls [62]. TBAF was used as a simple ammonium salt catalyst for efficient
N-formylation of amines with CO, even at room temperature and atmospheric
pressure. The scope of the amine substrates varies between aliphatic and aromatic
amines, affording the corresponding formamide products in excellent yields with
high selectivity (Scheme 3f) [61]. In line with this approach, an efficient
organocatalytic approach for the utilization of CO, as a building block of formyl
group in formamide synthesis was developed by the group of He on carboxylate-
based catalyst glycine betaine (trimethylglycine TMG) in presences of
diphenylsilane as reducing agent [63]. In this approach, the inner salt
(or zwitterion) catalyst was used for the synthesis of a variety of formamides starting
from amines under mild reaction conditions. The catalytic system showed ability to
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selectively terminate the reduction step at formamide level (Scheme 3g). Moreover,
aminals or N-methylamine products could also form selectively by applying minor
modification of the reaction conditions [63]. These products, having various energy
contents, correspond to two-, four-, or six-electron reduction of CO, with amine
substrate and hydrosilane. For example, methylamines or formamides could be
selectively obtained in high yields by tuning the CO, pressure and reaction temper-
ature under which the reductive reaction is taking place (see Sect. 3.2). On the other
hand, it has been known that oxygen-containing nucleophiles, e.g., hydroxide,
alkoxide, carboxylate, or carbonate, can activate hydrosilanes and enhance their
hydride-donating ability through interaction between the silicon atom and oxygen
anion [64—-66]. In this manner, simple and readily available inorganic bases alkali-
metal carbonates such as cesium carbonates were also used to efficiently catalyze
both the formylation and methylation (see Sect. 3.2) of amine substrates with CO,
under mild conditions. Interestingly, the selectivities of different products were
controlled by varying reaction temperature and reducing agent in which formamide
products were obtained at room temperature when using PhSiH; as reducing
agent [66].

Based on the fact that the nucleophilicity and basicity of amines could be tuned by
solvation and polarization in different solvents [67, 68], the groups of Lei and Li
have investigated the effect of selected solvents on the interaction of amine sub-
strates and hydrosilanes to activate CO, in a catalyst-free fashion [69]. They found
that the solvent plays a vital role in promoting the interaction of amines with
hydrosilanes and subsequent CO, insertion, thus facilitating the simultaneous acti-
vation of N-H and Si-H bonds by promoting their Lewis acid/Lewis base interaction,
enabling the formation of a new N-Si bond. In their report, Lei and Li proposed a
reaction pathway that involves the formation of silyl carbamate which is reduced to
formamide using hydrosilanes. This study showed that when using highly polar
aprotic solvent, such as DMSO or DMF, up to quantitative yields of formamides
were achieved in 24 h at room temperature under only atmospheric pressure of CO,
(Scheme 3h) [69]. In the same manner, the group of Han and Song extended the
investigation of the effect of solvent to the use of the biomass-derived
y-valerolactone (GVL) as an efficient catalyst and solvent for the N-formylation of
amines with CO, [70]. This system showed excellent performance of GVL in the
transformation of various primary and secondary amines into formamides, which are
obtained in excellent yield, albeit high pressure of CO, (30 bar) at a temperature of
80°C has to be used (Scheme 3i). This performance was attributed to the lactone
structure of dipolar aprotic GVL which played a key role in the formation of the
active silyl formates intermediate and the activation of N-H bonds in amines.
Interestingly, the wuse of other lactone-containing compounds, including
y-butyrolactone, 8-valerolactone, and e-caprolactone, showed a similar activity to
GVL in contrast to noncyclic esters, showing no activity. This can clearly indicate
that solvents with high polarity could activate the N-H bond by solvation and
polarization [70].

A more general approach to the direct formylation of amines in the presence of
borohydrides was also achieved by developing a catalyst-free system for the



Recent Advances on CO, Utilization as C1. .. 47

Hu, Wu et al.

+ R,yNH o + R,NH
catalyst-free I catalyst-free
CO2 + BH3NH; # R N/C‘H <DI\3;IT NaBH, + CO,
10b . 2 0.5-0.75 10 bar
ar 3equiv. 24h, 50°C 12 h, 100 °C ;

I
0 N 0
92 % 84 % 83 % 97 %
8 R
I}J/C\H N/C\H
H \)
83 % 96 %

Scheme 4 Catalyst-free direct synthesis of formamide from CO, and amines reduced by boron
hydrides

N-formylation of amine substrates using CO, as C1 source and ammonia borane
(BH;NH3;) as a reducing agent [71]. The latter is known as an excellent hydrogen
storage material because of its high hydrogen capacity [72]. Compared to other
catalytic systems employing hydrosilanes, BH3;NHj3 provide high potential in using a
milder reaction conditions in an atom-economic fashion. This catalyst-free/BH;NH3
system was successfully applied for the N-formylation reaction at a low temperature
of 50°C in DMF solvent where formamide products were afforded in very high
yields and selectivities (Scheme 4, left) [71]. Some control experiments lead to a
possible reaction mechanism involving the activation of BH;NH; by DMF solvent,
followed by CO, insertion into the B-H bond to generate a boron-formate interme-
diate which reacts with amines to afford the corresponding formamide final product
[71]. A similar catalyst-free system was also reported using NaBH, as the reductant
in DMSO solvent, in which, aliphatic and aromatic amines could react with CO, and
NaBH, at 100°C (Scheme 4, right) [73]. Interestingly this reducing agent showed
better reducing capacity compared to BH3;NHj; enabling the use of as low as 0.5
equivalent per equivalent of the amine substrate to produce the corresponding
formamides in moderate to excellent yields [73].

2.2.2 Organometallic Homogeneous Systems

In the course of studying the reactivity of non-precious transition metals in the
N-formylation of amines using CO,, the group of Cantat reported in 2014 the use
of the first iron catalysts, able to promote the reductive functionalization using
hydrosilanes as reductants [74]. They showed that iron precursor Fe(acac),
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supported by tris[2-(diphenylphosphino)ethyl]phosphine (PP3) ligand (previously
used for the hydrosilylation of organic ureas to formamidines) [75] is able to catalyze
the formylation of amines using PhSiH; as reducing agent at room temperature
(Scheme 5) [74]. The reaction showed to be chemoselective and tolerant to various
amine substrates bearing ketone and ester functionalities. These stimulating results
in combination with their NHC (IPr) catalyst [56] outcompete other systems used for
the formylation reaction such as TBD, Cu(OAc),.H,0, or Rh,(OAc),4 [1, 76, 77]. In
a similar approach, the use of an inexpensive Cu(OAc),-bis(diphenylphosphino)
ethane/Cu(Il)-dppe catalytic system showed also high reactivity for N-formylation
reactions of various amines with CO, and PhSiH; at ambient condition with only
0.1 mol% catalyst loading. Here again the reaction is expected to proceed via silyl
formate intermediate, formed catalytically from 1 atm CO, and PhSiH; at room
temperature. The addition of amines to this intermediate afforded the formamide
products in yield from 91 to 99% without formation of any by-product [78].

Employing PMHS as reducing agent, copper-diphosphine complexes showed
also high reactivity as homogeneous catalysts for the reductive formylation of
amines with CO, (1 bar) [76]. The latter catalytic system was found to be very
active for the formylation of various amines even under very low catalyst loading,
where the formamide products were obtained with high TONs up to 11,700. More
specifically, the Cu complexes with phosphine ligands having ortho-phenylene
structures with alkyl functionalities (Scheme 6) showed better reactivity as compared
to conventional bidentate or monodentate ligands [76]. Interestingly, mechanistic
investigation revealed the mechanism of this reaction and showed that the catalyt-
ically active species is a Cu-hydride-diphosphine complex. This species was gener-
ated from the Cu precursor, diphosphine ligand, and hydrosilane as the major
reaction route, rather than the minor formation of a silyl formate intermediate
(Scheme 6) [79].

Additional efforts were made to investigate the use of other reducing agents such
as boron hydrides for the N-formylation reaction of amines. During their novel work

PP;
P\f/\PPhZ)
’ @)
CO, + R,NH + PhSiH, [Fe(acac),]/PP3 (5 mol%) &
1 bar 1 equiv THF, 18 h, r.t RoN™™"H
- siloxanes

95 % 95 % 95 % 65 %

Scheme 5 First iron-catalyzed reductive functionalization of CO, by amines using hydrosilane as
reducing agent
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Scheme 7 One-pot synthesis of 4-methoxyformanilide starting from p-anisidine and CO,

on the copper/N-heterocyclic carbene-catalyzed hydroboration of CO, to formic acid
using pinacolborane HB(pin) as reducing agent, the group of Shintani and Nozaki
developed a method for the synthesis of formamides by treating the in situ formed
borane formate HCO,B(pin) intermediate with various amines in a two-step proce-
dure [80]. Under mild reaction conditions, various amines were formylated by CO,
(via borane formate) to afford the corresponding formamide products with high
yields up to 98%. For example, treatment of p-anisidine in the presence of Et;N with
a solution of HCO,B(pin), after the catalytic hydroboration of CO,, cleanly afforded
the corresponding formamide in 84% yield. Interestingly, a one-pot procedure of
the same substrates afforded the same product with a reduced yield of 71%
(Scheme 7) [80].

On the other hand, the in situ synthesis of a silyl formate intermediate followed by
a nucleophilic addition using amines could also be involved as a major pathway for
the synthesis of formamide using CO, and hydrosilanes [81]. This was clearly
demonstrated when silyl formates were efficiently synthesized from CO, and a
hydrosilane under catalytic conditions and used as “formyl synthon” to sequentially
produce formamides in addition to formic acid as a coproduct [77, 82]. However,
this reaction was performed under 1 bar of CO, using the simple Rh,(OAc), catalyst
in the presence of a base additive, typically K,COs, to first afford the silyl formate
intermediate. This species reacts in a subsequent step with added amines or anilines
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to obtain the corresponding formamide products in moderate yield (Scheme 8). This
approach is an important example, highlighting the potential of silyl formates for the
synthesis of a wide range of value-added chemicals [77, 83, 84].

Another Rh-catalyzed approach encountered the synthesis and use of a series of
alkyl bridged chelating bis(NHC) rhodium complexes in the reductive formylation
of amines using CO, and Ph,SiH,. A rhodium-based bis(tzZNHC) complex
(tz = 1,2,3-triazol-5-ylidene) was identified to be highly effective at a low catalyst
loading, ambient temperature, and much milder reaction conditions. Moreover, a
wide range of amine substrates was efficiently formylated with CO, in a selective
manner. Interestingly, amines bearing reducible functional groups showed high
tolerance under theses reduction conditions (Scheme 9) [85]. Correspondingly, the
catalyzed reaction is promoted by a silylene-rhodium dihydride Ph,Si=Ru(H),

0
1]
Rh,(OAC), / K,CO,4 o .C.
RN H+ 0
CO, + PhMe,SiH (0.25/0.5mol%) PhMe,Si - & RoNH 1
MeCN O H 500c, 1-4 h HO™™H
50°C, 2 h - siloxane
N SRS S
NTH T “‘rlv “H Ph/\hlr “H o P ONTTH
n-Bu H l
43 % 40 % 41% 47 %

Scheme 8 Rh-catalyzed utilization of CO, for the synthesis of formamides via silyl formate
formation/amine addition sequence

Q
AR —]OTf
RN@ NC';N,,
@,
nBu /Rh\/ nBu
. o)
CO, + R,NH + Ph,SiH, [Rh] (0.1 mol%) g
25 bar 25equiv CH2Clp, 4 h,25°C RoN""H
- siloxanes
SISO ST :
NN o g o .C.
NHPhEH N™H Me0,c" >N H N
N
Ph >99 % > 09 9% 99 % > 99%

Scheme 9 Chemoselective Rh-catalyzed reductive functionalization of CO, with amines to
formamides
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Scheme 10 Catalytic N-formylation of amines using CO, catalyzed by a Zn(salen)/TBAB system

intermediate that activates/reduces CO, molecules in a concerted manner. The
formation of this intermediate explains the crucial use of dihydrosilanes (R,SiH;)
instead of monohydrosilanes (R3SiH) [85].

Zinc-catalyzed approaches were also investigated, and the Zn(salen) complex
together with quaternary ammonium salts showed high efficiency as a binary
catalytic system, possessing a significant synergistic effect for the N-formylation
reaction of amines using CO, and hydrosilanes under solvent-free conditions
[86]. This system was the first example of a metallosalen-catalyzed selective reduc-
tion of CO, in solution under mild conditions. Interestingly, inter- or intramolecu-
larly cooperative effects were proposed to activate the Si-H bonds of hydrosilane,
leading to CO, insertion and thereby activating this molecule between Lewis base
and the transition metal center (LB-TM). This effect can subsequently facilitate the
insertion of CO, to form the active silyl formate intermediate (Scheme 10). More-
over, the bifunctional Zn(salen) complexes, with two imidazolium-based ionic liquid
(IL) linker units, acted intramolecularly as cooperative catalyst, resulting in facile
and efficient catalyst recycling and reuse [86]. The same group showed in a follow-
up investigation that a combination of a zinc phthalocyanine catalyst and a stoichio-
metric amount of DMF provided a simple route to formamide derivatives from
amines, CO,, and hydrosilanes in the absence of any halogenated co-catalysts [87].

2.3 Production of Formamides Using CO, and H,

The use of molecular hydrogen in the conventional synthesis of formamides from
CO; and amines with one or more N-H functionalities can afford the corresponding
products by employing elevated temperatures (>75°C) and high pressures
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CO, *+Hy +NHR, === [NH,RJI0,CH] — = HCONR,+H,0  (eq. 1)
CO, +2NHR, == [NH,R,J[0,CNRy] (€q. 2)

Scheme 11 Reaction pathway for the formation of formamides from CO, (Eq. 1); formation of the
carbamates from CO, and amine (Eq. 2)

(>60 atm). Although the approach with hydrogen gas is the most atom-economic,
harsh reaction conditions prevent a broad application of this molecular reducing
agent. As described in Scheme 11, the mechanism is believed to be based on the
hydrogenation of CO, to ammonium formate as a first step, followed by the
non-catalyzed thermal condensation to formamide (Scheme 11, Eq. 1) [3, 88]. For
example, the preparation of formamide and dimethylformamide from CO,/H, is
highly efficient, in which, nearly complete conversion and selectivity are obtained in
contrast to lower yields obtained for more bulky amines. Increasing the steric bulk
and basicity of the used amine has a great influence on the interconnection of the
species in Scheme 11, resulting in a favorable formation of solid carbamate salts
from CO, and corresponding amines (Scheme 11, Eq. 2) [89].

2.3.1 Recent Investigations on Catalyst Development

The synthesis of formamide via hydrogenation of CO, in the presence of the
corresponding alkylamines was reported as early as 1935 by Farlow and Adkins,
using heterogeneous nickel catalysts [90]. Since then, few efforts have been made
with solid catalysts as the obtained activity remained limited. The major contribu-
tions were describing the use of homogeneous systems with more active organome-
tallic catalysts for the production of formamides from CO, for which representative
examples are being summarized in Table 1.

One of the earliest homogeneous catalytic systems for the formation of formam-
ides from CO, was presented in 1970, using a wide variety of phosphine complexes
of metals as diverse as Co, Rh, Ir, Pt, Pd, Ru, and Cu with highest TONs (1,200) of
DMF obtained with [IrCI(CO)(PPh3),] [91]. A major improvement in TON and TOF
was achieved by Jessop et al. in 1994 when using supercritical CO,, which resulted
in high conversions and yields (up to 99%) and a maximum TON of 370,000 of
DMF product when using [RuCl,(PMes),] precursor [92]. The use of supercritical
CO, is thought to result in rapid diffusion and weak catalyst solvation. Moreover, the
high miscibility of H, in scCO, could explain this high performance and high
TONSs [92]. Synthesis of other formamide products using similar conditions was
also possible were products such as formamide, diethylformamide, and
n-propylformamide could be produced with TONs of 500, 820, and 260, respectively
[109]. In the same manner, the group of Baiker employed scCO, with the complex
[RuCl,(dppe),] to further increase the TOF up to 360,000 h~" for DMF production
[93]. Interestingly, the production of N-formylmorpholine from morpholine was also
possible with quantitative yield using [RuCl,(dppe),] in presence of scCO,. This
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Table 1 Selected catalytic systems for the production of formamides from CO, and H,

Py -Ce .C. Co,
co, + H, RNH_ 1N H;/\N/C‘H;PhNCH;ﬁN HorO\ICH

P 2 3 4 5
P, /Pco, TON

Entry | [cat.] P |T[°C] |[bar/bar] |TOF[h™'] | (yield) Ref
1 [CoH(dppe)] 1 125 55 total 59 1,000 [91]
2 [IrC1(CO)(PPh3),] 1 125 55 total 71 1,200 [91]
3 [CuCI(PPh3);] 1 125 55 total 53 900 [91]
4 [RuCl,(PMes)4] 1 | 100 80/130 19,474 370,000 [92]
5 [RuCl,(dppe)-] 1 100 85/130 36,000 740,000 [93]
6 [RuCl,(PMes),] 3 | 100 80/120 140 1,400 [94]
7 [RuCly(dppe),] 4 | 100 87/128 68,400 210,000 [89]
8 Fe(BF,),-6H,O/PP; 1 100 60/30 36 727 [95]
9 [(iPr-PNP)FeH(CO)(BH,)] |5 |120 35/35 556 8,900 [96]
10 Co(BF,),-6H,0/PP; 1 100 60/30 65 1,308 [97]
11 Fe(BF,),-6H,O/L 1 100 70/30 211 4,229 [98]
12 “Si”-[RuCl,{PMe»(CH,),] |1 |133 85/130 1,847 110,800 [99]

Si(OEt); }3
13 “Si”-[RuCl,{RPhP 2 | 110 180 total | 18,400 - [100]

(CH;)3PPhR },]
14 PS-PEG-“Ru” 1 100 86/130 108 1,620 [101]
15 “Si”-[RuCl,(L)(NHCO)] 5 | 100 30/50 121 2,900 [102]
16 [RuCI(H)YCO(PNP)] 4 120 35/35 20,208 1,940,000 |[103]
17 Cu(OAc),/DMAP 4 |90 40/40 - (99%) [104]
18 CoCL(iPr-PN"P) 1 | 150 30/30 - (99%) [105]
19 MnBr(CO),(iPr-PN"P) 4 [110  |30/30 - 48 (95%) | [106]
20 MnBr 2 |80 20/50 25 588 [107]

(CO)5(2,2'-bipyridine) (72%)
21 Ni(acac),/dmpe 4 | 100 100 total | 85 18,000 [108]

(90%)

PP; P(CH,CH,PPh,)s, L tris[(2-diphenylphosphino)phenyl]phosphine, PNP MeN(CH,CH,PPh,),,
iPr-PNP MeN(CHQCHQPiPr2)2, DMAP 4-dimethylaminopyridine, iPr-PN"P (iPr,PCH,CH,),NH,
iPr-PN"P’ ortho-(iPr,P)(-CH,-NH-CH,CH,-PiPr,)CcH,4

enabled an increase of TOF by an order of magnitude to 68,400 h™' simply by
adding small amounts of water to the reaction mixture to enhance the solubility of
the solid carbamate formed from CO, and morpholine [89, 110]. The same group
showed that immobilized organometallic catalysts have particularly high efficiency
in this reaction, more specifically when DMF was obtained in 82% yield together
with high TOF of 1,860 h™' and TON of 110,800 using hybrid “Si’-
RuCl, {PMe,(CH,),Si(OEt)3 }5 catalyst [99, 100, 111, 112]. Another immobilization
approach was reported in 2003 by the group of Ikariya, describing the use of cross-
linked polystyrene-poly(ethylene glycol) graft copolymer (PS-PEG) modified with
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tertiary phosphines as an amphiphilic resin support for ruthenium complexes
(such as RuCl,{P(C¢Hs);}3) to obtain DMF in 98% yield (TON = 1,620,
TOF = 108 h™") [101]. Another interesting system was also developed based on a
liquid/liquid two-phase process, resulting in the separation of the formamide product
in one of the liquid phases. In 2004 Behr et al. described a biphasic reaction system
for the production of DMF, consisting of an organic catalyst phase (toluene) and an
aqueous extraction phase using [RuCl,(dppb),] as the catalyst [113]. Interestingly,
Tumas and Baiker described the employment of a biphasic system, consisting of an
ionic liquid as [RuCl,(dppe),] catalyst-host phase and scCO, as extraction phase
[114]. For example, the product N,N-di-n-propylformamide could be separated from
the catalyst by extraction with scCO,, whereas the catalyst remained active for the
cyclic uses in the ionic liquid phase. Another interesting direct application of a
liquid/liquid phase process for the synthesis of formamide has also been developed
using an homogeneous Ir/phosphine catalysts to catalyze the reaction of three gases
(CO,, H,, and NHj3) in methanol as solvent in which different components can be
separated using reactive distillation units [115].

In 2015, the group of Ding described the use of a highly efficient catalyst system
based on ruthenium pincer-type complexes with a PNP (PNP = MeN
(CH,CH,PPh,), ligand (Fig. 2) for N-formylation of various amines with CO, and
H, [103]. The catalysts afforded the corresponding formamides with excellent
productivity (turnover numbers of up to 1,940,000 in a single batch) and selectivity.
Interestingly, this catalytic system was reused for 12 consecutive cycles for the DMF
synthesis without significant loss of activity [103]. On the other hand, the group of
Han reported in 2017 that the Cu-DMAP (DMAP = 4-dimethylaminopyridine)
catalytic system could also catalyze N-formylation reaction very effectively with up
to 99% yield. Together with a significant tolerance of the various amine substrates,
the molecules retained its unsaturated group functionalities (e.g., carbonyl group,
C=C bond, C=N bond, and ester group) [104].

On a more sustainable approach, the use of non-precious metal catalysts based on
iron, nickel, and cobalt precursors is also applicable. Since 2010 such catalytic
systems have been used to catalyze the formation of formamides from amines,
CO,, and H; (Fig. 3) [95, 97, 98]. For example, using the in situ pincer-type complex
Fe(BF,),-6H,O/PP; [PP; = P(CH,CH,PPh,);] developed by the group of Beller,
DMEF was obtained in 75% yield (TON = 727), and N-formylpiperidine was formed
in 41% (TON = 373) [95]. On the other hand, the analogous cobalt complex
Co(BF,),-6H,O/PP; afforded DMF in 73% yield (TON = 1,308) and
N-formylpiperidine in 70% yield (TON = 1,254), employing similar reaction

Fig. 2 Ruthenium pincer-
ing et al.

type complexes introduced H Cl
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Fig. 3 Novel catalytic systems based on pincer ligand/earth-abundant metals for the N-formylation
of amines using CO, and H,

conditions [97]. Modifying the pincer ligand on the iron catalyst to the tetradentate
ligand tris[(2-diphenylphosphino)phenyl]phosphine provided a significant improve-
ment of the TONs up to 4,229 in the formation of DMF [98]. The PNP ligand was
also used for a family of iron(Il) carbonyl hydride species by the group of
Bernskoetter. Two different types of iPr-PNP ligands (with tertiary or secondary
amine moiety) were examined for formamide production using CO, and H,. The
iron catalyst incorporating a iPr-PNP ligand with tertiary amine was active for the
N-formylation of a variety of amine substrates by affording the corresponding
formamides with TONs up to 8,900 and conversion as high as 92% [96].

In 2017, the group of Milstein described the reactivity of a novel paramagnetic Co
(IT) chloride complex Co-(iPr-PNP’) pincer-type complex (Fig. 3) for the selective
synthesis of a wide range of N-formamides and showed that this complex could
catalyze the formation of the formamide in good to excellent yield (e.g., DMF up to
99% yield, 248 TON) [105]. Despite the difficulty in assigning the reactivity of a
fully characterized Co-H species, Milstein and coworkers proposed a mechanism for
the formylation/hydrogenation pathways (Scheme 12). Upon treatment of the
CoCl,(iPr-PNP’) complex with NaHBEt;, a monochloride Co(Cl)(iPr-PN"P’)
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Scheme 12 Proposed mechanism of the Co-(iPr-PN*’P") catalyzed N-formylation of amines using
COZ and H2

species is formed that can react with tBuOK to produce a non-chlorinated highly
reactive, coordinatively unsaturated intermediate. Under H, pressure, a
monohydride Co(H)(iPr-PN'P) is formed, by which a CO, molecule can insert
into the Co-H bond. The presence of excess amine results in the formation of a
formate salt that liberates water to construct the final formamide product [105]. In
2017, a base-metal manganese catalyst was also investigated for this reaction by the
group of Prakash where iPr-PNP ligand was the key for the high reactivity of the
catalyst (Fig. 3) [106]. This Mn(I)-PN"P pincer catalyst was mainly investigated for
the sequential one-pot homogeneous CO, hydrogenation to CH3;OH using H; in
presence of amine additive for the in situ formation of a formamide intermediate.
However, this well-defined catalyst was found also active for the selective synthesis
of formamides (up to 95% yields) [106]. On the other hand, the group of Nervi
reported the first examples of manganese catalysts with high activity for CO,
hydrogenation to formate and formamide (588 TON of diethylformamide DEF)
[107]. Compared to other reported first-row transition metal hydrogenation catalysts,
these manganese complexes do not contain air-sensitive phosphine ligands. Instead,
a simple bidentate N-donor 6,6'-dihydroxy-2,2'-bipyridine ligand was used to afford
air-stable manganese complexes that can be synthesized without strict exclusion of
oxygen [107]. Also in 2017, the group of Jessop investigated the activity of in situ
Fe(Il)- and Ni(Il)-bidentate phosphine complexes for the N-formylation reaction
using CO, and H,, achieving conversions of 90-98% of amine to formamide
[108]. Interestingly, such catalysts can be readily prepared from abundant iron or
nickel salts such as FeCl,, Fe(OAc),, Ni(acac),, Ni(OAc),-4H,0, and NiCl,-6H,0O
in presence of 1,2-bis(dimethylphosphino)ethane phosphine ligand (dmpe). For
example, Jessop and coworkers showed that the catalytic formylation of morpholine
with CO, and H; reached a TON of 18,000 and a 90% yield when using Ni(acac),/
dmpe in presence of CO,/H, (total 100 bar) at 100°C in DMSO as a solvent [108].
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3 N-Methylation of Amines

3.1 N-Methylated Amines

N-methylated amines are one of the key structural motifs in a variety of valuable
chemical compounds ranging from simple methylamines to more complex pharma-
ceutical, agrochemical, or biologically active compounds [116—120]. For example,
methylamines (a term used generally to define the simplest C; alkyl amines: mono-,
di-, or trimethylamines — MeNH,, Me,NH, and Me;N) are considered important
bulk chemicals with a high market value due to their importance as intermediates for
the production of a wide range of agricultural chemicals, animal nutrients, catalysts,
personal care electronics, resins, solvents, dyes, rubber chemicals, explosives, fuel
additives as well as gas and oil treatment chemicals [121]. Industrially, methyl-
amines are produced from ammonia and methanol over heterogeneous dehydration
catalysts (Scheme 13d), whereas the N-methylation of structurally complex amines
can be achieved using hazardous alkylating agents such as methyl iodide or dimethyl
sulfate (Scheme 13c), and in few cases the use of dimethyl carbonate offers as a
greener alternative (Scheme 13b) [122-128]. Eschweiler-Clarke methylation
method is also one frequently used synthetic method for N-methylation of amines
employing formaldehyde as the carbon source and formic acid as the reducing agent
(Scheme 13a) [129, 130]. The first reported observation of CO, as C1 source for
N-methylation reaction was described by the group of Vaska while working on DMF
synthesis from dimethylamine, CO,, and H, [131, 132]. However, it was only until
2013 that CO, utilization as an alternative route to N-methylated amines started to
gain more attention. Since then, many research groups have dedicated intensive
investigation on the use of CO, as a more sustainable C1 source for the construction
of the N-methyl group compared to the traditional methylating agents (Scheme 13e)
[133]. Previously, heterogeneous catalysts were rarely investigated for

Methylating
agent
+
HNR> CI?
CH;0H .C.
B Wacta H;CO" OCH;
[cat_] HN RZ HNRz
-H0 (c) -H0
(d)
HNR; H HNR, o
co, H, or reducing agent ,CI::H HCO,H ,‘I:IL
cat] (e) RN H (a) H H

Scheme 13 Diverse approaches for N-methylation of amines
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N-methylation reaction using CO, as C1 building block, with an early attempt
carried out by the group of Baiker in 1995 [134-136]. In their attempts, Baiker
and coworkers employed a Cu-catalyzed gas-phase approach to methylate ammonia
gas using CO, and H,; however, low yields, low selectivities, and the necessity of
high temperatures (200-300°C) were considered as main drawbacks of such system.
In this chapter we will mainly discuss the metal-free and organometallic homoge-
neous systems employed for N-methylation of amines using CO, knowing that, in
the same period, many approaches summarizing the use of solid catalysts for
N-methylation were also investigated by using a variety of copper-, palladium-,
platinum-, rhenium-, or gold-supported catalysts [41, 137-142].

A detailed mechanism for the construction of the N-CH; bond from CO, and H,
is yet not available; however, many reports suggest numerous bond-breaking and
bond-forming steps with most of it supporting the formation of a formamide as a key
intermediate toward the final N-methylated amine product. The formation of
carbamic acid or carbamate salt or the subsequent urea (via dehydration) from
CO; and amine has also to be considered which is influenced by many factors
such as reaction pressure and temperature as well as the basicity of amine substrates
[143]. Overall, these species can upon reduction be converted back to the expected
formamide intermediate which is then reduced by the reducing agent to the final
N-methylamine product (Scheme 14). One other possible pathway would be the
reduction of CO, to methanol followed by catalytic alkylation of the amine substrate.

H
| - +
N. —_— [R1R2NC02, R1R2NH2] ——
R'" "R2 ) -H,0
i ammonium carbamate
amine

_OH

Os
¢

R1 N\RZ

carbamic acid formamide

Scheme 14 Possible pathways for the catalytic N-methylation of amines via reductive
functionalization of CO; in presence of a reducing agent (red: reduction step)
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3.2 Catalytic N-Methylation of Amines Using CO,
and Reducing Agents (Excluding Molecular
Hydrogen H,)

3.2.1 Metal-Free Systems

The use of silanes or boranes as reducing agent for the N-methylation of amines
using CO, is an interesting synthetic approach that can be performed at mild reaction
conditions ranging from mild reaction temperatures to ambient pressure of CO, in
standard glassware apparatus. Another advantageous factor would be the functional
group tolerance that can be better controlled when using a reducing agent other than
H, together with a metal-free catalytic system. In this manner, the first attempts were
reported by the group of Cantat who showed that the metal-free NHC catalytic
systems could be employed for the reduction of CO, in the presence of amines to
afford mainly formamides as the main product (see Scheme 3 in Sect. 2.2.1) together
with traces of N-methylated products (<1%) [56, 144]. The same group was able to
successfully increase the selectivities and yields of the N-methylated products by
employing a boron hydride 9-borabicyclo(3.3.1)nonane (9-BBN) reducing agent
together with the IPr catalyst to obtain N-methyldiphenylamine in 79% yield at a
temperature of 90°C (Scheme 15a) [145]. Moreover, Cantat and coworkers showed
that 9-BBN could also be used in presence of a Verkade’s super-bases (VBM,
Scheme 15d) to provide a high catalytic activity in the chemoselective
N-methylation of a broad scope of substrates with up to 99% yields (TON up to
6,043 and TOF up to 2,934 h_l) under mild conditions and short reaction time
(in minutes) [145].

Since then, many efforts have been dedicated to study different metal-free system
for this interesting N-methylation reaction where, remarkably, such metal-free sys-
tems were found to enable the catalytic N-methylation of amines with CO, and
silanes under ambient conditions. This was again disclosed by the group of Dyson
using also nucleophilic N-heterocyclic carbenes (NHCs) as metal-free catalysts
(Scheme 15b) [56, 58, 59, 146, 147]. Such catalysts are able to activate CO, via
imidazolium carboxylates resulting in the N-methylation of amine substrates in
presence of Ph,SiH, under ambient pressure and at mild temperatures of 50°C. A
variety of N-methylated aromatic primary or secondary amines with up to 91%
yields could be synthesized with a remarkable tolerance of a broad range of sub-
strates/functional groups such as nitrile and nitro groups, double and triple bonds,
and ether and ester-substituted amines [147]. As discussed in Sect. 2.2.1, highly
effective and inexpensive thiazolium carbene-based catalysts (T-NHC) were suc-
cessfully employed for the N-formylation of amines using PMHS as a reducing agent
at a temperature of 50°C (Scheme 3e) [58, 59]. Attempts to switch the selectivity to
N-methylated products were successful only when a temperature of 100°C was
employed (Scheme 15c) to afford, for example, the N-methylated cinacalcet drug
compound in 83% yield (Scheme 16, left) [58, 59]. Another efficient approach to
N-methylated amines using CO, was described by the group of Liu where they used
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Scheme 15 Recent applications of metal-free catalytic system for the N-methylation of amines
using CO, with corresponding maximum yields obtained

B(C¢Fs)s as a metal-free catalyst to catalyze the N-methylation of a broad range of
anilines in the presence of hydrosilane PhSiHj; as reducing agent (Scheme 15e)
[148]. A double role is expected for the boron center of this Lewis acid which
possesses an electron-deficient character for the activation of the Si-H bond as well
as the activation of the amine substrates. On the other hand, the activation of CO, is
favored by the incorporation of the strongly polar C-F bonds through electrostatic
interactions. With this approach, the corresponding N-methylated products were
formed with up to 93% yields under 5 bar pressure of CO,, however, at 140°C
reaction temperature [148]. Few investigation attempts were made to use the P-ylide-
CO, adduct catalyst, previously described for the N-formylation reaction (see Sect.
2.2.1), to catalyze the N-methylation reaction using CO, and 9-BBN (Scheme 15f)
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[53]. For example, the P-ylide-CO, adduct catalyst showed poor, but promising,
activity and selectivity toward the N-methylated product N,N-dimethylaniline which
was obtained in 35% yield.

Another interesting approach for the N-methylation was reported by the group of
Fu and Lin in 2016 comprising the use of a simple, efficient, and readily available
inorganic bases alkali-metal carbonates, especially cesium carbonate, to catalyze the
N-methylation reactions under mild reaction conditions (Scheme 15g) [149]. High
selectivities of the N-methylated products over the N-formylation products were
obtained when a high temperature of 80°C was employed rather than room temper-
ature despite the relatively longer reaction time required to obtain quantitative yields
(24 h). In this manner, a “cesium effect” on the reaction was observed by comparing
the catalytic activity of various alkali-metal carbonates where the corresponding
solubility or nucleophilicity of cesium carbonate in the reaction solution may have a
great influence on its activity. A direct application of this catalytic system was also
tested for the N-methylation of the drug cinacalcet to afford the desired N-methylated
product in 92% yield (Scheme 16, right) [149]. A very similar approach was also
described by the group of He in 2017 by employing cesium or tetrabutylammonium
carboxylate as catalysts for the efficient and selective N-methylation reaction (up to
96% yield) of different aromatic or aliphatic amines using atmospheric pressure of
CO, and Ph,SiH, reducing agent at only 50°C reaction temperature for 6 h (Scheme
15h) [66]. Though most of the N-methylation reactions proceed conventionally via a
formamide intermediate, He and coworkers provided in their work some experimen-
tal evidences of a different pathway of this oxygen nucleophile-catalyzed reduction
of CO,. In this approach, it involves a reduction to the CO species of CO, (i.e.,

Scheme 16 Synthesis of
N-methylated cinacalcet

using CO, as C,; building
block /@\/\/
NH

Cinacalcet
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Scheme 17 Catalyst-free reductive N-methylation of amines using CO, and PhSiH; (n =1, 2, or 3)

aminal) rather than the formamide as the intermediate to realize a total of six-electron
reduction of CO, when the N-methylamine product is formed [66]. Another efficient
carboxylate-based catalyst glycine betaine (TMG) was developed by the same group
for the direct N-formylation or N-methylation of amines (Scheme 15i) [63]. This
inner salt, which was used for the synthesis of a variety of formamides (Scheme 3g),
could also be used to terminate the reduction steps at the N-methylation step by
simply tuning the CO, pressure (from 10 to 1 bar) and temperature of the reaction
(from 50 to 70°C) to afford the N-methylated amine products in up to 99% yields
[63]. Last but not least, an exciting application of a “catalyst-free system” was
introduced by the group of Chiang and Lei for the N-methylation of amines using
only 1 bar of CO, and PhSiHj; reducing agent to synthesize a variety of
N-methylamine products in up to 95% yields [150]. In this work, a significant
pathway was described involving the sequential formation of formoxysilane, bis
(silyl)acetal, and silylmethoxide intermediates as three key steps in the formation of
N-methylamine product (Scheme 17). The methyl group on silylmethoxide interme-
diate is then attacked by the nucleophilic amine substrate to afford the final
N-methylamine product. The polar aprotic DMF solvent used in this reaction
could have also played a favoring factor by promoting the activity of the Si-H
bond and the solubility of CO, through solvation and polarization effects as
described by Lei and Li (see Sect. 2.2.1) [69].

3.2.2 Organometallic Homogeneous Systems

As the utilization of CO, for the direct N-methylation of amines has been better
explored and generalized starting from 2013, many reports by different research
groups were published in a very short time in the following years. Many of these
reports described the use of organometallic homogeneous systems for this CO,-
based N-methylation approach, and many of them were even so comparable in terms
of efficiency and general conditions. The first homogeneous metallic system was
actually reported in 2013 by the group of Cantat who described the use of zinc/
N-heterocyclic carbene catalytic system for the direct methylation of aliphatic and
aromatic amines using atmospheric pressure of CO, and small excess of PhSiH;
reducing agent (2 equivalents) to afford the N-methylated products in yields up to
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using CO, and hydrosilanes as reducing agents

95% (Scheme 18a) [144]. The use of sterically congested IPr as both in situ
coordinating ligand for ZnCl, or in the isolated IPrZnCl, catalyst resulted in the
efficient N-methylation of a variety of amine substrates. A higher reactivity of
aromatic amines over aliphatic ones was observed in addition to minor drawbacks
in terms of selectivities of mono- and dimethylation when starting from primary
amines. Interestingly, immobilized version of these catalysts were also investigated;
however, lower yields of N-methylated products were obtained compared to the
formamide ones [151]. Another very similar approach was described by the group of
Cazin but this time using NHC ligand (IMes) in a Cu-metallic system (IMesCuO'Bu)
under similar conditions using 2 bar of CO, and PhSiH; reducing agent to afford the
N-methylated products in yields up to 99% (Scheme 18b) [152]. Selectivity limita-
tions were also observed with many of the amine substrates used, for which,
formamide intermediates were formed as the major product. This was resolved by
the use of 4 equivalent excess of PhSiHj in addition to a base additive such as KO'Bu
to promote the catalyst regeneration. Phosphine-derived ligands were also explored
for different metal-catalyzed N-methylation of amines using CO,. In this manner, the
group of Beller described the N-methylation of amines using a Ru-based catalyst
bearing a bulky phosphine ligand BuPAd, (Ad = adamantyl) [153]. This system can
be prepared in situ starting with [RuCl,(dmso),4] in presence of BuPAd, ligand to
enable the methylation of a large variety of anilines and aliphatic amines using
30 bar of CO, and 4 equivalent excess of PhSiH; to afford the corresponding
N-methylated products in up to 99% yields (Scheme 18c) [153]. Again the group
of Cantat demonstrated that the iron-based catalytic system Fe(acac),/PP;
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{PP; = tris[2-(diphenylphosphino)ethyl]phosphine or Tetraphos} can afford prom-
ising results when employed for the direct N-methylation of amines using CO, and
excess of PhSiHj to afford the N-methylated products in up to 66% yields (Scheme
18d) [74]. Another third-row transition metal catalytic system was also developed
for the N-methylation reaction using CO,. For this, Garcia and coworkers described
the use of two nickel-based catalysts [(dippe)Ni(p-H)], and [Ni(cod),]/dcype
(dippe = 1,2-Bis(diisopropylphosphino)ethane; dcype = 1,2-Bis
(dicyclohexylphosphino)ethane) for the successful mono-N-methylation of aliphatic
primary amines under relatively mild reaction conditions (1 bar CO,) [154]. How-
ever, the systems revealed some drawbacks in terms of yields (moderate to good
yields) and product selectivities in which different nitrogen-containing species were
formed as significant side products. In 2017, the group of Love investigated the first
use of a simple lipophilic perrhenate salt [N(hexyl)4][ReOy4] as a catalyst for a set of
reduction reactions including reduction of organic carbonyls and CO, using primary
and secondary hydrosilanes (Scheme 18e) [155]. This system showed promising
results for the reduction of CO, to methanol via silyl formate and silyl acetal
intermediates. On the other hand, when an amine (mainly aliphatic amines) is
added under 2 bar pressure of CO,, the N-methylated product is favored over
methanol production. In this manner, using a set of different aliphatic amines for
this N-methylation reaction resulted in the formation of the target N-methylamine
products in up to 99% yields. A DFT study of the corresponding CO, reduction
mechanism revealed that the perrhenate anion activates the silyl hydride to form an
active hypervalent silicate transition state (instead of the formation of Re-H species)
which enables the reduction of CO, by directly cleaving a Si-H bond.

3.3 Catalytic N-Methylation of Amines Using CO, and H,
3.3.1 Organometallic Homogeneous Systems

In terms of sustainability, it is highly desired to apply more sustainable reagent for
the N-methylation reaction starting from CO, as C; building block. However, the
availability and energy requirements of the traditionally used reducing reagents
(mainly hydrosilanes) remain a main limitation in the course of investigating ulti-
mate sustainable approaches of the reduction of CO,. In this manner the use of
molecular hydrogen (H,) instead of the traditional wasteful reducing agents
(by-products and E-factor) is considered an elegant and more viable first-step
approach. For example, the only by-product of the corresponding reaction would
be H,O albeit the use of high H, pressures/techniques as well as harsher reaction
conditions in many examples. The first example for the direct N-methylation of
primary and secondary amines with CO, and H, as the building blocks was
described by the group of Klankermayer and Leitner in 2013 [156, 157]. They
employed a Triphos-based [158] ruthenium system, consisting of [Ru(triphos)
(tmm)] [159] and an acidic additive, as the key factor for the successful use of
these simple and readily available reagents to construct the methyl group with high
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reactivity (Scheme 19). This catalytic system was previously applied for reduction of
CO, to methanol as well as for the hydrogenation of amides [160, 161].

The use of an acid additive was found to be crucial to activate the pre-catalyst by
forming a cationic ruthenium hydride system in presence of H, gas. The direct
N-methylation of different aromatic primary and secondary amines was highly
reactive in presence of CO,/H, (20/60 bar) in THF as solvent to afford the
corresponding di- or monomethylated amines in >90% yields at 140-150°C,
whereas aliphatic amines showed lower reactivity under these conditions. Interest-
ingly, Klankermayer and Leitner showed that this system can also be applied for the
dual hydrogenation/N-methylation of secondary amides which offers a direct access
to unsymmetrical methyl/alkyl tertiary amines in a stepwise one-pot approach. In the
same year, the group of Beller published a very similar approach to the
N-methylation of aromatic and aliphatic amines using CO,/H, by employing an in
situ catalyst [Ru(acac)s;)/Triphos/H" [162]. Interestingly, the reactivity of this
Ru-Triphos system for the N-methylation of aliphatic amines was significantly
increased by using LiCl as additive however under relatively higher loading com-
pared to the optimized reaction conditions (Scheme 20). The same in situ Ru-Triphos
system was adopted by Han and coworkers in 2017 to extend the scope of the
reaction to quinoline substrates by following the N-methylation/hydrogenation
sequence in presence of CO,/H, (20/80 bar) to afford the corresponding N-methyl-
1,2,3,4-tetrahydroquinoline products in up to 99% yields [163].

As the chemical, industrial, and market value of alkyl amines is of great impor-
tance and has gained more attention in last few years, the group of Klankermayer and
Leitner investigated the use of ammonia, CO,, and H, as the only reagents for the
synthesis of highly valuable trimethylamine using the Ru-Triphos catalytic system
[164]. Indeed, they showed that the [Ru(triphos)(tmm)] catalyst can also be applied
for the selective catalytic triple N-methylation of ammonia and ammonium chloride
for the selective synthesis of trimethylamine. Interestingly, two different approaches
can be employed (Scheme 21): (a) from ammonia in organic solvents where a Lewis
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and/or Brgnsted acid as co-catalyst is required (77% yield) or (b) from ammonium
chloride in aqueous solutions in the absence of any acid additives (quantitative
yields). For the latter approach, the absence of acid additives is overcome by the
availability of the inherent proton from the ammonium chloride. Moreover, a
biphasic aqueous/organic system with recycling potentials was achieved, from
which separation and isolation of the trimethylamine product salt was readily
performed (Scheme 21b) [164].

The synthesis of more complex unsymmetrical trialkylamines was also possible
using the [Ru(triphos)(tmm)] catalyst via a non-precedent sequential reductive
methylation of imines. Both isolated imines and mixture of aldehydes and amines
could be applied for this reaction to afford a variety of unsymmetrical alkyl/methyl
anilines in up to 97% yields at even lower temperature (100°C) compared to the
general conditions applied in the initial work from the same group [165]. The choice
of acid co-catalyst was crucial for this reaction where traditional protonic acid such
as methanesulfonic acid (MSA) or p-toluenesulfonic acid (p-TsOH) resulted in the
cleavage of the imine substrate and subsequent N-methylation of the resulting
aniline. On the other hand, using HNTT, acid was crucial for the reaction to proceed
smoothly to the desired trialkylamine product. More interestingly, this catalytic
reductive utilization of CO, and H, as CHj3 unit building blocks was employed for
a greener approach to synthesis an antimycotic antifungal agent named butenafine
[166, 167] which is synthesized traditionally via a multistep and wasteful process
[168]. The CO,-based synthesis of butenafine can be achieved by using commer-
cially available substrates (1-naphthalene aldehyde and 4-tert-butylbenzyl amine) to
react with CO, and H, in either a one-step multicomponent coupling pathway (60%
yield, Scheme 22) or starting from the corresponding isolate imine (88% yield,
Scheme 22) [133, 165].

[Ru(triphos)(tmm)]/HNTf,
CO, + Hy + J@/\ - 2H,0 ltwo steps: 88%

\
-H0 CH,
t-Bu

85% atom

Butenafine

economy
OHC
CO, + H, + [Ru(triphos)(tmm)]/HNTf; | one step: 60%

- 3H,0

Scheme 22 Multicomponent coupling synthesis of antifungal agent butenafine via N-methylation
using CO, and H, in one- or two-step procedure
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4 Synthesis of Dialkoxymethanes

4.1 OME:s as Potential Fuel Additives

In the last century, highly efficient diesel engines have played an important role to
enable effective transportation all over the planet. However, the complex combus-
tion process with diesel fuels requires complex after gas treatment, as soot and NOx
formations have to be eliminated in modern high-performance diesel engines
[169]. Efficient particulate filters allowing the reduction of soot emissions and the
catalytic decomposition of NOy, as effective technologies, are already implemented
in diesel cars. However, recently alternative fuels and fuel additives paved the way to
tailor the combustion process with respect to a minimal environmental impact. In
this manner, oxygenated compounds such as methanol, dimethyl ether (DME), and
oxymethylene ethers (OMEs) are the most promising fuel additive candidates that
are able to strongly reduce soot formation [169-171]. Especially, oxymethylene
dimethyl ethers such as dimethoxymethane (referred as OME,, DMM, or methylal)
and poly(oxymethylene) dimethyl ethers (OME,)) are gaining increasing attention as
potential fuel additives due to their experimentally observed advantageous combus-
tion properties [170-173]. Besides their interesting properties as fuel additives,
OMEs have also gained many potentials as suitable replacements of formaldehyde
solutions used for the preservation of human and animal corpses [174]. In this
chapter, the CO,-based synthetic approach of the first member in this homologous
series (OME;) will be discussed. OME; has been reported to represent a key
molecule and building block for the synthesis of higher OMEs, in addition to
many other potentials as green solvent or in pharmaceutical and perfume industries
[170, 172, 173, 175].

4.2 Traditional Approaches to OME; Synthesis

An acid-catalyzed reaction between methanol and trioxane could afford methylal
straightforward in excellent yields (Scheme 23c) [176]; however, the industrial
production of OME; is achieved via a two-step process comprising the oxidation
of methanol over silver or modified iron-molybdenum-vanadium oxide catalysts to
form formaldehyde followed by the subsequent acid-catalyzed condensation of the
latter with methanol to afford the corresponding OME, product (Scheme 23b; ,)
[177-180]. Investigations on one-step direct oxidation of methanol as substrate to
DMM have been also performed with a number of selective oxidation catalysts
(mostly bifunctional heterogeneous catalysts) yielding DMM in up to 100% selec-
tivity via a sequential in situ oxidative formation of formaldehyde and its subsequent
condensation (Scheme 23a) [181-191].
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4.3 Reductive Approach for the Synthesis of OME;
and Dialkoxymethanes Using CO, and H,

In 2016, the group of Klankermayer described the first reductive catalytic approach
to generate OME, directly from MeOH by using CO,/H, as C1 building blocks of
the -CH,- unit as an attractive alternative route to the oxidative approaches (Schemes
23e and 24) [22].

In general, the ruthenium systems were investigated in combination with selected
acidic co-catalysts using methanol, CO,, and H, as substrates. The first catalytic
system employed for this reaction was based on the [Ru(triphos)(tmm)] catalyst in
combination with Lewis and/or Brgnsted co-catalysts. The multifunctionality of the
catalyst system was found to be crucial for the complex reaction sequence, com-
prising various hydrogenation and esterification/acetalization steps (Scheme 24).
Reactions were carried out with a 20/60 bars of CO,/H, (pressurized at room
temperature) and reaction temperatures of 80°C. The use of the acid additive showed
to be crucial for the formation of OME, as the absence of any acid did not result in
the formation of any detectable CO, hydrogenation products.
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Scheme 25 Isotopic labeling observed by NMR spectroscopy for the [Ru(triphos)(tmm)]/Al
(OTf);-catalyzed synthesis of DMM from 13C—methanol—d4

The detected methyl formate and methoxymethanol intermediates indicate a
possible reaction pathway involving the hydrogenation/esterification of CO, to
form methyl formate intermediate followed by a hydrogenation step to the hemiac-
etal methoxymethanol (MM) which follows a transacetalization step with methanol
solvent to form OME,; product (Scheme 24). Whereas the reduction sequence is
catalyzed by the ruthenium catalyst, the esterification and acetalization steps are
expected to be largely induced by the Brgnsted and/or Lewis acidity of the
multifunctional catalytic system. This pathway was further confirmed by a set of
labeling experiments revealing that the final product OME; incorporated only the
methyl groups generated from methanol substrate, whereas the CH,O unit was
generated from the used CO, and H, (Scheme 25).

In 2017, the same group developed a non-precious cobalt catalyst system for the
selective synthesis of OME; from CO,/H, and methanol [20]. This cobalt-based
approach to OME; incorporated the use of a tailored system based on cobalt salts in
combination with selected Triphos ligands and acidic co-catalysts to enable a smooth
synthetic pathway involving the formation of methyl formate and methoxymethanol
intermediates as well. Co(BF,),-6H,O was identified as the most active cobalt
precursor, producing, with Triphos ligand, a highly active system for the formation
of OME; with a TON of 373 starting from methyl formate as substrate and with a
TON of 92 starting from CO, as the C; source. Compared to the ruthenium/Triphos
system, the cobalt/Triphos system required a higher temperature of 100°C in addi-
tion to the use of THF as a cosolvent for this reaction. More interestingly, initial
studies showed that the reactivity of the cobalt system could be enhanced by
variation of the ligand sphere when using a set of other tailor-made Triphos
ligands bearing different sterically hindering functionalities. For example, the use
of Triphos ™ ligand (1,1,1-tris(bis(4-methylphenylphosphino)methyl)ethane) for the
synthesis of OME; from CO, resulted in increasing the TON from 92 to 157 (Scheme
26), affording a comparable activity to the precious metal catalyst based on
ruthenium/Triphos [22].

The versatility of the novel ruthenium- and cobalt-catalyzed synthesis of OME;
was also investigated for the synthesis of dialkoxymethanes (DAM) [20, 22]. A set
of selected alcohols were investigated as substrates and showed that generally,
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PTol,
PTol
L 2
PTol,

L (1.1 equiv.)
Co(BF), 6H,0 (15 pumoly
HNTf), (45 umol) H,
CO, + H, HyC_ _C___CH,
CH30H, THF, S
22 h, 100 °C OME,
- H,0 TON = 157

Scheme 26 Co(BF,),/T riphosT"'—catalyzed synthesis of OME; using methanol and CO/H, as C;
synthon

Table 2 Ruthenium- or cobalt-catalyzed synthesis of dialkoxymethanes (DAM) using variable
alcohols with CO, and molecular hydrogen

[Ru(triphos)(tmm)] Triphos (1.1 equiv.)
(6 pmol) or | CO(BF4)26H20 (15 umol) Ha
CO; + H; + ROH AI(OTf)3 (25 pmol) HNTF, (45 umol) RoCoR
20 bar 60 bar ROH (2 mL) ROH/THF (2/1 mL) DAM
18 h, 80 °C 22 h, 100 °C
Entry ROH DAM TON/Ru TON/Co
1 ~SoH H, 118 109
/\O/C\o/\
2 A S0H H, 110 48
/\/\o/c\o/\/\
3 OH H, 29 16
/K /LO’C‘O

moderate to good reactivities under the conditions employed for both ruthenium and
cobalt systems could be obtained (Table 2).

5 Conclusion

This short overview demonstrated that the use of CO, as a carbon source for catalytic
transformations can provide a sustainable alternative to the conventional use of
petrochemical-based building blocks within traditional synthetic pathways. Thus,
the reductive functionalization and coupling of CO, with selected substrates in the
presence of versatile reducing agents are providing a straightforward approach for
the synthesis of interesting and valuable chemical products. Moreover, using molec-
ular hydrogen for the presented reductive utilization of CO, would result in an atom-
efficient chemical reaction with water as the sole by-product. Therefore, if the H,
required in these reductive reactions is sourced from renewable primary energy
sources, the corresponding CO, utilization approaches would enable to further
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reduce the carbon footprint of the chemical transformation, especially when applied
for processes in chemical industry. Among the target products, formamides and
methylamines are considered of high market value and the corresponding synthesis
of such chemical products from CO, and H, is highly advantageous both econom-
ically and environmentally. Consequently, other valuable chemical products with
great potential in the fuel sector or as solvents are also accessible by using CO, as
building block. Thus, dialkoxymethane ethers and derivatives represent important
target molecules, synthesized from CO, in a more efficient methodology compared
to traditional synthetic procedures. More interestingly, such CO,-based approaches,
when combined with bio-based substrates and green hydrogen from water electrol-
ysis, could open a sustainable synthetic pathway for important liquid energy carriers
or solvents (“biohybrid” fuels and materials).
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Abstract Alkene metathesis of unsaturated bio-sourced olefins, a green and atom
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1 Introduction

With the depletion of fossil resources and the concerns about climate change and
environment protection, biomass is intensively considered as a sustainable source of
raw materials for the chemical industry and for the production of biofuels [1-
4]. Besides the very abundant carbohydrate and lignocellulosic biomass, lipids and
to a lesser extend terpenes are envisioned as promising candidates for the production
of biosourced compounds with a broad range of applications [5, 6]. Terpenes are of
most importance in fragrance composition whereas fats and oils have already found
applications as biodiesel fuel and biosourced polymers. The transformation of these
renewable compounds into valuable molecules for the chemical industry using
efficient and selective processes is therefore of prime importance. In this context,
catalysis plays a pivotal role by offering efficient tools for converting biomass to
more value-added chemicals through economically and environmentally competi-
tive processes [7, 8]. In particular, olefin metathesis is one of the modern catalysed
reactions which has impacted the world of homogeneous organometallic catalysis
over the last 25 years [9-11]. Continuous improvements of catalyst performances
[12] and stability with better knowledge of activation and deactivation pathways
[13—15] have rendered this process compatible with the transformation of biosourced
compounds of variable purity [16]. In this chapter, we will review the main recent
achievements and progress obtained in the valorization of terpenes and lipids thanks
to catalytic olefin metathesis.

2 Metathesis of Unsaturated Terpene Derivatives

Terpenes are found in essential oils and constitute a class of natural products that find
direct applications and serve as feedstocks in flavour and fragrances industry and
other potential applications due to their biological properties [17]. Terpenoids are
chemically modified terpenes, essentially oxygenated derivatives such as alcohols,
epoxides, ketones, aldehydes, carboxylic acids and esters. Chemical transformations
of terpene derivatives have been investigated with the objective of producing new
fine chemicals with high added value for diverse applications. Catalytic isomeriza-
tion, rearrangements, cyclization, ring opening, hydrogenation, dehydrogenation,
epoxidation, oxidation, hydration, hydroformylation and cyclopropanation are the
most studied reactions [18-20]. Recent transformations of unsaturated terpenes and
terpenoids based on olefin metathesis processes include ring closing metathesis of
dienes, cross metathesis with ethylene and functional olefins to produce fine
chemicals, ring opening metathesis and ring opening/cross metathesis for the pro-
duction of reticulated polymers.
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2.1 Ring Closing Metathesis

The ring closing metathesis of terpenes has been investigated with the monoterpenes
citronellene 1, linalool 2, f-myrcene 3 and B-ocimene 4 (Scheme 1). Under RCM
conditions, these terpenes containing a 1,6-diene structure eliminate isobutene and
form cyclopentene derivatives from citronellene, linalool, and myrcene, and
2-methyl-1,3-cyclopentadiene in the case of f-ocimene.

The first ring closing metathesis transformations of a monoterpene have been
carried out with citronellene 1 in the presence of molybdenum and tungsten cata-
lysts. With a catalyst loading as low as 0.1 mol%, the Schrock catalyst Mo(CHC
(Me),Ph)((CF3),MeCO),(2,6-Pr,(CsH5N)) Mol catalysed the ring closing metath-
esis of (—)-citronellene at room temperature into 3-methylcyclopentene 6 in 60%
isolated yield without racemization [21]. Each optically pure (R)- and (S)-
citronellene enantiomer was converted into the corresponding (R)-6 and (S)-6
3-methylcyclopentene in 68—70% isolated yield and 97% enantiomeric excess with
retention of configuration at 90°C in 1,2,5-trichlorobenzene for 1 h in the presence of
2 mol% of WOCI,(2,6-Br,CgH30), W1 as catalyst (Scheme 2) [22].

Later on, this RCM reaction was achieved with full conversion of (R)-citronellene
1 with 0.5 mol% of the ruthenium catalyst Rul (Scheme 3) in toluene at 80°C using
microwave heating for 20 min [23].

A conversion of 93% of citronellene 1 was obtained during RCM at 60°C for 6 h
catalysed by 84 ppm of second-generation Hoveyda catalyst immobilized on silica

citronellene 1 linalool 2 p-myrcene 3 cis and trans p-ocimene 4

Scheme 1 Terpenes used in ring closing metathesis

-0 o -

1 6 5
/@ Br Mo1 (2 mol%)
i i (0] p-xylene
Pr Pr o.ll _Cl 25 °C, 30 min
FsC ) cl VV\o i
FosC—Orplo 4~ Br W1 (2 mol%)
O/ Ph Br s1),02:’A(f:-tri1crr1Iorobenzene
F,C CFs Mot w1 ’

Scheme 2 Ring closing metathesis of citronellene 1 with Mo and W catalysts
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Scheme 4 Ring closing metathesis of linalool 2

[24, 25]. In toluene at 80°C, a TON of 16,000 was obtained with very high
conversion and selectivity, whereas the reaction carried out without solvent also
gave full conversion of 1 but only 30% of 6 was formed together with high amounts
of oligomers, and homometathesis and cycloisomerization by-products.

Ring closing metathesis of linalool 2 leading to isobutene 5 and
I-methylcyclopent-2-en-1-0l 7 as primary products, has been very often used as a
model reaction to evaluate the catalytic properties of new ruthenium catalysts
(Scheme 4).

Several well-defined benzylidene ruthenium complexes and in situ generated
ruthenium carbene moieties featuring a bidentate Schiff base ligand derived from
salicylaldehyde [26-28], and a benzylidene ruthenium complex containing a
tridentate phosphinesulfonate ligand [29] have revealed modest activities.

The most efficient ruthenium catalysts that have been used for this RCM reaction
are presented in Scheme 5.

In the presence of the first-generation Grubbs catalyst Ru3 at room temperature in
CDCl;, the reactivity of linalool 2 was one order of magnitude higher than that of
citronellene 1, whereas the O-methoxy-protected linalool presented no reactivity
even at 65°C. These two results highlight the beneficial effect of the allylic alcohol
functionality on the rate of the metathesis reaction as compared to isostructural
terpene derivatives [30]. The second-generation Grubbs catalyst Ru4 also gave
full conversion whereas the Hoveyda—Grubbs catalysts Ru5 and Ru6 exhibited a
slightly lower activity (Table 1 — entries 1-4) [32, 33]. Other second-generation
ruthenium complexes (Ru7, Ru8 and Ru9), equipped with a very bulky N-hetero-
cyclic carbene ligand containing substituted naphthyl groups, gave full conversion
with excellent yields of isolated 1-methylcyclopent-2-en-1-0l 6 under mild condi-
tions with 1 mol% of catalyst (Table 1 — entries 5-7) [34]. With Rul (Scheme 3), it
was possible to reach full conversion within 10 min by increasing the catalyst
loading to 0.5 mol% (Table 1 — entries 8—10) [23]. The authors confirmed that the
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Table 1 Efficient ring closing metathesis of linalool 2

Conversion® or
Entry | Catalyst |Catalyst (mol%) |Solvent |7 (°C) |t (min) yieldb (%) Ref.
1 Ru3 5 CDCl; Rt 60 100 [17]
2 Ru4 5 CDCl; Rt 60 100 [17]
3 Ru5 5 CDCl; Rt 60 65 [17]
4 Ru6 5 CDCl; Rt 60 95 [17]
5 Ru7 1 CH,CL, |Rt 30 92° [31]
6 Ru8 1 CH,Cl, |Rt 6 88° [31]
7 Ru9 1 CH,Cl, |Rt 6 94° [31]
8 Rul 0.1 Toluene |80 60 43 [8]
9 Rul 0.1 DMC 80 60 40 [8]
10 Rul 0.5 Toluene |80 10 100 [8]
11 Rul( 1 CD,Cl, |30 13 100 [18]
12 Rull 1 CD,Cl, |30 7 100 [18]
13 Rul2 1 CD,Cl, |30 10 100 [18]
14 Rul0 0.1 CD,Cl, |30 60 30 [18]
15 Rull 0.1 CD,Cl, |30 60 59 [18]
16 Rul2 0.1 CD,Cl, |30 60 33 [18]
17 Rul3 1 CgDg 60 6 100 [18]
18 Rul4 1 CgDg 60 6 100 [18]
19 Rul5s 1 CgDg 60 6 100 [18]
20 Rul3 0.1 CgDg 60 6 >98 [18]
21 Rul4 0.1 CgDg 60 6 >98 [18]
22 Rul5s 0.1 CgDg 60 6 90 [18]
23 Ru6 0.1 Neat Rt 45 100 [19]
24 Ru6 0.01 Neat Rt 60 44 [19]
25 Rull 0.1 Neat 60 30 36 [19]
26 Ru3 0.1 Neat 45 60 55 [19]
27 Rulé 0.05 CDCl; Reflux |60 24 [20]
28 Rul?7 0.05 CDCl; Reflux |60 29 [20]
29 Rul8 0.05 CDCl, Reflux |60 17 [20]
30 Rul9 0.05 CDCl; Reflux |60 34 [20]
31 Ru20 0.05 CDCl; Reflux |60 100 [20]

*Conversion determined by 'H NMR or GC
PIsolated yield

presence the allylic alcohol functionality increased the reaction rate since the full
conversion of citronellene under similar conditions required a double time of 20 min.

The RCM of linalool has been investigated with Grubbs (Rull and Rul2) and
Hoveyda (Rul4 and Rul5) second-generation catalysts featuring frozen saturated
N-heterocyclic imidazolinylidene ligands substituted on the backbone of the five-
membered ring by two phenyl groups in syn-position and by ortho-tolyl groups at
the nitrogen atoms with a syn or anti-conformation [35]. Full conversions of linalool
were obtained with the Grubbs-type catalysts Rull and Rul2 and the less sterically
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hindered catalyst Rul0 when the reactions were performed with 1 mol% of catalyst
in dichloromethane at 30°C within 7—13 min (Table 1 — entries 11-13). With a lower
catalyst loading of 0.1 mol%, the higher catalytic activity of the syn-isomer Rull
was evidenced. The RCM reactions carried out at 60°C in deuterated benzene in the
presence of 1 mol% of the Hoveyda-type catalysts Rul3, Rul4 and Rul5 led to full
conversion within 6 min (Table 1 — entries 17—19). With these catalysts operating at
60°C, full conversion was also obtained in 1 h with 0.1 mol% catalyst loading of
Rul3 and Rul4, whereas the anti-isomer RulS was less efficient giving only 90%
conversion (Table 1 — entries 20-22).

With catalysts Rul0, Rull and Rul2, complete dehydration of the alcohol took place
after formation of 1-methylcyclopent-2-en-1-ol 7, to give first 2-methylcyclopentadiene
(2-MCPD) 8 within 2 h, and then a mixture with its isomer 1-methylcyclopentadiene
(1-MCPD) 9 (Scheme 6). With the phosphine-free Hoveyda-type catalysts Rul3—Rul$,
these subsequent reactions from 7 were much less pronounced.

The second-generation Hoveyda-type complex Rué appeared as a good catalyst
making the full conversion of 2 possible under neat conditions at room temperature
with a catalyst loading of 0.1 mol% (Table 1 — entry 23) [36]. The Grubbs-type
catalysts Ru3 and Rul0 were less efficient and dehydration of 1-methylcyclopent-2-
en-1-ol 7 to methylcyclopentadienes was observed with Ru3 and Ru6 when the
temperature was increased to 60°C.

Ruthenium complexes Rul7-Ru20 equipped with a benzylidene and a pyridine
ligand with at least one chloride atom substituted by another halide or an alkoxide
have been evaluated in ring closing metathesis of dienes [37, 38]. In the presence
of 0.05 mol% of catalyst in refluxing CDCls, linalool was converted into
1-methylcyclopent-2-en-1-o0l 7. Ru20 featuring two pentafluorophenoxy ligands
exhibited an exceptional activity leading to full conversion in 1 h, whereas the
other catalyst precursors showed conversions located in the range 17-34%
(Table 1 — entries 27-31). Nevertheless, all these ruthenium-pseudohalide catalysts
led to 100% conversion in 15 min when the catalyst loading was as low as 0.5 mol%.

The ring closing metathesis of B-myrcene 3 has been achieved with the second-
generation catalyst Ru4 at 40°C in decalin as solvent (Scheme 7) [39]. From this

©< Ru10-Ru12 cat.
OH . |somer|zat|on Q/

dehydration
7 2-MCPD 1-MCPD 9

Scheme 6 Dehydration of 1-methylcyclopent-2-en-1-ol 6 catalysed by Grubbs-type catalyst

>_\—} Ru4 (0.2 - 1 mol%) _ @4 . >
decalin
10 5

3 40°C,5h

Scheme 7 Ring closing metathesis of f-myrcene 3 into 3-methylenecyclopentene 10
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Scheme 8 Ring closing metathesis of B-myrcene in the presence of methyl acrylate

—\__/
cis—p-ocimene 13a Ru21 (0.5 mol%) @/ + >:
toluene, 1 h

trans-p-ocimene 13b

Scheme 9 RCM of cis- and trans-p-ocimene in the presence of Ru21 as catalyst

triene 3, full conversion into 3-methylenecyclopentene 10 was obtained in the
presence of 1 mol% of catalyst.

The diene 10 was then used for controlled cationic polymerization with a catalytic
system based on ‘BuOCH(C1)Me/ZnCly/Et,O in toluene.

It has been shown that, even in the presence of methyl acrylate 11 as cross
metathesis partner, the ring closing metathesis of f-myrcene was favoured over the
cross metathesis reaction [40]. The second-generation benzylidene and indenylidene
ruthenium catalysts Ru4 and Ru21 led to excellent conversion of f-myrcene at 80°C
in the presence of 0.5 mol% of catalyst within 1 h with production of 10 in 62-67%
GC yields and the cross metathesis product 12 in 13-14% (Scheme 8).

The RCM of cis- and trans-pf-ocimene 13a and 13b, isomers of B-myrcene
(Scheme 9), has been studied in the presence of catalyst Ru21. The cis-derivative
13a was very reactive and led to 94% conversion after 1 h at 80°C, whereas only
33% of the trans-isomer 13b was converted under the same conditions. However,
the expected 2-methylcyclopentadiene 8 was formed in only 24% yield indicating
that side or subsequent reactions took place. As discussed earlier, both 8 and 5 have
potential applications as fuels or polymer precursors [36].
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2.2 Cross Metathesis
2.2.1 Cross Metathesis of Terpenes with Electron-Deficient Olefins

The second-generation Hoveyda catalysts have been found to be the most efficient
catalysts for cross metathesis of terpenes and terpenoids with acrylic substrates. The
cross metathesis of methyl acrylate 11a with the diterpenes citronellal 15, citronellol
16 and citral 17 was achieved in the presence of catalytic amounts of Ru6 in the
green solvent dimethyl carbonate (DMC) at 60—80°C leading to the cross metathesis
products isolated in 42-70% yield (Scheme 10) [41]. With an acrylate as cross

i
‘ OMe
O 15 (70%)
Ru6 (0.5 mol%)
DMC
80°C,3h ?
HO HO
\ 14[0.32 M]
| Ru6 (2 mol%) OH
| CO,Me 2[0.32 M] DMC
CO,Me \ 60°C, 15h
20 (40%)  Ru6 (0.5 mol%) OH ‘ OMe
glycerol
70°C,3h
7 (68%)
Ru22 (1 mol%) ‘
60 °C, 18 h
16 [0.32 M]
_~__0"Bu
o)
Ru6 (2 mol%)
OH DMC
22 (75%) 80°C,15h
18[0.32 M] M
Pr iPr
Nﬁ//N \
. cl. OMe
Pr_Ri=P" g 9 (42%
a” | W—cF, ° w2
O N
4< H
Ru22

Scheme 10 Cross metathesis of terpenoids with acrylates
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metathesis partner, the resulting double bond presented an E-configuration, exclu-
sively. Dichloromethane [42] and glycerol [43] have also been used as solvents to
perform these cross metathesis reactions with Ru4 and Ru6 as catalysts. In the case
of linalool, the terminal and prenyl double bonds were involved in the cross
metathesis process leading to the formation of the 1,9-diester 20 with two (E)-double
bonds in 40% yield obtained with only 0.5 mol% of catalyst Ru6 (Scheme 10)
[43]. Dihydromyrcenol 21, a diterpenoid featuring one terminal double bond, has
been used in cross metathesis with n-butyl acrylate 11b in the presence of 1 mol% of
Ru22 to give the (E)-isomer 22 in 75% yield after 18 h at 60°C without solvent
(Scheme 10) [44].

Cross metathesis of the more sterically hindered methyl methacrylate 23 required
more demanding conditions. It was found that the best conditions for the transfor-
mation of 14, 16 and 18 were obtained under neat conditions at 80-90°C with
catalyst Ru6 (Scheme 11) [41]. Again, the reaction was stereoselective and only the
(E)-isomers 24, 25 and 26 were isolated in 75%, 70% and 40% yield, respectively.
These products formally correspond to new terpenoids with an oxidized prenyl
group obtained without oxidation steps. These syntheses produce isobutene as single
co-product of the reaction. They are therefore much eco-friendlier than other

0
| 0
|
14
| |
Ru6 (2 mol%) OMe
neat
90°C, 8 h 0
24 (75%)
Ru6 (2 mol%)
neat OH
90°C,15h
OH
| OMe
16 0
25 (70%)
)
18 Ru6 (2 mol%) AN l
| neat
80°C,8h
| OMe

Scheme 11 Cross metathesis of terpenoids with methyl methacrylate
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Scheme 12 Cross metathesis of (S)-citronellal with methacrolein

Ru22 (1 mol%)
60 °C, 23 h, 53%

OH

a0

@)

Ru22 (0.5 mol%)
60 °C, 16 h, 80%

Scheme 13 Cross metathesis of dihydromyrcenol with acrylic aldehyde

multistep syntheses employing high amounts of toxic and hazardous reagents such
as Se0,, MnO,, NaCN, NaClO, or diazomethane also generating large amounts of
wastes [41].

Cross metathesis of (S)-citronellal (S)-14 with methacrolein 27 was used to
produce the optically pure dialdehyde 28 as the first step of the synthesis of the
biologically active (—)-fusarisetin A [45]. The reaction was achieved in 75% yield
with 5 mol% of the second-generation Grubbs catalyst Ru4 in CH,Cl, at 50°C for
24 h (Scheme 12).

With the catalyst Ru22, the cross metathesis of neat 21 performed at 60°C with
the o,p-unsaturated aldehydes 29 and 30 gave the same product, namely (E)-8-
hydroxy-4,8,dimethylnon-2-enal 31, with high stereoselectivity (E/Z = 95:5 and
94:6, respectively), but acrolein 30 was more reactive than crotonaldehyde 29
leading to higher conversion with lower catalyst loading (Scheme 13) [44].



88 C. Bruneau and C. Fischmeister

2.2.2 Cross Metathesis of Acyclic Terpenes with Terminal and Internal
Olefins

A mixture of stereoisomers of the self-metathesis product 32 was produced in 82%
yield when dihydromyrcenol 21 was treated at 80°C for 3 h with 1 mol% of catalyst
Ru22 under neat conditions (Scheme 14) [44]. When the terminal allylic alcohol 33
was used as cross metathesis partner, 34 was obtained in 43% yield after 24 h at
50°C. Cross metathesis with methyl oleate 35 featuring a cis internal double bond led
to 36 and 37 in 61% and 71% yield, respectively. These two products correspond to
the reaction of 21 with each side of the double bond of 35 (Scheme 14). In this case,
the (E)-stereoisomers are the major ones (E/Z = 86:14 and 87:13) but as expected in
amuch less pronounced ratio than with the previous electron-deficient olefins 11a-b,
23, 27, 29 and 30.

The conjugated diene 40 was prepared in two steps from citronellal 14. The cross
metathesis of 14 with allyl chloride 38 was first carried out in the presence of 2 mol%
of catalyst Ru23 in refluxing dichloromethane for 5 h with an excess of 38 leading to
the isolation of 39 in 65% yield with an E/Z ratio of 8.5:1. The ruthenium-catalysed
dehydrochlorination reaction was then performed at room temperature with 5 mol%
of [Cp*Ru(MeCN);][PF¢] as catalyst and provided 40 in 65% yield with an E/Z ratio
of 8:1 (Scheme 15) [46].

The ruthenium complexes Ru24-Ru25 featuring a 4-NMe,-substituted and
4,5-(NMe,),-disubstituted imidazolylidene carbene ligand were evaluated in the
cross metathesis of citronellol benzyl ether 41 with cis-1,4-diacetoxybut-2-ene 42
containing an internal double bond (Scheme 16) [47]. Under the conditions reported
in Scheme 16, these ruthenium benzylidene complexes led to the formation of 43 in

Ru22 (1 mol%)

N =
PN 50 °C, 24 h N

. OH 4 OH  34(43%)
=
OH
21
OH 1 C0Me
+ Ru22 (2 mol%) j/
wcone 80 °C,3h
Ru22
35
(1 mol%)
80°C,3h 36 (61%) 7 (71%)
=
OH OH
32 (82%)

Scheme 14 Cross metathesis of dihydromyrcenol 21 with non-activated olefins
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Scheme 16 Cross metathesis of citronellol benzyl ether 41 with cis-1,4-diacetoxybut-2-ene 42

77% and 85% yield, respectively. It is noteworthy that under similar conditions
Hoveyda-type catalysts equipped with the same N-heterocyclic ligands were less
efficient as they delivered 43 with only 25% yield.

2.2.3 Ethenolysis: Double Bond Cleavage

Ethenolysis of terpene derivatives, which corresponds to cross metathesis with
ethylene [48, 49] and cleavage of internal double bonds to produce two different
products, has been used for degradation and analytical purposes rather than for target-
oriented synthesis. These applications involve terpenes with a high number of
isoprene motifs and are not reported in detail in this chapter. Among them, the
triterpene squalene and the tetraterpene P-carotene have been selectively cleaved
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into shorter polyenes with ruthenium catalysts [50, 51]. Ethenolysis has also been
used to degrade polyisoprene and polyisoprene-containing copolymers in the pres-
ence of various catalysts based on molybdenum, tungsten or ruthenium [52—
59]. Alkenolysis, which corresponds to cleavage with short internal alkenes, has
also been investigated [60, 61] with limonene [62, 63] and f-pinene [64], which have
been used to produce terpene-terminated oligomers of isoprene.

2.2.4 Cross Metathesis of Cyclic Terpenes

Cyclic terpenes are more sterically hindered than the acyclic ones, and the access to
the reactive catalytic centre might be difficult in some cases. However, with the
non-functional terminal olefin 1-hexene 45, limonene 44 reacted in the presence of
2 mol% of Ru4 at 55°C without solvent to give the cross metathesis product 46 in
40% yield (Scheme 17) [65].

This reactivity of limonene with a terminal olefin has been extended to the
production of co-oligomers starting from 1,5-hexadiene in the presence of Ru4
(1 mol% with respect to the diene) in an excess of limonene as solvent (30 equiv.)
at 45°C. Polyhexadiene was formed together with hexadiene oligomers featuring
one or two limonene ends [65].

It has been shown that f-pinene 47 and camphene 48 failed to give the cross
metathesis reaction with N,O-protected allylglycine. On the other hand, the cross
metathesis of these sterically hindered terpenes was possible with a large excess of
the prenylglycine derivative 49 and 5 mol% of Ru6 at 100°C leading to the modified
terpenes 50 and 51 in 36% and 34% yield, respectively (Scheme 18) [66]. The cross
metathesis with the aliphatic internal olefin (Z)-3-methylpent-2-ene 52 with
B-pinene has also been carried out with 5 mol% of catalyst Rud at 45°C without
solvent and the two possible cross metathesis products 53 and 54 have been
observed (Scheme 18) [64].

The general idea to make these cross metathesis reactions with bulky double
bonds successful was to favour the productive with respect to the non-productive
pathway by playing with the steric parameters of the cross metathesis partner
[66, 67]. Hence, the cross metathesis of p-pinene and camphene appeared to be
more efficient with a trisubstituted olefin as cross metathesis partner than with a
terminal olefin. This is in line with the computational studies, which indicated that

Ru4 (2 mol%
. M/\ u4 (2 mol%) _

45 55°C,40h Y
P YN

46 (40%)

- >/

Scheme 17 Cross metathesis of (p)-limonene with 1-hexene
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Ru6 (5 mol%) | 50 (36%)
CgHg, 100 °C, 14 h
BzHN

COZMe
BzHN™ “CO,Me

49 (30 equiv.)
Ru6 (5 mol%)
CeHe, 100 °C, 14 h | 51(34%)
BzHN” “CO,Me
49 (30 equiv.) BzHN™ “CO,Me

Ru4 (5 mol%)
+ | +
neat, 45 °C | |
47 52 53 (58%) 54 (16%)

Scheme 18 Cross metathesis involving B-pinene 47 and camphene 48

non-productive metathesis of B-pinene in the presence of another olefin takes place
in the presence of second-generation ruthenium catalysts via formation of a carbene
involving the pinene substrate, and that its self-metathesis does not occur because it
is inhibited both by kinetic and thermodynamic factors [55].

2.3 Ring Opening Metathesis Polymerization

Ring opening metathesis of terpenes is extremely scarce. Only recently, the ring
opening metathesis of the sesquiterpenes caryophyllene 55 and humulene 56 has
been reported [68]. The ruthenium catalysts Ru4 and Ru26 appeared to be the most
active for this polymerization where only trisubstituted double bonds were involved
(Scheme 19). Complete conversion of 55 was achieved even with 0.04 mol% of
Ru26 at 25°C and its exocyclic methylene group was not involved in the polymer-
ization process. These polymers are soft materials with low glass transition temper-
ature in the range —15°C to —50°C.

Finally, functional hyperbranched polymers have been produced via ring opening
metathesis polymerization of dicyclopentadiene in the presence of terpenes. D-
Limonene, limonene oxide, B-pinene and carvone have been used as chain transfer
agent to modify the physical properties and thermal stability of thermosets based on
polydicyclopentadiene [69, 70].
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Scheme 19 Ring opening metathesis of two sesquiterpenes

3 Metathesis of Unsaturated Fatty Acid Derivatives

Triglycerides are the main components of fats and oil leading to fatty acid and esters
following hydrolysis or transesterification, respectively. They originate essentially
from plant seeds or algae and are composed of essentially mono- or polyunsaturated
linear carbon chain and a terminal carboxylic functional group. Oleochemistry is a
well-developed domain in food industry as well as in biofuels and is based on the
reactivity of the terminal carboxylic functional group or carbon—carbon double bond
[71-73] and in some case on the presence of other functional groups in the linear
carbon chain, a typical example being castor oil [74, 75]. Among the portfolio of
carbon—carbon double bond transformations, olefin metathesis appears as a very
efficient and versatile catalytic transformation offering a broad range of potential
applications for the transformation and valorization of fatty esters. The main trans-
formations of fatty esters by olefin metathesis will be considered hereafter focusing
on recent contributions.

3.1 Self-metathesis

The early days of olefin metathesis of fatty esters concerned essentially the self-
metathesis reaction promoted by heterogeneous catalysts [76]. This reaction later
developed with homogeneous catalysts offers an easy access to fatty dieters of
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interest for the production of polyesters. As depicted in Scheme 20, methyl oleate 59
can be converted into dimethyl 9-octadecene-1,18-dioate 60 and 9-octadecene 61 in
general in an equilibrium mixture unless polyunsaturated fatty esters are used [77]. A
number of reviews cover this topic that will not be developed in this chapter [78—80].

3.2 Cross Metathesis

Cross metathesis is another important transformation that allows the introduction of
a variety of functional groups [81]. In contrast to self-metathesis, cross metathesis
can easily be brought to high conversion and selectivity using an excess of one of the
reagents in general the less prone to self-metathesis and/or the less expensive. Two
different reactions can be applied to fatty ester derivatives. The first one, cross
metathesis with ethylene “ethenolysis”, has been used in order to cleave fatty esters
into two terminal olefins whereas cross metathesis with functional olefins aims at
preparing bifunctional molecules as polymer precursors.

3.2.1 Ethenolysis

The ethenolysis of fatty esters has been used to shorten the chain length of fatty
esters thereby producing valuable medium chain compounds for polymer industry.
For instance, the ethenolysis of methyl oleate 59 produces methyl 9-decenoate 62
and 1-decene or n-decene 63, two compounds with many applications in fragrance,
polymers and surfactants (Scheme 21) [48, 49].

An early report by Mol in 1981 paved the way to future developments in
ethenolysis of fatty esters. This work identified what will be one of the major

CO,Me CO,Me
({7 ({7 . ({7
7 MeO,C* 7 7
59 60 61

Scheme 20 Self-metathesis of methyl oleate 59

COZMe

(
7
7
59 62 63

Scheme 21 Ethenolysis of methyl oleate
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challenges of ethenolysis. Indeed, selectivity to the desired products 62 and 63 is
hampered by self-metathesis reactions leading to undesired compounds 60 and 61.
However, the ethylene pressure is an efficient manifold to access high selectivity.
For instance, a Re/Al/Sn catalyst delivered up to 29% of self-metathesis products
when the reaction was conducted under 2 bar of ethylene pressure but self-
metathesis was almost totally suppressed when the reaction was conducted with
50 bar of ethylene pressure [82]. Since this first report, many improvements have
been achieved owing to the development of well-defined catalysts. In a thorough
experimental and computational study, researchers at Dow Chemical reported a
TON of 15,000 obtained with Grubbs catalyst Ru3 in the ethenolysis of methyl
oleate hence raising the issue of the economic viability of this process for which a
TON of 50,000 would be required [83]. A major improvement came in 2008 when
the group of Schrodi reported a TON of 35,000 and selectivity of 83% obtained with
the Ru-CAAC Ru27 (CAAC: CycloAlkylAminoCarbene) catalyst (Scheme 22)
[84]. More recently, Grubbs and Bertrand studied the structure/activity relationship
of a series of Ru-CAAC complexes where they reported the highest TON ever
reported in ethenolysis with a slightly different catalyst Ru28 (Scheme 22)
[85]. They highlighted the dramatic influence of the feed purity. If the necessity to
use low hydroperoxide-containing methyl oleate is a known issue necessitating
pretreatment of the oil feed [86-90], the influence of the ethylene gas purity was
studied and found to be also a major parameter to consider for achieving high TONs.

( COZMe
7 _ = A
W = e A S
7
59 62 63
Cl Cl
/RU— Ru=
c | ci’ |
\(O o
Ru27 Ru28
Loading 10 ppm Loading 3 ppm
Neat, 40 °C, 10 bar Neat, 40 °C, 10 bar
Conv. =42% Yield = 34%
Selectivity = 83% TON 340 000
TON 35 000

Scheme 22 Ru-CAAC catalysts in ethenolysis of methyl oleate



Alkene Metathesis for Transformations of Renewables 95

The highest TON still reported to date (340,000) was thus obtained at 40°C with a
catalyst loading of 1 ppm and an ethylene purity and pressure of 99.995% and
10 bar, respectively. If the vast majority of ethenolysis transformation of fatty esters
has been performed with ruthenium-based catalysts, this reaction was also reported
with molybdenum catalysts but with moderate TONs [91].

3.2.2 Alkenolysis

Besides the cleavage by ethenolysis of fatty esters, researchers sought for a more
efficient cleavage process by considering the formation of ruthenium methylidene
species as the Achilles’ heel of this reaction. Another type of fatty ester cleavage
denoted as alkenolysis was thus investigated. In 2006, Jackson and Robinson
reported the cross metathesis of natural oils with 2-butene. At that time, the purity
of both methyl oleate and 2-butene was identified as a key issue for achieving high
TON:S. A productivity as high as 470,000 was achieved at — 5°C and Hoveyda catalyst
Ru6 with triply distilled methyl oleate and 2-butene free of 1,3-butadiene, which
acted as a catalyst poison [92]. In 2012, Meier used the cross metathesis of
non-purified oil-derived biodiesel with 1-hexene in order to shorten the chain length
of the fatty ester chains. Best results (TONs > 2000) were obtained with Umicore
M51 Ru23 [93]. It must be noted that alkenolysis was also used for the simple
determination of double bond positions in long chain olefins including fatty esters
[94]. Alkenolysis of fatty esters was transferred into an industrial process by Elevance
in a joint venture with Wilmar. This metathesis process is used to produce chemical
intermediates by cross metathesis of natural oils with 1-butene (http://Elevance.com)
[95]. Very recently, Mecking extended alkenolysis to algae-based polyunsaturated
fatty derivatives, in particular the penta-unsaturated eicosapentaenoic ester. Several
ruthenium catalysts were evaluated in the butenolysis reaction of this compound with
2-butene searching for high conversion and selectivity. Most second-generation
ruthenium catalysts were found competent for this reaction but the selectivity for
the desired methyl 5-heptenoate was not exceeding 48%. However, increasing the
catalyst loading to 0.2 mol% per double bond led to a selectivity of 95% for the
desired product [96]. Interestingly, the self-metathesis of eicosapentaenoic acid opens
the way toward the synthesis of biosourced benzene [97].

3.2.3 Cross Metathesis with Functional Olefins

Olefin metathesis has been used for the polymerization of long chain fatty esters
under various manners [98]. The cross metathesis of fatty esters with functional
olefins is a one stone two birds process as it shortens the carbon chain length while
introducing a second functional group. The prepared homo- or hetero-bifunctional
compounds are of great interest for the preparation of short chain polymer pre-
cursors. Cross metathesis with acrylic derivatives has been extensively studied for
the preparation for diesters [99-102] and nitrile-esters [103—110] derivatives for the
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production of polyesters and polyamides, respectively (Scheme 23). Polyamide
precursors were also prepared by cross metathesis of fatty ester-derived carbamates
with methyl acrylate [111]. Other cross metathesis partners such as allyl chloride,
[112] acrolein [90, 113] and alkynes [114, 115] have also been used.

Following these pioneering researches on the preparation of bifunctional mono-
mers using terminal functional olefins, several groups investigated cross metathesis
reactions with internal olefins bearing one or two functional groups. As presented
earlier for alkenolysis of methyl oleate, this process would be an ethylene-free
process when fatty esters such as methyl oleate 59 are used. In 2011, Behr reported
the cross metathesis of methyl oleate 59 with cis-2-butene-1,4-diyl diacetate 69
(Scheme 24). The Schiff base-ruthenium catalyst Ru27 was found the most efficient
for this reaction leading to high conversion of methyl oleate. However, high selec-
tivity could not be obtained even with a catalyst loading of 2 mol% [116].

At the same period, this group also investigated the cross metathesis of methyl
10-undecenoate 72, arising from the pyrolysis of castor oil, with diethyl maleate 73
leading to the diester 74 (Scheme 25) [117]. Experimental parameters as well as
various ruthenium-based catalysts were investigated. Again, the best results were
obtained with a high catalyst loading (4 mol%) of the indenylidene catalyst Ru21
and the formation of the self-metathesis product of 72 could not be reduced below
25%. Similarly, the investigation of the cross metathesis of 72 with dimethyl maleate

MeO CMCO M CO,Me
’ 7ENE cat (¢, cat. NN o me
65 y — v 67
:\ 7 prm—
G0 Me CO,Me CN I F™en
7 2 59 64 7
66 1 68

Scheme 23 Cross metathesis of methyl oleate with methyl acrylate and acrylonitrile
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)/\)7\))/ _\:/_
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%
69 5h M/

7

59

Scheme 24 CM of methyl oleate with cis-2-butene-1,4-diyl diacetate
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Scheme 26 CM of methyl oleate 59 with methyl crotonate 76

and methyl acrylate 11 was realized. It was demonstrated that at 80°C in toluene, the
cross metathesis with methyl acrylate was faster and required lower catalyst loading
(0.5 mol%) than the cross metathesis involving dimethyl maleate [118].

The direct synthesis of bifunctional compounds incorporating a carboxylic acid
function was reported by Schrekker [119]. In this comparative study, the benefit of
using acrylic acid or maleic acid instead of methyl acrylate or maleate was
established. Better conversion and selectivity were obtained using ultrapure methyl
oleate 59 and Hoveyda catalyst Ru6 in THF at 60°C. It is postulated that these
results are likely due to the higher steric hindrance of esters vs acid.

An important contribution came in 2015 from the group of Gauvin. It was
demonstrated that the use of methyl crotonate 76 as cross metathesis partner led to
significant improvements in terms of activity and selectivity for the cross metathesis
products (Scheme 26) [120]. As an example, a productive TON of 35,450 was
obtained with 26 ppm of catalyst Ru23. This protocol was scaled up to 50 g using
an industrial grade feed under bulk conditions at 60°C. A high conversion and
selectivity for cross products of 96% and 97% were obtained, respectively.

Similarly, the group of Gauvin investigated the influence of nitrile-functionalized
olefins on the outcome of cross metathesis with methyl oleate. Cross metathesis of
methyl oleate was conducted with either acrylonitrile or crotonitrile (Scheme 27)
[121]. Under similar conditions, i.e. Ru23 1 mol%, toluene, 60°C, 4 h, a higher
conversion was obtained with crotonitrile (75% vs 22%) but the highest selectivity
was obtained with acrylonitrile (86% vs 82%). However, higher selectivity could be
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Scheme 28 High added-value compounds from methyl ricinoleate (castor oil)

obtained at 110°C but the process suffered from a rather high catalyst loading
limiting the TON to values below 250.

As exemplified here above, the transformation of fatty esters by olefin metathesis
aims almost exclusively at the synthesis of polymer precursors. In 2012, the use of
methyl ricinoleate 86 as a platform chemical for the synthesis of high added-value
chemicals was reported (Scheme 28). The synthetic strategy involved the
functionalization of methyl ricinoleate using the hydroxyl group present in the
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carbon chain and further ring closing metathesis. This methodology enabled
the synthesis of a variety of compounds of interest for flavour or fragrance compo-
sition [122]. The ester by-products of these reactions can be directly valorized by
cross metathesis transformations as described in Sect. 3.2.3.

4 Conclusion

This chapter provides an update on recent achievements in academic research on the
transformation and valorization by olefin metathesis of two families of renewables
with distinct fields of applications. Terpenes and terpenoids are important ingredi-
ents in flavours, fragrance and therapeutic drugs and new compounds based on these
renewable chemical platforms are potentially of high interest. For these reasons, their
transformation using high catalyst loadings is acceptable provided metal contami-
nations can be reduced by efficient and preferably eco-friendly processes or even-
tually in consecutive reactions when the metathesis step occurs early in a synthetic
pathway.

The situation is somewhat different with fats and oils which are low-cost renew-
ables as compared to terpenes and for which applications in polymer synthesis are
the most interesting and easily accessible. Consequently, olefin metathesis applied to
these compounds has to be highly efficient delivering very high productivity and
selectivity in order to reach economically viable processes considering the cost of the
catalysts. Typically, ppm levels of catalyst are required and despite the tremendous
progress made in catalyst efficiency and robustness, this level of performance is
difficult to attain. One manifold to reach high productivity is to work with high
purity feed but this puts a strain on the overall cost of the process. Despite these
difficulties, the evergrowing demand for biosourced compounds will undoubtedly
stimulate innovation and improvement of process performances and boost the
transfer of olefin metathesis technology to industrial applications.
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Abstract Phenol derivatives have attracted significant attention as a renewable
aromatic feedstock for the production of organic compounds that are required by
society. However, the inertness of a C(aryl)-O bond of phenol derivatives poses a
significant challenge for the direct functionalization at the ipso position. This review
summarizes the recent advances in the area of catalytic transformations of
unactivated phenol derivatives via the activation of C(aryl)-O bonds of aryl esters,
carbamates, and ethers as well as arenols. The most intensively studied catalysts are
nickel complexes, which allow a range of nucleophiles to be coupled with phenol
derivatives. Group 8 and 9 metal complexes have also been used to activate
C(aryl)-O bond of such phenol derivatives, and these are also covered in this review.
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1 Introduction

In response to the steady growth in the global population, the demand for fuels and
carbon-based chemicals is predicted to continue to increase. The current production
of commodity plastics and materials is now strongly dependent on nonrenewable
petroleum as a feedstock, but, for a sustainable society, it will be necessary to shift to
renewable resources. This green chemistry campaign has had a substantial impact on
various aspects of synthetic organic chemistry. The catalytic cross-coupling of aryl
halides with organometallic and organic nucleophiles is now widely recognized as
one of the most reliable methods for preparing functionalized aromatic compounds
both in the laboratory and in industry (Scheme 1a) [1, 2]. However, the starting aryl
halides are largely derived from petroleum-based BTX (benzene, toluene, and
xylenes), and this will require the development of new aromatic transformation
methods using renewable aromatic building blocks. In this context, phenols repre-
sent attractive feedstock materials, since phenol derivatives are prevalent in nature.
Recent advances in the depolymerization of lignin, the most abundant biomass
containing benzene motifs, have also enhanced the potential utility of phenols as
renewable aromatic sources [3]. It is possible to use phenols as alternatives to aryl
halides in cross-coupling reactions by converting the phenolic hydroxyl group into a
better leaving group, such as trifluoromethane sulfonates (triflates). However, the

(A)
Nu
catalyst
@ﬁ N _caalyst _ @r
X=1,Br, Cl

nucleophile = RMgX, RSnR';, RZnX, RB(OH),, RSiR';, amine, alcohol, etc.

(B)

: \ OSO,R : . _OCOR : . _OR : . OH

Sulfonates Esters Ethers Arenols
(well-documented) (Carbamates)

More Less
reactive reactive

Scheme 1 (a) Cross-coupling of aryl halides. (b) Phenol-based electrophiles
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advantage of using renewable phenol starting materials is offset by the issue
associated with the fluorine-based wastes that are produced during the course of
the reaction. The waste problem could be minimized by using nonfluorinated, less
harmful leaving groups, such as carboxylates and methoxides. However, the bond
dissociation energies of C(aryl)-O bonds in aryl esters and aryl ethers are much
larger than those in aryl triflates, thereby posing a challenge to the use of aryl esters
and ethers in cross-coupling reactions (Scheme 1b). During the past decade, signif-
icant progress has been made in the development of catalysts that can be used to
activate C(aryl)-O bonds in inert phenol derivatives, and such catalysts have been
used in cross-coupling reactions [4—12]. This review summarizes the catalytic trans-
formations of aryl esters, carbamates, ethers, and arenols that involve the cleavage of
C(aryl)-O bonds. The reactions are classified primarily based on the metal catalyst
used, i.e., nickel, group 8 and 9 metals, and chromium.

2 Nickel Catalysis

Nickel is the most widely used metal for catalytic transformations of inert phenol
derivatives, including aryl esters, carbamates, ethers, and arenols. The outstanding
activity of nickel in C(aryl)-O bond activation can be attributed, in part, to its
relatively electron-positive nature, which facilitates oxidative addition processes
[13]. The following section overviews the nickel-catalyzed transformations, which
are classified by substrates.

2.1 Reactions of Aryl Esters and Carbamates
2.1.1 Coupling with Organometallic Carbon Nucleophiles

In 1992, Snieckus reported an early example of the nickel-catalyzed cross-coupling
of aryl carbamates using Grignard reagents as nucleophiles [14]. In this study,
Ni(acac), (acac = acetylacetonate) was used as the catalyst precursor without
other external ligands being added, which allowed the introduction of phenyl and
alkyl groups lacking p-hydrogens (i.e., methyl, CH,SiMes, and vinyl) derived from
Grignard reagents (Eq. 1). When Grignard regents containing a f-hydrogen such as
isopropylmagnesium halides were used, the reductive cleavage of aryl carbamates
occurs via PB-hydrogen elimination (see Eq. 18). Since aryl carbamates can be
selectively functionalized at the ortho position through lithiation, the overall
1,2-difunctionalization of aryl carbamates is possible using this nickel-catalyzed
C(aryl)-O bond activation.
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O NEt, Ni(acac), (5 mol%) R
. \H/ + RMgX ———
(e} Et,O, RT
OMOM OMOM M
MOM = methoxymethyl R= Ph 80%
acac = acetylacetonate CH,SiMe; 82%

The nickel-catalyzed Kumada-Tamao-Corriu-type reaction was revisited by
Nakamura, who found that the use of a well-designed P,O-bidentate ligand led to
the generation of a more active catalyst (Eq. 2) [15]. They proposed that a nickel-
phosphine/magnesium alkoxide bimetallic species is involved, and the C(aryl)-O
bond cleavage is facilitated by a cooperative push-pull action of the nucleophilic
nickel and the Lewis acidic magnesium.

/@‘ \[o( + PhMgBr igand (3 mol%) /@/
(1.5 equiv) =20 25°C
95%
Ph,P  OH i
PO ligand = PPh, (2)

0.\

N

o

g
Et,N

cooperative push-pull
activation by Ni/Mg

Cross-coupling of aryl pivalates with organozinc reagents can be catalyzed by a
nickel catalyst bearing a PCyj; ligand (Eq. 3) [16]. The use of pivalates is essential for
suppressing an undesired C(acyl)-O bond cleavage, which is a common occurrence
in the metal-catalyzed C(aryl)-O bond activation of aryl esters.

\\,onBu NiCl,(PCys), Ph
' (5 mol%) Ph
Ph O + PhZnCl ———————>
N : " THF/DMA, 50 °C 3)
0o (3 equiv) o)
(DMA = dimethylacetamide) 1%

Alkylzinc reagents can also be cross-coupled with aryl pivalates when a
bisphosphine ligand (Cy,CH,CH,PCy,) is used (Eq. 4) [17]. Various pB-hydrogen-
containing alkyl groups, including secondary alkyl fragments, can be introduced by
this method.
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Ni(cod), (5 mol%)

\ I{
\;OT Bu Cy2P(CH2):PCy; (5 mol%) ‘pentyl
+  "pentylZnBr - (4)
0 THF/Pr,0, 70 °C

(2 equiv)

(cod = 1,5-cyclooctadiene) 99%

As is the case for the cross-coupling of aryl halides, arylaluminum reagents serve
as viable coupling partners for nickel-catalyzed reaction of aryl carbamates (Eq. 5)
[18]. Alkenyl and alkynylaluminum reagents also successfully participate in this
reaction, with the formation of the corresponding cross-coupling products.

NiClx(PCys), =

. O__NEt, \
\\ . IO
@ T v praiy, BMOR \
MeO o toluene, 70 °C (5)

(1.5 equiv) MeO

93%

Organoboron nucleophiles are arguably among the most useful reagents in cross-
coupling reactions because of their stability to air and moisture and high functional
group compatibility, as exemplified by the widespread use of the Suzuki-Miyaura
reaction in various areas of synthetic organic chemistry [19]. Garg and Shi indepen-
dently reported the first Suzuki-Miyaura reaction of aryl esters using a Ni/PCy;
catalyst. Garg’s protocol employs arylboronic acids as a nucleophile (Scheme 2, top)
[20], while Shi’s uses arylboroxines, a cyclic trimer of arylboronic acids, in the

) NiCl,(PCys3)» OMe
\ . wve o
: 22 e (IO
MeQ toluene, 110 °C
(4 equiv) 92%

Ar” 770" TAr Ar = p-OMe-CgH,

(1.2 equv)
OMe
NiCly(PCysz), (10 mol%) O
K3POy, H,0O OO
dioxane, 110 °C
75%

Scheme 2 Nickel-catalyzed Suzuki-Miyaura type reaction of aryl esters
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presence of a controlled amount (0.88 equiv to the aryl ester) of water (Scheme 2,
bottom) [21]. The latter conditions allow aryl acetates to be used for Suzuki-Miyaura
coupling, which is notable, since most of the reported reactions of aryl esters have
been limited to the use of aryl pivalates to suppress the undesired C(acyl)-O bond
fission. This nickel/PCy; system is also applicable to the Suzuki-Miyaura coupling
of aryl carbamates and carbonates, further demonstrating the general utility of this
catalyst [22-31].

The issue of selectivity between the activation of a C(aryl)-O bond and a C(acyl)-
O bond in aryl esters was investigated by DFT calculations [32]. A C(acyl)-O bond
is more reactive than a C(aryl)-O bond based on the bond dissociation energies
(80 kcal/mol and 106 kcal/mol). The DFT studies revealed that the oxidative
addition of a C(acyl)-O bond is a reversible process and the resulting (acyl)
(aryloxy)nickel intermediate is relatively resistant to transmetallation with
arylboronic acid (Scheme 3, top). In contrast, although the oxidative addition of a
C(aryl)-O bond requires a higher activation barrier than a C(acyl)-O bond to
proceed, the subsequent transmetallation of (aryl)(acyloxy)nickel species occurs
more facilely (Scheme 3, bottom). In a real system, overall selectivity is also affected
by the nature of the substituent on the acyl group, with a bulky pivaloyl group being
generally used in most catalytic transformations of aryl esters in order to suppress the
undesired C(acyl)-O bond cleavage.

The Suzuki-Miyaura alkylation of aryl esters was reported by Rueping (Eq. 6)
[33]. B-Alkyl-9-borabicyclo[3.3.1]nonanes (B-alkyl-9-BBNs), which can be readily
synthesized by the hydroboration of the corresponding alkenes with 9-BBN, are
widely used reagents in the alkylative cross-coupling of organic halides [34]. These
reagents can also be successfully used for the alkylation of aryl pivalates in the
presence of a nickel catalyst in conjunction with an N-heterocyclic carbene ligand,
allowing a range of -hydrogen-containing alkyl groups to be introduced.

o k _PhBOM2_ Ph‘Ni/LO
oY o, O i

C(acyl)—O bond cleavage

L L
Ni(O)L @NLOJ%O _PhBOM), ©/NI\Ph

C(aryl)-O bond cleavage

Scheme 3 Selectivity in C-O activation of aryl carboxylates
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ST AT T

(1.6 equiv)
Ni(cod), (8 mol%)

IPrHCI (16 mol%)
Cs,CO3 Ph OMe (6)

iPr,0, 110 °C 75%

iPr iPr
7
IPreHCI = N N
iPr cl iPr

Organosilicon compounds represent another class of environmentally benign and
functional group compatible nucleophiles that can be used in cross-coupling
reactions [35]. Shi reported that ArSi(OEt); can serve as a suitable coupling partner
for the nickel-catalyzed cross-coupling of aryl carbamates (Eq. 7) [36]. The addition
of CuF, is essential for this reaction, which can be rationalized by assuming the
involvement of arylcopper species formed by the transmetallation of the aryl group
from silicon to copper. Interestingly, iron salts have also been shown to exhibit some
catalytic activity for this cross-coupling.

Ni(cod), (5 mol%)

. Cy,P(CH,),PCy,
N OTNMeZ (EtO),Si (10 mol%) O
\ + N
o \©/ CuF, (3 equiv) OO
KH,PO,

(4 equiv) hexane, 120 °C 83%

2.1.2 Coupling with C-H Bonds

In recent years, the arylation of C-H bonds, or direct arylation, has emerged as a
more economical and environmentally benign alternative to the conventional cross-
coupling of aryl halides and organometallic nucleophiles [37-44]. It is, therefore,
natural to envision that C-O bond activation could also be combined with C-H
functionalization reactions. In this context, Itami developed the cross-coupling of
aryl pivalates and carbamates with azoles, such as (benz)oxazoles, (benzo)thiazoles
[45], and (benz)imidazoles [46] (Scheme 4). Cyclohexyl-substituted bisphosphine
Cy,PCH,CH,PCy, was found to be uniquely effective for this reaction, allowing the
intermediate formed by the oxidative addition of a C(aryl)-O bond of 2-naphthyl
pivalate to Ni/Cy,PCH,CH,PCy, to be characterized by X-ray crystallography
[47]. The subsequent nickelation of a C-H bond in azoles is proposed to be a
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SeRtiy

(1.5 equiv)

INi] J
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oxidative
addition
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Ni(cod), (10 mol%)

Cy,P(CH3),PCy,
(20 mol%)

Y

CSchS
dioxane, 120 °C

[Ni] = Ni(Cy,PCH,CH,PCy,)

N
4

0]

IO

9o

95%

|

[Ni]

reductive
elimination

\(/N

o)

Scheme 4 Nickel-catalyzed cross-coupling of aryl esters with azoles

characerized by X-ray

C-H nickelation

turnover-limiting step based on kinetic studies and kinetic isotope effect experi-
ments. A polymer-supported bisphosphine ligand was also reported to be more
effective in promoting this reaction [48].

Perfluoroarenes can serve as suitable coupling partners in nickel-catalyzed C-H
arylation using aryl carbamates as the arylating reagent (Eq. 8) [49]. The use of a
copper co-catalyst is required for an efficient reaction, the role of which is again
proposed to generate perfluoroarylcopper species. Triisopropylsilylacetylene also
undergoes cross-coupling with aryl carbamates under these conditions to form the
corresponding alkynylated products.

MeO. '! ': / NM92

(1.5 equiv)

Ni(cod), (10 mol%)
Cy,P(CHy),PCy, (20 mol%)
CuF-3PPhj-2EtOH (10 mol%)

K3PO4
toluene, 120 °C

MeO

97%

The scope of the nickel-catalyzed C-H arylation of inert phenol derivatives that
have been reported to date is limited to arenes and heteroarenes bearing relatively
acidic C-H bonds (i.e., azoles and perfluoroarenes). One exception to this is an
intramolecular cyclization, in which aryl pivalates are coupled with a non-acidic
C(aryl)-H bond (Eq. 9) [50].
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o
gy Ni(cod), (12.5 mol%)

O)L o)
MeO o I CYP(CHPCY, (25 mol%) 9)
\©: CSZC03
H

xylene, 160 °C 77%

The palladium-catalyzed a-arylation of carbonyl compounds using aryl halides is
a useful method for the construction of a-arylketones, esters, and amides, which has
enjoyed widespread use in diverse fields [51]. The use of a suitable nickel catalyst
allows aryl pivalates and carbamates to be used in the o-arylation of ketones
(Scheme 5, top) [52], esters, and amides [53]. In these reactions, a unique
bisphosphine ligand containing a thiophene backbone exhibits a superior activity
to the more common bisphosphine ligands. An enantioselective variant was also
developed using a chiral BINAP derivative as a ligand, generating a quaternary
stereogenic center (Scheme 5, bottom) [54].

The Mizoroki-Heck reaction is used to formally functionalize an alkenyl C-H
bond by the reaction of aryl halides with alkenes [55]. Watson developed a
Mizoroki-Heck-type reaction of aryl pivalates with styrene derivatives using a
nickel/dppf [dppf = 1,1’-bis(diphenylphosphino)ferrocene] system (Eq. 10) [56].

Ni(cod), (10 mol%) Ph

C o 4 Ph
OO \OWB“ . &(Ph deypt (20 mol%) Ph
o] H K;PO, o]

o toluene, 150 °C
(1.5 equiv) 91%
S
deypt = \ //
Cy,P PCy,
O Ni(cod), (10 mol%)

F3C : \OTtBU L (10 mol%)
* Me
0] NaOtBu

toluene, 110 °C

L= I I P(p-Tol),
S9N

Scheme 5 Nickel-catalyzed a-arylation of ketones using aryl esters

(1.6 equiv)

79% (99:1 e.r))
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Bu
Ni(cod), (10 mol%) O
MeO \.O_ _Bu {
N \/@/B“ dppf (12 mol%) MeO O X
o) +
X K3PO,
OMe (2 equiv) toluene, 150 °C OMe 79%
<=—PPh,
dppf = Fe

{—PPh,

2.1.3 Other Types of Carbon-Carbon Bond Formations

The catalytic cyanation of aryl halides represents a powerful method for the synthe-
sis of aromatic nitriles [57]. Aryl pivalates and carbamates can also be cyanated by
nickel catalysis using an aminoacetonitrile derivative as a cyanide source
(Eq. 11) [58].

NiBr, (5 mol%)
dcype (10 mol%)

0
/@kOTNMez . O Zn (30 mol%) /@/CN (an
N
- o oy KePOs o

toluene, 150 °C
(2 equiv) 86%
The reductive cross-coupling of two different electrophiles has emerged as a
potential method that permits the use of organometallic reagents in cross-coupling
reactions to be avoided [59]. To achieve useful cross-/homo-selectivity in reductive
cross-electrophile coupling, it is essential to use two electrophiles that have
completely different reactivity profiles, such as a combination of an aryl halide
and an alkyl halide. Shi reported on the nickel-catalyzed reductive cross-coupling
of aryl esters and aryl bromides using metallic magnesium as a stoichiometric
reducing agent (Eq. 12) [60]. A series of mechanistic studies revealed that this
reaction does not proceed through the formation of a Grignard reagent followed by
the cross-coupling of aryl esters with the resulting Grignard reagent.
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NiCl,(dppf) (7 mol%)

\ J{
Me,N \:OWBU dppf (10 mol%) Me,oN CO,H
"o 9@
0 Mn

(1 atm)

DMA, 80 °C 67%
. O
NiCl,-glyme (10mol%)
. f _Bu 2
MeO \:OW Bu '\\\l dppf (20 mol%) MeO N/Bu
o © ¢ H
<“) KoHPO,, Zn
DMF, 80 °C 67%

(2 equiv)

Scheme 6 Nickel-catalyzed reactions of aryl esters with CO, and isocyanates

Ni(cod), (5 mol%)
N OTR /@/ I'Bu (20 mol%)
\ +
(6] Br Mg (3.6 equiv) OO

THF, 60 °C

(1.5 equiv) 79% (R = Bu)
94% (R = NMey)
u>

IBBu= tgy-N._N-

(12)

Because of its abundance and lack of toxicity, carbon dioxide (CO,) is an ideal,
renewable carbon source. Classically, CO, can be incorporated into organic mole-
cules by reaction with strongly nucleophilic organometallic reagents, such as
Grignard reagents. Recent progress in this field now allows the catalytic carboxyl-
ation of aryl halides using a palladium [61] or nickel [62] catalyst. The latter reaction
was originally developed using PPh; as a ligand and metallic manganese as a
stoichiometric reductant. The reduction of an oxidative addition complex [i.e.,
Ar-Ni(Il)-X] with manganese forms an arylnickel(I) species, which is sufficiently
nucleophilic to react with CO,. This nickel system can also be used for the carbox-
ylation of aryl pivalates by replacing the ligand with dppf (Scheme 6, top) [63]. This
protocol is also applicable to the carboxylation of benzylic pivalates. The use of
isoelectronic isocyanates, in place of CO,, in the nickel-catalyzed reaction of aryl
pivalates in the presence of Zn results in the formation of benzamide derivatives
(Scheme 6, bottom) [64].

2.1.4 Coupling with Heteroatom Nucleophiles

In addition to carbon-carbon bond formation, cross-coupling reactions have now
also become powerful tools in carbon-heteroatom bond formation, thanks to out-
standing progress made in this field during the last few decades. Based on this
progress, the nickel-catalyzed cross-coupling of inert phenol derivatives has also
been applied to carbon-heteroatom bond-forming processes. Among the most
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important is an amination reaction, given the widespread utility of the resulting aryl
amines in pharmaceuticals, agrochemicals, and organic materials. Although catalytic
amination of aryl halides proceeds best when a palladium-based catalyst is used
[65, 66], its application to the corresponding aryl esters and carbamates calls for a
nickel catalyst in conjunction with an N-heterocyclic carbene ligand (Eq. 13) [67-
69]. A range of secondary amines can be used to form the corresponding aminated
products.

Ni(cod), (5 mol%) X
1 O__Bu — . 0 N™ N
@\ T . HN/—\N IPr=HCI (10 mol%) '\Q (13)

\
o N7 NaOBU @
; toluene, 80 °C 87%

(1.2 equiv)

The synthesis of primary anilines is possible by using a benzophenone imine [70]
as an aminating reagent (Eq. 14) [71]. The primary products are N-aryl imines,
which ultimately give rise to primary aniline derivatives upon acid hydrolysis.

Ni(cod), (10 mol%)

Cy,P(CHy),PCy,
\‘:OT[BU Ph (10 mol%) NH,
P (1)
Ph  Cs,CO;
toluene, 100 °C 89%

(1.5equiv)  then H,0*

Boron is a versatile functionality, and its catalytic introduction to an aromatic ring
has been a subject of considerable interest [72]. In this context, developing a method
that would permit boron to be introduced into phenol derivatives via C(aryl)-O bond
cleavage would be expected to be a useful tool in organic synthesis. Such a reaction
was, in fact, developed using aryl carbamates as substrates and diboron reagents in
the presence of a NiCl,(PCys;), catalyst (Eq. 15) [73].

NiCl,(PCys), o
NMe2 >< >< (5 mol%) &
/©/ KsPO, /@/ 0
Ph toluene/DME Ph
(3 equiv) o
100 °C 76%

(15)

Carbon-silicon bond formation via the cleavage of C(aryl)-O bonds in aryl esters
is also possible using a silylborane reagent (Scheme 7) [74]. The use of a combina-
tion of nickel and copper catalysts is effective in promoting this silylation reaction, in
which an in situ generated silylcopper species is proposed to be an active nucleo-
phile. However, recent studies suggest that the direct transmetallation from a
silylborane reagent is also a viable pathway [75]. In the course of mechanistic
studies of this silylation, bimetallic nickel complexes, which are relevant as an
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Ni(cod), (10 mol%)
PCy; (20 mol%)

MeN \.O._Bu CuF, (30 mol%) Me,N SiEt,
Y+ Etssigpn —————— \©’
0] F

X S
(1.2equiv)  to1yene, 50 °C

74%
B . PCys PCys ]
Ni(cod \ ) |
0_Bu meod Ni__  Ni(PCys) Ni—Q
hig Y3 \VO  — | D-Bu
o oA~ “Ni—0
oxidative ‘Bu |
addition PCys
characterized
L by X-ray

Scheme 7 Nickel-catalyzed silylation of aryl esters

intermediate in the oxidative addition of aryl pivalates to nickel(0) having a
monophosphine ligand, have been successfully characterized [75].

Similarly, a stannyl group can be introduced at the ipso position of aryl pivalates
by nickel catalysts (Eq. 16) [76]. In this reaction, silylstannanes function as a suitable
stannane source, rather than distannanes.

Ni(cod), (10 mol%)

) OTfBu Cy,P(CH,),PCy, (10 mol%) SnBug
. +  BusSnSiMes Ej 16
©I O CsF (16)

(2 equiv) toluene, 90 °C 7%

Phosphorus-based nucleophiles are also viable coupling partners in nickel-
catalyzed cross-coupling of aryl esters and carbamates (Eq. 17).
Diphenylphosphines [77], diphenylphosphine oxides [77], and phosphonate [78]
reagents all can be successfully cross-coupled to form the corresponding aryl
phosphine derivatives.

Ni(cod), (10 mol%)

o ® Cy,P(CHy),PCy, ‘IO-l’Ph
S u 1 19 2
I mon e "
NC © (1equiv)  K2COs . NC

dioxane, 80 °C 88%

2.1.5 Reductive Cleavage

Ester and carbamate groups can function as an ortho-directing group in both
transition metal-catalyzed processes and ortho-lithiation reactions. A method for
removing these directing groups is important from the synthetic point of view, since
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it allows these directing groups to be used as a traceless handle in arene
functionalized reactions. The first example of the catalytic removal of a carbamate
group was documented in the nickel-catalyzed Kumada-Tamao-Corriu-type reaction
of aryl carbamates with isopropylmagnesium halides, which serves as a hydride
donor via p-hydrogen elimination (Eq. 18) [14, 79].

NEt,
oo \
~x__CONEt, 4 Ni(acac), (10 mol%) CONEtz (18)
+  'PrMgCl
OO ; ) ELO, RT SiMe
SiMe; (acac = acetylacetonato) 3

60%

A more functional group-tolerant protocol was developed for aryl pivalates [80]
and carbamates [81] using hydrosilanes as a reducing agent, in which several
functional groups that react with Grignard reagents, such as esters and amides, are
compatible (Eq. 19). Another functional group-tolerant protocol was developed
using HCO,Na as a reductant [82].

. Bu
\OW Ni(cod), (5 mol%) H
o) PCyj (10 mol%)
0 + HSiMe(OMe), ——————> 0O (19)
)L ) toluene, 80 °C )k
N7 co,Me (2 equiv) N7 co,Me
71%

2.2 Reactions of Aryl Ethers
2.2.1 Coupling with Organometallic Carbon Nucleophiles

C(aryl)-O bonds of aryl ethers are much more inert and therefore more difficult to
activate than those of aryl esters and carbamates. Nevertheless, as early as 1979,
Wenkert reported his pioneering work on the nickel-catalyzed cross-coupling of
methoxyarenes with Grignard reagents (Eq. 20) [83, 84]. This intriguing reactivity of
nickel complexes to activate ether C(aryl)-O bonds did not attract significant atten-
tion at that time, and the trend in cross-coupling moved to the use of palladium
catalysts and activated phenol derivatives, such as aryl triflates.
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NiCly(PPh3),

2 OMe 10 mol% Ph
(I - o (0000 (20)
benzene reflux

77%

In 2004, Dankwardt revisited the Wenkert reaction in an attempt to develop
modified nickel catalysts, in which alkylphosphines, such as PCys, P'Prs, PPhCys,
and PPh,Cy, could be used as excellent ligands (Eq. 21) [85]. A wide range of
anisole derivatives, including those bearing an unprotected hydroxyl group, were
shown to undergoing coupling with aryl Grignard reagents to form the
corresponding biaryl derivatives. In addition to methyl ethers, ethoxy,
methoxymethyl, aryl, and silyl ethers all successfully participated in the C(aryl)-O
bond cleavage. This report by Dankwardt stimulated additional studies into the
nickel-catalyzed cross-coupling of aryl ethers with aryl Grignard reagents [86—
89]. Regarding the mechanism for this reaction, a unique concerted aromatic
substitution pathway by anionic nickelate species via a cyclic transition state was
proposed based on theoretical studies (Scheme 8) [90]. This nickel-catalyzed
Kumada-Tamao-Corriu-type coupling was successfully applied to the synthesis
of m-conjugated polymers via polycondensation of bifunctional aryl ethers with
aromatic dimetallic compounds (Eq. 22) [91].

\,OMe NiCl,(PCys3), (5 mol%)

Ph
g PCy; (10 mol%)
+ PhMgBr HO (21)
HO t-amyl methyl ether

80 °C 85%

OMe +
0 ©/ /Ph Br
[Ni*] /

, & W
PhMgBr Ph—[Ni®) ——————— e
MgB; l"'O\M Sol
. . e
[Ni] = Ni(PCys) anionic @
nickelate
Ph
INi"
N —_—
©<M9<Efr\ g
‘ ~Sol
OMe

Scheme 8 Nickel-catalyzed Kumada-Tamao-Corriu type reaction of aryl ethers
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"CeHyz, CeH13

NiCly(PCys), (5 mol%)
PCyj (10 mol%)

toluene, 25 °C

Despite the progress made in the Kumada-Tamao-Corriu-type cross-coupling of
aryl ethers with aryl Grignard reagents, its application to alkylation and alkynylation
reactions has lagged behind. Although MeMgX undergoes cross-coupling with aryl
ethers under the same conditions as are used for aryl Grignard reagents (i.e.,
Ni/PCy;) (Eq. 23) [92], other alkyl Grignard reagents fail to react under these
conditions, and different ligands are required. An NHC ligand bearing cyclohexyl
groups (ICy) is suitable for use in the cross-coupling of alkyl Grignard reagents
lacking a fB-hydrogen atom, such as Me3SiCH,MgX and ArCH,MgX (Eq. 24)
[93]. 1- and 2-Adamantyl and cyclopropyl Grignard reagents are also successfully
cross-coupled, probably because undesired f-hydrogen elimination is suppressed by
the ring strain in these cases.

NIC'Z(PCy3)2
\ \OMe (5 mol%) Me
* MeMgBr ————— (23)
Me (1.5 equiv) m%s'fé'e”e Me

74%

Ni(OAc), (5 mol%)

Me2N 2 OMe ICy-HCI (1omol%)  Me2N R
+ RMgCl ——————n
toluene, RT

(2 equiv)
R = CH,SiMe; 90% (24)
CH,Ph 93%

=\
icyHel= XA N N/

Cl

A more general protocol for alkylative cross-coupling involves the use of a nickel
catalyst in conjunction with a Cy,PCH,CH,PCy, ligand, which allows cross-
coupling using alkyl Grignard reagents bearing a f-hydrogen (Eq. 25) [94]. Primary
and secondary alkyl groups containing f-hydrogens can be incorporated directly at
the ipso position of anisole derivatives. The type of halide atom in the Grignard
reagent has a significant impact on the efficiency of the reaction, with iodide being
optimal. When Grignard reagents bearing other halides, such as chlorides and
bromides, are used, the addition of Mgl, results in an improved reactivity.
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Ni(cod), (5 mol%)

n
H
OMe Cy,P(CH,),PCy, (5 mol%) CroFz1
+ "CyoHzy —Mgl . (25)
Mal, (3 equiv)

(1.5 equiv) toluene, 100 °C 70%

The only reported method that permits the alkynylation of anisole derivatives was
accomplished by Ni/ICy-catalyzed cross-coupling using a triisopropylsilyl-
substituted alkynyl Grignard reagent (Eq. 26) [95]. Although the use of this bulky
silyl group at the alkyne terminal is essential for the cross-coupling to proceed, it can
be readily deprotected to form a terminal alkyne. Since alkynes are amenable to
diverse transformations, this protocol can be used for the construction and modifi-
cation of elaborate m-systems [96].

i Ni(cod), (10 mol% SilPr.
_oMe  SiPrs (cod), ( " ) P 3
/©\\ I ICy-HCI (20 mol%) =z
+ -
Bu dioxane, 120 °C ) (26)
MgBr Bu
70%
(2 equiv)

The reactions discussed thus far have focused on the transformation of aryl
methyl ethers, in which a methoxy group serves as a leaving group. Diaryl ethers
are, in general, more reactive substrates and can react with Grignard reagents in the
presence of a suitable nickel catalyst. Dibenzofurans similarly undergo cross-
coupling with Grignard reagents to form ring-opened products. For example, the
nickel-catalyzed reaction of dibenzofuran with an aryl Grignard reagent leads to
the formation of [1,1’:2/,1”-terphenyl]-2-o0l derivatives, which can then be used for
the modular synthesis of triphenylene derivatives (Scheme 9) [97].

Regarding organozinc reagents, monoanion-type zincate ArZnMe,Li, which can
be generated by the reaction of Arl and Me;ZnLi, can serve as suitable nucleophiles
in the Ni/PCy;-catalyzed cross-coupling of methoxyarenes, whereas ArZnX failed to
react under these conditions (Eq. 27) [98].

OMe
Ni(cod), (4 mol%) O
‘ PCy, (8 mol%)
“/ + MeO@ZnM%le -, OO
toluene, RT
(3 equiv) 85%
(27)

The use of a Ni/PCyj; system in Suzuki-Miyaura-type cross-coupling reactions of
aryl ethers was also reported, in which a range of functional groups, including
ketones and esters, were found to be compatible (Eq. 28) [99]. Under these condi-
tions, a methoxy group on n-extended aromatic rings, such as naphthalene, can be
coupled efficiently, while anisole remains intact. This difference in reactivity allows
for the site-selective arylation of methoxy groups based on the degree of n-extension
of the parent aryl groups.
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p-tolyIMgBr (2 equiv)
Ni(cod), (5 mol%)
I(2-Ad)-HCI (10 mol%) O O
o THF, 80 °C O
91%
Pd,(dba); (3 mol%) O O
Tf,0 SPhos (12 mol%) .

pyridine KoCO3
CHCl,  DME, 85°C

RTto0°C

89%
(dba = dibenzylideneacetone)

I(2-Ad)-HCI = SPhos = O
PCyz
N /N MeO ] OMe

Scheme 9 Nickel-catalyzed ring-opening arylation of dibenzofurans and its application to the
modular synthesis of triphenylene derivatives

R
H 0,
. OMe o Ni(cod), (10 I’?O|A)) O
SeMNates- L
ko) CsF
toluene, 120 °C _

(1.5 equiv) R= H 93%

CO,Me 83%

OMe 68%
(28)

The catalytic activity for the Suzuki-Miyaura coupling of aryl ethers is dramat-
ically improved when an ICy ligand is used, which allows the arylation of
non-naphthalene substrates (Eq. 29) [100]. Theoretical studies revealed that this
cross-coupling proceeds through the oxidative addition of a C(aryl)-OMe bond to Ni
(ICy), [101].

Ni(cod), (10 mol%)
ICy-HCI (20 mol%)

«_OM .
oNe 0o NaO'Bu (25 mol%) p-Tol
+ pTol—B (29)
Ph [e) CsF tBu

toluene, 120 °C 76%

(1.5 equiv)

A method for the alkylative Suzuki-Miyaura coupling of aryl ethers using
alkylboron reagents derived from 9-BBN was also developed (Eq. 30) [102].
B-Hydrogen-containing alkyl groups can be successfully incorporated into aryl
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ethers by using a Ni/PCyj; catalyst. A pinacol-protected boryl group does not react
under these conditions, indicating that the Lewis acidic 9-BBN-based boron reagents
provide assistance in the oxidative addition process by coordinating to a methoxy

group.
OMe ©/\/\B
+
MeO f

(1.6 equiv) (30)
Ni(cod), (10 mol%)

PCyj3 (40 mol%)
CsF OMe

iPr,0, 110 °C 93 %

Similar to the conventional cross-coupling using aryl halides, several organome-
tallic nucleophiles other than Grignard and organoboron reagents can also be used in
the nickel-catalyzed cross-coupling aryl ethers. Reported examples include
organolithium (Scheme 10) [103-105], organoaluminum (Scheme 11) [18, 106,
107], and organo rare-earth (Eq. 31) [108] reagents. It is noteworthy that no ligand
is needed to promote the cross-coupling when timethylsilylmethyllithium is used as

\.OMe .
v Ni(cod), (1 mol%) i
OO + Li/\SiMea > SiMes
toluene, 50 °C

(1.3 equiv)

99%
\.OMe
\‘ ) nickel catalyst OO Ph
+ PhLi —_—
toluene, RT
(1.5 equiv)
NiCl,(PPh3)(IPr) (5 mol%) 76%

Ni(cod),/SIMes*HCI (10 mol% each)  92%

Scheme 10 Nickel-catalyzed cross-coupling of aryl ethers with organolithium reagents

*_OMe Ni(cod),/Ligand R
\ 0,
/©/ + wr,  {8mor%each) /@’
Ph (1-2 equiv) Ph

ICy-HBF,, NaO'Bu (2 equiv), toluene, 80 °C, 6 h R = Me (99%)
deype, Pr,Oftoluene, 120 °C, 72 h

Et (96%)
 Ni(cod), (5 mol%) O
._OM
e+ ©/A"B“2 ICy-HCI (10 mol%) OO
NaOBu
toluene, 90 °C 82%

(1.5 equiv)

Scheme 11 Nickel-catalyzed cross-coupling of aryl ethers with organoaluminum reagents
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the nucleophile. This is in sharp contrast to the other nickel-catalyzed cross-
couplings of aryl ethers, which normally require strong o-donor ligands.

M(CH,SiMe3)3(THF),
(0.4 equiv)
Ni(cod), (5 mol%)

»OMe  PCy, (10 mol%) TMS (31)
OO NaO'Bu

toluene, 80 °C

M =Y, Sc, Lu 78-95%

2.2.2 Reductive Coupling with Aryl Halides

As shown in Eq. (12), the nickel-catalyzed reductive cross-coupling of aryl esters
with aryl bromides can be achieved when a stoichiometric amount of metallic
magnesium is used as a reductant. This protocol is also applicable to
methoxynaphthalene derivatives, allowing the biaryl coupling without the need for
organometallic nucleophiles (Eq. 32) [60]. Although the scope of aryl ethers is
limited to naphthalene derivatives, the site-selective reductive coupling of two
different methoxy groups is possible based on the differences in reactivity profiles.

OMe
oM OMe Ni(cod), (5 mol%)
OMe _1Bu (20 mol%)
+ ome (32)
Br OMe Mg (3.6 equiv)
) THF, 60 °C
(1.5 equiv) 81%

2.2.3 Coupling with Heteroatom Nucleophiles

Reactions of aryl ethers with heteroatom-based nucleophiles to produce carbon-
heteroatom bonds have met with limited success. The first example in this context is
the Ni/[Pr-catalyzed amination of methoxyarenes, although there is considerable
room for improvement in terms of efficiency (Eq. 33) [109, 110]. Recent studies
revealed that siloxyarene derivatives are more reactive than methoxyarenes in
Ni/NHC-catalyzed amination reactions [111].

om Ni(cod), (20 mol%) /3
‘\ e IPrHCI (40 mol%) N

+ HN(j (33)

NaOBu

toluene, 120 °C 91%

(5 equiv)
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The borylation of C(aryl)-OMe bonds involves Ni/PCy; catalysis and a
neopenthylglycol-protected diboron reagent (Eq. 34) [112]. The nature of this
protecting group is important for this borylation, with a pinacol-protected diboron
reagent being completely ineffective under these conditions.

Ni(cod), (10 mol%
. OMe (cod), ( o)

\ PCy; (20 mol%) B(nep)
+  By(nep _— >
OO 2nepl; HCO,Na

(2equiv)  toluene, 95 °C (34)

80%
o 0
B,(nep), = >< B-B ><
o o

Interestingly, a reductive homocoupling product is formed when ICy is used as a
ligand, in place of PCyj;, possibly through a tandem C(aryl)-OMe borylation/Suzuki-
Miyaura coupling of the resulting borylated product and the starting methoxyarene
(Scheme 12) [113]. The yield of the homocoupling product can be maximized by
using 0.8 equiv of the diboron reagent. This protocol permits a rapid extension of
n-systems using methoxyarenes.

The nickel-catalyzed borylation of aryl ethers was successfully applied to
benzofuran substrates, which results in the formal insertion of a boron atom into a
C2-0O bond to form an oxaborin ring system (Eq. 35) [114].

NiCl,(PPh,)IPr (5 mol%)

@LO) B,(pin), (1.5 equiv) CEO\/?/OH
/ Cs,CO; = (35)

toluene, 100 °C
then acidic workup

75%

Ipso-Silylation of anisoles proceeds by nickel catalysis using silylborane as a
silylation reagent (Eq. 36) [115]. A striking feature of this reaction includes (1) no

Ni(cod), (10 mol%) 6

ICy-HCI (20 mol%) O O

NaOBu (20 mol%) Q

B,(nep), (0.80 equiv) 0.0
“OMe toluene, 120 °C Q

80%

) ]
B,(nep), 0.0 Me

borylation Q Suzuki-Miyaura
B(OR), g

Scheme 12 Nickel-catalyzed dimerization of aryl ethers via C—O bond cleavage
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ligands are necessary for an efficient reaction, and (2) the reaction takes place at
ambient temperature. Although an anionic silyl-nickelate species is proposed to be
involved, the details of the mechanism for the C(aryl)-O bond cleavage remain
controversial [116, 117].

.-OMe Ni(cod), (1 mol%) SiEts
+ Et;SBpin —————————>
KO'Bu

(1.3 equiv)
toluene, RT 88%

y JEt
lg>Ni—Si—Et
/7 \

Et

silylnickelate complex

(36)

Hydrosilanes can also be used in the nickel-catalyzed silylation of aryl silyl
ethers, in which a methoxy group does not undergo silylation (Eq. 37) [118].

Ni(cod), (10 mol%)

\ L .
-OSi(Bu)Me; IPr*OMe (10 mol%) SiEty
+ EtSH ——
Bu NaOBu By

(6 equiv) toluene, 120 °C
91%

IPr*OMe =

R R
N - N
N R = CHPh,
MeO h OMe
R R

2.2.4 Reductive Cleavage

When a methoxy group, a commonly used electron-donating group, is placed on an
aromatic ring, it is activated toward electrophilic aromatic substitution reactions with
controlled ortho/para site selectivity. Furthermore, a methoxy group on an aromatic
ring can be used as an ortho-directing group in lithiation and transition
metal-catalyzed reactions. Therefore, a method for removing a methoxy group
from an aromatic ring would be a valuable synthetic tool, since it would allow the
unique features of a methoxy group to be utilized temporarily. However, the
inertness of C(aryl)-O bonds in anisole derivatives makes the reductive cleavage
of this bond extremely challenging among other C(aryl)-O bonds. The first direct
method that was reported for removing a methoxy group from an aromatic ring
involved a nickel-catalyzed reaction with hydrosilanes (Scheme 13) [80, 119].
Despite the apparent similarity to the catalytic reductive cleavage of aryl halides
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H
QIS s montomn Py
toluene
110-140 °C
H-Si= Me,HSiOSiHMe, 99%
HSiMe(OMe), 95%
e INi]
[Ni'T—SiR3 Q/ys& HSIR,
[Ni] = Ni(PCy,) ==""OMe - RySiOMe

Scheme 13 Nickel-catalyzed reductive dealkoxylation of aryl ethers using hydrosilanes

with hydride donors, the proposed mechanism, which involves the oxidative addi-
tion of a C(aryl)-O bond followed by hydride transfer, is now thought to be unlikely
based on several mechanistic experiments. A silylnickel(I) species is proposed to be
responsible for the catalysis [120].

Hydrogen can also be used as a reducing agent for the nickel-catalyzed reductive
cleavage of C(aryl)-O bonds (Eq. 38) [121]. Biaryl ethers are split into the
corresponding arenes and phenols under these conditions.

. O"CgHig Ni(cod), (20 mol%) H

O SIPr-HCI (40 mol%) O
* H2 NaO’Bu + nC6H130H (38)
(1bar) m-xylene, 120 °C

85% 85%

Sodium formate was also reported to serve as a hydride donor in the nickel-
catalyzed reductive cleavage of aryl ethers (Eq. 39) [82].

Ni(cod), (10 mol%)

~OMe " Ipr-Hel (20 mol%) "
- - OO
NaOBu )

HCO,Na o
toluene, 140 °C 63%

Although several hydride donors have the ability to promote the reductive
cleavage of aryl ethers, the scope of the substrates is limited primarily to
polyaromatic systems, such as naphthalene and biphenyl, as shown thus far. The
most powerful system reported to date involves the use of diisopropylaminoborane,
which is capable of removing a methoxy group on a simple benzene ring
(Eq. 40) [122].
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Ni(cod), (10 mol%)
IMesMe (20 mol%)

Y j/ NaOAc
toluene, 180 °C
MeO

(2 equiv) 75%

ey

Ti(O'Pr), is a silyl ether-specific reductant, which cannot reduce aryl methyl
ethers, aryl pivalates, and aryl triflates under identical conditions (Eq. 41) [118].

(40)

Ni(acac), (5 mol%)

- OSi(BulMe; IPrMe<HCI (10 mol%) H
+ Ti(O Pr)
Ph NaOBu Ph

(1.1 equiv)
toluene, 120 °C

e Me ; iPr

prve - éf @

The reductive cleavage of a C(aryl)-O bond of aryl ethers can also occur in the
absence of an external reducing agent. The Ni/I(2-Ad)-catalyzed reaction of
alkoxyarenes provides a reduction product, possibly through a sequence comprised
of the oxidative addition of the C(aryl)-O bond to nickel(0) and f-hydrogen
elimination, followed by reductive elimination (Scheme 14) [123]. This proposed

Ni(cod), (20 mol%)

Q\:OB I(2-Ad)-HCI (20 mol%) /(j”
Ph NaOBu Ph

toluene, 160 °C 78%
[Ni] J oxidative reductive {

addition elimination

B-hydrogen

. H
[Ni]_ elimination |
oS
Ph H‘/<
Ph

Scheme 14 Nickel-catalyzed reductive dealkoxylation of aryl ethers in the absence of external
reducing agents
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mechanism is supported by the results of a labelling experiment using ArOCDs3,
which gives Ar-D with a deuterium incorporation of 96%. This protocol can be used
to reduce an aryl ether moiety without affecting normally more reducible functional
groups, such as carbonyl and alkene, since the reaction can be performed in the
absence of any external hydride donors.

2.3 Reactions of Arenols

Although there have been significant advances in the cross-coupling of unactivated
phenol derivatives, the most ideal substrates are phenols themselves, in terms of
availability and atom economy. However, a phenolic C(aryl)-O bond is among the
most difficult to cleave (Scheme 1b), and the presence of a protic OH group is
frequently detrimental to the efficiency of transition metal catalysis [25, 120], both of
which have hampered the direct use of phenols in cross-coupling reactions. A
breakthrough finding was achieved by Shi’s work on the nickel-catalyzed
Kumada-Tamao-Corriu-type cross-coupling of naphthols (Scheme 15) [124,
125]. In this reaction, the formation of magnesium salts of naphthols is critical,
and the use of the corresponding lithium or potassium salts leads to unsuccessful
results. Although both arylation [124] and methylation [125] are possible for
naphthols, provided a suitable ligand is used, phenols are unreactive under these
conditions.

A method for coupling naphthols with arylboroxine reagents was developed
using a Ni/PCy; catalyst and BEt; as a stoichiometric promoter (Scheme 16)
[126]. Although the role of BEt; is not clear at present, it can activate the borate
intermediate as a Lewis acid toward C(aryl)-O bond activation.

NiF, (10 mol% )
PCyj (40 mol%) PhMgBr

\ _OH Ph
\ MeMgBr (1.2 equiv) (2 equiv)
THF, RT toluene/Pr,0

120 °C 89%

(0]
"
9
A
Sol Br
magnesium naphthoate

Ni(cod), (5 mol% )
CMPhos (20 mol%) Cy,P,

\.OH
\\ MeMgBr (3 equiv) Me
toluene, 80 °C N

M
85% °
CMPhos

Scheme 15 Nickel-catalyzed Kumada-Tamao-Corriu type reaction of naphthols
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o Ni(cod), (10 mol%)

x PCys (40 mol%) Ph
+ (PhBO)y ————>
NaH (1 equiv)

(1 equiv) BEt, (1.5 equiv)
o-xylene/THF 82%
110 °C

EtsB, QRT Et:;BwOR |
0-B—Ph 0-B—Ph

Scheme 16 Nickel-catalyzed Suzuki-Miyaura type reaction of naphthols

Ni(cod), (5 mol%)

. OH
© ~ PCy; (20 mol%) H
+ Bypin), ———— s
KsPO,

(2 equiv) toluene, 80 °C 80%

(0]
.« OH Ni(cod), (10 mol%) E/LJO%
. . I(1-Ad) (40 mol%) OO
+ B in —_
2P _)2 toluene, 90 °C
I

(2 equiv)
5%

4
-
@NVN@
I(1-Ad) = x

Scheme 17 Nickel-catalyzed reduction and borylation of naphthols

As discussed in Egs. (12) and (32), the Ni/I'Bu system can catalyze the reductive
cross-coupling of aryl esters and ethers with aryl halides in the presence of metallic
magnesium. This method was further applied successfully to naphthols substrates by
changing the solvent from pure THF to a THF/toluene mixed solvent (Eq. 42) [60].

Ni(cod), (10 mol%)
OH . /©/Bf I'Bu (40 mol%) O
Mg (5 equiv) OO (42)

toluene/THF, 100 °C

(3 equiv) 90%

The removal of a phenolic OH group can be achieved by the nickel-catalyzed
reaction of phenols with diboron reagents, in which an O-borylated intermediate is
proposed to be involved (Scheme 17) [127]. The use of an NHC ligand, instead of
PCy3, was shown to form a borylation product rather than reduction, although one
isolated example is included [128].

The reductive removal of a phenolic OH group via the use of hydrosilane reagents
is also possible, in which a nickel catalyst mediates both the dehydrogenative
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Ni(cod), (5.0 mol%)
Ligand (5.0 mol%)

Q\;OH HSi(OMe),Me (2.2 equiv) /(j”
Bu toluene, 120 °C Bu

86%

MeZN NMe, ; ir

OSi(OMe)ZMe
Ligand = Q/ @

intermediate

Scheme 18 Nickel-catalyzed reduction of phenols using hydrosilanes

O-silylation and the reductive cleavage of the resulting siloxyarenes (Scheme
18) [129].

3 Group 8 Metal Catalysis

3.1 Iron Catalysis

Since iron is an abundant, inexpensive, and nontoxic metal on the earth, iron
catalysis has attracted a great deal of attention in organic synthesis. In this context,
significant progress has been made in iron-catalyzed cross-coupling reactions of aryl
halides [130-133]. However, inert phenol derivatives have not been used in such
iron-catalyzed reactions, except for the cross-coupling of aryl carbamates with alkyl
Grignard reagents (Scheme 19). The original conditions involved a FeCl,/SIMes
system, which allowed the alkylation of naphthyl carbamates and alkenyl esters

FeCl, (1 mol%) ;

\VOWNMGZ SIMes-HCI (2 mol%) OO
\ + n
I hexyMaCl THF. 0 °G

(2 equiv)
80%

hexyl

FeCl, (5 mol%)
SIMes-HCI (15 mol%)

\_O_ _NEt ,
Y 2, CH,Cl, (30 mol%) hexyl
o) + "hexylMgCl
MeO : THF, 65 °C MeO

(2 equiv)
90%

SIMes-HCI = /& @\

Scheme 19 Iron-catalyzed Kumada-Tamao-Corriu type reaction of aryl carbamates
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[134]. A subsequent study revealed that the addition of a catalytic amount of CH,Cl,
permits the use of regular phenyl carbamates, although its role is not fully
understood [135].

3.2 Ruthenium Catalysis

In 2004, Kakiuchi reported that anisoles bearing an ortho carbonyl group can be
coupled with arylboronic esters in the presence of RuH,(CO)(PPh3); (Scheme 20)
[136-138]. The reaction represents the first Suzuki-Miyaura-type reaction of aryl
ethers. An ortho carbonyl moiety serves as a directing group to facilitate the
oxidative addition of C-O bonds, which allows for the regioselective C-O bond
cleavage of diaryl ethers. The intermediate complex formed by the oxidative
addition of a C(aryl)-O bond to Ru(0) was isolated and characterized by X-ray
crystallography when a substrate bearing an ortho aryloxy group was used
[139]. This method was successfully employed in the synthesis of polyaromatic
compounds based on the arylation of polymethoxyanthraquinone [140-142] and
methoxyfluorenones [143].

RuH,(CO)(PPhj); is also known to be a powerful catalyst for use in directed
ortho C-H bond activation reactions [38]. Therefore, both C-H and C-O bonds in the
starting compound shown in Scheme 20 can be activated under such catalytic
conditions. C-H bond activation is kinetically favored in this system, while C-O
bond activation provides a more thermodynamically stable complex [139]. The
sequential functionalization of C-H and C-O bonds proceeds in a one-pot reaction
by carrying out the reaction in the presence of alkenes and boronic esters (Scheme
21). The key to the chemoselectivity in this reaction is that a ruthenium-hydride
intermediate is able to react only with alkenes, whereas boronic esters undergo
transmetallation only with a ruthenium-methoxide intermediate. Theoretical studies

I
RuH,(CO)(PPh)s Bu
4 mol"/
"~OMe o uene reflux MeO Ph
(1.2 equiv) 76%
Bu
PhsP
o 3 {t
" RuH,(CO)(PPh,) Q‘ /@/
0 —>
- H,, PPhy ‘ “~o
Ph P
oxidative
addition characterized by X-ray
Me

Scheme 20 Ruthenium-catalyzed Suzuki-Miyaura type reaction of aryl ethers bearing a directing
group
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SiMe;
H
RuH,(CO)(PPhs)s
(0] o
0 4 2 siMe, + ph-vd :><4>(8 mol%) °
~OMe o) toluene reflux Ph
_ 93%
oxidative
[Ru]l addition SiMe; reductive
H SiMe;, elimination
|
[Ru]—O [Ru]—O
I Na
d{ > SiMe, @\){ o PHBIORY
- 5 . T
OMe Insertion OMe [Ru] ~ (MeO)B(OR)2
reductive O/Me transmetallation
L elimination _J

Scheme 21 Ruthenium-catalyzed directed C-H and C-O bond transformation

regarding this selectivity issue in ruthenium-catalyzed directed C-H/C-O activation
have also been reported [144].

An amide [145, 146] and ester [147] moiety can also serve as a directing group in
this ruthenium-catalyzed ortho arylation of a C(aryl)-OMe bond. When hydrosilane,
instead of an arylboron reagent, is used in such amide-directed reactions, the
catalytic removal of a methoxy group is also possible (Eq. 43) [148].

RUH,(CO)(PPhy), o0

HSIEt @mol%) NEt,
3 toluene (43)

(1.5 equiv) 125-135°C
OMe

93%

4 Group 9 Metal Catalysis
4.1 Cobalt Catalysis

Despite the significant advances in cobalt-catalyzed cross-coupling reactions [149—
151], there exists only one report on the cobalt-catalyzed C(aryl)-O bond activation
of unactivated phenol derivatives. Ackerman developed the cobalt-catalyzed cross-
coupling of aryl carbamates with 2-phenylpyridine derivatives, in which an ortho
C-H bond of 2-phenylpyridine derivatives is arylated (Eq. 44) [152]. In the nickel-
catalyzed C-H/C-O coupling of unactivated phenol derivatives, the scope of the C-H
bonds is limited to relatively acidic C-H bonds, such as those in azoles and
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pentafluoroarenes (Scheme 4 and Eq. 8). In contrast, this reaction permits non-acidic
C-H bonds to be coupled with inert phenol derivatives. One limitation is the need to
use stoichiometric amount of a Grignard reagent to promote the reaction.

X
\ Co(acac), (10 mol%)

2N \.O__NMe, o

N /@ Y IMes*HCI (20 mol%)
MeO o CyMgCl
DMPU, 60 °C
Me
=\ o}

Mes-HCI = N DMPU = MeN)LNMe

4.2 Rhodium Catalysis

Ozerov reported on the potential reactivity of rhodium in the activation of
unactivated C(aryl)-O bond in reactions of rthodium complexes having a pincer-
type ligand with aryl esters and carbamates, which gives oxidative addition
complexes [153]. However, its application to catalytic reactions had not been
reported as of 2015. The first rthodium-catalyzed cross-coupling of unactivated
phenol derivatives was achieved in borylation using a diboron reagent, demonstrat-
ing that a rhodium complex can be used to activate C(aryl)-O bond without the need
for a pincer-type ligand (Eq. 45) [154].

[RhCl(cod)],
(10 mol%)
P(4- MeOCeH4) o
R e oY
B— B ~O
toluene, 130 °C
(2 equiv) 75%

(45)

The rhodium-catalyzed Suzuki-Miyaura-type reaction of aryl carbamates was
also developed using a rhodium(I) complex in conjunction of an NHC ligand bearing
2-adamantyl groups (Eq. 46) [155]. This reaction presumably proceeds through the
oxidative addition of C(aryl)-O bonds to an arylrhodium(I) species, which is gener-
ated in situ.
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. RhCl(cod)], (5 mol%
\.O__NiPr, o [RnCl(cod)l, ( 0") Ph
Y . f I(2-Ad)-HCI (20 mol%)
o Ph—B (46)
Ph e} NaOEt Ph

(1.5 equiv) toluene, 130 °C 86%

Although the development of the above-described borylation (Eq. 45) and
Suzuki-Miyaura reactions (Eq. 46) demonstrated the viability of using rhodium
complexes to activate inert C(aryl)-O bonds, both of the transformations can also
be achieved by nickel catalysis (i.e., Eq. 15 and Scheme 2). One of the outstanding
features of rhodium complexes includes their ability to activate C-H bonds [156—
158], which can be merged with C-O bond activation reactions. Arenes bearing an
oxazoline directing group undergo directed ortho arylation with aryl carbamates in
the presence of a rhodium(I) catalyst and an NHC ligand (Eq. 47) [159]. Unlike the
cobalt system (Eq. 44), Grignard reagents are not required for this C-H/C-O
coupling, allowing a range of functional groups to be compatible. Mechanistic
studies revealed that the generation of a bis-NHC complex, Rh(I)(NHC),, is essen-
tial for an efficient reaction.

[RhCI(C,H,)l, (5 mol%) o
IMesMe-HCI (20 mol%) 3\

(1.5 equiv)

KO'Bu (22 mol%)

@

N32CO3
toluene, 160 °C

O Ph

94% o
(47)

Despite the importance of the Sonogashira-type reaction in organic synthesis,
methods for directly introducing an alkyne moiety to unactivated phenol derivatives
are limited to the use of alkynylmagnesium (Eq. 26) [95] or alkynylaluminum
(Eq. 5) [18] reagents in nickel-catalyzed reactions. It was reported that a copper
co-catalyst allows a terminal alkyne to be used in cross-coupling reactions of aryl
carbamates, although only two examples are shown in the paper and its synthetic
potential was not investigated in detail [49]. A rhodium catalyst with a strong
donating NHC ligand can mediate the alkynylation of aryl carbamates using
propargyl alcohol derivatives (Eq. 48) [160]. In this reaction, the propargyl
alcohol derivative initially undergoes p-carbon elimination [161] to form an
alkynylrhodium(I) intermediate, which then activates a C(aryl)-O bond by oxidative
addition. Since a carbamate group is a common ortho director, the tandem
1,2-difunctionalization of aryl carbamates is possible by sequential ortho
functionalization/ipso-alkynylation.
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[RhCI(C,H,)l, (5 mol%)

N SiPry  IMexyMe-HCI (10 mol%) '
\_/ i . || KoBu1 mo) \
I\N/Ie 07 "NEt, iPr KsPO4 I\N/Ie -
ip} OH toluene, 130 °C Si'Pry
68%
(1.5 equiv)

N__N
IMexyMe-HCI = Ny
MeO C_I OMe

Similarly, the reductive cleavage of aryl carbamates occurs when isopropanol is
used, instead of propargyl alcohol, via f-hydride elimination (Eq. 49) [162]. Com-
pared with the other reductive cleavage methods using ‘PrMgX (Eq. 18) and
hydrosilane (Eq. 19) by nickel catalysis, a wider range of substrates are applicable.

(48)

[RhCI(C,H,)], (5 mol%)

\ ‘OTNEtz . Y IMes+HCI (20 mol%) H
(e} OH K5PO (49)
Ph 3! 4

Ph
) toluene, 180 °C
(1 equiv) 78%

4.3 Iridium Catalysis

Nozaki reported on the iridium-catalyzed hydrogenolysis of C(aryl)-O bonds in
phenols (Scheme 22) [163]. Unlike the nickel-catalyzed phenol activation, which

\‘(OH Ir catalyst (10 mol%) H
+ H,
Ph no solvent, 200 °C Ph

(1 atm) 84%
Ph v 0 4 Ph
ﬁ( “H PhOH Phﬁom Phﬁox
Fh I P P e B —— e o B
ANy /|I'-r:/ : OH
PheP” | H PhgP” " "H - OH PhSP/Ir\H
Ir catalyst H-- Q

Scheme 22 Iridium-catalyzed reduction of phenols to benzenes
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requires O-activating reagents such as boron or silicon reagents (Schemes 16 and
17), no such additives are required in this reaction. Iridium complexes containing a
hydroxycyclopentadienyl ligand specifically displays catalytic activity, which can be
rationalized by the involvement of a metal-ligand cooperative hydrogen transfer
mechanism. An OH group on the cyclopentadienyl ligand activates phenols by
hydrogen bonding, which facilitates the ipso substitution by the hydride on the
iridium center.

5 Chromium Catalysis

Although the utility of organochromium(IIl) reagents in organic synthesis is
well-recognized [164], chromium-catalyzed cross-coupling reactions remain under-
developed [165], which is in sharp contrast to the great success achieved in the cases
of other first-row transition metals, such as nickel, iron, and cobalt, as alternatives to
precious metals. Zheng reported on the CrCl,-catalyzed Kumada-Tamao-Corriu-
type cross-coupling of anisole derivatives bearing a directing group (Eq. 50)
[166]. The optimal directing group for this reaction is an imine moiety, which can
be converted to a versatile formyl group upon hydrolysis. Other first-row metal salts,
including CoCl,, FeCl,, and NiCl,(PPh;),, were found to be ineffective. Both aryl
and alkyl Grignard reagents can be used in this transformation. Formal reductive
cross-coupling using aryl bromides and stoichiometric amount of metallic magne-
sium was also reported [167].

H H

MeO N'Bu CrCl, (10 mol%)  MeO o
, * PhMgBr ———————— (50)
MeO 7~OMe THF, RT MeO Ph

(1.6 equiv) then aq. HCI
89%

6 Summary and Outlook

This chapter provides an overview of the current state of our knowledge regarding
the transition metal-catalyzed transformation of unactivated phenol derivatives via
the cleavage of C(aryl)-O bonds. Since the pioneering work of Wenkert on the cross-
coupling of methoxyarenes with Grignard reagents (Eq. 20), nickel complexes, in
conjunction with strong 6-donor ligands, have served as the most active catalysts for
use in mediating difficult C(aryl)-O bond activation processes. Tremendous
advancements have been made in nickel-catalyzed cross-coupling reactions of aryl
esters and carbamates, allowing a range of nucleophiles, including organometallic
reagents, heteroatom nucleophiles, and even some C-H bonds, to be coupled.
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Therefore, these phenol derivatives have now become viable alternatives to aryl
halides.

C(ary)-O bonds of anisole derivatives are much less reactive than the
corresponding bonds of aryl esters and carbamates, and therefore the scope of the
cross-coupling of anisole derivatives is much more limited. Grignard reagents are
the most reliable nucleophiles for use in the nickel-catalyzed cross-coupling of
anisole derivatives, in which arylation, alkylation, and alkynylation are all possible,
although the range of compatible functional groups that can be used is limited.
Reactions using several other nucleophiles, such as organoboron reagents and
amines, have also been developed during the last decade. However, most of these
reactions suffer from the limited scope of aryl ethers (i.e., the much lower reactivity
of anisoles than methoxynaphthalenes), and more powerful catalysts are needed for
their widespread use. What makes the rational design of a catalyst difficult is
the mechanistic complexity associated with the activation of C(aryl)-O bonds of
anisoles. Recent experimental and theoretical studies suggest that several new
mechanistic options may be involved, other than simple concerted oxidative
addition, depending on the nucleophiles used. A clearer mechanistic understanding
will likely serve to accelerate the development of new catalysts for anisole
transformation.

The most ideal substrates for use in cross-coupling are arenols, an OH group of
which can serve as a leaving group. However, explorations of such transformations
have met with strictly limited success, and the successful examples still involve in
situ formation of protected phenols and/or the use of stoichiometric activators, such
as BEt;. The development of a sophisticated system based on new mechanisms will
be essential for the future development of the direct transformation of phenols, as
demonstrated, for example, in the iridium-catalyzed hydrogenolysis of phenols
(Scheme 22).

The use of transition metals other than nickel for C(aryl)-O bond activation will
definitely be important in terms of further diversifying the transformations of phenol
derivatives. Although several metals have been shown to display catalytic activity
for the activation of aryl esters and carbamates, and anisoles bearing a directing
group, aside from nickel, simple methoxyarenes cannot be activated by these metals.
In addition, the vast majority of transformations that have been developed with
metals other than nickel can also be accomplished by the use of a nickel catalyst, and
metal-specific transformation is expected to appear in the future studies.

With the advantage of renewability and less environmental impact of the leaving
group, phenol derivatives are attractive feedstocks for use in the catalytic synthesis
of aromatic compounds. Despite the significant advances over the past decade, the
goal of realizing truly green processes has not yet been reached, and additional
breakthroughs in catalyst development will be essential.
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Abstract This chapter examines iron pincer complexes that catalyze hydrogenation
and dehydrogenation reactions of common organic compounds, focusing on work
reported in the last decade. Substrates include aldehydes, ketones, alcohols, esters,
nitriles, imines, amines, CO,, formic acid, amides, alkenes, and alkynes.
Hydroboration and hydrosilation catalysis with iron pincers are also summarized.
Some examples of enantioselective iron catalysis using pincers and tetradentate
ligands are included. Examples of C—O cleavage have also been reported, and the
scope of this chemistry is presented.
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In this chapter, iron pincer complexes that catalyze hydrogenation and dehydroge-
nation reactions of common organic compounds are examined, focusing on work
reported in the last decade. Substrates include aldehydes, ketones, alcohols, esters,
nitriles, imines, amines, CO,, formic acid, amides, alkenes, and alkynes.
Hydroboration and hydrosilation catalysis with iron pincers are also summarized.
Some examples of enantioselective iron catalysis using pincers and tetradentate
ligands are included. Examples of C-O cleavage have also been reported, and the
scope of this chemistry is presented. It is seen that recent developments in iron pincer
catalysis have revealed chemistry as rich as that seen with precious metal catalysts,
indicating strong promise for the development of new, reactive iron pincer catalysts.

1 Hydrogenation of Aldehydes

Hydrogenation of aldehydes using dihydrogen gas has been possible with a number
of iron-containing catalysts. In 2015, Milstein reported a PNP catalyst that was
effective for aldehyde hydrogenation [1]. Complex 1 serves as a catalyst precursor
that can be activated by dehydrohalogenation using potassium ferz-butoxide as base.
The hydrogenation is not facile, but proceeds to completion at 40°C under 30 bar H,
(Eq. 1), but only if substantial quantities of NEt; are present as additive (1 mL NEt;/
2 mL EtOH). As many as 4,000 turnovers were obtained under these optimized
conditions. Primary alkyl aldehydes are unsuitable for this hydrogenation, however,
as the base induces aldol coupling to give o,f-unsaturated alcohol products. For
these hydrogenations, the borohydride derivative 2 can be used as catalyst precursor
to give alcohol products in good yield. Halide-substituted benzaldehydes gave low
yields of products. The derivative where the ‘Pr,P groups were replaced by ‘Bu,P
groups showed dramatically reduced reactivity with benzaldehyde. The mechanism
of this reaction will be discussed in the later section on ketone hydrogenation with
this catalyst.

H3B.
Br Hiy
|E:P|P|'2 |_:PIF'I"2
L N—Fe-CO & _N—Fe—CO
o ol
Pty Pt 2 (1)

0.025 mol% 1
0.625 mol% KOtBu

Q 30 bar H,
J\ > R OH
R~ “H EtOH, NEt, 40 °C, 16 h
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In 2015, Hu reported that the related iron PONOP complex 3 could be used for
aldehyde hydrogenation [2]. With this catalyst, benzaldehyde is reduced in good
yield under 8 bar H, at ambient temperature in the absence of base (Eq. 2). Higher
catalyst loadings were employed in these reactions (5-10%). Furthermore, the
catalyst selectively reduces aldehydes in the presence of ketones. This catalyst
operated under more mild conditions than the iron catalysts FeF[P(o-C¢H4PPh,);]
and (n*-cyclopentadienoneTMS,)Fe(CO); reported by Beller [3, 4], the former of
which was also selective for aldehydes over ketones.

S

-
07N

1 I
'ProP—F6—PPr;

Br/8 3 (2)
0

)I\ 10 mol% 3 R/\‘OH
R H MeOH, 24 h, rt

8 bar H,

Kirchner reported a PNP pre-catalyst 4 derived from a 2,6-diaminopyridine
scaffold that was exceptionally active for aldehyde hydrogenation under mild
conditions (40°C, 30 bar H,). Here, as little as 12.5 ppm of the iron catalyst could
be used, and TONs of up to 80,000 were obtained (Eq. 3). DBU was added as base
(1 mol%) to generate the active catalyst 5. Note that the nitrogen groups attached to
the pyridine are substituted by methyl groups, suggesting that the ligand is not redox
active during the hydrogenation. Mechanistic investigations revealed that the alde-
hyde reacts by way of a classical Schrock—Osborn (inner-sphere) mechanism [5] in
which insertion into an iron—hydride bond gives an alkoxide (Scheme 1). Replace-
ment of the alkoxide by dihydrogen followed by deprotonation of the coordinated
dihydrogen regenerates the iron hydride. The solvent ethanol plays an important role
as hydrogen bonding to the alkoxide is critical to its displacement from the metal.
This aspect of the mechanism was demonstrated using DFT calculations. Substrates

Me Me, Me.
H i
NP+ base \N—|—‘PP’2 i N-|PPr2
— s +Hj =I5 =" 17
C,((N—JFe—CO Rl S P, ‘F|e co PPN K N=—Fe-co
N=P | N=F /N.-P 0
Me/ lpl—ZBr 4 ME/ Pr2H i Me Pra R

H H

\N —T—“P' Pra

RCH,0H _¢N—Fe—Co

N=P -
Me/ Pry + RCHZO
H—H

Me

Scheme 1 Aldehyde hydrogenation by 5
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n-heptane

H,, DBU

R"Xo R OH

solvent

reactants / products

SILP particle

Fig. 1 A new iron-based SILP catalyst (Reproduced with permission from [7], ©2018 ACS)

that are not hydrogenated under the reaction conditions include acetophenone,
ethyl benzoate, phenyl propyne, phenylethylene oxide, and nitrotoluene
[6]. Cinnamaldehyde showed exclusive reduction of the aldehyde, leaving the olefin
intact.

\N—T-\F"P@

N—F&—CO
-

N=P

Me
Me/ Ipr,Br

H, (30 bar)

o) 4, DBU /@/CH?OH
R EtOH,40°C,2h R

R =H, Cl, Me, OMe

In 2018, Kirchner reported a base-tolerant supported ionic-liquid-phase (SILP)
system in which an Fe(PNP) hydride was used for hydrogenation of aldehydes to
alcohols. Here, the iron catalyst 4 above was combined with a dimethylimidazolium
tethered to a silica gel surface in an ionic liquid solvent (Fig. 1). Exposure of this
catalyst to heptane containing aldehyde and pressurizing with hydrogen led to
efficient hydrogenation to the alcohol. The rates of hydrogenation are quite high
(TOF = 4,000 h™"), slightly lower than in the homogeneous system but with
comparable TONs. Furthermore, examination of the heptane solution showed no
evidence for leaching of the iron catalyst. Product (in heptane) can be isolated by just
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filtering to remove the SILP catalyst. The catalyst could be recycled many times
without loss of activity [7].

2 Hydrogenation of Ketones

A number of iron pincer complexes have been found to be active for ketone
hydrogenation. Prior to his full report on aldehyde hydrogenation, Milstein reported
in 2011 that his PNP-Fe catalyst 1 was a good catalyst for ketone hydrogenation for
aryl ketones [8]. With cyclohexenone, a mixture of cyclohexanol, cyclohexanone,
and cyclohexenol was obtained under the same reaction conditions (Eq. 4). trans-4-
phenyl-3-buten-2-one also gave a mixture of products. In contrast to the aldehyde
reductions, large quantities of NEt; were not required. Potassium t-butoxide was
again needed to activate the catalyst. NMR studies of the reaction suggested that the
reaction proceeds through a dearomatized intermediate — i.e., the ligand is redox
active. The proposed mechanism is shown in Scheme 2.

PiPré Piprz
/ N—Fle"i cro / |,~~"OEt
/] N-Fé—CO
H
P'PFQ

|
R
Hz PPr, }(

Scheme 2 Hydrogenation of ketones by 1
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H ;
H. I pPr2 KO'Bu, 1.1 equiv (~|_ppr2
N—Fe-CO —RT THF —Fe—CO
&p iP

‘PrzH 'Prz 8

Fig. 2 Structure of catalyst 8 synthesized from 7

0.05 mol% 1
0.1 mol% KO'Bu
ElOH 4.1 atm H, RT

In 2012, Milstein reported that borohydride catalyst 2 could also be used for
ketone hydrogenation at 40°C. The scope of reactivity was similar to that seen using
catalyst 1 as precursor [9], but no base is required. The related compound with no
CO ligand, but a k>-BH, ligand, showed no activity. DFT calculations on this system
are discussed below.

In 2014, Jones, Hazari, and Schneider reported that the iron PNP pincer complex
6 was active for the hydrogenation of acetophenones (Eq. 5) [10]. Here, the central
N-donor is a simple secondary amine as opposed to a pyridine as in Milstein’s
catalyst. An alternative derivative with bromide replacing the BH, ligand (7) was
also equally active with the addition of KO'Bu. In fact, the actual catalytic interme-
diate 8 could be synthesized, isolated, and characterized by X-ray structural deter-
mination [11]. 8 shows a square pyramidal geometry, with a short Fe—N distance of
1.86 A and a planar nitrogen, indicative of sp> hybridization (Fig. 2). 8 forms a labile
N-H/dihydride complex upon addition of H,. This dihydride was proposed to reduce
the ketone substrate via a concerted hydride-from-Fe and proton-from-nitrogen
heterolytic H, transfer.

HsB.
-pPrs
H (-l;p ;
0 “N—Fe-CO OH
< (5)
Me PrH g Me
. H2
RT
R R
R = H, OMe

In 2014, Kirchner reported that derivatives of catalyst 4 in which the N-Me
groups are replaced by N-H groups were active for ketone hydrogenation
[12]. Replacement of the bromide ligand with a labile group also led to efficient
catalysts. As mentioned above, the N-Me complex 4 was selective for aldehydes.
Catalyst 9 gave good yields of secondary alcohols with aryl ketones (Eq. 6).
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Cyclohexanone was reduced in 30% yield under similar conditions. As seen with
Milstein’s catalyst, trans-4-phenyl-3-buten-2-one also gave a mixture of products,
with ketone reduction being about 4x faster than double-bond reduction. The
reactions appeared to involve heterolytic dihydrogen cleavage via metal-alkoxide
cooperation, with the PNP ligand not being involved in the activation of dihydrogen.
The PNP ligand remains deprotonated throughout the catalytic cycle, acting as a
strong electron donating anionic ligand. Protic solvent is required for the reduction to
take place, with EtOH being the best solvent examined. Ethanol prevents formation
of a dihydride species and is proposed to act by stabilization of a 16-electron
intermediate via reversible solvent coordination.

H

\N—H—P'Prz
— N—F&—CO
A ,N_P(E
/7 iprBr 6
0 H P27 g 0.5 mol% OH (©6)
PR -
R™ "R H, (5 bar), 1mol% KO'Bu R™ R
2h, RT

DFT calculations of Milstein’s catalyst for ketone hydrogenation suggested a
mechanism slightly varied from the one proposed in Scheme 2 [9]. Species A first
rearranges (using EtOH solvent) to the aromatic tautomer (Eq. 7), which binds
ethanol and then undergoes a simultaneous outer sphere dual-hydrogen transfer
from the PNP arm to an incoming acetophenone carbon and the proton of the
bound ethanol to the oxygen of the acetophenone ligand. The resulting ethoxide
complex then adds H, and loses EtOH to regenerate the catalyst A. A year earlier,
Yang had published a DFT study on this system in which he indicated that a
mechanism involving acetophenone insertion into an Fe—-H bond to generate an
alkoxide was too high in energy [13]. He postulated a direct reduction mechanism, in
which there is a direct transfer of hydride from a dihydride complex to the
acetophenone carbon from the catalyst and H, cleavage by the hydrido—alkoxo
complex without participation of the PNP ligand. Yang’s study, however, used a
simplified version of the catalyst with PMe, groups in place of the P'Pr, groups. In
addition, Yang’s mechanism goes by way of a trans-dihydride complex, which
Milstein showed was inactive toward reaction with benzophenone.



148 W. D. Jones

P'Pr2 PPr2
EtOH \\CO
N Fe CO —»
| \OEt
P'Prg

A 'Pr2
Me ™)
K PPr2 PPr2
+H2 - ‘\CO P
— |\oz~:t —-H Ph
P P'Pr2
'Pry

More recently, Hopmann published in 2017 a comparison by DFT of the Milstein
and Kirchner catalysts, 1, 5, and 9 [14]. For catalysts 1 and 9, a dihydride mechanism
involving dearomatization of the PNP ligand was predicted, whereas for 5, which
cannot undergo dearomatization, the mechanism shown in Scheme 1 was found to be
lowest in energy. The mechanisms for each catalyst proposed in this paper are able to
explain the substrate selectivities seen in the reduction of aldehydes and ketones. For
1- and 9-mediated ketone hydrogenations, they predicted a reaction pathway involv-
ing hydride transfer to the free substrate, formation of an iron—alkoxide intermediate,
intramolecular proton transfer from the PNP linker to the alkoxide, alcohol release,
H, coordination to the dearomatized species, and product-mediated proton-shuttling
to the PNP linker, which regenerates the active dihydride species and is rate-limiting
(Scheme 3, bottom). The first step of this mechanism is as originally proposed by
Yang, but the following steps are different from earlier proposals. For 5, their

AGT =143

Scheme 3 DFT mechanisms for alcohol dehydrogenation
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calculations support the dihydride mechanism proposed by Kirchner and coworkers,
based on the original proposal by Yang. 5 forms unstable iron alkoxides, implying
that the intrinsically higher reactivity of aldehydes is preserved, explaining the
chemoselectivity observed in experiments. 1 and 9 convert the more reactive sub-
strates (aldehydes and activated ketones) into low-energy stable iron alkoxides. The
barriers for hydrogenation of these substrates are higher and therefore become
similar to those of less reactive substrates, eliminating the expected substrate pref-
erences, in excellent agreement with experiment.

Mezzetti examined an asymmetric derivative of the Milstein catalyst 1 for the
hydrogenation of acetophenone [15]. He found that (S)-1-phenylethanol is produced
with 48% e.e. (Eq. 8). Milstein’s mechanism involving direct hydride transfer from
the benzylic carbon of the ligand was the only one to reproduce the experimentally
observed enantioselectivity and sense of induction.

e
\Cy
Br
A

/ N-Fe-CO

o =
OH 8
1 mol % P\H”Me ( )

C

y
+H24-

M
’
po
| <

KO'Bu (5 mol%) s
H; (50 bar) quant
EtOH, RT 48% e.e

Finally, Ikariya examined an NNN pincer complex 10 for the reduction of
acetophenone [16]. While the ruthenium complex gave alcohol in 36% yield, the
iron complex was unreactive (Eq. 9).

o

o M=—Cl
N/ \ OH
E, © 10 9)
- H2

THF, 50 °C, 15h

S/IC=20 3MPa KO'Bu (1.3 equiviNH)
M = Ru, 36%
M = Fe, 0%

3 Dehydrogenation of Alcohols

In 2014, Hazari, Jones, and Schneider reported the dehydrogenation of primary and
secondary alcohols to give esters and ketones, respectively, using the iron PNP
catalyst 6 (Egs. 10 and 11) [10]. The dehydrogenation proceeds without an acceptor,
and hydrogen is removed under a slowly moving stream of nitrogen in order to drive
this thermodynamically uphill reaction. Benzylic alcohols are converted in good
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OH OH OH OH OH OH
OO LT O
MeO Me Me MeO,C

A (24 h, 89%) B(24h 92%) C (24 h, 80%) D (48 h, 6 9%) E(24h 83%) F(12h 6?%)
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Fig. 3 Dehydrogenation of alcohols by 6

0
oH & 6 0. 0
8h 0 W ANSNH ——e

OH 24h
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OH 6 0 OH 6 2
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Pn/!\/ 24h  py oH 240 OH
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Scheme 4 Dehydrogenation reactions of diol substrates by 6

yields with both electron-donating and electron-withdrawing substituents on the
arene. Cyclohexanol is also dehydrogenated to cyclohexanone, albeit a bit more
slowly (Fig. 3). Primary alcohols are dehydrogenated to give esters, as the aldehyde
intermediates can form hemiacetals that are then rapidly dehydrogenated. High
yields are obtained in refluxing toluene using only 0.1% catalyst loading. Use of
diols leads to lactone formation, where possible. A preference is seen for dehydro-
genation of secondary alcohols over primary alcohols (Scheme 4).

HaB.
-pPrs
H P
—-Fe CO
- Qp | (10)
6 H0.1-1 mor% + Hy
R! R2? reflux, 8-48 h R! R?
toluene or THF
g o
)OH 0.1-1 mol% )J\ + 2H, (11)
R toluegg. r:eﬂl.m R OAR

The Schneider group examined methanol dehydrogenation by DFT [10] and
found strong energetic preference for a mechanism involving catalytic intermediate
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8 undergoing heterolytic concerted transfer of H, to make formaldehyde, which
rapidly formed hemiacetal. Hemiacetal dehydrogenation occurred via a similar
pathway, but the heterolytic dehydrogenation was stepwise (proton transfer before
hydride transfer), rather than concerted. Elimination of H, from (PNP)Fe(CO)H,
was assisted by the participation of methanol in a 6-membered transition state.

As dehydrogenation is thermodynamically uphill, the reverse reaction, hydroge-
nation, is thermodynamically downhill. Hydrogenation of acetophenone by catalyst
8 occurred readily at room temperature giving quantitative yields of alcohol. Hydro-
genation of ketones is selective, as reduction of 5-hexene-2-one gives exclusively
the unsaturated alcohol and reduction of a,pB-unsaturated ketone exhibits high selec-
tivity for hydrogenation of ketone over C—C double bond (7:1).

Interestingly, Yang had predicted the ability of catalytic intermediate 8 to readily
dehydrogenate alcohols by DFT prior to the above experimental report [17]. The
calculations used ethanol as the substrate, producing acetaldehyde via the same
pathway as found by Schneider for methanol dehydrogenation. While most of the
paper dealt with the established Ru-MACHO catalyst [18], extension to the iron
derivative 8 was made and found to be energetically accessible (although thermo-
dynamically uphill by ~10 kcal/mol).

In 2015 Bonitatibus reported the dehydrogenation of alcohols using an Ir(dach)
catalyst (11a/11b, first reported by Konigsmann et al. [19]) in terms of separately
extracting protons and electrons that used stoichiometric oxidants combined with a
weak base [20]. Here, stoichiometric benzyl alcohol oxidation could be effected
using ferrocenium as oxidant and phenoxide as proton acceptor. Reduction of the
aldehyde could be effected with cobaltocene as reductant and phenol as proton donor
(Scheme 5). These results were presented as being of importance for the develop-
ment of reversible dehydrogenation electrocatalysts and, ultimately, the application
of such catalysts in regenerative liquid fuel cells using chemically bound hydrogen
for energy storage.

2PhO"+ 2 Fe&’ 2 Fe + 2 PhOH

2] . .
2PhO"+ 2 o 2 Co + 2 PhOH

Scheme 5 Oxidative dehydrogenation of alcohols by 11a/11b
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In dehydrogenation chemistry related to that shown in Scheme 4 above, Beller
reported extended studies of diol dehydrogenation to make lactones using (PNP)Fe
catalyst 6 [21]. About 20 examples were reported (Eq. 12), as well as 9 examples of
lactam formation from a,m-aminoalcohols (Eq. 13). The reaction features high atom
economy, as molecular hydrogen is the only stoichiometric by-product and two
sequential dehydrogenation reactions can be performed in the absence of external
oxidants.

R? 0]
6 (0.5 mol%) Rl
OH
HO/\)\/ KoCO03 (10 mol%) 0 (12)
R' R? t-amyl alcohol, 150 °C, 5 h R?
R3
0
R
. 6 R J/{
. I, UNH ot
HO N ™2 P - NH (13)
n 21 mors
R’ R* )

t-amyl alcot L C 5F n

In 2017 Gauvin reported the dehydrogenation of primary alcohols by a variety of
PNP iron and manganese catalysts to produce carboxylic acid salts (Eq. 14). The
catalytic conditions were optimized for the acceptorless dehydrogenative coupling
(ADC) of 1-butanol and water to butyric acid salt. The iron catalyst 6 was found to
be a better catalyst than its manganese analog [22].

0]

OH
-H; -Hz
R oH 6, 2 mol% R&O_FRJ\O/\R R)LOH(O'} (14)

KOH, 120°C,6h

Hazari and Crabtree reported the dehydrogenation of glycerol to lactic acid using
(PNP)Fe catalyst 6 [23]. This system gives superior selectivity compared with
previous heterogeneous systems, but further improvements are needed to match
the activity of homogeneous precious metal catalysts. The proposed mechanism
involves initial primary alcohol dehydrogenation followed by dehydration/rehydra-
tion steps (Scheme 6).

4 Hydrogenation of Esters

Following on their success with the use of iron pincer complexes 1 and 2 for ketone
hydrogenation, Milstein examined the use of the related ‘Bu,P-dihydride catalyst 12
for ester hydrogenation [24]. For esters where the keto group is attached to CFj3, they
found that a wide range of esters could be hydrogenated to give CF;CH,OH and
RCH,OH in yields of 80-99% at H, pressures of 360 psi (Eq. 15). The proposed
mechanism involved addition of the Fe—H bond across the ester C—O bond and
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OH OH OH o]

OH HO )\/ ﬁ)vo

A 1+H20

0
-PF’fz -F!Prz
d Fé-CO A Fe co or
.p,z < e
HB’ —BH3 HiB.,, 9
P§/ | g ﬁ)\ONa
Fe &5 Fe—CO L
'Pr25|' 7 'Prz 6

Scheme 6 Proposed mechanism for glycerol conversion to lactic acid with 8

elimination of the hemiacetal using a hydrogen from the PNP ligand arm. The acetal
then eliminated RCH,OH while forming CF;CHO. The latter was hydrogenated to
give trifluoroethanol. The catalyst 12 is regenerated by the addition of hydrogen
through metal-ligand cooperation.

H t
|-:PBU3
0 [ r
PR i (15)
oFi o 1.0 mol% CFJ/\OH + R/\OH

NaOMe (5 mol%)
H, (25 bar), 40°C, 16 h
dioxane

R = "Pr, CH;OMe, CH,Ph, CH=CHb,, Ph, p-tol, p-CF4Ph, p-FPh, Cy

For comparison, Lefort and Pignataro reported an easy to make benchtop stable
non-pincer cyclopentadienone iron catalyst for hydrogenation of trifluoroacetate
esters [25]. For unactivated ester, however, no reduction was observed (Eq. 16).

SiMes
o]
0 oc”!'e%igea
‘o (16)
CF3)k0/\ 2.5 mol% CF3/\OH i R/\OH

MeNO (5 mol%)
Hs (70 bar), 110°C
dioxane/DCE, 3:1

R = CF3, Cy, (CH3)sMe
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Another report appeared in 2014 by Guan et al. in which a PNP catalyst 6 was
used for ester hydrogenation [26]. With this catalyst, a wide variety of methyl and
ethyl esters were hydrogenated in yields of 50-95% (Eq. 17). The reaction required
less pressure than the Milstein catalyst described above. The true catalyst was
proposed to be the species 8 and its dihydride analog, as described above in ketone
hydrogenation. However, the ester hydrogenation was reported first. Also, Beller
reported almost the same ester hydrogenations using the same catalyst (2) at about
the same time [27]. Guan also submitted a patent on this work [28].

(0]
9,
)J\ 3 mol% 6 RAOH + R'OH
R OR' toluene or THF
115°C, - ROH (17)
150-230 psi Ha

R = Ph, p-CF3Ph, p-MeOPh, p-CIPh, p-MeO,CFh, n-heptyl, Cy, CH,Ph, cinnamyl;
R'= Me, Et, CH,Ph

Beller also published a paper comparing the activity of three derivatives of these
types of PNP catalysts in which the phosphine was substituted with 'Pr (6),
cyclohexyl (13), or Et (14) groups (Eq. 18). For the hydrogenation of methyl
benzoate, 30 bar H, pressure was needed to obtain reasonable yields [29]. Table 1
shows that the PEt, derivative is most reactive, followed by the P'Pr, catalyst, and
finally by the PCy, catalyst. Complex 14 could even hydrogenate the ester at 40°C,
albeit in lower yield. Lower H, pressures also resulted in lower yields. A variety of
other esters were also found to be hydrogenated by 14. Conjugated C—C double
bonds were also hydrogenated (e.g., methyl cinnamate), while non-conjugated C—C
bonds were untouched.

H3B.

H
pPr. Cy> Et,
(-—] 2 (“*I P H (“F] F'CO
—Fe—-CO SN—Fe—CO or e
ﬁp o <—p <_p l
'PrzH 6 CyH o q3 EbH 14
(18)
(0]
catalyst (mol%)
OMe OH
T (°C), P (bar), t (h)
THF
Table 1 Reduction of methyl benzoate with iron pincers
Entry Catalyst (mol%) P (bar) T (°C) t (h) Yield (%)
1 6 (1) 30 60 6 50
2 13 (1) 30 60 6 30
3 14 (1) 30 60 6 99

Methyl benzoate (0.5 mmol), 1, 13, 14 (0.005 mmol), THF (1 mL)
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Prior to the above reports, Yang published in 2012 a DFT study [30] on the
hydrogenation of dimethyl carbonate to methanol using an iron PNN catalyst 15
(Eq. 19). This study was based on experimental work by Milstein [31] using a related
PNN ruthenium catalyst, which Yang also investigated by DFT. 15 was predicted to
have a barrier for catalytic hydrogenation that was 3.4 kcal/mol lower than its Ru
analog, but an experimental investigation with this catalyst has not appeared yet.

H. ptB Uz

C’E:f:é_co (

v 19)
9 et s

) I 3 MeOH

MeO OMe AN

Guan also published DFT results on using complex 6 for hydrogenation of methyl
benzoate to methanol and benzyl alcohol [32]. A key finding was activation of 6 to
produce the dihydride by loss of BH;3. He found that addition of NEt; could promote
this activation, allowing full conversion under conditions where only 50% yield
could be obtained without NEt;. The reaction was found to proceed via a hemiacetal
intermediate, which decomposed to benzaldehyde and methanol. Two other path-
ways were examined and found to be higher in energy. Beller also examined this
catalyst using DFT but also made a comparison of the Fe, Ru, and Os derivatives
[33]. The ruthenium complex was found to be the most effective catalyst for ester
reduction, followed by the iron and then the osmium complex. The ruthenium
catalyst was found to be best for benzaldehyde reduction, in agreement with
experiment.

5 Hydrogenation/Dehydrogenation of Nitriles and Imines/
Amines

Catalyst precursor 6 was also reported by Beller to be capable of the reduction of
nitriles to amines. The scope of the substrates included aryl, alkyl, heterocyclic
nitriles, and dinitriles [34]. Ester, ether, acetamido, and amino substituents were not
reduced in the presence of nitriles (Eq. 20). The primary amine products were
obtained as ammonium salts by protonation during workup after hydrogenation.
Adiponitrile was hydrogenated to 1,6-hexamethylenediamine, constituting the first
homogeneous catalyst for this selective hydrogenation.

1 mol% 6
R—C=N S T
'PrOH, 30 bar H, (20)
70°C,3h
followed by 1M HCI/MeOH
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A subsequent investigation using PCy, and PEt; catalysts 13 and 14 revealed that
the cyclohexyl derivative was comparable to the isopropyl derivative but that the
ethyl derivative was not as effective, especially at catalyst loadings of <1%
[35]. DFT calculations indicated that 14 should have the fastest rate for acetonitrile
reduction, but experiments indicate that the lower stability of the complex (espe-
cially at low loadings) leads to it being a worse catalyst. Additional DFT studies
compared the Fe, Ru, and Os derivatives [33]. Both the iron and ruthenium com-
plexes were found to be competent catalysts for ester reduction, whereas the osmium
complex was predicted to have a significantly higher barrier.

Milstein reported a different PNP catalyst 16 that could reduce nitriles to second-
ary imines [36]. High conversions and yields were obtained with aryl nitriles,
although in a few cases, some hydrogenated imine and trimerized products were
observed. Moderate yields were obtained with aliphatic nitriles, even at extended
reaction times, and NaHBEt; could be employed in place of ‘BuOK (Eq. 21). The
reaction proceeds by hydrogenation of nitrile to imine and amine, followed by
condensation of these two products to give an aminal. Ammonia is liberated as a
by-product of aminal decomposition to produce the secondary imine.

P'Pr,
| ‘\,Br
H—N—Fe-CO
H 1
prz (21>
16
R—C=N - RTSNT R
30 bar H,, 90 °C, CgHg + NH
'‘BuOK ’

Milstein also reported the hydrogenative coupling of nitriles with amines to give
secondary imines [37]. Here, catalyst 16 was employed to give cross-imines exclu-
sively (Eq. 22). Only traces of self-coupled products were observed. The reaction
proceeds via nitrile hydrogenation to form imine, which then makes the cross-aminal
to yield the cross-imine selectively.

1 mol% 16 2
R'=C=N + H;N—R? ————= RI7X- N
1 mol% "BuOK (22)
10-20 bar H,
60 °C, CeHe

Amine dehydrogenation has been identified as a possible hydrogen storage
alternative [38]. Jones reported that iron PNP catalyst 6 could be used for the
dehydrogenation of nitrogen-containing heterocycles by allowing for the escape of
hydrogen in this thermodynamically uphill reaction [11]. Here, tetrahydroquinolines
and isoquinolines were readily dehydrogenated to give their aromatic counterparts in
high yield (Eq. 23). Temperatures of ~140°C were also required to drive this
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reaction. Dihydroindole and piperidine were dehydrogenated to indole and pyridine,
respectively, at a slightly reduced rate. The thermodynamically favorable hydroge-
nation reactions could be effected at 80°C with 5-10 atm H, pressure using the
hydrido bromide precursor to the catalyst (Eq. 24). Mechanistic studies revealed that
tetrahydronaphthalene and dihydronaphthalene were not dehydrogenated, indicating
a pathway involving heterolytic amine dehydrogenation to make imines, which then
isomerized to permit a second equivalent of H, to be eliminated.

x 1 mol% 6 e -
R‘ | _R2 ——— R‘I— —R2
I
L N) reflux, 30 h P N/) +2H, (23)

lene

b -
3mol% 7 S

1|\ \_2—..R1'_ 1 R2
R e R | )
A S KO'Bu (10 mol%) Sy (24)
N 80°C, 24 h H
+2H, THF
5-10 atm

Surawatanawong investigated the mechanism of tetrahydroquinoline dehydroge-
nation by DFT using the active catalytic species 8 [39]. The dehydrogenation
involves two main steps: (1) dehydrogenation of tetrahydroquinolines to
3,4-dihydroquinoline and (2) dehydrogenation of 3,4-dihydroquinoline to quino-
lone. The isomerization of 3,4-dihydroquinoline to 1,4-dihydroquinoline or
1,2-dihydroquinoline was found to be unnecessary, as 8 can dehydrogenate the
C3-C4 bond of 3,4-dihydroquinoline directly (barrier = 22.8 kcal/mol). A separate
report by Jones investigated the related dehydrogenation of piperidine to pyridine
using 8 [40], but here isomerization to allow dehydrogenation of the N-C bond was
required.

6 Hydrogenation of Amides

Langer prepared a series of five (RPNP)FeH(CO)(BH4) complexes analogous to
6 where the phosphine arms were substituted with ‘Bu, Cy, iPr, Et, and Ph and
examined them for amide hydrogenation [41]. Bulky ligands and less electron-
donating ligands were found to result in catalyst instability to give deactivated
products. The PEt,-substituted catalyst 14 was found to be very effective for the
hydrogenation of N-aryl benzamides to give anilines plus benzyl alcohols (Eq. 25).
N-Methyl benzamide was only marginally reactive, but N,N-dimethyl benzamide
showed about 50% conversion. d-Lactams were not hydrogenated (6-membered
ring), but y-lactams (5-membered ring) were easily hydrogenated to aminoalcohols
in good yield (Eq. 26). Catalyst 14 also proved superior to 6 for ester hydrogenation.
Sanford also used this catalyst to hydrogenate formamides [42], and Bernskoetter
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showed that the catalyst loading could be substantially reduced in amide reductions
if traces of formamide were added [43].

0]
2-10 mol% 14 H
3
R‘J\ o = RI7OOH * go-Nops (25)
|, 70-100°C, 50 bar Hy
R 24 h, THF
0
2-10 mol% 14
» HO_~_ -\ -Ph
N—Ph , N (26)
100 *C, 50 bar H; 99% H
24 h, THF

Milstein also reported that his PNP catalyst 1 with P'Pr, arms proved effective
for hydrogenation of activated amides [44]. In particular, 2,2,2-trifluoro-N-
phenylacetamide was hydrogenated using potassium hexamethyldisilazide
(KHMDS) as base and 60 bar H, at 140°C. N-aryl amides gave good yields
(Eq. 27), whereas N-alkyl amides gave only moderate yields of reduction products
(25-35%). P'Bu, derivative 12 proved ineffective for this catalysis, but the BH,
adduct of 1, catalyst 2, showed similar reactivity as 1. The mechanism was thought
to be similar to that proposed for trifluoromethyl-ester reduction.

/(ﬁ\ 2-5mol% 1
,RI KHMDS (6-15 mol%)__ PN 1 27
CF3 ﬁ H, (60 bar) CFy”~ "OH * RI=NH 1)

dioxane, 140 °C

In related work, Kirchner found that benzyl alcohols can be dehydrogenated in
the presence of amines to efficiently give secondary amines using iron catalyst
9 [45]. Isoelectronic manganese catalysts were also effective but produced imines
rather than secondary amines. The reactions proceed without the addition of base,
but molecular sieves are required to remove water. The mechanism involves alcohol
dehydrogenation to make an aldehyde, which then condenses with the amine to give
an imine that is hydrogenated when the iron catalyst is employed (Eq. 28).

9 (3 mol%) 0 2
R NOH 3A MS J\ R1/\N,R
2 toluene R1 H H (28)
+ R“—NH,

140°C, 16 h + R?=NH, + H,0
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7 Hydrogenation of CO, and Formic Acid
Dehydrogenation

These topics are being treated in other chapters in this book, so only a few
representative examples will be presented here. The interested reader is referred to
these other chapters for a fuller discussion.

In 2011, Milstein reported the use of iron PNP catalyst 12 for CO, reduction to
formate [46]. He followed this with a report using pyrazine in the backbone (17) for
CO, reduction [47]. Activation with base allows for the catalytic formation of
sodium formate (Eq. 29). The activation proceeds by deprotonation of one of the
CH,P'Bu, arms and loss of chloride. Hydrogenation of CO, to formic acid is uphill
thermodynamically, so this reaction must be driven to completion by deprotonation
of the acid. The distal nitrogen in the pyrazine ring was found to stabilize unsaturated
intermediates by coordination to a second iron center, forming 6-membered cyclic
chains.

/_(—PtBuz
Cl
7\ |«

N N—Fe—CO

=]l 12
= (29)

0.1 mol%

CO, + H, + NaOH > HCO,Na + H,0
H,OITHF (10 1)

3.3bar 63bar 3M 55 °C 388to.

Bernskoetter and Hazari have used an iron PNP catalyst 8 for CO, hydrogenation
to formate [48]. The catalyst uses DBU as the base to drive the reaction, as it is
compatible with the catalyst. Lewis acids (Li*, Na*, K*) were found to enhance the
turnover numbers, giving over 3,000 turnovers with LiOTf with the PCy, variant of
the catalyst. Use of a variant of catalyst 6 with a methyl group attached to the
backbone nitrogen, 18, led to impressive turnover numbers of 59,000 (Eq. 30). Use
of a variant of catalyst 8§ with CNxylyl replacing CO proved to be about 10x less
reactive [49].

HsB.

H 'Pr.
Me\(hl_.-‘P ’
N—Fe—CO
‘|
a H
PraFl 4 0 ®
umol
CO,; + Hy - o
5000 eq DBU H o)
LA, THF, 80 °C, 24 h

As a last representative, Milstein reported the use of catalyst 12 for the catalytic
dehydrogenation of formic acid to CO, and H, [50]. Using NEt; as co-catalyst,
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2,000 turnovers could be obtained (Eq. 31). The mechanism proceeds via proton-
ation of 12 to generate a dihydrogen complex which then loses H, and coordinates
formate. Decarboxylation leads directly back to 12. This decarboxylation was
proposed to occur via dissociation of formate and subsequent recoordination through
the formyl hydrogen atom. Hydride transfer leads to 12 and CO,.

0]

J\ 12
> COQ + Hp (31)

H OH NEt;
THF, 40°C, 1h 2000 t.0.

8 Hydrogenation of Alkenes and Alkynes

The efficient, mild hydrogenation of olefins by an iron complex was first reported by
Chirik in 2004 using a pyridinediimine (PDI) pincer ligand [51]. The catalyst 19
effects hydrogenation of a variety of unactivated olefins with turnover frequencies as
high as 1,800 h™' at RT and 1 atm H, (Eq. 32). This work was extended to include
olefins with oxygen and nitrogen containing functional groups with similar reactiv-
ity, although o,f-unsaturated ketones were observed to induce catalyst decomposi-
tion [52]. Examination of six different pyridinediimine derivatives in which steric
and electronic effects of the aryl group of the PDI are varied showed that the more
electron-rich iron dinitrogen complexes are effective for the catalytic hydrogenation
of unfunctionalized alkenes [53].

=
| S 'Pr
N
N| | lN Ar :g@
Ar” Te\N SAr ipy (32)
N2 2 19
M - /\\N
1atmH,, 22°C
minutes

Jones examined the use of catalyst 8 for the hydrogenation of activated olefins
[54]. Styrenes were reduced at room temperature in good yields (Eq. 33). The
electronic effects of the arene showed dramatic changes in the rate of reaction,
with electron-withdrawing groups (e.g., CF3) dramatically increasing the rate and
electron-donating groups (e.g., OMe) dramatically slowing the rate. DFT analysis of
the mechanism indicated a metal-ligand cooperative stepwise hydride/proton trans-
fer pathway (Fig. 4). The strong rate effects of donating/withdrawing groups are
consistent with this mechanism. 2-Vinylpyridine was rapidly hydrogenated, and
benzylideneacetone showed the ketone to react about 10x faster than the
o,B-unsaturated double bond (Eq. 34).
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Fig. 4 Calculated potential energy diagram for the hydrogenation of styrene in benzene (lower
path) and THF (upper path) by "™°%6. Free energies (enthalpies) are given in kcal/mol at STP
(Reproduced with permission from [54], ©2016 ACS)
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Alkynes have also been reported to be reduced by iron pincer catalysts. Milstein
found that alkynes are “semi-hydrogenated” to alkenes using an acridine-based iron
pincer catalyst 20 [55]. Curiously, E-alkenes are produced almost exclusively with a
dozen different alkynes (Eq. 35). The high E selectivity was found to be due to rapid
isomerization of the initial Z-olefins to the corresponding E-olefins. When Z-stilbene
was stirred at 90°C with 0.6 mol% catalyst in the absence of H,, it isomerized to
E-stilbene.
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9 Olefin Hydroboration and AB Dehydrogenation

Several reports have appeared describing the addition of pinacolborane to olefins
using iron pincer catalysts. Huang reported a novel PNN pincer complex 21 that
served as a catalyst precursor for anti-Markovnikov hydroboration of terminal
olefins with excellent efficiencies and low catalyst loadings [56]. The catalyst is
activated by reduction with triethylborohydride and is far more efficient than known
noble metal systems for this reaction (Eq. 36). He extended the ability to form
terminal pinacolborane derivatives from internal olefins by combining the iron
catalyst with a similarly ligated PCN—iridium catalyst that could effect double-
bond isomerization, allowing the iron to capture the terminal olefin for
hydroboration [57].

N N
SFeZ—cl

P\

tBUz Cl 21

R™ X + HBPin R NS
THF, 25 °C, 10-30 min

Sabo-Etienne and coworkers reported the hydroboration of styrene using an iron
PCP catalyst [58]. Upon photolysis to remove CO, the iron POCOP catalyst 22
results in the dehydrogenative borylation of styrene. Only small quantities of the
saturated HBpin addition product or ethylbenzene were observed (Eq. 37).
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Ammonia borane is also dehydrogenated by iron POCOP complexes. Guan
reported conversion of NH;BH; to dehydrogenated material with the liberation of
2.3-2.5 equiv. H,, making these the best for any known iron-based catalyst [59]. Of
the three POCOP systems investigated, catalyst 23c¢ gave the highest conversion
rates, although by only a slight amount (Eq. 38). Kinetic studies showed that the
reaction was first order in iron, but zero order in [NH;BH;], suggesting the rapid
formation of an adduct with the substrate that then undergoes a unimolecular rate-
determining reaction. In fact, stoichiometric experiments showed the formation of a
B-H-Fe adduct. Isotope effect experiments with ND;BD3;, ND3;BHj3, and NH;BD;
were consistent with both N-H and B—H bonds being broken simultaneously.

H 'Pr, H 'Pry H 'Prp
o—|-P °© 0—|~_P - o—|A_r=l
Fe—PMe; Fe—PMe,Ph MeO@Fé—PMe;Ph
4 )
o—+| o—F'| o—#'|
Pr2 PMe, Pr2 ppe,Ph Pr2 PMe,Ph (38)
23a 23b 23c
5 mol% [Fe
NH3BH; [Fel spent fuels + H;

DFT calculations on this system (with P'Pr, replaced by PMe,) were reported by
Ushiyama [60]. He found that the barrier to dehydrogenation of NH;BH; was very
low (4.6 kcal/mol) for the p-MeO/PMe,Ph derivative 23c. They indicated that the
bulky PMe,Ph ligand repels neighboring methyl groups, allowing the AB to more
easily hybridize from a staggered conformer to a planar NH,BH, by releasing a
proton and hydride. Subsequent dehydrogenation steps were not calculated. A
second DFT study on this system appeared shortly afterward by Yang in which
the B—H hydrogen moves to the iron as the N—H proton moves to the ipso carbon of
the pincer ligand [61]. This pathway was found to have a barrier of 17.6 kcal/mol
(Eq. 39).



164 W. D. Jones

H
H ¥
N N—BH, H5B—NH-
8—NH- H"-N B..H_ + H.B 2
H Me, H H _H
0_]_’p i-0—;PMe; l-? /ﬁpme:‘
MeOC%Fe?PMe;Ph S Meo@péfpmejph . MeOCﬁFepre;Ph
s ) 4 \
O=P \ 0O=P \ O=P
Me; H Me; H Me; H

(39)

10 Asymmetric Hydrogenation of Ketones and Aldehydes

The use of pincers has been examined by several groups, but the group of R. Morris
at Toronto has led the way with 3- and 4-coordinate pincers. A variant of catalyst
8 has been prepared in which the PCP ligand is deprotonated and one of the
backbone arms has been made chiral (24) [62]. A variety of acetophenones were
reduced to give products in ~90% yield and with e.e.s of ~80% (Eq. 40). TOFs of
1,000-2,000 h™" were typically seen with TONs of ~1,000. Morris also performed
DFT calculations on this catalyst in which outer sphere ketone reduction was
proposed. The barriers for hydride attack on the ketone and H, splitting were close
and either hydride transfer or dihydrogen splitting could determine the turnover
frequency depending on the nature of the ketone [63].

PCYQ @ e
¢ |0 | sfy

N—Fe—Br
T oc
PPh,
ol e ()
i 0.1 mol% 24, LiAlH,, ‘AmylOH ji
R! R2 1 mol% KO'Bu, 5 atm H, R'™ * “R?

THF, 50 °C

Kirchner reported hydrogenation of several acetophenone derivatives using a
chiral version of catalyst 9 [64]. Here, one of the P'Pr, groups is replaced by a
P-(R)-BINEPINE moiety. The catalyst was obtained as a mixture of two diastereo-
mers (~1:1) and showed acceptable activity under mild conditions (5 bar H,, room
temperature) with yields up to 99% within 18 h (Eq. 41). However, as both
diastereomers were present, no enantioselectivity was observed.
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Between 2008 and 2013, Morris reported a series of articles in which tetradentate
ligands on iron were examined for asymmetric ketone reductions. While these
ligands are technically not pincers, they are mentioned briefly here because of
their similarity to the abovementioned catalysts. The tetradentate ligands are of the
PNNP variety, analogs of the Jacobsen-type ONNO epoxidation catalyst ligands.
The first foray into this type of asymmetric ketone hydrogenation resulted in low
e.e.s in ketone reductions using catalyst 26 (Eq. 42) [65]. Replacement of CO
with CN'Bu gave higher e.e. (76%) with acetophenone. Transfer hydrogenation from
'PrOH was also demonstrated with e.e.s of 80-99% with PXyl, groups on the ligand
[66]. Ketimines could also be reduced by transfer hydrogenation [67].

®

& BF

\ / = L =CO, CN'Bu
\
Ph2 L th (42)

0.5 mol% 26
| RS RZ 7 mol% KO'Bu, 25 atm H, | X R2
iPrOH, 18 h, 50 °C
[ 2 d 1/ 7
1
R R1 = aryl, R2 = Me, Et R 18-61% e.e.

This ligand was “stripped down” to its backbone without aryl groups in the arms
to give a PNNP catalyst that was very good for asymmetric transfer dehydrogenation
of acetophenones (Eq. 43) [68]. Use of PEt, groups in the ligand permitted activation
of the catalyst without addition of base [69]. The ligand was found to be
non-innocent in these hydrogenations [70], with an outer sphere reduction of ketone
being performed from an H-N—Fe-H moiety [71].
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11 Hydrosilation, C-O Cleavage, and Ether Oxidation

Iron pincers can be efficient aldehyde and ketone hydrosilation catalysts. The PSiP
catalyst 28 operates at 60°C to give the siloxane, which is then cleaved with a basic
methanolic workup to yield the alcohol (Eq. 44) [72].

PPh,
‘ PMe;

Me—Si—Fe—PMe;

0 H
P @f”’“z 28 (44)

R & , 1 mol% 28 10% NaOH  R2CHOH
O+ HSI(OEt); = " o
j\ 1.5 equiv THF MeOH, 60 °C  RCH,OH

R H

Chirik reported that iron pyridinediimine complex 19 could cleave certain C—O
bonds in ethers and esters [73]. For example, catalyst 19 was found to react with
diallyl ether to give an allyloxy derivative and a m-allyl adduct (Eq. 45). Allyl ethyl
ether gave the same m-allyl product plus and ethoxide complex (Eq. 46). Ethyl vinyl
ether also gives the ethoxide complex, but the fate of the vinyl group could not be
determined.
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Similarly, esters undergo C—O cleavage [73]. Allyl acetate reacts with 19 to give a
k*-acetate complex and the 7-allyl complex (Eq. 47). Methyl acetate and benzoate
produce the Kz—carboxylate complexes and the (PDI)Fe-Me derivative (Eq. 48).
Vinyl acetate produces the Fe(Il) oxidative addition adduct (PDI)Fe(CH:CHz)(KZ-
OAc) (Eq. 49). Phenyl acetate produces the phenoxide adduct and the methyl
complex, with expulsion of CO (Eq. 50). Other acetates give mixtures of ester and

acyl C—O cleavage products (Scheme 7).
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Scheme 7 C-O selectivity in ester cleavage by 19
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Xiao found that an NNN iron pincer complex 29 that catalyzed the a-oxidation of
ethers using air [74]. Interestingly, unlike metalloenzymes, H; is the only by-product
(Scheme 8). Mechanistic investigation provided evidence for a two-step reaction
pathway which involves dehydrogenative incorporation of O, into the ether to give a
peroxobisether intermediate. Cleavage of the peroxy bond forms two ester mole-
cules, releasing a stoichiometric quantity of H, gas in each step. GC analysis
established the stoichiometric formation of H,. Tetrahydrofurans were converted
to lactones (Eq. 51), and isochromans were converted to isochromanones (Eq. 52).
Phthalans were oxidized to phthalides (Eq. 53).
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12 Reviews

A number of reviews covering portions of the above chemistry have appeared in
recent years:

* Guan published a review on the synthesis and catalytic applications of iron pincer
complexes [75].

¢ Kirchner reviewed the hydrosilation of ketones and aldehydes using iron pincer
PCP catalysts in an article that included Fe, Co, Ni, and Mo catalysts [76].

e Chirik reviewed Fe and Co alkene hydrogenation using catalysts with
pyridinediimine and diphosphine ligands [77].
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Milstein reviewed iron pincer catalysts where metal-ligand cooperation occurs by
aromatization/dearomatization in the course of a hydrogenation reaction [78].
Guan reviewed nickel and iron pincer complexes for the reduction of carbonyl
compounds [79].

Beller reviewed pincer complexes for hydrogenation/dehydrogenation reactions
employing both noble metals and base metals [80].

And, finally, Hu reviewed recent developments in catalytic applications of iron
pincer complexes, including hydrogenation, hydrosilylation, dehydrogenation,
and carbon—carbon bond forming reactions [81].
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Abstract Production of carboxylic acids from alcohols is an important process for
both industry and laboratory. Traditional methods usually require environmentally
unfriendly oxidants and generate stoichiometric waste. Recently, methods using O,
as oxidant, oxidation processes applying stoichiometric hydrogen acceptors and
acceptorless dehydrogenative coupling reactions to generate carboxylic acids/
carboxylic acid salts have been developed. This chapter reviews the reported results
on the generation of carboxylic acids/carboxylates by acceptorless dehydrogenative
coupling of alcohols and water. The chapter is according to the types of catalysts
used; reaction conditions, product yields, and mechanisms are also discussed.
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1 Introduction

Transforming alcohols to carboxylic acids represents an essential synthetic process
in both industry and laboratory. Traditionally, stoichiometric strong and/or toxic
oxidants (e.g., KMnQ,, pyridinium dichromate, iodate, or chlorite) and chlorinated
solvents have been used for this transformation, which generate copious waste and
suffer from low atom economy (Eq. 1) [1]. A few early examples were also reported
to produce carboxylates from alcohols under harsh conditions [2, 3]. In recent years,
significant efforts have been made toward “greener” methods, and methods for
alcohol oxidation to carboxylic acids using O, were reported (for selected reviews
of heterogeneous catalysts, see [4, 5]; for selected examples of heterogeneous
catalysts, see [6, 7]; for examples of homogeneous catalysts, see [8, 9]), although
use of O, under pressure may pose safety issues. During the last decade elegant
dehydrogenation methods were developed. For example, homogeneous rhodium
catalysts were reported for the generation of carboxylic acid salts from alcohols in
basic solvents using a ketone [10, 11], O, (with DMSO as a sacrificial oxygen
acceptor) [12] and N,O [13] as stoichiometric hydrogen acceptors. Acceptorless
dehydrogenation and dehydrogenative coupling reactions experienced rapid devel-
opment in recent years [14-21]. Within this general area, carboxylic acid synthesis
from alcohols using water with no added oxidant, with liberation of hydrogen gas
under relatively mild conditions (Eq. 2), has been a topic of active research during
the last decade, and the reported results are reviewed in this chapter.

Oxidant o

R oH ————— RXOH + waste ( 1 )
A~ H catalyst 0
R oH 20 base R + 2H, (2)

The mechanistic steps involved in the acceptorless generation of carboxylic acids
from alcohols and basic water are shown in Scheme 1. In this transformation, an
aldehyde intermediate is formed by catalytic dehydrogenation of the alcohol, releas-
ing one molecule of hydrogen. Reversible nucleophilic attack by water, (or solvated
hydroxide), on the aldehyde intermediate, followed by dehydrogenation of the
produced gem-diol forms the carboxylic acid. Usually, the reaction is performed in
a basic solution, and the produced carboxylic acid is captured by the base, leading to
the corresponding carboxylic acid salt.

OH 0 OH o
o~ catalyst PN H,0 _
Ron S e DU . A

Hy Hp

Scheme 1 General sequence of the acceptorless generation of carboxylic acid salts from alcohols
and basic water
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The organization of this short review follows the different types of catalytic systems
and is ordered in three major parts: (1) homogeneous pincer-type catalysts — the
majority of the catalysts summarized in this part are bearing cooperative pincer
ligands, (2) homogeneous non-pincer catalysts, and (3) heterogeneous catalysts.
Homogeneously catalyzed methanol reforming to produce H, and CO, under rela-
tively mild conditions, which is thought to proceed via HCOOH intermediacy, was
summarized in other reviews [17, 20, 21] and will not be discussed in detail in this
chapter. Research covered in this chapter is until February 1, 2018.

2 Catalysis by Homogeneous Pincer-Type Complexes

Most of the catalysts summarized in this section are based on cooperative pincer
ligands and follow a metal-ligand cooperation (MLC) catalytic mode. Briefly, during
a MLC catalytic cycle, the cooperating ligand and the active metal center of the
catalyst are both involved in bond making and breaking. MLC has become an
important strategy for catalyst design and was recently reviewed in detail [22, 23].

The Milstein group reported in 2013 the homogeneously catalyzed acceptorless
dehydrogenative conversion of alcohols and water to carboxylates with liberation of
H, [24]. The reaction is performed under relatively mild conditions with high
turnover numbers and product yields. Applying the pre-catalyst 1, the actual
dearomatized catalyst 2 is generated in situ under the basic conditions (Scheme 2).
The unsaturated arm of the dearomatized catalyst 2 is the cooperative site of the
ligand, which is involved in the catalytic cycle via an aromatization-dearomatization
MLC mode.

The reaction proceeds smoothly using a low loading of complex 1 (0.2 mol%),
resulting in moderate to excellent isolated yields of carboxylic acids after reflux of an
aqueous solution of the alcohol and NaOH (1.1 equivalent to alcohol) for 18 h,
followed by acid treatment (Fig. 1). The reaction exhibits good substrate scope of
both aliphatic alcohols and benzyl alcohols. In addition, compounds bearing two
hydroxyl groups also performed well, leading to dicarboxylic acid products, as
shown in Fig. 1.

A labeling experiment using 'SOH, (together with Na'®OH, the system was
~90% '80-labeled) and n-butanol resulted in the '*O-labeled butyric acid salt (~90%
'¥0-labeled in both O atoms), indicating that water is the eventual oxygen atom
donor in formation of carboxylic acids. This labeling experiment also indicates that

\ — cooperative site

HCl //R Lewis basic
P—igy
metal center oc :fBu
Lewis acidic 2

Scheme 2 Formation of the dearomatized catalyst 2 from complex 1 under basic conditions
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Fig. 1 Examples of carboxylic acid products and yields obtained using pre-catalyst 1. Isolated
yields (%) are presented

/ H o
N N=
Cat. 2 A\ W% Cat. 2
RToH  ———— Ru , R” OH
reflux/H,0 /b F=tgy Mix at r.t.
10 equiv.  open system ocC . inCDCl; 10 equiv.
extract in CDClg O R u

3aR=CH,
3b R = n-pentyl

Scheme 3 Formation of a carboxylate addition complex 3 by alcohol reflux in water with complex
2 in the absence of base or by addition of a carboxylic acid to 2!

formation of the gem-diol intermediate is reversible, thus resulting in labeled two
oxygen atoms of the carboxylic acid salt. In the absence of base, the stable carbox-
ylic acid adduct 3 was formed, and it was also independently prepared by treatment
of complex 2 with the carboxylic acid, as shown in Scheme 3. The base NaOH
scavenges the formed carboxylic acid and regenerates the catalyst. The important
role of NaOH was also supported by DFT calculations reported by the Hall group
[25], who suggested a four-step process for the reaction: aldehyde formation via
dehydrogenation of the alcohol; gem-diol production from the aldehyde and water;
carboxylic acid generation by gem-diol dehydrogenation, and carboxylate formation
from carboxylic acid and base. Involvement of these organic intermediates is
consistent with the proposed mechanism by the Milstein group, who suggested the
organometallic intermediates shown in Scheme 4. DFT calculations by Hall indicate
a modified mechanism involving a double H-transfer mechanism for alcohol activa-
tion, which has a slightly lower barrier (by 2 kcal) for aldehyde formation than a §-H
elimination process involving hemilability of the bipyridine ligand [25].
Employing this reaction, amino alcohols were transformed directly to amino acid
salts using complex 1 as pre-catalyst (Fig. 2) [26]. Using water/dioxane or just water
as solvent, several natural and unnatural amino acid salts were prepared in excellent
yields with low catalyst loading (0.1-0.5 mol%). In addition, no need for
pre-protection of the amino alcohol substrates was required. The reaction enjoys a
good substrate scope, both f§ and y, and some other long-chain amino alcohols being
suitable substrates. The concentration of base was an essential factor for the reaction;
high efficiency and good yield could only be obtained by using concentrated base
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H,0

RCH,OH

Scheme 4 Proposed mechanism of dehydrogenative carboxylic acid salt formation catalyzed by
complex 2'!

(o}

pre-cat. 1, OH-, H,0 B
HNO~on — HZN%O_ + 2H, n=1,245

with/without dioxane

coo B coo _
e N )\N/\COd H2N><COO
H

NH, NH;,

>99(71) 95 (92) 93 (87) 94 (91)
PN i oo, K

HN - -

2P"Scoo H,NT' ncoo )LN/\coo’ (00C Ny
H
n=4,>99 (71)
94 n=5>99 (82) 95 (94) %

Fig. 2 Examples of amino acid salt products and yields obtained using pre-catalyst 1. NMR yields
(%) are presented. Yields in parentheses are isolated yields of the corresponding amino acids

solutions. The reason for that is likely to avoid the competing amide bond formation
by dehydrogenative coupling of the amine and alcohol groups [27]. An '®OH,-
labeling experiment was also tried and showed a similar result as in the case of
simple alcohols (see above) [24]. Compared with the traditional methods, such as the
Strecker amino acid synthesis, which uses highly toxic cyanide salts, the present
method is atom-economical and environmentally friendly and can be viewed as an
alternative for amino acid synthesis.

Complex 1 was also used as a pre-catalyst for methanol reforming under mild
conditions, producing H, and CO,, the latter being captured by the base in the
reaction system, as reported in 2014 [28]. Mild, homogeneously Ruthenium-
catalyzed reforming of methanol was reported by Beller [29, 30] and Griitzmacher
[31] in 2013. Ru-catalyzed aldehyde-water shift reaction to form carboxylic acids
was recently reported by Brewster et al. [32].
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pH H yH
H.C /— PO HaC /7‘ VaumN N
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Scheme 5 Formation of complex 5 from 4, and 7 from 6, via alcohol decarbonylation

o] o o] o
/\/\)LOH /\)LOH \/\)LOH /\/\/\)LOH

Cat. 4, 88, Cat. 5, 92 Cat. 4,63 Cat. 4, 71 Cat. 4, 42
Cat. 6, 53, Cat. 7, 61 Cat. 5,73 Cat. 5, 83 Cat. 5, 45
0] 0]
MOH dOH ©)kOH
(0]
Cat. 4, 33 Cat. 4, 59 Cat. 4, 65
Cat. 5, 32 Cat. 5, 36 Cat. 5, 85

Fig.3 Examples of carboxylic acid products and yields obtained using complexes 4 and 5. Isolated
yields (%) are presented

In 2014, Prechtl et al. developed ruthenium pincer catalysts based on aliphatic
PNP-type ligands (Scheme 5) for the transformation of alcohols to carboxylates by
dehydrogenation in basic aqueous solutions [33]. The carbonyl complex 5, bearing
the noncooperative Me-PNP ligand, was generated from complex 4 by an alcohol
decarbonylation reaction; complex 7 was obtained from complex 6 using the same
procedure.

Using a catalyst loading of 1 mol%, complexes 4-7 were all effective for the
carboxylate formation reaction. Interestingly, use of the N-Me complexes 4 and
S resulted in higher yields (Fig. 3), suggesting that MLC may not be operating in this
case. Aliphatic and benzyl alcohols can be used, although the performance of long-
chain aliphatic alcohols was not satisfying, probably due to their low solubility in
aqueous solutions. The authors also investigated the mechanism, and carboxylic acid
adducts analogous to complex 3 were observed [24]. Prechtl and coworkers also
reported the mild reforming of formaldehyde to CO, and H,, which proceeds even
with no added base [34].

Beller’s group reported in 2014 a hydrogen storage system, using ethanol as the
hydrogen carrier, enabled by dehydrogenative transformation of ethanol to acetic
acid salt in a basic aqueous solution (Fig. 4) [35]. Of the tested catalysts, complexes
8 and 9 showed the best results. Reported previously by the same group, complexes
9 and 10 were used as the catalysts for methanol reforming to produce H, in KOH
aqueous solution with high TON [29]. A similar system using ethanol employing
catalyst 9 (10 ppm) and NaOH (8 M) resulted in an excellent catalyst TON (80,000)
after 98 h. In addition, 95% wet bioethanol, produced by fermentation, could be used
directly without prior purification and performed the same as mixed ethanol/water
(95:5). However, aimed as a hydrogen storage system, the conversion and the actual
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Fig. 4 PNP complexes 8-10 and transformation of ethanol to sodium acetate
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Fig. 5 Examples of carboxylic acid products and yields obtained using complex 10. NMR yields
(%) are presented

56 44

hydrogen storage capacity of the reaction, which are essential factors for the total
efficiency, still need to be addressed.

In 2016, Gauvin, Dumeignil, and coworkers reported the transformation of
alcohols to carboxylates [36]. Of the several tested catalysts, catalyst 10 was found
to be one of the best. With a low catalyst loading of 0.1 mol%, complex 10 catalyzed
the transformation of both aliphatic and benzyl alcohols (Fig. 5). In addition, the
air-stable catalyst 10, bearing phenylphosphine groups, catalyzes the reaction under
air atmosphere. By applying a mixed toluene/water solvent system reported previ-
ously [28], catalyst 10 was recycled five times without significant loss of catalytic
activity.

Later in 2017, Gauvin et al. reported the dehydrogenative transformation of
alcohols to carboxylates, catalyzed by pincer complexes of earth abundant metals,
using KOH as base (Fig. 6) [37]. Among the tested catalyst candidates, complexes
11 and 12 showed the best catalytic activity for the conversion of 1-butanol to
butyric acid, leading to excellent isolated yields. Complexes 11 and 12 also catalyze
the methanol reforming reaction for hydrogen production [38, 39]. Surprisingly, the
reaction resulted in better yields in the absence of water, and the optimized solvent
was toluene, the base serving as the source of the O atom. Some bio-sourced alcohols
were also successfully utilized. In addition, C=C bonds were retained, as shown in
Fig. 6.
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Fig. 6 Examples of carboxylic acid products and yields obtained using complexes 11 and 12.
NMR yields (%) are presented. Yields in parentheses are isolated yields of corresponding carbox-
ylic acids

3 Other Homogeneous Catalysts

A few non-pincer-type catalysts were also reported for the conversion of alcohols to
carboxylates, using water as the oxygen atom source.

Griitzmacher and coworkers reported in 2013 that the Ru complex 13, bearing the
non-innocent trop,dad ligand (Fig. 7), efficiently catalyzes methanol reforming
using H,O under mild conditions, generating CO, and H, The reaction proceeds
even in the absence of added base, and formic acid is believed to be an intermediate
in this reaction. In this work it is reported that complex 13 catalyzes the reaction of
benzyl alcohol with '*OH, and KO'Bu as base, generating nearly fully '*O-labeled
potassium benzoate, in line with reversible hydration of benzaldehyde as also
indicated in the general Scheme 1.

13 Trop

Ri
N, N
Ot &r
\
R= CgHia iPr
14 15

Fig. 7 Complexes 13-16

NS : Pr Qu”\m | .

Yci {‘/ﬂ/

N\/R

16

Ruy

Trop,dad

e oo

D
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In 2015, Keul and Moller reported pre-catalyst 14, bearing a N-heterocyclic
carbene (NHC) ligand to alleviate the problem of air sensitivity when electron-rich
phosphine-based ligands are used [40]. Transformation of alcohols to carboxylates
proceeded smoothly in refluxing aqueous NaOH solution under aerobic conditions,
releasing H; as the only by-product. With a catalyst loading of 1 mol%, aliphatic and
benzyl alcohols were transformed to the corresponding carboxylic acids (after acid
treatment of the carboxylates) in moderate to excellent isolated yields (Fig. 8). The
reaction tolerates chloro- and even bromo-substituents, as shown in Fig. 8 and
Scheme 6. Interestingly, using catalyst 14 (2 mol%), biologically active alcohols
were also applied as substrates, though resulting in lower isolated yields. The authors
gave an example of functionalization of a polyether with hydroxyoctyl side chains,
showing the negative influence of the low solubility of the substrate; using an
aqueous NaOH solution, only 25% of the hydroxyl groups were transformed to
carboxylic acid groups. Adding DMSO as cosolvent, 70% conversion of the
hydroxyl groups was observed (Scheme 6).

A similar complex (15) with a different NHC ligand was reported in 2016 by
Madsen et al. to catalyze the reaction in the presence of a catalytic amount of PCy;
(in the form of PCy3-HBF,) [41]. In the absence of water, the reaction performed
well by employing complex 15 (1 mol%), PCy;-HBF, (1 mol%), and 1.2 equivalent

92 81 88 90
o}
cl 2 0 0 O, (o]
HO OH HO OH
MeO
79 83 63 45
o o)

Fig. 8 Examples of carboxylic acid products and yields obtained using complex 14. Isolated yields
(%) are presented

o 1) Cat. 14 (1 mol%), NaOH
Br H .
20 DMSO/H20 (1: 1), reflux, 48 h
N 2) 3N HCI
6
OH

Scheme 6 Transformation of biologically active alcohols using a DMSO/water system
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Fig. 9 Examples of carboxylic acid products and yields obtained using complex 15. Isolated yields
(%) are presented

of KOH, with toluene as the solvent. Attempts of using water as a cosolvent resulted
in low yields of the corresponding carboxylate products. The reaction exhibited an
outstanding substrate scope. Benzyl alcohols, aliphatic alcohols, and sterically
hindered alcohols reacted well under the optimized conditions (Fig. 9). Excellent
functional group tolerance was also observed, with chloro-, bromo- and iodo-
substitutes as examples.

The mechanism was investigated using benzyl alcohol and hydrogen gas was
collected. At the beginning of the reaction, 26% of benzaldehyde was observed. In a
separate experiment, it was observed that the transformation of benzaldehyde to
benzoic acid salt took place under the optimized conditions (Scheme 7). However,
benzaldehyde was converted to benzoic acid salt in lower yield even in the absence
of complex 15, which indicated the possibility of involvement of a Cannizzaro
reaction mechanism when benzyl alcohols are employed. Thus, conversion of the
intermediate benzaldehyde may proceed via the two mechanisms at the same time.
Based on the mechanistic investigation and a DFT study, the Ru-catalyzed mecha-
nism shown in Fig. 10 was proposed for the reaction using 15 and KOH in the
absence of water. The main difference of the suggested mechanism with Milstein’s
system is that a hydroxide ligand acts as an internal nucleophile, attacking the
cis-coordinated aldehyde directly to generate a gem-diol species. Dehydrogenation
of the gem-diol species affords the carboxylate product.

O 1) Complex 15 (1 mol%), PCy;*HBF, (1 mol%) 0}
KOH, tol ,110 °C, 3 h
©)LH oluene OH
2) Acid treatment
72%
(o} (e}
1) KOH, toluene, 110 °C, 1 h OH
H ) OH T
2) Acid treatment
48% 34%

Scheme 7 Transformation of benzaldehyde to benzoic acid with and without complex 15
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Fig. 10 Proposed mechanism using complex 15 in the absence of water

The similar complexes 16a—c (Fig. 7) were developed by the Mata group
[42]. However, use of these catalysts resulted in low conversion of alcohols to
carboxylates. Interestingly, when mixed with reduced grapheme oxide, three hybrid
organometallic-graphene materials of 16a—c were obtained, leading to moderate to
excellent isolated yields of aromatic carboxylic acids. Though the substrate scope
was limited to benzyl alcohols, the system required just one equivalent of the weak
base CsCO;, which can be viewed as an advantage as compared with many other
systems. Both the three hybrid organometallic-graphene catalysts could be recycled
and the one based on 16¢ had the best performance, without significant decrease of
catalytic activity after recycling ten times. The mechanism was investigated exper-
imentally and theoretically, suggesting that the water nucleophilic attack step to form
a gem-diolate complex is the rate-determining step.

In 2016, a binuclear rhodium complex (17), developed by the Wang group, was
reported to catalyze the formation of aromatic carboxylic acids from the
corresponding alcohols [43]. Using an aqueous NaOH solution as the solvent, the
reaction performed better under air and then under argon. Hydrogen was detected
under argon or nitrogen, while in air, oxygen was the terminal oxidant, generating
water. It was suggested that the oxygen efficiently removes the hydrogen formed in
the reaction. Although no example of aliphatic alcohol was presented, the reaction
exhibited good substrate scope and excellent functional group tolerance, as shown in
Fig. 11. Generally, employing substrates bearing electron-withdrawing substituents
resulted in lower reactivity and required longer reaction time, and an oxygen
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Fig. 12 Complexes 18 and 19. Examples of carboxylic acid products and yields obtained using
complex 17 as catalyst. Isolated yields (%) are presented

atmosphere was required to get a satisfactory yield. The reaction was suggested to
proceed via two processes: (1) the general pathway shown in Scheme 1 as the major
one and (2) the Cannizzaro reaction, which was proposed to be slow under the
employed basic conditions, as the minor process. A gram-scale reaction to produce
4-methoxybenzoic acid was also presented, leading to 69% yield at a S/C ratio of
5,000:1. In addition, catalyst 17 was very stable and could be recycled for 19 times
without significant loss of catalytic activity, indicating the usefulness of this catalyst
system.

Szymczak reported in 2017 a ruthenium complex based on a 6,6”-bis
(mesitylamino)terpyridine ligand (18), which catalyzes formation of carboxylates
from alcohols via dehydrogenation (Fig. 12) [44]. Though with limited examples,
aromatic and aliphatic primary alcohols generate the corresponding carboxylate,
providing moderate to high yields of carboxylic acids after acid treatment. The
pendent bulky NHMes groups are critical for the stability of complex 18, and no
decrease of reactivity was observed after three catalytic cycles, as shown in Fig. 12.
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Employing complex 19, Bera’s group [45] reported that both aromatic and
aliphatic primary alcohols, including several amino alcohols, were converted to
carboxylates in mostly excellent GC-MS yields of the corresponding carboxylic
acids. After ligand screening, the authors found that the free N of the ligand of
complex 19 was essential for the high catalytic activity. Mechanistic investigation
excluded the Cannizzaro and the Tishchenko reactions, and a similar mechanism to
that shown in Scheme 1 was proposed.

In 2017, Zhang and Peng’s group developed new Ru(Il) complexes based on
2,6-bis(benzimidazole-2-yl)pyridine (N'NN') ligands, of which the two complexes
20 and 21 showed good catalytic activity in the presence of base in transforming
alcohols to carboxylates, in the absence of phosphine or N-heterocycle carbene
ligands [46]. Both aromatic and aliphatic carboxylates were produced in moderate
to good yields (Fig. 13). Interestingly, the reaction performed better in the absence of
water, using excess alcohols as both substrates and solvents, together with 1 equiv-
alent of CsOH-H,O. Using a low catalyst loading of 0.01 mol%, benzyl alcohol was
transformed to the corresponding carboxylate in quantitative yield (based on
CsOH-H,0) by complex 19 with a TON around 10,000; reusing the catalyst system
after simple filtration resulted in a total yield of 98% and an increased TON of
around 19,600.

In the same year, Zhang and Peng’s group also developed a 2,6-bis
(diethylaminomethyl)pyridine Ni(I) complex (22), as a catalyst of the
dehydrogenative formation of carboxylates from alcohols [47]. Both aromatic and
aliphatic carboxylates were formed; benzyl alcohols performed better and presented
moderate to excellent isolated yields of the corresponding carboxylic acids (Fig. 14).
The bases used in this study were sodium alkoxides of the corresponding alcohols,
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Fig. 13 Complexes 20 and 21. Examples of carboxylic acid products and yields obtained using
complex 21 as catalyst. Isolated yields (%) are presented
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Fig. 15 Examples of carboxylic acid products and yields using complex 23. Isolated yields (%) are
presented

using excess of alcohols as the solvents. Addition of mesitylene as a cosolvent
increased the product yields. Interestingly, a mechanistic study showed that stoi-
chiometric ether was formed during the reaction, together with water, which acted as
the source of oxygen atom for the formed carboxylates.

Yamaguchi and coworkers developed in 2017, a water-soluble Ir complex (23)
that catalyzes the dehydrogenative carboxylic acids formation from alcohols in the
absence of base (Fig. 15) [48]. The substrate scope was limited to benzylic alcohols,
with moderate product yields, using a catalyst loading of 2-5 mol%. However, this is
a unique example of dehydrogenative production of carboxylic acids form the
corresponding alcohols in the absence of added base.

4 Heterogeneous Catalysts

Examples of dehydrogenative transformation of alcohols to carboxylates catalyzed
by heterogeneous catalysts reported in the literature are rare. An early example
appears in a patent for the generation of amino acids from amino alcohols, catalyzed
by a heterogeneous Cu system, although in very low turnovers (maximum turnover
number of 6) under N, pressure at 160°C [3]. Recently, Sajiki and coworkers studied
heterogeneous systems for this transformation [49, 50]. Rh/C catalyzes the
dehydrogenative transformation in basic water (Fig. 16) [49], although the
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Fig. 16 Examples of carboxylic acid products and yields using Rh/C as catalyst. Isolated yields
(%) are presented
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Fig. 17 Examples of carboxylic acid products and yields obtained using Pd/C as catalyst. Isolated
yields (%) are presented

carboxylic acids were formed in modest yields (38—54%), in the presence of the best
base tested (NaOH). Interestingly, some weak bases, including NaHCOj3 and NEt3,
also promoted the reaction, though with even lower yields.

In the following year, Sajiki and coworkers reported a more detailed study on the
topic of carboxylic acids formation from alcohols and basic water, using metal on
carbon catalysts [50]. Employing mild reduced pressure (80 kPa), much better yields
were obtained, as compared with the yields under 1 atm pressure. This is likely due
to the more efficient hydrogen removal under reduced pressure. The reaction is
catalyzed under reduced pressure by Rh/C (10%), Pd/C (10%), Pt/C (10%), and
Ru/C (10%), with Pd/C showing the best results (Fig. 17). Both aliphatic alcohols
and benzyl alcohols were suitable substrates, and moderate to quantitative yields of
the carboxylic acid products were obtained. In addition, the Pd/C catalyst could be
reused, without any decrease of the catalytic activity after five cycles. In a mecha-
nistic investigation, an aldehyde intermediate was observed, which transformed to
the corresponding carboxylate. This investigation indicated that the reaction process
was mainly based on Pd/C catalyzed dehydrogenation of alcohols with liberation of
H,, although aldehyde oxidation to carboxylic acid by O, could also be involved in
some cases.

The Madsen group reported in 2017 a silver catalyzed dehydrogenative formation
of carboxylates from primary alcohols [51]. Silver salts were used as pre-catalysts
for the reaction and Ag,CO5; showed the best results. In the optimal conditions,
Ag,CO;5; (2.5 mol%) KOH (2.5-3 equivalent) and primary alcohols in refluxing
mesitylene were used. The carboxylic acids, obtained after acid treatment of the
product potassium carboxylates, were obtained in moderate to excellent yields
(Fig. 18). Both benzylic and aliphatic primary alcohols were suitable substrates,
and good functional group tolerance was observed. The reaction was believed to
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Fig. 18 Examples of carboxylic acid products and yields obtained using Ag,CO; + KOH as
catalyst. Isolated yields (%) are presented

proceed via dehydrogenative Cannizzaro reaction catalyzed by silver nanoparticles.
Hydrogen gas was collected and tested. Formation of silver nanoparticles was
confirmed by transmission electron microscopy (TEM). Silver nanoparticles pro-
duced form AgNOj; and PVP (polyvinylpyrrolidone) also showed similar catalytic
activity to that of Ag,COs.

5 Summary and Outlook

In summary, in the relatively short period since 2013, several ligands and catalysts
have been developed for the catalytic acceptorless transformation of alcohols to
carboxylic acid salts using basic water and no added oxidant under relatively mild
conditions, including catalysts that showed both high efficiency and good substrate
scope. This success is partly due to the development of catalysts capable of function
by metal-ligand cooperation (MLC). The majority of the systems are homoge-
neously catalyzed, and only few heterogeneously catalyzed systems were reported.
Homogeneous, and particularly heterogeneous catalysts for the dehydrogenative
transformations, can be robust and may be recycled, an obvious advantage for
industrial applications. However, nearly all of the successful examples suffer from
the need of strong bases, and when in some cases weak bases were used, low
conversions and yields were observed. This is a significant disadvantage since chiral
carboxylic acids, such as chiral amino acids, undergo racemization in a strongly
basic environment.

Based on this situation, more efficient and robust catalysts, which are suitable for
both aliphatic and aromatic alcohols and can tolerate different functional groups, are
still required for lab applications. Especially, the development of catalytic systems
which can use weak bases or function in the absence of base is a significant
challenge. Highly efficient and reusable catalysts for industrial applications are
also needed.
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Abstract Allylic alcohols are very versatile compounds which are used in a large
variety of industrial processes. Transfer hydrogenation of o,p-unsaturated carbonyl
compounds is a very appealing approach to obtain allylic alcohols. It avoids the use
of stoichiometric and hazardous reagents such as NaBH, or LiAlH,. Furthermore,
compared to classical catalytic hydrogenations, these reactions do not need special
equipment such as autoclaves or high-pressure reactors. Thus, protocols for transfer
hydrogenation are cheaper and safer. One of the major problems in the reduction of
unsaturated carbonyl compounds is to achieve high chemoselectivity. Free energy
barriers for the reduction of carbonyl compounds and for the reduction of conjugated
carbon-carbon double bonds are often very close in value. For that reason, mixtures
of products as well as fully reduced products are often obtained making the scope of
many catalysts limited. Herein we review the literature on selective transfer hydro-
genation of o, f-unsaturated carbonyl compounds to the allylic alcohols using soluble
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transition metal complexes as catalysts. Ruthenium is the most employed metal in
this field followed by iridium. In addition, some examples using complexes based on
other transition metals including some first-row transition metals were found. This is
a rapidly growing field. The review is structured according to the metals and to the
hydrogen source used. In addition to these reductions catalysed by transition metal-
based catalysts, there exists another type of transfer hydrogenation which follows a
different mechanism which is known as the Meerwein-Ponndorf-Verley (MPV)
reaction. This reaction uses metal alkoxide catalysts based on cheap metals such as
aluminium. Whereas the original catalysts such as aluminium tri-isopropoxide were
very slow, new variants have been developed that are much faster. The mechanisms
reported for the MPV reaction and the transfer hydrogenation are briefly summa-
rized, and the most interesting features of all references cited in this work are
highlighted.

Keywords o,pB-Unsaturated carbonyl compounds - Allyl alcohol - Carbonyl
reduction - Chemoselectivity - Homogeneous catalysis - Iridium - Meerwein-
Ponndorf-Verley - Ruthenium - Transfer hydrogenation

1 Introduction

Transfer hydrogenation allows the reduction of a large variety of compounds, such
as aldehydes, ketones, imines, alkenes, alkynes, nitro-compounds, nitriles and esters
in a simple and safe manner [1-4]. In particular the reduction of ketones and imines
has also been performed enantioselectively using chiral transition metal-based
catalysts. Using transfer hydrogenation, the use of potentially explosive hydrogen
as well as the use of high-pressure equipment can be avoided. The method conforms
to a number of the green chemistry principles such as less hazardous chemical
synthesis, use of an innocuous solvent, use of catalysis and inherently safer chem-
istry. The most common hydrogen sources are iPrOH and HCOOH. To a lesser
extent, other alcohols such as potentially renewable EtOH and cyclohexanol have
also been studied. Also, other sources like ammonia borane or hydrazine were
reported as potential sources of hydrogen for transfer hydrogenation. Depending
on the hydrogen source employed, different by-products will be obtained. When
iPrOH is used, acetone is obtained; when EtOH is used, acetaldehyde is the
by-product which reacts further with another equivalent of ethanol; dehydrogenation
of the formed hemiacetal gives ethyl acetate [5]. In case HCOOH is the source of
hydrogen, CO, is produced [6]. With the latter two reductants, the reaction is
irreversible allowing 100% conversion of the substrate. Using isopropanol, the
transfer hydrogenation is an equilibrium reaction necessitating the use of a large
excess of iPrOH to achieve conversions in excess of 95%. Once the catalyst is in its
active state, it can reduce the substrate to the desired product via different pathways.
There are three main reaction mechanisms described for these reactions [7]:
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1. The inner sphere mechanism (Scheme 1). In this mechanism, the metal-halide
complex A reacts with isopropoxide to form the isopropoxy complex B, which
undergoes beta-hydride elimination to form the metal-hydride complex C. Inser-
tion of the carbonyl compound into the metal hydride gives the new metal
alkoxide complex D, which undergoes exchange with isopropanol to reform the
metal isopropoxide complex.

2. The outer sphere mechanism (Noyori-Morris, Scheme 2) whereby the hydride of
the metal is transferred directly to the substrate and the proton is either transferred
from a ligated amino or hydroxy group in the ligand as in the Noyori mechanism
(Scheme 2) or from the solvent as exemplified in the Dub and Gordon mechanism
[8-10]. After that, the catalyst is ready to dehydrogenate the hydrogen source
(isopropanol in this case) to furnish the active hydride (NH) form of the catalyst
again.

3. The Meerwein-Ponndorf-Verley reaction follows a completely different mecha-
nism [11] (Scheme 3). In this case, a carbonyl compound is coordinated to a
strong Lewis acid metal complex like Al(iPrO); forming a tetrahedral intermedi-
ate B. Then, a direct hydride transfer occurs from one of the alkoxide groups to
the carbonyl via a six-membered transition state. After the release of one mole-
cule of acetone, a new tridentate complex C is formed. Finally, the desired
product is released by alkoxide exchange with another iPrOH molecule to form
Al(iPrO)j3, closing the cycle. All steps in this mechanism are equilibria. Thus, the
conversion is governed by the thermodynamic characteristics of the species
involved and by the excess of reductant.

Due to the versatility of the transfer hydrogenation reaction, its application in
both academia and industry is paramount. One type of substrate which is particularly
challenging to be reduced via transfer hydrogenation is the a,-unsaturated carbonyl
compounds and more specifically the carbonyl bond in a,p-unsaturated aldehydes
and ketones. The difference in activation energy between the reduction of the C=C
conjugated double bond and the C=0 bond is relatively small [12]. For that reason,
mixtures of ketones, allylic alcohols and overreduced products may be obtained.
However, in some cases, selectivity towards carbonyl compounds can be achieved
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by kinetic control of the reactions. Recently, Dub and Gordon rationalized the C=0
versus C=C selectivity obtained in some systems as a consequence of the C=0
reduction within the outer sphere of the metal centre caused by non-innocent ligands
[10]. Allylic alcohols are very important molecules in the chemical industry as they
are used as intermediates in the synthesis of a large variety of commercial products.
Furthermore, glycerol and monomers such as 1,4-butanediol or allyl carbonates are
prepared from allyl alcohol [13]. In the fragrance industry, allylic alcohols are
important intermediates [14]. In addition, allylic alcohols represent key intermedi-
ates in organic synthesis, for example, for hydroformylations [15] or B-arylations
[16]. Classic hydrogenation of this type of substrate using hydrogen gas was briefly
reviewed in the context of the reduction of citral [17].

This review limits itself to homogeneous hydrogenations. Thus far, no review on
the transfer hydrogenation of a,f-unsaturated carbonyl compounds has appeared. In
this chapter, we cover mainly examples reported within the last 30 years and only a
few relevant older ones.

2 Ruthenium Catalysts

Ruthenium-based complexes are by far the most reported catalysts in the transfer
hydrogenation of a,f-unsaturated carbonyl compounds.

2.1 Chiral Metal Catalysts
2.1.1 Using iPrOH as Hydrogen Donor [18-25]

Back in the 1990s, Ry0ji Noyori and co-workers developed ruthenium catalysts that
were prepared from the reaction between [Ru(Arene)Cl,], and tosylated 1,2-diaryl
ethylenediamines or 1,2-diarylaminoethanol as chiral ligands for the asymmetric
transfer hydrogenation (ATH) of a,B-acetylenic ketones (Fig. 1) [18]. They used
iPrOH as hydrogen source, and the catalysis was very effective using 0.5 mol %
catalyst loading at 28 °C, affording the desired unsaturated alcohols with very high
enantioselectivities and yields (Table 1, entries 1-7). More than a decade later,
Adolfsson’s group was examining the use of the same ruthenium source combined
with a hydroxy-amide ligand derived from L-alanine [19]. With these catalysts, more
than ten substituted propargylic ketones were reduced to the corresponding
propargylic alcohols in a TH process using iPrOH as hydrogen source in toluene.
High yields and high enantioselectivities in very short reaction times were achieved.
For some examples, see Table 1 (entries 9-11). To prove the robustness of the
system, the reaction was scaled up to 10 mmol with substrate 7a to give 88% yield of
the desired product with 97% ee in only 30 min. The following year, Adolfsson,
Pamies and Diéguez and co-workers reported more bio-based ligands for ruthenium
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Fig. 1 Ruthenium-based catalysts for the chiral reduction of «,B-unsaturated carbonyl compounds
using iPrOH as hydrogen donor

catalysis. They synthesized a modular ligand library of a-amino acid hydroxyamides
and thioamides [20]. One example of this library is the 2,3-O-isopropylidene-a-D-
mannofuranoside derivative 6b which in combination with [Ru(p-cymene)Cl,],
succeeded in the TH of 7a to afford the propargylic alcohol with 89% isolated
yield and 96% ee (Table 1, entry 12). However, only 34% isolated yield was
achieved when benzalacetone was the substrate. The ee was still as high as 95%
(Table 2, entry 7). Interestingly, this catalyst also showed high activity for other
types of transformations such as a tandem isomerization/asymmetric transfer hydro-
genation of racemic allylic alcohols to the saturated alcohols and a-alkylation/
asymmetric transfer hydrogenation of acetophenones and 3-acetylpyridine with
primary alcohols.

A slightly lower ee was obtained when catalyst 3 was used for the reduction of
deuterated cinnamaldehyde as substrate (Table 2, entry 1). Pintener and Hawaii
Biotech were also working with the same catalysts targeting the reduction of
substrate 8b (Table 2, entries 2, 4) [22, 24]. In both cases, very good
enantioselectivities in short reaction times were achieved. It is worth to mention
that Piintener and Hawaii Biotech observed selectivity towards the more hindered
carbonyl group. Also, the crystal structures of different ruthenium catalysts in this
family were reported. However selectivity was slightly lower in all cases. Using
Noyori’s ruthenium catalyst 1, the group of Zhaoguo Zhang selectively reduced
several a-keto-f,y-unsaturated esters with high yields and moderate
enantioselectivities using iPrOH as the hydrogen source [25]. In this study, in
order to achieve the desired selectivity towards the carbonyl moiety, isolating the
previously activated catalyst was crucial. With this protocol, two heteroaromatic
substituted substrates 8¢ and 8d were reduced to the desired unsaturated alcohols
with 99% and 96% isolated yields, respectively, in only 1 h reaction time among
other substrates (Table 2, entries 5-6). The observed ees were up to 65%.
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Table 1 Enantioselective transfer hydrogenation of a,3-acetylenic ketones to the corresponding
chiral alcohols using ruthenium catalysts 1, 2 and 6a and b using iPrOH as hydrogen source

[Ru(arene)Ch]2

Chiral ligand OH
/LRZ base )
F Z R
R jPrOH R!

7

7aR'=Ph, R2=CH,4

7b R = Ph, R? = CH(CHy),

7c R' = Ph, R? = ¢-CgHy,

7d R" = Si(CHj)3, R? = CH,4

7e R = Si(CHg);, R? = n-CgHy4

7f R = Si(CHj);, R? = CH(CHg),

79 R' = Si(CHg);, R? = CH(CH3)CH(OTBS)CH(CH;)CH,OTBS

Cat. loading Yield* |ee Time
Entry | Cat. | (mol%) Base Substrate | Temp. | (%) (%) | (h) Ref.
1 1 0.5 - 7a 28 >99 97° |20 [18]
2 2 0.5 KOH 7a 28 >99 97° |4 [18]
3 2 0.5 KOH 7a 28 >99 98 |18 [18]
4 2 0.5 KOH 7b 28 98 99° |5 [18]
5 2 0.5 KOH o 28 >99 98° |13 [18]
6 1 0.5 - 7d 28 >99 98° |12 [18]
7 1 0.5 - Te 28 98 99° |15 [18]
8 1 0.5 - 7t 28 99 99° |12 [18]
9 6a |1 tBuOK | 7a It 91 97 |10 [19]
10 6a |1 tBuOK | 7b It 98 99 |10 [19]
11 6a |1 tBuOK | 7d it 0 - - [19]
12 6b |0.25 tBuOK/ |7a it 89 9% | 10° [20]
LiCl

“solated yield
PHPLC analysis using Daicel Chiralcel OD column unless otherwise specified
“Time in minutes

2.1.2 Using Formic Acid as Hydrogen Donor [26-37]

Ru-arene complexes are also active in ATH when HCOOH is used as hydrogen
donor. The group of Wills showed that catalysts 1 and 11 can afford
enantioselectivities up to 99% when using HCOOH/Et;N in the reduction of
a,B-acetylenic carbonyl compounds (Table 3, entries 4-6, 8-9) [26-28, 30, 36,
37]. In the same report, higher activity and increased selectivity were described
when catalysts were modified by bridging the arene moiety and the diamine ligand
forming catalysts 10 and 11a (Fig. 2). This effect was rationalized by an «/CH edge/
face directing effect of aryl-substituted substrates. Then, using catalyst loadings
between 0.5 mol% and 10 mol%, the desired unsaturated alcohols were obtained
with ee values up to 99% (Table 3, entries 1-3, 7, 10-12). Wills kept working on
rationalizing the enantioselectivity of these Ru/TsDPEN complexes. This led to a
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Table 2 Enantioselective transfer hydrogenation of o,f-unsaturated ketones by ruthenium cata-
lysts in iPrOH

[Ru(arene)Cl,],

R® O Chiral ligand R3 OH
S base
R2 R¢ —> R2 A R4
R? iPrOH R!
rt
8

8aR'=H,R?2=Ph,R*=H,R*=D

8b [Cycle] R" = Me, R? = H, [R® = COCH,C(CHj3), = R*] (Ketoisophorone)
8c R'=H, R2 = 2-furanyl, R® = H, R* = COOCH(CHj3),

8d R' = H, R? = 2-thiophenyl, R® = H, R* = COOCH(CH3),
80R'=R3=H,R2=Ph, R*=Me

Loading
Entry | Cat. (mol%) Base Substr. | Yield (%) |ee (%) |Time (h) Ref.
1 3 1 BuOK 8a 97% 720 0.25 [21]
2 3 1 NaOH 8b >99°¢ 97¢ 0.5 [22]
3 4orl |5 - 7g 76 95 Overnight | [23]
4 5 0.8 NaOH 8h 60 d 3 [24]
5 1 1 - 8c 99°¢ 59 1 [25]
6 1 1 - 8d 96° 65 1 [25]
7 6b 1 BuOK/LiCl | 8o 34°¢ 95 10 [20]

“Determined by GLC analysis

"Determined by "H-NMR analysis of the corresponding MTPA ester
“Conversion and ee determined by CG analysis

9Product identified as R-enantiomer without ee determination
“Isolated yield

Time in minutes

very recent report on the TH of more challenging aryl/acetylenic ketones [29]. The
strategy consisted of introducing an electron-donating group on the aryl moiety of
the catalyst 11a and 11b (Fig. 2) combined with the use of aryl/acetyl ortho-
substituted substrates. This allowed them to play with both electronics and sterics,
thus increasing the enantioselectivity. Some examples from the scope are shown in
Table 3 (entries 13-15).

Carmona and co-workers synthesized a trimeric ruthenium cluster (Fig. 2, 9) for
the transfer hydrogenation of cinnamaldehyde (8e) and citral (8f) (Table 4, entries
1-2) [31]. Substituting the arene moiety in Noyori’s catalyst 1 by mesitylene gave
catalyst 12 (Fig. 2) [32]. The use of 0.5 mol% of catalyst 12 in the presence of Et;N
was sufficient for the reduction of several a,B3-unsaturated carbonyl compounds to
the corresponding allylic alcohols with excellent enantioselectivities (Table 4,
entries 4-6). The group of Ying-Chun Chen designed and synthesized Fréchet-
type core-functionalized chiral diamine-based dendritic ligands which they com-
bined with [Ru(p-cymene)Cl,], (13) [33]. By modifying this type of ligands, they
were able to control the solubility, which allowed them to recycle the catalyst several
times. In addition, three benzalacetone derived substrates were reduced to the
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Table 3 Enantioselective transfer hydrogenation of o,B-acetylenic carbonyl compounds by ruthe-
nium catalysts using HCOOH as hydrogen donor

o Ru source OH
Chiral ligand
2 *
1/ : / R?
R 7 HCOOH / Et;N R'
rt

7h R1= C=C-(n-C,Hg), R2= n-C3H,

7i R'= C=C-(CH,),0H, R2= CH,

7j R'=C=C-(n-C,Ho), R2= CH,(C¢Hs)

7k R'= C(CH,),0Bn, R2= (CH,)COOCH,

71 R'=Ph, R, = CH(CH,;)COOCH,CH,

7m R = C(CH,),0Bn, R2 = CH(CH3)COOCH,CH,
7n R1= (CH,),0Bn, R2 = (CH,);COOCH,

70 R!=Ph, R2 = (CH,),COCC(C¢Hs)

7p R!= C(CH,),0Bn, R2 = (CH,);COCCC(CHj),0Bn
7q R'=Ph, R2= 0-(Cl)Ph

7r R'=Ph, R2= 0-(MeO)Ph

7s R'=Ph, R2= 0-(BnO)Ph

Entry |Cat. |Loading (mol%) |Substrate | Yield" (%) |ee (%)b Time (h) | Ref.
1 10 10 7h 95 98 3 [26]
2 10 10 7i 96 >90 3 [26]
3 10 10 7j 92 98 3 [26]
4 1 10 7h 91 97 3 [26]
5 1 10 Ti 89 >90 3 [26]
6 1 10 7j 90 97 3 [26]
7 11a |05 7k 99 99 48 [27, 28]
8 4 3.34 71 99 98 48 [27, 28]
9 4 3.34 7m 90 99 48 [27, 28]
10 11a |0.2 Tn 99 99 48 [27, 28]
11 11a |05 To 96 >99 48 [27, 28]
12 10 0.5 7p 97 >99 48 [27, 28]
13 11b | 0.1 7q 94 68 40 [29]
14 11b | 0.1 Tr 91 59 40 [29]
15 11b | 0.1 Ts 93 61 40 [29]

“Isolated yields
®Determined by HPLC

corresponding allylic alcohols in high isolated yields (Table 4, entries 7-9). The
enantioselectivity was comparable with the one obtained with the monomeric
counterpart. Ikarya, one of the pioneers of asymmetric transfer hydrogenation, and
his co-workers developed a new generation of oxo-tethered ruthenium-amido com-
plexes (Fig. 2, 11¢) [34]. This new generation was highly active allowing use of
catalyst loadings down to 0.0025 mol% giving high yields and high
enantioselectivities when aromatic ketones were used as substrates in TH. Also,
the cyclic a,B-unsaturated ketone Seudenone 8m was reduced at 60°C in 7 h to the
corresponding enantioenriched unsaturated alcohol using 0.5 mol% catalyst loading
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Fig. 2 Ruthenium based catalyst for chiral reduction of a,3-unsaturated carbonyl compounds using
HCOOH as hydrogen donor

with 94% yield and 96% ee (Table 4, entry 10). In the same year, Wills and his
team were also modifying these tethered ruthenium complexes by introducing an
ether group in the aliphatic bridge (Fig. 2, 11d) [35]. In spite of the fact that
several aromatic ketones were successfully reduced with high yields and good
enantioselectivities, 13 days were necessary for the reduction of Il-acetyl-
cyclohexene to the corresponding allylic alcohol (Table 4, entry 11). This result
was hypothesized to be a consequence of the interaction between the ketone moiety
from the substrate and the ether function of the catalyst.

2.2 Non-chiral Ruthenium Catalysts

2.2.1 Using iPrOH and Other Aliphatic Alcohols as Hydrogen Donor
[38—45]

The ruthenium complexes reported for the TH of a,B-unsaturated carbonyl com-
pounds using alcohols as hydrogen donors are shown in Fig. 3.

Iyer and co-workers achieved good results in the TH of several a,B-unsaturated
carbonyl compounds using a very simple phosphine-free DMSO-Ru complex
(Fig. 3, 14) in combination with KOH (Table 5, entries 1-3) [38]. The fastest catalyst
reported in the TH of o,B-unsaturated carbonyl compounds was reported by
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Table 4 Enantioselective transfer hydrogenation of a,B-unsaturated carbonyl compounds by
ruthenium catalysts using HCOOH as hydrogen donor

R3 3
Q Ru cat, R OH
RZMW —— RZMR‘l
1 1
R Temperature R
8

8b [Cycle] R" = Me, R? = H, [R® = COCH,C(CHj), = R*] (Ketoisophorone)
8e R'=R®*=R*=H,R?=Ph

8f R'= R*=H, R? = (CH,),CH=C(CHj3),, R® = Me

8g R'=R3=H, R?=Ph, R*= CH(OCH3)COOCH;

8h R'=R®=H, R?=p-MePh, R* = CH(OCH3)COOCHs

8i R'=R3®=H, R?=m-MePh, R* = CH(OCH3)COOCH,

8j R'=R®=H, R?= thien-2-yl, R* = CH(OCH3)COOCH,

8k R'=H,R3=R*=Me, R?=Ph

8l R'=H,R3=R*=Me, R? = p-MeOPh

8m [Cycle] R' = H, [R3 = (CH,); = R*, R = Me (Seudenone)
8n [Cycle] [R" = (CH,), = R?, R3=H, R* = Me

Loading Temp. Yield |ee Time
Entry | Cat. |(mol%) Base “C) Substrate | (%) (%) | (h) Ref.
1 9 0.7 HCOONa | 83 8e 41 |- 1 [31]
2 9 0.7 HCOONa | 83 8f 82 |- 1 [31]
3 12 |05 Et;N 30 8g >99° 99°¢ |20 [32]
4 12 |05 Et;N 30 8h >99°  199° |20 (32]
5 12 |05 Et;N 30 8i >99° 99¢ 120 [32]
6 12 |05 Et;N 30 8j >99° 98° 120 [32]
7 13 1 Et;N 28 8g 85¢ 37° |28 [33]
8 13 1 Et;N 28 8k 914 75¢ 145 [33]
9 13 1 Et;N 28 81 544 78° |72 [33]
10 11c |05 Et;N 60 8Sm 94" 96° |6 [34]
11 11d | 0.5 EtN 30 8n 99" |71° | 132 [35]

“Determined by GLC

"Determined by analysis of the "H-NMR of the crude product
“Determined by CSP-SCF

9Isolated yield

“Determined on a chiral column

"Determined by GC or "H-NMR spectroscopy

£Time in days

Baratta and co-workers (Fig. 3, 15) [39]. Using only 0.05 mol% of 15 in combination
with K,COj5 as base, full conversions were achieved after less than a minute of
reaction time (Table 5, entries 4-5). The TOF of this system was reported to be up to
3.3 x 107 h™". This is the highest TOF reported to date in the transfer hydrogenation
field. A lower TOF of 1,828 h™! was observed in the TH of substrate 8o (Table 5,
entry 23) when the amine in the catalyst was substituted with a tolyl group (Fig. 3,
16) by Gong, Song and co-workers [44]. Later, Baratta’s research group reported the
synthesis of catalyst 17 (Fig. 3) [40]. This catalyst showed excellent selectivity when
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Fig. 3 Non-chiral ruthenium catalysts for transfer hydrogenation of a,B-unsaturated carbonyl
compounds using alcohols as hydrogen source

compound 8e was reduced (Table 5, entry 6). Several new ruthenium-based com-
plexes (Fig. 3, complex 20) were developed in the same group in 2016 [42]. A very
impressive activity was observed when aromatic ketones were used as substrates. In
addition, unsaturated aldehydes 8e and 8t were selectively reduced to the allylic
alcohols with catalyst loadings down to 0.005 mol% (Table 5, entries 14-22).
However, 10-20% of different by-products including the corresponding saturated
alcohols were observed depending on the substrate. A complete family of these types
of systems was patented the same year [43]. S. Kundu and co-workers used an N,N,
N-type pincer ligand which was reacted with RuCl,(PPh;3); giving complex 18
(Fig. 3) [41]. This complex was able to reduce benzalacetone (80) to the
corresponding allylic alcohol with 98% NMR vyield (Table 5, entry 7). Although
much more scarce than the use of iPrOH, some examples can be found in the
literature of the use of EtOH as hydrogen donor. EtOH represents a cheap and
green source of hydrogen. However, possible drawbacks of its use, such as catalyst
poisoning by forming stable carbonyl complexes via decarbonylation of the formed
acetaldehyde [46—48], and possible aldol condensations between acetaldehyde and
the substrates such as the o,B-unsaturated carbonyl compounds, have deterred most
researchers. Nevertheless, de Vries and co-workers have shown that it is possible to
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Table 5 Transfer hydrogenation results of o,B-unsaturated carbonyl compounds by ruthenium
catalyst using different alcohols as hydrogen donors

R3 3
Q Ru cat, R OH
sz\’)L R4 —_— sz\'/‘\ R4
R iPrOH or EtOH R
8 Temperature

8eR'=R*=R*=H,R?=Ph

8f R'= R*=H, R? = (CH2)2CH=C(CH3)2, R® = Me

80 R'=R®=H, R?=Ph, R* = Me

8pR'=R2=Me, R3=R*=H

8qR'=R%*=R*=H,R%=Me

8r R'=R%=H=R*=H, R? = 2,6,6-trimethylcyclohex-1-en-1-yl
8sR'=R%=H=R*=H, R? = furan-2-yl

8t R'=Me,R?=Ph,R®=R*=H

Loading Yield®
Entry | Cat. | (mol%) Base Substr. | Temp. (°C) | (%) Time (h) | Ref.
1 14 |16 KOH | 8o 83 9 25° [38]
2 14 |16 KOH |8e 83 71 24 [38]
3 14 |16 KOH |8f 83 87 3 [38]
4 15 (005 K,CO; | 8e 83 >99° 30¢ [39]
5 15 [0.05 K,CO; | 8p 83 >99° 30¢ [39]
6 17 |0.05 NaOiPr | 8e 83 95¢ 25 [40]
7 18 |01 tBuOK | 8o 83 98° 75¢ [41]
8 19 (05 - 8e 83 95 30° [45]
9f 19 |01 - 8f 78 97 10° [45]
10 19 |01 - 8q 83 89 10° [45]
11 19 |o0.1 - 8b 83 84 30° [45]
12f 19 o1 - 8r 78 91 30° [45]
13 19 |01 - 8s 83 99 2° [45]
14 20a |0.025 K,CO; | 8e 82 89¢° 1 [42]
15 20a |0.01 K,CO; |8t 82 g1ee 2.75 [42]
16 20b |0.025 K,CO; | 8e 82 90 1 [42]
17 20b [0.01 K,CO; |8t 82 95° 1.75 [42]
18 20c | 0.01 K,CO; | 8e 82 80°° 4 [42]
19 20c | 0.005 K,CO; |8t 82 95¢¢ 2.75 [42]
20 20d | 0.01 K,CO; | 8e 82 77%¢ 4 [42]
21 20e | 0.01 K,CO; | 8e 82 77%¢ 4 [42]
22 20f [0.025 K,CO; |8e 82 84°¢ 1 [42]
23 16 [0.05 NaOH |80 82 918 1 [44]
“Isolated yield

"Time in minutes

“Determined by GC

Time in seconds

“Determined by NMR

EtOH used as hydrogen donor and solvent
€Determined by GC-Mass
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use EtOH as a reductant in a base-free process for the reduction of a broad scope of
o,B-unsaturated ketones and aldehydes using Ru-MACHO-BH (19) as catalyst. In
this work, allylic alcohols were obtained using catalyst loadings down to 0.1 mol%
in short reaction times. An extract of the scope is summarized in Table 5 (entries
8-13). In some but not in all cases, higher selectivities were obtained with
isopropanol as reductant.

2.2.2 Using HCOOH as Hydrogen Donor [42, 49-56]

The ruthenium complexes that have been used for the transfer hydrogenation of
unsaturated carbonyl compounds using HCOOH as hydrogen donor are shown in
Fig. 4. These catalysts are usually activated with different bases like NH3, Et;N or
HCOONa. The resulting combination of HCOOH and a compatible base forms
buffer solutions allowing better pH control [57]. In this context, Baratta and
co-workers used the extremely active Ru-NNC phosphine-substituted complex
20b. This catalyst was capable of reducing cinnamaldehyde and oa-methyl-

TN @\ @
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P
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[RuCly(cymene)], [RuCl,(cymene)],
+
\N+ 2Cr + OH | cF,cOo,
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Fig. 4 Non-chiral ruthenium catalysts for the transfer hydrogenation of a,B-unsaturated carbonyl
compounds using HCOOH
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cinnamaldehyde to the corresponding allylic alcohols using catalyst loadings as low
as 0.05% mol (Table 6, entries 1-2) [42]. A different active ruthenium complex
based on the water-soluble PTA phosphine ligand was used by Frost and co-workers
(Fig. 4, complex 21) [49]. This complex was shown to be selective for carbonyl
reduction when cinnamaldehyde and benzalacetone were used as substrates
(Table 6, entries 3—4). Unfortunately, rates and selectivity were dramatically lower

Table 6 Transfer hydrogenation of a,B-unsaturated carbonyl compounds catalysed by ruthenium
catalysts using HCOOH as hydrogen donor

R O 3
Ru Cat. R® OH
RZM RO — = szﬁ/kR
R HCOOH 4
8 base R

8eR'=R3=R*=H, R2=Ph

8f R1= R%=H, R2 = (CH,),CH=C(CHj,),, R® = Me
80 R'=R3=H, R2=Ph, R*=Me
8qR1=R3=R4=H,R2=Me

8t R1=Me, R2=Ph, R¥=R%=H

Loading Temp.
Entry | Cat. | (mol%) Base ({©) Substrate | Yield (%) | Time (h) | Ref.
1 20b |0.05 NH; 90 8e 91% (88" |10 [42]
2 20b | 0.05 NH; 90 8t 85% 48 [42]
3 21 |5 HCOONa |80 8e 100*¢ 6 [49]
4 21 |5 HCOONa |80 8o 81*¢ 24 [49]
5 22 |15 HCOONa |80 8e 984 (92 |5 [50]
6 22 |15 HCOONa |80 8q 784 2.5 [50]
7 22 |15 HCOONa | 80 8f 98¢ (95%) |7 [50]
8 26a |0.04 E;N It 8f 99¢ 30° [51]
9 26a |0.04 Et;N It 8e 95° 30° [51]
10 23 |05 HCOONa |80 8e 96" 30° [52]
11 23 |05 HCOONa |80 8f 96" 35 [52]
12 23 |05 HCOONa |80 8q 96" 30° [52]
13 24 |05 HCOONa |80 8e 80* 90° [53]
14 24 |05 HCOONa |80 8f 31° 90° [53]
15 25 045 EtN rt 8f 99" 20 [54]
16 26b |0.5 - 40 8o 6548 3 [55]
17 22 |1 HCOONa | 8e It 90* 1 [56]
18 22 |1 HCOONa | 8f It 65* 1 [56]

“Determined by GC

Psolated yield

“Determined by NMR

9Determined by GLC

“Time in minutes

Determined by HPLC

fEt;NH*H,PO, "~ in H,O was de hydrogen donor
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when chalcone was the substrate. Different protocols like in situ catalyst formation
were also investigated. For instance, Joo and co-workers used a combination of
monosulfonated triphenylphosphine as its sodium salt and Ru®* (22) in a biphasic
system which allowed them to selectively reduce unsaturated aldehydes like
cinnamaldehyde, citral and the challenging crotonaldehyde with very high yields
(Table 6, entries 5—7) [50]. This catalyst was shown to be active at 30°C as well. Joo
and his group continued studying these biphasic systems, and some years later, they
observed how the rates were increased by using iPrOH as co-solvent [56]. In these
reactions, the catalyst resides in the aqueous phase, while substrate and product
remain in the organic layer allowing the easy separation of the catalyst from the
product once the reaction is finished. In this particular case, HCOONa is in the
aqueous phase, which is mixed with an organic layer of neat product or organic
solvents like toluene or chlorobenzene. This protocol allowed the reduction of
cinnamaldehyde to cinnamyl alcohol in 90% yield (Table 6, entry 17). The reported
TOF was 160 h™'. However, the selectivity was only 60% when citral (8f) was the
substrate (Table 6, entry 18). Other in situ catalysts were reported by the group of
Zhou [52, 53]. A combination of [Ru(p-cymene)Cl], with water-soluble
monotosylated ethylenediamines was used as catalyst (Fig. 4, 23-24). With this
approach using a ruthenium content of 0.5 mol%, cinnamaldehyde, citral and
crotonaldehyde were selectively reduced with high yields in short reaction times
(Table 6, entries 10-14). A few years later, DSM patented the use of tosylated
diamines as ligands for the ruthenium-catalysed transfer hydrogenation of citral and
ethyl citral at room temperature (Fig. 4, 25; Table 6, entry 15) [54]. Last but not the
least, Arcelli and co-workers used commercially available Ru(PPh;3);Cl, to selec-
tively reduce cinnamaldehyde and citral with catalyst loadings as low as 0.04 mol%
and very short reaction times (Table 6, entries 8-9) [51]. Later, the same research
group compared the activity of 26a with that of ruthenium-BINAP [55]. In this work,
a very uncommon hydrogen source consisting in a mixture of Et;N and H3PO, in
water was used, which resulted in 65% yield in the TH of benzalacetone (80).

3 Iridium Catalysts

Iridium is the second most used metal in homogeneous transfer hydrogenation
catalysis. The high activity of the iridium-based catalysts and their high tolerance
with respect to H,O, acids and other functionalities make iridium a very appealing
choice. Nevertheless, the high price of this precious metal is one of the major
drawbacks.
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3.1 Using iPrOH as Hydrogen Donor [58-60]

Back in 1978, James and Morris showed the feasibility of using Henbest’s catalyst
(Fig. 5, complex 28) for the selective reduction of the carbonyl moiety in
cinnamaldehyde, a-methyl-cinnamaldehyde and crotonaldehyde using iPrOH as
hydrogen donor (Table 7, entries 5-7) [58]. Interestingly, they observed how the

Mes |OTf
oM
=i

NN
-~ °N” “DiPP
HIrCl,(Me,SO), DiPP = 2,6diisopropylphenyl
Mes = mesityl
27 28 29

Fig. 5 Iridium catalysts for transfer hydrogenation of o,B-unsaturated carbonyl compounds using
iPrOH as hydrogen source

Table 7 Transfer hydrogenation of «,3-unsaturated carbonyl compounds using iridium catalysts
and iPrOH as hydrogen donor

RS O 3
Ir Cat. R oH
szﬁ)kR4 B ——— szﬁ/km
1 iPrOH 4
8R reflux R

8eR'=R3=R4=H,R2=Ph

8f R'= R*=H, R? = (CH,),CH=C(CH3),, R® = Me
8pR'=R2=Me, R3=R*=H
8qR'=R3=R*=H, R2=Me

8s R' = R3=H =R*=H, R? = furan-2-yl

8t R'=Me, R2=Ph,R3=R*=H

Entry |Cat. |Loading (mol%) |Temp. (°C) |Substrate | Yield (%) |Time (h) |Ref.
1 27 |02 120 8e 92° 12 [60]
2 27 |02 refl. 8f 94° 6 [60]
3 27 |02 refl. 8p 80° 6 [60]
4 27 |02 120 8s 92° 12 [60]
5 28 4 refl. 8e 78° 80° [58]
6 28 4 refl. 8t 90° 250¢ [58]
7 28 4 refl. 8q 85° 50° [58]
8 294 |1 refl. 8e 56° 23 [59]

“Isolated yields

"Determined by GLC and NMR
“Time in minutes

910 mol% of +-BuOk was used
“Determined by GC
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selectivity was dropping down when the water content in the system was increased.
The authors attributed this to a catalyst decomposition by moisture, which was
observable by a colour change of the complex from white to yellow. Best rates
and selectivities were achieved when the isolated complex was used under dry
conditions. After that, it was not until 2014 when another iridium-based catalyst
appeared in the literature for this type of transformation. Elsevier and co-workers
synthesized a variety of Ir(COD) complexes bearing carbene ligands based on
the combination of 1,2,3-triazol-5-ylidene (tzZNHC) and an Arduengo-type
N-heterocyclic carbene (NHC) motif [59]. One of these complexes (29) was able
to catalyse the transfer hydrogenation of cinnamaldehyde with moderate selectivity
(Table 7, entry 8). Very recently in 2018, the group of Li used an iridium complex
bearing a functional bipyridonate ligand (Fig. 5, 27) for the selective transfer
hydrogenation of carbonyl groups under base-free conditions of a very broad variety
of unsaturated aldehydes to the corresponding allylic alcohols [60]. Some examples
are summarized in Table 7 (entries 1-4). The functional group tolerance of this
reaction is remarkable, especially with regard to aromatic substrates.

3.2 Using HCOOH as Hydrogen Donor [61-66]

The stability of certain iridium catalysts towards acids makes the use of HCOOH as
hydrogen donor possible for the transfer hydrogenation of o,3-unsaturated carbonyl
compounds. Therefore, more examples can be found in the last decade (Fig. 6) where
catalyst loadings for this type of reactions were reduced. Analogously to the
previously described complexes 23, 24 and 25 (Fig. 4) in the previous section,
monotosylated ethylenediamines can also be combined in situ with [IrCpCl,], as a
metal source to afford an active system in the transfer hydrogenation of unsaturated
carbonyl compounds. These catalysts were reported by Xiao in 2006 and by Zhou in
2011 (Fig. 6, 31, 35, respectively) [61, 63]. In the first case, Xiao and co-workers
tested a variety of rhodium, ruthenium and iridium complexes based on
monotosylated ethylenediamines observing TOFs up to 132,000 h™" for benzalde-
hyde transfer hydrogenation. In addition, complex 31 (Fig. 6) was shown to be very
robust being stable in water and air while staying active for the selective transfer
hydrogenation of the carbonyl group of a large range of unsaturated aldehydes.
Some examples are summarized in Table 8 (entries 3-5). In more recent work, Zhou
modified these monotosylated ethylenediamines finding that complex 35 was very
active and very selective when cinnamaldehyde, citral and crotonaldehyde were
tested as substrates (Table 8, entries 14—16) [63]. Coordination of iridium with
bipyridine- and pyridine-imidazole-based ligands to create active transfer hydroge-
nation catalysts was pursued by different groups and companies. One example of
this is the work performed by the Himeda group [62]. The main novelty of this work
was the substitution of the bipyridine ligand with hydroxy groups. These moieties
can be deprotonated at basic pH making the ligand much more electron donating,
resulting in an increase of the TOF (complex 30, Fig. 6). However, selectivity
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Fig. 6 Iridium catalysts for the transfer hydrogenation of a,B-unsaturated carbonyl compounds
using HCOOH

towards allylic alcohols was satisfactory in only one example, and pH 2.6 was
needed for selectivity towards carbonyl reduction (Table 8, entry 1). An 85% yield
was obtained and a TOF of 1,200 h™' was observed.

Later in 2015, the Dalian University of Technology patented a family of pyridine-
imidazole-iridium complexes for the transfer hydrogenation of a,B-unsaturated
carbonyl compounds (aldehydes and ketones) [65]. As an example, they used
complex 34 for cinnamaldehyde reduction obtaining the corresponding cinnamyl
alcohol in 82% yield under mild conditions (Table 8, entry 13). Recently, Tang
also explored this type of complex [66]. He found that coordinating 2-(p-
dimethylaminopyrid-2-yl)-imidazole with iridium (Fig. 6, complex 32) resulted in
a very robust complex. This complex is water and air stable and is very active for the
reduction of a large variety of carbonyl compounds including cinnamaldehyde and
a-methyl-cinnamaldehyde with excellent selectivities (Table 8, entries 6—7). TOFs
up to 73,800 h™" were observed when saturated compounds were used as substrates.
Finally, iridacycles were used as catalyst in the group of Xiao [64]. In this work,
complex 33 (Fig. 6) was used for the transfer hydrogenation of a large variety of
substrates in H,O buffered with the HCOOH/HCOONa couple, which also serves as
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Table 8 Transfer hydrogenation of «,B-unsaturated carbonyl compounds using iridium catalysts
and HCOOH as hydrogen donor

R® O 3
. Ir Cat. R® OH
szﬁ)kR4 —_— szﬁ/‘\r\w
R’ HCOOH 1#
8

8¢ R'=R3=R*=H,R2=Ph

8f R'= R*=H, R% = (CH,),CH=C(CHj3),, R® = Me
80 R'=R3=H, R2=Ph, R* = Me

8p R'=R*=H,R2=R3=Me

8q R'=R3=R%=H,R2=Me

8r R'=R3=H=R*=H, R?=2,6,6-trimethylcyclohex-1-en-1-yl
8s R'=R3=H=R*=H, R2=furan-2-yl

8t R'=Me, R2=Ph,R3=R*=H

7aR' = Ph, R2= Me

7¢ R" = Ph, R2 = CH(CHj3),

7q R' =p-MePh , RZ = Me

Loading
Entry | Cat. | (mol%) Base Temp. (°C) | Substrate | Yield® (%) | Time (h) | Ref.
1 30 [0.05 HCOONa |40 8e 85° 8 [62]
2 31 [0.02 HCOONa |80 8e 97 3 [61]
3 31 [0.02 HCOONa |80 8f 97 4 [61]
4 31 |0.02 HCOONa |80 8q >99 1 [61]
5 31 [0.02 HCOONa |80 8t 98 6° [61]
6 32 0.02 - 80 8e 95 18° [66]
7 32 [0.02 - 80 8t 91 20°¢ [66]
8 33 |0.1 HCOONa |80 8e 89 6 [64]
9 33 0.1 HCOONa |80 8t 92 6 [64]
10 33 |0.1 HCOONa |80 8f 90 6 [64]
11 33 |0.1 HCOONa |80 8o 58 6 [64]
12 33 |01 HCOONa |80 8r 66 6 [64]
13 34 025 HCOONa |50 8e 82 4.5 [65]
14 35 |0.1 HCOONa |80 8e 76° 3 [63]
15 35 |0.1 HCOONa |80 8f 89° 3 [63]
16 35 |0.1 HCOONa |80 8e 100° 20°¢ [63]
17 36 1 HCOONa® | 60 7a 99% (96)° 8 [67]
18 36 1 HCOONa® | 60 Tc 90* (94)° |40 [67]
19 36 1 HCOONa! | 60 7q 98% (97)° 10 [67]
“solated yield
"Determined by GC/HPLC

“Time in minutes
YHCOONa (0.4 mmol) combined with EtOH (5 mL)
“ee in brackets, determined by HPLC using a chiral column
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hydrogen donor. Among other substrates, several o,B3-unsaturated aldehyde com-
pounds were successfully reduced. An extract of these results is shown in Table 9
(entries 8—12). However, selectivity was poor when the target substrates were
a,B-unsaturated ketones instead of o,B-unsaturated aldehydes (Table 9, entry 11).
Xie and co-workers synthesized the chiral Ir-SpiroPAP complex (36) bearing a
tridentate spiro-pyridine-aminophosphine ligand (Fig. 6) which they used for the
TH of propargylic ketones [67]. This catalyst did work neither with EtOH nor with
HCOOH/Et;N but only with HCOONa in EtOH. After monitoring the reaction
performed with HCOOC:s in EtOH by in situ IR spectroscopy, they observed the
conversion of HCOOCs and the simultaneous formation of EtOCO,Cs. In addition,
several alkynyl ketones were reduced with high yields and high enantioselectivities.
Some examples are summarized in Table 8 (entries 17-19).

4 TIron and Other Less Common Metals as Catalysts

In addition to the abundance of Ru and Ir transfer hydrogenation catalysts in the
literature, there are also publications describing the use of catalysts based on other
precious metals like Rh or Ag and other transition metals like Os. Furthermore, the
growing interest in greener processes as well as in cheap metals for catalysis has
resulted in an exponential growth of work on catalysts based on first-row transition
metals. This is also true for the transfer hydrogenation of o,3-unsaturated com-
pounds, and examples of the use of complexes based on Fe, Ni and more recently
Mn have appeared.

4.1 Using iPrOH as Hydrogen Donor [20, 40, 45, 68-76]

One of the most well-known publications in the transfer hydrogenation field stems
from the work of Morris and co-workers who reported the synthesis of the chiral
amine(imine)diphosphine iron complex (Fig. 7, compound 37a) [70]. This
extremely active and fast catalyst was shown to achieve TOFs up to 242 s~ at
28°C. Unfortunately, when it was tested for the reduction of 80 as an o,3-unsaturated
ketone substrate, only 55% yield of the desired product could be obtained (Table 9,
entry 8). Morris and co-workers made different modifications to the catalyst, leading
to the complexes 37b—d, which were patented [73—76]. However, only catalysts 37¢
and 37d were capable of converting substrate 8o in good selectivity and yield to the
desired allylic alcohol (Table 9, entries 16—17). The crystal structures of similar iron
complexes bearing PNNP ligand as well as in the form of a macrocycle were
reported by Mezzetti and co-workers [72]. By modifying the substituents of the
isonitrile ligand, the activity and enantioselectivity of the TH of acetophenone with
complexes 38a and 38b were shown to be greatly enhanced. In addition to the scope
of ketones, the a,f-unsaturated ketone (80) was reduced to the corresponding allylic
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Table 9 Transfer hydrogenation of a,8-unsaturated carbonyl compounds using catalysts based on
iron, manganese, osmium and rhodium and alcohols as hydrogen donor

R® O Cat R3 OH
RZ/\’)'LR“ B ——————— sz\'/k R4
R iPrOH R
8 reflux

8¢ R'=R3=R*=H, R?=Ph

80 R'=R3=H, R2=Ph, R*=Me

8q R'=R3=R4=H, R2=Me

8r R'=R3=R*=H, R?=2,6,6-trimethylcyclohex-1-en-1-yl

8t R'=R*=H,R2=Ph, R®=Me

8u [Cycle] R! = GH,CH(C(CH,)CH,)CH, = R2, R* = R3 = H (Perillaldehyde)
8v [Cycle] R® = CH,CH(C(CH,)CH3)CH, = R*, R" = CH, R?=H (Carvone)

Entry |Cat. |Loading (mol%) |Base Substrate | Yield (%) Time (h) | Ref.
1 39a (2 - 8e 98° 18 [68]
2 39a (2 - 8t 97* 18 [68]
3 38a (2 - Su 85¢ 18 [68]
4 39 |5 - 8v 352 18 [68]
5 39 (2 (CH;3);NO 80 220 24 [69]
6 39 (2 (CH3);NO 8e 99be 24 [69]
7 40 |0.05 NaOiPr 8e 95° 304 [40]
8 37a |0.05 t-BuOK 80 550 44 [70]
9 41" |1 - 8q >99° 24 [45]
10 42 (05 t-BuOK 80 90°¢ 204 [71]
11 42 |05 t-BuOK 8r 100%¢ (90%2 | 1 [71]
12 2 (05 t-BuOK 8e 92° (80%) 2 [71]
13 38a |0.1 t-BuOK 80 815>h 5 [72]
14 38b |0.1 t-BuOK 80 76>0 5 [72]
15 37b |02 t-BuOK 80 40" 204 [74]
16 37¢ [0.07-0.2 t-BuOK 80 82 30¢ [75]
17 37d [1.8 t-BuOK 80 70 130¢ [76]
18 43 025 t-BuOK/LiCl | 8o* 32! 3 [20]
19 43 (025 t-BuOK/LIiCl | 7a™ 90" 3 [20]
“solated yields
*Determined by GC

“Determined by '"H-NMR

“Time in minutes

°40% ee

EtOH used as hydrogen donor and solvent

€If room temperature was used, 16 h was enough to afford 87% GC yield using substrate 8r and
87% isolated yield using substrate 8o

"Temperature was 50°C. 38a and 38b gave an ee of 65% and 70%, respectively
"Temperature was 22°C and 5% ee was obtained

168% ee

82% ee

'Room temperature

M87% ee
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Fig. 7 Transfer hydrogenation catalysts based on iron, manganese, osmium and rhodium

alcohol with complete chemoselectivity with 81% and 76% GC yield, respectively
(Table 9, entries 13—14). Other reports on iron catalysts come from Funk and
co-workers who have shown that it is possible to use the Knolker complex (Fig. 7,
complex 39b) and a modified nitrile-ligated derivative (Fig. 7, complex 39a) for the
transfer hydrogenation of some o,B-unsaturated aldehydes (Table 9, entries 1-4)
[69]. Although good selectivity was obtained with some starting materials, when
sterically hindered L-carvone was used as the substrate, a low yield was obtained
(Table 9, entry 4). Interestingly, complex 39a was capable of the opposite reaction
(Oppenauer oxidation) when several alcohols and some o,3-unsaturated alcohols
were placed in acetone as a solvent instead of iPrOH. This capability is of course
present in all transfer hydrogenation catalysts as they catalyse both hydrogenation
and dehydrogenation (of isopropanol, for instance). Recently, the same research
group used the Knolker catalyst 39b for the transfer hydrogenation of
cinnamaldehyde (Table 9, entry 6), where 99% yield and selectivity were achieved
[69]. However, when benzalacetone (80) was the substrate, only 27% of conversion
with 22% selectivity was achieved (Table 9, entry 5). In this system, the use of
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(CH3)3NO was required in order to generate the 16-electron active complex by CO
ligand removal through oxidation of CO to CO, forming (CHj3);N as side product.
Analogous to the ruthenium complex 16 described in Sect. 2.1.1, Baratta also
synthesized osmium complex 40 (Fig. 7) [40]. This osmium catalyst was capable
of reducing cinnamaldehyde in a selective manner with catalyst loadings as low as
0.05 mol% (Table 9, entry 7). A TOF of 8.9 x 10* h~' was observed. Recently, in
2018, de Vries and co-workers employed the Rh complex 41 designed by
Griitzmacher (Fig. 7) in the base-free transfer hydrogenation of crotonaldehyde
using EtOH as hydrogen source [45]. This reaction was complete with >99%
yield in only 2 min (Table 9, entry 9). This example and the use of complex 19
reported in Sect. 2.2.1 are the only two reports on base-free transfer hydrogenation of
o,B-unsaturated carbonyl compounds using EtOH as hydrogen donor. Sortais and
co-workers synthesized the phosphine-free manganese-based catalyst 42 and used
it successfully for the transfer hydrogenation of carbonyl groups [71]. Several
compounds were reduced under mild conditions including three examples of
a,B-unsaturated carbonyl compounds: benzalacetone, 3-ionone and cinnamaldehyde
(Table 9, entries 10-12). Very surprisingly, this catalyst was active at catalyst
loadings as low as 0.5 mol% and remained active even at room temperature in
some cases. The reported TOF was up to 3,600 h™' and the TON up to 2,000.
Analogous to the ruthenium complex 6b described in the first section, Adolfsson and
his team also coordinated a similar bio-based ligand to a Rh source for TH reactions
(Fig. 7, 43) [20]. The allylic alcohol was obtained in only 32% isolated yield from
the TH of benzalacetone (80) using this catalyst at room temperature in 3 h (Table 9,
entry 18). This was mainly due to the isomerization of the formed allyl alcohol to the
ketone, which was further reduced to the saturated alcohol. Propargylic ketones
seemed to be much better substrates. In fact, substrate 7a afforded propargylic
alcohol in 90% isolated yield under the same conditions (Table 9, entry 19). Similar
to the ruthenium analogue, this Rh catalyst was also active for the tandem isomer-
ization/asymmetric transfer hydrogenation of racemic allylic alcohols to the
enantioenriched saturated alcohols.

4.2 Using HCOOH as Hydrogen Donor [32, 77-82]

Using HCOOH as hydrogen donor is also possible with catalysts based on the first-
row transition metals. One example of this is the in situ approach as reported by
Beller and co-workers [79]. They combined the ligand tetraphos with Fe(BF),-6H,0
(Fig. 8, 50), finding this combination a very robust and efficient catalyst for the
selective reduction of a wide scope of a,B-unsaturated aldehydes under base-free
mild conditions and low catalyst loadings. Some representative examples are shown
in Table 10 (entries 1-5). Scaling up the reactions to multi-gram scale without
significant losses of the desired product was possible. The emerging trend on
using tridentate-ligated complexes is also noticeable here. For example, the group
of Hu reported iron-based PONOP complexes (Fig. 8, compounds 44a, 44b) and
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Fig. 8 Catalysts based on iron, nickel, silver and rhodium for the transfer hydrogenation of
o,B-unsaturated carbonyl compounds using HCOOH as hydrogen source

tested them for hydrogenation and transfer hydrogenation of different carbonyl
compounds including a,B-unsaturated aldehydes (Table 10, entries 6-11) [81]. A
remarkable selectivity was found for the reduction of aldehydes over ketones in
compounds that contained both functionalities. Interestingly, the use of H, gas as a
reductant led to very similar yields if not lower for these o,8-unsaturated carbonyl
compounds. Some reports on Ni catalysts can also be found in the literature. For
example, Iyer and Sattar used a very simple complex, Ni[P(OPh);],4 (Fig. 8, complex
46), for the selective transfer hydrogenation of different carbonyl compounds
including benzalacetone and cinnamaldehyde (Table 10, entries 13—14) in acetic
acid using HCOONH, as hydrogen source [77]. When iPrOH was tried as hydrogen
source, the yields dropped. A few years later, the group of Sudalai synthesized a
macrocyclic nickel(Il) complex (Fig. 8, compound 45) [78]. This Ni complex was
successful at 2 mol% catalyst in the reduction of cinnamaldehyde to cinnamyl
alcohol with 87% yield (Table 10, entry 12). In this work, a comparison with other
hydrogen sources was also done. Using iPrOH as a reducing agent led to a reduced
yield of cinnamyl alcohol of 53%. A number of catalysts based on late transition
metals other than ruthenium and iridium can be found in the literature. For example,
Li and his group screened a large variety of Ag salts, phosphine ligands, bases,
additives and hydrogen sources until they found a very active combination for the
transfer hydrogenation of carbonyl compounds [80]. The best combination was AgF
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Table 10 Transfer hydrogenation of «,fB-unsaturated carbonyl compounds by catalysts based on
iron, nickel, silver and rhodium using HCOOH as hydrogen donor

RS O 3
Cat. R® OH
RZMR“ RZJ\’/‘\R“
R HCOOH R
8

8e R'=R3=R%=H,R2=Ph

8f R'= R*=H, R?=(CH,),CH=C(CH,),, R® = Me

80 R'=R3=H, R2=Ph, R* = Me

8q R'=R3=R*=H,R?=Me

8r R'=R3=R?*=H, R2=2,6,6-trimethylcyclohex-1-en-1-yl

8s R'=R3=R*=H, R? = furan-2-yl

8t R'=R*=H ,R?2=Ph, R3=Me

8u Cycle R' = CH,CH(C(CH,)CH3)CH, = R2, R* = R3 = H (Perillaldehyde)
8v Cycle R® = CH,CH(C(CH,)CH3)CH, = R*, R" = CH;, R? = H (Carvone)
8w R'!=R3=R*=H, R2=p-(MeO)Ph

8x R'=R3=R*=H, R2=0-(O,N)Ph

79 R'=(CH,),CH;, R? = CH(OCH5)COOCH,

Loading Yield® Time Temp.
Entry | Cat. | (mol%) Base Substrate | (%) (h) “C) Ref.
1° 50 |04 - 8e 99° 2 60 [79]
2 50 |04 - 8t 99°¢ 2 60 [79]
3 50 |04 - 8u 99°¢ 2 60 [79]
4 50 |04 - 8f 99°¢ 2 60 [79]
5 50 |04 - 8s 96 2 60 [79]
6 44a |5 HCOONa | 8e 76 6 40 [81]
7 44a |5 HCOONa | 8w 72 6 40 [81]
8 44a |5 HCOONa | 8x 65 6 40 [81]
9 44b |5 HCOONa | 8e 72 6 40 [81]
10 44b |5 HCOONa | 8w 68 6 40 [81]
11 44b |5 HCOONa | 8x 69 6 40 [81]
12 45 |2 NH; 8e 87 5 100 [78]
13 46 |5 NH; 8o 92 8 110 [77]
14 47 |5 NH; 8e 72 8 110 [77]
15¢4 47 |10 DIPEA 8e 82 24 120 [80]
16° 48 |05 EtN 7q >99f 20 30 [32]
178 49 |05 HCOONa | 8o 94 1.3 40 [82]
“Isolated yields

"Scaled up by a factor of 20 (10 mmol reaction) with no loss of yield or selectivity
“Determined by GC

dAdditives: CsF (20 mol%), TfOH (10 mol%) and PhCl (7 eq)

“Enantioselective affording 99% ee determined by CSP-SCF

Determined by "H-NMR of the crude

€[s enantioselective affording 52% ee determined by HPLC analysis on OD or AS column
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as a source of metal, SPHOS as electron-rich ligand (Fig. 8, 47), CsF as base and
TfOH as an additive. The best hydrogen source was shown to be HCOOH-DIPEA.
In addition to all these ingredients, PhCl was found to be useful as an extra additive
for reducing the amount of DIPEA needed for high yields by the formation of a
microscopic organic phase. Using this approach, 82% isolated yield was obtained
when cinnamaldehyde was reduced (Table 10, entry 15). The low atom efficiency in
regard to the number and amount of additives is a disadvantage. Since other
o,B-unsaturated aldehyde compounds like perillaldehyde or citral gave yields
lower than 5%, the scope was rather limited in regard to the unsaturated carbonyl
compounds. In the previously cited work of Ayad and Ratovelomanana-Vidal (Sect.
2.1.2), another chiral thodium complex was tested for the transfer hydrogenation of
substrate 7q (Table 10, entry 16) [37]. Excellent enantioselectivity was obtained in
the reduction of this starting material. Finally, analogous to the dendritic system
described in Sect. 2.1.2, Jin-Gen Deng also combined a slightly modified dendrimer
with Rh (IIT) (Fig. 8, 49) [82]. With this catalyst, a range of prochiral ketones were
reduced in water with HCOONa as hydrogen donor, achieving high yields and
enantioselectivities. The measured TOFs were up to 384 h™'. Interestingly, the
catalyst could be precipitated from the reaction mixture by hexane addition and
reused several times without loss in yield or selectivity.

5 Meerwein-Ponndorf-Verley Reactions [83-94]

The very first beginnings of the transfer hydrogenation field can be traced back to the
first part of the twentieth century with the studies from Meerwein and, slightly later
in the same year, from Ponndorf and Verley [83-85]. They have shown the possi-
bility of reducing carbonyl compounds using another alcohol as a reductant via
direct hydride transfer. This was possible because of the use of strong Lewis acidic
metals as catalysts, i.e. AI** or Ln**. This stands in contrast to the weak acid
character of the metals described in the previous sections. In regard to the mecha-
nism of MPV reactions, the generally accepted catalytic cycle was shown in the
introduction (Scheme 3) [11]. The main drawbacks of these MPV processes are the
often required stoichiometric amounts of Lewis acid and the corresponding amounts
of accumulated waste. A large amount of work has been performed in this area since
then in order to increase the atom efficiency of the process [91, 93]. Nevertheless, in
addition to waste problems, aldol condensations, Tishchenko reactions and alcohol
dehydrations are observed as side reactions. Thus, highly reactive substrates like
a,B-unsaturated carbonyl compounds were not considered to be good candidates for
MPYV reductions. Nevertheless, a number of examples has been reported. The higher
activity of all complexes cited in this section in comparison with the classical
Al(OiPr); is mainly rationalized as a consequence of preventing the strong aggre-
gation of aluminium alkoxides. Avoiding aggregation, often by ligand fine-tuning,
results in more non-bridged Al alkoxides which have an accessible site for the
carbonyl compound to bind to [93]. The first example of a MPV reduction of
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Fig. 9 Aluminium, magnesium and lanthanide complexes for Meerwein-Ponndorf-Verley reduc-
tion of a,B-unsaturated carbonyl compounds

a,B-unsaturated carbonyl compounds comes from the work of Ishii and co-workers
[86]. He and his group observed MPV reduction-type reactions when different
zircocene and hafnocene complexes (Fig. 9, S1a, 51b) were placed in contact with
a,B-unsaturated carbonyl compounds in /PrOH. Some examples extracted from the
scope are listed in Table 11 (entries 1-7). A major contributor in recent years has
been the group of Wei who reported X-ray structures of three different types of
aluminium- and magnesium-based complexes (Fig. 9, complexes 52-55) [87—
90]. These complexes have shown moderate to good selectivities when citral and
cinnamaldehyde were used as substrates affording 68-93% NMR yields (Table 11,
entries 12-19). Krempner reported the use of another aluminium-based complex
containing a bis-silanol ligand (Fig. 9, complex 56) [94]. Diffusion experiments
(IH DOSY NMR spectroscopy) in CgDg confirmed its monomeric structure in
solution. An X-ray structure confirmed that this compound was even monomeric
in the solid state. This complex was shown to be very active for a large variety of
aliphatic and aromatic carbonyl compounds including some o,B-unsaturated
carbonyl compounds (Table 11, entries 1-3). The reaction could be performed
with as little as 0.2 mol% catalyst loading. This method showed a high tolerance
for different heteroatoms and other functional groups such as nitriles, nitro group,
halides or esters. Multi-gram-scale reductions of several compounds including citral
were successfully achieved affording isolated yields between 86 and 97%.

6 Conclusions

Due to its convenience, high selectivity and versatility, transfer hydrogenation has
been gaining importance in the last decade. This is underlined by the increasing
amount, variety and sophistication of chiral and non-chiral protocols that are being
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Table 11 Meerwein-Ponndorf-Verley reduction of o,f-unsaturated carbonyl compounds
R® O R® OH

Cat.
R2 A R4 R2 A R4
R iPrOH e
8

8¢ R'=R3=R*=H,R2=Ph

8f R'= R*=H, R? = (CH,),CH=C(CHj3),, R® = Me

80 R'=R3=H, R2=Ph, R*=Me

8q R'"=R3=R*=H,R2=Me

8t R'=Me,R2=Ph,R*=R*=H

8y [Bicyclo] [3.1.1] R" = 1,3-(2,2-dimethyl-cyclobutyl) = R3, R3 = R4 = H (Myrtenal)

Entry |Cat. |Loading (mol%) |Substrate | Yield* (%) |Time (h) |Temp. (°C) |Ref.
1 56 1 8e >99 24 80 [94]
2 56 0.5 8f >99 24 80 [94]
3 56 05 8y 90 24 80 [94]
4 51a |2 8q 91 8 130 [86]
5 51a |2 8e 91 8 130 [86]
6 51a |2 80 90 8 130 [86]
7 51a |2 8t 72 8 130 [86]
8 51b |2 8q 92 8 130 [86]
9 51b |2 8e 90 8 130 [86]
10 51b |2 80 89 8 130 [86]
11 51b |2 8t 68 8 130 [86]
12 52 |5 8e 79° 15¢ refl. [87]
13 52 |5 8f 73° 15¢ refl. [87]
14 53 |5 8e 68° 4 refl. [89]
15 53 |5 8f 70° 4 refl. [89]
16 54 10 8e 90° 2 110 [88]
17 54 10 8f 93° 2 110 [88]
18 55 |5 8¢ 91° 8 110 [90]
19 55 |5 8f 89° 8 110 [90]
“Isolated yields

"Determined by NMR
“Time in minutes

developed for the transfer hydrogenation of different functionalities. The scope for
transfer hydrogenation keeps growing, and examples of more selective reductions of
new challenging substrates are getting published every year. Still, there is a lot of
room for improvement. In the concrete case of a,-unsaturated carbonyl compounds,
more selective catalysts capable of reduction of a larger variety of structures in a
selective fashion are highly desired. Most new developments are based on com-
plexes of Ru and Ir. However examples based on more abundant metals like Fe or
Mn are also starting to emerge. The Meerwein-Ponndorf-Verley reaction has taken
on a new life through the development of new sophisticated ligands that prevent
aggregation. This has allowed a huge increase in efficiency of these catalysts. These
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new catalysts based on Al are also useful for the selective transfer hydrogenation of
o,B-unsaturated carbonyl compounds using very low catalyst loadings. Thus far,
iPrOH and HCOOH are the most suitable and common hydrogen sources; however,
the use of other hydrogen sources such as renewable EtOH is also under
development.
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Abstract The formation of C—C bonds from arenes and heteroarenes through tran-
sition metal-catalyzed C—H bond functionalizations is one of the major achievements
of these last decades. It is now possible to perform such transformations under mild
reaction conditions with the help of visible light photocatalysis leading to eco-friendly
and safer process to build organic molecules or materials. This chapter will focus on
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photoredox catalysis which involves a C(sp®)~H bond functionalization step for the
formation of C(spz)—C bonds [i.e., direct arylations and (perfluoro)alkylations] and
will show how this hot topic contributes to the development of green chemistry.

Keywords C(sp?)-H bond - C—C bond formation - MLTC photoredox catalysis -
Visible light

1 Introduction

During the last two decades, catalytic C—H bond functionalizations, for cross-
coupled C—C bond formation, have progressively replaced the useful metal-
catalyzed cross-coupling reactions between a stoichiometric amount of an organo-
metallic species and a (hetero)aromatic halide. The advantages involve the atom
economy of the process as the C—H bond no longer needs to be transformed into a
carbon-halide bond or in an organometallic reagent and the reduction of steps to lead
to useful complex molecules from medicinal compounds to polyfunctional ligands
and molecular materials [1-12].

The C(sp?)-H bond functionalizations usually require previous activation by a
transition metal catalyst, either via initial insertion of low-valent metal into the C-H
bond such as Ru(0), Rh(I), or Ir(I) catalysts or via C—H bond deprotonation in the
presence of Ru(Il), Rh(IIl), or Ir(IlT) or Pd(Il) catalysts. For both activation pro-
cesses, the regioselectivity control is the main problem, and usually a tolerated
directing group brings a suitable solution [13—15]. Whereas the metal C—H bond
activation steps are relatively easily performed, the functionalization of the (M—C)
carbon of intermediate requires higher energy. In addition, for the regeneration of
high-valent metal catalysts, a stoichiometric amount of oxidant is often required.
These drawbacks motivate the search of better C—H bond functionalizations with
high regioselectivity, absence of stoichiometric amount of oxidant, and mild
conditions.

Since the pioneer works by Gafney and Adamson, who showed that single
electron transfer (SET) event can be initiated by the triplet charge transfer excited
state of [Ru(bpy)3]2+ [16], the application of polypyridine-metal complexes with
metal-ligand charge transfer (MLCT) properties in catalysis has become a
useful alternative approach to create new C—C bonds [17-26] and more recently to
functionalize C—H bonds [27-30]. The first photoredox functionalization of C(sp?)—
H bond was reported in 1984 by Deronzier with the [Ru(bpy)s]** assisting the
cyclization of stilbenediazonium salts [31].

Photoredox catalysts (PC™), such as #ris(2,2'-bipyridine)ruthenium(IT) [Ru(bpy);**]
or fac-tris(2-phenylpyridine)iridium(Ill) fac-[Ir(ppy)s], under simple irradiation by
low-energy visible light lead to their long lifetime photoexcited state (*PC"), resulting
from electron transfer from the dr orbital of the metal center to the n* orbital of the
2,2'-bipyridine or 2-phenylpyridine ligand (MLCT) followed by intersystem crossing.
Then, photoexcited state (*PC") undergoes SET in two different scenarios:
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1. In a reductive quenching cycle, SET occurs from an electron donor D to *PC”
associated with formation of reduced PC"~" followed by the reduction of an
electron acceptor A associated with regeneration of the ground state of the
catalyst photoredox (PC") (Fig. 1a).

2. Oxidative quenching cycle, SET occurs from *PC" to an electron acceptor
A associated with formation of the high-oxidation-state PC™ * » followed by
the oxidation of an electron donor D associated with regeneration of the ground
state of the photoredox catalyst (PC") (Fig. 1b).

The above-generated cation or anion radicals easily decompose into carbon-
centered radicals, which add regioselectively to molecules such as arenes, heterocy-
cles, and even alkenes to form a new C(spz)—C bond from C(spz)—H bond at room
temperature. These low-energy visible light photoinitiated processes offer a new life
to radical generations and reactions, but more importantly they offer new ways of
regioselective functionalizations of C(sp?)~H bonds with high atom economy under
very mild conditions. They constitute an excellent, fast developing contribution to
green chemistry.

This is why this chapter will present the contributions of metal complex
photoredox catalysts to functionalize, by C(sp®)—C bond formation, the C(sp*-H
bonds of arenes and heterocycles.

]

I'I
it
——————————— quenching ot ZQJH# quenching
cyle - cyle
[y e [rer fuer

<)

E 112 (M*M), (M/M*)  E 12 (M*IM), (MIM*)  E 122 (M*/M), (M/M"*) E 112 (M*/M), (M/M™)
=13V, -1.3V =08V, 22V =12V, -15V =17V, 1.3V

Fig. 1 3MLCT excited state: diagram of energy and electron transfer processes, (a) reductive
quenching cycle, (b) oxidative quenching cycle, and (c¢) chemical structures of some common
photoredox catalysts and their redox potentials in V vs. SCE. SCE saturated calomel electrode [32]
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This chapter will present the different methods based on MLCT photoredox metal
complexes to transform C(sp*)—H bonds of 5-atom and 6-atom heterocycles and of
functional arenes into C(sp?)—C bonds only. The reactions will be classified by the
nature of substrates and by type of functionalization: arylation, perfluoroalkylation,
and alkylation. The conditions of the photoredox-catalyzed reactions will be pointed
out to show the mild energy and conditions and that photoredox systems are current
available keys to develop green catalysis processes.

2 Functionalizations of 5S-Atom Ring Heteroarene C(spz)—H
Bonds

2.1 Photoredox-Assisted Arylation of 5-Atom Heteroarene
C(sp’)~H Bonds

In 2013, Xue, Xiao, and co-workers demonstrated that [Ru(bpy)3]2+ under blue

LEDs promotes the arylation of pyrroles, furans, and benzothiophene using diaryl
iodonium salts as aryl radical precursors (Scheme 1) [33]. The regioselectivity of the
arylation is similar to those observed with palladium catalysts in the presence of aryl
halides [13], namely, at the a-positions. While the C—H arylation of heteroarenes can
be performed at room temperature, a huge amount of heteroarenes (50 equivalents) is
required, which make this protocol not really attractive from a synthetic point of
view. The authors have proposed a mechanism based on oxidative quenching
pathway.

Tobisu, Chatani, and co-workers also employed diaryliodonium salts as aryl radical
precursors for the C(sp®)-H bond arylation of heteroarenes such as pyrroles, imidaz-
oles, and thiophenes using [Ir(ppy).(bpy)]PFs as photoredox catalyst (Scheme 2)

Ar—I—Ar! " OTf [Ru(bpy)3]Cl2*6H,0
X (1 mol%) X
iy + or R A
R \/) - CH4CN, 25 °C J '
(50 equiv.) Mest—I—Ar OTf Blue LEDs
/ /R / / NO,
N N N N 7<
E/)_Ph | / | /Hi :%Br | 2\
87% 91% 89% 85%
N 0 s
o one E—ome QL= )rcom
40% 60% 66%

Scheme 1 Ru(bpy)f*-assisted arylation of heteroarenes with diaryliodonium salts
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[Ir(ppy)2(bpy)IPFe

X - (1 mol%) X
R{) + Ar—I—Ar' PF R‘Ef’”
/ 6 RT /

(40 equiv) or TfOr White LEDs
: .
N cl 75%
N\ [ Br  68%
Ph D
\ \ s N Me 60%
t-Bu 61%
88% 36% 42% OMe trace

Scheme 2 [Ir(ppy),(bpy)]PFs-promoted arylation of heteroarenes using diaryliodonium salts

[34]. In all cases, the arylation takes place mainly at the C2 position. A wide range of
substituents at the para position of the diaryliodonium salts are tolerated such as chloro,
bromo, trifluoromethyl, methyl, and fert-butyl, while para-methoxy-substituted
diaryliodonium salts failed to react under these reaction conditions.

The generation of aryl radicals from aryl halides and pseudohalides is very
challenging due to do their high reduction potentials, which are beyond the reach
of many typical photoredox catalysts including Ru(bpy);. In 2016, Ackermann and
co-workers reported the merge of fac-[Ir(ppy)z] photoredox catalyst and Cul(l) to
promote the C2 arylation of benzothiazole using 3-tolyl iodide (Scheme 3) [35].

In 2017, Konig and co-workers employed visible light photoredox catalyst [Ru
(bpy)s]** to generate radical anions from pyrenes to promote the formation of aryl
radical from aryl halides via SET event, also called sensitization-initiated electron
transfer (Scheme 4) [36]. Pyrroles and indoles were arylated at the a-position using
only electron-poor aryl bromides (e.g., bromobenzonitriles, bromobenzoates, and
heteroaryl bromides). Again, a huge amount of heteroarenes (10 equiv.) is required.
In addition, this catalytic system is also operative using aryl triflate instead of aryl
halides.

Based on spectroscopic investigations, the authors proposed a catalytic cycle
depicted in Fig. 2. After visible light photoexcitation of Ru(bpy);>*, *Ru(bpy)s>*
transfers its energy to pyrene (Py). The excited Py* is then reductively quenched by
N,N-diisopropylethylamine (DIPEA) to generate the radical anion [Py]™ and the
radical cation [DIPEA]™. Then, [Py]™ transfers one electron to the (hetero)aryl
halide, yielding the (hetero)aryl radical precursor [(Het)ArX]™™ which generates the
aryl radical (Ar") and neutral Py to complete the catalytic cycle. Finally, the radical
Ar’ reacts with (hetero)arenes to afford C—C coupling products. In a competing
pathway, the radical Ar” abstracts a hydrogen atom either from [DIPEA]™or from
the solvent (in this case DMSOQO) to give undesired reduction products and
diisopropylamine.

In 2016, Natarajan et al. achieved the visible light-mediated C(sp*)-H bond
arylations of 5-atom ring heteroarenes with benzenesulfonyl chlorides at room
temperature using [Ru(bpy)s]Cl, as photosensitizer and blue LED irradiation
(Scheme 5) [37]. The reaction occurred at the a-position and tolerated a broad
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Scheme 3 Merging of fac-[Ir(ppy)z] and Cu(I) for the C2-arylation of thiazole using aryl iodide
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Scheme 4 Ru(bpy);>*-promoted arylation of (hetero)arenes using aryl bromides and chlorides

e

N~
(DIPEA)
SET
[Ru(bpy)s**]* pyrene*
PC*
O Photoredox pyrene
(455 nm) catalysis
nm
pyre”e) Ar-X X =Bror Cl
[Ru(bpy)s?'] SET
PC
B . Y \N(
R R N W/lf‘\/ Y
[\i e -H* N \\ /; .
E/)‘Ar | —Ar Nl

Fig. 2 Proposed catalytic cycle for pyrene sensitization-initiated electron transfer catalytic C—H
arylation reactions

range of functional groups. It is noteworthy that P-arylated thiophenes are
synthetized by palladium-catalyzed C—H bond desulfitative arylation [38—42]. The
authors proposed a radical pathway through an oxidative quenching cycle.
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Scheme 5 Ru(bpy)s>*-promoted arylation of heteroarenes with arenesulfonyl chlorides

In 2016, Weaver and co-workers demonstrated that the formation of 2-azolyl
radicals from 2-bromoazoles can be achieved using fac-[Ir(ppy)s] photoredox catal-
ysis (Scheme 6) [43]. They employed N-cyclohexyl-N-isobutyl-N-cyclohexanamine
as sacrificial oxidizing agent, and an oxidative quenching cycle allows the formation
of aryl radical, which could be trapped by electron-rich arenes, pyrroles, indoles,
imidazoles, pyridines, and thiophenes to allow the formation of heterobiaryls in
good yields. A wide range of 2-bromoazoles including the one bearing sensitive
halo-bonds have been employed.

2.2 Photoredox-Assisted Perfluoroalkylation of 5-Atom
Heteroarene C(spz )-H Bonds

In 2011, MacMillan and co-workers succeeded to generate CF;" radical from
trifluoromethanesulfonyl chloride using visible light photoredox catalysis (Scheme
7) [44]. Trifluoromethylation of C(sp2)—H bonds of 5-atom ring heteroarenes such as
pyrroles, furans, thiophenes, and thiazoles at the C2 or C5 position was achieved
under mild reaction conditions using 1 mol% [Ru(phen);]Cl, as photoredox catalyst.
Notably, mixtures of C2 and C3 trifluoromethylated indoles were obtained
depending on the N-substituents.

Oxidative quenching cycle was proposed with the generation of CF; radical via
SET reduction promoted by photoexcited *PC (Fig. 3) [45, 46].

Cho and co-workers disclosed that trifluoroiodomethane can also generate CF;’
radical under visible light photoredox conditions allowing the C(sp?)-H bond
trifluoromethylation of 5-atom ring heteroarenes (Scheme 8) [47]. The reaction
was carried out using 1 mol% [Ru(bpy);]Cl, in the presence of 2 equivalents of
TMEDA (N,N,N',N'-tetramethylethylenediamine) as base in acetonitrile under visi-
ble light. Indoles are successfully trifluoromethylated at C2 or C3 depending on the
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Scheme 6 Heteroarylation of (hetero)arenes with 2-bromoazoles using Ir-based photoredox
catalyst
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Scheme 7 Ru(phen)f*—catalyzed trifluoromethylation of heteroarenes using trifluoro-
methanesulfonyl chloride

indolyl substituent, whereas pyrroles, thiophenes, and furans are regioselectively
functionalized at the C2 or C5 position. Notably, Noé&l and co-workers have devel-
oped a continuous flow version of this reaction to allow the trifluoromethylation of
5-atom heteroaromatics in larger scale [48, 49].

Based on the mechanism study [49], the authors proposed a reductive quenching
pathway. Indeed, the generated Ru>* species is reduced by SET from TMEDA
which plays the role of an electron donor (Fig. 4).

In 2013, Qing and co-workers succeeded the ethoxycarbonyldifluoromethylation
of C(sp>-H bond heteroarenes by generating ‘CF,CO,Et radical from ethyl
difluorobromoacetate using visible light photoredox system (Scheme 9) [50]. In
the presence of 1 mol% of [Ru(phen);]Cl, as photoredox catalyst and 4-N,N-
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Fig. 3 Proposed mechanism for visible light-mediated trifluoromethylation of (hetero)arenes with
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Scheme 8 Ru(bpy)s>*-catalyzed trifluoromethylation of heterocycles with trifluoroiodomethane

trimethylaniline as sacrificial reductant, under blue LED irradiation, a set of
3-substituted indoles are difluoromethylenated at C2 position in good to high yields.
Indole led to mixture of C2 and C3 regioisomers in 5:1 ratio. Ethoxycarbonyl-
difluoromethylation of benzofuran gives also mixture of C2 and C3 regioisomers,
while N-methylpyrrole, furan, and thiophene are regioselectively alkylated at the C2
position in moderate yields. The reaction tolerates reactive functional groups (e.g.,
alkyl and aromatic bromides, unprotected alcohols, carboxylic acids, amides,
and nitriles). Oxidative quenching pathway which enabled the generation of
CF,CO,Et radical from ethyl difluorobromoacetate by SET has been proposed.
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Scheme 9 Ru(Phen);>*-catalyzed difluoromethylenation of heteroarenes with ethyl 2-bromo-2,2-
difluoroacetate

In 2014, Wang and co-workers employed PhSO,CF,I — a well-established
difluoromethylation reagent developed by Prakash and Hu [51] in visible light
photoredox-catalyzed difluoromethylation of electron-rich 5-atom ring N-, O-, and
S-containing heteroarenes (Scheme 10) [52]. Pyrroles, (benzo)furans, thiophenes,
and thiazoles are regioselectively difluoromethylated at a-position using 1-3 mol%
of [Ru(bpy);]Cl, associated with K,HPO, as a base in CH,Cl, under visible light.
Pyrazole reacts at the C5 position. Again, indole gives a mixture of C2 and C3
regioisomers, unless the C3 position is substituted.



Functionalization of C(spz)—H Bonds of. . . 235
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Scheme 10 Ru(bpy);**-catalyzed difluoromethylation of heteroarenes with ((difluoroiodomethyl)
sulfonyl)benzene

In 2014, Liu and co-workers employed commercially available diethyl bromo-
difluoromethyl phosphonate as difluoromethyl radical precursor using fac-[Ir(ppy)s]
as a photosensitizer and blue LEDs as a light source (Scheme 11) [53]. A set of
5-atom heterocycles (e.g., thiophenes, selenophene, (benzo)furan, benzothiophene,
indoles, etc.) is functionalized at the a-position in good yields.

In 2015, Stephenson and co-workers succeeded to generate CF;" radical from
cheap and abundant trifluoroacetic anhydride using visible light photoredox catalysis
in the presence of pyridine N-oxide allowing the trifluoromethylation of 5-atom ring
heteroarenes (Scheme 12) [54]. A set of heteroarenes such as pyrroles, indoles,
isoxazoles, caffeine, and thiophenes were trifluoromethylated at a-position using
01-1 mol% [Ru(bpy);]Cl, as photosensitizer. Interestingly, the protected boronic
MIDAB (N-methyliminodiacetic acid) functionality is tolerated by these radical
conditions, allowing further cross-coupling reactions. The reaction can be also
conducted in large scale using both flow system (20 g) and batch (100 g).

Later, they discovered that the use of 4-phenylpyridine N-oxide instead of
pyridine N-oxide led to better results, and they extended the reaction to C(sp?)-H
bond pentafluoroethylation and heptafluoropropylation of heteroarenes with
pentafluoropropionic anhydride or heptafluorobutyryl acid anhydride (Scheme
13) [55].

The detailed mechanism is depicted in Fig. 5 [55]. In the presence of
trifluoroacetic anhydride, 4-phenylpyridine N-oxide is acylated. This acylated spe-
cies (A) can readily quench the photoexcited catalyst *Ru?*, and the reduced reagent
(B) proceeds to fragment to a carboxyl radical along with 4-phenylpyridine (PhPy).
The carboxyl radical readily extrudes CO, to form the CF;’ radical and its addition to
the electron-rich m-system results in selective formation of the product after
re-aromatization.
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Scheme 12 Ru(bpy);**-catalyzed trifluoromethylation of heteroarenes with trifluoroacetic acid
anhydride associated to pyridine N-oxide

2.3 Photoredox-Assisted Alkylation of 5-Atom Heteroarene
C(sp’)~H Bonds

The photoredox-assisted alkylation of heterocycle C(sp>)-H bonds, to form new
cross-coupled C(sp”)-C bonds, was first initiated by the single electron transfer
(SET) from the excited photoredox system under visible light to a derivative with
C(sp>)-Br bond which then generates a radical. Usually with heteroarenes, this
radical adds regioselectively to an unsaturated double bond, and a C—C bond is
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Scheme 13 Ru(bpy);>*-catalyzed perfluoroalkylation of heteroarenes with anhydride associated to

4-phenylpyridine N-oxide

O — "G - k)
: + = + '
:‘ A /N‘O)J\CF3 = tO— F3C (0] CF3 5
[Ru?'T*
SET Pc?
Ph .\\ o) Blue LEDs
)
R N\A)J\
— 0" CFj Photoredox
Py AL B mey T R
2 (CFz PC* PC «CF3
o

H
X
SET
@: . CFs . CF; /+
N CFH

H
\X \X
c D

Fig. 5 Proposed mechanism for perfluoroalkylation of heteroarenes with anhydride associated to

4-phenylpyridine N-oxide

formed. After oxidation and deprotonation, a heteroarene with new C(sp®)—C(sp”)

bond is obtained.

Stephenson et al. reported in 2010 the utilization of the photoredox catalyst tris
(2,2'-bipyridyl)ruthenium dichloride [Ru(bpy)3]2+(C17)2, under visible light for the
intramolecular regioselective alkylation of indoles and pyrroles containing a N-alkyl
chain bearing a terminal C(sp*)-Br bond. The excited photoredox system, under
visible light from a household light bulb, is then reduced in the presence of amine
NEt; and then allows the single electron transfer (SET) to the C(sp’)-Br group
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which generates a reactive radical. This radical adds at the heterocycle C2 with
formation of a new 6-atom ring at room temperature (Scheme 14a) [56].

The same photoredox system in the presence of amine has been used by Ste-
phenson to promote cascade radical cyclizations with successive formation of two
C—C bonds to produce polycyclic heterocycle at room temperature (Scheme
14b) [56].

The reaction mechanism is presented in Fig. 6 [56]. It involves the excitation of
the photoredox complex by visible light, and the excited species [*Ru(bpy)3]2+ is
reduced by triethylamine by one SET to produce the Ru(I) intermediate [Ru(bpy)s]*
species. The Ru(I) complex is able to transfer one electron to the sp?C—Br group
which generates [Ru(bpy);]** and an electrophilic radical A. The latter adds
regioselectively to the C2 carbon, and the resulting radical B can be oxidized into
cation C by [Ru(bpy)s]** or trialkylammonium radical cation. The cation C by loss
of a proton leads to the functionalized indole D or pyrrole.

The same year the Stephenson group has shown that similar conditions could be
applied to the intermolecular alkylation of 5-atom heterocycles, with the help of the
photoredox system [Ru(bpy);]Cl, under blue LED (4,,,x = 435 nm) irradiation. The
reaction is performed with bromomalonates and indoles, with 2 equiv. of amine,
NEt; or better p-MeOCgH4NPh,, in DMF at room temperature. It leads to the
regioselective alkylation at C2 carbon of indoles or at C3 when C2 carbon
is substituted (Scheme 15) [57]. The reaction tolerates C(spz)—Br or even primary
C(sp>)-Br bonds.

The mechanism of this reaction is analogous to that described in Fig. 6. The Ru
(bpy)'* intermediate, arising from the visible light excitation of Ru(bpy);>* and one
electron reduction by the amine, transfers 1 electron to bromomalonate to produce

a)

[Ru(bpy)3]Cl, (1.0 mol%)
MeO,C CO,Me

@ MeOC visible light N
N
\/\)<COZMe N

NEt, (2 equiv.)DMF, RT 60 %
CO,Me
Br CO,Me
OZME CO,Me | Y—k-co,Me
CO,Me N
N 2 CO,Me
55 % o
61 %
b) ° 53 %

same conditions

A -, N
@ \\ H co,Me
Cgé""“‘;e CO,Me
2 0,
Br 79 % H

z

Scheme 14 Intramolecular alkylation of indoles and pyrroles at C2 promoted by [Ru(bpy)s]**
photoredox and amine
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the (MeO,C),CH" radical which adds to the heterocycle C2 carbon bearing a C—
H bond.

Later in 2016, Stephenson used the photoredox fac-[Ir(ppys3] complex in the
presence of 1 equivalent of 2,6-lutidine which promotes the regioselective
functionalization with electron-deficient radicals, generated from functional
bromomalonate derivatives, of C2-H bond of heteroarenes (Scheme 16)
[58]. Whereas the weakly reducing photoexcited [*Ru(bpy)s;]** was almost ineffi-
cient for this reaction, the success was reached by the use of the strongly reducing
complex when excited by visible light fac-[*Ir(ppy)s], [E1/2W/ e — —1.73 V vs
SCE]. This (heterocycle)C(Z)—C(sp3 ) bond formation of pyrroles, thiophenes,
indoles, and benzofurans tolerates chloro, allyl, N-Boc, and lactone groups.

This reaction was carried out in a flow process with the photoredox fac-[Ir(ppy)s]
A, with a 36 W blue LED. This reaction with A allows the transformation of 1 g of
material in 4 h at room temperature with 70% yield (Scheme 17) [58]. Under the
same conditions, a batch reaction with 1 g led after 8 h to 78% yield. The recovered
photoredox shows that the regioselective tris alkylation of fac-[Ir(ppy);] A by the
bromomalonate took place at the para position of the three Ir—C bonds to produce
the photoredox catalyst B which is as efficient as its parent fac-[Ir(ppy)s] A (Scheme
17) [58].

It is noteworthy that Barriault et al. showed that unactivated primary, secondary,
and fertiary bromoalkanes could generate nucleophilic radicals for the regioselective
C2 alkylation of heteroarenes with the help of gold photoredox system [Au,(bis
(diphenylphosphino)methane),]Cl, [Au,(dppm),]Cl, irradiated with UVA LEDs

fac-{Ir(ppy)al

R COM (1 mol%)
erf,\:ime . 4\2 ® Blue LEDs (1 W) e COMe
o R+~ >—Qz
S X Br R Z 2 6-lutidine (1 equiv.) Yy R
(5 equiv) MeCN, RT
N\ COaE CO,Me MeO,C
e
Boc ”
83% NBoc 35%
CO,Et CO,Et CO.Et
2 X 2
| S—L-CO,Et ©\/\>—60025t WCOZH
S (6] Me N/ N Me
H
Cl 76% 63%
68%

Scheme 16 Photoredox fac-[Ir(ppy)s]-promoted C2—H coupling of N, O, and S-heterocycles with
bromomalonates
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Scheme 17 Flow process promoted by fac-[Ir(ppy);] and modified photoredox system

(365 nm) [59]. This efficient system does not operate via MLCT as the Ru, Ir-based
photoredox catalysts.

Glorius has shown in 2017 that alkylation of heteroarenes could be performed
from a Katritzky salt, arising from the reaction of primary amine or amino acid with a
pyrylium salt, in the presence of the photoredox complex [Ir(ppy),(dtbbpy)]PFe
under visible light irradiation (Scheme 18) [60]. Thus the radical formally results
from deamination of the initial amine and amino acid. The regioselective
alkylation of indoles and pyrroles has been performed successfully, from amino
acid-derived radicals, at room temperature in DMA. A single electron is transferred
to the Katritzky salt from the light-excited [*Ir(ppy).(dtbbpy)]*, the formed
radical releases the deaminated radical which adds to the heteroarene at C2 position.
The 2-alkylated heteroarene is generated by oxidation and deprotonation of the
heterocyclic radical.

Masson et al. in 2016 have shown that the photoredox [Ru(bpy);](PFe), under
visible light irradiation could promote the capture of one electron from an
a-amidosulfide, with the help of oxygen, to generate beside the RSe radical an N-
acyliminium cation. The latter is then able to perform regioselective aza-Friedel-
Crafts reaction with electron-rich heterocycles, thus their alkylation, such as indoles
and thiophene (Scheme 19) [61]. The reaction is performed with 10 equiv. of #-
BuOH at room temperature as in the presence of +-BuOH there is decreasing of
a-aminosulfide oxidation potential. Organic photoredox such as Eosin Y can per-
form the same alkylation of heterocycles with N-acyliminium cations. As the light-
excited species [*Ru(bpy);]** cannot directly oxidize the o-amidosulfide, it is
proposed that [*Ru(bpy);]** transfer one electron to oxygen to give the radical
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Scheme 18 Examples of alkylation of N-heteroarenes with radical from amino-acids via their
Katritzky salts

[Ru(bpy)sl(PFe)2 (2.5 mol %) R2CO.

2
J\HCOR U £BuOH (10 equiv) N
R > SEt X blue LEDs R X
CH4CN, RT
- H+
NHCOR?
\
R“J\SEt ~ - R
SEt
Boc.. 0
o NH H )L Boc
Bn N Ph” “NH NH
Me NH
70 % 68 % 51 %

Scheme 19 Aza-Friedel-Crafts reaction of heterocycles with N-acyliminium cation generated from
a-amidosulfides and photoredox

anion O,-¢ and the Ru(bpy)g,3 * species which then captures one electron from RCH
(NHZ)SEt to produce the EtS' radical and the N-acyliminium cation able to add to
electron-rich heteroarenes (Scheme 19) [61].
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3 Functionalizations of 6-Atom Ring Heteroarenes

3.1 Photoredox-Assisted Arylation of 6-Atom Heteroarene
C(sp2 )—-H Bonds

In 2014, Xue and co-workers have employed aryldiazonium salts as aryl radical
precursors in photoredox-catalyzed C—H bond arylation of pyridine, quinoline, and
pyrazine derivatives (Scheme 20) [62]. The reaction was carried out in water using
[Ru(bpy)3]Cl,-6H,0 as a photosensitizer and household light. The arylation took
place at C2 position when C4-substituted pyridines are employed, while
unsubstituted, C2- or C3-substituted pyridines led to mixtures of regioisomers.
The authors showed that using aqueous formic acid as solvent, pyrazine and
pyridazine could be also arylated.

Inspired by Deronzier for the intramolecular C—H bond arylation with diazonium
stilbenes [31, 63], the authors suggested an oxidative quenching cycle as mechanism
key step (Fig. 7). They proposed two possible pathways for the last step of resulting
radical oxidation into carbocation intermediate: (1) a common oxidation by the
strongly oxidizing [Ru(bpy)s]**or (2) an oxidation by the aryldiazonium salt leading
to an autocatalytic reaction.

Meanwhile, Lei and co-workers achieved the regioselective C2-arylation of
isoquinolines (Scheme 21) [64]. Trifluoroacetic acid was used to in situ generate
the isoquinolinium salts.

The conditions described by Tobisu, Chatani, and co-workers for the C-H
arylation of 5-atom ring heteroarenes with diaryliodonium salts and [Ir
(ppy)2(bpy)]PF¢ as photoredox catalyst (Scheme 2) were also operative for the

Xy [Ru(bpy)s]Clp*6H,0 (2.5 mol%) X

~ Y%
R-- +  Ar—N,BF R A
k\NJ o water, 25 °C k\N)_
crH (2.5 equiv.) Household light (45 W)
R= ~
CF3 4-CF5  50% | | X
4-Me 61% = _
X
| 4CN  51% N CI” >N
~
N 4-Br  53% OMe e
R 4-CO,Et 51% . 039,
3-Cl 54% 93% o
(C2/C4 = 2.3:1) (C4/C6 = 1:1.3)
NN F N
/“\ e~ [ —
Cl N N | j\
OMe Z>0OMe
60% 67% 60%

Scheme 20 Ru(bpy);>*-catalyzed arylation of N-heteroarenes with aryldiazonium salts
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Fig. 7 Proposed mechanism for arylation of N-heteroarenes with aryldiazonium salts
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| [Ru(bpy)3]Cla*6H,0 (2.5 mol%) | N
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Scheme 21 Ru(bpy)s**-catalyzed isoquinoline with aryldiazonium salts

phenylation of pyridines, pyrazine derivatives, albeit low yields and poor
regioselectivity were observed (Scheme 22) [34].

Konig and co-workers applied their catalytic system based on pyrene
sensitization-initiated electron transfer using [Ru(bpy)3]2+ to the arylation of

2,6-dimethoxypyridine with 2-bromobenzonitrile or 5-bromopyrimidine (Scheme
23) [36].
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[Ir(ppy)2(bpy)IPFg
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Scheme 22 [Ir(ppy).(bpy)]PFs-catalyzed the phenylation of pyridine and pyrazine derivatives
with diaryliodonium salts
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OMe DIPEA (1.4 equiv.) N=
(10 equiv.) DMSO, 25 °C OMe
quiv. Blue LEDs
36%

[Ru(bpy)3]Cl,*6H,0 (1 mol%)
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Scheme 23 Ru(bpy)s**-catalyzed arylation of 6-dimethoxypyrine with aryl bromides

In 2017, Glorius and co-workers reported that the C(sp>)~H bond arylation of
pyridines using carboxylic acids is a suitable source of radicals via a visible light-
mediated decarboxylation (Scheme 24) [65]. The key step was the formation of
benzoyl hypobromite, which is in situ prepared by reaction of carboxylic acid and
diethyl 2-bromo-2-methylmalonate. In the presence of photoredox system, namely,
3 mol% [Ir{dF(CF3)ppy }.(dtbbpy)](PFs), under blue LED irradiation, such benzoyl
hypobromite easily decomposes into aryl radical which could be trapped by
heteroarenes such as pyridines derivatives. The reaction was not regioselective,
and mixtures of regioisomers were obtained, except from 4-tert-butylpyridines,
although a huge amount of pyridine derivatives (100 equiv.) is required.

The authors proposed a reductive quenching of PC (*Ir(IIT)/Ir(I)) by the benzoate
anion providing aroyloxy radical (Fig. 8). The authors denied the direct decarbox-
ylation of carboxylic acid, which required high temperature. Therefore, they pro-
posed pathway involving bromination of radical anion of carboxylic acid generated
by SET of *PC to carboxylic acid to form the benzoyl hypobromite A. The resulting
hypobromite can be reduced by the Ir(Il) (£, LM — 137 V vs SCE) leading to
intermediate B and its decarboxylation to afford the key aryl radical (Ar’). Finally,
the aryl radical is trapped by (hetero)arene to generate the cyclohexadienyl radical C,
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Scheme 24 [Ir{dF(CF;)ppy }»(dtbbpy)](PFe),-catalyzed arylation of pyridine with aryl carboxylic
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Fig. 8 Proposed mechanism for arylation with carboxylic acids
which, following oxidation to the aryl cation and deprotonation, affords the cross

aryl-heteroaryl product.

3.2 Photoredox-Assisted Perfluoroalkylation of 6-Atom
Heteroarene C(spz )-H Bonds

The trifluoromethylation of pyridines, pyrazines, pyrimidines, and pyrones using
trifluoromethanesulfonyl chloride was accomplished by MacMillan and co-workers
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using fac-[Ir(dF.ppy)s] as photoredox catalyst (Scheme 25) [44]. The
regioselectivity is substrate dependent, and when multi-sites are available, a mixture
of regioisomers is often obtained.

The generation of CF3" radical from trifluoroacetic anhydride and pyridine N-
oxide under photoredox catalysis (Scheme 12) was also applied to the
trifluoromethylation of 6-atom heterocycles (Scheme 26) [54]. Pyrimidine where
C2 and C5 position were blocked by methoxy substituent was successfully
trifluoromethylated at C3 position. N-methyl pyridinones were also functionalized
at the C3 position.

Z__H fac-[Ir(dF.ppy)s] (2 mol%) Z
@ T + Cl—S0,CF3 ek
Ya ) K,HPO, ( 3 equiv.) Yo U703
X (1-4 equiv.) MeCN, RT X

Household light (26 W)

(o LT

OMe CI
82% 70% 4% 5% 3%
QCFS EI )\)i
78%
(C3/C5 = 3:1) 78% 87% 88%

Scheme 25 fac-[Ir(dF.ppy)s]-catalyzed trifluoromethylation of 6-atom heterocycles using
trifluoromethanesulfonyl chloride

CFy 0
Yﬁ ) o:<o oM RUGRYHICh 01 mo) vy
Sy 0= @ MeCN, RT S
CF Blue LEDs (13.2 W)

(1.1-2.1 equiv.) (1-2 equiv.)

OMe MeOZC
N \
CF
</ N\ CFs \ CF; Q 3
N=
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30% 54% 51%

Scheme 26 Ru(bpy)s>*-catalyzed trifluoromethylation of 6-atom heterocycles with trifluoroacetic
acid anhydride associated to pyridine N-oxide
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In 2014, during their investigations on C(sp?)-H bond difluoromethylation of
heteroarenes from diethyl bromodifluoromethyl phosphonate as radical source
(Scheme 11), Liu and co-workers showed that the reaction can be also applicable
to pyridines and pyrimidine (Scheme 27) [53]. From 2-methoxy-4-methylpyridine,
a mixture of C3 and C5 trifluoromethylated was obtained, while from
2,6-dimethoxypyridine, only C3-trifluoromethylated pyridine was obtained.

3.3 Photoredox-Assisted Alkylation of 6-Atom Heteroarene
C(spz )—-H Bonds

DiRocco et al. have found in 2014 the way to formally alkylate with small methyl
or ethyl groups the C-H bond of N-heterocycles. They used [Ir{dF(CF3)
ppy }2(dtbbpy)]PFs as photoredox and tert-butylperacetate (rBPA) or fert-
amylperacetate to generate methyl or ethyl radical, respectively. These small radicals
are useful to modify biologically active molecules with small alkyl groups. Thus,
fasudil, camptothecin, or caffeine has been methylated that way (Scheme 28) [66].

The t-BuOe radical is known to produce the methyl radical and acetone. Thus on
visible light, the excited {*Ir(II)} species (E° = —0.89 V vs SCE) can transfer one
electron to the protonated fBPA, via proton-coupled electron transfer (PCET) which
thus provides, beside an Ir(IV) species, the +-BuOe radical and then methyl radical
(Fig. 9) [66]. The methyl radical adds to the protonated N-heterocycle
regioselectively at C2. After deprotonation of the resulting cation, one electron is
captured by the Ir(IV) system to regenerate the Ir(Ill) photoredox PC and the
methylated heteroarene.

Peng Liu and Gong Chen have discovered an intermolecular alkylation of 6-atom
N-heteroarenes with alkylboronic acids with two equivalents of acetoxy-
benziodoxole (BI-OAc). The reaction is mediated by the photoredox system [Ru
(bpy)s3]Cl, in hexafluoroisopropanol (HFIP) (Scheme 29) [67]. Aryl halide, ester,
carbamate, and alkyne groups can be tolerated on the boronic alkyl group. The C2

X | Q\P,oa faclr(ppy)s) B mol%) o\\P,OEt
+ ~ - _— , ~
I\\N C” OEt K3POy, (3 equiv.) Q CF, OEt
, F2 CH,Cl, RT /
(10 equiv.) 2L12, N
Blue LEDs (3 W)
o, PpEt O\\P/OEt NMeO OQP/OEt
/" N, OFt MeOQC/FZOEt Mes—(/ §—C'F20Et
N= N= N=
OMe OMe OMe
80% (C3/C5 = 4.3:1) 83% 83%

Scheme 27 fac-[Ir(ppy)s]-catalyzed difluoromethylenephosphonation of 6-atom heterocycles with
bromodifluoromethylphosphonate
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Fig. 9 Catalytic cycle for the photocatalyzed methylation of N-heterocycles

alkylation of 4-chloroquinoline, pyridines, phenanthroline, and quinine was selec-
tively obtained, or at C4 when a substituent was present at C2 position.

The reaction can be explained as shown on Fig. 10 [67]. The light-excited [*Ru
(bpy)3]2+ species transfers one electron (SET) to BI-OAc to generate acetate and a
radical adding to the boronic acid to give intermediate A. The later gives the radical
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Scheme 29 Alkylation of 6-atom N-heteroarenes using alkyl boronic acid and hypervalent iodine
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Fig. 10 Mechanism for photocatalyzed C—H bond alkylation of heteroarenes

R°, beside species B, which adds to the protonated N-heterocycle at C2 to produce

C, which releases the protonated alkylated heterocycle.
MacMillan in 2015 combined the action of a metal-containing Ir(II)

photoredox [Ir(ppy).(dtbbpy)]PF¢ and of a thiol ester as organocatalyst to activate
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alcohols and generate a radical to directly alkylate C(sp*)—H bonds of heteroarenes
(Scheme 30) [68]. This dual photoredox-organocatalysis method is expected to
generate HOCH, radical from methanol which adds to the protonated heterocycle
at C2 position when it is non-substituted. Thus, a variety of N-heterocycles have
been methylated. Using a variety of primary alcohols R-CH,OH, the RCH'-OH
radicals could be generated to alkylate heteroarenes. This reaction can be performed
also with diols, primary ether, and even tetrahydrofuran. The method was also
applied to the alkylation of natural product derivatives such as fasudil and milrinone.

The mechanism is depicted in Fig. 11 for the methylation of pyridine with
methanol. On light excitation, the photoredox {*Ir(Ill)} complex by SET to the
heteroarene leads to a strong oxidant {Ir**} species which allows the oxidation of the
deprotonated thiol organocatalyst to produce the thiyl radical Ae. Ae is able to
capture a H atom of methanol to produce the radical HOCH,* (B), which adds to
the carbon C2 of the protonated pyridine. The generated hydroxymethyl-pyridine
cation (C) is deprotonated and eliminates water via a spin-center shift (SCS) process
and generates the radical (D). D is deprotonated and reduced by SET from excited
{Ir(ITI) } to give the methylated product E and the {Ir**} oxidant.

Glorius et al. in 2017 have found the way to generate radicals by decarboxylation
of simple carboxylic acids RCO,H, with the help of the photoredox system [Ir{dF
(CF3)ppy }2(dtbbpy)]PF¢, and these radicals R* add regioselectivity to 6-atom

[Ir(ppy),(dtbbpy)]PF & (1 mol%)
Blue LEDs

~ 2 > 1 o
R' P + HO=R o R P
N H N R2

SH
EtO organocatalyst
Me (5 mol%)

TsOH, DMSO, 23 °C

Me
Me
X - CO;Me N Br L
e
Me Me
92 % 98% 93 % 89%
N A A
N ) N N
=N g " OH ‘" OH
CFs o Me OH
72 %
90% 90 % 81 % (from tetrahydrofuran-3-
ol)

Scheme 30 Alkylation of heteroaromatic C—H bonds directly with primary alcohols via the dual
photoredox and organocatalyst actions
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Fig. 11 Proposed mechanism for the direct methylation of pyridine at C2-H bond

heterocycles, preferentially at C2 (Scheme 31) [69]. This method which requires the
presence of ammonium persulfate (NH4),S,0g offers the way to introduce a
large variety of alkyl groups at C2 of heterocycles such as benzimidazole and
benzothiazole, isoquinoline, and quinoxaline or fasudil derivatives. A large variety
of primary, secondary, and tertiary alkyl groups of carboxylic acids can be used, but
a large amount (10 equivalents) of carboxylic acid leads to reach high yields.
Importantly amino acid derivatives allow the introduction of a functional alkyl
group containing an amino group.

The authors proposed the mechanism depicted with cyclohexylcarboxylic acid in
Fig. 12 [69]. LED irradiation (4,,,x = 455 nm) produces a long-lived excited state
{*Ir(IIT) } species (E; "™ = —0.88 V vs SCE in CH;CN/H,0), which can transfer
one electron to (NHy4),S,0g to give SO427 and SO, " anions, beside the {Ir4+}
complex. The radical anion SO, " captures the hydrogen atom from any acid
RCO,H, and then the radical RCO," affords the radial Re (A) on decarboxylation.
The Re radical adds to the N-heteroarenes at C2 position. The resulting radical (B)
allows the reduction of the {Ir**} species to regenerate the photoredox system {Ir
(IIT)} and leads the 2-alkylated heteroarene C.

The 2017 Glorius’s method for alkylation of 5-atom heterocycles using a
Katritzky salt, simply made from primary amine and pyrylium salt (see Scheme
18), was also applicable to 6-atom heterocycles and took place selectively at
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Scheme 31 Alkylation of N-heteroarenes with radical generated from carboxylic acids
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Fig. 12 Proposed catalytic cycle for alkylation of N-heteroarenes with carboxylic acid and S,0¢>~

non-substituted C2. The radical generation from amine salt is promoted by the
photoredox system [Ir(ppy).(dtbbpy)]PF¢ under visible light irradiation (Apax
455 nm) (Scheme 32) [60]. The reaction is efficient with a variety of alkyl groups,
and it tolerates halides on the aromatic ring. The generation of the radical is initiated
by SET from the excited species {*Ir(Ill)} to the Katritzky salt. Isoquinoline,
quinoline, or phenanthroline have been selectively alkylated in good yields [60].
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Scheme 32 Alkylation of 6-atom N-heteroarenes with radical from primary amines related
Katritzky salts

4 Functionalizations of Arenes

4.1 Photoredox-Assisted Arylation of Arene C(sp>)-H Bonds

Based on the pioneer Deronzier’s works on the photoredox C(sp*)—H bond cycliza-
tion of diazonium stilbenes using Ru(bpy)32+ [31, 63], Sanford and co-workers
developed a dual catalysis composed by palladium and photoredox catalysis for
the ortho-directed C(sp?)-H bond arylation of 2-arylpyridine derivatives with aryl
diazonium (Scheme 33) [70]. The major advantage is that the reaction occurred at
room temperature, while palladium-catalyzed direct arylation using aryl halides
required 150°C. A broad range of substituted aryl diazonium salts were efficiently
coupled with N-phenylpyrrolidone. Moreover, 2-phenylpyridines bearing halogen,
trifluoromethyl, methoxy, or nitro group on the pyridine unit could be employed.
Other directing groups such as amides, pyrazoles, pyrimidines, and oxime ethers
also reacted under these reaction conditions.

The authors proposed two separate catalytic cycles including photoredox cata-
lytic cycle and palladium catalytic cycle (Fig. 13) [70]. The photoreduction of the
aryldiazonium salt gives aryl radical species (A), concomitantly affording oxidated-
state photosensitizer (Ru3+). Pd(II)-mediated directed C-H activation gives
palladacycle, which could be oxidated by an aryl radical to give Pd(IIl) intermediate
(B). Single electron oxidation of this Pd(IIT) by Ru** affords Pd(IV) intermediate (C)
and regenerates the (Ru2+). Finally, reductive elimination of Pd(I'V) intermediate (C)
produces the desired C—H bond arylated product and regenerates Pd(II) catalyst.

Later, Guo and co-workers extended this protocol to the ortho-arylation of purine
nucleosides, in which the purine unit plays the role of directing group (Scheme
34) [71].

Tobisu, Chatani, and co-workers have reported one example of nondirected
arylation using photoredox conditions (Scheme 35) [34]. From benzene — used as
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Scheme 33 Merging Pd-catalyzed C-H functionalization and visible light photocatalysis
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Fig. 13 Proposed catalytic cycle of C—H bond arylation via dual catalysis

reagent and solvent — and diphenyliodonium hexaphosphate, biphenyl was obtained
in 54% yield using [Ir(ppy),(bpy)]PFg as photoredox catalyst.

Aryl radicals, generated from electron-poor aryl bromides using pyrene
sensitization-initiated electron transfer strategy, can be trapped by electron-rich
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EtOH, RT
White LEDs

s

54%

[Ir(ppy).(bpy)]PFs-catalyzed phenylation of benzene with diaryliodonium salts

arenes such as anilines, 1,3,5-trimethoxybenzene, or 1,3-dimethoxybenzene as dem-
onstrated by Konig and co-workers (Scheme 36) [36]. Notably, 4-trifluoromethyl
aniline is regioselectively arylated at C2-position, albeit only one example is

demonstrated.

Glorius and co-workers reported photoredox-catalyzed C(sp®)-H arylation of
simple arenes using of aryl radical generated from decarboxylation of aryl carboxylic
acids in the presence of diethyl 2-bromo-2-methylmalonate (Scheme 37) [65]. Inter-
estingly, the reaction is not limited to the classical electron-rich arenes, but electron-
deficient arenes such as 1,4-difluorobenzene and trifluorotoluene led to biaryl
products in good yields, albeit 100 equivalents of arene are required.

4.2 Photoredox-Assisted Perfluoroalkylation of Arene

C(spz )—-H Bonds

MacMillan and co-workers have reported the first example of photoredox-assisted
trifluoromethylation of arene C(sp?)-H bonds using trifluoromethanesulfonyl
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Scheme 36 Ru(bpy);**-promoted arylation of areneusing aryl bromide
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Scheme 37 [Ir{dF(CF;)ppy }.(dtbbpy)](PF¢)-catalyzed arylation of arenes with aryl carboxylic
acids

chloride as CF; radical source (Scheme 38) [44]. Using [Ir(dF.ppy)s] as photoredox
catalyst, benzene was trifluoromethylated in good yield. N-Boc aniline was
regioselectively functionalized at ortho-position. Notably, the reaction tolerates
reaction functions such as C—Br, C-B, and C-Si bonds.

In 2014, Ma, Zhu, and co-workers succeeded to trifloromethylate NH,-aniline
derivatives using visible light-promoted radical C(sp”)—H bond functionalizations
(Scheme 39) [72]. They found that the Togni Reagent II was the best candidate to
generate CF; radical — using 1.5 mol% of fac-[Ir(ppy);] as photocatalyst under blue
LED irradiation — which is then trapped by anilines to afford C2-trifluoromethylated
anilines. Anilines bearing electron-donating and electron-withdrawing groups are
both trifluoromethylated. The reaction tolerates sensitive groups such as C-halo, C—
OH, and C-Bpin bonds. The reaction involves an oxidative quenching pathway.

In 2017, Yang, Xia, and co-workers discovered that if benzimidazole derivatives
are employed instead of anilines, the reaction led to C4-trifluoromethylated benz-
imidazoles (Scheme 40) [73]. A broad range of N-substituents (e.g., NH, N-methyl,
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Scheme 38 fac-[Ir(dF.ppy)s]-catalyzed trifluoromethylation of arenes using trifluoro-
methanesulfonyl chloride
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Scheme 39 fac-[Ir(ppy)s]-catalyzed trifluoromethylation of anilines with Togni reagent

N-benzyl, N-phenyl, N-tosyl, and N-Boc) are tolerated. The presence of substituents
on the benzene ring did not affect both yield and regioselectivity. Moreover, the
reaction is not sensitive to ether, thioether, ester, chloro, heteroaryl, CF;, and free
hydroxyl groups.

Photoredox-assisted C(sp?)-H bond trifluoromethylation of arenes was also
achieved by the Stephenson’s method, which generated the CF;" radical from
irradiation under blue LEDs of the adduct composed by trifluoroacetic anhydride
and pyridine N-oxide in the presence of [Ru(bpy);]Cl, (Scheme 41) [54]. When the
substrates have multi-reactive sites, a mixture of mono- and di-trifluoromethylated
arenes is often obtained.

In 2014, Liu and co-workers achieved the difluoromethylene phosphonation of
arene C(spz)—H bonds (Scheme 42) [53]. Simple arenes such as benzene or naph-
thalene undergo trifluoromethylation in moderate to good yields, but the reaction is
more efficient with electron-rich arenes such as trimethoxybenzene. In the presence
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Scheme 40 fac-[Ir(ppy);]-catalyzed C4-trifluoromethylation of benzimidazoles with Togni
reagent
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Scheme 41 Trifluoromethylation of (hetero)arenes with trifluoroacetic acid anhydride associated
to pyridine N-oxide [a] minor doubly functionalized product, 4 equiv. of pyridine N-oxide and
8 equiv. of TFAA, 24 h

of the arenes bearing different substituents, the trifluoromethylated arenes are
formed as a mixture of regioisomers.

In 2014, You and Cho et al. succeeded in the difluoromethylation of C(sp?-H
bond of arenes with ethyl 2-bromo-2,2-difluoroacetate (Scheme 43) [74]. They
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Scheme 42 fac-[Ir(ppy)s;]-promoted  difluoromethylenephosphonation of arenes with
bromodifluoromethylphosphonate
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Scheme 43 fac-[Ir(ppy);]-catalyzed difluoroalkylation of electron-rich benzene derivatives with
ethyl 2-bromo-2,2-difluoroacetate

employed fac-[Ir(ppy);] as photocatalyst and fBuOK as base in DMSO under blue
LED irradiation to produce the desired difluoromethylated benzenes in good yields.
The reaction is mainly limited to electron-rich benzenes, and products were often
obtained as mixture of regioisomers when multi-sites are present on the arene.

4.3 Photoredox-Assisted Alkylation Arene C(sp’)-H Bonds

In 2016, Xu Cheng et al. have shown that alpha-bromoketones could be used
as radical precursors via SET from the visible light-irradiated photoredox system
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[*Ru(bpy);]** and that the resulting radical adds regioselectively at C2 of N,N-
dialkylanilines (Scheme 44) [75]. This method allows the transformation of arene C
(spz)—H bond into C(spz)—C(sp3) bond. The reaction yields increase in the presence
of the base NaOAc, and the simple [Ru(bpy);]Cl, photoredox system is more
efficient than fac-[Ir(ppy);] or organic photoredox. The reaction is efficient for
various alpha-bromoketones bearing halide or nitrile on the arene group and for
alpha-bromoketones containing a heterocycle group such as furan or thiophene.
Sunlight is also effective for this reaction and shows the robustness of the reaction
intermediates.

The proposed mechanism involves the formation of the strong reducing Ru(I)
species which thus allows a SET to the ArCO(Me),C-Br generating [Ru(bpy)32+].
And the radical ArCO(Me),Ce (A). The later adds regioselectively to C2 of aniline
giving radical B. This radical B is able to transfer one electron to the excited
photoredox [*Ru(bpy);>*] to give the Ru(I) species and the cation C, which is easily
deprotonated by NaOAc (Fig. 14) [75].

It is noteworthy that this mechanism is different from the Stephenson mechanism
for alkylation of heteroarenes from alkylbromides with the same [Ru(bpy);]Cl,
photoredox complex (see Fig. 6) [56], for which the reaction was performed in the
presence of NEts, which is known to reduce [*Ru(bpy)32+] into a Ru(I) species.

Masson et al. reported that a-amidosulfides can release one electron with the help
of a photoredox partner and then generate, beside a RSe radical, a N-acyliminium
cation allowing the alkylation of 5-atom heteroarenes (Scheme 19) [61]. They also
show that the same conditions can perform the photocatalyzed aza-Friedel-Crafts

1 2
R-R® [Ru(bpy)sICly (0.5 mol%)  Fon-R
Q LEDs Ar
+ B%Af NaOAc (1.0 equiv.) o
A MeCN, RT R3
R (1.2 equiv.)
N
N
o Yy o §
® ’
e ;
NHAC  99% 92 % OMe 85%
Me

N 84 % OMe 88 % OMe 62 %

Scheme 44 Regioselective alkylation at C2 of anilines with alpha-bromoketones containing
(hetero)aryl groups
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Fig. 14 Proposed mechanism for quaternary alkylation of anilines with a-bromoketones with [Ru
(bpy)s**] photoredox

reaction of electron-rich arenes such as trimethoxybenzene with Ru(bpy);](PFe),
and thus formally the regioselective alkylation. The reaction is applicable to
a-amidosulfides and a-carbamoylsulfides. Importantly chiral a-amidosulfides
allow the selective formation of one diastereoisomer without racemization (Scheme
45) [61].

5 Conclusion

The above examples of visible light-promoted photoredox catalysis for the
selective transformations of C(spz)—H bonds into C(spz)—C bonds, mostly at
room temperature, show that this methodology offers one of most efficient ways
for C(sp?)—H bond arylation and (perfluoro)alkylation of 5- and 6-atom heterocycles
and functional arenes. They require low energy and mild conditions for radical
production from simple substrates and generate low by-product quantity which
then offer green contribution to the catalytic processes. This methodology is a useful
alternative to the metal-catalyzed C—-H bond activation/functionalization. This
review shows also that photoredox catalysts offer one of the best ways to produce
radicals under mild conditions through SET events with the valorization of light as a
green and abundant energy source.

Although a lot of efforts have been dedicated to the design of radical precursors,
one of major challenge remains to control the regioselectivity of the radical additions
with some substrate such as arenes in order to achieve regioselective C(sp*)~H bond
functionalizations. It is likely that in a close future more photoredox systems, based
on MLCT metal complexes but also on functional polydentate ligands, will be
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Scheme 45 Photocatalyzed aza-Friedel-Crafts reaction of trimethoxybenzene from a-amidosulfide
derivatives

designed to produce new useful radicals for C—C bond formations with higher
regioselectivity, but also for C-O and C-N bond formations, from C(sp*)—~H bonds.
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Abstract The development of green and sustainable approaches in organic syn-
thesis can provide an environmentally friendly method in the industrial manufacture.
Recently, visible-light-mediated photocatalysis has achieved great progress and
been a powerful tool to the construction of new chemical bonds in the green
synthetic community. This chapter provides an updated summary of visible-light-
mediated cross-coupling for C—-O and C-N bond formations. Compared with the
traditional synthetic methods, the visible-light catalysis provides a new way for the
useful compounds synthesis (O-containing and N-containing molecules).

Keywords C-H functionalization - C-N bond - C-O bond - Cross-coupling -
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1 Introduction

Visible light, a clean, inexpensive, and “almost infinitely” available source of
energy, has received increasing attentions of the chemistry community. During the
last decade, visible-light photoredox catalysis has shown great promise as a method
to advance these goals [1-3]. Recently, visible-light photoredox catalysis has been
utilized as a powerful tool to construct C—C and C-heteroatom bonds through a
single-electron transfer (SET) process, playing an important role in radical-based
methodologies [4-6]. In this chapter, we sum up the recent and representative C—O
and C-N bond formation via visible-light-mediated cross-coupling reactions.

2 C-0O Bond Formation via Visible-Light Catalysis

The development of efficient methods for the construction of C—O bonds has gained
much attention from the synthetic organic chemists due to their wide occurrence in a
large number of biologically active molecules and in natural products. Herein, we
sum the visible-light-mediated C—O cross-coupling by different oxygen sources.

2.1 Oxygen Nucleophile (ROH, H,0, RCOOH)
2.1.1 ROH as the Oxygen Source

The trifluoromethyl (CF53) group is considered to be a useful structural motif in
several biologically active molecules. In 2012, Koike, Akita, and co-workers
reported a three-component intermolecular oxytrifluoromethylation of alkenes
using [fac-Ir(ppy)s] as the photoredox catalyst (Scheme 1) [7]. This highly efficient
and regioselective radical transformation of alkenes proceeds at room temperature

R2 cat. [fac-Ir(ppy) 3] RZOR R :
- '
CFy T AR T ROH CH,Cl, RH\( : s® BF,0

®
blue LEDs CF, ! CF3
L@
[fac-Ir'"(ppy) 5] hv . CF3=Umemoto's reagent
[fac-Ir'(ppy) ]
ROH
[fac-Ir" (ppy) ] —A
R2 RZ
. —_— o 3 ©) 3
CFs N R1&(R
CF3 CF,

Scheme 1 Visible-light-mediated oxytrifluoromethylation of alkenes
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Scheme 2 (a) Visible-light-mediated alkylation of enamides with diethyl bromomalonate.
(b) Photoredox-induced carbotrifluoromethylation of enecarbamates
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Scheme 3 Visible-light-induced alkoxycyanomethylation of alkenes

using Umemoto’s reagent as CF3 source. A variety of O functionalities such as
hydroxy, alkoxy, and carboxy groups to C=C bonds has been achieved by
photoredox catalysis under visible-light irradiation at room temperature. The mech-
anism reveals that the CF; radical can be formed via the single-electron transfer
between Umemoto’s reagent and photocatalyst. Addition of CF; radical to the
alkenes gives the alkyl radical intermediate, which can be further oxidized to
generate the cation species. Subsequent nucleophilic attack of carbocation inter-
mediate affords the three-component coupled product.

Using alcohol as the oxygen nucleophile, Masson and co-workers developed a
visible light-mediated alkylation of enamides with diethyl bromomalonate (Scheme
2a) [8]. This multicomponent domino process provides a general way to p-alkylated
a-carbamido ethers in good to excellent yields under mild conditions. The easy
accessibility of a-alkylated imines makes this method particularly attractive in
organic synthesis. Using [Ru(bpy);](PFs), as the photoredox catalyst, Masson
realized a visible-light-induced three-component synthesis of p-trifluoromethyl
amines using Togni’s reagent as the CF; source (Scheme 2b) [9]. The procedure is
suitable for the completely regioselective synthesis of a wide variety of
oxytrifluoromethylated carbamates. In addition, this method has also been expanded
to other N and C nucleophiles. Later, Lei developed a visible-light-induced
y-alkoxynitrile synthesis via the three-component alkoxycyanomethylation of
alkenes using the iridium photoredox catalyst [fac-Ir(ppy)z] (Scheme 3) [10]. This
catalytic radical difunctionalization accomplishes both alkylation and alkoxylation
of alkenes in one pot. Various alcohols can serve as the alkoxy sources in the
transformation.
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Scheme 5 Visible-light-mediated radical alkoxycarboxylation of aryldiazonium salts

In 2013, Greaney developed a three-component, photoredox-catalyzed coupling
of styrenes with diphenyliodonium tetrafluoroborates and heteroatom nucleophiles
such as alcohols, water, or nitriles (Scheme 4a) [11]. Subsequently, the
intermolecular multicomponent oxyarylation of alkenes was developed using
the gold salt and organic dye as the dual catalysts (Scheme 4b) [12]. The
oxydifluoromethylation of styrenes was achieved by Qing via the visible-light
catalysis. (Scheme 4c) [13]. Glorius developed a mild and overall redox-neutral
method for the oxyalkylation of styrenes using visible light as energy source
(Scheme 4d) [14]. The hydrogen-bonding interactions can drive direct photoinduced
electron transfer between N-(acyloxy)phthalimides and photoexcited catalysts,
which serves as a platform to access a variety of alkyl radicals.

The ester moiety has emerged as an important structural unit in a lot of natural
compounds and synthetic materials. Wangelin (Scheme 5a) [15] and Xiao
(Scheme 5b) [16] independently achieved the visible-light-mediated radical
alkoxycarboxylation of aryldiazonium salts using CO gas. The reaction is entirely
metal-free and carried out at room temperature using an organic dye as a photoredox
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Scheme 6 Visible-light-mediated iridium photoredox and nickel dual-catalyzed cross-coupling for
the formation C-O bonds
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Scheme 7 Photocatalyzed C—H alkoxylation of imidazopyridines with alcohols

catalyst, which provides a wide range of alkyl benzoates. Unlike with metal-
catalyzed carbonylations, fert-butyl esters could also be prepared in good yields.
Mechanistic studies revealed that the aryldiazonium salt went through the sequential
operation of SET reduction, carbonylation, and back electron transfer to give
acylium cation, which underwent rapid addition to alcohols.

In 2015, MacMillan and co-workers reported the C—O bond formation between
alcohols and aryl bromides via photoredox catalysis (Scheme 6) [17]. A series of
substituted primary or secondary alcohols were obtained in good to excellent yields.
The Ni(III) alkoxide complex was regarded as the key intermediate, which could be
gained through the photoredox catalysis. It is worth mentioning that the H,O could
be used as the nucleophile in the same system.

The functionalization of imidazo[ 1,2-a]pyridines is synthetically attractive as this
heterocyclic scaffold is widely used in biological and medicinal fields [18].
Hajra and co-workers achieved a visible-light-mediated C-3 alkoxylation of
imidazopyridines with alcohols using rose bengal as an organic photoredox
catalyst (Scheme 7) [19]. A wide range of functional groups could be tolerated to
afford C(sp?)-H alkoxylated products using air as the terminal oxidant.

In the past several years, Nicewicz’s group has developed a series of strategies for
anti-Markovnikov alkene hydro-etherification [20]. In the proposed mechanism
(Scheme 8), the olefin could be oxidized to corresponding radical cation, and then
the radical cation was attacked by nucleophiles. The high regioselectivity was
supported by the stability of radical cation. According to this strategy, they achieved
the hydro-etherification of olefins with alcohols as the nucleophiles including intra-
molecular (Scheme 8a) [21] and intermolecular pathways (Scheme 8b) [22]. If the
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Scheme 9 Photocatalytic C-H/O(N)-H cross-coupling by using alcohols or azoles

alcohol is replaced by the carboxylic acid, the anti-Markovnikov addition of acid to
alkene will be achieved in the similar approach (Scheme 8c) [23].

Inputting energy by photocatalysis and employing a cobalt catalyst as a
two-electron acceptor, Lei developed a direct C-H/O-H or C-H/N-H cross-
coupling with H, evolution for C—-O and C-N bond formation (Scheme 9) [24]. A
wide range of aliphatic alcohols — even long-chain alcohols — are tolerated well,
providing a new route to multi-substituted enol ether derivatives using simple
alkenes. In addition, this protocol can also be applied to N-vinylazole synthesis.
This method represents a new radical alkenylation using alkene as the redox
compound.

2.1.2 H,O as the Nucleophile

Selective functionalization of unreactive C—H bonds is undoubtedly a step-economic
approach to build complex molecules. In 2013, Pandey achieved a photocatalytic
benzylic C—H activation for intramolecular and intermolecular C—O bond formation
using 1,4-dicyanonaphthalene (DCN) as the photoredox catalyst (Scheme 10)
[25]. Alkylarenes are successfully transformed into aryl ketones using water as a
source of oxygen. This method can be further applied to intramolecular cyclo-
etherification reactions. Later, Pandey also developed a visible-light-catalyzed
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Scheme 11 (a) Visible-light-mediated oxygenation of styrene. (b) Visible-light-mediated addition
of water to alkene

reaction-selective benzylic C(sp3 )—H oxidation, as well as amination using Ir(III)
photoredox catalyst [26].

Oxygenation of alkenes is one of the most straightforward routes for the con-
struction of carbonyl compounds. Lei and co-workers described a photocatalytic
oxygenation of p-alkyl styrenes and their derivatives with water (Scheme 11a)
[27]. This process was performed under external-oxidant-free conditions by utilizing
the synergistic effect of photocatalysis and proton-reduction catalysis. Through the
visible-light-induced alkene radical cation formation, the high anti-Markovnikov
regioselectivity of oxidation process can be achieved. Mechanistic studies revealed
that the oxygen atom of carbonyl group was originated from water. By using similar
strategy, a visible-light-mediated anti-Markovnikov addition of water to alkenes by
using an acridinium ion as the organic photoredox catalyst in conjunction with a
redox-active hydrogen atom donor was achieved by Lei and co-workers (Scheme
11b) [28]. Both terminal and internal olefins are tolerated in this transformation to
obtain corresponding primary and secondary alcohols in good yields with single
regioselectivity.

Recently, Han and co-workers have developed a visible-light-mediated
multicomponent oxidative trifluoromethylation of alkynes to o-CFz-incorporated
ketones from various alkynes (Scheme 12) [29]. The broad scope of functional
group tolerance and the synthesis of various CFs-incorporated heterocyclic com-
pounds demonstrate the versatile applicability of the method. Mechanistic study
reveals that H,O can be used as a nucleophile and that enol-keto tautomerization is
occurring.
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Scheme 14 Visible-light-mediated intramolecular C—O bond formation without external oxidant

2.1.3 RCOOH as the Nucleophile

Benzo-3,4-coumarin derivatives are widely found in natural bioactive compounds
and material science [30]. In 2015, Gonzalez-Gomez developed a visible-light-
induced dehydrogenative lactonization of 2-arylbenzoic acids under metal-free
conditions. The combination of the photoredox catalyst Acr'-Mes ClO4  with
(NH4),S,0g as a terminal oxidant provides an economical and environmentally
benign way to substituted benzocoumarins (Scheme 13) [31].

Recently, Luo, Zhu, and Lei have independently developed a practical
photoredox and cobalt-co-catalyzed C(sp?)—H functionalization/C—O bond forma-
tion reaction (Scheme 14) [32-34]. These transformations avoid the use of external
oxidant with dihydrogen as the only by-product. A variety of lactone products can be
successfully constructed with good functional group tolerance and high yields.

By harnessing the two discrete photochemical activation modes of (—)-riboflavin,
Gilmour achieved the sequentially induced isomerization and cyclization by energy
transfer and single-electron transfer (SET) activation pathways, respectively
(Scheme 15) [35]. This catalytic approach has been utilized to emulate the coumarin
biosynthesis pathway, which features a key photochemical E — Z isomerization
step.
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Scheme 16 Visible-light-mediated synthesis of ketones from benzylic halides or benzylic C-H
bonds

2.2 Dioxygen as the Oxygen Source

The utilization of natural solar energy, as well as molecular oxygen as the ideal
oxidant, are arguably two of the most important scientific and technical challenges
due to their secure, clean, green, and sustainable characters. In these processes, the
O, not only serves as the oxidant but also serves as oxygen source in the C—O bond
coupling reactions [36—39]. In 2011, Jiao and co-workers disclosed a novel, efficient
oxidation of a-aryl halogen derivatives to the corresponding a-aryl carbonyl com-
pounds mediated by visible-light with metal photoredox system(Scheme 16a)
[40]. Natural sunlight and air are successfully utilized in this approach through the
combination of photocatalysis and organocatalysis. Later, Lei and co-workers dem-
onstrated a photooxygenation of benzylic sp° C—H bond using O, (Scheme 16b)
[41]. This protocol provides a simple and mild route to obtain ketones from benzylic
sp® C—H bonds with the presence of organic photoredox catalyst. The '®0, labeling
experiments demonstrated that the oxygen in ketone products originated from
dioxygen. In 2016, Sun and co-workers described an eosin Y-catalyzed oxidation
of alkynes for the synthesis of 1,2-diketones by using air as the oxidant under metal-
free conditions [42].

Using air as terminal oxidant, Xiao and co-workers developed a visible-light-
initiated aerobic oxidative hydroxylation of arylboronic acids (Scheme 17a)
[43]. This protocol combines visible light with air in a single reaction system and
shows great substrate tolerance, providing rapid and efficient access to a variety of
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functionalized phenols. Computational and experimental investigations indicate
that the boron peroxo complex is an active intermediate. Recently, Liu, Wu, and
co-workers have achieved a photoredox-mediated copper-catalyzed hydroxylation
of (hetero)aryl halides with O, (Scheme 17b) [44]. The protocol enables a variety of
functionalized aryl halides (including chlorides, bromides, and iodides) to be
transformed into the corresponding phenols at room temperature. The '®0-labeling
experiments confirmed the hydroxyl oxygen atom originated from molecular
oxygen.

The development of a facile and practical platform for the synthesis of
a-ketoamides has attracted more and more attention of synthetic chemists. Recently,
Wang, Meng, and co-workers have developed a convenient and practical synthetic
route to a-ketoamides from bromoalkynes and anilines under visible-light conditions
(Scheme 18) [45]. The reaction is performed without an external photoredox catalyst
at ambient conditions, and a wide range of a-ketoamides are obtained in good yields.

2.3 Other C-0 Coupling Reactions by Photoredox Catalysis

In 2009, Akita and co-workers reported the oxidative coupling of enamines and
aldehydes with 2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO) under irradiation of
visible light (Scheme 19) [46]. This is a new procedure to afford a-oxyaminated
carbonyl compounds based on single-electron transfer mediated by photoactivated
ruthenium catalyst. The visible-light irradiation is essential to generate the triplet
excited state of photoredox catalyst which acts as an oxidizing agent.

Later, Koike, Akita, and co-workers developed a simple synthesis of both
CF;-containing spirooxazolines and spirooxazines from cyclic alkenes bearing
an amide pendant through trifluoromethylative spirocyclization mediated by Ru(Il)
photoredox catalysis (Scheme 20) [47]. Regiospecific radical trifluoromethylation
and anti-selective nucleophilic attack of the amide pendant to the a-CF;-substituted
carbocationic intermediate lead to the formation of CFs-spirocycles in good to
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excellent diastereoselectivity. This method provides an easy access to
antidiastereomers of CF3-containing spirooxazolines and spirooxazines.

Lei and co-workers reported a visible-light-mediated oxidative [3 + 2] cyclo-
addition of enols and alkynes to access furans (Scheme 21) [48]. This transformation is
well-performed by using the cheap and easy-available methylene blue as the
photoredox catalyst in combination with (NH4),S,0g as a terminal oxidant. This
protocol provides an atom-economical and highly selective method to construct
poly-substituted furans in good yields under metal-free, mild, and simple conditions.

Glorius and co-workers reported a visible-light-mediated synthesis of ketones by
the oxidative alkylation of styrenes (Scheme 22) [49]. This method allows rapid
access to a wide range of a-alkyl-acetophenones in good yields and with high
functional group tolerance. In addition, the developed protocol features room tem-
perature conditions, low photoredox catalyst loadings, and the use of dimethyl
sulfoxide as mild terminal oxidant and oxygen source.
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Scheme 23 Photocatalytic oxy-difluoroalkylation of allylamines with carbon dioxide

Using carbon dioxide as oxygen source, Yu and co-workers reported a selective
oxy-difluoroalkylation of allylamines with carbon dioxide via visible-light
photoredox catalysis (Scheme 23) [50]. These multicomponent reactions are
efficient and environmentally friendly to afford a series of important
2-oxazolidinones with functionalized difluoroalkyl groups. The good functional
group tolerance, broad substrate scope, easy scalability, and mild reaction conditions
provide great potential for application in organic synthesis.

3 C-N Coupling via Photoredox Catalysis

The development of efficient methods to construct C—N bonds is a pivotal goal in
organic synthesis owing to their ubiquitous and indispensable presence in pharma-
ceutical, agrochemical, and material science. The transition metal-catalyzed (Pd, Cu,
and so on) cross-coupling of aryl halides (Ar—X) with azoles has served as a
powerful tool for constructing C-N bonds [51, 52]. During recent research on
photochemistry, visible-light photoredox catalysis can also provide optional
approaches for C—N bond formation [53].
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3.1 C-X/N-H Cross-Coupling Mediated by Visible Light

In 2012, Fu, Peters, and co-workers reported that Ullmann C—N coupling could
be achieved by using a stoichiometric or a catalytic amount of copper under
visible-light conditions (Scheme 24a) [54]. An array of data were consistent with a
single-electron transfer mechanism. Later, Kobayashi’s group also reported the
visible-light-mediated Ullmann-type C—N cross-coupling reaction between carba-
zole derivatives and aryl iodides (Scheme 24b) [55]. The reaction is accomplished
with the participation of an iridium-based photoredox catalyst and a copper salt
under blue light-emitting diode irradiation.

Later, N-alkylation of carbazoles was achieved by using a simple precatalyst
(Cul) under mild conditions (0°C) in the presence of a Brgnsted base. A variety of
secondary and hindered primary alkyl iodides are well tolerated (Scheme 25a)
[56]. A Li[Cu(carbazolide),] complex has been crystallographically characterized,
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Scheme 24 Visible-light-induced C-N cross-coupling by using a stoichiometric or a catalytic
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and it may serve as an intermediate in the catalytic cycle. Consequently, Fu and
co-workers also achieved the enantioconvergent C—N cross-coupling reaction under
the similar condition (Scheme 25b) [57]. In this work, racemic tertiary alkyl chlo-
rides and carbazoles were used. A chiral phosphine ligand was valuable for the high
yield and enantioselectivity.

Using similar system, Fu and co-workers developed visible-light-mediated cross-
coupling of unactivated secondary alkyl halides and primary amides (Scheme 26a)
[58]. The copper(I)-amidate complex was considered to be an important inter-
mediate, which could be excited and then occur a single-electron-transfer (SET)
process with the alkyl halide. The selective monoalkylation of aliphatic amines by
unactivated, hindered halides persist as a largely unsolved challenge in organic syn-
thesis. In 2017, Fu and co-workers also applied the copper-catalyzed and photo-
induced method to cross-coupling reaction between primary aliphatic amines and
secondary alkyl iodides (Scheme 26b) [59]. Good functional group tolerance, good
yields are achieved in this protocol.

Besides cross-coupling reactions, an oxidative cross-coupling reaction between
aryl amides with aryl boronic acids was achieved by Kobayashi and co-workers
(Scheme 27) [60]. Through the productive merger of copper and iridium photoredox
catalysis, the substrate scope of this oxidative coupling reaction was expanded to
electron-deficient aryl boronic acids as viable starting materials.

When choosing the styrenyl olefins as the two-carbon building block, Jamison’s
group demonstrated an annulation reaction of 2-iodoaniline derivatives with term-
inal alkenes in 2015 (Scheme 28) [61]. Using a nickel/NHC catalytic system,
2-substituted indolines could be synthetized in this high regioselective protocol.
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Scheme 30 Visible-light-induced C—N bond cross-coupling between aryl bromide and amine

Using a mixed photoredox and nickel catalyst system, Johannes and co-workers
developed a visible-light-promoted iridium photoredox and nickel dual-catalyzed
cross-coupling procedure for the formation of C-N bonds (Scheme 29) [62]. With
this method, various aryl amines were chemoselectively cross-coupled with elec-
tronically and sterically diverse aryl iodides and bromides to forge the corresponding
C-N bonds. The coupling reactions were carried out at room temperature without the
rigorous exclusion of molecular oxygen, thus making this newly developed
Ir-photoredox/Ni dual-catalyzed procedure mild and simple.

Buchwald, MacMillan, and co-workers achieved a visible-light-induced cross-
coupling of aryl bromides and amines to form C-N bonds through the merger of
iridium photoredox and nickel catalysis under ligand-free conditions (Scheme 30)
[63]. This strategy represents a complementary approach to traditional ligated-
palladium catalysis through the use of a distinct mechanistic pathway for reductive
elimination, which will likely be broadly applicable across a range of substrate
classes.

3.2 C-H/N-H Cross-Coupling Mediated by Visible Light
3.2.1 C-H/N-H Cross-Coupling Reaction

The direct C-H/N-H cross-coupling for C—N bond formation is quite appealing in
terms of atom and step economy. In 2015, Pandey and co-workers reported a
synthetically valuable cross-dehydrogenative benzylic C(sp*)-H amination reaction
via visible-light photoredox catalysis (Scheme 31a) [64]. This protocol employs
DCA (9,10-dicyanoanthracene) as a visible-light-absorbing photoredox catalyst and
an amide as the nitrogen source without the need of any transition metal. Using
photocatalytic strategy, Lei and co-workers also developed a simple and mild
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Scheme 32 (a) Visible-light-mediated C-N bond construction between aromatics with
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catalytic oxidative amination of tetrahydrofuran mediated by visible-light catalysis
with organic photoredox system (Scheme 31b) [65]. The C(sp*)-H bond of tetra-
hydrofuran was activated using molecular oxygen as a benign oxidant. In addition, a
variety of azoles could be tolerated, providing a green route for N-substituted azoles.

Direct cross-coupling between simple arenes and heterocyclic amines under mild
conditions is undoubtedly important for C-N bonds construction. In 2015, Nicewicz
and co-workers achieved a photoinduced site-selective C—H amination of simple
arenes (Scheme 32a) [66]. This method provides a high site selectivity and tolerates
comprehensive functional groups. An organic photoredox-based catalyst system,
consisting of an acridinium photooxidant and a nitroxyl radical, promotes site-
selective amination of a variety of simple and complex aromatics with
heteroaromatic azoles. In addition, ammonia can be used for nitrogen source to
form anilines, without the need for prefunctionalization of the aromatic component.
Later, Nicewicz also developed a direct aryl C—H amination with primary amines
using organic photoredox catalysis with an acridinium photoredox catalyst under an
aerobic atmosphere (Scheme 32b) [67].

Carbazoles have attracted great interest for a variety of applications in organic and
medicinal chemistry as well as in material science [68]. You, Cho, and co-workers
developed an intramolecular C—H bond amination of N-substituted 2-amidobiaryls
for the synthesis of carbazoles (Scheme 33) [69]. Under visible light and an aerobic
atmosphere, the transformation requires only catalytic amounts of Pd(OAc), and [Ir
(dFppy)-phen]PFe.
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In 2016, Xia and co-workers developed a cross-dehydrogenative coupling (CDC)
amination between phenols and cyclic anilines induced by visible light (Scheme
34a). This protocol provides a direct way to C—N bonds under transition-metal-free
conditions [70]. Later, Konig’s group achieved a C—H amination of benzene deriv-
atives using DDQ as photoredox catalyst under aerobic conditions (Scheme 34b)
[71]. Electron-deficient and electron-rich benzenes react as substrates with moderate
to good product yields. The amine scope in this process was more comprehensive,
such as pyrazoles, Boc-amines, carbamates, sulfonamides, and urea. Using DDQ as
the photoredox catalyst, Lei and co-workers also reported a photoinduced C-N
oxidative cross-coupling between thiophenes and azoles (Scheme 34c) [72]. A series
of thiophene C2-amination products could be gained in moderate to good yields. In
this process, fert-butyl nitrite (TBN) served as the electron transfer mediator and O,
as the terminal oxidant to regenerate the photoredox catalyst DDQ and revive the
photocatalytic cycle.

Recently, Lei and co-workers reported a selective C(sp>)~H amination of arenes
(alkyl-substituted benzenes, biphenyl, and anisole derivatives) accompanied by
hydrogen evolution by using heterocyclic azoles as nitrogen sources (Scheme 35)
[73]. The reaction is selective for C(sp?)-H bonds, providing a mild route to
N-arylazoles. It is interesting that this system works without the need for any
sacrificial oxidant and is highly selective for C(sp”)—H activation.
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Scheme 36 (a) Intramolecular cyclization under visible-light-induced condition. (b) Visible-light-
mediated C—N bond formation by 1,5-HAT process

3.2.2 Cyclization Reaction via C-H/N-H Coupling

In 2011, Xiao’s group developed an efficient method to synthesize
tetrahydroimidazole derivatives under the intramolecular cyclization strategy
(Scheme 36a) [74]. This photoredox catalytic reaction exhibited high
diastereoselectivity and afforded the desired products in good yields. Recently,
Reiher, Muiiiz, and co-workers have developed an intramolecular benzylic C-H
amination via the cooperative interplay between molecular iodine and photoredox
catalysis (Scheme 36b) [75]. lodine serves as the catalyst for the formation of a new
C-N bond by activating a remote Csp’~H bond (1,5-HAT process) under visible-
light irradiation.

Indoles are heterocyclic motifs that are embedded in a large number of bioactive
natural products and pharmaceuticals. In 2012, Zheng’s group presented a mild
aerobic oxidation reaction for the construction of N-arylindole derivatives (Scheme
37) [76]. Moderate to good yields were afforded by this reaction protocol. It was
worth nothing that the substrates without any hydrogen atom on the C2 could take
part in a 1,2-carbon shift and a brand-new C—C bond was formed. In the proposed
mechanism, the amine was initially oxidized into nitrogen-centered radical cation by
a photoexcited [Ru(bpz);](PFg),. Then, the benzylic radical was subsequently
formed through electrophilic addition of nitrogen-centered radical cation to a teth-
ered alkene. The desired N-arylindole product was finally afforded via the further
oxidation and aromatization.

The oxidative [4 + 2] annulation reaction represents an elegant and versatile
synthetic protocol for the construction of six-membered heterocyclic compounds.
Recently, Lei and co-workers have developed a photoinduced oxidative [4 + 2]
annulation of N-H imines and alkenes by utilizing a dual photoredox/cobaloxime
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catalytic system  (Scheme  38) [77]. Various  multi-substituted
3,4-dihydroisoquinolines can be obtained in good yields and high regioselectivity.
This method not only obviated the need of stoichiometric amounts of oxidants but
also exhibited excellent atom economy by generating H, as the only by-product.
Almost at the same time, Li and co-workers achieved the [4 + 2] annulation under the
external oxidant-free condition. A new cobalt catalyst was used in the reaction
system [78].

3.3 C-N Coupling Reactions via Nitrogen Radical

The development of methods for the efficient and selective construction of arylamine
motifs from simple building blocks is desirable but still challenging. In 2014,
Sanford and co-workers reported a visible-light photocatalyzed method for the
C-H amination of arenes and heteroarenes (Scheme 39a) [79]. A key enabling
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advance in this work is the design of N-acyloxyphthalimides as precursors of
nitrogen-based radical intermediates for these transformations. A broad substrate
scope is presented, including the selective meta-amination of pyridine derivatives.
Later, Leonori demonstrated a visible light-mediate amination of aromatics via
aminium radicals using Ru(bpy);Cl, as the photoredox catalyst (Scheme 39b)
[80]. This approach provides fast access to aryl amines from unfunctionalized
aromatic compounds.

In 2016, Yu, Zhu, and co-workers developed a reductive single-electron transfer
(SET) amination of aldehyde-derived hydrazones through visible-light-promoted
photoredox catalysis (Scheme 40) [81]. This direct transformation of hydrazones
into the corresponding hydrazonamide through selective carbon-hydrogen (C-H)
bond functionalization offers an entirely new substrate class to direct C-H
amination.

In 2015, Yu and co-workers reported a visible-light-induced C(sp®)—H amidation
and chlorination of N-chlorosulfonamides (Scheme 41) [82]. This remote C(sp3)—H
functionalization can be achieved in weak basic solution at room temperature with
0.1 mol% of the iridium photoredox catalyst. A variety of nitrogen-containing
heterocycles and chlorides can be prepared by using this method.
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Scheme 42 (a) Synthesis of phenanthridines and quinolines from aldehydes and O-acyl hydrox-
ylamines. (b) Visible-light-induced iminyl-radical formation

Later, Yu and co-workers also developed a visible-light-promoted and one-pot
synthesis of phenanthridines and quinolines from aldehydes and O-acyl hydroxyl-
amines (Scheme 42a) [83]. In this process, the O-acyl oxime was generated in situ
from O-(4-cyanobenzoyl)-hydroxylamine with aldehydes catalyzed by Brgnsted
acid. A variety of phenanthridines and quinolines were prepared assisted by
Brgnsted acid and the iridium photoredox catalyst under visible-light irradiation.
Using similar strategy, Zhang, Yu, and co-workers established a unified strategy
involving visible-light-induced iminyl-radical formation for the construction of
pyridines, quinolines, and phenanthridines from acyl oximes using fac-[Ir(ppy)s]
as a photoredox catalyst (Scheme 42b) [84]. These reactions proceeded with a broad
range of substrates at room temperature in high yields.

Using the organic dye eosin Y as the photoredox catalyst, Leonori reported a
photoredox transition-metal-free way for the generation of amidyl radicals (Scheme
43a) [85]. This activation mode represents a general strategy for the implementation
of intramolecular hydroamination reactions as well as intermolecular N-arylation
processes. These transformations exhibit a broad scope and can also be used in the
late-stage modification of complex and high-value N-containing molecules. Later,
Leonori also developed a visible-light-mediated radical cascade process for the
preparation of polyfunctionalized nitrogen heterocycles (Scheme 43b) [86]. This
divergent strategy features the oxidative generation of iminyl radicals and subse-
quent cyclization/radical trapping, which allows the effective construction of highly
functionalized heterocycles.

Using iminyl radical as the key intermediate, Fu and co-workers developed a
simple visible-light-promoted intramolecular «-C(sp>)-H imination of tertiary
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aliphatic amines containing p-O-aryl oximes (Scheme 44) [87]. The reaction was
performed good reactivity at room temperature with tolerance of some functional
groups. Importantly, photoredox catalyst, oxidant, and additive are not required in
this selective C—H functionalization reaction.

The N-N precursors could be used as the nitrogen sources and applied in C-N
coupling reactions. Xiao and co-workers achieved a nitrogen radical cascade reac-
tion of hydrazones, which could build the 1,6-dihydropyradazines in a mild condi-
tion (Scheme 45a) [88]. And the intermolecular process was proved by Zhu and
co-worker in the same year (Scheme 45b) [89]. The N-aminopyridinium salts are
seen as the precursors for nitrogen radicals, which are easily gained upon single-
electron reduction. Studer used this kind of strategy to structure the C—N bond
between N-aminopyridinium salts with arenes or heteroarenes (Scheme 45¢) [90].

Recently, Knowles and co-workers developed a photocatalytic intermolecular
hydroaminations of unactivated olefins with secondary alkyl amines (Scheme 46)
[91]. In this process, carbon-nitrogen bond formation proceeds through a key
aminium radical cation intermediate that is generated via electron transfer between
an excited-state iridium photocatalyst and an amine substrate.

In 2015, Zhou and co-worker developed a visible-light-induced radical coupling
reaction of vinyl azides and a-carbonyl benzyl bromides (Scheme 47a) [92]. This
method provides an efficient route to polysubstituted quinolines via a C—C and C—-N
bond formation sequence. Using the azide as nitrogen source, Konig and co-workers
also reported a visible-light-mediated C—H amidation of heteroarenes with benzoyl
azides (Scheme 47b) [93]. In this process, benzoyl azides were used for the direct
and atom economic C—H amidation of electron-rich heteroarenes in the presence of
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phosphoric acid, the ruthenium photoredox catalyst, and visible light. The reaction
allows the use of aryl, heteroaryl, or alkenyl acyl azides and has a wide scope for
heteroarenes, including pyrroles, indole, furan, benzofuran, and thiophene deriva-
tives, which can afford good regioselectivities and yields.

3.4 Others C-N Coupling Reactions Mediated
with Photoredox Catalyst

In 2014, Lei and co-workers described a visible-light-mediated decarboxylation/
oxidative amidation of a-keto acids with amines using [Ru(phen);]Cl, as the
photoredox catalyst (Scheme 48) [94]. Various functional groups are well-tolerated
in this reaction and thus provide a new approach to developing advanced methods
for aerobic oxidative decarboxylation.

In 2013, MacMillan and co-workers developed a direct, asymmetric a-amination
of aldehydes via a combination of photoredox and organocatalysis (Scheme 49)
[95]. This method provides an access to complex N-substituted a-amino aldehydes.
Later Meggers and co-workers achieved an efficient photo-mediated
enantioselective radical amination of 2-acyl imidazoles catalyzed by achiral-at-
metal rhodium complex [96].

Hwang reported a visible-light-initiated copper(I)-catalyzed oxidative C-N
coupling of anilines with terminal alkynes (Scheme 50a) [97]. The a-ketoamides
can be directly prepared using commercially available alkynes and anilines at room
temperature using O, as the oxidant. Using similar catalytic system, Hwang also
demonstrated an oxidative C-N coupling of 2-aminopyridine with terminal alkynes
mediated by visible light (Scheme 50b) [98]. This method works well for a wide
range of substrates including electron-deficient 2-aminopyridines and various termi-
nal alkynes. The mechanistic investigation illustrated that the copper(Il)-superoxo or
copper(Il)—peroxo complex was most probably responsible for the oxidative cleav-
age of triple bonds in terminal alkynes.
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Visible-light-mediated difunctionalization of alkenes also provides a direct route
for C-N bond formation [99]. In 2015, Dolbier, Jr and co-workers reported a
photoredox-catalyzed aminodifluoromethylation of unactivated alkenes using
HCF,SO,Cl as the HCF, radical source (Scheme 51a) [100]. Sulfonamides were
active nucleophiles in the final step of a tandem addition/oxidation/ cyclization
process to form pyrrolidines, and esters were found to cyclize to form lactones. A
variety of pyrrolidines and lactones were obtained in moderate to excellent yields.
Recently, Kimber have developed a photocatalytic approach to synthetically valu-
able N-acyl-N'-aryl-N,N’-aminals (Scheme 51b) [101]. The reaction has been shown
to be compatible with electron-rich and electron-deficient arylamines, and moderate
to good levels of diastereoselectivity can be attained using a chiral enamide. The
method went through the addition of a radical precursor to enamides, with subse-
quent interception of the cationic iminium intermediate by using an arylamine.

4 Conclusions

Visible-light-mediated photocatalysis has proved to be a powerful tool to the
construction of new chemical bond. It has attracted widely research interest from
all around the world. In the past several years, various kinds of chemical substances,
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including small organic molecules and transition metal complexes, have been
applied as photosensitizers for the discovery of new synthetic methods and the
exploration of their mechanism. This chapter provides an updated summary of
visible-light-mediated cross-coupling for C—O and C—N bond formations. Compared
with the traditional synthetic methods, visible-light catalysis provides new ways for
the useful compounds synthesis (O-containing and N-containing molecules). There
are still many unexplored methods and unknown insightful mechanism left, such as
the improvement of efficiency of the visible-light catalysis, the extension of substrate
scope, the application for the synthesis of complex molecules or nature products, and
the understanding of single-electron transfer process. To reach these challenges, no
doubt that the photoredox catalysis, because of its very mild conditions, usually
room-temperature operations, will allow important improvements in organic
synthesis of complex molecules and molecular materials.
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