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Abstract: Recent developments in the coordination chemistry and applications of Ru-triphos [triphos =
1,1,1-tris-(diphenylphosphinomethyl)ethane] systems are reviewed, highlighting their role as active and selective
homogenous catalysts for small molecule activation, biomass conversions and in carbon dioxide utilization-

related processes.

Keywords: Biomass

Introduction

Polydentate phosphines are nowadays
recognized as one of the most important
classes of ligands having widespread
applications in coordination chemis-
try. The facially coordinating triden-
tate ligand triphos [triphos = 1,1,1-tris-
(diphenylphosphinomethyl)ethane]  and
its derivatives have been investigated in
detail, due to their ability to yield a large
variety of transition-metal complexes,
many of which have found application in
catalysis.[!]

Bianchini and co-workers described the
use of triphos in transition-metal catalysis
using platinum group metals for hydroge-
nation and hydroformylation of alkenes,?!
hydrogenation of N-heterocycles, 3 hydro-
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genation, hydrogenolysis, hydrodesulfur-
ization of thiophene,*! and oxidation of
catechols.l!

In particular, the reactivity of
ruthenium(1r)-triphos complexes toward
various substrates in hydrogenation reac-
tionsl®7 were studied extensively by NMR
and IR spectroscopies.[8! The increased
stability provided by the tripodal nature
of the triphos ligand promotes the highly
active catalyst formation for the hydroge-
nation of esters, amides, and even free car-
boxylic acids.!

Elsevier and co-workers reported in
1997 the hydrogenation of activated es-
ters using in situ formed catalysts ob-
tained from ruthenium precursors such as
[Ru(acac),] and triphos.[d«

Since then, several research groups
have investigated the mechanism of hy-
drogenation in an attempt to explain the
role of the hydride complex in these reac-
tions. Frediani and co-workers studied the
mechanism of hydrogenation of esters and
lactones by a deuterium labeling study.[%!
Chaplin and Dyson proposed a mechanism
for the hydrogenation of alkenes using a
Ru/triphos complex involving non-classi-
cal hydrides.[10]

In recent years the use of ruthenium-
triphos catalytic systems, both as well-
defined complexes and as in sifu combina-
tions of metal precursors and ligand have
been employed in new and old reactions
such as the catalytic conversion of bio-
masst!!l and CO, utilization for the produc-
tion of fuels and chemicals.[!2]

- Carbon dioxide utilization (CDU) - Homogeneous catalysis - Ruthenium - Triphos

Selective Catalytic Conversions
of Biomass Feedstocks to Useful
Chemicals

In view of the changing world energy
demands, biomass could potentially be-
come an important resource for the pro-
duction of biofuels, bioenergy and bioma-
terials. Feedstocks derived from biomass
are generally subdivided in three classes:
starchy feedstocks, triglyceride feed-
stocks, and lignocellulose. The latter is the
most abundant class of biomass and its car-
bohydrates can be used to produce building
block chemicals via biological or chemical
means, which in turn can be used to obtain
a number of high-value products. Usually,
the main target for building block chemi-
cals is the presence of functional groups
that can be transformed into new useful
molecules.!3]

The development of new synthetic
methods and highly specific catalysts is
therefore required for the functionalization
of bio-substrates to obtain a broad range of
chemical compounds in a sustainable way.

Among the building blocks that can
be produced from sugars, levulinic acid
(LA) and itaconic acid (IA) possess a cen-
tral importance within the biorefinery./3d]
Levulinic acid has frequently been used for
its conversion to y-valerolactone (GVL), a
cyclic ester considered as one of the key
components in the biorefinery. A further
conversion of LA can be undertaken to ob-
tain biogenic diols, such as 1,4-PDO, and
the cyclic ether 2-methyltetrahydrofuran



332

CHIMIA 2015, 69, No. 6

CaTtaLYTIC ACTIVATION OF SMALL MOLECULES

(2-MTHF) useful as monomer for biode-
gradable polymeric materials and as an
alternative solvent in the pharmaceutical
industry, respectively (Scheme 1). Itaconic
acid is also an important feedstock and its
reactivity is reminiscent of maleic acid and
maleic anhydride, still obtained from pet-
rochemical sources.

Recently, Leitner and co-workers re-
ported the use of the multifunctional cata-
lyst system composed of the ruthenium
precursor Ru(acac), and triphos with ionic
and/or acidic additives for selective conver-
sions of levulinic acid (LA, Scheme 2) and
itaconic acid (IA, Scheme 3) to lactones,
diols and cyclic esters via hydrogenation-
dehydration sequences.[14.15]

In the latter publication, it was shown
that a fundamental role was played by the
combination of the stereoelectronic prop-
erties of the ligand, the effect of ionic ad-
ditives on the reactivity and stability of the
active species, the strength of the acidic ad-
ditive, reaction temperature and pressure.
In the presence of a Ru(acac),:triphos ratio
of 1:2, LA and IA were converted into the
desired products with over 90% yields, at
160 and 195 °C respectively, under a hy-
drogen pressure of 100 bar with control
of the dehydration process due to the acid-
ity of the reaction medium (Schemes 2
and 3).014]

Leitner and co-workers also reported
a combined theoretical and experimental
study to explain the mechanism of this
system.[!5] All obtained results suggest that
the complex fragment [RuH(triphos)]* rep-
resents the catalytically active species for
the reduction of the C=0 functionality in
aldehydes, ketones, lactones, and even free
carboxylic acids. DFT calculations suggest
that the reaction involves a hydride transfer
from Ru—H onto the carbonyl or carboxyl
carbon followed by protonation of the re-
sulting Ru—O unit via 6-bond metathesis
from a coordinated dihydrogen molecule,
regenerating the catalytically active Ru—H
species.

A significant step forward in the syn-
thetic chemistry of Ru-triphos complexes
was described by Leitner and co-work-
ers, reporting the novel [Ru(P,)(TMM)]
complex (TMM = trimethylenemethane),
synthesized from [Ru(cod)(methallyl),]
(cod= 1,5-cyclooctadiene, methallyl = 1°-
C,H.) and tripodal phosphine ligands P,
(Scheme 4). These complexes were found
to be active catalysts for hydrogen transfer
reactions and C=0 cleavage of B-[O]-4'-
glycerolarylether linkages of lignin.!®]

The experiments were carried out using
2-phenoxy-1-phenylethanol as the model
compound for lignin linkages and compar-
ing the activity of catalyst bearing mono
(PPh,) and bidentate phosphines (dppe)
and (9,9-dimethyl-9H-xanthene-4,5-diyl)
bis(diphenylphosphine) (A) to the tri-

~ 7
/ GVL
Q OH
)WOH /: )\/\/OH
LA 4§ 1,4-PDO
x Fuels
(o}
OHOH \Q Chemicals
H
H h OH 2-MTHF Solvents
H .
oH H o o Materials
\ o) /
OH 3-MGBL
HO OH
— Ho”~
o}
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8
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Biomass (carbohydrates) Products
Scheme 1. Use of LA and IA to fuels, chemicals, solvents, etc.[14]
o) OH
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— E— —
o [Ru]/L [Ru]/L
LA (10 mmol) GVL 1,4-PDO 2-MTHF
Ru(acac); (0.1%); NH4PFg (1.0%);
pH, =10 bar; 18h o o
L = P(nOct)s (1.0%): T = 160 °C 99% 0% 0%
L = dppb (0.13%); T = 160 °C 89% 10% 0%
L = dppb (0.13%); T = 200 °C 39% 6% 51%
L = triphos (0.2%); T = 160 °C; 3% 95% 51%
no additive
L = triphos (0.2%); T = 160 °C; 8% 35% 53%
NH4PFg (1.0%)
L = triphos (0.2%); T = 160 °C; 58% 1% 39%
pTsOH (1.0%)
L = triphos (0.2%); T = 160 °C; 1% 0% 92%

alL + NH4PFg (1.0%)

Scheme 2. Hydrogenation-dehydration pathways for the conversion of LA to chemicals.['®]
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solvent: 2-MTHF; additive: pTsOH 0% 0% 96%

+ NH,4PFg (2.0%)

Scheme 3. Hydrogenation-dehydration pathways for the conversion of IA to chemicals.[15]
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podal phosphines 1,1,1-tris(diphenylph
osphinomethyl)ethane (triphos-B), and
bis(diphenylphosphinoethyl)phenylphos-
phine (triphos-C). (Scheme 5).

The catalysts formed in situ from
[Ru(cod)(methallyl), J/triphosphines
showed an enhanced activity and
the best result was obtained with com-
plex [Ru(triphos-C)(TMM)], synthesized
and characterized by X-ray analysis.
With complex [Ru(triphos-C)(TMM)] at
135 °C, yields of over 90% of phenol and
acetophenone were achieved after only
2 h (Scheme 6). The complexes
[Ru(triphos-B)(TMM)] and [Ru(triphos-C)
(TMM)] were also characterized in the sol-
id state by single crystal X-ray diffraction
(Fig. 1).

More recently, Beller and co-workers
investigated the conversion of LA to GVL
using ruthenium—triphos based systems as
efficient catalysts at 140 °C under solvent-
free conditions.[!7]

Initially, methyl levulinate was used as
the model substrate and the reaction was
performed in the presence of Ru(acac),
as metal precursor and p-toluenesulfonic
acid (PTSA) as an additive in catalytic
amounts, obtaining low yields of GVL.
Therefore, various phosphines (Scheme 7)
were added to the reaction mixtures and
three different triphos analogues (L3, L4,
L6) have demonstrated high efficiency, es-
pecially L6, leading to the highest yields
(95%), catalyst turnover numbers (TON =
75855) and catalyst turnover frequencies
(TOF = 1382 h™").

Fig. 1. X-ray crystal structure of complex
[Ru(triphos)(TMM)] (TMM = trimethylenemeth-
ane).[16]

HaC.__CHs

PPh,
SO GINNN
o PPh,

PLS P
Ph” “Ph Ph” “Ph
A TRIPHOS B

toluene, 2h, 80 °C

toluene, 2h, 110 °C

Scheme 4. Formation

f’h of complexes [Ru(P,)
A~ PN (TMM)] starting from
PhzP PPh; [Ru(cod)(methylallyl),]
and the tridentate
phosphines P, = B,
TRIPHOS C

c.[é]

Scheme 5. Cleavage

OH
o [Ru(cod)(methallyl),] (5 mol%) of 2-phenoxy-
Ligand (5 mol%) 1-phenylethanol us-
©/ \)\© toluene, 135 °C, 2h ©/ )‘\© ing [Ru(cod)(methal-
lyl),] and phosphine
0.2 mmol ligands.[€]
PPh;3 (3 equiv to Ru) 5 5
dppe 1 2
A 12 1
triphos-B 65 67
triphos-C 84 93
o Scheme 6.
[Ru(cod)(methallyl),] (5 mol%) OH Temperature effect on
O/ \)\@ triphos-C (5 mol%) ©/ . *@ the catalytlc cleav-
toluene, 135 °C, 2-20h age of 2-phenoxy-
1-phenylethanol using
0.2 mmol [Ru(cod)(methyally) ]
T=60°C, 20h 25 2 and triphos-C.[16]
T=80°C,20h 75 75
T=100°C,20h 92 94
T=135°C,2h 92 96

Production of Chemicals and Fuels
from Small Molecule Activation

Other applications of the ruthenium/
triphos catalytic system were found in the
activation of small molecules such as CO,
and H,, and in the reduction of unsaturated
functional groups in more complex organic
substrates to obtain important classes of
compounds both in bulk chemistry and as
high-value intermediates in organic syn-
thesis.

Amines, an important class of com-
pounds finding application in many in-
dustrial processes,!!8] can in principle be
obtained from the hydrogenation of am-
ides with molecular hydrogen, allowing
for their more sustainable production in
the pharmaceutical industry.['] In the past,
this reaction was reported using rutheni-
um/triphos but a mixture of products was
obtained without formation of the desired
primary amines.[20]

Cole-Hamilton and co-workers pro-
posed the use of the same system but in

the presence of water and ammonia, fun-
damental requirements for the stabilization
of the catalyst and for the selective primary
amine formation, respectively.’l The best
results were obtained using [Ru(acac),]
and triphos in the presence of liquid am-
monia with a conversion of 100% and a
selectivity to primary amine of 44%. The
selectivity was increased to 85% using
aqueous ammonia. A mechanism was pro-
posed for this reaction (Scheme 8).

More recently, the same authors re-
ported on the hydrogenation of amides to
primary, secondary and tertiary amines
with high selectivity in the presence of
[Ru(acac),], triphos and methanesulfonic
acid (MSA) With this catalytic system,
the hydrogenation of amides to amines in
the presence of aromatic rings was also
performed without cleavage of the C-N
bond, which is the principle cause of the
alcohols and other byproducts formation
(Scheme 9).1211

At hydrogen pressure of 10 bar and
temperature around 200-210 °C, the cata-
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Scheme 7. Ru-
Ox-0, catalyzed conversion
\]\;)7 of methyl levulinate to
GVL in the presence
GVL

of various polyden-
tate phosphines.[7]
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Scheme 8. Proposed Ru-triphos catalyzed amide hydrogenation mechanism.[8fl

Scheme 9. Products

9 H
2 Hy i
R)]\N’ » PN R/\N'R1 observgd during the
H cat. cat. N catalytic hydrogena-
: o tion of amides to
cat. = [Ru(acac)s / triphos / MeSO3H] Jj\ R amines.[21]
R ” !
triphos = RiNH,
Ph,P PPhPPh2
o
Hap
RSN Ry T RJ\ N Ry
R = Me, Ph; R' = Ph R/l R/l

lytic system brought about successfully the
hydrogenation of a wide range of amides.
The best results were obtained for ben-
zanilide and N-phenylacetamide with a
conversion of 100% and selectivity up to
90%.

A detailed variable temperature high
pressure NMR study was carried out. From
the obtained results and using Ru(acac), as
metal precursor, the presence of a range
of complexes with coordinated monoden-
tate or chelating [CH,SO,]- was revealed.

The role of the so-formed mixture of Ru-
triphos-MSA complexes would act as res-
ervoir for the [Ru(triphos)]** fragment,
identified as the active catalytic species,
and tune the protonation—deprotonation
steps necessary for efficient catalyst turn-
over.[21]

The complex [Ru(triphos)(TMM)]
found various applications as an efficient
homogeneous catalyst, beyond the C=0
bond cleavage in lignin model compounds
discussed above,[17] it was tested for the
hydrogenation of formate esters and CO,
hydrogenation to methanol.

Leitner and co-workers demonstrated
that this system is a useful catalyst for the
hydrogenation of a wide range of challeng-
ing functionalities such as carboxylicesters,
amides, carboxylic acids, carbonates, and
urea derivatives.l?2l From the combination
of multinuclear NMR spectroscopic stud-
ies and DFT calculations, it was shown that
the active species is the [Ru(triphos)(solv)
H,] complex (solv = THF, CH,CN) ob-
tamed by reaction of [Ru(tnphos)(TMM)]
with H, either under neutral conditions or
in the presence of catalytic amounts of an
acid such as methansulfonic acid (MSA) or
HNTT, (bis-trifluoromethane sulfonamide)
as additive.[22]

DFT calculations demonstrated to-
gether with experimental results that the
use of complex [Ru(triphos)(TMM)] as
hydrogenation precatalyst without further
additives enables the selective reduction
of C=0 bonds in carboxylic esters, acids,
anhydrides, and selected amides (Scheme
10). By adding an acidic co-catalyst such
as HNTT to the reaction mixture under hy-
drogen pressure (pH,= 50 bar), the cationic
species [Ru(triphos)(Solvent)(H)(m*-H,)]*
is formed instead, a selective catalyst for
the reduction of primary amides, ureas,
and carbonates with excellent yields. The
presence of a co-catalyst is needed to avoid
the formation of the catalytically inactive
complex [Ru(triphos)(CO)(H),], a thermo-
dynamic sink connected to catalyst deacti-
vation pathway.

Another important class of molecules
are methyl-substituted amines, a class of
bioactive compounds utilized as interme-
diates for chemical syntheses.?31 Novel
protocols for sustainable amine methyla-
tion methods are very attractive. Currently,
the industrial method for methylation of
amines uses toxic solvents and methylation
reagents such as Mel, MeOTf efc.[?4] In the
past years, several research groups have
focused their attention on catalytic meth-
ylations using CO, and H,, a sustainable
method with H O as the only by-product
(Scheme 11).

Beller and co-workers reported the
use of the CO /H, mixture as the methyla-
tion reagent using [Ru(acac),] and triphos
in the presence of a catalytic amount of a
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Brgnsted acid as the most active protocol
for the methylation of both aromatic and
aliphatic amines.[?! Under these condi-
tions, a reaction pathway was proposed
that proceeds via formamide and methanol
intermediates (Scheme 12).

Leitner and coworkers studied the
chemoselectivity of [Ru(triphos)(TMM)]
catalyst in coupling reactions of primary
amines, aldehydes and CO, to produce
tertiary N-methyl amines in one stepl26]
(Scheme 13).

Initially, the reaction conditions were
optimized starting with the methylation of
imines in the presence of HNTT, as co-cat-
alyst. As shown in Scheme 14, an increase
of temperature and reaction time favored
the formation of the methylation vs. the
hydrogenation product.

The enhanced selectivity is due to the
use of non-coordinating anion HNsz, dif-
ferently from MSA. After investigating a
set of different isolated imines, the reac-
tion was carried out coupling directly pri-
mary amines, aldehydes, and CO,. Also in
this case, a range of unsymmetrical ter-
tiary amines were synthesized in excellent
yields.[26] Finally, the reductive methyla-
tion of the imine group in N-methyl amine
for the synthesis of butenafine, an antifun-
gal agent, was carried out to test the scope
of this method in a commercially relevant
process (Scheme 15).

Cantat and co-workers recently re-
ported the use of formic acid (FA) as car-
bon and hydrogen source for methylation
of amines, expanding on their previous
reports on this kind of reaction using hy-
drosilanes as sacrificial reductants. The
reactions were carried out at 150 °C us-
ing a combination of [Ru(COD)(methyl-
allyl),] precursor and triphos as catalyst,
in the presence of HCOOH and MSA,
achieving a good conversion of aniline to
N-methylaniline (major product) and N, N-
dimethylaniline.[27]

Increasing the HCOOH loading up to
an optimal value of 6 equivalents, the for-
mation of N-CH, derivatives was favored
and the yields of N-methylaniline and N,N-
dimethylaniline increased. The presence of
an acid co-catalyst is crucial to guarantee
the catalytic activity. In particular, for the
methylation of secondary amines HNTT,
was found to be the most efficient additive
(Scheme 16).

However, the limits of the methyla-
tion reaction with HCOOH emerged from
the study with a wide variety of amines,
complemented by DFT calculations.?”]
The N-CH, group formation proceeds via
formylation/transfer hydrogenation with
metal hydride intermediate as rate deter-
mining step, occurring under thermody-
namic control.

Ru/triphos catalytic systems involving
CO, and H, activation have also been used

Scheme 10. The

o]
A o) range of challeng-
R™ OH RJ\N'R ing functionalities
0o H that can be hydro-
-R H Ho/H* genated by
R™0 2 2 o
o o [Ru(triphos)(TMM)] |:> R A | [Rulriphos)TMM) 22
neutral hyd ti talyst cationic H H
R)J\O)LR neutral ydrogenation catalys caton®
o]
O O J\
R. _R
RJ\NJ\R (eiinle)
H
H
HCHO/reductant ll\l and ICI\I:HS
R—NH SN. _N.
2) 2 or MeX > R "CHs R™ "CH3
X= |, OTf, or (804)1/2
talyst TI ¢Ha
catalys or
b) R-NH; + CO, + Hp o RN CH, RN CH,
-F2

Scheme 11. Established pathway (a) and novel approach (b) to amine methylation using CO,, H,

and a Ru-triphos catalyst.[25]

+ CO,/H,, - 3H,0

RNH Scheme 12.
[Ru] MeOH H 02 Proposed steps in
H> -2 amines methylation
[H]T using CO,.[2%]
[Ru] o H H >
RNH, + CO, Tz» RHN—(H o rNo, — g Ny,
. R? Scheme 13.
R2 + CO,/H, Reductive meth-
-H,O
RI-NH, + RZLR3 2 RlN/J\Rs - 2H,0 R1\N*R3 ylation of imines with
[Ru] CHs CO, and H, (path A),

A and N-methyl amines
T one-step reaction
from primary amines,

[Ru]

[Ru]= [Ru(triphos)(TMM)]

B aldehydes and CO,
(path B).[26]

z—

N Ph
CO,/H, (20/60 bar), THF
Ph/ Y o/H, (. ar), - Ph/
[Ru(triphos)(TMM)] / 2 HNTf,
CHs
1.0 mmol
[Ru] = 2.5%; no CO,, T=80°C, 15h 99
[Ru] =2.5%; T=80°C, 15 h 85
[Ru] =2.5%; T =100 °C, 15 h 43
[Ru] =2.5%; T=100°C,24 h 6

[Ru] =5.0%; T=100°C, 24 h

CH,

Scheme 14.

| Reductive imine
Ph N Ph | methylation with
CO, and H, using
[Ru(triphos)(TMM)]
and HNTF,.[26]

for the direct synthesis of formic acid and
formate or methanol. These simple organ-
ic molecules are rich in hydrogen content
and can in turn be used as Liquid Organic
Hydride Carriers (LOHC) to generate H,
by catalytic dehydrogenation reactions.
Recently, our group investigated the
HCOOH dehydrogenation reaction using
both the Ru(acac) /triphos in situ system

and the isolated complex [Ru(triphos)
(MeCN),](OTf), as promising homoge-
neous catalysts for this reaction.l?8] In
particular,  [Ru(triphos)(MeCN),](OTf),
showed superior performances with a TON
of 10000 after 6 h using 0.01 mol% of the
catalyst and allowed for recycling up to
eight times (0.1 mol% catalyst) giving a
total TON of 8000 after ca. 14 h of con-
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+ HNTf, B

160 °C "60%

Scheme 15.
Synthesis of buten-
afine by novel (A,

established method
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/CHJ\OH methods (C).[26]
tBu =
1) SOCl,
2) CH3NH,
3) LiAIH4/Et,0

Nach::,
DMF

butenafine

O/\N‘ C
|
Bu % CHg

R _H
[Ru(COD)(methylallyl),]
+ triphos (1:1)
+ 1 HCOH additive (1.5 mol%)
150 °C, 17 h, THF
8.3 mmol R =H, Me
R nequiv HCOOH  [Ru] (mol%) additive conversion (%)
H 3.0 1.0 none 36
H 3.0 1.0 MSA 43
H 6.0 1.0 MSA 88
H 60 1.0 HNT, 79
Me 6.0 1.0 MSA 85
H 6.0 (HPNMR) 0.8 MSA >99

Scheme 16. Ru-

PO S ~“™ | catalyzed methylation
of aniline and
methylaniline with

* HCOOH.[27]
yield (%) yield (%)
2 <1
41 2
71 17
19 40
<1 85
<1 >99

tinuous reaction at 80 °C in the presence
of OctNMe, (Fig. 2).

Mechanistic details on the reactivity
of complex [Ru(triphos)(MeCN),](OTf),
with formate and formic acid/amine were
obtained by a combination of variable tem-
perature (VT) NMR experiments and DFT
calculations.[?! It was shown that ligand
substitution led to precatalyst activation
giving a bis-formate complex [Ru(triphos)
(m*-0,CH)(n'-O,CH)] which then pro-
ceeds to release H, and CO,.

Cantat and coworkers reported the ef-
ficient synthesis of methanol by direct
disproportionation of formic acid using
[Ru(triphos)(TMM)] as catalyst. The re-
action was carried out in THF at 150 °C
in the presence of methanesulfonic acid
(MSA) reaching methanol yields of up to
50.2 %.1301

A combination of NMR studies and
DFT calculations was carried out to inves-
tigate the competition between the dehy-
drogenation of formic acid and its dispro-
portionation to MeOH. DFT calculations
highlighted the central role of the hydride
complex [Ru(k’*-triphos™*)(H)(n*-O,CH)]
derived from [Ru(x’-triphos™*)(n'-O,CH)

(m*-0,CH)] by CO, elimination and hy-
dride transfer (triphos™M® = simplified tri-
phos model, Me instead of Ph groups on P
atoms), representing the rate-determining
step of the reaction. Coordination of FA

followed along different pathways, leading
to dehydrogenation vs. disproportionation
(Scheme 17).

MethanolB3! can also be obtained by
steering the selectivity of CO, hydrogena-
tion with suitable catalysts and reaction
conditions. Such a process would repre-
sent an important example of CDU (carbon
dioxide utilization) and allow for the sus-
tainable use of waste greenhouse gas into
a valuable feedstock.l32! Leitner showed
that both the in situ generated Ru(acac),/
triphos system and the ruthenium complex
[Ru(triphos)(TMM)] are active in the ho-
mogeneous hydrogenation of CO, to meth-
anol, at 140 °C under a total CO,/H, (1:3)
pressure of 80 bar under acidic conditions
(Scheme 18).133]

Mechanistic studies obtained from
NMR experiments and DFT calculations
demonstrated that the cationic formate
complex  [Ru(triphos)(n*O,CH)(solv)]*
(solv = THF, CH,CN) is the catalytically
active species, identified by *'P NMR sig-
nals at 44.2 ppm (room temperature, d,-
THF) that split into a doublet (46.3 ppm,
2P, %J,, = 42.5 Hz) and a triplet (43.9
ppm, 1P, 2/, =42.5 Hz) at 233 K, further
confirmed by ['H,*'P]-HMBC-NMR and
['H,"3C]-HMBC-NMR spectra showing a
broad singlet at 8.7 ppm and a singlet at
178.8 ppm, respectively.

DFT calculations were used to ex-
plore the mechanism of CO, hydrogena-
tion to methanol via the formate complex
[Ru(triphos)(n*-O,CH)(solv)]* and a cata-
lytic cycle was proposed (Scheme 19).

Furthermore, the catalyst could be
recycled in a biphasic system 2-MTHF/
H,O where it was retained in the organic
phase while MeOH was extracted within
the aqueous phase, opening the possibility
for continuous-flow system (Scheme 20).
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Fig. 2. Catalyst recycling for HCOOH dehydrogenation reactions in the presence of [Ru(triphos)
(MeCN),](OTH), (for conditions see ref. [28]). Reproduced by permission of The Royal Society of

Chemistry.
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Scheme 17.
H i Mechanisms for
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Scheme 18. Homogeneous hydrogenation of CO, to MeOH catalyzed by in situ generated
Ru(acac),/triphos system and the ruthenium complex [Ru(triphos)(TMM)] under acidic conditions.
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and formaldehyde. 33l
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Scheme 20. Recycling of the Ru-triphos catalyst in CO, reduction to MeOH using

2-MTHF/H,0.[33]

Conclusions

Nowadays, global society needs and
economical growth are still dependent on
petrochemicals and fossil fuels. Thus, the
sustainable production of fuels and chemi-
cals is a topic of great interest.

The use of carbon dioxide as C1 build-
ing block has recently attracted interest
both for the production of fuels or hydrogen
rich molecules (i.e. CO, hydrogenation to
methanol or formic acid) and the produc-
tion of important chemicals, contributing
to the development of a low-carbon econo-
my. Biomass could potentially become al-
so an important resource for the production
of biofuels, bioenergy and biomaterials
since the selective de- and refunctionaliza-
tion of biogenic substrates give important
building blocks for the production of high-
value chemicals. Both approaches need
the development of low-energy routes for
activation and/or functionalization of feed-
stocks, which are often endowed with high
chemical inertness. The development and
use of highly active and selective catalysts,
both homogeneous and heterogeneous, is
pivotal to reach this target, as witnessed by
the large interest of many research groups
in academia and industry around the world.

Among homogeneous catalysts, re-
cently the systems based on ruthenium
and the tridentate phosphine triphos, ini-
tially known as a good catalyst for hydro-
genation of esters, amides, and carboxylic
acids, found a new life and use in reac-
tions of new interest including CO, and
biomass functionalization, showing prom-
ising catalytic activity and flexibility. A
subtle choice of ancillary ligands is often
needed to achieve active and versatile Ru-
triphos based molecular platforms. A good
example is the choice of TMM (trimeth-
ylenemethane) as in complex [Ru(triphos)
(TMM)] which found various applications
as summarized above.
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