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Summary

The aim of this thesis was the synthesis of novel catalytic systems based on acetate

ruthenium complexes, bearing basic and relatively bulky diphosphines and their application

in the reduction of carbonyl substrates to their corresponding alcohols, with molecular

hydrogen and via transfer hydrogenation reaction using 2-propanol as hydrogen source.

Moreover, the employment of these systems as catalysts in the alkylation of aliphatic and

aromatic amines with primary alcohols and diols via borrowing hydrogen was studied. In

addition. The work performed on this subject can be split out into four parts as follows:

1.

The first part has concerned the synthesis and the characterization of the complexes

Ru(OAc)2(PP) [PP=1,1"-bis(diisopropylphosphino)ferrocene; 1,1-
bis(dicyclohexylphosphino)ferrocene), Ru(OAc)2(PP)(NN) (NN= 2-
(aminomethyl)pyridine; ethylenediamine)and the monocarbonyl derivatives
Ru(OAc)2(CO)(PP).

The second part has been focused on the study on the catalytic performances of
Ru(OAc)2(PP) and in situ generated Ru(OAc)2(PP)(NN) in the transfer
hydrogenation of carbonyl compounds in basic 2-propanol

During the third part the unprecedented hydrogenation of benzaldehyde in neat
conditions (solvent-less) catalyzed by Ru(OAc)2(CO)(PP) with hydrogen at low and
high pressure, has been studied, affording benzyl alcohol with high purity. The scope
of this reaction has been extended to different aromatic and a,B-unsaturated
aldehydes, with high chemoselectivity for the C=0 vs. C=C bond, and to ketone and
imine substrates, under basic and also acidic conditions at very high S/C (10%). In
particular, frans-cinnamaldehyde, citral have been reduced to the corresponding
food relevant alcohols.

The final part has regarded the application of the new developed Ru(OAc)2(CO)(PP)
systems in the ethylation of N-ethylcyclohexylamine with ethanol via borrowing
hydrogen at relatively mild conditions (30 - 100 °C). To broaden the scope of this
transformation, primary aliphatic and aromatic amines and different alkylating
agents, including diols allowing formation of substituted pyrrolidines and piperazines,
have been employed. Intramolecular reaction of 2-hydroxyethylaniline has also been
investigated to obtain indoles, which as the pyrrolidine and piperazine derivatives

are biologically relevant pharma frameworks.

Vi



The wide reactivity and productivity exhibited by these new class of ruthenium catalysts

make them very attractive for industrial applications.
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EtOH Ethanol

FAL Furfural
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1.0 Introduction

1.1 Homogeneous transition metal-promoted

catalysis: history and applications

Since a long time, a large number of processes have been accelerated by the
addition of suitable substances that, as J.J. Berzelius stated ['l, contribute to “produce
decomposition in bodies, and form new compounds into the composition of which, they
do not enter”. He called “catalytic force” the ability of these substances to accelerate
the reaction rate without being affected at the end of the process. As a realistic
example, the production of bread or beer stranding from wheat consists of procedures
developed many centuries ago, but already at that time was well-known, although not
well-understood, the key role played by yeast to obtain those products. In the early
‘800, S.K. Kirchoff reported the conversion of starch solution into sugars mixture
promoted by mineral acid additives,! the latter entirely recovered at the end of the
reaction. J. W. Ddbereiner (1816) studied the fermentation of starch into alcohols,
assuming that sugars were plausible intermediates involved in the process.
Fermentative processes were thus the first fundamental trials that highlighted the
importance of certain compounds for the selective production of desired products.
Afterwards, the experiments performed by L.J. Thenard ¥l on ammonia decomposition
into nitrogen and hydrogen promoted by metals and those made by J. W. Dobereiner
(1823) on hydrogen combustion in open air with formation of water promoted by
platinum, successively extended to palladium and iridium, had led to the foundation for
all the research activity on transition metals in catalysis, boosting the development of
novel and original heterogeneous systems between the 19t and 20" centuries. The
studies of F. Haber and C. Bosch in the early 20" century led to the synthesis of
ammonia directly from nitrogen and hydrogen, catalysed by iron oxides at high
pressure and temperature. This research carried out in the laboratories of BASF led to
the creation of a big industrial process for the synthesis of ammonia, opening the
access for the production of fertilizers, explosives and a wide range of nitrogen

containing products.



In the same period, BASF also developed the synthesis of methanol from syngas,
a mixture of CO and H2 obtained directly from carbon and water, using a ZnO catalyst
(Scheme 1). Starting from syngas through an iron/cobalt-based catalyst, a broad range
of organic products were prepared, e.g. alcohols, aldehydes, ketones, fatty acids,
ethers and hydrocarbons, which were used as feedstocks for the chemical industry
and as fuels for internal combustion engines (1925, Fischer-Tropsch synthesis).
Therefore, it became common practice to perform the catalytic reaction by employing
the metal compound in a different phase with respect to the reagents involved.
Meanwhile, the development of the synthesis of transition metal complexes bearing
organic ligands, such as phosphines and alk(en)yl fragments, was growing more and
more flourishing. Only after a century since Dobereiner’s pioneering experiments, the
discovery and the setup of iron or cobalt complexes that could solubilize in the same
media of the reactants, were applied by O. Roelen (1938; RUHRCHEMIE) for
hydroformylation of alkenes to obtain saturated aldehydes (“oxo” process) and by W.
Reppe (1953; BASF) for high pressure transformations of acetylene gas. In particular,
Reppe’s chemistry unlocked the access to suitable monomers for polymerization,
leading to the production of materials still in use in our daily life, e.g. PVC, PMMA.
Since during the 1950s the interest in metal catalysts was focused on the chemistry of
polymers and plastics, it is worth mentioning G. Natta’s group work on the development
of a methodology for obtaining isotactic polypropylene catalysed by titanium salts.
Homogeneous catalysis for reductive processes underwent the most significant
advance during the 1960s, thanks to Wilkinson,*! who developed the well-defined
rhodium complexes RhCI(PPhs)s and RhH(CO)(PPhs)s for efficient olefin
hydrogenation and hydroformylation, respectively. From that point on, the rise of
homogeneous catalysis started, opening the way for the wide and vibrant research of
the last century on the application of transition metal complexes in a broad range of
chemical transformations. On Wilkinson’s findings, serval processes were set up in the
same decade for hydroformylation of olefins (Union Carbide Corporation). But it was
only in the 1990s that the studies for the synthesis of fine chemicals, products with high
added value which have applications also in food industry, took off, exploiting the
research results of the bulk chemical area and the large academic effort that had been
set up in the meantime. Some of these interesting molecules are vitamis (K1, E),

pharmaceutical ingredients (/-dopa, chloramphenicol, (R)-carnitine, taxol, (S)-
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propranolol, (S)-tetramisol, naproxen, ibuprofen, morphine), fragrances (nerol,

citronellol, damascene, (—)-menthol) and herbicides (S-metolachlor) (Figure 1).

70 CH30H

C + HO —— CO + H,
syn-gas
Fe/Co CrHon+o

Scheme 1Synthesis of methanol (a) and hydrocarbons (b) reacting syngas obtained from carbon and
water.

Vitamin K

Vitamin E

OH
Y\/\r\/ HO““

Citronellol (-)-Menthol
H3CO
OH OH J\
NH
CO,H
HCOCHCI,
O.N
Ibuprofene Chloramphenicol S-Metolachlor

Figure 1 Some of the high added value products obtained via transition metal catalysed processes.



1.2 Purpose of a catalyst: theoretical aspects and

practical considerations

As anticipated in the previous section, the term catalysis was coined by Berzelius
over 150 years ago, when he had noticed that some substances undergo
transformations when they were brought in contact with small amounts of certain
species called "ferments". The definition used today reads as follows: A catalyst is a
substance which increases the rate at which a chemical reaction approaches
equilibrium without becoming itself permanently involved. The catalyst may be added
to the reactants in a different form, the catalyst precursor, which has to be brought into
an active form ("activated"). During the catalytic cycle the catalyst may be present in
several intermediate forms when we look more closely at the molecular level. An active
catalyst will pass a number of times through this cycle of states; in this sense the
catalyst remains unaltered. Many chemical reactions, allowed by a thermodynamic
point of view, are kinetically disadvantaged, thus increasing the speed of a reaction is
crucial for obtaining the desired products. As a matter of fact, a temperature increase,
which leads to an increase in the reaction rate is not always feasible (e.g. exothermic
reactions). The general method to increase the speed of a reaction is to choose the

pathway involving a lower activation energy by means of a catalyst.

®  Uncatalyzad reaction
= Catalyzed reaction

Transition
states

Ea(fwd)
no catalyst

Energy

Ea(re\f)
no catalyst
. Ea(fwdl)
with catalyst

; Ea(revi
with catalyst

e
Reactants |

S

Products

L
-

Reaction progress

Figure 2 Different trends of the reaction with (purple) or without (green) a catalyst.



In the reaction the catalyst takes part in the formation of intermediate species that
do not appear at the beginning and at the end of the reaction, lowering the activation
energy (Ea) and resulting in increased speed and decreased reaction time (Figure 2).
Two important parameters for studying a catalyst are its productivity and its activity.
The first is defined as turnover number (TON), i.e. the number of moles of product
produced with one mole of catalyst. This number determines the catalyst costs. If a
catalyst can be re-used, its productivity is increased. The second factor, defined as
turnover frequency (TOF), i.e. how many moles of product one mole of the catalyst
produces per time unit, determines the production capacity of a given system.
Substrates are present in larger amounts than the catalyst, when we report on catalytic
reactions the ratio of substrate to catalyst is an important aspect. An inhibitor is a
substance that retards a reaction, it is also present in catalytic or sub-stoichiometric
amounts. In a metal catalysed reaction an inhibitor could be a substance that adsorbs
onto the metal making it less active or blocking the site for substrate co-ordination.
Organometallic catalysts consist of a central metal surrounded by organic (and
inorganic) ligands. Both the metal and the large variety of ligands determine the
properties of the catalyst. The set of ligands forming the coordination sphere of the
complex and the number of ligands is called coordination number (CN) which usually
ranges from 3 to 6. Parameters affecting the coordination number are the oxidation
state of the metal centre, the electronic configuration of the central ion, the type of
ligands (big and bulky ligands reduce the CN) and the interactions within the complex.
Examples of transition metal complexes, their geometry and preferred reactions are

reported in Table 1.

Table 1 Preferred geometry and reactivity of transition metals

Metal, oxidation state Example Geometry Preferred reactions
Ni© Ni(CO)4 Tetrahedral Ligand dissociation
Pd° Pd(PR3)2 Linear Oxidative addition
Rh, Ir', Ru" [Rh(PR3)2(u-Cl)]2 Square planar Oxidative addition
_ . Ligand dissociation,
Ru' RuX2(PRs)s  Trigonal pyramid
oxidative addition
Ru"', Rh! [ Rh(PR3)3XH2 Octahedral Reductive elimination

The ligands can form one or more links with the central atom and, in the latter case

are called chelating agents. Depending on the number of the atoms bonded with the
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central atom (denticity), a ligand could be monodentate, bidentate, tridentate, or, in
general, polydentate (Figure 3). Ligands of the same denticity but with different stereo-
electronic properties can dramatically affect the catalytic activity of the complex

employed in the process, resulting in enhancing or lowering it, depending on the

0 o B
A0 QT B

d g7 Pao

Monodentate Bidentate Tridentate

modifications that have been carried out.

Figure 3 Example of phosphine ligands with different denticity.

The pursuit of highly efficient transition metal catalysts for the synthesis of valuable
organic compounds is a matter of paramount importance for both academia and
industry. Among the different transition metals, ruthenium is greatly considered
because of its high performance in several organic reactions.[ In the last decades
great efforts have been devoted within academia to the improvement of catalyst
selectivity for achieving clean organic transformations. On the other hand, on account
of the more and more stringent health and safety regulations for the metal content in
food relevant synthetic substances,®! the desirable conditions are generally offset by
relatively low turnover numbers with depletion of efficiency. Productivity and selectivity
of the catalysts are the decisive factors in the development of sustainable chemical
processes, especially in regard of large-scale industrial applications. Therefore, the
attention of industrial research has been focused on the atom economy and high
performance of the catalysts, which must possess very low (or absent) toxicity and
should be employed at low loadings. In order to be competitive, the transition metal
catalysts should also display moderate sensitivity toward air, moisture and substrate
impurities. Therefore, robustness and (de)activation of the ruthenium species are
important parameters that have to be carefully taken into account for the design of a

practical catalyst.[”]



Among hydrogenative processes, reduction of carbonyl compounds to alcohols is
one of the main chemical transformation on industrial scale and continues to attract
wide interest because of its fundamental importance for the synthesis of biologically
active molecules as well as the transformations of both biomass feedstocks and
petroleum chemicals.!®l In principle, these compounds can be selectively hydrogenated
by using homogeneous complexes, but the heterogeneous catalysts are
environmentally more friendly and easier to separate and re-use than their
homogeneous counterparts. The rational design of an active and selective
heterogeneous metal supported catalyst is not however a very easy task. There are
several factors, which can affect the activity and selectivity of a catalyst, namely the
proper choice of the metal and its precursor, the support selection, the catalyst
preparation and activation methods, the choice of reaction conditions and operation
mode (e.g. gas or liquid phase system). Conversely, with homogeneous catalysts is
possible to tailor and optimize their structure, by adapting the stereo-electronic
properties of the ligands around the metal centre, to the particular requirements
needed. This opportunity offered by homogeneous catalysts may have drastic
consequences on their activity and selectivity. Within this context, the catalytic
homogeneous reduction of carbonyl compounds using molecular hydrogen or a
hydrogen donorl®, such as 2-propanol, formic acid or formate salts, represents a green
and economic procedure to access valuable alcohols for the production of fine and

bulk chemicals.8!



1.3 Phosphine based ruthenium complexes in

reductive processes

In 1966 Wilkinson reported the synthesis of the ruthenium complex RuClz(PPhs3)s, 1]
Even though this catalyst was not as active as its rhodium analogue RhCI(PPhs)s, later
it was broadly applied in several catalysed organic transformations and, more
importantly, RuClz2(PPhs)s has also been used as suitable precursor for the synthesis
of ruthenium complexes which are highly active in homogeneous hydrogenation and
transfer hydrogenation of unsaturated C=X bonds (X = C, N, O), i.e. olefin, imine and
carbonyl substrates, respectively.[''l Over the last decades, a wide range of highly
productive homogeneous catalysts based on noble metals have been developed for
this purpose. R. Noyori (Nobel prize in 2001) showed that the combination of Ru-
phoshine complexes with diamines exponentially enhanced the chemoselectivity of the
catalyst toward carbonyl hydrogenation vs. olefin reduction, reporting in the early
2000’'s the synthesis of ruthenium(ll) complexes RuCl2(P)2(diamine) e
RuCl2(PP)(diamine) (P = phosphane, PP = diphosphane), which are excellent catalysts
for selective homogeneous hydrogenation (HY) of simple ketone substrates.!'?
Moreover, by a suitable combination of chiral diphosphines and diamines on the
ruthenium centre is possible to perform asymmetric HY of carbonyl compounds for the
production of chiral alcohols with high optical purity. Nowadays, trans-
RuClI2(BINAP)(1,2-diamine) systems under Hz pressure are employed in the industry
for the asymmetric reduction of C=0 bonds.["3l Alternatively, in order to avoid the risks
implied with the use of H2, (n®-arene)RuCl(Tsdpen) complexes (Tsdpen =
TsNCHPhCHPhNH2, Ts = S02CeH4CH3) have been developed,!' which are active
catalysts for TH, using 2-propanol, formic acid and its derivatives as hydrogen sources.

In the last fifteen years, Udine research group guided by Prof. W. Baratta has
developed a protocol for the synthesis and the use of Ru- and Os-based catalysts [
in the enantioselective TH of C=0 bond to CH-OH functionality of ketones and
aldehydes. These catalysts contain bidentate phosphines and bidentate nitrogen
ligands, such as 2-(aminomethyl)pyridine (ampy)!'! or tridentate ligands such as 6-
phenyl-2-(aminomethyl)pyridine (HCNN)!"l and showed high values of TOF (turnover

frequency, herein defined as moles of substrate converted to alcohol per hour at 50%
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conversion), up to 106 h-' and TON up to 10°. In order to improve the catalytic activity,
the design of the HCNN ligand was modified to a possess a more rigid structure,
synthetizing 2-(aminomethyl)benzo[h]quinoline ligands (HCNN’) and conferring to their
corresponding Ru- and Os-complexes a higher robustness and thermal stability under
harsh reaction conditions.['®! In addition, these complexes are also able catalyze the
enantioselective HY of carbonyl compounds to alcohols!'® and, very recently, of
aldimines to amines, 2% when the proper alcohol solvent is used.?"l A further extension
of HCNN’ ligands has been recently achieved, combining the proper Ru-phosphane
complex with 4-substituted-2-(aminomethyl)benzo[h]quinoline compounds (HCNNR,
R=Me, Ph), developing a new preparation of the HCNNR ligands, employing less toxic
intermediate precursors and allowing a longer shelf-life of the final ligand, isolated as
a hydrochloride salt (HCNNR-HCI).[2'd! |t is worthy to point out that RuCI(CNNR)(PP)
complexes are very active catalysts in the TH and HY of commercial-grade ketones
and aldehydes (carbonyl substrates, especially aldehydes, are often pre-treated or
distilled before use, in order to improve the catalytic activity, by removing impurities
that may be deleterious for the catalyst). The TH being promoted by different hydrogen
sources, such as 2-propanol, formic acid/triethylamine mixtures, sodium formate and
ammonium formate. In the present case S/C ratios up to 10° are reached, employing
substrates and solvents not previously pre-treated or distilled, thus showing high
tolerability toward substrate impurities.?'#<l The complexes of general formulae
MCI2(PP)(ampy), MCI(CNN)(PP), MCI(CNN’)(PP) and RuCI(CNNR)(PP) (M = Ru, Os,
R=Me, Ph), all types isolated for the first time in Udine, are among the most active and
productive catalysts reported in the literature so far, and the results achieved on this
subject have produced several papers and patents, some of them were licensed to
Johnson Matthey company and extended worldwide. RuCl2(PP)(ampy) (PP= dppb,
dppf) catalysts are marketed and used in industrial reactions for the preparation of
organic intermediates. Moreover, MCI2(PP)(ampy) (M=Ru, Os) have demonstrated to
be active catalysts in C-H activation reactions, such as dehydrogenation, racemization,

deuteration, isomerization and alkylation processes involving ketones and alcohols.[??!



1.4 Aim of this thesis work

The group of organometallic chemistry of Udine, where this work was carried out,
has recently shown that the acetate precursor Ru(OAc)2(PPhs)2, as well as its chloride
congener RuCl2(PPhs)s, can be a suitable starting material for the synthesis of a series
of well-defined mononuclear complexes containing aryl diphosphines with the two P
atoms connected through an alkyl chain as dppm, dppe, dppb or bridged by a
ferrocenyl fragment as dppf, in combination with a chiral or achiral 2-
aminomethylpyridine type ligands, or pincer CNN ligands bound to the metal center.
Whilst the coordination chemistry and the effects in catalysis of P-aryl diphosphines
have extensively been studied, the behaviour of more basic P-alkyl diphosphines has
been poorly reported. As a matter of fact, only few examples of complexes bearing
basic diphosphine ligands have been isolated, and studies have been mostly focused
on their structural characterization, whereas little is reported on their catalytic
applications. The work of this thesis has been focused on the synthesis,
characterisation and applications of new bulky and basic diphosphine carboxylate
ruthenium complexes, with or without diamine and carbon monoxide ligands. In
addition to these studies of the reactivity of these complexes (i.e. protonation reactions
and formation of hydride species), they were also investigated in catalytic organic
reactions. As matter of fact, the acetate complexes efficiently catalyse the transfer
hydrogenation and hydrogenation of carbonyl compounds and the alkylation of amines
via borrowing hydrogen. The employment of these catalysts for the on g-scale
hydrogenation of unsaturated aldehydes (frans-cinnamaldehyde, citral) and imines
and the synthesis of nitrogen containing heterocycles holds promise for their

applications for the synthesis of relevant frameworks in food and medicinal chemistry.
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2.0 Results and Discussion

2.1 Synthesis of novel acetate Ru complexes

2.1.1 Background of Ru carboxylate catalysts

The first studies on the chelating effect of the carboxylate ligands were reported by
Rai and Mehrotra in the ‘50s. They showed that the reaction of Al(OBut)s with
carboxylic acids yields to the carboxylate monomeric product Al(OBut)(OOCR)2 or
Al(OBut)(OOCR)3, according to the moles of acids added. They demonstrated that
reactions of metal alkoxides with carboxylic acids are facilitated thermodynamically
since the carboxylate moiety after the deprotonation is able to bind the metal in a
monodentate (k') or bidentate (k?) mode.[?3l (Scheme 2) In view of Mehrotra’s
methodology, the reactions of alkoxides of a number of other metals and metalloids,
Ti, Zr, Si, Ge, Ga, Ln, Fe, V, Nb, Ta, and Sb have been studied extensively in the

following years and several acetate complexes have been described.?4

)Ii\_

(0] R 0]

wx
|

K’ Q Q K2
o o—M----)>—R
binding mode binding mode

Scheme 2 Denticity of carboxylate ligands

As regards ruthenium, later in the ‘70s a big contribution was made by G. Wilkinson,
S. D. Robinson, A. Dobson with their studies on the Ru carboxylate fragment in
presence of other ligands such as triphenylphosphines (PPhs), hydride (H), carbonyl
(CO), acetylacetonate (acac), affording active complexes for the C-H activation,
namely the hydrogenation and transfer hydrogenation of carbonyl compounds or the
inverse dehydrogenation of alcohols.l?®! In the following decades great attention has
been focused on the optimization of this class of compounds thanks to the unique
success deriving from Noyori’s studies during ‘80s and ‘90s on the hydrogenation of

C=Cl?*®l and C=0[?"1 double bond promoted by ruthenium acetate with chiral
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diphosphines (R)- or (S)-binap, [Ru(BINAP)(OCOCHs3)2]. These carboxylates
complexes in the presence of strong acids, such as HCI or HBr, undergo ligand
substitution reactions affording the di-chlodride or di-bromide derivates that paved the
way for the high productive asymmetric homogenous hydrogenation, promoted by the
well known [RuH2PPNN] type complexes, via bifunctional catalysis. From then a large
number of catalysts containing diamine ligands were developed, whereas the acetate
derivatives were mainly investigated in the frame of their coordination chemistry and

only marginally for catalytic applications.[?8l

Interestingly, the carboxylate complex Ru(OAc)2(PPhs)2 (1) was firstly reported by
G. Wilkinson et al. in 1974 (Scheme 3),1?° but its reactivity was barely explored for
more than twenty years. It is worth noting that the structure of this compound was fully
solved experimentally only 35 year after the first report, thanks to the study of Lynam
et al.?% The two acetate ligands in this compound undergo a rapid exchange on the
NMR time scale, showing for 3'P NMR a tight singlet at 64 ppm, and 2 equivalent CH3
of the acetates as singlet at 1TH NMR. However, this exchange was detected by IR
spectroscopy and the cis coordination of the triphenylphosphines was confirmed also
in solution from the difference of resonance of the characteristic binding mode (Av).
The acetate ligand thus easily provides the generation of a vacant sites in the
coordination sphere thanks to its lability and without the need to eliminate ligands.
Moreover the orange color of 1 is in agreement with a coordinatively unsaturated Ru(ll)

complex, suggesting that, even 1 is octahedral, it is prone to undergo addition

reactions(3]
CH,4
Cl F|>Ph3 (ID//{
. WPPh NaOCOCH,+3 H,0 Ph3P"'Ru“‘O + PPh; + NaCl
CI”  PPhy tert-BuOH PhsP” | YO
90°C O Y
CH,

Scheme 3 Condition proposed by Wilkinson for the synthesis of Ru(OAc)>(PPhs);

Carboxylate species similar to 1 were lately prepared also by reaction of suitable
carboxylic acids or silver salts with dinuclear ruthenium species 32 When encumbered
aryl or alkyl-phosphines are coordinated in this way a trans configuration was usually

obtained in monomeric complexes.*3 To better profit the trans effect granted by the
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phosphine ligands as enhance of the well know lability of the acetate ligands!34, or
increase the hydricity of metal hydride generated in trans during reduction processes,
a simple switch to diphosphine ligands may open to a class of more reactive
compounds. The chelate effect exerted by diphosphines allow to retain the desired cis
configuration of phosphorus, thus the use of compounds as dppe could lead to the
formation of Ru(k?>-OAc)2(dppe) by reaction with complex 1. Wong et al. have already
shown that the products obtained strongly depend on the bite angle of the chelating
phosphine.[?8®! The diphosphines dppm, dppe and dppp, displaying a small bite angle,
favoured the displacement of only one PPhs ligand forming complexes of type
Ru(OAc)2(PP)(PPhs). However, when the ligand dppb is used Ru(OAc)2(dppb) is
formed, as for the dppf analogue Ru(OAc)2(dppf) that was also synthesised via this
route by Lu et al.®% The exchange reaction of two phosphine with diphosphines on the
precursors RuCl2(PPhs)s ended up in fluxional monomeric three phosphorus
complexes or derivatives of the type trans-RuCl2(PP)2.38l. In presence of more basic
alkyl-diphosphines, on the other hand, dimeric species [RuCl2(PP)]2 are formed with
bridged chlorine atoms. By using strongly coordinating solvent, such as the
dimethylformamide (DMF) or nitriles, the formation of monomeric species
RuCl2(PP)(solvent)n are obtained.*"l.

Thus, no well-defined monomeric complexes of the type RuCl2(PP)(P) bearing basic
diphosphines are reported in literature starting from RuClz2(PPhs)s. Conversely, a series
of derivatives with bulky and basic phosphines have been prepared starting from the
precursors Ru2Cls4(n°-p-cymene)2, RuCl2(COD)2 and Ru(Me-allyl)2(COD)z.

Since the carboxylate ligands RCOO- show different coordinating properties that
strongly depend on the R substituent (i.e, Me, tBu, CF3), the resulting complexes have
significantly different reactivity and catalytic behaviour with the same set of additional
ligands. For instance, it is possible to switch from a carboxylate ligand to the
corresponding fluorine derivative which displays a weaker coordination ability, and

resulting in active dehydrogenation catalysts, as reported by Robison!8 and Spek.[28

2.1.2 Synthesis of carboxylate complexes Ru(OAc)2(PP)

The complex Ru(OAc)2(PPhs)2 (1) was prepared from RuClz(PPhs)s and sodium
acetate in tert-butanol, following a slightly modified synthesis with respect to that
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reported by Wilkinson, leading to an improved yield of (91%) at the laboratory scale of
10g per batch. In order to favour a complete precipitation of the insoluble carboxylate
product the concentration of reagents was increased (spectrum 5, Figure 4). However,
tert-butanol, which is a solvent with relatively high melting point, tends to be solid at
room temperature, resulting not practical for industrial scale applications. To retain the
liquid state it must be constantly warmed above 26°C, this problem can be usually
solved by preparing tert-butanol/water solutions, but it didn’t fitted the purpose of this
complex synthesis since great amount of water in the system afforded a low yield of
the desired product. Thus, several solvents and conditions were tested in the search
of the more suitable solvent for a possible scale-up process. Among toluene, methanol,
ethanol, 1,2-dimethyl ethanol (DME), the more volatile methyl-tert-butyl ether (MTBE)
(bp. 55°C) was found to be a good alternative (Spectrum 4, Figure 4). It worked as
non-solvent for the Ru(OAc)2(PPhs)2 (1) and resulted easy to be removed under
vacuum. However, to carry out the reaction at 90 °C (35 °C above its boiling point) an
efficient condensation system was required. By carrying out the reaction at room
temperature a lower yield was obtained with formation of a different product in which 3
phosphorus are coordinated to the metal centre, two in the square plane and one in
axial position (AX2 system), as established by 3'P NMR (spectrum 3, Figure 4).
Increasing the temperature to 40 °C allowed the reaction to proceed to the desired
product but longer time were needed, while at 60 °C good productivity and purity were

obtained in shorter reaction times (spectrum 1, Figure 4).
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Figure 4 3'"P{"H} NMR spectra comparison 1-5 for the synthesis of complex 1 in different conditions.
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The bisacetatotris(triphenylphosphine)ruthenium(ll) precursor has proven to be a
versatile precursor for the synthesis of diphosphine complexes by a simple exchange
reaction. Thus reaction of 1 with the bulky alkyl diphosphine 1,1'-bis(diisopropyl-
phosphino)ferrocene (DiPPF) afforded Ru(OAc)2(DiPPF) (2) in high yield (Scheme 4).

O/( @t{//\ oyclohexane @\y /(

PhsPu,, \ e)

Y el &
1 Sx @%ﬂ

1 DiPPFc
Scheme 4 Exemplar of exchange reaction with DiPPF diphosphine

Similarly, by using 1,1-bis(dicyclohexylphosphino)-ferrocene (DCyPF) the
corresponding Ru(OAc)2(DCyPF) (3) was readily prepared.

lllll

For each diphosphines different solvents were tested cyclohexane being the solvent of
choice for obtaining 2. As a matter of fact, this media acted as non solvent for the
precursor and the product, allowing the precipitation of 2 upon formation, driving the
reaction to a clean product. To form complex 3 toluene resulted more suitable due to
the presence of the bulkier cyclohexyl substituent on the phosphorus of DCyPF ligand,
granting solubility in many solvents and requesting slightly higher reaction temperature
for its synthesis. Compounds 2 and 3 showed 3'P NMR as sharp singlets hardly down
shifted at 67.6 and 64.1 ppm, respectively (Figure 42, pag.83 and Figure 44, pag.84).
Complex 2 displays a simple spectrum in '"H NMR (Figure 40, pag.82), while 3 showed
very broad signals due to cyclohexyl moieties (Figure 43, pag.84).

2.1.3 Reactivity of Ru(OAc):(PP) species

The ability of carboxylate complexes to readily react with amines and diamines to

form stable complex is well known (Scheme 5).
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Scheme 5 Exemplar reaction of complex 2 with a generic diamine to form a cis or trans isomer.

Addition of the diamine en to compounds 2 and 3 promptly afforded two new
derivates trans-Ru(OAc)2(DiPPF)(en) (4) and trans-Ru(OAc)2(DCyPF)(en) (5), as

thermally stable complexes, as expected from the strong coordinating property of the
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These two derivatives showed 3'P NMR singlets at 44.9 and 38.2 ppm, respectively.

en ligand.

The shelf life of these compounds in the solid state is very long in air at RT (several
months), indicating that upon coordination these basic alkyl diphosphines become
relatively unreactive towards oxygen. Conversely, upon reaction of 2 with the ampy
ligand, which displays a coordination ability similar to en, a mixture of products is
obtained. By addition of one equivalent of ampy to 2, formation of the cis and trans
isomers of Ru(OAc)2(ampy)(DiPPF) in 4/1 ratio, respectively, is observed. In addition,
these species equilibrate with 2 at room temperature, as inferred from 3'P NMR
measurements. This behaviour is not shown by complexes containing aryl
diphosphines and is due to the strong trans effect exerted by the more basic alkyl PP
ligand. The characterization of the frans isomer 6a, showed in chapter 3, was carried
out by low temperature NMR measurements upon addition of ampy at -60 °C (213 K),
leading to two doublets at & 45.3 and 43.5 ppm (Figure 53, pag.92), this species is
stable at very low temperature, while warming up to 0 °C the coalescence of the two
doublets into a singlet was induced (Figure 5). The "H NMR also showed diastereotopic
protons of the NH2 at & 8.80 and 4.86 ppm at -60 °C (Figure 51, pag.91), while upon
heating at 0°C they appeared as a broad singlet at d 3.5 ppm (Figure 6). This suggests
that at low temperature the acetate ligands interact with a H-N, stabilizing the trans
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geometry. When the system was let to reach the room temperature the cis isomers
started to form, giving only trace of cis product in 5 min, while full equilibration of the
mixture between cis and trans isomers was reached in 1 h. Moreover, during this
equilibration process a broad signal of the acetate precursor (& ~67 ppm) raised,
indicating that the interconversion take place through the ampy de-coordination (Figure
7). A similar behaviour was observed with complex 3 in presence of ampy at RT. The
kinetic ampy derivative trans-Ru(OAC)2(DCyPF)(ampy) (7) was readily formed at room
temperature, affording two doublets at & 39.3 and 37.0 ppm with a 2J(P,P) = 28.8 Hz
in the 3'P NMR spectrum (Figures 57, 58, pag.97). However, within 24 h this complex
slowly converts to a mixture of cis and trans isomers in equilibrium with the precursor

2, displaying a broad singlet at & 64.2 ppm (Figure 8).
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Figure 5 3'"P{'H} NMR spectrum of trans-Ru(OAc),(DiPPF)(ampy) (6a) in CD,Cl» at 0°C

17



65'C
mw.w/
VERA\S
oLzf
mn.m\
11T

we—

[ C9LSY

[ ¢b0S'C

[ 6T6£°0

r09S6°Z1

|

1.5 1.0

2.0

4.0

4.5
f1 (ppm)
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tube after 5 min and 1 h at room temperature.
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2.1.4 Carbonyl compounds deriving from Ru(OAc):(DiPPF)
In the view of extending the reactivity of the Ru(OAc)2(DiPPF) (2) fragment we have

investigated the preparation of the corresponding carbonyl derivatives. Treatment of 2
with CO(g) at 1 atm in DCM leaded to the formation of trans,cis-Ru(OAc)2(CO)2(DiPPF)
(8) in high yield (Scheme 6). The complex gave in the 3'P NMR one sharp singlet at &
26.5 ppm (Figure 61, pag.100) and showed in the 3C{'H} NMR a dd at & 195.8 ppm
with 2J(C,P) = 105.2 Hz and 20.9 Hz, indicating that the two carbonyl ligands were
coordinated trans to the phosphorus atoms, confirming the formation of the kinetic
product (Figure 60, pag.99). By heating the isolated product in solid state at 120 °C
under high vacuum overnight, one of the carbonyl was released, affording selectively
Ru(OAc)2(CO)(DiPPF) (9). Attempts to obtain mono carbonylation with CO(g) by using
different solvents or reaction temperatures failed, due to the high lability of the acetate
ligands trans to phosphorus atoms. A selective method to produce compound 9
involves the use of aqueous formaldehyde or paraformaldehyde via a decarbonylation

reaction (Scheme 7).
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Scheme 7 Mechanism for the decarbonylation reaction of formaldehyde.

Complex 2 in fact reacted cleanly with formaldehyde (aq.) (5 equiv.) in toluene at
reflux within 2 h, affording the monocarbonyl acetate complex 9 in 78% yield.
Alternatively, complex 9 was also prepared by reaction of 2 with paraformaldehyde in
toluene with a slower conversion rate. At RT the 3'"P{'H} NMR spectrum of 9 in CD2Cl2
shows a very broad singlet at & = 61.7 ppm (Av = 110 Hz), while the "H NMR spectrum
exhibited four C-H signals for the ferrocene CsH4 moiety and a singlet at & = 1.92 ppm

for the two acetate ligands, furthermore, the signals of all the quaternary carbons were
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not detectable in the 3C{"H} NMR spectrum regardless of the deuterated solvent,
concentration, duration and relaxation time (4 — 10 s) selected for the analysis, even
on different NMR instruments. This indicates a rapid exchange of the OAc groups on
the NMR time scale at RT (Figures 62, 63, 64, pag.102) Scheme 8.

A
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O \I
;o
Scheme 8 Fluxionality of the acetate ligands on the position in trans to one phosphorus.

Upon cooling at -75°C both the 3'P and '"H NMR spectra become more complex, in
particular the phosphorus NMR exhibits two major signals, namely two doublets and
one singlet. Moreover the '3C showed two different carbonyl signals, a doublet of
doublets at & 206.0 ppm with 2J(C,P) = 21.8 and 15.9 Hz, and a triplet at & 204.4 ppm
with 2J(C,P) = 17.9 Hz (Figures 65, 66, 67, pag.103). This is possibly due to the
formation of conformers due to the steric hindrance exerted by the bulky isopropyl
ferrocene ligand. The CO stretching of 9 was at relatively low wavelength (1939 cm-"),
in agreement with the presence of the electron-rich diphosphines. Addition of different
amounts of benzylamine showed the coordination of only one amine ligand, indicating
compound 9 is a monomer.

Under 1 atm of CO(g) in DCM, complex 9 converted to the derivative cis,cis-
Ru(OAc)2(CO)2(DiPPF) (10) in 24 h (Scheme 6). This complex shows two sharp
doublets in the 3'P NMR spectrum at & 50.8 and 39.2 ppm, with a doublet of doublets
and a triplet in the '3C spectrum for the two CO ligands, confirming the cis,cis-
geometry (Figures 68, 69, 70, pag.106). Keeping complex 10 for 40 h in DCM at RT
under inert atmosphere, the precursor 9 spontaneously formed (26% conversion) as
inferred from the characteristic broad singlet at & 60.6 ppm in the s1p NMR spectrum.
This confirmed that the second carbonyl in trans to the phosphorus "esulted barely
coordinated due to a strong trans effect compared to the other strongly coordinated in
axial position (Figure 71).

Finally, a different synthetic pathway has been investigated to produce complex 9,

using a precursor with higher ruthenium content per mole with respect to 1. Starting
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from the polymer precursor [Ru(CO)2(Cl)2]» by addition of DiPPF and 10 equivalents of
sodium acetate. This route displays a higher atom economy and is relevant for possible
industrial applications. Among the different solvents, toluene at reflux led to a
straightforward production of 9 with good yield, while with tert-butanol and other
alcohols (ethanol, 2-propanol) the reaction was very slow or it failed. The rate of
formation of the desired product plays a crucial role, too long reaction times could drive
the formation of undesired products due to the oxygen sensitive diphosphine.
Furthermore, in the presence of 10 equivalents of CHCIs the RuCl(k?-
OACc)(CO)(DiPPF) (16) was obtained in low yields (Figures 87, 88, page 126).

2.1.5 Carbonyl compounds deriving from Ru(OAc)2(CO)(PPh3):

The complex Ru(OAc)2(CO)(PPhs)2 was firstly reported by Wilkinson. In his
procedure bubbling CO through a solution of 1 in MeOH results in a pale green
precipitate. This complex was applied successfully as precursor for the production of
Ru(OAC)2(CO)(PP) type complexes with a number of diphosphines in Baratta’s
research group, whereas the substitution of the monodentate triphenylphosphine with
bulky chelating diphosphines, such as 1,3-dicyclohexylphosphinopropane (DCyPP),
4Cy-josiphos or triphos was still unreported. Unfortunately, the 'H
NMR characterization of the Cy phosphine derivatives Ru(OAc)2(CO)(DCyPP)
(11) and Ru(OAc)2(CO)(4Cy-Josiphos) (12) was difficult because of the presence of
very broad signals in the region below 2 ppm (Figures 72, 74, 109). On the other
hand, the 3'P NMR showed broad signals, similar to that of related fluxional
complexes, such as 9 or Ru(OAc)2(CO)(dppf) (Figures 73, 75, 109) explained above
in Scheme 8. The reaction with triphos led to a mixture of three species showed in
Scheme 9 (Figures 76, 77, pag.113).
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Scheme 9 Reaction of the triphos ligand with the Ru(OAc)2(CO)(PPhs), precursor
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The major one 75 mol% is consistent with the formation of the desired product
Ru(OAc)2(CO)(Triphos) (13) in which the tridentate ligand exhibits an A2X signal
pattern at the phosphorus NMR. The second more important species (~ 20 mol% of
the mixture) showed a broad singlet at 40.3 ppm, this belongs to the already reported
Ru(OAC)(Triphos)®® and derives from the de-coordination of the carbonyl ligand
favoured by the k? chelating ability of two acetate ligand in cis position to the CO. The
less abundant species in the mixture (less than 10%) was attributed to the cationic
complex in which one acetate is k?-coordinated and the second act as counter anion.
If optimized, this should be a viable new synthetic route for the synthesis of this
compound without the need of using the expensive precursor Ru(Me-allyl)2(COD) that
requires inert atmosphere and very dry solvents, however these studies being outside
the scope of this thesis. All these reactions were carried out in toluene that allows
solubilization of the precursor and higher operational temperatures, leading to an

increase of the reaction rates.

2.1.6 Reactivity of Ru(OAc)2(CO)(DiPPF) (9)

Preparation of trifluoroacetate complexes by protonation of acetate ligands on the
metal with TFA and subsequent substitution, is an easy way to achieve more reactive
compounds. During this thesis work a great effort has been addressed to isolate and
characterize new trifluoro acetate derivatives from Ru acetate complexes, starting from
precursor 1. Addition of TFA (1 and 2 equiv) to 9 in CD2Cl2 leads to new species, as
inferred from the 3'P NMR measurements. With 1 equivalent of TFA two broad singlets
were detected at 6 67.8 and 59.8 ppm, consistent with the formation of two new species
which equilibrate with the precursor 9 (Figure 83, pag.118). Upon addition of a second
equivalent of TFA the two peaks disappear leading to a new broad signal at & 63.4,
indicating the successful exchange of all acetate ligands with the stronger acid (Figure
9). Among the several procedures developed for the isolation of the trifluoro acetate
derivate Ru(k'-OCOCF3)(k?>-OCOCF3)(CO)(DiPPF) (14), the most efficient is the
treatment of 9 with an excess of TFA, followed by addition of calcium carbonate to
eliminate the excess of TFA and the generated acetic acid as calcium salts. The
isolated product shows a sharp singlet at 3'P NMR in [Dg]toluene (Figure 80, pag.116)
which broaden with the time in solution to match the signal observed in situ formation
(Figure 10). The 3C NMR spectra of 14 at room temperature are poor due to the high
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fluxionality of this compound, whereas the more sensitive 'F NMR showed two distinct

CFsgroups (Figure 81).
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Figure 9 Superimposition of 3'P NMR spectra of 9 after one and two equiv. of TFA in CDCl»
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Figure 10 Superimposition of 3'P NMR spectra of 14 freshly dissolved in [D8]Toluene at 25°C (red)
and after 24h(blue).
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The reactivity of Ru carboxylate in the activation of terminal alkynes is well known. [0l
Compound 9 that possesses a high electron density on the metal, with respect to the
complexes bearing aryl diphosphines, in the presence of phenylacetylene (1 equiv.)
and a base in toluene affords the corresponding acetylide Ru(k?-
OAc)(CO)(DiPPF)(C=CPh) (15), with no formation of the corresponding vinylidene
complex. The crystal structure of this compound (Figure 11) showed a Ru — C1 bond
of 2.040 A, significantly longer than vinylidene complexes, with a C1 — C2 length of
1.200 A, that was in the range of a normal C=C triple bond. The angle Ru — C1- C2 of
172.3 was close to the linear as expected for this kind of complexes whereas the O1 —

Ru — 02 was narrowed by the k? binding mode of the acetate.

Figure 11 ORTEP style plot of compound 15 in the solid state. Ellipsoids are drawn at the 50%
probability level. H-atoms are omitted for clarity. Selected bond lengths [A] and angles [°]: Ru1 - P2
2.3018(6), Ru1 - P1 2.4658(7), Ru1 - 03 2.1936(17), Ru1 - 02 2.2013(17), Ru1 - C1 2.040(2), Ru1 -
C91.816(3), C1-C2 1.199(3), P2 - Ru1 - P1 100.28(2), 03-Ru1-02 59.51(6), C1 - Ru1 - P1 172.56(7).

2.1.7 Conclusions

In conclusion, the straightforward exchange reaction of triphenylphosphine with
metallocene based bulky alkyl-diphosphines DiPPF and DCyPFc on the acetate
complexes Ru(OAc)2(PPhs)s and Ru(OAc)2(CO)(PPhs)s afforded novel versatile
precursors Ru(OAc)2(PP) and Ru(OAc)2(CO)(PP). Since the Ru chemistry of bidentate
alkyl phosphines is practically unexplored and a significant difference in the chemical
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reactivity and catalytic activity is expected compared to the commonly employed aryl
diphosphines, these precursors open the way to new Ru based catalytic systems.
Preliminary studies show that compound Ru(OAc)2(CO)(DiPPF) 9 in the presence of
TFA undergoes easy protonation of the acetate ligands, affording the corresponding
more reactive trifluoroacetate species, whereas interaction of phenylacetylene with 9

in a basic environment leads to the mono acetylide derivative.
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2.2 Transfer Hydrogenation of ketones

2.2.1 Background of Ru promoted reductions catalysis

Starting from the observation performed during the first half of the past century,]
significant improvements have been made in the synthesis and development of late
transition metal catalysts for hydrogenative processes. A great variety of transition
metal centers, ligands, conditions, solvents and hydrogen sources, have been studied
for the reduction of unsaturated compounds, reaching nowadays an advanced
technological level, enough to be applied on industrial scale. Ir, Ru, Rh, Os!'%! and,
very recently Mn,#2 have exhibited a very good potential. Complexes bearing P-, O-,
S-, C- and N-ligands in various forms, ranging from monodentate to tetradentate
ligands (such as N-heterocyclic carbenes, half sandwich, multidentate phosphines,
amines and their proper combinations) are typically the most popular catalysts for
metal-promoted reductions. As shown in Scheme 10, hydrogenation (HY) process
occurs with the reduction of the C=0 group by molecular hydrogen (top), while transfer
hydrogenation (TH) formally involves two H atoms provided by a hydrogen donor

molecule (bottom), such as 2-propanol.

H
(0] 0~
HY
L —_ H
+  H-H  —
R "R® DHY R1J<R2
_H
O O TH O/H (0]

Lo v+ K — K+ I

Scheme 10 Hydrogenation and transfer hydrogenation reactions.

R1

Alternative feasible hydrogen donors are formic acid, formic acid/triethylamine
mixtures and formate salts. Primary alcohols, such as ethanol or methanol, are
generally less suitable hydrogen donors than secondary alcohols such as 2-propanol,
due to their unfavourable redox potential.*3l On these bases, HY is thermodynamically
easier and should afford complete conversion at lower temperatures. However, TH
with 2-propanol is an equilibrium reaction which can be shifted to the alcohol product
by mass effect using it as solvent. Because of its operational simplicity and the absence

of the risks associated with the use of Hz, TH has increasingly been used in industrial
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plants, representing a valid alternative to HY. In both catalytic TH and HY reactions, a
metal-hydride species is usually involved as key intermediate, 4 then reaction with the
carbonyl substrate leads to a metal alkoxide complex via migratory insertion reaction[4°]
(Scheme 11). The upper part of the scheme presents the “inner sphere mechanism” in
which the metal alkoxide reacts with 2-propanol, then the produced metal-isopropoxide
undergoes a B-hydrogen elimination to release acetone and regenerating the active
M-H species. Conversely, in the HY, the metal alkoxide reacts with Hz, possibly
involving a n?-coordination to the complex,“8! with consecutive H-H splitting and
regeneration of the M-H bond (lower part of Scheme 11). It is worth noting that C-H
activation generally requires a cis vacant site,[*’l although a facile B-hydrogen
elimination reaction promoted by 18-electrons Ir(lll) complexes has been claimed by

Milstein.[48]

transfer hydrogenation

OH

H
b-H elimination O—RuL, R? R?

)OKi/ JT SR
'

R" 'R
H—RuL, — O—RuL,
migratory insertion /<\H
H, spliting X

on o—rul,

1
R i Ha
H H+H
RT "R R?

hydrogenation

Scheme 11 Reduction of carbonyl compounds via inner sphere TH and HY pathway.

On the turn of 2000s a breakthrough in asymmetric TH (ATH) and HY (AHY), was
the development by Noyori of the catalysts RuCl(n®-arene)(N-arylsulfonyl-dpen) and
and the following work on trans-RuCl2(BINAP)(1,2-diamine),['3l which are highly active
in the ATH and the AHY of various aromatic ketones [“°l and imines [%; respectively
(Figure 12).
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Figure 12 Highly efficient Ru and Os catalysts for asymmetric transfer hydrogenation and
hydrogenation of ketones.

The high activity of these systems is attributed to the presence of the NH2 group,
that leads to the formation of 16-electron Ru-amide species. For example during the
TH promoted by the Ru(n®-arene) complex (system A Figure 12), after the formation
of a metal-hydride intermediate, both the Ru-H and Ru-NH:2 linkages react with the
substrate leading to the alcohol product and a Ru-amide species (also characterized
in the solid statel*9) which is rapidly converted back to the active metal hydride species

by the reductive media (IPA or hydrogen) (Scheme 12)

transfer hydrogenation

(0] OH
H

H—NHR J\ ) NHR OH

R” "R I H
H—RuL, — RuL, Rt <R?

H, spliting x /
NHR
H | Ha
|---RuL,

hydrogenation
Scheme 12 Reduction of carbonyl compounds via outer sphere TH and HY pathway.

The Ru-ammide species was also confirmed starting from the RuClz(PP)(1,2-
diamine)®'! (B, Figure 12), which is better suited for HY affording the alcohol product
and the Ru-amide. Conversely, Bergens reported that reacting Ru(H)2(BINAP)(dpen)
with acetophenone the corresponding alkoxide RuH(OR)(BINAP)(dpen) (OR=1-
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phenyl-1-ethoxide) is formed and that the generation of the Ru-amide and 1-
phenylethanol occurs involving a transition state with a partial Ru-O linkage.[®?

The compounds RuCl2(PP)(ampy)i®3 (C, Figure 12) are highly active catalysts for
both TH and HY reactions. Moreover, these type of complexes have been proven to
promote a series of organic transformations involving the C-H bond activation of
alcohols, such as dehydrogenation, allylic alcohol isomerization, ketone a-
alkylation,[?2cl amine alkylation, and amide formation.5* Expanding the work on the
catalysts of the type C, the pincer complexes MCI(CNN)(PP) (D, Figure 12) (M =
Ru,[17a, 17b, 53b, 55] g;[19a, 56l HCNN = 1-(6-arylpyridin-2-yl)methanamine) were designed.
They are one of the most efficient catalysts for the TH of carbonyl compounds in 2-
propanol, affording TOF up to 10° h"' and extremely high productivity (TON =
10%) showing enantioselectivity (up to 99 % ee). In this view, the carboxylate
precursors described in the previous chapter, perfectly fit the will to design new
complexes with an increased and wide reactivity for a growing number of reactions,
accomplished by changing and optimizing coordination motif on the metal. Thanks to
their modularity was possible to put together the robustness of a strong facial
configuration of diphosphine and CO ligands borrowed from the arene and Cp*
complexes, with the trans induction of the basic phosphines. Moreover, the acetate
fragment was an attractive ligand due to its lability. In fact, switching from k2 to k'
coordination it's able to generate a free position on the metal, without changing its

oxidation state. This is an interesting feature still poorly exploited.

2.2.2 TH of acetophenone promoted by acetate complexes

The catalytic activity of some of the acetate complexes obtained in chapter 2.1 was
investigated in the reduction of the model substrate acetophenone via TH in the
presence of sodium 2-propoxide as the base. Figures 13 - 16 show time—conversion
profiles, built trough GC data.

Precursor 2, was tested in the presence of diamine ligands ampy and en and also
without NN ligands, showing an increased activity in presence of the NHz2 group (entries
1, 5, 6 Table 2) affording TOF between 1500 and 2500 h-' (Figure 13) Unexpectedly,
in the absence of amine ligands, complex Ru(OAc)2(dppf) (TOF 4500 h-') resulted in
a better catalytic performance (entry 2, Table 2, Figure 14). Also, the preformed ampy

derivative as a cis/trans mixture of compounds 6b/6b' (entry 3, Table 2), showed a
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reduced activity compared with the in situ generated complex according with the
relatively easy release of the diamine ligands (see chapter 2.1.3). Moreover, complex
7, for which the dissociation of ampy was much slower, exhibited a higher catalytic
activity with a TOF of 3000 h-! (entry 4, Table 2, Figure 15) indicating that, in this
catalytic condition the deactivation processes occurred as soon as the NN ligand was
released. When higher substrate/catalyst ratio (S/C 20000) was used (entries 7,8
Table 2) the conversion of acetophenone was very low (<10%) for both ampy and en

complexes.

TH promoted by 2

100—-
90—-
80—-
70

60

Conversion(%)

50

®  Ru(OAc),(DiPPF) + ampy
40 A Ru(OAc),(DiPPF) +en
] v Ru(OAc),(DiPPF)

30

T T T T T T T T T 1
0 50 100 150 200 250 300
Reaction Time (min)

Figure 13 TH of acetophenone promoted by 2 in presence of diamine ligands.
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Figure 14 TH of acetophenone promoted by 2 vs Ru(OAc)2(dppf)
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Figure 15 Comparison complex 7 with 6 generated in situ

1
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Moving to the carbonyl complex 9, higher activity was observed with TOF 8000 h,
indicating a higher robustness of the catalyst conferred by the CO ligand. The presence
of diamine boosted the activity to TOF 30000 h-! (entries 7, 8 Table 2), and upon

addition of ampy to 9 a great acceleration effect was detected but, unfortunately,

deactivation occurred in less than 2 min. Conversely, productivity of dicarbonyl species
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8 was very low, in accordance with the fact that this complex entered the catalytic cycle
only after the release of one CO ligand from the coordination sphere. The reaction
carried out in the presence of benzylamine as the only base, showed low reaction rate
(entry 13, Table 2) suggesting that no carbometallation process occurred during the
reduction. The time-conversion profiles of compound 9 with different amine ligands,
indicate that addition of ampy dramatically increases the reaction rate (Figure 16).
However, all the systems reported in figure 16 were not able to match the catalytic

activity of Ru(OAc)z(dppf), which in the presence of ampy is able to reach TOF up to
105.122¢]
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Figure 16 TH of acetophenone promoted by 9 with NN ligands

Surprisingly, complex Ru(OAc)2(CO)(4Cy-Josiphos) (12) was found to be very
active in the reduction of acetophenone with an S/C = 1000, in mild temperature
conditions down to 30 °C, the reactions completed in 5 min showed TOF = 80000 h-'
(entries 14 — 17, Table 2). It has to be noticed that 9 showed poor catalytic activity at

30 °C, hinting that the catalyst activation requires higher temperature.

Table 2 TH of acetophenone promoted by complexes 2 — 12 in presence of NaOiPr

Additive Time Conv.[a] TOF

Entry Catalyst (equiv.) S/C (h) [%] [h]
1 Ru(OAc)2(DiPPF) 1000 4.5 96 1500

2 Ru(OAc)2(DPPF) 1000 1 95 4600
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Additive Time Conv.[a] TOF

Entry Catalyst S/C

(equiv.) (h) [%] [h]
3 Ru(OAc)2(DiPPF)(ampy) 1000 1 56 250
4 Ru(OAc)z(DCyPF)(ampy) 1000 1 99 3000
5 Ru(OAc)2(DiPPF) ampy (10) 1000 3.5 94 1200
6 Ru(OAc)(DiPPF) en (10) 1000 4 94 2500
7 Ru(OAc)2(DiPPF)(ampy)) 20000 1 13 -
8 Ru(OAc)2(DiPPF)(en) 20000 1 4 -
9 Ru(OAc)2(CO)(DiPPF) 1000 2 80 8000
10 Ru(OAc)2(CO)(DiPPF) ampy (10) 1000 1 92 24500
11 Ru(OAc)2(CO)(DiPPF) BzNH2 (10) 1000 3 90 30000
12 Ru(OAc)2(CO)2(DiPPF) 1000 5 82 250
13 Ru(OAc)2(CO)(DiPPF) BzNH2 (10) 1000 3 80! 500
14 Ru(OAc)2(CO)(4Cy-Josiphos) 1000 1.5 min 98 38000
15 Ru(OAc)2(CO)(4Cy-Josiphos) ampy (10) 1000 10 min 98 30000
16 Ru(OAc)2(CO)(4Cy-Josiphos) 1000 1 min 96! 58100
17 Ru(OAc)2(CO)(4Cy-Josiphos) 2000 5 min gold 80000

[a] The conversion was determined by GC analysis. [b] no addition of NaOiPr in the system
[c]Temperature = 60°C. [d] Temperature = 30°C

2.2.3 TH in presence of terdentate ligand Hamtp

Unfortunately, attempts of TH with complex 9 on other substrate as (L)-menthone
or citral (a 2/1 mixture of the geometrical isomers geranial/neral) did not result in the
desired outcomes. In particular, the product of the reduction of (L)-menthone in the
best conditions found for acetophenone, was a mixture of 4 of all the possible isomers
namely (+)-neomenthol, (+)-isomenthol, (-)-menthol, (+)-necisomenthol, (Figure 17)
with no appreciable degree of stereoselectivity, whereas citral attained only partial

conversion into the corresponding alcohols.

Table 3 TH of (L)-menthone promoted by 9.

Selectivity (%)
Complex  Additive Time (h) Conv. (%) Alal B! Clel  p
9 - 6 40 16 7 34 43
9 ampy 6.5 92 20 9 29 42

[a] (+)-neomenthol; [b] (+)-isomenhol; [¢] (-)-menthol; [d] (+)-neocisomenthol
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Figure 17 All possible menthol isomers deriving from the reduction of (L)-mentone

Our attempts of enhancing the catalytic activity of the novel acetate systems pointed
the attention on the combination between Ru(OAc)2(CO)(PPhs)2 or precursor 2 with
the tridentate ligand Hamtp (Scheme 13), for the in situ formation of acetate homologs
of type D in Figure 12 of the previous section, using the weaker base K2COs. As a
matter of fact, it has been observed that k'-acetate complex Ru(OAc)(CNN)(dppb)
displays a higher rate of reaction with respect to the chloride congener
RuUCI(CNN)(dppb) in the TH of acetophenone.['7¢ 7]

PPh,
| OAc — IPA
a) O—R|u—CO NN —
. f reflux
Ao PPh NH
2

Q‘Pn, \\\ —

b) v~ + N
©/P 0 \
— %O\( NH,

2

Scheme 13 Proposed catalytic species from the in situ reaction of Hamip with complexes
Ru(OAc)>(CO)(PPhs)2 (a) and 2 (b)

Indeed very good results were achieved with complex bearing triphenylphosphine
as precursor with TOF of 8000 and 900 h-' (Table 4; Figure 18) with a good selectivity
in favour of desired (-)-menthol (77%). No enhancement of the catalytic activity was
observed in the presence of the bulky diphosphine DiPPF, suggesting that the
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increased electro donation properties of this ligand do not significantly affect the

catalytic performances of this system.

Table 4 TH of (L)-menthone (0.1 M) with Ru(OAc)2(CO)(PPhs)2 or 2 in 2-propanol at 82 °C in the
presence of 5 mol% K,;COQO:s.

Selectivity (%)
Complex Additive S/C Time Conv. (%) A2l B! Clel  pl
Ru(OAc)2(CO)(PPhs)2  Hamtp 1000 30 min 99 18 3 77 1
Ru(OAC)(CO)(PPhs), Hamtp 10k 56 h 81 15 3 53 10
2 Hamtp 1000 6 h 20 4 3 5 7
24DDD_§
T e
[} e ———
3.0 35 4.0 4.5 S0 5.5 5.0 B3 T

Retertion Time (min]

Figure 18 GC chromatogram of the reduction of menthone in presence of Hamtp (S/C 1000).

A confirmation of the high robustness and productivity of the active species obtained
from the system Ru(OAc)2(CO)(PPhs)2 / Hamtp, was found in the TH of citral in the
same condition applied with (L)-menthone (Table 5). Full conversion was attained with
S/C in the range 1000 and 10000 in 10 and 90 min, respectively.

Table 5 TH of citral (0.1 M) with Ru(OAc)2(CO)(PPhs): in 2-propanol at 82 °C in the presence of 5 mol%

K2COs.
Complex Additive S/C Time Conv. (%)
Ru(OACc)2(CO)(PPhs)2 Hamtp 1000 10 99
Ru(OAc)2(CO)(PPh3)2 Hamtp 10k 90 98
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2.2.4 Conclusions

The TH of acetophenone catalysed by the novel acetate complexes Ru(OAc)2(PP)
(PP= DiPPF, DCyPPF) and Ru(OAc)2(PP)(NN) (NN= ampy, en), has been
investigated. They showed good activity with TOFs up to 30000 but low TONs up to
2000; no important differences were observed between the systems Ru(OAc)2(PP)
and Ru(OAc)2(PP)(ampy). As a matter of fact, the joint steric hindrance with the strong
trans-effect of the basic diphosphines weakens the coordination of the ampy ligand,
hinting that the Ru(OAc)2(PP)(ampy) systems eventually end up in the same catalytic
active species of the Ru(OAc)2(PP) congeners. This fact likely determines the reduced
acceleration effect granted by the bifunctional NH2 moiety when in the metal
coordination sphere. On the other hand, the complex Ru(OAc)2(DiPPF)(en) with a
more coordinating diamine, that appears to release very slowly the nitrogen ligand, but
with no significant improvement in the catalytic outcomes.

The carbonyl complexes Ru(OAc)2(CO)n(PP) (n= 1, 2; PP= DiPPF, Cy-Josiphos)
showed good performances with n=1, whereas with n=2 moderate catalytic
performances were observed, hinting that the de-coordination of CO is a key step to
obtain catalytically active species. The addition of nitrogen ligands to monocarbonyl
complexes dramatically increased the reaction rate, suggesting that carbonyl
complexes produce more robust and stable species than their Ru(OAc)2(PP)
congeners.

The carbonyl precursor Ru(OAc)2(CO)(PPhs)2 in combination with the tridentate
ligand Hampt proved to be successful in the reduction of citral to its corresponding
alcohol mixture and of bulky (L)-menthone to (-)-menthol with good stereoselectivity
and productivity (S/C 1000).

Further studies are in progress to better understand the catalytic activity of these
complexes and for broadening the scope of the TH reaction to other unsaturated

substrates.
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2.3 Aldehyde Hydrogenation
2.3.1 Background of Ru promoted Hydrogenation

Reports on reductions in a monophasic system date back to 1938 when Calvin
described the hydrogenation of quinone using copper acetate system with hydrogen.
Since then catalysis started to acquire an increasing attention and relevance in view
of the manifold applications. A breakthrough in the development of homogeneous
hydrogenation came as direct result of the discovery of the RhCI(PPhs)s system,
reported by Wilkinson, which was found to catalyse the olefin hydrogenation. Because
of the growing interest in the catalytic hydrogenation, from the middle of the 60’ the
literature has become vast and a lot of reviews and books appeared, focusing mainly
on the C=C bond reduction. Nowadays, hydrogenation is applied in many synthesis of
pharmaceuticals, flavors, and fragrances.™ It has been estimated that approximately
25% of all chemical processes include at least a catalytic hydrogenation step,®
contributing also to ca. 8% of the world’s GDP. As a matter of fact, hydrogenation is
one of the most applied reaction for the manufacture of chemicals and it is not
surprising that HY remains one of the widest areas of research in catalysis.

As regards the hydrogenation of carbonyl compounds several ruthenium
compounds were reported in 70’ to display moderate to good activity. In these studies,
the systems were generally based on the phosphine-coordinated ruthenium carbonyl
compounds, previously employed in catalytic C-C forming reaction involving CO. Thus,
the hydroformylation catalyst Ru(CO)s3(PPhs)2 was shown to be effective in the
hydrogenation of propionaldehyde under 20 bar H2 and at 120 °C 6% Tsuji and Suzuki
used the complex RuCl2(PPhs)s to hydrogenate a series of aliphatic and aromatic
aldehydes 81 The derivatives RuHCI(PPhs3)s, RuHCI(CO)(PPhs)3, and RuCl2(PPhs)3
were used to reduce both aliphatic and aromatic aldehydes, although benzaldehyde
reduction was less efficient than with the previously mentioned RuCl2(CO)2(PPhs)2
catalyst. Although RuHCI(PPhs)s displayed good activity, the catalysis occurs with
concomitant decarbonylation of the aldehyde, as proven by the formation of metal
carbonyl species at the end of reaction. Carbonyl complexes appeared more robust
toward this side deactivation reaction of the catalyst, RUHCI(CO)(PPhs)s was found to
be one of the most efficient catalyst. Using propionaldehyde with a S/C of 50000,
turnover numbers of up to 32000 were achieved after 50 h at 140° C under 30 bar of
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H: 1621 Highly selective reduction of citral was described by Hotta using RuHCI(PPhs)s
1631 achieving poor selectivity (66%) in toluene under 50 bar Hz at 30° C. Interestingly,
addition of 12.5% HCI, and performing the reaction in toluene : ethanol mixture (27 :
3), afforded 99% conversion with increased selectivity (98%).

Although significant progress has been made concerning the selective reduction of
carbonyl groups in presence of C=C double bonds,!'? 64 only few examples of catalysts
are known which exhibit high selectivity for the hydrogenation of carbonyl group vs.
olefin moieties. The chemistry becomes even more challenging when a formyl and a
ketone group are present in the same molecule. In particular, such reaction is important
for the production of flavours, fragrances!®® and pharmaceuticals./®! Very recently,
Dupau and coworkers reported a general and highly efficient method for the
chemoselective catalysed aldehyde hydrogenation, under base-free conditions, of a
variety of different ketoaldehydes reaching turnover numbers (TON) up to 40000, by
replacing the halide ion in RuClz(diphosphine)(diamine) with a carboxylate ion, which
led to a great improvement of catalytic efficiency and a high selective hydrogenation
of aldehydes fragment. However, this Ru(OCOtBu)2(dppe)(en) catalyst needs 1 mol%
of carboxylic acid (e.g., benzoic acid) as additive to obtain higher turnover numbers.[¢7]
Several systems have been reported involving stoichiometric hydrogenation of ketones
or aldehydes by metal hydrides in the presence of acids. The ionic hydrogenation
mechanism accounts for most of these hydrogenations. An early example came from
the report in 1985 by Darensbourg et al. with a Cr complex [CrH(CO)4P(OMe3z)s] [68]
which catalysed propionaldehyde reduction to propanol in presence only of AcOH.
Hydride transfer from [RuH(CO)(bpy)2]* occurs in the hydrogenation of acetone even
in aqueous solutions.[® Mechanistic studies on the dependence of the reaction rate
upon the acid concentration occurring with hydride transfer mechanism, showed a first
order dependence for the acid and the metal hydride species, thus the genera
proposed mechanism for this kind of catalysis reports a pre-equilibrium protonation of

the aldehyde followed by hydride transfer from the metal to the substrate.[’”]
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Scheme 14 Proposed lonic mechanism for hydrogenation.

The growing number of fields in which HY is employed is also increasing the amount
of solvents needed to run the reactions, especially on a huge scale productions, with
more than 15 billion kilograms of organic solvents produced each year.l’l This
environmental problem force to place an intense emphasis on the development of
chemical reactions that reduce wastes, as stated in one of the Principles of the Green
Chemistry.[’? It indicates that the use of a solvent should be avoided whenever
possible. Moreover, in carbonyl compounds hydrogenation the presence of various
type of solvents (organic, aqueous, or acidic solvents) may cause serious problems in
product separation.’”"- 731 Therefore, it is desirable to develop solvent-free
hydrogenation processes for efficient and clean productions, aimed to the sustainability
of the chemical industry.

Herein, we report our results on solvent-free hydrogenation of aldehydes.
Furthermore, all the catalytic hydrogenations were carried out using as substrates neat
undistilled (aged or freshly opened) and not degassed aldehydes. In this way it was
possible to simulate the exploitation of raw starting materials, reducing as much as
possible the treatments needed for a large or mid-scale applications. As a matter of
fact, it is of paramount importance to establish the activity of catalysts for substrates of
commercial grade purity for example not under strict inert atmosphere, since the
experimental conditions of industrial plants may significantly differ from the model

reactions carried out in academic labs.

2.3.2 Hydrogenation of Benzaldehyde in presence of KOH

The activity of the novel ruthenium acetate complexes was investigated starting on
a 40 mmol scale of benzaldehyde, with 28 bar H2 pressure, using a high
substrate/catalyst ratios, aiming to reduce the metal content in the final product (50
ppm or lower of Ru). Since the catalytically active ruthenium-hydride species are

usually generated in basic media,** 74 where aldehydes undergo undesirable side
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reactions, very low amount of KOHaq) (less than 0.125%) was added to neat aldehyde,
to minimize the formation of high weight by-products (i.e. aldol condensation,!’®

Tishchenkol”® or Cannizzaro reactionsl’”1 (Scheme 15).

e} [Rul,

S/C = 20,000/
H OH
neat, 90°C, 28 bar H,,

0.125 mol % KOH, 16 hrs

40 mmol
4 mL

Scheme 15 General condition for HY of benzaldehyde in presence of the basic additive 1M KOH (ag).

Good performances were exhibited by the complexes Ru(OAc)2(CO)(DiPPF),
Ru(OAc)2(CO)(dppf), RuCI(OAc)(CO)(DiPPF) and the RuClz2(dppb)(ampy) with TOF of
1356, 1827, 2262, 1795 h™' respectively (Figure 19, entries 1, 2, 11, 15, Table 6), while
in the same conditions the precursors 1 and Ru(OAc)2(CO)(PPhs)2, with the
corresponding complexes bearing the diphosphines 4Cy-Josiphos, DCyPP and dppb,
resulted in poor conversions (entries 9, 10, Table 6). Complexes
Ru(OAc)2(CO)(DiPPF) (9) and Ru(OAc)2(CO)(4Cy-Josiphos) (12) were also tested at
35 and 50 °C, but no or poor conversion was achieved indicating that higher
temperatures are required for their activation (entries 6, 7, 8, Table 6 ). Notably, in
the presence of base these complexes showed very high activity in the
transfer hydrogenation of acetophenone at 30 °C with TOF= 80000 h-' (see
chapter 2.2.2). Conversely, the well-known triphos complexes Ru(OAc)2(CO)
(Triphos) (13) and RuH2(CO)(Triphos) (entries 12, 13, Table 6) catalyze the carbonyl
compounds reduction only under harsher conditions (~140°C), thus the activation

occurs at higher temperature.["8
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Figure 19 H, Uptake in HY promoted by carboxylate catalysts in presence of basic additive TM KOH ag).

The replacement of one acetate ligand with a chloride on the ruthenium
monocarbonyl moiety in the RuCI(OAc)(CO)(DiPPF), resulted in slightly higher activity
and shorter time to reach the maximum uptake of Hz (entry 11 Table 6) with respect to
the corresponding diacetate complex. It is worth noting that the analogous dichloride
carbonyl complexes have been described by Gimeno as dinuclear species
[RuCl2(CO)(PP)]2 and were found active in TH reactions.[?8¢l To investigate the effect
of the acetate vs. chloride in catalysis, the complexes cis-RuXz(dppb)(ampy) (X = ClI,
OAc) were tested in the hydrogenation of aldehydes. The carboxylate complex shows
poor activity (entry 17 Table 6). By contrast, for the monocarbonyl derivatives the
presence of acetate ligands which allows rapid activation, through dihydrogen splitting,

appears to be crucial for the catalysis in neat condition (see section 2.4.5).

Table 6 HY promoted by acetate complexes in presence of basic additive KOH.
T Hz Uptake Conversion by-product

Entry Catalyst °C] [h] [%] ™! [%] 11

1 Ru(OAc)2(CO)DiPPF 90 13.5 100 -

2 Ru(OAc)2(CO)dppf 90 10.5 100 0.6
3 Ru(OAc)2(CO)(dppb) 90 16 74.3 3.6
4  Ru(OAc)z(CO)(DCyPP) 90 - 23.9 0.7
5 Ru(OAc)2(CO)(4Cy-Josiphos) 90 - 55.7 4.3
6 Ru(OAc)2(CO)(4Cy-Josiphos) 50 - 2.5 -

7 Ru(OAc)2(CO)DiIPPF 50 - 11.7 3.9
8 Ru(OAc)2(CO)DIPPF 35 - 1.4 0.7
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T H2 Uptake Conversion by-product

Entry Catalyst [°C] [h] [%] [ [%]
9 Ru(OAc)2(CO)(PPhs) 2 90 - 12.0 2.2
10 Ru(OAc)2(PPhs)2 90 - 11.8
11 RuCI(OAc)(CO)DiPPF 90 10 99.5
12 Ru(OAc)2(CO)(Triphos) 90 - 750 -
13 RuH2(CO)(Triphos) 90 - 67.4 0.8
14 NO [Ru]/None 90 - 1.9 1.9
15 RuClz(dppb)(ampy) 90 16 97.2 0.2
16 RuClz(dppf)(ampy) 90 - 31.1 04
17 cis-Ru(OAc)z(dppb)(ampy) 90 - 75 26

[a] Approximate time for completion according to the hydrogen consumption data. [b] calculated by GC.
[c] calculated by NMR. Substrate/Catalyst/1M KOH = 20,000/1/25, 90°C, 28 bar H:

2.3.3 Hydrogenation of benzaldehyde in presence of KOH and ampy
Diamine ligands are well-known additive able to boost the rate of hydrogenation
reactions of aldehydes and ketones, since the pioneering work of Noyori et al. ['3 The
effect of addition of ampy (10 equiv.) to the catalysts Ru(OAc)2(CO)(DiPPF) and
Ru(OAc)2(CO)(dppf) was investigated in the HY under the same catalytic conditions
described in section 3.1 (Figures 20, 21). For the complex 9 a slight acceleration
effect, in comparison with the catalysis without ampy, was observed (Figure
20).The addition of ampy ligand neat or diluted in methanol led to much of the same
results (TOF 2340 and 2350 h™' respectively) (entries 1, 3, Table 7). Lowering the
amount of ampy to 5 equiv. resulted in a strong decreasing of activity (entry 2,
Table 7), while in absence of base (KOH) partial conversion (73.9%) was achieved,;
suggesting that the activation of the catalyst occurs under relatively strong basic

conditions (entry 5, Table 7).
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Figure 20 H- uptake in HY promoted by Ru(OAc).(CO)(DiPPF) in presence of diamine additives.
The presence of MeOH in small quantity (50 pL, 1.25 mmol) was also proven to

enhance the activity of the ruthenium catalyst (entry 4, Table 7). Conversely, addition

of ethylenediamine ligand had a detrimental effect resulting in a decreasing of the

activity (entry 6, Table 7). By using the complex Ru(OAc)2(CO)(dppf) in presence of

ampy modest conversion (53.9%) was achieved, as well as with ampy solution or with
addition of methanol (Figure 21) (entries 7 - 9, Table 7).

Table 7 HY promoted by catalysts 9 and Ru(OAc)2(CO)(dppf) in the presence of nitrogen ligands and

MeOH.

Entry Catalyst Additive/Solvent Hz[:;) ::ke Cor[]:/:?ﬁllon by-[':/:;) g]u o
1 Ru(OACc)2(CO)(DiPPF)  neat ampy 10 equiv. 8.5 100 -
2 Ru(OAc)2(CO)(DiPPF)  neat ampy 5 equiv. - 82.8 -
3 Ru(OAc)2(CO)(DiPPF)  ampy solution [ 8 99.8 2.0
4 Ru(OAc)(CO)DiPPF) MeOH 50 L 115 99.9 0.1
5 Ru(OACc)2(CO)(DiPPF)  neat ampy 10 equiv. - 73.98l 0.9
6 Ru(OACc)2(CO)(DiPPF)  neaten 10 equiv. 14 95.4 -
7 Ru(OACc)2(CO)(dppf) neat ampy 10 equiv. 16 53.9 0.1
8 Ru(OACc)2(CO)(dppf) ampy solution [ - 38.1 24
9  Ru(OAc)(CO)(dppf) ~ MeOH 50 pL - 44.8 1.6
10  NO[Ru] ampy solution [ - 2.0 2.0

[a] Approximate time for completion according to the hydrogen consumption data. [b] calculated by GC
on. [c] calculated by NMR. [d] ampy 0.4 M in MeOH [e] no KOH was added. Substrate/Catalyst/1M KOH

=20,000/1/25, 90°C, 28 bar Hz
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Figure 21 H> uptake in HY promoted by Ru(OAc)2(CQO)(dppf) in presence of diamine additives.

2.3.4 Hydrogenation of Benzaldehyde in presence of acidic additives

Only few examples of Noyori’s type catalysts, able to promote the HY under base
free conditions, have been reported. Furthermore, Dupau et al. have shown the
importance of the anionic ligand (i.e. carboxylate) that paves the way to the
hydrogenation in acidic conditions.l”® According to these studies, the H-H activation
may occurs through coordination of Hz to the metal, followed by heterolytic dihydrogen
splitting by a carboxylate oxygen of the ligand, affording the catalytically active Ru(ll)
hydride intermediate.

Herein, a modified version of the reduction in neat condition presented above was
applied with three representative carboxylic acids as additive, nameley acetic,
trifluoroacetic and benzoic acid. Among them, the best enhancing effect on catalytic
efficiency was found for the complexes bearing the basic DiPPF diphosphine in

presence of trifluoroacetic acid (Scheme 16, Table 8).

o [Ru],

S/C = 5,000 to 20,000/1
H OH
neat, 90°C, 28 bar H,,

0.05 mol % TFA, 16 hrs

40 mmol
4 mL

Scheme 16 General condition for HY of benzaldehyde in presence of TFA additive.
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The most active complexes found with KOH (1 M), were tested in absence of any
additive, usually defined as base free catalysis or more generally under neutral
condition, resulting in poor results (entries 1, 2,Table 8).

The activity of complexes, bearing aryl- or alkyl-diphosphines, were also tested in
presence of carboxylic acids. In particular the activity of complex
Ru(OAc)2(CO)(DiPPF) (9) (0.01 - 0.25 mol%) was also investigated with different
amounts of TFA (2 - 50 equiv.) (Figure 22) (entries 3 - 7, Table 8). By increasing the
quantity of acid, the selectivity to the desired product is not affected, as well as the
amounts of benzyl trifluoro acetal. Moreover, no observation of self-induced
hydrogenation of the TFA to trifluoro ethanol was observed by NMR
measurements, unlike previously reported for carboxylate complexes®! The
best accordance between the H2 consumption and final conversion data was
obtained with 10 equiv. of acid (TOF 1900 h-"). In all other cases, the plateau of the
uptake curve, used to track the end of the reaction, was reached in shorter times,
indicating higher activity (TOFs up to 4000 h-1)’ but it lay at relatively low values of H2
mmol consumed in comparison with the higher conversion observed by NMR. The
slightly lower conversion calculated from the H2 uptake with respect to the
conversion calculated by NMR analysis was likely due to the low accuracy of the
value for the hydrogen pressure. The conversion and activity calculated by NMR
at the end of 16 h were in accordance with the ones obtained by GC (entries 8, 9,
Table 8). Lower pressure of hydrogen and different substrate/catalyst ratios were
also tested, founding that complex 9 was able to reach almost full conversion
at 5 bar of Hz2 with a S/C of 10000:1 in 16 h (entries 10 - 13, Table 8). Regarding
complexes 11, 12, dppb and dppf analogs under the same conditions, none of them
was able to reach high conversions (entries 14 - 18,Table 8). Only the
RuCI(OAc)(CO)(DiPPF) showed an activity comparable to the Ru(OAc)2(CO)(DiPPF)
(entry 19, Table 8) with TOF 1350 h-" and a conversion to the desired product of 98.5%.
Interestingly, in slightly acidic condition the hydrogenation of benzaldehyde was not
promoted by dichloride or diacetate complexes without the CO ligand, namely
RuClI2(dppb)(ampy) RuCl2(dppf)(ampy) and cis-Ru(OAc)2(dppb)(ampy) (entries 20 -
22, Table 8). Furthermore, addition of acetic and benzoic acid gave no appreciable
improving of the reaction rate with respect to the test without additives, for both chloride

and carboxylate complexes (entries 25 — 30, Table 8) .
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Figure 22 Hz Uptake in HY promoted by Ru(OAc)2(CO)(DiPPF) with different equiv. of TFA
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Table 8 HY neat promoted by acetate catalysts 9, 12 and other ruthenium congeners in slightly acid

condition
T Additive %Y1 Hzuptake  Conv. by-product
Entry Catalyst S/C [°C] [b:l‘] (equiv. to [Ru]) z[h? [a] [%] o] y[E:/o] [b]
1 Ru(OAc)2(CO)(DiPPF) 20k:1 90 28  NOADDITIVE - 455 0.5
2 Ru(OAc)2(CO)(dppf) 20k:1 90 28  NOADDITIVE - 371 2.5
3 Ru(OAc)2(CO)(DiPPF) 20k:1 90 28 TFA 0.01 (2) - 72,7t 7.2
4 Ru(OAc)2(CO)(DiPPF) 20k:1 90 28  TFA0.025 (5) 16 93.8lc 0.9l
5  Ru(OAc)2(CO)(DiPPF) 20k:1 90 28 TFA 0.1 (10) 11 98.0[! 0.6l
6  Ru(OAc)2(CO)(DiPPF) 20k:1 90 28 TFA 0.2 (20) 8 99.5[c] 0.3
7 Ru(OAc)2(CO)(DiPPF) 20k:1 90 28 TFA 0.5 (50) 6 99.9ke] 0.8l
8  Ru(OAc)2(CO)(DiPPF) 20k:1 90 28 TFA (10) 13 100.0 4.0
9  Ru(OAc)2(CO)(DiPPF) 20k:1 90 28 TFA (15) 11 100.0 -
10  Ru(OAc)2(CO)(DiPPF) 20k:1 90 10 TFA (10) - 36.0 -
11 Ru(OAc)2(CO)(DiPPF) 20k:1 90 5 TFA (10) - 29.8 47
12 Ru(OAc)2(CO)(DiPPF) 20k1 90 5 TFA (10) - 21.3 -
13 Ru(OAc)2(CO)(DiPPF) 10k 90 5 TFA (10) 16 94.8 2.0
14 Ru(OAc)2(CO)(DCyPP) 20k:1 90 28 TFA (10) - 17.7 3.2
15 Ru(OAc)2(CO)(4Cy-Josiphos) 20k:1 90 28 TFA (10) - 69.5 4.9
16 Ru(OAc)2(CO)(4Cy-Josiphos) 20k:1 50 28 TFA (10) - 3.4 2.8
17 Ru(OAc)2(CO)(dppb) 20k:1 90 28 TFA (10) - 215 27
18 Ru(OAc)2(CO)(dppf) 20k:1 90 28 TFA (10) - 62.6 22
19 RuCI(OAc)(CO)(DiPPF) 20k:1 90 28 TFA (10) 15 99.3 0.8
20  RuClz(dppb)(ampy) 20k:1 90 28 TFA (10) - 5.6 -
21 RuClz(dppf)(@ampy) 20k:1 90 28 TFA (10) - 2.0 -
22 cis-Ru(OAc)2(dppb)(ampy) 20k:1 90 28 TFA (10) - 12.1 4.8
23 Ru(OACc)2(CO)(Triphos) 20k:1 90 28 TFA (10) - 22 9.6
24  RuH2(CO)(Triphos) 20k:1 90 28 TFA (10) - 13.3 2.8
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Entry Catalyst S/IC

T P Additive %91 Hzuptake  Conv. by-product

[°C] [bar] (equiv.to[Ru])  [h] @ [%] ! [%] !
25  Ru(OAc)2(CO)(DiPPF) 20k:1 90 28 HOAc (10) - 63.8 1.7
26 Ru(OAc)2(CO)(DiPPF) 20k:1 90 28 Benzoic Acid (10) - 58.9 4.9
27 Ru(OAc)2(CO)(dppf) 20k:1 90 28 Benzoic Acid (10) - 47.7 9.3
28  RuClz(dppb)(ampy) 20k:1 90 28 Benzoic Acid (10) - 9.2 -
29  RuClz(dppf)(ampy) 20k:1 90 28 Benzoic Acid (10) - 34 -
30  cis-Ru(OAc)2(dppb)(ampy) 20k:1 90 28 Benzoic Acid (10) - 7.7 27
31 NO[RU]/NONE - 90 28 TFA 0.1 - 2.0 2.0

[a] Approximate time for completion according to the hydrogen consumption data. [b] calculated by GC.
[c] calculated by NMR. [d] 0.1% respect to the substrate.

Tests were also carried out at 10 and 20 mmol scale with S/C 5000 — 20000, using

methanol and 2-propanol as solvents at 90 °C and 28 bar of H2 (Scheme 17, Table 9).

[Ru],

O S/C = 5,000 - 20,000/1
H OH
90°C, 28 bar H,,
0.2-0.1mol% TFA, 16 h

10 - 20 mmol MeOH or IPA
1-2mL 2-4mL

Scheme 17 General condition for the HY of benzaldehyde in MeOH or IPA in presence of TFA

Employment of MeOH afforded up to 50% of undesired condensations products.
The formation of by-products, such as hemiacetal or acetal of benzaldehyde with the
methanol, is favoured in acidic conditions. This rapid equilibrium reduces the amount
of available substrate, leading to a lower selectivity and reaction rate (entries 1, 2,
Table 9). This behaviour was not observed in 2-propanol (IPA), in which full conversion
was obtained in 2 - 4 h, depending on the concentration of the substrate (10 or 5 M).
Reducing the amount of catalyst to S/C = 20k:1 resulted in a drop of activity (entries 3,
4,5, Table 9). Control experiments show that in absence of Hz pressure, no conversion
was observed, indicating that the contribution of TH to the reduction process appears
negligible (entry 6,Table 9). The non-carbonyl precursor Ru(OAc)2(DiPPF) 2 in the
same conditions showed a modest 38.8% conversion (entry 7, Table 9).

Table 9 HY in solution promoted by catalysts 9 and 2 in slightly acid conditions.

i H2 .
Sub. Solvent/ Additive Conversion®!  by-product
fal
Entry Catalyst conc.M] V¢ T P equiv. to [Ru)) Upt[‘:]‘e [%] [%] !
1 Ru(OAc)(CO)(DIPPF) 25 51 90 28  MeOH, TFA (10) 9 100 25.0
2 Ru(OAc)(CO)DiPPF) 25 5k1 60 20  MeOH, TFA (10) 16 93.4 47.6
3 Ru(OAc)(CO)DiPPF) 10 10k:1 90 28 IPA, TFA (10) 2 99.5(¢] 0.1(¢l
4  Ru(OAc)(CO)DIPPF) 5 10ki1 90 28 IPA, TFA (10) 3.5 99.96! 0.3l
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H2
Sub. Solvent/ Additive Conversion®!  by-product
[a]
Entry Catalyst conc.im] V¢ T P (equiv. to [Ru]) Upt[‘:]‘e [%] [%] o1
5 Ru(OAc)(CO)DiPPF) 10 20k:1 90 28 IPA, TFA (10) 14 97.16d 0.61¢
6 Ru(OAc)(CO)DIPPF) 10 20k 90 0 IPA, TFA (10) - 1.0l
7 Ru(OAc)2(DiPPF) 10 20k:1 90 28 IPA, TFA (10) - 38.8 4.0l

[a] Approximate time for completion according to the hydrogen consumption data. [b] calculated by GC.
[c] calculated by NMR.

In order to verify the scalability of this solvent free catalysis, the hydrogenation
benzaldehyde was performed on 200 mmol scale at S/C of 40000 and 100000 in a 50

ml Parr Autoclave at 20 bar of H2 and 90 °C with the optimized acidic conditions.

[Ru],

* S/C = 40000 or 100000/1
H OH
neat, 90°C, 20 bar H,,

0.025 - 0.01 mol% TFA, 16 hrs

200 mmol
20 mL

Scheme 18 General condition for HY of benzaldehyde in slightly acidic conditions in Parr Autoclave.

Full conversion of the benzaldehyde to benzyl alcohol has been observed with the
Ru(OAc)2(CO)(DiPPF) at both loadings in 23 and 50 h (entries 1, 2,Table 10, Figure
23), reaching TON of 965000. The relative increase of impurities in the system from
the undistilled aldehyde could induce deactivation processes,!’! interestingly, the
catalyst activity, was not altered by the decreased loading (S/C 25000 and 100000)
with TOF of 1380 and 2280 h' respectively), while the analogous dppf complex
achieved only 30% conversion at S/C 100000 (Table 10).

Table 10 HY of neat benzaldehyde in slightly acidic conditions on 200 mmol scale in Parr Autoclave.

Entry Catalyst S/C (eqt(ij\jl.lttZTRu]) Hz [:? ::; ke Cor[1°\/:¢]ar[§]|on by[op/:]o[g]uct
1 Ru(OAc)2(CO)(DiPPF) 40k:1 TFA (10) 18 100.0 3

2 Ru(OAc)2(CO)(DiPPF) 100k:1 TFA (10) 50 100.0 3.5

3  Ru(OAc)2(CO)(dppf)  100k:1 TFA (10) - 30.0

[a] Approximate time for completion according to the hydrogen consumption data. [b] calculated by GC
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Figure 23 H; uptake in HY in slightly acidic conditions promoted by Ru(OAc)>(CO)(DiPPF) at S/C 40k:1
and 100k:1.

2.3.5 Hydrogenation of benzaldehyde promoted by non-carbonyl

compounds
The activity of the diacetate non-carbonyl ruthenium complexes 1, 2 and
Ru(OAc)2(rac-BINAP) was compared to that of the carbonyl derivatives in neat
conditions and by adding both basic (KOH) and acidic (TFA) additives (Table 11). In
all the tests non-carbonyl acetate complexes gave generally poor or no conversion,
regardless of the nature of the phosphines, indicating the crucial role of the CO ligand,
in retarding catalyst deactivation via poisoning processes.

Table 11 HY of neat benzaldehyde of Ru(OAc)2(PP) complexes with KOH or TFA additives (S/C= 20k:1,
90°C, 28 bar H2).

Entry Catalyst SC T P Basew  Additve  Conversion byproduct
1 Ru(OAc)2(PPhs)2 20k:i1 90 28 KOH - 11.8 -
2 Ru(OAc)2(PPhs)2 20k:i1 90 28 KOH Ampy sol.(10) 4.6 46
3 Ru(OAc)z(rac-BINAP)  20k:1 90 28 KOH - 23 -
4 Ru(OAc)z(rac-BINAP)  20k:1 90 28 - TFA (10) 6.0 -
5  Ru(OAc)(DiPPF) 20k:i1 90 28 KOH - 8.2 0.4
6 Ru(OAc)2(DiPPF) 20k:1 90 28 KOH Ampy neat (10) 4.2 -
7 Ru(OAc)z(DiPPF) 20k:i1 90 28 - TFA (15) 3.3 0.9
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Entry Catalyst s/C T P Base [l Additive Conversion by-product

(equiv. to [Ru]) [%] & [%] @
8 Ru(OAc)2(dppb) 20k:1 90 28 KOH Ampy neat (10) 15.3 -
9 Ru(OAc)2(dppb) 20k:1 90 28 - Ampy neat (10) 7.9 45
10 Ru(OAc)2(dppb) 20k:1 90 28 - TFA (15) 4.9 1.2

[a] Solution of 1M KOH 0.125 mol%; [b] calculated by GC

Furthermore, the influence of methanol as solvent was investigated, under the same
conditions previously described by Baldino et al. (benzaldehyde 10 mmol, 1mL, 2M in
MeOH 4mL, S/C 1000:1).181

Q 2% t-BuONa/t-BuOH 1M
H = OH
50 °C, 20 bar H,

2M

Scheme 19 General condition for the HY of benzaldehyde in MeOH

By contrast to the acidic conditions, in the presence of a base no formation of the acetal
was observed as main product, affording high conversions in all reactions (Table 12).
Finally, the activity of the diacetate dppb complex was found to enhance in presence
of the ampy ligand, in accordance with the in situ formation of the Noyori’s type
complex RuL2(PP)(NN), resulting higher with respect to the preformed complex
Ru(OAc)2(dppb)(ampy) (entry 6, Table 12). This indicates that non-carbonyl
complexes give better performance in presence of MeOH, while in solvent free systems

the monocarbonyl complexes are superior.

Table 12 HY of benzaldehyde in MeOH promoted by non-carbonyl complexes containing dppb.

by-
Entry Catalyst T P Base Solvent/Additive Hz[l[J]]p %:ke Co?‘;:]aliglion proZuct
[%] !

1 cis-Ru(OAc)2(dppb)(ampy) 90 28 t-BuONa1M2% MeOH 4 mL 2 100 3.9
2 cis-Ru(OAc)(dppb)(ampy) 50 28 t-BuONa 1M2%  MeOH 4 mL 3 99.9 5.0
3 cis-Ru(OAc)2(dppb)(ampy) 50 20 t-BuONa 1M2%  MeOH 4 mL 1 100 6.7
4 cis-Ru(OAc)2(dppb)(ampy) 90 20 1M KOH 0.5% MeOH 4 mL 5 100 0.8
5  cis-Ru(OAc)(dppb)(@ampy) 90 28 1MKOHO0.5%  MeOH 4 mL 12 100 1.3
6 Ru(OAc)2(dppb) 50 20 +-BuONa 1M 2% Me:r:p‘y‘[cr]""' 0.5 100 0.7
7 Ru(OAc)2(dppb) 50 20 t-BuONa1M2%  MeOH 4 mL 15 89.8 1.3
8 Ru(OAc)2(PPhs)2 50 20 t-BuONa1M2%  MeOH 4 mL 16 92.2 3.0

[a] Approximate time for completion according to the hydrogen consumption data. [b] calculated by GC
[c] Neat ampy 2.5 equiv. (benzaldehyde 10mmol, 1mL, 2M, S/C 1000:1)
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2.3.6 KOH vs TFA in HY of benzaldehyde

To clarify the dependence of the performance of different classes of complexes
upon the additive used, a graphical comparison of the activity in the HY of
benzaldehyde with KOH (0.125 mol%) or TFA (0.05 mol%) is presented in Figure 24.
Based on the data collected in Table 13, each bar represents the conversion, while the

top flags indicate the corresponding time for the maximum uptake of Ha.

Table 13 Comparison of catalytic activity with KOH and TFA additives in the same reaction conditions
(S/C= 20k:1, 90°C, 28 bar H).

Product H2 Uptake Product H2 Uptake
Catalyst with KOH with KOH with TFA with TFA
[%] [h] [%] [h]
Ru(OAc)2(CO)(DiPPF) 100.0 13.5 98.2 9.5
Ru(OAc)2(CO)(dppf) 99.4 10.5 60.4 -
Ru(OACc)2(CO)(dppb) 70.7 16.0 18.8 -
Ru(OAc)2(CO)(DCyPP) 23.2 - 14.5 -
Ru(OAc)2(CO)(4Cy-Josiphos) 51.4 - 64.6 -
RuCI(OAc)(CO)(DiPPF) 99.5 10.0 98.5 15.0
RuH2(CO)(Triphos) 66.6 - 15.0 -
RuClz(dppb)(ampy) 97.0 16.0 5.6 -
RuClz(dppf)(ampy) 30.7 - 20 -
cis-Ru(OAc)z(dppb)(ampy) 4.9 - 7.3 -
KOH vs TFA
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Figure 24 Graphical comparison of the obtained conversions with KOH and TFA in the same reaction
conditions (S/C= 20k:1, 90°C, 28 bar H»)
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The presence of base proven to be a more general condition in which both acetate and
chloride complexes were able to be activated. On the other hand, with TFA, only the
acetate complexes showed activity. Among them, only the alkyl DiPPF diphosphine
ligand promoted high conversions. Its strong trans effect favours the exchange
between the hemilabile carboxylate acetate ligands and the TFA, through a protonation
reaction.

The activity of the Ru monocarbonyl complexes without base additives opens the
way for the reduction of aldehydes at new pH conditions in which the classical halide
complexes tested are not active at all. Moreover, only the complexes that bears the
CO ligand proved to be active in solvent free conditions, this is a confirmation that the
fragment Ru(PP)(CO) is very robust even in presence of bulky and basic diphosphines

that in principle would be easier to be oxidised or protonated.

2.3.7 Hydrogenation of a,B-unsaturated aldehydes

Since one of the aim of this PhD work was the synthesis of food relevant and
bioactive compounds, the best catalytic system found during the precedent screening
was applied to the reduction of a,B-unsaturated aldehydes; a class of naturally
occurring molecules appealing to the industry for the production of unsaturated primary
alcohols used as aromas, flavours or drugs.’®? However, catalytic hydrogenation of
organic compounds possessing multiple unsaturated bonds is particularly challenging
and requires complexes able to promote the preferential activation of the C=0 function
with respect to the thermodynamically more favoured reduction of the C=C by ca. 35
kJ/mol.[83l

The selective hydrogenation of cinnamaldehyde (CAL) to cinnamyl alcohol (COL) is
an exemplar substrate of industrial interest. The hydrogenation of CAL can produce
COL, hydrocinnamaldehyde (HCAL), hydrocinnamyl alcohol (HCOL), since the
hydrogenation of the C=C bond is thermodynamically favoured (Scheme 20). COL is
commercially manufactured from CAL via the well-known Meerwein—Ponndorf—Verley
reduction, where the strong oxophylic aluminum triisopropoxide is used as a reagent.
Although COL is obtained in high yields by this process, disposal of aluminum salts is

a major drawback of this method.[4
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o} H, o} OH OH
= H —_— H + \\ +
cat.

CAL HCAL COoL

HCOL

Scheme 20 All possible products deriving from the HY of trans-cinnamaldehyde.

High selectivity up to 90% toward COL has been reported for supported ruthenium
catalysts,® with turn-over frequencies ranging between 6 and 450 h’'. In
homogeneous HY the catalysts exploited are usually based on Ru, Os, Rh and Ir,
bearing diphosphine/diamine ligand pairs or pincer ligands.*% 8l |n industrial
applications, ruthenium is strongly preferred thanks to the lower price with respect to
Rh or Ir. High selectivity towards the allylic alcohols were obtained with ruthenium
complexes based on water-soluble ligands, but slow deactivation reactions between
the product and the phosphine ligand could poison the catalyst.[®"]

Therefore, the neat conditions found in this work for benzaldehyde represent the
best compromise between the advantages granted by heterogeneous applications, like
solvent free systems and no treatments of substrates, and the well-defined metal
center of the homogeneous catalysis. Those conditions were tuned to achieve the best
performance with regard to conversion, productivity and chemo-selectivity in presence
of different Ru(OAc)2(CO)(PP) complexes, bearing various diphosphines, starting at
S/C 20000. The bests results have been achieved by the complex
Ru(OAc)2(CO)(dppb) and the DiPPF analogous 9 (entries 1, 12, Table 14) with
TOF 810 and 1795 h-'. Higher loadings of catalyst were exploited (10k:1 and 5k:1) and
lower pressure of H2 was operated, to avoid the C=C double bond reduction
(entries 13 — 21,Table 14). Interestingly, lowering the amount of catalyst and the
pressure did not alter significantly the activity; the 5k:1 loading under 10 bar of
hydrogen showed TOF 1412 h™' and a selectivity of 88% for the carbonyl group,
whereas with 5 bar pressure TOF 1062 h-' was found. The lower pressure also gave
the best chemo-selectivity of 92% toward the C=0 over the C=C, but unfortunately
require longer reaction time to fully convert the substrate. On the other hand, at
temperature lower than 90°C poor activity is observed (entries 15 - 17, 20 - 21,
Table 14). Surprisingly, the reactions in presence of basic additive 1M KOH resulted
in very low conversions regardless of the complex used (entries 3, 5, 7, 9-11, Table
14).
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Scheme 21 Reaction conditions for the HY of neat cinnamaldehyde (CAL).

Table 14 Hydrogenation of trans-cinnamaldehyde in solvent free conditions

HCOL
main

by-product

H2

T P = Acid Conv. by-products
Entry Catalyst S/iC [°C] [bar] Base [ (equiv. to Ru) U[pht]a[lge %]t y FE%][°]

1 Ru(OAc)2(CO)(dppb)  20k:1 90 28 - TFA (10) 16 64.8 7.2

2 Ru(OAc)2(CO)(dppb)  20k:1 90 10 - TFA (10) - 18.0 -

3 Ru(OAc)2(CO)(dppf) 20k:1 90 28 KOH - - 35.7 3.5

4 Ru(OAc)2(CO)(dppf) 20k:1 90 28 - TFA (10) - 8.8 2.0

5 Ru(OAc)2(CO)(PPhs)2 20k:1 90 28 KOH - - 12.0 2.2

6 Ru(OAc)2(CO)(PPhs).  20k:1 90 28 - TFA (10) - 6.9 0.1

7 RuCI(OAc)(CO)(DiPPF) 20k:1 90 28 KOH - - 37.4 6.4

8 RuCI(OAc)(CO)(DiPPF) 20k:1 90 28 - TFA (10) - 42.6 15.5

9 RuClz(dppb)(ampy) 20k:1 90 28 KOH - - 8.0 6.1

10 cis-Ru(OAc)z(dppb)(ampy) 20k:1 90 28 KOH - - 7.5 2.6

11 Ru(OAc)2(CO)(DiPPF)  20k:1 90 28 KOH - - 53.5 8.0

12 Ru(OAc)2(CO)(DiPPF)  20k:1 90 28 - TFA (10) 10h 89.8 19.5

13 Ru(OAc)2(CO)(DiPPF)  20k:1 90 10 - TFA (10) - 37.7 7.9

14 Ru(OAc)2(CO)(DiPPF)  10k:1 90 10 - TFA (10) - 74.8 11.6

15 Ru(OAc)2(CO)(DiPPF)  10k:1 60 10 - TFA (5) - 14.0 5.0

16 Ru(OAc)2(CO)(DiPPF)  10k:1 50 10 - TFA (10) - 12.0 7.0

17 Ru(OAc)2(CO)(DiPPF)  10k:1 50 5 - TFA (10) - 10.5 7.5

18 Ru(OAc)2(CO)(DiPPF)  5k:i1 90 10 - TFA (10) 14 98.5 13.5 Ldllel
19 Ru(OAc)2(CO)(DiPPF)  5ki1 90 5 - TFA (10) 16 85.2 10.9 [dIltf]
20 Ru(OAc)2(CO)(DiPPF)  5k:1 50 10 - TFA (10) - 22.9 9.3
21 Ru(OAc)2(CO)(DiPPF)  5ki1 50 5 - TFA (10) - 27.3 21.8
22 NO RU / NONE - RT 28 - TFA 0.2%!N - 85.0 85.0 9

[a] Solution of KOH 1M 0.125 mol%; [b] Approximate time for completion according to the hydrogen
consumption data; [c] Calculated by GC; [d] Calculated by NMR; [e] 11.3% HCOL; [f] 6.4% HCOL; [g] 0%
HCOL; [h] 0.2% in respect of the aldehyde; S/C= 5 — 20k:1, T=50 - 90°C, P=5 — 28 bar

The same procedure was applied to the citral, a 2:1 mixture of the aldehydes

geranial and neral with remarkable industrial interest for the synthesis of geraniol and

nerol. For the HY in neat conditions, this substrate was used without any treatment,

affording a mixture of alcohol products which were analyzed by GC and NMR

techniques. The literature about the separation of the resulting terpenic alcohols is

extensive and can be performed on silica,!®8 with enzymes or on B-cyclodextrins with

high yield and low loss of nerol isomer, as recently established.[®°]
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O OH OH
Ru] S/C= 10 - 20k:1
)\V\/KAJ\H s > )\V\/KWEH + MH

5-28 bar H, H H
s0°C main
40 mmol
6.8 mL by - product

Scheme 22 Reaction conditions for the HY of neat citral mixture.

After some testing at 20k:1 loading of Ru(OAc)2(CO)(DiPPF), the best performance
in terms of conversion and chemo-selectivity was achieved at S/C = 10k:1 with 28 and
10 bar H2 with TOF 1600 and 910 h'' (entries 4, 5, Table 15). Increasing the
temperature led to lower selectivity and conversion (entry 3 Table 15). It worth noting
that the complexes Ru(OAc)2(CO)(dppf) and RuCI(OAc)(CO)(DiPPF) showed a better
turn over frequencies (2000 and 1428 h') and high productivity, but the chemo-
selectivity was lower with respect to the Ru(OAC)2(CO)(DiPPF) (9) complex, as
established by GC and NMR techniques. It is worth pointing out that the NMR analysis
was crucial for the determination of the nerol and t-citronellol content, since the GC
separation of these compounds resulted a difficult task. Figure 25 and Figure 26
display the overlapping of the GC peaks of nerol and t-citronellol (tr 5.41-5.43), and
how the shape of the peak changed according to the ratio nerol\citronellol. The
citronellal chromatogram in Figure 26 showed that no production of saturated aldehyde

occurs during HY in neat acidic conditions.

s el BeroodDATR
[ELEL = B g I Ak

?ﬂ.ﬁgﬂ.ﬁ _E_D.ﬁ _E&_!_ g - E_ﬁ E'! o
1 E a0
AT ]

4 41 42 43 44 45 486 47 48 49 5 451 52 53 54 55 56 57 58 59 6 61 B2 &3 64 65 66 AF B8 @9 7
Figure 25 exemplar GC of high conversion HY of citral (entry 5, Table 15): alcohols (ir 5.41-5.43, 5.86
min) superimposed with citral (tr 5.54, 6.1 min) chromatogram.
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Flgure 26 exemplars GC of low conversion HY of citral (entry 3, Table 15): alcohols (tr 5.41-5.43, 5.86)
superimposed with starting material (tr 5.54, 6.1), citronellal (tr 4.31) and *-citronellol (tr 5.41)
chromatograms.

5

51 A2 K3 K4 KA KR K7 KR KO

Table 15 Hydrogenation of citral with Ru(OAc)2(CO)PP complexes.

A A1 A2 AR R4 KR ARAR A7 AR ARQ

. H: _ by-products Selectivity

Entry Catalyst sic [‘I:] [b':r] Basel® (equf“f't% RW) U[[:lt]e[lge ([:02;‘[1’] ”E%][d] c=[%/]c[i]=c
1 Ru(OAc)(CO)(DiPPF)  20k:1 90 28 KOH -- 15.4 - -

2  Ru(OAc)(CO)(DiPPF)  20k:1 90 28 - TFA (10) 80.5 12.4 87%
3 Ru(OAc)(CO)(DiPPF)  20k:1 120 10 - TFA (10) 61.4 23.9 74%
4  Ru(OAc)(CO)DiPPF)  10k:1 90 28 - TFA (10) 8 97.2 8.5 93%
5  Ru(OAc)(CO)(DiPPF)  10k:1 90 10 - TFA (10) 11 90.3 11.7 90%
6 Ru(OAc)(CO)DIiPPF)  10k:1 90 5 - TFA (10) 16 86.3 11.1 88%
7 Ru(OAc)z(CO)(dppf) 20k:1 90 28 KOH - 27.6 - -

8  Ru(OAc)z(CO)(dppf) 20k:1 90 28 - TFA (10) 16 78.7 27.2 70%
9 Ru(OAc)z(C )(dppf) 10k:1 90 28 - TFA (10) 10 98.3 22.4 78%
10  Ru(OAc)2(CO)(dppb) 20k:1 90 28 - TFA (10) 10.4 - -

11 Ru(OAc)2(CO)(dppb) 20k:1 90 10 - TFA (10) 19.3 - -
12 RuCI(OAc)(CO)(DiPPF) 20k:1 90 28 KOH - 222 5.4 -
13 RUuCI(OAc)(CO)(DiPPF) 20k:1 90 28 - TFA (10) 14 98.7 55.3 45%
14  Ru(OAc)2(CO)(DIPPF)  20k:1 90 28 -  Benzoic Acid (10) 19.3 - -
15  Ru(OAc)2(CO)(DIPPF)  10k:1 90 28 -  Benzoic Acid (10) 49.3 - -
16 Ru(OAc)2(CO)(dppf) 20ki1 90 28 -  Benzoic Acid (10) 26.4 - -
17 NO RU - 9 28 - - 0 - -
18 NO RU - 90 28 - TFA 0.7% 0 - -

[a] Solution of KOH 1M 0.125 mol%; [b] Approximate time for completion according to the hydrogen
consumption data; [c] Calculated by GC; [d] Calculated by NMR.

Furfural (FAL) is also an important chemical, readily accessible from carbohydrate

cellulosic biomass that has attracted significant attention worldwide, as a cheap

feedstock for renewable liquid fuels and chemical productions as furan and furfuryl

alcohol (FOL).°® FOL finds application in the manufacture of resins, rubbers and

fibres®'l Due to the broad variety of hydrogenation products of furfural, the design of
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selective catalysts for the production of the desired products is a relevant research
target. In heterogeneous catalysis, Cu catalysts are the more applied for hydrogenation
of furfural to furfuryl alcohol,®d while supported Pd efficiently catalyse the
decarbonylation of furfural to furan.®l In homogeneous catalysis very good
performances were obtained with ruthenium catalysts as RuCl2(DPPE)(n2-Gly)g,6d
and RuH2(CO)(Thriphos),l”® with TON up to 100000 and high S/C = 50000. Since the
DiPPF complexes, Ru(OAc)2(CO)(DiPPF) and RuCI(OAc)(CO)(DiPPF) display the
best catalytic performance in presence of TFA, they were tested in the HY of furfural
and 2-thiophencarboxyaldehyde under the solvent free conditions with both basic and
acidic additive (Scheme 23).

o) Ru(OAc),(CO)DIiPPFc, OH
S/C = 10k:1 - 100k:1
\\ H 10 - 28 bar Hy, 90 °C \\
X 1M KOH 0.125 mol% X
or
X = O, S TFA 0025 - 001 m0|%, X = O, S

10 equiv. to [Ru]

Scheme 23 Reaction conditions for the HY of neat furfural or 2-thyophenecarboxyaldehyde.

Full conversion was achieved with the diacetate complex at S/C = 20k:1, 28 bar of
Hz2, with TFA, while in the presence of KOH a higher loading (S/C = 10000:1) was
needed (entries 1 — 4, Table 16). In addition, at 10 bar of hydrogen a lower activity was
displayed with both additives (entries 5, 6, Table 16, Figure 27). Reaction at S/C =
100k:1 gave full conversion in 68 h with a well preserved TOF 1658 h-' and TON
100000, indicating that furfural can be efficiently hydrogenated under slightly acidic
conditions (entry 11, Table 16, Figure 28).
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Figure 27 Comparison of the hydrogen consumption during HY of furfural promoted by Ru(OAc).(CO)(DiPPF)
at 28 (red) and 10 bar (blue) of H> with TFA (entries 4, 6, Table 16).

Surprisingly, the monochloride catalyst showed higher productivities together with high
selectivity for the C=0 in presence of 1M KOH with TOF 3300 h-' at 20k:1 loading,
whereas in acidic conditions displayed TOF 1660 h-' (Figure 29). As expected for an
aromatic compound with stabilization energy of 16 kcal mol-' (67 kJ mol"),[® the furan
ring was hence particularly resilient to reduction in this conditions (entries 7, 8, Table
16).

240
200
160
120
80
40

0
0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68

Figure 28 Hydrogen consumption during HY of furfural on 240 mmol (20 mL) scale promoted by
Ru(OAc)2(CO)(DiPPF) at 20 bar, 90°C, S/C = 100000, (entries 11, Table 16).
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Figure 29 Hydrogen consumption comparison during HY of furfural promoted by Ru(OAc)2(CO)(DiPPF)
with basic or acidic additive.

Sulfur heterocycles are incorporated in the structures of many biological active
compounds like drugs, pesticides and agrochemical.®¥ The HY of 2-
thiophencarboxyaldehyde promoted by the DiPPF complex 9 showed an inversed
trend in respect of all the catalytic tests carried out before. In presence of KOH, the
highest reactivity was observed in solvent free conditions with TOF 6650 h-', while in
acidic conditions a modest conversion of 64% to the corresponding thioalcohol and
TOF 910 h-1 were observed (entries 12, 13, Table 16, Figure 30).The reason of this
enhanced activity in basic conditions is uncleared and may be ascribed to the higher
coordinating ability of the formed alcohol containing sulfur, with respect to that with

oxygen, requiring a strong base to displace the product from the metal center.
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Figure 30 Hydrogen consumption comparison during HY of 2-thiophenecarboxyaldehyde promoted by
Ru(OAc)2(CO)(DiPPF) with basic or acidic additive.

Table 16 HY of neat furfural or 2-thiophenecarboxyaldehyde with Ru(OAc)2(CO)(DiPPF) and

RuCI(OAc)(CO)(DiPPF).
T P Acid He  conv.lr PV
Entry Catalyst S/IC [°C] [bar] Baseld [equiv. to Ru] Upt[e;]l;e[bl [%] proc:;e;tslc]

1 Ru(OAc)2(CO)(DiPPF) 10k:1 90 20 KOH 4 100 -
2 Ru(OAc)2(CO)(DiPPF) 10k:1 90 28 -  TFA10equiv. 35 100 -
3  Ru(OAc)(CO)(DiPPF) 20k:1 90 28 KOH 48.8 -
4  Ru(OAc)2(CO)(DiPPF) 20k:1 90 28 - TFA 10 equiv. 8 100 -
5  Ru(OAc)2(CO)(DiPPF) 20k:1 90 10 KOH 31.0 -
6  Ru(OAc)(CO)(DiPPF) 20k:1 90 10 -  TFA10equiv. 16 99.3 3.8
7  RuCI(OAc)(CO)(DiPPF)  20k:1 90 28 KOH 6 99.8 -
8 RuCI(OAc)(CO)(DiPPF)  20k:1 90 28 -  TFA10equiv. 10 99.3 -
9 Ru(OAc):(CO)DiPPF)  20k:1 50 28 - TFA 10 equiv. 11.0 0.5
10 Ru(OAc)(CO)DiPPF)  20ki1 50 10 - TFA 10 equiv. 6.5 0.5
11 Ru(OAc)(CO)(DiPPF)  100ki1 90 20 - TFA10equiv. 68 100 -
12 Ru(OAc)(CO)DiPPF)  20k:1 90 28 - TFA10equiv. 16 68.71 4.5l
13 Ru(OAc)2(CO)(DiPPF) 20k:1 90 28 KOH - 3ldl 99.5l¢1 .50l

[a] Solution of 1M KOH 0.125 mol%; [b] Approximate time for completion according to the hydrogen
consumption data; [c] Calculated by GC; [d] substrate = 2-thiophenecarboxyaldehyde; [e] Calculated by
NMR.

2.3.8 Hydrogenation of other substrates in neat conditions

Different substrates were probed to test the possible expansion of the scope of the
Ru(OAc)2(CO)(DiPPF) catalyst in the solvent free (neat) conditions. The reduction of
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acetophenone to 1-phenyl ethanol at 20k:1 loading, only in presence of TFA. Despite
the good activity (TOF 2150 h'') there was no complete conversion over 16 h,
highlighting that bulky substrates are more difficult to be reduced. In basic conditions
the ketone was not reduced in acceptable amount (entries 1, 2,Table 17). Moving to
bulkier substrate as (-)-menthone, any attempt of reduction in neat conditions, led to
very low hydrogen uptake and poor menthol production, at S/C = 1k to 20k, with both
KOH or TFA additives.

The carbonyl complex 9 was also found active in the N-alkylation of amines as
described in the following chapters 2.4. The last step of the borrowing hydrogen
mechanism for N-alkylation reaction is postulated to be the reduction of the imine
derivative by the metal hydride to the final amine product. The HY of N-
benzylideneaniline was then tested, to probe if the same complex was able to reduce
a similar substrate with good results. Since the melting point of this imine is 54 °C,
quite below the optimized reaction temperature, this substrate was used as solid,
allowing a simple preparation of the reaction at 20 mmol scale, S/C = 10k and 5k:1
under 28 bar of H2. The TFA additive showed a better reactivity also in imine
hydrogenation, proving to be more selective toward the desired product with a TOF of
2500 h' while in basic conditions there was almost 30% of benzyl alcohol as main
impurity detected by NMR (entry 3, 4 Table 17).

Table 17 Reduction of Acetophenone and N-benzylideneaniline with Ru(OAc)2(CO)(DiPPF).

H2 Uptake Conv. by-products

Entry Catalyst siC T P Baseld Additive [h]®! %]t %]
1 Ru(OAC)(CO)DIPPF) 20k 90 28 - T(ZZ;F’ 16 93.9M ;
2 Ru(OAC)(CO)DIPPF) 20k:1 90 28 KOH i 16.81 i
3 Ru(OAc):(CO)(DIPPF) 10k:1 90 28 - TquAuil_o 8 9639 47
4 Ru(OAC)(CO)DIPPF) 5k 90 28 KOH . 3 704 295

[a] Solution of 1M KOH 0.125 mol%;%; [b] Approximate time for completion according to the hydrogen
consumption data; [c] by NMR; [d] Substrate = acetophenone; [e] Substrate = N-benzylidenaniline

2.3.9 Conclusions

The Ru(OAc)2(CO)(PP) type catalyst are proved to be active in the reduction under
neat conditions, in particular the Ru(OAc)2(CO)(DiPPF) complex and the
corresponding monochloride RuCI(OAc)(CO)(DiPPF) are active in the presence of
TFA toward the reduction of all the substrates tested. As matter of fact,

Ru(OAc)2(CO)(DiPPF) gave the better performances in terms of activity, productivity
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and chemoselectivity with respect to the complexes bearing different aliphatic or aryl
diphosphines, with both basic or acidic additive. The majority of the HY tests was
focused on diacetate catalyst given its large availability, while for the mixed chloride-
acetate complex a more efficient synthetic pathway should be developed in order to
better explore its reactivity. Further studies should be dedicated to deeply understand
the dependence of the reaction rate from the TFA concentrations, that can give more
mechanistic insight. Moreover, to take advantage from the solvent free condition
promoted by the TFA, avoiding undesired side reactions with the solvent, or to explore
the hydrogenation in acidic IPA to run reductions without transfer hydrogenation

contribution.
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2.4 Hydrogen Borrowing Reaction

2.4.1 Background of Ru promoted alkylation of amines

Catalytic reactions involving nitrogen-containing compounds is an area of current
research on account of the manifold applications. A large number of natural,
agrochemical and pharmaceutical compounds are amines, amides or heterocycles,
containing a single or double carbon-nitrogen bond. Selective transformations for the
formation of C-N bonds are of high industrial relevance and several methods have
been developed. As a matter of fact amines are commonly prepared in the pharma
plants, via amination with aryl halide or tosylates!®® or via reductive amination of
carbonyl group or N-alkylation of amides followed by reduction.[®®l This kind of
reactions entail the use of hazardous reactants and side products which have a strong
environmental impact. The widely used nucleophilic substitutions (SN2) require
alkylating reagents which are toxic and whose thresholds as impurities in drugs are
generally very low, this route being resulting less appealing to industry.[®8! The
reduction of imines and amides is often carried out using flammable and hazardous
reducing reagents, as LiAlH4 and NaBH3CN, which also afford a large amount of
waste.®’l In this context, the catalytic N-alkylation of amines using activated alcohols
and affording water as only byproduct, is a more attractive atom-economic way for
the C-N bond formation widely studied in academia and of great interest for industrial
applications.[®8 Alcohols are in general low toxic and stable compounds, which are
easy to handle and available from renewable sources, being a valid, environmentally
friendly alternative to many alkylating agents. It is generally accepted that this reaction
may occur through a catalytic hydrogen borrowing approach, also named autotransfer
process,!® in which a primary alcohol undergoes a dehydrogenation reaction to a
carbonyl compound promoted by the catalyst (step 1, Scheme 24). The more reactive
aldehyde species generated in situ reacts with an amine, affording an imine (step 2,
Scheme 24). Finally, the metal hydride species generated in the first step transfers the
hydrogen to the imine leading to the final N-alkylated amine product (step 3, Scheme
24).
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Scheme 24 N-alkylation of amines with alcohols via borrowing hydrogen

Main group metal hydroxides and alkoxides were found to catalyze the N-alkylation
of amines with alcohols under harsh reaction conditions, resulting in low yield and
selectivity.['%1 In the last decades, Ir, Ru,®® and more recently Mn and Fel'"l have
attracted a great deal of attention for N-alkylation via borrowing hydrogen. Examples
of ruthenium catalysts, generated in situ, entails the use of the precursors
RuClz-nH20,[102] Ru3(CQO)12,[10] [RuClz(p-cymene)]2['%4  [Ru(COD)Cl2]n [0
RUHCI(CO)(PPhs3)3,['%! and RuH2(CO)(PPha)s ['%71 in combination with phosphanes,
phosphates and nitrogen ligands. Conversely, well-defined catalysts are
RuCl2(PPh3)s3,11%8] RuH2(PPhs3)4,110°] RuCl(n®-CsHs)(PPhsz)2,!10] [RuCl(p-
cymene)(PN)]X,['"1 RuHCI(CO)(PNY) (Y = N, P),['"2 RuCI(CNN)(dppb)!''3l and Ru
pincer NNN complexes.l'' N-alkylation is generally performed at high temperature
(typically 120 or 180°C), and primary alcohols usually react faster than secondary.
Therefore, the development of selective catalysts which can work at low temperature
is of crucial importance for the application of this relevant sustainable transformation.
It is worth pointing out that the coordination properties of carboxylate ligands, which
display moderate stability with relatively high lability, are particularly attracting for
catalytic reactions. Even if the mono-carbonyl Ru complexes, namely the Dobson
catalyst Ru(OCOCF3)2(CO)(PPhs)2138 115 and [Ru(u-OCOC2F4OCO)(CO)(PP)]2 (PP =
diphosphane),l?8d are active for the alcohol dehydrogenation (the first step of the
mechanism proposed for N-alkylation), whereas Ru(OCOCF3)2(CO)(PPhs)2 / (R)-
BINAP has been found active in the asymmetric C-C coupling between olefins and
primary alcohols,!''6l no example of carboxylate Ru complex have been reported in the

N-alkylation reaction.
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2.4.2 N-ethylation of N-methylcyclohexylamine with ethanol

The carboxylates complexes Ru(OAc)2(PPhs)2 (1), Ru(OAc)2(DiPPF) (2) and
Ru(OAc)2(CO)(DiPPF) (9) (0.4 - 2 mol%) were found active in the N-ethylation of N-
methylcyclohexylamine (a) using commercial grade untreated ethanol, under mild
reaction conditions (Scheme 25). The ethanol has a double role, acting as solvent and
reagent, avoiding the use of any additional solvent that may require further treatments.
In presence of the diacetate precursor 1 or the derivative generate in situ in presence
of the basic diphosphines DCyPP, the tertiary amine NMeEtCy is formed in 25% in 30
h at 78 °C, with a EtOH/NHMeCy ratio of 100 (entries 1, 2, Table 18).

H [Ru] 1 mol% CHZCH3
N +  CH5CH,OH - N<
CHs 30-78°C CH,

H,O

Scheme 25 General conditions for N-ethylation of N-methylcyclohexylamine with ethanol catalyzed by
ruthenium diacetate complexes.

Table 18 N-ethylation of methylcyclohexylamine (a) with EtOH catalyzed by ruthenium acetate
complexes (1 mol%).

Ligand or EtOH/ T Time Conv.[Bl By-products!?

Entry Complex e(igglljtll‘\llt)e NHMeCy [°C] h] [%] [%]

1 Ru(OAc)2(PPhs)21 - 100 78 30 25 3

2 Ru(OAc)2(PPhs)2 DCyPP (1.5) 100 78 12 5 2

3 Ru(OACc)2(dppf) - 100 78 16 6 <1

4 Ru(OAc)2(DiPPF) 2 - 10 65 15 80

5 Ru(OAc)2(DiPPF) 2 TFA (15) 10 65 14 100 1

6 Ru(OAc)2(CO)(PPhs)2 - 10 78 29 0 0

7 Ru(OAc)2(CO)(PPhs)2 DiPPF (1.5) 10 78 25 51 5

8 Ru(OAc)2(CO)(PPhs)2 dppf (1.5) 10 78 25 1 5

9 Ru(OAc)2(CO)(PPhs)2 DCyPP (1.5) 100 78 12 18 <1

10  Ru(OAc)(CO)(DiPPF) 9 - 100 78 6 97 <1

11 Ru(OAc)(CO)(DiPPF) 9 - 10 65 24 92 1

12 Ru(OAc)(CO)(DiPPF) 9 TFA (10) 10 65 6 98 <1

13 Ru(OAc)2(CO)(dppf) 10 78 25 6 3

14 Ru(OAc)2(CO)(dppf) TFA (10) 10 65 24 93 4

15 trans,cis-Ru(OAc)2(CO)2(DiPPF) - 100 78 24 61 2

16 Ru(OAc)2(CO)(DiPPF) 9! - 10 30 40 68 1

17  Ru(OAc)2(CO)(DiPPF) 90kl TFA (10) 10 30 40 97 <1

18  RuCI(OAc)(CO)(DiPPF) TFA (10) 10 65 19 1 -

19 NO Ru/NONE - 10 78 22 0 -

[a] The conversion was determined by GC analysis. [b] Catalyst loading 2 mol%.
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By employment of complex 2 bearing DiPPF, 80% conversion was achieved in 15 h
at 65°C with also a lower EtOH/NHMeCy = 10 (entry 4, Table 18). Interestingly,
an increased rate was observed by addition of CFsCOOH (TFA) 15 equiv., with
respect to 2, affording 100% of the ethylated derivate (entries 5, Table 18). The
use of the corresponding dppf complex Ru(OAc)z(dppf) led to poor conversion
(6%) (entry 3, Table 18). The monocarbonyl derivative Ru(OAc)2(CO)(PPhs)2 gives
no conversion under these catalytic conditions (entry 6, Table 18). Addition of DiPPF
(1.5 equiv.) to the latter derivative afforded 51% of NMeEtCy at 78°C in 25 h,
whereas with dppf and DCyPP poor conversions were achieved (1% and 18% ),
indicating that DiPPF led to a more active catalytic species, with respect to the
less basic dppf or more bulky dicyclohexyl homologous (entries 7 — 9, Table 18).
Employment of the preformed monocarbonyl diacetate complex with DiPPF 9
results in 97% conversion in 6 h at 78°C, whereas 92% of product was achieved at
65°C in 24 h, with EtOH/NHMeCy = 100 and 10 respectively (entries 10, 11, Table
18). The higher catalytic activity of 9 in respect to the in situ system Ru(OAc)2(CO)
(PPhs)2 / DIPPF, can be ascribed to the incomplete diphosphine substitution on the
metal center. In parallel to 2, addition of TFA to 9 (10 equiv.) at 65°C results in a
visible acceleration effect, affording 98% of desired product in 6 h (entry 12,
Table 18). The analog isolated monocarbonyl diacetate complex with dppf did not
show better catalytic activity with respect to the in situ system, and in presence of
TFA almost full conversion was achieved but over 24 h (entries 13, 14, Table 18),
indicating an activity six times lower than the isopropyl homologous derivative.
Also the di-carbonyl 8 was tested, showing at 78°C 61% conversion in 24 h
(entry 15, Table 18), the expected slower activity being in accordance with the
process in which one of the carbonyl ligand is released from the complex allowing the
monocarbonyl species involved in the catalytic cycle of 9. The de coordination
favored at high temperatures or vacuum, led to the more stable complex bearing the
CO in cis position with respect to the phosphorus, as seen in section 2.1.4.
Interestingly, by performing the reaction at 30 °C with 9 (at 2 mol% loading), 67% of
NMeEtCy was attained in 40 h (entry 16, Table 18), whereas addition of TFA, resulted
in 97% of product (entry 17, Table 18), indicating that quantitative N-alkylation can be
achieved at very low temperature in presence of a well-designed carboxylate complex.

By carrying out the reaction without Ru catalysts no N-ethylation was observed (entry
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19, Table 18). An increase of rate by addition of acids has previously been reported
for the RuH2(CO)(PPhs)s / xantophos system,['%7l and for Ru(OCOCF3)2(CO)(PPhs3)2[38
"31in the alcohol dehydrogenation. Experiments carried out in presence of additive
TFA from 1.5 to 50 equiv. with respect to 9 (Figure 31), showed a faster conversion of
a into NMeEtCy within the range 3 - 10 equiv. of acid (TOF up to 200 h-" at 50% conv.
at 65°C), pointing out that the N-alkylation occurs in a suitable pH window. In addition,
no formation of ethyl acetate was observed during the N-ethylation of a with 9,
suggesting that the in situ generated acetaldehyde undergoes a fast reaction with
amine with respect to ethanol.

Effect of TFA on the catalytic activity of
Ru(OAc),(CO)(DiPPF)

100
90
80
s 70
::; 60
% 50 —e— 1.5 equiv.
5 .
2 5 equi.
o 30 10 equiv.
20 25 equiv.
10 ——50 equiv.

0
0 15 30 45 60 75 90 105120135150165180195210225240255270285300315330345360

Time (min.)

Figure 31 N-ethylation of a catalyzed by 9 (1 mol%) in the presence of TFA 1.5 — 50 equiv. at 65°.

2.4.3 N-alkylation of amines with primary alcohols

The Ru(OAc)2(CO)(DiPPF) complex 9 (0.4 - 1 mol%) showed catalytic activity for
the N-alkylation of primary and secondary amines with primary alcohols (Scheme 26,
Figure 32). Cyclohexylamine b reacted with EtOH giving quantitatively the tertiary
amine NEt2Cy in 21 h at 78 °C (entry 1, Table 19), while the monoalkylated NHEtCy
intermediate was detected by GC analysis (Figure 106). The bulky amine NHiPrz ¢
led to NEt/Prz2 in low conversion (15%) (entry 2, Table 19), whereas aniline d gave
NEt2Ph 70% at 65°C after 24 h (entry 3, Table 19). Conversely, secondary
amine typically wused as drug precursors N-benzylpiperazine e, N-
phenylpiperazine f and morpholine g were quantitatively converted at 65°C to

the corresponding amines in 5 h (entries 4, 5, Table 19) (Figure 107) and 6.5 h 68



(entry 6, Table 19), indicating that less sterically hindered and more basic amines
undergo faster alkylation processes promoted by 9. The 2-amino-1-phenylethanol h
was slowly converted into the mono-ethylated product in 24 h (46%) (entry 7, Table
19,Figures 33, 34), whereas the dialkylated was not detected. This was probably due
to the strong n2-coordination of the mono-alkylated amino alcohol intermediate to the
metal center. This highly decreases the reaction rate, thus inhibiting the catalytic
process from proceeding further. Interestingly, the 2-aminophenethyl alcohol neat
slowly undergo intramolecular N-alkylation forming 65% of 1H-Benzo[b]pyrrole
(indole) in 24 h, indicating that an additional step of dehydrogenation of the amine
was possible in presence of the large stabilization energy granted by aromatization.
Moreover, only 2% of saturated intermediate indoline was observed indicating a fast
reactivity toward the final product (entry 8, Table 19, Figures 35, 36). Reacting
cyclohexyl-methyl-amine a with different primary alcohols (C1—Cs) afforded the
alkylated products in lower yield. With MeOH at both temperature of 65 or 100°C (10
and 16%, entries 9, 10, Table 19), whereas nPrOH and nBuOH afforded the
corresponding desired amines RNMeCy (R = Pr, Bu) in 68 and 60% yield in 27 and
30 h (entries 11, 12, Table 19). In view of the very feeble acidic character of
nonfluorinated alcohols there was an expected lower rate of reaction with higher
aliphatic alcohols (pKa > 16) in respect of ethanol (pKa 15.9). NMe(CH2Ph)Cy was
formed with benzyl alcohol in 87% yield at 100°C after 48 h (entry 13, Table 19). The
use of the secondary alcohol /iPrOH gave no conversion at 65°C (entry 14, Table 19).
Although the dehydrogenation step is thermodynamically favored for secondary
alcohols in comparison to primary ones,®! it is likely that the higher reactivity of
primary carbinols is due to easier formation of the corresponding aldimines with
respect to ketimines (step 2, Scheme 24). In chapter 3 is reported the characterization
of products in table 19, Figure 108Figure 115, pag.140) The practical potential of
catalyst 9 for the on gram scale synthesis was tested on substrate e (1.98 g) and
ethanol (5.7 mL) using 30 mg of 9 (0.4 mol%) obtaining 1-benzyl-4-ethylpiperazine
(1.87 g, 81%) at 78°C in 15 h (entry 15, Table 19, Figures 120, 121, pag.146).
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Ru(OAc),(CO)(DiPPFc)

0.4 -1 mol%

N—, + R2OH N—p2 * H,0
- 2
RT 30 - 100 °C R\

a-g R? = Me, Et, nPr,

nBu, Bz, iPr.
Scheme 26 General conditions for N-alkylation of amines with primary alcohols promoted by
Ru(OAc)2(CO)(DiPPF).
HN/

NH, NH,
H
@ Tr @
b c d
OH

H H H
N N N OH NH

Ph
oy
CH,Ph Ph

e f g h i

Figure 32 Primary and secondary amines a to i used in N-alkylation promoted by 9 .
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Table 19 N-alkylation of amines with primary alcohols catalyzed by 9 (1 mol%).

. Alcohol T Time Conv.B By-prod.[?!
Entry Amine Alcohol /Amine [°C] [h] [%] [%] Products
H3C4\
1 QNHZ Ho—— 100 78 21 96 3 NO
chJ
H
2 }N{ Ho— 100 78 24 15 1 (PN—
H3C‘\
3 @NHZ HO— 10 65 24 70 2 N
Hye—/
4 pPhHcN N po—— 10 65 5 100 - pheN  N—"
__/
/\ CH,
5 Ph—N  NH HO— 10 65 5 99 1 P—N  N—
__/
/T CH
6 O NH HO— 10 65 6.5 100 . o N—7°
__/
OH - OH
7 HO 10 65 24 46 - H
HZN\/&Ph \/N\/g\Ph
N
8 @@ - 1 100 24 67 2 @l)
OH /,
9 QH/ HO— 10 65 24 10 1 N\/
/ /
10 QN HO— 10 100 24 16 1 QN\
/ N /CH3
11 (' wo 10 65 27 68 1 QN -
/ _/\/ /CH3
12 { ¥ o 10 65 30 60 7 QN L
/ O
13 () /—Q 5 100 48 87 1
H HO
% |
14 QN HO 10 65 36 0 1 N
HO— 10 78 15 100l -

15 PhH,C—N NH
N

[a]The conversion was determined by GC analysis and assessed by 'H NMR spectroscopy;
[b] Dialkylated product; [c] Catalyst loading 0.4 mol%.
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Figure 33 '"H NMR spectrum of 2-amino-1-phenylethanol and its N-ethylated product mixture, ratio ~4:3
in CDCI3 (entry 7, Table 19).
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Figure 34 3C{"H} NMR spectrum of 2-amino-1-phenylethanol and its N-ethylated product mixture, ratio
~4:3 in CDCls (entry 7, Table 19).
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Figure 35 '"H NMR spectrum of crude indole mixed with 2-aminophenethyl alcohol (entry 8, Table 19).
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Figure 36 3C{'H} NMR spectrum of crude indole mixed with 2-aminophenethyl alcohol (entry 8, Table
19).
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2.4.4 N-alkylation of cyclohexylamine with diols

The use of the 1,4-butanediol in a molar ratio 2/1 with respect to the primary amine
b afforded the cyclic tertiary amine N-cyclohexylpyrrolidine in 87% vyield at 100°C
after 30 h (entry 1, Table 20, Scheme 27, Figures 116, 117, pag.144). This
reaction proceeded efficiently also with other diols, namely 1,5-pentanediol and
3-methyl-1,5-pentanediol with N-cyclohexylpyrrolidine affording the corresponding
cyclic amines at relatively low alcohol / amine ratio (1.5) (entries 2, 3, Table 20,
Figures 118, 119, pag.145). Preliminary studies on the reactivity of diamine
substrates, such as ethylenediamine, propylenediamine, with ethanol failed,
suggesting that the stronger coordination properties of these bidentate ligands may

hindered the catalytic N-alkylation reaction.

Ru(OAc),(CO)(DiPPF)

HO 1 mol %
NH, + N + 2H,0
HO 100 °C

b

Scheme 27 Exemplar reaction for the synthesis of heterocyles with terminal diols promoted by
Ru(OAc)>(CO)(DiPPF) (9).

Table 20 N-alkylation of cyclohexylamine with diols for heterocycles formation catalyzed by 9 (1 mol%).

Alcohol T Time Conv.Bl By-prod.F

Entry Amine Alcohol /Amine  [°C] [h] [%] [%]

HO

1 (g 2 100 30 87 10 QNG
HO
HO

2 (), Q 15 100 48 99 <1 <:>—N )
HO
HO

5 (s 3 5w e s« (N on

[a]The conversion was determined by GC analysis and assessed by 'H NMR spectroscopy; [d]
Monoalkylated product.

2.4.5 Study of the reaction mechanism

In the catalytic N-alkylation reaction the formation of a Ru hydride species is
expected during the alcohol dehydrogenation (Scheme 24).44 1171 Complex

74



Ru(OAc)2(CO)(DiPPF) is soluble in alcohols (EtOH, iPrOH) affording a broad 3'P NMR
singlet similar to that observed in CD2Cl2 (Figure 64). Interestingly, addition to 9 of the
weakly coordinating NEts amine (20 equiv.) at RT in 2-propanol led to the monohydride
species RuH(OACc)(CO)(DiPPF) (17), which equilibrates with the dicarboxylate 9 (17 /
9 =1 /9 molar ratio) (Scheme 28).

Vg

\k i
@\P ///// ] w0s OH @\P | 0
Fe /R‘u\> + )\ + NEt; =——>= Fe R )k +  [NHEt3][CH5CO,]

ST &R
Scheme 28 Formation of the RuH(OAc)(CO)(DiPPF) in equilibrium with 9 in iPrOH with 20 equiv NEts.

The 3'P{’"H} NMR spectrum of metal-hydride showed two doublets at & = 80.0 and
24.6 ppm (external CDCIs lock) with a small 2J(P,P) of about 7.7 Hz (Figure 97,
pag.133), the P trans to the H was attributed to the higher field signal with a 2J(H,P) of
135 Hz as established by a not decoupled 3'P NMR experiment (Figure 98, pag.133).
Complex 17 also formed by reaction of 9 with dihydrogen (4 atm) in [Ds]toluene (17 /9
=1/ 9), with no need of base, according to the Scheme 29. In the "H NMR spectrum
the doublet of doublets at & = -5.98 ppm is for the Ru-H with a 2J(H,P) of 31.3 and 133
Hz for the cis and trans P atoms, respectively (Figure 100, pag.134), according to the
data for the related hydride derivative RuH(CNN)(dppb).[5%2: 118 Complex 17 showed a
good stability under hydrogen over 24 h at RT and once heated to 50 °C the downfield
3'P{'H} NMR signal loosed its fine structure, indicating fluxional behavior of the P
atoms. On the other hand, in the same experiment the broad singlet of complex 9
became significantly sharper upon heating. This may highlight the protecting role of
the acetate ligand that can accommodate weekly coordinating agents at low
temperature, such as water, alcohols, and releases these molecules upon heating,
switching between k' and k?-coordination, in agreement with the studies on the related
adduct Ru(OCOCF3)2(CO)(PPhaz)2(ROH)28 (Figure 101, pag.135). It is worth pointing
out that, the dinuclear hydride complex [Ru(u-H)(CO)(BINAP)]2(O2CC2F4CO2) has
been described as resting state in the alcohol dehydrogenation,?8d while the

mononuclear species RuUHX(CO)(PP) (X = ClI, carboxylate) have been postulated to be
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important in the catalytic dehydrogenation of alcohol,?®d and C-C coupling
reactions.['1°]

Attempts to isolate RuH(OAc)(CO)(DiPPF) under harsher conditions, using strong
reducing agents like NaBH4, CaHz2 or NaOiPr, led to incomplete conversion with
formation of several uncharacterized species. Reaction of 9 with Na/OPr in [D]s-toluene
under H2 (2 atm), afforded a mixture of products containing the starting complex
(Figure 37). Interestingly, by addition of benzylamine a new metal hydride was
detected as main species in the 3'P{'"H} NMR spectrum, with two doublets at 72.1 and
27.4 ppm with 2J(P,P) of 11.5 Hz, consistent with the formation of the amine hydride
adduct RuH(OACc)(CO)(DiPPF)(PhCH2NHz) (Figure 38). The formation of new hydride
species was also observed with several nitrogen containing compounds, depending
on their coordination ability. As a matter of fact, in the presence of 2 equivalents of the
weakly coordinating and sterically encumbered base DBU both complex 17 and a
different hydride were observed (Figure 39). Amine hydride ruthenium adducts were
also detected at the end of the alkylation reaction, as inferred from 3'P{'"H} NMR
spectroscopy, highlighting the protective role of the amine at high concentration (~1.7
M) on the ruthenium hydride toward deactivation processes.

As regards mechanism of the N-alkylation by 9, it is thus likely that the monohydride
17 is formed by substitution of one acetate ligand with an alkoxide, formed in the basic
media granted by the amine, followed by a (B-H-elimination. Reaction between the
formed aldehyde and the amine affords the imine (and water), which after insertion into
the Ru-H bond and protonation by alcohol, leads to the alkylated amine with

regeneration of the Ru-alkoxide and closing the catalytic cycle.

CTE\PR‘U \\\\ O —>H2 CF} IIIII R‘u‘ \\\\\ " )k
e ~. — e ~
e C

Scheme 29 Formation of the RuH(OAc)(CQ)(DiPPF) 17 in equilibrium with 9 in [D8]toluene under 4 atm
of Ho.
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Figure 37 3'P{'H} NMR spectrum of the mixture of product obtained from Ru(OAc)2(CO)(DiPPF) in
presence of NaOiPr, H, 2 atm in [D]8Toluene at 25 °C.
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Figure 38 *'P{'H} NMR spectrum of mixture in Figure 37 in presence of benzylamine BzNH
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Figure 39 3'P{'"H} NMR spectrum of Ru(OAc)2(CO)(DiPPF) + NaOiPr + H; 8 bar after addition of DBU

2.4.6 Conclusions

In summary, the easily accessible carboxylate Ru(OAc)2(CO)(DiPPF) (9),
containing the bulky DiPPF diphosphine displayed high activity in the N-alkylation of
amines with untreated primary alcohols via a borrowing hydrogen reaction. This
ruthenium system allowed unprecedented mild N-alkylation of primary and secondary
amine at temperature as low as 30°C and without the use of any additional base,
resulting one of the most active catalysts reported to date. The carboxylate ligand in
combination with basic diphosphines and the carbonyl ligand showed a preference for
very concentrated solution of substrate allowing to perform the reaction in up to semi-
neat condition in which commercial grade alcohols acted as substrates and solvents.
The addition of TFA, up to 10 equivalents with respect to the catalyst, has a strong
accelerating effect resulting in a rate 4 times higher. Further studies are required to
fully rationalize the catalytic cycle in presence of TFA that is involved in the protonation
of the amine substrate and in the formation of labile and active trifluoro carboxylate

complexes.
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3.0 Experimental Part

3.1 General

All reactions were carried out under argon atmosphere using standard Schlenk
techniques. Commercial grade alcohols and toluene were purchased from Alfa Aesar,
degassed and used without purification. Compounds 1,?°1 Ru(OAc)2(dppf),i
Ru(OAc)2(CO)(PPh3)2,[120 Ru(OAc)2(CO)(dppf), RuClz(dppb)(ampy),
RuH2(CO)(Triphos), Ru(OAc)2(CO)(dppb) RuCl2(dppb)(ampy) RuCI2(dppf)(ampy)
cis-Ru(OAc)2(dppb)(ampy), were prepared according to the literature procedures.
Amines (Aldrich) were distilled, whereas all other chemicals (Aldrich and Johnson
Matthey) were used without further purification. NMR measurements were recorded
on a Bruker AC 200 spectrometer. Chemical shifts, in ppm, are relative to TMS for 'H
and 3C{'H}, whereas 85% H3PQO4 was used for 3'P{'H} and PhCF3 for '°F NMR.
Elemental analyses (C, H, N) were carried out with a Carlo Erba Flash EA1112
elemental analyzer, whereas the GC analyses were performed with a Varian GP-3380
gas chromatograph with a MEGADEX-ETTBDMS-8 column of 25 m of length, internal
diameter 0.25 mm, column pressure 5 psi, H2 as carrier gas and flame ionization
detector (FID). The injector and detector temperature were 250°C. All reactions were
carried out under an argon atmosphere using standard Schlenk techniques. Solvents
were purchased from Aldrich, Alfa Aesar and Carlo Erba; degassed and/or dried over

sieves 3A.

3.2 Synthesis of novel acetate complexes

Synthesis of Ru(OAc)2(PPhs)2 (1): RuCl2(PPhs3)s (16.00 g, 0.0167 mol) and
NaOCOCHs3 (23.00 g, 0.280 mol) were placed in a Schlenk tube and suspended in 250
mL of MTBE. The air was removed from the system with 5 vacuum/nitrogen cycles and
then refluxed for 48 h, affording an orange precipitate. The system was cooled to RT.
and 100 mL of water was added, the biphasic system was vigorously stirred for 1 h
and filtered. The solid was washed with MTBE (2 x 35 mL), MeOH (2 x 20 mL) and
again with MTBE (2 x 35 mL), and finally dried under reduced pressure. Yield: 11.19 g
(90%). All the analytical and spectroscopic data were consistent with previous

literaturel°!
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Synthesis of Ru(OAc)z(DiPPF) (2):

CH,4

Ru(OAc)2(PPhs)2 (1) (2.00 g, 2.69 mmol) and D/PPF (1.19 g, 2.84 mmol, 1.05 equiv)
were placed in a Schlenk and suspended in 5 mL of degassed cyclohexane. The
mixture was refluxed for 4 h, affording an orange crystalline precipitate, which was
filtered, washed with cold n-pentane (3x1 mL) and dried under reduced pressure. Yield:
1.47 g (87%). '"H NMR (200.1 MHz, CDCls, 20 °C): 6 = 4.37 (s, 4H; CsHa), 4.28 (s, 4H;
CsH4), 2.57 (hept, 3J(H,H) = 7.0 Hz, 4H; CH(CHa3)2), 1.91 (s, 6H; CH3COz2), 1.17 ppm
(dd, 3J(P,H) = 12.6 Hz, 3J(H,H) = 7.0 Hz, 24H; CH(CH3)2); "*C{'H} NMR (50.3 MHz,
CDCI3, 20 °C): 6 = 188.1 (t, 3J(C,P) = 0.8 Hz; OCOCHBa), 79.4 (pseudo t, J(C,P) = 20.0
Hz, ipso-CsHa), 73.7 (t, 2J(C,P) = 2.9 Hz; CsHa), 70.1 (t, 3J(C,P) = 2.5 Hz; CsH4), 27.9
(m; CH(CH3)2), 24.0 (s; OCOCHs3), 19.1 (s; CH(CHa)z2), 19.0 ppm (s; CH(CHs3)2); 3'"P{'H}
NMR (81.0 MHz, CDCls, 20 °C): 6 = 67.6 ppm (s); elemental analysis (%) calcd for
C2sH42FeO4P2Ru: C 48.99, H 6.64; found: C 49.53, H 6.92.
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Figure 42 3'P{'"H} NMR spectrum of Ru(OAc)2(DiPPF) (2) in CDCl3 at 20 °C

Synthesis of Ru(OAc)2(DCyPF) (3):

o'oh
CH,

Ru(OAc)2(PPhs)s (100 mg, 0.134 mmol) and DCyPF (81.6 mg, 0.141 mmol, 1.05 equiv)
were suspended in 0.75 mL of degassed toluene and the mixture was refluxed for 60
min. The obtained red solution was concentrated to almost 1 mL, evaporating the
solvent under reduced pressure, and Ru(OAc)2(DCyPF) was precipitated by addition
of n-pentane (10 mL). The solid was filtered, washed with n-pentane (2x3 mL) and
dried under reduced pressure. Yield: 49.2 mg (46%). "H NMR (200.1 MHz, CD2Cl2, 20
°C): 6 =4.28 (t,3J(H,H) = 1.4 Hz, 4H; CsHa), 4.19 (t, 3J(H,H) = 1.7 Hz, 4H; CsHa), 2.23
(br s, 4H; PCH of Cy), 2.04-1.56 (br m, 20H; CH2 of Cy) 1.85 (s, 6H; CH3COz2), 1.52-
1.01 ppm (br m, 20H; CH2 of Cy); *'P{"H} NMR (81.0 MHz, CD2Clz, 20 °C): & = 64.1
ppm (s); elemental analysis (%) calcd for CssHssFeO4P2Ru: C 57.21, H 7.33; found: C
58.60, H 7.50.
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Synthesis of trans-Ru(OAc)z(DiPPF)(en) (4):
N

2 | \\Nsz
% IS™

Ru(OAc)2(PPhs)s (100 mg, 0.134 mmol) and DiPPF (82 mg, 0.141 mmol, 1.05 equiv)
were suspended in 2 mL of degassed n-heptane and refluxed for 2 h leading to an
orange suspension of Ru(OAc)2DiPPF (checked by NMR). Ethylenediamine (9 uL,
0.134 mmol, 1.0 equiv) was added and the mixture was stirred for 2 h, affording a
yellow precipitate of Ru(OAc)2(DiPPF)(en). The complex was filtered, washed with
refrigerated n-pentane (2x1 mL) and dried under reduced pressure. Yield 48.6 mg
(52%). "H NMR (200.1 MHz, CDCls, 20 °C): & = 5.99 (br s, 4H; NH-2), 4.42 (br s, 4H;
CsHa), 4.27 (pseudo t, J(H,H) = 1.7 Hz, 4H; CsHa), 2.97 (br s, 4H; CH2N), 2.54 (hept,
3J(H,H) = 7.0 Hz, 4H; CH(CHa3)2), 1.72 (s, 6H; CH3CO2), 1.26 (dd, 3J(P,H) = 12.1 Hz,
3J(H,H) = 7.0 Hz, 12H; CH(CH?>)2), 1.15 ppm (dd, 3J(P,H) = 12.2 Hz, 3J(H,H) = 7.1 Hz,
12H; CH(CH3)2); 3C{'H} NMR (50.3 MHz, CDCls, 20 °C): 6 = 183.6 (dd, 3J(C,P)=1.9
Hz, 3J(C,P) = 0.8 Hz; OCOCH3s), 79.4 (pseudo t, J(C,P) = 17.4 Hz, ipso-CsHa4), 74.3
(pseudo t, J(C,P) = 3.1 Hz; CsHa), 69.9 (pseudo t, J(C,P) = 2.2 Hz; CsH4), 43.5 (s; CH2),
27.8 (pseudo t, J(C,P) = 9.5 Hz; CH(CH3)2), 26.1 (s; OCOCHSs), 19.8 (s; CH(CHz)2),
19.7 ppm (s; CHCH3); 3'P{"H} NMR (81.0 MHz, CDCIz, 20 °C): 6 = 44.9 ppm (s);
elemental analysis (%) calcd for C2sHsoFeN204P2Ru: C 48.21, H 7.22, N 4.02; found:
C 48.20, H 7.20, N 3.60.
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Figure 47 3'P{'H} NMR spectrum of trans-Ru(OAc)2(DiPPF)(en) (4) in CDCls at 20 °C

Synthesis of trans-Ru(OAc)2(DCyPF)(en) (5):

Ru(OAc)2(PPhs)s (98 mg, 0.132 mmol) and DCyPF (80 mg, 0.138 mmol, 1.05 equiv)
were suspended in 1.5 mL of degassed n-heptane, and refluxed for 2 h, until a
suspension containing Ru(OAc):DCyPF is formed (as verified by NMR analysis).
Ethylenediamine (9 uL, 0.132 mmol, 1.0 equiv) was added to the mixture that was
stirred at room temperature for 2 h affording a yellow solution. Cooling the solution in
an ice-bath, a precipitate is formed. The solid was filtered, washed with cold n-heptane
and then dried under reduced pressure. Yield 72 mg (63%). '"H NMR (200.1 MHz,
CD2Cl2, 20 °C): 6 = 6.09 (s, 4H NH2), 4.32 (m, 4H; CsHa4), 4.25 (pseudo t, J(H,H) = 1.7
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Hz, 4H; CsHa), 2.92 (s, 4H; CH2N), 2.34-2.12 (br m, 8H; Cy ), 2.01-1.84 (br m, 3H; Cy),
1.83-1.56 (br m, 9H; Cy), 1.69 (s, 6H; CH3CO2) 1.55-1.10 (br m, 22H; Cy); "*C{'H}
NMR (50.3 MHz, CDCls, 20 °C): 6 = 183.4 (t; 3J(C,P) = 1.0 Hz; OCOCH3), 79.6 (pseudo
t, J(C,P) = 16.3 Hz, ipso-CsH4), 75.0 (pseudo t, J(C,P) = 3.0 Hz; CsH4) 70.3 (pseudo t,
J(C,P)=2.4 Hz; CsH4), 43.8 (s; CH2N), 39.8 (t, 'J(C,P) = 8.7 Hz; PCH), 29.8 (d, 2J(C,P)
= 7.9 Hz; CH2 of Cy), 28.4 (t, 3J(C,P) = 4.6 Hz; CH: of Cy), 26.9 (s; CH: of Cy), 26.1
ppm (s; OCOCH3); 3'P{"H} NMR (81.0 MHz, CD2Cl2, 20 °C): & = 38 ppm (s); elemental
analysis (%) calcd for C40HssFeN204P2Ru: C 56.01, H 7.76, N 3.27; found: C 58.10, H

7.20, N 2.90.
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Synthesis of the mixture of cis- and trans-Ru(OAc)z(DiPPF)(ampy):

Ru(OAc)2(PPhs)s (2.0 g, 2.690 mmol) and DiPPF (1.181 g, 2.820 mmol, 1.05 equiv)
were suspended in degassed cyclohexane (14 mL) and the mixture was refluxed for 2
h. The resulting orange suspension consists of Ru(OAc)2DiPPF as verified by NMR
analysis. A solution of ampy (277 uL, 2.690 mmol, 1.0 equiv) in 2 mL of degassed MEK
was added to the mixture, that was stirred at room temperature for 4 h. A yellow
precipitate containing trans and cis-Ru(OAc)2(DiPPF)(ampy) (6a, 6b, 6b’) was formed.
The solid was filtered, washed with a small amount of cold n-pentane and then dried

under reduced pressure. Yield: 1.7 g (85%).

NMR evidences of trans-Ru(OAc)z(DiPPF)(ampy):

S\9?
F / | \ 6a

SN
The trans isomer (6a) (kinetic product) was characterized by the spectroscopic
analysis of the reaction in situ between Ru(OAc)2(DiPPF) (25 mg 0.039 mmol) and
ampy (4.1 uL, 0.040 mmol, 1.02 equiv), conducted in an NMR tube at low temperature
(- 60 °C) in CD2Cl2. "H NMR (200.1 MHz, CD2Cl2, - 60°C): & = 9.01 (d, 3J(H,H) =5.5
Hz, 1H; 0-CsH4N), 8.80 (br s, 1H; NH?2), 7.69 (t, 3J(H,H) = 7.7 Hz, 1H; p-CsHaN), 7.33
(d, 3J(H,H) = 7.7 Hz, 1H; m-CsHaN), 7.20 (t, 3J(H,H) = 6.7 Hz, 1H; m-CsHsN), 4.86 (br
s, 1H; NH2) 4.55-3.80 (br m, 8H; CsHa), 4.16 (s, 2H; CH2N), 2.95-2.30 (br m, 4H;
CH(CHs)2), 1.78 (s, 3H; CH3COz2), 1.67-1.10 (br m, 15H; CH(CHs)2), 1.42 (br s, 3H;
CH3COz2), 0.88 (m, 3H; CH(CHs)2), 0.77 (m, 3H; CH(CHs)2), 0.57 ppm (m, 3H;
CH(CHs)z2); 3C{’"H} NMR (50.3 MHz, CD2Clz, - 60°C): 6 = 182.5 (s; OCOCH3), 180.9
(s; OCOCH:s3), 164.7 (s; NCCH2), 154.4 (s; C(6) of Py), 135.8 (s; C(4) of Py), 122.0 (s;
C(3) of Py), 119.6 (s; C(5) of Py), 84.8 (d, 'J(C,P) = 35.0 Hz; jpso-CsH4) 83.7 (d; 'J(C,P)
= 31.0 Hz; ipso-CsH4), 73.1 (s; CsH4), 71.0 (s; CsH4), 70.0 (s; CsH4), 67.3 (s; CsH4),
50.8 (s; CH2N), 31.3 (d, 'J(C,P) = 17.9 Hz; CH(CH3)2), 29.8 (d, '"J(C,P) = 14.3 Hz;
CH(CHs3)2), 27.5 (d, 'J(C,P) = 18.7 Hz; CH(CHs)2), 25.2 (s; OCOCH3s), 24.8 (d, '"J(C,P)
= 17.2 Hz; CH(CHs)2), 23.5 (s; CH(CHs3)z2), 20.2 (br s; CH(CHs)2), 20.0 (s; CH(CHs3)z2),
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19.1 (s; CH(CHs)2), 18.3 (s; CH(CHa)2), 17.8 (br s; CH(CHs)2), 17.6 (s; CH(CHa)2), 16.6
ppm (s; CH(CHa)2); 3'P{'H} NMR (81.0 MHz, CD2Clz, - 60°C): & = 45.2 (d, 2J(P,P) =
29.0 Hz), 43.5 ppm (d, 2J(P,P) = 29.0 Hz).
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Figure 51 "H NMR spectrum of trans-Ru(OAc)2(DiPPF)(ampy) (6a) in CD;Cl. at - 60 °C

91



INE=] < < n ~ o N - O
0 =} n ™M N nmETTTonom—
— — — — — - 0 0 0 W NN
4 [ [ N/ —

CD,Cly

D (d)
24.8
1(17.2)
E (d) C(d)
84.8 27.5
J(35.0), 3(18.7)
F (d) A (d)
83.7 31.3
J(31.0) J(17.9),
B (d
29.8
J(14.3)
T T T
85 84 83
f1 (ppm) ds)
25.2
|
Al ” i " e o ) o
T T T T T T T T T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 50 40 30 20 10 0
f1 (ppm)

Figure 52 3C{"H} NMR spectrum of trans-Ru(OAc),(DiPPF)(ampy) (6a) in CD.Cl, at -60 °C

tTowm

mmnmmm

<+ <+ & <«

—

B (d)

h3.5

To 9m (29)

§¢ g9 A

VN 45.2

3(29)

B
T T T T T T T T
48 47 46 45 44 43 42 41

1 (pprm)

R
——

o)

1.000
1.007

T T T T T T T T T T T T T T
30 120 110 100 90 80 70 60 50 40 30

Figure 53 3'"P{"H} NMR spectrum of trans-Ru(OAc)2(DiPPF)(ampy) (6a) in CD>Cl, at -60 °C

92



NMR evidences of the mixture of cis-Ru(OAc)z(DiPPF)(ampy) isomers:

Addition to the NMR tube containing frans-Ru(OAc)2(DiPPF)(ampy) of 50 yL of CDsOD
at room temperature leading instantly to the two cis isomers 6b and 6b’ in 4:1 mixture,

as determined by the integration of the 3'P and 'H NMR signals.

ey Zad

©—P/,,/“ | o ©—P/,,/” | o
— — v
Fe /RU\ ~—. 6b Fe /Ru\ 6b
N NH
/( NH, /O\ N
|
NN

"H NMR (200.1 MHz, CD2Cl2, 20 °C): & = 9.07 (d, 3J(H,H) = 5.6 Hz, 0.2H; 0-CsHsN
minor isomer), 8.73 (d, 3J(H,H) = 4.7 Hz, 0.8H 0-CsH4N major isomer), 8.29 (m, 0.8H
NH2 major), 7.92 (t, 3J(H,H) = 7.7 Hz, 0.8H; p-CsH4N major), 7.71 (t, 3J(H,H) = 9.0 Hz,
0.2H, p-CsHN minor), 7.59 (d, 3J(H,H) = 7.8 Hz, 0.8H; m-CsHsN maijor), 7.48 (t, J(H,H)
= 6.2 Hz, 0.8H; m-CsHsN major), 7.22 (m, 0.4H; m-CsHsN minor), 4.55 (br s, 0.8H;
CH2N maijor), 4.41 (br s, 2H; CsHa), 4.33 (s, 2H; CsHa), 4.28 (br s, 1H; CH2N and CsHj4
minor), 4.19 (br s, 0.2H; CH2N minor), 4.13 (br s, 3.2H; CsH4 major), 3.88 (s, 0.2H;
CH:2N minor), 3.29 (s, 0.8H, NH2 major), 2.76-2.32 (br m, 4H; CH(CHs)2 major + minor),
1.97 (s, 0.6H; CH3CO2 minor), 1.88 (s, 3H; CH3CO2 major + minor), 1.71 (s, 2.4H;
CH3CO2 maijor), 1.48 (dq, 3J(P,H) = 15.0 Hz, 3J(H,H) = 7.0 Hz, 6H; CH(CHs3)2 major +
minor), 1.39-0.99 (br m, 12H; CH(CH?s)2 major + minor), 0.67 ppm (dq, 3J(P,H) = 15.8
Hz, 3J(H,H) = 7.1 Hz, 6H; CH(CHs3)2 major + minor); "*C{'"H} NMR (50.3 MHz, CD2Cl>,
20 °C): & = 188.7 (s; OCOCH3 minor isomer), 188.1 (d, 3J(C,P) = 2.0 Hz; OCOCH3
major isomer), 179.1 (d, 3J(C,P) = 1.1 Hz; OCOCH3z major), 177.4 (s; OCOCHz3 minor),
162.1 (d, 3J(C,P) = 1.1 Hz; NCCH2major), 150.5 (br s; C(6) of Py major), 149.1 (s; C(6)
of Py minor), 138.4 (s; C(4) of Py major), 137.1 (s; C(4) of Py minor), 124.7 (d, 3J(C,P)
= 2.3 Hz; C(3) of Py maijor), 123.2 (s; C(3) of Py minor), 122.5 (s; C(5) of Py minor),
121.5 (d, 3J(C,P) = 1.4 Hz; C(5) of Py major), 84.3 (d, 'J(C,P) = 35 Hz; jpso-CsHa
major), 82.6 (d, 'J(C,P) = 39 Hz; jpso-CsHa major), 75.0 (br s; CsHs4 minor), 74.1 (m;
CsH4 minor), 73.9 (m; CsHs4 minor), 73.5 (d, 2J(C,P) = 3.8 Hz; CsHa4 maijor), 73.4 (d,
2J(C,P) = 3.4 Hz; CsHa maijor), 73.2 (d, 2J(C,P) = 3.6 Hz; CsHs minor), 72.6 (d, 2J(C,P)
= 1.3 Hz; CsH4 minor), 72.2 (d, J(C,P) = 5.8 Hz; CsH4 major), 72.0 (d, J(C,P) = 2.0 Hz;
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CsH4 major), 71.7 (d, J(C,P) = 2.5 Hz; CsH4 major), 71.6 (br s; CsH4 major), 70.0 (d;
J(C,P) = 3.6 Hz; CsH4 major), 69.8 (d; J(C,P) = 3.9 Hz; CsH4 major), 52.6 (d; 3J(C,P) =
2.8 Hz CH2N major), 30.6 (d, 'J(C,P) = 28.6 Hz; CH(CH3)2 major), 30.3 (d, 'J(C,P) =
24.7 Hz; CH(CHa3)2 major), 29.8 (d, J(C,P) = 22.0 Hz; CH(CHs3)2 major), 29.1 (d, 'J(C,P)
= 21.6 Hz; CH(CHz3)2 major), 24.5 (s; OCOCHs maijor), 24.5 (d, 'J(C,P) = 1.5 Hz;
CH(CHz3)2minor), 24.2 (s; OCOCHs major), 21.8 (m; CH(CH3)2 minor), 20.9 (d, 2J(C,P)
= 4.6 Hz; CH(CH3)2 major), 20.3 (d, 2J(C,P) = 2.9 Hz; CH(CHas)2 major), 20.2 (s;
OCOCH3 major), 20.1 (d, 2J(C,P) = 2.0 Hz; CH(CH?3)2 major), 19.8 (d, 2J(C,P) = 3.7 Hz;
CH(CHs3)2 major), 19.6 (d, 2J(C,P) = 3.7 Hz; CH(CHz3)2 major), 19.4 (br s; CH(CH3)2
major), 18.6 ppm (d, 2J(C,P) = 1.2 Hz; CH(CHas)2 major); 3'P{"H} NMR (81.0 MHz,
CD2Cl2, 20 °C): & = 65.5 (d, 2J(P,P) = 25.5 Hz; minor isomer), 62.9 (d, 2J(P,P) = 27.5
Hz; major isomer), 51.2 (d, 2J(P,P) = 27.5 Hz; major), 45.4 ppm (d, 2J(P,P) = 24.7 Hz;

minor).
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Figure 56 3'P{'"H} NMR spectrum of isomer mixture cis-Ru(OAc)2(DiPPF)(ampy) (6b, 6b’) in CDCl, at
20 °C

Synthesis trans-Ru(OAc)2(DCyPF)(ampy) (7):

%

N\

p” | \
% CFO
Ru(OAc)2(PPhs)s (98 mg, 0.132 mmol) and DCyPF (80 mg, 0.138 mmol, 1.05 equiv)
were suspended in 1.5 mL of degassed n-heptane. The mixture was refluxed for 1 h
until a solution containing Ru(OAc)2DCyPF is formed, as verified by NMR analysis.
Ampy (14 uL, 0.132 mmol 1.0 equiv) was added to the solution leading rapidly to a
yellow precipitate. The solid was filtered, washed with cold n-heptane (3x2 mL) and
then dried under reduced pressure. Yield: 77 mg (65%). "H NMR (200.1 MHz, CDCls,
20 °C): 8 = 9.02 (d, 3J(H,H) = 2.0 Hz, 1H; 0-CsH4N), 7.62 (t, 3J(H,H) = 7.1 Hz, 1H; p-
CsHsN), 7.16 (pseudo t, J(H,H) = 6.7 Hz, 2H; m-CsHsN), 4.43 (br s, 2H; CsHa4), 4.36 (br
S, 2H; CsHa), 4.16 (br s, 4H; CsHas), 4.11 (m, 2H; CH2N), 2.39 (s, 4H; PCH of Cy), 2.27-
0.91 ppm (m, 46H; CH3CO2 and CH:2 of Cy). 3'P NMR (81.0 MHz, CDClIs, 20 °C): d =
39.3 (d, 2J(P,P) = 28.9 Hz), 37.0 ppm (d, 2J(P,P) = 28.9 Hz); elemental analysis (%)
calcd for C44HesFeN204P2Ru: C 58.34, H 7.34, N 3.09; found: C 57.50, H 7.10, N 2.90.

96



I VNOHYTOWOM <+ 0O o~ + ©
o CONMANN— -~ L Mo ®Y N ©
o NNNNNKNNNKN <+ T NN A ~ o

T \+—" SN~ AN N | |

CDCl

P = e /,/
PPh,
A (t)
7.6
3(7.3
n-heptane
|
[
e T e
o <) 3] © o
S] <)} <) a o
— o — ™M wn
T T T T T T T T T T T T T T T T T T T T T T
10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

5.0
f1 (ppm)

Figure 57"H NMR spectrum of Ru(OAc)(DCyPF)(ampy) (7) in CDClsat 20 °C.

39.4
39.1

1N o
N O 3
M ™M ¥

—

[

—39.4
~39.1
—37.2
—~36.9

B (d)
37.0
13(28.9)

A (d)
39.3
3(28.9)

38 37
f1 (ppm)

PPhy
free
imp.
i\ u imp
4 4 & d &
- Q Qe < e
o o — - o o
T T T T T T T T T T T T T T T T T T
120 110 100 90 80 70 60 50 40 30 20 10 0 10 -20 30 40 50
f1 (ppm)

Figure 58 3'P{'"H} NMR spectrum of Ru(OAc)(DCyPF)(ampy) (7) in CDCls at 20 °C.

97



Synthesis of trans,cis-Ru(OAc)2(CO)z(DiPPF) (8):

SWT
=7

Ru(OAc)2DiPPF (60 mg, 0.08 mmol) was dissolved in degassed CH2Cl2 (3 mL), and
vigorously stirred under CO atmosphere (1 atm) for 30 minutes at room temperature.
The solvent was evaporated under reduced pressure leading the product as a yellow
powder. Yield: 54.4 mg (98%). '"H NMR (200.1 MHz, CDCls, 20 °C): d = 4.69 (s, 4H;
CsHa), 4.48 (s, 4H; CsHa), 2.57 (hept, 3J(H,H) = 5.9 Hz, 4H; CH(CHas)2), 1.93 (s, 6H;
CH3CO2), 1.29 (dd, 3J(P,H) = 13.2 Hz, 3J(H,H) = 7.1 Hz, 12H; CH(CHs)2), 1.14 ppm
(dd, 3J(P,H) = 13.3 Hz, 3J(H,H) = 7.1 Hz, 12H; CH(CH?>)2); "*C{'"H} NMR (50.3 MHz,
CDCI3, 20 °C): 6 = 195.8 (dd, 2J(C,P) = 105.2 Hz, 2J(C,P) = 20.9 Hz; CO), 177.0 (t,
3J(C,P) = 1.9 Hz; OCOCH3), 74.9 (t, 2J(C,P) = 3.6 Hz; CsHa4), 74.4-73.2 (m; jpso-CsHa),
71.4 (t, 2J(C,P) = 2.8 Hz; CsH4), 27.3-26.1 (m; CH(CHa)2), 23.2 (s; OCOCH3), 19.7 (s;
CH(CHBa)2), 18.8 ppm (s; CH(CH3)2); 3'"P{'"H} NMR (81.0 MHz, CDCls, 20 °C): 6 = 26.5
ppm (s); elemental analysis (%) calcd for C2sH42FeOsP2Ru: C 48.49, H 6.10; found: C
48.40, H 6.30.
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Synthesis of Ru(OAc)2(CO)(DiPPF) (9):

S
/|\} )
/(>\>:o

Method a): Ru(OAc)2(DiPPF) (2) (359 mg, 0.563 mmol) was placed into a three-neck
round-bottom flask fitted with a bubbler, subjected to three vacuum-argon cycles and
dissolved in 7 mL of degassed toluene. The solution was refluxed for 1 h and then
cooled at room temperature. Formaldehyde in water 24% w/w (550 uL, 2.80 mmol, ca.
5 equiv) was added and the biphasic system was stirred at 120 °C (oil bath
temperature) for 2 h. The resulting reddish organic phase was separated from the
aqueous fraction and dried with anhydrous MgSQa. After filtration, the solvent was
evaporated under reduced pressure affording the product as a yellow powder. Yield:
292 mg (78%). "H NMR (200.1 MHz, CD2Cl2, 20 °C): 6 = 4.82 (br s, 2H; CsHa), 4.47
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(s, 2H; CsHa4), 4.40 (s, 2H; CsHa), 4.30 (s, 2H; CsH4), 2.65 (m, 2H; CH(CH3)2), 2.44 (m,
2H; CH(CHs3)2), 1.92 (s, 6H; CH3CO2), 1.62 (dd, 3J(P,H) = 15.9 Hz, 3J(H,H) = 7.0 Hz,
6H; CH(CHa)2), 1.30 (dd, 3J(P,H) = 14.2 Hz, 3J(H,H) = 7.1 Hz, 12H; CH(CH?3)2), 0.95
ppm (dd, 3J(P,H) = 12.0 Hz, 3J(H,H) = 6.9 Hz, 6H; CH(CH3)2); "*C{'H} NMR (50.3 MHz,
CD2Cl2, 20 °C): 6=74.2 (brs; CsH4), 72.6 (d, 2J(C,P) = 8.7 Hz; CsH4), 71.9 (br's; CsHa),
69.9 (d, 3J(C,P) = 3.0 Hz; CsH4), 25.5 (br s; CH(CHa)2), 24.5 (t, 3J(C,P) = 1.6 Hz;
OCOCHS3), 20.9 (br s; CH(CHs)z2), 19.8 (s; CH(CHs3)2), 19.3 (br s; CH(CHs3)z2), 18.6 ppm
(br s; CH(CHa)2); 3'"P{"H} NMR (81.0 MHz, CD2Cl2, 20 °C): 6 = 61.7 ppm (br s); IR: ¥ =
1939 (s) cm™' (C=0); elemental analysis (%) calcd for C27Ha2FeOsP2Ru: C 48.73, H
6.36; found: C 48.82, H 6.54.

Method b): Ru(OAc)2(DiPPF) (2) (197 mg, 0.309 mmol) and paraformaldehyde
(H2CO)n (23 mg, 0.77 mmol, 2.5 equiv) were suspended in 5 mL of toluene ina 10 mL
Schlenk tube and heated at 120°C for 3 h. The obtained reddish solution was
concentrated under reduced pressure to 1 mL, and added of n-pentane (2 mL). The
resulting yellow precipitate was filtered, washed with diethyl ether (3x10 mL) and finally

dried under reduced pressure. Yield: 100 mg (49%).

Method c): Ru(OAc)2(CO)2(DiPPF) (8) (197 mg, 0.309 mmol) was heated at 120°C
under reduced pressure for 16 h affording 9. Yield: 185 mg (93%).

Method d): [Ru(CO)2(Cl)z2]n (131 mg, 0.574 mmol) and DiPPF (264 mg, 0.632) were
suspended in 5 mL of degassed toluene and refluxed for 2.5 h. Sodium acetate (236
mg, 2,8 mmol) were added to the yellow suspension than was refluxed for 24 h. The
resulting solution was cooled to room temperature and diethyl ether (5 mL) was added,
affording a yellow precipitate. The solid was filtered, washed with diethyl ether (2x1
mL) and dried under reduced pressure. Yield 208 mg (53%).
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Synthesis of cis,cis-Ru(OAc)2(CO)2(DiPPF) (10):

=N

Fe

0]
|

I
.0
wC”
Ru\ 10

Ru(OAc)2(CO)DiPPF (100 mg, 0.150 mmol) was dissolved in degassed CH2Cl2 (3 mL),
and vigorously stirred under CO atmosphere (1 atm) for 24 h at room temperature. The
solvent was evaporated under reduced pressure leading the product as a yellow
powder. Yield: 95.7 mg (92%). '"H NMR (200.1 MHz, CD2Cl2, 20 °C): & = 4.60 (dt,
3J(H,H) = 5.0 Hz, 4J(H,H) = 1.5 Hz, 4H; CsH4), 4.53-4.46 (m, 4H; CsHa), 3.02 (pseudo
hept, J(H,H) = 6.8 Hz, 1H; CH(CHs)2), 2.86-2.19 (m, 3H; CH(CHs)2), 2.00 (s, 3H;
CH3CO2), 1.93 (s, 3H; CH3COz2), 1.75-0.80 ppm (m, 24H; CH(CHs)2); *C{'H} NMR
(50.3 MHz, CD2Cl2, 20 °C): & = 201.6 (t, ?J(C,P) = 14.0 Hz; CO), 193.4 (dd, 2J(C,P) =
115.3 Hz, 2J(C,P) = 13.0 Hz; CO), 175.8 (dd, 2J(C,P) = 18.2 Hz, 2J(C,P) = 2.6 Hz;
OCOCHs), 78.1 (d, 'J(C,P) = 41.6 Hz; ipso-CsHa4), 78.0 (d, "J(C,P) = 41.5 Hz; ipso-
CsHa), 75.6 (d, J(C,P) = 5.3 Hz; CsH4), 75.4 (d, J(C,P) = 5.1 Hz; CsHa4), 73.6 (d, J(C,P)
= 8.5 Hz; CsH4), 72.4 (d, J(C,P) = 6.3 Hz; CsH4), 71.8 (d, J(C,P) = 5.2 Hz; CsHa), 71.4
(d, J(C,P) = 4.8 Hz; CsHa), 71.3 (d, J(C,P) = 5.4 Hz; CsH4), 69.9 (d, J(C,P) = 3.4 Hz;
CsHa4), 29.5 (d, "J(C,P) = 30.0 Hz; CH(CHs)2), 27.3 (d, 'J(C,P) = 25.7 Hz; CH(CHj3)2),
25.8 (d, 'J(C,P) = 21.6 Hz; CH(CHs)2), 25.3 (d, "J(C,P) = 17.6 Hz; CH(CHz3)2), 24.4 (s;
OCOCHs3), 22.8 (d, 2J(C,P) = 4.5 Hz; CH(CHs3)2), 20.3 (s; OCOCHs), 20.00 (d, 2J(C,P)
= 3.8 Hz; CH(CHs)2), 19.8 (br s; CH(CHs)2), 19.6 (br s; CH(CHs)2), 19.5 (br s;
CH(CHs3)2), 19.4 (d, 2J(C,P) = 4.0 Hz; CH(CH3)2), 19.1 (d, 2J(C,P) = 3.5 Hz; CH(CH3)2),
18.2 ppm (br s; CH(CH3)2); 3'P{'"H} NMR (81.0 MHz. CD2Cl2, 20 °C): & = 50.8 (d,
2J(P,P) = 20.5 Hz), 32.2 ppm (d, 2J(P,P) = 20.5 Hz); elemental analysis (%) calcd for
C2sH42FeOesP2Ru: C 48.49, H 6.10; found: C 45.30, H 6.30.
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Figure 68 '"H NMR spectrum of Ru(OAc)2(CO)2(DiPPF) (10) in CD,Cl, at 20 °C
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Synthesis of Ru(OAc)2(CO)(DCyPP) (11):

Ru(OAc)2(CO)(PPhs)2 (200 mg, 0.259 mmol) and DCyPP (206.1 mg, 0.50 mmol), 2
equiv) were suspended in degassed cyclohexane (3.5 mL) and heated at 90°C for 6 h.
The obtained solution was cooled to room temperature, and leaved at 4 °C overnight
affording a precipitate, that was filtered, washed with cold n-pentane (3x1 mL) and
dried under reduced pressure. Yield: 124 mg (70%). '"H NMR (200.1 MHz, CD2Cl2, 20
°C): 6 = 2.69-2.06 (m, 8H; CH of Cy and PCH2), 1.96 (br s, 6H; CH3COz2), 2.06-1.62
(m, 16H; CH2 of Cy), 1.61-1.04 ppm (m, 28H; CH2 of Cy and CH2CH2P); 3'P{’"H} NMR
(81.0 MHz, CD2Cl2, 20°C): 6 =42.7 ppm (br s); IR: ¥ = 1932 (s) cm™' (C=0); elemental
analysis (%) calc. for C27H42FeOsP2Ru: C 48.73, H 6.36; found: C 48.82, H 6.54.
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Synthesis of Ru(OAc)2(CO)(4Cy-Josiphos) (12):

o)
H3C Cy cy |l
\/ " C

Pu, | .Os

Qgé P/" RIU.‘\O’:>
Yy Cy

12

Ru(OAc)2(CO)(PPhs)2 (200 mg, 0.259 mmol) and 4Cy-Josiphos (157 mg, 0.259 mmol)
were suspended in 2 mL of degassed toluene and the mixture was heated at 90 °C for
24 h. The resulting solution was cooled to room temperature and concentered to almost
1 mL, removing the solvent under reduced pressure. Addition of 1 mL of cold n-pentane
(4 °C) afforded an orange precipitate that was filtered, washed with cold n-pentane
(2x2 mL) and dried under reduced pressure. Yield: 100 mg (45%). "H NMR (200.1
MHz, CD2Clz2, 20 °C): 6 =4.46 (br s, 1H; CsHs), 4.41 (m, 1H; CsHs), 4.35 (m, 1H; CsH3),
4.35 (s, 5H; CsHs), 3.03 (br s, 1H; CHCHs), 2.63-2.06 (m, 4H; CH of Cy), 2.04-1.51 (m,
16H; CH-= of Cy), 1.87 (br s, 6H; CH3CO3), 1.68 (dd, 3J(P,H) = 10.7 Hz, 3J(H,H) = 7.3
Hz, 3H; CHCH3), 1.49-1.22 (m, 16H; CH2 of Cy), 1.19-1.06 ppm (m, 8H; CHz of Cy);
31P{'H} NMR (81.0 MHz, CD2Cl2, 20 °C): 6 =77.3 (br s), 46.8 ppm (br m); IR: ¥ = 1948
(s) cm™! (C=0); elemental analysis (%) calc. for C27rH42FeOsP2Ru: C 48.73, H 6.36;
found: C 48.82, H 6.54.
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Figure 74 "H NMR spectrum of Ru(OAc)2(CO)(4Cy-Josiphos) (12) in CD,Cl, at 20 °C
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Figure 75 3'"P{'"H} NMR spectrum of Ru(OAc),(CO)(4Cy-Josiphos) (12) in CD,Cl» at 20 °C
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Synthesis of Ru(OAc)2(CO)(Triphos) (13):

13

Ru(OAc)2(CO)(PPhs)2 (180 mg, 0.233 mmol) and triphos (153 mg, 0.2245 mmol) were
suspended in 3 mL of degassed toluene and the mixture was heated at 90 °C for 16 h.
The resulting suspension was cooled to room temperature and concentered to ~ 1 mL
under reduced pressure. The white solid was filtrate, washed with MTBE (2x3 mL) and
dried under reduced pressure. Yield: 125 mg (61%). '"H NMR (200.1 MHz, CD2Cl2, 20
°C): & =7.84 (t, 3J(H,H) = 8.8 Hz, 4H; aromatic protons), 7.54 (dd, 3J(H,H) = 10.2 Hz,
3J(H,H) = 7.3 Hz, 3H; aromatic protons), 7.44 (br s, 1H; aromatic proton), 7.30 (dd,
3J(H,H) =7.3 Hz, 3J(H,H) = 3.0 Hz, 3H; aromatic protons), 7.26-7.10 (m, 15H; aromatic
protons), 7.04 (t, 3J(H,H) = 6.3 Hz, 1H; aromatic proton), 6.97 (t, 3J(H,H) = 7.8 Hz, 3H;
aromatic protons), 2.51 (d, 2J(P,H) = 8.7 Hz, 2H; PCH-), 2.44-2.37 (m, 1H; PCH>),
2.33-2.22 (m, 1H; PCH?2), 2.14 (br s, 2H; PCH-), 1.97 ppm (q, *J(P,H) = 2.6 Hz, 0.4H;
CH3), 1.86 (br s, 6H; OCOCHS3), 1.63 ppm (q, “J(P,H) = 2.9 Hz, 3H; CH3). 3'P{"H} NMR
(81.0 MHz, CD2Cl2, 20 °C): & = 29.4 (AMz2 spin system, d, 2J(Pw,Pa) = 39.0 Hz; Pw), -
7.0 ppm (t, 2J(Pm,Pa) = 39.0 Hz, Pa), 34.3 (AM2 spin system, d, 2J(Pwm,Pa) = 35.9 Hz;
Pm), 5.7 ppm (t, 2J(PmPa) = 35.9 Hz, Pa); elemental analysis (%) calc. for
C10H1505P3Ru: C 29.35, H 3.69; found: C 29.47, H 3.72.
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Synthesis of Ru(k'-OCOCF3)(k2-OCOCF3)2(CO)(DiPPF) (14):

S

P/,

/"|\>CF3 14
%%ﬁo

FsC

Ru(OAc)2(CO)(DiPPF) (9) (130 mg, 0.195 mmol) was suspended in distilled and
degassed diethyl ether (3 mL). TFA (32 uL, 0.41 mmol) was added and the mixture
was stirred for 30 min at room temperature affording a dark yellow solution. After
addition of calcium carbonate (80 mg), the solution was stirred for 2 h at room
temperature. The solution was filtered and the solvent was removed under reduced
pressure to give the product as a yellow powder. Yield: 90 mg (70%). '"H NMR (200.1
MHz, [Ds]toluene, 20 °C): & = 4.73-4.30 (m, 2H; CsHa), 4.03 (br s, 2H; CsH4), 3.85 (br
S, 2H; CsHa), 3.80 (s, 2H; CsHa4), 2.99 (br s, 1H; CH(CHs)2), 2.51 (br s, 2H; CH(CHs)2),
2.30-2.16 (br m, 1H; CH(CHz3)2), 1.47 (br s, 6H; CH(CH?s)2), 1.26 (dd, 3J(P,H) = 16.0
Hz, 3J(H,H) = 7.1 Hz, 6H; CH(CH?3)2), 1.01 (br s, 6H; CH(CHs)2), 0.61 ppm (br s, 6H;
CH(CHAs)z2); "3C{"H} NMR (50.3 MHz, CDCls, 20 °C): & = (mancano OCOCFs3, CF3, jpso-
CsHa4) 203.6 (dd, 2J(C,P) = 24.4 Hz, 2J(C,P) = 12.1 Hz: CO), 74.6 (s; CsHa4), 72.0 {(t,
J(C,P) = 3.6 Hz; CsHa4), 70.2 (t, J(C,P) = 2.7 Hz; CsH4), 27.0-25.5 (m; CH(CH3)2), 21.0
(br s; CH(CHs3)2), 19.2 (s; CH(CHs3)2), 18.9 (br s; CH(CHs3)2), 18.1 ppm (br s; CH(CH3)2);
31P{"H} NMR (81.0 MHz, CDCls, 20°C): 6 = 62.0 ppm (s). "°F{"H} NMR (188.3 MHz,
CDCl3, 20 °C): 6 = - 70.2 (s), - 70.3 ppm (s); elemental analysis (%) calc. for
CarHssFeFeOsP2Ru: C 41.93, H 4.69; found: C 42.07, H 4.74.
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NMR evidences of Ru(OAc)(OCOCF3)(CO)(DiPPF):

The mixed carboxylate complex was detected after addition of 1 equiv. of TFA to 9 in
CD2Cl2 in an NMR tube.. "H NMR (200.1 MHz, CD2Clz, 20 °C): & = 5.04-4.68 (m, 2H;
CsHa), 4.52 (m, 2H; CsH4), 4.44 (br s, 2H; CsHa4), 4.34 (s, 2H; CsH4), 3.07-2.71 (br m,
1H; CH(CHas)2), 2.70-2.25 (br m, 1H; CH(CHas)2), 2.42 (h, 3J(H,H) = 7.1 Hz, 1H;
CH(CHs)2), 1.87 (s; OCOCH?s), 1.81-1.52 (m, 6H; CH(CHs)2), 1.50-1.15 (m, 12H;
CH(CH3)2), 1.12-0.81 ppm (m, 6H; CH(CHs)2); 3'P{'"H} NMR (81.0 MHz, CD2Cl2, 20
°C): 6=67.8 (brs), 59.8 ppm (br s).
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Synthesis of Ru(k-OCOCH3)2(CO)(DiPPF)(CECPh) (15):

O
11
\2 e
©\P~, \ nC?
P{ \\<
Ru(OAc)2(CO)(DiPPF) (9) (100 mg, 0.150 mmol) was suspended in degassed toluene

(3 mL) and added of phenylacetylene (18.4 mg, 0.180 mmol, 1.2 equiv) and Py (23.9

bL, 0.30 mmol, 2 equiv). The resulting solution was stirred at 50 °C for 30 minutes, and

15

leaved at 4 °C overnight affording a precipitate, that was filtered, washed with cold n-
pentane (3x2 mL) and dried under reduced pressure. Yield: 69 mg (65%). '"H NMR
(200.1 MHz, CD2Clz2, 20 °C): d = 7.37-7.02 (m, 5H; aromatic protons), 4.70 (dd, 3J(H,H)
=2.2 Hz, 3J(P,H) = 1.1 Hz, 1H; CsHa), 4.62 (dd, 3J(H,H) = 2.3 Hz, 3J(P,H) = 1.2 Hz, 1H;
CsHa), 4.47 (m, 2H; CsHa), 4.41 (m, 2H; CsHa), 4.36 (m, 2H; CsHa), 2.94 (hept, 3J(H,H)
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= 7.1 Hz, 1H; CH(CHa)2), 2.85-2.64 (m, 1H; CH(CHa)2), 2.42 (hept, 3J(H,H) = 7.1 Hz,
2H; CH(CH3)2), 1.92 (s, 6H; OCOCH3), 1.59 (dd, 3J(P,H) = 16.2 Hz, 3J(H,H) = 7.1 Hz,
3H; CH(CH3)2), 1.48 (dd, 3J(H,H) = 7.1 Hz, 3J(P,H) = 3.0 Hz, 3H; CH(CH3)2), 1.45-1.18
(several m, 15H; CH(CHAs)2), 0.92 ppm (dd, 3J(P,H) = 13.5 Hz, 3J(H,H) = 7.1 Hz, 3H;
CH(CHs)z2); ®C{'H} NMR (50.3 MHz, CD2Cl2, 20 °C): & = 207.3 (dd, 2J(C,P) = 20.8 Hz,
2J(C,P) = 11.8 Hz; CO), 186.7 (t, 2J(C,P) = 2.3 Hz; OCOCH3), 138.7 (s; ipso-CsHs),
131.3 (d, 2J(C,P) = 0.8 Hz; 0-CeHs), 129.1 (d, 2J(C,P) = 2.2 Hz; C=CPh), 128.1 (s; m-
CeHs), 124.9 (s; p-CeHs), 105.0 (dd, 2J(C,P) = 23.9 Hz, 2J(C,P) = 2.0 Hz; C=CPh), 83.1
(dd, 'J(C,P) = 40.5 Hz, 3J(C,P) = 5.5 Hz; ipso-CsHa4), 78.9 (dd, 'J(C,P) = 33.5 Hz,
3J(C,P) = 1.1 Hz; ipso-CsHa4), 74.4 (d, J(C,P) = 3.6 Hz; CsHa), 73.6 (d, J(C,P) = 5.0 Hz;
CsHa4), 73.1 (d, J(C,P) = 14.2 Hz; CsH4), 72.9 (d, J(C,P) = 11.9 Hz; CsHa4), 71.6 (d,
J(C,P)=4.9 Hz; CsH4), 71.2 (d, J(C,P) = 6.0 Hz; CsH4), 70.4 (d, J(C,P) = 4.3 Hz; CsHa4),
69.9 (d, J(C,P) = 4.9 Hz; CsH4), 28.9 (d, 'J(C,P) = 2.9 Hz; CH(CHz)2), 28.3 (d, 'J(C,P)
= 11.2 Hz; CH(CH3)2), 27.5 (d, 'J(C,P) = 26.2 Hz; CH(CH3)2), 26.5 (d, 'J(C,P) = 15.3
Hz; CH(CHa)2), 24.9 (t, *J(C,P) = 1.4 Hz; OCOCHS3s), 20.9 (s; CH(CHs3)2), 20.0 (pseudo-
t, J(C,P) = 2.2 Hz; CH(CHBa)2), 19.9 (s; CH(CH3)2), 19.7 (d, 2J(C,P) = 1.8 Hz; CH(CHa)2),
19.3 (d, 2J(C,P) = 2.7 Hz; CH(CHBa)2), 19.2 (d, 2J(C,P) = 4.7 Hz; CH(CHa)2), 19.0 ppm
(s; CH(CH3)2); 3'"P{"H} NMR (81.0 MHz, CD2Cl2, 20 °C): 6 = 70.0 (d, 2J(P.P) = 15.9
Hz), 30.3 ppm (d, 2J(P.P) = 15.9 Hz); elemental analysis (%) calc. for C33H44FeO3P2Ru:
C 56.02, H 6.27; found: C 55.87, H 6.14.
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Figure 86 'P{"H} NMR spectrum of Ru(k®-OCOCHj3)(CO)(DiPPF)(C=CPh) (15) in CD,Cl, at 20 °C

Single Crystal X-Ray Structure Determination of Compound 16.
General Data:

Data were collected on an X-ray single crystal diffractometer equipped with a CCD
detector (Bruker APEX Il, <~CCD), a rotating anode (Bruker AXS, FR591) with MoK
radiation (1 =0.71073 A), and a Montel mirror by using the APEX 2 software package.’
The measurements were performed on a single crystal coated with perfluorinated
ether. The crystal was fixed on the top of a glass fiber and transferred to the
diffractometer. The crystal was frozen under a stream of cold nitrogen. A matrix scan
was used to determine the initial lattice parameters. Reflections were merged and
corrected for Lorenz and polarization effects, scan speed, and background using
SAINT. Absorption corrections, including odd and even ordered spherical harmonics
were performed using SADABS.? Space group assignments were based upon
systematic absences, E statistics, and successful refinement of the structures.
Structures were solved by direct methods with the aid of successive difference Fourier
maps, and were refined against all data using SHELXL-2014 in conjunction with

SHELXLE. If not mentioned otherwise, non-hydrogen atoms were refined with
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anisotropic displacement parameters. Hydrogen atoms were placed in ideal positions

using the SHELXL riding model. Full-matrix least-squares refinements were carried out

by minimizing Iw(Fo?-Fc?)? with SHELXL-20143 weighting scheme. Neutral atom

scattering factors for all atoms and anomalous dispersion corrections for the non-

hydrogen atoms were taken from International Tables for Crystallography.

Detailed Crystallographic Data:

Compound Ru(k2-OCOCH3)2(CO)(DiPPF)(C=CPh)
Crystal data

Chemical formula of|2(Cs3H4403P2Ru)-2(Fe)-2(C7Hs)

the crystal

M, 1599.35

Crystal system, space
group

Monoclinic, P2,/c

Temperature (K) 170

a, b, c(A) 10.1474 (2), 15.3943 (2), 23.8422 (4)
B () 96.816 (2)

V(A3) 3698.12 (11)

VA 2

Radiation type Mo Ka

p (mmt) 0.92

Crystal size (mm)

0.30x0.20 x0.16

Data collection

Diffractometer

Xcalibur, Eos

Absorption correction

Analytical

CrysAlis Pro 1.171.38.46 (Rigaku Oxford Diffraction, 2015) Analytical numeric
absorption correction using a multifaceted crystal model based on expressions
derived by R.C. Clark & J.S. Reid. (Clark, R. C. & Reid, J. S. (1995). Acta Cryst.
A51, 887-897) Empirical absorption correction using spherical harmonics,
implemented in SCALE3 ABSPACK scaling algorithm.

observed [I > 20())]
reflections

Tmin, Tmax 0906, 0941
No. of measured,|83940, 8449, 6809
independent and

Rint

0.070

(sin 0/A)max (A1)

0.649

Refinement

R[F?>20(F?)], wR(F?),
S

0.034, 0.076, 1.06
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No. of reflections

8449

No. of parameters

434

H-atom treatment

H-atom parameters constrained

A)max, A>min (e A_3)

0.49, -0.33

Table 4 Bond Lengths for Ru(k*>-OCOCH3)2(CO)(DiPPF)(C=CPh).

Atom Atom
Ru1 P2
Ru1 P1
Ru1 03
Ru1 02
Ru1 C1
Ru1 C9
P2 c12
P2 Cc18
P2 C15
P1 C29
P1 C23
P1 C26
03 Cc10
02 Cc10
01 C9
C1 Cc2
C12 C13
Cc12 C14
C29 C33
C29 C30
Cc18 C19
Cc18 Cc22
Cc10 C11
Cc23 C24
Cc23 C25

Length/A Atom Atom Length/A
2.3018(6) Cc2 C3 1.442(4)
2.4658(7) C26 c27 1.530(4)

2.1936(17) C26 C28 1.541(4)

2.2013(17) C33 C32 1.421(4)
2.040(2) C19 Cc20 1.427(4)
1.816(3) C22 C21 1.423(4)
1.852(2) c15 C16 1.528(4)
1.814(2) C15 c17 1.529(4)
1.860(3) c3 C4 1.395(4)
1.814(2) Cc3 cs 1.396(4)
1.875(3) C30 C31 1.418(4)
1.876(2) Cc21 C20 1.415(4)
1.268(3) C31 C32 1.412(4)
1.262(3) Cc4 Cc5 1.375(4)
1.159(3) cs c7 1.387(4)
1.199(3) c7 Ccé 1.375(4)
1.535(3) c5 c6 1.383(5)
1.528(3) C40 C35 1.373(5)
1.430(4) C40 C39 1.393(5)
1.436(4) C35 C36 1.373(5)
1.436(3) C35 C34 1.496(5)
1.429(3) C39 C38 1.353(5)
1.499(4) Cc38 c37 1.380(5)
1.525(4) C36 C37 1.365(5)
1.531(4)

Table 5 Bond Angles for Ru(k>-OCOCH3;)2(CO)(DiPPF)(C=CPh.

Atom Atom
P2 Ru1
03 Ru1
03 Ru1
03 Ru1
02 Ru1
02 Ru1
C1 Ru1
C1 Ru1
C1 Ru1

Atom Angle/ Atom Atom Atom
P1 100.28(2) 03 C10 C11
P2 104.04(5) 02 C10 03
P1 93.70(5) 02 C10 C11
02 59.51(6) C24 C23 P1

P2 162.75(5) C24 C23 C25
P1 86.76(5) C25 c23 P1

P2 86.26(7) C1 C2 C3

P1 172.56(7) c27 C26 P1
03 81.18(8) c27 C26 C28

Angle/’
120.8(2)
119.0(2)
120.2(2)
112.16(18)
108.1(2)
116.92(19)
175.6(3)
113.79(18)
108.6(2)
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C1 Ru1 02 85.98(8) c28 C26 P1 115.90(18)

c9 Ru1 P2 88.39(8) c32 c33 c29 108.4(2)
c9 Ru1 P1 90.10(8) o1 c9 Ru1 177.2(2)
c9 Ru1 03 166.10(9) C20 C19 c18 107.7(2)
c9 Ru1 02 107.46(9) c21 c22 c18 108.3(2)
c9 Ru1 C1 93.65(11) C16 c15 P2 114.35(18)
c12 P2 Ru1 111.44(8) C16 c15 c17 110.1(2)
c12 P2 c15 102.21(12) c17 c15 P2 112.42(18)
c18 P2 Ru1 119.28(8) c4 c3 c2 121.1(3)
c18 P2 c12 104.65(11) c4 c3 c8 117.8(2)
c18 P2 c15 100.58(12) c8 c3 c2 121.1(3)
c15 P2 Ru1 116.60(8) C31 C30 C29 108.5(2)
c29 P1 Ru1 116.07(8) C20 c21 c22 108.1(2)
c29 P1 c23 101.84(12) C32 C31 C30 108.1(2)
c29 P1 C26 103.00(11) C31 C32 C33 108.3(2)
c23 P1 Ru1 119.94(8) c21 C20 c19 108.4(2)
c23 P1 C26 101.93(12) Cc5 c4 c3 121.4(3)
C26 P1 Ru1 111.84(8) c7 cs c3 120.5(3)
c10 03 Ru1 90.71(15) o c7 c8 120.5(3)
c10 02 Ru1 90.51(15) c4 Cc5 o 120.1(3)
c2 c1 Ru1 172.2(2) c7 C6 C5 119.6(3)
c13 c12 P2 110.39(17) C35 C40 C39 120.7(4)
C14 c12 P2 111.65(17) C40 c35 C34 121.2(4)
C14 c12 c13 110.1(2) C36 C35 C40 118.2(3)
C33 c29 P1 124.3(2) C36 c35 C34 120.6(4)
C33 c29 C30 106.7(2) C38 C39 C40 120.2(4)
C30 c29 P1 128.9(2) C39 C38 C37 119.2(4)
c19 c18 P2 127.61(19) c37 C36 C35 121.2(4)
c22 c18 P2 124.8(2) C36 C37 C38 120.5(4)
c22 c18 c19 107.4(2)

Synthesis of RuCI(OAc)(CO)(DiPPF) (16):

Q

\L C

S—r,,
Fe Ru

=R | p

7o

[Ru(CO)2(Cl)2]n (65 mg, 0.287 mmol) and DiPPF (132 mg, 0.316) were suspended in

2.5 mL of degassed tBuOH and the mixture was heated at 100 °C for 1 h. sodium

e

acetate (132 mg, 1.4 mmol) and 450 uL of chloroform were added, and the mixture

was refluxed for 24 h then cooled to room temperature. The salt was filtered, and the
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solution dried under reduced pressure affording the product as a greenish solid.

Yield

91 mg (49%). "H NMR (200.1 MHz, CDCls, 20 °C): & = 4.91 (m, 1H; CsHa), 4.75 (m,
1H; CsHa), 4.55-4.31 (m, 6H; CsHa), 2.94 (hept, 3J(H,H) = 7.0 Hz, 2H; CH(CHa)2), 2.50
(hept, 3J(H,H) = 7.1 Hz, 2H; CH(CHa)2), 1.97 (s, 3H; OCOCHs), 1.78-1.53 (m, 6H;
CH(CHs)z), 1.54-1.17 (m, 12H; CH(CHs)2), 1.08-0.82 ppm (m, 6H; CH(CHs)2); 3'P{'H}
NMR (81.0 MHz, CD2Clz, 20 °C): & = 67.8 (d, 2J(P.P) = 19.1 Hz), 56.6 ppm (d, 2J(P.P)

= 19.1 Hz). elemental analysis (%) calc. for C2sH39CIFeOsP2Ru: C 46.78, H
found: C 46.87, H 6.16.
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Figure 87 'H NMR spectrum of RuCl(k>-OCOCH3)(CO)(DiPPF) 16 in CDCls at 20 °C
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Figure 88 3'P{'"H} NMR spectrum of RuCl(k>--OCOCH?:)(CO)(DiPPF) 16 in CDCl3 at 20 °C

3.3 Transfer Hydrogenation

General procedure for TH of Acetophenone: The substrate (1.0 mmol) and catalysts
were dissolved in 9,7 mL of 2-propanol and heated at 100°C under argon, then 200 uL
of NaOJPr in 2-propanol (0.1M, 2 mol%, 20 umol) were added. The start of the reaction
was considered the addition of the base, the molar ratio of substrate/catalyst (S/C)
varied from 1000/1 to 20.000/1, while the molar ratio of substrate/base was fixed to
50/1. The reaction was sampled by removing an aliquot of the reaction mixture,
mixture, which was quenched by addition of diethyl ether (1:1 (v/v)), filtered over a
short silica pad, and submitted to GC analysis for the determination of the conversion,
using a MEGADEX-ETTBDMS-f chiral column.

In the case where the catalyst was generated in situ, the acetate pre-catalyst was
dissolved in IPA (9,7 mL) followed by addition of 10 equivalent of the chosen NN ligand
(ampy, en, Hampt) and refluxed at 100°C under argon before addition of the substrate

and the base.
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3.4 Hydrogenation of aldehydes

General procedure for the hydrogenation of neat aldehydes: The hydrogenation
reactions were performed in an 8 vessel Biotage Endeavor apparatus (10 mL each).
The desired amount of catalysts (based on the S/C ratio, generally 20°000:1, 0.002
mmol) was weighted in a 10 mL test tube, then the aldehyde (40 mmol), the additive
(basic, KOH 1M solution 0.125%, 0.05 mmol, 50 uL; or acidic TFA, 10 equiv. respect
to the catalyst, usually 0.02 mmol, 1.5 pL) were added at open air. Others additives
like ampy (5-10 equiv. respect to the catalyst) or solvents (1-2 mL), may be added.
Once 8 test tubes are prepared in this way, they were placed in the vessels, sealed
into the apparatus and stirred at 650 rpom. A pressure of 2 bar of N2 was applied with
five venting cycles. The vessels were then charged with H2 at the desired pressure and
slowly vented five times, heated to 90°C, and leaved to react for 16 h. The apparatus
monitored the hydrogen uptake, and GC/NMR analyses were performed at the end of

the experiment on the crude reaction.
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Figure 89 "H NMR spectrum of Benzyl Alcohol (crude mixture of entry 2, Table 10) in CDClI3 at 20 °C.
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Figure 90 "3C{"H} NMR spectrum of Benzyl Alcohol (crude reaction mixture entry 2, Table 10) in CDCl3
at 20 °C.

Figure 91 '"H NMR spectrum of cinnamyl alcohol (crude mixture of entry 18, Table 14) in CDCl3 at 20
°C.
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Figure 92 'H NMR spectrum of geranio and nerol mixture (crude mixture of entry 5, Table 15) in CDCl3
at 20 °C.
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Figure 93 '"H NMR spectrum of furfuryl alcohol (crude mixture of entry 11, Table 16) in CDCls at 20 °C.
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Figure 94 '"H NMR spectrum of 2-(Hydroxymethyl)thiophene (crude mixture of entry 12, Table 16) in

CDCl3 at 20 °C.
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Figure 96 '"H NMR spectrum of N-benzylaniline (crude mixture of entry 1,Table 17) in CDClIs at 20 °C

3.5 N-alkylation

Evidence of the formation of the hydride RuH(OAc)(CO)(DiPPF) (17):

a) with 2-propanol / NEts: Complex 9 (11.8 mg, 0.0178 mmol) was dissolved in 2-
propanol (0.4 mL) and NEts (50 L, 0.359 mmol) was added under argon. The resulting
solution was recorded using CDCls as external lock. Signals of MH (in the presence of
9): 3'P{"H} NMR (81.0 MHz, CDCls, 20 °C): & = 80.0 (d, 2J(P,P) = 8.2 Hz), 24.6 ppm
(d, 2J(P,P) = 7.1 Hz); 3P NMR (81.0 MHz, CDCls, 20 °C): 6 = 79.8 (br s), 24.5 ppm (d,
2J(P,H) = 135 Hz).

b) with H2: Complex 9 (10 mg, 0.015 mmol) was dissolved in [Ds]toluene (0.45 mL)
and the solution was pressurized with dihydrogen (4 atm) in a quick pressure valve
Wildman NMR tube. Signals of MH (in the presence of 9): "H NMR (200.1 MHz, [Ds]-
toluene, 20 °C): 6 = -5.98 ppm (dd, 1H; 2J(H,P) = 133 Hz, 2J(H,P) = 31.3 Hz, 1H; Ru-
H)); 3'P{'"H} NMR (81.0 MHz, [Ds]toluene, 20 °C): & = 79.3 (d, 2J(P,P) = 8.5 Hz), 25.0
ppm (d, 2J(P,P) = 8.5 Hz).
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Catalytic alkylation of amines: The ruthenium complex (0.01 mmol) was dissolved
in 580 uL of ethanol (0.01 mol) and, if required, TFA (10 equiv with respect to the
catalyst) was added to the catalyst under argon. The solution was kept at the suitable
temperature (30, 65, 78 or 100 °C) and the amine (1.00 mmol) was added. The reaction
was sampled by removing 50 pL of the reaction mixture and diluting it with 2 mL of n-
pentane. The obtained solution was filtered over a short pad of basic alumina and the
conversion was determined by GC analysis ([amine] = 1.7 M; alcohol/amine/Ru =
1000/100/1).

Alkylation of amines with the in situ generated catalyst: The precursor
Ru(OAc)2(CO)(PPhs)2 (0.01 mmol, 7.7 mg) and the selected diphosphine (1.5 equiv)
were suspended in 2 mL of cyclohexane under argon. The mixture was stirred at reflux
temperature for 3 h, the solvent was removed under vacuum and the alkylation of
amines was performed following the procedure described above for the isolated
catalysts.

Synthesis of 1-benzyl-4-ethylpiperazine: Complex 9 (30 mg, 0.045 mmol) was
dissolved in 5.80 mL of ethanol (0.10 mol) and after addition of N-benzylpiperazine (e)
(1.95 mL, 11.2 mmol) at 78 °C, the solution was refluxed for 15 h (the ratios
ethanol/amine/Ru = 2200/250/1). The solution was allowed to reach room temperature
and n-pentane (7 mL) was added. The mixture was filtered over basic alumina (7.2 g)
resulting in a biphasic system. The upper phase was separated, dried and
concentrated under reduced pressure, affording 1.87 g of 1-benzyl-4-ethylpiperazine
(81% vyield). "H NMR (200.1 MHz, CDCls, 20 °C): 6 = 7.29 (m, 5H; aromatic protons),
3.51 (s, 2H; PhCH-2), 2.49 (s, broad, 8H; NCH2CH2), 2.40 (q, 3J(H,H) = 7.2 Hz, 2H;
CH2CHz), 1.07 ppm (t, 3J(H,H) = 7,2 Hz, 3H; CH2CH3); 3C{'H} NMR (50.3 MHz, CDCls,
20 °C): d = 138.2 (ipso-CeHs), 129.3 (0-CeHs), 128.3 (m-CeHs), 127.0 (p-CeHs), 63.2
(PhCH2N), 53.2 (PhCH2NCHz), 52.9 (CH2NEt), 52.4 (NCH2CH3), 12.1 ppm (CHsa).
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Figure 97. 3'"P{'"H} NMR spectrum of Ru(OAc)2(CO)(DiPPF) (9) and RuH(OAc)(CO)(DiPPF) (17)
mixture, ratio 17/3 = 1/9 in iPrOH with 20 equiv NEt; (external CDCI3 lock).
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Figure 98. 3'"P NMR spectrum of Ru(OAc)>(CO)(DiPPF) (9) and RuH(OAc)(CO)(DiPPF) (17) mixture,
ratio 17/3 = 1/9, without "H decoupling.
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ratio 17/9 = 1/9, in [Dg]toluene with dihydrogen (4 atm).
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Figure 100 '"H NMR spectrum of Ru(OAc)2(CO)(DiPPF) (9) and RuH(OAc)(CO)(DiPPF) (17) mixture,
ratio 17/9 = 1/9, in [Dg]toluene with dihydrogen (4 atm).
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Figure 101 3'P{’H} NMR spectrum of Ru(OAc)(CO)(DiPPF) (9) and RuH(OAc)(CO)(DiPPF) (17)
mixture, ratio 17/9 = 1/9, heated to 50°C in [Dg]toluene with dihydrogen (4 atm).
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Figure 102 '"H NMR spectrum of Ru(OAc)2(CO)(DiPPF) (9) and RuH(OAc)(CO)(DiPPF) (17) mixture,
ratio 17/9 = 1/9, heated to 50°C in [Dsg]toluene with dihydrogen (4 atm).
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Figure 103 GC analysis of N-alkylation of a with 2 and TFA at 65°C (Entry 4, Table 18)
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Figure 104 GC analysis of N-alkylation of a with 9 at 65°C (entry 11, Table 18)
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of chromatogram (A) with that of substrate b (red line)
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Figure 107 A) GC analysis of N-alkylation of e with 9 at 65°C (entry 4, Table 19); B) GC superimposition
of chromatogram (A) with that of substrate e (red line).
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Figure 108. 'H NMR spectrum of N-methylcyclohexylamine (a) in CDCIs; at 20 °C.
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Figure 109 'H NMR spectrum of N-ethyl-N-methylcyclohexylamine in CDClI3 at 20 °C.
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Figure 110 'H NMR spectrum of N,N-diethylcyclohexylamine in CDCl3 at 20 °C.
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Figure 111 '"H NMR spectrum of 1-benzyl-4-ethylpiperazine in CDCI3 at 20 °C.
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Figure 113 'H NMR spectrum of 1-phenyl-4-ethylpiperazine in CDCI3 at 20 °C.
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Figure 114 SC{'"H} NMR spectrum of 1-phenyl-4-ethylpiperazine in CDCIs at 20 °C.
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4.0 Conclusions and Future Perspectives

During this PhD work several acetate ruthenium complexes bearing bulky and basic
bidentate phosphines have been for the first time synthesized and characherized using
NMR, IR and, when possible, XRD techniques. The straightforward exchange reaction
of triphenylphosphine with metallocene based bulky alkyl-diphosphines DiPPF and
DCyPF on the acetate complexes Ru(OAc)2(PPhs)s and Ru(OAc)2(CO)(PPhs)s
afforded novel versatile precursors Ru(OAc)2(PP) and Ru(OAc)2(CO)(PP). Preliminary
studies show that compound Ru(OAc)2(CO)(DiPPF) 9 in the presence of TFA easily
undergoes protonation of the acetate ligands, affording the corresponding more
reactive trifluoroacetate species, whereas interaction of phenylacetylene with 9 in a
basic environment, leads to the mono acetylide derivative. Since these systems
showed a good versatility reacting with different organic compounds, they were tested

in diverse organic transformations.

Firstly, the TH of acetophenone catalysed by the novel acetate complexes
Ru(OAc)2(PP) (PP= DiPPF, DCyPPF) and Ru(OAc)2(PP)(NN) (NN= ampy, en), has
been investigated. They showed good activity with TOFs up to 30000 h-! but low TONs
up to 2000, but no important differences were observed between the two systems
Ru(OAc)2(PP) and Ru(OAc)2(PP)(ampy). As a matter of fact, the joint steric hindrance
and the strong trans-effect of the basic diphosphines weakens the coordination of the
ampy ligand, hinting that the Ru(OAc)2(PP)(ampy) systems eventually end up in the
same catalytic active species of the Ru(OAc)2(PP) congeners. This fact likely
determines the reduced acceleration effect granted by the bifunctional NH2 moiety
around the metal coordination sphere. On the other hand, the complex
Ru(OAc)2(DiPPF)(en) with a more coordinating diamine, that appears to release very
slowly the nitrogen ligand, shows no significant improvement within the catalytic
outcomes. The carbonyl complexes Ru(OAc)2(CO)n(PP) (n= 1, 2; PP= DiPPF, Cy-
Josiphos) demonstrated good performances with n=1, whereas with n=2 moderate
activities were observed, hinting that the loose of CO is a key step to obtain catalytically
active species. The addition of nitrogen ligands to monocarbonyl complexes
dramatically increased the reaction rate, suggesting that carbonyl complexes produce

more robust and stable species than their Ru(OAc)2(PP) congeners.
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The carbonyl precursor Ru(OAc)2(CO)(PPhs)2 in combination with the tridentate
ligand Hampt proved to be successful in the reduction of citral to its corresponding
alcohol mixture and of bulky (L)-menthone to (-)-menthol with good stereoselectivity
and productivity (S/C 1000). Further studies are in progress to better understand the
catalytic activity of these complexes and for broadening the scope of the TH reaction
to the reduction of other unsaturated moieties, i.e. C=C, C=N.

The Ru(OAc)2(CO)PP type catalyst are proved to be active in the reduction in neat
condition, in particular the Ru(OAc)2(CO)(DiPPF) complex and the corresponding
monochloride RuCI(OAc)(CO)(DiPPF) are particular active in presence of TFA toward
the reduction of all the substrate tested, giving the better performances in terms of
activity, loadings and chemoselectivity with respect to the complexes bearing others
aliphatic or aryl diphosphines with both basic or acidic additive. Most of the time was
dedicated in testing the diacetate thanks to its large availability, while for the chloride-
acetate a better synthetic pathway should be developed in order to exploit its reactivity
that seems to be comparable or higher in some cases. In view of the set up of a green
procedure, also on industrial scale, more tests should be run to take more advantage
from the solvent free condition promoted by the TFA, thus avoiding the possible

undesired side reactions with the solvent.

The easily achievable carboxylate Ru(OAc)2(CO)(DiPPF) 9, containing the bulky
DiPPF diphosphine displayed high activity in the N-alkylation of amines with
commercial-grade primary alcohols via a borrowing hydrogen reaction. This ruthenium
system allowed unprecedented mild N-alkylation of primary and secondary amine at
temperature as low as 30°C and without the use of any additional base, resulting one
of the most active catalysts reported to date. The carboxylate ligand in combination
with basic diphosphines and the carbonyl ligand showed a preference for very
concentrated solution of substrate, allowing to perform the reaction in up to “semi-neat”
conditions, in which commercial grade alcohols acted as substrates and solvents. The
addition of TFA, up to 10 equivalents with respect to the catalyst, has a strong
accelerating effect resulted in a rate 4 times higher. Further studies are required to fully
rationalize the catalytic cycle in presence of TFA that is involved in the protonation of
the amine substrate and in the formation of the labile and active trifluoro carboxylate

complexes.
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Since catalysis is considered as a crucial enabling green technology for the
transformation of organic compounds, the development of novel efficient catalysts for
environmentally benign reactions characterized by high atom economy and use of non
toxic reagents is of particular importance in this context and follows the vision of the
European programs for a sustainable development in which chemistry plays a pivotal
role. Given the robustness and the wide reactivity of this new class of Ru catalysts, this
PhD work holds promise for a broad application in organic transformations of great

interest, including the synthesis of bio-relevant compounds.
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