T

Uj, vizoldhat6 Ru(II)-foszfin komplexek eléallitasa és

katalitikus alkalmazasa
Doktori (PhD) értekezés tézisei

Horvath Henrietta

Synthesis and catalytic properties of new water-soluble

Ru(II)-phosphine complexes
PhD thesis

Henrietta Horvath

Debreceni Egyetem
Természettudomanyi Kar

Debrecen, 2006



Introduction

Moisture-sensitive reagents are often used in organometallic chemistry thus the
necessity of strictly anhydrous media for organometallic catalysis seemed, for a long
time, to be an axiomatic issue. However, the widely used chlorinated hydrocarbons and
aromatic solvents are harmful to the environment due to their volatility and toxicity
therefore their replacement by environmentally friendly solvents is an immediate
problem.

The most fruitful solution of this challenge would be the complete omission of
solvents but that is, in most cases, not feasible. However, the use of “green” solvents, of
which the most important are water, supercritical carbon dioxide and ionic liquids,
attracts more and more interest.

Water is environmentally friendly, inexpensive, nonflammable and widely
available. Besides, several reactions of biologically important substrates (e.g.
carbohydrates) proceed almost exclusively in aqueous medium.

Recently, water is often used in biphasic reactions since it does not, or only to a
slight extent, mix with most organic solvents. The reaction of water-immiscible
substrates and the catalyst present in the aqueous medium occurs by intense stirring.
The catalyst-containing aqueous phase can be easily separated from the organic phase,
and can be reused in a new reaction.

The water-soluble analogs of almost all catalysts efficient in organic solvents have
been synthetized. Of these Ru complexes are usually prepared by reacting RuCl; with
the corresponding water-soluble phosphine.

The aim of my work was to study the applicability of other Ru sources. My
research was focused on whether water-soluble compounds are formed in the reactions
of well-known water-soluble phosphines and the easily available arene-containing Ru
dimer [{(arene)RuCl,},] or the polymer formed with cyclooctadiene [ {RuCl(cod)},]. If
so, what are the catalytic properties of these complexes like in aqueous (monophasic)
reactions of water-soluble substrates or in biphasic processes. A further aim was to
investigate the difference in the behaviour of catalysts dissolved in organic and aqueous
media, and to study how these influence the course and selectivity of catalytic

processes.



The thesis is divided into three major parts. One involves the synthesis half-
sandwich Ru complexes with water-soluble phosphine ligands and their use in catalysis
— mainly in the hydrogenation of HCOs" in aqueous medium.

The other two parts mainly deal with the hydrosilylation reactions catalyzed by
[RuHCI(CO)(mtppms);] and [RuCl(CH3CN)4(PiPr3)]+. The hydrolysis of these
complexes was also studied as well as the catalytic properties of the chloro-, and the

resulting aqua complexes in the hydrogenation and hydrosilylation of phenylacetylene.

Applied experimental techniques

The water soluble phosphines (pta, mtppms, mtppts, see Fig. 1) and the various
Ru(II)-phosphine complexes were prepared under an inert atmosphere.

The identification of the new complexes was carried out by 'H-, °C- and *'P-

NMR techniques (BRUKER DRX 360, BRUKER Avance 300 MHz) and by mass
spectrometry (BRUKER BioTOF II ESI-TOF and VG Autospec). Elementary analyses
(C, H, N) were done on a Perkin Elmer CHNS/O analyser at the Department of
Inorganic Chemistry, University of Zaragoza. The formation of [RuCl(n°-
CioHi4)(pta)(mtppts)]Cl complex was followed by UV-VIS spectroscopy on a Hitachi
U2000 equipment. Single-crystal X-ray diffraction data were collected on a Enraf
Nonius MACH3 or on a Bruker SMART APEX CCD diffractometer.
Atmospheric pressure hydrogenations were carried out in Schlenk-vessels, whereas in
the case of higher pressures (2-10 bar) heavy-walled glass tube reactors or stainless steel
reactors (10-100 bar) were applied. The formation of half-sandwich Ru hydrides and the
reduction of HCOs™ were studied in high pressure sapphire NMR tubes.

The hydrogenation of cinnamaldehyde and the hydrosilylation of phenylacetylene
were followed by gas chromatography (HEWLETT-PACKARD 5890 Series II
equipment). The hydrogenation of HCO3™ was studied by BC NMR techniques while the
hydrogenation of allyl-alcohol was investigated by 'H-NMR spectroscopy.



($H2)30H

T3

R
S
N (CH,);0H (CH,);0H
SO5”
P 3 L N\/ tris-(hydroxypropyl)-
pta phosphine

R
mtppms: R =H
mtppts: R = SO5”

Figure 1.: The water-soluble ligands: mtppms, mtppts and pta

Abbreviations

cod: 1,5 cyclooctadiene

CioHi4: p-cymene, (4-isopropyltoluene)

mtppms: Na salt of diphenyl-(3-sulfophenyl)phosphine
mtppms-gua guanidinium salt of diphenyl-(3-sulfophenyl)phosphine

mtppts: Na salt of tris(3-sulfophenyl)phosphine

pta: 1,3,5-triaza-7-phosphaadamantane

P'Pr;: triisopropyl-phosphine

PPh;: triphenylphosphine

TOF: (Turnover Frequency): (reacted substrate)(catalyst x time), mol(mol-h)
HPz: pyrazole

MeO-celloszolv: 2-methoxy-ethoxy-ethanol = diethyleneglycol-methyl-ether

THF: tetrahydrofuran

ESI: electron spray ionisation



New scientific results

1. Sixteen new Ru(ll)-phosphine complexes have been synthetised in solid state and the

molecular structure of five of them were determined by X-ray diffraction.

a./ Synthesis of phosphine-substituted water-soluble half sandwich Ru(Il)-complexes
[RuCl,(arene)(L)]-type complexes were prepared by refluxing the methanolic
solution of the corresponding Ru dimer and the ligand for 6-24 hours under an inert

atmosphere.

[{RuCly(arene)},] + 2L —— 2 [RuCly(arene)(L)] (1)

arene: CqH¢ L: pta, mtppms, mtppts
CioHyg P(CH,CH,CH,OH);

The mixed phosphine complex, [RuCl(T]6—C10H14)(pta)(mtppts)]Cl, was
synthetized by boiling [RuCl(n°-C1oH14)(pta)] and an equivalent amount of mtppts in
methanol for 5 hours.

The solid-state structures of [RuCl(m®-CeHe)(pta)]H,O and [RuClL(n’-
CsHe)(mtppms-gua)] were determined by single crystal X-ray diffraction, and they were
found to be similar to that of the known [RuCl,(m°-C oH,4)(pta)]-CH,ClL.

b./ Synthesis of [RuHCI(CO)(mtppms);] and [RuH(H,0)(CO)(mtppms);] (BF4)
[RuHCI(CO)(mtppms);] was obtained in a ligand exchange reaction between

[RuHCI(CO)(PPhs);] and mtppms carried out in THF/CHCl; mixture. In aqueous

solution chloride dissociation occured yielding [RuH(H,O)(CO)(mtppms)s]". This

complex was also prepared by an independent synthetic method as shown in Fig. 2.
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Figure 2.: Synthesis of [RuHCI(CO)(mtppms);] and [RuH(H,0)(CO)(mtppms);](BF,)

c./ Synthesis of [RuCI(NCMe) P'Pr3)] (BF,) complex and its derivatives

Experimental methods of these complexes and reaction conditions are shown in Fig.
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Figure 3.: Synthesis originating [ {RuCl,(cod)},] precursor



The solid-state structures of [RuCl(NCMe)4(PiPr3)](BF4)
[Ru(H,0)(NCMe)4(P'Pr3)](BF4), and [Ru(NCMe)4(P'Pr3),](BF4)-(CHCl;) were also
determined by single crystal X-ray diffraction.

1I. Chloride dissociation equilibria of the complexes in aqueous solution

a./*'P-NMR studies proved the hydrolysis of chloro complexes.

[{Ru}-Cl] + H,0 === [{Ru}-H,0]" + CI (2)

{Ru} ={RuH(CO)(mtppms);}
{Ru(NCMe),(P'Pr)} "
{RuCl(arene)(L)}, arene = C4Hg, C;oH 4
L = pta, mtppms, mtppts, P(CH,CH,CH,0OH);

b./  Dissociation  equilibrium  constans  of  [RuHCI(CO)(mtppms);]  and
[RuH(H,0)(CO)(mtppms);] (BF4) complexes were determined.

The NMR spectra of aqueous solution of [RuHCI(CO)(mtppms);] showed the
presence of [RuH(H,O)(CO)(mtppms);]” as the major species. The spectra were
recorded at wvarious CI° concentrations, and the relative amounts of
[RuHCI(CO)(mtppms);] and [RuH(H,O)(CO)(mtppms)s]” were determined from the
integrated intensities of the *'P{'H}-NMR signals, and the dissociation constant: K =
9.810” M was also calculated.

Similarly, the relative amounts of [Ru(Hzo)(NCMe)4(PiPr3)](BF4)2 and
[Ru(CI)(NCMe)4(P'Pr3)](BF,) at different Cl° concentrations were determined by
titrating an aqueous solution of [Ru(HzO)(NCMe)4(PiPr3)](BF4)2 with NaCl solution.
The dissociation constant was calculated using the *'P{'"H}-NMR spectral data and was
found K=0.5M".

In CD;OD methanolysis of [RuHCI(CO)(mtppms);] but not of the
[RuCI(NCMe)4(P'Pr3)](BF;) could also be detected.

c/ It was pointed out that the aqua complexes ([RuH(H,0)(CO)(mitppms)s]
[Ru(H>0)(NCMe) (P'Pr3)]*") are converted to hydroxo complexes depending on the pH

of the solution. The equilibrium constants of these processes were determined.



[{Ru}-H,0]" + OH [{Ru}-OH] + H,0O 3)

{Ru} = {RuH(CO)(mtppms);}
{Ru(N CMC)4(PIPY3)}+

In solutions of pH > 9 the chemical shift of the phosphorous signals in the
*'P{'"H}-NMR spectra changes gradually with the change in the pH. The chemical shift
vs. pH curve is similar to that of pH potentiometric measurements. The equilibrium
constants of eq. (3) were calculated from these data using the PSEQUAD software and
these were found to be pK,=11.97 for [RuH(H,O)(mtppms);](BF4) and pK,= 11.36 for
[Ru(H,0)(NCMe)4(P'Pr3)](BF.)., respectively.

1II. The reaction of [{RuCly(arene)};], water-soluble phosphines (L = pta, mtppms,
mtppts) and H>; was studied in aqueous solutions. Several hydrido complexes were
indentified at p = 10-100 bars. Some of these complexes were detected also in the
reaction with HCOONa.

Depending on the [L]/[Ru] ratio, temperature, hydrogen pressure and the reaction
time various hydrido complexes were formed of which the [RuH(arene)L,]" was the
dominating species in all the cases.

Fig. 4 depicts the complexes formed in the reaction of [{RuClz(n6—C6H6)}2] and pta and

their reactions with hydrogen.
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Figure 4: The complexes formed in the reaction of [ {RuCly(n°~C¢Hy)},] and pta and their
reactions with hydrogen (p = 100 bar).



1IV. The new water-soluble Ru(ll)-phosphine complexes were used as catalysts for

hydrogenation and hydrosilylation reactions.

a./ [RuCly(arene)(L)] (L = pta, mippts) formed in situ as well as the isolated [RuCly(n’-
Ci1oH 4)(pta)] showed catalytic activity in the hydrogenation of HCOj3 in aqueous
solution.

It was established that in the reaction catalyzed by [(n°-CoH;4)RuCly(pta)] both
HCOO™ and DCOO" were formed.

HCO; + H, — HCO, + H,0 4

The turnover frequency (TOF) was determined by following the progress of the
reactions by BC-NMR spectra. For the [{RuClz(n6—C6H6)} 2] + 4pta “in-situ” catalyst, at
p(Hz)= 100 bar pressure, depending on the temperature and [L]/[Ru] ratio, the TOF was
found to be between 22 and 409 h™".

b./ Hydrogenation of cinnamaldehyde
The hydrogenation of cinnamaldehyde catalyzed by [RuCly(n°-CoH 4)(pta)] was
studied in biphasic systems at various hydrogen pressures and temperatures, with and
without the presence of HCOONa. It was established that hydrogenation occurs only at
pressures higher than 10 bar and the main product was cinnamalcohol.
The extent of hydrogenation significantly increases in the presence of small
amounts of formate ([HCOONa]/[R] = 2) faciliting hydride formation, and,

simultaneously, the reduction of C=C bonds becomes preferred.

c./ It was proved that the catalytic activities of aqua and chloro complexes differ both in
hydrogenation and hydrosilylation reactions in organic as well as in biphasic
(aqueous/organic) systems.

The catalytic activities of [RuHCI(CO)(mtppms);] and [RuH(H,O)(CO)(mtppms);]"
were studied in the hydrogenation and hydrosilylation of cinnamaldehyde and
phenylacetylene.

In methanol and under atmospheric hydrogen pressure, both complexes catalyze the
hydrogenation of phenylacetylene to styrene. The process catalyzed by
[RuHCI(CO)(mtppms);] is significantly faster than the one catalyzed by
[RuH(H,0)(CO)(mtppms)s]” (¢1,=~50 min and 400 min at 60 °C).



In methanol both catalysts mainly favour the formation of the unsaturated alcohol;
in the reduction of cinnamaldehyde almost complete selectivity was observed, though
the activity was slightly lower than that in the presence of [RuHCI(CO)(mtppms)s].

Of the five possible products in the hydrosilylation reactions of phenylacetylene
(Fig. 5) mainly B-styryl silane (both Z and E isomers) and styrene are formed both in

mono- and biphasic systems.

kat. H_ H H\C_C' SiR3 H\C_C,SiRg
HSiR; + HC:CR' C_C\ v T AT
o — R SiRy 'R’ H H R
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I. 11 111.
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. H H
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trialkylsilyl-acetylene alkene

Figure 5.: Products of hydrosilylation

In MeO-cellosolv the chloro complex (no solvolysis occurs in this solvent)
favours the formation of Z-styryl-silane, while the aqua complex primarily catalyzes the
reduction of phenylacetylene with significantly less activity than the chloro complex
does.

I have found in the same process in biphasic water-dichloroethane system, that:

— Both the quality and quantity of the hydrosilane have an effect on the catalysis: the
reaction is faster with HSiMe,Ph than with HSiEt;. The excess of silane primarily
influences the reaction rate rather than the selectivity.

— The presence of air has no significant effect on the conversion or on the
selectivity.

— The conversion decreases using a buffer of pH = 7.5 instead of water as an
aqueous phase, however, the selectivity increases in favour of the Z-styryl-silane.

— Of the halides (CI', Br’, I') the highest conversion can be achieved in the presence
of chloride. Increasing its concentration the selectivity also changes: the amount of

Z isomer increases at the expense of E-styryl-silane.
The catalytic activities of [RuCI(N CMe)4(PiPr3)](BF4) and

[Ru(H,0)(NCMe)4(P'Pr3)](BF4), were also compared in the hydrosilylation of

phenylacetylene and the following conclusions should be noted:
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— In 1,2-dichloro-ethane [Ru(HZO)(NCMe)4(PiPr3)](BF4)2 proved to be more active
as a catalyst.

— Replacing 1,2-dichloro-ethane with acetone or THF the conversion significantly
decreases. Though the main product is the Z-alkenyl-silane in all three solvents, its
amount decreases in the order 1,2- dichloro-ethane > acetone > THF, and, at the
same time the amount of styrene increases to almost 30 % in THF.

— In an aqueous-organic biphasic systems the ratio of reactants also has a significant
effect on the selectivity. With a concentration ratio of phenylacetylene and HSiEt;
approaching 1, the percentage of styrene in the product mixture increases. It is
even more typical that at the same time the formation of Z-styryl-silane becomes
dominant on the expense of the E-isomer The conversion can be increased and the
formation of styrene can be suppressed with the increase of temperature and use of

HSiMe,Ph instead of HSiEt;.

The role of the pH of the solution was pointed out regarding the hydrogenation of
allyl alcohols in aqueous solution by [Ru(H,O)(N CMe)4(PiPr3)](BF4)2. At
atmospheric pressure the extent of hydrogenation of the compounds studied (allyl
alcohol, geraniol, 1-octene-3-ol) is rather low. The reaction of 1-octene-3-ol,
however, was accelerated when the catalyst was dissolved in a phosphate buffer of
pH = 7.5 instead of water. Mainly isomerisation occurs: the amount of 3-octanone is

6.5 times higher than that of 3-octanol.

The results of my thesis throw light on the fact that in the hydrogenation and
hydrosilylation processes catalyzed by chloro complexes not only [H'] but the
concentration (and quality) of halides has influence on the conversion and

selectivity of the reaction too.
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