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1. Introduction and objectives

Catalysts used in the chemical industry have not only to be active and highly selective, but
also have to be easily separable from the products and can be reused in the following
processes. The first two properties are the common features of homogeneous catalysts, while
the last two are the attributes of heterogeneous catalysts. Many research groups have been
working on the unification of these favorable properties.

In the well-known agueous-organic biphasic systems the catalyst is solved in the
aqueous phase, which is immiscible with the organic phase, containing the substrate. The
reaction is carried out by intensively stirring the reaction mixture. After that, the two phases
can be easily separated through decantation. In ideal cases, the organic phase contains the
product(s), while the catalyst-containing aqueous phase can be reused in a new catalytic
process. The foundations of the aqueous-organic biphasic catalysis were made by the
Department of Physical Chemistry at University of Debrecen. It was demonstrated that
unsaturated carboxylic acids can be hydrogenated in aqueous media in the presence of the
water-soluble analogs of [RhCI(PPhs)s] and [RuCl2(PPhs)s]. The catalysts were made water-
soluble by applying the monosulphonated version of PPhs (mtppms) as the ligand.

It was demonstrated that these complexes can catalyze not only the two-phase
hydrogenation of cinnamaldehyde, but they are also active in hydrogen transfer reactions
using HCOO" as hydrogen source. The catalyst, [{RuClz(mtppms)2}2] was solved in aqueous
HCOONa solution, while the substrate was solved in chlorobenzene. After intensive stirring
of the two phases, cinnamyl-alcohol was selectively produced, which could be easily
separated from the aqueous phase containing the hydrogen source and the catalyst. It was also
demonstrated that using [RhCI(mtppms)s] instead of [{RuClz(mtppms)2}2], the selective
reduction of the C=C bond takes place in the case of cinnamaldehyde. Because of the
difference in the selectivity between the Ru(ll)- and Rh(l)-compunds, my aim was to
investigate the reactions catalyzed by the [RhCl(mtppms)s] in more details, including the

hydrogenation of other aldehydes.

I also aimed to determine the advantages of the monophasic system over the biphasic system.
In this case the reduction is carried out in a phase that can fully solve the three components
(the substrate, HCOONa and the water-soluble catalyst), followed by an induced phase

separation to extract the product.
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More detailed knowledge of the interactions between the HCOO™ and the catalysts can be very
useful to understand the reaction-mechanisms. | decided to determine the compositions and
the structures of the hydrido-complexes formed in the catalytic reactions via multi-nuclear
NMR-methods.

HCOs5 is a byproduct of hydrogen transfer reactions from HCOO". The reduction of
HCO; to HCOO" catalyzed by the [{RuClo(mtppms)2}2] is well-known, so an idea presented
itself to produce catalytic amounts of HCOO™ from HCOj5 for the reduction of aldehydes
(Figure 1.).

HCO,"
ArCH,OH Hz
[{RuCly(mtppms),},] QP\Q
ArCHO @ SO;Na
HCO, + H,0 mtppms

Figure 1.: Selective reduction of aldehydes in the presence of catalytic amount of HCO3

To verify the hypothetical cycle shown in Figure 1., | studied the conversions of

cinnamaldehyde in the presence and absence of HCOj3 in various Ho-pressures.
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2. Applied experimental techniques

Schlenk-technique was used in the preparation of the ligand and the catalysts applied in
the experiments. Hydrogen transfer reactions were carried out under inert atmosphere.
Reactions under 2-10 bar hydrogen pressures were carried out in high pressure glass reactors
made in the Department of Physical Chemistry.

Distilled water or 0.2 M phosphate buffers were used in the reactions. The buffer solutions
were made from reagent grade NaH2PO4, Na2HPOj4, and NasPO4. The pH of the solutions was
determined by calibrated pH-meters.

A HEWLETT-PACKARD 5890 Series Il gas chromatograph with CARBOWAX 30M
capillary column and an Agilent 7890A gas chromatograph with Chrompack WCOT Fused
Silica 30 mx32 um CP WAX52CB capillary column, both equipped with flame ionization
detectors (FID), were applied in the measurements of organic products of the catalytic
reactions.

The structures of the hydrido-complexes were determined using 3'P-, ¥*C- and *H-NMR
techniques, using a BRUKER DRX 360 instrument.
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3. New scientific results

3.1 It was demonstrated that cinnamaldehyde is selectively reduced from HCOONa to
a) cinnamyl-alcohol in the presence of [{RuClz(mtppms)z}2] and b) 3-
phenylpropanal in the presence of [RhCl(mtppms)s] in mixtures of water/iPrOH

1.a) Cinnamaldehyde was fully converted to cinnamyl-alcohol in mixtures of water and water-
soluble organic solvents (volume ratio 2:1) in the presence of HCOONa and
[{RuCl2(mtppms)2}-], at a temperature of T = 30°C after 2 hours. Among the organic solvents
examined, iPrOH was found the most useful. | also demonstrated that iPrOH functions as a

solvent and not as a hydrogen source.

CH,OH

CHO
[Ru]
o + HCOO o +HCOy
H,0/iPrOH

Varying the water/iPrOH volume ratio, the ideal mixture was found to contain 4.0 mL of

water and 3.5 mL of iPrOH: the conversion reached 88.5% after 1 hour, a 45-fold increase
compared to the 2% conversion reached in aqueous-organic biphasic system at the same

conditions.

1.b) 3-phenylpropanal was the only product in the presence of [RhCl(mtppms)s]. In the
mixture of 4.0 mL water and 3.5 mL iPrOH, the conversion was measured to 41% (T = 30°C),
which remained the same in the range of 20-80% iPrOH volume ratio. Conversions of
cinnamaldehyde were measured between 40-50% using other water-miscible organic solvents.
| found that iPrOH was only functioned as a solvent as it was the case with the Ru(ll)-

catalyst.

CHO CHO

Rh
~ +ncoo +HCOy’
H,0/iPrOH

2./ The reaction rate went through a maximum as a function of HCOONa. The highest
conversion was reached at [HCOQO]/[S] = 10:1 ratio both in the cases of [{RuClz(mtppms)2}2]

and [RhCIl(mtppms)s]. Further increasing the amount of HCOO", two phases were formed

through salting out, which resulted in a decrease of the conversions.
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3./ Using HCOOH/HCOONa mixtures as hydrogen source in various ratios, it was found that
i./ no reaction occurred when only HCOOH was used; ii./ with the increasing amount of
HCOONa, the conversion increased equally, thus only the latter functions as a hydrogen

source.

4./ 1t was demonstrated that the reaction rate reach a maximum at [S]/[Cat.] = 50:1 ratio as a
function of substrate concentration. Further increasing the substrate concentration, the
conversion was dropped significantly in the case of [{RuClx(mtppms)2}2], and decreased
moderately in the presence of [RhCl(mtppms)s] because of the inhibitor effect of the

substrate.

5./ 1t was found that the conversion increased until [P]/[Ru] = 6:1 ratio in the case of
[{RuCl2(mtppms).}.] and [P]/[Rh] = 5:1 ratio in the case of [RhCI(mtppms)z] as a function of
mtppms concentration. The conversion remained constant when the concentration of mtppms

was further increased.

6./ The effect of temperature was also studied. The virtual activation energies was determined,
which resulted at 88 kJ/mol in the case of [{RuCl2(mtppms)2}2] (Figure 2.) and 91 kJ/mol in
the presence of [RhCl(mtppms)s] (Figure 3.).
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Figure 2.: Effect of the temperature on the formation of the cinnamyl-alcohol
1.0 mmol cinnamaldehyde; 0.0025 mmol [{RuClz(mtppms)2}2]; 0.04 mmol mtppms; 4.0 mmol HCOON3,;
Vwa[er = 40 mL, ViPrOH = 35 mL
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Figure 3.: Effect of the temperature on the formation of the 3-phenylpropanal
1.0 mmol cinnamaldehyde; 0.01 mmol [RhCl(mtppms)s]; 0.07 mmol mtppms; 6.0 mmol HCOONa
Vwater = 40 mL, ViPrOH = 35 mL

7.a) Reactions between [{RuClz(mtppms)z2}2], mtppms and HCOONa in the absence of
cinnamaldehyde were also studied, applying *H-, *C and 3'P-NMR techniques. Formations of

trans,mer-[H2RuX(mtppms)s] (X = H2.0, HCOO") complexes were observed (Figure 4.).

H H
8[H,.;] = -19.2 ppm (td)

8[Hy] = -17.7 ppm (td) | .
Pa/,,'R| NI S ppege Pa//"Ru"“\\\Pb J[HLo-P] = 25 Hz
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/ v = / | N~ 3[P.] = 44.0 ppm
P 8[P,] =43.7ppm P =
H20 | & 3Py =773ppm HCOO a 8[Py] = 79.2 ppm
H H

8[C] =174.0 ppm (br)
J[C-H] =195 Hz

Figure 4.: *H-, 3C- and 3P NMR properties of the Ru-dihydrides

7.b) Cis,mer-[H2RhX(mtppms)s] (X = H20, HCOO") complexes (Figure 5.) were identified as
products of the reactions between [RhCl(mtppms)z], mtppms and HCOONa, using the same

techniques as described in the case of the Ru(ll)-complexes.
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J[Py-RN] ~ 86 Hz
J[P.-Rh] ~ 19 Hz

Fiure 5.: 'H-, 3C- and 3P NMR properties of the Rh-dihydrides
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8./ Based on the results of the catalytic reactions and the NMR measurements, the following
reaction mechanisms were suggested:

a) The substrate is coordinated to the place of the H2O ligand in trans,mer-
[H2Ru(H20)(mtppms)s]. Internal hydride migration to the coordinated aldehyde would result
the corresponding alkoxyde from which the corresponding alcohol would release by
protonation of water while the coordination of HCOO™ would occur. The trans,mer-
[RuH2(H20)(mtppms)s] would reform by the decomposition of HCOO™ to HCO53 within the
coordination sphere of Ru(ll) (Figure 6.).

[{RuCl,P,},] P = mtppms

+HCOO"
+H,0
+P
HCOy trans-[H,Ru(H,0)P;] ~ RHCO
X HZO
H,0
Vi /P
P—RG—OOCH P—Ru—OCHR
v |
H,O

RCH,OH H /_\ H,0

Hcoo- P— Ru—OCHzR

H,0 p
HZO

Figure 6.: Suggested reaction mechanism for the aldehyde's hydrogen transfer reductions from aqueous HCOO"
catalysed by [{RuCly(mtppms)2}2] + n mtppms

b) Cinnamaldehyde would coordinate through the C=C bond to replace the H>O ligand in
cis,mer-[H2Rh(H20)(mtppms)s]*. Followed by the reductive elimination of 3-phenylpropanal
and coordination of HCOO", [Rh(HCOO)(mtppms)s] would form from which cis-mer-
[H2Rh(H20)(mtppms)z]* would reform through internal redox reactions (Figure 7.).
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[RhCIP3] P = mtppms

+ HCOONa
+ H,0
+P

HCO;’ cis-mer-[H,Rh(H,0)P3] CHO
‘)/ th/\/
[Rh(HCOO)P,] [H,Rh(Ph-CH=CH-CHO)P4]
H -
Ph/\/C O HCOO

Figure 7.: Suggested reaction mechanism for the cinnamaldehyde's hydrogen transfer reductions from aqueous
HCOO- catalysed by [RhCI(mtppms)s] + n mtppms

9./ Various aldehydes were reduced to the corresponding alcohols using [{RuClo(mtppms)2}-]
(Table 1.), except pyridine-3-aldehyde and 2-aminobenzaldehyde, both were supposedly
coordinated to Ru(ll) through their N-atoms. Only the C=0 bond was reduced, when C=C
bonds were also present. It was found that the conversions were smaller when the substrate
contained electrophile groups. Ketones were not reduced at the same conditions. Utilizing
higher temperature and longer reaction time (T = 50°C; t = 4 h), the corresponding alcohols
were formed at 2% in the case of acetophenone, and 3% in the case of isophorone,

respectively.
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Table 1.: Hydrogen transfer reduction of various aldehydes in water/iPrOH mixtures

Aldehyde Conversion (%)
t=05hours t=1hour

cinnamaldehyde 33 65
3-phenylpropanale 44 79
benzaldehyde 36 82
citronellal 37 81
4-bromobenzaldehyde 100 100
4-ethoxybenzaldehyde 100 100
citral 32 65
ciklohexanecarboxaldehyde 40 61
2-fluorobenzaldehyde no data 39
3-fluorobenzaldehyde no data 24
4-fluorobenzaldehyde no data 48
4-trifluoromethylbenzaldehyde no data 40
3-methylbenzaldehyde no data 19
pyridine-3-aldehyde 0 0
2-aminobenzaldehyde 0 0

1.0 mmol substrate; 0.0025 mmol [{RuClz(mtppms)2}2]; 0.04 mmol mtppms; 6.0 mmol HCOONa;
Vwa[er = 40 mL; ViPrOH = 35 mL; T = 300C

10./ It was demonstrated that using [RhCl(mtppms)s] in the catalytic reduction of citral, both
the reduction of the C=C and C=0 would take place. Product ratio was depended on the
temperature: the conversion reached 22.4%, of which 17.0% were citronellal and 5.4% were
unsaturated alcohol (geraniol + nerol) at T = 30°C, while at T = 40°C citronellol was also
produced. It was found that the selectivity decreased significantly as the function of

temperature (Figure 8.).
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Figure 8.: Hydrogen transfer reduction of citral in water/iPrOH mixture using [RhCl(mtppms)s] catalyst
1.0 mmol citral; 0.01 mmol [RhCI(mtppms)z]; 0.07 mmol mtppms; 6.0 mmol HCOONa;
Vwater = 4.0 mL; Vipron = 3.5 mL; t = 1 hour

11./ Various saturated aldehydes were used to compare the monophasic system to the
aqueous-organic biphasic system at the same conditions. It was observed that the formation of
the corresponding alcohols was more effective in the monophasic system with the sole
exception of the 2-fluorobenzaldehyde (Table 2.). However, the difference between the two
systems in terms of conversion was significantly smaller than it was observed in the reactions
of cinnamaldehyde catalyzed by [{RuClz(mtppms)2}2].

Table 2.: Hydrogen transfer reduction of saturated aldehydes in mono- and biphasic systems

Aldehyde Conversion (%)
water/iPrOH water
benzaldehyde 60 57
3-tolualdehyde 87 57
4-bromobenzaldehyde 2 0
4-trifluoromethylbenzaldehyde 80 67
2-fluorobenzaldehyde 76 77
3-fluorobenzaldehyde 78 66
4-fluorobenzaldehyde 84 49
3-phenylpropionaldehyde 12 0
ciklohexane-carboxaldehyde 14 0
pyridine-3-aldehyde 0 0

1.0 mmol substrate; 0.01 mmol [RhCl(mtppms)s]; 0.07 mmol mtppms; 6.0 mmol HCOONZ;
T=50°C;t=1 hour,
Solvent: Vuaer = 4.0 ML + Vipron = 3.5 ML, OF "Vyyaer = 7.5 mL

10
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3.2 It was demonstrated that in the presence of catalytic amounts of HCO3, the selective
hydrogenation of cinnamaldehyde - catalyzed by [{RuClz(mtppms)2}-] - takes place

significantly faster

1./ It was observed that in aqueous-organic biphasic system, hydrogenation of
cinnamaldehyde was more effective in the presence of NaHCOs; compared to the 0.2 M
phosphate buffer solution at the same conditions.

Both conversion and selectivity were significantly decreased, when monophasic water/iPrOH

mixtures were used as reaction media.

2./ The effect of HCO3 was also studied. Maximum conversion was reached in the presence
of n = 0.2 mmol NaHCOs3 at p(H2) = 1 bar (Figure 9.). It was found that the conversions were
increased significantly, when the catalyst was reacted with Hz for 10 minutes before the

addition of the substrate.

50 1
A

40 A A N
E’\i A
c 30 o
S ® o o A
5 ()
% 20 - ¢
5 o
o ¢

10 -

0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8

NNaHcos (Mmol)

Figure 9.: Effect of the amount of the NaHCOg3 in the reduction of cinnamaldehyde
0.4 mmol cinnamaldehyde; 0.005 mmol [{RuClz(mtppms)2}2]; 0.08 mmol mtppms;
Vwater = 7.5 mL; p(H2) = 1 bar; T =50°C; t = 1 hour
Symbols: e without pre-hydrogenation; A 10 minutes long pre-hydrogenation of NaHCOg;
4 in the absence of NaHCOs the reaction was carried out in 7.5 mL 0.2 M phosphate buffer, pH = 8.3

Cinnamyl-alcohol was the only product applying p(Hz2) = 10 bar after 20 minutes of reaction.

The highest conversion was reached in the presence of n = 0.2 mmol NaHCOa.

11
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3./ It was demonstrated that the conversions were increased as the function of the
ligand/catalyst ratio (p(H2) = 10 bar; T = 50°C). Cinnamyl-alcohol is the only product, except

in absence of added mtppms (5.4% cinnamyl-alcohol + 3.1% 3-phenylpropanal).

4./ It was demonstrated that in the transfer hydrogenation reaction of cinnamaldehyde carried
out in the T = 30-70°C temperature range under p(H2) = 1 bar, cinnamyl-alcohol was the main
product, but trace amounts of 3-phenylpropanal and 3-phenylpropanol were also observed.
Using 0.2 M phosphate buffer solutions, the conversions were significantly smaller at the
same conditions (cinnamyl-alcohol was the only product in the T = 30-60°C temperature
range, but at T = 70°C trace amounts of 3-phenylpropanal and 3-phenylpropanol were
detected).

The conversions were increased lineal either in the presence of 0.20 mmol NaHCO3 or in 0.2
M phosphate buffer (pH = 8.3) at p(H2) = 10 bar. It was found that the sole product was
cinnamyl-alcohol, which was formed significantly faster in the presence of NaHCO3 (Figure
10.).

30 40 50 60 70
Temperature (°C)

Figure 10.: Effect of HCOj vs. the temperature in the reduction of cinnamaldehyde at p(H.) = 10 bar
1.0 mmol cinnamaldehyde; 0.0025 mmol [{RuClz(mtppms)2}2]; 0.04 mmol mtppms;
t=1 hour
Symbols: e 7.5 mL 0.2 M phosphate buffer solution; A Vwater = 7.5 mL + 0.2 mmol NaHCOs3

5./ The effect of H>-pressure was also studied. The conversions were increased significantly
faster as the function of Hz-pressure in the presence of 0.1 mmol of NaHCO3 than in 0.2 M
phosphate buffer (pH = 8.3) at T =50°C (Figure 11.).

12
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Figure 11.: The effect of the Ho-pressure in the formation of cinnamyl-alcohol in the presence as well as the
absence of NaHCO3
1.0 mmol cinnamaldehyde; 0.0025 mmol [{RuCly(mtppms).}-]; 0.04 mmol mtppms;
Vagueous phase = 7.5 mL; T=50°C; t = 1 hour
Symbols: e 0.2 M phosphate buffer, pH = 8.30; A 13.3 mM NaHCOs solution

6./ The reaction between [{RuCl(mtppms)2}2], mtppms and NaHCOs at p(H2) = 1 bar was
also investigated, using H-, *C- and 3!P-NMR spectroscopy. Cis-[H2Ru(H20)(mtppms)s]
was formed in the absence of HCO3, while trans,mer-[H2Ru(H20)(mtppms)s] was the product
in the presence of HCO3. Between the two hydrido-complexes, the latter one is a more active
catalyst in the selective reduction of aldehydes. The rate increasing effect of the HCOj3 can be
interpreted with the aforementioned difference in the catalytic activity between the two

complexes.

7./ Based on the results of the catalytic reactions and the multinuclear NMR measurements,
the following reaction mechanism was suggested:

[Ru(H20)2(HCO3)2(mtppms)2] is formed from the reaction between [{RuCl>(mtppms).}.] and
HCOj5 under argon atmosphere, which is transformed into trans-[Ru(H)2(H20)(mtppms)s] in
the presence of H2. When cinnamaldehyde is added, trans-[Ru(H)2(RCHO)(mtppms)s] would
form, from which the catalytically active trans-[Ru(H)2(H20)(mtppms)s] would reform, while

cinnamyl-alcohol would release (Figure 12.).

13
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Figure 12.: Suggested reaction mechanism for the hydrogenation reaction of cinnamaldehyde in agueous

organic biphasic system, in the presence of [{RuCl.(mtppms)2}.] + mtppms and catalytic amount of NaHCO:s.

14
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4. Possible future applications

The increasing industrial production and the need for new materials and substances are
causing serious environmental damages worldwide, while the continuous increase for
necessaries require the increasing of industrial production and the development of new
materials. However, this quasi contradiction can be solved by applying the principles of green

chemistry.

A few examples for those principles can be mentioned, like low energy consumption,

environment-friendly solvents or the application of fast and selective catalysts.

Numerous compounds of o,B-unsaturated aldehydes are widely used as substrates in the
flavour, cosmetic, food or pharmaceutical industries. | studied the hydrogen transfer reactions
of cinnamaldehyde as a model compound, using [{RuCl(mtppms)2}2] and [RhCl(mtppms)3]

catalysts, utilizing the previously mentioned principles of green chemistry.

The selective conversion of various industrially important o,B-unsaturated aldehydes can be
achieved with the records of this thesis, while the environmental impact can be significantly
decreased. Furthermore, the method can be used in the conversion of heat-sensitive substrates
or reactions where heat-sensitive products are formed, because of the application of low

temperatures here.

15
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