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ABSTRACT

With the aim of identifying new types of water-soluble catalyst precursors for modification of
biological membranes by homogeneous hydrogenation in aqueous solution and under mild
conditions, we have performed detailed equilibrium and spectroscopic characterization of
complex formation between nickel(Il) or palladium(ll) and salan-type ligands sulfonated in
their aromatic rings (N, N -bis(2-hydroxy-5-sulfonatobenzyl)-1,4-diaminoethane (HSS), N,N’-
bis(2-hydroxy-5-sulfonatobenzyl)-1,4-diaminopropane (PrHSS) and N,N’-bis(2-hydroxy-5-
sulfonatobenzyl)-1,4-diaminobutane (BuHSS)) in the slightly acidic — alkaline pH range. The
stability constants of the metal complexes were determined using pH-potentiometry. The
catalytic activities of the [Ni(HSS)] and [Pd(HSS)] complexes in hydrogenation and redox
isomerization of oct-1-en-3-ol were also studied. The results indicate, that all of the
investigated ligands exhibit excellent nickel(ll) and palladium(Il) binding ability via the
formation of (O",N,N,O") linked chelate system. Both [Ni(HSS)] and [Pd(HSS)] catalyze the
hydrogenation and redox isomerization of oct-1-en-3-ol. [Pd(HSS)] shows excellent activity
and the reaction was highly selective to the formation of octan-3-ol. [Ni(HSS)] is also an
active and selective catalyst for this hydrogenation reaction and to the best of our knowledge,
[Ni(HSS)] is the first nickel(ll)-based, hydrolytically stable, water-soluble catalyst bearing

sulfonated salan moiety.
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INTRODUCTION

Organometallic catalysis in aqueous media [1-5] have been widely used for studies on
biological processes.[6] Such studies include modification of biological samples, both model
systems (such as liposomes), isolated cell organelles, and live cells in order to gain insight on
the role of biomembranes in various physiological processes.[6-8] Hyperpolarization of
suitable biomolecules such as pyruvate via hydrogenation with para-H; is used for in vivo
imaging. [9] In addition to other strict requirements (no toxicity!), the catalyst should be able
to operate in aqueous environment, and solubility in water is often achieved by attaching polar
or ionic substituents to the ligands of the catalytically active metal complex.

In addition to the studies on biochemistry or cell physiology, aqueous organometallic
catalysis has also contributed very importantly to development of green chemical processes.
Such processes facilitate reactions of environmentally important substrates (hydrogenation of
carbon dioxide and various constituents of biomass) and also enable aqueous-organic liquid
biphasic technologies. The latter are characterized by the use of a minimum amount of (or no)
volatile organic solvents and by simple separation of products and catalysts, leading to highly
efficient catalyst recycling and low metal contamination of the products. [2-4,8,10]

Salen (N,N’-ethylenebis(salicylimine)) is one of the most widely used ligands in
coordination chemistry and its transition metal complexes show useful catalytic properties in
non-agqueous media in reactions such as oxidation, hydrogenation, various C-C couplings,
etc.). In order to capitalize on the versatile catalytic properties of salen complexes also in
water, this ligand and its derivatives were made water-soluble by appending on it ionic or
polar substituents such as, for example, sulfonate [11,12], carboxylate [13,14], ammonium
[15], and phosphonium [16] groups. With respect to aqueous applications, however, a major
drawback is in the imine character of the ligand, which often results in the hydrolysis and

deterioration of the complexes in water especially under the sometimes harsh conditions of



catalysis (high temperature, presence of metal ions, bases or acids). [17] The problem of
catalyst decomposition can be eliminated by hydrogenation of the C=N bonds leading to
hydrolytically more stable complexes of N,N’-di(2-hydroxybenzyl)ethylenediamine (salan), or
those of HSS = hydrogenated, sulfonated salen (Figure 1). [17,18] An excellent recent review
discusses the synthesis and properties of salan complexes (both water-soluble and water-
insoluble) as well as their biomedical and catalytic applications hitherto investigated. [19]
Hydrogenation of salen-type ligands (e.g. those with various linker groups between the two
salicylidene moieties) is — in principle — generally suitable also for the synthesis of
hydrolytically stable sulfonated salan-type ligands (sulfosalans), however up till now this was
only scarcely attempted. [10,19-21]

The use of water as solvent allows to carry out catalytic reactions at various pH which can be
adjusted and controlled by addition of simple acids and bases (pH-static conditions are also
used [22]). Variations in the pH of a reaction mixture may strongly influence the formation of
various metal complex species (both their compositions and concentrations) and this may be
reflected in the results of a catalytic reaction in terms of product(s) yield(s) and selectivities.
[22] It is therefore important to learn the coordination chemistry of a given M™/L system
even if the catalyst (or its precursor) is applied as a well-defined, isolated metal complex. For
speciation studies in aqueous solutions, one of the most reliable and widely applicable
methods is pH-potentiometry which may give information on the concentration distribution
and the stoichiometry of the various metal complex species as the function of pH. On the
basis of such speciations, it may be possible to identify the most abundant metal complex
species under the conditions of catalysis (although this may not necessarily be identical to the
real catalytic species).

((Please insert Figure 1 here))



In this paper, we report a detailed pH-potentiometric study of complex equilibria established
in aqueous solutions of Pd** and Ni** complexes of three sulfosalan ligands (IV, N -bis(2-
hydroxy-5-sulfonatobenzyl)-1,4-diaminoethane (HSS), N,N’-bis(2-hydroxy-5-
sulfonatobenzyl)-1,4-diaminopropane (PrHSS) and N,N’-bis(2-hydroxy-5-sulfonatobenzyl)-
1,4-diaminobutane (BuHSS), see Figure 1). Catalytic activities of the [Ni(HSS)] and
[PA(HSS)] complexes in hydrogenation and redox isomerization of oct-1-en-3-ol (as a

representative allylic alcohol) are also reported.

EXPERIMENTAL

Synthesis and characterization of the sulfosalan ligands

HSS and BUHSS were prepared as described in [21] and were identified by their *H and **C
NMR spectra, respectively. Synthesis of PrHSS was carried out analogously to the
preparation of HSS and BuHSS; details of the synthesis and characterization (*H, *C NMR
and ESI-TOF MS data) can be found in the Supplementary. The precursor of PrHSS was

prepared following the procedure described elsewhere. [23]

pH-potentiometry

[PACI,]* stock solutions were prepared by dissolving Naa[PdCls] (Pressure Chemicals) in
water using 2 equivalents of HCI to avoid hydrolytic processes. The NiCl, stock solution was
prepared from the highest available grade and its concentration was checked gravimetrically.
The purity and the concentration of the sulfosalan ligands and the concentration of [PdCls]*
stock solutions were checked by pH-potentiometry. For solution equilibrium studies, triple

deionized and ultrafiltered (Milipore Q system) water was used.



The protonation constants of the HSS ligands (pK,) and the overall stability constants of the
metal complexes (logpyqrs) were determined by pH-potentiometric method. 15 mL aliquots of
the ligands (ca. 2.1 mM concentration) were titrated with KOH solution of known
concentration (ca. 0.16 M). The carbonate contamination (less than 0.1 %) and the
concentration of the KOH solution were determined using the appropriate Gran functions.
[24] During the titrations, the sample was purged with argon in order to ensure the absence of
oxygen and carbon dioxide. The ionic strength of the samples was adjusted to 0.2 M KCI and
the measurements were carried out at 298 K. The samples were stirred using a magnetic
stirrer. The pH-potentiometric titrations were made using a computer-controlled Mettler
Toledo T50 automatic titrator and the instrument was equipped with a DG 114-SC combined
glass electrode (Mettler Toledo). The pH readings were converted to equilibrium hydrogen
ion concentration as described by Irving et al. [25] The protonation constants and the overall
stability constants of the metal complexes, Boqgrs = [MpLqH:CIs)/[M]P[L][H]'[CI]® (where “M”
stands for nickel(ll) or palladium(ll)) were calculated using the general computational

programs (SUPERQUAD [26] and PSEQUAD [27]).

Spectroscopic measurements

'H and *C NMR spectra were recorded in D,O solutions on a Bruker Avance 360
spectrometer. When required, the pH of the samples was adjusted with the use of NaOD and
DCI. 'H and *C NMR chemical shifts are reported relative to DSS. ESI-TOF-MS
(Electrospray lonization Time-of-Flight Mass Spectrometry) measurements were carried out
on a Bruker maXis Il MicroTOF-Q instrument (Bruker Daltonik, Bremen, Germany) in

negative ion mode. Details of the measurements can be found in the Supplementary.



UV-visible spectra of the nickel(Il) complexes were recorded with an Agilent Technologies
Cary 8454 UV-VIS diode array spectrophotometer in the 200 — 800 nm wavelength range

using the same concentration range as in the pH-potentiometric titrations.

Typical procedure of hydrogenation and redox isomerization of oct-1-en-3-ol:

A solution of [Pd(HSS)] (1.25x107" to 2.5x10 " mol) in water (100 — 200 pL), oct-1-en-3-ol
(2.5%10~* mol), and 3 mL of 0.2 M acetate buffer of appropriate pH (1=0.2 M KCI) were
placed into a high-pressure tube. The tube was repeatedly evacuated and filled with H, and
finally pressurized with H, to reach 1 — 5 bar total pressure. The reaction vessel was
immersed into a thermostated bath (25 — 80 °C), and the mixture was stirred for the desired
reaction time. At room temperature the products were extracted with 2 mL of toluene, dried
over MgSQO,, and subjected to gas chromatography.

In case of [Ni(HSS)] catalyst, the same procedure was used, however, the reaction mixture
contained an aqueous solution of [Ni(HSS)] (1.07x10° mol in 1 mL of water), oct-1-en-3-ol
(2.5%10~*mol), and further 2 mL of water and the reactions were run at 80 °C.

The reaction mixtures were analyzed by gas chromatography using a HP5890 Series Il
equipment (Supelcowax 10 - Fused Silica 30 mx0.32 mmx0.25 um; FID; carrier gas: argon).
Composition of the product mixtures are expressed as area %. The peaks in the
chromatograms were identified by their order and standard samples and the composition of

the product mixture was calculated from the peak areas.

RESULTS AND DISCUSSION
Acid-base properties of the ligands
The protonation constants (pK,) of the ligands were determined by pH-potentiometric

titrations and the data are collected in Table 1. The stepwise protonation constants of HSS



have already been published [17] and the two sets of data show excellent agreement. It
follows from the structure of the investigated ligands, that in principle the sulfonic acid
groups, the two phenolic-OH groups and the secondary amine groups may take part in
deprotonation processes. However, the pH-potentiometric data clearly show, that the
deprotonation of sulfonic acid groups takes place below pH < 1.5 which value falls out the
potentiometrically measurable pH range. Therefore, four deprotonation constants have been
determined by pH-potentiometry while the pH-dependent *H and **C NMR experiments

offered a possibility to assign the pK, values of the individual groups.

Table 1. Stepwise Deprotonation Constants (pKa) of the Ligands?

(1=0.2 M KCI, T = 298 K)

HSS PrHSS BUuHSS BHBDPAP®
H,L 6.00(8) 6.93(8) 6.94(4) 5.90
HsL 7.44(7) 7.82(8) 7.81(4) 8.47
H,L 8.75(6) 9.57(7) 10.08(3) 10.16
HL 10.64(4) 11.28(4) 11.47(2) 11.13
THiL 32.83 35.60 36.30 35.66

430 standard deviations are in parentheses.
®BHBDPA: (N, N -bis(2-hydroxybenzyl)-2,3-diamino-propionic acid
“Data are taken from Ref. [28]

Selected part of the proton decoupled **C NMR spectra of HSS as a function of pH are shown
in Figure 2 and the chemical shifts of the carbon atoms as a function of pH are illustrated in
the Supplementary, Figure S7. The *C{*H} NMR spectra of the examined systems are

available in the Supplementary (Figure S8, S9).

((Please insert Figure 2 here))

Based on the thorough analysis of NMR data it can be concluded, that the lowest, measurable

pKa value belongs to the deprotonation of one of secondary amino groups. In slightly acidic



pH range, a drastic downfield shift was observed in the aliphatic region of the NMR spectra
confirming the aforementioned deprotonation process. This effect is well demonstrated in
Figure S7, where the chemical shift of C8 carbon atom — assigned as one of the aliphatic
carbon atoms — decreases by increasing the pH which corroborates that the deprotonation
process occurs on the secondary amino group. The aromatic carbon atoms remain almost
intact in this pH range. This, relatively low pK, value for a secondary amine group, suggests
the formation of an intramolecular hydrogen bond between the deprotonated amine and a
protonated phenolic hydroxyl group.[28] A similar observation has already been reported in
the case of (NV,N’-bis(2-hydroxybenzyl)-2,3-diamino-propionic acid ligand (BHBDPA). [28]
Upon increasing the pH, further deprotonation processes significantly overlap, however,
based on the downfield shift in the aromatic part of the *C NMR spectra, these processes can
be assigned to the deprotonation of phenolic hydroxyl groups, which can be easily followed
on the chemical shift of C1 atom (Figure S7). In strongly alkaline solutions, the highest pK,
value belongs to the deprotonation of the other amine group resulting in further downfield
shift in the aliphatic part of the **C NMR spectrum. The micro- and macroprocesses of HSS
deprotonation are summarized in Scheme S1 (see Supplementary).

The results of pH-potentiometric measurements have also demonstrated, that the increasing
size of the bridging unit between the two salicylamine moieties in PrHSS and BuHSS
significantly enhances the basicity of the phenolic hydroxyl and the secondary amine groups
resulting in higher basicity compared to that of HSS. This effect is also revealed by NMR
spectroscopy where the downfield shift in the aliphatic region occurs in more alkaline pH for

PrHSS and BuHSS than that obtained for HSS.

Pd(I1) and Ni(ll) complexes of the sulfosalan ligands



The equilibrium studies on the Pd(11)/Ni(11) — sulfosalan ligand systems were performed using
pH-potentiometric titrations and the stability constants of the corresponding complexes are
collected in Table 2. It is important to note, that chloride ion was used as a competitor during
the titrations of Pd(l1)/sulfosalan systems because the formation of [PdCl,]* and [PdCls]”
species shifts the Pd(Il)/sulfosalan complex formation into the measurable pH range. In the
absence of chloride ion, the complexation occurs already under very acidic conditions
hindering the determination of stability constants. [29]

Table 2. Stability Constants (logSpqrs) of the Complexes Formed between Palladium(I1)® or

Nickel(11) and the Ligands® (I = 0.2 M KCI, T = 298 K)

HSS PrHss BUHSS
[PAHLCI] 37.31(5) 36.98(6) 37.3(5)
[PdL] 31.2(2) 29.5(2) 31.7(5)
[NiLH] 18.7(1) 19.07(2) 15.98(5)
[NiL] 13.00(4) 12.15(2) 7.89(2)
pK PAHLC 6.11 7.48 5.60
pK NiHL 5.70 6.92 8.09

&Chloro complexes of palladium(I1) were taken into account in the calculations of stability
constants. These are as follows: [PdCI]* (logs = 5.08); [PdCl,] (logp = 8.88); [PACls]” (logp
=11.30); [PdCL,]* (logp = 12.18). Data are taken from Ref. [30]

P35 standard deviations are in parentheses.

As a representative example, the molar distribution of the complex species in the Pd(I1):HSS
1:1 system are shown in Figure 3 while the distributions of the Pd(Il):PrHSS 1:1 and the
Pd(I1):BuHSS 1:1 systems are reported in the Supplementary (Figure S10 and S11). In
general, the complex formation processes with palladium(ll) were quite fast; the titrations
were performed in equilibrium controlled mode and the waiting time between two titration
points fell into the range of 90 — 360 s.

For palladium(ll), the complex formation in all cases starts with the ternary PAHLCI complex

in slightly acidic pH range. In these complexes, the coordination sphere of Pd(ll) is

accommodated by the (O7,N,N) donor set and the square-planar environment is completed by



the binding of the chloride ion. Although the amino group is the most basic site in the ligands,
the (O,N,O") coordination mode is unlikely. This can be explained by considering the fact,
that the donor atoms in the ligands are in chelate position. Therefore, the coordination of the
individual donors occurs in a cooperative manner. If the coordination mode is (O,N,0), a
macrochelate complex forms in the PAHLCI species. With respect to thermodynamics, the
formation of the coupled chelate system is more favourable than the formation of
macrochelate species.

((Please insert Figure 3 here))

Upon increasing the pH, a further deprotonation process results in the formation of PdL
complexes. In these complexes, the chloride ion is replaced by the phenolate O donor to form
coupled chelate systems with ring sizes of (6,5,6), (6,6,6,), and (6,7,6) in case of HSS, PrHSS,
and BUHSS, respectively. Stability constants of the three PdL complexes are approximately
the same, although Pd(Il) prefers the (6,5,6) membered chelate systems. [31] This effect
concerning the stabilities can be easily explained by considering the fact, that PrHSS and
BuHSS have higher basicity than that of HSS resulting in increased stabilities. To compare
the palladium(Il) binding abilities of the sulfosalan ligands, theoretical distribution curves
were calculated (Figure 4).

((Please insert Figure 4 here))

The calculated concentration  distribution curves in a system containing
Pd(I1):HSS:PrHSS:BUHSS in 1:1:1:1 concentration ratio clearly demonstrate that HSS
behaves as a more effective Pd(Il) chelator than PrHSS or BuHSS. Under the conditions of
Figure 4, HSS dominantly coordinates Pd(Il) in the entire pH-range which is due to the

formation of (6,5,6) membered chelate systems. Significant competition between HSS and



BuHSS occurs only in strongly alkaline pH-range, while only negligible complexation of
Pd(I1) by PrHSS is seen in the entire pH range; both effects are explained by the differences
between the basicities of the studied sulfosalan ligands.

In general, palladium(1l) forms more stable complexes than nickel(11) which is clearly shown
by the stability constants in Table 2. For the nickel(ll) — sulfosalan systems, the equilibrium
features are the same than those of Pd(Il) — sulfosalans, however, the stabilities and the
amounts of the corresponding complexes are different. In all cases, the complex formation
processes start with formation of an [NiHL] complex which, however, is only a minor species
and its formation significantly overlaps with the formation of [NiL]. The distribution of the
complexes formed in the Ni(11):HSS 1:1 system as a function of pH is shown in Figure 5. The
coordination of an (O,N,N,O") donor set results in the formation of square-planar complexes
which is confirmed by UV-Vis spectroscopy. The coordination of nickel(ll) to the ligands is
accompanied by significant changes in the absorbance at 495 nm, which d-d band is
characteristic for square-planar nickel(ll) complexes. [32] The amount of the (O",N,N,O")
coordinated species reaches a maximum around at pH 8 confirming the equilibrium model
obtained by pH-potentiometry in the Ni(Il):HSS 1:1 system (Figure 6). The same tendencies
were observed at 366 nm where the nickel(l)-phenolate MLCT band is characteristic. This
corroborates that the NiHL complex features a (N,N,O") donor set which is completed by the
binding of the phenolate group. In strongly alkaline solutions, there is no indication for the
formation of mixed hydroxido species and the titration curves do not show any extra base
consumption processes, thus these ligands are excellent chelators for nickel(Il) and able to
hinder the hydrolysis of the metal ion.

((Please insert Figure 5 here))

((Please insert Figure 6 here))



Comparison of the stability constants of NiL — sulfosalan complexes with HSS, PrHSS and
BuHSS ligands, confirms that the (6,5,6)-membered chelate system is more favourable for
nickel(I1) than the (6,6,6)- or (6,7,6)-membered chelates; this results in high nickel binding
ability (see Table 2; the theoretical species distributions are available in the Supplementary,
Figure S12).

Catalytic applications of Pd(ll)- and Ni(ll)-sulfosalan complexes in hydrogenation/redox
isomerization of allylic alcohols

Catalytic redox isomerization of allylic alcohols is a valuable, 100 % atom-economic
synthetic process and various metal complexes are used as catalysts in this reaction. However,
in most cases, such catalysts contain tertiary phosphine or N-heterocyclic carbene ligands [33-
39], furthermore, application of Ni(ll)-based catalysts for transposition of allylic alcohols is
rare [40]. Pd(Il)-complexes of HSS have already been applied successfully as catalysts in
aqueous-phase hydrogenation and redox isomerization of allylic alcohols [20], as well as in
Sonogashira [21] and Suzuki—Miyaura [10] C-C cross-coupling reactions. Isolated [Pd(HSS)]
proved to be an active and selective catalyst for hydrogenation of a,B-unsaturated aldehydes
(such as cinnamaldehyde). [41] More importantly for biological applications, [Pd(HSS)]
could be effectively used for hydrogenation of phospholipids in aqueous dispersions
(liposomes) and also for the hydrogenation of unsaturated fatty acyl residues in the bacterial
cell membranes of Pseudomonas putida F1. [41] No such reactions were performed with
Ni(Il)-sulfosalan complexes. Furthermore, no attempt has been made to pinpoint the actual
catalytic species in such reactions with the use of methods of coordination chemistry for
identifying the possible species present in solution of the transition metal — sulfosalan
(pre)catalysts. In aqueous organometallic catalysis, pH-potentiometry was conceived as a

straightforward method to determine the various metal-sulfosalan species as a function of the



pH. Indeed, as described above, stability constants and molar distributions were determined
for Pd(I1)- and Ni(ll)-complexes with HSS, PrHSS and BuHSS ligands.

The catalytic activity of [Ni(HSS)] was assessed in the reaction of oct-1-en-3-ol under H,. In
principle, the reaction can yield the hydrogenated product, octan-3-ol, and the product of
redox isomerization octan-3-one (Scheme 1). These reactions were run at pH=7.04, where the
[Ni(HSS)] species is far dominant and no free Ni(ll) is present (Figure 5) — the pH of the
reaction mixture did not change during the process. Under the conditions of Figure 7, the
reaction proceeded smoothly and was highly selective for the formation of the saturated
alcohol (C=C hydrogenation). It is remarkable that at a [substrate]/[catalyst] = 23.4 ratio,
conversion of oct-1-ene-3-ol to octan-3-ol reached 80% in 3 h, which corresponds to a
catalyst turnover frequency TOF = 6.2 h' (TOF=mol reacted substrate x (mol
catalyst x time)™). In comparison, under similar, albeit not identical conditions, the use of
[PA(HSS)] led to a TOF = 650 h™*. [20]

((Please insert Scheme 1 here))

((Please insert Figure 7 here))

The hydrogenation/redox isomerization of oct-1-en-3-ol catalyzed by [Ni(HSS)] was strongly
influenced by the hydrogen pressure. As it is shown in Figure 8, there was only a 5%
conversion at P(H,) =1 bar, which steadily increased with the pressure to reach 86 % at
P(H,) = 5 bar.

((Please insert Figure 8 here))

These observations demonstrate, that [Ni(HSS)] is an active and selective catalyst for the
hydrogenation of the C=C double bond in allylic alcohols with no significant selectivity

towards formation of saturated ketones. According to the species distribution curve (Figure



5), at the pH = 7.04 of aqueous solutions of the [Ni(HSS)] catalyst, the dominant species is
[NiL]* albeit minor amounts of [NiHL]™ are also present. It should be considered, though,
that the species distribution was calculated for T =25.0 °C and |1 = 0.2 M (KCI) and it should
not be taken directly relevant for the reaction conditions. Clearly, further detailed studies are
needed to close the gap between the conditions of equilibrium and Kinetic studies.
Nevertheless, [Ni(HSS)] is reported here as the first nickel(Il)-based, hydrolytically stable,
water-soluble catalyst containing a sulfonated salan ligand, which — due to its significant
catalytic activity in hydrogenation of allylic alcohols — deserves further scrutiny.

In aqueous solutions, [Pd(HSS)] catalyzed the hydrogenation /redox isomerization of oct-1-
en-3-ol with excellent activity (TOF up to 1894 h™ at 40 °C), and the reaction was highly
selective to the formation of octan-3-ol (maximum yield 85.6 %). It is important to note, that
in separate experiments under the conditions of Figure 9, there was no hydrogenation of
octan-3-one to octan-3-ol, meaning that the reaction involves hydrogenation of the C=C bond
in oct-1-en-3-ol and the redox isomerization followed by C=0O hydrogenation route can be
excluded.

The reaction was run at several pH, and the results are shown in Figure 9. It was found, that
raising the pH from 3.6 to 4.6 resulted in a drop of the conversion of oct-1-en-3-ol from
36.5% to 11.0 %, however, further increase of the pH led to a steep increase of the
conversion reaching 94.7 % at pH 8.2. The molar distribution of the complexes formed in the
Pd(I1): HSS 1:1 system as a function of pH is shown in Figure 3. It can be seen that at
25.0 °C, the dominant species both at pH 3.6 and 4.6 is [PdHLCI]> which is gradually
replaced by [PdL]?* upon increasing the pH up to 8.2. This leads to the conclusion, that in this
system the catalytically most active species is [PdL]*", and that the hydrogenation of oct-1-en-
3-ol at pH 4.2 and below may be due to [PdL]* which is present in about 10 % at pH 4.2,

and/or to the ternary chlorido complexes which can be found in small but not negligible



concentrations at pH 3.6. It should be emphasized here, too, that the conditions of the
equilibrium (speciation) studies and those of the catalytic measurements were not exactly the
same, although in these investigations 0.2 M KCI was applied in all measurements and the

difference of the temperatures used for equilibrium and catalytic experiments was only 15 °C.

CONCLUSIONS

In summary, with the use of pH potentiometry, we have determined the protonation constants
of three sulfonated salan ligands, HSS, PrHSS, and BuHSS, as well as the equilibrium
constants for the stepwise formation of their complexes with Pd** and Ni*. In a parallel study
we determined the catalytic activity of [Ni(HSS)] and [Pd(HSS)] complexes in the
hydrogenation and redox isomerization of oct-1-en-3-ol which revealed significant activity
also in the case of the non-precious metal complex [NiL]?". The catalytic activity of
[PA(HSS)] was also determined as a function of the pH. Comparison of the pH-dependence of
the catalytic activity to the species distribution determined by pH-potentiometry led to the
conclusion that [PdL]* possesses the highest catalytic activity in this reaction.

Although this approach may help in identifying actual catalytic species in homogeneous
catalysis in agqueous solutions, nevertheless, the results should be evaluated with due care,
especially when there is a considerable gap between the experimental conditions of speciation

and catalytic studies.

ABBREVIATIONS
HSS N,N’-bis(2-hydroxy-5-sulfonatobenzyl)-1,4-diaminoethane
PrHSS N,N’-bis(2-hydroxy-5-sulfonatobenzyl)-1,4-diaminopropane

BuHSS N,N’-bis(2-hydroxy-5-sulfonatobenzyl)-1,4-diaminobutane



DSS Sodium trimethylsilylpropanesulfonate

MLCT Metal to Ligand Charge Transfer
TOF Turnover Frequency
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Figure 1. Sulfonated tetrahydrosalen (sulfosalan) ligands used in this study.

Figure 2. Selected part of the *C NMR spectra of HSS as a function of pH. cuss = 10 mM.
Figure 3. The distribution of the complexes formed in the Pd(11):HSS 1:1 system as a
function of pH, ¢, = 2.0 mM.

Figure 4. Theoretical distribution curves calculated in the Pd(I1):HSS:PrHSS:BuHSS 1:1:1:1
system at ¢, = 2.0 mM.

Figure 5. Distribution of the complexes formed in the Ni(I1):HSS 1:1 system and the
absorbance values obtained by UV-Vis spectroscopy at 366 nm as a function of pH. ¢, = 2.0
mM

Figure 6. Selected UV-Vis spectra in the Ni(I1):HSS system at 1:1 metal to ligand ratio as a
function of pH. ¢, = 2.0 mM

Figure 7. Time course of the hydrogenation and redox isomerization of oct-1-en-3-ol
catalyzed by [Ni(HSS)] ( A— oct-1-en-3-ol, m — octan-3-ol, ® — octan-3-one). Conditions:
n([Ni(HSS)]) = 1.07x10™ mol, n(oct-1-en-3-ol) = 2.5x10™ mol, 3mL water, pH = 7.04,
P(H,) = 5 bar, T = 80 °C.

Figure 8. The effect of hydrogen pressure on the hydrogenation and redox isomerization of
oct-1-en-3-ol catalyzed by [Ni(HSS)] ( A— oct-1-en-3-ol, m — octan-3-ol, ® — octan-3-one).
Conditions: n([Ni(HSS)]) = 1.07x10" mol, n(oct-1-en-3-ol) = 2.5x10™* mol, 3 mL water, pH

=7.04,t=3h, T=80"°C.

Figure 9. Conversion of oct-1-en-3-ol (#) and yields of octan-3-ol (m) and octan-3-one (®) in
hydrogenation and redox isomerization of oct-1-en-3-ol catalyzed by [Pd(HSS)] as a function
of pH. Conditions: n([Pd(HSS)]) = 2.5x107 mol, n(oct-1-en-3-ol) = 2.5x10™* mol, 3 mL
acetate buffer, | = 0.2 M KCI, P(H,) = 1 bar, t =30 min, T =40 °C.

Scheme 1. Hydrogenation and redox isomerization of oct-1-en-3-ol catalyzed by [Ni(HSS)].
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Graphical abstract

Formation constants of nickel(ll) and palladium(Il) complexes of sulfonated salan ligands were
determined by pH-potentiometric titrations. In addition to hydrogenation of unsaturated lipids in
model and biomembranes, these water-soluble, selective catalysts proved outstandingly effective for
the hydrogenation and redox isomerization of oct-1-en-3-ol, too.



HIGHLIGHTS

e Organometallic catalysis in aqueous media to study biological processes
e Sulfonated salan-type ligands are excellent water-soluble metal chelators

e Homogeneous catalysis in aqueous media with Pd(Il)- and Ni(ll)-sulfosalan

complexes

e High activity and selectivity in hydrogenation and redox isomerization
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