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English Part
Abstract

The formerly reported hydroxyamide Ph,PfcC(O)NHCH,CH,OH (1) and its novel
congeneric analogues Ph,PfcC(O)NHCH;_,(CH,OH), 3: n = 2; 4: n = 3; fc =
ferrocene-1,1'-diyl) were used to prepare a series of arene-ruthenium(Il) complexes of
the type [(1°-arene)RuCly(L-kP)] (6-8; arene = C¢Hs, p-cymene, CsMey; L =1, 3 or 4).
These complexes were studied as pre-catalysts in redox isomerization of allylic
alcohols to carbonyl compounds. Among the compounds prepared, complex [(n’-p-
cymene)RuClL,(1-xP)] (6b) proved particularly attractive, being both readily accessible
and catalytically active.

The solid-state structure of the product of photolytic decomposition of complex
[(n*-CeMeg)RuCL(2-xkP)] (2 = Ph,PfcC(O)N(CH,CH,OH),), viz [(u-Cl)s{Ru(n’-
CeMey) }2][FeCLy] (9), was determined by single-crystal X-ray diffraction analysis.

The bis-phosphane complexes [M"Cly(1-xP),] (M = trans-Pd (10), trans-Pt (11)
and cis-Pt (12)) together with chalcogenide derivatives Ph,P(O)fcC(O)NH(CH,),OH
(13) and Ph,P(S)fcC(O)NH(CH,),OH (14) derived from hydroxyamide 1 were tested
in vitro for their cytotoxicity against human ovarian A2780 cancer cell line. The
complexes showed moderate cytotoxicity.

Triol-amide FcC(O)NHC(CH,OH); (15, Fc = ferrocenyl) reacted with deca-
vanadate (BusN),[H3;V9O2] at elevated temperature and prolonged reaction time
yielding the hybrid hexavanadate (BusN),[{FcC(O)NHC(CH>0)3},V4O13] 16 capped
with the redox-active ferrocenyl pendants. The novel compound was thoroughly
studied by standard spectral methods, X-ray diffraction analysis, cyclic voltammetry
and theoretical calculations. Single-point DFT calculations performed for the isolated
hexavanadate anion provided an insight into the bonding situation within hexavanadate
cage and thus offered an explanation for electrochemical behavior of this compound.

Conjugation of 1'-(diphenylphosphanyl)ferrocene-1-carboxylic acid (Hdpf) with
w-aminosulfonic acids H,N(CH,),SOs;H (n = 1-3) afforded amidosulfonates (Et;NH)
[Ph,PfcCONH(CH,),SO5] (17: n =1, 18: n = 2, 19: n = 3), isolated as the respective
triethylammonium salts. These ligands were employed in the synthesis of
palladium(Il) complexes trans-[PdCL(L-xP),] (23: L = 17; 24: L = 18; 25: L = 19)
which, in turn, were probed as defined pre-catalysts for Pd-catalysed cyanation of aryl

bromides with potassium hexacyanoferrate(1l) in aqueous reaction media.



Introduction

Aqueous transition metal catalysis has been growing in importance over the last few
decades.! Water is a cheap, non-toxic, non-flammable and easily accessible solvent of
expedient physical properties such as high polarity or specific heat capacity.
Moreover, water may moderate the course of organic reactions by changing their
selectivity or reaction rates.” As a result, it attracted much attention as a potent “green
chemistry” alternative to common organic solvents that are the major source of waste
produced by chemical industry.’

The efforts to develop novel catalytic systems for aqueous transition metal-
catalysis resulted in the search for suitable hydrophilic ligands. The role of the ligand
is to constrain the transition metal in aqueous phase and to tune its properties for
obtaining required efficiency and selectivity. The most frequently used method to
make a ligand hydrophilic is to functionalize conventional hydrophobic donors with
highly polar, typically ionic substituents, e.g., sulfonate, phosphonate, carboxylate or
ammonium groups.*

As a continuation of the research that has been done in our group during the study
of coordination chemistry and catalytic use of phosphanylferrocenecarboxylic acids,’
we focused our attention also toward their derivatives, particularly carboxamides.
Basically, we made use of the phosphanylferrocenecarboxylic acids as synthons for the
preparation of specifically functionalised donors. The particular attention was paid to
phosphane-amides derived from 1’-(diphenylphosphanyl)ferrocene-1-carboxylic acid
(Hdpf).* The conjugation of Hdpf with suitable amines proved to be a convenient
method to modify this acid with functional fragments, such as an additional donor
group, a chirality centre or a hydrophilic pendant. Moreover, since the phosphanyl
group and the carboxamide moiety differ substantially in their ligating properties
according to the HSAB principle,” Hdpf-based phosphane-amides possess diverse
coordination modes and may be viewed as the so-called hybrid ligands.®

Recently, this approach was used in the preparation of phosphane-amides
equipped with 2-hydroxyethyl pendant arms 1 and 2 (Scheme 1.1).°

The appended (2-hydroxyethyl)amide moiety renders the resulting molecule more
hydrophilic and also participates on supramolecular assembling in the solid state via
hydrogen bonding interactions (as evidenced by single-crystal X-ray diffraction
analysis). Palladium(Il) complexes trans-[PdCl,(1-kP),] and trans-[PdCL(2-kP),]

were utilized as defined pre-catalysts in Suzuki-Miyaura cross-coupling reaction of



various aryl bromides in aqueous media. It is noteworthy that complex trans-[PdCl,(1-
KkP),] gave rise to an active catalyst for the coupling of 4-bromoacetophenone and
phenylboronic acid that might be reused under biphasic conditions (toluene—water, 1:1

v/v) in five consecutive reaction runs without any observable loss of efficiency.

@ _PPh, Q _PPh,
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Scheme 1.1. Hydrophilic phosphane-amides derived from Hdpf.



Aims of the Thesis

With respect to my previous work dealing with the coordination chemistry and
catalytic use of hydrophilic phosphane-amides derived from Hdpf (1 and 2, see
Introduction), the main goal of the presented Thesis was to extend the scope of Hdpf-
based phosphane-amides about the novel donors equipped with highly polar
substituents. The incorporation of the hydrophilic pendants was supposed to render
donors of this type more soluble in aqueous media and to endow them with attractive
ligating properties. The phosphanylferrocene-carboxamide moiety may be viewed as a
typical hybrid-donor fragment as it simultaneously possesses O-, N- and P-donor
atoms. Besides, the hydrophilic pendant arms keep the polar substituents at the
periphery of the ligand molecule, thus limiting their interference with the coordination
sites.

Therefore, the series of hydroxyamides 1 and 2 was extended by the novel donors
3 and 4 (Scheme 1.2) that complete the series of the congeneric phosphane-amides
Ph,PfcC(O)NHCH;_,(CH,OH), (n = 1-3; fc = ferrocene-1,1'-diyl). Simultaneously, a
series of phosphane-amides bearing anionic sulfonate tags
(Et;NH)[Ph,PfcC(O)NH(CH,),SOs] (n = 1-3) (17-19, Scheme 1.2) was devised and
synthesised. The next objective was to probe these donors in selected aqueous
transition metal-mediated organic transformations with an aim of evaluating the

influence of the carboxamide-moiety on the overall catalytic performance.

@ _PPh, i _PPh,

Fe Fe
(Et3NH)
o o
NHCH3_,(CH,0H), NH(CH,),SO3
3(n=2),4(n=3) 17(n=1),18(n=2),19 (n=3)

Scheme 1.2. The novel hydrophilic phosphane-amides derived from Hdpf.



Summary of the Results

The successful catalytic testing of phosphane-amides 1 and 2 derived from Hdpf
(Scheme 1.1) in palladium(ll)-promoted Suzuki-Miyaura cross-coupling of aryl
bromides in aqueous media’ was the decisive impulse for the search for other
promising structures. Therefore, the first part of my Ph.D. Thesis was devoted to
continuation of the previous research and the series of these ligands was extended by
the novel Hdpf-based hydroxyamides 3 and 4 resulting from conjugation of Hdpf with
appropriate aminoalcohols (Scheme 1.3) employing amide coupling agent EEDQ (2-
ethoxy-1-ethoxycabonyl-1,2-dihydroquinoline). This reagent was reported earlier for a
coupling of 2-amino-2-hydroxymethyl-propane-1,3-diol with organic carboxylic acids,

avoiding the possible formation of esters. "

PPh, PPh,
H,NCH,_(CH,OH),
EEDQ/DMAP

Fe —_— > Fe

pyridine
(o]
CO,H

NHCH3_,(CH,0H),,
Hdpf 3(n=2),4(n=3)

Scheme 1.3. Synthesis of hydroxyamides 3 and 4.

Single crystal X-ray diffraction analysis revealed that the molecular packing of 3
and 4 is dominated by hydrogen bonding interactions that are very similar in their
patterns, although they differ in their complexity.

The newly prepared ligands were evaluated in ruthenium-promoted redox
isomerization of allylic alcohols into saturated carbonyl compounds. This catalytic
reaction represents a useful atom-economical process that has been growing in
importance over the last decade."" Recently, arene-ruthenium(I) complexes of type
[(n®-arene)RuCly(L)], where L represents a hydrophilic ligand, were shown to be
efficient pre-catalysts for redox isomerization of allylic alcohols in aqueous media."
Therefore, a series of arene-ruthenium(Il) complexes 6-8 (Scheme 1.4) was prepared
by the standard bridge-cleavage reaction from the corresponding dimers [(n’-
arene)Ru(p-Cl)Cl], and hydroxyamide ligands (1, 3 and 4). The prepared complexes
were firstly assesed as defined pre-catalysts in redox isomerization of 1-octen-3-ol (0.5
mol. % Ru, 2.5 mol. % KOBu-¢, 1,2-dichloroethane, 80 °C/1 h; Scheme 1.5).
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phl. R
\P/\//Cl
Cl
Ligand(n) 1 3 4
benzene 6a 7a 8a Fe
arene=p-cymene 6b 7b 8b
C,Me, 6¢c 7c 8c /0

NHCH3._,(CH,0H),,

Scheme 1.4. The series of arene-ruthenium(II) complexes 6-8.

The performed experiments revealed the substantial influence of the phosphane
ligand. Complexes derived from ligand 4 afforded considerably worse conversions to
octan-3-one than those derived from ligands 1 and 3. On the other hand the role of the
arene ligand was less significant. Nevertheless, the obtained results indicate that
complexes bearing the most electron-rich and sterically demanding arene ligand, i.e.,
hexamethylbenzene, afford lower conversions than their benzene and p-cymene

counterparts.

OH [Ru] cat., base 0
\)\N\ \/UW\

Scheme 1.5. The redox isomerization of 1-octen-3-ol into octan-3-one.

As a next step, the most active pre-catalyst 6b was tested in isomerization
reactions of allylic alcohols bearing various substituents at the double bond (Scheme
1.6). The catalytic testing performed in 1,2-dichloroethane and water suggested that
the presence of any substituent at the double bond in both primary and secondary
allylic alcohols results in relatively lower conversions regardless of the solvent used.
Furthemore, the formation of undesired unsaturated carbonyl compound (Scheme 1.6),
was noticed in some experiments performed in 1,2-dichloroethane. The reactions
conducted in pure water afforded generally lower conversions as compared with those
carried out in 1,2-dichloroethane. In water, only the secondary allylic alcohols without
any substituents at the double bond, i.e., but-3-en-2-ol and 1-phenylprop-2-en-1-ol,
were converted to the corresponding ketones in an appreciable extent. Rather

surprisingly, 1,3-diphenylprop-2-en-1-ol was isomerized in pure water to 1,3-



diphenylpropan-1-one with complete conversion. This result was ascribed to the
highly hydrophobic nature of this allylic alcohol that resulted in acceleration of the

process due to “reaction on water”.

6b (2 mol. %)

OH KOBu-t (5 mol. %) 0 0
_—
R3NH\R1 R3N(LR1 + R3N(LR1
R2 R2

R2
Scheme 1.6. Redox isomerization of substituted allylic alcohols.

An attempted crystallization of arene-ruthenium(II) complex [(1°-CsMes)RuCly(2-
kP)] resulted in the formation of a decomposition product formulated as [(u-
Cl);{Ru'(n®-CsMey)},][Fe™Cly] (9) (Figure 1.1) based on X-ray diffraction analysis.
Since the crystallization was attempted from chloroform-diethyl ether mixture, the
decomposition occurred probably via photolytic cleavage of the ferrocene moiety in
the chlorinated solvent. The geometry of the complex cation in the crystal structure of

9 is very similar to that previously reported for [(u-ClI); {Ru(n’-CsMeg)},][PF]."

Cl5

cl7

Figure 1.1. A view of the molecular structure of [(u-C1); {Ru"(n’-
CeMey)}2][Fe"™CL] (9). Hydrogen atoms are ommited for clarity.

While seeking for other potential applications of phosphane-amides equipped with

hydrophilic pendants, we noticed a growing interest in transition metal-based



anticancer agents containing ligands of the so-called dual character. Such ligands
combine highly lipophilic part that is counterbalanced by hydrophilic pendants with
strong hydrogen bonding ability. In order to probe possible applications of the studied
hydroxyamides in the design of such anticancer drugs, the series of palladium(Il) 10

and platinum(Il) complexes 11 and 12 was prepared from ligand 1 (Scheme 1.7).

o
HO
NH NN
Ph_ ph NH
s Ph_  Ph
P a fe N
\Pd N e Fe
~ Pt
cl AN P
Fe P SN
L ph " g
(e}
10 NH_ o 11 NH
H /\OH

12

Scheme 1.7. Palladium(II) and platinum(Il) complexes with ligand 1.

Displacement of the cod ligand in [M"Cly(cod)] (M = Pd or Pt, cod = nin*
cycloocta-1,5-diene) with two equivalents of 1 afforded the bis-phosphane complexes
trans-[PdCly(1-xP),] (10) and cis-[PtCL,(1-kP),] (12). The platinum(Il) complex trans-
[PtCL(1-kP),] (11) was obtained by the reaction of K,[PtCly] with two equivalents of
hydroxyamide 1. The prepared transition metal complexes were studied for their
antiproliferative activity against the A2780 ovarian cancer cell line. The cytotoxicity
experiments revealed that complexes 10-12 exhibit moderate activity with ICs, values

ranging from 19 to 155 uM. Interestingly, the most cytotoxic compound in the series
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tested showed to be complex trans-[PtCL(1-xP),] (11) while its cis-counterpart (12)
was the least active.

The literature research aimed at the utilization of “simple” organic hydroxyamides
brought about the idea to synthesize also the non-phosphane analogue of ligand 4,
namely hydroxyamide 15 (Scheme 1.8). The triols of the type R—C(CH,OH); were
utilized in the synthesis of functionalised hexavanadates [{R— C(CH,OH);},V03]
that, in turn, were employed in the design of new materials for oxidation reactions' or
polyoxometalates (POM’s) of manganese-Anderson-type.'® Covalently bound
molecular hybrids of ferrocene with polyoxometalate frameworks (POM’s) remain
still very uncommon in literature.”” This led us to synthesise amide 15 and to use this
compound for conjugation of the ferrocene moiety with the hexavanadate core
(Scheme 1.8).

(0] OH
|
F OH
H,NC(CH OH)3
Fe
@ DMAP/Et N @
(Bu,N),[H;V,140,]
DMA

V—
Fe o /O/ 0 NH
N\L/-0/_ /0
o V'< v:/=0
(BuaN); J /\o/ I
\

0 (0] F
NH AN /\ / \o ¢
/ AN %
(0]
| 16 _

Scheme 1.8. The preparation of triol-amide 15 and doubly ferrocenylated
hexavanadate 16 (DMAP = 4-(dimethylamino)pyridine, DMF = N, N-
dimethylformamide, DMA = N,N-dimethylformamide).



The starting triol derivative FcC(O)NHC(CH,OH); (1S5, Fc = ferrocenyl) was
prepared by reacting (fluorocarbonyl)ferrocene with tris(hydroxymethyl)methylamine
in the presence of 4-(dimethylamino)pyridine and triethylamine in N,N-
dimethylformamide (Scheme 1.8). A subsequent reaction of the triol-amide 15 with
(BusN);[H3V190y5] in N,N-dimethylacetamide at 90 °C/ for 60 h afforded anionic
hexavanadate (BusN),[{FcC(O)NHC(CH,0);},V¢0;3] (16), which was isolated upon
purification by column chromatography and crystallization from DMF-MeCN-Et,O as
a solvate 16-2DMF.

Compounds 15 and 16 were studied by cyclic voltammetry. Cyclic voltammogram
of hexavanadate 16 displayed a single oxidative wave that was found to be
electrochemically irreversible. This contrasted with the behaviour reported for other
hexavanadates [{R—C(CH;0)3},V¢Oi3] (R = CH3, CH,CH3;, CH,Ph, NO, and NMe,)
15218 that all displayed reversible reductions in the range of —0.67 V to —1.2 V (vs.
ferrocene/ferrocenium), and suggests that some structural changes are associated with
the electron-transfer process.

In order to explain the electrochemical behaviour of 16, theoretical computations
were performed mainly to obtain an insight into the bonding situation within the
hexavanadate cage. Single-point DFT calculations based on the solid state structure
performed for the isolated hexavanadate anion revealed the presence of 3-centre-4-
electron (3c4e) O—V-0O bonds on the hexavanadate cage, which are responsible for a
high energy of the occupied frontier orbitals. The upper eleven occupied molecular
orbitals including the HOMO are delocalized over the hexavanadate cage and,
therefore, any electrochemical oxidation can be expected to occur preferentially at the
hexavanadate anion without affecting the ferrocene moiety.

During the study of phosphane-amides bearing hydroxyalkyl pendant arms we
decided to turn our attention to donors functionalised with highly polar anionic
substituents. Thus, a series of conjugates of Hdpf with @-aminosulfonic acids
H,N(CH,),SO;H (n = 1-3), namely amidosulfo-nates 17-19 (Scheme 1.9), was
designed and prepared. Considering the highly polar character of the starting w-
aminosulfonic acids, I decided to use the synthetic procedure reported for the synthesis
of phosphane-amide 2. Amidosulfonates 17-19 were prepared by the reaction of Hdpf

pentafluorophenyl ester 5'° with appropriate @-aminosulfonic acid (Scheme 1.9).

10



PPh, PPh;
H,N(CH,),SO,H
DMAP/Et,N

Fe > (EtzNH) Fe
DMF (dry or aqueous)
i i 2 i (o]
S
CO2CgF5
NH(CH,),S03
5 17(n=1),18 (n=2),19 (n=3)

Scheme 1.9. Preparation of amidosulfonates 17-19.

In order to investigate the coordination preferences of amidosulfonate ligands the
reactivity of 17 as a representative was studied toward palladium(ll) dimeric
precursors of type [(L“Y)PdX], bearing auxiliary C,N-chelated ligand 2-
[(dimethylamino-kN)methyl]-phenyl-kC* (LN). The reaction of [(L¥)PdCl], with two
equivalents of 17 afforded exclusively complex 20 with amido-sulfonate ligand
coordinated in P-monodentate fashion (Scheme 1.10). On the other hand, an analogous
reaction of 17 with the dimeric precursor [(L“~)Pd(OAc)], led to a mixture of two new
palladium(Il) complexes (Scheme 1.10). The major product (yield ca. 60%) was
identified as O,P-coordinated zwitterionic complex [(L“)Pd(Ph,PfcCONHCH,SOs-
«*0,P)] (21) based on X-ray diffraction analysis. This complex is probably formed via
metathesis-like elimination of the coordinated acetate ligand with 17 resulting in the
formation of (Et;NH)OAc. The structure of the minor product was unravelled based
mainly on the comparative ESI-MS study of the reaction mixture, pure 21 and the
model reaction of [(L™Y)Pd(OAc)], with P-monodentate ligand FcPPh, (Fc =
ferrocenyl). The performed ESI-MS study supported the formulation of the minor
product as (Et;NH)[(L™Y)Pd(OAc)(Ph,PfcCONHCH,SO;-kP)] (22). This complex
results via a bridge-cleavage reaction of the dimeric precursor [(L“Y)Pd(OAc)], and
seems to be a reaction intermediate of the reaction leading to 21 (Scheme 1.10).

Palladium(Il)-mediated cyanation of aryl halides was chosen to evaluate the
prepared amidosulfonate donors in aqueous transition metal catalysis.”’ Recently,
potassium hexacyanoferrate(Il), Ks[Fe(CN)s], was shown to be a useful alternative to
the traditional cyanation agents, since it is non-toxic, cheap and easy-to-handle.”! Very
recently, the scope of this reaction was extended also to aqueous systems and more

challenging substrates.”
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Scheme 1.10. Preparation of palladium(ll) complexes with auxiliary C,N-chelated
ligand 2-[(dimethylamino)methyl]-phenyl-kC' (L™™).

Palladium(Il) complexes trans-[PdCl,(L-xP),] (23, L=17;24,L=15;25,L=19)
were prepared by displacement of cod ligand in [PdCly(cod)] and then used as defined
catalyst precursors for cyanation of various aryl bromides using Ks[Fe(CN)¢] as the
cyanide source in aqueous reaction media (Scheme 1.11).

The initial experiments were conducted to compare the catalytic performance of
palladium(Il) complexes 23-25 in cyanation of 4-bromoanisole (26a) in dioxane-water
(1:1, v/v) reaction media. Under the same reaction conditions, complex 23 gave rise to
the most active catalyst, and was therefore used as a pre-catalyst for a further study.

The following experiments were aimed at understanding the influence of the
reaction media composition on the course of the cyanation reaction. They revealed that

the obtained yields and even selectivity of the cyanation reaction are strongly
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dependent on the composition of the reaction solvent, namely on the dioxane-water

ratio (Figure 1.2).

Br CN C(O)NH
K,[Fe(CN),]/[Pd] N
K,CO,
dioxane-water
R R R
26 27 28
hydrolytic

side-product

R =4-OMe (a), 4-Me (b), 3-Me (c), 2-Me (d), 4-CMe, (e), 4-CF, (f), 4-C(O)Me
(g), 4-Ph (h), 4-Cl (i), 4-NO, (j), 4-NMe, (k), 4-CO,H (l), 4-CH,CO,H (m).

Scheme 1.11. Cyanation of aryl bromides using Pd-complexes 23-25.

o

Conversion [%]
=N W A N W §
©c ©O O © © O © O O
v —
v —
2 —
7

m Conversion to 27a  ® Conversion to 28a

Figure 1.2. Influence of water-dioxane ratio on the catalytic performance of
complex 23. Conditions: 4-bromoanisole (1.0 mmol), potassium carbonate (1.0 mmol),
and potassium hexacyanoferrate(1l)-trihydrate (0.5 mmol), palladium complex 23 (2
mol %), dioxane-water (4 mL), 100 °C/18 h.

The cyanation reaction of 4-bromoanisole 26a didn’t proceed at all in pure
dioxane, while the complete conversion to corresponding nitrile product (27a) was

achieved using the mixed solvents containing 40-60 % of water. Interestingly, the use

13



of pure water or a solvent containing water in a large excess led to formation of
hydrolytic side-product, i.e., the respective carboxamide (28a), in considerable
amounts. Based on these results, dioxane-water mixture (1:1, v/v) was selected as the
optimal reaction medium for the cyanation of various aryl bromides bearing different
electron-withdrawing and electron-donating substituents (Scheme 1.11).

From the performed catalytic tests, it emerged that complex 23 afforded an active
catalyst promoting smoothly cyanation of para-substituted aryl bromides bearing
electron-donating substituents, i.e., alkyl-, aryl and acetyl groups. Its efficiency wasn’t
affected by the substitution pattern in the series of tolyl bromides. On the other hand,
cyanation of aryl bromides bearing electron-withdrawing substituents (p-CF; (26f) and
p-Cl (26i)), were accompanied with partial hydration of the primary nitrile products
(27f and 27i) yielding the respective carboxamides (28f and 28i). Only poor
conversions to nitrile products were achieved in the case of 4-
(dimethylamino)bromobenzene (26k) and 4-nitrobromobenzene (26j), while
heterocyclic bromides (2-bromopyridine, 3-bromopyridine and 4-bromopyridine
hydrochloride) proved to be completely unreactive under the conditions applied. This
may be explained by the donating character of 26k and heterocyclic bromides (catalyst

scavengers), while 26j is the most electron-poor substrate tested.
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Conclusions

The formerly reported work focusing on the coordination chemistry and catalytic use
of phosphane-amides 1 and 2 bearing 2-hydroxyethyl pendant arms was extended as a
part of this Thesis. The new hydroxyamides 3 and 4 were designed and prepared in
order to complete the series of congeneric ligands of the type
Ph,PfcC(O)NHCH;_,(CH,0H), (n = 1-3). Thus prepared ligands were employed in the
synthesis of arene-ruthenium(I) complexes of the type [(n*-arene)RuCly(L-xP)] 6-8
(arene = C¢Hs, p-cymene or C¢Meg; L = 1, 3 or 4). The subsequent catalytic study
demonstrated favourable catalytic properties of these complexes in redox
isomerization of allylic alcohols to carbonyl compounds. The performed experiments
suggested a major influence of the coordinated ligands on the catalytic performance of
ruthenium(II) pre-catalysts. The catalytic experiments performed in pure water and
1,2-dichloroethane showed that the most active pre-catalyst [(n°-p-cymene)RuCl,(1-
«P)] (6b), efficiently mediates only redox isomerization of secondary allylic alcohols
with unsubstituted double-bond. The reactions carried out in water afforded
considerably worse conversions to carbonyl products than those in 1,2-dichloroethane.

An attempted crystallization of complex [(°-CsMes)RuCly(2-kP)] resulted in the
formation of a dinuclear arene-ruthenium(Il) complex [(u-Cl);{Ru"(n’-
CsMeg)}][Fe"'Cly] (9), which was structurally characterized. The decomposition
occurred probably through photolytic cleavage of the ferrocene moiety in halogenated
solvent.

Amidosulfonates (Et;NH)[Ph,PfcC(O)NH(CH;),SO;] (17-19; n = 1-3) were
successfully applied as ligands in aqueous transition metal catalysis. The series of
complexes trans-[PdCL(L-kP),] 23-25 (L = 17, 18 or 19) was tested in cyanation
reaction of aryl bromides using K4[Fe(CN)s] as cyanation agent. A decisive influence
of the reaction medium was noticed on the course of the catalytic reaction. The most
active pre-catalyst complex 23 was shown to be efficient in cyanation of variously
substituted aryl bromides. It is noteworthy that the use of aqueous conditions for this
catalytic reaction remains still rather scarce. Moreover, amido-sulfonate 17 proved to
be a very flexible hybrid donor. It possess diverse coordination modes as was shown in
the performed coordination study toward palladium(Il). Depending on the used Pd-
precursor it can coordinate as a simple monodentate P- or a bidentate chelating O,P-

donor.

15



Generally, the performed catalytic studies on palladium-promoted cyanation
reaction of aryl bromides and ruthenium-mediated redox isomerization of allyllic
alcohols showed that structural modifications at the amide part of the molecule may
considerably influence the catalytic performance of phosphane-amide ligands derived
from Hdpf.

Additional originally unintended research topics arose during the studies concerning
the principal aims of this Thesis. Thus, complexes [M"Cly(1-xP),] (10, M = trans-Pd,;
11, M = trans-Pt and 12, M = cis-Pt) derived from ligand 1 were synthesised with an
aim of using the hydrophilic phosphane-amides as targeting auxiliaries in the design of
new anticancer drugs. The in-vitro study towards cytotoxic activity in ovarian A2780
cancer cell line showed rather moderate cytotoxicity of these complexes. However, an
interesting influence of stereochemistry of studied complexes was observed, with
compound 11 being the most active in the series.

Furthemore, triol FcC(O)NHC(CH,OH); (15) was utilized as an easily accessible
synthon suitable for conjugation of the ferrocene moiety with the hexavanadate core.
Covalently bound molecular hybrids of ferrocene with polyoxometalates (POM’s)
remain still rather uncommon in literature. Hexavanadate
(BugN),[ {FcC(O)NHC(CH,0)3},V¢013] (16) was characterised by 'H, *C and *'V
NMR, FTIR, ESI MS and its formulation was confirmed by X-ray diffraction analysis.
The electrochemical study by cyclic voltammetry revealed rather unexpected
electrochemical behaviour that indicated no pronounced electronic interaction between
the ferrocenyl pendants and the hexavanadate core. DFT theoretical calculations
provided an insight into the bonding situation within the hexavanadate anion and

offered plausible explanation for the observed electrochemical behaviour.
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Ceska &ast
Abstrakt

Hydroxyamid Ph,PfcC(O)NHCH,CH,OH (1; fc = ferrocen-1,1'-diyl), publikovany jiz
dfive, a nové syntetizované ligandy Ph,PfcC(O)NHCH;_,(CH,OH), (3: n =2; 4: n=3)
poskytly reakci s dimérnimi prekurzory [(m°-arén)Ru(u-C1)Cl], (arén = CeHs, p-
cymén, CeMes) sérii strukturné pifbuznych ruthenatych komplexti typu [(n’-
arén)RuCL(L-xP)] (6-8; L =1, 3, 4). Katalytické testovani piipravenych komplexti v
redoxni isomerizaci allylovych alkoholdi ukézalo, Zze komplex [(n®-p-cymén)RuCly(1-
KkP)] (6b), nejsnaze dostupny v sérii, poskytuje dobré vysledky.

Struktura fotolytického rozkladného produktu [(p-Cl);{Ru(n’-CeMeg)}2][FeCl]
(9) komplexu [(Mm’-CeMes)RuCly(2-kP)] (2 = Ph,PfcC(O)N(CH,CH,OH),) byla
stanovena pomoci monokrystalové difrakéni analyzy.

In vitro testovani bis-fosfinovych komplexti [M"Cly(1-kP),] (M = trans-Pd (10),
trans-Pt  (11) a cis-Pt (12)), volného Iligandu a jeho chalkogenidl
Ph,P(O)fcC(O)NH(CH»),OH (13) a Ph,P(S)fcC(O)NH(CH,),OH (14) ukazalo
prumémou cytotoxicitu studovanych komplexd vii¢i nadorovym bunikam lidského
karcinomu vaje¢niki A2780.

Reakci  triol-amidu  FcC(O)NHC(CH,OH); (15) s dekavanadi¢nanem
(BusN)2[H3V10025] byl ziskan hybridni hexavanadi¢nan
(BusN)o[ {FcC(O)NHC(CH,0)3}2V013] (16) nesouci redoxné aktivni ferrocenylové
substituenty. Pfipravend latka byla charakterizovana prostiednictvim fyzikalné-
chemickych metod véetné rentgenostrukturni analyzy, cyklické voltametrie a také
teoretickych vypoétl. Teoretické vypocty provedené na zakladé struktury izolovaného
hexavanadi¢nanového aniontu v pevném stavu poskytly mozné vysvétleni
elektrochemického chovani latky a odhalily vazebné poméry v hexavani¢nanovém
skeletu.

Fosfinoferrocenové amidosulfonaty (Et;NH)[Ph,PfcC(O)NH(CH,),SOs] (17: n =
1, 18: n = 2, 19: n = 3) byly ziskany konjugaci 1’'-(difenylfosfino)ferrocen-1-
karboxylové kyseliny (Hdpf) s pfislusnymi @-aminosulfonovymi kyselinami
H,N(CH,),SO;H (n = 1-3) a izolovany ve formé& svych triethylamoniovych soli.
Palladnaté komplexy ftrans-[PdCL(L-xP),] (23: L = 17; 24: L = 18; 25: L = 19)
odvozené od téchto ligandl poslouzily jako definované pre-katalyzatory pro kyanac¢ni

reakce arylbromidii pomoci K4[Fe(CN)s].
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Uvod

Vyuziti vodnych prostfedi pro katalytické aplikace je v uplynulych tficeti letech
pfedmétem vzristajictho zajmu.! Voda je levné, netoxické, nehoilavé a snadno
dostupné rozpoustédlo, které vynika mnozstvim vyhodnych fyzikalné-chemickych
vlastnosti, jako je vysoka polarita nebo specificka tepelna kapacita. Vodné prostiedi
miize navic rozhodujicim zplisobem ovlivnit selektivitu a kinetiku organickych
reakci.” Voda proto predstavuje atraktivni alternativu pro rozpoustédla typicky
vyuzivand v organické syntéze. Ty totiz pfedstavuji nejvétsi zdroj nebezpecnych
odpadti produkovanych chemickym primyslem.?

Vyzkum zaméfeny na vyvoj novych katalytickych systémi pro vodna prostiedi
vhodnym zplsobem kontrolovat rozpustnost kovového katalyzitoru ve vodném
prostiedi a zaroven patficnym zplisobem ovliviiovat jeho katalytické vlastnosti.
Nejjednodussim zplisobem jak ziskat hydrofilni ligand je funkcionalizace znamého
(hydrofobniho) ligandu s pozadovanymi vlastnostmi pomoci silné polarnich
substituenttl, jako jsou sulfonova, fosfonova, karboxylova nebo amoniova skupina.*

Vramei pokraGovani vyzkumu, ktery byl vénovany koordinaéni chemii a
katalytickym aplikacim fosfinoferrocenovych karboxylovych kyselin, * jsme se v nasi
skupiné rozhodli studovat rovnéz jejich derivaty, nejcastéji piislusné fosfino-amidy.
Fosfinoferrocenové karboxylové kyseliny tak poslouzily jako prekurzory pro syntézu
novych, cilené modifikovanych ligandi. Nejvétsi pozornost byla vénovana studiu
fosfino-amidi odvozenych od 1'-(difenylfosfino)ferrocen-1-karboxylové Kkyseliny
(Hdpf).® Reakci s vhodnym aminem je mozné vychozi Hdpf snadno funkcionalizovat
zavedenim funk¢nich substituentl, které mohou slouzit jako zdroj nové donorové
skupiny, chiralniho centra nebo hydrofilniho fetézce. Amidy odvozené od Hdpf lze
navic zatadit do skupiny hybridnich ligand@1,” protoze fosfinova a amidové skupina se
vyrazng& li§i svym charakterem z hlediska teorie HSAB.® Tyto latky se proto mohou
koordinovat k celé fad¢ iontd prechodnych kovi prostiednictvim proménlivych
koordinac¢nich modi.

Tento piistup byl nedavno vyuzit pti syntéze fosfino-amidi, které¢ v amidové ¢asti
molekuly nesou 2-hydroxyethylova pendantni ramena 1 a 2 (Schéma 2.1).° Ty nejen
zvySuji rozpustnost latky v polarnich rozpoustédlech, ale zarovei se i podileji na jejim

supramolekularnim uspofadani v pevném stavu prostiednictvim vodikovych mustka
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(pozorovano pomoci rentgenostrukturni analyzy). Palladnaté komplexy trans-
[PACL(1-xP),] a trans-[PdCL(2-xP),] byly vyuzity jako definované prekurzory
katalyzatoru v Suzukiho-Miyaurové reakci arylbromiddi ve vodnych prostiedich.
Katalyzator vznikajici z komplexu trans-[PdCL(1-kP),] bylo pfitom mozné recyklovat
v bifazové soustavé toluen-voda (1:1 v/v) v péti po sobé jdoucich reakénich cyklech

pfi reakci 4-bromoacetofenonu s fenylboronovou kyselinou.

Sy D

NH__"on N oH
HO

Schéma 2.1. Hydrofilni fosfino-amidy odvozené od Hdpf.
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Cile prace

Mym cilem bylo v ramci dizerta¢ni prace navazat na svou piedchozi vyzkumnou
¢innost, kterd se tykala koordinacni chemie a katalytického vyuziti hydrofilnich
fosfino-amidi odvozenych od Hdpf (1 a 2, viz uvodni kapitola) a rozsitit pfitom
skupiny téchto sloucenin o nové ligandy nesouci siln¢ polarni substituenty. Zamérem
bylo ziskat pomoci funkcionalizace prostfednictvim hydrofilnich pendantnich ramen
nové ligandy, které budou mit variabilni koordina¢ni vlastnosti a zaroven budou
snadno rozpustné ve vodnych prostiedich. Fosfinoferrocenyl-amidovy skelet mize byt
sdm o sob¢ povazovany za hybridné-donorovy fragment, ktery ma k dispozici zaroven
kyslikové, dusikové a fosforové donorové atomy. Vzhledem ke struktufe téchto latek
jsou navic polarni skupiny na periferii molekuly a jejich mozna nezadouci interakce s
koordinujicimi skupinami je tak omezena.

V ramci této dizertacni prace byla proto rozsifena skupina hydroxyamidd 1 and 2
o nové ligandy 3 a 4, které¢ 1ze zatadit do skupiny strukturné piibuznych fosfino-amida
typu Ph,PfcC(O)NHCH;_,(CH,OH), (n = 1-3; fc = ferrocen-1,1'-diyl) (Schéma 2.2).
Pripraveny byly navic rovnéz fosfino-amidy nesouci pendantni ramena se sulfonovou
skupinou (17-19, Schéma 2.2). Dal§im cilem bylo zhodnotit vliv struktury
ptipravenych ligandt, pfedev§im pak amidovych substituentt, na katalytickou aktivitu

jejich komplexi s pfechodnymi kovy ve vybranych organickych reakcich.

@ _PPh, i _PPh,

Fe Fe
(EtzNH)
0] 0]
NHCH3_,(CH,0H), NH(CH,),SO3
3(n=2),4(n=3) 17(n=1),18 (n=2),19 (n=3)

Schéma 2.2. Nov¢ hydrofilni fosfino-amidy odvozené od Hdpf.
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Vysledky a diskuze

Vzhledem k tsp&nému katalytickému testovani fosfino-amidti 1 a 2 (Schéma 2.1)°
jsem se rozhodl rozsifit skupinu téchto latek o nové ligandy 3 a 4. Ty byly ziskany
reakci vychozi Hdpf a pfislusnych aminoalkoholii za pouziti amida¢niho ¢Cinidla 2-
ethoxy-1-ethoxykarbonyl-1,2-dihydrochinolinu (EEDQ) (Schéma 2.3). To bylo jiz
diive vyuzito pii syntéze amidi odvozenych od organickych karboxylovych kyselin a
tris(hydroxymethyl)methylaminu, protoze pii jeho pouziti nedochazi k nezddoucimu

vzniku estert.'

PPh, PPh,
H,NCH,_(CH,OH),
EEDQ/DMAP

Fe _— Fe

pyridin
0]
CO,H

NHCH;_,(CH,0H),,
Hdpf 3(n=2),4(n=3)

Schéma 2.3. Syntéza hydroxyamidi 3 a 4.

Pomoci rentgenostrukturni analyzy bylo zjisténo, ze nové piipravené latky
asociuji v pevném stavu prostfednictvim vodikovych vazeb za vzniku komplikovanych
supramolekuldrnich uspofadani, které jsou si velmi podobné zékladnim strukturnim
motivem, ale li$i se svou komplikovanosti.

Nové pripravené ligandy a hydroxyamid 1 byly testovany v rutheniem(Il)
katalyzované redoxni isomerizaci allylovych alkoholi, ktera poskytuje karbonylové
slouCeniny. Jedna se o moderni katalytickou reakci, ktera spliuje kritéria tzv.
atomové-ekonomickych procesi a v posledni dob& ziskava rostouci uplatnéni.'
V nedavné dobé byly ruthenaté komplexy typu [(n®-arén)Ru(u-CI)CI(L)], kde L znag&i
hydrofilni ligand, uspésn¢ vyuzity jako definované prekurzory katalyzatoru
isomerizaénich reakci allylovych alkoholti ve vodnych prostiedich.”> Byla proto
syntetizovana skupina strukturné pfibuznych arén-ruthenatych komplext 6-8, které
byly ziskany $t&penim dimernich mustkovych prekurzorii [(n®-arén)Ru(u-CI)Cl],
pusobenim hydroxyamidového ligandu (1, 3 nebo 4) (Schéma 2.4). Pfipravené arén-
ruthenaté komplexy byly testovany jako prekatalyzatory v redoxni isomerizaci 1-
okten-3-olu (0.5 mol. % Ru, 2.5 mol. % KOBu-#, 1,2-dichloroethan, 80 °C/1 h)
(Schéma 2.5).
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phI R
\P/ \"Cl
cl
Ligand(n) 1 3 4
benzene 6a 7a 8a Fe
arén = p-cymén 6b 7b 8b
C.Me, 6c 7c 8c /0

NHCH3._n(CH,0H),,

Schéma 2.4. Série arén-ruthenatych komplext 6-8.

Provedené¢ katalytické experimenty naznacily, ze rozhodujici vliv na katalytickou
aktivitu aren-ruthenatého prekurzoru ma fosfinovy ligand. Komplexy odvozené od
hydroxyamiduti 1 a 3 totiz poskytly v isomeriza¢ni reakci 1-okten-3-olu lepsi vytézky
nez analogické komplexy ligandu 4. Koordinovany arénovy ligand ma sice na
katalytickou aktivitu arén-ruthenatého komplexu mensi vliv, pfesto bylo pozorovano,
ze komplexy odvozené od hexamethylbenzenu, ktery je nejobjemnéjsi a elektronove
nejbohatsi zcelé série, poskytly niz§i konverze na oktan-3-on nez analogické

komplexy s koordinovanym benzenovym nebo p-cyménovym ligandem.

OH [Ru] kat., baze o
\)\N\ \/UW\

Schéma 2.5. Redoxni isomerizace 1-okten-3-olu na oktan-3-on.

Nejaktivngjsi katalyzator z testované série 6b byl dale studovan v isomerizaénich
reakcich primarnich a sekundarnich allylovych alkohold substituovanych na dvojné
vazbé (Schéma 2.6). Z vysledku katalytickych experiment, které byly provedeny
souCasn¢ ve vodé¢ a také v 1,2-dichloroethanu, vyplynulo, ze allylové alkoholy
substituované na dvojné vazb¢ reaguji mnohem méné ochotné. U nékterych reakei
provedenych v 1,2-dichloroethanu byl navic pozorovan vznik nezaddoucich vedlejsich
produkti, které byly identifikovany jako nenasycené karbonylové slouceniny (Schéma
2.6). U reakei provedenych v €isté vodé bylo dosazeno obecné niz§ich vytézki nez u
reakci v 1,2-dichloroethanu. Uspokojivych vytézkd karbonylového produktu bylo
dosazeno pouze v piipad¢ sekundarnich allylovych alkoholii bez substituentii na

dvojné vazbé jako jsou but-3-en-2-ol a 1-fenylprop-2-en-1-ol. Vyjimkou v tomto
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ohledu byla isomeriza¢ni reakce 1,3-difenylprop-2-en-1-olu, ktery byl v Cisté vode
kompletné isomerizovan na 1,3-difenylpropan-1-on. Tato isomerizacni reakce je
pravdépodobné akcelerovana v disledku vysoce hydrofobniho charakteru tohoto

allylového alkoholu jako reakce “na vodé*.

6b (2 mol. %)
KOBu-t (5 mol. %) 0

OH (0]
_
Ra/\H\Rl R3/\KM\R1 + R3/\KM\R1
R2 R2

R2

Schéma 2.6. Redoxni isomerizace substituovanych allylovych alkoholti.

P#i pokusu o krystalizaci komplexu [(>-C¢Mes)RuCly(2-xP)] doslo ke vzniku
rozkladného produktu, ktery byl na zakladé rentgenostrukturni analyzy identifikovan
jako komplex o slozeni [(u-Cl);{Ru"(n’-CeMeg)},][Fe™Cly] (9) (Obrazek 2.1). Ke
vzniku tohoto komplexu doslo pravdépodobné v dusledku fotolytického rozkladu
halogenovaného rozpoustédla a ferocenového skeletu v krystalizacni smési
chloroform-diethylether. Strukturni parametry komplexniho kationtu nalezeného
v krystalové struktufe komplexu 9 jsou témet shodné s diive publikovanou strukturou
komplexu [(u-C1); {Ru(m®-CsMes)},][PFs]."

cl7

Cle

Obriazek 2.1. Kation a anion ve structure komplexu [(u-Cl); {Ru"(n°’-
CeMeg)}2][Fe"'Cly] (9). Vodikové atomy nejsou znazornény.
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Pii hledéni potencialnich aplikaci pro fosfino-amidové ligandy nesouci hydrofilni
pendantni ramena jsme zaznamenali rostouci zijem cytostatika zalozend na
komplexech piechodnych kovii s ligandy takzvané dualniho charakteru.' Jednd se o
latky, které kombinuji lipofilni ¢ast schopnou koordinovat se k pfechodnému kovu,
s hydrofilni ¢asti, ktera je schopna tvofit silné vodikové vazby. Rozhodli jsme se proto
ptipravit skupinu palladnatych a platnatych komplexti odvozenych od hydroxyamidu 1

(Schéma 2.7) a otestovat jejich cytostatickou aktivitu.

0
0
NH NN\
oh oy NH
N
@ e
/ Pt
/@ CI/\/@
Fe
o Ph Ph ph “Ph
o
10 NH_ -~ 1 NH
OH " 0H
HO
\/\ o
a NH-{

Ph \\\\\\ P\Pt
e
Fe
Ph* \
/ NH Ph

Schéma 2.7. Palladnaté a platnaté komplexy odvozené od ligandu 1.

Bis-fosfinové komplexy trans-[PdCl(1-xP)] (10) a cis-[PtCly(1-xP)] (12) byly
ziskéany vytésnénim cod ligandu ve vychozich komplexech [M"Cly(cod)] (M = Pd
nebo Pt, cod = n*m?>-cyklooktan-1,5-dien). Platnaty komplex trans-[PtCly(1-kP),] (11)
byl pfipraven reakci Ko[PtCly] se dvéma ekvivalenty ligandu 1. U pfipravenych
palladnatych a platnatych komplexi byla studovana jejich cytotoxicita vici bunééné

linii A2780 lidského karcinomu vajeéniku. Tato studie ukazala pouze primérnou
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cytostatickou aktivitu komplexti 10-12 shodnotami ICsy v rozmezi 19-155 puM.
Zajimavé je, ze nejucinnéjsi latkou z celé série se ukazal byt komplex trans-[PtCl(1-
«P),], zatimco analogicky cis-komplex 12 byl nejméné ucinny.

Literarni reSerSe zaméfena na vyuziti “jednoduchych® organickych hydroxyamida
vedla k myslence syntetizovat rovnéz nefosfinovy analog ligandu 4, tedy hydroxyamid
FcC(O)NHC(CH,0H); (15; Fc = ferrocenyl) (Schéma 2.8). Trioly typu R—C(CH,OH);
byly totiz Uspé$né vyuzity pii syntéze funkcionalizovanych, redoxné-aktivnich
hexavanadi¢nani [ {R-C(CH,0);},V013], které byly vyuzity pfi pfipravé katalyzatort
oxidagnich reakei,'” nebo i jinych polyoxometaldtti (POM).'® Vzhledem k tomu, Ze
kovalentné¢ vazané konjugaty ferrocenu s polyoxometalaty jsou stale velmi
neobvyklé,"” rozhodli jsme se piipravit hydroxyamid 15 a vyuzit jej pro konjugaci

ferrocenového a hexavanadi¢nanového skeletu (Schéma 2.8).

o OH
|
F OH
H,NC(CH OH)3
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@ DMAP/Et N @
(Bu,N),[H3V,40,]
DMA
0]
o 0
Fe VT

\
0 \0 NH
O\Vz/o/\ /0
—VZ v:/=0
(BugN)2 0%y /\ —
N /=o “o
O:,/ \/O\V/
NH (o] / VAN Fe
0 O\V /
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Schéma 2.8. Syntéza hydroxyamidu 15 and hexavanadi¢nanu 16.
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Vychozi triol 15 byl pfipraven reakci (fluorokarbonyl)ferrocenu a tris(thydroxy-
methyl)methylaminu v pfitomnosti ~ 4-(dimethylamino)pyridinu ~ (DMAP) a
triethylaminu v bezvodém N,N-dimethylformamidu (DMF) (Schéma 2.8). Nasledna
reakce hydroxyamidu 15 s dekavanadi¢nanem (BusN);[H3V9O,s] v bezvodém N,N-
dimethylacetamidu (DMA) pfi teploté 90 °C 60 h poskytla aniontovy hexavanadi¢nan
(BusN),[ {FcC(O)NHC(CH,0)3},V4013] (16), ktery byl izolovan pomoci sloupcové
chromatografie a krystalizaci ze smési DMF-MeCN-Et,0 jako solvat 16:2DMF.

Pripravené¢ latky 15 a 16 byly studovany pomoci cyklické voltametrie.
V cyklickém voltamogramu hexavanadicnanu 16 byla pozorovana pouze jedina,
elektrochemicky ireverzibilni oxida¢ni vlna, coz je vrozporu s elektrochemickym
chovanim dfive studovanych hexavanadi¢nant typu [ {R—C(CH,0)3},V¢0i3] (R = CHs,
CH,CH3, CH,Ph, NO, and NMe,), **'® u kterych byla pozorovana vzdy i redukéni
vlna v rozmezi —0.67 V az—1.2 V (vs. ferrocen/ferrocenium). Lze proto pedpokladat,
Ze v ptipad¢ hexavanadi¢nanu 16 dochazi pii elektrochemické oxidaci ke strukturnim
zménam, které Cini cely proces ireverzibilnim.

Ve snaze vysvétlit elektrochemické chovani hexavanadi¢nanu 16 byly provedeny
teoretické vypocty s cilem ziskat ptehled o vazebné struktuie hexavanadi¢nanového
skeletu. DFT vypoéty zalozené na stanovené krystalové struktuie latky 16 provedené
pro izolovany hexavanadi¢nanovy anion poukdzaly na existenci tfi-centrovych, Ctyf-
elektronovych (3c4e) O-V-O vazeb uvnitf hexavanadi¢nanové klece, které jsou
pficinou vysoké energie hrani¢nich molekulovych orbitali anionu. Jedenact
energeticky nejvySe polozenych molekulovych orbitalt véetné HOMO je
delokalizovano ptes hexavanadi¢nanovy skelet, ktery je proto i pfednostné mistem
elektrochemické oxidace, které se naopak neucastni ferrocenové ¢asti molekuly.

Béhem studia fosfino-amidt nesoucich hydroxyalkylova pendantni ramena jsme
se rozhodli vénovat pozornost rovnéz ligandim nesoucim vysoce polarni aniontové
substituenty. Byla proto pfipravena skupina konjugatl Hdpf s w-aminosulfonovymi
kyselinami H,N(CH,),SO;H (n = 1-3), tedy fosfinoamidy 17-19 (Schéma 2.9).

Vzhledem k silné polarnimu charakteru vychozich @w-aminosulfonovych kyselin,
byl pii jejich piipravé vyuzit synteticky postup diive popsany pro fosfino-amid 2.’
Amido-sulfonaty 17-19 byly proto ziskany reakci pentafluorofenylového esteru Hdpf

5% s odpovidajici @-aminosulfonovou kyselinou (Schéma 2.9).
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Schéma 2.9. Syntéza amido-sulfonat 17-19.

Fosfino-amid 17 byl vybran pro studium koordinacniho chovani amido-
sulfonatovych ligandé viigi dimérnim palladnatym prekurzorim typu [(L“N)PdX],,
které nesou pomocny C,N-chelatovany ligand 2-[(dimethylamino-k/N)methyl]-fenyl-
kC' (L™N). Reakce diméru [(L“Y)PdCI], se dvéma ekvivalenty 17 poskytla vyhradné
komplex 20, ve kterém se amido-sulfonatovy ligand koordinuje jako P-monodentatni
(Schéma 2.10). Analogicka reakce s palladnatym dimérem [(L“V)Pd(OAc)], viak
poskytla smés dvou novych palladnatych komplexti (Schéma 2.10). Vétsinovy produkt
(vytézek ca. 60%) byl pomoci rentgenostrukturni analyzy identifikovan jako O,P-
chelatovany zwitterionicky komplex [(L“)Pd(Ph,PfcCONHCH,SO;-k*0,P)] 21.
Tento komplex pravdépodobné vznikda metatézni eliminaci koordinovaného
acetatového ligandu vlivem amido-sulfonatu 17, ktera vede ke vzniku (Et;NH)OAc.
Struktura mensinového produktu byla odhalena pfedevsim diky komparativni studii
reakéni smési, &istého 21 a modelové reakce dimeru [(L“N)Pd(OAc)], s P-
monodentatnim  ferrocenovym ligandem FcPPh, pomoci ESI-MS hmotnosti
spektrometrii. Diky této studii byl mensinovy produkt identifikovan jako komplex
(EtNH)[(L™M)Pd(OAC)(Ph,PfcCONHCH,SO;-kP)]  (22), ktery vznika prostym
$tépenim mistku dimerniho prekurzoru [(L“¥)Pd(OAc)]; . je pravdépodobnym
intermediatem vedoucim ke vzniku komplexu 21 (Schéma 2.10).

Pro katalytické testovani piipravenych amido-sulfonati byla vybrana palladiem
katalyzovana kyanace aryl-halogenidii.?® V sougasné dob& je mozné pro tuto reakci
vyuzit K4[Fe(CN)s] jako vyhodnou alternativu k béZznym kyanaénim ¢&inidlim, které
jsou &asto toxické, drahé nebo naroéné na manipulaci.*’ Toto ¢&inidlo bylo neddvno
pouzito i pro kyanaci malo reaktivnich substratii &i reakce ve vodnych prosttedich.

Z tohoto divodu byly reakci [PdCly(cod)] se dvéma ekvivalenty 17-19 piipraveny
palladnaté komplexy trans-[PdCL(L-xP),] (23,L = 17; 24, L = 18; 25, L = 19), které¢
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byly pouzity jako definované prekurzory katalyzatoru pro kyanaci aryl-bromidi ve

vodnych prostiedi vlivem K4[Fe(CN)s] jakozto zdroje kyanidového aniontu.

(EtaNH)

-
X 2L
PEAN
pd_ Pd - =
/Ny
N X

2L

- (Et,;NH)ACO 20

(EtzNH) pp. Ph '
\ H
P\ N
/Pd
AcO
+ Fe
/
NH
21 22

Schéma 2.10. Syntéza palladnatych komplexd s pomocnym C,N-chelatovanym
ligand 2-[(dimethylamino)methyl]-fenyl-kC" (LN).

Katalyticka aktivita palladnatych komplexi 23-25 byla nejprve porovnana v
kyanaci 4-bromoanisolu (26a) ve smési dioxan-voda (1:1, v/v) (Schéma 2.11).
Nejaktivnéjsim z celé série se ukazal byt komplex 23, ktery byl proto pouzit jako
prekatalyzator i v dalSich experimentech. Ty byly zaméfeny na studium vlivu slozeni
smési rozpoustédel na pribéh kyanacni reakce. Katalytické testovani ukazalo, ze
ziskané vytézky i selektivita kyanacni reakce jsou silné zavislé na slozeni pouzité
smési rozpoustédel, konkrétné na poméru dioxan-voda (Obrazek 2.2).

Kyanaéni reakce 4-bromoanisolu 26a kupiikladu neprobihala v ¢istém dioxanu

viibec, zatimco kompletni konverze na nitrilovy produkt (27a) byla dosazena pii
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pouziti smési rozpoustédel obsahujicich 40-60 % (objemove) vody. Pokud vsak byla
pouzita Cistd voda nebo smés rozpoustédel obsahujici velky nadbytek vody, byl
pozorovan rovnéz vznik vedlejsiho produktu, ktery vznika hydrataci nitrilu 27a, tedy
amidu 27a. Z tohoto diivodu byla smés dioxan-voda zvolena jako optimalni reakéni
médium pro dalsi katalytické experimenty zaméfené na kyanacéni reakce riznych

elektronové bohatych i chudych aryl-bromidt

Br CN C(O)NH,
K,[Fe(CN),]/[Pd] .
K,CO,
dioxan-voda
R R R
26 27 28
hydrolyticky

vedlejsi produkt
R =4-OMe (a), 4-Me (b), 3-Me (c), 2-Me (d), 4-CMe, (e), 4-CF, (f), 4-C(O)Me
(g), 4-Ph (h), 4-Cl (i), 4-NO, (j), 4-NMe, (k), 4-CO,H (l), 4-CH,CO,H (m).

100 -
90 -
80 -
. 70 -
£
&
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£ 40
S
X 30 -
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0
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& e Q;'.b Y » > &
& » * » * »
L °4° 0,4° o,~\° °4°
2 2 3 3 3
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" Konverze na27a  ® Konverze na 28a

Schéma 2.11. Kyanace aryl-bromidi katalyzovana Pd-komplexy 21-23.

Obrazek 2.2. Vliv slozeni smési dioxan-voda na katalytickou aktivitu komplexu 23.
Reakéni podminky: 4-bromoanisol (1.0 mmol), uhli¢itan draselny (1.0 mmol), a
K4[Pd(CN)e]-H,O (0.5 mmol), palladnaty komplex 23 (2 mol %), dioxan-voda (4 mL),
100 °C/18 h.
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Provedené katalytické experimenty ukazaly, ze komplex 23 poskytuje aktivni
katalyzator pro kyanaci para-substituovanych elektronové bohatych aryl-bromidd,
které nesou alkylové, arylové nebo acylové substituenty. Jeho aktivita se pifitom
neménila ani v sérii substituénich izomert bromotoluenu. V pfipadé elektronové
chudych aryl-bromidd (p-CF; (26f) a p-Cl (26i)), dochazelo v prib&éhu kyanacni
reakce nejen ke vzniku nitrilovych produktd (27f a 27i), ale i amidt (28f a 28i)
vznikajicich hydrataci nitrilové skupiny. Pouze nizké konverze byly ziskany pfi
kyanaci 4-(dimethylamino)-bromobenzenu (26k) a 4-nitrobromobenzenu (26j),
zatimco kyanace heterocyklickych aryl-bromidii (2-bromopyridinu, 3-bromopyridinu a
hydrochloridu 4-bromopyridinu) neprobihala vibec. To lze vysvétlit donorovym
charakterem 26k a heterocyklickych bromidi, zatimco 26j je elektronové nejchudsi

testovany substrat.
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Shrnuti

Drive publikovand prace zaméfend na koordinacni chemii a katalytické vyuziti
fosfino-amidti 1 a 2, které nesou 2-hydroxyethylovd ramena, byla v ramci této
dizertaéni prace dale rozsifena. Syntetizované hydroxyamidy 3 a 4 doplnily skupinu
strukturné ptibuznych fosfino-amidovych ligandu typu Ph,PfcC(O)NHCHj;_,(CH,OH),
(n = 1-3; fc = ferrocen-1,1'-diyl). Cela série pfipravenych ligandi byla vyuzita pii
syntéze skupiny arén-ruthenatych komplexti typu [(n°-arén)Ru(u-C)CI(L-xP)] 6-8
(arén = Cg¢Hg, p-cymén nebo CsMes; L = 1, 3 nebo 4). Nasledna katalyticka studie
demonstrovala katalytické vyuziti téchto komplexti v redoxni isomerizaci allylovych
alkohold, ktera poskytuje karbonylové slouceniny. Provedené experiment ukazaly, ze
vliv fosfinového ligandu ma na katalytickou aktivitu arén-ruthenatych komplexi vétsi
vliv nez arénovy ligand. Katalytické experimenty provedené ve vodé a 1,2-
dichloroethanu ukazaly, 7e snadno dostupny a zaroven aktivni komplex [(n-p-
cymén)RuCL(1-xP)] (6b) efektivné katalyzuje pouze isomerizacni reakce
sekundarnich allylovych alkoholii s nesubstituovanou dvojnou vazbou. Reakce ve
vod¢ pfitom poskytly o poznani horsi vytézky karbonylovych produktd nez v 1,2-
dichloroethanu.

Pii zamyslené krystalizaci komplexu [(°-C¢Meg)RuCl(2-kP)] byl pozorovan
vznik dvoujaderného arén-ruthenatého komplexu [(p-Cl); {Ru"(n°-CeMeg)},][Fe"'Cly]
(9), ktery byl strukturné charakterizovan. Za jeho vznik je pravdépodobn¢ zodpoveédny
fotokatalyticky rozklad ferrocenového skeletu a chlorovaného rozpoustédla.

Amido-sulfonaty (Et;NH)[Ph,PfcC(O)NH(CH,),SO;] (17-19; n = 1-3) byly
uspésné vyuzity jako ligandy ve vodné katalyze komplexy pfechodnych kovi. Série
komplext trans-[PdClL(L-kP),] (21-23; L = 17-19) byla testovana v kyanacni reakci
aryl-bromidti vyuzivajici K4[Fe(CN)s] jako kyanacni ¢inidlo. Byl pfitom pozorovan
vyznamny vliv rozpoustédla na pribéh kyanacni reakce. Nejaktivnéjsi pre-katalyzator
komplex 23 efektivné katalyzoval kyana¢ni reakci rtzné substituovanych aryl-
bromidu. Je zajimavé, ze vyuziti vodnych podminek pro tento typ reakce je zatim stale
spise vzacné. Koordinaéni studie vici palladiu navic ukazala, ze amido-sulfonat 17 je
pomémné flexibilni hybridni ligand, ktery se muze v zavislosti na pouzitém Pd-
prekurzoru koordinovat jako jednoduchy monodentatni P- nebo chelatujici bidentatni
O,P-donor.

Provedené katalytické experimenty v palladiem katalyzované kyanacni reakci

aryl-bromidi a rutheniem katalyzované redoxni isomerizaci allylovych alkoholt
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ukazaly, ze strukturni modifikace v amidové ¢asti molekuly mohou mit vyznamny vliv
na katalytickou aktivitu komplext odvozenych od téchto fosfino-amidovych ligandt.

V prub¢hu vyzkumu souvisejiciho s hlavnimi cily této dizertacni prace vyvstalo i
nékolik puvodné nezamyslenych témat. Byly napiiklad syntetizovany komplexy
[M"CL,(1-xP),] (10, M = trans-Pd; 11, M = trans-Pt; 12, M = cis-Pt) odvozené od
hydroxyamidu 1, které byly in-vitro studovany z hlediska jejich cytostatické aktivity
vici bunééné linii A2780 lidského karcinomu vajecniku. Tato studie ukdzala spiSe
prumérnou aktivitu studovanych komplexd. Byl vSak rovnéz pozorovan zajimavy vliv
struktury ligandii na cytotoxicitu jejich komplext, protoze nejaktivnéj$im z celé série
byl komplex trans-[PtCl,(1-kP),] 11.

Triol FcC(O)NHC(CH,OH); (15) byl vyuzit jako vychozi latka pro konjugaci
ferrocenu s hexavanadi¢nanovym skeletem. Kovalentni konjugaty ferrocenu
s polyoxometalaty jsou stale spise neobvyklé. Hexavanadi¢nan
(BuyN)[ {FcC(O)NHC(CH,0)3},V013] (16) byl charakterizovan pomoci 'H, °C a *'V
NMR, FTIR, ESI MS a jeho identita byla potvrzena rovnéz pomoci rentgenostrukturni
analyzy. Studie pomoci cyklické voltametrie odhalila neobvyklé elektrochemické
chovani, které¢ ukazuje ze pravdépodobné nedochazi k elektrochemické komunikaci
mezi ferrocenovym jadrem a hexavanadi¢nanovym skeletem. DFT vypoéty poskytly
informaci o vazebné struktufe haxavanadi¢nanového skeletu a také mozné vysvétleni

pozorovaného elektrochemického chovani latky 16.
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