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Abstrakt

Hydroxyamid Ph,PfcC(O)NHCH,CH,OH 1, publikovany jiz diive, a nové syntetizované
ligandy Ph,PfcC(O)NHCH3 (CH,OH), (3: n = 2; 4: n = 3) poskytly reakci s dimérnimi
prekurzory [(n®-arén)Ru(u-CI)CI], (arén = CeHg, p-cymén, CgMeg) sérii strukturné
piibuznych ruthenatych komplexii typu [(n°-arén)RuCly(L-kP)] 6-8 (L = 1, 3 a 4).
Katalytické testovani ptipravenych komplexti v redoxni isomerizaci allylovych alkoholi
ukézalo, Ze komplex [(n°-p-cymén)RuCl,(1-kP)] 6b je nejaktivn&jsim z celé série.

Struktura fotolytického rozkladného produktu [(u-Cl)s{Ru(n®-CsMeg)}2][FeCls] 9
komplexu [(n°-CsMeg)RUCly(2-kP)] (2 = Ph,PfcC(O)N(CH,CH,0H),) byla stanovena
pomoci rentgenostrukturni analyzy.

In vitro testovani bis-fosfinovych komplexii [M"Cly(1-kP);] (M = trans-Pd (10), cis-Pt
(11) and trans-Pt (12)), volného ligandu a jeho chalkogenidt Ph,P(O)fcC(O)NH(CH,),OH
(13) a Ph,P(S)fcC(O)NH(CH,),OH (14) ukazalo primérnou cytotoxicitu studovanych
komplexti vaéi nddorovym buiikam lidského karcinomu vaje¢niku.

Reakci triol-amidu FCC(O)NHC(CH,;0OH); 15 s dekavanadi¢nanem (BusN)2[H3V1002g]
byl ziskan hybridni hexavanadi¢nan (BusN),[{FCC(O)NHC(CH20)3}.V6O13] 16 nesouci
redoxné aktivni ferrocenylové substituenty. Pfipravena latka byla charakterizovana
prostiednictvim fyzikalné-chemickych metod vcetné rentgenostrukturni analyzy, cyklické
voltametrie a také teoretickych vypocti. 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 (EtsNH)[Ph,PfcC(O)NH(CH;),SO3] (17: n=1, 18: n
=2, 19: n = 3; fc = ferrocen-1,1'-diyl) byly zisk&ny konjugaci 1’-(difenylfosfino)ferrocen-
1-karboxylové kyseliny (Hdpf) a @-aminosulfonovych kyselin H,N(CH2),SO3H (n = 1-3) a
izolovany ve formé svych triethylamoniovych soli. Palladnaté komplexy trans-[PdCl,(L-
kP)2] (23: L = 17; 24: L = 18; 25: L = 19) odvozené od téchto ligandd poslouzily jako

definované pre-katalyzatory pro kyanaéni reakce arylbromid pomoci K4[Fe(CN)s].

Kli¢ova slova: Ferrocen; Fosfinové ligandy; Vodna katalyza; Teoretické vypocty;

Protirakovinne uc¢inky; Polyoxovanadi¢nany; Strukturni analyza.




Abstract

The formerly reported hydroxyamide Ph,PfcC(O)NHCH,CH,OH 1 and its respective
novel congeneric analogues Ph,PfcC(O)NHCH3_,(CH,OH), (3: n = 2; 4: n = 3) were used
to prepare a series of arene-ruthenium(I1) complexes [(n°-arene)RuCly(L-kP)] 6-8 (arene =
CeHs, p-cymene, CsMeg; 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 6b [(n°-p-cymene)RuCl,(1-xP)] showed best results.

The solid state structure of the product of photolytic decomposition of complex [(n°-
CsMeg)RUCI,(2-kP)] (2 = Ph,PfcC(O)N(CH,CH,0H),), viz, [(n-Cl)s{Ru(n®-CsMeg)}2]
[FeCl,] 9, was determined by single-crystal X-ray diffraction analysis.

The bis-phosphane complexes [M"Cl,(1-kP),] (M = trans-Pd (10), cis-Pt (11) and trans-
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. Complexes tested showed
moderate cytotoxicity.

Triol-amide FCC(O)NHC(CH,0OH); 15 (Fc = ferrocenyl) reacted with decavanadate
(BusN)2[H3V1002g] at elevated temperature and prolonged reaction time yielding the
hybrid hexavanadate (BusN),[{FCC(O)NHC(CH,0)3}.Vs013] 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
gave an insight into the bonding scheme within hexavanadate cage and offered an
explanation for electrochemical behavior of the compound.

Conjugation of 1’-(diphenylphosphanyl)ferrocene-1-carboxylic acid (Hdpf) with @-
aminosulfonic acids H;N(CH;),SOsH (n = 1-3) afforded amidosulfonates (EtsNH)
[Ph,PfcCONH(CH),SO3] (17: n = 1, 18: n = 2, 19: n = 3; fc = ferrocene-1,1'-diyl),
isolated as the respective triethylammonium salts. These ligands were employed in the
synthesis of palladium(l1) complexes trans-[PdCl,(L-kP),] (23: L=17;24: L =18; 25: L =
19) which, in turn, were probed as defined pre-catalysts for aqueous cyanation of aryl
bromides with potassium hexacyanoferrate(ll).

Keywords: Ferrocene; Phosphane ligands; Aqueous catalysis; Theoretical calculations;
Anticancer properties; Polyoxovanadates ; Structure elucidation.
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Chapter 1

Introduction

Research into transition metal-mediated catalytic processes and catalyst design represents
one of the most important fields of contemporary chemical science. Increasing number of
available organic transformations and a growing demand for production of fine chemicals
are the major driving forces for the development of new catalytic systems carefully tailored
for a specific purpose. Search for catalysts having superior catalytic performance is
motivated not only by efforts to improve efficiency and selectivity of chemical
transformations but also by economic and environmental issues.

Much attention has been devoted to find synthetic strategies that minimise the reaction
time, temperature, catalyst loading, and simplify product purification. Among the most
challenging topics still remain catalyst separation and recycling both on a laboratory and
large scale synthesis. Whereas it is possible to separate heterogeneous catalyst from a
reaction mixture easily by simple decantation, filtration or centrifugation, the same is not
applicable for homogeneous catalysts. Separation of a homogeneous catalyst requires
typically an application of advanced workup procedures, for instance, extractions or
chromatographic techniques, causing the production of additional waste and making the
whole process more energy demanding. Even though the use of heterogeneous catalysts is
favoured in potential industrial applications, there is still a great attention paid to the
development of new catalytic systems that would combine the most attractive features of
both catalyst classes, i.e., homogeneous and heterogeneous. Possibility to carefully design
a homogeneous catalyst by means of ligand tailoring remains still unmatched in the field of
heterogeneous catalysis. On the other hand, the ease of separation of heterogeneous
catalyst allows for efficient catalyst recovery and reuse that offer further economical and
environmental benefits.

The known synthetic strategies used to combine the attractive properties of both catalyst
classes usually make use of immobilisation of the known and well-established
homogeneous catalyst onto solid supports.® Various inorganic materials may serve a solid
support, for instance mesoporous silica, hydroxyapatite, hydrotalcite and activated
charcoal. ? Alternative strategy is to immobilise the catalyst on polymeric materials, e.g.,

cross-linked polystyrene or polyaniline. ®* Although the immobilised catalysts offer a




number of advantages, easier catalyst recovery from a reaction mixture and improved
selectivity to name just few, there are however also disadvantages including transition
metal leaching into a reaction mixture or lowering of catalytic activity upon repeated use.
Another perspective approach towards catalyst immobilisation is to constrain the

catalytic species in an immiscible liquid phase.* Since the reactants and the catalyst reside
in different liquid phases, this approach is called biphasic catalysis. Sufficient interaction
between the catalyst and the reactants is ensured by stirring and emulsification of the
reaction mixture, while separation upon the reaction completion is achieved by simple
decantation. As the “liquid catalyst carrier” may be used a variety of solvents differing in
their physical and chemical characteristics. Well-established is the use of ionic liquids,”
fluorous solvents,® supercritical carbon dioxide’ and, advantageously, also water.®

Several industrial processes already utilize concept of aqueous biphasic catalysis.®° The
initial application of this concept in industry is the rhodium catalysed hydroformylation of
propene (Scheme 1.1) introduced by Ruhrchemie/Rhdne-Poulenc in 1984. 1°

[Rh']
m-TPPTS CHO
N7 - ~~"cyo Ot \(
CO/H, (1:1; 40 bar)
water; 80 °C

Scheme 1.1. Ruhrchemie /Rhdne-Poulenc oxo-process (hydroformylation of propene).

The development of this process enabled to replace the less selective but cheaper
cobalt(l) catalyst with the more expensive rhodium(l) analogue owing to possibility of
catalyst recycling. The rhodium catalyst promotes the hydroformylation reaction with
excellent linear/branched product ratio (24:1). The ligand triphenylphosphane-3,3',3"'-
trisulfonate trisodium salt (m-TPPTS, Scheme 1.2) is used to direct the catalytic species
into aqueous phase.

The use of water as a “liquid catalyst carrier” enabling catalyst recovery is not the only
reason for its application in organic synthesis. Water is a cheap, non-toxic and non-
flammable, easily accessible solvent that provides expedient physical properties such as
high polarity or specific heat capacity. Hence, it attracted much attention as a potent “green
chemistry” alternative to solvents commonly used in organic synthesis, since the majority

of waste produced by chemical processes is due to the used solvents.™
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Scheme 1.2. Triphenylphosphane-3,3',3"-trisulfonate trisodium salt (m-TPPTS).

Water may also effectively affect the selectivity of organic transformations and accelerate
their reaction rates.'? Water features unique, highly ordered inner structure given by its
ability to form intramolecular hydrogen bonds. Hydrophobic organic compounds tend to
associate in aqueous media to minimise surface contact with water. As a result, water may
accelerate reactions with negative volume of activation due to the so-called hydrophobic
effect firstly postulated by Breslow.**** Breslow and co-workers have studied influence of
water on selectivity and reaction rates of Diels-Alder reaction. They have observed that the
use of water significantly enhances reaction rates of cycloaddition of 3-buten-2-one and
1,3-cyclopentadiene as compared to organic solvents (Scheme 1.3).

D A3
+
\/U\ solvent

Scheme 1.3. Diels-Alder [4+2] cycloaddition of 1,3-cyclopentadiene (3)
and 3-buten-2-one (4).

\J

However, hydrophobic effect isn’t the only reason for which water influences the course
of organic reactions. For instance, hydrogen bonding in aqueous solvents may lower the
values of reaction Gibbs activation energy (AG*). The formation of hydrogen bonds
changes the relative energy of the frontier orbitals of reactants that possess acceptor group
capable of forming hydrogen bonds.***® Moreover, water is a highly polar solvent and thus
favours reactions going through polar transitions states.*’ As a Lewis base, water can
effectively moderate the reactivity of Lewis acids.® In the case of transition metal-
catalysed reactions performed in water, the possible formation of agua complexes must be
taken into the account. Water also provides the opportunity to carefully control pH of the

reaction mixture and, in addition, may serve as an acid or a base itself. The scope of




organic transformations performed in aqueous media ranges from simple two-component
processes ([3+2] cycloaddition reactions, Claisen rearrangement) to transition metal-
catalysed reactions (cross-coupling reactions, olefin metathesis). Several comprehensive
reviews were recently published on this topic. 241

The application of transition metals in aqueous catalysis is obviously facilitated by the
use of appropriate hydrophilic ligands. The role of the ligand is to constrain the resulting
transition metal complex in aqueous phase and to tune its properties to obtain the required
efficiency and selectivity.®> ?° The most frequently used method to make a ligand
hydrophilic is to functionalize its conventional hydrophobic counterpart with highly polar,
typically ionic substituents. Well established are hydrophilic ligands bearing anionic
substituents, typically sulfonate, sulfinate, phosphonate or carboxylate groups, but also
those pined up with cationic substituents, i.e., ammonium or phosphonium groups.
Extensive synthetic methodology has been developed to introduce these ionic substituents
into ligand molecules, including direct functionalization or less straightforward strategies
allowing for synthesis of the less accessible derivatives.?

Solubility of a ligand molecule in aqueous media can be enhanced also by introduction of
neutral hydrophilic groups, i.e., carbohydrates (or other polyols) and polyether or
polyamine chains.?’ Ligands bearing neutral hydrophilic substituents are of great interest.
Usually, they exert good solubility in polar organic solvents as well as in water.
Derivatives bearing polyether and polyhydroxyl substituents may display thermoregulated
solubility in aqueous phase.?! This behaviour is caused by the formation of hydrogen
bonding interactions that are affected by heating or cooling of the reaction mixture.
Hydrogen bonding is broken at higher temperatures what brings about a decreased
solubility in water and, consequently, an increased solubility in non-polar solvents.
Ligands exerting these properties are particularly attractive for potential use in aqueous
biphasic catalysis, since catalyst may be easily separated by a simple change of
temperature.

The described strategies leading to hydrophobic ligands soluble in aqueous media have
been successfully applied to a variety of diverse ligand types. Phosphane ligands attracted
particular attention as they are the most widely used in transition metal catalysis. However,
nitrogen-based donors are also of great interest especially due to the stability of nitrogen
atom towards oxidation and a large amount of readily accessible chiral diamines. The N-

heterocyclic carbenes are growing in importance ever since they have been introduced.
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Their remarkable o-donor ability makes them highly attractive ligands for a broad scope of
transition metal-catalysed organic transformations.

Nevertheless, the opportunity to finely tune electronic and steric properties of phosphane
donors is unmatched and precisely explored. Coordination behaviour of phosphanes
towards transition metals, such as o-donating and w-accepting ability or steric demands,
may be significantly altered by selection of substituents at the phosphorus atom. A number
of empirical and computational parameters were proposed to describe electronic and steric
properties of phosphane donors.

Experimentally, the electronic properties of phosphanes may be expressed in terms of the
Tolman electronic parameter y.??'?* This empirical parameter is defined for a general
phosphane ligand L as the difference between the carbonyl stretching frequencies in
[Ni(CO)sL] and [Ni(CO)3(PtBus)] complexes. The o-donating and w-accepting ability of
phosphane ligand L alters the electron density at the metal center and, hence, also the
magnitude of back-donation to m-orbitals of the carbonyl ligands. The stretching frequency
of CO corresponds therefore to electronic properties of L.

To describe steric properties of phosphanes, the Tolman cone angle & is the most
frequently used parameter.?? Tolman defined this parameter for a general phosphane PR;
(R refers to any aryl or alkyl) as the apex angle of the cone specified by van der Waals
radii of the external atoms of the substituents R with the vertex at a distance of 2.28 A
from the phosphorus atom.

Furthermore, the steric and electronic features of phosphanes may be experimentally
followed by means of *'P NMR spectroscopy.”*® A correlation was found between o-
donating ability of phosphane donors and Jps. coupling constants of the respective
phoshane selenides. The stronger o-donors exert smaller values of the 'Jps. coupling
constant. Likewise, *'P NMR shift of complexes of the type trans-[PdCl,L] (L refers to a
phosphane ligand) correlate with Tolman cone angle.?*?" Consequently, this parameter
may be used to assess steric demands of a ligand for which no structural data are available.

The introduction of hydrophilic polar groups into the molecules of phosphane ligands
affects considerably their coordination properties. Especially the electron-withdrawing
character of the majority of ionic substituents alters the o-donating and m-accepting
properties of phosphane donors. The resultant effect may be nicely demonstrated by the
data obtained for triphenylphosphane (TPP, Scheme 1.4) based ligands m-TPPTS (Scheme
1.2) and triphenylphosphane-3,3’,3"'-tricarboxylate trilithium salt (m-TPPTC, Scheme 1.4).

11



The sulfonate groups in meta-position of the phenyl substituents decrease significantly the
o-donating properties of the phosphorus atom (Table 1.1) which may be rationalized by the
value of the respective Hammett constant (om, = 0.30) for sulfonate group.”® The influence
of meta-carboxylate group on the electronic properties of phosphane ligand is lower (Table

1.1) which is in accordance with the corresponding Hammett constant (om, = —0.10).%8

CO,Li

saclEEo4

TPP m-TPPTC

CO, L

Scheme 1.4. Triphenylphosphane (TPP) and triphenylphosphane-3,3’,3"'-tricarboxylate
trilithium salt (m-TPPTC).

The steric demands of m-TPPTS and m-TPPTC were considerably increased by
introduction of the ionic substituents into their molecules. The increase was rationalized by
the values of the Tolman cone angle estimated on the basis of *'P NMR spectra of the

respective complexes trans-[PdCI,L;] (Table 1.1).

Table 1.1. Electronic and steric characteristics of triphenylphosphane
(TPP) and hydrophilic ligands m-TPPTS and m-TPPTC derived thereof.

Ligand s [HZ]2®  v(CO) [em 103 1 125
TPP 735 2023 145
m-TPPTS 757 2025 166°
m-TPPTC 733 2020 166°

[a] Estimated for the respective phosphane-selenide. [b] Carbonyl stretching frequency
found in the corresponding complexes cis-[Mo(CO)4L,]. [c] The Tolman cone angles
based on *P NMR chemical shifts.

The introduction of hydrophilic substituents affects not only the electronic and steric
properties of phosphane ligands. Further consequences arise from the secondary effects
resulting from Coulombic interactions and/or hydrogen bonding interactions. The
secondary interactions may significantly affect coordination behavior of ionic phosphane

ligands as well as catalytic performance of their transition metal complexes.
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For instance, mutual cooperation of Coulombic interligand repulsion and enhanced steric
demand is believed to be responsible for lower coordination numbers achieved in Pd(0),
Ni(0), Ag(+I) and Au(+1) complexes with m-TPPTS3* as compared to those derived
from TPP.% %337 Moreover, the enhanced Coulombic repulsion between negatively
charged ionic substituents may influence the modified preference for cis/trans isomers of
[PtX,L,] type complexes (X = halide, L = ionic phosphane ligand). For instance, the ligand
triphenylphosphane-4,4',4"-triphosphonate hexasodium salt (p-TPPTP(Na)s, Scheme 1.5)
affords exclusively trans-[PtCl{p-TPPTP(Na)s},] isomer when reacted with K,[PtCl,].*
In contrast, the non-ionic form of this ligand, i.e., triphenylphosphane-4,4',4"-
triphosphonic acid (p-TPPTP(H)s, Scheme 1.5), forms solely the cis-[PtCl{p-

TPPTP(H)s},] isomer in the same reaction.

PO,H, PO,Na,
H,04P N7 POH, Na,0,P " "PO,Na,
p-TPPTP(H), p-TPPTP(Na),

Scheme 1.5: Triphenylphosphane-4,4’,4"-triphosphonic acid (p-TPPTP(H)s) and the
respective hexasodium salt (p-TPPTP(Na)s).

Formation of cis isomer is most likely facilitated by predisposition of p-TPPTP(H)s to
associate through intra- and intermolecular hydrogen bonds (as evidenced by X-ray
diffraction analysis of the platinum complex).

Hydrogen bonding interactions can alter catalytic behavior of transition metal complexes
containing ionic ligands. A significant influence was observed in the case of m-TPPTS
based complex [RhH(CO)(m-TPPTS)s]. The sulfonate groups form intramolecular
hydrogen bonds in aqueous media that contribute to stabilization of the coordination
compound towards ligands dissociation as compared to [RhH(CO)(TPP)3] in toluene. A
higher dissociation energy is required to form the bisphosphane [RhH(CO)(m-TPPTS),]
and monophosphane [RhH(CO)(m-TPPTS)] complexes, that are assumed to be the real

catalytic species in hydroformylation of olefins.*® As a result, the lower reaction rates but
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higher regioselectivity were observed in hydroformylation reactions promoted by
[RhH(CO)(m-TPPTS)s] than for [RhH(CO)(TPP)3].*

Nowadays, the number of the known phosphane ligands is enormous, which correlates
with a broad scope of their possible coordination and catalytic applications.*? They span
from simple monodentate® to multidentate donors** and mixed-donor compounds that
possess additional nitrogen, ** sulfur*® or oxygen*’ based donor groups. A variety of
possible structure types led to the development of diverse chiral phosphane ligands that
found manifold use in asymmetric catalysis. Amongst the immense number of different
ligand types phosphanylferrocenes developed into specific class of donors with special
electronic and steric properties.*®*°

Ferrocene derivatives attracted great attention ever since the discovery of ferrocene in the
early 1950°s.°%°! The first efforts were devoted mainly to understanding of the exceptional
features of the ferrocene molecule, mainly its unexpected stability and puzzling

structure, >3

while the later investigations were aimed at exploring its rich and remarkable
reactivity.> The vigorous research over the last few decades set up the scope of possible
applications of ferrocene derivatives that range from analytical chemistry (molecular
recognition, ion sensing, electrochemical labeling)® and material science (luminescent
systems, polymer design, magnetic materials)*® to coordination chemistry (homogeneous
catalysis, asymmetric organic synthesis), biochemistry (design of functionalized
peptides)®” and even medicinal chemistry (treatment of cancer).®

Ferrocene derived donors stand out as a particularly attractive class of ligands because of
their unique electronic and steric properties. Ferrocene is a coordination and
organometallic compound itself. It possesses the canonical sandwich structure®® resulting
in its specific spatial properties. The ferrocene backbone is relatively rigid towards tilting
of its cyclopentadienyl rings from the parallel arrangement. On the other hand, it is flexible
in their mutual rotation along molecular axis. Furthemore, ferrocene is endowed with a
high electron density making it a wuseful electron-donating substituent. The
cyclopentadienyl ligands retain their aromatic character and readily undergo electrophilic
aromatic substitution.

Ferrocene donors are easily accessible by numerous synthetic procedures enabling
relatively straightforward synthesis of mono- or disubstituted derivatives (Scheme 1.6) that
represent the most frequently studied ferrocene-derived ligand types.***® Nonetheless,

attention attracted also other derivatives, for instance the ferrocene-derived
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polyphosphanes.®® Nowadays, the chemistry of ferrocenes comprises the broad scope of
various ligand classes, amongst them monodentate®* and bidentate donors.®? Still, the most
studied are the phosphanylferrocenes bearing at least one phosphanyl group bound directly

to the ferrocene backbone.
Fe Fe B Fe
N
a b c
Scheme 1.6. Mono- and disubstituted unsymmetric ferrocene derivatives.

The number of monodentate phosphanylferrocene donors is rather scarce in comparison
to bidentate derivatives. However, they found distinct applications in homogeneous
catalysis. For instance, a series of ligands FCPR; (Fc = ferrocenyl) was utilized in Baylis-

Hillman reaction of aldehydes with acrylates (Scheme 1.7).

0o 0 OH

0
)k FCPR,
R1 H + OR2 —— R1 OR2

Scheme 1.7. Baylis-Hillman reaction of aldehydes and acrylates.

The ferrocene-derived ligands performed in this organocatalytic reaction remarkably
better than PPh; and PCys, with FCPEt, being the most active catalyst.®® Some of sterically
demanding monodentate phosphanylferrocenes gave rise to active catalyst for palladium
catalysed cross-coupling reactions of challenging substrates. For instance, the complexes
derived from FcP(t-Bu), (I) and the cognate ligand Q-phos (Scheme 1.8) performed
efficiently amination of aryl halides and Suzuki-Miyaura cross-coupling of aryl chlorides
and unactivated aryl bromides.®*

The chemistry of bidentate phosphanylferrocene donors is represented predominantly by
two ligand classes, namely by 1,1'-disubstituted and 1,2-disubstituted derivatives (Scheme
1.6). The chiral 1,2-disubstituted bidentate phosphanylferrocene donors became probably

the most successful ferrocene ligands.®?*% They have found extensive applications in
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asymmetric catalysis, even at industrial scale. Very likely the largest enantioselective
catalytic process in industry makes use of chiral ferrocene ligand Xyliphos in the synthesis
of herbicide (S)-metolachlor (Scheme 1.9) via iridium-catalysed asymmetric hydrogenation

reaction.®®

@P(t-Bu)2 @P(t-Bu)2
Pd(OAc),
Fe > ph Fe  ph
NaO(t-Bu)
PhCl (solvent)
95-110 °C Ph Ph
|

Ph

Q-phos

Scheme 1.8. Preparation of phosphanylferrocene ligand Q-Phos.

S
Ir'/(R,Sp)-Xyliphos

Cl
P(Xyl), K(
o]
PPh
Fe 2
(S)N
@ \O/\r
Xyliphos (5)-metolachlor

Scheme 1.9. Industrial synthesis of herbicide (S)-metolachlor (Xyl = 3,5-
dimethylphenyl).

The initial impulse preceding the interest in the chemistry of planar-chiral
phosphanylferrocene ligands was the discovery of highly diastereoselective ortho-lithiation
of (R)-N,N-dimethyl-1-ferrocenylethylamine (Ugi’s amine)® and the preparation of chiral
P,N-ligand PPFA (Scheme 1.10).%

In the following years this strategy was supplemented by other efficient chiral ortho-

directing groups, for instance sulfoxides, acetals or oxazolines.?®®"® Moreover, it was
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found that dimethylamino group in PPFA-type ligands can be replaced with secondary
phosphanes with retention of the configuration at the stereogenic carbon atom.” This
discovery led to the development of the very successful Josiphos-type ligands (Scheme

1.10). Other nucleophiles can be used equally well 52>

NMe, @LNMQ
F

Fe 1) Buli . o PPh,
2) CIPPh,
HPCy,/AcOH
Ugi's amine (R) PPFA (R,S ) 80 °C
PCy,
Fe PPh,

e

Josiphos (R,Sp)

Scheme 1.10. Preparation of planar chiral phosphanylferrocene ligands
PPFA and Josiphos.

The planar chiral phosphanylferrocene donors are readily accessible ligands that may be
easily modified by a plenty of synthetic methods to match the requirements of a particular
catalytic reaction and, accordingly, they have found wide use in asymmetric organic
synthesis.?2>9

The archetypal representative of the non-chiral 1,1'-disubstituted bidentate
phosphanylferrocene donors is definitely 1,1'-bis(diphenylphosphanyl)ferrocene (dppf,
Scheme 1.11).”® Dppf is a remarkably versatile ligand owing to its ability to change
molecular conformation and thus meet the coordination and steric demands of the
coordinated metal centre.” The ferrocen-1,1'-diyl moiety may adopt the appropriate
arrangement of donor groups by rotation of the cyclopentadienyl rings or, in a lesser
extent, by their tilting. The conformational flexibility of dppf may be expressed by the
values of “bite angles” found in its chelated transition metal complexes.” The observed

values of the bite angles range from 90° to 120°, affecting greatly the steric and electronic
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properties of coordinated dppf.”® This coordination versatility brought about the practical

78,79

success of dppf’’ and the cognate ligands (Scheme 1.11) "®" in transition metal catalysis.

@ _ @/\ PR, @/\ _PPh,
Fe Fe

PPh,

PPh,

dppf I

(R = Me, Et, i-Pr, t-Bu, Cy)

Scheme 1.11. Archetypal bidentate phosphanylferrocene ligand 1,1'-
bis(diphenylphosphanyl)ferrocene (dppf) and its congeners.

The remarkable versatility of dppf and its congeners motivated search for analogous 1,1'-
disubstituted mixed-donor ligands combining the phosphanyl moiety with a donor group of
different type.t* %8 This diversification of the two donor groups may further increase
coordination versatility of the ligand, by altering their ligating preferences. The ligands
containing at least two donor groups that differ in their nature according to the Pearson’s
theory of hard and soft acids and bases (HSAB)® are denoted as “hybrid ligands”.?* The
hybrid ligands may coordinate to the metal centre in diverse coordination modes depending
on the nature of transition metal (according to HSAB theory), e.g., as monodentate or
multidentate (chelating or bridging) ligands. The coordination modes of the hybrid ligands
may be in principal interchangeable and dependent of other factors (competition with
another donor group or replacement with an external reagent). A plenty of 1'-

functionalised dppf analogues have been reported (Scheme 1.12).

@ _ @ _PPh, @ _PPh, @ _
Fe Fe
@CH=CHZ @P(O)(Oﬁ)z @\C @\cm

Z

PPh, PPh,

Y

\Y v Vla (X =N, Y = CH) Hdpf
Vib (X = CH, Y = N)

Scheme 1.12. Selected 1'-functionalised phosphanylferrocene ligands.
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As representative examples can serve derivatives bearing vinyl, ® phosphonate, %
carboxyl® or pyridyl®® substituents (Scheme 1.12) that were studied in our group. These
compounds were typically utilized as ligands in transition metal complexes and for metal-
catalysed C-C bond forming reactions. 1'-(Diphenylphosphanyl)ferrocene-1-carboxylic
acid (Hdpf in Scheme 1.12)* is a typical representative of hybrid ligands and its
coordination preferences towards selected metal ions were thoroughly studied. ®’
Expectedly, Hdpf coordinates as a simple monodentate donor when reacted with soft metal
ions. For instance, a series of square-planar complexes trans-[PdX,(Hdpf-xP),] (X = Cl,
Br) was obtained by the reaction of two equivalents of Hdpf with palladium(ll) salts
K,[PdCl,] or [PdXs(cod)] (X = Cl, Br; cod = n%n?-cycloocta-1,5-diene).®® Analogous
reactions with different platinum(ll) salts allowed isolation of both cis-[PtCl,(Hdpf-«P);]
and trans-[PtCl,(Hdpf-kP),] owing to kinetic inertness of platinum(ll) complexes.?® P-
monodentate coordination of Hdpf was observed also in the case of other transition metal-
ions, for instance copper(l) and mercury(l1).%":%%

Two different coordination modes of Hdpf, i.e., P-monodentate and O,P-bidentate, were
encountered in a particular series of rhodium(l) complexes. The reaction of rhodium(l)
precursors [Rh(acac)(CO)(L)] (L = PPhs, PCy; or FCPPh,; acac = pentan-2,4-dionate(1-))
with Hdpf afforded the chelated complexes [Rh(CO)(L)(dpf-xO,P)] (dpf~ = 1'-
(diphenylphosphanyl)ferrocene-1-carboxylate). ™ Another rhodium(l) complex, i.e.,
[Rh(Hdpf-xP)(dpf-kO,P)] VII resulting from the reaction of [Rh(acac)(CO),] with two
equivalents of Hdpf, features the protonated (P-monodentate) as well as the deprotonated
(O,P-bidentate) form of the ligand (Scheme 1.13).%

>

Y

\

\

-Hacac
-CO

\

Rh /
oc” “co

\ /
/

N\
2 Hdpf @/

@

Scheme 1.13. Preparation of the chelated rhodium(l) complex VI bearing O,P-bidentate
(dpf~) and P-monodentate form of Hdpf (Hacac = pentan-2,4-dion).
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The spectral characteristics of VII indicate hemilabile coordination of dpf  anion
resulting in rapid exchange of the carboxylic proton between the protonated and the
deprotonated form. Thus, the dynamic behavior results in averaging of signals observed in
31p NMR, while IR spectra display clearly both ligand forms. Complex VI1 proved to be
an efficient pre-catalyst for hydroformylation of 1-hexene giving rise to a recyclable
catalyst.”

Although Hdpf coordinates in the most cases preferentially via its phosphane group,
reported was also exclusive coordination by carboxylate group. Deprotonated Hdpf was
shown to act as an O,0O “bidentate donor towards titanocene moiety in complex VIII
(Scheme 1.14) obtained upon reacting Hdpf with titanocene [(n>-CsHMes),Ti(n*
Me;SiC=CSiMe;)].*

Vi

Scheme 1.14. The bis(metallocene) complex [(°>-CsHMey),Ti(dpf-k0,0)] V11 bearing
dpf™ anion coordinated solely via its carboxylate group.

The carboxyl group may serve not only as a supplementary donor group, but also as a site
of further functionalization and structural diversification of the molecule. Recently, Hdpf
was utilized as an anchoring agent to anchor the ruthenium pre-catalysts to the solid
support (MCM-41). ** In another study, transformation of Hdpf into corresponding
secondary amides Ph,fcCONR, (fc = ferrocen-1,1'-diyl) and subsequent reaction with
group 6 metal carbonylates afforded P-chelated Fisher-type carbenes.®® More recently,
Hdpf served as a synthetic precursor for for phosphanylferrocene heterocycles,* including
chiral phosphanylferrocene oxazolines.”” Nonetheless, the most frequently studied Hdpf
derivatives are phosphane-amides bearing various simple and purposeful fragments in the
amide part of the molecule.

Conversion of Hdpf into corresponding amides enables one to design the corresponding

phosphane-amide for a specific purpose. The amide part of the molecule may serve as a
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new functional periphery or a structure directing element (the overall effect is usually
collaborative).” For instance, amidation of Hdpf was utilized to install new donor groups
into the molecule and to bring them into specific positions. The group of structurally-
related phosphane-amides modified with 2- (IX) and 4-pyridyl (X) substituents (Scheme
1.15) showed remarkably flexible coordination behaviour especially towards group 12
metal ions.*® Different coordination assemblies were obtained depending on the spatial
properties of the respective ligand, ranging from discrete oligonuclear structures to
coordination polymers. Besides, while the phosphane-amide 1X coordinated to
palladium(ll) as a trans-spanning N,P-donor when reacted with one equivalent of
[Pd(cod)Cl,] (cod = n®m>-cycloocta-1,5-diene), its ethylene-bridged analogue XI behaved
as a bridging ligand yielding the dinuclear complex [(p-X1-N,P),{PdCl,}].*®

T

Fe Fe
\)\) "
NH 7 NH\/\Ej
Z
0 0
IX (X =N, Y =CH), X (X = CH, Y = N) Xi

Scheme 1.15. The phosphane-amides modified with pyridyl-based donor groups.

The amide-moiety itself is a potential donor group. It may coordinate to a metal centre as
either a neutral O- or an anionic N-donor. Hence, all the phosphane-amides derived from
Hdpf may be classified as hybrid ligands. Their flexibility was demonstrated by the
coordination study of the glycine-based phosphane-amide Ph,PfcCONHCH,CO,Me (XIlI,
fc = ferrocene-1,1'-diyl) towards palladium(ll) (Scheme 1.16).'°* The palladium(ll)
complex [(L*M)P(CI)(X11-kP)] (XI11) bearing 2-[(dimethylamino-kN)methyl]phenyl-«xC*
(L°N) auxiliary ligand afforded O,P-chelated complex [(L°M)Pd(XI1-k*0,P)]CIO, (XIV)
when reacted with silver(l) perchlorate. The N,P-chelated complex [(L*™N)Pd(X11-k*N,P)]
(XV) was obtained upon reacting X1 with potassium tert-butoxide (Scheme 1.16).

In another study, Hdpf and its planar-chiral analogue'®* (S,/Ry)-2-(diphenylphosphanyl)-
ferrocenecarboxylic acid served together with the selected chiral amino acids as synthons
for the preparation of chiral phosphane-amides suitable for use in asymmetric catalysis

(Scheme 1.17). The obtained library of ligands was tested in copper-catalysed asymmetric
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conjugate addition of diethylzinc to chalcones,’® and in palladium-mediated asymmetric
allylic substitution.'® Interestingly, the phosphane-amides derived from Hdpf provided in
the copper-catalysed conjugate addition better reactivity and enantioselectivity than their
planar-chiral counterparts (although they combine planar and central chirality). The
authors assigned the enhanced asymmetric induction obtained by 1'-functionalised
derivatives to O,P-chelating coordination that brings the asymmetric centre into the

vicinity of the catalytic site, but does not destabilise the reaction intermediate.'*

Ph

Ph\ g ' N
| P N
Pd N — /
N d 7
/! 0
X NH___CO:Me
AgClO,
-AgCl KOt-Bu Hcl
-Kcl
clo, Ph\ Ph
p’\
Fe Fe /
N\
0
XIv XV

Scheme 1.16. Variable coordination modes of phosphane-amide XI1 towards
palladium(Il).

Conversion to amides can also be used to introduce hydrophilic substituents. This
approach was used in the preparation of phosphane-amides bearing 2-hydroxyethyl
pendant arms at the amide nitrogen (Scheme 1.18).'% The 2-hydroxyethyl-amide moiety
renders the molecule more hydrophilic and also participates in supramolecular interactions

in the solid state (as evidenced by X-ray crystallography). The palladium(Il) complexes
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trans-[PdCl,(L-«P)] derived from XXII and XXII1 were tested in Suzuki-Miyaura cross-
coupling reaction of aryl bromides in aqueous media. It is noteworthy that complex trans-
[PACI,(XXI1-xP),] gave rise to active catalyst for coupling of 4-bromotoluene and
phenylboronic acid that might be reused under biphasic conditions (toluene—water, 1:1 v/v)

in five consecutive reaction runs without any loss of efficiency.®

R
PPh PPh
\ i z / ’ \ i 2 E NH/i ’
CO,Me
PPh, ;NH CO,Me
Fe Fe K §/
W, > &
NH CO,Me
R
(S)-XVI [R = (S)-Me] (S,50)-XIX [R = (5)-Me] (S,Rp)-XIX [R = (S)-Me]
(R)-XVI [R = (R)-Me] (R,Sp)-XIX [R = (R)-Me]
(S)-XVII R = (S)-i-Pr] (S,50)-XX [R = (S)-i-Pr]
(R)-XVII [R = (R)-i-Pr] (R,Sp)-XX [R = (R)-i-Pr]
(S)-XVIII [R = (S)-CH,Ph] (S,50)-XXI [R = (S)-CH,Ph]
(R)-XVIII [R = (R)-CH,Ph] (R,Sp)-XXI [R = (R)-CH,Ph]

Scheme 1.17. Amino-acid conjugates with phosphanylferrocenecarboxylic acids.

@ _PPh, @ _PPh,
o~ N~ _T0H

XXii XX

Scheme 1.18. Phosphane-amides bearing 2-hydroxyethyl pendant arms.?

# The phosphane-amides XXI1 and XXI11 are denoted as 1 and 2 in Chapter 2.
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Aims of the Thesis

As a continuation of the research that has been done in our group during the study of
coordination behaviour and catalytic use of phosphanylferrocenecarboxylic acids, we
focused our attention in the last couple of years towards their derivatives, particularly
carboxamides. Basically, we made use of the phosphanylferrocenecarboxylic acids as
synthons for the preparation of specifically functionalised donors. A 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 introduce functional fragments, for instance an additional donor
group, an asymmetric centre or a hydrophilic pendant (see previous Chapter). The main
goal of the presented Thesis was to continue in their recent research and to broaden the
scope of phosphane-amides derived from Hdpf by the novel donors equipped with highly
polar substituents.

The primary objective of this Thesis was to expand my previous work done on
phosphane-amides bearing 2-hydroxyethyl pendant arms 1 (XXII in Scheme 1.18) and 2
(XXI11 in Scheme 1.18). ® The intention was to extend the series of such hydroxyamides
by two novel, structurally related donors (3 and 4, Scheme 1.19). Simultaneously, a series
of phosphane-amides bearing anionic sulfonate tags (17-19, Scheme 1.19) was designed
and prepared.

@ _PPh, @P"hz
Fe Fe
(Et3NH)
0 o]
NHCH;3_,(CH,0H),, NH(CH,),S03
3(n=2),4(n=3) 17(n=1),18(n=2),19 (n=3)

Scheme 1.19. The novel hydrophilic phosphane-amides derived from Hdpf.

® The phosphane-amides XX11 and XXI11 are denoted as 1 and 2 in the following text.
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The incorporation of the hydrophilic pendants was supposed to render the resulting
donors more soluble in aqueous media and endow them with attractive ligating properties,
since the phosphanylferrocene-carboxamides can be looked upon as typical hybrid ligands
(it simultaneously possesses O-, N- and P-donor atoms). Besides, the hydrophilic pendant
arms keep the polar substituents at the periphery of the molecule, limiting the interference
with the coordination sites.

The secondary objective of this Thesis was to assess the catalytic potential of the newly
prepared ligands in transition metal-mediated organic reactions in aqueous media and to

study the influence of the hydrophilic pendants on their catalytic performance.
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Chapter 2

Concise Summary of Results

The successful catalytic testing of phosphane-amides 1 and 2 derived from Hdpf (Scheme
1.18) in palladium(Il)-catalysed Suzuki-Miyaura cross-coupling of aryl bromides and

boronic acids in aqueous media'®

was the decisive impulse for the search of other
promising structures. For this reason, the first part of my Ph.D. Thesis was devoted to
continuation of the previous research and the family of these Hdpf-based hydroxyamide
ligands was extended by two new compounds 3 and 4 resulting from bis- and
tris(hydroxymethyl)methanamine (Scheme 2.1, Appendix 1). The newly synthesized
derivatives complete the series of structurally related phosphane-amides of the general
formula Ph,PfcCONHCH3_,(CH,0OH), (n = 1-3; fc = ferrocene-1,1'-diyl).

The first attempt to synthesize hydroxyamide 4 was inspired by the synthetic procedure
reported for the preparation of compound 2. Thus, Hdpf pentafluorophenyl ester 5 was
reacted with 2-amino-2-(hydroxymethyl)propan-1,3-diol (TRIS) in the presence of 4-
(dimethylamino)pyridine (DMAP) in pure N,N-dimethylformamide (DMF) (Scheme 2.1).
The subsequent isolation by column chromatography and recrystallization from ethyl
acetate-hexane mixture afforded compound 4 only in a rather poor yield (27 %). Hence, an
alternative amide coupling agent, i.e., EEDQ (2-ethoxy-1-ethoxycabonyl-1,2-
dihydroquinoline), was employed. This reagent was used earlier for a coupling of TRIS
with organic carboxylic acids, avoiding a possible formation of esters.’® Gratifyingly, the
direct coupling of Hdpf with an excess of TRIS in the presence of EEDQ and 4-
(dimethylamino)pyridine (DMAP) in pyridine (120 °C/1 h) afforded 4 in a good yield (56
%) after chromatographic purification and recrystallization from hot ethyl acetate-hexane
(Scheme 2.1). Hydroxyamide 3 was prepared similarly from Hdpf and 2-amino-1,3-
propanediol (Scheme 2.1).

Single-crystal X-ray diffraction analysis of thus prepared donors revealed extensive
supramolecular association. 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 simplified view of hydrogen bonded arrays found in crystal structures of 3

and 4 are depicted in Figure 2.1.
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Scheme 2.1. Synthesis of hydroxyamides 3 and 4 (DMAP = 4-(dimethylamino)pyridine,
DMF = N,N-dimethylformamide, EDC-HCI = N-ethyl-N’-[(3-dimethylamino)propyl]-
carbodiimide hydrochloride, EEDQ = 2-ethoxy-1-ethoxycabonyl-1,2-dihydroquinoline).

In their crystals, the molecules of both compounds associate into centrosymmetric dimers
that constitute the basic structural motif and that, in turn, assemble to form parallel
hydrogen-bonded sheets.

The molecules of 3 associate into dimers via 02-H20---O1 intermolecular hydrogen
bonds (Figure 2.1a) that are supported by C8-H8---O3 intramolecular interactions. Thus
formed dimers are connected by pivotal N-H1N---O2 contacts to four adjacent dimeric
units giving rise, in combination with supporting interactions through O3-H30---P and C2-
H2.--O3 contacts, to layers that are parallel to the crystallographic bc plane with the
(diphenylphosphanyl)ferrocenyl moieties oriented above and below these layers (Figure
2.2.3).

The structural motif found in the crystal structure of 3 is practically identical with that

reported previously for hydroxyamide 1.1 The added hydromethyl group participates in
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supramolecular association by the rather unusual O3-H30---P hydrogen bonds. This type of

interactions was reported for several hydroxyphosphanes and adducts of phosphanes with
107

alcohols.

Figure 2.1. Sections of hydrogen-bonded arrays found in the crystal structures of 3 (a)
and 4 (b). For clarity, only the N/O-H hydrogens are shown and the bulky
(diphenylphosphanyl)ferrocenyl moieties are replaced with black circles.

Figure 2.2. View of the crystal packing of 3 (a) and 4 (b). For clarity, only the N/O-H
hydrogens and pivotal carbons from the phenyl rings are shown.

Each molecule of amide 4 associates with three inversion-related adjacent molecules into
three types of centrosymmetric dimers (Figure 2.1b). Thus, the supramolecular hydrogen
bonded array found in the crystal structure of 4 may be described as an assembly of three
basic structural motifs. Each molecule of amide 4 acts simultaneously as threefold donor

and threefold acceptor of hydrogen bonds for adjacent molecules. The combination of
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N/O-H---O interaction gives rise to hydrogen-bonded layers that are parallel to
crystallographic ab plane, with (diphenylphosphanyl)ferrocenyl moieties pointing above
and below this plane (Figure 2.2b). Although the hydrogen-bonded array is stabilised by
intramolecular interactions N-H1N---O2 and O3-H30---O1, it lacks supportive soft C-H---O
contacts that are observed in the crystal structure of 3.

For an evaluation of catalytic properties of the hydroxyamide phosphanes I choose the
ruthenium-promoted redox isomerization of allylic alcohols into unsaturated carbonyl
compounds. This catalytic reaction represents a useful atom-economical process that has
been growing in importance over the last decade.'® Recently, arene-ruthenium(ll)
complexes of type [(n®-arene)RuCl,(L)], where L represents a hydrophilic ligand, were
shown to be efficient pre-catalysts for redox isomerization of allylic alcohols in aqueous
media, which prompted my interest.'®

For the intended catalytic testing, a series of arene-ruthenium(Il) complexes 6-8 (Scheme
2.2) was prepared from hydroxyamide ligands 1, 3 and 4 by the standard bridge-cleavage

reactions of the corresponding dimers [(n°-arene)Ru(u-CI)Cl]..

ph, Ph

“ NS Ri..,,,,,d
cl

R /CI——\7R 2L (@\//P

Fe

Y

Ru—ocl R
cl
6]

NHCH3_,(CH,0H),
Ligand (n) 1 3 4

benzene 6a 7a 8a
arene= p-cymene 6b 7b 8b

C,Me, 6¢ 7c 8c

Scheme 2.2. Preparation of arene-ruthenium(l1) complexes 6-8.

The initial catalytic experiments were conducted to optimize the reaction conditions.**°

The most easily accessible ruthenium(ll) complex 6b was chosen as the representative,
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being assessed in the isomerization of 1-octen-3-ol as the model substrate in various
solvents (0.5 mol. % of 6b and 2.5 mol. % of KOBu-t, Scheme 2.3).

OH (0]

[Ru] cat., base
\)\/\/\ > \/U\/\/\

Scheme 2.3. The redox isomerization of 1-octen-3-ol into octan-3-one.

The reaction performed at 80 °C was completed within 1 h in 1,2-dichloroethane and
dioxane. The same reaction performed in N-methylpyrrolidone afforded the carbonyl
product only with 33 % conversion, while the use of N,N-dimethylformamide, N,N-
dimethylacetamide, dimethylsulfoxide, propionitrile and 1-propanol gave no conversion to
carbonyl compound. Interestingly, the reaction in pure water afforded octan-3-one with 55
% conversion, but no reaction was observed in dioxane-water mixture (1:1; v/v).
Subsequent experiments in 1,2-dichloroethane revealed that the presence of the catalytic
amount of a base is essential for the isomerization reaction, since the isomerization of 1-
octen-3-ol did not proceed without base added, while addition of any common base gave
complete conversion to octan-3-one within 1 h.

Next, the whole series of prepared arene-ruthenium(Il) complexes was evaluated in the
model isomerization reaction in order to assess the influence of the catalyst structure (0.5
mol. % Ru, 2.5 mol. % KOBu-t, 1,2-dichloroethane, 80 °C/1 h). The results summarized in

Table 2.1 indicate that the influence of the phosphane ligand is substantial.

Table 2.1. Redox isomerization of 1-octen-3-ol into octan-3-one using 6-8.

Pre-catalyst/NMR vyield® [%]
phosphane/arene CeHe p-cymene CeMes
1 100 (6a) 100 (6b) 98 (6¢)
3 100 (7a) 98 (7b) 37 (7¢)
4 29 (8a) 55 (8b) 27 (8¢c)

[a] 1-octen-3-ol (1.0 mmol), [Ru] pre-catalyst (0.5 mol. %), KOBu-t (2.5 mol. %), 1,2-
dichloroethane (4 mL), 1 h/80 °C. [b] Yields determined by NMR spectroscopy.

Complexes derived from ligand 4 performed considerably worse than those derived from
ligands 1 and 3. On the other hand, the influence of the arene ligand was less significant.
Nevertheless, the obtained results indicate that complexes possessing the most electron-
rich and sterically demanding arene ligand, i.e., hexamethylbenzene, afford lower

conversions than their benzene and p-cymene counterparts.
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The most active pre-catalyst 6b chosen on the basis of the previous experiments was
further evaluated in redox isomerization of various substituted allylic alcohols (Scheme
2.4). The catalytic experiments were designed to probe the catalytic properties of 6b in
isomerization reactions of allylic alcohols bearing substituents at the double bond and to
compare in detail its performance in 1,2-dichloroethane and water. The obtained results are
collected in Table 2.2. It is obvious, 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 unsaturated carbonyl
compound as a side-product (Scheme 2.4), was noticed in some experiments performed in
1,2-dichloroethane (Table 2.2).

OH 0] 0]

6b (2 mol. %), KOBu-t
R™ N OR3 > Rt R3O | RN gs

R? R? R2

Scheme 2.4. Redox isomerization of substituted allylic alcohols.

Table 2.2. Redox isomerization of primary and secondary allylic alcohols
using complex 6b in 1,2-dichloroethane and water.

Substrate NMR vyield [%]"
Entry R’ R° R’ 1,2-dichloethane water

1 Me H H 78 (3) 17
2 H Me H 7(0) <5
3 H H Me 25 (0) <5
4 Me H Me 23 (37) <5
5 Ph H H 79 (0) 29
6 H H Ph 30 (6) 6

7 Ph H Ph 40 (0) 100

[a] Allylic alcohol (1.0 mmol), 6b (2 mol. %), KOBu-t (5 mol. %), solvent (4 mL),
80 °C, 20 h. [b] Yields determined by NMR analysis. The yield of a,p-unsaturated
ketone is given in parentheses.

The reactions conducted in pure water afforded generally lower conversions as compared
with those in 1,2-dichloroethane. Only the secondary allylic alcohols without any
substituents at the double bond, i.e., but-3-en-2-ol (entry 1, Table 2.2) and 1-phenylprop-2-
en-1-ol (entry 5, Table 2.2), were converted to the corresponding ketones in an appreciable
extent. Rather surprisingly, 1,3-diphenylprop-2-en-1-ol (Entry 7, Table 2.2) was cleanly

and completely isomerized in pure water to 1,3-diphenylprop-1-one. This result was
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ascribed to the highly hydrophobic nature of this allylic alcohol that resulted in

acceleration of the process due to “reaction on water”.**

An attempted crystallization of arene-ruthenium(l1) complex [(n°-CsMeg)RUCl,(2-kP)]
resulted in the formation of a decomposition product formulated as [(u-Cl)s{Ru"(n®-
CsMeg)}o][Fe"'Cl4] 9 (Figure 2.3, Appendix 2) based on X-ray diffraction analysis.

CI5

cl7

Fe Cl6

Figure 2.3. A view of the molecular structure of [(u-Cl)s{Ru"(n°-CsMes)}.][Fe'"'Cl.] 9.
Hydrogen atoms are omitted for clarity.

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 (Appendix 2). The geometry of the complex cation in the crystal
structure of 9 is very similar to that previously reported for [(u-Cl)s{Ru(n’
CsMeg)}o][PFe].**! The n-coordinated arene ligands are practically coplanar (the dihedral
angle of their mean planes is 2.31°) and assume an almost perfect staggered conformation.
No significant hydrogen-bonding or m---m stacking interactions were detected in the
structure. The packing in the crystal structure of 9 is governed predominantly by
electrostatic interactions of the complex ions that form separate layers perpendicular to the
crystallographic a-axis.

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

hydrophilic pendants, | noticed a growing interest in transition metal-based anticancer
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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 capacity. In order to probe possible applications of the studied hydroxyamides in
the design of such anticancer drugs, the series of palladium(ll) (10) and platinum(ll)

complexes 11 and 12 was prepared from ligand 1 (Scheme 2.5, Appendix 3).
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Scheme 2.5. Palladium(I1) and platinum(11) complexes with ligand 1.

Displacement of the cod ligand in [M"Clx(cod)] (M = Pd or Pt, cod = n%mn?-cycloocta-
1,5-diene) with two equivalents of 1 afforded the complexes trans-[PdCl,(1-kP),] 10 and
cis-[PtCl,(4-xP);] 11. The platinum(ll) complex trans-[PtCl,(1-kP),] 12 was obtained by
the reaction of K;[PtCl,] with two equivalents of hydroxyamide 1.

The prepared transition metal complexes were studied together with free 1 and its P-
chalcogenide derivatives, namely the phosphane-oxide Ph,P(O)fcC(O)NH(CH,),OH 13
and phosphane-sulfide Ph,P(S)fcC(O)NH(CH,),OH 14, on their antiproliferative activity

against the A2780 ovarian cancer cell line. The cytotoxicity experiments summarized in
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Table 2.3 revealed that uncoordinated ferrocene derivatives, i.e., 1, 13 and 14, do not
possess any appreciable cytotoxicity (ICso > 200 pM). Complexes 10-12 exhibited
moderate activity with 1Csy values ranging from 19 to 155 uM. Interestingly, the most
cytotoxic compound in the series tested showed to be complexes trans-[PtCl,(1-xP),] 12

and trans-[PdCl,(1-«xP),] 10 with complex cis-[PdCl,(1-xP);] 11 being the least active.

Table 2.3. ICsy values as determined for compounds 1 and 10-
14 in the ovarian A2780 cancer cell line.

Compound ICso [uM] Compound ICs0 [uM]
1 > 200 10 25+2
13 > 200 11 19+2
14 > 200 12 155+5

The literature research aimed at the utilization of “simple” organic hydroxyamides
brought about the idea to synthesize the non-phosphane analogue of ligand 4, i.e.,
hydroxyamide 15 (Scheme 2.6, Appendix 4). Triols of the type R—-C(CH,OH); were
previously  utilized in the synthesis of functionalised hexavanadates
[{R-C(CH,0)3},V6013] 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 use this compound for conjugation of the ferrocene moiety with the hexavanadate core
(Scheme 2.6).

The necessary triol derivative FCC(O)NHC(CH,0H); 15 (Fc = ferrocenyl) was obtained
upon reacting (fluorocarbonyl)ferrocene with tris(hydroxymethyl)methanamine in the
presence of 4-(dimethylamino)pyridine and triethylamine in N,N-dimethylformamide
(Scheme 2.6). A subsequent reaction of the triol-amide 15 with (BusN)3[H3V1002g] in N,N-
dimethylacetamide (DMA) at 90 °C/60 h afforded anionic hexavanadate
(BusN)2[FCC(O)NHC(CH20)3V013(OCH,)sCNHC(O)Fc] 16, which was isolated by
column chromatography and crystallization from DMF-MeCN-Et,O as a solvate
16-2DMF.

The crystal structures of 15 and 16 were determined by X-ray diffraction analysis (the
view of the hexavanadate anion present in the crystal structure of 16 is presented in Figure

2.4; see also Appendix 4).
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Scheme 2.6. The preparation of triol-amide 15 and doubly ferrocenylated hexavanadate
16 (DMAP = 4-(dimethylamino)pyridine, DMF = N,N-dimethylformamide, DMA = N,N-
dimethylformamide).

Diffraction analysis revealed the presence of two independent hexavandate anions in the
crystal structure of 16 that are almost identical in their structural parameters. Since the
central oxygen atom of hexavanadate cage O1 coincides with the crystallographic
inversion centre, the asymmetric unit of 16-2DMF comprise two BusN* cations, half of
each structurally independent [{FcCC(O)NHC(CH;0)3}.V¢013] anions and two hydrogen-
bonded DMF molecules. The triolate pendants adopt trans orientation due to the imposed
symmetry and the ferrocenyl moieties appear almost unchanged when compared to 15. The
geometry of hexavanadate cage is quite regular with V-O bond lengths changing in the
order V-O (terminal) < V-O (oxo-bridge) < V-O (alkoxide) < V-O1.

Compounds 15 and 16 were studied by cyclic voltammetry. The triol-amide expectedly
showed a single, one-electron reversible wave attributable to the ferrocene/ferrocenium
redox couple. This wave was observed at more positive potentials than for ferrocene itself

(E°” = 0.20 V) owing to an electron-withdrawing nature of the carbamoyl unit. A single
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oxidative wave was also seen in the cyclic voltammogram of hexavanadate 16 (Figure 2.5).
However, this was found to be electrochemically irreversible (anodic peak potential, Epa =
+0.12 V; no reduction counter-peak was observed up to 10 V-s™%). The redox response of
16 contrasts with the behaviour observed for other hexavanadates [{R—C(CH;0)3},Vs013]
(R = CHs, CH,CHs, CH,Ph, NO, and NMe,)**3*11® 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.

N80

Figure 2.4. One of the structurally independent hexavanadate anions present in the
crystal structure of 16-2DMF with hydrogen-bonded molecules of solvating DMF. Only N-
H hydrogens shown for clarity.

i[nWA}

A U T T SR S S

-0.2 -0.1 0.0 0.1 02 0.

3 04
E” V]
Figure 2.5. Cyclic voltammogram of 16. The recorded scans (Pt-disc electrode, MeCN, ¢ =
0.5 mM in 0.1 M (BusN)[PF¢]) are distinguished by the line type (first scan in full line,
second scan in dashed line, third in dotted line).
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In order to explain the electrochemical behaviour of 16, theoretical computations were
performed mainly to gain 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, that 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 also to donors functionalised by other highly polar anionic substituents.
Thus, a series of conjugates of Hdpf with w-aminosulfonic acids H;N(CH3),SOsH (n = 1,
2, 3), namely amidosulfonates 17-19 (Scheme 2.7, Appendix 5), was designed and
prepared. These hybrid ligands combine three donor groups that differ substantially in their
ligating properties, i.e., phosphanyl group (P-donor), carboxamide moiety (anionic N- or
neutral O-donor) and sulfonate group (anionic O-donor). Moreover, they may be viewed as
so-called surface active ligands. Compounds of this type combine hydrophobic metal-
binding moiety with hydrophilic peripheries separated by long aliphatic chains. Donors
with the surface active structure can facilitate contacts between the catalytic centre and a
hydrophobic reaction phase, e.g., an interior of micelles or an immiscible liquid organic
phase.'*’

Considering the highly polar nature of the starting w-aminosulfonic acids, | decided to
use the synthetic procedure employed in the synthesis of phosphane-amide 2.1%° Amido-
sulfonates 17-18 were prepared by the reaction of Hdpf pentafluorophenyl ester 58 with
appropriate w-aminosulfonic acid (Scheme 2.7). The reaction was catalysed by 4-
(dimethylamino)pyridine and performed in N,N-dimethylformamide in the presence of
triethylamine as an auxiliary base. The initial attempts showed that in pure DMF is Hdpf
coupled smoothly only with aminomethanesulfonic acid. Subsequent isolation by column-
chromatography and recrystallization from hot ethyl acetate afforded the amidosulfonate
17 in good vyield. In contrast, the same reaction gave no amide-products from 2-
aminoethanesulfonic acid and 3-aminopropanesulfonic acid, likely due to a lower
solubility of these acids in the reaction medium. Therefore, the reactions H,N(CH;),SOzH
and H,N(CH,)3SO3H were than conducted in agueous DMF (1 vol. % of distilled water)
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affording amidosulfonates 18 and 19 in good yields after chromatographic purification and
recrystallization from hot ethyl acetate.

PPh, PPh;
H,N(CH,) SO,H

Fe DMAP/Et,N Fe
DMF (dry or aqueous)

OCgFs NH(CH,),S03

17(n=1),18(n=2),19 (n=3)
Scheme 2.7. Preparation of amidosulfonates 17-19.

The crystal structures of amidosulfonates 17 and 19 were determined by single-crystal X-
ray diffraction analysis (for the views of the molecular structures, see Appendix 5). The
amidosulfonate ligands do not form supramolecular assemblies as complicated as the
cognate Hdpf-based hydroxyamides 1-4. Nevertheless, the same basic motif was found in
the structures of amidosulfonates 17 and 19. Anions of these compounds associate into
similar dimers with through N-H1N---O3/04 contacts (Figure 2.6). Triethylammonium
cations are attached to these dimers by N-H---O hydrogen bonds to the amidosulfonate

pendants (Figure 2.6).

Figure 2.6. Views of the hydrogen-bonded dimers in the crystal structures of 17 (a) and
19 (b). Only N-H hydrogens are shown for clarity.

In order to investigate the coordination preferences of the amidosulfonate ligands, the
reactivity of 17 as a representative was studied toward palladium(I1) dimeric precursors of
the type [(L*M)PdX], bearing auxiliary C,N-chelated ligand 2-[(dimethylamino-
kN)methyl]phenyl-kC* (L°N) (X = CI or AcO). The reaction of [(L°N)PdCI], with two
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equivalents of 17 afforded exclusively complex 20 with amidosulfonate ligand coordinated

in P-monodentate fashion (Scheme 2.8).

Ph\ Ph ¥
—‘N \ F;\ N
\Pd 17 (X = Cl) pd
_— =
N (EtsNH) Fe CI/
N\ /
Pd
N 0
N ...........
\ N NH 505
L \/ —
17 (X = OAc) 20
- (Et,NH)OAC
Ph\ Ph
p’\
Fe Fe
+
0
NH NH o)
\/ 3
21 22

Scheme 2.8. Preparation of palladium complexes with auxiliary C,N-chelated ligand
2-[(dimethylamino-kN)methyl]phenyl-iC* (LV).

On the other hand, an analogous reaction of 17 with the dimeric precursor
[(L°M)PA(OAC)], led to a mixture of two new P-coordinated palladium(ll) complexes
(Scheme 2.8). The major product (yield ca. 60%) was obtained in crystalline form upon
crystallisation from the reaction mixture by its layering with hexanes as a less polar
solvent. This product was identified as O,P-coordinated zwitterionic complex
[(L°M)Pd(Ph,PfcCONHCH,S05-kO,P)] 21 (fc = ferrocene-1,1'-diyl). The view of
hydrogen-bonded motif as found in the crystal structure of chloroform solvate 21-2CHCl3
is shown in Figure 2.7. This complex is probably formed via metathesis-like elimination of
the coordinated acetate ligand with 17 resulting in the formation of (EtsNH)OAc. This type
of O,P-chelating coordination was previously reported also for other Hdpf-based

phosphane-amides. 10+**°
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Figure 2.7. A view of the hydrogen-bonded dimer in the crystal structure of 21-2CHCls.
Only N-H hydrogen atoms are shown.

The structure of the minor product was unravelled mainly from a comparative ESI-MS
study of the reaction mixture, pure 21 and the model reaction of [(L°™)Pd(OAc)], with P-
monodentate ligand FcPPh, (Fc = ferrocenyl). The model reaction afforded cleanly
(L°M)Pd-acetato complex [(L*N)Pd(OAc)(FcPPh,-kP)], as evidenced by NMR and IR
spectroscopy. ESI-MS study showed ions attributable to [(L“)Pd(Ph,PfcCONHCH,SOs-
kP)(X) — H], where X = OAc (m/z 805) and CI (m/z 781), supporting the formulation of
the minor product as (EtsNH)[(L°N)Pd(OAc)(Ph,PfcCONHCH,SO3-kP)] 22. This complex
results via a direct bridge-cleavage reaction of the dimeric precursor [(L“™)Pd(OAc)], and
seems to be a reaction intermediate of the reaction leading to 21 (Scheme 2.8).

Palladium(ll)-mediated cyanation of aryl halides was selected to assess the prepared
amidosulfonate donors in aqueous transition metal catalysis. **® Recently, potassium
hexacyanoferrate(ll), K4[Fe(CN)g], was shown to be a useful alternative to the traditional
cyanation agents, as 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.*??

Considering these results, palladium(Il) complexes trans-[PdCl,(L-kP);] 23 (L = 17), 24
(L = 18) and 25 (L = 19) (Scheme 2.9) were prepared and then used as defined catalyst
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precursors for cyanation of various aryl bromides using K4[Fe(CN)s] as the cyanide source

in aqueous reaction media.

035(CH3) ,,HN
Ph_ Ph ©
;

AN 2L @ T~ ¢ v
q o
A > (Et;NH),

Pd CH,Cl ’ -
|
/ \CI 272 Fe C \C
0 Ph Ph
NH(CH,),S03

23 (n=1),24 (n=2),25(n=3)
Scheme 2.9. Preparation of palladium(1l) complexes 23-25.

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 (Scheme 2.10). Under the same reaction conditions, complex 23

gave rise to the most active catalyst (see entries 1-3 in Table 2.4), and was therefore used

as a pre-catalyst for further study.

C(O)NH,

Br
K [Fe (CN) ]/[Pd]
K,CO,

dioxane-water

26
hydrolyt|c
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 (1), 4-CH,CO,H (m).

Scheme 2.10. Cyanation of aryl bromides using palladium(Il) complexes 23-25.

The following experiments were aimed at understanding the influence of the composition
of the reaction medium composition on the course of the catalysed reaction. These

experiments revealed that the yields and even selectivity of the cyanation reaction are
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strongly altered the composition of the reaction solvent, namely by the dioxane-water ratio
(Figure 2.8).

100
90
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70
60
50
40
30
20
10

Conversion [%]

Conversionto27a M Conversion to 28a

Figure 2.8. Influence of water-dioxane ratio on catalytic performance of 23. Conditions: 4-
bromoanisole (1.0 mmol), potassium carbonate (1.0 mmol), and potassium
hexacyanoferrate(ll)-trihydrate (0.5 mmol), palladium complex 23 (2 mol %), dioxane-
water (4 mL), 100 °C/18 h.

The cyanation of 4-bromoanisole (26a) in the presence of 2 mol. % of catalyst 23 didn’t
proceed at all in pure dioxane, while complete conversion to corresponding nitrile product
(27a) was achieved using the mixed solvents containing 40-60 % of water. The use of pure
water or reaction media containing water in a large excess led to formation of the
respective carboxamide 28a as a hydrolytic side-product 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 (Table 2.4). From the performed catalytic tests, it is
obvious that complex 23 affords an active catalyst promoting smoothly cyanation of para-
substituted aryl bromides bearing electron-donating substituents, i.e., alkyl-, aryl and acetyl
groups. Its efficiency was not affected by the substitution pattern in the series of tolyl
bromides.
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Table 2.4. Summary of obtained catalytic results in palladium(I1)-mediated cyanation of
aryl bromides.®

Nitrile 27 Amide 28
. 'H NMR yield 1 .
Entry Aryl bromide 26 Catalyst (isolated yield) [%] H NMR yield [%]

1 26a(4-MeO) 23" 58 n.d.
2 26a(4-MeO) 24" 20 n.d.
3 26a(4-MeO) 25" 27 n.d.
4 26a(4-MeO) 23 100 (95) n.d.
5  26a(4-MeO) 23° 0 n.d.
6  26a(4-MeO) 23¢ 56 n.d.
7 26b (4-Me) 23 100 (90) n.d.
8  26¢(3-Me) 23 100 (76) n.d.
9  26d (2-Me) 23 100 (86) n.d.
10  26e (4-CMes) 23 100 (82) n.d.
11 26f (4-CF3) 23 62 38
12 26g (4-C(O)Me) 23 100 (93) n.d.
13 26h (4-Ph) 23 100 (91) n.d.
14 26i (4-Cl) 23 56 44
15  26j (4-NOy) 23 <5 n.d.
16 26k (4-NMe,) 23 17 n.d.
17 26l (4-COzH) 23° 100 (87) n.d.
18  26m (4-CH,COzH) 23° 100 (89) n.d.

[a] Conditions: aryl bromide 23 (1.0 mmol), K,COj3 (1.0 mmol), and K4[Fe(CN)g]-3H,0 (0.5
mmol), 2 mol % of Pd catalyst in dioxane-water (1:1 mixture, 4 mL) at 100 °C for 18 h (n.d. =
product was not detected in the reaction mixture). [b] Reaction with 1 mol % of Pd complex. [c]
Reaction without added K,COs. [d] Reaction in the presence of 0.50 mmol of K,COs. [e] Reaction
in the presence of 2.0 mmol of K,COj; (2 equiv with respect to the substrate). The product was
isolated after acidification of the reaction mixture.

On the other hand, cyanations of aryl bromides bearing electron-withdrawing substituents
p-CF3 (26f) and p-Cl (26i), were accompanied by a partial hydration of the corresponding
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, i.e., 2-bromopyridine, 3-bromopyridine and 4-bromopyridine hydrochloride
proved to be completely unreactive under the conditions applied. This may be explained by
the N-donating character of 26k and heterocyclic bromides (catalyst scavengers), while 26j
is the most electron-poor substrate tested.
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Conclusions

The main topic of the presented Ph.D. Thesis was to continue and extend the previous
research focusing on the coordination chemistry and catalytic properties of phosphane-
amides derived from 1’-(diphenylphosphanyl)ferrocene-1-carboxylic acid (Hdpf). With
this Thesis the scope of such domors was extended by several new ligands equipped with
highly polar functional groups.

The formerly reported work focused 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 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,OH), (fc =
ferrocene-1,1'-diyl; n = 1-3). Thus prepared ligands were employed in the synthesis of a
group of arene-ruthenium(ll) complexes of the type [(n®-arene)RuCl,(L-«P)] 6-8 (arene =
CeHs, p-cymene or CsMeg; L = 1, 3 or 4). The subsequent catalytic study demonstrated the
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 the ruthenium(ll) 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-kP)] (6b), efficiently mediates only redox
isomerization of secondary allylic alcohols with unsubstituted double-bonds. The reactions
carried out in water afforded considerably worse conversions to carbonyl products than
those in 1,2-dichloroethane.

An attempted crystallization of complex [(n°-CsMes)RUCly(2-kP)] resulted in the
formation of a dinuclear arene-ruthenium(11) complex [(n-Cl)s{Ru"(n®-CsMeg)}-][Fe""'Cl4]
9, which was structurally characterized. The decomposition occurred probably through
photolytic cleavage of the ferrocene moiety and halogenated solvent used for
crystalization.

Amidosulfonates (EtsNH)[Ph,PfcC(O)NH(CH2),SO3] (n = 1-3) 17-19 were successfully
applied as ligands in aqueous transition metal catalysis. The series of complexes trans-
[PACI,(L-xP),] 23-25 (L = 17, 18 or 19) was tested in cyanation reaction of aryl bromides
using K4[Fe(CN)g] as a 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
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was shown to be efficient in the cyanation of variously substituted aryl bromides. It is
noteworthy that the use of aqueous conditions for this catalytic reaction remains still rather
scarce. Moreover, amidosulfonate 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) as a soft metal ion. Depending on the used Pd-precursor it can coordinate as
a simple monodentate P- or bidentate O,P-donor.

Generally, the performed catalytic study towards 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"Clx(1-kP),] 10 (M = trans-Pd), 11 (M =
cis-Pt) and 12 (M = trans-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 11 being the least active.

Furthemore, triol 15 was utilized as a synthon 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 the literature. Hexavanadate
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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Abbreviations and Symbols

AG*
0

X

Om
acac
cod
Cy
dpf~
dppf
EDC
EEDQ
fc

Fc
Hacac
Hdpf
HSAB
ICso
i-Pr
m-TPPTC

m-TPPTS
Ph
PPFA

p-TPPTP(H)s
p-TPPTP(Na).

t-Bu
TPP
TRIS
Xyl

reaction Gibbs activation energy
Tolman cone angle [°]

Tolman electronic parametr

Hammet constant for a substituent in meta-position
pentan-2,4-dionate(1-)

n%n?-cycloocta-1,5-diene

cyclohexyl
1-(diphenylphosphanyl)ferrocene-1'-carboxylate
bis(diphenylphosphanyl)ferrocene
N-ethyl-N’-[(3-dimethylamino)propyl]carbodiimide
2-ethoxy-1-ethoxycabonyl-1,2-dihydroquinoline
ferrocene-1,1'-diyl

ferrocenyl

pentan-2,4-dion
1-(diphenylphosphanyl)ferrocene-1'-carboxylic acid
Pearson’s theory of Hard and soft acids and bases
half maximal inhibitory concentration

isopropyl

triphenylphosphane-3,3',3"-tricarboxylate trilithium
salt

triphenylphosphane-3,3’,3"-trisulfonate trisodium salt
phenyl
1-[1-(N,N-dimethylamino)ethyl]-2-(diphenylphospha-
nyl)ferrocene
triphenylphosphane-4,4',4"-triphosphonic acid
triphenylphosphane-4,4’,4"-triphosphonate hexasodium
salt

tert-butyl

triphenylphosphane
tris(hydroxymethyl)methanamine

3,5-dimethylphenyl
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Phosphanylferrocene carboxamide Ph,PfcCONHCH,CH,0H (1, fc
= ferrocene-1,1'-diyl) and its newly synthesized congeners,
Ph,PfcCONHCH(CH,0OH);, (2) and Ph,PfcCONHC(CH,0OH); (3)
were used to prepare a series of (n°-arene)ruthenium complexes
[(n®-arene)RuCl,(L-kP)], where arene = benzene, p-cymene and
hexamethylbenzene, and L = 1-3. All compounds have been
characterized by multinuclear NMR and IR spectroscopy, mass
spectrometry and by elemental analysis. In addition, the molecular
structures have been determined for 2, 3, 30 (a phosphane oxide
resulting by oxidation of 3), 5¢-CH,Cl,, and 6c-Et,0 by single-
crystal X-ray diffraction analysis. The (arene)ruthenium complexes

were studied as catalysts for redox isomerization of allyl
alcohols to carbonyl compounds. The best results were achieved
with [(®-p-cymene)RuCl,(1-xP)] resulting from the readily
available Ru-precursor and the simplest ligand. Substrates with
unsubstituted double bonds were cleanly isomerized with this
catalyst in 1,2-dichloroethane, while those bearing substituents
at the double bond (particularly in position closer to the OH
group) achieved lower conversions and selectivity. A similar
trend was observed when pure water was used as the solvent,
except that the best result (complete conversion) were seen for
1,3-diphenylallyl alcohol as the most hydrophobic substrate.

[a]  Department of Inorganic Chemistry, Faculty of Science, Charles
University in Prague; Hlavova 2030, 12840 Prague, Czech Republic
Fax: +420 221 951 2543
E-mail: stepnic@natur.cuni.cz

__ Supporting information for this article is available on the WWW
== under http://www.eurjic.org/ or from the author.

Introduction

Phosphanylcarboxylic amides are versatile ligands finding
manifold applications in catalysis.["! The possibility of practically
unlimited combining of various molecular fragments by amide
coupling makes phosphanylcarboxylic amides structurally very
flexible and can be advantageously utilized in the preparation of
purpose-tailored donors. In such compounds, the phosphanyl
moiety typically acts as a metal binding site while the amide
moiety is used to impart the desired property and/or to increase the
affinity of these donors and their complexes to a particular solvent
or phase. For instance, a number of ligands has been designed
using this approach for the use in transition metal-catalyzed
reactions performed in ionic liquids, water and mixed-solvent
aqueous reaction media.[?

Only a handful of such modified donors have been reported for
the practically very successful phosphanylferrocene ligands.t®*!
Pugin et al. prepared chiral phosphanylferrocene donors (Josiphos
analogues) bearing polar, solvent-directing imidazolium and
polycarboxylate tags.'®) We have recently reported several polar
ferrocene-based amidophosphane donors resulting by conjugation
of 1’-(diphenylphosphanyl)ferrocene-1-carboxylic acid (Hdpf;
Scheme 1)1 with amino-sulfonic acids,!”! amino acids!® or—
hydroxyamines.[¥ Since phosphanylamides bearing hydroxyalkyl

substituents have only few precedents even among simple
(organic) ligands,[2%112] we set out to extend our earlier study
focused on ligand 1°%% (Scheme 1) toward the structurally related
bis- and tris(hydroxymethyl)methanamine derivatives 2 and 3.

— PPh, — PPh,
Fe Fe
N N
H NHCH(H)(CHZOH)n
Hdpf 1(M=1),2N=2,3MN=3)
Scheme 1.

This contribution describes the preparation and structural
characterization of new phosphanylferrocene hydroxyamides 2 and
3 and (n°-arene)ruthenium complexes featuring compounds 1-3 as
P-monodentate ligands. Also reported are the results of catalytic
testing of the Ru-complexes in redox isomerization of allylic
alcohols to carbonyl compounds.

Results and Discussion

Synthesis and structural characterization of the ligands

The 2-hydroxyethyl amide 1 was obtained by amide coupling of
Hdpf with 2-ethanolamine upon the actions of 1-ethyl-3-[(3-
dimethylamino)propyl]carbodiimide and 1-hydroxybenzotriazole
as reported earlier.®¥ Amides 2 and 3 completing the series of
structurally related ligands have been also prepared (Scheme 2) by
direct amidation of Hdpf with an excess the respective amine
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mediated by  2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline
(EEDQ) as an amide coupling agent and 4-
(dimethylamino)pyridine (DMAP) as a base in pyridine solvent.
The coupling agent was chosen mainly to avoid an undesired
formation of esters.’***® This procedure afforded amides 2 and 3 in
good yields (40 and 56 %, respectively) after isolation by column
chromatography and subsequent crystallization from ethyl acetate-
hexane. Alternatively, compound 3 was synthesized from active
pentafluorophenyl ester 4161 and 2-amino-2-hydroxymethyl-
propane-1,3-diol (TRIS; route B in Scheme 2). However, this
reaction performed in the presence of DMAP in DMF at room
temperature afforded the amide with a considerably lower isolated
yield (27 %).

PPh, PPh,
= H,NCH(CH,OH >
Fe IZE(IZ:)Qic rzdo ne) - Fe o
pyfiai
B cop S
HN OH
Hdpf route A 2 \C
C.E-OH H,NC(CH,OH), OH
6' 5 e
ridine
NEt,, DMAP EEDQ/pyrid
EDCHCI
©/F’F’hz route B @/PPhZ
H,NC(CH,OH
c hmme T o
LD co,cirs D¢

oH
4 . HN\QOH
oH

Scheme 2. Synthesis of amides 2 and 3. Legend: EEDQ = 2-ethoxy-1-
ethoxycarbonyl-1,2-dihydroquinoline, EDC = 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide, DMF = N,N-
dimethylformamide, DMAP = 4-(dimethylamino)pyridine.

The formulation of amides 2 and 3 was confirmed by elemental
analysis and by electrospray ionization (ESI) mass spectra that
show abundant pseudomolecular ions (M — H]"). The NMR
spectra of 2 and 3 comprise the signals due to the 1'-
(diphenylphosphanyl)ferrocen-1-yl group and the amide pendants.
It is noteworthy that the positions of the H, ®*C{*H} and *P{"H}
NMR signals due to the former moiety are practically identical
with those found for 1. Differences are seen for the signals of the
NHCH,_,(CH,OH), groups, which shift to lower fields in both *H
and *C{*H} NMR spectra upon increasing substitution at C* (i.e.,
with increasing n). The presence of the amide moiety is clearly
manifested in IR spectra through characteristic amide | (ca. 1620
cm™), amide 11 (ca. 1540 cm™) and vyy bands (3260-3300 cm™).

Molecular structures of compounds 2, 3 and 30

Single crystals of 2 and 3 suitable for X-ray diffraction analysis
were grown from ethyl acetate-hexane. The same procedure also
afforded crystals of phosphane oxide 30, resulting obviously by
slow oxidation of the parent phosphane with air. Intentionally, this
compound was prepared by the reaction of phosphane 3 with
hydrogen peroxide (see Experimental Section). Views of the
molecular structures of 2, 3 and 30 are presented in Figures 1-3,
respectively. Selected geometric data are summarized in Table 1.

The ferrocene moieties in 2, 3 and 30 are regular, showing
marginal variations in the individual Fe-C distances and,
accordingly, tilt angles of only ca. 1°. The structures differ by the
orientation of the substituents attached to the ferrocene moiety. As

indicated by the t angles in Table 1, the cyclopentadienyl rings in 2
and 3 adopt a conformation close to anticlinal eclipsed (ideal value:
1 = 144°) and synclinal eclipsed (ideal value: T = 72°), respectively,
while, in 30, they assume an intermediate orientation. In all three
cases, the amide substituents are rotated from the plane of their
bonding cyclopentadienyl ring Cpl. The largest deviation from a
coplanar arrangement is seen for compound 3 (see ¢ angle in Table
1). Otherwise, the molecular structures compare well to those
determined for other, uncoordinated Hdpf-based amides.!’-8%&17]

Figure 1. PLATON plot of the molecule of compound 2 showing atom
labeling scheme and displacement ellipsoids at the 30% probability level.

Figure 2. PLATON plot of the molecular structure of compound 3.
Displacement ellipsoids are scaled to 30% probability level.
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Figure 3. PLATON plot of the molecule of phosphane oxide 3O.
Displacement ellipsoids enclose the 30% probability level.

Table 1. Selected geometric data for 2, 3 and 30 (in A and deg).

Parameter® 2 3 30™
Fe-C (range) 2.037(2)- 2.022(3)- 2.032(2)-
2.053(3) 2.047(3) 2.071(2)
Fe-Cgl 1.651(1) 1.641(1) 1.6597(9)
Fe-Cg2 1.643(1) 1.639(1) 1.658(1)
tilt 1.0(1) 13(2) 0.9(1)
T 152.4(2) 79.2(2) 121.4(1)
c1-C11 1.477(3) 1.478(3) 1.482(3)
C11-01 1.239(2) 1.242(3) 1.236(2)
C11-N 1.347(2) 1.344(3) 1.346(3)
01-C11-N 122.3(2) 123.8(2) 123.4(2)
® 17.8(2) 24.7(3) 11.12)
C6-P 1.805(3) 1.821(3) 1.775(2)

compound 30

N-H1IN...02"1 3.236(2) 170
02-H20---01P" 2.755(2) 163
03-H30--01P" 2.695(2) 161
04-H40..-01* 2.780(2) 157
C3-H3...04* 3.254(2) 153
C5-H5...02"1 3.288(2) 142
C8-H8--01™ 3.444(3) 169
C9-H9.--03" 3.465(3) 157

[a] Definition of the ring planes: Cpl = C(1-5), Cp2 = C(6-10); Cgl1/2 are
the centroids of the rings Cp1/2. Tilt = dihedral angle subtended by planes
Cpl and Cp2; t = torsion angle C1-Cgl1-Cg2-C6. ¢ is the dihedral angle of
planes Cpl and {C11,N,01}. [b] Further data: P-O1P = 1.456(2) A.

In their crystals, compounds 2, 3 and 30 form complicated
supramolecular arrays via hydrogen bonding interactions of the
polar amide pendants. In the case of 2, the individual molecules
associate into centrosymmetric pairs by 02-H20---O1 hydrogen
bonds (Figure 4a; for parameters, see Table 2). These dimers,
stabilized by intramolecular C8-H8---O3 contacts, are connected to
proximal molecules by means of N-H1IN--O2 and C2-H2--O3
interactions to form layers oriented parallel to the bc plane (Figure
4b). The assembly is further stabilized by O3-H3O---P contacts
(Figure 4c) between the hydroxy groups O3-H30 directed above
and below the mentioned dimeric units (N.B. The O3 atom acts
already as an acceptor for two C-H bonds). This rather peculiar
interaction is manifested by a distinct electron density peak in an
appropriate position, corresponding to lone electron pair at the
phosphorus (see Experimental Section). Although considerably
weaker than the conventional O----H-O/N hydrogen bonds
operating in the structure 2, the P---H-O interactions have been
documented by spectroscopic measurements!*® and can be detected
in the crystal structures of other hydroxyphosphanes (including
ferrocene-based ones!*®)) and adducts formed from phosphanes and
alcohols.”? 1t is also noteworthy, that the basic dimeric motif in 2
as well as its interactions with adjacent molecules are the same as
those found in the structure of 1, from which 2 actually differs by
the added CH,OH arm forming the O-H---P interaction with
molecules above and below the dimeric unit.

Table 2. Hydrogen bond parameters for 2, 3 and 30.F

D-H---AM D---A distance (A) D-H---A angle (°)
compound 2
N-H1N-.-02' 3.103(2) 163
02-H20--01" 2.745(2) 163
03-H30---P 3.282(2) 155
C2-H2..-03" 3.126(3) 132
C8-H8---03 (1) 3.317(3) 166
compound 3
N-H1N--02 (1) 2.778(3) 107
N-H1N--02" 2.952(3) 157
02-H20--04" 2.675(2) 168
03-H30--01 (1) 2.582(3) 152
04-H40.-03" 2.679(2) 165

[a] D = donor, A = acceptor. [b] Symmetry operations: i. 1-x, y-1/2, 3/2-z;
ii. 1-x, 2=y, 1-z; iii. x, y+1, z; iv. X, 3/2-y, z-1/2; v. 1-X, =1-y, =Z; Vi. 2-X, —
1-y, =z; vii. 2=, =y, =z, viii. 2-X, =y, 1-z; ix. 2-X, =y, 2-z; x. -1, y, z. (I)
denotes an intramolecular contact.

*** Insert Figure 4 near here ***

The crystal packing of 3 is also dominated by hydrogen bonding
interactions of the amide moieties but lacks supportive C-H---O
contacts (Figure 5). Each amide unit of 3 forms a closed array with
its inversion-related counterpart, where the HIN and O2 atoms act
as bifurcated hydrogen bond donors and acceptors, respectively.?!!
When combined with additional inter- and intramolecular hydrogen
bonds formed by the remaining OH groups, the N/O-H.--O
interactions give rise to sheets oriented along the ab plane. The
(phosphanyl)ferrocenyl moieties extending above and below these
sheets encase these polar sheets.[??!

Figure 5. Section of hydrogen-bonded array in the structure of 3. For clarity,
only the OH/NH hydrogens are shown and the bulky phosphanylferrocenyl
moieties were replaced with black squares.

The polarized P=0 group!®! in 30 expectedly takes part in
hydrogen-bonding (Figure 6). The individual molecules assemble
into pairs around inversion centers via N-H---OH and O-H.--O=P
hydrogen bonds. These dimers are further connected to adjacent
dimer units by O-H---O=C interactions, forming double stranded
ribbons oriented along the ¢ axis. Some C-H---O contacts (Table 2)
operate synergistically with these conventional hydrogen bonds.
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Figure 6. Hydrogen-bonded ribbons in the structure of 30. Only OH/NH
hydrogens and pivotal carbons from the phenyl rings are shown for clarity.

Synthesis and structural characterization of (n’-arene)Ru(l1)
complexes

Ligands 1-3 were employed in the preparation of (n°-
arene)Ru(ll) complexes 5-7 (Scheme 3). These complexes resulted
readily via bridge-cleavage reactions of the respective chloride
dimers [(n®-arene)RuCl,], with stoichiometric amounts of the
corresponding phosphanylferrocene ligands and were purified by
column chromatography.

arene Ligand () 1 2 3

}® benzene 5a 6a 7a
o u""CI arene = p-cymene  5b  6b 7b
E©/Ph2 b CeMeg 5c  6c  TcC
e
©\¢CONHCH(3_n)(CHZOH)n

Scheme 3.

Coordination to the (CgHg)Ru and (p-cymene)Ru fragments
results in a characteristic shift of one *H NMR signal due to
ferrocene CH protons to higher fields (84 3.17-3.72 ppm). In the
case of (C¢Meg)Ru complexes this signal is not observed due to
extensive broadening, which reflects a hindered molecular mobility
resulting from spatial interactions of the bulky Ru-bound arene and
the phosphanylferrocenyl moiety. Similar features have been
observed in the spectra of [(n°-arene)RuCl,(L)] complexes with
other phosphanylferrocene carboxamides (L).*9 The 3P{'H}
NMR spectra of 5-7 comprise singlet resonances at & 16-20 ppm
whereas the ESI MS spectra of 5-7 are dominated by ions resulting
by a simultaneous elimination of CI~ and HCI, [M — Cl — HCI]".

The molecular structures of solvates 5¢-CH,Cl, and 6c¢-Et,0
were determined by single-crystal X-ray diffractions analysis
(Figures 7 and 8; Table 3). Both compounds posses the expected
three-legged piano stool structures, similar to that determined
earlier for [(n°-p-cymene)RuCl,(Hdpf-xP)].*!! The CI-Ru-Cl and
Cl-Ru-P angles do not depart much from the 90° expected for a
pseudooctahedral structure in which the arene ligand occupies one
trigonal face in the octahedron. On the other hand, the Cg-Ru-Cl
and Cg-Ru-P angles involving the centroid of the benzene ring
(Cq) differ significantly from each other (Cg-Ru-Cl: 123-126° vs.
Cg-Ru-P: 134-135°),[%] reflecting unlike steric demands of the
chloride and phosphanylferrocene ligands. Despite this distortion,
however, only negligible slanting of the piano-stool structure is
seen as indicated by the dihedral angle of the basal plane {CI1, CI2,

P} and the n°-arene ring being 4.33(8)° and 5.8(1)° for 5¢-CH,Cl,
and 6¢-Et,0, respectively. The planes of the Ru-bound arene ring
and the phosphanyl-substituted cyclopentadienyl ring (Cp2) are
mutually rotated by ca. 20°.%°! The ferrocene cyclopentadienyls are
tilted by ca. 6° and their substituents adopt an anticlinal eclipsed
conformation (cf. the ideal value: © = 144°). Likewise free ligands,
the complexes form hydrogen-bonded supramolecular assemblies
in the solid state. Diagrams depicting the crystal packing of
5¢-CH,CI, and 6¢-Et,O are presented in Supporting Information
(Figures S1 and S2).

Figure 7. PLATON plot of the complex molecule in the structure of
5¢-CH,Cl,. Displacement ellipsoids correspond to the 30% probability level.

Figure 8. PLATON plot of the complex molecule in the structure of
6¢-Et,0. Displacement ellipsoids enclose the 30% probability level.

Table 3. Selected geometric data for 5¢-CH,Cl, and 6¢-Et,O (in A and deg).

Parametert®! 5¢-CH,Cl, 6¢-Et,0
Ru-Cl1 2.4232(6) 2.4132(6)
Ru-CI2 2.4228(6) 2.4141(7)
Ru-P 2.3443(5) 2.3569(6)
Ru-C (range) 2.202(2)-2.271(3) 2.211(3)-2.252(3)
CI1-Ru-CI2 88.13(2) 88.13(2)
CI1-Ru-P 85.29(2) 83.59(2)
CI2-Ru-P 85.99(2) 85.76(2)
Fe-Cgl 1.651(1) 1.650(1)
Fe-Cg2 1.654(1) 1.649(1)
tilt 6.1(1) 5.6(2)
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T 143.0(2) 141.9(2)
C11-01 1.236(3) 1.239(3)
C11-N 1.344(3) 1.335(3)
01-C11-N 121.7(2) 121.3(3)
s 13.73) 4.9(3)

[a] Definition of the ring planes: Cpl = C(1-5), Cp2 = C(6-10); Cgl/2 are
the centroids of the rings Cpl1/2. Tilt = dihedral angle subtended by planes
Cpl and Cp2; t = torsion angle C1-Cgl-Cg2-C6. ¢ denotes the dihedral
angle of the planes Cp1 and {C11,N,01}.

Catalytic tests

Transition metal-catalyzed isomerization of allylic alcohols to
saturated carbonyl compounds represents a synthetically useful,
atom-economical process that has been growing in importance over
the last decade.”” In the last years, the main effort was focused on
the development of efficient catalytic systems promoting this
reaction under mild conditions and in short reaction times.!?%%
The progress achieved allowed in turn for the development of
various tandem processes (e.g., isomerization/C—C coupling or
isomerization/C—F bond formation)®® and even an asymmetric
variant of this reaction.F*!'Water as a green solvent with specific
properties® has been advantageously used as a medium for this
reaction, being often employed together with Ru(ll) and Ru(IV)
catalysts.®®! Recent applications of arene-ruthenium(il) complexes
of type [(n®-arene)RuCl,(L)], where L stands for a hydrophilic
ligand,®*! prompted us to test our ruthenium complexes 5-7 as
defined catalyst precursors for this reaction.

The complexes were firstly assessed in redox isomerization of 1-
octen-3-ol as a model substrate (Scheme 4) using 0.5 mol % of the
metal catalyst and 2.5 mol.% of KOBu-t as a base. Complex 5b
obtained from the most easily accessible Ru precursor and the
simplest ligand was chosen for the initial catalytic tests aimed at an
optimization of the reaction conditions.

\/\/T\ [RU] cat., base \/\/T\
_—
H

Scheme 4. The model redox isomerization of 1-octen-3-ol to octan-3-one.

Gratifyingly, the model isomerization reaction selectively
produced octan-3-one with complete conversion within 1 h in both
1,2-dichloroethane and dioxane at 80 °C. A similar reaction N-
methylpyrrolidone afforded the ketone with a 33 % conversion,
while reactions performed in N,N-dimethylformamide, N,N-
dimethylacetamide, dimethylsulfoxide, propionitrile, 1-propanol
did not proceed in any appreciable extent. The reaction in pure
water afforded the desired product with a 55 % conversion after 1 h
(at 80 °C) but, surprisingly, no reaction was observed in a 1/1
water-dioxane mixture under similar conditions. The reaction in
1,2-dichloroethane did not proceed in the absence of a base. On the
other hand, addition of any common base in catalytic amount (2.5
mol. % of KOBu-t, KOAc, KOH, K,CO; or K;PO,) ensued in a
complete conversion in 1 h.

A possible influence of the structure of the pre-catalysts was
investigated next. The results achieved with all Ru—Fe complexes
5-7 in the model reaction (0.5 mol % Ru, 2.5 mol. % KOBu-t, 1,2-
dichloroethane, 80° C/1 h) are summarized in Table 4. The data
clearly indicate that the catalytic performance is determined mainly
by the phosphane ligand. Complexes prepared from ligands 1 and 2
afforded practically quantitative conversions. Those resulting from

3 performed considerably worse. The influence of the Ru-bound
arene is less pronounced. The best results were achieved with p-
cymene complexes whereas complexes bearing CsMeg as the most
bulky and electron-rich arene ligand afforded the lowest
conversions. It should be also noted that all compounds 5-7
performed better than the related complex obtained from the parent
carboxyphosphane,  [(n°®-p-cymene)RuCl,(Hdpf-«P)],?  which
gave only 23 % conversion under identical conditions.

Table 4. Catalytic results achieved with (n-arene)Ru(ll) 5-7 in the model
isomerization reaction of 1-octen-3-ol to octan-3-one performed in 1,2-
dichloroethane.™

Catalyst/NMR yield™ (%
Ligand/arene Y N %)

CeHe p-cymene CsMes
1 5a/100 5b/100 5¢/>98
2 6a/100 6b/>98 6c/37
3 7a/29 7b/55 7cl27

[a] Substrate (1.0 mmol), catalyst (0.5 mol. %), KOBu-t (2.5 mol. %), 1,2-
dichloroethane (4 mL), 1 h at 80 °C. [b] Determined by 'H NMR. The
results are an average of two independent runs.

Since it is known that the course of the redox isomerization is
affected by the structure of the substrate,?"?® the readily accessible
and active catalyst 5b (1 or 2 mol %) was further evaluated in
reactions of various substituted allylic alcohols (Scheme 5). The
results collected in Table 5 for reactions in 1,2-dichloroethane
indicate that secondary allylic alcohols with unsubstituted double
bonds are isomerized best (entries 1 and 5). The presence of any
substitutents at the double bond (particularly in position adjacent to
the OH-substituted carbon) in both primary and secondary allylic
alcohols results in relatively lower conversions and can also incite
undesired direct oxidation of the substrate to the respective a,f-
unsaturated ketone (Scheme 5).

When the same isomerization reactions were performed in water,
1,3-diphenylallyl alcohol (RYR*R® = Ph/H/Ph) was surprisingly
fully and cleanly converted to the corresponding saturated ketone
in 20 h (5b: 2 mol. %). A plausible explanation can be sought in
solubility of this compound, which is most hydrophobic in the
series and can probably form droplets that accumulate the catalyst
(reaction “on-water”).[%%¢] Among other substrates tested, only
but-3-en-2-ol (RYR?/R® = Me/H/H; 17% vyield) and 2-methylprop-
2-en-1-ol (Ph/H/H, 29% vyield; N.B. both are secondary alcohols
with unsubstituted double bonds) were converted to the respective
saturated ketones in a notable extent. Other substrates substituted at
the double bond achieved typically less than 5% conversions (for
complete results in a tabular form, see Supporting Information,
Table S1.)

R2 R? R2
RI\K\/Ra 5b, KOBuU-t Rl\g)\/R3 + Rl\g)\/m
H

Scheme 5. Redox-isomerization of substituted allylic alcohols.

Table 5. Catalytic results achieved with complex 5b in redox isomerization
of various vinyl alcohols in 1,2-dichloroethane.®

e Substrate NMR vyield (%)™

ntry
R! R? R® 1lh 3h 20h 20 h
Me H H 11(2) 133 17(6) 78()
H Me H 0() 3(0) 4(0) 7(0)
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3 H H Me 8(0) 140)  18(7)  25(0)
4 Me H Me 6(14 6(20) 9(25)  23(37)
5 Ph  H H  42(0) 49(0) 67(0) 79(0)
6 H H Ph 0(0) 4 (5) 10(6)  30(6)
7 Ph H Ph 0(0) 19(00) 39(0)  40(0)

[a] Substrate (1.0 mmol), catalyst 5b (1 mol. % unless specified otherwise)
and KOBu-t (5 mol. %) in 1,2-dichloroethane (4 mL) at 80 °C. [b]
Determined by *H NMR. The amount of a,B-unsaturatated ketone
(oxidation product) is given in parentheses. [c] Reactions in the presence of
2 mol. % of the Ru catalyst.

Conclusion

Compounds 1-3 representing a complete series of structurally
related phosphanylferrocene carboxamides bearing congeneric
polar hydroxyalkyl groups were utilized as P-monodentate ligands
in (n®-arene)Ru(l1) complexes of the type [(n°®-arene)RuCl,(L-«kP)]
(arene = benzene, p-cymene and hexamethylbenzene; L = 1-3).
Both the ligands and (n®-arene)Ru(ll) complexes thereof form
complex supramolecular assemblies in the solid state that are build
up by means of hydrogen bonding interactions of their polar
hydroxyamide pendants. The complexes were demonstrated to
efficiently mediate redox isomerization of allylic alcohols to the
respective carbonyl compounds, showing best results for allylic
alcohols possessing non-substituted double bonds.

Experimental Section

Materials and methods

All syntheses were performed under an argon atmosphere and with
exclusion of the direct daylight. Hdpf,[% 1,1% 4L %181 [(115.CHg)RUCI,] .1
and [(n°®-CsMes)RuCl,],*" were prepared according to literature procedures.
Other chemical were obtained from commercial sources (Alfa-Aesar, Fluka,
Sigma-Aldrich) and were used as received. Solvents (Lachner) used for the
syntheses and catalytic tests were dried over appropriate drying agents
(dichloromethane, 1,2-dichloroethane and chloroform: anhydrous
potassium carbonate, 1,4-dioxane: sodium metal, acetonitrile: P,Os) and
freshly distilled under argon. Solvents used in crystallizations and for
chromatography were used without any additional purification.

NMR spectra were recorded with a Varian Unity Inova 400
spectrometer. Chemical shifts (5 in ppm) are given relative to internal
SiMe, (*H and 3C) or external 85% aqueous HsPO, (**P). In addition to the
standard notation of the signal multiplicity, vt and vq are used to distinguish
virtual triplets and quartets, respectively, arising from magnetically non-
equivalent protons in the AA’BB’ and AA'BB’X spin systems (X = *'P) of
the unsymmetrically 1,1'-disubstituted ferrocene moiety (N.B. fc =
ferrocene-1,1'-diyl). IR spectra were measured with an FTIR Nicolet
Magna 650 spectrometer in the range 400-4000 cm™. Low-resolution
electrospray ionization (ESI) mass spectra were obtained with a Bruker
Esquire 3000 instrument using methanolic solutions.

Syntheses

1'-(Diphenylphosphanyl)-1-[N-
(bis(hydroxymethyl)methyl)carbamoyl]ferrocene (2). Hdpf (1.66 g, 4.0
mmol), serinol (1.46 g, 16.0 mmol), 4-(dimethylamino)pyridine (24 mg, 0.2
mmol) and EEDQ (1.48 g, 6.0 mmol) were dissolved in pyridine (40 mL)
and the resulting mixture was stirred at 120 °C (temperature in bath) for 1 h
and then at room temperature for 1 day. The volatiles were removed under
reduced pressure and the solid residue was purified by column

chromatography over silica gel. Elution with dichloromethane-methanol
(50:1 v/v) led to a development of three minor bands, which were discarded.
The eluent was then changed for dichloromethane-methanol (20:1 v/v) to
elute a major orange band due to the product. Following evaporation, the
crude product was crystallized from warm ethyl acetate-hexane mixture (60
mL, 1:2 v/v) by slow cooling down to —18 °C. The resulting crystalline
material was filtered off, washed with diethyl ether and pentane, and dried
under vacuum. Yield of 2: 0.79 g (40%), orange needles.

*H NMR (400.0 MHz, CDCl3, 25 °C): § = 3.30 (br s, 2 H, OH), 3.91
(m, 4 H, CH;0), 4.07 (m, 1 H, NHCH), 4.10 (vq, J' =1.8 Hz, 2 H, CH of
fc), 4.20 (vt, ' = 2.0 Hz, 2 H, CH of fc), 4.46 (vt, J' = 1.8 Hz, 2 H, CH of
fc), 4.62 (vt, J' = 2.0 Hz, 2 H, CH of fc), 6.61 (d, *Jun = 7.4 Hz, 1 H, NH),
7.31-7.39 (m, 10 H, PPh,) ppm. C{*H} NMR (100.6 MHz, CDCl;, 25
°C): 8 =52.53 (NCH), 63.96 (CH-0), 69.70 (CH of fc), 71.61 (CH of fc),
72.76 (d, Jpc = 4 Hz, CH of fc), 74.60 (d, Jec = 13 Hz, CH of fc), 76.36 (C-
CONH of fc), 128.37 (d, *Jpc = 7 HZ, CHueta OF PPhy), 128.93 (CHyara OF
PPh,), 133.41 (d, ZJpc = 20 Hz, CHguno O PPhy), 137.70 (d, *Jpc = 6 HZ, Cipso
of PPh,), 170.72 (C=0) ppm. The signal of C-P of fc was not found.
*IP{'H} NMR (161.9 MHz, CDCl, 25 °C): § = -17.3 (s) ppm. IR (Nujol):
v =23300s, 1605 s, 1549 s, 1346 m, 1307 m, 1218 w, 1192 w, 1161 m,
1092 w, 1053 s, 964 w, 846 w, 822 w, 759 w, 743 m, 701 m, 523 m, 490 m,
453 m cm™. ESI- MS: m/z = 486 ([M — H]"). Anal. calcd. (%) for
Ca2sH260sPFeN (487.30): C 64.08, H 5.38, N 2.88. Found: C 62.95, H 5.30,
N 2.67.

1'-(Diphenylphosphanyl)-1-[N-
(tris(hydroxymethyl)methyl)carbamoyl]ferrocene (3). Method A. Hdpf
(1.66 g, 4.0 mmol), tris(hydromethyl)methylamine (1.94 g, 16.0 mmol), 4-
(dimethylamino)pyridine (24 mg, 0.20 mmol) and EEDQ (1.48 g, 6.0
mmol) were dissolved in pyridine (40 mL) and the reaction mixture was
stirred at 120 °C for 1 h and then at room temperature for overnight. The
volatiles were removed under reduced pressure and the solid residue was
purified by column chromatography (silica gel, dichloromethane-methanol
50:1 v/v). The first minor band was discarded and the following one was
collected and evaporated to afford a crude product, which was crystallized
from warm ethyl acetate-hexane (40 mL, 1:1 v/v) by slow cooling down to
-18 °C. The obtained crystalline material was isolated by suction, washed
successively with diethyl ether and pentane and dried under vacuum. Yield
of 3: 1.16 g (56%), orange microcrystalline solid.

Method B. Reaction flask was charged with active ester 4 (0.58 g, 1
mmol), tris(hydromethyl)methylamine (0.145 g, 1.3 mmol), 4-
(dimethylamino)pyridine (6 mg, 0.05 mmol). Dry N,N-dimethylformamide
(15 mL) was added and the resulting solution was stirred for 20 h and then
evaporated under vacuum. The solid residue was dissolved in
dichloromethane (20 mL), and the solution was washed twice with 5 %
aqueous solution of citric acid (10 mL), saturated aqueous solution of
NaHCOj3; (20 mL) and brine (20 mL) and, finally, dried over MgSO,. The
solvent was evaporated under vacuum and the solid residue was purified by
column chromatography and crystallized as described above. Yield of 3:
0.137 g (27%), orange microcrystalline solid.

'H NMR (400.0 MHz, CDCls, 25 °C): § = 3.73 (d, *Ju = 3.9 Hz, 6 H,
CH;0), 4.11 (vq, J' = 1.8 Hz, 2 H, CH of fc), 4.23 (vt, J' = 2.0 Hz, 2 H, CH
of fc), 4.44 (vt, ' = 1.8 Hz, 2 H, CH of fc), 4.52 (unresolved t, 3 H, OH),
4.59 (vt, J' =2.0 Hz, 2 H, CH of fc), 6.89 (s, 1 H, NH), 7.31-7.39 (m, 10 H,
PPh,) ppm. *C{*H} NMR (100.6 MHz, CDCls, 25 °C): = 61.58 (NCCHy),
63.36 (CH;0), 69.67 (CH of fc), 71.95 (CH of fc), 72.85 (d, Jpc = 4 Hz, CH
of fc), 74.60 (d, Jec = 14 Hz, CH of fc), 76.29 (C-CONH of fc), 77.54 (d,
Jpc = 5 Hz, C-P of fc), 128.32 (d, *Jpc = 7 Hz, CHea OF PPhy), 128.91
(CHpara OF PPhy), 133.43 (d, 2Jpc = 20 Hz, CHorno OF PPhy), 137.74 (d, *Jpc =
7 Hz, Cipso Of PPhy), 171.70 (C=0) ppm. *P{"H} NMR (161.9 MHz, CDCls,
25°C): 8 =-17.7 (s) ppm. IR (Nujol): v = 3262 s, 1626 s, 1532 s, 1351 m,
1305 m, 1287 w, 1192 w, 1160 w, 1124 w, 1084 w, 1055 m, 1027 s, 837 w,
821w, 771 w, 746 m, 737 m, 696 s, 568 w, 520 w, 498 m, 484 m, 453 w
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cm™. ESI- MS: m/z =516 ([M — H]"). Anal. calcd. (%) for Cy7H250,PFeN
(517.32): C 62.68, H 5.46, N 2.71. Found: C 62.62, H 5.58, N 2.60.

1'-(Diphenylphosphanoyl)-1-[N-
(tris(hydroxymethyl)methyl)carbamoyl]ferrocene (30). Aqueous
hydrogen peroxide (0.21 mL 30%, ca. 2 mmol) was added drop-wise to a
solution of phoshine 3 (103.5 mg, 0.2 mmol) in acetone (15 mL) while
stirring and cooling in ice. After 30 min, the reaction mixture was quenched
with saturated aqueous sodium thiosulfate (10 mL) and the volatiles were
evaporated under vacuum. The aqueous residue was diluted with water and
extracted with dichloromethane (2 x 15 mL). The organic extracts were
washed with brine (1 x 30 mL), dried over magnesium sulfate and
evaporated. The product was isolated by column chromatography (silica gel,
dichloromethane-methanol, 10:1 v/v), resulting as a yellow solid. Yield: 98
mg (92 %).

*H NMR (400.0 MHz, DMSO-dg, 25 °C): & = 3.70 (d, *Jun = 6.0 Hz,
6 H, CH,0), 4.13 (vt, J = 2.0 Hz, 2 H, CH of fc), 4.36 (vt, J’=1.9 Hz, 2 H,
CH of fc), 4.68 (vt, ' = 1.8 Hz, 2 H, CH of fc), 4.81 (vt, ) = 2.0 Hz, 2 H,
CH of fc), 4.83 (unresolved t, J ~ 6.0 Hz, 3 H, OH), 7.53-7.72 (m, 11 H,
PPh, and NH) ppm. *C{*H} NMR (100.6 MHz, DMSO-ds, 25 °C): & =
60.58 (CH,0), 62.62 (CNHCO), 69.99 (CH of fc), 70.57 (CH of fc), 72.61
(d, Jec = 10 Hz, CH of fc), 72.91 (d, “Jpc = 115 Hz, C-P of fc), 74.32 (Jpc =
13 Hz, CH of fc), 79.12 (C~CONH of fc), 128.57 (“Jpc = 12 Hz, CHortho OF
PPhy), 130.79 (3Jec = 10 Hz, CHnewa OF PPhy), 131.95 (“Jpc = 2 Hz, CHpara OF
PPh,), 132.76 (*Jpc = 107 Hz, Cips, Of PPhy), 169.08 (C=0) ppm. *P{*H}
NMR (161.9 MHz, DMSO-ds, 25 °C): & = 29.9 (s) ppm. HR MS (ESI+)
calcd. for C,7H,sNOsP*®Fe (M™): 533.1055, found: 533.1057.

General procedure for the preparation of (n°-arene)Ru(l1) complexes.
A solution of ligand (0.2 mmol) in dichloromethane (10 mL) was added to
solid ruthenium precursor ([(7°-CsMes)RUCl,], or [(7°-cymene)RuCl,],) or
its suspension in acetonitrile ([(7°-CsHs)RUCl], in 5 mL) (0.1 mmol). The
resulting mixture was stirred in the dark for 2 h and then evaporated under
under reduced pressure. The crude product was purified by column
chromatography over silica gel using dichloromethane-methanol (50:1 or
20:1, v/v) as the eluent. The major reddish band was collected and
evaporated to dryness. The solid residue was dissolved in a minimal
amount of dichloromethane (1-3 mL) and added drop-wise to diethyl ether
(30 mL). The resulting precipitate was cooled to + 4 °C overnight and
collected by suction. The obtained material was washed successively with
diethyl ether and pentane (10 mL each), and dried under vacuum.

[(°-CsHs)RUCIy(1-kP)] (5a). Yield: 126 mg (86 %), light orange
powder. *H NMR (400.0 MHz, CDCls, 25 °C): & = 3.24 (bs, 2 H, CH of fc),
3.60 (bs, 2 H, CHzN), 3.70 (bs, 1 H, OH), 3.90 (bs, 2 H, CH;0), 4.35 (bs, 2
H, CH of fc), 4.64-4.70 (m, 4 H, CH of fc), 5.30 (d, 2Jpu = 0.8 Hz, 6 H,
CeHe), 7.34-7.47 (m, 7 H, PPh;and NH), 7.69-7.80 (m, 4 H, PPhy) ppm.
*IP{'H} NMR (161.9 MHz, CDCl,, 25 °C): & = 16.3 (s) ppm. ESI+ MS:
m/z =636 ([M — H - HCI]). Anal. calcd. (%) for
Cz1H30RUClL,PFeO,N-1.5H,0 (734.4): C 50.70, H 4.53, N 1.91. Found: C
50.74, H4.52, N 1.94.

[(m®-cymene)RuCl,(1-xP)] (5b). Yield: 131 mg (86 %), ruby red
powder. *H NMR (400.0 MHz, CDCls, 25 °C): § = 0.96 (d, *Ju = 7.0 Hz, 6
H, CH(CHj),), 1.85 (s, 3 H, CH3), 2.59 (sept, *Jun = 7.0 Hz, 1 H,
CH(CHj)2), 3.19 (m, 2 H, CH of fc), 3.57 (virtual g, J = 4.7 Hz, 2 H, CH;N),
3.84-3.86 (m, 2 H, CH;0), 4.46-4.47 (m, 2 H, CH of fc), 4.48-4.49 (m, 2 H,
CH of fc), 4.52 (vt, ' = 2.0 Hz, 2 H, CH of fc), 5.10-5.14 (m, 4 H, CeHa),
7.40-7.47 (M, 6 H, PPhy), 7.51 (t, *Juq = 5.1 Hz, 1 H, NH), 7.77-7.83 (m, 4
H, PPh,) ppm. The resonance due to the OH proton was not seen. *P{*"H}
NMR (161.9 MHz, CDCls, 25 °C): § = 17.7 (s) ppm. ESI+ MS: m/z = 692
([M = Cl - HCI]"). Anal. calcd. (%) for CssH3sRUCI,PFeO,N-H,0 (768.9):
C 54.67,H5.06, N 1.82. Found: C 54.37, H 5.32, N 1.74.

[(n®-CsMeg)RUCIy(1-kP)] (5¢). Yield: 129 mg (81 %), orange
powder. *H NMR (400.0 MHz, CDCls, 50 °C): § = 1.67 (s, 18 H, CsMes),

3.58 (virtual g, J = 4.9 Hz, 2 H, CH;N), 3.63 (bs, 1 H, OH), 3.85 (virtual q,
J=5.1Hz, 2 H, CH,0), 4.43 (bs, 4 H, CH of fc), 4.51 (bs, 2 H, CH of fc),
7.28-7.39 (m, 6 H, PPhy), 7.42 (bs, 1 H, NH), 7.72-7.90 (m, 4 H, PPh,) ppm.
The resonance due to two protons at the ferrocen-1,1’-diyl backbone was
not observed because of an enormous signal broadening. *P{*H} NMR
(161.9 MHz, CDClg, 50 °C): 8 = 19.3 (bs) ppm. ESI+ MS: m/z =720 ([M —
Cl — HCIT"). Anal. calcd. (%) for C37H40,RUCI,PFeN (791.5): C 56.14, H
5.35, N 1.77. Found: C 56.02, H 5.37, N 1.67.

[(M®-CsHe)RUCI,(2-xP)] (6a). Yield: 136 mg (87 %), orange powder.
'H NMR (400.0 MHz, CDCls, 25 °C): § = 3.62 (bs, 2 H, OH), 3.98 (d, *J
=4.1Hz, 4 H, CH,0), 4.19 (m, 1 H, CHNH), 4.38 (bs, 2 H, CH of fc), 4.67
(bs, 2 H, CH of fc), 4.71 (vt, ' = 1.8 Hz, 2 H, CH of fc), 5.30 (d, 2Jp = 0.7
Hz, 6 H, CsHs), 7.37-7.48 (m, 7 H, PPh, and NH), 7.67-7.81 (bs, 4 H, PPh,)
ppm. The resonance due to two protons at the ferrocen-1,1'-diyl backbone
was not observed because of an extensive signal broadening. **P{*H} NMR
(161.9 MHz, CDClg, 25 °C): 8 = 16.5 (s) ppm. ESI+ MS: m/z = 666 ([M —
H — HCI]"). Anal. calcd. (%) for C3,H3,0sRuCl,PFeN-2H,0-0.4Et,0
(780.8): C 49.84, H 4.78, N 1.79. Found: C 49.62, H 4.60%, N 1.75.

[(n®-cymene)RuCl,(2-xP)] (6b). Yield: 143 mg (88 %), light orange
powder. *H NMR (400.0 MHz, CDCls, 25 °C): 5 = 0.94 (d, *J = 7.0 Hz, 6
H, CH(CHs),), 1.87 (s, 3 H, CH3), 2.65 (sept, *Ju = 7.0 Hz, 1 H,
CH(CHj),), 3.17 (bs, 2 H, CH of fc), 3.64 (bs, 2 H, OH), 3.92 (d, J = 4.0 Hz,
2 H, CH;0), 4.14 (m, 1 H, CHNH), 4.48-4.49 (m, 4 H, CH of fc), 4.59 (vt,
J'=2.0Hz, 2 H, CH of fc), 5.11 (bs, 4 H, CeHs), 7.42-7.50 (m, 6 H, PPhy),
751 (d, 33y = 7.1 Hz, 1 H, NH), 7.78-7.83 (m, 4 H, PPh,) ppm. *P{*H}
NMR (161.9 MHz, CDCls, 25 °C): § = 17.7 (s) ppm. ESI+ MS: m/z = 722
([M = H = HCI"). Anal. calcd. (%) for CssHaRUCI,PFeO3N-H,0 (811.5): C
53.28, H5.22, N 1.73. Found: C 53.08, H 5.24, N 1.73.

[(n°-CsMeg)RUCI,(2-xP)] (6¢). Yield: 152 mg (93 %), light orange
powder. *H NMR (400.0 MHz, CDCls, 50 °C): § = 1.67 (d, “Jp = 0.7 Hz,
18 H, CsMes), 3.93 (bs, 4 H, CH,0), 4.06-4.13 (m, 1 H, CHNH), 4.39-4.56
(m, 6 H, CH of fc), 7.27-7.42 (m, 7 H, PPh, and NH), 7.76-7.90 (m, 4 H,
PPh;,). The resonance due to two protons at the ferrocen-1,1'-diyl backbone
and the hydroxyl groups were not observed because of extensive signal
broadening. **P{*H} NMR (CDCls, 50 °C): & = 19.6 (bs) ppm. ESI+ MS:
m/z =750 ([M — Cl — HCI]"). Anal. calcd. (%) for CssH40sRUCI,PFeN
(821.5): C 55.55, H 5.40, N 1.71. Found: C 55.32, H 5.26, N 1.63.

[(n°®-CsHs)RUCIy(3-kP)] (7a). Yield: 137 mg (83 %), orange
microcrystalline solid. *H NMR (400.0 MHz, DMSO-ds, 25 °C): & = 3.64
(d, *Ju = 5.8 Hz, 6 H, CH,0), 3.72 (vt, J' = 1.8 Hz, 2 H, CH of fc), 4.48 (br
s, 2 H, CH of fc), 4.51-4.55 (m, 4 H, CH of fc), 4.81 (t, *Ju = 5.7 Hz, 3 H,
OH), 5.40 (d, %pr = 0.7 Hz, 6 H, CsHg), 6.55 (s, 1 H, NH), 7.42-7.52 (m, 6
H, PPh,), 7.70-7.77 (m, 4 H, PPh,) ppm. **P{*H} NMR (161.9 MHz,
DMSO-ds, 25 °C): & = 20.2 (s) ppm. ESI+ MS: m/z = 696 ([M — H — HCI]").
Anal. calcd. (%) for C33Hz404RuCI,PFeN-H,0-0.6Et,0 (829.9): C 51.23, H
5.10, N 1.69. Found: C 51.02, H 4.84, N 1.70 .

[(n®-cymene)RuCl,(3-xP)] (7b). Yield: 148 mg (90 %), ruby red
microcrystalline solid. *H NMR (400.0 MHz, DMSO-ds, 25 °C): & = 0.83
(d, ®Jun = 7.0 Hz, 6 H, CH(CHa),), 1.71 (s, 3 H, CH3), 2.31 (sept, *Jyn = 7.0
Hz, 1 H, CH(CHs)y), 3.61 (d, ®Jun = 5.8 Hz, 6 H, CH0), 3.65 (vt, J' = 1.8
Hz, 2 H, CH of fc), 4.37-4.39 (m, 4 H, CH of fc), 4.50 (vq, J’ = 1.7 Hz, 2 H,
CH of fc), 4.81 (t, *Jun = 5.7 Hz, 3 H, OH), 5.23 (d, J = 6.3 Hz, 2 H, C¢Ha),
5.32 (dd, J=6.4,1.2 Hz, 2 H, C¢H,), 6.48 (s, 1 H, NH), 7.46-7.53 (m, 6 H,
PPh,), 7.79-7.86 (m, 4 H, PPhy) ppm. *P{*H} NMR (161.9 MHz, DMSO-
de, 25 °C): 8 = 20.3 (s) ppm. ESI+ MS: m/z = 752 ([M — H — HCI]"). Anal.
calcd. (%) for Cs7H4,RuCl,PFeO,N (823.5): C 53.96 H 5.14 N 1.70. Found:
C53.75,H5.21, N 1.58.

[(n°-CsMeg)RUCIy(3-kP)] (7¢). Yield: 154 mg (91 %), ruby red
powder. *H NMR (400.0 MHz, CDCls, 50 °C): & = 1.67 (s, 18 H, C¢Mes),
3.83 (d, *Jun = 4.8 Hz, 6 H, CH.0), 4.02 (bs, 3 H, OH), 4.39 (d, J' = 1.7 Hz,
2 H, CH of fc), 4.44 (bs, 2 H, CH of fc), 4.53 (bs, 2 H, CH of fc), 7.02 (bs,
1 H, NH), 7.32-7.42 (m, 6 H, PPh,), 7.77-7.91 (m, 4 H, PPh,) ppm. The
resonance due to two protons at the ferrocen-1,1'-diyl backbone was not
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found because of an extensive signal broadening. **P{*H} NMR (161.9
MHz, CDCls, 50 °C): & = 20.1 (bs) ppm. ESI+ MS: m/z = 780 ([M — H —
HCIT"). Anal. calcd. (%) for CsHss04RUCI,PFeN (851.6): C 55.00, H 5.45,
N 1.65. Found: C 54.66, H 5.64, N 1.61.

Catalytic tests

A Schlenk tube was charged with the respective allylic alcohol (1.0 mmol)
and ruthenium catalyst, base (in appropriate amounts) and 1-methoxy-2-(2-
methoxyethoxy)ethane (67 mg, 0.5 mmol) as an internal standard. The tube
was flushed with argon and sealed. The solvent (4 mL) was introduced and
the resulting mixture was heated at 80 °C.

The conversions were determined by *H NMR spectroscopy. The
identity of the products was confirmed by a comparison of the NMR
spectra with the literature (octan-3-one, trans-cinnamaldehyde and
propiophenone;©® 1,3-diphenylpropan-1-one,® 2-butanone, " 2-
pentanone,*! 3-phenylpropanal,? 2-butenal™® and 3-buten-2-onet4) or
with spectra of authentic samples (butyraldehyde, 2-methylpropanal and 3-
penten-2-one).

X-ray crystallography

Single crystals suitable for X-ray diffraction measurements were obtained
by liquid-phase diffusion from ethyl acetate-hexane (2: orange plate, 0.20 x
0.35 x 0.45 mm?; 3: orange plate, 0.03 x 0.10 x 0.25 mm?®; 30: orange
prism, 0.23 x 0.38 x 0.55 mm®), dichloromethane-hexane (5¢c-CH,Cly: red
plate, 0.20 x 0.40 x 0.50 mm®) or similarly from chlorofm-methanol/hexane
(5¢-Et,0: red bar, 0.08 x 0.15 x 0.30 mm®).

The diffraction data (thtk+l, Gnax = 26-27.5 °, data completeness >
99.3%) were collected with a Nonius KappaCCD diffractometer equipped
with a Cryostream Cooler (Oxford Cryosystems) at 150(2) K using graphite
monochromated MoKo. radiation (A = 0.71073 A) and were analyzed with
the HKL program package.* The structures were solved by the direct
methods (SIR97%) and refined by full-matrix least squares based on F?
(SHELXL97"™) to full convergence. The non-hydrogen atoms were refined
with anisotropic displacement parameters. Hydrogen atoms in the OH and
NH groups were identified on the difference density maps and refined as
riding atoms with Uis,(H) assigned to a multiple of 1.2Ue(O/N). Other
hydrogen atoms were included in their calculated positions and refined
similarly. Relevant crystallographic data and refinement parameters
presented in Supporting Information, Table S2. Particular details on
structure refinement are as follows.

The solvent present in the structure of 6¢-Et,O was severely
disordered in structural voids and, hence, its contribution to the overall
scattering was removed by SQUEEZE™® routine as incorporated in
PLATON program.*! A total of 110 electrons were found in 566 A° void
space per the unit cell (N.B. Four molecules of diethyl ether represent 136
electrons). It also is noteworthy that the largest electron density peak at the
final difference electron density map (2.4 e A=) for compound 2
corresponds very likely to a lone electron pair at the phosphorus atom (N.B.
The second largest electron density maximum is only ca. 0.35 e A=), This
assumption was confirmed by a refinement of this ‘peak’ as a helium atom
(2 electrons), which led to a decrease in the R-value to 2.96% and gave
reasonable geometry (P---He distance 1.305(5) A with a clear contact of He
to H30 located in a proximal molecules: He---03 ~ 2.36 A, He---H30-03 ~
173°).

Geometric data and structural drawings were obtained with a recent
version of the PLATON program. All numerical values are rounded with
respect to their estimated deviations (esd’s) given in one decimal.
Parameters relating to atoms in constrained positions (hydrogens) are given
without esd’s.

CCDC-889295 (2), -889296 (3), -889297 (30), -889298 (5¢-CHCl.)
and -889299 (6¢-Et,0) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information (see footnote on the first page of this article):
Packing diagrams for 5¢-CH,ClI, (Figure S1) and 6c-Et,0 (Figure S2),
histograms showing the distribution of O---O and O-H---O angles in
hydrogen bonds P=0---H-O hydrogen bonds (Figures S3 and S4), a
summary of catalytic results for the redox isomerisation of allylic alcohols
in water (Table S1), and a summary of crystallographic data (Table S2).
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Figure 4. Packing diagrams for compound 2. (a) View of the hydrogen-bonded dimeric motif in the structure of 2; (b) a full view showing the same dimeric
unit and its interactions with adjacent molecules, (c) O-H---P contacts between molecules related by elemental translation along the y axis. For clarity, only
OH and NH hydrogens and pivotal carbon atoms from the phenyl rings (in parts a and b) are shown. The hydrogen bonds are indicated with dashed lines (for
parameters, see Table 2). In part c, the green lines connect the phosphorus atoms with the refined electron density maxima (see Experimental Section).
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Appendix 2

P. Stépnicka, I. Cisafovéd, J. Schulz: “Tri-u-chIorido-bis[(ns-hexamethylbenzene)-
ruthenium(I1)] tetrachloridoferrate(l11).” Acta Cryst., 2011, E67, m1363.
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The molecular geometry of the complex cation in the title
structure, [(u-Cl)s{Ru"(n°-C¢Meg)},][Fe™ Cly], compares very
well with that reported earlier for the corresponding PF¢™ salt
[Pandey et al. (1999). J. Organomet. Chem. 592, 278-282]. The
[FeCly] ™ counter ion has a rather regular tetrahedral geometry
with Fe—Cl distances and Cl—Fe—Cl angles in the range
2.1891 (7)-2.2018 (8) A and 107.10 (3)-110.56 (3)°, respec-
tively. There are no significant intermolecular interactions in
the crystal except for some weak C—H. - -Cl contacts, which in
turn indicates that the crystal packing is determined
predominantly by electrostatic interactions between the ionic
constituents.

Related literature

Crystals of the title compound were isolated during attempted
recrystallization of [(176-C6Me<,)RuClz{thPchON(CHZCHz-
OH),}] [fc = ferrocene-1,1"-diyl; for the preparation of this
ligand, see Schulz ef al. (2009)] from chloroform—diethyl ether.
It is likely a decomposition product as the result of photolytic
cleavage of the ferrocene moiety in the halogenated solvent
(Brand & Snedden, 1957). For the crystal structure of [(u-
Cl)s{Ru(n®-CsMe)},][PFq], see: Pandey et al. (1999); Redwine
et al. (2000). For the first structurally characterized compound
of this type, [(u-Cl)s{Ru(n°-C¢Mee)},][BPhs]-CH;0H, see:
Tocher & Walkinshaw (1982). For the structures of simple
tetrachloridoferrate(III) salts, see: Wyrzykowski et al. (2006);
Jin et al. (2005).

/Ru“ Cl
cidl ol |
N e
Rc‘ "y,
u Cl Cl Cl

Experimental

Crystal data

[Ru,Cl3(Cy,H;5),][FeCly] y = 99.7915 (12)°.

M, = 830.67 V = 150043 (6) A3
Triclinic, P1 Z=2

a=8449 (2) A_ Mo Ko radiation
b=128352(2) A =211 mm™"
c=14.6752 (4) A T=150K

o = 106.5767 (12)° 0.30 x 0.20 x 0.08 mm
B = 90.4341 (9)°

Data collection

27082 measured reflections
6900 independent reflections
6172 reflections with 7 > 20(1)
Rine = 0.036

Nonius KappaCCD diffractometer

Absorption correction: Gaussian
using the diffractometer software
Tmin = 0.529, Tyax = 0.855

Refinement

R[F? > 20(F%)] = 0.026
wR(F?) = 0.061
§=108

6900 reflections

319 parameters

H-atom parameters constrained
Apmax =047 ¢ A3

APmin = —0.68 ¢ A7

Table 1

Hydrogen-bond geometry (A, °).

D—H---A D—H H---A DA D—H---A
C9—H9A.---CI3' 0.96 2.80 3.629 (3) 145
Cl11—HI11B---Cl6" 0.96 2.71 3.588 (3) 153

Symmetry codes: (i) x +1,y, z; (ii) x,y — 1, z.

Data collection: COLLECT (Nonius, 2000); cell refinement: HKL
SCALEPACK (Otwinowski & Minor, 1997); data reduction: HKL
(Otwinowski & Minor, 1997) DENZO and SCALEPACK;
program(s) used to solve structure: SIR97 (Altomare et al., 1999);
program(s) used to refine structure: SHELXL97 (Sheldrick, 2008);
molecular graphics: PLATON (Spek, 2009); software used to prepare
material for publication: SHELXL97 and PLATON.
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Charles University in Prague (project No. 69309), and is a part
of a long-term research plan supported by the Ministry of
Education, Youth and Sports of the Czech Republic (project
No. MSM0021620857).

Supplementary data and figures for this paper are available from the
IUCr electronic archives (Reference: SU2311).
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Synthesis and anticancer activity

of chalcogenide derivatives and platinum(ll)
and palladium(ll) complexes derived from

a polar ferrocene phosphanyl-carboxamide
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The polar phosphanyl-carboxamide, 1’-(diphenylphosphanyl)-1-[N-(2-hydroxyethyl)carbamoyllferrocene (1), reacts readily
with hydrogen peroxide and elemental sulfur to give the corresponding phosphane-oxide and phosphane-sulfide, respectively,
and with platinum(ll) and palladium(ll) precursors to afford various bis(phosphane) complexes [MCl,(1-xP),] (M = trans-Pd,
trans-Pt and cis-Pt). The anticancer activity of the compounds was evaluated in vitro with the complexes showing moderate
cytotoxicities towards human ovarian cancer cells. Moreover, the biological activity was found to be strongly influenced by
the stereochemistry, with trans-[PtCl,(1-«P),] being an order of magnitude more active than the corresponding cis isomer.
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Introduction

Cisplatin is one of the most commonly used chemotherapeutic
agents in the clinic effective against ovarian and testicular cancer
and is also used in the treatment of bladder, cervical, head and
neck, oesophageal and small cell lung cancers."! While cisplatin
is an effective inhibitor of tumor growth, its therapeutic index
is limited by a high level of toxicity towards healthy cells,
resulting in side effects such as myelosuppression, nausea, hair
loss and neurotoxicity. In addition, a high degree of intrinsic
and acquired resistance in many tumor types requires cisplatin
to be administered at increasingly high doses, causing even
more severe side effects.”) Consequently, recent efforts in metal-
based chemotherapeutic agents have focused largely on the
development of new drugs, based on both platinum and other
transition metals that are able to overcome the limitations of
cisplatin. Successful strategies include increasing kinetic stability
to limit drug deactivation,”! improving uptake of the drug into the
cellthrough either lipophillic groups or macromolecular carriers,
the conjugation of molecules which inhibit drug resistance!® and
also compounds based on alternative metals which operate by a
different mode of action.[©!

During our studies on functionalized polar phosphanylferrocene
carboxamides,”8! we prepared the hydroxyethyl-substituted
derivative 1 (Scheme1). This compound combines a
diphenylphosphanyl moiety that can coordinate to soft metals
with a functionalized carboxamide group serving as a solubilizing
unit. Amide 1 has a higher solubility in polar solvents compared
with the parent 1’-(diphenylphosphanyl)ferrocene-1-carboxylic
acid (Hdpf),'”! and proved to be a useful ligand in palladium-
catalyzed Suzuki-Miyaura cross-coupling reactions performed in

water—organic solvent mixtures (including biphasic ones) and in
pure water."” Considering the high polarity of the amide pendant
and lipophilicity of the ferrocene unit in 1, we also became inter-
ested as to whether this ligand could be used as a tool for delivering
metal fragments into cancer cells. In addition, the ferrocene
moiety may exert its own cytotoxic effect, with several examples
of ferrocenel'" and mixed metal-ferrocene complexes!'? known
to inhibit cell proliferation. Herein we report on the preparation of
P-chalcogenide derivatives, and palladium(ll) and platinum(ll)
complexes prepared from 1, along with their structural character-
ization and antiproliferative activity in the A2780 ovarian cancer
cell line.

Results and Discussion

Phosphane-amide 1 was synthesized as previously reported.'”
Its P-chalcogenide derivatives, viz. phosphane-oxide 2 and
phosphane-sulfide 3 (Scheme 1), were prepared by oxidation with
aqueous hydrogen peroxide or elemental sulfur, respectively. The
oxide was isolated by column chromatography and crystallized
from ethyl acetate—hexane, whereas the sulfide separated in

|
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Scheme 1. Structural drawings for compounds presented in this study and their parent acid Hdpf.

pure crystalline form directly from the reaction mixture (i.e. from
toluene) upon cooling. Chalcogenides 2 and 3 were characterized
by elemental analysis and by spectroscopic methods (multinuclear
NMR and electrospray ionization mass spectrometry, ESI-MS).

ESI mass spectra of compounds 2 and 3 are dominated by the
pseudomolecularions, [M — H]~, thus confirming the formulation.
The "H NMR spectra of the P-chalcogenides display characteristic
virtual multiplets due to the ferrocene protons, namely two
triplets for the amide-substituted ring and two quartets for
the phosphorus-substituted ring. The spectra further comprise
a pair of multiplets due to the ethane-1,2-diyl linker, signals
attributable to the NH (CH,-coupled triplet) and OH groups, and
a multiplet for the phenyl-ring (PPh;) protons. Likewise, the '3C
NMR spectra show resonances due to the phosphanyl-substituted
ferrocene unit (four CH and two Cjpso) and the PPh, moiety, with
characteristic Joc coupling constants.'3! The '>*C NMR signals of the
NCH,CH,0 moiety as well as the C=0 resonance are observed
at positions similar to those of the parent phosphane 1.'% On
the other hand, the modification of the phosphorus substituent
(1 — 2 or 3) is manifested by changes in the 3C NMR shifts and
Jpc coupling constants!'3! of the CsH4PPh, carbons, and also in
3TP NMR spectra, showing single resonances markedly shifted to
lower fields relative to 1. Not surprisingly, the 3'P NMR signals are
found at positions close to those observed for the respective Hdpf
P-chalcogenides.l7>%2!

In addition to spectroscopic characterization, the solid-state
structures of 2 and 3 were established by single-crystal X-ray
diffraction analysis. Views of the molecular structures are presented
in Figs 1 and 2. Selected bond data are given in Table 1.

The molecular structures of 2 and 3 are unexceptional,
particularly in view of the data reported previously for phosphane
10'% and P-chalcogenide derivatives prepared from the parent acid
Hdpf.72%3] |n the crystals, both chalcogenides form intramolecular

Table 1. Selected distances (A) and angles (deg) for 2 and 3

Parameter? 2(E=03) 3(E=S9)
Fe-Cg1l 1.6496(7) 1.6484(7)
Fe-Cg2 1.6419(7) 1.6411(7)
<Cp1,Cp2 4.80(9) 1.58(9)
0 73 83

P=E 1.500(1) 1.9589(6)
C1-C11 1.230(2) 1.478(2)
C11-01 1.230(2) 1.235(2)
C11-N 1.349(2) 1.339(2)
0O1-C11-N 123.5(2) 122.8(2)
@° 24.9(2) 11.7(2)
N-C24 1.453(2) 1.453(2)
C11-N-C24 122.3(1) 122.9(1)
C24-C25 1.512(3) 1.512(2)
C25-02 1.421(2) 1.409(2)
N-C24-C25-02 —178.0(1) 67.9(2)

2 Definition of the ring planes: Cp1 = C(1-5), Cp2 = C(6-10). Cg1 and
Cg2 denote the respective ring centroids.

b Torsion angle C11-Cg1-Cg2- P.

¢ Dihedral angle of the Cp1 and (C11,01,N) planes.

N-H- - -E (E = 03 or S) hydrogen bonds which bring the ferrocene
substituents to a mutual proximity and result in inclination of
the amide NH towards the hydrogen-bond acceptor E (see 7 and
¢ angles in Table 1). Additional hydrogen bonding interactions
are responsible for the formation of supramolecular assemblies
(Fig. 3). Thus, molecules of 2 associate into centrosymmetric
dimers via intermolecular O-H- - -O hydrogen bonds and, further,
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Figure 1. A view of the molecular structure of 2 showing displacement
ellipsoids at the 30% probability level.

Figure 2. A view of the molecular structure of 3 showing displacement
ellipsoids at the 30% probability level.

into three-dimensional arrays via the longer C-H---O contacts.
[These intermolecular interactions are as follows: C4—H4- - -02':
C4---02' = 3.302(2) A, angle at H4 = 136°; C17-H17---01':
C17---01 = 3.197(2) A, angle at H17 = 137°; C20-H20- - -O1iii:
C20---01 = 3.318(2) A, angle at H20 = 143° (i =1+ x, y, z
ii=x,—1+y, zii=1-x1—y, —2).] The molecules in the
crystal of 3 aggregate by means of O-H---O as well, with the
C=0 oxygen serving as the acceptor, to form infinite chains.
Similarly to 2, the chains in 3 are cross-linked via the softer
C-H- - -O interactions. [These intermolecular interactions are as
follows: C3-H3---02%: C3---02' = 3.277(2) A, angle at H3 = 160°;
C21-H21---02%: C21-H21---02" = 3.461(2) A, angle at H21 =
161°;C24-H24a- - -02: C24- - -02 = 3.372(2) A, angle at H24a =
141°(i=—-14x1/2—y,-1/2+zii=1—x,—1/2+y,1/2 -z,
ii=x,1/2—y,—-1/2+42).]

The palladium(ll) bis(phosphane) complex 4 (Scheme 1) was
prepared by displacement of the cod ligand in [PdCl,(cod)]
(cod = n? : n?-cycloocta-1,5-diene) with two equivalents of 1
as previously reported.l'? In the case of platinum(ll), two isomeric
square-planar bis(phosphane) complexes 5 and 6 (Scheme 1) were
isolated depending on the metal precursor used ([PtCl,(cod)] vs

J.Schulzetal.

Figure 3. Views of the hydrogen-bonded arrays in the crystals of 2 (a) and
3 (b). For clarity, non-relevant hydrogen and phenyl ring carbon atoms
are omitted. H-bond parameters for 2: N-H91- - -03, N- - -03 = 2.959(2) A,
angle at H91 = 162°; 02-H92---03/, 02---03' = 2.783(2) A, angle at
H92 = 174° (i = 1 —x, 1 —y, 1 — 2). H-bond parameters for 3:
N-H91---5, N---S = 3.529(1) A, angle at H91 = 146°; 02-H92. --O1f,
02---01 = 2.762(2) A, angle at H92 = 166° (ii = x,1/2 — y, 1/2 + 2).

Ko [PtCl,])." The complexes tend to hold solvent molecules in
their structures which cannot be removed by simple evacuation.
However, the amounts of solvents are easily determined from
elemental analysis and NMR spectra.

Complexes 4-6 were characterized by a combination of NMR,
ESI-MS and elemental analysis. In the ESI mass spectra, the
complexes with a trans-geometry, i.e. 4 and 5, display positively
charged fragments resulting by a loss of one or two chloride
ligands and Na/H exchange as the highest molecular weight
species. In contrast, a pseudomolecular ion [M + Na]* was seen
in the spectrum of compound 6. The "H NMR spectra of the
complexes showed one set of signals due to the equivalent
phosphanylferrocene ligands. The 3'P NMR spectra of 4-6
compared very well with those reported for the corresponding
Hdpf complexes, [MCl,(Hdpf-«P),] (M = Pd, Pt).">! Also similar
to their Hdpf analogs, isomers 5 and 6 were easily distinguished
through the characteristic 'J('°>Pt, 3'P) coupling constants.'41!

Cytotoxicity Studies

The antiproliferative activity of compounds 1-6 was evaluated
against the A2780 ovarian cancer cell line, and the results are sum-
marized in Table 2. Initial tests revealed that the free ferrocenes
1-3 do not exert any notable cytotoxicity (ICsg > 200 um) which
is, indeed, in accordance with the low cytotoxicity observed for
ferrocene and many of its derivatives.l'”! In contrast, complexes
4-6 exhibit moderate activity with ICso values ranging from 19 to
155 um, with the trans-bis(phosphane) platinum complex 5 being
the most cytotoxic compound in the series. The related palladium
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Table 2. ICso values for compounds 1-6 determined in the A2780
ovarian cancer cell line

Compound ICs0 (UM) Compound 1Csp (UM)
1 >200 4 2542
2 >200 5 19+2
3 >200 6 155+5

complex 4 was found to be 2-fold less cytotoxic than the platinum
analog 5, in agreement with previous studies comparing palla-
dium and platinum compounds.['8 The fast reaction kinetics of
dichlorido-palladium complexes with respect to platinum analogs
are proposed to result in a higher degree of side reactions prior
to reaching the desired cellular targets, and consequently, lower
drug efficacy. A considerable difference in cytotoxicity was also
observed between the trans- and cis-platinum isomers 5 and 6,
with the trans isomer being 10-fold more active. Interestingly, the
opposite effect was noted for cisplatin, where the trans isomer
showed little cytotoxicity with respect to its cis analog, attributed
to greater reactivity of the trans complex resulting in turn in a
higher degree of drug deactivation.l'” Although trans-platinum
complexes were initially thought to be poor drug candidates, in
recent years, several trans-platinum complexes have been found
to effectively inhibit cell proliferation,’?? with some compounds
currently being in Phase Il clinical trials.2"! Experiments have
shown that trans-platinum complexes bind to DNA in a manner
different to cisplatin and other cis-platinum based complexes.[??
As cisplatin resistance is strongly associated with DNA repair
mechanisms, compounds that interact differently with DNA may
overcome these mechanisms and consequently certain trans-
complexes show high cytotoxicty in cisplatin resistant tumors.[?*

Conclusions

1’-(Diphenylphosphanyl)-1-[N-(2-hydroxyethyl)carbamoyl]-
ferrocene (1) is easily oxidized at the phosphorus atom or can
be converted to bis(phosphane) platinum(ll) and palladium(ll)
complexes using standard protocols. In vitro, compound 1 and
its P-oxidized derivatives 2 and 3 do not show any considerable
cytotoxicity against A2780 ovarian cancer cells; however the
bis(phosphane) complexes 4-6 are moderately cytotoxic. The
cytotoxicity is strongly influenced by the stereochemistry, with
the trans-platinum complex 5 being an order of magnitude more
active than the cis isomer 6. At this stage it is not known which
ligands are released when the complex binds to a biomolecular
target. However, should the phosphane be released, then rapid
oxidation of the P(Ill) center can be expected. Also, despite
the relatively lower cytotoxicity of the complexes tested (cf.
ICso = 1.6 umfor cisplatin under identical conditions), the present
study provides an example of the influence of structural effects
on cytotoxicity. Hence, further studies will be carried out to
determine the influence of stereochemistry on kinetic stability
and binding to potential cellular targets.

Experimental
Materials and Methods

Reactions were performed under argon atmosphere with exclusion
of direct sunlight. Dichloromethane and toluene were dried

with an appropriate drying agent (K;CO3; and potassium metal,
respectively) and distilled underargon. Amide 11 and [MCl, (cod)]
(M =Pd, Pt; cod = n? : n?-cycloocta-1,5-diene)?” were prepared
using the literature procedures. Other chemicals and solvents
(Fluka; solvents from Lach-Ner) were used without further
purification.

NMR spectra were recorded with a Varian Unity Inova
spectrometer ("H, 399.95; 13C, 100.58; 3'P, 161.90 MHz) at 25 °C.
Chemical shifts (8) are given relative to internal SiMe, ('*C and "H)
or to external 85% aqueous H3PO, G'P). Electrospray (ESI) mass
spectrawere measured on a Bruker Esquire 3000 spectrometer. The
samples were dissolved in dichloromethane or dimethylsulfoxide
and the solutions were diluted with a large excess of methanol
prior to analysis.

Preparation 1’-(diphenylphosphanoyl)-1-[N-(2-hydroxyethyl)
carbamoyliferrocene (2)

Phosphane 1(91.5 mg, 0.2 mmol) was dissolved in acetone (10 ml),
the solution was cooled in an ice bath and treated with 30%
aqueous hydrogen peroxide (0.25 ml, 0.2 mmol). The reaction
mixture was stirred for 30 min at 0°C, and unreacted hydrogen
peroxide was destroyed by addition of 10% aqueous sodium
thiosulfate solution (5 ml) and stirring for another 15 min. The
acetone was evaporated under vacuum and the residue was
extracted with CH,Cl; (3 x 10 ml). Combined organic extracts
were washed with brine (10 ml), dried with magnesium sulfate
and evaporated. The residue was purified by flash chromatography
(silica gel, MeOH-ACcOEt 1:9 v/v) and the product further purified
by crystallization from ethyl acetate—hexane. Yield: 38.5 mg (41%),
orange crystalline solid.

TH NMR (CDCl3): 8 = 3.57 (m, 2 H, NCH,), 3.81 (m, 2 H, OCH,),
411 (vt, 2 H), 4.16 (vq, 2 H), 4.62 (vq, 2 H), 5.01 (vt, 2 H), 5.18 (dt,
3)uy = 6.8Hz, J = 2.0 Hz, 1 H, OH), 7.46-7.72 (m, 10 H, Ph), 8.67
(t, 3Jun ~ 4.5Hz, 1 H, NH) ppm. '3C{"H} NMR (CDCl3): § = 43.50
(NCH,), 62.16 (OCH,), 70.51, 70.63, 72.77 (d, Jpc = 11 Hz) (CH
of fc); 72.91 (d, "Jpc = 97 Hz, C-P of fc), 74.98 (d, Joc = 13 Hz,
CH of fc), 79.06 (C-CO of fc), 128.61 (d, J)c = 12Hz), 131.31
(d, Joc = 10 Hz) (CH of Ph); 132.15 (d, "Jpc = 109 Hz, C-P of Ph),
132.23 (d, Jpc = 3 Hz, CH of Ph), 169.80 (C=0) ppm. 3'P{"H} NMR
(CDCl3): 8 = 33.3 (s) ppm. ESI-MS (methanol): m/z = 472 (M
— H]7). Anal. calcd for Co5Ho4FeNOsP (473.3): C 63.44, H 5,11, N
2.96%. Found: C 63.39, H 5.23, N 2.80%.

Preparation of 1'-(Diphenylthiophosphanoyl)-1-[N-(2-
hydroxyethyl)carbamoyliferrocene (3)

Phosphane 1 (91.5 mg; 0.2 mmol) and elemental sulfur (7.1 mg;
0.22 mmol) were dissolved in toluene (10 ml), and the mixture
was heated to 60 °C for 1h. The resulting solution was filtered
(PTFE syringe filter, 0.45 um pore size) and cooled to —18 °C. The
crystalline solid was isolated by filtration, washed with diethyl
ether and pentane, and dried under vacuum. Yield: 65.5 mg (67%),
orange crystalline solid.

THNMR (CDCl3):§ = 3.36 (t, 3Juy = 5.6 Hz, TH, OH), 3.57 (vq, 2H,
NCH,), 3.85 (vq, 2H, OCH3), 3.99 (vt, 2H), 4.25 (vq, 2H), 4.64 (vq, 2H),
4.96 (vt, 2H) (fc); 7.43-7.75 (m, 10H, Ph), 7.79 (t, 3Jun = 5.3 Hz, 1 H,
NH) ppm. "3C{"H} NMR (CDCl3): 8 = 43.14 (NCH,), 63.16 (OCH,),
71.19 (2Q), 73.20 (d, Jpc = 10Hz), 75.04 (d, Joc = 13 Hz) (CH of
fc); 76.18 (d, 'Jpc = 97 Hz, C-P of fc), 78.02 (C-CO of fc), 128.44
(d, Joc = 12Hz), 131.62 (d, Jo)c = 11 Hz), 131.73 (d, Jo)c = 3 Hz)
(CH of Ph); 133.24 (d, Joc = 88Hz, C-P of Ph), 171.13 (C=0)
ppm. 3'P{"H} NMR (CDCl3): § = 43.0 (s) ppm. ESI-MS (methanol):
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m/z = 488 (M — H]7). Anal. calcd for Co5H,4FeNO,PS (489.3): C
61.36,H 4.94, N 2.86%. Found: C 61.06, H 5.02, N 2.74%.

Preparation of trans-[PdCl,(1-«P).] (4)

Compound4was prepared according toa published procedure.['”’
[PdCl,(cod)] (28.5 mg, 0.1 mmol) and 1 (91.5 mg, 0.2 mmol) were
dissolved in dichloromethane (5 ml). The resulting deep red
reaction mixture was stirred for 30 min, filtered (PTFE syringe filter,
0.45 um pore size) and evaporated under vacuum. The crude
product was crystallized from hot ethanol (10 ml). The separated
solid was isolated by filtration, washed with diethyl ether and
pentane, and dried in argon stream. Yield: 103 mg (87%), deep red
crystalline solid.

"H NMR (CDCl3): 8§ = 3.11 (t, 3Juy = 5.0 Hz, 1 H, OH), 3.37 (vq,
2 H, NCH,), 3.69 (vq, 2 H, OCH;), 4.52 (vt, 2 H), 4.57 (vt, 4 H), 4.92
(vt, 2 H), 6.55 (t, 3Jyy = 5.8 Hz, 1 H, NH), 7.39-7.65 (m, 10 H, Ph)
ppm. 3'P{"H} NMR (CDCl3): § = 16.2 (s) ppm. The NMR data are
consistent with the literature.'® ESIt MS (methanol): m/z = 1099
(M 4 2Na — 2H — ClI*). Anal. calcd for CsqHagFeaN;04P,CloPd x
2EtOH x 0.1CHCl5 (1183.98): C 54.33, H 5.07, N 2.34%. Found: C
53.91,H5.21, N 2.20%.

Preparation of trans-[PtCl,(1x-P).] (5)

Ligand 1 (91.5 mg, 0.2 mmol) was dissolved in EtOH (5 ml) and
the solution was treated with a solution of Ky[PtCls] (41.5 mg,
0.1 mmol) in H,0 (0.2 ml). The resulting mixture was stirred for 2 h,
filtered (PTFE syringe filter, 0.45 um pore size) and precipitated
with diethyl ether (20 ml). The yellow precipitate was isolated by
filtration, washed with diethyl ether, pentane, and dried under
vacuum. Yield of 5: 85 mg (72%), yellow powder.

TH NMR (CDCl3): § = 3.59 (m, 2 H), 3.85 (m, 2 H), 4.14 (vt, 2 H),
4.39 (bs,2 H),4.52 (bs, 2 H),4.84 (vt, 2H), 7.07 (t, 1 H), 7.15-7.52 (m,
10 H) ppm. 3'"P{"H} NMR (CDCl3): § = 10.4 (s with '%°Pt satellites,
ptp = 3820 Hz) ppm. ESIT MS: m/z = 1109 (IM — 2CI]*). Anal.
calcd for CsgHagFeaN,O4P,ClLPt x EtOH x 0.5CHCI3 (1286.3): C
49.02,H 4.27, N 2.18%. Found: C 48.55, H 4.32, N 2.07%.

Preparation of cis-[PtCl,(1-«P),] (6)

[PtCly(cod)] (37.5 mg, 0.1 mmol) and 1 (91.5 mg, 0.2 mmol) were
dissolved in dichloromethane (5 ml) and stirred for 30 min. The
resulting orange solution was filtered (PTFE syringe filter, 0.45 um
pore size), and the filtrate was treated with hexane (20 ml). The
yellow precipitate was collected by filtration, washed with pentane
and dried under vacuum. Yield of 6: 96 mg (81%), yellow powder.

TH NMR (CDCl3): § = 3.37 (vq, 2 H, NCH,), 3.68 (t, 3Juy = 5.2 Hz,
2 H, OCH;), 4.51 (vt, 2 H), 457 (vt, 2 H), 459 (bs, 2 H), 4.92
(vt, 2 H) (fc); 6.52 (t, 3Jun = 5.5Hz, 1 H, NH), 7.37-7.67 (m,
10 H, Ph) ppm. 3'P{'"H} NMR (CDCl3): § = 11.2 (s with '9Pt
satellites, "Jpp = 2610 Hz) ppm. ESIT MS (methanol): m/z = 1202
([M + Na]+). Anal. calcd for C50H48F62N204P2C|2Pt x 0.5EtOH x
0.3CHClI5 (1239.7): C49.70, H 4.20, N 2.26%. Found: C 49.50, H 4.71,
N 2.05% (sample crystallized from ethanol-chloroform).

X-ray Crystallography

Single crystals of 2 and 3 suitable for X-ray diffraction analysis were
grown by crystallization from ethyl acetate—hexane (2: orange-
brown prism, 0.18 x 0.33 x 0.50 mm?; 3: orange-brown prism,
0.15 x 0.30 x 0.50 mm?). Full-set diffraction data (£h+ k% /; 20 <

Table 3. Crystallographic data and data collection and structure
refinement parameters for 2 and 32

Compound 2 3
Formula C25H24FEN03P C25H24FEN02PS
M (g mol~") 473.27 489.33
Crystal system triclinic monoclinic
Space group P—1(no.2) P27 /c (no.14)
a(h) 10.2181(2) 9.5781(1)
b(A) 10.6864(2) 26.6658(3)
c(R) 10.8632(3) 8.9900(1)
o (deg) 72.049(1)

B (deg) 83.887(1) 100.7649(6)
¥ (deg) 72.416(1)

Vv (A3) 1075.62(4) 2255.71(4)
V4 2 4

Deaic (@ mI~") 1.461 1.441

1 (MoKer) (mm~1) 0.803 0.855
Diffractions total 25263 43071
Unique/observed® diffractions 4936/4473 5190/4554
Rint (%)¢ 1.43 1.41

R (observed data) (%)Pd 2.66 278

R, WR (all data) (%)9 3.08, 6.59 3.43,7.01
Ap (e A-3) 0.31,-0.35 0.32,-0.32

2@ Common details: T = 150(2) K.

b Diffractions with Iy > 20 (I,).

CRint = X|Fo? — Fo’(mean)|/ ©F,2, where Fy%(mean) is the average
intensity of symmetry-equivalent diffractions.

4R = S| Fol — IFc| I/ ZIFol, WR = [E{W(Fo? — F2)?}/ E w(Fo2)2]'/2,

55°) were collected with a Nonius KappaCCD image plate diffrac-
tometer equipped with a Cryostream Cooler (Oxford Cryosystems)
using graphite monochromatized MoKa radiation (A = 0.71073 A)
and were analyzed with the HKL program package.?>

The structures were solved by direct methods (SIR97!2%)
and refined by full-matrix least-squares procedure based on
F? (SHELXL9727)). All non-hydrogen atoms were refined with
anisotropic displacement parameters. The NH and OH hydrogens
(H91 and H92, respectively) were identified on difference density
maps and refined as riding atoms. Other hydrogens were
included in calculated positions and refined as riding atoms with
Uiso(H) assigned to a multiple of Ueq(C) of their bonding carbon
atom. The final difference electron density maps did not show any
peaks of chemical significance.

Relevant crystallographic data and structure refinement pa-
rameters are given in Table 3. Geometric parameters and struc-
tural drawings were obtained with a recent version of PLATON
program.’?8] All numerical values are rounded with respect to their
estimated standard deviations given with one decimal.

Cytotoxicity Studies

The human A2780 ovarian cancer cell line was obtained from
the European Collection of Cell Cultures (Salisbury, UK). Cells
were grown routinely in RPMI medium containing glucose, 5%
fetal calf serum and antibiotics at 37 °C and 5% CO,. Cytotoxicity
was determined using the MTT assay (MTT = 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide).2?! Cells were
seeded in 96-well plates as monolayers with 100 ul of cell
solution (approximately 20 000 cells per well) and pre-incubated
for 24 h in medium supplemented with 10% fetal calf serum.
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Compounds for testing were pre-dissolved in dimethylsulfoxide
(DMSO) then added to the culture medium (to give a final DMSO
concentration of 0.5%) and serially diluted to the appropriate
concentration; 100 ul of drug solution was added to each well and
the plates were incubated for another 72 h. Subsequently, MTT
(5 mg mlI~" solution) was added to the cells and the plates were
incubated for a further 2 h. The culture medium was aspirated,
and the purple formazan crystals formed by the mitochondrial
dehydrogenase activity of vital cells were dissolved in DMSO. The
optical density, directly proportional to the number of surviving
cells, was quantified at 540 nm using a multi-well plate reader and
the fraction of surviving cells was calculated from the absorbance
of untreated control cells. Evaluation is based on means from two
independent experiments, each comprising three microcultures
per concentration level.

Supporting Information

CCDC-755389 (2) and —755390 (3) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
viawww.ccdc.cam.ac.uk/data_request/cif. Supporting information
can be found in the online version of this article.
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Amide FcCONHC(CH,OH); (1; Fc =

ferrocenyl), prepared from fluorocarbonylferrocene

and tris(hydroxymethyl)methylamine, reacts with (BuyN);[H3V(O5g] in N,N-dimethylacetamide
to afford a salt containing a bis(triolato) capped hexavanadate anion bearing two ferrocenyl
groups at its periphery, (BuyN),[{FcC(O)NHC(CH;,0)3},Vs013] (2). Compounds 1 and 2

were characterised by elemental analysis, spectroscopic methods (IR, NMR, and MS)

and by cyclic voltammetry; the crystal structures of 1-1/2CH3;CO,Et and
(BugN),[{FcC(O)NHC(CH;0)3},V013]-2Me;NCHO were determined by X-ray diffraction
analysis. Single-point DFT calculations performed for the isolated hexavanadate anion revealed
the presence of 3-centre 4-electron (3cd4e) O—V-O bonds on the hexavanadate cage, which are
responsible for the high energy of the occupied frontier orbitals. The upper eleven occupied
molecular orbitals including the HOMO are all delocalized over the hexavanadate cage and,

therefore, any electrochemical oxidation can be expected to occur preferentially at the
hexavanadate anion without affecting the pendant ferrocene moieties.

Introduction

Early transition metal polyoxoanions, commonly called poly-
oxometalates,! have been studied originally as structurally
attractive and synthetically challenging compounds. More
recently, the interest in these compounds renewed, being
stimulated by attempts to find new cluster types and large
cages mimicking the properties of metal oxides. Further
motivation comes from the applications of polyoxometalates
and their derivatives in a broad range of fields ranging from
material science and catalysis to biology and biomedicine.>
Hexavanadate clusters are no exception and a number of
compounds having the parent hexavanadate core modified via
incorporation of late transition metal organometallic units® or
a (formal) replacement of the bridging oxygen atoms with
alkoxo groups* have been reported. Compounds in which
triolate units replace the bridging oxygen atoms at the open
tetrahedral cavities of the parent {V4019} core are particularly
attractive due to their synthetic accessibility.> For instance, the
bis-capped anions [V40,3{(OCH,);CR}]*~ can be prepared via
condensation of [H3V,oOx]’~ with triols (HOCH2)3C7R5"
with a range of functional groups at the periphery (variation
of R).>“® The practical potential of such materials was already

“ Department of Inorganic Chemistry, Faculty of Science,

Charles University in Prague, Hlavova 2030, 12840 Prague,

Czech Republic. E-mail: stepnic@natur.cuni.cz;

Fax: +420 221 951 253
b J. Heyrovsky Institute of Physical Chemistry, Academy of Sciences

of the Czech Republic, v.v.i., Dolejskova 3, 18223 Prague 8,
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1 Electronic supplementary information (ESI) available: A “full view’
of the crystal structure of 2a, a superposition of the two crystallo-
graphically independent anions in the structure of 2a, and the crystallo-
graphic data for 1la and 2a. CCDC reference numbers 779152 and
779153. For crystallographic data in CIF or other electronic format
see DOI: 10.1039/c0nj00421a

demonstrated by the preparation of coordination networks
showing catalytic activity in oxidation reactions.®

Aiming at the preparation of hitherto unknown ferrocenyl-
modified polyvanadates, we utilised the mentioned synthetic
approach using N-{[tris(hydroxymethyl)methyl]carbamoyl}-
ferrocene as a source of the ferrocenyl (Fc) unit. Herein, we
describe the synthesis of a novel hexavanadate bearing two
amidoferrocene pendants and its structural characterisation
via a combination of spectroscopic methods, X-ray diffraction
analysis, cyclic voltammetry and DFT calculations.

Results and discussion

Syntheses and structural characterisation

The starting triol derivative, FECCONHC(CH,OH); (1), was
prepared (Scheme 1) by reacting fluorocarbonylferrocene
with tris(hydroxymethyl)methylamine in the presence of
4-(dimethylamino)pyridine and triethylamine using dry
N,N-dimethylformamide (DMF) as a solvent. Isolation by
column chromatography followed by crystallisation
from ethyl acetate-hexane afforded an unstable solvate 1-1/
2CH;CO,Et (1a). Upon drying under vacuum, this adduct
partly liberated the solvent of crystallisation being converted
to a non-stoichiometric though somewhat more stable solvate
analysed as 1-1/3CH;CO,Et (1b), which was used in the
subsequent reactions.

Compound 1b was characterised by elemental analysis and
by spectroscopic methods. In its IR spectrum, it displays
diagnostic amide bands’ at 1619 and 1535 cm !, and a
carbonyl stretching band of the solvating ethyl acetate at
1740 cm~'. The NMR spectra of 1b show signals attributable
to the ferrocenyl moiety and the amide pendant. The amide
C=0 signal is seen at dc 170.10, similarly to an analogous
2-hydroxyethyl substituted amide, FECCONHCH,CH,OH.®

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2010
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Scheme 1 The synthesis of 1 and 2 (DMAP = 4-(dimethylamino)-
pyridine, DMA = N,N-dimethylacetamide, DMF = N,N-dimethyl
formamide).

The molecular structure of la as determined by X-ray
crystallography (Fig. 1) is rather unexceptional. The ferrocene
unit possessed a regular geometry, showing negligible tilting of
its cyclopentadienyl rings (dihedral angle being only 1.2(1)°)
and variation in the individual Fe—C(ring) distances
(2.032(1)-2.055(2) A). The distances of the iron atom to the
cyclopentadienyl ring centroids are 1.6465(8) and 1.6505(9) A
for the substituted and unsubstituted rings, respectively. The
geometry of the amide group does not differ much from that of
the mentioned 2-hydroxyethyl amide,® or the non-functional
amides FCCONHR, where R = i-Pr,” n-Bu, C¢Hy;, Ph,'® and
CH,Ph.!!

In the crystal, the molecules of the amide associate via
conventional O—-H---O hydrogen bonds (Fig. 2). The mole-
cular array can be described such that the molecules related by
the crystallographic two-fold axes assemble into pairs by
04-H40- - -O3 contacts, whilst the dimers formed aggregate

Fig. 1 PLATON'? plot of the amide molecule in the structure of 1a
showing the atom labelling and displacement ellipsoids at the 30%
probability level. Selected distances and angles (in A and °):
CI-Cl11 1.477(2), C11-0O1 1.244(2), C11-N 1.343(2), N-C12 1.474(2),
CI12-Cl13 1.544(2), C12-Cl14 1.534(2), C12-C15 1.530(2), C13-02
1.416(2), C14-03 1.423(2), C15-04 1.426(2); O1-C11-N 122.8(1),
CI1-N-C12  124.4(1), N-CI2-C(13/14/15)  106.6(1)-112.8(1),
C12-C(13/14/15)-0(2/3/4) 110.8(1)-115.2(1).

E B F
H H ! i H
' : : i : i
. HIO o3 A : i
04 HSO---- """
______ HAN 55
H20

C

Fig. 2 A section of the hydrogen bonded array in the structure of 1a
as viewed along the crystallographic b axis. For clarity, the ferrocenyl
units have been replaced with filled black squares. Hydrogen bond
parameters are as follows: N-HIN---02°, N---02 = 3.076(2) A,
angle at HIN = 148°; O2-H20---0O1, O2---0O1 = 2.649(2) A, angle
at H20 = 152° 03-H30---04°, 03...04° = 2.663(2) A, angle at
H30 = 164° 04-H40---03®, 04---03" = 2.671(2) A, angle at H40 =
147°. Symmetry operations: 4 = (x, y, z), B = (=x, y, 1/2 — z2), C =
x, 1=y, =12+ 2,D=(x1=y,12+2),E=(—x,1-y, —2),
F=(-x1-y1-2).

further into infinite ribbons oriented parallel to the ac plane
by means of the O3-H3O---04 and N-HIN---O2 lateral
hydrogen bonds. Besides, the mutual orientation of the
polar groups allows for the formation of structure-stabilising
intramolecular 02-H20---O1 contacts.'* Molecules of the
solvent occupy structural voids defined by the relatively
bulkier amide molecules and do not interact apparently with
the mentioned molecular assembly.

When reacted with (BugN);[H3V¢O5g] in dry N,N-dimethyl-
acetamide (DMA) at elevated temperatures, amide 1
behaved similarly to other tris(hydroxymethyl)methyl
derivatives, affording the respective cationic hexavanadate,
(BuyN),[FcC(O)NHC(CH»0);V40;3(OCH,);CNHC(O)Fc] (2;
Scheme 1). Compound 2 could be conveniently isolated by
column chromatography (silica gel/MeCN). However, a better
defined, air-stable red crystalline solvate 2-:2Me,NCHO (2a)
resulted via a subsequent crystallisation from a MeCN-
DMF—diethyl ether mixture (15% isolated yield of analytically
pure product after chromatography and two crystallisations).

The formulation of 2a is consistent with elemental analysis
data and also with electrospray mass spectra indicating the
presence of the ionic constituents through the signals due to
BuyN " (m/z 242), [{[FcCONHC(CH,0)5},V40,3]*~ (m/z 587),
and [{FCCONHC(CH20)3}2V6013 + Na]7 (I’U/Z 1197) The IR
spectra of 2a suggest the presence of the vanadate unit and
carbonyl groups. A very strong ry—o band is seen at
952 cm™'. Amide bands attributable to the amidoferrocene
pendants appear at 1655/1652 and 1536/1533 cm ™. Notably,
the former band, largely vc—o (amide I), is shifted to higher
energies as compared to 1b, reflecting the differences in
hydrogen bonding patterns. On the other hand, the
other (amide II, dony) band remains virtually unaffected. An
additional vc—o band due to solvating DMF occurs at
1674 cm ™"
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Fig. 3 PLATON'? plot of anion 1 in the structure of 2a showing displacement ellipsoids with 30% probability. The primed atoms are generated
by the crystallographic inversion. The structure and atom labelling scheme of anion 2 in the structure of 2a are essentially identical. Atomic labels

in anion 2 are obtained by adding 20 to the respective label in anion 1.

The >'V NMR spectrum of 2a recorded in CD3CN exhibits
a single broad resonance at 6y —498. The 'H and '*C NMR
spectra confirm the presence of the amidoferrocene pendant,
the counterions and the solvating DMF. Whereas the reso-
nances of the FcC(O) moiety remain virtually intact upon
‘complexation’ (¢f. dc(C=0) 170.90), those due to the
C(CH,0); are affected significantly. The signals of the CH,O

groups are shifted to lower fields in both the 'H and '*C NMR
spectra (Ady ~ 1.7 ppm, Adc =~ 23 ppm), and the C-13
resonance of the C(CH,0); carbon moves by ca. 8 ppm upfield
(N.B. the spectra of 1b and 2a were recorded in different
solvents).

The solid-state structure of 2a was determined by single-
crystal X-ray diffraction analysis (Fig. 3 and Table 1). It

Table 1 Selected distances and angles for the hexavanadate anions in the structure of 2a (in A and )

Anion 1 Anion 2

V1-0l1 (c) 2.2491(5) V21-021 (¢) 2.2362(5)
V1-02 (a) 2.057(2) V21-022 (a) 2.046(2)
V1-03 (a) 1.983(2) V21-023 (a) 1.991(2)
V1-04 (b) 1.771(2) V21-024 (b) 1.779(2)
V1-05 (b) 1.886(2) V21-025 (b) 1.876(2)
V1-06 (t) 1.603(2) V21-026 (1) 1.605(2)
V2-0I (¢) 2.2276(5) V22-021 (c) 2.2320(4)
V2-02 (a) 1.982(2) V22-022 (a) 1.992(2)
V2-07 (a) 2.064(2) V22-027 (a) 2.063(2)
V2-04' (b) 1.887(2) V22-024' (b) 1.864(2)
V2-09 (b) 1.761(2) V22-029 (b) 1.773(2)
V2-08 (1) 1.605(2) V22-028 (1) 1.611(2)
V3-0l1 (c) 2.2439(5) V23-021 (c) 2.2594(5)
V3-03 (a) 2.062(2) V23-023 (a) 2.052(2)
V3-07 (a) 1.975(2) V23-027 (a) 1.989(2)
V3-09’ (b) 1.886(2) V23-029’ (b) 1.882(2)
V3-05' (b) 1.761(2) V23-025' (b) 1.777(2)
V3-010 (t) 1.605(2) V23-030 (t) 1.603(2)
V-O(a)-V 109.23(8)-110.05(8) 109.02(8)-110.13(8)
O(c)-V-O(t) 171.88(8)-171.89(8) 172.66(7)-172.76(7)
Fel-Cgl 1.650(2) Fe21-Cg21 1.650(2)
Fel-Cg2 1.654(2) Fe21-Cg22 1.651(2)
£ Cpl,Cp2 2.0(2) £ Cp21,Cp22 1.8(2)
C11-011 1.227(4) C31-031 1.232(4)
C11-NI1 1.349(4) C31-N21 1.352(4)
O11-C11-N1 123.9(3) 031-C31-N21 123.8(3)
N1-CI12 1.470(4) N21-C32 1.476(4)
C12-Cl13 1.541(4) C32-C33 1.532(4)
C13-02 1.431(3) C33-022 1.424(3)
Cl12-Cl14 1.537(4) C32-C34 1.535(4)
Cl14-03 1.428(3) C34-023 1.434(3)
Cl12-C15 1.534(4) C32-C35 1.541(4)
C15-07 1.421(3) C35-027 1.429(3)
V-0O(a)-C 117.4(2)-120.2(2) 117.9(2)-120.0(2)

“ For atom labelling scheme, see Fig. 1. The prime-labelled atoms are generated by inversion operations. Definitions: a = alcoholate oxygen atom
(02, 03, and O7), b = bridging oxido ligands (04, O5, 09), ¢ = central oxygen atom (O1), t = terminal oxido ligands (06, 08, O10). Cpl and
Cp2 are the substituted and unsubstituted cyclopentadienyl rings, respectively. Cgl and Cg2 stand for their respective centroids.
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Fig. 4 Hydrogen bonds formed between cation 1 and the solvating
DMF in the structure of 2a. The hydrogen bonding pattern generated
by cation 2 is similar. Hydrogen bond parameters: cation 1,
NI-HIN-:--080, N1---080 = 3.114(4) A, angle at HIN = 175
cation 2, N21-H2IN---090, N21---090 = 3.042(4) A, angle at
H2IN = 167°; t = molecules generated by lattice translations.

consists of discrete BuyN* ions and hexavanadate anions,
which bind two DMF molecules via FcCON-H- - -OC(H)NMe,
hydrogen bonds (Fig. 4). Notably, there are two structurally
independent albeit practically identical'* hexavanadate ions in
the crystal structure, each residing on the crystallographic
inversion centres (for an overlap and a ‘full view’, see ESIT).
As a result, the asymmetric unit contains two BuyN ™ cations,
two halves of the hexavanadate anions and two molecules of
solvating DMF.

The triolate units in the anion of 2a are mutually trans as
dictated by the imposed symmetry and the overall geometry
compares well with that reported for the structurally related
anions [{RC(CH,0)3},V015]° ", where R = NO,,>* CH;,
NHC(O)CH=CH,,> or CH,OH.* Likewise these reference
compounds, the V-O distances in 2a follow the trend:
V-O(terminal) < V-O(oxo bridge) < V-O(alkoxide bridge) <
V-0I (central oxygen), which in turn leads to an alternation of
the V-0 distances within the three V404 rings encircling the
central oxygen atom Ol.

The geometry of the V¢O (O = Ol) core is quite regular,
only with the V2-O1 distance being slightly longer than those
involving vanadium atoms V2 and V3. The in-cage V-O1-V
angles amount either to ca. 95° or ca. 85°, accordingly as the
respective vanadium atoms belong to an alkoxide- or oxide-
bridged edge of the V4 octahedron. Another deformation is
detected at the outer surface of the hexavanadate core because
the terminal oxygen atoms, O(6,8,10), are all displaced from
the respective O1-V axes and moved away from the closest
triol-capped face. Nevertheless, this deformation is relatively
minor (¢f. the O1-V-O(t) angles being ca. 171.9° [172.7°)"°
and very likely reflects steric interactions of the terminal V=0
groups with the CH,O arms.

Despite these distortions and unlike V-O distances, the
oxygen atoms forming the ‘central layer’, viz. O1, O(7/7'),
0(8,8"), 0(9,9’) and O(10,10"), are coplanar within ca. 0.06 A
[0.04 A], whilst the V2 and V3 atoms deviate from this central
plane by 0.044(1) A and 0.132(1) A [0.058(1) and 0.124(1) A],
respectively. The oxygen atoms constituting ‘equatorial’ Oy
planes, which are roughly perpendicular to the O=V-O1 axes
(i.e., O(2-5) for V1, 0(2,7,9,4") for V2, and O(3,7,5',9) for V3),
are coplanar within less than 0.01 A. However, their ‘central’

vanadium atoms, V(1-3), are displaced from these planes
away from the central oxygen OIl. The distances from the
respective mean Oy-planes are 0.356(1) A [0.348(1) A] for V1,
0.337(1) A [0.341(1) A] for V2, and 0.350(1) A [0.363(1) A] for
V3. The O(2-5) plane is almost coplanar with the central plane
(the dihedral angle being 0.49(6)° [0.48(6)°]), whereas the
remaining two Og-planes are oriented perpendicularly
(the dihedral angles are 89.71(6)° [89.86(6)°] for O(2,7,9,4"),
and 89.65(6)° [89.59(6)°] for O(3,7,5".9")).

The arms of the triolato unit constitute three OVOCCC
metallorings, which assume similar chair conformations
and bear the pivotal N-C(O) bond in equatorial positions.
Structural parameters of the ferrocenyl pendant differ only
marginally from those of 1a. The ferrocene cyclopentadienyls
in 2a are negligibly tilted and bind symmetrically to the iron
atom. Notably, the amide planes {CON} are rotated with
respect to their bonding cyclopentadienyl ring by 25.9(4)°
[23.6(4)°], with the oxygen atom being moved away from the
ferrocene core. On the other hand, changes in the arrangement
of the amide moiety as well as the variation in the C—-CH,O
and CCH»—O bond lengths are rather insignificant. All other
parameters (including those of the BusN™ cations and the
solvating DMF)'® are unexceptional.

Electrochemistry

Compounds 1b and 2a were studied by cyclic voltammetry at
Pt-disc electrode using ca. 5 x 10~ M acetonitrile solutions
containing 0.1 M BuyNPFg as the supporting electrolyte. The
amide expectedly showed a single, one-electron reversible
wave attributable to ferrocene/ferrocenium couple. This wave
was observed at more positive potentials than for ferrocene
itself (E°* = 0.20 V), which is, indeed, in accordance with
the electron-withdrawing nature of the carbamoyl unit
(¢f. op = 0.36 for CONH,)."”

Compound 2a also displayed a single oxidative wave in the
potential window provided by the solvent (Fig. 5). However,
this wave was found to be electrochemically irreversible
(anodic peak potential, E,, = +0.12 V at the scan rate of
100 mV s~ '; no reduction counter-peak was seen up to 10 Vs~ ").
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Fig. 5 Cyclic voltammogram of 2a as recorded on a Pt-disc electrode
in MeCN (¢ = 0.5 mM in 0.1 M BuyNPFg). The first scan (full line)
and the following scans are distinguished by the line type (second scan
in dashed line, third in dotted line).
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Moreover, a stripping-like peak (probably desorption) developed
upon back scanning which shifted to slightly less positive
potentials during the following scans (Fig. 5). This indicates
some structural changes to be associated with the primary
electron-transfer process that makes the redox change electro-
chemically (and also chemically) irreversible.

Notably, no reduction peak was seen for 2a down to —2.4 V
vs. the ferrocene/ferrocenium reference. This contrasts with
the behaviour of [{RC(CH20)3}2V6013]27, where R = CH;,
CH,CH3;, CH,Ph, NO,, and NMe,, that all display
one-electron reversible reductions in the potential range of
ca. —0.65 to —1.2 V (vs. ferrocene/ferrocenium) depending
on R.“? An explanation of the overall redox response of 2a
can be sought in the electron-donating character of the
ferrocenyl group, which makes the hexavanadate unit
(relatively) electron rich and thus renders any reduction more
difficult while facilitating oxidation processes.

DFT calculations

The solid state structure of the anion in 2 has been subjected to
single-point DFT studies in order to obtain some insight into
the bonding relations within the hexavanadate unit.

The peculiar structure of the hexavanadate cage owes its
existence to a rather complicated bonding scheme, which is
impossible to describe properly by the ‘classical’ Lewis terms
(i.e., via o- and m-bonds between atoms and nonbonding
electron lone pairs). Although the natural charges of the
individual vanadium atoms were found to be practically
the same (1.54 for V1/1’ and V3/3’; 1.53 for V2/2), those of
the hexavanadate oxygen atoms exhibited a large variation
depending on the number of the bonding partners (Table 2). In
addition, the Mayer bond orders'® were dependent on the
chemical nature of the individual oxygen atoms (Table 3),
while the fractional values obtained for the V-O bonds
suggested that only a resonance description of the bonding
could be adequate.

The nearly regular octahedron around the central oxygen
atom O1 cannot be the result of any dominant O-V covalent
interactions, since an octahedral arrangement is achievable by
the formation of a sp>d® hybrid, which is however beyond the
possibilities of the second-row oxygen atom. The primary role
of the Ol atom is thus to act as an ‘anchor’ for the surrounding
vanadium cations by means of its marked negative charge,
alleviating the repulsion between the metallic centres and

Table 2 Natural charges (¢,.) of the hexavanadate oxygen atoms

Atom(s) nat Atoms nat

Ol —1.11 09/9’ —0.68
02/2',03/3', 07/7 —0.74 06/6’ —-0.53
04/4', 05/5' —0.69 08/8’, 010/10" —0.56

Table 3 Mayer bond orders (BO) for the VOg4 octahedron around V2

Bond Mayer BO Bond Mayer BO
V2-Ol(c) 0.634 V2-08(t) 0.235
V2-02(a) 0.776 V2-09(b) 1.673
V2-07(a) 0.686 V2-04'(b) 1.153

providing some necessary electrostatic stabilization for the
hexavanadate cage.

Owing to their octahedral environment, the Ol 2s and 2p
orbitals remain unmixed and despite being virtually nonbonding,
they still provide some covalent bonding contributions to the
surrounding metallic centres. However, due to the large
interatomic O1-V separations, these covalent contributions
are rather weak; thus the Natural Bond Orbital’® (NBO)
default search reported four lone pairs on O1 with the covalent
overlaps treated as perturbations (delocalizations). The largest
delocalization energies were found for the six V-O bonds
between the six cage vanadiums and their terminal oxido
groups. The most significant delocalization energies were
observed for the 2s orbitals of O1 (Table 4).

Attempts to describe the bonding of the bridging alcoholate
and oxido oxygen atoms by means of ‘classical’ two-centre
bonds have all failed and the formalism of the 3-center
4-clectron (3c4e) ‘hyperbonds’ had to be adopted instead.
The concept of 3cd4e bonding, introduced originally by
Pimentel,”® considers interactions of this type as a bonding
between a triad of atoms (denoted henceforth as Al, A2,
and A3), whose hybrids form three molecular orbitals (MO) of
which the lowest two are populated by four electrons. Since a
3cde interaction is usually of an na; — o®,_ a3 delocalization,
the second populated orbital is quite high in energy. Using
Coulson’s description,?! one can regard a 3cde bond as a
resonance between two limiting Lewis structures AI1-A2:A3
and A1:A2-A3, denoted usually as A1FA24A3.

Actually, the bridging oxygen atoms in the hexavanadate
anion of 2 are all bonded by the 3c4e bonds (Table 5) with the
vanadium atoms acting as centres for these three-centre inter-
actions. Although the ratios between the two Lewis forms of
the resonance triads are based on estimation and should be
regarded as correct qualitatively,? the fractional bonding of
the individual oxygen atoms is very well apparent.

The incorporation of o* interactions in the second
(and populated) orbitals of all the 3c4e hyperbonds leads to
their energy becoming high. The oxygen nonbonding lone
pairs remain also virtually nonbonding and as a consequence

Table 4 Delocalization energies (in kcal mol™') of the O1 2s orbital
based on second-order perturbative estimates

Acceptor Ejgeroc LP(25) Acceptor Egeloc LP(2s)
V1-06 21.97 V3-010 23.30
V'-06’ 22.17 V3’010’ 24.01
V2-08, V2'-08’ 26.17 — —

Table 5 The 3c4e hyperbonds in the hexavanadate anion”

Hyperbond A1+A24A3 Y%A1-A2/%A2-A3 Occupancy
O3+V1404 37.4/62.6 3.9220
O3+V1405 47.1/52.9 3.9259
04+V14102 60.4/39.6 3.9833
O5+V1403 59.3/40.7 3.9351
02+V2109 39.6/60.4 3.9047
O9+V2407 61.1/38.9 3.9389

“ Only contributions involving the oxygen atoms in the asymmetric
part are listed.
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Fig. 6 Electrostatic potential mapped onto the 2% probability iso-
surface of 2a (top) and orientation of the molecule in the isodensity
contour (bottom). Blue regions are electrophilic, green electroneutral,
and the red nucleophilic.

of both these phenomena, the highest occupied canonical
orbitals delocalize over the hexavanadate cage. Due to the
presence of the highly electronegative oxygen atoms, the overall
electrostatic potential is also markedly negative (Fig. 6).

Since the upper 11 occupied molecular orbitals (including
the HOMO) are delocalized over the hexavanadate cage, any
oxidation processes will affect the anionic part of the molecule
without the involvement of redox changes on the ferrocene
units. The HOMO orbital particularly is a combination of the
nonbonding lone pairs on the six bridging oxido atoms, each
contributing with comparable fractions. The next occupied
orbitals, still close in energy to the HOMO, incorporate
already the bonds to the vanadium atoms. The irreversible
oxidative wave observed during cyclic voltammetry (oxidation)
thus probably reflects structural reorganisation at the hexa-
vanadate cage, possibly due to changes occurring in the
OFVAO triads.

Conclusions

This contribution demonstrates that the synthetic methodology
developed for the synthesis of triolato-capped hexavanadates
can be advantageously used for the preparation of well-defined
compounds bearing the ferrocenyl groups as redox-active
organometallic pendants. Electrochemical data and, mainly,
theoretical computations indicate the ferrocenyl groups to
behave largely as auxiliary modifiers without any pronounced
electronic interaction with the anionic hexavanadate core.
DFT calculations also reveal the presence of 3-centre
4-electron (3cde) O-V-O bonds and delocalised bonding
within the polyoxometalate cage where the central oxygen
atom acts as an electrostatic pivot.

Experimental
Materials and methods

Syntheses were performed under argon atmosphere in the
dark. Fluorocarbonylferrocene® and (BuyN);[H3V;oO,s]**

were synthesised according to literature procedures. Dry aceto-
nitrile, DMF and DMA were purchased from Fluka and
Aldrich. Other chemicals and solvents were used as received
(Fluka, Aldrich; solvents from Lach-Ner).

NMR spectra were measured with a Varian UNITY Inova
400 spectrometer ('H, 399.95; '3C, 100.58; 'V, 105.18 MHz)
at 298 K. Chemical shifts (6/ppm) are given relative to internal
SiMe, ('H and '3C) or to external neat VOCl; (°'V). In
addition to the standard notation of the signal multiplicity,
vt is used to denote virtual triplets arising from magnetically
non-equivalent AA’BB’ spin systems formed by the protons at
the substituted cyclopentadienyl rings (CsHg). IR spectra
were recorded with an FTIR Nicolet 7600 (Thermo Fisher
Scientific) instrument in the range 400-4000 cm™'. Electro-
spray ionisation mass spectra (ESI MS) were recorded with a
Esquire 3000 (Bruker) spectrometer in methanol.

Electrochemical measurements were carried out with a
computer-controlled multipurpose potentiostat _,AUTOLAB
IIT (Eco Chemie) at room temperature using a standard three-
electrode cell with platinum disc electrode (AUTOLAB RDE,
3 mm diameter) as the working electrode, platinum sheet
auxiliary electrode, and saturated calomel reference electrode
(SCE), which was separated from the analysed solution by a
salt-bridge (0.1 M BuyNPF¢ in MeCN). The analysed
compounds were dissolved in MeCN (Aldrich, absolute) to
give a solution containing ca. 5 x 10~* M of the analyte and
0.1 M BuyNPF¢ (Fluka, puriss for electrochemistry) as the
supporting electrolyte. The solutions were deaerated with
argon prior to the measurement and then kept under an argon
blanket. The redox potentials are given relative to the
ferrocene/ferrocenium reference.

Syntheses

{N-[Tris(hydroxymethyl)methyl]carbamoyl}ferrocene (D).
(Fluorocarbonyl)ferrocene (1.160 g, 5.0 mmol), tris(hydroxy-
methyl)methylamine (0.787 g, 6.5 mmol) and 4-(dimethylamino)-
pyridine (0.122 g, 1.0 mmol) were dissolved in a mixture of dry
DMF (20 mL) and triethylamine (1 mL), and the resulting
mixture was stirred at 60 °C for 16 h. Then, the volatiles were
removed under reduced pressure, and the solid residue was
purified by column chromatography (silica, CH,Cl,-methanol,
10 : 1 v/v). Two bands were collected. The second band
containing the desired product was evaporated and the residue
was crystallised from hot ethyl acetate (20 mL) by slow cooling
down to —18 °C. Yield of 1-1/3AcOEt: 0.358 g (20%), orange
brown crystalline solid.

'H NMR (DMSO): 6 1.18 (t, *Jyy = 7.1 Hz, 1 H,
CH;CO,CH,CHjs), 1.99 (s, 1 H, CH;CO,Et), 3.64 (d, *Jyy =
5.7 Hz, 6 H, CH,OH; the signal collapses into a singlet upon
addition of D,0), 4.03 (q, *Juu = 7.1 Hz 2/3 H,
CH;CO,CH,CHj;), 421 (s, 5 H, CsHs), 4.36 and 4.76
(2x virtual t, J ~ 2.0 Hz, 2 H, CsHy); 4.88 (t, *Jyy =
5.9 Hz, 3 H, CH,OH, the signal disappears after the addition
of D,0), 6.63 (s, 1 H, CONH). “C{'"H} NMR (CDCls):
0 1398 (CH3CO,CH,CH3), 20.65 (CH3CO,Et), 59.64
(CH3CO,CH,CH3), 60.58 (CH,OH), 62.06 (CNH), 68.19
(CH of CsHy), 69.49 (CsHs), 70.03 (CH of CsHy), 76.56
(Cipso of CsHy), 170.10 (C=O; only one C=O resonance
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was observed). IR (neat): v/em™' 3260 br s, 3108 m, 2959 m,
2938 m, 2896 w, 2872 w, 1740 s, 1619 vs, 1535 s, 1459 w,
1449 w, 1412 w, 1375 m, 1344 m, 1307 m, 1286 w, 1240 m, 1190 m,
1122 m, 1106 w, 1074 w, 1054 s, 1036 m, 1020 s, 930 w,
906 w, 872 w, 847 w, 831 m, 773 m, 730 br m, 620 w, 584 w,
560 w, 529 m, 499 m, 484 m, 467 w cm~'. Anal. Calc. for
CsH9yFeNO,4- 1/3CH;CO,Et  (359.6): C 54.11, H 6.00,
N 3.90%. Found: C 53.74, H 5.97, N 3.75%.

Compound 2. A solution of amide 1b (0.321 g, 0.9 mmol) and
(BugN)3[H3V9044] (0.502 g, 0.3 mmol) in dry DMA (10 mL)
was heated at 90 °C for 60 h, whereupon the colour turned
from orange to brown. The reaction mixture was cooled
to room temperature and then slowly added to diethyl ether
(100 mL). The separated brown precipitate was filtered off and
purified by column chromatography (silica gel, MeCN). The
first brown and green coloured bands were discarded, and the
following red band was collected and evaporated under
vacuum. The solid residue, which was shown to be essentially
pure unsolvated 2 by NMR spectra, was dissolved in dry DMF
(2 mL). The solution was carefully layered with MeCN (1 mL)
and diethyl ether (20 mL), and the mixture was allowed to
crystallise over several days to afford crystalline 2a, which was
isolated by suction. The isolated product was recrystallised
once again to afford analytically pure 2a as a dark red
crystalline solid. Yield: 81 mg (15%).

"H NMR (CD3CN): 6 0.98 (br t, 12 H, NCH,(CH,)>CHs,),
1.38 and 1.63 (2x br s, 8 H, NCH,(CH>),CH3); 2.78 and 2.90
(2x s, 3 H, Me;NCHO); 3.14 (br s, 8 H, NCH,(CH,),CHj;),
4.16 (s, S H, CsHs), 4.32 and 4.71 (2x virtual t, / = 1.9 Hz,
2 H, CsHy); 5.37 (s, 6 H, NHC(CH,0);), 5.77 (s, 1 H,
NHC(CH,0)3), 7.95 (br s, 1 H, Me,NCHO). “C{'H}
NMR (CD;CN): 6 13.94 (NCH,(CH,),CH3), 20.45 and
24.47 (NCH,(CH;),CHs3); 31.34 and 36.62 (Me;NCHO);
5426 (CNH), 59.44 (t(1:1:1), "J(N,’C) ~ 3 Hz
NCH,(CH,),CH3), 69.52 (CH of CsHy), 70.80 (CsHs), 71.35
(CH of CsHy), 77.61 (Cipso of CsHy), 83.88 (CH,0), 170.90
(FcCO); the C=0 signal due to Me;NCHO was not observed.
'V NMR (CD;CN): 6 —498 (br s, Avy & 530 Hz). ESI+ MS
(CH;0H): m/z 242 (BuyN™); 587 ([{FcCONHC(CH,0)s}»-
V60157 7) and 1197 ([{FcCONHC(CH,0);},V¢0,3 + Na]").
IR (neat): v/em™' 3337 m, 3308 m, 3101 w, 3084 w, 2962 m,
2938 m, 2873 m, 2856 m, 1674 s, 1655/1652 s, 1536/1533 s,
1471 m, 1410 w, 1386 m, 1312 m, 1275 m, 1195 w, 1170 w,
1106s, 1060 m, 1047 m, 1020 w, 952 vs, 817/810's, 722 s, 584 s, 497
w, 481 w, 422 m. Anal. Calc. for (C16H36N)2[C30H32F62N2021V6]'
2C;H;NO (1805.0): C45.24, H 6.59, N 4.66%. Found: C 44.92, H
6.51, N 4.55%.

X-Ray crystallography

Single crystals suitable for X-ray diffraction measurements
were grown from warm ethyl acetate (1-1/2CH3;CO,Et: brown
plate, 0.20 x 0.32 x 0.40 mm?) or selected directly from the
reaction batch (2a: red-brown fragment, 0.20 x 0.25 x 0.28 mm®).
The selected specimens were mounted onto glass fibres with
poly(perfluoroalkylether) oil.

Full-set diffraction data (20 < 54.9 for 1, and 52.8°

for 2a; +h+k+l, data completeness 99.9%) were collected
with a Nonius KappaCCD diffractometer equipped with a

Table 6 Selected crystallographic data and structure refinement
parameters for 1a and 2a“

Compound la 2a
Formula C17H»3FeNOs¢ CggH15FesNgOo3 Ve
M 377.21 1805.02
Crystal system Monoclinic Triclinic
Space group C2/c (no. 15)  PI (no. 2)
a/A 29.2486(4) 12.6480(2)
b/A 10.1996(1) 15.8602(2)
c/A 11.8137(1) 20.3923(3)
o/ — 84.8847(8)
B° 103.1641(9) 79.9909(7)
/e — 78.0411(8)
VIA3 3431.70(8) 3935.0(1)
VA 8 2

D.Jg mL™! 1.460 1.523
w(MoKo)/mm™! 0.905 1.113
Diffractions collected 45736 105274
Independent/observed” diffrns  3930/3622 16120/12513
Rin (%) 2.9 5.8

R? observed diffractions (%)  3.02 4.25

R, WRDd all data (%) 3.30, 7.91 6.20, 11.3
Aple A3 0.58, —0.52 0.82, —0.55
CCDC reference number 779152 779153

@ Common details: 7= 150(2) K. ® Diffractions with 7 > 26(1). ¢ Rin; =
SO|F,* — Fy*(mean)|/S_F,”, where F,*(mean) is the average intensity of
symmetry-equivalent diffractions. ¢ R, = SIF, |[FNY | Fl,
WR=[SIWE = F)Ew(F)P. € CisHigFeNOy:1/2C4Hg0,.
7 (C16H36N)s[C3oH32FeaN>05, V- 2C; H,NO.

Cryostream Cooler (Oxford Cryosystems) using graphite-
monochromatised MoKa radiation (4 = 0.71073 A). The
data were analysed with the HKL program package;> absorp-
tion was neglected.

The phase problems were solved by direct methods
(SIR97)*® and the structures were refined by full-matrix
least-squares on F> (SHELXL-97).%” The non-hydrogen atoms
were refined with anisotropic displacement parameters except
for disordered ethyl acetate in the structure of amide 1. The
NH and OH hydrogens were located on difference electron
density maps and refined as riding atoms with Ujs,(H) assigned
to a multiple of Uy of their bonding atom. All other hydrogen
atoms were included in their theoretical positions and refined
as riding atoms.

Geometric calculations were performed with a recent
version of the PLATON program.'? All numerical values are
rounded with respect to their estimated standard deviations
(esd’s) given with one decimal; parameters involving
fixed hydrogen atoms are given without esd’s. Relevant
crystallographic data and structure refinement parameters
are presented in Table 6.

Theoretical calculations

DFT computations have been conducted at the fermi cluster of
the Computer Centre at the J. Heyrovsky Institute of Physical
Chemistry, Academy of Sciences of the Czech Republic, using
Gaussian 03, Revision E.01.%® The calculations were carried
out as single point on the solid state geometry with the cationic
parts excluded. The B3P86 functional was employed and the
6-31+G(d) basis set was used for all atoms. Natural Bond
Orbital Analyses were done with the NBO 5.G*° program;
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visualization of the canonical molecular orbitals and the
overall electrostatic potential was accomplished by Molden.*
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ABSTRACT: The reaction of pentafluorophenyl 1-(diphenyl-
phosphino)ferrocene-1-carboxylate (4) with @-aminosulfonic acids
H,N(CH,),SO;H (n = 1-3) in the presence of 4-(dimethylamino)-
pyridine and triethylamine affords the respective phosphinoferro-
cene amidosulfonates as crystalline triethylammonium salts, viz.,
(Et;NH)[Ph,PfcCONH(CH,),S05] (1, n = 1; 2, n = 2; 3, n = 3;
fc = ferrocene-1,1"-diyl), in good yields. These ligands react smoothly
with [PdCl(cod)] (cod = n*n*-cycloocta-1,5-diene) to give the
anionic square-planar bis-phosphine complexes trans-(Et;NH),-
[PACL,(Ph,PfcCONH(CH,),SO5-kP),] (5, n = 1; 6, n = 2; and 7,

= 3). The chloride-bridged dimer [LN°PdCIl], where LN is
2-[(dimethylamino-xN)methyl]phenyl-«C' auxiliary ligand, is
cleaved with 1 to give (Et;NH)[LN“Pd(Ph,PfcCONHCH,SO;P)]
(8), in which the amidosulfonate coordinates as a simple phosphine.
A similar reaction of [LN“Pd(OAc)], and 1 proceeds under a partial elimination of (Et;NH)OAc to afford a mixture of zwitterionic
bis-chelate [LN“Pd(Ph,PfcCONHCH,SO;-<*0,P)] (9) and another Pd(II) complex tentatively formulated as [LNPd(OAc)-
(Ph,PfcCONHCH,SO;-kP)] (9a), from which the former complex separates as an analytically pure crystalline solid. All compounds
have been characterized by spectroscopic methods and elemental analysis. The crystal structures of 1, 3, 5-2.5CH,Cl,, and
9-2CHCIl; were determined by single-crystal X-ray diffraction analysis. In addition, complexes S—7 were tested as defined
precatalysts for Pd-catalyzed cyanation of aryl bromides with K,[Fe(CN),]-3H,0 in aqueous dioxane. Complex § proved the most
active and generally applicable, affording the nitrile products in good to excellent yields.

[EtaNHIo [~

K4[Fe(CN)6]/[Pd]
K2CO3
dioxane-water

hydrolytic
side-product

.

B INTRODUCTION

Shortly after the synthesis of the first sulfonated phosphines," it
was recognized that the introduction of the highly polar and
hydrophilic sulfonate group markedly improves solubility of
these donors in water. Since then, there have been reported a
number of phosphines sulfonated at their organic backbone.
Among these, however, only sulfonated triphenylphosphine
derivatives became the real privileged ligands that allowed for
transferring numerous important transition metal-catalyzed
reactions from organic solvents to water as an enwronmentally
benign reaction medium without compromising their efficacy.”
Stimulated very likely by the applications of water-soluble phos-
phinosulfonate ligands, Whitesides and co-workers designed a
series of donors combining extended carboxamido--sulfonate
polar tags with a diphosphine ligating unit (Chart 1, A).> This
concept was later utilized by Sinou et al. in the preparation
of water-soluble amidophosphine ligands based on chiral 2-
[ (diphenylphosphino)methyl] 4~(d1phenylphosphmo)pyrrohdme
In the mid 1990s, Morteaux, Ziolkowski, et al.’ and Patin et al.°
reported the synthesis of another phosphine amidosulfonate
ligand (Chart 1, B) by addition of diphenylphosphine or
LiPPh, across the terminal double bond in the readily available

-4 ACS Publications  © 2011 American Chemical Society

Chart 1
A
(o} (e}
N(CH2CH2PPh2)2 N(CH2CH2PPh2)2
SO3Na Y
X/Y = CONHCH2CH2SO3Na
and COONa (mixture of isomers)
Q X
N(CH2CH2PPhy)2 M
803Na"' S % N(CH2CH2PPh2)2

B
SO3M (M = alkali metal ion or NR.
thp/\)]\H 3M ( 4)
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2-acrylamido-2-methyl-1-propanesulfonic acid. The former addition, the crystal structures of 1 and 3 have been determined
group further studied this hydrophilic phosphine as a ligand by single-crystal diffraction analysis.
for Rh(I)-catalyzed hydrogenation and hydroformylation Electrospray ionization (ESI) mass spectra of 1—3 cor-
reactions in various solvents including water and biphasic roborate the formulation by showing highly abundant signals
mixtures,>” and also for Pd-catalyzed carbonylation of organic due to [Ph,PfcCONH(CH,),SO;]~ (n = 1-3, fc = ferrocene-
halides to the respective acids or esters in water/toluene or 1,1-diyl) and [Et;NH]*. In NMR spectra, the compounds
water/alcohol mixed solvents.® display characteristic signals of the PPh,-substituted ferrocene-
While exploring the coordination properties and synthe- 1,1-diyl moiety, the (CH,), linking groups, and the triethyl-
tic applications of simple” and functional (typically donor- ammonium counterions. Additional "H NMR signals due to
substituted)'® phosphinoferrocene carboxamides, we recently Et;NH and the amide protons are observed as broad singlets
turned also to compounds bearing highly polar amide sub- and CH,-coupled triplets, respectively, whose positions may
stituents. So far, we have synthesized phosphinoferrocene change with the temperature and sample concentration. The IR
amides bearing pendant 2-hydroxyethyl and a-amino acid spectra of 1—3 show strong amide bands at ca. 1645 (amide I)
substituents. The former compounds proved useful ligands for and 1550 cm™ (amide II); bands due to the terminal sulfonate
Pd-catalyzed Suzuki—Miyaura cross-coupling in biphasic groups are seen at ca. 1150—1170 (v,(S03)) and 1025—1040
reaction media,11 whereas the latter were successfully utilized as (1,(S03)).
ligands for Suzuki—Miyaura cross-coupling in aqueous reaction The crystal structures of 1 and 3 are presented in Figure 1.
media (achiral ligands based on glycine)12 or for enantioselective Selected distances and angles are given in Table 1. The molecular

Cu-catalyzed conjugate addition of diethyl zinc to chalcones' and
Pd-catalyzed asymmetric allylic alkylation (ligands prepared from
chiral amino acids)."* In a search of other lead structures, we
became inspired by the polar phosphine-amides mentioned
above and decided to prepare a series of new homologous amides
from 1'-(diphenylphosphino)-1-ferrocenecarboxylic acid (Hdpf)'®
and w-aminosulfonic acids H,N(CH,),SO,H. This contribution
reports the synthesis and structural characterization of three such
polar phosphinoferrocene ligands and palladium(II) complexes
thereof. Also reported are results of testing of defined Pd(II)
diphosphine complexes prepared from these polar donors as
catalysts for metal-catalyzed cyanation of aryl bromides in water/
dioxane mixtures.

B RESULTS AND DISCUSSION

Synthesis and Characterization of the Ligands.
Amidosulfonate ligands 1—3 were obtained upon reacting the
appropriate @-aminosulfonic acid with Hdpf pentafluorophenyl
ester 4'' in dry DMF in the presence of triethylamine and
a catalytic amount of 4-(dimethylamino)pyridine at room
temperature (Scheme 1). Subsequent isolation by column

Scheme 1. Preparation of Amidosulfonate Ligands 1—-3“

@/Pth
Fe
O
Y
s
\
4

OCgF5
HoN(CH2)4,SO3H
DMF/NEt3/DMAP PPhy
[Et3NH] é\ o
4
S
HN(CH2),S0O3
3
1(n=1),2(n=2),3(n=3
(n=1).2(n=2), 3(n=3) Figure 1. Views of the molecular structures of compound 1 (top) and
“DMAP = 4-(dimethylamino)pyridine, DMF = N,N-dimethylformamide. 3 (bottom). Displacement ellipsoids enclose the 30% probability level.
chromatography and recrystallization from hot ethyl acetate structures are rather unexceptional, especially when com-
afforded the products as air-stable, crystalline triethylammo- pared to the crystal structures determined earlier for the related

nium salts in good yields. The compounds were characterized amides Ph,PfcCONHR, where R = H, NHCH,Py (Py =
by elemental analysis and by spectroscopic methods. In pyrid-2-y1),'® CH,CH,0H,"" and CH,CO,t-Bu."* The ferrocene
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Table 1. Selected Distances and Angles for 1 and 3“

parameter 1 3
Fe—Cg’ 1.642(1) 1.6397(8)
Fe—Cg® 1.647(1) 1.6440(8)
2CpS,Cp” 1.1(2) 3.2(1)

o 131 78

Cl11=01 1.235(3) 1.229(2)

C11-N1 1.352(3) 1.344(2)
NI1-C11=01 122.3(2) 122.6(2)

N1-C24 1.434(3) 1.456(2)

Cp© vs {CON}* 5.0(3) 9.9(2)

CH,—S 1.799(3) 1.773(2)

o) 1.449(2)—1.459(2) 1.446(1)—1.470(1)

“Definitions: Cp” and Cp® are the PPh,- and amide-substituted
cyclopentadienyl rings. Cg” and Cg® are the respective centroids.
bTorsion angle C1—Cgl—Cg2—C6. “Dihedral angle of the Cp® and
amide plane {C11,N1,01}.

units in 1 and 3 are regular with almost identical Fe—ring
centroid distances and tilt angles below 5°. In the case of
compound 1, the substituents at the ferrocene unit assume an
intermediate conformation close to anticlinal eclipsed (see 7 in
Table 1). The amide group is rotated by only ca. 5° from the
plane of its parent cyclopentadienyl ring (Cp®), while the
attached sulfonatomethyl group is oriented above the Cp® plane
so that the vector of the C24—S bond intersects this ring plane at
an angle of 73.5(2)°. The amide pendant in 3 still points toward
the PPh,-substituted cyclopentadienyl ring, but the ferrocene
unit adopts a more compact conformation (synclinal eclipsed).
The amide plane in 3 is rotated from the Cp® plane by ca. 10°
though without any torsion at the amide pendant (cf. the
distance of C24 from the amide plane being only 0.018(2) A).

Anions in the crystals of 1 and 3 assemble into dimers via
N—H---O hydrogen bonds toward one of the sulfonate oxygens
(Figure 2; N1--O3 = 2.830(3) A for 1 and N1---O4 = 2.908(2)
A for 3). The triethylammonium counterions “decorate” these
dimers at the outside, being connected via Et;N—H:--O;S
hydrogen bonds (N2:-O4 = 3.044(3) A for 1 and N2--03 =
2.704(2) A for 3). In the case of 1, featuring a shorter linking
group (methylene), the latter interaction operates synergisti-
cally with a relatively shorter (stronger) N—H:-O=C contact
(N2:-01 = 2.767(3) A).

Preparation of Pd(ll) Complexes. Ligands 1—3 react
cleanly with [PdCl,(cod)] (cod = #°:;°-cycloocta-1,5-diene)
to afford the expected square-planar diphosphine complexes
5—7 in high yields (Scheme 2). In 'H NMR spectra, these
complexes display signals due to the phosphinoferrocene
ligands and the ammonium counterions. The *'P{'H} NMR
spectra of all three complexes comprise one singlet resonance at
0p 16.9, which is practically identical to that of the related Hdpf
complex trans-[PdCl,(Hdpf-xP),]'® and, in turn, suggests the
trans geometry for all compounds. Indeed, this was confirmed
by structure determination for compound $ as a representative.
A view of the complex anion in the crystal structure of solvate
5-2.5CH,Cl, is presented in Figure 3; a “full” view is available
as Supporting Information, Figure S1.

The molecular structure of the complex anion in $, particularly
the coordination geometry, compares very well with that of
trans-[PdCl,(Hdpf-xP),] 2CH,CO,H"® and all other structurally
characterized complexes of the type trans-[PdCL,(Ph,PfcY-«P), ],
where Y is a nonchiral'” functional group.'®'® Unlike these com-
plexes, however, compound § crystallizes without any imposed
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(b)

Figure 2. Views of the hydrogen-bonded assemblies in the crystal
structures of 1 (a) and 3 (b). Only NH hydrogens and pivotal carbon
atoms from the phenyl rings are shown for clarity.

Scheme 2. Preparation of Pd(II) Complexes 5—7
[PdCl2(cod)] + 2L

O3S(CH2)nr\{H
P
ph, Ph ©
N7 Cl Fe
P s
otz | <G Pd
RS
Fe c = "Ph
Ph
> P
S
HN(CH2),SO3 1

5(n=1),6(n=2),7(n=3)

“cod = cycloocta-1,5-diene.

symmetry, which can be tentatively attributed to crystal packing
effects (most likely to an inefficient packing of the bulky
counterions). Nonetheless, the complex anion tends to mimic
a higher symmetry with very similar geometry for the two
structurally independent PdCI(Ph,PfcCONHCH,SO,) subunits.

The palladium Pd and its four ligating atoms in § are
coplanar within ca. 0.03 A, which is in line with the sum of the
interligand angles being 360.0°. The ferrocene units exert tilt
angles below ca. 4° and a marginal variation in the Fe—C(Cp)
distances (ca. 0.04 A). Compared to the structure of the free
ligand, the ferrocene substituents in § are more distant, as
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Figure 3. View of the complex anion in the crystal structure of §-2.5CH,Cl,. Displacement ellipsoids correspond to the 30% probability level.

indicated by the 7 angles of 155° and 148° for ferrocene units
comprising atoms Fel and Fe2, respectively. The amide planes
are rotated by 4.4(5)° (moiety 1) and 12.4(5)° (moiety 2) with
respect to the planes of their bonding Cp rings.

In the solid state, the molecules of complex S aggregate
analogously to the free ligand (see Supporting Information,
Figure S2). The only notable exception is that the pairs formed
through N—H:-O;S hydrogen bonds bind the counterions
only via Et;N—H---O=C interactions (i.e., without supportive
Et;N—H--O,S contacts such as in 1) since the cations are
shifted with respect to the amidosulfonate chains. Furthermore,
because of the presence of two polar chains extending in roughly
opposite positions, the anions associate into infinite chains in a
brick wall-like fashion.

In another series of experiments, we studied the reactivity of
ligand 1 as a representative toward C,N-chelated Pd precursors.
Thus, compound 1 reacted with the dimer [LN“PdCI], (LN¢ =
2-[(dimethylamino-kN)methyl]phenyl-kC") to afford (Et;NH)-
[LNPACI(Ph,PfcCONHCH,SO;-«xP)] (8 in Scheme 3) as the
sole product. An analogous reaction with the acetate-bridged
dimer [LN“Pd(OAc)], proved more complicated, producing a
mixture of two new Pd complexes and triethylammonium acetate
(Scheme 3). The major Pd-containing product (ca. 60%) was
found to crystallize preferentially from the reaction mixture
(either spontaneously or by addition of a less polar solvent) and
was structurally characterized as O,P-chelated zwitterion 9 (see
below). This bis-chelate complex apparently results by meta-
thesis-like displacement of the Pd-bound acetate with 1 with
concomitant elimination of (Et;NH)OAc. Although the
replacement of the acetate ligand is probably assisted by the
charge of the terminal sulfonate group, it is the amide oxygen
that becomes coordinated to palladium, most likely due to a favor-
able size of the chelate ring thus formed. A similar motif was found
in the structures of [LN“Pd(Ph,PfcCONHR-x*0,P)]" salts prepared

732

Scheme 3. Preparation of Palladium(II) Complexes with LN¢

Auxiliary Ligand®

1, X=

cl
——————> [Et3NH]

8
[(LNOPd(u-X)]2
_ o
Ph ¢
@/ :
1, X=0OAc Pd
Fe 7
- (EtaNH)OAc @\ 0
Vi
C
HN—_~S03
9

ALNC = 2-[(dimethylamino-xN)methyl ]phenyl-xC".

from simple (R = Ph)*® and functional (R = CH,CO,Me)"?
phosphinoferrocene carboxamide ligands.

In view of the literature precedents”® and our reaction tests
(see Experimental Section), the minor component in the reaction
mixture was tentatively formulated as the bridge-cleavage product
(Et;NH)[LN“Pd(OAc)(Ph,PfcCONHCH,SO;-kP)] (9a), repre-
senting a plausible reaction intermediate occurring en route from
[LNPd(OAc)], to 9. Unfortunately, neither in situ NMR nor IR
spectra of the reaction mixture provided an unambiguous proof
for this formulation owing to the presence of broad resonances
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indicating a dynamic system and extensive band overlaps,
respectively. Supporting evidence was finally inferred from ESI-
MS spectra of the reaction mixture containing 9 and 9a that
clearly showed ions due to [(LN°)Pd(Ph,PfcCONHCH,SO;) +
H]" (m/z 747), [(LN°)Pd(Ph,PfcCONHCH,SO;) + Na]*
(m/z 769), and [(LN©)Pd(Ph,PfcCONHCH,SO;)(HNEt;)]*
(m/z 848) in positive ion mode and ions attributable to
Ph,PfcCONHCH,SO;~ (m/z 506) and [(LN¢)Pd(Ph,Pfc-
CONHCH,S0;)(X) — H]*, where X = Cl (m/z 781) and
OAc (m/z 80S), in the negative ion mode. The latter species in
particular authenticates the formulation of 9a as an (LN®)Pd—
acetato complex. Other support came from the model reaction of
[(LN®)PA(OAc)], with FcPPh, (Fc = ferrocenyl; Pd:FcPPh, =
1:1), which cleanly afforded [(LY“)Pd(FcPPh,)(OAc)], showing
ions [(LN)Pd(FcPPh,)(OAc) + Na]* and [(LN®)Pd(EcPPh,) +
H]" in its ESI*-MS spectrum.

The structure of the solvate 9-2CHCI; was determined by
X-ray diffraction analysis (Figure 4). It confirms the trans-P—N

Figure 4. View of the complex molecule in the structure of 9-2CHCl,.
Displacement ellipsoids are drawn at the 30% probability level.

geometry suggested already by the *Jpy coupling constants.”!

The overall coordination geometry is similar to that found
in the mentioned cations [LN°Pd(Ph,PfcCONHR-x*0,P)]*
(R = CH,CO,Me'? or Phgb). The coordination plane in 9 is
angularly twisted, with the dihedral angle of the in-ring planes
{Pd,P,01} and {Pd,N2,C25} being 13.7(3)°. The donor
moieties at the ferrocene unit are brought into proximity by
rotation of the Cp rings (7 = 58.4(4)°) and the amide plane,
which deviates from coplanarity with its parent Cp© ring by as
much as 26.0(6)°. Otherwise, the geometry of the ferrocene unit
remains quite regular.”> The C11=01 and C11-N1 bonds are
both shorter by 0.01 A than those in noncoordinated 1.
Likewise 1 and 5-2.5CH,Cl,, the individual molecules of 9,
assemble into centrosymmetric dimers in the crystal (see
Supporting Information, Figure S3). In addition, one of the two
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independent solvating chloroform molecules is connected to
two sulfonate oxygens via bifurcate C—H---O contacts (C--O =
3.107(9) and 3.063(8) A).

Catalytic Tests. Palladium-catalyzed cyanation of aryl
halides®® offers an alternative access to synthetically highly
valued benzonitriles. The attractiveness of this reaction, which
is complementary to conventional synthetic methods, markedly
increased over the past decade, during which time several
efficient catalytic systems were discovered, and simultaneously,
the hazardous conventional cyanide sources (e.g, alkali metal
cyanides, metal cyanides, or Me;SiCN)* were replaced with
the practically nontoxic potassium hexacyanoferrate(II).**
Typically, the cyanations with K,[Fe(CN),] are now performed
with ligand-supported” or deposited Pd metal®® catalysts in
various polar solvents, their aqueous mixtures, or even in pure
water. Having prepared new phosphine ligands with highly
polar amidosulfonate tags, we decided to test their defined
Pd(II) complexes S—7 as catalysts for this reaction in an
aqueous reaction medium (Scheme 4 and Table 2).

Scheme 4. Pd-Catalyzed Cyanation of Aryl Bromides”

B CcN CONH2
Y@ Y_©/ + Y_©/

10 11

r
K4[Fe(CN)g)[Pd]
—_—
KoCO3
dioxane-water
12

hydrolytic
side-product

“Substrates: Y = 4-OMe (a), 4-Me (b), 3-Me (c), 2-Me (d), 4-CMe,
(e)r 4'CF3 (f)l 4'C(O)Me (g)l 4-Ph (h); 4-Cl (i), 4'NOZ (])1 4'NMez
(k), 4-CO,H (1), and 4-CH,CO,H (m). Conditions: 2 mol % of Pd
catalyst, 1.0 equiv K,COj, 0.5 equiv K,[Fe(CN)4]-3H,0, dioxane/
water, 100 °C/18 h. For catalytic results, see Table 2.

Indeed, the initial screening tests were promising, as the cyana-
tion of 4-bromoanisole as a deactivated substrate performed
in the presence of 1 mol % of complex 5, 0.5 equiv of
K,[Fe(CN)]-3H,0 (corresponds to 3 equiv of CN"), and
1 equiv of K,COj as a base in dioxane/water (1:1) afforded the
desired nitrile 11a with a 58% conversion. Rather surprisingly,
the homologous compounds 6 and 7 performed considerably
worse under strictly analogous conditions (see entries 1—3 in
Table 2). Upon increasing the amount of catalyst 5 to 2 mol %,
nitrile 11a was formed with full conversion. On the other hand,
lowering the amount of K,CO; to 0.5 equiv resulted in a lower
conversion and, in the absence of any base, the reaction stopped
entirely (entries S and 6 in Table 2).

Additional tests revealed that the reaction outcome depends
strongly on the composition of the reaction medium, namely, on
the dioxane/water ratio (Figure S). Whereas the reaction did not
proceed in pure dioxane, after the addition of 20 vol % of water
to dioxane, 11a was formed with 77% conversion. Complete
conversions were achieved in mixed solvents containing 40, S0,
and 60 vol % of water. Any further addition of water incited an
unwanted hydrolysis of the initially formed nitrile to amide 12a.
The ratio of 12a:11a increased with the water content, being
17:83 in 20 vol % dioxane and 40:60 in pure water.

A survey of various halide substrates revealed that the
cyanation reaction promoted by complex S proceeds cleanly
and completely with para-substituted bromobenzenes bearing
simple alkyl, aryl, and acetyl groups and that, in the series of
tolyl bromides, it is not affected by the substitution patterns.
Substrates with dissociable carboxyl substituents reacted equally
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Table 2. Summary of Catalytic Results in the Pd-Catalyzed
Cyanation of Aryl Bromides”

nitrile 11 amide 12

'H NMR yield (isolated 'H NMR

enry substrate 10 catalyst yield) (%) yield (%)
1 10a (4-MeO) sb 58 n.d.
2 10a (4-MeO) 6" 20 nd.
3 10a (4-MeO) 7° 27 n.d.
4 10a (4-MeO) 5 100 (95) nd.
5 10a (4-MeO) 5° 0 nd.
6  10a (4-MeO) 59 56 n.d.
7 10b (4-Me) S 100 (90) nd.
8  10c (3-Me) 5 100 (76) nd.
9 10d (2-Me) 5 100 (86) nd.
10 10e (4-CMe,) 5 100 (82) n.d.
11 10f (4-CF,) 5 62 38
12 10g (4-C(O)Me) 5 100 (93) n.d.
13 10h (4-Ph) 5 100 (91) n.d.
14 10i (4-Cl) 5 56 44
15 10j (4-NO,) 5 <5 n.d.
16 10k (4-NMe,) 5 17 nd.
17 101 (4-CO,H) 5¢ 100 (87) n.d.
18 10m (4-CH,CO,H)  5°¢ 100 (89) nd.

“Conditions: aryl bromide 10 (1.0 mmol), K,CO; (1.0 mmol), and K,-
[Fe(CN)4]-3H,0 (0.5 mmol) were reacted in the presence of 2 mol %
Pd catalyst in dioxane/water (1:1 mixture, 4 mL) at 100 °C for 18 h.
n.d. = product was not detected in the reaction mixture. PReaction with
1 mol % of Pd complex. “Reaction without added K,CO;. “Reaction in
the presence of 0.50 mmol of K,COs. “Reaction in the presence of
2.0 mmol of K,CO; (2 equiv with respect to the substrate). The
product was isolated after acidification of the reaction mixture.

100

80

conversion (%)

60

40

20

T T T T T T T T T T T T T T T [ T T
I N N I T T T

40

60 80 100
content of water in dioxane (v/v %)

Figure S. Influence of the amount of water in the water/dioxane
reaction medium on the conversion of 4-bromoanisole (10a) to
4-cyanoanisole (11a, solid bars) and to 4-methoxybenzamide (12a,
hatched bars). Conditions: 10a (1.0 mmol), K,[Fe(CN),)]-3H,0
(0.5 mmol), K,CO; (1.0 mmol), and 2 mol % of § in dioxane/water
(4 mL), 100 °C/18 h.

well (entries 17 and 18), while a poor conversion was achieved
for 4-(dimethylamino)bromobenzene (entry 16). This, how-
ever, can be accounted for by a catalyst scavenging effect
exerted by the donor group in this substrate, which is present in
a large excess. It is also noteworthy that reactions involving
substrates bearing electron-withdrawing substituents (4-CF,
and 4-Cl; —I-effect) proceeded still with complete consump-
tions of the starting bromide but were accompanied by

734

hydrolysis of the initially formed nitrile to the corresponding
amide (in dioxane/water, 1:1). Apparently, these substituents
reduce electron density at the nitrile group and make it thus
more prone toward attack of OH", which opens the hydrolytic
sequence. Finally, the cyanation of 4-nitrobromobenzene®
proceeded in only a negligible extent (entry 15), while hetero-
cyclic bromides (2- and 3-bromopyridine and 4-bromopyridine
hydrochloride) did not react at all.

Bl CONCLUSIONS

Amidosulfonate ligands reported in this paper represent a new
entry among the still rather uncommon nonchiral phosphino-
ferrocene ligands equipped with highly polar functional
groups.”® The particular combination of the donor groups
makes them typical hybrid ligands™ with adaptable coordination
properties. Compared to phosphines sulfonated directly at the
backbone,®® they are easier to prepare and, hence, also more
structurally versatile (tunable). The presence of a relatively
larger hydrophobic group than in sulfonated triphenylphos-
phines could make compounds 1—3 suitable for use in transition
metal-catalyzed reactions at water—organic solvent interfaces.>'
This possibility is currently being checked in our laboratory.

B EXPERIMENTAL SECTION

Materials and Methods. All syntheses were carried out under an
argon atmosphere and with exclusion of direct daylight. Ester 4,"'
[PACLy(cod)],”* [(LY)Pd(u-CD],™ [(L¥)Pd(u-OAc)],,™* and
(diphenylphosphino)ferrocene® were synthesized according to
literature procedures. Dichloromethane and chloroform were dried
over anhydrous potassium carbonate and distilled. (1,4-)Dioxane and
triethylamine were freshly distilled from sodium metal. Anhydrous
DMF was purchased from Sigma-Aldrich. Other chemicals and
solvents used for crystallizations and in chromatography were used
as received without any additional purification.

NMR spectra were measured with a Varian UNITY Inova 400
spectrometer at 298 K. Chemical shifts (§/ppm) are given relative to
internal SiMe, ("H and "C) or to external 85% H;PO, (*'P). In
addition to the standard notation of signal multiplicity, vt and vq are
used to denote virtual multiplets due to protons of constituting the
AA'BB’' and AABBX spin systems in the amide- and PPh,-substituted
cyclopentadienyl rings, respectively (fc = ferrocene-1,1"-diyl). IR spectra
were recorded with an FT IR Nicolet Magna 760 instrument. Low-
resolution electrospray ionization (ESI) mass spectra were obtained
with an LCQ Deca XP (Thermo Finnigan) or an Esquire 3000
(Bruker) spectrometer. High-resolution ESI-MS spectra were recorded
with an LTQ Orbitrap XL spectrometer (Thermo Fisher Scientific).

Preparation of Amide 1. Ester 4 (2.0 mmol, 1.160 g), amino-
methanesulfonic acid (2.5 mmol, 0.278 g), and 4-(N,N-
dimethylamino)pyridine (0.06 mmol, 7.3 mg) were dissolved in a
mixture of anhydrous N,N-dimethylformamide (10 mL) and triethyl-
amine (1 mL). The resulting mixture was stirred at room temperature
for 6 h and then evaporated under reduced pressure. The residue was
extracted with dichloromethane (20 mL) in an ultrasonic bath. The
extract was filtered and evaporated to afford a crude product, which
was purified by column chromatography over silica gel using CH,Cl,/
MeOH/Et;N (100:5:2) as the eluent. The first orange band was
collected and evaporated. The product was further recrystallized from
hot ethyl acetate (ca. 100 mL) to give crystalline 1, which was isolated
by suction and dried under reduced pressure. Yield: 0.998 g (82%,),
orange crystalline solid.

'"H NMR (CDCl,): 6 1.32 (t, ¥y = 7.3 Hz, 9 H, CH, of Et;NH"),
3.11 (dg; ¥y = 7.2 and 3.4 Hz, 6 H, CH, of Et;NH"), 4.19 (vq, ] =
1.8 Hz, 2 H, fc), 420 (vt, ] = 2.0 Hz, 2 H, fc), 4.47 (d, *Jy = 6.5 Hz,
2 H, CH,S), 4.56 (vt, iy = 1.8 Hz, 2 H, fc), 4.61 (vt, ] = 1.8 Hz, 2 H,
fc), 6.50 (t, Jus = 6.1 Hz, 1 H, NH), 7.28—7.38 (m, 10 H, PPh,), 9.97
(br s, 1 H, Et;NH"). *C{'H} NMR (CDCl,): 6 8.64 (CH; of
Et;NH"), 46.19 (CH, of Et;NH"), 55.65 (CH,S), 69.16, 72.06, 73.35
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(d, Joc = 4 Hz) and 74.33 (d, Jyc = 4 Hz) (4x CH of fc); 75.82
(C-CONH of fc), 128.23 (d, *Jpc = 7 Hz, CH,,;, of Ph), 128.66 (CH,,,,
of PPh,), 133.45 (d, *Jpc = 20 Hz, CH, 4, of PPh,), 138.64 (d, Jpc = 9
Hz, C,,, of PPh,), 169.78 (C=0). The signal due to C-P of fc was not
found. *'P{"H} NMR (CDCl;): 6 —17.0 (s). IR (Nujol, cmi™"): v 3269
(s), 1642 (vs), 1550 (vs), 1399 (w), 1345 (vw), 1317 (m), 1308 (m),
1291 (vw), 1242 (w), 1227 (s), 1213 (s), 1197 (vw), 1170 (vs), 1092
(w), 1070 (w), 1037 (vs), 996 (w), 977 (vw), 959 (w), 924 (vw), 894
(w), 842 (vw), 834 (m), 815 (w), 791 (w), 752 (m), 746 (m), 698 (s),
620 (m), 592 (w), S41 (w), 530 (w), 520 (w), 503 (m), 480 (w), 455
(w), 446 (w), 431 (w). ESI"-MS: m/z 102 (Et;NH"). EST-MS: m/z
506 (Ph,PfcCONHCH,SO; ). Anal. Caled for C,Hy,0,PFeN,S
(608.5): C 59.21, H 6.13, N 4.60. Found: C 58.99, H 6.10, N 4.53.

Preparation of Amide 2. Ester 4 (2.0 mmol, 1.160 g), 2-
aminoethane-1-sulfonic acid (taurine; 2.5 mmol, 0.313 g), and 4-(N,N-
dimethylamino)pyridine (0.06 mmol, 7.3 mg) were dissolved in a
mixture of N,N-dimethylformamide (10 mL) and triethylamine (1 mL).
After the reaction mixture was stirred at room temperature for 30 min,
0.1 mL of distilled water was introduced via a syringe, and the stirring
was continued for another 20 h. Then the mixture was evaporated
under reduced pressure, and the solid residue was taken up with
dichloromethane (20 mL). The extract was dried over MgSO, and
evaporated, affording a crude product, which was purified by column
chromatography on silica with CH,Cl,/MeOH/Et;N (100:5:2) as the
eluent. The first minor band was discarded, and the second, orange
band was collected and evaporated. The residue was dissolved in
boiling ethyl acetate (ca. 60 mL) and slowly cooled to —4 °C to afford a
crystalline solid, which was collected by suction and dried in vacuo.
Yield of 2: 1.108 g (89%), orange polycrystalline solid.

'H NMR (CDCL,): 6 1.35 (t, *Juy = 7.3 Hz, 9 H, CH; of Et;NH"),
3.03 (m, 2 H, CH,S), 3.13 (dq, *fs; = 7.4 and 4.8 Hz, 6 H, CH, of
Et;NH"), 3.80 (m, 2 H, CH,N), 4.14—4.17 (m, 4 H, fc), 444 (vt, J' =
1.8 Hz, 2 H, fc), 461 (vt, J' = 1.9 Hz, 2 H, fc), 7.25—7.38 (m, 11 H,
PPh, + NH), 10.02 (br s, 1 H, Et;NH"). *C{'H} NMR (DMSO): §
15.06 (CH; of Et;NH"), 35.60 (CH,S), 45.64 (CH, of Et;NH"),
50.56 (CH,N), 68.69, 71.06, 72.86 (d, Jpc = 4 Hz) and 73.47 (d, Jyc =
15 Hz) (4x CH of fc); 76.59 (d, 'Joc = 9 Hz, C-P of fc), 77.42 (C-
CONH of fc), 128.21 (d, ’Jpc = 7 Hz, CH,;, of PPh,), 128.53 (CH,,,,
of PPh,), 132.91 (d, ¥Jpc = 19 Hz, CH,,, of PPh,), 138.31 (d, 'Jpc =
10 Hz, C,,, of PPh,), 167.86 (C=0). *P{'H} NMR (DMSO):
5 —18.1 (SS’. IR (Nujol, cm™): v 3337 (s), 2678 (m), 1649 (vs), 1548
(vs), 1299 (m), 1257 (w), 1229 (m), 1220 (m), 1186 (m), 1162 (s),
1092 (vw), 1067 (vw), 1025 (vs), 839 (m), 807 (w), 749 (m), 701
(m), 669 (w), 617 (w), 570 (vw), 539 (vw), 523 (vw), 504 (m), 468
(w), 456 (w), 444 (w). ESI*-MS: m/z 102 (Et;NH*). EST-MS: m/z
520 (Ph,PfcCONHCH,CH,SO;"). Anal. Calcd for C;;H;,0,PFeN,S-
0.5AcOEt-0.1CH,Cl, (675.1): C $8.89, H 6.45, N 4.15. Found: C
58.53, H 6.42, N 4.24. The amount of residual solvents was verified by
"H NMR spectrum.

Preparation of Amide 3. The synthesis of 3 was carried out
exactly as described for 2 starting from ester 4 (2.0 mmol, 1.160 g), 3-
aminopropane-1-sulfonic acid (2.5 mmol, 0.348 g), and 4-(N,N-
dimethylamino)pyridine (0.06 mmol, 7.3 mg) in N,N-dimethylforma-
mide (10 mL) and triethylamine (1 mL). The reaction mixture was
stirred for 30 min before distilled water (0.1 mL) was introduced via
syringe, and stirring was continued at room temperature for 20 h.
Isolation as described above afforded 3 as an orange crystalline solid.
Yield: 1.006 g (79%).

"H NMR (CDCL,): 6 1.34 (t, ¥y = 7.4 Hz, 9 H, CH, of Et;NH"),
2.09 (quintet, J = 6.6 Hz, 2 H, CH,CH,S), 2.98 (t, *Jy; = 6.8 Hz, 2 H,
CH,S), 3.11 (dq, *Jyy = 7.4 and 4.8 Hz, 6 H, CH, of Et;NH"), 3.51
(q,J=6.2,2 H, CH,N), 4.13 (vq, J'= 1.8 Hz, 2H, fc), 4.16 (vt, ]'= 2.0
Hz, 2 H, fc), 442 (vt, J' = 1.8 Hz, 2 H, fc), 4.64 (vt, ] = 1.9 Hz, 2 H,
fc), 6.86 (t, *Juy = 5.5 Hz, 1 H, NH), 7.30~7.39 (m, 10 H, PPh,),
10.38 (br s, 1 H, Et;NH"). BC{*H} NMR (DMSO): § 9.04 (CH; of
Et;NH"), 25.42 (CH,CH,S), 38.34 (CH,S), 45.63 (CH, of Et;NH"),
49.47 (CH,N), 68.78, 71.06, 72.91 (d, Joc = S Hz) and 73.35 (d, Joc =
15 Hz) (4x CH of fc); 76.30 (d, YJpc = 8 Hz, C—P of fc), 77.42 (C—
CONH of fc), 12820 (d, Jyc = 7 Hz, CH,, of PPh,), 128.52
(CH,,,, of PPh,), 132.91 (d, *Jpc = 20 Hz, CH,q,, of PPh,), 138.35
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(d, o = 11 Hz, Cyy,, of PPhy), 167.91 (C=0). *'P{'H} NMR (DMSO):
5 —18.1 (s). IR (Nuyjol, ecm™): v 3314 (s), 2692 (s), 1648 (vs), 1545
(vs), 1398 (w), 1343 (vw), 1314 (m), 1296 (m), 1272 (w), 1238 (m),
1222 (w), 1214 (m), 1181 (s), 1150 (vs), 1092 (vw), 103S (vs), 835
(m), 823 (w), 747 (s), 697 (s), 596 (m), 561 (m), 525 (m), 506 (m),
503 (m), 491 (m), 448 (w), 416 (w). ESI*-MS: m/z 102 (Et;NH").
ESI"-MS: m/z 534 (Ph,PfcCONHCH,CH,CH,SO;"). Anal. Calcd for
C3,H,;0,PFeN,S (636.5): C 60.38, H 6.49, N 4.40. Found: C 60.23,
H 6.58, N 4.33.

Preparation of [HNEt;],[PdCl,(Ph,PfcCONHCH,SO;-xP),] (5).
Ligand 1 (0.20 mmol, 122 mg) was dissolved in dichloromethane
(5 mL), and the solution was mixed with a solution of [PdCl,(cod)]
(0.10 mmol, 28.5 mg) in the same solvent (S mL). After the resulting
red reaction mixture was stirred for 1 h, the formed precipitate was
collected by suction, washed with diethyl ether and pentane, and dried
in vacuo. Yield: 123 mg (88%), orange powder.

'H NMR (CDCL,): 6 1.17 (t, *Juy = 7.2 Hz, 9 H, CH; of Et;NH"),
3.08 (q, Juu = 7.2 Hz, 6 H, CH, of Et;NH"), 4.04 (d, ] = 6.4 Hz, 2 H,
CH,N), 4.51 (brs, 2 H, fc), 4.68 (vt, J'= 1.7 Hz, 2 H, fc), 4.79 (br s, 2
H, fc), 5.08 (vt, J'= 1.8 Hz, 2 H, fc), 7.44—7.59 (m, 10 H, PPh,), 8.17
(t, 3Jun & 7 Hz, 1 H, NH). *'P{'"H} NMR (DMSO): § 169 (s). IR
(Nujol, cm™): v 3306 (s), 2694 (m), 1663 (m), 1652 (m), 1623 (w),
1544 (s), 1399 (w), 1341 (vw), 1311 (m), 1280 (w), 1251 (m), 1238
(vw), 1203 (m), 1183 (m), 1165 (s), 1100 (w), 1071 (w), 1037 (vs),
999 (vw), 964 (vw), 896 (vw), 838 (m), 756 (m), 698 (s), 625 (w),
609 (m), 570 (vw), 541 (w), 526 (w), 517 (m), 504 (m), 474 (m), 461
(w), 435 (w). Anal. Calcd for CgH,,CLFe,N,O4P,PdS,-0.2CH,Cl,
(1411.3): C 51.23, H 5.31, N 3.97. Found: C 51.24, H 5.25, N 3.83.
The presence of residual solvent was confirmed by 'H NMR spectrum.

Preparation of [HNEt;],[PdCl,(Ph,PfcCONHCH,CH,SO5-xP),]
(6). Ligand 2 (0.20 mmol, 124.5 mg) was dissolved in dry dichloro-
methane (5 mL), and the solution was added to a solution of
[PdCl,y(cod)] (0.10 mmol, 28.5 mg) in the same solvent (S mL). The
resulting red solution was stirred for 24 h, concentrated to ca. S mL
under reduced pressure, and precipitated with diethyl ether/pentane
(20 mL, 1:1). The brown-red precipitate was filtered off, washed with
diethyl ether and pentane, and dried in vacuo. Yield: 139 mg (98%),
brown-red powder.

'"H NMR (DMSO-dg): 6 1.18 (t, *Jqy = 7.3 Hz, 9 H, CH; of
Et;NH"), 2.63 (t, ¥ = 7.2 Hz, 2 H, CH,S), 3.09 (m, 6 H, CH, of
Et;NH"), 3.41-3.50 (m, CH,N; overlapping with H,O signal), 4.48—
4.55 (m, 4 H, fc), 4.65 (vt,J'= 1.8 Hz, 2 H, fc), 4.88 (vt, ]’ = 1.8 Hz, 2
H, fc), 7.43—7.59 (m, 10 H, PPh,), 7.96 (t, ¥Juy = 5.5 Hz, 1 H, NH),
8.99 (br s, 1 H, Et;NH"). 3'P{'"H} NMR (DMSO-dy): 6 169 (s). IR
(Nujol, emi™"): v 3329 (vs), 2715 (s), 1636 (s), 1542 (s), 1303 (m),
1246 (w), 1193 (s), 1165 (s), 1099 (m), 1060 (w), 1036 (vs), 999 (vw),
839 (m), 796 (w), 747 (m), 725 (w), 708 (w), 695 (m), 623 (m), 516
(m), 505 (m), 482 (w). Anal. Calcd for CgH,5ClFe,N,Os-
P,PdS,-0.8CH,Cl, (1481.8): C 50.61, H 5.38, N 3.76. Found: C
50.82, H 5.40, N 3.78. The presence of residual solvent was confirmed
by 'H NMR spectrum.

Preparation of [HNEt;],[PdCl,(Ph,PfcCONHCH,CH,CH,SO;-
kP),] (7). Ligand 3 (020 mmol, 127.3 mg) and [PdCl,(cod)]
(0.10 mmol, 28.5 mg) were reacted in dichloromethane (total 10 mL)
as described above. The reaction mixture deposited a precipitate,
which was filtered off, washed with diethyl ether and pentane, and
dried in vacuo. Yield: 132 mg (91%), orange powder.

'"H NMR (DMSO-dg): 6 1.17 (t, *Jyy = 7.3 Hz, 9 H, CH; of
Et;NH"), 1.80 (p, *Jyy = 7.7 Hz, 2 H, CH,CH,S), 2.47-2.53 (m,
CH,S overlapping with the DMSO resonance), 3.09 (q, *Jyyy = 7.3 Hz,
6 H, CH; of Et;NH"), 3.23 (q, ] ~ 6.3 Hz, 2 H, CH,N), 4.46—4.52
(m, 4 H, fc), 4.66 (vt, J'= 1.9 Hz, 2 H, fc), 497 (vt, J' = 1.9 Hz, 2 H,
fc), 7.43—7.59 (m, 10 H, PPh,), 8.10 (t, *Juy = 5.6 Hz, 1 H, NH), 8.95
(bs, 1 H, Et;NH"). *'P{'"H} NMR (DMSO-dy): & 16.9 (s). IR (Nujol,
em™Y): v 3322 (s), 2689 (s), 1655 (m), 1646 (m), 1549 (s), 1344
(vw), 1295 (m), 1268 (w), 1236 (m), 1227 (m), 1206 (w), 1196 (w),
1166 (s), 1099 (m), 1070 (w), 1032 (vs), 999 (vw), 835 (m), 789 (w),
742 (m), 730 (m), 708 (w), 696 (w), 691 (m), 627 (w), 598 (m), 563
(vw), 542 (w), 526 (w), 517 (m), 506 (m), 495 (w), 477 (m), 443
(w). Anal. Caled for CgHg,Cl,Fe,N,O4P,PdS,-0.3CH,Cl, (1475.9):
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C 52.32, H 5.64, N 3.80. Found: C 52.03, H 5.49, N 3.68. The pre-
sence of residual solvent was confirmed by '"H NMR spectrum.

Preparation of [HNEt;][(LN)PdCI(Ph,PfcCONHCH,SO;-kP)]
(8). A solution of ligand 1 (0.10 mmol, 61 mg) in dry dichloromethane
(5 mL) was added to solid [(LN)PdCl], (0.050 mmol, 27.5 mg). The
resulting solution was stirred for 1 h and then concentrated to ca. 1 mL
on a rotary evaporator. The concentrated solution was added dropwise
into boiling ethyl acetate (10 mL), and the mixture was slowly cooled
to room temperature. The separated crystalline material was isolated by
suction and dried in vacuo. Yield: 73 mg (83%), ruby red crystals.

'H NMR (CDCL,): 6 1.32 (t, *Jyy = 7.4 Hz, 9 H, CH, of Et;NH"),
2.85 (d, Yy = 2.7 Hz, 6 H, CH;N), 2.99 (q, *Juy = 7.4 Hz, 6 H,
CH,CH,), 412 (d, "oy = 22 Hz, 2 H, CH,NMe,), 4.46—4.51 (m,
4 H, C,oHg + CH,S), 4.63 (bs, 2 H, fc), 4.84 (brs, 2 H, fc), 4.90 (brs,
2 H, fc), 6.24 (td, ] = 6.4, 1.1 Hz, 1 H, C¢H,), 6.38 (td, ] = 7.5, 1.3 Hz,
1 H, C¢H,), 6.83 (td, ] = 7.4, 1.1 Hz, 1 H, C¢H,), 6.90 (unresolved t,
1 H, NH), 6.38 (dd, J = 7.4, 1.5 Hz, 1 H, C(H,), 7.30—7.44 (m, 6 H,
PPh,), 7.50—7.60 (m, 4 H, PPh,). *C{'"H} NMR (CDCL,): § 8.70
(CH; of Et;NH"), 46.19 (CH, of Et;NH"), 50.16 (d, *Joc = 2 Hg,
NCHS,), 53.43, 55.72 (CH,S and CH,NMe,); 69.69, 73.62, 74.20 (CH
of fc); 74.34 (d, Joc = 7 Hz, CH of fc), 74.98 (Cy,, of fc), 122.49 (CH
of C¢H,), 123.77 (CH of C¢H,), 124.92 (d, Joc = S Hz, CH of CH,),
127.99 (d, Jpc = 11 Hz, CH of PPh,), 130.82 (CH of PPh,), 131.41 (d,
'Toc = 49 Hz, Cyy, of PPh,), 134.34 (d, Jyc = 12 Hz, CH of PPh,),
138.39 (d, Jpc = 11 Hz, CH of C¢H,), 148.10 (d, Jpc = 2 Hz, C-Pd of
Ce¢H,), 152.17 (C-CH, of C¢H,), 169.58 (C=0). ¥P{'H} NMR
(CDCL): 6 32.8 (s). IR (Nujol, cm™): v 3293 (s), 2695 (s), 1738
(m), 1650 (m), 1633 (m), 1580 (w), 1535 (s), 1305 (m), 1288 (m),
1246 (m), 1214 (m), 1174 (vs), 1098 (m), 1068 (w), 1041 (s), 996
(vw), 969 (vw), 84S (m), 814 (vw), 751 (m), 744 (m), 696 (m), 622
(m), 543 (w), 522 (m), S09 (m), 487 (vw), 471 (w), 437 (m). EST -
MS: m/z 783 ([(LN®)PdCI(Ph,PfcCONHCH,SO;)]"). Anal. Calcd
for CyyH,oN,PdCIPFe0,S-0.3CH,Cl,0.3AcOEt (936.5): C 51.94, H
5.60, N 4.49. Found: C 51.35, H 5.60, N 4.31. The amount of
clathrated solvents was corroborated by '"H NMR spectroscopy.

Preparation of [(LN)Pd(Ph,PfcCONHCH,SO;-x2?P,0)] (9).
Ligand 1 (0.10 mmol, 61 mg) was dissolved in chloroform (3 mL),
and the solution was added to a solution of [(LN®)Pd(OAc)], (0.050
mol, 28 mg) in the same solvent (2 mL). The resulting mixture was
stirred for 24 h and concentrated to ca. 1 mL. The solution was filtered
through a pad of Celite, and the filtrate containing 9 and 9a was
carefully layered with diethyl ether. Subsequent crystallization by
liquid-phase diffusion over several days gave a crystalline material,
which was filtered off, washed with diethyl ether, and carefully dried to
afford analytically pure 9. Yield: 43 mg (58%), orange crystals.

"H NMR (CDCl,): 6 2.84 (d, *Jpy; = 2.5 Hz, 6 H, CH;N), 3.98 (vq,
J'=2.0Hz, 2 H, fc), 4.09 (brs, 2 H, fc), 444 (d, *Juy = 6.5 Hz, 2 H,
CH,S), 4.50 (vt, J'= 2.0 Hz, 2 H, fc), 4.56 (brs, 2 H, fc), 5.69 (s, 2 H,
CH,NMe,), 6.26 (t, ] = 6.7 Hz, 1 H, C¢H,), 6.36 (dt, ] = 7.6, 1.2 Hz, 1
H, C¢H,), 6.83 (dt, J = 7.2, 0.6 Hz, 1 H, C{H,), 6.96 (dd, ] = 7.5, 1.5
Hz, 1 H, C¢H,), 7.34—7.47 (m, 6 H, PPh,), 7.67—7.76 (m, 4 H, PPh,),
9.09 (t, *Jyn = 6.5 Hz, 1 H, NH). C{’"H} NMR (CDCL): § 49.88 (d,
3Joc = 2 Hz, NCHj), 56.34 (CH,S), 72.10 (d, ¥Jpc = 4 Hz, CH,NMe,),
72.19 (d, YJpc = 57 Hz, C-P of fc), 72.87, 73.35 (unresolved d) and
73.40 (CH of fc); 74.98 (C-CONH of fc), 76.37 (d, Joc = 10 Hz, CH
of fc), 122.76 (CH of C¢H,), 124.58 (CH of C¢H,), 125.40 (d, Jpc = S
Hz, CH of C¢H,), 128.64 (d, *Jpc = 11 Hz, CH,,,,, of PPh,), 129.96
(d, 'Joc = 49 Hz, Cy, of PPhy), 131.34 (d, “Jpc = 2 Hz, CH,,, of
PPh,), 128.20 (d, *Jpc = 13 Hz, CH,p, of PPh,), 138.65 (d, Joc = 13
Hz, CH of C¢H,), 143.23 (d, Jyc = 4 Hz, C,, of C¢H,), 148.21 (4,
Jec = 2 Hz, Cy, of C¢H,), 173.07 (C=0). *'P{'H} NMR (CDCl,):
5304 (s). IR (Nujol, cm™): v 3238 (s), 1588 (m), 1578 (vs), 1556
(vs), 1402 (m), 1338 (w), 1323 (m), 1294 (vw), 1250 (m), 1214 (s),
1195 (vw), 1180 (vs), 1157 (vw), 1095 (m), 1072 (vw), 1037 (vs),
1002 (w), 978 (vw), 964 (vw), 898 (w), 870 (w), 845 (w), 830 (vw),
752 (m), 746 (m), 706 (w), 697 (m), 630 (m), 596 (m), 540 (w), 518
(m), 491 (m), 479 (m), 456 (vw), 445 (m), 440 (w). ESI*-MS: m/z
769 ([(LNC)Pd(Ph,PfcCONHCH,SO,) + Nal*), 747 ([(LN®)Pd-
(Ph,PfcCONHCH,S0;) + HJ*). Anal. Caled for Cy3H;;0,PFeN,S
(746.9): C 53.06, H 4.45, N 3.75. Found: C 52.69, H 4.57, N 3.57.
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In Situ NMR Study. A solution of ligand 1 (0.02 mmol, 12.2 mg in
0.8 mL of deuterated solvent) was added to solid [(LN)Pd(OAc)],
(0.01 mmol, 6.0 mg). The resulting mixture was stirred for 24 h in the
dark and analyzed by 'H and *'P{'H} NMR spectrometry. The
reactions in dmso-dg (6p 28.9 major, 30.6 minor), CD;CN (&, 29.4
major, 32.7 minor), or CDCly (8p ca. 29.6 major, 30.1 minor; broad
signals) produced mixtures of two Pd complexes in ca. 60:40 molar
ratio. When the reaction was conducted in CD;0D, pure 9 separated
directly from the reaction mixture as a microcrystalline solid.

Reaction of [(LN)Pd(OAc)], with (Diphenylphosphino)-
ferrocene. A solution of FcPPh, (74 mg, 0.20 mmol) in THF (S mL)
was added to solid [(LN®)Pd(OAc)], (60 mg, 0.10 mmol). The reaction
mixture was stirred for 1 h and evaporated, and the solid residue was dried
in vacuo. Yield: 134 mg (quant.), yellow compound.

'"H NMR (CDCL): § 1.38 (s, 3 H, CH;CO,), 2.75 (d, *Jpq = 2.7
Hz, 6 H, NMe,), 4.00 (virtual g, J' = 2.0 Hz, 2 H, fc), 4.05 (d, ¥Jpy =
2.3 Hz, 2 H,NCH,), 4.32 (m, 2 H, fc), 440 (s, S H, fc), 6.49 (dd, J =
5.5, 1.3 Hz, 1 H, C¢H,), 6.55 (td, ] = 7.7, 1.6 Hz, 1 H, C¢H,), 6.92 (td,
J=73,12Hz, 1 H, CH,), 7.05 (dd, ] = 74, 1.5 Hz, 1 H, CH,),
7.36—7.47 (m, 6 H, PPh,), 7.69 (m, 4 H, PPh,). *C{'H} NMR
(CDCL): 6 24.05 (CH,CO,), 49.91 (d, *Jpc = 2 Hz, NMe,), 70.21 (s,
CH of fc), 71.15 (d, Joc = 7 Hz, CH of fc), 72.51 (d, *Jpc = 3 Hz,
NCH,), 72.72 (d, Jpc = 57 Hz, C-P of fc), 74.51 (d, Joc = 10 Hz, CH
of fc), 122.76, 123.88, 124.62 (d, Joc = S Hz) (3X CH of C¢H,);
127.84 (d, Jpc = 10 Hz, CH of PPh), 130.24 (d, *Jpc = 2 Hz, CH,,,, of
PPh,), 131.34 (d, 'Joc = 49 Hz, Cy,, of PPh,), 134.39 (d, Jpc = 12 Hz,
CH of PPh,), 138.02 (d, Jyc = 10 Hz, CH of C¢H,), 146.25 (d, Joc =
S Hz, C-Pd of C¢H,), 148.63 (d, Jpc = 2 Hz, C-CH, of C¢H,), 176.92
(CH,CO,). *'P{’H} NMR (CDCL): & 29.6 (s). ESI*-MS: m/z 692
(IM + NaJ*), 611 ([(LN®)Pd(FcPPh,) + HJ*).

Pd-Catalyzed Cyanation of Aryl Bromides. A General
Procedure. A reaction vessel was charged with aryl bromide (1.0
mmol), potassium carbonate (138 mg, 1.0 mmol), potassium hexa-
cyanoferrate(Il) trihydrate (212 mg, 0.5 mmol), and a palladium
source (2 mol % with respect to the aryl bromide). The flask was
equipped with a magnetic stirring bar, flushed with argon, and sealed.
The solvent (1,4-dioxane/water, 1:1; 4 mL) was added via syringe, and
the sealed flask was transferred into an oil bath maintained at 100 °C.
After stirring for 18 h, the reaction mixture was cooled and quenched
with water (2 mL), ethyl acetate (S mL), and mesitylene (120 mg,
1.0 mmol) as an internal standard. After the organic layer was analyzed
by NMR spectroscopy, it was separated and washed with brine
(10 mL). The aqueous layer was extracted with ethyl acetate (3x
S mL). The organic extracts were combined, dried over magnesium
sulfate, and evaporated under reduced pressure. The crude product
was purified by flash column chromatography over silica using an ethyl
acetate/hexanes mixture to give pure nitriles after evaporation.
Carboxylic acids 11k and 111 were isolated similarly after acidification
of the reaction mixture with 3 M HCL

Characterization Data. 4-Cyanoanisole (11a): 'H NMR (CDCl,):
53.86 (s, 3 H, CH;0), 6.96 (dm, ¥,y = 6.8 Hz, 2 H, C(H,), 7.59 (dm,
in = 7.0 Hz, 2 H, C¢H,) (ref 36). 4-Cyanotoluene (11b): '"H NMR
(CDCLy): 6 242 (s, 3 H, CH;), 7.27 (dm, 3Jyy = 7.9 Hz, 2 H, CH,),
7.54 (dm, Jyy = 8.1 Hz, 2 H, C¢H,) (ref 36). 3-Cyanotoluene (11c):
"H NMR (CDCL): § 2.34 (s, 3 H, CH;), 7.32—7.49 (m, 4 H, C(H,)
(ref 37). 2-Cyanotoluene (11d): 'H NMR (CDCL): § 2.55 (s, 3 H,
CH,;), 7.27 (tm, *Jyyy; = 82 Hz, 1 H, H® of C¢H,), 7.32 (dm, *Jyyy = 7.3
Hz, 1 H, H of C¢H,), 7.48 (td, *Jy = 7.6 Hz, ¥y = 1.4 Hz, 1 H, H* of
CgH,), 7.60 (dd, *Jyyy = 8.2 Hz, ¥y = 1.4 Hz, 1 H, H® of C{H,) (ref 36).
4-tert-Butylbenzonitrile (11e): '"H NMR (CDCLy): § 1.33 (s, 9 H,
CH,), 7.48 (dm, *Jyy = 8.8 Hz, 2 H, C¢H,), 7.59 (dm, *J,yp; = 8.8 Hz,
2 H, C¢H,) (ref 38). 4-(Trifluoromethyl)benzonitrile (11f): 'H
NMR (DMSO-dy): & 7.84 (d, *Jyg = 7.7 Hz, 2 H, C¢H,), 8.06 (d, *Jyyr =
7.9 Hz, 2 H, C¢H,). Spectra recorded in CDCl; corresponded with the
literature data (ref 36). 4-Cyanoacetophenone (11g): 'H NMR
(CDCLy): 6 2.65 (s, 3 H, CH;), 7.78 (dm, *Ji; = 8.0 Hz, 2 H, C¢H,),
8.05 (dm, ¥y = 8.1 Hz, 2 H, C¢H,) (ref 39). 4-Cyanobiphenyl (11h):
'"H NMR (CDCL): § 7.42—7.51 (m, 3 H, C,,Hy), 7.57—7.61 (m, 2 H,
C,Hy), 7.66—7.74 (m, 4 H, C;,Hy) (ref 38). 4-Chlorobenzonitrile
(11i): '"H NMR (CDCL): 6 747 (dm, *Jyy = 8.8 Hz, 2 H, C¢H,),
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7.61 (d, ¥y = 88 Hz, 2 H, C¢H,) (ref 36). 4-(Dimethylamino)-
benzonitrile (11k): "H NMR (CDCL): § 3.04 (s, 6 H, NMe,), 6.64 (d,
Jun = 92 Hz, 2 H, CH,), 747 (d, ¥y = 9.0 Hz, 2 H, C¢H,) (ref 36).
4-Cyanobenzoic acid (111): 'H NMR (DMSO-d): 6 7.99 (dm, *Jyyy =
8.0 Hz, 2 H, C¢H,), 8.09 (dm, *J,yy; = 8.1 Hz, 2 H, C¢H,), 13.56 (brs, 1
H, CO,H) (ref 37). (4-Cyanophenyl)acetic acid (11m): 'H NMR
(DMSO-dy): 8 3.72 (s, 2 H, CH,), 748 (dm, ;s = 8.0 Hz, 2 H, CH,),
7.78 (dm, 3y = 84 Hz, 2 H, CH,) (ref 40). 4-Nitrobenzonitrile
(115)*" and the amides (12a, 12f, and 12i)* were identified upon
comparing 'H NMR spectra of the reaction mixture with the literature
data.

X-ray Crystallography. Single crystals suitable for X-ray
diffraction analysis were grown from hot ethyl acetate (1: yellow
plate, 0.08 X 0.20 X 0.38 mm?; 3: orange prism, 0.25 X 0.44 X 0.47
mm?®) or by liquid-phase diffusion from diethyl ether/dichloromethane
(5-2.5CH,Cl,: brown plate, 0.05 X 0.25 X 0.30 mm?®) and from diethyl
ether/chloroform (9-2CHCl,: orange plate, 0.08 X 0.13 X 0.33 mm®).

Full-set diffraction data (+h + k + [; 0,,,. = 26.0—27.6°, data com-
pleteness >97%) were collected with a KappaCCD or Apex2 diffracto-
meter equipped with a Cryostream Cooler (Oxford Cryosystems) at
150(2) K using graphite-monochromated Mo Ka radiation (4 =
0.71073 A). The structures were solved by the direct methods (SIR-
97* or SHELXS-87*) and refined by full-matrix least-squares on F*
(SHELXL-97*). Unless noted otherwise, the non-hydrogen atoms
were refined with anisotropic displacement parameters. The NH
hydrogens were identified on difference density maps and refined either
freely (1) or as riding atoms with Uy, = 1.2 U,((N) (all other struc-
tures). All CH hydrogen atoms were included in calculated positions
and refined as riding atoms. Selected crystallographic data and structure
refinement parameters are available as Supporting Information, Table
S1. Particular details on structure refinement are as follows.

One of the Et;NH" cations in the structure of 5-2.5CH,Cl, is
disordered and was refined with isotropic displacement parameters for
the carbon atoms. In addition, the solvent of crystallization in the same
structure was found to be severely disordered, and its contribution to
the scattering was numerically removed using the SQUEEZE™ routine
as incorporated in the PLATON program.*

Geometric data and structural drawings were obtained with a recent
version of the PLATON program. The numerical values are rounded
with respect to their estimated deviations (esd’s) given in one decimal.
Parameters relating to atoms in constrained positions are given
without esd’s.
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