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Abstract

This work focuses on a detailed investigation of 2-(2’-pyridyl)-4,6-diphenylphosphinine
(PN) and the outcome of this work is the development of three different classes of
ligands based on this aromatic phosphorus heterocycle: an anionic pyridyl-
functionalized A*-phosphinine, a pyridyl-functionalized phosphabarrelene and a pyridyl-
functionalized phosphasemibullvalene. The coordination chemistry and reactivity of all
three ligands with transition metals was further investigated in detail.

Coordination compounds with some transition metals and the PN ligand have been
explored and reported in literature. In this work, the first pyridyl-substituted
phosphinine-based complexes of copper, iron and gold were synthesized and structurally
characterized. The preparation of other complexes starting with from different rhodium
and tungsten precursors were explored and compared to the ones reported in literature.
Interesting coordination modes of the PN ligand were noticed for different complexes.
The reactivity of the obtained iron complexes towards alkene coordination and

protonation was explored as well.

By means of an alkylation reaction with lithium reagents, the PN compound was
successfully converted into anionic A*-phosphinines with different substituents on the
phosphorus atom (methyl, phenyl, and ferrocenyl). These anionic species are more
similar to phosphines than phosphinines due to the aromatic disruption on the
phosphorus ring that leads to a strong pyramidalization of the phosphorus atom. They
are reactive towards protic reagents such as water and alcohols, yielding a lithium salt
and a neutral compound, where a proton has been added selectively to one of the P-C
double bonds within the heterocycle. The selectivity of this reaction is dependent on the
Pk, of the base formed. Nevertheless, the electronic and steric situation of this class of
ligands differs substantially from phosphines, thus making them very interesting ligands
for metal complexes with different properties than “classical” phosphine-based metal
complexes. One of the outstanding differences is that pyridyl-substituted A*-phosphinine

ligands show an interesting coordination mode besides the expected n'-P-n'-N chelating
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mode. They are able to coordinate a second metal center via the delocalized m-system
along the carbocyclic part of the phosphorus heterocycle resulting in ligands that can
donate up to 8 electrons.

The first pyridyl-substituted phosphabarrelene was synthesized via a [4+2] cycloaddition
reaction of the PN ligand and hexafluoromethyl-2-butyne. Despite the poor donating
properties of phosphabarrelenes in general, several transition metal complexes could be
synthesized and characterized with this new ligand. In the case of gold complexes, it was
observed that the coordination occurs only via the phosphorus atom. The obtained
complexes undergo a photochemical rearrangement when irradiated in solution with UV
light yielding different products. The selectivities of such reactions appear higher for the
transition metal complexes than for the free ligand. From the reaction mixtures of
rhodium and tungsten complexes the main product was purified and characterized. The
product corresponds to a pyridyl-substituted phosphasemibullvalene derivative. From
these findings a rearrangement mechanism is proposed. IR analyses and crystallographic
data of the complexes obtained suggest, that in general, phosphasemibullvalenes are

better net-donors than phosphabarrelenes.
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Kurzbeschreibung

Die vorliegende Arbeit beschéftigt sich mit einer detallierten Untersuchung des 2-(2’-
pyridyl)-4,6-diphenylphosphinins (PN-Ligand) sowie der Entwicklung von drei neuen,
aus letzterem abgeleiteten, Ligandensystemen: ein  anionisches, pyridyl-
funktionalisiertes A*-Phosphinin, ein pyridyl-funktionalisiertes Phosphabarrelen und ein
pyridyl-funktionaliziertes Phosphasemibullvalen. Die Koordinationschemie von allen
drei Systemen mit Ubergangsmetallen wurde detalliert untersucht.

Einige Komplexe des PN-Liganden mit bestimmten Ubergangsmetallen wurden in der
Vergangenheit bereits synthetisiert und in der Literatur beschrieben. Hier wurden nun
die ersten Pyridylphosphininkomplexe mit Kupfer, Eisen und Gold dargestellt und
charakterisiert. Die Synthese von weiteren Koordinationsverbindungen, ausgehend von
anderen Rhodium- und Wolfram-Prekursoren wurden untersucht und mit den
literaturbekannten Komplexen verglichen. Fiir verschiedene Metallkomplexe konnten
interessante Koordinationsmodi erhalten werden. Weiterhin wurde die Reaktivitdt der

erhaltenen Eisenkomplexe néher untersucht.

Durch Alkylierung mit Lithiumreagenzien wurde die PN-Verbindung erfolgreich in
anionische A’-Phosphinine mit unterschiedlichen Substituenten am Phosphoratom
(Methyl, Phenyl und Ferrocenyl) iiberfiihrt. Diese anionischen Spezies sind durch die
Storung des aromatischen Systems sowie die daraus folgende Pyramidalisierung des
Phosphoratoms den Phosphinen &hnlicher als den Phosphininen. Sie reagieren mit
protischen Reagenzien, wie z.B. Wasser oder Alkoholen, zu Lithiumsalzen und einer
Phosphorverbindung, die durch selektive Protonierung an eine der P-C-
Doppelbindungen elektrisch neutral ist. Die Selektivitit der Reaktion ist vom pK,-Wert
der entstehenden konjugierten Base abhingig. Auf Grund der dennoch entscheidenden
sterischen und elektronischen Unterschiede zwischen dieser Ligandenklasse und den
Phosphinen sind A*-Phosphinine sehr interessante Liganden fiir Metallkomplexe mit
anderen Eigenschaften als herkdmmliche Phosphinmetallkomplexe sie aufweisen. Ein

auffallender Unterschied ist beispielsweise der interessante Koordinationsmodus von
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pyridylsubstituierten A*-Phosphininen neben dem erwarteten 1'-P-1'-N-Chelatkomplex.
Uber das delokalisierte m-System entlang des Kohlenstoffgeriists  des
Phosphorheterozyklus kann ein zweites Metall gebunden werden, wodurch diese
Liganden bis zu 8 Elektronen zur Verfligung stellen kdnnen.

Das erste pyridylsubstituierte Phosphabarrelen wurde durch [4+2]-Zykloaddition von
Hexafluoromethyl-2-butin an den PN-Liganden synthetisiert. Trotz der generell
schwachen  Donoreigenschaften = von  Phosphabarrelenen  konnten = mehrere
Ubergangsmetallkomplexe dieses neuen Liganden dargestellt und charakterisiert
werden. Im Falle von Goldkomplexen konnte ausschlieBlich Koordination iiber das
Phosphoratom  beobachtet =~ werden.  Generell durchlaufen die erhaltenen
Koordinationsverbindungen unter Bestrahlung mit UV-Licht eine Umlagerung zu
verschiedenen Produkten. Die Selektivitdt dieser Reaktionen scheint fiir Metallkomplexe
hoher zu sein als fiir den freien Liganden. Aus den Reaktionsgemischen der Rhodium-
und Wolframkomplexe konnte das Hauptprodukt, ein pyridylsubstituierter
Phophasemibullvalen-Derivat, isoliert und charakterisiert werden. Auf Grund dieser
Ergebnisse wird ein Mechanismus fiir die Umlagerung vorgeschlagen.
Phosphasemibullvalene sind laut IR Analysen und Molekiilstrukturdaten der erhaltenen

Komplexe bessere Netdonoren als Phosphabarrelene.
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1 Introduction to phosphinines

1.1 Introduction

Phosphinines, also known as phosphabenzenes or phosphorins, are six-membered fully
unsaturated planar aromatic heterocycles bearing a phosphorus atom. They are the phosphorus
analogues of pyridines. The phosphorus atom in phosphinines is trivalent and it is bound to two
carbon atoms. This is represented by the descriptors A and o, respectively leading to the formal

IUPAC name: A*c*-phosphinines (figure 1.1).

X AN
| / | .
T j
1.1 1.2

Figure 1.1 12’0*-phosphinines

Phosphinines were long considered as scientific curiosities because they represent an exception
of the double bond rule. Until the late sixties, Mdrkl and Ashe III developed state-of-the-art
synthetic methodologies that allowed the systematic functionalization of these compounds and

permitted their exploration in more detail.

1.2 Synthetic routes

Mairkl used benzaldehyde and acetophenone to synthesize the corresponding pyrylium salt used
to prepare the 2,4,6-triphenylphosphinine (1.1), the first phosphinine to be published (figure
1.1)." Later, Miiller”® and Breit” used a modular approach using functionalized benzaldehydes
and acetophenones to obtain a considerably large library of substituted pyrylium salts, which can

be converted to phosphinines (scheme 1.1).



1 R1 'R3=Ph

Scheme 1.1 Modular synthesis of phosphinines from the corresponding pyrylium salt.
1.1: Mérkl’s triphenylphosphinine; a=P(CH,OH);/py; R;-R;=Ph

The tin-route (scheme 1.2) developed by Ashe III, allowed the synthesis of the unsubstituted

phosphinine 1.2, although it is not air stable.®

= XN (nBU)zanz PBr3 ~
B R
H r p?

1.2

Scheme 1.2 The tin route: Synthesis of the unsubstituted phosphinine

Several methodologies have been developed for the synthesis of phosphinines with different
substitution pattern. Regitz ef al. described the reactivity of phosphaalkynes as dienophiles in
[4+2] cycloaddition reactions with cyclopentadienones or pyrones to obtain alkyl-substituted

phosphinines after exclusion of CO or CO,, respectively (scheme 1.3).*'

110140° =
+ P=C -C02 P/

Scheme 1.3 [4+2] cycloaddition reaction between pyrone and a phosphaalkyne

Very recently, Miiller reported on the synthesis of 2,6-disubstituted phosphinines using TMS-
phosphaalkyne and 3-bromopyrone. This interesting observation allows further functionalization

of phosphinines, which was achieved in this case via a Negishi cross-coupling reaction of PhLi



and bromo-phosphinine leading to 6-phenyl-2-trimethylsilyl-phosphinine (scheme 1.4). The

molecular structure of the substituted phosphinine was verified by means

crystallography of the corresponding W(0) complex."'

™S P D Br ZnBr, / PhLi ™S P~
THF

B Tms-cp X Pd,(dba)g / PPhg N
| — | |
0o

Scheme 1.4 Synthesis of 6-phenyl-2-trimethylsilylphosphine via Negishi coupling

of X-ray

Le Floch and Mathey used (di)azaphosphinines as precursors to obtain phosphinines, mainly

with substituents in the 2- and 6- positions of the heterocyclic framework (scheme 1.5)."2

| | 2 2
N_ N PCl, N\ 2xRiczcrz AN R
Cp/TI \Cp NEt3 Nl\P/,N Toluene , A R | P/ R
-2 BuCN

Scheme 1.5 Synthesis of phosphinines from diazaphosphinines

Recently the groups of Nishibayashi and Sakata published an Fel,-catalyzed [2+2+2]

cycloaddition of diynes with phosphaalkynes in m-xylene to give a variety of 2,4,5-trisubstituted

phosphinines (scheme 1.6)."

T+l ek e
\_— R m-xylene —
— 140°C R

Scheme 1.6 Synthesis of phosphinines via the Fel,-catalyzed [2+2+2] cycloaddition of
diynes with phosphaalkynes

For the synthesis of 2-substituted phosphinines, Mathey and co-workers investigated ring-

expansion reactions of phospholes by formal insertion of methylene fragments. With this

method, the first phosphinine derivative of 2,2°-bipyridine (NIPHOS, 1.3) was synthesized

(Scheme 1.7)."



Scheme 1.7 Synthesis of NIPHOS via phosphole ring-expansion

1.3 Electronic properties

As shown by photoelectron and electron transmission spectroscopy, phosphinines behave

15-18

significantly different compared to their lighter analogues, the pyridines. While pyridines are

fully aromatic, the aromaticity in phosphinines has been calculated to be as high as 88-90% of

1920 The molecular orbital diagram of the unsubstituted phosphinine and pyridine

that of benzene.
is depicted in figure 1.2. The nitrogen atom has its largest coefficient in the HOMO of the
pyridine, which represents the electron lone pair. On the other hand, the phosphorus lone pair is
best represented by the HOMO-2 of the phosphinine, which is a more diffuse and less
directional orbital than that of pyridine. Upon coordination to a metal center via the phosphorus
lone pair, the HOMO and HOMO-1 can contribute to the formation of a M-P bond via -

donation according to the shape of these orbitals.

E | by
o G 2

by 9 LUMO
b1 g HOMO
HOMO w Iy
a
=2 % HOMO-1

a;
HOMO-1 % 22 :

Le ““ HOMO-2
HOMO-2 * b

iy

o Y

oz \

Figure 1.2 Qualitative MO-diagram of the frontier orbitals of phosphinine and
pyridine.



The large coefficient at the phosphorus atom is the LUMO (lowest unoccupied molecular
orbital) and its geometry enables m-accepting features of the heterocycle, which are less
pronounced in the case of pyridine, where the LUMO is higher in energy. Consequently,

phosphinines are much better w-accepting ligands, but worse o-donors compared to pyridines.

The lone pair of the phosphorus atom in phosphinines has a strong 3s-orbital character, which is
about 64% vs. 29% found in the lone pair of the nitrogen atom in pyridines.”' The low basicity of
the phosphorus center (pK, (C¢HsP") = -16.1 + 1.0 in aqueous solutions)* is therefore explained

by its poor hybridization ability.

In the *'P{'"H} NMR spectrum, phosphinines show a typical down-field shift of about & = + 200
ppm. The signals for the peripheral protons appear more down-field in the 'H NMR spectrum
compared to those of benzene. Nucleus independent chemical shift values (NICS) of
phosphinines conclude that these phenomena can be attributed to the presence of a diamagnetic

ring current typical for aromatic systems.”’

As for most phosphorus ligands, Tolman’s electronic parameter y (chi) quantifies the electronic
properties of phosphinines.”> The values can be obtained by IR-spectroscopy from the CO-
stretching frequencies of the corresponding [LNi(CO);] complexes, where L is the ligand of
interest. The reference has been set for the strong o-donor (zBu);P with a x value of zero, so a
strong o-donating ligand will have a small value while a strong m-acceptor will have a large
value. Due to the high toxicity of nickel complexes, correlations to the trans-[L,Rh(CO)CI]
complex have been made in order to compare the electronic properties between different
phosphorus ligands in a safer manner.** The % values for phosphinines place these compounds
close to the electronic properties of phosphites, suggesting that they are also electron

withdrawing (m-acceptors) as had been already anticipated from the corresponding MO diagram.

1.4 Steric properties

For phosphorus(Ill) compounds, such as phosphines and phosphites, Tolman’s cone angle (6)
has been the preferred parameter to describe the steric situation of the molecule. Nevertheless, it
does not seem to be appropriate for the description of phosphinines. In 2006, Miiller et al.

reported the first molecular structure in the crystal of a A’-triarylphosphinine derivative.’ As has



been demonstrated later for several aryl-phosphinines, the heterocycle is an essentially planar
distorted hexagon, due to the larger size of the phosphorus atom compared to a carbon atom.

Consequently, a special descriptor for the steric situation of phosphinines has been introduced.

R2
R3
P @D B FS
R PP RS - A
S a "
X X
o

Figure 1.3 Steric properties of 2,4,5-triarylphosphinines in comparison to classical
phosphorus ligands

The occupancy angles a and 3 depicted in figure 1.3 show that the main steric demand occurs in
the x plane. In this sense, phosphinines are similar to their pyridine analogues. On the other
hand, the internal C-P-C angle (between 98.38(12)° and 101.37(11)°) is somewhat smaller than
the C-N-C angle in pyridine (117°).>*?° The P-C bond length (between 1.76 and 1.74 A) lies in
between a P-C single bond (triphenylphosphine: 1.83 A) and a P=C double bond

27,28

(diphenylmethylenephosphaalkyne: 1.66 A). Between the C-C bonds on the rest of the ring
and the P-C bonds there is no bond length alternation, which indicates delocalization of the n-

system and the presence of an aromatic system.

Another parameter to measure the bulkiness of a ligand has been introduced by Nolan and
Cavallo and it is called “the percent buried volume” (% Viw).”>" The percentage of occupied
volume by a ligand in a sphere of a defined radius with the metal center at the core is calculated
using crystallographic data. The group of Miiller has calculated this value for 2,4,6-
triphenylphosphinine 1.1, which is % Ve = 33.1% at a P-M distance of 2.28 A.

1.5 Coordination modes and transition metal complexes

Because of their particular electronic and steric properties, phosphinines are intriguing ligand
candidates for transition metal complexes. Figure 1.4 shows the most common coordination

modes of phosphinines.
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Figure 1.4 Selected coordination modes of phosphinines

The phosphorus lone pair (HOMO-2) and the aromatic w-system (HOMO and HOMO-1) can

potentially lead to m'- and n°-coordination, respectively as well as to bridging ligands (u’-

31-35

coordination) or a combination of any of these. The most common 1'-coordination mode is

mainly achieved with metal centers in low oxidation states, due to the pronounced m-accepting

7,36-41
d.

properties of the ligan An n’-coordination mode is generally imposed by steric effects, or

when the metal has no particular affinity to phosphorus or is in a higher oxidation state.** **A
mixed nl-n(’ binding mode, were the phosphinine acts as an 8-electron donor, has been found in
few cases for metals such as manganese and chromium.*”° Complexes where the phosphorus
atom in the heterocycle bridges two metal centers have also been reported, most of them being

hetero-donor functionalized phosphinine ligands.”' ™’

Some of the complexes mentioned above have found interesting and promising applications in

2425861 including water oxidation,”* photocatalysis® and

fields such as homogeneous catalysis,
material chemistry® among others. In the next chapters, some examples will be described in

more detail.

Miiller et. al. reported on the C-H activation of 2,4,6-triphenylphosphinine 1.1 by late transition
metal complexes. Ortho-metalation of 1.1 in complexes of the type [MCI(Cp*)(P*C] (1.4 and

1.5, figurel.5) were isolated and structurally characterized.

: Ph
Ph
Q, : »—Ph
P
~M-Cl Ph \Ir/
p——Ph /
P-—Ph
Ph
Ph
M =Rh: 1.4
M=Ir:1.5 1.6

Figure 1.5 Cyclometalated complexes with 1.1



Furthermore, the fac-isomer of the homoleptic complex fac-[Ir(P*C);] (1.6, figure 1.5) was
obtained quantitatively from the mixture of 1.1 and [Ir(acac);]. The access to these type of
complexes opens a route to the development of new homogeneous (photo)catalysts and

. 6
molecular materials.?>%>¢

The preparation of phosphinine complexes with metals in intermediate oxidation states is rather
challenging. One strategy to enhance the o-coordination mode via the phosphorus atom is the
introduction of a hetero-donor functionality that yields a potential chelating ligand. The

chelating stabilization can also prevent the fast ligand dissociation from the metal fragment.

Le Floch and Mathey prepared and characterized the first diphosphinine 1.7 and studied its
coordination chemistry with several transition metals, leading, for example, to complex 1.8

(figure 1,6).53’61,67—72

TMBP \0400)4
1.7 1.8

Figure 1.6 Bidentate phosphinine TMBP and its chromium complex

Le Floch reported on  nickel(Il)-promoted homocoupling reactions of (2-
phosphininyl)halogenozirconocene complexes for the synthesis of diphosphinines with different
substitution patterns.” Miiller reported on the synthesis of diphosphinine 1.9 that coordinates to

rhodium in a trans-fashion yielding complex 1.10 (figure 1.7).”*

1.9 1.10

Figure 1.7 Diphosphinine 1.5 and its corresponding rhodium complex 1.6
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Many other examples of hetero-donor functionalized phosphinines have been reported, and some
examples are presented in the following chapters. On the next pages the focus will be set on

phosphorus ligands with a nitrogen-based functionality.

1.6 P,N- hybrid ligands

Hybrid ligands are molecules that contain at least two functionalities that can bind to metal
centers. Through the years, bi- or polydentate ligands have been designed and developed for a
plethora of applications. A very popular combination of heteroatoms for the synthesis of such
ligands is phosphorus and nitrogen. Phosphorus is considered as a soft atom and nitrogen as a
hard atom according to Pearson’s HSAB concept. The formation and stabilization of new
complexes can be achieved due to mainly three factors: 1) The good o-donating properties of the
nitrogen-containing functionality, 2) the good m-accepting properties of the phosphorus-

containing functionality, and 3) the possibility of the formation of a chelate complex.

For example, 2-(diphenylphosphino)pyridine (1.11, figure 1.8) has been known for several
decades. It has the ability to connect to identical metal centers or to different ones either acting
as a monodentate ligand or as a chelating ligand (figure 1.8). Its small bite angle and its rigidity
are thought to enhance the formation of M-M bonds and to bridge two metal centers. These
features made possible the formation of very different types of metal complexes that have

interesting applications.” **

, X
_N _ _
P S Ph_ > | Ph X |
SN P
Pr v e QN\oq 0o P N et
o NS o Rusg, __Mn=Mn=CO  ¢l—pd—Pd—CI ~ Cl—Ru__Pd—Cl
\@ Ph\‘/Ph P~ o col o N pePh \co L pn
Ph 2
P Ph , AN \Ph l B Ph
N~ | = =
NS
1.1 1.12 1.13 1.14 1.15

Figure 1.8 2-(Diphenylphosphino)pyridine and its different coordination modes in metal complexes
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The electronic and steric properties of the pyridyl-substituted phosphine 1.11 and pyridyl-
substituted-phosphinine 1.3 differ substantially. This opens the possibility to prepare and design

novel transition metal complexes taking advantage of the different properties of this PN ligand.

Even though the parent phosphorus derivative of 2,2’-bipyridine (1.16, figure 1.9) has not yet
been synthesized, DFT calculations of its frontier orbitals predict the electronic situation of such

hybrid ligands.*

Figure 1.9 Selected frontier orbitals of 2-(2’-pyridyl)phosphinine assuming a
planar geometry of the ligand.

The LUMO of 1.16 indicates that the phosphinine moiety acts as a strong m-acceptor according
to the size and distribution of the coefficients of this orbital. The HOMO indicates rt-donation
from the phosphorus to a metal center while the lone pairs of both heteroatoms are represented at

the HOMO-1, representing the o-donor properties of this ligand.

NIPHOS (1.3, figure 1.3) was the first example of a pyridyl-substituted phosphinine.
Nevertheless, only a few studies on the coordination chemistry of NIPHOS have been reported.
This is probably due to the high nucleophilicity of the phosphorus atom, the facile protonation at
the nitrogen atom, and its multistep synthesis. Carbonyl complexes of group VI transition metals
were obtained with NIPHOS ([(1.3)M(CO)4], M = W,Mo,Cr) as well as with Rh(I), Ir(I)
([(codM(u-1.3)],, M = Rh, Ir). Highly reactive complexes of Pt(II) and Pd(II)
(IMCIL(1.3H-OH)][MCI5(L)], M = Pt, Pd) were identified by means of NMR spectroscopy but
their isolation was not successful. These examples will be described in more detail in the

following chapters.

12



Miiller et al. reported on the synthesis of 2-(2’-pyridyl)-4,6-diphenylphosphinine (PN) via the
pyrylium salt route using P(TMS); as the phosphorus source. The modular synthesis starts by
preparing the corresponding diketone from ¢rans-chalcone, acetylpyridine and NaOH. After
recrystallization, the product of this reaction is refluxed with frans-chalcone and an excess of
trifluoroborane etherate. The pyrylium salt obtained is recrystallized and reacts further with
P(TMS); in acetonitrile to obtain an air- and water-stable pyridyl-substituted phosphinine, which

is purified by means of column chromatography (scheme 1.8).
Ph
Y
O
Al

00
Ph BF, P Ph
= P(TMS)3 =
| - | BF 5 Et,0
NS NS
Ph P | o reflux, 6h, MeCN Ph o | o
N~ ® N~

Scheme 1.8 Synthesis of pyridyl-substituted phosphinine PN

Z=

(0] O
Ph)l\/\Ph + N * NaOH ——> Ph
N
o

It turned out that the phenyl rings in 2- and 4-position of the heterocycle create a higher kinetic
stability to the phosphinine, making it less prone to nucleophilic attack on the phosphorus atom
in comparison to NIPHOS. This is probably one of the reasons why there are now more reports

on the chemistry of this PN ligand.

Selective
Protonation

Coordination T Oxidation

Chemistry \ / Reactions
Ph

[4+2]-
Cycloaddition
Reactions

Selective
Functionalization

Selective
Alkylations

Scheme 1.9 Selected reactions with PN
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1.7 Aim of this thesis

The motivation of this work comes from the very interesting results that have been obtained
from several studies on this particular phosphinine, some of which are depicted in scheme 1.9.
The aim of this thesis is to continue exploring the fascinating chemistry that 2-(2’-pyridyl)-4,6-
diphenylphosphinine has to offer. It is also important to examine the different coordination

modes that this pyridyl-substituted compound can adopt besides the usual P,N-chelating mode.

On the other hand, the reactivity of the PN phosphinine is of interest due to the possibility of
obtaining phosphorus compounds derived from the latter, which have different electronic and
steric properties. The first example is the alkylation reaction with lithium reagents to form
pyridyl-functionalized A*-phosphinines. The second example is the [4+2] cycloaddition reaction
of hexafluorobutyne and the PN phosphinine. This reaction leads to a phosphabarrelene
compound. A*-phosphinines and the obtained phosphabarrelene are also explored as ligands for

transition metal complexes.

The previous literature reports on this phosphinine and in some cases on NIPHOS are discussed
in the introduction of the corresponding chapters of this thesis, which have been divided as
follows. Chapter two presents the results obtained in this work on the coordination chemistry of
the PN phosphinine with several transition metal complexes, such as Cu, Ag, Au, Fe and W. In
chapter three, selective alkylations and arylations are discussed. These results were obtained by
reacting the PN phosphinine with lithium reagents such as MeLi, PhLi and FcLi. The
coordination chemistry of the corresponding phosphorus compounds obtained is also presented
in this chapter. Chapter four focuses on [4+2] cycloaddition reactions. The results of the first
pyridyl-substituted phosphabarrelene are described, as well as its photochemical reactivity and
its coordination chemistry. Oxidation reactions and selective protonation of the PN phosphinine

are also reviewed in the introduction of this chapter.

Throughout this work, some of the synthesized complexes are investigated for future
applications, such as homogeneous catalysis, models for enzymes that contain metal centers, and

for the synthesis of novel phosphorus compounds.
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Chapter 2
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[AU(D)-AU(TII) (U-PN)CLe] (L2 erreerrerrrresreerseersmeessemsseesseessseessessssessssessssssssesssssssssssssessssesssssssssssssessassssas
[NI(PN)CO]2 (15) cerreerrermeermeesseeesseessseesssesssessssessssessssesssssssssssssesssessssessssessssssssesssssssssssssessssesssesssssssasessassssas
[RR(PN)CI(CO)]2 (16)eeueermemreemeeemeersessssessseessessssessssessssesssssssessssesssssssssssmsesssssssssssssessssesssssssssssmsessassssas
[FE(PN)(CO)3] (17 ceerrermeermeerseesseesssemssesssessssessssessssessseessssesssesssessssassssessssssssesssssssssssssessssesssessssessasessassenas
[Fe(PN)(m2-methylacrylate) (CO)2] (18] .oemeeerermeeseeseesreseseesesssesssesssessesssesssssssssesssssssesssees
[Fe(PN)(M2-(1,3-butadiene))(CO)2] (19) . eeereerseeserssesseesseessesssesssesssesssesssssssssssssesssssssasssees
[U-(PAE)Fe2(PN)(CO)a] (20) weeereeeereerreesreermseesseesssessseesssesssessseesssessssessssssssesssssssssssssessssesssmsssssssasessassssas
[U-(PAE)Fe2(PN)2(CO)2] (2] irerrereerremsseermseessensssessseessssesssesssesssesssessssssssesssssssssssssessssesssssssssssssessasessas
[W(PN)2(C0)2] (22) ceorermreermemreeesseessseesssesssessssessssessssesssesssssssssssssessssessssssssssssssssssssssssssessssessssssssessasessassssas
X-ray crystal structure determMiNations . ... ecerseeneeereessessseessessseesse e sssssssssssssssssesssssssssssees
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2 Coordination Chemistry of 2-(2’-Pyridyl)-4,6-
diphenylphosphinine

2.1 Introduction

As described in the previous section, phosphinines are versatile ligands not only because of their
special electronic properties but also due to several different coordination modes they can adopt
in metal complexes. When a pyridyl-functionality is introduced to the phosphinine framework,
one more possibility adds to the list of coordination modes. Depending on the position of this
second donor functionality, the formation of a chelating complex or the coordination to a second
metal center can be enabled. In this section, a review of the reported complexes in literature with
2-(2’-pyridyl)-substituted phosphinines will be presented.

The first reported pyridyl-substituted phosphinine was NIPHOS (1.3, scheme 1.6). Mathey ef al.
prepared chromium, molybdenum and tungsten carbonyl complexes of this ligand (2.1-2.3,
scheme 2.1). During the reaction, it was observed that the phosphorus atom binds first to the
metal center, and chelation through the nitrogen atom occurs afterwards in a second step.
Chromium complex 2.2 was crystallographically characterized. It was assumed that there is no
electronic communication between the phosphinine ring and the pyridyl group; The length of the
internal C-C bond does not change upon complexation compared to bipyridine chromium

carbonyl complexes. Thus, it seems that both heterocycles act as isolated ligands.'

- - /) \
N/ \ AorB \ P N /
P N / M=Cr: 2.1
OC—/M\—CO M = Mo: 2.2
oc co M=W: 23

Scheme 2.1 Synthesis of group VI metal complexes with NIPHOS. A:
M(CO)s(THF), r.t., M = Mo, W. B: Mo(CO),, T = 155 °C, sealed tube

In order to continue exploring the donor properties of NIPHOS, Pt(II) and Pd(II) complexes
were prepared. Attempts in obtaining complex [PtCl,(NIPHOS)] (2.4, figure 2.1) from
precursors such as [PtCl,(MeCN),], [PtCly(cod)] or cis-[PtCly(styrene),] were not successful.
When using platinum dimers such as [Pt,Cl4L,], where L is a phosphine, such as PPh;, PMePh,,
PMe,Ph, PMe;, Pn-Bus, the corresponding complexes [CIPt(L)(NIPHOS)][PtCl;L] were formed

(2.5-2.9). All these coordination compounds were too unstable to be isolated; they were only

21



characterized in solution by means of NMR

[PACI(NIPHOS)(PMes)][PdC13(PMes)] (2.10) was also synthesized but showed even faster

spectroscopy.

decomposition than its platinum analogue 2.8. These complexes showed high reactivity towards
water and alcohols yielding complexes 2.11-2.17 (figure 2.1). Coordination of NIPHOS to a
metal center should increase the positive charge on the P atom, thus leading to nucleophilic
attack to the P-C double bond. The addition of the —OH or —OR group of the nucleophile to the
phosphorus atom resulted in the formation of a racemic mixture of complexes. This was proven
by adding enantiomerically pure isoamyl alcohol to complex 2.5, which resolves the *'P{'H}
NMR spectrum into two sets of signals for each diasteromeric complex. The —OH proton from
complex 2.11 was successfully removed after adding 1 equivalent of diisopropylethylamine and

could be protonated again after CF3SO;H was added to the solution.”

+ +

= Y REN: REN:
P N RN P P N Pt
o b Y i Had Pt Y ol
/N /N 7N
clI” cl L Ci L Cl
2.4 M =Pt, L =PPhy 2.5 M =Pt L =PMes R =H: 2.11
M = Pt, L = PMePh,: 2.6 M =Pt L =PMeg, R = MeOH: 2.12
M =Pt, L = PMe,Ph: 2.7 M =Pt, L =PMej, R =i-PrOH: 2,13
M =Pt, L = PMeg 2.8 M =Pt, L =PMeg, R =i-AmOH: 2,14
M =Pt, L = P(n-Bu)3: 2.9 M =Pt, L =PMes, R =PhOH: 2.15
M =Pd, L = PMey 2.10 M =Pt, L =PMes, R =PhSH: 2.16
M =Pd, L =PMeg R =H: 2.17

Figure 2.1 Pt and Pd complexes with NIPHOS and their water or alcohol addition products

The coordination chemistry of NIPHOS towards Rh(I) and Ir(I) was also investigated. In the
corresponding binuclear cationic complexes (2.18 and 2.19, scheme 2.2), the ligand showed a
different coordination mode, as the phosphorus atom is acting as a bridging ligand (u*-mode).
The formation of the dimer was attributed to the fact that the lone pair of the P atom has a higher

s-character and is more diffuse and less directional than the corresponding lone pair in pyridine.’

7
_ \ P. N / d‘:nbd,M:Rh:2.18
[M(diene)(bpy)*] + 2 NIPHOS ~——» I N2 l
—M——M p
AN Y |
Y r\{ f N q|=cod,M=Ir:2.19

Scheme 2.2 Synthesis of cationic rhodium and iridium dimers with NIPHOS
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Interestingly, the 2-(2’-pyridyl)-4,6-diphenylphosphinine ligand (PN) behaves quite differently
with group VI metal carbonyl complexes than NIPHOS does with the Rh, Ir, Pt and Pd
precursors mentioned above. Miiller et. al reported on air- and moisture-stable PN-tertracarbonyl
complexes 2.20, 2.21 and 2.22, and their 2-(2’-pyridyl)-4,6-diphenylpyridine (NN) analogues
2.23-2.25 (figure 2.2), which were obtained by thermal or photochemical treatment of
hexacarbonyl complexes of Cr, Mo, or W with the corresponding bidentate ligand. The PN
ligand turned out to be a much better m-acceptor than its NN analogue as proved by structural
characterization as well as by the higher IR stretching frequencies of the corresponding carbonyl
complexes. Additionally, a less negative reduction processes in CV and the presence of negative

. 4
solvatochroism was observed.

Ph Ph
7 2
NN / NV W/
Ph M = Cr: 2.20 P\ / M = Cr: 2.23
OC—/M\—CO M = Mo: 2.21 OC—/M\—CO M = Mo: 2.24
od co M=W: 222 od \co =W: 2.25

Figure 2.2 Group VI carbonyl metal complexes of PN and NN ligands

The first crystallographically characterized Pt(II) and Pd(I) complexes of a k3-phosphinine
ligand were synthesized by Miiller ef al. using PN as a ligand (2.26 and 2.27, figure 2.3).
Contrary to NIPHOS, the PN phosphinine bears a phenyl ring on the 6-position of the
heterocyclic ring, which brings kinetic stabilization of the otherwise reactive P-C double bond
when coordinated to metal centers. The P-C double bond in the heterocycle is sterically more
shielded against addition reactions and thus the complexes do not present decomposition during
manipulation, contrary to the case observed for Pt(Il) and Pd(II) complexes of NIPHOS. In
combination with the chelate effect, this allows the preparation and isolation of complexes with
metal centers even in higher oxidation states (vide infra). These complexes have the largest C-P-
C angles reported so far for phosphinine-metal complexes. This accounts for the disruption of
the aromaticity of the phosphinine ring and a higher P-C double bond reactivity towards
nucleophiles.

The water-stable [Cr(tmbp)(CO)s] (1.4, figure 1.4) has a C-P-C angle of 104.3%
[Rh(PN)(cod)]BF, (2.30, figure 2.4) has a value of 105.25° and has not been reported to be
extremely sensitive to water or alcohols. In the Ru(Il) complex cis-[Ru(tmbp)(dmso),Cl,] the C-
P-C angle is 106.08°, making the complex already much less stable towards nucleophilic attack.

Methanol addition to complexes 2.26 and 2.27 (figure 2.3), however, was achieved at 7' = 65 °C
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for overnight. The product shows syn addition of CH30H to one of the P-C double bonds,
unambiguously demonstrated by single crystal X-ray diffraction of the products
[MCL,(PNH-OCHs;)] (2.28 and 2.29, figure 2.3). The regioselectivity of the product is explained
if a concerted mechanism is assumed and not a 2-step process as proposed by Venanzi et al.,
which would lead to the anti product, and probably disfavored by steric reasons. Surprisingly,
when [PdCl,(PNH-OCHj3)] (2.29) is mixed with a slight excess of the diphosphine DPEphos,

regeneration of the PN ligand is observed after methanol elimination.’

Ph Ph

H
_/ \_/ _/ \—/ Ph.. |~ Ph
\ R p \ R /N CP’fO:P =
Ph IDt\ P ;’d\ c” N\
c’ “cl c’ ‘¢l N7
NS
2.26 297 M = Pt: syn-2.28

M = Pd: syn-2.29

Figure 2.3 Pt and Pd complexes of PN and their methanol addition products

Contrary to NIPHOS, the PN ligand forms the mononuclear square planar [(cod)Rh(PN)]BF,
complex (2.30, figure 2.4), which was compared to its bipyridine analogue [(cod)Rh(NN)]
(2.31). From the distribution and atomic orbital coefficients, DFT calculations of the PN ligand
demonstrate, that the LUMO enables the phosphinine moiety to act as a strong m-acceptor upon
coordination, while the pyridine moiety has a larger coefficient on the carbocyclic part, just as
expected for the weak m-accepting bipyridine. The HOMO contributes to n-donation from the
ligand and the HOMO-3 represent the lone pairs of P and N, the former being less directional

and more diffuse than the latter, which shows a pronounced o-donating ability.6

2.30 2.31

Figure 2.4 Rhodium complexes of PN and NN ligands

Inspired by the success of the chelating PN ligand to stabilize metal centers also in higher
oxidation states, coordination of PN to Rh(IIl) and Ir(IIl) was also investigated. Monomeric

complexes 2.32 and 2.33 (figure 2.5) where characterized by means of X-ray diffraction. They
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show C-P-C angles of 106.6° and 106.7°, respectively and thus are expected to react with
nucleophiles. Indeed, the reaction with water leads quantitatively and regio- and
diastereoselectively to an anti-addition of H,O to the external P=C double bond, as confirmed
unambiguously by X-ray crystal structure determination (2.34 and 2.35, figure 2.5).
Additionally, hydrogen bonding between the —OH hydrogen atom and the CI" counteranion was

7
observed.

ol Ph_~_JPh

Figure 2.5 Rhodium and iridium complexes of PN and their water addition products

Complex [(PNH-OH)Cp*IrCI|Cl (2.35) was treated with NEt; to form the new zwitterionic
coordination compound [(PNH-O)Cp*IrCl] (2.36, figure 2.6) after HCI elimination (pK, of the
complex is similar to the one of the pyridinium ion, which is 5.25). In the case of
[(PNH-OH)Cp*RhCI]CI (2.34), the addition of NEt; does not only lead to the zwitterionic
species; in the solid state, [(PN-OH)Cp*RhCl] (2.37) is obtained as a tautomeric form of the
zwitterionic compound. In order to conclude if the driving force of the proton abstraction by
means of HCI elimination was permitted because of the hydrogen bond between the H from the
—OH group and the Cl counterion, [PNCp*IrCl]CI (2.33) was reacted with methanol to obtain
[(PNH-OCH;)Cp*IrCl] (2.38, figure 2.6). 2.38 further reacted with NEt; yielding
[(PN-OCH;)Cp*IrCl] (2.39), regardless of the absence of an —OH group. The reactivity of these

complexes shows an elegant route to complexes containing A'c*-phosphorus heterocycles.®

— —+

cl

i = l:’(gH NP PgMe N |/P8Me
E‘fﬂ o \gr ch: X P‘\Iclrn E» e P\IC':I
= =
2.37 2.38 2.39

Figure 2.6 Deprotonation products of [(PNH-OH)Cp*IrCl]Cl and [(PNH-OH)Cp*RhCl1]CI with NEt; and
reaction product of [PNCp*IrCl]CI with methanol and consequitive reaction with NEt;
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The reduced m-retrodonation ability of metals in higher oxidation states such as Rh(III) and
Ir(IT) could be also correlated to the reactivity of these complexes towards nucleophiles. Miiller
et al. have described the coordination chemistry of the PN ligand with Ru(Il), which in general
is more electron-rich metal center than the ones mentioned previously. Complex 2.40 (figure,
2.7) was crystallographically characterized and shows a C-P-C angle of 103.7°, the lowest value
reported so far for the PN ligand. Indeed, the complex is stable towards water and methanol
even when refluxed in THF. [RuCp*Cl(tmbp)], a stable diphosphinine complex similar to 2.40,
shows a slightly larger C-P-C angle of 104.7°.” This means that the pyridyl ring contributes to
the formation and stabilization of phosphinine-based complex 2.40. Cationic complexes could be
obtained by abstraction of a ClI' from the coordination sphere with AgOSO,CF; or by
coordinating the PN phosphinine to the cationic precursor [Ru(MeCN);Cp*]PF¢. Surprisingly,

these cationic complexes also do not react with water.

[RuCl,(dmso)(PN)] (2.41) and cis-A-[RuCl,(PN),] (2.42) were also synthesized and structurally
characterized. From the reaction mixture of cis-[RuCl,(dmso),] and 2 equivalents of the PN
phosphinine, two products are obtained: cis-A-[RuCl,(PN)] (2.42) and trans-A-[RuClL(PN)].
They can serve as starting materials for the synthesis of phosphinine-based Ru(II) analogues of
the well-known bipyridine-based Ru(Il) complexes, such as [Ru(bpy)3]2+ and cis-[Ru(NCS),L,]
(L = 2,2’-bipyridyl-4,4’dicarboxylic acid), which are used for solar energy conversion.'®"'®
[RuCl,(dmso)(PN)] (2.42) reacts with water at the external P=C bond, leading exclusively to the
anti-addition product. With methanol, the reaction appears reversible and can be directed by
changing the temperature. The coordination of three PN ligands to a Ru(II) center proved to be
impossible. Nevertheless, [Ru(bpy),PN]X, complexes (2.43-2.46, figure 2.7) were prepared and
compared to the well-known triple emitter [Ru(bpy)3]2+. The HOMO of complex 2.43 is fully

conjugated from the metal center to one of the exocyclic phenyl rings, which makes it a good

candidate for electron transfer processes in future studies.

Ph X2
Ph o . B
B Ph = = \ ¢ N7
/ \ e
_P_Gl \ ¢ N7/ Ph \/ Ph 2 X
Ru P N\ / /N R = 2.45. X=0SO,CF
e R e U~ .45; X= ,CF3
’ N \% cl /Ru\ DMSO _N /\ R\ /—Ph| 246 X=BArF
~ DMSO™ Gl N N=
4
2.40 2.41 )

Figure 2.7 Ruthenium complexes of PN ligand
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The reaction of these complexes towards water depends on the counter ion; BArF™ (2.46) gives a
more stable complex, whereas BF, (2.44) and CF;SO;  (2.45) lead to complexes that show
reversible water-addition reactions, the addition product being the preferred one at room
temperature.17

From the molecular orbitals of the unsubstituted phosphinine (1.16, figure 1.9), the weak o-
donor (energetically low-lying HOMO-2), but rather strong m-acceptor (energetically low-lying
LUMO) properties of the ligand have been acknowledged and discussed in literature."® HOMO
and HOMO-1 are believed to participate in the formation of n°-metal complexes, but the
potentially m-donor properties had neither been considered, nor discussed in literature until
recently. Miiller ef al. performed a systematic investigation on the influence of substituents on
the electronic properties of the PN ligand by means of the IR frequencies of the CO stretching
bands of the corresponding tungsten carbonyl complexes (2.47-2.50, figure 2.8). For the
complex with the F-substituted ligand (2.48), only a slight —I effect was noticed, which can be
attributed to the +M effect that this substituent has. This balances the overall electronic effect.
For complex 2.49 with the CF;-substituted ligand, an almost pure —I effect can be noticed, but
for complex 2.50 with the donating CH;S substituted ligand, an inverse effect was observed: the
CO stretching bands shift to even higher wave numbers even though a shift to lower wave
numbers was expected under the assumption that a stronger donor would enhance m-back-
donation from the metal to the C-O anti-bonding orbital. DFT calculations were carried out,
which showed that donor substituents at the para-position of the phosphinine ring increase the n-
donating properties by conjugative interactions through the HOMO, making the latter higher in
energy. Moreover, the HOMO and LUMO have large coefficients at the phosphorus atom, they
have similar shapes and point in the same direction, which leads to interaction with the same d-

metal orbitals in octahedral complexes.

N N 247: X=H
PN 2.48: X =F
P/ \ / 2.49: X = CF,
OC—/W-CO 2.50: X = SCHy
oc Co

Figure 2.8 Tungsten complexes of functionalized PN ligands
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This might lead to repulsion and net weakening of the P-M bond, which explains the shift of the
C-O stretching bands for complex 2.45 to higher wave numbers in the IR spectrum. This study
shows that the electronic properties of phosphinines can be modulated systematically by

introducing substituents into specific position of the heterocycle.'’

2.2 Results and discussion

It is the aim of this work to continue exploring the coordination chemistry of the very versatile
PN ligand, therefore the results obtained throughout this research will be presented and
discussed in this section. The studies on the coordination reactions of the PN ligand with metal
centers have been divided according to transition metal groups in the periodic table. The NMR

assignment for the ligand signals follows the numbering depicted in figure 2.9.

Figure 2.9 Numbering for the NMR signal assignation
Hydrogen atoms have the same numbers as the carbon atoms attached to them. The atoms that

constitute the heteroatomic rings give the most valuable and interesting information about the

coordination chemistry and the discussion will mainly evolve around this subject.
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Group XI metal complexes

Copper

Several very interesting copper complexes containing phosphinine ligands have been described
in literature (figure 2.10). The synthesis and spectroscopic properties of complex 2.51 were
reported by Kanter and Dimroth.”” Complex 2.52 was obtained by mixing Cul with 2-phenyl-
3,4-dimethylphosphinine, from which an infinite stepped straight structure was characterized in
the solid state.”’ On the other hand, a monomeric species (complex 2.53) was obtained by Le
Floch and Mathey by reacting TMBP and [Cu(MeCN)4]BF,. In the presence of one equivalent

of bipyridine, the formation of an infinite helical polymeric structure was observed.”

2.54 2.55 2.56

Figure 2.10 Copper complexes with phosphinine ligands

The same group discussed on the tetranuclear cluster 2.54. It consists of a [Cul]4 core containing
two chelating 2-diphenylphosphino-3-methylphosphinine ligands.” Miiller et. al reported on a
monomeric copper complex formed by a phosphinine derivative of terpyridine and CuBr-SMe,
(2.55). This complex shows a distorted tetrahedral coordination geometry around the Cu(I)
center.”* Mathey described a dimeric structure (2.56), where two molecules of 2-phosphaphenol
are coordinated in an n'-fashion to two different Cu centers. The metal atoms are bridged via
two molecules of 2-phosphaphenol coordinated in a u’-fashion, forming a diamond core

25
structure.
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Miiller et al. reported on the first heterocubane-type cluster: a tetrameric Cu(I) cluster containing
an aromatic phosphorus heterocycle (2.57, figure 2.11). This compound exhibits an intense
orange luminescence (Am.x 640 nm) at room temperature when irradiated with UV light in the
solid state. DFT calculations showed that the excitations observed correspond to charge transfers

from the [CusBr14] core to the phosphinine 1igand.26

Br— =
R A ) - o
Fdi= RY_z |
|/ /Br P
Br— ~

2.57

Figure 2.11 Copper cluster of the type CusBrsL,4

The coordination chemistry of the PN ligand to copper(l) precursors was studied with awareness
that coordination of phosphinines to Cu cannot be so easily predicted as confirmed by the
literature reports described above.

Different Cu(l) salts were used to synthesize Cu(l) complexes with PN as ligand. In general, the
solubility played an important role. Some Cu(l) precursors are poorly soluble in common
organic solvents such as MeCN, toluene, THF, DCM, diethyl ether, etc. Below, a table with the
different copper precursors used is shown, along with the corresponding chemical shifts of the

signals observed in the *'P{'"H} NMR spectrum for the reaction mixtures.

Table 2.1 *'P{'"H} NMR data of different Cu-PN complexes synthesized

Compound Precursor M:L 31P{IH} NMR Observations
1 [Cu(MeCN),]BF,4 1:1 133.1 ppm (DMF) Insoluble orange solid
2 [CuBr-SMe;] 1:1 none Insoluble orange solid
3 [(cod)CuCl], 1:1 129.9, 30.5, -23.5 ppm (DMSO) Red solid
4 [Cu(CF5S03)],-Tol 1:1 33.2, 19.6(br), 9.3(br) ppm (DCM) Partially soluble

131.5 ppm (DCM)
130.6 ppm (DCM)

5 [Cu(MeCN)4]PFg 1:1 136.4 ppm (DCM) Yellow solution
150.6 ppm(MeCN)
142.2 ppm (DCM)

6 [Cu(MeCN),]PF 12 146.6 ppm (DCM) Yellow solution

152.3 ppm (DCM)
154.0 ppm (MeCN)
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[Cu(MeCN)4]PF¢seemed to form fairly soluble complexes when mixed with the PN phosphinine
in DCM or MeCN. It was noticed that in every attempt, either with a M:L ratio of 1:1 or 1:2, the
chemical shift of the product changes by several ppm, even when measured in the same solvent.
This has been observed earlier for Cu-phosphinine complexes. Compounds 5 and 6 crystallized
easily as very fine yellow needles, which most of the times were not suitable for X-ray
diffraction. From compound 5, a picture of the molecular structure of the complex could be
obtained, and thus the very interesting connectivity can be shown. Before the crystallization
attempt, the reaction mixture showed a very broad signal at 6 = 136.4 ppm in the 31P<{1H} NMR
spectrum. In order to assign the molecular structure in the crystal to its corresponding species in
solution, a *'P{'H} NMR spectrum was recorded, but no signal could be detected, probably due
to a low concentration of the complex in the sample solution and the low signal intensities that
this type of complexes give. Figure 2.12 shows the molecular structure of S in the crystal. The

PF¢ anions and the phenyl rings of the PN ligand have been omitted for clarity.

— — | [PF6|2

Figure 2.12 Schematic structure of 5 (left). Molecular structure of 5 in the crystal (right). Ellipsoids are scaled to
enclose 50% of the electron density. Part of the molecule has been omitted for clarity purposes. Only the core
structure is shown

The complex shows two copper centers, which are bridged via the phosphorus atoms forming a
core diamond structure. Moreover, each nitrogen atom of the pyridyl ring is also coordinated to a
metal center and there are two molecules of MeCN in the coordination sphere, resulting in a
distorted tetrahedral geometry around each copper center. The short distance between the two

coppers (approximately 2.56 A) suggests a Cu-Cu bond, similar to the Cu-Cu distance 2.5487(5)
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A observed for complex 2.56, in which the phosphinine ligand also adopts a u> and a n'-
coordination. The chelating nature of the PN ligand should not be the only factor that influences
the ligand to adopt the u’*-coordination. If it were so, a mononuclear cationic complex would be
expected as in the case of complex 2.53. The electronic properties of the pyridyl substituent
might play a role on this preferred coordination mode.

This diamond-core shape results very interesting for applications such as catalytic oxidation
processes, organic light-emitting diodes and low molecular weight model complexes for copper
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containing enzymes. It is worth mentioning that the DCM solution of this complex neither

shows fluorescence under long nor short wavelength of UV light (with the naked eye).

Silver

Silver complexes with phosphorus ligands have been a subject area of interest, due to their
versatile ability of forming mononuclear, dinuclear, and polynuclear complexes with different
characteristics. It has been shown for diphosphines of the type dppm, dppe, and dppp, that the
nuclearity of the complexes varies. Dppm (bite angle of 71.7°) forms with silver only dinuclear
complexes of the type M,L,, where dppm is acting as a bridging ligand rather than as a chelating
one (figure 2.13). For dppe and dppp (85.0° and 91.1°, respectively) a mixture of mononuclear
and polynuclear complexes are formed, where the ligands act as chelating ligands and/or
bridging ligands. The most stable complexes result when the ligands act as bridging ligands

(figure 2.13).2>°

Even though the electronic properties of phosphinines differ from those of phosphines, the bite
angle of bidentate ligands plays and important role in the type of complexes formed. The PN

ligand has a bite angle of around 82°, which is in between the given value for dppm and dppp.
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Ph— _Ph 2CH2UML, dppp / P P N\

Py PRl OS]\ ph Ph
Bh Ph Ph'Ph % pH Ph

Figure 2.13 Cationic dinuclear silver complexes with diphosphines

Le Floch published complex 2.58 (figure 2.14), the only reported example of a phosphinine-
silver complex so far. The ligand in this complex is an extended silacalix-[3]-phosphinine which

forms a planar complex with AgBF, according to NMR spectroscopic analyses.*
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2.58

Figure 2.14 Silver complex of a silacalix-[3]-phosphinine.

The coordination chemistry of the PN ligand towards different silver salts has already been
studied in the group of Miiller.*" Unfortunately, no clear proof of the geometry or type of
complex was elucidated before. Single crystals suitable for X-ray diffraction of these
coordination reactions results somewhat difficult to obtain due to decomposition, which can be
noticed already after few minutes in the *'P{'H} NMR spectra of the reaction solutions. It was
detected, however, that silver tosylate showed less decomposition products and longer life-time

in solution.

The coordination chemistry of the PN phosphinine with silver tosylate (AgOTs) was therefore
studied in more detail. AgOTs was mixed with the PN ligand in a 1:1 ratio in DCM. After letting
the solution stir thoroughly for some hours, no suspended solid could be seen in the yellow
solution formed (AgOTs is barely soluble in DCM). The mixture was then characterized by
means of NMR spectroscopy. The only signal obtained in the *'P{'H} NMR spectrum, with a
chemical shift of 6 = 135.7 ppm, suggests coordination of the PN ligand to silver (complex 7).
Based on the large *'P{'H} shift difference in comparison to the free ligand (Ad: 51.8 ppm), the
phosphorus atom is expected to be directly bound to the metal center. The 'H NMR shows a set
of signals, where especially H10, H4 and H2 are strongly shifted to high field compared to the
free ligand. Moreover, the *Jp.; coupling constants of H2 and H4 increase from approximately 6
Hz in the free ligand to 11 Hz in the complex (table 2.2). It seems that the P atom as well as the
N atom are coordinated to a silver center, but weather the coordination mode is chelating or
bridging remains undefined.

It was noticed that there were silver mirror spots inside the crystallization vials every time. As
DCM is a non-coordinating solvent, the reaction was performed also in acetonitrile, to see if this
would bring more stability to the complex formed, and to avoid precipitation of silver. After the
solids were mixed and the solvent added, a *'P{'H} NMR spectrum was recorded. It showed a

very broad signal at 8 = 142.2 ppm, but silver mirror spots were still formed immediately.
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Table 2.2 *'P{'H} and "H NMR selected data for silver-phosphinine complexes with different M:L ratios

Expected M:L | solvent Spyipy 'H (ppm), *Jy1.p (Hz)
complex H10 H4 H2 H9
7 [Ag(PN)]OTs 1:1 DCM 135.7 ppm 8.54 8.08,11.3 8.04,12.2 7.24
7 [Ag(PN)]OTs 1:1 MeCN 142.2 ppm
8 [Ag(PN),]OTs 1:2 DCM 155.6 ppm 8.55 8.27,9.2 8.10, 9.8 7.31
8 [Ag(PN),]OTs 1:2 MeCN 168.3 ppm
9 [Ag(PN);]OTs 1:3 DCM 168.5 ppm 8.56 8.43,7.8 8.18,8.3 7.04
9 [Ag(PN);]OTs 1:3 MeCN 162.1 ppm
PN DCM 187.8 ppm 8.73 8.73, n.d. 8.25,6.0 7.29

The reaction was performed again with two equivalents of ligand this time (complex 8). The
*'P{'"H} NMR spectrum of the mixture in DCM shows a signal at & = 155.6 ppm. In the 'H NMR
spectrum a high field shift is again observed for all signals except for H9, which shifts slightly to
lower field. The 3Jp_H coupling constants of H2 and H4 are larger for complex 8 than for
complex 7 (see table 2.2). After some hours, dark solid precipitated again from the solution, but
the *'P{'"H} NMR spectrum still showed the same signal and no free ligand. This suggested that
a 1:3 M:L ratio might yield more stable products.
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1\? y " /\\_j \ f U OTs
N JL__JJL_*_J/ LN b Y T

Figure 2.15 'H NMR spectra with signal assignment for complexes 7-9

Three equivalents of ligand were mixed with one equivalent of AgOTs in DCM (complex 9).
The yellow solution gives a signal in the *'P{'H} NMR at § = 168.5 ppm. In the 'H NMR
spectrum there is one set of signals for the coordinated PN ligand, that are shifted to high field

but to a less extent compared to complexes 7 and 8 (see figure 2.15).
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Unfortunately, crystals suitable for X-ray diffraction could not be obtained even after several
crystallization attempts. In all cases, whether using DCM or MeCN as a solvent the formation of

silver mirror spots or black solid was observed.

Three different types of silver complexes containing the PN phosphinine have been synthesized.
From their *'P{'H} and 'H NMR spectra, it is obvious that the electronic situation is fairly
different in each case. It is worth to highlight the shift of H2 and H4 signals from high to low
field and the decrease in their *Jpy coupling constants when going from complex 7 to 9. It is
reasonable to propose a u’-P coordination mode for complex 7, going to a P-N bridging-mode in

complex 9, judged by the NMR data obtained.

OTs

Figure 2.16 Comparison of the '"H NMR spectra of complexes 9 and 10

In order to compare the results with cases where other silver precursors were used, the analogous
reaction for complex 9 was conducted starting with silver triflate (AgOTT). Three equivalents of
PN were weighed together with one equivalent of AgOTf and dissolved in DCM (complex 10).
The mixture gives a *'P{'H} NMR signal at & = 156.3 ppm and the 'H NMR spectrum looks
different than that observed for 9 (see figure 2.16).

In the case of complex 10, H10 is electronically much more shielded than the corresponding
signal in complex 9, and the *Jp. coupling constants for H2 and H4 are larger in 10 (9.9 and 9.2
Hz, respectively) than in 9 (7.8 and 8.3 Hz, respectively). Obviously, the anion plays a role in
these complexes. Unfortunately, crystals suitable for X-ray diffraction could not be obtained for

complex 10. The structures of these four silver complexes remain open for elucidation.
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Gold

42746 11 the most recent

Some Au(I)-phosphinine complexes have been reported in literature.
publication Moussa and Amouri discuss the molecular structure of 2,6-diphenyl-4-
methylphosphinine gold chloride.”” The bond lengths and angles in the crystal show similar
values to those of the gold complexes reported previously (see table 2.3). Nevertheless, none of
these complexes contain an hetero-donor functionality, therefore, it was interesting to study the

coordination chemistry of the PN ligand to gold.

Me
AN o
| Au-P = 2.2078(7) A
Ph-" > P” “Ph Au-Cl = 2.2666(7) A
Au P1-C =1.723(2) A
| P-Au-Cl = 178.48(3)°
cl C-P-C = 106.90(13)°
2.59

Figure 2.17 2,6-diphenyl-4-methylphosphinine gold chloride and selected bond lengths and
angles from the molecular structure in the crystal

It is known that gold in its oxidation state +1 prefers to form linear complexes. For this reason,
we expected the PN ligand to coordinate to the metal center only via the phosphorus atom and
not as a chelating ligand. To get evidence for this, [AuCl-SMe,] was mixed with one equivalent

of PN ligand in DCM (scheme 2.3).

Ph

= = DCM |
\ N+ CIAu-DMS o Ph =) X

¢\
1. |
Ph : Au

"

Scheme 2.3 Reaction between [AuCl-SMe,] and PN ligand

Immediately, the solution turns light yellow. The *'P{'H} NMR spectrum of the reaction
mixture shows a singlet at = 158.3 ppm (Ad = 29.5 ppm). The ligand signals in the 'H NMR
spectrum barely change compared to the 'H NMR spectrum of the free ligand, except that H2
and H4 are slightly shifted toward low field and the *Jpy coupling constants increase

dramatically from approximately 6 Hz in the free ligand to 21 Hz in the complex. Indeed, the o-
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coordination mode via the P atom was confirmed by X-ray diffraction of crystals obtained by

slow evaporation of DCM. Figure 2.18 shows the ORTEP plot of complex 11.

Figure 2.18 Molecular structure of complex 11 in the crystal. Ellipsoids are scaled to enclose
50% of the electron density

Two independent molecules are present in the asymmetric unit of the crystal. Linear gold
complexes have shown to normally form parallel, antiparallel or crossed arrangements in the
solid state. In this case, the complexes form a crossed arrangement between each other. The
torsion angle between CI(1)-Au(1)-Au(1)-Cl(2) is 119° (ideally, a crossed arrangement would
have a torsion angle of 90°). Each independent molecule has a slightly distorted linear geometry:
P(1)-Au(1)-CI(1) and P(2)-Au(2)-Cl(2) angles are 176.22°(11) and 175.27°(11), respectively.
P(1)-Au(l) and P(2)-Au(2) bond lengths (2.209(3) A and 2.203(9) A, respectively) are very
similar to those reported by Le Floch, Nixon, Goudat and Siemeling, while the P-C double

bonds are slightly longer in this case compared to literature cases (see table 2.3).

An interesting feature of this structure is that Au-C,., inter- and intramolecular interactions are
present (see Figure 2.15). These types of interactions have been acknowledged in recent years,
especially for playing a role in gold catalysis.“g_50 Some interactions have shown to be of the
same magnitude as Au-Au interactions. The Au-C,., interactions are considered important
when the distance between the gold atom and the arene centroid is shorter than 4.0 A, based on
crystal structure data and van der Waals radii considerations. Intermolecular interactions of
different types (Au-Au, Au-Cl, Au-C,.e) can stabilize the complex by building supramolecular

51-53
arrays.
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Table 2.3 Selected data from the crystal structures of gold-phosphinine complexes reported in literature and from 11

Ph
=

Au(L)Cl bonds (A), angles (°) and interactions (A) from the crystal structures

~ Ph tBu N
L= W M Tws ‘P/ ™S rj\ /@ fj\ Ph ‘P/ S
“ZoMe Me P” "Me tBu P tBu Ph P Ph N_ -
P-Au-Cl 175.9(1) 175.36(7) | 175.70(10) 177.76(6) 177 176.22(11)
Au-P 2.206(1) 2.211(2) 2.234(3) 2.2194(15) 222 2.209(3)
Au-Cl 2.277(1) 2.281(2) 2.298(3) 2.2654(17) 2.28 2.283(3)
1.710(6 1.681(12 1.730(10
P-C 1.702%7; 1.723%10; LoT2LIE) 1.724%10;
C-P-C 110.4(3)° 108.0(3) 106.9(5)
Au-Au - - 3.60 - - 5.797
3.32(3) () 3.164 (')
Au'Carene - - - - 2 )
3.39(3)/3.44(3) ) | 3.327/3.466 (v°)
Au---Cl 3.387 - - - -
motif parallel - crossed - crossed crossed
ref Gudat™® Le Floch® | Siemeling®® Nixon* Siemeling* This work

Ligands for gold complexes have been carefully designed, in which an arene functionality

attached to the skeleton of the ligand acts as a m-ligand and form intramolecular Au-C,ene
interactions (figure 2.19).
tBu Y

\ + C
tBu—P——Au— ||

"

Figure 2.19 Cationic gold complex, where intramolecular C,.,,.-Au interactions are found

These features are especially important in linear cationic gold complexes for enhancing the
stabilization of intermediate species formed during the catalytic cycle to obviate the need for
silver co-catalysts, which help eliminate the halides to form the cationic active species.>* >’

Table 2.4 shows the inter- and intramolecular interactions observed in the molecular structure in

the crystal of compound 11 (purple and blue dotted lines, respectively).

Table 2.4 Inter- and intramolecular interactions found in the crystal structure of 11

Intermolecular (A)
Aul-N1=3.271
Aul-C16 =3.472
Au2-C29 =3.661
Au2-C38 =3.164
Au2-C33 =3.698

Intramolecular (&)
Aul-C26 =3.327
Aul-C27 =3.466
Aul-C25=3.976
Au2-C2 =3.935
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Distances as short as 3.164 A are found for Au(2)-C(38) and 3.271 A for Au(1)-N(1). The
interaction that holds the molecules together is basically a Au-C,., interaction between Au(l)
and C(26) and C(27) (3.327 A and 3.466 A, respectively). This interaction can be considered a
nz-interaction; the distances between Au(l) and C(25) and the rest of the ring are somewhat
longer and already on the limit of the accepted value to be assigned as Au-C,, interactions.

The free pyridine ring in this complex leaves open the possibility to coordinate a second metal
fragment to complex 11. Based on the HSAB principle, the hard Au(III) should coordinate to the
N atom, while the softer Au(I) should coordinate to the P atom. Also, Au(I)-Au(IIl) interactions
could be an extra feature to form a highly stable complex. After adding 1 equivalent of AuCl; to

a DCM solution of complex 11 and stirring for several hours a yellow solution was obtained

(Scheme 2.4).

Ph Ph
X X
| DCM B —
Ph P N + AuCly —> Ph” P \ y
| N rt. N
Au Au.._ /
| | TAuCl,
Cl Cl
11 12

Scheme 2.4 Reaction of 11 with AuCl; to form proposed complex 12

The *'P{'H} NMR spectrum of the reaction mixture shows a signal at & = 23.6 ppm (Ad= 164
ppm). A smaller shift of the *'P{'H} signal was expected if it was assumed that only the pyridyl
ring would coordinate to Au(Ill) and the P atom would remain attached to Au(I). Unfortunately,
crystals suitable for X-ray diffraction could not be obtained in order to show what type of
complex is formed. There is more than one situation that explains the NMR data obtained, for
example, that the P atom is bridging the two Au centers or that the ligand decoordinates from the
AuCl fragment and coordinates only to AuCl;. Of course, attempts to form a dinuclear complex
with other metals and complex 11 should be made, for such complexes have enormous interest

for catalysis and material sciences.
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Group X metal complexes

Nickel

Nickel(0) complexes containing phosphinines have been reported before in literature and a
selection of these are shown in figure 2.20. Complexes 2.60 and 2.61 were synthesized from
[Ni(cod),] and the corresponding phosphinine. With more sterically demanding phosphinines,
for example with /Bu groups in 2- and 4-positions, no complexes were formed.”™ The same
group reported on tetrasubstituted Ni-(2-halophosphinine) complexes,” which are analogues to
complex 2.62, described by Elschenbroich. The tetrahedral coordination compound proved to be
more stable than its pyridine or arsabenzene analogues.”” Mathey described the structure of
complex 2.63, where the phosphine-phosphinine ligand is bridging two nickel centers forming a
dimer. The presence of the strong m-accepting phosphinine allows the stabilization of the

complex, whereas with the 2-phosphinopyridine ligand no nickel complex is formed.”

R
pey ~ Y
3 P = p/ g
SN ! 0 P~
S Rs |
R, P\RS

— Ph
s T |_C.
_F "i' N\ / OC----l\fi—/ rTn--uCo
d
Q P | ph—P—__P |
Ph
Ro = X
2.60: Ry,R3=Ph, Ry =Ph 2.62 2.63

2.61: Ry,R; =Ph, R, = tBu

Figure 2.20 Selected Ni(0) complexes with phosphinine ligands reported in literature

The PN phosphinine was reacted with [Ni(CO),] rather than another nickel precursor, due to the
valuable information about the electronic properties of the ligand that can be collected by means
of IR spectroscopic analysis of the CO stretching bands.

The reaction was conducted by condensing [Ni(CO),] in an NMR tube with a PN solution in
THF, which immediately gives a very dark solution. From time to time, the tube was degassed in
order to remove CO out of the closed system, and a >'P{'"H} NMR spectrum was recorded. The

course of the reaction is shown in figure 2.21.
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Figure 2.21 Time dependent *'P{'H} NMR spectra from the conversion of PN with
Ni(CO)y. Each spectrum was recorded after degassing the solution

In the first spectrum shown above, three signals are observed. The minor one at § = 186.7 ppm
corresponds to the free PN ligand. At higher field, a signal at & = 183.8 ppm (13) seems to be the
first species formed, which in time slowly converts to 14 with a shift of 6 = 204.2 ppm. After
degassing the solution several times almost only 14 remains in solution. The interpretation of the
spectra is that compound 13 is [Ni(T]l-PN)(CO)3], which would be supported by the observations
made by Mathey.1 In this case, NIPHOS coordinates to [W(CO)¢] first only via the P atom to the
metal center, while after dissociation of another CO molecule the signal undergoes a high field
shift compared to the signal of the free ligand. Once the pyridyl ring is coordinated, the complex
gives a signal at lower field shift. Following this logic, it is believed that 14 is the chelate
complex [Ni(PN)(CO);]. Unfortunately, an IR spectrum of the solution could not be recorded to
corroborate these assumptions, due to the high toxicity of [Ni(CO)4] that remains in solution.
Consequently, all volatiles were removed under vacuum to isolate the product. Interestingly, the
new species 15 is formed, which shows a >'P{'H} NMR shift at § = 166.2 ppm (Ad = 17.2 ppm).
The IR spectrum of the dark powder obtained shows two CO stretching bands at ¥ = 2035 cm’™
and ¥ = 1987 cm™. There are no signals present in the area where bridging CO frequencies
appear. Moreover, most of the “C{'H} NMR signals of compound 15 are split into
pseudotriplets, which means that there are two inequivalent, but very similar P atoms in the
molecule. The '"H NMR spectrum gives one set of broad signals that corresponds to the PN
ligand, which supports the observation from the *'P'H} NMR spectrum that both ligands in the
complex are very similar but not equivalent. Compared to the '"H NMR spectrum of the PN
ligand, all signals are fairly high-field shifted. H2 and H4 overlap and give a pseudotriplet with a
coupling constant of approximately 7.3 Hz. The pyridyl ring protons undergo a high-field shift,
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especially H10, which normally undergoes a downfield-shift in mononuclear complexes where
the PN ligand is coordinated in a chelating fashion. Unfortunately, crystals suitable for X-ray
diffraction could not be obtained and the structure of this complex remains unknown. From the
IR and NMR spectra a dimeric structure is proposed for complex 15 (figure 2.22), where two PN

ligands are involved and no CO-bridging ligands are present.

Figure 2.22 Proposed structure for complex 15

Group IX metal complexes

Rhodium

Rhodium complexes with the PN ligand have been synthesized and structurally characterized
previously in the group of Miiller (2.30 and 2.32 from figure 2.4 and 2.5, respectively).*’ In
order to further investigate the coordination chemistry of the PN ligand with other precursors
and for comparison purposes with other PN-derived ligands (see chapter 4), [RhCI(CO),], was
mixed with 0.5 equivalents of PN in DCM (scheme 2.5).

Ph
? | t + [RNCI(CO)sl, — > [RNCI(PN)(CO)l,
Ph P : X DCM
N~ 16

Scheme 2.5 Coordination reaction between PN and [RhCI(CO),], to
form complex 16

A black powder is formed immediately. This black solid is insoluble in almost every common
organic solvent, and the compound could not be analyzed by means of NMR spectroscopic

techniques.
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Figure 2.23 Molecular structure of complex 16 in the crystal (left). Core structure of the dimer
(right). Ellipsoids are scaled to enclose 50% of the electron density

Fortunately, crystals suitable for X-ray diffraction were obtained by slowly diffusing a solution
of the ligand into the solution of the precursor. Figure 2.23 shows the molecular structure in the
crystal for complex 16. Selected angles and bond distances are shown in table 2.5. The structure
corresponds to the neutral binuclear complex 16. It can be pictured as two chelate complexes,
which are bound together via the phosphorus atoms. The Rh1-P1 bond has a bond distance of
2.2295(14) A but the Rh2-P1 distance is somewhat longer, 2.4764(13) A. These four atoms are
approximately coplanar (Rh1-P1-Rh2-P2 torsion angle is 8.23°) and the geometry around each

metal center is slightly distorted square pyramidal.

Table 2.5 Selected bond lengths and angles in complex 16

Bonds Distance in A Angles Degrees
Rh1-ClI 2.4021(14) C1-P1-C5 104.5(2)
Rh1-P1 2.4764(13) P1-Rh1-P1 85.36(5)
Rh1-P1 2.2295(14) N1-RhI-CII 93.93(13)
Rh1-N1 2.125(5) NI-RhI-P1 81.12(12)
Rh1-C23 1.872(7) C23-Rh1-Cl1 87.8(2)
01-C23 1.128(7) C10-N1-C6 118.3(5)

P1-C5 1.743(5) P1-C1-C2-C3 10.3(8)

PI-Cl 1.740(5) PI-CI-C11-C16 56.7(7)
N1-C6 1.375(7) P1-C5-C6-N1 9.5(6)
NI-C10 1.353(7) C2-C3-C17-C18 44.3(7)

Venanzi and Mathey obtained cationic dinuclear complexes with the NIPHOS ligand and

[Ir(cod)Cl], and [Rh(nbd)Cl],. After an anion exchange, more stable complexes were formed,
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which allowed their isolation and structural characterization.’ Only the iridium complex could be
structurally characterized by means of X-ray diffraction, thus the molecular structure of the

dirhodium complex cannot be compared to the one of 16.

Miiller showed the coordination reaction of [Rh(cod),|BF4 and the PN ligand, which leads to
the monomeric complex [Rh(cod)PN]BF,(2.30).° Breit and coworkers prepared several trans-
(phosphinine),Rh(CO)CI complexes such as 2.64, and compared their IR CO-stretching
frequencies arriving to the conclusion that the electronic properties of phosphinines are closer to
those of phosphites than to phosphines.61 A summary of selected bond lengths and angles of

these rhodium complexes is listed in table 2.6 for comparison purposes with the structure of 16.

Table 2.6 Selected bond lengths and angles of Rh-phosphinine complexes reported in literature

BF,
Ph Ph Ph s ) Ph
co
N, P &
Ph—QF R(; P;:/>—Ph thg] Complex 16
Ph Ph >
2.64 2.30
2.2805(12) A
P-Rh 2.2724(12) A 2.2250(8) A 2.2295(14) A
N-Rh - 2.159(2) A 2.125(5) A
C-P-C 105.8(21)° 105.24(14)° 104.5(2)°
P-Rh-N - 79.77° 81.12(12)°
PC 1.716(4) A 1.729(3) A 1.743(5) A
1.723(5) A 1.721(3) A 1.740(5) A
Ref. Breit®! Miiller® This work

The Rh-P and Rh-N bond lengths are very similar to those present in [(PN)Rh(cod)|BF4(2.30).
The P-C bond is slightly longer and the C-P-C angle does not differ substantially from the
cationic monomer.

Due to the nature of the chelating ligand, in complex 16 the chloride and carbonyl ligands are
forced to be in cis-position with respect to each other. CO is trans to the N atom of the pyridyl
ring (strong o donor), while in the case of complex 2.64 a CI atom is in trans-position to the CO
ligand (see table 2.6). This, of course influences the IR stretching frequencies of the CO ligands.
Two CO stretching bands are detected for complex 16 (7 = 2064 and ¥ = 1987 cm™), the one at
higher wave numbers is considerable shifted from the one obtained for 2.64 (¥ = 1999 cm™).
The overall effect can be explained by the fact that in complex 16 there is more electron density
on the metal center (from the pyridyl ring) and less m-accepting ligands (2 phosphinines and one

CO in the case of complex 2.64), resulting in higher CO stretching wave numbers.
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Complex 16 demonstrates that the PN ligand can bind to Rh(I) also in a u’-mode, depending on

the precursor used. The u>-mode consists of one phosphorus atom bridging two Rh(I) centers.

Group VIII metal complexes

Iron

The Iron-phosphinine complexes depicted in figure 2.24 have been reported in literature.

Homoleptic n'-phosphinine complex 2.65 was obtained from open ferrocene (2,4-Me,-n’-
CsHs)Fe and an excess of phosphinine, which forms a trigonal biyramidal Fe(0) complex.62
Complex 2.66 is an air stable n6-phosphinine iron complex, which was used as a catalyst for the
[2+2+2] cycloaddition reaction of one molecule of butyronitrile with two molecules of methyl

propargyl ether giving up to 160 mol of pyridine derivatives/mol.*’

OO o R O

Ph
Fe
Q /( \ R\N’ e\N/R Fe—Fe
M Wy \é, co co
R R
2.65 2.66 2.67 2.68 2.69

Figure 2.24 Iron-phosphinine complexes reported in literature

Complex 2.67 was synthesized by Le Floch from complex 2.66 and different diazadienes, which
showed to be more robust than similar complexes bearing pyridines instead of the phosphinine
ligand.** The sandwich complex 2.68 contains a neutral mn°-coordinated 2.4,6-
triphenylphosphinine ligand as well as an anionic cyclopentadienyl ligand.” Complex 2.69
shows a diiron ' -phosphinine-n'-phosphine complex, which bridges both iron centers.
Cyclopentadienyl ligands as well as carbonyl ligands are also present in the complex, where
each iron center has an unusual oxidation state of +1.%

Wolf and Miiller recently reported on the first anionic iron complex with a m-coordinated
phosphinine (2.70, scheme 2.6). The phosphinine ligand in this complex is coordinated in the
unusual 1*-fashion. This coordination compound is extremely water sensitive and reacts with it

to form the ionic complex [K[18]-crown-6]{Cp*Fe(n*-2,4,6-triphenyl-2,3-dihydrophosphinine
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1-oxide}. On the other hand, complex 2.70 can be chemically oxidized with ferrocenium leading

to complex 2.71, a P—P bonded dimer."”’

6@ Q A Ph  Ph

— ; Ph
o ooy P Ph{@éP—PS\ZD}
Fe - ] [CpoFe]PFg |

— > Fe- e — F Ph Fe
-CpsFe, -KPF
\@ \@( -[1p§]crown-66 ﬁ \Q
[K([18]crown-6)(thf),]* [K([18]crown-6)(thf),]*
2.70

Scheme 2.6 Synthesis of complex 2.70 and its oxidation to form complex 2.71

The coordination chemistry of phosphinines with Fe(0)-carbonyl complexes has been barely
explored. To the extent of our knowledge the few examples of Fe(0) phosphinine-carbonyl

complexes were reported in the PhD thesis of Eggers (scheme 2.7).%

Ph
2,
Ph~ > P” ph fj\
~
h" P

Ph Ph
oc., Ph =\
| R + FeyCO)y ——» "'Fe—CO + ‘ + ?O\Ph
_ oc/ pr” || ~Fe(CO),
Ph”” P~ “Ph
/Fe CcO \
oC | Fe(CO),
U
2.72 2.73 2.74

Scheme 2.7 Reaction of 2,4,6-triphenylphosphinine with Fe,(CO),

The preparation of these complexes is not straightforward. When reacting triphenylphosphinine
with Fey(CO)y a mixture of products 2.72-2.74 is obtained in different ratios depending on the
reaction conditions. Complexes 2.73 and 2.74 were structurally characterized and the interesting
n*-coordination of the ligand in complex 2.74 could be unequivocally described, where the

heterocycle bends 46.4° across an imaginary line, which would connect the phosphorus atom

with the C3 of the ring.
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Looking at the chemistry of the related bipyridine ligands, heteroleptic carbonyl-bipyridine
complexes have been prepared and show to have potential applications in synthesis and
catalysis.” Bipyridines belong to the 1,4-diaza-1,3-diene ligand class (figure 2.24). The
carbonyliron complexes of this class of ligands catalyze the dimerization or oligomerization of
unsaturated organic molecules. It is important to elucidate the coordination modes of these
substrates to the metal center, and investigate the reaction mechanisms in order to gain
understanding in these processes. The group of Frithauf has reported on the coordination of
dienes (with n4-coordination modes) to precursors of the type [(1,4-diaza-1,3-diene)Fe(CO)s],
and they have observed an interesting dependence between the ligand arrangement and the =-

acidity of the diene ligand.

e .
77N 7N VR
\ N N / \ N N-R R—-N N-R

type A type B type C

Figure 2.25 Different types of 1,4-diaza-1,3-diene ligands

When dienes with pronounced m-accepting properties, such as diethyl muconate, are coordinated
to the metal center, the 1,4-diaza-1,3-diene ligand adopts a basal/apical position in the square
pyramidal [(1,4-diaza-1,3-diene)Fe(n*-diene)(CO)] complex formed (2.75, figure 2.25). When
the dienes are not m-acidic enough (for example 2,3-dimethylbutadiene), the coordination of the
diaza-ligand results in unreactive complexes of C,-symmetry, where the latter ligands adopt a

basal/basal position (2.76, figure 2.25).

The most stable complexes were obtained with strong donating 1,4-diaza-1,3-diene and strong
accepting diene ligands, nevertheless, the complexes are not active catalysts. Lability of the
ligands is a necessary aspect for catalytic processes. The substitutional lability of the ligands in
such complexes increases with increasing acceptor properties of the diaza-ligands. It is worth to
mention that from the three types of 1,4-diaza-1,3-diene ligands shown in figure 2.24,

bipyridines are the weakest m-acceptors of all.”" "
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Figure 2.26 basal/equatorial and basal/basal complexes of the type
[(1,4-diaza-1,3-diene)(1,3-diene)Fe(CO)]

When reacting the readily available [Fe;(CO);;], [Fea(CO)y] or [Fe(CO)s] with bipyridines, slow
reactions give a mixture of products in low yields, which mainly correspond to [Fe,CO4(bpy)] as
the major product and [Fe(CO)s;(bpy)] as the minor product. These two products can be
separated by column chromatography. Triiron complex [Fe;(CO);o(bpy)] could not be obtained
even when mixing it with [Fe;(CO);,] at very low temperatures to avoid trimer dissociation.
Even when starting from [Fe(CO)s], the dimeric species [Fe,(CO);(bpy)] was obtained.

CO dissociation can happen thermally (refluxing the solution), photolytically (under UV light)
or chemically (with trimethyl-N-oxide). Regardless of the procedure used, the reactions are not
completely clean; they have low yields and hence need further purification. The monomeric
[Fe(CO)s(bpy)] complex can be obtained in moderate yields (approximately 50%) starting from
[Fe(CO)s(bda)] (bda= benzylideneacetonate) and refluxing it with the corresponding bipyridine

in THF or toluene.*™°

It seemed plausible that PN could be a good candidate as ligand in iron carbonyl chemistry for
the replacement of the diaza-ligand according to its good m-accepting ability. Because of that and
the few carbonyl-phosphinine iron complexes reported, it was decided to synthesize the

heteroleptic iron-carbonyl complex with the PN ligand and investigate its properties.

Thus, the synthetic routes described for bipyridine-iron carbonyl complexes were followed.
Contrary to bipyridines, the formation of the monomer [Fe(CO);PN] (17) was straightforward.
After 2 hours of refluxing [Fe;(CO);,] and three equivalents of the PN ligand in THF, the
reaction turned to completion (scheme 2.8). The *'P{'H} NMR spectrum of the reaction mixture
shows only one singlet at & = 224.3 ppm. The 'H NMR spectrum shows the corresponding
signals for the coordinated PN ligand. The pyridyl ring protons HI10 and H7, undergo a
downfield shift upon coordination, whereas H9 shifts to higher field. The phosphinine ring
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protons H2 and H4 undergo a slight downfield shift and their *Jp.;; coupling constants increase

from 5.7 and 6.0 Hz, in the free ligand to 17.7 and 14.1 Hz, respectively in the iron complex.

o]
o}
c.8

OC\ /C\ /CO

‘‘‘‘‘‘ O Fenn. THF

/\l/ \ + 9PN reflux, 2h
/ \

co

Scheme 2.8 Synthesis of complex 16 from [Fe;(CO);,] and PN

The “C{'H} NMR spectrum shows two doublets for the carbonyl ligands at & = 170.7 (Jp.c =
50.6 Hz) and 6 = 172.7 (2JPC = 50.9 Hz). The chemical shifts of the signals and the large 3JP_H
and *Jp.c coupling constants suggest that the ligand is coordinated to the iron center in a
chelating fashion. To prove this, the product was recrystallized from MeCN and crystals suitable
for X-ray diffraction were obtained. Figure 2.27 depicts the molecular structure of 17, which

consists of a mononuclear iron carbonyl complex.

Figure 2.27 Molecular structure of 17 in the crystal. View from the top (left) and view from the side (right).
Displacement ellipsoids are shown at the 50% probability level

The central iron(0) atom is bound to three CO molecules and one PN ligand, which acts as a
bidentate ligand. The angles between the ligands and the metal center point to a trigonal
bipyramidal geometry, where the P atom occupies an equatorial position and the N atom an axial
position. Table 2.7 lists a selection of bond lengths and angles for complex 17, [Fe(CO)3(bpy)]
and [Fe(CO)q(triphenylphosphinine)] (2.73, scheme 2.7), for comparison purposes. The P-Fe
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bond in [Fe(CO);PN] is shorter than in complex 2.73, which is expected due to the increased
overall electron density in the complex. This can be explained due to the presence of a strong o-
donor N in pyridine ring, which allows an extended n-retrodonation of the m-accepting ligands
phosphinine and CO (see corresponding entries in table 2.7). The shortest Fe-C bond is the Fe-
C25, which is trans to the N atom (1.753(5) A vs. 1.795(8) A and 1.816(9) A in 2.73). In the
case of [Fe(CO);(bpy)] this trend is opposite, due to two strong o-donating ligands (bpy) present
instead of two strong m-accepting ligands. The frans-influence of the N and P atoms in PN can
be proved as expected: Fel-C25 is shorter than Fel-C24 and Fel-C23, thus C25-03 is longer
than C24-0O2 and C23-0O1, while the opposite effect is seen for the CO ligands that are located
on the same plane as the m-accepting P atom. This of course is reflected in the IR spectrum,
where three CO stretching bands at ¥ = 1999, 1949, and 1904 cm’ are obtained for complex 17;
7 =2066, 1992(with a shoulder), and 1959 cm’ for complex 2.73; and 7 = 1968, 1897, 1862 cm’!
for [Fe(CO);(bpy)]. This can be explained on the basis of the number of c—donating ligands and
m-accepting ligands in each complex. The more o-donating ligands, the higher the wave number

values of the CO stretching bands.

Table 2.7 Selected bond lengths and angles of Fe-phosphinine complexes and 17

[Fe(CO)4PN] (17) [Fe(CO)3(bpy)l [Fe(CO)4P] (2.73)
Pl-Fel 2.1419(14)A Neq-Fel 1.995(3) A P1-Fel 2.189(2) A
N1-Fel 2.032(4) A Nax-Fel 1.974(3) A
C25-03 1.162(6) A Cax-O 1.154(5) A
C24-02 1.144(7) A Ceq-O 1.152(5) A
C23-01 1.158(6) A Ceq-O 1.152(5) A Fel-Cax 1.795(8) A
Fel-C25 1.753(5) A Fel-Cax 1.757(4) A Fel-Cax 1.816(9) A
Fel-C24 1.793(6) A Fel-Ceq 1.777(4) A Fel-Ceq 1.794(10) A
Fel-C23 1.784(6) A Fel-Ceq 1.773(4) A Fel-Ceq 1.787(9) A
C5-C6 1.465(7) A C5-C6 1.457(5) A -
P1-Fel-N1 81.34(12)° Nax-Fel-Neq 79.64(12)° -
P1-Fel-C23 122.8(2)° Neq-Fel-Ceq 120.07(15)° P1-Fel-Ceq 117.6(3)°
P1-Fel-C24 121.1Q2)° Neq-Fel-Ceq 125.26(16)° P1-Fel-Ceq 118.0(3)°
C24-Fel-N1 88.8(2)° Ceq-Fel-Nax 91.49(15)° Ceq-Fel-Cax 89.2(4)°
C1-P1-C5 103.9(2)° C1-P1-C5 - C-P1-C 102.9(3)°
P1-Fel-C25 95.5(2)° Neq-Fel-Cax 95.62(15)° P1-Fel-Cax 91.8((2)°
N1-Fel-C25 176.6(2)° Nax-Fel-Cax 174.97(15)° Cax-Fel-Cax 176.9(4)°
P1-C1-C11-C12 40.7(7)° - - P1-C-Car-ar2 54.8°
C4-C3-C17-C22 34.9(7)° - - Car-Car-Car-Car 38.6°
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The easy synthetic access of [Fe(CO);(PN)] (17) compared to [Fe(CO)s;(bpy)] and
[Fe(CO)4(triphenylphosphinine)] (2.73) makes the former complex a very interesting candidate
as catalyst for processes where [Fe(CO);(bpy)] has been investigated. Thus, some preliminary

tests on the coordination of alkenes to complex 17 were performed.

hv, Toluene Ph

+ N7 2CO0

17 19

Scheme 2.9 Coordination reaction of methylacrylate (top) and 1,3-butadiene(bottom) to 17

17 17

18 19

time time
T T T T T T T T 1 T T T T T T T T T

290 280 270 260 250 240 230 220 210 290 280 270 260 _ 250 240 230 220 210
1 (ppm) 1 (ppm)

Figure 2.28 Time dependent 3]P{]H} NMR spectra of 17 with methylacrylate (left) and 1,3-
butadiene (right).

Methylacrylate and 1,3-butadiene are readily available and were used as depicted in scheme 2.9.
Complex 17 was weighed in a J-Young NMR tube, where a toluene solution of an
approximately ten-fold excess of methylacrylate was condensed in. Figure 2.28 shows the

*'P{'"H} NMR spectrum of the reaction mixture (left spectrum, top).
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17

17 + methylacrylate

free methylacrylate
T T

T T
9.6 9.4 9.2 9.0 8.8 8.6 8.4 8.2 8.0 7.8 76 7.4 7.2 7.0 6.8 6.6 6.4 6.2 6.0 58 56

Figure 2.29 '"H NMR spectra of complex 16 (top) and the reaction mixture of 16 and
methylacrylate (bottom)

After two hours under UV light, a new singlet appears at § = 247.5 ppm (18). The tube was
shortly opened to remove the CO overpressure. Afterwards, irradiation with UV light was
continued. The reaction appears to reach equilibrium when the ratio between 17 and 18 is

approximately 60:40.

A "H NMR spectrum of the reaction mixture was taken, which is shown in figure 2.29. The top
spectrum corresponds to the starting material, 17. On the bottom spectrum, the reaction mixture
of complex 17 and methylacrylate is shown. The broad signals that are marked with a star should
belong to the coordinated methylacrylate in complex 18, which are expected to undergo a
downfield shift upon coordination. Unfortunately, attempts to isolate the product where
unsuccessful. After evaporating the solvent, the only species remaining was the starting material,
17. Apparently, methylacrylate as ligand can easily be removed under vacuum. Separation of the

product and crystallization attempts of the reaction mixture were unsuccessful.

The reaction of 17 with 1,3-butadiene was carried out according to a similar procedure. Figure
2.28 (right) shows the *'P{'H} NMR spectrum of 17 before irradiation with UV light, where
only the precursor signal is observed. Upon irradiation, a new signal appears at d = 235.5 ppm
(complex 19). In this case the reaction stops when the ratio between complex 17 and complex 19
is approximately 80:20. It seems that complex 17 is capable of binding alkenes upon CO
dissociation. The next step would be to test complex 17 in the dimerization or oligomerization of
alkenes and to continue the investigatios on the active species formed during the catalytic cycle.

Unfortunately, these experiments could not be carried out within the duration of this project.

52



Iron(II)

8083 11 this work the diiron

The chemistry of Iron(Il) has a myriad of interesting applications.
complex [u-(pdt)Fe,(CO)s] (pdt = propanedithiolate) will be discussed. This complex has served
as a model for the investigation of structure and activity of hydrogenases, which are important
biological enzymes. On the quest for renewable energies, these compounds are in sight because
they can both break and form H, catalytically. A lot of effort has been made to structurally
characterize these enzymes in living cells, as is of interest for biomimetics in areas such as
biochemistry, bioinorganic, inorganic or organometallic chemistry. The analysis of several
crystal structure determinations obtained from different organisms with similar enzymes has

allowed to partially determine the structure of some catalytic sites, but some issues remain still

unclear. Figure 2.30 depicts a general structure of Fe-Fe hydrogenase models.

x = CH,, NH, or O
L =H,0, OH-, orH

Figure 2.30 General structure of Fe-Fe hydrogenase models

The model consists of two iron(II) centers which are bound to each other, a dithiolate unit that
bridges both iron centers and three asymmetrically bound CO or CN ligands on each metal
center. Many groups have investigated the role of the bridge between the two iron centers, for
example changing the chain length, or inserting heteroatoms (depicted as X in figure 2.30). The
nature of the ligand depicted as L is still being discussed. It could be a hydrogen atom or H,O,
for example, and it could potentially be the initiator of H, evolution. The fact that a CO ligand
bridges the two metal centers might allow the coordination of another ligand (H or H,O) while
changing its coordination mode to terminal, thus making a coordination site available. When the
catalyst finds no more substrate, a possible resting state could be stabilized by the CO ligand
going back to a bridging-coordination mode. Last but not least, one of the iron centers is bound

to a sulfur atom of a cysteine that binds to a [Fe4S4] cluster. This operates as the electron transfer
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chain for delivering electrons to the active site of the enzyme. A large amount of publications
can be found in literature, where all this questions have been separately addressed, hoping to
come to a better understanding of this interesting system.** ' Considering the aspects just
mentioned, a lot of research groups have focused on the synthesis and characterization of this
type of complexes bearing a hydride ligand. It has been demonstrated that the electronic
situation of the metal centers determines the formation and selectivity of the hydride complex;
the metal has to be basic enough to undergo protonation. [u-(pdt)Fe,(CO)s] does not form a
stable conjugated acid, but if two CO ligand are replaced by two CN™ or PMes ligands, the
complex undergoes protonation with HCI, forming a [(u-H)Fe,] complex. These synthetic
models of the type [Fe,(SR),(n-H)L,(CO)4], produce H, by electrocatalytic reduction of protons
(L=CN’, PMes). Such [Fe,(u-H)] species, however, exhibit no inherent reactivity toward

protons.'**

First of all, it was of interest to study the coordination chemistry of the PN ligand with [u-
(pdt)Fe,(CO)s] and then to explore its reactivity towards proton sources, taking into account that

the electronic properties of CO and CN ligands resemble those of phosphinine ligands.

One equivalent of PN was mixed with one equivalent of [u-(pdt)Fe,(CO)¢] in THF and the
mixture was irradiated with UV light for 2 hours (scheme 2.10). A 31P{IH} NMR spectrum was
recorded and a mixture of three species was observed (& = 248.8 (7%), & = 243.4 (8%), and & =
240.7 (85%).

% Ph
S

S X
OC /X[, Co  + |
OC';Fe—F\e-'-,Co Ph p

oC co N

+ side products

Scheme 2.10 Coordination reaction of PN with [u-(pdt)Fe,(CO)s] and formation of complex 20

After a small silica column with toluene as eluent, the pure main product 20 (8 = 240.7 ppm)
was obtained as a dark red solid. The "H NMR spectrum shows characteristic resonances for the

propanedithiolate bridge and for the chelating PN ligand.
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A "H NMR spectrum of complex 20 was recorded and is depicted in figure 2.31. Resonances for
H10, H4 and H7 shift to lower field compared to the free ligand, and H2 and H9 to higher field,
which confirms the chelating coordination mode of the ligand. Also, the 3JP_H coupling constants
between H2 and H4 with P increase upon coordination (17.0 and 15.1 Hz, respectively vs. 5.7
and 6.0 Hz, in the free ligand). In the °C{'H} NMR spectrum, three signals for CO are observed
at 0 = 216.2 ppm, 6 = 211.9 ppm (intensity almost as twice as the other ones), and & = 209.1
ppm, from which the first one is split into a doublet (*Jp.c = 5.9 Hz), due to coupling to

phosphorus.

8, Ar
THF

Ar
dithiolate bridge

T T T T T T T T T T T T T T T T T T T
.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

Figure 2.31 "H NMR spectrum of complex 20

The IR spectrum of 20 shows six CO stretching bands for the complex: # = 2072, 2032, 2021,
1990, 1953, and 1920 cm™. When compared to the CO stretching bands of [u-(pdt)Fe,(CO)], a
general shift to lower wave numbers is observed, while when compared to [u-
(pdt)Fez(CO)4(CN)2]2', a shift to higher wave numbers is noticed, especially considering the
lowest band (table 2.8). It can be concluded that the basicity of complex 20 is somewhat in the
middle between [u-(pdt)Fe,(CO)s¢] and [u-(pdt)Fez(CO)4(CN)2]2' previously reported in

literature.'*

Table 2.8 IR CO-stretching bands for complexes of the type [u-(pdt)Fe,(CO)4L,]

Compound IR stretching bands for CO
[u-(pdt)Fex(CO)] 2074, 2036, 1995 cm’!
[u-(pdt)Fe,(CO)4(CN), > 1964, 1924, 1885 cm'™!

[u-(pdt)Fes(CO),(PN)] (20) 2073, 2032, 2022, 1990, 1954, 1921 cm'™!

The molecular structure of the complex was confirmed by X-ray diffraction as crystals could be

obtained from a THF solution of 20 after slow evaporation of the solvent. Figure 2.32 shows two
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molecules of a diiron complex in the asymmetric unit. A THF molecule has been omitted from

the Ortep plot for clarity reasons.

Figure 2.32 Molecular structure of 20 in the crystal (top), core structure (bottom).
Displacement ellipsoids are shown at the 50% probability level

Table 2.9 Selected bond lengths and angles from the crystal structure of complex 20

Bonds Distance (A) Bonds Angle (°)
Fel-P1 2.148(1) P1-Fel-N1 81.1(1)
Fel-N1 2.043(3) P1-Fel-C23 107.1(2)
Fel-Fe2 2.5283(9) C23-Fel-N1 95.6(2)
Fel-C23 1.763(5) P1-Fel-Fe2 90.25(4)
C23-01 1.151(6) S2-Fel-P1 139.0(1)
Fel-S1 2.236(1) S1-Fel-P1 139.0(6)
Fel-S2 2.227(1) S2-Fel-S1 85.24(5)
P1-Cl1 1.738(5) S1-Fel-N1 87.4(1)
P1-C5 1.728(5) P1-C1-C11-C16 34.8(2)
Fe2-C25 1.789(5) C2-C3-C17-C18 41.2(7)
C25-03 1.146(6) P1-C5-C6-N1 1.1(5)
Fe2-C24 1.779(5) Fel-C23-O1 178.7(4)
C24-02 1.145(6) Fe2-C26-O4 174.6(4)
Fe2-C26 1.792(5) Fe2-C24-02 176.7(4)
C26-04 1.145(6) Fe2-C25-03 178.4(4)
Fe2-S1 2.263(1)
Fe2-S2 2.261(1)

56



The two molecules shown are enantiomers. The analysis of the structure will refer to the
molecule on the left side of the picture. Table 2.9 lists selected bond lengths and angles for
complex 20. For comparison purposes, selected crystal data from [u-(pdt)Fez(CO)4(dppV)]98
(2.77, figure 2.33) and [u-(pdt)Fe,(CO)s(dppm)]"’ (2.78) are shown in table 2.10. In all three
cases (2.77, 2.78, and 20) the corresponding phosphorus ligand is coordinated to one iron center
in a chelating mode. The iron atoms are bound by a single bond, where one of them connects to

three terminal CO ligands and the other iron center only to one terminal CO molecule.

Ph

Ph, Ph l/ Ph Ph [

P s _S
¢ N\ <] co \ X o

Pt Fe—Fe: ..,
Pgh/P l ‘ co Ph_/P \\\\\\ /Fe—F?'u,CO
¢ co Ph oc co
2.77 278

Figure 2.33 [u-(pdt)Fe,(CO)4(dppv)] and [u-(pdt)Fes(CO)4(dppm)]; (dppv = cis-1,2-
bis(diphenylphosphine)ethylene, dppm = bisdiphenylphopshinomethane)

For complex 20 and 2.78 the phosphorus ligands adopt a basal/basal configuration, whereas in
complex 2.77, the ligand occupies apical/basal sites, even though the bite angle is quite small for
2.78 and for 20 (74.55(4)° and 81.1(1)°, respectively). For monophosphine ligands, the preferred
coordination site is the apical one. The Fe-P bond is the longest for complex 2.78 (with dppm as
ligand), and decreases going to 2.77 (where dppv is coordinated) and has the shortest for
complex 20 (where PN acts as a ligand). The m-accepting properties of these three ligands
increase in the same order as their Fe-P bonds decrease, which explains the trend. The Fe-Fe
bond distance in complex 2.77and 2.78 is close to those found in the reduced active site of Fe-
Fe-hydrogenases'® but in complex 20, the distance is somewhat shorter (2.5283(9) A vs. 2.55 A
and 2.61 A in hydrogenases found in DesulfoVibrio desulfuricans).

Table 2.10 Selected data from the crystal structures of 2.77, 2.78, and 20

u-(pdt)Fe;(CO),L | L=dppv(2.77) | L=dppm (2.78) | L=PN (20)

Fe-P (A) 2.1797(7) 2.2123(11) 2.148(1)

Fe-Fe (A) 2.5517(5) 2.5671(5) 2.5283(9)
Coordination apical/basal basal/basal basal/basal
Bite angle (°) 87.83(5) 74.55(4) 81.1(1)

Reference 95 134 This work

57



Attempts on isolating the minor products formed during the synthesis of 20 were performed
(scheme 2.11). It was noticed that with ligand excess and longer reaction times, the signal at § =
243.4 ppm in the *'P{'H} NMR spectrum increased until it became the major product (46%

based on signal integration).

/ Ph

S
S X
oc, oX | co + 3 )
OC'}Fe—F\e-'uCo Ph P
oc co N

+ 20 + side products

21
Scheme 2.11 Reaction of [u-(pdt)Fe,(CO)s] with an excess PN ligand to form 21

This product precipitates from THF and after filtering the solid over celite and washing with
THF and pentane, it was redissolved in DCM. After slow evaporation of the solvent black
needles suitable for X-ray diffraction were obtained. Unfortunately, due to the poor quality of
the crystals, bond lengths and angles cannot be properly discussed. Figure 2.34 shows the
molecular structure of complex 21. Two PN ligands are coordinated to a different iron center.
Both metals are bound to each other and bridged via the dithiolate ligand, as in complex 20. The
ligands are pointing towards the same direction and are parallel to each other but not right on top

of each other, instead a slipped arrangement can be noticed.

Figure 2.34 Molecular structure of 21 in the crystal. Displacement ellipsoids are shown at the
50% probability level
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The IR spectrum of compound 21 shows four CO stretching bands at 7 = 2015, 1948, 1899 and
1884 cm™'. These are considerably shifted to lower wavenumbers compared to 20, which is in
accordance to the overall higher electron density that is expected for such a complex. There are
more donating ligands and less m-acceptors in complex 21 than in 20; this leads to an enhanced

n-backdonation into the C-O anti-bonding orbitals of the carbonyl ligands.

To get more information on the reactivity of these molecular hydrogenase models, complex 20
was reacted with different acids, expecting the formation of a hydride complex. Acids with
different pK, values were added and the reactions were performed in different solvents as

summarized in table 2.11.

Table 2.11 Summary of the reaction with 20 and different acids

Ph
X
. Ph | p” N + "iron-carbonyls"
+ acid —» |
HN. _~
acid CF;SO;H CF;SO;H HBEF,-Et,0 HBEF,-Et,0 HCI
solvent THF DCM MeCN DCM DCM

Orange solution formed, *'P{"H} NMR signal at ca. 192 ppm (depending on the solvent),

observations
corresponds to PNH"

Surprisingly, an orange solution was obtained in every attempt, while a >'P{'"H} NMR signal at &
= 192.0 ppm (among other minor signals, including the starting material) was observed. This
signal corresponds to the protonated PNH" ligand, which has been reported elsewhere.'* This
was confirmed also by X-ray analysis of crystals formed in the reaction mixture of 20 and
CF;SO;H in DCM. After filtering the crystals, an IR spectrum of the remaining reaction mixture
was recorded and three CO stretching bands were obtained at ¥ =2072, 2030 and 1988 cm’,
which are very close to those reported for [u-(pdt)Fe,(CO)g] (see table 2.8). Even though it is
coordinated, the N atom of the pyridine ring is the most basic site in complex 20 and no hydride

complex with the PN ligand could be obtained.

59



Group VI metal complexes

Tungsten

A series of group VI carbonyl complexes with substituted and unsubstituted PN ligands has been

reported before by the group of Miiller.*"

In further attempts to completely substitute an
octahedral complex with three PN ligand units, a tungsten precursor was chosen as the starting
material, due to the larger P-W bond present for complex 2.22 compared to the shorter P-Ru
bond of complex 2.40, where the coordination of three PN molecules proved to be unsuccessful.
Therefore, an excess of PN ligand was mixed with [W(CO)¢] in THF and irradiated with UV

light, releasing CO overpressure from time to time (scheme 2.12).

After a couple of hours, a small signal for the intermediate complex (ligand only bound via
phosphorus) and a second signal for the mono-substituted complex 2.22 were observed in the
*'P{'H} NMR spectrum along with free PN ligand, as observed before by Mathey and Miiller
for NIPHOS and PN coordination to group VI metal complexes."*

_Ph Ph
Ph P \ P’\ N Ph
B 77— B + W(CO)S - Ph -+ Ph + - / B
\ p NZ P~ ~~Co OC_W/_CO \ g NZ
Ph / Ph
excess OC CO
22 2.22

Scheme 2.12 Reaction between [W(CO)g] and the PN ligand under UV irradiation

After several more hours a second, somewhat broader signal with tungsten satellites (IJW_p =
370.8 Hz) appeared at higher field (6 = 209.2 ppm), which continues to increase while the others
decrease (complex 22). Figure 2.35 shows the course of the reaction within 2 weeks. After this
time, the solvent was evaporated and the mixture was separated into its three components by
means of column chromatography. The PN-disubstituted carbonyl tungsten complex 22 was

obtained as a dark brown solid.
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Figure 2.35 Time dependent 3 'P{'H} NMR spectra from the conversion of an excess of PN with [W(CO);]

Crystals suitable for X-ray diffraction were obtained by slow diffusion of pentane into a THF
solution of 22. Figure 2.36 shows the molecular structure of the bis-chelate carbonyl complex

22, where two CO ligands are in cis-position.

Figure 2.36 Molecular structure of 22 in the crystal. Displacement ellipsoids are shown at the 50%
probability level. Selected bond lengths [A] and angles [°]: P1-W1: 2.358(1); P2-W1: 2.363(1); N1-W1:
2.289(4); N2-W1: 2.290(4); C46-W1: 1.953(6); C45-W1: 1.946(6); C46-02: 1.171(7); C45-O1: 1.176(7);
C27-P2: 1.743(6); C23-P2: 1.740(6); C28-N2: 1.368(7); C32-N2: 1.365(7); C10-N1: 1.348(7); C6-N1:
1.369(7); C1-P1:  1.739(6); C5-P1: 1.741(6); P1-W1-P2: 169.84(5); C1-P1-W1: 146.3(2); N2-W1-P1:
95.78(11); N1-W1-P1: 74.25(12); C45-W1-P1: 90.4(2); C46-W1-P1: 98.3(2); C46-W1-P2: 85.3(2); N2-
WI1-P2: 74.22(11); N1-W1-N2: 84.1(2); C46-W1-N1: 172.3(2); C45-W1-N2: 172.8(2); N1-W1-P2:
102.42(12); C45-W1-C46: 84.0(2); P2-C27-C28-C29: 6.6(5); P2-C27-C28-N2: 2.6(7); P1-C5-C6-C7:
2.2(5); P1-C5-C6-N1: 0.3(7); P2-C23-C33-C34: 7.8(4); P1-C1-C11-C12: 48.5(7); C24-C25-C39-C40:
44.5(8); C2-C3-C17-C18: 43.2(6)
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The geometry of the complex shows a distorted octahedral complex (P1-W1-P2 = 169.84(5)°,
C46-W1-N1 = 172.3(2)° and C45-W1-N2 = 172.8(2)°). The trans-influence is demonstrated by
the fact that the better o-donating N atoms are trans to the m-accepting CO ligands and that the P
atoms are trans to each other. Even though the W-P bond is larger in the mono chelate complex
2.22 than in 21 (2.3579(14) A and 2.3626(15) A), the C-P-C angle is shorter in 21 than in 2.22
(103.24° and 103.46° and 104.84°, respectively). The exocyclic phenyl rings of the PN ligands
are tilted between 40.8° and 51.0°, more than in the monochelate W complex, where the torsion
angles are between 34.9° and 38.4°, probably because of steric reasons. The three CO stretching
bands that are observed in the IR spectrum (¥ = 1935, 1866 and 1805 cm™) are very similar to
those of 2.22 (¥ = 1934, 1871, and 1819 cm™), but slightly shifted to lower wavenumbers. The
overall effect is in agreement with having more electron density in the ligand to retrodonate to

the CO ligands and the fact that there are less of them than in [(PN)W(CO)4].

2.3 Conclusions

The results presented in this work sum up to the literature reports on the coordination chemistry
of the PN ligand, to show that this compound offers many possibilities for the design and
synthesis of new compounds with interesting potential applications. Several transition metals
complexes such as copper, silver, gold, nickel, rhodium, iron and tungsten in oxidation states
ranging from O to II have been synthesized. Most of them account for the first reported
complexes with a pyridyl-substituted ligand. PN, as a ligand, can adopt different coordination
modes such as the classical chelating mode (iron complexes 17, 20 and 21), a k'-PN mode (gold
complex 11), ptz-P-nl-N mode (copper complex 5, rhodium complex 16, probably nickel
complex 15, and most likely a P-N bridging mode in silver complexes. Also, the potential access
to heterobimetallic complexes is obvious from these results. The detailed work on the
exploration of the coordination chemistry of this functionalized phosphinine gives a better
understanding for the design of complexes based on low-coordinate phosphorus species with
uncommon and tailored properties. Moreover, some preliminary tests on the reactivity of the
iron complexes have been shown, which point the complexes to be promising catalysts. Further
exploration of the coordination chemistry of the PN ligand is, no doubt, awaiting interesting new

discoveries that can lead to exciting results and applications.
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24 Experimental

General remarks

All reactions were performed under argon by using Schlenk and glovebox techniques. All
glassware was dried prior to use. All metal precursors were commercially available and used
without further purification. PN ligand"*' and [u-(pdt)Fe,(CO)s]'*' were synthesized according
to literature procedures. All common solvents and chemicals were commercially available. Dry
solvents were prepared by using custom-made solvent purification columns filled with Al,O;
from Braun Solvent systems. THF and diethyl ether were distilled under argon from
potassium/benzophenone prior to use. NMR spectra were recorded with a JEOL ECP 500 (‘H
NMR 500.00 MHz), a JEOL ECX400, JEOL ECAII 400 NMR Spectrometer ('H NMR 399.74
MHz, "C{'H} NMR 100.51 MHz, *'P{'H} NMR 161.82 MHz) or a Brucker AVANCE III 700
NMR Spectrometer ('H NMR 700.0 MHz); 'H and "C chemical shifts are given relative to
tetramethylsilane (TMS), and the residual solvent peaks were used as the reference signal; the
' chemical shifts are referenced to an 85% aqueous solution of HiPO,. IR spectra were
measured on a Nicolet iS 10 FTIR-ATR spectrometer by Thermo Scientific. For reactions under
UV irradiation, a UVP High intensity 100 Watt B-100AP Mercury Vapor Lamp without filter

was used.

[(PN)Cu(MeCN)L:[PFq]. (5)

PN (50 mg, 0.154 mmol) and tetrakis(acetonitrile)copper(I)-hexafluorophosphate (57.3 mg,
0.154 mmol) were dissolved separately in 1 mL dichloromethane each. The copper solution was
dropped slowly into the phosphinine solution while stirring. The brown orange solution obtained
was stirred for ten more minutes. The solvent was evaporated and dried under vacuum. Crystals
were obtained by slow evaporation of DCM. Note: different NMR data were obtained for
different attempts using the same procedure. The following information is for one of these

attempts.

'"H NMR (400 MHz, CD;CN): § = 1.94 (s, 6H, MeCN), 7.38 (s, 14H), 7.43-7.59 (m, 4H), 7.71 (m, 2H),
8.02 (t, J= 7.9 Hz, 2H), 8.22 (d, J = 8.3 Hz, 2H), 8.26 (d, J = 11.9 Hz, 2H), 8.53-8.64 (m, 4H).

PC{'H} NMR (100.5 MHz, CD;CN): 6 = 1.7 (d, J = 3.3 Hz, CH;CN), 118.3, 121.5 (d, J = 7.1
Hz), 126.5 (d, J = 4.3 Hz), 128.5 (d, J= 13.2 Hz), 128.8 (d, J = 2.2 Hz), 129.6, 129.9 (d, J= 1.9
Hz), 130.1, 132.7 (d, J = 12.7 Hz), 136.2 (d, J = 13.3 Hz), 140.3, 141.4 (d, J = 20.0 Hz), 141.6

63



(d, J=4.3 Hz), 144.8 (d, J=18.2 Hz), 151.2 (d, /= 3.1 Hz), 156.3 (d, J = 14.6 Hz), 161.4 (d, J
=17.4 Hz), 161.7 ppm.

S'p{'H} NMR (161.8 MHz, CD5CN): d = -144.0 (sep, PF¢), 150.0 (s) ppm.

[(PN),Cu][PF¢] (6)

PN (44.9 mg, 0.138 mmol) and tetrakis(acetonitrile)copper(I)-hexafluorophosphate (25.7 mg,
0.069 mmol) were dissolved separately in 1 mL dichloromethane. The copper solution was
dropped slowly into the phosphinine solution while stirring. The brown orange solution obtained
was stirred for ten more minutes. The solvent was evaporated and dried under vacuum. Note:
different NMR data were obtained for different attempts using the same procedure. The

following information is for one of these attempts.

'"H NMR (400 MHz, DCM-d,): 6 = 7.22-7.38 (m, 7H), 7.49-7.58 (m, 7H), 7.58-7.65 (m, 6H),
7.76-7.85 (m, 4H), 8.16-8.28 (m, 2H), 8.42-8.48 (m, 4H), 8.52 (d, J = 4.5 Hz, 2H), 8.76-8.86 (m,
2H).

BC{'H} NMR (100.5 MHz, DCM-d,): = 121.2 (d, J = 3.8 Hz), 126.6, 127.7 (d, J = 11.2 Hz),
128.4, 129.6 (d, J = 11.8 Hz), 129.9 (d, J = 20.6 Hz), 132.4 (d, J = 10.5 Hz), 136.5 (d, J=11.1
Hz), 140.5 (d, J = 17.9 Hz), 140.8, 141.4, 146.1 (d, J = 16.8 Hz), 151.4, 156.6 (d, J = 12.7 Hz),
161.8, 162.5 ppm.

S'P{'H} NMR (161.8 MHz, DCM-d,): § = 149.9 (s), -143.8 (sep, PF¢) ppm.

[Ag(PN)][OTs] (7)

In a J-Young NMR tube covered in aluminum foil to protect it from light, AgOTs (20.5 mg,
0.074 mmol) and PN ligand (24.4 mg, 0.075 mmol) were dissolved in 0.5 mL DCM. The
mixture was shaken for several hours. A yellow solution was formed. The solution was filtered

over celite and left to evaporate slowly in the glovebox.

'"H NMR (400 MHz, DCM-d»): § = 2.29 (s, 2H, CH;-PhSO3), 7.02 (d, J = 8.0 Hz, 2H, OTs),
7.10-7.17 (m, 2H, H,,), 7.18-7.28 (m, 2H, H9, H,,), 7.29-7.35 (m, 2H, H,,), 7.43-7.50 (m, 4H,
H.), 7.58 (d, J = 8.2 Hz, 2H, OTs), 7.69-7.77 (m, 1H, H7), 7.79-7.90 (m, 1H, H8), 8.04 (d, J =
12.2 Hz, 1H, H2), 8.09 (d, J = 11.2 Hz 1H, H4), 8.51-8.58 (m, 1H, H10) ppm.

BC{'H} NMR (100.5 MHz, DCM-d,): § = 21.5, 121.8-122.2 (m), 125.0-125.2 (m), 126.6, 128.0
(d,J=13.9 Hz), 128.1 (d, J = 2.6 Hz), 129.1, 129.6 (d, J = 3.7 Hz), 129.7 (d, J = 17.6 Hz), 133.8
(d, J=14.1 Hz), 135.4 (d, J = 13.9 Hz), 139.4-139.9 (m), 140.4, 140.6, 140.6, 142.8, 145.6 (d, J
= 18.6 Hz), 151.7-152.9 (m), 155.5-156.7 (m), 166.6 (d, J = 20.9 Hz) ppm.
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S'P{'H} NMR (161.8 MHz, DCM-d,): § = 135.7 (s) ppm.

[Ag(PN),|[OTs] (8)

In a J-Young NMR tube covered in aluminum foil to protect it from light, AgOTs (4.6 mg, 0.016
mmol) and PN ligand (16.0 mg, 0.049 mmol) were dissolved in 0.5 mL DCM-d,. The mixture
was shaken for some minutes. A dark yellow solution was formed. The solution was filtered

over celite and let evaporate slowly in the glovebox.

'"H NMR (400 MHz, DCM-d,): 6 = 2.26 (s, 3H, CH3-PhSO3), 6.99-7.04 (m, 2H, OTs), 7.12-7.20
(m, 4H, Hy), 7.24-7.30 (m, 2H, H,,), 7.30-7.34 (m, 2H, H9), 7.34-7.40 (m, 4H, H,,), 7.44-7.54
(m, 6H, H,,), 7.54-7.60 (m, 4H, H,,), 7.61-7.66 (m, 2H, OTs), 7.85-7.91 (m, 4H, H7/H8), 8.11 (d,
J=9.7 Hz, 2H, H2), 8.28 (d, J= 9.1 Hz, 2H, H4), 8.52-8.60 (m, 2H, H10) ppm.

BC{'H} NMR (100.5 MHz, DCM-d,): 6 = 21.5, 121.6 (d, J = 6.6 Hz), 124.8 (d, J = 3.0 Hz),
126.4, 127.9 (d, J = 13.2 Hz), 128.2 (d, J = 2.0 Hz), 128.9, 129.2 (d, J = 1.9 Hz), 129.3, 129.4,
129.7, 132.9 (d, J = 13.2 Hz), 134.8 (d, J = 13.0 Hz), 139.3, 139.5, 141.2 (d, J = 3.9 Hz), 141.5
(d, J=21.8 Hz), 144.5, 145.3 (d, J = 16.7 Hz), 151.2, 157.0 (d, J = 14.4 Hz), 165.9 (d, J = 22.9
Hz), 168.2 (d, J = 32.8 Hz) ppm.

S'P{'"H} NMR (161.8 MHz, DCM-d,): § = 155.6 (s) ppm.

[Ag(PN);][OTs] (9)

In a J-Young NMR tube covered in aluminum foil to protect it from light, AgOTs (5.8 mg, 0.021
mmol) and PN ligand (20.0 mg, 0.062 mmol) were dissolved in 0.5 mL DCM-d,. The mixture
was shaken for some minutes. A yellow solution was formed. The solution was filtered over

celite and layered with pentane in the glovebox.

'H NMR (401 MHz, DCM-d,): & = 2.27 (s, 3H, Me-PhSOs), 7.04 (d, J = 7.9 Hz, 2H, MePhSO5),
7.20-7.37 (m, 12H, H9/H,,), 7.43-7.57 (m, 15H, H,,), 7.61,7.70 (m, 6H, H,/MePhSO;), 7.86 (m,
3H, H8), 7.92 (m, 3H, H7), 8.18 (dd, J = 8.3, 1.3 Hz, 3H, H2), 8.43 (dd, J = 7.8, 1.3 Hz, 3H,
H4), 8.52-8.61 (m, 3H, H10) ppm.

BC{'H} NMR (101 MHz, DCM-d,): & = 201.0, 121.2 (d, J = 9.1 Hz), 123.9 (d, J = 2.5 Hz),
126.0, 127.6 (d, J = 12.9 Hz), 127.7 (d, J = 1.9 Hz), 128.3-128.5 (m), 128.6, 128.9, 129.2, 132.2
(d, J=13.2 Hz), 133.9 (d, J = 12.4 Hz), 138.2-138.5 (m), 138.8, 141.2 (d, J = 3.6 Hz), 141.9 (d,
J =229 Hz), 144.7 (d, J = 15.5 Hz), 145.0, 157.4 (d, J = 18.0 Hz), 165.8-66.6 (m), 168.8 -169.8

(m) ppm.
*'P{'H} NMR (161.8 MHz, DCM-d,): 6 = 168.5 (s) ppm.
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[Ag(PN)s][OTH] (10)

In a J-Young NMR tube covered in aluminum foil to protect it from light, AgOTf (5.3 mg, 0.021
mmol) and PN ligand (20.0 mg, 0.062 mmol) were dissolved in 0.5 mL DCM-d,. The mixture
was shaken for some minutes. A yellow solution was formed. The solution was filtered over

celite and layered with pentane in the glovebox.

'H NMR (401 MHz, DCM-d,): & = 7.21 (t, J = 7.6 Hz, 6H, H,), 7.25-7.32 (m, 3H, H,,), 7.32-
7.38 (m, 3H, H9), 7.39-7.45 (m, 6H, H,,), 7.48-7.61 (m, 10H, H,,), 7.65-7.73 (m, 5H, H,,), 7.88-
8.00 (m, 6H, H7/H8), 8.25 (d, J = 9.9 Hz, 3H, H2), 8.34 (d, J = 5.1 Hz, 3H, H10), 8.43 (d, J =
9.2 Hz, 3H, H4) ppm.

BC{'H} NMR (101 MHz, DCM-d,): & = 121.3 (t, J = 4.9 Hz), 124.6-125.2 (m), 127.6 (d, J =
13.0 Hz), 127.8 (d, J = 2.1 Hz), 128.9, 129.2 (d, J = 33.9 Hz), 132.3-132.9 (m), 134.9 (d, J =
13.9 Hz), 139.3 (d, J = 5.9 Hz), 140.8 (d, J = 3.6 Hz), 140.9 (d, J = 22.0 Hz), 145.7 (d, J=17.6
Hz), 150.1, 156.1-157.2 (m), 165.2 (dd, J = 20.3, 4.9 Hz), 167.9-169.3 (m) ppm.

S'P{'"H} NMR (161.8 MHz, DCM-d,): § = 156.3 (s) ppm.

[Au(PN)CI] (11)

In a J-Young NMR tube protected from light with aluminum foil, PN (15.0 mg, 0.031 mmol)
and AuCl-DMS (9.1 mg, 0.031 mmol) were dissolved in 0.5 mL DCM-d,. The mixture was
shaken for some minutes. A clear yellow solution was formed. Crystals suitable for X-ray

diffraction were obtained by slow evaporation of DCM in the glovebox.

'H NMR (401 MHz, DCM-d.): & = 7.41-7.46 (m, 1H, H9), 7.47-7.58 (m, 6H, H,,), 7.69-7.74 (m,
2H, H18/H22), 7.76-7.82 (m, 2H, H12/H16), 7.85-7.93 (m, 1H, H8), 8.01-8.10 (m, 1H, H7),
8.46 (dd, *Jp.u=22.0, “Ji.y 1.7 Hz, 1H, H2), 8.71-8.75 (m, 1H, H10), 8.80 (dd, *Jp.y = 22.1, *Jn
= 1.7 Hz, 1H, H4) ppm.

BC{'H} NMR (101 MHz, DCM-d): & = 122.4 (d, *Jcp= 9.7 Hz, C7), 124.8 (d, *Jcp= 2.4 Hz,
C9), 128.4 (d, J= 3.3 Hz, Cy), 129.1 (s, Car), 129.2 (s, Ca), 129.5 (d, J = 1.4 Hz, Cy,), 129.8 (d, J
= 0.9 Hz, Cy,), 129.8 (d, J = 0.8 Hz, C,,), 130.0 (d, J = 2.4 Hz, Cy), 136.5 (d, *Jcp = 12.6 Hz,
C4), 138.0 (d, 2Jcp = 11.6 Hz, C2), 138.2 (s, C8), 139.7 (d, 2Jcp = 12.8 Hz, C11), 140.9 (d, *Jcp
= 5.7 Hz, C17), 144.1 (d, “Jop = 26.6 Hz, C3), 150.5 (s, C10), 155.6 (d, Jep= 10.6 Hz, C6),
157.5 (d, "Jep = 38.7 Hz, C1), 160.7 (d, 'Jep=32.3 Hz, C5) ppm.

S'P{'H} NMR (162 MHz, DCM-d.): 8 = 158.3 (s) ppm.
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Au()-Au(III)(u-PN)CL] (12)

In an NMR tube, complex 11 (25.6 mg, 0.046 mmol) and AuCl; (13.9, 0.046 mmol) were
weighed together and dissolved in 0.5 mL DCM-d,. A yellow solution was formed. The solution

was filtered over celite and layered with ether to crystallize.

S'P{'H} NMR (162 MHz, DCM-d.): & = 23.6 (s) ppm.

[Ni(PN)CO]; (15)

In a Schlenk flask equipped with a PTFE high-vacuum valve, PN (75.0 mg, 0.231 mmol) was
dissolved in THF. The solution was frozen and [Ni(CO)4] (approximately 25 mbar, 10-fold
excess) was condensed in. The reaction mixture was stirred and degassed 10 times every 2
hours. Volatiles were evaporated and a black powder was obtained. The powder was redissolved
in DCM and filtered over celite. The solvent was evaporated and the black powder obtained was

dried under vacuum. Yield: 83%, 81 mg.

'"H NMR (401 MHz, THF-ds): 8 = 6.61-6.70 (m, 1H, H9), 7.29-7.38 (m, 1H, H,,), 7.38-7.46 (m,
4H, H8/H,,), 7.52-7.59 (m, 2H, H,,), 7.70-7.80 (m, 3H, H7/H,,), 7.87-7.92 (m, 1H, H,,), 7.95 (m,
1H, H10), 8.06-8.18 (m, 2H, H2/H4) ppm.

BC{'H} NMR (101 MHz, THF-ds): & = 120.9 (t, J = 3.6 Hz, C7), 122.2 (s, C9), 127.5 (s, Ca),
127.8 (s, Car), 128.1 (s, Car), 129.1 (t, J = 5.7 Hz, C.), 129.4 (s, C.), 129.8 (s, Ca), 132.3 (1, J =
5.0 Hz, C2), 135.7 (t,J = 8.1 Hz, C11), 136.2 (s, C8), 136.7 (t, J = 4.5 Hz, C4), 144.0-144.35(m,
C3/C17), 149.4 (t,J = 6.6 Hz, C1), 150.8 (t, J = 6.6 Hz, C5), 151.5 (t, J= 3.6 Hz, C10), 160.4 (t,
J=9.1Hz, C6), 198.6 (t, J = 8.3 Hz, CO) ppm.

S'P{'"H} NMR (162 MHz, THF-ds): 6 = 166.1 (s) ppm.

IR(ATR) Dco: 2035 and 1987 cm’™

[Rh(PN)CI(CO)]; (16)

4 mL of a DCM solution of [RhCI(CO),], (15 mg, 0.038 mmol) was dropped into 1 mL of a
DCM solution of PN ligand (25 mg, 0.077 mmol). A black precipitate formed immediately. The
solution was decanted, washed with DCM and pentane and dried under vacuum. Dark blue
needles suitable for X-Ray diffraction were obtained layering a DCM ligand solution on top of a

DCM solution of the rhodium precursor. Yield: 96%, 36 mg.
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IR(ATR) ¥co: 2064 and 1987 cm™

[Fe(PN)(CO)s] (17)

In a Schlenk flask, [Fe;(CO)2](19.3 mg, 0.038 mmol) and PN ligand (37.4 mg, 0.115 mmol)
were dissolved in THF and stirred at 7= 70° C for 2 h. The solvent was evaporated and a dark
red powder obtained. The solid was washed with ether and dried under vacuum. Crystals
suitable for X-ray diffraction were obtained by recrystallization from acetonitrile. Yield: 70%,

37 mg.

'H NMR (401 MHz, THF-ds) 8 = 7.16-7.25 (m, 1H, H9), 7.29-7.41 (m, 2H, Har), 7.43-7.54 (m,
4H, H,,), 7.72-7.78 (m, 2H, H,,), 7.80-7.89 (m, 3H, HS, H,,), 8.27 (dd, *Jur= 17.7, “Ju= 1.3
Hz, 1H, H2), 8.54 (d, *Jur= 8.2 Hz, 1H, H7), 8.73 (dd, 1H, *Jyp=14.1, “Ji= 1.3 Hz, 1H, H4),
9.62 (d, *Jup= 5.9 Hz, 1H, H10) ppm.

BC{'H} NMR (101 MHz, THF-ds): & = 121.2 (s, C9), 121.9 (d, *Jep= 13.5 Hz, C7), 127.9 (s,
Ca), 128.2 (s, Car), 128.7 (d, Jep= 1.5 Hz, Cyy), 129.7 (d, Jep = 8.7 Hz, Car), 129.8 (s, Cay), 129.8
(s, Car), 130.8 (d, %Jep= 9.5 Hz, C4), 135.0 (d, *Jep=15.5 Hz, C11), 135.6 (s, C8), 139.3 (d, *Jc.
p=7.6 Hz, C2), 142.4 (d,*Jcp= 16.4 Hz, C3), 143.5 (d, *Jep= 3.1 Hz, C17), 146.8 (d, 'Jep=9.8
Hz, C1), 152.4 (d, "Jep= 10.3 Hz, C5), 158.9 (s, C10), 162.6 (d, “Jep= 26.6 Hz, C6), 217.4 (d,
*Jep= 3.5 Hz, CO) ppm.

3'p{'H} NMR(162 MHz, THF-ds): 8 = 224.3 (s) ppm.

IR(ATR) #co: 1999, 1949 and 1904 cm’'

[Fe(PN)(n 2-methylacrylate)(C0)2] (18)

Complex 17 (20 mg, 0.043 mmol) was weighed in a J-Young NMR tube. The tube was
evacuated and 0.6 mL of toluene with methylacrylate (0.35 ml, 3.86 mmol) were condensed in.
The tube was irradiated with UV-light for several hours, opening the cap shortly from time to
time until the reaction came to equilibrium. Attempts on doing the reaction under argon flow and

in other solvents like acetone, were unsuccessful. No product could be isolated.
[Fe(PN)(n*-(1,3-butadiene))(CO),] (19)

Complex 16 (24 mg, 0.052 mmol) was weighed in a J-Young NMR tube. The tube was

evacuated and 0.5 mL of toluene with 15% w 1,3-butadiene (0.5 mL, 010 mmol) were
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condensed in. The tube was irradiated with UV-light for several hours, opening the cap shortly

from time to time until the reaction came to an equilibrium. No product could be isolated.

[u-(pdt)Fe,(PN)(CO)4] (20)

In a J-Young NMR tube, PN ligand (30.0 mg, 0.09 mmol) and [u-(dpt)-Fe,(CO)¢] (35.6 mg,
0.09 mmol) were dissolved in 0.6 mL THF and let stir under UV-light for 1 h. A dark red
solution was formed. The solvent was evaporated and the brown solid was fixed on silica. A
short column was run with toluene. The first fraction (red) was collected, the solvent was
evaporated and the red powder was dried under vacuum. Crystals were formed by slow diffusion

of pentane into a THF solution. Yield: 74%, 45 mg.

'H NMR (700 MHz, THF-dy): & = 1.53-1.45 (m, 1H, P-Fe-SCH,CH,), 1.62-1.53 (m, 1H, P-Fe-
SCH,CH,), 1.68-1.62 (m, 1H, CH,-S), 2.05-1.97 (m, 1H, CH,-S), 2.27-2.20 (m, 1H, P-Fe-
SCH,), 2.56-2.47 (m, 1H, P-Fe-SCH,), 7.11 (m, 1H, H9), 7.36-7.30 (m, 2H, H,;), 7.39 (m, 2H,
H,,), 7.48-7.44 (m, 2H, H,,), 7.71-7.83 (m, 5H, H8/H,,), 8.20 (d, *Je.u = 17.0 Hz, 1H, H2), 8.39
(d, “Jo.u = 8.2 Hz, 1H, H7), 8.71 (d, *Jo.u = 15.1 Hz, 1H, H4), 9.15 (ddd, J = 6.0, 1.6, 0.7 Hz, 1H,
H10) ppm.

PC{'H} NMR (176 MHz, THF- ds): & = 24.4 (d, *Joc = 7.7 Hz, P-Fe-SCH,CH,), 25.9 (d, *Jp.c =
20.3 Hz, P-Fe-SCH,), 31.3 (s, SCH,), 120.5 (d, *Jp.c = 12.3 Hz, C7), 121.2 (s, C9), 128.2 (s, Cy),
128.4 (s, Car), 128.8 (s, Car), 129.4 (s, Car), 129.6 (d, J = 8.1 Hz, Cy,), 129.8 (s, Car), 130.7 (d, “Jp.
¢ = 10.7 Hz, C4), 135.9 (s, C8), 137.5 (d, “Jp.c = 18.6 Hz, C11), 138.9 (d, 2Jp.c = 9.6 Hz, C2),
141.3 (d, “Jp.c = 14.6 Hz, C17), 143.2 (d, *Jp.c = 3.2 Hz, C3), 151.2 (d, 'Jp.c = 16.3 Hz, C5),
156.8 (s, C10), 158.8 (d, "Jp.c = 8.3 Hz, C1), 163.3 (d, “Jp.c = 19.3 Hz, C6), 209.1 (s, CO), 211.9
(s, CO), 216.2 (d, “Jp.c = 5.9 Hz, CO) ppm.

3'p{'"H} NMR (162 MHz, THF- ds) & = 240.7 ppm.

IR(ATR) #co: 2073, 2032, 2022, 1990, 1954, 1921 cm™

[u-(pdt)Fex(PN),(CO),] (21)

In a J-Young NMR tube, PN ligand (20.0 mg, 0.06 mmol) and [u-(dpt)-Fe,(CO)¢] (12.5 mg,
0.03 mmol) were dissolved in 0.6 mL THF and stirred under UV-light for 1 h, then the CO
overpressure was released. This was repeated six times until the *'P{'"H} NMR signal at § = 243
ppm did not increase anymore. A black precipitate was formed. The powder was filtered over

celite, washed with THF and pentane and redissolved in DCM. Volatiles were evaporated, and
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the product was dried under vacuum. Crystals were formed by slow evaporation of a DCM

solution. Yield, 44%, 14 mg.

S'P{'H} NMR (162 MHz, DCM- d,): 6 = 243.3 (s) ppm.

IR(ATR) ¥co: 2015, 1948, 1899 and 1884 cm™

[W(PN)>(CO),] (22)

In a J-Young NMR-tube PN ligand (113.0 mg, 0.35 mmol) and [W(CO);] (52.0 mg, 0.15 mmol)
were weighed together and 0.7 mL of dry THF-dgs were added. The tube was remained under
UV-light for two weeks, opening the cap shortly from time to time to release the CO
overpressure in the solution. The dark brown solution was transferred to a Schlenk flask. The
solvent was evaporated and the black powder was fixed on silica. A 9 cm high column (fritt) was
prepared under argon and run with EtOAc:P.Eth 1:1. The last fraction (dark brown) was
collected, the solvent was evaporated and a black shiny powder was obtained. Yield: 21%, 28

mg.

'H NMR (401 MHz, THF-dy) ): 8 = 6.70-6.77 (m, 1H, H9), 7.22-7.34 (m, 2H, H18/H22), 7.34-
7.48 (m, SH, H13/15/19/21), 7.64-7.71 (m, 1H, H8), 7.72-7.78 (m, 2H, H14/H20), 8.00-8.06 (m,
2H, H12/16), 8.14-8.23 (m, 1H, H2), 8.36-8.45 (m, 1H, H7), 8.64-8.67 (m, 1H, H4), 8.70-8.72
(m, 1H, H10) ppm.

BC{'H} NMR (101 MHz, THF-d): 8 = 119.0 (t, J = 5.0 Hz), 122.7, 126.5, 126.7, 127.2, 128.1
(t, J=4.2 Hz), 128.7 (d, J = 7.6 Hz), 131.1 (t, J = 3.4 Hz), 132.4 (t, J = 6.9 Hz), 136.6, 137.8,
141.4 (t, J = 8.2 Hz), 142.7, 147.0, 149.7 (t, J = 11.4 Hz), 156.1 (d, J = 8.9 Hz), 161.3 (1, J=9.7
Hz), 208.8 (d, J = 9.6 Hz) ppm.

'P{'H} NMR (162 MHz, THF-dy): 6 = 209.4 (s, 'Jp.w = 369.3 Hz) ppm.

IR(ATR) ¥co: 1935, 1866 and 1805 cm™

X-ray crystal structure determinations

Compound 5: CysH33Cu,F,N4Ps, Fw = 1149.80, yellow needle, 0.60 % 0.05 x 0.05 mm3,
monoclinic, P2/n, a = 13.7840(1), b = 12.5322(1), ¢ = 28.0620(3) A, oo = 90, B = 93.294(1), y =
90, V = 4839.53(7) A°, Z = 4, D= 1.578 glem’, p = 3.097 mm™. 53855 reflections were
measured by using a Bruker Photon CMOS detector with a rotating anode (CuKa. radiation; A =
1.54178 A) at a temperature of 100(2) K up to a resolution were 0, = 67.896. 8123 reflections
were unique (Ri, = 0.080). The structures were solved with SHELXL-2013'* by using direct
methods and refined with SHELXL-2013'** on F* for all reflections. Non-hydrogen atoms were
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refined with anisotropic displacement parameters. 633 parameters were refined without
restraints. R; = 0.1601 for 7062 reflections with />2s(/) eA’, and wR, = 0.3508 for 8123
reflections, S = 1.248. Geometry calculations and checks for higher symmetry were performed
with the PLATON program.'*

Compound 11: C,,H;,AuCINP, Fw = 557.75, red block, 0.31 x 0.09 x 0.08 mm3, orthorombic,
P2,212;, a = 7.4160(5), b = 19.3611(15), ¢ = 26.242(2) A, a = 90, B = 90, y = 90, V =
3767.9(5)A°, Z = 8, D= 1.966 g/em’, p = 8.041 mm™. 26543 reflections were measured by
using a Bruker Photon CMOS Detector, D8 Venture diffractometer with a rotating anode
(MoK radiation; A = 0.71073 A) at a temperature of 100(2) K up to a resolution were 0, =
25.31. 6826 reflections were unique (R, = 0.0410). The structures were solved with SHELXL-
2014/7'** by using direct methods and refined with SHELXL-2014/7'* on F” for all reflections.
Non-hydrogen atoms were refined with anisotropic displacement parameters. 422 parameters
were refined without restraints. R; = 0.0329 for 6380 reflections with />2s(/) eA’, and wR, =
0.065 for 6826 reflections, S = 1.218. Geometry calculations and checks for higher symmetry
were performed with the PLATON program.'#

Compound 16: CssH36N,O,P,Rh,Cls, Fw = 1153.25, blue needle, 0.36 x 0.03 x 0.03 mm3,
monoclinic, C 1 2/c 1, a = 18.5521(8), b = 18.8373(8), ¢ = 13.0069(5) A, a = 90, B =
97.2910(19), y = 90, V = 4508.83) A, Z = 4, D= 1.699 g/em’, p = 1.202 mm™. 20347
reflections were measured by using a Bruker Photon CMOS detector with a rotating anode
(MoK radiation; A = 0.71073 A) at a temperature of 100.04 K up to a resolution were 0. =
25.12. 4024 reflections were unique (Rj, = 0.048). The structures were solved with SHELXL-
2014/6'** by using direct methods and refined with SHELXL-2014/6'** on F for all reflections.
Non-hydrogen atoms were refined with anisotropic displacement parameters. 280 parameters
were refined without restraints. R; = 0.048 for 3186 reflections with />2s(/) eA’, and wR, =
0.136 for 4024 reflections, S = 1.080. Geometry calculations and checks for higher symmetry
were performed with the PLATON program.'#

Compound 17: CsH03;NPFe, Fw = 465.21, red platlet, 0.53 x 0.08 x 0.07 mm3, monoclinic,
C2/c, a = 44.5179(17), b = 13.1217(5), ¢ = 7.2157(3) A, a = 90, B = 95.209(2), y = 90, V =
4197.7(3) A’, Z = 8, D= 1.472 g/em’, p = 0.822 mm™. 17015 reflections were measured by
using a D8 Venture Bruker Photon CMOS detector with a rotating anode (MoKa radiation; A =
0.71073 A) at a temperature of 100(2) K up to a resolution were 0, = 26.468. 4322 reflections
were unique (Ri, = 0.108). The structures were solved with SHELXL-2014/7"** by using direct
methods and refined with SHELXL-2014/7'* on F* for all reflections. Non-hydrogen atoms
were refined with anisotropic displacement parameters. 268 parameters were refined without
restraints. R; = 0.074 for 2946 reflections with I>2s(/) eA’, and wR, = 0.172 for 4322
reflections, S = 1.093. Geometry calculations and checks for higher symmetry were performed
with the PLATON program.'*

Compound 20: CeHs FesNoP,O9Ss, Fw = 1382.64, Brown needle, 0.46 x 0.02 x 0.02 mm3,
triclinic, P-1, a=7.6186(2), b = 15.8628(4), c = 24.7357(7) A, .= 99.0281(1), B = 93.6936(8), v
=99.1003(9), V = 2913.41(13) A, Z = 2, D,= 1.576 g/cm’, p = 1.235 mm'. 49559 reflections
were measured by using a D8 Venture Bruker Photon CMOS detector with a rotating anode
(MoK radiation; A = 0.71073 A) at a temperature of 100(2) K up to a resolution were 0, =
25.09°. 10320 reflections were unique (R, = 0.117). The structures were solved with SHELXL-
2014/7'** by using direct methods and refined with SHELXL-2014/7'* on F for all reflections.
Non-hydrogen atoms were refined with anisotropic displacement parameters. 736 parameters
were refined without restraints. R; = 0.0550 for 7281 reflections with />2s(/) eA’, and wR, =
0.1125 for 10320 reflections, S = 1.047. Geometry calculations and checks for higher symmetry
were performed with the PLATON program.'#

Compound 21: CsoH4oCLFe;N,P,0,, Fw = 1009.50, brown chunk, 0.41 % 0.23 x 0.13 mm3,
triclinic, P-1, a = 10.8470(2), b = 14.2551(3), ¢ = 14.6866(3) A, a. = 100.815(1), f = 14.2551(3),
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v = 94.899(1), V = 2219.71(8) A®, Z = 2, D,= 1.510 g/em’, u = 0.984 mm™. 41770 reflections
were measured by using a D8 Venture Bruker Photon CMOS detector with a rotating anode
(MoK radiation; A = 0.71073 A) at a temperature of 100(2) K up to a resolution were 0, =
26.44. 9121 reflections were unique (Rj,; = 0.040). The structures were solved with SHELXL-
2014/7' by using direct methods and refined with SHELXL-2014/7"** on F* for all reflections.
Non-hydrogen atoms were refined with anisotropic displacement parameters. 559 parameters
were refined without restraints. R; = 0.054 for 7886 reflections with />2s(/) eA’, and wR, =
0.1368 for 9121 reflections, S = 1.042. Geometry calculations and checks for higher symmetry
were performed with the PLATON program.'#

Compound 22: C4;H34CLLN,P,0,W, Fw = 975.44, red rod, 0.21 x 0.13 x 0.09 mm’ , monoclinic,
P2i/n, a = 11.0705(7), b = 14.1569(7), ¢ = 26.7727(19) A, a. = 90, B = 92.663(6), y = 90, V =
4191.4(4) A°, Z = 4, D= 1.546 g/em’, p = 3.001 mm™. 30394 reflections were measured by
using a Stoe IPDS 2T detector with a rotating anode (MoKo. radiation; A = 0.71073 A) at a
temperature of 200(2) K up to a resolution were 0, = 29.22. 11222 reflections were unique (Rjy
= 0.083). The structures were solved with SHELXL-2013'* by using direct methods and refined
with SHELXL-2013'** on F* for all reflections. Non-hydrogen atoms were refined with
anisotropic displacement parameters. 506 parameters were refined without restraints. R; = 0.046
for 6451 reflections with I>2s(I) eA®, and wR, = 0.1057 for 11222 reflections, S = 0.861.
Geometr}1143calculations and checks for higher symmetry were performed with the PLATON
program.
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Chapter 3

Synthesis, Reactivity and Coordination

Chemistry of Pyridyl-Substituted
A*-Phosphinines
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3 A*-Phosphinines

3.1 Introduction

The difference in electronegativity between carbon, phosphorus and nitrogen (Pauling
electronegativities: 2.2 for P, 2.5 for C, and 3.0 for N)! makes the charge distribution in the
phosphinine- and pyridine- heterocycle opposite. Hence, the N atom in pyridines acts as a
nucleophile, whereas phosphinines can undergo electrophilic attack via the phosphorus atom.
Therefore strong nucleophiles such as Grignard-reagents or organolithium compounds can
alkylate or arylate the phosphorus atom of phosphinines, which gives a new class of molecules:
A'-phosphinines. Mirkl et al. prepared A*1-alkyl- or 1-aryl-2 4 6-triphenylphopshinine anions
(A, scheme 3.1) and proved their reactivity towards water and organic halides to give 1-alkyl- or

1-aryl-1,2-dihydrophosphinines (C) or 1,1-disubstituted phosphinines (B), respectively.””

2 R'X H,0 X
| -~ ro o | H
p” P P
s\ '
R R R Li® R
B A o

Scheme 3.1 Reactivity of A*-phosphinine anions towards water and organic halides

Ashe TII investigated the reaction of MeLi with the unsubstituted phosphinine 1.2. The 'H and
"C{'H} NMR spectroscopic analysis shows that carbons and protons in 2-, 4-, and 6-positions
of the ring (figure 3.1) are much more shielded than those in 3- and 5- positions. This implies
that structure 3.2 is more realistic than 3.1 to describe the actual electronic situation of these
anions with the electron charge largely localized on 2-, 4-, and 6-positions. However, the name
A*-phosphinines is used as an easier way to differentiate A*c’-phosphinines from A’c*- and A o™
phosphinines. Also, the fact that the chemical shifts of carbons and protons 3 and 5 in the
anionic structure are very similar to the atoms in the same positions of the conjugate acid (3.3),
means that the phosphorus lone pair does not interact with the delocalized electrons of the

n-system.’

In 2003, Le Floch et al. discussed the first crystallographic characterization of the A*-

phosphinine lithium salt 3.4, in which the lithium cation is coordinated in an 1’- fashion, while
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the phosphorus atom is strongly pyramidalized, pointing out of the plane formed by the five

carbon atoms of the heterocycle (figure 3.2).

N e G X
O Li (o)t mo |
\P/ P

P\@ \ N
% Ve & Me base & Me
3.1 3.2 3.3

Figure 3.1 Tautomeric forms of 1-methyl-phosphacyclohexadienyl anion and its
protonated form 3.3

An easy way to access a library of anionic phosphinines can be achieved by reacting interesting
and more sterically demanding organolithium reagents such as CH,PyLi or enantiomerically
pure lithium mentholate. The latter leads to chiral derivatives of A‘-phosphinines.® The
preparation of this class of compounds offers a way to fine-tune the steric and electronic
properties of sp’-hybridized phosphorus species and thus the careful design of ligands for
catalytic processes. A short review on the coordination studies of A*-phosphinine anions will be

described below (see figure 3.3).

Figure 3.2 Schematic structure (left) and molecular structure in the crystal (right) of 1-methyl-
2,5,6-triphenyl-phosphacyclohexadienyl lithium 3.4
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3.2 Coordination chemistry of A *-phosphinines

This class of ligands can potentially coordinate to metal centers in different coordination modes
(figure 3.3): Via the delocalized n-system of the heterocyclic ring with a hapticity from 2 to 5;
directly via the phosphorus atom in a o-coordination mode; and via a combination of the latter

two, as shown in figure 3.3.

Mirkl prepared a ferrocene-like compound starting from FeCl, and 1-methyl- (3.5, figure 3.4) or
1-phenyl-2,4,6-triphenylphosphacyclohexadienyl lithium.” Dimroth et al. studied these
compounds in more detail showing their open ferrocene-like structures and their solubility in
water despite of their hydrophobic substituents.' The 4-tert-butyl analogue was structurally
characterized later by Massa et al. The molecular structure in the crystal shows a gauche-
eclipsed conformation and two phosphinine rings coordinated through 5 carbons each in a n’-
fashion with a mean Fe-C distance of 2.16 A, and a Fe-P distance of 2.91 A. All the C-C
distances in the almost planar part of the heterocycle are very similar with a mean value of 1.41

o

All

R R R
P P. P.
© ~M ~M
-l - L 7
| |
M M
n-mode; n" n=2-5 o-mode; ' o/m-mode; n'y"

Figure 3.3 Possible coordination modes for A*-phosphinines

Le Floch reported on the n’-rhodium complex 3.6. It turned out to be a promising catalyst in the
hydroformylation of styrene and cyclohexene, giving high conversion and turnover frequencies
under mild conditions with low catalyst loading. The hydroformylation of styrene occured with a
high regioselectivity (93/7) in favor of the branched isomer. The complex also catalyzed the
transformation of 2,3-dimethyl-2-butene into 34-dimethylpentanal through a tandem
isomerization/hydroformylation process.'> Complexes 3.7 of Pd and Pt were obtained, in which
the ligand is coordinated to the [MCI(PPh;)] (M = Pd, Pt) fragment through the P-C double bond

in an n’>-fashion."”
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The same group later reported on phosphinine 3.8, which bears two phosphine sulfide groups on

the C atom in a-position to the P atom of the hetrocycle (SPS)." When reacted with

[Pd(cod)Cl,], internal attack of a CI' to the electrophilic phosphorus atom affords the

corresponding A*-phosphinine anion coordinated to the metal fragment, which can then react

with methanol to form complex 3.9."” Heterodonor-functionalized SPS A*-phosphinines were

also synthesized and they preferentially formed metal complexes, in which the coordination

takes place through the phosphorus lone pair and not via the m-system. For example, the SPS-Rh'

complex 3.10, which can activate small molecules such as CO, O,, CO,, CS,, and SO,,' or the

uranium complex 3.11."7 A very interesting feature of SPS anions is their flexibility to stabilize a

wide range of geometries in metal complexes, ranging from tetrahedral, square planar to trigonal

bipyramidal, to octahedral."®
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Ph._~Ph Ph | e Ph | >
| Z Ph,P ”
P b ) ) PPh,
thFl’ P ||TPh2 H M O‘I |||3Ph2 Ié MeR‘h_lé
& s S——Pd—S /\
I 7ANR(
Cl
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Figure 3.4 \*-phosphinine complexes reported in literature

84



A tBu-P,S-bidentate phosphinine anion was reported, which upon coordination to [PdCl,(n’-
C;H5)], affords complex 3.12 as a mixture of diastereoisomers. It was applied as catalyst in the
Suzuki—Miyaura cross-coupling reaction between aryl bromides and pinacolborane to yield the
corresponding arylboronic esters with a TON of up to 799000. Me-P,S-bidentate phosphinine
anion coordinates to ruthenium to afford complex 3.13 also as a mixture of diastereoisomers.
The complex shows catalytic activity in hydrogenation reactions of ketones with acceptable

conversions albeit long reaction times with TONs of up to 200."

3.3 Results and discussion

In this section, the results obtained from the synthesis, reactivity and coordination chemistry of
A'-PN phosphinines will be discussed. The NMR assignment for the signals of the ligand, as

well as the X-ray analysis follows the numbering scheme depicted in figure 3.5.

21 19
I |
22 18
177
|
3
27 Ny
-1
12 1. 25 7
137 1T pT N g
I | | I |
14_ .16 23 N_ =9
15 S 10
R

Figure 3.5 Numbering scheme for the NMR signal assignment

The first carbon atom from the alkyl or aryl moiety attached to the P atom is assigned with the
number 23. According to the substituent, the numbering follows along the group functionality.
Hydrogen atoms have the same numbers as the carbon atoms attached to them. Information
obtained from the atoms in the heteroatomic rings is the most valuable and interesting regarding

the coordination chemistry and basically the discussion will evolve around these.

So far, there is no example in literature of a pyridyl-substituted A*-phosphinine, so it was of
interest to study the reactivity and coordination chemistry of PN phosphinine A*-anions. For this
purpose 2.4-diphenyl-6-tolyl-phosphinine 16 and the pyridyl functionalized phosphinine 1 were
reacted with different organolithium reagents and the obtained lithium salts were coordinated to

different transition metals.
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Under the general scheme shown below, different A*-phosphinines were prepared. Upon reaction
of the neutral ligands 1 or 16 with the corresponding organolithium species in THF an
immediate change in color of the solutions occurs from orange to dark green or violet.
According to the *'P{'H} NMR spectra of the reaction mixtures, full conversions were achieved,
both at 7= -78 °C as well as at room temperature, showing one singlet at higher fields at around
0 = -70 ppm (see figure 3.6). The significant variation in chemical shift from the neutral ligand
(0 = 187.4 ppm for 1 and & = 182.3 ppm for 16) is higher than 246 ppm and suggests a
disruption of the aromatic system due to a strong pyramidalization of the phosphorus atom. The
chemical shifts of the products are more similar to phosphines with a formal sp’-hybridization

(PMes: *'P{'H} NMR, & = —60 ppm).

Li®
THE 31P{1H} NMR &:
—>» R X=C, R=Tol, R'=Ph: 17 -68.3 ppm
X=N, R=Ph, R'=Me:
X=N,R=Ph, R'=Ph: 19 -59.3 ppm
X=N, R=Ph, R'=Fc:

Figure 3.6 Synthesis of lithium salts of A*-phosphinine anions

Although in literature only one signal in the *'P{'H} NMR spectra of anionic A*-phosphinines
was discussed, they can form two different stereoisomers as shown in figure 3.7, which would
give two different *'P{'H} NMR signals. If two groups of chemically equivalent nuclei are
exchanged by an intramolecular process, the NMR spectrum is a function of the difference in

their resonance frequencies, vA — vB = Av, and of the rate of exchange, k*

© u’

o3-\4 aromatic
intermediate

R

/

P
/"

Figure 3.7 Possible configurations of )»4-phosphinine anions, interchangeable
through inversion at the phosphorus atom
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For compound 17 only one sharp signal in the *'P{'H} NMR spectrum even at 7 = -100 °C was
also found, but for 18, 19, and 20 the single *'P{'H} NMRsignal at room temperature splits at

very low temperatures into two singlets in different ratios (figure 3.8).

The coalescence temperature of these two NMR signals in a 400 MHz NMR spectrometer (162
MHz for *'P) is T = -94 °C for 18 (Me-PN), T = -79 °C for 19 (Ph-PN), and 7 = -81 °C for 20
(Fc-PN). Following equation 1, Kr. (equilibrium constant at coalescence temperature) was
estimated, and with equation 2, the AG? for the inversion barrier was calculated. The results are

shown in table 3.1.

K. = eq.1

iy |
—=1V4 — Vp
V2

RT V2

nNAhlvA—vBI

AG* = RT, - In = RT.[2296 +1n("¢/,,)] eq.2

The energy barriers for inversion differ slightly from each other. The method used to calculate
the data *'P{'H} variable temperature NMR) is not accurate enough to explain the observed
trend, where AG7(19) > AG(20) > AG”(18). In general, it has been established for phosphines
that the bulk of the substituents at phosphorus, as well as the type of substituents (alkyl or aryl)
affect the magnitude of the inversion barrier; Bulky substituents and alkyl groups result in higher
AG”?" Taking this into account, AG’(20) was expected to be higher than AG?(19).

Nevertheless, the energy barriers are in the same range of those for acyclic phosphines.zé"25

17 18

l rt. rt J
L 60°C  -94°C ) /\
J -100°C  -100 °C /\

1 T~ 1 T T T 1 T T T T T T T T T T T T T T T T T T T 1
-50 -55 -60 -65 -70 -75 -8 -8 -90 -50 -55 -60 -65 -70 -75 -80 -85 -90

19 20

A rt. rt
AA -79°C  -81°C
h -100°C -100°C

—T T
-50 -5 -60 -65 -70 -75 -80 -8 -90 -50 -55 -60 -65 -70 -75 -80 -85 -90

Figure 3.8 Variable temperature *'P{'"H} NMR spectra of 17-20. Spectra top: room temperature,
middle: coalescence temperature, bottom: 7" = -100 °C. *impurity
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Clearly, the pyridyl substituent in 2-position of the heterocycle increases the inversion barrier in
comparison to the non-functionalized anion 17 as only one species is detected even at 7' = -100°
C. The mechanism for the inversion could go through a A*c® aromatic system (figure 3.7), which
might be more accessible for the pyridyl-substituted ligands by lowering the orbital energies due

to the presence of an electronegative atom, such as nitrogen.

Table 3.1 Calculated energy barriers of inversion 18-20.

Compound Name TJK |vy—vgl/Hz K;, AG*/KJmol'
18 [Me-PN]Li  179.15 93.8556 208.36 35.16
19 [Ph-PN]Li  194.15 199.0386 441.87 37.02
20 [Fc-PNJLi  192.15 346.2948 768.77 35.74

In the "H NMR spectrum of each anionic phosphinine, the complete set of signals shows a high-
field shift compared to the corresponding neutral compounds, as expected when introducing a
negative charge to the system. Especially H4 and H2 of 18-20 (pyridyl-substituted anions)
appear more shielded, around 1.2 ppm and 0.7 ppm, respectively compared to their neutral

analogues.

Figure 3.9 Molecular crystal structure of 19 in the crystal. Thermal ellipsoids are shown at
the 50% probability level
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Based on theoretical calculations and “C{'H} NMR data of different phosphinine anions, Le
Floch reported in 2003 that the electron density of the heterocycle was mainly localized on the
carbons in o—position to phosphorus.” These “C{'H} NMR signals showed a significant high-
field shift of around 85 ppm compared to their neutral counterparts. Compound 17 shows
BC{'H} NMR resonances for C1 and C5 at & = 149.9 ppm (Ad =23.2 ppm compared to the
corresponding neutral phosphinine 16). On the other hand, the donor-functionalized anions 18-
20 show very different chemical shifts for C1 and C5. For the neutral PN ligand 1, the "C{'H}
NMR resonances for C1 and C5 are at d = 170.7 ppm and § = 172.7 ppm, respectively, while in
the anions 18-20 the C1 resonances are shifted to approximately & = 147 ppm and those for C5
to & = 92 ppm, suggesting that delocalized electron density on the phosphorus ring is pulled

towards the pyridine ring.

The lithium salt of 19 crystallized by slow diffusion of pentane in a THF solution and the
molecular structure in the crystal was determined by X-ray diffraction. As expected, the lithium
atom is trapped by the 2.2.2. cryptand. Since the quality of the crystals was low, the bond
lengths and angles cannot be discussed in detail, but a picture of the molecular structure in the

crystal is shown in figure 3.9.

As demonstrated before by Mirkl and Ashe III, the reaction of A*-phosphinine anions with H,O
leads quantitatively and selectively to the corresponding 1,2-dihydrophosphinine derivatives.’
We decided to further investigate the reactivity of the A*-PN ligand (19) with water and to
establish similarities and differences to other hetero-functionalized anions reported in literature.
For comparison purposes, anion 21 was also reacted with water as described in scheme 3.2. Part
of the following results have been obtained in collaboration with Gisa Meifner, especially the

synthesis of 16 and the coordination chemistry of 21.%°

®
L
B e
Ph S pn oM
PR ¥
21 22.2 22.E

Scheme 3.2 Scheme reaction of the A*-phosphinine anion 21 with H,O
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In the case of symmetric phosphinines, four stereoisomers are expected upon protonation as a
stereogenic center is formed at the carbon atom at the 2-position of the heterocycle and a second
stereogenic center is represented by the P atom. This leads to the presence of a pair of
enantiomeric diastereomers, which are distinguished according to the relative location of the

phenyl groups at 1- and 2-positions with respect to one another (22-£ and 22-Z, scheme 3.2).

After addition of water to a THF-d; solution of 21, the characteristic dark color of the solution
immediately vanishes to give a clear yellow solution. The *'P{'H} NMR spectrum shows
mainly one product (94% based on integration) with a signal at § = —50.8 ppm, whereas a minor
species (6%) is detected at & = —38.0 ppm. The characteristic 'H NMR signals for protons H, and
H, for the major product show chemical shifts at 8 = 5.97 ppm for Hy, and at 8 = 4.23 ppm for H,
(figure 3.10). The signals for the minor product can be observed as traces at 6 = 4.02 and & =
6.08 ppm.

Hp
e e
| ST [T | T JImL | n l
Al e, Seemr e e e

PPM -40 -44 T

T
24 20

Figure 3.10 *'P{'"H} NMR spectrum of reaction mixture of 21 with H,O (left) and
'HNMR spectrum of the reaction mixture of 21 with water (right)

An assignment of the exact configuration (£ or Z) of 22 on the basis of the size of the coupling
constants appeared, however, to be problematic. Fortunately, crystals of the major product
suitable for X-ray diffraction were obtained (as verified by *'P{'H} NMR spectroscopy) after
filtering the solution and recrystallizing the product from acetonitrile. The ORTEP plot of 22
shown in figure 3.11 reveals that the molecule has the Z configuration. The P—C distances of
1.873(2), 1.827(2), and 1.825(2) A are much longer than those in 16 (1.757(3) and 1.743(3) A),
and the phosphorus atom is strongly pyramidalized (Zcpcangies = 304.5°), as expected for a
formally sp’-hybridized phosphorus atom. Consequently, the C—C bond lengths of the
heterocycle are consistent with the presence of a C—C single bond [C(1)-C(2)] and a conjugated
diene with double bonds between C(2) and C(3) and C(4) and C(5). Therefore, the exact nature
of the hydrolysis products of the anions derived from A*-2,6-diphenyl-4-(p-tolyl)phosphinine
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could be identified for the first time, and this allows for the assignment of the signals observed

in the *'P{'"H} NMR spectra: & =-50.8 ppm as 22-Z and & = -38.0 ppm as 22-E (figure 3.10).

Figure 3.11 Molecular structure of 22-Z in the crystal. Thermal ellipsoids are shown at the 50% probability level.
Selected distances (A) and bond angles (deg): P1-C1 1.873(2), P1-C5 1.827(2), C1-C2 1.497(2), C2-C3
1.339(2), C3—C4 1.469(2), C4-C5 1.343(2), P1-C25 1.825(2), C1-P1-C5 97.46(8)

Likewise, Ph-PN compound 19 was treated in the same way as 21. Due to the non-symmetric
nature of this compound, another pair of isomers is to be expected since protonation can
potentially occur either on the carbon atom at the 2-position of the heterocycle or alternatively,

on the one in the 6-position (scheme 3.3).

Ph Ph
=
WH H |
P_ “Ph Xy R T Ph
AN AN
¥ "Ph | _N < Ph
19 23-7, 23-E, 23-2, 23-E,

Scheme 3.3 Reaction of 19 with water and its possible products. Enantiomers are not shown
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Indeed the *'P{'"H} NMR spectrum of the reaction mixture shows four signals at & =—40.9 (1.2%
by integration), 6 = —43.4 (28.9%), & = —49.6 (32.7%), and —8 = 52.6 ppm (37.2%) (figure 3.12,
top). Comparing the chemical shifts and intensities of these signals to those obtained for 22-F/Z,
the signals at 8 = —40.9 and 8 = —49.6 ppm are believed to belong to the isomers protonated at
the 2-position, being the latter most likely the Z-isomer, as in the case of 22-Z. The signals at =
—43.4 and & = —52.6 ppm consequently belong to 23-F,/Z,, generated from the protonation of the
carbon atom at the 6-position, which is next to the pyridine ring. If this assumptions are correct,
the protonation on the pyridyl ring side is much less selective than the protonation at C2, as the
integral of the signals assigned as 23-£, and 23-Z; are formed in a ratio of approximately 40:60,
in contrast to 23-£; and 23-Z; with a ratio of 4:96, similar to the ratio obtained for the E/Z
isomers of 22. LiOH is formed upon protonation of the A*-phosphinine anions and protonation at
C2 and C6 position is reversible. In order to determine if the pK, values of the products formed
play a role in the reactivity and selectivity of this reaction, the same reactions were performed

with methanol instead of water, as LiOCHj; forms, which is a slightly stronger base than LiOH.

23-E1/Z1 23-E2/22 23-E1/Z1 23'EZ/ZZ

Jk }k impurity

| | JL |

-40 -41 -42 -43 -44 -45 -46 -47 -48 -49 -50 -51 -52  -53

Figure 3.12 *'P{'"H} NMR spectra of the species formed by protonation of 19 with
H,O (top) or MeOH (bottom)

Interestingly, the protonation of 21 and 19 leads to a dramatic change in selectivity. The ratio
between E/Z isomers of 22 (figure 3.13) changes from 94:6 to almost 50:50 (determined by
*'P{'"H} NMR spectrum signal integration).

These changes were also observed in the reaction of 19 with methanol only for the species that
were formally assigned as 23-E,/Z}, the isomers protonated at C2 (phenyl ring side). The isomers

assigned as 23-E,/Z, remain in a ratio of 40:60 (figure 3.12, bottom).
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Figure 3.13 *'P{'"H} NMR of the reaction of 21 with MeOH

These results nicely indicate that the assignment in figure 3.12 is most likely correct. Moreover,
they show that quenching solutions of A*-phosphinine anions is more complex than previously
assumed and that there is a subtle interplay between the pK, values of the generated 1,2-
dihydrophosphinine species and the pKy values of the formed bases. Although quenching of the
Li salts with H,O leads preferentially to the kinetic product (22-Z in the case of 21), the presence
of the stronger base LiOCHj; clearly leads ultimately to the thermodynamic product 22-E. It can
also be concluded that the 1,2-dihydrophosphinine 23-E,/Z, is apparently slightly more acidic
than the 1,2-dihydrophosphinine 23-E,/Z;, as the thermodynamic equilibrium between 23-£, and
23-Z, is already reached with LiOH as a base.

It was also of interest to explore the coordination chemistry of these anionic heterocycles.
Rhodium(I) seemed to be a first good choice for this study as the coupling constant between *'P
and 'Rh give extra valuable information via NMR spectroscopy. Moreover Rh(I) complexes
bearing phosphorus ligands have potential applications as catalysts for important transformations
such as hydrogenation or hydroformylation reactions.'**’” Half an equivalent of [Rh(cod)Cl], was
mixed with 21 in THF and stirred for 5 min at room temperature to quantitatively obtain

complex 24 (scheme 3.4).

/Ph
2]
1/, [Rh(cod)Cl], | “ph
—_———
. Rh
- LiCl
L
21 24

Scheme 3.4 Reaction of 21 with the Rh' complex [Rh(cod)Cl],
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The *'P{'H} NMR spectrum shows one doublet at & = —58.6 ppm. It is interesting to note, that
only one isomer of the Rh(I) complex is detected, as the lone pair could in principle be oriented
either in an axial or equatorial position of the heterocycle. The small IJP’Rh coupling constant of
11.1 Hz is indicative of n’-coordination of 24 (an '-coordination results in much larger P-Rh
coupling constants) and it lies very close to the values obtained by Le Floch for complexes 3.6
(figure 3.4, R = TMS: *'P{'"H} NMR (C¢Ds): & = -17.21 (d, *Jorn = 7.3 Hz) ppm and R = Ph:
*'P{'H} NMR (CDCls): & = -3.53 (d, *Jprn = 9.0 Hz) ppm).

After removal of LiCl, crystals suitable for X-ray diffraction could be obtained from a diethyl
ether solution at 7 = -10° C. Figure 3.14 shows the molecular structure of 24 in the crystal, along

with selected bond lengths, distances, and angles.

Figure 3.14 Molecular structure of 24 in the crystal. View from the top (left) and from the side (right).
Thermal ellipsoids are shown at the 50% probability level. Selected distances (A) and bond angles (deg):
P1-C1 1.842(3), P1-C5 1.822(3), C1-C2 1.434(3), C2—C3 1.409(3), C3—C4 1.440(4), C4— C5 1.392(4),
P1-C25 1.848(3), C1-C12 1.499(3), C5— C18 1.493(4), Rh1-C31 2.164(3), Rh1-C32 2.159(3), Rh1-
C352.115(3), Rh1-C36 2.114(3), C1-P1-C5 94.70(11)

The crystallographic data of the complex indeed confirms that the phosphorus heterocycle
coordinates in an n’-fashion to the Rh(I) atom with the phenyl group in axial position. The
phosphorus atom is clearly located above the plane of the five carbon atoms and is strongly
pyramidalized, as expected for a formally sp’-hybridized phosphorus atom (Zangles = 301.4°).
The C—C bond lengths in the carbocyclic fragment (1.392(4)-1.440(4) A) are very similar to the
ones from the neutral phosphinine 16 (1.384(4)-1.407(4) A). On the other hand, significant
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lengthening of the P1-C1 and the P1-C5 bonds is observed for 24 compared to 16. The
corresponding values increase from the neutral 7»3-phosphinine [P1-C1 1.757(3), P1-C5
1.743(3) A] to the complexed anionic A*- phosphinine [P1-C1 1.842(3), P1-C5 1.822(3) A] and
reflect the transition of a C(spz)—P(spz) toa C(spz)— P(sp3) system upon reaction with PhLi and

subsequent coordination. These data are also comparable to the crystallographic data obtained

for 3.6 by Le Floch.'

Compound 19 was then also reacted with 0.5 equivalents of [Rh(cod)Cl],to obtain complex 25
in quantitative yield according to *'P{'"H} NMR spectroscopy (scheme 3.5), which shows only
one doublet at 8 = 13.0 ppm with a 'Jpr, coupling constant of 152.2 Hz. This accounts for
coordination to rhodium via the P lone pair. Moreover, the typical signals for cod-containing
metal complexes could be detected in the 'H NMR spectrum. These results are in agreement
with previous findings that donor-functionalized A*-phosphinine anions preferentially coordinate
through the phosphorus lone pair in a m'-fashion towards a metal center as shown also by Le

Floch for other heterodonor-functionalized ligands (compounds 3.8-3.13 figure 3.4).

1/, [Rh(cod)Cll,  Ph
Ll e
- LiCl

19

Scheme 3.5 Coordination of 19 to [Rh(cod)Cl],

Inspired by these results, a Rh-cod complex with the ferrocenyl substituted pyridyl-
functionalized anion was prepared, which is a more sterically demanding substituent at the
phosphorus atom. [Rh(cod);]BFs was mixed with 17 or 20 in THF in a 1:1 ratio. While the
reaction of 17 always gave a mixture of products in the *'P{'H} NMR spectrum, the reaction
with 20 affords complex 26 (scheme 3.6) as a black solution (very similar to 25). The *'P{'H}
NMR of the reaction mixture shows a doublet at 6 = 3.53 ppm with a IJP,Rh = 150.0 Hz which
suggests coordination via the phosphorus lone pair. Compared to 25, the signal undergoes a low-
field shift of 10 ppm, as expected by substituting the phenyl group with a more electron donating

one on the phosphorus atom. Nevertheless, the P,Rh coupling constants are very similar.

Complex 26 is very sensitive towards proton sources, such as water. All attempts to isolate this

compound gave complex 27 as a dark purple solution which shows a doublet at & = -2.43 ppm
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with a 'Jp gy = 156.5 Hz in the 3'P{'H} NMR spectrum. It is believed that the proton comes from

traces of water from the solvents used (DCM or pentane) or from the glass wall.

The 'H NMR spectrum of 27 (figure 3.15) shows the characteristic signal for the proton that has
been added to C1, which is a doublet of doublets at § = 4.34 ppm, with a large coupling constant
of 2Jp.H = 9.3 Hz and a smaller one of 3JH_H = 3.2 Hz. Protons H2 and H4 also have large 2JP_H
coupling constants of 8.6 Hz and 18.9 Hz, respectively. Their chemical shifts are in agreement
with an aromatic H4 (8 = 7.87 ppm) and an alkenyl H2 (8 = 5.98 ppm). Moreover, the

resonances for the ferrocenyl moiety as well as for the typical isignals for coordinated cod can be

observed in the spectrum.

Ph

BF,

@

Li 1. [Rh(cod),]BF,  Ph 2.H,0  [Ph
—_— —_—

Ph - LiOH

-cod
-LiBF,

20 26 27

Scheme 3.6 Reaction of 20 with [Rh(cod),]BF, and its one-pot protonation with water

It was possible to assign the —CH proton signals of the cod ligand in cis position to the
phosphorus atom by means of a >'P-'"H HMBC NMR experiment (the given coupling constant
was 20 Hz). Cross peaks of these two nuclei are obtained with the signals at d = 4.68 and § =
5.58 ppm. As “Jpy coupling constants are known to have a Karplus-like dependance on the
dihedral angle ®, coupling constants smaller than 20 Hz should correspond to protons with

larger dihedral angles and no cross peaks with these nuclei should be obtained in the spectrum.
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Figure 3.15 "H NMR spectrum of complex 27
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Crystals suitable for X-ray diffraction were obtained from slow diffusion of dietheylether into a
DCM solution of 26. However, the Ortep plot shown in figure 3.16 shows again that the cationic
rhodium complex 27 has been formed. The chelate complex has been selectively protonated at
Cl1 leading to a preferred equatorial position of the sterically demanding phenyl substituent. It is
interesting that protonation of the pyridyl-substituted A*-phosphinine anions is selective when

the ligand is coordinated to Rh(cod) fragments.

The isomer obtained corresponds to the Z;-isomer according to the free ligand assignment (23,
figure 3.12). Moreover, P1-C5 and P1-C23 bond lengths are approximately equal (1.808(5) A
and 1.855(5) A, respectively) and are in agreement with typical C(spz)— P(sp3) bond lengths. The
C1-P1-C5 angle (99.58°(22)) is in the order of classical ?ﬁphosphinines.7

Figure 3.16 Molecular structure of 27 in the crystal. View from the side (left) and from the top (right). Ellipsoids are
scaled to enclose 50% of the electron density. Selected distances (A) and bond angles (deg): P1-Rhl, 2.2621; N1-
Rh1, 2.119(4); P1-C1, 1.8555; P1-CS, 1.808(5); P1-C23, 1.808(5); C1-Cl1, 1.521(6); C5-C6, 1.473(7); C1-C2,
1.511(7), C2-C3, 1.342(7); C3-C4, 1.460(7); C4-C5, 1.342(7); Rh1-C38, 2.142(5); Rh1-C37, 2.148(5); Rh1-C33,
2.236(6); Rh1-C34, 2.226(6); C1-P1-C5, 99.58(22); C5-P1-C23, 104.74(21); C23-P1-C1, 106.50(22); P1-Rh1-N1,
82.39(11)

The P atom is strongly pyramidalized (Zangles = 311°) as in free A*-phosphinine anions. The
angle between the two heteroatoms (P1 and N1) and rhodium is 82.39°. The P1-Rhl bond
(2.262(1) A) in 27 is longer than the one in [Rh(cod)(1)][BF,] (P1-Rhl, 2.2250(8) A), which
denotes the difference between the m-accepting properties of a A’o’-phosphinine and a A'c’-
phosphinine, being the latter almost only a o-donor. Analyzing the trans-effect between the

heteroatoms and the cod ligand, the electronic properties of P and N in the PN ligand can be
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compared. Rh1-C33 and Rh1-C34 (2.236(6) A and 2.228(6) A, respectively), the carbon atoms
trans to P, are longer than Rh1-C37 and Rh1-C38 (2.148(5) and 2.142(5) A, respectively), the
carbon atoms trans to N. This indicates that the N atom is a better o-donor than the P atom in
this ligand. Torsion angles between P1-Rh1-C37-H37 and P1-Rh1-C38-H38 (atoms in cis
position to phosphorus) have values of 10.99° and 21.38°, respectively, whereas P1-Rh1-C33-
H33 and P1-Rh1-C34-H34 (atoms in trans position to the P atom) have values of 61.78° and
60.20°, respectively.

Based on the structural characterization of 27 it is assumed that complex 26 is the neutral
complex depicted in scheme 3.6, which upon addition of water to the reaction mixture leads to

complex 27.

Since the first reports on A*-phosphinine anions, their ambivalent nature has been recognized and
discussed. However, to the best of our knowledge there are no examples of structural
characterizations of such complexes. Therefore, it was decided to mix two equivalents of
[Rh(cod)][BF4] with one equivalent of 20 to obtain a ligand coordinated to a rhodium center via
the P lone pair and to a second one via the delocalized n-system of the heterocyclic ring (28,

scheme 3.7).

Indeed, the *'P{'"H} NMR spectrum of the reaction mixture in THF shows a doublet of doublets
at 0 = 10.8 ppm with a large coupling constant of IJP,Rh = 163.1 Hz and a smaller one of ZJP,Rh =
9.8 Hz, suggesting the formation of a dirhodium complex, as expected. To gain more knowledge
about the structure, crystals were grown by slow diffusion of pentane into a THF solution and
were analyzed by means of X-ray diffraction. The molecular structure of 28 in the crystal is

shown in figure 3.16.

BF,
2 [Rh(cod),]BF4
R e N
- LiBF4
-2 cod

Scheme 3.7 Synthesis of complex 28 from 20 and [Rh(cod),]BF,

98



Compound 28 shows the ferrocenyl-A*-phosphinine anion bound to a cationic Rh(cod) fragment
(Rh1) via the P and N lone pairs, and to a neutral Rh(cod) fragment (Rh2) via the anionic n-
system, assuming that the latter bears the negative charge of the anion. Unfortunately, bond

lengths and angles cannot be discussed, due to the poor quality of the crystals.

In order to determine whether 17 could also act as a bidentate ligand, without having the second
donor functionality that enforces the coordination mode via the phosphorus lone pair, ligand 17
was mixed with two equivalents of [Rh(cod)]BF, in THF as reported for complex 28 (scheme
3.8).

F1
) 24
V"\\?’B’.I
-4

Figure 3.17 Molecular structure of 28 in the crystal. View from the side (left) and from the top
(right). Ellipsoids are scaled to enclose 50% of the electron density

The *'P{'H} NMR spectrum shows a major doublet at & = -58.7 with a coupling constant of .J =
11.8 Hz and a minor doublet of doublets at § = 13.8 ppm with a large coupling constant of 180.3
Hz and a small one of 11.6 Hz. Over a couple of days, the doublet of doublets turns into the
major signal and a precipitate starts to form inside the NMR tube. The orange solid was filtered
off, washed with pentane and redissolved in DCM-d,. The *'P{'H} NMR spectrum of this
solution shows only the doublet of doublets at d = 13.8 ppm (J = 180.3, 11.6 Hz). Unfortunately,
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crystals suitable for X-ray diffraction could not be obtained to prove the structure of the
complex. From the chemical shift and the coupling constants (similar to 28) it is suggested that

the structure of 29 is most likely the one depicted in scheme 3.8.

Ph
@ Li® 2 [Rh(cod),]BF, Ph .
: > Ph L = coordinating solvent
Ph” "R “Ph - LiBF, Rh /
& Fe 2 6od _ < / Ph L
17 29

Scheme 3.8 Synthesis of complex 29 from 17 and [Rh(cod)]BF4

The formation of a dirhodium complex is faster and more selective with the donor-
functionalized ligand 20 than with 17, most likely because the resulting complex 28 is stabilized
by the chelate complex formation. In contrast, the structure proposed for 29 would only be

stabilized, for instance, by the presence of coordinating solvents or external donor ligands.

Ferrocenyl moieties are known to play an important role as substituents or ancillary ligands due
to their redox properties. When attached to a coordinated ligand, they can potentially control the
reactivity at the metal center by switching its oxidation state.”® Investigations on the
electrochemical properties of 28 using cyclic voltammetry were performed. Starting with a
positive step, the voltammogram recorded in THF (figure 3.18) shows three redox events in the
oxidation cycle. The first is quasi-reversible (E°ypa = 0.51 V vs. [Fc/Fc']) and has been assigned
to the oxidation process from the ferrocenyl moiety (Fe(Il)/Fe(Ill)) by comparison to other
ferrocenyl-substituted ligands in literature.”” The third oxidation wave shows an irreversible
process at £° = 1.25 V vs. [Fc/Fc'] and could be assigned to the oxidation from Rh(I) to Rh(III),
also based on similar complexes reported in literature.*® With the data obtained so far, it is not

possible to determine which of the Rh centers takes part in the process.

Most likely, the second irreversible oxidation process at E° = 0.74 V vs. [Fc/Fc'] belongs to the
oxidation of the ligand. There are also four reduction events that were not assigned. One should
belong to the pyridyl ring reduction and another might be due to reduction of Rh' to Rh’, as these
are plausible processes of the system. The experiment was repeated in MeCN (figure 3.19),

which allows a scan with broader range of potentials. Moreover, a fourth irreversible oxidation
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event (E° = 2.24 V vs. [Fc/Fc']) can be notices, which could belong to the oxidation of the
second Rh(I) atom going to Rh(III).

In the reduction area there are two more irreversible reduction processes at lower potentials that
could not be detected when measuring in THF, which could also belong, for example, to
reduction events such as Rh' to Rh’. With these preliminary results it is concluded that the
system neither undergo reversible oxidation nor reduction processes through the whole potential
window in THF and MeCN. In order to determine if the ferrocenyl moiety is indeed
communicating electronically with the Rh centers in any way, more data are needed. A chemical
reduction of the complex followed by characterization of the product would lead to a better

insight into these systems, also with respect to applications.

2,010 7

-1,0x10° T . T . T
-2 0 2
E(V) vs [Fc/Fc+]

Figure 3.18 Cyclic Voltammogram of complex 28: 1.8 mM in THF with nBu,PF¢ (0.1 M)
at a scan rate of 0.1 V-s™

Other attempts to explore the coordination chemistry of this unique 7\4-phosphinine ligands were
performed. Below, a table with a summary of all attempts is depicted. According to the 31P{IH}
NMR spectra, the latter experiments led quantitatively to the corresponding metal complex of
the A*-phosphinine anion. Unfortunately, crystallization attempts of these products have not been

yet successful.
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Figure 3.19 Cyclic voltammogram of complex 28: 1.8 mM in MeCN with
nBuyNBF, (0.1 M) at a scan rate of 0.1 Vs

Table 3.2 Coordination reactions 18-20 with different metal precursors

Ligand | Precursor | L:M | Solvent 3p{'H} NMR §:
18 [Rh(cod)Cl], | 2:1 | CD,Cl, | 1.04(d,J=149.0 Hz) ppm
18 [IrCLCp*]2 1:1 CH,Cl, -8.85 (s) ppm
19 [IrCLCp*]» 1:1 CD,Cl, -5.28 (s) ppm
19 [AuCl-SMe,] | 1:1 CH,Cl, 5.91 (s) ppm
19 [Fe(OAc),] 1:1 THF No reaction
19 [FeCly] 1:1 THF Several signals
20 [Pt(cod)Cl,] 1:1 THF Several signals
20 [Ir(cod)Cl], 1:1 THF -1.50 (s) ppm

Entries 5-7 in table 3.2 did not give clean reactions; [Fe(OAc),] did not react at all, probably due
to the poor solubility of the precursor in THF. [FeCl,] and [Pt(cod)Cl,], showed several signals
in the *'P{'"H} NMR spectrum when mixed with one equivalent of an anionic A*-phosphinine.

For these M(+1I) precursors, a L:M ratio of 2:1 might lead to less species in solution, by
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substituting the Cl ligands with the anionic phosphinines. On the other hand, clean reactions
were observed with other metal precursors, where the metal has an oxidation state of +1 or +3,

such as [M(cod)Cl], (M = Rh or Ir), [AuCl-SMe;], or [IrCl,Cp*]s.

3.4 Conclusions

With this study, the successful synthesis of four new A*-phosphinine salts has been shown. Three
of them are potential chelating ligands due to the presence of a second donor functionality (the
pyridine group) (18-20). These compounds can undergo inversion at the P atom, leading to two
pairs of diasteroisomers, which can be detected by means of NMR techniques. The energy
barriers of the pyramidal inversion at phosphorus have been calculated, being approximately of
the same magnitude as repeated for other acyclic A’0’-phosphines. The anionic phosphinines are
reactive towards protons sources such as water or methanol. The formation of the kinetic or the
thermodynamic product depends on the pK, of the corresponding 1,2-dihydrophosphinine
obtained and the pK, values of the base formed (LiOH or LiOMe). The coordination chemistry
towards [Rh(I)(cod)] precursors was investigated and showed that donor-functionalized -
phosphinines coordinate preferably via the P lone pair, leading to chelated complexes. If there is
no second donor-functionality, the coordination happens preferentially through the anionic m-
system. In the case of 25 it was found that the P-C1 bond can add protons selectively to form a
cationic complex. It was also proven that this type of anions can act as bidentate ligands (via the
P lone pair and the anionic n-system) leading to dirhodium complexes, which are stable towards
water. Cyclic voltammetry of 28 shows that the complex does not undergo reversible oxidation
processes, but most likely quickly reacts to form other products, which have to be further

characterized.

103



3.5 Experimental part

General remarks

All reactions were performed under argon by using Schlenk and glovebox techniques. All
glassware was dried prior to use. [Rh(cod),]BF,and [Rh(cod)Cl], were purchased from Aldrich
and used without further purification. Ferrocenyl lithium“, compound 132, 16, 21, and 247 were
prepared according to literature procedures. All common solvents and chemicals were
commercially available. Dry solvents were prepared by using custom-made solvent purification
columns filled with Al,O; from Braun Solvent systems. THF and Et,0 were distilled under
argon from potassium/benzophenone prior to use. All common solvents and chemicals were
commercially available. NMR spectra were recorded with a Jeol ECP 500 (‘H NMR 500.00
MHz), a JEOL ECX400 or JEOL ECAII 400 NMR Spectrometer (‘H NMR 399.74 MHz,
BC{'H} NMR 100.51 MHz, *'P{'"H} NMR 161.82 MHz); The 'H and "°C chemical shifts are
given relative to tetramethylsilane (TMS), and the residual solvent peaks were used as the
reference signal; the *'P chemical shifts are referenced to an 85% aqueous solution of H;PO,.
Cyclic Voltammetry measurements were performed with AUtolab PGSTAT 302N AUT84884
and a three-electrode system with a Glassy-Carbon working electrode, platinum sheet counter
electrode, and a leak-free Ag/AgCl as reference electrode. Conducting salt tetrabutylammonium
hexafluorophosphate (NBu4PFg¢, Aldrich >99.0%) was used for electrochemical analysis. As

reference, ferrocene (98%, Aldrich) was used.

1-Ferrocenyl-(2,6-diphenyl-4-(p-tolyl))-cyclophosphahexadienyllithium (17)

Under an argon atmosphere at room temperature, ferrocenyl lithium (0.0062 g, 0.0326 mmol, 1.1
eq.) and 16 (10.0 mg, 0.03 mmol, 1 eq) were mixed in 0.5 mL dry THF in a J-Young-tube. The
solution immediately turned dark green. The solvent was evaporated and a dark green to orange
oil was obtained. The product formed quantitatively according to 31P{1H} NMR spectroscopy.

'H NMR (500 MHz, THF-dy): § = 7.82 (m, 4H, H7/H11/H13/H17), 7.50 (d, *Jup = 6.7 Hz, 2H,
H2/H4), 7.27 (d, J = 8.3 Hz, 2H, H19/H23), 7.06 — 7.00 (m, 4H, H8/H10/H14/H16), 6.84 (d, J =

8.1 Hz, 2H, H20/H22), 6.61 (m, 2H, H9/H15), 4.12 (s, SH, H30-34), 4.00 (m, 2H, H26/H29),
3.75 (t, J = 1.8 Hz, 2H, H27/H28), 2.20 (s, 3H, H24) ppm.
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BC{'H} NMR (101 MHz, THF-d5): 6 = 149.86 (d, 'Jcp = 30.4 Hz, C1/C5), 144.89 (s, C3),
130.70 (d, *Jep = 5.0 Hz, C2/C4), 129.26 (s, C20/C22), 12822 (d, “Jep = 2.0 Hz,
C8/C10/C14/C16), 127.96 (s, C21), 124.89 (d, *Jep = 19.1 Hz, C7/C11/C13/C17), 122.41 (s,
C19/C23), 119.84 (d, *Jep = 2.0 Hz, C9/C15), 112.88 (s, C18), 100.42 (d, *Jop = 6.4 Hz,
C6/C12), 72.08 (d, “Jep = 12.0 Hz, C26/C29), 68.70 (s, C30-34), 68.05 (d, *Jcp = 1.8 Hz,
C27/C28), 21.12 (s, C24).

S'p{'H} NMR (162 MHz, THF-dg): 6 = -68.35 ppm.

1-Methyl-4,6-triphenyl-2-(2°pyridyl)-phosphacyclohexadienyllithium (18)

Under an argon atmosphere at room temperature, methyl lithium (0.03 mL, 0.05 mmol) was
added to a solution of 1 (15.0 mg, 0.05 mmol) in 0.5 mL dry THF in a J-Young-tube. The
solvent was evaporated and a dark red oil was obtained. The product formed quantitatively
according to *'P{'H} NMR spectroscopy.

'"H NMR (401 MHz, THF-dg): 6 = 7.75 (dd, J = 5.3, 1.8 Hz, 1H, H10), 7.60 — 7.56 (m, 2H,
H12/H16), 7.53 (d, *Jup = 7.6 Hz, 1H, H4), 7.48 (d, *Jyp = 9.2 Hz, 1H, H2), 7.43 — 7.35 (m, 3H,
H7/H18/H22), 7.18 — 7.05 (m, 5H, H8/H13/H15/H19/H21), 6.85 (t, J = 7.3 Hz, 1H, H14), 6.79
(t, J= 7.3 Hz, 1H, H20), 6.26 (t, J = 6.0 Hz, 1H, H9), 0.62 (s, 3H, H23) ppm.

BC{'H} NMR (101 MHz, THF-dg): 6 = 165.70 (d, “Jcp = 24.2 Hz, C6), 146.97 (d, *Jep = 2.3
Hz, C10), 145.81 (d, 'Jep = 26.3 Hz , C1), 145.71 (d, *Jcp = 0.8 Hz, C3), 135.60 (d, *Jep = 2.1
Hz, C8), 13221 (d, “Jcp = 4.9 Hz, C2), 129.61 (d, *Jcp = 4.7 Hz, C4), 127.93 (s, C19/C21),
127.79 (d, “Jcp = 1.6 Hz, C13/C15), 124.95 (d, *Jcp = 15.6 Hz, C12/C16), 123.37 (s, C18/C22),
122.56 (d, *Jep = 1.4 Hz, C14), 121.54 (s, C20), 116.97 (d, *Jcp = 6.7 Hz, C7), 116.48 (d, *Jcp =
2.9 Hz, C17), 111.91 (d, *Jep = 1.7 Hz, C9), 106.61 (d, 2Jcp = 20.9 Hz, C11), 91.06 (d, Jcp =
22.3 Hz, C5), 10.66 (d, "Jep = 12.7 Hz, C23) ppm.

*'P{'H} NMR (162 MHz, THF-dg): § = -76.21 ppm.

1,4,6-triphenyl-2-(2°pyridyl)-phosphacyclohexadienyllithium (19)

Under an argon atmosphere at room temperature, phenyl lithium (0.05 mL, 0.08 mmol) was
added to a solution of 1 (26.0 mg, 0.08 mmol, 1 eq) in 0.5 mL dry THF in a J-Young-tube. The
color turned deep blue. The solvent was evaporated and a dark red oil was obtained. The product

formed quantitatively according to *'P{'"H} NMR spectroscopy.

'H NMR (401 MHz, THF-d5): § = 7.88 (m, 2H, H24/H28), 7.84 (m, 1H, H10), 7.71 (m, 2H,
H12/H16), 7.67 (d, *J pyy = 9.9 Hz, 1H, H2), 7.64 (d, *J pyy = 8.3 Hz, 1H, H4), 7.51 (d, J = 8.6
Hz, 1H, H7), 7.32 (m, 2H, HI8/H22), 7.25 (m, 1H, HS8), 7.16 (dd, J = 8.3, 7.2 Hz, 2H,
H13/H15), 7.05 (dd, J = 8.3, 7.3 Hz, 2H, H19/H21), 6.90 (m, 1H, H14), 6.83 (m, 2H, H25/H27),
6.77 (m, 1H, H20), 6.73 (m, 1H, H26), 6.38 (m, 1H, H9) ppm.

105



BC{'H} NMR (101 MHz, THF-dg): 0 = 167.09 (d, “Jcp = 25.4 Hz, C6), 147.99 (d, *Jep = 2.6
Hz, C10), 147.36 (d, 'Jcp = 14.6 Hz, C23), 147.14 (d, "Jcp = 24.6 Hz, C1), 146.37 (d, *Jcp = 0.6
Hz, C3), 144.30 (s, C24/C28), 136.67 (d, “Jcp = 2.7 Hz, C8), 134.52 (t, *Jcp = 4.2 Hz, C2),
132.04 (d, “Jep = 5.1 Hz, C4), 128.71 (d, “Jcp = 2.0 Hz, C13/C15), 128.63 (s, C19/C21), 125.92
(d, *Jep = 15.5 Hz, C12/C16), 125.04 (s, C25/C27), 124.36 (s, C18/C22), 123.42 (d, *Jep = 1.4
Hz, C14), 123.01 (d, *Jep = 1.4 Hz, C26), 122.51 (s, C20) , 118.42 (d, “Jcp = 3.1 Hz, C17),
117.84 (d, *Jep = 7.8 Hz, C7), 113.49 (d, *Jcp = 1.8 Hz, C9), 104.95 (d, 2Jcp = 22.7 Hz, C11),
91.81 (d, 'Jep = 23.4 Hz, C5) ppm.

S'p{'H} NMR (162 MHz, THF-dg): 6 = -59.25 ppm.

1-Ferrocenyl- (2-Pyridyl)-4,6-diphenylphosphinine (20)

Under an argon atmosphere at room temperature, ferrocenyl lithium (13.6 mg, 0.07 mmol, 1.15
eq.) and 1 (20 mg, 0.06 mmol, 1 eq.) were mixed in 0.5 mL dry THF in a J-Young-tube. The
solution turned deep blue. Solvent was evaporated and a black oil was obtained. The product

formed quantitatively according to *'P{'"H} NMR spectroscopy.

'"H NMR (401 MHz, THF-dg): 6 = 7.90 (d, J= 5.1 Hz, 1H, H10), 7.74 (d, J = 8.2 Hz, 2H,
H12/H16), 7.69 (d, *Jup= 7.9 Hz, 1H, H4), 7.61 (d, J = 8.7 Hz, 1H, H7), 7.53 (d, *Jiyp = 9.5 Hz,
1H, H2), 7.45 (d, J = 6.8 Hz, 2H, H18/H22), 7.27 (t, J = 7.7 Hz, 1H, HS), 7.20 — 7.09 (m, 4H,
H13/H15/H19/H21), 6.89 (t, J = 7.3 Hz, 1H, H14), 6.83 (t, J = 7.2 Hz, 1H, H20), 6.36 (t, J= 6.0
Hz, 1H, H9), 4.10 (d, J = 6.5 Hz, 2H, H24/H27), 3.91 (d, J = 11.4 Hz, 2H, H25/H26), 3.79 (s,
SH, H28-H32) ppm.

BC{'H} NMR (101 MHz, THF-ds): 6 = 167.70 (d, *Jcp = 25.3 Hz, C6), 147.87 (d, *Jep = 2.5
Hz, C10), 147.17 (d, 'Jep = 27.0 Hz, C1), 146.45 (C3), 136.66 (d, *Jep = 2.5 Hz, C8), 133.71 (d,
2Jep = 5.5 Hz, C2), 131.79 (d, YJcp = 5.1 Hz, C4), 128.70 (C19/C21) , 128.47 (d, “Jep = 2.2 Hz,
C13/C15), 125.94 (d, *Jep = 15.9 Hz, C12/C16), 124.08 (s, C18/C22), 123.14 (d, *Jcp = 2.0 Hz,
C14), 122.18 (s, 20), 118.47 (d, *Jep = 8.1 Hz, C7), 117.40 (d, *Jcp = 3.6 Hz, C17), 113.22 (d,
SJep = 2.7 Hz, C9), 107.59 (d, 2Jcp = 22.7 Hz, C11), 93.02 (d, 'Jep = 23.7 Hz, C5) ppm.

*'P{'H} NMR (162 MHz, THF-dg): § = -69.51 ppm.

[(cod)Rh(n'-19)] (25)

Compound 19 (58.5 mg, 0.18 mmol) was dissolved in 0.5 mL THF. 3 mL of a THF solution of
[Rh(cod)Cl], (44.38 mg, 0.09 mmol) was added dropwise at room temperature. The solvent was

evaporated. Dichloromethane was added, and the solution was filtered through Celite. The
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solvent was evaporated, and a black shiny powder was obtained. The product formed

quantitatively according to *'P{'"H} NMR spectroscopy.

"H NMR (401 MHz, THF-dg): 6 = 1.73 (br s, 4 H, Hcod), 2.33 (br s, 4 H, Hcod), 4.03 (br. s, 4 H,
Hcod), 6.88 (tt, d, Jun = 7.3, Jun = 1.2 Hz, 1 H, Har), 7.01-7.15 (m, 10 H, Har), 7.26-7.33 (m, 8
H, Har), 8.08-8.13 (m, 2 H, Har) ppm.

BC{'H} NMR (101 MHz, THF-ds): & = 26.2 (s), 31.6 (s), 76.9 (br s), 114.0 (s), 118.8 (d, Jcp =
11.5 Hz), 123.5 (s), 124.2 (s), 126.2 (d, Jep = 0.9 Hz), 127.5 (s), 127.8 (d, Jep = 5.9 Hz), 128.4
(s), 128.5 (d, Jep = 22.7 Hz), 128.9 (d, Jcp = 2.4 Hz), 129.0 (s), 129.2 (d, Jop = 2.6 Hz), 129.31
(s), 130.1 (d, Jep = 2.3 Hz), 132.4 (d, Jep = 13.66 Hz), 136.8 (s), 140.6 (s), 144.5 (s), 144.7 (d,
Jcp=3.0 Hz), 144.5 (s) ppm.

*'P{'H} NMR (161.9 MHz, THF-dg): & =—13.0 (d, Jrnp = 152.2 Hz) ppm.

[(cod)Rh(n'-20)] (26)

To 1 mL of a THF solution of 20 (31.8 mg, 0.06 mmol) prepared in situ, [Rh(cod),]BF, (23.6
mg, 0.06 mmol) was added as a solid in the glovebox. The solution color changes to black. The
solvent was evaporated and a red oil was obtained. When DCM or Pentane was added to purify

it, 26 led immediately to 27.

*'P{'"H} NMR (162 MHz, THF-dg): 8 = 3.5 (d, "Janp = 150.0 Hz) ppm.

[(cod)Rh(n'-(H)20)] (27)

To 1 mL of a THF solution of 26 two drops of water were added. The solvent was evaporated
and DCM was added, filtered, washed with 1x5 mL ether and 3x5 mL pentane and dried under

vacuum. A dark orange powder was obtained in 87% yield.

"H NMR (401 MHz, DCM-dy): § = 2.08 — 2.22 (m, 2H, CHs-cod), 2.35 — 2.51 (m, 3H, CH,-cod),
2.51 — 2.61 (m, 2H, CH,-cod), 2.62 — 2.74 (m, 1H, CHa-cod), 3.78 (s, SH, Fc), 4.04 — 4.10 (m,
1H, CH-cod), 4.20 — 4.26 (m, 2H, Fc), 4.34 (dd, J= 9.5, 3.1 Hz, 1H, P-Csp>-H), 4.46 — 4.51 (m,
1H, Fc), 4.56 — 4.61 (m, 1H, Fc), 4.63 — 4.74 (m, 1H, CH-cod), 5.40 — 5.50 (m, 1H, CH-cod),
5.50 — 5.61 (m, 1H, CH-cod), 5.98 (dd, J = 8.6, 3.1 Hz, 1H, H2), 6.73 — 6.82 (m, 2H, Har), 7.15
— 7.22 (m, 2H, Har), 7.24 — 7.32 (m, 1H, Har), 7.40 — 7.59 (m, 6H, Har), 7.87 (d, J = 18.9 Hz,
1H, Har), 8.13 — 8.18 (m, 1H, Har), 8.18 — 8.24 (m, 1H, Har), 8.33 — 8.41 (m, 1H, Har).

*'P{'H} NMR (162 MHz, DCM-d,): & = -2.4 (d, 'Jrnp = 156.5 Hz) ppm.

*'P{'H} NMR (161.9 MHz, THF-dg): & = -2.7 (d, Janp = 156.5 Hz) ppm.
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[(cod),Rhy('-n°-20)] (28)

To 1 mL of a THF solution of 20 (31.8 mg, 0.06 mmol) prepared in situ, [Rh(cod),]BF, (48.0
mg, 0.12 mmol) was added as a solid in the glovebox. The solution color changed to orange. The
solvent was evaporated, DCM added and filtered and washed with 1x2mL ether and 3x10 mL of
pentane. The product was dried under vacuum and an orange powder was obtained in 92% yield.

Crystals were obtained by slow diffusion of ether into a saturated DCM solution.

'H NMR(401 MHz, THF-dg,): 8 = 1.76-2.90 (m, 16H, CH,-COD), 3.60-3.65 (m, 2H, Fc), 3.78
(s, 5H, Fc), 4.14 (s, 1H, CH-COD), 4.16-4.19 (m, 1H, Fc), 4.40 (m, 1H, Fc), 4.41-4.46 (m, 1H,
CH-COD), 4.54 (m, 2H, CH-COD), 4.77 (m, 1H, CH-COD), 5.15 (m, 1H, CH-COD), 5.50 (s,
1H, CH-COD), 5.67 (m, 1H, CH-COD), 5.76 (d, 1H, J=13.7 Hz, Har), 7.27 (m, 3H, Har), 7.34-

7.44 (m, 4H, Har), 7.49 (m, 2H, Har), 7.71 (d, 1H, J=8.0 Hz, Har), 7.95-7.99 (m, 2H, Har), 8.12
(m, 2H, Har), 8.56 (d, 1H, J=8.4 Hz, Har) ppm

*'P{'"H} NMR (162 MHz, DCM-d,): & = 10.73 (dd, 'Jrnp = 163.0, *Jrnp = 9.9 Hz) ppm.

[(cod);Rh,(n'-n’-17)] (29)

To 1 mL of a THF solution of 17 (31.8 mg, 0.06 mmol) prepared in situ, [Rh(cod),]BF, (48.0
mg, 0.12 mmol) was added as a solid in the glovebox. The solution color changed to orange.
After 2 days an orange solid precipitated. The solid was filtered and washed with 3x10 mL of

pentane and was subsequently dried under vacuum. An orange powder was obtained.

S'P{'H} NMR (162 MHz, DCM-d,): & = 13.96 (dd, J = 180.3, 11.6 Hz) ppm.
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X-ray crystal structure determinations

Compound 19: C4Hs,LiN;O¢P, Fw = 785.86, red plate, 0.42 x 0.21 x 0.12 mm3, triclinic, P-1, a
= 11.8298(13), b = 12.2214(13), ¢ = 15.8150(16) A, a = 102.609(8), B = 92.630(8), y =
110.278(8), V =2074.5(4) A°, Z =2, D,= 1.258 g/em’, p = 0.119 mm™". 24526 reflections were
measured by using a Stoe IPDS 2T diffractometer with a rotating anode (MoKa. radiation; A =
0.71073 A) at a temperature of 200(2) K up to a resolution were 0pa = 29.29. 11105 reflections
were unique (Riy = 0.095). The structures were solved with SHELXL-2013* by using direct
methods and refined with SHELXL-2013% on F* for all reflections. Non-hydrogen atoms were
refined with anisotropic displacement parameters. 515 parameters were refined without
restraints. R; = 0.091 for 4855 reflections with />2s(l) eA’, and wR, = 0.2873 for 11105
reflections, S = 0.953. Geometry calculations and checks for higher symmetry were performed
with the PLATON program.34

Compound 22: C30H,sP, Fw =416.47, colorless block, 0.43 x 0.30 x 0.21 mm3, triclinic, P-1, a =
10.347(2), b = 11.003(2), ¢ = 11.191(2) A, o = 97.92(3), B = 94.78(3), y = 112.51(3), V =
1152.8(5) A®, Z = 2, D= 1.200 g/em’, p = 0.134 mm™. 12916 reflections were measured by
using a Stoe IPDS 2T diffractometer with a rotating anode (MoKo. radiation; A = 0.71073 A) at a
temperature of 210 K up to a resolution were 0y, = 29.32. 6163 reflections were unique (Ri, =
0.055). The structures were solved with SHELXS-97> by using direct methods and refined with
SHELXL-97* on F* for all reflections. Non-hydrogen atoms were refined with anisotropic
displacement parameters. The positions of the hydrogen atoms were calculated for idealized
positions. 284 parameters were refined without restraints. R; = 0.046 for 6163 reflections with
I>2s(1) eA®, and wR, = 0.100 for 6163 reflections, S = 0.837. Geometry calculations and checks
for higher symmetry were performed with the PLATON program.**

Compound 24: CsgH36PRh, Fw = 626.6, orange block, 0.20 x 0.19 x 0.18 mm’, triclinic, P-1, a =
11.4403(8), b=11.7642(9), c = 12.3651(16) A, a. = 72.295(6), B = 69.699(6), y = 70.685(6), V =
1438.8(2) A%, Z =2, D,= 1.446 g/cm’, p = 6.75 mm’'. 14088 reflections were measured by using
a Stoe IPDS 2T diffractometer with a rotating anode (MoKa radiation; A = 0.71073 A) at a
temperature of 200(2) K up to a resolution were 0. = 29.18. 7725 reflections were unique (Rjy
= 0.062). The structures were solved with SHELXS-97> by using direct methods and refined
with SHELXS-97%* on F” for all reflections. Non-hydrogen atoms were refined with anisotropic
displacement parameters. 363 parameters were refined without restraints. R; = 0.038 for 5844
reflections with 7>2s(/) eA’, and wR, = 0.096 for 7725 reflections, S = 0.915. Geometry
calculations and checks for higher symmetry were performed with the PLATON program.**

Compound 27: CsHisBFsFeNPRh, Fw = 809.25, red needle, 0.29 x 0.04 x 0.02 mm3,
monoclinic, P2,/c, a = 10.3832(3), b = 21.5159(5), ¢ = 16.4841(4) A, a. =90, p = 97.098(1) y =
90, V = 3654.39(16) A3, Z =4, D= 1471 g/cm3, p = 0.942 mm™. 27058 reflections were
measured by using a Bruker Photon CMOS Detector, D8 Venture diffractometer with a rotating
anode (MoKa radiation; A = 0.71073 A) at a temperature of 100(2) K up to a resolution were
Omax = 25.38. 6699 reflections were unique (Rj = 0.080). The structures were solved with
SHELXL-2014/7% by using direct methods and refined with SHELXL-2014/7** on F* for all
reflections. Non-hydrogen atoms were refined with anisotropic displacement parameters. 442
parameters were refined without restraints. R; = 0.098 for 5117 reflections with />2s([) eA’, and
wR, = 0.1177 for 6699 reflections, S = 1.031. Geometry calculations and checks for higher
symmetry were performed with the PLATON program.**
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Compound 28: CssHsBFsFeNPRh,, Fw = 1019.33, orange block, 0.21 x 0.11 x 0.09 mm3,
triclinic, P-1, a=10.4551(2), b = 12.5271(3), ¢ = 17.5007(3) A, oo = 86.2630(8), p = 79.0888(7),
v =72.6954(7), V = 2182.66(8) A°, Z = 2, D,= 1.551 g/em’, p = 1.163 mm™". 41109 reflections
were measured by using a Bruker Photon CMOS Detector D8 Venture diffractometer with a
rotating anode (MoKa. radiation; A = 0.71073 A) at a temperature of 200(2) K up to a resolution
were Omax = 29.29. 11105 reflections were unique (R, = 0.057). The structures were solved with
SHELXL-2014/7% by using direct methods and refined with SHELXL-2014/7** on F* for all
reflections. Non-hydrogen atoms were refined with anisotropic displacement parameters. 470
parameters were refined without restraints. R; = 0.050 for 7403 reflections with />2s([) eA’, and
wR, = 0.1193 for 8962 reflections, S = 1.048. Geometry calculations and checks for higher
symmetry were performed with the PLATON program.**
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4 Phosphabarrelenes

4.1 Introduction

In the quest for phosphorus ligands with particular electronic and steric properties, phosphorus-
containing molecular cages step on stage as a new class of ligands, which are able to create steric
bulk in every direction in space. Bulky phosphorus compounds are especially interesting as
ligands in specific processes such as Rh-catalyzed hydroformylation of di- and trisubstituted
alkenes,'” and Pd-catalyzed cross-coupling reactions.*® Even though they do not always form
very stable complexes with transition metals, they account for a kinetic stabilization of very
active catalytic species towards otherwise unreactive substrates.””

Phosphabarrelenes belong to this class of compounds; they consist of two fused six-membered
rings, where one or more carbon atoms are replaced by a phosphorus atom. Figure 4.1 shows
some examples of this class of ligands; the 1-phosphabarrelene, the 1,4-phosphabarrelene and the

2-phosphabarrelene.

1-Phosphabarrelene 1,4-diphosphabarrelene 2-phosphabarrelene

Figure 4.1 Different types of phosphabarrelenes

To the best of our knowledge, there is only one example of a 1,4-diphosphabarrelene'’ (related to
diphosphatriptycenes), and one report on 2-phosphabarrelenes,'' whereas 1-phosphabarrelenes
have been studied to a greater extent. In this chapter, the synthesis, coordination chemistry and

reactivity of 1-phosphabarrelenes will be discussed.

1-phosphabarrelenes can be prepared via a [4+2] Diels-Alder reaction between phosphinines and
alkynes, where the former acts as a diene and the latter as a dienophile. In most cases, highly
reactive alkynes have to be used for the reaction to take place. As reported by Mérkl and Lieb,
2,4,6-triphenylphosphinine does not react with maleic anhydride or Acetylenedicarboxylic
acid diethyl ester to form the corresponding phosphabarrelenes. Nevertheless, the more reactive

hexafluoro-2-butyne achieves the desired product in approximately 50% yield (4.1, scheme
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4.1).">" Also, Mirkl and Breit prepared phosphabarrelene 4.2 by reacting in situ generated
benzyne and phosphinine 1.1 in THF.'*"?

Ph

F
Ph Mg s @[ N
/P / B oh |P/ Ph o=,
Ph Ph THF, reflux, 4h methylcyclohexane
100°C, 3 days
4.2 1.1 4.1

Scheme 4.1 Synthesis of phosphabarrelenes 4.1 and 4.2

Another strategy to access phosphabarrelenes from a variety of alkynes is to activate the
phosphorus to make it more electrophilic. This can be achieved via pre-coordination of the
phosphinine to a metal center. Mdrkl, Mathey, and Le Floch have used this strategy to obtain

phosphabarrelene complexes 4.3-4.5 using moderate-activated alkynes and the corresponding

phosphinine-metal complex (figure 4.2).'"'®
COOEt COOMe | Ph
EtOOC MeOOGC Ph—=—si"
/ 7 /
Ph Ph Ph Ph
ZP / ZP / ZP /
‘ ‘ Ph Mezsi ‘ SiMe2
a |
Ph Ph
4.3 4.4 4.5

Figure 4.2 Phosphabarrelenes obtained from the corresponding phosphinine metal
complexes and the correspoding alkyne

The electronic and steric properties of phosphabarrelenes can be described according to the same
parameters with which phosphines and phosphites are described. These are the Tolman’s
electronic parameter %, and the cone angle 8. The parameter  is determined using the symmetric
CO stretching frequency of nickel complexes of the general formula NiL(CO);, where L is the
phosphorus ligand investigated. P(+~-Bu); has been set as the reference value, therefore its y value
is 0. For other ligands, the electronic parameter can be calculated by determining the difference in
the IR symmetric CO-frequencies of the two complexes; the larger the value, the weaker o-
donating the ligand.

The cone angle 6 can be calculated by constructing a cone that opens from the nickel center

located at 2.28 A from the phosphorus atom in the appropriate direction, which embraces all the
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atoms of the substituents on the phosphorus atom in CPK models; the larger the angle, the bulkier

the phosphine or phosphite (figure 4.3)."

Figure 4.3 Representation of Tolman’s cone angle

Phosphabarrelenes 4.6 and 4.7 (figure 4.4), with cone angles of 161° and 181°, respectively were
determined from the molecular structure in the crystal of their trans-[L,RhCI(CO)] complexes.zo
These values are comparable to those obtained for the bulky phosphines P(zBu); (cone angle of
182°) and P(Cy); (cone angle = 170°)." On the other hand, the cone angle for phosphabarrelene
4.7 was calculated from two other metal complexes, [(n’-Me;SiCp)Fe(CO),L]PF; and
[(cym)RuCLL], and gave cone angles of 141.4° and 145.3°, respectively.”’ These values are
closer to those reported for P(Ph); (cone angle = 145°) but differ substantially from those obtained
for 4.7 in the rhodium complex. Most cone angles reported for phosphabarrelenes have been
calculated from X-ray diffraction studies of different metal complexes, which of course makes a
direct comparison difficult and shows a strong dependence of the cone angle value to the metal
fragment they are coordinated to. In contrast to phosphines, phosphabarrelenes can adapt to have
different cone angles regardless of their rigidity. The former can distort more easily and also
rotate, which broadens the range of cone angles they can adopt in different coordination

environments.

measured

Ph ' Ph
measured. cone angles:
T cone angle: A/ 181°
161 141.1°
O 145.3°
4.6 4.7

Figure 4.4 Calculated cone angles for phosphabarrelenes 4.6 and 4.7

The electronic properties of phosphabarrelene 4.7 were studied for different transition metal

complexes by means of IR analysis of the CO-stretching frequencies, NMR data (coupling
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constants to W or Pt, for example), and bond lengths and angles.21 Jones et. al came to the
conclusion that phosphabarrelene 4.7 is as good o-donating as P(Ph);. The calculated cone angles
for 4.7 in different complexes are smaller than those of triphenylphosphine coordination
compounds, hence making this phosphabarrelene a less sterically demanding ligand than the

former.

The degree of phosphorus pyramidalization in compound 4.2 (Zcpcangies = 283° vs. 308° for
P(Ph);) suggests a more pronounced s-character of the P lone pair, which provokes mostly a
weaker o-donating character and moderate m-accepting properties of the ligand, due to low lying
o* orbitals of the P-C bond.”* The lower the sum of the CPC angles, the higher the s-character of

the P lone pair and thus the less o-donating the ligand.

Breit analyzed the electronic properties of ligands 4.2, 4.6 and 4.7 in the trans-[L,RhCl(CO)]
complexes. Phosphabarrelene 4.6 turned out to be the strongest donor followed by 4.7 and 4.2,
which gave the same CO frequencies in the IR spectrum of their respective thodium complexes.
In comparison to these three phosphabarrelenes, P(Ph); is a better o-donor while
triphenylphosphinine is a better m-acceptor (table 4.1). In conclusion, it can be said that the
coordination properties of these phosphabarrelenes are in between phosphines and phosphinines

or phosphites.”

Table 4.1 IR CO-stretching frequencies of trans-[L,RhCI(CO)] complexes

Ligand v [em™] Ref
P(Ph); 1965 Moloy**
4.6 1971 Breit”’
4.2 1993 Breit™
4.7 1993 Breit”’
triphenylphosphinine 1999 Breit™
P[O(2-tert-BuCgH,)|3 2013 Fernandez*®

Contrary to phosphinines, phosphabarrelenes can be more easily oxidized with oxygen, sulfur or
selenium. The *'P{'H} NMR data, especially the 'Jp.s. coupling constants of phosphabarrelenes
selenides, can contribute to the understanding of their electronic properties.”’ It is known that
only s-orbitals have non-zero electron density at the nucleus and thus can affect neighboring

nuclear spin states through the Fermi mechanism; the larger the coupling constant, the higher the
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s-character of the phosphorus-selenium bond.”® Some examples of phosphabarrelene selenides

have been reported (figure 4.5).
R3
4.8: R'=Ph, R2=H, R3= H, R4= Ph
4.9: R'= SiMe,Bu, R2= Ph, R3= H, R4=H
RS R4 4.10: R'= SiMeg, R2= H, R3=H, R4=H
4.11: R'= SiMe,Ph, R2= Me, R3=H, R4=H
ij /I R2 4.12: R'= SiMe;, R2= Me, R3=H, Ré=H
™I 4.13: R'= SiMe;, R2= Me, R3= Me, R4=H
Se R1

Figure 4.5 Phosphabarrelene selenides reported in literature

Table 4.2 summarizes the values of 1Jp_g,e for compounds 4.8-4.13. The value given for
phosphabarrelene 4.8 outstands from the rest of the compounds. In all the other compounds, more
electron donating silyl groups are substituents in the R' position. This reflects in the lowering of
the 'Jp.s. coupling constant, probably because the C-P-C angles has to open to some extent due to
steric demand of the substituents, affecting the hybridization of the P atom. The substitution of
the R®> and R’ groups also affects the s-character of the phosphorus lone pair in
phosphabarrelenes. This is interesting for the design of ligands with desired electronic properties.
In comparison with some phosphine selenides (see three last entries on table 4.2),
phosphabarrelenes can be considered, as compounds, in which the P lone pair has a higher s-
character. This explains the weaker o-donation character compared to phosphines that is

generally observed in the transition metal complexes discussed above.

Table 4.2 *'P-""Se coupling constants of selected phosphabarrelene selenides and phosphine selenides

Compound | R' R R’ R* | 8¢'P)ppm | JapriscHz | Ref
4.8 Ph H H Ph 6.6 840 Miiller”’

4.9 SiMe,'Bu Ph H H 9.2 791 Blug

4.10 SiMe, H H H 2.7 787 Blug™’
4.11 SiMe,Ph Me H H 4.8 776 Blug™
4.12 SiMe; Me Me H 43 772 Blug™
4.13 SiMe, Me Me H 1.0 756 Blug™
SePPh; 35.9 732 Dean’’
SePCy, 703 Dean’’
SeP(‘Bu); 536 Dean’>

Donor functionalized phosphabarrelenes 4.16-4.18 (scheme 4.2) have been synthesized by Le
Floch from phosphinines 4.14 and 4.15 and diphenylacetylene and dimethylacetylene
dicarboxylate. The PPhy(=S) groups in 1- and 5-position of the phosphinines have shown to
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increase the electrophilicity of the phosphorus atom.” Taking advantage of this feature, non-
activated dienophiles were reacted with such phosphinines to successfully yield the
corresponding phosphabarrelenes, especially for the case of the electron poor dimethylacetylene

dicarboxylate in comparison with diphenylacetylene (even though reactions times were long).

R3
R4
Ph R2 7
B o =R Ph R2
~ AN —_—
; . /
R P ﬁ\ toluene, reflux Zp /
Ph
S R _wPh
P ~rpn

4.14: R'= Ph, R2= Me 4.16: R'= PPh2(=S) R2= Ph, R3= R4= Ph
4.15: Ri= PP’h (=S), R2= Ph 4.17: R'= PPhy(=S), R2= Ph, R3= R4= CO,Me
e 2= 4.18: R'= Ph, R2= Me, R3= R4= CO,Me

Scheme 4.2 Synthesis of heterodonor phosphabarrelenes

Palladium complex [Pd(nS-C3H5)C1(L)]OTf, L = 4.18, showed to be a promising catalyst in the
allylation of secondary amines in the Suzuki-Miyaura cross-coupling reaction. Other
phosphabarrelene complexes have shown interesting catalytic activity in a variety of catalytic
processes.”* Phosphabarrelene 4.7 was proven a successful ligand for the Rh-catalyzed
hydroformylation of internal alkenes showing no alkene isomerization.”**>  Chiral
phosphabarrelenes 4.19-4.21 were obtained as a racemic mixture from the reaction of the
corresponding phosphinine and in sifu generated benzyne. Ether cleavage of 4.20 and 4.21 was
performed to yield the corresponding hydroxyphenyl-substituted phosphabarrelenes, which after
separation of the enantiomers by preparative HPLC, were further functionalized to access
enantiomerically pure bidentate phosphabarrelenes 4.22 and 4.23. Rhodium complexes of both
ligands show activity in catalyzed asymmetric hydrogenations of itaconic ester and

acetamidoacrylates, giving good ee values of up to 90% for the complex with 4.23 as ligand.*®

o

h phosphite= p\

=] Ph
/P / ANy O ZP / AN
R Ph O ™S ™S Ph
4.19: R = 2-Naphtyl O

4.20: R= S'MeOCGH4
4.21: R= 2-MeOCgH,

-phosphite 424 4.25

R=3
R= 2-phosphite

.22:
.23

Figure 4.6 Phosphabarrelenes tested as ligands in homogeneous catalysis
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Palladium complexes of phosphabarrelene 4.24 have shown promising activity in Pd-catalyzed
Negishi-type coupling reactions between a wide range of bromoarenes and aryl zinc derivatives,’’

8 and Suzuki-

hydrosilylation of alkynes with high regioselectivities under mild conditions,’
Miyaura cross-coupling reactions of chloroarenes at room temperature.”® The one-pot
hydroformylation-cyclization tandem process for the synthesis of bicyclic imidazole derivatives

has been successful when using a rhodium precatalyst with 4.25 as ligand.*

4.2 Results and discussion

In this section, the results obtained from the synthesis, coordination chemistry and reactivity of
the pyridyl-substituted phosphabarrelene 1 will be discussed. The NMR assignment for the

signals of the ligand, as well as the X-ray analysis follows the numbering scheme depicted in

figure 4.7.
19
F3C\ 18// \20
F.C. A ! ;\1
8 23//11;‘&1\7%22/
2*\’ T4
/AN
12_. ./ \ 7
Vel 6~
13 \ // \\8
\ DL N /
115 1 No=¢

Figure 4.7 Numbering scheme for the NMR signal assignment

As described above, phosphabarrelenes have proven to be promising ligands in catalysis. Thus,
the synthesis of a phosphabarrelene starting from the PN ligand to obtain a pyridyl-functionalized
phosphabarrelene appeared interesting, as it would be the first hetero-functionalized

phosphabarrelene with soft-hard characteristics according to the HSAB principle.

Unfortunately, the [4+2] cycloaddition reaction of the PN ligand with in situ generated benzyne
or diethyl acetylenedicarboxylate maleic anhydride was not successful. Interestingly, hexafluoro-
2-butyne yielded the desired product 1 under similar conditions to the ones reported by Mérkl and
Lieb in 1968 (scheme 4.3)."> The *'P{'H} NMR spectrum shows a quartet at 8: -68.2 ppm with a
3Jp.r coupling constant of 38.9 Hz. The difference in chemical shift (A8: 257 ppm) compared to

the starting phosphinine clearly accounts for the formation of a 6°A*-phosphorus com ound, more
g phosp y phosp p
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similar to a phosphine (PMes: *'P{'H} NMR, & = —60 ppm). The '’F{'H} NMR spectrum shows

two overlapped multiplets that correspond to the chemically inequivalent CF5 groups.

Ph
AN
| _ + FsC—=—CF, methylcyclohexane
PP B 85°C, 3 days
N~
15

Scheme 4.3 Synthesis of phosphabarrelene 1

While performing attempts to optimize the synthesis and workup of phosphabarrelene 1, it was
noticed that the reaction is reversible when heating the mixture in toluene at temperatures higher
than 7= 90° C. Crystals suitable for X-ray diffraction were obtained by recrystallization from
ethanol and water. The molecular structure depicted in figure 4.8 shows the expected 1-
phosphabarrelene. The strong pyramidalization at the phosphorus atom is revealed by the sum of
the C-P-C angles with a value of 281.51°, very similar to that of phosphabarrelene 4.2 (Xcpcangies =
283%).1

Figure 4.8 Molecular structure of 1 in the crystal. View from the front (left) and view from the side (right).
Displacement ellipsoids are shown at the 50% probability level. Selected bond lengths [A] and angles [°]:
P1-Cl: 1.856(2); P1-C5: 1.954(2); P1-C23: 1.866(3); C1-C2: 1.325(3); C2-C3: 1.532(3); C3-C4: 1.540(3);
C4-C5: 1.325(3); C23-C24: 1.328(3); C1-P1-C5: 95.18(10); C1-P1-C23: 94.43(10); C5-P1-C23: 91.86(10)

In contrast to phosphabarrelene 4.2, there are two stereocenters present in 1: one located at the C3
atom and another one at the phosphorus atom. As the latter cannot undergo inversion, only one

pair of enantiomers can be obtained.
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To confirm the formation of a racemic mixture, enantiomerically pure (15)-(+)-10-
camphorsulphonic acid was added to a benzene solution of phosphabarrelene 1 to obtain the
corresponding pair of diasteroisomers of the protonated phosphabarrelene. In the *'P{'H} NMR

spectrum of the product, the signals split into two quartets in a 1:1 ratio (figure 4.9).

SJP,F= 38.4 Hz

57.6 -68.0 -68.4 -68.8 -69.2 -69.6 -70.0 -70.4 -70.8 -71.2 -71.6 =72

Figure 4.9 *'P{'H} NMR spectrum of the racemic mixture of 1 protonated by a
enantiomerically pure acid

With the new pyridyl-functionalized phosphabarrelene in hand and its potential application in
catalysis as a chelating ligand, investigations on its electronic properties were started. Attempts to
oxidize the ligand with selenium or sulfur were performed in order to obtain information on the s-
character of the phosphorus lone pair, as analyzed for other phosphabarrelenes (see figure 4.5).
Surprisingly, a mixture of 1 and excess of Se or Sg in toluene did not react, even after several
weeks at 7= 115° C. Miiller et. al. reported on the reactivity of phosphinines towards oxidation
with sulfur.*" Triphenylphosphinine sulfide could also not be obtained unless one equivalent of
pyridine was added. The PN ligand could be oxidized straightforwardly due to the presence of the
incorporated pyridyl ring, which helps to activate the very poor nucleophilic phosphorus of this
type of compounds. The same reaction was attempted with selenium instead of sulfur with the
idea of obtaining in the first place the PN selenide and further react it with hexafluorobutyne to
form the desired product. Unfortunately, neither the phosphinine selenide nor the
phosphabarrelene selenide could be detected in the *'P{'H} NMR spectra of the reactions

mixtures.

DFT calculations were carried out in order to explain these observations. Figure 4.10 shows the
relative energy levels of the frontier orbitals of triphenylphosphinine, 2-(2-pyridyl)-4,6-
diphenylphosphinine, benzyne-phosphabarrelene 4.2 and 1. It is observed that phosphabarrelene
4.2 has the LUMO with the highest energy among all the four compounds represented here.
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On the other hand, phosphabarrelene 1 has the more energetically accessible LUMO, probably

because the fluorine atoms account for the stabilization of this orbital. Also, from the shape of the

HOMOs it is clear that the phosphorus lone pair is not represented by these orbitals, which was

already known for the case of phosphinines. For phosphabarrelene 4.2, the P lone pair has its

highest coefficient on the HOMO-2, as in the case of PN. For phosphabarrelene 1, the P lone pair

is located on the HOMO-2 and HOMO-3, closer to the situation in triphenylphosphinine, where

the P lone pair is represented by the HOMO-3. By comparing the relative energies between the

orbitals that represent the phosphorus lone pair in every case, it is observed that for

phosphabarrelene 1 and triphenylphosphinine the energies are very similar, while for

phosphabarrelene 4.2 and PN these orbitals are higher in energy and are the ones that account for

the reaction with sulfur.

LUMO

HOMO

T

HOMO-3

els

4.2

Ph

/P/

Ph Ph

LUMO
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e aty

.&V\_
L e - Z
VT arny
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Figure 4.10 Frontier molecular orbitals of phosphinines compared to phosphabarrelenes
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Consequently, the P lone pair in the pyridyl-substituted phosphabarrelene 1 is energetically not
available to undergo oxidation, nevertheless, it seems that as a ligand it could stabilize metal
centers in low oxidation states due to its chelating feature and its low-lying LUMO, which
enables it to be a m-acceptor. The coordination chemistry of compound 1 appeared promising and

was further explored.

F3C CFS
¢ Ph\(/P‘ Z Ph
AUC|'SM62 r4> / —
P DeM A
Cl N~ \
>
1 2

Scheme 4.4 Coordination reaction of 1 with [AuCl-(SMe,)]

Phosphabarrelene 1 was first mixed with [AuCl-(SMe,)] in a metal to ligand ratio of 1:1 in dry
DCM (scheme 4.4). The solution turns immediately slightly yellow, almost colorless. The
'P{'"H} NMR spectrum shows a signal at & = -9.3 ppm (Ad: 58.9 ppm compared to the free
ligand). The *Jpr coupling constant of 21.3 Hz is almost half of that for the free ligand, which is
to be expected upon coordination to the metal center via the phosphorus lone pair. Crystals

suitable for X-ray diffraction were obtained by slow evaporation of a DCM solution (figure 4.11).

ci2¥

Figure 4.11 Molecular structure of 2 in the crystal. View from the bottom (left) and view from the side
(right). Displacement ellipsoids are shown at the 50% probability level. Selected bond lengths [A] and
angles [°]: P2-Au2: 2.214(1); Au2-ClI2: 2.283(2); P2-C27: 1.839(6); P2-C31: 1.825(6); P2-C49:
1.844(6); C50-C49: 1.343(9); C27-C28: 1.328(9); C28-C29: 1.543(7); C29-C30: 1.550(8); C30-C31:
1.325(9); C27-P2-C49: 98.4(3); C49-P2-C31: 96.4(3); C31-P2-C27: 97.4(3); P2-Au2-Cl12: 177.7(4)

125



Two molecules of complex 2 crystallize in the asymmetric unit, and only one of them is shown
for clarity purposes. As in the case of the PN ligand, the coordination to gold occurs only via the
phosphorus atom. Compared to the results obtained by Le Floch and Mathey for complex 4.5, the
P-Au distance of 2.211(1) A is almost the same as the one for complex 2, P2-Au2 = 2.214(1) A.
The shortest intramolecular Au-C distance found was the one between Au2-C28, which is 3.128

A (see chapter 2, complex 11).

Compared to 1, some differences are worth mentioning. The C-P-C angles become larger in the
complex, which has a Zcpcangies= 292.2°, while in the free ligand the value is of only Zcpcangies =
283° This is expected upon coordination and can be explained by two factors: first, the
phosphorus lone pair is now coordinated and generates less electronic repulsions between the
substituents in the ligand backbone and itself, especially in 1- and 5-position. Secondly, it is
necessary in order to minimize steric hindrance between the metal fragment and the ligand.
Moreover, there is a shortening of the P-C bonds, especially the P2-C31, which is 0.127 A shorter
than in the free phosphabarrelene. On the other hand, the distance between the two carbon atoms

bearing the CF5 groups becomes slightly longer.

Attention was then turned to the coordination of 1 towards rhodium(I). Phosphabarrelene 1 and
[Rh(cod),]BF, were mixed in a 1:1 ratio in DCM. The color of the solution changed immediately
to orange-red. After evaporating the solvent and washing the orange powder several times with
hexane, the product was characterized by means of NMR spectroscopy. The *'P{'H} NMR
spectrum shows a doublet of quartets at & = -9.19 ppm with a large 'Jp.gy coupling constant of
182.2 Hz and another *Jpr of 14.2 Hz. The large P-Rh coupling constant is indicative of

coordination of the ligand via the P lone pair (n'-coordination mode).

ro I Fc  CFs
® 7| _Ph Ph\(/P\/ Ph
/P y + [Rh(cod),]BF, LZ”» S BF4
-CO
RN
Ph 7N\ @ N~ \
N _— N
1 3

Scheme 4.5 Reaction of 1 with [Rh(cod),|BF,

The "H NMR spectrum of complex 3 was compared with the one of the free ligand 1; the signals

for H2 and H4 do not shift from the ones corresponding to the free ligand, nevertheless the 3JP_H
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increases from 6.3 Hz and 5.9 Hz, respectively, to 14.9 Hz and 16.2 Hz, respectively. The 'H
NMR signals of the pyridyl ring (H7-H10) undergo a low-field shift of approximately 0.9 ppm.
Moreover, a different signal for each of the cod-protons can be noticed. This reveals that there are
no symmetric planes in the molecule. By means of HMBC experiments, each of the cod-protons
could be assigned. The n-accepting properties of the P atom in phosphabarrelene 1 leads to a low-
field shift of the signals corresponding to the cod-protons trans to it (8§ = 6.0 ppm and & = 5.7
ppm) compared to those protons in trans-position to the o-donating nitrogen (& = 4.9 ppm and 6 =
3.9 ppm). Crystals suitable for X-ray diffraction were obtained by slow diffusion of diethyl ether
into a DCM solution of 3.

~=

Figure 4.12 Molecular structure of 3 in the crystal. Displacement ellipsoids are shown at the
50% probability level

The molecular structure depicted in figure 4.12 shows the rthodium complex 3 containing a BF,
anion. One DCM molecule co-crystallizes in the unit cell and has been omitted for clarity. The
geometry around the metal center is slightly distorted square planar (P1-Rh1-C27: 172.06(4)°, P1-
Rh1-C34: 152.17(4)°, NI1-Rh1-C30: 159.39(5)°, N1-Rh1-C31: 162.52(5)°, C30-Rh1-C27:
80.20(5)°, C31-Rh1-C34: 81.20(5)°, P1-Rh1-N1: 81.62(3)°) and the phosphorus lone pair is not
fully directed to rhodium as the metal center is clearly shifted towards the nitrogen atom (see
table 4.3). This is a feature that has been observed in phosphinine complexes such as
[Rh(cod)PN]BF,,** where the more diffuse lone pair orbital of the phosphorus enables the
distortion of the ligand in order to form a chelate complex. Moreover, the C-P-C angles of the
phosphabarrelene skeleton become larger compared to those of the free ligand, making the

pyramidalization of the phosphorus atom less pronounced (Zcpcangies= 290.5°).
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Table 4.3 Selected angles for the molecular structure of 3 in the crystal

Complex 3 Phosphabarrelene 1
C1-P1-C5 97.16(5)° 95.18(10)°
C23-P1-C1 98.95(5)° 94.43(10)°
C23-P1-C5 94.39(5)° 91.86(10)°
P1-Rh-N1 81.62(3)° -
C23-P1-Rh 128.30(4)° -
C5-P1-Rh 104.51(4)° -

Another difference with the free ligand is that the P1-C1 and P1-C49 are slightly shorter, while
P1-C5 shortens to a greater extent (see table 4.4). The C-C bonds along the ligand framework are,
on the other hand, slightly longer. The electronic effects of the ligand follow the same trend
discussed in the '"H NMR spectrum. The C27-C34 bond length suggests that the olefinic cod-
carbons trans to phosphorus have a higher sp’ character than that of C30 and C31, the carbon
atoms trans to N. This difference is caused by the stronger donating nature of the N and the =-
accepting ability of the coordinated olefin, which can receive electron density into m*-orbitals,
resulting in the elongation of the C-C bond. On the other hand, the P atom is a weaker donor,

thus, this effect is not observed for the olefinic carbons frans to the phosphorus.

Table 4.4 Selected bond lengths for the molecular structure of 3 in the crystal

PI-Cl 1.832(1) A Rh1-C30 21450 A | manstoN

P1-C5 1.815(1) A Rh1-C31 2.170(1) A (CF; side)
P1-C49 1.849(1) A Rh1-C27 2.277(1) A

P1-Rhl 2.2403(6) A Rh1-C34 2.229(1) A trans to P
NI-Rhl 2.163(1) A C30-C31 14032)A | transto N
C23-C24 1.344(2) A C27-C34 1380 (2)A | transtoP

C1-C2 1.339(2) A

C2-C3 1.533 (2) A

C3-C4 1.556(2) A

C4-C5 1.335(2) A

A different rhodium(I) precursor was reacted with phosphabarrelene 1, in order to get more
information on the coordination properties of this new pyridyl-functionalized phosphabarrelene.
A 1:1 metal to ligand mixture of [Rh(CO),Cl], and 1 was stirred in DCM (scheme 4.6). A brown
solution was immediately obtained. The *'P{'H} NMR spectrum shows a doublet of quartets at &
=21.5 ppm with a large 'Jp.py of 198.2 Hz and a smaller *Jp.5 of 14.2 Hz. These values are not so
different from the ones obtained for complex 3. When the 'H NMR spectrum is analyzed, more

pronounced differences between 3 and 4 are observed.
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Scheme 4.6 Reaction of 1 with [Rh(CO),Cl], in DCM.

The 'H NMR signal for H4 undergoes a low-field shift of approximately 1 ppm, while the H2
signal appears 0.9 ppm at higher field from the signals of the free ligand. Moreover, the signal for
H10 appears now at lower field (8 = 9.9 ppm) compared to 1 and 3. In the "F{'H} NMR
spectrum two multiplets are observed; the first one at § = -53.8 ppm corresponds to the CF; group
closer to the phosphorus atom. This signal is a quintet, which can be explained by considering
that *Jr.r and the *Jp.5 to be approximately of the same magnitude (J = 13.5 Hz). The second one
is a quartet at 8 = -54.4 ppm with a *Jp5 of 13.3 Hz. The *C{'H} NMR spectrum shows a doublet
of doublets at § = 187.3 ppm, which corresponds to a CO ligand. The larger coupling constant of
67.8 Hz corresponds to the coupling of carbon to rhodium, and the smaller one of 16.9 Hz to the
coupling of carbon to phosphorus. The IR spectrum of complex 4 was recorded and a strong
absorption band at ¥ = 2014 cm™ was observed for the asymmetric stretching vibration of
coordinated CO. A direct comparison of the IR spectrum of complex 4 with the analogous
[CIRh(CO)PN] cannot be made, because the reaction of PN with [Rh(CO),Cl], leads always to
the dimer [CORh(PN)CI], (see complex 16 in chapter 2), which shows two CO-stretching bands
at ¥ = 2064 cm” and 1987 cm™. Unfortunately, no crystals of 4 suitable for X-ray diffraction
could be obtained, but the IR and NMR data strongly support the fact that the structure of

complex 4 is the one depicted in scheme 4.6.

For a direct comparison of the electronic properties between a PN complex and a
phosphabarrelene complex, tungsten complex 5 was synthesized, as [W(CO),PN] is already

43
known.
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Scheme 4.7 Reaction of 1 with [W(CO)s]
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Phosphabarrelene 1 was dissolved in THF together with [W(CO)¢]. After 1 hour at reflux
temperature only one signal can be observed in the *'P{'"H} NMR spectrum at § = -2.4 ppm with
a *Jpr = 17.7 Hz and tungsten satellites showing a 'Jp.wof 271.5 Hz. The "’F{'H} NMR shows
two multiplets. In this case, the 3JP_F can be differentiated from the 4JF_F, as the signal results in a
doublet of quartets at & = -53.1 ppm (*Jp.r = 17.9 Hz and “Jrr = 12.8 Hz), which corresponds to
the F atoms in the CF; group closest to P. For the distal fluorine atoms the signal is a quartet at 0
= -54.9 ppm (4JF_F = 12.8 Hz). The "H NMR spectrum looks very similar to that of the free
ligand, except that H4 and H10 signals are more low-field shifted, which suggests the formation
of a chelate complex. Indeed, the substitution of two CO ligands is observed in the >C {'H} NMR
spectrum, where four signals for four CO ligands in complex S appear. They all show couplings
to P and appear at 8 = 201.7 (*Jep= 6.4 Hz), 8 = 204.3 (*Jcp = 7.9 Hz), & = 209.6 (*Jep = 39.9
Hz), and & = 210.6 (*Jcp = 5.3 Hz) ppm. Crystals suitable for X-ray diffraction were obtained by
slow diffusion of pentane into a THF solution of 5 (figure 4.13).

C28

Figure 4.13 Molecular structure of 5 in the crystal. Displacement
ellipsoids are shown at the 50% probability level. Two THF molecules
have been omitted for clarity

As expected, phosphabarrelene 1 acts as a chelating ligand. As observed for complexes 3 and 4,
the P-C bonds in the ligand backbone are somewhat shorter than in the free ligand, especially P1-
C5 (see table 4.5). The C-C bonds are also slightly elongated and the phosphorus

pyramidalization is slightly less pronounced than in the free ligand (Zcpcangies = 286.7°).

130



Table 4.5 Selected bond lengths and angles from the molecular structure of §

P1-Cl 1.844(4) A C2-C3 1.545(6) A
P1-C5 1.828(5) A C3-C4 1.530(5) A
P1-C24 1.855(4) A C4-C5 1.332(6) A
PI-W1 2.457(1) A P1-WI-N1 77.2(1)°
NI-W1 2.300(4) A C1-P1-C5 96.7(2)°
C23-C24 1.333(6) A C1-P1-C24 94.0(2)°
C1-C2 1.332(6) A C5-P1-C24 96.0(2)°

Also in this case, it is evident that the metal center is not in the ideal axis of the phosphorus lone
pair (see table 4.6), it is in fact shifted towards the nitrogen atom. Moreover, the carbonyl ligand
trans to N has a shorter W-C bond and a longer C-O bond compared to the CO ligand trans to P.
This again indicates the weaker o-donating properties of the phosphorus compared to N in the

phosphabarrelene ligand.

Table 4.6 Selected bond lengths and angles from the molecular structure of §

NI-W1-P1 772(1° | WI-C27 | 2.044(5) A ,
C30-WI-P1 97.41° | C27-01 | 1.144(6) A axial
C29-W1-N1 94.02)° | WI-C28 | 1.994(5) A

C5-P1-W1 1038(1F | 2802 | 1150(6)A | ranstoP

C1-P1-W1 1289(1° | WI-C29 | 2.043(5)A .
C27-W1-P1 93.7(1° | C€29-03 | 1.150(6) A axial
C29-W1-N1 94.02)° | WI-C30 | 1.955(5) A

C20-WI-C27 | 17172 | C30-04 | 1iese)A | TerstoN

In comparison with the phosphinine complex [W(CO)4PN], the W-P bond is slightly shorter in 5
(2.4661(4) A vs. 2.457(1) A, respectively), while in the case of the W-N bond the trend is
opposite (2.2910(17) A vs. 2.300(4) A, respectively). According to the C-O bond lengths of the
CO ligands in trans position to the P atom in the corresponding complex, phosphabarrelene 1 is
not as a good m-acceptor as the PN ligand. For [W(CO)4PN], the Cypep.0 bond is 1.179(9) A and
the Cjansn.0 bond is 1.19(1) A, while for complex 5, the C,uup.0 bond is 1.150(6) A and the
Ciransn-0 bond is 1.168(6) A.

The IR spectrum of both complexes was also recorded. The CO-stretching frequencies for
[W(CO),PN]: ¥ = 2008, 1893, 1870, and 1836 cm™'; are in general at higher wave numbers than
those for 5: ¥ = 2002, 1891(br), 1846(br) cm™. This confirms the trend observed in the bond

length analysis of the crystal structures that the PN phosphinine is a better w-acceptor.

Another carbonyl complex was chosen in order to compare phosphabarrelene 1 and the PN

ligand. Scheme 4.8 shows the reaction between [Fe;(CO);,] and 1, which yields complex 6. Two
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by-products were observed by TLC analysis of the reaction mixture, which do not contain
phosphorus (as proven by *'P{'H} NMR spectroscopy) and are believe to correspond to
[Fe(CO)s] and [Fe,(CO)y], according to the color of the TLC spots. This observations have been
reported in the reaction of [Fe;(CO),] with bipyridines (see complex 16 in chapter 2).

Nevertheless, complex 6 could be isolated by means of column chromatography.

CF,4
F4C 73
/| _Pn Ph A Sy
T THF, refl FsC—o | _CO
CO) e TR e R —Fe
Fes( 12 + Ph N\ 5h 3 N "u,CO
N Ph CO
1 6

Scheme 4.8 Coordination reaction of with [Fe3(CO);]

Complex 6 shows a signal in the >'P{'H} NMR spectrum at & = 27.0 ppm with a *Jp_¢ coupling
constant of 15.3 Hz. The '"H NMR spectrum shows broader signals compared to the 'H NMR
spectra of complexes 3-5. This might be due to ligand exchange between the CO ligands and the
phosphabarrelene. In the ?C{'H} NMR spectrum there is only one resonance observed for a CO
ligand, which supports the idea of dynamic behavior of the complex in solution. It is very
interesting that the CO stretching bands in the IR spectrum do not differ very much from the ones
obtained for [Fe(CO);PN] (¥ = 2001, 1946, 1900 cm™ vs. ¥ =1999, 1949, 1904 cm’,

respectively).

Also, some experiments were conducted to explore the reactivity of the phosphabarrelene and the
complexes prepared in this work. It is known that barrelenes undergo di-n-methane
rearrangement when irradiated with UV light to yield the so-called semibullvalenes (scheme
4.92).** The photoinduced rearrangement of CFs-substituted barrelenes has been reported to
yield different isomers of CF;-substituted semibullvalenes as depicted in scheme 4.9¢

In many other cases, this transformation is also not selective, and formation of byproducts is

observed (scheme 4.9b).7>*
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Scheme 4.9 a) photochemical rearrangement of barrelene to semibullvalene, b) rearrangement of 4.29 with the
formation of by-products, c)non-selective photochemical rearrangement of 4.31 to different semibullvalenes

The phosphorus derivatives of 4.26 and 4.31 are known (4.2 and 4.1, respectively), but until very

recently only three examples of phosphasemibullvalenes were reported in literature (figure 4.14).

Bu Bu P
>\\P\ >\\P
RP</ p RP/p O
Bu teT C Bu” g 4 O
Uy U'N(/Pr),
4.35 4.36 4.37

Figure 4.14 Phosphasemibullvalenes reported in literature

Compounds 4.35 and 4.36 were synthesized by Regitz ef al during the thermal
cyclotetramerization of the corresponding phosphaalkyne and by Binger via the reaction of 2,4,6-
tri-tert-butyl-1,3,5-triphosphinine ~ with  the diisopropylamino-substitued phosphaalkyne,

: 57,58
respectively.””

I-phosphasemibullvalene 4.37 was synthesized by Griitzmacher and co-workers
via a multistep procedure. This compound resulted thermally unstable and its coordination

chemistry has not been further investigated.”

Miiller et al. reported very recently on the photochemical synthesis and coordination chemistry of
phosphasemibullvalene 4.38 derived from phosphabarrelene 4.2 (scheme 4.10).°” Upon
irradiation of phosphabarrelene 4.2 with UV light, chiral 5-phosphasemibullvalene 4.38 was
quantitalively and selectively formed. The product was further oxidized with selenium, which
yielded phosphasemibullvalene selenide 4.39. The latter was crystallographically characterized,

which also proved inequivocally the structure of 4.38.
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Scheme 4.10 Photochemical formation of phosphasemibullvalene
4.38 and its further reactivity

Nickel complex 4.40 was synthesized in order to investigate the electronic properties of the 5-
phosphasemibullvalene as a ligand. From the observations made, the new phosphorus compound
4.38 can be considered as a slightly stronger net-donor than the corresponding phosphabarrelene

4.2, while P(Ph); is a much better net-donor.
The proposed mechanism for the rearrangement is in agreement with the one studied by
Zimmerman et al. for the case of barrelenes. The high selectivity in the case of phosphabarrelene

4.2 is attributed to the fact that the radicals formed in the first step are stabilized by the phenyl-

groups in the a-position of the phosphorus heterocycle (scheme 4.11).

e e
e e

Scheme 4.11 Proposed mechanism for the formation of
phosphasemibullvalene 4.38 from phosphabarrelene 4.2
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Contrary to the phosphabarrelene 4.2, phosphabarrelene 1 is chiral, thus the possibility of
formation of several more isomers after photolytic rearrangement in principle increases for the
case of 1. While irradiation of the pyridyl-substituted phosphabarrelene with UV light results in
several products according to >'P{'H} NMR spectroscopy, photochemical reactions of complexes

of 1 turned out to be much more selective.

hbeonddl ‘ J _—

T T T T T T T T T T T T T T T
90 80 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50

Figure 4.15 *'P{'H,"°F} NMR spectrum of 3 (top) and after irradiating the solution with UV light (bottom)

First, a solution of Rh-complex 3 was irradiated with UV light for 2 hours and a *'P{'H,"F}
NMR spectrum was recorded. The spectrum reveals that after this time, the starting material has
been completely consumed and at least five species have formed. All signals show *'P-'“Rh
couplings. One of the signals has a chemical shift of & = -47.1 ppm, while the rest of them are
located in the area between & = 79 ppm and & = 93 ppm (figure 4.15). It was noticed that these
signals in the *'P{'H,""F} NMR spectrum appear even when the NMR solutions of complexes 3-5
were left standing for one day under normal daylight.

Complexes 4 and S were also irradiated and the rearrangement reaction were followed by means
of 31P{IH,I‘)F} NMR spectroscopy (figure 4.16). The photochemical rearrangement of ligand 1 is
much more selective for complexes 4 and S than for 3. In both cases the formation of a major
species and a minor species at low field is observed, with major:minor ratios of approximately

10:1 for both, 7 and 8.
It turned out that the photochemical rearrangement of ligand 1 is much more selective for

complexes 4 and 5 than for 3. In both cases the formation of a major species and a minor species

at low field is observed, with major:minor ratios of approximately 10:1 for both, 7 and 8.
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Figure 4.16 Time dependent *'P{'H,'’F} NMR spectra of rearrangement reactions of complex 4
(top) and 5 (bottom) under UV light

For the major species formed from complex 4, the *'P{'H} NMR spectrum shows a doublet of
quartets at & = 109.2 with a Rh-P coupling constant of 188.2 Hz and a P-F coupling constant of
7.6 Hz. For the major species formed from tungsten complex 5, the *'P{'H} NMR spectrum
shows a quartet at & = 88.6 ppm with tungsten satellites 'Jp.yy = 270.0 Hz and a *Jpr = 9.3 Hz.
Fortunately, crystals suitable for X-ray diffraction were obtained from the major species (as

confirmed by *'P{'H,'’F} NMR spectroscopy) formed in the rearrangement of 4 and 5.

Two molecules of complex 7 crystallize in the unit cell of the crystal. For clarity purposes only
one of them is depicted in figure 4.17 along with selected bond lengths and angles. The rhodium
complex contains a chelating phosphasemibullvalene ligand derived from phosphabarrelene 1. As
expected, the CO ligand is frans to the pyridine ring, as it is a better o-donor than the
phosphasemibullvalene P atom. The IR spectrum shows a band at #= 2008 cm™ that corresponds
to the asymmetric stretching vibration of the CO ligand. Compared to the CO-stretching
frequency of complex 4 at ¥ = 2014 cm’', this phosphasemibullvalene ligand can be considered a

better o-donor than phosphabarrelene 1.
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Figure 4.17 Molecular structure of 7 in the crystal. View from the side (left) and view from the back
(right). Displacement ellipsoids are shown at the 50% probability level. Selected bond lengths (A) and
angles (°): PI-Rh1: 2.170(4); N1-Rh1: 2.163(1); P1-C1: 1.836(4), P1-C23: 1.834(3); P1-C5: 1.823(4);
Rh1-Cl1: 2.360(1); Rh1-C27: 1.829(5); C27-03: 1.144(6); C4-C24: 1.483(4); C24-C23: 1.336(5); C1-
C2: 1.349(5); C2-C3: 1.491(5); C3-C5: 1.531(5); C5-C6: 1.480(4); C3-C4: 1.575(4); C1-P1-C23:
93.0(2); C1-P1-C5: 93.5(2); C5-P1-C23: 92.8; P1-Rh1-N1: 81.77(9); CI1-Rh1-C27: 88.91(1); C27-
Rh1-P1: 95.6(1);Cl11-Rh1-N1: 93.78(9).

The mechanism for the rearrangement of ligand 1 in a complex is proposed. Following the
scheme depicted in figure 4.18, the formation of a new bond occurs between atoms C2 and C4
(A), assuming that the radicals formed in 1- and 5-position should be better stabilized by the
phenyl and pyridyl rings, rather than by the CF; groups in 23- and 24-position. The homolytic
cleavage of the C2-C3 bond and the formation of a double bond between C1 and C2 lead to
species B. The last step happens when the cyclopropane ring is built by the formation of a single

bond between C3 and CS5 yielding species C.
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FCi CF CF p
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P = A = e D
. . | | 4'CF3
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Figure 4.18 Proposed mechanism for the photochemical rearrangement of a given metal
complex of phosphabarrelene 1
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At the point were A is formed, there is a second possibility: the cleavage of C3-C4 can also occur
instead of that of C2-C3, thus yielding D. After the formation of the C1-C3 bond, compound E is
obtained. Molecules C and E are isomers, and probably the major and minor species detected in
the *'P{'H} NMR spectrum of the irradiated solution of phosphabarrelene complexes. The
molecular structure obtained for rhodium complex 7 corresponds to isomer C, which, as proven

by means of >'P{'H} NMR, should be assigned as the major species.

Both enantiomers of isomer C are observed in the molecular structure in the crystal of tungsten
complex 8 (figure 4.19). Two molecules of the complex crystallize together in the unit cell. Each
complex bears a different enantiomer of the pyridyl-substituted phosphasemibullvalene. The
twinned crystals did not allow the anisotropic refinement of C and N atoms, thus some bond
lengths and angles cannot be discussed in detail. The molecular structure in the crystal also
corresponds to the major species observed in the *'P{'H,"’F} NMR spectrum depicted in figure

4.16 (bottom).

Figure 4.19 Molecular structure of 8 in the crystal. View from side (left) and view from the front (right).
Displacement ellipsoids are shown at the 50% probability level.

It is clear that the selectivity of the phosphabarrelene rearrangement has to be metal-mediated, as
the photochemical reaction of the free ligand leads to several unidentified products, although the
conversion of Rh-complex 3 also leads to more isomers. The radical species A (figure 4.18) that
forms the major products observed in the case of complexes 7 and 8 and according to the

proposed mechanism, could be better stabilized when the metal fragment bears other electron-
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withdrawing (m-acceptors), and less labile ligands which could explain the differences in

selectivity between complex 3, 4 and 5.

With these complexes in hand, a comparison of the electronic properties of the PN ligand, the
pyridyl-substituted phosphabarrelene 1, and the pyridyl-phosphasemibullvalene can now be
made. Table 4.7 shows the IR CO-stretching frequencies for these three complexes. Judging only
from the IR values, it seems that the PN phosphinine is the best net donor of all, followed by
phosphabarrelene 1 and the corresponding phosphasemibullvalene. This is, however, the opposite
trend found in literature as well as in this work as the IR spectra analysis of the rhodium
complexes 4 and 7 revealed that the phosphasemibullvalene shows better donating properties than

the phosphabarrelene.

Table 4.7 IR values of CO-stretching frequencies of tungsten carbonyl complexes

[W(CO),PN] 5 8
fggg 2022 2024
IR- Vco(em™) 1870 1891 1898
oo 1846 1861

Other effects need to be considered before making a direct comparison. Apparently, the fact that
phosphabarrelene and phosphasemibullvalene bear strong electron-withdrawing CF;— groups,
leads to the fact that the PN phosphinine, known to be a strong m-acceptor, results in the best net-
donor of this series of tungsten complexes. For this reason, only complexes S and 8 will be
compared. From the molecular structures of the complexes, it is evident that the metal center is
not in the direction of the phosphorus lone pair, and this should influence also the donation
properties of the ligand. The C-P-W bonds were analyzed for both complexes, were it was
observed that phosphasemibullvalene complex 8 is slightly more distorted than complex 5 (C23-
P1-W1: 133.1(7)°; C5-P1-W1: 102.8(7)°; C1-P1-W1: 128.3(7) and C24-P1-W1: 128.7(1)° C5-
P1-W1: 103.8(1)%; C1-P1-W1: 129.9(1)°, respectively). The P1-W1-C,.,,; angles also confirm this
observation: for complex 8 this angle has a value of 169.5(5)°, whereas for complex 5 the value is
171.7(2)°, which is closer to the ideal angle of 180°. It appears that steric factors in the octahedral
tungsten complex can lead to a misleading analysis of the electronic properties of bulky

phosphorus ligands.
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4.3 Conclusions

The first pyridyl-substituted phosphabarrelene has been synthesized, spectroscopically- and
structurally characterized. According to DFT-calculations, the phosphorus lone pair in 1 is rather
low in energy (HOMO-2) leading to the situation that the compound cannot be oxidized to the
corresponding sulfide or selenide. Nevertheless the LUMO is energetically accessible. Five
different transition metal complexes (2-6) have been synthesized and characterized. In five of
them, phosphabarrelene 1 acts as a chelating ligand, whereas with Au(I) coordination occurs only
via the P lone pair. By means of IR- and crystal structure analysis, the ligand has been assigned as
a weaker net donor compared to phosphinines due to the higher s-character of the phosphorus
lone pair. Although phosphabarrelene 1 yields many different products after irradiation with UV-
light, the reactivity of phosphabarrelene complexes upon UV irradiation turned out to be much
more selective. In most of the cases, two isomers of the corresponding phosphasemibullvalene are
formed after irradiation of a solution of the phosphabarrelene complex and remain coordinated to
the metal center. Apparently, the more m-accepting the ancillary ligands in such complexes, the
more selective the reaction. For complexes 4 and 5, only two products are obtained whereas for
complex 3 at least five products were detected. The major products of the irradiation reaction of
complexes 4 and 5 could be crystallographically characterized as the corresponding complexes
bearing a phosphasemibullvalene ligand, which also coordinates as a chelate to the metal center.
The proposed mechanism for the photochemical rearrangement of phosphabarrelene 1 assumes
that there is stabilization of the radicals formed on the carbon atoms in o position to the
phosphorus atom (C1 and C5), which bear a phenyl and a pyridyl substituent respectively. This
explains the preferred formation of the observed isomers. Pyridyl-substituted
phosphasemibullvalene proves to be a slightly better net-donor in comparison to
phosphabarrelene 1, according to the spectroscopic properties of the corresponding [LRhCOCI]

complexes.

4.4 Experimental
General remarks

All reactions were performed under argon by using Schlenk and glovebox techniques. All
glassware was dried prior to use. All common solvents and chemicals were commercially
available. Dry solvents were prepared by using custom-made solvent purification columns filled

with Al,O; from Braun Solvent systems. THF and Et,0 were distilled under argon from
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potassium/benzophenone prior to use. All common solvents and chemicals were commercially
available. NMR spectra were recorded with a JEOL ECP500 (‘"H NMR 500.00 MHz), a JEOL
ECX400, a JEOL ECAII 400 NMR Spectrometer (‘"H NMR 399.74 MHz, **a Brucker AVANCE
111 700 NMR Spectrometer (‘"H NMR 700.0 MHz); The 'H and *C chemical shifts are given
relative to tetramethylsilane (TMS), and the residual solvent peaks were used as the reference
signal; the *'P chemical shifts are referenced to an 85% aqueous solution of H;PO,. The mass
characterizations have been performed on an Agilent 6210 ESI-TOF instrument by Agilent
Technologies, Santa Clara, CA, USA with standard settings of 5 L/min, 4 kV and 15 psi for ESI-
TOF and on a MAT 711 by Varian MAT, Bremen, Germany with an electron energy of 0.8 mA
for EI-MS. IR spectra were measured on a Nicolet iS10 FTIR-ATR spectrometer by Thermo
Scientific. For reactions under UV radiation a Osram Ultra Vitalux 300W lamp was used. DFT
calculations were performed with Gaussian09 program package.”  For the Geometry
optimizations “OPT” B3LYP*** functional was used and the convergence criteria were set to
“Direct” and “tight” as SCF=(Direct,Tight). The coupled cluster triple- { valence quality basis set
(cc-pVTZ)** ¥ was applied for all atoms. Integrals were set to FineGrid (Integrals=FineGrid).

All molecular orbitals and energies were determined by population analysis (Pop=Full).

Phosphabarrelene (1)

2-pyridyl-4,6-diphenylphosphinine (1030 mg, 2.11 mmol) was weighed in a Schlenk flask.
Methylcyclohexane (50 mL) and hexafluorobutyne (700 mbar) were condensed in and a
suspension was formed. The mixture was stirred for 3 days at 7 = 85° C (higher than this
temperature retro Diels-Alder reaction takes place). Volatiles were evaporated; the black powder
obtained was passed through column packed with silica gel and eluted with an hexane/diethyl
ether 4:1 mixture. The first two fractions (black and yellow) were dismissed and the last dark red
fraction was collected. This contained a mixture of the corresponding phosphinine and the
product. The latter was recrystallized from an ethanol-water mixture (20:1). White crystals

suitable for X-Ray diffraction were obtained. 255mg, 16% yield.

HRESI-MS (+, 200V) m/z: [M +H]" 488.0997 calc. 488.0991.

'H NMR (700 MHz, CD,Cl,): § = 7.22 (m, 1H, H9), 7.33 (m, 1H. Hy), 7.40 (m, 2H, H,,), 7.40
(m, 2H, Hy), 7.49 (m, 1H, Hy), 7.57 (m, 1H, Hy), 7.64-7.67 (m, 2H, Hy), 7.70-7.73 (m, 2H,
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H8/H7), 7.85 (d, J=12.0 Hz, 2H, H,,), 8.05 (m, 1H, H2), 8.61 (d, J=5.4 Hz, 2H, H4/H10) ppm.

BC{'H} NMR (176 MHz, CD,CL): & = 67.9 (d, J = 6.0 Hz, C3), 121.7 (d, J = 11.5 Hz, C7),
124.1 (s, C9), 127.2 (d, J = 13.5 Hz, Cy), 129.5 (s, Ca), 129.7 (d, J = 1.3 Hz, Cy), 129.8 (s, Ca),
123.0 (s, Ca), 130.5 (s, Ca), 137.9 (d, J = 1.8 Hz, C8), 138.0 (d, J = 26.5 Hz, C1), 139.9 (C17),
149.8 (d, J = 3.3 Hz, C2), 150.3 (C23), 150.9 (C10), 153.1 — 153.5 (m, C4/C11), 153.9 (d, J =
17.2 Hz, C5), 155.7 (d, J = 26.5 Hz, C6), 160.1 (q, J = 30.1 Hz, C24) ppm.

S'P{'H} NMR (162 MHz, CD,CL): 8 = -68.2 (q, *Jp+= 38.9 Hz) ppm.
PE{'H} NMR (376 MHz, CD,Cl,): 8 = -54.9 (m, 3F, CF5-P), -54.9 (m, 3F, CF5) ppm.

[Au(1)CI] (2)

In a J-Young NMR tube, phosphabarrelene 1 (9.1 mg, 0.031 mmol) and AuCl-DMS (15 mg,
0.031 mmol) were dissolved in 0.5 mL DCM under protection of light. A colorless solution was

formed. Crystals were obtained by slow evaporation of the DCM solution.

'H NMR (401 MHz, DCM-d.): & = 7.78-7.34 (m, 1H, H9), 7.43 -7.49 (m, 4H, H,), 7.51-7.56 (m,
1H, H,,), 7.58-7.63 (m, 3H, H,), 7.65-7.69 (m, 1H, H7), 7.70-7.74 (m, 2H, H,,), 7.75-7.83 (m,
4H, H,/H8), 8.16 (d, J = 21.0 Hz, 1H, H2), 8.56 (d, J = 21.1 Hz, 1H, H4), 8.72-8.66 (m, J = 4.8,
1.8, 0.9 Hz, 1H, H10) ppm.

BC{'H} NMR (101 MHz, DCM-d,): 6 = 64.9 (d, J = 17.4 Hz, C3), 121.6 (d, J = 5.5 Hz, C7),
124.8 (d, J= 1.6 Hz, C9), 127.9 (d, J = 8.9 Hz, Cy), 129.2 (d, J = 1.9 Hz, Cy), 129.5 (s, Ca),
129.7 (s, Car), 129.8 (s, Car), 130.2 (d, J= 1.8 Hz, C,), 135.1 (d, J= 15.2 Hz, C11), 137.5-137.9
(m, C8/C17), 142.9-144.3 (m, C23), 146.5 (d, J= 12.5 Hz, C1/C5), 150.0 (s, C10), 151.9 (d, J =
10.9 Hz, C6), 152.2 (d, J=4.6 Hz, C2), 153.0 (d, J = 5.2 Hz, C4), 159.9-162.1 (m, C24) ppm.

S'P{'H} NMR (162 MHz, DCM-d.): 8 =-9.3 (q, *Jp+=21.3 Hz) ppm.

“F{'H} NMR (376 MHz, DCM-d,): & = -54.5 (q, J=13.5 Hz, C23F3), -54.3 — -54.0 (m, C24F;)

[(1,5-cyclooctadiene)(1)rhodium tetrafluoroborate] (3)

In a Schlenk flask phosphabarrelene 1 (21.6 mg, 0.044 mmol) and [Rh(cod),|BF, (18.0 mg, 0.044
mmol) were dissolved in 1 mL DCM and stirred at r.t. for 30 minutes. A dark brown solution was
formed. The solvent was evaporated and the solid was washed with 3x5 mL pentane. The yellow
powder obtained was dried under vacuum. Crystals suitable for X-ray diffraction were obtained

by slow diffusion of ether into a DCM solution.
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'"H NMR (500 MHz, DCM-d,): § = 1.87-1.98 (m, 1H, cod), 1.99-2.10 (m, 1H, cod), 2.16-2.25 (m,
1H, cod), 2.35-2.44 (m, 1H, cod), 2.44-2.61 (m, 2H, cod), 2.61-2.73 (m, 2H, cod), 3.80-3.95 (m,
1H, cod), 4.82-4.91 (m, 1H, cod), 5.68-5.79 (m, 1H, cod), 5.90-6.08 (m, 1H, cod), 7.47-7.56 (m,
4H, Hy,), 7.58-7.66 (m, SH, Hy,), 7.74-7.81 (m, 2H, H,,), 8.00-8.08 (m, 2H, H2/H7), 8.09-8.16 (m,
1H, HS), 8.20 (m, 1H, H10), 8.58 (d, Jp.u= 16.1 Hz, 1H, H4) ppm.

BC{'H} NMR (101 MHz, DCM-d,): & = 27.3 (s, cod), 30.3 (s, cod), 31.4 (s, cod), 33.9 (s, cod),
65.6 (d, *Jp.c= 11.7 Hz, C3), 80.9 (d, 2Jp.c = 10.8 Hz, cod), 81.6 (d, *Jp.c =10.4 Hz, cod), 109.7-
110.09 (m, cod), 110.2-110.6 (m, cod), 122.8 (d, *Jp.c = 10.1 Hz, C7), 127.3 (s, C9), 128.6 (d, Jp.c
= 6.1 Hz, Cyy), 129.3 (s, Car), 129.5 (s, Car), 129.8 (s, Car), 130.0 (s, Ca), 130.2 (d, Jp.c= 2.1 Hz,
Ca), 135.1 (d, “Jp.c= 16.3 Hz, C11), 137.1 (s, C17), 141.8 (s, C8), 142.4-143.6 (m, C23), 146.2
(d, 'Jp.c=23.9 Hz, C1), 149.3 (d, 'Jp.c= 30.5 Hz, C5), 151.4 (s, C10), 151.5 (d, *Jp.c= 5.3 Hz,
C2), 155.5 (d, “Jp.c=22.1 Hz, C6), 155.9 (d, “Jp.c= 5.7 Hz, C4), 158.9-160.8 (m, C24) ppm.

*'P{'H} NMR (162 MHz, DCM-d>): & =-9.2 (dq, 'Jrnp = 182.2 Hz, *Jpr= 14.2 Hz) ppm.

“F{'H} NMR (376 MHz, DCM-d,): & = -152.8 (s, 1F, BF3-F), -152.7 (s, 3F, BF-F;) -54.18 (q,
3Jpr=13.0 Hz, C25F5), -54.0 — -53.8 (m, C26F5) ppm.

[(CO)CIRh(1)] (4)

In a Schlenk flask phosphabarrelene 1 (28.0 mg, 0.057 mmol) and [Rh(CO),Cl], (11.2 mg, 0.029
mmol) were dissolved in 1 mL DCM and stirred at r.t. for 30 minutes. A dark orange solution was
formed. The solvent was evaporated and the solid was washed with 3x5 mL pentane. The orange

powder obtained was dried under vacuum.

'"H NMR (700 MHz, CD,CL): § = 7.38-7.49 (m, 3H, H./H9), 7.50-7.58 (m, 1H, Hy,), 7.58-7.65
(m, 3H, Hy), 7.81 (s, SH, H,/H2/H7), 7.93-7.97 (m, 1H, H8), 8.81 (d, *Jp.y= 15.9 Hz, 1H, H4),
9.81-9.93 (m, 1H, H10) ppm.

BC{'H} NMR (176 MHz, DCM-d,): & = 63.8 (d, J= 15.0 Hz, C3), 120.5 (d, J = 10.5 Hz, C7),
125.6 (s, C9), 128.6 (d, J = 7.4 Hz, Cy), 129.1 (s, Car), 129.2 (s, Car), 129.6 (s, Cap), 129.8 (5, Ca),
129.9 (s, Cu), 134.8 (d, J = 15.4 Hz, C11), 138.1 (s, C17), 140.1 (s, C8), 142.7 (m, C23), 144.3
(d, J=34.7 Hz, Cl), 148.7 (d, J= 6.8 Hz, C4), 152.2 (s, C10), 152.3 (m, C5), 152.4 (d, J=3.9
Hz, C2), 154.3 (d, J=22.6 Hz, C6), 157.8 (m, C24), 187.3 (dd, J = 67.9, 16.9 Hz, CO) ppm.
*'P{'H} NMR (162 MHz, DCM-d,): & = 21.5 (dq, 'Jp.pn= 198.2, *Jpr = 14.2 Hz) ppm.

PE{'H} NMR (376 MHz, DCM-d,): & = -54.4 (q, *Jp.r = 13.2 Hz, C24F;), -53.82 (m, C23F;)
ppm.

IR Peo: 2014 ¢cm’™
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[(CO)RWA)] (5)

In an J-Young NMR tube, phosphabarrelene 1 (15 mg, 0.031 mmol) and [W(MeCN),(CO),]
(11.6 mg, 0.031 mmol) were dissolved in 0.5 mL THF and the solution was heated at 7'= 50 °C
for one hour. A red-brown solution was formed. The solvent was evaporated and the solid was
washed with 2x1 mL pentane. The red-brown powder obtained was dried under vacuum. Crystals
suitable for X-ray diffraction were obtained by slow diffusion of pentane into a THF solution of

S.

'H NMR (401 MHz, THF-ds) 5 = 7.11-7.24 (m, 1H, H9), 7.31-7.43 (m, 3H, H,,), 7.45-7.61 (m,
SH, H,,), 7.76 (d, *Jpy= 17.3, 1H, H2), 7.83-7.94 (m, 1H, H8), 7.96-8.03 (m, 2H, H,,), 8.12-8.20
(m, 1H, H7), 9.10-9.20 (m, 1H, H10), 9.34 (d, *Jp.y= 13.2, 1H, H4) ppm.

BC{'H,"F} NMR (101 MHz, THF-ds ) & = 66.0 (d, *Jcp= 9.6 Hz, C3), 122.1 (d, *Jcp = 3.7 Hz,
C24), 122.1 (d, *Jep= 7.5 Hz, C7), 123.8-124.2 (m, C23), 125.6 (d, *Jep = 1.6 Hz, C9), 129.1 (d,
J=17.3Hz, Cy), 129.7 (s, Car), 129.7 (s, Car), 129.8 (s, Car), 129.9 (s, Car), 130.2 (s, Car), 135.8 (d,
2Jep = 18.2 Hz, C11), 139.0 (s, C17), 139.3 (d, *Jep = 1.4 Hz, C8), 146.1 (d, 'Jep = 13.3 Hz,
C23), 149.5 (d, 'Jep = 26.2 Hz, C1), 151.4 (d, YJep = 5.3 Hz, C4), 153.2 (d, *Jep = 4.8 Hz, C2),
155.2 (d, 'Jep = 21.7 Hz, C5), 156.9 (d, 2Jcp = 20.9 Hz, C6), 157.8 (d, *Jep = 4.6, C10), 159.7 (d,
2Jep = 6.6 Hz, C24), 201.7 (d, *Jep= 6.4 Hz, CO), 204.3 (d, “Je.p = 7.9 Hz, CO), 209.6 (d, *Je.p =
39.9 Hz, CO), 210.6 (d, “Jc.p = 5.3 Hz, CO) ppm.

S'P{'H} NMR (162 MHz, THF-dy) & = -2.4 (q, *Jo.r = 17.7 Hz, 'Jp.w = 272.0 Hz) ppm.

19F{tH} NMR (376 MHz, THF-dg) &: = -54.9 (q, 5/r.r =12.8 Hz, C24F3), -53.10 (dq, 3/p.-r= 17.9
Hz, 5/r.r= 12.8 Hz, C23F3) ppm.

IR Tico: 2022, 1891, 1846 cm™

[(CO)sFe(1)] (6)

In a Schlenk flask phosphabarrelene 1 (27.0 mg, 0.055 mmol) and [Fe;(CO);5] (9.0 mg, 0.018
mmol) were dissolved in 1 mL THF and stirred under reflux for 3 hours. A dark brown solution
was formed. The solvent was evaporated and the solid was run through a silica column (pipette)
and eluted with hexane to separate a green fraction and then with a 4:1 mixture of pentane/diethyl
ether to separate a yellow fraction. The last dark brown fraction was collected after eluting only

with diethyl ether. The solvent was evaporated and the dark brown solid was dried under vacuum.

'"H NMR (401 MHz, DCM-d>) 6.97-7.06 (m, 1H), 7.25-7.35 (m, 3H), 7.37-7.44 (m, 4H), 7.46-
7.50 (m, 2H), 7.50-7.59 (m, 3H), 7.67-7.72 (m, 2H), 8.72 (d, 1H, J=12.0 Hz), 8.87-8.96 (m, 1H)
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S'P{'H} NMR (162 MHz, DCM-d.): 8 = 27.0 (q, *Jp-r= 15.3 Hz) ppm.

PE{'H} NMR (376 MHz, THF-dys) &: = -54.7 (q, *Je.r = 12.8 Hz), -53.9 (dq, *Jp.r= 15.5 Hz, *J.s
=12.8 Hz) ppm.

IR Dco: 2001, 1946, 1900 cm’™

[(CO)CIRh(phosphasemibullvalene)] (7)

A THF solution of 4 (24.8 mg, 0.031 mmol) was irradiated with UV-light for 6 hours. The
solvent was evaporated and the solid obtained washed with 2xImL pentane. Crystals were

obtained by slow diffusion of diethyl ether into a DCM solution of the complex.

'H NMR (401 MHz, DCM-d,) 8 = 4.47 (dg, 1H, J= 7.9, 1.3 Hz), 5.98-6.07 (m, 1H), 6.37 (d, 1H,
J=27.5 Hz), 7.28-7.33 (m, 1H), 7.36-7.40 (m, 1H), 7.50-7.56 (m, 1H), 7.73-7.80 (m, 2H), 9.49-
9.98 (m, 1H) ppm.

S'P{'H} NMR (162 MHz, DCM-d.): & = 109.2 (dq, 'Jp.ra= 188.2 Hz, *Jp.s= 7.6 Hz) ppm.
PE{'H}NMR (376 MHz, THF-dy) &: = -62.1 (q, *Jp.r = 9.8 Hz), -53.5 — -53.02 (m) ppm.

IR Fco: 2008 cm™

[(CO)4sW(phosphasemibullvalene)] (8)

A THEF solution of 5 (24.8 mg, 0.031 mmol) was irradiated with UV-light for 4 hours. The
solvent was evaporated and the solid obtained washed with 2xImL pentane. Crystals were

obtained by slow diffusion of pentane into a THF solution of the complex.

'H NMR (401 MHz, THF-ds) & = 4.77-4.84 (m, 1H), 6.13-6.21 (m, 1H), 6.79 (d, 1H, J=21.8 Hz),
7.08-7.15 (m, 1H), 7.29-7.48 (m, 6H), 7.48-7.59 (m, 2H), 7.96-8.06 (m, 3H), 9.14-9.24 (m, 1H)

S'P{'H} NMR (162 MHz, THF-dy) & = 88.6 (q, 'Jp.w = 269.98 Hz, *Jp.r = 9.3 Hz) ppm.
PF{'"H}NMR (376 MHz, THF-dy) &: = -62.14 (q, J = 10.0 Hz), -54.12 (p, J=9.8 Hz) ppm

IR Tco: 2024, 1897, 1861 cm™’

X-ray crystal structure determinations

Compound 1: CysHcF¢NP, Fw = 487.37, colorless rod, 0.40 x 0.17 x 0.08 mm3, monoclinic,
P2//c, a = 10.6473(10), b = 22.6473(19), ¢ = 9.6111(9) A, a = 90, p = 108.075(7), y = 90, V =
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2203.2(4) A°, Z = 4, D,= 1.469 g/em’, u = 0.190 mm™". 16607 reflections were measured by using
a Stoe IPDS 2T diffractometer with a rotating anode (MoKa radiation; A = 0.71073 A) at a
temperature of 210(2) K up to a resolution were 0,,,x = 29.28. 5917 reflections were unique (Riy =
0.070). The structures were solved with SHELXL-2014/7"° by using direct methods and refined
with SHELXL-2014/7"° on F* for all reflections. Non-hydrogen atoms were refined with
anisotropic displacement parameters. 307 parameters were refined without restraints. R, = 0.053
for 2983 reflections with />2s(I) eA’, and wR, = 0.1317 for 5917 reflections, S = 0.888.
Geometr}711 calculations and checks for higher symmetry were performed with the PLATON
program.

Compound 2: CyH sAuCIF{NP, Fw = 719.78, yellow block, 0.230 x 0.190 x 0.090 mm3,
triclinic, P—1, a = 10.0431(2), b = 14.8199(3), ¢ = 18.4254(4) A, a. = 83.4879(7), p = 86.6308(8),
vy = 74.1458(7), V = 2619.95(9) A’,Z=4,D=1825 g/cm3, n=15.836 mm". 47477 reflections
were measured by using a Bruker Photon CMOS Detector, D8 Venture diffractometer with a
rotating anode (MoKa: radiation; A = 0.71073 A) at a temperature of 100(2) K up to a resolution
were Opmax = 26.42. 10734 reflections were unique (Ri, = 0.0478). The structures were solved with
SHELXL-2014/7" by using direct methods and refined with SHELXL-2014/7" on F* for all
reflections. Non-hydrogen atoms were refined with anisotropic displacement parameters. 649
parameters were refined without restraints. R; = 0.033 for 9099 reflections with />2s(/) eA®, and
wR, = 0.072 for 10734 reflections, S = 1.043. Geometry calculations and checks for higher
symmetry were performed with the PLATON program’'

Compound 3: C;sH30F;NPRhBCL,, Fw = 870.19, yellow block, 0.16 x 0.21 x 0.33 mm3,
monoclinic, C 2/c, a = 16.8592(3), b = 16.8926(2), ¢ = 25.6235(4) A, a. =90, B = 103.500(1), y =
90, V = 7095.83(19) A3, Z = 8, D= 1.629 g/cm3, p = 0.757 mm™. 17281 reflections were
measured by using a Bruker Photon CMOS detector with a rotating anode (MoKa radiation; A =
0.71073 A) at a temperature of 100(2) K up to a resolution were 0., = 36.41. 15793 reflections
were unique (Ri = 0.046). The structures were solved with SHELXL-2013" by using direct
methods and refined with SHELXL-20137" on F* for all reflections. Non-hydrogen atoms were
refined with anisotropic displacement parameters. 460 parameters were refined without restraints.
R; = 0.036 for 15793 reflections with />2s(I) eA’, and wR, = 0.091 for 17281 reflections, S =
1.041. Ge7?metry calculations and checks for higher symmetry were performed with the PLATON
program.

Compound §: C33H3,FsOsNPW, Fw = 927.46, orange block, 0.43 x 0.22 x 0.09 mm?®, monoclinic,
P2,/c, a = 13.1326(10), b = 27.046(2), ¢ = 10.9336(8) A, o = 90, f = 110.364(2), y = 90, V =
3640.7(5) A°, Z = 4, D,= 1.692 g/em’, p = 3.295 mm™'. 8119 reflections were measured by using
a D8 Venture Brucker Photon CMOS detector with a rotating anode (MoKa radiation; A =
0.71073 A) at a temperature of 100(2) K up to a resolution were 0., = 27.253. 8119 reflections
were unique (Ri, = 0.084). The structures were solved with SHELXL-2014/7" by using direct
methods and refined with SHELXL-2014/7"" on F* for all reflections. Non-hydrogen atoms were
refined with anisotropic displacement parameters. 478 parameters were refined without restraints.
R, = 0.036 for 7310 reflections with />2s(/) eA*, and wR, = 0.084 for 8119 reflections, S = 1.240.
Geometr;;1 calculations and checks for higher symmetry were performed with the PLATON
program.

Compound 7: Cy;HcF(NPCIORh, Fw = 653.74, yellow plate, 0.13 x 0.10 x 0.05 rnm3, triclinic,
P-1, a = 10.8376(3), b = 11.1071(3), ¢ = 22.2815(5) A, a = 99.0281(1), B = 93.106(1), y =
108.868(1), V =2490.71(11) A®, Z = 4, D= 1.743 g/cm’, p = 0.925 mm™". 10209 reflections were
measured by using a D8 Venture Bruker Photon CMOS detector with a rotating anode
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(MoK radiation; A = 0.71073 A) at a temperature of 100(2) K up to a resolution were 0.y =
26.47. 10209 reflections were unique (Riyx = 0.056). The structures were solved with SHELXL-
2014/77° by using direct methods and refined with SHELXL-2014/7" on F* for all reflections.
Non-hydrogen atoms were refined with anisotropic displacement parameters. 686 parameters
were refined without restraints. R; = 0.0393 for 8352 reflections with />2s(/) eA’, and wR, =
0.0817 for 10209 reflections, S = 1.062. Geometry calculations and checks for higher symmetry
were performed with the PLATON program.”!

Compound 8: C30H,sFsNPO,W, Fw = 783.25, yellow platelette, 0.40 x 0.17 x 0.08 mm’, triclinic,
P-1, a = 11.2828(3), b = 14.6442(4), ¢ = 16.8057(5) A, o = 86.598(1), B = 89.479(1), y =
81.434(1), V =2740.95(13) A, Z = 4, D,= 1.898 g/cm’, p = 4.352 mm™. 10034 reflections were
measured by using a D8 Venture Bruker Photon CMOS detector with a rotating anode
(MoK radiation; A = 0.71073 A) at a temperature of 100(2) K up to a resolution were 0,y =
25.51. 10034 reflections were unique (Riyx = 0.161). The structures were solved with SHELXL-
2014/77° by using direct methods and refined with SHELXL-2014/7" on F* for all reflections.
Non-hydrogen atoms were refined with anisotropic displacement parameters. 454 parameters
were refined without restraints. R; = 0.088 for 6991 reflections with />2s(I) eA’, and wR, =
0.1786 for 10034 reflections, S = 1.190. Geometry calculations and checks for higher symmetry
were performed with the PLATON program.”!
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Chapter 5

Summary and Conclusions



5 Summary and conclusions

In chapter one, the coordination chemistry of the pyridyl-substituted phosphinine PN with
different transition metal complexes was studied. With [Cu(MeCN)4]PFgand PN in a 1:1 ratio a
dimeric complex is obtained. Its structure was verified by means of single crystal X-ray
diffraction and it consists of two copper centers bridged via the two phosphorus atoms (u’-
coordination mode) forming a core structure with the shape of a diamond. This motif could be
interesting for applications such as catalytic oxidations, OLEDS, and as models for copper
containing enzymes.

Silver complexes of the type [Ag(PN),JOTT (x = 1-3) were prepared. The products were found to
be rather unstable and could not be isolated. However, the *'P{'H} NMR spectra of the
complexes in solution suggest the quantitative formation of only one species in each case.

A gold(I) complex was obtained by reaction of [AuCl-SMe;] with the PN phosphinine. The linear
coordination compound contains the phosphinine ligand bound via the phosphorus atom in a n'-
mode. The nitrogen atom in the pyridyl ring remains uncoordinated, which allows the possibility
of the incorporation of a second metal fragment. This complex was also characterized by means
of X-ray diffraction analysis.

According to 31P<{1H} NMR and IR analyses, it appears that [Ni(CO),] reacts with the PN ligand
to form [Ni(CO),(PN)], which dimerizes rapidly after liberating two CO molecules under UV
light and forming [Ni(CO)(PN)],. Unfortunately, no structural information could be obtained, but
the proposed stoichiometry is based on the molecular structure of a Rh(I) complex obtained from
reaction of [Rh(CO),Cl], with two equivalents of the PN phosphinine. In that particular case, the
molecular structure in the crystal shows two rhodium centers bridged via the phosphorus atom in
a u’-fashion. Each pyridine ring is coordinated to one rhodium center. This coordination mode to
Rh(I) differs from the monomeric Rh-complex known in literature ([(cod)Rh(PN)]BF,), where
the phosphinine is coordinated in the usual chelating-fashion, via both the P and N atom.

Iron carbonyl complexes with the PN phosphinine were subsequently investigated. Contrary to
bipyridine, the reaction of [Fe;(CO);,] and three equivalents of PN ligand is selective and
straightforward. [Fe(CO);(PN)] is formed, which was also characterized crystallographically.
According to NMR analyses, this complex seems to coordinate dienes, such as methylacrylate
and 1,3-butadiene, after CO-dissociation under UV-light. Unfortunately, the complexes formed

appear very labile and their isolation was not successful.
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[u-(pdt)Fey(CO)g], which is used as a hydrogenase model, was chosen as a precursor for the
synthesis of [u-(pdt)Fe(PN)(CO)4] and [u-(pdt)Fe (PN),(CO),]. Both complexes were
structurally characterized by means of single crystal X-ray diffraction. The most basic site in [u-
(pdt)Fe,(PN)(CO)4] is the nitrogen atom in the pyridine ring, as was confirmed by reaction with
different protic reagents, while PNH" was always formed exclusively. Two equivalents of the PN
compound could be coordinated to [W(CO)s] after dissociation of four CO molecules by
irradiation with UV light. Even after very long reaction times and an excess of PN ligand, a third
equivalent could not displace the last two CO molecules under the given conditions, probably due

to steric hindrance.

'
P
N P
M M m< ) (M] 7}
N4 N
N P
M = Cu, Ni, Rh M =Fe, W M = Au

Figure 5.1 The different PN-coordination modes obtained with the complexes prepared in this work

Figure 5.1 summarizes the different coordination modes the PN phosphinine adopts in the
complexes prepared in this work. This clearly shows that the pyridyl-substituted phosphorus
heterocycle results in a good candidate for the preparation of a wide range of transition metal
complexes that range from dimers, monomers and eventually bimetallic complexes. With the
results in literature and the ones obtained here, it appears that the PN phosphinine still has a very

interesting chemistry that still remains open for further exploration and investigation in the future.

In chapter two, four new A*-phosphinines were synthesized by reacting the 2,4-diphenyl-6-tolyl-
phosphinine with ferrocenyllithium (17) and the PN phosphinine with methyllithium (18),
phenyllithium (19) and ferrocenyllithium (20). The corresponding lithium salts were obtained
quantitatively according to *'P{'H} NMR spectroscopy. While 17 shows only one *'P{'H} NMR

signal even at 7= -100 °C, 18, 19 and 20 show two singlets at lower temperatures (coalescence
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temperature = -94 °C, -79 °C, and -81 °C, respectively). This demonstrates that the phosphorus
atom undergoes a dynamic inversion at the phosphorus atom, which energetic barrier is rather
low (approximately 36 kJ/mol). The pyridyl ring increases the inversion barrier in comparison
with the non-functionalized anionic phosphinine 17, as only one species was detected even at 7' =
-100 °C.

Compound 21 and 19 were reacted with water and MeOH separately. The symmetrical anion 21
was converted to two different species: the corresponding Z-1,2-dihydrophosphinine and the E-
1,2-dihydrophosphinine isomers. In the case of the reaction with water, the Z-isomer is the major
species (94%) but when 21 reacted with MeOH, the Z-isomer and the E-isomer are formed almost
in a 50:50 ratio. This could be explained by the subtle interplay, which exists between the pK,
values of the generated 1,2-dihydrophosphinine species and the pK, values of the formed base
(LiOH or LiOMe). Quenching the lithium salts with water leads preferentially to the kinetic
product, while quenching with MeOH clearly leads ultimately to the thermodynamic product. For
the case of 19, the same behavior was observed only that the unsymmetrical nature of the ligand
led to two more species present in solution. These are the kinetic and thermodynamic products (Z-
and E-isomers) from the protonation of the P=C bond either on the side of the pyridyl ring or on

the side of the phenyl-ring in 2- and 6-positions of the heterocycle ring, respectively.

Compounds 19-21 were coordinated to Rh(I) fragments. [(cod)Rh(19)] was formed quantitatively
and appears to be fairly stable toward water under argon. Ligand 19 is coordinated in a chelating-
fashion, yielding a neutral rhodium complex. For the case of 20, it was assumed that when
reacted with [Rh(cod),]BF4, a neutral complex of the type [(cod)Rh(20)] is formed, which would
immediately react with traces of water from the solvent or the glass wall under formation of the
rhodium cationic complex [(cod)Rh(H-20]BF,(27). In this case, a proton has been added to the
P=C double bond of the coordinated ligand as confirmed crystallographically. The lithium salt 21
forms a neutral Rh-complex when reacted with [Rh(cod),]BF4, where the ligand is coordinated
via the delocalized m-system in a m’-fashion. Apparently, the absence of a hetero-donor
functionality favors this type of coordination over a m'-P-mode. Interestingly, when two
equivalents of [Rh(cod),]|BFs were mixed with 20, complex 28 was formed, where the phosphorus
atom is bound to one Rh center in a n'-mode and the delocalized n-system within the heterocycle
is coordinated to a second rhodium center in a v’-fashion. This type of ligand confirms that the
presence of a hetero-donor group forces the coordination chemistry to metal centers in a chelating

mode. Nevertheless, the m-system remains available for the coordination to a second metal center.
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Ph"" P

Figure 5.2 Synthesis of A*-phosphinines and coordination chemistry towards Rh of the Fc-substituted anionic
phosphinine

In chapter 4 the first pyridyl-substituted phosphabarrelene is presented. The formation of the two
enantiomers of the obtained phosphabarrelene was confirmed by means of *'P{'H} NMR
spectroscopy after adding and enantiomerically pure acid, which protonated the nitrogen from the
pyridyl ring yielding two diasteromeric ionic pairs, which gave two different signals in the
spectrum. DFT calculations showed that the phosphorus lone pair of the phosphabarrelene is
represented by the HOMO-2, which is energetically not available for oxidation with selenium or
sulfur. The coordination chemistry of the PN phosphabarrelene (1) was explored and five
complexes could be fully characterized. The gold complex [Au(1)Cl] is a linear complex, where
the ligand is coordinated only via the phosphorus lone pair. Two Rh-complexes where
synthesized: [(cod)Rh(1)]BF, and [Rh(1)(CO)Cl]. In both cases, the phosphabarrelene
heterocycle is coordinated in a chelating fashion via both the P and the N atom. A mixture of
[W(CO)¢] and 1 in THF under UV irradiation yields the octahedral complex [W(CO)4(1)], where
the ligand also adopts a chelating coordination fashion. [Fe(CO);(1)] was synthesized and
purified by means of column chromatography. The NMR spectroscopy analysis suggests the

formation of a chelated complex with a dynamic behavior in solution.
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UV-irradiation of a solution of 1 led to at least 5 different species observed in the >'P{'H} NMR
spectrum. Contrary to the observations made during irradiation of solutions of phosphabarrelene-
based complexes, two species were detected by *'P{'H} NMR spectroscopy in a ratio of 80:20.
The major species of the reaction mixtures of [Rh(1)(CO)CI] and [W(CO)4(1)] could be isolated
and crystallographically characterized. The corresponding products showed the rearrangement of
the phosphabarrelene ligand into a phosphasemibullvalene, which remained coordinated to the
metal fragment in a chelating mode. The mechanism of the rearrangement is proposed, which
explained the formation of two main isomers (the major and minor species detected in the
*'P{'H} NMR spectra of the reaction mixtures). The comparison between the IR CO-stretching
frequencies in [Rh(1)(CO)CI] and [Rh(phosphasemibullvalene)(CO)CI] reveals that the

phosphasemibullvalene is a slightly better net-donor than phosphabarrelene 1.

Figure 5.3 The pyridyl-substituted phosphabarrelene (left), its tungsten-carbonyl complex (middle) and the Rh-
phosphasemibullvalene comples (right).

It has been demonstrated that three novel classes of pyridyl-substituted phosphorus ligands can be
obtained from the PN phosphinine, all of them having very different electronic and steric
properties. On one hand, the pyridyl-functionalized 7»4-phosphinines, which are anionic ligands
that can coordinate two metal centers, one via the phosphorus atom and one via the delocalized
charge along the phosphinine skeleton. When a second donor-functionality is present in the ligand
structure, the coordination via the phosphorus atom is preferred. On the other hand, the pyridyl-
functionalized phosphabarrelene provides special steric demand in a phosphorus cage, which can
be taken in advantage for the design of complexes with specific characteristics. Moreover, from
this phosphabarrelene, the pyridyl-substituted phosphasemibullvalene ligand can be obtained,

which again offers different properties from the other class of molecules. In this case, a steric
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demanding compound with better net-donor abilities can be used as ligand for transition metal
complexes. In all cases, the pyridyl-functionality enhances the stability of the transition metal
complexes prepared, when compared to the examples on the non-functionalized phosphorus

analogues of the compounds reported in this work.
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