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Abstract

This work has been carried out within the frame of the Susphos pr&esBhos:i A
European Training Networ k f orisaBnital Brainmg bl e P
Network funded by the Marie CurieActions of the European Commissioffhe explicit

objective of SusPhos is the recycling, reuse and minimization of phosphorus waste by
converting it back to the chemical feedstoglch of the partners involved had to tackle this
challenge according to its experti§éne main focusf the Miller groupis the development

of new phosphorus containing molecules, to be usedthinute quantitiesas ligands in
homogeneous catalysis. The longstanding experiefidae groupin phosphinineligands

spontarousy ledto further exploration of thehemistry of these arelatedcompounds

In this respect ra improved synthesis of phosphinines is preseatethe beginning of the
work, aimedat a more phosphoresconomic synthetic processtarting from pyrylium salts
the use of a strong nucleophile in th&/@exchangen combination with salt elimination
resulted in higher yield&Scheme L

|O/)—R — =

Schemel. O/P exchange of pyrylium salt to phosphinine.

New phosphabarrelenderivatives have been synthesizdd [4+2] cycloaddition reaction
between a phosphinine ring and an alkyne, namely hexafRibrdyne orin situ generated
benzyne(Scheme 2 Different benzyne precursors were tested, in order to establish new
functional group tolerant pathways.
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Scheme2. [4+2] cycloaddition of a phosphinine to a phosphabarrelene.

Some phosphabarrelene derivatives showed to be praneltreversiorreactions, yielding
new phosphininalerivatives. Among thesean electrorpoor phosphinine was employed in

the activation of small oiecules at the loveoordinate P center
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New metal complexes have been obtained using phosphinine and phosphabarrelene ligands,

expanding the rather unexplored coordination chemistry of these compounds.

5-Phosphasemibullvalene derivatives have beescribedfor the first time, and were
obtained by photoisomerization of phosphabarrel§fetieme B The mechanism of the

reaction was investigated by means of DFT calculateord experimentally confirmed.

ﬂ\ hv @P
YA PSR = QXR

Scheme3. Photoisomerization of phosphabaemt to phosphasemibullvalene.

The substrate scope of the reaction and its selectivity have been invedtigateahging the

substituents on the ligand backbone

An extensive characterizationf the electronic and steric properties of phosphinines,
phosphbarrelenes and phosphasemibullvalenes is presehitéslis based on experimental
data obtained from the infrared spectra of Ni(0) complexes and from theoretical calculations.
Finally the three ligand classdsmave beeremployed for the first time in Au(l) catalyzed
reactions. The catalytic cycloisomerization of propargyl amides was successfully achieved

andthe ligandgproved to be suitable for the preparation of very active and selective catalysts.



Kurzbeschreibung

Diese Arbeit wurde im Rahmen des SusphogdRts durchgefiihrt. Suspha$A European
Training Network for 8stainable Phosphorus Chemistist ein von den MariSklodowska
CurieMalinahmen der Europaischen Kommission gefordertes Ausbildungsnetzwerke das di
Wiederverwendung, das Recycling und die Reduzierung von Phosphor Abfallprodukten durch
Umwandlung in das chemische Rohmaterial anstrebt. Die beteiligten Kooperationspartner
sind dieser Herausforderung gemafR ihrer Kompetenzen angegangsar. Anbeitsgrppe

Mdller liegt das Hauptaugenmerk auf demtwicklung von neuen auwhosphorbasierenden
Molekilen, die in minuziésen Mengen als Liganden in der homogenen Katalyse eingesetzt
werden sollen. Die langjahrige Erfahrung der Gruppe beziglich der Phospigaimden

fuhrte spontan zur weiteren Untersuchung der Chemie dieser und @hnlicher Verbindungen.

In dieser Hinsicht soll zu Beginn der Arbeit eine verbesserte Synthese der Phosphinine
prasentiert werden, in der die Reaktion durch Reduzierung der phosphendene
Nebenprodukte 6konomischer wird. Ausgehend von Pyryliumsalzen fihrt die Verwendung
von starken Nukleophilen in der “P-Austauschreaktion in Kombination mit einer

Salzeliminierungsreaktiozu héheren Ausbeuten (Schema 1).
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Schema 10/P-Austauschreaktion eines Pyryliumsalzes zum Phosphinin.

Neuartige Phosphabaten-Derivate wurden via einer [4+2}CycloadditionsReaktion
zwischen einem fHsphininRing und einem Alkin Klexafluore2-butin oder in situ
gebildetes Arinksynthetisiert (Schaa 2). Verschiedene Ar¥orstufenwurden getestet, um

neue Reaktionswege aufzustellen, die unterschiedliche funktionelle Gruppen tolerieren.
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Schema 2[4+2]-Cycloaddition eines Phosphinins zum Phosphaisarr

Einige Phosphabasen-Derivate zeigten eine Anfalligkeit fir CycloreversiBeaktionen,

die zu neuartigen Phosphirwerbindungen fihrte. Unter diesen wurde ein elektronenarmes



Phosphinin in der Aktivierung von kleinen Molekilen am eikdordinieten

Phosphazentrumeinge®tzt.

Die eher unerforschte Koordinationschemie der Phosphimd Phosphabagen-Liganden
konnte durch die erfolgreiche Synthese entsprechender Metallkomplexverbindungen erweitert

werden.

5-PhosphasemibullvaleDerivate, die durch Photoisomerisierungn Phosphabagienen
synthetisiert wurden, konnten erstmalig in dieser Arbeit beschrieben werden (Schema 3). Der
Reaktionsmechanismus wurde mittels DBB@rechnungen untersucht und konnte

experimentell bestatigt werden.

ﬂ\ hv Px

Schema 3Photoisomerisierung eisd’hosphabarralens zum Phosphasemibullvalen

Die Reaktivitt und die Selektivitat der Reaktion wurden untersucht, indem verschiedene

Substituenten im Liganden eingebaut wurden.

Eine umfangreiche Charakterisierung der elektronischen und steri&igenschaften der
Phosphinine, der Phosphal#e&ne und der Phosphasemibullvalene wird préasentiert. Diese
basieren auf experimentelle Daten der infrarotspektroskopischen Untersuchungen von Ni(0)
Komplexen und auf theoretischen Berechnungen. AbschlieRenddemwudie drei
Ligandenklassen erstmals in Au(l) katalysierten Reaktionen eingesetzt. Die katalytische
Cycloisomerisierung von Propargylamiden war erfolgreich und die Liganden erwiesen sich

fur die Darstellung von sehr reaktiven und selektiven Katalysatdsageeignet.
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1. Introduction



1.1 Organophosphorus compounds

Organophosphorus compounds arganicmoleculescontainingphosphorusThis molecule
class is very wide, since phosphorus can adoyariety of oxidation states and coordination
numbers and forns stable bonds with different atom®rganophosphorushemistry isa
rather youngliscipline whichhad some major development in the last 50 ye¢agether with
the dramatic increase gdhosphorus consumptioMost of organophosphorusompounds
(mainly organophosphateaje employed in the agricultural and food indysts fertilizers or
pesticides, while aninor partis employed in fine chemistryn applications that are of most

interes to scientists

In this respect,he principal area in which organophosphorus moleculiage been employed
is organanetallic chemistry, specifically as ligands lomogeneous catalysiand in the

preparation oo-called molecular materiaf§®

The continuously growing importance of transition metal catalysis is evidenced by the recent
awards of three Nobel prizes in 2001, 2005 and 2010. In these examples and generally in this
field, phosphorus ligands are ubiquitous. Their electronic and steric properties can be finely
tuned bychoosing the right substituents on the phosphorus ,atoaking them extremely
versatile platforms Also, new and desirable haracteristics such as redpropertes or
chirality can be implemented in the ligafrdmework resulting in unprecedented reactivity
Nowadays, a incredble variety of these ligands &nployed in any kind of catalytic process,

from the megatonproduction ofcommodity chemical to the milligram quantities of natural
products”®® More recently, aside from metabmplexes, some phosphomsntaining

molecules have been employed in (asymmetric) organocatdlysis

However, organmetallic chemistry is not limited to ligangynthesisand design The
developnent of newphosphorusdased systems to be employed in red@ctronic materials

an intriguing challengeNew, metalfree devices featuring conducting or ligammitting

organic materials have been studied extensively in the last decades and are d4till a ho
topic>®**Many of these systems are baseth mol ecul es conisgtemi ng art
which allow for highcharge carrier mobilityand a small HOM@.UMO gap. At the same

time, thei ncor por ati on of heavi edframenorkia a wimmiagu p el e

strategy for the modification and enhancement of these propé&iikswing this principle,n


https://en.wikipedia.org/wiki/Organic_compound
https://en.wikipedia.org/wiki/Phosphorus

the last decades a largmount of phosphorusontaining organicraittersand gtically active

derivatives wasynthesized® #

1.2 The phosphoruscarbon analogy

Phosphorushas been for long regarded as a chemat@meleon, thanks to its unique
similarity to the adjacent atoms in the periodic t&bl&lthough phosphorus is the higher
homologue of nitrogersome of its properties resemm®rethose of silicorf> > somethose

of carboi® and some other are uniqueterestingly the clearest resemblance is the one with
carbon with which there is a diagonal relationshiparbon and phosphorus have similar
Pauling electronegativity values (2.55 for C and 2dr9H respectively) andan der Waals
radii (1.70 A for C and 1.80 A for,Respectivelyf’ The similar chemical properties lead to
strong covalent carbegphosphorus bond¢bond dissociation energie€-C 605 and FC
507.5kdmol'Y).?” Therefore the reactivity of the two elements is much more similar than the

reactivities of carbon and silicon.

This in mind, it appears clear why a commsetrategy for the synthesaf new phosphorus
containingcompounds i2o0 mimic the chemistry bcarbon which has been more widely
explored in the last centurie® fact, thisamalogy enablsthe synthesis of a great number of
organophosphorus compounds, in whicloiRe pair fragmentsubstituteC-H moietiesthanks

to the isolobalequivalencebetween these two unit@igure 1).?° The sameapplies to
compounds havingalence isoelectroniC or P moieties

! g h § A 0
g T A LT A ¢ o of

Figure 1. Isolobal analogy between-B and Rlone pair fragments.

Even though theelationshiphas been mainly observed for molecules containing phosphorus
in coordination numbers one and tWlow-coordinatespecie} also examplesvith higher
coordination numberare reported®?® This approach allowetbr the synthesis of different

organophosphorus moleculefew examplesirereported inFigure2.2®
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Figure 2. General structures offterent linear and cyclic organophosphorus molecules.

Most of these molecule classes have been studied extensimdlyseveral publications
describe their @activity and their properti€§. Phosphinidenesi(l) are the phosphorus
analogues of carbenesmd nitrenesThey are transient species and halraost exclusively
been trapped or stabilized by bulky gps, such asN\HCsor metal fragments°2*°The first
phosphinidene derivative which is stable at room temperature has been recently teported

Bertrand ando-workers!

Phosphaalkenes and phosphaalkyrie énd 1.3, respectively)also have an extremely rich
chemistry Their coorihation propertiesandreactivity (mostly cycloadditionsinimic the one
of alkenes and alkynes, as anticipated by the phospbarbsn analog$®*?3* They have
been usedextensively as building blocks for the synthesis of phospharstaining

heerocycles, such as phosphol&g}) or lamger ring system&

Phospholesare phosphms-containing 5Bmembered ringsand the higher homologues of
pyrroles. These molecules sometimeshibit peculiar optical propertiesthanks to the
presence of the heteroatoifhe coordination chemistry is quite rich, but mostly they found

application inthe preparation of monomeric and polyméight-emitting materiald®2%%

Also phosphininesl(5) are knowrfor many decade¥ Among their properties, it is worth to
mention the reactivity towards activated alkynes, which leads to the formation of
phosphabarrelendd 6).3” Thesetwo molecules are the phosphomsntaining analogues of
benzene and barrelene. The presence of a lone pair on the heterodtesntimean potential
ligands in organometallic chemistry and a few examples of phosphinamel
phosphabarrelergasedcatalysts have been reporfetiThesetwo molecule classegheir
properties coordination chemistry and applicationsll be extensively introduced in the

following chapters.



1.3 Scope of this Work

While the chemistry of phosphines and other P(lll) species has been dtrdaéetbng time
and these ligandsavefound application in many fields, the chemistry of phosphinines and
phosphabarrelenes is much lesplored Even though thegre known for decades, they have
been regarded as chemical curiosifmsa long timg and theirorganometallic chemistry has
been only poorly investigated-or this reasoni is important toinvestigatethe chemistry of

these compoungsvhich ha shown very unpredictablnd surprising results

Since the reaction pathways that lead to the formation of phosphinines are sometimes
complex and have low vyields, the first objective of this work is the improvement of the
synthesis, in order to haveasier access tolarger amounts of phosphinigeand

phosphabarreles¢hrough anoreatomeconomic synthetic process

Thesepeculiarcompound haveunprecedentedharacteristiceind it has become of interest to
study their electronic and steric properti@s order to better understand and predict their
behavioras ligands in homogeneous catalystbiosphinines are expected lie strongp-
accepors, even though an-aepth study on their electronic properties is still missing in the
literature. Even less is known about the electronic properties of phosphabarrelenes. An
extensive study and a comparison betweerekbetronic and steric propertiesthese related

ligand classess the objectve of this study

Finally, since only a few catalytic applications are repoftedhese ligandst is important to
extend thescope of their metal complexbey applyingthem in new catalytic reactiong he

ligands will be used in the synthesis dfAuCl] complexes which will be tested as
(pre)xatalysts in cycloisomerization reactioi$ie supposedly strongraccepting properties

of these ligands are expected to be a crucial ctarsiic for the formatiorof a strongly
electrophilic gold center, which is fundamental for the successful conversion of the substrates.
The study 6 the electronic and steric propertissimportantfor the understanding ahe

relationship between the electronic properties aac#talytic activity.



2. Phosphinines

Part of this chapter has been published in:

i 2 , -Briphenylphosphinine and 2,4tiphenylphosphabarrelene revisited: synthesis,
reactivity and c ob.rRijo, d.aAt \IV.cSklorz¢ M. ¢latje, $.t Noaclkg M.
Weber, J. Wiecko, C. Mller, Dalton Trai2016 45, 2218.



2.1 Introduction

Phosphinines are aromaticn@embered heterocycles containing one phosphorus atom. These
molecules are the first example in which a P=C double bond has been included in an aromatic
system. Interestingly, they are among the first compounds to violate tiéedoond rule,

which states that multiple bonds with elements of the third period or higher are nof%table.
Usually they are referred to @s(>phosphinines according to the IUPAC nomenclature,
where the descriptorse-and 0 stand for the valency and the coordination number of the

phosphorus atom, respectively.

The first derivative that has been described in the literature istéghénylghosphinine2.1,
which was synthesized in 1966 by MatkiThe parent compoundsBsP 2.2 was reported a
few years later in 1971 by Ashe IFigure3).%

X X
P P
T P
21 2.2

Figure 3. The firsta®i®>-phosphinine derivative2(1) and the parent compoun®.?).

2.1.1 Electronic and Steric Properties

These heterocycles, also known @ssphabenzenas phosphorinsare closely related to

their carbor and nitrogercontaining counterparts. In fact, similarly to benzene and pyridine,
they are planar, aromatic and foll ow H¢gckel ¢
confirmed bytheoretical investigations. In particular, according to bond separation methods,

the aromaticity of phosphabenzene is as high as 88% of benzene, which was suggested by
chemical hardness calculatioff$! Also Nuclear Independent @©mical Shift (NICS)
calculations confirmed the aromaticity of the compound, resulting in a vaki®&f ¢11.5

and-10-6 for benzene and pyridine, respectivéfy).



These findings are endorsed by the structural characteristics of these compounds. As shown in
the molecular structures of several derivatiibgre is no alternation in the bond lengths
between the & or the PC bonds. In addition to this, the® bondsare elongated to about

1.75 A, which lays in between the lengths of typicaCPsingle bonds (PRh1.83 A) and

P=C double bonds (diphenylmethylenephosphaalkene: 1.66° Experimentally, the
aromaticity is confirmed by the NMR spectra, where all the resonancegeraly found in

the downfield area.

The poor ability of phosphorus to hybridize, together with the larger atomic raduses a
decrease of the-€-C angle to about 100°, closer to the angle of 90° between unhybridized p
orbitals, resulting in a distorted hexagon shape of the heterocycle.

1.39 A @.39 A
| /

P175A
120° 100°

Figure 4. Average bond lengths and angile®enzene and phosphinine.

As phosphinines are the heavier homologues of pyridines, it is interesting to compare the
respective electronic properties, which are summarized imtiecular orbital (MO) diagram
(Figure5).***The lone pair of the heteroatoms is best describetidotdOMO in the case of
pyridine and by the HOMQ in case of phosphinine. Also, tbebital on the phosphorus is
more diffuse and less directional. This is reflected by the calculated value fochheaster

of the lone pairs on the nitrogen and on ph®sphorus atoms, which 20.1% and 63.8%,
respectively*? Consequently, phosphinines show a very low basicity in aqueous solutions
with a pKa (CsHeP") = 16.1+ 1.0 (pKa (CsHgN™) = 5.23)* In addition to this, the LUMO of
phosphinine, which hap-symmetry, is much lower in energy compared to its nitrogen
counterpart. |t f ol | ows -dohdnsaand spromgems pcoeptars n e s
compared to pyridines. Finally, the HOMO and HOMOf phosphinine can in principle
contribute inp-donationdue to their symmetry. By introducing electrdonating substituents

on the periphery of the phosphinine ligand, this property can be enHdnced.
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Figure 5. Simplified MO diagram of the frontier orbitals of pyridine (left) and phosphinine (rf§ht).

Regarding the steric properties, phosphinines are quite different from classical P(lll) ligands.
Usuallyt he steric bulk of these compounds is evV
defined as the apex angle of a cylindrical cone, centr2@8 A from the P atom, which just

touches the van der Waals radii of the outermost atoms of the fiy&irte phosphinines are

rather fat heterocycles, a different descriptor is needed to better define their anisotropic steric

demand. Il n this r espec arecomnioely usedltcesepvaluate the angl e
49151

steric bulk on the planes x and y, respectivEigure6).

Figure 6. Steric bulk of phosphinines compared to common P(lll) ligands.

2.1.2 Synthesis

Nowadays several procedures allow five synthesis of a large variety of differently
substituted phosphinines. Here only three methods will be introduced; the others are

extensively described in the literatdré:>



10

The first methodology is the szmlled pyrylium sk route,which wasreported in 1968° The
reaction proceedsia O'/P exchange performed by a phospisecontaining nucleophile
(Schemel). The firststep s bel i eved to be the attack of
carbon atom of the pyrylium salt with subsequent-opgning. A rearrangement followed by

a ringclosurecompletes the formation of the aromatic phosphbetsrocycle?

pyrylium salt phosphinine

Schemel. Synthesis of pyrylium salts and phosphinines.

The first reported phosphinine2.1 was prepared from 2,4t6phenylpyrylium
tetrafluoroborate and P(GBH); in refluxing pyridine, and was obtained as a yellow aird
moisturestable solid in 280% yield* Alternatively, P(TMS}) in refluxing acetonitrile can
be used as phosphorus source, leading to only slightly higher vyields and to
hexamethyldisiloxane (TM®-TMS) and MeSiBF, as byproduct® Apparently, exchanging
BF, by I in the pyrylium salt leads to even higher yields (45%pespite its hazaous
nature, pressurized BHn an autoclave reaction gives pugl in 77% vyield after
recrystallization and only #0 as byproduct®®*® Similarly, performing the OP exchange
with PHyl asin situ PHs-source in butanoR.1 is obtained in 61% isated yieloff7 PHul is,
however, not commerciallgvailable anymore. Fahe preparation of the alkgubstituted
2,4,6tri-tert-butylphosphinine the salt Li[P(SiMg] was employed, yielding 75% of

product®®

The advantage of this synthetic path is the versatility. Pyrylium salts have been deeply
investigated in the past century and they can be easily prepared with different arylic and

alkylic substituents on the pyrylium ring.

A different pathway, useful to access lewbstituted phosphinines, was reported for the first
time by Regitzet al. in 1986°%°! Phosphaalkynes were employed asndphiles in [4+2]
cycloaddition reactions with cyclopentadienones or pyrones to obtain-salkgtituted
phosphinines after exclusion of CO or £@spectively $cheme?).
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Scheme2. [4+2] cycloaddition reaction between pyrone and a phosphaalkyne.

The same concept was applied by Gritzmacktenl. using sodium phosphaethynolate
(NaOCP) as dienophile, obtaining phosphirielate and zhydroxyphosphining® These

have subsequently been used as platforms for tiparaion of bidentate ligand3Similarly,

Muller et al reported on the cycloaddition of TMSI P wi t dsubstituted myrones to

yield bromophosphinines, #it can baised as substrates for crassipling reaction§! These
reactions tend to have high yields, but as a drawback the number of available phosphaalkynes

is rather limited.

The diazaphosphinine route was developed by Mathey. exploiting the peculiar reactivity
of azaphosphinines such 28°°°" The readbn proceedwia two subsequent cycloaddition

cycloreversion steps, with the elimination of two equivalents of pivaloylcyaBiciee(mes).

N. N A, toluene ~__N A, toluene R, P Rq
P R P
- tBuCN - tBuCN
2.3

Scheme3. Synthesis of phosphininega the diazaphosphinine route.

As in the case of the pyrylium salt route, this reaction allows for the customized introduction

of substituents on the phosphinine ring, since two different alkyndsecamployed.

2.1.3 Reactivity

As stated above, phosphinines have rather different properties compared to their lighter

homologues. Some reactions summarizing their peculiar reactivity are repoBietteimes.

Due to the low basicity, phosphinines can be protonated only by very strorgxidaing
acids with weakly coordinating anions. The only example reported in literat@d. 9 A
large number of oxidized derivatives has been obtained. Phosphinine oxide has béed detec

but could not be isolated due to its high sensitifAtpxidation with HO, leads to the

11



formation of a 2hydro-phosphinic acid derivative2(5).”° Oxidation with Hg(OAc) in the
presence of al cohol s’phpsphnindsdikets.iDipls &nyg didminesor e s ¢
canalso be employet!:">Moreover, several phosphinines have been oxidized by heating up

their toluene solutions in th@esence of elemental sulf@&.7).”>"*Phosphinineselenides are,

on the other hand, still unknown. The oxidation can also be achieved using halogens,
obtaining products, such &8 (X = CI, Br).”>’ One electron reduction and oxidation

products have also been reported for phosphirffhdg?

The difference in electronegatiyitbetween carbon, phosphorus and nitrogen (Pauling
electronegativities: 2.2 for P, 2.5 for C, and 3.0 fof’Ngsults in an opposite charge
distribution in pyridines and phosphinines, which present electrophilic character at the P
atom. Hence, #reaction with strong nucleophiles, like Grignard or organolithium reagents,

yields (IR)-phosphahexadienyl anions of the tyg® ( a | s o “elaosphimings} ?5
Phosphininium cations, such asl0Q, have been pr e‘phosphidinelvith t r e a:

hexachloroethane and subsequently abstracting a chloride with.BaCl

Finally, and most interestingly for this work, phosphinines also undergo [4+2] cydioad

with activated alkynes to yield phosphabarrelenes, as in the caslLofhis will be the topic

of Chapter 3.
[CHB11Me5CI6] o \\ R,
R
2 A
[ -
_ R P Rs
R Po Rs S
H 2.7
2.4
PR R2
/ )
7% | X
7/ /
ZP\// R RO Rs
x x
2.11

N/

B fl“
@ TMS

GaCl
[Ga 4] 2.10 2.9

Schemed. Reactivity of phosphinines.



2.1.4 Coordination Chemistry

Thanks to their unique electronic asigric properties phosphinines show a rich coordination
chenistry towards transition metaf3®*®® Interestingly, hey are ambidentate ligands being
able to coadinate to metal centergia the lone pair on the phosphorus atomva the
aromaticp-system.For this reason, different coordination modes and their combinations have

been observenh transition metals complexéBigure?).

[
M

7 M M =
| P < P-M _FC K « Jl—m
i | | . W' F

M M M

n' n® n', n® n? n', p2 n', n?

Figure 7. Coordination modes @F(i*-phosphinines.

The most common is thé'-coordinationvia the phosphorus lorgair and, since the
seventies, several examples have been reported in litetatfifehe h®-coordinationvia the
p-systemmainly occurs with early transition metals, and can be achieved by choosing the
right metalprecursor or by using phosphinines bearing sterically encumbered groups on the
U-carbons’™ ** Combinations of these two coordination modes were also reported.

Several examples of phosphinines bridging ttwanore metal centers are known, mainly in

the presence of an additional donor moféty” A similar example was described in which a
phoghinine ligand bridges two osmium centers and coordinates to an additional metal center
via t h ecardon under disruption of the aromaticit§.Finally alsoh?coordination was

observed in a phosphabenzyzieconocene dimet™*

Remarkably, a common feature of these complexes is the decrease in the aromatieity of t
heterocycle upon coordination to a metal center. This way the phosphinine tends to behave
more like a phosphacyclohexatriene, being subjected to nucleophilic attacks at the P=C
double bond® Still, many interesting metal complexes haverberepared and characterized

in the last decades, also showing interesting structures such as coordination oiéts

or heterocubane clustel¥,

13
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2.1.5 Polydentate Phosphinines

In order tofacilitate the coordination to a wider range of transition metals, additional donor
moieties have been introduced in the phosphinine framework. Thanks to this strategy the
stabilization of metal fragments in medium to high oxidation states was achieadidgléo a

much broader scope of applications for phosphinines and their corresponding metal

Complexe 48 105,106

The most common combination of donor atoms in this respect is found-iylftd ligands.
The combination of a soft phosphorus atom and a hardgeitratom in the same chelating
ligand has been extensively employed in coordination chemistry. Pguthgtituted
phosphinines have been reported and metal complexes in boethridvihighoxidation states
are known up to now. The first example of this iigns the secalled NIPHOS Z.12 Figure
8), which was reported by Matheyd ceworkers Due to its sensitivity towards nucleophilic
attacks, only afew coordination complexes have been repotted'® A chiral version
including a oxazoline moietyZ.13 was reported later on by Breit andworkers™'° Miiller

et al reported on the synthesis opgridyl-4,6-diphenylphosphinine2(14), which proved to
be quite stablelueto the presence of the phenyl group on theosition. A number of metal
complexes bearing this ligand have been repdffed’ '™ Similarly, the same group also
reported on a PNP terpyridine derivative.

f% %

Figure 8. PN-hybrid phosphinine ligands.

Bidentate phosphinines with an additiosalfur atom have also been reported. Thiophene
substituted ligands have been obtainéalthe pyrylium salt routé’® and SPS pincetype
ligands were prepareda the diazaphosphinine route usingyayl-substituted phosphanes
and subsequently oxidizing with elemental sulfur. These derivatives were used in
coordination chemistry as anionic liganda1® and interestingly were able to activate

alcohols and aminebkely in a sulfurassisted mechanisra.(6 Schemes) 2" %
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Schemeb. Synthesis and reactivity of 2{fis(diphenylphosphanylsulfide)phosphinine.

Anionic PGhybrid ligands have been obtained byHCactivation of 2phenytsubstituted
phosphininesRigure9). First the ligand coordinates inh&-fashionto the metal centeand
upon addition of a basthe cyclometalation occurs. These anionic ligands are isoelectronic to

the above mentioned Pljands @.14) and are able to stabilize metals in oxidation states 2

and 3121'[ 124
Ph
B B
— ~
Ph™P7 YT P Y
Oc. P
217 2.18

Figure 9. PGhybrid phosphinine (left) and the first biphosphinine derivative (right).

Biphosphinines have also been reportemjre 9). Bipyridines, the nitrogen analogs, are a
well-established class of ligands, and their applicatamesubiquitousn studies of electron

and energy transfer, supramolecular and matectasnistry, and catalyst§® It is therefore
interesting to investigate the properties of the phosphinine analogs, for which a few synthetic

procedures have been reported in the last decades.

Most of these compounds have been obtained ustbgorBophosphinines as starting
materials. Since in these spexcthere is always a potential competition between the reactivity
of the GBr and P=C bonds, it is advisable to either protect the P=C bond or to activate the C
Br bond. In the first reportoncerning the syntheswf a biphosphinine, the P=C bond is

protected by oxidation with sulfufollowed by a[4+2] cycloaddition. A classical -

15



couplingis subsequently performeahd thebiphosphinine is then obtainéy desulfurization
and cycloreversio’® A second procedure deals with the-fiRddiated activation of the-Br
bond, using stannylphosphinines as coupling partners in a Stille coupling réatfiom
simplest method known is the direct reductive coupling -bfdmophosphinines with the
bulky lithium tetramethylpiperidide (LITMP?® Otherwise double ring expansion methods
starting from a biphosphole have been reported.

The most recent procedure to generate biphosphinine is a-ptigi)oted homocoupling of
(2-phosphininyl)halogenozircocene complexes. In this synthetic approach;stefvprocess
first involves a double &r to GNi bond metdtesis, leading to an intermediate Ni(ll)
complex, followed by a classical reductive elimination favored by the impased
stereochemistry. Then hexachloroethane can be used to oxidize-toenplex, giving free

biphosphinine with the concomitant relea$¢Ni(dppe)Ch].**°

Even though several metabmplexes in low oxidation states and metallates have been
reported in the literature, a simple and versatile procedure for the synthesis of differently

substituted biphosphinines still has to be implemehtet?

2.2 Results and discussion

In this chapter the attempts to improve the synthesis of-&jdrgl-phosphinineswill be
presented. In addition to this, new insights in the coordination chemistry of these heterocycles

will be given

2.2.1 Synthesis of 2,4;6iaryl -phosphinines

Among the reported derivatives with different substitution patterns,-&2idrgl-phosphinines

are remarkably stable and are inert towards water, oxygen and many acids and bases, in
contrast to less substituted ones. In addition to this, the pyryliuntadé is a modular
approach which allows for the introduction of differently substituted-ramgls in the
phosphinine framework starting from cheap and readily available building blocks. In this



respect, the main drawback is thenerally poor yield oftte O/P exchange, although some

progresses have been reported in literature.

To improve the yield of the TP exchange, different phosphorus sources can be tested.
According to the proposed mechanism, the res
carbon Consequently stronger phosphoruscleophiles, such as phosphides, could result in

better yieldS®At f itBuBNac aafie d 0 Vv e b, sepodatl byoGritziNaxetal.

was employed§cheme6, a). The reaction was performed in THF at F78 °C, and the
solutionwas slowlyheated upo room temperature. A'P NMR spectrum of the reaction

mi xXture showed a qu&50ppenirelaive toshe formationiofBalt el y 0

o Ph a) NaPH,(tBuONa),
BFy4 b) NaPH,
B ¢) LiPH,(dme)
= PH3 + unknown products
Ph @O Ph
2.19

Scheme6. Reaction betweeR.17and different phosphide sources.

Since the presence of the strong nucleofBilgD could affect the outcome of the experiment

by reacting with the starting material or the product, the reaction was performed again using
Anakedo s ¢,butarndogunatefy th® ddme result was obtairBzhémes, b and c).

It has to be mentioned here that the water formed during the possible reaction &i8een
and a PH anion would react with MPHitself, yielding PH and MOH.

Finally, the phosplde sources have been tested with the desired product itself, to verify its
stability towards their strong nucleophilicitg¢hemer). Again, only PH was detected in the

reaction mixture by means 8P NMR spectroscopy.

a) NaPH,(tBuONa),

Ph
b) NaPH,
| N c) LiPH,(dme)
P PH3 + unknown products
Ph P~ "Ph
21

Scheme7. Reaction betweeB.1and different phosphide sources.

This proves that these phosphides are too basic to be successfully used in this seaotion,

they deprotonate and possibly decompose both substrate and product.

17



18

At this point, weaker nucleophiles have been employed. Sodium phosphaethynolate (NaOCP)
wasfoundto react in mangases as a weak, phosphenusleophilet*> A sample o2.17was
treated with a slight excess of NaOCP in different solvents af78 =C SchemeB).

S) Ph

BF,4
N NaOCP(dioxane),
| _ > unknown products

Ph @O Ph
219

Scheme8. Reaction oR2.17with NaOCP.

Unfortunately no resonance was observed irf fReNMR spectra of the reactionixture and
in one case only aaxidation product of NaOCP was detected. The same reaction was then
performed using slightly modified reagents, such as NaSCP aSa(®CO)-*'*Again, no

product was observed in the reaction mixture.

Better results were obtained using P(TM8erivatives. At first P(SnR)y was tested as a
synthetic equivalent of P(TM&)n the conversion of pyrylium sak.19to phosphinine.1
(Scheme9).

©BF, ¥ oh
/fj P(SnPhs)s | XN
< —Z

Ph™ O Ph Ph” P~ “Ph
2.19 2.1

Schemel. Synthesis oR.1with P(SnPh)s.

The reaction was performed in refluxing acetonitrile or THF. In both cases the resonance
relative to the starting material slowly decreases while a new resonance rises at around
U= 180ppm, confirming the formation of phosphini@el. The reaction seems stop after 3

days, before full conversion is reached. Unfortunately, the difficult separation did not allow
for the isolation of the product. In addition to this, the toxicity ofcntaining compounds
discouraged further attempts in this direction.

Another, more successful attempt was done using more nucleophilic derivatives such as
M[P(TMS),] (M = alkali metal). In fact, the formation of a MBBalt precipitating from the

reaction mixture should favour the formation of the desired heterocycle. M[P¢JSESis



were prepared according to a literature procedure, by reacting P{TM®) different

nucleophiled?"1%

An optimization of the conditions has been performed ugit§ as substratelThe pyrylium

salt and M[P(TMS) were put together in a Seimk flask under an argon atmosphere; the
solvent was added and the mixture was heated up for the given time. At the end, all volatiles
were removedh vacuoand the crude product was eluted through a plug of neutral alumina to

afford the pure product asyallow solid.

The reaction was first examined using Li[P(TMSh different solventsT{able1). THF was
found to be the most suitable one a|dctions in DME and in the solid state also gave good
results. MeCN could not besed because it reacted with Li[P(TM&) while 2.19 was

completely insoluble in toluene.

Table 1. Choice of the solvent. Conditions: 1 eq. Li[P(TMShefluxing for 6h.

Solvent | THF MeCN DME Toluene Solid state

Isolated yield | 56% - 44% - 48%

Afterwards, thenecessaryeaction time was investigated, by running doaversion of2.19
with Li[P(TMS),] underthe same conditions for 1 h, 6 h and 16 h, proving that a prolonged

reaction does not significantly affect the outcorhab(e?2).

Table 2. Choice of the reaction time. Conditions: 1 eq. Li[P(TMSkfluxing in THF.

Time ‘ 1h 6 h 16 h

Isolated yield ‘ 33% 56% 55%

Different reaction temperaturelsave beeninvestigated an overnight reaction at room
temperature and a shorter microwave reaction at T = 100 °C were performed, resulting in

lower yields Table3).

Table 3. Choice of the temperature. Conditions: 1 eq. Li[P(THIS)HF.

Temperature ‘ 16 h, rt 6 h, reflux 3 h, 100°C

Isolated yield ‘ 28% 56% 31%
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Different ratios of pyryliumsalt/Li[P(TMS)] were alsotested, showing that af@ld excess

of the phosphorus source results in the highest yiedlé4).

Table 4. Choice of the ratio. Conditions: Li[P(TM§) 6 h, refluxing THF.

Ratio ‘ 1:1 1:1.4 1:1.6 1:2

Isolated yield ‘ 56% 52% 54% 76%

Finally, a screening of the counterion was performed and different alkali metals (Li, Na, K)
were employed, both in a 1:1 and 1:2 ratio. Thmparison shows that reasonable yields are
obtained with all three bigimethylsilylphosphides, although there is no significant difference
between using one or two equivalents N&[P(TMS)] and K[P(TMS),], in contrast to
Li[P(TMS),] (Table5).

Table 5. Choice of the counterion. Conditions: 6 h, refluxing THF.

Li[P(TMS) 2] Na[P(TMS),] K[P(TMS) 5]
1 eq. 56% 45% 46%
2 eq. 76% AT% 51%

Finally it turned out that the optimal reaction time is 6 h, while the solvent of choice is THF
under refluxing conditions. Interestingly, the use of 2 equivalents of Li[P(JIM&)s a
beneficial effect on the yield of the reaction, as 76% of isolated-&jgl@&nylphosphinine

could be obtained.

Next, the new procedure has been tested for the preparation of othdridmlphosphinines
for which the isolated yields are normally rath@w. The pyrylium salts which were chosen
are precursors of phosphinines having particularly interesting propdfiges€10). 2.20is

48,106

the precursor of -22-pyridyl)-4,6-diphenytphosphinine Z.14), which is a phosphorus
containing analog of bipyridine, whif2.21is used to prepare 2diphenyt5-methyt6-(2,3
dimethylphenyBphosphinine Z.22), an atropisomeric phosphiningtiwvpotential applications

in asymmetric catalysis> 4



Figure 10. Different pyrylium salts screened in thé/B exchange.

Starting from theoyrylium salts and P(TM$)2.14is usuallyobtained in an average yield of
25%, while2.22 s typically isolated in only 1Q15% yield. Interestingly it turned out that
these compounds can be prepared in significantly higher yields under the same optimized
conditions described fo2.19 with which both ligands could be obtained in 37% isolated
yield.

2.22 Coordination Chemistry

Even though phosphinines have been used as ligands in coordination chemistry for a long
time and DFT calculations suggest them to be stmpagceptors, an wepth study on their

electronic properties and a comparison with stétthe-art ligands is stilmissing.

To examine their electronic properties as ligands, nuetdlonyl complexes were
synthesized. In fact, metahrbonyls can be used as probes for the evaluation and comparison
of the electronic properties of a ligand, since the stretdnatgierty of the CO bands in the
infrared spectra is proportional to the Hdenation of electron density from the ligand to the
metal center. More precisely, the higher the-dwtation, the lower the frequency of the
stretching vibration. For this reason thendaten complexX2.23 was prepared by mixing
equimolar amounts o2.1 and the metal precursor [(THF)W(C{P)Jn THF. The tungsten
precursor was prepared by stirring a suspension of [WH{JGOYTHF for 2 h under UV light,
according to a modified procedure deised by Deberitz and Nof.
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SchemelO. Synthesis of comple®.23

Within 30 minutes, thé'P{'H} NMR spectrum of the reaction mixture shows one single
r es onarmrd®.lppm with characteristic satellites due ‘. coupling. This is in
agreement with the quantitative formation 223 which was characterized by means of
NMRandIRspectroscopy. The I R spectrum of t
bands =at?2 (I 73, 19 9 2, SIngle@ystasrsuitable 0@y diffraction
analysis have been obtained by slow evaporation from a concentrated solution ie.pEman

molecular structure in the crystal is depictedrigure11.

Figure 11. Molecular structure 02.23in the crystal. Displacemesetlipsoids are shown at the @Oprobability
level. Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and anglésQ®):1P737(2); PC5:
1.733(3); PW: 2.5053(7); CLC2: 1.390(4); CRC3: 1.403(4); CBC4: 1.3D(3); C4 C5: 1.394(4); CILPi C5:
103.6(2).
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Similarly, another tungsten complex was prepdogdmixing 2.1 and the metal precursor
[(MeCN),W(CO),] in a 2:1 ratio in THF $chemell).

Ph Ki
\ P /\
+  0.5[(MeCN);W(CO),]

- P
Ph OC W .\CO h
OC CO
2.24

X
| 0

Ph” P
2.1

Schemell Synthesis of complek.24

The product, that was also detected in traces aspsidict in the previous reaction, has a
chemi cal =16hdppmtin te'P{*} NMR spectrum, with characteristic satellites
due to*Jpw coupling. IR and®C NMR spectra suggest the formation afiscomplex, which
was confirmed by single crystals-rdy diffraction analysis. The molecular structure in the
crystal is depicted ifigurel2.

Figure 12. Molecular structure o2.24in the crystal. Displacement ellipsoids are shown ab0% probability

level. Hydrogen atoms and solvent molecules are omitted for clarity. Selected bond lengths (A) and angles (°):
P1i C1: 1.744(6); PLC5: 1.744(6); PIW: 2.494(2); C1C2: 1.392(8); CRC3: 1.397(8); CBC4: 1.399(7); C#

C5: 1.385(8); PrC24: 1.7326); P2 C28: 1.746(5); PDW: 2.500(1); C24C25: 1.394(6); C25C26: 1410(9);

C3i C4: 1.39(1); CACS5: 1.3918(7); CilPi C5: 103.6(3); C2¢Pi C28: 104.0(3).

As will be discussed in Chapter 5, [LNi(C{P)ype complexes are thraost suitablgrobes to

investigate lte electronic properties of a ligand. To prepare them, an excess of [Wi({Z3)
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condensed at T 196 °C onto a solution with the appropriate ligand indoaling NMR tube
with a condensation lin€&SChemel 2).

| X
. —R
| > L [Ni(CO),] o
- -co |
\‘Ni\
oc" \ CO
cO

Schemel2. Synthesis of nickel complexes of the type [LNi(GJO)

Upon thawing of the solution and shaking, a violent gas evolution was observed in the NMR
tube. In the’’P{*H} NMR spectra, a downfield shift was observed, suggesting the formation
of the respective nickel complexes. Figure 13 are reportedhe ligands employed in this
reaction. For ligand2.22 the reaction was extremely fast and twrespondingcomplex
turned out to be quite stable.rAayands2.1, 2.2 and 2.25 it was necessary to degas the
reaction mixture in order to eliminate the CO produced in the NMR tube during the reaction
and to reach full conversion. Moreover these nickel complexes were not stable and
decomposed under vacuuin.particular,2.28 showed to be quite volatil€&or the synthesis

of this complexti has beemecessary to carefully perform a stoichiometric reaction in DCM
and directly measure the IR spectrum. LigarZbdid not react at all with [Ni(CQ).

Ph Ph
5 — — — | ~
Ph”™ P~ “Ph P Ph" P P ™S™ P° TMS
2.1 2.2 2.22 2.25 2.26
Ph Ph
| N | N \ Ph._~_Ph Ph._~Ph
Ph F|> Ph F|> Ph F|> F|> ™S 'lD ™S
Ni Ni Ni Ni Ni
oc” \CO oc" \co oc"\co oc” \ co oc” \co
CO CO Co CO CO
2.27 2.28 2.29 2.30 2.31

Figure 13. Phosphinine ligands employed in the reaction with [Ni(@)d correspondinmetal complexes.

Evaporation of the volatiles yielded the compounds as grey solids, due to partial
decomposition. The IR spectra were measured in X0ON showed the expected pattern for
[LNi(CO)3] type complexes. The spectra will be discussed in Chapter 5, as a comparison with

phosphabarrelenes and phosphasemibullvalenes will be pretesreed
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In order to evaluate the properties of phosphininesgandis in golecatalyzed reactions,
three [LAUCI] type complexes were synthesized starting from [AuCIlggNteDCM at room
temperature and suitable ligand2.1or 2.220r 2.26 (Schemel?2).

Ph Ph
[AuCI(SMey)] —————> > > —
- SMe, Ph IT’ Ph Ph IlD TMS IT T™MS
AuCl AuCl AuCl
2.32 or 2.33 or 2.34

Schemel3. Synthesis of complexés32 2.33and2.34

Quantitative formation of complex&s32, 2.33and2.34was observed in th&#P{*H} NMR
spectra, where a single upfiedtiifted resonance was observed. Evaporation of the volatiles
yielded the compounds as pakellow solids quantitatively. To completely remove
dimethylsulfide it was necessary either to dissolve the complex agaiemode the volatiles

for a couple of times or to dissolve the complex in the smallest amount of DCM and
precipitate it with diethyl ether or pentane. In this way the obtainedyedtav solid could be

more easily thoroughly dried in vacuum. If needed, \wastvith diethy ether or pentane was
helpful. Phosphininegold complexes are known for quite some time but have only recently
been characterized crystallographicafly. The molecular structureof 2.33 in the crystal
(Figure 14).2*? interestinglyreveals thathe presence of the methyl groups causes a strong

torsion of the xylyl ring compared to tipenyl ring(-77.6°vs-39.1°).

Figure 14. Molecular structure oR.33 in the crystal: top view (left) and front view (rightRisplacement
ellipsoids are shown at the 50% probability level. Hydrogen atorda solventmoleculeare omitted for clarity.
Selected bond lengths (A) and angles (2AWP 2.2040(7), AuCl: 2.2674(8), PC1: 1.715(3), PL5: 1.721(3),
C1-C2: 1.391(4), CX3: 1.412(4), C4: 1.399(4), C4C5: 1.379(4), CIP-C5: 107.26(14).
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Single crystals of2.34 suitablefor X-ray diffraction were obtained by slow evaporation of

DCM at T =-35 °C, and the molecular structure in the crystal is depictEdyurel5.

Figure 15. Molecular structure oR.34in the crystal. Displacement ellipsoids are shown a6 probability
level. Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and anglésQ®):1P722(3); PC5:
1.721(3; Pi Au: 2.2082(9); AuCl: 2.2707(9); CLC2: 1.410(4); CRC3: 1.399(4); CBC4: 1.401(4); CHC5:
1.412(48);,C1i Sil: 1.914(2); CBSi2: 1.915(3); CILPi C5: 112.0(1).

Interestingly, as observed in other reports, the PCP angle is surprisingly large compared to
2,4,6triaryl-substituted phosphinine metal complexes. (112° vs 106°)** This fact is
ascribed to the high steric decalgonsdModver,t he t
this structure shows a rare distortion of the planarity of the phosphinine ring, for which a
torsion angle (CZX4-C5P) of 13.8° is ob=rved. This is not observed in tlselid state

structure of the free ligand? and can be ascribed to the steric bulk originated by the TMS
groups and thgold atom. This phenomenon has only been reported once for a similar ligand

bearing ferrocenyl substituents in positions 3 afi 5.

2.3 Conclusions

An improved synthesis of 2,46arylphosphinines has been presented. To perform tHe O
exchange a suitable nucleophile is needed. Phosphides are too strong bases and deprotonate
the substrates forming BHwvhile NaOCP and derivatives lead to unidentified products. On

the other hand, alkali metal salts of P(TM®)rned out to besuitable reagents for this



reaction. The reaction conditions have been optimized. Parapsiehrsagime, temperature,
solvent, stoichiometry anthe nature of theounterion have been screened and the best
reaction conditions have been found. Three different pyrylium salts have been tested in this

reaction, resulting in higher yields and cleaner prtgloompared to literature.

The obtained ligands have been used in the synthesis ofcaebanyl complexes of W and

Ni, in order to evaluate and compare their electronic properties. New gold complexes have
been synthesized and fully characterized, in ortle test them in Au(lcatalyzed
cycloisomerization reactions (see Chapter 5).

2.4 Experimental part

General Remarks

Unless otherwise stated, akperiments were performed under an inert argon atmosphere
using modified Schlenk techniques or in a MBrajlovebox. All common chemicals were
commercially available and were used as received. Dry or deoxygenated solvents were
prepared using standard techniques or used from a MBraun solvent purification system. The
NMR spectra were recorded on a JEOL ECX40D(MHz) spectrometer and chemical shifts

are reported relative to the residual resonance in the deuterated solvents. IR spectra were
measured on a Nicolet iIS10 FFIRIR spectrometer by Thermo Scientific in the solid state
and on a Vertex 70 FIR spectromeer by Bruker in dichloromethane. For reactions under
UV irradiation, a UVP High intensity 100 Watt BDOAP Mercury VapoLamp without filter

was usedThe pyrylium saltf®*3%and P(TMS)*° were prepared according to literature. The
phosphides LiP(TMS)'® NaP(TMS),*® KP(TMS),, "8 LiPH,(DME),**
NaPH(tBuONa),"*’ were prepared according to literature. Phosphaalkynes and derivatives
like NaOCP(dioxangf***®* NaSCP:* PhSnPCCO'** tBUuCP*** and TMSCP™ were prepared
following a literature procedure. The metal complexes [(Me@BNEO)],*** 2.32411%2 and
2.33*3were prepared as described in literature.
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NaPH;

NasP was prepared by stirring Na andyi3:1 ratio) in DME in the presence of naphthalene

as catalyst (1ol-%) for 16 h.2eq. of ENAHCI wer e added and t he
t =24 h. Theblack solid gradually became white. The volatiles were removed in vacuum and
the solid thoroughly washed with pentane. The compound was used as such, as a mixture with
NacCl.

3P NMR (162 MHz, no solvent}l = -290.1 (t,"Jp.; = 147 Hz) ppm

General procedue for the reaction of phosphides with pyrylium salts and phosphinines

The phosphide source was slurried in THF in a Schlenk tube and the mixture was cooled
down to T =-78 °C. A slurry of the pyrylium salt (or the phosphinine) in THF was added
dropwise atlow temperature and the reaction mixture was slowbated up to room

temperature

General procedure for the reaction of NaOCP and derivatives with pyrylium salts

The pyrylium salt was slurried in THF in a Schlenk tube and the mixture was cooled down to
T = -78 °C. A slurry of NaOCP (or other derivative) in THF was added dropwise at low

temperature and the reaction mixture was sldvalgted up to room temperature

2,4,6triphenyl -phosphinine (2.1)

2,4,6 Triphenylpyrylium tetrafluoroborate (790 mg, 2.0 mmol) and Li[P(TMIS) 0.5 THF

(870 mg, 2 eq.) were put together in a 50 mL Schlenk flask under an argon atmosphere.
25mL of THF were added. Upon addition a darkatean mixture was obtained which was
heated to reflux fot = 6 h. Subsequently, all volatiles were remowed/acuoto obtain a
yellow-brown oil. The crude product was eluted on air through a neutral alumina plug (8 cm)

with toluene to afford the pure mhoct as a yellow solid (490 mg, 76%).

The pectroscopic data match withe literature®
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2-(2-Pyridyl )-4,6-diphenyl-phosphinine (2.14)

2-(2-pyridyl)-4,6-diphenylpyrylium  tetrafluoroborate (876 mg, 2.0 mmol) and
Li[P(TMS),] x 0.5 THF (870 mg, 2 eq.) were put together in a 50 mL Schlenk flask under an
argon atmosphere. 25 mL of THF were added. Upon additidark reaction mixture was
obtained which was heated to reflux for 6 h. Subsequently, all volatiles were remowued
vacuoto obtain a resbrown solid. The crude product was purified by means of column
chromatography over silica with hexane at firatldhexane/ethyl acetate 9:1 to afford the
product as a yellow solid (271 mg, 37%).

The pectroscopic data match withe literature®®

2,4-Diphenyl-5-methyl-6-(2,3-dimethylphenyl)phosphinine (2.22)

2,4-Diphenyts-methyt6-(2,3-dimethylphenyl)pyrylium  tetrafluoroborate (790  mg,
2.0mmol) and Li[P(TMS)] x 0.5 THF (870 mg, 2 eq.) were put together in a 50 mL Schlenk
flask under an argon atmosphere. 25 mL of THF were added. Upon addition a dark reaction
mixture was obtained which was heated to refluxtfet6 h. Subsequently, all volatiles were
removedin vacuoto obtain a yellowbrown solid. The crude product was purified by means

of column chromatography over silica with hexane at first and then with hexane/ethyl acetate
9:1 to afford the product as a yellow solid (240 mg, 37%).

The pectroscopic data atch withtheliterature3®

[W(CO)s(THF)]

[W(CO)s THF] wassynthesized following a modified literature procedtifeA suspension of
[W(CO)] (50 mg, 0.14 mmol) in 2 mTHF was stirred fot =2 h under UV light. The CO
overpressure was released from time to time and the solution, which becomes yellow from
colourless, was degassed after 1 h of exposition, to allow the CO to leave the reaction.
Performing the reaction in a big vessel (100 fiaisk) is also a good way to remove the CO

from the reaction, but degassing is recommended.
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[2,4,6- Triphenylphosphinine]-pentacarbonyltungsten(0) 2.23

The compound was synthesized following a modified literature proc&darsolution of2.1

(50 mg, 0.154 mmol) in 2 mL of dry THF was added dropwise to a solution of [W{C{)

(1 eq.) in dry THF. Tie mixture washeated up tol = 60 °C fort = 1 h. Afterwards the
solvent was removeih vacuoand the residue was washed with cold pentane, yielding the
product as an orange powder (86%). Crystals suitable fi@yXanalysis were obtained by

slow evaporation from a pentane solution.

'H NMR (400 MHz, CRQCL,): d = 7.41 (m, 1H, AH), 7.50 (m, 12H, AH), 7.66 (m, 2H, Ar
H), 8.12 (d3J4.p = 17.3 Hz, 2H, AH) ppm.

¥C{*H} NMR (101 MHz, CD:Cl,): d = 128.0 (d,J = 3.0 Hz), 128.8 (dJ = 0.9 Hz), 128.9 (d,
J=2.1Hz), 129.2 (dJ = 1.0 Hz), 129.7 (dJ = 0.9 Hz), 130.5 (dJ = 8.5 Hz), 136.5 (d,
J=116 Hz), 140.9 (d) = 22.7 Hz), 141.4 (d) = 5.3 Hz), 142.5 (dJ = 14.5 Hz), 168.9 (d,
J=12.0 Hz), 195.1 (fJc.p = 9.0 Hz, with'®W satellites,'Jc.w = 126.1 Hz, CQxis), 198.7
(d, %Je.p = 32.0 Hz, CQrans) ppm.

31p{*H} NMR (162 MHz, CD.Cl,): d = 159.1 (s!Jp.w = 273 Hz) ppm.
IR (solid state): 2073 (w, CO), 1992 (w, CO), 1932 (shoulder), 1909 (s, CO) cm

cis-Bis-[2,4,6triphenylphosphinine]-tetracarbonyltungsten(0) 2.24

The compound was synthesized following a modified literature proc&daresolution of2.1

(37.8 mg, 0.116 mmol) in THF was added dropwise to a solution of [W(CEJCN),]
(0.5eq.) in THF and the mixture was heated uprte 60 °C fort = 1 h. Afterwards the
solvent was removeith vacuoand the crude product was washed with small amounts of cold
acetonitrile and pentane, yielding the product as a red powder (56%). Crystals suitable for X

ray analysis were obtainéxy recrystalliationfrom hot acetonitrile.
'H NMR (400 MHz, CRQCl,): d = 7.15 (d, 4H,J = 7.6 Hz), 7.29 (m, 4H), 7.40 (m, 3H), 7.50
(m, 2H), 7.49 (m, 6H, AH), 7.67 (dJ= 7.7 Hz, 2H), 7.81 (m, 2H) ppm.

¥C{*H} NMR (101 MHz, CDCl,): 127.8 (s), 128.1 (s), 128.5 (s), 128.7 (s), 129.7 (s), 130.5
(t, J = 4.4 Hz), 136.3 (t) = 6.6 Hz), 139.7 (m), 141.8 (m), 142.8 Jt= 7.0 Hz), 168.4 (t,
J=6.4 Hz), 197.5 (tJ = 8.6 Hz, CQy), 203.9 (M, C@und ppm.

31p{IH} NMR (162 MHz, CD:Cl,): d = 169.9 (s!Jp.w = 263 Hz) ppm.
IR (solid state): 2024 (s, CO), 1915 (s, CO), 1884 (s, CO) cm



General procedure for the synthesis of [(L)Ni(COj] complexes

Caution: [Ni(CO)4] is highly toxic and potentially carcinogenic. It can be absorbed throug
the skin or inhaled due to its high volatility. Vapors [fi(CO)s can autoignite. All
manipulations must be done with extreme care in avesitilated fumehood.

In a 3Young NMR tube 0.6 mL of THF containing the appropriate ligand were degassed by
freeze and thaw technique. Afterwards, an excedN€CO),] was condensed in the same

tube using a condensation line. The tube was slowly warmed up to room temperature, and the
reaction progress was monitored by meand'®fNMR spectroscopy, degassing the tubes
until full conversion. The volatiles were removad vacuq vyielding the product
guantitatively. IR spectra were measured in DCM.

[2,4,6- Triphenylphosphinine]-tricarbonylnickel(0) 2.27
'H NMR (400 MHz, THFdg): d = 7.42 (m, 9H), 7.57 (m, 4H), 7.74 (d= 7.6 Hz, 2H), 8.21
(d,J=14.3 Hz, 2H) ppm.

¥C{*H} NMR (101 MHz, THFdg): d = 128.0 (d,J = 3.0 Hz), 128.5 (dJ = 2.9 Hz), 129.0
(m), 129.5 (s), 130.0 (s), 130.2 (s), 130.3 (s), 135.8 &112.6 Hz), 142.0 (d) = 20.7 Hz),
142.2 (dJ = 1.5 Hz), 143.2 (d) = 16.9 Hz), 166.8 (d] = 1.5 Hz), 194.5 (d) = 1.2 Hz, CO)

ppm.
3p{'H} NMR (162 MHz, THFRdg): d = 181.8 ppm.
IR (dcm): 2079.2 (s), 2011.4 (s) €m

[Phosphinine}tricarbonylnickel(0) 2.28

The compound isolatile or decomposes completely under vacuum. A stoichiometric reaction
in DCM was needed to directly measure the IR spectrum. Extreme care is needed in order not

to handle solutions containing [Ni(C{)n excess.

31P{*H} NMR (162 MHz, no solvent)d = 199.3 ppm.
IR (DCM): 2082.0 (s), 2011.6 (s) ¢
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[2,4-Diphenyl-5-methyl-6-(2,3-dimethylphenyl)phosphinine}-tricarbonylnickel(0) 2.29

¥P{"H} NMR (162 MHz, no solvent)d = 187.9 ppm.
IR (DCM): 2077.0 (m), 2007.5 (bs) ¢m

[3,5-Diphenylphosphinine}-tricarbonylnickel(0) 2.30

3p{*H} NMR (162 MHz, THRdg): d = 198.9 ppm.
IR (DCM): 2081.6 (m), 2012.1 (bs) ¢m

General procedure for the synthesis of [(L)AuCIl] complexes

A solution of the appropriate ligand (0.075 mmol) in 2 ofLDCM or THF was added
dropwise to a solution ofAuCIl(SMe)] (2 mL, 1 eq.) and stirred for = 1 h at room
temperature. Afterwards the solvent was removed, and the residue was dried thoroughly in
high vacuum, yielding the product as a pale yellow swiidjuantitative yield. To remove
completely dimethylsulfide, the product was dissolved in the smallest amount of DCM and

then precipitated using pentane, subsequently removing the volatiles and drying thoroughly.

[(3,5-Diphenyl-2,6-bis(trimethylsilyl) -phosphinine)AuCl] 2.33

'H NMR (400 MHz, CBCl,): d = 2.05 (s, 3H), 2.11 (s, 3H), 2.39 (s, 3H), 7.13 (m, 1H), 7.26
(m, 3H), 7.41 (m, 2H), 7.45 (m, 1H), 7.49 (m, 4H), 7.75 (m, 2H), 8.14.(6)= 20.3 Hz, 1H)

ppm.

3C{'H} NMR (400 MHz, CD:Cl): d = 17.2 (s), 20.9 (s) 21.1 (d,= 6.1 Hz), 126.2 (d,
J=2.1Hz), 128.4 (s), 128.6 (s), 128.7 (s), 128.8 (s), 129.1 (s), 1294 @1 Hz), 129.6 (d,
J = 2.3 Hz), 129.8 (s), 131.0 (d,= 2.8 Hz), 135.3 (dJ = 8.0 Hz), 138.4 (dJ = 1.8 Hz),
138.6 (dJ = 19.6 Hz), 139.1 (dJ = 10.1 Hz), 139.2 (d] = 11.7 Hz), 142.4 (dJ = 4.6 Hz),
145.4 (d,J = 10.1 Hz), 146.0 (dJ = 26.5 Hz), 157.7 (dJ = 24.2 Hz), 162.1 (dJ = 29.9 Hz)

ppm.
31P{H} NMR (400 MHz, CD,Cl,): d = 164.3 ppm.



[(3,5-diphenyl-2,6-bis(trimethylsilyl) -phosphinine)AuCl] 2.34

'H NMR (CD,Cl, 400 MHz):d = 0.28 (d,J = 0.8 Hz, 18H, TMS), 7.30 (m, 4H), 7.34 (b
3.8 Hz, 1H), 7.43 (m, 6H) ppm.

13c{*H} NMR (CD,Cl,, 101 MHz):d = 3.6 (d,J = 5.6 Hz), 128.8 (s), 129.6) 129.3 (s),
133.0 (dd,J = 41.3, 7.5 Hz), 144.9 (d] = 13.0 Hz), 155.4 (d) = 14.6 Hz), 158.6 (d,
J=16.5Hz) ppm.

295i{*H} NMR (CD.Cl,, 79 MHz):d = -0.5 (d,%Jp.si = 19.4 Hz) ppm.
31pfIH} NMR (CD,Cly, 162 MHz):d = 210.6 (s%Jp.si = 19.4 Hz) ppm.

2.4.1X-ray Crystal Structure Determination

X-ray crystal structure determination of 2.23 CCDG1424312

Crystals suitable for Xay diffraction were obtained by slow evaporation of a solution in
pentane.Crystallographic data CogH170sPW; Fw= 648.23; 0.16x0.15x0.02 nimyellow

plate, monoclinic;-P2yn, a = 11.1311(4),b = 19.9977(7),c = 11.6468(4) A;U = 90°,
b=109.4260(11)p = 90°;V = 2444.95(15) A Z = 4; Dx = 1.761 gcrit; € = 4.827 mn.
34007 reflections were measured by usin@8 Venture, Bruker Photon CMOS Detector
(MoKU radiation; & = 0.71073 A} up to a resolution of (siff)ma= 0.67 A' at a
temperaure of T = 100.00 K. 5320 reflections were unigRg; £0.021). The structures were
solved with SHELX&2013 by using direct methods and refined with SHEE2A13 onF2

for all reflectionst®® Non-hydrogen atoms were refined by using anisotropic displacement
parameters. The positions of the hydrogen atoms were calculated for idealized positions. 316
parameter were refined with one restraRt= 0.021 for 5320 reflections with»20(l1) and

WR, = 0.044 for 6093 reflection§ = 1.055, residual electron density was betw:85 and

1.80 eA3. Geometry calculations and checks for higher symmetry were performed with the
PLATON program->’

X-ray crystal structure determination of 2.24 CCDG 1424399

Crystals suitable for Xay diffraction were obtained by cooling slowly down a hot saturated
solution of 2.24 in acetonitrile. Crystallographic data CssH4oNOsP.W; Fw = 1026.67,
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0.28x0.2x0.03 mr yellow plate, monoclinic:.C-2yc a = 29.1358(14),b = 11.5350(6),
c=15.4712(7) A; U = 90°, b = 119.7420(10),0 = 90° V = 4514.6(4) R, Z = 4;
Dx = 1.510gcm>; &€ = 2.679 mnit. 32070 reflections were measured by using avB8ture,
Bruker Photon CMOS Detector (M&Kradiation;a-= 0.71073 AJ>® up to a resolution of
(sind@)ma= 0.66 A at a temperaturef T = 100.00 K. 9315 reflections were unique
(Rint = 0.029). The structures were solved with SHEEX®.3 by using direct methods and
refined with SHELXL-2013 onF2 for all reflections:>® Non-hydrogen atoms were refined by
using anisotropic displacement parameters. The positions of the hydrogen atoms were
calculated for idealized positions. 571 parameter were refined with one ref{aind.029
for 9315 reflections witH>20(l) andwR, = 0.068 for 9939 reflections§ = 1.017, residual
electron density was betweef.77 and 3.97 eA Geometry calculations and checks for
higher symmetry were performed with the PLATON progfam.

X-ray crystal structure determination of 2.34

Crystals suitable for Xay diffraction were obtained from slow evaporation from a
concentrated solution in DCM at T 35 °C. Crystallographic data Cy3H,sPAUCLS,

Fw = 625.03, 0.13x0.13%02 mn?, colourless plate, monoclini®®2/c, a = 12.7877(3),

b =10.3909(2),c = 19.4507(4) AU= 90°,b = 108.1687(7)°p = 90°; V = 2455.67(9) A
Z=4,Dx = 1.691 gcrit, € = 6.270 mnT. 32141 reflections were measured by using a
BrukekAXS smart CCD area detect oe=0lLlO7¥APUpt o met ¢
to a r esol ufd=0B1 A at a emperatafd of-) = 100 K. The reflections were
corrected for absorption and scaled on the basis of multiple measured reflections by using the
SADABS programr® (0.56 0.75 correction range). 4164 reflections were unique
(Rnt=0.046). Using ShelX/&® the structures were solved with SHEL:2814 by using

direct methods and refined with SHELX014 onF2 for all reflections:>® Non-hydrogen

atoms were refined by using anisotropic displacement parameters. The positions of the
hydrogen atoms were calculated for idealized positions. 259 parameter were refined without
restraintsR; = 0018 for 4164 reflections with> 2 ) &andwR, = 0.039 for 4687 reflection§

= 1.028, residual electron density was betwe®65 and 0.43 eA Geometry calculations

and checks for higher symmetry were performed with the PLATON profgfam.



3. Phosphabarrelenes

Part of this chapter has been published in:

A 2 , -friph@nylphosphinine and 2,4tphenylphosphabarrelene revisited: synthesis,
reactivity and c ob.rRijo, d.aAt \IV.cSklorz¢ M. ¢latje, $.t Noaclky M.
Weber, J. Wiecko, C. Miller, Dalton Tra2816 45, 2218.

ASynt hesi serizationdof phds@habareledea s e d ¢ oimlpHageBacketor

thesis.

AZur Koordinati onscheniMeKleofhBachéldntbesip habar r el en
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3.1Introduction

Phosphabarrelenes consist of two fusednsembered ringsin which one or more €H
fragment is substituted by a phosphorus atom bearing a lone pair in accordance with the
isolobal analogy of these two moieties. The most common derivatives are 1
phosphabarrelenes, which have a phosphorus atom substituting one of-kybritized

carban atoms of the bridgehead. Triptycenes afgh@sphabarrelengsn which the three

unsaturated bridges are part of an aromatic fingufe16).

/ /
A Z& /&
z - ﬁc) (O

a)

Figure 16. General formula of phosphabarrelene (aphbsphabarrelenes (b) and phosphatriptycene (c).

3.1.1 *Phosphabarrelenes

1-Phosphabarrelenes can be synthesized via [4+2] cycloaddition between a phosphinine ring
and an alkyne, in which the heterocycle behaves as a diene. The first derivative was reported
by Markl et al. in 1968 and was obtained by reagti2,4,6triphenylphophinine with
hexafluore2-butyne afT = 100 °C in methylcyclohexan&¢hemel4).*” Similarly, the same
conversion has been performed for different pnictegmrtaining émembered rings, such as

arsa and bismabenzere®

CF;

Ph
— or SN F;C———=—CF; 7| Ph
5z 4Pal/
P Ph ph}P

21 31

- ; |

MeOOC————-COOMe Ph

Ph

Schemel4. Synthesis 08.1, thefirst 1-phosphabarrelene derivative.

Usually phosphinines do not easily undergo [4+2] cycloaddition, therefore very reactive
alkynes are required for this reaction. In particular dienophiles bearing strong electron

withdrawing groups€.g.-CF; or -CN) or strained cyclic alkynes(g.cyclooctyne or arynes)
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are used. Less activated alkynes are in most of the cases not w@kimeme14).1°0161

Besides this, the success of the cycloaddition reaction strongly depends on the substituents of
the phosphinine ring. For example, some activated phosphinines bearing phasinieo

substituents showed high reactivity towards fairly unieactlkynes-%2

A strategy to facilitate the cycloaddition reaction and extikednumber of alkynes that can

be employed is to increase the reactivity of the phosphinine by reducing its aromaticity. One
way to do this is to oxidize the heterocycle. In fact, contrarily from their reduced counterparts,
phosphinine sulfides proved te lbeactive towards dimethyl acetylenedicarboxylate (DMAD)

under mild conditions§chemel5).**3
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Schemelbs. Synthesis of phosphabarrelenes starting from phosphauilfieles.

This is supported by DFT calculations, that suggest a smaller energy barrier for the
cycloaddition on the phosphinine sulfide togetheith a lower aromaticityof this
&-derivative’® Also, a concerted mechanism is proposed for this reatfffon.

Similarly, the even lower aromaticity of a phosphininium cation allows for a cycloaddition to
the phosphabarrelenium s&8li5 using a poorly reactive alkyne, such asciyne, at room

temperature§chemel6).”83
nPr )
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Schemel6. Synthesis of the phosphabarrelenium 32t

Other phosphabarrelene derivatives have been synthesized starting from thiaphosphole
sulfides and alkynes. A cycloaddition yields a norbornadidseentermediate that rearranges
to a putative phosphinirgulfide. This can easily react regioselectively with DMAD or

phenylacetylené®>16®
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Likewise, the aromaticity of phosphinines can be decreased by coordination to a metal center.
While alkenes, such as-Rhenylmaleimide or cyclopentadiene, and alkynes like DMAD do
not usually react with phosphinines, the corresponding phosphabarreléngsarid
dihydrophosphabarrelenes3.§) can be obtained under mild conditions starting from

[LW(CO)] metal complexes, as depicteddohemel7.'%7 1%

COOMe
MeOOC @
/ DMAD X
Z//P % 70°C,4h P~ > ph 70°C,4h
Ph |
W(CO)s W(CO)s
3.7 3.6

Schemel?. Synthesis of phosphabarreleneshia coordination sphere of a metal.

Similarly, gold(l) complexes of alkymdubstituted phosphinines showed enhanced reactivity
towards alkynes, yielding new species as showS8dhemel8. Metal complex3.9 is very
reactive and upon concentration two alkynyl groups of two different phosphinines are
involved in a [4+2] cycloaddition, yielding the dime&.1Q which was characteed
crystallographically. If one equivalent of (PhGS8iMe, is added t03.9, the symmetrical
phosphabarreler@11is obtained insteatf?
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Schemel8. Reactivity of3.9towards itself and (PhC&JiMe,.

Among other alkynes, the reaction with situ generated arynes is particularly interesting.
This yields benzoor dibenzephosphabarrelengdepending on the starting material which is
employed®*®* The most common synthetic methodology for thesitu preparation of
benzyne involves the oxidative additioncsfluorobromobenzene telemental magnesium in
refluxing THF, and this approach has been extended-timmopheny! triflate$®® Other
precursors have been tested with scarce reStit€In the past the groups of Markl ander



investigated this reaction to assess whether it proceeds phosphahexadienyl anion
i nt er méphosphiniae, Se@Chapter 2) or in a concerted fasBicimefnel 9).°
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Schemel9. Synthesis of benzphosphabarreler®12 Two possible pathways are depicted.

Initial findings suggesting a concerted mechanism have been confirmed experimentally by
using an asymmetrically substituted aryne. If a phosphahteaxgddinion intermediate were to
be involved in the process, only one product wouldlitained On the other hand, in the case
of a concerted mechanism, two regioisomers would form in a 1:1 ratio. Since a 1:1 mixture of
phosphabarrelene3.14 and 3.15 was observedafter the reaction with the aryne, it was

concluded that the mechanism is concergzhéme20).26-"
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N /©i Ph Ph

| _ Br +
R P "R > AN AN
Mg A R R/ R

3.14 3.15

3.13 R

Scheme20. Synthesis of phosphabarreler®e$4and3.15 experimental proof for the concerted mechanism.

Different synthetic pathways have been developed for the synthesis of phosphatriptycenes.
These derivatives have been obtaimedring closing reactions, usually starting from tripodal
molecules-"? Phosphatriptycenes bearing thiophene rings have been prepared using similar
synthetic approaché$® The parent phosphatriptycene was prepared by Bickelleugitin

1974 by cyclization of o-chlorophenyl)9,10-dihydrophosphaanthraceBel6using lithium
diisopropylamide $cheme21).'”* Similar derivatives having one additional heteroatom at the

bridgehead have also been reported’’
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Scheme2l. Synthesis of phosphatriptyceBel7.

Oxidized phosphabarrelene derivatives have been reported and can be obtained in different
ways. Some triptycenes can be synthesized as oxides, as thelodimg reaction is
performed on a symmetrically substituted phosploixide and therefore the phosphorus is
oxidized from the beginning of the reactitfi?° Similarly, some phosphabarrelenes have
been obtained as sulfides as they are prepaeedycloaddition between an alkyne and a
phosphinine sulfide, as in the case8af

However, the most common pathway to access these derivatthesdsect oxidation, which

can be performed similarly to classical phosphine ligands. In this wihodphabarrelenes

and triptycenes have been oxidized using simple peroxides under mild contitigf®
Triptycenesulfides have also been obtained, by oxidatibrthe starting materials with
Lawessonds reagent or with el &Wé'fRinally,alsoul phur
oxidation to the selenides has been achieved, by heating up a solutiom appropriate

ligand in the presence of grey selenitffht’3*77179.182

3.1.2Coordination chemistry

Although these ligands are known for more than 40 years, the coordination chemistry of 1
phosphabarrelenes has not begplored extensively and only a few metal complexes are
described in the literature. Most of these examples invotveoordinationvia the lone pair

on the phosphorus atom. Only one example was reported in which the double bonds of the

phosphabarrelene are involved in coordination to a second metal ‘@nter.

The first coordination compounds have been reportetlathey and Markl, prepareda
cycloaddition of an alkyne with a phosphiniumgsten complex. Consequently, the
phosphabarrelene was obtained directly in the coordination sphere of the naetaupra

Schemel 7).15"*%8\More complexes with group 6 metals have been synthesized. Edstaids



reported on a complex obtained by mixing equimolar amounts of the ligand and
[W(CO)sTHF], which was used to evaluate the electronic properties of phosphabarrelenes by
comparing théJp.w coupling constant with other metal complex&sTriptycene complexes

of group 6 metals have also been shown for Mo and W. DTF calculations and experimental

data suggest that t hes-dondrst®j®ands are particul

The first @ordination compound that has been characterized crystallographicathe is
gold(l)-complex 3.11, which again was synthesized starting from a phosphmieial
complex (ide supra Scheme18).®* More deriatives with coinage metals have been
prepared but not published yét.

Rh(l) carbonyl complexes of the type ,Rh(CO)CI] using differently substituted
phosphabarrelenes have been reported by the group of Bolierte22). The electronic
properties of the ligandwere evaluated by comparing the stretching frequency of the CO
bands in the IR spectra of the metal complexes. Accortlintipe data obtained, the net
donation of phosphabarrelenes lays in between those gfadPBIR,4,6&riphenylphosphinine.

Some of these derivatives have been successfully employed in (asymmetric) hydrogenation

and hydroformylation reactiort§!818°

Ph 0.25 [Rh(CO),Cl],

WX

R R

Scheme22. Synthesis of Rh(lcomplex3.18

Another Rh(l) complex has been prepared starting from a different metal precursor, yielding a
complex of the type [L(cod)RhCI]. A similaeaction has been performed using an analogous
Ir(l) precursor:®®

Most of the known coordination compounds involve metals of group 10. The first Pd metal
complexes have k@ reported by Milleet al.in combination with chiral phosphabarrelene
derivatives'*® The synthesis of a phosphabarrelene from the asymmetric, axially chiral
phosphinine2.20 leads to the formation of 4 different sterecisomer8.@8 as depicted in
Figure 17. As these isomers are two pairs of enantiomers, the reaction with a chiral metal

fragment forms in total four diastereomeric Pd complexes, which can easily be detected in the
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NMR spectra of he mixture Figure 17, right). This chiral ligand has beesuccessfully

employed in tanderhydroformylation reaction&¥®

cl
Ve
/P% Pd
/ T, s
AN
d d 2eq.L
cl
Pd.
7p / N L
/\

Figure 17. Different stereoisomers @& 19(left, e = enanbmers, d = diasteroisomers) and
synthesis of diastereomeric Pd complexes (right).

Most of the phosphabarreleitmsed chemistry of these metals has been investigated by the
groups of Le Floch and Mézailles. Pd complexes in different oxidation states have been
prepared wusing bulky phosphabarosiioeb¢the bear
phosphorus atonB(20 Scheme23). These complexes have been employed in catalytic cross
coupling reactions, thus arousing interest inrtf@ecular structure of the precatalysts and of

the intermediates involved in these reactions. A PRd{l§J complex of the type
[LPd(allyl)CI] (3.21) has been prepared starting from the [Pd(allyp@iiner*®” Compound

3.22was obtained by reduction 8f21with Ar-ZnBr in the presence of one equivalent of free

ligand or by reduction to Pd(0) with cobaltocene in the presefiveo equivalents 08.20*%®

These Pd(0), 4lectron species are important precursors in cross coupling reactions, as the
catalytic species is thougta be similar. The first species involved in the cycle has also been
studied. By adding an equivalent of-Br to 3.22 a mixture ofcis- andtrans-3.24is formed,

and the latter has been characterized crystallographi€amally, in a mechanistic study,

the Pd(0) catalytic species has been trapped with a diene, yi@dBand confirming the
proposed mechanisti® The Ptcontaining 14 valence electrons compl@®3 can be
synthesized analogously 8022 and was enlpyed in hydrosilylation reactions. The complex

can also be obtained starting frompPt(H)CI] and reducing in a nitrogen stream to eliminate



the HCI which is formed® Finally, another Pt complex of the type,ftChL] has been
reported by Edwardst al.in 200983

Scheme23. Coordination chemistry of phosphabarrel@&n20.

In the same paper, the authors aisport on the first Fe, Ru and Re phosphabarrdbased
metal complexesScheme24). Coordination compoun®.27 has been prepared starting from
[Re(COXCI] under refluxing conditions in DCM and obtained as a yellow solid. Compounds
3.28 and 3.29 are the only haisandwich omplexes which have been reported and

crystallographically characterizé®

ﬁ ~TMS
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\\"'Fe\
P "\ "CO
"Xyl CcO
Xyl
Ph 3.28
}P %
X | @
Xyl . Xyl Y™ 506 Xyl l
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co ’Xy' Cl
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Scheme24. Coordination chemistry of phosphabarrel&n26

An interesting metatontaining phosphabarrelene was reported by Le Floch and Mathey
(Figure 18). This ferrocenysubstituted phosphabarrelene was ola@dirstarting from an

alkynyl-substitutederrocene and an azaphosphintfie
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Figure 18 The ferocenytsubstituted phosphabarrele®&0

Also polydentate phosphalalenes have been describeditarature Figure 19). The first

were phosphinsulfide substituted barrelenes, that can act aibtridentate & hybrid
ligands'®? Ligand 3.31 can easily replace cyclooctadiene in the precursor [Pd(cdiCl

form a stable Pd(Il) complex. Starting from the dimer [Pd(allyh@id alstracting a chloride

ion with a silver salt, a Rdllyl cationic complex is obtained. Similarly, the reaction of
tridentate3.32with [Pd(cod)C}] leads to the formation of a catiorsoordination compound

with chloride as counterion. Bidentate phospipib@sphabarrelenes have been reported by
Breit and were employed in Riatalyzed hydrogenation reactiofiSVery recently a chiral,
pyridyl-substituted phosphabarrelene has been preépase Miller et al and some
coordination compounds have been synthesizé&d.coordinates to a AuCl fragment onlia

the P atom, while the pyridyl moiety remains free for coordination to a second metal center.
Starting from different precursors, two Rh complexes have been obtained where the
phosphabarrelene acts as a chelating ligand. Finally one [LW|@Oplex has éen
synthesized in order to evaluate the electronic properties of the new compound, which showed

to be a stronger donor compared to the phosphinine prectrsor.
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Figure 19. Polydentate phosphabarrelene ligands.



3.13 Other Phosphabarrelenes

Different 2-phosphabarrelene derivatives have been described by Regitzn 1987. These
were obtainedvia [4+2] cycloaddition between anthracene and a phosphaall§cigeihe
25).1%2 Even though these compounds have been obtained in good yields, nothing is known

about their coordination properties and reactivity.

Scheme25. Synthesis of 2ohosphabarrelenes of tyBe35

A few examples of phosphabarrelenestaming more than one phosphorus atom were also
reported. DiphosphabarreleBe6is the first derivative that can be found in literatufgre

20, left). The compound was obtained by mixing hexafle@tmutyne and red phosphorus in
the presence of a catalytic amount of ioditié? The reactivity of this compound towards
diazocompounds, azides and dienes has been investigat&dMost interestingly, this
compound has been used as precursor for the synthesis of the first dgiiersg@Ene3.37
(Figure20, right)’

CF3

F 23(; Yi F3C:[P\;ECF3
O | CF
}P\Z/ : FaC” “P” CF,
F3C CF3
3.36 3.37

Figure 20. The first diphosphabarrelene and diphadpnzenelerivatives.

Triphosphabenzenes readily react with alkynes to unprecedented phosmrbars cage
compounds. These are the result of a DAdter reaction and a fastyulssequent homo Diels

Alder reaction on the triphosphabarrelene intermediate of the3tA8(Scheme26).2%® On

the other hand, the reaction with alkenes smoothly proceeds to dihydrotriphosglealea
derivatives which do not further react with the dienophile. One of these derivatives was able
to coordinate to a CoCp fragmevits the two phosphaalkene moieties of the cage hf a

fashion®®
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Scheme26. Synthesis of cage compournBl89via a triphosphabarrelene intermediate.

Tetraphosphabarrelenes are a more developed class of molecules. The first compound of this
kind was described by Bingest al. as an oligomerization product @Bu-C[ P . Four
equivalents of the phosphaalkyne react stepwise in the coordination sphereumror
hafnium, to yield a metal complex where the tetraphosphabarrelene is coordiadted of

the phosphaalkene moieties ih&fashion. Oxidation with hexachloroethane yields the free

tetraphosphabarrele®e40, which was characterized crystallaghically Scheme27).2°%2%

tBu
{
| Bu, FP. g, P/(
M 4 Bu—=P );L Vas C,Cl Bu PP g,
\/ \/ ~ P/\\ /P >// >/
\l_/ tBu \M/ P P

tBu

: <>
M = Zr, Hf 3.40

Scheme27. Synthesis of tetraphosphabarrel@xQ

Reacting one equivalent of phosphaalkyne with a triphosphinine sandwich complex led one
more time t03.40 suggesting atepwise formation of the trimer and the tetramer in this
reaction. This is also enforced by DFT calculations run for a simplified sy&téfiUsing an

excess of phosphaalkyne in this reaction leads to the formation of pentamers and other
architectured®® A protonated version 08.40 was obtained in the coordination sphere of
cobalt during the vapour deposition of the corresponding phosphaalkyne on metallic cobalt.

This molecule was characterized in a bimetallic complex of cobalt and tuAgsten.
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3.2Results and discussion

This Chapter deals with the synthesis of new phosphabarrelene derividiieveydy of their

reactivity and their employment in coordination chemistry.

3.2.1 Synthesis

As described in the introduction, very reactive alkynes are the best starting materials in the
[4+2] cycloaddition with phosphinines. Consequently, the phosphabarrelenes reported in this
work have been prepared using hexaflu’iioutyne andin situ generaéd arynes as
dienophiles.

As the reactions involving arynes generally have rather low ytélds) improvement of the
synthetic route is desirable. Different pathways for the formation of arynes are known in the
literature?®® 22 some of which have been employed in the arafion of phosphabarrelenes.

The most common one involves the oxidative additioo-fliorobromobenzent elemental
magnesium in refluxing THE®*"*Markl and Breit suggested that the reaction between the
aryne and the phosphinine ring is a concerted mechanisrB¢beenel9) andproved it using

an asymmetrically substituted-bromofluorobenzene as starting material (s&eheme
20).1%1"1since the formation of the Grignard reagent is performeailing THF, it is to be
expected that the elimination of FMgBr and concomitant formation of the aryne is almost
instantaneous and uncontrolled under these conditions. The high rate of this intramolecular
reaction does not a | | “phospliinine interreeliatef that hasabteén o n
postulated. Hence, the mechanigia a concerted pathway may be the dominant under these
conditions, but at low temperature another mechanigama phosphadienyl anion is in
principle possible. In addition to this,ethigh concentration of benzyne in this reaction could

be a reason for the low yields, since this compound can react with itself and even with
phosphabarrelené$’® Hence, a good strategy could be to keep the condentratt benzyne

as low as possible to avoid undesired side reactions.

Among the known methodologies for the preparation of arynes, one is of most interest in this
respect. Knochel and eworkers reported on the preparation of arynes halogen

magnesium eshange on iodsulfonate$** Due to the electromithdrawing effect of the

a7
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sulfonate group, the halog@magnesium exchange can be conducted at low temperatures.
Under these conditions, most functiogabups are tolerated and it is even possible to perform
selective iodinenagnesium exchange reactions in the presence of other Hafitzreover,

at these temperatures the Grignard reagent is stable in solution and the elimination of the
magnesium salt and formation of the aryne only occur gradually when the solution is heated
up to T =-10 °C approximatelycheme28).

S ! iPrMgCl @:MQC' . @d
~ 78 °C ~ 78°C —= tt /
FG/ OSO,Ar FG/ OSO,Ar FG/

Ar = -Tol, p-CI-Ph... FG =-F, -Cl, -Br, -I, -NOy, -CO3R, -CN, -CF

Scheme28. Generation of benzyne via halogen exchange ontosigates.

Exploiting this route in the synthesis of phosphabarrelenes could be a way to ensure a
stepwise reaction, proceedinga a nucleophilic attack of the Grignard reagent at the
phosphor us a t“phosphinine ifitermediate ah lew temperatures, ¥t by a

ring-closing reaction upon heatin§¢heme29).

% O] "
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2.1 3.12
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Scheme29. Synthesis of benzphosphabarreler212 Two possiblgpathways are depicted.

The benzyne precursor was prepared by stirrkngd@phenoltosylate together witRrMgCl

at T=-90°C for 1 h. A solution of the phosphinine was slowly added dropwise to prevent an
increase in the temperature. When the phosphwae added, the reaction mixture turned
dark green i mmediately, whphasphinine slerivatines. t y pi
Afterwards, the reaction mixture was slowly warmed up to room temperature. During this

process the green color disappeared at arounebl °C and the mixire became red/purple.



The 3*P{*H} NMR spectrum of the crude product shows four resonances, including one at
U=-70.5ppm, which can be assigned pbosphabarreleng.12 After workup the product

was obtained as a white solid (21% yield). The asymmetrically substituted phosphabarrelene
3.42 was prepared following the same proced(8Beheme30), and obtained as a white

powder after workup (7% yield).

(:[ /PngCI MgCl
95°C OTs

Ph O }p /
_ Ph R
R=Ph 21 N
R=Me 3.41 | P — R=Ph 3.12
R=Me 3.42

Scheme30. Synthesis of phosphabarreler®e$2and3.42

Differently from 3.12 3.42is relatively prone to oxidation if stored under air and for this

reason additional care was required during the workup.

The same reaction has been tested by using organolithium or organozinc reagents. In the first
casetBuLi was used instead oPrMgCl, in order to form a more nucleophilic species that

could react witi2.1t o f o r*-phosphinme. ldowever, in tHeP{*H} NMR spectrum of

the reaction mixturstill a lot of starting material was detected together with an unidentified
compound with a chemc a | shift of 0O = 26 ppm. Simil arl
from the lithiated species and Zn@id not react with the substrate and no phosphabarrelene

was found in the reaction mixtur8¢heme3l).

©i _ 2MBuli Li ZnCl, ZnCl
—_—
OTs s OTs -78°C OTs

Scheme31. Formation of organolithium and organozinc reagents.

In the end the Grignard route seems to be the most successful one. Even though the yields of
this reaction are similar to the ones reported in the literature, this method proved to be
successful for the preparation of phosphabarrelenes from arynes. Hbginghe low
temperature reaction could lead to the prodwdsa phosphadienyl anion intermediate, an

asymmetric benzyne precursor was prepared and employed in the reactiem(32).
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Scheme32. Synthesis of phosphabarrelehd3and3.44

According to tle stepwise mechanis3,43was expected as only produSurprisingly, in the
3pfIH} NMR spectrum of the reaction mixture, two resorenavere detected around
U=-70ppm, revealing the presence of both the compo@midand3.44in a 1:1 ratio. This

can be considered as a definitive mechanistic proof for the concertedARietsreaction
between benzyne and a phosphinine ring. Even though it has not been possible to
regioselectively introduce substituents on the arynic bridge, this methodology has an
advantage. In fact, different functional groups are tolerated and can in principle dedetto

in the backbone of phosphabarrelenes by using iodosulfonates as precursors fét-arynes.

The reaction of phosphinines with hexaflu@dutyne is in comparison more easy and
straightforward, ewe though only three derivatives have been reported and scarcely
characterized. Also, no transition metal complex or other derivative of any of these ligands is

known?’

Using this procedure two different trifluorometfsdbstituted phosphabarrelenes have been
prepared in this work, starting from phosphinin@sl and 2.26 An excess of
hexafluorobutyne was condensed in the reaction vesselhwias heated up to perform the
Diels-Alder cycloaddition. The cycloaddition with phosphinid4. is reported to lead to the
formation of3.1 (Schemeld). A modified procedure for the workup of ligaBdlL has been
developed, resulting in an easier purification from unreacted-gjgi@nylphosphinine. In
addition to this, single crystals ttiis compound were grown and the molecular structure is

depicted inFigure21.



Figure 21. Molecular structure 08.1in the crystal. Displacement ellipsoids are shown at the 50% probability
level. Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and anglésQ®):1P857(2); PC5:
1.858(2); PC24: 1.863(2); CLC2: 1.335(3); CRC3: 1.537(3); CBC4: 1.512(3); C4 C5: 1.325(3); C24C25:
1.335(3); C25C3: 1.569(2); CLPi C5: 95.71(9); CLPi C24: 95.20(9); CBPi C24: 91.97(9).

The secondtrifluoromethytsubstituted derivative which was synthesized is based on
phosphinine 2.26 Similarly, also the correspondingpenzophosphabarreleng.45 was

preparedSchemed3).1*
|© CF3
Ph | N Ph F,C——=—=—CF, F3C /
- Ph Ph
Ph Z
AN, Ph ™S FT TMS e AN,
™S ™S T™S
3.45 2.26 3.46

Scheme33. Synthesis of phosphabarrelerge45and3.46

Ligand 3.46was obtained quantitatively by heating a toluene solutich2gGup to T = 60 °C

for 16h in the presence of an excess of hexafibhutyne. In the’’P{*H} NMR spectrum

of the reaction mixture t he .4pmsdsappearedeand@af t h e
guartet was -50.@eppre, cdnfending thé coupling between thirosphorus and

three adjacent fluorine atoms. Recrystallization from methanol afforded pure product in high
yields (85%). The isolated yield of this reaction is higher compared to the synth&sis of
(51-54%)3" The same has been observed also for the benzobarBe#evhich is prepared

in higher yields compared @112 (49% vs 26%)** This fact suggests that phosphinih&6

has a lower aromaticity compared to phosphirtne and therefore the cycloaddition is

favored.

51



Single crystals suitable for -¥ay analysis were obtained for bothetiphosphabarrelene

ligands and the molecular structures in the crystals are depidteglie22.

Figure 22. Molecular structure 08.45(left) and3.46(right) in the crystal. Displacement ellipsoids are shown at
the 50% probability level. Hydrogen atoms are omitted for clarity. Only one molecule is shown in the case of
3.46 Selected bond lengths YAand angle(®) for ligand 3.45 PiC1: 1.892); PiC5: 1.8693); Pi C18:
1.842(3); C1i C2: 1344(4); C2 C3: 1.888(4); C3i C4: 1.838(4); C4i C5: 1.313(4); C18/ C19: 1.4023); C19i C3:
1.517(3); Sili Cl: 1.874(3); SiZi C5: 1.880(3);C1LiPi C5: 97.0(1); C1i PiC18 94.9(1); C5 FiC18 95.0(1).
Selected bond lengths (A) andges (°) for ligand.46: Pi C1: 1.869(2); PC5: 1.864(2); Pi C18: 1.%8(2); C1i

C2: 1.34(3); C2IC3: 1.514(3); C3iC4: 1.514(3); C4iC5: 1.88(3); C18C19: 132§3); C19C3: 1.20(3);

Sili C1: 1.83(2); Si2i C5: 1.84(2); C1i Pi C5: 96.759); C1i Pi C18: 9416(9); C5i Pi C18: 9553(9).

As reported by the group of Mézailles, it is possible to perform a protodesilylation on
trimethylsilyl-substitutedphosphabarreleseaising a fluoride sourc&® Several sources have
been screened (aqueous HF, CSENE 3 HPEFHF, NMeg'F) but only tetrabutylammonium
fluoride quantitatively transforme®i45into phosphabarreler847(Scheme34).

e
Ph Ph ———  Ph Ph
J Pal/ VAN,

TMS

3.45 ™S 3.47

Scheme34. Protodesilylation of phosphabarrelehd5to compound.47.

As in this work different phosphabarrelene derivatives have been crystallographically
characterized, it i's possi bl e cd)do ealoaepgher e t h
pyramidalization of the phosphorus atom. This method can be helpful to roughly estimate the
basicity of a tertiary phosphine, since this value reflects the hybridization of the phosphorus

atom®®A | ower degree of pyramidalizati odc at th
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suggests a higher donation from the phosphorus lone pdiabie6 are reported the values

o f cpcifor selected ligands.

Table 6. Ecpc values for selected phosphabarrelene ligands ang PPh

Ligand E[‘ﬁi’ c
3.12 282.7%
3.1 282.9
3.45 286.9
3.46 286.4
PPh 307.2%°

T h ecpc #alues are very similar for the two couples of ligands synthesized from the same
phosphinine precursors. Arglbstituted phosphabarrelen8sl2 and 3.1 show a higher
degree of pyramidalization compared to Tgl$bstituted.45and3.46 This suggests th#te

| atter ardenors. tAmore gceurate &nalysis of the electronic properties of these

ligands is discussed in Chapter 5.

3.2.2 Cycloreversion reactions

Some phosphabarrelenes are prone to cycloreversion reactions, yielding phosphinines and
alkynes 6cheme35). This reaction is especially fast during the synthesis of phosphwimes
cycloaddition on azaphosphinines, where nitrile moleculesBminated instead of alkynes,

and the phosphabarrelene intermediate has never been olf88A7&6A similar example

with a 2phosphabarrelene reaction intermediate was reported by Bickelhaupt, in which a

molecule ofphosphaalkyne is excluded from a phosphanaphtaténe.

R

)8 e -
7 7~

R+ §Z
Z P\/&R \P) R/

Scheme35. Cycloreversion reaction of a phosphabarrelene to yield a phosphinine and an alkyne.

Thermolysis of benzophosphabarrelenes ptmosphanaphtalenes has not been achjeved
neither by heating up compoul0in an oil bath nor in a microwave reactor under harsh
conditions (T = 280 °C in toluené)® However, differently from other derivatives,

trifluoromethylsubstituted pbsphabarrelenes showed to be particularly prone to this kind of
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reactions. The first example was reported for compd&i8d which yields back the starting

materials when heated up to T = 100%C.

Interestingly, compoun@®.46 showed a very diverse cycloreversion reactiviigiieme36).

CF,
F.C
3 | A |
/ -A N
P S’i/ F,c” P77
3.46 | 3.51
-Al+B
CF,
AN
.~
3.48 ‘T"
-Al+B
\ /
/4
CF
FaC™ P CFs "B Zr B F,C—=—CF
3.50 FaC CF; T e
: 3.49

Scheme36. Cycloaddition/cycloreversion reactions between trifluoromegidstituted
phosphinines and phosphabarrelenes.

As stated above, phosphiniBe5reacts quantitatively to phosphabarrel@v6at T= 60 °C

in toluene in the presence of an excess of hexaf@drotyne. Further heating to385°C

does not result in any change according to the NMR spectra. However, when the temperature
is raised tol =100°C for 16 h, a mixture 08.46 3.48 3.50and3.51is observed. These
compounds could be identified by meand’®{'H} NMR spectroscopy, since each substance
has a characteristic chemical shift and coupling pattern between phosphorus anaritie flu
atoms. Heating up to even higher temperatures (T = 120 °C) shifts the equilibrium towards
3.5Q0 Surprisingly, changing the solvent from toluene to methylcyclohexane modified the
ratio of the products in the mixture, as after 72 h of heating at T0=Q3.48was the main
product in a mixture witl3.46and3.49(65%vs 30%Vvs5%). With further heating at ¥ 120

°C for 16 h3.46was fully consumed and the resonance3.& appeared, together with an
increase in the amount 8f49 Interestingly, thedtter is volatile and can be removed from the

reaction mixture applying vacuum. However, the separation and full characteriza8at8 of



and 3.49 was not attempted. Heating up for longer time decreases the amaiABaind
increases the amounts®#9and3.50 The latter can also be obtained directly by condensing
an excess of hexafluobutyne on diazaphosphinirie3. The first equivalent reacts in 10
minutes at room temperature, while the second cycloaddition/cycloreversion step is
guantitatively performed by heating up to T = 60 °C for 16 h in toluene. Unfortunately, the
high sensitivity 0f3.50 did not allow for tle isolation and purification of this compound,

which decomposed upon contact with silica in the glovebox.

Similarly, in order to try to extrude an equivalent of trimethylsgiienylacetyleneX) from
3.45and substitute it with hexafluorobutyne, an escekthe gas was condensed in a closed
vessel together with phosphabarrel&w5 and the mixture was heated up to T = 140 °C for
16 h. Unfortunately no change was detected if'fRgH} NMR spectrum.

On the other hand, if compour@46is heated up to E 140 °C for 16 h, a cycloreversion
reaction yields phosphinir251, which can be purified by column chromatography under air.
This molecule proved to have interesting properties for the activation of small molecules,

similarly to a compound reported by [Floch and cavorkers'*®

First of all, 3.51is water stable, and can be heated in THF for 16 h in the presence of water
without reacting Scheme37). On the other hand, it reacts with water in the presence of a
base, and four different doublets are detected irf'PH} NMR spectrum of the reaction
mixture. This suggests a nselective water addition at the P=C double bond, with the

formation of thesynandantipr oduct s eaarboisot h t he U

Interestingly, in the presence of methanol the phosphorus atom undergaesdative

addition, yielding compoun8d.52quantitatively §cheme37).

) A PN
THF, reflux F,.C” P Sli/ F.C” P si”

16 h

Vs
H OMe|
3.51 3.52

Scheme37. Reactivity of3.51towards water and methanol.

The®P{"H} NMR spectrum of this comppmpmmihashows
coupling constant ofJe; = 570 Hz, comparable to literature known valti€sSingle crystals

suitable for Xray diffraction were obtained from a concentrated solution in methanol at
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T =4 °C and the molecular structure ®62in the crystal is depicted iRigure23. A similar
compound was reported by Le Flockt al. (2.16, however, no crystallographic
characterization was performedlso, in this casehe oxidative addition was thought to be
facilitated by the presence of phosphidfide groups® The synthesis of phosphinirges2

proves wrong these hypotheses and suggests that the electronic properties of the phosphinine
(most likely the low aromaticity) account ftiis peculiar behaviornterestingly thisis a rare

example of the activation of-8 bonds by main group elements

Figure 23. Molecular structure 0f3.52 in the crystal: top view (left) and front view (right). Displacement
ellipsoids are shown at the 50% probability lev@hlculated kidrogen atoms are omitted for clarity. Selected
bondlengths (A) and angles (°): PC1: 1.732(2); PUC5: 1.728(2); PlO: 1.603(2); @C17: 1.448(2); PH1:
1.28(2); CI1C2: 1.388(3); CRC3: 1.413(3); CBC4: 1.376(3); CACS5: 1.413(3); CLSi: 1.900(2); C1Pi C5:
108.24(9); HIP1 O: 95.7(9).

In addition to this3.51 shows an unusual reactivity towards HCI. Phosphinines are in general
stable towards strong acids, but in this case upon addition of an excess of HCI a single
resonance is visible in tHiP{'"H} NMR spectrum at U = 49 ppm.
of HCI performs a hydrdesilylaion at the phosphinine rirfg° and a second equivalent adds

at the P=C double bond, wh i*iéphosphimises. Reagtienr o b s
with NHaBHs, in the attempt of adding dihydrogen at thedhter’?° led to unidentified

products.

Most interesing is the reaction with N&F Ammonia was condensed in a tube contairdirid

which was then sealed under vacuum, and the solid ammonia was carefully thawed. The
Pf'H} NMR spectrum of the react32dppmmithxat ur e s
coupling constant of'Jp.y = 498 Hz, which confirms the presence of a dired¢t Bond.
Unfortunately, no additional characterization was possible, and it is not clear yet whether

ammonia activation oralternatively, ammmmoniacatalyzed water addition was achidvia



this case. The fact that only one doublet is detected in the NMR spectrum is, however, a

promising signal.

3.2.3 Oxidation

Like most phosphines, phosphabarrelenes are prone to oxidation with chalcogens. This can be
achieved using well establishedopedures which have been reported in the introduction of
this chapter\ide suprd. Oxidation to the corresponding oxides can be easily achieved using
hydrogenperoxide. To a solution of the appropriate ligand in DCM an excess@©f id

added and the minte is stirred until full conversion, monitoring the reaction by means of
31pfIH} NMR spectroscopy. The excesshyfdrogenperoxide can beemoved by heating up

the solution to théoiling pointif in small quantities and the remaining white solidsdried
thoroughly in vacuum. Oxidation with sulfur can be achieved by heating up the
phosphabarrelene derivative together with elemental sulfur and DBU. A filtration over a short
plug of silica gel affords the pure product in high yield9@%). Finally oxdation with
selenium is obtained by stirring tlempoundin refluxing toluene in the presence of an
excess of grey selenium, which can be easily filtered out at the end of the reaction. In all these
cases,a downfield shift was observedrfthe resonancef the phosphorus atom in the
3pf!H} NMR spectra.

Three oxidized derivatives have been prepared and fully characterized for phosphabarrelene
3.12 The molecular structures in the crystal of the 0@d sulfide3.54and selenid&.55
are reported iffigure24 and lected bond lengths (A) and angles (°) are report@dlie7.
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Figure 24. Molecular structure 08.53 3.54and3.55in the crystal. Displacement ellipsoids are shown at the
50% probability level. Hydrogen atoms and solvent molecules are omitted for clarity. Only one molecule is

shown for each crystal structure. Selected bond lengths (A) and angles (°) are replatedin

Table 7. Selected bond lengths (A) and angles (°3.6B 3.54and3.55 with E = O, S, Se, respectively.

Bond (A)

Jangle () 3.53 3.54 3.55
P-C1 1.824(2) 1.831(2) 1.838(3)
P-C24 1.795(2) 1.810(2) 1.812(2)
P-C5 1.818(2) 1.830(2) 1.839(2)
P-E 1.476(1) 1.9365(6) 2.0924(7)
C1-C2 1.340(3) 1.333(2) 1.330(3)
C2-C3 1.539(3) 1.535(2) 1.531(3)
C3-C4 1.540(3) 1.538(2) 1.538(3)
C4-C5 1.334(3) 1.333(2) 1.333(4)
C24C25 1.393(3) 1.398(2) 1.390(4)
C25C3 1.557(2) 1.561(2) 1.563(3)
C1-P-C5 98.57(9) 98.87(8) 97.9(1)
C1-P-C24 98.65(9) 98.27(8) 97.4(1)
C24P-C5 99.71(9) 97.01(8) 98.4(1)

Similarly, also phosphabarreleBe45was oxidized with selenium to the derivat®&6 As

in the case of3.55 after 16 h in refluxing toluene in the presence of grey selenium, the



3pf!H} NMR spectrum shows only one resonance, with typical satellites due tithe

coupling. The macular structure in the crystal 856is depicted irFigure25.

Figure 25. Molecular structure 08.56in the crystal. Displacement ellipsoids are shown at the 50% probability
level. Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and anglésQ®):1P839(2); PC5:
1.839(1); PC18: 1.813(2); PSe: 2.1010(5); Si1C1: 1.903(2); SiPC5: 1899(2); C1C2: 1.344(2); CpC3:
1.547(2); C3C4: 1.545(2); CACS5: 1.349(2); C1BC19: 1.396(2); C1RC3: 1.524(4); CLPi C5: 100.44(8); CiL

Pi C18: 98.94(8); CBPi C18: 100.43(8).

The oxidation proerties of phosphabarrelenssongly depend on their substitution pattern.

In fact, a different reactivity was observed for trifluorometsiybstituted barrelen€s1 and

3.46 None of these ligands reacted with grey selenium after prolonged heating in solution. In
particular 3.46 started decomposing to phosphiniBe1 before any oxidation could take
place. While it still needs to be clarified whether oxidation with elemental sulfur is accessible,
both these ligands could be easily oxidized to the corresponding oxides u€ixngmHDCM.

In particular3.57, theoxide of3.1, was characterized crystallographicalygure26).

In an attempt to synthesize the elusive phosphiameée, the oxide of phosphabarrelehé6

(3.58 was heated in toluene. Unfortunately, even though the reduced species underwent easy
cycloreversions upon heatirn(gee Scheme36), this compound did not react after 16 h at

T =120°C. Maybeevenhigher temperatures need to be reached, even though the unstable

phosphinineoxide could be affected by such harsh conditions.
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Figure 26. Molecular structure 08.57in the crystal. Displacement ellipsoids are shown at the 50% probability
level. Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and anglésQ®):1P816(1); PC5:
1.821(2); PC24: 1.840(2); PO: 1.460(); CIiC2: 1.334(2); CRC3: 1.552(2); CBC4: 1.540(2); CHCS5:
1.339(2); C24C25: 1.338(2); CZB5C3: 1.570(2); CLPiC5: 99.87(7); CLPiC24: 96.10(7); CBPiC24:
99.30(7).

3.2.4 Coordination chemistry

Even though phosphabarrelenes have been used as ligammadsdmation chemistry faguite
sometime and partial studies on their electronic properties have been performedjepthn

investigationand a comparison with stabé-the-art ligands is still missing/**872#

To examine thie electronic propertieametatcarbonyl complegsof phosphabarrelenagere
synthesized. In fact, metahrbonyls can be used as probes for the evaluation and comparison
of the electronic properties of a ligand, since the stretching of the CO bands in the infrared
spectra is proportional to the rdration of electron density from the ligand to the metal
center. More precisely, the higher the-denhation, the lower the frequency of the stretching

vibration. The results of the analysis on the electronic properties are reported in Chapter 5.

Various medl-carbonyl complexes have been synthesized in this work. First, group 6 metals
have been used and the coordination compounds have been characterized by means of NMR
and IR spectroscopy. Complex8$8 3.59 and 3.60 have been prepared starting from the
coresponding [M(CQJTHF] precursors (M= Cr, Mo, W). Interestingly3.58 is the first
phosphabarreleAlgased chromium complex. The molecular structures in the crystal of these
compounds are depicted kigure 27, while selected bond lengths and angles are reported
Table8.



Figure 27. Molecular structure 08.58 3.59and3.60in the crystal. Displacement ellipsoids are shown at the
50% probability level. Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and angles (°) are
reported inTable8.
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Table 8. Selected bond lengths (A) and angles (°) of compl&x&8 3.59and3.60,
with M = Cr, Mo, W respectively.

Z%Z?e(/é)) 3.58 3.59 3.60
P-C1 1.849(1) 1.849(2) 1.853(1)
P-C24 1.837(2) 1.841(2) 1.833(1)
P-C5 1.853(2) 1.853(2) 1.845(1)
P-M 2.3769(5) 2.5216(6) 2.5275(2)
C1-C2 1.326(2) 1.330(3) 1.336(2)
c2-C3 1.529(2) 1.537(3) 1.532(2)
C3-C4 1.536(2) 1.534(3) 1.531(2)
C4-C5 1.328(2) 1.329(3) 1.337(2)
C24C25 1.403(2) 1.399(3) 1.406(2)
C25C3 1.552(2) 1.556(3) 1.551(2)
C1-P-C5 95.74(7) 95.84(9) 95.94(6)
C1-P-C24 95.94(7) 96.10(9) 95.90(6)
C24P-C5 94.81(7) 94.95(9) 95.46(6)

In order to synthesize the corresponding complexes with trifluoromestiys$tituted
phosphabarrelene8,1 was also emplagd in analogous reactions, it not react with any

of the metal precursors. Exploiting the possibility to perform a [4+2] cycloaddition on a
phosphinine which is in the coordination sphere of a metal, an excess of hexaflogtyne

was condensed into a NMRYbung tube containing a solution of the phosphirtunggsten
complex 2.23. Surprisingly, the alkyne did react with the phosphinine, wHafh the
coordination sphere upon reaction. Over 3 days in refluxing toluene, the resonance of the
tungsten complex slowly disappeavghile the signal o8.1r i s e s -6@Sppml Finally,

only the resonances of phosphabarrel8feand some sidperoduds originated by light
exposure (see Chapter 4) were observable iffeH} NMR spectrum Figure 28). It can

be concluded that the coordination properties of this ligand are very different compared to its

benzophosphabarrelene analogue.
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Figure 28. *'P{*H} NMR spectra of the reaction betwe2r22and hexafluore2-butyne.
From bottom to top the consumptionzd2and the formation d8.1are observed.
Side products in the top spectrum (*) are deriving from long light exposure (see Chapter 4).

Similarly, it was not possible tsolatea Rh complex of ligan®.1, since the reaction with
[Rh(COXCI], led to a ratherunexpected result (see Chapter 4). The corresponding Rh
complex featuring benzophosphabarrel@nE2 instead has been prepared by Breit and co
workers, and its IR spectrum was used to estimate the electronic properties of the
phosphabarrelene liganf- Since the crystallographic characterization of this compound was
still elusive,this complex 8.61) has been synthesizadain. $hgle crystalssuitable for Xray
analysiswere grown froma concentrated solution in DCM and the molecular structure in the

crystal was determinedrigure29).
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Figure 29. Molecular structure 08.61in the crystal. Displacement ellipsoids are shown at the 50% probability
level. Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and angles C): R1841(2); Pl

C5: 1.860(2); P1C24: 1.823(2); PiIRh: 2.30187); RH Cl: 2.3663(7); RhC30: 1.833(2); C300: 1.138(2);

C1i C2: 1.335(3); CRC3: 1.535(2); CBC4: 1.538(3); CHACS5: 1.343(3); C2UC25: 1.393(3); C25C3: 1.544(3);

C1i P1i C5: 94.81(9); CLP1i C24: 97.81(9); CBP1i C24: 97.17(9).

As will be discussed in Chaptér [LNi(CO);] type complexes are the most common probes
for theinvestigaion of the electronic properties of a ligand. Howe\eii(CO);] complexes

of phosphabarrelenes have so far not been reported in literature. To prepare them, an excess of

[Ni(CO)4] was condensed at T-296°C onto a solution with the appropriate ligand in-a J

Young NMR tube using a condensation ligelieme3).

7
ﬂ\ NI(CO)d L pﬂj\R

ATQ -Co /
~ .
(ef0)

Scheme38. Synthesis of [LNi(COj] metal complexes.

Upon thawing of the solution and shaking, a violent gas evolution was detected in the NMR
tube. In the®P{'H} NMR spectrum, a downfield shift was observed, suggesting the
formation of he respective nickel complexes. Figure 30 the ligands employed in this
reactionare illustrated The reactions were generally fast but in some cases to reach full
conversion it was necessary to degas the mixture in order to elirthea®O produced in the
NMR tube during the reaction. Unfortunately ligahd6did not react at all with [Ni(CQ).
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Figure 30. Phosphabarrelesemployed in the reaction with [Ni(Cg))and correspondingnetal complexes.

Evaporation of the volatiles yielded the compounds asvbife solids. The IR spectra were
recorded in DCM and show the expected pattern for [LNigC®pe complexes. The spectra
will be discussed in Chapter 5. One of the derivati8e®2 has been flyf characterized and
its molecular structure in the crystal is depictedFigure 31. This is one of the few
compounds of the type [LNi(C@])that hasbeen characterized crystallographicafs.

Figure 31. Molecular structure 08.62in the crystal. Displacement ellipsoids are shown at the 50% probability
level. Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and anglésQ®):1P853(3); PC5:
1.835(3); PC24: 1.829(3); PNi: 2.1976(8); Ni C(avg.): 1.798(4); ©O(avg.): 1.140(4); C1C2: 1.328(4); CR

C3: 1.533(5); CBC4: 1.537(4); CACS5: 1.320(4); C2AC25: 1.401(3); C25C3: 1.548(4); CLP1L C5: 96.0(1);
ClLiP1i C24: 94.7(1); CBP1i C24: 96.3(1).

In order to evaluate the properties of phosphabarrelenes as ligands-cagdyded reactions,
four [LAuUCI] type complexes were synthesized starting from [AuCI(§Ma DCM at room
temperature using the suitable ligafig(re32).
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Figure 32. Phosphabarrelergased gold(l) complexes.

Quantitative formation of complexé&s67, 3.68 3.69and3.70was observed in th&P{'H}

NMR spectra, where a single downfigdtlifted resonance was observed. Evaporation of the
volatiles yielded the compounds as pgédlow solids quantitatively. To completely remove
dimethylsulfide it was necessary to either dissolve the complex agamemmoge the volatiles

for a couple of times or dissolve the complex in the smallest amount of DCM and precipitate
it with diethyl ether or pentanén this way the obtained palellow solid could be more
easily thoroughly dried in vacuum. If needed, waghwith diethyl ether or pentane was
helpful. Single crystals d.67, 3.68and3.69suitable for Xray diffraction were obtained by
slow evaporation of DCM at T =35 °C. The molecular structures are depicteBigure 33,
Figure34 andFigure35.

Figure 33. Molecular structure 08.67in the crystal. Displacement ellipsoids are shown at the 50% probability
level. Only one molecule is shown. Hydrogen atoms and solvent are omitted for clarity. Selected bond lengths
(R) and angles (°): ”C1: 1.829(4); PC5: 1.840(5); PC24: 1.815(5); PAu: 2.216(1); Ali Cl: 2.283(1); C1C2:
1.333(5); C2C3: 1.525(6); CBC4: 1.540(5); CAC5: 1.332(5); C24C25: 1.403(6); C25C3: 1.551(6); CLPLi

C5: 99.1(2); C1P1i C24: 98.3(2); CBP1i C24: 95.9(2).



Figure 34. Molecular structure 08.68 in the crystal. Displacement ellipsoids are shown at the 50% probability
level. Hydrogen atoms and solvent are omitted for clarity. Selected bond lengths (A) and angle€1°): P
1.836; RC18: 1.816; PAu: 2.229; Al Cl: 2.283; Si1C1: 1.890(4); CLC2: 1.345(5); C2C3: 1.535; C18B
C19: 1.399; C1PC3: 1.533; CLPi C1;: 100.8; C1PFi C18: 99.1.

Figure 35. Molecular structure 08.69in the crystal. Displacement ellipsoids are shown at the 50% probability
level. Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and anglésQ®):1P847(6); PC5:
1.827(5); PC24: 1.854(5); PAu: 2.210(1); AiCIl: 2.270(1); C1C2: 1.29(8); C2C3: 1.558(7); CBC4:
1.540(6); C4C5: 1.326(7); C24C25: 1.320(8); C25C3: 1.579(8); CLPi C5: 99.6(2); CLPi C24: 94.9(3); Cb

Pi C24: 97.1(2).

Phosphininecontaining copper complexes have been reported and some of them showed
interesting optical preertiesc>***Hence, it is intagsting to investigate the properties of the
analogous phosphabarrelene complexétowever, no copper complex containing

phosphabarrelene ligands has been published irrpeiewved journals so faf?

First, ligand3.12 was mixed with anhydrous CuCl in DCM in equimolar amounts. The
product is barely soluble and a white precipitate was observed in the reaction vessel. The
3pfIH} NMR spectrum shows a broad signal, which suggest the successful coordination to
copper, sincéts quadrupolar moment typically gives rise to broad resonancesHTN&IR
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spectrum shows a single set of signals, suggesting the quantitative formatiosingflea
species Surprisingly, the molecular structure in the crystal shows the formation &:the
complex 3.71 which has a distorted trigonal planar geomeffigiire 36). Repeating the
experiment with a 2old amount of ligand resulted in tharae species according to the NMR

spectra, suggesting that 0.5 equivalents of unreacted CuCl were still present in the solution.

Figure 36. Molecular structure 08.71in the crystal. Displacement ellipsoids are shown at the 50% probability
level. Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and angles C): R1846(2); Pl
C5: 1.838(2); PC24: 1.829(2); PilCu: 2.2340(6); CLCI: 2.2475(8); PRCu: 2.2256(8); CLC2: 1.330(3); CP
C3: 1.537(3); CBC4: 1.532(4); CAC5: 1.340(3); C24C25: 1.404(3); CZ5C3: 1.553(4); CLP1i C5: 95.8(1);
C1iP1i C24: 96.1(1); CBP1i C24: 97.2(1); PLCui P2: 134.42(3); PICLi Cl: 108.08(3); PRCLi Cl: 117.38(3).

To obtain a 1:ladduct, it was necessary to switch to a more strongly coordinating solvent.
The same reaction performed in refluxing acetonitrile yielded crystaBii@ whose
molecular structure is depictedigure37. Interestingly, only one molecule of acetonitrile is
found in the asymmetric unit, probably due to steric reasons. Consequently, one of the copper
centers has a tetrahedral geometry, whike dkher one is arranged in a distorted trigonal
planar fashionDue to its extremely low solubility, the characterization in solution is limited

to the'H NMR spectrumThis complex appeared to be only stable in acetonitrile. When the
crystals were dissodd in DCM, theH NMR spectrum looked equal to the one3cfl



Figure 37. Molecular structure 08.72i n t he cryst al (top) and side Vview
(bottom). Displacement ellipsoids are shown at the 50% probability level. Hydrogen atoms are omitted for
clarity. Selected bond lengths (A) and angles (°)i GIt 1.849(2); PIC5: 1.85@2); P1i C24: 1.828(2); Pil

Cul: 2.2027(7); CulCl1: 2.3864(8); CulCl2: 2.4014(8); CulN: 2.023(2); CuRCI1: 2.2892(7); CulCI2:

2.2659(7); PRCu2: 2.1715(6); CI1C2: 1.331(3); CRC3: 1.541(3); CBC4: 1.540(3); CAC5: 1.332(3); C2u4

C25: 1.404(3); CZ8C3: 1.%2(3); CiP1i C5: 95.2(1); C1P1i C24: 96.4(1); CBP1i C24: 96.1(1); PL1Culi

Cl1l: 123.51(3); PLCuliCI2: 116.56(3); PUCuliN: 108.84(7); PRCuZ Cl1: 125.75(3); PeCuz CI2:

132.72(3); CI1CuZ CI2: 101.52(3).

3.3Conclusions

A new strategy for the formation of phosphabarrelenes was presented, which uses arynes
prepared at low temperature from iodosulfonatggen though thesolatedyields are not

higher than the reported ondisis could be a good methodology for the insarbbfunctional

groups on the phosphabarreldraekbone A definitive mechanistic proof has been found for

the concerted Diel& | d e r reaction of an ar yphesphinine h a p

intermediate is involved in this process.

69



70

The oxidation of phosphabarrelenes was investigated. Oxidized benzophosphabarrelene
derivatives with O, S, Se have been synthesized, fully characterizedstardurally
compared. Trifluoromethydubstituted phosphabarrelenes are more difficult to oxidize and

only oxides vere obtained.

The cycloreversion reactivity of a trifluorometksiibstituted phosphabarrelene has been
investigated. An asymmetrically substituted phosphinine was obtained in high yields starting
from this phosphabarrelene derivative. Th@npoundshows nteresting properties for the

activation of small molecules.

The coordination chemistry of phosphabarrelenes has been further explored. Complexes of
Cr, Mo, W and Rh with benzophosphabarrelenes have been synthesized and fully
characterized. At the same #mtrifluoromethyisubstituted ligands showed different
reactivity with the same metal precursors. Ni complexes of the ligands were prepared in order
to compare their electronic properties (see Chapter 5). The coordination chemistry with Cu
was investigatedand the first complexes were reported. New gold complexes have been
synthesized and fully characterized, in order to test them in -Ba(@yzed

cycloisomerization reactions (see Chapter 5).

3.4 Experimental part

General Remarks

Unless otherwise stated, all the experiments were performed under an inert argon atmosphere
using modified Schlenk techniques or in a MBraun glovebox. All common chemicals were
commercially available and were used as received. Dry or deoxygenated solezats
prepared using standard techniques or used from a MBraun solvent purification system. The
NMR spectra were recorded on a JEOL ECX400 (400 MHz) spectrometer and chemical shifts
are reported relative to the residual resonance in the deuterated sdRespectra were
measured on a Nicolet iIS10 FFIRIR spectrometer by Thermo Scientific in the solid state

and on a Vertex 70 FIR spectrometer by Bruker in dichloromethane. For reactions under
UV irradiation, a UVP High intensity 100 Watt BDOAP MercuryWapor Lamp without filter

was usedlodophenyjtosylate derivative$?®?**pyrylium salté* and phosphininés®® have

been prepared accordingtte literature.



[4,6,7-triphenyl -2,3-bis(trifluoromethyl) -1-phosphabicyclo[2.2.2]octa2,5, *triene], (3.1)

The compund was synthesized according to a modified literature proc&di8emL of dry
methylcyclohexane were added to triphenylphosphinine (4,08.09 mmol) in a 100 mL
Schlenk bomb. After degassing completely the reaction vessel, hexafluorobutyne was
condensed into the solution (2.5 g, 15.45 mmbie reaction mixture was thdreated up to

T = 100 °C and stirred far = 48 h. Afterwards thevolatiles were removed and the crude
mixture was absorbed on silica geb(10 g). The loaded silica was stored under air for one
week. Subsequently the adsorbate elasedthrough another pad of silica gel( 8 cm) with
hexane. The dark crude mixtunbtained was then recrystallized from EtOH/water, yielding
the pure product as a white powder (631 mg, 51%). Single crystals suitabledgradalysis

were obtained by slow evaporation from a diethyl ether solution.
Caution:vessel under pressure!

'H{'%F} NMR (CDCls, 400 MHz):d = 7.37 (m, 6H), 7.49 (m, 1H), 7.55 (m, 2H), 7.63 (m,
4H), 7.80 (d, 2HJ = 7.2 Hz), 8.06 (d, 2H]= 6.5 Hz) ppm.

¥3c{*H,"F} NMR (CDCl;, 101 MHz):d = 66.7 (d,J = 5.3 Hz), 121.3 (s), 123.5 (d,
J=27.7Hz), 126.2 (dJ = 13.5 H3, 128.5 (s), 128.8 (d] = 1.8 Hz), 128.9 (s), 129.0 (s),
129.3 (s), 137.0 (dJ = 26.4 Hz), 139.1 (s), 148.3 (d,= 3.6 Hz), 148.9 (dJ = 34.1 Hz),
152.4 (d,J = 19.7 Hz), 159.1 (d] = 3.9 Hz) ppm.

3P{'H} NMR (CDCls, 162 MHz):d = -65.5 (q,J = 37.2 Hz) ppm.

F{*H} NMR (CDCl3, 376 MHz):d = -54.5 (dq,J = 38.9, 13.1 Hz);54.1 (q,J = 13.1 Hz)
ppm.

General procedure for the synthesis of benzophosphabarrelenes iodosulphonates

To a solution of 2odopheny4-methylbenzenesulfonate (1.6493 mmol, 1.4 eq) in THF (25

mL) at T =-95 °C isopropylmagnesium chloride (2.2 mL, 4.4 mmol, 1.4 eq; 2.0 M solution in
THF) was added dropwise. The resulting pale brown to grey solution was stirtted Xdn.
Subsequently, a solution of phosphininel(8mol, 1.0 eq.) in THF (8 mL) was added
dropwise at T =95 °C. The solution immediately turned dark green and was allowed to warm
to room temperature overnight in the cooling bath (approximately 8 h). During the process,
the color of thesolution turnedo dark red. The reaction mixture was quenched in air with
NH4CI (sat. ag., 100 mL) and diluted with DCM (100 mL). The aqueous layer was extracted

with DCM (2 x 20 mL) and the combined organic fractions were dried over anhydrous
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MgSO, and concentrated undeeduced pressure. The violet residue was purified by flash
chromatography (silica gel, hexanes/DCM (5:1) + 1 voldNEtyielding the product as a
colorless solid.

[2,4,10triphenyl -4H-1,4-ethenophosphinoline], (3.12)

The spectroscopic data warensistent with those reported in the literattifeyield: 21%.

[2,4-diphenyl-10-methyl-4H-1,4-ethenophosphinoline], (3.2)

The obtained yellow fraction was recrystallized under argon from Etg(3:1), yielding

the product as a colorless solid (7%).

'"H NMR (THF-dg, 400 MHz):Ui = 2.13 (ddd,J = 13.4, 1.8, 1.0 Hz, 3H), 6.45 (m, 1H), 6.92
(m, 2H), 7.20 (m, 1H), 7.29 (m, 2H), 7.44 (m, 1H), 7.56 (m, 2H), 7.67 (m, 2H), 7.79 (m, 2H),
8.05 (ddJ=5.9, 1.0 Hz, 1H) ppm.

¥C{*H} NMR (THF-dg, 101 MHz):li = 20.9 (d,J = 36.7 Hz), 63.5 (dJ = 1.2 Hz), 123.5 (d,
J=12.9 Hz), 123.7 (d) = 1.2 Hz), 125.7 (dJ = 13.2 Hz), 126.6 (d) = 1.7 Hz), 127.2 (m),
128.2 (d,J = 1.2 Hz), 128.8 (dJ = 20.2 Hz), 131.1 (d] = 38.2 Hz), 138.9 (d] = 24.1 Hz),
141.6 (s), 141.8 (d] = 12.0 Hz), 146.9 (dd) = 12.6, 5.1 Hz), 148.7 (d,= 16.3 Hz), 152.6
(d,J=16.3 Hz), 155.6 (d] = 4.0 Hz) ppm.

3P{*H} NMR (THF-dg, 162 MHz):li=-64.3 (s) ppm.

[3,9-diphenyl-2,10bis(trimethylsilyl) -4H-1,4-ethenophosphinoline], (3.45)

The compound was synthesizaccording to a modified literature procedifte1-Bromo-2-
fluorobenzene (0.39 mL, 3.57 mmol) was slowly added to a mixatinghosphinine2.25

(2.00 g, 2.55 mmol) and magnesium turnings (93.1 mg, 3.83 mmol) in THF (20 mL) at room
temperature. The reaction mixture was stirredtferl2 h at room temperature. The solvent
was evaporated, and the resulting residue was extragtedhexanes (3 x 5 mL). The
resulting powder was rinsed with methanol (3 x 5 mL). After evaporation of the solvent, the
titte compound was obtained as an-wfiite crystalline solid in 49% vyield (580 g, 1.24

mmol).

'H NMR (C¢Ds, 400 MHz):li= 0.12 (s, 18M 5.70 (s, 1H), 7.45 (m, 14H) ppm.



13c{*H} NMR (101 MHz, CDC}): d = -0.1 (CH;, d,J = 8.5 Hz), 71.9 (dJ = 4.2 Hz), 121.8
(s), 124.3 (s), 124.4 (s), 127.0 @z= 0.8 Hz), 127.8 (s), 130.7 (d,= 32.6 Hz), 139.4 (d,
J=52.3 Hz), 142.9 (d) = 22.1 Hz), 144.5 (d] = 3.1 Hz), 148.0 (dJ = 3.0 Hz), 172.6 (dJ =
2.5 Hz) ppm.

29Si{*H} NMR (79 MHz, CDCE): d = -4.2 (d,J = 36.6 Hz) ppm.
31p{*H} NMR (CgDg, 162 MHz):ii = -58.8 (s) ppm.

[5,8-diphenyl-6,7-bis(trimethylsilyl) -2,3-bis(trifluorometh yl)-1-
phosphabicyclo[2.2.2]octa2,5, +triene], (3.46)

A solution of phosphinin2.25(392.6 mg, 1.0 mmol) in 10 mL of toluene in a 25 mL Schlenk
bomb was degassed by pump and thaw. Subsequently, hex#ftbatgne (roughly 4 eq.)

was condensed in the vessel using a condensation line. Afterwards the mixture was allowed to
warm up to roontemperature and stirred at T = 65 °C overnight. The volatiles were removed
and the crude mixture was recrystallized from hot methanol (then cooled-t@0T°C),
yielding the product as colourless crystals (471 mg, 85%). Crystals suitabledgraxalys

were obtained during the recrystallization process.
'H NMR (400 MHz, CDCY): d =-0.03 (d,J = 1.1 Hz, 18H), 5.74 (m, 1H), 7.00 (m, 4H), 7.30
(m, 6H) ppm.

13¢{™H,*F} NMR (101 MHz, CDC}): d = -0.3 (CH;, d, J = 7.0 Hz), 70.1 (d) = 4.2 Hz),
121.8 (s),123.3 (d,J = 27.5 Hz), 127.1 (s), 128.3 (s), 128.5 (s), 141.71 (3.6 Hz), 141.8
(d,J=54.9 Hz), 146.7 (d] = 46.6 Hz), 148.8 (d] = 4.2 Hz), 171.7 (d) = 1.9 Hz) ppm.

19 NMR (377 MHz, CDGJ): d = -60.9 (qd,J = 12.0, 1.1 Hz);56.1 (dg,J = 29.5, 12.1 Hz)
ppm.

29Si{*H} NMR (79 MHz, CDCE): d =-2.8 (d,J = 37.8 Hz) ppm.
31p{IH} NMR (162 MHz, CDCh): d =-50.6 (q,J = 29.4 Hz) ppm.

[3,9-diphenyl-4H-1,4-ethenophosphinoline](3.47)

The compound was synthesized according to a litergitweedurd® To a solution of
phosphinine3.45 (32.8 mg, 0.070 mmol) in THF 3 eq. of tetrabutylammonium fluoride
hydrate [(BuN ) F.@,HBAF] were added and the solutiorasvheated up to T = 60 °C for
t=1h. Afterwards the volatiles were evaporated and the residue was dissolved in toluene.
The solution was extracted with water three times and the organic phase was dryed over
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anhydrous MgS@ Finally the toluene solution was eluted through a short pluglich si
(6 cm, in a pipette) with toluene and the product was obtained as first fraction as a white solid
after evaporation of the solvent (11.8 mg, 52%).

'H NMR (400 MHz, THFds): d = 6.17 (m, 1H), 6.96 (m, 1H), 7.01 (m, 1H), 7.08 (m, 2H),
7.25 (m, 2H), 7.3 (m, 4H), 7.51 (m, 4H), 7.63 (m, 2H) ppm.

13c{*H} NMR (101 MHz, THRdg): d = 60.1 (d,J = 2.4 Hz), 125.4 (d) = 11.9 Hz), 125.9 (d,
J=1.1Hz), 126.2 (s), 127.7 (d= 1.4 Hz), 129.0 (s), 129.4 (s), 131.7 J& 21.3 Hz), 131.9
(d,J = 36.6 Hz), 140.0 (d] = 2.5 Hz), 143.8 (d) = 12.5 Hz), 150.8 (d] = 4.2 Hz), 164.9 (d,
J=6.1 Hz) ppm.

3P NMR (162 MHz, THFdg): d = -78.6 (tdd,J = 51.9, 8.2, 2.2 Hz) ppm.

General procedure for the oxidation to phosphabarrelene oxides

To a soluion of the appropriate phosphabarrelene in DCM (0.075 mmol), an exces®.0f H

(> 20-fold) was added and the solution was stirred until full conversion. The progress of the
reaction was monitored by means*t#{*H} NMR spectroscopy. Afterwards the solvertd

the excess of #D, were removed by boiling the reaction mixture and the remaining white
solid was dried thoroughly under vacuum. The reactions are quantitative. Crystals suitable for

X-ray analysis were obtained by slow evaporation of a tolueneauluti

[2,4,10triphenyl -4H-1,4-ethenophosphinolinejoxide, 3.53

'H NMR (CDCk, 400 MHz):d = 6.51 (ddJ = 7.7, 5.0 Hz, 1H), 7.09 (m, 1H), 7.23 (m, 1H),
7.32 (m, 2H), 7.38 (m, 4H), 7.54 (m, 1H), 7.64 (m, 2H), 7.76 (m, 6H), 8.01%B1.8 Hz,
2H), 8.10 (m, 1H) ppm.

¥C{*H} NMR (CDCls, 101 MHz):d = 55.7 (d,J = 28.7 Hz), 124.1 (s), 125.06 (s), 127.0 (s),
128.2 (s), 128.6 (s), 129.2 (s), 129.4 (s), 133.3 (s), 134.1 (s), 134.2 (s), 134.2 (s), 139.4 (s),
144.6 (s), 145.4 (s), 148.8 (962.1 (dJ = 4.3 Hz) ppm.

31p{IH} NMR (CDCls3, 162 MHz):d = 12.7 (s) ppm.

[4,6, triphenyl -2,3-bis(trifluoromethyl) -1-phosphabicyclo[2.2.2]octa2,5, +triene] oxide,
(3.57

'H{'%F} NMR (acetoneds, 400 MHz):d = 7.43 (m, 6H), 7.52 (m, 1H), 7.60 (m, 2H), 7.87 (m,
4H), 8.07 (d, 2HJ = 7.6 Hz), 8.36 (d, 2H]= 33.2 Hz) ppm.



13C{™H,"F} NMR (acetoneds, 101 MHz):d = 57.0 (d,J = 35.7 Hz), 121.7 (m), 122.9 (m),
128.4 (dJ = 6.1 Hz), 129.4 (s), 129.5 (s), 129s},(129.8 (s), 130.1 (s), 133.7 (s 7.4Hz),
139.1 (s), 142.4 (dl = 69.8 Hz), 144.7 (d] = 82.7 Hz), 151.0 (s), 159.8 (s) ppm.

¥P{'H,"F} NMR (acetoneds, 162 MHz):d = 9.8 (s) ppm.
YF{H} NMR (acetoneds, 376 MHz):d = -55.1 (q,J = 13.8 Hz)-55.8 (q,J = 13.7 Hz) ppm.

[5,8-diphenyl-6,7-bis(trimethylsilyl) -2,3-bis(trifluoromethyl) -1-
phosphabicyclo[2.2.2]octa2,5, #triene] oxide, (3.58

'H NMR (400 MHz, CDC}): d = 0.08 (d,J = 0.9 Hz, 18H), 5.33 (d] = 8.3 Hz, 1H), 6.99 (m,
4H), 7.34 (m, 6H) ppm.

13¢{™H,*F} NMR (101 MHz, CDC}): d = -0.1 (CHs, d, J = 1.9 Hz), 61.9 (d) = 52.8 Hz),
121.2 (d,J = 13.6 Hz), 126.7 (dJ = 1.2 Hz), 128.6 (s), 129.0 (s), 137.3 Jo& 42.4 Hz),
138.4 (d,J = 61.9 Hz), 10.3 (d,J = 17.7 Hz), 147.8 (d) = 4.4 Hz), 171.1 (d) = 4.9 Hz)

ppm.
% NMR (377 MHz, CDGCJ): d=-60.5 (q,J = 12.4 Hz)-55.8 (dq,J = 12.4, 2.4 Hz) ppm.

293i{*H} NMR (79 MHz, CDCE): d =-1.6 (d,J = 9.6 Hz) ppm.
31p{*H} NMR (162 MHz, CDC}): d = 24.1 (q,J = 2.4 Hz) ppm.

General procedure for the oxidation to phosphabarrelene sulfides

To a solution of the appropriate ligamdtoluene, 1.1/8 eq. ofs&nd a drop of DBU were
added. The reaction was then heated up to reflux fob h. Afterwads the volatiles were
removed and the product was purified by column chromatography over a short plug of silica,
using a DCM/pentane 3:2 mixture as eluent. The volatiles were once more removed yielding

the product as a white solid in good yields.

[2,4,10triphenyl -4H-1,4-ethenophosphinoline]sulfide, (3.54)
Yield: 71%.

'H NMR (CDCk, 400 MHz):d = 6.60 (ddJ = 7.6, 4.9 Hz, 1H), 7.15 (t8,= 7.6, 1.2 Hz, 1H),
7.38 (m, 7H), 7.59 (m, 5H), 7.76 (m, 2H), 8.01 Jd& 30.0 Hz, 2H), 8.21 (ddd,= 14.4, 7.2,
1.3 Hz, 1H) ppm.
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13c{'H} NMR (CDCls, 101 MHz):d = 57.4 (d,J = 24.5 Hz), 124.1 (d] = 6.9 Hz), 125.2 (d,
J=12.9 Hz), 128.3 (s), 128.3 (s), 128.4 (s), 128.4 (s), 128.4 (s), 128.5 (s), 128.5 (s), 134.1 (d,
J = 8.2 Hz), 135.0 (dJ = 77.0 H3, 139.3 (s), 146.3 (d] = 61.1 Hz), 149.8 (s), 151.5 (d,
J=1.6 Hz) ppm.

3p{'H} NMR (CDCls, 162 MHz):d = 16.0 (s) ppm.

General procedure for the oxidation to phosphabarrelene selenides

To a solution of the appropriate phosphabarrelene in toluene or THF, an excess of grey
selenium was added and the solution was heated up to reflux until full conversion. The
progress of the reaction was monitored by meariéR§tH} NMR spectroscopy. Aftevards

the solution was filtered over celite and the solvent was remove@cuq yielding the
product as a white powder quantitatively. Crystals suitable foayXanalysis were obtained

by slow evaporation of a toluene solution.

[2,4,10triphenyl -4H-1,4-ethenophosphinolineselenide (3.55

'H NMR (THF-dg, 400 MHz):d = 6.56 (dd,J = 7.6, 4.7 Hz, 1H), 7.13 (td, = 7.5, 1.2 Hz,
1H), 7.29 (m, 7H), 7.58 (m, 7H), 7.88 @z 7.2 Hz 2H), 8.07 (d] = 28.8 Hz, 2H), 8.14 (m,
1H) ppm.

¥C{*H} NMR (THF-dg, 101MHz): d = 59.8 (d,J = 22.2 Hz), 124.9 (d] = 6.4 Hz), 125.8 (d,
J=13.4 Hz), 128.7 (s), 129.0 (s), 129.0 (s), 129.3 &3.4 Hz), 129.7 (d) = 5.6 Hz), 129.8
(s), 130.2 (s), 130.2 (d,= 11.2 Hz), 135.6 (dJ = 9.6 Hz), 135.8 (dJ = 67.6 Hz), 140.6 (d,
J=1.5Hz), 146.2 (d) = 52.1 Hz), 150.9 (s), 152.6 (S) ppm.

31p{*H} NMR (THF-dg, 162 MHz):d = 6.6 (S,'Jp.se= 833.9 Hz) ppm.

[3,9-diphenyl-2,10bis(trimethylsilyl) -4H-1,4-ethenophosphinoline]selenide (3.56
'H NMR (400 MHz, THF-dg): d = 0.06 (bs, 18H), 5.34 (d,= 4.3 Hz, 1H), 7.02 (bm, 4H),
7.23 (m, 1H), 7.31 (m, 8H), 8.11 (m, 1H) ppm.

13c{*H} NMR (101 MHz, THFdg): d = 0.8 (CH;, d,J = 1.4 Hz), 68.9 (ddJ = 39.9, 2.0 Hz),
125.3 (dJ = 12.2 Hz), 127.0 (s), 128.0 (sR&2 (s), 128.8 (d] = 10.3 Hz), 134.8 (s), 135.5
(s), 135.9 (dJ = 12.1 Hz), 142.2 (d] = 15.6 Hz), 143.5 (d] = 1.9 Hz), 172.5 (d] = 8.1 Hz)

ppm.
29Si{*H} NMR (79 MHz, THFdg): d=-1.4 (d,%Jp.si = 14.5 Hz) ppm.
31pfIH} NMR (162 MHz, THRdg): d = 5.3 (52Jp.si = 14.9 Hz ' Jp.se= 779.8 Hz) ppm.



[2,4,10triphenyl -4H-1,4-ethenophosphinolinejpentacarbonylchromium(0), (3.58)

A solution of phosphabarrelergel2 (30 mg, 0.075 mmol) in THF was added dropwise to a
solution of [Cr(COyTHF]*™* (1 eq.) in THF and heated at T = 80 °C for 3 h. Afterwards
the solvent was removed vacuoand the residue washed thoroughly with cold pentane,
yielding the product as a white powder (55%). Crystals suitable foayXanalysis were

obtained by slow evaporation of a THF solution.

'H NMR (400 MHz, CDCJ): d = 6.64 (dt,J = 7.5, 1.3 Hz, 1H), 7.14m, 5H), 7.27 (m, 1H),
7.33 (m, 6H), 7.50 (m, 1H), 7.57 (m, 2H), 7.67 (m, 2H), 7.89 &l,15.9 Hz, 2H), 8.14 (ddd,
J=10.8,7.4,1.2 Hz, 1H) ppm.

¥C{*H} NMR (CDCls3, 101 MHz):d = 61.4 (d,J = 8.6 Hz), 124.9 (dJ = 11.9 Hz), 125.2
(bs), 127.7 (s), 128.(s), 128.3 (s), 128.8 (s), 129.4 (s), 130.8)¢; 18.7 Hz), 138.6 (d,
J=27.8 Hz), 139.0 (dJ = 15.4 Hz), 139.8 (s), 151.2 (bs), 152.3 (m), 215.6 ("= 13.8
Hz), 220.4 (bs, C@n9 ppm.

3p{’"H} NMR (162 MHz, CDCh): d = 25.5 ppm
IR (solid gate): 2062 (CO), 1986 (w, CO), 1935 (shoulder), 1915 (s, C3) cm

[2,4,10triphenyl -4H-1,4-ethenophosphinolinejpentacarbonylmolibdenum(0), (3.59)

A solution of phosphabarreler®el2 (30 mg, 0.075 mmol) in THF was added dropwise to a
solution of [Mo(CO} THF], prepared by irradiating a suspensiofiMb(CO)] (2.5 eq.)with

UV light in THF fort =5 h. An excess of metal precursor was needed since the dissociation
of the CO molecule from the metal centis not complete. The solution was then refluxed
overnight. Afterwards the solvent was removed under vacuum and the residue was dissolved
in toluene and filtered over a plug of neutralmlnum oxide. Removing the volatiles yielded

the product as a white powder (46%). Crystals suitable foayXanalysisvere obtained by

slow evaporation from a pentane solution.

'H NMR (400 MHz, CDCY): d = 6.57 (d, 1H,J = 7.6 Hz), 7.03 (m, 4H), 7.24 (m, 4H), 7.49
(m, 4H), 7.62 (d, 3H) = 7.1 Hz), 7.79 (d, 3H] = 15.5 Hz), 8.05 (m, 2H) ppm.

13C{'H} NMR (CDCls, 101 MHz):d = 61.8 (d,J = 8.2 Hz), 124.9 (dJ = 12.4 Hz), 125.1 (d,
J=3.2 Hz), 127.8 (&) = 12.4 Hz), 128.1 (s), 128.3 (d,= 2.1 Hz), 128.6 (dJ = 4.1 Hz),
128.7 (d,J = 1.4 Hz), 128.8 (s), 129.4 (s), 131.2 {d= 21.4 Hz), 139.1 (dJ = 16.8 H2,

139.5 (d,J = 27.2 Hz), 139.9 (s), 150.8 (d,= 3.8 Hz), 152.2 (dJ = 16 Hz), 152.5 (d,
J=3.8Hz), 204.6 (d, CQ, J = 9.5 Hz), 208.7 (d, CRns J = 27.6 Hz) ppm.

¥p{'H} NMR (CDCls, 162 MHz):d = 7.6 (s) ppm.
IR (solid state): 2073 (s, CO), 1908, CO), 1941 (shoulder, CO), 1914 (s, CO)tm
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[2,4,10triphenyl -4H-1,4-ethenophosphinolinejpentacarbonyltungsten(0), (3.60)

A solution of phosphabarrelergel2 (30 mg, 0.075 mmol) in THF was added dropwise to a
solution of [W(CO3}THF] (1 eq.) in THF and heated at T = 80 °C for3 h. Afterwards the
solvent was removeid vacuoand the residue washed with cold pentane, yielding the product
as a white powder (85%). Crystals suitable foray analysis were obtained by slow

evaporabn of a pentane solution.

'H NMR (400 MHz, CDC)): d=6.64 (d,J= 7.8 Hz, 1H), 7.11 (m, 5H), 7.28 (m, 1H), 7.35
(m, 6H), 7.50 (tJ= 7.2 Hz, 1H), 7.58 ()= 7.8 Hz, 2H), 7.68 (d) = 7.8 Hz, 2H), 7.88 (d,
J=16.9 Hz, 2H), 8.09 ppm (dd,= 7.3 Hz, J= 12.3 Hz, 1H) ppm.

¥C{*H} NMR (101 MHz, CDC}): d = 61.8 (d,J = 9.7 Hz), 124.9 (d) = 12.7 Hz), 125.2 (m),
128.0 (s), 128.2 (s), 128.4 (s), 128.8 (s), 129.4 (s), 131188,3 Hz), 131.9 (d) = 5.3 Hz),

138.9 (d,J = 15.4 Hz), 138.9 (d] = 32.8Hz), 139.8 (bs), 151.0 (bs), 152.2 & 21.3 Hz),

152.4 (d,J = 3.6 Hz), 195.3 (d%Jcp = 7.6 Hz,'Jcw = 125.5 Hz, COcis), 197.31 (d,
2Jo.p = 26.7 Hz, CQrans) ppm.

31p{IH} NMR (162 MHz, CDCE): d = -8.5 ppm (5{Jp.w = 266 Hz).
IR (solid state)2071 (w, CO), 1989 (w, CO), 1930 (shoulder), 1907 (s, CO).cm

trans-[Rh(2,4,10triphenyl -4H-1,4-ethenophosphinoline)CI(CO)], (3.61)

The compound was synthesized following a literature procédti@rystals suitable for X

ray analysis were obtained from a concentrated solution abti@lex in DCM at RT.

'H NMR (700 MHz, CDBCL,): d = 6.58 (d,J = 7.8 Hz, 2H), 7.08 (t) = 7.5 Hz, 2H), 7.13 (t,
J=7.6 Hz, 2H), 7.31 (t) = 7.4 Hz, 4H), 7.36 (t) = 7.6 Hz, 8H), 7.53 (t) = 7.5 Hz, 2H),
7.63 (tJ=7.8 Hz, 4H), 7.70 (d) = 7.1 Hz, #), 7.78 (d,J = 7.8 Hz, 4H), 7.97 (1) = 9.5 Hz,
4H), 8.66 ppm (m, 2H).

3C{'H} NMR (176 MHz, CD:Cl): d = 62.4 (t,J = 6.3 Hz), 124.8 (] = 6.4 Hz), 125.1 (m),
128.3 (m), 128.5 (m), 128.6 (s), 129.3 (s), 129.8 (s), 1352<9.5 Hz), 137.7 (t) = 19.1
Hz), 139.2 (m), 140.6 (s), 150.5 Jt= 14.5 Hz), 151.6 (s), 153.2 (s), 183.6 ppm (CO).

31p{*H} NMR (162 MHz, CD,Cl,): d = -10.9 ppm (d Jrnp = 144 Hz).
IR (solid state): 1995 cth



General procedure for the synthesis of [(L)Ni(COj] complexes

Caution: [Ni(CO)4] is highly toxic and potentially carcinogenic. It can be absorbed through
the skin or inhaled due to its high volatility. Vapors [fi(CO)s can autoignite. All
manipulations must be done with extreme care in awvegitilatedfumehood.

In a 3Young NMR tube 0.6 mL of THF containing the appropriate ligand were degassed by
freeze and thaw technique. Afterwards, an excegdi¢€O),] was condensed in the same
tube using a condensation line. The tube was slowly warmed up to eagperature, and the
reaction progress was monitored by means'®{'H} NMR spectroscopy, degassing the
tubes until full conversion. The volatiles were removedvacuq yielding the product
guantitatively. IR spectra were measured in DCM.

[2,4,10triphenyl-4H-1,4-ethenophosphinolinejtriscarbonylnickel(0), (3.62)

Crystals suitable for Xay analysis were obtained by slow evaporation of a concentrated
solution in THF.

'H NMR (400 MHz, THFdg): d = 6.63 (d,J= 7.6 Hz, 1H), 7.08 (m, 1H), 7.15 (m, 1H), 7-21
7.35 (m, 10H), 7.49 (m, 1H), 7.60 {t= 7.7 Hz, 2H), 7.85 (m, 3H), 8.02 ppm (b 14.6Hz,
2H)

3C{'H} NMR (101 MHz, THRds): d = 63.4 (d,J = 7.5 Hz), 125.5 (d] = 13.4 Hz), 125.6 (d,
J=3.1Hz), 128 (d,J = 1.9 Hz), 128.7 (dj = 2.0 Hz), 128.8 (s), 128.9 (s), 129.0 (s), 129.0
(d,J = 0.8 Hz), 130.1 (dJ = 10.2 Hz), 131.4 (d] = 25.4 Hz), 139.4 (d] = 17.6 Hz), 140.3
(d,J=26.5 Hz), 141.5 (s), 151.0 @z= 4.6 Hz), 152.4 (d) = 17.6 Hz), 158 (d,J = 4.0Hz),
196.2 (bs, CO).

31p{*H} NMR (162 MHz, THRds): d = -5.5 ppm.
IR (DCM): 2075.0 (m), 2001.0 (bs) ¢m

[3,9-diphenyl-2,10bis(trimethylsilyl) -4H-1,4-ethenophosphinoline}
triscarbonylnickel(0), (3.63)

'H NMR (400 MHz, THFdg): d = -0.03 (bs, 18H), 5.46 (dl= 2.4 Hz, 1H), 7.04 (bs, 4H),
7.15 (m, 1H), 7.22 (m, 2H), 7.31 (m, 6H), 7.93 (m, 1H) ppm.

¥C{*H} NMR (101 MHz, THFRdg): d= 2.1 (CH;, d,J = 3.2 Hz), 73.2 (dJ = 21.9 Hz), 125.7
(d, J = 2.7 Hz), 126.1 (d) = 12.2 Hz), 18.4 (s), 128.8 (s), 129.0 (s), 129.4 (s), 131.9 (d,
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J=22.7 Hz), 139.2 (d) = 20.0 Hz), 140.5 (d) = 23.8 Hz), 144.6 (d] = 8.1 Hz), 147.4 (d,
J=3.0Hz), 174.4 (d) = 9.0 Hz), 197.5 (bs, CO) ppm.

29Si{*H} NMR (79 MHz, THF-dg): d=-2.8 (d,%Jp.si = 27.5 Hz) ppm.
3p{*H} NMR (162 MHz, THRdg): d = -17.5 (s, with?°Si satellites?Jp.s; = 27.4 Hz) ppm.
IR (DCM): 2069.5 (m), 1992.5 (bs) ¢m

[3,9-diphenyl-4H-1,4-ethenophosphinolinejtriscarbonylnickel(0), (3.64)

31pf1H} NMR (162 MHz, THFRdg): d = -30.2 ppm.
IR (DCM): 2073.2 (m), 1998.6 (bs) ¢m

[(4,6, triphenyl -2,3-bis(trifluoromethyl) -1-phosphabicyclo[2.2.2]octa2,5, %
triene)Ni(CO)4], (3.65)

'H NMR (THF-dg, 400 MHz):d = 7.20 (m, 4H), 7.37 (m, 7H), 7.50 (m, 2H), 7.86 (d,
J=7.7Hz, 2H), 8.05 (d,) = 14.7 Hz, 2H) ppm.

¥3c{™, F} NMR (THF-ds, 101 MHz):d = 65.8 (d,J = 6.0 Hz), 122.7 (s), 124.2 (d,
J=19.0Hz), 127.1 (dJ = 14.3 Hz), 129.3 (m), 129.3 (s), 129.4 (m), 129.8J(d,6.7 Hz),
137.5 (d,J = 19.1 Hz), 140.1 {s 148.4 (s), 152.2 (d] = 4.5 Hz), 152.5 (dJ = 14.3 Hz),
160.1 (dJ = 6.1 Hz), 194.8 (dJ = 0.7 Hz) ppm.

31p{'H} NMR (THF-dg, 162 MHz):d = -3.4 (q,J = 18.0 Hz) ppm.

F{*H} NMR (THF-dg, 376 MHz):d = -54.9 (dg,J = 18.1, 13.7 Hz);54.2 (q,J = 13.9 Hz)
ppm.

IR (DCM): 2081.2 (m), 2010.5 (bs) ¢m

General procedure for the synthesis of [(L)AuCl] complexes

A solution of the appropriate ligand (0.075 mmol) in 2 mL of DCM or THF was added
dropwise to a solution ofAuCIl(SMe)] (2 mL, 1 eq.) andstirred fort = 1 h at room
temperature. Afterwards the solvent was removed, and the residue was dried thoroughly in
high vacuum, yielding the product as a pale yellow solid in quantitative yield. To remove
dimethylsulfide completely, the product was dised in the smallest amount of DCM and

then precipitated using pentane, subsequently removing the volatiles and drying thoroughly. If



needed, washing with diethyl ether or pentane was helpful. Crystals suitableréyr X

analysis were obtained by slow peaation of a DCM solution.

[(2,4,10triphenyl -4H-1,4-ethenophosphinoline)AuCl], (3.67)

'H NMR (THF-dg, 400 MHz):d = 6.66 (dd,J = 7.7, 3.0 Hz, 1H), 7.16 (m, 1H), 7.24 (m, 1H),
7.38 (M, 6H), 7.55 (m, 1H), 7.66 (m, 2H), 7.79 (d&; 8.1, 1.2 Hz, 4H), 7.93 (d,= 8.4 Hz,
2H), 8.07 (dd,) = 14.9, 7.2 Hz, 1H), 8.36 (d,= 22.1 Hz, 2H) ppm.

13C{H} NMR (THF-dg, 101 MHz):d = 63.4 (d,J = 17.1 Hz), 126.1 (d) = 14.4 Hz), 126.4

(d,J = 5.0 Hz), 128.1 (dJ = 8.4 Hz), 129.1 (s), 12961, J = 1.6 Hz), 129.6 (s), 129.8 (s),
130.2 (s), 130.2 (d] = 2.3 Hz), 133.0 (dJ = 20.4 Hz), 135.0 (dJ = 53.3 Hz), 137.3 (d,

J=13.5 Hz), 140.1 (dJ = 0.8 Hz), 147.4 (dJ = 42.5 Hz), 151.9 (d) = 3.5 Hz), 153.3 (d,

J=2.1Hz) ppm.

3P{*H} NMR (THF-dg, 162 MHz):d = -3.9 (s) ppm.

[(3,9-diphenyl-2,10-bis(trimethylsilyl) -4H-1,4-ethenophosphinoline) AuCl] (3.68)

'H NMR (400 MHz, THFdg): d = 0.12 (bs, 18H), 5.63 (d,= 3.9 Hz, 1H), 7.04 (m, 4H), 7.33
(m, 8H), 7.49 (m, 1H), 8.00 (m, 1H) ppm.

¥C{*H} NMR (101 MHz, THFdg): d = 1.1 (CH;, d,J = 3.4 Hz), 72.0 (ddJ = 34.0, 1.8 Hz),
126.5 (s), 126.9 (d] = 14.0 Hz), 128.1 (s), 129.5 (s), 130.5 (s), 131.9(l18.1 Hz), 135.6
(d,J=51.1 Hz), 136.0 (d] = 1.6 Hz), 143.3 (dJ = 12.9 Hz), 146.5 (d] = 1.4 Hz), 175.3 (d,
J=9.7 Hz) ppm.

295i{H} NMR (79 MHz, THRdg): d = -2.8 (d,*Jp.si = 20.6 Hz) ppm.
31p{*H} NMR (162 MHz, THRdg): d = -10.0 (s2Jp.si = 20.9 Hz) ppm.

(4,6, Ftriphenyl -2,3-bis(trifluoromethyl) -1-phosphabicyclo[2.2.2]octa2,5, #triene)AuCl],
(3.69)

'H NMR (THF-ds, 400 MHz):d = 7.48 (m, 7H), 7.56 (m, 2H), 7.76 (m, 4H), 7.96 (d,
J=7.7Hz, 2H), 8.44 (d]J = 21.9 Hz, 2H) ppm.

¥3¢c{™, F} NMR (THF-dg, 101 MHz):d = 66.0 (d,J = 18.3 Hz), 122.3 (dJ = 8.57Hz),
123.1 (d,J = 15.6 Hz), 128.6 (dJ = 8.7 Hz), 130.0 (m), 130.5 (m), 135.9 (b= 14.9 Hz),
138.7 (s), 144.1 (dl = 33.7 Hz), 147.1 (d] = 39.3 Hz), 152.9 (m), 162.1 (d= 5.6 Hz) ppm.

3P{'H} NMR (THF-dg, 162 MHz):d = -5.4 (m) ppm.
F{*H} NMR (THF-dg, 376 MHz):d = -54.68 (m) ppm.
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[(5,8diphenyl-6,7-bis(trimethylsilyl) -2,3-bis(trifluoromethyl) -1-
phosphabicyclo[2.2.2]octa2,5, #triene)AuCl], (3.70)

'H NMR (400 MHz, CDC}): d= 0.16 (d,J = 0.6 Hz, 18H), 5.81 (d] = 5.5 Hz, 1H), 6.99 (m,
4H), 7.37 (m, 6H) ppm.

13c{*H} NMR (101 MHz, CDC}): d = 0.8 (CH, d,J = 3.6 Hz), 69.3 (dJ = 38.5 Hz), 121.7
(d, J = 8.4 Hz), 122.0 (m), 127.4 (s), 129.5 (s), 130.0 (s), 135.1 £d4.3 Hz), 139.7 (d,
J=130.0 Hz), 140.5 (d] = 12.7 Hz), 151.0 (d] = 2.7 Hz), 174.8 (d) = 10.9 Hz) ppm.

% NMR (377 MHz, CDGJ): d =-60.2 (q,J = 12.9 Hz)-55.8 (dg,J = 12.4, 13.1 Hz) ppm.
29Si{*H} NMR (79 MHz, CDCE): d = -0.5 (d,J = 22.0 Hz) ppm.
31p{*H} NMR (162 MHz, CDCE): d =-8.9 (q,J = 14.0 Hz) ppm.

[1-(trimethylsilyl) -2-phenyl-4,5-bis(trifluoromethyl) -phosphinine], (3.51)

A solution of phosphabarrelede46(320 mg, 0.81 mmol) in 15 mL of toluene was heated up

in a Schlenk bomb at 140 °C overnight. Subsequently the volatiles were evaporated and the
oily residue was dried thoroughly. The crude product was purified by means of flash
chromatography on silica using hexane as eluent, yielding the product as a colourless oil
(73%).

'H NMR (400 MHz, CDQCl,): d = 0.13 (d,J = 1.8 Hz, 9H), 7.29 (m, 2H), 7.47 (m, 3H), 7.81
(s, 1H) ppm.

¥3¢{™H,*F} NMR (101 MHz, CDC}): d = 1.7 (CH, d, J = 10.7 Hz), 122.7 (s), 125.2 (d,
J=23.9 Hz), 128.4 (s), 128.7 (s), 130.7 {ds 14.3 Hz), 134.1 (dJ = 12.5 Hz), 143.5 (d,
J=4.3Hz),153.0 (dJ = 73.9 Hz), 157.1 (d] = 10.1 Hz), 173.4 (d] = 84.8 Hz) ppm.

% NMR (377 MHz, CDCl,): d=-60.6 (q,J = 14.7 Hz)-53.7 (dg,J = 53.1, 14.7 Hz) ppm.
295i{*H} NMR (79 MHz, CD,Cl,): d = -0.3 (d,J = 39.5 Hz) ppm.
31p{*H} NMR (162 MHz, CD,Cl,): d = 248.9 (g,J = 53.0 Hz) ppm.

[(2,4,10triphenyl-4H-1,4-ethenophosphinoline)CucCl], (3.71)

Compound3.12 (24 mg, 0.060 mmol) and anhydrous CyCk eq.) were mixed together in
THF (0.6 mL) and the reaction mixture was heated to reflux forl h. Due to the poor
solubility of the product in THF, a white solid is formed and precipitates. The pure compound

was quantitatively obtained by removing the volatiles.



'H NMR (THF-ds, 400 MHz):d = 6.55 (d,J = 7.8 Hz, 1H), 7.04 (m, 2H), 7.19 (m, 6H), 7.50
(m, 1H), 7.62 (] = 7.8 Hz, 2H), 7.77 (d] = 7.5 Hz, 4H), 7.90 (d] = 7.4 Hz, 2H), 8.16 (d]
= 10.7 Hz, 2H), 8.30 (b, 1H) ppm.

13C{H} NMR (THF-dg, 101 MHz):d = 63.50 (s), 123.92 (d,= 13.0 Hz), 124.12 (d] = 1.3
Hz), 125.97 (dJ = 12.0 Hz), 127.05 (s), 127.35 (s), 128.19 (s), 128.79 (s), 128.91 (s), 131.80
(d,J=34.5 Hz), 138.22 (dl = 22.3 Hz), 140.99 (s), 147.89 (s), 151.28 (s), 154.85 (S) ppm.

3p{'H} NMR (THF-dg, 162 MHz):d = -65.0 (bs) ppm.

[(2,4,10triphenyl -4H-1,4-ethenophosphinoline) CuCl}MeCN, (3.72)

Compound3.12 (24 mg, 0.060 mmol) and anhydrous CuCle(.) were mixed together in
MeCN-d; (0.6 mL) and the reaction mixture was heated to reflux fod h. The product is
insoluble in acetonitrile and decomposed3t@l in the presence of THF or DCMingle
crystals suitable for Xay analysis were found in the reaction mixture.

'H NMR (MeCN-ds, 400 MHz):d = 6.54 (m, 1H),7.13(m, 2H), 7.38(m, 6H), 7.55(m, 1H),
7.63(m, 6H), 7.89(m, 2H), 8.04 (m, 1H),8.13 (d, J=11.6 Hz, 2H)ppm.

3.41 X-ray Crystal Structure Determination

X-ray Crystal Structure Determination of 3.1

Crystals suitable for Xay diffraction were obtained from slow evaporation from a
concentrated solution in diethyl etheCrystallographic data C,Hi7/FéP, Fw = 486.38,
0.45x0.29x0.19 mfy yellow block, monoclinic,P2i/c, a = 10.5596(2),b = 22.6126(7),
c=9.5917(3) A, U = 90°, b = 108.6424(9)°,0 = 90°, V = 2170.14(10) A Z = 4,

Dx = 1.489gcmi®, € = 0.192 mnT. 26264 reflections were measured by using a Brakes
smart CCD area detector oadD71078 AjPupdoraeesotution ( Mo K U
of ( $a=n0cBB &')at a temperature of T = 100 K. The reflections were corrected for
absorption and scaled on the basis of multiple measured reflections by using the SADABS
progrant> (0.83 0.94 correction range). 3444 reflections were unidie £ 0.073). Using
ShelXI€®8, the structures were solved with SHEL-2814 by using direct methods and
refined with SHELX1-2014 onF2 for all reflections:>® Non-hydrogen atoms were refined by

using anisotropic displacement parameters. The positions of the hydrogen atoms were
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calculated for idealized positions. 307 parameter were refingaut restraintsR; = 0.043
for 3444 reflections with> 2 ) andwR, = 0.105 for 4436 reflections§ = 1.043, residual
electron density was betweef.43 and 0.48 eA Geometry calculations and checks for

higher symmetry were performed with the PLAN@rogram*>’

X-ray Crystal Structure Determination of 3.45

Crystals suitable for Xay diffraction were obtained from slow evaporation of a solution of
3.45in methanol.Crystallographic data C,gH33PSh, Fw = 468.70,0.08x0.08x0.03 mfh
colourless platelet, triclinicP 1 @ = 9.8992(1),b = 10.4958(1),c = 13.0431(1)A,
U=78.8106(6)°, b = 89.5035(6)°, 0 = 86.4333(6)°,V = 1326.84(2) A Z = 2,

Dx = 1.173gcm®, € = 1.876 mnt. 13949 reflections were measured by usirgrukerAXS
smart CCD area detector odil.541785°Cup wmesokition ( Cu K C
of ( $a = @60 &Y at a temperature of 100 K. The reflections were corrected for
absorption and scaled on the basis of multiple measured reflections by using the SADABS
progrant (0.84 0.92 correction range). 3417 reflections were unidig £ 0.058). Using
ShelXI€®® the structures were solved with SHEL:2814 by using direct methods and
refined with SHELX1-2014 onF2 for all reflections->® Non-hydrogen atoms were refined by
using anisotropic displacement parameters. The positions of the hydrogen atoms were
calculated for idealized positions. 296 parameter were refined without restRirt€.048

for 3417 reflections witi> 2 ) andwR, = 0.1 for 4688 reflectionsS = 1.047, residual
electron density was betweef.32 and 0.39 eA Geometry calculations and checks for

higher symmetry were performed with the PLATON progrfam.

X-ray Crystal Structure Determination of 3.46

Crystals suitable for Xay diffraction were obtained from slow evaporation of a concentrated
solution in  methanol. Crystallographic data Cy/H,PRSh, Fw = 554.65,
0.28x0.28x0.14nm°, colourless block, triclinicP 1 & = 10.78717(8),b = 15.23382(3),
c=18.26277(13)AU=97.4263(3)°h= 103. 9082 ( 3) A/=2826.624)R%Z. 6 37 1 (
= 4,Dx = 1.303 gcrif, € = 2.159 mni. 29818 reflections were measured by using a Bruker

AXS smart CCD area detect or= 154178 AR apttwane t er
resol uti ogu=0.680 Al at ia nechpemiure of T = 100 K. The reflections were



corrected for absption and scaled on the basis of multiple measured reflections by using the
SADABS program’® (0.60'0.71 correction range). 8562 raftons were uniqueRy =

0.035). Using ShelXf8® the structures were solved with SHEL-2814 by sing direct
methods and refined with SHELX2014 onF2 for all reflections>® Non-hydrogen atoms

were refined by using anisotropic displacement paraseféhe positions of the hydrogen
atoms were calculated for idealized positions. 661 parameter were refined without restraints.
Ry = 0.038 for 8562 reflections withr 2 [) &ndwR, = 0.088 for 9977 reflection§= 1.051,
residual electron density wastween-0.36 and 0.36 eA Geometry calculations and checks

for higher symmetry were performed with the PLATON progfam.

X-ray Crystal Structure Determination of 3.52

Crystals suitable for Xay diffraction were obtained from slow evaporation of a concentrated
solution in methanol. Crystallographic data C;/H1PROSI, Fw = 412.38,
0.28x0.21x0.09nm®, colourless block, triclinic,P 1 & = 8.9992(4), b = 10.1647(3),
c=11.3907(3)A,U=99.1849(3)°b= 91. 1844 (10) A,V=094431(41K82.8005
Z=2,Dx = 1.450 gcri, € = 0.269 mnT. 14905 reflections were measured by using a
BrukekRAXS smart CCD area detect op=@7o73Afapt omet
to a resol uydd 068 Alatfa teperatrd 6f & F 100 K. The reflections were
corrected for absorption and scaledtlba basis of multiple measured reflections by using the
SADABS program’ (0.930.96 correction range). 3092 reflections were unigig €

0.046). Using ShelXf&® the structures were solved with SHEL-2814 by using direct
methodsand refined with SHELXt2014 onF2 for all reflections>® Non-hydrogen atoms

were refined by using anisotropic displacement parameters. The posititims lbydrogen

atoms were calculated for idealized positions. 243 parameter were refined without restraints.

R1 = 0.039 for 3092 reflections withr 2 [) &ndwR, = 0.088 for 3879 reflection§= 1.018,

residual electron density was betwe8r83 and 0.36/&>. Geometry calculations and checks

for higher symmetry were performed with the PLATON program.

X-ray Crystal Structure Determination of 3.53

Crystals suitable for Xay diffraction were obtained from slow evaporation of a concentrated
solution in tolueneCrystallographic data CxH»:OP, Fw = 416.43, 0.43x%0.30x0.06 nim
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colourless platelet, orthorhombiBpcn a = 29.6409(5),b = 7.4094(1),c = 19.1055(3) A,
V=4195.97(11) A zZ = 8, Dx = 1.318 gcrif, € = 0.15 mm'. 23744 reflections were

measured by usinga Bruk&rXxS s mart CCD area detectoa& diff

=0.71073A5°up t o a r es oulul6D A atatemperatare of T+ 180 K. The
reflections were corrected for absorption and scaled on the basis of multiple measured
reflections by using the SADABS program(0.61 0.97 correction range). 2980 reflections
were unique R = 0.066). Using ShelXf&® the structures were solved with SHEL-2814

by using direct methods and refined with SHEI-X014 onF2 for all reflections:>® Non-
hydrogen atoms were refined by using anisotropic displacement parameters. The positions of
the hydrogen atoms were calculated for idealized positions. 280 parameter were refined
without restraintsR; = 0.041 for 2980 reflections with> 2 I) and wR, = 0.10 for 3702
reflections,S= 1.033, residual electron density was betwéea2 and 0.31 eA Geometry

calculations and checks for higher symmetry were performed with the PLATON pr&gram.

X-ray Crystal Structure Determination of 3.54

Crystals suitable for Xay diffraction were obtained by slow evaporation of a concentrated
solution in tolueneCrystallographic data CgH.1PS, Fw = 432.49, 0.41x0.16x0.06 mim
colourless platelet, monoclini®2y/c, a = 9.7691(1),b = 14.6930(3),c = 15.2033(2) A,
U=90° b = 96.5699(8)°,0 = 90°, V = 2167.92(6) A Z = 4, Dx = 1.325 gcr,

e = 0.24mm™*. 18563 reflections were measured by using a BrAke® smart CCD area
detector diffractanei0gxAPuMo K raa dieastojh@rn,i on
0.63 A at a temperature of T = 100 K. The reflections were corrected for absorption and
scaled on the basis of multiple measured reflections by using the SADABS plogas8

0.96 correction range). 3660 reflections were unidRg £ 0.048). Using ShelX&® the
structures were solved with SHELX®14 by using direct methods and refined with
SHELXL-2014 onF2 for all reflections®® Non-hydrogen atoms were refined by using
anisotropic displacement parameters. The positions of the hydrogen atoms were calculated for
idealized positions. 280 parameter were refined without restrdfats. 0.036 for 3660
reflections withl> 2 [) andwR, = 0.088 for 4455 reflections$ = 1.031, residual electron
density was betweer0.31 and 0.32 eA Geometry calculations and checks for higher

symmetry were performed with the PLATON prograih.

(



X-ray Crystal Structure Determination of 3.55 CCDG 1424313

Crystals suitable for Xay diffraction were obtained by slow evaporation of a saturated
solution of in tolueneCrystallographic dataC,gH»1PSe;Fw = 479.39; 0.38x0.29x0.IAm";
colourless block, triclinic;P -1; a = 9.8524(2),b = 12.4381(2),c=18.8967(3) A;U
87.80(7)°,b = 89.78(8),0 = 75.57(6)°;V = 2240.98(7) A Z = 4; Dx =1.421 gcnit; € =
1.761mm'. 76227 reflections were measured by using a D8 Venture, Bruker Photon CMOS
Detector (MoKJ radiation;a-= 0.71073 A)° up to a resolution of (siffe)na= 0.62 A at a
temperature of T = 100.0 K. 7511 reflections were unidge=< 0.073). The structures were
solved with SHELXS2013 by using direct methods and refined with SHE{2A13 onF2

for all reflections:®® Non-hydrogen ams were refined by using anisotropic displacement

parameters. The positions of the hydrogen atoms were calculated for idealized positions. 559
parameter were refined with one restraRit=0.036 for 7511 reflections with>20(l) and
WR,=0.083 for 923Teflections,S= 1.066, residual electron density was betwdrb3 and

0.75 eA%. Geometry calculations and checks for higher symmetry were performed with the
PLATON progrant>’

X-ray Crystal Structure Determination of 3.56

Crystals suitable for Xay diffraction were obtained from slow evaporation of a concentrated
solution in tolueneCrystallographic dataC,gH33PSeSi, Fw = 547.66, 0.24x0.16x0.08m°,
colourless platelet, triclinicP 1 & = 11.2328(2),b = 11.5305(2),c=12.5506(2)A, U =
97.0293(5)°h= 99. 6595 ( 5) A, V=31396.9200)1AZ =2,®% =1 1(362) gé],

e = 1.502 mni. 24191 reflections were measured by using a B8 smart CCD area
detector diffract®net0gxAPuMo K ® raa dieastojh@rn,i on
0.61 A at a temperature of T = 100 K. The reflections were corrected for absorption and
scaled orthe basis of multiple measured reflections by using the SADABS progrénG i

0.70 correction range). 4975 reflections were uni(Rg = 0.027). Using ShelX&® the
structures were solved with SHELXX®14 by using direct methods and refined with
SHELXL-2014 onF2 for all reflections®® Non-hydrogen atoms wereefined by using
anisotropic displacement parameters. The positions of the hydrogen atoms were calculated for
idealized positions. 304 parameter were refined without restrdfats. 0.022 for 4975
reflections withl> 2 [) andwR, = 0.055 for 5299 refleatins, S = 1.062, residual electron
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density was betweer0.36 and 0.30 eA Geometry calculations and checks for higher

symmetry were performed with the PLATON prograth.

X-ray Crystal Structure Determination of 3.57

Crystalssuitable for Xray diffraction were obtained by slow evaporation of a concentrated
solution in diethyl ether. Crystallographic data C,/H:/PRO, Fw = 502.38,
0.31x0.18x0.16nm°, colourless prism, monoclini®2/c, a = 10.6007(2)b = 22.9575(4),

c= 9.5515(2) A, U = 90°, b = 109.5693(6)°,0 = 90°, V = 2190.24(7) R Z = 4,

Dx = 1.523gcm®, € = 0.196 mn. 39950 reflections were measured by using a BrAkes
smart CCD area detector oadD71078 AjPupdoraeesotution ( Mo K U
of ( $d=n0bB Ah)at a temperature of T = 100 K. The reflections were corrected for
absorption and scaled on the basis oftiple measured reflections by using the SADABS
progrant (0.94 0.97 correction range). 4022 reflections were unid@ie ¥ 0.043).Using
ShelXI€®®, the structures were solved with SHEL-2814 by using direct methods and
refined with SHELX-2014 onF2 for all reflections->® Non-hydrogen atoms wemefined by

using anisotropic displacement parameters. The positions of the hydrogen atoms were
calculated for idealized positions. 317 parameter were refined without restRiint€).033

for 4022 reflections with> 2 [) &ndwR;, = 0.083 for 4480 refleatins,S= 1.046, residual
electron density was betweef.34 and 0.38 eA Geometry calculations and checks for
higher symmetry were performed with the PLATON progfam.

X-ray Crystal Structure Determination of 3.58

Crystak suitable for Xray diffraction were obtained by slow evaporation of a concentrated
solution in THF.Crystallographic data CssH»CrOsP, Fw = 592.48, 0.24x0.10x0.07 mim
colourless platelet, monoclini®2:/c, a = 11.0446(2),b = 12.6960(2),c = 19.9868(3) A,
U=90° b = 91.205(1)°,0 = 90°, V = 2801.97(8) A Z = 4, Dx = 1.405 gcr,

e = 0.508 mnt. 59409 reflections were measured by using a Brak&® smart CCD area
detector diffract omet®710073(Af0 pUto a aedoluton iofo n ,
( si paa/0.63) A at a temperature of T = 100 K. The reflections were corrected for
absorption and scaled on the basis oftipld measured reflections by using the SADABS
progrant> (0.71 0.75 correction range). 5101 reflections were unidiig £ 0.044). Wing



ShelXI€®® the structures were solved with SHEL:2814 by using direct methods and
refined withSHELXL-2014 onF2 for all reflections'*® Non-hydrogen atoms were refined by
using anisotropic displacement parameters. The positions of thedeydratoms were
calculated for idealized positions. 370 parameter were refined without restRiint€).029
for 5101 reflections witi> 2 ) andwR, = 0.078 for 5757 reflectionss = 1.037, residual
electron density was betweef.42 and 0.35 eA Geonetry calculations and checks for
higher symmetry were performed with the PLATON progfam.

X-ray Crystal Structure Determination of 3.59

Crystals suitable for Xay diffraction were obtained from slow evaporation of evapanatf

a solution of 3.59 in pentane. Crystallographic data C;H>1MoOsP, Fw = 636.42,
0.31x0.22x0.14 mfh colourless block, monoclinid®2y/c, a = 11.2067(2)b = 12.8656(2),

c= 19.9607(5) A, U=90°, b = 91.1287(8)°,0=90°, V = 2877.39(10) A Z = 4,

Dx = 1.469gcmi®, € = 0.553 mnT. 29939 reflections were measured by using a BrAkeS
smart CCD area detector oadD71078 AjPupdoraeesotution ( Mo K U
of ( $a=n0cBB &')at a temperature of T = 100 K. The reflections were corrected for
absorption and scaled on the basis of multiple measured reflections by using the SADABS
progrant (0.76 0.85 correction range). 4924 reflections were unidig £ 0.049). Using
ShelXI€*8, the structures were solved with SHEL-2814 by using direct methods and
refined with SHELX1-2014 onF2 for all reflections:>® Non-hydrogen atoms were refined by
using anisotropic displacement parameters. The positions of the hydrogen atoms were
calculated for idealized positions. 370 parameter were refineduwtitiestraintsR; = 0.029

for 4924 reflections witH> 2 ) andwR, = 0.066 for 5859 reflections§ = 1.058, residual
electron density was betweef.46 and 0.40 eA Geometry calculations and checks for

higher symmetry were performed with the PLATONgram®*’

X-ray Crystal Structure Determination of 3.60 CCDG1424314

Crystals suitable for Xay diffraction were obtained by slow evaporation of a solutidd.@&®
in pentane. Crystallographic data CsH»OsPW; Fw=724.33; 0.23x0.14x0.11 mfi
colourless chunk, monoclinicP2yn a = 11.5473(2),b = 12.8913(2),c = 19.8913(3) A;
U=90°, b= 102.46,0= 90° V = 2891.29(8) A Z = 4; Dx = 1.156 gcrit; € = 1.837 mnf.
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12965 reflections were measured by using a D8 Venture,eBriekoton CMOS Detector
(MoKU radiation; & = 0.71073 AJ> up to a resolution of (sifte)na= 0.98 A at a
temperature of T = 100 KL8773 reflections were uniqu®{ = 0.029). The structures were
solved with SHELXS2013 by using direct methods and refined with SHE{2A13 onF2

for all reflections:®® Non-hydrogen atoms were refined by using anisotropic displacement
parameters. The positions of the hydrogen atoms were calculated for idealized positions. 370
parameter were refined with one restraRit= 0.029 for 18773 reflectits with I>20(l) and

WR; = 0.070 for 22892 reflection§= 1.057, residual electron density was betwexhl and

4.54 eA3. Geometry calculations and checks for higher symmetry were performed with the
PLATON progrant>’

X-ray Crystal Structure Determination of 3.61

Crystals suitable for Xay diffraction were obtained by slow evaporation of a concentrated
solution in  DCM. Crystallographic data CsgHs:CLOP,Rh, Fw = 967.23,
0.42x0.40x0.14nm°, yellow block, monoclinic,C2/c, a = 35.9111(19),b = 10.1730(5),
c=29.3914(15) A,U=90°, b = 112.5356(13)°,0=90°, V = 9917.509) R z = 8,

Dx = 1.296gcm®, € = 0.502 mnt. 56830 reflections were measured by using a BrAks
smart CCD area detector oadD71078 AjPupdoraeesotution ( Mo K U
of ( $d=n0bB Ah)at a temperature of T = 100 K. The reflections were corrected for
absoption and scaled on the basis of multiple measured reflections by using the SADABS
progrant (0.81i 0.93 correction range). 200466 |esftions were uniqueR,; = 0.082). Using
ShelXI€*®, the structures were solved with SHEL-2814 by using direct methods and
refined with SHELX1-2014 onF2 for all reflections:>® Non-hydrogen atoms were refined by
using anisotropic displacement parameters. The positions of the hydrogen atoms were
calculated for idealized positions. 577 parameter were refined without restRiirt€.037

for 11459 reflections with> 2 [) &ndwR, = 0.087 for 12549 reflection§= 1.076, residual
electron density was betweef.62 and 1.95 eA Geometry calculations and checks for

higher symmetry were performed with the PLATON progfam.

# SQUEEZE RESULTS (APPENDQO CIFY?°

# Note: Data are Listefor all Voids in the P1 Unit Cell
# i.e. Centre of Gravity, Solvent Accessible Volume,
# Recovered number of Electrons in the Void and

# Details about the Squeezed Material
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_platon_squeeze void_nr
_platon_squeeze_void_average X
_platon_squeeze_voidverage_y
_platon_squeeze_void_average z
_platon_squeeze_void_volume
_platon_squeeze_void_count_electrons
_platon_squeeze_void_content
0.000 0.603 0.250 163 39"
0.500 0.103 0.250 163 39"
0.250 0.283 0.250 222 38"
0.750 0.783 0.250 222 38"
0.000 0.397 0.750 163 39"
0.500 0.897 0.750 163 39"
0.250 0.715 0.750 222 38"
8 0.750 0.215 0.750 222 38"
_platon_squeeze_details

~No ok~ WN -

The general procedure has been desc#ibed in

X-ray Crystal Structure Determination of 3.62

Crystals suitable for Xay diffraction were obtained from slow evaporation of a concentrated
solution in THF.Crystallographic data Cs;H»:NiOsP, Fw = 543.17, 0.15x0.09x0.04 nim
colourless block, monoclinid® 21/¢ a = 11.9762(7)b = 11.8806(6),c = 18.6899(10) A,
U=90°,b = 92.959(4)°p = 90°,V = 2655.7(2) R, Z = 4, Dx = 1.358 gcrit, € = 0.822 mrit.

29858 reflections were measured by using a Br#kES smart CCD area detector

di ffractomet eraa (=MOOK )P up@adijaesohut ing0.6DA" (si nd
at a temperature of T = 100 K. The reflections were corrected for absorption and scaled on the
basis of multiple measured reflections by using the SADABS prdgra(n.84 0.92
correction range). 6595 reflections were uniqi (= 0.1672). Using Shelxt&®, the
structures were solved with SHELX®14 by using direct methods and refined with
SHELXL-2014 onF2 for all reflections.**® Non-hydrogen atoms were refined by using
anisotropic displacement parameters. The positions of the hydrogen atoms were calculated for
idealized positions. 334 parameter were refined without restrd®ats. 00623 for 3945
reflections withl> 2 ) andwR, = 0.1027 for 6595 reflection§ = 1.015, residual electron
density was betweer0.51 and 0.44 €A Geometry calculations and checks for higher

symmetry were performed with the PLATON prograth.
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X-ray Crystal Structure Determination of 3.67

Crystals suitable for Xay diffraction were obtained by slow evaporation of a concentrated
solution in DCM at T =-35 °C. Crystallographic data (CygH21PAUCL),CH,CL,,

Fw = 1350.62, 0.23x03x0.06 mmni, colourless block, triclinic,P 1 & = 10.1833(8),
b=14.1275(2),c = 18.9026(3)A,U = 72.7975(8)°b = 84 .8815(8) A, 9 =
V=2487.93(7) R Z = 2, Dx = 1.803 gcri, € = 6.209 mmt. 58377 reflections were
measured by usinga Bruk&rXxS s mart CCD area detectoa& diff
=0.71073 Ay°upb a r e s ol u tai=0.63 Abat a témperatuck /ofsf )= 100 K. The
reflections were corrected for absorption and scaled on the basis of multiple measured
reflections by using the SADABS prograin(0.39 0.53 correction range). 8408 reflections
were unique R = 0.061). Using ShelXf&® the structures were solved with SHEL-2814

by using direct methods and refined with SHEI-X014 onF2 for all reflections>® Non
hydrogen atoms were refined by using anisotropic displacement parameters. The positions of
the hydrogen atoms were calculated for idealized positions. 604 parameter were refined
without restraintsR; = 0.028 for 808 reflections with> 2 ) andwR, = 0.062 for 10224
reflections,S= 1.029, residual electron density was betwded8 and 1.74 eA Geometry

calculations and checks for higher symmetry were performed with the PLATON pr&gram.

X-ray Crystal Structure Determination of 3.68

Crystals suitable for Xay diffraction were obtained by slow evaporation of a concentrated
solution in DCM at T =-35 °C. Crystallographic data CzoH3sAuPCLsSk,, Fw = 784.03,
0.13x0.11x0.04 mfy colourless irregular, orthorhombicPnma a = 17.6549(3),
b=15.2371(1),c = 11.9627(2) A,V = 3218.08(10) A Z = 4, Dx = 1.618 gcr,

e =4.963mm™’. 82143 reflections were measured by using a Brdke8 smart CCD area
detector diffractametogxAuMo K& rasolat fisomn of
0.65 A at a temperature of T = 173 K. The reflections were corrected for absorption and
scaled on the basis of multiple measured reflections by using the SADABS plogaos

0.15 correction range). 3526 reflections were unigRg £ 0.064). Using Shelx&® the
structures were solved with SHELX®14 by using direct methods and refined with
SHELXL-2014 onF2 for all reflections®® Non-hydrogen atoms were refined by using
anisotropic displacement parameters. The positions of the hydrogen atoms were calculated for

idealized positions. 189 parameter were refined without restrdfats. 0.032 for 526



reflections withl> 2 ) andwR, = 0.08 for 3842 reflections$ = 1.066, residual electron
density was betweer2.35 and 2.47 eA Geometry calculations and checks for higher
symmetry were performed with the PLATON prograth.

X-ray Crystal Structure Determination of 3.69

Crystals suitable for Xay diffraction were obtained by slow evaporation of a concentrated
solution in DCM at T =-35 °C. Crystallographic data C,7H;7AuUCLPFR;, Fw = 718.80,
0.60x0.10x0.09 mf colourless rod, triclinic,P 1 @ = 8.6440(2), b = 10.0254(2),
c=14.5537(3)A,U= 81.7475(8)°p = 87.4505(8)°, 73.0847(7)¥ = 1194.15(4) &R Z = 2,

Dx = 1.999 gcrit, € = 6.401 mrit. 20118 reflections were measured by using a Brakes
smart CCD area detector oadD71078 AjPupmmesoetion ( Mo K U
of ( $a=n0cBB &')at a temperature of T = 100 K. The reflections were corrected for
absorption and scaled on the basis of multiple measured reflections by using the SADABS
progrant> (0.06 0.10 correction range). 4374 reflections were unidig £ 0.051). Using
ShelXI€®®, the structures were solved with SHEL-2814 by using direct methods and
refined with SHELX1-2014 onF2 for all reflections:>® Non-hydrogen atoms were refined by
using anisotropic displacement parameters. The positions of the hydrogen atoms were
calculated for idealized positions. 325 parameter were refined without restRaint€.031

for 4374 reflections witH> 2 [) &ndwR; = 0.069 for 4867 reflection§ = 1.149, residual
electron density was betweeh.06 and 1.18 eA Geometry calculations and checks for

higher symmetry were performed with the PLATON progfam.

X-ray Crystal Structure Determination of 3.71

Crystals suitable for Xay diffraction were obtained by slow evaporation of a concentrated
solution in THF.Crystallographic dataCsgH:P,CLCu, Fw = 899.86, 0.18x0.09x0.06 nim

colourless cube, triclinic,P 1 @ = 10.6222(3),b = 13.4612(3),c = 18.3551(5)A,
U=82.3313(9)°,b = 84.5796(9) A, Vo= 2497.75@1) 1868 4£(29) A,

Dx = 1.196gcm®, € = 0.59 mn. 45604 reflections were measured by using a Brks

smat@CD area detector dif for@a%®l078 A BupwarefoMioK U r ad
of ( $a=n0cBB &')at a temperature of T = 100 K. The reflections were corrected for

absorption and scaled on the basis of multiple measured reflections by using the SADABS
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progrant (0.85 0.91 correction range). 8007 reflections were unidig £ 0.061). Using
ShelXI€®® the structures were solved with SHEL:2814 by using direct methods and
refined with SHELXL-2014 onF2 for all reflections:>® Non-hydrogen atoms were refined by
using anisotropic displacement parameters. The positions of the hydrogen atoms were
calculated for idealized positions. 559 parameter were refined without restRiint€).043

for 8007 reflections with> 2 ) &ndwR, = 0.094 for 10236 reflections§= 1.027, residual
electron density was betweef.46 and 0.54 eA Geometry calculations and checks for

higher symmetry were performed with the PLATON progfam.

# SQUEEZE RESULTS (Version50315§2°

# Note: Data are Listefor all Voids in the P1 Unit Cell

# i.e. Centre of Gravity, Solvent Accessible Volume,

# Recovered number of Electrons in the Void and

# Details about the Squeezed Material
_platon_squeeze_void_nr
_platon_squeeze_void_average X
_platon_squeeze_void_average_y
_platon_squeeze_void_average z
_platon_squeeze_void_volume
_platon_squeeze_void_count_electrons
_platon_squeeze_void_content
1-0.022 0.000 0.000 465 175"

_platon_squeeze_void_probe_radius 1.20

_platon_squeeze_details

The general procedure has been desc#ibed in

X-ray Crystal Structure Determination of 3.72

Crystals suitable for Xay diffraction were obtained from a hot solution in acetonitrile.
Crystallographic data CgoH4sCl,CWwNP,, Fw = 1039.91, 0.30x0.24x0.10 mmcolourless

block, monoclinic,P21/c a = 17.4324(15)b = 14.0893(12)c = 19.4541(17) AU = 90°,

b=101. 264 ( 3YA46864(7)& 2%@,Bx =1.474 gcrit, € = 1.133 mnit. 57184

reflections were measured by using a Bruk&S smart CCD areaedector diffractometer
(MoKU r adizatoi.)PM,p78p a r es akutt60 A'atatemperatsré nd/ o)
of T = 100 K. The reflections were corrected for absorption and scaled on the basis of
multiple measured reflections by using the SADABS prodra(0.69i 0.84 correction range).

9331 reflections were uniqu&{ = 0.0364). Using Shelx1&® the structures were solved

with SHELXS2014 by using direct methods and refined with SHEE2(414 onF2 for all



reflections*>® Non-hydrogen atoms wereefined by using anisotropic displacement
parameters. The positions of the hydrogen atoms were calculated for idealized positions. 605
parameter were refined without using restraiRiss 0.0356 for 7831 reflections witkr 2 1) (
andwR, = 0.1037 for 933%eflections,S= 1.060, residual electron density was betw€e63

and 1.30 e&. Geometry calculations and checks for higher symmetry were performed with

the PLATON progrant®’
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4. Phosphasemibullvalenes

Part ofthis chapter has been published in:

AExpanding t HCarbonP Analsgp: hFmatisn ofan Unprecedented -5
Phosphasemi bul | ¥vM. RigopMd. WBberr C. MidlerGheme Gommur2016

52, 7090.

Tetiana Krachko, Emmanuel Nicolas, Andreas Eh&erd Chris Slootweg (Universiteit van

Amsterdam) are kindly acknowledged for the DFT calculations reported in this chapter.



4.1 Introduction

4.1.1 Barrelene and Semibullvalene

Bicyclo-[2,2,2}2,5,-octatriene 4.1) is a bicyclic hydrocarbon with thehemical formula

CgHsg. Formally, it is the DielsAlder adduct of benzene and acetylene and shows three
ethylene units connected by two methinic bridgehead atoms. First postulated in 1955, it has
been synthesized by Zimmermanal.i n 1 9 6 0-pyromesandmuethylinyl ketone as
starting materials. The arrangement of tharlpitals of the three double bonds, which partially
overlap forming a "barrel shaped electron cloud”, led to the name "barrelErggire
38).228229 Because of the overlap of orbital lobes with opposite sign and the presenpe of 6

electrons, the structure preselobius antiaromaticity>® 233

A

4.1

Figure 38. Bicyclo-[2,2,2}2,5, 7octatriene 4.1) and its porbitals.

Among the remarkable characteristics of barrelene, the most interesting is the
photorearrangement to semibullvalene. This reaction was described by Zimmetraiain

1966, when the first semibullvalene derivative was repdftddradiating a 12% solution of

4.1 in isopentane containing-&% of acetone as photosensitiagith UV-light, afforded
25-40% of semibullvalenet.2 and 1-2% of cyclooctatetraenet(d) as side produdiScheme

39). In the absence of a triplet photosensitizeB was obtained as only product, as the

reaction follows a singlet mechanigft?®

L@ - @ * ©
7
4.2 4.3

41

Scheme39. Photoisomerization of.1to 4.2and4.3.

The presence of semibullvaleAg was confirmed by elemental analysis, mass spectrometry,
hydrogenation (to the known tricye[6.1.0.0"%octane), and NMR analysfé* This

compoundis a fluxional molecule in equilibrium with its valence tautomiera degenerate
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Cope rearrangement. This is a very fast process even at very low températurésct the
'HNMR spectrum only shows thr e -drndpmotnsaft r es
4.2 (Figure39a). The transition state is predicted to have a delocalized, bishomoaromatic C

symmetric structureRjgure39 b).238

Y Y Y Y

o a a o
B p
4.2 4.2

Figure 39. Degenerate Cope rearrangement in semibullvalene (a) and bishomoaromatic transition state (b).

The mechanism of the photoisomerization of barrelene to semibullvalene was investigated by
the same groupThis was done byriadiatng a solution of deuterated barrelene bearing
protons aly atthe methinic psitiors . S, n ébe dpkbtons in semibullvalene give rise

to distinct resonances in thid NMR spectra, it was possible to determine the mechanism by
simply checking in whiclof these positions the methinic protomsre to be foud at the end

of the irradiatior?>>?*® This reaction can be classified as a special case of {hengithane
rearrangement, which was described for a numberdifferent system&3%**° This
photochemical reaction involves molecules that contain pagystems separated by a
saturated carbon atorn €. a 1,4diene or an allysubstituted aromatic ring), to form an ene
(or ary}) substituted cyclopropane. The rearrangement fornealhgists of a 1,2 shift of one
ene (or aryl) group and a bond formation between the lateral carbons of theignating
moiety Scheme40, top). Thesame mechanism can be drawn for the photoisomerization of
barrelene to semibullvaleneS¢heme 40, bottom), and has been supported by DFT

calculationg#+242

The reaction starts with the lightduced homolytic fission of two double bonds and proceeds
via the formation of two different biradical species (BR1 and BR2), which then yield the
products4.2 and 4.2 (Scheme40). The biradical species are reaction intermediates and can
help to understand and predict reaction courses, regioselectivity, and genetanrea
trends?*
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Scheme40. Di-p-methane rearrangement of a generic diene (top) and of barrelene (bottom).

As expected from the general mechanidescribed above, also annulated barrelereas. (

benze and dibenzobarrelenes), are reported to undergo-nadethane rearrangement by

irradiation with U\light and in the presence of a triplet photosensitiehémet1).24324°

Scheme4l. Photoisomerization of.4to 4.5and4.6.

In this case, the biradical species can involve vumyl/l or benzevinyl bridging, according
to the positions where the radical forms, but only the former has been ob¥8rized.
benzosemibullvalenes, the degenerate Geperangement has nein been observed nor
reported Together with experimental data, DFT calculations support the propoged di

methane rearrangement for the photoisomerization of benzobarréféffdg*

As shown above, the high symmetry4i (Dsy) leads to the formation of a single product
(two degenerated isomers in equilibrium). However, as one might expect, the presence of
substituents on the barrelene (or the benzobarrelene) backbone leads to regioselectivity

problems. The position of the radis in the biradical intermediates and their stabilization can
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be influenced by changing the position and the nature of the substituents on the barrelene
backbone. Therefore it is possible to modify the selectivity of the photoisomerizatido and
achieve differently substituted regioisomers. In this respect, for substituted bemmb
dibenzobarrelenes, the regioselectivity was found to be dependent on the stabilizing (or
destabilizing) effect of the substituents, which determines the biradical specbk®din the

di-p-methane rearrangemeit?432°02>1

In the past, some efforts have been devoted to the study of trifluororsatistituted
barrelene$>*?>® These compounds, obtained from the cycloaddition between benzene and
hexafluore2-butyne, undergo ep-methane rearrangement to a number of different products,
as depicted irscheme42. Due to the effect of the trifluoromethyl groups, the products are
obtained in a nowstatistical mixture and in the photoisomerizatiordof only three of the
possible products were actuatipserved4.8 4.10and4.9 were obtained in a 4:2:1 ratio, and
most likely4.9 and4.1(G are not detected because they are less stable than thesigsheer

are in equilibrium with.

Schemed2. Complete scheme of the rearrangement of bis(trifluoromethyl)bicyclo[2.2.2Adefatriene4.7.
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4.1.2 Phosphasemibullvalenes

Phosphorugontaining semibullvalene derivatives are known, but only a few examples have
been described in the literature up tavndhe first one was reported by Reggtzal.in 1997
while investigating cycloaddition reactions betweeBuCP and tropone, as a

254 With an unclarified mechanism, thermal

cyclotetramerization byproducS¢heme43a)
cyclotetrameization occurs and tetraphosphasemibullvalérie is obtained in 4.9 % vyield
after workup. One year later a similar compound was reported by Bathgér who reacted
2,4,6tri-tert-butyl-1,3,5triphosphabenzend (13 with diisopropylaminophosphaethinethe
attempt of synthesizing an asymmetrically substituted tetraphosphabar@tbeengt3b).2%

The molecular structure in the crystal df14 was determined by Xay diffraction,
confirming the tetraphosphasemibullvalene structure. The same groups reported also on
triphosphasemilllvalene  4.16 obtained by photoisomerization of a
triphosphabishomoprismane derivativeScheme 43c)>*®> The only monophosphorus
containing semibullvalene describedtili now is dibenzel-phosphasemibullvalenet.l8),
reported by Gritzmachest al. in 2003. The compound was synthesized a multistep
procedure, starting from -&hloro-5H-dibenzo[a,d]cycloheptene4.l7) and P(SiMe)s
(Schemet3d). Its molecular structure was confirmed by single crystedydiffraction of the

tungsten complex 419 W(CO)g].?*°

No Cope rearrangement was reported for any of these derivatives, and4allGturned out

to be thermally unstablend decompose if stored at room temperature. For this reason, most
likely, investigations on these interesting phosphorus cages stopped, and up to now, no other
phosphasemibullvalene derivative is knowtso, no stateof-the-art procedure is known for

the synthesis of differently substituted phosphecostaining semibullvalenes, thus limiting

the amount of molecules available and their substitution patterns.

In order to better investigate the properties of this ligand class, a versatile synthetic path
leading to the formation of differently substituted phosphasemibullvalenes is desirable.
Following the photochemical approach that led to the first synthesis of semibullvalene, we

decided to investigate the reactivity epfhosphabarrelenes towards UV light.
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Scheme43. Synthetic routes to known phosphasemibullvalene derivatives.

4.2 Results and discussion

In this chapter the synthesis of the firgpttosphasemibullvalene derivativedisscribedAn
investigation of the mechanisof this hitherto unknown reaction is presented and the first

coordination compounds are reported.

4.2.1 Mechanism and Selectivity

At first, a solution of phosphabarreleBel2in THF was irradiated with UV light, and the
reaction progress was monitored by meand'®f'H} NMR spectroscopy. Gradually, the
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resonance rel ati ve 16%8 ppn decreases in intensity, whila a rew i a |
resonance ap pmmRrOvsrtha tourse of5 Btle .reaction is complete and only

the resonancecorrespondingto the product can be detected, suggesting a quantitative
conversion to a new specidsdure40).

t=15h
B

1 t=15h

60 50 40 30 20 10 0 10 20 30 40 50 60 -70 80 90
b (ppm)

Figure 40. Time-dependent'P{'H} NMR spectra during the irradiation 8f12in THF.

The 'H NMR spectrum of the reaction mixture shows only one set of sharp signals, in
agreement with thquantitative formation of a single speci€sglire41). The appearance of

different resonances relative to single protons suggest that the symmetry found in the starting
material is lost. Moreover, while in phosphabarrel@ri all the protonsare bound to Sp
hybridized carbon at oms, the chemical shift
suggests the presence of a proton bound toanyspidized carbon atom.

|
/ / \_J
BVAAY! N I
T T L " i
I~ N N o Q Q
™ [w] — (=] — —
78 76 T4 72 T0 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40

Figure 41. 'H NMR spectrum of the reaction mixtuire THF-dg (400 MHz).
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In this respect*C NMR spectroscopy provides very good indications fdefinedreaction.

While the starting material only presents ondtsgbridized carbon atom, three resonances

can now be detected | @7.8f89.d and b3.ppnh l@dpectivelyr e gi o n
suggesting the presence of a cyclopropane ring included in the desired phosphasemibullvalene

derivative.

Finally, a mass spectrum (E®OF) proved the identical molecular weight bbth the
starting material and thergduct, confirming the successful photoisomerizatior8aP to
4.19 the first reportedfphosphasemibullvalene derivatiechemet4).

Ph
h P.
Ph hd Ph />
Ph
PAN,
Ph Ph
3.12 419

Schemed4. Photorearrangement 8f12to0 4.19

Unfortunately, no single crystals suitable forra§ diffraction were obtained from the
product, but the identity of this unprecedented phosphwwotining cage was
unambiguously confirmelly single crystal Xray diffraction of a number of metal complexes

and derivativesvide infra).

The compound proved to be stable for days in refluxing toluene, showing very high stability
compared to known phosphasemibullvalenes. In addition to thigjiiacently from the aH

carbon semibullvalenes, extended UV irradiation over 7 days did not lead to any further
reactions or decomposition. Also, as for benzosemibullvalenes, no Cope rearrangement was
detected with variable tempere@gUNMR experiments beeen T =-80 °C and T = 100 °C in
toluene for4.19 DFT calculations confirm that the Cope rearrangement is a disfavored

process, most likely due to the loss of aromaticity of the benzynic biSbpeihels).

Ph  ph * Ph Ph
) — — <D
Ph Q Ph

0.0 29.9 29.7

Schemed5. Cope rearrangement fdr19 The energy values are expressed in kcal/mol
and have been calculated on the #um062816 (d) level.
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Interestingly,the reaction does not need a triplet photosensitizer. Nevertheless it proceeds

roughly three time faster in the presence of acetone.

In order to investigate the mechanism, DFT calculations have also been performed. As in the
case of barrelend.1, we assumed that the photoisomerizatior8.a2 would follow a dip-
methane rearrangement mechanism. According to the calculations, the most favorable
pathway involves two biradical species stabilized by the phenyl groups at the
phosphabarrelene skelet(@®chemet6). In this case, the activation barrier that leads to BR2
starting from BR1 is fairly small (9.6 kcal/mol). In fact, radicals are stabilizeegsonance in
benzylic positions and by adjacent heteroatoms with lone fthiesP atom in this case)

Cal cul ations al so suggest t hadrbors is pa tavored y

energetically.

E, kcal/mol @P : Ph

#um062x / 6-31G (d) Ph

Scheme46. Photoisomerization d3.12t0 4.19 Triplet surface.

As one can see fronscheme46, the formation of BR2 is a stereogenic step. The
phosphabarreleneal a symmetry plane and only one of the benzylic positions will be
occupied by the radicals in BR2 which @& factg chiral. Hence, the reaction leads to the
formation of a racemic mixture in which each enantiomer has four stereocenters: three carbon
atams and the phosphorus, which cannot undergo inversion due to the rigid character of the
molecule Figure42). Unless specified, the-phosphasemibulltanes will always be meant

as racemic mixtures throughout this manuscript.
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Figure 42. Two enantiomers of BR2 and Hc-4.19

To support the calculated mechanism, an experimental proof is needed. This can be achieved
by marking one of the substituents on the phosphabarrelenbyaedfying subsequently its
positionin the final product. For this reason, a phosphabarrelenditatdas with a toly

group @.20 was synthesized and photoisomerized to the corresponding 5
phosphasemibullvalené.21 (Scheme47). The product, similarly ta1.19 shows a sharp
single resonance *®{H NMRspedr8m ahd wap obtained as @& pate

yellow foamy solid in quantitative yield.

(O " e
hv ‘ P. __Se ‘ P/
Q \>\Ph toluene Q >\Ph
}p / O reflux O
Ph Ph

4.20 4.21 4.22

Schemed7. Photoisomerization of.20to 4.21andoxidation to4.22

Unable to grow single crystals of phosphasemibullvalenesrder to finally proof the

structure of4.21, the product was converted into the corresponding selenide, since this air
stable compound might crystallize more easily. The camwemwas performed with an excess

of grey selenium in refluxing toluene to yiedd?2 quantitatively after removing the excess of
selenium by filtration $cheme47). The **P{*H} NMR spectrum of the product shows one
single resonance at U = 57.5 fgooupling.tSihglec har a
crystals suitable for Xay diffraction calld be obtained by slow evaporation of the solvent.

The crystallographic characterization confirms that the -gigup is found on the
cyclopropane ring, adjacent to the benzynic bridge, in the position suggested by the predicted

mechanismKigure43).
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Figure 43. Molecular structure o#.22in the crystal. Displacement ellipsoids are shown ab0% probability
level. Hydrogen atoms are omitted for clari8elected bond lengths (A) and angles (Y)CP: 1.849(2); PC4:
1.820(9); PC5: 1.799(2); PSe: 2.081(1); CiuC2: 1.515(2); CILC7: 1.541(3); CRC7: 1.564(3); CRC3:
1.482(9); CB3C4: 1.341(1); CBC6: 1.403(1); C6C7: 1.497(3); CLPi C5: 94.52(2); ClPi C4: 94.52(9); CaPi
C5: 97.97(2).

As this is the first reported molecular structure of-ghbsphasemibullvalene derivative, its
features deserve a few remarks. First of all, it appears that the phaspbkatear is strongly
pyramidalized, with @>-C angles as small as 94.52 and 97.97°. Furthermore,-Garl

C-C single and double bonds within the cage are rather short, while-@ddhds in the
cyclopropane moiety are slightly longer than in othersstiied threenembered rings’

This deformation can be attributed to the rigid polycyclic nature of the cage compound
Unfortunately, a comparison with the known tetraphosphasemibullvalenes is not meaningful

due to the considerable difference in the molecular structure of the compounds.

At this stagethe effectof the substituentsvas studied. In fact, this can afféle formation of

the biradical species and therefore the phosphasemibullvalenes. For this reason, an
asymmetrically substituted phosphabarrelene was synthesized. Two different BR2 species are
envisaged, and the different effect of the substituents ostaldization of the radicals leads

to regioselectivity. In order to destabilize one of the two BiR2cies a phenyl ring was
substituted by a methyl group, which has a less pronounced stabilizing éffeaitable
precursor for this reaction was reparia Chapter 3. Hence, a solution of the asymmetrically
substituted phosphabarrelene 3.42 was exposed to UV Kgiabrding to the proposed
mechanism, two different-phosphasemibullvalenes as well as their respective enantiomers
can be obtainedScheme48).
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Ph hv Ph /> e+ Ph (> b
} P/
4.23 4.24

3.42

Scheme48. Photoisomerization d3.42to 4.23 and4.24 (only one enantiomer is shown).

Two different BR2 species are involved in this reaction, and due to the different stabilization
deriving from the phenyl and methyl groups, one major product is expected. Indeed, two
resonances were observed in tHe{'H} NMR spectrum of the reaction mixte after
irradiation. A HH COSY NMR spectrurshowinga cross peak between the methyl protons
and the adjacent vinylic protons, sugges3 as the major product (96 yield by NMR).

This observation supports the proposed mechanism, since the benzygat manuch more
stable than the vinylic one. The finding was also confirmed by DFT calculations which,
comparing the two different biradical species, sugdez as the thermodynamic product
(Schemet9).

Ph
E, kcal/mol \@L\Ph i
#um062x / 6-31G (d) @P \)2
Me

-7.9

Ph—/\ Ph

-14.6 ,/$’A'A'=’é-7 TS Ph\@Ph
@P. SR 1 ~e 172 @P%

Ph
Scheme49. Photoisomerization 8.42to 4.23 and4.24. Triplet surface. Biradicals involved in the reaction.

Again, in order to grow crystals and prove the identity of the major product, the compounds
were oxidized. Therefore, the product mixture was treated with an excess of grey selenium in
refluxing toluene to obtain the corresponding selenides in quantitagice Finally, it was
possible to obtain single crystals suitable ferax diffraction of the main produe.25 by

slow evaporation of a saturated toluene solution. TiiayXanalysis confirms that the phenyl

108



group of the main product is located on tbgclopropane ring, as predicted by DFT
calculations. Interestingly, both enantiomers are present in the unit cell and are depicted in
Figure44, giving additional confirmation of the synthesis of a racemic mixtdiggroducts

Figure 44. Molecular structure of.25 in the crystal. Displacement ellipsoids are shown ab0% probability

level. Hydrogen atoms are omitted foarty. Two enantiomers are shown in the unit cell. Selected bond lengths
(A) and angles (°): RC1: 1.852(2); PC4: 1.818(1); PC5: 1.800(1); PSe: 2.090(3); CilC2: 1.515(2); CLC7:
1.542(7); C2C7: 1.568(2); CRC3: 1.479(3); CBC4: 1.335(1); CbC6: 1.401(2; C6i C7: 1.491(4); CLLPi C5:
94.85(2); C1Pi C4: 94.92(1); CaPi C5: 95.97(2).

To further extend the substrate scope of the reaction to differently substituted
phosphabarrelenes, the-mlimethane rearrangement was verified on the trimethysilyl
substitutedderivative 345, reported i n Cha pdilieon eff@&t andtime pr i n
presence of phenyl groupsuld destabilize the radicala U-positionto the P atom. The

resul ting BR2 speci es, wgostione cart tyield a 2di c al
phosphaemibullvalene derivative, which includes the heteroatom in the cyclopropane ring.
However, this reaction does not take place, and unexpectgaipgphasemibullvalen&28

is obtained following the same mechanism discussed aBobenes0).

N/
Ph sl—
\ h h
N \% \% P
—a N /}P |~
=St bR si Sli/ >si Pn
/ | \
3.45 4.26

Scheme50. Photoisomerization d3.45t0 4.26.
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The product shows a sharp si’tPgHlaIMRspectumance :
and was obtained as a pgielow foamy solid in quantitative yield. As observed 3dat2, the
photoisomerization 03.45 causes a loss of symmetry in the molecule which is reflected in the

NMR spectra of4.26. This phenomenon is particularevident in the'H, **c{*H} and

293i{*H} NMR spectra, where two signals can now be detected for the unequal trimethylsilyl
groups. Again, to verify the connectivity @f.26, the product was converted into the
corresponding selenide, and then crystalliZBae conversion was performed with an excess

of grey selenium in refluxing toluene, to yield?7 quantitatively after removing the excess of
selenium by filtration. The'P{*H} NMR spectrum of the compound shows one single
resonance at U = 69.1 pp m,Jpsadouplng. Sitgle crystals e r i st
suitable for Xray diffraction were obtained by slow evaporation from a saturated solution in

toluene, and t molecular structure in the crystal is depicteBigure45.

Figure 45. Molecular structure of.27 in the crystal. Displacement ellipsoids are shown a6 probability
level. Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and angles0():1P839(6); PC4:
1.816(5); PC5: 1.804(5); PSe: 2.098(1); CiC2: 1.526(7); CLC7: 1.52€6); CI1 Sil: 1.880(2); CRC7:
1.552(7); C2C3: 1.496(8); CBC4: 1.361(7); C4si2: 1.877(1); CBC6: 1.399(7); C6C7: 1.498(7); CILPi C5:
94.84(2); C1Pi C4: 96.25(1); CaPi C5: 98.68(2).

Since unexpectedly, the trimethylsilyl groups3id5 led to the stabiliation of the radicals in
U-position, thephotoisomerization was attempted on compoB8mt¥ (see Chapter 3), from
which these group have beem@ved. In this way the reaction may be forced through a BR2
speci es bear i npgosition atd itleea P satomifinally Beading to 2
phosphasemibullvaleneS¢hemebl).
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Schemeb1. Reaction of3.47wit UV light.

The UV irradiation leads to full consumption of the starting material, and three new
resonances are observed in #g{*H} NMR spectrum of the reaction mixturEigure46).
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Figure 46. *'P{*H} NMR spectrum of the photoisomerization 7.

According to reported data on semibullvalenes including P atoms in the cyclopropane ring,
the main r e906ppmrauld beassigned4@829%2°*2%° Alternatively, a side
reaction can be envisaged, sineptbsphasemibullvalenes are polycyclic vipyosphiranes.

These molecules are known since more than three decades and are reported to undergo
rearrangement upon heating or photochemical activatieading to 5Smembered
phospholene&® However, separation and characterization of the ptedsstill in progress.

In order to extend the substrate scope to other compounds thanpbe&spthabarrelenes, the
reactivity of trifluoromethylsubstituted derivatives towards UV light was investigated
(Schemes?2).
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Schemeb2. Reaction of3.1with UV light.

Irradiation of a THF solution d8.1 with UV light, though, led to the formation of a mixture
of different products, which were not possible to separate®*PféH} NMR spectrum of the

reaction mixture shows five different quarteEsgure47).

_524
458
1017

“N_103.8
1126

200 180 160 140 120 100 80 60 40 205(0 )-20 -40 60 -80 -100 -120 -140 -160 -180 -200
ppm

Figure 47. *'P{*H} NMR spectrum of the photoisomerization ®fL

In this case, also the double bond which links the @Bups can be cleaved homolytically,
resulting in more potential products according to the proposed mechanism. Thanks to the
previous reported work on the photoisomerization of bis(trifluoromethyl)bicyclo[2.2.2]octa
2,5, triene (seeschemet?), it is possible to speculate on the structure of the products, which

are depicted ilbchemes3.2°%%>3
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Schemeb3. Possible products of the photoisomerizatio df

and their Cope rearrangement equilibria (X )CF

According to the assignments done for the signals irf®PgH} NMR spectrum in known

phosphasemibullvalene derivatives, it is possible to identify ghesible isomers in

solution:

202,254 256 The

t wo

most likely be assigned to product#.29 and 4.30,

resonances

at | ower

|l e the

-101.2,-110.2 ppm, respectively) probably correspond to molecdlds 4.32 and 4.33,
which include the phosphorus atom in the cyclopropane ring4 Béy a shift to much lower

field i

resonances are observiedthe areaVariable temperature NMR experiments could actually

clarify this, since coalescence between the Cope isomers would be expected at higher

temperatures.

S

In fact,

e x p e c t *&°dnaturecod thes P dtemHowewgr, onlyhteo seall

DFT calculations confirm that the activati@rrier for the

isomerization of these derivatives, differently from the benzobarrelenes, is fairlptherge

54). Similar results were obtainedrfligand3.46

Ph_ Pnh
G Ph
0.0

Schemeb4. Cope rearrangement betweeB82and4.35 The energy &lues are expressed in kcal/mol
and have been calculated on the #um062816 (d) level.
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4.2.2 Oxidation

As anticipated, like most phosphinésphosphasemibullvalenes are prone to oxidation with
chalcogens. Two alternative ways to obtain these derivatives were found. One can either
oxidize the Bphosphasemibullvalene ,oralternatively, irradiate directly the oxidized
phosphabarrelene, descriiedChapter 3%$chemesb).

Ph
P
Ph hv _ P
3.12 -~ Ph ‘>\Ph 4.19
}P /
Ph Ph
[E] [E]
Ph
/,E
E=0 3.53 P. E=0 435
Ph hv
S 354 -~ Ph >\Ph S 436
Se 3.55 }p / Se 4.37
Ui
Ph™ E  “Ph

Schemebbh. Synthetic paths to oxidizedfhosphasemibullvalene derivatives.

Oxidation with oxygen can easily be achieveidce 5phosphasemibullvalenesidize in air.

After stirring a solution of the appropriate ligand overnight in the presence of atmospheric
oxygen, only one resonance can be detected if'f{éH} NMR spectrum However, as
confirmed by thedH NMR spectrumpxidation leads to partial decomposition of the starting
material, therefore workup is needed. After removing the volatiles and washing twice the
remaining solid with pentane, thephosphasemibullvalene oxdwas obtained as a white

solid. Oxidation with sulfur and selenium, as for phosphabarrelenes, can be achieved using
elemental sulfur and DBU or grey selenium, respectively (see Chapter 3). The easiest way to
obtain these derivatives, though, is to perfdhe photoisomerization starting from oxidized
barrelenes, since the reaction is quantitative and phosphabarrelenes are usually more stable

and easier to handle.

In general, the rate of the photoisomerization of phosphabarrelenes and their derivatives
depends on several factors, such as concentration of the sample, distance from the UV light

source and solvent. While investigating the photoisomerization of the oxidized derivatives, a
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marked difference in the rate of conversiafas noticed. In factthe phaphabarrelene
selenidesreacted much fastezompared to the other derivatives. Hence, the rates for the
photoisomerization 0f3.12, 353, 3.54 and 3.55 have been studie@ddopting the same
experimental conditions. For this, fourYéung NMR tubes, containgn an equally
concentrated solution in THF of the above mentioned molecules, were positioned 20 cm away
from the UV light source and irradiated until full conversion. The reaction was followed by
means of'P{*H} NMR spectroscopy, and the complete photoisomerization required 6 h for
3.12, 5 h for3.53, 3 h for3.54 but only 40 min foB.55 However, DFT calculations run for a
generic unsubstituted benzobarrelene, do not show a clear difference in the erelgggflev

the differenttransition stateand biradicals formed in the different reactions (Sebemes6
andTable9).

A

E, kcal/mol
#uwb97xd

Schemeb6. Photoisomerization d3.12 3.53 3.54and3.55 with X = P, P=0, P=S and P=Se respectively.
Triplet surface.

Table 9. Energy values (in kcal/mol) for transition states and biradicals in the photoisomerization of
3.12, 353, 3.54and3.55, with X = P, P=0, P=S and P=Se respectively.

X TS1 BR1 TS2 BR2
P 3.6 -15.2 -6.1 -13.4
P=0 3.9 -13.1 -5.2 -14.8
P=S 3.7 -13.5 -5.2 -14.3
P=Se 3.6 -13.5 -5.4 -14.1

Hence, the reason for dhdifference in the rate of the rearrangement does not lay in the
energetic profile of the reactions, but has otbauses For example, amore extended

p-system, derived from an additional double bond between the phosphorus and the chalcogen
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atom, could account for a better absorption of the UV radiataord be the reason for the
faster reactionln the case oB.55, the reaction is much faster comparedthe others. The
explanation for this is most likely related to the presence of selenium, a heavy atom that due
to enhanced spiorbit coupling, favors the intersystem crossing between the singlet and

triplet state, thus increasing the rate of the rea&tiem®

As for the free Bphosphasemibullvalenes, no Cope rearrangement was detectie8saith
variable temperater NMR experiments between T-80 °C and T = 100 °C in toluene. In
addition to this, the molecule is thermally stable in refluxing toluene for days. Single crystals
suitable for Xray diffraction were obtained by slow evaporation from a saturated solution of
the corresponding compourd toluene. The molecular structure in the crystadl. @b, 4.36
and4.37 are depicted ifrigure48, andselected bond lengths and angles are repant&able

10.

Table 10. Selected bond lengths (A) and angles (°4@5, 4.36 and4.37, with E = O, S, Se respectively.

i‘?]'z]?e(’é\)) 4.5 4% 437
P-C1 1.818(5) 1.848(2) 1.843(2)
P-C4 1.809(5) 1.816(2) 1.816(2)
P-C5 1.819(6) 1.802(1) 1.801(2)
P-E 1.491(4) 1.937(1) 2.081(1)
C1-C2 1.519(7) 1.508(2) 1.504(3)
C1-C7 1.564(7) 1.539(2) 1.536(3)
C2-C7 1.560(7) 1.563(2) 1.559(3)
c2-C3 1.485(7) 1.482(2) 1.479(3)
c3ca 1.350(7) 1.339(2) 1.341(3)
C5C6 1.379(7) 1.398(2) 1.402(3)
c6C7 1.496(7) 1.501(2) 1.504(2)

C1-P-C5 95.50(2) 94.14(7) 94.77(9)

C1-P-C4 95.60(2) 94.52(7) 94.60(9)

C4P-C5 97.20(2) 99.88(7) 96.62(9)
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Figure 48. Molecular structure oft.35, 4.36 and4.37 in the crystal. Displacement ellipsoids are shown at the
50% probability level. Hydrogen atoms, solvent molecules and enantiomers are omitted for clarity. Selected
bond lengths (A) and angles (°) are reporte@iable10.

Given the stability of the oxidized-f@hosphasemibullvalenes, they were employed to
demonstrate that the photoisomerization of phosphabarrelenes leads to the formation of a
racemic mixture. This is suggested by the proposed mechanism, andctmfimchation for

the presence of two enantiomers in the unit cell of the molecular structures of some
compounds \ide supra. Hence, a sample @f.37 was prepared and the enantiomers were
separated by means of chiral HPLC, using isopropanol as eluenbrattemperature. As
expected, the chromatogram shows two peaks with equal area, proving the presence of a

racemic mixtureKigure49).
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Figure 49. Enantiomeric resolution ¢f.37: HPLC chromatogram in isopropanol.

Finally, since the direct irradiation &.1 led to the formation of a complex mixture, the
photoisomerization of the phosphabarrelene 0%i8& was attemptedioping that thelouble
bondwoul d have a stabilizing effect on the ra
more selectively to the -phosphasemibullvalene derivatives. In fact, wh&b7 was

irradiated with UV light in THF, only two resonaegati = 4 9. 4 =3pbppm avered U
observed in th&'P{*H} NMR spectrum, suggesting the exclusive formation of the possible 5
phosphasemibullvalene oxides in a 15:85 ratio. However, it was so far not possible to isolate

the products due to the small difference in polarity. Moreover, when the reaction was

perfomedon alargerscale, reproducibility issues unfortunately occurred.

4.2.3 Coordination chemistry

Since these compounds are being reported for the first time, no coordination compound is so
far known for 5phosphasemibullvalenes. To test their properigdigands, a few metal
complexes were synthesized. First, tungsten and nickel carbonyl complexes were synthesized
in order to evaluate the electronic properties of the ligands. In fact,-caebainyls can be

used as probes for the evaluation and corsparof the electronic properties of a ligand,

since the stretchinffequencyof the CO bands in the infrared spectra is proportional to the
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netdonation of electron density from the ligand to the metal center. More precisely, the
higher the netonation, he lower the frequency of the stretching vibration. The tungsten
complex4.38 was prepared by mixing equimolar amounts4df9 and the metal precursor
[(THF)W(CO)] in THF (Scheme57). The 3'P{*H} NMR spectrum of the reaction mixture
shows one single resonance at U = ®ly. 6 ppn
coupling, in agreement with the quantitative formatiom 88, which wasc har act er i zed
means of NMR and I R spectroscopy. The IR sp
stretchiag=bands, at9d2;" 1924 and 1908 cm

Ph 0%, Co
Phoc;W"’CO
P
Ph /> + [(THF)W(CO)4] p_ CO
Ph Ph D
Ph
419 4.38

Schemes7. Synthesis of1.38.

As discussed in the next chapteL,NJ(CO);] type complexes are the best probes to
investigate the electronic properties of a ligand. To prepare them, an excess of JNN&O)
condensed at T 196 °C onto a solution with the appropriate ligand indoling NMR tube

with a condensation lan (Schemes8). Upon thawing of the solution and shaking, a violent
gas evolution was observed in the NMR tube. In*tR¢'H} NMR spectra, a downfielghift
suggested full conversion to the nickel complex. Evaporation of the volatiles yielded the
compounds as yellow solids quantitatively. The IR spectra were measured in DCM and show
the expected pattern foLINi(CO)s] type complexes. The value of the gtretching band for
complexest.39and4.40i s I 2074 .0 Tarespecti@ely69. 0 cm

ocC co

Z _CO OC =
o 4.19 . 4.26 “p
oh INi(CO).] Ph
= Ph -CO -CO i ~\ =
>5i  Ph
7\
4.39 4.40

Schemeb8. Synthesis oft.39 and4.40.

In order to evaluate the properties eplosphasemibullvalenes as ligands in homogeneous
catalysis (see Chapter 5),LAuCI] type gold complexes were synthesizes starting from
[AuCI(SMe;)] in DCM at room temperaturé&¢themes9).
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Schemeb9. Synthesis oft.41 and4.42.

Quantitative formation of complexe$.41 and 4.42 was observed in thé'P{*H} NMR
spectra, where a single downfiegdtlifted resonance was observed. Evaporation of the
volatiles yielded the compounds paleyellow solids quantitatively. To completely remove
dimethylsulfide it was necessary to dissolve the complex again and remove the volatiles for a
couple of times. The best results were obtained by dissolving the complex in the smallest
amount of DCMand precipitatetiwith diethyl ether or pentane. In this way tht#aired pale

yellow solid could be more easily thoroughly dried in vacuum. If needed, washing with
diethyl ether or pentane was helpful. Single crystals suitable foayXdiffraction were
obtained by slow evaporation of DCM at T-35 °C, and the molecular structurebfl in

the crystal is depicted iRigure50.

Figure 50. Molecular structure o#.41 in the crystal. Displacement ellipsoids are shown ab0% probability
level. Hydrogen atoms and enantiomer are omitted for cléijected bond lengths (A) and angles (7)CP:
1.853(5); PC4: 1.827(1); PC5: 1.795(2); PAu: 2.211(3); AlCI: 2.277(1); C1C2: 1.508(3); CLC7:
1.522(9); C2C7: 1.558(1); CRC3: 1.514(10); CBC4: 1.331(2); CbC6: 1.410(1); CBC7: 1.492(1); ClLPi C5:
94.1(5); CI Pi C4: 94.5(5); CAPi C5: 95.8(5).

In the molecular structure of compou#dil, the R C and C C bonds in the polycyclic cage
have similar bond lengths compared to the oxidized derivatives reported above. Moreover, the

P- Au distance was found to béveost identical to the one found in compl@g7.
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Finally, after proving the ability of phosphasemibullvalenes to form stable coordination
compounds with different metals, thepimethane rearrangement was also investigated for
phosphabarrelenes in the coordination sphere of a transition metal. Obviously, a different
precursor from the ones discussed above was needed, becauseamhetayls might
dissociate CO molecules and goldnplexestend to decomposepon UV irradiation.
Therefore copper complex.71 was prepared (see Chapter 3) avak irradiated with UV

light in THF (Schemes0).

cl Ph ¢ Ph
Cu
Cu P/ \P
TN hv. , Ph Ph Ph
P P 2
Ph—\='Ph Ph\>=/—Ph >\Ph\§’
Ph Ph
4.43

3.71
Scheme60. Photoisomerization 3.71t0 4.43

Gradually the broad resonance relative to the starting material disappears and a new, broad
resonance appear s™HAaNMR spectrum 8f the reactipm mixture Bliows a
single set of sharp signals in accordance with the quantitative formation of convphd8nd

which was fully characterized by means of NMR spectroscopy.

An additional proof was obtained by photoisomerizatiocahplex3.72 in MeCN, reported
in Schemes 1.

Cl

u
SO P MeCN™~ p
p—Cu__ s Ph' >— —_— 2 Ph—& Ph
Cl Ph MeCN
3.72 4.44

Scheme61. Photoisomerization .72 to 4.44.

Interestingly, the dimeB.72 undergoes photoisomerization and two equivalents of complex
4.44 are obtained, as confirmed by single crystak) diffraction. The molecular structure in

the crystal confirms the successful photoisomerization to the corresponding
phosphasemibullvaleneedvative, which is coordinated to a Cu(l) center together with a
molecule of acetonitrile in a trigonal planar fashiéig(re51). As in the case dhe starting
material, also4.44 is rather insoluble and the charactatian in solution is limited to

'H NMR spectoscopy

121



Figure 51. Molecular structure o#.44 in the crystal. Displacement ellipsoids are shown ab0% probability
level. Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and angleis0®):1P858(5); PC4:
1.843(5); PC5: 1.822(5); PCu: 2.172(1); CuCl: 2.230(1); CuN: 1.977(4); CLC2: 1.505(7); CLCT:
1.551(6); C2C7: 1.565(6); CPC3: 1.476(7); C3C4: 1.337(7); CBC6: 1.405(6); C6C7: 1.490(6); CLPi C5:
92.5(2); C1Pi C4: 92.9(2); CAPi C5: 95.8(2); PCui ClI: 121.60(5); PCui N: 133.3(1); CICui N: 107.4(1).

After proving that the photoisomerization can be performed directly in a cooodinat
compound, the photoisomerization of metal complexes contaitigand 3.1 was
investigated, sinc8.1 aloneyielded multiple products upon direct irradiation.theory, the
p-backdonation from the filled metal orbitals to the phosphabarrelene could stabilize some of
the BR2 species over the others. Unfortunately, the complexes reported (eee Chapter

3) are not suitableof photoisomerization due taght-sensitivity or low stability. For this
reason, an attempt was made to synthesize the com@ay.Rh(CO)CI], starting from
[Rh(CO)XCI], and 4 equivalents of phosphabarrel&ifin DCM, in analogy ta3.61. After
addition of the solvent, the solution turned immediatielgk and gas evolution was observed,
indicating loss of CO However, the®P{*H} NMR spectrum showed several unidentified
products. Single crystals suitable forr&y analysis were obtained by slow evaporation of the
solvent. Surprisingly, even though ridV irradiation was involved in the process, the
crystallographic characterization 445 shows two molecules dhe phosphasemibullvalene
4.30 bound to a Rh(CO)CI fragment, intrans fashion(Figure52). However, his reaction is

still matter of investigation and was so far not reproduced.
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i)

Figure 52. Molecular structure of.45 in the crystal. Displacement ellipsoids are shown ab0% probability
level. Hydrogen atoms are omitted for clarity. Selected bond lengths (A) and anglésQ®):1P852(5); PC4:
1.835(2); PC5: 1.837(5); PRh: 2.288(5); RhCI: 2.333(3); RIhC: 1.8088); Ci O: 1.143(3); C1C2: 1.531(7);
C1iC7: 1.501(5); CRC7: 1.598(5); CRC3: 1.469(1); CBC4: 1.358(1); CbC6: 1.338(3); C6C7: 1.466(1);
C1i Pi C5: 92.00(10); CPi C4: 94.05(10); CiPi C5: 93.27(10); PRHi CI: 96.39(10); PRhi C: 93.37(10).

4.3 Conclusions

The first 5phosphasemibullvalene derivativieave been described, and a synthetic path for
this new class of chiral molecules based on the skeleton of-tBak@substituted
phosphinines has been presented. Phosphabarrelenes, their oxidized derinativesta
complexes undergo quantitativeimethane rearrangement upon irradiation with UV light.

The reaction mechanism was investigatear@ans oDFT calculations, which are supported

by several experiments, giving an insight in the selectivity of the reaction in the case of
asymmetricallysubstituted phosphabarrelenes. The substrate scope has been extended to
differently substituted benzobarrelsneand the photoisomerization of trifluoromethyl

substituted molecules was investigated.

The oxidation of Ephosphasemibullvalenes has been reported and some chalcogenide

derivatives have been fully characterized.

Differently from other reported derivativesphosphasemibullvalenes proved to be thermally
stable and suitable for coordination to metal centers. The first metal complexes have been
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reported and fully characterized. Some of these complexes have been employed in catalytic

transformationswhich ae described in the following chapter.

4.4 Experimental part

General remarks

Unless otherwise stated, all the experiments were performed under an inert argon atmosphere
using modified Schlenk techniques or in a MBraun glovebox. All common chemicals were
commercially available and were used as received. Dry or deoxygenated solvents were
prepared using standard techniques or used from a MBraun solvent purification system. The
NMR spectra were recorded on a JEOL ECX400 (400 MHz) spectrometer and chental shif
are reported relative to the residual resonance in the deuterated solvents. IR spectra were
measured on a Nicolet iIS10 FFIRIR spectrometer by Thermo Scientific in the solid state

and on a FIIR spectrometer Vertex 70 by Bruker in dichloromethane.rEactions under

UV irradiation, a UVP High intensity 100 Watt BDOAP Mercury Vapor Lamp without filter

was used. HPLC equipment consisted of a Shimadz2Q. @D pump, a Shimadzu SPZD

A UV/Vis detector and a Shimadzu CTZDAC oven with column selector.oimn and
analysis specifications: Chiralpak IA (250x4.6 mm, particle sizee=n5, purchased
Daicel), eluent = 2bropanol, column temperature = 25 °C, flow rate =rl3min, | =254 nm

(UV detector), I njection vol baveebeen petfiddmeddn. The
an Agilent 6210 ESTOF instrument by Agilent Technologies, Santa Clara, CA, USA with
standard settings of 5 L/min, 4 kV and 15 psi.

[2,10-diphenyl-4-tolyl-4H-1,4-ethenophosphinoline] (4.20)

The tolytbarrelene was synthesizedccording to a literature proceddfé’™ o-
Fluorobromobenzene (2.07 g, 11.82 mmol) was added dropwise at rt to magnesium (0.287 g,
11.82 mmol) andp-tolylphosphinine (2.0Q, 5.91 mmol) in 20 mL of THF. The solution
turned dark violet. After the addition the mixture was heated to reflux for 3 hours. After
cooling, 2 mL of water were added and then the volatiles were removed. The residue was

extracted with 100 mL of toluerend the organic phase was washed 3 times with 50 mL of
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water. The aqueous phase was then extracted twice with 50 mL of toluene. The combined
organic phases were dried and the solvent was rempwatuo The residue was dissolved

in DCM and adsorbed on 5@ of silica gel, that was stored for one week under air.
Afterwards the loaded silica was eluted with DCM through another silica pad (100 g). The
solvent was finally evaporated vacuoand the residue was recrystallized from hot methanol.
Filtration, wading with cold methanol and drying vacuoyielded the barrelene (0.337 g,
14%) as an ofwhite powder.

'H NMR (acetoneds, 400 MHz):d = 2.48 (s, 3H, Me), 6.56 (m, 1H), 7.05 (m, 2H), 7.28 (m,
2H), 7.37 (m, 4H), 7.48 (m, 2H), 7.79 (m, 7H), 8.23Xd,6.1 Hz, 2H).

¥C{*H} NMR (acetoneds, 101 MHz):d = 21.1 (s), 64.7 (s), 125.0 (@7 13.2 Hz), 125.2 (d,
J = 1.3 Hz), 126.7 (s), 126.8 (s), 128.1 @0z 1.6 Hz), 128.6 (dJ = 1.7 Hz), 129.5 (d,
J=1.1Hz), 129.9 (s), 130.6 (s), 132.2 (s), 132.6 {88.0 (s), 138.9 (s), 139.5 (d= 24.8
Hz), 141.9 (dJ = 11.2 Hz)148.7 (d,J = 4.8 Hz), 153.2 (dJ = 15.6 Hz), 156.5 (d] = 3.4
Hz).

3p{IH} NMR (acetoneds, 162 MHz):d = -70.6 (s) ppm.

General procedure for the synthesis 05-phosphasemibullvalenes

A solution of phosphabarrelene in THF (or DCM or toluene) inYaung NMR tube was
exposed to UV light until full conversion, following the reaction by mear8R{fH} NMR.

The reaction time is dependent on the concentrationsdhent and the distance from the
light source. During this process, the solution usually turns from colourless to yellow, due to
residual grease impurities. Afterwards, the volatiles were removed, yielding the product as a

paleyellow foamy solid in quattative yield.

Compound 4.19

'H NMR (THF-dg, 400 MHz):d = 4.20 (m, 1H), 6.47 (dd} = 7.4, 3.4 Hz, 1H), 6.75 (m, 1H),
7.18 (m, 15H), 7.43 (m, 1H), 7.61 @@= 8.3 Hz, 2H) ppm.

13c{*H} NMR (THF-dg, 101 MHz):d = 47.8 (d,J = 3.5 Hz), 60.4 (dJ = 8.9 H2, 63.7 (d,
J=2.1Hz), 124.2 (d) = 1.7 Hz), 124.6 (s), 124.7 (s), 124.8 (s), 124225.0 (m), 125.1 (s),
125.3 (dJ = 1.3 Hz), 125.4 (s), 125.7 (d= 2.1 Hz), 125.8 (s), 125.9 (s), 126.0 (s), 126.1 (s),
126.4 (s), 129.4 (s), 133.8 (#= 18 Hz), 136.3 (dJ = 23.2 Hz), 136.9 (s), 143.8 (d= 15.6
Hz), 146.6 (dJ = 3.1 Hz), 147.6 (d] = 21.5 Hz) ppm.

31p{'H} NMR (THF-dg, 162 MHz):d = 33.1 (s) ppm.
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Compound 4.21

'H NMR (THF-ds, 400 MHz):d = 2.23 (s, 3H, Ch), 4.16 (t,J = 3.2 Hz, H), 6.45 (dd,
J=7.4, 3.4 Hz, 1H), 6.73 (m, 1H), 7.09 (m, 12H), 7.25 (@&, 8.2, 6.8 Hz, 2H), 7.41 (m,
1H), 7.60 (d,J = 8.4 Hz, 2H) ppm.

13c{H} NMR (THF-dg, 101 MHz):d = 20.1 (s), 49.6 (d) = 3.4 Hz), 62.2 (dJ = 8.5 Hz),
65.2 (d,J = 2.2 Hz), 125.9 (dJ = 1.7 Hz), 126.4 (dJ = 7.7 Hz), 126.5 (s), 126.8 (d,
J=10.0Hz), 127.1 (s), 127.2 (s), 127.6 M= 2.3 Hz), 127.6 (s), 127.7 (s), 127.7 (s), 127.8
(s), 128.2 (s), 128.52(s), 131.0 (s), 135.5 (s), 135.7 (s), 136.2 (s), 138228.9 Hz), 145.5
(d,J=15.6 Hz), 148.7 (d] = 3.0 Hz), 149.2 (d] = 21.3 Hz) ppm.

¥P{'"H} NMR (THF-dg, 162 MHz):d = 32.4 (s) ppm.

Compound 4.5

'H NMR (THFRdg, 400 MHz):d = -0.23 (d,J = 0.5 Hz, 9H, CH), -0.20 (d,J = 0.7 Hz, 9H,
CHs), 3.96 (d,J = 4.7 Hz, 1H), 6.55 (m, 2H), 6.89 (m, 3H), 7.03 (m, 2H), 7.15 (m, 3H), 7.28
(m, 2H), 7.50 (m, 1H), 7.76 (m, 1H) ppm.

3C{*H} NMR (THF-ds, 101 MHz):d = -1.6 (d,J = 4.2 Hz, CH), 1.5 (d,J = 5.0 Hz, CH),
48.1 (d,J = 36.2 Hz), 51.0 (dJ = 4.6 Hz), 73.1 (dJ = 1.7 Hz), 126.7 (dJ = 1.2 Hz), 126.8
(d,J= 6.9 Hz), 127.5 (dJ = 35.8 Hz), 127.9 (s), 128.7 (bs), 128.9 (bs), 129.0 &i0.7 Hz),
129.1 (bs), 141.4 (d] = 4.2 Hz), 141.9 (dJ = 3.6 Hz), 142.1 (dJ = 45.5 Hz), 146.9 (s),
151.6 (dJ = 26.4 Hz), 160.4 (d] = 3.6 Hz) ppm.

295i{H} NMR (79 MHz, THRdg): d=-6.9 (d,*Jp.si = 17.4 Hz), 1.1 (FJp.si= 10.5 Hz) ppm.
31p{*H} NMR (THF-dg, 162 MHz):d = 49.0 (s52Jp.si = 25.3, 34.0 Hz) ppm.

Reaction of3.42with UV light
This material was used for the next reaction without purification.

$1P{*H} NMR (THF-ds, 162 MHz):li = 35.3 (s), 44.2 (s) ppm.

General procedure for the synthesis of phosphasemibullvalene oxides
The compounds can be syntizesl following one of two different procedures:

Method A:A solution of the given ligan{.075 mmol) in 5 mL THF was left overnight with
air contact. Afterwards the solution was concentrated to roughly 0.2 mL and the product was

precipitated adding 3 mL of pentane. The liquid phase was then removed by decanting and the
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solid was washed two m@times with pentane. After drying in high vacuum, the product was

obtained as a palgellow powder.

Method B:A solution of phosphabarrelene oxide in THF was exposed to UV light and the
reaction was followed by*P NMR spectroscopy until completion. Tselution slowly turned
from colourless to palgellow. Afterwards the volatiles were removed, yielding the product

as an offwhite powder in quantitative yield.

Compound 4.5
Yield = 42%.

'H NMR (THF-ds, 400 MHz):d = 4.39 (dd,J = 10.1, 4.1 Hz, 1H), 6.70 (dd,= 39.8, 4.1 Hz,
1H), 6.85 (m, 1H), 7.20 (m, 15H), 7.66 (m, 1H), 7.81)d,8.0 Hz, 2H) ppm.

¥C{*H} NMR (THF-dg, 101 MHz):d = 46.8 (d,J = 11.2 Hz), 61.5 (s), 65.7 (d,= 5.8 Hz),
126.1 (d,J = 8.0 Hz), 127.8 (dJ = 4.6 Hz), 127.8 (s), 127.8 (s), 128.3 {d; 10.6 Hz), 128.5
(s), 128.7 (dJ = 11.0 Hz), 128.8 (s), 129.2 (s), 129.3 (s), 129.5 (s), 129.8 £d4.6 Hz),
132.3 (d,J = 2.4 Hz), 133.2 (dJ = 3.7 Hz), 133.9 (dJ = 10.7 Hz), 138.9 (m), 139.9 (s),
143.2 ¢, J = 23.5 Hz), 144.5 (d] = 90.5 Hz) ppm.

3P{*H} NMR (THF-dg, 162 MHz):d = 52.5 ppm.

General procedure for the synthesis of fphosphasemibullvalene sulfides
The compounds can be synthesized following one of two different procedures:

Method A:A solution of phosphabarreler{8.075 mmol) in 2 mL of toluene was refluxed
overnight together with 1.1 eq. of elemental sulfur andfalcbexcess of DBU. Afterwards

the volatiles were removed and the solution was eluted through a plug of silica (4tkera) w

3:2 mixture of DCM/pentane. The volatiles where again removed and the remaining solid was
washed a couple of times with pentane. After drying in high vacuum, the pracsct

obtained as a white powder.

Method B:A solution of phosphabarrelene sulfilte THF was exposed to UV light and the
reaction was followed byP NMR spectroscopy until completion. The solution slowly turned
from colourless to palgellow. Afterwards the volatiles were removed, yielding the product
as an offwhite powder in quangitive yield.
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Compound 4.3

Yield = 71%

'H NMR (THF-dg, 400 MHz):d = 4.48 (dd,J = 9.7, 4.1 Hz, 1H), 6.65 (dd,= 39.0, 4.0 Hz,
1H), 6.85 (m, 1H), 6.89 (m, 1H), 7.17 (m, 6H), 7.30 (m, 9H), 7.70 (m, 1H), 7.79 (d,
J=7.9Hz, 2H) ppm.

13c{H} NMR (THF-dg, 101 MHz):d = 47.2 (d,J = 9.0 Hz), 64.8 (m), 65.5 (s), 126.0 (d,
J=9.8 Hz), 128.2 (m), 128.4 (d,= 11.2 Hz), 128.5 (dJ = 4.3 Hz), 128.6 (s), 129.1 (d,
J=1.7Hz), 130.8 (dJ = 4.5 Hz), 131.8 (dJ = 21.5 Hz), 132.0 (bs), 132.0 @@= 2.5 Hz),
132.8 (d,J = 4.8 Hz), 133.9 (dJ = 11.3 Hz), 138.6 (d) = 1.9 Hz), 141.2 (dJ = 82.5 Hz),
144.1 (dJ = 71.7 Hz), 144.4 (d]= 19.5 Hz) ppm.

3P 'H} NMR (THF-dg, 162 MHz):d = 65.8 ppm.

General procedure for the synthesis of fphosphasemibullvaleneselenides
The compounds can be synthesized following one of two different procedures:

Method A:To a solution of the appropriate phosphasemibullvalene in toluene, an excess of
grey selenium was added and the solution was heated up to reflux overnigiwaAftethe
solution was filtered over celite and the solvent was remowvedcuq yielding the product as

an offwhite powder quantitatively.

Method B:A solution of phosphabarrelene selenide in THF was exposed to UV light and the
reaction was followed by*P NMR spectroscopy until completion. The solution slowly turned
from colourless to palgellow. Afterwards the volatiles were removed, yielding the product

as an offwhite powder in quantitative yield.

Compound 437

'H NMR (THF-ds, 400 MHz):d = 4.46 (dd,J = 9.3, 4.1 Hz, 1H), 6.63 (dd,= 38.0, 4.0 Hz,
1H), 6.87 (m, 1H), 7.24 (m, 15H), 7.65 (dds 10.9, 6.9 Hz, 1H), 7.76 (m, 2H) ppm.

¥C{’H} NMR (THF-ds, 101 MHz):d = 48.1 (d,J = 7.9 Hz), 65.0 (s), 65.2 (d,= 4.2 Hz),
68.3 (s), 126.6 (d] = 10.6 Hz), 128.5 (d) = 2.1 Hz), 128.6 (m), 128.7 (m), 128.8 (s), 129.0
(s), 129.2 (s), 131.2 (d,= 4.5 Hz), 132.1 (m), 132.6 (d,= 19.5 Hz), 133.3 (d] = 5.5 Hz),
134.0 (d,J=11.8 Hz), 138.6 (d) = 1.6 Hz), 141.0 (d) = 73.6 Hz), 143.6 (d]) = 61.6 Hz),
145.3 (dJ=17.2 Hz) ppm.

3pr1H} NMR (THF-dg, 162 MHz):d = 57.2 (5} Jp.se= 824.9 Hz) ppm.
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Table 11. Enantioneric resolution o#.37.

Peak Retention time (min) Area (%)
1 14.29 50.15
2 15.92 49.85

Compound 4.22

'H NMR (CDCk, 400 MHz): U = 2.26 (s, 3H), 4.25 (dd] = 9.3, 4.0 Hz, 1H), 7.04 (d,
J=7.9Hz, 2H), 7.27 (m, 15H), 7.72 (m, 3H) ppm.

13c{*H} NMR (CDCl;, 101 MHz):U = 21.1 (d,J = 1.1 Hz), 47.2 (dJ = 8.2 Hz), 63.4 (s),
63.87 64.1 (m), 125.3 (s), 125.7 (d,= 10.6 Hz), 127.7 (d) = 5.4 Hz), 127.8 (s), 128.0 (d,
J= 2.2 Hz), 128.0 (s), 128.1 (d,= 1.6 Hz), 128.4 (m), 129.1 (d,= 7.4 Hz), 130.1 (t,
J=4.2Hz), 130.5 (m), 131.7 (d] = 5.3 Hz),134.0 (s), 137.6 (s), 139.0 (d,= 74.1 Hz),
142.6 (dJ = 61.7 Hz), 144.2 (d] = 17.6 Hz) ppm.

31p{H} NMR (CDCls, 162 MHz):li = 57.5 (S, Jp.se= 805.1 Hz) ppm.

Compound 4.7

'H NMR (THF-ds, 400 MHz): d = -0.10 (s, 9H, Ch), -0.09 (s, 9H, Ch), 4.14 (d,
J=11.7Hz, 1H), 6.30 (bs, 1H), 6.94 (bs, 4H), 7.07 (m, 2H), 7.20 (m, 2H), 7.40Jtdd, 5,
3.6, 1.1Hz, 1H), 7.50 (m, 2H), 7.68 (m, 1H), 7.81 (dds 7.6, 2.7, 1H) ppm.

¥C{*H} NMR (THF-dg, 101 MHz):d = -1.1 (d,J = 1.8 Hz, CH), 1.3 (d,J = 1.9 Hz, CH),

49.9 (d,J = 2.1 Hz), 51.1 (dJ = 25.9 Hz), 71.6 (d) = 11.1 Hz), 127.4 (d] = 9.6 Hz), 127.5
(d,J=9.2 Hz), 127.8 (dJ = 10.9 Hz), 127.9 (s), 128.1 (bs), 128.1 (s), 128.7 (s), 129.0 (d,
J=0.7 Hz), 130.3 (dJ = 2.3 Hz), 131.8 (dJ = 2.7 Hz), 133.1 (s), 137.6 (d,= 22.5 Hz),
140.1 (d,J = 21.4 Hz), 140.5 (d) = 6.5 Hz), 142.3 (d) = 21.2 Hz), 144.4 (d] = 66.5 Hz),
161.3 (dJ=7.5 Hz) ppm.

29Si{*H} NMR (79 MHz, THFRdg): d = -6.9 (d,%Jp.si = 17.4 Hz), 11 (d,%Jp.si = 10.5 Hz)
ppm.

31p{*H} NMR (THF-dg, 162 MHz):d = 69.1 (52Jp.si = 10.3 Hz,}Jp.sc = 784.3 Hz) ppm.

Compounds 4.25

H NMR (THRdg, 400 MHz):d =1.93 (d J = 14.1 Hz, Bi, CHg), 4.11 (ddJ = 9.5, 3.7 Hz,
1H), 6.06 (dddJ=40.2, 3.7, 1.7 Hz, 1HB.88 (dd,J = 7.3, 3.4 Hz, 1H)7.20 (m, 10H)7.35

(tt, J=7.4, 1.6 Hz, 1H)7.43 (tdd,J= 7.4, 3.6, 1.1 Hz, 1H).74 (ddt,J = 10.7, 7.6, 0.7 Hz,
1H) ppm.
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13C{™H} NMR (THF-dg, 101 MHz):12.6 (d,J = 14.1 Hz),47.0 (d,J = 9.6 Hz), 62.9 (d,
J=60.4Hz), 63.3 (d,J = 3.8 Hz),125.3 (d,J = 10.5 Hz), 127.7 (s), 127.8 (m)27.9 (d,
J=15.4 Hz), 128.1 (s), 128.3 ()29.6 (d,J = 4.6 Hz),129.8 (d,J = 20.0 Hz), 130.9 (s),
131.4 (d,J = 2.5 Hz),131.7 (d,J = 5.3 Hz),137.1 (d,J = 1.4 Hz),139.6 (d,J = 72.6 Hz),
141.2 (dJ = 62.1 Hz)143.8 (dJ = 17.4 Hz).

31p{*H} NMR (THF-dg, 162 MHz):ti = 60.3 (s Jp.sc= 818.1 Hz)ppm.

Compound 438

A solution of 4.19 (30 mg, 0.075 mmol) in THF was added dropwise to a solution of
[W(CO)X(THF)] (1 eq.) and heated up to reflux fo= 3 h. Afterwards the volatiles were

removed, yielding the product as a pale yellow solid in quantitative yield.

'H NMR (THF-dg, 400 MHz):d = 4.45 (dd,J = 6.5, 3.7 Hz, 1H), 6.46 (dd,= 22.9, 3.7 Hz,
1H), 6.96 (dJ = 7.8 Hz, 1H), 7.22 (m, 12H), 7.39 (m, 1H), 7.41 (m, 1H), 7.47 (m, 3H), 7.97
(t, J=8.0 Hz, 1H) ppm.

¥C{*H} NMR (THF-dg, 101 MHz):d = 51.2 (d,J = 2.5 Hz), 65.5 (s), 68.4 (s$9.9 (d,
J=34.1 Hz), 128.1 (dJ = 14.7 Hz), 128.5 (s), 128.7 (d,= 9.6 Hz), 128.8 (s), 128.9 (s),
129.0 (d,J = 4.9 Hz), 129.1 (s), 129.2 (d,= 2.6 Hz), 129.3 (s), 129.5 (d= 1.5 Hz), 129.7
(d, J = 4.7 Hz), 131.4 (s), 131.8 (d,= 3.2 Hz), 131.9132.5 (bm), 133.9 (d] = 7.2 Hz),
136.7 (d,J= 12.0 Hz), 137.0 (dJ = 14.0 Hz), 138.9 (s), 145.9 (d,= 35.1 Hz), 148.4 (d,
J=5.2 Hz), 148.6 (dJ = 26.9 Hz), 196.4 (Jc.p = 7.3 Hz,"Jow = 124.8 Hz, CQs), 198.9
ppm (d,Jc.p = 24.2 Hz, CQang).

31p{*H} NMR (THF-dg, 162 MHz):d = 61.6 (S Jp.w = 251.1 Hz) ppm.
IR (solid state): 2071 (m); 1982 (w); 1924 (sh); 1908 (s}.cm

General procedure for the synthesis of [(L)Ni(COj] complexes

Caution: [Ni(CO)4] is highly toxic and potentially carcinogenic. It can be absorbed through
the skin or inhaled due to its high volatility. Vapors [§i(CO)s can autoignite. All

manipulations must be done with extreme care in awvegitilated fumehood.

In a 3Young NMR ube 0.6 mL of THF containing the appropriate ligand were degassed by
freeze and thaw technique. Afterwards, an exceg®Nip€O),] was condensed in the same

tube using a condensation line. The tube was slowly warmed up to room temperature, and the
reactionprogress was monitored BYP NMR spectroscopy, degassing the tubes until full
conversion. The volatiles were removiedvacuq yielding the product quantitatively. IR

spectra were measured in DCM.
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Compound 439
'H NMR (THF-dg, 400 MHz):d = 4.37 (dd,J = 6.1, 3.6 Hz, 1H), 6.42 (dd,= 19.4, 3.5 Hz,
1H), 6.91 (m), 7.19 (m, 13H), 7.43 (m, 4H), 7.63 (m, 1H) ppm.

¥3c{*H} NMR (THF-dg, 101 MHz):d = 50.4 (s), 64.0 (s), 65.6 (d,= 28.2 Hz), 67.1 (s),
126.2 (s), 126.3 (s), 127.0 (s), 127.1 (m), 127.4 (sy.5.2d,J = 5.6 Hz), 127.7 (d,
J=3.5Hz), 127.9 (m), 135.1 (d] = 15.1 Hz), 136.0 (dJ = 14.5 Hz), 138.1 (s), 144.0 (d,
J=26.7 Hz), 146.6 (d) = 17.8 Hz), 147.0 (d] = 2.7 Hz), 195.0 (s, CO) ppm.

3P{'H} NMR (THF-dg, 162 MHz):d = 73.9 (s) ppm.
IR (DCM): 2074.2 (m), 2001.6 (bs) ¢m

Compound 4.40

*'P{*H} NMR (No solvent, 162 MHz)d = 75.3 (s) ppm.
IR (DCM): 2069.0 (m), 1995.4 (bs) ¢

General procedure for the synthesis of [(L)AuCIl] complexes

A solution of the appropriate ligand (0.075 mmol) in DCM or THF was added dropwise to a
solution of[AuCI(SMe&)] (1 eq.) and stirred far=1 h at room temperature. Afterwards the
solvent was removed, and the residue was dried thoroughly in high vagialdmg the
product as a pale yellow solid in quantitative yield. To remove completely dimethylsulfide,
the product was dissolved in the smallest amount of DCM and then precipitated using

pentane, subsequently removing the volatiles and drying thoroughly.

Compound 4.4

'H NMR (THF-dg, 400 MHz):d = 4.60 (ddJ = 8.3, 3.7 Hz, 1H), 6.79 (dd,= 29.5, 3.7 Hz,
1H), 6.91 (m, 1H), 7.16 (m, 6H), 7.35 (m, 9H), 7.79 (m, 3H) ppm.

13c{*H} NMR (THF-dg, 101 MHz):d = 50.5 (d,J = 4.6 Hz), 64.7 (dJ = 55.4 Hz), 68.4 (s),
128.2 (d,J = 14.4 Hz), 128.4 (d) = 7.7 Hz), 128.8 (dJ = 1.9 Hz), 128.8 (s), 129.0 (d,
J=11.1 Hz), 129.3 (s), 129.4 (d,= 6.7 Hz), 129.4 (dJ = 0.9 Hz), 129.6 (dJ = 1.0 Hz),
129.8 (s), 129.9 (dl = 6.0 Hz), 132.1 (s), 132 (d,J = 2.2 Hz), 133.4 (d) = 11.5 Hz), 133.9
(d,J=13.2 Hz), 135.1 (dJ = 10.1 Hz), 138.1 (dJ = 1.8 Hz), 138.9 (dJ = 55.6 Hz), 143.6
(d,J=46.3 Hz), 147.6 (d] = 10.0 Hz) ppm.

31p{H} NMR (THF-dg, 162 MHz):d = 63.7 (s) ppm.
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Compound 4.2

'H NMR (THF-ds, 400 MHz): d = -0.06 (s, 9H, Ch), -0.05 (s, 9H, Ch), 4.30 (d,
J=10.9Hz, 1H), 6.59 (bs, 2H), 6.97 (m, 3H), 7.11 (M, 2H), 7.24 (m, 3H), 7.41 (m, 1H), 7.47
(m, 1H), 7.55 (tddJ = 7.5, 1.8, 1.2 Hz, 1H), 7.75 (m, 1H), 7.92 (m, 1H) ppm.

13C{H} NMR (THF-dg, 101 MHz):d =-1.4 (d,J = 2.4 Hz, CH), 1.6 (d,J = 2.8 Hz, CH),

49.5 (d,J = 16.6 Hz), 51.6 (dJ) = 3.2 Hz), 73.5 (dJ = 7.5 Hz), 128.61(bs), 128.3 (s), 128.3

(bs), 128.3 (s), 128.4 (s), 128.4 (bs), 128.6 (s), 129.0 (s), 129.1 (s), 129.2 (s), 130.4 (s), 132.1
(d,J = 2.3 Hz), 133.0 (s), 135.2 (d= 9.0 Hz), 139.7 (dJ = 17.6 Hz), 140.0 (d] = 6.1 Hz),

143.1 (dJ = 505 Hz), 144.5 (dJ = 13.8 Hz), 164.4 (d] = 1.9 Hz) ppm.

29Si{*H} NMR (79 MHz, THRdg): d = -8.1 (d,%Jp.si = 18.6 Hz),-0.3 (d,%Jp.si = 15.9 Hz)
ppm.

3p{*H} NMR (THF-dg, 162 MHz):d = 67.3 (s, with®Si satellitesJp.si = 16.1, 19.2 Hz)
ppm.

Compound 4.8

A solution 0f3.71(30 mg, 0.066nmol) in THF in a NMR tub was exposed to UV light for
t =6 h, and was shaken from time to time. The solution turned from colourless tpefiale.
Afterwards the volatiles were removed, yielding the prodagta pale yellow solid in

quantitative yield.

'H NMR (THF-dg, 400 MHz):d = 4.33 (dd,J = 5.5, 3.5 Hz, 1H), 6.54 (dd,= 18.5, 3.6 Hz,
1H), 6.77 (dJ = 7.7 Hz, 1H), 6.89 (m, 4H), 7.11 (m, 7H), 7.26 (m, 4H), 7.89 &l,7.5 Hz,
2H), 7.94 (m, 1H) ppm.

¥C{*H} NMR (THF-dg, 101 MHz):d = 49.5 (s), 64.1 (dJ = 28.5 Hz), 66.5 (s), 127.4 (s),
128.0 (s), 128.1 (s), 128.2 (d,= 3.5 Hz), 128.4 (s), 128.8 (m), 129.2 (m), 129.7 (d,
J=6.6Hz), 130.0 (s), 130.2 (s), 132.2 (s), 135.0J¢ 15.0 Hz), 136.3 (dJ = 15.1 Hz),
139.3 (s), 142.8 (dl = 27.4 Hz), 147.0 (d] = 17.4 Hz), 148.1 (d] = 2.3 Hz) ppm.

31p{'H} NMR (THF-dg, 162 MHz):d = 31.4 (bs) ppm.

Compound 4.4

A solution 0f3.72(30 mg, 0.29 mmol) in MeCN in a NMR tube was exposed to UV light
and tre reaction was followed by means'f NMR until full conversion. Crystals suitable

for X-ray diffraction were found in the NMR tube.

'H NMR (MeCN-ds, 400 MHz):d = 4.32 (dd,J = 5.5, 3.6 Hz, 1H), 6.58 (dd,= 17.3, 3.6 Hz,
1H), 6.80 (m, 1H), 7.22 (m, 15H), 7.67 (m, 1H), 7.75 (m, 1H) ppm.
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4.4.1 DFT Calculations

Density functional calculations were performed with the Gaussian09 suite of software,
revision D.01°®° using the (U)M0&X functional®®* the 631G(d)** basis set®®2%* All
geometries have been computed and optimized in the gas phase. The stationary points were
characterized by full vibration frequencies calculations as minimanfaginary frequency)

or transition states (one single imaginary frequency). When necessary, final proof for the
position of the transition state was obtained by an IRC calcul&mmmore informations, see

attachments.

4.42 X-ray crystal structure determination

X-ray crystal structure determination of 4.22

Crystals suitable for Xay diffraction were obtained by slow evaporation from a saturated
solution in tolueneCrystallographic data CsoH23PSe, Fw 493.41, 0.34x0.30x0.10 nim
colourless block, triclinic,P 1 @ = 9.4028(2), b = 11.0259(2), c = 13.3343(2)A,
U=81.0914(6)°,b = 87 .5909(7) A, W= 130248Q) 89235 27) A,
Dx = 1.258gcm®, € = 1.517 mn. 22643 reflections were measured by using a Brakes
smat@CD area detector dif for@a®l678 A BupwarefoMiokK U r a o
of ( $d=n0bL Ah)at a temperature of F 100 K. The reflections were corrected for
absorption and scaled on the basis of multiple measured reflections by using the SADABS
progrant> (0.65 0.75 correction range). 4721 reflections were unidgie £ 0.030). Using
ShelXI€*8, the structures were solved with SHEL2814 by using direct methods and
refined with SHELX1-2014 onF2 for all reflections->° Non-hydrogen atoms werefined by

using anisotropic displacement parameters. The positions of the hydrogen atoms were
calculated for idealized positions. 290 parameter were refined without restRaint€).026

for 4721 reflections with> 2 ) &andwR, = 0.066 for 5011 reflection§ = 1.065, residual
electron density was betweef.45 and 0.36 eA Geometry calculations and checks for

higher symmetry were performed with the PLATON progfam.

# SQUEEZE RESULTS (APPEND TOIE)?*?
# Note: Data are Listeaf all Voids in the P1 Unit Cell
# i.e. Centre of Gravity, Solvent Accessible Volume,
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# Recovered number of Electrons in the Void and

# Details about the Squeezed Material
_platon_squeeze_void_nr
_platon_squeeze_void_average X
_platon_squeeze_void_average_y
_platon_squeeze_void_average z
_platon_squeeze_void_volume
_platon_squeeze_void_count_electrons
_platon_squeeze_void_content
1 0.000 0.500 0.500 189 46 "

_platon_squeeze_details

Thegeneralpracdur e has been described in Flore deta

X-ray crystal structure determination of 4.25

Crystals suitable for Xay diffraction were obtained by slow evaporation from a saturated
solution in tolueneCrystallographic data CoHioPSe,Fw = 417.32, 0.23x0.19x0.06 nim
colourless block, monoclinid®2/c, a = 16.8430(3),0 = 18.0440(3),c = 132789(11) A,
U=90°, b = 107.7201(6)°,0=90°, V = 3844.19(11) A Z = 8, Dx = 1.442 gcr,

e =2.041mm™. 46767 reflections were measured by using a Brd2¢8 smart CCD area
detector diffractamg108XAP UMo KO raa dieastojh@rt,i on
0.61 A at a temperature of T = 100 K. The reflections were corrected for absorption and
scaled on the basis of ftiple measured reflections by using the SADABS prodrai0.66

0.79 correction range). 6493 reflections were unigRg £ 0.048).Using ShelXIé>® the
structures were solved with SHELX®14 by using direct methods and refined hwit
SHELXL-2014 onF2 for all reflections>® Non-hydrogen atoms were refined by using
anisotropic displacement parameters. The positions of the hydrtayes were calculated for
idealized positions. 471 parameter were refined without restrdfats. 0.029 for 6493
reflections withl> 2 ) andwR, = 0.064 for 7886 reflectionss = 1.016, residual electron
density was betweer0.40 and 0.37 eA Geometry alculations and checks for higher
symmetry were performed with the PLATON prograth.

X-ray crystal structure determination of 4.27

Crystals suitable for Xay diffraction were obtained by slow evaporation from a saturated
solution in tolueneCrystallographic dataC,sHzsPSeSi, Fw = 547.66, 0.26x0.20x0.T8n,
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colourless block, orthorhombi®2,2;2;, a = 9.9355(3),b = 14.2567(3),c = 19.3825(6) A,
U=90° b = 90°,0=90°,V = 2745.48(13) A Z = 4, Dx =1.325 gcnt, € = 1.529 mn.

14832 reflections were measured by using a Brék&® smart CCD area detector

di ffractometera=QMOBAumdtimta ome s o u@6838Nn of (
at a temperature of T = 100 K. The reflections were corrected for absorption and scaled on the
basis of mitiple measured reflections by using the SADABS prodrant0.75 0.90
correction range). 4636 reflections were unigig £ 0.073).Using ShelXI&>®, the structures

were solved with SHELX&014 by using direct methods and refinedwBHELXL-2014 on

F2 for all reflections>® Non-hydrogen atoms were refined by using anisotropic displacement
parameters. The positions of the hydrogemes were calculated for idealized positions. 304
parameter were refined without restrairi®s.= 0.044 for 4687 reflections with> 2 [) &and

WR; = 0.084 for 5564 reflection§= 1.008, residual electron density was betw&k:A8 and

1.08 eA®. Geometry alculations and checks for higher symmetry were performed with the
PLATON progrant>’ (Flack x parameter = 0.042(8¥).

X-ray crystal structure determination of 4.3%

Crystals suitable for Xay diffraction were obtained by slow evaporation from a saturated
solution in tolueneCrystallographicdata CagH»1OP, Fw = 416.43, 0.44x0.21x0.13 mim
colourless block, orthorhombi®2,2,2;, a = 8.31950(10)b = 12.1199(2)c = 42.2796(8)A,
U=90° b = 90°,0=90°, V = 4263.12(12) A Z = 8, Dx = 1.298 gcri, € = 0.148 mrit.

21816 reflections were measured by using a BrdkEs smart CCD area detector

di ffractomet era=0MOBEupddiaatriedm, U ai=®.61A0fF (si
at a temperature of T = 100 K. The reflections were corrected for absorption and scaled on the
basis of multiple measured reflections by using the SADABS prdgra(d.89 0.96
correction range). 7445 reflections were unigg € 0.035). Using ShelX[&® the structures

were solved with SHELX&014 by using direct methods and refined with SHE{2A14 on

F2 for all reflections>® Non-hydrogen atoms were refined by using anisotropic displacement
parameters. The positions of the hydrogen atoms were calculated for idealized positions. 543
parameter were refined without restrair®.= 0.063 for A45 reflections with> 2 [) and

WR, = 0.147 for 8076 reflection§= 1.074, residual electron density was betwé€e&7 and

0.85 eA®. Geometry calculations and checks for higher symmetry were performed with the
PLATON progrant>’ (Flack x parameter = 0.59(18¥).
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X-ray crystal structure determination of 4.3%

Crystals suitable for Xay diffraction were obtained by slow evaporation from a saturated
solution in toluene. Crystallographic data CyH2PS, GHs, Fw = 524.62,
0.31x0.29x0.08nm°, colourless platelet, monocliniB2:/c, a = 15.7212(3)p = 13.3889(2),

c = 13.5092(3) A, U = 90°, b = 96.1249(9)°,0 = 90°, V = 2827.31(9) A Z = 4,

Dx = 1.232gcm®, € = 0.19 mnt. 33341 reflections were measured by using a Brkes
smart CCD area detector oad0D.71078 AjTupdoraeesotution ( Mo K U
of ( k0GB A')at a temperature of T = 100 K. The reflections were corrected for
absorptim and scaled on the basis of multiple measured reflections by using the SADABS
progrant> (0.85 0.97 correction range). 4792 reflectiowere uniqueR; = 0.049). Using
ShelXI€*®, the structures were solved with SHEL-2814 by usingdirect methods and
refined with SHELXL-2014 onF2 for all reflections:>® Non-hydrogen atoms were refined by
using anisotropic displacement parameters. The positions of the hydrogen atoms were
calculated for idealized positions. 344 parameter were refined without restRiint€).036

for 4792 reflections witH> 2 ) andwR, = 0.089 for 5802 reflectionss = 1.029, residual
electron density was betweef.32 and 0.40 eA Geometry calculations and checks for

higher symmetry were performed with the PLATON progfam.

X-ray crystal structure determination of 4.37 CCDC - 1438074

Crystals suitable for Xay diffraction were obtained by slow evaporation from a saturated
solution in tolueneCrystallographic data C,gH,:PSe; Fw=479.39; 0.38x0.20x0.07 nimn
colourless block, triclinicP-1; a= 9.4639(2) b= 10.1522(2)¢=14.1214(3) AU=77.6074(8)°,
h=86.1247(9)p=71.6074(7)°V=1257.47(5) R Z=2; Dx=1.266 gcni¥; €=1.569 mnt. 23201
reflections were measured by using a D8 Venture, Bruker Photon CMOS Detectot (MoK
radiation;, & = 0.71073 Ay up to a resolution of
(sind/®)ma= 0.60 A' at a temperature of T = 100.0 K. 74381 reflections were unique
(Rint = 0.054). The strctures were solved with SHELX&)13 by using direct methods and
refined with SHELX1-2013 onF2 for all reflections:>® Non-hydrogen atoms were refined by
using anisotropic displacement parameters. The positions of the hydrogen atoms were
calculated for idealized positions. 280 parameter were refined with one redRart.033

for 4381 reflections witH>20(1) andwR, = 0.076 for 5154 reflection$§=1.029, residual

electron density was betweef.31 and 0.45 eA Geometry calculations and checks for
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higher symmetry were performed with the PLATON progfahThe hkl were squeezed with
PLATON, because the solvents were not identifféd.

SQUEEZE RESULTS (APPEND TO CIF)
Note: Data are Listed for all Voids in the P1 Unit Cell i.e. Centre of Gravity, Solvent
Accessible Volume, Recovered number of Electrons in the Void and Details about the
Squeezed Material
loop_
_platon_gueeze_void_nr
_platon_squeeze_void_average X
_platon_squeeze_void_average_y
_platon_squeeze_void_average z
_platon_squeeze_void_volume
_platon_squeeze_void_count_electrons
_platon_squeeze_void_content
1 0.000 0.500 0.500 200 7'4

The general procedure has been desc#ibed in

X-ray crystal structure determination of 4.41

Crystals suitable for Xay diffraction were obtained by slow evaporation from a saturated
solution in DCM at T =-35 °C. Crystallographic data CygH»1PAUCL, Fw = 632.85,
0.20x0.05x0.04 mmy colourless needle, triclinicPl,°a = 10.4332(2),b = 15.2583(3),
c=15.9246(4)A,U= 98.9170(8)°b= 98. 1137 (8) A, Va23:7.15(N A . 0312
Z=4, Dx = 1.814 gcri, € = 6.548 mnT. 31635 reflections were measured by using a
BrukerAXS smart CCD area detector diffractontete ( Mo K U #=a0d710a3RJr>wprio,

a resol ut ingn 0.60 A" a astémpefdtuee)of T = 100 K. The reflections were
corrected for absorption and scaled on the basis of multiple measured reflections by using the
SADABS program® (0.63 0.75 correction range). 6978 reflections were unigig €

0.041). Using ShelX/&® the structures were solved with SHEL:2814 by using direct
methods and refined with SHELX2014 onF2 for all reflections>® Non-hydrogen atoms

were refined by using anisotropic displacement parameters. The positions of the hydrogen
atoms were calculated for idealized positions. 529 parameter were refined without restraints.
Ry = 0.054 for 6978 reflections witkr 2 ) &ndwR, = 0.155 for 8154 reflectionss = 1.066,
residual electron density was betwe2t79 and 6.60 eA Geometry calculations and checks

for higher symmetry were performed with the PLATON progfam.

# SQUEEZE RESULTS (Version = 5031%
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# Note: Data are Listed f@aill Voids in the P1 Unit Cell
# i.e. Centre of Gravity, Solvent Accessible Volume,
# Recovered number of Electrons in the Void and
# Details about the Squeezed Material
_platon_squeeze_void_nr
_platon_squeeze_void_average X
_platon_squeeze_void_average_y
_platon_squeeze_void_average z
_platon_squeeze_void_volume
_platon_squeeze_void_count_electrons
_platon_squeeze_void_content
1 0.315 0.679 0.698 9 0"
2 0.684 0.321 0.302 9 0"
_platon_squeeze_void_probe_radius 1.20
_platon_squeeze_details

The general procedure has been desc#ibed in

X-ray crystal structure determination of 4.44

Crystals suitable for ay diffraction were obtained from by slow evaporation from a
solution in THF/acetonitrile. Crystallographic data Cs;H24CICuNP, Fw = 540.47,
0.17x0.12x0.07 mfi colourless block, orthorhombiBna2, a = 17.0577(8)b = 8.4718(4),
c=16.9486(6) AU=90°,b= 9 0 A, V32449.29(IBAA Z=4,Dx = 1.466 gcrit, € =

1.088 mnit. 16075 reflections were measured by gsim BrukerAXS smart CCD area
detector diffractemet or)?upoeB0d madiesdoi@mn,i on
0.60 A a a temperature of T = 100 Khe reflections were corrected for absorption and
scaled on the basis of multiple measured reflections by using the SADABS ploya@%i

0.94 correction range)4286 reflections were uniquéRi{ = 0.067). Using Shelx&® the
structures were solved with SHELX®14 by using direct methods and refined with
SHELXL-2014 onF2 for all reflections>® Non-hydrogen atoms were refined by using
anisotropic displacement parameters. The positions of the hydrogen atoms were calculated for
idealized positions. 293 parameter were refined using one restaint.0.0340 for 3789
reflections withl> 2 [) andwR, = 0.0646 for 4286 reflection§ = 1.036, residual electron
density was betweer0.31 and 0.27 eA Geometry calculations and checks for higher

symmetry were performed with the PLATON prograih.
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X-ray crystal structure determination of 445

Crystals suitable for Xay diffraction were obtained by slow evaporation from a saturated
solution in DCM.Crystallographic dataCssHz4F1,.CLOP,Rh, Fw = 1139.12, 0.46%0.33x0.30
mm®, yellow block, tetragonal4i/a, a = 26.5933(1)p = 26.5933(1)c = 14.1953(3) AU=
90°,b= 9 0A, Vi 160399@)A&,Z = 8,Dx = 1.507 gcrit, € = 0.541 mnt. 56830
reflections were measured by using a Bruk&S smart CCD area detector diffractometer
(MoOKU r asdd @07 A up to a resohput068mk'add (sin
temperature of T = 100 K. The reflections were corrected for absorption and scdlesl on
basis of multiple measured reflections by using the SADABS prdgra(d.65 0.75
correction range). 5502 reflections were uniog € 0.043). Using ShelX[&® the structures
were solved with SHELX&014 by using direct methodsd refined with SHELXE2014 on

F2 for all reflections>® Non-hydrogen atoms were refined by using anisotropic displacement
parameters. The positions thie hydrogen atoms were calculated for idealized positions. 341
parameter were refined without restrairf®.= 0.036 for 5502 reflections witk> 2 ) éand

WR, = 0.098 for 6490 reflection§= 1.117, residual electron density was betwék:d6 and

0.45 . Geometry calculations and checks for higher symmetry were performed with the
PLATON program->’

# SQUEEZE RESULTS (APPEND TO Cf#§
# Note: Data are Listed for all Voids in the P1 Unit Cell
# i.e. Centre of Gravity, Solvent Accessible Volume,
# Recovered number of Electrons in the Void and
# Details about the Squeezed Material
_platon_squeeze_void_nr
_platon_squeeze_void_average X
_platon_squeeze_void_average_y
_platon_squeeze_void_average z
_platon_squeeze_void_volume
_platon_squese_void_count_electrons
_platon_squeeze_void_content
1 0.000 0.250 0.125 259 61"
2 0.000 0.750 0.875 259 62"
3 0.500 0.250 0.375 259 62""
4 0.500 0.750 0.625 259 61"
_platon_squeeze_details

The general procedure has been desc#ibed in
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5. Catalysis

Part of this chapter has been published in:

APhosphinines versus Mesoionic Carbenes: A C
Au(l>Cat al-WsRigse,&. Hettmancyzk, F. J. L. Heutz, S. Hohloch, M. Lutz, B. Sarkar, C.
Muller, Dalton Trans2017, 46, 86.

Evi Habraken, Andreas Ehlers and @hSlootweg (Universiteit van Amsterdam) are kindly

acknowledged for the DFT calculations reported in this chapter.
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5.1 Introduction

As mentioned in Chapter 1, homogeneous catalysis is one of the fields where phesphorus
containing molecules have been doyed the most. In this respect, the choice of the ligand is
fundamental for the implementation of the right properties of the catalyst. The overall
characteristic®df a ligand depend on a number of different features. For the majority of the
ligands, themost importanbnesare certainly steric and electronic properties. Since these do
influence each other, it is virtually impossible to completely separate them. However, a large
number of models that approximate their effects are availabigadays In the next
paragraphs, the main methodologies for the evaluation of these propértremodentate

ligands will beillustrated

5.1.1 Steric properties

In the last decades, several parameters have been introduced for the quantification of the steric
bulk of ligands?®®?®’ Introduced by Tolman, the most widely applied concept is the cone

an gl €THig is the angle of a cone that embraces all the atoms in the ligeunie(

53, left). In this calculation, an averageNR distance of 2.28\ is taken as M distance The

method is also available for asymmetrically substituted ligands and for thosgantitularly

high steric demarfd and he parameter can be determined starting fromstatjographic
parameter§°To overcome the i naccur ataintoducedtoel man 6 «
concept ofthe socalled solid anglé¥’* This is the area of the #fs
spheres representing the substituents would project on the van der Waals sutfaceetfl

center Figure53, right) 2’22

Figure53. Tol mandés definition of the cone angle (left),

Entirely theoretical methods have also been developed. Brwal. reported on the

computation of energgninimized structures of [Cr(C@l] type complexes. A new steric

141



parameter, the scalled ligand repulsive energy (k is obtained by computing thean der
Waals repulsive force acting between the L and Cri@@yments along the €R axis. This
value is then multiplied for the equilibrium ®r distance @ to give . The fact that the
computation is performed on a metal complex allows for a batsaription of the steric bulk

of a ligand in the coordination sphere of a métal.

An additional computational method was developed by Suresbhaawdrkers This is based

on calculations othemo | ecul ar el ectrostatic potenti al
pair strengtho and is correlated to the ster
substituents, the wider the-lRR anglesresulting ina larger pcharacterof the phospbrus

lonepar A steric paramet er d egp showedgood corcelationt h e s e

to other experimental methotfs:?®

The most recent method for the evaluation of the steric hindrance of ligands is the buried
volume (%/pyy). This descriptor, developed by the groups of Nolan and Cavallo, is the amount
of volume which is occupied Ithe atomsof the ligand(van der Waals i) in a sphere of

r=3.5A. The ligand is computed at a 2.00 or 2.28 A distance from the metal center without
277,278

taking into account the hydrogen atorgy(ire54).

Figure 54. Percent buried volume g,

This method can be used for both planar #m@dedimensional ligands, allowing a better
comparison between structurally different ligands. A large number of data for common
phosphorusontaining lgands and Mheterocyclic carbenes have been reported, obtained
from the corresponding gold complexes thie type [LAUCI].>’® These values can be
calculated using aoftware developed by Cavallet al, which is also able to calculate

topographic steric map&>28t
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The steric properties of phosphrias have so far only been evaluated using the occupancy
angles (see Chapter Z)This method only allows for the estimation of the steric bulk of flat
heterocycles, so is not suitable for a comparisorn wlassical phosphine ligands. Even
though they are regarded as bulky ligands, so far the steric properties of phosphabarrelenes
have not been studied and compared. The same appligghttsphasemibullvalenes, which is

a completely new class of ligands.

5.1.2 Electronic properties

As for the steric properties, different parameters and methodologies have been developed to
guantify the electronic properties phosphorus ligand$iowever, these are more difficult to
study. In fact, according to the Dew@hatt-Duncanson model, tlgeare the result of two

(o]

main contr i bu tdomatosand thpeback doyatiof®A%E ¢

To evaluate these properties, diffet experimental methodologies have been developed
involving techniques, such as electrochemical measurements;visUVor NMR
spectroscop¥?® In the case of phosphorus ligands, different approaches expltignigtter

are known. Thg are basedfor example on the chemical shift in the NMR spectra or on the
magnitude of the coupling constants between P and other NMR active Fti¢ieiln
particular, comparing the magnitude'df.scin phosphineselenides allows for an estimation
of t -domdr propérties. In fact, the coupling constant is proportional to-tharacter of

the orbital hosting the lone pair. A higheclsaracter and therefore a less directional orbital

implies a lss efficient donatiof®’2%°

The main strategy is a result of the pioneering studies of Cotton and Strofith&ieit
exploits the shift of the carbonyl bands in the IR spectra of reatdbnyl complexes of the

type [LM(CO)], which is proportional tahe netdonationof the ligand This is made of two
components. M& pr e c i sdenation regartisethe @ffective dative donation from an
occupied molecular orbital (MO) of the ligand (L) to a vacant MO of the metal, whilg-the
back donation regards the donation in the opposite direction, from an occupied MO of the

metal to an empty orbital of the ligan&igure55).
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L------ M------ cC——=oO L------ M------ c——=oO
Figure 55. G-donation (left) angb-back donation (right) contributiorte the ML bond in a MCO complex.

The stretchindrequencyof the CO bands in the infrared spectra is directly proportional to the
strength of the CI[ Gdororgmode.electrdn ddnsity vall flaw tosther o n g
metals dorbitals, and a more effent p-back donation will be possible to tip& orbitals of

CO, thus weakening the-O bond. On the other hand, if L is a strqrgcceptor, thg-back

donation contribution into the* orbitals of CO will be lower, and the-O bond will be

strengthened.

The first, and stillcommonly usecelectronic parameter wastroducedby Tolman in the
seventied??®?¥A| so known as 6, Tol mano dasedloethd r oni c
infrared stretching frequency of thg Band in [LNi(CO}] type complexes. At the beginning

definad as the difference between this frequency and the corresponding theaeference

complex [P{Bu)sNi(CO)g], it is nowadays more often expsesl as the&vavenumbes itdelf in

cm™. As mo s t experi ment al par amet erandp- TEP t

contributions, thus describing the tiination of a given ligan®:?°%2%°

Similar methods have been developed with the aim to avoid the use of [Di(@@oh, as a
drawback, is rather dangerous. Crabgeal.reported on similar methods using M&h and
Ir-carbonylcomplexes. These linearly correlate with TERl are valid alternatives to3t>2%

On the other hand, the-M bond in these complexes could be more affected by the steric
properties of the ligand. For this reason a larger library of ligands has been characterized
using the Nibased systerf.

Some methodologies allow for the qualitative estimation of the differemtributions, yet

they are not widely used/**®The reason lies in the fact that apriori determination of the

electronic properties of a ligand is virtually impossible. According to the metal, its charge and

the number and nature of the mai ni ng anci |-laadrpyonttibutigrs mvil s , t h
change®®® Therefore, the real properties of the ligand depend on the coordination compound
which is examined. To overcome this problem and trying to rationalezégand properties,

ligand databases are being compiled, aiming to predict their reaétiVty.
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In this respect, a large number of theoretical methods have been developed. These allow for
t he s epar atandp-contribdtion tard dor al qualitative estimation of their single
contributions to the bonf® A number of theoretical methods for the fulfillment of this task

are availabl&®® 3%

Very little is known about the electronic properties of phosphinines and phosphabarrelenes.
Phosphinines are known to be strgmgccepors, even though their electronic properties have

not been related to those of othecdhtaining ligands. A few studies have been reported,
suggesting the phosphabarrelenes to be stronger donors than phosphinines but weaker than

triphenylphosphiné®*™**¥"However, a systematic analysis is still missing.

5.1.3 Phosphinines and phosphabarrelenes in homogeneous catalysis

Even though phosphinés are known for half a century, the investigation of their properties
as ligands in homogeneous catalysis only started in the last 20 years. Still, only a few

examples are reported in the literature.

The first examplesf phosphining as ligandn catalytic reactionard at e back t o t he
and involve Fe(Gratalyzed cyclooligomerization reactions. Two similar {salfidwich
complexes featuring &°-coordinated phosphinine were employed in the formation of
pyridines starting from nitrilesra alkynes, and in the cyclodimerization of butadiene.

However, low selectiviesand activiteswere found for both reactiori&*30°

The hydrosilylation of alkynesdas been investigated as well. It is the only example of a
catalytic reaction involving a biphosphinine. Thanks to the elegtiitmdrawing properties of
the ligand, itwaspossible to selectively produe@ylsilanes in moderate to high yields using
an iridiumbased catalysf® A relatel example reports the palladiuratalyzed
hydrosilylation of alkenes using chiral phosphinine ligands. Unforélyatonly low

enantioselectivitiesiereachieved (up to 27%e.3%’

Also in other reactions the-accepting properties of phosphinines have been exploited. In the
cycloisomerization of dieneynes, a combination of 2{dghenylphosphinine and
[Ni(COD),] hasbeen used"

The most interesting example that has been reported concerns hydroformylation reactions.

2,4,6;Substituted phosphinines, as rather bulky and monodentate ligands, can compete with

145



common phosphines and phosphites in the hydroformylation of terminal and internal alkenes.
The strongp-accepting properties of phosphinines are thought to favour the dissociation of a
carbonyl ligand from a rhodium catalytic species, thus creating awe astte for the
hydroformylation process. For example, in the-datalyzed hydroformylation of styrene a
clear selectivity for the branched product was obseRtfefi®3%°Good results were also
obtained with more challenging substratesch as ctene or tetrsubstituted alkenes. A
screening of differently substituted liganai®ved that steric bulk is a fundamental feature for
the achievement of high turnover frequencies, as it allows for the formation of a monoligated
Rh species. In particular, the best results have been obtained with confpayirigure

56).>° So far, attempts involving the application of chiral bidemtphosphinines in this

reaction did not lead to satisfactory restifs.

| X
=
"0
5.1
Figure 56. Ligand5.1, which has beeamployed in some of the described catalytic applications.

The same ligand was successfully employed by another group in combination with the
rhodium precursor ([Rh(norbornadiesi®F,) for the isomerisation of allylic alcohols to
saturated carbonyl compodst°

Asymmetric hydrogenations have also been investigated. Bealtzested mixtures of ligand

5.1 and an axially chiral phosphonite combinatorial catalysis. Interestingly, in the-Rh
catalyzed hydrogenation of acetamidoacrylate, the heterocombination of these ligands led to
an inversion of the enantioselectivity compared to the homocombination of the chiral
phosphonité*! Bidentate phosphinirphosphite ligands were employed in the-¢talyzed
hydrogenation of different substrates by Miiller andvorkers®'?

Finally, the same group reported on the cerium ammonium nitrate driven water oxidation in
2015. A cyclometalated phosphiniiveium(lll) catalyst was employed in this reaction,
resulting in TOFs which were comparable to the most active catalysts reported in the

literature?*

146



Similarly to phosphinines, also phosphabarrelenes are known for a long time. Also their
application in homogeneous catalysis is limited ttewa publications. Among theeported
examples, cross coupling reactions are the ones that have been explored the most.

Ligand 3.20has been employed in fedtalyzed Negishi coupling reactions for the synthesis
of biphenyls. Excellent results were obtaineding a low catalyst loading at room
temperature. The mechanism has been investigated by means of DFT calculations and one

intermediate of the catalytic cycle has been isolated and characterized crystallograffiically.

The same ligand was also used for other cross coupling reactions. Two Pd complexes in
different oxidation states (Pd(ll) f&.21and Pd(0) foi3.22 respectively) were successfully
employedn the SuzukiMiyaura coupling of different aryl chlorides with phenylboronic acid

at room temperature. High conversions were obtained with a relatively low catalyst loading
(0.2 mol-%) and a good tolerance for functional groups was obséf/éd.addition to this,

the mechanism of the reaction has been studied with DFT calculations, and a Pd(0)
intermediate of the catalyticycle has been trappé¥. The same reaction was investigated
using aneutral and a cationic Pd{domplex of the bidentate ligar8131 These complexes,
5.2and5.3 proved to be very active and excellent conversions and TON were achieved for
the synthesis of biphenyl derivativeSiqure 57). More interestingly, comple%.3 has also

been efficiently employed in the allylation of secondary amiffe¥?

COOMe COOMe
MeOOC MeOOC
/ Oort
A
)P / _Ph )P / _Ph
Ph pZ Ph™ / Zph
C|/ =S VZ ® S
cl N\
5.2 5.3

Figure 57. Pd complexe$.2and5.3.

Only one example has been reported for phosphatriptycenes in homogeneous cat#tysis. In
work, good results have been obtained in the catalytic Stille coupling and Heck reaction
t hanks t odorohpeperiies afikhe gartf

Similar t03.22 the Pt(0)based compound.23was tested in the hydrosilylation of alkynes.
High regioselectivities were achievedrfterminal alkynes under mild conditions at low

catalyst loadings, both for compl&¢@3and for arin situformed catalyst®
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The most prominent example of a phosphabarrdb@sed catalyst has been reported by Breit
andco-workers A bulky ligand bearing xylyl substituent8.¢6 was successfully employed

in the hydroformylation of internal alken&s:*®® First, cyclic olefins (cyclopentene and
cyclohexene) have beappliedin the reaction, since these subtgrare not disturbed by
alkene isomerization. In both cases, ligghé6 had the best performance wighturnover
frequency of up to 12000h which is ten times faster than the corresponding phosphinine.
More interesting results were obtained in the bjahmylation of 2octene, which was
successfully achieved using the same ligand. Almost no isomerization was obSeiveih¢

62). Similarly, the hydroformylation of 2;8ihydrofuran and MNBoc-pyrroline, which are

known to easily isomerize, proceeded with a low amount of isomerization.

Rh/L, CO/H,
S X SN NN 00%
Rh/L \ O\
O oh SN - \/\/\J\ 576 %
ﬁ} "~ \
226 Q\ SN \/\/\E\ 35.7 %
\ o o
SN N >~ \/\J\/\ 0.2 %

Scheme62. Hydroformylation of 2octene with3.26as ligand.

An example of a tandem hydroformylatiogclization reaction on an imidazole derivative
was reported by Miilleet al. (Schemet3).*® The use of phosphabarreleBe 9 resulted in
much higher vyields of the aldgtle compared to its phosphinine precursor (32988%
conversion) and led to the almost quantitative formation (93%) of the final bicyclic product.

# & Y &
Ph
N CO/H, N _0 N OH
} P/ Rh/L
Ph
3.19 Q
Schemeb3. Phosphabarrelerfz19and the tandem hydroformylatiaryclization reaction.

Only one example of asymmetric homogeneous catalysis has been reported. In this work,

chiral mone and bidentate phosphabarrelgtesphiteshave been prepared and tested in the
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asymmetric hydrogenatio of the methyl ester of itaconic acid and two different
acetamidoacrylate$! Even though full conversion was reached in relatively short times, the
monodentate ligands did not alldar high enantiomeric excess. On the other hand, one of the
phosphitephosphabarrelene chelating ligands vyielded up to 9@% for the

acetamidoacrylates.

5.2 Results and discussion

It is clear that the properties of phosphinines and phosphabarréeresot been studied in
detail. Also, nothing is known about the properties-phbsphasemibullvalenes. These could

be particularly interesting for applications in asymmetric catalysis, as a large number of
examples featuring configurationally rigid chliphosphines has been reportét *?? In this

chapter the steric and electronic properties of these compounds will be investigated and the

ligands will be employed in Au@d¢atalyzed cycloisomerization reactions.

5.2.1 Steric properties

The steric properties of the ligands reported in thiskvhave been evaluated by calculations

of the buried volume. This methodology allows for a comparison between phosphinines,
phosphabarrelenes andpbosphasemibullvalenes, even though they have rather different
shapes. The calculations have been perfornsinga specific softwaré: In Figure 58 the

values corresponding to the buried volume of a ligand located at d = 2.28 A from the center of

a sphere with r = 3.50 A are reported.
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Figure 58. %Vg, for selected ligands at d = 2.28 A.

In the first row ofFigure58, 2,4,6triphenylphosphinine?.1) and its derivatives are shown.
These are the corresponding phosphabarrelenes obtaenegcloaddition with benzyne and
hexafluore2-butyne 8.12and3.1, repectively) and phosphasemibullvaleh&9 which is the
photoisomerization product @12 The buried volume a2.1is similar to that of PRPN(29.2

vs 29.6%Y’°. As one might expect, phosphabarreledes2 and 3.1 have larger buried
volumes as they are not flat as phosphinines (34.6 and 39.5%, respectively). Finally, the
value for phosphasemibullvaledel9is lower than that of its precursdrl2(31.8vs34.6%).

In fact, in 5membered rings the internal angles are smaller, therefore the substituents on the

U-carbons are less directed to the metal center.

In the second row dfigure58, a similar group of derivatives based on phosphii2é is

reported. The same trend is observed for these compounds, but the values are much higher
due to the prensence of TMfBoups on thé}carbon atoms. For example, phosphabarrelenes
3.45and3.46havelargerburied volumethan extremely bulky phosphines, such asR{l)3

and P(Mes)(43.0 and 49.5%s41.4 and 47.6%, respectivel{}

The last row ofFigure 58 shows four additional ligands. Interestingly, the buried volume of
the parent compoun@.2 and phosphinine.25 have the same value, proving that only
substituents in positions 2 and 6 of teterocycle directly contribute to the steric hindrance
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of the ligand. Also, this value is rather small due to the absence of substituents, being even
smaller than PMg(20.1vs 22.2%¥°. This is also evident by comparing the buried volume of
3.45and3.47(43.0vs 23.3%). Finally, ligan®.22has a similar buried volume ®1 In fact,

the methyl group in position 3 and the methyl groups on the xylyl ring do not contribute
significantly, since thearyl ring is located almost perpendiculawith respectto the

phosphinine plan&seeFigure14).'*

5.2.2 Electronic properties

For the evaluation of the electronic proper:
of [LNi(CO)3] type metal complexes has been measured, as reported in the previous chapters.
Some of the ligands are reported together with their THRgare 59, ordered by increasing
netdonation. These values are being reported here for the first time and can be compared with

the large library that has been compiled by Tolftan.

Ph
Ph Ph P
Ph | ~-Ph | N N Ph > o
— 5 | —
P Ph™ “P” "Ph xy” “p” “Ph
2.25 2.1 2.22 4.19
l l l l increasing
2081.6 2079.2 2077.0 2074.2 net-donation
2082.0 2081.2 2075.0 2073.2 cm'™
CF4 ] T
X
P } ) Ph
2.2 P Ph Ph
Ph Ph PANY, AN,
3.1 Ph Ph
3.12 3.47

Figure 59. TEP parameter for selected ligands.

First of all, the parent phospine (2.2) appears as the weakest donor, with a TEP similar to
PH; (2082.0vs 2083.2 crit)*. The other phosphinines can be found in the same area, with
TEP values which are typical for stronglyaccepting phosphise(TEP for P(OMe)is 2079.5
cmH)*. As one might expect, the rgdnation increases due to the introduction of phenyl
rings in positions 3 and 5 or even more in positions 2, 4 and 6 of the heterocycle. A methyl
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group, which has a stronger +I effect, has a greater influentdeeametdonation (see ligand

2.22). The properties of phosphabarrelenes are dependent on the alkyne which is employed in
their synthesis. In fact, benzophosphabarrelenes show highedomaion, while
trifluoromethylsubstituted derivatives are weaker danthan phosphinine8.(2and3.1vs

2.1). Surprisingly, ligan®.47is a better donor tha®12 probably because of the lower steric

bulk resulting in better coordination properti€%Vg,, = 23.3 vs 34.6). Finally, 5
phosphasemibullvalenes only showgktly higher netdonation than the corresponding
phosphabarrelene isomers. Similarly, this trend was observed for trimethgigiltituted
derivatives3.45 and 4.26, which have TEP values of 2069.5 and 2069.0" craspedtely,

similar to the moderatgonor PPh(TEP for PPhis 2068.9 crit)®.

Ligands 2.26 and 3.46 did not react with [Ni(CQj, most likely because of the steric
hindrance deriving from th&MS-substituentsin fact, it is known that 2:@isubstituted
TMS-phosphinines prefep-coordinationvia the aromatic ring towards a metal fragment,
rather thani-coordination® For this reason, the TEP of these ligands has been obtained by
means of DTF calculations. To verify the reliability of the ekpental data just discussed,

TEP values have been calculated for the selected ligands, as summariabkb ir?.

Table 12. Experimental and calculated values of TEP for selected ligands.

Ligand 3(GR) | 3(GR) | B
2.1 2079.2 2080.5 1.3
2.2 2082.0 2084.6 2.6
2.25 2081.6 2083.4 1.8
2.26 - 2073.6 -
3.1 2081.2 2080.7 -0.5
3.12 2075.0 2075.3 0.3
3.45 2069.5 2068.5 -1.0
3.46 - 2075.3 -
3.47 2073.2 2075.9 2.7
4.19 2074.2 2073.4 -0.8
4.26 2069.0 2068.2 -0.8

As one can see froriable 12, the DFT calculations are a good approximation of the
experimental values, and allow to assign a TEP value to liga@8snd3.46 of 2073.6 and
2075.3 cril, respectively. These values suggthat the ligands are fairly weak fuinos,
with properties similar tesecondary phosphine PHPETEP for PHPh is 2073.3 crit)®.
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From the overall data, it appears clear that the trend is the same for the two sets of differently
substituted ligands (those basedZhand those based dh26). However, the derivatives of
phosphinine2.26 are stronger nedonors, as expected due to the effect of the TMS

groups323l' 327

Additional information can be obtained from theoretical calculations. In particular; ETS
NOCV is a powerful tool for the quantitativenaysis of chemical bonds, combining the
extended transition state (ETS) method for energy decomposition analysis with the natural
orbitals for chemical valence (NOCV) thed.With this method, the energy contributions

to the total bond energy is calculated for each specific orbital interaction between the ligand
and the metal fragment. In this way, it is possible to decompose the bond into its different
components (such as 0, o U ) ontribptions toithé totalg t h e
bond energy. Calculating the contributions for a set of ligands bound to the same metal
fragment allows for a precise comparison of their electronic properties. An extensive
overview of the donor and acceptor ability of phosphivigisined by applying ETSIOCV
calculations has recently been reported by Brenn@amebrkers®*

In this work, these calcations have been performed for two different metal systems,
[LNi(CO);; and [LAuCl], and the r esandpiontribatiors consi
in [LAuUCI] type complexes are summarizedRigure 60 (top and bottom, respectively), in

which differently colored columns correspond to different ligand classes. -Mhelistance is

also an important parameter because it refldeoverlap bieveen the ligand and the metals

orbitals, which affects the efficiency of the donation.

From the diagrams it appears cl| eadondrhhaad p hos
the strongegp-acceptors. Thanks to the effect of methyl and trimethylsilyl donor gr@.gi3,

and2.26h av e a sontritutiog. Surprisingly?2.25is also a stronger donor tharl

This could be due t o tpbseions, @hick hindeihe ardinatiopn t uent
to the metal center (this is also reflected in thdildistance in [LNi(COj] type complexes,

see experimental part). Benzophosphabarrelehé 3.45and 3.47) are sdonmorsnger
than phosphinines, but weakeacceptors. However,¢hy h av e aandsaneagep-er U
contribution than PRh Trifluoromethylsubstituted phosphabarrelenésl(and 3.46 are

w e a k @anorsiicompared to the bergabstituted counterparts, however they are much
strongerp-acceptors. The remarkable steric bulk around the P atom in these ligands could be

the reason why their TEP values are even lower than those of the corresponding phosphinines
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(this is also reflected in the-Ni distance in [LNi(COj] type complexes, see garimental

part). 5Phosphasemibullvalene4.19 and 4.26 ar e s t rdanarg andp-adceptors

compared to the corresponding phosphabarrelenes. However, as suggested by the TEP values,
the increase in the donation is higher, so overall they behave agestnatdonors. Finally, it

has to be noted that al-tlonorsfamd steorgipracceptersithah i g an d
PPh. Al so, it i s evident t hat t he prangd ence
decreases the-contribution (se@.25vs2.26 3.45vs3.47and4.26 vs4.19), as suggestelly

the TEP values reported abovdis is consistent with the +1 effect of these substituents, but
unexpectedly in disagreement with their hyperconjugating effdtich should increase the

p-acceptingproperties’®

To conclude, phosphinines are strqm@ ¢ c e pt o r s -danorsd Thev gr@pértiediof the
corresponding phosphabarrelenes are dependent on the alkyne which is employed in their
synthesis. Electropoor trifluoromethysubstituted phosphabarrelenese stronger p-
acceptors whil e benzoph odopols.a bha rcaorrespoading-5 ar e
phosphasemibullvalenes are slightly stronger donors. In general these ligands have electronic

properties which range among differently substituted phosphites.
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Figure 60. Calculated(- (top) andp-contribution (bottom) to the 4Au bond in [LAuCI] type complexes.
Different colors correspond to different ligand classes: from left to right are reported the values for phosphinines,
benzophosphabarrelenes, trifluorometbybstituted phosphabarrelenes,-pHosphasemibullvalenes and
reference ligands. See experimental part for details.

155



These findings find confirmation in the molecular orbital schemes of the ligandiguire61
the energy values for the orbitals from LUMO to HONsGor compound®.1, 3.12 3.1and
4.19arevisualized

2

E (eV)
\\\\
| |

1
-~

:

2 {-‘* WLy
HOMO-3 HOMO-2 HOMO-2 HOMO

Figure 61. Molecular orbital (MO) scheme f&.1, 3.12 3.1, 4.19(from left to right). Orbitals from LUMO to
HOMO:-5 are reported. The highest MO which represents the lone pair is marked in red.
For the shape of all other MOs, see attachment.

The lone pair of 2,4:&iphenylphosphinine?.l) is represented by the HOM®and HOMQ

6 orbitals. In fact, this is the weakest donor of the seBdsis slightly stronger, while the
difference is more marked f&12and4.19 whi ch ar e-ddndrseof teetseriesn g e s t
(seeFigure60). The trend is confirmed also for the LUMO orbitals. Ligéhtland 3.1 have

strong p-acceptor properties and the energy level of their lowest unoccupied molecular
orbitals are similar and low in energy. LigaBd2and4.19 are weaker acceptors, therefore

the LUMO orbitals are located higher in enerég. expected for phosphine derivativése
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LUMOs of phosphabarrelenes and phosphasemibullvalenes correspond(todhgtals of
the RC bonds.

5.2.3 Goldcatalyzed cycloisomerization reactions

Gold-catalyzed reactions have had a major development in the last dé&€aReactivity of

Au(l) species, which for a long time were neglected, is the main focus of a large number of
reviews>*2%¥" These reports mostly deal with reactions where an electrophiligllys
cationic, gold center activates aG multiple bond by coordinating to it, allowing for a
nucleophilic attack on the otherwise unreactive substrate. The cationic gold species is usually
formed from the corresponding AuClI] type complex and a chlodabstractor, such as a
silver salt. This approach has been extended to intramolecular reactions, such as
cycloisomerizationg>? 338

The choice of the ancillary ligands is crucial, as the putative cationic gold species needs to be
stabilized by relatively bulky strong donors, such as phosphines or cafiéfi@siowever,

s t r ocacaepting phosphites in combinatiavith Au(l)-precursors often show remarkable
catalytic activities in such reactiofi&. >* So far, none of the ligands described in this work
have ever been employed in a gollalyzed transformation. Since their electronic properties

are rather similar to those of phosphites, it is interesting to test them in these reactions.

The first reaction that was investigated in this work is the cycloisomerization of teayiné
dimethy 2-(3-methylbut2-enyl)}-2-(prop-2-ynyl)malonate %.5 towards the cyclopentene
derivatives5.6 and 5.7 in dichloromethane at room temperature and under the exclusion of
light (Schemes4).3%®

MeOOC — [Au] (1 mol-%)

additive MeOOC MeOOC
> +
MeOOC \ DCM, rt MeOOC — MeOOC —

5.5 5.6 5.7

Schemeb4. Cycloisomerization 0b.5towards5.6 and5.7.

This is a typical benchmark reaction in Au(l) catalysis, in which several phosphorus
containing ligands haveeen employed*3*’ Also low-coordinate phosphorus species have

been employed in this reaction. Yoshifuji and Ito have successfully applied phosphaatkenes
| 350

ligandsin this transformation, even without any additi} Apparently,- the
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accepting properties of these compounds are beneficial for increasing the Lewis acidity of the
gold centers. As phosphims arep-accepting lowcoordinatephosphorusompounds, it is

indeed interesting to employ them in the same reaction.

In a comparison study with a structurally related mesoionic carbene, precatalysts containing
phosphinines2.1 and 2.22 have been testedithe presence of different additivé$.The
results, compared with those of benchmark catalysts based anaR&htris(2,4di-tert

butylphenyl)phosphitex(8), are summarized ihable13.

Table 13. Results for the catalytic cycloisomerization of substbabdo 5.6 and5.7. Conditions: catalyst
precursor: Imol-%, additives: Imol-% [AgSbF], 5 mol-% [Cu(OTf),], dichloromethane, room temperature.

Conversion Product ratio

Entry  Precatalyst Additive Time (%] (5.6 : 5.7)

1 - [AgSbFR] 24 h 0 -

2 - [Cu(OTf)] 24 h 98 1:0
3  [AuCI(SMe))] - 24 h 75 1:0
4 [AuCI(SMey)] [AgSbR] 8h >99 1:2
5 [AuCl(2.22] - 24 h 75 1:0
6 [AuCl(2.1)] [AgSbFR] 5 min >99 1:0
7 [AuCI(2.22] [AgSbFR] 5 min >99 1:0
8 [AuCl(2.22] [AgSbR] 15min  >99 2:3
9 [AuCl(2.22] [Cu(OTf);] 30min  >99 1:0
10  [AuCI(PPh)] [AgSbF] 30 min  >99 1:0
11 [AuCI(5.9)] [AgSbF] 5 min >99 Mixture

First of all, the goleprecursoras well aghe additives have been teseddnein the catalytic
reaction. The standard additive [AgSpBoes notead to any conversiowithin 24 h [Table

13, entry 1). In contrast, additive [Cu(O7Jff)eads almost quantitatively and exclusively to
product 5.6 within 24 h (entry 27°**? The goldprecursor [AuCI(SMg)] catalyzes the
reaction in the absence of any additive, with 75% conversion within 24 h (entry 3). A
combination of this compound and [AgSbfeads to a moderately active catalyst which,
however, shows poor keetivity (entry4). No difference in activity or selectivity was
observed between [AuCI(S¥¢ alone and [AuUCR.22)] (entries 3 and 5).

The presence of the additive [AgSblEauses a drastic increase in the performance of the
precatalysts. In fact, botiphosphininebased coordination compounds [AuZl)] and
[AuCI(2.22)] led to the selective and almost quantitative transformation of the substrate into

5.6 only after 5 min (entries 6 and 7). No difference was detected in the activity of the two
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phosphinim-based catalysts. As reported in other studies, longer reaction times lead to
isomerization of the product (entry 8}.In the presence of additive [Cu(OF]f)only product

5.6 wasobtained quantitatively (>99%), but the reaction was much slowersB0nin, entry

9). Finally, the same reaction was carried out using the benchmark precatalysts [AsCI(PPh
and [AuCI6.8)] under the same reaction conditions. Usingf3ha ligand geerdes a much

less active catalygentry 10). On the other hand, the system based on the bulky phdsghite
proved to be rather active (entry 11), but a mixturé.@tand other unidentified products was
obtained. Interestingly, in comparison with tharslard precursors, both phosphinbssed
catalysts show a better performance in terms of activity and selectivity, similarly to literature

known systemg?? 34

Unfortunately, the facile conversion of dimethyl-(2methylbut2-enyl)-2-(prop-2-
ynyl)malonate %.5) to the corresponding vinylcyclopentenes does not allow for a comparison
between the activities of differently substituted ligands, as very fast conversion was observed
for the two different phosphiniAleased catalystsHence, a diffegnt, more challenging

reaction wa envisaged.

Consequently,N-2-propynl-ylbenzamide %.9) was chosen as a substrate for testing
phosphinines, phosphabarrelenes and phosphasemibullvalenes in the sartatAlyéded
cycloisomerization redion. Hashmiet al showed that.9 can be converted both to the
corresponding oxazoline5(10 and oxazole §.11), using Au(l) and Au(lll) catalysts,
respectively $cheme65).3*%°Since then, a few publications about phosphenrgaining

ligands employed in this reaction have been repdrfei®

O [Au] (1 mol-%) o/< o§
additive
N N > \N + ~
©)J\H/\\ DCM, rt ©/l\ ©/‘\N

5.9 5.10 5.11

Scheme6s. Cycloisomerization 06.9towards5.10and5.11

Even though amides are very weak acids, thd Ninctionality of the substrate could react
with the P=C double bond of thghosphinine ligand5-**®* To exclude this, an equimolar
amount of the substeatand [AuCIR.22] were stirred in DCM at room temperature. As
expected, thé'P{*H} NMR spectrum did not show any reaction between the substrate and
the coordinated ligand after 16 h. With this verified, phosphinor@aining gold complexes

were employedh the cycloisomerization d.9, and the results are summarized able14.
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Table 14. Results for the catalytic cycloisomerization of substBa®to 5.10and5.11 Conditions: catalyst
precursor: Imol-%, additives: Imol-% [AgSbF], 5 mol-% [Cu(OTf),], dichloromethane, room temperature.

Entry Precatalyst Additive Time Conversion Product ratio

[h] [%] (5.10:5.11)

1 - AgSbk 24 0 -

2 - Cu(Tfo)y 24 5 1:0
3 [AuCI(SMey)] - 24 0 -

4 [AuCl(SMey)] AgSbk 24 85 9:1
5 [AuCI(2.1)] - 24 25 0:1
6 [AuCl(2.1])] AgSbr 24 40 4:1
7 [AuCI(2.22)] - 24 15 1:3
8 [AuCl(2.22] AgSbk 3 >99 98:2
9 [AuCl(2.22] Cu(OTf, 8 >99 98:2
10 [AuCl(2.26)] - 24 40 9:1
11 [AuCl(2.26] AgSbFk 6 >99 9:1
12 [AuCIl(PPh)] [AgSbR] 7 >99 96:4
13  [AuCI(5.8] [AgSbR] 11 >99 98:2

At first, the reactivity of the substrate in the presence of additives and precursors was
investigated. No reaction was detected with [Aggb®hile only a low conversion was
achieved in the presence of [Cu(OJ ffter 24 h Table14, entries 1 and 2). Also the A1)
complex [AuCI(SMe)] does not show any reactivity toward® (entry 3). A combination of

this precursor and [AgShFleads to a high conversion, but the reaction is rather slow (24 h)

and unselective (entry 4).

In the absence of any additive, the neutral Aafiinplexes containing phosphininag, 2.22
and2.26 only show low catalytic activity in the cycloisomerization 20 (entries 5, 7 and

10). However, a clear contrast between the three phospliiasexl complexes was observed

in the presence of an additive. In combination with [Ag§kd-very active catalytispecies is
formed using?.22 as ligand, and high conversion (>99%) and a good selectivity towards the
oxazoline5.10is achieved already after 3 h (entry 8). On the other hand, the catalysts based
on phosphinin@.1 and2.26 are less active. In particulahe first one only yields 40% of a
mixture of productswithin 24 h, while the latter achieves fulbmversion of the substrate in

6 h with a product ratio of 91 (entries 6 and 11). Using the additive [Cu(Q[IWith the best
performing system, agaileads to full conversion of the substrate and high selectivity, even
though the reaction is much slower, as reported above for sulistétatry 9).
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