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I. General Introduction and Objective

|. General Introduction and Objective

1 General Introduction

1.1 Carbodiphosphoranes (CDPs)z a classification

Carbodiphosphoarnes (CDPs) represent a special type of carbone compounds having the
general formula of C(PHR (Scheme 1).M3 They are also known as
bis(phosphoranylidene)methart€sin general, arbones areften described bya divalent
neutr al car bon at-dom rGdcdEptordigandalb(L + PRg, &liC, ®GQ;,
CNR).®! The general formula af carbone is CLLwith two lone pairs at carbon atofin and

L E adorer ligands). In this case, the word valency is described according to the IUPAC,
countingthe number of univalent atoms (originally hydrogen or chlorine atoms) that can be
combined witha corresponding atonwWhen donor ligands are phosphines;bonsare called
carbodiphosphoranes (CDPg)though CDPs are the most studied carbones, there are two
othertypes of carbones reported in the literature. One is carbodicafb¢8®Cs) where two
carbene moietyacta s -@noiiligands. The otheare carbophosphinocarbed’! (CPG)

where a carbene andh phosphineare attachedis flanking groupsin carbodiphosphorane
(CDP), the central carbon atornastwo free electron paironeof i aomebf”~ sy mmet ry
and theseslightly participate in the ¥ bond.In the carbone model, this® bond can be
considered ag>- C donoracceptor bonds. A formal oxidation of zero C(0) is therefore

attributed to carbon@?!

R R R
No N &% N G C_R
R3P"'\PR3 \ N\ /N /N / —_— —
RR R
CDPs CDCs CPCs NHCs CAACs

Schemel: Schematic representation néutral carbon basecarbodiphosphoarnes (CDPs),
carbodicarbenes (CDCs), carbophosphinocarbene (CRE®terocyclic carbenes (NHCs)

and cyclic (alkyl)aminocarbenes (CAACS).

In contrast, divaleni-heterocyclic carbenes (NHCs) are differenC@Ps NHCS*'% have a

formal oxidation number of C(ll) and sextet electronic configurations with only one free
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electron pair, which igi-symmetric relative to another bond partner attached to the C atom.
Carbodiphosphoranes ar ecenterdsound to thendaodnttus differt o wa r
from the weak ~ acceptt&df one nfdhe ditrogeon atant of theg c ar
NHC is replaced by a quaternary carbon atom, a cyclic alkyl(amino)ca(BaweCs)*?! is

formed. Due to the increased donor and - acceptor propert
NHCs, it makes CAACs more interesting fssmecatalytic application84*5 T h e-dorior

property of CDPs thus remains unique and only comparable to carbodicarbenes é68Cs)

carbophosphinocarbene (CPCs).

However, the focus of this work is on further exploration and development of novel CDP
ligands, which is why a brief overview of bonding situation of CDP, several different
synthetic methods, properties, reactivity and the coordination chemistry of
carbodiphosphorane is described beldvinere are several review articles reported dor

detailed discussion about carbodiphosphorériés.

1.1.1 Bonding situation in carbodiphosphorane s (CDFs)
Various mesomeric forms can be used to elucidate the catmmsphorus bonds in
carbodiphosphoarnes. Different mesomeric foArisD arerepresenteth Scheme.

. 2-

R3P//C\\PR3 B S +/C -~ +/6\+ -~

< C.
RsP”=SPR, RP- PR,

R3P"' PR3
A B C D

Scheme2: Different bondingdescriptionsn carbodiphosphoarnes (CDPs)

In 1961, when Ramireet al. synthesized hexaphenyl carbodiphosphostd{€DP) as the
first ever carbodiphosphoarmeas also considered the possible resonance forms of E®P.
discoveredthat hexaphenyl carbodiphosphosrane (C2EXs as a divalent base by using
titration experiment with dilute hydrochloric acide comparedCDPs withcarbodiimides and
allenes andiescribed a bonding situatiavith two cumulative RC double bonds as a linear
heterocumulendis ylenestructureA. Alternatively, he also describe@DP as a double P
ylene(bis yleng structureC makingan analogy to known ®lides. The authors used both a
bisylide and a heterocumuler®s ylenestructure in the valence notation of the product.
Matthewset al. used monoylidic fornB in addition to the linear heterocumulene structti¥e.

CDPs can also be considered as zwitterionic hiide structureC, wheretwo formaly

2



I. General Introduction and Objective

negative charges on carbon atom and one positive formal chaggeh of the phosphine
ligands. As mentioned earlieRamirezet al. has also mentionetthis zwitterionic bisylidel*”]
structureC in case of CDPAnN alternative view of bonding situatio®) was first described

by Kaskaet al. as two lone pairs of electrons on the carbon atom are not involved in the
chemical bond and the carbon atom is in its formal zero oxidation staté'*C{is is
becausehe bisylides of the formula Pf*CPPB, contrary to expectationsavebentstructure

with P-C-P bond angles of approximately 140rheycan act as ligands for metal atoms.

In 1979,Schmidbauset al. supplemented thpossibility of valence structure representation of
the CDP with another notatih(Scheme3), while he described the representation of Kaska
et all**l as an unusual approach.

_C.
PhsP” " 3PPhg
Scheme3: Valence structure representation of CDPSmpimidbauet al*!

Gilheanyet al?® introducedthe new concept of negative hyperconjugairfor CDPs, that

was used to describe tifeylides. Sundermeyest al applied the same concept to describe a
[ReCs]*-carbodiphosphorane compl&X. According to this conceft? the interaction of the
free electron pairs of tCRMe orbitaks wantribaites tdmadr b o n
formation and formally increases the bond order of #e fdonds, in addition to the covalent

P-C single bonds. Noteworthgonsiderations on the description of the bonding situation in
CDPs were also made by Cavellal’?*?He considered CDPs (stable, neutral two electron
G-donor) to similar properties to the class of carbenes, although formally no resonance form
with six valence electrons can be drawie postulated that, if diamino carbenes are called
“pushpushicharacter phosphinosilyl carbenes agushpull’character then CDP can be
classified aspull-pull’characterdue to the electron withdrawing effect of the phosphonium

substituents.

Theoretical studies by Frenkirgg al.>829271 Showed that the center carbon atom must be
considered as a carbon atom with two free electron pairs. Freekia proposed the
structural class of carbodiphosphoramss donoistabilized carbon (0) compounds with a
coordination number of two. The central carbon (0) is characterizstabilization with the

support of itstwd®>- Cdonorac cept or bonds, whidandtinggropertys t he

as a carbon neutral ligand. To distinguish this class of compounds from the carbenes, the

3
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name “carbones” was introducd€bhn-Sham orbitals ofCDPs for the highest occupied
orbitals (HOMGO1 and HOMO) are showin Figurel.

+/C\+

R3P o PR3

Figure 1. Kohn-Sham orbitals oCDPf or t he hi ghest occupi ed o
symmetry), right: HOMGL -¢ythmetry). The valence structure representations o€ie

according tdrrenkinget al.>82927lgrealso shown.

Theelectronically stimulatedD state of carbon (0) has tvetectron pair®f electrons fromi-
symmetry (HOMGL1 )  asymdmetry (HOMO). The representation of BBP was chosen

accordingly, based on the structural representation already used byeask&l

In 1972, Vincent et all?®?% elucidated the angled structure 6DP by crystallographic
measurements. The results of fivet crystal structure analysis @DP were exceptional as
there were two independent molecules in the asymmetric unit and-@iE Bondangles
differ by 13.7 ° (130.1 ° and 143.8 Qver the years, several modifications @DP were
added®%'32 For example, a linear structure of the hexaphenyl carbodiphospR@raita the
composition of CDP. 2GHs was observed during crystallization from the benzene.
Theoretical calculations showed the small energy difference of 0.75 kcal/mol between an
angled structure and a linear structureGBP. In a subsequent study, crystallization in a
linear structure o€DP was linked to the cerystallizing solvent benzer&! Removal of the
benzene is accompanied by a decrease in 4iePRPangle from 180 °. In addition to that, it
should be also mentioned that a linear structure is also observed in arsaivstituted CDP

derivativel®¥

In the following work, the carbodiphosphoranes (CDPs) are represented in a bent
heterocumulune structure. The choice of thiheterocumuluneotationincludes the other

representations discusseddoheme2.
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1.1.2 Synthesis of carbodiphosphorane s (CDFs)

As mentioned earlier, Ramirez al synthesized hexaphenylcarbodiphosphdtdreeCDP for

the first time. This was achieved by deprotonating an ylide phosphonium bromide salt with
elemental potassiuni.he reaction is significantly milder if bases such as sodium amide or
butyllithium are used instead of potassi(themet).

K

H
- -C
+ Cut]
Ph3P//C\PPh3 Br -KBr, -0.5 H, PP PPhs

Scheme4: Synthesis of hexaphenylcarbodiphosphora@igR) by Ramirezt al!t”]

After the first prominent synthesis of prototypical hexaphenylcarbodiphospho@idi@), (

variety of several different substituted carbodiphospharen£RR) have been synthesized

and characterized. Two most common synthetic approaches are represented in the following.
In the first or most common meth&d 3" two equivalents of phosphines are reacted with one
equivalent of dibromo methane to form a-plssphonium salt. Finally, double deprotonation
gives the desired CDP. The first proton can be abstracted with a weak base (Ramirez used

sodium carbonate), while to abstract the second proton strong bases are néselssarsb).

CH,Br, H, Weak base H
2RP —m—— + + 3 Ct
: ReP O PR, 2 B RsP” PR,

Br

Strong base c
R3P” SPR;

Schemes: General synthesis of CDPs by dehydrohalogenatigig.

Another method for the synthesis of CDPs is showBdhemes.283% In this method, three
equivalents of phosphine are reacted with one equivalent of carbon tetracf@€ideand
the resulting ylide phosphonium chloride is dehalogenated with
tris(dimetheylamino)phosphirfé(NMe»)s. The use of CGland as well as P(NMg the non
atomeconomical course of the reaction due to the loss of a one equivaleat of
dichlorophosphorane.

ccCly, Cl P(NMey)3

3RPp —MM

Cot - #Cs
_CL,PR, RsP”“PR; C© _Cl,P(NMe,)s

R3P™ PR3

Schemes: General synthesis of CDPs by dehalogenati$ié.
5
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A wide variety of carbodiphosphoranes can be accessed using these two methods. Numerous
representatives of arf! alkyl,®® haloge®*“° and amino substituted CDPs have been
successfully synthesizedHowever, other routes to access different CDPs have also been
reported. Previously, our group reported second generatidPs€Dsynthesis fromP,P=
dichlorosubstituted CDPO.CDP). Further development towards the synthesis of different
substituted CDPs especially towards the synthesis of mono and bis Cp substituted CDPs will

be discussed in this report.

Another clasarecyclic carbodiphosphornes (CCDPs), which are described by Schmigtbaur
al.l*?l put are usually found to be unstabfeirther development towargynthesisandtheir

complexewwill be discussed in this report.

The synthesignust always be carry out under inert conditions, since both CDPs and the
phosphonium salts precursors react with water to form phosphine oxides due to the high

oxophilicity of phosphoru&?!

1.1.3 Reactiviy of carbodiphosphoranes (CDPs)

CDPs show a variety of different reactivipatternssimilar to the ylides Schemer). CDPs
usually act as a very strori§rgnstedbase with high proton affinitySundermeyeset al
reportedsym(tmgy(dma)-CDP (tmg =N-tetramethylguanidinyl) (dma = dimethylamino) as

a super base with¥py* value of 35.8 measured in THF via NMR titratidtfs.In general,

CDPs have the tendency to accept protons even from polar solvents. Strong proton affinity of
CDPs or especially for CCDPs can be observed in this report as well. In addiBomniied
basicity, CDPs also show Lewis basicigrenkinget al and Petzt al. showedsingle and
two-fold Lewis bag in reaction of both carbon lone pairs with bordfés
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Me - Br -
R3P/ PR3 RsF’/ PR3

AN

R3P/ “PRs RP

R3P—O

Scheme7: Carbodiphosphoaraness Lewis Base, as nucleophile, as reducing agent and as

wittig-reagent

The central carbon atom has two lone pairs of electrons hence it acts as a strong nucleophile.
Many reactions (alkylationer silylations}*®! with different electrophiles are reported. CDPs

can also act as reducing agehtsThis was already demonstrated by Ramgeal. with the

reaction of Bf to the CDPs to fornbromonium saltsVery recently Igor Martin from our

group and Hansmaret all*’! independently showetthe synthesis of stable diazophosphorus
ylide by reaction nitrous oxide @) with CDPs, where CDP undergoes Wittig type
reactions. The latter utilized the stable diazophosphorus ylide towards carbon atom transfer

reagent for several organic transformatiéfis.

These versatile reactivity of CDPs motivates us to develop the synthesis of new CDPs that
will be discussedh this report.

1.1.4 Coordination chemistry of carbodiphosphorane s (CDFs)
Similar to phosphorus ylides, CDPs are suitdigiendsfor organometallic compound:*l

Different types of transition metal complexes aported so fashownin Figure?2.

R R R R Ly
4 M
P AVE @p )
é H-C; _/M\_ /C—H / //C\\ Me3S|N II I}ISIME
RsP” PR, ,P R, p-C~p
A B C4 C, D

Figure 2: Coordination modes of carbodiphosphoaraf€DPs) in transition metal

complexes reported so 4§+
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In the simplest and most common case, center carbon atom donates the lone pair of electrons
to the metal centeftype A). Several different metals (M = R} Mn,BY Re[?252 Ry 5]
Rh 54 Ni, 51 pt[S6l cu b7l Ag 581 A9 Zn 69 Cd 69 Hgl%!) have beemntilized towards this

type of metal complex formation.

If both phosphorus atoms have at least one substituent that has a hydrOgesition then
complexes of typd can be synthesizeth contrast to the completely arylated moiety, this
type ofligandformschelate type complexé¥:5% For example, zinc alkylene (ZaRcomplex

of hexaphenylcarbodiphosphorar@DP) forms B type geometry. A hydrogen atom of the
ligand is abstracted in an alkane elimination and a proton shift takes from a methyl to the

central carbon atom.

With type Ci1 coordination modgthere are aryl substituted CDP ligandsoitho-metalated

form with platinun®® and rhodiurif* complexes are known. The abstraction of dineno-
proton is carried out by an alkyl ligand of the precursor or by another equivalent of
carbodiphosphoran&everal doublertho-metalated CDPs of coordination mode of tyje

also investigated after Sundermeyet al reported the synthesis of dilithiated
carbodiphosphoraneLicCDP).®4 Eugen Shariko®?! from our group and Gilliarcet al
independentlyshowedthe synthesis of bismut{Bi)®®! and antimony(SbJ®”! complexes of
coordination typeCz. In addition, @ubleortho -metalated complexes of B! Sri% and Pb

are reported.

The latter case is also known as tweezer complex and represents the coordinatinninype
addition to complexes of late transition metals, these complexes are also synthesaely for
transition metals and rare earth metals. In general, amido ligahioth preferentially interact

with hard metals according to the HSAB principle form this type of chelate complexes. For
example, yttrium (Y)}7° samarium (Sm}* and group four metdl$! of coordination typeD

are reported.

1.2 Bismuth and its complexeswith neutral A-donor ligands

Bismuth is placed at the 83position in the periodic tableAlthough it is placed at the
periodic tablenext totoxic heavy metals its compounds are exceptionally harmless and even
some of the bismuth complexes are less toxic than table salt (sodium chloride). Due to its
unique properties, it is often called “green element’. It has gained a lot of interest in the

cosmetic and medicinal industry. For example, bismuth oxychloride is used in personal care

8
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products, while Peptobisme$ a bismutkbased medicine used to cure stomach disorder.
Bismuth compounds show applications in industry due to its interesting properties. For
example, it is commonly used in solders as it expands on solidifications. It is even used in
magnetic levitation (Maglev) in trains due to its strong diamagnetic property. Several other
important applications are represented in the review by Ram MalsH!

Bismuth compounds particularly those are in +3 oxidation state have been used a green Lewis
acid catalyst in organic synthesis. Several reviews have been reported about applications of
bismuth in organic synthedfg:”!

We were interested in bismuth complexes usingutral carbori-donor ligands. Thenost

used ligands are carben@$HCs) Carbenes are neutral divalent carbon atoms that have six
electronsin the valence shell. Carbenes served as an important ligand for main group
chemistry since the discovenf first NHC7®! by Arduengoet al In group 15 chemistry,
although there are several carbg@m®sphorus:! arsenic and antimony complexes reported,
bismuth complexes are not explored extensively. This can be explained by the high atomic
size of bismuth atom, resulting in poorer orbital overlap. However, there are NHCs and
CAACs stabilized bismuth complexes reported in the literatiré Dutton et all’”! reported

first bismuth complex of NHC in the form of NHBICIz adduct. Some of them are
represented irscheme8. Details discussions about NHCs and CAACs stabilized bismuth

complexes can be found in the recent review arfitle.

Di .
’\j Ipp ~ Pipp P|pp

| C:—>BiX (CoPs)B N —N,

N ’ \[+)/C—BiCI2 [ C :—BiPhCl,
L N N
Pipp bipp bipp
X = Cl, Br

Schemes: ReportedNHCs and CAACS stabilized bismuth comple®&s.

Gilliard et al showed first complexation of bismuth with carbodicarbene (G#CThe
authors haveynthesized BiPhgland BiBs complex of CDC. The authors hagéso shown
the formation of mono, bis and “pbsitive bismuthenium ions from these complexes via

halogen abstraction reactiofcheme9).
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AN AN Pren’”
N(;/N iPr N(;/N /PrB Birr Ng
_ _ r _

/ ¥ / ¥ I _Br. | /7 N\

'c—Bi 2Bl <C
'/ I Br | \u
N—-C Br B

N-C 3 r C-N
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Scheme9: ReportedCDC stabilized bismuth complexes by Gillisdal X

\ .
Pr. ,./C —BiPhCl, iPr. JiPr

Although some of the NHCs, CAACs and CDCs stabilized bismuth complexes have been
investigated in the last decade. However, carbodiphosphoarnes (CDPs) stabilized bismuth
complexes are not explored so far. The only example was @iXplexation withbis ortho-

lithiated carbodiphosphorane ¢§0DP), where double ortho metalated bismuth complex was
obtained®+81

In this report, bismuth complexes with several different carbodiphosphoranes (CDPs) will be
investigated.

10
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2 CGeneral Objective

Although carbodiphosphoranes (CDPs) were reported since 1961, they have gained lots of
interest in the last couple of decades due to their unique properties, metal complexations and
their use in organocatalysiblence further development or optimization dfinctionalized

CDPs are necessaryWithin the scope of this work, development of various
carbodiphosphoranes (CDPs) should be presemmeédtheir interactions with several metal
complexes should be examined using spectroscopic, crystallographic and even some cases

with quantumchemicalmethods.

The first part of results of the present warkChapter Il includeghe chemistry of cyclic
carbodiphosphoranes (CCDPs), where two phosphines are linked via a anmiatic
backbone.Stable six, sever and eightmembered CCDPs should be synthesized from
commercially available bisphoshines. Comparative studies should be done to understand how
ring size affects their properties. Quantanemicalstudies could be done for better insight of

their electronic properties. Strong donor abilities of CCDPs should be utilized towards various

metal complexes like coinage metals, Bi and Ga.

Chapter 11

MXq,
Ph._~Cs__Ph Ph. Ph

|
C
P Pl p--Ipl
SN Ph"\__ ) Ph

M = Cu, Au, Bi, Ga

In Chapteri 1ll, bis Cp derivative substituted CDPs can be representethéfirst time.

These CDPs can be synthesized fi®niP- dichloro substituted CDRC(-CDP). Reactivity of

bis indenyl and bis fluorenyl substituted CDPs with ammonium hexafluorophosphate should

be attempted to see any kind of cyclization happening or not as cyclization product was

obtained in case of unsubstituted Cp moiety. One focus was on the synthesis alkali metal salt
(Li, K) formations of these CDPs and transfer them to the large metal halides towards the

synthesisansametalocene type carbodiphosphoranes.

11
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Chapter 111
égY
cl. _c. Gl (" < PhRC
PZ P — c — 'C—M]
Ph/| I "Ph P// \\P '/
Ph Ph o ph Ph,P
Ph  Ph \R%\
Y

The last part of results of the present worlkChapter 1V includes the synthesis of s
imidazole substituted carbodiphosphoranes. Bis imidazole, bis benzimidazole and bis
permidine substituted CDRgith new RN bondsshould be synthesized dichloro substituted
CDP via nucleophilic substitution reactions. Among other thingatempt should be made

to synthesizecarbonedi-carbenefrom a bis imidazole substituted CDP, where carbene and
carbone should present &igerin same molecule. In addition, the novel ligand sysieas
planned tdoe transferred to the bismuth trihalides (BiX

Chapter IV
\N\c: :C/N/ N= =N N= BiXs =N
</\v/,‘\1\ _C. /[\Ij\\//\> — SUNOCNo s SUNG N
Ph/IIDh I;;Ph Ph/IIDh I_l,;Ph ph/F.>h F.);ph
Cl.__c.__Cl

7N

7 1 “Ph
Ph ph  ph

The main aim of thisThesis was to develop novel CDP based ligand systems and to
investigate their coordination towards several mie¢gavis acids.The structure, reactivity and

spectroscopic properties of the complewesestudied

12
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ll. Six- to Eight-Membered CCDPs Synthesis and Reactivity

1 Introduction

1.1 Cyclic carbodiphosphoranes

Cyclic carbodiphosphorane§CCDPs) represent a special class of CC3thimidbauret al.
reported the synthesis of first ever CCDP€2 In the first step
metheylenebis(diphenylphosphane) (dppm) reacts tdibtf@moethane, 1;8ibromopropane
and 1,4dibromobutando form cyclic bisphosphonium salt®ehydrohalogenatioat 0- 10
‘C with methylenephosphorane (MR=CH) as a strong baseesulted inthe synthesis of
CCDPs &chemel0).

Hy
Br(CH,),B + Clt_ 2Br - _Cs
H (CHBr oy p~“pph, 2MesP=CHz _ ph,p* ~PPh,
thP/ \PPhZ n=0-2 n=0-2
n=0, CCDP |
n=1, CCDP I
n =2, CCDP Ill

Schemel0: CCDPs(I-11l) synthesis reported by Schmidbatial 2

CCDP HI shows low solubility and thermal labjit asthey decomposat 20°C and 35'C
respectively CCDP Il synthesized only in 30 % yield as other side reactions occurred in the
formation of bisphosphonium sa@CDP Il showsanunusual helicamoleculararrangement

in the lattice ofsingle crystal. At 117 °, the PC-P structural unit had the smallest angle
reported by that timeDue tothe thermal labilitiesof CCDP II,the authorsconcluded that the
stress limit of the angular deformatiemceededat 120 °.According to Schmidbauet al®?
thebest way oWvalencestructure representatiasishownin Schemel 1.

/C\ /C\
Ph,P? SPPh, =<—>= Ph,P"7IPPh,

Schemell: Proposedalencestructure of CCDP laccording taSchmidbauet al 82!

Two years later, Schmidbaet al. reportedthe synthesis of five membered CCDP with an

aromatic backbone at phosphine ligalélsCyclic bisphosphonium salt was obtaineid

similar methods used previously, however prolonged reflux conditions of 10 days were
13



1 Introduction

required. Therconsecutivedeprotonatios lead to the synthesis of desired CC¥Bcheme

12).

H, H
Ph,R

- - PeN
PPh, CH,Br, thlg/C\I;th Br Lig. NH, thp/.?;Pth Br Et;P=CHCH3 Ph,P” PPh,

Schemel2: Five membered CCDP synthesis by Schmidbetual ]

However, due to its decomposition 0vie80 ‘C, a detailed characterization other thaiiP
NMR spectroscopy was not possibleBaceiredo et al. reported rigid Fheterocyclic
carbodiphosphoran&8 (PHCP, Scheme13) by reacting bis(diisopropylamino)phosphino

diazomethane with a bis(dialkylamino)phosphenium salpresence of excess benzonitrile

solution

PR’2 = P(Ry),

H R

= C
N PhC=N C. - KHMDS Lpn L

02 v PRE (R,;N),R“F3PR, OTF (RN),R” “PR, PR;= R :

_C. JOTf ————> o E—— =N N

R,P™TH N R

Ph Ph
R = iPr,

Schemel3: P-heterocyclic CDRynthesis by Baceiredst al®4l

PdIl) and RIfl) complexes with the sterically less hindered PHCP were the first ever
coordination with  CCDPs. However, this method requires handling of highly reactive

diazoalkanespecies and even diazoalkane synthesis also requires cayptbgtic steps.

Nozaki et al. reportedcyclic bis(CDP)®! where two CDP units are connected by two
alkylene bridgegSchemel4). This cyclic bis(CDP) showshteecoordinated geometrically
strained borordicatonic compoundHowever, proton abstraction from the aliphatic moiety

was also observed.

14
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tBuOk

B 21 PPh,Cl PhR{ > PPh, Br(CH,)sBr PhoPC " PPh, 2Br
PhyP PPh; CH { S — +'CH HCJ+
! ! ’ PPh Ph,P PPh,
Ph,P 2 P~
H
G +
KHMDS PhoRS " PPh, BCl; PhoP” \\/\,,Pth_‘2 2 BCl,
7 PP, "’(:_B—C\“Pph )
PhoP _~_ 2 PhoP _~_ 2

Schemel4: Cyclic bis(CDP) synthesis by Nozadi al ]

Recently Kuziet al. showed the synthesis afchiral CCDF®l (Schemel5) andits reactivity
with coinage metaldas reported Mono andbis coordination mode of carbone center is

observed.

Ph Ph

\
PH Ph

+ MCl
OO PPh, CH,Br, OO PPh; KHMDS OO FPhy M = Cu, Au

_— CH, 2Bf ——

C
| 11
PPh; PPh, PPh, 2 MCl
+ M = Cu, Au
Ph_Ph

R _mcl
I;/C‘Mm

\
PH Ph

Schemel5: Chiral CCDP synthesis by Kuzt al®!

1.2 Special position of Au in periodic table

The properties of gold are significantly influenced by relativistic effé@the associated
stabilization and contraction of the s and p orbitals lowerstfeetive nuclear charge that
acts on the thereby expanding d and f orbit&f$! This effect is most pronounced in element
79 and therefore makesatvery interestingelementto study®®°!l The tendency of gold (I)
compounds to form aggregates and clsstdue to their closed shell 'Y electronic
configuration.This weak attractived/an der Waals or dispersion interactions exceeding the
coulombic repulsionswere termed as aurophilic interactions in 19%7. Aurophilic
interactions are comparable in strength to hydrogen bonds and in general thelddddnds
are between 2.503.50 AP? These lead to the formation of dimers, oligomers angnpets

15



1 Introduction

in solid For instance, the golgold distance is 3.16 A in a omimensional aggregate of
[(Mes)sPAUCI] (Figure 3). Hence, thevan der Waals radius of 3.8 A is clearlyundercut
(Figure3).[°?]

P(SMe)s Tl
P(SMe); P(SMe)3
-4 -Alu ----------- Au{- -------- AU-cceceeee o Au-/-- -------- - -
| CI/ CI/
| Cl P(SMe); i

Figure 3 : Repeating unit of the polymeric chain {iMeSsPAuUCI].*®

1.3 Coinage metal complexes of CDPs

Coinage metal complexes of various CDPs have been reported in the litesaturedbauet

al. reported the firstnononuclearcoinage metal halides of Cu, Ag and Au complexes with
hexaphenyl carbodiphosphordffé.Joneset al. reporteda dinuclear complex of [(AuChe-
C(PPh)2], where two lone pairs at carbone centre are participatimgmplexationtowards

two metal center8®! Not only the hexaphenyl CDP, but also several substituted CDPs
showed promising reactivity towards metal complex formation. For exarople group
reportedthe synthesis of N,C,N pincer type CDPs and tla&iuclear Cul complexd&
Weigandet al. showed the synthesis of phosphanylcarbodiphosphorane and its different gold
(1) co-ordination chemistr{?® Frenkinget al. reported [CuC(PPp]l and analyzed the new
bonding mode inhexaphenyl CDPs both theoretically and experimentallyln these
complexes, two hexaphenyl CDPs bind with one nestateri®!

In summarythere are three different @rdination modes observed in theoductof CDPs

and coinage metal salts. Theseordination modes are shownSchemel6.
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PhsPs.-PPh,

C
"
I\TAX XM\ /MX I\TA
/_(:_\ /C\ /C\
PhsP?""PPh, PhsP“=~3PPh; PhsP?"“*PPh,
[CDP(MX)] [CDP(MX),] [(CDP),MIX

Schemel6 : Different ccordination modes between CDPs and coinage metals. M = Cu, Ag,
Au; X =ClI, Br, I.

1.4 Metal complexes of cyclic CDP{CCDPs)and their catalytic applications
Baceiredoet al. investigatedcomplexesof CCDPs with Pd and Rh metal sdff$.Rigid P
heterocyclic CCDPs have been used for this metal complex formation. Two years later, same
group reported Cu and Au compéswith the same feterocyclic CCDPE®! TheseCu and
Au metals complexes were capable of catalytic -Biattkovnikov hydroamination and
hydroalkoxylation of acrylonitrileNozaki et al. showed double cordination of AICk and
GaCk with bis CDP anda geometrically strained ®icoordinated bororadductwas also
synthesizedSchemel4).®% Recently Kuzuet al. reported Cu and Au complexes with chiral
CCDP. In this report, they have shown three different types-ofdioation modes with the
chiral CCDP(Schemel5).®!

LibermanMartin et al. investigated organocatalytic activity of CCDPSE They
demonstrated a catalytitydroboration of ketorse imines, carbodiimide and isocyanate
using 5 % of CCDP 11%cheméel?).

R, BP
_Cc=0 ~BPin
R ?
C’H
VA
e R R
_R
/C\ (@) R/N:CZN 2
Ph,P? SPPhy ‘B—H RN~ sN-R
o BPin
i R
(5 mol %) 1.1 equiv. C=NR ‘N-BPin
|
CCDP i ¢H
R R

Schemel7 : Organocatalytic activity of CCDP.{7%l
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2 Objective

2 Objective

There has been growing interest in cyclic carbodiphosphoranes (CCDPs), particularly since
theirorganocatalytic applicatiordiscussed in the introduction sectidespite their potential,

the varietyof CCDPs are limited due to synthetic difficulties, thermal lability and unwanted
side reactions/Ve have planned to synthesize-sbeven and eightmembered CCDPs with a
conjugated aromatic backbone from the commercially availagighosphine $chemels). It

can be expected that by replacing aliphatic backbone to aromatic backbone, the stability of
these CCDPs should increagriantumchemicalstudiesof CCDPswere also planned tget

information about the bonding properties

_Ph CH,Br, H

Ph/U\Ph _— PP 2Br ———> Phu Ph

\P Ph\ /C\ /Ph Ph Ph
Ph \Ph Ph/Pi Pi\Ph ‘;;‘

Schemel8: Planned synthesis of spsevenand eightmembered CCDPs

As carbones are reported to be strong donor ligands, these GGbirdbe used for several

Cu and Au complexatiofSchemel9). The synthesis oBiX3z complexes with CCDPswas
targeted for thdirst time. In recent publication, Betrandt al. showed doubly oxidized
compound from the conjugated carb&3eBased on this work, a doubly oxidized compound
from carbonewas planned teynthesize using eight membered CCDP. Electron donation at
carbone center by the oxygen atom could possibly stabilize the doubly oxidized species.
Towards the synthesis of iodonium salt, CCDP will probably act as a reducing agent to iodine

molecule.
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lI. Six- to EightMembered CCDPs Synthesis and Reactivity

x X x X
Bi’ Ph., _C—_ _Ph M
Ph : Ph P =R Ph : Ph
sp—Cr—p; X =Br, | Ph o Ph M = Cu, Au Oy
PRy TP - > PN “Ph
989 e U0
X =1,
I
Ph_ éC\E’Ph e Ph\E’/C\I;/Ph 2 SbES
Ph~ “Ph AgSbFg pr-f 4 PippePe
OO0 L0
CCDP as reduceing agent dicationic carbene

Schemel9: Plannedeactivity studiesof CCDPs

We have also plannedto investigate what kind of biphosphines are ideal for CCDPs
synthesis. How the rigity affects to cyclic biggphosphoniunsaltsynthesis? For this purpose,
a less rigidbis-phosphinecompared to xantphgdanned to investigatler CCDPs synthesis

(Scheme0). It Will be interesting to see wtherthe rotationof two phenyl moiety across the

oxygen atomeads to thesynthesiof cyclic bis-phosptonium salt onot.

PPh, PPh, PPh, PPh,
LU0 @@

Scheme20: Possible reactivity afigid andless rigidbis-phosphineas a starting material
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3 Results and Discussion

3 Results and Discussion

3.1 Synthesis

3.1.1 Synthesis ofcyclic bisphosphonium salts 1, 2 and 3

Cyclic bisphosphonium salts wesgnthesizedaccording to the routes shown $theme2l.
Commercially available Biphosphines werdissolvedn excesslibromomethane, refxed at
110 °C for 127 48 hours depending on thesiihosphinesAfter workup corresponding
cyclic bisphosphonium salt, 2 and 3 were isolatecas colorlesssolids in 92 %, 77% and

69%yield respectively.
Hy
Ph;P P<Ph CH,Br; Ph.s Cla Ph
RANGY Neat Ph/u\Ph
110 °C
12-48h
H>
Ph Ph Phit _C *_Ph
~ - P™ PL
o’ Plon Ph ppy 2B7
1
Ph.. 2. Ph
e el p-Cpl, 2B

2
Ho
Ph Ph  _
Ph. P:Ph f —C— PN
Ph” Ph Ph Ph
3

Scheme21: Synthesis of cyclic biphosphonium salts (2 and3).

Complexesl, 2 and3 were characterized bYyP NMR,*H NMR, *C NMR spectroscopynd
HRMS. Compoundl shows a broad singlet in th&'P NMR spectra at2.6 ppm Slightly up

20



lI. Six- to EightMembered CCDPs Synthesis and Reactivity

fielded shifted comparedo reported dicationic CCDPH# and chiral CCDE®! of 30.7 ppm
and 19.6 ppm respectivelyhe nucleusis more shieldedprobably due to the presence of
conjugated naphthalene moiety attached with phosphorus imitd. and**C NMR spectra
correspondingCH> protonsare found at & ppm and 35.5 ppmespectively (DMSEDg), in

a similar ranges inchiral CCDF®®! (7.4 ppm and 24.6 ppm)n the ESI(+) mass spectrym
one fragment can be noticed and identified which corresponds‘toQdmpounds2 and 3
show a broad singletin the 3P NMR at 19.6 ppm and 21 ppm respectiveymong
compoundsl, 2 and3 a smalldeshielding trend if'P NMR resonancevasobservedin the
H spectra2 and3 appear at 7.1 ppm and 6.6 ppm respectively. Comp8shdws a tripleat
24.6 ppm in thé*C NMR spectrum @b = 42.6 Hz) It fits well with the reported chiral CCDP
(24.6, &r=50.1 Hz).These spectroscopic detadi'esummarized imablel.

Table 1. Spectroscopic details of compounti2 and3.

Compund 3P NMR IHNMR(- ®BCNMR(- m/z m/Z observed
(DMSO-Ds) CH») CHy) calculated
(ppm) (DMSO-Dg)  (DMSO-De)
(ppm) (ppm)
1 12.6 6.5 35.5 CasHagP2 % = 255.082
255.083 (z
:2)
2 19.6 7.1 - CaoHz40P, * 591.1985
=592.2024(z
:1)
3 21.0 6.6 24.6 CarHzoP2 % = 268.0898
268.0906(z
:2)

Suitable crystal®f compound3 for X-ray diffraction analysisvere obtained frona NMR

tube containing CDGhs solvent. Compourigicrystalizes in triclinic space group1 with Z

= 4 and cecrystalline CDCJ. The P2C1 and P2C2 bond lengths iB are 1.82(5) A, similar

to reported dcationic moiety®38¢ The P1C1-P2 angle is 129.2(2)°, which is greater than
literature reported doubly protonated compounds (113.1(2)° and 112B{8)A higher

bond angleof P1-C1-P2 in3 arises probably due to tiv@roduction of eight membered CCDP
with a xantphos moietyThe molecular structure and selected bond lengths and bond angles

are shown irFigure4 andTable2.
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3 Results and Discussion

Figure 4: Molecular structure of compourgd

Table 2: Selected bond lengths (A) and bond angles (3 of

P1-C1 1.8130(5) P2C1 1.8205(5)
P1-C8 1.7897(4) P2C27 1.7931(4)
P1-C14 1.7902(4) P2-C29 1.7920(5)
P1-C1-P2 129.2(2)

3.1.2 Synthesis of CCDP4l, 5and 6

CCDPs 4, 5 and 6) are synthesized according to the followiBgheme22 from cyclic
bisphosphonium salts, 2 and 3. Two equiv. of potassiurhexamethyldisilazide (KHMDS)

were added to a suspension1pf2 and 3 in THF or toluene ai 20 °C. Then the reaction
mixture wasallowed to reach room temperature slowly and stirred at an ambient temperature
for 4 hours. After workup, desired produdis5 and6 were obtained as red, yellow and light

yellow solids in 71 %, 73 % and 64 % yietdspectively.
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lI. Six- to EightMembered CCDPs Synthesis and Reactivity

Ha
Phos CLf Ph oo KHMDS Ez;p//o\\pglz:
Ph/u\Ph THF/toluene U

-20°C-RT
4-6h

Hy

Ph.t_C.* Ph __ Ph. __C.__Ph
P~ pZ PZ SpZ

Ph~ pn 2B" Ph” Ph

1 4
Ph\+/C\+,\Ph o BF Ph\P//C\\P/\Ph
Ph/i i Ph Ph/i i Ph

2 5

H,

Pho+ _C. +Ph - Ph C Ph
N / \ e ~ / \ 7
4 2 Br 4
Ph” Ph ph-h " T~ pn

L0 CrC

3 6

Scheme22: Synthesis of CCDP4, 5 and6.

Molecules4, 5 and6 were characterized bi? NMR, *H NMR, *C NMR spectroscopynd
HRMS spectrmetry. Molecules4, 5 and 6 show a singlet in thé'P NMR spectra at5.9
ppm, 0 ppm and5.7 ppm in @Ds respectively which are in good agreement with reported
hexaphenyl CDP-2.8 ppm) and eight membered CCDP HL.{ ppm)i”#2 Unfortunately,
the 3C NMR peak corresponding to the “carbeDewas not observedn the FD(+) mass
spectra, only one fragment was observed and identified as correspofdihg [5-H]* and
[6-H]", respectively. These spectroscopic detaitssummarized in Table 3.
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3 Results and Discussion

Table 3: Spectroscopic details of compounti and6.

Compound P NMR (CéDs) m/Z calculated m/Z observed
(ppm)
4 -5.9 CssH27P2"=509.1561 509.15®
5 0 Ca/H29P," =535.1744 535.150
6 -5.7 Ca0H3:0R" 591.20@
=591.2006

Figure 5. Molecular structure of CCDR.

Suitable crystalef compound4 for X-ray diffraction analysisvere obtained fronsaturated
THF solution at20 °C.Molecule4 crystalizes in monoclinic space groBp21/n with Z = 8
and cacrystalline THF molecule in the asymmetric uiitgure5). The RC bond lengths id

are 1.65(2R and 1.66(2R, respectively, fits well with moleculECDPII (1.64 A and 1.65

A). The PL-C1-P2 bond angle is 111.99(1)%lightly acute compared to CCDP Il (117°)
probably due to the rigidity of naphthalene moi&glected bond lengths and bond angles are
shown in Tabled4. Suitable crystaloof compound5 were obtained fronsaturated THF
solution at-20 °C. Molecule5 crystalizes in monoclinic space group P 21/c with Z = 4 and
co-crystalline THF molecule in the asymmetric uitgure6). The RC bond lengths ib are
1.66(2)A and the PC-P bond angle is 112.9(1)Thesefit nicely with the PC bond lengths
(1.66A ) and PC-P bond angle (112.6°) of chiral CCI#¥.Selected bond lengths and bond

angles are shown in Table 4.
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lI. Six- to EightMembered CCDPs Synthesis and Reactivity

Figure 6: Molecular structure o£ECDP5.

Suitable crystalef compound were obtained fromsaturated THF, toluene and dietleyher
solution at-20 °C. In diethylethermolecule6 crystalizes in monoclinic space group P 21/n
with Z = 4 and cecrystalline dethermolecule in the asymmetric uniFigure 7). The RC

bond lengths ir6 are 1.66(2)A, the sameas CCDP5 and slightly elongatedomparedto

CCDP 4 (1.64 A). Interestingly the RC-P bond angle is 126.9(1)highest among the
reportedmono CCDPs. The RC-P bond angles of previously reported CCDPs were below
120°, except for the bis CCDP reported by Nozeikal % This anomalou®-C-P bond angle

can be explained due to the introductioranfeightmemberedtonstrained backbonerhere

two phosphines attached with the dimethyl xanthene moiety are relatively far apart from each

other.Selected bond lengths and bond angles are shown in Table 4.
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3 Results and Discussion

Figure 7: Molecular structure o€ECDP6.

Table 4: Selected bond lengths (A) and bond angles (), &fand6.

CCDP4 CCDP5 CCDP6
P1-C1 1.652(2) P1-C1 1.66(2) P1-C1 1.66(2)

P1-C12 1.837(2) P1-C20 1.818(2) P1-C23 1.825(2)
P1-C18 1.827(2) P1-C14 1.833(2) P1C17 1.822(2)
P1-C2 1.823(2) P1-C2 1.834(2) P1C2 1.850(2)
P1-C1-P2  111.99(1) P1C1-P2  112.99(1) P1C1-P2  126.9(1)
P2C1 1.659(2) P2C1 1.66(2) P2C1 1.658(2)
P2-C30 1.874(2) P2-C26 1.822(2) P2C35 1.825(2)
P2-C24 1.825(2) P2C32 1.828(2) P2C29 1.818(2)
P2-C4 1.826(2) P2-C9 1.823(2) P2C13 1.846(2)
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3 Results and Discussion

3.2 Properties of new CCDPs

3.2.1 Variation of P1-C1-P2 bond angle on ring sizes of CCDPs 4, 5 and 6

The PL-C1-P2 bond angle is determined by how close two Phosphorus atoms can come to
form bonds with carbormtomin CDP.*% Usually, this angle is more acute in CCDPs than
that of acyclic CDPs due to the rigid structure at phosphine backlvotie reported CCDP

11831 the A-C1-P2bond angle is 116.7° and two phosphorus atoms are 2.81{&) apart

with respect to each othefhe same angle isix memberedCCDP 4 is 111.9° and the
distance between two phosphorus atoms is(2)7&. The R-C1-P2 bond angle in CCDB

and CCDP6 are in increasing order of 112.9° and 126.9° respectively. Expectedly, the
distance between two phosphomt®msalso increases from CCD®and CCDP6. These
structuraldetails are summarized Table5.

Table5: The A-C1-P2bond angl es (A) Aofd,5&ad6é P2 di st ance

Compound P1-C1-P2 angle (°) P1éP2 distanc
CCDP4 (six-membered) 111.9 2.74
CCDP5 (seveAamembered) 112.9 2.77
CCDP6 (eightmembered) 126.9 2.97
130—
o _
<
2T 120
oY _
=
OS5 10—
|
< _
100 | | |
5 6 7 8

Ring size in CCDP
Figure 8: P1-C1-P2bond angle dependence on ring sizeG@DP4, CCDP5 andCCDP6.

Considering reported five membereehicleophilic CCDB4 where P1C1-P2bond angle is
104.8 °, PAC1-P2 bond anglesare plotted against their corresponding sined-igure 8.
Analyzing the graph, we can probably say that with increasing ring size in CCDPk@ie P
P2 bond angle also increases. It is observed that ferasid severmembered CCDP<(and

5) the PL-C1-P2 bond angles almost similar while decreasing ring size from six to five or
27



lI. Six- to EightMembered CCDPs Synthesis and Reactivity

increasing size from seven to eigh} (he value changes significantly. These observations are

in accordance with similar trendsather cyclic molecules.

3.2.2 UV/Vis spectroscopic analysis of CCDPs 4, 5 and 6

CCDPs4, 5 and 6 were analyzed via UV/Vis spectroscopy in THF solutigiggre 9).
Molecule 4 shows absorption maxima at 320 nm and 483 nm in UV/Vis range, hence the
absorption maximum at 483 nm is responsible for its red color. Molécatel molecules

show absorption maxima at around 312 nm and 350 nm, which fits with its visually observed

yellow to light yellow color.

! -4+ Wae

5
. wWEB

Absorbance
(a.u.)
o
w

o

| | | |
300 400 500 600

Wavelength (nm)

Figure 9: UV/Vis spectra recorded f@CDPs4, 5 and6 (in THF, c& 10° M). The inserted
pictureshowssolutions ofCCDPs4, 5 and6 in THF.

3.2.3 Density functional theory(DFT) calculation of CCDPs 4, 5 and 6

In co-operation with our cavorker Olaf A. Kleykamp,DFT calculations at B3LYP/def2
TZVPP level of theory are performed for CCD&Es$ and 6 of their gas phase structures
order to understand the electronic propertiesand the bonding between carbon and

phosphorus atoms.
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Figure 10: Kohn-Sham orbitals of the HOMQ@, HOMO and LUMO of CCDP4, 5 and6
calculated for the optimizedState geometry (isovalue 0.07) calculations were performed at
theB3LYP/def2TZVPP level of theory.

Not surprisingly, DFT calculations demonstrate that HOMEan be elucidated as a lone pair
MO of ¢ symmetry and HOMO as one of the lone pair MOgafymmetry for CCDP4, 5
and 6 (Figure 10). LUMO+1 for 4 and 5 are localized over conjugated cyclic backbone
similar to acyclic CDP$!°Y On the other handn molecule6 LUMO and LUMO+1 are
distributedall over the substituentsThis isprobably due to break in conjugation of the cyclic

backbone
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S
v _3 AE = 3.757
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| | |
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Figure 11: Energy diagram oHOMO and LUMOenergies of CCDP4, 5 and 6. Energy
diagramcalculations were performed at the B3LYP/d&2VPP level of theory

HOMO energies of CCDP4, 5 and6 arein similar range 0f4.606 eV,-4.731 and4.656
eV, respectively Figure 11). While LUMO energiesshow aslightly increasingtrend of -

1.697 eV for4, -1.105 eV for5 and-0.899 eV for6. This might be induced by @ecreasing
conjugation in the cyclic backbone. As a result, the HOMIMO energy gapsqE) are also
increasingorderfrom 2.909V to 3.757eV in CCDPs4 to 6.

3.3 Reactivity
CDPs are reported to have a very high first and a lower second proton #ffirigveral

reactivity are investigated with synthesized CCDPs.
3.3.1 Reactivity of six-membered CCDP 4

3.3.1.1 Reactivity of CCDP 4 with NHPFs
The reaction of one equivalent ammoniunhexafluorophosphatg NH4PFs) at room
temperature selectively leads to the synthesis of mono phosphoniuf{Selieme23). After

workup, compound? was obtained in 86 % of yield a#f-white powder.
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Ph.__C.__Ph H
;P// \\P: Ph\ //C\+,Ph _
Ph Ph NH4PFg o P”PL PF
THF
RT
12 h
4 7

Scheme23: Synthesis of mono phosphonium salt

In 3P NMR spectrum, a resonance signal corresponds to phosphorus atom appears at 12.1
ppm In a similar range to the dicationic compouhd12.6 ppm), while slightly upfielded
compared tditerature known compounds lik¢APh).CH]" (25.7 ppm) and monoprotonated
chiral CCDP (20.7 pprHY -8l Suitable crystal$or X-ray diffraction analysisvere obtained

by layeringa saturated THFolution into diethylether Molecule7 crystalizes in monoclinic

P1 21 1 space group with Z = Rigure12). P-C bond lengths are 1.69(8) and 1.70(3,
expectedly longer than-€ bond lengths of 1.6& in CCDP 4. Hence, the bond order
betweenphosphorus and carbon atom in compldies between one and twdhe PL-C1-P2

bond angle is 18.52(18)°, fits well with the structurally characterized mecationic chiral
CCDPF8®l of 117.2(7)°and more acute compared to other related compounds (128.4(2)
132.0(1)°6192 probably due to sinembered ring system arie rigidity of naphthalene

moiety.Selected bond lengths and bond angfeéare shown in Table 6.

Figure 12: Molecular structure of mono phosphonium 3alt
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Table 6: Selected bond lengths (A) and bond angles (7) of

P1C1 1.694(3) P2C1 1.702(3)
P1C8 1.801(4) P2-C24 1.804(3)
P1-C2 1.815(3) P2C31 1.803(3)
P1-C14 1.797(3) P2C20 1.806(3)
P1-C1-P2 118.52(18) P3F2 1.602(2)

3.3.1.2 Reactivity of CCDP 4 with coinage metals

Due to the presence of two lone pairs of electrons at carmmer, CCDPs are prominent
donor ligands. Their donor abilities and metal complexation were discussed in detail in the
introduction sectionStoichiometricamounts ottoppermonohalides (CX, X =Cl, Br) react

with CCDP4 in THF at-20 ‘C andallow the reaction mixture to R$lowly and stir for 16

hours. After workupCu-X complexes8 and 9 are obtainedin 87 % and 75 % vyield

respectively(Scheme24).
X
Ph.__C._.Ph Cu
Ph” “Ph CuX Ph.__C.__Ph
- . SPpl
THE Ph Ph
-20 °C -RT
16 h
4 X=Cl8
X=Br9

Scheme24: Synthesiof complexes8 and9.

Complex 8 and 9 showsa broad singlet i"'lP NMR spectra at 6.1 ppm and 8.1 ppm
respectively slightly upfielded compared to reportg® NMR spectra of Cu complexes of
chiral CCDP (17.2 ppm)in case of comple®, a minor peak i’ NMR spectra observed at
9.4 ppm probably due to theresence othe complex [CCDP(CuBj#). Complex8 and9 were
characterized byH and*3C NMR spectroscopy. Several attempts to get a single crystal were

so far unsuccessful.
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IIDPh3
Ph.__C._-Ph A|u+
Ph” “Ph PPhs-AuCl Ph. _C.__Ph -
PPhs AUCH - PhopeCip PP
OO THF-toluene Ph Ph
-20°C - RT
16 h
4 10

Scheme25: Synthesiof gold CCDPcomplex10.

CCDP4 was dissolvedn toluene, cooled te20 'C and added to theaichiometric amounts
of triphenyl phosphine gold(l) chlorid@ THF at-20 ‘C (Scheme25). The suspension is
allowed to reach RT anstir overnight.After workupa light brown powder was obtained. In
the 3P NMR spectra, it shows two broad singlets at 7.1 ppm and 42.5(figore 13)
However, a singlet at 12.4 ppimdicates thaprotonated CCDR is a major impurity in this

mixture. 3P NMR spectra of comple&and10 are shown irFigure13.

T T T T T T T T T T T T T T T
55 50 45 40 35 30 25 20 15 10 5 0 -5 -10 -15
ppm

Figure 13: 3P NMR spectrg101 MHz, CDC}) of complex8 and10.

3.3.1.3 Reactivity of CCDP 4 with BiCd and [InCl]
CCDP4 reacted with Bidd and[InCl] under similar conditions of toluenEHF mixture at20

°C resultedl1 and 12 as protonated CCDR and corresponding metal sa{8cheme26). In
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the 3P NMR spectra they show a broad singlet a2 ppm and 13.3 ppm respectively. In the
ESI(+) mass spectrum, one fragment can be noticed and identified which corresponds to
[CCDP4-H]".

H
Ph //C\\P/Ph MCl Phi . C.t_Ph
Ph” “Ph 3 -t e 2-
M,Clg
OO THF-toluene
-20°C - RT
16 h 2
4 M =Bi11

M=1In12

Scheme26: Synthesiof complexesll andl12.

As a matter of fact, THF becomes a weak-@teid when coordinated to a Lewis acid such as
BiClz or [InCl]. As a consequence, the formation of phosphonium chlondalate

complexes is an often observed side reaction.

3.3.2 Reactivity of eight-membered CCDF6
CCDP6 is the most stable among the synthesized CCRRid not decompose even at ‘@
in toluene. High thermal stability dECDP 6 motivates the synthesis afifferent metal

complexesand investigaon of their properties.

3.3.2.1 Reactivity of CCDP 6 withcopper monohalides

Stoichiometric amounts aoppermonohalidegCu-X, X = Cl, 1) react with CCDF6 in THF
at 0°C, warmed the reaction mixture to Rihd stired for 16 hours at room temperatuie
give complexed3aand14 (Scheme27). In the3'P NMR spectrd 3aand14 show a singlet at
18.5 ppm and 18.ppm respectivelyln FD(+) ionization modeonly one fragment can be
observed and identified as protonated CCDB (@cheme27).
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Scheme27: Synthesiof complexesl3andl14.

When the same reaction was performed under similar conditions in diox&olaenenstead
of THF, thenthe 3P NMR spectrumshowsa broad singlett 9.4 ppm which probably
corresponds to complex3. This data fits well with the Cu complexes of snembered
CCDP 4 (6.1 ppm 8) and 8.2 ppm9g)). Compoundl13 is partially soluble in dioxane
Addition of THF or DCM during workup of compounti3 converts tothe formation of
complex13a Probably due to the strong proton affinity of CCDPs, even metal complexes are
grabbing a proton anonymously to form [CCB#]* and correspondingetalate anionas

counter ions.

3.3.2.2 Reactivity of CCDP 6 with gold(l) Lewis acid

CCDP 6 and stoichiometric amounts of triphenyl phosphine gold(l) chlofitfets-AuCl]

were mixeq cooled to-20 ‘C and toluene was added to the reaction mixture. Then
suspension isllowed to reach RT antb stir overnight. After workup complet5 was
obtained as lighyellow powder in 71 % yieldScheme28). Here, [PPh-AuCl] reacts in
slightly different manner than the reported Au complexes of chiral &DRhereAuCl was
attached to the carbone center.
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Scheme28: Synthesiof complex15.

Complex 15 was characterized by'P, 'H and 3C NMR spectroscopyThe 3P NMR
spectum, it shows a doublet at ¥6ppmwith a coupling constant BHz for -PPh unit, in a
similar range of reported mono AuCl complex of chiral CCDP (17.5 Bprand a triplet at
40.4 ppmfor -PPh unit with the same coupling constani8iz. P NMR spectrum o15in
CD2Cl: is representeéh Figurel4.

2us og PPhs
A i I+
gee g Au
SN N

T T T T T T T T
42 41 40 3918 17 16 15 14
ppm

T T T T T T T T T T T
60 55 50 45 40 35 30 25 20 15 10 5 0 -5
ppm

Figure 14: 3P NMR spectrg101 MHz CD-Cl,) of complex15.

3.3.2.3 Reactivity of CCDP 6 with Bismuth trihalides (BiX 3)

Bismuth trihalides are reported to form a weak bond with carbene comp®&liiteperties
and reactivity of Bismuth metal complexes were discussddtailin the general introduction
section.With our knowledgsdill now, bismuth complexes with CDPs are reportedy with

the LioCDP ligand by our previous group member Eugen Sharfikband Gillardet allt°?!
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3 Results and Discussion

CCDP 6 and stoichiometric amounts of bismuth trihalides (BiX = CI, Br and 1) were
mi xed, cooled to 0O AC and toluene was added
reach RT and stir overnight. After workup compleX&s 17 and 18 were obtained as off

white, yellow and red powder in 78 %, 85 % and 88 % yield, respec{seheme 29).

BiXs
Ph_ C _Ph 1
Ph/Pé §P\Ph . Phxp49\ _Ph
0 BiXs PhT] T o IPh
O O Toluene/dioxane O O
0°C-RT
16 h
6 X=Cl, 16
X =Br, 17
X=I 18

Ph_ C—_ +.Ph
Ph/Pé —~pZ

2—
coo |

X =Cl, 16a
X =Br, 17a
X=1 18a

BiXz + H)O —— > 2HX + BiOX

H
Ph._-Cs__Ph Ph._-C.*_Ph
2 _ PP + 3BiX3 + H O — P” P
Ph u Ph

Ph/u Ph

2

. 2—
BioXg  + BiOX

Scheme29: Synthesiof complex16, 17 and18 (top) and possible pathway for the formation
of 16a-18a(bottom).

Complexes were formed in toluene but in the presence of a gmlatic solvent theadduct

gets protonated?ossible pathway for the formation a18ais shownin Scheme 29. BiX
reacts with trace amount@ present anomalously in polar aprotic solvents to form bismuth
oxyhalide (BiOX) and two equivalents of hydrogen halide (HX). Then CCDP gets protonated
by hydrogen halide to form complexééa18a Possiblestoichiometry of the reaction is
shown in Scheme 29vhere 2 equivalents of CCDP react with 3 equivalents ofs BiX

presence of trace amount of water to fdi®a-18aand bismuth oxychloridén the3!P NMR
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spectrum ofl6 in CD-Cl> two peaks all9.2 ppm and 26.fhpm are observed. The peak at
26.1 ppm probablycorrespond to complex16 andat 19.2 ppmprotonated compled6a If
we use dioxane instead of toluene, then comfpkecame partially soluble in i€Complex
16 shows a singlet at 23.1 ppm in tH& NMR spectrumHowever, the same reaction in THF
leads tocompoundl6a as only product. Complet6a was characterized byH, 3C, 3P
spectroscopyand HRMS Suitable crystalef 16afor X-ray diffraction analysiswere obtained
by layering asaturated DCMsolution with pentaneComplex16a crystalizes in triclinic P
1(2) space group with Z = Figure15). The RC bond lengths are 1.70(8)and 1.73(84,

in a similar range of monocationic smembered CCDF with PFs” as counter anio(iL.69(3)

A and 1.70(3). The PL-C1-P2 bond angle is 33.8 (6)°, more obtuse compared to CCBP
(118.52(18)° probably due to more relaxed eigigmbered ring system in xanthane moiety.

Selected bond lengths and bond angles are shown in Table

Figure 15: Molecular structure of compled6a (only one cation is shown for clarity)

When CCDP6 reactswith equimolar amount of BiBin absolute dioxane, a nettP NMR
signal tentatively assigned to [CCEB#Br3] (17) is observedHowever, with longer reaction
time this signal fades away and a new signal corresponding to its protonated.7@yns (
noticed. Complex 17 was characterized byH, *C and 3P spectroscopy in dioxar®s.
Complex 17 also showshigh proton affinity while keeping it in polar solvents like THF,

DCM and even in dioxane. It gradually converts to its protonated form conmiplax
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3 Results and Discussion

Complex17 shows a singlet at 22ppm in dioxane if'P NMR spectrum. After the workups,
when the compleX7 was taken in DCM, it immediately starts convertinglita and fully
converts tol7ain 12 hours at room temperaturBhree different’P NMR spectra were
investigated to observe the conversibhese®'P NMR spectra were representedrigure16.
The 3P NMR spectrum at the bottom represents comflgin dioxane. The’'P NMR
spectrumat the middlen DCM was performe@pproximatelyds minutes after DCM addition.

31p NMR spectrunat the bottonwas performed after 12 hours from the same DCM solution.

- A

—_— T T T T T T
37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1
ppm

Figure 16. *'P NMR spectrg101 MH2) of complex17 (in dioxaneDs) and17a(in CD.Cly).
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Bi

Figure 17: Molecular structure of complek7a(only one cation is shown for clarity).

However, the same reaction in THF leads to compdtrfadas only product. Suitable crystals
of 17a for X-ray diffraction analysisvere obtained fromits saturated dioxansolution
Complex17a crystalizes in triclinic P-1(2) space group with Z = &igure 17). The RC
bond lengths are 1.71(%) and 1.72(5)4, similar to complexi6a(1.70(8)A and 1.73(8Q).
The PL-C1-P2 bond angle is 130.1(2)8lightly moreacute compared to its #ls complex in
16a (133.8 (6)).Selected bond lengths and bond angied46a and 17a are representeih
Table 7.

Table 7: Selected bond lengths (A) and bond angles (1)6afand17a

Complex16a Complexl17a
P1-C1 1.705(8) P1-C1 1.720(4)
P1-C23 1.799(10) P1-C23 1.804(4)
P1-C17 1.795(2) P1-C17 1.805(5)
P1-C2 1.825(10) P1-C2 1.819(3)
P1-C1-P2 133.8(6) P1-C1-P2 130.2(2)
P2C1 1.726(8) P2C1 1.715(5)
P2C35 1.785(20) P2C35 1.797(4)
P2C29 1.785(10) P2-C29 1.804(4)
P2C13 1.818(10) P2C13 1.810(4)
Bi1-Cl1 2.536(3) Bil-Brl 2.727(5)
Bi1-Cl4 2.826(2) Bi1-Cl4 3.050(5)
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3 Results and Discussion

Bil; adductof CCDP18 shows a broad singlet at 25 ppntlie 3P NMR spectrunmeasured

in dioxane. However, similar conversion to its protonated compawas also observed in
the presence of polar solverdach as THF or DCMHowever, due to the strong proton
affinity of complexesl6-18 further characterizations witiC NMR spectroscopy and single

crystal Xray diffraction analysiswvasnot possible.

3.3.2.4Reactivity of CCDP 6 withAl, Ga and In halides

CCDP6 and stoichiometric amounts of gallium triiodide (§atere mixed cooled to 0C

and THFwas added to the reaction mixture. Then
After workup complexl9 was obtained as lighirown powder in 67 % yieldScheme30).
Complex19 was characterized byP, *H, 13C NMR spectroscopyndas well asHRMS. In

the®'P NMR spectrum, it shows a singlet at 22.2 pp@DCl.

Ph. _C—_ __Ph

PP, H

Ph o Ph Gal Phe__C s Ph

O e e A
THF
e 1T
16 h

6 19

Scheme30: Synthesiof complex19.
Suitable crystal®f 19 for X-ray diffraction studieswere obtained fronits saturated DCM
solution Complex19 crystalizes in triclinic R1(2) space group with Z = Figure18). The
P-C bond lengths are 27(2) A and 1.1 (2) A, in a similar range to bismuth trihalide
complexesl6aand17a The PL-C1-P2 bond angle is 135(12)°, fits well with the bismuth
trinalide complexed6aand17a(133.8 (6)° and 130.2 (2)°kelected bond lengths and bond

angles are shown in Tatte
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Figure 18 Molecular structure of complebO.

Table 8: Selected bond lengths (A) and bond angles (19of

P1-C1 1.717(2) P2C35 1.803(2)
P1-C23 1.792(2) P2-C29 1.805(2)
P1-C17 1.808(2) P2C13 1.795(2)
P1-C2 1.817(10) Gatll 2.543(3)
P1-C1-P2 132.51(12) Gatl2 2.546(4)
P2C1 1.709(2) Gatl4 2.572(4)

When AIBr; and InCl reacted witltCCDP 6 in THF under similar conditionghen similar
protonationof the carbonevas observedFormation of protonate@CDPwas confirmed by
analyzing®P NMR spectra and ESI(+) in HRMS. Due tostreason further spectroscopic

analysis was not performed for these complexes.

3.3.2.5Attempted synthesis of doubly oxidized carbone

Recently Betrancet all®® demonstratedhe synthesis of doubly oxidizedcarbenefrom
bis(imino)carbene(Scheme31). | t O -step aeactiow,an the first stejpe carbeneis
oxidized by an oxene then removing the removing the oxo group by

Trifluoromethanesulfonic anhydride ¢0) gives the desiredicatioric product

42



3 Results and Discussion

Dipp  Dipp, Dipp Dipp,
N N 1) I, -40°C N N
—=N_ __N= —=N._ __N=
c 2) NaOSiMe; G
o}

1,0 Dipp Dipp

N _2+ . N _

Scheme31: Synthesif doubly oxidized carbene by Betraatlial

Carbones obey the octet rule, a fundamental rule governing main group elements and have
two lone pairs of electron#f. we think of removing two noitbonding electrons of carbone, it
should formcarbene. Basicallyit is atwo electrons oxidation of carbone to form carbéree.
stabilize thedicationic carbeneadditional stabilization from donatomswill be required.
Considering theossible donor ability abxygen atontowards central carbon atgonesent in

the CCDPe®, it might be a suitablgrecursorto oxidize by two electrons. CCD#&was taken

in toluene, cooled te20 °'C and an equimolaamountof iodine (b) was added to the reaction
mixture. After warming it to RT slowly, the reaction mixture was stirred for 16 hours at an
ambient temperature. After workup, brown solid of compo2@dd/as obtained in 71 % yield
(Scheme32).

Scheme32: Synthesis of cyclic iodonium s&@0 [CCDP-1]*(1").

Complex 20 was characterized b3'P, *H, 3C NMR spectroscopyand HRMS.In the 3P
NMR spectrum, it shows a singlet at 27.9 ppm in GD@I the ESI(+) spectrum only one
fragment can be observed and identified as comflexSuitable crystalsomplex20for X-
ray diffraction analysisvere obtainedby layering saturated DCM solution witlpentane.
Complex20 crystalizes in orthorhombic F d d 2 (43) space group with Z =Fidii(e 19).
The RC bond lengths are 1.75(1@ and 1.73(10)A, slightly elongated compared to
monoprotonated CCD 16a(1.71(5)A and 1.72(5). The PL-C1-P2 bond angle i425.3
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(5)°, more acute compared to the monoprotonated CiaBa (133.8 (6)°) probably due to

the coordination of iodine atom with the carbone center.

Figure 19: Molecular structuref asymmetric unitn [CCDP-1]22*(13)(I") 20.

In the asymmetric unit two different counter aniohand k - were present. Ortho phenylic
hydrogenatoms of fourphenylgroupsform weakhydrogen bonsito the iodinewith a bond
distance of 3.08(54 and 3.13(5A to 12 atom. Due to this moderate to weak hydrogen bond,
iodine (I11) forms a bond to the carbone center (C1) perpendicular to the hydrogen bonding
plane. Hence RC1-11 and P2C1-11 bond angles are 108.8(5)° and 111.3(5)° respectively.
Similar reactivity of iodine with hexaphenyl CDP was demonstrated by Neuneiilbf 4
Selected bond lengths and bond angles are shoWaiie9.
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3 Results and Discussion

Table 9: Selected bond lengths (A) and bond angles (20of

P1C1 1.754(10) C1I1 2.145(9)
P1C17 1.811(10) P2C1 1.725(10)
P1-C23 1.812(10) P2C29 1.80(9)
P1-C2 1.808(11) P2C29 1.781(12)
P1-C1-P2 125.3(5) P2C15 1.814(10)
P1-C1-11 108.8(5) H1812 3.127(5)
P2C1-11 111.3(5) H30-12 3.085(5)

From cyclic iodonium salR0, iodide was planned to be eliminated via*Ag get doubly
oxidized carbone When complex20 reacted with excesssilver hexaflwroantimonate
(AgSbFs) in DCM at room temperature for 1248 hours, onlythe ioniciodide anion was
substituted by Shfanion(Scheme33).

| ..
Ph C—_+,Ph _ Ph.+ _C Ph
Ny YT~ L7 Ny — Y T~
o, |
Ph” Ph AgSbFg Ph/P A P\Ph 2 SbFg
0 —X— o]
DCM
RT

Scheme33: Attempted synthesigf adicationiccarkene

There are possibly two reasons for not formthg desireddoubly oxidized carbon&om
complex 20. Firsty, due tocarbone forms a strong bond to iodine atom and secondly
additional stabilization from oxygen atom is not possible due to its long distance from the
carbone center. However, active participation of electron donor atom to the carbone centre

might stabilize the doubly oxidizes carbone.

3.3.2.6 P-C bonding comparison of dicationic, monocationic and neutral CCDP 6

For eight membered CCDP, molecul&sl9 and 6 were structurallycharacterizedy single
crystal Xray diffraction analysis.(Scheme34) The RC bond length of its dicationic3),
monocationic 19) and neutral CCDP6] contain important information about its bonding
between phosphorus and carbon atdaib(e 10).
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Ph cCo_+Ph___ Ph Ce + Ph_ _ Ph c Ph
\ — \ SNy o— Y T~~~ N — Y T~ 7
- 2B '~ | — ~P<
Ph~ Plpp 2 Br N ph T P~pn
O ’ O O ’ O O ) O
3 19 6

Scheme34: Representation of dicationi8)( monocationic19) and neutral CCDFg].

Table 10: P1-C1 and P&C1 bond lengths (A) molecul@ 19 and®é.

Molecule di-cationic @) mono-cationic(19) neutral @)
P1-C1 1.81 1.72 1.66
P2C1 1.82 1.71 1.66

From dicationic 8) to monocationic 19) to neutral §) CCDP the PA1bond lengths are
decreasing from 1.81 to 1.72 to 1.A6wnhich properly aligns with the increasing bond order
in P-C bonds. With increasing electron density at center carbon atpmadze electrons are
available for back donation towards vacant-@atnding PCP"orbitals, resulting in decreasing
order of P1C1bond lengths in this seri€>8284|n addition, a nomegligible amount of

electrostatic compression from &nd C must be consideréef!

3.3.2.7 Attempted synthesis of di lithiation of CCDP 6

Previously our group reported dilitiation of hexaphenyl CDRGDP)'®¥ and usedhis as a
pincer type ligand towards different mesaSuch asBe, Bi, Sb and SK®%86% Dye to this
versatile complexation ability dfi.CDP, we want to synthesizeis ortho-dilithiated CCDP
where the rotation of phenyl rings attached with phosphorus atoms can be r@thiseuight

have impact téorm strongeibonds within the metal chelage

c
p— P i P§C§P\Ph

t-BulLi

” Ph~
diethyl ether
78 °C
3h

Scheme35: Attemptedsynthesisof bis ortho-dilithiated CCDP6.
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3 Results and Discussion

CCDP6 reacted with two equiv. afBuli in diethyl etherat-78°C. After keeping the reaction
mixture at the same temperature for 1 hour, it was allowed to reach room temperature slowly
andto stir for another 2 hours at ambient tempera{@eheme35). However, only CCDFS

was recovered by analyzing tA# NMR spectrum. Moreover, higher reaction temperature
and longer reaction time did not help to get the desired prodiieCLP6.

3.3.3 Reactivity of CCDB towards nitrous oxide (N 20)

Hansmanret al*”! showed that hexaphenyl CDP reacts with nitrous ofit#®) to form a
uniquestable diazophosphorus ylide, which is an excellent casbom transfer reagenn

several organic transformatioriScheme36). It reacts with aldehyde acyclic and cyclic

ketones to form alkynes or butatrienesiniermediatevinylidene (RC=C:) formation.

N,O
PhP=Cspph, —— Ph3P:C\\N2 + PhgP=0

Scheme36: Synthesif diazophosphorus ylide by Hansmaetral 7!

However,completeseparation of diazophosphorus ylide from triphenylphosphine oxide was
found to be quite difficult. These results motivhies to explore the 2O reactivity of CCDPs,
where the problem of separating potential diazophosphorus ylide from phosphine oxide can
be resolvedCCDP 4 or CCDP6 was dissolved in toluendéfter applyingthree cyclesof

freezepumpthaw,th e s ol uti on was t hen s a®cbhema37ed wit h

N
Ph.__C._.Ph ¢ o
~ Ph.! 11_Ph
Ph” Ph N20 BB
——>—> Ph Ph
Toluene
- I
16 h
4
N

C Ph fod
P~— —JP< Ph_ // \\ _Ph

Ph” Ph
o} Ph
e ‘%\‘
16 h
Scheme37: Attemptedsynthesisof diazophosphorus ylide from CCBFRand CCDFe.

a7



lI. Six- to EightMembered CCDPs Synthesis and Reactivity

Then the reaction mixture was stirred at an ambient temperature for 16 hours. By analyzing
the 3P NMR spectra of crude reaction mixture decomposition of C&RBRd CCDP6 are

observed.

X8y 3UT OBrdnbidylide £ |

When oxybiq2,1-phenylene)bis(diphenylphosphan®PEPho} was treated with dibromo
methane at 105C for 72 hoursthe synthesis dfiromo methylendis-phosphonium salt2(l)

instead ofa cyclic bis phosphonium sais observedScheme38). This reactivity pattern
deviates from formerly used bphosphine with rigid angel backbone in CCBRynthesis.
Although there were some unidentified products present after workups, major p&&k in
NMR spectra arises at 24.1 ppm most probably belongs to bromo methiggi®sphonium

salt as it matches with literature valuss22.5 ppm(in DMSO-Ds) of [m-CsHa(PPRMe)z]?*
2TfO.11% This different reactivity pattern can be explained with respect to rigidity of the
molecules. Due to its less rigidity, free rotation across the oxygen bond between two phenyl

groups is more feasible, heri2kis obtained as a major product.

Br Br I|3r I|3r
PPh, PPh, C+ C+ HC HC
o CHaBr, H2C-ppn, "2Cppn, 287 KHMDS SPPh,  “PPh,
—_— —_—
neat 0 THF 0
105 °C 20 °C-RT
72h 6h
21 22
H
Ph.,_C
Ph. Ph Ph x /C\ B p— 3p

_P Pl

Ph” o Ph c:str2 i i KHMDS

6

Scheme38: Synthesisof U-bromo bis ylide(22) via bromo methylendis-phosphoniurnrsalt
(21) (top) and synthesis of CCD8Punder similar reaction condition (bottom)

Then bromo methylendis-phosphoniumsalt 21 was reacted with two equivalents of
KHMDS to get theU b r Wisnylide @2) which arises at 19.1 ppfin THF) in 3P NMR
spectra. This data fits well with the reported bis ylideCsHs(PhP"CH2)2] of 19.6 ppm
(THF-Dg).12%! Suitable crystalsomplex22 for X-ray diffraction analysisvere obtained from
saturated THF solutiorMolecule 22 crystalizes in triclinic PL(2) space groumvith Z = 2
(Figure20).
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Figure20: Mo | ecul ar -bromobisyide?2e of U

The RC bond lengths are 2@®) A and 1.70(6), fits with the range of £ bond lengths in
reported ylides (1.6A-1.72 A) but slightly elongated compared t8-C bond lengths in
CCDPs (1.64A-1.66A). The RC-Br bond angles are 114.8(3)° and 112.3(3)°. Selected bond
l engt hs and -framo bis yhde Zp)lare shovnfiTalle11.

Table 11: Selected bond lengths (A) and bond angles (22of

P1-C1 1.705(6) P2C26 1.718(6)
P1-C2 1.803(5) P2C27 1.815(5)
P1-C14 1.808(6) P2C25 1.825(5)
C1-Brl 1.949(6) C26Br2 1.942(6)
P1-C1-Bri 114.8(3) P2-C26:Br2 112.3(3)

3.5 Attempted synthesis of a bis ylide

I n the previous s ebcomo msnylide Z2)hfrem BPERNOshiaebsoms o f
methylenebis-phosphoniunsalt 1) has been investigateHiere, we planned to synthesize

bis ylide from commercially availablBPEPhos Excess methyl iodide (Mel) was reacted
with DPEPhosn THF at 50°C for 16 hours to get methplis-phosphoniunsalt 3) as white

solid in almost 90 % yieldScheme39).
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Ph. / \ Ph _ Ph CH2 HQC\ _Ph
Ph” Ph Mel Ph” P 2 n-BuLi P Pph
+> O
©/ \© THF ©/ Toluene
50 °C -78 °C
16 h 4 h

Scheme39: Attemptedsynthesisof bis ylidevia methylenebis-phosphoniunsalt £3).

Methykbis-phosphoniunsalt £3) was characterized By, *°C, 3P spectroscopynd HRMS.

In the3P NMR spectrum it shows a singleti®.8 ppm in DMSGDs, fits well with the[m-
CeHa(PPRMe))?* 2TfO of 22.5 ppnii®! In the FD(+) spectrum only one fragment can be
observed and identified as molec8. Then themethytbis-phosphoniumsalt 23) was
treated with two equivalents of-BuLi in toluene at-78 ‘C. After keeping the reaction
mixture at the same temperature for 1 hour, it was allowed to reach room temperature slowly
and stir for another 3 hours at an ambient temperdiawever, unselectiveeaction mixture

is observed by analyzingP NMR spectrum.
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4 Summary of Chapter Il

4 Summary of Chapter Il

Chapterll of the present work represents the experimental and theoretical investigations of
new cyclic carbodiphosphoranes (CCDPEBhe synthesis of six severn and eighimembered
CCDPs 4-6) in two steps from commercially available bis phosphiaggemonstratedJsing

DFT calculation detagldinformation aboutheir bonding at carbone center and localization of

0 and ° Ioepairsad athgmolecular orbitals were investigated.

P/ \P\

“ ‘@9‘“

CCDPs act as a strong donor ligand due to the presence tirtejairs of electrons dheir

\//

~PC
Ph \P

carbone centeiThe reactivity patternof sixx-membered CCDR hasbeen exploredOnium
hexafluorophosphat€7), onium chlorometalateadducts 11-12) and Copper monohalide

complexeg8-9) with CCDP4 have been synthesized.

X
H cu H
Ph.__C.+_Ph . Ph.__C.__Ph Ph.__C.+*_Ph
>P* P PR, SPTEPL P77 P
Ph Ph Ph Ph Ph Ph 2-
2
7 X=Cl8 M=Bi1
X=Br9 M=1In12

Among these CCDPs, CCD® was thethermally stable CCDP. Hence, its reactivity was
investigated rigorously towards several metal compkaxis acids For the first time bismuth
complexesof CDPs(16-18) have been synthesizédl toluene or dioxaneHowever, due to
competing highaffinity of CCDPs even after forming metal complexes, they coraetd
their protonateanium metalatecompoundg16a18a) in presence of polar solvent6a-18a

werethe only productebserved when the reactions were performetHF as a solvent.
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BiX3
Ph_ _Ph 1
ph/P§C§P\Ph _ Phy—=Cp Ph
0 BiXs Ph7) T o LPh
O O Toluene/dioxane O O
0°C-RT
16 h

H

Ph C—_ +.Ph

S _— o~ f
ph P~ph )
|

2

X =Cl, 16a

X = Br, 17a

X=1, 18a

Cationic gold (1) and iodonium complexe$5( 20) of CCDP 6 have been synthesized. In
complex 20, four hydrogen bonsl between ortho phenylic hydrogettomsand the iodide
anionwereobservedHence, PC-l bond angle of 108.8° differs from the bond angle 20°)
observed in general sipybridized moleculesAttemptsto synthesize dicationic carlenevia

oxidation of a neutral carbonia 20 wereunsuccessful

PPh,
| +
A |
Ph. __C—_ _Ph _ Ph. G *.Ph _
Ny o— O~ sy o—O— T
R N Cl — ~
ph P ph Pl Ph !
COC COC
15 20

When a less rigid bisphosphine DPEPhos reactetersimilar conditions used for CCDPs
synthesisan U-bromo methylendis-phosphoniunsalt 1) was obtainednstead of cyclic bis
phosphonium saltits dehydrobromation by KHMDS lead tdbromo bis ylide @2). This
different reactivitycompared tdb can be explained due to the free rotation of phenyl groups
in the C"-O-C¥ unit.

i id id id
PPh, PPh, H,C_+ H.C_+ _ HC HC
o CH,Br, Z7>PPh, 27>PPh, 2 Br KHMDS SPPh, = SPPh,
neat 0 THF o
105 °C -20 °C - RT
72h 6h
21 22
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4 Summary of Chapter Il

In summary, the chemistry of cyclic carbodiphosphord@€3DPs) was expanded to include
new ligand systems and their metal complexes, quanhe&micalcalculations, spectroscopic
properties and molecular structur@$ie highproton affinity of CCDPsandeven their metal
complexeswvas faindto be a handicap to act as super strong neutral carbone ligand towards
Lewis acids. In most cases investigatedprGtonation and formation of oniurmetalate

complexes instead of metal organic complexes is observed.
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1 Introduction

lll. P-Cyclopentadienyl Substituted CDPs andTheir Reactivity

1 Introduction

1.1 Ansa-metallocenes

Bentsandwich complexewith bridging atom B connecting both Cp ligarate calledansa
metallocenes They are extensively used in polyrarization catalysis due to their high
selectivity!*%! Their activity and stereoselectivity can be controlled by modifying the ligand
moiety. Both substitutions on the ring system (Cp#], Flu) and as well as at the bridging
group influence the catalytic properties of tmetallocene Ansametallocenepreventsthe

rings from rotating freely anfixes the molecularsymmetry of themetalloceneIn addition,

they increase the electrophilicity and allow reactants to access the metal center through the
bent sandwich geometry. The latin teemsa(ansameaning bent handle, attached at both
ends) was first introduced for bridged ferrocéf8sby Luttringhauset al. The first and
probablythe most famousthylene bridge@nsametallocenes of [KC2(Ind)ZrCl2]1%" were
developed by Brintzinger and Kaminsky et al, where methylene bridged
[Me2C(CpFlu»ZrCl;]*%! were developed by Razaet al. In addition to the large number of

alkyl and silyl bridges, various heteroatomic grdtis(boron, germanium, phosphorus, tin,
arsenic,sulfur andsiloxane) have been investigatasl bridging functionsPlenty of group 4
ansametallocene complexes have been synthesized and utilized as polymerization catalysts.
Several review articles aansametallocens have been reportét?® A typical Ethylene and
methylene bridgedansametalloceneas well as thegeneral ansametallocenemotif are

representeth Figure2l.

Q B = bridging atoms

M = metal

ML,
@ L, = ligands

B

Figure 21 Ethylene and methylene bridgeshsametallocen€s””1%! (top) and general

structual motif of ansametallocenes (bottom).
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1.2 CpPCp ligands andtheir metallation

Although ansametallocenes with a wide variety of bridge atoms have been synthesized and
investigated, complexes with phosphorane bridges and the corresponding \Wwgagliwited

in the literatureln the 1960s and 1970s, only a few phosphonium bridged ferrét&hesre
mentioned. However, tireanalysis of which was not complete due to lack of possibilities.
1998 Brintzingeret all*'! synthesized phosphonium bridgettallocenes of the alkali and
alkali earth metalsfor the first time General syntheticoutes of their pregparation are
representedn Scheme40 and Scheme4l. In route A, he phosphine ligand RP(9p was
obtained by adding RP£to two equiv. of M(CP) (M = alkali metal). The alkylation with
excess alkyl iodideleads to the formation of phosphonium saltfollowed by
dehydrohalogenation with base (KHBuli) resultingin corresponding ylidesRoute A is

ideal for the preparation of two identical Cp derivatives. Most of the CpPCp ligands
synthesized according to route A. Theoretically, it is also possible to introduce various Cp
synthons by successively adding one equiv. of M(@nd one equiv. of M(Cp with one

equiv. of RPCGl. However,mixturesof differently substituted phosphines were obtaireglo

isomers
X Y\ X
+ N N N
M / / \
Cl Rl _R MR _R
P-R + 2 @ — P-R — P ¢
cl __ __ R - Ml __ R
Y -RH
s A a
M = alkali metal Y Y

Scheme40: Representation o€CpPCp ligands synthegigoute A)1*

Route B is ideal for thpreparation of/arious Cp derivativesn this route, monohalogenated
phosphines FPCI reacted with one equiv. of Cp synthon M{Cas a nucleophile to get the
corresponding phosphine2lRCpP). Then the quaternization takes place with a Cp synthon
(Cp)Br, which in this case reacts as an electrophile to giReP(Cp)(Cp?)]. Finally, one
equiv. of base gives the corresponding yliddss route was introduced for the first time by
Rufanovet al*'? for the synthesis ofR:P(Cp)(Flu)]. Our previous eworker Silas Bottger
used this method to synthesize several different CpPCp ligafld3ne disadvantage of this
method is the synthetic effort to access bromo substituted Cp derivatives.
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Br
Y Y\ Y\
2 N
M N |/ / \
cl / / R R
7 V2 - MR Iz
P-R + — +P. Br ——
R P-R SR - Ml SR
Y R - RH -

M = alkali metal
Scheme41: Representation of CpPdigands synthesis (route B}

Several metal complexes, especially alkali and alkaline earth metal complexes of CpPCp
ligands have been investigated thoroughly. The Cppéasium complexes were prepared

by reacting potassium hydride (KH) with phosphonium s&lthémet?2).

Q Q

R R

_ 2KH
+pL AL P K(th),
_{ "R Lj R
% ()
i

X = Cl, Br, |

Scheme42: General synthetic route for CpP@ptassiuncomplexeg!?

The potassium cation is coordinated in solution by the Cp functionalities and by THF
molecules. In some cases, it was not possible to determine how many molecules of THF
coordinated with the potassium metal center. Although, Cphtfassium complexes
investigated thoroughly, its lithium analogues are not so much explored. In our group Silas
Bottger reported CpPGlghium complexes on NMR scale. The CpRIZpium complexes
synthesized via alkane elimination metho&heme43). Therefore, these complexes are
used in-situ in transmetalationwia salt elimination. However, it was not possible to
reproduce it on a larger scale. In contrast to potassium, the amdddard lithium cation was

expected to be less suitable for complexation by monoanionic CpPCp ligand regime.
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_—
S

+ isomer

+

Li(thf),

Scheme43: Synthesis of CpPGlithium complexed®!

Other alkaline earth metals like Ca and Ba were also incorporated into CpPCp comjalexes
the amine elimination routén this method amine precursor and corresponding ylide ligand
reacted to get divalent Ca and Ba complexes with CpPCp liGameinhets).

1,
il
zZ

Me IM(N(SiMeg),) (thf),]  Me.,
Me™

/P\ p (SiMe3)
Me %
+ jsomer M = Ca, Ba

Scheme44: Representation ofMe,P(Cp"®*,M(N(SiMes),)] with amine elimination (M =
Ca, Ba)!*l

1.3 %CDP (X =0, S, Nihd GsHy') ligands and their complexations

Bis substituted CDPs with two extra donor atoms, which are usually heteroatoms containing a
lone pair ofelectronshavegained significant interest towards metamplexesgespeciallyfor

heavier metals Bis(iminophosphorano)methanediide pincer type ligand BIPM [BIPM =
C(PPhNSIiMes);] has been investigated rigorously towards kigkent uranium complexes

by Liddle et all*16 Synthesis of the coordination chemistry  of
bis(thiophosphinoyl)methane dianions ALBHPF) with uranyl (VI) salts have been
investigated by Ephritikhinet al*”) In these complexes four electrons of the formal metal
carbon double bond are provided by the carbone center. Our group reported the synthesis of
bis ortho-dilithiated CDF*¥, where carbon based extra donor atoms are utilized for the
synthesis of different coordination compounds. Selective CDPs with two extra donor atoms

are shown in Scheme 45.
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\\Li///

_ _ Li
RN, NR 7 S P I
Ph—P=~-R—Ph Ph—P==<R—ph Ph—P=<R—~ph
Ph Ph Ph Ph Ph Ph
BIPM S,CDP? Li,CDP

Scheme 45Selective bis substituted CDPs with two extra donor atéfih¥,116.117]

1.4 CpCDPconstrained -geometry-complexes

For the construction of a QP framework, whichmightbe used as a donor functionality in
constrained geometry complexes, the chloefimectional carbodiphosphorane PICPPBCI
has been synthesized according to the follovohemet6. PrPCPPBCI8 was first used
by Appel et al. for the synthesis of amino substituted carbodiphosphordrasr, our
previous ceworker Jasmin Quentit® optimized this multistep reaction for the synthesis of

the chlorinefunctional carbodiphosphoranedPICPPhCI.

PPh,CI ¢ c P(NMe,); C

= + 2
Ph3P—CC|2 _— Ph3p//C\FI)Ph2 Ph3P E:DhZ

Cl
Scheme46: Reportedsynthesis of PPCPPhCI.[118l

In the first step dichloromethylene triphenylphosphotf&fgPhsP=CCLb) is reactedwith an
equivalent amount of PR@I to get exclusivelf{PPRCCIPPR)CI almost in quantitatively.
Finally (PPRCCIPPR)CI was dechlorinated with P(NM) to getthe P-chloro functionalized
carbodiphosphorane ERCPPhCI.

The key step for the synthesis cyclopentadienyl substituted phosphorylideBRPCwas to
incorporate cyclopentadienyl moiety via salt elimination methBtg? CPPhCI reacted with
several different cyclopentadienyl alkali metal salts to get various phosphor@p&sDP).
Alkali cyclopentadienides act as nucleophil&ke elimination of alkalmetal saltswasthe
driving force for these reactions. Synthetcheme and some of the Cp substituted
phosphorylidegCp’CDP) were showrn Schemet?.
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H
/C\ Mpr //C\
PhsP”"SPPh, PhsP lPPh2
Cl
\ 7Y
H H H
H | | |
| //C\ //C\ //C\
. PhsP” " “PPh, PhsP” " “PPh, Ph;P” “PPh,
PhyP” IPPh2 | | |
CpCDP cpMetcDP IndCDP FluCDP

Scheme47: Reportedsynthesis of PfPCHPPhCp’ (CpPCDP)[1

While most of the Cp substituted phosphorylides regidi@ hours of reaction time in diethyl
ether the tetramethyl cyclopentadienyCE"®%) substituted phosphorylide (#$fCDP) which
was most suitable for metal complsynthesigequired 14 days reaction time under reflux in
diethyl ether Hence, optimization of thisynthesisvasnecessary, which will be discussed in

the second part of this chapter.

Among these Cp substituted phosphorylides, dB'®‘CDP reacts with the lanthanum
precursor [Ln(CHSiMez)s(thf)2] (Ln = Sc, Y, Lu) to give alkyl complexes of rare earth
metals with carbodiphosphorane as a donor function in the ligand bacl@uirer(el8).

H
|
/C\ . 1
PhaP” |PPh2 [Ln(CH,SiMe3)s(thf),] thp/?r\ SiMes

Ln--lll
Ec/ N SiMe,

PhsP
Ln=Sc, Y, Lu

Scheme48: Synthesis of alkyl complexes of rare earth metal v@iff¢“CDP.[*19]

Previously our group reporteatat constrained geometry amido complexes with these ligands
were notaccessibl@ue to the unreactive nature of #raidoligands even at elevated reaction
temperaturesThe alkali metal salts of the ligat@p**CDPhavebeen investigatedvhichare

well known for its salt elimination reactions. Li and K salts were obtained from ligands by
reacting withn-Buli and benzyl potassium (BnK) respectively. The lithium complex was very

sensitive to air and moisture while potassioomplexwas thermodynamically morstable
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(Schemed9). However, these alkali metal salts did not react with lanthanide batidards

the desired synthesis obnstraineegeometrycomplexegSchemet9).

H
_C. . PhsP*Cpph \
PhsP” " PPh,  n-BuLi/BnK 3 2 LnCls(thf), Ph,P,

— — o

M = Li, K Ln=Sgc,Y, Lu

Scheme 49: Attempted synthesis of constrained geometry complexes of lanthanide
halides!*!

Previously,the authorinvestigatedonly alkyl complexes of rare earth metals with this tetra
methyl cyclopentadienyl substitutezhrboneligand™*®! Hence it seemed to bevorth to
investigate some other metal complexes with ligend CpM**CDP. Reactivity of this ligand

towards other metal complexes will be discugsdtie secongbart ofthis chapter.

1.5 CLCDPIligand and its reactivity

Here, the synthesis of dichlor substitutedCl.CDP*?Y will be discussed.Cl,CDP was
synthesized from bis(diphenlphosphino)methane (dpgeodrding toAppel et al. Later, its
synthesis was modified by ogroup®!! The details syntheti§chemewill be represented in
the discussion sectioreviously ourgroup attempted to incorporate two cyclopentadienyl
(Cp) units by reacting tofour equiv. of CpNa with CI.CDP. However, instead of bis Cp
substituted CDP, five membered neutral cyclic CDP was obtained. It was fabberved

that only two equiv. o€pNaweresufficient for this conversiorSchemes0).1:1°]

Planned th Pth
ﬂ Na
CI\ /C\ /CI 4 NaC5H5
7 I “Ph
Phph ph A
Ph,R” "PPh
CDPCl, N/ 2 NaCsHs
Observed

Scheme50: Reportedreactivity Cl,CDPwith cyclopentadienyl sodiunCpNg).!*1®!
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H
Cl.__c_ Cl 2 CpNa Ph\P//C\P/Ph
) >~pn, Ph—R" ,”~Ph
PR b ph THF
20 °C - RT
16 h, 55 %
CDPCl, °
CpNa | -NaCl CpNa | -CpH
Ph,
S (H; cl 1,5 cyclization _P )
p~pl -~ ,CH ClI
Ph'bn  prlh P

Schemes1: Plausiblemechanism for cyclic CDP synthesis fr@zCDP.119]

The abovementioned mechanismwas proposedor the cyclic CDP synthesisS¢hemebl).
Probably one equivCpNa reacted as nucleophile to ti&.CDP, here the driving force
possibly was the formation of NaCl. This was followed by a propat rearrangement to the
central PCP unitThen Chlorine was attacked by th@p unit of the intermediately formed
cyclopentadiengphosphoraneand finally second equivCpNa abstracts a proton to form
cyclic CDP. With this ligand coordination chemistry of carbonyl complexes of refractory

metals likechromium, tungsten and molybdenum were investigatéd.
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2 Objective
The aim of the second chapter of this dissertation was to invediigagynthesis odbis and
mono cyclopentadienyl substituted CDPs and using these ligand templatassa

metallocene and constrained geometry comgjgnhesis

In particular, the so far unknown Cp derivatives showB8¢hemes2 were targeted, as they

were expected to be resistant towattts intra molecular cyclization discussed for parent Cp

derivatives.
\/Y Y\/
cl,__c_ Cl Cp'M < -
/FI)/ \?\Ph /C\
Ph'bh  ph M = Li, Na, K /E’/ \?\Ph
Ph
Ph Ph
Iﬁ PP A e
Ph/'.D ph Pt T ph Pt ph Q
Ph Ph Ph Ph Ph  Ph
cpMe4,cDP Ind,CDP Flu,CDP

Schemeb2: Planned synthesis of Cgubstituted CDPs

Further investigation of these ligands towards trgetedsynthesis of carbodiphosphorane
bridgedansametallocenes (CpPCPCpja alkane or amine elimination methods via salt

elimination methodsvas plannedSchemes3).

Y Y

/@ 1) R-M’ Y Y_ /O&
PR\ 2) MX. \/\ /\/ ML, PhoP

oM = — Cs — C—M
Ph,P { salt o Ps o, Alkane/amine  Ph,P <
\R\Y elimination Ph Ph elimination \R\Y

Schemes3: Planned synthesis of CDP bridgagsametallocenes (CpPCPCp)

In the second part of this chaptehe synthesisof mono tetramethyl cyclopentadienyl
substituted CDRCpPCDP)wasrevisited The synthesis ofanstraineegeometrycomplexes
of CpPCDP other than rare earth metedseplannedbe investigated.
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H Y
_C. LicpY _C. ML
PhsP” SPPh, . PhPTPPh, " ppp” N
| | 2°\ /[M]
Cl :
\ 4
YA/ PhsP

Schemeb4: Planned synthesis abnstraineeeometrycomplexeCpPCDP)
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3 Results and Discussion

3.1 Bis cyclopentadienyl substituted CDP and its reactivity
3.1.1 Synthesis

3.1.1.1 Attempted synthesis of CeCDPusing the Appel strategy

Initially, our plan was to synthesize bis Cp substituted COBGDP) using the Appel
methodusedfor the synthesis ohexaphenyl CD®l. Previously, our group reported the
synthesis of bis@yridyl)-tetraphenylcarbodiphosphoréit@ (Py.CDP) using the same
methodology Cyclopentadienyl diphenylphosphine ¢PKp) was synthesizday reacting to
chlorodiphenylphosphine (PE®I) and cyclopentadienyl sodiumCpNg from the reported
proceduré'?®l Due to the presence einylic and allylic regioisomersn PhPCH, it was
further reacted with potassium bis(trimethylsilyl)amide (KHMDS) to gely product of
potassium salt of Cyclopentadienyl diphenylphosphineREpK) @4).22% It shows a singlet
at-17.3 ppm in®P NMR spectrum. PRCpK reacted with carbon tetrachloride (©Ch
DCM for 24 hours at an ambient temperat{8ehemeb5). Thenl,2-epoxy butane was added

to the reaction mixture and stirred for another 3 hours at same conditions. After the veorkup
greensolid was obtained, which shows two singlets4a®2 ppm and 45.9 ppm respectively.
However, in theESI(-) HRMS desired mass fragmentation was absent. Even after several

attempts to purify and identify the green compound using vasiolwventsvasunsuccessful.

1) NaCp
Ether, -30 °C - RT, 16 h . CCly, 1,2 epoxy butane CL cl K
Ph,PCI P @ NIPIeN
2 4. K b C. %
1 "Ph
Ph

2) KHMDS DCM, RT, 24 h PH 1
Toluene, -78 °C, 2 h Ph

24

Schemebs: Attempted synthesis @pCDP.

31p NMR spectra of PRCp, PBPCpK @4) andanunidentified green compound were shown
in Figure21.
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_—

L

T T T T T T T T T T T
-15.0 -155 -16.0 -165 -170 -175 -180 -85 -19.0 -19.5 -20.0
ppm

T T T T T T T T T
47.5 47.0 46.5 46.0 45.5 450 -4.0 -4.5 -5.0 -5.5

Figure 21: 3P NMR spectra(101 MH2 of PhPCp (allylic and vinylic regioisomers)
(bottom), PBPCpK (middle) 24) andanunidentified green compound (top) respectively.

It is suggested that a different synthesis strategy following the Schmidbal{?tstizuld be
followed to give the synthesis of the tar¢@®theme 56).

Q o Q 2 KHMDS q ’
¥ / -
o

Scheme 56Possible synthesis of,KRp,CDP using Schmidbaur Strate§.

At this stagetetramethyl cyclopentadienyl substituted diphenylphosphitfeCpVe4)it24,
was targeted agpotential precursor for thesynthesis of bis Cp substituted CDP
[(PPRCp“e%),C]. PPRCpMe4124l (25) was synthesized as a yellow tllowing the reported
method by reactingchlorodiphenylphosphine and tetramethyl cyclopentadienyl lithium
(LiCpMe%) (Figure 22). PPhCp'®* (25 shows a singlet at152 ppm in the3P NMR
spectrum Thenfollowing the strategy of Appekt all*”! PPhCp“e*wasreacted withcarbon
tetrachloride (CG) in DCM for 24 hours at an ambient temperat®8ehemes7). Thenl,2-
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epoxy butane was added ahe reaction mixture wastirred for another 2 hours at the same
condition. However, the unselective nature of the reaction was observed by antilgZiRy
NMR spectrum.Several attempts by varying solvents, altering reactions conditions did not

give any better results.

LiCpMe4 Q CCly, 1,2 epoxy butane cl
Ph,PCI P <. .
THF, 0 °C - RT, 16 h DCM, RT, 24 h PP ©
|
Ph Ph

25

Schemes7: Attempted synthesis ¢Cp''**,CDPCI|CI.

3P NMR spectra oPPRCpMe4 (25) and its reaction mixture with CQWere showrin Figure
22.

WWMWWWWMWW

T T T T T T T T T T T T T
i 45 40 35 30 25 20 15 10 -10 -15 -20 -25
ppm

Figure 22: 3P NMR spectrg101 MH2) of PPRCpMe* (25) (bottom) and its reaction mixture
with CCL (top) respectively.

3.1.1.2 Synthesis ofbis(chlorodiphenyl) carbodiphosphorane (CkCDB
In the previous section, it has begimownthat Cp substituted phosphgeere not able to
form bis Cp substituted CDP using the Appel methodoldgerefore it wasplanned to
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synthesizebis(chlorodiphenyl)carbodiphosphorari€l,CDP)*21, which might be an ideal
precursor fothe synthesis obis Cp substituted CDP. Appet al. synthesizedC|,CDP*?! for
the first time in 1979Later, our group reported a modified procedure for its synthesng us
Cl.CDP as astarting compoundor the synthesis o$econdgeneration tridentate CDP with
N,C,N donor moiety! CIL,CDP was synthesized from commercially available
bis(diphenylphosphino)methane (dppm) in two stépshe first step, dpprwvasreacted with
n-Buli in presence of TMEDA in toluene at’G andthenaddition of trimethylsilyl chloride
gave {rimethylsilyl)methylenebis(diphenylphosphanejppmTMS). Then the latter was
reactedwith CClL in DCM to get the desirec€Cl>.CDP (26) compoundas beige colored
compound $chemes8).

1) n-BuLi,TMEDA

Ph.__~___Ph Toluene, 0°C-RT, 18 h Si(CHs)s CCly C__c. Cl
PP Ph< _Ph PZ TSP
! ! P P PH | 1 >Ph
Ph Ph 2) TMSCI Loob DCM, RT, 1h Ph  Ph
Toluene, RT, 1 h 26

Schemes8: Synthesis obis(chlorodiphenyBarbodiphosphoran€l,CDP).4H

Spectroscopical data matched with the reported literature s/tudlthough Cl,CDP was
reported earlier, its single crystatrdy structure has not been represented so far. Fortunately,
we were able toget a suitable crystalrom its saturated THF solution. Compoui26

crystalizes in monoclinic space groBd 21/C with Z = 4igure23).

Figure 23: Molecular structure abis(chlorodiphenyl)carbodiphosphora@&.CDP).
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The P1C1 and P2ZC2 bond lengths ir26 are 1.63(2) Aand 1.62(2) A respectively, in a
similar range of FC bond lengths of hephenyl CDE (1.63 A) and bisamino substituted
CDF1'?%1 (1.63A). While, PEC1-P2 bond angle i&6is 127.9 (10)°, more acute compared to
the P1C1-P2 bond angle (133.7°136.5°) of related compoun#$?1?° These observations

can be explained by steric considerations, with chlorine atoms being less bulky than amino or

pyridyl groups in the corresponding substituted CHRnce, PAC1-P2 bond angle i26 is

smaller than that ofther related compounds. Selected bond lengths (A) and bond angles (°)

of CI,CDP (26) are shownn Tablel12.

Table 12 Selected bond lengths (A) and bond angles (°) sEBP @6).

P1-C1
P1-Cl1
P1-C8
P1-C2
P1-C1-P2

1.627(2) P2C1
2.108(5) P2-CI2
1.810(2) P2C14
1.806(2) P2-C20
127.98(10)

1.626(2)
2.107(7)
1.812(1)
1.802(1)

3.1.1.3 Attempted synthesis of CpMe4.CDP

Cl.CDP has beerused for the synthesis of second generatioh €jpstituted CDPSA
bet ween Li CpMe and 713DIC, BIDWed bya s

warming the reaction mixture to room temperature and stirring for 16 hdaveever,only

reacti on

starting material was recovered, probably due to the steric hindranceM&f gEgventing

formation ofthe desired substitution product. Additionally, when the reaction was performed

at elevated temperatynenselective products were obtain&tilemes9).

Cl,__c. Gl LiCpe*
A py C
Phpn  ph THF, -30 °C - 60 °C, 16 h psel

26

7| |
Ph'pn  pPn

Scheme59: Attempted synthesis @p“*%CDP.
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3.1.1.4 Synthesis of ls(indenyldiphenyl)carbodiphosphorane (Ind2CDP) (27) and
bis(fluorenyl diphenyl )carbodiphosphorane (Flu2CDP)(28)

After realizing that nucleophile€pNa and LiCp"** did not produce the desired bis Cp
substituted CDRghe useof alkali metal saltsof higher conger of Cp like indenyl lithium
(IndLi) and fluorenyl lithium (FluLi) as nucleophilegas investigatedrirstly, due to the less
sterically demanding nucleophile of IndLi and Fluldmpared to LiC¥®* and in secondly,
due to the lack of probability of forming cyclic CDP compare€piNa In fluorenyl groups

the formation ofan intramolecular cyclizedompound is not possible due to the presence of
two phenyénegroups attachetb the Cp moiety. Hence, indenyl lithium (IndLi) and fluorenyl
lithium (FluLi) could be ideaprecursordor the synthesis of bis Cp substituted CDR&en

four equivalents of IndLi or FluLi reacted withis(chlorodiphenyl)carbodiphosphorane
(CI.CDP) at-30 'C in THF, immediately a distinct color changed was observed &dight
yellow solution to a purple solution. It was stirred for another 16 hours at treom
temperature. Then the solvent was removed, extracted with toluene to get rid of LiCl and
finally dried in vacuumto obtain lis(indenyl)carbodiphosphoran@énd.CDP) (27) and
bis(fluorenyl)carbodiphosphoran@lu.CDP) (28) as purple solid in 81 % and 76 % yield

fes

respectively $chemes0).

cl. ¢ C 4 IndLi ‘
\P/, \\P: .
Ph'By P P

Ph/Fl)

2N

h

THF, -30 °C - RT, 16 h

26

27
Cl.__c. Gl 4 FluLi Q O
/||3/ |ID\Ph . .
Ph'en  Ph THF, -30 °C - RT, 16 h 5-Csp
Ph” | | >Ph
Ph Ph
2

26

/7

8
Scheme60: Synthesis ofnd.CDP(27) andFlu.CDP (28).

Four equivalents of Indli or Flu-Li were required to get exclusivelnd>CDP (27) and
Flu.CDP @8). When two equivalents ofndLi reacted toCI.CDP (26) under similar
conditions mentioned above, two different products were obtained. Amongdhenf them
was Ind,CDP(27) and the other product appears at & NMR spectra as a singlet in 10.2

ppm in THF. Due to the similar properties, it was not possible to separate these two
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compounds. Even after analyzing tsigectrum of thénigh-resolution mass speotnetry; it
was not possible to identify trede product,for exampleby consideringa potentialcyclic
compound Similar reactivity was observedwhen two equivalents oFluLi reacted with
Cl>CDP (26) under thesame conditions. In this case the unidentified product appears as a
singlet at 91 ppm at a similar rangas in27 (10.2 ppm )3P NMR spectrdrom monitoring
the reaction ofCl,CDP (26) with two and four equivalents of IndLi arfluLi are shownin

Figure24.

| |
At~ e e A RSt et NI i PN et rent s o enats et g6 et b

Cl, c_ Cl

AN

P Ph
Ph Ph

T T T T T T T T T T T T T T T T T T T T T T T T T
275 27.0 26.5 26.0 25.5 25.0 245 24.0 235 23.0 12.0 115 1i.0 105 100 95 9.0 85 &80 75 70 65 6.0 55 50 45 40 3.5
m

Figure 24: 3P NMR spectrd101 MHz THF-Ds) of CI,CDP (26) (bottom) and its reactivity
with two and four equivalents of IndLi (middle) aRtlLi (top).

Ind:CDP(27) and FIuCDP @8) are characterized b¥*P,'H and*3C NMR spectroscopy. In
the ESI(+) mass spectrummolecular iorcan be noticed and identified which corresponds to
[M+H]". However, several attempts to obtain single crystal structur@y ahd 28 were

unsuccessfulThe obtained feather type crystals did not diffract in the XRD analysis

3.1.1.5 Synthesis ofasymmetrically Cp, Cp* substituted CDPs
After the successful synthesislot,CDP(27) and FIuCDP @8), the synthesiof CDPs with

two different Cpsubstituentsvas plannedTwo equivalents of IndLi and two equivalents
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FluLi reacted withCI.CDP (26) at similar reaction conditiores for27 and28. By analyzing

the 3P NMR spectra it was fourthatone singlet a7.7 ppmandtwo doubletswere observed

at 6.4 ppm and 9.8 ppwith coupling constanbf 2Jepis 21.4 Hz(Figure25). After analyzing

ESI (+) mass spectrum, formation of fluorenylindenyl(diphenyl)carbodiphosphorane
Ind(FIu)YCDP (29) andFlu.CDP @8) were confirmed$chemebl).

CI\P//C“P’CI 2 IndLi, 2 FluLi Q O O
PRy PntM THF, -30 °C-RT, 16 h . p-Csp . * . p-Cop ‘
Ph”1 1 Ph Ph“1  1~Ph
Ph Ph Ph Ph
8 9

h
2

h
26 2

Scheme6l: Synthesis ofnd(FIu)CDP (29).

S A O S

T T T T T T T T T T T T T T T T
16 15 14 13 12 11 10 9 8 7 6 E 4 3 2 1 o -1

Figure 25 3P NMR spectra(101 MH2 of Ind(Flu)CDP (29) and Flu;CDP (28) in the

reaction mixture

Interestindy, Ind.CDP(27) did not formas a second by produ¢ience, we can say that Flu
Li reacts faster than IndLi wit€lo,CDP (26) underthe abovementioned conditions. Probably,
in the first step, one equivalentluLi reacts withCI.CDP (26) to giveCI(Flu)CDP and then
either second equivalent &fluLi reacts withCI(FIu)CDP to give Flu.CDP (28) or IndLi
reacts withCI(FIu)CDP to give asymmetric Cp derivative substituteal(FIu)CDP @9).
Similar reactivity was also observed whe&hCDP (26) reacted with IneLi and FluLiin 1:1
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molar ratio, whichresulted in thdormation of Flu.CDP (28) as a major produciVe were
interestedn the synthesis of asymmetric CDP having @pegroupwhile the other will bea

higher congener of Cp. The plan was to reduce the formation of cyclic isomer by introducing
two different nucleophiles. Henc€l.CDPreactedvith different stoichiometric amounts of
CPNaand IndLi(Schemes2).

H
1 CpNa + 1 IndLi & ﬂ CO
Ph,R” "PPh, + c
THF, -30 °C - RT, 16 h / 5-Csp
> ~
Ph"1 1 Ph
Ph  Ph

g -Cspns major minor

2 N :
1 CpNa + 2 IndLi c +  Ph,P” “PPh,
_PTTIP_ /
THF, -30 °C - RT, 16 h Ph” 1 L “Ph
Ph  Ph

major minor
NGRS
p=Sop
Ph”1 1 ~Ph
Ph  Ph

minor
Scheme62: Reactivity ofCI.CDP(26) with differentmolar ratio of Cplaand IndLi

When CiNa and IndLiareused as 1:1 ratio with the reaction witlyCDP(26), cyclic CDP

formed as a major product aht>2CDP formed as a minor product. If the ratio©@pNaand

IndLi are changed to 1:2, thdnd.CDP was obtained as a major product, cyclic CDP as a
minor product and probably a little amount of desired asymmépind)CDP was formed.

Its formation was observed ESI (+) spectraone peak observed and identified as [M*bif
Cp(Ind)CDR The HR-ESI (+) spectraare presented inFigure 26. From the above
observations, wecan say that substitution reactions G1.CDP (26) with different
nucleophiles are unselective, probably due tof#streactionrate The nore nucleophilic
nucleophile reacts faster than the other one if they are present in equimolar amounts in the
reaction mixture. And if we use one nucleophile in excess compared to thetlodéimethe

formation of symmetriproductss unavoidable
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Figure 26: HR-ESI(+) spectra othe reaction mixture containingp(Ind)CDP
3.1.2 Properties

3.1.2.1 UV/Vis spectroscopic analysis ofiInd2CDP(27) and Flu2CDP @8)

F.“/C\\ P‘C°P

I "Ph
Ph

27

The purplecoloredind.CDP(27) and FIuCDP @8) were analyzed via UV/Vis spectroscopy

in THF solution Figure27). Ind2CDP (27) shows absorption maxima at 276 nm, 335 nm and
543 nm in UV/Vis range, hence the absorption maximurf4&nm is responsible for its
purple color. FluCDP (28) shows a similar absorption pattern to that of mole@ie
Flu.CDP (28) shows absorption maxima at 289 nm, 415 nm and 560 nm respectively, slightly
red shifted compared 7. This behavior can be explained by conside@nigrger level of
conjugation inFlu,CDP (28) due to the presence of an extra phengmoiety attached to the

Cp moiety.
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Figure 27: UV/Vis spectraof Ind,CDP(27) and FI4CDP @8) (in THF, ca 10° M).
3.1.3 Reactivity

3.1.3.1 Reactivity of Ind2CDP(27) with NH4PFs

The reaction obne equivalent ammonium hexaftophosphate (NHPFs) with Ind2CDP (27)
at room temperature resultedanimmediate color change from purpleaadarkredsolution.
Then the reaction mixture was stirred for 16 hours at room temperature. After the standard
workupsix membered cyclic CDBO wasobtained as a dark broveolid in 91 % yield. In the
3P NMR spectrait shows twodoubletsat 18.2 ppm and 23 ppmith a2J,, coupling constant
of 18.3 Hz (Figure 28). These data indicate the presence of themically inequivalent
phosphorus atoms in compouB@. This reaction is quite interesting as it forms a nef C
bond in the presence ®fH4+PFs as aproton source When compound0 reacted with one
equiv. of potassium hexamethyldisilazide (KHMDS) surprisingly it gives baalCDP(27)
by breaking that € bond present in the compoud@d(Schemes3).
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NH,PFg
THF, RT, 16 h
/C\
NN KHMDS

P
Ph” 1 I “Ph
Ph Ph THF, -30°C-RT, 3 h

27 30

Scheme63: Reversible formation ofnd.CDP (27) and compound0 via reaction with
NH4PFs and KHMDS respectively.
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Figure 28: 3P NMR spectrg101 MHz THF-Ds) of Ind2CDP (27) (bottom)and compound
30 (top).

Compound30was characterized bBYP,*H, 1*C NMR spectroscoppand HRMSspectrometry
Suitable crystal®f compound30 for X-ray diffraction analysisvere obtainedy layering
saturated THF solution withentane. Compouri@D crystalizes in monoclinic space groBd
21/C with Z = 4 Figure29).
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Figure 29: Molecular structure of compound@), PR wasremovedor clarity.

The P1C1 and P2C2 bond lengths are 1.71 (2) A and 1.70 (2) respectigatyijar to P-C

bond lengths in six membered protonated CCDéscussed in the first chapter.-E1-P2

bond angle is 125.05 ° (10), slightly more obtuse than that-@R2 bond angle in CCDP

7 (118.52 °) probably due to the bulkier indenyl group. The bond length of newly formed
bond C2C11 is 1.55 (3) A, welln accordancavith a C-C single bond. C1-C12 and C14

C19 bond lengths are 1.56 (3) A and 1.53 (3) A respectively. WhileG®16ond length is
1.32 (3) A,in a similar range o GC double bond. Sel&sd bond lengths and bond angles

are summarized in TablkS.

Table 13: Selected bond lengths (A) and bond angles (30of

P1-C1 1.707(2) C2-C10 153(3)
P1-C2 1.867(2) c2-Cl1 1.5493)
P1-C1-P2 125.05(10) C11-C12 1.5593)
P2C1 1.701(2) C11-C19 1.5354)
P2C12 1.8182) C19C18 1.502(3)
C9-C10 1.3223)
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Scheme64: Plausiblemechanism for the reversible formationliod.CDP(27) and compound
30with the reaction with NkPFs and KHMDS respectively.

When IndCDP(27) reactswith NH4PFs, probably it forms protonated COH a(Schemeb4).
Possibly two indenyl moiety come closer and then 1,3 hydrogen shift occlosntcsix
membered cyclic CDBQO, via the transition stat&7b. The tendency to form cyclic CDFom
the reaction o€Cl>.CDPwith CpNahas beemlready discusseifVhen compoun@®0 reacted to
potassium hexamethyldisilazide (KHMDS), probably it formed the comp@@idvia the
formation of30a And finally, after the rearrangement of the proton it gives baddCDP
(27). In this case, acid and based promote@ ®ond formation and € bond breaking

happened in reversible manner.

3.1.3.2 Reactivity of FluzCDP(28) with NH4PFe
The reaction obne equivalent ammonium hexastophosphate (NHPFs) with Flu.CDP(28)

at room temperature resulted in immediate color change from purplggtd brownsolution.
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Then the reaction mixture was stirred for 16 hours at room temperature. After workup
protonated CDRB1 wasobtained as a light brown solid in 93 % yie®themes5).

Q O NH4PFg O ’ O -
Ph Ph Ph Ph
2 3

8

1

Scheme65: Reactivity ofFlu,CDP(28) with NH4PFe.

Compound31 was characterized b¥P, *H, 13C spectroscopyand HRMS. In theé'P NMR
spectra it shows a singlet at 2&pm, suggested formation of a protonated CDP where two
phosphorus atomsre present in a similachemical environment. In the ESI(+) mass
spectrum, one fragment can be noticed and identified which corresponds ' [NFor the
Flu,CDP(28) a distinct assignment of &ffC nucleiwas not possible due to the presence of
two annellatedphenyl ringsat the moiety. Suitable crystaloof compound3l for X-ray
diffraction analysiswere obtained from slow vapor diffusion of pentane iigosaturated
DMF solution. Compoundl crystallizes in monoclinic space gro@pl 21/C with Z = 4
(Figure30). P-C bond length is Z0 (1) A, in a similar range of £ bond lengths (1.74..71

A) of protonated CDRB0. The RC-P bond angle is 130.12 (15) éxpectedly more obtuse
compared to the-B-P bond angld25.05(10)° in protonated cyclic CDBO. This indicates
less rigidity of the moleculeé&elected bond lengths and bond angles are shoWwabie 14.

Figure 30: Molecular structure of compourgd, PFs wasremovedfor clarity.
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Table 14: Selected bond lengths (A) and bond angles (°) of comp8iind

P1C1 1.697(1) P1-C21 1.808(2)
P1-C2 1.854(2) P1-C1-P2 130.12(15)
P1-C15 1.80(2)

3.1.3.3 Synthesis of alkali metal salts of Ind2CDP (27)

As previously mentioned, alkali metal compounds are well known reagents for salt
elimination reactions. In the following it was examinedetyter starting fromn-BuLi and

BnK the corresponding alkali metal compounds based on ligadgSDP(27) and FluCDP

(28) can be obtained. In generakveral resonance structures can be used to describe the
bonding situation in the corresponding alkali metal compountisde€DP(27) and FIuCDP

(28) (Schemeso).

~ ~ ~~ -
/w2Mr\ /\2Mr‘\ /“\2M,f

N
)

o @
+ +

Ph'\DC?Ph
Ph  Ph

Scheme66: Possible resonance structures of alkali metal complexdésde€DP (27) and
Flu.CDP @8).

In order b synthesize the alkali metal compounds, a solutiomaCDP(27) in THF at-78
‘C was reacted withn-Buli or benzyl potassium (BnKjScheme67). After the reaction
mixturewarmed to room temperature, complete conversion was obdayvée NMRin four
hoursto obtainLi2Ind.CDP (32) andK2Ind>CDP (33). Theconversioncan be observely a

colorchange frona purple solution to darked.
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Scheme67: Synthesis of alkali metal complexesInd>CDP (32) andK2Ind>CDP (33).
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Figure 31 3P NMR spectrg101 MHz THF) of Ind2CDP (27) (bottom), Li2Ind.CDP (32)
(middle) andK2Ind>CDP (33) (top).

CompoundsLi2Iind2CDP @2) and K2Ind:CDP @3) are very sensitive to air, moisture and
temperature. In th&P NMR spectraf 32 and 33 show a singlet at5.0 ppm and12.8 ppm
respectively These data arslightly upfield shiftedcompared tahe 3P NMR spectra of 8.3

ppm ofits neutral ligandnd.CDP (27) (Figure31). Phosphorus atomisecome more shielded
because of deprotonation, which in turn can be attributed to negative hyperconjugation.
Hence, upfieldshiftedchemical shift compared to the neutral ligamelre observed. However,

if we keep theLi2Ind2CDP 32) andK2Ind.CDP @3) solution in room temperature in THF for
more than six hours, they gradually abstract prdtom solvents (THF)to give back the
neutral ligandInd.CDP (27). Due to the highsolvent sensitivity isolation andfurther
characterization oti2Ilnd.CDP @2) and K2Ind.CDP @3) were not possibleAttempts to

synthesize alkali metal compounds In8.CDP (27) in nonpolar solvents like toluene and
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diethyl etherwere unsuccessful. These observations are not so surprising, as it is known that

THF drives the salt formation reaction via coordinating alkali metel

3.1.3.4 Synthesis of alkali metal salts of Flu2CDP(28)

Similar synthetic route of alkali metal complexedrad>CDP (27) was used for the synthesis
of LioFlu,CDP (34) andK2FIluCDP (35) from the neutral ligan&lu.CDP (28). A solution of
Flu,CDP (28) in THF at-78 'C reacted withn-Buli or benzyl potassium (BnK). After the
reaction solution warmed to roaiemperature and stirred féour hours to obtaihiFlu,CDP
(34) andK2FIu2CDP @5) (Schemes8).

Q O n-BuLi/BnK O O
Lo Lo O 2w
pCop THF, -78 °C -RT, 4 h p-Cs
Ph” 1 1 >Ph Ph”~ P
Ph  Ph =]

1 “Ph
h Ph

28 M = Li, 34
M=K, 35

Scheme68: Synthesis of alkali metal complexesFlu,CDP (34) andK2Flu,CDP 35).

In the 3P NMR spectra compound 2FIu,CDP (34) shows a singlet at7.8 ppm slightly up
fielded compared td.i2Ind2CDP (32) due tomore shieldedn fluorenyl moiety compared to
indenyl moiety.3P NMR spectra of crude mixture ¢drgetedK FIu,CDP (35) shows a
singlet at 5.7 ppm, suggesting the formatiairlu.CDPwas not possible under these reaction

conditions.

3.1.3.5 Attempted synthesis of ansa-metallocenes via salt elimination reactions

In the following,the preparation ofansametallocene type complexes of alkali earth metals
via salt elimination reactions was examin&themet9). Li and K complexes ofnd.CDP
and as well as Li complex oFlu,CDP were investigated to geinsametallocene type
complexes. The formation of lithium or potassium chloride should be the drivingirficiftie
synthesis. Alkali metal complex@, 33 and34 were synthesizeth situand added dropwise
to the suspension @nhydrousalkali earth metal halides in THRFhen the reaction mixture

was allowed to warm slowly to room temperature @wadstirredfor 16 hours.
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Scheme69: Attempted synthesis adinsametallocene complexesf alkaline earth metals
from Li2Ind2CDP 32), K2Ind2CDP @33) andLi2Flu2CDP (34).

However, by analyzing thé'P NMR spectraof the crude reaction mixture, formation of
neutral liganddndCDP (27), Flu.CDP (28) were confirmed. Different reactioconditions,
including the reaction ir40 “C for 10 hours,did notresult inthe desired productdt was
observed that these alkali metal salts are stable3th’C for at least3-4 days. But
unfortunately, they did not react with metal halides at this temperature. When the reaction
mixture was warmed to room temperature, it abstracts proton anomalously to gives back the
neutral ligandsThere are probably three main reasons why they did not undergo any salt
el imination reactions. Firstly, and possi bl
metal with the conjugated aromatic backbones. Secoifidle analyze the electronic system

in Li2Ind2CDP @2), K2Ind2CDP @33) and LpFIu,CDP 34) ligands, it is obvioushat theyare

very electron rich systemdach Cp derivative can donate six electrons and carbemter

can donate two electrons to the metal center. Hence, these ligands can donate 14 electrons
towards the metal centeFigure 32). And lastly, due tothe steric demand digandsand

metal halidescannot bind with them. However, very bulky uranium metal could potentially

form the desired complexes.
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Figure 32 Possible electron donation bi2Ind2CDP 32), KaoIind.CDP @33) and LpFlu.CDP

(34) towards the metal center.

3.1.3.6 Attempted synthesis of ansametallocenes via amine or alkane eliminations
Starting fromind>CDP @7), FIl,CDP @8) the synthesis cinsametallocene type complexes
using both alkane elimination and amine elimination methagte been investigat¢8cheme

70).
Ph
M(CH,TMS), \
M =Ti, Zr, Y (n = 2-4) N
M—C
CH2Ph) AL
i MDS),

27

M(CH;TMS), %T]P/Ph
M=Ti, Zr, Y (n=2-4)
Ca(CH,Ph), \
Ba(HMDS),

Scheme 70: Attempted synthesis ofinsametallocene complexes via alkane or amine
elimination method fronind.CDP @7), Fll,CDP @8).

Ligands27 and28 and the precursor type Ca(ehy weredissolvedn toluene and heated to
60 °C for 16 hours. The progress of the reaction was determined by monitoriig IR
spectra. No conversion could be determined and higher temperatures ©fa@@ longer
reaction times alsdid not help to forndesired productProbably the large steric demand-of
CH2Ph group limits the reactivity towards ligan2isand28 alsohaving high steric demands.
Implementation of ligand27 and 28 with M(CH2SiMe3)n (M = Ti, Zr, Y) (n = 2, 3) was
carried out in THF and toluene initially at room temperature. After no conversion could be
determined, the reaction mixture was heated up t€%0r 48 hours and the progress of the
reaction was monitored b$*P NMR spectroscopy. However, only staring ligands were
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recovered. Even less bulky Ba(HMDRS) metalation agendid not result inany product

formation.

3.2 Mono cyclopentadienyl substituted CDP and its reactivity

3.2.1 Tetra methyl Cp substituted CDP and its reactivity

For the synthesis of mono Cp derivative substituted CDP, chlorine functional CCOBPR)
(36) was used as a starting compound. Compo@6dvas synthesizettom the procedure
reportedby our previous cavorker JasmirQuentin'® via the following reactiorSchemer1.

PPh,CI ¢ c P(NMey)s Cs
— + 7N
PhsP,=CCl, ——— > PhSP//C\FI,th — " > PhgP E:’hz
Cl
36

Scheme71: Synthesis of chlorine functional CDEICDP) (36).119

Compound36 and equivalent amount of tetramethyl cyclopentadienyl lithium were mixed,
cooled to-78 ‘C and diethyletherwas added to the reaction mixture sloWcheme72).
Then it was allowed to reach RT andr&titfor 16 hours at RT. The progress of the reaction
was monitored by*P NMR spectroscopy. After 16 hours approximatel#@6onversion was
observed. Then it was heatéicst at 40 ‘'C for 24 hours which resulted in almost 80 %
conversion Heaing for another 24 hour¢ed to complete conversiorfFigure 33). After
workup tetramethyl Cp substituted CD&¥( was obtained in 80 % yield as an orange solid.

H
|

. /C\
-Cq CpMeiLi PhsP” “PPh,
PhsP” S PPh, |
Cl ether, -78 °C - 40 °C, 64 h

36 37

Scheme72: Synthesis of tetramethyl Cp substituted CORE*CDP) (37)
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Figure 33 Progress of the reaction of compowgiwith Cp'4Li by 3P NMR spectroscopy
(101 MHz)

CpVe‘CDP @7) was characterized b3P, *H and'*C spectroscopyThis datamatcheswith
previously reported analyticalata®*®! Under modified reaction conditions the reaction time
could be reduced from 14 days to 48 hotrorder b understand the donor ability of central
carbon atomof CpMe*CDP (37) with early transition metal complexes ®f and Zr were

targeted Alkane elimination reactions were carried out as reactive tetraddkiatives MR

can metalate wealCH acidic compounds. Compou8d@ wasdissolved in toluene, cooled to

0 °C and added to thehexane solution oM(CH2SiMes)s (M = Ti, Zr) (Schemer3). Then

the reaction mixture was allowed to reach RT and stir for another 16 hours at same reaction
condition. However, only starting compouBd@ was recovered by analyzing tR# NMR

spectra. These reactions were unsuccessful due to the steric demand of the ligand and as well

as the metal precursors.
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Scheme73: Attempted alkane eliminations reactions with"**CDP @7).

3.2.2 Further reactivity patterns of mono chloro substituted CDP (CICDB (36)

In compounds of the type ErCH-PPh(CsH4) hydrogen is attached to the central carbon
atom making it difficult to coordinate with the metal complexes. It was also shown that the
deprotonation of these mono Cp substituted CDP was quite challenging and even
deprotonated complexes were very much air and moisture sendiénee, we have planned

to introduce heterocyclic moiety as a mono substitution in the carbodiphosphoarane
backbone. In these complexes heteroatoms will form a direct bondhepiosphorus atom.
Mono chloro substituted CDRCICDP) (36) reacts with imidazolium lithium (ImLi) or
sodium pyridine2-olate (PyONa) in diethyktherat -78 ‘C. Then the reaction mixture was
allowed to reach room temperature slowly and stir for another 16 hours. After worknp,
imidazole substituted CDRIMCDP) (38) and mono pyridine-2-olate substituted CDP
(PyOCDP) (39) were obtained in 75 % yield and in 80 % yjekbpectively $chemer4).

//C\\ //C\\
Ph3P ?th PyO-Na //C\ |md-|_| Ph3P FI’PhZ
fe) N PhsP™ = IIDPhQ N
| Ether, -78 °C - RT, 16 h Cl Ether, -78 °C - RT, 16 h «_/7
N~ N
39 36 38

Scheme74: Synthesis ofmCDP (38) andPyOCDP(39).
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Figure 34: 3P NMR spectrg101 MHz THF) of CICDP (36) (bottom),ImCDP (38) (middle)
and Py@DP (39) (top).

In the 3P specis, two doublets were observed for bdthCDP (38) and PyOCDP (39)
(Figure34). Molecule38 shows a doublet in th&P spectra at 2@ ppm and27 ppm with2Jep
coupling constant of 19 Hz. Similarly, moleci8@ showstwo doublets in thé'P spectra at
22.4 ppm and 25.6 ppm respectiveBy compaing the 3P spectra oCpM**CDP (37) with
compounds38 and 39, it is observed thatPPh showsdoublet at around 222 ppm for all
three of these compounds. WhilePh moiety of compound88 and39 showdoublet at low
field compared to th€pM**CDP (37) due to lessshieldedat the phosphorus atorRurther
reactivity and complexation dinCDP (38) and PyOCDP(39) were not investigated due to
the unavailability of carbon tetrachlorid€Cls) which is required in large amounts for the
synthesis of startinGICDP (36). Furthermore, attempts were made to rep@aCh with CBrs
but were not successful eithemCDP (38) is particularly quite interesting as it can be used as
a starting compound for the synthesis of cagmrbore complexes where botlbnecarbene
and carbordonor centersvill be present in the same ligand
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4 Summary of Chapter Il

In the first part of this chapterwve have shown the successful synthesis of bis indenyl
substituted carbodiphosphorangind.CDP) (27) and bis fluorenyl substituted
carbodiphosphoran@Iu.CDP) (28) by reacting di chloro substituted carbodiphosphorane
(CI.CDP) (26) with four equivalents of indenyl lithium (IndLi) and fluorenyl lithium (FluLi)

27

respectively.

Bis indenyl substituted carbodiphosphordied>CDP) (27) undergoes acidase promoted
fully reversible GC bond forming and breaking reactions in presence of ammonium
hexaflworophosphate (NHPFs) and potassium hexamethyldisilazide (KHMDS) respectively.
On the other hand,expected protonated adduct obis fluorenyl substituted
carbodiphosphoran@&lu.CDP) (28) was obtained, when it was reacteith NHsPFs.

NH,PFq
" THF, RT, 16 h
. Pepy KHMDS
Ph THF, - 30 °C - RT, 3 h
27 30

LigandsIind.CDP (27) andFlu.CDP (28) were converted to their corresponding lithium and
potassium complexes by reactimith two equivalents of-BuLi and BnK respectively.

“C @O 2 M(the) ‘ 0
ifthf
5-Csp P//C\\PZL( )
Ph” ' Ph Ph” | I Ph
Ph Ph Ph Ph

M = Li, 32 34
M=K, 33

Finally, the synthesis ofansametallocenesrom both alkali metal complexes and from

neutral ligands via salt eliminations reactions and alkane or amine elimination reactrens

investigated Unfortunately, allthe attempts were unsuccessful, probably due to the steric
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demand of both ligands as well as metal precursors and because of the very electron rich

ligand systemn

In the second part of this chapter, three different mono substituted CDPs of tetramethyl Cp
(37), imidazole 88) and pyridine Dlate 39) substituted CDPs have been synthesized from
chlorine functional CDP GICDP) (36) by reacting tetra methyl cyclopentadienyl lithium
(CpMe4Li), imidazolium lithium (ImLi) and sodium pyridin-olate (PyONa) respectively.

H
//C\ //C\ //C\
PhsP” "~ ~PPh, PhyP” "SPPh, PhsP” SPPh,
N (@] N
W |
N N~
37 38 39

All attemptgo metalate87 with M(CH2SiMes)s (M = Ti, Zr) wereunsuccessfulprobably due

to the steric demands of the ligand and as well as weakgtoton acidity.
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V. P-Imidazol yl Substituted CDPs andTheir Reactivity

1 Introduction

1.1 Bis substituted CDPs and pincer type complexes

Ramirezet al. synthesized hexaphenyl carbodiphosphor@@R)*"! in 1961 from triphenyl
phosphine and dibromomethaire three steps. Since its discovery it has gained a lot of
interest among the researchers, especially about its bonding properties. Detailed discussions
about carbodiphosphoranes were represented in the general introduction section. Later,
researcheraimed at substitutingne or two phenyl groups by differeRtsubstituentandto
investigate how their properties and reactivity changes accordingly. In the previous chapter,
the synthesis of mono and bis Cp substituted CDPs from reported mono and bis chloro CDPs
wereinvestigatedIn this chapter, we will discuss the synthesis of bis substituted CDPs and
their coordination chemistry, where they behave as C,C,C or N,C,N pincer type ligands
towards metal complex formation. Previously, our group reported the synthegis-bfs(2-
pyridyl)-tetraphenylcarbodiphosphordi?@ (Py.CDP) from 2-pyridyldiphenylphosphingn

two steps and investigated its coordination chemistry as a pincer type ligand with different
metal complexesSchemers). One disadvantage of this synthesis is that it requires 8 days of

reaction time fothefirst step.

© o coh Q cl D _ P(NMer)s Q Q
cr
P P PK
\ Ph Ph Ph Ph
=

Scheme75: Reported synthesis &y»CDPby Sundermeyeet al!*??

One year later, Gessnet al. reportedthe P, P-NR; substituted carbodiphosphor&dg and

its unusual trigonal planner coordination with Zn&chemer6). This was synthesized from
bis(diphenylphosphino)methane (dppm) in three steps. In the first step, bromination of dppm
by usingBrz2and subsequent amination with two equivalents of piperidine in presence of three
equivalents of the base trihexylamine (Nk)ebead to the monoprotonated compound. And
finally, deprotonation using potassium hexamethyldisilazide (KHMDS) leads to the synthesis
of diamino substituted CDRn this CDP, carbon center acts as a strondo@or while

nitrogen ators attached with pieridine moiety acts as a weatddos.
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Scheme76: Reported synthesis of diamino substituted ®P~essneet all*?]

Sundermeyeret al. reported the synthesis dfis ortho-lithiated carbodiphosphorafé
(Li.CDP) from hexaphenyl CDP by reacting with two equivneBuLi. Li.CDPis di-anionic
C,C,C pincer type ligand syste(B8cheme77). This ligand system has been used rigorously
towards several main group metals like!@eSn[® Bj,®6] SH571 for complexations.

Ln

Ph. _C n-BuLi ~Lit ML X, M

pZ7SP
Ph” I I
Ph

_Ph i |

Ph T -C~ -

Ph Ph—P=*<R=Ph Ph—P~<3R~ph
Ph Ph Ph Ph

Scheme77: Reported synthesis &f,CDPby Sundermeyegt al64

The same group reported the synthesis of two N,C,N pincer type CDP ligands-bis(3,5
dimethykpyrazolyl)carbodiphosphorafi8  and  bis(pyridin-2-yloxy)carbodiphosphorane
(Schemer8) from dichloro substituted CDRC(;CDP). Thesesecond generation CDPswve

been used for the synthesis of mono antudiear metal complexes.

]
NaO N ZRD\
N\ o c. O Nx N A Cl{__c. Gl k \ l\/l c l\\l /)
@/ ) Ph/Eh e PR,
Phipn P Phpn  ph

Ph

Scheme 78. Reported synthesis of bis(3gtmethylpyrazolyl)carbodiphosphorane and
bis(pyridin-2-yloxy)carbodiphosphorartey Sundermeyeet al*!!

1.2 N-heteroxycyclic carbenes (NHCs)and bis (N-heterocyclic carbene)s

Carbenes are divalent neutral carbon atom containing six electrons in its valen€g®shell.
Carbenes are classified into two different types depending oreteetronic configuratiorf
nonbonding electrons. One is singlet carbene and the other one is triplet carbene. In singlet

carbenes two nehonding electrons are occupied in the same orbital, while for triplet
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carbenes these two electrons are occupied in two différ@mier orbitals. N-heterocyclic
carbenegNHCs) are a special class of singlet carbenes, wheralent carborcenters are
directly attached to at least one nitrogen atom within the heterocyclic moiety. Ardetealgo
synthesized first ever stable “bottleable” carbene with nitrogen heterocycle having bulky
adamantyl group as a substitu€fitSince then, various NHCs have been synthesized and
utilized their reactivity towards transition metals, coordination \withlock elements and as
wel | as organocat al yst-dondud n-gcoeminyghdpeoperties.out st
Several reviews have been written about synthesis and reactivity of INHESBis(N-
heterocyclic carbene)a classof NHCs where two NHCs units are either bridged through
nitrogen atoms or the carbon atoms of the backbone mdiegure 35). However, the
nitrogen bridged bis NHCs provides more flexibility towards its synthesis. These bis NHCs
provide a variety of advantages like increased stability due to the chelate effect, steric
hindrance, flexibility, chirality and orientation of two NK@nit by changing linkers dboy
alteringthe terminal substituents compared to NHCs. Due t@tlowementionedversatility,

bis NHCs have been utilized coordination chemistry of the pd- and fblock metalsandas

organocatalysts for several organic transformatiofis.

/B\
— (/\’,\l ,\\I/X
.C-N

N-C.
/ \

R R

R = substitutents
B = bridging atom or group

Figure 35: General representations of NHCs and bis NHCs
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2 Objective

Although, few bis substituted pincer type N,C,N CDPs have been reported mention in the
introduction. Imidazole substitute CDPs have not been exploredMethave planned to
investigate bis imidazole derivative substituted carbodiphosphoranes from dichloro
substituted carbodiphosphorar@CDP) by reaction withpotassiumimidazole (InK) and
potassiunbenzimidazoleBziK) (Schemer9).

N N~ _N

Cl<_.Cs_.Cl K S =
Ph”1 1 “Ph v pEpl Y
Ph Ph Ph T T ph

Scheme79: Proposed synthesis th-CDP andBzi-CDP.

We also propose that the synthesis of bulky bis perimidine substituted CDP should be
investigated using dichloro substituted carbodiphospho@BREDP) (Schemes0).

Clw__C.__Cl KN /N
P/ \P\
Ph”~ Ph // p
Ph Ph Ph Ih | Ph

SchemeB0: Proposed synthesis Berimic:CDP.

As mentioned in the introduction N,C,N and C,C,C CDP based pincer type ligands reported in
the literature. However, O,C,O pincer type ligands have not explored so far. We planned to
synthesize O,C,O pincer type ligand dimethoxy substituted CDP using dichloro substituted
carbodiphosphoran€>CDP) as a starting materigb¢hemesl).

Cl_.Cy_.Cl NaOMe MeO.__C._.OMe

DA G S N

Ph” Ph Ph"1 1 Ph
Ph  Ph Ph  Ph

Scheme8l: Planned synthesis @iMeCDP.

It will be interesting to study bis imidazole substitute CDPs towards formation cailbone
carbenevia protection of carbon center,-&lkylation and finally triple deprotonation using a
non-nucleophile baseSchemes2).
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\ /
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Scheme82: Proposed synthesis carbonedi-carbene

Hence this desired molecule will have carbene and carbone moiathd¢om the same
compound.This can act as a C,C,C neutral pincer type donor ligaondor properties of bis
imidazole substituted CDPs can be utilized towards bismuth metal complexatbante
83). Bismuth halides are known to form weak bonds with carbene centers.

"= " BiX
- - BiX3 \W s f’
&N\ //C\\ ,N\/ &/ \ / \)
SPPPL
Ph"1 1 Ph P ph
Ph Ph Ph Ph

X=Cl,Br, |

SchemeB3: Proposed BiXcomplexeswith Im2CDP.
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3 Results and Discussion

3.1 Synthesis

3.1.1 Synthesis oflm2CDP(40), Bzi.CDP(41) and Perimid 2CDP(42)

Dichloro substituted carbodiphosphoritHe (CI.CDP) was synthesized from the
bis(diphenylphosphino)methane (dppm) according to the reported proc&hC&P was
used for the synthesis of bis imidazole derivative substitute carbodiphosphdZ&:Gi3P
and potassium imidazole (ImK) or potassium benzimidaz®#gK() or potassium perimidine
(PerimidK) were taken togther cooled to-30 ‘C and THF was added to the reaction mixture.
Then it was allowed to reach room temperature slowly and stir for another 16 hours for the
complete conversion of the reactiohfter removing the solvent, the reaction mixture was
extracted with toluene to get rad KCI and finally dried invacuumto get floppy light brown

to yellow colored bis imidazole substituted CD@mM2CDP) (40), bis benzimidazole
substituted CDRBzi-.CDP) (41) and bis perimidine substituted CQPerimiccCDP) (42) in

90 % 88 %and 82 %yield, respectively $chemes4).

2 ImK NQ\ I‘N
Q\/N\P//C\\P/Nj (40)
Ph” 1 | >Ph

THF, -30 °C - RT, 16 h

Ph
Cl{ _C. Cl

N~ _N
p7Sp. 2 BziK B [~
PR b b Ph N.5.CopN (41)
Ph Ph THF, -30 °C - RT, 16 h Ph 1 Ph
26 Ph  Ph
N N
2 PerimidK 3 @
5 > N.__C.__N (42)
THF, -30 °C-RT, 16 h ~p=epr
7 ~N
Ph”1 1 Ph
Ph  Ph

SchemeB4: Synthesis ofm.CDP (40), Bzi-.CDP (41) andPerimiccCDP (42).

CDPs 40, 41 and 42 were characterized by*P, H and *3C spectroscopyBis imidazole

substituted CDRIm2CDP) (40) shows a singlet a.0 ppm in the*'P NMR spectim, in a

similar range that ofinglet at 8.9 ppm ofeported bis 3sliemthyl pyrazole substituted

CDP While Bzi.CDP (41) shows a singlet at 3.ppm in 3P NMR spectra, slightly

shielded compared ton>CDP (40) due to the presence of extra phenyl moiBgrimicCDP

(42) also shows a singlet at37ppm in3'P NMR spectraThis fits well with the bis imidazole
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substituted CDRIm,CDP) (40). 3P NMR spectra of CDP40, 41 and42 arerepresentedh
Figure36.

|1
A I o= o Py g N P e A o BN A ARSI Nt ettt pusas ot \"WMMW\WWMrMMUW
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ppm

Figure 36: *'P NMR spectrg101 MHz CsDs) of Im,CDP (top) (40), Bzi-.CDP (middle) (41)
andPerimidCDP @2) (bottom)

Suitable crystalof compoundim>CDP (40) for X-ray diffraction analysisvere obtained

from slow vapor diffusion of saturated THF solution at@ Im,CDP (40) crystalizes in
triclinic space group P-1 (2) with Z = 4. Although bis(3,5dimethy}
pyrazolyl)carbodiphosphorane andis(pyridin-2-yloxy)carbodiphosphorangvere reported
earlier, its single crystal XXay structure has not been represented soHawever, they
predicted theanti-position of two substituents due to the repulsive nature of the substituents
via DFT calculationsAnti positioning of two imidazole moiety is observed in the molecular

structure oim>CDP (40) (Figure37).
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Figure 37: Molecular structuref Im>CDP (40).

The P1C1 and PZC2 bond lengths itm2CDP (40) are 1.63(2) Aand1.64(2) A respectively,
in a similar range of & bond lengths of hexaphenyl CB¥(1.63 A),Cl.CDP(26) (1.62 A
and 1.63 A) bisamino substituted CO®% (1.63A). P1-C1-P2 bond angle itmCDP (40) is
126.46 (13)°fits well with P2:C1-P2 bond angle of 127.98 (10) @1.CDP(26). While more
acute compared to the #11-P2 bond angle (1135° - 136.5°) ofbis-amino or bispyridyl
substituted CDB?21251 These can be explained by considering the steric factors(BDP
(40) due to the presence of twimidazole moiety, which are sterically less demanding
compared to the amino moiety or pyridyl moiety in-&mino or bispyridyl substituted CDP.
Selective bond lengti{#&) and bond angle (°) are shownTablel5.

Table 15: Selective bond lengths (&nd bond angle (°) dm,CDP @0).

P1C1 1.628(2) C2-N2 1.307(3)
P2C1 1.635(2) P2-C20 1.811(2)
P1-C1-P2 126.46(13) P2-C26 1.808(2)
P1-C5 1.806(2) P2N3 1.736(2)
P1-C11 1.808(2) N3-C17 1.366(3)
P1-N1 1.742(2) C17-N4 1.307(3)
N1-C2 1.366(3)
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IV. P-Imidazolyl Substituted CDPs and Their Reactivity

3.1.2 Synthesis of mono and bis 3,5dimethyl triazole substituted CDPs (43)(44)

The reactivity of slightly bulkier nucleophile potassium-8igethyl triazoé with Cl.CDP
(26) was investigatedWhen one and two equivalents of potassiumday@ethyl triazoé were
reacted withCI,.CDP (26) in THF -30 ‘C, slowly warmed to RT and stéd for another 16
hours at RT the formation of mono 3;8Bimethyl triazole substituted CDP
[(3,5"®%riazoleCICDP] (43) and bis 3,&imethyl triazole substituted CDP
[(3,5V®%riazoleyCDP] (44) was observe@Schemess).

. ) 2 eq. 3,5M®?triazole-K Cl__c.C 1 eq. 3,5M*?triazole-K N7 N
N ~ lof N—4
f ) //C\\P’\P? THF, 30 °C-RT, 16 h Ph by ppPh THF, 30 °C - RT, 16 h \pLop!
| ! 7 I "Ph
Ph Ph Ph'Ph Ph
44 26 43

Schemes5: Synthesis o(3,5"¢%riazole) CICDP(43) and(3,5'¢riazoleyCDP (44).

In the 3P NMR spectra(3,5"¢%riazole)CICDP (43) shows two doublets with a coupling
constant {Jpp) of 49. 7 Hz fits well with the reported monopyridine substituted CDR €
85 Hz) at-256 ppm and 68 ppm respectivelyFigure 38). Phosphorus attached with ClI
atom shows a doublet spectrum at%ppm due to the electronegativity of Cl atom.
(3,5"¢%riazoleCDP (44) shows a singlet at20.9 ppm in3P NMR spectrum in THF,
moderately shielded compared to bis-8fmethyl pyrazole substituted CO0PyzCDP) (8.9
ppm) or bisimidazolesubstituted CDRIM>CDP) (7 ppm) probably due to the more electron
rich triazole moiety®'P NMR spectra of3,5"¢4riazole)CICDP(43) and(3,5"¢%riazoleyCDP
(44) in THF are represented ifrigure 38. The separation o3 and 44 and collection of

distinct spectroscopitH and**C data sets was not successful
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Figure 38 3P NMR spectrg101 MHz THF) of (3,5"*%riazole)CICDP(43) (bottom) and
(3,5"¢4riazoleCDP (44) (top).

3.1.3 Synthesis of four membered cyclic bis-ylide (45)

As mentioned in the introduction section, there are few C,C,C and N,C,N pincer type CDPs
reported in the literature. However, O,C,O pincer type CDPs are not yet reported so far.
Hence, two equivalents of sodium methoxy (NaOMe) were reacted with one equivalent of
Cl,CDPin THF at-30 ‘C (SchemeB6). After warming the reaction mixture to RT, séid it

for another 16 hours at RTh the 3'P NMR spectrum of the crude reaction mixture shows
presence of starting material and two doublets with same coupling constant of 15.2 18z at 23.
ppm and 5@t ppm respectively. From th&#P NMR spectrathe presence of two different
phosphorus environments was confirmed but further isolation of the compound was not
possible These®'P NMR spectrbdata fit well with di cationic four membered cychis-ylide

(15.7 ppm, 36.3 ppm witha coupling constantof 8 Hz) reportedin our groug'*®l
Fortunately, Suitable crystal$or single crystal Xray measurements were obtained from its
saturated THF solution in RTAfter analyzing the single crystal-May, formation of four

membered cyclibis-ylide (45) wasconfirmed(Figure39).
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Cl__c. C 2 NaOMe MeO, _c_._OMe
~N ~N
Phbn PN THF, -30 °C - RT, 16 h Phbn PN
26
0, Ph
Ph—F  ph
Cl\ //C\\ /Cl 2 NaOMe \C_P/\Ph
PR L bpPh . T Php g
Ph Ph THF, -30 °C - RT, 16 h , “o—Ph
Ph RO
Ph
26 45

SchemeB6: Reactivity ofCI.CDP(26) with two equivalents of NaOMe

Figure 39: Molecular structure of four membered cydbis-ylide (45).

Compound45 crystalizes in monoclinic C 1 2/c space group with Z = 4 in the asymmetric
unit. The P1-C1 and P2C1 bond lengthare 1.74 A, significantly shorter thar€-C single

bond This leads to the conclusion that exocyclic phosphorus atoms are involved in
delocalization of electronéScheme 8). A similar observation waseportedfor di-cationic

four memberedis-ylide formed via dimerization of monchloro substituted CDB*® P1-01

bond length is 1.49 Afit well with the more double bond characketween phosphorus and
oxygen atom.The boundary structures are shown Stheme87 which were already
investigatedn our groupfor the dimerization of mono chloro CDP prodi#éf!
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0, Ph Q) Ph o Ph Q_Ph
h=R  Ph Ph—=R< _Ph Ph—R ., Ph Ph—=R .+ Ph
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Ph- ”:C Ph\P:C ~ Ph\P:C <> Ph—p_ N
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Scheme87: Resonacestructures of foumemberedis-ylide 45.

Considering the possible mechanism of the reaction, in the first step one equiv. of NaOMe
reacts withCI.CDPto substitute one of theCl atom by-OMe moiety (Scheme88). Then
probably dimerization takes place via a [2#§)olar cycloaddition with heado-tail linkages

of the phosphorusarbon double bondsAfter that dicationic species undergoes
rearrangement and followed by elimination of CHto giveneutralfour memberedbis ylide

45,

O\\ /Ph
Ph—PR
CI\ /C\ /Cl NaOMe \ _P/\Ph
Ph/l I\Ph ° Ph\Fl)I_” Ph
Ph Ph THF, 30 °C - RT, 16 h P ‘p\zPh
N
ph O
26 45
NaOMe SN2
-NaCl -2 CH4CI
Cl-
CI\P//C\\P/OMe dimerization Me-\Q\ ’Ph
Ph b " - Ph=R\ . Ph
(C—P~pp,
Ph- -C
/+ Sp—Ph
Ph /P\?)\M
Ph PV
Y.
Cl

Scheme87: Plausible mechanism for the synthesis fonemberedis ylide45.

3.2 Reactivity

3.2.1 Attempted synthesis of carbone-di-carbene from Im2CDP(40)
After the successful synthesis of bis imidazole substituted @BFDP) (40), the synthesis

of carbonedi-carbenestarting from40 was targetedin order to accessarbonedi-carbene
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protection at central carbon is important as it is expected, that the rateneth@lation of
CDP is faster than the rate ofriNethylation(Figure40).

/
@ v Q BT I S R o ST @ s

Ph 21 C -methylation P/ ‘\P N -methylation p/ Cs
Piv Ph  Ph Ph'pn P Phpn  ph

Ph “Ph
40

Figure 40: C-methylation and Nmethylation products dim>CDP (40).

In the first step protection of center carbon atom was performed using?RNrnd
trimethylsilyltrifluoromethanesulfonateTMSOTf ) (Scheme89). Im2CDP (40) reacted with
equiv. amount of NkEPFs in RT for 16 hours resulting in mono protonated bis imidazole
substituted carbodiphosphoarfien.CDP-H]*PFs (46). Although, few minor peaks were also
observed in thé'P NMR spectra, the major peak at 21.6 ppm probably corresponds to the
[Im2CDP-H]"PFs (46). While the reaction oflm,CDP (40) with equiv. amounts of
trimethylsilyltrifluoromethanesulfonate (TMSOTf ) in THF -0 'C resulted in trimethylsilyl
protected bis imidazole substituted CPIM.CDP-SiMes]"OTf (47) exclusively after two
hours.

&7 SsiT /\7 TMSOTF <\N:z . ﬁf/) NH,PFo <\N:z \)

P&, OTf  THE 20°C-RT, 2h PZTSPC THF, RT, 16 h p*
s , a I “Ph f s a Ph
Prv Ph PhP Ph"ph  Ph P pn

47 40 46
SchemeB9: Synthesis oflm2CDP-H]"PFs (46) and[Im2CDP-SiMes]*OTf (47).

But, when the reaction was stirred for another two hours or the solvent was removed to isolate
the compound, theeaction produdbecame first ionic liquid and themionic solid. In the’'P

NMR spectra, it shows a singlet at 48.4 ppm in THF soh@RtNMR spectra ofim2CDP-

H]"PFs (46) and[Im2CDP-SiMe3]"OTf (47) are shown irFigure4l.
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Figure 41. 3P NMR spectra(101 MHz THF) of [Im.CDP-H]*PFs (46) (bottom) and
[Im2CDP-SiMe3] "OTf (47) (top).

[Im.CDP-SiMes]*OTf (47) was reacted with excess methyl iodide (Mel) and excess
methyltrifluoromethanesulfonate (GBTf ) in various solvents likdichloro methane¥CM)

and acetonitrileinder variouseaction conditions including heating at €for up to several
days. Unfortunately, irrach caseonic solid was obtained not soluble in common solvents
(Schemed0).

\ \

<
o Q wor (30 () e Q
C —
s P 30Tf CHsCN, RT-60°C, 48 h P,ﬁ’ ", OTf CH,CN,RT-60°C,48 h p P4 OTf 21

N Ph
Ph  Ph Ph by, PhPh

Ph
PhBh  ph
47

Scheme90: Attempted Nalkylations of [Im2CDP-SiMes]*OTf (47).

3.2.2 Reactivity of N-methyl imidazole with CLCDP(26)

As the protection at central carbon atom and followed by double alkylation of imidazole was
unsuccessful. The synthess of bis Nalkylated CDP starting from dichloro
carbodiphosphoraneC(>CDP) (26) was investigated (Scheme 9026 and Nmethyl
imidazole werereacted at0 "C for 16 hours, a new product was formed which showed two

doublets at 4.3 ppm and 59.9 ppm watboupling constant ofJer = 10 Hz were observed in
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the 3P spectra along with the starting mate(@theme 9). This probably belongs to the
mono Nmethyl imidazole substitutleCDP. However, highetemperaturesr longer reaction

timesleadto unselectiveside reactions

\ g
Cl _Cq Cl N-methyl imidazole - <\/W\+ c +NW\/7 scr
/| L “Ph 7Pl
PA'Ph Ph' " neat, 40°C - 110 °C, 16 h - 48 h PR B, ph
26

Scheme9l: Attempted reaction Nnethyl imidazole withCI,CDP (26).

3.2.3 Reactivity of NHiPFs with Bzi2CDP(41)
In an attempto synthesize carbonedi-carbenetl wasreacted with NHPFsin THF at room
temperature for 16 hourS¢hemed2).

N N N N
N g NH,PF 3 H (/ B
N N 4 © N N
«.Cs NI o PFe
P THF, RT, 16 h P N
h

P P
gl ' ~Ph g I Ph
Ph'ph  ph Phpn P

41
Scheme92: Attempted mono protonation &izi-CDP (41).

3P NMR spectra from the crude mixture shows one sing% ppm and two doublets with
coupling constant of 3 Hz at 21ppm and 25 ppm respectivelyThis unselective formation
of products was also observed in ESI(+) spectra from the reaction mixture in acetonitrile

solvent.

3.2.4 Complexation of BiXs with Im2CDP(40)

Bismuth salts are reported to form weak bonds with the carbene center. Bismuth metal
complexes with coordination with carbone center aremoth explored so faiThe only
reported bismuth trihalide complexes withCDP have been shown independentlyday co

worker EugenSharikow?® and Gilliardet all'®! In the first chapter, it has been shown that
coordination of bismuthmetalswith cyclic carbodiphosphoranes (CCDPs). However, the
stability of these complexes is low as they convert to their corresponding protonated CCDPs
in presence of polar solven®is imidazole substituted CDB{>CDP) (40) was reacted with
bismuth trg halides (BiX, X = Cl, Br and 1) in THF at20 "C. Then the reaction mixture was
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allowed to reach RT and sw&d for another 16 hours at RTA orange to red coled
precipitate wagormed Precipitate was filtered, washed with pentane and drisddoumto
get bismuth ts chloride to bismuth ts iodide coordination complexes of Bis imidazole
substituted CDP in 68 %48), 70 % @9) and 66 % %0) yield, respectively chemed3).

N N N x % x _N
<\/\7 (/J BiX, &\7 - (/J
N, c. N N ¢ N
A THF, -20 °C - RT, 16 h PRl
Ph  Ph Ph'ph  pPh
40 X = Cl, 48

X = Br, 49
X =1, 50

Scheme93: Synthesis of bismuth shalide complexesA@ - 50) of Im2CDP.

Complexes48 i 50 were characterized b3/P, *H and *C NMR spectroscopy. In th&P
NMR spectra bismuth trihalide complexeslo:CDPshow a singlet &7 ppm (X = Cl,48),
36.7 ppm (X = Br,49) and 368 ppm (X = I,50) respectively.Thesedata fit well with the
reported CDP bismuth chloride(Im2CDP-BiClz) (38.4 ppm) and CDP bismuth bromide
(Im,CDP-BiBr3) (38.7 ppm) complexes®'P NMR spectra of complexed48 - 50 are

representeth Figure42.
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Figure 42: 3P NMR spectrg100 MHz,DMSO-Dg) of the reaction product of Big{bottom),
BiBrs (middle) and Bit (top) with Im>CDP @0).

Further attemptsiming at alkylation of these bismuth trihalide complexesirmfCDP to
synthesizecarbonedi-carbenecompounds were unsuccessful probably due to the very low

solubility of these complexes in common solvents.
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4 Summary of Chapter IV

In this chapter, successful synthesis of bis imidazole substituted carbodiphosphorane

(Im2CDP) (40), bis benzimidazole substituted carbodiphosphoi(@zCDP) (41) and bis
perimidine substituted carbodiphosphorafierimidCDP) (42) by reacting to dichloro
substituted carbodiphosphorar@>CDP) (26) with two equivalents of potassium imidazole

(ImK), potassium benzimidazol8Z£iK) and potassium perimidine (PerimidK) respectively.

N
"N N= _N
Cl._.C._.Cl K O =
Ph” 1 Sph = NGNS
Ph Ph NOUS
Ph  Ph
N N
A L L)
Q/ N< // ~ ,N\) N\P//C\\P,N\Q O N\P//C\\P:N
PR P Ph"1  1>Ph Ph"1 1 Ph
Ph  Ph Ph Ph Ph Ph

40

Furthermore, we have synthesized monoprotonatédand trimethyl silyl 47) complex of
bis imidazole substituted carbodiphosphorédmeCDP) (40).

N <!l_ N
Qv 0 S W,
PFe N, __C. -
/P &Ph 6 ) P¢P OTf
| | | |
PR ph  pPh Phph  pPn
46 47

However, further alkylation from complexd$ and47 towards the synthesis carbonedi-
carbenavas not possible due to the formation of ionic solid during alkylabamor abilities

of bis imidazole substituted carbodiphosphoréime.CDP) (40) were investigated towards

bismuth trihalide complexation with center carbon atom. It was possible to synthesize bismuth

tris chloride @8), bismuth trs bromide @9) and bismuth ts iodide 60) complexes of bis
imidazole substituted carbodiphosphoréine.CDP) (40).

</vC|\ | C| \7 </WBI‘\ | BF(J </W |\ ' /| (J
/ > / / > /\ / \P/\
A Bsp AP py AR py
Ph'Bh  Ph Ph'ph  pPh Ph'ph  pPh
48 49 50
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V. General Summary

Synthesis, Properties and Reactivity of Functional Carbodiphosphoranes
(CDPs): From Cyclic toP-Cyclopentadienyl andP-Imidazolyl Substituted
CDPs.

The present Thesis expands our knowledge abeluin®ionalized carbodiphosphoranes
(CDPs), a class of phosphorus ylides displaying two highly basic and nucleophilic electron
lone pairs at the central carbon atorhey are called carbones in contrast to carbenes, their

onelone-pair counterparts.

Chapter 1l is devoted to the isolationreégw cyclic CDPs, refeedto as CCDPs. In literature,
only a few CCDPs have been described, predominantly with a more flexible aliphatic
backbone compatible with a rather flexible central P=C=P unit, Seven and eight
membered cyclic carbodiphosphoranes (CCDR<j) (with conjugated aromatic backbones
were synthesized from a route originally developed by Schmidbaur fecywtin CDPs.

H —
h CH,Br, Ph\+/Ci+/PrT| 2 Br KHMDS Ph\P//C\\ _Ph

Ph\P P/P
HANAL @) 1\
Ph U Ph

Phu Ph

Ph.__C. _Ph Ph. . _Ph Ph” Ph
P~ ~PJ “prIpl
Ph” Ph Ph/Pi Pi\Ph O 0o O
4 5 6
. & « B .
. @ @« “‘“ Poe :, : ®
@ @ @ ‘bﬁist‘e o g e gl
. ; o o e .?'
e @t -
oo .y ST,
@ @ @ ? @
HOMO (-4.606 eV) HOM@X731 eV) HOMQX(656 eV)

As anticipated, quantum chemical calculations (O. A. Kleykamp) on these CCDPs reveal two
formally doubly occupied frontier orbitals at the central carbon atom, ose(BOMO-1)

and one op symmetry (HOMO).
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Among these CCDPs, eightembered6 was the thermally most stable one. Hence, its
reactivity to act as ligand in organometallic complexes was investigated.-dig#adic
bismuth complexes of the tyddé-18 have been synthesized. However, due to the still very
high proton affinity of the coordinated carbon center, these complexes tend to convert slowly
to protonated ligand onium halogenomiettd complexed&6a-18a when dissolved in dipolar
aprotic solvents such as THHE6a and 18a were characterized by single crystatray

diffraction (XRD) analysis.

BiXs H
Ph Ph T
;P§C§P: _ Ph.___-C~__.Ph Ph\P§C\+:Ph
Ph . Ph BiX3 ph- T “Pspp Ph” Ph
2_
00 T ey Tl |
2
6 X =Cl, 16 X =Cl, 16a
X =Br, 17 X =Br, 17a
X=1 18 X=1, 18a

The reactivity study 06 also incorporated coinage metal halides and their adducts, e.g. [CI
Au-PPh]. The latter forms cationic complex6)@Au-PPh|CI (15), isolobally related to the
protonated onium chloride.

PPh
s:;PéC§P:Z: Ph Aéu pn 1 G
[CI-Au-PPhy] sp—C—pr
D - ™ ”
O
6 15

When CCDF6 reacts with iodine, iodonium s&0 with iodide as counter anion is formed. In

the solid state structure, this iodide forms weak hydrogen bonds withplf@mylic ortho-

hydrogen atoms forcing the other carbon bonded iodine atom into a rather unusual
conformation perpendicular to the-Chydragere def i
bonds.

. Phll Ph\;,/C\;,/Ph_I 2 SbFe
AgSbFg Ph~ g “Ph

6 20 20a

Carbone dicationic Carbene
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20 was synthesized, as it was the starting material for a proposed iodide abstraction reaction
involving AgSbFks. The aim was to oxidize the carbo@eo the target, a dicationic carbene

203, stabilized by an intramolecular doraxceptor interactionjia the sequence of oxidative
addition of b and abstraction of two lons. Unfortunately, the carbon bound iodine was too
covalently bonded in its character and could not be abstracted by AgBid-carboné

carbene interconversion remains a matter of a scientific vision.

Interestingly, when DPEPhos as less rigid bisphosphine is reacted under similar conditions
used for CCDPs synthesis, a-pisosphonium saf21 instead of cyclic bis phosphonium salt

is obtained. Its deprotonation leads to a rare exampla Bftmomo phosphorous ylid22, a
carbanion carrying a bromo substituent. The deviating reaction path can be explained by the

free rotation in the TO-C* unit of A does not preseim the rigid bis phosphine precurddr

?I‘ ?r _| 2Br ?r ?r
PPh, PPh; H,C.*  H,C.* r HC HC
CHaBrp 2¥~pph, 27 PPh, KHMDS SPPh, “PPh,
0 _— —_—
o) o
A 21 22
Phos %+ pn]2Br Phap —Cpp PN
Ph. _Ph p— O} i
P P<pn Ph” Ph o
o CH,Br, o KHMDS
1D (LI
B 3 6
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V. General Summary

Chapter 1l is devoted to the synthesis of functionalized derivatives of classical hexaphenyl
carbodiphosphorane, where one or two phenyl substituents are formally replaced by aromatic

cyclopentadienyl anions.

QQ @Q CLD

Ph'p, Ph'pp, Ph’pr,

CpYCDP CpY,CDP

Y

B

Ph2P>C/M\’L ll/C_M\X
L7 X Ph,P
Ph;P 2 \é}}

Y
C D

This ligand design might allow the synthesis of either unexplored constigeoedetry CpP-
Carbonechelate complexe€ or unknown CpP-CarboneP-Cp pincer ligands and their bent
ansametallocene carbone complex2s

Previous studies had already proven that chloro functionalized ca2batid not react with

CpLi or CpNa leading to a biSp substituted carbone. Intramolecular dominater
intermolecular reaction steps. In this Thesis, it was proven that benzannulated derivatives
IndLi and FluLi follow the desired reaction path of nucleophilic substitution at bath P

bonds with formation of target molecul2gand28.

‘ CO 4 IndLi cl. ¢ G 4 FluLi Q O
- Terell T,
_Cs A ph

ZuN Ph
e A Gt
27 26

27 and28 are CHacidic and basic at the same time, thus opening surprising reaction patterns
without precedence: Protonation of #@DP (27) by NHiPFs leads to an unprecedented
reversible GC bond coupling reaction t80, while deprotonation 080 by KHMDS leads to

fully reversible CC bond cleavage and quantitative recovery of starting magitial
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0O

| KHMDS

27

In sharp contrast, bis fluorenyl substituteld>.CDP (28) is protonated at the central carbon

atom by NHPFs without any CC coupling and cyclization.

| PFe.

With respect to the expected &didity of 27 and28, their lithium and potassium complexes
32 - 34 were obtained by reaction with two equivalentsneéBuLi and BnK, respectively.
These highly electrorich alkali metal salts are only stable bele®® 'C in THF and slowly
convert back to the neutral ligands upon wagnip their solutions to room temperature.
Attempts to stabilize these carbon dianions by transmetallation reactions wity) BigCll
and CaCJ, containing more electron poor dications or even witndtal Lewis acids such as
TiCls and ZrC} failed. On the other hand, metal alkyls such ass,THRRs (R = CH:SiMes)
failed to deprotonate the Gétidic ligands, probably a matter of low kinetcidity and

basicity of the acid and base.

” 2 e é . 2L+(thf)

M = Li, 32 34
M=K, 33

As ansametallocenes seemed to be not the privileged structural ligand motives, the synthesis
of monotetramethylcyclopentadienyl substituted COE was reinvestigated. A more
convenient synthesis was developed and a preliminary study to use it as conggamedtry

ligand in related complexes is presented. In addition, other donor functionalities such as in
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V. General Summary

imidazolyl (38) and pyridine Dlate B9) substituted CDPs have been realized starting from
monaochloro functional CICDP @6) and reacting it with Nithio-imidazole (ImLi) and

sodium pyridine2-olate(PyON3, respectively.

H
_C. _C. _C.
PhsP” " PPh; PhsP” “PPh, PhsP” "~PPh,
(Nj ° S
N N~
37 38 39

This success in-Rinctionalization encouraged investigations described in Chapter IV of this
Thesis. Starting from previously describ&,CDP (26), bis N-imidazolyl substituted
Im>CDP (40), bis Nbenzimidazolyl Bzi.CDP (41) and bis Nperimidinyl substituted
PerimideCDP (42) were synthesizeda reaction with Npotassium nucleophiles.

N
LY
“~N N N
Clw__C._.Cl K S I43
PR ph = v Nplp N
Ph  Ph Ph"1 1 >Ph

40 2

Ph Ph
N N
Y O s OO )
N N._.Csip-N NopCop N
Phh oPh Phh  ph PRl LPh
Ph  Ph Ph  Ph Ph Ph
M 4

The strategy beyond isolation of these-ldimidazole derivatives was to evaluateysible
reaction paths towards the synthesis of so far unknown cadarabene pincer ligands of

typeF.
T2x R R
N N R R \ /
C0) = RX N N+ KHMDS N-c: :cN
NG N e TN Y R e R
P7h P e NpCop N Ten . Rpn”
Ph” 1 1 “Ph
Ph Ph Ph Ph
E F

Carbone Carbone-di-carbene

In order to overcome the dilemma, thatnithylation and @nethylation at40-42 are
competing reaction paths leading to unselective transformations, a reversible masking strategy
of the overall dominating @Qucleophilicity was followed and monoprotonaigias well as

C-TMS protected47 were synthesizedJnfortunately, all attempts to direct alkylations with
various alkylation agents such as Mel and MeOTf towards the imidazateris failed. The

same applies for attempts to replace chlorine in ba@h fanctionalities in GICDP by neutral
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supernucleophile Nmethyl imidazole The envisaged dicationic biwidazolium (E)

precursor towards a carbedecarbene could not be isolated.

PFs oTf
N Ny g M NS o,
v Wl 3 W il Bl

N.__c._N N, _c__N N _c_ N

S ph A ey R Bspy
Ph'Bh  Ph Ph'Bh  Ph Phph  Ph
46 47 X = Cl, 48
X =Br, 49
X =1,50

Bismuth trihalide complexes of bis imidazole substituted carbodiphosph@nas@DP) (40)
have been successfully synthesiZéde aim beyond the isolation of these complexes was to
investigate further alkylation reactions in pursuit of synthesizing previously unknown
carbonédi-carbene pincer ligand§). However, subsequeatkylation of compound#18i 50

wasunsuccessful.

In summary, the ligand design focused on developing cyclic CDP frameworks featuring six
to eightmembered rings, as well asclPclopentadienyland Rimidazolyl-substituted CDPs.
Structural modifications were aimed at tuning the electronic and steric environment around
the carbone center to enhantteir pincer typebehaviour These tailored CDP ligands

exhibited distinct donor properties and some unprecedented reactivity patterns.
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VI. Zusammenfassung

Synthese, Eigenschaften und Reaktivitat von funktionellen
Carbodiphosphoranen (CDPs): Von cyclischenPz0yclopentadienyl und P-

Imidazoyl-substituierten CDPs.

Die vorliegende Arbeit erweitert unser Wissen uUbdurktionalisierte Carbodiphosphorane
(CDPs), eine Klasse von Phosphoryliden, die zwei stark basische und nukldogieile
ElektronenPaare am zentralen Kohlenstoffatom aufweisen. Im Gegensatz zu Carbenen, ihren

Gegenstiicken mit einefreien ElectronPaar, werden sie als Carbone bezeichnet.

Kapitel 1l befasst sich mit derSynthese cyclischer CDPs, (CCDPs) und deren
Charakterisierung. Dazu sind bislang nur wenige Beispiele bekannt, vorwiegend mit einem
flexibleren aliphatischen Grundgerist, das mit einer eher flexiblen zentralen H=iQlvdit
kompatibel ist. Sechssieber und achtgliedrige cyclische Carbegahosphorane (CCDPs3-(

6) mit konjugierten aromatischen Ruckgrat wurden nach einem urspriinglich von Schmidbaur

fur nichtcyclische CDPs entwickelten Verfahren synthetisiert.

H

2 . ~-Cx
Ph:P |D:Ph CH,Br, Ph\E/C\E,Ph_l 2 Br KHMDS E::P/C\P:E:
AN PR P N
Ph c Ph
N — o~ -
Ph.__C._.Ph Ph. _c_ _Ph ph T T=P>pp
Ph” “Ph Ph/Pi Pi\Ph O © O
4 5 6
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“ . ~“ﬁ0§ &
e & 1 Wy e Tyt s
¢« T ‘j" ‘ : C-o ‘?’
R 7
6o o o ¥ Ny io YDt e
e e e y 22t I
HOMO (-4.606 eV) HOMG&(731 eV) HOMOA(656 eV)

QuantenchemischRechnungen (O. A. Kleykamp) an diesen CCDHenbarerzwei formal
doppelt besetzte Grenzorbitale am zentralen Kohlenstoffatom, eines-8Byimmetrie
(HOMO-1) und eines mip-Symmetrie (HOMO).

Unter diesen war das achtgliedrig®CDP 6 thermisch am stabilsten. Daher wurde seine
Reaktivitat als Ligand in metallorganischen Komplexen untersucht. Es wurden
metallorganischeBismutkomplexe vom Typl6-18 erfolgreich synthetisiert. Aufgrund der
immer noch sehr hohen Protonenaffinitat des koordinierten Kohlenstoffzentrums neigen diese
Komplexe jedoch dazu, sich langsam in protonierte Liganadim-Halogenometallat
Komplexe 16a-18a umzuwandeln, wenn sie in dipolaren aprotischen Losungsmitteln wie

THF gelost werderil6aund 18awurden durctKristallstrukturanalyse (XRD) charakterisiert.

P B|X3
P/ \P\ Ph _—C—_x Ph
P BIX3 h P,/ \ P/ P\Ph ,
2
X =Cl, 16 X =_Cl, 16a
X =Br, 17 X =Br, 17a
X=1 18 X=1, 18a

Die Reaktivitatsstudie vof umfasste Minzmetallhalogenide und deren Addukte, z. B. [CI
Au-PPh)]. Letzteres bildet den kationischen Komple&)Ku-PPh]CI (15), der isoldal zum
protonierten Oniumchlorid ist.

PPhs
Ph;Pécépiph oh Au Ph_|+CI_
Ph o Ph [cl-Au-PPhy] pCrpr

DO g
Cr0)
6 15

Wenn CCDP6 mit lod reagiert, entsteht lodoniums&@ mit lodid als Gegenanion. In der

Festkorperstruktur bildet dieses lodid schwache Wasserstoffbriickenbindungen mit vier ortho

116



VI. Zusammenfassung

Wasserstoffatomen der Phenylgruppevodurch das andere, an Kohlenstoff gebundene
lodatom in eine eher ungewdhnliche Konformation senkrecht zur Ebene gezwungen wird, die
durch das | odi d-CoMasserssofbrickenbindungen deffingert istH

Ph.+ —_+,Ph | 2 SbFs

P/? PL
AgSbFg Ph” i\ Ph
20a

Carbone dicationic Carbene

20 wurde synthetisiert, da es das Ausgangsmaterial fir ejeplate lodid-
Abstraktionsreaktion mit AgSkRvar. Das Ziel war es, das Carb®zu einem dikationischen
Carben20a zu oxidieren, das durch eine intramolekulare DeNieptorWechselwirkung
stabilisiert wrd. Die Oxidation solltdiber die Sequenz der oxidativen Addition veand der
Abstraktion von zweiddidionen erfolgenDas an Kohlenstoff gebundene listizu allerdings
kovalent gebunden und konnte nicht durch Agssiddstrahiert werden. Die Umwandlung von

Carbon zu Carben bleibt eine Frage der wissenschaftlichen Vision.

Interessanterweise erhalt man, wenn DPEPhos als weniger starres Bisphosphin unter
ahnlichen Bedingungen wie bei der CGBitnthese umgesetzt wird, anstelle eines cyclischen
Bisphosphoniumsalzes ein Bisphosphoniumsilz Seine Deprotonierung filhrt zu einem
seltenen Beispiel fiir eittBromphosphorylid22, einembromsubstituenten Carbanion. Der
abweichende Reaktionsweg lasst sich durch die freie Rotation irfd@r@" Einheit vonA

erklaren, die in dem starren BisphospKiorlauferB nicht vorhanden ist.
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?r Br _|287 Br I|3r
PPh PPh r

20 2 cHpBr,  MCopp HaC. “PPh, KHMDS HC‘Pth HCsppn,

(0] (0]

A 21 22
P Ph.: /c\+ P 1280 PP p—=Coep ™
P Ph” Ph Ph o Ph
CHzBrz ‘;g‘ KHMDS O O

6

Kapitel 11l befasst sich mit der Synthese funktionalisierter Derivate des klassischen

Hexaphenylcarbodiphosphosarbei denen ein oder zwei Phenylsubstituenten formal durch

aromatische Cyclopentadienylanionen ersetzt werden.

QQ QQ CLD

/ | 4 |
PR pn Ph"ph Ph'pr,
CpYCDP CpY,CDP
Y
=" Lz
Ph,P, L PhoR L
N\ M- 1C—M?
L7 X Ph,P X
PhyP \Q
Y
c D

Dieses Ligandendesign konnte die Synthese von entweder unerforschife«Catipone
ChelatKomplexenC mit eingeschrankter Geometrie oder unbekanntet-CarboneP-Cp-
Zangenliganden und deransaMetallocenCarbonkomplexe® ermdglichen.

Frihere Studien hatten bereits gezeigt, diess P,Rchlorfunktionalisierte Carbo26 mit

CpLi oder CpNanicht zu einemP,P=-bis-Cp-substituierten Carbon fuhrt. Intramolekulare
Reaktionsschritte dominieren gegentber intermolekularen. In dieser Arbeit wurde
nachgewiesen, dass die benzanellierten Derivate IndLi und FluLi den gewinschten
Reaktionsweg der nukleophilen Substitution an beide@l-Bindungen mit Bildung der

Zielmolekile27 und 28 verfolgen.
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4 IndLi cl._c. C 4 FluLi Q O
- TeTe
e s s
PZSP Phen  Ph O ~pLops Q
PRI 1 Ph
Ph Ph
2

Ph” 1 1 "Ph
Ph Ph

27 26 8

27 und 28 sind gleichzeitig CHacide und basisch, wodurch tberraschende Reaktionsmuster
ohne Prazedenzfall erdffnet werden: Die Protonierung vos€CIDB @7) durch NHPFs fuhrt

zu einer beispiellosen reversiblen-GzBindungskopplungsreaktion z@0, wéahrend die
Deprotonierung von 30 durch KHMDS zu einer vollstandig reversiblen -G2

Bindungsspaltung und einer quantitativen Rickgewinnung des Ausgangsmatfidis.

27

Im Gegensatz dazu wird das dfiisorenylsubstituierte FRCDP @8) durch NHPF am

zentralen Kohlenstoffatom protoniert, ohne dass es zu ex@KGpplung und Zyklisierung

NH,PFg H PFo
28 31

Aus den schwache@H-Saure 27 und 28 wurden ihre Lithium und Kaliumkomplexe2i 34

kommt.

durch Reaktion mit zwei Aquivalentem-BuLi bzw. BnK erhalten. Dieseextrem
elektronenreichen Metallorganyle sind nur unt2® 'C in THF stabil und zerfallen bei
Erwarmung ihres Gemischés THF auf Raumtemperatur langsam wiedsmm protoniert
Liganden Versuche, diese Kohlenstoffdianionen durch Transmetallierungsreaktionen mit
BaCk, MgClL und CaCy, die elektronenarmere Dikationen enthalten, oder sogar it d
Metall-Lewis-Sauren wie TiGl und ZrClk zu stabilisieren, bében erfolglos. Andererseits
konnten Metallalkyle wie TiR ZrRs (R = CHSiMes) die CHaciden Liganden nicht
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deprotonieren, was wahrscheinlich auf die geringe kinetigahditat bzw. Basizitat der

Saure und Base zurlickzufihren ist.

@ 2 M(thf) 2 Li'(thf)
Bt ” Crp )

M = Li, 32 34
M=K, 33

Da ansaMetallocene offenbar nichein privilegiertes Ligandenmotivdastellen wurde die
Synthese von montetramethylcyclopentadiemgubstituiertem CDRB7 vertieft untersucht.

Es wurde eine bequemere Synthese entwickelt und eine vorlaufige Studie zu seiner
Verwendung als Ligand mit eingeschrankter Geometrie in verwandten Komplexen
vorgestellt. Dartuber hinaus wurden andBrBonorfunktionalitdtenin Imidazoly! (38) und
Pyridin-2-olat (39) substituierta CDPs realisiert Diese wurdenausgehend vommono
chlorfunktionellem CICDP 36) und dessen Reaktion mit-INthio-imidazol (ImLi) bzw.
Natrium-Pyridin-2-olat (PyON3g erhalten

H
_C. _C. _Ce
PhsP IPPh2 PhsP \Pth PhyP”"PPh,
1 S
\J I
N N~
37 38 39

Dieser Erfolg bei der #unktionalisierung gab den Ansto3 zu den in Kapitel IV dieser Arbeit
beschriebenen Untersuchungen. Ausgehend von dem zuvor beschriebe@GBxir (@6)
wurden bisN-imidazolytsubstituiertes IR’CDP @0), bisN-benzimidazolysubstituiertes
Bzi,CDP @1) und bisN-perimidinsubstituiertes PerimyDP @2) durch Reaktion mit
Kalium salzen diesBl- Nukleophile synthetisiert.

-N
LY
SN N N
Cl<__C._.Cl K S I4‘>
Ph/FI)/ P\Ph —_— \v,N\P//C\\P/N\V’
Ph  Ph Ph” | |\Ph

Ph
N N
B [~
Q\/N\P//C\\P/N\/) Cs /
Ph"1 1 Ph P Ph ' Ph
Ph Ph

40
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Die Strategie hinter der Isolierung die$es-N-imidazolyl-Derivate bestand darin, mdgliche
Reaktionswege zur Synthese bisher unbekannter KohlemstafbenChelat liganden vom

Typ E zu evaluieren.

T2x R R

N N R R \ /
A [ RX N N KHMDS N-c: :c-N
N /N\ /C\ ,N\ 4 —_— ;T F \ I I | 1 >
~ S Z ~ < > \v’N\ //C\\ ,N\\/’

Ph/IIDh ph" Mg Cop N- Ph"1 1 Ph
Ph™1 | “Ph
bh Ph Ph Ph
E

Carbone Carbone-di-carbene

Um das Problem zu Uberwinden, dass-Methylierung und @Methylierung bei40-42
konkurrierende Reaktionswege sind, die zu unselektiven Umwandlungen fiihren, wurde eine
reversible Maskierungsstrategie der insgesamt dominierengduki@ophilie verfolgt und
sowohl monoprotonierte46 als auch €TMS-geschitzte©niumsalz47 synthetisiert. Leider
schlugen alle Versuche fehdie Alkylierungen mit verschiedenen Alkylierungsmitteln wie

Mel und MeOTf auf die ImidazeN-Atome zu lenken. Gleiches gilt fir Versuche, Chlor in
beiden PCI-Funktionalitaten in CICDP durch das neutrale SuperNukleophil N
methylimidazolzu ersetzen. Der angestrebte dikationidakdmidazoliumVorlaufer fur ein

CarboneDi-Carben konnte nicht isoliert werden.

N N |PFe N | N |OTE N N
S = Xy Na: & B . =
Si BiX
W a2 W3 >l
Ph'ph pn " Ph'ph  pn " Ph'Bn  pp"
46 47 X =Cl, 48
X = Br, 49
X=1,50
Bismuthalogenid-Komplexe vorbisimidazoll-substituiertem Carbodiphosphoran

(Im2CDP) @0) wurden erfolgreich synthetisiert. Das Ziel Uber die Isolierung dieser Komplexe
hinaus war es, weitere Alkylierungsreaktionen zu untersuchen, um bisher unbekannte
CarboneDicarbenZangenliganden zu synthetisieren. Die anschlielenden Alkylierungen der

Verbindunger8i 50 waren jedoch nicht erfolgreich.

Zusammenfassend konzentrierte sich das Ligandendesign auf die Entwiakéwey
cyclischer CDPGerlste mit sechdbis achtgliedrigen Ringen sowie@®/clopentadienylund
P-Imidazoll-substituierten CDPs.Strukturelle Modifikationen zielten darauf ab, die
elektronische und sterische Umgebung um das Kohlenstoffzentrum herum anzupassen, um
eine pinzettenartigeKoordination zu erieichen Diese mal3geschneiderten GDiganden

zeigten ausgepragte Donoreigenschaften und einige beispiellose Reaktivitatsmuster.
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VII. Experimental Part

1 General Working and Analysis Methods

All reactions were carried out under an inert atmosphere using standard Schlenk
techniques?® Storage, weighing and preparation for the analytical characterizafion
moisture and air sensitive compounds took place iwveglooxes fromM-BRAUN under
nitrogen atmosphere. Solventsedwere driedvia standard techniquesnhd stored in stainless

steel columns over aluminum oxide / molecular sieve R&11G-catalyst(BASF).

1.1 Precursors and chemicals

The following starting compounds were purchased commercially and used without further
purification:  1,8bis(diphenylphosphaeyl)naphthalene2,2-bis(diphnyphosphaneyil,1-
bipheny| xantphos(9,9-dimethyl9H-xanthened,5-diyl)bis(diphenylphosphangpxybis(2,t
phenylene)bis(diphenylphosphanepetheylenebis(diphenylphosphane) (dpprh)2-epoxy
butane, tetramethylethylenediamine (TMEDA)trimethylsilyltrifluoromethane sulfonate
(TMSOTT), methyl trifluoromethanedulfonate (MeOTfjrimethylsilyl chloride (TMSCI),
benzyl potassium (BnK), indene, fluorene, imidazolembthyl imidazole, benzimidazole,
pyrazole, 3,&dimethy}l1,2,4triazole, cyclopentadiene (Cp), tetramethyl cyclopentadiene
(Cp®%, PPh, NaOMe, P(NMe)s, PPhCI, N2O, CHsl, CHzBr;, CCl, l,, KHMDS, KH,
NH4PFs, AgSbFs, n-Buli, CuCl, CuBr, Cul, Au(Cl)PPh BICls, BiBrs, Bils, GaCk, InCl,
CaCb, BaCbh, YClIz, TiCls, ZrCla.

The following compounds were synthesized according to literature procedures:

PhPCpl% PRPCpK 20 prpCpfe4 24l phpCcp’edLi,t?4 PPRCCl* CI,111% CpNgltst
Imd-K,# PyONal*  Ind-Li,*%2  Flu-Li,133  Ba(HMDS)*3%  Ca(CHPhy,
Ti(CH2SiMes)4,11%! Zr(CH,SiMes)4, 128,

1.2 Nuclear magnetic resonance spectroscopy

All spectrawere recorded using a Bruker Avance Ill HD 250MidzZBruker Avance Il 300
MHz, a Bruker Avance Il 500 MHz or Avance |ll HD 500 MHz spectrometer at 300%
and3C chemicalshifts were referenced to SiMesing the signals of the residyabtons of
the deuterated solveritH = 7.26 CDCl), 5.32 (CBCL,), 7.16 (GDs), 2.50 (DMSGDs);
3C=53.8 (CDCly), 1281 (CsDs), 772 (CDCls), 396 (DMSO-Dg) as secondary reference.
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1.3 Mass spectrometry

Mass spectrometry was carried out by the service department of Rhlliyyersitat Marburg
on the following spectrometers / analyzeasThermo Fischer Scientific LT@T Ultra (ESI,
APCI) and a Jeol AccuTOF GCv (FD, LIFDI).

1.4 W/Vis spectroscopy
Absorption spectra were recorded with an Avance AvaSpat8 UV/Vis/NIR
spectrophotometer in 10 mm cuvettes in THF

of 600 nm/minUV/Vis measurementaere performed by Olaf. A. Kleykamp.

1.5 Quantum chemical calculations

All calculations were performed at the B3LN# 140Ydef2tzvpp'*Y level of theory.All
structures were optimized without geometrical constraints and their vibrational frequencies
were computed to confirm the energy surface of the optimized geometries as a global
minimum. All calculations have been carried out using the OR@Arogram packagell

the calculationsvere performed by Olaf. A. Kleykamp.
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2 Synthesis

Synthesis of[Nph(Ph2PCHPPh)]2+ 2Br- (1)
H, 1.00 g of 1,8is (diphenylphosphanylnaphthalene (2.01 mmol

Pht C.+ Ph ___ _ _ _ .
P{_, 2Br equiv) was dissolved in excess eBt> (20 mL) and refluxed at 10C

PhF’h under the argon atmosphere. Immediately, white precipitate started to
form in the reaction mixture. After 12 houssiderthe same condition,
the reaction mixture was cooled to room temperature. Then the precipaat filtered,
washed with diethykether (5 mL) for two times and dried up to 1*£Ombar. Thebis-

phosphonium salt was obtained a#orlesssolid in 92% (1.1 g, 1.86 mmol) yield.
31P{*H} NMR (DMSO-Ds, 101 MHppn: U 13.

'H NMR (DMSO-Ds, 300 MHz $Jin= 15 H8, 2H-8H2)(7t61 (broad s, 8H,H -
ArH), 7.7#7.79 (m, 12H;ArH), 8.10 (broad s, 4HNphH), 8.93 (broad s, 2ZHNphH) ppm

13C{*H} NMR (DMSO-Ds, 75.5 MHz) : tCHg, 135 {(NphC)( 110.70(a d
NphC), 1162 (-NphC) 1174 (-NphC), 1283 (m, -ArC), 130.8@ (m, -ArC), 1348 (m, -ArC),
1365 (-ArC), 1393 (-ArC), 1407 (-NphC) ppm

ESI+/HRMS (CHsCN): m/z (%) calcd. for @HzsP,?* 255.0822, found 255.0828

Synthesis of[Bip(Ph.PCHPPh)]2+ 2Br-(2)
0.5 g of 2,2bis(diphenylphosphaneyl),1-biphenyl (0.96mmol, 1

Ha
Phag-Cop PN 2Br  equiv) was dissolved irexcessCHzBr2 (12 mL) and refluxed at 11

Ph~ ~Ph

under argon atmosphere. After 16 hourglerthe same condition, the
reaction mixture was cool down to room temperature. Then the white

precipitate was filtered, washed with tolug@emL) for two times and dried up to 1*1®

mbar. Thebis-phosphonium salt was obtained asotorlesssolid in 77% (0.3 g, 0.74 mmol)
yield.

31P{'H} NMR (DMSO-De, 101 MHz):Ui  1($m.6

IH NMR (DMSO-Dg, 300 MHz):li 7.137.15 (m,2H, -BipH), 1 7.23 7.27 (m, 3H -BipH), U
7.447.48 (m,8H, -ArH), U 7.59 (t, 311 = 6 Hz, 3H, -BipH), Ui 7.687.72 (m,4H, -ArH), U
7.837.86 (m,4H, -ArH), U 7.91-7.94 (m, 4H, -ArH) ppm.
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13C{1H} NMR (DMSO-Ds, 75.5 MHz):li 1298 (t, kp= 3.8 Hz,-ArC), 1305 (t, kp= 3.8
Hz, -ArC), 1307 (t, Xp= 2.3Hz, -BipC), 132.2 (t, Xp= 3 Hz, -BipC), 133.3 (-ArC), 1334 (-
ArC), 133.8(-ArC), 1352 (-ArC), 1362 (t, Jep= 3 Hz, -BipC), 143.0 (t, Jo.p= 3.8 Hz, -BipC)

ppm.

ESI*/HRMS (MeOH): m/z(%) calcd. for GiHzoP2* 268.0898, foundsHzoP2 268.0906

Synthesis of[Xant (Ph2PCHPPh)]2+ 2Br-(3)

H, 2.0 g of (9,9dimethyt9H-xanthened,5-diyl)
E:j /C\E,;lz: 2Br bis(diphenylphosphane) (3.46 mmal equiv) was dissolved in
O excess ChbBr2 (20 mL) and refluxed at 110C under argon
O O atmosphere. After 16 hours at the same condition, the reaction

mixture was coad down to room temperature. Then the solvent

was removed under the vacuum, THF was added to the crude mitcoiorless precipitate

wasstirred for an houandfinally filtered through a celite filtration, washed wilethyl ether

(10 mL) and dried up to 1*18 mbar. Thebis-phosphonium salt was obtained asotorless

solid in 69% (1.8 g, 2.39 mmol) yield.

3IPIH}NMR (CDCls, 202 MHz): 0 21.0 ppm.

IHNMR (CDCl, 500 MHz)

: -CHs) 1. U 82 (-6h) ,88l, S3.H3HD), ( s,

0 6/6.80%m, 2H:Xantd) , G 7.4D0 (B 6H;ArH) ,  Ti(t, Bn=% Hz, 2H,-ArH) ,
7.607.65 (M, 4H-ArH) , G 7 .-Ba#tH)(,s , ¥t BMH=B Hz, 2H-ArH) , O 7. 87

HH=6Hz 2H-XantH) , 4 8.
(m,1H,-XantH) ppm.

04 -AfH) 1, 0 ai®.22nl, A2-ArH) U -8819 39

13C{*H} NMR (CDCls, 126 MBZA-LHs), 246 (R Rr=52.92 Hz,-CHz), 301 (-
CHs), 387 (-CMey), 109.7i 110.7 (dd-XantC), 114.0i 114.8 (dd-XantC), 1178 (-XantC),
1186 (-XantC), 1275 (t, kp= 6.3 Hz,-ArC), 129.8 (t, 3p= 6.3 Hz,-ArC), 130.0 {ArC),
1326 (t, kp= 5.04 Hz,-ArC), 1328 (-ArC), 134.5 (broad m:ArC), 134.8 (ArC), 134.8 {
ArC), 135.4 (t, d.r= 6.3 Hz,-XantC), 137.0 (-XantC), 156.6 {XantC) ppm.

13C{1H, 3P} NMR (CDCl, 126

M Hbz(-CH3s), 2#6 (2CB2), 305 (-CHs), 387 (-

CMey), 110.2 ¢XantC), 1145 (-XantC), 1182 (-XantC), 1275 (-ArC), 129.8 ¢ArC), 130.0 ¢

ArC), 1326 (-ArC), 1328 (-ArC), 134.5
136.9 (XantC), 156.6 (XantC) ppm.

(ArC), 134.8 ({ArC), 1351 (-ArC), 135.4 {XaniC),
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APCI+/HRMS (ACN): m/z (%) calcd. for @H330P" 591.2001, found 591.1985.

Synthesis of Nph(Ph2PCPPh) (4)

oh 0.5 g of[Nph(PhPCH.PPH)]?*2Br (1) (0.745 mmo] 1 equiv) and 0.33y
\P// \\P:

Ph” ph oOf potassium bis(trimethylsilyl)amide (1.64 mma2.1 equiv) mixed,
cooled t0-30 'C and 15 mL THFwere added. Immediately the color
changes from white to red. The reaction mixture was allowed to warm
room temperature slowly and stirred for another 4 hours. Then solvent was removed under
vacuumand the residue was dissolved toluene. After that KBr was removed by celite
filtration. Finally, thesolventwas removed irvacuumto obtain ared-coloredcompound in

71% (0.27 g, 0.53 mmol) yieldrystals were obtained by slow evaporationacfaturated
THF solution at GC.

31P{*H} NMR (Ce¢De, 202MHz): U -5.9 ppm.

IH NMR (CeDe, 500 MHz): i 6.96 (t, di1 = 9 Hz, 2H -NphH), 7.027.05 (m, 12H-ArH),
7.47 (d, dn= 6 Hz, 2H -NphH), 7.647.70 (dd, 3= 6 Hz, 2H -NphH), 7.948.00 (m, 8H-
ArH) ppm

13C{IH} NMR (CsDs, 126 MHz): Ui 1244 (t, X p = 5.3 Hz -NphC), 124.4 (NphC), 1245 (-
NphC), 125.7 ¢{NphC), 1286 (-ArC), 129.3 (-ArC), 129.7 ¢(ArC), 132.0 (ArC), 1324 (-
ArC), 1327 (t, .p = 5.3 Hz -ArC), 1391 (d, Jep = 2.5Hz, -NphC), 139.9 (dJep = 2.5Hz, -
NphC) ppm

13C{1H, 31P} NMR (CeDs, 126 MHz): Ui 124.0(-NphC), 124.7 (NphC), 1276 (-ArC), 128.0 (-
ArC), 1294 (-ArC), 131.6 ¢ArC), 132.0 {ArC), 1323 (-ArC), 135.0 (-NphC), 139.1 ¢
NphC).

ESI*/HRMS (CHsCN): m/z(%) calcd. for GsH>7P>" 509.1561, foud 509.1560.

Synthesis of Bip(Ph2PCPPh) (5)

Ph._Cqp P 0.25 g of[Bip(PhePCHPPH)]%*2Br (2) (0.359 mmal 1 equiv) and 0.15 g
h/ ~

P Ph  of potassium bis(trimethylsilyl)amide (0.754 mmd.1 equiv) mixed,
O O cooled t0-30 'C and 10 mL THFwere added. Then the yellow reaction
mixture was allowed to reach room temperature and stirred for 4 hours.

Then solvent was removed undercuumand the residue was dissolveddatuene. After that
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KBr was removed by celite filtration. Finally, tlslventwas removed irvacuumto geta
yellow-coloredcompound in 73% (0.14 g, 0.262 mmol) yielitystals were obtained by slow

evaporation of saturated THF solutiori &t0 'C.
31P{'H} NMR (C¢Ds, 202MHz):G 0. O p p m.

IH NMR (CeDs, 500MHz): Ui 68(t, Jin=5 Hz, 2H, -BipH), U 78 6.79 (m, 2H, -BipH) , U
6.89-6.91(m, 6H, -ArH) , 1i7.06 (mQ12H, -ArH), 0 7.27 (t, Jin =5 Hz, 2H, -BipH), U
7.80(broad s2H, -ArH), U 8.36(broad s2H, - BipH) ppm.

13C{IH} NMR (CsDs, 126 MHz): Ui 125.7 (BipC), 1284 (-BipC), 1286 (-BipC), 1291 (-
ArC), 129.3 (ArC), 129.7 (ArC), 1309 (-ArC), 131.9(t, Jop= 3.8 Hz,-ArC), 133.4 (t.kcp=
3.8 Hz,-ArC), 134.1 (tJep= 6 Hz,-BipC), 137.9(-ArC), 1442 (t, Jop= 6 Hz,-BipC) ppm.

FD*/HRMS (ACN): m/z(%) calcd. for GH29P2" 535.17445, found 535.17500.

Synthesis of Xant(Ph2,PCPPh) (6)

Ph._Geo _Ph 1 g of[Xant(PhPCHPPHR)]?*2Br (3) (1.33 mmoJ 1 equiv) and 0.53

pr-" " T=P~p, g of potassium bis(trimethylsilyl)amide 2mmol, 2.1 equiv) mixed,

O © O cooled t0-30 'C and 20 mL THF wre added. The reaction mixture
was allowed to warm room temperature slowly and stirred for another

4 hours. Then the solvent was removed undgsmuumand the residue wadissolvedin
toluene After that KBr was removed by celite filtration. Finally, thelventwas removed in
vacuumto getanorangecoloredcompound in 64% (0.5 g, 0.85 mmol) yield. Single crystals

were obtained by slow evaporationagaturated THRFoluene solution at &C.
$1P{*H} NMR (CsDs, 202MHz): Ui -5.7 ppm.

'H NMR (CéDe, 500 MHz): 0 1. 4 2-CHs)s, 4BH3IH-6Hs) , U 6@u=BHz, (t, J
2H,-XantH) , U @n=%4Hz,qHI-ArH)J, U 6Gu=960Hz,2HJ-Xantdl) , U 6. 98 (
JHH=6Hz2H,-XantH) , Ui 720 (h,BH-XanH) , 4i(q, 7486 Hz,4H,-ArH) , U

8.39 (broad s, 4HArH) ppm

13C{*H} NMR (CsDs, 126 MHz (CHs), 88.62(LHsB 29.60 (CMe), 123.18 ¢
XantC), 125.52 {XantC), 127.59 {XantC), 127.79 {XantC), 127.98 {ArC), 128.53 {ArC),
129.85 {ArC), 131.58 {ArC), 133.74 {ArC), 138.56 {XantC), 160.13 {XantC) ppm.
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13C{*H, 3P} NMR (CéDs, 126 MH zCP2), 22id (-CH3), 294 (-QHs), 40.0 (-CMey),
1236 (-XantC), 125.9 (XantC), 128.0 ¢{ArC), 128.9 (ArC), 130.2 (ArC), 1.0 (-ArC),
134.1 (ArC), 138.9 {(XantC), 160.5 {(XantC) ppm.

FD*/HRMS (ACN): m/z(%) calcd. for GoHssOP:* 591.20066, found 591.20093.

Synthesis of [Nph(Ph2PCHPPh,)]* PFs 2(7)

50 mg of Nph(PhPCPPh) (0.098 mmol, 1 equiy.and 16 mg of
Ph Ph PFs ammonium hexafluorophosphate (0.098 mmol, 1 ejjwirere taken

into a 25 mischlenkand 6 ml of THF was added to the mixture at
room temperature. The reaction was stirred for 12 hours at room

temperature. Then the solvent was removedacuum The residue wawashed with pentane
(20 ml) two times and finally dried up t®*10-3 mbarto obtain a ight browncolored
compound in 86% (55 mg, 0.084 mmdbjngle crystals were obtained bgpor diffusion of

THF solutionin n-pentaneatroom temperature
31p{IH} NMR (CDCl3, 101 MHz):ti 2.1, 12937 157.3(PFs) ppm.

IH NMR (CDCls, 300 MHz): Ui 7.467.51 (m, 8H,-ArH), 7.557.60 (m, 12H-ArH), 7.76
7.90(m, 4H-NphH), 8.32 (d, 4-H= 9 Hz, 2H,-NphH) ppm.

13C{H} NMR (CDCls, 75.5 MHz):li 126.6 (NphC), 127.7 (NphC), 128.7(-ArC), 129.6 (t,
Jor= 6 Hz,-ArC), 132.5 (t, ds= 6 Hz,-ArC), 133.4(-ArC), 135.9 (NphC), 1365 (-NphC)
ppm.

ESI*/HRMS (CHsCN): m/z(%) calcd. for GsHz/P2* 509.183, fourd 509.181.

Synthesis of Nph(Ph2PCPPh) CuClI(8)
Cl 50 mg ofNph(PrPCPPh) (0.098 mmol,.1 equiv) and 10 mg of CuCl (0.108

oh Cé“ oh mmol, 1.1 equiv) were taken in a 25 michlenkflask, cooled down te20”

Ph” “~pn C and THF was added to the reaction mixture. The reaction mixture was
allowed to reach room temperature slowly and stirred overnight at ambient
temperature. After that the solvent was removedacuum Then the crude

product wasvashed withn-pentane (25 mL) and finally dried invacuumto geta colorless

compound in 87% (52 mg, 0.086 mmol).
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31P{1H} NMR (CDCls, 101 MHz):(i 6.1 ppm.

IH NMR (CDCls, 300 MHz): Ui 7.097.14 (t, .+ = 6 Hz, 8H,-ArH), 7.327.38 (m, 12H-
ArH), 7.427.51 (m, 4H;NphH), 8.038.06 (m, 2H-NphH).

13C{*H} NMR (CDCls, 75.5 MHz):li128.5 (t, 3.~= 6 Hz,-ArC), 1313 (-ArC), 1322 (t, .r=
6 Hz,-NphC), 1337 (-ArC), 134.5 {NphC), 135.4(-NphC).

FD*/HRMS (THF): m/z(%) calcd. for GsH26P,CICu606.0494 fourd CasHz6P;* 509.1573.

Synthesis of Nph(Ph2PCPPRh)CuBr (9)
Br 50 mg of Nph(PhPCPPh) (0.098 mmol,1 equiv) and 16 mg of CuCl

Cu (0.108 mmol,1.1 equiv) were taken in a 25 mkchlenkflask, cooled down

Ph.__C.__Ph
pP---

Ph” P~pn t0-20°C and THF was added to the reaction mixture. The reaction mixture
was allowed to reach room temperature slowly and stirred overnight at
ambient temperaturéifter that the solvent was removed vacuum Then

the crude product was washed witipentane (25 mL) and finally dried invacuumto geta

colorlesscompound in75% (48 mg, 0.074 mmol).
31P{I1H} NMR (CDCls, 101 MHz):1i8.2, 94 ppm.

IH NMR (CDCls, 300 MHz): &1 7.12 (t, $+ = 6 Hz, 8H,-ArH), 7.347.38 (m, 12H-ArH),
7.437.48 (m, 4H:NphH), 8.038.06 (m, 2H-NphH).

13C{1H} NMR (CDCls, 75.5 MHz):li 128.5 (t, d.r= 6 Hz,-ArC), 1313 (-ArC), 1322 (t, .p=
6 Hz,-NphC), 1337 (-ArC), 134.5 {NphC), 135.4(-NphC).

FD*/HRMS (THF): m/z(%) calcd. for GsH26P,BrCu649.9989 found CasHasP2* 509.1573.

Attempted synthesis of Nph(Ph.PCPPRh)AuCI (10)
PPhg 100 mg ofNph(PhPCPPh) (0.202 mmol 1 equiv) was dissolved in 7 ml
Au of toluene. In anotheschlenktube 16 mg of PRAuCI (0.222 mmol, 1.1

Ph.__C._.Ph
P3P

Ph” “Ph cl equiv) was dissolved in 2 ml of THF and added to the toluene solution of
Nph(PhPCPPh) at-20 "C. Then the reaction was allowed to reach room
temperature slowly and stirred overnight at ambient temperafine.
filtrate was decantednd the solvent was removedh@&n the reside was washed witi-

pentane (10 ml) and dried wacuunmto getalight brown-colored compound.
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31P{1H} NMR (CD:Clz, 101 MHz):li7.1, 12.4, 4% ppm

FD*/HRMS (THF): m/z(%) calcd. for GsH26P,CIAu 740.0864 found CasHasP>* 509.1573.

Synthesis of[Nph(Ph2PCHPPh;)]2* Bi2Ck 2- (11)
H 25 mg ofNph(PhPCPPBh) (0.049 mmol, 1 equiywas dissolved in
E:;P//C\+;E: o 5 ml of toluene. In anotheschlenktube 17 mg of BiQ (0.054
B2Cle  mol, 1.1 equiy). was dissolved in 2 ml of THF and added to the
) toluene solution oNph(PhPCPPHh) at -20 "C. Then the reaction
was allowed to reach room temperature slowly and stirred overnight at ambient temperature.
The filtrate was decanted, then the rasidvas washed with pentane (10 ml) and dried in

vacuunto getalight brown-colored compounth 87 % yield (35 mg).
31P{1H} NMR (CDCls, 101 MHz):li 132 ppm.

IH NMR (CDCls, 300 MHz): Ui 7.467.51 (m, 8H,-ArH), 7.557.60 (m, 12H-ArH), 7.76
7.90(m, 4H-NphH), 8.32 (d, 4-H= 9 Hz, 2H,-NphH) ppm.

13C{1H} NMR (CDCls, 75.5 MHz):li 126.6 ({NphC), 127.7 (NphC), 128.7(-ArC), 129.6 (t,
Jor= 6 Hz,-ArC), 1325 (t, op= 6 Hz,-ArC), 133.4(-ArC), 135.9 (NphC), 1365 (-NphC)
ppm.

ESI*/HRMS (CHsCN): m/z (%) calcd. for GsHzsPBiClz 8220368 fourd CasHa7P2"
509.181.

Synthesis of[Nph(Ph2PCHPPhy)]2* In2Clk 2- (12)

25 mg ofNph(PhPCPPh) (0.049 mmol, 1 equiy.was dissolved in
o oh InZC@_ 5 ml of toluene. In anotheschlenktube 8 mg of InC(0.054 mmol,
1.1 equiv) was dissolved in 2 ml of THF and added to the toluene
) solution of Nph(PrPCPPh) at -20 "C. Then the reaction was
allowed to reach room temperature slowly and stirred overnight at ambient tempdragure.
filtrate was decanted, then thesiduewas washed with pentane (10 ml) and driedaouum

to getalight browncolored compound 92 % yield (30 mg).

3, z):013.3ppm.
31p{1H} NMR (CDCls, 101 MHz):li 13.3
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IH NMR (CDCls, 300 MHZ): i 7.46:7.51 (m, 8H,-ArH), 7.557.60 (m, 12H-ArH), 7.76
7.90(m, 4H-NphH), 8.32 (d, 4-1H= 9 Hz, 2H,-NphH) ppm.

13C{1H} NMR (CDCls, 75.5 MHz):li 126.6 (NphC), 127.7 (NphC), 128.7(-ArC), 129.5
1297 (t, Xop= 6 Hz,-ArC), 132.5 (t, d.p= 6 Hz,-ArC), 133.4(-ArC), 135.9 ¢{NphC), 1365 (-
NphC) ppm.

ESI"/HRMS (CHsCN): m/z (%) calcd. for GsHzsP2InCl 6580237 found CasHa7Po"
509.181.

Synthesis Xant(Ph2PCPPR)CuCl (13)

cl Method 1: 50 mg Xan(PhPCPPh) (0.084 mmol, 1 equiy.and 10
|
o Cu o mg of CuClI(0.093 mmol, 1.1 equiywere mixed and 5 ml of dioxane
A Q Ve . . . .
Ph/P'/” ¥P\Ph added to the reaction mixture at room temperature and stirred overnight

o]
O O at ambient temperaturéAfter 24 hours, a white precipitate was
observed. The complex was partially soluble in dioxdihe3P NMR

was performed from the crude mixture.
31P{*H} NMR (dioxane 101 MHz):i 9.4 ppm.

Method 2: suspension of 50 mg XgRtePCPPh) (0.085 mmol, 1 equiy.in 6 ml toluene

was cooled to 0 °C. In anothechlenk18 mg of Cul(0.093 mmol, 1.1 equiywas dissolved

in 2 ml of THF and added to the above toluene suspension at 0 °C. Then the reaction mixture
was allowed to reach room temperature and stirred overnight at ambient temperature. The
solvent was removed he residue wawashed withdiethyl etherand finally dried invacuum

to obtain a light brown solid. However, only protonated CDP was formed which was
confirmed both byP NMR and HRMS measurements.

31P{IH} NMR (CD2Cl2, 101 MHz):l 18.5ppm.

FD*/HRMS (THF): m/z(%) calcd. for GoH3sCulOP," 780.0269 found GoHssOP,* 5911990
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Synthesis[Xant(Ph.PCHPPhR)]* Cul- (14)
H Suspension of 50 mg XdRtePCPPh) (0.085 mmol, 1 equiy.
E:;Péc\lgizr; cul, in 6 ml toluene was cooled to’G. In anotheschlenk18 mg of
O o O Cul(0.093 mmol, 1.1 equiywas dissolved in 2 ml of THF and
added to the above toluene suspension’@ Then the reaction
mixture was allowed to reach room temperature and stirred
overnight at ambient temperatufehe solvent was removed. The residue was washed with

diethyl etherand finally dried invacuunto obtainadark yellow solid.
31p{1H} NMR (CD.Clz, 101 MHz):l 18.5ppm.

FD*/HRMS (THF): m/z (%) calcd. for GoH3sCuBrOP;* 732.0408 found GoHzz0P,*
5911990

Synthesis Xant[Ph.PQ AuPPhs)PPh2]+Cl(15)

Suspension of 50 mg XdRtePCPPh) (0.085 mmol, 1 equiy.in 6

Au ml toluene was cooled to OC. In anotherschlenk 46 mg of

P p oM o AuCIPPH(0.093 mmol, 1.1 equiy.was suspended in 2 ml efher

O © O and added to the above toluene suspension@t Dhen the reaction

mixture was allowed to reach room temperature and stirred
overnight at ambient temperaturéhe solvent was removed. The

residue was washed with diethyl ether and finally driedaicuumto obtaina yellow solid in

71 % yield (130 mg) (0.120 mmol).

31P{1H} NMR (CD.Clz, 101 MHz):i15.2 (d, 3= 8.08 Hz), 39.3 (t,xb= 8.08 HZ)ppm.

'H NMR (CDCls, 300 MHz):G Ul(d 3H~-CHs3) , (s, 3H -GHs) , 38i(t, B9 Hz,
2H, -XantH) , 6.866.92(m, 5H, -ArH) , O0&- 7.24(m, 8H, -ArH) , 3fii 7.4Q(m, 10H,
-ArH) , 417 783 (m, 12H, -ArH), 0 8@i. 7.87(m, 4H, -XantH) ppm

13C{*H} NMR (CDClz, 75.5 MHz):U 3.2 (-CH3), 292 (-CH3), 40.2 (-CMey), 1258 (-
XantC), 1287 (-XantC), 1290 (-ArC), 1292 (-ArC), 1295 (-ArC), 1296 (-ArC), 130.6 (-
ArC), 132.0 (-ArC), 1.8 (-ArC), 1335 (-ArC), 134.0 (-ArC), 134.2 (-ArC), 139.0 (-XantQ),
158.8 (-XantC) ppm
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FD*/HRMS (THF): m/z (%) calcd. for GeHa7AUOPs* 1049.2500 found GigH3:OP,*
591.1979

Synthesis of Xant(Ph,PCPPh)BICl; (16, 16a)
Method 1: 75 mg XanPhPCPPh) (0.127 mmol, 1 equiy.and 48

BiCl
N pn Mg of BiCk(0.133 mmol, 1.1 equiywere mixed and 10 ml dbluene

Ph\ /_,Q> -
Ph"] " o J_Ph wereadded to the reaction mixture at'® and stirred overnight at

O O ambient temperature. The solvent was decanted th#, reaming
precipitate wasvashed with toluene (20 ml) and dietlgther(10 ml)

and finally dried invacuumto obtaina colorlesssolidin 78 % yield (90 mg, 0.099 mmol).
31P{1H} NMR (CD:Cl2, 101 MHz):U 19.2, 26.1ppm.

FD*HRMS (THF): m/z (%) calcd. for GoHz3BICIzOP." 904.0798 found GoHssOP"
5911986

Method 2: 75 mg XantPhPCPPBh) (0.127 mmol, 1 equiy.and 48 mg of BiG(0.133 mmol,
1.1 equiv) were mixed and 7 ml of dioxane added to the reaction mixture at room temperature
and stirred overnight at ambient temperature. After 24 hours, a white precipitate was
observed. The complex was partially soluble in diox&uenplex formatiorwas observety

3P NMR spectral analysis.

31p{1H} NMR (dioxane 101 MHz):i 23.1ppm.

Synthesis of[Xant (PhoPCHPPh)].* Bi>Ck 2- (16a)

— - 50 mg of Xan{PhPCPPh) (0.085 mmol 1 equiv) was

H
Ph\p/c\ﬁgph dissolved in THF (5 ml) and this solution was cooled {€0

Ph) Ph| g oy 2-
O O O 2~l8" with an ice bath. In anotheichlenk27 mg of BiCh (0.085

mmol, 1 equiv) was dissolved irdiethyl ether (2 ml) and

- -2 added slowly to thaXxantPhPCPPBh) solution at 0C. Then

the reaction mixture was allowed to reach room temperature slowly and stirred overnight.
After that solvent was removed under tvecuum Then crude mixturewas washedwith
pentane and finally dried under tklacuumto geta colorlessproduct in 46% vyield (23ng,

0.039 mmol). Single crystals were obtained by slow vapor diffusiodiethyl etherinto a
saturated THF solution at room temperature.
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VII. Experimental Part

31p{IH} NMR (CDCls, 101 MHz):t  2dpm

'H NMR (CDCl;, 300 MHz):i 1. 6 4-CH)s,, U1 HL,-CH) ,( sl 13,H8HB), ( s , 3
0 6. 499 Hg,B8H, -XantH) , #Abroad t23H -XantH) , d(broad t3H, -ArH) , U
7.427 7.60 (m, 12H-ArH) , 71(t, JF 9 Hz,4H, -ArH) ppm

13C{*H} NMR (CDCl, 75.5 MHz):U 8 @CHs), 29.6 (-CHs3), 39.3 (-CMey), 125.7 (-
XantC), 1282 (-XantC), 129.2(-ArC), 129.7 (-ArC), 129.8(-ArC), 1324 (-ArC), 1332 (-
ArC), 133.8(-ArQC), 137.7(-XantC), 1573 (-XantC) ppm

ESI/HRMS (MeOH): m/z(%) calcd. for GoHzsOP,*591.2001, found 591.1982.

Synthesis of Xant(Ph.PCPPh)BIiBrs (17, 17a)
75 mg XantfPhPCPPh) (0.127 mmol, 1 equiy.and 60 mg of BiBs
(0.1233 mmol, 1.1 equiywere mixed and 7 ml of dioxarveere added
to the reaction mixture at room temperature and stirred overnight at
ambient temperature. The solvent waovedthe residue wawashed
with diethyl etherand finally dried invacuumto obtaina dark yellow

solid in 85 % yield (75 mg) (0.072 mmol).

31p{1H} NMR (DioxaneDs, 101 MHz):t 23.7 ppm.

'H NMR (DioxaneDg, 300 MHz):Ui 62(s,3H-CH3) , 4i(s,3H-@Hs) , U 6949 (1,
Hz,2H,-Xantd) , &i 727(8, 6H, -ArH) , i 7.20(r8 2H, -ArH) , 5i 7.71(m,
12H, -ArH) , 8.08(broad s4H, -XantH) ppm

13C{*H} NMR (DioxaneDg, 75.5 MHz):U 2 (2CHa), 29.3 (-CHz3), 394 (-CMey), 124.7 (-
XantC), 1284 (-XantC), 1291 (-ArC), 1294 (-ArC), 130.8 (-ArC), 131.7 (-ArC), 1333 (-
ArC), 1.2 (-ArC), 138.1 (-XantC), 157.6 (-XantC) ppm

FD*HRMS (THF): m/z (%) calcd. for GoHz3BiBrsOP," 1035.92 found GoHssOP,"
5911986
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